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ABSTRACT Ebola virus (EBOV) is among the most devastating pathogens causing
fatal hemorrhagic fever in humans. The epidemics from 2013 to 2016 resulted in
more than 11,000 deaths, and another outbreak is currently ongoing. Since there is
no FDA-approved drug so far to fight EBOV infection, there is an urgent need to fo-
cus on drug discovery. Considering the tight correlation between the high EBOV vir-
ulence and its ability to suppress the type | interferon (IFN-I) system, identifying
molecules targeting viral protein VP24, one of the main virulence determinants
blocking the IFN response, is a promising novel anti-EBOV therapy approach. Hence,
in the effort to find novel EBOV inhibitors, a screening of a small set of flavonoids
was performed; it showed that quercetin and wogonin can suppress the VP24 effect
on IFN-I signaling inhibition. The mechanism of action of the most active compound,
quercetin, showing a half-maximal inhibitory concentration (IC5,) of 7.4 uM, was
characterized to significantly restore the IFN-I signaling cascade, blocked by VP24, by
directly interfering with the VP24 binding to karyopherin-a and thus restoring
P-STAT1 nuclear transport and IFN gene transcription. Quercetin significantly
blocked viral infection, specifically targeting EBOV VP24 anti-IFN-I function. Overall,
quercetin is the first identified inhibitor of the EBOV VP24 anti-IFN function, repre-
senting a molecule interacting with a viral binding site that is very promising for fur-
ther drug development aiming to block EBOV infection at the early steps.
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ithin the Filoviridae family, the genus Ebolavirus consists of six species, Zaire

ebolavirus, Sudan ebolavirus, Reston ebolavirus, Bundibugyo ebolavirus, Tai Forest
ebolavirus, and Bombali ebolavirus. The prototype Ebola virus (EBOV) belongs to the
species Zaire ebolavirus, which is considered the most virulent species, resulting in up
to 90% mortality. No FDA-approved drugs are available for Ebola virus disease (EVD)
treatment. However, great efforts have been made in the development of EBOV
therapeutics (1). In December 2019, the European Medicines Agency approved the first
EBOV vaccine, Ervebo (2). Moreover, the Pamoja Tulinde Maisha (PALM) trial, in Congo,
demonstrated the efficacy of two monoclonal antibody therapies, MAb114 and REGN-
EB3, in reducing the case fatality rate of EVD (3).

The pathogenesis of EBOV disease involves the dysregulation of both the innate and
adaptive immune systems, allowing the virus to replicate, leading to the development
of hematological manifestations, such as lymphopenia, thrombocytopenia, hemor-
rhage, and, finally, death. In particular, the high virulence is tightly correlated with the
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FIG 1 Inhibition of VP24 by gossypetin, taxifolin, and tricetin. (A) Chemical structures of gossypetin,
taxifolin, and tricetin. (B) HEK293T cells were transfected with pISRE-luc, Renilla luciferase-thymidine
kinase DNA (RL-TK), and pcDNA3.1 or VP24 expression plasmid. Twenty-four hours after transfection, cells
were stimulated with IFN-«, and gossypetin, taxifolin, and tricetin were added. Then luciferase activity
was measured. Results are shown as percent ISRE expression in VP24-transfected cells over empty vector
control. Firefly luciferase activity was normalized to the Renilla luciferase internal control. Data represent
the means = SDs from at least three independent experiments. Asterisks indicate significant difference
(two-tailed unpaired Student’s t test, n = 3). ¥, P < 0.05; ** P < 0.01.

suppression of the interferon (IFN) response, which represents the first line of defense
during a viral infection (4, 5).

Together with EBOV VP35, the multifunctional protein VP24 is one of the main
determinants of virulence by virtue of its inhibition of the IFN signaling cascade (4, 5).
VP24 exerts its action by binding the NPI-1 subfamily of karyopherin-a proteins (KPNa1,
KPNa5, and KPNa6), importins involved in the nuclear transport of phosphorylated
STAT1 (P-STAT1) protein, thus blocking the transcription of IFN-stimulated genes (ISGs)
(6-8). Recently, the crystal structure of the VP24/KPNa5 complex has been solved (PDB
code 4U2X) (9), showing that the KPNa5-VP24 binding region interface includes KPNa5
armadillo (ARM) repeats 7 to 10 and three VP24 clusters: cluster 1 (N130, T131, N135,
R137, T138, and R140), cluster 2 (Q184, N185, and H186), and cluster 3 (L201, E203,
P204, D205, and S207). Additional amino acids are required for binding: L115, L121,
D124, W125,T128, and T129 (9). Mutations of VP24 residues involved in the suppression
of the IFN cascade were shown to be responsible for the acquisition of high virulence
in animal models (5, 10), suggesting VP24 as a validated target for drug development.
Hence, identifying a therapy targeting the IFN-I-inhibitory functions of EBOV represents
a promising approach to an early control of the infection (11-14). A number of in silico
studies reported molecules potentially able to bind different EBOV targets, including
VP24 (15, 16), while two recent studies reported that a macrocyclic peptide and a
nucleic acid aptamer could antagonize the binding of VP24 and KPN« in biochemical
assays (17, 18). However, no small molecule has ever been reported to inhibit VP24
anti-IFN-1 functions in cells and subsequent EBOV replication. Flavonoids have been
described for their antiviral activity among the other biological properties (19), and a
recent in silico study reported that few of them are able to form stable complexes with
VP24 (16). Hence, using a recently developed drug screening assay (20), a small number
of flavonoids were screened for their effects against VP24; it was observed that some
of them were able to significantly inhibit VP24 anti-IFN-I activity, leading to the
restoration of the IFN signaling cascade. In particular, quercetin was shown to inhibit
EBOV VP24 interaction with KPN« in vitro and to selectively inhibit EBOV infection.

RESULTS

Gossypetin, taxifolin, and tricetin suppress VP24 IFN-inhibitory function. In a
recent in silico docking study, the flavonoids gossypetin, taxifolin, and tricetin (Fig. 1A)
were predicted to be potentially able to impair VP24 ability to disrupt the JAK/STAT
signaling pathway (16). Hence, we wanted to verify whether these flavonoid derivatives
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FIG 2 Effects of screened flavonoids on EBOV VP24 inhibition of IFN signaling. (A) Chemical structures of
quercetin and wogonin. (B) HEK293T cells were transfected with pISRE-luc, RL-TK, and pcDNA3.1 or EBOV
VP24 expression plasmid. After 24 h, cells were treated with IFN-a and compounds. After 8 h of
stimulation, luciferase activity was measured. Results are shown as percent ISRE expression in VP24-
transfected cells over pcDNA3.1 control. (C and D) After 24 h of cotransfection with pISRE-luc, RL-TK, and
pcDNA3.1, HEK293T cells were stimulated with IFN-a and compounds. Results are shown as percent ISRE
expression in compound-treated cells over untreated control. Firefly luciferase activity was normalized to
the Renilla luciferase internal control. Data represent the means * SDs from at least three independent
experiments. Asterisks indicate significant difference (two-tailed unpaired Student’s t test, n = 3). *, P <
0.05; *** P < 0.005.

were effectively able to affect VP24 anti-IFN-I function in a dual-luciferase reporter
cell-based assay (20). In this assay, HEK293T cells were cotransfected with pISRE-luc,
pPRL-TK, and a plasmid expressing EBOV VP24. Stimulation with IFN-« resulted in 100%
interferon-sensitive response element (ISRE) expression in mock-transfected cells, while
cells cotransfected with VP24 showed an inhibition of the IFN-I response. The treatment
of VP24-cotransfected cells with 10 uM gossypetin, taxifolin, and tricetin resulted in the
partial restoration of the ISRE expression, demonstrating that all three compounds were
able to block the VP24 inhibitory effect on IFN signaling cascade in a cell-based assay,
confirming in silico studies (Fig. 1B).

Quercetin and wogonin are active compounds against VP24, With the aim to
identify more active compounds, we performed the screening of a library of eight other
flavonoids that share a structure similar to those of gossypetin, taxifolin, and tricetin.
Utilization of a dual-luciferase reporter assay showed that two out of eight tested
flavonoids, namely, quercetin and wogonin (Fig. 2A), significantly suppressed the
anti-IFN function of VP24, restoring IFN stimulation (Fig. 2B). In particular, at a concen-
tration of 10 uM, quercetin was able to restore ISRE expression from ~50% up to
~80%, in VP24-cotransfected cells, while wogonin restored the pathway up to ~70%
(Fig. 2B). Overall, among all tested flavonoids, quercetin was the most effective in
restoring IFN stimulation (Fig. 2B).

It has been demonstrated that some flavonoids, including the tested compounds
quercetin, luteolin, and apigenin, are able to induce interferon signaling (21, 22). Hence,
in order to verify whether the tested flavonoids, at the indicated concentration, acted
by targeting specifically VP24 or by enhancing the IFN response employing some
VP24-independent mechanisms, we tested them for the ability to boost the IFN protein
cascade (Fig. 2C and D). The results demonstrated that none of the screened com-
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FIG 3 Quercetin dose dependently inhibits VP24 IFN-inhibitory function. (A) HEK293T cells were cotransfected with pISRE-luc, RL-TK, and
VP24 plasmid. Twenty-four hours after transfection, cells were stimulated with IFN-« and quercetin was added to VP24-cotransfected cells.
After 8 h, cells were lysed and luciferase was measured. Results are shown as percent VP24 inhibitory activity on ISRE expression using
as a positive control of inhibition (100%) cells not treated with quercetin. Firefly luciferase activity was normalized to the Renilla luciferase
internal control. (B) HEK293T cells were treated with quercetin and cytotoxicity was measured. Results are shown as percentage of cells
treated with quercetin over untreated cells. (C) HEK293T cells transfected with pcDNA3.1 or VP24 plasmid. After 24 h, cells were stimulated
with IFN-« and treated or not with quercetin (30 uM). After 24 h, total RNA was extracted, and RT-qPCR was performed. Results are shown
as percent ISG15 mRNA expression in VP24-cotransfected cells (treated or not with quercetin) over empty vector control. Data represent
the means * SDs from three independent experiments. ** P < 0.01, two-tailed unpaired Student’s t test (n = 3).

pounds enhanced ISRE expression in HEK293T cells, confirming that active compounds
could possibly specifically interact with VP24. Of note, myricetin and dihydromyricetin
reduced ISRE activation (Fig. 2D). In fact, myricetin has been reported to inhibit STAT1
phosphorylation (23), and this can explain the inhibition of ISRE transcription. While no
direct data are available for dihydromyricetin, and considering its structural diversity
from myricetin, further studies are needed to understand its mechanism of action.

Quercetin dose dependently blocks VP24 inhibition of ISRE expression and
affects ISG15 mRNA transcription. Next, we wanted to better evaluate the effect of
the most active compound, quercetin, on the VP24 blockade of IFN signaling by
performing a dose-response curve in the presence of the same amount of VP24
plasmid. Of note, quercetin exhibited a dose-dependent reversion of the VP24 inhibi-
tion of ISRE IFN-dependent stimulation, with a half-maximal inhibitory concentration
(ICsp) of 7.4 uM (Fig. 3A). Quercetin cytotoxicity in HEK293T cells was also assessed; the
results showed 100% cell viability at concentrations between 3 uM and 30 uM and a
half-maximal cytotoxic concentration (CCs,) of >100 uM (Fig. 3B). Hence, quercetin
showed a selectivity index (SI; CCs/ICs,) of >13. We then wanted to examine the effect
of quercetin on the modulation of IFN signaling by VP24 using a different endpoint, i.e.,
by assessing its efficacy on ISG15 gene expression. The analysis confirmed that VP24
was effectively able to inhibit ISG15 mRNA transcription in IFN-stimulated cells com-
pared to cells transfected with an empty vector (Fig. 3C). These results also confirmed
that quercetin significantly restored IFN-induced I1SG15 gene expression downregulated
by VP24, confirming that the compound effectively blocked VP24 function (Fig. 3Q).

Quercetin blocks VP24 inhibition of P-STAT1 nuclear transport. It is well known
that VP24 inhibits the translocation of P-STAT1 to the nucleus (6-8). With the aim of
verifying whether quercetin could increase the P-STAT1 nuclear transport, we per-
formed an immunofluorescence assay by stimulating cells with a large amount of IFN-«
(150 ng/ml) for 30 min, with or without quercetin. As expected, in control cells
transfected with an empty vector, 100% of IFN-stimulated cells were positive for
nuclear P-STATT, indicating the activation of the IFN signaling cascade after IFN-«
stimulation (Fig. 4A and B). In contrast, in IFN-stimulated cells expressing VP24 after
transfection, P-STAT1 nuclear transport was inhibited, as no P-STAT1 was detectable in
the nuclei of these cells (Fig. 4A). In this system, the presence of quercetin in IFN-
stimulated VP24 transfected cells led to a significant increase (20%) of cells positive for
nuclear P-STAT1 (Fig. 4A and B). Of note, this also showed that quercetin was able to
rapidly block VP24 anti-IFN function.
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FIG 4 Effect of quercetin on VP24 inhibition of P-STAT1 nuclear translocation. (A) Rows 1 and 2, immunofluores-
cence of HEK293T cells cotransfected with empty vector (EV) not stimulated (row 1) or stimulated (row 2) with IFN-«
for 30 min. Rows 3 and 4, immunofluorescence of HEK293T cells cotransfected with FLAG-tagged VP24 plasmid
stimulated with IFN-a and not treated (row 3) or treated (row 4) with quercetin (30 wM). Asterisk indicates P-STAT1
in the nucleus of a VP24 cell treated with quercetin. All cells were stained for FLAG and P-STAT1. Scale bar, 10 um.
(B) Percentage of nuclear P-STAT1 within transfected cells expressing VP24. Data represent the means * SDs from
three independent experiments. **** P < 0.0001, two-tailed unpaired Student’s t test (n = 3).

In silico and in vitro characterization of quercetin binding mode on VP24-KPN«
complex. We performed in silico molecular docking experiments to evaluate the
putative binding mode of quercetin on VP24. Among the available VP24 crystal
structures, the one with PDB code 4MO0Q (24) currently has the best resolution (1.92 A);
therefore, it was selected for docking experiments performed by means of Glide-XP
(25). Then the best docking complexes were subjected to a postdocking procedure
based on energy minimization, applying molecular mechanics generalized Born/surface
area (MM-GBSA) method and continuum solvation models (26). The most stable
binding mode was analyzed, and the results showed that quercetin occupies a central
position in the reported contact area between VP24 and KPNa5 (Fig. 5A). The complex
VP24-quercetin was stabilized by hydrogen bonds with the VP24 key residues N130,
L201, and E203, while additional residues are involved in anchoring the compound, i.e.,
L127 and W92 by hydrogen bonds and K218 by cation-r interaction (Fig. 5B). Such in
silico analysis allowed us to propose that the presence of quercetin in such a VP24
pocket would prevent KPNa5 ARMs 7 to 10 from moving close to VP24, ultimately
inhibiting VP24 binding to KPNa5 (Fig. 5Q).

To demonstrate that quercetin was effectively able to interfere with the binding
between VP24 and KPN«, coimmunoprecipitation (co-IP) assays were performed. Cells
were cotransfected with V5-tagged VP24 and FLAG-tagged KPNa1, and 1 day post-
transfection, after stimulation with IFN-a and treatment with quercetin, lysates were
precipitated with anti-FLAG magnetic beads and immunocomplexes were analyzed by
Western blotting (Fig. 5D and E). As expected, FLAG-KPNa1 was coprecipitated with
V5-VP24. When VP24-cotransfected cells were treated with quercetin, there was a
significant reduction in VP24 coimmunoprecipitated with KPNa1 (Fig. 5E). This result
indicates that quercetin is indeed able to interfere with the binding between VP24 and
KPNa1, confirming the proposed in silico model.

Antiviral activity of quercetin against EBOV replication. It has been recently
demonstrated that quercetin 3-B-O-p-glucoside (Q3G), a glucosylated form of querce-
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FIG 5 (A) Three-dimensional representation of the putative binding mode obtained by blind docking of quercetin into VP24. (B) Relative 2D representation of
the complexes stabilizing interactions. (C) Alignment of quercetin-VP24 complex obtained by docking experiment with VP24-KPNa5 reported in the model with
PDB code 4U2X (9). (D) Schematic representation of KPNa-VP24 co-IP experiment in the presence of quercetin. (E) HEK293T cells were cotransfected with a
V5-tagged form of EBOV VP24 and FLAG-tagged KPNa1. Empty vector was used as a negative control. At 24 h posttransfection, cells were lysed and co-IP was
performed using anti-FLAG magnetic beads (IP:FLAG). Immunoprecipitated proteins were detected by Western blotting with antibodies to V5 (WB:V5) and FLAG
(WB:FLAG). The presence of transfected proteins in whole-cell extracts (WCE) was verified by detection with the corresponding antibodies. Band quantification

was performed.

tin, has antiviral activity against EBOV both in vitro and in vivo (27). In order to test if
quercetin was also able to inhibit EBOV replication, wild-type EBOV Makona-infected
cells were treated with quercetin, Q3G, and IFN-« as a control for inhibition. Quercetin
significantly inhibited viral replication in HEK293T cells (Fig. 6A), while it was not able
to inhibit EBOV in Vero E6 cells (Fig. 6C). EBOV yield in supernatants collected from
HEK293T cells treated with the compounds was also significantly reduced (Fig. 6B),
while the antiviral effect of quercetin in supernatant from Vero cells was not significant
(Fig. 6D). Indeed, as expected, the lack of effect of quercetin on EBOV replication in Vero
cells confirmed the proposed mode of action, since Vero E6 cells cannot produce type
I IFNs; thus, the JAK-STAT cascade, in total absence of exogenous IFN, is not activated
and, hence, VP24 cannot exert its interferon-inhibitory function (28). In contrast to
quercetin, Q3G was able to block EBOV replication in both cell lines (Fig. 6). It has been
previously demonstrated that Q3G targets the viral entry process (27). The fact that Q3G
is more active in HEK293T cells than in Vero cells might suggest a dual mechanism of
action: (i) impairing the IFN antagonism of VP24 and (ii) a mechanism independent of
that, as proposed by Qiu et al. (27), blocking the level of virus entry.

To exclude that the decrease in viral titers was attributable to cell toxicity, we
measured quercetin and Q3G cytotoxicity, observing that in both HEK293T and VeroE6
cells their CC;, values were >100 uM (data not shown). Furthermore, we performed
Western blotting to examine the level of caspase-3 cleavage as a marker of apoptosis
(29). We used antibodies recognizing the caspase-3 active cleaved form and its inactive
precursor, and no relevant cleaved caspase-3 was detectable in any of the tested
samples, despite the expression of large amounts of its inactive precursor protein (Fig.
6E and F). Given the absence of apoptosis, we confirmed that the reduction in viral
replication was due only to compound treatment.

Finally, to confirm this hypothesis, we investigated if Q3G, like the nonglucosylated
form, was able to restore the ISRE expression in HEK293T cells. VP24-transfected cells
were stimulated with IFN-a and treated with increasing concentrations of Q3G. We
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FIG 6 Quercetin inhibits EBOV replication in HEK293T cells. HEK293T (A) and Vero E6 (C) cells were treated with DMSO, quercetin (30 uM), Q3G (10 uM), or IFN-«
(1,000 1U/ml), infected or not (NI) with EBOV Makona (MOI = 0.1), and cultured for 72 h. Then cells were harvested and analyzed by RT-qPCR for EBOV NP
expression in cell lysates. Supernatants from HEK293T (B) and Vero E6 (D) cell cultures were harvested and analyzed by RT-qPCR for EBOV NP expression in
supernatants. Results are presented as means = SEs. Statistical significances between DMSO-treated EBOV-infected cells and quercetin-, Q3G-, and IFN-a-treated
EBOV-infected cells were analyzed using one-way ANOVA followed by Tukey’s multiple-comparison test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001;
ns, not significant). Lysates from HEK293T (E) and Vero E6 (F) cells were analyzed by Western blotting for caspase-3 and cleaved caspase-3 expression.
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FIG 7 (A) VP24-transfected HEK293T cells were stimulated with IFN-« and treated with quercetin and Q3G. After 8 h, luciferase was read. Results
are shown as percent VP24 inhibitory activity on ISRE expression using as a positive control of inhibition (100%) untreated cells. Data represent
the means *+ SDs from three independent experiments. (B) HEK293T cells transfected with pISRE-luc, RL-TK, and pcDNA3.1 were treated with IFN-a
and Q3G. Results are shown as percent ISRE expression in Q3G-treated cells over the untreated control. (C) HEK293T cells were treated with Q3G
and cytotoxicity was measured. Results are shown as percent cell viability in Q3G-treated cells over the untreated cells (100%). (D) Immunoflu-
orescence of HEK293T cells cotransfected with VP24 and treated with IFN-a and Q3G. Asterisks indicate P-STAT1 in the nucleus of a
VP24-contransfected cell treated with Q3G. Signal of P-STAT1 was detected and percent cells positive for nuclear P-STAT1 was calculated. ** P <
0.01, two-tailed unpaired Student’s t test (n = 3). Scale bar, 10 um. (E) Three-dimensional representation of superimposed putative binding modes
obtained by blind docking experiments of Q3G (in orange) and quercetin (in blue) into VP24. (F) Alignment of quercetin-VP24 and Q3G-VP24
complexes obtained by docking experiments with VP24 and KPNa5 reported for the model with PDB code 4U2X (9). (G) Co-IP of V5-VP24 with

KPNa1 in the presence or absence of Q3G. Band quantification was performed.

observed that Q3G dose dependently inhibited VP24 IFN-inhibitory function, with an
ICs, of 9.5 uM (Fig. 7A), showing no alternative VP24-independent mechanism on ISRE
stimulation (Fig. 7B) and no cytotoxicity even at high concentrations (Fig. 7C). Similarly
to quercetin, Q3G was able to restore the P-STAT1 nuclear transport in VP24-
cotransfected cells, resulting in a significant proportion (17%) of nuclear P-STAT1-
positive cells (Fig. 7D). Given the similar IC5,s for quercetin and Q3G, we hypothesized
that the presence of the glucoside did not alter the binding of the molecule with VP24.
Indeed, performing the alignment of quercetin-VP24 and Q3G-VP24 complexes, ob-
tained by docking analysis with VP24, we confirmed that the glucoside moiety did not
alter the position of the Q3G, compared to quercetin, on VP24 (Fig. 7E and F). In
addition, co-IP of VP24 and KPNa1 in cells treated with Q3G showed that the com-
pound affected the binding between VP24 and the importin, resulting in a 20%
reduction of coimmunoprecipitated VP24, compared to the untreated control (Fig. 7G).
These results suggest that Q3G is slightly less efficient than the nonglucosylated form.

DISCUSSION

Among the diversified antiviral strategies developed to counteract the different
steps of the viral life cycle (30-34), interfering with the initial phases of infection, such
as the viral evasion of the IFN system, is an attractive therapeutic approach against
several types of viruses (35-38). Since EBOV inhibition of the IFN response massively
contributes to viral pathogenesis (4, 5), restoring the IFN system could represent a
promising strategy for EBOV control (13). Two viral proteins have been demonstrated
to suppress interferon responses, VP35 and VP24 (13, 39). Different studies have shown
that it is possible to block VP35 IFN-inhibitory function with natural compounds (11, 12)
and also antibodies (14), thus restoring the IFN production cascade. Recently, Jasenosky
et al. demonstrated that the known FDA-approved small molecule nitazoxanide was
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able to significantly suppress EBOV replication in human cells through enhancing RIG-I
pathway sensing, thus counteracting EBOV VP35’s ability to prevent triggering of the
host antiviral response (40).

Although several mutational studies confirmed VP24 as a validated therapeutic
target (15, 16, 41-44), until now, only two molecules have been reported to block the
binding between VP24 and KPN« that is essential for the anti-IFN function of VP24 (17,
18). First, using the RaPID system, which allows the selection of high-affinity binders
from an mRNA library of nonstandard peptides, Song et al. were able to identify a
macrocyclic peptide binder for VP24, namely, eVpeD2. This represents the first
molecule that has been shown to inhibit the VP24-KPNas5 protein-protein interaction,
with an ICs, value of 9 uM (17). Second, natural and artificial nucleic acid aptamers with
high affinity for VP24 were generated using the capillary electrophoresis-systematic
evolution of ligands by exponential enrichment (CE-SELEX). Sharing a common
binding site with KPNa1, they compete for the binding with VP24 (K, [dissociation
constant] =~ 0.1 nM) (18). Even though they have been shown to be active at micro-
molar and subnanomolar ranges in biochemical assays, to the best of our knowledge,
they have not been reported to be tested in cell-based assays.

The identification of compounds able to block VP24 function in human cells was
previously limited due to the difficulty of developing a suitable cellular screening
system. We first developed a cellular model able to evaluate the inhibition of IFN
signaling by VP24 (20) and used this system to test anti-VP24 agents. Unlike biochem-
ical assays, cell-based assays can be used to monitor specific viral proteins and
pathways, such as VP24 and ISRE expression, providing the means to test for potent
viral inhibitors intracellularly and thus giving extra information about their effect in the
more complex cellular context, improving the early phase of the drug discovery
process.

Since previous in silico studies suggested the potential anti-EBOV activity of fla-
vonoid derivatives, we performed a screening of different flavonoids in a cell-based
assay. It has been shown that flavonoids possess a wide range of biological properties,
such as antioxidant, hepatoprotective, antibacterial, anti-inflammatory (19, 45), and
antiviral activities against different viruses, such as Japanese encephalitis virus (46),
dengue virus type 2 (DENV-2) (47), influenza virus (48, 49), and human immunodefi-
ciency virus (50, 51). Different modes of action have been proposed, such as the
inhibition of viral polymerase and capsid proteins by flavonoids (52).

In the present study, we aimed to characterize the effect of flavonoids on IFN
inhibition mediated by VP24 and observed that quercetin and wogonin were able to
inhibit VP24 significantly, restoring ISRE expression, with quercetin being the most
active compound. Quercetin is a molecule largely present in the human diet, being part
of many fruits and vegetables. It has been reported that an average of up to 1 g of
quercetin is taken in per day, representing 60% to 75% of overall polyphenol ingestion
(53). Among its wide range of biological activities, it has been demonstrated to be
active on different viruses, including hepatitis C virus (HCV) (54), Mayaro virus (55),
influenza A virus (IAV) (56), Chikungunya virus (CHIKV) (57), and Epstein-Barr virus (EBV)
(58). In particular, quercetin has been shown to inhibit HCV through binding and
inactivating the viral NS3 protease (59). Zandi et al. proposed that quercetin prevents
DENV-2 replication by inhibiting viral RNA polymerase (47), and a recent paper by
Granato et al. suggested that quercetin may have potential to be used to counteract
EBV-driven lymphomagenesis, since it is able to counteract EBV-driven immortalization
of B cells and lymphoblastoid cell line (LCL) outgrowth, interrupting the cross talk
between interleukin 6 (IL-6) and STAT3 and promoting autophagy (60). Moreover, a
quercetin derivative, Q3G, has been demonstrated to inhibit the early steps of EBOV
entry (27). Our results illustrate a novel antiviral mechanism adopted by quercetin and
its derivative Q3G. In fact, we observed that quercetin inhibits EBOV VP24, leading to
a partial restoration of the ISRE expression, ISG15 mRNA transcription, and P-STAT1
nuclear transport in the presence of the viral protein. Docking studies suggest the
putative quercetin binding mode at the interface between VP24 and KPNa5. The
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binding of a small molecule in this surface could prevent KPNa binding. This mecha-
nism was confirmed by the ability of Quercetin to affect the binding of coimmunopre-
cipitated KPNa and VP24.

We also tested the effect of quercetin on EBOV replication and demonstrated that
the compound was able to significantly suppress viral replication. This effect was similar
to the previously reported effect of flavonoid derivative Q3G (27). In contrast to that of
Q3G, however, the effect of quercetin was not due to an inhibition of the entry process,
since quercetin inhibited EBOV only in IFN-competent HEK293T cells, being ineffective
in IFN-incompetent Vero cells. This result supports the hypothesis that quercetin affects
specifically EBOV evasion of the IFN pathway. In contrast, Q3G inhibited EBOV replica-
tion in both cell lines, and its more potent effect on HEK293T cells than on Vero E6 cells
possibly suggests a bimodal mechanism. In fact, when Q3G was tested in our cell-based
assay, we observed that the glucosylated molecule was able to inhibit EBOV VP24 by
reverting both the IFN-a-induced stimulation and the P-STAT1 nuclear translocation
blocked by the viral protein. Molecular docking experiments confirmed that Q3G
localized in the same VP24 surface as quercetin, suggesting that Q3G also affects the
binding between VP24 and KPNa but with lower efficiency. In addition, present data
suggest that the glucoside moiety is probably required for the inhibition of viral entry,
since this mechanism was not observed for the aglycone form.

In conclusion, we identified a small molecule, already used as a nutritional supple-
ment, for which toxicity and pharmacokinetics are well known (53), whose metabolism
is well studied in animal models and that is a promising anti-EBOV agent. In fact, it has
been previously demonstrated that only 2 h after oral administration of quercetin (50
and 100 mg/kg of body weight), the total quercetin plasma concentrations in mice, rats,
and gerbils reached concentrations between 6 and 12 uM (61). The molecule could
rapidly exert its anti-EBOV activity either in plasma (mainly for the indirect effect of its
metabolite, Q3G, as previously reported by Qiu et al.) (27) or in tissues where Q3G is
again converted into its aglycone form.

Quercetin is the first compound that specifically inhibits EBOV VP24 IFN-inhibitory
function, restoring the IFN signaling cascade and leading to the block of viral infection.
Given its good tolerability, these findings open original perspectives in the field of EBOV
therapeutics development.

MATERIALS AND METHODS

Cells and reagents. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Sigma).
pISRE-luc and pcDNA3.1-FLAG-VP24 were kindly gifted by lan Goodfellow (University of Cambridge, UK)
and Marco Sgarbanti (Italian National Institute of Health, Italy), respectively. pcDNA3-V5-VP24 and
FLAG-tagged KPNa1 were provided by St. Patrick Reid (University of Nebraska Medical Center, NE).
PRL-TK plasmid, T-Pro P-Fect transfection reagent, and human recombinant IFN-a were purchased from
Promega, T-Pro Biotechnology, and PeproTech, respectively. Gossypetin, taxifolin, and tricetin were from
Extrasynthese, while Q3G, myricetin, dihydromyricetin, luteolin, apigenin, quercitrin, quercetin, wogonin,
baicalein, anti-FLAG M2 antibodies, and anti-FLAG magnetic beads were from Sigma-Aldrich. Antibodies
against P-STAT1, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), anti-caspase-3, anti-cleaved
caspase-3, and horseradish peroxidase (HRP)-linked IgG were purchased from Cell Signaling. Alexa Fluor
488 goat anti-mouse IgG, Alexa Fluor 594 goat anti-rabbit IgG, and Pierce ECL Western blotting substrate
were from Thermo Fisher Scientific.

Virus. Zaire EBOV (Makona strain) (62) was prepared by infecting Vero E6 cells and titrated on Vero
E6 cells as well by plaque assay, using crystal violet in the INSERM Jean Mérieux biosafety level 4 (BSL4)
laboratory in Lyon, France. 293T and Vero E6 cells were cultured in DMEM GlutaMAX (Life Technologies)
supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS; Eurobio), 1% HEPES, 1% nones-
sential amino acids, 1% sodium pyruvate, and 2% penicillin-streptomycin mix (all from Life Technologies).
For treatments and infections, cells were plated in 12-well plates at 2.5 X 10° per well and then were
treated with dimethyl sulfoxide (DMSO; Sigma-Aldrich), quercetin (30 uM; Sigma-Aldrich), Q3G (10 uM;
Sigma-Aldrich), or IFN-« (1,000 IU/ml; PBL Assay Science) for 1 h at 37°C before being infected or not with
EBOV Makona at a multiplicity of infection (MOI) of 0.1 PFU/cell for 1 h at 37°C. Then virus-containing
media were removed, and cells were washed with 1X phosphate-buffered saline (PBS). Furthermore,
fresh DMEM containing drugs associated with each condition described in the legend of Fig. 6 (HEK293T
or Vero E6 cells, infected or not with Makona) was added to cells that were incubated for 72 h at 37°C.
Finally, infected cell lysates and supernatants were collected for further analysis, according to validated
BSL4 procedures.
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VP24 IFN inhibition assay. EBOV VP24 inhibition of the ISRE-dependent promoter reporter plasmid
(pISRE-luc) after IFN-a stimulation has been previously described (20). Briefly, HEK293T cells were
cotransfected, using T-pro P-Fect transfection reagent with pISRE-luc (60 ng/well), a constitutively
expressed Renilla luciferase reporter plasmid (RL-TK) (10 ng/well), and a FLAG-tagged wild-type VP24
plasmid (30 ng/well) from the Zaire ebolavirus isolate H.sapiens-wt/GIN/2014/Gueckedou-C05, Sierra
Leone/guinea strain. Renilla luciferase was used to normalize transfection efficiencies. Twenty-four hours
posttransfection, cells were mock or IFN-a stimulated (1 ng/ml) and treated or not with compounds
(3 uM, 10 uM, 30 uM, and 100 uM) for 8 h. Then luciferase reporter activities were analyzed using cell
lysates and luciferase counts were determined using a Victor3 luminometer.

IC,, calculation. To determine the IC;, of quercetin, we used the log agonist concentration versus
response, variable slope algorithm in GraphPad Prism software where Y = bottom + (top — bottom)/
(1 +10'9'c0), |C,, values were calculated based on three independent experiments performed in
triplicate.

Cell viability assays. HEK293T and Vero E6 cells were seeded in 96-well plates. After 24 h, cells were
treated with quercetin and Q3G and incubated for 8 h or 72 h at 37°C in 5% CO,. Then PrestoBlue cell
viability reagent (Thermo Fisher Scientific) was added to each well. The plate was incubated for 1 h at
37°C in 5% CO,, and fluorescence was read in the Victor3 luminometer.

After 72 h of infection, HEK293T and Vero E6 cells treated and not treated were harvested, washed
three times with PBS, and lysed in radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Scientific)
supplemented with 4X Laemmli buffer (Life Technologies) and 10X reducing agent buffer (Invitrogen).
Then Western blot analysis was performed using anti-caspase-3 (Cell Signaling) and anti-cleaved
caspase-3 (Cell Signaling) antibodies. GAPDH antibody (EMD Millipore) was used as an internal control.

Immunofluorescence. For immunostaining, HEK293T cells, grown in 6-well plates on glass slides,
were cotransfected with Lipofectamine 2000 transfection reagent (Invitrogen) with pcDNA3.1 (2.5 ng/
well) or EBOV VP24 plasmid (2.5 ng/well). After 24 h of transfection, cells were treated with IFN-«
(150 pg/well) for 30 min and then fixed with 4% paraformaldehyde in PBS for 15 min at room
temperature. Permeabilization was performed with ice-cold 100% methanol for 10 min, cells were
washed with PBS, and permeabilization was blocked in blocking buffer (PBS containing 0.2% Triton
X-100, 10% normal goat serum, and 3% bovine serum albumin) for 1 h at room temperature. Cells were
first incubated with mouse anti-FLAG (Sigma-Aldrich; 1:500) and rabbit anti-P-STAT1 (Cell Signaling;
1:400) for 1 h at room temperature and then with goat anti-mouse and anti-rabbit secondary antisera
conjugated with Alexa Fluor 488 and Alexa Fluor 594 (Invitrogen; 1:500), for 1 h at room temperature. After
incubation with the nuclear dye Hoechst 33258 (Sigma-Aldrich), slides with stained cells were mounted on
histology standard slides with glycerol mounting medium with 1,4-diazabicyclo[2.2.2]octane (DABCO) as
an antifading reagent and observed with an Olympus BX61 microscope equipped with epifluorescence
illumination, and digital images were captured with a Leica DF 450C camera. The cultures were examined
at a magnification of X40. Cells were counted using the cell counter plugin image analysis program
ImagelJ.

RNA extraction and quantitative real-time PCR. Total RNA was extracted from transfected cells
with TRIzol reagent (Invitrogen). RNA was then reverse transcribed and amplified using a Luna universal
one-step quantitative real-time PCR (RT-qPCR) kit (New England BioLabs). RT-gPCR experiments were
performed in triplicate. mRNA expression levels were normalized to the level of GAPDH. Results are
expressed as percentage of mRNA transcript levels of treated cells versus untreated cells. Regarding BSL4
procedures, total RNAs from cells and supernatants were inactivated with RLT and AVL reagents (Qiagen),
respectively, before being extracted using the Nucleospin RNA kit (Macherey-Nagel). Reverse transcrip-
tion was realized using an iScript cDNA kit (Bio-Rad), and qPCR was realized using a Platinum SYBR green
qPCR SuperMix-UDG kit with ROX (Invitrogen). Data were treated using StepOne software, and calcula-
tions were done using the threshold cycle (222¢T) method and normalized with the GAPDH housekeeping
gene. Primers used for gPCR were EBOV Makona NP forward (GCT CCT TTC GCC CGA CTT TTG AA) and
EBOV Makona NP reverse (CTG TGG CGA CTC CGA GTG CAA).

Coimmunoprecipitation experiment. HEK293T cells were transfected with empty or expression
plasmids for V5-tagged VP24 and FLAG-tagged KPNa1 and lysed in PBS containing 1.5% Triton X-100,
1 mM Na,VO,, 1 mM dithiothreitol (DTT), and 1X cOmplete protease inhibitor cocktail (Roche). Lysates
were incubated with anti-FLAG M2 magnetic beads overnight at 4°C. Precipitated proteins were eluted
by boiling with SDS sample loading buffer. Whole-cell lysates and immunoprecipitated samples were
analyzed by Western blotting. Membranes were probed with anti-FLAG M2 (Sigma-Aldrich; 1 ug/ml),
anti-V5 (Thermo Fisher Scientific; 1:200), and anti-GAPDH (Cell Signaling; 1:1,000). Images were captured
with the Chemidoc MP imaging system (Bio-Rad). Band quantification was performed using Image Lab
software. Coimmunoprecipitated V5-VP24 was normalized to the level of immunoprecipitated FLAG-
KPNa1. V5-VP24 and KPNa bands in WCL were normalized to the level of GAPDH.

Molecular docking. (i) Ligand preparation. The two-dimensional (2D) coordinate structure-data
files (SDF) of quercetin and Q3G ligands were downloaded from the PubChem compound repository.
Then they were prepared with Maestro GUI and subject to conformational analysis by means of
MacroModel program version 9.2 (63). Merck molecular force field (MMFF) (64) was applied as a force
field, and it was considered the water implicit generalized born/surface area (GB/SA) solvation model
(26). Therefore, the compounds’ geometry was energy minimized using the Polak-Ribier conjugate
gradient (PRCG) method, 5,000 iterations, and a convergence criterion of 0.05 kcal/(mol A). The com-
pounds’ global minimum conformations were considered for the docking studies.

(ii) Docking protein preparation. The coordinates for VP24 were taken from the RCSB Protein Data
Bank (65), considering the model with PDB code 4M0Q (24). The protein was prepared using the Protein
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Preparation Wizard in Maestro (Schrodinger, New York, NY, 2018). Original water molecules were
removed. The bond orders, hydrogen atoms, and formal charges were added in the structure. After
preparation, the structure was refined in order to optimize the hydrogen bond network using the

OPLS_2005 force field (66).

(iii) Docking experiments. Docking inner and outer grids were defined around the refined structure
by calculating the centroid of clustered residues interacting with KPNa5 (9). The coordinates for the x,
y, and z axes are —2.06, —21.53, and —12.16. The inner box side was increased to 15 A, while the outer
was left at 20 A. The box resulted in a cube of 35 A for side in order to include the whole protein. The
extra precision (XP) docking algorithm was applied for scoring theoretical poses (25). The other settings

were left as default.

(iv) Postdocking. In order to better take into account the induced fit phenomenon occurring at the
ligand binding domain, the most energy-favored generated complexes were fully optimized with 10,000
steps of the PRCG minimization method considering OPLS_2005 force field and GB/SA implicit water. The
optimization process was performed up to the derivative convergence criterion equal to 0.1 kJ/(mol-A).

Statistical analysis and graphic visualization. Statistical analysis and graphic visualization were
performed using GraphPad Prism software 6.01 (GraphPad Software, Inc.), PyMOL (the PyMOL molecular
graphics system version 1.7; Schrédinger), and Maestro ligand interaction visualization (Schrodinger).
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