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Abstract

Specific host pathways that may be targeted therapeutically to inhibit the replication of Ebola virus
(EBOV) and other emerging viruses remain incompletely defined. A screen of 200,000
compounds for inhibition of an EBOV minigenome (MG) assay that measures the function of the
viral polymerase complex identified as hits several compounds with an amino-tetrahydrocarbazole
scaffold. This scaffold was structurally similar to GSK983, a compound previously described as
having broad-spectrum antiviral activity due to its impairing de novo pyrimidine biosynthesis
through inhibition of dihydroorotate dehydrogenase (DHODH). We generated compound SW835,
the racemic version of GSK983 and demonstrated that SW835 and brequinar, another DHODH
inhibitor, potently inhibit the MG assay and the replication of EBOV, vesicular stomatitis virus
(VSV) and Zika (ZIKV) in vitro. Nucleoside and deoxynucleoside supplementation studies
demonstrated that depletion of pyrimidine pools contributes to antiviral activity of these
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compounds. As reported for other DHODH inhibitors, SW835 and brequinar also induced
expression of interferon stimulated genes (ISGs). ISG induction was demonstrated to occur
without production of IFNa/p and independently of the IFNa receptor and was not blocked by
EBOV-encoded suppressors of IFN signaling pathways. Furthermore, we demonstrated that
transcription factor IRF1 is required for this ISG induction, and that IRF1 induction requires the
DNA damage response kinase ATM. Therefore, de novo pyrimidine biosynthesis is critical for the
replication of EBOV and other RNA viruses and inhibition of this pathway activates an ATM and
IRF1-dependent innate immune response that subverts EBOV immune evasion functions.

Introduction

Filoviruses are filamentous, enveloped viruses with non-segmented, negative-sense RNA
genomes (Messaoudi et al., 2015). The filovirus family consists of the genus Ebolavirus,
which is comprised of five different species including Zaire ebolavirus (Ebola virus, EBOV),
the genus Marburgvirus, which includes Marburg virus (MARV), and the genus Cuevavirus
(Afonso et al., 2016). Members of the Ebolavirus and Marburgvirus genera are zoonotic
pathogens that have caused repeated outbreaks with substantial lethality in humans
(Rougeron et al., 2015). The largest such outbreak on record was caused by EBOV and
occurred in West Africa between 2013-2016, resulting in more than 28,000 infections, more
than 11,000 deaths and the export of infected cases to the United States and Europe
(Spengler et al., 2016). In pregnant women, the fatality rate during the West Africa epidemic
was estimated to be 70% (Hayden et al., 2017). The only treatments available for infected
individuals were supportive care and experimental therapies, hampering patient treatment
and leaving healthcare workers at severe risk. Survivors are known to exhibit persistent
infections with virus residing in immune privileged sites, including the eye and testes
(Jacobs et al., 2016; Uyeki et al., 2016; Yeh et al., 2015; Zeng et al., 2017). These facts
highlight the need for effective anti-filovirus therapies.

The RNA synthesis reactions that replicate the viral genomic RNA and transcribe the viral
genes into mMRNAs are essential for replication (Muhlberger, 2007). These are therefore
potential antiviral targets. These viral RNA synthesis reactions are carried out by a complex
of four viral proteins, nucleoprotein (NP), viral protein of 35 kilodaltons (VP35), VP30 and
the large (L) protein (Muhlberger et al., 1999). Replication of the viral genomic RNA
requires NP, which associates with the viral genomic and antigenomic RNAs throughout the
course of infection; VP35, a non-enzymatic cofactor and L. L possesses all the enzymatic
activities required for viral transcription and genome replication, including RNA-dependent
RNA polymerase activity, guanyltransferase and methyltransferase activities (Muhlberger,
2007). Viral transcription (MRNA synthesis) involves the synthesis of distinct 5’-capped,
3’polyadenylated mRNAs from each of the viral genes and requires, in addition to NP, VP35
and L, the VP30 protein (Muhlberger, 2007). In addition to the required viral proteins, host
factors also modulate viral RNA synthesis through interaction with viral factors (Luthra et
al., 2015; Luthra et al., 2013; Smith et al., 2010). However, a complete understanding as to
how host factors contribute to viral RNA synthesis remains elusive.

Antiviral Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luthra et al.

Page 3

Another feature of filovirus replication that is a potential target for therapeutic intervention
is viral suppression of innate antiviral defenses. EBOV and MARV have been demonstrated
to inhibit interferon-a/p (IFN) responses by several mechanisms (Basler et al., 2003; Basler
et al., 2000; Kaletsky et al., 2009; Leung et al., 2010; Mateo et al., 2010; Prins et al., 2010;
Reid et al., 2006; Reid et al., 2007; Valmas and Basler, 2011; Xu et al., 2014). These include
inhibition of the RIG-I-like receptor (RLR) signaling pathways by VP35 proteins which
results in inhibition of IFN production, a block to induction of interferon stimulated gene
(ISG) expression and impaired maturation of dendritic cells (Cardenas et al., 2006; Lubaki et
al., 2016; Yen et al., 2014; Yen and Basler, 2016). Further, EBOV VP24 and MARV VP40
inhibit IFN-triggered signaling such that IFN-induced ISG expression is blocked (Reid et al.,
2006; Reid et al., 2007; Valmas and Basler, 2011; Xu et al., 2014). The importance of these
functions for filovirus disease is demonstrated by the severe attenuation of recombinant
EBOVs engineered to lack VP35 IFN-antagonist activity (Hartman et al., 2008; Prins et al.,
2010).

Dihydroorotate dehydrogenase (DHODH) is a key enzyme in de novo pyrimidine
biosynthesis (Reis et al., 2017). DHODH inhibitors exhibit antiviral activity against a range
of different viruses with an important component of their antiviral effect attributable to the
depletion of the nucleosides necessary for replication of the viral genome (Hoffmann et al.,
2011; Ortiz-Riano et al., 2014; Wang et al., 2011; Wang et al., 2016). Such compounds show
potent antiviral activities against viruses in cell culture but also have cytostatic effects on
rapidly dividing cells. For instance, the DHODH inhibitor brequinar inhibits dengue virus
(DENV) replication through depletion of the intracellular pyrimidine levels but was
originally developed as a potential anti-cancer agent and was subsequently demonstrated to
exhibit immunosuppressive activity (Chen et al., 1992; Cramer et al., 1992; Wang et al.,
2011). However, the potent antiviral activity of another DHODH inhibitor, GSK983, against
DENV and Venezuelan equine encephalitis virus (VEEV) can be separated from its
cytostatic effects if exogenous deoxycytidine is provided, as this facilitates cellular DNA
synthesis without restoration of viral RNA synthesis (Deans et al., 2016). Beyond
suppression of viral RNA synthesis, DHODH inhibitors have been demonstrated to trigger
expression of ISGs, an activity that may also contribute to the antiviral effects of these
compounds (Chung et al., 2016; Lucas-Hourani et al., 2013; Wang et al., 2016).
Mechanistically, these compounds may not require IFN production for ISG induction but
may induce I1SGs through activation of the transcription factor Interferon Regulatory Factor
1 (IRF1) (Chung et al., 2016; Lucas-Hourani et al., 2017).

A previous report described small molecule inhibitors of EBOV RNA synthesis identified by
high throughput screening (HTS) of an EBOV minigenome assay (Luthra et al., 2017b).
This assay measures the function of an EBOV RNA synthesis complex that is reconstituted
by transfection into mammalian cells. Among the hits were compounds with an amino-
tetrahydrocarbazole scaffold. This scaffold resembled GSK983 which had been previously
described as having broad-spectrum antiviral activity (Gudmundsson et al., 2009; Harvey et
al., 2009). More recently, GSK983 was demonstrated to cause cell cycle arrest and to
suppress virus replication by inhibition of DHODH (Deans et al., 2016). Based on these
similarities, we synthesized SW835, the racemate of GSK983. SW835 and another DHODH
inhibitor, brequinar, were then tested in the EBOV minigenome assay, and for activity
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towards infectious EBOV, vesicular stomatitis virus (VSV) and Zika virus (ZIKV). We
demonstrate antiviral activities for SW835 and brequinar and find that these activities
depend on pyrimidine depletion. Furthermore, these compounds stimulate ISG expression
which contributes to antiviral activity. ISG expression is demonstrated to be induced by a
mechanism that is not blocked by filovirus innate immune antagonist proteins and is
dependent on expression of IRF1 and the cellular kinase ATM. Together, these data
demonstrate the critical role of pyrimidine biosynthesis for EBOV replication and clarify the
mechanisms by which inhibition of pyrimidine biosynthesis induces innate antiviral
responses.

Identification of amino-tetrahydrocarbazole compounds that inhibit EBOV RNA synthesis.

A screen of 200,000 small molecules identified several compounds sharing an amino-
tetrahydrocarbazole scaffold as inhibitors of EBOV RNA synthesis machinery as measured
by the EBOV minigenome (MG) assay (Luthra et al., 2017b). In this assay, the plasmids
encoding for EBOV polymerase complex proteins, L, NP, VP35 and VP30, are transfected
along with a MG plasmid that consists of a Renillareporter flanked by viral cis-acting
regulatory sequences that drive the transcription and translation of the reporter gene. Criteria
for hits was inhibition of greater than 70% with less than 20% cell toxicity and a Z-score of
greater than 3. The screen identified 320 hits which were confirmed following cherry
picking and retesting. Among these were six related compounds with an amino-
tetrahydrocarbazole scaffold, of which SW407 was one representative. The structures,
percent inhibition and toxicity values of the six amino-tetrahydrocarbazole compounds are
included in Table 1. After confirming the activity of SW407 in the MG assay (Figure 1A),
we recognized structural similarity to GSK983, a broad-spectrum antiviral agent whose
mechanism of action was unknown at the time of our screen. Based on this similarity, we
synthesized SW835, the racemic version of GSK983, SW032 (the R-enantiomer) and
SW308 (the S-enantiomer) and tested these in the EBOV MG assay to generate a sixteen-
point dose response curve alongside corresponding cell viability measurements. SW835
exhibited potent activity with a 50% inhibitory concentration (ICsq) and 50% cytotoxic
concentration (CCsgg) similar to the activities of GSK983 and the R-enantiomer SW032
(Figure 1B-D). The S-enantiomer, SW308, was less active in the MG assay consistent with
prior studies where this compound was less active than GSK983 against human papilloma
virus (HPV) (Gudmundsson et al., 2009) (Figure 1E).

The MG assay relies on T7 RNA polymerase for expression of the minigenome RNA and on
RNA polymerase Il for expression of the NP, VP35, VP30 and L proteins (Edwards et al.,
2015; Jasenosky et al., 2010; Luthra et al., 2017b; Muhlberger et al., 1999). Therefore, we
tested for potential inhibition of T7 RNA polymerase or RNA polymerase 11 by SW835.
Cells were transfected with plasmids encoding firefly luciferase under control of a T7
promoter, a T7 RNA polymerase expression plasmid and a plasmid that encodes Renilla
luciferase under the control of an RNA polymerase 11 (polll) promoter. SW835 did not affect
the expression of either firefly or Renillaluciferase in this assay (Figure 1F), suggesting that
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inhibition of minigenome activity is not due to non-specific effects on T7 or RNA
polymerase Il function or on other requirements for gene expression.

During the course of our study, GSK983 was reported to be an inhibitor of DHODH (Deans
et al., 2016). The depletion of pyrimidine pools due to DHODH inhibition was implicated as
being responsible for GSK983 antiviral activity against RNA and DNA viruses and for its
inhibition of cell growth. Given this, we also examined the effect of a known DHODH
inhibitor, brequinar, in the EBOV MG assay (Chen et al., 1992). As with GSK983, brequinar
inhibited the EBOV MG assay with an 1C5=0.1 uM (Figure 1G).

Next, we assessed in A549 cells the anti-EBOV effects of GSK983; our in-house
synthesized compounds SW835, SW032, SW308; and brequinar on replication of a
recombinant EBOV that expresses GFP (EBOV-GFP). Following drug pretreatment, cells
were infected at a multiplicity of infection (MOI) of 2 in the presence of DMSO or different
concentrations of the compounds, ranging from 30 nM to M, and viral titers in the culture
supernatants were assessed two days post-infection. GSK983, SW835 and SW032 reduced
viral titers in cell culture supernatants by >200-fold with no effect on cell viability (Figure
2A and B). Interestingly, there was little if any dose-response to these compounds across the
range of concentrations tested. The less active enantiomer SW308 that had poor activity in
MG assay, was also unable to inhibit EBOV virus replication efficiently (Figure 2A and B).
Measured in a separate experiment, brequinar also potently inhibited virus growth (Figure
2C and D). The compounds were further assessed in HeL a cells using an assay that
measures GFP expression from EBOV-GFP. GSK983 and SW032 were once again highly
active, even at the lowest concentration tested (Figure 2E). However, SW835 reached 50
percent inhibition at ~0.02 pM, and brequinar was determined to have an 1Csq value of 0.1
UM. Once again, SW308 was much less active with an ICgg of 1.7 uM (Figure 2E). None of
these compounds showed any toxicity against the cells as measured by nuclei staining of the
cells (Figure 2F). These data suggest that ongoing DHODH activity is critical target for
EBOV replication.

As DHODH inhibitors are reported to have broad spectrum antiviral activity, we further
assessed the antiviral activity of these compounds for two other RNA viruses, a recombinant
vesicular stomatitis virus that expresses GFP (VSV-GFP) and Zika virus (ZIKV). Like
EBOV, VSV is a non-segmented negative-sense RNA virus; however, it is from the
rhabdovirus family. Conversely, ZIKV is a positive-sense RNA virus from the flavivirus
family. As SW835 and GSK983 showed similar activities in the MG and EBOV assays, we
focused on SW835 for follow-up experiments. For VSV-GFP, Vero cells were pretreated
with compound and infected at an MOI of 0.002 and then fresh compounds were added. The
expression of GFP was used as a measure of virus replication. SW835 inhibited VSV-GFP
with an ICgq of 0.4 pM (Figure 3A). For ZIKV, immunostaining of viral antigen was used as
a measure of virus infectivity in \ero cells infected at an MOI of 1 with compound present
both pre- and post-infection. This yielded an ICsg of 0.04 uM with no significant effect on
cell viability at 48h post infection (Figure 3B). Brequinar also displayed activity against
these viruses with an 1Cgq of 0.5 uM and 0.3 uM for VSV-GFP and ZIKYV, respectively
(Figure 3C and D). These data confirmed the broad-spectrum activity of these compounds
against RNA viruses.
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SW835 inhibition of EBOV RNA synthesis involves depletion of pyrimidines.

DHODH is required for de novo pyrimidine biosynthesis and its inhibition causes
pyrimidine depletion, arresting growth of rapidly dividing cells (Hoffmann et al., 2011; Liu
et al., 2000). Previously, the antiviral activity of GSK983 towards the positive-sense RNA
viruses DENV and VEEV was shown to be separable from its anti-proliferative activity on
rapidly dividing cells by supplementation with pyrimidine salvage metabolites (Deans et al.,
2016). Supplementation with exogenous pyrimidine ribonucleosides, either uridine or
cytidine, reversed the inhibition of RNA virus replication, while deoxycytidine
supplementation decreased cytotoxicity and restored DNA replication but not RNA virus
replication. This is due to the inability of 2’-deoxy analogs to be metabolized for
ribonucleotide synthesis. We therefore examined the effects of exogenous nucleosides in the
EBOV MG assay in presence of SW835 at 24h post compound addition, and in parallel, on
cell viability in HEK293T cells, which was assayed at 72h post compound addition to reveal
anti-proliferative effects. Addition of either uridine or deoxycytidine reversed the anti-
proliferative effects of SW835. However, only uridine reversed the inhibitory activity of
SW835 at 1 uM in the MG assay (Figure 4A and B). When tested against infectious EBOV
or VSV in A549 cells, the uridine supplementation again reversed the antiviral activity of
SW835 but exogenous deoxycytidine did not (Figure 4C and D). In addition, brequinar also
showed potent antiviral activity against EBOV and VSV, and these effects were reversed by
supplementation of uridine, but not with deoxycytidine (Figure 4E and F). A cell viability
assay was performed in parallel, confirming both uridine and deoxycytidine reduced SW835
and brequinar cytotoxicity and rescued A549 cell growth (Figure 4G). Collectively, these
results indicate that SW835 activity against EBOV and VSV involves its ability to inhibit
DHODH-dependent pyrimidine synthesis.

SW835 activates innate immune genes independent of IFN production and virus infection.

GSK983 and other inhibitors of pyrimidine biosynthesis induce expression of 1SGs, the
expression of which can be induced by the antiviral cytokines known as IFNs (Harvey et al.,
2009; Lucas-Hourani et al., 2013; Lucas-Hourani et al., 2017). Given that ISGs mediate the
antiviral effects of IFNs, it was of interest to determine how SW835 and brequinar induce
ISG expression and to what extent this contributes to the antiviral effects of these
compounds. We first employed firefly reporter gene assays, utilizing HEK293T cell lines
stably transfected with firefly luciferase reporter genes regulated either by the IFN-p
promoter (IFN-B-FF) or by a promoter consisting of multiple interferon stimulated response
elements (ISREs) (ISRE-FF). These cells were treated with SW835 or brequinar at different
concentrations, as indicated. Twenty hours post-treatment luciferase activities were
determined (Figure 5A and B). Infection with Sendai virus (Cantell strain), an inducer of
IFN-B expression, served as a positive control for both cell lines. The cells were also treated
with recombinant universal Type | IFN-a (ulFN) as a control for ISRE activation. Neither
compound activated the IFN- promoter (Figure 5A) but both activated the ISRE promoter
(Figure 5B), suggesting that ISG induction is independent of IFN production. We also
examined expression of 1SGs in A549 cells by reverse transcription-quantitative PCR (qQRT-
PCR) after addition of ulFN, SW835 or brequinar. While all three 1SGs examined, 1SG54,
ISG56, and MX1, responded to ulFN treatment, ISG54 and 1SG56 responded to SW835 and
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brequinar whereas MX1 did not (Figure 5C). This suggests that DHODH inhibitors induce a
select set of ISGs and that this occurs by an IFN-independent mechanism.

We further evaluated the ability of uridine or deoxycytidine to modulate the response of
ISRE-FF reporter cells treated with 10 pM SW835 and brequinar. Recombinant universal
IFN (ulFN) was used as positive control. Supplementation with uridine abolished the ISRE
activation by SW835 and brequinar but deoxycytidine did not (Figure 5D). In addition to the
reporter gene assay, we evaluated the effects of supplementation on SW835 or brequinar-
induced endogenous I1SG gene expression in A549 cells. Consistent with the reporter gene
assay, 1ISG54 and 1ISG56 expression was largely reversed by uridine supplementation but not
by deoxycytidine supplementation (Figure 5E and F). This suggested that regulation of
cellular nucleotide pools is linked to ISG induction.

We further assessed the effect of these compounds on growth of EBOV (MOI=2), VSV
(MOI=0.1) and ZIKV (MOI=1) and ISG induction with or without nucleoside
supplementation. In these experiments, A549 cells were pre-treated with drugs, 1h for
EBOV infection and 8h for VSV and ZIKV infections to achieve optimal antiviral effects.
RNA was isolated at 24 or 48h post infection and the expression of viral mMRNAs and 1SG54
MRNA were evaluated by gRT-PCR (Figure 6A and B). The compounds inhibited EBOV
NP mRNA accumulation, which was reversed by uridine but not by deoxycytidine (Figure
6A). Interestingly, uridine supplementation also reversed 1ISG54 mRNA induction, however
in the presence of deoxycytidine 1SG induction was maintained, suggesting that 1ISG
induction is associated with pyrimidine nucleotide depletion (Figure 6B). Similar results
were obtained with VSV (Figure 6C and D) and ZIKV (Figure 6E and F). Because uridine
suppresses both the 1SG expression and the antiviral effects of SW835 and brequinar, these
data are consistent with a model where 1SG expression may augment the antiviral effects of
these compounds.

SW835 induced ISG activation bypasses the interferon antagonism by filoviral proteins.

Filoviruses disable the innate immune responses by interfering with IFN signaling at
different steps (Messaoudi et al., 2015). The filovirus VP35 proteins inhibit RIG-I-like
receptor signaling to block IFN production, indirectly inhibiting induction of IFN-induced
ISGs. EBOV VP24 and MARV VP40 block signaling downstream of IFN receptors to
prevent IFN-induced ISG expression. To determine whether 1SG induction by SW835 and
brequinar can bypass the filoviral blocks to ISG expression, the ISRE luciferase reporter cell
line was transfected with expression plasmids for EBOV VP35, EBOV VP24 or MARV
VP40. The next day, cells were treated with SW835 or brequinar, with DMSO and ulFN
serving as controls. None of the filoviral proteins suppressed ISRE activity induced by these
compounds despite inhibition of IFN-induced ISG expression by EBOV VP24 and MARV
VP40 (Figure 7A). These data reinforce the view that ISG induction by the compounds is
not through the standard IFN-activated Jak-STAT signaling pathway and demonstrate that
DHODH inhibitors can bypass filovirus blocks to ISG expression.

To further address whether canonical IFN signaling is required for the ISG response, we
assessed ISG activation by SW835 in wild type or interferon alpha receptor (IFNAR)
knockout mouse embryonic fibroblasts (MEFs) using an ISRE reporter plasmid. SW835
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induced activation of the ISRE promoter was not affected in IFNAR knockout cells (Figure
7B), further supporting the conclusion that induction of 1SGs is independent of IFN
production. Interestingly, ISRE-reporter induction by brequinar in either cell type was not
statistically significant compared to DMSO-treated cells, consistent with previous reports
that brequinar is less efficient in inducing ISGs in mouse cells as compared to human cells
(Chung, 2015).

IRF1 plays a critical role in the antiviral activity of SW835.

As our data suggested that 1ISG induction by these compounds is independent of interferon
production, we further investigated what is driving ISG expression. Some members of the
interferon regulatory transcription factor (IRF) family have been shown to activate 1SGs in
the absence of IFN by binding ISRE promoter sequences. In particular, IRF1 is known to
regulate expression of many ISGs and to contribute to induction of an antiviral state
(Schoggins and Rice, 2011; Schoggins et al., 2011). Interestingly, over-expression of IRF1
has also been shown to inhibit EBOV replication (Rhein et al., 2015) and many other
negative and positive strand RNA viruses (Schoggins and Rice, 2011; Schoggins et al.,
2011). Furthermore, IRF1 has also been implicated in promoting the antiviral activity of
pyrimidine synthesis inhibitor, brequinar (Chung, 2015; Lucas-Hourani et al., 2013).
Therefore, we investigated the role of IRF1 in SW835-induced I1SG expression and antiviral
activity with VSV-GFP. Knocking down IRF1 using a small interfering RNA (siRNA)
abolished the activation of ISRE by SW835 in HEK293T, MEFs-wt, IFNAR knockout MEF
and STAT2 knockout MEF cells (Figure 8A and B), suggesting IRF1 expression is critical
for ISG induction and that its effect is independent of IFNAR and STAT2. To evaluate
whether this effect on ISG induction correlates with the antiviral activity of SW835, we
performed VSV-GFP infection studies in A549 cells. Knocking-down IRF1 led to decreased
antiviral effects of SW835 (Figure 8C) and this correlated with a decrease in 1ISG54 mRNA
levels (Figure 8D), indicating that innate immune responses can contribute to the antiviral
effects of SW835. Cumulatively, these data demonstrate a critical role for IRF1 in the ISG
response and antiviral state induced by SW835.

SW835 upregulates IRF1 in an ATM-dependent manner.

Previously, it was shown that the anti-proliferative effects of DHODH inhibitors such as
GSK983 are due to inhibition of cellular DNA synthesis at the S phase of cell cycle (Deans
et al., 2016). Such cellular stress responses activate the DNA damage checkpoint kinase,
Ataxia Telangiectasia Mutated (ATM), which reduces DNA synthesis, in response to DNA
damage (Willis and Rhind, 2009). Interestingly, ATM also plays a role in IFN responses and
is involved in regulation of IRF1 in response to DNA damage (Kurz et al., 2004; Pamment et
al., 2002; Shiloh, 2006). To determine whether ATM contributes to SW835 or brequinar ISG
induction, we performed an ISRE luciferase assay in the absence or presence of ATM kinase
inhibitor or DHODH inhibitors (Figure 9A). ISRE activation by both SW835 and brequinar
was diminished in the presence of the ATM kinase inhibitor (Figure 9A). To further assess
the role of ATM in ISG induction by DHODH inhibitors, knockdown of ATM was
performed by using short hairpin RNA constructs (ATM-SH) in the ISRE reporter cells. The
knockdown of ATM diminished ISRE activation by SW835 and brequinar, suggesting ATM
contributes to 1ISG expression induced by DHODH inhibitors (Figure 9B). To further
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correlate ATM with IRF1 regulation, we also examined IRF1 expression by Western blot in
293T cells treated with DHODH inhibitors in the presence or absence of ATM Kinase
inhibitor. SW835 and brequinar treatment increased IRF1 expression, which was dampened
in the presence of ATM kinase inhibitor (Figure 9C). This suggests that inhibition of
pyrimidine biosynthesis induces ISG expression by upregulating IRF1 in an ATM-dependent
manner. Together, these data provide evidence that the antiviral activity of SW835 is
predominantly governed by DHODH inhibition but also involves activation of ATM and the
up-regulation and action of ISGs, including IRF1.

Discussion

In this work, we identified SW835, a racemate of GSK983, as having inhibitory activity
towards the EBOV MG assay and demonstrated that these compounds exhibit broad
spectrum antiviral activity against EBOV, VSV and ZIKV in cell culture. We further
demonstrated that this antiviral activity is related to the capacity of these compounds to
inhibit DHODH as supplementation with uridine reverses the antiviral activity. In support of
this mechanism of action, we demonstrate that another DHODH inhibitor, brequinar,
exhibits similar activities. In addition, based on prior observations that DHODH inhibitors
induce 1SGs, we demonstrate ISG induction by SW835 and brequinar and link this to
depletion of pyrimidine but not deoxypyrimidines. We further link DHODH inhibitor
induced ISG expression to activation of signaling by cellular kinase ATM and up-regulation
of IRF1. This work establishes a critical role for the pyrimidine biosynthetic pathway for
EBOV, VSV and ZIKV growth and clarifies mechanisms by which DHODH inhibitors
induce 1SGs that may contribute to antiviral activity.

Based on our data from Figure 5 and 6, where uridine supplementation suppressed both 1SG
expression and antiviral effects of SW835 and brequinar, and data in Figure 8 where
knockdown of IRF1 decreases antiviral activity of SW835, we suggest that ISG expression
can contribute to the antiviral activity of these compounds. Nonetheless, it is likely that
reduction of pyrimidine levels is sufficient to substantially reduce growth of EBOV, VSV or
ZIKV. We should also note that data do not exclude a contribution of secondary effects of
pyrimidine depletion, other than ISG induction, on replication.

The mechanisms by which DHODH inhibitors stimulate innate immune responses remains
incompletely defined but is of interest with regard to their antiviral activity. Our data are
consistent with studies indicating that pyrimidine biosynthesis inhibitors do not cause the
expression of IFN when applied alone, and virus growth inhibition by these drugs seems to
be independent of IFN-a/p synthesis and the canonical Jak-STAT pathway (Chung et al.,
2016; Lucas-Hourani et al., 2013; Lucas-Hourani et al., 2017; Wang et al., 2011; Wang et
al., 2016). However, some recent reports show a lack of antiviral effect of DHODH
inhibitors in Vero cells, which are deleted for the IFN-a./B gene cluster, suggesting a
possible role for secreted IFNs in antiviral activity (Cheung et al., 2017). We found that
SW835 activates genes involved in the innate immunity, including ISG56 (interferon-
induced protein with tetratricopeptide repeats 1; encoded by IFIT1) and ISG54 (interferon-
induced protein with tetratricopeptide repeats 2; encoded by IFIT2), independent of type 1
IFNs or exogenous RNA. Our mechanistic studies identified that ISG production did not
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require the presence of IFNAR or STAT2 suggesting a non-canonical (i.e. IFN-independent)
induction of ISGs.

Interestingly, SW835 stimulation of ISGs was regulated by IRF1, consistent with published
literature suggesting a role for IRF1 in DHODH induction of such genes (Khiar et al., 2017;
Lucas-Hourani et al., 2013). We further investigated how IRF1 is activated in the presence of
SW835. We reasoned that because nucleotide deprivation may lead to metabolic stress, the
DNA damage repair pathway might be involved. ATM is a cellular kinase involved in DNA
damage responses (Kurz et al., 2004; Pamment et al., 2002). Our data demonstrate a role for
ATM in the ISG response to either SW835 or brequinar. Furthermore, inactivation of ATM
also led to a decrease in IRF1 levels, suggesting that ATM is a critical player regulating
IRF1 levels and therefore ISGs upon nucleoside deprivation. It is unclear why ISG induction
is reversed by ribonucleoside but not deoxyribonucleoside supplementation, but the
observation suggests a role of RNA metabolism in the 1SG response. Notably, the
mechanism by which DHODH inhibitors induce ISGs subvert filovirus innate immune
evasion functions, as ISG induction was not inhibited by filovirus encoded interferon
antagonists, including the EBOV VP35 protein, the EBOV VP24 protein or the MARV
VP40 protein. Therefore, although ISG responses may not be required for the antiviral
activity of these compounds, ISGs could nonetheless contribute to anti-filovirus effects by
bypassing viral defenses against host innate immunity.

Figure 10 provides a model consistent with our results, where inhibition of DHODH reduces
the de novo production of pyrimidine nucleosides to a level where RNA virus RNA
synthesis is impaired. This also inhibits cellular DNA and RNA synthesis. The inhibition of
cellular RNA synthesis results in activation of ATM, upregulation of IRF1 expression and
induction of ISG expression. While providing deoxycytidine can restore cellular DNA
synthesis, this is insufficient to restore RNA virus replication or prevent ISG induction. In
contrast, providing uridine relieves inhibition of both virus and the ATM-IRF1-ISG axis.
This model highlights the possibility that DHODH inhibitors may have pleiotropic effects on
host cell signaling pathways. Better defining these pathways may suggest additional
mechanisms that impact antiviral activities.

DHODH inhibitors, including SW835 and brequinar, display potent antiviral activity /n vitro
but whether DHODH is a viable target /n vivo still remains to be fully evaluated. So far
attempts to use de novo pyrimidine inhibitors /n vivoto control virus infection have met with
only partial success (Bonavia et al., 2011; Cheung et al., 2017; Smee et al., 2012; Wang et
al., 2011). For example, DHODH inhibitor FA-613 protected 30% of mice from lethal
influenza A virus infection (Cheung et al., 2017). A77-1726, the active metabolite of the
DHODH inhibitor leflunomide, reduced symptoms in respiratory syncytial virus (RSV)-
infected mice, however, DHODH inhibitors administered intranasally to macaques did not
suppress RSV infection (Davis et al., 2007; Grandin et al., 2016). Another DHODH
inhibitor, NITD-982, active against dengue virus /n vitro failed to show efficacy in AG129
mice (Wang et al., 2011). Several factors have been suggested to work against the antiviral
activity of DHODH inhibitors /n vivo. These include replenishment/maintenance of
nucleotide pools in blood plasma which could feed the pyrimidine salvage pathway, thereby
compensating for inhibition of the de novo pyrimidine synthesis pathway. In addition, the
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immunosuppressive effects of DHODH inhibition may also affect the host ability to clear
virus infection. Therefore, additional research into /n vivo antiviral uses for DHODH
inhibitors is warranted. In terms of EBOV, additional studies include optimization of the
delivery route, dose and time of delivery of compound in appropriate animal models. In
addition, strategies that may improve antiviral efficacy can be explored. Previously, it was
shown that deletion of the pyrimidine metabolism enzyme UCK2 (uridine-cytidine kinase), a
critical enzyme in the pyrimidine salvage pathway, sensitized cells to GSK983 (Deans et al.,
2016). Further investigation is required to evaluate whether UCK2 inhibitors could work
synergistically with DHODH inhibitors to suppress RNA virus replication /n vivo.

Materials and Methods

Cell culture.

Human embryonic kidney 293T cells (HEK293T), Vero and human A549 cell lines were
obtained from ATCC and cultured in Dulbecco's modified Eagle medium (DMEM; Cellgro)
supplemented with 10% fetal bovine serum (FBS; Gibco), 100 ug/ml of streptomycin, and
100 units of penicillin (Invitrogen).

We generated stable HEK293T cell lines expressing ISRE and a firefly luciferase reporter
gene. To generate the cell lines, the HEK293T were transfected with an ISRE expression
plasmid from pGL4.45 (Promega) which consists of five copies of ISRE that drives
expression of a firefly reporter gene. The ISGs consist of this regulatory element in their
promoter sequences where transcription factors activated by IFN or virus infection can bind.
The transient transfections were performed using lipofectamine 2000. Two days post-
transfection, culture medium was removed and replaced by fresh media containing
hygromycin at 100 pug/ml concentration. Transfected cells were selected under hygromycin.
A total of 50 clonal cell populations were screened by treating with IFN and screening for
luciferase activity. A single ISRE-FF clone was selected for its optimal signal to background
ratio when stimulated with recombinant Universal type | interferon-alpha (ulFN) (PBL
Assay Science). The stable HEK 293T IFNP promoter-reporter cell line has been previously
described (Luthra et al., 2017b).

Plasmids and Antibodies.

Chemicals.

The plasmids for the HTS EBOV minigenome system have been previously described
(Edwards et al., 2015). The interferon antagonist plasmids encoding EBOV VP35, EBOV
VP24 and MARV VP40 were previously described (Feagins and Basler, 2014, 2015; Luthra
etal., 2017b; Xu et al., 2014). The ATM Sh plasmids are previously described (Luthra et al.,
2017a). The IRF1 and ATM antibody were purchased from Cell signaling. The GAPDH, -
tubulin, anti-HA and anti-FLAG antibodies were purchased from Sigma- Aldrich.

Brequinar and GSK983 were purchased from Sigma-Aldrich. SW835, SW032 and SW308
were synthesized in-house. All compounds were >95% pure as assessed by HPLC and
hydrogen-1 NMR (*H NMR) analysis. Uridine, cytidine and deoxycytidine were obtained
from Sigma-Aldrich. All compounds were diluted to a concentration of 20 mM in DMSO
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before use. ATM kinase inhibitor, Ku55933, was purchased from Sigma-Aldrich. ulFN and
IFN-B were purchased from PBL Assay Science.

Dose response for minigenome and toxicity assays.

The minigenome assay in 384 well format has been previously described (Edwards et al.,
2015; Luthra et al., 2017b). Briefly, HEK293T cells (7.5*10° cells) were transfected in T75
flasks using Lipofectamine 2000 (Invitrogen) with plasmids encoding NP (3.7 ug), VP30
(1.5 pg), VP35 (1.9 ug), L (7.5 pg), reporter minigenome plasmid (3 pg) along with T7
polymerase plasmid (3 ug). The following day, cells were trypsinzed and plated in 384 well
plates (2*10* cells/ 50 pl/well) using a Combi Reagent dispenser (Thermo Scientific). The
cells were allowed to rest for two hours, and compounds were added to reach the indicated
final concentrations (50 uM and lower in a 3-fold dilution series) in triplicate. Twenty-four
hours post-treatment, Renilla-Glo (Promega) substrate was added, and the luciferase signal
was read using an EnVision plate reader (PerkinElmer). The 50% inhibitory concentration
(ICsgp) values were calculated with Prism (GaphPad Software, La Jolla, CA) using a four-
parameter, nonlinear regression analysis.

For pyrimidine supplementation experiments, pyrimidine metabolite (uridine,
deoxycytidine) stocks were generated at 10 mM in distilled water and were further diluted in
DMEM to achieve the desired final concentrations.

To assess the cytotoxicity of the compounds, HEK293T, A549 or Vero cells (1*103 cells/
well) were plated in 384 well plates (white opaque Culture Plate, Perkin EImer). One hour
after plating, compounds were added to reach the indicated final concentrations (3 or 4-fold
dilution series) in triplicate. Twenty-four hours post-treatment CellTiter-Glo (Promega) was
added, and ATP content was determined by reading luminescence using an EnVision plate
reader (PerkinElmer). The 50% cytotoxicity concentration (CCsp) values were calculated
with Prism using a four-parameter, nonlinear regression analysis.

The firefly and Renilla luciferase based counterscreen assay was performed by transfecting
T7-driven pTML1 firefly plasmid (3 ug), pPCAGGS-T7 (3 ug) and pCAGGS-Renilla (3 ug) in
7.5*%108 HEK293T cells in T75 flask using Lipofectamine 2000. The next day cells were
seeded into 384 well plates using a multi-well dispenser and compounds were added at the
indicated final concentrations. 24h later, the luciferase activity was determined using Dual-
Glo reagent (Promega).

Effect of compounds on production of infectious EBOV.

A549 cells (2*10 cells/well) were plated in 24 well plates overnight, and the next day
compounds were added at different concentrations starting at 3 uM with 3-fold serial
dilutions. One-hour post-treatment, in the biosafety level 4 (BSL-4) conditions at the
Galveston National Laboratory, EBOV-GFP was added at an MOI of 2 and drugs were
added back to the cell culture medium and left on the cells for the course of the experiment.
Forty-eight hours later, the cell monolayers were observed using a fluorescent microscope
and supernatants were collected to determine virus titers using plaque assay.
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In a separate antiviral assay with EBOV-GFP, the HeL a cells were plated (4*103 cells/well)
in 25 pl of medium and grown overnight in 384 well tissue culture plates. The next day cells
were treated with compounds (starting at 25 pM with 2-fold serial dilutions) in triplicate to
yield a 16-point dose curve. Each well was infected in a BSL-4 laboratory at Texas
Biomedical Research Institute with EBOV-GFP to achieve a multiplicity of infection of
0.075-0.15. Cells were incubated with virus for 24h. The cells were then fixed by immersing
the plates in formalin overnight at 4°C. Fixed plates were decontaminated and brought to
BSL-2. Formalin was decanted from the plates and the plates were washed three times with
PBS. The plates with GFP encoding EBOV were stained for cell nuclei using Hoechst at
1:50,000 dilutions. Plates were imaged using Nikon Ti Eclipse automated microscope and
nuclei and infected cells were counted using Cell Profiler software.

VSV-GFP assay.

The VSV-GFP virus was kindly provided by Benjamin R. tenOever at the Icahn School of
Medicine at Mount Sinai. Vero cells (3*10* cells/well) were plated in 96 well plates
overnight, and the next day compounds were added at three-fold serial dilutions starting
from 50 uM. One-hour post-treatment, VSV-GFP was added at an MOI of 0.002 and
compounds were added back to media. Twenty-one hours post-infection the mean
fluorescence intensity (MFI) was measured using an EnVision plate reader. The nucleoside
supplementation assay was performed in A549 cells (2*10° cells/well) in 24 well plates. The
cells were treated with nucleosides (final concentration of 1 mM) with or without the
compounds (SW835 or brequinar used at 10 uM) for 8h followed by VSV-GFP infection at
MOI 0.1. After 1h of infection, cells were washed and fresh compounds and nucleosides
were replaced. The cell supernatants and TRIZOL samples were collected 16h post
infection. The virus titers were determined by plaque assay.

Zika virus assay.

Zika virus (ZIKV) African lineage (MR766) was obtained from ATCC. Vero cells (3*104
cells/well) were pretreated with various doses of compound (four-fold serial dilutions) for
one hour. The cells were infected with ZIKV at an MOI of 1 in the presence of compounds.
After 1h of infection, cells were washed and media with fresh compounds were added.
Forty-eight hours post infection, the cells were fixed with ice cold methanol, washed with
assay buffer (PBS with 2% nonfat milk and 0.1% Triton X-100) and incubated with anti-
flavivirus group antigen antibody (1:4000 dilution, clone D1-4G2-4-15, Sigma) for two
hours at room temperature. The cells were then washed three times with assay buffer and
incubated with anti-mouse HRP conjugated secondary antibody (1:4000 dilution, in assay
buffer) for one hour at room temperature. The cells were further washed three times with
assay buffer and then incubated with TMB substrate (100 pl) (Rockland Immunochemicals,
PA) for 30 minutes at room temperature. Absorbance was read at 650nm using EnVision
(Perkin Elmer) to determine the virus positive cells.

For nucleoside supplementation, A549 cells (2*10° cells/well), were plated in 24 well plates.
The cells were treated as described above for VSV assay and were infected with ZIKV at
MOI 1. The TRIZOL samples were collected 40h post infection.

Antiviral Res. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luthra et al.

Page 14

IRF1 siRNA assays.

IRF1 silencing was achieved with a siRNA targeting human IRF1 (Santa Cruz
Biotechnology, sc7506) or mouse IRF1 (Santa Cruz Biotechnology, sc35707). A scrambled
SiRNA was used as a control (Santa Cruz Biotechnology, sc37007). All the siRNA stocks
were at 10 uM and were diluted to 1 pM for transfections. The siRNA was transfected in
293T-ISRE-FF or MEFs cells using RNAiMax (Invitrogen). The reaction mix for each well
of a 96 well plate is described here. However a master mix was generated for transfecting
multiple wells. Briefly, 3.6 pl of sSiRNA (1 pM) were mixed with 26.4 ul of Opti-MEM
(Gibco-Invitrogen). The final siRNA concentration was 30 nM in 120 uK The transfection
reagent Lipofectamine RNAIMAX (0.2 pl was diluted in 29.8 pl of OPTI-MEM. The two
solutions were mixed together and were incubated for 20 minutes at room temperature. To
each well, 60 pl of the transfection mix was added followed by cells (6*103 cells/well in 60
pul resuspended in DMEM with 10% FBS without penicillin and streptomycin. The cells
were incubated for 48h at 37°C and 5% CO2. For studies in MEFs, cells were transfected
with reporter plasmids (ISRE-Firefly luciferase and constitutively expressed Renilla
luciferase) with Lipofectamine 2000 (Invitrogen) and then stimulated with compounds (10
UM) or recombinant ulFN at 100 Units/ml. For studies in 293T-ISRE-FF cells, the cells were
treated with (10 pM) compound. After 24h of culture in the presence of compounds, firefly
luciferase activity was determined using the Neolite reagent for 293T-ISRE-FF cells or
Dual-Glo (Promega) for assays in MEFs following manufacturer’s recommendations
(Promega).

The siRNA transfection in A549 cells was performed in 24 well plates as described above
using 5*10% cells/well in 500 ul. The final SIRNA concentration was used at 30 nM. The
following day, cells were treated with compounds (10 uM) for 8h followed by infection with
VSV at MOI 0.01. The supernatants were collected and TRIZOL was added to cells for
RNA isolation at 16h post-infection. The virus titers were determined by plaque assay.

Quantitative RT-PCR.

Cells were plated in 24 well plates (2*10° cells/well). Twenty-four hours later, cells were
treated with drugs, drugs with nucleotides, or virus infected. The cells were collected at the
indicated time points and RNA was isolated with TRIZOL reagent (Sigma) according to
manufacturer’s protocol. The isolated RNA was also subjected to DNase treatment using
Ambion DNA-free DNase Treatment and Removal Reagents.

A two-step gRT-PCR (Tagman technology, Applied Biosystems) was performed to measure
transcription levels for genes of interest. Expression levels of a housekeeping gene, B-actin,
was determined and used as an internal reference control. One microgram of total RNA was
subjected to cDNA synthesis using oligo(dT) using the SuperScript Il first strand cDNA
Synthesis Kit following manufacturer’s recommendations (Life Technologies). Quantitative
PCR reactions were performed using SYBR green Fast (Applied Biosystems) on a Biorad
Real-Time PCR machine. Results were normalized using expression levels of g-actin. For
quantitation of gene expression, real-time PCR with the 2-2ACT method was used in a total
of 20 pl per well with 1:10-fold-diluted cDNA.
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Interferon and ISRE luciferase assays.

Stable HEK293T cells with IFN-B promoter-firefly luciferase or ISRE promoter-firefly
luciferase (2*10% cells/well in 96 well format) were treated with compounds at 10 pM
concentration or Sendai virus infected (100 heamagglutinating units) or treated with ulFN
(100 Units/ml). Luciferase activity was determined 20h post treatment using Neolite (Perkin
Elmer). For the reporter assays in MEFs, the cells (1.5*10° cells/well in 24 well format)
were transfected with an ISRE-firefly luciferase reporter plasmid (pGL4.1, 200 ng/well) and
a constitutively expressed Renilflaluciferase reporter (pRL-TK, 50ng/well) plasmid with
Lipofectamine 2000. The next day, the cells were treated with compounds or ulFN (100
units/ml). 20h post treatment, the luciferase activity was determined using the Dual
Luciferase kit (Promega). For the ISRE-luciferase assays performed in the presence of ATM
kinase inhibitor (Ku55933), 2*10° cells/well in 96 well format were plated and the next day
treated with ATM kinase inhibitor (10 pM) for 1h. The cells were then treated with DMSO,
SW835 (10 uM), brequinar (10 pM) or ulFN (100 Units/ml). Firefly luciferase activity was
determined 20h post compound addition using Neolite (Perkin Elmer).

For ISRE-luciferase assays performed with knockdown of ATM, cells were transfected with
100ng of control shRNA or ATM-specific ShRNA plasmids in 96 well luminometer plates
with 1*10% cells/well. The next day, the cells were treated with DMSO, SW835 (10 uM),
brequinar (10 uM) or ulFN (100 Units/ml). 24h post compound addition, firefly luciferase
activity was determined using Neolite reagent (Perkin Elmer). The knockdown of ATM was
determined by Western blotting using anti-ATM antibody (Cell Signaling).
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Highlights

. An amino-tetrahydrocarbazole compound SW835 Ebola virus, vesicular
stomatitis virus and Zika virus replication.

. SW835 is the racemic form of GSK983.

. SW835 depletes pyrimidines and induces interferon stimulated genes (1SGSs).

. ISG induction occurs through activation of kinase ATM and transcription
factor IRF-1.

. SW835 induction of ISGs subverts Ebola virus innate immune evasion
mechanisms.
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Figure 1. GSK983 and SW835 are potent inhibitors of Ebola minigenome activity.
The Ebola MG assay and cell toxicity in the presence of varying concentrations of (A)

SW407, (B) SW835, (C) GSK983, (D) SW032 and (E) SW308. F. The effect of SW835 on

the counter screen assay for which the readout is firefly and Renilla luciferase expression
from a T7 promoter and an RNA polymerase Il promoter, respectively. G. Ebola MG assay
activity and cell toxicity of brequinar.
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Figure 2. GSK983 and SW835 are potent inhibitors of EBOV replication.
A. Anti-EBOV effects of GSK983 and its enantiomers and SW835. A549 cells were

pretreated with compound at the indicated concentrations, infected with EBOV-GFP at an
MOI of 2 and two days post-infection culture supernatants were collected, and virus titers
were determined by plaque assay. The graphs represent the mean and standard deviation of
triplicates. B. Viability of A549 cells treated with indicated compounds 72h post treatment.
C. Antiviral activity of brequinar against EBOV-GFP in A549 cells assessed as in panel A.
D. Cell viability of brequinar in A549 cells assessed as in panel B. E. The anti-EBOV
activity of the compounds in HeLa cells as determined by using EBOV-GFP virus. Percent
infectivity was determined by quantification of fluorescence intensities by measuring GFP.
The DMSO treated sample to 100%. F. Cell viability was determined in the presence of the
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indicated compounds in HelLa cells at 24h post-treatment. The cells were fixed, and nuclei
were stained with Hoechst stain and were quantified using Cell Profiler software. DMSO
treated cells were set at 100%.
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Figure 3. SW835 and brequinar are potent inhibitors of VSV and ZIKV replication.
A. The antiviral activity of SW835 was measured in Vero cells against VSV-GFP. The cells

were pretreated with 3-fold serial dilutions starting at 50 uM for 1h, and then infected with
VSV-GFP at an MOI of 0.002. Infectivity was determined by quantifying GFP expression in
96 well plates at 21h post-infection. The y-axis represents percent mean fluorescence
activity as determined by normalizing to the mock-treated, VSV-GFP infected samples. B.
Antiviral activity of SW385 against ZIKV. Vero cells were treated with compound at four-
fold serial dilutions with concentration starting from 1 uM. The cells were infected with
ZIKV at MOI=1. ZIKV protein production was quantified using antibody staining (pan-
flavivirus antibody, 4G2) via a colorimetric assay at 48h post-infection by measuring
absorbance at 650nm. The DMSO treated infected sample is set at 100% activity. C.
Antiviral activity of brequinar against VSV-GFP virus. D. Antiviral activity of brequinar
against ZIKV. Data represent the mean and standard deviation of triplicates for A-D.
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Figure 4. Deoxycytidine reverses growth inhibition of SW835 without affecting its antiviral

activity.

A and B. HEK?293T cells were transfected in bulk in a T75 flask with the MG complex

plasmids. The next day, cells (1*10°) were plated in 96 well plates and treated with DMSO

or 1 uM SW835 in the presence of the indicated concentrations of (A) uridine and (B)
deoxcytidine. MG activity was measured at 24h post drug treatment. In parallel, cell

viability was determined. C. Effect of SW835 (3 uM) on replication of EBOV-GFP (MOl 2)
in A549 cells in the presence of 1 mM uridine or 1 mM deoxycytidine at 48 post infection.
D. Effect of SW835 on VSV-GFP replication with pyrimidine supplementation. The A549

Antiviral Res. Author manuscript; available in PMC 2019 October 01.

(uz2) Mgeip %



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luthra et al.

Page 26

cells were pretreated with SW835 (10 uM) for 8h with or without exogenously added
nucleosides. The cells were infected with VSV-GFP at an MOI of 0.1 and further incubated
with drugs for another 16h. The cell supernatants were collected, and viral titers were
determined by plaque assay. E. Effect of brequinar (3 uM) on the replication of EBOV-GFP.
G. Effect of brequinar (10 uM) on the replication of VSV-GFP. F. Effect of uridine and
deoxycytidine on SW835 or brequinar-induced growth inhibition in A549 cells. Cell
viability was determined following 72h treatment with no exogenous pyrimidines (control),
1 mM uridine or ImM deoxycytidine at the indicated concentrations of SW835. Error bars
represent the standard deviation for triplicates in A-F.
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Figure 5. SW835 induced ISG expression depends on pyrimidine depletion.
Stable HEK293T-1FNB-FF (A) or ISRE-FF (B) cell lines were plated in 384 well plates. In

each case, the cells were allowed to rest for 2h and then treated with DMSO or the indicated
amounts of SW835 or brequinar. SeV infection and ulFN (100 units/ml) served as controls.
Error bars represent the standard deviation for four replicates. The p-value was determined
by one-way ANOVA with Tukey’s test for multiple comparison, *** p< 0.0001. C. The
ISG54, 1ISG56 and MX1 mRNA expression in A549 cells 24h after DMSO, ulFN (100
Units) or SW835 (10uM) addition. D. Stable HEK293T ISRE-FF cells were plated into 96
well plates, treated with compound (10 uM) in the presence or absence of the indicated
pyrimidines at ImM. Luciferase activity was measured at 24h post treatment. E. The
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endogenous expression of mMRNAs for (E) ISG54 and (F) ISG56 in A549 cells after 24h
treatment with the DMSO, SW835 or brequinar at 3 UM in the presence or absence of
uridine or deoxycytidine at 24h post treatment. Error bars represent the standard deviation
for triplicates in A and B-F.
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Figure 6. SW835 ISG induction contributes to antiviral activity.
A. A549 were treated with compounds in presence or absence of nucleosides and infected

with EBOV-GFP as described in Figure 4C. EBOV NP (eNP) (A) and 1SG54 (B) mRNA
levels were measured by quantitative real-time RT-PCR (gQRT-PCR) 48h post infection.
Alternatively, cells were treated with compound and infected with VSV-GFP as described in
Figure 4D. The VSV-N (C) and ISG54 (D) mRNA levels were determined at 16h post-
infection. Finally, A549 cells were infected with ZIKV (MOI 1) with similar treatment of
compounds and pyrimidines as described in Figure 4D. ZIKV RNA or ISG54 mRNA levels
were measured at 40h post-infection. Primers specific to the 5’UTR of the viral genome was
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used to assess viral RNA levels (E) and an 1ISG54 specific primer was used to assess ISG
induction (F). Error bars represent the standard deviation for triplicates in A-F.
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Figure 7. SW835 induces ISGs independently of virus infection or IFN production.
A. ISRE activation by SW835 is not suppressed by filovirus interferon antagonists. The

stable HEK293T-ISRE-FF cells were transfected with plasmids expressing HA-tagged
EBOV VP35 (eVP35), EBOV VP24 (eVP24) or MARV VP40 (mVP40) (50 or 500ng of
expression plasmid was transfected, as indicated). The next day cells were treated with
DMSO, SW835, brequinar or ulFN. 20h post-treatment luciferase activity was determined.
The “ns’ indicate the values were not significantly different from vector transfected
conditions. The p-value was determined by one-way ANOVA with Tukey’s test for multiple
comparison, * p< 0.02. Western blotting was performed to detect the expression of eVP35,
eVP24 and mVP40 (at 50 and 500ng) using anti-HA antibody. B. The MEF-wt or IFNAR
knockout cells were transfected with ISRE and Renilla reporter plasmids. The next day cells
were treated with DMSO, SW835, brequinar or ulFN. 20h later, the luciferase activity was
determined. Error bars represent the standard deviation for triplicates in A-B. P-value was
determined by one-way ANOVA with Tukey’s test for multiple comparison. ** p< 0.001 and
“ns” is not significant.
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Figure 8. IRF1 contributes to the antiviral activity of SW835.
A. Stable HEK293T-ISRE-FF cells were transfected with an siRNA targeting IRF1 or a

scrambled siRNA. 48h later the cells were treated with SW835 or brequinar (10 uM).
Luciferase activity was determined at 20h post treatment. Western blot shows the
knockdown of IRF1 expression using IRF1 specific antibody. B. The MEF wt, IFNAR
knockout or STAT?2 knockout cells were transfected with siRNA targeting IRF1 or
scrambled siRNA. 48h post transfection cells were additionally transfected with ISRE-firefly
and Renillareporter plasmids. The next day, cells were treated with compounds at 10 pM.
20h post-treatment luciferase activity was measured. The IRF1 knockdown significantly
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decreased ISRE luciferase activity upon compound treatment. The p-value was determined
by one-way ANOVA with Tukey’s test for multiple comparison; *** p< 0.0001. C. Antiviral
activity of SW835 against VSV-GFP infected at MOI of 0.01 in IRF1 knockdown A549
cells. The virus titers were determined by plaque assay. IRF1 expression was detected by
using anti-IRF1 antibody and anti-GAPDH served as loading control. D. Endogenous
expression of 1ISG54 was determined by gRT-PCR from RNA isolated from cells infected
with VSV-GFP described in Panel C.
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Figure 9. ATM regulates IRF1 levels upon nucleoside depletion by DHODH inhibitors.
A. Stable ISRE-FF cells were treated with ATM Kinase inhibitor (10 uM) 1h prior to

addition of DMSO, SW835 (10 pM), brequinar (10 uM) of ulFN. 20h post treatment,
luciferase activity was determined. B. Stable ISRE-FF cells were transfected with control or
ATM shRNA plasmids and the following day treated with DMSO, SW835 (10 uM),
brequinar (10 pM) or universal IFN alpha (ulFN, 100 units/ml). 20h post treatment,
luciferase activity was determined. The knockdown of ATM was evaluated by Western
blotting using anti-ATM antibody. C. Expression level of IRF1 was determined by Western
blotting of HEK293T cells treated with ATM Kinase inhibitor and either SW835, brequinar
or ulFN. The ATM Kinase treatment and ATM knockdown significantly decreased ISRE
luciferase activity upon compound treatment. The p-value was determined by one-way
ANOVA with Tukey’s test for multiple comparison; *** p< 0.0001.
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Figure 10. A proposed model of the antiviral mechanisms of DHODH inhibitors against RNA
viruses.

DHODNH is a critical enzyme for de novo pyrimidine biosynthesis mediating oxidation of
dihydroorotate to orotate. SW835 or other DHODH inhibitors impair the enzymatic activity
of DHODH, blocking de novo pyrimidine biosynthesis. This results in the depletion of
deoxynucleosides and ribonucleosides, affecting both cell proliferation and RNA virus
replication. Depletion of pyrimidine pools also triggers a cellular antiviral response likely
through its effect on cellular DNA. This leads to the activation of ATM which induces the
expression of IRF1. IRF1 induces ISG expression contributing to inhibition of virus
replication.
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Activities and cytotoxicity of amino-tetrahydrocarbazole compounds identified in the original minigenome
assay screen when tested at 5 pM.
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