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ABSTRACT

Infection by RNA viruses such as human immunodeficy virus (HIV)-1, influenza, and dengue
virus (DENV) represent a major burden for humanltheavorldwide. Although RNA viruses
replicate in the infected host cell cytoplasm, thueleus is central to key stages of the infectious
cycle of HIV-1 and Influenza, and an important &rgf DENV nonstructural protein 5 (NS5) in
limiting the host antiviral response. We previouglgntified the small molecule ivermectin as an
inhibitor of HIV-1 integrase nuclear entry, subseqtly showing ivermectin could inhibit DENV
NS5 nuclear import, as well as limit infection biyuses such as HIV-1 and DENV. We show here
that ivermectin’s broad spectrum antiviral activiglates to its ability to target the host importin
(IMP) a/B1 nuclear transport proteins responsible for nuokedry of cargoes such as integrase and
NS5 We establish for the first time that ivermectinncdissociate the preformed IMPB1
heterodimer, as well as prevent its formation, wgfobinding to the IMB armadillo (ARM) repeat
domain to impact IME thermal stability and-helicity. We show that ivermectin inhibits NS5-IMP
interaction in a cell context using quantitativenblecular fluorescence complementation. Finally,
we show for the first time that ivermectin can linmfection by the DENV-related West Nile virus at
low (LM) concentrations. Since it is FDA approved parasitic indications, ivermectin merits closer

consideration as a broad spectrum antiviral ofr@se
1. Introduction

Infection by RNA viruses such as human immunodeficy virus (HIV)-1, influenza, and dengue
virus (DENV) represents a major burden for humaaltheworldwide. In 2017, for example, there
were almost 37 million people living with HIV-1, thi close to 1 million deaths for AIDS related
disease (Ortblad et al., 2013; GBD 2015 HIV Collabors, 2016; WHO, 2018). Respiratory
diseases from seasonal influenza is associatedupitio 650,000 deaths annually (Nair et al., 2011;
WHO, 2018), while c. 70% of the world’s populatimnover 120 countries is currently threatened by
flaviviral infection, with an estimated 100 millicsymptomatic DENV infections and up to 25,000
deaths each year (Brady et al., 2012; Bhatt eR@l 3). Viruses remain the least well understood of
human pathogens, the patent lack of knowledge weiipect to pathogenic mechanisms and host-
parasite interactions being highlighted by the gainkack of effective drugs against viruses and
limited success in developing vaccines. Problenth vaspect to antiviral therapeutics include high
cost of production, limitations in availability, @@ high prevalence of resistance e.g. among patien
receiving antiretroviral drugs (GBD 2015 HIV Coltaiators, 2016).
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Antivirals that can limit infection by a broad spreen of different viruses generally need to be host
directed, i.e. they need to target a host factoction required for infection by disparate viruses.
Although RNA viruses do not replicate in the inegtthost cell nucleus, the nucleus is central to key
stages of the infectious cycle of HIV-1 and inflaan(Caly et al., 2012), and a key target of other
RNA viruses such as DENV and West Nile Virus (WNWhere nuclear targeting of nonstructural
protein 5 (NS5) is central to limiting the host iginal response; specific inhibitors or mutations
preventing NS5 nuclear import significantly limitws production (Pryor et al., 2007; Wagstaff et al
2012; Tay et al., 2013; Fraser et al., 2014; Lopemnman et al., 2018; see Martin and Jans, 2018).
NS5’s role in the host nucleus appears to be tpregg the host antiviral response (Medin et al.,
2005; Pryor et al., 2007; Rawlinson et al., 2009part through effects on mRNA splicing (de Maio
et al., 2016), and potentially through effects ohraiclear bodies/immune signalling (Ng et al. 2019;
Giovannoni et al., 2019; see Tan et al., 2019). dllear implication is that viral protein nuclear

access has important potential as a target foapeitic intervention.

We originally identified the small molecule iverniecas an inhibitor of recognition of HIV-1
integrase (IN) by the importin (IMRY/B1 heterodimer responsible for IN nuclear import (Ataff

et al., 2011), subsequently establishing ivermé&cttility to inhibit integrase nuclear import and
HIV-1 replication (Wagstaff et al., 2012). Althougtther actions of ivermectin have reported,
including those targeting DENV NS3 helicase (Masgeo et al., 2012), ivermectin has been clearly
shown to inhibit nuclear import of host (eg. Kosyataal., 2015; van der Watt et al., 2016) and viral
proteins, including simian virus SV40 large tumamtigen (T-ag) and DENV NS5. Importantly, it
has been demonstrated to limit infection by a nunabeviruses, including HIV-1, DENV serotypes
1-4, and influenza (Wagstaff et al., 2012; Taylet2013; Lundberg et al., 2013; Goetz et al., 2016
Atkinson et al., 2018; Shechter et al., 2018), witis broad spectrum activity believed to be due to
the reliance by many different RNA viruses on Itd@1 during infection (Caly et al, 2012; Jans et al.,
2019).

Here we characterise the mechanism of action afreetin for the first time, establishing that it is
able to bind to the IM& armadillo (ARM) repeat domain, leading to effects IMPo thermal
stability and a-helicity that prevent binding to IMHA. Importantly, ivermectin is also able to
dissociate preformed IMIP31 heterodimer, and we use quantitative bimolecdllaorescence

complementation to show that this inhibits NS5-MRteraction in a cell context. Finally, we show
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that ivermectin has strong antiviral activity agdithe DENV-related WNV (Ef of < 1 uM), as
well as Zika virus (ZIKV) (Asian/Cook Islands/20H4rain). With its established safety profile for
human use (Jans et al., 2019; Gonzales Canga 2088; Munoz et al., 2018), ivermectin represents
an exciting possibility as a broad spectrum ardlyparticularly for flaviviruses.

2. Results
2.1 Ivermectin inhibits binding of IMPa to IMPA1 and dissociates the IMPa/f1 heter odimer

We previously identified ivermectin as an inhibitfrHIV-1 IN-IMPa/B1 interaction, subsequently
showing inhibition of IMR/p binding to SV40 T-ag (Wagstaff et al., 2011), adlvas DENV2 NS5
(Wagstaff et al., 2011, 2012), with a half maxinmdibitory concentration (I1€z) of c. 2 uM (Supp.
Fig. 1, Table 1); we also showed it could block Nfsglear localisation in DENV-infected cells (Tay
et al., 2013). Since ivermectin appears to inhifiPa/B1 interactions generally, rather than being
specific to a particular viral protein, we hypotisesl that ivermectin may target the IMPB1
heterodimer. To investigate this formally, we iallty tested for the first time whether ivermectin
could inhibit binding of recombinant IMPto IMPB1 using an established ALPHAscreen binding
assay. Strikingly, ivermectin was not only ablentoibit IMPa-IMPB1 interaction (IG, of 6 uM), but
was also capable of dissociating preformed #fR heterodimer (I value of c. 6.5 uM; Fig. 1A,
Table 1). The clear implication was that iverméestimpact on IMRE/B1 recognition of viral and
other proteins is through dissociating the hetenedi itself/preventing its formation. The control
molecule budenoside, previously reported to be exiip inhibitor of HIV-1 IN recognition by
IMPa/B1, as well as IN nuclear import (Wagstaff et aD18), was tested in parallel, but did not
inhibit the IMRy-IMP1 interaction or dissociate the IMB1 heterodimer (Fig. 1A), consistent with
the idea that budenoside targets IN directly, rathan the IMB/B1l heterodimer (Wagstaff et al.,
2011. 2018).

These results were confirmed using sedimentatidacitg analytical ultracentrifugation (AUC)
(Yang et al., 2019) (Fig. 1B; see also Supp. Fjglr2the absence of ivermectin, IMPIMPB1 as
well as the IMRB/B1 heterodimer all sediment as single species wettingentation coefficients
(s20w) Of 3.5, 5.3 and 6.7S respectively (Fig. 1B; sep® Table 1) [26]. When the IM#1
heterodimer was incubated with 12:81 ivermectin, a clear increase in the ratio of fibHa to
IMPa/B1l was observed (Fig. 1B), consistent with dissemmnabf the heterodimer; this ratio was
further increased at 50M ivermectin (Fig. 1B). Budenoside had no such @fien the IMR/B1
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heterodimer (Fig. 1B, bottom). Taken together, thsults were consistent with the idea that

ivermectin can dissociate the IMMB heterodimer.

2.2 Ivermectin binds to the IMPa ARM repeat domain with effects on thermostability

To confirm direct binding of ivermectin to IMP an@termine whether the compound interacts with
IMPa or IMPB1, we tested the effect of ivermectin binding on IMPMPAAIBB (a truncated form

of IMPa consisting of ARM repeats, but lacking the auttitbry IMPB1-binding domain) and
IMPB1 in thermostability assays (Yang et al., 2019). gkbteins showed thermostability maxima
between 40 and 46, as previously (Yang et al., 2019); strikinglye tthermostability of IME and
IMPaAIBB but not IMB31 was markedly decreased in the presence of caatens of ivermectin >
70 uM, with unfolding evident at temperatures as lowea35C (Fig. 2A left panel). Underlining the
specificity of the results was the lack of effettv@rmectin on the RNA dependent RNA polymerase
domain (RdRp) from ZIKV or DENV, consistent withckaof binding to either of these proteins (Fig.
2A, bottom left panel). Similarly, the NS5 targetiagent 4-HPRN-(4-hydroxyphenyl) retinamide)
had no effect on the thermostability of IMEBB (Fig. 2A, top right panel), consistent with kaof
binding to IMRy; this was in stark contrast to its destabilisifige on DENV RdRp (Fig. 2A, top
right panel; see also Yang et al., 2019). The dlepfication is that ivermectin binds IMRlirectly,
most likely within the ARM repeat domain, to impdetPa structure.

Far-UV circular dichroism (CD) spectroscopy wasf@ened to confirm the structural changes
induced by ivermectin binding to IMPand IMRIAIBB. The CD spectra for IM& and IMRYAIBB
displayed double minima at 208 and 222 nm (Supp.3)i consistent with IM&#s predominantlya-
helical structure (Kobe, 1999; Yang et al., 20101 showed comparable spectra (minima at 210
and 220 nm). Ivermectin reduced telical content of both IM& and IMRXAIBB by c. 15 %, but
had no effect on IMP1 (Fig. 2B; Supp. Fig. 3A-C; Supp. Table 2). Inrksteontrast, both the control
molecules 4-HPR and budenoside had no such efegip( Fig. 3D-I; Supp. Table 2). The results
overall are consistent with the idea that ivernmecan bind directly to the ARM repeat domain of
IMPa to alter structure/conformation; presumably tlépresents the basis for inhibited binding to
IMPB1.

2.3 Ivermectin can prevent IMPa-NSb binding in a cellular context
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The above results indicate that ivermectin actdibging to IMRx to impact its conformation and
thereby prevent its ability to bind nuclear impoargoes. As a first step to confirm this in a daliu
context for DENV NS5, we exploited the bimoleculimorescence complementation (BiFc)
experimental approach that is based on reconsififienus protein fluorescence through specific
protein-protein interaction bringing the Venus Matenal (VN-) and C-terminal (VC-) fragments into
close proximity (Kodama et al., 2010). The BiFctegs enables detection of interactions with
minimal perturbance to the cells, requires no aggioms about the accessibility of the complex to
extrinsic fluorophores, and is sufficiently sengtto enable analysis of interactions between prete
expressed at levels comparable to endogenous msafi€erppola et al., 2008). Importantly, BiFC
analysis allows the detection of interactions timaty involve only a subpopulation of a particular

protein (such as IM#&), which can specifically interact with many ceflulproteins (Hu et al., 2002).

Specific interaction between binding partners ie 8ystem result in a robust fluorescent signal
through reconstituted Venus, whereas lack of ictera results in a low signal; results illustrating
this for the control Fos-Jun interacting pair (Pateal., 1994) are shown in Supp. Fig. 4, where
robust signal is evident for full length Fos, bt for Fos lacking the bZIP domain responsible for
binding (Supp. Fig. 4A). Quantitative analysis floe specific nuclear fluorescence (nuclei iderdifie
by Hoechst staining - see Methods section) confismgmificantly (p < 0.0001) 5-fold reduced
interaction in the absence of the bZIP domain (S&pp 4A).

We next generated expression constructs in the 8ystem for NS5, together with those for IMP
and IMRIAIBB (see Methods section). We also generated amti@olal NLS-containing control
construct encoding 4 tandem copies of SV40 T-agnanacids 111-135, including the well-
characterised NLS (amino acids 126-132) (Huebneaxl.etl997; Xiao et al., 1997). NS5, like the
AXNLS control, showed robust interaction with Ikifh the system (Fig. 3A, top row of panels), as
well as with IMRXAIBB (Fig. 3A, third row of panels), consistent witiLS recognition in the
cellular context. To test the ability of ivermectm perturb NLS recognition by IMPin a cellular
context, we treated cells in parallel with ivermiecbvernight, and then imaged the next day.
lvermectin treatment resulted in greatly reducedlear fluorescence in the case of NS5 and the
4AXNLS construct with both IM& and IMRIAIBB (Fig. 3A, 2% and 4" rows of panels). All results
were confirmed by quantitative analysis, revealisignificantly (p < 0.01) 60-80% reduced
interaction upon overnight incubation with ivermedh the case of NS5 (Fig. 3B, right); analysis fo
AXNLS was comparable, with significantly (p < 0.030-40% reduced interaction induced by
ivermectin (Fig. 3B left). Parallel experiments gpuFig. 4B) for the Fos-Jun control pair showed a

lack of inhibition of interaction, consistent withe specificity of the effect of ivermectin for IMP
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interactions. Results overall indicate that ivertimess able to inhibit recognition by IMPof NLS-

containing proteins such as NS5 in a cell context.
2.4 lvermectin can inhibit WNV, aswell as DENV and ZIKV

We previously showed that ivermectin limits infectiby all four serotypes of DENV (Wagstaff et
al., 2012; Tay et al., 2013), while other studiaply that infection by several strains of ZIKV may
also be limited by ivermectin (eg. see Barrows lgt2016). We decided to test efficacy towards
WNV by examining ivermectin’s ability to inhibit faction by WNV (Kunjin; MRM61C strain); in
parallel we tested ivermectin’s ability to limitfection by ZIKV (Asian/Cook Islands/2014, a strain
not previously tested for ivermectin sensitivitgy well as DENV-2 (New Guinea C; M29095, Yang
et al., 2019) as a control. Vero cells were infda@ean MOI of 1, followed 2h later by the additioin
increasing concentrations of ivermectin. 22h lateg]l supernatant was harvested and virus

production quantified by plaque assays and RT-qBa&Rysis.

The results show clearly that ivermectin is a pbtehibitor of WNV, with EG, values of 0.84M
(Fig. 4, left panels; see Table 2) for both infees virus production (plague assay) and viral
replication (RT-gPCR). ZIKV (Asian/Cook Islands/2)1showed comparable results (Fig. 4, centre
panels; see Table 2), with Elralues of 1-2uM, confirming that ivermectin is also able to inihib
this strain of ZIKV. These results for WNV and ZIKiWere very similar to those for DENV2 (New
Guinea C) (EGp values of c. 0.%uM; see Fig. 4, right panels); that ivermectin i$ agtotoxic at the
concentrations used here has been documentedumben of studies (Wagstaff et al., 2011, 2012;
Tay et al., 2013). Finally, we confirmed IC50 arsgdyin the human disease-relevant peripheral blood
mononuclear cell system (Supp. Fig. 5; Fraser.e8l4), results (IC50 values of 14B/1) again
underlining ivermectin’s antiviral efficacy towartisese viruses. Clearly, ivermectin is efficaciaus
limiting infection by a range of different flaviwises, including WNV; since it is FDA approved and
has an established safety profile in humans, ivetiméhus appears to be an interesting possiliity

treat flaviviral disease, where there are currentiftherapeutic alternatives.
3. Discussion

Insect-borne, flavivirus infections continue toeriworldwide, meaning that antivirals able to lithié

growth of viruses such as DENV, ZIKV and WNV argemtly needed; ivermectin, first identified as
a nuclear transport inhibitor by high throughputesaing in 2011 (Wagstaff et al., 2011), is of
considerable interest in this context in being d@blémit infection by WNV, as shown here for the
first time, as well as ZIKV and DENV (Fig. 4). Alllagh ivermectin clearly has multiple effects on
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eukaryotic cells as well as DENV proteins (Masteloget al., 2012; Kosyna et al., 2015; Van der
Watt et al., 2016), the present study clearly distadss for the first time that targets IMRlirectly to
alter its conformation and prevent interaction WMPB1, and thus block NLS recognition/nuclear
targeting of DENV and ZIKV NS5, as well as hosttginos (Kosyna et al., 2015). This adds to a
growing body of literature documenting the vialyilaf targeting viral protein nuclear import as a
means to inhibit a range of viruses (Caly et alLl20Nagstaff et al., 2012, 2018; Tay et al., 2013;
Lundberg et al., 2013; Fraser et al., 2014; Wanagl.e017; Shechter et al., 2017; Atkinson et al.,
2018; Lopez-Denman et al., 2018; Thomas et al.326&e Jans et al., 2019; Yang et al., 2019). In
the case of flaviviruses in particular, three dinally distinct inhibitors — ivermectin, 4-HPR and
GW5074 (see Yang et al., 2019) - have been desktiibesome detail with respect to mechanism of
action, all of which inhibit nuclear accumulatioh NS5 in infected cells, and concomitantly limit
flavivirus replication. As shown here using a ramdadifferent approaches, ivermectin targets the
host factor IMR, direct binding altering IM& conformation to prevent interaction with I\dPP and
hence NLS recognition, in a cellular context (F3y, and thereby inhibit NS5 nuclear import, in
analogous fashion to 4-HPR which prevents NS5 mndargeting through IM&B1 by binding
selectively to NS5 itself (Fraser et al.,, 2014)gdfe 5 summarises the different ways known
inhibitors such as ivermectin and 4-HPR can bloS86NMPu/B1 interaction to prevent NS5 nuclear
translocation and its subsequent impact on theieatresponse/host mRNA splicireic. (Medin et

al., 2005; Pryor et al., 2007; Rawlinson et alQ2@De Maio et al., 2016; Giovannoni et al. 2019; N
et al.,, 2019). It should also be stressed thattiatdl effects (not shown in Fig. 5) on host cell
nuclear import (eg. Kosyna et al., 2015) and oftv&rcesses (van der Watt et al., 2016) likely
contribute to the antiviral action of ivermectim¢alikely GW5074). Despite the potential for toxyci
arising from effects on host processes (van det ¥atl., 2016), ivermectin has been shown to have
an established safety profile for human use (ses daal., 2019), with existing pharmacokineticadat
implying that concentrations of ivermectin suitaltte limit flaviviruses could well be achievable
without adverse-side effects using oral adminiginaeg. Guzzo et al., 2002; Gonzales Canga et al.,
2008; Munoz et al., 2018). The fact that it is FBgproved for parasitic infections (Gonzales Canga
et al., 2008) makes it a particularly exciting pbsity as a broad-spectrum antiviral for flavivees,

as indicated by the fact that it is the focus & Bhase II/lll trial currently recruiting in Thaild for
DENV (NCT03432442). Further, it is also efficaciansinhibiting DENV replication in mosquitoes
(see Xu et al., 2018).
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The fact that ivermectin binding to the ARM repelimain of IMRy not only inhibits IMF
recognition of nuclear targeting sequences throinghARM domain, but also binding to INSP
mediated by the distinct N-terminal IBB domain bfRa, is intriguing, these results being similar to
those for the recently described inhibitor GW50Y4r(g et al, 2019), which although quite distinct
in terms of structure, appears to have severalgptiegs in common with ivermectin. lvermectin
binding impacts IMB thermostability and--helicity, implying that it limits the inherent #bility of

the ARM repeat domain (Vihinen, 1987), thereby prding binding to IMB1/NS5 etc.; protein
flexibility (Alvarez-Garcia and Barril, 2014) is key factor in enabling proteins such as paP
(Zachariae and Grubmuller, 2008) to bind to muitipinding partners, including diverse transport
cargoes, as well as IMPthrough its IBB domain, RanGTP and the hydrophaiejgeats of the

nucleoporins that make up the nuclear pore.

The ability of ivermectin to inhibit IME-NLS binding in a cellular context, is shown heoe the
first time using the BiFc system (Fig. 3). The tesshow that not only can the IMPNLS (and
IMPaAIBB-NLS) interaction be detected and quantifiedaitiving cell, but also inhibited using a
small molecule such as ivermectin. BiFc thus lo@a®is powerful system to analyse inhibitor effects
in a cellular context, and conceivably has potérfba development in the future as an assay to
perform HTS for inhibitors of protein-protein iné&tionin situ in the living cell. This is an exciting

possibility, meriting further investigation in tieture.

In conclusion, the results here underline the Vitgbof targeting viral protein nuclear transpod t
have an antiviral effect. In particular, our studghlights IMRy, and the IMIB/B1 binding interface,
as robust candidate targets for the developmeant¥irals (see also Yang et al., 2019; Jans et al.
2019). Detailed crystallographic structures of tairs such as ivermectin with INdRn the future
will be an important priority to inform the therape development of agents that can inhibit viral
protein nuclear import, and yet have limited impathost function, and circumvent issues of drug

resistance. This remains a focus of future worthis laboratory.
4. Methods

4.1. Inhibitors
Ivermectin and budenoside were purchased from Sijlshach andN-(4-hydroxyphenyl) retinamide

(4-HPR) from Tocris Bioscience.

4.2. Cell culture and virus propagation
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Cells of the Vero African green monkey kidney aBHK-21 Baby hamster kidney linesere
maintained in Dulbecco’s modified eagle serum (DMEMedia supplemented with 10% heat-
inactivated FBS at 37°C in a humidified incubatopglemented with 5% CQWagstaff et al., 2012;
Fraser et al., 2014). C6/3%&des albopictus cells were maintained in Basal Medium Eagle (BME)
media supplemented with 10% heat-inactivated FBBBT in a humidified incubator supplemented
with 5% CQ (Fraser et al., 2014). Viral stocks of DENV-2 (NéBuinea C; M29095) were
propagated in C6/36 cells, and ZIKV (Asian/Coolatgls/2014) and WNV (MRM61C) in Vero cells

as previously (Yang et al., 2019); cells at 80%flcamcy were infected at a multiplicity of infectio
(MOI) of 0.1. At 48 h, when > 70% of the cells weletached, the supernatant was harvested as the

virus stock. Viral titre was subsequently deterrdibg plague assay (see below).

4.3 Protein expression

Recombinant proteins HEDENV2 (TSV101) NS5 (Wagstaff et al., 2012), HIBENV3 RdRp
(Genbank accession AY662691), HAKYV RdRp (Brazil), and mouse HigMPoa2 with and
without the IMBB1-binding domain (residues 67-529; IMRBB) were expressed and purified by
Ni?*-affinity chromatography as previously (Yang et &019). Mouse IME2 and mouse IMFL
proteins were expressed as GST fusion proteingarntied using glutathione S-beads as described
(Fontes et al., 2003). Biotinylation of IMPs wasral out as previously (Wagstaff et al., 2011,
2012).

4.4 AlphaScreen

AlphaScreen binding assays were performed as prelyigWagstaff et al., 2011, 2012; see Yang et
al., 2019). IGp analysis was performed using 30 nM #is|Po binding to 5 nM biotinylated-GST-
IMPB1; 30 nM Hig-DENV NS5 binding to 10 nM prebound HiBVIPa/biotinylated-IMR31
heterodimer (Yang et al., 2019).

4.5 Analytical ultracentrifugation

Sedimentation velocity experiments were conductsitigua Beckman Coulter Optima analytical
ultracentrifuge at a temperature of 20°C as preshp(Atkinson et al., 2018; Yang et al., 2019). The
IMPa/B1 heterodimer was performed by incubating equimatercentrations of the proteins at room
temperature for 30 min in IMP binding (IB) buffet20mM KCI, 5mM NaHCO3, 5mM MgCl2,
1mM EGTA, 0.1mM CaCl2, 20nM HEPES, InM DTT, pH 7.4). Inhibitor or an equivalent
volume of DMSO was added prior to centrifugatio®0gl of sample and 400l of reference

solution (PBS) were then loaded into a conventia@lble sector quartz cell and mounted in a
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Beckman 8-hole An-50 Ti rotor. Samples were camgefd at a rotor speed of 40,0@pdn and the
data was collected continuously at multiple wavegtba (233, 280 and 450n). Solvent density
(2.0052g/ml at 20°C) and viscosity (1.0188 at 20°C), as well as estimates of the partiatisip
volume (0.7384nl/g for IMPa/B1 at 20°C) were computed using the program SEDNTHRRBe et
al., 1992). Sedimentation velocity data were fitt@@ continuous siz&(s)] distribution model using
the program SEDFIT (Schuck, 2000; Atkinson et2018).

4.6 Thermostability

The impact of inhibitor binding on thermostabilitging the fluorescent dye Sypro orange (Thermo
Fisher) was as described (Yang et al., 2019) uairigotor-Gene Q6 plex, programmed nwlt
curve mode. 2 or 5 uM recombinant protein in phosphaitiéebed saline (PBS) was mixed with or
without DMSO or compound, and then heated fromt®3790°C at a rate of 1 °C/min (Yang et al.,
2019). Fluorescence intensity due to Sypro oramgdiry was measured using excitation at 530 nm
and emission at 555 nm, and the thermal melt ga@ig), representing the temperature at which 50%
of the protein is unfolded (Gras et al., 2012), wéstted against inhibitor concentrations using
GraphPad Prism 7 (Yang et al., 2019).

4.7 Circular dichroism spectroscopy

Circular dichroism (CD) spectra of IMPs (Orig/ml) in PBS in the absence or presence of 10 uM
ivermectin, budenoside or 4-HPR were analysed asiqusly (Yang et al., 2019) from 190 to
250nm in a Imm quartz cuvette at 20°C using a Jasco J-815 @btrepneter. The-helical content
was calculated from the ellipticity at 28fh as described (Munoz et al., 1995; Yang et al192
Mean ellipticity values per residu@)(were calculated a&=(3300x m x AA)/(Icn), where | is the
path length (0.tm), n is the number of residues, m is the moleauksss in Daltons, and c is protein

concentration in mg/ml.

4.8 Infectious assays

Quantitative reverse transcription polymerase cheaction(QRT-PCR) to estimate the number of
viral genomes was performed as previously (Yang.e2019). Analysis of infectious virus (plaque
assay) was performed as described in Yang et@l9j2using BHK-21 or Vero cells for DENV-2 for
ZIKV/WNV respectively. For infections using periptaé blood mononuclear cells (PBMCs), cells
were isolated from a healthy human donor by stah&aoll-Paque (GE Healthcare) extraction, and
then were infected with ZIKV or DENV at a MOI offdr 2 h, after which medium was replaced

with fresh medium containing 2% FCS and the in@idatoncentration of ivermectin (Fraser et al.,
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2014). Dose-response curves were plotted from plague number versus the log of the
concentration of the test compounds. The lack xitity of ivermectin at the concentrations used has
been extensively documented previously (Wagsta#l.e2011, 2012; Tay et al., 2012; Yang et al.,
2019).

4.9 Plasmid construction for bimolecular fluorescence complementation

Bimolecular fluorescence complementation (BiFc)€doa®n protein-protein interaction bringing
together the Venus N-terminal (VN-) and C-termi(\C-) fragments to reconstitute Venus protein
fluorescence (Kodama et al., 2010) was used farelhassessment of direct interaction of h2P
with NS5 and a control molecule. In all cases, POplified sequences for the coding regions were
inserted into EcoRI/Kpnl restriction sites of pladmector pBiFC-VC155 (Addgene #22011) (Shyu
et Al, 2006) and pBiFC-VN155(1152L) (Addgene #27p9Kodama et al., 2010) via Gibson
Assembly® Cloning Kit (New England Biolabs).

The coding sequences of IMP and AIBBIMPa2 (lacking the importirg-binding domain) were
generated by PCR using the following primers (5'-
GGCCAAGAATTCGGAACCAGGGTACTGTAAATTGG -3 and 5'-
CCGGTTGGTACCGAAGTTAAAGGTCCCAGGAGC—3) Iinserted intdcoRI/Kpnl restricted
plasmid pBIiFC-VC155. DENV2 (AY037116.1) NS5 was PGiplified using primers 5°-
CTTATGGCCATGGAGGCCCGAATTCAAGGAACTGGCAACACAGGAG -3 and 5-
GCTCCCGCCACCTCCGGTACCCCACAAGACTCCTGCCTCTTCC —'3, daninserted into
EcoRI/Kpnl restricted plasmid pBiFC-VN155(1152L)aviGibson Assembly® Cloning Kit (New
England Biolabs). For the 4xNLS construct, whicmtains four tandem copies of Simian virus
SV40-derived sequence encoding amino acids 111{$SHDEATADAQHAAPPKKKRKVEDP)
was PCR amplified using primers 5'-
CTTATGGCCATGGAGGCCCGAATTCCACACAGGAAACAGACCATG -3 = 5'-
GCTCCCGCCACCTCCGGTACCGTCACGACGTTGTAAAACGACGG —3 @ninserted into
EcoRI/Kpnl restricted pBiFC-VN155(1152L). The int#g of all constructs was confirmed by DNA

sequence analysis.

4.10 Fluorescence imaging/image analysis for bimolecular fluorescence complementation

HelLa cells cultured on coverslips were transfetbeexpress the indicated BiFc constructs (VN- and
VC-), and stained with 0.8g/ml Hoechst 33342 (Invitrogen) prior to imaging bgnfocal laser
scanning microscopy (Nikon C1 invert Confocal M&rope) using a 60x oil immersion

objective. Quantitative analysis of the Venus fasmence intensity reconstituted by molecular
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complementation was performed using the ImageJnlgzblic domain software. Nuclei were
delineated from the Hoechst channel using the hiotdscommand, and nuclear YFP fluorescence
from Venus reconstitution, corrected for backgroundthe absence of BiFc expression (non-
transfected cell), then determined for 50-100 (sdisiple.

4.11 Satistical analysis
Statistical analysis was performed using GraphReuP7 software.
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Figure Legends

Figure 1. Ivermectin inhibits binding of IMPa to IMPB1 and can dissociate the IMB/p1
heterodimer. A. AlphaScreen technology was used to determineG@sgvialues for inhibition of
IMPa binding to IMBB1 as well as for dissociation of prebound IMBL heterodimer for
ivermectin and budesonide. Data represent the me&D for triplicate wells from a single typical
experiment, from a series of two independent erpeanis (see Table 1 for pooled daB)Results
from sedimentation velocity analytical ultracentghtion experiments on purified recombinant
IMPs in the absence or presence of ivermectin atebonide. The continuous sedimentation
coefficient distribution ¢(s)] was plotted as a function sfy \, for IMPa, IMPB1, and IMR/B1 in

the absence or presence of ivermectin (see alsp. &igp 2) or budesonide, as indicated. Residual
plots are shown in insets. Data are from a singlgeement, representative of a series of two

independent experiments (see Supp. Table 1 foedatata).

Figure 2. Ivermectin binding to the IMPa ARM repeat domain impacts thermostability and
a-helicity. A. Hisg-tagged IMP or DENV and ZIKV RdRp proteins were jsgbed to
thermostability analysis in the absence or presehagcreasing concentrations of ivermectin or 4-
HPR (DMSO concentration kept constant throughautjgétermine the TnC). B. The a-helical
content of IMR, IMPaAIBB and IMA31 was analysed by CD spectroscopy in the presehce o
increasing concentrations of ivermectmhelical content was calculated from MRE data & 22
nm, as described in Methods (see Supp. Fig. Eispectra). Results showA, (B) are from of a
single experiment, representative of two indepeh@eperiments (see Supp. Table 2 for pooled

data).

Figure 3. Ivermectin can inhibit interaction of IMP a with DENV NS5 in living cells.HelLa cells
were transfected to express the indicated BiFctoarts, treated with either DMSO or ivermectin

(25 uM) overnight, and imaged by CLSM 18 h post-trantec A. Fluorescent images are shown,
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with merge overlays of BiFc (yellow) and Hoechstlear stain (blue) on the righ. Results for
guantitation of specific nuclear fluorescence reéato VC-IMPa2 complementing with VN-4xNLS
(left) VC-IMPa2 complementing with VN-NS5. Results representrifean +/- SEM for a single
typical experiment, from a series of 2 independetderiments. * p < 0.05; * p < 0.01; *** p <

0.001; *** p < 0.0001.

Figure 4. lvermectin is a potent anti-flaviral agen. Vero cells were infected with WNV, ZIKV
or DENV at a MOI of 1 for 2 h, after which mediunasvremoved, and fresh medium containing
2% FCS and the indicated concentration of ivermeatided. Culture medium was collected 22 h
later and viral titres determined by placassay or qRT-PCR (Fraser et al., 2014; Yang e2@1.9).
Results represent the mean +/- SD for duplicatésvi'elm a single assay, representative of 2 (n=2)

independent experiments. See Table 2 for pooletd dat

Figure 5. Mode of action of different inhibitors blocking flavivirus NS5 nuclear import. In the
absence of inhibitors (top), NS5 is recognised ley IMPw/B1 heterodimer, where IMPinteracts
with IMPB1 via the IBB domain of IME (green curved line), followed by nuclear importitgpact
host antiviral responses. Based on the results tterdMPRy targeting compound ivermectin appears
to bind to IMRy (binding site shown as red lozenge) both withie IMPa/p heterodimer to
dissociate it, and to free IMRo prevent it binding to IMPL, thereby block NS5 nuclear import. The
recently described molecule GW5074 (not shown) agpé have a close to identical mechanism
(Yang et al., 2019) to that shown here for ivernmedn contrast, the NS5 targeting compound 4-
HPR binds to NS5 (binding site shown as violetle)r¢o prevent its recognition by the IMB
heterodimer, similarly blocking NS5 nuclear impofmtiviral action of the inhibitors is through
preventing NS5 impacting mRNA splicing/the hostiardl response, thereby enabling the full host

antiviral response; although not analysed in thesgmt study (and not shown), Ji and Luo (2020)
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recently reported that blocking nuclear accumutatad ZIKV NS5 using ivermectin or 4-HPR

results in increased cytoplasmic degradation of NS5

Table 1. Summary of binding and inhibitory data for ivermectin from AlphaScreen analysis.

Protein Kd (nM) ICso (UM)
IMPa. + B1° 54+/-1.1| 7.1+-1.6
IMPo/p1° NA 9.6 +-4.3

IMPo/B1 + DENV NS5 0.8+/-0.2| 1.2+/-05

"Results represent the mean +/- SD (n = 2) fromyaisahs per Fig. 1A/Supp. Fig. 1
*NA, not applicable

4IMPa+B, IMPa binding to IMPB1

PIMPo/B, prebound IMRB/B1 heterodimer

¢ IMPa/B1+DENV NS5, prebound IM&B1 heterodimer binding to DENV2 NS5
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Table 2. Summary of EGo data for antiviral activity of ivermectin.

BAUM)
Virus WNV ZIKV
Plague assay | 0.5+/-0.3 1.6 +/-0.7
RT-gPCR 1.1+/-04 1.3+/-1.3

"Results represent the mean +/- SD (n = 2) fromyaisabs per Figure 5.
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Supplementary Data

Supplementary Figure Legends

Supp. Figure 1. Ivermectin inhibits DENV NS5 recogition by IMP a/Bl. AlphaScreen
technology was used to determine theol@r inhibition by ivermectin to inhibit binding of
IMPao/B1 (10 nM) to Hig-DENV NS5 (30 nM). Data represent the mean +/- 8Criplicate wells

from a single typical experiment (see Table 1 foolpd data).

Supp. Figure 2. Ivermectin does not alter the sedientation properties of IMPa, IMP aAIBB
or IMP B1. Sedimentation velocity AUC experiments were perfednon purified recombinant
IMPa, IMPoAIBB and IMPB1, in the absence or presence of the indicatedectrations of
ivermectin. The continuous sedimentation coeffitidistributions €(s)] from subsequent data
analysis were plotted as a functionsgf,, for IMPs alone (black) or in the presence of 1@r=y)

or 50 (greenpM ivermectin. The residual plots are shown in iaset

Supp. Figure 3. CD spectra for IMPs in the absencand presence of ivermectin or control
molecules 4-HPR and budenosidé€CD spectra were collected for IMPIMPaAIBB and IMA31
in the absence (black) or presence ofuB0 ivermectin (green, left), 4-HPR (red, middle), or

budenoside (blue, right) as indicated. The plotsrapresentative of two independent experiments.

Supp. Figure 4. Fos-Jun interaction in living cellss dependent on the bZIP domain of Fos as
shown wusing bimolecular fluorescence. HeLa cells transfected to express the
indicated BiFc constructs, with or without treatrhesith DMSO or ivermectin (2M) (B) were
CLSM imaged 18 h post-transfection. Images for Yfkidrescence (yellow, left panels) are
shown together with merge overlays for the YFP iesagith Hoechst nuclear stain (blue, right
panels). Results for quantitation of specific nacldluorescence relative to that for VC-
cFos (wildtype) interaction with VN-cJun (right)eBults represent the mean +/- SEM for a single

typical experiment, from a series of two indepenasperiments. ~ p < 0.0001.

Supp. Figure 5. Ivermectin is a potent anti-flavird as shown in human PBMC infectious
model. Peripheral blood mononuclear cells (PBMCs) weréatsd from a healthy human donor
by standard Ficoll-Paque (GE Healthcare) extractRBBMCs cells were infected with ZIKV or
DENYV at a MOI of 1 for 2 h, after which medium waplaced with fresh medium containing 2%
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FCS and the indicated concentration of iverme@imlture medium was collected 22 h later and
viral titres determined by plaquessay (Fraser et al., 2014). Results represemhéaa +/- SD (n
=2).
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Supp. Table 1. Hydrodynamic properties of IMPsa, B1, and the IMPa/B1 complex in the

absence and presence of inhibitors determined frolAUC.

Protein/Inhibitor M,? MP Sow | T/

IMPa2 no addition 58072 55344 | 3.5 2.4
+ 12.5IM ivermectin 55985 | 3.4 2.3

+ 5M ivermectin 58438 | 3.7 |25
IMPa2AIBB no addition 50884 48151 | 3.3 2.4
+ 12.AM ivermectin 47584 | 3.4 2.4

+ 5QM ivermectin 46042 (34 |24

IMP(1 no addition 98557 100192 | 5.3 2.1
+ 12.5uM ivermectin 94980 | 5.3 2.1

+ 5QUM ivermectin 93510 |52 |21
IMPa2/81° no addition 156629 | 155055 | 6.7 2.7
+ 12.AM ivermectin 1543441 6.7 2.7

+ 5QM ivermectin 156821 | 6.8 2.7

+ 12.AM budesonide 154310 6.5 2.7

+ 5QM budesonide 154116 | 6.5 2.7

& Relative molecular weight calculated from the amcid sequence.

 Molar mass determined from the ordinate maximunt(®) distribution best fits (data not
shown).

¢ Standardized sedimentation coefficient taken fthenordinate maximum of thes) distribution
best fits (see Fig. 1; Supp. Fig. 2).

9 Frictional coefficient calculated frosag wusing thev method employing SEDNTERP.

®Values for IMRX2/B1 are for the largest sedimenting species in theiliition.
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Supp. Table 2. Percenta-helicity of IMPa, IMPB and IMPaAIBB calculated from CD

analysis.
DMSO ivermectin (M) 4-HPR (M) budenosideuM)
10 50 10 50 10 50
IMPa 68.2+1.1 | 59.2£ 1.8 52.1+ 1.7 | 67.8 1.7/ 68.1+2.1| 68.1+ 1.6/ 67.5+ 1.9

IMPOAIBB | 66.4+ 1.9 | 58.8+ 1.7 53.4+1.2 | 67.2+ 1.5/ 66.2+ 2.2| 67.5+1.7| 66.3+ 1.9

IMP(31 70517 | 71.1+0.2 71.5+ 1.3 | 69.8 1.8 70.7+2.3| 69.9+ 1.5/ 70.0+ 1.8

"Results are calculated from the ellipticity at 222 and represent the mean +/- SD (n = 2) from
CD analysis (eg. Supp. Fig. 3).

Page 26 of 26



Figure 1

B
IMPa. binding to IMP 31
2 1007 I
& ) >
%) o
€ Q0
3 I budesonide 8
& n
o 50+ ivermectin —
A 5 1C50=6.0 uM »
S &
=
<
0 T T 1
0.1 1 10 100
Compound conc. (pM)
Dissociation of prebound IMPa/p1
~ 100
X -
e budesonide o))
E o
3 o
o ©
§ 501 ivermectin 2
5 E IC50=6.5 pM <)
£ @
% al )
0 T T 1
0.1 1 10 100
Compound conc. (uM)
o
—
o
0
§e;
()
>
@
@
(&)

0.4

- ————
 ——————
IMPo - —
0.3 IMPp1 ”
H IMPa/p1
0.2
0.1 \
0.0 Ll I } Ll Ll ) ) ) )
0 2 4 6 8 10 12 14
S0, (Svedberg)
14 :::&
10 | ——]
) S —
1.0
0.8
0.6 1 +12.5 uM ivermectin
0.4 - + 50 uM ivermectin
0.2 A
0 2 4 6 8 10 12 14
S0, (Svedberg)
1.0 - IMP a/p1
- [———
0.8 - - ———
- ——
0.6
+ 50 uM budesonide
0.4 1 +12.5 uM budesonide
0.2 1
00 h T T T T
0 2 4 6 8 10 12 14

S0, (Svedberg)



Figure 2
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Supp. Figure 5
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e The FDA-approved broad spectrum antiviral small molecule ivermectin targets host
importin o/B1 heterodimer.

e Ivermectin can dissociate the host importin o/ 1 heterodimer/prevent reassociation.

e Ivermectin can inhibity not only DENV, but also WNV and ZIKYV, all of which are major
burdens for human health.

e Ivermectin is a compelling prospect as a therapeutic for infection by flaviviruses and other

pathogenic viruses.
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