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Abstract

Ebola virus (EBOV) is an enveloped virus of the family Filoviridae that causes outbreaks
of hemorrhagic fever and for which there are no FDA-approved antiviral therapies. EBOV entry
involves internalization and trafficking within host cells to facilitate delivery of the virus to its
intracellular receptor, Niemann-Pick C1 (NPC1), which is localized in late
endosomes/lysosomes. Given the requirements for internalization and endolysosomal trafficking,
we hypothesized that EBOV activates signaling pathways to induce its uptake and regulate its
trafficking to NPC1+ cellular compartments. To determine if signaling events induced by the
virus play a role in infection, we screened a library of kinase inhibitors for their effect on
infection by MLV pseudotypes bearing EBOV or vesicular stomatitis virus (VSV) glycoproteins.
We subsequently identified and sought to characterize inhibitors of receptor tyrosine kinases
(RTKs), sphingosine kinases (SKs), and diacylglycerol kinases (DGKs). Mechanistic studies
revealed that EBOV activates RTK signaling to promote its trafficking to entry-conducive
intracellular compartments. In addition, we also found that SKs are important for proper
endocytic trafficking of EBOV to NPC1, while DGKs are required for EBOV internalization.
Lastly, many of the kinase inhibitors we identified also inhibit entry of other late-penetrating
viruses and may serve as potential starting points for the development of broad-spectrum host-

directed antiviral therapeutics.
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Chapter 1: Introduction

1.1 FILOVIRUS IDENTIFICATION, CLASSIFICATION, AND GENERAL BIOLOGY

Filoviruses are enveloped, negative-sense, single-stranded RNA viruses of filamentous
morphology that cause sporadic outbreaks of severe haemorrhagic fever diseases and originate
primarily in West and Central Africa. The first documented filovirus outbreaks occurred in the
Democratic Republic of the Congo (DRC) and southern Sudan in 1976, which resulted in the
identification of the Zaire and Sudan Ebolaviruses respectively (1, 2). Since then, twelve
filoviruses have been identified, six of which have been reported to cause human disease (3, 4).
The continual discovery of new filoviruses in various geographic regions, such as the Méngla
virus identified in Rousettes bats in China, highlights the risk of future filovirus outbreaks
occurring globally (5).

The Filoviridae family belongs to the order Mononegavirales and is most closely related to
the Paramyxoviridae, Pneumoviridae, and Sunviridae tamilies (3). Within the Filoviridae family
there are 12 filoviruses belonging to 6 genera: Cuevavirus, Dianlovirus, Ebolavirus,
Marburgvirus, Striavirus, and Thamnovirus (3). Ebolaviruses found to be pathogenic in humans
are Bundibugyo virus (BDBV), Sudan virus (SUDV), Tai Forest virus (TAFV), and Ebola virus
(EBOV, formally Zaire) species, while Marburgviruses known to cause disease in humans are
Marburg virus (MARV) and Ravn virus (RAVV) species (Table 1.1) (3).

Filovirus genomes are approximately 15-19 kb of linear negative-sense non-segmented
RNA. More specifically, fish-borne thamnoviruses are about 15 kb while Ebolaviruses,
Marburgviruses, and Cuevaviruses are approximately 19 kb (3, 6, 7). Since only Ebolaviruses
and Marburgviruses are known to be pathogenic in humans, and given that new filoviruses have

only recently been identified with the advent of high-throughput sequencing technology, most of



what is known about filovirus biology is specific to Ebola and Marburgviruses and may or may
not be applicable to the other filoviruses (8). Indeed, the finding that fish filoviruses belonging to
the Striavirus and Thamnovirus genera have many differences in conserved motifs and even
entire genes suggests that they may have evolved distinct mechanisms of replication and
transcription (8, 9).

With respect to Ebola and Marburg viruses, the virions are filamentous or pleomorphic in
shape with a diameter of approximately 80 nm and length generally ranging from 800-1000 nm
(10, 11). Enclosing the core of the virion is a host-derived lipid envelope that is studded with the
heterotrimeric viral glycoprotein (GP). After protein synthesis in the host cell, the GP precursor
(GPy) is cleaved by host furin proteases to form two covalently linked subunits, GP1 >, that are
inserted as trimers into the viral envelope during egress (12). Lining the inner leaflet of the viral
envelope is the matrix protein, VP40, which is the primary protein responsible for budding and
forming the characteristic filamentous morphology of filoviruses (13-15). The core of the virion
contains ribonucleoprotein (RNP) complexes composed of genomic RNA, the nucleoprotein
(NP), RNA-dependent RNA polymerase (L), polymerase co-factor (VP35), transcriptional
activator (VP30), and the RNP-associated protein (VP24) (Figure 1.1A) (15-18).

1.2 FILOVIRUS TRANSMISSION AND PATHOGENESIS

As zoonotic pathogens, filovirus infection in humans occurs after a spillover event from
an animal reservoir into the human population. Similarly to other zoonotic viruses, the animal
reservoir for EBOV and MARY is thought to be bats given that viral nucleotide sequences and
immunoglobulin G (IgG) specific to both EBOV and MARYV have been detected in bats from the

Pteropodidae family, which are fruit bats local to Gabon and the DRC (19-21). Importantly, live



Table 1.1: Filovirus Taxonomy and Nomenclature.

Taxonomy based on an article published by Kuhn et al. (2019) (4).

Genus Species

Bundibugyo virus

Tai Forest virus

Ebola virus
Ebolavirus
Bombali virus
Sudan virus
Reston virus
Cuevavirus Lloviu virus

Marburg virus

Marburgvirus

Ravn virus
Dianlovirus Méngla virus
Striavirus Xilang virus

Thamnovirus Huangjiao virus
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MARYV and RAVYV has been isolated from the fruit bat Rousettus aegyptiacus, providing
conclusive evidence that these bats are the natural reservoir species for Marburgviruses (22).
However, in the case of the Ebolaviruses, researchers have yet been unable to isolate live virus
from bats and therefore, while evidence strongly suggests that fruit bats are the natural reservoir
for Ebolaviruses, ambiguity will remain until live virus is successfully isolated (21, 23, 24).
Historically, most filovirus outbreaks are believed to have occurred after a single spillover
event from animals to humans. For example, genomic surveillance data from the 2013 to 2016
Ebola virus disease (EVD) outbreak in West Africa suggests that a single animal-to-human
transmission event was responsible for the outbreak (25). Such spillover events typically occur
after direct contact with infected bats or after consumption of bush meat from infected non-
human primates (24, 26-29). Subsequent human-to-human transmission occurs mainly via direct
contact with bodily fluids from an infected individual (21, 30, 31). While case-fatality rates for
EBOV are high, typically ranging from 50 to 90%, infection control measures such as education
and contact tracing are often enough to keep the reproductive number (Ro) below 1 (24, 32).
However, employing these basic public health measures is often challenging given that outbreaks
frequently occur in remote communities and in areas of high social and political unrest (33).
Following the 2-21 day incubation period, infection by filoviruses typically involves three
phases (34). In the initial stages of filovirus infection in humans, symptoms are characteristic of
non-specific viral syndrome and typically include fever, body aches, fatigue, and general malaise
(34). Although early diagnosis is critical for favourable outcomes and infection control, due to
the lack of specificity of early symptoms in addition to variances in clinical manifestations,
initial infection by filoviruses is often hard to diagnose and is commonly misdiagnosed (35). In

phase 2, patients progress to experience gastrointestinal symptoms such as vomiting and



diarrhoea; during this stage, some patients will begin to recover while some will progress to the
third stage (34). During phase 3, symptoms include the characteristic haemorrhagic events,
decline of liver and kidney function, convulsion, shock, and multi-organ failure, which often
leads to death (21, 34). Since there are no FDA approved antiviral therapies for Ebola virus
disease (EVD) or Marburg virus disease (MVD), aggressive supportive care administered as
early as possible is currently the preferred treatment option for treating EVD and MVD (36).

Filoviruses enter the human body through breaks in the skin or mucosal surfaces (37).
While filoviruses can infect almost all cell types, the virus preferentially first replicates in
macrophages and dendritic cells (38). Since these cells are migratory, early infection of these
cells allows the virus to be easily transported by the lymphatic system to other areas of the body
including the liver, endothelium, spleen, lymph nodes, kidneys, adrenal glands, and pancreas (39,
40). In addition, filovirus infection also triggers the release of pro-inflammatory cytokines and
chemokines from infected macrophages, resulting in a characteristic uncontrolled cytokine storm
(41-44). The cytokine storm creates a perfect milieu for filoviruses to replicate — as more
immune cells are recruited to the site of infection, more cells can inherently become infected
(40). The consequences of such leads to tissue damage, loss of vascular integrity, and apoptosis
of bystander lymphocytes, which in turn cumulatively favors enhanced filoviral replication (40).
Additionally, infection of dendritic cells inhibits their maturation and prevents antigen
presentation to T-cells, thereby impairing both the natural killer (NK) cell and T-cell responses
to infection (34, 45, 46).

Filoviruses also impair type I interferon (IFN) production and employ many mechanisms
to facilitate innate immune evasion (40, 47, 48). This is largely mediated by the viral protein,

VP35, which effectively subverts cytosolic sensing of filoviruses by antagonizing signaling



pathways that lead to the expression of type 1 IFNs (49-52). Interestingly, when EBOV is
engineered to express a mutant form of VP35 that is unable to antagonize type 1 IFN signaling
pathways, there is reduced viral replication and non-lethality in animal models, providing
evidence that VP35 is a crucial determinant of EVD in vivo (53, 54). In sum, the severity of
filoviral infection in humans seems to result from excessive inflammatory responses,
dysregulated immune function, and robust systemic viral replication that is virtually unimpeded
by the innate immune response (40).

1.3 FILOVIRUS LIFE CYCLE

The filoviral life cycle is typical for negative-sense RNA viruses that replicate in the
cytoplasm and consists of the following general steps: viral entry, genome replication, translation
of viral genes, virion assembly, and budding. Due to sequence similarity, it is likely that all
mammalian filoviruses follow the same general life cycle, however because the fish filoviruses
are quite divergent, they may employ different mechanisms of entry, replication, and budding
(8). The following section is based largely on what is known about the Ebolavirus lifecycle
(summarized in Figure 1.2).

EBOV entry is quite complex, and since it is the topic of this thesis, it is described in more
detail in section 1.4. In brief, entry begins with attachment of a viral particle to the cell surface
via the viral GP and/or lipids on the viral envelope (55-57). Following attachment, EBOV is
internalized via macropinocytosis and undergoes trafficking to late endosomes/lysosomes where
the viral receptor, Niemann-Pick C1 (NPC1), is localized (58-63). Upon viral GP triggering,
fusion occurs between the viral envelope and host cell membrane, resulting in the release of the

viral RNP complex into the cytoplasm (62-68).



Once in the cytoplasm, RNP complex proteins NP, VP35, VP30, and L, facilitate the
transcription of the viral genome (Figure 1.1B) (69, 70). Viral mRNAs are produced sequentially
from the 3’ end of the viral genome (69, 71). Transcription is terminated at conserved stop
signals and may or may not reinitiate at conserved start signals (69, 71). This results in a gradient
of mRNAs, all of which are translated by host machinery (71). In addition, transcriptional editing
by L results in the production of various forms of GP: pre-cursor full length GP (GPy) and two
soluble forms known as soluble GP (sGP) and small soluble GP (ssGP) (72-74). In contrast to
Ebolaviruses, Marburgviruses do not produce sGP or ssGP (75). For EBOV, sGP has multiple
roles including anti-inflammatory functions to help sustain virus replication and transmission, as
well as acting as a decoy to divert the humoral immune response away from GP on the viral
envelope (43, 76). The role of ssGP in EBOV pathogenesis remains unknown (74). For both
Ebolaviruses and Marburgviruses, GPo is post-translationally modified in the endoplasmic
reticulum and golgi apparatus where it undergoes extensive N- glycosylation and O-
glycosylation, in addition to furin-mediated cleavage, to form the mature GP; and GP> subunits
(12, 73, 77). Mature GP12 is then transported through the secretory pathway to VP40-rich
regions of the plasma membrane (14, 78-80).

As viral proteins accumulate, NP drives the formation of cytoplasmic inclusion bodies that
contain NP, VP35, VP40, and L, and are major sites of genome replication and transcription (81,
82). Newly formed RNP complexes condense into mature and transport competent
nucleocapsids, a process that is mediated by the viral protein VP24 (83, 84). Mature
nucleocapsids are then transported in an actin-dependent manner to sites of viral assembly for
budding at the cell surface (84, 85). Through hijacking cellular endosomal sorting complex

required for transport (ESCRT), VP40 drives budding from the plasma membrane where mature
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Figure 1.2: EBOV lifecycle
Schematic of the EBOV life cycle. Reprinted from Rojas et al. (2020) with permission in
accordance with the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
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GP1 2 trimers are embedded (86, 87). In addition, interaction of GP1> and/or VP40 with host cell
scramblases results in the exposure of phosphatidylserine on the outer leaflet of the viral
envelope, which has further implications for viral entry (56, 57, 88-91).

1.4 EBOLA VIRUS ENTRY

1.4.1 Ebola virus glycoprotein structure and function

For enveloped viruses to enter cells, fusion must occur between the viral envelope and
the host cell membrane. This is mediated by a viral fusion protein that studs the viral envelope;
the fusion protein needs to be both “primed” and “triggered” to transition from the pre-fusion to
the post-fusion conformation (92). “Priming”, which often involves proteolytic cleavage, makes
the transition from the pre-fusion to post-fusion conformation possible. “Triggering” initiates this
transition and involves ligand binding, such as binding a proton or a host-cell protein, the latter
of which is known as a viral receptor (92). The transition from the activated, metastable pre-
fusion conformation to the low energy post-fusion conformation of viral fusion proteins is
generally irreversible, which is why viral fusion proteins have evolved to rely on priming and
triggering to prevent premature fusion (93).

Viral fusion proteins are grouped into three classes (Class I, Class II, and Class III), each
with characteristic structures and priming requirements (or lack thereof). The filovirus fusion
protein, GP, is a Class I viral fusion protein that resembles the prototypical influenza A virus
(IAV) hemagglutinin (HA) or the human immunodeficiency virus 1 (HIV-1) Env viral fusion
proteins (94). As mentioned in section 1.3, the non-fusogenic precursor polypeptide, GPo, is
proteolytically processed by furin in viral producer cells to form GP1 (N-terminal region of GPo)
and GP2 (C-terminal region of GPy), which are joined by a disulfide bond and non-covalent

interactions, and assemble into the trimeric metastable prefusion conformation that is present on
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the viral envelope (Figure 1.3) (64, 95-97). GP1 is divided into four distinct subdomains: the
base, the receptor binding domain (RBD), the glycan cap, and the mucin-like domain (MLD)
(Figure 1.3) (18). In brief, the base domain contains the intermolecular disulfide bond that links
GP1 and GP2, and also acts as a clamp, stabilizing the prefusion conformation of GP2 (18). As
the name suggests, the RBD contains residues that bind the host cell receptor, NPC1, which is
essential for membrane fusion (62, 63, 77, 98-101). The glycan cap and MLD are heavily
glycosylated with N and O-linked glycans that shield the ectodomain from neutralizing
antibodies and are important for attachment of EBOV to the host cell (55, 95, 102). The MLD is
often removed to increase entry efficiency of EBOV pseudotypes in cell culture. While the MLD
has been shown to be dispensable for entry of EBOV pseudotypes, it does play roles in both cell
adhesion and immune evasion in vivo (95, 103, 104). The transmembrane subunit, GP2, contains
the fusion machinery including the hydrophobic internal fusion peptide, or ‘fusion loop’, and the
alpha helical heptad repeat sequences (HR1 and HR2) that are characteristic of Class I viral
fusion proteins (96, 105-107). After priming and triggering occurs, GP2 undergoes extensive
conformational rearrangements, including formation of a 6-helix bundle and insertion of the
fusion loop into the target cell membrane (68, 92, 108, 109). This drives the coalescence of the
viral envelope and host cell membrane and results in delivery of the viral nucleocapsid into the
cytoplasm (68, 92, 108, 109).

The priming and triggering requirements of viral fusion proteins is what ultimately
determines the entry pathway for enveloped viruses. For some viruses, such as HIV-1, most of
the triggering factors, including the receptor and co-receptor, are on the cell surface, therefore
the entry pathway is less complex and requires fewer host factors (110). For other viruses,

including filoviruses, the triggering factors are in endosomes and lysosomes; consequently, virus
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internalization and subsequent endosomal trafficking are an absolute requirement for fusion.
While the mechanism of EBOV GP-mediated fusion is assumed to mirror canonical class-I
fusion proteins, requiring proteolytic cleavage, low pH, and receptor binding, a growing body of
evidence suggests that EBOV GP-mediated fusion is more complex and requires additional cues
(67, 68, 111, 112). For example, priming of class I fusion proteins typically requires a single
proteolytic cleavage event in the secretory pathway of the viral producer cells, such as furin
cleavage of HIV Env, to allow the glycoprotein to rearrange during fusion (113). For EBOV GP,
however, furin cleavage of GPo to GP1 in the viral producer cell is a) not sufficient to prime GP,
which requires extensive proteolytic remodeling, and b) not required for infectivity (64, 114-
116). Despite decades of research, the exact mechanism and triggering factors required for
EBOV GP-mediated fusion remain to be fully elucidated.

During entry, GP121s cleaved by endosomal cysteine proteases, Cathepsin B (CatB) and
Cathepsin L (Cat L), to form a smaller form of GP known as GP»o, which is then further cleaved
to the smallest and fully cleaved form of GP, referred to as GPcr (116-118). Interestingly, while
thermostability drastically decreases from GP to GPct, there is no difference in thermostability
between GP2o and GPcL, suggesting that the function of the second cleavage event may not be to
destabilize GP, but rather to prime GP for interaction with another, yet unidentified, host factor
(118). Additionally, entry of VSV pseudotypes bearing GPcL are still sensitive to the cysteine
protease inhibitor E64D, but not the CatB inhibitor Ca074, therefore suggesting the existence of
an additional cysteine protease-dependent entry step that is not mediated by CatB (116). Recent
evidence suggests that this step occurs after lipids from the viral envelope and host cell

membrane mix, suggesting that it may occur during fusion pore formation or expansion (67).

12



GP1/GP2 Heterodimer

Fusion loop

Y <

<€

Cytoplasmic
tail

GP1 GP2

GP Trimer

Figure 1.3: EBOV GP Structure

Schematic of EBOV GP structure. Each GP trimer consists of three GP1/GP> heterodimers with
each individual GP; and GP> monomer associating via a disulfide bond. The receptor binding
domain (RBD) is protected by the glycan cap and mucin-like domain (MLD). The internal fusion
loop is hidden until triggering induces conformational changes that facilitate fusion. Reprinted
from Moller-Tank and Maury (2015) with permission in accordance with the Creative Commons

Attribution License BY 4.0 (https://creativecommons.org/licenses/by/4.0/) (119).
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In addition to cathepsin cleavage, low pH and Ca2+ have also been implicated as
important triggering factors. While low pH was originally thought to destabilize GPcr and act as
a triggering factor, as is the case for many other viral fusion proteins, recent studies have shown
that low pH stabilizes both GP and GPcL, suggesting that acidic pH alone probably does not play
a direct role in triggering GPcr (92, 118). Spence et al. showed that fusion triggering can take up
to 20 minutes after EBOV VLPs colocalize with NPC1, therefore it is plausible to speculate that
the stabilization effect of low pH is an adaptive response to the harsh conditions of the late
endosomes and lysosomes (67, 118). In addition to low pH, the endosomal two pore calcium
channel 2 (TPC2) was identified to be a late entry factor for EBOV; knockdown of TPC2, small-
molecule inhibitors of calcium channels, and calcium chelators all inhibit EBOV entry (120-
123). Interestingly, two recent studies demonstrated that a combination of low pH and Ca2+ act
synergistically to promote fusion (68, 123). Low pH promotes formation of an alpha-helical
structure in the fusion loop, a conformational change that enhances membrane fusion, and
calcium was shown to stabilize this structure, providing a possible mechanism for the roles of
both calcium and low pH in promoting fusion (123). However, Ca2+, low pH, and the presence
of NPC1 are still not sufficient to trigger fusion of GPcL, indicating that additional triggering
factor(s) are required for fusion (68, 112).

1.4.2 Attachment and Internalization

For EBOV to reach compartments that are conducive to fusion in late endosomes and
lysosomes, it must first attach and be internalized into cells. Since EBOV has very broad cell
tropism, it is able to utilize a wide variety of attachment factors, which bind to GP or lipids on

the viral envelope. Namely, N- and O- linked glycans on EBOV GP can bind to cell surface
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carbohydrate-binding receptors and phosphatidylserine (PS) exposed on the viral envelope can
bind to cell surface PS receptors.
1.4.2.1 Carbohydrate-binding receptors

C-type lectins are a superfamily of over 1,000 proteins that are divided into 17 subgroups,
all of which have one or more C-type lectin-like domains (124). They can bind carbohydrates in
addition to other ligands including proteins and lipids, and exist as both transmembrane proteins
and secreted molecules (124). Since the EBOV fusion protein is heavily glycosylated at both the
MLD and glycan cap, it is not surprising that numerous C-type lectins, both the transmembrane
and secreted forms, have been shown to bind EBOV GP and enhance infection in a variety of
cell types including dendritic cells and macrophages (18).

Several transmembrane C-type lectin receptors (CLRs) have been implicated as
attachment factors for EBOV because of their ability to bind GP and enhance entry (18). These
include the dendritic cell specific ICAM-3 grabbing non-integrin (DC-SIGN), liver/lymph node
specific ICAM-3 grabbing non-integrin (L-SIGN), lymph node sinusoidal endothelial cell C-type
lectin (LSECTin), asialoglycoprotein receptor 1 (ASGPRI), human macrophage galactose and
acetylgalactosamine-specific C-type lectin (hMGL), and likely additional CLRs that have yet to
be identified (55, 125-128). CLRs bind EBOV GP through the N- and O- linked glycans present
on the mucin domain, and/or the N- linked glycans on the glycan cap (77, 102). Interestingly, the
N- linked glycan sites on the glycan cap are highly conserved among different Ebolaviruses
despite poor sequence similarity within the rest of the glycan cap, suggesting important
functional significance of these residues (102). This functional significance was demonstrated by
genetically removing N- linked glycans and subsequently measuring entry (102). Genetic

elimination of specific N- linked glycans revealed that entry mediated by DC-SIGN and L-SIGN
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was highly dependent on N- linked glycans on both the MLD and glycan gap of GP1, while entry
mediated by LSECtin was less dependent on N- linked glycans present on the glycan cap (102).
In contrast, entry mediated by ASGPRI was partially dependent on N- glycans present on the
MLD, while entry mediated by hMGL did not appear to be dependent on N- glycans at all (102).
While the effect of O- glycan removal has not yet been studied, this finding suggests that the
ligands for ASGPRI and hMGL are O- linked glycans on the MLD or N- linked glycans on GP2
(102).

In addition to CLRs, mannose binding lectin (MBL) and Ficolin-1, which are soluble C-
type lectins and pattern recognition receptors, have also been implicated as attachment factors for
EBOV. MBL, which binds to N- linked glycans on GP1, enhances EBOV infection in Vero cells
and macrophages under low complement conditions (129, 130). Interestingly, MBL can also
have an inhibitory effect on infection under high complement conditions due to MBL-dependent
neutralization via the lectin complement pathway (129, 130). In contrast, binding of ficolin-1 to
sialylated moieties present on O- liked glycans on the MLD was shown to enhance EBOV
infection under low and high complement conditions, suggesting that the ficolin-1-GP interaction
does not activate the lectin complement pathway (131).

Lastly, EBOV can utilize glycosaminoglycans (GAGs) such as heparan sulfate (HS) to
mediate attachment to host cells (132). HS, heparin, and other GAGs, can bind to both GP and
GP lacking the MLD (GPamuc), resulting in a block of viral entry (132, 133). In addition,
knockdown of exostosin-1 (EXT1), which is involved in the biosynthesis of HS, was shown to
reduce EBOV GP-mediated entry in A549 cells (133). In sum, EBOV attachment can be
mediated, at least in part, by relatively non-specific GP-dependent interactions with cell surface

carbohydrate-binding receptors.
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1.4.2.2 PS Receptors and Apoptotic Mimicry

PS is a negatively charged lipid typically found on the inner leaflet of plasma membranes
of healthy cells. However, during apoptosis, PS becomes exposed on the outer leaflet and
functions to signal to phagocytic cells to internalize and degrade the apoptotic cell (134, 135).
This signal is transmitted via PS receptors on phagocytic cells that either bind PS directly or via
bridging molecules (136). Many enveloped viruses, including filoviruses, exploit this mechanism
of apoptotic cell clearance to promote entry and subsequent infection; this is referred to as viral
‘apoptotic mimicry’ (136, 137).

During egress, EBOV GP and/or VP40 actively induce the flipping of PS to the outer
leaflet in the localized region of the plasma membrane where budding occurs (88, 89). During
entry, PS on the EBOV outer leaflet can bind directly to transmembrane PS receptors called T
cell immunoglobulin and mucin receptor-1 and -4 (TIM-1 and TIM-4) to facilitate attachment
and internalization of virions (57, 90, 138-141). The PS receptors of the Tyro3-Axl-Mer (TAM)
family of receptor tyrosine kinases (RTK) have also been implicated as attachment and
internalization factors for EBOV, presumably through PS-mediated binding of adaptor proteins,
such as Gas6 and Protein S, which subsequently bind to the TAM RTKs (56, 139, 142, 143).
While studies have shown indirect evidence of the EBOV-PS-Adaptor-TAM interaction,
including competition assays demonstrating that addition of the Gas6 ligand reduces Axl
mediated enhancement of infection, direct evidence of the EBOV-PS-Adaptor-TAM interaction
has not yet been shown (142).

While it is well established that PS receptors TIM-1, TIM-4, and the TAM RTKs
facilitate attachment of EBOV to host cells, the precise roles of these proteins for virus

internalization is unclear (56, 90, 138). The TIM family of proteins, including TIM-1 and TIM-4,
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share a similar structure. They possess an amino-terminal immunoglobulin-like variable (IgV)-
like domain that contains the PS binding pocket, a heavily glycosylated MLD that extends from
the plasma membrane, a transmembrane domain, and a short cytoplasmic tail through which
signalling can be initiated (144, 145). The TAM proteins are RTKSs that contain two N-terminal
immunoglobulin-like domains, which interact with a PS-binding adaptor protein such as Gas6,
followed by two fibronectin type III domains, a single transmembrane domain, and a
cytoplasmic protein tyrosine kinase domain that is characteristic of the RTK superfamily (146-
148). As is the case for all RTKs, homo-or-hetero-dimerization is required to initiate signaling
through the cytoplasmic protein tyrosine kinase domain (149). It was first hypothesized that
signaling through the cytoplasmic domains of these proteins is the mechanism by which they
enhance EBOV internalization, as is the case for the uptake of apoptotic cells via PS receptors
(135, 145). However, the transmembrane domain and cytoplasmic tail of TIM-1, and the protein
tyrosine kinase (PTK) domain on Axl, were dispensable for the observed enhancement of virus
internalization mediated by these PS receptors (138, 150). This raises the possibility that other
proteins may interact with EBOV-PS bound TIM/TAM PS receptors to facilitate the
enhancement of internalization and highlights the need for future studies to address such.
1.4.2.3 Internalization via Macropinocytosis

The major endocytic pathways that viruses use to enter cells are clathrin-mediated
endocytosis, caveolin mediated endocytosis, macropinocytosis, phagocytosis, and adaptions of
the classical routes, such as clathrin/caveolin independent endocytosis (151, 152). As is true of
many viruses whose triggering factors are inside the cell, it was originally thought that EBOV is
internalized through clathrin-mediated endocytosis. In support of this hypothesis, treatment with

an inhibitor of clathrin-coated pit formation, chlorpromazine, partially blocked infection by
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EBOV pseudoparticles, siRNA knockdown of the clathrin heavy chain reduced infection, and
EBOV pseudoparticles were shown to associate with clathrin (56, 153, 154). However, in
contrast, another study showed that EBOV pseudoparticles colocalized with caveolin-1, a marker
of caveolin mediated endocytosis, but not transferrin, a marker of clathrin mediated endocytosis
(155). Yet another study found that EBOV does not associate with markers of caveolae or
clathrin-coated endosomes (59). These seemingly contradictory studies may be due to
differences in cell types or the differential use of pseudoparticles, virus-like particles, or
replication-competent virus.

While EBOV may utilize certain proteins involved in both clathrin and caveolin mediated
endocytosis, many factors suggest that these are not the primary internalization routes. Some
examples of such factors are: 1) cell lines lacking caveolae still support entry of EBOV
pseudotypes, 2) chlorpromazine, which inhibits EBOV entry, is not a specific inhibitor of
clathrin-mediated endocytosis and can also interfere with macropinocytosis and phagocytosis, 3)
the clathrin heavy chain is also involved with other mechanisms of endocytosis, including
phagocytosis, and, importantly, 4) the large size of EBOV particles makes uptake by clathrin and
caveolin mediated endocytosis unlikely due to size constraints; clathrin-coated vesicles are 60-
200 nm in diameter, caveolae are 50-100 nm, while EBOV is 80 nm in diameter and up to 1 pm
in length (10, 156-161). Current evidence suggests that the primary entry route for EBOV is
macropinocytosis, or a macropinocytosis-like mechanism (58, 59).

Macropinocytosis a process that involves large scale remodeling of the cell membrane
and cytoskeleton, resulting in the uptake of extracellular fluid and particles into large vacuoles
(152, 162). The size of macropinosomes can range from 0.2 um to 10 pm in diameter, making

them easily capable of carrying EBOV particles (163). Macropinocytosis is a highly coordinated
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and tightly regulated process relying on numerous cellular kinases; in most cell types,
macropinocytosis needs to be triggered by activating signaling cascades (162, 164). Such
signaling cascades are complex and roles for kinases in macropinocytosis are continually
emerging. Key regulators of macropinocytosis include the Rho GTPases Racl and Cdc42, the
ARF GTPase Arf6, the kinases p21-activated kinase (Pak1) and protein kinase C (PKC),
phospholipase C (PLC), and the lipid kinases phosphatidylinositol-3-kinase (PI3K) and
diacylglycerol kinase (DGK) (165-175). Other factors thought to be important for
macropinocytosis include Na+/H+ exchangers, which contribute to maintaining proper
submembranous pH important for Rac1 signaling, AMP-activated protein kinase (AMPK), and
cholesterol composition of the plasma membrane (172, 176-178).

To examine if EBOV utilizes macropinocytosis for internalization, both pharmacological
and genetic approaches have been employed. Inhibitors of actin polymerization (cytochalasin D),
NA+/H+ exchangers (EIPA), PI3K (Wortmannin, LY294002), AMPK (Compound C), and
pharmacologically causing cholesterol depletion using methyl-f3 cyclodextrin, all result in a
block of EBOV entry (58, 59, 154). In addition, knockdown of Cdc42 or Pakl, or expression of a
dominant negative form of Racl, all significantly reduce entry by EBOV VLPs (58, 59, 179).
Colocalization studies found that EBOV VLPs co-localize with sorting nexin 5 (SNX 5), a
component of newly formed macropinosomes, in addition to co-localizing with Arp2 complexes,
which serve as actin nucleation sites (58, 59, 180). Furthermore, treatment of cells with EBOV
induces fluid phase uptake of high molecular weight dextran, which can only be internalized
through macropinocytosis; in fact, researchers saw a 2-3 fold increase in dextran positive
vesicles per cell compared to incubation with VSV, a virus that utilizes clathrin-mediated

endocytosis for internalization (59, 154). Additionally, recent studies have implicated several
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autophagy-associated proteins, including microtubule-associated protein 1A/B light chain 3B
(LC3B), to be important for the macropinocytosis of EBOV(181). Taken together, these studies
provide strong evidence that EBOV induces macropinocytosis as its primary mode of
internalization, however the mechanism by which EBOV triggers its macropinocytic uptake
remains unknown.
1.4.3 Endolysosomal trafficking

Once particles, viruses or otherwise, are internalized into cells, endocytic vesicles deliver
their cargo to early endosomes to be sorted. Most internalized cargo is recycled back to the
plasma membrane, however certain cargo can also be sorted to the lysosome for degradation or
sent to the trans-Golgi network via retrograde transport (182). These sorting and trafficking
processes are tightly regulated in a spatio-temporal manner by a network of signaling lipids and
proteins, including but not limited to phosphorylated phosphatidylinositides (PIPs) and Rab
GTPases (182). For EBOV to efficiently enter host cells, it must be successfully sorted to the
degradative route and trafficked to late-endosomes and lysosomes where its triggering factors are
localized. Therefore, many proteins that are involved in regulating the maturation of early and
late endosomes are essential for productive EBOV entry.

EBOV has been shown to colocalize with many markers of late endosomes, including
Rab7 and Lamp1, and to kinetically experience a lag in fusion comparison to viruses that
undergo fusion in earlier endocytic compartments, such as VSV. Other studies have
demonstrated that functional Rab5 and Rab7, GTPases required for the maturation of early
endosomes to late endosomes, are critical for entry as expressing dominant negative forms of
these proteins in cells inhibits entry of EBOV. In addition, a genetic screen identified the

homotypic fusion and vacuole protein-sorting (HOPS) complex and the PIKfyve-ArPIKfyve-
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Sac3 (PAS) complex, both involved in regulating endolysosomal trafficking, to be critical for
EBOV entry (63). Further work demonstrated that knockout of HOPS complex subunits or UV
radiation resistance-associated gene (UVRAG), a protein that can bind to the HOPS complex and
is known to positively regulate endocytic trafficking, reduced EBOV GP-mediated entry by
preventing the virus from reaching NPC1+ compartments (61, 63). In addition, other work has
demonstrated that PIKfyve kinase, which phosphorylates phosphatidylinositol (3) phosphate
(PtIns3P) to phosphatidylinositol (3,5) bisphosphate (PtdIns(3,5)P>), is critical for EBOV entry
and that stimulation of cells with EBOV results in increased intracellular PtdIns(3,5)P2 (60, 183).
Interestingly, stimulating cells with EBOV also results in increased levels of phosphorylated Akt,
and inhibiting Akt signaling interferes with endocytic trafficking of EBOV (184). Furthermore,
one study demonstrated that phosphorylated Akt can activate PIKfyve, therefore it is plausible to
speculate that EBOV may stimulate that activity of the PAS complex and regulate its endocytic
trafficking through activating the PI3K/Akt pathway during entry (185).

An overall schematic of EBOV entry is summarized in Figure 1.4.
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Figure 1.4. Overall schematic of EBOV entry pathway.

(A) EBOV entry begins with binding of EBOV to the cell via cell surface attachemnt factors,
followed by internalization via a macropinocytosis-like mechanism or phagocytosis. (B) The
virus then undergoes endocytic trafficking to late endosomes and lysosomes where low-pH
dependendent cathepsin proteases cleave EBOV GP. Following some yet to be determined
fusion triggers and interaction with NPC1, fusion occurs and the viral nucleocapsid is released

into the cytoplasm. Created using Biorender.com.
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1.5 SIGNALING PATHWAYS REQUIRED FOR VIRAL ENTRY

Viral entry into host cells inevitably results in the activation of intracellular signaling
cascades. These can be in the form of a cellular response to the incoming pathogen or can be
induced by the incoming viral particle to promote efficient entry and establish a favorable
intracellular environment for replication. During replication and translation, many viruses
produce proteins that alter cell signaling pathways; however, viruses can also activate signaling
pathways before replication, relying on attachment factors or receptors on the plasma membrane
to initiate early signaling events (186). These include receptor tyrosine kinases (RTKSs),
integrins, and G-protein coupled receptors (GPCRs) (187-190). While some viruses penetrate the
cellular membrane at the cell surface, most require internalization prior to membrane penetration
and uncoating (191). In some instances, viruses are internalized via ongoing cellular endocytic
processes, however many viruses can also induce their uptake by activating host-cell signaling
pathways (192). Furthermore, signaling pathways activated by viruses during entry have also
been implicated in post-internalization entry steps, such as facilitating intracellular virion
transport to the site of genome replication (193).
1.5.1 Activation of signaling pathways via Receptor Tyrosine Kinases

RTKs are large family of cell-surface receptors, many of which have been implicated as

important host factors for mediating viral entry. In humans, there are 58 RTKs that fall into 20
subfamilies, all existing as single protomers and containing an extracellular ligand binding
domain, a single transmembrane helix, and a cytoplasmic region that contains a PTK domain
through which signal transduction is initiated (149). Signal transduction occurs when single
receptors homo-or-heterodimerize, which can be entirely ligand mediated, entirely receptor

mediated due to clustering, or a of combination of the two extremes (149). RTKs are regulators
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of many cellular processes including cell survival, proliferation, differentiation, cell cycle
control, and cell migration, however evidence suggests that many viruses can hijack and activate
RTK signaling to promote their entry and replication (149, 194). Activation of RTKs by viruses
is thought to occur through direct interaction with viral glycoproteins, as is the case for human
cytomegalovirus (HCMYV) and platelet-derived growth factor receptor a (PDGFR-a)/epidermal
growth factor receptor (EGFR), through interactions with lipids on the viral envelope, as is the
case for many enveloped viruses via TAM RTKs, or through other indirect mechanisms that
usually result in RTK activation via protomer clustering (195-198).

HCMYV glycoprotein mediated binding and activation of PDGFR-a and EGFR is a well-
characterized example of a virus that can activate signaling cascades via direct interaction of
viral glycoproteins with RTKs. The key HMCV glycoproteins involved in entry are gB, gH, gL,
g0, and HMCYV proteins UL128-131; these exist in various glycoprotein complexes, the
composition of which can differ between strains (199-202). According to the latest studies, gB
dependent EGFR activation occurs in concert with a gH dependent 1 integrin interaction and
activation of signaling occurs via EGFR-B1 integrin cross-talk (203). With regards to PDGFR-a,
recent evidence suggests that the gB-PDGFR-a interaction only occurs in the presence of the
gH/gL/gO trimer, which was shown to bind to PDGFR-a directly, seemingly via the N-terminal
region of gO (197, 204). These studies highlight the complexities of virus-induced activation of
signaling pathways, even when the activation mechanism is through direct interaction with viral
proteins.

TAM RTKs, which bind to phosphatidylserine on viral envelopes via adaptor proteins
Gas6 or ProteinS, have been broadly implicated in the entry of many different families of

enveloped viruses (reviewed extensively in (91)). Studies originally found that expression of
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these receptors enhanced entry of pseudotyped virus particles of filoviruses, flaviviruses,
arenaviruses, and more (56, 205-209). Specifically, it is thought that TAM receptors help
facilitate internalization of viral particles (56, 91, 205, 206). Interestingly, some studies suggest
that while the PTK domain of TAM receptors is required for the observed enhancement of virus
endocytosis, virus endocytosis can still occur if this domain is deleted (56, 206). While the PTK
domain may be dispensable for endocytosis, virus-induced TAM signalling through the PTK
domain is certainly important for dampening the cellular innate immune response, which
provides a more favorable environment for viral replication (206, 208). In addition to enveloped
viruses, the non-enveloped polyomavirus, SV40, can also interact with TAM receptors (210).
The VP1 capsid protein of SV40 shares structural homology with Gas6 and can interact with Axl
to initiate internalization events (210). Furthermore, Ax]l knockdown reduces SV40 infection to a
greater extent than entry is reduced when virus-like particles are tested, suggesting that signaling
may be induced upon interaction with Ax1 (210). Evidently, more work needs to be done to fully
determine the role of virus-induced TAM signalling in facilitating viral entry and infection.
Many viruses employ other indirect mechanisms to activate RTKs, which include
promoting heterodimerization with proteins/receptors of a different class or promoting the rather
non-specific clustering of RTKSs. For example, hepatitis C virus (HCV) can induce EGFR
activation presumably via binding to the HCV co-receptor CD81, as CD81 cross-linking was
shown to induce EGFR activation (211). Further, EGFR signaling to HRas is required for the
lateral membrane diffusion of CD81 to promote its interaction with another HCV coreceptor,
claudinl (CLDN1), which is essential for virion endocytosis (212). Examples of viruses that
induce RTK clustering are IAV and Herpes simplex virus 1 (HSV-1). With regards to IAV,

attachment to the plasma membrane via sialic acid residues results in clustering of ganglioside
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GMI1 enriched membrane microdomains, which allows multiple RTKs to come into proximity
intrinsically activate (198). Similarly, to IAV, HSV-1 infection induces lipid raft formation and
EGFR clustering, which results in EGFR activation, induction of PI3K-Akt and mitogen-
activated protein kinase (MAPK) signaling, and subsequent actin cytoskeletal rearrangements
(213). For both IAV and HSV-1, activation of EGFR facilitated internalization of virions in the
cell lines tested.
1.5.2 Activation of signaling pathways via Integrins

Many viruses also utilize integrins expressed on the cell surface to initiate signaling
events. Integrins are heterodimeric cell adhesion molecules consisting of a and § subunits;
structurally, they consist of a large extracellular domain, a transmembrane domain, and a smaller
cytoplasmic domain (214). Some viruses such as adenoviruses can interact directly with integrins
through the RGD (Arg-Gly-Asp) tripeptide motif on their envelope glycoproteins, however many
other viruses utilize non-RGD binding domains for integrin interaction as well (188). Regardless
of the integrin-binding motifs, virus-integrin interaction changes the quaternary structure of the
integrin, resulting in induction of signaling cascades primarily through cytoplasmic focal
adhesion kinase (FAK), which can transmit signals through both the PI3K and MAPK signaling
pathways (188). Viruses that utilize integrin binding to mediate signal transduction include
adenoviruses, echoviruses, rotaviruses, hantaviruses, herpesviruses and more; in these cases,
physical interaction with integrins helps mediate virus endocytosis through eventual activation of
Rho GTPases and also helps prepare the cell for subsequent replication through activation of the
MAPK signaling pathway (193, 215-227). Interestingly, filoviruses have also been shown to
require integrins for entry, albeit through regulating endosomal cathepsins rather than binding

and internalization (228).
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1.5.3 Activation of signaling pathways via GPCRs

G-protein coupled receptors (GPCRs) are a large family of seven-(pass)-transmembrane
domain receptors that trigger signaling cascades through second messengers. Compared to
integrins and RTKs, there have been few documented cases of virus activated GPCR signaling.
However, one obvious example is HIV-1 and its GPCR coreceptors CCRS and CXCR4 (229,
230). Activation of a cellular actin-depolymerizing factor, cofilin, via CXCR4 is required for
HIV-1 entry in resting CD4+ T-cells (229). While signaling through CXCR4 and CCRS5 is not
required for HIV-1 entry in all cell types, it does appear to be ubiquitously important for the rest
of the infectious cycle, including facilitating replication and enhancing virus propagation (231).
With regards to other viruses, GPCR antagonists were shown to inhibit entry of filoviruses at a
step post attachment but prior to membrane fusion, and G protein-coupled receptor kinase 2
(Grk2) was shown to promote entry of flaviviruses (189, 190). Whether filoviruses and
flaviviruses directly activate GPCRs during entry remains to be determined.
1.5.4 Downstream signaling pathways and outcomes
Signaling pathways downstream of RTKSs, integrins, and GPCRs overlap to a large extent as they
transmit signals from the exterior to interior of the cell. Key signaling pathways activated include
the Janus Kinase/Signal Transducer and Activator of Transcription (JAK-STAT) pathway, the
nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB) pathway, the PI3K
pathway, the MAPK pathway, and the phospholipase C-y (PLCy) pathway (186, 188, 232).
Activation of these pathways can result in different outcomes depending on many factors
including cell type or crosstalk from other signaling pathways. While downstream signaling
pathways activated by viruses to facilitate entry are incompletely characterized, and therefore

difficult to tease out, a common theme are kinases involved in regulating actin dynamics, such as
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Rho GTPase family members and the PI3K/Akt pathway (232). Many viruses also activate the
p38 MAPK pathway to promote infection (233). However, while this pathway is often activated
during entry, its activation is rarely required for entry (exceptions include certain adenoviruses
and avian reovirus) (233-236).
1.6 RATIONALE, HYPOTHESIS, AND OBJECTIVES

Ebola virus entry is a multistep process requiring attachment to the host cell,
internalization by macropinocytosis, and trafficking to late endosomes and lysosomes where
fusion triggering factors are localized. Given that virus internalization by macropinocytosis
needs to be triggered, in conjunction with the requirement for trafficking through the endosomal
labyrinth, we hypothesize that EBOV hijacks host cell signaling pathways to ensure efficient
entry into host cells. The overarching objective of this thesis was to identify signaling pathways
that EBOV utilizes during entry and to determine if these are activated by the virus or if EBOV
relies on steady state signaling in host cells. Furthermore, by employing a chemical biology
approach, we aimed to identify small molecules that target host kinases involved in entry, a
process that is highly conserved among filoviruses, to serve as a starting point for antiviral drug
development.
The specific aims for each chapter are as follows:

Chapter 2: Identify signaling pathways involved in entry through screening a kinase inhibitor

library

a) Screen a kinase inhibitor library to identify small molecules that modulate entry of
EBOV and MARV
b) Determine the mechanism of action of receptor tyrosine kinase inhibitors (top screen hits)

c) Assess if EBOV activates RTK-dependent signaling pathways during entry
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Chapter 3: Assess the role of sphingosine kinases in EBOV entry

a) Confirm the antiviral target of screen hits PF-543 and FTY 720

b) Determine the mechanism of action of sphingosine kinase inhibitors

c) Further characterize the role of sphingosine-1-phosphate signaling for EBOV entry
d) Determine if the sphingosine kinase inhibitors block entry of other late penetrating

viruses

Chapter 4: Further characterize the role of diacylglycerol kinases in EBOV entry using a

chemical biology approach

a) Characterize the antiviral profile of diacylglycerol kinase inhibitor, R-59-022

b) Determine the mechanism of action of R-59-022
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2.1 ABSTRACT

Filoviruses, such as the Ebola virus (EBOV) and Marburg virus (MARYV), are causative
agents of sporadic outbreaks of hemorrhagic fevers in humans. To infect cells, filoviruses are
internalized via macropinocytosis and traffic through the endosomal pathway where host
cathepsin-dependent cleavage of the viral glycoproteins occurs. Subsequently, the cleaved viral
glycoprotein interacts with the late endosome/lysosome resident host protein, Niemann-Pick C1
(NPC1). This interaction is hypothesized to trigger viral and host membrane fusion, which
results in the delivery of the viral genome into the cytoplasm and subsequent initiation of
replication. Some studies suggest that EBOV viral particles activate signaling cascades and host-
trafficking factors to promote their localization with host factors that are essential for entry.
However, the mechanism through which these activating signals are initiated remains unknown.
By screening a kinase inhibitor library, we found that receptor tyrosine kinase inhibitors potently
block EBOV and MARYV GP-dependent viral entry. Inhibitors of epidermal growth factor
receptor (EGFR), tyrosine protein kinase Met (c-Met), and the insulin receptor (InsR)/insulin like
growth factor 1 receptor (IGF1R) blocked filoviral GP-mediated entry and prevented growth of
replicative EBOV in Vero cells. Furthermore, inhibitors of c-Met and InsR/IGFIR also blocked
viral entry in macrophages, the primary targets of EBOV infection. Interestingly, while the c-Met
and InsR/IGF1R inhibitors interfered with EBOV trafficking to NPC1, virus delivery to the
receptor was not impaired in the presence of the EGFR inhibitor. Instead, we observed that the
NPCI positive compartments were phenotypically altered and rendered incompetent to permit
viral entry. Despite their different mechanisms of action, all three RTK inhibitors tested inhibited

virus-induced Akt activation, providing a possible explanation for how EBOV may activate
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signaling pathways during entry. In sum, these studies strongly suggest that receptor tyrosine
kinases initiate signaling cascades essential for efficient post-internalization entry steps.
2.2 INTRODUCTION

In order for viruses to replicate, they must first deliver their genetic material into host
cells. With regards to enveloped viruses specifically, this requires fusion of the viral membrane
with the cellular membrane, a process that is mediated by viral fusion proteins that protrude from
the viral envelope. Upon specific triggers, including but not limited to viral receptor interaction,
these viral fusion proteins will undergo extensive conformational rearrangements to facilitate
membrane fusion [1]. In the last few years, some enveloped viruses, such as Ebola virus (EBOV)
and Lassa fever virus (LASV), have been found to require interaction with entry receptors
localized in late endosomes and/or lysosomes [2-5]. In these instances, the viral particles must
not only be endocytosed, but also require trafficking to the specific intracellular compartment
containing host factors necessary for fusion triggering. However, it is still unclear whether these
viruses use mechanisms to regulate their trafficking within the endosomal system or are passive
passengers of intracellular vesicles.

Filoviruses, including EBOV and Marburg virus (MARYV), are zoonotic pathogens that
can cause severe hemorrhagic fevers in humans and non-human primates [6]. Previous studies
have shown that the filovirus entry receptor is the late endosome/lysosome-resident protein
Niemann-Pick C1 (NPC1) [2-4]. To reach NPC1, filoviral particles must be internalized via
macropinocytosis and then undergo extensive trafficking through the endosomal labyrinth
whereby endosomes transition from Rab5+ to Rab7+ compartments [7-9]. Also involved in
filovirus trafficking to NPC1 are the homotypic fusion and protein sorting (HOPS) and

PIKfyve/ArPIKfyve/Sac3 (PAS) tethering and trafficking complexes [2, 10-12]. These
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complexes, along with the small GTPase Rab7, regulate vesicular fusion events required for
specific trafficking of cargoes to late endosomes and lysosomes in cells [13, 14]. While the
activity of Rab7, HOPS, and PAS can be modulated by various stimuli [15, 16], whether EBOV
can also regulate these host trafficking proteins remains to be determined.

Using a probe that binds to phosphatidylinositol (3,5)bisphosphate (PtdIns(3,5)P2), the
product of PIKfyve within the PAS complex, we previously found that PtdIns(3,5)P> was
increased during EBOV entry, suggesting that viral particles can stimulate the activity of the
PAS complex [10]. Although the mechanism through which this occurs is still unknown,
previous studies have shown that Akt, part of the phosphoinositide 3-kinase (PI3K)/Akt pathway,
can activate PIKfyve [16]. Furthermore, Saeed et al. found that EBOV triggers Akt
phosphorylation and that the PI3K/Akt pathway was required for EBOV trafficking [17].
Therefore, it is plausible that EBOV stimulates the activity of the PAS complex through
activating the PI3K/Akt signaling pathway. However, the mechanism through which EBOV may
activate Akt, a primarily cytosolic protein, is still unclear. We propose that EBOV activates host
signaling pathways upon contact with the host cell that function to “prime” the cell for both entry
and subsequent replication.

To identify signaling pathways important for filovirus entry, we screened a library of
kinase inhibitors using pseudotypes harboring the EBOV, MARYV or vesicular stomatitis virus
(VSV) glycoproteins. We found that receptor tyrosine kinase (RTK) inhibitors potently block
EBOV and MARV GP-dependent viral entry. More specifically, inhibitors of epidermal growth
factor receptor (EGFR), c-Met, and the insulin receptor (InsR)/insulin like growth factor 1
receptor (IGF1R) blocked filoviral GP-mediated entry and growth of replicative EBOV.

Interestingly, while the c-Met and InsR/IGFR inhibitors both interfered with EBOV trafficking
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to NPC1, virus delivery to the receptor was not impaired in the presence of an EGFR inhibitor.

However, the NPC1+ compartments were altered phenotypically and were rendered incompetent

to permit viral entry. Interestingly, despite their different mechanisms of action, all three RTK

inhibitors tested inhibited virus-induced Akt activation. These studies strongly suggest that

receptor tyrosine kinases initiate signaling cascades that are essential for efficient EBOV post-

internalization entry steps.

2.3 RESULTS

2.3.1 Screening of a kinase inhibitor library for the identification of signaling pathways
required for filovirus GP-mediated entry.

To identify signaling pathways important for filovirus entry, we screened a library of
small-molecule kinase inhibitors using murine leukemia virus (MLV) pseudotyped with the
glycoproteins of EBOV, MARYV, or VSV. Due to the toxicity inherent to the mucin domain of
EBOV GP that leads to low virus yield, we used an EBOV GP construct with this region deleted
(EBOV GPAmuc, herein simply referred to as EBOV GP)[18]. Previous work has shown that
this construct does not interfere with the overall EBOV entry pathway and likewise requires
cathepsin cleavage and NPC1 binding to mediate infection [19]. In addition, to minimize the
effect of signaling induced by growth factors found in the serum used to culture the cells, Vero
cells were serum-starved during pre-incubation with 1uM of each inhibitor. MLV pseudotypes
encoding B-galactosidase (LacZ) were then added for four hours, after which cells were placed in
media containing ammonium chloride to stop entry. Twenty-four hours post-infection, media
was replaced again, and cells incubated for another 48 hours to allow for the expression of the
reporter gene. Transduction efficiency was measured using a luminescence-based substrate and

normalized to vehicle-treated cells. Ratios of signals from EBOV or MARYV pseudotypes over
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that of VSV were then calculated. VSV pseudotypes were used as controls because the entry
pathway of VSV is different than that of filoviruses; it is internalized via clathrin-dependent
endocytosis and VSV G-mediated fusion occurs in early endosomes [20, 21]. In addition,
inhibitors that exert effects on MLV reverse-transcription, integration, or reporter gene
transcription are expected to have similar effects on all pseudotypes, including VSV, and as such
will not be identified as hits in our analysis. We also assessed potential effects of inhibitor
treatment on cellular proliferation and metabolic activity using CellTiter Glo 24 hours post-
treatment. Transduction data from inhibitors that had metabolic activity lower than 80% of the
vehicle controls were eliminated.

Volcano plots of the p-values versus ratios over VSV revealed 35 compounds that had a
significant effect on EBOV and/or MARV GP-mediated infection when compared to VSV
(Figure 2.1A and 2.1B, Table S2.1, Table S2.2, Appendix 2). Interestingly, none of the 35
compounds enhanced infection — all were found to be inhibitory. Of the 35 hits, 10 were shared
by EBOV and MARYV, while 12 and 13 were unique to EBOV or MARV GP-mediated infection
respectively (Figure 2.1B), suggesting some overlap between the signaling pathways used by
these filoviruses. Importantly, some hits and their targets were previously shown to have an
effect on filovirus GP-mediated infection, including AMP-activated protein kinase (AMPK)
(Dorsomorphin)[22] and Akt (MK-2206) [17, 22], thus validating our approach (Figure 2.1C).
Some new pathways were also revealed, such as mammalian target of rapamycin (mTOR),
mitogen-activated protein kinase (MAPK), and sphingosine-1-phosphate receptors (S1PRs)
(Figure 2.1C and 2.1D). Interestingly, we also observed an enrichment of receptor tyrosine
kinase (RTK) inhibitors in our hits compared to the overall proportion of RTK inhibitors in the

library (Figure 2.1D), suggesting that RTK signaling is important

37



-log10(p-value)

log2(luminescence EBOV vs. VSV) log2(luminescence MARY vs. VSV)

C.

0 -1 2 3 -4
B

[WEBOV MMARV [MEBOV + MARV

Akt/MK-2206 2HCI

C-Met/PHA-665752

VEGFR, TAM Receptor/Cabozantinib malate

Tie-2, TAM Receptor, FLT3, VEGFR, c-Met, c-Kit/Cabozantinib
C-Met, Tie-2, VEGFR/MGCD-265

S1P Receptor/Fingolimod

S1P Receptor/PF-543

EGFR, HER2/Afatinib

] i

! EGFR/Gefitinib
Src/WH-4-023
C-Met/Tepotinib
EGFR/WZ8040
EGFR/AZD9291

| mTOR, ATM/ATR/Torin 2

mTOR/WAY-600
ALK, Trk receptor/Entrectinib
|_B/IKK/IKK-16
EGFR/Dacomitinib
FLT3/G-749
Srec/Bosutinib
Pim/SGI-1776
ALK, c-Met/Crizotinib
c-Met/SU11274
IGF-1/NVP-AEW541
ALK/LDK378
IGF-1R/NVP-ADW742
Rho/EHop-016
FLT3, JAK/Pacritinib
ALK/AZD3463
TAM Receptor/R428
AMPK/Dorsomarphin
IGF-1R/GSK1904529A
ERK/ERK5-IN-1
Ber-Abl, PDGFR, VEGFR, FGFR/Ponatinib
MLK, LRRK, Abl, VEGFR/FLT/URMC-099

EBOV
MARV

D.  Total Library Representation

4

B RTK

W PI3K/Akt
NRTK

H Cell Cycle

B JAK/STAT

B MAPK

W Other

38



Figure 2.1 A kinase inhibitor screen to identify signaling pathways required for EBOV and
MARYV GP-mediated entry.

MLV pseudotypes encoding LacZ and harboring EBOV, MARYV, or VSV glycoproteins were
used to screen the Selleckchem L1200 kinase inhibitor library at 1uM in Vero cells (A) Volcano
plots of the log2 values of the ratios of the means of biological replicates of EBOV (left panel) or
MARYV (right panel) vs VSV pseudotype transduction relative to the DMSO controls over the —
log10 values of the p-value. Dots in red represent hits as determined with at least 2-fold ratio and
p<0.05. Results are means of three independent experiments performed in duplicates. (B) Venn
diagram of the hits for EBOV and MARYV, with 22 total hits for EBOV, 23 total hits for MARV,
and 10 hits shared between the two viruses. (C) Heat maps of the log2(normalized transduction
efficiency of EBOV or MARYV vs. that of VSV) for the total hits for both viruses. (D) Pie charts
of the signaling pathways (grouped into the following categories: receptor tyrosine kinase (RTK)
inhibitors, Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway
inhibitors, mitogen-activated protein kinase (MAPK) pathway inhibitors, non-receptor tyrosine
kinase (NRTK) inhibitors, and phosphatidylinositol-3-kinase (PI3K)/Akt inhibitors, or others) of
the inhibitors in the library (top), EBOV hits (middle), and MARYV (bottom). The representation

in percentage and the number of the RTK inhibitors is indicated.
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Table S2.1 Hits from small molecule kinase screen for EBOV.

Mean EBOV

Compound Mean VSV p-value? Targets

Bosutinib (SKI-606) 0.14744 0.00011 Src

Cabozantinib malate (XL184) 0.35110 0.00029 VEGFR, TAM Receptor

IKK-16 (IKK Inhibitor VII) 0.33990 0.00035  IkB, IKK

Ehop-016 0.09569 0.00183 Rho

LDK378 0.24043 0.00201 ALK

PF-543 0.45908 0.00401 S1P Receptor, SK1

MK-2206 2HCI 0.41949 0.00494 Akt

G-749 0.12297 0.00590  FLT3

NVP-AEW541 0.23904 0.00635 IGF-1R

NVP-ADW742 0.15585 0.00781 IGF-1R, InsR

Crizotinib (PF-02341066) 0.26316 0.01045 ALK, c-Met

R428 (BGB324) 0.39924 0.01072  TAM Receptor

Cabozantinib (XL184, BMS-907351) 0.40127  0.01322 Tie-2, TAM Receptor, FLT3, VEGFR,
c-Met, c-Kit

AZD3463 0.23228 0.01842 ALK

Gefitinib (ZD1839) 0.48905 0.01972 EGFR

PHA-665752 0.49418 0.01987  c-Met

Afatinib (BIBW2992) 0.47394 0.02491 EGFR, HER2

Fingolimod (FTY720) HCI 0.47949 0.03755  S1P Receptor

SGI-1776 free base 0.15245 0.03809 Pim

SU11274 0.24481 0.04192  c-Met

Pacritinib 0.07734 0.04214  FLT3, Jak

MGCD-265 0.41277 0.04714  c-Met, Tie-2, VEGFR

Src, proto-oncogene tyrosine-protein kinase Src; VEGFR, vascular endothelial growth factor receptor;
TAM Receptor, Tyro3, Axl, and Mer Receptors; ALK, anaplastic lymphoma kinase; S1P Receptor,
sphingosine-1-phosphate receptor; SK1, sphingosine kinase 1; Akt, protein kinase B; FLT3, fms-like
tyrosine kinase 3; IGF-1R, insulin-like growth factor 1 receptor; InsR, insulin receptor; c-Met, tyrosine
protein kinase Met; Tie-2, angiopoietin-1 receptor; c-Kit, mast/stem cell growth factor receptor; EGFR,
epidermal growth factor receptor; HER2, human epidermal growth factor receptor 2; Pim, proto-oncogene
serine/threonine-protein kinase; Jak, janus kinase.

a p-values were calculated using a two-tailed student’s t test
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Table S2.2 Hits from small molecule kinase screen for MARYV.

Mean EBOV

Compound W p-value? Targets
Tepotinib (EMD 1214063) 0.33839 0.00006 c-Met

ERK5-IN-1 0.14453 0.00027 ERK

Bosutinib (SKI-606) 0.33863 0.00061 Src

IKK-16 (IKK Inhibitor VII) 0.16121 0.00078 IkB/IKK
AZD9291 0.31426 0.00118 EGFR
NVP-AEW541 0.38270 0.00201 IGF-1R

LDK378 0.30200 0.00268 ALK

EHop-016 0.20754 0.00305 Rho kinase
WH-4-023 0.33797 0.00329 Src
NVP-ADW742 0.17288 0.00688 IGF-1R, InsR
Torin 2 0.34467 0.00756 mTOR, ATM/ATR
Ponatinib (AP24534 0.17750 0.00775 Ber-Abl, PDGFR, VEGFR, FGFR
G-749 0.38916 0.00843 FLT3
GSK1904529A 0.08005 0.00939 IGF-1R

R428 (BGB324) 0.04676 0.01063 TAM Receptors
PHA-665752 0.48744 0.01410 c-Met

URMC-099 0.18381 0.01412 MLK, LRRK, Abl, VEGFR
AZD3463 0.06306 0.01877 ALK

Entrectinib (RXDX-101 0.42418 0.03475 ALK, Trk receptor
WAY-600 0.47060 0.03693 mTOR

Wz8040 0.31926 0.04530 EGFR
Dacomitinib (PF299804, PF299) 0.24645 0.04779 EGFR
Dorsomorphin (Compound C 0.05700 0.04837 AMPK

c-Met, tyrosine protein kinase Met; ERK, extracellular signal-regulated kinases; Src, proto-oncogene
tyrosine-protein kinase Src; EGFR, epidermal growth factor receptor; IGF-1R, insulin-like growth factor 1
receptor; ALK, anaplastic lymphoma kinase; Rho; InsR, insulin receptor; mTOR, mammalian target of
rapamycin; ATM, ataxia telangiectasia mutated; ATR, ATM and RAD3-related; PDGFR, platelet-derived
growth factor receptor; VEGFR, vascular endothelial growth factor receptor; FGFR, fibroblast growth

factor receptor; FLT3, fms-like tyrosine kinase 3; TAM Receptor, Tyro3, Axl, and Mer Receptors; MLK,

mixed-lineage kinase; LRRK, leucine-rich repeat kinase; Trk, tropomyosin receptor kinase; AMPK, AMP-

activated protein kinase.

a p-values were calculated using a two-tailed student’s t test
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for EBOV and MARYV entry. In sum, the results of this small molecule screen indicate that

specific signaling pathways, particularly RTK signaling, are required for filovirus entry.

2.3.2  Receptor tyrosine kinase inhibitors block entry of multiple filoviruses and growth of
replicative EBOV in Vero cells.

To confirm the effect of RTK inhibitors on EBOV GP-mediated entry, we used filoviral-
like particles (VLPs) generated by co-expression of the EBOV nucleoprotein (NP), matrix
protein (VP40), and the glycoprotein of interest [23]. These viral particles exhibit the
characteristic filamentous morphology of filoviral particles, can enter target cells according to
the entry pathway of the viral glycoproteins expressed on their surface, and allow measurement
of membrane fusion in cells by using a VP40 construct that is fused with B-lactamase (flam)
[23]. Using this system, we first tested a panel of RTK inhibitors identified as screen hits and
measured viral entry into Vero cells using VLPs bearing EBOV GP or VSV G (Figure S2.1). We
found that RTK inhibitors of EGFR, c-Met, InsR/IGF1R, or multiple RTKs, blocked EBOV GP-
mediated entry and had no significant effect on VSV G-mediated entry (Figure S2.1). To further
investigate and dissect the RTK signaling requirements, we performed dose-response studies of
the specific inhibitors of EGFR (Gefitinib), c-Met (SU11274), or InsR/IGF1R (NVP-ADW742)
and found that all reduced EBOV GP-mediated entry (Gefitinib IC50=1.8 uM, SU11274
IC50=0.7 uM, NVP-ADW742 1C50=1 uM) (Figure 2.2A). Importantly, these had either no
effect or slightly increased VSV G-mediated entry (Figure 2.2A). To confirm that the absence of
the mucin domain did not influence the potency of the RTK inhibitors, we infected Vero cells
with EBOV VLPs bearing EBOV AM GP or EBOV full length GP and did not observe a
difference between the two GPs (Figure S2.2). Additionally, we tested entry mediated by two

other highly pathogenic ebolaviruses, Bundibugyo (BDBV) and Sudan (SUDV). We found that
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the three RTK inhibitors blocked entry mediated by all filovirus GPs tested in our panel, (Figure
2.2B), suggesting that they interfere with an entry step or steps required by all filoviruses.

To investigate the efficacy of the RTK inhibitors on native infection, we next tested their
ability to block growth of GFP-expressing replicative EBOV. We found that all drugs were able
to inhibit EBOV growth, albeit with different efficiency (Figure 2.2C). The InsR/IGF1R
inhibitor, NVP-ADW742, was the most potent and completely blocked replicative EBOV
infection at 5 uM, while the c-Met inhibitor, SU11274, required 10 uM for complete inhibition.
Although viral replication was still observed in the presence of Gefitinib at 10 uM, the
compound was able to reduce EBOV growth (Figure 2.2C). Taken together, these results indicate
that RTK inhibitors can block entry by several pathogenic filoviruses and growth of replicative
EBOV.

2.3.3 The antiviral effects of Gefitinib, SU11274, and NVP-ADW?742 are specific to filoviral
entry

To investigate the specificity of the RTK inhibitors on filoviral entry, we next tested
entry of MLVs bearing glycoproteins from viruses that utilize a variety of different entry routes.
Specifically, we used MLV pseudotypes of LASV, lymphocytic choriomeningitis virus (LCMV),
and Junin virus (JUNV), which undergo fusion in late or early endosomes following
internalization, in addition to Nipah virus (NiV), which utilizes the ephrin receptors for viral
entry at the cell surface [24-26]. We found that entry mediated by the LCMV and JUNV
glycoproteins was unchanged by the EGFR, InsR/IGF1R, and c-Met inhibitors despite their
shared requirement for internalization and endosomal trafficking (Figure 2.3) [27, 28]. LASV

entry, which requires low pH and LAMP1 in late endosomes [5], remained mostly unaffected by
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Figure S2.1 Effect of a panel of RTK inhibitors on EBOV GP-mediated entry.

Vero cells were exposed to Blam VLPs harboring the EBOV GP or VSV G in the presence of
vehicle (DMSO, 0.1%) or the indicated RTK inhibitor at I pM. Viral entry was detected via flow
cytometry after loading cells with the flam substrate, CCF2, and quantifying the percentage of
cells with cleaved CCF2. Data are expressed as percentages of inhibitor treated cells relative to

vehicle alone. Data are representative of 3 independent experiments. * p <0.05, ** p <0.01, ***
p <0.001.
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Figure 2.2 RTK inhibitors block filovirus entry in Vero cells.
(A) Entry of Blam VLPs harboring the EBOV GP or VSV G in Vero cells treated with vehicle
(DMSO, 0.1%) or increasing concentrations of Gefitinib, SU11274, or NVP-ADW742. Entry

was detected via flow cytometry after loading cells with flam substrate (CCF2) and measuring

the percentage of inhibitor treated cells with cleaved CCF2. Data are expressed as percentages
relative to DMSO-treated cells. (B) Entry of flam VLPs bearing the GPs of EBOV, SUDV,
BDBV, MARYV, or VSV G in the presence of 1 uM Gefitinib, 1 pM SU11274, 1 uM NVP-
ADW742, or vehicle (DMSO, 0.1%). (C) Infection of Vero cells with replication-competent
EBOV expressing GFP at increasing concentrations of the indicated inhibitor. Infection was

measured by GFP fluorescence 3 days post-infection and normalized to vehicle-treated cells.

Results are expressed as mean + s.d. of triplicates and are representative of 3 experiments. * p <

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

45

w -



150 1
. VSV EAM B EBOV Full Length

R

£ 100

c

L ns
o 1
© J

< 50 — -

m —_

Figure §2.2 RTK inhibitors block entry of EBOV AM GP and EBOV Full Length GP to the
same extent.

Vero cells were exposed to flam VLPs harboring VSV-G, EBOV AM GP, or the EBOV Full
Length GP in the presence of vehicle (DMSO, 0.1%), Gefitinib (1 uM), SU11274 (500 nM), or
NVP-ADW742 (500 nM). Entry was detected via flow cytometry after loading cells with flam
substrate (CCF2) and measuring the percentage of cells with cleaved CCF2. Data are expressed
as percentages of inhibitor treated cells relative to vehicle alone. Data are representative of 3

independent experiments. Students t-test was performed to compare % entry for EBOV AM GP
and EBOV Full Length GP.
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the inhibitors, although a slight decrease was observed in cells treated with the c-Met inhibitor,
SU11274 (Figure 2.3). Interestingly, N1V entry, which occurs at the cell surface [24], was
increased in the presence of the inhibitors (Figure 2.3). These results further support the notion
that the RTK inhibitors block specific step(s) in filovirus entry.
2.3.4  The effect of RTK inhibitors on EBOV GP-mediated entry in bone marrow-derived
macrophages
Previous studies have shown that one of the primary targets of filoviruses in vivo are
macrophages [29]. Therefore, we assessed EBOV entry in bone marrow-derived macrophages

(BMDMs) in the presence of the inhibitors. We found that while both SU11274 and NVP-

ADW?742 efficiently blocked EBOV GP-mediated entry, Gefitinib had no effect (Figure 2.4A).

Entry of VSV G-bearing VLPs into BMDMs was also slightly reduced in the presence of
SU11274 and NVP-ADW742 (Figure 2.4A). The lack of inhibitory effect in BMDMs after
Gefitinib treatment prompted us to investigate the expression of the inhibitors’ targets in both
cell types. We found that c-Met and InsR, respective targets of SU11274 and NVP-ADW742,
were expressed in both Vero cells and BMDMs (Figure 2.4B). However, expression of EGFR
was undetectable in BMDMs (Figure 2.4B). Furthermore, this apparent absence of expression
could not be attributed to an inability of the antibody to recognize mouse EGFR, since it could

readily detect the protein in mouse embryonic fibroblasts (Figure 2.4B). Overall, these data

suggest that RTK inhibitors can efficiently block EBOV entry in different cell types and that the

effect is dependent on expression of the specific RTKs targeted by these inhibitors.
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Figure 2.3 RTK inhibitors do not inhibit entry mediated by a panel of other viral GPs.

Vero cells were transduced with MLV pseudotypes encoding LacZ and harboring EBOV, LASV,
LCMYV, Nipah, or Junin glycoproteins in the presence of Gefitinib (1 uM), SU11274 (1 uM),
NVP-ADW742 (1 uM) or vehicle (DMSO, 0.1%). Results are expressed as mean + s.d. of

triplicates and are representative of 3 experiments. * p <0.05, ** p <0.01, *** p <0.001.

48



150“ - EBOV VSV 1507 - EBOV VSV 150 ] -=- EBOV VSV
ES S =
>1 {_}/\. >
£ 00 £ 100 4 %\ 100 4
w fim| ]
[0} @ ]
= = >
7 50 F 90+ = 50
] ° K]
o x e
0 f T T 1 0] T T 1 0 T T ]
0 2 4 6 0 2 4 6 0 2 4 6
[Gefitinib] (uM) [SU11274] (uM) [NVP-ADW742] (uM)
B s 3 N
' o & & o & & o & &
$§5 & &5 ¥ S5 &

— 250kD 4 — 100kDa
core [ @ = 1500, oot | wmggam] 250002 i | el |
— — 37kD — 37kDa

Figure 2.4 Effect of RTK inhibitor treatment on EBOV GP-mediated entry in BMDMs.
(A) Entry of flam VLPs harboring EBOV GP or VSV G in BMDMs treated with vehicle
(DMSO, 0.1%) or increasing concentrations of Gefitinib, SU11274, or NVP-ADW742. (B) Vero
cells, BMDMs, and MEFs were serum-starved, lysed, and expression of EGFR, Met, InsR-f3, and
GAPDH was detected by immunoblotting. Results in (A) are expressed as mean =+ s.d. of

triplicates and are representative of 3 experiments. Results in (B) are representative blots of 3

independent experiments.
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2.3.5 The c-Met and InsR/IGF IR inhibitors interfere with EBOV trafficking to NPCI+

intracellular compartments

Previous studies have shown that influenza A virus (IAV) activates EGFR signaling for
internalization into host cells [30]. To test whether RTK signaling is also required for EBOV
internalization, we used fluorescent EBOV VLPs containing VP40 fused to mCherry and
spinoculated them onto Vero cells at 4°C to prevent internalization. Unbound VLPs were
removed, pre-warmed media containing inhibitors or vehicle was added, and cells were
incubated at 37°C for 1 hour to allow for VLP internalization. VLPs that were not internalized
were then removed from the cell surface using trypsin and the level of fluorescent VLP
internalization was measured by flow cytometry. For these experiments, we used the
macropinocytosis inhibitor 5-(N-Ethyl-N-isopropyl)amiloride (EIPA) as a control [31]. We
found that while EIPA reduced VLP internalization in cells, IC90 concentrations of Gefitinib,
SU11274, or NVP-ADW742 did not interfere with EBOV internalization (Figure 2.5A). This
indicates that, unlike IAV, EBOV requires RTK signaling for a post-internalization step or steps.
To further investigate the mechanism by which RTK inhibitors block EBOV GP-mediated entry,
we used fluorescent VLPs harboring the fusion deficient EBOV GP*R [32]. VLPs bearing
EBOV GPF535R are internalized and trafficked similarly to those harboring the wt GP, and
while EBOV GPF535R can also bind to NPC1 following cathepsin cleavage [33], it is unable to
perform complete membrane fusion [9]. Therefore, these particles can be used to examine VLP
accumulation at the site of fusion by microscopy. For these assays, we used HT1080 cells
because their flat morphology allows for better visualization of VLPs in NPC1+ compartments.
Importantly, EBOV entry into HT1080 cells is also blocked by the RTK inhibitors (Figure S2.3).

To determine if the inhibitors interfere with EBOV trafficking to NPC1+ compartments, HT1080
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cells were incubated with EBOV GPF535R VLPs in the presence of inhibitors or vehicle for 3
hours. Cells were fixed, immunostained for NPC1, and imaged by confocal microscopy. For
these experiments, we used Akt Inhibitor VIII as a control because previous studies have shown
an accumulation of EBOV in early endosomal compartments when Akt signaling was inhibited
[17]. As we reported previously, we observed that a little over 10% of the VLPs colocalized with
NPC1 in DMSO-treated cells (Figure 2.5B and 2.5C) [10]. However, when we blocked Akt
signaling using Akt Inhibitor VIII, we found that colocalization of the VLPs with NPC1 was
significantly reduced, indicating that they were not able to reach NPC1+ compartments (Fig
2.5C). Interestingly, when we compared the RTK inhibitors, we found that both SU11274 and
NVP-ADW742 blocked VLP trafficking to NPC1 (Figure 2.5B and 2.5C). Surprisingly,
however, Gefitinib treatment did not reduce VLP colocalization with NPC1, suggesting that the
RTK inhibitors have different antiviral mode of actions. We also investigated colocalization of
VLPs in vesicles that are NPC1+ and two-pore channel 2 (TPC2)+, which has been reported as
the potential EBOV fusion-conducive compartment [9, 34, 35]; however, we did not observe a
notable difference in VLP localization between vehicle- or Gefitinib-treated cells (Figure S2.4A
and S2.4C). This further suggests that, unlike the other RTK inhibitors, Gefitinib does not block
EBOV trafficking. Taken together, these data indicate that the RTK inhibitors have no effect on
EBOV VLP internalization; instead, both SU11274 and NVP-ADW742 interfere with delivery of

EBOV to its receptor.
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Figure 2.5 RTK inhibitors do not block EBOV VLP internalization, but SU11274 and NV P-
ADW?742 interfere with trafficking to NPCI1+ compartments.

(A) Fluorescent mCherry VLPs harboring EBOV AM GP were pre-bound to Vero cells by
spinoculation at 4°C, followed by washing and incubation with vehicle (DMSO, 0.1%), EIPA
(30 uM), Gefitinib (5 uM), SU11274 (2.5 uM), or NVP-ADW742 (2.5 uM) at 37°C for one
hour, or vehicle (DMSO, 0.1%) at 4°C for one hour. Cells were then trypsinized with 0.5%
trypsin and mCherry fluorescence analyzed by flow cytometry. (B) Infection of HT1080 cells
pre-treated with DMSO (0.1%), Akt Inhibitor VIII (10 uM), Gefitinib (5 uM), SU11274 (2.5

uM), or NVP-ADW742 (2.5 uM) with fluorescent VLPs (Green) harboring the fusion deficient

AM GP™33R for 3 h. 30 min prior to fixation, CMAC cytoplasmic dye (Blue) was added. Cells
were then fixed, permeabilized, and immunostained with rabbit anti-NPC1 and DY 650-
conjugated antiserum (Magenta). Cells were imaged on an LSM800 confocal microscope

(Zeiss). Images are displayed as maximum intensity z-projections, bar = 10 pm. (C)

Colocalization between VLPs and NPC1 (of a minimum of 25 cells per condition) were analyzed

using Imaris software (Bitplane). Data are representative of 3 independent experiments. * p <
0.05, ** p <0.01, *** p<0.001.
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Figure S2.3 RTK inhibitors block filovirus entry in HT1080 cells.

HT1080 were exposed to Blam VLPs harboring the EBOV GP or VSV G in the presence of
vehicle (DMSO, 0.1%) or increasing concentrations of Gefitinib, SU11274, or NVP-ADW742.
Entry was detected via flow cytometry after loading cells with Blam substrate (CCF2) and
measuring the percentage of cells with cleaved CCF2. Data are expressed as percentages of

inhibitor treated cells relative to vehicle alone. Data are representative of 3 independent

experiments.
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Figure S2.4 Localization of EBOV VLPs in NPCI1+ TPC2- compartments does not explain the
antiviral activity of Gefitinib.

(A-B) HT1080 cells that were transfected with GFP-TPC2 (Red) and pre-treated with vehicle
(DMSO, 0.1%) or Gefitinib (5 uM) were exposed to fluorescent VLPs (Green) harboring the
fusion deficient AM GP™33R for 3 h. Cells were then fixed, permeabilized, immunostained with
rabbit anti-NPC1 and DY 650-conjugated antiserum (Magenta), and Hoechst (Blue). Cells were
imaged on an LSM800 confocal microscope (Zeiss). Images in (A) are displayed as maximum
intensity z-projections, bar = 10 pm. (B) Colocalization between VLPs and NPC1 and/or TPC2
were analyzed using Imaris software (Bitplane). Data are representative of 3 independent

experiments. * p <0.05, ** p <0.01, *** p <0.001.
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2.3.6  EGFR inhibitor treatment alters the biology and subvesicular localization of NPCI,
rendering these compartments non-conducive to EBOV entry

Because Gefitinib did not block EBOV trafficking to NPC1, we sought to analyze the
NPC1+ compartment further. One striking phenotype observed in Gefitinib-treated cells was an
enlargement of the NPC1+ compartments compared to those in vehicle-treated cells (Figure
2.5B, Figure 2.6A and 2.6B). Quantitative measurement of the volume of these compartments
indeed revealed that Gefitinib treatment, as well as treatment with Akt inhibitor VIII, led to a
significant increase in their size (Figure 2.6B). However, neither NVP-ADW742 nor SU11274
affected the volume of the NPC1+ compartments. These results indicate that, although EBOV
VLPs are delivered to NPC1+ compartments in Gefitinib-treated cells, these compartments are
modified and are not conducive to entry. Interestingly, the blunt effect of blocking Akt directly,
which caused both an enlargement of NPC1+ compartments and an EBOV VLP trafficking
defect, resembles a combination of the phenotypes of Gefitinib, which also causes an
enlargement of NPC1+ compartments, and those of SU11274/NVP-ADW742, causing
trafficking defects (Figure 2.5C and Figure 2.6B).

Previous studies have associated an enlargement of late endosomes/lysosomes with a
decrease in cathepsin activity [36]. Because EBOV GP needs to be cleaved by cathepsin
proteases to reveal its receptor binding domain [3, 4, 37, 38], we sought to test whether the
mechanism by which Gefitinib blocks EBOV entry involves a decrease in GP cleavage by
cathepsins. To investigate this, we experimentally mimicked cathepsin cleavage of GP by pre-
treating EBOV VLPs with thermolysin (Figure S2.5A) [39, 40]. Entry of the uncleaved and
cleaved VLPs was then measured in Vero cells treated with the RTK inhibitors or the cathepsin

B inhibitor (Ca074-Me) as a control. As expected, Ca074-Me blocked entry of the uncleaved
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VLPs but was unable to inhibit entry of the pre-cleaved VLPs (Figure S2.5B). In contrast, we
found that Gefitinib and the other RTK inhibitors blocked entry of both the uncleaved and
cleaved VLPs (Figure S2.5B). Although these results do not completely rule out a defect in
cathepsin activity, they suggest that another critical EBOV entry step or steps are inhibited in
Gefitinib-treated cells.

Another factor that can lead to enlarged late endosomes/lysosomes is the accumulation of
lipids such as cholesterol [41]. To investigate this, we used filipin to test whether cholesterol
build-up is induced in Gefitinib-treated cells compared to the other RTK inhibitors and
U18666A, a molecule that blocks EBOV entry and induces cholesterol accumulation in cells
characteristic of Niemann-Pick C disease [4]. Interestingly, while increased filipin staining in
Gefitinib-treated cells was noticeable, we also observed a similar phenotype in SU11274 and
NVP-ADW742-treated cells (Figure S2.6). This suggested that cholesterol build-up does not
correlate with enlarged NPC1+ compartments nor the ability/inability of EBOV to traffic to
NPC1. However, because there was no apparent trafficking defect in Gefitinib treated cells
(Figure 2.5C), the accumulation of cholesterol in the presence of Gefitinib could be an indication
that NPC1 function is altered. Therefore, we next sought to look more closely at the expression
of NPC1 in intraluminal vesicle (ILV) containing endolysosomes, the typical site of cholesterol
transport.

Normally, for low-density lipoprotein (LDL) associated cholesterol to be taken up by
cells, it must be endocytosed and trafficked to NPC2+ and NPC1+ endolysosomes that are
characterized by the presence of ILVs rich in the anionic lipid, lysobisphosphatitic acid (LBPA)
[42, 43]. To transport cholesterol from the endolysosome to the endoplasmic reticulum, NPC2

shuttles the cholesterol from the ILVs to NPC1 localized at the limiting membrane of the
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endolysosomes [42, 43]. Using LBPA and NPC1 specific antibodies, we examined cells treated
with vehicle, Gefitinib, or other EBOV inhibitors (Figure 2.6C). As expected, we observed that
irrespective of the drug treatment, NPC1 can be found in both LBPA+ and - compartments.
However, the enlarged NPC1+ vesicles found in Gefitinib- and Akt Inhibitor VIII-treated cells
were almost all exclusively LBPA+ (Figure 2.6C). By examining the subvesicular localization of
NPC1, we found that NPC1 staining surrounded the LBPA-containing vesicles in vehicle treated
cells, suggesting the expected presence of NPC1 at the limiting membrane of these intracellular
compartments (Figure 2.6C). Interestingly, the localization of NPC1 was substantially changed
in the Gefitinib-treated cells; NPC1 seemed to be localized both at the limiting membrane as well
as within the vesicles (Figure 2.6C, Figure S2.7A). Further analysis revealed increased
colocalization of NPC1 with LBPA (Figure S2.7B), suggesting that Gefitinib treatment causes a
redistribution of NPC1 to intraluminal vesicles containing LBPA. Interestingly, this subvesicular
localization of the EBOV receptor would presumably be incompatible with cytoplasmic delivery
of the ribonucleocapsid. Taken together, our data suggest that treatment of cells with Gefitinib
profoundly changes the biology of NPC1+ compartments, rendering them non-conducive to
EBOV entry.
2.3.7 EBOV VLPs induce Akt activation in a GP-independent manner

Our findings indicate that the RTK inhibitors have important consequences on EBOV
trafficking or the biology of the NPC1+ compartments. A remaining question is whether EBOV
activates RTK signaling or if viral entry relies on steady state cell signaling. As mentioned
previously, studies using irradiated replicative EBOV have shown that EBOV triggers Akt

phosphorylation, a pathway that is activated downstream of RTK stimulation [17]. To investigate
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Figure 2.6 Gefitinib interferes with the biology of NPCI+ compartments.

(A) Infection of HT1080 cells pre-treated with vehicle (DMSO, 0.1%) or Gefitinib (5 uM) with
fluorescent VLPs (Green) harboring the fusion deficient EBOV GP™**R for 3 h. 30 min prior to
fixation, CMAC cytoplasmic dye (Blue) was added. Cells were then fixed, permeabilized, and
stained for NPC1 (Magenta). Cells were imaged on an LSM800 confocal microscope (Zeiss).
Images are displayed as maximum intensity z-projections, bar = 10 um. (B) Average volume
(um?) of NPC1+ compartments per cell (of a minimum of 25 cells per condition) was determined
by modeling these compartments using Imaris software (Bitplane). (C) HT1080 cells were
treated with DMSO (0.1%), Gefitinib (5 pM), Akt Inhibitor VIII (10 uM), or NVP-ADW742
(2.5 uM) for 4 h. Cells were then fixed, permeabilized, and immunostained with rabbit anti-
NPC1 and mouse anti-LBPA, followed by DY 650-conjugated antiserum (Magenta) or AF555-
conjugated antiserum (Green). Following immunostaining, cells were stained with Hoechst
(Blue) and imaged on an LSM800 confocal microscope (Zeiss). Images are displayed as
maximum intensity z-projections, bar = 10 um. Data are representative of 3 independent

experiments. * p <0.05, ** p <0.01, *** p <0.001.
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Figure S2.5 RTK inhibitors are sensitive to entry by pre-cleaved EBOV VLPs.

(A) Blam VLPs harboring the EBOV AM GP were incubated either with thermolysin (0.2

mg/mL) (Pre-cleaved) or PBS (Mock) for 10, 20, or 30 minutes prior to addition of

phosphoramidon (500 uM). Lysates were prepared and immunoblotted for EBOV GP. (B) Pre-

cleaved or mock virus that was incubated with thermolysin or PBS for 20 minutes was used to

infect Vero cells treated with vehicle (DMSO, 0.1%), Ca074-Me (20 uM), Gefitinib (5 uM),
SU11274 (2.5 uM), or NVP-ADW742 (2.5 uM). Entry was detected via flow cytometry after

loading cells with Blam substrate (CCF2) and measuring the percentage of cells with cleaved

CCF2. Data are expressed as percentages of inhibitor treated cells relative to vehicle alone. Data

are representative of 3 independent experiments.
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Figure §2.6 Treatment of cells with RTK inhibitors leads to cholesterol accumulation in cells.
HT1080 cells were treated with vehicle (DMSO, 0.1%), Gefitinib (5 uM), SU11274 (2.5 uM),
NVP-ADW742 (2.5 uM), Akt Inhibitor VIII (10 uM), or U18666A (5 uM) for 4 h. Cells were
then fixed, stained with Filipin III, and imaged on an LSM800 confocal microscope (Zeiss).
Images are displayed as maximum intensity z-projections, bar = 10 um. Data are representative

of 3 independent experiments.
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Figure S2.7 LBPA and NPCI colocalize in Gefitinib treated cells.

(A) HT1080 cells were treated with vehicle (DMSO, 0.1%), Gefitinib (5 uM), or NVP-ADW742
(2.5 uM) for 4 h. Cells were then fixed, permeabilized, and immunostained with rabbit anti-
NPC1 and mouse anti-LBPA, followed by DY 650-conjugated antiserum (Magenta) or AF555-
conjugated antiserum (Green). Following immunostaining, cells were stained with Hoechst
(Blue) and imaged on an LSM800 confocal microscope (Zeiss). Images are a cross-sectional
view to visualize the Z coordinate axis, bar = 10 pm. (B) Pearson’s coefficient was determined
per cell for each condition using Imaris (Bitplane) image analysis software. Data are

representative of 3 independent experiments. * p < 0.05, ** p <0.01, *** p <0.001.
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a link between RTKs and Akt during EBOV entry, we first tested whether VLPs harboring
EBOV GP can recapitulate the activation observed with irradiated EBOV. We performed a time-
course experiment and probed for phosphorylated Akt after Vero cells were exposed to sucrose
cushion purified EBOV VLPs or purified supernatant from mock-transfected producer cells
(Figure 2.7A). We found that while the mock-transfected cell supernatants induced slight Akt
activation at early time points, EBOV VLP-induced Akt activation was stronger and sustained
for at least 30 minutes (Figure 2.7A).

Next, we sought to characterize further how VLPs activate Akt phosphorylation in cells.
First, we compared Akt activation following incubation with VLPs harboring the full length or
mucin deleted EBOV GP and found that both induced Akt phosphorylation to a similar extent in
Vero cells (Figure 2.7B) and BMDMs (Figure S2.8). In addition, the kinetics of Akt activation
by full length EBOV GP VLPs followed closely that of its mucin-deleted counterpart (Figure
2.7A and Figure S2.9). While these data indicate that the mucin region is not responsible for Akt
activation, it is still unclear whether signaling is GP-dependent. Previous studies have shown that
EBOV particles have exposed phosphatidylserine (PS) on the outer leaflet of the viral envelope,
which has been shown to be actively induced by EBOV via PS flipping mechanisms that can be
dependent on GP or VP40 [44, 45]. To test whether induction of Akt phosphorylation can be GP-
independent, we produced “bald” VLPs containing EBOV NP and GFP-VP40 but devoid of GP.
These GFP+ VLPs can be readily detected by flow cytometry, and using fluorescently labeled
annexin V, we confirmed exposure of PS at the surface of VLPs in the presence or absence of
GP (Figure S2.10). Importantly, all VLPs were able to activate Akt in cells (Figure 2.7C),

strongly suggesting that EBOV can induce Akt phosphorylation in a GP-independent manner.
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2.3.8 The RTK inhibitors block EBOV-induced activation

Akt is known to be one of the signaling molecules downstream of RTK activation [46].
The resistance of EBOV GP-mediated entry to Gefitinib treatment in BMDMs, which do not
express EGFR, provides evidence that the antiviral targets of these inhibitors are their respective
RTKs (Figure 2.4A and 2.4B). To further confirm the specificity of the inhibitors at the
concentrations used, we tested the effects of Gefitinib (EGFR inhibitor), NVP-ADW742
(IGF1R/InsR inhibitor), and SU11274 (c-Met inhibitor) on Akt activation induced by their
respective growth factors. We found that at the EBOV IC90 concentrations, the c-Met and
InsR/IGFIR inhibitors specifically blocked Akt phosphorylation when induced with the RTK
growth factor ligand of their respective target (Figure 2.8A). Interestingly, while Gefitinib (the
EGFR inhibitor), did abrogate EGF specific Akt phosphorylation, it reduced Akt
phosphorylation to a lower level than the serum-starved control, suggesting that Gefitinib blocks
both steady-state signaling in unstimulated cells as well as EGF-induced signaling (Figure 2.8A).
In addition to EGF-, IGF-induced Akt phosphorylation was also reduced by Gefitinib (Figure
2.8A). Although this reduction could be due to EGFR transactivation by activated IGF1R [47],
this potentially indicates that Gefitinib could have additional effects on downstream signaling
following activation of other RTKs. Nonetheless, this experiment suggests that, at the
concentrations used to block EBOV GP-mediated entry, the RTK inhibitors block Akt signaling
in a target specific manner.

Given that RTK inhibitors block EBOV entry and that EBOV VLPs induce Akt
phosphorylation, a straightforward hypothesis is that RTK activation is responsible for Akt
signaling induced by EBOV. To test this, we exposed Vero cells to EBOV VLPs in the presence

or absence of the RTK inhibitors and found that all inhibitors were able to block EBOV VLP-
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induced Akt phosphorylation (Figure 2.8B). These results suggest that EBOV VLPs can indeed
activate Akt phosphorylation during entry via RTK-dependent signaling cascades. Taking our
conclusions in conjunction with the findings of Saeed et al. [17] examining the role of Akt in
EBOV trafficking, these results serve to further suggest that EBOV VLPs can induce RTK-
dependent activation of Akt to promote trafficking to entry-conducive NPC1+ compartments.
2.4 DISCUSSION

EBOV entry into host cells is a multistep process that requires internalization by
macropinocytosis and trafficking through the endosomal pathway to reach vesicular
compartments containing triggering factors such as cathepsin proteases and NPC1 [2-4, 7, 8, 10,
37, 48]. While the specific host factors involved in regulating EBOV trafficking, such as the
HOPS and PAS complexes, are becoming increasingly well-characterized, it is still unclear
whether EBOV particles are passive passengers of the endolysosomal system or hijackers —
actively directing their delivery to entry-conducive compartments. In this study, we show that
EBOV uses and activates signaling pathways to promote its delivery to NPC1+ compartments
that can facilitate delivery of the ribonucleocapsid to the cytoplasm.

By screening a library of kinase inhibitors, we identified specific and common signaling
pathways required for EBOV and/or MARYV entry (Figure 2.1C). Previous studies have also
uncovered the importance of cellular kinases in the different steps of the EBOV entry. For
example, studies have suggested that AMPK [22] and diacylglycerol (DAG) kinases [31] play a
role in the macropinocytic uptake of EBOV. Interestingly, the AMPK inhibitor, Dorsomorphin,
was also identified in our screen; although it mostly affected MARV GP-mediated entry, it also

slightly reduced transduction by EBOV pseudotypes (Figure 2.1C).
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Figure 2.7 EBOV AM GP, EBOV Full Length GP, and Bald EboV VLPs all stimulate Akt
phosphorylation in Vero cells.

Vero cells were serum starved in HBSS for 1h, followed by stimulation with (A) EGF (50
ng/mL), Mock, or flam EBOV AM GP VLPs for 10, 20, 30, or 45 min, (B) Mock, flam EBOV
AM GP, or Blam EBOV Full Length GP VLPs for 20 min., or (C) Mock, Blam EBOV AM GP
VLPs, or Bald EBOV VLPs for 20min. Cells were lysed and phosphorylated Akt (p-Akt - S473),
total Akt (Akt), and GAPDH were detected by immunoblot. Abbreviations are serum starved
(ss), plam EBOV AM GP VLPs (EBOV), Blam EBOV Full Length GP VLPs (Full Length). Data

are representative of 3 independent experiments.
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Figure S2.8 Kinetics of full-length EBOV GP VLP-induced Akt phosphorylation in Vero cells.
Vero cells were serum-starved in HBSS for 1h followed by exposure to purified Mock
supernatants or Blam VLPs harboring the full-length EBOV GP for 15, 30, or 60 min. Cells were
washed, lysed, and immunoblotted for phosphorylated Akt (p-Akt S473). The membrane was

then stripped and re-probed for total Akt. Data are representative of 2 independent experiments.
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Figure S2.9 Viral particles harboring full-length EBOV GP and EBOV AM GP activate Akt in
BMDM:s.

Murine bone-marrow derived macrophages were serum starved in serum-free RPMI for 1h
followed by exposure to purified Mock, flam EBOV AM GP, or flam EBOV Full Length GP
VLPs for 20 min. Cells were lysed and phosphorylated Akt (p-Akt - S473), total Akt (Akt), and

GAPDH were detected by immunoblot. Data are representative of 3 independent experiments.
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Figure S2.10 Phosphatidylserine is present on the viral envelope of both EBOV AM GP VLPs
and Bald VLPs.

GFP EBOVAM GP VLPs and GFP Bald VLPs were stained with Annexin V-PE in ABB and
analyzed using nanoscale flow cytometry (CytoFLEX S, Beckman Coulter). Unstained GFP
EBOVAM GP VLPs were run as a negative control (left). Data is representative of 3 independent

experiments.
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Figure 2.8 RTK inhibitors block EBOV VLP-induced Akt phosphorylation.

Vero cells were pre-treated with Gefitinib (5 pM), SU11274 (2.5 uM), NVP-ADW742 (2.5 uM)
or vehicle (DMSO, 0.1%) in serum-free HBSS for 1h. Cells were then stimulated with (A) EGF
(50 ng/mL), IGF (50 ng/mL), or HGF (200 ng/mL) for 10, 20, 30, or 45 min, or (B) with Mock,
Blam EBOV AM GP VLPs (MOI = 100) for 20 min. Cells were lysed and phosphorylated Akt
(p-Akt - S473), total Akt (Akt), and GAPDH were detected by immunoblot. Abbreviations are
serum starved (ss), flam EBOV AM GP VLPs (EBOV), Gefitinib (GEF), NVP-ADW742
(NVP), and SU11274 (SU). Data are representative of 3 independent experiments.
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Whether AMPK or DAG kinases are activated during entry or if the virus relies on steady state
signaling through these kinases for macropinocytic uptake remains to be determined. However,
because small-molecule inhibitors of both AMPK and DAG kinases are also capable of blocking
high molecular weight dextran, it is likely that treatment with these inhibitors results in a general
block of the macropinocytic uptake process, whether EBOV is present or not. In addition to
AMPK and DAG kinases, a previous study utilized G-protein-coupled receptor (GPCR)
antagonists to reveal that GPCR signaling might be involved in a post-attachment entry step [49].
However, it is unclear if the antiviral target of these GPCR inhibitors is a host factor or if the
inhibitors act via direct binding to EBOV GP [50]. Interestingly, in our study, EBOV GP-
mediated entry was blocked by FTY720 (Figure 2.1C), an antagonist of the sphingosine-1-
phosphate (S1P) receptor GPCR [51]. S1P, the GPCR ligand, is generated through
phosphorylation of sphingosine by sphingosine kinases; interestingly, we also identified a
sphingosine kinase inhibitor (PF-543) in our screen (Figure 2.1C) [52]. The identification of both
FTY720 and PF-543 raises the interesting hypothesis that the SK-S1PR axis may also play a role
in EBOV GP-mediated entry. More work needs to be done to test this hypothesis and to elucidate
whether these signaling pathways are activated by the virus to promote entry.

In our small-molecule screen, we also identified RTKs as a common and overrepresented
signaling pathway among our hits (Figure 2.1D). Inhibitors of EGFR, c-Met, or InsR/IGF1R
blocked EBOV GP-mediated entry in multiple cell lines in addition to replicative EBOV growth.
While previous studies have suggested that EGFR and Ephrin receptor signaling is important for
Ebola virus infection, our study was the first to provide a detailed mechanism of action [53-55].
Since RTKs have been reported to facilitate the macropinocytosis of other viruses, we sought to

determine if this is true for Ebola virus as well [56]. Interestingly, we found that the RTK

72



inhibitors did not interfere with internalization, but rather, the c-Met and InsR/IGFR inhibitors
prevented the delivery of viral particles to NPC1+ compartments (Figure 2.5B and 2.5C). Each
of these inhibitors also blocked EBOV-induced Akt signaling during entry (Figure 2.8B). Since
Akt signaling has also been characterized to be important for EBOV trafficking [17], our data
suggests that Akt signaling may be initiated through RTK dependent signaling pathways.
Additionally, production of PtdIns(3,5)P> via PIKfyve is also enhanced by EBOV, and previous
work has shown that EGF stimulation leads to an increase in PIKfyve activity via Akt-mediated
phosphorylation [16]. Interestingly, chemical inhibition of Akt or PIKfyve leads to a block in
EBOV VLP trafficking to NPC1+ compartments [10, 11, 17]. While a link between Akt and
PIKfyve is implied by the literature, the mechanisms by which these pathways are activated by
EBOV remain unknown. It is tempting to speculate that one of the roles of the EBOV induced
RTK-Akt signaling is to activate PIKfyve for efficient delivery to NPC1+ endolysosomes. More
work needs to be done to test this hypothesis.

Similar to the c-Met and IGF1R/InsR inhibitors, the EGFR inhibitor also led to a block in
EBOV-induced Akt activation (Figure 2.8B). Surprisingly, however, treatment with this inhibitor
did not impair the delivery of EBOV VLPs to NPC1+ compartments (Figure 2.5B and 2.5C).
Since EBOV was able to reach the NPC1+ compartments following inhibitor treatment but was
unable to successfully enter cells, this implied that Gefitinib treatment renders the NPC1+
compartments non-conducive to entry. Interestingly, we observed that Gefitinib-treated cells had
enlarged NPC1+ endosomes (Figure 2.6A and 2.6B) and exhibited a distinctive NPC1
expression pattern, with NPC1 appearing inside the endosomes in addition to its expected
localization at the limiting membrane (Figure 2.6C). The redistribution of NPC1 also explains

the apparent accumulation of cholesterol in these vesicles (Figure S2.6), since it must be shuttled
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from LBPA rich intraluminal vesicles by NPC2 to NPCI1 localized at the limiting membrane of
the endolysosomes for transport to the endoplasmic reticulum [42, 43]. Because EBOV VLPs
were observed to colocalize with NPCI1 inside the enlarged endosomes of Gefitinib-treated cells
(Figure 2.5B and 2.5C), we speculate that, in Gefitinib-treated cells, fusion may occur in these
NPC1+ intraluminal vesicles instead of at the limiting membrane of the endosome, thus
preventing the ribonucleocapsid from reaching the cytoplasm. Interestingly, our studies also
revealed that, in addition to blocking EGF- and EBOV-induced Akt activation, Gefitinib reduced
Akt phosphorylation below that observed in serum-starved cells (Figure 2.8A and 2.8B). This
finding suggests that the biology of the NPC1 compartment is modulated by steady state
signaling and may not be dependent on EBOV entry. Future studies will aim to further
characterize the NPC1+ compartments after Gefitinib treatment.

To begin dissecting how signaling pathways are activated during filoviral entry, here we
provide evidence that EBOV-induced Akt activation is RTK dependent and can occur in the
absence of GP (Figure 2.7C and Figure 2.8B). With regards to filovirus induced signaling
pathways, previous studies have shown that cells, especially immune cells, can become activated
after exposure of EBOV [57-59]. For instance, in dendritic cells, EBOV VLPs activate NFk-B
and MAPK signaling in a EBOV GP-dependent manner, and that this requires the mucin domain
for full activation [58]. Additionally, other studies have shown that the presence of EBOV GP on
VLPs was required to engage TLR4 in multiple cell lines [57]. Further, EBOV can also activate
lymphocytes via binding to TIM-1, presumably via virus exposed PS [59, 60]. While these
studies clearly demonstrate that signaling pathways can be activated in response to EBOV, we
chose to focus on identifying pathways that are activated by EBOV to promote entry. We

demonstrated that EBOV can activate Akt both in the presence or absence of GP on VLPs
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(Figure 2.7), suggesting that a lipid on the envelope may be required. It is well-established in the
literature that PS on the surface of enveloped viruses, including EBOV, can bind to cell surface
PS receptors and mediate attachment and internalization of virions [61, 62]. The receptor
tyrosine kinases Tyro3, Axl, and Mer (TAM family) are three examples of such PS receptors; for
these, binding of PS is mediated by Protein S or Gas6 [60, 63]. RTKs, including those of the
TAM family, can undergo unconventional heterodimerization among their different classes.
More specifically, it has been shown in multiple cell lines that Axl and EGFR can heterodimerize
and that interaction with AxI can drive EGFR signaling through the PI3K/Akt pathway, even in
the presence of an EGFR blocking antibody [64, 65]. Interestingly, for other enveloped viruses
that utilize the TAM family of RTKSs during entry, evidence suggests that the protein tyrosine
kinase domain of Axl is dispensable for enhancement of virus attachment and internalization;
however, it has also been shown that subsequent infection is impaired when there is no kinase
activity [66, 67]. In conjunction with our data, it is tempting to speculate that heterodimerization
of RTKs of different classes, driven by PS on the viral envelope and the TAM RTKSs, may
activate signaling cascades through the PI3K/Akt pathway and promote viral entry. Notably, a
model requiring hetero-oligomerization of multiple RTKs would explain the dominant negative
effect of each RTK inhibitor on viral entry. More work needs to be done to test this hypothesis
and to determine if c-Met, IGFIR, and InsR can also heterodimerize with the TAM family of
RTKs.

While this manuscript was in peer-review, Kuroda et al. reported a role for HER2 and
other RTKs in EBOV infection. Interestingly, they also came to a similar model for Akt
activation via TAM RTKs. Their study mainly focused on the role of HER2 in entry and

proposed that it is involved in macropinocytic uptake. This proposed mechanism of action was
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based off the findings that overexpression of HER2 leads to increased dextran uptake and that
viral particles colocalized with HER2/TYRO3 complexes at the cell surface but not once virions
were internalized. In our study, inhibition of RTK signaling had no effect on EBOV
internalization. This discrepancy could be explained by the use of HT1080 cells for many of our
experiments, which are known to be HER2 negative or express a very low level of this RTK [68,
69]. Collectively, the two studies highlight differential usage of RTK signaling for entry
depending on the expression profiles in the target cells. Future work will aim at dissecting the
contribution of each RTK on the different steps of the filovirus entry pathway.

In conclusion, the characterization of host trafficking factors and signaling pathways
activated during viral entry are important to further our understanding of EBOV infection and
provide potential targets for antiviral therapies. In our study, we identified RTK inhibitors, some
of which are FDA-approved drugs, that could be used to block entry by all known pathogenic
filoviruses. Since all filoviruses known to date, even Méngla virus recently discovered in bats in
China [70], use NPC1 as their entry receptor, these inhibitors have the potential to be effective
antiviral agents against all filoviruses and development of such therapies may allow us to be
prepared for future outbreaks sparked by emerging filoviruses.

2.5 MATERIALS AND METHODS

FEthics Statement

All animal procedures were approved by the University of Ottawa Animal Care
Committee (protocol number BMI-1863), which are in compliance with the standards of the
Canadian Council on Animal Care (CCAC), and Ontario’s Animals for Research Act and its
regulations.

Cell lines and cell culture
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Vero cells (ATCC) and HT1080 cells (ATCC) were cultured in Minimum Essential
Medium (MEM, Sigma,) and Human Embryonic Kidney HEK293T (ATCC) cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM, Wisent). All culture media were supplemented
with 10% Fetal Bovine Serum (FBS, Sigma), 0.3 mg/mL L-glutamine, 100 U/mL penicillin, and
100pg/mL streptomycin (Wisent). Cells were maintained at 37°C in 5% CO2 at 100% relative
humidity.

BMDMs were isolated from C57B1/6] mice (stock no. 00064, originally purchased from
Jackson Laboratories and maintained as a colony at the University of Ottawa) and differentiated
as previously described [71]. Briefly, bone marrow cells were seeded in DMEM supplemented
with 10% FBS (Wisent), penicillin, and streptomycin (Hyclone, GE healthcare). L929-
conditioned media (20%) was utilized for macrophage differentiation, and Roswell Park
Memorial Institute (RPMI, Wisent) media supplemented with 10% FBS (Sigma-Aldrich),
0.3mg/mL L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (Wisent) was
utilized for seeding and subsequent experiments.

Small Molecule Inhibitors, Antibodies and Plasmids

SU11274, NVP-ADW742, Akt Inhibitor VIII, and 5-(N-ethyl-N-isopropyl)-Amiloride
(EIPA) were all purchased from Cayman Chemical and Gefitinib was purchased from ApexBio.
Stock solutions were prepared in DMSO, aliquoted, and stored at -80°C until use. Filipin III
from Streptomyces filipinensis (F 4767) was purchased from Sigma and resuspended in DMSO
prior to use.

Anti-Akt (927285), anti-phospho-Akt S473 (927215), and anti-mouse IgG HRP-linked
(7076S) antibodies were purchased from Cell Signaling Technology. GAPDH (ab8245), EGFR

(ab52894), Met (ab51067), NPC1 (ab134113), InsR (ab69508), and DY 650 sheep anti-rabbit
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(ab96926) antibodies were purchased from Abcam. The LBPA (Z-PLBPA) antibody was
purchased from Echelon Biosciences. The goat anti-Rabbit IgG HRP-linked (31460) and donkey
anti-mouse Alexa Fluor 555 antibodies (A-31570) were purchased from ThermoFisher. The pan-
filovirus anti-GP antibody (21D10) was purchased from IBT Bioservices.

Plasmids encoding the different virus glycoproteins (EBOV Amucin GP, BDBV Amucin
GP, SUDV Amucin GP, MARV GP, EBOV full-length GP, EBOV Amucin GPF535R, and VSV
G), pPCAGGS, MLV gag/pol packaging plasmid, and the MLV retroviral vector encoding LacZ
were kind gifts of Dr. James Cunningham, Brigham and Women’s Hospital. Plasmids encoding
the EBOV NP and EBOV VP40-B-lactamase were kind gifts of Dr. Lijun Rong, University of
linois. The EBOV VP40-mCherry plasmid was a gift from Dr. Judith White, University of
Virginia (Addgene plasmid #74421) [72]. The GFP-TPC2 plasmid was a gift from Dr. Santiago
Di Pietro, Colorado State University (Addgene plasmid #80153).

Murine leukemia virus pseudotypes and viral-like particles production

Murine leukemia virus (MLV) pseudotypes were prepared by co-transfecting 293T cells
with the MLV packaging plasmid gag-pol, a MLV retroviral vector encoding LacZ, and a
plasmid encoding the glycoprotein of interest (EBOV Amucin GP, MARV GP, or VSV G) at a
1:1:1.25 ratio respectively. Similarly, EBOV viral-like particles (VLPs) were prepared by co-
transfecting 293T cells with plasmids encoding the EBOV nucleoprotein (NP), EBOV VP40
fused to B-lactamase (Blam), mCherry or GFP, and pCAGGS (Bald VLPs) or the viral
glycoprotein of interest (EBOV Amucin GP, EBOV Amucin GPF535R, EBOV Full Length GP,
SUDV Amucin GP, BDBV Amucin GP, MARV GP, or VSV G) at a 1:1:1.25 ratio. For the mock
control, the pPCAGGS plasmid was transfected instead. Transfections were performed using the

JetPRIME transfection reagent (Polyplus Transfection) according to the manufacturers protocol.
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For MLV pseudotypes, VLPs, and mock, supernatants were harvested 48, 72, and 96 h post-
transfection followed by concentration by ultracentrifugation (20,000 RPM, 4 °C, 1.5h, Beckman
Coulter Optima XPN-100, SW32Ti rotor) through a 20% (w/v) sucrose cushion. Pellets were re-
suspended in PBS, aliquoted, and stored at -80 °C.

MLV transduction and VLP entry assays

For MLV pseudotype transduction assays, Vero cells were seeded and grown to 60%
confluency in white 96 well plates. 30 minutes prior to infection with MLV pseudotypes, the
cells were pre-treated with inhibitors or vehicle (DMSO) in serum-free MEM containing 5
pg/mL polybrene. Four hours post-infection, the media was replaced with phenol-red free
DMEM containing 15 mM NH4CI and supplemented with 10% FBS (Sigma), 0.3 mg/mL L-
glutamine, 100 U/mL penicillin, and 100pg/mL streptomycin (Wisent). Twelve hours later, the
media was again replaced with phenol red free DMEM as described above, but without NH4Cl,
and cells were incubated an additional 48 hours. LacZ+ cells were quantified using the Beta-Glo
Assay System (Promega) following the manufacturers protocol. Luminescence was measured
using a Synergy Neo2 Multi-Mode plate reader (BioTek).

For VLP infection assays, Vero, HT1080 or BMDMs were seeded and grown to 90%
confluency in 48 well plates. Prior to virus addition, the cells were pre-treated with inhibitor or
vehicle in serum-free MEM (for Vero and HT1080 cells) or serum-free RPMI (for BMDMs). 30
minutes later, flam VLPs were added at a MOI between 0.2 and 0.4. Three hours post-infection,
cells were loaded with a B-lactamase cleavable FRET substrate, CCF2-AM (ThermoFisher),
according to manufacturer’s protocol and supplemented with 15 mM NH4CI. One to two hours
later, cells were trypsinized and prepared for analysis by flow cytometry (FACSCelesta, BD

Biosciences). Analysis was performed using FlowJo software (BD Biosciences) and infection
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was quantified by using uninfected controls to assess the percentage of cells that underwent a
shift from 530 nm to 460 nm emission, representing cleaved CCF2.

Small molecule inhibitor screen

The small molecule inhibitor screen was performed using MLV pseudotypes (as
described above) on a 418 compound L1200 kinase inhibitor library (Selleckchem). Metabolic
activity was assessed in parallel at the equivalent time point of 12 hours post infection (cells
were not infected for metabolic activity measurement) using the CellTiter-Glo assay system
(Promega) according to manufacturer’s protocol. Luminescence was measured for infection and
metabolic activity assays using a Synergy Neo2 Multi-Mode plate reader (BioTek). Relative
percent infection or relative percent viability was then calculated based on luminescence from
wells that were infected with virus but contained vehicle alone.

The mean of each technical duplicate was calculated and, from these, the mean of each
biological triplicate was calculated. Using the mean metabolic activity normalized to that of the
vehicle treated cells, we set a cutoff of 80% and eliminated the data from these compounds (9
compounds). Data from the compounds with negative mean values were also eliminated (10
compounds). The ratio between the mean of each virus versus the mean of VSV was then
determined. Using the triplicates, p-values (t-test) between EBOV/MARYV and VSV were
calculated. Using the ratio and the p-value, volcano plots were generated. Cutoffs of 2-fold and
0.05 for the ratios and p-values, respectively, were used. Heatmaps were also generated using
log?2 ratios.

Replication-competent virus growth assay

Vero cells were seeded in clear bottom, black well tissue culture plates (Corning). Cells

at 80% confluence were treated with different concentrations of the RTK inhibitors and infected
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with EBOV (strain Mayinga), expressing enhanced-GFP, at a multiplicity of infection of 0.1.
Virus growth was assessed by measurement of GFP at different time-points using a BioTek
Synergy/HTX plate reader with excitation at 485nm and emission at 516nm. Experiments with
replication-competent EBOV were performed in the Biosafety Level 4 facility at the National
Microbiology Laboratory at the Public Health Agency of Canada in Winnipeg.

Pre-cleaved virus assay

Blam VLPs harboring EBOV Amucin GP were incubated in 0.2 mg/mL thermolysin
(Sigma) or PBS for 10, 20, and 30 minutes at 37°C to determine the optimal length of
thermolysin incubation. Thermolysin activity was quenched by incubation in phosphoramidon
(Sigma, 500 M) on ice for 10 minutes. A portion of the samples were aliquoted and stored at -
80°C for future use, while another portion was used to prepare lysates for immunoblotting. The
resulting PVDF membrane was probed with a pan-filovirus anti-GP antibody. The 20 minute
time point was selected to be optimal and VLP entry experiments were performed with the pre-
cleaved virus as described above.

Internalization assay

Vero cells were seeded and grown to 90% confluency in 48 well plates. Cells were pre-
treated with serum-free MEM (Vero) or RPMI (BMDM) containing inhibitor or vehicle (DMSO)
for 30 minutes at 37 °C followed by 15 minutes at 4 °C. The mCherry VLPs were added on ice
and attached to the surface of the cells by centrifugation at 300 x g for 30 minutes at 4 °C.
Following centrifugation, cells were washed 3 times with ice-cold PBS, pre-warmed serum-free
media containing inhibitor or vehicle was added, and cells were then incubated at 37 °C for 1 h.
In parallel, one set of vehicle alone samples was not moved to 37 °C but rather kept at 4 °C

following the cold PBS washes to serve as a no internalization control. After 1 h, the cells were
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washed with cold PBS and incubated at 4 °C with 0.5% Trypsin-EDTA (Gibco) for 30 min.
Samples were prepared and analyzed by flow cytometry (Celesta, BD Biosciences). Analysis
was performed using FlowJo (BD Biosciences) and mCherry mean fluorescence intensity was

determined for each sample.

NPC1/VLP and NPC1/TPC2 Colocalization Assays

HT1080 cells were seeded onto coverslips and grown to 50% confluency. Cells were pre-
treated in serum-free MEM with inhibitor or vehicle for 1 h followed by addition of mCherry
VLPs harboring the fusion deficient EBOV Amucin GP*>*®R and incubated at 37 °C for 3 h. 30
minutes before fixation, CellTracker Blue CMAC dye (ThermoFisher) was added according to
manufacturer’s protocol. 3h post infection, cells were fixed with formalin, permeabilized with
0.5% triton X-100, and blocked with 20% FBS in PBS for 30 minutes. Cells were incubated with
a NPC1 primary antibody (1:70) followed by a DY 650 secondary antibody (1:400), and mounted
with PermaFluor Aqueous Mounting medium (ThermoFisher). Cells were imaged by confocal
microscopy (LSM800 AxioObserver Z1, Zeiss) using a 63x / 1.4NA oil Plan Apochromat
objective. Fifteen z-stacks were acquired per image, with a pixel size of 0.1 um.

Image analysis was performed using Imaris software v. 8.4.2 (Bitplane). In brief, VLPs
were modelled as spots and each cell was modeled as a surface based on the CMAC cytoplasmic
stain. Then, the number of spots per cell was determined and the modeled spots were assigned
colocalization values based on intensity correlation to NPC1. Colocalization thresholds were set
manually by determining the minimum mean fluorescence intensity value in the NPC1 channel
that corresponded to a colocalized VLP, modeled as a spot. Intensity thresholds were set for each

experiment but kept constant between experimental conditions. The percentage of VLPs
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colocalizing with NPC1 was then determined by dividing the number of spots above the
colocalization threshold by the total number of spots per cell.

To analyze NPC1+ compartment size, the far-red channel (NPC1) was modelled as a
surface with thresholds manually set per image. To avoid bias, image files were re-named, and
the surface modeling was performed blind. The surfaces were then divided into cells based on
the cells that were modeled previously for the NPC1 colocalization analysis. The statistics for
surface volume was exported and the average volume of NPC1+ compartments per cell was
determined.

For the NPC1/TPC2 colocalization assay, HT1080 cells were transfected with a GFP-
TPC2-encoding plasmid prior to re-seeding and infection with EBOV VLPs as described above.
NPC1 immunofluorescence was performed as described above with the exception that cells were
stained with Hoechst (Invitrogen) instead of CMAC. Similar to the NPC1 colocalization assays,
image analysis was performed using Imaris software v. 8.4.2 (Bitplane). VLPs were modeled as
spots and each cell was modeled as a surface based on background immunofluorescence seen by
bumping up the intensity threshold for the NPC1 channel. Intensity thresholds were set for NPC1
and TPC2 (with a certain intensity rating representing the presence of either marker), and the
number of VLPs in [NPC1+, TPC2+], [NPC1-, TPC2+], or [NPC1+, TPC2-] were determined
and expressed as percentages compared to the total number of VLPs in each cell.

LBPA Assay

HT1080 cells were seeded onto coverslips, grown to 50% confluency, and incubated at
37 °C for 4h with inhibitor or vehicle in serum free MEM. Cells were fixed with formalin and
blocked with 20% FBS in 0.05% saponin-PBS (Saponin, EMD Millipore). Cells were incubated

in 0.05% saponin-PBS with a LBPA primary antibody (1:100) and NPC1 primary antibody
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(1:70), followed by an AF555 (1:400) and DY 650 secondary antibody (1:400). Cells were
stained with Hoechst and then mounted with PermaFluor Aqueous mounting medium
(ThermoFisher). Imaging was performed by confocal microscopy (LSM800 AxioObserver Z1,
Zeiss) using a 63x / 1.4NA oil Plan Apochromat objective. An average of twenty z-stacks were
acquired per image, with a pixel size of 0.1 pm. Image analysis was performed using Imaris
software v. 9.6.0 (Bitplane). In brief, cells were modeled as surfaces and masks were created to
separate each cell into a channel. Intensity based thresholds for the NPC1 and LBPA channels
were determined manually (and kept consistent for each experiment across conditions) and
Pearson’s coefficient was calculated for each cell using the colocalization module.

Filipin III Staining

HT1080 cells were seeded onto coverslips, grown to 50% confluency, and incubated at
37 °C for 4h with inhibitor or vehicle in serum free MEM. Cells were fixed with formalin,
incubated with Filipin III (50 pg/mL in PBS) for 2h at RT, and coverslips mounted with
PermaFluor Aqueous mounting medium. Cells were imaged by confocal microscopy (LSMS800
AxioObserver Z1, Zeiss) using a 63x / 1.4NA oil Plan Apochromat objective. An average of
twenty z-stacks were acquired per image, with a pixel size of 0.1 pm.
Immunoblots

Vero cells in growth phase were seeded and grown to 50% confluency in 12 well plates.
Cells were washed 3 times with pre-warmed Hanks’ Balanced Salt Solution (HBSS, Sigma) and
pre-treated for 1h in serum-free HBSS containing the appropriate RTK inhibitor or vehicle
(DMSO). After one hour, cells were stimulated in serum-free HBSS for either the indicated time
point or 20 min with EGF (50 ng/mL), IGF (50 ng/mL), HGF (200 ng/mL), Blam VLPs

harboring EBOV GP at a MOI of 100, or mock at the same volume as the volume of VLPs. Cells

84



were then washed once with cold PBS and lysed in cold lysis buffer (1% Triton X-100, 0.1%
IGEPAL CA-630, 150mM NaCl, 50mM Tris-HCI, pH 7.5) containing protease and phosphatase
inhibitors (Cell Signaling). Proteins in cell lysates were resolved on SDS-polyacrylamide gels
(Bio-Rad) and transferred to polyvinylidenedifluoride (PVDF) membranes. Membranes were
blocked for 1h at RT with blocking buffer (5% skim milk powder dissolved in 25mM Tris, pH
7.5, 150mM NaCl, and 0.1% Tween-20 [TBST]) containing sodium orthovanadate (NazVOu,
ImM, Alfa Aesar) and sodium fluoride (NaF, 10mM, VWR). PVDF membranes were then
incubated overnight at 4°C with the appropriate primary antibody in 5% bovine serum albumin
(BSA, Sigma) in TBST containing Na3VO4 and NaF. Blots were then washed in TBST and
incubated with HRP-conjugated secondary antibody for 1h at room temperature. PVDF
membranes were washed again, incubated in chemiluminescence substrate and imaged using the
ChemiDoc XRS+ imaging system (Bio-Rad). In some instances, the same membrane was
stripped and re-probed for total Akt.

Annexin V staining and flow cytometry analysis of VLPs

EBOV VLPs were produced as described above. VLP concentration was determined
using a Zetaview nanoparticle tracking instrument (ParticleMatrix). Then, the VLPs were diluted
to a concentration of 109 particles/mL in Annexin V Binding Buffer (10mM Hepes pH 7.4,
140mM NaCl, 2.5mM CaCl,, filtered with a 0.1um pore). To stain VLPs, SuL of Annexin V-PE
(BD Biosciences) was added to 100uL of VLP in ABB and incubated in the dark for 30 minutes
at 4°C. The stained sample was then diluted in ABB at a 1:500 ratio in preparation for sample
acquisition using a CytoFLEX S (Beckman Coulter). The FITC channel (525/40) and PE channel

(585/42) were used to detect VLPs and AnnexinV, respectively. Samples were collected at a
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flow rate of 10uL/min with cytometer calibration and settings previously described [73]. Data
analysis was performed using FlowJo (Version 10.7.0).
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3.1 ABSTRACT

Entry of enveloped viruses into host cells requires fusion between the viral envelope and
host cell membrane, a process that is facilitated by viral fusion proteins protruding from the viral
envelope. For this to occur, viral fusion proteins need to be triggered by host factors. For many
enveloped viruses, including Ebola virus (EBOV) and SARS-CoV-2 in some cell types,
triggering occurs inside endosomes and/or lysosomes. Therefore, these ‘late-penetrating viruses’
must be internalized and undergo extensive intracellular trafficking through endosomes to reach
their triggering factors. Previously, we hypothesized that late-penetrating viruses require host-
cell signaling to facilitate entry and screened a library of kinase inhibitors to identify such
kinases that are important for EBOV entry. Among our hits was an inhibitor of sphingosine
kinase 1 (SK1), PF-543, and an inhibitor of sphingosine-1-phosphate receptors (S1PRs),
FTY720, which suggested that the SK-S1PR axis may pla a role in EBOV entry. In this study,
we found that chemical inhibition of SK1 and/or SK2 and knockdown of SK1 or SK2, inhibited
entry of EBOV into host cells. Mechanistically, we found that inhibition of SK1 and/or SK2
prevented EBOV from reaching late-endosomes and lysosomes containing the EBOV
intracellular receptor. We also demonstrated that the trafficking defect caused by SK1/2
inhibition occurs independently of S1P signaling through cell-surface SIPRs. Lastly, we found
that treatment of cells with SK inhibitors prevents entry of other late-penetrating viruses,
including arenaviruses and coronaviruses, in addition to inhibiting infection of replication
competent EBOV and SARS-CoV-2. Therefore, these molecules could serve as candidates for

the development of broad-spectrum antiviral therapeutics.
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3.2 INTRODUCTION

For enveloped viruses to deliver their genome into the cytoplasm of host cells, fusion
must occur between the viral and cellular membranes, a process mediated by viral fusion
proteins. For fusion to occur, these proteins need to be both primed and triggered (1). Priming,
which often involves proteolytic cleavage in the viral producer cells, makes the transition from
pre-fusion to post-fusion conformation possible (1). Triggering initiates the transition and often
involves protonation of residues within the fusion protein, viral receptor binding, or further
proteolytic cleavage (1). In the case of some viruses, including Ebola virus (EBOV) and Lassa
fever virus (LASV), the viral fusion protein, which is a glycoprotein (GP) that protrudes from the
viral envelope, is triggered by factors localized in late endosomes and lysosomes (2). Therefore,
these viruses must internalize and undergo endolysosomal trafficking to enter cells (3). For other
viruses, including the severe acute respiratory syndrome coronaviruses 1 and 2 (SARS-CoV-1
and SARS-CoV-2), the location of fusion triggering depends on the expression of cell surface
serine proteases, such as TMPRSS2, that are required for priming and/or triggering (4-8). In the
absence of such expression, SARS-CoV-1 and SARS-CoV-2 require internalization and
trafficking to cathepsin proteases in late endosomes (5, 8, 9). Although the triggering factors of
late penetrating viruses differ, one commonality is a need for internalization and endosomal
trafficking in host cells (2).

Given that the EBOV entry receptor, cholesterol transporter Niemann-Pick C1 (NPC1), is
a late endosome/lysosome resident protein, EBOV entry inherently is a multistep process that
involves attachment, internalization, and endosomal trafficking (10, 11). Attachment of EBOV to
host cells is mediated by nonspecific interactions between GP and cell surface carbohydrate

binding proteins, and/or between phosphatidylserine (PS) on the viral envelope and cell surface
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PS receptors, such as TIM-1 or Axl (12-14). Once attached to the cell surface, EBOV triggers its
internalization via macropinocytosis or phagocytosis, followed by extensive endosomal
trafficking to late endosomes and lysosomes (15-20). Here, low pH-dependent cathepsin
proteases, cathepsins L and B, cleave EBOV GP, which exposes the receptor binding domain
and allows GP to bind NPC1 binding (10, 11, 21, 22). Once bound to NPC1, the activity of
another endosomal protease, and possibly other triggering factors, are required to facilitate the
conformational change in GP necessary to mediate virus-host membrane fusion (23-25).

Many host proteins have been identified to be important for endosomal trafficking of
EBOV, such as the small GTPase Rab7, the homotypic fusion and protein sorting (HOPS)
complex, and the PIKfyve-ArPIKfyve-Sac3 (PAS) complex (16, 26, 27). In addition, increasing
evidence suggests that EBOV particles can stimulate signaling cascades such as the PI3K/Akt
pathway (28). In a previous study, we screened a library of kinase inhibitors and identified 35
compounds that inhibited EBOV entry (30). Included in these hits were inhibitors of kinases that
were already known to be important for EBOV internalization or trafficking, such AMP-
activated protein kinase (AMPK), and Akt, however many novel inhibitors were also identified
(28-31). In this study, we further characterized inhibitors of sphingosine kinases and
sphingosine-1-phosphate G-protein coupled receptors (S1PR) that were identified in the screen.

Sphingosine kinases 1 and 2 (SK1/2) catalyze the phosphorylation of sphingosine to
sphingosine-1-phosphate (S1P). Despite their polypeptide sequence similarity, SK1 and 2 appear
to have distinct physiological functions; generally, SK1 promotes cell survival and proliferation
while SK2 is pro-apoptotic (32). SI1P has both extracellular and intracellular targets.
Extracellular S1P activates signaling pathways through a family of five SIP GPCRs (S1PR1-5),

while intracellular S1P has been shown to modulate the activity of multiple enzymes including p-
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21 activated kinase 1 (Pakl), which is an important regulator of macropinocytosis (33-36). In
addition, recent studies have also demonstrated a link between SK1, levels of sphingosine, and
regulation of endocytic membrane trafficking (37, 38). Their putative roles in macropinocytosis
and trafficking indicate that SK1 and SK2 may be entry host factors for EBOV and potential
druggable targets for antiviral therapy.

Here, we investigated the role of sphingosine kinases in the entry of EBOV and other late
penetrating viruses. We found that treatment with sphingosine kinase inhibitors and knockdown
of sphingosine kinase 1 and 2 reduced EBOV growth and/or EBOV GP-mediated entry. More
specifically, the sphingosine kinase inhibitors blocked trafficking of EBOV viral-like particles
(VLPs) to NPCI independently of S1P signaling through S1PRs. Lastly, we found that treatment
with the SK inhibitors reduced entry of other late penetrating viruses and blocked surface serine
protease-independent infection of SARS-CoV-2. Our results suggest that SKs play a critical role
in regulating endosomal trafficking and that inhibition of SK activity results in trafficking
defects that prevent late-penetrating viruses from reaching their triggering factors.

3.3 RESULTS
3.3.1 Sphingosine kinase inhibitors reduce entry of EBOV VLPs

Previously, we conducted a kinase inhibitor screen and identified inhibitors of SKs and
S1PRs that blocked entry of murine leukemia virus (MLV) pseudotypes harbouring EBOV GP
(30). One such inhibitor, PF-543, is a competitive inhibitor of SK1 and is over 100 times more
selective to SK1 (reported IC50 = 2.7 nM) compared to SK2 (reported IC50 = 356 nM) (39, 40).
In the screen, we also identified the S1PR agonist, FTY720 (fingolimod, 2-amino-2-(2-(4-
octylphenyl)-ethyl)-1,3-propanediol). FTY720 is a sphingosine analogue that, once taken up by

cells, is phosphorylated by SK1 or 2 prior to export out of the cell where it can bind to and
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activate SIPR1,3,4 and/or 5 to induce S1PR proteasomal degradation and downregulation (41-
43). In addition to its inhibitory effect on S1PRs, FTY720 has also been reported to induce the
proteasomal degradation of SK1 and has been shown to competitively inhibit SK1 and 2 (42, 44,
45). We also investigated the antiviral activity of SK1-I, which is a sphingosine analogue that is
highly specific to SK1 (46). The unique characteristics of each SK inhibitor were critical to
teasing out the role of the SK-S1PR signaling axis in viral entry.

To confirm the antiviral activity of PF-543, FTY 720, and SK1-1, we used filoviral-like
particles (VLPs) generated by the co-expression of the EBOV nucleoprotein (NP), matrix protein
(VP40) fused to a B-lactamase (Blam) reporter, and the glycoprotein of interest. These particles
are advantageous over MLV pseudotypes as they exhibit the characteristic filamentous
morphology of filoviruses and allow for a more direct measure of viral entry as reporter gene
integration is not required. We found that treatment with all three inhibitors reduced entry
mediated by VLPs harbouring EBOV GP (Figure 3.1 A-C). Importantly, entry mediated by
vesicular stomatitis virus (VSV) G protein, which undergoes fusion in early endosomes, was not
significantly reduced after inhibitor treatment, suggesting that the inhibitory effects of these
inhibitors are not due to cytotoxicity or a general defect in cellular processing (Figure 3.1 A-C).
In sum, these results suggest that EBOV requires SK1/2 activity for entry and may require S1P

signaling through S1PRs.
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Figure 3.1 Sphingosine kinase inhibitors block EBOV GP-mediated entry
Entry of Blam VLPs harbouring EBOV GP or VSV G in HT1080 cells treated with (A) PF-543,
(B) SK1-I, (C) FTY720, or vehicle (DMSO, 0.1%). Relative entry % was determined by

measuring the percentage of inhibitor-treated cells with cleaved Blam substrate (CCF2)

compared to vehicle-treated cells. Results in are expressed as mean + s.d. of triplicates and are

representative of three experiments. * p <0.05, ** p <0.01, *** p <0.001.
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3.3.2  Knockdown of sphingosine kinase 1 and 2 reduces EBOV GP-mediated entry

The inhibitory activity of PF-543, SK1-I, and FTY 720 strongly suggests that SK1, SK2,
or both are playing a role in EBOV entry. To dissect their potential roles, we specifically targeted
each SK using mRNA silencing. SK1 or SK2 targeted DsiRNAs or a scrambled control were
transfected in HT1080 cells. Immunoblot analysis confirmed that SK1 and SK2 expression was
substantially knocked down when the respective DsiRNA was transfected (Figure 3.2 A). These
cells were then used to assess entry of VLPs harboring EBOV GP or VSV G (Figure 3.2 B).
Importantly, knockdown of SK1/2 did not interfere with VSV G-mediated entry, however both
resulted in a decrease in EBOV GP-mediated entry. Interestingly, although expression of each
SK was undetectable after DsiRNA knockdown, the SK2 knockdown had a slightly greater
inhibitory effect on EBOV entry (Figure 3.2 B). To test whether SK1 and 2 play redundant roles
in viral entry, we attempted a double knockdown. Unfortunately, cell viability was severely
compromised (data not shown). Nevertheless, these results suggest EBOV GP-mediated entry
requires SK1 and/or SK2 activity (Figure 3.2 B).
3.3.3 PF-543 inhibits growth of replication-competent EBOV

We next sought to confirm that SK1/2 activity is required for bonafide EBOV infection.
Given that both SK1 and SK2 seem to be involved in entry, we investigated the effect of PF-543,
which inhibits both SKs (albeit with reduced efficacy against SK2), on infection by replication-
competent EBOV. Vero cells were infected with GFP-expressing replicative EBOV in the
presence or absence of PF-543 and EBOV growth was assessed by measuring GFP fluorescence.

We found that PF-543 significantly inhibited growth of replicative EBOV at 5uM and
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Figure 3.2 Knockdown of sphingosine kinase 1 or 2 reduces EBOV VLP entry

HT1080 cells transfected with nontargeting control DsiRNA or DsiRNA targeting SK1 or SK2
were either (A) lysed and expression of SK1 or SK2 (upper) and Vinculin (lower) detected by
immunoblot, or (B) infected with flam VLPs harbouring EBOV GP or VSV G. Relative entry %
was determined by measuring the percentage of inhibitor-treated cells with cleaved flam
substrate (CCF2) compared to vehicle-treated cells. Results in are expressed as mean =+ s.d. of

triplicates and are representative of three experiments. * p < 0.05, ** p <0.01, *** p <0.001.
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Figure 3.3 PF-543 inhibits infection of replication-competent EBOV

Infection of Vero cells with replication-competent EBOV expressing GFP and treated with
vehicle or PF-543. Images in (A) were acquired for vehicle or PF-543 (5 uM) treated wells,
bar=Imm. Relative infection % in (B) was determined by measuring mean GFP fluorescence
intensity for PF-543 treated cells compared to vehicle alone. Results are expressed as mean + s.d.

of three experiments. * p <0.05, ** p <0.01, *** p <0.001.
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completely inhibited growth at 10uM (Figure 3.3 A-B). These results further indicate that SKs
play a role in EBOV infection.
3.3.4 Sphingosine kinase inhibitors do not interfere with EBOV attachment or internalization

EBOV entry begins with attachment of the viral particle to the cell surface, followed by
virion internalization via a macropinocytosis-like mechanism (16). To further elucidate the role
of sphingosine kinases in EBOV entry, we first assessed whether the SK inhibitors had an effect
on EBOV attachment. We exposed inhibitor treated cells to fluorescent EBOV VLPs at 4°C to
allow for virion attachment but not internalization, and assessed the resulting VLP fluorescence
by flow cytometry. We found that none of our inhibitor treatments resulted in a reduction in VLP
fluorescence, indicating that none significantly blocked attachment of EBOV VLPs (Figure 3.4
A).

To assess if the SK inhibitors blocked macropinocytic uptake of EBOV, we incubated
cells with VLPs 4°C as described above, but then shifted the temperature to 37°C to allow for
internalization. As controls, some samples were not shifted to 37°C such that no internalization
was permitted, and some samples were incubated with 5-(N-Ethyl-N-isopropyl)amiloride
(EIPA), a known inhibitor of macropinocytosis (Figure 4 B) (47). We found that while PF-543
did partially block internalization of fluorescent EBOV VLPs, the effect was not nearly as
pronounced as that of EIPA (Figure 3.4B). Notably, SK1-I and FTY 720 had no effect on EBOV
VLP internalization (Figure 3.4B). Taken together, these results suggested that SK activity is
required at an entry step after attachment and internalization.

3.3.5 Sphingosine kinase inhibitors block entry of pre-cleaved EBOV VLPs
A critical post-internalization EBOV entry step is the cleavage of EBOV GP by

endosomal cathepsin proteases such as cathepsin B (21). Interestingly, a previous study
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suggested that SK1-I treatment results in enlarged vacuoles that lack cathepsin B activity,
therefore we also assessed if the SK inhibitors may prevent GP-mediated cleavage by cathepsins
(38). To investigate this, we experimentally mimicked cathepsin cleavage by pre-cleaving EBOV
VLPs with thermolysin. These cleaved VLPs will still require attachment, internalization, and
trafficking to NPC1, but should no longer require cleavage by endosomal cathepsins. We
assessed entry of uncleaved and cleaved VLPs in HT1080 cells treated with the cathepsin B
inhibitor, Ca074, in addition to the SK inhibitors. As expected, Ca074 had reduced potency on
cleaved VLPs compared to the uncleaved VLPs (Figure S3.1). In contrast, the SK inhibitors were
equally potent at inhibiting entry of uncleaved and cleaved VLPs, suggesting that their primary
mechanism of action is not to inhibit Cathepsin B-mediated cleavage of EBOV GP (Figure S3.1).
3.3.6  Sphingosine kinase inhibitors block trafficking of EBOV to NPCI+ intracellular

compartments

Since the SK inhibitors did not significantly prevent attachment or internalization, and
did block entry of pre-cleaved VLPs, we next sought to assess whether they had an effect on
endolysosomal trafficking to the EBOV receptor, NPC1. For these experiments, we utilized
fluorescent VLPs harbouring EBOV GP™3*R_ which can bind to NPC1 following cathepsin
cleavage but cannot undergo fusion, allowing us to visualize accumulation of VLPs in NPC1+
compartments (48). As a control, we treated cells with Akt Inhibitor VIII, which has previously
been shown to result in the accumulation of EBOV in early endosomal compartments (28). We
determined the percentage of fluorescent VLPs that colocalized with immunostained NPC1 in
inhibitor treated cells compared to vehicle alone and found a decrease in the percentage of VLPs
per cell that colocalized with NPC1 for all three SK inhibitors (Figure 3.4 C and D), suggesting

that the SK inhibitors interfere with endosomal trafficking. We also observed dilated intracellular
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vesicles in SK1-I and FTY 720 treated cells that were not present in vehicle or PF-543 treated
cells (Figure 3.4 C). This is consistent with recent studies demonstrating that treatment with
sphingosine or sphingosine analogs, including SK1-I and FTY 720, induce rapid formation of
enlarged intracellular vesicles in cells (37, 38). Since such vesicles are often indicative of defects
in endosomal trafficking, their presence also supports our hypothesis that treatment with the SK
inhibitors result in endosomal trafficking defects.
3.3.7 The endolysosomal trafficking defect induced by the SK inhibitors is independent of SIPR

signaling

S1P, the product of SKs, is a bioactive sphingolipid involved in regulating cell growth,
survival, and migration (49). It is well-characterized to exert this function by binding to cell
surface S1PRs and thus activating downstream signaling cascades such as the PI3K-Akt pathway
(33, 50, 51). Consistent with this, treatment with SK1-I has previously been shown to inhibit Akt
phosphorylation (52). Given this and the fact that Akt signaling is also important for EBOV
trafficking, we hypothesized that the SK inhibitors block EBOV trafficking by preventing S1P
activation of S1PRs, thereby preventing subsequent Akt activation (28). To test this hypothesis,
we evaluated the antiviral activity of FTY720-Phosphate, which inhibits SIPR signaling by
inducing S1PR degradation (41-43). However, unlike FTY720, FTY720-Phosphate cannot enter
cells and therefore cannot inhibit SKs (41-43). Cells were pre-treated for one hour with FTY720
or FTY720-Phosphate and entry of VLPs harbouring EBOV GP or VSV G was evaluated. We
found that FTY720-Phosphate had no effect on EBOV GP-mediated entry while FTY720

drastically blocked EBOV GP-mediated entry at the same concentration (Figure 3.5 A). This
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Figure $3.1 Sphingosine kinase inhibitors block entry of pre-cleaved EBOV VLPs

Pre-treated cells were infected with thermolysin cleaved (pre-cleaved) and mock cleaved flam

VLPs. Relative entry % was determined by measuring the percentage of inhibitor-treated cells

with cleaved PBlam substrate (CCF2) compared to vehicle-treated cells. Results in are expressed

as mean * s.d. and are representative of three experiments. * p <0.05, ** p <0.01, *** p <

0.001.
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Figure 3.4 Sphingosine kinase inhibitors block trafficking of EBOV VLPs to NPCI1

HT1080 cells were treated with vehicle (DMSO, 0.1%), PF-543 (10 uM), SK1-I (2.5 uM),
FTY720 (2.5 uM), and either EIPA (30 uM) (B), or AktiVIII (10 uM) (C-D). In (A), cells were
then detached and incubated with GFP VLPs harbouring EBOV GP at 4 °C. Cells were washed
and a subset of cells were trypsinized remove bound virions as a negative control. Cells were
incubated with SYTOX red dead cell stain and fluorescence analyzed by flow cytometry. (B)
GFP VLPs harbouring EBOV GP were pre-bound to treated cells by spinoculation at 4 °C,
washed, and either incubated again with vehicle or inhibitor at 37 °C or vehicle alone at 4 °C.
Cells were then trypsinized to remove bound virions, washed, incubated with SYTOX red dead
cell stain, and fluorescence analyzed by flow cytometry. (C-D) Pre-treated cells were incubated
for 3 hours with GFP VLPs (Green) harbouring the fusion deficient AM GP™3*R, 30 minutes
prior to fixation, cells were treated with CMAC cytoplasmic dye (Blue). Cells were then fixed,
permeabilized, and immunostained with anti-NPC1 and DY-650 conjugated antiserum
(Magenta). Cells were imaged on a LSM800 confocal microscope (Zeiss). Displayed images are
maximum intensity Z-projections, arrows indicate colocalization of VLPs and NPC1, bar = 10
um. (B) Colocalization between VLPs and NPC1 was analyzed using Imaris software (Bitplane).
Results in are expressed as mean + s.d. and are representative of three experiments. * p < 0.05,

% p < 0.01, *** p<0.001.
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provided the first evidence that the observed trafficking defect after treatment with the SK
inhibitors is not a result of reduced signaling through S1PRs.

To further explore if FTY720 and FTY720-Phosphate reduce S1PR mediated PI3K-Akt
pathway activation, we treated cells with the inhibitors and assessed Akt phosphorylation by
immunoblot. As a positive control, we added S1P to vehicle treated cells and found that S1P
treatment did indeed increase levels of phosphorylated Akt in cells. Interestingly, while there
was no difference in phosphorylated Akt levels after treatment with FTY720 compared to
vehicle, treatment with FTY720-Phosphate increased Akt phosphorylation to a similar extent as
S1P treated cells (Figure 3.5 B). This suggests that FTY720-Phosphate induces activation of
S1PRs prior to inducing their degradation, a result that is consistent with previous reports in the
literature (43). Therefore, the lack of entry inhibition seen after FTY-720-Phosphate treatment
does not fully rule out the possibility that the antiviral activity of the SK inhibitors is due to a
reduction in S1P signaling through cell surface S1PRs.

To address this, we performed an add-back experiment where S1P was added to inhibitor
treated cells prior to virus addition. If the entry and trafficking defects observed after SK
inhibitor treatment are due to a decrease in S1P signaling through S1PRs, adding extracellular
S1P should rescue the inhibitory entry effects mediated by the SK inhibitors. Importantly, we
found that S1P addition did not rescue EBOV entry in the presence of PF-543, SK1-I, or
FTY720 (Figure 3.5 C). This result suggested that the trafficking defect observed after treatment
with the SK inhibitors was not due to reduced S1P signaling through S1PRs. Further work needs
to be done to elucidate the precise molecular mechanism underlying the EBOV entry defect

observed after treatment with SK inhibitors.
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Figure 3.5 SIPR agonist, FTY720-Phosphate, does not reduce EBOV entry and S1PR
activation by S1P does not rescue EBOV infection in inhibitor treated cells

(A-B) HT1080 cells were pre-treated with vehicle (DMSO, 0.1%), FTY720 (2.5 uM), or
FTY720-Phosphate (2.5 pM) and infected with Blam VLPs harbouring EBOV GP or VSV G (A)
or stimulated with S1P or mock (B). In (A), relative entry % was determined by measuring the
percentage of inhibitor-treated cells with cleaved Blam substrate (CCF2) compared to vehicle-
treated cells. In (B), cells were lysed and immunoblotted for phosphorylated Akt (p-Akt S473) or
total Akt. (C) HT1080 cells were pre-treated with vehicle (DMSO, 0.1%), PF-543 (10 uM),
SK1-I (2.5 uM), or FTY720 (2.5 uM), stimulated with S1P (125 nM) or mock, and infected with
Blam VLPs harbouring EBOV GP. Relative entry % was determined by measuring the
percentage of inhibitor-treated cells with cleaved Blam substrate (CCF2) compared to vehicle-

treated cells. Results are expressed as mean + s.d. of triplicates and are representative of three

experiments. * p <0.05, ** p <0.01, *** p <0.001.
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3.3.8 Sphingosine kinase inhibitors block entry of other late-penetrating viruses

The requirement for intracellular trafficking is shared among other viruses whose entry
receptor or other triggering factors are in late endosomes. Therefore, it is plausible that entry
mediated by the GP of these viruses may also be inhibited by the SK inhibitors. To investigate
this, we utilized MLV pseudotypes harbouring the viral fusion proteins of a related filovirus,
Marburg virus (MARYV), the Old World arenavirus, LASV, the New World arenavirus, Junin
virus (JUNV), and Influenza A virus (IAV). The entry pathway of MARYV is similar to that of
EBOV, although studies have suggested that the cathepsin requirements differ between the two
viruses (53, 54). In addition to their entry receptors, LASV, JUNV, and IAV all require low pH
for fusion and therefore must traffic to early/late endosomes (3, 55-60). As controls, we also
included VSV, which undergoes fusion in early endosomes, and Nipah virus (NiV), which
requires entry receptor ephrinB2 to mediate fusion at the cell surface (61-64). We found that the
SK inhibitors blocked entry of MARYV and to a lesser extent, LASV and JUNV, however they
were the most potent at inhibiting EBOV entry (Figure 3.6 A). Unexpectedly, PF-543 and SK1-I
enhanced entry of IAV, while FTY720 had no effect (Figure 3.6 A). PF-543 and SK1-I did not
reduce VSV or NiV entry, and while FTY720 slightly reduced entry mediated by MLV
pseudotypes harbouring VSV G, it was not to the same extent as the other viruses (Figure 3.6 A).
In addition, we also used lentivirus pseudotypes to examine entry mediated by the spike protein
of the coronaviruses SARS-CoV-1 and middle eastern respiratory syndrome coronavirus
(MERS). We found that all SK inhibitors drastically inhibited entry mediated by SARS-CoV-1,
while only PF-543 had a significant effect on MERS (Figure 3.6 B). For these experiments,
coronavirus entry was presumed to follow the endosomal route as Camostat, a TMPRSS2

inhibitor, did not inhibit SARS-CoV-1 entry in this cell type (Figure S3.2). Lastly, we tested
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whether the most potent inhibitor for inhibiting SARS-CoV-1 entry, SK1-1, also inhibited
infection of replication competent SARS-CoV-2. We found that SK1-I inhibited infection of
SARS-CoV-2 in Huh7.5 cells in a dose-dependent manner (Figure 3.6C). These results suggest
that SK inhibitors reduce infection of viruses that enter cells through late endosomes and that
SKs could be potential targets for broad spectrum antiviral therapies.
3.4 DISCUSSION

Entry of enveloped viruses into host cells requires viral glycoprotein-mediated fusion
between the viral and host cell membranes. For EBOV and many other viruses, cellular proteins
important for the priming and/or triggering of viral glycoproteins are localized in late-endosomes
and lysosomes, therefore EBOV entry requires internalization and extensive endolysosomal
trafficking. To determine if EBOV particles are passive passengers of the endolysosomal system
or if they actively direct their delivery to late endosomes and lysosomes through altering host
cell signaling pathways, we previously screened a library of kinase inhibitors and identified
several signaling pathways that are important for EBOV entry (30). Through this screen, we
identified SK and S1PR inhibitors that block EBOV entry (30). Here, we further characterized
the role of SK and S1PRs in EBOV entry, investigated the mechanism of action of the SK
inhibitors, and explored if these inhibitors block entry of other viruses that require
endolysosomal trafficking.

In this study, we investigated the antiviral activity of three SK inhibitors and found that
they all inhibited entry of EBOV VLPs, which suggested that SKs are the antiviral target of the
inhibitors (Figure 3.1). To confirm this, we used DsiRNAs to knockdown SK1 or SK2 in cells

and found that indeed EBOV GP-mediated entry was reduced (Figure 3.2). We also attempted to
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Figure 3.6 Sphingosine kinase inhibitors block entry of late-penetrating viruses and infection

mediated by SARS-CoV-2

(A-B) HT1080 cells treated with vehicle (DMSO, 0.1%), PF-543 (10 uM), SK1-I (2.5 uM), or
FTY720 (2.5 uM) were transduced with MLV pseudotypes (A) or lentiviral pseudotypes (B)

encoding lacZ harbouring the fusion proteins of the indicated viruses. Relative transduction %

was determined by quantifying LacZ positive inhibitor treated cells compared to vehicle treated

cells. (C) Huh7.5 cells treated with vehicle or increasing concentrations of SK1-I were infected

with replication-competent SARS-CoV-2. 48 hpi, supernatant was collected and used directly to

measure the TCIDS50 in Vero cells. Results in are expressed as mean + s.d. of triplicates and are

representative of three experiments. * p < 0.05, ** p <0.01, *** p <0.001.
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Figure S3.2 Cathepsin inhibitor, E64D, blocks entry of SARS-CoV-1 in HT1080 cells

HT1080 cells treated with vehicle (DMSO, 0.1%), Camostat (25 uM), or E64D (10 uM) were
transduced lentiviral pseudotypes encoding lacZ and harbouring the SARS-CoV-1 Spike protein.
Relative transduction % was determined by quantifying LacZ positive inhibitor treated cells
compared to vehicle treated cells. Results in are expressed as mean + s.d. and are representative

of three experiments. * p <0.05, ** p <0.01, *** p <0.001.
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knockdown both SK1 and SK2, however cell viability was severely compromised. Previous
studies have demonstrated that there is some degree of functional redundancy between SK1 and
SK2, as SK1 or SK2 null mice are viable and phenotypically unremarkable, but a double
knockout is embryonically lethal (65). Whether SK1 and SK2 play redundant roles for EBOV
entry remains to be determined.

We then sought to further characterize the mechanism of action of the SK inhibitors —
that is, to determine the entry step that the inhibitors act on and block. We found that the SK
inhibitors have little or no effect on binding and internalization of EBOV particles, but rather, all
prevent EBOV from trafficking to late-endosomes and/or lysosomes containing NPC1 (Figure
3.4). Interestingly, other studies have also implicated SKs to be important for proper endosomal
maturation and fusion (37, 38). Consistent with our study, treatment with the sphingosine
analogues SK1-I and FTY720 resulted in the formation of dilated intracellular vesicles positive
for Rab7a and Lamp1, which are markers of late endosomes and therefore suggests that the
trafficking block occurs at the late endosome step (37, 38). Further, Young et al. found that the
vacuolization is independent of S1P signaling as pre-treatment with FTY720-Phosphate did not
alter SK1-I/FTY720 induced vacuole formation (38). Moreover, they showed that overloading
endosomal membranes with sphingosine results in similar vacuole formation and that treatment
with PF-543 delays clearance (38). Our data indicates that while PF-543, a SK inhibitor that is
not a sphingosine analogue, does not induce formation of dilated vesicles, it does induce a
similar endocytic trafficking defect (Figure 3.4 C and D). This not only sheds light on the
mechanism of action of our SK inhibitors but also points to some potential areas for future
investigations with regards to the role of sphingosine, SKs, and S1P in the regulation of

endolysosomal trafficking.
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Other lipid modifying enzymes have also been implicated to be important for EBOV
entry such as PIKfyve and acid sphingomyelinases (ASMase) (27, 66). Of particular interest to
this study is the role of ASMase; EBOV was found to associate with lipid rafts rich in
sphingomyelin (SM) and ASMases, and knockdown of ASMase inhibited EBOV entry (66).
ASMase hydrolyses SM to ceremide, which can be converted to sphingosine and subsequently
S1P via SKs. Ceramide has also been implicated in lipid raft expansion and is more favorable
compared to SM to promote membrane curvature and macropinocytosis (67). Interestingly, Shen
et al. demonstrated that SK1 associates with membranes of high curvature including
macropinosomes and speculate that endocytosis may correlate with the conversion of SM to
sphingosine, which can flip across the membrane and be converted to S1P by SKs (68). In our
study, we also found that treatment with the SK1 inhibitor, PF-543, slightly reduced
internalization of EBOV, suggesting that SK1 may be involved in macropinocytosis as well as
endosomal trafficking (Figure 3.4 B). More work needs to be done to fully elucidate the roles of
lipid signaling and lipid modifying enzymes in EBOV entry.

In addition to blocking EBOV entry, the SK inhibitors tested also inhibited entry of other
late penetrating viruses. For example, MARYV, a related filovirus, was sensitive to the inhibitory
effects of the SK inhibitors, although not to the same extent as EBOV (Figure 3.6 A). Similarly,
LASYV entry was slightly blocked by the SK inhibitors, however it was significantly less
sensitive to their inhibition in comparison to EBOV (Figure 3.6 A). These differences may be
attributed to the ability of both MARYV, and even more so, LASV, to undergo fusion in earlier
endocytic compartments. Studies have shown that although MARYV does require NPC1 for
fusion, the MARV GP is significantly less stable than EBOV GP, and although proteolytic

triggering of MARV GP is required for entry, MARYV is less dependent on cathepsins B and L
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(53, 54, 69). This suggests that MARV GP-mediated fusion may be able to occur in earlier
endocytic compartments compared to EBOV. Similarly, a recent study suggested that LASV
fusion may be able to occur in early endosomes that contain only a small amount of the entry
receptor Lamp1 (57). With regards to the human coronaviruses tested, the location of fusion
depends on the presence of proteases required to cleave the Spike protein (5). In our study, we
tested the effects of the SK inhibitors in cell types lacking proteases that allow for surface fusion,
forcing entry via a route that requires endosomal trafficking. It is not surprising, then, that the SK
inhibitors inhibited entry and/or infection of SARS-CoV-1, SARS-CoV-2, and to a lesser extent,
MERS coronaviruses (Figure 3.6 B and C). Together, our data suggests that the SK inhibitors
block a late trafficking entry step and that the efficacy of these inhibitors as antiviral agents will
correspond to the location of viral triggering factors.

In this study, we identified sphingosine kinases as host factors required for EBOV entry
and entry of other late-penetrating viruses. We found that inhibition of sphingosine kinases
impairs endosomal trafficking and that this occurs independently of S1P signaling through
S1PRs at the cell surface. Since entry of many enveloped viruses requires endosomal trafficking,
small molecule inhibitors of sphingosine kinases may be promising candidates for the
development of broad-spectrum antiviral therapeutics that could prevent infection of both
existing and emerging viruses.

3.5 MATERIALS AND METHODS

Cell lines, antibodies, and inhibitors

HEK293T cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Wisent), while HT1080 and Vero cells (ATCC) were cultured in Minimum Essential Medium

(MEM, Sigma). Both were supplemented with 10% Fetal Bovine Serum (FBS, Sigma), 0.3
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mg/mL L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (Wisent). Cells were
maintained at 37 °C in 5% CO2 at 100% relative humidity.

Primary antibodies used were NPC1 (ab134113, Abcam), Akt (9272S, Cell Signaling
Technology), phospho-Akt S473 (927218, Cell Signaling Technology), GAPDH (ab8245,
Abcam), SK1 (120718, Cell Signaling Technology), SK2 (323468, Cell Signaling Technology)
and pan-filovirus anti-GP antibody (21D10, IBT Bioservices). Secondary antibodies used were
goat anti-rabbit [gG HRP-linked (7074S, Cell Signaling Technology), anti-mouse IgG HRP-
linked (70768, Cell Signaling Technology) and DY 650 sheep anti-rabbit (ab96926, Abcam).

PF-543 (Cayman Chemical), SK1-1 (BML-258, Enzo Life Sciences Inc.), FTY720
(Cayman Chemical), FTY720-Phosphate (Cayman Chemical), 5-(N-ethyl-N-isopropyl)-
Amiloride (EIPA, Cayman Chemical), and Akt Inhibitor VIII (Cayman Chemical) were prepared
in DMSO, aliquoted, and stored at -20 °C prior to use. Sphingosine-1-phosphate (d18:1, Cayman
Chemical) was prepared in methanol:water (95:5), mixture heated and sonicated to dissolve, and
stored in glass vials at -20 °C. Prior to use, the methanol:water solution was evaporated under a
N2 stream and a 125 pM stock solution prepared in 4 mg/mL fatty acid free Bovine Serum
Albumin (Sigma) in PBS and stored at -20 °C for up to 3 months.

Plasmids and dsiRNA

Plasmids encoding several of the different virus glycoproteins (EBOV Amucin GP,
EBOV Amucin GPF535R, MARV GP, VSV G, LASV GP, SARS-CoV-1 Spike, MERS Spike,
NiV F and G fusion proteins, AV Vict HA and 1918 NA, MLV packaging plasmid, MLV
retroviral vector encoding LacZ, lentiviral packaging plasmid psPAX2, and the lentiviral vector
encoding LacZ were all kind gifts of Dr. James Cunningham, Brigham and Women’s Hospital.

Plasmids encoding the EBOV NP and EBOV VP40-B-lactamase or GFP were kind gifts of Dr.
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Lijun Rong, University of Illinois. The plasmid encoding Ace2 was a kind gift of Dr. Hyeryun
Choe (The Scripps Research Institute, Jupiter, Florida). Predesigned DsiRNAs for SK1
(hs.Ri.SPHK1.13.1; duplex sequences:
5’-rGrCrGrUrCrArUrGrCrArUrCrUrGrUrUrCrUrArCrGrUrGCG -3°;

3’- rCrGrCrArCrGrUrArGrArArCrArGrArUrGrCrArUrGrArCrGrCrCrA-57), SK2
(hs.Ri.SPHK213.1; duplex sequences:
5’-rCrCrCrUrGrArArArCrUrArArArCrArArGrCrUrUrGrGrUAC-3°,
3’-rGrUrArCrCrArArGrCrUrUrGrUrUrUrArGrUrUrUrCrArGrGrGrCrU-5), and negative
control dsiRNA (51-01-14-04) were purchased from IDT, Inc.

Virus pseudotype and virus-like particle production

Murine leukemia virus and lentivirus pseudotypes were prepared by co-transfecting
HEK293T cells with three plasmids: 1) MLV packaging plasmid gag-pol or psPAX2, 2) MLV
retroviral or lentiviral vector encoding LacZ, and 3) a plasmid encoding the glycoprotein of
interest (EBOV Amucin GP, MARV GP, LASV GP, NiV F and G (1:1), Junin GP, IAV
envelope proteins (Vict HA, 1918 NA), SARS-CoV-1 spike, MERS spike, or VSV G) at a
1:1:1.25 ratio respectively. Similarly, EBOV viral-like particles (VLPs) were prepared by co-
transfecting HEK293T cells with plasmids encoding the EBOV nucleoprotein (NP), EBOV
VP40 fused to B-lactamase (Blam) or GFP, and the viral glycoprotein of interest (EBOV Amucin
GP, EBOV Amucin GPF535R, or VSV G) at a 1:1:1.25 ratio. Transfections were performed
using the jetPRIME transfection reagent (Polyplus transfection) according to the manufacturers
protocol. Cell supernatants were harvested at 48, 72, and 96 h post-transfection. MLVs and
lentiviruses were passed through a 0.45um filter, but VLPs were not due to their larger size. The

filtered pseudotypes or VLPs were then concentrated by ultracentrifugation (20,000 RPM, 4 °C,
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1.5h, Beckman Coulter Optima XPN-100, SW32Ti rotor) through a 20% (w/v) sucrose cushion.
Pellets were re-suspended in PBS, aliquoted, and stored at -80 °C.

Virus entry assays

For MLV and lentivirus pseudotype transduction assays, HT1080 cells were seeded and
grown to approximately 60% confluency in white 96-well pates. Cells were pre-incubated with
inhibitor or vehicle (DMSO) in serum-free MEM containing 5 pg/mL polybrene. MLV or
lentivirus pseudotypes encoding LacZ and harbouring the viral fusion protein of interest were
added to the media. 4-6 hours after virus addition, the media was replaced with MEM containing
15 mM NH4Cl and supplemented with 10% FBS (Sigma), 0.3 mg/mL L-glutamine, 100 U/mL
penicillin, and 100pg/mL streptomycin (Wisent). Approximately 12 hours later, the media was
replaced with complete MEM (without NH4Cl) and cells incubated an additional 48 hours.
Transduced (LacZ+) cells were quantified using the Beta-Glo Assay System (Promega)
following the manufacturers protocol. Luminescence was measured using a Synergy Neo2 multi-
mode plate reader (BioTek).

For the VLP entry assays, HT1080 cells were seeded and grown to 90% confluency. For
inhibitor experiments, cells were pre-treated with inhibitor or vehicle (DMSO) for 1 hour in
serum-free MEM. For S1P experiments, cells were pre-treated in serum-free MEM with inhibitor
or vehicle, and SIP (125 nM) was added 10 minutes prior to virus addition. VP40-flam VLPs
harbouring EBOVAM or VSV G were added at a MOI between 0.2 and 0.4. 3 hours post
infection, cells were loaded with a B-lactamase cleavable FRET substrate, CCF2-AM
(ThermoFisher), according to manufacturer’s protocol and supplemented with 15 mM NH4Cl
and 250 pM probenecid (Sigma). Cells were then incubated for 1h at room temperature in the

dark. Following this, cells were washed with PBS, trypsinized, and resuspended in 2% FBS in
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PBS prior to analysis by flow cytometry (FACSCelesta or LSRFortessa, BD Biosciences).
Analysis was performed using FlowJo software (BD Biosciences) and infection was quantified
by using uninfected controls to assess the percentage of cells that underwent a shift from 530 nm
to 460 nm emission, representing cleaved CCF2.

Pre-cleaved virus assay

Blam VLPs harboring EBOV Amucin GP were incubated in 0.2 mg/mL thermolysin
(Sigma) or PBS for 30 minutes at 37°C. Phosphoramidon (Sigma) was then added to a final
concentration of 500 uM and the mixture was incubated on ice for 10 minutes. Pre-cleaved
(thermolysin treated) and mock cleaved (PBS treated) samples were aliquoted and stored at -80
37°C prior to analysis by flow cytometry.

DsiRNA Assay

Dicer-substrate short interfering RNAs (DsiRNAs) were transfected into HT1080 cells
grown to 90% confluency in using Lipofectamine RNAIMAX (ThermoFisher) according to the
manufactures protocol. 24 hours post-transfection, cells were re-seeded for VLP entry assays and
immunoblot lysate preparation. VLP entry assays were conducted 48 hours post-transfection as
described earlier with the exception that cells were pre-incubated in serum-free MEM that did
not contain any inhibitor or vehicle. In addition, 48 hours post-transfection, cells seeded for
lysate preparation were washed once with PBS followed by the addition of lysis buffer (1%
Triton X-100, 0.1% IGEPAL CA-630, 150mM NaCl, 50mM Tris-HCIL, pH 7.5) containing
protease inhibitors (Cell Signaling). Proteins in cell lysates were resolved on SDS-
polyacrylamide gels and transferred to polyvinylidenedifluoride (PVDF) membranes.
Membranes were blocked for 1h at RT with blocking buffer (5% skim milk powder dissolved in

25mM Tris, pH 7.5, 150mM NacCl, and 0.1% Tween-20 [TBST]). PVDF membranes were then
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incubated overnight at 4°C with the appropriate primary. The following day, blots were washed
in TBST and incubated with HRP-conjugated secondary antibody for 1h at room temperature.
PVDF membranes were washed again, incubated in chemiluminescence substrate, and imaged
using the ChemiDoc XRS+ imaging system (Bio-Rad).

Infection assays

For infection assays with replication-competent EBOV, Vero cells were seeded onto
black 96 well plates with glass bottom wells. After 48 hours, cells were pre-treated for 1 hour
with vehicle (DMSO) or PF-543 in DMEM supplemented with 1% FBS. Ebola virus (Mayinga)
expressing GFP was added to media containing inhibitors or vehicle and incubated together for
15 minutes prior to addition of the mixture to the cells at a final MOI of 1. Control wells
containing no virus were also included. After infection, GFP expression was monitored daily
using a BioTk Synergy/HTX plate reader. These experiments were performed at the CL-4
facility at the National Microbiology Laboratory of the Public Health Agency of Canada.

For infection assays with replication-competent SARS-CoV-2, Huh7.5 cells were seeded
and once adhered, inhibitor or vehicle was incubated with the cells at 2x concentration for 1
hour. SARS-CoV-2 was then added to each well at an MOI of 0.01 and to give a final inhibitor
concentration of 1x. The inoculum + drug mixture was incubated on cells for 2-3 hours at 37 °C,
cells were then washed with MEM and media containing inhibitor or vehicle was added back to
cells and incubated for an additional 48h at 37 °C. Cellular CPE was observed at 24 and 48 hours
post infection (hpi); virus only infected wells showed no CPE, which suggests that any CPE
observed is due to drug toxicity. 48 hpi, supernatant was collected and used directly to measure
the TCID50. These experiments were performed at the CL-3 facility at the National

Microbiology Laboratory of the Public Health Agency of Canada.
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S1PR downstream signaling assay

HT1080 cells were seeded and grown to 50% confluency, washed with PBS, and pre-
treated for 1 hour with inhibitor or vehicle (DMSO) in serum-free MEM. Cells were then
stimulated for 30 minutes with S1P prepared in 4 mg/mL fatty acid free Bovine Serum Albumin
(Sigma) in PBS or mock treated for 30 minutes with 4 mg/mL fatty acid free Bovine Serum
Albumin (Sigma) in PBS. After this, cells were washed once with cold PBS and lysed in cold
lysis buffer (1% Triton X-100, 0.1% IGEPAL CA-630, 150mM NaCl, 50mM Tris-HCI, pH 7.5)
containing protease and phosphatase inhibitors (Cell Signaling). Proteins were resolved on SDS-
polyacrylamide gels (Bio-Rad) and transferred to polyvinylidenedifluoride (PVDF) membranes.
Membranes were blocked at RT with blocking buffer (5% skim milk powder in TBST containing
sodium orthovanadate (Na3VO4, ImM, Alfa Aesar) and sodium fluoride (NaF, 10mM, VWR)).
After 1 hour of blocking, membranes were incubated overnight at 4°C with either the pAkt
antibody in 5% bovine serum albumin (BSA, Sigma) in TBST containing Na3VO4 and NaF, or
Akt antibody in 5% skim milk powder in TBST. The following day, blots were washed in TBST
and incubated with HRP-conjugated secondary antibody for 1h at room temperature. After 3
more washes in TBST, the membranes were incubated in chemiluminescence substrate and
imaged using the ChemiDoc XRS+ imaging system (Bio-Rad).

Attachment and internalization assays

For the attachment assay, HT1080 cells were seeded and grown to 90% confluency. Cells
were pre-treated with serum-free MEM containing inhibitor or vehicle (DMSO) for 1 hour at 37
°C. The cells were detached with 5 mM EDTA and resuspended in 2% FBS in PBS containing
inhibitor or vehicle. After incubation at 4 °C for 15 minutes, VP40-GFP EBOVAM VLPs were

added on ice and incubated for 1 h at 4 °C to allow the virus to attach to the cell surface. The cell
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and virus mixtures were spun down and washed three times with cold PBS prior to resuspension
in 2% FBS in PBS containing SYTOX Red dead cell stain (ThermoFisher) and analysis by flow
cytometry.

For the internalization experiments, HT1080 cells were seeded and grown to 90%
confluency. Cells were pre-treated with serum-free MEM containing inhibitor or vehicle
(DMSO) for 1 hour at 37°C. The cells were then incubated at 4°C for 15 minutes prior to
spinoculation of VP40-GFP EBOVAM VLPs at 300g for 30 minutes. Cells were then washed 3x
with cold PBS to removed unbound virions, pre-warmed media containing inhibitor or vehicle
was added, and cells were moved to 37°C for 1 hour to allow for internalization. Cells were then
washed again with cold PBS and incubated with 0.5% trypsin-EDTA (Gibco) at 4°C for 30
minutes. Cells were then distributed into flow tubes containing cold PBS, spun down and washed
twice with cold PBS, and finally resuspended in 2% FBS in PBS containing SYTOX Red dead
cell stain (ThermoFisher) prior to analysis by flow cytometry.

Fluorescence microscopy and image analysis

HT1080 cells were seeded onto coverslips that were coated with Poly-D-lysine (Sigma)
and grown to approximately 50% confluency. Cells were then pre-treated with inhibitors or
vehicle (DMSO) in serum-free MEM for 1 h followed by addition of VP40-GFP VLPs harboring
the fusion deficient EBOV Amucin GPF*R. Cells were incubated for 2.5 hours at 37 °C,
CellTracker Blue CMAC dye (ThermoFisher) was added according to manufacturer’s protocol,
and cells were incubated for an additional 30 minutes. Cells were then washed with PBS, fixed
with formalin, permeabilized with 0.5% triton X-100, and blocked with 20% FBS in PBS for 30
minutes. Cells were then incubated with a NPC1 primary antibody (1:70) followed by a DY 650

secondary antibody (1:400), and mounted with PermaFluor Aqueous Mounting medium
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(ThermoFisher). Imaging was performed with a LSM800 confocal microscope (AxioObserver
Z1, Zeiss) using a 63x / 1.4NA oil Plan Apochromat objective. Approximately fifteen z-stacks
were acquired per image with a pixel size of 0.1 um.

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

Filoviruses, such as Ebola virus (EBOV) and Marburg virus, are causative agents of
unpredictable outbreaks of severe hemorrhagic fevers in humans and non-human primates. For
infection, filoviral particles need to be internalized and delivered to intracellular vesicles
containing cathepsin proteases and the viral receptor Niemann-Pick C1. Previous studies have
shown that EBOV triggers macropinocytosis of the viral particles in a glycoprotein (GP)-
dependent manner, but the molecular events required for filovirus internalization remain mostly
unknown. Here we report that the diacylglycerol kinase inhibitor, R-59-022, blocks EBOV GP-
mediated entry into Vero cells and bone marrow-derived macrophages. Investigation of the mode
of action of the inhibitor revealed that it blocked an early step in entry, more specifically, the
internalization of the viral particles via macropinocytosis. Finally, R-59-022 blocked viral entry
mediated by a panel of pathogenic filovirus GPs and inhibited growth of replicative Ebola virus.
Taken together, our studies suggest that R-59-022 could be used as a tool to investigate
macropinocytic uptake of filoviruses and could be a starting point for the development of pan-
filoviral therapeutics.
4.2 INTRODUCTION

Filoviruses, which include Ebola virus (EBOV) and Marburg virus (MARYV), are
zoonotic pathogens that can cause unpredictable outbreaks of severe hemorrhagic fevers in
humans and non-human primates [1]. The virions are enveloped filamentous particles, of about
80nm in diameter and an average length of 800-1000nm, which enclose the negative single-
stranded RNA genome of approximately 19,000 nucleotides [2]. The Filoviridae family contains
three distinct genera: Ebolavirus that comprises five viruses (Bundibugyo (BDBV), EBOV,

Reston (RESTV), Sudan (SUDV), and Tai Forest (TAFV)), Marburgvirus, and Cuevavirus [3].
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While most outbreaks occurred in Central and West Africa, recent studies have uncovered the
high diversity and large geographical distributions of filoviruses including the discovery of new
bat-borne filoviruses in China [4]. Although several EBOV vaccines are being developed and the
rVSV-EBOV was shown to be efficacious in a phase 3 clinical trial [5,6], these do not protect
from infection by all filoviruses. Furthermore, there is currently no FDA-approved antiviral
against any of these highly pathogenic viruses.

As enveloped viruses, filoviruses require the fusion of the viral membrane with that of
the host cell to deliver its genome into the cell cytoplasm and initiate replication. Membrane
fusion is accomplished by the viral glycoprotein (GP) that protrudes from the viral membrane
[7]. In the current model of GP triggering for membrane fusion, GP needs to be cleaved by pH-
dependent host cathepsin proteases to expose the receptor binding domain, followed by cleaved-
GP interaction with the endosome/lysosome resident protein Niemann-Pick C1 (NPC1) [8-11].
Direct involvement of acidic pH on GP-mediated membrane fusion is still unclear [12,13]. These
requirements of a low pH environment and presence host proteins located within intracellular
vesicles indicate that a first step in filovirus entry is internalization of the viral particles.

Previous studies have shown that EBOV and potentially all filoviruses use a
macropinocytosis or macropinocytosis-like mechanism for internalization [14—17]. Uptake of
EBOV was found to be dependent on Rho GTPases including RhoC, Racl, and Cdc42 [15,17],
pS53-activated kinase 1 [14,15], and protein kinase C [15], which are all known to be required for
macropinocytosis [ 18]. While macropinocytosis can be constitutive in some cell types such as
macrophages and dendritic cells, it needs to be triggered in others [18]. Interestingly,
macropinocytosis was shown to be stimulated by EBOV in a GP-dependent manner as well as by

phosphatidylserine molecules present in the viral membrane that can bind to phosphatidylserine
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receptors expressed by some host cells [14—16,19]. The signaling cascades required for filovirus
uptake by macropinocytosis remain to be determined.

Macropinocytosis requires large-scale organized movements of the actin cytoskeleton
and results in the formation of macropinosomes of diameter varying from 0.2 to 10 um, which
can accommodate the size of filoviral particles [18]. Macropinosome formation requires the
generation of membrane ruffles that extend from the cell surface by the assembly of actin
filaments [20]. Most ruffles will retract, yet some will bend into cups that will close to form
macropinosomes [18]. The lipid composition of the membrane during macropinocytosis - from
ruffling, cup formation, to cup closure - is spatio-temporally regulated. For instance,
macropinocytosis often requires activation of PI3K for the production of
phosphatidylinositol(3,4,5)triphosphate (PtdIns(3,4,5)P3) and PtdIns(3,4)P>. These lipids can be
visualized at the early stages of cup formation [21]. The synthesis of Ins(1,4,5)P3 and
diacylglycerol (DAG) from PtdIns(4,5)P2 by the phospholipase Cy (PLCy) are also required.
DAG is present in the membrane of the cup at later stages of formation and activates protein
kinase Ca [21,22].

DAG kinases (DGKs) are lipid kinases that phosphorylate DAG to generate phosphatidic
acid (PA) [23]. In mammals, there are ten isoforms of DGKs. Of these, most of them are
localized, at least in part, at the plasma membrane [23]. Recent studies have suggested a role for
DGKSs in macropinocytosis; DGKC was required for efficient macropinocytosis following growth
factor stimulation [24] and loss of DGK( expression decreased infection by vaccinia virus, which
similarly to EBOV, requires macropinocytosis for viral entry [25]. Whether DGKs are implicated

in filovirus entry is currently unknown.
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Here we investigated a role for DGK activity in filovirus entry using a specific inhibitor
of DGKs, R-59-022. We found that entry of pseudotypes and viral-like particles bearing the
EBOV GP, but not those harboring the vesicular stomatitis virus (VSV)-G protein was blocked
by R-59-022 in Vero cells. The small-molecule also inhibited EBOV GP-mediated entry in bone
marrow-derived macrophages (BMDMs). Further analysis revealed that treatment of cells with
R-59-022 led to a drastic inhibition of both virus and high molecular weight dextran
internalization. Importantly, R-59-022 blocked entry mediated by multiple filoviral GPs and
growth of replication competent EBOV. Our studies suggest that R-59-022 could be used as a
tool to dissect the molecular events required for filoviral particle uptake and be a starting point
for the development of pan-filoviral inhibitors.

4.3 RESULTS
4.3.1 R-59-022 Efficiently Blocks EBOV GP-Mediated Entry into Vero Cells

To investigate a potential role for DAG kinases in filovirus entry, we first tested the
effect of a commercially available DAG kinase inhibitor R-59-022 on EBOV GP-mediated entry
(Figure 1A). Because previous studies have shown that the mucin region of GP is not required
for uptake via macropinocytosis or for cathepsin/NPC1 dependence, we used a mucin-deleted
version of EBOV GP, which allows higher viral particle yields [8,9,16]. Vero cells were treated
with increasing concentrations of R-59-022 and exposed for 4 hours to MLV pseudotypes
encoding LacZ and bearing EBOV GP or VSV G in the presence of the drug. Media was then
replaced with media containing ammonium chloride to stop further viral entry. Successful entry
and provirus integration were then assessed by measurement of 3-galactosidase activity using a
luminescent substrate. We found that the inhibitor blocked entry of EBOV pseudotypes in a

concentration-dependent manner (IC50: ~5uM, Figure 1B), but had no significant inhibitory
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effect on VSV pseudotypes even at the highest concentration tested (Figure 1B). Instead, a slight
increase in VSV pseudotype infection was observed at low R-59-022 concentrations. These
results strongly suggested that R-59-022 blocked an entry step specific to EBOV GP.

To directly test for a potential role of R-59-022 in blocking viral entry, we used viral-like
particles (VLPs) produced by co-transfection of EBOV NP and VP40 in cells. Expression of
these viral proteins leads to the production of filoviral-like particles of similar morphology and
size to those of native filoviral particles. To allow and measure virus-cell fusion of these particles
into target cells, VLPs were produced by co-transfection of plasmids encoding EBOV NP, an
EBOV VP40 construct fused with -lactamase (Blam), and EBOV GP or VSV-G. The entry of
these flam VLPs leads to the delivery of VP40-Blam into the target cell cytoplasm which can be
detected by loading cells with the Blam FRET substrate CCF2-AM. Vero cells were treated with
increasing concentrations of R-59-022 and exposed to VLPs bearing EBOV GP or VSV G in the
presence of the drug for 3 h. Delivery of VP40- flam into the target cell cytoplasm was then
assessed by labeling with CCF2-AM and analyzed by flow cytometry. Using this assay, we
observed a R-59-022 dose-dependent decrease in entry by the VLPs harboring the EBOV GP
(IC50: ~2 uM, Figure 1C). Interestingly, unlike the results of the experiments using MLV
pseudotypes, a slight decrease in VSV G-mediated entry could also be observed. However, the
decrease in entry of the VLPs bearing VSV-G was not dose-dependent (Figure 1C). This
decrease can potentially be attributed to the large size some of the filoviral-like particles can
exhibit, especially when compared to the size of MLV particles. Importantly, the inhibitor
treatment did not have a detectable effect on the viability of Vero cells even at the highest
concentration (Figure 1C). These results demonstrate that R-59-022 is an inhibitor of EBOV-GP

mediated entry.
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Figure 4.1 R-59-022 blocks EBOV GP-mediated entry in Vero cells.

12

(A) Chemical structure of R-59-022; (B, C) Measurement of GP-mediated entry in Vero cells.

Vero cells were pre-treated for 1 h with increasing concentrations of R-59-022 or vehicle and

exposed to (B) MLV pseudotypes encoding LacZ or (C) Blam VLPs harbouring the indicated

viral glycoproteins in the presence of the drug for 4 and 3 h respectively. Infection was measured

by (B) quantifying -galactosidase activity using a luminescent substrate or (C) determining the

percentage of cells with cytoplasmic flam by CCF2-AM staining and flow cytometry analysis.

Data are expressed as percentages relative to vehicle-treated cells; (C) Metabolic activity of the

inhibitor-treated cells was measured in parallel and values were normalized to vehicle-treated

cells. Data are representative of 3 independent experiments. * p < 0.05, ** p <0.01, *** p <

0.001.
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4.3.2 EBOV GP-Mediated Entry in Bone Marrow-Derived Macrophages is Inhibited by R-59-

022

One of the primary targets of EBOV in vivo is macrophages. Therefore, we next sought
to test if R-59-022 could also block EBOV GP-mediated entry in bone marrow-derived
macrophages (BMDMs). Because BMDMs are terminally differentiated and do not proliferate,
MLYV pseudotypes could not be used for these experiments as MLV requires actively dividing
cells for integration. Thus, we directly assessed EBOV GP-mediated entry in the presence of the
inhibitor using the Blam VLP bearing EBOV GP or VSV-G. BMDMs were treated with
increasing concentrations of R-59-022 and exposed to the flam VLPs in the presence of the drug
for 3 hours before staining and analysis by flow cytometry. Similarly to the results obtained with
Vero cells, we found that entry of EBOV VLPs was significantly inhibited by R-59-022 in a
dose-dependent manner (Figure 2). A reduction in the entry of the VSV-G VLPs could also be
observed, albeit at a lesser extent when compared to the EBOV GP VLPs. Unlike the decrease
obtained in the Vero cells, the slight decrease of VSV-G VLPs in the BMDMs was dose-
dependent suggesting that VSV-G entry in those cells is in part sensitive to R-59-022 (Figure 2).
Again, the drug treatment had no noticeable effect on cell viability when using Cell-Titer Glo to
measure metabolic activity of the cells (Figure 2). Taken together, our data suggest that R-59-
022 can inhibit EBOV GP-mediated entry in multiple cell types.
4.3.3 R-59-022 Interferes with Virus Internalization

EBOV entry involves multiple steps including attachment to the target cell,
internalization by a macropinocytosis or macropinocytosis-like mechanism, trafficking, cleavage
of GP by acid-dependent cathepsin proteases, and GP interaction with NPC1 [30]. To identify

the step at which R-59-022 inhibits EBOV GP-mediated entry, we first performed kinetics
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Figure 4.2 R-59-022 inhibits EBOV GP-mediated entry in bone marrow-derived macrophages.
BMDMs were pre-treated for 1 hour with increasing concentrations of R-59-022 or vehicle and
exposed to flam VLPs harbouring EBOV GP or VSV G. Infection was measured by determining
the percentage of cells with cytoplasmic flam by CCF2-AM staining and flow cytometry
analysis. Data are expressed as percentages relative to vehicle-treated cells. Metabolic activity
was measured in parallel and was also normalized to vehicle-treated cells. Data are

representative of 3 independent experiments. * p < 0.05, ** p <0.01, *** p <0.001.
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experiments to determine if the drug acted at an early or late step of viral entry. Vero cells were
exposed to flam VLPs bearing EBOV GP and R-59-022 was added at different time-points
during infection. Ammonium chloride (NH4Cl) was used as a control as this lysosomotropic
agent neutralizes the pH of the endosomes and lysosomes and therefore inhibits cathepsin
activity and potentially downstream membrane fusion events. Using this assay, we found that the
inhibitory activity of R-59-022 was lost at earlier time points when compared to that of NH4Cl
(Figure 3A). This result suggested that R-59-022 blocked an early step of EBOV GP-mediated
viral entry.

The first steps in EBOV entry are virus attachment and internalization. To assess the
ability of R-59-022 to interfere with virus attachment, we produced fluorescent VLPs, by the co-
expression of a VP40 construct fused with mCherry. Vero cells were incubated with mCherry
VLPs in the presence or absence of the inhibitor at 4°C to prevent internalization. Cells were
washed to remove unbound viral particles, and the attached VLPs were measured using flow
cytometry. Using the IC90 concentration of R-59-022, no significant difference in the extent of
virus attachment was observed in the presence drug when compared to vehicle-treated cells
(Figure 3B). To determine if R-59-022 blocked internalization, cells were incubated with
mCherry VLPs at 4°C, unbound particles were removed, and cells with mCherry VLPs were
incubated at 37°C to allow for internalization. For these experiments, 5-(N-Ethyl-N-
isopropyl)amiloride (EIPA), a known inhibitor of macropinocytosis, was used as a control. We
found that R-59-022 significantly inhibited VLP internalization at levels similar to that of EIPA
treatment (Figure 3C). To confirm that the inhibitor has the same mode of action in different cell
types, we also tested internalization of VLPs in the presence of R-59-022 in BMDMs. Again,

internalization of VLPs was significantly blocked by the inhibitor (Figure 3D). Interestingly, R-
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59-022 was even more potent than EIPA at inhibiting VLP internalization in these cells. Taken
together, our results indicate that R-59-022 interferes with EBOV VLP internalization.
4.3.4 R-59-022 Blocks Macropinocytosis in Vero Cells

Since VLPs with EBOV GP are internalized via macropinocytosis or a macropinocytosis-
like mechanism, we hypothesized that R-59-022 inhibits macropinocytosis. To test this, we
incubated Vero cells with high molecular weight fluorescently labeled dextran, known to enter
cells via macropinocytosis, in the presence or absence of R-59-022 or EIPA. As expected,
treatment with R-59-022 and EIPA reduced the number of dextran positive vesicles in cells
(Figure 4A,4B). These results indicate that R-59-022 inhibits macropinocytosis.

Our results suggest that R-59-022 blocks macropinocytic uptake of viral particles in cells.
In an attempt to determine the fate of the VLPs in the presence of R-59-022, we used live-cell
imaging to visualize the behavior of fluorescent VLPs. In addition, we sought to monitor actin
filaments using GFP-utrophin as actin rearrangements are required for macropinocytosis. GFP-
Utrophin transfected Vero cells were treated with vehicle or R-59-022 and mCherry VLPs
bearing EBOV GP were added immediately prior to imaging. Interestingly, we observed
significantly less movements of VLPs on/in the cell in the presence of R-59-022 treated cells
compared to vehicle alone (Figure 4C,4D, Videos S1-S4). While VLPs were able to attach to the
surface of the R-59-022 treated cell, these VLPs appeared to be ‘stuck’ and fewer actin cups
were observed (Videos S1-S4). In sum, we observed a defect in macropinocytic uptake of high
molecular weight dextran and reduced movements of VLPs in the presence of R-59-022.
4.3.5 R-59-022 Blocks Viral Entry of Pathogenic Filoviruses

Our data suggest that R-59-022 blocks macropinocytic uptake of EBOV VLPs. Given the

large size of all filoviruses and the dependence on triggering factors such as NPC1 located in
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Figure 4.3 R-59-022 blocks internalization of EBOV VLPs into the host cell.

(A) Time of addition assay in Vero cells with flam VLPs harboring EBOV GP. Cells were
infected at t = 0 and R-59-022 (5 uM) or NH4CI (15 mM) were added at indicated time points
post-infection. Viral entry was measured by determining the percentage of cells with cleaved
CCF2 compared to vehicle; (B) Attachment assay in Vero cells using mCherry VLPs harbouring
EBOV GP. Vero cells were pre-treated with 5 uM R-59-022 or vehicle followed by a 1-hour
incubation at 4°C with EBOV VLPs. One set of DMSO samples was trypsinized to remove
bound VLPs. Fluorescence of mCherry VLPs was measured by flow cytometry and mean
fluorescence intensity (MFI) for each sample determined using the FlowJo software; (C, D)
Internalization assay in (C) Vero cells and (D) BMDMs using mCherry EBOV VLPs. Cells were
pre-treated with 5 uM R-59-022, 30 uM EIPA, or vehicle followed by addition of VLPs and
spinoculation at 4°C. Cells were washed with cold PBS and pre-warmed media containing
inhibitor or vehicle was added. Cells with attached VLPs were incubated at 37°C for 1 h to allow
for internalization and were then moved to 4°C for 15 min. Cells were then trypsinized at 4°C for
30 min to remove non-internalized VLPs. Fluorescence of internalized mCherry VLPs was
measured by flow cytometry and mean fluorescence intensity determined using the FlowJo
software. Data are representative of 3 independent experiments. * p < 0.05, ** p <0.01, *** p <

0.001, ns: not significant.
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Figure 4.4 R-59-022 inhibits macropinocytosis in Vero cells.

(A) Vero cells were pre-treated with R-59-022 (5 uM), EIPA (30 uM), or vehicle for 30 min
followed by addition of high molecular weight fluorescein dextran and incubation at 37°C for
another 30 min. Cells were stained with Cell Tracker Blue CMAC fluorescent dye, which was
added concomitantly with the fluorescent dextran. Cells were fixed and imaged with a LSM 800
confocal microscope (Zeiss). Images are displayed as maximum intensity z-projections, bar = 10
pum; (B) Number of dextran-positive puncta per cell volume (um3) was determined using the
Imaris software (Bitplane). (C) GFP-Utrophin transfected Vero cells were pre-treated with R-59-
022 (5 uM) or vehicle for at least 30 min. The cells were then placed in an environmental
chamber (37°C, 5% CO2) and mCherry EBOV VLPs added. Immediately after VLP addition,
cells were imaged with a LSM 880 confocal microscopy (Zeiss) using AiryScan FAST on a
single z plane. Images were analyzed using tracking algorithms on Imaris software (Bitplane).
Each track represents the movement of VLPs over time. Bar =5 pm; (D) Track length and
displacement were measured (per VLP) and the number of VLPs with a displacement greater
than 2 uM were counted per time lapse image. Data are representative of 3 independent

experiments. *p < 0.05, p <0.01, *** p <0.001.
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intracellular vesicles, it is expected that all filoviruses will require uptake by macropinocytosis or
a macropinocytosis-like mechanism. Therefore, the prediction is that entry of all filoviruses will
be blocked by R-59-022. To test this, we produced Blam VLPs harboring the GP of a panel of
pathogenic filoviruses; EBOV, BDBV, SUDV, and MARYV. Vero cells were exposed to the
different VLPs in the presence of R-59-022 and entry efficiency was measured by CCF2-AM
staining and flow cytometry analysis. As expected, entry by the VLPs harboring the filovirus
GPs were potently blocked by R-59-022, while entry mediated by VSV G was not affected at the
concentration used (Figure 5A). These data indicate that R-59-022 blocks a step used by all
pathogenic filoviruses, presumably macropinocytosis, and could therefore be a pan-filovirus
inhibitor.
4.3.6 EBOV Growth is Inhibited by R-59-022

As a preliminary assessment of R-59-022 potential as an anti-filovirus therapeutic, we
tested the inhibitor for activity against replication-competent EBOV. Vero cells were treated
with different concentrations of R-59-022 and infected with EBOV Mayinga expressing GFP.
Virus growth was assessed by measurement of GFP at different time-points. Using this assay, we
found that R-59-022 could indeed block EBOV growth, although it required higher
concentrations then those used for single round infections (Figure 5B). Taken together, our
results suggest that R-59-022 can inhibit native EBOV and potentially other filoviruses.
4.4 DISCUSSION

The entry mechanism of filoviruses involves a complex series of events that culminates
with the fusion of the viral membrane with the endosomal membrane of the cell. Viral particles
need to be internalized via macropinocytosis and trafficked to endosomal compartments

containing cathepsin proteases and the viral receptor NPC1. While the molecular details of how
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Figure 4.5 R-59-022 blocks entry of pathogenic filoviruses and growth of replication-
competent EBOV

(A) Infection of Vero cells with flam VLPs harbouring the GPs of EBOV, SUDV, BDBV,
MARYV, or VSV G in the presence of 5 pM R-59-022 or vehicle. Infection was measured using
flow cytometry by determining the percentage of cells with cleaved CCF2. Data are expressed as
percentages relative to vehicle-treated cells; (B) Infection of Vero cells with replication-
competent EBOV expressing GFP at increasing concentrations of R-59-022 or vehicle. Infection
was measured by GFP fluorescence 3 days post-infection and normalized to vehicle treated cells.

Data is representative of 3 independent experiments. * p < 0.05, ** p <0.01, *** p <0.001.
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each step is regulated remain to be investigated, we report here the discovery of R-59-022, a
small-molecule inhibitor of filovirus entry. Analysis of the inhibitory mechanism of R-59-022
revealed that it prevented the macropinocytic uptake of filoviral particles, inhibited entry
mediated by multiple filovirus GPs, and blocked replicative EBOV growth.

Several lines of evidence indicate that R-59-022 is an inhibitor of macropinocytosis.
First, investigation of the kinetics of action of the inhibitor revealed that it specifically interfered
with an early step in entry (Figure 3A). Second, further analysis of attachment and internalization
of filoviral particles indicated that virus uptake was prevented in the presence of the drug (Figure
3C,3D) and live-imaging of viral particles in R-59-022 treated cells showed that viruses
remained mostly static at the surface of the cells (Figure 4C,4D). Third, internalization of high
molecular weight dextran, which is known to be primarily mediated by macropinocytosis [14],
was also inhibited in the presence of the drug (Figure 4A,4B). Finally, while R-59-022 blocked
entry mediated by all filovirus GPs tested (Figure 5A), it had no striking effect on VSV G-
mediated entry which was shown to be internalized via clathrin-dependent endocytosis [31].
Interestingly, low concentrations of R-59-022 caused a small increase in VSV MLV pseudotype
infection (Figure 1B). Whether low concentrations of R-59-022 can increase clathrin-mediated
endocytosis remains to be determined. In contrast, we did observe a slight reduction in the entry
of filoviral-like particles harbouring VSV G (Figure 1C). Given that these particles will exhibit
the characteristic heterogenous filamentous morphology of EBOV, which can reach 1000 nm in
length, it is expected that vesicles formed by clathrin-coated pits will be unable to accommodate
the viral particles with larger sizes. Indeed, the biggest particles should only be able to enter cells
via macropinocytosis or phagocytosis regardless of the viral glycoprotein expressed at their

surface. Consequently, the slight decrease in VSV G-mediated entry of filoviral-like particles can
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be explained by a block of internalization of a small fraction of the heterogenous particle
population that comprises particles that are too large and require uptake by macropinocytosis.
Therefore, our studies identify R-59-022 as a macropinocytosis inhibitor.

R-59-022 adds to the known repertoire of macropinocytosis-targeting EBOV inhibitors.
Commonly used macropinocytosis inhibitors for viral entry include EIPA and Latrunculin A (Lat
A). Each, however, have their own limitations and drawbacks. For example, EIPA, an analogue
of the prototypical amiloride, is an inhibitor of Na+/H+ exchange that must be used at high
concentrations of at least 25 uM, increasing off-target effects and reducing specificity. In
addition, a study using sensitive pH nanosensors has also showed that amiloride treatment leads
to change in endosomal pH [32]. With regards to Lat A, being a natural product that sequesters
monomeric actin, it interferes with cell morphology and cytoskeletal homeostasis in addition to
blocking macropinocytosis [33]. Although more characterization of the mode of action R-59-022
is required, R-59-022 has the potential to be a useful tool for the study of macropinocytosis.
Our results show that R-59-022 inhibited the uptake of filoviral particles in both Vero cells and
BMDMs. Interestingly, BMDMs can potentially also internalize the VLPs by phagocytosis
which is a process that closely resembles macropinocytosis [18]. Analysis of EBOV GP-
mediated entry of VLPs in the presence of R-59-022 revealed that the drug inhibited entry
completely at 10 uM. While more work needs to be done, these results indicate that R-59-022
can inhibit macropinocytosis in multiple cell types and can also potentially interfere with
phagocytosis. In addition, since R-59-022 blocked high molecular weight dextran uptake, this
suggest that R-59-022 could also inhibit other viruses in addition to large molecules and
complexes. Future studies will be needed to determine if R-59-022 can also inhibit other

intracellular pathogens that utilize macropinocytosis and/or phagocytosis to enter the host cell.
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Previous studies have demonstrated that EBOV triggers signaling cascades during viral
entry. Cellular signaling proteins, such as Akt, PI3K, and the PIKfyve/ArPIKfyve/Sac3 complex,
were shown to be activated during EBOV entry and involved in the intracellular trafficking and
delivery of viral particles to vesicles containing NPC1 [34,35]. However, how EBOV regulates
and/or induces macropinocytic uptake remain to be fully elucidated. Previous studies have
shown that AMP-activated protein kinase is required for uptake of EBOV in multiple cell types
[36]. More recently, the exchange protein directly activated by cAMP was also shown to be
important for EBOV uptake in endothelial cells [37]. R-59-022 targets DGKs, which are
relatively uncharacterized regulators of macropinocytosis, and represents to our knowledge the
first evidence that EBOV could require these host enzymes. Future studies will be focused on the
validation of the antiviral target of R-59-022 and investigation into a possible role for the ten
different DGK isozymes in filovirus entry.

In this study, we have identified a small-molecule that blocks filovirus infection. To date,
there are no FDA-approved antiviral therapies for EBOV or other filoviruses, highlighting the
need for the identification of new small- molecule inhibitors of infection. We have found that R-
59-022 is an inhibitor of filovirus internalization, therefore representing a potential starting point
for the development of a pan-filovirus therapy.

4.5 MATERIALS AND METHODS
Cell Culture

HEK293T and Vero cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Wisent Bioproducts, Saint-Bruno, QC, Canada) and Minimum Essential Medium
(MEM, Sigma-Aldrich, St. Louis, MO, USA) respectively, and supplemented with 10% Fetal

Bovine Serum (FBS, Sigma-Aldrich), 0.3 mg/mL L-glutamine, 100 U/mL penicillin, and 100
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pg/mL streptomycin (Wisent). Cells were maintained at 37°C in 5% CO2 at 100% relative
humidity. Bone marrow-derived macrophages (BMDMs) were isolated and differentiated as
described previously [26]. Briefly, mice were euthanized, musculature and connective tissue
removed from the tibia and femur, and the bones cut at each end. The bones were placed in a
tube containing a hole at the bottom, centrifuged, bone marrow cells re-suspended in DMEM
supplemented with 10% FBS (Wisent), penicillin and streptomycin (Hyclone, GE Healthcare,
Chicago, IL, USA), and were filtered through a 40 um filter. Cells were differentiated into
macrophages in 20% L929-conditioned media and plated for 7 days. On day 8, cells were seeded
into 48-well plates and were placed in Roswell Park Memorial Institute medium (RPMI,
Wisent), supplemented with 10% FBS (Sigma-Aldrich), 0.3 mg/mL L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin. All animal procedures were approved by the University
of Ottawa Animal Care Committee.

Inhibitors and Plasmids

5-(N-ethyl-N-isopropyl)-Amiloride (EIPA, Cayman chemical, Ann Arbor, MI, USA) and
R-59-022 (Cayman chemical) were prepared in DMSO, aliquoted, and stored at —80°C.
Ammonium chloride (Sigma-Aldrich) stock solutions of 1.5M were prepared in water and
filtered with 0.22 pm syringe filters.

All plasmids encoding the different virus envelope proteins (EBOV Amucin GP, BDBV
Amucin GP, SUDV Amucin GP, or MARV GP and VSV G) described previously [27], the
packaging plasmid MLV gag/pol, and the MLV retroviral vector encoding LacZ were kind gifts
of Dr. James Cunningham, Brigham and Women’s Hospital. Plasmids encoding EBOV NP and

EBOV VP40-B-lactamase were kind gifts of Dr. Lijun Rong, University of Illinois. The
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mCherry-EBOV VP40 plasmid was a gift from Dr. Judith White (Addgene plasmid # 74421)
[28].

Virus Pseudotype and Viral-Like Particle Production

To prepare murine leukemia virus (MLV) pseudotypes, 293 T cells were co-transfected
with a MLV retroviral vector encoding LacZ, the packaging plasmid MLV gag/pol, and a
plasmid encoding the viral glycoprotein of interest (filoviral GP or VSV G). Transfection was
performed using the jetPRIME transfection reagent (Polyplus transfection, Illkirch, France)
according to the manufacturer’s protocol and at a 1:1:1.15 (LacZ:GagPol:GP) ratio. Supernatants
were harvested at 48, 72, and 96h post-transfection followed by virus concentration by
ultracentrifugation (20,000 RPM, 4°C, 1.5h, Beckman Coulter Optima XPN-100, SW32Ti rotor)
through a 20% (w/v) sucrose cushion. Concentrated virus was resuspended in PBS, aliquoted,
and stored at —80°C.

To prepare EBOV viral-like particles (VLPs), 293T cells were co-transfected with
plasmids encoding the EBOV nucleoprotein (NP), EBOV VP40 fused to B-lactamase ([Jlam) or
mCherry, and the viral glycoprotein of interest (EBOV Amucin GP, BDBV Amucin GP, SUDV
Amucin GP, or MARV GP) at a 1:1:1.15 ratio. Transfection and virus concentration was
performed as described above.

Virus Entry and Cell Viability Assays

For MLV infection assays, Vero cells were seeded onto white 96-well plates and grown
to approximately 60% confluency. Cells were pre-treated for 1h with inhibitor or vehicle
(DMSO, 0.01%) in serum-free MEM containing 5 pg/mL polybrene. Virus was added to pre-
treated cells and infection allowed to proceed. Four hours post-infection, the media was replaced

with phenol-red free complete DMEM containing 15 mM NH4Cl and incubated overnight. Cells
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were then grown for an additional 48h in phenol-red free complete DMEM without NH4Cl.
LacZ+ cells were quantified 72 h post-infection using the Beta-Glo Assay System (Promega,
Madison, WI, USA) following the manufacturer’s protocol. Luminescence was read using a
Synergy Neo2 Multi-Mode plate reader (BioTek, Winooski, VT, USA).

For VLP entry assays, Vero cells or BMDMs were seeded onto clear 48-well plates and
grown to approximately 90% confluency. Cells were pre-treated for 1h with inhibitor or vehicle
in serum-free MEM (for Vero cells) or serum-free RPMI (for BMDMs) followed by the addition
of VLPs. Three hours post-infection, cells were stained for 2 h at room temperature. Staining
solution was prepared using the CCF2-AM kit (ThermoFisher, Waltham, MA, USA) according
to the manufacturer’s protocol and supplemented with 15 mM NH4Cl and 250 uM probenecid
(Sigma-Aldrich). After staining, cells were washed, trypsinized, and prepared for analysis by
flow cytometry (FACSCelesta, BD Biosciences, Franklin Lakes, NJ, USA). Infection was
quantified using the FlowJo software by assessing the percentage of cells with cleaved CCF2
(shift from 530 nm to 460 nm emission) compared to uninfected samples. Cell
viability/metabolic activity was also measured 4h post-inhibitor incubation using the CellTitre-
Glo assay system (Promega) according to the manufacturer’s protocol. Luminescence was read
using a Synergy Neo2 Multi-Mode plate reader (BioTek).

Time of Addition Assay

Vero cells were seeded onto clear 48-well plates and grown to approximately 90%
confluency. Media was changed to cold serum-free MEM and cells incubated at 4°C for 15 min.
Blam VLPs were added on ice and attached to the surface of the cells by centrifugation at 300 x g
for 30 min at 4°C. Inhibitors or NH4Cl were added at the time of infection (0 h) or various time

points post-infection (15 min, 30 min, 60 min, 120 min, 150 min). For the DMSO control,
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vehicle was added at the 0 h time point. The infection was allowed to proceed and samples
analyzed by flow cytometry as described above.

Virus Attachment Assay

Vero cells were detached using 0.5 mM EDTA in phosphate buffered saline (PBS),
counted, and 100,000 cells were aliquoted into tubes. Cells were spun down, re-suspended in 2%
FBS in PBS containing inhibitor or vehicle, and incubated at 37°C for 30 min. Cells were then
incubated at 4°C for 15 min, followed by addition of mCherry VLPs and incubation at 4°C for 1
h. Cells were washed twice with cold PBS, re-suspended in cold 2% FBS in PBS, and mCherry
fluorescence analyzed by flow cytometry (Celesta, BD Biosciences). In the trypsinized
condition, 0.05% trypsin was added after the cold PBS washes and incubated for 5 min at room
temperature prior to centrifugation and resuspension in cold 2% FBS in PBS.

Virus Internalization Assay

Vero cells or BMDMs were seeded onto clear 48-well plates and grown to approximately
90% confluency. Cells were pre-treated for 30 min with inhibitor or vehicle in serum-free MEM
(for Vero cells) or serum-free RPMI (for BMDMs). Cells were incubated at 4°C for 15 min and
mCherry VLPs added and attached to the surface of the cells by centrifugation at 300 x g for 30
min at 4°C. Unbound VLPs were washed with cold PBS followed by the addition of media
containing pre-warmed inhibitor or vehicle and cells were incubated at 37°C for 1 h. For the 4°C
control, cold media was added after the PBS wash instead of pre-warmed media and the
incubation was maintained at 4°C for the duration of the assay. After 1h, the cells were again
washed with cold PBS and incubated at 4°C with 0.5% trypsin for 30 min. Samples were
prepared and mCherry fluorescence analyzed by flow cytometry (Celesta, BD Biosciences).

Dextran Internalization Assay
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Vero cells were seeded onto coverslips and grown to approximately 60% confluency.
Cells were pre-treated for 1 h with inhibitor or vehicle in serum-free MEM, followed by a 30 min
incubation with Dextran-Fluorescein (10,000 MW, Anionic, 1 mg/mL, ThermoFisher) and
CellTracker Blue CMAC Dye (ThermoFisher). Cells were washed, fixed, and imaged by
confocal microscopy (LSM800 AxioObserver Z1, Zeiss, Oberkochen, Germany). Image analysis
was performed using Imaris image analysis software (Bitplane, Zurich, Switzerland) whereby
dextran containing vesicles were modeled as spots and counted for each cell.

Live-Cell Imaging of VLPs and Actin

Vero cells were seeded to approximately 70% confluency and transfected with a plasmid
encoding GFP-Utrophin, a gift from William Bement (Addgene plasmid # 26737) [29], using
jetPRIME transfection reagent (Polyplus transfection) according to the manufacturer’s protocol.
Twenty-four hours post-transfection, cells were re-seeded onto chamber slides (Lab-Tek, Scotts
Valley, California, USA) to about 60% confluency. The next day, cells were pre-incubated with
inhibitor or vehicle and mCherry EBOV VLPs were added. Live-cell imaging was performed
immediately after addition of VLPs and proceeded for no longer than 30 min. The live imaging
was performed on a Zeiss LSM 880 AxioObserver Z1 confocal microscope using AiryScan
FAST mode on a single z plane. The environmental control chamber was set to 37°C, 5% CO2
and a 63x/1.4NA oil objective was used. Image analysis was performed using Imaris software
(Bitplane) by tracking modeled VLPs as spots over time using the Brownian motion tracking
algorithm.

Replication-Competent Virus Growth Assay

VeroE6 cells were seeded in clear bottom, black well tissue culture plates (Corning,

Kennebunk, ME, USA) to be 80% confluent at the time of infection. The cells were treated with
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different concentrations of R-59-022 and infected with EBOV (strain Mayinga), expressing
enhanced-GFP, at a multiplicity of infection of 0.1. Virus growth was assessed by measurement
of GFP at different time-points using a BioTek Synergy/HTX plate reader with excitation at 485
nm and emission at 516 nm. Experiments with replication-competent EBOV were performed in
the Biosafety Level 4 facility at the National Microbiology Laboratory at the Public Health
Agency of Canada.

Statistical Analysis

Statistical analysis was performed using Prism (GraphPad Software, San Diego, CA,
USA). T-tests were performed for figures 1,2 and 4D and one-way ANOVA was used for figures

3B-D. Data in all figures are means + standard deviation.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Video

S1: DMSO A, Video S2: DMSO B, Video S3: R-59-022 A, Video S4: R-59-022 B.
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Chapter 5: General Discussion and Future Directions

5.1 SUMMARY OF FINDINGS AND FUTURE DIRECTIONS

EBOV entry is a multistep process requiring attachment, internalization, and trafficking
to late endosomes and lysosomes where the EBOV GP fusion triggering factors are localized.
Since EBOV can infect almost all cell types, it must employ mechanisms to trigger its
internalization and facilitate its endolysosomal trafficking. The overarching goal of this thesis
was to identify signaling pathways that EBOV activates or otherwise utilizes during entry to
ensure delivery of the ribonucleocapsid to the cytosol. The work described in this thesis outlines
the identification of several kinases, namely RTKs, SKs, and DGKs, whose activities are critical
for EBOV entry and as such, can be targeted and inhibited by small molecules. Notably, two
small molecule inhibitors identified and characterized in our studies, Gefitinib and FTY 720, are
already FDA-approved for cancer and multiple sclerosis respectively, and thus serve as valuable
candidates for antiviral development.

In Chapter 2, we employed a chemical biology approach and screened a kinase inhibitor
library to identify kinases and signaling pathways required for EBOV and/or MARYV entry, and
to identify novel inhibitors of EBOV entry. In addition to identifying kinases already known to
be required for EBOV entry, we also identified some kinase inhibitors and their targets that were
not previously implicated to be involved in filovirus entry. In the remainder of Chapter 2, we
further characterized a set of RTK inhibitors identified in the screen, while in Chapter 3 we
investigated a different set of hits — inhibitors of sphingosine kinases and sphingosine-1-
phosphate receptors.

Our small molecule screen sits among a long list of others and with our kinase inhibitor

library consisting only of 418 compounds, it was far from an exhaustive study of all possible
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host kinases that could be involved in EBOV entry (62, 63, 120, 237-244). Despite this, our
approach did allow for the identification of novel host factors involved in EBOV entry and by
only targeting kinase inhibitors, we were able to strategically set the experimental conditions of
our screen. For example, we screened in the absence of serum to minimize the effect of signaling
induced by growth factors used to culture cells and we chose a screening concentration of 1 uM
because most of the kinase inhibitors in our screen were already optimized to be highly specific
to their target, with IC50 values in the low nanomolar range. This was in contrast to many other
large-scale screens, even those of FDA approved drugs (eg. Lee et al. (243), or Basu et al. (239)),
that are conducted at concentrations of 10 uM or higher. Additionally, many of the kinase
inhibitors in our screen were developed to treat cancer, and thus developed to induce cell death.
Therefore, screening at a lower concentration may have allowed us to identify compounds or
groups of compounds that may be missed in other screens due to inherent cytotoxicity. While
some of the signaling pathways identified in our screen were identified by other groups, such as
Lee et al.’s identification of the EGFR signaling pathway, we were able to see an enrichment of
RTK inhibitors as a whole in our hits and this lead to a clear line of further investigation (243). It
is also relevant to note that our screen did not cover all of the 538 protein and lipid kinases in the
human kinome and thus further exploration is recommended to identify other signaling pathways
involved in EBOV entry (245).

In addition to the small size of our screen, another major limitation is off target effects
and the possibility that the antiviral target is not the same as the known target of the compound.
While screening using a genetic approach may have solved this problem, none of the genetic
screens conducted by other groups have identified RTKs or SKs as hits (63, 120, 242, 244, 246,

247). This may be due to the deleterious effects of knocking down kinases important for cell

160



growth but may also be due to built-in redundancy. For example, we saw that the RTK inhibitors
exerted a dominant negative effect and therefore simply knocking out or knocking down a single
RTK would be unlikely to result in a reduction in infection because other RTKs can likely
compensate. In the case of the SKs, SK1 and SK2 are known to compensate for one another —
while a double knockout is embryonic lethal in mice, a single knockout has no obvious
phenotype (248). In our follow up studies, we did attempt to verify the antiviral targets using
genetic approaches, however we were only successful with the SKs. More work needs to be done
to confirm the antiviral targets of our other screen hits.

In the remainder of Chapter 2, we investigated the role of RTK signaling in EBOV entry
and further characterized select RTK hits by determining their mode of action and antiviral
profiles. We found that the RTK inhibitors blocked entry mediated by the GPs of other
pathogenic filoviruses by preventing trafficking of virions to entry conducive intracellular
compartments. Furthermore, treatment with RTK inhibitors abrogated EBOV VLP induced Akt
phosphorylation, a kinase known to be downstream of RTKs and that was previously reported to
regulate endosomal trafficking of EBOV (184). Interestingly, another study proposed that
phosphorylation of the host trafficking factor, PIKfyve, by EGF-activated Akt, promotes
degradation of EGFR, thus suggesting a possible feedback mechanism for terminating RTK
signaling (185). By activating RTKs during entry, EBOV may exploit this mechanism to
promote its delivery to degradative endosomal compartments where its triggering factors are
localized. We also found that EBOV-induced Akt activation can occur in the absence of EBOV
GP. This led us to hypothesize that RTK activation could occur via PS binding to TAM RTKs
and subsequent hetero-or-oligomerization of TAM RTKSs with other RTKs, such as EGFR. This

could also help explain why each RTK inhibitor can almost completely block EBOV entry, as
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inhibiting one RTK would have the dominant negative effect of inhibiting both RTKs in the
heterodimer.

A major caveat of this study is that we did not directly demonstrate that RTKs are
activated by EBOV. Although we did attempt this through immunoblotting and proximity
ligation assay, the signal to noise ratio between mock and VLPs, in addition to the limited
sensitivities of these assays, proved very problematic. Furthermore, according to our model it is
unlikely that EBOV discriminates among different RTKSs, lowering even further the probability
of detecting phosphorylation of a given RTK at a given time. By examining a downstream
kinase, we were able to take advantage of signal amplification, increasing our signal to noise
ratio in addition to solving the problem of choosing one specific RTK to probe. Whether EBOV
may preferentially activate certain RTKs, for example if a given RTK is more likely than another
to heterodimerize with TAM RTKSs, is a question that remains unanswered.

Our study was not the first to identify inhibitors of RTKSs, particularly EGFR, as anti-
EBOV agents (eg. (243, 249, 250)). In addition, while our manuscript presented in Chapter 2 was
under review, Kuroda et al. published a complementary article whereby they screened a library
of RTK inhibitors, demonstrated that knockdown of RTKSs in Huh7 cells reduced infection by
EBOVAVP30 and showed that stimulation with EBOVAVP30 increases phosphorylation of the
RTK HER2 and Akt (251). They also found that HER2 and TAM receptors colocalize during
EBOV entry, and therefore suggested that this interaction stimulates macropinocytosis of EBOV
since the TAM receptors were previously shown to enhance EBOV internalization (56, 251).
While other viruses such as IAV and HSV-1 may utilize RTKs to promote macropinocytosis, our
results specifically demonstrate that EBOV internalization is not affected by the RTK inhibitors

(198, 213). Rather, we propose that EBOV activates RTK signaling through interaction with PS
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on the viral envelope and TAM RTKs, which promotes endocytic trafficking of the virion to
degradative compartments that contain NPC1 at the limiting membrane. Our study, in
conjunction with Kuroda et al., demonstrates that EBOV activates RTK signaling during entry to
promote activation of the PI3K/Akt pathway, which is required to facilitate endocytic trafficking
of EBOV to entry conducive intracellular compartments.

In Chapter 3, we followed up on inhibitors of SKs and S1PRs that were identified in the
kinase screen and further characterized the role of SK signaling in EBOV entry. We found that
knockdown of SK1 or SK2 reduces entry of EBOV VLPs, suggesting that the antiviral targets of
the inhibitors are indeed SKs. Mechanism of action studies suggested that the SK inhibitors
prevented trafficking of EBOV to NPC1, with the SK1 inhibitor, PF-543, slightly reducing virion
internalization as well. We also found that addition of extracellular S1P does not rescue
inhibition of entry mediated by the SK inhibitors, suggesting that SIPR signaling is not required
for EBOV entry. This finding was somewhat surprising as FTY720 is touted as a SIPR inhibitor,
however studies also suggest that FTY720 acts as a competitive inhibitor of SK2 (252, 253).
Notably, other studies have also implicated SKs in regulating endocytosis and endocytic
membrane trafficking independent of S1PR signaling, however mechanistic details remain
largely uncharacterized (254-256).

While our study and others show a clear connection between SKs and the regulation of
endocytic membrane trafficking, many questions remain to be answered. For example, are there
intracellular targets of S1P that are involved in regulating endocytic membrane trafficking or do
SKs help regulate the lipid composition of endosomes, such as levels of sphingosine, which may
be important for regulating endosome maturation and trafficking? Interestingly, Lima et al. found

that treatment of cells with sphingosine or sphingosine mimetics, such as SK1-I or FTY720,
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results in the accumulation of enlarged Rab7a positive late endosomes and that treatment with
PF-543 delays clearance of sphingosine induces vacuoles (255). We can infer similar results as
infection mediated by IAV HA, which undergoes fusion in Rab7 positive late endosomes, was
increased in the presence of SK1 inhibitors (257). These data suggest that SK activity and
maintaining certain concentrations of sphingosine in endosomes may be important for regulating
late endosome-lysosome fusion. Interestingly, Lima et al. also demonstrated that increasing
levels of sphingosine resulted in recruitment of endophilin B1, which others have shown can
bind to and activate ultraviolet radiation resistance associated gene (UVRAG), a protein that is
known to both be important for EBOV entry and regulating late endosome/lysosome fusion (61,
255, 258, 259). Therefore, it is possible that through regulating the activity of UVRAG, SKs can
regulate late endosome/lysosome fusion.

The results from the virus panel also raise an interesting question with regards to whether
SK1 and 2 play redundant roles in regulating endocytosis and trafficking. SK1-I did not reduce
infection mediated by Junin GP, while PF-543 and FTY720 inhibited entry by about 50% at
EBOV IC90 concentrations. Junin is known to enter cells via clathrin coated pits and undergo
fusion in early and late endosomes (260). Interestingly, while PF-543 is fairly specific to SK1, it
can also inhibit SK2, however SK1-I does not inhibit SK2 (261-263). It is possible that Junin
virus can utilize either SK1 or SK2, therefore only an inhibitor that can target both, such as PF-
543 or FTY720, would have an effect. Alternatively, Junin virus entry may be dependent on SK2
but not SK1. If this is the case, it may suggest that SK1/2 play differing roles in regulating
endocytosis and/or endocytic membrane trafficking.

In Chapter 4, we investigated the mechanism of action of diacylglycerol kinase inhibitor,

R-59-022. Our results from Chapters 2 and 3 further characterize how EBOV regulates endocytic
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membrane trafficking, however the signaling cascades required for filovirus uptake by
macropinocytosis remain largely uncharacterized. While R-59-022 was not a kinase inhibitor
present in our screen, studies performed by Abramovici et al. and Ard et al., demonstrated that
diacylglycerol kinase { (DGKJ{) functioned upstream of Pak1 and Racl1, kinases previously
implicated to be important for macropinocytosis of EBOV (264-266). They found that
knockdown of DGKC in fibroblosts resulted in defective growth factor induced macropinocytosis
and reduced macropinocytosis of vaccinia virus (266). Similarly, we found that inhibition of
DGKs by R-59-022 drastically reduced internalization of EBOV in both Vero cells and
macrophages. Live cell imaging studies demonstrated decreased actin rearrangements in the
presence of the inhibitor and fewer macropinocytic cups were observed following addition of
EBOV VLPs. Whether EBOV activates or promotes DGK activity during entry remains to be
determined. Additionally, since humans have 10 DGK isoforms, future studies with knockdown
or knockout of DGKs would be prudent to both confirm the antiviral target and delineate which
isoforms are required for regulating macropinocytosis (267, 268).

Taking these studies together, we propose a model for EBOV entry whereby host cell
kinases and virus-induced signaling cascades act in concert to promote macropinocytosis and
delivery of EBOV VLPs to entry conducive intracellular compartments (Figure 5.1). In this
model, the catalysis of DG to PA by DGKs promote macropinocytosis of EBOV. Furthermore,
SKs are known to associate with PA rich membranes, therefore the presence of PA also likely
promotes the recruitment of SKs to macropinosomes or early endosomes. Here, SK activity is
required to regulate late endosome-lysosome fusion and ensure delivery of EBOV to entry-
conducive intracellular compartments. Furthermore, EBOV activates RTK signaling during entry

to promote activation of the PI3K/Akt pathway, which directs EBOV trafficking to degradative
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compartments. In sum, we found that EBOV can activate host cell signaling pathways during
entry but also depends on functional steady-state signaling to ensure efficient delivery of the
ribonucleocapsid to the cytoplasm.
5.2 POTENTIAL FOR ANTIVIRAL DRUG DEVELOPMENT

Today in 2021, the emergence of SARS-CoV-2 and the COVID-19 pandemic painfully
highlights the undisputed need for broad-spectrum, host directed antiviral therapies. Despite the
fact that in the last decade alone, two other epidemics caused by new emerging viruses have
occurred — MERS in 2012 and Zika virus in 2016 — 89% of antiviral therapies approved for use
are direct acting antivirals, and therefore unlikely to be effective against future emerging
pathogens (269). This is because direct acting antivirals are developed to antagonize viral
proteins and are therefore highly specific to the virus in question. While direct acting antivirals
are generally very well tolerated and have been revolutionary in the treatment of viruses such as
HIV and HCV, they take years to develop and are not a practical solution to treat emerging
viruses efficiently (270). As is true for the development of any drug, concerns surrounding host-
directed antiviral therapies are generally centered around balancing toxicity and efficacy.
However, one needs to also consider that infections by emerging pathogens such as Ebola often
cause acute but severe disease, and in some cases concerns over short-term toxicity may have to
be weighed against the lack of other treatment options if said therapeutic is proven efficacious
(270). Furthermore, while host-directed antivirals may not be as potent as virus-directed
antivirals, evidence suggests that reducing the viral load gives patients a better chance at survival
and could be critical to increasing survival rates in situations such as the current COVID-19

pandemic (271-274).
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Figure 5.1 Proposed model of signaling pathways involved in EBOV entry presented in this

thesis

Proposed role of diacylglycerol kinases, sphingosine kinases, and receptor tyrosine kinases in

EBOV entry. Created using Biorender.com.
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Host proteins involved in viral entry are attractive targets for the development of host-
directed antivirals because viruses from different families often utilize similar host proteins and
pathways to gain access to cells. Furthermore, targeting host proteins also decreases the
likelihood that resistant viruses will arise. A few attempts have been made to develop host-
directed viral entry antivirals, however most have been deemed too cytotoxic; examples of these
include small molecules such as chloroquine that reduce acidification of endocytic vesicles or
cytochalasin B which interferes with actin polymerization (270). A possible solution to this may
be to identify synergistic drug combinations whereby the individual dose of each drug required
to inhibit infection is reduced due to antiviral synergy (275). In addition, developments in
research on viral entry over the past decade have identified other compounds or therapies, such
as Bavituximab — a monoclonal antibody targeting PS — that may be more promising and pose
fewer side effects (276). In this thesis, we describe some small molecules, several of which are
already FDA-approved, that could be pursued in the development of host-directed antiviral
therapies.

Since many viruses have been shown to utilize RTK signaling during entry — to promote
internalization, trafficking, and to prepare the cell for subsequent infection — targeting RTKSs has
the potential to be a viable antiviral strategy. Furthermore, there are many RTK targeting
monoclonal antibodies and small molecule inhibitors that are already FDA approved for other
uses. For example, one of the small molecules discussed in this thesis, Gefitinib, which is sold
under the brand name Iressa, is FDA-approved for treatment of certain cancers and since many
viruses have already been shown to utilize EGFR signaling during entry, it could be an viable
option to test in animal models (195, 198, 211, 213, 277-279). Many monoclonal antibodies

against RTKs, including EGFR, are FDA-approved for use in cancer, however due to the
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mechanism by which most viruses activate RTK signaling — that is via directly or indirectly
inducing relatively non-specific RTK clustering — it is unlikely that targeting the extracellular
domain of one RTK will be an effective treatment (280). Rather, we have shown that, at least for
filoviruses, small molecules that target the intracellular tyrosine kinase domains exert a dominant
negative effect by preventing cross-activation. Targeting RTKSs likely will not completely inhibit
infection in vivo, however they may be effective at reducing viral load and could potentially be
used in combination with other antiviral drugs.

In this thesis, we also identified inhibitors of SKs and DGKs that are effective at
preventing infection EBOV and other late penetrating viruses. Interestingly, FTY 720, which is
sold under the name Gilenya®, is FDA-approved for treatment of multiple sclerosis due to its
immunomodulatory effects (252, 281, 282). In the early stages of the COVID-19 pandemic, a
clinical trial (NCT04280588) was announced for FTY 720 after a patient who was taking it for
MS had a very favourable outcome for COVID-19 despite its immunomodulatory effects;
unfortunately, the trial was recently withdrawn due to lack of participants (283, 284). This said,
we show that FTY720 inhibits the entry of many late penetrating viruses, and other work has
shown that it inhibits multiple stages of the HIV life cycle, suggesting that it may be a good
candidate for antiviral development (285). In addition to FTY720, another sphingosine kinase 2
inhibitor, ABC294640, marketed under the brand name Opaganib, is under phase II clinical trials
for COVID-19 (NCT04414618 and NCT04467840) and preclinical data have suggested both
antiviral and anti-inflammatory effects for both SARS-CoV-2 and TAV (286, 287). Our lab has
also shown that ABC294640 inhibits EBOV GP-mediated entry (data not shown). The antiviral
and anti-inflammatory effects observed with SK2 inhibition may uniquely make SK2 inhibitors

useful for treating viruses that trigger cytokine storms and dysregulated immune responses, such
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as SARS-CoV-2 and EBOV. The results of these clinical trials will provide valuable insight into
whether targeting SKs are an effective treatment strategy for COVID-19, and if so, it is likely
that targeting SKs would be an effective treatment for other viruses as well.
5.3 CONCLUDING REMARKS

Today in the year 2021, in the face of the COVID-19 pandemic, researchers and
clinicians around the world have scrambled to rapidly develop effective therapeutics against
SARS-CoV-2; furthermore, the overwhelming socioeconomic and public health impacts are a
grim reminder of our general lack of preparedness for treatment of emerging pathogens. Because
many viruses utilize similar host factors during their infectious cycle, identifying and
characterizing these host factors is critical for the development of antiviral therapeutics. In this
thesis, we describe and characterize multiple kinases that EBOV and other late-penetrating
viruses utilize to enter host cells. We demonstrate that EBOV can regulate its endolysosomal
trafficking through RTK signaling during entry and speculate that activation of these pathways
also prepares the cell for subsequent viral replication. Furthermore, we found that inhibiting SKs
and DGKs prevents entry of EBOV by disrupting endolysosomal trafficking and
macropinocytosis respectively. Through carefully elucidating the mechanism of action of these
kinase inhibitors, we hope that this work may serve to support the development of broad-
spectrum antiviral therapeutics to help prevent the catastrophic outcomes caused by emerging

and re-emerging viruses.
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Appendix 2: Kinase inhibitor screen data

Relative Transduction %

Relative Metabolic
Activity (%) VsV EBOV MARV
Average Average Average Average
Compound Biocl)c]::ical StDev Biocl)c]::ical StDev Biocl)c]:g;sical StDev Biocl)czsical StDev
Replicates Replicates Replicates Replicates
10058-F4 101.38465 | 4.01687 | 80.64663 | 13.73983 | 82.97597 | 35.75337 | 92.82135 | 12.76816
3-Methyladenine 96.52078 | 2.76439 | 79.55451 | 21.66758 | 102.09809 | 26.36324 | 70.60587 | 26.51139
6HO5 109.25935 | 7.69951 | 116.46682 | 11.61117 | 97.28841 | 17.56917 | 109.84352 | 15.96114
AB6 111.58758 | 2.76560 | 122.60194 | 30.16000 | 109.22141 | 42.44553 | 110.35404 | 17.67778
A-674563 83.56000 | 7.18237 | 17.91867 | 18.12285 | 24.90531 | 20.55261 | 9.39051 | 7.05393
A-769662 110.58037 | 1.98785 | 136.46148 | 26.71529 | 103.99129 | 43.38762 | 115.75431 | 15.30108
AC480 (BMS-599626) | 103.01083 | 10.06641 | 100.96556 | 24.45818 | 118.66853 | 18.49940 | 91.26788 | 29.27130
Acadesine 100.54551 | 12.75366 | 86.54645 | 16.36592 | 102.66589 | 19.52073 | 81.98653 | 21.32748
AEE788 (NVP-AEE788) | 103.87812 | 10.64516 | 95.81079 | 29.08921 | 74.57837 | 28.70442 | 56.08167 | 16.61434
Afatinib (BIBW2992) 101.10281 | 8.39993 | 52.41046 | 10.18281 | 24.83941 | 5.37641 | 38.45545 | 10.95866
AG-1024 92.25595 | 21.74740 | 55.58932 | 24.19032 | 90.53760 | 38.27227 | 64.73805 | 29.91564
ﬁg:]gg)mrphos“” 106.42508 | 5.21439 | 90.06759 | 22.38899 | 87.21654 | 25.55501 | 70.51560 | 17.96818
AG-18 112.36551 | 3.58822 | 157.26403 | 20.57895 | 86.80808 | 16.02227 | 128.54619 | 12.03011
sz';‘go (Tyrphostin 10376839 | 1.36256 | 99.13061 | 14.37101 | 95.67832 | 31.38592 | 75.98468 | 17.90375
Akti-1/2 96.63250 | 9.99014 | 111.69541 | 4.56893 | 119.74376 | 19.48625 | 110.62360 | 7.74510
Alisertib (MLN8237) 111.97303 | 5.18691 | 122.21038 | 32.23344 | 96.84831 | 9.20813 | 93.83565 | 24.45851
AMG319 90.80508 | 7.78918 | 85.83909 | 16.03743 | 77.39213 | 47.13290 | 72.66028 | 15.81803
AMG-458 97.67651 | 3.58971 | 71.86879 | 17.75351 | 109.17129 | 29.61005 | 67.72617 | 30.28394
AMG-900 108.74404 | 7.61201 | 21.99326 | 13.89009 | 21.19579 | 16.05189 | 24.56203 | 4.76139
Amuvatinib (MP-470) 95.19381 | 22.24319 | 47.63724 | 20.65568 | 71.46251 | 19.59406 | 60.75364 | 22.74236
ANA-12 110.85999 | 12.61655 | 137.86295 | 5.16578 | 121.15930 | 29.23226 | 124.66706 | 29.79449
Anacardic Acid 97.19709 | 5.10879 | 87.20130 | 18.72461 | 82.04095 | 13.80490 | 82.93779 | 10.81820
AP26113 124.65205 | 4.77146 | 170.53134 | 9.99672 | 107.24256 | 29.93164 | 128.27610 | 32.74983
Apatinib 99.21157 | 11.75811 | 104.98740 | 46.62826 | 168.47751 | 30.20928 | 87.16207 | 29.72814
AR-A014418 91.75836 | 7.73709 | 85.41775 | 2.04389 | 59.52390 | 22.49657 | 90.41142 | 9.54829
AS-252424 101.32637 | 6.40220 | 86.30274 | 13.31299 | 109.97292 | 37.03380 | 96.77130 | 12.46273
AS-604850 103.48197 | 6.40883 | 89.62839 | 7.50755 | 103.07571 | 31.78342 | 105.72210 | 22.52116
Asiatic Acid 90.49965 | 7.38356 | 64.84085 | 7.14578 | 97.27552 | 30.72352 | 93.57253 | 26.99598
AST-1306 86.41219 | 6.56830 | 44.41895 | 15.83220 | 73.10437 | 8.07293 | 48.97803 | 7.69626
AT13148 88.57937 | 10.12629 | 133.66935 | 37.72288 | 119.16441 | 11.88879 | 135.35435 | 11.06516
AT7519 101.62076 | 15.22026 | 110.44818 | 22.44420 | 84.51556 | 11.15955 | 109.05093 | 7.77235
AT7867 107.11772 | 11.90155 | 154.28947 | 23.50656 | 157.84639 | 45.03352 | 150.23926 | 20.99252
AT9283 111.79647 | 7.54570 | 89.63376 | 19.50835 | 77.74071 | 13.80261 | 68.90131 | 25.22231
Aurora A Inhibitor | 91.15657 | 15.03126 | 73.24195 | 28.27378 | 113.46235 | 46.40054 | 68.58055 | 11.47579
AVL-292 117.99091 | 13.82125 | 149.14319 | 5.93180 | 112.86350 | 26.11832 | 134.12944 | 47.56190
Axitinib 89.80037 | 6.96678 | 78.23652 | 10.95769 | 64.75894 | 16.88909 | 70.26060 | 11.92220
AZ 628 98.41727 | 3.92674 | 67.85591 | 23.01534 | 113.99495 | 47.66455 | 74.15318 | 30.09146
AZ 960 94.90312 | 7.57305 | 102.24020 | 29.82757 | 108.81772 | 35.08394 | 90.68779 | 14.22141
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AZ20 113.20438 | 6.25644 | 131.81888 | 21.80986 | 100.58926 | 15.15543 | 113.44625 | 32.06198
AZD1080 101.98052 | 4.63918 | 88.31061 | 8.18756 | 97.09073 | 22.54845 | 77.33112 | 18.73763
AZD1208 113.52508 | 11.02382 | 149.61350 | 17.05527 | 109.99543 | 23.28118 | 125.57835 | 35.07388
AZD1480 116.36418 | 9.85667 | 109.51518 | 11.14298 | 105.09815 | 33.51092 | 105.48097 | 28.62829
AZD2014 106.07242 | 8.03521 | 102.39764 | 15.21793 | 116.35920 | 25.75443 | 73.42682 | 18.15841
AZD2858 105.98900 | 7.03329 | 103.88477 | 7.00198 | 142.31851 | 61.72914 | 99.06901 | 16.23606
AZD2932 124.32357 | 4.50865 | 153.48035 | 22.49038 | 87.69448 | 20.02193 | 118.77106 | 20.51212
AZD3463 96.35491 | 12.07282 | 81.22852 | 21.48772 | 18.86802 | 14.50832 | 5.12205 | 6.37925
AZD4547 114.01118 | 7.43361 | 103.25690 | 19.55367 | 111.58790 | 23.66423 | 89.31139 | 20.06802
AZD5363 98.53070 | 2.69622 | 105.16021 | 11.29732 | 91.38537 | 12.97473 | 102.80901 | 6.74288
AZD5438 103.55103 | 4.04403 | 104.64304 | 36.88143 | 119.10171 | 49.83700 | 111.70037 | 18.65536
AZD6482 106.61643 | 19.62254 | 123.31123 | 24.44165 | 92.37173 | 13.55963 | 122.88642 | 20.66643
AZD6738 104.98391 | 2.09585 | 139.58501 | 20.31216 | 100.94358 | 13.78726 | 117.82225 | 17.41767
AZD7762 101.91944 | 10.76453 | 107.45692 | 34.83930 | 97.57815 | 2.50772 | 87.99902 | 11.97565
AZD8055 94.14577 | 10.04193 | 66.01845 | 26.35537 | 69.04083 | 19.33706 | 65.11802 | 14.58324
AZD8330 112.79342 | 15.70764 | 83.68788 | 24.88357 | 83.84659 | 28.58629 | 84.49666 | 17.62609
AZD8931 (Sapitinib) 101.25687 | 10.05106 | 74.42395 | 17.76109 | 93.51866 | 26.11492 | 75.50179 | 15.82398
AZD9291 92.68077 | 8.82068 | 46.70556 | 3.82365 | 27.28294 | 11.42668 | 14.67786 | 4.94594
Eggi‘?mb (AZD1152- 99.71680 | 7.58280 | 97.09639 | 14.19308 | 93.06585 | 19.18943 | 84.89361 | 19.57771
BAY 11-7082 106.63260 | 16.20574 | 113.96214 | 5.26536 | 99.77213 | 21.23222 | 111.01102 | 37.02378
Bay 11-7085 90.73235 | 6.94008 | 82.75696 | 13.21321 | 63.35576 | 28.53564 | 92.60869 | 17.72116
BGT226 (N\VP-BGT226) | 75.05865 | 17.82722 | -26.70724 | 3.26619 | -26.70627 | 3.13037 | -18.07233 | 3.47927
BI 2536 5571165 | 3.16862 | 32.49922 | 30.42398 | 42.77232 | 39.37286 | 9.43523 | 10.47828
BI-D1870 9350713 | 2.53515 | 116.72912 | 7.95686 | 144.24005 | 30.29085 | 91.86905 | 6.26016
Bikinin 9156471 | 120710 | 73.28145 | 6.87419 | 74.26255 | 6.64288 | 80.44438 | 26.79207
BIO 10557748 | 3.45037 | 93.72411 | 17.79652 | 101.64828 | 24.76033 | 103.20327 | 14.56540
'(3552;2?)“0 " 110.96942 | 15.17329 | 96.00213 | 21.96545 | 148.80659 | 51.59521 | 107.32529 | 16.83291
BIX 02188 112.58376 | 16.29623 | 158.32470 | 67.87362 | 115.80994 | 34.54932 | 127.32131 | 25.85446
BIX 02189 114.53790 | 15.45197 | 140.86737 | 29.16932 | 120.90023 | 23.51692 | 132.80077 | 18.52941
gsxlﬁgb()NVP-Bszo, 90.33792 | 8.66243 | 63.15416 | 10.07423 | 92.15870 | 31.56680 | 84.40767 | 33.75842
BLZ945 9590753 | 12.34816 | 84.20924 | 13.86890 | 75.83878 | 36.14680 | 75.47325 | 13.95275
BMS-265246 86.96970 | 6.52962 | 28.24725 | 15.20780 | 38.71509 | 2.18378 | 49.19636 | 14.36683
BMS-345541 92.90416 | 5.05849 | 102.01390 | 19.85974 | 73.62795 | 8.83982 | 89.08780 | 15.99398
BMS-536924 99.76785 | 11.31492 | 89.04012 | 10.98731 | 95.01320 | 18.79892 | 85.80032 | 13.32457
BMS-754807 110.08534 | 6.65107 | 155.71435 | 24.15845 | 119.22432 | 12.15283 | 99.38965 | 4.05846
BMS-777607 113.50565 | 12.10785 | 118.25738 | 21.70537 | 102.72868 | 40.78495 | 110.06104 | 20.17718
BMS-794833 110.37430 | 9.61383 | 99.76809 | 24.68007 | 117.09348 | 34.06196 | 95.90650 | 14.16015
Bosutinib (SKI-606) 102.83646 | 9.78320 | 49.22884 | 3.46524 | 7.25854 | 3.30858 | 16.67048 | 4.23429
Brivanib (BMS-540215) | 116.60242 | 5.58489 | 162.52886 | 23.37548 | 111.22269 | 31.67144 | 121.76976 | 35.72111
Brivanib Alaninate

(BMS.582664) 108.04059 | 6.05785 | 127.22737 | 22.75650 | 114.38445 | 7.89875 | 75.36222 | 18.31967
BS-181 HCI 94.01881 | 6.44381 | 72.73506 | 17.30437 | 62.84316 | 18.18942 | 59.63494 | 7.24572
Butein 108.94820 | 9.52780 | 188.75040 | 23.57891 | 112.70404 | 12.48083 | 134.56079 | 21.46441
BX-795 100.15847 | 19.74933 | 97.98005 | 17.42940 | 95.51087 | 14.91443 | 100.40487 | 25.40170
BX-912 98.46214 | 18.03869 | 93.09793 | 23.02505 | 101.52945 | 26.85016 | 101.47882 | 28.45110
BYL719 91.48938 | 5.80166 | 67.31004 | 13.01699 | 96.78991 | 23.45756 | 65.69249 | 15.77881
Cabozantinib (XL184, | 1 30809 | 4.01580 | 97.99281 | 12.66981 | 39.32171 | 2.17567 | 68.54450 | 19.49373

BMS-907351)
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Cabozantinib malate

R 108.85691 | 6.17991 | 122.86272 | 8.29328 | 43.13668 | 814507 | 79.31788 | 6.37504
101’*0'-1')101 (Idelalisib, GS- | o4 09707 | 450632 | 75.44688 | 21.75213 | 109.64338 | 39.43987 | 65.03200 | 9.84135
CCT128930 109.89540 | 6.22879 | 129.51244 | 35.97666 | 144.18099 | 4560161 | 120.56596 | 36.09121
CCT129202 94.87910 | 2.48825 | 80.91501 | 11.38546 | 97.34587 | 4.92731 | 7505938 | 24.45738
CCT137690 10319009 | 3.83332 | 18.38390 | 5.84456 | 2956117 | 9.97561 | 14.67178 | 4.02001
Cediranib (AZD2171) 93.79145 | 10.89930 | 33.22369 | 20.02926 | 4661173 | 958811 | 18.36711 | 1.86655
CEP-32496 108.33085 | 2.21633 | 144.55000 | 3555763 | 96.63335 | 12.76103 | 116.85939 | 29.44117
CEP-33779 109.99181 | 10.09804 | 12540069 | 23.69466 | 140.07391 | 20.67066 | 111.00531 | 17.98409
CGI1746 105.92075 | 3.68339 | 12579304 | 28.29763 | 113.47159 | 39.23760 | 104.93065 | 30.32464
CGK 733 101.25072 | 4.36455 | 118.22244 | 10.37942 | 86.77009 | 20.26093 | 95.09908 | 24.26063
CH5132799 101.07995 | 0.79903 | 9548034 | 4.78479 | 95.66402 | 32.89661 | 77.56845 | 9.72807
CHIR-124 90.15032 | 13.83368 | 19.94175 | 7.48855 | 84.86689 | 28.52695 | 1647216 | 940068
CHIR-98014 10547111 | 2.89633 | 9565770 | 13.75869 | 119.83446 | 51.03179 | 106.83735 | 13.05962
CHIR-99021 (CT99021) | 103.86259 | 9.81685 | 80.46704 | 6.95736 | 103.95680 | 30.84308 | 96.00803 | 23.06950
ﬁg:R'ggom (CT99021) | 164 20881 | 7.97852 | 80.03643 | 6.45527 | 76.12365 | 37.45743 | 98.46746 | 27.70193
Chrysophanic Acid 107.21639 | 2.61406 | 81.54022 | 11.86802 | 106.17941 | 33.53057 | 100.93132 | 22.64550
CNX-2006 10353477 | 5.74846 | 9912948 | 26.67211 | 141.02160 | 4114760 | 92.32767 | 15.96023
CNX-774 99.69295 | 4.77241 | 78.95920 | 23.23098 | 92.05703 | 13.75745 | 93.13022 | 25.35828
CO-1686 (AVL-301) 110.88272 | 7.44025 | 146.69736 | 11.68569 | 103.35512 | 13.00912 | 132.16968 | 40.86282
gg@?zeg')”'b (GDC-0973, | 10084134 | 457730 | 84.84152 | 836304 | 51.83697 | 9.77670 | 59.87090 | 16.16392
CP-673451 93.63695 | 6.39641 | 7125816 | 16.83252 | 88.85915 | 22.08287 | 84.25180 | 23.47455
CP-724714 106.54027 | 4.51152 | 12530024 | 18.88171 | 114.79461 | 10.81734 | 86.15819 | 26.38459
Crenolanib (CP-868596) | 99.66008 | 2.81585 | 85.97545 | 27.12744 | 131.04545 | 31.44018 | 71.40223 | 25.53609
g;';ﬂ'gg%gpp 115.88782 | 5.45017 | 164.74251 | 21.80568 | 43.35328 | 1.03929 | 87.84314 | 2358473
CUDC-101 86.67323 | 0.00234 | 122.06074 | 22.26980 | 121.21916 | 43.56364 | 78.54114 | 33.78644
CUDC-907 2084910 | 514504 | -36.69660 | 8.01425 | -40.88880 | 6.80916 | -24.72273 | 843832
CX-6258 HCI 117.37484 | 7.02111 | 84.16214 | 54.30169 | 107.54160 | 22.24148 | 42.69843 | 1577733
CYC116 92.77696 | 1.79209 | 89.29086 | 17.90594 | 73.19020 | 1.44948 | 7009364 | 3.97867
CYT387 96.73450 | 7.53268 | 115.81986 | 50.73225 | 115.23733 | 10.97449 | 123.97502 | 19.38061
CZC24832 102.06859 | 7.56730 | 87.24683 | 15.71938 | 61.00418 | 26.07970 | 80.74972 | 18.77843
D 4476 9519578 | 11.76175 | 65.77937 | 11.93069 | 65.64213 | 27.73648 | 73.64117 | 514311
Dabrafenib

(GoKaT15436) 109.85403 | 5.57774 | 133.41306 | 15.81470 | 125.97503 | 16.47547 | 120.66306 | 17.12108
Egggg)'t'”'b (PF299804. | 114 50245 | 10.71226 | 83.36895 | 24.85251 | 32.88173 | 18.57409 | 2054597 | 1.72313
?ggggg{“b (PHA- 94.94688 | 4.78979 | 77.05810 | 7.03782 | 81.41052 | 12.99579 | 80.60042 | 22.93139
DASA-58 106.88798 | 4.04329 | 138.80671 | 6.69600 | 89.55907 | 15.46729 | 139.00107 | 9.11963
Dasatinib 87.70151 | 12.85748 | 76.80006 | 8.59298 | 93.03101 | 9.16356 | 56.86668 | 13.38299
DCC-2036 (Rebastinib) | 120.03203 | 2.56996 | 120.76047 | 32.37404 | 150.88429 | 67.76952 | 115.24158 | 19.22525
DDRA-IN-1 97.67021 | 6.45281 | 87.53602 | 6.66191 | 91.14552 | 11.36943 | 51.15354 | 20.49303
Defactinib (VS-6063,

or 0q554875) 106.67863 | 8.00179 | 136.99109 | 16.87870 | 101.93247 | 2.69348 | 104.83431 | 17.85478
Degrasyn (WP1130) 7962510 | 419194 | 29.09587 | 4.74560 | 48.33996 | 17.88394 | 21.77682 | 10.21260
Dinaciclib (SCH727965) | 89.58291 | 8.24717 | 38.21264 | 26.00083 | 32.29114 | 8.01431 | 31.61809 | 22.61013
Dorsomorphin 06.46281 | 5.90447 | 119.45676 | 44.54796 | 59.32688 | 5.28782 | 6.80907 | 0.38591

(Compound C)

196




Dovitinib (TKI-258)

Dilmctio Acid 101.69356 | 11.00865 | 56.74218 | 14.61078 | 27.78858 | 8.19649 | 30.72932 | 12.16744
8&‘;;{'_”2'%;*("258’ 90.43224 | 9.88567 | 47.79141 | 18.21966 | 41.27214 | 9.62448 | 33.72123 | 3.06319
EHop-016 108.55558 | 4.44872 | 125.83847 | 15.38985 | 12.04188 | 7.11198 | 26.11613 | 6.50177
EHT 1864 96.69434 | 6.24247 | 109.79325 | 18.39822 | 82.99422 | 16.34017 | 90.40344 | 9.09913
ENMD-2076 94.90997 | 3.64065 | 70.59779 | 21.62370 | 71.16439 | 3.97275 | 41.56057 | 35.62318
Entrectinib (RXDX-101) | 99.12057 | 7.25650 | 120.47800 | 29.69843 | 97.89618 | 2.02952 | 51.10410 | 20.19335
Enzastaurin (LY317615) | 126.76726 | 9.84258 | 155.91083 | 22.68271 | 182.80263 | 15.38567 | 128.83707 | 16.29358
ERK5-IN-1 89.47049 | 14.77388 | 117.34638 | 9.09762 | 108.12080 | 19.49037 | 16.96017 | 5.65384
Erlotinib HCI (OSI-744) | 107.34518 | 12.61123 | 92.45259 | 14.39286 | 113.17704 | 7.24033 | 82.50635 | 15.85553
ETP-46464 87.78766 | 141498 | 59.25604 | 8.61759 | 51.33498 | 8.55036 | 45.62768 | 15.32884
Everolimus (RAD001) 109.02813 | 6.75418 | 131.39715 | 25.15026 | 122.45004 | 23.24067 | 89.43107 | 16.87078
Fasudil (HA-1077) HCI | 100.36913 | 9.85645 | 97.58280 | 18.65105 | 113.86843 | 31.19143 | 106.84879 | 26.83202
FIIN-2 99.78832 | 2.60677 | 72.23986 | 7.70128 | 85.44585 | 12.89817 | 72.41164 | 17.56700
Filgotinib (GLPG0634) | 102.05160 | 7.45864 | 126.01434 | 13.29657 | 102.37713 | 16.38382 | 117.24082 | 16.38309
l':'g?o"mo‘j (FTY720) 104.53052 | 8.94932 | 111.85777 | 22.93150 | 53.63452 | 7.45294 | 100.07647 | 32.85069
Flavopiridol (Alvocidib) 86.26855 | 21.70688 | 31.45570 | 31.46419 | 3517247 | 9.80295 | 47.15757 | 10.23075
Flavopiridol HCI 101.69884 | 7.76457 | 74.05668 | 53.13761 | 48.47649 | 21.95148 | 50.25222 | 24.99687
Foretinib (GSK1363089) | 101.36396 | 7.04153 | 101.93641 | 60.15489 | 22.47252 | 22.14120 | 12.83141 | 12.67084
Fostamatinib (R788) 101.17153 | 4.02366 | 65.49988 | 5.21822 | 86.18832 | 21.95345 | 77.53215 | 23.34301
FRAX597 104.83067 | 8.95627 | 96.50956 | 20.28884 | 152.21665 | 11.11622 | 92.22916 | 26.14433
G-749 90.39648 | 12.31783 | 110.89103 | 18.34033 | 13.63596 | 6.96011 | 43.15393 | 14.05723
GDC-0068 106.63971 | 6.10867 | 114.15561 | 3.86388 | 121.30672 | 14.65460 | 93.87089 | 22.34427
GDC-0349 107.48307 | 7.05074 | 143.20944 | 0.74134 | 102.54343 | 19.11192 | 122.69110 | 10.70103
GDC-0879 122.23340 | 10.32746 | 184.45288 | 39.15020 | 159.85151 | 35.69419 | 129.95301 | 37.36031
GDC-0941 92.16981 | 12.12617 | 70.64241 | 11.29364 | 72.94562 | 12.94903 | 58.56429 | 18.20582
GDC-0980 (RG7422) 108.58980 | 2.92846 | 146.28025 | 36.54995 | 118.29276 | 39.63889 | 96.59928 | 16.30969
Gefitinib (ZD1839) 109.23652 | 8.44351 | 82.59217 | 12.85741 | 40.39136 | 4.67439 | 64.45986 | 8.86975
Genistein 98.31601 | 11.99816 | 70.03362 | 11.69801 | 91.46904 | 20.53921 | 89.02635 | 23.85949
GF109203X 120.95861 | 10.15299 | 131.53152 | 19.32471 | 118.16347 | 10.94018 | 126.81108 | 30.92308
GNE-0877 98.07058 | 5.24807 | 86.66308 | 1.63111 | 80.83213 | 9.36248 | 82.24133 | 5.11493
GNE-7915 89.92219 | 5.82397 | 75.84981 | 19.48464 | 74.63752 | 7.33677 | 80.61674 | 20.11564
GNE-9605 96.34744 | 6.99113 | 73.45957 | 11.68461 | 84.50822 | 21.48017 | 85.83512 | 8.74776
GNF-2 108.52579 | 9.94808 | 115.14812 | 5.11100 | 109.74471 | 30.81616 | 127.66641 | 22.54135
GNF-5 96.78114 | 6.04097 | 92.24453 | 16.97490 | 88.98023 | 22.23964 | 97.17954 | 6.81655
Go 6983 108.14042 | 8.14432 | 96.74632 | 13.60385 | 93.35021 | 21.45876 | 96.90789 | 32.30818
Golvatinib (E7050) 92.02663 | 4.00223 | 71.75008 | 13.49773 | 115.16265 | 31.06186 | 64.51687 | 22.03234
GSK1059615 96.36962 | 12.38136 | 88.13339 | 21.67228 | 94.26073 | 25.47098 | 72.24521 | 14.23814
GSK1838705A 104.67382 | 8.03363 | 106.61843 | 14.70277 | 101.57527 | 32.03811 | 82.02599 | 15.20980
GSK1904529A 103.04811 | 5.32696 | 107.24779 | 19.85742 | 139.81531 | 38.22966 | 8.58514 | 5.30326
GSK2126458 (GSK458) | 92.02307 | 3.56972 | 31.56336 | 14.47802 | 27.47569 | 2.36385 | 20.51786 | 9.37298
GSK2334470 117.07207 | 4.96237 | 159.54395 | 31.03051 | 87.70913 | 6.88218 | 127.88449 | 37.52123
GSK2578215A 109.41801 | 6.29316 | 118.45887 | 4.47302 | 114.77173 | 36.77435 | 120.53283 | 23.11417
GSK2636771 91.62475 | 572888 | 69.50602 | 15.00649 | 67.39112 | 3.10230 | 67.57819 | 9.36287
GSK429286A 93.92526 | 6.97045 | 93.58620 | 18.70243 | 86.23600 | 11.47332 | 88.64739 | 20.29528
GSK461364 82.11297 | 15.46273 | 13.37110 | 25.47588 | 47.07075 | 15.95565 | 11.20983 | 9.71586
GSK621 114.36971 | 5.93660 | 172.43854 | 17.23352 | 98.71069 | 25.92725 | 119.69153 | 27.89735
GSK650394 113.89320 | 6.69674 | 174.29638 | 11.69800 | 131.42171 | 13.69736 | 154.20849 | 46.14335
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GSK690693 117.53941 | 6.75501 | 193.00595 | 78.05004 | 136.36597 | 19.77531 | 119.55943 | 14.31167
GW441756 100.78790 | 15.05570 | 83.83150 | 11.61109 | 94.57968 | 30.74519 | 77.66385 | 29.38534
GW5074 107.01439 | 10.82842 | 87.57988 | 12.22739 | 95.16912 | 20.30437 | 101.40429 | 56.99321
GZD824 89.01226 | 578313 | 19.81226 | 9.19313 | 5.30240 | 7.79360 | -1.57255 | 7.08425
H 89 2HCI 116.69877 | 15.62162 | 160.08460 | 36.85991 | 161.36390 | 28.32843 | 119.70754 | 20.27890
Hesperadin 109.20795 | 16.35403 | 36.57030 | 37.04448 | 29.32333 | 11.91234 | 31.20822 | 18.19769
HMN-214 99.38765 | 9.54574 | 103.22303 | 12.85070 | 88.18967 | 16.44503 | 99.67639 | 15.17992
Honokiol 89.48468 | 7.45585 | 63.75781 | 18.60868 | 91.58087 | 31.35799 | 84.84963 | 34.02088
HS-173 90.63260 | 2.99315 | 66.22079 | 21.24707 | 60.91898 | 20.56969 | 78.95486 | 24.45303
HTH-01-015 106.63678 | 2.58913 | 104.32558 | 28.78171 | 111.61222 | 25.12597 | 88.92607 | 14.08434
Ibrutinib (PCI-32765) 109.80459 | 5.07151 | 108.20320 | 18.86757 | 121.59236 | 56.82261 | 103.20123 | 36.77826
Icotinib 102.99004 | 15.54490 | 82.74366 | 4.00052 | 71.53864 | 15.30197 | 75.89724 | 29.82656
IKK-16 (IKK Inhibitor VII) | 97.93295 | 13.28621 | 73.71284 | 4.59469 | 25.05534 | 5.46534 | 11.88312 | 1.45056
IM-12 104.33519 | 9.25306 | 105.03812 | 5.08956 | 98.61640 | 17.12149 | 113.24733 | 10.89042
Imatinib (STI571) 111.39001 | 1.76695 | 101.21932 | 19.45120 | 154.44625 | 51.73234 | 94.96866 | 22.22225
zg%tg”;? )Mesy'ate 110.12112 | 16.12570 | 97.67937 | 6.50005 | 167.94069 | 32.90662 | 88.32846 | 20.07269
IMD 0354 97.64106 | 14.01299 | -0.61139 | 15.50817 | 12.06420 | 19.49046 | 6.90920 | 13.41099
Indirubin 88.47858 | 8.09709 | 67.20721 | 15.87875 | 86.91908 | 23.05307 | 82.85643 | 30.30963
INK 128 (MLN0128) 90.45417 | 5.76668 | 57.96032 | 8.18809 | 67.85421 | 17.33663 | 54.54085 | 11.60847
IPA-3 105.73475 | 5.90371 | 130.92144 | 8.45596 | 105.79215 | 32.15489 | 120.63528 | 28.17471
IPI-145 (INK1197) 101.23084 | 7.02354 | 103.34820 | 24.14065 | 76.84060 | 13.16605 | 94.50839 | 16.30836
ISRIB (trans-isomer) 98.82866 | 1.97151 | 92.17179 | 12.25977 | 82.37140 | 18.38348 | 91.34605 | 12.23353
JNJ-38877605 119.36964 | 10.46298 | 167.40605 | 10.49605 | 126.94342 | 16.68674 | 120.25529 | 25.83529
JNJ-7706621 97.54320 | 6.14792 | 77.99180 | 17.78243 | 91.92285 | 12.68103 | 79.96399 | 9.79739
JNK Inhibitor IX 91.24506 | 4.74019 | 69.79015 | 61.41415 | 40.01937 | 1551768 | 38.15045 | 7.12320
JNK-IN-8 107.94040 | 7.50888 | 123.91455 | 21.36518 | 115.03150 | 25.20498 | 118.29206 | 46.46638
Kig8751 105.64457 | 15.32992 | 106.91694 | 15.77172 | 92.90967 | 17.03185 | 106.78029 | 31.34477
KN-62 06.76464 | 163664 | 94.84284 | 27.41496 | 110.68792 | 39.54335 | 86.80002 | 19.22748
KN-93 Phosphate 9453604 | 3.78871 | 81.04777 | 10.72496 | 89.29584 | 13.96740 | 63.34510 | 13.80342
K-Ras(G12C) inhibitor 9 | 108.09167 | 7.95786 | 112.71206 | 10.55463 | 105.27048 | 3.37880 | 64.38639 | 4.04424
KRN 633 119.29166 | 18.22582 | 149.00553 | 17.50545 | 136.49829 | 41.59720 | 133.69225 | 24.19288
KU-0063794 91.94362 | 2214166 | 72.29920 | 6.46412 | 103.39122 | 32.49275 | 74.74767 | 25.05216
mi'sifc?f)’?’ (ATMKinase | 49 37970 | 11.68933 | 122.90090 | 15.18000 | 109.47330 | 14.04120 | 96.50881 | 34.36696
KU-60019 98.14020 | 4.56764 | 55.56208 | 10.50912 | 98.12535 | 27.77801 | 70.05294 | 13.48629
KW-2449 117.64079 | 11.53383 | 122.14230 | 26.25554 | 131.51270 | 34.97996 | 110.15743 | 21.02810
KX2-391 77.14036 | 850660 | 1.22823 | 7.49220 | -8.48694 | 3.50804 | -1.40822 | 2.89555
L-685,458 112.75641 | 3.72300 | 127.57883 | 19.76471 | 102.49204 | 27.91015 | 107.39333 | 26.36130
Lapatinib 100.08470 | 10.28108 | 75.75347 | 17.08051 | 83.99145 | 19.81860 | 72.08898 | 12.39281
E?tgity'r:t’e(GW'Wzm 6) | 10521574 | 11.54010 | 79.83484 | 11.74237 | 68.79476 | 1541979 | 49.28421 | 15.67109
LDC000067 9433073 | 4.26499 | 97.31858 | 17.70093 | 88.79227 | 18.54119 | 111.47364 | 4.49595
LDK378 119.77889 | 2.57877 | 181.68119 | 20.62726 | 43.68172 | 24.79244 | 54.86847 | 24.66079
LDN-214117 97.11808 | 3.52561 | 101.81975 | 14.81093 | 143.28124 | 31.67397 | 76.63113 | 6.88744
Lenvatinib (E7080) 115.64940 | 4.90968 | 143.94603 | 30.95595 | 126.21954 | 24.13263 | 97.54688 | 27.75487
LFM-A13 97.09757 | 10.96783 | 106.12808 | 27.66315 | 87.45605 | 5.58182 | 110.26005 | 14.34427
Linifanib (ABT-869) 85.99751 | 9.01900 | 71.72789 | 22.05387 | 73.05339 | 6.41460 | 69.92405 | 12.25627
Losmapimod

(GW85%553X) 115.44873 | 2.94716 | 112.53468 | 17.23575 | 92.46930 | 14.19132 | 109.02761 | 29.04337
LY2090314 95.69877 | 15.60501 | 235.46530 | 66.13603 | 186.68410 | 70.74620 | 213.82337 | 61.76116
LY2228820 102.55256 | 5.08383 | 74.87109 | 20.22855 | 92.31078 | 21.01505 | 71.56209 | 7.30612
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LY2603618 110.72841 | 0.64685 | 82.60947 | 2.67266 | 105.47865 | 16.52365 | 78.10402 | 5.13773
LY2784544 97.64831 | 3.78957 | 64.36741 | 15.58972 | 114.90018 | 40.08749 | 72.61654 | 22.48331
LY2835219 96.65016 | 5.92243 | 53.08437 | 20.26015 | 75.48945 | 22.89223 | 43.74650 | 9.16576
LY294002 109.46512 | 9.67359 | 125.97057 | 10.03101 | 115.79791 | 13.86371 | 89.27129 | 20.73639
Masitinib (AB1010) 106.32347 | 5.25963 | 99.40058 | 31.41386 | 150.52083 | 41.00987 | 50.04703 | 11.92661
MEK162 (ARRY-162,

ARRY. 43(8 162) 116.62029 | 2.95924 | 111.54682 | 14.04299 | 85.27124 | 13.29225 | 102.18048 | 24.69243
MGCD-265 105.37710 | 14.50103 | 92.54871 | 26.02049 | 38.20114 | 16.78013 | 60.75999 | 6.18689
Milciclib (PHA-848125) 98.87075 | 9.33934 | 97.37909 | 46.12612 | 116.69001 | 33.49237 | 76.72479 | 14.32667
MK-2206 2HCI 95.84228 | 14.41714 | 83.31582 | 11.17127 | 34.94978 | 8.29927 | 45.79870 | 14.33892
MK-2461 113.29089 | 9.41606 | 135.82960 | 21.54756 | 155.90492 | 20.63804 | 103.82652 | 16.92399
MK-5108 (VX-689) 111.43926 | 11.77914 | 134.81743 | 29.89727 | 119.79473 | 18.62082 | 88.50977 | 12.98422
MK-8745 103.78970 | 4.25707 | 104.64456 | 26.93192 | 71.91530 | 17.68315 | 100.91445 | 17.37723
MK-8776 (SCH 900776) | 105.02343 | 9.47931 | 95.81391 | 22.80173 | 116.60192 | 32.67709 | 96.38019 | 25.44557
MLN8054 103.76194 | 2.74262 | 132.10509 | 22.21681 | 109.46242 | 6.85638 | 84.38885 | 18.93428
'(\g\izeé‘%g)D'phOSphate 93.52465 | 10.89390 | 71.53480 | 32.25725 | 85.93823 | 20.13415 | 77.04109 | 22.43772
Mubritinib (TAK 165) 104.23514 | 7.97807 | 87.83217 | 40.95533 | 67.96684 | 34.75661 | 76.30299 | 7.54621
Nilotinib (AMN-107) 101.43496 | 10.50795 | 100.36634 | 23.42269 | 162.59159 | 28.22689 | 95.92040 | 16.93611
Nintedanib (BIBF 1120) | 103.48366 | 8.91800 | 81.85072 | 16.41144 | 9543981 | 8.26868 | 84.73472 | 17.27922
NSC 23766 97.18246 | 6.31056 | 109.04800 | 28.05934 | 99.24642 | 29.44461 | 87.93154 | 15.50290
NU6027 112.30051 | 9.13204 | 145.25416 | 12.79434 | 148.38364 | 11.11200 | 128.73303 | 23.85985
NU7441 (KU-57788) 96.75320 | 0.90431 | 65.43593 | 22.02145 | 78.22856 | 24.73618 | 66.94925 | 18.80083
NVP-ADW742 109.93832 | 11.43082 | 146.05950 | 20.66272 | 22.76356 | 3.54532 | 2525110 | 5.11259
NVP-AEW541 106.35624 | 10.94596 | 121.54765 | 13.24844 | 29.05521 | 1.32831 | 46.51620 | 12.22899
NVP-BHG712 100.28839 | 14.42717 | 96.83046 | 18.46466 | 146.10365 | 28.71096 | 92.89969 | 23.19470
NVP-BSK805 2HCI 103.21775 | 5.86494 | 88.03750 | 13.95951 | 45.75461 | 5.76526 | 55.42053 | 10.00421
NVP-BVU972 96.69148 | 6.70213 | 72.67305 | 23.72064 | 99.86831 | 39.43141 | 67.43627 | 23.65669
ONO-4059 106.00529 | 14.03053 | 141.48903 | 1.51892 | 114.80585 | 29.31116 | 122.35566 | 16.77358
0S1-027 97.70669 | 6.14875 | 69.95748 | 5.39374 | 75.71316 | 22.98911 | 72.30200 | 20.05765
0S1-420 93.16974 | 2.73347 | 5545301 | 8.89369 | 83.55125 | 27.48412 | 66.45398 | 9.25756
0SI1-906 (Linsitinib) 120.85944 | 6.68363 | 162.23030 | 15.95290 | 136.27764 | 15.88630 | 116.11300 | 24.69215
0S1-930 97.52045 | 23.74359 | 83.48385 | 19.08085 | 124.67472 | 60.59744 | 85.29424 | 35.64845
0SU-03012 (AR-12) 106.82180 | 7.05956 | 103.78992 | 15.60657 | 146.75168 | 53.55288 | 60.24205 | 21.41494
p276-00 92.90916 | 4.54074 | 85.18354 | 31.78566 | 85.10202 | 11.53971 | 82.49284 | 6.56643
Pacritinib 83.10225 | 8.19731 | 53.50785 | 18.34690 | 4.13833 | 1.61193 | 16.45510 | 18.40635
Palbociclib (PD-

0332001) H(CI 107.92034 | 8.31945 | 88.64685 | 31.96200 | 84.95692 | 15.59065 | 59.43560 | 23.57733
Pazopanib 117.52584 | 3.05028 | 156.43976 | 7.13655 | 124.31175 | 32.31662 | 128.25883 | 40.23119
Pazopanib HCI

(GW7pS603 A+ HCY) 110.66735 | 10.93164 | 135.19141 | 36.07097 | 130.38344 | 10.87724 | 109.77994 | 10.76108
PD0325901 115.00047 | 14.20237 | 83.89642 | 41.78172 | 82.38318 | 15.58882 | 76.01917 | 14.90391
PD168393 114.80095 | 9.73402 | 107.24987 | 9.93571 | 77.55276 | 21.13343 | 75.72264 | 5.09705
PD173074 103.74160 | 18.45471 | 89.70676 | 12.51281 | 127.29384 | 33.08704 | 56.57891 | 19.79132
PD173955 90.41759 | 6.84423 | 98.99938 | 42.71358 | 74.72514 | 13.70217 | 49.80958 | 5.37424
PD184352 (CI-1040) 99.22225 | 7.79748 | 87.75199 | 17.49902 | 99.96110 | 21.07728 | 78.97649 | 19.73718
PD318088 98.89330 | 10.81891 | 66.67928 | 16.03597 | 78.11398 | 16.69033 | 69.94941 | 20.41404
PD98059 102.44855 | 2.34602 | 124.16648 | 12.80036 | 99.07985 | 19.28207 | 94.12781 | 7.04259
Pelitinib (EKB-569) 9272039 | 11.01216 | 46.59344 | 505131 | 40.73955 | 12.64634 | 29.31645 | 11.79119
PF-00562271 110.74590 | 4.50933 | 139.05268 | 52.50178 | 122.65622 | 32.34396 | 103.87037 | 27.63071
PF-04217903 98.59339 | 7.90056 | 78.73835 | 9.05714 | 83.34240 | 6.49377 | 79.05826 | 19.16488
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PF-04691502 108.04616 | 4.49750 | 117.38387 | 27.26144 | 108.55921 | 25.98514 | 81.96415 | 30.45361
PF-3758309 93.87012 | 4.25468 | 100.50427 | 4.75209 | 97.85328 | 37.48921 | 109.82075 | 20.80239
PF-431396 95.49958 | 10.07616 | 103.70325 | 39.34130 | 75.29006 | 8.93301 | 95.96465 | 9.23997
PF-4708671 100.74440 | 12.57468 | 73.10160 | 17.51036 | 106.88118 | 24.53680 | 80.28041 | 18.42182
PF-477736 109.14086 | 13.63030 | 103.79464 | 11.85524 | 102.67342 | 26.46988 | 106.05761 | 33.79550
PF-543 117.34262 | 5.43916 | 132.56268 | 14.74050 | 60.85707 | 8.91510 | 120.51433 | 32.85912
PF-562271 98.82287 | 11.59855 | 82.19756 | 26.20394 | 97.52594 | 24.80758 | 87.05844 | 33.86243
PF-573228 99.20270 | 7.10791 | 71.71178 | 14.82291 | 97.21289 | 44.87560 | 71.12303 | 8.98089
PFK15 109.33007 | 7.73222 | 130.04109 | 14.62326 | 96.26040 | 17.97935 | 118.43519 | 35.15843
PH-797804 119.11393 | 10.69616 | 141.66149 | 49.45139 | 107.29765 | 47.68484 | 83.12511 | 12.53143
PHA-665752 116.29317 | 7.07872 | 170.79876 | 27.41866 | 84.40599 | 11.34431 | 83.25365 | 17.40383
PHA-680632 94.78164 | 14.42640 | 101.65282 | 10.65450 | 98.56204 | 27.69732 | 95.91808 | 14.05190
PHA-767491 117.57515 | 9.88763 | 130.27007 | 48.76134 | 139.89390 | 33.35319 | 112.65773 | 21.01192
PHA-793887 113.18490 | 13.42306 | 140.50774 | 36.34750 | 124.80846 | 45.93643 | 128.29848 | 37.00055
Phenformin HCI 107.01865 | 2.49537 | 95.48902 | 25.07429 | 104.35110 | 30.39283 | 103.59678 | 35.45276
PHT-427 112.99163 | 18.58367 | 137.37761 | 33.09871 | 129.13484 | 33.79307 | 131.29913 | 29.63052
PI-103 100.59216 | 11.46132 | 96.92616 | 36.77951 | 104.21152 | 11.81788 | 80.19778 | 6.39920
Piceatannol 118.67982 | 3.08853 | 148.39149 | 1.66803 | 97.05141 | 29.12144 | 112.54356 | 29.73876
PIK-293 95.79259 | 591915 | 75.02855 | 27.97835 | 92.02900 | 15.91381 | 81.35792 | 13.14468
PIK-294 96.36302 | 4.80121 | 82.88479 | 43.36428 | 113.04247 | 33.36344 | 87.49426 | 32.79317
PIK-75 76.98688 | 7.40677 | -16.67670 | 17.29682 | -7.44265 | 9.70088 | 1.31487 | 10.34691
PIK-93 109.70302 | 10.03590 | 145.63773 | 37.65641 | 122.71385 | 36.76965 | 122.18036 | 15.71408
Pimasertib (AS-703026) | 93.71106 | 11.87913 | 61.85499 | 11.79362 | 77.19199 | 34.12277 | 52.55482 | 15.50784
PLX-4720 110.50965 | 10.59969 | 159.97970 | 21.03466 | 124.58774 | 30.35565 | 111.81290 | 13.05161
Ponatinib (AP24534) 99.85624 | 11.68654 | 60.63576 | 13.09873 | 56.31248 | 16.26369 | 10.76298 | 10.83918
PP1 99.12255 | 2.67192 | 91.84676 | 18.35401 | 67.38166 | 4.55885 | 82.02750 | 18.02689
PP121 99.30882 | 4.45015 | 86.36573 | 15.28174 | 86.01930 | 35.06742 | 90.81266 | 34.22171
PP2 106.79285 | 4.73338 | 112.08108 | 24.77872 | 90.65025 | 25.95146 | 109.12174 | 3517704
PP242 100.47458 | 9.17768 | 86.09020 | 36.80489 | 95.50517 | 27.42049 | 81.09955 | 27.39679
PQ 401 88.65574 | 6.79300 | 87.19481 | 22.27730 | 73.25442 | 28.67450 | 82.41041 | 4.92830
grlzggg%e%fpsos-w, 105.06780 | 13.18915 | 162.68118 | 29.29869 | 133.26962 | 17.47022 | 120.98223 | 21.80604
Purvalanol A 87.94700 | 596076 | 77.98419 | 16.55457 | 76.41924 | 517709 | 80.21100 | 19.54803
Quercetin 104.35995 | 3.01604 | 72.06839 | 1.90941 | 100.58277 | 29.68348 | 86.33439 | 23.32328
Quizartinib (AC220) 109.38446 | 13.18968 | 128.99053 | 38.09363 | 154.73705 | 44.11163 | 55.00027 | 25.76612
R406 109.23077 | 14.28229 | 104.03219 | 33.37670 | 112.44424 | 39.20518 | 100.43333 | 8.31047
R406 (free base) 98.96903 | 8.21586 | 74.36068 | 13.08801 | 75.22842 | 15.13215 | 70.48731 | 13.60855
R428 (BGB324) 90.36670 | 2.98867 | 68.05603 | 11.81973 | 27.17096 | 9.72150 | 3.18250 | 0.77479
R547 105.76045 | 10.59869 | 52.02400 | 26.83191 | 40.68085 | 9.97742 | 38.86316 | 19.54472
RAF265 (CHIR-265) 105.26556 | 9.60181 | 86.54650 | 18.92002 | 75.45171 | 2.88817 | 73.12277 | 10.86053
Rapamycin (Sirolimus) | 104.22600 | 15.90222 | 75.42897 | 7.28048 | 96.65058 | 12.11394 | 69.80462 | 23.34387
Sefamet'”'b (RDEAT19, | 153 44799 | 15.83037 | 134.36718 | 80.00488 | 98.22228 | 12.81810 | 94.58474 | 18.45282
ay 86-9766)

Eggg)rafe”'b(BAws' 10841100 | 1.53957 | 148.82967 | 23.86888 | 135.97935 | 54.59956 | 110.52883 | 27.21281
Rigosertib (ON-01910) 78.75882 | 16.47207 | -11.65610 | 11.88536 | -19.30176 | 11.95775 | -4.65934 | 0.28812
RKI-1447 93.72627 | 3.12689 | 66.94936 | 5.98127 | 88.86336 | 31.72000 | 87.43240 | 20.76335
RN486 123.82804 | 8.06147 | 173.90724 | 7.27202 | 122.16717 | 15.83987 | 102.30500 | 16.12503
R03280 95.07800 | 4.49761 | 116.75986 | 29.11004 | 63.91585 | 9.20321 | 84.99708 | 13.20375
Ro-3306 106.90116 | 8.12435 | 157.48986 | 14.86042 | 98.04348 | 9.97077 | 117.91239 | 36.37947
Roscovitine 113.75661 | 6.53438 | 151.69797 | 7.61686 | 117.36502 | 22.19350 | 105.15123 | 4.31204

(Seliciclib,CYC202)
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Ruxolitinib

(INCBO18424) 107.62296 | 17.68970 | 132.05057 | 21.46955 | 114.47865 | 17.95101 | 123.01869 | 29.53467
SAR245409 (XL765) 96.80482 | 19.45870 | 76.66974 | 4.19394 | 94.92429 | 36.25752 | 71.38740 | 20.29419
Saracatinib (AZD0530) | 93.66798 | 9.40243 | 77.43649 | 9.76417 | 7560453 | 2.76304 | 73.33801 | 22.83459
SB202190 (FHPI) 102.40383 | 8.10041 | 87.02985 | 3450517 | 97.78663 | 23.26339 | 64.99606 | 20.51701
SB203580 105.99184 | 7.34168 | 119.76473 | 14.43139 | 110.10577 | 20.96634 | 100.76009 | 32.52277
SB216763 12055025 | 3.63574 | 152.14577 | 20.64377 | 124.30675 | 3.80345 | 125.63420 | 554387
SB239063 107.47323 | 12.07210 | 161.73188 | 27.96078 | 105.10359 | 16.94879 | 112.68905 | 17.22250
SB415286 101.84686 | 6.70450 | 75.93592 | 13.80394 | 80.72390 | 14.26385 | 83.73925 | 7.37924
SB590885 108.68035 | 6.58217 | 133.10873 | 37.54472 | 157.48447 | 81.20486 | 91.74951 | 25.90531
SC-514 102.01057 | 7.06078 | 93.37586 | 11.17095 | 80.96740 | 19.39340 | 81.46390 | 27.46102
Selumetinib (AZD6244) | 98.58152 | 9.30133 | 78.80780 | 12.29800 | 84.57509 | 7.57481 | 78.70795 | 12.01224
Semaxanib (SU5416) 96.80289 | 3.22037 | 99.94077 | 11.05020 | 125.12823 | 10.52261 | 80.54473 | 5.90626
SGI-1776 free base 107.89601 | 10.94300 | 110.79591 | 33.05127 | 16.89033 | 2.74632 | 43.41164 | 11.19581
SGX-523 121.77125 | 6.49075 | 182.17216 | 42.43700 | 129.31047 | 14.69306 | 113.49341 | 15.07641
Skepinone-L 11215635 | 6.12700 | 83.28325 | 12.18780 | 71.50525 | 7.81132 | 76.18950 | 12.09698
SKI Il 119.32569 | 8.99240 | 169.87646 | 20.84030 | 117.90729 | 12.28360 | 137.34982 | 2456235
SL-327 100.96293 | 8.84665 | 104.42964 | 6.97132 | 97.32584 | 8.09660 | 82.99275 | 16.97306
SMi-4a 101.74907 | 10.12905 | 12652546 | 2.05985 | 111.15763 | 9.01804 | 128.79982 | 9.65652
SNS-032 (BMS-387032) | 100.19765 | 5.09201 | 106.22958 | 13.38495 | 104.94151 | 33.54236 | 108.29457 | 18.97462
SNS-314 Mesylate 105.93007 | 9.08220 | 19.79023 | 29.52466 | 20.50069 | 6.01885 | 15.01622 | 9.84863
Sorafenib 100.60504 | 4.41505 | 9150457 | 1.44421 | 110.72528 | 52.56669 | 109.20413 | 23.68595
Sorafenib Tosylate 106.54770 | 9.65963 | 96.38519 | 8.00190 | 132.09799 | 6.25415 | 76.28292 | 25.96633
Sotrastaurin 97.66375 | 1.08649 | 100.01533 | 4.28791 | 112.78507 | 15.65128 | 78.28327 | 27.03704
SP600125 110.37629 | 17.17251 | 144.99336 | 22.84163 | 116.85239 | 33.96609 | 123.96560 | 37.12841
S-Ruxolitinib

INCBO15454) 110.64348 | 9.64906 | 130.78571 | 1.22621 | 106.54855 | 21.51086 | 128.71537 | 46.52080
SSR128129E 119.56473 | 12.49123 | 154.33915 | 15.82829 | 108.96380 | 21.24626 | 140.73470 | 25.05797
Staurosporine 62.56204 | 433525 | -40.34929 | 9.25136 | -41.78099 | 1441031 | -20.01673 | 3.96103
SU11274 106.01963 | 9.55071 | 118.51320 | 32.92683 | 29.01329 | 1.77265 | 75.96883 | 18.52045
SU6656 103.21504 | 10.15753 | 132.65548 | 451476 | 96.89822 | 26.42568 | 125.11435 | 8.66554
SU9516 89.02124 | 3.97507 | 72.91229 | 31.16321 | 77.31891 | 3.39810 | 80.27550 | 32.26946
Sunitinib Malate 95.08325 | 13.18532 | 85.05195 | 29.46028 | 64.79886 | 8.33686 | 49.84708 | 6.39298
TAE226 (NVP-TAE226) | 99.58804 | 9.25813 | 70.06107 | 9.06200 | 86.71723 | 19.62175 | 64.30994 | 5.71190
TAK-285 97.35032 | 5.81766 | 98.12125 | 17.10560 | 135.81646 | 28.93466 | 8148640 | 4.49798
TAK-632 107.47072 | 559497 | 147.81880 | 12.03652 | 151.71836 | 19.50954 | 134.03040 | 53.00600
TAK-715 114.54999 | 3.45556 | 124.42244 | 9.26258 | 96.43364 | 20.84281 | 128.86204 | 22.01057
TAK-733 104.38042 | 3.41356 | 71.06758 | 2048311 | 84.36529 | 27.50145 | 74.23413 | 1537923
TAK-901 112.08723 | 9.71805 | 114.03241 | 33.34618 | 104.76762 | 36.35455 | 103.21754 | 10.47059
TCS 359 9120441 | 454281 | 76.33112 | 13.19592 | 76.81675 | 4.79876 | 61.77858 | 18.55412
TDZD-8 10453108 | 7.65859 | 9912369 | 19.47210 | 77.05233 | 26.87567 | 10255214 | 12.67342
Telatinib 98.26435 | 3.08898 | 72.90923 | 17.04956 | 104.32689 | 25.61869 | 90.10151 | 24.97562
Temsirolimus (CCI-779,

e 4)( 98.63765 | 11.78049 | 85.85352 | 16.40243 | 92.61806 | 17.67965 | 83.68626 | 16.12964
Eﬁ’zggg’)(EMD 120.71361 | 7.81032 | 170.00963 | 8.00803 | 97.44460 | 24.06531 | 57.83328 | 6.58213
TG003 109.95061 | 3.52188 | 109.04366 | 7.44382 | 88.88365 | 13.81557 | 109.28784 | 15.81748
TG100-115 96.49190 | 1113413 | 58.36138 | 10.00593 | 73.86818 | 15.12504 | 5040868 | 845214
TG100713 103.78681 | 12.53509 | 87.54190 | 7.49983 | 83.92381 | 25.75708 | 95.09277 | 14.35790
TG101209 112.44653 | 8.66141 | 15029255 | 29.78861 | 136.53654 | 41.79599 | 116.26861 | 27.20333
TG101348 (SAR302503) | 114.61740 | 7.02121 | 111.37510 | 29.67975 | 137.58192 | 38.33454 | 115.82418 | 23.88753
TGX-221 99.40013 | 2.55340 | 89.03364 | 22.99318 | 93.15621 | 33.06846 | 71.49568 | 18.37907
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Thiazovivin 106.94374 | 15.89028 | 129.18486 | 32.30638 | 123.32194 | 52.56982 | 143.21249 | 44.52013
TIC10 115.62726 | 5.40620 | 139.66002 | 34.70133 | 92.77921 | 1522883 | 114.49532 | 3618413
Tie2 kinase inhibitor 117.99083 | 15.15036 | 141.00345 | 15.66243 | 139.42551 | 27.64250 | 132.90312 | 35.80049
Tivantinib (ARQ 197) 107.85108 | 9.75998 | 105.81345 | 37.54350 | 98.92045 | 38.01592 | 92.77668 | 6.48910
Tivozanib (AV-951) 93.52345 | 14.82011 | 65.86341 | 0.53165 | 89.69627 | 33.70602 | 70.66504 | 17.59753
E‘i’tf;‘t’g'“'b (CP-690550) | 106 84856 | 7.80993 | 78.80274 | 11.94562 | 80.82139 | 35.15267 | 95.12125 | 21.93442
Tofacitinib (CP- 9470100 | 3.89650 | 73.99240 | 12.20765 | 93.44989 | 32.39605 | 72.74453 | 26.27121
690550, Tasocitinib)

Torin 2 88.70509 | 512045 | 41.03169 | 6.13008 | 5068224 | 6.84841 | 14.14229 | 6.91327
TPCA-1 101.63170 | 8.54103 | 107.46850 | 7.39986 | 109.43275 | 17.00792 | 90.05175 | 504972
Trametinib

(G 130212) 11345202 | 415022 | 83.10285 | 32.93584 | 66.57154 | 23.05213 | 56.36683 | 13.56151
Triciribine 10715813 | 5.49129 | 88.87875 | 1547194 | 78.36313 | 33.49178 | 61.64952 | 7.86753
g?;_grié$U6668' 101.01040 | 12.48179 | 103.20772 | 25.17949 | 86.78368 | 27.55468 | 102.54398 | 18.92820
TWS119 113.00922 | 14.81479 | 11546152 | 25.33592 | 100.66076 | 27.10481 | 104.88464 | 20.61496
Tyrphostin 9 9757282 | 17.88146 | 43.45425 | 13.49495 | 64.54503 | 20.37907 | 29.68018 | 15.24205
Tyrphostin AG 1296 90.02968 | 6.65865 | 78.83867 | 14.96130 | 67.63580 | 24.24273 | 73.93066 | 13.05666
Tyrphostin AG 879 95.60691 | 521778 | 77.80453 | 11.26960 | 9841603 | 33.34050 | 59.01957 | 27.94333
U0126-EtOH 116.05966 | 7.09489 | 159.60936 | 28.11570 | 128.78077 | 18.85509 | 108.39189 | 17.51781
Ulixertinib (BVD-523,

VRT5357 ) 106.06324 | 10.63472 | 150.86903 | 17.26411 | 99.62853 | 24.39897 | 125.28450 | 32.00299
URMC-099 91.98749 | 15.97524 | 69.56490 | 13.30031 | 61.85054 | 3.13779 | 12.78653 | 3.08356
Vandetanib (ZD6474) | 108.95186 | 10.84286 | 106.64780 | 36.59484 | 20.30993 | 3.95557 | 40.81988 | 16.62484
Varlitinib 113.87028 | 4.04735 | 109.72204 | 26.16103 | 131.70669 | 50.77031 | 102.14724 | 31.58201
gﬁtgl'a”'b (PTK787) 113.25606 | 7.94836 | 162.06207 | 42.39819 | 153.10502 | 16.14228 | 106.40339 | 19.05740
VE-821 107.02411 | 8.07939 | 163.35304 | 23.14113 | 120.76164 | 0.50165 | 127.04977 | 19.12672
VE-822 86.60904 | 4.14500 | 54.13647 | 28.29258 | 105.31265 | 44.76714 | 33.89899 | 9.46754
\ég;;gjf;’”'b(”x“o”’ 102.09495 | 21.31393 | 107.02459 | 17.63501 | 120.17713 | 35.83463 | 96.95846 | 11.02177
Volasertib (Bl 6727) 5750863 | 2.94161 | 1.28398 | 13.99102 | 29.69600 | 33.60875 | -6.62928 | 5.29098
VS-5584 (SB2343) 92.91288 | 7.04452 | 8137714 | 2538805 | 5558085 | 2.44843 | 73.44203 | 24.94679
2)/2(535)30 (Tozasertib, MK- | 445 37160 | 9.26214 | 116.35648 | 32.22150 | 92.88466 | 11.64604 | 88.62154 | 11.92364
VX-702 11942513 | 718172 | 142.90498 | 1053154 | 98.31033 | 23.27314 | 116.67997 | 15.70695
VX-745 105.90648 | 15.24200 | 113.95940 | 17.20777 | 128.55357 | 4525137 | 106.44886 | 28.43391
WAY-600 106.08801 | 5.85805 | 126.66946 | 26.42600 | 133.62636 | 31.08622 | 59.61094 | 8.96112
WH-4-023 102.36555 | 8.03935 | 114.15330 | 8.02297 | 64.67818 | 7.28186 | 38.58022 | 14.15401
WHI-P154 100.06891 | 12.44340 | 72.44037 | 10.87169 | 6528620 | 20.64881 | 76.72788 | 576018
Wortmannin 106.84400 | 2.89471 | 52.88581 | 8.86952 | 59.43768 | 14.68671 | 57.88978 | 16.66354
WP1066 98.74417 | 6.35100 | 101.33058 | 14.69674 | 10548918 | 27.37069 | 60.56512 | 11.61366
\1’\99)5'125132 (WYE- 9027242 | 3.22011 | 4524502 | 14.46048 | 49.34637 | 22.61458 | 53.22732 | 11.96458
WYE-354 10045112 | 19.11756 | 94.74966 | 23.44595 | 100.61932 | 29.76809 | 96.11592 | 34.56298
WZ3146 8545054 | 7.37507 | 4154479 | 21.64841 | 80.86807 | 546621 | 32.34397 | 2.64996
WZ4002 97.05978 | 6.41464 | 89.29298 | 32.95000 | 91.29023 | 13.32984 | 37.38608 | 27.32413
WZ4003 106.05124 | 3.86698 | 101.03132 | 24.02293 | 59.32037 | 553774 | 60.13452 | 15.38024
WZ8040 102.40648 | 5.80880 | 93.01036 | 25.85900 | 57.29217 | 15.24835 | 29.69420 | 27.93896
XL019 116.27128 | 6.63469 | 159.29142 | 11.40024 | 148.24251 | 30.40710 | 114.45366 | 19.50247
XL147 9438281 | 4.68146 | 74.20848 | 8.00762 | 74.52947 | 9.47165 | 81.97394 | 21.05937
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XMD8-92 84.92130 | 6.50906 | 94.99607 | 9.69914 | 103.86636 | 26.55295 | 110.30880 | 14.21248
Y-27632 2HCI 122.79486 | 12.63409 | 149.60897 | 47.76275 | 142.99637 | 4.02787 | 121.37756 | 21.40973
YM201636 956.53611 | 17.93730 | 88.28801 | 15.72565 | 151.29246 | 35.04092 | 73.25092 | 12.58656
ZCL278 105.30791 3.41510 | 125.30385 | 16.09069 | 81.26828 | 9.60824 | 103.38728 | 30.39654
ZM 306416 101.34762 | 9.51712 | 87.21871 5.39493 | 76.04102 | 25.23623 | 100.00109 | 13.48071
ZM 323881 HCI 99.12451 | 10.15845 | 73.20297 | 15.21265 | 63.36748 | 12.75991 81.66305 | 11.72651
ZM 336372 118.62356 | 5.62782 | 166.60000 | 38.60305 | 115.67671 | 38.71551 | 134.22474 | 34.84730
ZM 39923 HCI 96.82059 | 3.85369 | 107.67133 | 16.07190 | 73.69752 | 10.20674 | 86.68591 8.26787
ZM 447439 116.87032 | 8.93593 | 168.38932 | 42.96806 | 136.99594 | 25.76625 | 109.72373 | 19.76397
Zotarolimus(ABT-578) 101.02862 | 5.49118 | 125.13529 | 36.43224 | 75.60783 | 16.63621 83.65406 | 35.78056
ZSTKA474 114.01573 | 8.93137 | 158.86430 | 31.62176 | 148.02067 | 10.13137 | 108.40270 | 13.43648
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Appendix 3: Curriculum Vitae

Corina M. Stewart

Academic Background

PhD Candidate in Microbiology and Immunology
University of Ottawa Sept. 2015 — June 2021 (expected)

Bachelor of Science (with Distinction) in Molecular Biology and Biochemistry
Simon Fraser University Sept. 2009 — June 2014

Publications

Fu, K., Laroche, G., Mulloy, R. P., Phan, A., Stewart, C. M., Hagan, M., Fink, C., Prévost, J.,
Beaudoin-Bussiéres, G., Yockell-Lelievre, J., Stanford, W. L., Giguere, P., Dekaban, G., Finzi,
A., Dikeakos, J.D., Kobasa, D., Coté, M. Identification of host proteases required for SARS-
CoV-2 Spike-mediated membrane fusion. Manuscript in preparation.

Stewart, C. M., Bo, Y., Fu, K., Hagan, M., Kozak, R. A., Kobinger, G., Kobasa, D., C6té, M.
Inhibition of sphingosine kinase 1 impairs endocytic trafficking of Ebola virus to entry-
conducive intracellular compartments. Manuscript in preparation.

Rocheleau, L., Laroche, G., Fu, K., Stewart, C.M., Mohamud, A.O., Cété, M., Giguere, P.M.,
Langlois, M.A., Pelchat, M. Identification of a High-frequency Intra-host SARS-CoV-2 spike
Variant with Enhanced Cytopathic and Fusogenic Effect. mBio. 2021.

Stewart, C. M., LeBlond, N. D., Smith, T. K. T., Laroche, G., Giguere, P. M., Fullerton, M. D.,
Pelchat, M., Kobasa, D., and Cété, M. Ebola virus triggers receptor tyrosine kinase-dependent
signaling to promote the delivery of viral particles to entry-conducive intracellular
compartments. PLoS Pathog. 2021 Jan 29; 17(1).

Stewart, C. M., Dorion, S. S., Ottenbrite, M. A. F., LeBlond, N. D., Smith, T. K. T., Qiu, S., et
al. A Diacylglycerol Kinase Inhibitor, R-59-022, Blocks Filovirus Internalization in Host Cells.
Viruses. 2019;11(3).

Qiu, S., Leung, A., Bo, Y., Kozak, R. A., Anand, S. P., Warkentin, C., et al. Ebola virus

requires phosphatidylinositol (3,5) bisphosphate production for efficient viral entry. Virology.
2018;513:17-28.

Oral Presentations

American Society for Virology Annual Meeting, Fort Collins, Colorado June 2020
(meeting cancelled due to COVID-19)
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Canadian Society for Virology 2nd Symposium, Halifax, Nova Scotia June 2018

American Society for Virology Annual Meeting, Madison, Wisconsin June 2017
Canadian Society for Molecular Biosciences, Ottawa, Ontario May 2017
American Society for Virology Annual Meeting, Blacksburg, Virginia June 2016
Canadian Society for Virology Symposium, Blacksburg, Virginia June 2016
Awards

Syed Sattar PhD Award, BMI, University of Ottawa 2021
American Society for Virology Travel Award (meeting cancelled due to COVID-19) 2020
NSERC Postgraduate Scholarship — PGSD, University of Ottawa 2018
2016 BMI Poster Award — 1st Place, University of Ottawa 2016
Ontario Graduate Scholarship, University of Ottawa 2016
Canadian Society for Virology Travel Award, CSV Conference, Blacksburg, Virginia 2016
University of Ottawa Admissions Scholarship, University of Ottawa 2015
Molecular Biology and Biochemistry Undergraduate Scholarship, Simon Fraser University 2013
Undergraduate Open Scholarship, Simon Fraser University 2010-2014
Summit Entrance Scholarship, Simon Fraser University 2009

Research Experience

PhD Candidate — M. C6té Lab
University of Ottawa Sept. 2015 — Present

Undergraduate Research Assistant — Plettner Research Group
Simon Fraser University May — Sept. 2013 & 2014

Volunteer and Leadership Experience

VP Wellness
BMI Graduate Student Association May 2019 — August 2020

Science Educator
Let’s Talk Science Sept. 2016 —Sept. 2018

Teaching Experience

Teaching Assistant, University of Ottawa
MIC4126 — Virology Winter 2018 & 2019
BCH2333 L — Introduction to Biochemistry Lab Winter 2016

Biology Laboratory Instructor
Kwantlen Polytechnic University Jan. 2015 - May 2015
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