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Abstract

Crimean-Congo hemorrhagic fever virus (CCHFV), a tick-borne orthonairovirus, causes a severe
hemorrhagic disease in humans (Crimean-Congo hemorrhagic fever, CCHF). Currently, no
vaccines are approved to prevent CCHF; treatment is limited to supportive care and the use of
ribavirin, the therapeutic benefits of which remain unclear. CCHF is part of WHQ’s priority list of
infectious diseases warranting further research and development. To aid in the identification of
new antiviral compounds, we generated a recombinant CCHFV expressing a reporter protein,
allowing us to quantify virus inhibition by measuring the reduction in fluorescence in infected
cells treated with candidate compounds. The screening assay was readily adaptable to high-
throughput screening (HTS) of compounds using Huh7 cells, with a signal-to-noise ratio of 50:1,
and Z’-factors > 0.6 in both 96- and 384-well formats. A screen of candidate nucleoside analog
compounds identified 2"-deoxy-2’-fluorocytidine (ECsq = 61 + 18 nM) as having 200 x the
potency of ribavirin (ECsq = 12.5 + 2.6 uM), as well as 17 x the potency of T-705 (favipiravir),
another compound with reported anti-CCHFV activity (ECsq = 1.03 + 0.16 uM). Furthermore, we
also determined that 2”-deoxy-2’-fluorocytidine acts synergistically with T-705 to inhibit CCHFV
replication without causing cytotoxicity. The incorporation of this reporter virus into the high-
throughput screening assay described here will allow more rapid identification of effective
therapeutic options to combat this emerging human pathogen.

1. Introduction

Crimean-Congo hemorrhagic fever (CCHF), a tick-borne disease in humans, is caused by
CCHF virus (CCHFV), a tri-segmented, negative-sense RNA virus (genus Orthonairovirus,
family Nairoviridae) (Kuhn et al., 2016). Its 3 genome segments are termed large (L),
medium (M), and small (S) based on their relative lengths, and encode 3 genes: the RNA-
dependent RNA-polymerase (RdRp), the glycoprotein precursor (GPC), and the
nucleoprotein (NP), respectively (Zivcec et al., 2016). In humans, CCHF can range from a
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non-specific mild febrile illness to hemorrhage, liver dysfunction, shock, and multi-organ
failure in severe or fatal cases (Bente et al., 2013). CCHF case fatality rates vary widely,
with estimates ranging from 5 to 30%, although rates of 50-80% have been reported during
epidemic events (Dokuzoguz et al., 2013; Hoogstraal, 1979; Humolli et al., 2010; Mishra et
al., 2011).

No licensed antiviral drugs or vaccines are currently available for CCHF. Treatment options
remain largely supportive. Use of the broad-spectrum antiviral drug ribavirin is common;
however, while several studies have suggested clinical benefits if ribavirin is administered
early in infection (Dokuzoguz et al., 2013; Ozbey et al., 2014; Tasdelen Fisgin et al., 2009),
others have reported no effect on mortality rates (Ascioglu et al., 2011; Koksal et al., 2010;
Leblebicioglu et al., 2016; Soares-Weiser et al., 2010). T-705 (favipiravir) has recently
shown higher efficacy than ribavirin in a mouse model of CCHF, but has not been used in
human cases (Oestereich et al., 2016). The lack of treatment options, coupled with the recent
WHO inclusion of CCHFV on a list of emerging pathogens likely to cause severe outbreaks
in the near future, emphasizes the urgency for developing high-throughput screening
methods to identify novel CCHF therapeutics (WHO, 2016).

Potential antiviral compounds can be screened /n vitro by assessing reduction in viral protein
expression via immunofluorescence, differences in virus-induced cell death, or changes in
viral titers. However, these methods are often time-consuming, costly, and difficult to adapt
for high-throughput screening assays. These limitations are further compounded by the
requirement for biosafety level-4 (BSL-4) handling of CCHFV. To streamline the process of
antiviral drug discovery, we developed a high-throughput screening assay for CCHFV using
recombinant reporter CCHFV encoding the fluorescent protein ZsGreenl (ZsG). Here, we
demonstrate that this reporter virus allows rapid assessment of antiviral activity, and is
amenable for high-throughput screening under BSL-4 conditions. A screen of nucleoside
analogs identified 2" -deoxy-2"-fluorocytidine (2"-dFC) as a potential CCHFV antiviral, with
greater potency than either ribavirin or T-705. Furthermore, the assay allowed rapid
evaluation of the synergistic potential of candidate compounds, showing that 2”-dFC acts
synergistically with T-705 to increase the potency of both compounds.

2. Materials and methods

2.1. Cells

Huh7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 5% (v/v) fetal calf serum (FCS), non-essential amino acids (NEAA), 100 U/mL
penicillin, and 100 pg/mL streptomycin. SW13 and BSR-T7/5 cells were cultured in DMEM
supplemented with 10% (v/v) FCS, NEAA, 1 mM sodium pyruvate, 2 mM L-glutamine, 100
U/mL penicillin, and 100 pug/mL streptomycin. HAP1 cells (Horizon Discovery) were
cultured in Iscove’s modified Dulbecco’s medium supplemented with 10% FCS, 100 U/mL
penicillin, and 100 pg/mL streptomycin.
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2.2. Rescue of recombinant viruses

Recombinant infectious CCHFV was generated using a previously described reverse
genetics system (Bergeron et al., 2015). Briefly, T7 promoter-based plasmids containing
full-length anti-genomic sense CCHFV L, M, and S genome segments (strain IbAr10200;
Genbank #KJ648913.1, #KJ648915.1, and #KJ648914.1, respectively) were transfected into
Huh7 cells in conjunction with Polll-expression plasmids (pCAGGS) supplying CCHFV
polymerase (RdRp), NP, and T7 polymerase in trans. The reporter CCHFV/ZsG was
generated by substituting the full-length anti-genomic sense S segment for a modified
version encoding ZsG. At 72 h post transfection, cell culture supernatants were harvested,
clarified by low-speed centrifugation, and used to infect BSR-T7/5 cells. Virus stocks
harvested 48 h post infection (hpi) from BSR-T7/5 cells were quantified by tissue culture
infective dose 50 (TCIDsg) assays in either SW13 (cytopathic effect) or BSR-T7/5 cells
(immunofluorescence) (Reed and Muench, 1938).

2.3. Western blot analysis

Cell monolayers were harvested in 2 x Laemmli buffer (Bio-Rad), denatured at 95°C for 10
min, separated by SDS-PAGE using 4-12% bis-tris gels (Invitrogen), and transferred via
semi-dry blotting to nitrocellulose membranes. Primary antibodies used were: a-CCHFV
NP (IBT Bioservices, #04-0011), a-ZsGreenl (Clonetech, #632598), and anti-a.-tubulin
(Sigma-Aldrich, #T5168). After probing with HRP-linked secondary antibodies (both
Thermo-Fisher Scientific, #32260 and #32230), proteins were visualized using Fast Western
Blot kit with SuperSignal West Dura HRP substrate (Thermo-Fisher), and protein bands
imaged with the ChemiDoc MP system (Bio-Rad).

2.4. Passaging of CCHFV/ZsG

Huh7 cells (1 x 10° cells per T25 cell culture flask in 10 ml DMEM) were infected with
CCHFV/ZsG at MOI 0.1. At either 48 or 72 hpi cell culture supernatant was removed,
clarified by low-speed centrifugation, and 20 pl then used to infect a fresh T25 flask of Huh7
cells. This process was repeated for 10 virus passages. Prior to each passage the cell
monolayer was monitored for ZsG expression, and at each passage viral RNA was extracted
from the clarified supernatant for sequence analysis. Sequences were determined using the
MiniSeq system (Illumina) and assembled using CLC Genomics Workbench 9 (Qiagen).

2.5. Antiviral compound screening

All compounds were obtained from either Selleckchem or Sigma-Aldrich with the exception
of T-705 (BOC Sciences). Cells were seeded at either 1 x 10% cells/well (96-well plate) or 4
x 103 cells/well (384-well plate) 16-20 h prior to treatment with DMSO-diluted compounds
(final DMSO concentration 0.5%). For the 384-well assay, compounds were added to the
plate using an Echo acoustic liquid handler (Labcyte). Cells were infected 1 h post
treatment, and at 72 hpi, either supernatants were collected or ZsG fluorescence was
determined using a BioTek Synergy reader (height 6 mm; 100 gain/sensitivity). Cell viability
(ATP content) was determined in parallel on compound-treated, mock-infected cells using
CellTiter-Glo 2.0 (Promega). All experiments were performed in quadruplicate and repeated
at least 3 times.
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2.6. Microscopy and high-content imaging

ZsG fluorescence in infected cells was imaged directly using an EVOS digital inverted
microscope (Thermo-Fisher). For immunofluorescence, cells were fixed in 10% formalin for
30 min, permeabilized in PBS containing 0.1% Triton-X100 (v/v) for 10 min, and blocked
with PBS 5% BSA (v/v) for 30 min. Primary antibodies were either a-CCHFV NP (IBT
Bioservices #04-0011) or a-CCHFV polyclonal hyper-immune mouse ascetic fluid (HMAF,
in house), and secondary antibodies were labeled with AlexaFluor 555 (Thermo-Fisher,
#A11034). Slides were mounted in DAPI-containing mounting media (Vector Shield).
Microscopy images were taken using a Zeiss Axiovert 200 microscope using the 40 x
objective. For high-content imaging, SW13 cells were seeded at 5 x 103 cells/well (96-well
plate) 16—20 h prior to treatment. Cells were infected 2 h post treatment with CCHFV at
MOI 0.1, and at 48 hpi cells were fixed, permeabilized, and stained with HMAF antibody,
Nuc-Blue, and CellMask Red (Thermo-Fisher). Images were collected on the Operetta high-
content imaging system (Perkin Elmer, US) using a 20 x objective and 9 fields per well, and
data were analyzed using the Harmony software package (Perkin Elmer).

2.7. Data analysis

ZsG fluorescence values for compound-treated infected cells were normalized to mock-
treated (DMSO only) cells, and used to fit a 4-parameter equation to semilog plots of the
concentration-response data. From this, the compound concentrations inhibiting 50% of the
ZsG expression (ECsgg) were interpolated. Cell viability was similarly calculated in
compound-treated mock-infected cells to determine the 50% cell cytotoxicity concentration
(CCgp) of each compound. The selectivity index was calculated by dividing the CCgg by the
ECsg. Data analysis was performed using GraphPad Prism v7. Suitability for high-
throughput screening was determined using the Z prime (Z") score, a measure of statistical
effect size, with values between 0.5 and 1.0 considered acceptable (Zhang et al., 1999). The
Bliss synergy analysis was performed using Combenefit software (http://
www.cruk.cam.ac.uk/research-groups/jodrell-group/combenefit) (Di Veroli et al., 2016).
Dose-response curves for each individual compound were combined to generate a dose-
response surface for the reference (Bliss) model, from which the experimental surface and
modelled surface were then compared. At each combination, deviations in the experimental
surface from the modelled surface were attributed a percentage score indicating the degree
of either synergy (increased effect) or antagonism (decreased effect). Significance was
calculated using a one-sample £test.

3. Results

3.1. Generation of a recombinant CCHFV expressing ZsGreenl

To generate a recombinant CCHFV expressing a fluorescent reporter protein, we constructed
a modified S genome segment in which the ZsG coding sequence was inserted upstream of
the NP coding sequence (Fig. 1a). The porcine teshovirus-1 2A peptide linker sequence
(P2A) was included between ZsG and NP, allowing separate expression of both proteins via
a ribosomal skipping event during P2A translation (Kim et al., 2011). ZsG was chosen as the
reporter as it had previously generated strong fluorescence levels in analogous recombinant
viral reporter assays, resulting in high signal-to-noise ratios and robust Z” values (Albarifio
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etal., 2015; Welch et al., 2016). Furthermore, successful rescue of the recombinant CCHFV
demonstrated that both ZsG and NP were able to tolerate the extra amino acid residues
remaining at their C- and N- termini respectively after cleavage of P2A and remain
functional.

The modified S segment was incorporated into the recently published CCHFV reverse
genetics rescue system (Bergeron et al., 2015), allowing recovery of a CCHFV mutant
(CCHFV/ZsG) producing green fluorescence in infected cells. Western blot analysis in
CCHFV/ZsG infected Huh7 cells demonstrated efficient separation of NP and ZsG, although
NP levels were lower than those in CCHFV-infected cells (Fig. 1b). ZsG distribution in
CCHFV/ZsG infected cells was distinct from the NP, with the former evident in both
cytoplasmic and nuclear compartments compared to the predominantly cytoplasmic NP (Fig.
1c). No CCHFV/ZsG infected cells were observed expressing NP but not ZsG, suggesting
that the ZsG gene was stably incorporated into the CCHFV genome segment. Therefore, the
P2A strategy adopted here appears extremely efficient at separating these 2 proteins, albeit
resulting in reduced NP expression. Indeed, reduced expression of parental protein linked
via P2A to a foreign protein has been described previously for other reporter viruses using
this strategy (Albarino et al., 2015; Park et al., 2016; Reuther et al., 2015).

To establish the suitability of CCHFV/ZsG for studying CCHFV replication, we examined
its growth kinetics in 3 human cell lines: Huh7, SW13, and HAP1. The human
hepatocarcinoma Huh7 cell line was used because the liver is a major site of CCHFV
replication, and this cell line has previously proved useful in the discovery and evaluation of
antiviral compounds for other viral hemorrhagic fever pathogens such as Ebola, Marburg,
and Lassa viruses (Mohr et al., 2015; Welch et al., 2016). The human adenocarcinoma
SW13 cells are highly permissive to CCHFV and are a model cell line used to grow CCHFV
stocks. In addition, we included a human haploid cell line (HAP1) that proved highly
susceptible to CCHFV infection. These cell lines were infected with either CCHFV or
CCHFV/ZsG at MOI 0.1, and titers (TCIDsg/mL) were determined at 24, 48, and 72 hpi. In
all cell lines tested, viral titers peaked at 48 hpi, with CCHFV/ZsG attenuated by
approximately 0.5-1 logs in Huh7 and SW13 cells compared to CCHFV (Fig. 1d). The
highest titers were observed in HAP1 cells, with CCHFV/ZsG attenuation also less
pronounced. ZsG fluorescence increased throughout the time course, peaking at 72 hpi. The
reduction in cytoplasmic NP levels is the likely cause of CCHFV/ZsG attenuation.

The genetic stability of CCHFV/ZsG was assessed by serially passaging the virus in Huh7
cells 10 times. Abundant ZsG fluorescence was evident in cell monolayers prior to each
passage. Next generation sequence analysis of CCHFV/ZsG collected after 10 passages
showed the modified S segment retained the ZsG-P2A-NP nucleotide sequence with no
mutations observed. The only coding change observed throughout the 3 genome segments
(threshold of > 5% of the reads in areas with > 1000 read coverage) was a 15% population in
the M segment containing a 1528L amino acid substitution caused by a single nucleotide
change (Sup. Table 1). This suggests that the ZsG-P2A insertion is extremely stable and
capable of sustaining viral replication over multiple passages.
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Identification of CCHFV inhibitors using a screening assay

To optimize a screening assay incorporating CCHFV/ZsG, we assessed its activity in both
Huh7 and SW13 cells treated with ribavirin, given this compound’s established ability to
inhibit CCHFV in vitro (Bergeron et al., 2010; Oestereich et al., 2016). Using 50 pM
ribavirin as the positive control, and DMSO vehicle-only as the negative control, we
optimized the assay for a 96-well plate format to give Z” scores of 0.72 and 0.68, and signal-
to-noise ratios of 50:1 and 45:1 for Huh7 and SW13 cells, respectively, indicating a robust
assay. Dose-response curves with ribavirin demonstrated a concentration-dependent
reduction in ZsG fluorescence in both cell lines, with ECsg values of 12.48 + 2.61 and 5.69
+ 0.71 uM for Huh7 and SW13 cells, respectively (Fig. 2a). These values are similar to the
previously reported ECsg of 11.5 uM in Vero-E6 cells (Oestereich et al., 2014), indicating
that the virus was suitable for inclusion into a screening assay using reduction in ZsG
fluorescence as an indicator of viral replication inhibition.

Using Huh7 cells, the optimized assay was used to screen a panel of 38 nucleoside analogs
for their potential to inhibit CHFV replication. This panel was further supplemented with
mycophenolic acid (MPA) and its pro-drug mycophenolate mofetil (MMF), which, like
ribavirin, are both inosine-5"-monophosphate dehydrogenase (IMPDH) inhibitors. While the
mechanism by which ribavirin inhibits CCHFV is still unknown, one proposal is that
IMPDH inhibition by ribavirin reduces the intracellular GTP nucleotide pool available for
RNA synthesis. Therefore, MPA and MMF, previously shown to have antiviral effects
against viruses like influenza, dengue, Zika, rotavirus, and hantavirus (Barrows et al., 2016;
Diamond et al., 2002; Sun et al., 2007; To et al., 2016; Yin et al., 2016), were included in the
screen. Inhibition was initially assessed for each compound at 5000, 500, and 50 nM, with
cell viability confirmed concurrently (Sup. Table 2). Of the 40 compounds tested, 4 — T-705,
2’-dFC, MPA, and MMF — demonstrated robust anti-CCHFV activity (ZsG fluorescence
reduced to < 30% of control) with > 80% cell viability, and warranted further evaluation
(Table 1).

Dose-response curves with these 4 compounds showed a concentration-dependent reduction
in ZsG fluorescence (Fig. 2b). The T-705 ECs value (1.03 + 0.16 uM) was lower than the 7
UM previously reported (Oestereich et al., 2014), possibly due to different cell lines used.
Both MPA (ECsg = 100 + 10 nM) and MMF (EC5g = 390 + 130 nM) demonstrated greater
inhibition of CCHFV than either ribavirin or T-705, although cell viability was reduced at
higher concentrations, resulting in reduced selectivity indices for both. Most promising were
the results for 2"-dFC, which exhibited the greatest potency of all the compounds evaluated
(ECsp = 61 £+ 18 nM) with no cytotoxicity at the highest concentration tested. To confirm
that the antiviral activity was not due to factors affecting reporter stability or expression, and
therefore specific to CCHFV/ZsG, the compounds’ ability to inhibit wild-type CCHFV
replication was tested (Fig. 2¢). CCHFV titers in cells treated with T-705, 2"-dFC, and
ribavirin were reduced in a concentration-dependent manner, with no virus detected at the
highest concentration of compound tested. Due to the similarity between MPA and MMF in
inhibiting CCHFV, only MPA was tested in the titer reduction assay because of its superior
Sl. In MPA-treated cells, a dose-dependent viral titer reduction was observed, with an
approximate 2.5 log reduction at the highest concentration, although this reduction was not
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as pronounced as that induced by the other compounds. Therefore, while MPA and MMF
both demonstrated potent sub-micromolar inhibition of CCHFV, their cytotoxicity at low
micromolar concentrations and subsequently low Sl values limit their potential as future
CCHFV antivirals.

With 2”-dFC emerging as the most promising candidate from the screening assay, we further
examined its inhibitory effect using a high-content imaging assay. SW13 cells treated with a
range of 2"-dFC concentrations were infected with CCHFV at MOI 0.1, and viral protein
production was examined 48 hpi. The percentage of infected cells at each concentration was
calculated by counting the number of individual cells expressing CCHFV protein from the
total number of cells counted, giving an ECgg of 95 nM (Fig. 3a). Cell viability was
determined by nuclei count (Fig. 3b). The reduction in CCHFV protein expression was
clearly evident with increasing concentrations of 2’-dFC (Fig. 3c). Therefore, 2’-dFC
potently inhibited CCHFV replication, with sub-micromolar ECsq values determined via 2
independent assays, and with no associated cytotoxicity at the highest concentrations
evaluated.

3.3. Synergy between 2’-dFC and T-705 in inhibiting CCHFV replication

Given both the standard use of ribavirin in CCHF treatment and the potential of T-705 as a
future therapeutic option, we next investigated whether either of these drugs would synergize
with 2°-dFC. A 6 x 6 concentration matrix was designed according to the ECsq values for
each compound, with 3 drug combinations tested: T-705 with ribavirin; 2"-dFC with
ribavirin; and 2"-dFC with T-705. Using the 384-well assay, Huh7 cells were infected with
CCHFV/ZsG at MOI 0.1 and ZsG fluorescence was measured at 3 dpi. The T-705 vs.
ribavirin combination exhibited synergistic activity according to the Bliss independence
model, with a 53 + 6% increase in fluorescence inhibition in cells treated with both 2 pM
T-705 and 3.3 uM ribavirin compared to predicted levels (Fig. 4a). This is similar to the
enhanced inhibition of CCHFV observed for this combination of compounds in Vero-E6
cells (Oestereich et al., 2014). The 2”-dFC vs. T-705 combination also demonstrated
synergy, with a 51 + 6% synergistic effect observed with a combination of 2 pM T-705 and
210 nM 2’-dFC (Fig. 4b). Synergy was not seen in any combination of 2"-dFC with
ribavirin, with effects predominantly additive (Fig. 4c).

Confirmatory screening was performed using wild-type CCHFV for those combinations of
T-705 with ribavirin, and 2"-dFC with T-705 again exhibited the strongest synergy (Fig. 5a).
In Huh? cells treated with 2 pM T-705 or 200 nM 2’-dFC alone, CCHFV titers were
significantly (p = 0.0001) reduced by approximately 2 logs compared to a DMSO only-
treated control. However, in cells treated with a combination of these compounds at the same
concentrations, titers were further significantly (p = 0.0001) reduced to below the limit of
detection of the assay (< 18.9 TCIDsg/mL). A similar pattern was observed in cells treated
with T-705 or ribavirin (10 uM) alone or in combination. While the effect of 2"-dFC vs.
ribavirin was shown to be only additive, viral titers in cells treated with a combination of
these drugs were also significantly (p = 0.0001) reduced compared to titers in cells treated
with the compounds individually. A combination of all 3 compounds together also
significantly reduced viral titers compared to DMSO-treated and individually-treated cells,
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reducing viral titers to below the limit of detection of the assay. Cell viability was
determined concurrently for all combinations evaluated and no cytotoxicity was observed
(Fig. 5b). These data hold promise for a potential combination treatment for CCHF using 2'-
dFC with either T-705 or ribavirin.

4. Discussion

Here we describe the development of a recombinant CCHFV expressing a fluorescent
reporter protein which, although slightly attenuated compared to the wild-type virus, is a
suitable surrogate for studying the CCHFV life cycle. Incorporation of the recombinant virus
into a high-throughput screening assay allowed us to identify compounds with antiviral
effects on the virus lifecycle. Previously, screening of potential CCHFV antivirals was
limited to small-scale investigations due to the labor-intensive methods required to quantify
CCHFV inhibition. These approaches are effective when considering compounds with
known antiviral effects, such as the broad-spectrum antiviral ribavirin or the anti-influenza
compound T-705, but investigations of large compound libraries are challenging because
these assays are not readily adaptable to high-throughput screening processes. However,
generating a reporter CCHFV, for which post-infection processing time is reduced to simply
quantifying ZsG fluorescence, will allow us to more rapidly investigate a broader range of
potential antiviral compounds.

The observation that 2’-dFC is a potent inhibitor of CCHFV is in line with data showing that
it also inhibits several other viruses, such as hepatitis C virus (HCV), influenza virus, and
Lassa virus (Kumaki et al., 2011; Stuyver et al., 2004; Welch et al., 2016). Derivatives of 2’-
dFC have shown promise as anti-HCV compounds, with several progressing to clinical trials
(Pierra et al., 2006; Pockros et al., 2013; Wedemeyer et al., 2013). However, concerns
remain over the long-term adverse effects of treatment with 2”-deoxynucleoside analogs,
which are predominately precipitated by mitochondrial toxicity (Arnold et al., 2012).
However, unlike HCV, CCHFV is an acute infection that would not require prolonged
treatment, reducing the potential for toxicity observed with long-term 2”-deoxynucleoside
analog treatment regimens (Lee et al., 2003). Indeed, /n vivo toxicology studies with 2”-dFC
using rats and woodchucks showed no adverse clinical effects after 90-day treatments
(Richardson et al., 1999). Further experiments to investigate toxicity and confirm the /n vivo
anti-CCHFV effects of 2’-dFC are planned using available animal models of disease (Bente
et al., 2010; Spengler et al., 2017; Zivcec et al., 2013).

In addition to antiviral discovery, CCHFV/ZsG has other key applications, including
facilitating studies of viral pathogenesis. In HAP1 cells, CCHFV/ZsG grows to higher titers
and exhibits a less attenuated phenotype than in the other cell types tested here. Additional
investigations of CCHFV/ZsG in HAP1 cells using gene-trapping methods offers extensive
opportunities to study host-pathogen interactions at the cellular level. A HAP1 screening
assay was recently used to identify viral entry co-factors for both Ebola and Lassa viruses
(Carette et al., 2011; Jae et al., 2013). Events determining the progression of CCHFV
infection are still unclear, including what cells are initially targeted by the virus, and where
virus is distributed in the infected host. Combining CCHFV/ZsG with techniques such as
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FACS analysis to identify cell tropism, or with /77 vivo imaging to determine the progression
of viral dissemination throughout disease will allow us to better investigate these processes.

In conclusion, we have developed a reporter CCHFV and optimized its use in a rapid and
efficient antiviral screening assay. In addition to confirming the previously reported antiviral
effects of both ribavirin and T-705, we identified and quantified the potent antiviral effects of
2’-dFC on CCHFYV replication, and demonstrated its potential for a combination therapy
with T-705. As well as being useful in identifying compounds capable of inhibiting viral
replication, CCHFV/ZsG can also greatly facilitate the study of the CCHFV life cycle using
fluorescent-based detection assays. Such studies will aid in our understanding of CCHFV, an
important emerging human pathogen.
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Fig. 1. Design and characterization of CCHFV/ZsG.

a. Schematic representation of the large (L), medium (M), and small (S) genome segments
(antigenomic sense) of Crimean-Congo hemorrhagic fever virus (CCHFV). Arrows
represent the viral protein coding sequences for RNA-dependent RNA polymerase (RARp),
glycoprotein precursor (GPC), and nucleoprotein (NP). CCHFV strain IbAr10200 S segment
was modified by inserting the ZsGreenl (ZsG) protein coding sequence fused to the P2A
sequence (amino acid sequence shown) upstream of the NP coding region (rS). b. Western
blot analysis of viral protein expression in Huh7 cells infected with CCHFV/ZsG at MOI 1.
Cell lysates were harvested 72 h post infection (hpi) to determine cellular expression levels
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of NP and ZsG, using tubulin as a loading control. c. Cellular localization of virally
expressed proteins. Huh7 cells were infected with either CCHFV or CCHFV/ZsG at MOI 1,
and imaged 48 hpi. CCHFV NP was detected using immunofluorescence, and ZsG
fluorescence was imaged using standard fluorescent microscopy. d. Viral growth curves in
Huh7, SW13, and HAP1 cells infected with either CCHFV or CCHFV/ZsG at MOI 0.1.
Titers (TCIDsgg) were determined at 24, 48, and 72 hpi, with ZsG fluorescence determined
concurrently at the same time points (RLU, relative light units). Representative fluorescent
microscopy images of CCHFV/ZsG-infected cell monolayers at 72 hpi are presented.
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Fig. 2. Antiviral activity of compounds selected by the screening assay.
a. Dose-response curves in Huh7 or SW13 cells treated with a 2-fold serial dilution of

ribavirin before infection with CCHFV/ZsG at MOI 0.1. At 72 h post treatment, the
reduction in ZsG fluorescence (green) was determined, and all values were normalized to
those in mock-treated (DMSO only) cells. Cell viability was determined concurrently using
the same serial-fold dilution of compound, with ATP content (blue) normalized to content in
mock-treated cells. Each point represents the mean of quadruplicate wells, with error bars
indicating standard deviation. Graphs are representative of 3 independent experiments. b.
Representative concentration-response curves in Huh7 cells infected with CCHFV/ZsG and
treated with T-705, 2”-deoxy-2’-fluorocytidine (2”-dFC), mycophenolic acid, or
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mycophenolate mofetil. Each point represents the mean of quadruplicate wells, with error
bars indicating standard deviation. Graphs are representative of 3 independent experiments.
c. Confirmatory counter-screen titer reduction assays were performed using wild-type
CCHFV. Huh7 cells were treated with 4 dilutions of each compound centered around their
calculated ECgq value 1 h prior to infection with CCHFV at MOI 0.1. At 48 hpi, virus-
containing supernatants were harvested, and viral titers were determined by TCIDsgg. Each
point represents the mean of triplicate wells, with error bars indicating standard deviation.
Dotted line represents the limit of detection for this assay (1.89 x 101 TCIDsg/mL). (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. 2’-dFC inhibition of CCHFV visualized using high-content imaging.

Dose-response curve in SW13 cells treated with a 2-fold serial dilution of 2’-dFC before
infection with CCHFV at MOI 0.1. At 48 hpi, cells were fixed and stained with anti-CCHFV
polyclonal antibodies, CellMask Red, and Nuc-Blue to visualize viral proteins, cell
cytoplasm, and cell nuclei, respectively. a. The percentage of infected cells at each
concentration of compound was calculated by determining the proportion of cells expressing
CCHFV proteins compared to total cell number (based on CellMask Red). b. Cell viability
assessed by determining the number of Nuc-Blue-stained nuclei. c. Representative images at
indicated 2’-dFC concentrations show the reduction in CCHFV protein production (green)
in the absence of any cytotoxicity (Nuc-Blue-stained nuclei). CellMask Red staining was
omitted from these images for clarity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Antiviral Res. Author manuscript; available in PMC 2021 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Welch et al.

a.

=)
S

% Control
a
g

% Control

% Control

Page 18

Bliss synergy and antagonism T-705 (M)
050 1.00 200 4.16 833 1581

Bliss model

T-705 vs Ribavirin T-705 vs Ribavirin

1.00

2.33

3.33

9.99

Ribavirin (uM)

16.56

2

. 36.63| 0
9.99 4.16

4.16
16.65

— 8.33 16.65 8.33
~705 [uM] 1581  36.63 Ribavirin [1:M] T-705 [:M] 1581 36.63 Ribavirin [1M]

Bliss synergy and antagonism

Bliss synergy and antagonism

Bliss model 4
T-705 vs 2'-dFC T-705 vs 2'-dFC

T-705 (M)
1.00 200 4.16

% Control
2'-dFC (M)

2 x - 1.67
416 042

8.33 083, 8.33 0.83 :
T-705 [uM] 1581 167 2-dFC [uM] T-705 [1M] 1581 1.67 2-dFC [uM] Bliss synergy and antagonism

Bliss synergy and antagonism Ribavirin (uM)
Ribavirin vs 2'-dFC i
- Ribavirin vs 2'-dFC 100 233 333 999 16.65 36.63

0.04
0.08

0.21

% Control

2'-dFC (uM)

0.42

0.83

1.67

16.65

16.65 OB e 085 .
Ribavirin [zM] S683: a6 & Ribavirin [uM] 3663 1.67 2-dFC [1M] Bliss synergy and antagonism

Fig. 4. Synergistic effects of 2"-dFC with ribavirin or T-705.
Huh7 cells were treated with a 6 x 6 compound combination matrix prior to infection with

CCHFV/ZsG at MOI 0.1. At 72 h post treatment, the reduction in ZsG fluorescence was
determined, and all values normalized to mock-treated (DMSO only) cells. The compound
combinations evaluated were: a. T-705 with ribavirin; b. T-705 with 2’-dFC; and c. 2’-dFC
with ribavirin. Dose-response surface curves were created for each combination (Bliss
model), from which Bliss synergy and antagonism surface isograms were generated. Matrix
tables indicate the maximum synergy value for each combination (% synergy effect
observed over expected), with standard deviation indicated. Significance of synergy effect
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over expected results is indicated following a one-sample £test (*p < 0.05; **p < 0.01, ***p
<0.001).
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Fig. 5. Confirmatory counter-screening of maximum synergy compound concentrations using
wild-type CCHFV.

a. Huh7 cells were treated with the indicated compounds either individually or in
combination at the following concentrations: T-705, 2 uM; 2’-dFC, 200 nM; ribavirin, 10
UM. Cell were infected with wild-type CCHFV at MOI 0.1, and viral titers were determined
at 48 hpi. Each point represents the mean of triplicate wells, with error bars indicating
standard deviation. Dotted line represents the limit of detection for this assay (1.89 x 101
TCIDsgg/mL). b. Cell viability (ATP content) was determined concurrently and normalized to
ATP content in mock-treated (DMSO only) Huh7 cells.
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