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Severe fever with thrombocytopenia syndrome virus (SFTSV) is an emerging tick-borne virus that causes
severe infection in humans characterized by an acute febrile illness with thrombocytopenia and hemor-
rhagic complications, and a mortality rate of up to 30%. Understanding on virus-host protein interactions
may facilitate the identification of druggable antiviral targets. Herein, we utilized liquid chromatography-
tandem mass spectrometry to characterize the SFTSV interactome in human embryonic kidney-derived
permanent culture (HEK-293T) cells. We identified 445 host proteins that co-precipitated with the viral
glycoprotein N, glycoprotein C, nucleoprotein, or nonstructural protein. A network of SFTSV-host protein
interactions based on reduced viral fitness affected upon host factor down-regulation was then gener-
ated. Screening of the DrugBank database revealed numerous drug compounds that inhibited the prior-
itized host factors in this SFTSV interactome. Among these drug compounds, the clinically approved
artenimol (an antimalarial) and omacetaxine mepesuccinate (a cephalotaxine) were found to exhibit
anti-SFTSV activity in vitro. The higher selectivity of artenimol (71.83) than omacetaxine mepesuccinate
(8.00) highlights artenimol’s potential for further antiviral development. Mechanistic evaluation showed
that artenimol interfered with the interaction between the SFTSV nucleoprotein and the host glucose-6-
phosphate isomerase (GPI), and that omacetaxine mepesuccinate interfered with the interaction between
the viral nucleoprotein with the host ribosomal protein L3 (RPL3). In summary, the novel interactomic
data in this study revealed the virus-host protein interactions in SFTSV infection and facilitated the dis-
covery of potential anti-SFTSV treatments.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Severe fever with thrombocytopenia syndrome virus (SFTSV) is
an emerging tick-borne virus that can cause severe infection in
human. Since the discovery of SFTSV in Henan, China, the virus
has also been isolated from infected humans, ticks, and/or
mammals in Japan, South Korea, and Vietnam [1–5]. SFTS is
characterized by acute fever, thrombocytopenia, and hemorrhagic
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complications. Other systemic manifestations such as hep-
atosplenomegaly, lymphadenopathy, gastrointestinal upset,
slurred speech, and coma may also occur [1,6]. The mortality rate
of SFTS may be as high as 17%–30% [1,6]. Despite the severe clinical
manifestations and high mortality rate of SFTS, comprehensive
understanding on the pathogenesis and effective antivirals are
lacking.

Like other viruses, SFTSV hijacks the host cell machinery to
facilitate its own replication. A comprehensive investigation of
the virus-host protein interactions in SFTSV infection would
improve our understanding of the virus replication cycle and iden-
tify potential antiviral targets. SFTSV is an enveloped, single-
stranded, negative-sense RNA virus belonging to the genus
Banyangvirus, family Phenuiviridae, order Bunyavirales. The genome
of SFTSV consists of three RNA segments, namely, the large (L),
medium (M), and small (S) segments. The L segment encodes the
RNA-dependent RNA polymerase (RdRp), which mediates viral
RNA replication and synthesis. The M segment encodes the viral
envelope glycoproteins, glycoprotein N (Gn) and glycoprotein C
(Gc), which mediate fusion between the viral and host cell mem-
branes. The S segment encodes the viral nucleoprotein (NP) and
the nonstructural protein (NSs) [7]. NP is the most abundantly
expressed protein in SFTSV viral particles and infected cells. NSs
is a potentially important virulence factor of SFTSV that inhibits
the host innate antiviral response.

Host factors required for viral replication are less likely to
mutate under drug-mediated selective pressure than viral proteins
[8]. A recent study uncovered that the SFTSV NSs interacts with
cyclin-dependent kinase (CDK1) to induce G2 cell cycle arrest
and positively regulate viral replication [9]. Another recent report
identified the role of the SFTSV NSs to interact with TANK-
binding kinase 1 (TBK1) and suppress the host interferon response
[10]. Importantly, the interactions between the SFTSV NSs and
TBK1 could be inhibited by PS-341, the first clinically approved
proteasome inhibitor [11]. At present, a comprehensive survey on
the SFTSV interactome is lacking. To address this knowledge gap,
we conducted a systematic analysis of the SFTSV interactome, fol-
lowed by in vitro validation studies and a systematic assessment of
the functional roles of these host proteins in SFTSV replication
(Fig. 1). Importantly, this information facilitates the discovery of
novel druggable target for anti-SFTSV development.
2. Materials and methods

2.1. Virus, cell lines, and drug compounds

SFTSV HB29 strain (a gift from Dr. Benjamin Brennan, MRC-
University of Glasgow Centre for Virus Research and Professor
Mifang Liang, China CDC) was propagated in Vero cells (ATCC�

CCL-81TM) and kept at �80 �C in aliquots. Plaque forming unit
(PFU) assay was performed to titrate the cultured virus as previ-
ously described [12]. HEK-293T (human embryonic kidney-
derived permanent culture cells, ATCC, CRL-3216) and Huh-7 (hu-
man hepatoma cells, JCRB, 0403) cell lines were maintained in Dul-
becco’s modified eagle medium (DMEM, Gibco, CA, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS,
Gibco), 50 U/ml penicillin, and 50 lg/ml streptomycin as previ-
ously described [12]. All cell lines were confirmed to be free of
mycoplasma contamination by Plasmo Test (InvivoGen, San Diego,
CA, USA) and were morphologically consistent with those provided
by the manufactures. Upon virus infection, the cells were main-
tained in FBS-free medium with or without drug compounds. All
experiments involving live SFTSV followed the approved standard
operating procedures of the Biosafety Level 3 facility at the Depart-
ment of Microbiology, The University of Hong Kong [12]. All the
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tested drug compounds were purchased from MedChem Express
(Monmouth Junction, NJ, USA) unless otherwise specified.
2.2. Cell viability assay

The CellTiterGlo� luminescent assay (Promega Corporation,
Madison, WI, USA) was performed to detect the cytotoxicity of
the selected drug compounds as previously described [13]. Briefly,
Huh-7 cells (4 � 104 cells/well) were incubated with different con-
centrations of the individual drug compounds for 48 h, followed by
the addition of substrate and measurement of luminance 10 min
later. The 50% cytotoxic concentrations (CC50) of the drug com-
pounds were calculated by Prism7 (GraphPad).
2.3. siRNA library screening and validation

The ON-TARGETplus SMARTpool protein kinases siRNA library
that targets the mRNAs of 254 genes, was obtained from Dharma-
con (Lafayette, CO, USA). Each individual siRNA SMARTpool con-
sists of four siRNAs targeting the same gene. A non-targeting
(scrambled) siRNA (Cat no. D-001810-10; Dharmacon) was
included as a negative control, and a myosin heavy chain 9
(MYH9) siRNA (Cat no. L-007668-00-0005; Dharmacon) was
included as a positive control. Stock solutions (2 lM) of siRNA
SMARTpools were prepared by dissolving 0.1 nmol of an siRNA
SMARTpool in 50 ll of 1 � siRNA buffer (Dharmacon) according
to the manufacturer’s instructions.

The siRNA screening was performed as we previously described
with few modifications [8]. Briefly, Huh-7 cells in 96-well plates
containing �104 cells per well were transfected with a 100 ll mix-
ture containing 60 nM siRNA, 0.5 ll Lipofectamine RNAiMAX
(Thermo Fisher), Opti-MEM (Invitrogen), and antibiotic-free cell
culture medium. Transfection complexes were prepared in 96-
well plates. At 48 h after second transfection, the medium was
replaced and the cells were infected with SFTSV [multiplicity of
infection (MOI) = 0.01]. At 48 h after virus infection, the cells were
collected into RNA lysis buffer (QIAGEN), followed by total nucleic
acid extraction. The viral RNA load was determined by quantitative
reverse transcription-polymerase chain reaction (qRT-PCR). The
values obtained using scrambled siRNA-transfected cells were set
as negative controls. The results of each library screen were sum-
marized and used for further data analysis, including the assign-
ment of gene identifiers to each well. Finally, the data from the
two independent library screens were combined and summarized.
2.4. Viral load reduction assay

Viral load reduction assay was performed as described previ-
ously with modifications [14]. Briefly, Huh-7 cells seeded in 96-
well plates were infected with SFTSV for 1 h, followed by
phosphate-buffered saline (PBS) wash and replacement with fresh
DMEM medium containing various drug compounds at different
concentrations or 0.1% DMSO (as the vehicle control). Then, the
culture supernatants were collected at 2 dpi, followed by total
nucleic acid extraction. qRT-PCR with previously established pri-
mers (forward 50-GGGTCCCTGAAGGAGTTGTAAA-30 and reverse
50-TGCCTTCACCAAGACTATCAATGT-30) and probe (FITC-TTCTGTCT
TGCTGGCTCCGCGC-BHQ) targeting the S segment of the SFTSV
genome was then performed using the Roche LightCycler Real-
time PCR system. To plot the half maximal effective concentration
(EC50) of the drug compounds, the collected supernatants were
subjected to standard plaque assay on Huh-7 cells and calculated
by Prism7 (GraphPad).



Fig. 1. Flowchart of the study. (A) Pulldown of viral proteins and associated proteins, followed by characterization by LC-MS/MS. (B) Functional validation of the enriched
protein candidates. Corresponding siRNAs were transfected into Huh7 cells, resulting in RNAi-mediated silencing of the individual target genes. SFTSV infection was
performed after gene-silencing, followed by virus titration by qRT-PCR. (C) Identification of the functional role of the selected host factors in SFTSV replication cycle. (D)
Antiviral evaluation of the selected drug compounds targeting the SFTSV-host protein–protein interactions. Abbreviations: Co-IP, co-immunoprecipitation; Gc, glycoprotein
C; Gn, glycoprotein N; LC-MS/MS, liquid chromatography-tandem mass spectrometry; NP, nucleoprotein; NSs, non-structural protein.
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2.5. Pull-down assay and mass spectrometry

For the pull-down and co-immunoprecipitation assays with
magnetic beads conjugated with anti-HA antibody, lysates of the
plasmid-transfected HEK-293T cells were incubated with anti-HA
magnetic beads (ChemCruz, sc-500773A) at 4 �C overnight. Follow-
ing intensive washing, the elution samples were analyzed by mass
spectrometry and western-blotting, respectively. For mass spec-
trometry analysis, the pull-down samples were subjected to in-
gel digestion with trypsin, following SDS-PAGE for validation. The
digested peptides were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) using the nano-LC-
equipped TripleTOF 5600 system (AB SCIEX). Raw tandem spectra
were searched against Unified Protein database (UniProt) with the
ProteinPilot Software 5.0 (AB SCIEX). The data selected for further
analysis were based on the false discovery rate (FDR) of � 1% for
protein identification.
2.6. Western blotting

For Western blotting, total cell lysates were prepared in RIPA
Lysis and Extraction Buffer (Thermo Fisher). Then, the samples
were heated at 95 �C for 10 min. Following SDS-PAGE, proteins
were transferred to PVDF membranes (GE Healthcare) by semidry
blotting and the membranes were blocked with 5% nonfat dry milk
in PBS containing 0.1% Tween 20 (PBST).
2.7. Plasmids and antibodies

The plasmids and antibodies, including GPI Human Tagged ORF
Clone (RC230292, Origene), RPL3 Human Tagged ORF Clone
(RC217987, Origene), mouse anti-HA (Cat #26183; Thermo Fisher),
rabbit anti-Myc (Cat #PA1-981, Thermo Fisher), goat anti-mouse-
IgG (H + L) HRP (A16072SAMPLE, Thermo Fisher), and goat anti-
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rabbit-IgG (H + L) HRP (A16104SAMPLE, Thermo Fisher) were pur-
chased from commercial sources.

2.8. Molecular docking

The crystal structure of GPI was downloaded from the Protein
Data Bank (PDB code: 6XUI) [15]. Protonation states of the side
chains were predicted using PROPKA3.1 server [16]. The structure
of artenimol was retrieved from Drugbank (DB11638) and was pre-
pared with OpenBabel 2.3.1, including 3D conformer search, bond
order assignment, hydrogen addition, and partial charge calcula-
tion. Molecular docking was performed by using Leadfinder dock-
ing with default parameters ([17]). The key residues surrounding
artenimol were visualized with PyMol (https://pymol.org/2/).

2.9. Gene Ontology

Cluster Profiler, an R package for comparing biological themes
among gene clusters, was used for the Gene Ontology enrichment
in this study [18].

2.10. Illustrations

The illustrations in Fig. 2 were created with BioRender software
(https://biorender.com/).
3. Results

3.1. Purification and identification of SFTSV proteins

To identify human proteins associated with SFTSV, we cloned
the sequence of each SFTSV protein using a mammalian expression
vector. Each protein was fused with a HA tag at either its amino (N)
or carboxy (C) terminus, including Gn, Gc, NP, and NSs (Fig. 2A).

https://pymol.org/2/
https://biorender.com/


Fig. 2. Identification of SFTSV protein-bound host factors. (A) Organization of the SFTSV genome. The tripartite segmented genome is comprised of three segments: Large (L),
Medium (M), and Small (S). The L segment encodes the RNA-dependent RNA polymerase. The M segment encodes two glycoproteins Gn and Gc. The S segment encodes the
viral nucleoprotein (NP) and non-structural protein (NSs), which is encoded in the opposite orientation to the viral NP. (B) Isolation and analysis of the host-bound viral
protein complexes. Briefly, the SFTSV open reading frame plasmids which contains HA-tag were transfected into HEK-293T cells. After incubation for 48 h, the cell lysates
were collected and pulled down using HA-tag beads, followed by protein ID by LC-MS/MS. (C) TheWestern blotting images of each viral protein after pull-down and detection
by anti-HA tag antibody.
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RdRp was not included due to extraordinarily low expression yield.
Empty vectors with independent tags at either terminus were used
to minimize the possibility of false-positive protein–protein inter-
actions due to tag masking. The clones were transfected into HEK-
293T cells with tagged proteins purified 48 h post-transfection. The
final eluates were then analyzed by SDS-PAGE for quality control
and by LC-MS/MS to identify interaction partners (Fig. 2B and C).

3.2. Analysis of SFTSV-human protein–protein interactions

As a result, mass spectrometry analyses of the co-precipitated
proteins identified 445 host proteins in total: 87, 166, 100, and
5571
92 host proteins co-precipitated with the viral Gn, Gc, NP, and
NSs proteins, respectively (Fig. 3). Based on the binding partners,
we performed pathway enrichment and network plot of individual
viral proteins. The key element of virus entry, Gn, is highly ‘‘mem-
brane” relevant, suggesting its role during virus-cell membrane
fusion (Fig. 4 and Supplementary Fig. 1). The top three biological
processes of Gc-associated host factors were mapped to ‘‘interme-
diate filament-based organization or process”, which is a primary
component of the cytoskeleton (Fig. 4 and Supplementary Fig. 2).
This result indicate an important role of Gc during SFTSV entry
and in particular endocytosis. Expectedly, NP-associated host
factors are dominantly enriched in RNA processing (Fig. 4 and



Fig. 3. SFTSV-host protein–protein interaction network illustrating each SFTSV protein and its associated host cellular factors. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Gene Ontology enrichment analysis was performed on the identified host cellular factors based on each SFTSV protein. Abbreviations: BP, biological process; CC,
cellular components; KEGG, Kyoto encyclopedia of genes and genomes; MF: molecular function.
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Supplementary Fig. 3), whereas NSs appears to be a versatile pro-
tein that is involved in both viral replication and the translation
process (Fig. 4 and Supplementary Fig. 4).

3.3. Validation of functional host proteins in the SFTSV interactome

The co-precipitated host proteins may be specific binding part-
ners of SFTSV proteins with essential or non-essential functions in
the viral replication cycle. Alternatively, they may be non-specific
5572
or false-positive binding partners resulting from experimental
artifacts such as the overexpression of viral proteins in our assay
and/or the absence of other viral components. To identify host
factors that are specifically involved in SFTSV replication, we
transfected SFTSV-permissive Huh7 cells with siRNAs targeted to
each of the 254 candidate host genes with top credibility after
MS analysis (ie: number of peptide replicates > 2). At 24 h post-
siRNA-transfection, the Huh7 cells were infected with SFTSV
(MOI = 0.01) and then the culture supernatants were harvested
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for virus titration after another 48 h (Fig. 5A). In parallel, we exam-
ined the cell viability of siRNA-transfected cells using the CellTiter-
Glo� assay to exclude cell death-related SFTSV suppression due to
depletion of host genes. As a result, we identified 10 host genes
whose knockdown consistently led to reduced SFTSV replication.
These genes included 60S ribosomal protein L17 (RPL17), Ubiquitin
Like Modifier Activating Enzyme 1 (UBA1), Ribosomal Protein L3
(RPL3), Glucose-6-Phosphate Isomerase (GPI), Peptidylprolyl Iso-
merase A (PPIA), Ribosomal Protein S3A (RPS3A), Kinesin Family
Member 3C (KIF3C), FAU Ubiquitin Like And Ribosomal Protein
S30 Fusion (FAU), Nuclear Distribution C, Dynein Complex Regula-
tor (NUDC), and Ezrin (EZR). (Fig. 5B).
Fig. 5. Host small interfering RNA (siRNA) screens to identify host factors that affect SFT
Briefly, Huh7 cells were transfected once daily (60 nM) for two times before SFTSV infect
load determination. Lower panel: heat map showing SFTSV viral load reduction after indiv
transfected with scrambled siRNA. (B) A list of the host factors whose knockdown redu
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3.4. Exploration of antiviral targets based on the 10 SFTSV-dependency
host factors

To identify potential antiviral targets among the identified host
factors, we searched the DrugBank database for drug compounds
that suppress these 10 host factors. The DrugBank database con-
tains >9000 entries including 2037 FDA-approved small molecule
drug compounds, 241 FDA-approved biotech (protein/peptide) drug
compounds, 96 nutraceuticals, and over 7000 experimental drug
compounds [19]. We identified 24 drug compounds that were
associated with these 10 host factors. Based on their availability,
we further selected 6 of these 24 drug compounds for further
SV replication. (A) Upper panel: experimental design of the siRNA library screening.
ion (MOI = 0.01). After another 48 h, cell culture supernatant was harvested for viral
idual siRNA knockdown. The results were normalized by the infected cells that were
ced SFTSV replication.
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antiviral testing. To determine the inhibitory effects on SFTSV
replication of these 6 drug compounds, SFTSV-infected Huh7 cells
were treated with each drug compound at 1.25 mM, 5.00 mM, and
20.00 mM. During the primary screening, only artenimol, an artemi-
sinin derivative antimalarial agent, showed potent anti-SFTSV
activity and in a dose-dependent manner. Omacetaxine mepesuc-
cinate, a natural plant alkaloid derived from Cephalotaxus fortunei
used in the treatment of chronic myeloid leukemia, showed cellu-
lar toxicity at concentrations of >1 mM. Quercetin (plant flavonol),
monastrol (kinesin-5 inhibitor), pevonedistat (NEDD8 inhibitor),
and phenethyl isothiocyanate (naturally occurring isothiocyanate)
showed either marginal effect or lack of dose-dependent antiviral
effect, and were therefore not prioritized for additional character-
ization (Fig. 6).

3.5. Characterization of the antiviral effects of artenimol and
omacetaxine mepesuccinate

To characterize the therapeutic potential of artenimol and
omacetaxine mepesuccinate, we determined the CC50 and EC50 of
each drug compound in Huh7 cells. As shown in Fig. 7A, the CC50

of artenimol and omacetaxine mepesuccinate in Huh7 cells were
17.24 mM and 0.56 mM, receptively. In the viral load reduction
assay, the EC50 of artenimol and omacetaxine mepesuccinate were
0.24 mM and 0.07 mM, respectively. The selectivity index (CC50/
EC50) of artenimol (71.83) was much higher than that of omacetax-
ine mepesuccinate (8.00), suggesting that artenimol may have
higher potential for in vivo use.

3.6. Mode of action of artenimol and omacetaxine mepesuccinate
against SFTSV

We investigated the mode of action of artenimol and omacetax-
ine mepesuccinate against SFTSV. As indicated in our interac-
tome, artenimol potentially disrupts SFTSV viral NP and human
glucose-6-phosphate isomerase (GPI), whereas omacetaxine
mepesuccinate targets the interaction between viral NP and host
receptor-like protein 3 (RPL3). Co-transfection of GPI/NP plasmids
and RPL3/NP plasmids was performed in HEK-293T cells, followed
by pull-down of the HA-tagged viral NP complex. Apparently, all
three proteins were well expressed in HEK-293T cells (Input,
Fig. 6. Primary screening of available drug compounds targeting the identified host
factors. The heat map of SFTSV viral load after drug compound treatment was
shown. Huh-7 cells were infected by SFTSV (MOI = 0.10) and treated by different
concentrations of each drug compound as indicated. The viral load in the cell lysate
was measured at 48 hpi and normalized by GAPDH.
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Fig. 7B). Both GPI and RPL3 proteins were detectable in co-
immunoprecipitation groups, indicating direct SFTSV-NP/GPI and
SFTSV-NP/RPL3 binding (Co-IP, Fig. 7B). To further validate the
linkage between protein–protein dissociation and the observed
antiviral effect, we treated HEK-293T cells expressing HA-tagged
SFTSV-NP and GPI or RPL3 with different concentrations of arteni-
mol or omacetaxine mepesuccinate. Our results showed that addi-
tion of either artenimol or omacetaxine mepesuccinate disrupted
that binding between SFTSV-NP and its host counterpart proteins
(Fig. 7C). The dose-dependent effect appears to be more evident
in the omacetaxine mepesuccinate-treated group than the
artenimol-treated group, which is consistent with their antiviral
effects (Fig. 7A). Under non-toxic concentrations, complete virus
suppression and SFTSV-NP-RPL3 dissociation is achievable with
omacetaxine mepesuccinate, but not artenimol. Next, molecular
docking analysis was performed to model the protein-drug com-
pound interactions. Because the crystal structure of GPI but not
that of RPL3 was available, we focused on the interaction between
artenimol and GPI only. Our prediction shows that artenimol con-
tacts GPI via the G158 and E357 amino acid residues, which might
also contribute to viral NP/GPI integration (Fig. 7D). Collectively,
we demonstrate that drug compounds interfering with the binding
between SFTSV NP and host proteins may serve as potential anti-
SFTSV treatments.
4. Discussion

Viruses are obligatory intracellular microorganisms that utilize
the host cell machinery to replicate. Interference with the interac-
tions between the key viral and host proteins involved in viral
replication may be potential antiviral treatment strategies. Despite
its clinical importance, the virus-host interactions in SFTSV infec-
tion remain incompletely understood. Previously, a variety of tech-
nologies have been used to study virus-host protein–protein
interactions. These include tandem affinity purification coupled
with mass spectrometry (TAP-MS), two-hybrid system screens,
and protein-fragment complementation assays [20]. In this study,
we exploited LC-MS/MS to characterize the interactome in SFTSV
infection and utilized these novel interactomic data to identify
potential antiviral treatments for this highly lethal emerging viral
infection.

We identified 445 host proteins that co-precipitated with the
viral Gn, Gc, NP, or NSs proteins in the SFTSV interactome in
HEK-293T cells. Our downstream in silico and in vitro analyses fur-
ther prioritized 10 host genes that were associated with signifi-
cantly reduction of SFTSV viral load when being knocked down
with gene-specific siRNA. Screening of the DrugBank database led
to the discovery of numerous drug compounds that target these
10 host genes. Among these drug compounds, artenimol and omac-
etaxine mepesuccinate demonstrated the most potent inhibitory
effects against SFTSV replication, with artenimol having a much
higher selectivity index (71.83) than omacetaxine mepessucinate
(8.00).

Artenimol (also known as dihydroqinghaosu, dihydroartemisinin,
or DHA) is the active metabolite of artemisinin compounds such as
artemisinin, artesunate, and artemether. In CD-1 male mice that
received artenimol (up to 1200 mg/kg), no signs of toxicity was
observed, which indicated the drug compound’s excellent safety
profile. It was first authorized for marketing by the European
Medicines Agency in October 2011 in combination with piper-
aquine as Eurartesim. Like its precursor artemisinin, artenimol is
available as an antimalarial. Artemisinin is a natural product
derived from the Chinese herb Artemisia annua and is one of the
most effective antimalarials available [21]. Interestingly, artemisi-
nin was found to exhibit antiviral activities against various DNA



Fig. 7. Characterization of the selected SFTSV inhibitors. (A) Dose-response analyses of artenimol and omacetaxine mepesuccinate are shown, depicting both the antiviral
activity (red) and cytotoxicity (black). The grey line indicates 50% of the mock-treated control. The EC50, CC50, and chemical structure of each drug compound are shown. (B)
Co-immunoprecipitation assay was conducted in HEK-293T cell transfected with SFTSV nucleoprotein together with either GPI or RPL3 plasmids. After pull-down, the viral
nucleoprotein was detected by anti-HA antibody, while GPI and RPL3 were detected by anti-Myc antibodies. (C) Co-immunoprecipitation assay with the treatment of
artenimol or omacetaxine mepesuccinate at the indicated concentrations. (D) Molecular docking analysis predicted the interface between artenimol and GPI. The protein is
shown as grey ribbons and the drug compound as color sticks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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viruses, including members of the Herpesviridae (herpes simplex
viruses 1 and 2, Epstein-Barr virus, human cytomegalovirus, and
human herpesvirus 6) and Hepadnaviridae (hepatitis B virus) fam-
ilies [22]. Our findings expand the antiviral spectrum of artemisi-
nin compounds to SFTSV and highlight the need to further
characterize these drug compounds’ full antiviral spectrum against
other related RNA viruses.

Omacetaxine mepesuccinate, also known as homoharring-
tonine, is a clinically available cephalotaxine indicated for the
treatment of chronic myeloid leukemia in patients with refractory
disease or intolerance to tyrosine kinase inhibitors (trade name:
Synribo) [23]. Importantly, a single dose of omacetaxine mepesuc-
cinate can achieve a peak serum concentration (Cmax) of up to
56.0 ng/ml (equivalent to about 102 nM), which is above its EC50

against SFTSV. Further drug compound optimization of omacetax-
ine mepesuccinate to reduce its cellular toxicity and to minimize
its side effect of cytopenia may increase its potential for clinical
use in SFTSV infection.
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Mechanistically, our interactome predicted that artenimol
likely interfered with the binding between the SFTSV NP and the
host GPI. The SFTSV NP encoded by the S segment is the main
structural component of the viral ribonucleoprotein (RNP) and
plays an important role in viral RNA replication, transcription,
and synthesis [24]. Polymerized NP coats viral RNA to assemble
the integrity of RNP. Multiple copies of the SFTSV NP are polymer-
ized and then encapsidate a viral RNA segment that associate swith
one copy of the viral RdRp to form the RNP. RNPs act as the RNA
synthesis machinery in the host cell cytoplasm and can also be
packaged by the viral membrane as the structural core of the gen-
erated virions [25]. Structural studies showed that the viral NP is
composed of a core domain that is divided into an N-lobe and a
C-lobe, and an N-terminal arm (N-arm) [26]. The N-terminal arm
mediates NP polymerization by binding to the lateral N promoter
to facilitate encapsidation of the viral RNA and assembly of the
RNP [27]. Considering the central roles of the viral NP and the
assembled RNP in virus replication and proliferation, these funda-



J. Cao, G. Lu, L. Wen et al. Computational and Structural Biotechnology Journal 19 (2021) 5568–5577
mental viral elements may be targeted by the host immune system
to restrict virus replication. Importantly, the amino acid sequences
of the NP of SFTSV and related bunyaviruses share highly similarity
[1,28,29]. Thus, antiviral strategies that target the viral NP may
represent broad-spectrum treatment options for a wide range of
bunyaviruses.

In summary, our interactomic findings characterized the virus-
host protein interactions in SFTSV infection and facilitated the
identification of clinically available drug compounds that target
the binding between SFTSV-NP and the host GPI or RPL3 as poten-
tial antiviral treatment options for this emerging viral infection.
Further evaluations of these drug compounds in suitable animal
models should be considered.
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