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ARTICLE INFO ABSTRACT

Keywords: Nairobi sheep disease virus (NSDV) belongs to the Orthonairovirus genus in the Bunyavirales order and is
Nairobi .Shee'P disease virus genetically related to human-pathogenic Crimean-Congo hemorrhagic fever virus (CCHFV). NSDV is a zoonotic
Orthonairovirus pathogen transmitted by ticks and primarily affects naive small ruminants in which infection leads to severe and
Host cell factor . L. - . . s s s
Infectivit often fatal hemorrhagic gastroenteritis. Despite its veterinary importance and the striking similarities in the
Y . . clinical picture between NSDV-infected ruminants and CCHFV patients, the molecular pathogenesis of NSDV and
Glycoprotein proteolytic processing o . . X A .
CCHFV its interactions with the host cell are largely unknown. Here, we identify the membrane-bound proprotein

convertase site-1 protease (S1P), also known as subtilisin/kexin-isozyme-1 (SKI-1), as a host factor affecting
NSDV infectivity. Absence of S1P in SRD-12B cells, a clonal CHO-K1 cell variant with a genetic defect in the S1P
gene (MBTPS1), results in significantly decreased NSDV infectivity while transient complementation of SKI-1/
S1P rescues NSDV infection. SKI-1/S1P is dispensable for virus uptake but critically required for production of
infectious virus progeny. Moreover, we provide evidence that SKI-1/S1P is involved in the posttranslational
processing of the NSDV glycoprotein precursor. Our results demonstrate the role of SKI-1/S1P in the virus life
cycle of NSDV and suggest that this protease is a common host factor for orthonairoviruses and may thus
represent a promising broadly-effective, indirect antiviral target.

1. Introduction

Nairobi sheep disease virus (NSDV) is a tick-borne zoonotic bunya-
virus of veterinary importance that has been reported to circulate in East
Africa and Asia (Montgomery, 1917; Davies, 1997; Marczinke and
Nichol, 2002; Krasteva et al., 2020). Infections of naive small ruminants
lead to severe and often fatal hemorrhagic gastroenteritis in these ani-
mals (Montgomery, 1917; Bin Tarif et al., 2012; Hartlaub et al., 2021).
The virus belongs to the genus Orthonairovirus within the family Nairo-
viridae and has a negative-sense RNA genome with a small (S), medium
(M) and large (L) segment and 1is genetically related to
human-pathogenic Crimean-Congo hemorrhagic fever virus (CCHFV)
(Kuhn et al., 2016). Due to striking similarities in the clinical picture
between NSDV-infected ruminants and human CCHFV patients, NSDV
has been suggested as a model organism for studying CCHFV patho-
genesis (Baron and Holzer, 2015). However, despite the veterinary

importance of NSDV, knowledge concerning its pathogenesis and
virus-host interactions is limited.

Viral envelope glycoproteins directly interact with the susceptible
host cell at different stages of the viral life cycle. They represent key
factors in determining host cell tropism through binding to specific host
cell receptors and by mediating virus-host membrane fusion (Bossart
et al., 2013; Pierson and Kielian, 2013; Albornoz et al., 2016; Hulswit
et al., 2021). Overall, most viral glycoproteins are synthesized as inac-
tive precursors and rely on host cell proteases for post-translational
processing and activation required for infectious virus (Guardado--
Calvo and Rey, 2017; Hulswit et al., 2021). Host proteases within the
proprotein convertase (PC) family represent well-known examples with
a major impact on viral glycoprotein processing and ultimately on virus
assembly, release and infectivity (reviewed in (Seidah and Prat, 2012;
Garten, 2018; Seidah et al., 2021). The site-1 protease (S1P), also known
as subtilisin/kexin-isozyme-1 (SKI-1), is a membrane-bound serine
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endoprotease that belongs to this group of PCs (Sakai et al., 1998;
Seidah et al., 1999). SKI-1/S1P is ubiquitously expressed, highly
conserved among mammalian hosts and plays a critical role in the
proteolytic activation of sterol regulatory element binding proteins
(SREBPs), which control the expression of key enzymes involved in
cholesterol homeostasis and fatty-acid biosynthesis (Brown and Gold-
stein, 1997; Seidah et al., 1999). SKI-1/S1P has a unique substrate
specificity and cleaves peptides following the hydrophobic consensus
sequence R-X-(aliphatic)-Z], where X is any residue except Pro or Cys,
and Z is any residue except Val, Pro, Cys, or Glu (Seidah et al., 1999;
Pasquato et al., 2006; Seidah et al., 2021).

In addition to its function in the cellular lipid and cholesterol
metabolism, SKI-1/S1P has been demonstrated to play a central role in
the life cycle of several viruses, including arenaviruses, flaviviruses and
hantaviruses (Lenz et al., 2001; Blanchet et al., 2012; Kleinfelter et al.,
2015; Hyrina et al., 2017). Similarly, SKI-1/S1P has been shown to be
involved in proteolytic processing of the CCHFV glycoprotein precursor
complex (GPC) encoded by the viral M segment, which undergoes an
unusually complex processing to form mature structural glycoproteins
Gn and Gc as well as non-structural proteins of rather unknown function
(Vincent et al., 2003; Sanchez et al., 2006). Consequently, SKI-1/S1P
expression was shown to have a strong impact on CCHFV infectivity
(Bergeron et al., 2007). However, whether SKI-1/S1P plays a similarly
important role for other orthonairoviruses such as NSDV has not been
investigated to date. Therefore, the aim of this work was to study the
role of SKI-1/S1P expression in NSDV replication and infectivity.

2. Material and methods
2.1. Cell lines and virus isolate

Human adrenocortical carcinoma (SW13) cells (kindly provided by
Ali Mirazimi, National Veterinary Institute, Sweden) were maintained in
Leibovitz-15 (L-15) medium supplemented with 5% fetal calf serum
(FCS; L-15-5) and incubated at 37 °C without CO,. Chinese hamster
ovary (CHO)-K1 and SRD-12B cells were a generous gift from J. L.
Goldstein (Rawson et al., 1998). CHO-K1 cells were grown in DMEM
nutrient mixture F12 Ham (GIBCO) supplemented with 10% FCS, 100
units/ml penicillin, and 0.1 mg/ml streptomycin. SRD-12B cells were
maintained as CHO-K1 cells with the addition of 5 pg/ml cholesterin
(Sigma-Aldrich), 1 mM sodium mevalonate (Sigma-Aldrich), and 20 pM
sodium oleate (Sigma-Aldrich). Both cell lines were incubated at 37 °C
and 5% COs.

The NSDV isolate (Ganjam virus IG619; hereafter referred to as
NSDV; GenBank accession number: KU925466, KU925465, KU925464)
used in this study was grown on SW13 cells and has been described
previously (Hartlaub et al., 2021). All work with live virus were per-
formed under BSL3-conditions at the Friedrich-Loeffler-Institut.

2.2. Plasmids and transfection

The open reading frame (ORF) of the NSDV M segment (GenBank
accession no. KU925465) was codon-optimized for expression in human
cells and synthesized by Genscript (Netherlands). For detection in sub-
sequent analyses, an HA-epitope tag was added to the C-terminus of the
glycoprotein precursor (GPC; GPC-Gc-yp). The NSDV GPC-Ge-gp ORF
was then subcloned into the pCAGGS expression vector. Human SKI-1/
S1P and LASV GP-Cyp expression plasmids have been described previ-
ously (Lenz et al., 2001; Schlie et al., 2010). All sequences are available
upon request. Transfection experiments were performed using Lip-
ofectamine 3000 (Invitrogen) following the manufacturer’s protocol. Six
hours post transfection (p.t.) the medium was changed to DMEM sup-
plemented with 2% FCS.
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2.3. Antibodies

A polyclonal rabbit-derived in-house antiserum was used to stain
NSDV nucleoprotein (NP) in western blot (WB; 1:1000) and immuno-
fluorescence analyses (1:200). This hyperimmune serum was collected
from a rabbit after three consecutive immunizations with CCHFV NP
(Kosova Hoti isolate) and confirmed to cross-react with NSDV NP in the
respective assays. Monoclonal anti-B actin antibodies (MA5-15739,
Invitrogen) and rabbit-derived anti-membrane bound transcription
factor protease site 1 (MBTPS1) antibodies (PA5-77103, Invitrogen)
were diluted in 1:5000 and 1:1000 for WB analysis, respectively.
Immunoprecipitation of HA-tagged proteins was performed using HA-
specific H6908 antibodies (Sigma-Aldrich; 1:500). Precipitated pro-
teins were detected in WB with monoclonal HA.11 antibodies
(#901501, Biolegend; 1:1000). Secondary anti-mouse and anti-rabbit
antibodies conjugated either with Horseradish peroxidase (HRP) or
Alexa Fluor 488 (AF488; both Invitrogen) were used in WB (1:5000) or
IFA (1:500), respectively.

2.4. Virus infection and multi-cycle replication kinetics

Confluent SW13, CHO-K1 and SRD-12B cells were washed once with
PBS before inoculation with NSDV at a multiplicity of infection (MOI) of
0.1 for 1 h at 37 °C. After virus adsorption, inoculum was removed and
cells washed three times with PBS before DMEM or L-15 supplemented
with 2% FCS was added to each well. Supernatants were harvested at 0,
8, 12, 24, 48 and 72 h post infection (p.i.) for multi-cycle replication
kinetics. To investigate the effect of SKI-1/S1P expression on NSDV
infectivity, SRD-12B cells were transfected with an expression vector
encoding human SKI-1/S1P 8 h before inoculation with NSDV as
described above. Supernatants were collected at 0, 14, 24, 48 and 72 h p.
i.. Virus titers in the supernatants were quantified as described below.
Virus titers of three independent experiments performed in duplicates
are presented as mean + standard error of the mean (SEM).

To compare infectivity of virus progeny between SRD-12B and S1P-
complemented SRD-12B cells, 100 ul of the supernatants collected at 24
h p.i. were transferred to confluent SW13 cells seeded in a 6-well plate
(total volume was filled up to 500 pl with L-15 for inoculation). After an
incubation period of 1 h, inoculum was removed and wells were washed
three times with PBS before incubation for another 24 h. Then, SW13
cells were fixed and analyzed by immunoblot and immunofluorescence
assays.

2.5. Tissue culture infectivity dose 50 (TCIDsg)

Tissue culture infectivity dose 50 (TCIDsg) was used to estimate the
endpoint viral titers in supernatants from all infection experiments
performed. For this, SW13 cells were seeded in 96-well plates at a
concentration of 1.5 x 10* cells per well 24 h prior to virus inoculation.
Supernatants were ten-fold serially diluted and added to the wells with
eight replicates per dilution. Cells were incubated at 37 °C for 7 days
before endpoint read-out via light microscopy. The Spearman-Karber
algorithm was used to determine TCIDsp/ml.

2.6. RNA isolation and RT-gPCR

Viral RNA from cell supernatant was isolated using the QIAmp Viral
RNA Mini Kit (Qiagen) following manufacturer’s instructions. For the
detection of NSDV S segment RNA, an RT-qPCR protocol was used as
described previously (Hartlaub et al., 2021). For quantification of viral
genome, a standard curve containing serial dilutions of a synthetic RNA
harboring the primer/probe binding sites of the primer set used was
included in every RT-qPCR run. RT-qPCR reactions were performed
using the CFX96 Real-Time PCR System (Bio-Rad).
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2.7. WB analysis

To determine the total expression of NSDV NP, f-actin and S1P, cells
were lysed in 1% SDS in PBS. For separation in SDS-PAGE, sample
loading buffer containing 40% glycerol, 0.1% bromophenol blue, 200
mM Tris (pH 6.8), and 4% B-mercaptoethanol was added. The proteins
were separated on a 10% polyacrylamide gel under reducing conditions
and transferred onto a nitrocellulose membrane. After blocking with 5%
non-fat dry milk solution, the proteins were stained with specific pri-
mary antibodies and peroxidase-conjugated secondary antibodies and
detected by enhanced chemiluminescence (Clarity Western ECL Sub-
strate, BioRad). Molecular weights of protein bands were determined
using the Image Lab software (version 6.0.1, Bio-Rad Laboratories).

2.8. Immunofluorescence analysis (IFA)

For immunostaining of infected cells, cells were grown on glass
coverslips and fixed at different times p.i. with ice-cold methanol/
acetone (M/A; 1:1). M/A was quenched by 0.1 M glycine in PBS sup-
plemented with MgCl and CaCl, (PBS*). Then, cells were treated with
a blocking-buffer containing 0.35% BSA (Sigma-Aldrich). NSDV NP
antibodies were added for 1 h (1:200), and followed by incubation with
Alexa Fluor 488-conjugated secondary antibodies for 45 min. Cell nuclei
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Im-
ages were acquired with an Eclipse Ti-S inverted microscope system
(magnification, 20x) and were processed with the NIS-Elements BR
4.00.07 software (Nikon).

2.9. Immunoprecipitation

Cells transiently expressing LASV GP-Cyp or NSDV GPC-Gc-yp pro-
teins were washed with PBS, followed by cell lysis in radio-
immunoprecipitation assay (RIPA) buffer (1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 0.15 M NaCl, 10 mM EDTA, 50 units/mL
aprotinin, and 20 mM Tris-HCI, pH 7.5). Cell lysates were centrifuged
for 45 min at 20,000 x g, and GPC proteins were immunoprecipitated
overnight using polyclonal anti-HA antibodies (H6908; 1:500). Protein
A-Sepharose CL-4B (Sigma-Aldrich) suspension was added for another
45 min followed by three washes of the immune complexes with RIPA
buffer. After suspension in sample buffer, the total amount of precipi-
tated proteins per sample was separated on a 10% polyacrylamide gel
under reducing conditions. Subsequent western blot analysis was per-
formed as described above.

2.10. Compound

For testing of inhibitory effects on virus replication, infected cells
were treated with PF-429242 (Sigma-Aldrich, reconstituted in deionized
water) by adding the compound in different concentrations (5 uM, 10
uM, 20 uM) to the cell culture medium 1 h after virus inoculation and
three washes. Supernatants were collected at 24 h p.i. and viral titers
quantified by TCIDs. Virus titers of two independent experiments per-
formed in duplicates are presented as mean + SEM. Data were analyzed
by unpaired t-test with Welch’s correction.

2.11. Viability assay

Cell viability assay was performed using the Cell Proliferation Kit
(MTT Assay; Roche) according to manufacturer’s instructions. Briefly,
SW13 cells were seeded in a 96-well plate (5 x 10* cells/well) and
incubated for 24 h with medium containing PF-429242 in a 10-fold
serial dilution (0.01 pM to 1000 pM). Each compound dilution was
tested in quadruplicates. Control wells were left untreated. To determine
cell viability after 24 h of treatment, 0.5 mg/ml 3-(4,5-dimethylthiazol-
2-yl)—2, 5-diphenyl tetrazolium bromide (MTT) was added to each well
and incubated at 37 °C for 4 h. The MTT formazan crystals were
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extracted by adding the solubilization solution (100 ul/well). Optical
density was measured at 590 nm. Cell viability was calculated using the
following equation: cell viability (%) = (OD sample)/(OD untreated cell
control) x 100.

2.12. Data and statistical analysis

Data was first analyzed using Microsoft Excel. Graphics were
designed using GraphPad Prism (version 9.3.1). All statistical analyses
were performed using GraphPad Prism (version 9.3.1). Statistical sig-
nificance is denoted as ** for P < 0.005.

3. Results

Previous studies have demonstrated that the CCHFV GPC is cleaved
by SKI-1/S1P at the consensus motif RRLLs;¢ (amino acid position refers
to CCHFV-IbAr 10,200), and that this proteolytic cleavage has a strong
impact on virus infectivity (Vincent et al., 2003; Bergeron et al., 2007).
Interestingly, comparing the amino acid sequences of the CCHFV GPC
(IbAr 10,200) with the NSDV GPC (Ganjam virus isolate IG619) revealed
at least two potential recognition motifs in the NSDV GPC sequence for
proteolytic processing by SKI-1/S1P (Fig. 1). Accordingly, we hypoth-
esized that the proteolytic activity of SKI-1/S1P is required for NSDV
GPC processing and thus might play a role for the production of infec-
tious NSDV progeny.

To first determine whether SKI-1/S1P-mediated proteolytic activity
is involved in NSDV GPC processing, we used CHO-K1 cells as well as
SRD-12B cells, a clonal CHO cell variant with a genetic defect in the S1P
gene (Rawson et al., 1998). Both cell lines were transfected with
expression plasmids encoding NSDV GPC-Gc-ya. At 24 h p.t., cells were
lysed and the glycoproteins immunoprecipitated using an anti-HA
antibody. In subsequent WB analysis, we observed two HA-tagged
bands in SKI-1/S1P-competent CHO-K1 cells (~ 85 kDa and 75 kDa,
Fig. 2, lane 1), suggesting the presence of an unprocessed Gc precursor
and a fully cleaved Gc, as previously described for CCHFV (Vincent
et al., 2003; Zivcec et al., 2016; Freitas et al., 2020). In contrast, we
predominantly detected the unprocessed Gc precursor in SRD-12B cells
(Fig. 2, lane 2). Interestingly, co-transfection of SKI-1/S1P expression
plasmids restored the cleavage of NSDV GPC-Gc in SRD-12B cells,

SPase SPase SPase

Furin SKI-1/S1P l SKI-1/S1P-like?

SP{J MLD | GP38| Gn i Gc :
! RSKRys; RRLLsg RKPLy040 1684
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Fig. 1. Schematic of glycoprotein precursors (GPCs) of Crimean-Congo
hemorrhagic fever virus (CCHFV; reference isolate CCHFV-IbAr 10,200)
and Nairobi sheep disease virus (NSDV; Ganjam virus isolate IG619) with
(putative) cleavage products. (Putative) cleavage sites are indicated in one
letter code. Numbers represent amino acid positions. Proteases known to be
involved in CCHFV processing are displayed. Horizontal white-shaded lines
represent (putative) transmembrane domains. kDa: kilodalton; SP: signal pep-
tide; SPase: signal peptidase; MLD: mucin-like domain; GP38: glycoprotein 38;
Nsm: non-structural M protein. (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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Fig. 2. SRD-12B cells cleave NSDV glycoprotein precursor (GPC) after
transfection with recombinant SKI-1/S1P. Non-confluent SRD-12B and CHO-
K1 cells were transfected with pcDNA3.1 plasmid encoding human SKI-1/S1P
(+) or empty vector (-). After 8 h, cells were additionally transfected with
vectors encoding NSDV GPC-Gc-ya. At 24 h after transfection, cells were har-
vested and lysed. Proteins were immunoprecipitated using an antibody against
the HA-tag (H6908) and subjected to SDS-PAGE and subsequent western blot
analysis. Precipitated GPCs were visualized using a mouse-derived antibody
against the HA-tag (HA.11) as well as HRP-labeled secondary anti-mouse an-
tibodies and chemiluminescence. Representative blots are shown from three
independent experiments.

resulting in the detection of two protein bands (Fig. 2, lane 3). These
data suggest that SKI-1/S1P is critical for proteolytic processing of NSDV
preGe to fully cleaved Ge. As a control, we additionally investigated
proteolytic processing of LASV GP-Cyp in both cell lines (Supplementary
Figure 1), which was previously shown to be cleaved by SKI-1/S1P
(Lenz et al., 2001). Our data verified SKI-1/S1P activity after transient
expression and were consistent with the study by Lenz and colleagues.

In order to further investigate the role of SKI-1/S1P expression for
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the NSDV life cycle, we next performed multi-cycle replication kinetics
in CHO-K1 and SRD-12B cells. SW13 cells were used as reference cell
line. All three cell lines were infected with NSDV at a MOI of 0.1. First,
cell lysates were collected at indicated time points p.i. to determine
intracellular viral NP expression by WB analysis using a rabbit hyper-
immune serum. While NSDV NP was detected as early as 12 h p.i. in
SW13 control cells, first NP expression in CHO-K1 cells was observed at
24 h p.i., with both cell lines displaying a marked increase in the NP
signal by 48 h and 72 h p.i. (Fig. 3A). Initial intracellular NSDV NP was
only very weakly detectable in SRD-12B cells at 24 h p.i., and remained
consistently low over time (Fig. 3A). In line with these findings,
immunolabelling of the viral NP revealed only single infected SRD-12B
cells in IFA at 72 h p.i. (Fig. 3B), indicating that NSDV was able to enter
SRD-12B cells initially but that subsequent viral spread in this cell line
was impaired. Moreover, we detected almost no infectious virus in the
SRD-12B cell supernatant at any time point as determined by TCIDsg
(Fig. 3C). In contrast, release of infectious virus in CHO-K1 cells
increased steadily over the course of 72 h and only then reached titers
comparable to those in the reference cell line SW13 (Fig. 3C), in which
infection spread rapidly and viral titer peaked at 48 h (Fig. 3B). In
contrast, the level of viral RNA in the supernatant of SRD-12B cells
slightly increased over time but at a generally lower level compared to
the other cells (Fig. 3D).

We next aimed to investigate whether transient expression of SKI-1/
S1P in SRD-12B cells can rescue the production of infectious NSDV
progeny. To this end, SRD-12B cells were transfected with a plasmid
encoding human SKI-1/S1P 8 h before infection with NSDV (MOI of
0.1). Recombinant SKI-1/S1P overexpression was verified by WB anal-
ysis over a period of 72 h after NSDV infection with the strongest signals
detectable between 24 h and 48 h p.i. (equaling 32 h and 56 h p.t;
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Fig. 3. Multi-cycle replication kinetics of NSDV in SW13, CHO-K1 and SRD-12B cells. Cells were inoculated with NSDV at a multiplicity of infection (MOI) of
0.1 and cultivated for up to 72 h. Samples were collected at the indicated times post infection (p.i.) for subsequent analyses. Three independent experiments were
performed in triplicates. (A) Viral nucleoprotein (NP) expression determined by western blot. Cell lysates were collected, proteins separated by SDS-PAGE and viral
NP was visualized in subsequent western blot using rabbit-derived anti-NP primary antibodies, HRP-labeled secondary antibodies and chemiluminescence. 8-actin
served as loading control. Representative blots from three independent experiments are shown. (B) Virus spread determined by NSDV NP detection in immuno-
fluorescence assay. Infected cells were fixed and incubated with polyclonal anti-NP antibodies. Primary antibodies were stained with anti-rabbit-Alexa Fluor 488
secondary antibodies. Nuclei were counterstained with Hoechst 33,342. Representative images from three independent experiments are shown. Magnification, 20x.
(C) Replication of NSDV in SW13, CHO-K1 and SRD-12B cells. Supernatants were harvested and titrated by TCIDs,. The growth curves shown display the mean viral
titers + SEM of three independent experiments. (D) Viral S segment RNA levels in the cell supernatant. The amount of viral S segment RNA in the supernatant was
determined by RT-qPCR and expressed as mean copy numbers per microliter. Error bars depict the standard error of the mean (SEM). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)



C. Bost et al. Virus Research 329 (2023) 199099

S1P_SRD-12B

A B MOI 0.1
- \ A A \~ 107
KA & .\'\,“Q E 100 = CHO-K1
g 10 -+ SRD-12B
e ? S| skiLstp 2 104 - S1P_SRD-128
§ 100
"g 102
. . | NSDVNP @ 10!
N N’ Nt “ner”| , Actin 100
0 14 24 48 T2
hours post infection
(o3 D

RT-qPCR (NSDV S-segment)
, Supernatant from NSDV-infected Supernatant from NSDV-infected Supernatant from NSDV-infected
10 CHO-K1 cells S1P_SRD-12B cells SRD-12B cells

-# CHOK1
108 -+ SRD-12B
-e- S1P_SRD-12B K
10°
104 J
102
10 T T T T T
0 14 24 48 72

hours post infection

Copy numbers per pl
swi3
(24 h post inoculation)

Fig. 4. Production of infectious NSDV progeny in SRD-12B can be restored by SKI-1/S1P complementation. Non-confluent SRD-12B cells were transfected
with pcDNA3.1 plasmid encoding human SKI-1/S1P. Transfected cells were infected 8 h post transfection with NSDV at a MOI of 0.1 and cultivated for up to 72 h post
infection (p.i.). Samples were collected at the indicated times p.i. for subsequent analyses. Three independent experiments were performed in duplicates. (A)
Detection of SKI-1/S1P, viral NP and B-actin expression in transiently transfected SRD-12B cells by western blot analysis. Cell lysates were collected, proteins
separated by SDS-PAGE and target proteins detected using commercial MBTPS1 antibodies (Invitrogen), rabbit-derived anti-NP antibodies and anti-B-actin anti-
bodies. Labeled proteins were visualized by incubation with HRP-labeled secondary antibodies. One representative blot from three independent experiments is
shown. (B) Replication of NSDV in CHO-K1, SRD-12B and S1P-complemented SRD-12B cells (S1P_SRD-12B). Supernatants were harvested and titrated by TCIDs,.
The growth curves shown display the mean titers plus SEM of three independent experiments. (C) Viral S segment RNA levels in the cell supernatant. The amount of
viral S segment RNA in the supernatant was determined by RT-qPCR and expressed as mean copy numbers per microliter. Error bars depict the standard error of the
mean (SEM). (D) Infectivity of virus progeny from cell supernatant of CHO-K1, SRD-12B and S1P_SRD-12B cells was determined by transfer to highly susceptible
SW13 cells. Supernatants from NSDV-infected CHO-K1, SRD-12B and S1P_SRD-12B cells were collected at 24 h p.i. and transferred to confluent SW13 cells. Inoculum
was removed after 1 h and wells were intensively washed before incubation for 24 h. SW13 cells were then fixed before polyclonal anti-NP antibodies were added.
Labeled proteins were visualized using Alexa Fluor 488-conjugated secondary antibodies. Nuclei were counterstained with Hoechst 33,342. Representative images
from two independent experiments are shown. Magnification, 20x. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4A, S1P_SRD-12B cells). First NSDV NP expression in SRD-12B cells presence of 5 uM, 10 pM or 20 uM of PF-429242, which resulted in a

complemented with SKI-1/S1P was observed at 24 h p.i. and increased substantial, dose-dependent reduction in NSDV titers compared to the
only slightly over time (Fig. 4A). Noteworthy, infection of pre- untreated control (Fig. 5A). Interestingly, we detected only a 1 log
transfected SRD-12B cells with NSDV resulted in the release of infec- reduction in RNA levels between treated and untreated SW13 cells
tious virus to the cell supernatant reaching titers of up to 4 x 10* (Fig. 5B), suggesting that inhibition of SKI-1/S1P has no substantial
TCIDsg/ml (Fig. 4B). The amount of viral S segment RNA in the cell impact on RNA replication, whereas production of infectious virus

supernatant also increased, but remained in a range comparable to the
level of viral RNA in the supernatant of SRD-12B cells (Fig. 4C). To

additionally verify the presence of infectious virus particles, the cell . B
culture supernatant from S1P_SRD-12B cells collected at 24 h p.i. was A SW13 cells - 24 h p.i. RT-GPCR {NSDV §-segment)
used to inoculate SW13 cells for further analysis by IFA. Similarly, the = 197 10%7
supernatant from NSDV-infected SRD-12B cells was transferred to prove % 100 ;‘ 107
the absence of infectious virus progeny, while the supernatant from 8 z
CHO-K1 cells served as a virus-containing control. Consistent with our E 1054 é 106
previous results, NSDV NP was only detected in SW13 cells after 24 h 2 - 2
when inoculated with supernatants from CHO-K1 and S1P_SRD-12B g 104+ T g 1051
cells (Fig. 4D), indicating successful infection and thus the presence of 2 e © \
i 1044

infectious virus particles in the respective inoculum. In contrast, no

: > & & 8 NN
NSDV NP was detected in SW13 cells after transfer from SRD-12B cell \&o@ DRSNS .éq;b@ DR N
. & & I S
culture supernatant (Fig. 4D). v T prazezz N PF-429242

Finally, to determine whether the specific inhibition of SKI-1/S1P
activity has an impact on NSDV infectivity, SW13 cells were infected Fig. 5. Inhibition of NSDV by a small-molecule inhibitor. SW13 cells were
with NSDV at an MOI of 0.1, and subsequent]y treated with different infected with NSDV at a multiplicity of infection (MOI) of 0.1. After 1 h of
concentrations of PF-429242, a small-molecule inhibitor that has been mwb?t{‘m’ virus {nocumm was re'mOVEd’ cells were washed and medium
shown to efficiently block SKI-1/S1P activity (Hawkins et al., 2008). containing the indicated concentrations of PF-429242 (5 uM, 10 pM, 20 uM)
Prior to use, potential cytotoxic effects of the compound were analyzed was added to the wells. Cells in control wells were left untreated. Supernatants
in the MTT, Cell Proliferation Assay (Roche), which revealed that cell were collected at 24 h post infection (p.i.) and analyzed by (A) TCIDso and (B)
viability of SW13 cells was not }f]f ted f’t ¢ 24 h incubation with RT-qPCR targeting the viral S segment. Bars represent mean (A) NSDV titers or
a y o cells . as not allected atte cuba .0 (B) mean RNA copy numbers + standard error of the mean (SEM) of two rep-

PF-429242 at concentrations up to 100 uM (Supplementary Figure 2).

licates from two independent experiments. Statistical analysis: Welch’s t-test;
After NSDV inoculation, cells were further incubated for 24 h in the (**) p < 0.005.
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particles is drastically reduced.
4. Discussion

While SKI-1/S1P, an essential enzyme in the cholesterol regulation
pathway of the cell, has been demonstrated to be of importance for the
life cycle of human-pathogenic CCHFV (Vincent et al., 2003; Bergeron
et al., 2007), its role for other zoonotic orthonairoviruses such as NSDV
has been unclear. In this study, we provide first evidence that SKI-1/S1P
is critical for NSDV replication and infectivity, and that this may be due
to its role in proteolytic processing of the structural glycoprotein Gc.

SKI-1/S1P has been widely discussed as a promising target for
indirect-acting antiviral drug development, since in addition to CCHFV,
a number of other viruses such as arena- and flaviviruses are known to
depend directly or indirectly on the functionality of SKI-1/S1P for their
life cycle (Lenz et al., 2001; Beyer et al., 2003; Olmstead et al., 2012;
Hyrina et al., 2017). One well-characterized compound in this context is
PF-429242, a small-molecule inhibitor of SKI-1/S1P activity (Hay et al.,
2007; Hawkins et al., 2008), whose efficacy has been demonstrated for
several flaviviruses that rely on the functional host lipid metabolism,
and thus indirectly on SKI-1/S1P activity, to complete their replication
cycle. For example, PF-429242-mediated inhibition of SKI-1/S1P
strongly impaired replication of hepatitis C virus (Blanchet et al.,
2012), dengue virus (Uchida et al., 2016) and Zika virus (Raini et al.,
2021). Another indirect dependence on SKI-1/S1P activity has been
described for hantaviruses, where the inhibition of SKI-1/S1P by
PF-429242 prevented hantavirus entry by depleting cellular membrane
cholesterol, which was shown to be essential for hantavirus membrane
fusion (Kleinfelter et al., 2015). However, even though PF-429242 did
not show detrimental effects in a mouse model, the compound also
demonstrated no significant protective effects after SFTS infection in
mice (Shimada et al., 2015). While PF-429242 has thus exhibited broad
antiviral activity against different flavi-, hanta- and also arenaviruses in
vitro (Urata et al., 2011; Blanchet et al., 2012; Pasquato et al., 2012;
Kleinfelter et al., 2015; Uchida et al., 2016; Raini et al., 2021), its effi-
cacy against orthonairoviruses has not been investigated to date. Here,
we demonstrate its efficacy against NSDV as an orthonairovirus repre-
sentative. Inhibitor treatment resulted in a significant decrease in viral
titers, clearly demonstrating the importance of SKI-1/S1P activity for
the replication cycle of NSDV. Although the details of the NSDV repli-
cation cycle are still to be elucidated, our results point towards the
essential role of SKI-1/S1P in glycoprotein processing. While indirect
effects of SKI-1/S1P inhibition on virus entry or replication, as discussed
earlier for hanta- or flaviviruses, cannot be completely excluded, the
slight detection of NSDV NP in SRD-12B cells and the moderate increase
of viral S segment RNA indicated the overall susceptibility of the
S1P-deficient SRD-12B cells as well as its ability to support viral genome
replication. Constantly low viral protein expression levels and only
single infected cells during multicyclic replication however pointed to-
wards an impaired viral spread. This assumption was further underlined
by the lack of detectable infectious virus progeny in the cell culture
supernatant of infected SRD-12B cells. Considering these findings and
given the putative SKI-1/S1P recognition motifs found within the NSDV
GPC sequence, a direct involvement of SKI-1/S1P in the proteolytic
processing of NSDV GPC is more likely, as also observed for the anti-
genically related CCHFV GPC.

CCHFV GPC is cleaved by SKI-1/S1P at the characteristic consensus
motif RRLLs19 (amino acid positions refer to the GPC of the CCHFV-IbAr
10,200 reference strain), which results in the production of structural
glycoprotein Gn (Vincent et al., 2003). Interestingly, a similar SKI-1/S1P
recognition motif (RRLMy49) is also found in the N-terminal region of
NSDV GPC suggesting an involvement of the protease in NSDV Gn
production. While cleavage of NSDV Gn will be investigated in a future
study, the detection of HA-tagged NSDV preGc and Gc after transfection
in CHO cells and S1P-complemented SRD-12B cells provided first evi-
dence that SKI-1/S1P is involved in proteolytic processing of the
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C-terminal portion of NSDV GPC, presumably at the SKI-1/S1P
consensus motif RRLLgy,. Noteworthy, it has already been suggested
that a SKI-1/S1P-related protease may play a role in the processing of
CCHFV Gec, as another putative recognition motif (RKPL;p40) is found
upstream of the N-terminus of CCHFV Gc (Sanchez et al., 2002). How-
ever, the corresponding protease involved in cleavage of CCHFV Gc
remains to be identified, as cleavage has been shown to occur inde-
pendently of SKI-1/S1P (Vincent et al., 2003).

SKI-1/S1P has also been described to be directly involved in the
maturation of several arenavirus GPCs (Lenz et al., 2000; Lenz et al.,
2001; Beyer et al., 2003; Pasquato et al., 2006). Interestingly, proteo-
lytic cleavage of arenavirus GPC by SKI-1/S1P has been shown to be a
prerequisite for proper assembly and release of infectious virus particles
(Lenz et al., 2001; Beyer et al., 2003; Kunz et al., 2003; Rojek et al.,
2008). Accordingly, for a number of different arenaviruses it has been
reported that inhibition of SKI-1/S1P activity by PF-429242 resulted not
only in impaired GPC processing but also in a lack of infectious virus
progeny (Urata et al., 2011; Pasquato et al., 2012). Similarly, in the
absence of SKI-1/S1P activity, the production of infectious CCHFV
particles was significantly reduced in SRD-12B cells with neither mature
nor immature glycoprotein forms detectable in the cell culture super-
natant of infected cells, suggesting that GPC maturation plays an
essential role in the production of infectious CCHFV progeny (Bergeron
et al., 2007). However, in the absence of SKI-1/S1P activity, Bergeron
and co-authors observed only nucleoprotein-containing particles in the
cell culture supernatant of CCHFV infected cells. Both findings from
Bergeron and colleagues are consistent with our data on the detection of
NSDV S RNA and a significantly reduced amount of infectious NSDV
progeny in the supernatant of S1P-deficient SRD-12B cells, suggesting a
similar importance of SKI-1/S1P in the production of infectious virus
progeny, possibly due to its role in GPC processing and maturation. In
line with these findings, we detected high levels of viral RNA in the
supernatant of SW13 cells treated with the SKI-1/S1P inhibitor
PF-429242 (Fig. 5B), again indicating that RNA replication appears to
occur independently of SKI-1/S1P activity. In contrast, viral titers were
significantly reduced, further emphasizing the critical role of SKI-1/S1P
in the production of infectious virus progeny. Moreover, in view of our
data from the immunoprecipitation experiment, SKI-1/S1P appears to
be involved in GPC processing, possibly at an identified consensus motif
at the N-terminus of Gec (RRLLgy2/), which could have significant impact
on the incorporation of mature glycoproteins into virus particles and
thus, ultimately on infectivity. Alternatively, in absence of SKI-1/S1P
cleavage in cis/medial Golgi, the SKI-1/S1P processing site RRLLg72|
(Seidah et al., 2021) in NSDV GPC may be partially recognized by a
Furin-like convertase allowing cleavage at the dibasic recognition motif
RRg70|LL, likely in the trans-Golgi network (TGN) (Seidah et al., 2021).
The significant decrease in infectious NSDV in the supernatant, either
after inhibition or in the absence of endogenous SKI-1/S1P expression,
as well as the fact that infectious NSDV was produced only in
SKI-1/S1P-competent cells are however in line with previous reports on
arenaviruses and CCHFV and point towards the importance of SKI-1/S1P
in the NSDV replication cycle. Although we did not specifically address
virus assembly and release, our results suggest that proteolytic pro-
cessing and maturation of the NSDV GPC by SKI-1/S1P may play a
similarly important role in the production of infectious virus progeny of
NSDV. One can speculate that the observed reduction in viral titers
obtained from S1P-deficient SRD-12 N cells could result from incorpo-
ration of immature glycoproteins into virus particles or even the total
lack of glycoproteins in the virus envelope may account for the observed
reduction in viral titers obtained from S1P-deficient SRD-12B cells.
However, given the unusually complex maturation of the GPC of CCHFV
(and thus potentially other orthonairoviruses), it cannot be ruled out
that a SKI-1/S1P-mediated processing step other than the NSDV Gc
cleavage may account for the observed effects. Thus, further analyses are
needed to dissect the detailed mechanisms of proteolytic processing of
the NSDV GPC and to elucidate the role of the cleavage products in virus
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assembly, release and infectivity.

Overall, our study demonstrates the importance of the host cell
protease SKI-1/S1P in NSDV infectivity and replication. Consistent with
previous reports on the role of SKI-1/S1P in the viral life cycle of CCHFV,
our results suggest that SKI-1/S1P may serve as a critical orthonairovirus
host cell factor. Furthermore, this study provides first evidence of the
antiviral activity of the small molecule inhibitor PF-429242 against
NSDV. This warrants further experimental studies to evaluate its efficacy
against other orthonairoviruses such as human pathogenic CCHFV.
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