10

11

12

13

14

15

16

17

18

19

20

21

22

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.12.503750; this version posted August 12, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

Sphingosine kinases promote Ebola virus infection and can be targeted to inhibit
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Abstract

Entry of enveloped viruses in host cells requires the fusion of the viral and host cell
membranes, a process that is facilitated by viral fusion proteins protruding from the viral
envelope. For fusion, viral fusion proteins need to be triggered by host factors and for some
viruses, such as Ebola virus (EBOV) and Lassa fever virus, this event occurs inside endosomes
and/or lysosomes. Consequently, these ‘late-penetrating viruses’ must be internalized and
delivered to entry-conducive intracellular vesicles. Because endocytosis and vesicular trafficking
are tightly regulated cellular processes, late penetrating viruses also depend on specific host
factors, such as signaling molecules, for efficient viral delivery to the site of fusion, suggesting
that these could be targeted for antiviral therapy. In this study, we investigated a role for
sphingosine kinases (SKs) in viral entry and found that chemical inhibition of sphingosine kinase
1 (SK1) and/or SK2 and knockdown of SK1 or SK2, inhibited entry of EBOV into host cells.
Mechanistically, inhibition of SK1 and/or SK2 prevented EBOV from reaching late-endosomes
and lysosomes that are positive for the EBOV receptor, Niemann Pick C1 (NPC1). Furthermore,
we present evidence that suggests the trafficking defect caused by SK1/2 inhibition occurs
independently of S1P signaling through cell-surface S1PRs. Lastly, we found that chemical
inhibition of SKs prevents entry of other late-penetrating viruses, including arenaviruses and
coronaviruses, in addition to inhibiting infection by replication competent EBOV and SARS-
CoV-2 in Huh7.5 cells. In sum, our results highlight an important role played by SKs in
endocytic trafficking which can be targeted to inhibit entry of late-penetrating viruses. SK
inhibitors could serve as a starting point for the development of broad-spectrum antiviral

therapeutics.
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Introduction

To deliver the viral genome into host cells, enveloped viruses require the fusion between
the viral and cellular membranes. This process is mediated by viral fusion proteins that protrude
from the viral envelope and undergo a series of conformational changes triggered by interactions
with host factors and/or environmental cues such as acidic pH. For Ebola virus (EBOV), the
causative agent of outbreaks of severe hemorrhagic fevers in humans, its fusion protein, the viral
glycoprotein (GP), requires cleavage by low pH-dependent cathepsin proteases and interaction
with the late endosomal/lysosomal Niemann-Pick C1 protein (NPC1) (1-5). The strict late
endosomal/lysosomal localization of the EBOV GP triggering factors results in a need for a
multistep viral entry process involving attachment, internalization, and endosomal trafficking.
Attachment of EBOV to the host cell is mediated by interactions of GP to cell surface
carbohydrate binding proteins such as C-type lectins, and/or by binding of phosphatidylserine
(PS) on the viral envelope to cell surface PS receptors such as Tim-1 or Axl (6-8). Once attached
to the cell surface, internalization via macropinocytosis or phagocytosis is triggered and is
followed by endosomal trafficking to late endosomes and lysosomes where viral fusion occurs
(2, 3,9-14).

Many host proteins have been identified to be important for endosomal trafficking of
EBQV, such as the small GTPase Rab7, the homotypic fusion and protein sorting (HOPS)
complex, the UV Radiation Resistance Associated (UVRAG) protein, and the PIKfyve-
ArPIKfyve-Sac3 trafficking complex (10, 15, 16). In addition, studies have shown that EBOV
particles can stimulate signaling cascades such as the Akt/PI3K pathway, the latter being
required for EBOV trafficking to NPC1 (16-19). In a previous study, we screened a kinase
inhibitor library to identify other signaling pathways important for EBOV entry (18). We

identified 35 compounds that inhibited EBOV entry, including inhibitors of receptor tyrosine
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kinases (RTKs), AMP-activated protein kinase (AMPK), and Akt, some of which have
previously been shown to be important for virus internalization and trafficking (17-20).
Additionally, inhibitors of sphingosine kinase 1 (SK1) and sphingosine-1-phosphate G-protein
coupled receptors (S1PR) were also identified, suggesting a role for the SK-S1PR axis in EBOV
GP-mediated entry (18). Interestingly, Imre and colleagues reported that a sphingosine kinase 1
activator or the overexpression of SK1 reduced EBOV-GP mediated entry, further suggesting a
role for SK1 in EBOV entry, although the mechanism remains to be elucidated (21).

Sphingosine kinases 1 and 2 (SK1/2) catalyze the phosphorylation of sphingosine to
sphingosine-1-phosphate (S1P). Despite their polypeptide sequence similarity, SK1 and 2 appear
to have distinct physiological functions; generally, SK1 promotes cell survival and proliferation
while SK2 is pro-apoptotic (22). S1P has both extracellular and intracellular targets.
Extracellular S1P activates signaling pathways through a family of five S1IP GPCRs (S1PR1.s),
while intracellular S1P has been shown to modulate the activity of multiple enzymes including p-
21 activated kinase 1 (Pakl), which is an important regulator of macropinocytosis (23-25). In
addition, recent studies have also demonstrated a link between SK1, levels of sphingosine, and
regulation of endocytic membrane trafficking (26, 27). Their putative roles in macropinocytosis
and trafficking indicate that SK1 and SK2 may be entry host factors for EBOV and potential
targets for antiviral therapy.

Viruses, such as EBOV, that enter cells via late endosomes or lysosomes are termed late
penetrating viruses. Other examples of such viruses are Lassa fever virus (LFV) and severe acute
respiratory syndrome coronaviruses -1 and -2 (SARS-CoV-1 and SARS-CoV-2). LFV entry
requires low pH and interaction with the lysosomal-associated membrane protein 1 (LAMP-1)

(28-31). Therefore, similarly to EBOV, LFV must be internalized and undergo endo-lysosomal
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93 trafficking to reach entry-conducive intracellular vesicles (32). As for SARS-CoV-1 and -2, the

94  cellular localization of fusion depends on the expression and activity of cell surface proteases

95 that are required for priming and/or triggering (33-36). More specifically, SARS-CoV-1 can

96 utilize surface serine proteases, while SARS-CoV-2 is more promiscuous in its protease usage,

97  having been shown to utilize both surface serine proteases and metalloproteases for entry at the

98  cell surface (33-37). In the absence of surface or extracellular proteases, the entry of SARS CoV-

99 1 and -2 depends on internalization and trafficking to late endosomes containing cathepsin L (36,
100  38-40). Although the triggering factors are different for each of these viruses, one commonality
101 is a need for endosomal trafficking in host cells, raising the possibility that they may share the
102  use of host trafficking factors (41).
103 Here, we investigated the role of sphingosine kinases in cellular entry of EBOV and other
104 late penetrating viruses. We found that treatment with sphingosine kinase inhibitors and
105  knockdown of sphingosine kinase 1 and 2 reduced EBOV growth and/or EBOV GP-mediated
106  entry. More specifically, the sphingosine kinase inhibitors blocked trafficking of EBOV viral-
107 like particles (VLPs) to NPC1 independently of S1P signaling through S1PRs. Lastly, we found
108 that treatment with the SK inhibitors reduced entry of other late penetrating viruses and blocked
109 cathepsin-dependent infection of SARS CoV-2. Our results suggest that SKs play a critical role
110 inregulating endosomal trafficking and that inhibition of SK activity results in trafficking

111  defects that prevent late-penetrating viruses from reaching entry-conducive compartments.

112
113
114

115
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116  Results

117  Sphingosine kinase inhibitors reduce entry of EBOV VLPs

118 Previously, we screened a library of kinase inhibitors using murine leukemia virus

119  (MLV) pseudotypes to identify signaling pathways required for EBOV GP-mediated entry (18).
120  Among the hits were two compounds, PF-543 and FTY-720 (fingolimod, 2-amino-2-(2-(4-

121 octylphenyl)-ethyl)-1,3-propanediol), that interfere with the SK/S1PR signaling axis, suggesting
122  that this pathway plays an important role in EBOV entry. PF-543 is a SK1 and SK2 competitive
123  inhibitor, while FTY-720 (fingolimod, 2-amino-2-(2-(4-octylphenyl)-ethyl)-1,3-propanediol) is a
124  structural analog of sphingosine that becomes phosphorylated by SK1 and SK2, albeit more

125  efficiently by SK2, and thus can inhibit the SKs (42, 43). We therefore sought to investigate the
126  possible role of the SK/S1PR signaling pathway in EBOV entry by validating and characterizing
127  the antiviral activity of these inhibitors and that of SK1-I, which is a sphingosine analogue that is
128  highly specific to SK1 over SK2 and was not present in the screening library (44). To confirm
129  the antiviral activity of PF-543, FTY-720, and SK1-I, we used filoviral-like particles (VLPs)

130  generated by the co-expression of the EBOV nucleoprotein (NP), matrix protein (VP40) fused to
131  a-lactamase (Blam) reporter, and the glycoprotein of interest (45). We found that treatment
132 with all three inhibitors reduced entry of VLPs harbouring EBOV GP (Figure 1A-C).

133 Importantly, the inhibitors had no effect on entry of VLPs harbouring the vesicular stomatitis
134  virus (VSV) G protein, indicating that the compounds target an EBOV GP-mediated entry step
135  (Figure 1A-C).

136
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Figure 1. Sphingosine kinase inhibitors block EBOV GP-mediate entry

Entry of Blam VLPs harbouring EBOV GP or VSV G in HT1080 cells treated with (A) PF-543,
(B) SK1-I, (C) FTY-720, or vehicle (DMSO, 0.1%) at the indicated concentrations. Relative
entry % was determined by measuring the percentage of inhibitor-treated cells with cleaved plam
substrate (CCF2) compared to vehicle-treated cells. Results are expressed as mean + s.d. of
triplicates and are representative of three experiments. Variance for each virus-inhibitor
treatment was analyzed by one-way ANOVA, followed by Dunnett’s multiple comparisons test

to determine significance. * p < 0.05, ** p < 0.01, *** p < 0.001.

Given their common therapeutic targets, the antiviral activity of PF-543, SK1-1 and
FTY720 support a role for SKs in EBOV entry. To further confirm this, we synthesized PF-543
analogs with various level of inhibitory activity against SK1, SK2, or both, using a previously
published structure-activity-relationship study of the compound (see supporting information for
details) (46). The analogs were analyzed for in vitro inhibition of SK1 and SK2 activity and for
antiviral activity (Table 1, Figure 2). We found that the most potent antiviral compounds were
those that strongly inhibited SK1 activity, suggesting that inhibition of EBOV GP-mediated

entry is associated with SK1 inhibitory activity (Figure 2). In addition, antiviral activity was
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155  severely compromised for compounds that poorly inhibited SK1 activity (>40% residual activity
156 at 1 uM of inhibitor) (Table 1, Figure 2). Lastly, the only compound that was more specific for
157  SK2 and less active against SK1 (Compound 39, SK1 activity: ~52.6%, SK2 activity: 16.3%)
158  had no antiviral activity (Table 1). Although more work needs to be done to validate the in

159  cellulo SK inhibitory activity of these compounds, this panel of inhibitors and the antiviral

160  activity of SK1-1 and FTY-720 strongly support a role for SKs, especially SK1, in EBOV GP-
161  mediated entry.

162

163  Table 1. Activity of PF-543 derivative on SK1/2 and EBOV entry

R
@ O R SK1 activity* SK2 activity Relative entry
_ o O (% + std) (% tstd)  *F** (% + std)
Rl

1}
Q

16 Q CHs 54+133 28.1+43.0 0.1+0.3
/\/ -, JOH

18 /Q/Q,o CH; 356546  623+186  23+22
N
19 ,&/O

H
... JOH

a

H 0.3+44 0.1+6.0 13.3+6.8
35 A/Q CH3 22.5+413 130.3+41.0 0.6+1.0
36 H CH 52.2+38.5 87.5+42.1 56.1+17.0
A/ " oH 3 2 +38. 5+42, 1+17.

+ + +
37 A/'\Q \OH CHs 43.0+19.6 61.8+44.9 118.5+.26.0

I\Q—\)H CHs 46.1+35.2 86.3+30.1 109.5+19.1
o
39 ;&/ o, O CHs 52.6+33.3 163+4.1 107.5+6.0

38
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166  Figure 2. Study of the relationship between antiviral and SK1/2 inhibitory activities using

167  derivatives of PF-543

168  SK1 and SK2 activity was measured in vitro by measuring fluorescence after incubation of PF-
169 543 derivatives (1 uM) or vehicle (DMSO, 0.1%) with SK reaction buffers containing light-

170  sensitive NBD-sphingosine. Percent SK activity was calculated in comparison to vehicle, which
171  represents 100% activity. In parallel, antiviral activity was determined by treating HT1080 cells
172 with the PF-543 derivatives (10 pM) or vehicle (0.1%) and transducing them with MLV

173 pseudotypes encoding LacZ and harbouring EBOV GP. Relative antiviral activity (%) was

174  determined by quantifying LacZ positive inhibitor treated cells compared to vehicle treated cells.
175 Mean SK1 activity (x-axis) and SK2 activity (y-axis) was plotted as a bubble chart using R

176  studio with the size of the bubble representing mean antiviral activity.
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177  Knockdown of sphingosine kinase 1 and 2 reduces EBOV GP-mediated entry

178 To directly assess a role for SKs, we targeted SK1 and SK2 using Dicer-Substrate Short
179  Interfering RNAs (DsiRNAs). SK1 or SK2 targeting DsiRNAS, or a non-targeting negative

180  control, were transfected in HT1080 cells. Immunoblot analysis confirmed that SK1 and SK2
181  expression was substantially knocked down when the respective DsiRNA was transfected

182  (Figure 3A). VLPs harboring EBOV GP or VSV-G were then used to measure entry (Figure 3B).
183  While knockdown of SK1 or SK2 did not interfere with VSV-G-mediated entry, a decrease in
184  entry of EBOV VLPs was observed. Interestingly, although expression of each SK was

185  undetectable when cells were transfected with their respective targeting DsiRNA, SK2

186  knockdown had a slightly greater inhibitory effect on EBOV entry (Figure 3B). To test whether
187  they play redundant roles in viral entry, we tried to perform double knockdown. Unfortunately,
188  viability of the cells was severely compromised (data not shown). Nevertheless, these results
189  suggest that both SK1/2 play a role in infection, providing even further evidence that EBOV GP-
190  mediated entry requires SK1 and/or SK2 activity.

191

192

193
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195  Figure 3. SK1/2 knockdown blocks entry of EBOV in HT1080

196  HT1080 cells transfected with nontargeting control dsiRNA (NC: negative control) or dsiRNA
197  targeting SK1 or SK2 were either (A) lysed and expression of SK1 or SK2 (upper) and Vinculin
198  (lower) detected by immunoblot, or (B) infected with Blam VLPs harbouring EBOV GP or VSV
199  G. Relative entry % was determined by measuring the percentage of inhibitor-treated cells with
200  cleaved Blam substrate (CCF2) compared to vehicle-treated cells. Results are expressed as mean
201  +s.d. of triplicates and are representative of three experiments. Variance was analyzed by one-
202  way ANOVA, followed by Dunnett’s multiple comparisons test to determine significance. *** p

203 <0.001.

204

205 PF-543 blocks EBOV growth

206 We next sought to confirm that SK1/2 activity is required for replicative EBOV infection.
207  Given that our data indicate that both SK1 and SK2 are involved in entry, we chose to investigate

208  the effect of PF-543, which inhibits both SKs, on infection by replication-competent EBOV.
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Vero cells were infected with Green Fluorescent Protein (GFP)-expressing replicative EBOV in
the presence or absence of PF-543 and growth was assessed by measuring GFP fluorescence. We
found that PF-543 significantly inhibited replicative EBOV at 5uM and completely prevented it

at 10uM (Figure 4 AB). These results further support a role of SKs in EBOV infection and

suggest that they are potential targets for antiviral therapy.
A. Vehicle = B. =D
1504 @
100
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Figure 4. PF-543 blocks infection of replication-competent EBOV

Infection of Vero cells with replication-competent EBOV expressing GFP and treated with
vehicle or PF-543. Images in (A) were acquired for vehicle or PF-543 (5 uM) treated wells,
bar=1mm. Relative infection % in (B) was determined by measuring mean GFP fluorescence
intensity for PF-543 treated cells compared to vehicle alone. Results are expressed as mean * s.d.
of three experiments. Variance was analyzed by one-way ANOVA, followed by Dunnett’s

multiple comparisons test to determine significance. * p < 0.05, ** p < 0.01, *** p < 0.001.
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223  Sphingosine kinase inhibitors do not interfere with EBOV attachment and internalization

224 EBOQV entry begins with attachment of the viral particle to the cell surface, which is

225  mediated by multiple cellular attachment factors, followed by virion internalization via a

226  macropinocytosis-like mechanism (10). To further elucidate the role of sphingosine kinases in
227  EBOV entry, we first assessed whether the SK inhibitors reduced attachment of EBOV using
228 EBOV VLPs containing VP40 fused to GFP. We exposed inhibitor-treated cells to EBOV VLPs
229  at4 °Cto only allow for virion attachment and assessed the resulting VLP fluorescence by flow
230  cytometry. We found that none of the inhibitor treatments resulted in a reduction in VLP

231  fluorescence, indicating that SK inhibitors do not significantly block attachment of EBOV VLPs
232 (Figure 5A).

233 To assess if the SK inhibitors blocked macropinocytic uptake of EBOV, we allowed virus
234  internalization at 37 °C following the 4 °C attachment step. As controls, some samples were kept
235 at 4°C throughout the experiment to ensure that internalization could not occur, and some

236  samples were incubated with 5-(N-Ethyl-N-isopropyl)amiloride (EIPA), a known

237  macropinocytosis inhibitor (Figure 5B) (47). We found that while PF-543 had a modest effect on
238 internalization of fluorescent EBOV VLPs, the effect was not nearly as pronounced as that of
239  EIPA (Figure 5B). Notably, SK1-I and FTY720 had no effect on EBOV VLP internalization

240  (Figure 5B). Taken together, these results suggested that SK activity is required at an entry step

241  after attachment and internalization.
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Figure 5. SK inhibitors do not interfere with attachment and have minimal or no effect on

internalization

HT1080 cells were pre-treated with vehicle (DMSO, 0.1%), PF-543 (10 uM), SK1-1 (2.5 puM),
FTY720 (2.5 uM), or EIPA (30 uM) for 1 hour. In (A), cells were then detached and incubated
with GFP-VLPs harbouring EBOV GFP at 4 °C. Cells were washed to remove unbound VLPs
and a subset of cells were trypsinized to remove bound VLPs as a negative control. Cells were
incubated with SYTOX red dead cell stain prior to analysis of fluorescence by flow cytometry.
(B) GFP-VLPs harbouring EBOV GP were pre-bound to treated cells by spinoculation at 4 °C,
washed, and either incubated again with vehicle or inhibitor at 37 °C, or vehicle alone at 4 °C.
Cells were then trypsinized to remove bound VLPs, washed, and treated with SYTOX red dead
cell stain prior to analysis of fluorescence by flow cytometry. Results are expressed as mean *
s.d. and are representative of three experiments. Variance was analyzed by one-way ANOVA,
followed by Dunnett’s multiple comparisons test to determine significance. ** p < 0.01, *** p <

0.001.
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258  Entry of pre-cleaved EBOV VLPs is inhibited by sphingosine kinase inhibitors

259 A critical post-internalization EBOV entry step is the cleavage of EBOV GP by

260  endosomal cathepsin proteases such as cathepsin B (1). Interestingly, a previous study suggested
261  that SK1-I treatment results in enlarged vacuoles that lack cathepsin B activity, therefore we also
262  assessed if the SK inhibitors may prevent GP-mediated cleavage by cathepsins (27). To

263 investigate this, we experimentally mimicked cathepsin cleavage by pre-cleaving EBOV VLPs
264  with thermolysin. We assessed entry of uncleaved and cleaved VLPs in HT1080 cells treated
265  with a cathepsin B inhibitor, Ca074, in addition to the SK inhibitors. As expected, Ca074 had
266  reduced potency on cleaved VLPs compared to the uncleaved VLPs (Figure 6). In contrast, the
267  SK inhibitors were equally potent at inhibiting entry of the cleaved and uncleaved VLPs,

268  suggesting that their primary mechanism of action is not to inhibit Cathepsin B-mediated

269  cleavage of EBOV GP.
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271  Figure 6. Pre-cleaving EBOV GP does not rescue the SK inhibitor entry block

272  HT1080 cells were pre-treated with vehicle (DMSO, 0.1%), Ca074-Me (2.5 uM), PF-543 (10
273  pM), SK1-1 (2.5 pM), or FTY720 (2.5 puM) for 1h prior to incubation with flam VLPs
274 harbouring either thermolysin cleaved (pre-cleaved) or mock cleaved EBOV GP. Relative entry

275 % was determined by measuring the percentage of inhibitor-treated cells with cleaved flam
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276  substrate (CCF2) compared to vehicle-treated cells. Results are expressed as mean £ s.d. and are
277  representative of three experiments. Unpaired t-tests were performed to determine significance
278  between mock and pre-cleaved samples per inhibitor treatment. * p < 0.05, ** p < 0.01, *** p <

279  0.001.

280

281  Sphingosine kinase inhibitors interfere with trafficking of EBOV to NPC1+ intracellular

282  compartments

283 Since the SK inhibitors did not significantly prevent attachment and internalization, we
284  next sought to assess whether they blocked virus endolysosomal trafficking to the EBOV

285  receptor, NPC1. For these experiments, we utilized fluorescent VLPs harbouring EBOV GPF3R,
286  which can bind to NPC1 following cathepsin cleavage but cannot undergo fusion, therefore

287  allowing us to visualize accumulation of VLPs in NPC1+ compartments (5). As a control, we
288  used Akt Inhibitor VIII, which has been previously shown to result in accumulation of EBOV in
289  early endosomal compartments (17, 18). We determined the percentage of fluorescent VLPs

290  colocalizing with immunostained NPCL1 in inhibitor treated cells compared to vehicle alone and
291  found a decrease in the percentage of VLPs per cell that colocalized with NPC1 for all three SK
292 inhibitors (Figure 7AB), suggesting that the SK inhibitors interfere with endosomal trafficking.
293  We also observed the presence of dilated intracellular vesicles in SK1-1 and FTY720 treated cells
294  that were not present in vehicle or PF-543 treated cells (Figure 7A, red arrows). This is

295  consistent with recent studies demonstrating that treatment with sphingosine or sphingosine

296  analogs, including SK1-1 and FTY720, induce rapid formation of enlarged intracellular vesicles

297 incells (26, 27). Since such vesicles are often indicative of defects in endosomal trafficking,
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their presence also supports a model by which treatment with the SK inhibitors result in
endosomal trafficking defects.

A

DMSO AktiVIIl FTY720

% VLPs Colocalized with NPC1

Figure 7. SK inhibitors block trafficking of EBOV VLPs to NPC1

(A) HT1080 cells were pre-treated with vehicle (DMSO, 0.1%), AktiVI1Il (10 uM), PF-543 (10
MM), SK1-1 (2.5 uM), or FTY720 (2.5 puM) for 1h, followed by incubation with GFP-VLPs
(Green) harbouring the fusion deficient AM GPF535R for 3h. After 2.5h, CMAC cytoplasmic
dye (Blue) was added to the media for the remaining 30 minutes of the incubation. Cells were
then fixed, permeabilized, and immunostained with anti-NPC1 and DY-650 conjugated

antiserum (Magenta). Cells were imaged on a LSM800 confocal microscope (Zeiss). Displayed
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308 images are maximum intensity Z-projections, yellow arrows indicate colocalization of VLPs and
309 NPC1, red arrows point to dilated intracellular vesicles, bar = 10 um. (B) Colocalization between
310  VLPsand NPC1 was analyzed using Imaris software (Bitplane). Results are expressed as mean +
311 s.d. and are of three experiments. Variance was analyzed by one-way ANOVA, followed by

312  Dunnett’s multiple comparisons test to determine significance. *** p < 0.001.

313

314  The endolysosomal trafficking defect induced by the SK inhibitors is independent of S1P

315 Receptor (S1PR) signaling

316 S1P, the product of SKs, is a bioactive sphingolipid involved in regulating cell growth,
317  survival, and migration (48). It is well-characterized for binding to cell surface S1PRs and

318 activating signaling cascades such as the PI3K-Akt pathway (23, 49, 50). Since Akt signaling
319  was shown to be important for EBOV trafficking and given that SK inhibitors were previously
320  shown to inhibit Akt phosphorylation, we hypothesized that the SK inhibitors block EBOV

321 trafficking by preventing S1P activation of S1PRs, therefore preventing subsequent Akt

322  activation (16-18, 51). To test this hypothesis and dissect the effect of SKs and S1PR signalling,
323  we evaluated the antiviral activity of FTY-720-Phosphate, which inhibits S1PR signaling by
324  inducing S1PR endocytosis and degradation but, unlike FTY-720, cannot enter the cell and

325 therefore does not inhibit SKs (43, 52, 53). Cells were pre-treated for one hour with FTY-720 or
326  FTY-720-Phosphate and entry of VLPs harbouring EBOV GP or VSV G was evaluated. We
327  found that FTY-720-Phosphate had no effect on EBOV-GP mediated entry while FTY-720

328  drastically blocked entry at the same concentration (Figure 8A), suggesting that the trafficking

329  defect caused by SK inhibitors is not a result of reduced signaling through S1PRs.
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To further explore if FTY-720 and FTY-720-Phosphate reduce S1PR mediated PI3K-Akt
pathway activation, we treated cells with the inhibitors and assessed Akt phosphorylation by
immunoblot. As a positive control, we added S1P to vehicle-treated cells and found that S1P
treatment increased the levels of phosphorylated Akt in cells. Interestingly, while treatment with
FTY-720 did not alter phosphorylated Akt levels compared to vehicle treated cells, treatment
with FTY-720-Phosphate increased Akt phosphorylation to a similar extent as S1P treated cells
(Figure 8B). This suggests that FTY-720-Phosphate induces activation of S1PRs prior to
inducing their degradation, a result that is consistent with previous reports in the literature (53).
Therefore, the lack of entry inhibition seen after FTY-720-Phosphate treatment does not fully
rule out the possibility that the antiviral activity of the SK inhibitors is due to a reduction in S1P
signaling through cell surface S1PRs.

To address this, we performed an add-back experiment where S1P was added to inhibitor
treated cells prior to virus addition. If the entry and trafficking defects observed after SK
inhibitor treatment are due to a decrease in S1P signaling through S1PRs, adding extracellular
S1P should rescue the inhibitory entry effects mediated by the SK inhibitors. Importantly, we
found that S1P addition did not rescue EBOV entry in the presence of PF-543, SK1-I, or
FTY720 (Figure 8C). This result strongly suggests that the trafficking defect observed after
treatment with the SK inhibitors is not due to reduced S1P signaling through S1PRs. Further
work needs to be done to elucidate the precise molecular mechanism by which inhibiting SKs

results in an endosomal trafficking defect that blocks EBOV entry.
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351  Figure 8. S1IPR agonist does not reduce EBOV entry and S1PR activation by S1P does not

352  rescue EBOV infection in inhibitor treated cells

353  (A-B) HT1080 cells were pre-treated with vehicle (DMSO, 0.1%), FTY720 (2.5 uM), or

354  FTY720-Phosphate (2.5 uM) for 1h prior to (A) infection with Blam VLPs harbouring EBOV
355  GPor VSV G, or (B) stimulation with S1P (125 nM) or mock. In (A), relative entry % was
356  determined by measuring the percentage of inhibitor-treated cells with cleaved Blam substrate
357  (CCF2) compared to vehicle-treated cells. In (B), cells were lysed and immunoblotted for

358  phosphorylated Akt (p-Akt S473) or total Akt. (C) HT1080 cells were pre-treated with vehicle
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359  (DMSO, 0.1%), PF-543 (10 uM), SK1-I (2.5 uM), or FTY720 (2.5 pM), stimulated with S1P
360 (125 nM) or mock, and infected with Blam VLPs harbouring EBOV GP. Relative entry % was
361  determined by measuring the percentage of inhibitor-treated cells with cleaved flam substrate
362 (CCF2) compared to vehicle-treated cells. Results are expressed as mean * s.d. of triplicates and
363 are representative of three experiments. Unpaired t-tests were performed to determine

364  significance between treatments. ** p < 0.01.

365

366  Sphingosine kinase inhibitors reduce entry of other late penetrating viruses

367 The host factors important for EBOV intracellular trafficking may be shared with other
368  viruses whose entry receptor or other triggering factors are also localized in late endosomes. As
369  such, it is plausible that entry mediated by the GP of these viruses may also be inhibited by the
370  SK inhibitors. Therefore, we tested the ability of the SK inhibitors to block entry of a panel of
371  enveloped viruses that require various extents of endosomal trafficking in all or some of the cell
372  types that they infect. Specifically, we tested Marburg virus (MARV), a related filovirus that
373  shares its entry receptor with EBOV, as well as Junin virus (JUNV), Influenza A virus (IAV),
374 and LFV, all of which require low pH for entry, while LFV further requires the lysosomal

375  protein LAMP-1 (2, 3, 28, 29, 31, 54-58). As controls, we included VSV, which undergoes

376  fusion in early endosomes, and Nipah virus (NiV), which requires its entry receptor, ephrinB2, to
377  mediate fusion at the cell surface (59-62). To explore the requirement of SKs for entry of these
378  viruses, we utilized MLV pseudotypes harbouring their respective viral fusion proteins and

379  tested entry in the presence of the SK inhibitors. While the SK inhibitors were the most potent at
380 inhibiting EBOV entry, they also significantly inhibited MARYV entry, and to a lesser extent LFV

381 and JUNV (Figure 9A). Unexpectedly, these inhibitors either enhanced 1AV entry, as was the
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382  case for PF-543 and SK1-I, or had no effect, as was the case for FTY720 (Figure 9A). Lastly, we
383  found that PF-543 and SK1-1 did not reduce VSV or NiV entry, and while FTY720 slightly

384  reduced VSV entry, it was not to the same extent as the other viruses (Figure 9A).

385 In addition to the aforementioned viruses, many coronaviruses also require triggering

386  factors in late endosomes to mediate entry in some cell types. Therefore, we utilized lentivirus
387  pseudotypes to examine entry mediated by the spike protein of the coronaviruses SARS-CoV-1
388 and middle eastern respiratory syndrome coronaviruses (MERS) in HT1080 cells. Importantly, in
389  these cells, SARS-CoV-1 S-mediated entry is dependent on cathepsin activity (Figure 9B),

390 indicating a requirement for late endosomal trafficking. Accordingly, we found that all SK

391 inhibitors drastically inhibited SARS-CoV-1 entry, while only PF-543 had a significant effect for
392 MERS entry (Figure 9C). Lastly, we tested whether the most potent inhibitor for inhibiting

393 SARS-CoV-1 entry, SK1-I, also inhibited infection of replication competent SARS-CoV-2. We
394  found that SK1-I inhibited infection of SARS-CoV-2 in Huh7.5 cells in a dose-dependent

395  manner (Fig. 9D). Taken together, these results suggest that sphingosine kinases are important
396  host factors that help facilitate viral entry of a range of enveloped viruses that enter cells through

397  endosomes and therefore could serve as host targets for novel pan-viral antiviral therapies.
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Figure 9. Sphingosine kinase inhibitors inhibit entry of late penetrating viruses and SARS-

CoV-2 infection of Huh7.5 cells

(A-C) HT1080 cells treated with vehicle (DMSO, 0.1%), PF-543 (10 uM), SK1-1 (2.5 uM),
FTY720 (2.5 pM), Camostat (25 uM), or E64D (10 uM) for 1h were transduced with (A) MLV
pseudotypes or (B,C) lentiviral pseudotypes, encoding lacZ and harbouring the fusion proteins of
the indicated viruses. Relative transduction % was determined by quantifying LacZ positive

inhibitor treated cells compared to vehicle treated cells. (D) Huh7.5 cells treated with vehicle or
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406  increasing concentrations of SK1-1 were infected with replication-competent SARS-CoV-2. 48
407  hpi, supernatant was collected and used directly to measure the TCID50. Results are expressed as
408 mean * s.d. of triplicates and are representative of three experiments. Variance was analyzed by
*

409 one-way ANOVA, followed by Dunnett’s multiple comparisons test to determine significance.

410  p<0.05,** p <0.01, *** p < 0.001.

411
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412  Discussion

413 Entry of enveloped viruses into host cells requires fusion between the viral and host cell
414  membranes, a process mediated by viral fusion proteins. For EBOV and other viruses, cellular
415  proteins important for the priming and/or triggering of viral fusion proteins are localized in late-
416  endosomes and lysosomes. Therefore, cellular entry of these viruses requires internalization and
417  endolysosomal trafficking. In this study, we investigated SK inhibitors and characterized the role
418 of SKsin EBOV entry. We found that SKs were required for EBOV trafficking to late

419 intracellular vesicles containing the viral receptor and, accordingly, SK inhibitors also blocked
420 infection by other viruses that use late endosomes/lysosomes for membrane fusion and entry.
421  Our studies highlight an important role for SKs in endosomal trafficking and suggest that SK
422  inhibitors have the potential to be developed for pan-antiviral therapy.

423 Signaling lipids play critical roles in endocytosis and endocytic trafficking (63, 64) and
424 lipid modifying enzymes have been implicated to be important for EBOV entry; these include
425  PIKfyve, diacylglycerol kinases (DGKSs), and acid sphingomyelinases (ASMase) (13, 16, 65).
426  For instance, EBOV was found to associate with lipid rafts rich in sphingomyelin (SM) and

427  ASMases, and knockdown of ASMase inhibited EBOV entry (65). ASMase hydrolyses SM to
428  ceramide, which can be converted to sphingosine and subsequently S1P via SKs. Ceramide has
429  been implicated in lipid raft expansion and is more favorable compared to SM to promote

430 membrane curvature and macropinocytosis (66). Interestingly, previous studies have

431  demonstrated that SK1 associates with membranes of high curvature including macropinosomes
432  and speculate that endocytosis may correlate with the conversion of SM to sphingosine, which
433  can flip across the membrane and be converted to S1P by SKs (67). In our study, we also found

434  that treatment with the SK1 inhibitor, PF-543, slightly reduced internalization of EBOV,
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435  suggesting that SK1 may play a small role in macropinocytic uptake of EBOV (Figure 4B).

436 Interestingly, another study showed that a SK1 activator, K6PC-5, inhibited EBOV GP-mediated
437  entry (21). Therefore, taken with our current study, this suggests that interfering with S1P

438  production, whether it be positively or negatively, leads to inefficient EBOV entry. Although the
439 authors did not investigate the specific entry step that is inhibited in the presence of K6PC-5,
440 they found that the antiviral activity was independent of S1P receptors, which is also congruent
441  with our findings (21). The specific role(s) of S1P during entry and whether the lipid

442  composition of cellular membranes at the site of EBOV attachment or internalisation changes
443  remains to be investigated.

444 Here we show that all SK inhibitors prevented EBOV from trafficking to late-endosomes
445  and/or lysosomes containing NPC1 (Figure 4) suggesting that SKs play critical roles in

446  endosomal trafficking. Interestingly, a few other studies have also implicated SKs to be

447  important for proper endosomal maturation and fusion (26, 27). In a previous study, treatment
448  with the sphingosine analogues SK1-1 and FTY720 resulted in the formation of dilated

449 intracellular vesicles that are positive for late endosomal markers Rab7a and LAMP-1,

450  suggesting that the trafficking block observed for EBOV after treatment with these inhibitors
451  occurs at the late endosome step (26, 27). Furthermore, Young et al. found that the vacuolization
452  is independent of S1P signaling, as pre-treatment with FTY720-Phosphate did not alter the SK1-
453  I/FTY720 induced vacuole formation (27). Moreover, they show that overloading endosomal
454  membranes with sphingosine results in similar vacuole formation and that treatment with PF-543
455  delays clearance (27). Our data indicates that while PF-543, a SK inhibitor that is not a

456  sphingosine analogue, does not induce formation of dilated vesicles, it does induce a similar

457  endocytic trafficking defect (Figure 4C and D). This not only provides an explanation for the
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458  mechanism of antiviral activity of our SK inhibitors but also points to some potential areas for
459  future investigations of the role of sphingosine, SKs, and S1P in the regulation of endolysosomal
460 trafficking.

461 In addition to blocking EBOV entry, the SK inhibitors tested also inhibited entry of other
462 late penetrating viruses. For example, MARYV, a related filovirus, was sensitive to the inhibitory
463  effects of the SK inhibitors, although not to the same extent as EBOV (Figure 5A). Similarly,
464  LFV entry was slightly blocked by the SK inhibitors, but was significantly less sensitive in

465  comparison to EBOV (Figure 5A). These differences may be attributed to the ability of both

466 MARYV, and even more so, LFV, to undergo fusion in earlier endocytic compartments (4, 58).
467  Studies have shown that although MARYV does require NPC1 for fusion, the MARV GP is

468  significantly less stable than EBOV GP and although proteolytic triggering of MARV GP is

469  required for entry, MARV is less dependent on cathepsins B and L (4, 68, 69). This suggests that
470  MARYV GP-mediated fusion may be able to occur in earlier endocytic compartments compared to
471  EBOV. Similarly, a recent study suggested that LFV fusion may be able to occur in early

472  endosomes that contain only a small amount of the entry receptor LAMP-1 (58). We also tested
473  the effect of the SK inhibitors on coronavirus entry. For coronaviruses, the site of entry depends
474 on the expression of host proteases required to cleave the spike protein for activation (36). In our
475  study, we tested the effects of the SK inhibitors in cell types lacking surface proteases to allow
476  for entry via a route that requires endosomal trafficking. We found that the SK inhibitors

477  inhibited entry and/or infection by SARS-CoV-1, SARS-CoV-2, and to a lesser extent, MERS
478  (Figure 9). Together, our data strongly suggests that the SK inhibitors block a late trafficking
479  step, and that the efficacy of these inhibitors as antiviral agents will depend on the location of

480  fusion triggering among different viruses.
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In this study, we identified sphingosine kinases as host factors required for viral entry of
EBOQOV and that of other late-penetrating viruses. We found that inhibition of SKs impairs
endosomal trafficking and that this occurs independently of S1P signaling through S1PRs at the
cell surface. Importantly, since entry of many enveloped viruses requires endosomal trafficking,
small molecule inhibitors of SKs may be promising candidates for the development of broad-
spectrum antiviral therapeutics that could prevent infection of both current and newly emerging

viruses.
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490 Materials and Methods

491  Cell lines, antibodies, and inhibitors

492 HEK293T cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
493  Wisent), while HT1080 and Vero cells (ATCC) were cultured in Minimum Essential Medium
494  (MEM, Sigma). Both culture media were supplemented with 10% Fetal Bovine Serum (FBS,
495  Sigma), 0.3 mg/mL L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (Wisent).
496  Cells were maintained at 37 °C in 5% CO; at 100% relative humidity.

497 Primary antibodies used were NPC1 (ab134113, Abcam), Akt (9272S, Cell Signaling
498  Technology), phospho-Akt S473 (92721S, Cell Signaling Technology), GAPDH (ab8245,

499  Abcam), SK1 (12071S, Cell Signaling Technology), SK2 (32346S, Cell Signaling Technology)
500 and pan-filovirus anti-GP antibody (21D10, IBT Bioservices). Secondary antibodies used were
501 goat anti-rabbit IgG HRP-linked (7074S, Cell Signaling Technology), anti-mouse 1gG HRP-
502 linked (7076S, Cell Signaling Technology) and DY 650 sheep anti-rabbit (ab96926, Abcam).
503 PF-543 (Cayman Chemical), SK1-1 (BML-258, Enzo Life Sciences Inc.), FTY720

504  (Cayman Chemical), FTY720 Phosphate (Cayman Chemical), 5-(N-ethyl-N-isopropyl)-

505 Amiloride (EIPA, Cayman Chemical), and Akt Inhibitor VIII (Cayman Chemical) were prepared
506 in DMSO, aliquoted, and stored at -20 °C prior to use. PF-543 derivatives were synthesized as
507  described in supplementary information. Sphingosine-1-phosphate (d18:1, Cayman Chemical)
508 was prepared in a methanol:water (95:5), mixture was heated and sonicated for dissolution, and
509 stored in glass vials at -20 °C. Prior to use, the methanol:water solution was evaporated under a
510 N2 stream and a 125 M stock solution was prepared in 4 mg/mL fatty acid free Bovine Serum

511  Albumin (Sigma) in PBS and stored at -20 °C for up to 3 months.
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512  Plasmids and DsiRNA

513 Plasmids encoding the virus glycoproteins EBOV Amucin GP, EBOV Amucin GP™®R,
514 MARV GP, VSV-G, LFV GP, NiV F and G fusion proteins, IAV Vict HA and 1918 NA, the
515 MLV packaging plasmid, and MLV retroviral vector encoding LacZ were kind gifts of Dr. James
516  Cunningham (Brigham and Women’s Hospital, Boston, Massachusetts). Plasmids encoding the
517 EBOV NP and EBOV VP40-B-lactamase or GFP were kind gifts of Dr. Lijun Rong, University
518  of lllinois. The plasmids encoding human ACE2 and SARS-CoV-S were a kind gifts of Dr.

519  Hyeryun Choe (The Scripps Research Institute, Jupiter, Florida). Plasmid encoding the MERS-
520 CoV-S was a kind gift of Thomas Gallagher (Loyola University Chicago, Chicago, Illinois). LV-
521  Lac was a gift from Inder Verma (Addgene plasmid # 12108, (70)) and psPAX2 was a gift from
522  Didier Trono (Addgene plasmid # 12260).

523 Predesigned DsiRNAs for SK1 (hs.Ri.SPHK1.13.1; duplex sequences:

524 5°-rGrCrGrUrCrArUrGrCrArUrCrurGrurUrCrUrArCrGrurGCG -3’;

525  3’- rCrGrCrArCrGrUrArGrArArCrArGrArUrGrCrArUrGrArCrGrCrCrA-5), SK2

526  (hs.Ri.SPHK213.1; duplex sequences:

527  5°-rCrCrCrUrGrArArArCrUrArArArCrArArGrCrururGrGruAC-3-,

528  3’-rGrUrArCrCrArArGrCrUrUrGrUrUrUrArGrUrUrUrCrArGrGrGrCrU-5’), and negative

529  control dsiRNA (51-01-14-04) were purchased from Integrated DNA Technologies, Inc.

530 (Coralville, lowa).

531 Viral pseudotype and viral-like particle production

532 Murine leukemia virus and lentivirus pseudotypes were prepared by co-transfecting

533  HEK?293T cells with the packaging plasmid gag-pol or psPAX2, MLV retroviral or lentiviral

534  vector encoding LacZ, and a plasmid encoding the glycoprotein of interest (EBOV Amucin GP,
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535 MARV GP, LFV GP, NiV F and G (1:1), Junin GPC, 1AV envelope proteins (Vict HA, 1918
536 NA), SARS-CoV-1 Spike, MERS Spike, or VSV-G) at a 1:1:1.25 ratio respectively. Similarly,
537 EBOV viral-like particles (VLPs) were prepared by co-transfecting HEK293T cells with

538  plasmids encoding the EBOV nucleoprotein (NP), EBOV VP40 fused to p-lactamase (lam) or
539  GFP, and the viral glycoprotein of interest (EBOV Amucin GP, EBOV Amucin GP™*R or VSV
540 G)ata1:1:1.25 ratio. Transfections were performed using the jetPRIME transfection reagent
541  (Polyplus transfection) according to the manufacturers protocol. Cell supernatants were

542  harvested at 48, 72, and 96 h post-transfection. MLVs and lentiviruses supernatants were passed
543  through a 0.45um filter and VVLPs supernatants pre-cleared by centrifugation at 4,000g for 5min.
544  Pseudotypes and VLPs were then concentrated by ultracentrifugation (20,000 RPM, 4 °C, 1.5h,
545  Beckman Coulter Optima XPN-100, SW32Ti rotor) through a 20% (w/v) sucrose cushion. Pellets
546  were re-suspended in PBS, aliquoted, and stored at -80 °C.

547  Virus entry assays

548 For MLV and lentivirus pseudotype transduction assays, HT1080 cells were seeded and
549  grown to approximately 60% confluency in white 96-well pates. Cells were pre-incubated with
550 inhibitor or vehicle (DMSQO) in serum-free MEM containing 5 pg/mL polybrene. MLV or

551 lentivirus pseudotypes encoding LacZ and harbouring the viral fusion protein of interest were
552  added to the media. 4-6 hours after virus addition, the media was replaced with MEM containing
553 15 mM NH4Cl and supplemented with 10% FBS (Sigma), 0.3 mg/mL L-glutamine, 100 U/mL
554 penicillin, and 100ug/mL streptomycin (Wisent). Approximately 12 hours later, the media was
555  replaced with complete MEM (without NH4CI) and cells incubated an additional 48 hours.

556  Transduced (LacZ+) cells were quantified using the Beta-Glo Assay System (Promega, Madison,
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557  Wisconsin) following the manufacturers’ protocol. Luminescence was measured using a Synergy
558  Neo2 multi-mode plate reader (BioTek Instruments, Winooski, Vermont).

559 For the VLP entry assays, HT1080 cells were seeded and grown to 90% confluency. For
560  experiments with inhibitors, cells were pre-treated with the inhibitors or vehicle (DMSO) for 1
561  hour in serum-free MEM. For S1P experiments, cells were pre-treated for 1 hour in serum-free
562  MEM with inhibitor or vehicle, and S1P (125 nM) was added 10 minutes prior to virus addition.
563  VP40-plam VLPs harbouring EBOVAM or VSV-G were added at a MOI between 0.2 and 0.4. 3
564  hours post infection, cells were loaded with a B-lactamase cleavable FRET substrate, CCF2-AM
565  (ThermoFisher Scientific, Waltham, Massachusetts), according to manufacturer’s protocol and
566  supplemented with 15 mM NH4ClI and 250 puM probenecid (Sigma). Cells were then incubated
567  for 1h at room temperature in the dark, washed with PBS, trypsinized, and resuspended with 2%
568 FBS in PBS prior to analysis by flow cytometry (FACSCelesta or LSRFortessa, BD

569  Biosciences). Flow cytometry analysis was performed using the FlowJo software (BD

570  Biosciences) and infection was quantified by using uninfected controls to assess the percentage
571  of cells that underwent a shift from 530 nm to 460 nm emission, representing cleaved CCF2.
572  Sphingosine kinase 1/2 activity assay

573 SK1 and SK2 specific master mixes were pre-equilibrated at room temperature and

574  prepared immediately before use. SK1 reaction buffer contained 100nM SK1 (R&D systems,
575  Minneapolis, Minnesota), 25uM NBD-Sph (Cayman Chemical Company, Ann Arbor,

576  Michigan), 30 mM Tris-HCI, pH 7.4, 0.05% Triton X-100, 150 mM NacCl, 10% glycerol, 1 mM
577 Na3V04, 10 mM NaF, and 10 mM b-glycero-phosphate and SK2 reaction buffer contained

578  15nM SK2 (R&D systems, Minneapolis, Minnesota), 75 NBD-Sph, 30 mM Tris-HCI, pH 7.4,

579  0.05% Triton X-100, 200 mM KCI, and 10% glycerol. Solutions were vortexed and 18 ul of the
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580  master mix was added per well of a 384-well black plates (ThermoFisher Scientific, Waltham,
581  Massachusetts), followed by the addition of 1ul of inhibitors at 20uM, for a final concentration
582  of 1uM. The assay was initiated with 1ul of 20x ATP-Mg (20 mM ATP, 200 mM MgCl2, 900
583 mM Tris-HCI, pH 7.4), after which the 384-well plate was shaken at 800 rpm for 1 min to allow
584  for complete mixing. After an incubation of 10 min (SK2) and 30 min (SK1) at room

585  temperature, fluorescence emission was measured with a Synergy Neo2 multi-mode plate reader
586  (BioTek Instruments, Winooski, Vermont) where the excitation wavelength was set at 550 nm,
587  and emission wavelength at 584 nm.

588  Pre-cleaved virus

589 Blam VLPs harboring EBOV Amucin GP were incubated in 0.2 mg/mL thermolysin

590 (MilliporeSigma, Burlington, Massachusetts) or PBS (mock) for 30 minutes at 37°C.

591  Phosphoramidon (MilliporeSigma,Burlington, Massachusetts) was then added to a final

592  concentration of 500 uM and the mixture was incubated on ice for 10 minutes. Pre-cleaved

593  (thermolysin-treated) and mock-cleaved (PBS-treated) samples were aliquoted and stored at -80
594  °C.

595 DsiRNAs transfection and infection assays

596 HT1080 were cells grown to 90% confluency and transfected with the DsiRNAS using
597  Lipofectamine RNAIMAX (ThermoFisher Scientific, Waltham, Massachusetts) according to the
598  manufacturer’s protocol. 24 hours post-transfection, cells were re-seeded for VLP entry assays,
599  which were conducted 48 hours post-transfection as described above, with the exception that
600  cells were pre-incubated in serum-free MEM that did not contain any inhibitor or vehicle. In
601 addition, 48 hours post-transfection, cells seeded for lysate preparation were washed once with

602 PBS, followed by the addition of lysis buffer (1% Triton X-100, 0.1% IGEPAL CA-630, 150mM
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603  NaCl, 50mM Tris-HCI, pH 7.5) containing protease inhibitors (Cell Signaling Technology,

604  Danvers, Massachusetts). Proteins were resolved on SDS-polyacrylamide gels and transferred to
605  polyvinylidenedifluoride (PVDF) membranes. Membranes were blocked for 1h at room

606 temperature with blocking buffer (5% skim milk powder dissolved in 25mM Tris, pH 7.5,

607  150mM NacCl, and 0.1% Tween-20 [TBST]). PVDF membranes were then incubated overnight
608 at 4 °C with the appropriate primary antibody. The following day, blots were washed in TBST
609 and incubated with HRP-conjugated secondary antibody for 1h at room temperature. PVDF
610 membranes were then washed again, incubated in chemiluminescence substrate, and imaged
611 using the ChemiDoc XRS+ imaging system (Bio-Rad Laboratories, Hercules, California).

612 Replicative EBOV and SARS-CoV-2 Infection assays

613 For infection assays with replication-competent EBOV, Vero cells were seeded onto
614  black 96 well plates with glass bottom wells. After 48 hours, cells were pre-treated for 1 hour
615  with vehicle (DMSO) or PF-543 in DMEM supplemented with 1% FBS. Ebola virus (Mayinga)
616  expressing GFP was added to media containing inhibitors or vehicle and incubated together for
617 15 minutes prior to addition of the mixture to the cells at a final MOI of 1. Control wells

618  containing no virus were also included. After infection, GFP expression was monitored daily
619 using a BioTek Synergy/HTX plate reader (BioTek Instruments, Winooski, Vermont). These
620  experiments were performed at the CL-4 facility at the National Microbiology Laboratory of the
621  Public Health Agency of Canada.

622 For infection assays with replication-competent SARS-CoV-2 (hCoV-19/Canada/ON-
623  VIDO-01/2020, GISAID accession# EPI_ISL_425177), Huh7.5 cells were seeded and once
624  adhered, inhibitor or vehicle was incubated with the cells at 2x concentration for 1 hour (71).

625 SARS-CoV-2 was then added to each well at an MOI of 0.01 and to give a final inhibitor
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626  concentration of 1x. The inoculum + drug mixture was incubated on cells for 2-3 hours at 37 °C,
627  cells were then washed with MEM and media containing inhibitor or vehicle was added back to
628  cells and incubated for an additional 48h at 37 °C. Supernatant was then collected and used

629  directly to measure the TCID50/mL on Vero cells. These experiments were performed at the CL-
630 4 facility at the National Microbiology Laboratory of the Public Health Agency of Canada.

631  S1PR downstream signaling assay

632 HT1080 cells were seeded and grown to 50% confluency, washed with PBS, and pre-
633  treated for 1 hour with inhibitor or vehicle (DMSO) in serum-free MEM. Cells were then

634  stimulated for 30 minutes with S1P prepared in 4 mg/mL fatty acid free Bovine Serum Albumin
635 (BSA) (MilliporeSigma) in PBS or mock-treated for 30 minutes with 4 mg/mL fatty acid free
636 BSA in PBS. Cells were then washed once with cold PBS and lysed in cold lysis buffer (1%
637  Triton X-100, 0.1% IGEPAL CA-630, 150mM NaCl, 50mM Tris-HCI, pH 7.5) containing

638  protease and phosphatase inhibitors (Cell Signaling). Proteins were resolved on SDS-

639  polyacrylamide gels (Bio-Rad) and transferred to polyvinylidenedifluoride (P\VDF) membranes.
640  Membranes were blocked at RT with blocking buffer (5% skim milk powder in TBST containing
641  sodium orthovanadate (NasVOs, 1mM, Alfa Aesar) and sodium fluoride (NaF, 10mM, VWR)).
642  After 1 hour of blocking, membranes were incubated overnight at 4°C with either the pAkt

643  antibody in 5% BSA in TBST containing NasVO4and NaF, or Akt antibody in 5% skim milk
644  powder in TBST. The following day, blots were washed in TBST and incubated with HRP-

645  conjugated secondary antibody for 1h at room temperature. After 3 more washes in TBST, the
646  membranes were incubated in chemiluminescence substrate and imaged using the ChemiDoc

647  XRS+ imaging system (Bio-Rad Laboratories).
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648  Attachment and internalization assays

649 For the attachment assay, HT1080 cells were seeded and grown to 90% confluency. Cells
650  were pre-treated with serum-free MEM containing inhibitor or vehicle for 1 hour at 37 °C. The
651 cells were detached with 5 mM EDTA and resuspended in 2% FBS in PBS containing inhibitor
652  or vehicle. After incubation at 4 °C for 15 minutes, VP40-GFP EBOVAM VLPs were added on
653 ice and incubated for 1 h at 4 °C to allow the virus to attach to the cell surface. As a control, one
654  set of vehicle treated cells was incubated with trypsin to remove bound virions. The cell and

655  virus mixtures were spun down and washed three times with cold PBS prior to resuspension in
656 2% FBS in PBS containing SYTOX Red dead cell stain (ThermoFisher) and analysis by flow
657  cytometry.

658 For the internalization experiments, HT1080 cells were seeded and grown to 90%

659  confluency. Cells were pre-treated with serum-free MEM containing inhibitor or vehicle

660 (DMSO) for 1 hour at 37°C. The cells were then incubated at 4°C for 15 minutes prior to

661  spinoculation of VP40-GFP EBOVAM VLPs at 300 x g for 30 minutes. Cells were then washed
662  3x with cold PBS to removed unbound virions, pre-warmed media containing inhibitor or vehicle
663  was added, and cells were moved to 37 °C for 1 hour to allow for internalization. Cells were then
664  washed again with cold PBS and incubated with 0.5% trypsin-EDTA (Gibco) at 4 °C for 30

665  minutes to remove VLPs that were still at the surface. Cells were then distributed into tubes

666  containing cold PBS, spun down and washed twice with cold PBS, and finally resuspended in
667 2% FBS in PBS containing SYTOX Red dead cell stain (ThermoFisher) prior to analysis by flow

668  cytometry.
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669  Fluorescence microscopy and image analysis

670 HT1080 cells were seeded onto coverslips that were coated with Poly-D-lysine (Sigma)
671 and grown to approximately 50% confluency. Cells were then pre-treated with inhibitors or

672  vehicle (DMSO) in serum-free MEM for 1 h followed by addition of VP40-GFP VLPs harboring
673 the fusion deficient EBOV Amucin GP™%*R, Cells were incubated for 2.5 hours at 37 °C,

674  CellTracker Blue CMAC dye (ThermoFisher) was added according to manufacturer’s protocol,
675  and cells were incubated for an additional 30 minutes. Cells were then washed with PBS, fixed
676  with formalin, permeabilized with 0.5% triton X-100, and blocked with 20% FBS in PBS for 30
677  minutes. Cells were then incubated with a NPC1 primary antibody (1:70) followed by a DY 650
678  secondary antibody (1:400) and mounted with PermaFluor Aqueous Mounting medium

679  (ThermoFisher). Imaging was performed with a LSM800 confocal microscope (AxioObserver
680  Z1, Zeiss) using a 63x / 1.4NA oil Plan Apochromat objective. Approximately fifteen z-stacks
681  were acquired per image with a pixel size of 0.1 pum.

682 Image analysis was performed using Imaris software v. 8.4.2 (Bitplane). In brief, each
683  cell was modeled based on the CMAC cytoplasmic stain using the surfaces module, and VLPs
684  were modeled as spots. The number of spots per cell was then determined and the modeled spots
685  were assigned colocalization values based on intensity correlation to NPC1. Intensity thresholds
686  were manually set for each experiment but kept constant between experimental conditions. By
687  dividing the number of spots above the colocalization threshold by the total number of spots per

688  cell, the percentage of VLPs colocalizing with NPC1 was determined.
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