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Phosphatidylserine clustering by the Ebola virus
matrix protein is a critical step in viral budding
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Abstract

Phosphatidylserine (PS) is a critical lipid factor in the assembly and
spread of numerous lipid-enveloped viruses. Here, we describe the
ability of the Ebola virus (EBOV) matrix protein eVP40 to induce clus-
tering of PS and promote viral budding in vitro, as well as the ability
of an FDA-approved drug, fendiline, to reduce PS clustering and sub-
sequent virus budding and entry. To gain mechanistic insight into
fendiline inhibition of EBOV replication, multiple in vitro assays were
run including imaging, viral budding and viral entry assays. Fendiline
lowers PS content in mammalian cells and PS in the plasma mem-
brane, where the ability of VP40 to form new virus particles is
greatly lower. Further, particles that form from fendiline-treated
cells have altered particle morphology and cannot significantly
infect/enter cells. These complementary studies reveal the mecha-
nism by which EBOV matrix protein clusters PS to enhance viral
assembly, budding, and spread from the host cell while also laying
the groundwork for fundamental drug targeting strategies.
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Introduction

Ebola virus (EBOV), which was first discovered in 1976, has been of
much concern since the unprecedented 2014-16 outbreak in Western
Africa (Breman et al, 2016). These fears were exacerbated with the
2018-2020 EBOV outbreak in the Democratic Republic of Congo
(> 2,200 fatalities) as well as a small outbreak there in 2021. The
FDA recently approved an EBOV vaccine and a monoclonal antibody
cocktail (Graul et al, 2020; Mullard, 2020); however, the duration

and breadth of these outbreaks and that of SARS-CoV-2 underscore
the dangers of reoccurring outbreaks and the imminent need to
develop small molecule counter measures to treat patients who test
positive for EBOV. Further, there is still a large gap in knowledge in
how EBOV hijacks host cell components to replicate and spread from
cell-to-cell, elucidation of which may identify new drug targets.

In the Filoviridae family, EBOV and Marburg virus (MARV) are
lipid-enveloped negative-sense single-stranded RNA viruses
(Mihlberger, 2007; Banadyga et al, 2016). One commonly over-
looked characteristic of many pathogenic viruses, including EBOV
and MARYV, is their lipid envelope, which is acquired from the host
cell they infect. Furthermore, lipid-enveloped negative-strand RNA
viruses possess limited viral machinery, often encoding for just a
handful of viral proteins. Among these viral proteins is the multi-
functional matrix protein. These matrix proteins, including the VP40
protein of EBOV (eVP40) and MARV (mVP40), are essential to viral
assembly and egress (Stahelin, 2014; Madara et al, 2015). In fact,
independent expression of eVP40 or mVP40 leads to the production
of virus-like particles (VLPs), nearly indistinguishable from infec-
tious virions (Jasenosky et al, 2001; Noda et al, 2002; Licata et al,
2003). Although these matrix proteins travel through different traf-
ficking pathways within cells, they coalesce at the plasma mem-
brane (PM) to form the viral matrix, which directs viral assembly,
budding and the acquisition of their characteristic lipid envelope
(Panchal et al, 2003; Jasenosky & Kawaoka, 2004; Wang et al, 2010;
Bornholdt et al, 2013; Oda et al, 2015; Amiar & Stahelin, 2020; Wan
et al, 2020). Importantly, phosphatidylserine (PS) has been impli-
cated in recruiting matrix proteins to the PM and coordinating the
assembly of progeny virions (Adu-Gyamfi et al, 2015; Wijesinghe &
Stahelin, 2015; Bobone et al, 2017; Del Vecchio et al, 2018).

While lipids play a critical role in assembly of new viral particles,
lipids are also actively involved in viral entry in a phenomenon
known as “apoptotic mimicry”. Apoptotic mimicry is central to the
efficient entry of numerous lipid-enveloped viruses (Jemielity et al,
2013; Moller-Tank et al, 2013; Carnec et al, 2015). During apoptotic
mimicry, PS is transferred from the inner to the outer leaflet of the
PM; this causes PS to become a component of the outer viral
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envelope during infection (Nanbo et al, 2010; Adu-Gyamfi et al,
2015; Amara & Mercer, 2015). Subsequently, the exposed PS in the
viral envelope is recognized by target cell receptors for viral uptake,
continuing the viral lifecycle (Kondratowicz et al, 2011; Moller-
Tank et al, 2013; Brunton et al, 2019).

The two bilayers of the PM have varying compositions of four main
phospholipid classes asymmetrically distributed across the two bilay-
ers (Bell et al, 1981; Van Meer et al, 2008). However, the most abun-
dant anionic lipid within the inner leaflet of the PM is PS, a frequent
participant in peripheral protein recruitment (Cho & Stahelin, 2005;
Stahelin et al, 2014; Kerr et al, 2018). Extensive work has looked at
the dynamic nature of lipids within the PM, including PS, and their
tendency to cluster into domains several hundred nanometers in size
(Fairn et al, 2011; Bobone et al, 2017; Hirama et al, 2017). Clustering
of anionic lipids into domains enriches regions of the PM with anionic
charge, creating a platform for electrostatic interactions at the PM and
cytosolic interface for peripheral protein recruitment. This phe-
nomenon has been reported between PS and the matrix protein of
influenza A virus (Bobone et al, 2017). Although significant work has
underscored the importance of PS in filovirus budding and entry
(Moller-Tank et al, 2013; Moller-Tank & Maury, 2014; Soni & Stahelin,
2014; Stahelin, 2014; Adu-Gyamfi et al, 2015; Del Vecchio et al, 2018;
Brunton et al, 2019), the molecular details of the interaction has not
been explored in the context of the lateral organization of PS, matrix
assembly or implications on viral spread.

The FDA-approved drug, fendiline, has been reported to reduce
PS levels within the PM inner leaflet (Cho et al, 2015; van der
Hoeven et al, 2018), which was sufficient to inhibit the oncogenic
protein K-Ras PM localization and signaling (van der Hoeven et al,
2013, 2018). Fendiline was initially approved by the FDA in the
1970s as a non-selective calcium channel blocker to treat coronary
heart disease (Bayer & Mannhold, 1987); however, these recently
identified off target properties were found to be calcium independent
and associated with the indirect inhibition of acid sphingomyelinase
(ASM) (Cho et al, 2015; van der Hoeven et al, 2018). eVP40 and
mVP40 have been shown to utilize PS for their PM localization,
assembly, and production of progeny virions (Adu-Gyamfi et al,
2015; Wijesinghe & Stahelin, 2015; Del Vecchio et al, 2018; Johnson
et al, 2021); however, detailed molecular insight into this relation-
ship is lacking. To delineate the molecular architecture and require-
ments of PS concentration on VP40 assembly, oligomerization and
budding, we employed biochemical and biophysical assays in vitro
and in cells. We also tested the ability and mechanism by which
VP40 clusters PS in vitro and in cells. We hypothesized that reduc-
tion of PS from the PM with fendiline treatment would perturb filo-
virus assembly and inhibit viral budding. Lastly, fendiline treatment
was tested as a potential therapy for inhibition of EBOV budding and
spread in biosafety level (BSL)-2 and BSL-4 models of infection.

Results

EBOV VP40 localizes to PS-enriched regions in synthetic
membranes and in living cells

eVP40 has been reported to have selectivity and high affinity for PS
(Ruigrok et al, 2000; Scianimanico et al, 2000; Adu-Gyamfi et al,
2015; Del Vecchio et al, 2018) and PI(4,5)P, (Johnson et al, 2016;
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preprint: Johnson et al, 2018), both in vitro and in cells. To estab-
lish an in vitro system for eVP40-PS colocalization, we employed a
giant unilamellar vesicle (GUV) system with fluorescently labeled
Hisg-eVP40 and a fluorescent PS molecule, TopFluor® TMR-PS
(tetramethylrhodamine-PS (TMR-PS)). Dipalmitoylphosphatidylser-
ine (DPPS) was chosen for this assay as eVP40 associates with satu-
rated PS containing membranes in vitro more significantly than PS
mono- or diunsaturated containing membranes. In GUVs supple-
mented with 40% DPPS, a homogeneous ring structure of eVP40-
Alexa488 surrounding the GUV membrane (Fig EV1A, middle
panel) was observed and a random plot profile analysis indicated a
small overlap of the two fluorescent signals at the membrane (Fig
EV1C, indicated by the asterisk). To investigate further the ability of
eVP40-Alexa488 to associate with membranes similar to the PM,
GUVs containing both 40% DPPS and 2.5% PI(4,5)P, were used (Fig
EV1A right panel; See Materials and Methods section for important
temperature preparation guidelines). The plot profile analysis of the
image in Fig EV1A revealed a strong overlap between the two fluo-
rescence signals (eVP40 and TMR-PS) (Fig EV1D). The protein
enrichment analysis also supported this previous observation with
an enrichment index of ~ 5.4 + 2, four times more than membranes
devoid of PI(4,5)P, (Fig EVIE). These data are in agreement with
the previously published findings that eVP40 requires both PS and
PI(4,5)P, for efficient membrane binding and oligomerization and
suggest eVP40 is able to enrich PS at sites of VP40 oligomerization.

To expand upon our findings, we investigated whether eVP40
localized to PS-enriched regions within the PM of live cells. To visual-
ize PS and protein localization simultaneously, we transiently
expressed EGFP-fused proteins in HEK293 cells and supplemented the
cells with TMR-PS immediately prior to imaging (Fig EV2A). To test
the hypothesis that eVP40 localizes to PS-enriched regions of the PM,
we examined the plot profile analysis of TMR-PS and eVP40 by
expressing functionally unique EGFP fused proteins: WT-eVP40, Lact-
C2 (a PS-binding reporter), K224A-eVP40 (a PS-binding residue
mutant; Del Vecchio et al, 2018), and WE/A-eVP40 (oligomerization-
deficient mutant; Adu-Gyamfi et al, 2012; Bornholdt et al, 2013). The
fluorescence profile of EGFP-WT-eVP40 vs. TMR-PS revealed a strong
overlap between the two fluorophores (Fig EV2A and D). These cellu-
lar data corroborate our in vitro data, demonstrating that EGFP-eVP40
localizes to PS-enriched regions of both model membranes and in the
PM of cells. Additionally, there was no significant fluorescence signal
overlap between the EGFP-K224A-eVP40 mutant and TMR-PS (Fig
EV2A and E), which supports the requirement of PS binding for PM
localization of eVP40 (Del Vecchio et al, 2018). Importantly, random
plot profile analysis revealed a moderate overlap in the fluorescence
signals of the oligomerization-deficient mutant WE/A-eVP40 and
TMR-PS (Fig EV2A and F). This is important to note as this protein is
still able to interact with PS at the PM, however, is unable to properly
oligomerize (Hoenen et al, 2010; Adu-Gyamfi et al, 2012, 2013).
These results suggest VP40 interacts with PS at the PM inner leaflet as
a dimer without significant oligomerization, in line with VP40 in vitro
lipid binding (Del Vecchio et al, 2018).

EBOV VP40 enhances clustering of PS in synthetic membranes
and in living cells

Biophysical and molecular studies into PS dynamics in model mem-
branes and living cells revealed that PS basally distributes into
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clustered domains enriched with PS (Fairn et al, 2011; Bobone et al,
2017; Hirama et al, 2017). Interestingly, cellular proteins such as
Annexins are known to significantly enhance the clustering of PS
(Menke et al, 2005) and viral proteins such as M1 of Influenza A
virus have a selectivity for these PS clusters (Bobone et al, 2017).
However, detailed examination of PS clustering and whether filo-
virus matrix proteins such as eVP40 alter the organization of PS has
not yet been explored.

Confocal 3D reconstruction of GUVs (with DPPS and PI(4,5)P,)
indicated different structures of TMR-PS clusters observed where
eVP40-Alexa488 fluorescence was enriched (Fig EV1A, three right
columns). Furthermore, the Mander’s coefficient index of correla-
tion was quantified (between the TMR-PS and eVP40-Alexa488)
with varying lipid compositions (Fig 1B) demonstrating a statisti-
cally significant increase in PS clustering when eVP40-Alexa488 was
incubated with GUVs containing both DPPS and PI(4,5)P, (Fig 1B;
*P < 0.0001). These results suggest that eVP40 induced PS cluster-
ing in vitro, which was significantly enhanced in the presence of
both PS and PI(4,5)P,, akin to the lipid composition typically found
in the PM inner leaflet.

Next, we were interested to determine whether eVP40 was able
to induce PS clustering in synthetic membranes in the absence of PI
(4,5)P,. Therefore, we performed a TMR self-quenching experiment
as described previously (Zhao et al, 2010; Wen et al, 2018). The
TMR fluorescent group has potent self-quenching properties when
two molecules or more are brought to close distance from each
other. We tested the ability of eVP40 to undergo TMR self-
quenching when fluorescent PS was incorporated in lipid vesicles,
as a secondary effect to eVP40-induced PS-clustering. We also tested
different eVP40 concentrations and different PS ratios to investigate
if TMR self-quenching was concentration dependent. The strongest
TMR self-quenching in all membranes was observed at 1.5 pM
eVP40 (Fig 1C). As expected, higher PS molar ratios resulted in
stronger eVP40 induction of TMR self-quenching except for a high
molar ratio of DPPS (60% molar ratio). However, the addition of PI
(4,5)P, at 2.5% molar ratio to 60% DPPS-containing membranes
rescued TMR self-quenching similarly to 40% DPPS-containing
membranes. Further, DPPS-containing membranes at 60% molar
ratio with or without PI(4,5)P, displayed a maximum of TMR-PS
self-quenching at 2 pM eVP40. These observations may indicate a
saturation of the liposome membranes with eVP40 at high PS con-
centrations. Altogether, this assay demonstrated that eVP40 is able
to cluster PS, which is enhanced in the presence of PI(4,5)P,.

Figure 1. Clustering of PS by eVP40 in vitro and in HEK 293 cells.
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We next examined if eVP40 enhanced PS clustering in the PM
of living cells. As previously mentioned, PS selectively localizes
into clustered regions (Fairn et al, 2011; Bobone et al, 2017;
Hirama et al, 2017); and we were able to detect a basal level of
PS-enriched clusters in our control GFP expressing cells, with PS
clusters accounting for ~ 8% of the PM (Fig 1D top panel and E).
Our method was further validated by expressing an additional
control protein with a glycosylphosphatidylinositol membrane
anchor conjugated to GFP (GFP-GPI), which revealed PS clusters
in ~8% of the PM area (Figs 1E and Representative image in
EV3B top panel).

We next sought to determine if our technique accurately cap-
tured enhanced PS clustering using the established EGFP-Annexin
A2 PS reporter (Menke et al, 2005). As shown in Fig 1D-E, expres-
sion of EGFP-Annexin A2 significantly enhanced PS clustering
roughly 2-fold, compared with EGFP expressing cells (***P =
0.0001). Taken together, these findings corroborate the previously
reported effect of Annexin A2 on PS organization (Menke et al,
2005), as well as validate the method developed for our assay. In
contrast, expression of EGFP-PLC3-PH (PI(4,5)P,) or EGFP-LactC2
did not significantly alter the extent of PS clustering (Fig 1E). This
confirmed that transient expression of fluorescently conjugated
lipid-binding proteins is not sufficient to enhance PS clustering at
the PM.

Next, we evaluated the effect of eVP40 expression on PS orga-
nization across the PM. EGFP-WT-eVP40 increased PS clustering
by ~2 fold (*P = 0.004), similar to the PS clustering observed
with Annexin A2 (Fig 1D and E). However, expression of the PS-
binding deficient mutant EGFP-K224A-eVP40 showed no signifi-
cant change in PS clustering (Fig 1D and E), supporting the
hypothesis that eVP40 must interact with PS to promote its clus-
tering at the PM. Additionally, to investigate if eVP40 matrix
oligomerization was important for PS clustering, we expressed
EGFP-WE/A-eVP40 in HEK293 cells. It is important to note that
this mutant still colocalizes with PS at the PM (Fig EV2A and F)
albeit to a lesser extent than WT (Adu-Gyamfi et al, 2012).
Although the WE/A-eVP40 and PS interaction is maintained in
cells, no significant increase in PS clustering was observed (Fig 1D
and E). To the best of our knowledge, this is the first account of a
filovirus matrix protein modulating the organization of PS within
the PM. Moreover, these results demonstrate that both membrane
binding and oligomerization of eVP40 is central to eVP40-
mediated PS clustering.

A Representative 3D reconstructed confocal images of immobilized GUVs (DPPC:Cholesterol:DPPS:PI(4,5)P,:TopFluor® TMR-PS(red)). Left panel: GUVs incubated without
eVP40-Alexa488. Right three panels: GUVs incubated with 1.25 pM eVP40-Alexa488 (green). Scale bar = 5 pm.

B Index of correlation (Mander’s coefficient) between TopFluor® TMR-PS and eVP40-Alexa488 of different GUVs compositions incubated with 1.25 pM eVP40-Alexa488.
Values are reported as mean + s.d. A one-way ANOVA with multiple comparisons was performed; n = 3 for 3 technical replicates ****P < 0.0001.

C % TopFluor® TMR-PS quenching by eVP40 using GUVs (DPPC:Cholesterol:TopFluor®TMR-PS + increasing mol% of PS), 2.5% PI(4,5)P, was added to GUVs with 60% PS.
Fluorescence spectra were recorded (Ex: 547 nm; Em: 550-600 nm); n = 2 technical replicates.

D Representative confocal images of HEK293 cells expressing various GFP-fused proteins (green) and supplemented with TopFluor® TMR-PS (red); scale bar = 10 pm.

Yellow arrows indicate high intensity PS fluorescent regions.

E  %PM with PS clusters = area of high intensity fluorescent PS clusters over total PM area from images in panel D. Black bars are control proteins and blue bars are
eVP40 proteins. Values are reported as mean =+ s.d.; N > 18 cells per biological replicate, n = 3 for 3 biological replicates; A one-way ANOVA was performed with mul-
tiple comparisons compared with the control GFP %PS clustering (***P = 0.0007, **P = 0.004).

Data information: DPPC, dipalmitoyl-phosphatidylcholine; DPPS, dipalmitoyl-phosphatidylserine; GUVs, giant unilamellar vesicles; PM, plasma membrane; PS: phos-

phatidylserine.
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eVP40 membrane binding and oligomerization are dependent on
phosphatidylserine content in lipid membranes

Next, we hypothesized eVP40 may require PS clustering for
productive interactions at the PM during assembly. Enrichment of
PS within regions of the PM would provide additional PS mole-
cules available to recruit eVP40 to platforms of viral budding. To
investigate how increasing the amount of PS within membranes
dictates eVP40 membrane affinity, surface plasmon resonance
(SPR) was performed with Hiss-eVP40 and large unilamellar vesi-
cles (LUVs) with increasing concentrations of PS (POPC matrix
with PS added from 1 to 22 mol% PS; Fig2A-C). eVP40
displayed moderate binding to LUVs with 1% PS, with an appar-
ent affinity of 2.5 uM (Fig 2A). However, increasing the concen-
tration of PS to 11% increased the apparent affinity of eVP40 to
0.65 pM (Fig 2B). eVP40 displayed even stronger affinity to vesi-
cles with 22% PS, with an apparent affinity (Kgq) of ~ 0.18 pM
(Fig 2C). These results indicate that by increasing the amount of
PS in membranes, the affinity of eVP40 to lipid membranes can
be modulated. This finding supports the hypothesis that PS clus-
tering may be a mechanism for the virus to provide the necessary
electrostatic contacts needed for matrix assembly during viral
production.

Once at the PM, VP40 oligomerizes into the extensive matrix that
gives rise to the stability and structure of the virion. Previously,
Adu-Gyamfi et al (2015) highlighted the importance of PS in this
process, where a cell line deficient in PS synthesis showed a signifi-
cant reduction in eVP40 oligomerization. Moreover, our confocal
clustering data (Fig 1D and E) revealed that eVP40 oligomerization
is crucial for modulating PS organization into clustered domains. To
investigate how increasing PS concentration alters eVP40 oligomer-
ization, we utilized chemical crosslinking of Hiss-eVP40 which had
been incubated with LUVs of increasing PS concentration (Fig 2D
and E). Introduction of 15% PS into LUVs led to extensive eVP40
oligomerization beyond dimeric eVP40 compared with when 0% PS
LUVs were used (Figs 1E and 2D lane 2). We next tested LUVs con-
taining 30 and 60% PS and found that eVP40 oligomerization was
even more significantly detected than when just 15% PS was used
(Figs 1E and 2D lane 3 and lane 4, respectively). Compared with
LUVs with 0% PS, both 30% PS and 60% led to a significant
increase in eVP40 oligomerization (*P = 0.021 and *P = 0.017,
respectively). Further, eVP40 oligomerization appeared to saturate
when 30% PS was included, as increasing PS content to 60% did
not increase eVP40 oligomerization (compared with 30% PS).
Taken together, these studies suggest a dynamic relationship
between PS clustering and eVP40 affinity and oligomerization as a
critical step in eVP40 assembly.

Total cellular and plasma membrane levels of phosphatidylserine
are reduced by fendiline treatment

A recent study reported an FDA-approved drug, fendiline, inhib-
ited K-Ras PM localization and signaling (Cho et al, 2015) and
reduced PM PS content in MDCK cells (Cho et al, 2015). There-
fore, it was our goal to determine whether fendiline could also
reduce PS levels in the human cell line HEK293, a cell line com-
monly used in BSL-2 filovirus studies. The initial finding
that fendiline reduced PS levels within the PM (40% reduction,

© 2022 The Authors
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ICso ~ 3 pM) was conducted in MDCK cells using thin-layer chro-
matography (Cho et al, 2015), therefore it had not been estab-
lished if this effect was cell-type specific. To address this, we
first established fendiline’s toxicity in HEK293 cells after 24 and
48 h of treatment. No significant toxicity was observed in treat-
ments up to 5 pM fendiline (Fig EV4A). To evaluate the effect of
fendiline on PS in HEK293 cells, cells were treated with fendiline
for 48 h and lipids were extracted and quantified by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS). We
observed a significant reduction in cellular PS levels compared
with DMSO-treated cells, after 48-h treatment with 1 pM fendiline
(~ 18% reduction; *P = 0.012) and 5 pM fendiline (~ 30% reduc-
tion; ***P = 0.0003) (Fig 3A). Fendiline exhibited no selectivity
in reducing different PS species, as 5 pM fendiline reduced long
chain (C > 38) and saturated PS species nearly equally (Fig
EV4B). It is important to note that the effect of fendiline on PS
was specific in that fendiline treatment had no significant effect
on another anionic phospholipid, phosphatidic acid (Fig EV4C).
Therefore, our data support the reported finding that fendiline
reduced total cellular levels of PS, and that the effect is not cell
dependent.

As PS is an integral anionic component of the PM inner leaflet,
we sought to confirm that fendiline treatment also reduced PS
levels within the PM in HEK293 cells. PS localization within the
PM has been readily studied by expressing EGFP-LactC2 in mam-
malian cells (Yeung et al, 2008; Kay et al, 2012). Therefore,
HEK293 cells expressing EGFP-LactC2 were imaged at 24 h (Fig
EV4D) and 48 h (Fig 3B) post-treatment with increasing concentra-
tions of fendiline. Single doses of 500 nM fendiline had no effect
on EGFP-LactC2 PM localization at 24 or 48 h post treatment
(Figs 3C and EVA4E, respectively). However, we found a ~30%
reduction in PM EGFP-LactC2 localization after 24 h of treatment
for both 1 uM (**P = 0.0003) and 5 pM fendiline (**P = 0.0045;
Fig EV4E). However, a single dose of 1 pM fendiline treatment did
not significantly affect Lact-C2 PM localization after 48 h of treat-
ment (Fig 3C). Conversely, a single dose of 5 pM fendiline signifi-
cantly reduced Lact-C2 PM localization even at 48 h post
treatment (~ 30% reduction; **P = 0.0031; Fig 3C), a reduction
similar to that observed at 24 h post treatment.

Fendiline has been known to target L-type calcium channels in
the T-tubules (invaginations of the PM) of muscle cells thereby
inhibiting calcium movement and acting as a vasodilator (Bayer &
Mannhold, 1987). However, in a number of non-muscle cell lines,
fendiline has been shown to increase calcium levels, including
hepatoma cells (Cheng et al, 2001), oral cancer cells (Huang et al,
2009), PC prostate cancer cells (Jan et al, 2001), and canine kid-
ney cells (MDCK) (Jan et al, 2000). Fendiline was also specific in
the K-Ras inhibitory affect among a number of L-type calcium
channel blockers (van der Hoeven et al, 2013) strongly suggesting
the fendiline mechanism of action is directly linked to PS depletion
and not changes in calcium. Fendiline was shown to inhibit ASM
(Cho et al, 2015) thereby reducing PM sphingomyelin, ceramide,
PS and cholesterol. Restoration of ASM activity lead to the relocal-
ization of the PS reporter LactC2 to the PM (Cho et al, 2015).
Lastly, studies in HEK293 cells, the major cell line used herein,
demonstrated endogenous calcium channel currents could be dis-
tinguished from heterologous expression of L-type calcium chan-
nels (Berjukow et al, 1996).
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Figure 2. Effect of PS concentration on eVP40-binding affinity to and oligomerization on membranes.

A-C SPR demonstrates that eVP40 affinity to LUVs increases in relation to PS concentration. (A) Representative normalized sensorgram of Hisg-eVP40 binding to LUVs
containing 1% PS indicating an apparent affinity of 2.5 pM. (B) Representative normalized sensorgram of Hisg-eVP40 binding to LUVs containing 11% PS indicating
an apparent affinity of 0.65 pM. (C) Representative normalized sensorgram of Hisg-eVP40 binding to LUVs containing 22% PS indicating an apparent affinity of

0.18 pM.

D, E PS concentration in LUVs enhances the ability of Hisg-eVP40 to oligomerize on membranes. (D) Representative western blot of chemical crosslinking performed on
Hise-WT-eVP40 following incubation with LUVs of varying PS content (detected by Mouse a-His antibody & HRP-Sheep a-Mouse). (E) Oligomerization capacity was
determined from the western blot band density ratio of oligomers/(monomer + dimer) from chemical crosslinking experiments. A one-way ANOVA was performed
with multiple comparisons compared with the control 0% PS LUVs control (30% PS *P = 0.02; 60% PS *P = 0.017). n = 3 biological replicates. Values are reported

as mean =+ s.d.

Data information: SPR: surface plasmon resonance; LUVs: large unilamellar vesicles; PS: phosphatidylserine; HRP: horseradish peroxidase.

Thus, based on rigor of prior research the most likely hypothesis
is that fendiline inhibits ASM to alter sphingomyelin levels, which
are necessary to maintain proper PS levels in the PM. Recently,
fendiline analogs have been developed with nanomolar potency and
have been shown to displace ASM, which is membrane bound in
acidic lysosomes leading to ASM degradation (Wang et al, 2021)
While the direct mechanism of PS depletion in the PM is not fully
understood, transbilayer communication may take place across the
plasma membrane between sphingomyelin levels on the outer
leaflet and PS on the inner leaflet (Llorente et al, 2013; Skotland &
Sandvig, 2019).
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Fendiline reduces PS clustering

Next, we hypothesized that reduced levels of PS within the PM
would therefore reduce the degree of PS clustering. To determine
whether fendiline treatment reduced the degree of PS clustering,
we utilized the Number & Brightness technique (N&B). N&B is a
quantitative fluorescence microscopy technique that allows one to
detect the aggregation state of proteins with pixel resolution in real
time (Digman et al, 2008). Previously, N&B was used to quantify
PS clustering by analyzing the N&B profile of EGFP-LactC2
(Bobone et al, 2017). To accurately capture PS clustering at the

© 2022 The Authors
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Figure 3. PS concentration, localization, and dynamics in fendiline-treated HEK293 cells.

A Lipidomic analysis (LC/MS/MS) of total lipids extracted from HEK293 cells treated with the indicated concentration of fendiline (48 h) demonstrated a significant
reduction of total cellular PS levels. Values are normalized to DMSO control and are reported as mean =+ s.d.; n = 3 biological replicates; A one-way ANOVA was per-
formed with multiple comparisons to the control DMSO (*P = 0.012, ***P = 0.0003).

B, C Analysis of PS PM localization in response to fendiline treatment in HEK293 cells. (B) Representative confocal images from live cell imaging of HEK293
cells expressing GFP-LactC2 and treated with fendiline for 48 h; scale bars = 10 pm. (C) Effect of fendiline on PS PM localization was calculated by the
ratio of GFP fluorescence at the PM intensity/intracellular intensity. Values are normalized to DMSO control and are reported as mean = s.d.; N > 15 cell
per biological replicate, n = 3 biological replicates; A one-way ANOVA was performed with multiple comparisons compared with the DMSO control

(**P = 0.0031).

D, E Analysis of PS clustering in HEK293 cells in response to fendiline treatment through N&B analysis. (D) Left panel: Representative images from time-lapse (30 frames)
imaging of HEK293 expressing GFP-LactC2 and treated with fendiline for 48 h; scale bar = 5 pm. Middle panel: Brightness and Intensity plots for each representative
image. Right panel: Selection map correlating each pixel in the representative image to an oligomerization state (b value) (red: monomer-5mer, green: 5mer-10mer,
blue: > 10mer). (E) Average % pixels quantification from panel (d) = Percentage of GFP-LactC2 with brightness values corresponding to monomer-5mer (~ 1-1.5),
Smer-10mer (~ 1.5-1.9) and > 10mer (> 1.9) over the total pixels within each image. Values are reported as mean + s.d.; N > 9, n = 3 biological replicates; A two-
way ANOVA was performed with Dunnett’s multiple comparisons compared to the control DMSO % average pixels (****P < 0.0001, **P = 0.0043).

Data information: GFP-LactC2, phosphatidylserine sensor; N&B, Number & Brightness analysis; PM, plasma membrane; PS, phosphatidylserine.

PM, imaging was performed at a focal plane near the cell surface
(Fig EVA4F).

To evaluate PS clustering, HEK293 cells expressing EGFP-
LactC2 were treated with control or fendiline for 48 h and the
EGFP-LactC2 N&B profile was examined (Fig 3D and E). Three
different cluster bin sizes were examined, 1-5, 5-10, and > 10.
The average percentage of pixels in each bin was calculated and
plotted (Fig 3E). Within control-treated cells, significant aggrega-
tion of EGFP-LactC2 was observed, with 25% present in com-
plexes of 5-10 LactC2 molecules and ~10% in complexes of
> 10 LactC2 molecules (Fig 3D top panel and E). This corrobo-
rates previous work investigating PS clustering, which found
EGFP-LactC2 clusters up to 15 molecules in size (Bobone et al,
2017). Treatment of cells with 5 uM fendiline abolished the pres-
ence of EGFP-LactC2 complexes (> 10 molecules) and signifi-
cantly reduced the number of complexes of 5-10 LactC2
molecules large (from ~ 8% in DMSO to ~ 0% in 5 pM fendiline;
**P = 0.0043) (Fig 3D bottom panel and E). Moreover, there was
a significant (~ 23%) increase in EGFP-LactC2 complexes of ~ 1-
5 molecules in size in cells treated with 5 pM fendiline compared
with control-treated cells (****P < 0.0001) (Fig 3D bottom panel
and E). Taken together, these data suggest that fendiline treat-
ment disrupted large PS-dependent LactC2 complexes which was
compensated by an increase in smaller PS-dependent complexes.
Therefore, fendiline may possess antiviral properties by disassem-
bling PS-enriched regions that would otherwise have been used
as platforms for viral assembly.

While the mechanism by which fendiline reduces PS cluster-
ing is not known, it has been hypothesized that sphingomyelin
changes on the outer PM can alter the distribution of PS in the
inner leaflet (Skotland & Sandvig, 2019). This is thought to be
attributed to the long fatty acid chains of sphingomyelin interact-
ing with the hydrophobic chains of PS, especially that of PS
18:0/18:1 (Skotland & Sandvig, 2019), the most predominant PS
species in the PM. The changes in cholesterol in the PM could
also be partially responsible as optimal levels of sphingomyelin
are required for maintenance of cholesterol and PS levels in the
PM inner leaflet (Maekawa et al, 2016) and PS is necessary for
proper cholesterol distribution across the PM (Maekawa & Fairn,
2015).
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Fendiline significantly inhibits authentic EBOV replication

To determine whether the FDA-approved drug fendiline was able to
inhibit authentic filovirus replication and spread, we first estab-
lished the toxicity of fendiline in Vero E6 cells (Fig EV5A) an estab-
lished model for BSL-4 filovirus studies (Moe et al, 1981), and then
monitored the efficacy of fendiline at inhibiting EBOV replication in
a BSL-4 setting. Vero E6 cells were used to examine EBOV replica-
tion 48-, 72-, and 96-h post-infection at different multiplicity of
infection (MOI) with EBOV (Kikwit) (Fig 4A). Following infection,
plates were separated into three post-infection treatment groups
(day 0, every day dosing (e.d.), or every other day dosing (e.0.d.)).

Fendiline was most effective at reducing EBOV infection in vitro
at 20 pM concentrations in each treatment group with statistically
significant inhibition observed at each time point and each treat-
ment group (excluding EBOV 48 h, e.d.) (****P < 0.0001,
**P < 0.0066) (Fig 4B-D). Percent inhibition was directly affected
by timing of treatments following infection. Furthermore, EBOV
treatment with fendiline e.d. had the highest inhibition on viral
spread at each time point for 20 uM fendiline treatments. Cells of
the e.o.d. treatments group, which did not receive treatment imme-
diately following infection with virus, had a dramatically reduced
degree of inhibition as compared with the day 0 and e.d. treatment
groups, both of which received fendiline immediately following viral
infection of 1 h.

Fendiline reduced EBOV-VP40 but not MARV-VP40 localization to
the plasma membrane

As both EBOV and MARV-VP40 assembly at the PM is in part gov-
erned by PS, we first analyzed both EGFP-eVP40 and EGFP-mVP40
PM localization in cells treated with fendiline for 24 or 48 h. Treat-
ment with 1 and 5 pM fendiline had no significant effect on eVP40
PM at 24 h post treatment (Fig EV5B and C); therefore, EGFP-
mVP40 PM localization was not assessed at 24 h. Surprisingly, no
significant change in EGFP-mVP40 PM localization was observed
after 48 h with either 1 pM or 5 pM fendiline treatment (Fig SA
bottom panel and B); therefore, mVP40 was excluded from further
experiments. In agreement with our results thus far, 1 pM fendiline
did not significantly inhibit EGFP-eVP40 PM localization after 48 h

© 2022 The Authors
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Figure 4. Evaluation of fendiline efficacy in the inhibition of authentic EBOV and MARV spread.

A-D Effect of fendiline on EBOV infection. (A) Representative confocal images of Vero E6 cells infected with EBOV (Kikwit) at the indicated MOI and treated with the
indicated concentration of fendiline. Cells were pretreated 24 h prior to infection with the indicated concentration of fendiline. Post infection, cells were treated 1 h
later (d-1/0), treated every day (e.d), or treated every other day (e.0.d) and fixed at either 48, 72, or 96 h post infection. (green = EBOV; blue = nuclei). White number-
ing in top right corner indicates %infection. Scale bar = 100 pm. (B-D) Quantification of % inhibition of EBOV by fendiline. (B) 48 h (MOl 1.0). (C) 72 h (MOl 0.1). (D)
96 h (MOI 0.1). Values are reported as mean =+ s.d. A one-way ANOVA was performed with multiple comparisons was performed. n = 3 biological replicates.

Data information: EBOV, Ebola virus; MOI, multiplicity of infection; d.-1/0, treatment 1 h after infection; e.d., treatment every day; e.o.d., treatment every other day.

Source data are available online for this figure.

of treatment (Fig SA top panel and C). However, treatment with
5 pM fendiline for 48 h led to a modest reduction in EGFP-eVP40
PM localization (~ 6% reduction compared with control-treated
cells; not significant as P = 0.08) (Fig 5A top panel and C). How-
ever, the reduction of eVP40 PM localization was not robust
enough to lead to the observed inhibition of EBOV by fendiline
treatment in our BSL-4 studies (Fig 4B-D). One possible explana-
tion is that a limitation of this technique is the inability to differen-
tiate the extent of VP40 oligomerization occurring using basic
confocal microscopy. Therefore, it is possible that fendiline
reduced PS levels within the PM, but not significantly enough to
block VP40’s ability to bind to the PM.

VP40 oligomerization is significantly reduced by
fendiline treatment

PS is also a key factor promoting the self-assembly of VP40 into
the matrix layer of the budding virion (Adu-Gyamfi et al, 2013,
2015). This self-assembly process has been highlighted in our in
vitro crosslinking data (Fig 2D and E) as well as previously
reported in live cells utilizing the N&B technique (Adu-Gyamfi

© 2022 The Authors

et al, 2012). To assess how fendiline impacted eVP40 oligomeriza-
tion in cells, we examined the oligomerization profile of EGFP-
eVP40 using the previously described N&B (Adu-Gyamfi et al,
2012, 2015; Johnson et al, 2016) (Fig 5D and E). The crystal struc-
ture, biochemical analysis, and recent Cryo-ET of eVP40 at the PM
strongly suggests eVP40 binds to the PM as a dimer (Bornholdt et
al, 2013; Del Vecchio et al, 2018; Wan et al, 2020). eVP40 dimers
subsequently oligomerize into larger oligomers via CTD-CTD inter-
actions between dimers, leading to the eVP40 matrix layer forma-
tion (Wan et al, 2020). Therefore, for our data to coincide with
the current models of eVP40 oligomerization, EGFP-eVP40 oligo-
mers were grouped into bins based on multiples of the dimer.
Since analyzing eVP40 oligomerization by an increase in every
dimer leads to an abundance of data as well as partial overlap in
fluorescence signal for each dimer addition, we simplified the data
presentation and analysis to different bins of eVP40 oligomers (i.e.
dimer-hexamer, hexamer-12mer, 12mer—18mer, and > 18mer). The
average percentage of pixels in each bin was calculated and plot-
ted for HEK293 cells expressing EGFP-eVP40 and treated with
either the control or indicated concentration of fendiline for 48 h
(Fig 5D and E).
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Figure 5. Analysis of eVP40 and mVP40 cellular localization and oligomerization following fendiline treatment.

A-C

D, E

Effect of fendiline on eVP40 and mVP40 PM localization in HEK293 cells after 48 h of treatment. (A) Representative confocal images from live cell imaging
experiments of HEK293 cells expressing EGFP-WT-eVP40 (top panel) and EGFP-WT-mVP40 (bottom panel) after 48 h of fendiline treatment. Scale bars = 10 um.
Effect of fendiline on mVP40 (B) and eVP40 (C) PM localization was quantified by the ratio of EGFP fluorescence intensity at the PM / total EGFP fluorescence inten-
sity (and normalized to DMSO control). N > 15 cell per biological replicate, n = 3 biological replicates. Values are reported as mean =+ s.d. A one-way ANOVA with
multiple comparisons was performed compared with the DMSO control.

Analysis of eVP40 oligomerization in HEK293 cells in response to 48 h fendiline treatment using N&B analysis. (D) Left panel: Representative images from time-
lapse (30 frames) of HEK293 cells expressing EGFP-WT-eVP40 and treated with fendiline for 48 h. Scale bar = 5 pm. Middle panel: Brightness and Intensity plots for
each representative image. Right panel: Selection map correlating each pixel in the representative image to an oligomerization state (b value) (red: monomer-
hexamer, green: hexamer-12mer, blue: 12mer-24mer, pink: > 24mer). (E) Average % pixel quantification from panel (d) = % of GFP-WT-eVP40 with brightness val-
ues corresponding to monomer-hexamer (~ 1-1.6), hexamer-12mer (~ 1.6-2.0), 12mer-24mer (2.0-3.2), and > 24mer (> 3.2) over the total pixels within each image.
Values are reported as mean + s.d.; N > 9 cell per biological replicate, n = 3 biological replicates; A two-way ANOVA was performed with Dunnett’s multiple com-

parisons compared with the control DMSO % average pixels (**P = 0.0035).

Data information: N&B, Number & Brightness analysis; PM, plasma membrane.

Large eVP40 oligomeric structures corresponding to each bin
size were readily detectable at the PM in control-treated cells (Fig 5
D top panel and E), with ~72% of eVP40 found as a dimer-
hexamer, ~ 16% as a hexamer-12mer, ~ 8% as a 12mer—18mer,
and 3% in complexes > 18mer. Treatment with 1 uM fendiline led
to a ~8% increase in dimeric-hexameric eVP40, and small
decreases in the larger oligomeric structures, although no changes
were statistically significant (Fig 5D middle panel and E). However,
the oligomeric profile of eVP40 was statistically different when cells
were treated with 5 pM fendiline. Following 5 pM fendiline treat-
ment, there was a significant increase in eVP40 found in the dimer-
hexameric state (~ 13% increase; **P = 0.0035) which was coun-
terbalanced by an equal reduction in the larger oligomeric states
(~ 6% reduction for hexamer-12mer, 5% reduction for 12mer—
18mer, and ~ 3% reduction for eVP40 structures > 18mer) (Fig 5D
bottom panel and E). These results support our hypothesis that by
reducing PS concentration and therefore the pool of PS available
for clustering, eVP40 is unable to properly oligomerize once it traf-
fics and binds to the PM. This, in combination with the modest
reduction in eVP40 PM binding following fendiline treatment, may
therefore impact the production of viral particles as suggested from
our BSL-4 studies.

Fendiline reduced VLP production at the plasma membrane

As fendiline reduced VP40 oligomerization, we sought to determine
the effect of fendiline treatment on VLP production using functional
budding assays. No significant effect on VLP production was
observed for cells treated with 0.5 or 1 uM fendiline at either 24
(Fig 6A lane 3,4 and B) or 48 h post-treatment (Fig 6C lanes 3,4 and
D). However, treatment with one dose of 5 uM fendiline for 24 h led
to a ~ 25% reduction in VLP production (Fig 6A lane 5 and B) com-
pared with DMSO-treated cells (Fig 6A lane 2 and B). More impor-
tantly, this reduction in VLP production was even more robust
when monitored at 48 h post-treatment, with a statistically signifi-
cant ~ 60% reduction in the relative budding efficiency of 5 uM
fendiline-treated cells (*P = 0.0260) (Fig 6C lane 5 and D). The
reduction in VLPs is supported by our previous findings that a single
dose of 5 uM fendiline reduced PS levels, PS clustering and the
extent of eVP40 oligomerization at the PM. Therefore, we hypothe-
size that reduced virus budding is at least partially responsible for
fendiline efficacy in authentic EBOV studies (Fig 4).

To further investigate the reduction of VLP production in
fendiline-treated cells, and to determine if there were any observ-
able morphological changes in VLPs, scanning electron microscopy

Figure 6. VLP production and morphology in HEK293 cells in the presence of fendiline.

A-D Functional budding assays assessed at 24 h (A, B) and 48 h (C, D) post treatment. (A) Representative western blot of budding assays performed at 24 h
post transfection with vehicle control (DMSO) treatment or 500 nM, 1 uM, or 5 pM fendiline treatment. VLP samples (top panel) and cell lysate samples
(bottom panel) collected from HEK293 cells and immunoblotted for eVP40 expression; GAPDH served as a loading control. eVP40 detected by (Rabbit a-
eVP40 and HRP-Goat a-Rabbit); GAPDH detected by (mouse a-GAPDH and HRP-Sheep a-Mouse). (B) Quantification of relative budding index at 24 h post
vehicle or fendiline treatment. Relative budding index was determined by the western blot band density of eVP40 in the VLP fraction/(total eVP40 cell
lysate + eVP40 VLP band density) and was normalized to the DMSO control. Cell lysate eVP40 band density was normalized to GAPDH band density prior
to use in budding index quantification. n = 3 biological replicates. Values are reported as mean + s.d. A one-way ANOVA was performed with multiple
comparisons compared with the DMSO control. (C) Representative western blot of budding assays performed at 48 h post vehicle control (DMSO) treat-
ment or 500 nM, 1 uM, or 5 pM fendiline treatment. VLP samples (top panel) and cell lysate samples (bottom panel) collected from HEK293 cells and
immunoblotted for eVP40 expression; GAPDH served as a loading control. eVP40 detected by (Rabbit a-eVP40 and HRP-Goat a-Rabbit); GAPDH detected by
(Mouse a-GAPDH and HRP-Sheep a-Mouse). (D) Quantification of relative budding index at 48 h post fendiline treatment. Relative budding index was
determined by the western blot band density of eVP40 in the VLP fraction/(total eVP40 cell lysate + eVP40 VLP band density) and was normalized to the
DMSO control. Cell lysate eVP40 band density was normalized to GAPDH band density prior to use in budding index quantification. n = 3 biological
replicates. Values are reported as mean + s.d. A one-way ANOVA was performed with multiple comparisons compared with the DMSO control.

(*P = 0.0260)

E, F SEM micrographs of HEK293 cells. (E) Representative micrographs of mock transfected HEK293 cells harvested after 48 h of no treatment (12,000x magnification)
or DMSO treatment (10,000x magnification). (F) Representative micrographs of HEK293 cells expressing FLAG-eVP40 and harvested after 48 h of no treatment
(6,500% magnification), DMSO treatment (12,000x magnification), or the indicated concentration of fendiline (1 uM fendiline at 11,419x magnification and 5 pM

fendiline at 15,000 magnification).

Data information: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HRP, horseradish peroxidase; SEM, scanning electron microscopy; VLPs, virus-like particles.

© 2022 The Authors
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(SEM) experiments were performed (Fig 6E and F). Micrographs of
cells expressing FLAG-eVP40 and treated with 5 pM fendiline
revealed minimal VLP production at the PM compared with control-
treated cells (Fig 6F). These findings support the hypothesis that
fendiline treatment considerably reduces the production of EBOV
VLPs.
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VLP morphology is altered by fendiline treatment

The structure and stability of filoviruses is derived from the VP40
matrix underlying the lipid envelope of virions. Therefore, we uti-
lized transmission electron microscopy (TEM) of purified VLPs to
determine if disturbing matrix assembly and altering the lipid

© 2022 The Authors
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components of the PM with fendiline treatment changed VLP mor-
phology and possibly infectivity (Fig 7A-C). During filoviral entry,
surface exposed GP and viral envelope PS interact with the receptor
T-cell immunoglobulin receptor-1 (TIM-1) (Moller-Tank et al, 2013;
Brunton et al, 2019). To recapitulate entry-competent VLPs (eVLPs),
we co-expressed eVP40 with the EBOV glycoprotein (eGP). We per-
formed TEM of eVLPs purified from control and 5 pM fendiline-
treated cells and used ImageJ software to analyze VLP length and
diameter (Fig 7A-C). Control eVLPs were heterogenous in length
with a mean length of 4.1 pm =+ 2.9 (Fig 7A left panel and B). Con-
trol eVLPs diameter also exhibited a level of heterogeneity but had a
consistent diameter of 75 nm 4+ 12.9, which is similar to previous
studies of both virions and VLPs (Noda et al, 2002; Liu, 2014) (Fig 7
A left panel and C). The length and diameter of eVLPs derived from
5 pM fendiline-treated cells were significantly less than control
eVLPs. Strikingly, fendiline treatment reduced eVLP length by
~35%, from 4.1 pm to 2.7 pm (*P = 0.0139) (Fig 7A right panel
and B) and modestly reduced eVLP diameter (*P = 0.043) (Fig 7A
right panel and C). To ensure that eVLPs derived from fendiline-
treated cells were not more susceptible to damage during the purifi-
cation, circular dichroism thermal melting was performed and no
difference in eVLP stability was observed (Appendix Fig S1).
Reduced eVLP length and diameter could translate into reduced
infectivity (e.g., less PS and less surface area and membrane avail-
able to bind TIM-1), therefore we next sought to determine the effect
of fendiline on eVLP entry.

Fendiline blocks EBOV eVLP entry

A common characteristic of viral infectivity is the relationship
between virion-associated PS and the TIM-1 receptor on target cells
(Kondratowicz et al, 2011; Moller-Tank et al, 2013; Wang et al,
2017; Dejarnac et al, 2018; Brunton et al, 2019). Moreover, it has
been previously reported that other ASM inhibitors blocked EBOV
infectivity (Miller et al, 2012). To determine whether fendiline treat-
ment reduced the entry of eVLPs, we performed a fluorescent-based
entry assay using 1,1’-dioctadecyl-3,3,3’,3-tetramethylindocarbocyanine
perchlorate (Dil) labeled eVLPs (Nanbo et al, 2010; Kuroda et al,
2015; Nanbo & Kawaoka, 2019). By testing entry of eVLPs derived
from fendiline-treated cells rather than the entry of eVLPs on
fendiline-treated cells, we were able to determine how fendiline
treatment affected eVLP entry rather than how inhibition of ASM in
target cells affected eVLP entry (as previously described Miller et al,
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2012). If entry of the eVLPs was not altered by fendiline treatment,
one would expect a dose-dependent increase in infectivity with
increasing TIM-1 expression. Conversely, if eVLP entry was inhib-
ited by fendiline treatment, a dose-dependent increase in eVLP entry
would not be observed with increasing TIM-1 expression.

TIM-1 overexpression was increased in target cells and a detect-
able and significant dose-dependent increase in control eVLP entry
was observed, by > 200% in the highest TIM-1 overexpressing cells
(compared with no TIM-1 overexpression; Fig 7D top panel and E).
Remarkably, no measurable increase in eVLP entry was observed
for fendiline-derived VLPs across any of the TIM-1 overexpressing
target cell conditions (Fig 7D bottom panel and E). From this com-
parison, these results suggest that the impaired entry of fendiline
eVLPs is a result of reduced PS in the viral envelope, either from
smaller VLPs or a lower % of PS content. These findings in combi-
nation with the observed reduction in VLP formation further sub-
stantiate the significant reduction of EBOV infection observed in our
live virus studies following fendiline treatment.

Mathematical model of in vitro experiments

We next used a mathematical model to predict how the effects of
fendiline on both viral budding and entry combine to produce the
observed effects in the BSL-4 assays. We calibrated our mathemati-
cal model (equations 1-3) to experimental data from the budding,
entry and cellular infection assays using approaches and parameter
settings outlined in the methods and Appendix Table S1. Results
from our two-phase calibration procedure are shown in Fig 8A-F
and Appendix Fig S2. The model captures key features of the data
including a progressive increase in percentage of infected cells over
time, differences between MOI and limited cell death in the first
48 h of the experiment (Appendix Fig S2).

The dynamics behind these calibrated figures suggested that
fendiline treatment significantly delayed the infection process (Fig 8
G and H), resulting in the observed decrease in percent infected
cells with treatment over 4 days. The effects of fendiline on budding
and entry are estimated to have similar pharmacodynamics (PD),
with entry effects estimated to have a slightly stronger response
(lower Cso and higher Ep.,) compared with budding (Appendix
Table S1). Based on PD parameters, the response to fendiline was
estimated to be weaker in the BSL-4 assays, as is evident by higher
Csp values and lower E;,x values compared with the budding and
entry assays (Appendix Table S1; Fig 8I). These PD parameter

Figure 7. Effect of fendiline on eVLP morphology and TIM-1 dependent eVLP entry.

A-C TEM analysis of eVLP morphology. (A) Representative transmission electron micrographs of eVLPs purified from HEK293 cells expressing FLAG-eVP40 and eGP fol-
lowing 48 h of DMSO (left panel) or 5 uM fendiline treatment (right panel). (B) Quantification of eVLP length (um) of DMSO-derived eVLPs (black) and fendiline-
derived eVLPs (blue). N > 50 VLPs per biological replicate, n = 3 biological replicates. Values are reported as mean =+ s.d. A two-tailed t-test was performed
(**P = 0.0139). (C) Quantification of eVLP diameter (nm) of DMSO-derived eVLPs (black) and fendiline-derived eVLPs (blue). N > 50 VLPs per biological replicate,

n = 3 biological replicates. Values are reported as mean =+ s.d. A two-tailed t-test was performed (*P = 0.0430).

D, E Fluorescence based Dil TIM-1 dependent entry assay. (D) Representative confocal images from the Dil-entry assay comparing entry of eVLPs produced from DMSO
(top panel) and fendiline-treated HEK293 cells (bottom panel) into target cells (HEK293 cells transiently expressing increasing amounts of TIM-1; 0.0 pg, 0.5 pg,
1.0 pg). A stack of 10 frames was acquired for each image. Dil (initially red) was recolored to yellow for easier observation in print; blue (Hoechst 3342 stain); scale
bar = 10 pm. (E) Quantification of eVLP entry was performed by calculating the total number of Dil punctate / the total number of Dil-positive cells. Three images
from each z-stack were quantified. N = 9 cell per replicate, n = 3 biological replicates. Values are reported as mean =+ s.d. A one-way ANOVA was performed with
multiple comparisons against the 0.0 pg TIM-1 condition for both DMSO- and fendiline-derived eVLPs. (****P < 0.0001; **P = 0.0093).

Data information: Dil, 1,1’-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate; eGP, Ebola virus glycoprotein; eVLP, entry-competent virus-like particles; eVLPs,
entry-competent VLPs; TEM, transmission electron microscopy; TIM-1, t-cell immunoglobulin receptor-1.

© 2022 The Authors
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Figure 8. Calibrated mathematical model reproduces key observations in multiple experimental datasets.
A-F Percentage infected cells is shown for various fendiline concentrations given prior to infection (d-1/0, A-C) or daily (e.d., D-F). (A, D) MOI 1; (B, C, E, F) MOI 0.1.

G, H Model predicted cell and viral dynamics for MOI 0.1.

| Model predicted dose-response curves for fendiline effects on viral budding and entry in the BSL-4 experiments.

Data information: MOI, multiplicity of infection; e.d., treatment every day; d-1/0, treatment 1 h after infection.

differences between budding and entry assays vs BSL-4 results
could suggest that other parts of the viral life cycle not affected by
fendiline (not quantified explicitly in these experiments) become
rate limiting in the BSL-4 assays, thereby reducing the overall effect
of fendiline on infection progression. In summary, a mathematical
model consistent with three independent experimental systems, pre-
dicts a combination of budding and entry effects resulting in the
observed BSL-4 effects, and estimates PD parameters for each

mechanism.

© 2022 The Authors

Discussion

The host cell PM is exploited by filoviruses for their assembly and
budding, where they can egress the host cell to form a new virion.
The matrix protein, VP40, is the main driver of this process as it har-
bors a high affinity for lipids in the PM inner leaflet. Lipid binding
by VP40, which includes selectivity for PS (Ruigrok et al, 2000;
Scianimanico et al, 2000; Adu-Gyamfi et al, 2015; Del Vecchio et al,
2018) and PI(4,5)P, (Johnson et al, 2016; preprint: Johnson et al,

EMBO reports 23:e51709(2022 15 of 24



EMBO reports

2018) drives and stabilizes, respectively, VP40 oligomers that are
necessary for viral budding. In fact, VP40 has been shown to be suf-
ficient (in the absence of other filovirus proteins) to form VLPs from
the host cell PM that are nearly indistinguishable from virions (Jase-
nosky et al, 2001; Noda et al, 2002; Licata et al, 2003). Again, this
underscores the unique properties of VP40 structure and sequence,
which provides a template for host lipid binding, oligomerization,
and sufficient information to encode cues for scission to complete
the viral budding process. Further, VP40-derived VLPs enter cells in
a PS-dependent manner, despite the absence of the EBOV glycopro-
tein (Jemielity et al, 2013). While some of the basic principles
between VP40 and PM interactions have been previously revealed,
the mechanistic consequences of the interactions and their potential
pharmacological targeting have remained unknown.

In this study, we demonstrated that VP40 was able to cluster PS
in vitro and in the PM of cells. VP40-dependent PS clustering
required PS binding and efficient PM localization of VP40, as the
K224A-VP40 mutant, previously defined as a PS-binding residue did
not significantly increase PS clustering. VP40 oligomerization was
also crucial to PS clustering efficiency as a VP40 oligomerization-
deficient mutant, which can still exhibit PM localization, signifi-
cantly reduced PS clustering. This is an important point as the PM
of host cells is generally thought to harbor 20-30 mol% PS in the
inner leaflet. In fact, VP40 effectively binds and oligomerizes on PS-
containing membranes with compositions close to the PS content of
the PM inner leaflet. This is consistent with a recent computational
study that demonstrated higher PS levels resulted in a higher VLP
budding rate (Liu et al, 2022). In contrast, PS concentrations below
15 mol% did not provide robust affinity and oligomerization com-
pared with those with 22 mol% PS and greater. PS clustering and
PS content may also play a critical role in the loss of asymmetry that
occurs during the EBOV budding process. For instance, pooling of
PS in distinct regions of VP40 assembly may provide a cue for
scramblases shown to distribute PS to the outer leaflet of the PM
during the viral budding process (Nanbo et al, 2010; Younan et al,
2018; Acciani et al, 2021).

A recent study demonstrated that silencing PSS1, an enzyme
responsible for PS synthesis in mammalian cells was sufficient to
inhibit EBOV replication (Younan et al, 2018). However, to the best
of our knowledge, small molecules aimed at targeting host cell lipid
distribution have not previously been tested against EBOV. Fendi-
line was a logical choice to form an initial hypothesis of an FDA-
approved drug that could inhibit EBOV budding as it was recently
shown to lower PM PS (Cho et al, 2015) and inhibit K-Ras signaling
(van der Hoeven et al, 2013, 2018) suggesting this FDA-approved
drug may be sufficient to inhibit EBOV budding. Indeed, in BSL-4
experiments, fendiline was able to inhibit EBOV replication > 75%
at 20 pM when given every day post-infection. Follow up mechanis-
tic studies demonstrated that fendiline efficacy was due to inhibition
of VP40 oligomerization, viral budding and viral entry. Thus, fendi-
line, which reduced the PS content of HEK293 cells by ~ 30%, sub-
sequently reduced PS clustering and VP40 oligomerization
necessary for efficient viral budding. VLPs that did form from
fendiline-treated cells had an overall reduced length and surface
area, which likely combined with the reduced PS-content of the
virus or VLPs to limit subsequent viral entry. Thus, disruption of
PM PS content by one small molecule was sufficient to effect at least
three important steps in the filovirus life cycle. Importantly, an
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increase in intracellular calcium due to fendiline can be ruled out in
reducing and/or inhibiting EBOV and VP40 budding as calcium has
been shown to be a critical component of VLP formation and virus
replication (Han et al, 2015). Thus, an increase of calcium in
HEK293 cells would be expected to increase and not decrease bud-
ding as we have observed.

Overall, this study lends credence to the hypothesis that host pro-
cesses may be targeted to inhibit viral replication and spread. While
the potency of fendiline may be low, the combination of fendiline
with other FDA-approved drugs that have shown efficacy against
EBOV (Johansen et al, 2013, 2015; Nelson et al, 2016; Dyall et al,
2018; Jasenosky et al, 2019) hold further promise. Fendiline was
effective at 5 pM for reducing PS content in cells and the relationship
to fendiline concentrations used in vivo is an important point to
address in the future. Fendiline has been used in both single (200-
1,200 mg) and multiple doses (400 mg, twice) per day, which was
followed with pharmacokinetic evaluation yielding maximal plasma
levels in patients of 9-170 ng/ml (Weyhenmeyer et al, 1987). At the
upper range of fendiline detected in the plasma, 170 ng/ml = 540
nM fendiline. Thus, at the upper value of fendiline detected from
oral dosing, the concentration was lower than the 5 pM used to
lower cellular PS. Part of the issue in fendiline dosing is rapid meta-
bolism with a bioavailability of ~ 20% depending on the mg dose
given (Kurovetz et al, 1982). Thus, the issue is not necessarily fendi-
line toxicity and efficacy but drug metabolism of fendiline in the
plasma and through the hepatic 1st pass effect that limit plasma con-
centration available (Kurovetz et al, 1982). Thus, future studies
geared towards more stable drugs that can alter PS content through a
similar mechanism of action (via ASM inhibition) may be beneficial.

Recently, fendiline analogs have been generated that have
nanomolar potencies against K-Ras PS-dependent PM localization
and were effective at inhibiting cancer cell proliferation in the low
micromolar range (Wang et al, 2021). Fendiline has also recently
been shown to block SARS-CoV-2 S-mediated fusion (Xiao et al,
2020) and cause Leishmania infantum death via mitochondrial
depolarization (Reimao et al, 2016). Thus, our work and these stud-
ies lay a framework to improved pharmacological targeting strate-
gies against either VP40 matrix assembly or PS clustering that
would not only reduce viral budding and spread but also lower sub-
sequent viral entry, which partially relies on PS in the viral envelope
(Jemielity et al, 2013; Moller-Tank et al, 2013; Moller-Tank &
Maury, 2014; Brunton et al, 2019). Notwithstanding pharmacologi-
cal principles learned from this study, a critical balance between
VP40 and PS has been resolved demonstrating a critical need for
VP40 clustering in the assembly and budding process. VP40 oligo-
mers are needed for enhanced PS clustering where PS clustering
seems to ensure optimal VP40 oligomerization.

Materials and Methods

Reagents and solutions

PBS, DMEM, ionomycin and Lipofectamine™ LTX with Plus™
Reagent, and Invitrogen™ Molecular Probes™ Hoechst 3342 were
purchased from Fisher Scientific, heat-inactivated fetal bovine serum
(FBS) was purchased from Hyclone, and Minimum Essential
Medium (MEM) was purchased from Corning. Invitrogen Live Cell
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Imaging Solution, Dil Stain, Halt™ Protease Inhibitor Cocktail, Pierce
BCA Assay kit, and BS3 were purchased from ThermoFisher Scien-
tific. Non-essential amino acids (NEAA) were purchased from Sigma
Aldrich and L-glutamine was purchased from Gibco. Alexa Fluor™
488 Cs Maleimide (Alexa-488) for protein conjugation was purchased
from Invitrogen. Fendiline was purchased from Cayman Chemical
Company, prepared in DMSO and stored at —20°C. Ultra-Pure Grade
DMSO was purchased from VWR and the Ni-NTA slurry was pur-
chased from Qiagen. L1 chips for SPR experiments were purchased
from GE Healthcare. For cell viability assays, CellTiter-Glo® was pur-
chased from Promega. Antibody information for immunoblotting
and immunofluorescence can be found in Appendix Table S2. Ten
percent neutral-buffered formalin was purchased from Val Tech
Diagnostics (Brackenridge, PA). Cell staining buffer was purchased
from BioLegend. Stain was purchased from Fisher Scientific.

Plasmids

EGFP, EGFP-eVP40, and EGFP-WE/A-eVP40 were prepared as
described previously (Adu-Gyamfi et al, 2012; Johnson et al, 2016).
GFP-K224A-eVP40 was prepared by site directed mutagenesis
(preprint: Johnson et al, 2018) and GFP-mVP40 was used as
described previously (Wijesinghe & Stahelin, 2015; Amiar et al,
2021). The GFP-LactC2 plasmid was a kind gift from Sergio Grin-
stein (University of Toronto). GFP-PLCOPH was a kind gift from
Tamas Balla (NIH). pCAG-GPI-GFP was a gift from Anna Katerina
Hadjantonakis (Addgene #32601). pEGFP-N3-Annexin A2 was a gift
from Volker Gerke & Ursula Rescher (Addgene #10796). pCAGGS-
FLAG-eVP40 (NR49337) and pcDNA3.1-eGP (NR-19814) were
obtained from BEI Services. pCAGGS-TIM-1 was from Heinz Feld-
mann (Watt et al, 2014).

Lipids and LUV preparation

POPC (#850457), DPPC (#850355), Chol (#700000), DPPS (#840037),
POPE (#850757), POPS (#840034), Brain PI(4,5)P, (#840046), and
TopFluor® TMR-PS (#810242) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL) and stored in chloroform and/or
methanol at —20°C until use. For large unilamellar vesicle (LUV)
preparation used in SPR and chemical crosslinking experiments, lipid
mixtures were prepared at the indicated compositions (using a POPC
matrix as the background and control and the indicated additions of
PS at the expense of POPC), dried down to lipid films under a contin-
uous stream of N,, and stored at —20°C until further use. On each day
of experiments, LUVs were brought to room temperature, hydrated in
either SPR buffer (10 mM HEPES, 150 mM NaCl, pH 7.4) or chemical
crosslinking buffer (260 uM Raffinose pentahydrate in PBS, pH 7.4),
vortexed vigorously, and extruded through a 100 nm (SPR experi-
ments) or 200 nm (chemical crosslinking experiments) filter. Vesicle
size was confirmed by dynamic light scattering using a DelsaNano S
Particle Analyzer (Beckman Coulter, Brea, CA).

Preparation and imaging of GUVs
GUVs were prepared by a gentle hydration method (Reeves & Dow-
ben, 1969; Darszon et al, 1980; Yamashita et al, 2002). Briefly,

1 mM of lipid control mixture was made and contained
1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), cholesterol

© 2022 The Authors
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(Chol), and fluorescent PS (TopFluor® TMR-PS) at 90:9.8:0.2%
molar ratio. For PS clustering and eVP40-binding analysis, 1,2-
dipalmitoyl-sn-glycero-3-phosphoserine (DPPS) alone or with brain
phosphatidylinositol 4,5-bisphosphate PI(4,5)P, were added at 40
and 2.5% molar ratios, respectively, and the ratios of DPPC were
adjusted accordingly. The lipid mixtures were prepared in 5 mL
round-bottom glass flasks and the chloroform was removed with
rotary movements under a continuous stream of N, and even heat
at 55°C until complete evaporation of the solvent. The lipid films
were then hydrated overnight at 50°C (DPPC:Chol:TopFluor TMR-
PS) and 55°C (DPPC:Chol:DPPS:PI(4.5)P,:TopFluor TMR-PS) in an
appropriate volume of GUV hydration buffer (150 mM NaCl, 10 mM
HEPES, 0.5 M sucrose, pH 7.4).

For imaging, the freshly hydrated GUVs were diluted 10 times in
GUV dilution buffer (150 mM NaCl, 10 mM HEPES, 0.5 M glucose,
pH 7.4) and placed on a 6-mm diameter chamber made from a sili-
con sheet using a core sampling tool (EMS # 69039-60). The silicon
chamber was mounted on a 1.5-mm clean coverglass (EMS # 72200-
31) pre-coated with 1 mg/ml BSA. The set up was then assembled in
an Attofluor chamber (Invitrogen # A7816) and 1.25 pM eVP40-
Alexa488 was added. GUVs imaged for eVP40 and PS colocalization
and clustering analysis was performed at 37°C on a Nikon Eclipse Ti
Confocal inverted microscope (Nikon Instruments, Japan), using a
Plan Apochromat 60x 1.4 numerical aperture oil objective and a
100x 1.45 numerical aperture oil objective, respectively. A 488 nm
argon laser was used to excite GFP and a 561 nm argon laser was
used to excite TopFluor®TMR-PS. The 3D reconstruction was per-
formed using ImageJ. Mander’s correlational analysis was performed
using the plugin JACoP (Bolte & Cordelieres, 2006).

Cell culture, transfections, and pharmacological treatments

All BSL-2 studies were performed using HEK293 cells obtained from
the American Type Culture Collection and cultured in DMEM sup-
plemented with 10% FBS and 1% PS. Transient transfections were
performed using Lipofectamine™ LTX + PLUS™ Reagent, according
to the manufacturer’s protocol. All transfections were performed in
DMEM supplemented with 10% FBS. Treatment with fendiline (in
DMSO) occurred at 5-h post-transfection in DMEM supplemented
with 10% FBS. BSL-4 assays were also performed using Vero E6
cells cultured in MEM, 5% heat-inactivated fetal bovine serum, 1%
L-glutamine, and 1% NEAA. Both HEK293 and Vero E6 cells were
cultured and incubated at 37°C, 5% CO,, 80% humidity.

Biosafety

Experiments with authentic virus (Fig 4), were performed in dedi-
cated BSL-4 facilities at the U.S. Army Medical Research Institute of
Infectious Diseases (USAMRIID). This work was performed under a
USAMRIID-approved safety protocol (AP-16-001). USAMRIID bio-
logical safety measures can be found in more detail here: https://
usamriid.health.mil/biosafety/index.htm. The virus strain used was
Ebola virus Kikwit. This work performed in BSL-4 uses the highest
containment practices including the use of positive pressure suits by
lab personnel and breathing of filtered air. Laboratory oversight is
monitored by a number of federal agencies and third-party inspec-
tors that have access to the Institute. A complete list of these agen-
cies and inspectors can be found at the link above.
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Immunoblotting

Samples prepared for western blotting analysis were first separated
using SDS-PAGE (8% for chemical crosslinking and 12% for cell
lysates and VLPs). Following transfer onto a nitrocellulose mem-
brane, membranes were blocked with 5% MILK-TBST and analyzed
with their respective antibodies (see Appendix Table S2). Antibod-
ies were detected using an ECL detection reagent and imaged on the
ImageQuant LAS 4000 or Amersham Imager 600 (GE Healthcare Life
Sciences). All quantitative analysis derived from western blotting
was performed using densitometry analysis in ImageJ.

Protein purification and Alexa-488 C; Maleimide labeling

The Hisg-eVP40-pET46 expression vector was a kind gift from Dr.
Erica Ollmann Saphire (La Jolla Institute for Immunology) and was
expressed and grown in Rosetta™ 2 BL21 DE3 competent cells
(Merck Millipore, Billerica, MA). The pet28a-Hisgs-Lact C2 bacterial
expression plasmid was a kind gift from Dr. Sergio Grinstein. Hisg-
eVP40 and Hiss-LactC2 were grown and purified as described previ-
ously (Johnson et al, 2016). Following elution from a Ni-NTA slurry
(Qiagen), the protein samples were then further purified using size
exclusion chromatography on a HiLoad 16/600 Superdex 200 pg
column (AKTA pure, GE Healthcare). The desired fractions contain-
ing dimeric VP40 or monomeric LactC2 were collected, concen-
trated, and stored in 10 mM Tris, 300 mM NaCl, pH 8.0. Protein
concentration was calculated using the Pierce BCA assay and the
protein was stored at 4°C for no longer than 14 days.

Labeling of eVP40 cysteine residues was carried out using Alexa-
488-Cs-maleimide. eVP40 dimer was treated with a 1.5-fold molar
excess of Alexa-488-C5-maleimide dissolved in DMSO for 2 h at
room temperature in maleimide labeling buffer (20 mM NaPi solu-
tion pH 7.4, 150 mM NacCl, 4 M Guanidine HCl). The labeling reac-
tion was quenched by adding dithiothreitol (final concentration of
50 mM) and the labeled protein was separated from the non-
conjugated dye on a HiLoad 16/600 Superdex 200 pg column. Frac-
tions containing eVP40 dimer were collected and concentrated. The
labeling efficiency and protein concentration were estimated using a
NanoDrop according to Invitrogen’s instructions.

Plasma membrane localization confocal microscopy

Live cell imaging experiments were performed at 24 and 48 h post
treatment. Experiments to quantify fluorescent protein PM localiza-
tion were performed on a Zeiss LSM 710 inverted microscope using
a Plan Apochromat 63x 1.4 numerical aperture oil objective. A
488 nm argon laser was used to excite GFP/EGFP. GFP-LactC2 PM
localization was quantified ratiometrically by comparing the PM sig-
nal vs. the cytosolic signal. GFP-EBOV-VP40 and GFP-MARV-VP40
PM localization was quantified ratiometrically by comparing the PM
signal vs. the total fluorescence signal within the cell.

TMR-PS quenching experiment

The TopFluor® TMR quenching analysis was performed as
described previously (Zhao et al, 2010). Briefly, LUVs with 0.5%
TopFluor® TMR-PS and increasing amounts of DPPS (0, 1, 5, 10, 20,
40, 60%) with or without PI(4,5)P, (2.5% with 60% DPPS) were
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made as described above. LUVs were then mixed at a final concen-
tration of 40 pM with corresponding concentrations of eVP40 dimer
in 10 mM HEPES, 160 mM NaCl pH 7.4 in a black/clear bottom 96-
well plate and incubated at 37°C for 30 min. The TopFluor® TMR
was excited at 547 nm and the fluorescence was recorded from 555
to 600 nm with no cutoff wavelength using the plate reader Spec-
traMax MS5e (Molecular Devices, St Jose, CA). The fluorescence
quenching ratio, AF, was calculated according to the ratio (Fo/F),
where Fj is the fluorescence in absence of protein and F is the fluo-
rescence at a given eVP40 concentration.

Cellular Top Fluor TMR-PS clustering confocal microscopy

Each experimental day, a 100 pM working stock of TopFluor® TMR-
PS in methanol was prepared. Immediately prior to imaging, cells
were placed in 4°C for 5 min. The working stock was diluted to a
final 500 nM TopFluor® TMR-PS solution in 3 mg/ml BSA/PBS. The
500 nM TopFluor® TMR-PS/BSA/PBS solution was incubated with
cells at 4°C for 10 min, rinsed three times with cold PBS, and imme-
diately imaged in fresh cold PBS. TopFluor® TMR was excited at
560 nm and GFP was excited at 488 nm. For PS clustering analysis,
a custom macro in ImageJ was used. Prior to the macro analysis,
background was subtracted, and the contrast was enhanced. To iso-
late the PM area, a default threshold was applied. To isolate PS clus-
ters, the Moments analysis thresholding (Tsai, 1985) was applied.
Following the moments analysis thresholding, the custom ImageJ
macro was applied: despeckle, close-, fill holes, and remove outliers
(radius = 5, threshold = 50). The sum of the remaining particles
area was calculated, as well as the PM area. %PS clustering was cal-
culated according to the ratio (Areagjusters/AT€aplasma membrane) -

Number and brightness

N&B experiments were performed as described previously (Adu-
Gyamfi et al, 2015; Bobone et al, 2017; preprint: Johnson et al,
2018; Amiar et al, 2021) on a Zeiss LSM 880 upright microscope
using a LD “C-Apochromat” 40x/1.1 W Corr M27 objective.
HEK293 cells expressing either GFP, GFP-LactC2 or GFP-eVP40 were
treated with fendiline (1 or 5 pM) for 48-h prior to N&B analysis.
Cells were imaged in phenol-free live cell imaging solution. For each
experimental day, the brightness value of a monomer was deter-
mined in cells expressing monomeric GFP. Each image was acquired
using the same laser power (0.01), resolution (256x256), pixel dwell
time (16 us), frames (50), and zoom (pixel size of 50 nm). SimFCS
Globals Software (Laboratory for Fluorescence Dynamics, University
of California, Irvine, CA) was used for analysis.

Chemical crosslinking

Hiss-eVP40 and Hisg-LactC2 were purified as previously described
in Protein purification and Alexa-488 CS Maleimide labelling. LUVs
containing POPC and Brain PI(4,5)P, (2.5%) with varying PS mol%
composition (0, 15, 30, 60%) were prepared as previously described
in Lipids and LUV preparation. Experimental protocol was adapted
from (Johnson et al, 2016), and the manufacturers protocol for BS®
(ThermoFisher) with each step performed at RT. In brief, protein (fi-
nal concentration of 0.3 pM in PBS pH 7.4) was mixed with LUVs
(final concentration = 660 pM) at a 1:1 volumetric ratio for 30 min.
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Protein bound LUVs were separated from unbound protein through
centrifugation (75,000 g, 30 min, 22°C), and resuspended in PBS
(pH 7.4) buffer containing BS? (final concentration of 200 pM). Sam-
ples were incubated for 45 min, quenched with glycine for 15 min
and then analyzed through western blotting. Following
immunoblotting, oligomerization of VP40 was quantified ratiometri-
cally by comparing VP40, vs. VP40y,.q4 (Where VP40, is the oligo-
meric VP40 band density (> 75 kDa) and VP40,,,4 is the sum of
monomeric and dimeric eVP40 (~ 37 and 74 kDa) band density).

Surface plasmon resonance

To determine the affinity of Hiss-eVP40 to LUVs with increasing PS
concentrations, SPR was performed. SPR experiments were per-
formed at 25°C using a Biacore X100 as described previously (Adu-
Gyamfi et al, 2015). In brief, an L1 chip was coated at 5 pl/min with
LUVs containing 0% PS (100% POPC, PS added at the expense of
POPC) on flow cell 1 and either 1%, 11%, or 22 mol% POPS on
flow cell 2 (LUV preparation described in previous section, Lipids
and LUV preparation). The LUV conjugated chip was stabilized by
washing with 50 mM NaOH and blocked with 0.1 mg/ml BSA (in
SPR buffer) at a flow rate of 10 pl/min until the response on each
flow cell was < 100 response units (RU). For quantitative affinity
analysis, each concentration of eVP40 was injected for 540 s at a
flow rate of 10 pl/min with a 180 s delay, and the difference in
response between flow cell 1 and flow cell 2 was recorded (ARU).
The apparent Ky of vesicle binding was determined using the non-
linear least squares analysis: Req = Rmax/(1 +%2) where Rq (mea-
sured in RU) is plotted against protein concentration (C). Rpyax is
the theoretical maximum RU response and Ky is the apparent mem-
brane affinity. Data were fit using the Kaleidagraph fit parameter
of (m0*m1)/(m0 + m2); m1l = 1, 100; m2 = 1. ARU data were nor-
malized in GraphPad Prism 8 for windows (La Jolla, CA) and plot-
ted in Kaleidagraph (Reading, PA).

Lipidomics

HEK293 cells were treated with the indicated concentration of fendi-
line for 48 h, collected through centrifugation, rinsed with PBS and
protein concentration was determined. Cells were pelleted, flash
frozen in liquid N, and stored at —80°C until subsequent LC/MS/MS
processing by Avanti Polar Lipids, Inc. Prior to LC-MS/MS analysis,
lipids were extracted using the Folch method (Folch et al, 1957). The
bottom chloroform layer taken after centrifugation was diluted with
internal standards for LPA, LPS, PA, and PS for quantization by injec-
tion on LC-MS/MS. Samples were injected on a LC-MS/MS method
using a Waters Acquity UPLC/AB Sciex 5500 MS system performing
reversed phase separation of LPA and LPS and PA and PS components
with MS/MS detection. Each molecular species identified by the [M-H]
m/z of its acyl carbon:double bond (CC:DB i.e. 34:2 PA) was quanti-
fied against the response of the internal standards of known concentra-
tion. Content of individual and total LPA/PA and LPS/PS was
reported. Values were corrected to 1 x 10° cells for all samples.

BSL-4 immunofluorescence assay

Vero E6 cells were seeded at 2e* cells/well in black 96-well poly-
D-lysine-treated plates (Greiner Bio-One Cellcoat®™). Twenty-four
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hours prior to infection, fendiline was diluted in 0.5% DMSO and
Vero E6 cell culture media at indicated concentrations and added
to cells. An equivalent percentage of DMSO in culture media
served as the vehicle control. Following pretreatment, compound
was removed, and cells were incubated with Ebola virus (Kikwit)
at a multiplicity of infection (MOI) of 0.1 or 1.0 in a BSL-4 located
at USAMRIID. Following absorption for 1 h, virus inoculum was
removed and cells were washed. Plates were divided into three
post-infection treatment groups (day 0, every day-e.d., every other
day-e.o.d.), and received either culture media or freshly prepared
fendiline or vehicle control. Cells were then treated daily with
freshly prepared compound or left to incubate based on their des-
ignated treatment group. At 48 h (MOI = 1.0), 72, or 96 h (MOI =
0.1) post infection, cells were washed with PBS and submerged
in 10% neutral-buffered formalin for 24 h prior to removal from
the BSL-4 laboratory. Formalin was removed and cells were
washed with PBS. Cells were blocked with 3% BSA/PBS cell stain-
ing buffer (BioLegend) and incubated at 37°C for 2 h. Ebola virus
GP-specific mAb KZ52, diluted in 3% BSA/PBS, were added to
appropriate wells containing infected cells and incubated at room
temperature for 2 h. Cells were washed three times with PBS prior
to addition of goat anti-human or goat anti-mouse IgG-Alexa-488
secondary antibody. Following 1-h incubation with secondary anti-
body, cells were washed 3 times prior to counterstaining with
Hoechst’s stain diluted in PBS. Cells were imaged and percent of
virus infected cells calculated using the Operetta High Content
Imaging System and Harmony® High Content Imaging and Analy-
sis Software (PerkinElmer).

VLP collections & functional budding assays

HEK293 cells were transfected and treated with fendiline as
described in the previous section, Cell culture, transfection & phar-
macological treatments. Budding assays were performed as
described previously (Johnson et al, 2016; Harty, 2018). In brief,
VLP containing supernatants were harvested from cells and clarified
through low speed centrifugation. Clarified VLPs were loaded onto a
20% sucrose cushion in STE buffer (10 mM TRIS, 100 mM NacCl,
1 mM EDTA, pH 7.6), isolated through ultracentrifugation, and
resuspended in either 150 mM ammonium bicarbonate (functional
budding assays), 2.5% glutaraldehyde in 0.1 M cacodylate buffer
(TEM experiments), STE buffer (entry assays) or 0.1 M phosphate
buffer for CD and thermal melting (PB; 0.02 M sodium phosphate
monobasic, 0.08 M sodium phosphate dibasic, pH 7.4). VLP sam-
ples were stored at —80°C for functional budding assays, —20°C for
entry assays or 4°C for TEM and CD analysis.

For functional budding assays, cell lysate samples were har-
vested and lysed on ice with RIPA buffer (150 mM NaCl, 5 mM
EDTA pH = 8, 50 mM Tris pH 7.4, 1% Triton-X, 0.1% SDS, 0.5%
deoxycholic acid) supplemented with Halt™ Protease Inhibitor
Cocktail. Prior to separation on a 12% SDS-PAGE gel, cell lysate and
VLP sample volume loading were normalized to sample protein con-
tent, determined by a BCA assay. Gels were transferred to a nitrocel-
lulose membrane and immunoblotting was performed as described
previously in the section, Immunoblotting. Following ECL detection,
VP40 cell lysate (VP40c) expression was normalized to the respec-
tive GAPDH band density. The relative budding index was calcu-
lated according to the ratio of densityyip/densityc,vip (Where
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densityyyp is the eVP40 VLP band density and densityc,yip is the
eVP40 cell lysate + VLP band density).

Scanning electron microscopy

HEK293 cells were transfected with FLAG-eVP40 and treated as
described in the previous section, Cell culture, transfections & phar-
macological treatments. Cells were scraped and collected through
low-speed centrifugation at 48 h post transfection, and stored in pri-
mary fixative (2% glutaraldehyde, 2% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.35) at 4°C until processing. During process-
ing, samples were fixed to coverslips and post-stained with 1%
osmium tetroxide in 0.1 M cacodylate buffer. Samples were exten-
sively rinsed with water and dehydrated with a graded series of
ethanol followed by drying in a Tousimis 931 Supercritical
Autosamdri® device. Prior to imaging, samples were coated with
3 nm Iridium. A Field Emission Scanning Electron Microscope Mag-
ellan 400 (FEI) (Hillsboro, OR) was used to collect images, with
assistance from Tatyana Orlova at the Notre Dame Integrated Imag-
ing Facility.

Transmission electron microscopy imaging

Virus-like particles were purified as previously described in VLP col-
lections & functional budding assays. Following ultracentrifugation,
VLPs were resuspended in fixative (2.5% glutaraldehyde in 0.1 M
cacodylate buffer). Purified VLPs were applied onto glow discharged
carbon formvar grids and negatively stained using 4% uranyl
acetate. Samples were imaged with a FEI Tecnai T12 electron micro-
scope equipped with a tungsten source and operating at 80 kV. VLP
length and diameter measurements were quantified using ImageJ
software. For diameter analysis, eight different diameters were mea-
sured across random areas on each VLP, and the mean diameter
was reported.

Circular dichroism

Virus-like particles were produced in the presence of DMSO or
fendiline and purified as previously described in the VLP collections
& functional budding assays section. PB buffer was added to a 10-
mm path-length Spectrosil Far UV Quartz cuvette (Starna Cells
CatID: 21-Q-10) and a background spectrum was collected and auto-
subtracted from VLP samples. VLP samples were loaded into the 10-
mm cuvette diluted in PB buffer to an approximate final protein con-
centration of 30 pg/ml. Circular dichroism spectra of VLP samples
were collected between 200-280 nm at a 0.2 nm step size with 0.5 s
time-per-point (with adaptive sampling) using a Chirascan spec-
trometer (Applied Photophysics, Leatherhead, UK). Absorbance
spectra (Abs) and detector signal (hv) were collected simultaneously
as controls. After collecting the CD spectra, a microstir bar was
added to the cuvette and thermal melting was run from 20 to 93°C
using a 0.5°C step ramping at 1.00°C/min with a tolerance of
0.20°C; simultaneously, spectra were collected at a single wave-
length of 220 nm with a time-per-point of 24 s. Absorbance spectra
(Abs) and detector signal (hv) were collected simultaneously as con-
trols. At the end of thermal melting measurement collection, tem-
perature set-points were replaced with temperatures measured by
the sample handling unit. Data were converted from Chirascan
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filetype to CSV and then extracted into GraphPad PRISM 7. Using
the first derivative of the circular dichroism spectral signal in respect
to temperature, the maxima was taken as the melting point of the
sample. Melting temperatures of the three replicates were averaged
for the reported T,,.

Dil entry assay

Virus-like particles produced from HEK293 cells expressing FLAG-
eVP40 and eGP were purified as previously described in the VLP col-
lections & functional budding assays section. Dil entry assays were
performed as described previously (Kuroda et al, 2015; Nanbo et al,
2018). In brief, following ultra-centrifugation VLPs were resus-
pended in STE buffer and further purified by filtering through a
0.22 pm filter. Protein content of VLP samples were normalized to
0.1 pg/ml using STE buffer. VLPs were labeled with Dil for 1 h at
RT with gentle agitation (final Dil = 0.06 uM). Following incuba-
tion, labeled VLP samples were concentrated down to equal vol-
umes, and brought up to volume in phenol-free MEM with 2% FBS
and 4% BSA.

HEK293 cells were transfected with TIM-1 for 24 h prior to incu-
bation with Dil-labeled VLPs and briefly rinsed with phenol-free
MEM with 2% FBS and 4%BSA. Dil-VLPs were added to TIM-1
expressing HEK293 cells, spinoculated for 45 min at 4°C, and
allowed to incubate for 1 h at 37°C. Plates were then rinsed with
PBS, fixed with 4% paraformaldehyde in PBS, their nuclei stained
with Hoechst 3342, and stored at 4°C until imaging. During image
acquisition, z-stacks were acquired of 10-15 frames (1 pm steps).

Toxicity analysis

HEK293 and Vero E6 cell toxicity following fendiline treatment was
tested at the indicated time points using the Cell Titer Glo Viability
Assay (Promega, Madison WI) according to the manufacturer’s pro-
tocol. In brief, HEK293 cells were treated with the indicated concen-
tration of fendiline or control for 24 or 48 h. Vero E6 cells were
treated for 24 h, the drug was removed, and the cells were replen-
ished with Vero E6 culture media, to mirror the corresponding
ebolavirus and Marburgvirus infections at BSL-4. Following the 1-h
mock infection, cells were washed with PBS and plates were divided
into three treatment groups (day 0, e.d., e.0.d.), and cells received
either culture media or freshly prepared fendiline or vehicle control
and were then treated daily with freshly prepared compound or left
to incubate based on their designated treatment group. At 48, 72,
and 96 h following mock infection, and mirroring the post infection
fixation time points, CellTiter-Glo® reagent was added to each well
in accordance with the manufacturer’s instructions. Both HEK293
and Vero E6 toxicity assays luminescence readings were recorded
using a SpectraMax® M5 (Molecular Devices®) plate reader.

Mathematical model of in vitro experiments

We implemented a system of ordinary differential equations (ODEs)
to describe the dynamics of host target cells, infected cells and free
virus in different combinations reflecting the in vitro experimental
systems used here. These equations are similar to those used to sim-
ulate Ebola virus dynamics in earlier work (Nguyen et al, 2015;
Martyushev et al, 2016).
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aT
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where T, I, and V represent numbers of susceptible target host
cells, infected cells, and free virions, respectively, and parameters
are described in Appendix Table S1.

We modified appropriate parameters in equations 1-3 to repre-
sent the following experimental systems during calibration of the
mathematical model:

« Viral budding assay (set =0, T(0) =0, I(0) = 2.625 x 10°%, V
(0) =0, vary §, c, p).

. Viral entry assay (set p=0, T(0) =6.3x10° 1(0)=0, V
(0) = 6.3 x 10°, vary p, 5, c).

» BSL-4 Cellular infection assay (BSL4) (T(0) =5 X 104, 1(0) =0, V

(0) =5 x 10* (MOI 1) or V(0) = 5 x 10*> (MOI 0.1), vary p, 8, c, p).

Fendiline treatment effects are simulated using E..x dose-re-
sponse curves:

CH
= Epgy —————
fx = Enax ci4ct

where C is the concentration of fendiline, E,,, is the maximum
effect of fendiline, H is the hill constant for the dose-response
curve, and Csp is the concentration with 50% of E,.. efficacy.
Enaxs Cso, and H are fitted separately for fendiline effects on bud-
ding (foudding) Or entry (fensn). Fendiline efficacy (fx) is defined as a
fraction, where fy = 0 implies no effect and fx =1 implies 100%
inhibition of X (X = budding or entry). Fendiline effects are inte-
grated into equations (1-3) by multiplying p by (1-feniy) and multi-
plying p by (1-fyudding). Fendiline concentrations are assumed to be
constant over the observation periods based on low in vitro degra-
dation rates of the drug. Daily treatment in the BSL-4 assays (e.d.)
are simulated by removing all free virus particles from the equa-
tions at each dosing time.

We calibrated the model in two stages. First, we calibrated to
the budding and entry assays. The uncoupling of budding and entry
in these data allows us to define biologically feasible ranges for the
effects of fendiline on budding and entry separately. Using these
feasible ranges, we proceed to calibrate the full model to the BSL-4
data (day-1/0 and e.d.). Therefore, we allow the budding and entry
assays to inform the BSL-4 simulations without imposing strict
assumptions about the equivalency between the two systems. In
this way, we progressively build complexity into the model
accounting for fendiline effects on viral budding, entry, and infec-
tion progression.

Calibrating to budding and entry assays we restrict the value of P
to be larger than 1 and c to be between 0 and 5. These assumptions
are in line with previous estimates, and are necessary to qualita-
tively reproduce viral production observed, but not quantified, in
the budding assays. Parameters are estimated using Matlab’s non-
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linear least squares optimization algorithm. Parameter bounds and
final values are defined in Appendix Table S1.

Statistical testing

All experiments were done in triplicate (unless otherwise noted and
figure legends indicate the number of replicates). For analysis of
eVLP diameter and length from TEM experiments, as well as total
PA levels between control and 5 pM fendiline-treated cells, a two-
tailed t-test was performed. For all experiments which contained
> 2 experimental groups, a one-way ANOVA with Dunnett’s multi-
ple comparisons was performed on raw data. Lastly, for N&B analy-
sis, a two-way ANOVA with Dunnett’s multiple comparisons was
performed.

Data availability

No data were deposited in a public database and any additional data
from this paper can be requested from the authors.

Expanded View for this article is available online.
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