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ABSTRACT

REFRAMING VIRAL INFECTIONS AS ACUTE METABOLIC DISORDERS: DENGUE

VIRUSES AND THEIR DEPENDENCY ON HOST METABOLIC PATHWAYS

Dengue viruses (DENVSs) are the etiological agent of one of the world’s most aggressive
arthropod-borne disease. At present, there are no available antivirals against DENVs. This fact
underscores a dire need to examine host-virus interactions to identify and develop novel
therapeutic approaches. As obligate intracellular parasites, DENVs are reliant upon and hijack
several host metabolic pathways both to fulfill their replicative needs, and to evade the host
immune response. We and others have previously established that infection with DENVs causes
significant perturbation to host lipid metabolism, including elevations in sphingolipids in both the
human and mosquito host. In addition, we and others previously discovered that the DENV NS1
protein increases sialidase activity in both in vitro and in vivo models leading to increased
endothelial hyperpermeability and vascular leakage which are hallmarks of severe dengue. To
further clarify and characterize these previous works, we have performed siRNA-mediated loss
of function studies using human hepatoma cells (Huh7 cells) on several metabolic pathways
altered during DENV2 infection. First, we examined the role of acyl-CoA thioesterases, enzymes
responsible for controlling the intracellular balance of activated fatty acids and free fatty acids, on
the DENV?2 lifecycle. In these analyses, we determined that the cytosolic ACOT1 enzyme had an
inhibitory effect on DENV2 replication and release, while mitochondrial ACOT (ACOTs 2 and 7)
functionality was critical for viral replication and release. Moreover, we identified several enzymes
within the ACOT family whose expression was dependent on ACOT2 and ACOT7 expression.
These results highlighted complex relationships between ACOTs and DENVSs, as well as identified

yet unknown functional interdependence between ACOT enzymes. Next, we expanded our



previous understanding of the relationship between DENVs and the human sialidase enzymes
(NEU1-4). While previously studies linked upregulation of these enzymes with DENV2 pathology,
we provide the first evidence showing that NEU1-4 functionality is vital for DENV2 genome
replication and viral egress. Moreover, our analyses also revealed previously unknown
functionality of NEU4 or its downstream products as transcriptional regulators for NEU1-3. Finally,
we provide a profile of the effect of loss of function of enzymes within the entire sphingolipid
metabolic pathway (as identified through KEGG pathway database) on the DENV2 life cycle. In
this study, we identified that enzymes involved the sphingomyelinase and salvage pathways of
ceramide synthesis as opposed to de novo ceramide synthesis were critical to DENV2 release
from Huh7 cells. In addition, we determined that enzymes involved in the synthesis and
degradation of glycosphingolipids were vital for DENV2 release. An especially intriguing result
within this arm of sphingolipid metabolism was that the two enzymes which hydrolyze GluCer had
differential effects on DENV2 replication and release. GBA1 (lysosomal) had an antiviral effect on
DENV2, while GBA2 (non-lysosomal) was required for DENV2 replication and release. This
prompted us to profile the changes that occur to glycosphingolipids (GSLs) during infection, and
we uncovered several species of GSLs that are elevated during infection. Moreover, we identified
that Ambroxol HCI, a pharmaceutical GBA1 chaperone/GBAZ2 inhibitor, was able to abrogate
these elevations in GSLs. Combined, our results allowed us to propose a novel function for GBA2
as a GluCer recycling enzyme during DENV2 infection. In conclusion, together, the work in this
dissertation highlights critical metabolic nodes that impact virus replication and provides new
directions for investigating viral infections as acute metabolic diseases.

Hypothesis of study: Dengue viruses hijack and manipulate host metabolic pathways for
their own replicative advantage. As such, alterations in metabolite levels and metabolic enzyme
expression and activity are quantifiable and can be correlated with their roles in the DENV
lifecycle. Moreover, these changes in the metabolic landscape can be used to identify novel

therapeutics and provide insight into the DENV-induced pathology.
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Chapter 1: Literature Review

1.1: Introduction

Emerging infectious diseases pose one of the greatest threats to global health. In the past
few decades, several pandemics have highlighted how quickly a virus can spread across the
globe. At the time of preparing this dissertation, we are currently amid a coronavirus disease
outbreak that has caused an estimated 520 million infections and 6.2 million deaths worldwide in
the two years since it emerged. While vaccines provide us with the best protection against viral
infections, development can be slow and costly. Moreover, as has been witnessed in real-time
during the COVID-19 pandemic, viruses can quickly mutate and escape the immunity conferred
by vaccines. Likewise, viral mutations also allow many viruses to develop resistance to antivirals
that specifically target viral proteins. This underscores a dire need to identify and develop novel
antiviral approaches against emerging diseases. Research aimed at investigating virus-host
interactions is crucial to these efforts.

As obligate intracellular parasites, viruses are reliant upon and exploit many host metabolic
pathways both to fulfill their replicative needs and to evade the host immune response. These
changes in cellular metabolism can have dire consequences for the host, contributing to the
pathogenesis that accompanies viral infection. While metabolomics is still an emerging field
whose full potential is yet unrealized, metabolomics-based approaches have enriched our
understanding of the changing cellular landscape upon viral infection. These approaches allow
us to characterize what specific molecules are altered, how they contribute to the viral life cycle,
and determine how they are altered upon infection (host- or virus-mediated). In turn,
metabolomics is a powerful tool that can be exploited to discover metabolic chokepoints that can

be targeted both to control viral replication and improve patient outcomes.



Herein, we will discuss various aspects of the relationship between dengue viruses
(DENVSs), the etiological agents of one of the world’s most prevalent and aggressive arthropod-
borne disease, and host cellular metabolism. During infection, DENVs cause extensive
perturbations to the lipid repertoire within the cell. Thus, we have discussed the knowns and
unknowns regarding changes to the lipid landscape upon DENV infection. As well, we have
discussed the known roles lipids play in the DENYV lifecycle. Additionally, we have discussed the
relationship of viruses and sialic acids, which are a predominate sugar residue on glycolipids and
glycoproteins, and interactions of DENVs with enzymes involved in regulating sialylation. Finally,
we will provide a brief, but detailed biochemical overview of fatty acid metabolism, sphingolipid
metabolism, lipid trafficking, and sialic acid biology. These discussions combined are presented
as evidence from the literature that informed the investigations and methodologies presented in

this dissertation.

1.2: Dengue viruses

Dengue viruses (DENVs), are positive sense, enveloped RNA viruses belonging to the
Flaviviridae family of viruses [1-3]. There are four known serotypes (DENV1-4), which are
endemic and co-circulate in tropical and subtropical regions of the world and are transmitted by
Aedes spp. mosquitoes [1-3]. Recent modelling by the World Health Organization suggests there
are ~390 million dengue infections with ~96 million clinical cases each year [1-3].

Dengue, the disease caused by DENVs, can present as a range of illnesses. Most often,
dengue presents as either a subclinical or undifferentiated flu-like disease or as an acute febrile
illness (dengue fever or DF) lasting 3-7 days which can be accompanied by severe headache,
myalgia, arthralgia, and a maculopapular rash [2,4]. However, some infections are more severe

and progress to dengue hemorrhagic fever (DHF) which includes the hallmarks of leukopenia,



thrombocytopenia, and vascular leakage/hemorrhaging and can progress to the fatal dengue
shock syndrome (DSS) if fluid loss is unmanaged due to hypovolemic shock [2,4]. Presently, there
are no antivirals against DENVs, thus supportive care and fluid restoration remain the only
available treatments for hospitalized patients [2,4].

The risk of progression to severe disease is increased in people who have previously been
exposed to one DENV serotype, and are subsequently infected by a heterotypic virus [5,6]. This
phenomenon is known as antibody-dependent enhancement (ADE), wherein sub-neutralizing
antibodies against the primary serotype bind to the secondary, heterotypic virus effectively
opsonizing it and thereby facilitating its entry into monocytes, macrophages, and dendritic cells
[5,6]. This confers an advantage for DENVs as they display tropism for innate immune cells and
tissues, thus ADE increases DENYV infiltration and production, but is disadvantageous to the host
as by exacerbating the host immune response and increases immunopathology [7].

The ADE phenomenon complicates vaccine development as vaccine-induced immunity in
DENV-naive (seronegative) individuals may predispose them to severe illness when they receive
a ‘secondary’ exposure from the bite of a DENV-infected mosquito [8,9]. This was observed and
contributed to the controversy surrounding the rollout of Sanofi Pasteur's Dengvaxia® vaccine,
the only currently available vaccine against DENVs [10]. During clinical trials, insufficient data
collection of serostatus of trial participants resulted in an undetected risk for seronegative
recipients [10]. Nearly 18 months post-vaccine rollout, a safety signal was issued by Sanofi
Pasteur [11]. Analysis since showed that the relative risk of hospitalization due to severe illness
was 2-4 fold higher in seronegative recipients [10]. Moreover, Dengvaxia® displayed serotype-
specific efficacy, providing higher vaccine-induced immunity to DENV3 and DENV4 than DENV1,
and lowest efficacy against DENV2 [10]. In the wake of these results, ongoing clinical trials for
second-generation live-attenuated vaccines have been extended and stratification of data to

include serostatus is required by regulatory agencies [12]. This underscores an urgent need for



the discovery of preventative measures and antivirals to treat patients infected with dengue

viruses.

1.2.1 - The dengue virus life cycle
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Figure 1.1 — A Schematic of the DENV Life Cycle. (A) DENVs attach to receptor molecules and enter the cell via
clathrin-mediated endocytosis. (B) Following endocytosis, virus particles traffic through the endosomal pathway
towards the late endosome. (C) Acidification in the late endosome allows for conformation changes in the E
glycoprotein, exposing the fusion loop which allows for virus to bind with endosomal membrane and release the viral
genome into the cytoplasm. (D) As DENVs are positive sense RNA viruses, protein translation immediately occurs.
Translation occurs in ER-derived convoluted membranes. (E) Genome replication and assembly of immature virus
particles occur in modified ER membranes. Assembled particles bud from ER cisternae and travel in vesicles to the
Golgi for maturation. (F) Acidic pH in the Golgi drives changes in structural conformation of the virus particle, and
cleavage of the pr peptide from the M protein. (G) The pr peptide remains associated with the virus particle until the
virus is released into the neutral pH environment in the extracellular space to prevent premature fusion within the cell
[reviewed in 13,14]. (A-G) Structures are not drawn to scale. Image generated using Biorender.com.



Attachment and entry

Many viruses, such as HIV and influenza, display limited tropism as they can only enter
cells bearing specific receptors [15,16]. However, one of the more insidious features of
flaviviruses is that they display broad cellular tropism [17]. DENVs have been documented to
replicate in peripheral blood, splenic, lymphatic, skin, and hepatic tissues [18-22]. While many
putative attachment molecules have been identified, there is no consensus on a specific
attachment molecule, a summary of identified molecules are presented in Table 1.1 [14,23—
34,reviewed in 35]. It is hypothesized that binding non-specifically may have been an evolutionary
mechanism to drive increased cellular tropism [35]. Irrespective of the attachment molecule used,
the remaining steps of viral entry are more clearly understood. DENVs will diffuse across a cellular
surface, bind to an attachment molecule contained within a clathrin-coated pit, and be internalized
via clathrin-mediated endocytosis [36]. Following internalization, virions are delivered to early
endosomes where they are sorted for endocytic pathway transport and are delivered to late
endosomes [36,37]. As endosomes mature they become increasingly acidic [38], which favors
the structural transitions necessary to expose the fusion loop of the viral glycoprotein [39,40]. This
allows the viral envelope to fuse with the endosomal membrane and for the viral RNA to be
released into the cytoplasm [36,39-41]. Importantly, low pH is not the only determinant of
complete fusion and release of viral RNA. It has been demonstrated that complete fusion is
dependent upon the presence of the anionic lipid, bis(monoacylglycerol)phosphate (BMP), which
is found primarily in late endosomal membranes [42,43]. It is hypothesized that the requirement
of BMP for fusion is one mechanism DENVs use to control the intracellular location of genome

release [42].



Table 1.1 — Identified Attachment Molecules of dengue viruses — adapted from [14,23-34,reviewed in 35

Molecule Type Attachment Molecule Cell type expressed Reference
Claudins Claudin-1 epithelial cells Gao et al., 2010
C-type lectin 3 Navarro-Sa.nchez et al., 2003
DC-SIGN dendritic cells Tassaneetrithep et al., 2003
. endothelial cells in
C-type lectin hepatic and lymphatic | Tassaneetrithep et al., 2003
L-SIGN tissues Dejnirattisai et al., 2011
C-type lectin mannose receptor macrophages Miller et al., 2008
Glycosaminoglycan
(GAG) Heperan sulfate ubiquitously expressed | Chen et al., 1997
high affinity laminin
Glycoprotein receptor hepatic cells Thepparit et al., 2004
neolactotetraosylceramide
Glycosphingolipid (nLc4Cer) ubiquitously expressed | Aoki et al., 2006
ubiquitously expressed
Heat-shock protein | HSP70 Reyes-del Valle et al., 2004
ubiquitously expressed
Heat-shock protein | HSP90 Chen et al., 1999
Heat-shock protein | HSPA5 (aka GRP78) ubiquitously expressed | Jindadamrongwech et al., 2004
macrophages,
Pattern recognition dendritic cells, and
receptor CD14 neutrophils Chen et al., 1999
Phosphatidylserine
receptors -
(TIM/TAM ubiquitously expressed | Meertens et al., 2012
receptors) AXL
Phosphatidylserine
receptors -
(TIMITAM ubiquitously expressed | Meertens et al., 2012
receptors) TIM-1
Phosphatidylserine
receptors .
(TIM/TAM T-cells Meertens et al., 2012
receptors) TIM-4

Viral protein translation and processing

As DENVs are positive-strand RNA viruses, protein translation can be immediately
initiated upon contact with a ribosome. The DENV genome is comprised of highly structured 5’
and 3’ untranslated regions (UTRs) and a single open reading frame (ORF) which is depicted in
Figure 1.2 [13]. Importantly, the positive-sense RNA serves as both the template for RNA
synthesis and message for viral protein translation. Previously, it was thought that protein
translation and viral RNA replication can occur simultaneously from the same RNA template,

however recent studies have demonstrated that these events occur exclusively [44—48]. These



events are controlled by the conformational state of the viral RNA, with protein translation
dependent upon the linear conformation and genome replication requiring circularization of the
RNA [45]. The OREF is translated into a single polyprotein that is then post-translationally cleaved
by both host and viral proteases into 10 individual proteins (discussed in Section 1.2.2, illustrated
in Figure 3) [49]. Flavivirus proteins are known to cause significant rearrangements of host cellular
membranes during infection, including formation of endoplasmic reticulum (ER) derived
convoluted membranes (CM) which are implicated as the sites of viral protein translation (depicted
in Figure 1.1) [50,51]. Protein translation and processing is presumed to occur on CMs as studies
in closely related flaviviruses have revealed that the viral non-structural protein 3 (NS3), and its
cofactor, NS2B, which form the viral protease, are found in close association with these

membranes [52].

5'UTR ORF

E [ ns1 [nszaf2s] NS3 [4a] 4B ] NS5

Variable Region

Figure 1.2 — Organization of the DENV Genome. The DENV genome is ~11 kB, is capped at the 5’ end, and lacks a
poly-A tail at the 3’ end. The genome has a single ORF, which encodes 3 structural proteins (indicated in purple) and
7 non-structural proteins (indicated in green.) The 5’ and 3’ untranslated regions (UTR) of the genome are comprised
of highly defined structures that are critical for viral replication, and possibly serve a role in immune evasion. Genome
replication is initiated by NS5 binding to a promotor on the 5’ stem loop A (SLA). Remodeling of the 5’ SLB and 3’ SL
exposes complementary sequences in the 5 and 3’ (5UAR-3'UAR, 5DAR-3'DAR, and 5-CS-3'CS), and triggers
circularization of the genome (not depicted). The switch from linear to circular topology promotes the transition of protein
translation to viral genome replication [45,46,53,54]. (Abbreviations: cHP: capsid-coding region hairpin element, CS:
complementary sequence, DAR: downstream of AUG region, DB: dumbbell, ORF: opening reading frame, SL: stem
loop, SLA: stem loop A, SLB: stem loop B, UAR: upstream of AUG region, UTR: untranslated region.) Imaged generated
using Biorender.com.

Viral genome replication and assembly
The proposed site of viral replication and assembly is the perinuclear ER where additional
viral-protein induced membrane rearrangements lead to the formation of viral replication

complexes (RCs) [48,50,51]. These RCs contain both host and viral proteins housed within



vesicles (Ve) that are contained within larger vesicle packets (Vp) and protect replicating viral
RNA from host degradative enzymes (depicted in Figure 1.1) [48,50,51]. Viral RNA synthesis is
a tightly regulated process, that requires several functional elements contained within the 5’ and
3’ UTRs of the viral genome (Figure 1.2). First, the viral NS5 protein (the viral RNA dependent
RNA polymerase, or RdRp) binds to a promotor region of stem loop A (SLA) in the 5 UTR,
displacing translation initiation factors [45,46,53,54]. This is followed by remodeling of the viral
RNA through destabilization of the 5 SLB and 3’ SL, which exposes complementary sequences
in the 5" and 3’ regions of the genome, triggering circularization [45,46,53,54]. This restructuring
allows for NS5 translocation to the 3’ end of the viral genome to produce negative strand RNA
which will serve as a template for positive strand (genome) synthesis [45,46,53,54]. In addition to
its RdRp activity, the viral NS5 protein also has methyltransferase activity, thus, is also
responsible for adding a 5’ methylated cap to nascent positive strand RNA [47].

As depicted in Figure 1.1, assembly of immature virus particles occurs in invaginated
membranes containing the viral structural proteins (capsid, C; envelope, E; and premembrane,
prM) that are physically opposite of the Ve/Vp structures of RCs [51]. Unfortunately, the process
of encapsidation of viral RNA is not fully understood but appears to be mediated by the viral NS2A
protein (discussed in 1.2.2). RNA-C complexes are formed between newly replicated viral
genomes and capsid proteins, and interact with the cytoplasmic face of E-prM complexes
embedded in the ER membrane to form immature particles that then bud from the ER lumen [14].
This is also the process by which DENVs obtain their ER-derived lipid membranes [14].
Maturation and release

After budding from ER membranes, immature virus particles have been shown to
accumulate in ER cisternae, and are presumably transported to the Golgi via KDEL receptor-
mediated vesicular transport [51,55]. KDEL receptors are transmembrane proteins that cycle
vesicles between the ER and Golgi whose predominate function is involved in retrieval of ER-

resident proteins back to ER from the Golgi [56-58]. In Li et al., 2015, it was demonstrated that



DENVs hijack this transport process via prM/KDELR interactions, and that this interaction is
required for transport of immature DENV particles to the Golgi [55]. Interestingly, this mechanism
is only observed for DENV1-3, thus transport of DENV4 from the ER to Golgi proceeds via a yet
undetermined process [55]. Immature particles will then migrate through the trans-Golgi network
to undergo particle maturation. Maturation involves pH-dependent structural transitions in the
glycoprotein shell that cause the virus particles to convert from a ‘spiky’ to ‘smooth’ outer
morphology (discussed further in 1.2.2) [14]. Following maturation, mature virions are released
from infected cells. It is important to note that not all virus particles follow to complete maturation,
and pleomorphic maturation intermediates are common [14]. While these maturation
intermediates arise due to complications in the maturation process, they may confer an advantage
for DENVs against host defenses as antibody-mediated responses may be directed towards
structures in these particles which are less infectious than mature virus structures [59]. Moreover,
immature particles may also contribute to ADE, as sub-neutralizing antibodies may bind these

virus particles and facilitate their entry into innate immune cells [60].

1.2.2 - Denque virus proteins

As discussed above, the DENV RNA consists of a single ORF that is initially translated as
a single polyprotein (Figure 1.3.A). This polyprotein is then cleaved by viral and host cell proteases
into 7 non-structural proteins, and 3 structural proteins (Figure 1.3.A) [13]. The structures of many
of these proteins have been solved (Figure 1.3.B). Each of these viral proteins is involved directly
in the propagation of progeny virions, however, many viral proteins also recruit, upregulate, or

suppress various host factors. These functions are highlighted below.
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Figure 1.3 — Structural Proteome of DENVs. (A) Membrane topology of the DENV polyprotein. DENVs are translated
as a single polyprotein, and then cleaved by host and viral proteases (indicated by arrows) to form 3 structural proteins,
C, prM, and E and 7 non-structural proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [reviewed in 61]. (B)
Solved protein structures of DENV. NMR (outlined in green) and X-ray crystallography structures (outlined in black) are
shown for C, pr, E, NS1, NS2A, NS3, and NS5. Structures for NS2B, NS4A and NS4B have yet to be solved (denoted
in red). Protein Data Bank Identifiers: 1R6R, 3C5X, 10KE, 401G, 2M0S, 2VBC, and 5ZQK, respectively [62—68].
Protein structures were generated utilizing PyMOL Molecular Graphics System, Version 2.5.2, Schrodinger, LLC.
Composite image generated using Biorender.com.
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Structural proteins

The capsid (C) protein is a 12 kDa, highly basic protein that functions primarily to package
the RNA genome [69]. Itis anchored to the ER membrane by a signal sequence in its C-terminus
[62,69,70]. Dimerization of capsid protein is required for infectious particle formation [62,69,70].
Encapsidation appears to be partially coordinated by the viral NS2A protein (discussed under
NS2A), but is also likely electrostatically driven as the highly basic nature of C gives it a high
affinity for nucleic acids and lipids [62,69-71]. In addition to its role in genome encapsidation, the
C protein is predominantly found in the nucleus [72]. Within the nucleus it has been implicated to
interact with histones and DAXX to inhibit nucleosome formation and induce apoptosis,
respectively [73,74].

The premembrane (prM) protein is a 22 kDa, integral membrane glycoprotein that is
embedded in the ER [63]. During polypeptide synthesis, the prM undergoes N-glycosylation at
Asngg with GlcsMangGIcNAc: [75]. In the ER, a-glucosidase enzymes are responsible for trimming
the first 2 (and possible 3™) glucose residues from the prM glycoprotein [75]. Inhibition of a-
glucosidase activity inhibited proper folding of prM, and both delayed and destabilized the prM-E
heterodimers that are necessary for assembly of immature virus particles leading to reduced viral
output [75]. Under normal conditions, the immature virus particles that bud from the ER consist of
90 prM-E heterodimers that form 60 trimeric spikes [63,76,77]. During maturation in the Golgi, low
pH causes dissociation of the prM-E heterodimers and leads to formation of 90 E protein
homodimers which lay flat against the particle membrane [63,76,77]. This allows for furin-
mediated cleavage of the pr peptide from the prM [63,76,77]. The pr peptide remains associated
with the viral particle until it is released into the neutral extracellular environment [63,76,77]. This
association seems to function to prevent premature fusion of viral particles within infected cells
[63,76,77].

The envelope (E) glycoprotein, is ~55 kDa and is the first point of contact between DENV's

and host cells [13]. It is a class Il fusion protein, and is anchored to the membrane via two
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antiparallel transmembrane domains in its C-terminus [13,35]. As discussed above, it can
heterodimerize with prM proteins, or form homodimers. In each of these interactions, trimeric or
dimeric conformations are possible [63,76,77]. The E protein is glycosylated at 2 residues: Asnez
and Asnsss [78]. The glycan attached at Asnszis a high mannose glycan which is proposed to
facilitate attachment to DC-SIGN and other mannose binding receptors for viral entry [79,80]. The
N1s3 glycan is a complex glycan, proposed to contain terminal sialic residues [27,78]. The
functionality of this residue is uncharacterized in DENVs, but is highly conserved across all
flaviviruses and was demonstrated to act an “epitope shield” of the fusion loop of tick-borne

encephalitis virus [78,81].

Non-structural proteins

NS1 is a multi-functional 46-55 kDa glycoprotein (glycosylation status effects molecular
weight) [82]. The NS1 protein functions either as a homodimer inside the cell, or as hexameric
lipoprotein when secreted [82]. It is the only viral protein secreted from cells [82]. NS1
homodimers are found in association with ER replication complexes despite the lack of a
transmembrane anchor [82]. Resolution of the crystal structure of NS1 greatly advanced our
understanding of how NS1 associates with membranes. The structural analysis that within the
NS1 dimer, there is hydrophobic protrusion in the connector subdomain. This hydrophobic
protrusion contains a prominent ‘greasy finger’ loop that allows for lipid-NS1 interactions [83]. In
addition, structural analysis of NS1 also revealed that NS1 is glycosylated at Asnizg and Asnaoyz,
although the type of glycan at each residue is different for intracellular and secreted NS1.
Intracellular N-glycans are high mannose glycans, whereas secreted NS1 has a complex
oligosaccharide glycan residue at N13g and a high mannose residue at Nxo7 [82]. Previously, the
NS1 homodimer was a proposed co-factor for RNA replication, and was thought to interact with
NS4A and NS4B viral proteins [84]. It was thought that the NS1-NS4A-NS4B interaction facilitated

formation of RNA replication complexes [85]. However, recent analysis determined that NS1
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does not interact with mature NS4A and NS4B, but with the NS4A-2K-4B polyprotein precursor,
and its role in Vp formation is independent of its interaction with the NS4A-2K-4B precursor [86].
It was proposed that NS1 temporally regulates NS4A-2K-4B cleavage as this regulation has been
demonstrated to be critical for viral RNA replication of other viruses [86—89]. The mechanisms for
NS1-mediated Vp formation and functional role for NS1-NS4-2K-4B precursor interactions are yet
unresolved. Secreted NS1 has been demonstrated to contribute to endothelial hyperpermeability
and vascular leakage in a number of studies [90-93]. NS1 is shown to induce upregulation of
cellular sialidases and heparanase which cleave sialic acid residues and heparan sulfate
proteoglycans which destabilizes the endothelial glycocalyx [90]. Additionally, secreted NS1
lipoprotein has been shown to inhibit thrombin activation, thus also is proposed to contribute to
coagulopathy and thrombocytopenia [94].

NS2A is a transmembrane protein with a predicted molecular weight of 22 kDa [95]. NS2A
has been shown to co-localize with NS3, NS5, dsRNA and other components of the viral
replication complex, and is indispensable for viral replication through a yet unknown mechanism
[95]. Additionally, NS2A has been shown to coordinate virion assembly by recruiting the C-prM-E
polyprotein, the NS2B-NS3 protease, and nascent viral RNA to assembly sites [71]. This results
in a coordinated cleavage of C, prM, E proteins, genome encapsidation, and particle assembly
[71]. Importantly, these two functions of NS2A appear to be driven by separate populations of
NS2A [95].

NS2B is 15 kDa transmembrane protein that primarily functions as a co-factor for the
serine protease domain of NS3 (denoted NS2B-NS3 protease) [96]. It has also been shown to
inhibit type | interferon and apoptosis by targeting cGAS for lysosomal degradation [97]. cGAS is
a sensor that activates the IFN pathway upon detection of aberrant cytoplasmic DNA [97].

NS3 is 70 kDa elongated protein with protease activity at its N-terminus and helicase, and
nucleotide triphosphatase activity occurring at its C-terminus [96,98]. It does not have a

transmembrane domain, but closely associates with other viral proteins and ER membranes [14].
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NS3 is vital for proteolytic processing of the viral polyprotein, as well as integral to viral RNA
replication due to its helicase and triphosphatase activity [14]. During DENV infection, significant
expansion of lipid membranes and perturbation of lipid metabolism is observed [99]. This is
mediated, in part, through stimulation of and recruitment of fatty acid synthase to sites of viral
replication by NS3 [99]. NS3 also antagonizes the interferon response by cleaving the STING
protein [100].

NS4A and NS4B are transmembrane proteins with respective molecular weights of ~11
kDa and ~25 kDa are typically associated with viral replication complexes. Cleavage of the NS4A-
NS4B polyprotein was demonstrated to be the key event in initiation of the membrane
rearrangements required for viral replication, however the mechanism of rearrangement still
remains unclear [101,102].

NS5 is a 103 kDa multifunctional protein with guanylyltransferase, methyltransferase and
RNA-dependent RNA polymerase (RdRp) activity [103,104]. The RdRp domain (C-terminus) is
responsible for viral genome replication while the guanylyltransferase/methyltransferase domain
(N-terminus) is responsible for capping and internal methylation of the viral genome [103,104].
NS5 does not possess a transmembrane domain, but instead resides in viral replication
complexes through a close association with NS3 [103]. It also contains a nuclear localization
sequence (NLS) and is often found in the nucleus of infected cells [103]. In the cytoplasm, it
phosphorylates STAT1 (prevents nuclear translocation) and marks STAT2 for degradation to
suppress the host IFN response [105]. However, in the nucleus it has been shown to increase
NF-kB-RANTES which promotes an antiviral response [106]. It was also demonstrated that NS5

binds spliceosomes in the nucleus and alters cellular gene expression [107].
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1.3: Alterations of host metabolic pathways upon DENV infection

We often describe viruses as ‘selfish genetic elements’ as the only true ‘function’ of a virus is
to produce more of itself. This, however, is no small task as most viral genomes encode only the
genes necessary to create additional copies of themselves [108]. Thus, viruses must obtain most
of their resources from their host. To accomplish this, viruses have evolved a variety of
mechanisms that allow them to manipulate host metabolic pathways to their advantage [108].
This includes hijacking pathways that generate the raw materials (nucleic acids, amino acids,
sugars, and lipids) and energy needed for virus production as well as inhibiting host processes
that antagonize viral production (e.g. the host immune response) [108].

DENVs are enveloped RNA viruses whose entire life cycle is intimately entangled with
highly specialized cellular membranes. Major metabolic reprogramming has been observed that
is coincident with both the energetic and biosynthetic demands required to generate these
specialized membranes. The major pathways altered include lipid metabolism, central carbon
metabolism, and autophagy. Below we will summarize our current understanding of how DENVs
interact with these pathways, what alterations occur during virus infection, and what implications

these changes may have on the virus life cycle.

1.3.1 - Lipid metabolism

Lipids are the major components of all biological membranes. As such, lipids are vital
molecules for DENV biogenesis. Additionally, many lipids also function as biological signaling
molecules. Therefore, the outcome of perturbation of these pathways reaches beyond a mere
rearrangement of biological membranes to support viral replication. Metabolomics-based

analyses have begun to unravel the extent of the changes to the lipid landscape upon DENV
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infection. However, there are still many functional questions to be answered, thus a complete

understanding of the relationship between lipids and DENVs is unavailable.

Fatty acid metabolism

Fatty acids (FAs) are the building blocks of all cellular lipids [109]. FAs can be derived
from either de novo biosynthesis, dietary sources, or recycling of existing lipids. The primary role
for FAs is formation of the lipid bilayer of biological membranes. An overview of FA metabolism
is provided in section 1.4. In this section, we will focus how FA metabolic enzymes and
metabolites are altered during DENV infection.

While it was previously established that DENVs remodel membranes to form replication
complexes, the first report of involvement of de novo FA biosynthesis in this remodeling process
was published by Heaton et al., in 2010. This study demonstrated that FA synthase (FASN), a
key enzyme in de novo FA biosynthesis, was recruited to sites of viral replication by the DENV
NS3 protein [99]. Additionally, they reported elevated FASN activity in DENV-infected cells, and
showed that pharmacological inhibition of FASN reduced viral genome replication and infectious
particle release [99].

Since this initial study, various metabolomics-based studies have been conducted to
characterize the lipid profile of DENV-infected cells and patient sera. Studies in Ae. aegypti
mosquitoes as well as in mosquito cells revealed an overall increase in lipid abundance in infected
mosquitoes and cells [110,111]. These studies found elevations in phosphatidylcholine (PC),
lysophospholipids (LPLs), ceramide (CER), sphingomyelin (SM), glycerophospholipids (GPs),
hexosylceramides, and acyl-carnitines [110,111].

Some key observations can be made from these results. First, enrichment of lipid species
that can alter membrane curvature and permeability were observed in both studies [110,111].
These lipids included unsaturated PC and CER, which can both induce negative membrane

curvature, and LPLs which promote positive curvature [112—114]. It should be noted that PC is
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generally a planar molecule, however, incorporation of unsaturated fatty acyl chain can increase
membrane flexibility and bending [115]. Enrichment of these lipids, therefore, may function to
produce the Ve/Vp structures of the viral RCs and promote budding during particle assembly.
LPLs and GPs support membrane permeability due to their surfactant properties [112—114].
Altered permeability of RC membranes would also be advantageous to DENVs as it allows for
exchange and transport of raw materials to RCs. Second, all observed acyl-carnitines were
upregulated during infection [111]. Importantly, acyl-carnitines are -oxidation intermediates, and
are therefore involved in ATP production in the mitochondria [116], thus these results signified a
potential elevation in B-oxidation during DENV2 infection.

Analysis of serum samples from infected patients, revealed striking differences in the lipid
profile of patients in the febrile, defervescent, and convalescent stages of dengue [117].
Elevations in polyunsaturated fatty acids, arachidonic acid, linoleic acid, docoahexaenoic acid, a-
linoleic acid, acyl-carnitines, SM, and glucosylceramide (GluCer) were found in the febrile and
defervescent stages but not in the convalescent [117]. This highlights a potential for use of these
lipid species as prognostic biomarkers. In another study, elevated docosahexaenoic acid in sera
positively correlated with progression to severe dengue (DHF/DSS) [118]. Importantly, similar
alterations in host lipid metabolism upon DENV infection were observed in mosquitoes and
humans. Thus, lipid metabolism is an attractive target for antiviral development and vector control

methods.

Unsaturated fatty acid biosynthesis

Fatty acids are characterized as either saturated or unsaturated based either on the lack
or presence of double bonds in their hydrocarbon chains. The rate limiting enzyme of de novo
unsaturated FA biosynthesis, stearoyl-CoA desaturase 1 (SCD1), was also demonstrated to be
vital for DENV replication [119]. Both pharmacological and siRNA-mediated inhibition of SCD1

resulted in a reduction of viral genome replication and viral release from cells [119]. Taken alone,
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this result may be somewhat unsurprising as unsaturated fatty acids are vital components of
membranes and allow for membrane curvature and fluidity. Thus, inhibition of this enzyme would
result in cells with membranes that are less hospitable for DENV replication. However, a second,
more consequential finding resulted from this study. Analysis of the virus particles released from
SCD1 knockdown vs. control cells revealed that virions derived from SCD1 knockdown cells had
more particles that were only partially mature compared to control cells, indicating that incomplete
cleavage of the pr peptide occurred in the Golgi [119]. This suggested that unsaturated fatty acids

are required in the viral envelope for correct structural transitions to occur during maturation [119].

Sphingolipids

Sphingolipids (SLs) are a group of structurally diverse lipids that serve as both structural
components of biological membranes, and as potent bioactive signaling molecules [113].
Examples of SL involvement in signaling pathways for all major biological functions has been
extensively documented [120]. Thus, disruption of SL metabolism is also linked to a wide range
of human pathologies including neurological disorders, cancers, diabetes, autoimmune disease,
and some viral infections [120]. A detailed overview of SL structure, metabolism, and function is
presented in section 1.5.

Early evidence of SL involvement in the DENV lifecycle came from a landmark study that
used high-resolution mass spectrometry to develop a comprehensive lipid profile of DENV-
infected mosquito cells [110]. In this study, significant upregulation of specific ceramide (CER)
and sphingomyelin (SM) species were shown during infection, while glucosylceramide (GluCer)
species were predominately downregulated [110]. Another important feature of this study is that
specific CER species were found to be enriched in replication complexes, implicating a possible
role for CER in viral replication [110].

A follow-up study conducted in DENV-infected Ae. aegypti mosquitoes found elevations

of CER, hexosylceramide (GluCer or galactosylceramide), SM analogs, sphinganine, and
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sphingosine at 3, 7, and 11 days post infectious blood meal [111]. Additionally, this study also
discovered that treatment of Aag2 cells (Ae. aegypti derived) with 4-hydroxyphenyl retinamide or
dsRNA that targets DEGS, the enzyme responsible for the final step in de novo CER synthesis,
reduced viral genome replication and infectious virus release from cells [111]. Taken together,
both studies highlighted critical roles for CER in viral replication.

However, a later study examining the utilization of CER in DENV-infected mammalian cells
contradicted these results [121]. Critical results from this study were that inhibition of CER favored
DENV replication, and that CER is not incorporated in DENV replication complexes [121]. While
the results of these studies are in opposition, they may underscore critical differences in CER
functionality between mammals and mosquitoes. Studies of the serum of infected patients
showed that CER and SM upregulation coincided with markers of inflammation [117]. As both
molecules function as pro-inflammatory signaling molecules [120], elevations of these molecules
in humans may be part of the host anti-viral response.

Additional reports have demonstrated roles for the sphingosine kinases (SPHK1 and
SPHK2) and their products sphingosine-1-phosphates (S1Ps) in modulation of innate immune
responses during DENV infection [122—125]. However, each of these studies reported conflicting
information regarding expression levels of SPHKs, S1Ps, and their effect on immune signaling.
Thus, it is not yet clear how these enzymes and their products are regulated during infection and
whether they are pro-viral or anti-viral. Because different cell types and time points were used in
each study, the results may also point to cell-specific or temporal regulation of these enzymes
[122-125]. Further investigations are necessary to clarify the involvement of SPHKs and S1Ps in

DENV infection.
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Cholesterol biosynthesis

A final class of lipids that are altered during infections are cholesterol lipids. Cholesterols
are major components of biological membranes, but are most abundant in plasma membranes
[126]. Sterols provide structure and rigidity to membranes, and are often associated with
sphingolipids in lipid rafts [127]. Lipid rafts are specialized microdomains where signaling
molecules and receptors are organized [127].

In a study examining the effect of cholesterol on DENV2 entry, Lee et al., made two
important observations. The first is that depletion of cholesterol/disruption of lipid rafts in the
plasma membrane blocks DENV entry suggesting that lipid rafts are necessary for viral
attachment/entry [128]. Of note, many of the putative receptors for DENV are found in lipid rafts
[35]. The second result is that treatment of cells with excess cholesterol inhibits viral uncoating
and replication suggesting that tight regulation of cholesterol levels is a requisite for DENV
replication [128]. The latter result is possibly explained in a later study that found excess
cholesterol taken up through the endocytic pathway blocks trafficking and viral uncoating in the
late endosome, possibly through inhibition of fusion [129].

Additional studies have found that upon DENV infection upregulation of low-density
lipoprotein receptors (LDLr) with concomitant increase in cellular cholesterol levels are observed
[130]. These changes were observed as early as one hour post infection, indicating cholesterol
may be involved in early steps in the DENV life cycle [130]. Moreover, translocation to viral RCs
and increased activity of HMG-CoA reductase (HMGCR), the rate limiting enzyme for de novo
cholesterol synthesis, was also observed at early timepoints [130,131]. Inhibition of cholesterol
biosynthesis has also been shown to inhibit DENV replication [132]. Studies in similar flaviviruses
have concluded that cholesterols are vital components of viral RCs, contributing to their structure
and stability [133]. Taken together, these studies suggest a similar functional role for cholesterol

in DENV replication.
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Carro, et al. have argued that cholesterol is an essential component of the DENV envelope
by pretreating virus particles with methyl-beta-cyclodextrin (MBCD), a substance that depletes
cholesterols within membranes [134]. In this study, they found that MBCD depletion of cholesterol
from virus particles dramatically reduced viral infectivity via inhibition of viral fusion in the late
endosome, concluding that cholesterol is a vital component of DENV envelopes [134]. However,
they failed to account for how this depletion affected the structural architecture of the virions,
which would have dire effects on fusion. Thus, it remains unclear if cholesterol is a required
membrane component of infectious virions, or whether its presence was merely an artifact of the

membrane composition from which the viral envelope was derived.

1.3.2 - Central carbon metabolism

Central carbon metabolism collectively describes the processes involved in enzymatically
transforming glucose and glutamine into metabolic precursors and energy. The primary pathways
involved in central carbon metabolism are glycolysis, the tricarboxylic acid cycle (TCA cycle), and
the pentose phosphate pathway. As these processes supply the energy and raw materials that
would be needed for viral propagation, it is reasonable that they would be obvious targets of viral
subjugation. Unfortunately, very few studies have examined how these pathways are
activated/modulated during DENV infection. Below we will provide a summary of our current

knowledge of the relationship between DENV and central carbon metabolism.

Glycolysis

Under standard aerobic conditions, glucose is used as central carbon source to produce
ATP via oxidative phosphorylation (OXPHOS) [135]. Glycolysis is the first step of this process in
which glucose is converted to pyruvate in a 10-step process [135]. Pyruvate then shuttles into the

mitochondria where it undergoes additional processing in the TCA cycle (discussed in the next
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section) [135]. At any step of glycolysis, intermediates may be shuttled to other pathways. Any of
the 10 enzymes involved in glycolysis represent possible targets of viral modulation. However,
hexokinase, phosophofructokinase, and pyruvate kinase are the most obvious targets as they
represent the committal, rate-limiting, and final step, respectively [135].

Fontaine et al. were the first to report on DENV'’s influence on glycolysis. There were 3
major findings in their report. The first, was that DENV infection results in increased cellular
glucose uptake via upregulation of the GLUT1 glucose transporter [136]. As well, exogenous
glucose was required for productive viral infection, as infectious virus was significantly reduced in
cells grown in glucose-free media [136]. Second, they found elevated hexokinase expression
(mRNA and protein) and increased levels of glycolytic intermediates in DENV-infected cells [136].
Finally, they demonstrated that conversion of pyruvate to lactate by lactate dehydrogenase is
necessary for viral replication [136]. Taken together, their study demonstrated that completion of
glycolysis is necessary for DENV replication. However, it is unclear if glycolysis is upregulated to
provide energy via completion of OXPHOS, or if it is used by DENVSs to generate intermediates
for fatty acid biosynthesis. The fact that pyruvate conversion to lactate was necessary for viral
replication suggests that DENVs may favor energy production via lactic acid fermentation (LAF)
over OXPHOS.

There is much evidence to support why DENVs might trigger a metabolic switch to lactic
acid fermentation over OXPHOS. Canonically, LAF occurs under anerobic conditions, while
OXPHOS proceeds in aerobic conditions [135]. The switch to LAF when oxygen is present is
known as aerobic glycolysis or the Warburg Effect [135]. OXPHOS is a more efficient process as
it generates 36-38 ATP per single glucose molecule, whereas LAF only generates 4 ATP per
glucose molecule [135]. It would reason that OXPHOS should be a preferred pathway for a virus
with high energy demands. However, kinetic analyses of these processes reveals that conversion

of glucose to lactate occurs 10-100 faster than completion of OXPHOS in the mitochondria, thus,
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while LAF is a less efficient means of glucose metabolism, it has the capacity to produce ATP
more rapidly [137].

Interestingly, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) upregulation and
increased activity has been shown to positively correlate with increased LAF, moreover GAPDH
was shown to be a rate-limiting enzyme for LAF [137]. GAPDH controls the sixth step of glycolysis,
but has also been shown have several functions exclusive to its glycolytic activity. For example,
it has been shown to regulate ER-Golgi transport, apoptosis, DNA repair and RNA stability [138].
Inhibition of GAPDH also drives increased production of metabolic precursor molecules and
shuttling of G6P into the pentose phosphate pathway (PPP) [138]. In DENV-infected cells,
GAPDH has been shown to interact with both the NS1 and NS3 protein at different times of
infection [139,140]. At early timepoints, GAPDH-NS1 interactions prevail and GAPDH glycolytic
activity is elevated [139]. At later timepoints, GAPDH-NS3 interactions prevail, and its glycolytic
activity is decreased [140]. It was demonstrated that NS1 and NS3 share a similar binding site on
GAPDH, but opposing allosteric effects on the enzyme [139,140]. The switch between NS1 and
NS3 binding to GAPDH was proposed to be a consequence of their binding affinities for GAPDH
and their relative availability to bind at early and late time points [140]. NS3 has a higher affinity
for GAPDH, but is unavailable early in infection due to its functions as the viral protease [140].
This temporal regulation of GAPDH suggested that DENVs may exploit GAPDH'’s versatility
[139,140]. Thus, increased aerobic glycolysis may support the high energy demands of early
infection, however, a metabolic switch may support RNA replication, generation of metabolic
precursor molecules, and ER-Golgi transport at later timepoints. This hypothesis is further
supported from works by Fernandes-Siqueira et al. which demonstrated that glucose/glycolysis
plays an anaplerotic role in fatty acid metabolism, thus supporting DENV’s requirement for lipid
metabolites [141]. Moreover, they determined that fatty acid oxidation (B-oxidation) is the main

source of cellular energy during DENV infection [141].
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The tricarboxylic acid cycle

The pyruvate generated at the completion of glycolysis has six metabolic fates, however,
the general fate of pyruvate is its conversion to acetyl-CoA by pyruvate dehydrogenase [142].
Acetyl-CoA can then be shuttled into either the TCA cycle, the de novo cholesterol biosynthesis
pathway, or the de novo fatty acid biosynthesis pathway [143]. The TCA cycle is series of
reactions that occurs in the mitochondria that allows for the release of stored energy (ATP, NADH,
and FADH,) from carbohydrate molecules. The released NADH and FADH; are, in turn, used in
OXPHOS to generate ATP [135]. Importantly, TCA cycle intermediates also serve as precursor
molecules for both lipid and nucleotide biosynthesis [144].

Unfortunately, very few studies shed light on DENV’s influence over the citric acid cycle.
As Fernandes-Siqueira et al. demonstrated that glycolysis functions to provide substrates for fatty
acid biosynthesis and B-oxidation [141], the logical conclusion is that this, in part, is through
continuation of pyruvate to the TCA cycle to generate FA precursor molecules. A report analyzing
metabolites in urine collected from DENV infected patients showed a marked decrease in citrate
and succinate, two TCA cycle intermediates, in DENV-infected patients compared to healthy
controls [145]. Under basal conditions, levels of these two intermediates are under tight
homeostatic control [146], thus, these data suggest either a TCA cycle defect, or that these
intermediates might be shuttled disproportionately towards other processes. Further analysis of
flux of TCA cycle intermediates during DENV infection is required to clarify these results.
However, the observation that mitochondrial elongation with concomitant increase in respiration
and ATP synthesis occurs during DENV infection may provide some clarity [147,148]. Studies
investigating the relationship between mitochondria morphodynamics and B-oxidation have
shown that mitochondrial elongation maximizes (-oxidation potential [149,150]. Thus, it is entirely
plausible that DENVs employ several metabolic switches to drive glycolysis and the TCA cycle
towards production of fatty acids both for B-oxidation/energy production and necessary precursors

for membrane biosynthesis/rearrangement and away from OXPHOS.
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The pentose phosphate pathway

The first step of glycolysis is the phosphorylation of glucose to form glucose-6-phosphate
(G6P) [135]. G6P can then either continue through glycolysis, or it can supply the pentose
phosphate pathway (PPP) [135]. The PPP is responsible for the conversion of G6P to ribose-5-
phosphate (R5P), the precursor molecule for nucleotide biosynthesis [151]. Additionally, the PPP
is the main source of cellular NADPH, which is the reducing agent for cellular anabolic pathways
[151]. NADPH is required for synthesis of non-essential amino acids, fatty acids, cholesterols,
and nucleotides [151]. Consequently, this pathway is likely vital for DENV replication and a
potential target for viral subjugation.

However, only a limited number of studies exist that examine the role of the PPP during
DENYV infection. In an untargeted metabolomics analysis of DENV infected Huh7 cells, our lab
has shown an enrichment in purine and pyrimidine metabolism, tyrosine metabolism, and
glutathione metabolism during early and peak viral replication [Gullberg RC, et al. unpublished].
Importantly, each of these processes are dependent upon either the ribose 5-phosphate or
NADPH generated from the PPP suggesting possible upregulation of this pathway during DENV
infection.

A common X-linked genetic disorder is glucose-6-phosphate dehydrogenase (G6PD)
deficiency [152]. Conversion of G6P to 6-phosphoglucono-6-lactone by G6PD is the first and rate-
limiting step of the PPP [151]. The effect of this disorder on the severity of DENV infection has
been examined in several studies. Interestingly, some reports show G6PD deficiency drives
increased viremia and disease severity, while other studies report the deficiency has no impact
on disease severity [153—155] . These results are somewhat perplexing, as decreased capacity
of the pentose phosphate pathway should have an inhibitory effect on DENV. However, a possible
explanation for this phenomenon is that G6PD-deficiency is demonstrated to cause marked
downregulation of the pro-inflammatory immune response [152]. NADPH is a potent regulator of

the immune response, and is produced by G6PD, thus intimately coupling the PPP and immune
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function [156]. Therefore, is it possible that the noted increases in viremia and disease severity in
G6PD-deficient DENV-infected patients was the result of a decreased antiviral response in those

individuals.

1.3.3 — Autophaqgy

Autophagy is a homeostatic process occurring in cells that allows for degradation and
recycling of cytosolic cellular components (including organelles). Cellular components are
sequestered into double-membrane vesicles (autophagosomes), autophagosomes fuse with
endosomes (amphisome) and traffic through endolysosomal pathway until they fuse with a
lysosome (autolysosome) [157]. Once degradation is complete, permeases allow for release of
molecular building blocks back into the cytoplasm that can be used for energy production or
biosynthesis of macromolecules [157]. Autophagy can also be induced by cellular stress, nutrient
deprivation, and accumulation of unfolded proteins and is typically involved in pro-survival
processes. However, autophagy also participates in interferon induction, presentation of antigens
to T lymphocytes, and can mediate cell death [157,158]. This signals that autophagy can either
play pro-viral, anti-viral, or, more likely, dual roles during viral infection.

DENVs are known to induce autophagy, as an increased presence of autophagosomes in
infected cells has been noted in several studies [159-163]. In each study, inhibition of autophagy
resulted in decreased viral replication, release, or infectious particle generation, signaling an
important role for autophagy in the DENV life cycle [159-163]. Work by Heaton et al.
demonstrated that DENV-induced autophagy increased cellular degradation of lipid droplets
[162]. Lipid droplets are storage molecules that are typically degraded when cells are under high
energy demands as this process releases fatty acids that can be used in B-oxidation. Heaton et
al. demonstrated that there was a positive correlation between DENV infection, increased lipid

droplet depletion (lipolysis), and B-oxidation, and that LD depletion and subsequent $-oxidation
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was required for DENV replication and release [162]. Additionally studies demonstrated that
expression of the NS4A protein alone was sufficient for activating autophagy in epithelial cells,
however it is not clear how viral proteins may contribute to autophagy induction in other cell types
[161].

Viral dsRNA (a replication intermediate) and viral proteins have been found to co-localize
with amphisomes suggesting a possible role of autophagy in early infection [159,163].
Interestingly, fusion of these structures with lysosomes resulted in a decrease of infectious particle
release from cells [159,163]. This suggested that DENVs may replicate on amphisomes
[159,163]. These studies were seemingly contradicted by electron tomography studies performed
later that demonstrated viral replication complexes formed in vesicles that were covered by a
continuous ER-derived membrane, and were not stand-alone vesicles [51]. However, endosomal
trafficking requires a close association of endosomes/amphisomes with ER membranes, and
endosome-ER contact sites are well described [164]. Additional electron tomography studies have
revealed that ER tubules wrap around endosomes, and these associations increase as
endosomes mature [165]. Thus, both observations of amphisome and ER-associated DENV
replication sites are likely correct. Moreover, these discoveries of the intricate ER/mature
endosome associations may shed new light on how DENVs coordinate release of their genome
into appropriate membrane compartments during viral entry.

During viral infection, exosomes containing viral RNA can increase the spread of viral
infection to neighboring cells and cells lacking viral receptors, thereby exacerbating infection and
allowing for the virus to evade the host immune response [166]. Several viruses including DENVs
have been shown to exploit this process [166]. While autophagy is largely an intracellular process,
some studies have shown it also plays unconventional roles in the secretory pathway [167].
Incidentally, several recent studies have reported that DENV-containing extracellular vesicles

from in vitro experiments and patient sera contain autophagy machinery [168—170].
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Taken together, this suggests a model where autophagy may be exploited by DENVs.
DENVs may utilize autophagy to generate energy and precursor molecules from lipolysis, take
advantage of the unique double membrane structure of the amphisome to form viral replication
complexes, facilitate its intracellular trafficking along the endosomal pathway, and evade the host
antiviral response. Additional studies are needed to unravel how DENVs regulate amphisome
binding with lysosomes to either complete autophagy/lipolysis or prevent degradation of

replicating virus particles.

1.4: Fatty acid metabolism

In the previous sections, we have discussed how DENVs are dependent and subvert host
lipid metabolic pathways. However, while changes to the lipid landscape in DENV-infected cells
is well characterized, the mechanism and consequences of these changes are less so. In the next
three sections, we will provide an in-depth overview of fatty acid and sphingolipid metabolic
pathways, the enzymes involved, subcellular location of processes, and intracellular trafficking of
lipids. We will also discuss the impact of dysregulation of sphingolipid metabolism in chronic and
other infectious diseases. The goal of these sections will be to provide additional insight into how
these processes may affect viral production and contribute to dengue pathogenesis. In this
section, we will provide an overview of the steps of fatty acid biosynthesis, formation of complex
lipids, and breakdown of fatty acids. The reactions described will be depicted in Figures 1.4 at the

end of this section.

De novo fatty acid biosynthesis
De novo synthesis of FAs begins in the cytoplasm of cells. The first step is the conversion
of acetyl-CoA to malonyl-CoA by acetyl-CoA carboxylase (ACC). ACC is a multi-domain enzyme

with biotin carboxylase activity at its N-terminus and carboxyl transferase activity at its C-terminus,
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and produces malonyl-CoA as a two-step process (depicted in Figure 1.4A) [171]. The next step
is a cyclical reaction catalyzed by fatty acid synthase (FAS) that converts malonyl-CoA into
palmitic acid. FAS is a multi-enzyme protein containing 7 catalytic domains: B-ketoacyl synthase
(KS), malonyl/acetyltransferase (MAT), dehydrase (DH), enoyl reductase (ER), B-ketoacyl
reductase (KR), acyl carrier protein (ACP), and thioesterase (TE). FAS is only active as a
homodimer [172]. Although the organization of each monomer is still poorly understood, there is
clear evidence to support inter- and intramonomer interactions [172]. At each ‘turn’ within FAS
two carbons are added to a growing acyl-ACP chain through a series of condensation, reduction,
and dehydration reactions (Figure 1.4B), until the C16 palmitic acid is formed, and is then released
by TE [171].

After palmitic acid forms, it ligated to coenzyme A (CoA) by acyl-CoA synthetase,
producing an activated palmitoyl-CoA [171]. CoA is an important cofactor for FAs as it facilitates
transport and binding to FA-modifying enzymes, and can act directly as either electrophiles or
neutrophiles in FA modifying reactions [173]. Palmitoyl-CoA (and other acyl-CoAs) can then be
transferred to the ER, mitochondria, or peroxisome to undergo additional modifications to
generate complex lipids. Throughout the remainder of this text the terms fatty acyl-CoA, fatty acid,

and FAs will be used interchangeably, and free fatty acids will be described as FFAs.

Elongation and desaturation of fatty acids

Elongation of fatty acids requires the same series of condensation, reduction, and
dehydration reactions as described for fatty acid synthase. However, it is catalyzed by 4 separate
ER transmembrane proteins: elongation of very long chain fatty acids (ELOVL1-7), 3-keto acyl-
CoA reductase (KAR), 3-hydroxy acyl-CoA dehydratase (HACD1-4), and trans 2,3 enoyl-CoA
reductase (TECR) (Figure 1.4C) [171]. After each elongation series, the fatty-acyl chain is

increased by 2 carbons.
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Desaturation of FAs incorporates a double bond into the FA chain to generate unsaturated
FAs (UFAs) (Figure 1.4D) [171]. UFAs (including mono- and polyunsaturated fatty acids, or
MUFAs and PUFAs) maintain fluidity of biological membranes, are important precursors for pro-
and anti-inflammatory lipid mediators (e.g. prostaglandins, leukotrienes, resolvins, and
protectins), and play crucial roles as signaling molecules [174]. Desaturase enzymes are denoted
as A#-desaturase, with the # indicating the position of the carbon-carbon double bond relative to
the carboxylic acid end of a FA. There are two types of desaturase enzymes found in humans:
FA desaturase (FADS1-2) and stearoyl-CoA desaturase (SCD1,5). SCD1 and 5 are both A-9
desaturases, however, SCD1 is predominant as SCD5 has limited tissue expression [171,175].
SCD1 is the rate-limiting enzyme for all UFA biosynthesis. Palmitic acid (C16:0) and stearic acid
(C18:0) are the preferred substrates for SCD1 and are converted to palmitoleic and oleic acid,
respectively [171]. FADS1 and 2 are both rate-limiting enzymes in PUFA biosynthesis. FADS1 is
a A-5 desaturase, while FADS2 is a A-6 desaturase [171]. Notably, humans are not capable of
introducing double bonds past the A9 position [171]. However, many PUFAs contain n-3 or n-6
fatty acids, which denotes the position of carbon-carbon doubles bonds relative to the methyl end
of the FA. Thus, these FAs are ‘essential FAs’ and must be derived from dietary sources. Once
inside cells, these FAs can be modified the same as any others.

Importantly, elongation and desaturation generate an inordinate amount of diversity in lipid
species and in lipid conformation. While FAs are often incorporated into complex lipid species
(glycero-, glycerophospho-, and sphingolipids), it important to remember that many FAs are also
critical mediators of biological function, a concept we are only beginning to unravel [176-178]. As
structure dictates function in biology, the diversity of fatty acids structures is not incidental. It is an
important point to remember that when we say ‘phosphotidylcholine,” ‘ceramide,’
‘glucosylceramide,’ etc., that we are not discussing a specific molecule, but rather a group of

molecules that share a similar base structure but can differ greatly depending upon their fatty acyl
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tails, or, in the context of glycosphingolipids, their fatty acyl tails and the complexity of the sugar

moieties attached to their head group.

Complex lipid synthesis

Complex lipids can be divided into three categories glycerophospholipids, glycerolipids,
and sphingolipids. Sphingolipids will be discussed in depth in section 1.5, so we will only address
glycerophospholipids and glycerolipids in this section.

Glycerolipids are composed of a molecule of glycerol esterified to 1, 2, or 3 fatty acyl
chains (mono-, di-, and triacylglycerols, or MAGs, DAGs, and TAGs). TAGs are the main energy
storage molecules in mammals. While MAGs and DAGs are important precursors for TAG
synthesis, they are also recognized as vital signaling molecules [179]. De novo synthesis is
stepwise and is carried out by glycerol-3-phosphate acyl-transferases (GPAT1-4),
lysophosphatidic acid (LPA) acyltransferases (LPAAT a, B, y, 0, and ¢, formerly AGPATS),
phosphatidic acid (PA) phosphatase (PAP), and diacylglycerol acyltransferases (DGAT1-2) and
is depicted in Figure 1.4E [179,180]. DAGs and TAGs can be synthesized de novo, but MAGs are
derived either from the diet or from the hydrolysis of DAGs and TAGs [179,180]. DAG can also
be formed by acylation of MAG by the monoacylglycerol acyltransferases (MOGAT1-3) [181].
Once synthesized, TAGs are assembled into two types of storage molecules: lipid droplets which
remain in the cell or lipoproteins which can be transported throughout the body or stored in
adipocytes.

Glycerophospholipids (GPLs) are the major constituents of biological membranes and are
composed of a molecule of glycerol esterified to 2 FAs (hydrophobic tail) and a phosphate head
group (hydrophilic head). GPLs are named according to their head groups, with the simplest being
phosphatidic acid which is comprised only of the components above [182]. The phosphate head,
however, can undergo additional esterifications to choline, ethanolamine, inositol, serine, or

glycerol forming phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol
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(PI), phosphatidylserine (PS), phosphatidylglycerol (PG), or diphosphatidylglycerol (cardiolipin, or
CL) [182-184]. PC and PE are the most abundant membrane lipids, however, humans are only
able to synthesize small amounts of choline, making it an essential dietary nutrient [184]. While
synthesis of each GPL uses DAG as a precursor and CTP for energy, there are several pathways
and enzymes involved in their synthesis. They are summarized in Figure 1.4F. Importantly, the
FAs that are incorporated from DAG generally consist of either saturated FAs or MUFAs [185].
After membrane incorporation, extensive remodeling of GPLs occurs to incorporate PUFAs into
membrane phospholipids [185]. This process is known as the Land’s Cycle and is mediated by
phospholipase A, (PLA2) and several enzymes with lysophospholipid acyltransferase activity
[185]. Briefly, PLA2 cleave the FA in position two of the phospholipid followed by reacylation using

a PUFA donor by lysophospholipid acyltransferases [185].

Acyl-CoA Thioesterases

Accumulation of activated fatty acids (fatty acyl-CoAs) within cells can have deleterious
effects on cell health. First, while activation of fatty acids is required for many of their subsequent
biological functions, it also traps them as fatty acyl-CoAs are membrane impermeable [186]. This
can lead to organelle overload and stress. Second, fatty acyl-CoA are good detergents due to
their hydrophobic carbon chain and the highly polar characteristics of CoA [187], thus
accumulation within organelles can lead to organelle damage, or sequestration of proteins and
metabolic intermediates. Third, many fatty acyl-CoAs play a role in biological signaling cascades,
therefore, their accumulation can lead to aberrant signaling, an example is chronic inflammation
caused by DAG and ceramide accumulation [120,174,188]. Lastly, coenzyme A is an important
cofactor for many cellular functions (such as B-oxidation and the TCA cycle), and accumulation
of fatty acyl-CoAs reduces free CoA. However, accumulation of free fatty acids (FFAs) is also
problematic. FFAs can activate PPARaq, a transcription factor that upregulates lipid catabolic

processes including increased cellular uptake of FFAs and mitochondrial and peroxisomal -

32



oxidation [189]. In turn, this can lead to mitochondrial overload, increases in ROS, and ultimately
cell death/apoptosis [189]. Moreover, elevated FFAs is one of the leading contributors of
metabolic syndrome, which are a cluster of metabolic disorders that are known to result in
diabetes, cardiomyopathy, and non-alcoholic fatty liver disease [190]. Thus, tight homeostatic
regulation of FFAs/fatty acyl-CoAs is necessary to prevent the pernicious effects of either.

One group of enzymes responsible for regulating this balance are the acyl-CoA
thioesterases (ACOTs). ACOTs are responsible for cleaving the thioester bond linking fatty acids
and CoA, leading to FFA and free CoA. Humans possess 10, possibly 12 enzymes belonging to
the ACOT family of enzymes [191-193]. They are localized either in the mitochondria, cytoplasm,
or peroxisome, and have varying acyl-chain length specificity [191-193].

ACOQOTs are described as either Type | ACOTs or Type Il ACOTs, and this delineation is
based on their sequence and structure. Type | ACOTs (ACOT 1, 2, 4, and 6) arise from the same
gene cluster, share a high degree of sequence homology, and are characterized by their o/
hydrolase domain [191-193]. Type Il ACOTs (ACOTs 7-9, 11-13, THEM4, THEMS5) share little to
no sequence homology with Type | ACOTs or each other, are found on different chromosomes
and are characterized by their “double hot dog” domain [191-193]. However, all ACOTs are
functionally analogous which highlights a critical role for acyl-CoA thioesterase activity.

In the mitochondria, ACOTs have been shown to protect against ROS and decrease [3-
oxidation overload [194-196]. It is hypothesized that they can mediate efflux of fatty acids from
the mitochondrial matrix [191]. During 3-oxidation, fatty acids remain esterified to CoA, preventing
their transport out of the mitochondrial matrix. However, free fatty acids have been shown to exit
the mitochondria using uncoupling proteins as transporters [191]. It is proposed that ACOTs
cleave CoA from fatty acyl-CoAs to mediate this process. This could protect the mitochondria
from oxidative damage and overload, increase the mitochondrial pool of CoA-SH, and return

shorted fatty acids to the cytoplasm where they can be re-esterified and incorporated into complex
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lipids or storage lipids [191]. In the peroxisome, similar regulatory mechanisms for ACOTs have
been noted [195,197-199].

In the cytoplasm, ACOT functionality may assist in fatty acid trafficking as FFAs can diffuse
through the lipid bilayers of organelles and the plasma membrane [191,193,200]. ACOTs may
also participate in membrane remodeling [177] . ACOT7 has been shown to have specificity
towards arachidonoyl-CoA [191]. Importantly, eicosanoids and other inflammatory mediators that
arise from arachidonic acid are derived from the unesterified form. Thus, ACOT7 may be an
important inflammatory mediator.

We hypothesized that ACOTs may negatively regulate DENV infection by decreasing the
cellular pool of activated fatty acids that are required for DENV-mediated membrane
rearrangements. We examined this hypothesis using siRNA-mediated loss of function studies.

Those results are discussed in Chapter 2.

Lipolysis & B-oxidation

Lipolysis is the process of breaking down TAGs stored in lipid droplets or lipoproteins by
lipase enzymes into its constitutive components and proceeds in the opposite direction of TAG
synthesis. Which lipases are used depends on the site of TAG hydrolysis. In the vasculature,
plasma membrane bound lipoprotein lipases can hydrolyze circulating lipoproteins [201].
Endocytosed lipoproteins or autophagocytosed lipid droplets are broken down by lysosomal acid
lipase [201]. In adipose tissues, triglyceride lipase, hormone-sensitive lipase, and
monoacylglyceride lipases hydrolyze TAGs [201]. Hepatic and gastric lipases carry out lipolysis
in the liver and intestines [201]. The released FFAs and glycerol can then be used by cells to
produce energy via B-oxidation and glycolysis or can serve as precursors in fatty acid
biosynthesis.

Energy is released from fatty acids via -oxidation which occurs both in the mitochondria

and peroxisomes. While carried out by different groups of enzymes, the cycle of B-oxidation is
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nearly identical in the mitochondria and peroxisome. Fatty acyl-CoAs undergo a series of
oxidation, hydration, and thiolytic steps that reduces the fatty acyl-CoA chain by 2 carbons at each
turn [116,202]. Acetyl-CoA, FADH,, and NADH are the products of these reactions [116,202].
There are a few key differences between the two processes. Mitochondrial 3-oxidation is directly
involved in energy production, whereas peroxisomal [-oxidation is mainly a
biosynthetic/remodeling pathway indirectly involved in energy production [116,202]. Mitochondria
can oxidize FAs completely to CO; and H-O, whereas peroxisomes are involved in oxidation of
very long chain FAs, branched chain FAs, and eicosanoids and can only oxidize down to an C8
FA chain [116,202]. The acetyl-CoA, short chain FAs, NADH, and FADH produced by
peroxisomes must be shuttled to the mitochondria to complete oxidation. Electrons provided by
FAD in the peroxisome are transferred to H2O2, whereas in the mitochondria they are transferred
to electron transport chain/OXPHOS [116,202]. Another key difference is the process of acyl-CoA
entry into each organelle. FFAs and fatty acyl-CoAs can transfer directly across peroxisomal
membranes using ATP-binding cassette transporters [116,202]. Whereas, long chain fatty acyl-
CoAs cannot cross the mitochondrial membranes (short and medium chains can), and must use
the acyl-carnitine shuttle [116,202]. Carnitine palmitoyltransferase | (CPT1) is located on the outer
mitochondrial membranes and coverts fatty acyl-CoAs to fatty acyl-carnitines [116,202]. Fatty
acyl-carnitines then diffuse into the intermembrane space, and enter the mitochondrial matrix
through a carnitine-acylcarnitine translocase located in the inner mitochondrial membrane
[116,202]. Once fatty acyl-carnitines enter the mitochondrial matrix, they are converted back to

fatty acyl-CoAs by CPT2 so that they can participate in 3-oxidation [116,202].
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Figure 1.4 — Fatty acid synthesis pathways. A-F: Major enzymes and steps of fatty acid biosynthesis are presented.
Enzymes are colored red in each panel. [Panel A]: de novo synthesis begins with the conversion of acetyl-CoA to
malonyl-CoA by acetyl-CoA carboxylase enzyme. [Panel B]: Malonyl-CoA is remodeled into the long chain fatty acid
palmitic acid through a series of condensation, reduction, and dehydratase reactions by the multi-domain enzyme FA
synthase. [Panel C]: Elongation of fatty acids in the ER. Shown is the elongation of palmitoyl-CoA (C16) to stearoyl-
CoA (C18). [Panel D]: Desaturation of fatty acids catalyzed by the A-9 desaturase SCD1. [Panel E]: Synthesis of
glycerolipids including LPA, PA, DAG and TAG from glycerol-3-phosphate. [Panel F]: Synthesis of glycerophospholipids
occurs through several highlighted pathways. In general, these pathways involve the addition of a variable head group
onto diacylglycerol. Head group molecules are shown in right hand sub-panel. Abbreviations (starting from panel A):
BC, biotin carboxylase; CT: carboxyltransferase; CoA: coenzyme A; ACP: acyl-carrier protein; MAT: malonyl/acetyl
transferase domain; KS: B-ketoacyl synthase domain; DH: dehydrase domain; ER: enoyl reductase domain; KR: 3-keto
reductase domain; TE: thioesterase domain; AS: acyl-CoA synthetase; ELOVL: elongation of very long chain FAs;
KAR: keto-acyl reductase; HACD: 3-hydroxy-acyl-CoA hydratase; TER: trans 2,3 enoyl reductase; SCD1: stearoyl CoA
desaturase 1; GPAT: glycerophosphate acyl-transferases; LPAATs: LPA acyl-transferases; PAP: PA phosphatase;
DGAT:  diacylglycerol  acyl-transferases; CK/EK: choline/ethanolamine  kinase; = CTT/ECT: CTP
phosphocholine/ethanolamine cytidylyltransferase; CPT/EPT: choline/ethanolamine phosphotransferase; PEMT:
phosphatidylethanolamine N-methyltransferase; DAG: diacylglycerol; CDP-DGS: CDP-diacylglycerol synthase; PGPP:
phosphatidylglycerophosphatase; PIS: phosphatidylinositol synthase; CLS: cardiolipin synthase; PSS1: phosphatidyl
serine synthetase; PSD: phosphatidyl serine decarboxylase. All chemical structures were generated using
ACD/ChemSketch Software (Freeware) Version 2021.2.0. Composite figure was generated using Biorender.com.
[Adapted from 112,171-175,179-184]
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1.5: Sphingolipids as bioactive signaling molecules: the ‘life raft’ of

cellular metabolism

1.5.1 - An overview sphingolipid metabolism

Sphingolipids (SLs) are a group of complex, extremely versatile lipid molecules that
contain a sphingoid base (SB) backbone. An SB is a long chain, aliphatic amine containing 2-3
hydroxyl groups. The chain length, saturation, and number of hydroxyl groups can vary among
SBs. While predominately serving as precursor molecules, SBs also have many bioactive roles
(covered in 1.5.2). SBs can be N-acylated, forming dihydroceramide or ceramide, with ceramide
being the ‘central’ molecule of SL metabolism (Figure 1.5). A variety of head groups can also be
added to ceramide forming complex SLs. Below we will discuss synthesis and breakdown of SLs
(depicted in Figure 1.5), and the key enzymes involved, as well as their general locations. In
section 1.5.2 we will discuss some of the known roles of SLs in cell biology. A discussion of SL
dysregulation in chronic and infectious diseases is presented in section 1.5.3. An examination of

the role of SL metabolism in the DENV life cycle is presented in Chapter 4.

Sphingolipid biosynthesis

Ceramide (CER) can be synthesized de novo or be regenerated from the breakdown of
complex SLs. The first pathway we will discuss is de novo CER synthesis. The first steps are
catalyzed by enzymes on the cytosolic face of the ER membrane. Serine palmitoyltransferases
(STPLCs) condense cytoplasm L-serine and palmitoyl-CoA to form 3-dihydrosphinganine (also
called 3-ketodihydrosphingosine) [113,203]. 3-dihydrosphinganine is reduced by 3-
ketosphinganine reductase (KDSR) to form sphinganine, and is then acylated by one of six CER

synthases (CerS1-6) forming membrane-bound dihydroceramide (dhCer) [113,203]. The CER
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synthases have distinct tissue expression patterns as well acyl-CoA chain length specificity
[113,203]. Importantly, dhCer can either function as a standalone molecule, be modified by the
addition of various head groups, or be desaturated by the A-4 dhCer desaturases (DEGS1-2)
forming CER (via DEGS1) or phytoceramide (via DEGS2) [113,203]. It is not entirely clear how
dhCer, CER, and phytoceramide are functionally distinct, however, some evidence suggests that
CER species elicit a stronger signaling response than dhCer and phytoceramide [204]. For
simplicity, we will discuss modifications to CER only with an understanding that similar reactions
may also be carried out on dhCer and phytoceramide.

Following synthesis, CER can be converted to galactosylceramide (GalCer) by UDP-
glycosyltransferase 8 (UGT8) found in the ER [113,203]. GalCer itself is an important component
neuron myelin sheaths, but is also a precursor for sulfatides and some gangliosides [203,205].
CER is also transported to the Golgi where it can undergo additional modifications to become
sphingomyelin (SM) or glucosylceramide (GluCer). CER is either transported via vesicular
transport or by the CER transfer protein (CERT) [189]. Interestingly, CERT prefers ceramide with
acyl chains with 22 carbons or less, and ceramides transferred to Golgi via CERT are
predominantly incorporated into SM over GluCer [113]. Thus, chain length and transport
mechanism may regulate SM and GluCer synthesis. SM synthases (SGMS1-2) are located in the
trans-Golgi, and add a phosphocholine head group to CER [203]. Ceramide can also be
phosphorylated by CER kinase in the Golgi, producing the bioactive ceramide-1-phosphate (C1P)
molecule [189]. GluCer synthase (GCS, aka UGCGQG) is located in the cis-Golgi, and adds a
glucose head group to CER [203]. Importantly, GluCer is a precursor molecule for all complex
glycosphingolipids (GSLs) which represent the most diversity amongst SL structures [206].
Complex GSLs have a wide variety and variable number of additional carbohydrates attached to
the initial glucose molecule. Complex GSLs consist of molecules belonging to ganglio-, globo-,
isoglobo- neolacto-, and lacto-series, designations that are determined by type of carbohydrates

found in their root structure [206]. While it almost a certainty that the diversity of carbohydrate
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head groups drives different functionality for specific GSLs, we are only just beginning to
understand GSL biology.

CER, SM, and GSLs are predominantly found in the plasma membrane where they
contribute to stabilization of the plasma membrane and lipid rafts and play vital signaling roles
[113,203]. However, they are also found within intracellular membranes. Some evidence suggests
that their presence may mark membranes for delivery of proteins and other cargo, and that lipid
concentration gradients within membranes regulate movement throughout the secretory pathway

[207-209].

Degradation, Remodeling and Salvaging of Sphingolipids

Enzymes that catabolize CER, SM, and GSLs are found within lysosomes, but are also
found throughout the cell and in association with the plasma membrane (illustrated in Figure 1.5).
Distribution throughout the cell supports remodeling that may be vital for control of signaling within
organelles or supply precursors for SL synthesis.

Sphingomyelinases (SMases) are responsible for the removal of the phosphocholine head
groups to regenerate CER. There are 5 known SMases located throughout the cell and plasma
membrane [113,203]. Plasma membrane associated SMases may play a role in regulating CER
signaling [113]. SMases located in the ER and Golgi are thought to regenerate CER for SL
synthesis, while Acid SMase in the lysosome plays a role in complete catabolism of SLs [113].

Breakdown of complex GSLs is accomplished by the activity of neuraminidases and
various glycosidases on the sugar chain attached to GluCer, and finally by B-glucosylceramidase
enzymes (GBA1 and GBA2) that release the glucose headgroup from ceramide [206]. GBA1 is a
lysosomal enzyme, and involved in processes leading to complete degradation of SLs [203].
Whereas GBA2 is a non-lysosomal transmembrane protein that predominately associates with

the ER and Golgi [203]. GBAZ2 is less characterized than GBA1, but it has been associated with
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modulating trafficking along the secretory pathway, locomoter function, and is shown to have
transglucosylation activity between GluCer and cholesterol/GluChol [210,211].

Deacylation of CER generating sphingosine represents the first step of CER catabolism,
and is accomplished by one of 5 (known) ceramidase enzymes [113]. Sphingosine is then
phosphorylated by sphingosine kinases (SPHK1-2) which can be found in the cytosol, plasma
membrane, and nucleus [113]. Sphingosine-1-phosphate (S1P) is then degraded by S1P lyase in
the ER producing the C16 aldehyde hexadecenal and phosphoethanolamine (an important
precursor for glycerophospholipid synthesis) [113]. Importantly, S1P can also be excreted from
cells and plays a vital role in extracellular signaling and immune cell trafficking [113]. Control of
S1P signaling at the plasma membrane occurs through lipid phosphate phosphatases (PLPP1-3)
[113]. S1P can also be dephosphorylated at the ER and Golgi by PLPP3 or S1P phosphatases

(SPP1), allowing for the regeneration of CER catalyzed by CER synthases [113].
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Figure 1.5 — The Sphingolipid Metabolic Pathway. Depicted are the core structures and enzymes of the sphingolipid metabolic pathway. Enzymes are colored-
coded based on their known subcellular location. Chemical structures generated using ACD/ChemSketch (Freeware) version 2021.2.0. Composite image generated
using Biorender.com. [Adapted from 113,203-205,206 and KEGG Pathway Database]
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1.5.2 - Bioactivity of sphingolipids

In past few decades, an explosion in lipid research has determined that SL signaling is
involved in nearly all aspects of cell biology. They regulate cellular traffic, pro- and anti-
inflammatory immune responses, cell proliferation, apoptosis, cell differentiation, senescence, cell
adhesion, cell migration, the stress response and many other functions.

There are several mechanisms by which SLs can interact and transmit signal, the most
obvious being direct lipid-lipid or lipid-protein interactions. However, alterations in SL structure or
levels within membranes may also exert changes on biological membranes that alter their
biophysical properties [204]. Moreover, the relative concentrations of SLs are also an important
factor in SL signaling. SM is the most abundant SL and is orders of magnitude higher in
abundance than all other SLs [204]. Additionally, CER concentrations are much higher than C1P,
sphingosine, or S1P [204]. Thus, conversion of SM to CER can have profound effects on CER
signaling, and so on [204]. Transport of lipids is also a significant factor in how SLs exert signaling
actions [204]. Sphingosine and S1P are able to diffuse through membranes, but larger SLs are
membrane bound and require either transport proteins, vesicles, and/or the action of flippases to
move within membranes [204]. Thus, regulation and mechanism of action of SL signaling is
complex and a complete understanding of these processes is missing. Additional studies mapping
binding partners of SLs may be beneficial but is complicated by the richness of SL structures.
Thus, an understanding of how fatty-acyl chain length contributes to SL functionality is also
necessary. While we are far from solving the mystery of the sphinx, advances in lipidomics
continues to reveal a richness of lipid structures whose functionality may eclipse that of other

macromolecules [120].
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1.5.3 — Roles of sphingolipids in chronic and infectious disease

Sphingolipids are inflammatory mediators

Ceramide-1-phosphate (C1P) and sphingosine-1-phosphate (S1P) have been implicated
in playing vital roles in inflammatory pathways. C1P has been implicated as playing a role in
immune cell trafficking, however its biggest contribution to the immune response is its activation
of cytosolic phospholipase A2 (cPLA?) [212]. It has been demonstrated that that C1P binds and
allosterically activates cPLA; to increase its activity and affinity for phosphocholine [212].
Importantly, cPLA; is responsible for cleaving arachidonic acid from membrane lipids, which is
the first and rate-limiting step of eicosanoid (inflammatory mediators) production [212].

S1P is a potent mediator of many cellular functions, including lymphocyte trafficking and
cytokine/chemokine production [213]. S1P signaling is conducted through the S1P G-protein
coupled receptors (S1PR1-5) [213]. When S1P is produced, it is exported out of the cell where it
can bind S1P receptors in both autocrine and paracrine manners in what is referred to as ‘inside-
out signaling’ [213]. S1P-S1PR1 signaling is involved in trafficking of both innate and adaptive
immune cells [213]. S1P-S1PR2 signaling mediates mast-cell dependent allergic responses by
triggering mast cell degranulation [213]. STPR2 and S1PR3 signaling has also been shown to
promote vascular permeability, while S1PR1 signaling protects vascular integrity, highlighting

important differences amongst S1P receptors [213].

Lysosomal Storage Disorders

Many SL disorders belong to a group of diseases known as lysosomal storage disorders
(LSDs). LSDs arise due to failed catabolism of molecules within lysosomes, usually due to genetic
defects of catabolic enzymes. Below we will discuss some of the most well characterized SL

LSDs.
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Fabry’s disease is caused by a deficiency in the a-galactosidase (GLA) enzyme [214].
GLA is responsible for removing terminal galactosyl residues from GSLs [214]. Specifically in
Fabry’s disease, deficiencies in GLA lead to accumulation of globotriaosylceramide or Gb3 [214].
Common symptoms are systemic pain, chronic kidney disease, cardiac hypertrophy, restriction
of blood vessels, and the presence of skin papules in lower extremities [214]. Enzyme
replacement therapy is commonly used to treat Fabry’s disease [214].

Niemann-Pick Type A and B (NP-A, NP-BB) are disorders relating to deficiencies in acid
sphingomyelinase (SMPD1) in the lysosome [215]. NP-A is the neuronopathic form and presents
during infancy, and usually results in death by 1-3 years of age [215]. Symptoms include
hepatosplenomegaly, loss of motor function, browning of skin, wasting, and macular cherry-red
spots on the skin [215]. NP-B is the non-neuronopathic form and can result in a variety of
symptoms. Patients with NP-B typically survive through late adulthood [215]. The most common
symptoms are hepatosplenomegaly, bruising, nose-bleeding, and impaired respiratory function
[215]. Currently, supportive care is the only treatment for NP-A and NP-B [215].

Gaucher disease is caused by a deficiency in the lysosomal B-glucocerebrosidase
enzyme (GBA1) why breaks down glucosylceramide (GluCer) [216]. There are three distinct types
of Gaucher disease. Type | Gaucher disease is the most common and mild, and has little impact
on life expectancy [216]. Symptoms include splenomegaly, anemia, and bone pain/fracture [216].
Type 2 is the acute, neuronopathic form that affects infants and typically results in early childhood
death [216]. Splenomegaly, long bone erosion, motor dysfunction, seizures and respiratory
distress are common symptoms [216]. Type 3 is the chronic, neuronopathic form, and patients
with type 3 typically live into early adulthood [216]. Symptoms include chronic pain and
inflammation, anemia, hepatosplenomegaly, bruising and thrombocytopenia, and bone
pain/fractures [216]. Enzyme replacement therapy is a common treatment for patients with Type

1 Gaucher, but is ineffective against Type 2 and 3 as the enzyme mimetic is unable to cross the
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blood-brain barrier [216]. Miglustat, an inhibitor of GluCer synthesis, is also commonly prescribed

to treat Gaucher disease [216].

Roles of sphingolipids in infectious disease

As GSLs are found in the plasma membrane, their sugar head groups are receptors and
recognition moieties for many cellular proteins as well as bacterial and viral pathogens. It is well-
documented that while HIV entry requires binding to CD4 and its coreceptors CCR5 or CXCR4,
its envelope proteins, gp120 and g41, must bind to GSLs as well [217]. Moreover, it has been
documented that HIV entry is sensitive to ceramide and cholesterol rich membranes as they
prevent lateral diffusion of CD4 which inhibits association with GSLs and other co-receptors [217].
Sphingomyelin has been shown to be indispensable for entry of Sindbis virus into cell [218].
SARS-CoV-2 has been shown to rely up SMPD1 (lysosomal sphingomyelinase) conversion of
SM to CER for viral entry, and GluCer synthesis was shown to be indispensable for viral
replication [219,220].

S1P is known to promote pro-survival and anti-apoptotic signaling. Hepatitis B, Measles,
Influenza, Respiratory Syncytial, and human cytomegaloviruses have all been shown to
upregulate SPHK1 which is responsible for S1P generation [120,221]. Thus, these viruses may
hijack S1P to inhibit the host antiviral and apoptotic pathways [120,221].

FAPP2 is a protein responsible for transport of GluCer from the cis-Golgi to the trans-Golgi
to allow for the additional processing of GluCer that yields complex glycosphingolipids [222]. In
HCV-infection, it has been documented that FAPP2 is recruited the HCV replication complex with
concomitant increases in GluCer at HCV replication sites [222]. These studies concluded that
GluCer was indispensable for HCV RNA synthesis [222].

In mosquitoes, our group previously showed upregulation of SLs in DENV-infected
mosquitoes and mosquito cells [110,111]. Wolbachia is an endosymbiont introduced to Aedes

aegypti mosquitoes that is shown to reduce DENV replication and transmission [223]. One study
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found that in Wolbachia infected mosquitoes, the sphingolipid species that were upregulated in
our previous studies were depleted [223]. Thus, the DENYV life cycle in mosquitoes seems to rely
on the presence of SLs. Analysis of sera from DENV-infected patients by others and our group
as well as untargeted metabolomics studies of DENV-infected Huh7 cells has revealed a similar

pattern of SL upregulation in humans [117,118 and Gullberg, et al., unpublished],224].

1.6: Lipid Trafficking

As we have covered, lipids play a diverse number of roles in cell biology that extend beyond
their roles as biological membranes. Lipids are organized non-randomly within the plasma
membrane and membranes of organelles providing even further evidence that lipids have specific
functions [225]. For example, ER membranes are primarily composed of glycerophospholipids
and diacylglycerols containing unsaturated fatty acids despite being the primary site of lipid
biosynthesis [226]. Thus, these membranes are loosely packed, which permits membrane
curvature, and easy diffusion and incorporation of newly synthesized proteins and lipids [226].
The plasma membrane is enriched in cholesterols and sphingomyelins in the outer leaflet, and
plasma membrane-associated phosphatidylserine is exclusively found within the cytoplasmic
leaflet [227]. In the secretory and endosomal pathways, a gradient of increasingly complex lipids
is observed as those vesicles mature [227]. Mitochondrial membranes consist predominantly of
glycerophospholipids (predominately PC, PE, and cardiolipin) [226]. Thus, specific mechanisms
of trafficking and transporting lipids must be present in the cell.

Lipid transport that is not mediated by a transport protein or transport vesicle usually falls into
one of three categories: lateral diffusion within a membrane leaflet, transmembrane diffusion (i.e.
flipping), and monomeric lipid in which a lipid diffuses from the leaflet of one membrane to another

in close contact with it [225]. Although transmembrane diffusion can occur without the aid of
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proteins, this type of transport can be very slow for complex lipids, so it is also accomplished by
enzymes known as flippases [225].

There are numerous lipid transport proteins throughout the cell that recognize and transport
specific lipids [228]. For these proteins to organize lipids into specific membranes, lipid transport
proteins must contain two binding domains — one that recognizes the lipid, and the other the target
membrane [228]. This is one process by which precise and specific organization of lipids is
maintained. There are several types of lipid transfer proteins, all characterized based on their
structure, but a common feature among all is that they contain a cavity which shields the
hydrophobic tail group from the cytosol during transport [228]. Lipid transport proteins can be
either cytosolic or be peripheral membrane proteins [225]. Most lipid transfer proteins are
selective for lipids based on their head groups, although acyl-chain length can also be a factor
[228]. An example is the specificity of the ceramide transportor, CERT, it is selective for acyl
chains with less than 22 carbons [113].

Vesicular trafficking along the endocytic and secretory pathways are the bulk source of lipid
transport within the cell, and there is evidence for lipid sorting within budding vesicles [227].
However, our understanding of the mechanisms that drive lipid sorting withing vesicles is
incomplete. One possibility is that as lipid-protein microdomains may form in the originating
organelle, and interact with a specific repertoire of coat proteins that assist in vesicle formation
[227]. This would ensure the correct composition of ordered microdomains arrive at their intended
destination. Another possibility is the shape and saturation of lipids may exclude them from certain
regions budding vesicles, driving certain lipids to concentrate in areas based on their preference
for positive or negative curvature [227].

A final driver of lipid transport relies specifically on the architecture of the ER. The ER is the
largest organelle within the cell, and forms a continuous network throughout the cell [225]. This
allows the ER to form membrane contact sites (MCS) in which the ER membrane is within 10 nm

of, but not fused with, the membrane of other organelles [225]. This close contact would facilitate
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monomeric lipid transport, site-specific delivery of vesicles and of lipid transport proteins, and
there is much evidence to support lipid transfer at these junctions [225]. As pointed out in Holthuis,
et al., these sites are often overlooked as playing a role in lipid trafficking, but are likely the largest

contributor of site-directed lipid trafficking [225].

1.7: The role of sialic acids and sialidases in infectious diseases

Sialic acids (SIAs) are a group of ~50 naturally occurring nine-carbon sugars [229]. SIAs are
typically found at the terminal end of glycoproteins and glycosphingolipids (gangliosides) [229].
The vast majority of glycoconjugates are expressed on the outer leaflet of the plasma membrane,
but intracellular and secreted glycoconjugates are also common [229,230]. Importantly, SIAs are
largely the first point of contact between a cell and its environment as there are many SIA-
containing glycoconjugates expressed on the plasma membrane. For example, there are a
staggering ~10 million SIA residues on each human erythrocyte [229,230]. It is unsurprising, then,
that SlAs play diverse and important roles in cell biology. They carry a high electronegative charge
which can stabilize protein conformation and membrane dynamics, and dictate interactions with
the extracellular environment [229,230]. They play significant roles in maintaining the integrity of
the endothelial glycocalyx and vascular homeostasis [229,230]. SIAs have also been shown to
play direct roles in transmembrane signaling, cell-to-cell interactions (adhesion, migration), and
self versus non-self recognition [229,230]. Importantly SIAs can function as recognition or
masking sites [229,230]. There are many receptors as well as pathogens that bind specifically to
SIA residues, or to the penultimate galactose (Gal) residue that is usually masked by SIAs.

Glycosylation, including sialylation, occurs in the Golgi and is carried out by a number of
linkage- and substrate-specific sialyltransferases (STs) [229,230]. SIA residues are typically

attached to a penultimate Gal or N-acetylgalactosamine (GalNAc) residue via 02,3- or a2,6-
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linkages. Oligo- and polySIAs may be linked by a2,8- and a2,9-linkages, but are more rare
[229,230].

The sialidases (historically called neuraminidases, although that term is now largely
reserved for viral sialidases) are enzymes responsible for cleaving sialic acid residues from
glycoconjugates [231]. Humans have four (known) sialidases, NEU1-4 [231]. Each NEU is
typically found in specific cellular compartments, and each has been shown to play varying roles
in regulating cellular processes [231]. However, SIA and sialidase functionality remain an ongoing
area of study owing to the diversity of SIAs residues and their ubiquituous expression. Thus, there
are likely a great number of unknown functions of each. Below we will discuss the known functions
of human sialidases, and the known interactions of SIAs and sialidases with viral pathogens,

including DENVs.

1.7.1 - The sialidases and their roles in cellular metabolism

As mentioned in the previous section, sialidases are responsible for the hydrolysis of SIAs
from glycoconjugates. This can mark glycoconjugates for degradation, unmask binding sites, or
trigger signaling cascades [231]. In the glycocalyx, sialic residues contribute to the mechanical
barrier that prevents large molecules from passing through and the chemical barrier that repels
most molecules, fluids and cells and maintains vascular flow [232,233]. When the glycocalyx
structure is broken down, in part by sialidases, it allows for infiltration of inflammatory molecules
that are capable of disrupting cell-to-cell adhesion, ultimately allowing for immune cell infiltration
and fluid leakage [232,233].

Once released, intracellular SIAs are transported to the cytoplasm where they can be
reused or are degraded by N-acetylneuraminate lyase yielding N-acetylmannosamine and
pyruvate [230]. Extracellular free SlAs are either delivered to the cytoplasm via pinocytosis, or

they are filtered and removed from circulation by the kidneys [230].
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NEUs are known to play vital roles in recruitment of leukocytes to sites of inflammation
through desialylation of the adhesion molecule ICAM-1 on endothelial cells [234]. This allows for
binding of 3-2 integrin receptors to the underlying Gal or GalNAc residues [234]. Desialylation of
glycoproteins is also a well-known mediator of hepatic endocytosis [235]. The hepatic
asialoglycoprotein receptor (ASGP-R) is enriched in clathrin-coated pits, and is involved in
removing desialylated glycoproteins and neoglycoproteins from circulation [235]. Once bound by
a ligand, ASGP-R is rapidly internalized via clathrin-mediated endocytosis [235]. Common ASGP-
R ligands are desialyated LDL, chylomicron, fibronectin, and IgA [235]. Many lectins have been
shown to have similar endocytosis motifs indicating that sialidase activity may play a vital role in
receptor-mediated endocytosis, which may mark sialidases as a particularly attractive target for

viral subjugation [235].

NEU1

NEU1 is a lysosomal sialidase that must exist in complex with both (B-galactosidase and
carboxypeptidase protective protein/cathepsin A (PPCA) to be catalytically active [234]. It
preferentially cleaves a2,3-linkages of oligosaccharides and glycoproteins over a2,6- and a2,8-
linkages, and has minimal activity against gangliosides [234]. Itis primarily involved in lysosomal
degradation of glycoconjugates, but also regulates lysosomal exocytosis and immune cell
differentiation and signaling [234]. NEU1 has been shown to translocate to the plasma membrane
where it is essential for TLR4 activation (and possibly other toll-like receptors), and for
desialylation of cell surface glycoconjugates that trigger IFN and cytokine production [236,237].
Moreover, it has been shown to regulate phagocytosis in macrophages and dendritic cells through

desialylation of surface receptors for phagocytosis including Fcy receptors [238].

NEU2
NEU2 is a cytosolic sialidase whose functionality is still under much debate. There is still

considerable disagreement in the field as to whether cytosolic facing glycoconjugates exist and

51



what functional roles they have [230,234,239]. While many glycoproteins and glycolipids as well
as receptors have been identified in the cytosol, their activity remains unclear [240]. NEU2 does
appear to play a role in degradation of glycoconjugates delivered to the cytosol through
autophagy, phagocytosis, or the unfolded protein response [230,234]. Some evidence suggest
that NEU2 activity was vital for muscle cell and neuronal cell differentiation, but the mechanism
was not elucidated [234]. It was also shown that NEU2 overexpression reduced tumor proliferation
[234]. However, these assays were performed in vitro, and these functionalities have yet to be
validated in vivo as NEU2 tissue expression is very low. Interestingly, the first in vivo study of a
NEU2 KO mouse was recently published, and found that loss of function of NEU2 resulted in
dysregulated lipid catabolism [241]. In their study, NEUZ2 deletion resulted increased abundance
of serum TG, FFA, and lipoproteins and a downregulation of a number of sialylated glycoproteins
that function in lipid transport and catabolism [241]. This lead to weight gain, decreased motor
function, and hepatic steatosis in the NEU2") mice [241]. Interestingly, they determined these
glycoproteins were downregulated at the protein level, indicating that NEU2 activity may be vital

for translation of lipid mediators [241].

NEU3

NEU3 is found primarily bound to the plasma membrane and has near exclusive activity
against gangliosides [230,234]. It has also been found to associate with endosomes and may
play a role in endosomal trafficking [230,234]. Unsurprisingly, as NEU3 functions extracellularly,
it is involved in modulation of a number of signaling cascades mainly involving cell survival and
proliferation [230,234]. It has also been shown to be indispensable for inflammatory cytokine
production (IL-6, IL-12p40, TNF-a) as inhibition of NEU3 with zanamivir prevented cytokine
induction in LPS-treated cells [234]. NEU3 is upregulated in many forms of cancer, likely due to
its roles in proliferation and inhibition of apoptosis [230,234]. NEU3 was also shown to contribute

to atherosclerosis through desialylation of low-density lipoproteins (LDL) [242,243]. Desialylation
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of LDL exposes Gal and GalNAc residues that are then recognized by a number of lectins as

described above, thus triggering uptake of LDL into cells [235].

NEU4

NEU4 is the most recently discovered human sialidase, and very little is known about its
biological roles. NEU4 has been shown to localize in the lysosome, mitochondria, and ER, and
has the broadest substrate specificity of all of the human NEUs [230,234]. It is the only NEU
known to hydrolyze sialyl-Lewis antigens and polySIA [230,234]. One known function is the
degradation of polySIA on NCAM in neurons, which negatively regulates neurite outgrowth [244].
It's also been shown to be downregulated in many cancers, indicating it may function as a tumor
suppressor [230,234]. Studies to elucidate NEU4 functionality are ongoing, but given its
subcellular distribution and broad substrate specificity it likely plays a significant role in cell

biology.

1.7.2 - Relationship between viruses, sialic acids, and sialidases

It is well-established that sialic acid residues are used as receptor molecules by several
viruses. The most characterized relationship is between Influenza A and B and sialic acid
receptors. Influenza viruses have two glycoprotein spikes embedded in their envelope:
hemagglutinin and neuraminidase [245]. Hemagglutinin binds to sialic acid residues on cell
surfaces, facilitating viral attachment [245]. The virus then ‘walks’ the surface of the cell until it
encounters a yet unknown properly sialylated receptor molecule that facilitates viral uptake [245].
The viral neuraminidase facilitates this ‘walking’ by cleaving SIA residues from hemagglutinin
which allows the virus particle to move to the next SIA residue [245]. Upon egress, neuraminidase
also cleave hemagglutinin-SIA bonds to release progeny virions [245]. Human influenza is known
to preferentially bind to a2,6-linked SIA residues, while avian influenza prefers a2,3-linked SlAs.

Interestingly, this defines the tissue tropism and pathology for each virus in humans [246,247].
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SIA residues with a2,6-linkages are predominately found in the upper respiratory tract, whereas
a2,3-linkages are predominately found in the lower respiratory tract (especially in alveoli).
[246,247]. Many other viruses also use sialic acids as receptors, including parainfluenza,
norovirus, rotavirus, some coronaviruses, enterovirus D68, Zika virus and mumps [248]. HIV is
known to express SIA in its viral envelope, which facilitates binding of HIV to Siglecs on
macrophages [249]. SARS-CoV-2, the causative agent of the COVID-19 pandemic, has been
shown to require SlAs as a co-receptor [220].

In DENV infections, several important observations have been made regarding a
relationship between DENVs, sialic acids, and neuraminidase. The first is that the DENV envelope
protein is glycosylated at 2 residues: Asns7 and Asn1s3[78]. The glycosylation at Asnis3 has been
shown to consist of a complex glycan, and has been documented as either having a terminal SIA
residue or a terminal GalNAc residue [78]. Thus, these residues may play important roles in viral
attachment and possibly in receptor-mediated endocytosis. The second important observation
was made by Eva Harris’ group. They have shown that the DENV NS1 protein upregulates NEU1-
3 activity in vitro, and this upregulation lead cleavage of SIA residues on the endothelial glycocalyx
[90]. This contributed to breakdown of the glycocalyx and endothelial hyperpermeability [90]. In a
follow-up in vivo study with our group, increased serum SIAs and circulating NS1 in a murine
model was shown to be correlated with increased morbidity and mortality [91]. Combined, these
studies indicated that DENV-infection upregulates host sialidase activity which, in turn, contributes
to one of the hallmark pathological events of severe DENV.

Interestingly, in an siRNA-mediated loss of function study of enzymes within the
sphingolipid metabolic pathway, we found that loss of function of NEU1-4 significantly reduced
DENV2 release from cells. This suggested that not only was NEU1-4 activity upregulated during
infection [90,91], but that it seemed to play a vital role in DENV2 replication. Thus, we sought to
characterize the role of NEU1-4 in the DENV life cycle. The results of those experiments are

discussed in Chapter 3.
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1.8: Conclusions

Here, we have summarized our knowledge of metabolic pathways that are perturbed upon
infection with DENV viruses. We have also described the biological function of these pathways,
and some of the known consequences of their perturbation in chronic and infectious diseases.

It is well-established from the literature summarized herein that DENVs induce considerable
metabolic changes, especially to lipids, upon infection. While many of these changes occur to
meet the replicative needs of DENVs, the major pathways discussed also have significant roles
in biological signaling. Thus, it remains unclear whether they are altered to provide raw materials
for viral replication, are regulated by DENVs to control host functions, or are part of a host antiviral
response. We identified three outstanding questions from the literature and our preliminary
datasets, and will present our findings in the chapters that follow. In Chapter 2, we will discuss
the unexpected reliance of DENV on the functionality of acyl-CoA thioesterases (enzymes
responsible for deactivating fatty acyl-CoAs). In Chapter 3, we present the first report of a
functional role for sialidase activity during DENV infection and discuss its implications. In Chapter
4, we will discuss our efforts to determine which parts of the sphingolipid metabolic pathway are
critical for the DENV lifecycle, and our efforts to characterize the role of sphingolipid metabolic
enzymes and metabolites in the DENV lifecycle. As well, we will present the first analysis of
specific glycosphingolipids that are altered upon infection. Taken together, this dissertation will
provide additional insight the reliance of DENVs on host metabolic pathways.

Hypothesis of study: Dengue viruses hijack and manipulate host metabolic pathways for their
own replicative advantage. As such, alterations in metabolite levels and metabolic enzyme
expression and activity are quantifiable and can be correlated with their roles in the DENV
lifecycle. Moreover, these changes in the metabolic landscape can be used to identify novel

therapeutics and provide insight into the DENV-induced pathology.
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Chapter 2 — Acyl-CoA Thioesterases: a rheostat that controls

activated fatty acids modulates dengue virus serotype 2 replication?

2.1: Introduction

Dengue viruses (DENVs) are arthropod-borne viruses that are transmitted by the Aedes
aegypti mosquito [3,5]. These viruses infect over 400 million people each year. They are obligate
intercellular parasites that rely on host cell metabolic pathways to fulfill their energy requirements
and access substrates necessary for generating progeny virions [14]. It is widely established that
the lifecycle of DENVs is reliant upon host lipid metabolic path-ways [14,42,250,251]. Specifically,
these viruses alter endoplasmic reticulum membranes to form scaffolds for viral protein translation
and assembly of viral replication complexes [251,252]. Moreover, during viral particle assembly,
host cell membranes are co-opted and incorporated into the viral envelope as a structural
component of the virus particle [14,251,252].

In our previous studies, we have shown that many lipid species are upregulated and are vital
for the DENV serotype 2 (DENV2) lifecycle [110,111]. Specifically, host phospholipids and
sphingolipids are increased in abundance, some to benefit viral replication and others as a host
response to infection [reviewed in 14,110,111]. Precursors of these molecules are composed of
fatty acyl-CoAs which are fatty acids that have been esterified to coenzyme A (CoA) [191,197].
These fatty acyl-CoAs (activated fatty acids) can then undergo further modifications to be
integrated into more complex lipids or be shuttled towards (-oxidation for cellular energy

production [197].

2 Adapted from St Clair LA, Mills SA, Lian E, Soma PS, Nag A, Montgomery C, Ramirez G, Chotiwan N,
Gullberg RC, Perera R. Acyl-CoA Thioesterases: A rheostat that controls activated fatty acids modulates
dengue virus serotype 2 replication. Viruses. 2022 Jan 25; 14(2):240.
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Acyl-CoA thioesterases (ACOTs) are a family of hydrolases that control the intercellular
balance between fatty acyl-CoAs and free fatty acids (FFAs). Specifically, they cleave fatty acyl-
CoA into FFA and coenzyme A [191,197]. There are 10 identified human ACOT enzymes further
categorized into two groups by their domain motifs: a-8 hydrolase (type 1) and “hot dog” domain
(type Il) (Figure 2.1 A,B) [191,197]. These enzymes are distributed throughout the organelles of
human host cells including the cytoplasm, mitochondria and peroxisomes (Figure 2.1 A,B) [191].
ACOTs have been implicated in the control of lipid metabolism by maintaining the ratios of fatty
acyl-CoA and free fatty acids within each organelle [191,197]. Upon perturbation, they have been
shown to cause increased proliferation of cancer cells, are implicated in neurodegenerative
diseases and play a protective role against diabetic cardiac damage [198,253-255].

Given that fatty acyl-CoAs are integral to lipid metabolism and energy homeostasis, we
investigated if perturbing fatty acyl-CoA homeostasis by altering ACOT enzyme ex-pression
modulated DENV2 infection. We also investigated if the ACOT enzyme location (cytoplasmic vs.
mitochondrial) and/or specificity type (type | vs. type II) differentially influenced DENV2 replication.
We examined three representative ACOT enzymes, ACOT1, ACOT2, and ACOT7, to understand
their impact on the lifecycle of DENV2 in human hepatoma (liver) cells (Huh7s). siRNA-mediated
loss of function studies of the type | ACOTs 1 and 2 together significantly increased DENV2
infectious particle release. However, isolated knockdown of ACOT2 significantly decreased
DENV2 protein translation, genome replication, and infectious virus release. Loss of function of
ACOT7, a mitochondrial type Il ACOT, also similarly suppressed DENV2. Furthermore, our
studies reveal a complex relationship between type | and type Il ACOTs during DENV2 infection

that suggested a functional interdependency of these enzymes.
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2.2: Results

2.2.1 — Combined loss of ACOT1 and ACOT2 function increases DENV2 genome

replication and infectious particle release

As ACOTs act as a rheostat for intracellular levels of FFAs and fatty acyl-CoAs, we
hypothesized that ACOT functionality, which purportedly limits the availability of fatty acyl-CoAs,
may have an inhibitory effect on the DENV2 lifecycle. To determine if ACOT enzymes affect
DENV2 replication, we used siRNA-mediated knockdown to decrease the expression of type |
ACOTs 1 and 2 in Huh7 cells. ACOT1 is located in the cytoplasm and ACOT?2 in the mitochondria.
There is ~94% homology between the mRNAs of ACOT1 and ACOT2 with only an insertion of
90-110 nucleotides differentiating ACOT2 mRNA from ACOT1 mRNA [192,193,199]. We included
a non-target, irrelevant siRNA (IRR) to control for off-target effects of siRNA treatment and a
DENV2-specific siRNA as a positive control for viral inhibition. We found that loss of ACOT1 and
ACOT2 together resulted in an increase (~178%) in infectious viral release (Figure 2.1C), and
viral genome replication (~470%, Figure 2.1D) compared to the IRR control. Due to the sequence
similarity between ACOT1 and 2, we were unable to target siRNAs specific to ACOT1, but we
were able to target specific sSiRNAs to ACOT2. Therefore, as shown below, we were able to parse

out the influence of ACOT2 on this phenotype.
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Figure 2.1 — ACOT enzymes categorized by structural motifs and preliminary loss of function analysis of
ACOT1/2. (A) Human ACOT2, Protein Data Bank identifier 3HLK is depicted. Type | ACOTs are characterized by a
hydrolase domain that contains the active site. (B) Human ACOT7, Protein Data Bank identifier 2QQ2 depicted. Type
11 ACOTs contain the “hot dog” domain composed of two alpha helixes surrounding a hydrophobic core. Although the
composition of the active site is unknown within the “hot dog” domain, these enzymes are functionally analogous to
type | ACOTs [199]. C-D: Huh7 cells were transfected with an siRNA pool targeting both the ACOT1 and ACOT2
genes as well as indicated controls (IRR and DENV2) and then infected with DENV2 for 24 hours (hr) (MOI = 3). (C)
Infectious particle release was titrated via plaque assay. (D) Huh7 cells were collected, and relative copy number of
viral RNA within cells was measured via gRT-PCR. gRT-PCR results were normalized to RPLPO. ACOT1/2: siRNA
targeting acyl-CoA thioesterase 1 and 2, IRR: irrelevant siRNA control (no biological target for siRNA sequence),
DENV2: siRNA targeting dengue virus, serotype 2. (A-B: images were generated utilizing PyMOL Molecular Graphics
System, Version 1.2r3pre, Schrddinger, LLC. C-D: one-way ANOVA with Dunnett’'s multiple comparisons test: * =
p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)
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2.2.2. Loss of ACOT2 function reduces DENV2 replication, infectious particle release and

infectivity

Given the above observations from combined loss of ACOT1 and ACOT2 function, and
that ACOT1 and ACOT2 share the same substrate specificity [256] we hypothesized that loss of
ACOT2 function alone would also result in increased viral replication and release. Therefore, we
repeated knockdown studies with siRNAs specifically targeting ACOTZ2 in Huh7 cells. Surprisingly,
we found that loss of ACOT2 function resulted in a significant reduction (~76%) in infectious virus
release (Figure 2.2A) compared to the IRR control. Additionally, DENV2 genome replication was
reduced by ~50% following ACOT2 knockdown (Figure 2.2B). In our previous studies, we found
that inhibition of specific enzymes involved in fatty acid metabolism resulted in the release of
partially immature virions, thereby reducing particle infectivity [193]. To determine if loss of
ACOT2 function also reduced particle infectivity, we compared the ratios of viral RNA copies to
infectious virions (particle/pfu ratio) in the supernatant of each of our treatment groups (Figure
2.2C). The data showed that there was a significant increase in the DENV particle/pfu ratio
following ACOT2 knockdown compared to the IRR control; thus, suggesting a decrease in particle
infectivity. We also found that viral protein translation was reduced by ~50% (Figures 2.2D and
Supplemental Figure 2.1). We further confirmed that siRNA treatment was not cytotoxic to Huh7
cells (Figure 2.2E) and was also effective at reducing ACOT2 mRNA levels (Figure 2.2F). Overall,
these data suggest that ACOT2 functionality is critical to the DENV2 lifecycle. This contrasts with
the phenotype from the combined loss of function of ACOT1 and 2 suggesting that ACOT1 has a

unique influence on viral replication.
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Figure 2.2 — Loss of ACOT2 function reduces DENV2 genome replication and virus release. Huh7 cells were
transfected with siRNA targeting the ACOT2 gene or indicated controls (IRR and DENV2) and then infected with DENV2
for 24hr (MOI = 0.3). (A) Infectious virus release was titrated via plaque assay. (B) Huh7 cells were collected, and
relative copy number of viral RNA within cells was measured via gRT-PCR. Results were normalized to RPLPO. (C)
Virus supernatant was collected at 24 hpi and split into two fractions. One fraction was titrated via plaque assay, while
viral RNA from the other fraction was analyzed via qRT-PCR for total copy number of DENV2 positive-strand RNA. (D)
Cell lysates were collected at 24 hpi, and analyzed via western blot. Samples were probed for DENV2 nonstructural
protein 3, and normalized to B-actin. Li-cor IRDyes were used as secondary antibodies, and fluorescence intensity of
each band was analyzed using area under the curve analysis in ImageJ. (E) A resazurin-reduction based cell viability
assay was conducted to assess cytotoxicity of siRNA treatment. (F) Knockdown of ACOT2 mRNA was confirmed at 48
hr post transfection via qRT-PCR. ACOT2: siRNA targeting acyl-CoA thioesterase 2, IRR: irrelevant siRNA control (no
biological target for siRNA sequence), DENV2: siRNA targeting dengue virus, serotype 2. (A-B: one-way ANOVA with
Dunnett’'s multiple comparisons test, C-F: unpaired t tests: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)

2.2.3 — Mitochondrial ACOTs are vital for productive DENV2 infection

ACOT2 is suggested to be an important mediator of p-oxidation [194,195]. This is the
process of gaining ATP from the breakdown of fatty acyl-CoA to 2-carbon acetyl-CoA molecules.

As this process occurs in the mitochondria, mitochondrial ACOTs may be important in regulating
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the balance of FFAs and fatty acyl-CoAs through shuttling fatty acyl-CoAs into B-oxidation
[194,195]. Previous studies indicate that B-oxidation is elevated during infection of host cells by
DENVs [reviewed in 14]. Both type | and type Il ACOTs exist in the mitochondria. ACOT7 is a
type Il ACOT, and is functionally homologous to ACOT2 (both hydrolyze long-chain FAs) [193].
Therefore, we investigated if loss of ACOT7 function also resulted in suppression of DENV2
infection. Similar to ACOT2 knockdown, we found that loss of ACOT7 function significantly
reduced DENV2 infectious particle release (~77%) in Huh7 cells (Figure 2.3A). Interestingly,
ACOTY7 inhibition resulted in a greater reduction of viral protein translation (~75% reduction,
Figures 2.3D and Supplemental Figure 2.1) and viral genome replication (~70% reduction, Figure
2.3B) compared to the effect of loss of function of ACOT2 (Figure 2.2B). Similar to the ACOT2
study, loss of ACOT7 function significantly decreased particle infectivity (Figure 2.3C). We
confirmed that these results were also not due to cytotoxicity of the siRNA treatment (Figure 2.3E),
and that the ACOT7 siRNA effectively reduced ACOT7 mRNA levels (Figure 2.3F). Taken
together, these studies suggest that two of the mitochondrial ACOTs have a vital role in the

DENV?2 lifecycle.
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Figure 2.3 — Loss of ACOT7 function suppresses DENV2 genome replication and infectious particle release.
Huh7 cells were transfected with siRNA targeting the ACOT7 gene or the indicated controls (IRR and DENV2) and then
subsequently infected with DENV2 for 24hr (MOI =0.3). (A) Infectious virus release was titrated via plaque assay. (B)
Huh7 cells were collected, and relative copy number of viral RNA within cells was measured via gRT-PCR. Results
were normalized to RPLPO. (C) Virus supernatant was collected at 24 hpi and split into two fractions. One fraction was
titrated via plaque assay, while viral RNA from the other fraction was analyzed via gqRT-PCR for total copy number of
DENV?2 positive-strand RNA. (D) Cell lysates were collected at 24 hpi, and analyzed via western blot. Samples were
probed for DENV2 nonstructural protein 3, and normalized to -actin. Li-cor IRDyes were used as secondary antibodies,
and fluorescence intensity of each band was analyzed using area under the curve analysis in ImageJ. (E) A cell viability
assay using resazurin was conducted to assess cytotoxicity of sSiRNA treatment. (F) Knockdown of ACOT7 mRNA was
confirmed at 48 hr post transfection via qRT-PCR. ACOT7: siRNA targeting acyl-CoA thioesterase 7, IRR: irrelevant
siRNA control (no biological target for siRNA sequence), DENV2: siRNA targeting dengue virus, serotype 2. (A-B: one-
way ANOVA with Dunnett’s multiple comparisons test, C-F: unpaired t tests: * = p<0.05, ** = p<0.01, ***= p<0.001, ****
= p=<0.0001.)
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2.2.4 — Both Type | and Type Il ACOTs are differentially expressed upon ACOT2 or ACOT7

knockdown

Currently, there are ten human ACOTs known to exist in different subcellular
compartments, and they have substrate specificity for a wide range of fatty acyl-CoAs [192,193].
However, the functional overlap and/or ability of each ACOT to compensate for loss of function of
the others is unknown. As mitochondrial ACOTs seem to play vital roles in fatty acid metabolism
and energy production, we determined whether other ACOTs could compensate for loss of
ACOT2 or ACOT7 function, both within and without the context of DENV2 infection. To investigate
this, we carried out similar siRNA-mediated knockdown of ACOT2 and ACOT?7 in both mock-
infected and DENV2-infected Huh7 cells. An IRR siRNA control was also included. 24 hours post
infection (hpi), mock- and DENV2-infected cells were collected and cellular mRNA levels of each
ACOT enzyme was determined via qRT-PCR.

In both mock-infected and DENV2-infected samples, we observed similar trends in the
MRNA expression of other ACOTs upon knockdown of ACOT2 (Figure 2.4 A,B) or ACOTY7 (Figure
2.4 C,D). Specifically, we observed that in both mock- and DENV2-infected Huh7 cells,
knockdown of ACOT2 significantly reduced mRNA expression of ACOTs 1, 6, 8, and 11 (Figure
2.4 AB). A decrease in ACOT9 and ACOT12 mRNA expression was only observed in DENV2-
infected, ACOT2 knockdown samples. We found loss of ACOT7 significantly reduced mRNA
expression of ACOTs 2, 4, 8,9, and 11 in both mock- and DENV2-infected cells, (Figure 2.4 C,D).
Additionally, in DENV2 infected cells, ACOT6 and ACOT13 mRNA expression was decreased in
ACOT7 siRNA-treated cells. It should be noted that the siRNAs for ACOT2 and ACOT7 do not
have any sequence similarity to the other ACOT mRNAs. Therefore, these data suggests that
other ACOTs may be functionally dependent on the activity of ACOT2 and 7. Intriguingly, inhibiting
ACOT7 also reduced expression of ACOT2 (Figure 2.4 C,D); however, inhibition of ACOT2 did

not impact the expression of ACOT7 (Figure 2.4 A,B). Thus, while both mitochondrial ACOTs are
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functionally similar, neither compensates for loss of the other at a transcriptional level, and ACOT2

functionality may rely upon ACOT7.

n R
o o O
(@) o O
< < <

Gene of Interest

ACOT6
ACOT7
ACOT2
ACOT4
ACOT6
ACOT7
ACOT8
ACOT9

A Mock - ACOT2 Knockdown B Infected - ACOT2 Knockdown
2.0 2.0
~ 1.5 ~ 1.5+
S S x
s ?
g e 0 82
;?8 1.0 ~ * Sg
W = w s
< a *kkk < a
3 : 2t
L g 05 I I ES
0.0
N T . I S fFEE R 2 - @2
666566 EE E E 9 9 96 9 95§ 5
52223822383 5 ¢2¢32¢383
2 < T I < 2 < < I <
Gene of Interest Gene of Interest
C Mock - ACOT7 Knockdown D Infected - ACOT7 Knockdown
2.0 2.0
~ 1.5 ~ 1.57
S S
5 & 9 &
82 2
S 1.0 . S 3
g ek ek X g
% g_ Fkkk <Z( g_
o -
X 5 05 I 8
0.0
:
g 3
< <

ACOT12
ACOT13

™
=
o
Q
<

ACOT11
ACOT11

o
=
Q)
(@]
4

o
=
o
Q
<
Gene of Interest

Figure 2.4 — Inhibition of mitochondrial ACOTs underlines importance of mitochondrial ACOT functionality for
expression of other ACOTs. Huh7 cells were treated with either ACOT2 (A,B) or ACOT7 (C,D) siRNA or an IRR
control siRNA, and then (A,C) mock-infected or (B,D) DENV2-infected (MOI = 0.3). At 24 hpi, cells were collected and
mRNA levels of all 10 human ACOTs was determined via gqRT-PCR. (A-D: one-way ANOVA with Dunnett's multiple
comparisons tests, * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)

65



2.2.5 — Mitochondrial ACOTs are uprequlated at early timepoints of infection

In previous studies, it has been demonstrated that DENV2 infection results in both viral- and
host-mediated modulation of enzymes involved in fatty acid metabolism [14,42,110,111,192,250—
252]. As our loss of function studies of ACOT2 and ACOTY indicated these enzymes are vital for
the DENV2 lifecycle, we analyzed whether ACOT2 and ACOT7 mRNA expression was altered
over a time course of DENV2 infection. For this study, we collected both mock-infected and
DENV2-infected cells at 0, 6, 24, and 48 hpi. These time points represent early, peak, and late
viral replication. ACOT mRNA expression was analyzed using qRT-PCR (Figure 2.5). We
observed that ACOT2 and ACOT7 mRNA expression was significantly upregulated at 6 hpi in
DENV2-infected cells, but downregulated at 24 and 48 hpi (Figure 2.5A). A similar trend was
noted when we compared mRNA expression between DENV2 and mock-infected samples at
each timepoint although the increased expression at 6 hpi was not statistically significant (Figure
2.5B). These results combined with our results in Figures 2.2-2.3, suggest that ACOT2 and

ACOTY functionality is required for early stages of the DENV2 life cycle.
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Figure 2.5 — Mitochondrial ACOT mRNA expression is temporally altered during DENV2 infection. Huh7 cells
were either mock-infected or DENV2-infected (MOI = 10). At 0, 6, 24, and 48 hpi, cells were collected and mRNA
levels of ACOT2 and ACOTY7 were assessed via qRT-PCR. DENV2-infected samples collected at 6, 24, and 48 hpi
were compared either to (A) the 0 hpi DENV2-infected samples or to (B) mock infected samples at matched timepoints.
Results are reported as an expression ratio (A) between each timepoint sample and the 0 hpi sample in DENV2-infected
cells, or (B)between each timepoint sample and its respective mock-infected timepoint. (A-B: one-way ANOVA with
Dunnett's multiple comparisons test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)
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2.3: Discussion

The ACOT family of enzymes are suggested to be key regulators of the intercellular balance
of activated fatty acids (fatty acyl-CoAs) and FFAs [191,193]. As previous studies have shown
that DENVs are reliant upon activated fatty acids for completion of their lifecycle
[14,99,110,111,119,162,257], our present study investigated whether ACOT enzymes may be
important modulators of DENV2 infection. The ACOT enzymes chosen represented both type |
(ACOT1 and ACOT2) and type Il ACOTs (ACOT7) as well as ACOTs found within the same
organelle (ACOT2 and ACOTY7 in the mitochondria). Interestingly, we found that loss of function
of these enzymes had a divergent effect on the DENV2 lifecycle that was independent of their
substrate specificity, and, instead, highlighted a more nuanced relationship between DENV2 and
the subcellular regulation of fatty acid metabolism. Specifically, we found that the loss of function
of the cytoplasmic ACOT1 enzyme resulted in increased DENV2 genome replication and
infectious virus release, indicating that its normal function may be antiviral. However, loss of
function of the mitochondrial ACOT2 and ACOT7 enzymes resulted in suppression of multiple
stages of the DENV2 lifecycle indicating that the function of these enzymes is vital for effective
DENV2 infection. Furthermore, our analyses revealed a functional dependency between enzymes
within the ACOT family.

Because ACOTs act directly on activated fatty acids, it is predicted that they play a
significant role in modulation of fatty acid metabolism [119,191,193,196,197]. However,
mechanistic insight as to the specific functions of ACOT enzymes is limited. One challenge is that
the ester bond that links coenzyme A with fatty acids is labile which limits the ability to obtain a
true ratio of activated fatty acids and FFAs in cells with traditional methods [191,258]. Thus, much
of what the field understands about the function of these enzymes is concluded from studies

characterizing their biophysical and biochemical properties, or from mouse models studying the
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impact of ACOT gene deletion on cardiac, neurological, and metabolic disorders [191-195,197—
199,253-255,258]. During curation of this paper, we successfully developed an LC-MS assay that
allowed us to distinguish between arachidonic acid, SH-CoA, and arachidonoyl-CoA (the primary
substrate of ACOT7) [discussed in 193,194]. However, due to limitations in scalability of siRNA
treatment, levels of these metabolites were below our limits of detection. As a future direction,
use of knockdown cell lines may further characterize ACOT enzyme functionality. Moreover, an
additional challenge was that ACOT1 and ACOT2 enzymes share 98% similarity at the protein
level, and 94% nucleotide sequence homology [192,197]. This inhibited differentiation of these
enzymes at the protein level. However, we were able to design specific siRNA and primer
sequences that targeted the mitochondrial localization sequence of ACOT2, allowing us to
characterize these enzymes based on their mMRNA expression.

In an ACOT1 knockout mouse model, ACOT1 was shown to modulate liver fatty acid
metabolism during fasting, and loss of function of this enzyme led to increased triglyceride
turnover and beta oxidation [199]. Importantly, infection with DENV2 mimics a fasting state in the
cell, and previous studies have established that triglyceride hydrolysis and beta-oxidation are
increased in DENV2-infected cells [99,162,257]. Thus, inhibition of ACOT1 may further enhance
these processes, leading to a more favorable environment for DENV2 replication. Moreover, as
ACOT1 regulates the cytoplasmic levels of long chain fatty acyl-CoAs inhibition of ACOT1 may
favor DENV2 replication by increasing the availability of the components necessary for the
rearrangement and expansion of ER-derived membranes during infection [99,110,111,184,186].
Mitochondrial functional assays have suggested that ACOT2 and ACOTY7 functions to decrease
beta-oxidation overload, possibly by mediating efflux of fatty acids from the mitochondrial matrix
[162,196,258]. Thus, loss of ACOT2 and ACOT7 function may have resulted in a buildup of fatty
acyl-CoAs levels in the mitochondria, decreased turnover of CoA and fatty acid precursor
molecules, and increased oxidative stress — all of which would antagonize the DENV2 lifecycle.

Interestingly, we found that following ACOT2 or ACOT7 knockdown there was no compensation
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by any of the other mitochondrial ACOTs (ACOT2, 7 or 9). However, ACOT2 and ACOT7
knockdown decreased peroxisomal ACOT4, ACOT6 and ACOT8 expression. Peroxisomal
ACOQOTs are important in degradation of very long-chain fatty acids that cannot be directly shuttled
to the mitochondria [191,197]. Peroxisomes are becoming recognized as important mediators for
controlling or facilitating virus infection, including anti-viral immune responses, interactions with
viral capsid proteins, and influencing membrane fluidity [259,260]. Therefore, another possibility
is that ACOT2 or ACOT7 knockdown is indirectly suppressing DENV2 replication through altering
expression of peroxisomal ACOTs which may impact peroxisomal lipid degradation activity. The
role of peroxisomes in these biochemical interactions between virus and host is yet an uncharted
territory.

In summary, we found there is a differential impact of ACOTs on DENV2 genome
replication and infectious particle release that could be influenced by the subcellular location of
these enzymes. We also observed that loss of function of a single ACOT impacted the expression
of multiple ACOTs in different cellular locations highlighting the complexity of understanding how
ACOTs influence viral replication. Overall, our current study underscores that DENV2 is reliant
upon careful coordination of fatty acid metabolism to complete its lifecycle. Future studies aimed
at characterizing the exact substrate specificities would increase our understanding of how the
loss of function of specific enzymes regulate infection. Additionally, our data suggest that

determining the functional relationship between ACOTs is warranted.

2.4: Materials and Methods

2.4.1 Cell lines and viruses:

The cell lines used in this study were as follows: Human hepatoma cells (Huh7) (unknown

sex, From Dr. Charles Rice) [261], Clone 15 (ATCC CCL-10) of the Baby Hamster Kidney Clone
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21 cells (BHK-21), and C6/36 cells (ATCC CRL-1660, larva, unknown sex). Huh7 cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Life-Tech) while BHK-21 and
C6/36 cells were maintained in Minimum Essential (MEM) (Gibco, LifeTech). All culture media
was supplemented with 2 mM L-glutamine (Hy-Clone), 2 mM nonessential amino acids
(HyClone), and 10% fetal bovine serum (FBS) (At-las Biologicals). C6/36 media was also
supplemented with 25 mM HEPES buffer. Cells were incubated at 37°C with 5% CO..

For this study, dengue virus serotype 2 was used (DENV2, strain 16681) [256,262]. The
virus was passaged in C6/36 cells. Viral titer was determined via plaque assay on BHK-21 cells
as previously described [263]. Virus infections were carried out at room temperature for 1 hour
(hr), allowing for viral adherence. Subsequently, virus was removed, and cells were washed with
1xPBS before addition of media supplemented with 2 mM nonessential amino acids, 2 mM L-

glutamine, and 2% FBS. Cells were incubated at 37°C with 5% CO, for 24 hours.

2.4.2 siRNA transfection and knockdown confirmation

ACOT1/2, ACOT2 and ACOTT7 loss of function was conducted by transfecting Huh7 cells
with pooled siRNAs (Horizon Discovery/Dharmacon, Sigma-Aldrich — see Supplemental Table
2.1) as described previously [264] using RNAIMAX (Invitrogen) and incubating for 48 hr at 37°C
with 5% CO2. At 48 hr post transfection, cells were either collected for a cytotoxicity assay
(described below), knockdown confirmation or infected with DENV2 (as described above). At 24
hpi, cells and viral supernatant were collected for further analysis. Viral titration was completed
via plaque assay. RNA was extracted from cells, and qRT-PCR analysis was used to confirm
knockdown of ACOT2 and ACOT7 mRNA transcripts. Cellular transcripts were normalized to
RPLPO, and the ACOT2 and ACOT7 siRNA-treated samples were then compared to an irrelevant

control (IRR) using the delta delta cq method described in [119]. The IRR control siRNA is a
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scrambled RNA with no homology to any human mRNA sequences [described in 99]. Cytotoxicity
of siRNA treatment was determined using a 1:10 dilution of resazurin (ThermoFisher) in cell
culture media, and incubating cells for 1-2hr. Fluorescence was read on a Victor 1420 Multilabel

plate reader (Perkin Elmer) at 560nm/590nm (excitation/emission).

2.4.3 RNA extraction and qRT-PCR

RNA was extracted from cells and viral supernatant using TRIzol or TRIzol LS
(ThermoFisher), respectively, following standard TRIzol extraction methods. For gRT-PCR, the
Brilliant Il Ultra-Fast SYBR® Green one-step qRT-PCR kit (Agilent) was used, and all reactions
were set up according to manufacturer's protocols on a LightCycler 96-well real-time PCR
machine (Roche). The following cycling parameters were employed: 20 mins at 50°C for reverse
transcription, 5 mins at 95°C, followed by 45 two-step cycles of 95°C for 5 secs, and 60°C for 60
secs. A melt curved followed each step starting at 65°C and ending at 97°C. (Primer sequences
are reported in Supplemental Table 1). A standard curve was generated using in vitro transcribed
viral RNA from a DENV2 cDNA sub-clone (derived from strain 16681 full-length clone) in order to
quantify DENV2 genome copies. All cellular RNA transcript copy numbers were normalized to
Ribosomal Protein Lateral Stalk Subunit PO (RPLP0O) RNA using the delta delta cq method as

described pre-viously [119,264].

2.4.4 Western Blotting

Huh7 cells were lysed in RIPA Buffer. Total protein in each sample was measured using
the Qubit BR Protein Assay (ThermoFisher) on a Qubit Flex Fluorometer. Equal total protein was

loaded from each of the indicated cell lysates and run on a CriterionTM XT 4-12% Bis-Tris protein
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gel (Bio-Rad). Protein was transferred at 4°C to nitrocellulose membrane for 2 hours at 50V.
Following transfer, blocking was performed overnight at 4°C with a 5% milk solution in 1x PBS
supplemented with 0.1% Tween 20. The primary antibodies used were a 1:300 dilution of antibody
against the DENV2 NS3 protein (mouse polyclonal antibody raised against the DENV2 NS3
protein) [described in 99], and 1:100 dilution of B-actin (rabbit polyclonal antibody, Invitrogen).
The secondary antibodies used were a 1:3000 dilution of goat-anti-mouse IRDye 800CW, and
goat-anti-rabbit IRDye 680RD (Li-Cor Biosciences). Blots were imaged on a ChemiDoc MP

Imaging System (Bio-Rad), and quantified in ImageJ utilizing area under the curve analysis.

2.4.5 Statistical analysis

In each figure and/or figure legend, statistical analysis details are noted. All results are
expressed as mean values with standard deviation from three biological replicates (unless
otherwise indicated). Statistical significance was deter-mined using a one-way Analysis of
Variance (ANOVA) with Dunnett’s multiple compar-isons test, or an unpaired t test using Prism

software version 9.0 (GraphPad Software, La Jolla, California USA).
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Chapter 3: Human sialidase activity is vital for dengue virus serotype

2 replication

3.1: Introduction

Sialic acids (SlAs) are a family of over 50 structurally distinct, sugar molecules with a 9-
carbon backbone that are most often found at the terminal position of glycolipids and
glycoproteins [229,265-267]. Given their ubiquitous occurrence, especially in cell surface
molecules, SIAs are some of the most versatile and influential regulatory molecules in cell biology
[229,265-267]. SlAs function either as ligands, masking molecules, or as physicochemical
effectors of both their attached glycoconjugates and surrounding molecules due to their strong
negative charge [229,265-267]. As such, SlAs are vital for cell signaling, cellular recognition, cell-
to-cell communication, immune cell signaling and modulation, cell differentiation, cellular
trafficking, and structural conformation of glycoconjugates [229,265-267]. As the roles of SIAs in
biological functions are dynamic, so must be the balance between sialylated and desialylated
states of glycoconjugates. This balance is mediated by sialytransferases and sialidases
(neuraminidases), respectively [229,265-267]. In humans, there are 4 known sialidases (NEU1-
4). Interestingly, we and others have shown that the DENV2 nonstructural protein 1 (NS1) is
necessary and sufficient to cause increased activity of the human sialidase enzymes
(neuraminidase 1-4, NEU1-4) in both in vitro and in vivo models [90,91]. Moreover, the
upregulated sialidase activity was associated with increased endothelial hyperpermeability in in
vitro models, and vascular leakage coupled with increased morbidity and mortality in an in vivo
mouse model [90,91]. These studies revealed a link between increased sialidase activity and
DENV pathogenesis; however, it remains unclear what advantage increased sialidase activity

plays in the virus lifecycle.
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In this study, we sought to characterize the role of the four human sialidase enzymes,
NEU1-4, on the DENV?2 lifecycle in human hepatoma cells (Huh7s). We used siRNA-mediated
loss of function analysis to systematically examine the role each enzyme plays during the viral
replication cycle. We uncovered that these enzymes do not only contribute to viral pathogenesis,
but also play a critical role in viral replication and egress. Importantly, this study highlighted yet

uncovered roles of sialic acids and sialidase enzyme activity in the DENV?2 lifecycle.

3.2: Results

3.2.1 - Sialidase activity is vital for DENV2 replication and viral release

Neuraminidases were previously shown to be upregulated by DENV2 NS1 protein [90,91].
This upregulation contributed to the breakdown of endothelial barrier integrity that leads to the
vascular leakage observed in severe dengue disease [90,91]. However, it was unknown whether
this upregulation contributed only to viral pathogenesis or also played a role in the DENV2
lifecycle. Moreover, these previous results were intriguing given that NEU1-4 are found in different
subcellular compartments (Figure 3.1A), and have different substrate specificities (Table 3.1)
[268,234,reviewed in 269-271]. We hypothesized that NEU1-4 may each have specific,
independent roles within the viral lifecycle. Thus, we first sought to determine the effect of siRNA-
mediated loss of function of NEU1-4 on DENV2 release from Huh7 cells. Interestingly, we found
that inhibition of each enzyme resulted in a significant decrease (1-2 log reduction) in infectious
virus release from cells (Figure 3.1B). Similarly, we also saw a significant decrease in DENV2
genome replication (Figure 3.1C). Knockdown of NEU1-4 was validated by measuring mRNA
expression using gRT-PCR (Supplemental Figure 3.1A-B). Additionally, since these experiments

were conducted using a pool of four siRNAs (Dharmacon) against each NEU, we validated our
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results with single siRNAs (Thermofisher) targeting NEU1-4 and saw a similar reduction in viral

release upon NEU1-4 KD (Supplemental Figure 3.2).
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Figure 3.1 — Subcellular Location of human sialidases and preliminary loss of function analysis of NEU1-4. (A)
Primary subcellular location of human sialidase enzymes. B-C: Huh7 cells were transfected with pooled siRNAs
targeting NEU1-4, a DENV2-specific positive control siRNA, and an irrelevant (non-targeting) negative control siRNA,
followed by DENV2 infection (MOI = 0.3) for 24 hr. (B) Supernatants were titrated via plaque assay on BHK-21 cells to
measure infectious virus release. (C) Cells were collected and copy number of viral RNA was measured via qRT-PCR
and normalized to the RPLPO housekeeping gene. NEU1: human neuraminidase 1, NEU2: human neuraminidase 2,
NEU3: neuraminidase 3, NEU4: neuraminidase 4, IRR: irrelevant control, DENV2: dengue virus serotype 2. (A: image
generated using Biorender.com, B: one-way ANOVA with Dunnett’s multiple comparison’s test: * = p<0.05, ** = p<0.01,
***=p<0.001, **** = p<0.0001.)
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Table 3.1 — Properties of Human Sialidases.

Subcellular Glycoconjugate Linkage Preference Chromosome
location substrates Location
NEU1 | lysosomes oligosaccharides, a-2,3- and a-2,6- 6p 21.3
(primary), glycopeptides
plasma membrane
NEU2 | cytosol oligosaccharides, a-2,3->0-2,6- = 0-2,8- | 2q 37
glycopeptides,
gangliosides
NEU3 | plasma membrane | gangliosides a-2,3-= a-2,8-> a-2,6- | 119 13.5
(primary),
endosomes
NEU4 | lysosomes, oligosaccharides, a-2,3-= 0-2,6-=0-2,8- | 29 37.3
mitochondria, glycopeptides,
endoplasmic gangliosides,
reticulum sialyl-Lewis antigens

3.2.2 — Viral egress is attenuated by downrequlation of NEU1-4

We next sought to determine whether defects in particle maturation, viral egress or
infectivity might contribute to the reduction of viral genome replication and infectious virus
released from NEU1-4 KD samples. To evaluate the effect of NEU1-4 KD on particle maturation,
we measured the ratio of total particles released (genome equivalents) to infectious particles
released (viral titer) in the supernatant as previously described in [119]. An increase in the
particle/pfu ratio would signify impaired particle maturation as mature virus particles are more
infectious than immature virus particles. We determined that loss of function of NEU1-4 had no
impact on the infectivity of virus particles released from NEU1-4 KD cells (Figure 3.2A). Thus
particle maturation was not impacted by loss of sialidase activity.

As neuraminidase activity is indispensable for viral entry and egress of many viruses [272,
reviewed in 273,274], we next investigated whether downregulation of NEU1-4 would also inhibit
DENV2 egress. Following siRNA treatment and DENV2 infection of Huh7 cells, we collected both

the viral supernatant and cells (24 hpi). Cells were gently lysed using the freeze-thaw lysis method
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to maintain integrity of any virions not released from the cell. We then titrated both the supernatant
and cell samples on BHK-21 cells and compared the amounts of infectious DENV2 in each
fraction. Overall, we found a higher amount of infectious virus in the supernatant in both the IRR
control and knockdown samples compared to their corresponding internal viral titers (Figure
3.2B). However, the NEU1-4 KD samples did show an overall reduction in released infectious
virus, confirming our previous results (Figure 3.1B). Intriguingly, we noticed that the internal viral
titer was similar between our IRR control and NEU1-4 KD samples. Because of these combined
results, we found that there was a significant decrease in the ratio of extracellular versus
intracellular infectious DENV2 (Figure 3.2B). This suggested that DENV2 release may be
attenuated by loss of neuraminidase activity.

To further evaluate this observation, we performed western blot analysis of DENV2-
infected NEU1-4 KD cells to determine whether virus particles accumulated in cells with reduced
sialidase activity. In support of our observations of similar levels of intracellular viral titer between
our control and KD samples, we also observed similar levels of DENV2 E protein between our
samples (Figure 3.2C-D). Importantly, measurement of ‘intracellular infectious titer and our
western blot analysis of DENV2 E protein accumulation could not distinguish between infectious
virus trafficking from sites of assembly in the ER to the Golgi versus infectious virus egressing
from the plasma membrane following trafficking through the secretory pathway. Thus, we next
performed two groups of immunofluorescence assays to clarify these results. In the first group
(Figure 3.2E), cells were fixed in 4% paraformaldehyde (PFA), but not permeabilized to evaluate
whether the accumulation was occurring at plasma membrane. Interestingly, we observed similar
distribution of E protein at the plasma membrane in the NEU1, NEU3 and NEU4 KD samples as
in the IRR control; however, in the NEU2 KD samples a significant increase in the amount of
plasma membrane-associated E protein was observed. In the second group (Figure 3.2F), cells
were fixed in 4% PFA and permeabilized to examine whether virus was accumulating in treated

cells. As expected, the IRR control had a high number of infected cells (as indicated by significant
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expression of DENV2 E protein). A decrease in the overall abundance of infected cells was noted
in the NEU1-4 knockdown samples in support of our initial findings that NEU1-4 decreased
infectious virus release and genome replication (Figure 3.1B-C). Interestingly, we observed that
many of the infected cells in the treated samples showed a similar expression level of DENV2 E
protein as the IRR control. We would expect reduced levels of E following NEU1-4 KD since
genome replication was reduced in these cells. However, it seems E protein was accumulating
following NEU1-4 KD. Spread of infection to neighboring cells was not observed. Taken together,
these data suggest that loss of function of sialidase activity reduces viral replication and release

by reducing viral egress from infected cells.
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Figure 3.2 — Dengue release, but not particle infective is affected by loss of function of NEU1-4. Huh7 cells were
transfected with siRNAs targeting NEU1-4 and indicated controls, followed by infection with DENV2 (24 hr, MOI = 0.3).
(A) At 24 hpi, viral supernatants were collected and split to be analyzed via plaque assay for infectious virus released
from cells, and via qRT-PCR to measure total viral particles release (genome equivalents) release. A ratio of infectious
virus particle to viral titer was taken to determine the effect of NEU1-4 KD on DENV2 particle infectivity. (B) At 24 hpi,
viral supernatants were collected, and then cells were trypsinized, collected and counted. The cells were subjected to
freeze-thaw lysis, and then both the viral supernatants and cell fractions were analyzed via plaque assay to examine
the effect of NEU1-4 KD on viral release. A ratio of extracellular vs. intracellular virus was calculated and is displayed
on the right y-axis. Extracellular and intracellular titer values were normalized to total cell count. (C) At 24 hpi, cells
were collected and the amount of DENV2 E protein in each sample was measured via Western Blot. (D) Western blot
was analyzed using image under the curve analysis in ImageJ, and normalized to B-actin to determine the relative
amount of DENV2 E protein in each sample. (E-F) At 24 hpi, cells were fixed in 4% paraformaldehyde, and either not
permeabilized (E) or permeabilized (F) to determine whether NEU1-4 KD inhibits viral egress from cells. Primary
antibodies used were mouse anti-4G2 (DENV2 E protein) , rabbit anti-Glut1 (plasma membrane marker), or rabbit anti-
Calnexin (ER marker). Cells were counterstained with goat anti-mouse AlexaFluor 488, goat anti-rabbit AlexaFluor 647,
and DAPI nuclear stain and imaged on an Olympus inverted laser scanning confocal microscope and processed using
Volocity software v6.3. (A, B, D: one-way ANOVA with Dunnett’s multiple comparison’s test: * = p<0.05, ** = p<0.01,
***=p<0.001, **** = p<0.0001.)

3.2.3 NEU1-4 mRNA levels are requlated during DENV2 infection

Previously, DENV NS1 was shown to increase expression of NEU1-3 proteins by 3 hours
post treatment [90]. This lead to a decrease in plasma membrane sialic acid residues at early
timepoints (6 and 12 hpt) with a return to normal levels by 24 hpt [90]. As this previous work used
recombinant NS1 protein alone to examine its effect on NEU proteins, we sought to characterize
whether NEU1-4 mRNA might be transcriptionally or post-transcriptionally altered during DENV2
infection. Huh7 cells were infected with DENV2, and then collected at timepoints representing
early (0, 6, 12), peak (18, 24, 36), and late (48) viral replication. We then analyzed the mRNA
expression of NEU1-4 and hexokinase Il at each timepoint using qRT-PCR (Figure 3.3).
Hexokinase Il was used as a positive control as it has been previously established that it is
upregulated during DENV infection [136]. NEU1 mRNA expression was elevated at 6 hpi (Figure
3.3A), but otherwise remained at or near basal levels at later timepoints (Figure 3.3B-F). NEU2
MRNA expression was elevated between 6-18 hpi (Figure 3.3A-C), but returned to near basal
levels between 24-36 hpi (Figure 3.3D,E), and decreased at 48 hpi (Figure 3.3F). These results

suggested that NEU1 and NEU2 functionality may support early events of the DENV lifecycle.
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NEU3 mRNA expression increased at 18 and 36 hpi (Figure 3.3C,E), but remained at normal
levels at other timepoints (Figure 3.3A,B, D,F). This suggested that NEU3 may play a role during
peak viral replication. Surprisingly, NEU4 mRNA expression began to decrease at 12 hpi (Figure
3.3B-F), and was dramatically reduced by 48 hpi (Figure 3.3F). As our previous data showed that
loss of function of NEU4 resulted in the most significant decrease in viral release (Figure 3.1B)
and viral genome replication (Figure 3.1C), these results indicated that NEU4 must play a vital

role during early events of the DENV lifecycle but may be detrimental during later timepoints.
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Figure 3.3 — NEU1-4 mRNA is transcriptionally regulated during DENV2 infection. (A-F) Huh7 cells were infected
with DENV2 (MOI = 10), and infected cells were collected at the indicated timepoints, processed, and analyzed via
gRT-PCR for mRNA expression of NEU1-4 and hexokinase Il (positive control) to determine relative mRNA expression.
Results were normalized to the RPLPO housekeeping gene, and compared to samples collected at 0 hpi. (A-F: one-
way ANOVA with Dunnett’s multiple comparison’s test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)
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3.2.4 Loss of function of NEU1-4 differentially affects other NEUs

NEU1-4 have been shown to translocate between cellular compartments during infection
with DENVs and other viruses [90,234,275,276]. Because there is some overlap in functionality
between NEU1-4 [234,270,271], we next evaluated whether each neuraminidase could
compensate for loss of function of the others. Upon examining mRNA expression in our mock
infected samples (Figure 3.4A), NEU4 expression (p < 0.01) was elevated upon knockdown of
NEU1. As NEU1 and NEU4 are both found within the lysosome [277], this indicated that NEU4
may be able to compensate for loss of function of NEU1. Interestingly, in many of our samples
we observed that loss of function of one NEU resulted in decreased mRNA expression of the
others. In the NEU1 knockdown samples, NEU3 mRNA expression was significantly (p < 0.01)
reduced. Downregulation of NEU3 resulted in a decrease in NEU1 (p <0.01) and NEU4 (p < 0.05)
MRNA expression. In the NEU4 knockdown samples, NEU1 mRNA expression was significantly
reduced (p < 0.05). Loss of function of NEU2 had no significant impact on mRNA expression of
the other NEUs. Importantly, there is very little sequence homology between each NEU [231],
and our BLAST results indicated that each of our siRNAs was specific to each NEU, thus, it is not
likely that these results are due to off-target effects of our SiRNAs. The results in DENV2 infected
cells (Fig 3.4B) varied from the mock infected samples supporting our previous observations that
NEU1-4 mRNA expression is altered upon DENV2 infection (Figure 3.3). In our NEU1 knockdown,
we saw significant elevations in mRNA expression of both NEU2 (p < 0.001) and NEU4 (p
<0.0001). In the NEU2 knockdown, NEU4 mRNA expression was reduced (p < 0.01). There were
no changes to mMRNA expression of other NEUs upon knockdown of NEU3. Finally, loss of
function of NEU4 in DENV?2 infected cells resulted in significant knockdown (p > 0.0001) of NEU1-
3. Our results in both our mock and infected samples suggested that the neuraminidases may
have some functional dependence on each other or on the products from other NEUs and this

functional dependance changes with infection.
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Figure 3.4 — loss of function of NEU1-4 impacts mRNA expression of other NEUs. Huh7 cells were transfected
with pooled siRNAs targeting NEU1-4 and an IRR control siRNA, and either mock-infected (A) or DENV2-infected (B).
At 24 hpi, cells were collected and analyzed via qRT-PCR to determine the relative mRNA expression of each NEU
upon KD of other NEUs. Results were normalized to the RPLP0O housekeeping gene and compared to the IRR control
(not shown) for each group. Results are displayed as a heatmap showing the fold change of each gene under each
condition, written values inside boxes are average fold change values. Stars represent statistical significance in fold
change compared to the corresponding IRR control. (A-B: One-way ANOVA with Dunnett’s multiple comparison’s test:
* = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)

3.3: Discussion

Viruses such as DENVs are reliant upon and hijack host metabolic pathways to fulfill their
replicative needs [2,13,14,111,119,278,279]. Dysregulation of host metabolic pathways leads to
some of the pathogenesis seen in DENV infection, as was shown in studies that discovered NS1-
mediated upregulation of sialidase activity was linked with endothelial hyperpermeability and
vascular leakage [90,91]. However, a functional role for the increased sialidase activity remained
unexplored. In this study, we sought to further characterize the relationship between DENV and
the human sialidase enzymes. Here, we have shown that functionality of NEU1-3 is required for

DENV2 replication and viral egress. In addition, we have now demonstrated that NEU4, previously
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unstudied in DENV infection, appears to not only be the most consequential sialidase to the
DENV?2 lifecycle, but that its expression is also necessary for the expression of NEU1-3.

Recent studies have highlighted there is much ambiguity in the functional roles of NEUs.
Each NEU retains some activity towards SIA residues beyond their preferred substrates
[268,269,280,281], and some NEUs have been shown to be capable of translocating and acting
in different subcellular compartments beyond their primary locations [236,276,282,283].
Moreover, the regulatory elements that govern NEUs remain unknown [284]. This level of
ambiguity presented a challenge to determining the mechanism by which desialylation impacts
DENV2 replication and viral release from cells. Thus, we chose to limit our study to determining
which parts of the viral lifecycle were inhibited by loss of function of sialidase activity.

However, there are several possibilities that have emerged to explain the influence of
sialidases on the DENV?2 lifecycle. Desialylation of low density lipoproteins (LDLs) by NEU1 and
NEUS3 has been shown to increase cellular uptake of LDLs and increase intracellular cholesterol,
possibly through the removal of steric hindrance on apo B-100, a ligand for the LDL receptor
[285,243,242,286]. During DENV infection, LDL uptake increases at early timepoints of infection
[130], thus, upregulation of NEUs may augment LDL uptake, providing DENVs with some of the
lipid precursors necessary for membrane restructuring that drive formation of replication
complexes. Another possibility is that intracellular trafficking along the endocytic and lysosomal
pathways are, in part, modulated by the sialylation state of glycoconjugates within endocytic
vesicles [287,288]. Importantly, DENVs are critically dependent upon endosomes to enter cells,
have been shown to traffic between intercellular compartments using the endolysosomal system,
and viral replication complexes have been found in components of the autophagolysosomal
system [37,42,58,163,169]. Alternately, sialidases may act on the conserved glycosylation site at
N154 (in most flaviviruses, N153) in the viral envelope (E) protein that has been proposed to
shield the fusion loop preventing premature fusion [63,79,81]. Thus, sialidase activity in the late

endosome may partially drive the fusion event necessary to release the viral RNA into the
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cytoplasm. Taken together, this suggests a model by which cellular sialidase activity supports the
events necessary for viral uncoating, the membrane remodeling necessary to support viral
replication, and intracellular trafficking of virus particles within infected cells. Further studies are
necessary to parse these or other potential mechanisms by which NEUs influence the DENV2
lifecycle.

In summary, we have demonstrated that sialidase activity is vital for several steps in the
DENV?2 lifecycle. Moreover, we provided the first known evidence of a transcriptional co-
dependence between the human sialidase enzymes. Importantly, although previous studies
established that the DENV NS1 protein modulated NEU1-3 activity, our present study highlights
that manipulation of these enzymes, and thus cellular glycosylation, benefits DENVs. Future
studies using NEU knockout cell lines, coupled with LC-MS/MS analysis of cellular
glycoconjugates may help delineate which glycoconjugates are desialylated during DENV2

infection shedding light on the mechanism by which desialyation benefits DENV2 replication.

3.4: Materials and Methods

3.4.1 Cell lines

The cell lines used were the following: Clone 15(ATCC CCL-10) of the Baby Hamster
Kidney Clone 21 cells (BHK-21), human hepatoma cells (Huh7) (unknown sex, From Dr. Charles
Rice) [261], African Green Monkey kidney epithelial (Vero) cells (ATCC CRL-1586), and C6/36
cells (ATCC CRL-1660, larva, unknown sex). Huh7 and Vero cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, LifeTech), while BHK-21 and C6/36 cells were
maintained in Minimum Essential Media (MEM) (Gibco, LifeTech). All media was supplemented

with 10% heat-inactivated fetal bovine serum (FBS) (Atlas Biologicals), 2 mM nonessential amino
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acids (HyClone), 2 mM L-glutamine (Hyclone), and C6/36 media was also supplemented with 25
mM HEPES buffer. Huh7, BHK-21, and Vero cells were maintained at 37°C with 5% CO,, and

C6/36 cells were maintained at 28°C with 5% CO..

3.4.2 Viruses

The virus strain used was: DENV2 (16681) [256]. DENV2 was passaged in C6/36 cells.
Viral titers were obtained via plaque assay on BHK-21 cells [263]. Viral infections were performed
at room temperature for 1 hr to allow for viral adherence. Afterwards, virus was removed, cells
were washed with 1X PBS, and cell were overlaid with MEM or DMEM supplemented with 2%
FBS, 2mM non-essential amino acids, and 2 mM L-glutamine. Cells were incubated at 37°C with

5% CO for indicated time periods.

3.4.3 RNA extraction and gRT-PCR

Standard TRIzol extraction methods using either TRIzol or TRIzol LS (ThermoFisher) were
used to extract RNA from cells and from viral supernatant. The Brilliant Ill Ultra-Fast SYBR®
Green one-step qRT-PCR kit (Agilent) was used for all gqRT-PCR reactions. The cycling
parameters used were as follows: 20 mins at 50°C for reverse transcription, followed by 5 minutes
at 95°C, and then 45 two-step cycles of 95°C for 5 secs and 60°C for 60 secs. A melt curve
followed each cycle starting at 65°C and ending at 97°C. (Primer sequences are reported in
Supplemental Table 1) To quantify DENV2 genome copies, in vitro transcribed viral RNA from a
DENV2 cDNA subclone was used to generate a standard curve. All cellular RNA was normalized
to Ribosomal Protein Lateral Stalk Subunit PO (RPLPO) using the delta delta ct method as

described in [119,264].
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3.4.4 siRNA transfection and confirmation of loss of function

Loss of function of NEU1-4 was conducted by transfecting cells with pooled siRNAs
(Supplemental Table 1) (Dharmacon) or single siRNAs (Supplemental Table 1) (ThermoFisher)
using RNAIMAX (Invitrogen) as described in [110]. Subsequently, cells were either infected with
indicated viruses (described above), assessed for cytotoxicity of siRNA treatment (described
below), or collected for confirmation of gene knockdown. Following indicated timeframes, viral
supernatant and cells were collected. Viral supernatant was titrated via plaque assay. RNA from
cells was analyzed via qRT-PCR to confirm knockdown of mMRNA transcripts as described above.
All siRNA treated samples were also compared to an irrelevant (IRR) siRNA control. Cytotoxicity
of siRNA treatment was determined by replacing cell media with a 1:10 dilution of alamarBlue
(ThermoFisher) in appropriate cell culture media and incubating for 1-2 hrs. A Victor 1420
Multilabel plate reader (Perkin Elmer) was used to measure fluorescence output with excitation

at 560 nM and emission at 590 nM.

3.4.5 Western Blot Analysis

Huh7 cells from IRR control and NEU1-4 KD samples were lysed in RIPA Buffer. Total
protein in each sample was measured using the Pierce™ BCA Protein Assay Kit (ThermoFisher)
according to manufacturer’s instructions. Equal total protein was loaded onto on a Criterion™ XT
4-12% Bis-Tris protein gel (Bio-Rad) and the was run for 2 hours at 100V. Protein was transferred
at 4°C to nitrocellulose membrane for 2 hours at 50V. Following transfer, blots were blocked
overnight at 4°C in a 5% milk solution in 1x PBS supplemented with 0.1% Tween 20. The primary
antibodies used were a 1:500 dilution of the flavivirus group antigen antibody (D1-4G2-4-15, or

4G2) which binds domain Il of the DENV E protein (mouse monoclonal antibody, BioVision) and
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1:100 dilution of B-actin (rabbit polyclonal antibody, Invitrogen). A 1:3000 dilution of goat-anti-
mouse IRDye 800CW, and goat-anti-rabbit IRDye 680RD (Li-Cor Biosciences) were used as
secondary antibodies. Blots were imaged on a ChemiDoc MP Imaging System (Bio-Rad), and

quantified in Imaged utilizing area under the curve analysis.

3.4.6 Inmunofluorescence Assays

Huh7 cells were seeded in 12 well plates containing sterilized glass cover slips, and
subjected to siRNA transfection and viral infection as described above. At 24 hpi, viral
supernatants were collected and used to confirm reduction in viral release via plaque assay on
BHK-21. Cells were then washed twice in 1x PBS, and fixed with a 4% paraformaldehyde solution
for 20 minutes at room temperature, and then quenched with a 30 mM glycine/PBS (1x, pH 7.5)
solution for 5 minutes. Following fixation, indicated samples were permeabilized in a 0.1% Triton
X-100 (Sigma Aldrich), 1% Bovine Serum Albumin (BSA, Gold Biotechnology) in 1x PBS solution
at room temperature, and then blocked with a 0.01% Triton X-100, 1% BSA in 1x PBS solution
overnight at 4°C. Non-permeabilized samples were blocked with a 1% BSA in 1x PBS solution
overnight at 4°C. The primary antibodies used were a 1:1000 dilution of 4G2 (mouse monoclonal
antibody, described above), a 1:500 dilution of anti-Glut1 (rabbit monoclonal antibody,
ThermoFisher) or a 1:500 dilution anti-Calnexin (rabbit polyclonal antibody, ThermoFisher). Glut1
and Calnexin were used as cellular markers for the plasma membrane and endoplasmic
reticulum, respectively. The secondary antibodies were a 1:500 dilution of goat anti-mouse Alexa
Fluor 647 (ThermoFisher), 1:500 dilution of goat anti-rabbit Alexa Fluor 488 (ThermoFisher).
Coverslips were counterstained with a 1:1000 dilution of the DAPI nuclear stain, and then fixed to
slides with FluoroSave Reagent (Calbiochem). Slides were imaged using an Olympus inverted

IX81 FV1000 laser scanning confocal microscope under the 100x oil objective using Fluoview
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FV10-AS2 4.2 software (Olympus). Images were processed with Volocity software version 6.3

(PerkinElmer). A total of 20 representative images from each slide/condition were taken.

3.4.7 Quantification and statistical analysis

Statistical details are noted in each figure and corresponding figure legend. Results are
expressed as mean values with standard deviation from three biological replicates (unless stated
otherwise). Statistical significance was determined using either a one-way Analysis of Variance
(ANOVA) with Tukey’s or Dunnett’s multiple comparisons test using Prism software version 9.0

(GraphPad Software, La Jolla, California, USA).
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Chapter 4: Subcellular location of glucosylceramide hydrolysis drives

different outcomes for DENV2 infection.

4.1: Introduction

Sphingolipids (SLs) are a class of potent, bioactive signaling molecules which play critical
roles in nearly all biological responses [120,reviewed in 204]. As such, perturbations of SL
metabolism are now linked to several chronic human diseases, such as Alzheimer’'s disease,
amyotrophic lateral sclerosis, diabetes, atherosclerosis, and metabolic disorders such as
Gaucher disease [214,reviewed in 289,290]. Recent studies have also emerged linking
dysregulation of SL metabolism with the pathology of viral infections, including infection with
DENVs [122,124 reviewed in 217,218,222,291]. In our previous work, we have established that
DENVs are reliant upon and cause significant dysregulation of host lipid metabolism, including
significant changes to SLs [99,110,111,119]. However, despite our increased understanding of
how SLs may contribute to viral pathology, the role of SL metabolism in the DENV lifecycle
remains poorly understood.

In this study, we sought to begin characterizing the interaction with and dependency of DENV2
on SL metabolism. We completed a preliminary siRNA-mediated loss of function study to analyze
the effect of 46 of the enzymes involved in SL metabolism. This preliminary study identified that
DENV?2 relies upon enzymes found in the salvage and sphingomyelinase pathways of ceramide
synthesis as opposed to de novo ceramide (CER) synthesis. We uncovered that
glycosphingolipids (GSLs) such as galactosylceramide (GalCer) and glucosylceramide (GluCer)
and their derivatives are vital for the DENV2 lifecycle. Moreover, we observed opposing effects
between the lysosomal (GBA1) and non-lysosomal (GBA2) B-glucocerebrosidase enzymes on

DENV2 release implicating the latter enzyme as vital for the DENV2 lifecycle. Further analysis
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allowed us to characterize a yet undefined role for the enzyme in glycosphingolipid remodeling,

and identify the antiviral potential of Ambroxol hydrochloride, a modulator of glucocerebrosidases.

4.2: Results

4.2.1 - The salvage and sphingomyelinase pathways of sphingolipid biosynthesis are

vital for DENV2 release

Due the dynamic roles of sphingolipids as bioactive signaling molecules, we hypothesized
that perturbations of sphingolipid homeostasis during DENV2 infection were both viral- and host-
mediated. Specifically, we hypothesized that certain components of the sphingolipid pathway
were altered by DENV2 to both meet its replicative needs and to subvert the host immune
response, while other components were altered as part of the host anti-viral response to infection.
To determine which arms of the sphingolipid metabolic pathway might be pro-viral or anti-viral,
we used a library of pooled siRNAs (Dharmacon, Supplemental Table 4.1) targeting the main
enzymes in the pathway (based on KEGG pathway database) in human hepatoma (Huh7) cells.
A non-targeting, irrelevant siRNA (IRR) was used as a negative control, and an siRNA targeting
the DENV2 genome was used as a positive control for viral inhibition. Following transfection of
siRNAs, Huh7 cells were either mock-infected or DENV2-infected for 24 hr, and then viral
supernatants were analyzed via plaque assay (Figure 4.1A). Cytotoxic effects of siRNA treatment
on mock-infected cells were not observed (Supplemental Figure 4.1). We validated select hits in
this initial screen in human adenocarcinoma cells (A549s) using fluorescence cytometry to
quantify the relative expression of DENV2 E protein in infected cells (Supplemental Figure 4.2).

We found similar effects in both cell lines.
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The results of this initial screen of the SL metabolic pathway allowed for 3 critical
observations. First, we identified that loss of function of many of the enzymes in the
sphingomyelinase and salvage pathways of CER biosynthesis as opposed to de novo CER
synthesis resulted in a significant reduction in infectious DENV2 release (Figure 4.1A and
Supplemental Figure 4.3). Second, we determined that loss of function of the enzymes involved
in the formation and degradation of the glycosphingolipid (GSL) precursors, galactosylceramide
(GalCer) and glucosylceramide (GluCer) (Figure 4.1A — enzyme names in blue), were vital for
DENV2 release, implicating GSLs as important metabolites for the DENV2 lifecycle. Finally, we
observed that loss of function of glucocerebrosidases (the lysosomal GBA1, and non-lysosomal
GBA2 enzymes) had opposite effects on DENV2 release (Figure 4.1A). In follow-up analysis of
the latter observation, we also determined that inhibition of GBA1 and GBA2 had opposite effects
on DENV2 genome replication (Figure 4.1B). Importantly, the observed effect on DENV2 genome
replication were of less magnitude than DENV2 release indicating that GBA1/GBA2 and GSLs
may play significant roles during post-replication stages of the viral lifecycle (assembly,
maturation, or egress). As these results were intriguing, we decided to focus our efforts on

characterizing the role of glucocerebrosidases (GCases) in the DENV2 lifecycle.
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Figure 4.1 — Effect of loss of function of sphingolipid pathway enzymes on DENV2 release. Huh7 cells were
transfected with siRNAs targeting enzymes within the SL metabolic pathway (as identified via KEGG pathway
database), a non-targeting irrelevant (IRR) negative control, and a DENV2-specific positive control siRNA. Following
transfection, cells were infected DENV2 (MOI = 0.1) for 24 hr. (A) At 24 hpi, viral supernatants were collected and
analyzed via plaque assays. Results are represented as fold change compared to the IRR control, and are organized
according to which parts of the SL pathway they belong. Enzyme names colored in blue are involved in GluCer and
GalCer synthesis and degradation. (B) In a follow-up study on GBA1 and GBA2 cells were collected and analyzed via
gRT-PCR for total copy number of DENV2 genome. Results were normalized to the RPLPO housekeeping gene.
Numbers above bars represent the mean copy number/uL of each treatment group. (A-B one-way ANOVA with
Dunnett’'s multiple comparison’s test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.) [Abbreviations: IRR,
irrelevant, non-targeting siRNA; DENV, DENV2-specific siRNA; ACER1, alkaline ceramidase 1; ACERS3, alkaline
ceramidase 3; ASAH1, acid ceramidase; ASAH2, neutral ceramidase 2; ASAH2C, neutral ceramidase 2C; B4GALT®6,
B-1, 4-galactosyltransferase 6; CERK, ceramide kinase; SGMS1-2, sphingomyelin synthase 1-2; SGPL1, sphingosine-
1-phosphate lyase 1; SPHK1-2, sphingosine kinase 1-2; UGCG, glucosylceramide synthase; GAL3ST1,
galatosylceramide sulfotransferase; UGTS8, galactosylceramide synthase; ARSA, arylsulfatase A; GALC,
galactocerebrosidase; GLA, a-galatosidase A; NEU1-4, neuraminidase 1-4; GBA1, B-glucocerebrosidase 1; GBA2, 3-
glucocerebrosidase 2; GLB1, B-galactosidase; PLPP1-3, phospholipid phosphatase 1-3; SGPP1, sphingosine-1-
phosphate phosphatase 1; ENPP7, ectonucleotide pyrophosphatase/phosphodiesterase family member 7; SMPD1-4;
sphingomyelin phosphodiesterase 1-4; CERS1-6, ceramide synthase 1-6; DEGS1, sphingolipid delta(4) desaturase 1;
DEGS2, sphingolipid delta(4)-desaturase/C4-monooxygenase 2; KDSR, 3-ketodihydrosphingosine reductase;
SPTLC1-2, serine palmitoyltransferase 1-2.]
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4.2.2 — Pharmacological inhibition of enzymes involved in GluCer/GalCer synthesis and

degradation validates select siRNA screen results

We next sought to both validate the results of our siRNA screen and identify candidate
pharmacological agents to use in the remainder of our investigations. We investigated the effect
of several well-characterized pharmacological agents that are known to inhibit the activity of
GBA1, GBA2, glucosylceramide synthase (UGCG), and galactosylceramide synthase (UGT8).
Conduritol B epoxide (CBE) and n-butyldeoxynojirimycin (NB-DNJ or miglustat) have been used
widely to investigate Gaucher disease, which is a lysosomal storage disorder characterized by
defects in GBA1 [214,292]. At the concentrations tested, we found that CBE had differential
effects on DENV2 release from Huh7 cells (Figure 4.2A), while miglustat significantly reduced
viral release at all concentrations tested (Figure 4.2B). Importantly, CBE and miglustat are known
to have inhibitory effects on several enzymes depending on their concentrations. CBE is known
to inhibit a-glucosidase as well as GBA1, with higher concentrations typically used to inhibit GBA1
[293]. This may explain why treatment with CBE at concentrations between 6.25-25 uM resulted
in a decrease in DENV2 release, but higher concentrations resulted increased viral release.
Previously, it was established that a-glucosidase activity is indispensable for virion formation in
DENV?2 infection [75]. Thus, our results supported these earlier studies as well as support our
siRNA results indicating that GBA1 inhibition results in increased viral production. Miglustat is a
glucose analog that has been shown to have activity against UGCG, GBA1, and GBA2 in a
concentration-dependent manner due to its different binding affinities with each enzyme [reviewed
in 292]. At concentrations below 20 uM, miglustat has been shown to inhibit GBAZ2 only, while at
concentrations between 20 uM-400 uM it inhibits GBA2 and UGCG, and inhibits GBA1 at
concentrations above 400 uM [reviewed in 292]. In our studies, concentrations above 100 uM
resulted in complete cell death, so were not tested for efficacy against DENV2. However, our

results did confirm the loss of function of UGCG and GBAZ2 activity resulted in decreased
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infectious virus release from DENV2 infected cells. We next evaluated pharmacological agents
with specific activities towards GBA2 and UGCG. OM-2 (a gift from Michael Spedding and The
Pasteur Institute) is a specific inhibitor of GBA2, and was shown to reduce DENV2 release at high
concentrations (Figure 4.2C). PDMP hydrochloride and GENZ-123346 are both potent CER
analogs and known inhibitors of UGCG [294-297]. We found that both drugs significantly reduced
DENV2 release from cells (Figure 4.2D-E), although GENZ-123346 had a lower ICso than PDMP.
Finally, we evaluated the GalCer synthase (UGT8) inhibitor, UGT8 inhibitor 19, and found a
dramatic decrease in DENV2 release from cells (Figure 4.2F). These results were opposite of our
siRNA screen which indicated that loss of function of UGT8 resulted in an increase in DENV2
release from cells. One possibility is that the drug also has activity against other UDP-
glucuronosyltransferase enzymes (UGTs) [298], thus these results may be due to off-target
effects of the drug and warrant additional scrutiny. Taken together, our evaluation of these
pharmacological inhibitors provided additional insights into the importance of GluCer synthesis
as well as GluCer hydrolysis via GBA2 on DENV2 viral production. Moreover, as our siRNA
treatments showed only 50-60% knockdown of GBA1 and GBA2 (Supplemental Figure 4.4) and
siRNA treatment has reduced scalability, these results identified candidate drug targets to use in

further analyses.
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Figure 4.2 — Evaluation of pharmacological inhibitors of GluCer and GalCer synthesis and degradation. Huh7 cells were either mock-infected or DENV2-
infected (MOI = 0.1), followed by overlay with media containing either CBE (A), Miglustat (B), OM2 (C), PDMP (D), Genz-123346 (E), or UGT8 Inhibitor 19 (F)
at concentrations ranging from 391 nm-100 uM. At 24 hpi, an AlamarBlue cytotoxicity assay was performed on mock cells (right y axis in blue), and viral
supernatants from DENV2-infected were evaluated via plaque assay. As the inhibitors in B-F reduced DENV?2 release, ICso values were calculated and are
displayed on each graph. A schematic depicting which enzymes are inhibited by each compound is provided on the right. Enzymes involves in GSL synthesis
are colored in red, while enzymes involved in GSL degradation are colored in blue. (A-F: one-way ANOVA with Dunnett's multiple comparison’s test was used
to determine significance of each inhibitor on viral release and cytotoxicity, while non-linear regression was used to calculate the ICsq of each drug. Inset figure
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4.2.3 — Ambroxol hydrochloride emerges as a pharmacological inhibitor of interest

Ambroxol hydrochloride is a well-characterized, over-the-counter mucolytic agent [299].
Recently, it has emerged as a potential therapeutic agent for the treatment of neurodegenerative
disorders such as Gaucher disease, Parkinson’s disease and amyotrophic lateral sclerosis due
to its activity as a molecular chaperone of GBA1 and inhibitor of GBA2 [300-304]. As our data
thus far indicated that GBA1 activity seemed to have an antiviral effect on the DENV?2 lifecycle
(as downregulation of GBA1 enhanced viral production) and GBA2 activity was vital for viral
genome replication and release, we next sought to evaluate the antiviral potential of Ambroxol
HCl against DENV2. We determined that Ambroxol significantly reduced DENV2 release at
concentrations of 6.25 yM and above when Huh7 cells were infected at a low multiplicity of
infection (MOI = 0.1, Figure 4.3A). Surprisingly, we also found that Ambroxol concentrations of
12.5 yM and above also significantly reduced DENV2 release when cells were infected at a high
MOI (MOI = 5, Figure 4.3B). These results combined with our previous analyses suggested that

the subcellular location of GluCer hydrolysis was a critical factor in the DENV2 lifecycle.
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Figure 4.3 — Ambroxol is a potent inhibitor of DENV2 release. Huh7 cells were either mock-infected or DENV2-
infected with MOI = 0.1 (A) or MOI = 5 (B) followed by overlay with media containing Ambroxol HCI at the indicated
concentrations. At 24 hpi, an AlamarBlue cytotoxicity assay was performed on mock cells (right y axis in blue), and viral
supernatants from DENV2-infected were evaluated via plaque assay. ICso values were calculated for Ambroxol for each
MOI and are displayed on each graph. (A-B: one-way ANOVA with Dunnett’s multiple comparison’s test was used to
determine significance of Ambroxol treatment on viral release and cytotoxicity, while non-linear regression was used to
calculate the 1Cso of each drug.)
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4.2.4 — DENV2 infection results in uprequlation of glycosphingolipids

Our results thus far were seemingly contradictory as we found that loss of function of both
UGCG and GBA2 both had an inhibitory effect on DENV2 release. This suggested that both
GluCer synthesis and location-specific hydrolysis were vital for the viral lifecycle. Thus, we next
sought to evaluate the effect of DENV2 infection on glycosphingolipid (GSL) levels in Huh7 cells.
Huh7 cells were either mock infected or DENV2 infected, and collected at 0, 36, and 72 hours
post infection. GSLs were extracted from the sample and analyzed via normal-phase high-
performance liquid chromatography (NP-HPLC) [described in 305,306]. As expected, we
observed no significant changes in the GSL profiles of mock and DENV2-infected cells collected
at 0 hpi (Figure 4.4A, D). At 36 hpi (representing peak viral replication), we observed significant
upregulation in the relative abundance of several GSL species in the DENV2-infected cells
compared to mock-infected cells (Figure 4.4B,D). At 72 hpi, the level of most GSL species
returned basal levels (Figure 4.4C,D). While all the results represented in Figures 4.4A-D
represent various GSL species, we have thus far only identified the molecular structures of 7
specific GSL species (Figures 4.4E-H). Importantly, these results suggested that DENV2 requires

specific GSL species during peak viral replication, but not during late-stage infection.
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Figure 4.4 — Glycosphingolipids are elevated during peak viral replication. Huh7 cells were either mock-infected
or DENV2-infected (MOI = 0.1) and collected at indicated timepoints. Glycosphingolipids were then extracted and
analyzed via NP-HPLC using a fluorescence detection method. (A-C) The relative abundance (area under the curve)
and retention times of GSLs species detected at 0 (A), 36 (B), and 72 hpi (C) are depicted. (D) A heatmap of fold
change of each GSL species (identified by retention time) in DENV2-infected cells compared matched mock samples.
Values in each box represents the mean fold change. Graphs E-H highlight the data from graphs A-D of GSLs that
were positively identified using GSL standards. (E-F) Depicts the relative abundance of each identified species at 0,
36, and 72 hpi, respectively. (H) Fold change of identified GSL species in DENV2-infected samples compared to
matched mock samples are depicted. (A-H: multiple unpaired t tests with Holm-Sidak multiple comparisons test: : * =

p<0.05, ** = p<0.01, ***= p<0.001)
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4.2.5 — Ambroxol abolishes DENV2-induced elevation of glycosphingolipids

We next sought to evaluate the impact of Ambroxol treatment on GSLs during DENV2
infection. Similar to the above analysis, Huh7 cells were treated with either DMSO (vehicle
control) or 50 uM of Ambroxol for 24 hours prior to infection, and then either mock-infected or
DENV2-infected. GSLs were extracted and analyzed via NP-HPLC. In our preliminary analyses
(n =2), we found that treatment with Ambroxol results in a ~50% reduction in total GSL abundance
(Figure 4.5A) in both mock and DENV2-infected cells. Moreover, we saw a reduction in the
abundance (40-60%) of the GSLs we were able to positively identify in Figures 4.4E-I (Figure
4.5B). Taken together with our previous results, these results suggested that while GBA2 is
involved in GluCer hydrolysis, it may play critical roles in GSL remodeling since its inhibition with

Ambroxol resulted in a significant reduction in total GSL abundance.
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Figure 4.5 — Ambroxol HCI reduces glycosphingolipid abundance in mock and infected cells. Huh7 cells were
treated with Ambroxol or 0.1% DMSO for 24 hours prior to infection, and then mock infected or infected with DENV2
(MOI = 0.1). At 24 hours post infection, cells were collected, counted, and GSLs were extracted from a equal number
of cells per sample. Total (A) and specific (B) GSL abundances were measured using NP-HPLC with fluorescence
detection. A significant reduction in total GSL concentration (A) as well as lowered abundance of specific GSL species
identified with standards (B) was observed in each sample. (Representative preliminary data, n=2)
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4.3: Discussion

Previously, we have established that DENV2 infection resulted in significant alterations of
host lipid metabolism, including SL metabolism [99,110,111,119]. SLs are potent bioactive
signaling molecules, and disruption of SL homeostasis has been linked with the pathology of
several chronic and infectious diseases [120,122,124,204,217,218,222,289,291]. Here we
investigated the importance of SLs in the DENV2 lifecycle through loss of function studies. To our
knowledge, this study provides the first profiling of enzymes in the entire SL metabolic pathway
during DENV2 infection and has allowed for several critical observations.

First, in previous studies, CERs have been shown to be elevated in DENV2-infected
mosquitoes and mosquito cells, as well as in patient sera [110,111,117]. Here we show that
enzymes involved in the salvage and sphingomyelinase pathways of CER biosynthesis as
opposed to de novo CER synthesis were critical to DENV2 release from human cells. Importantly,
the enzymes involved in SL biosynthesis and degradation are housed in discrete subcellular
compartments and membranes [reviewed in 113]. Interestingly, the DENV2 lifecycle is also
dependent upon host cellular membranes with each stage occurring in specific subcellular
compartments connected through membrane contact sites [reviewed in 14]. Thus, these
observations together are not coincidental but provide insight as to which parts of the viral lifecycle
are impacted by the functionality of specific SL metabolic enzymes based on their subcellular
location.

Second, we observed that enzymes involved in both biosynthesis and degradation of
GluCer and GalCer were critical to DENV2 release. While these results are seemingly
contradictory, they provided initial clues that GSLs may be involved in DENV2 replication. This
prompted us to investigate whether GSLs are altered during infection. Here, we found several
GSL species were upregulated at 36 hpi, representing peak viral replication, but not at later

timepoints (72 hpi). This finding coupled with our earlier results showing that loss of function of
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GBA1 and GBA2 has a greater effect on infectious virus release versus genome replication
suggests that GSLs may play important roles in viral assembly, maturation or egress.

Of the GSLs we were able to chemically identify using standards, we saw increases in
LacCer, Lc3, Gb3, GM2 and GA1 GSLs. LacCer is a precursor molecule for globo-, ganglio-, and
lacto/neolacto-series GSLs, and is therefore required for complex GSL biosynthesis. However,
LacCer itself also serves important physiological functions, including organization of plasma
membrane microdomains, regulation of autophagy, induction of pro-inflammatory signaling, and
activation of the cytosolic phospholipase A2 enzyme (cPLA>) [307,308]. Importantly, each of these
processes has been shown to be either vital to or a consequence of DENV2 replication
[2,reviewed in 14,309 and Lian E, et al., unpublished]. Interestingly, we have shown DENV2
infection results in increased levels of arachidonic acid (AA) in Huh7 cells [Lian E, et al.,
unpublished]. PLA; enzymes are key mediators of AA in cells, as they are responsible for cleaving
AA from membrane lipids [171]. Upon further investigation, we have shown that PLA, activity
(cytosolic and secreted) was vital for DENV2 replication and viral genome replication through a
yet unresolved mechanism [Lian E, et al., unpublished]. Thus, our observations here may provide
additional insight into the regulation of AA in DENV2 infected cells. The functionality of Lc3 and
Gb3, precursor molecules of lacto/neolacto- and globo-series glycosphingolipids, respectively, is
less understood, although the latter has been linked to Fas/FasL induction of apoptosis and
interferon signaling so may be upregulated as part of the host antiviral response [310,311]. GM2
and GA1 are gangliosides which are major constituents of cell membranes in nervous tissues
where they are indispensable for signal transduction; however, very little is known about their
functional roles in other tissues [312].

Finally, the results of this study revealed that the DENV2 lifecycle was differentially
affected by the subcellular location of GluCer hydrolysis. Our analyses revealed that lysosomal
degradation of GluCer by GBA1 was detrimental for virus production, whereas non-lysosomal

degradation by GBA2 was required for virus production. The key difference between lysosomal
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and non-lysosomal degradation of GluCer is the fate of CER. CER cannot freely exit the lysosome,
so it must be further catabolized into free fatty acids and sphingosine by ceramidase [313]. In
contrast, the CER that is released from GBA2 hydrolysis at the ER and Golgi has several possible
fates. CERs formed in the ER/Golgi can either be converted to GalCer in the ER, or trafficked
through specific Golgi compartments to be converted to ceramide-1-phosphate, sphingomyelin,
or GluCer [reviewed in 113,206]. Interestingly, CER chain length determines to which Golgi
compartment it is delivered. The CER transport protein, CERT, has been shown to only transport
CER with acyl chains of C22 or shorter, and delivers them to the cis-Golgi where they are
converted to sphingomyelin or ceramide-1-phosphate [314,reviewed in 113]. In contrast, CERs
with larger acyl-chains are delivered via vesicular transport to the trans-Golgi where they are
converted to GluCer and can then undergo additional modifications to form complex GSLs as they
traffic through the Golgi [reviewed in 113,315]. Given that DENV2 infection results in increased
GSL levels, we propose a novel function of GBA2 as a driver of GluCer/CER recycling during
DENV2 infection. Ambroxol HCI abolishes this process by decreasing GBA2 activity, and
increasing GBA1 activity resulting in complete degradation of GluCer/CER. While the
concentrations of Ambroxol HCI used in this study were above the current approved dosing
regimen of 30 mg (0.24 uM steady state plasma concentration) [299], our study revealed that
higher concentrations of Ambroxol HCI were not cytotoxic and positioned Ambroxol HCI as a
valuable tool for glycosphingolipid analysis. Moreover, studies demonstrating the safety and
effectiveness of higher doses of Ambroxol HCI in mouse models of ALS and in clinical trials of
Parkison’s disease have prompted the re-evaluation of the approved recommended dosing by
the European Medicines Agency and FDA [300-302, 316].

In summary, we have provided the first analysis of the role of SL metabolic enzymes in
DENV2 infection and have demonstrated that enzymes involved in the sphingomyelinase and
salvage pathways of ceramide synthesis were critical for DENV2 replication. Moreover, we

determined that enzymes involved in glycosphingolipid synthesis and degradation were

106



necessary for DENV2 release, and have provided the first analysis of changes to
glycosphingolipids levels during DENV2 infection. These analyses allowed us to propose a novel
role for the non-lysosomal GBA2 enzyme as a driver of GluCer/CER recycling and identify
Ambroxol HCI as a potential therapeutic agent against DENV2 infection. Future studies will be
aimed at identifying the remainder of GSLs upregulated during DENV2 infection and determining
how specific GSL populations contribute to viral replication. These studies will employ the use of
UGCG/GBA1/GBA2 knockdown cell lines, exogenous addition of GSLs, and animal models of
DENV?2 infection. These studies will not only improve our understanding of DENV infection, but

will also help to elucidate unknown biological functions of GSLs.

4.4: Materials and Methods

4.4.1 — Cell Lines

The following cell lines were used in this study: human alveolar adenocarcinoma cells
(A549s, ATCC CCL-185), clone 15 (ATCC CCL-10) of the baby hamster kidney clone 21 cells
(BHK-21), human hepatoma cells (Huh7s, unknown sex, a gift from Dr. Charles Rice) [261], and
Aedes albopictus larval cells (C6/36, ATCC CRL-1660). A549s and Huh7s were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, LifeTech), and BHK-21 and C6/36 cells were
maintained in Minimum Essential Media (MEM) (Gibco, LifeTech). Media for A549s, Huh7s and
C6/36 cells were supplemented with 10% heat inactivated fetal bovine serum (FBS, Atlas
Biologicals), 2 mM nonessential amino acids (NEAA, HyClone), 2 mM L-glutamine (L-glut,
HyClone), and 25 mM HEPES buffer (pH 7.0-7.4). Media for BHK-21 cells was supplemented
with 10% heat-inactivated FBS, 2 mM NEAA, and 2 mM L-glut. A549s, Huh7s, and BHK-21 cells

were maintained at 37°C with 5% CO,, and C6/36 cells were maintained at 28°C with 5% CO..
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4.4.2 — Viral infection

DENV2 (strain 16681) [256] was used throughout this study. The virus was passaged in
C6/36 cells, and viral titers were obtained via plaque assay on BHK-21 cells as described in [263].
All viral infections were performed at room temperature for 1 hr to allow for viral adherence.
Following infection, viral inoculums were removed, cells were washed with 1x PBS, and cells were
overlaid with cell-appropriate media supplemented with 2% heat inactivated FBS. Cells were

incubated at 37°C with 5% CO:for time periods indicated in each experiment.

4.4.3 — siRNA transfection

Initial loss of function experiments were conducted by transfecting Huh7 or A549 cells with
a library of pooled siRNAs targeting enzymes in the sphingolipid metabolic pathway (Horizon
Discovery, Supplemental Table 4.1) as described in [110] using the RNAIMAX lipofectamine
reagent (ThermoFisher). Subsequently, cells were either infected with DENV2 (described in 4.4.2)
or mock infected. Following completion of siRNA experiments, infected cells and corresponding
supernatants were collected additional analysis; while mock-infected cells were either assessed
for cytotoxicity of siRNA treatment (described in 4.4.6) or confirmation of gene knockdown. Viral
supernatants were analyzed via plaque assay, while RNA from DENV2-infected and mock-
infected cells were analyzed via qRT-PCR (described in 4.4.7). All siRNA experiments included
a non-targeting siRNA (irrelevant or IRR) negative control and DENV2-specific positive control.

All siRNA treated samples were compared to the IRR control sample.
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4.4.5 — Pharmacological inhibition of select sphingolipid pathway enzymes

The inhibitors used in this study were conduritol B epoxide (CBE, Cayman Chemical), N-
butyldeoxynojirimycin (Migulstat, Cayman Chemical), OM2 (a gift from The Pasteur Institute), N-
[2-hydroxy-1-(4-morpholinylmethyl)-2-phenylethyl]-decanamide, monohydrochloride (PDMP,
Cayman Chemical), GENZ-123346 (Cayman Chemical), UGT8 inhibitor 19 (Cayman Chemical)
and Ambroxol hydrochloride (Millipore Sigma — European pharmacopoeia reference standard).
All inhibitors except CBE were solubilized and diluted in DMSO before being mixed with 2%
DMEM at indicated concentrations and added to cells. CBE was solubilized and diluted in RNase-
free, sterile water. The final concentration of DMSO in drug treated and vehicle treated samples
was kept at 0.1% to avoid cytotoxic effects of DMSO on cells. Drug treatments were either added
to cells following virus attachment, or at 24 hours prior to infection. Viral supernatants and cells
were collected at indicated timepoints. Viral supernatants were titrated via plaque assay, and

collected cells were analyzed as indicated in each experiment.

4.4.6 — Analysis of cytotoxicity

Cytotoxicity was measured using a resazurin-based cell viability assay (Resazurin sodium
salt, Millipore Sigma). All cytotoxicity/cell viability assays were performed in parallel to the
experiments evaluating the effect of siRNA-mediated loss of function or pharmacological inhibition
of all enzymes on viral infection in this study. A 10x stock solution of resazurin was diluted 1:10
in in 2% DMEM. Media was removed from cells, and replaced with the 1x resazurin/2% DMEM
solution, and cells were incubated 1-2 hours at 37°C and 5% CO.. Fluorescence output was
detected using either a Victor 1420 Multilabel plate reader (Perkin Elmer) or Biotek Synergy HTX

Multi-Mode plate reader (Agilent) with excitation at 560 nm and emission at 590 nm.
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4.4.7 — RNA extraction and gRT-PCR analysis

RNA was extracted from cells following standard TRIzol (ThermoFisher) extraction
methods. Agilent’s Brillant Ill Ultra-Fast SYBR® Green one-step qRT-PCR kit was used in all
gRT-PCR reactions. DENV2 genome copies were quantified using an in vitro transcribed viral
RNA from a DENV2 cDNA subclone to generate a standard curve. All cellular RNA was
normalized to Ribosomal Protein Lateral Stalk Subunit PO (RPLPO) using the delta delta ct method
as described in [119,264].The cycling parameters used were as follows: 20 mins at 50°C for
reverse transcription, followed by 5 minutes at 95°C, and then 45 two-step cycles of 95°C for 5

secs and 60°C for 60 secs. A melt curve followed each cycle starting at 65°C and ending at 97°C.

4.4.8 — Glycosphingolipid extraction, purification, and analysis

Cells prepared for glycosphingolipid analysis were grown in T75 culture flasks (VWR). For
infection experiments, cells were either mock infected or infected with DENV2 for 1 hr at room
temperature. Following infection, cells were washed with 1x PBS, and then overlaid with 2%
DMEM and incubated for indicated time periods. For Ambroxol experiments, cells were treated
with Ambroxol HCI as described in 4.4.5 or with 0.1% DMSO (vehicle control) for 24 hours,
followed by either mock infection or DENV2 infection for 1 hr at room temperature. Following
infection, 2% DMEM containing fresh drug was applied to cells and cells were incubated for
indicated time periods. At time of collection, viral supernatants were collected to validate infection
and inhibition phenotype via plaque assay. Cells were trypsinized and counted using a
hemocytometer and trypan blue reagent (ThermoFisher). For each sample set, an equal number

of cells were centrifuged for 10 minutes at 10,000 RPM and 4°C.
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GSLs were extracted as described in [317,306]. Following centrifugation, media was
aspirated, and cell pellets were washed with 1x, and then resuspended in 400 pL of LC-MS grade
water (Millipore Sigma). Cells were then subjected to 5x freeze thaw cycles to lyse cells, and then
1.6 mL of a 1:2 chloroform/methanol (CHCIs/MeOH, v/v) solution was added and vortexed and
samples were stored overnight at 4°C. Samples were then centrifuged at 16,000 RPM for 10
minutes at room temperature, and supernatants were transferred to separate tubes. Cell pellets
were retained to analyze total protein content using a standard BCA colorimetric assay as
described in [306]. A 1:1 solution of PBS and chloroform was added to supernatants for phase
separation, and samples were centrifuged at 16,000 RPM for 10 minutes at room temperature.
The upper phase was removed and saved, and the lower organic phase was dried on a 42°C heat
block under a stream of nitrogen. After drying, the lower phase was resuspended in 20 pL
CHCI3/MeOH (1:3) and then added to the reserved upper phase and vortexed.

GSLs were then purified on C18 solid-phase extraction columns that were pre-equilibrated
with methanol and deionized water (4 x and 3 x 1 mL, respectively). Sample tubes were washed
with deionized water, and wash was added to the column. Columns were washed 3x with 1mL
water. GSLs were eluted into new tubes by adding 2 mL CHCIs/MeOH (98:2, v/v), 2 mL of
CHCI3/MeOH (1:3, v/v), and 1 mL methanol. Eluates were dried on a 42°C heat block under a
stream of nitrogen until ~150 uL remained. Samples were transferred to new tubes. 200 pL of
CHCI3/MeOH (2:1 v/v) was used to wash tubes, and wash was added to the samples in new
collection tubes. Samples were dried again on a 42°C heat block under a stream of nitrogen,
followed be resuspension in 50 uyL CHCIs/MeOH (2:1, v/v), vortexed, and then dried down once
more to concentrate GSLs.

To analyze GSL content, glycan head groups were enzymatically released from GSLs
using recombinant endoglycoceramidase | (rEGCase |, custom synthesis from GenScript). 4 uL
of rEGCase | (0.47 mg/mL) was added to 86 pL of a 0.6% Triton X-100 in 50 mM sodium acetate

buffer (pH 5.2) and then added to each sample. Samples were vortexed and incubated at 37°C
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for 16 hours. Following digest, the released oligosaccharides in each 90 yL tube were labelled
with 310 pL 2-anthranillic acid (2AA) solution to allow for fluorescence detection by HPLC as
described in [305,306]. The 2AA labeling mixture was prepared by adding 30 mg/mL 2AA and 45
mg/mL sodium cyanoborohydride to 2AA labeling buffer (4% sodium acetate, 2% boric acid in
methanol). Samples were incubated at 80°C for 1 hr, cooled to room temperature, and then 3mL
acetonitrile/water (97:3, v/v) was added to wash. Excess 2AA label was removed by purifying
samples on Discovery DPA-6S columns (Sigma-Aldrich) pre-equilibrated with 1 mL acetonitrile/2
mL deionized water/2 mL acetonitrile. Samples were loaded onto columns, columns were washed
with 4 mL acetonitrile/water (95:5, v/v), and then labeled oligosaccharides were eluted into new
tubes using 600 uL deionized water and stored at -20°C until analyzed via HPLC. A standards
mixture of commercially available GSLs (Table 4.1) was also dried, digested, and 2AA labeled as
described above to help identify specific GSL species.

NP-HPLC was carried out on a Waters Alliance 2695 HPLC system with a Waters 2475
multi A fluorescence detector (set to 360/425 nm excitation and emission). The solid phase used
was a 4.6 x 250 mm TSK gel-Amine 80 column (Anachem) that was maintained at 30°C. The
mobile phases consist of acetonitrile, deionized water, and 100 mM ammonium acetate (pH 3.85)
used at gradient conditions (Table 4.2). GSL species were identified using Waters Empowers
software to calculate glucose unit values compared to a 2AA-labelled homopolymer dextran
ladder (Waters). Peak integration was performed in Waters Empower software to determine peak
area, and a 2.5 pmol 2-AA labelled chitotriose standard was included with samples in the

Ambroxol treated groups to calculate molar quantities from integrated peaks.

Table 4.1 — GSL standards mixture

Name Vendor Catalog GSL content Concentration | Volume
number added
Neutral GSL mix | Matreya 1505 GluCer, LacCer, Gb3, Gb4 1.0 mg/mL 50 pL
Ganglioside Mix | Matreya 1510 Lac-Cer, GM3, GD3 0.5 mg/mL 100 pL
Ganglioside Mix | Matreya 1511 GA1, GM1a, GD1a, GD1b, GT1b 0.5 mg/mL 100 pL
GM2 Ganglioside | Matreya 1502 GM2 0.5 mg/mL 30 pL
Asialo-GM2 Sigma-Aldrich | G9398 GA2 1.0 mg/mL 30 yL
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Table 4.2 — Gradient conditions and flow rate used in NP-HPLC [table adapted from 306].

Time (min) 0 6 35 37 39 41 42 54 60
Flow (mL/min) 0.8 0.8 0.8 0.8 0.8 0.8 1.2 1.2 0.8
% acetonitrile 716 | 716 | 52.8 | 23.0 | 716 | 716 | 716 | 716 | 71.6
% DI-H20 8.4 84 | 272 | 570|570 | 84 8.4 8.4 8.4
% 100 mM ammonium acetate (pH 3.85) | 20.0 | 20.0 | 20.0 | 20.0 | 20.0 | 20.0 | 20.0 | 20.0 | 20.0

4.4.9 — Fluorescence Imaging Cytometry

A549 cells were seeded in 48 well plates and transfected with siRNA as described in 4.4.3,
followed by viral infection described in 4.4.2. At 24 hpi, viral supernatants were collected and
stored at -80°C, and cells were washed with 1x PBS. Cells were fixed for 20 minutes at room
temperature using 200 pL ice-cold MeOH, and then washed 3x with 1x PBS. Following washing,
cells were permeabilized for 20 minutes at room temperature with a 0.1% Triton X-100/1% bovine
serum albumin (BSA, Gold Biotechnology) solution in 1x PBS. Cells were then blocked overnight
at4°C in a 0.01% Triton X-100/1% BSA solution in 1x PBS. Cells were then incubated for 1 hr at
37°C with a 1:500 dilution of the flavivirus group antigen antibody (D1-4G2-4-15, or 4G2) which
binds to domain Il of the DENV E protein (mouse monoclonal antibody, BioVision). Following
primary antibody staining, cells were washed 3x with blocking buffer (described above), and then
counterstained with a 1:1000 dilution of goat anti-mouse FITC (ThermoFisher) for 1 hr at 37°C.
Cells were again washed in blocking buffer, and counterstained with DAPI nuclear stain for 1
minute at room temperature (ThermoFisher), followed by 3 additional washes. 100 pL of blocking
buffer was added to wells prior to imaging. Imaging was carried out using a Celigo Image
Cytometer and Celigo software (Nexcelom Biosciences, a division of Perkin Elmer). The Celigo
software application “Target 1 + 2 + 3” was used to visualize the cells in the brightfield channel,
identify total number of cells (DAPI positive) in the blue channel (Ex/Em: 359/457 nm), and to

quantify levels of E protein (FITC-positive) in the green channel (Ex/Em: 491/520 nm). For
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analysis, E protein fluorescence values were normalized to total cell count in each well, and

samples were compared to the non-targeting irrelevant control siRNA sample.

4.4.10 — Statistical analysis

The statistical tests used are noted in each figure legend. Results, where applicable, are
expressed as mean values with standard deviation from three biological replicates (unless
otherwise indicated). Statistical significance was determined using either a one-way analysis of
variance (ANOVA) with Dunnett’s multiple comparisons test, or multiple unpaired t-tests with
Holm-Sidak multiple comparisons test in GraphPad Prism version 9 or higher (GraphPad
software, La Jolla, California, USA). The half-maximal inhibitory concentration (ICso) and half-
maximal cytotoxic concentration (CCso) of each pharmacological inhibitor used in this study was
determined using non-linear regression/dose-response analysis in GraphPad Prism version 9 or
higher. For ICso analysis, viral titers (y-axis) were also log transformed in order to assess which
concentrations of inhibitors used produced significant reductions (> 1 log) in viral titer and where

therefore appropriate concentrations to use in the remainder of our studies.
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Chapter 5: Conclusions

5.1: Summary and Future Directions

DENVs are the etiological agents of one of the world’s most aggressive arthropod-borne
diseases [1,2]. At present, there are no antivirals available to treat dengue, and only a single,
suboptimal vaccine is available [1,2]. Vaccine development is greatly hindered by the fact that
antibodies against one serotype are not cross-protective against but rather enhance infection by
a secondary, heterotypic virus (antibody-dependent enhancement) [5]. These facts have
prompted us to explore novel antiviral approaches by examining host-virus interactions.

As DENVs are obligate intracellular parasites, successful infection requires careful control
and coordination of a variety of host factors both to fulfill their replicative needs, and to control the
host antiviral response [reviewed in 14]. In fact, it is now well-documented that upon infection with
DENVs, several host pathways are significantly altered, including: the unfolded protein response,
autophagy, lipid metabolism, and central carbon metabolism [reviewed in 14 discussed in detalil
in section 1.3 of this dissertation]. In this dissertation, we have capitalized on this existing
knowledge as well as our previous studies investigating alterations to host lipid metabolism and
changes to sialic acids during DENV2 infection [99,110,111,119,90,91 Gullberg et al.,
unpublished, and Lian E, et al. unpublished]. Here, we have employed Huh7 cells as an in vitro
model system of human DENYV infection, and explored how loss of function of enzymes involved
in regulating fatty acyl-CoA homeostasis (Chapter 2), desialylation of glycoconjugates (Chapter
3), and the synthesis and degradation of sphingolipids (Chapter 4) impacts the DENV?2 lifecycle.

Importantly, while each of these studies have broadened our understanding of the reliance

of DENVs upon these different host factors, they also allowed us to uncover novel functional roles
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for the enzymes that we studied. Below | have summarized the key findings of each of these

studies and highlighted important future directions for each.

5.1.1 — Acyl-CoA Thioesterases

Summary

The ACOT family of enzymes are predicted to control the intracellular balance of activated
fatty acids (fatty acyl-CoAs), free fatty acids (FFA), and coenzyme A (CoA-SH)[191,193,196,197].
Specifically, they are responsible for the hydrolysis of fatty acyl-CoAs, resulting in formation of
FFA and CoA-SH [191,193,196,197]. Importantly, fatty acyl-CoAs are precursor molecules for
generation of phospholipids and sphingolipids. During infection with DENVs, we had previously
shown that many lipid species, including phospholipids and sphingolipids, are upregulated and
vital for the DENV2 lifecycle [110,111,119]. In initial loss of function studies examining enzymes
within fatty acid biosynthesis pathways, we found that inhibition of the type | ACOTs, ACOT1
(cytoplasmic) and ACOT2 (mitochondrial), combined resulted in a significant increase DENV2
genome replication and infectious particle release. Thus, we initially hypothesized that the ACOT
family of enzymes may antagonize DENV2. As ACOT1 and ACOT2 are splice variants [192,197],
it was not possible to design siRNAs or primer sequences that targeted ACOT1 specifically, but
were able to target ACOT2 by targeting its the mitochondrial localization sequence. This allowed
us to parse out the influence of ACOT1 and ACOT2 leading to the discovery that loss of function
of ACOT1 increased DENV2 genome replication and release, while loss of function of ACOT2
significantly decreased DENV2 genome replication and release. These results were unexpected
and intriguing, and led us to question whether subcellular location was a key determinant of the
effect of ACOT functionality on DENV2. Thus, we evaluated the effect of loss of function of

ACOT7, a type Il mitochondrial ACOT, and found that it similarly suppressed DENV2 replication
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and release. Moreover, we uncovered that reduced expression of ACOT2 and ACOT7 also
resulted in reduced expression of other ACOTs located in multiple organelle compartments

highlighting a yet unknown functional relationship between ACOTs.

Future directions

Mechanistic insight into the role of each ACOT in the field is limited. One challenge is that
the ester linkage between CoA and fatty acids is labile, and traditional methods of analysis are
unable to determine a true ratio between activated fatty acids and FFA [191,258]. This prevented
us from profiling which specific fatty acyl-CoAs were impacted in our study which would have
provided additional insight into specific fatty acid/lipid requirements of DENVs. To address this,
we were able to successfully develop an LC-MS assay that allowed us to distinguish between
arachidonic acid, arachidonyl-CoA, and CoA-SH as proof of principle (arachidonyl-CoA is the
primary substrate of ACOT7). However, due to limitations in scalability of siRNA treatment, the
level of these metabolites in our model system fell below our limits of detection for the LC-MS
assay. Thus, a future direction of this project will employ the use of knockout cell lines to identify
specific lipid species impacted by loss of function of ACOTs 1, 2, and 7 in both mock and infected

cell subtypes.

5.1.2 — Neuraminidases

Summary

While viruses rely upon and hijack host metabolic pathways to fulfill their replicative needs,
these alterations to host cellular metabolism often have pathological consequences on the host
[reviewed in 14,309,318]. Previously, it was established that the DENV2 NS1 protein upregulated

host sialidase activity [90,91]. This increased sialidase activity was linked with endothelial
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hyperpermeability and vascular leakage, which are hallmarks of severe dengue disease [90,91].
However, a functional role for the increased sialidase activity remained unexplored until our
studies detailed in Chapter 3.

During our siRNA-mediated loss of function analysis of enzymes involved in the
sphingolipid metabolic pathways (presented in Chapter 4), we uncovered that loss of function of
NEU1-4 significantly reduced DENV2 infectious particle release from cells. In terms of
sphingolipid metabolism, NEU1-4 are involved in the catabolism of gangliosides through the
hydrolysis of their sialic acid residues [reviewed in 319]. However, sialic acids are found at the
terminal position of many other glycoconjugates as well [reviewed in 229]. Thus, while this
discovery was made in the context of investigating sphingolipid pathway enzymes, we recognized
that the functional roles of NEU1-4 extended far beyond their involvement in ganglioside
catabolism. However, the fact that we now had direct evidence that sialidases not only contributed
to DENV pathogenesis but were also vital for DENV2 infectious particle release prompted us to
investigate how loss of function of sialidase activity influenced the viral lifecycle. We found that
NEU1-4 functionality was vital for both viral replication and viral egress. Moreover, we provided
the first characterization of the inter-relationship between NEUSs, highlighting that NEU1-3
expression is decreased upon loss of function of NEU4. Importantly, NEU4 is found in multiple
subcellular compartments and has the broadest substrate specificity among NEUs [reviewed in
231,234], but its biological function is the least characterized. This discovery provides some
insight that NEU4, or its downstream products, are involved in transcriptional regulation of NEU1-

3.

Future directions

One challenge to this study is that biological function of each sialidase enzyme is
ambiguous due to the overwhelming number of glycoconjugates containing terminal sialic acid

residues that exist in the cell. Moreover, the regulatory elements involved in governing sialidase
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activity remain unknown. This prevented us from providing mechanistic insight into how
desialylation impacts DENV2 genome replication and egress. Future studies using DENV2
infected/wild-type and DENV2-infected/NEU” cell lines coupled with LC-MS analysis of cellular
glycoconjugates would assist in identifying which cellular glycoconjugates are desialylated by
each NEU during infection. While these analyses alone will not provide mechanistic insight into
how desialyation impacts the DENV2 lifecycle, they can serve as a tool to narrow in on specific

glycoconjugates of interest.

5.1.3 — Sphingolipid Metabolism

Sphingolipids are potent bioactive signaling molecules, and perturbation of SL metabolism
is known to be associated with the pathology of several chronic and infectious diseases [reviewed
in 120]. In our previous studies, we established that many SLs are upregulated during dengue
infection in both the human and mosquito host [110,111 Gullberg RC, et al., unpublished]. Here
we provided the first profiling of enzymes of the SL metabolic pathway during DENV2 infection.
These loss of function studies allowed for several critical observations.

First, we determined that the salvage and sphingomyelinase pathways of ceramide
synthesis as opposed to de novo ceramide synthesis were critical for DENV2 release from human
cells. It was previously established that ceramide levels were elevated during DENV2 infection
[110,111,117]. Thus, this finding suggests that the elevation of ceramide during DENV2 infection
is caused by activation of enzymes involved in degradation of complex sphingolipids.

Second, we determined that enzymes involved in glycosphingolipid synthesis and
degradation are vital for DENV2 release. This seemingly contradictory finding prompted us to
examine whether glycosphingolipid levels are altered during infection. We found that several GSL

species were, in fact, elevated during peak viral replication, but not at later timepoints. This
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suggested that GSLs may be vital for the events of viral replication through yet undefined
mechanisms. We were able to chemically identify several of the GSL species elevated during
infection including LacCer, Lc3, Gb3, GM2 and GA1. The functionality of Lc3, Gb3, GM2, and
GA1 GSLs are poorly understood, but provide us with specific metabolites to target in future
studies. LacCer is an important precursor for all complex glycosphingolipids, but is, itself, a vital
regulatory molecule. One intriguingly link between this study and ongoing work by other
researchers in our lab is that LacCer is involved in the activation of the cytosolic phospholipase
A2 enzyme (cPLA:) [307,308]. One role for PLA> enzymes is they mediate cellular arachidonic
acid levels [308]. In other works by our group, we have established that arachidonic acid is
elevated during DENV?2 infection, and that PLA: (both cytosolic and secreted) activity is vital for
DENV2 genome replication and release [Gullberg RC, et al., and Lian E, et al., unpublished].
However, those studies have yet to uncover how PLA: activity is regulated during infection. These
results provide exciting new insight and directions to pursue.

Finally, this study allowed us to determine that lysosomal and non-lysosomal
glucocerebrosidase activity has differential effects on DENV2 genome replication and infectious
virus release. Specifically, the lysosomal GBA1 enzyme inhibits DENV2 release and the non-
lysosomal GBA2 enzyme is vital for DENV2 release. Each of these enzymes is responsible for
breaking down GluCer into ceramide and glucose [reviewed in 113] . However, the difference
between these enzymes lies in what happens to ceramide after it is released from GluCer. In the
lysosome, it is fully catabolized to sphingosine and free fatty acids, but in the ER/Golgi it can be
recycled to form the GalCer and GluCer precursor for complex GSLs [reviewed in 113]. Based on
these data, we have proposed a novel function of GBA2 as a driver of GluCer/CER recycling
during DENV2 infection. Importantly, these findings also lead to our investigation of Ambroxol HCI
(a GBA1 chaperone/GBAZ2 inhibitor) as potential therapeutic agent against DENVs. We found that

it is a potent inhibitor of DENV2 at both low and high MOI in vitro (MOl = 0.1 and 5, respectively).
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Moreover, we found that it abolished the elevation of GSLs seen during DENV2 infection

supporting our proposed model.

Future directions

Further characterization of GBA1/GBA2 activity during DENV2 infection is ongoing to
identify which part of the DENV2 lifecycle is specifically impacted by these enzymes. These
analyses include time of addition studies using Ambroxol HCI, as well as NB-DGJ (a GBA2
specific inhibitor) and enzyme activity analysis over a time course of infection; and assays to
determine whether DENV2 proteins interact directly with each enzyme. Additionally, we have
revised our protocols for GSL analysis to allow for chemical identification of a broader subset of
GSLs than our initial analyses provided. These experiments will aid us in determining the
mechanism by which GBA2 and GSLs impact release of infectious DENV2 particles.

In addition, the success of our in vitro study of Ambroxol HCI has prompted a collaboration
between our group and the Teixeira lab at the Universidade Federal de Minas Gerais in Brazil to
investigate the efficacy of Ambroxol HCI against DENV2 in a murine model. The preliminary
results of these studies are promising and showed reduced DENV?2 titers, reduced inflammatory
cytokine production, and reduced hepatic damage in treated vs. untreated DENV2-infected mice.
We excluded those results from this dissertation as the in vivo experiments were not conducted
directly by our group and are still being optimized. However, the efforts of this collaboration will
allow for a better understanding of how the elevation of GSLs during infection contribute to DENV2
pathogenesis.

Finally, this study identified many sphingolipid pathway enzymes that are critical to
infectious virus release that we have yet to evaluate further since we focused our efforts on
characterizing GBA1 and GBA2. Further evaluation of these enzymes will provide additional

insight into how sphingolipids support DENV2 production.
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5.2: Concluding Remarks

The unifying theme that was explicit throughout this dissertation was that infection with
DENVs results in an altered metabolic environment in the cell. These alterations can be both host-
induced as part of the antiviral response or caused directly through viral subjugation of host
metabolic processes. It is well understood that perturbation of metabolic homeostasis can have
dire pathological effects on the host. As an example, Gaucher disease is a chronic metabolic
disorder characterized by genetic mutations in the GBA1 enzyme which results in build-up of
GluCer within the lysosome and overall accumulation of cellular GSLs [214,reviewed in 216]. The
accompanying pathology associated with Gaucher disease is increased inflammatory signaling,
anemia, hepatosplenomegaly, bruising/thrombocytopenia, and bone pain/fractures/and/or
arthritis [214,reviewed in 216]. Interestingly, each of these pathologies also accompanies severe
dengue disease [reviewed in 4]. Herein, we have demonstrated that GSLs are elevated in a
human in vitro model of DENV2 infection. While our studies thus far cannot conclude that elevated
GSLs are directly associated with DENV2 pathology, the similarities between these two diseases
are striking. Moreover, these similarities point out a more implicit theme woven throughout this
dissertation which is that viral infections are themselves acute metabolic disorders. By reframing
our view of viruses as diseases of metabolism we can connect viral infection with broader themes
within human disease. This provides a greater advantage towards understanding host-virus
interactions, viral pathology, and the identification of novel therapeutics to improve patient
outcomes (e.g. identification of Ambroxol HCI in Chapter 4). Further mapping of the similarities
between viral infection-induced metabolic changes and chronic metabolic disorders represents a

next and exciting step within this field.
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Appendix A — Supplemental Figures and Tables

A.1: Overview

In the following sections (Appendix A), supplemental figures and tables referenced in
Chapters 2-4 are presented in order. Supplemental figures and tables are numbered according
to chapter and order (e.qg. first supplemental figure from Chapter 2 will be labeled as Supplemental

Figure 2.1)
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A.2: Supplemental Figures and Tables accompanying Chapter 2

IRR siRNARep 1
ACOT2 siRNARep 1
ACOT7 siRNARep 1
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Supplemental Figure 2.1 — Loss of function of mitochondrial ACOTs inhibits viral protein translation. Huh7 cells
where transfected with either ACOT2, ACOT7, or an IRR siRNA, and then subsequently infected with DENV2 (MOI =
0.3) for 24hr. (A) Cell lysates were prepared and analyzed via western blot. Samples were probed for DENV2
nonstructural protein 3, and B-actin (for normalization). Li-cor IRDyes were used as secondary antibodies. (B-C) and
fluorescence intensity of each band was analyzed using area under the curve analysis in ImageJ.
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Supplemental Table 2.1. siRNA and oligonucleotide resources used in this study.

siRNA resources

Reagent

Source

Product Identifier

SMARTPool ACOT1
siRNA

Horizon Discovery/Dharmacon

M-034967-00

MISSION® esiRNA

human ACOT2 Sigma-Aldrich EHU104751-20UG
MISSION® esiRNA
human ACOT7 Sigma-Aldrich EHU112971-20UG

Oligonucleotides

Forward Primer (5'-3")

Reverse Primer (5'-3")

ACOT1/2 AGAGGAAGAGTTGGGCAGAG | TTCGTCCCAGCAGCAGCG

ACOT2 GCCCGAGAGGATGTCTAACA TCAGGCTCCATTGGTACAGC
ACOT4 AGGAG GGTACAAGAACCCCA | GAGGCTCGATGTAATGCCCA
ACOT6 AGCCGTGGACTTTATGCTGC AGTACAGTGGCTGTGATGCC
ACOT7 CTGCACCCTGCACGGCTTTG CGGAAGCTGTGACGATGTTG
ACOTS8 GCTCTCGCATTCATAGAGCAT | AAGTTCAGTGGCCATGTTAGC
ACOT9 AAGTTCAGTGGCCATGTTAGC | AATGCCGGCCCTTTATTTTCA
ACOT11 AATCACCAGGGCAACACCTT CAATGGCCTTCAGCGTAGGG
ACOT12 ACGCTATCGGGGAGCTATTG TTGCTGTCACTCAGGGATGC
ACOT13 CTCTTCGCCCTTTGTGTCCT GAGTAATCTTTCCCAAAACTCTCTC
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A.3: Supplemental Figures and Tables accompanying Chapter 3
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Supplemental Figure 3.1 — Confirmation of knockdown of siRNA-mediated knockdown of sialidase mRNA
levels. (A-B): Huh7 cells were transfected with pooled siRNAs targeting NEU1-4 and the indicated controls followed
by mock-infection (A) or DENV2-infection (B). At 24 hpi, cells were collected, processed, and relative mRNA expression
was analyzed via qRT-PCR. Values were normalized to the RPLPO housekeeping gene. (A-B: one-way ANOVA with
Tukey’s multiple comparisons test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)
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Supplemental Figure 3.2 — Validation of reduction of DENV2 release upon NEU1-4 knockdown using single
siRNAs. Huh7 cells were transfected with single siRNAs targeting NEU1-4 and the indicated controls followed by
DENV?2 infection. At 24 hpi, supernatants were collected and analyzed via plaque assay on BHK-21 cells. (One-way
ANOVA with Tukey’s multiple comparisons test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)
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Supplemental Table 3.1 — siRNA reagents and primer sequences used in this study.

siRNA reagents and sequences

siRNA Manufacturer | Product Identifier Sequence(s)
Irrelavant control | Horizon
siRNA (custom) Discovery Custom siRNA GGACUUCCAGAAGAACAUCTT
DENV2 control siRNA | Horizon
(custom) Discovery Custom siRNA CGGGAAAGACGAAGAGAUAUU
GAAAGAGACAGUCCAGCUA
Neuraminidase 1 | Horizon M-011092-00 CGGAAUCUCUCCCUGGAUA
(SMARTpool) Discovery CGAUGGAGCUUCAGCAAUG
AGUGAGCGAUGUUGAGACA
GUACGAAGCCAAUGAUUAC
Neuraminidase 2 | Horizon M-012058-00 CCAAUGACGGGCUUGAUUU
(SMARTpool) Discovery CAAGAAGGAUGAGCACGCA
GGCAAGUCACGGAGCAACA
GAAGAUGACAGAGGGAUUA
Neuraminidase 3 | Horizon M-010641-01 GAUCUACAGUGAUGACCUA
(SMARTpool) Discovery GUGCAGAGGUCAUGGAAGA
GAACCCAAGCCAAUUCAAA
GAUGAGAUUUCCUUUUGUA
Neuraminidase 4 | Horizon M-013263-00 GUGCAGAUCGCCACGGGAA
(SMARTpool) Discovery GCUCGGCUACACAUGGGUA
GGCCACGGGAUGACAGUUG
NEU1 silencer siRNA | ThermoFisher | AM16708 / assay ID 8573 AUUUCUUUUCUACUCCCUUU
NEU?2 silencer siRNA | ThermoFisher | AM16708 / assay ID 45117 UUACGAGGAGAUUGUCUUUC
NEUS silencer siRNA | ThermoFisher | AM16708 / assay ID 135986 CAGUUGGUACAGUGGGGGCC
NEUA4 silencer SiRNA | ThermoFisher | AM16708/ assay ID 36069 UCUUUAGGAAGGGGAGCAGC
Primer Sequences
Target Abbreviation Forward Reverse
Ribosomal protein
lateral stalk subunit
PO RPLPO AGATGCAGCAGATCCGCAT GGATGGCCTTGCGCA
Hexokinase |l Hexokinase ATCCCTGAGGACATCATGCGA | CTTATCCATGAAGTTAGCCAGGCA
Neuraminidase 1 NEU1 GTCAGCCCAAGCAGGAAAATG | CGGGCATTGATGACGACTGA
Neuraminidase 2 NEU2 GCGCAGAGGAGACTACGAC GTCATACAAGGGGCATGGGTT
Neuramindase 3 NEU3 GACCATGAACCCCTGTCCTG AGCATTCCTGCCTGACACAA
Neuraminidase 4 NEU4 ACCGCCGAGAGTGTTTTGG CGTGGTCATCGCTGTAGAAGG
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A.4 Supplemental Figures and Tables Accompanying Chapter 4
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Supplemental Figure 4.1 — Cytotoxic effects of siRNAs targeting enzymes within the sphingolipid metabolic
pathway. Huh7 cells were transfected with indicated siRNAs, an IRR control, or DENV2-specific control siRNA.
Following transfection, cells were mock-infected. At 24 hpi, an AlamarBlue cytotoxicity assay was performed. Results
are displayed as fold change in fluorescence at 590 nm of each treatment group compared to the irrelevant control.
(One-way ANOVA with Dunnett’s multiple comparison’s test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001.)
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Supplemental Figure 4.2 — Validation of siRNA screen results in an alternate cell line using fluorescence
cytometry. A549 cells were transfected with indicated siRNAs, an IRR control, or DENV2-specific control siRNA,
followed by infection with DENV2 (MOI = 0.1). At 24 hpi, viral supernatants were collected and stored at -80°C. Cells
were washed with 1x PBS and fixed with 100% MeOH. Following fixation, cells were washed, blocked overnight in a
1% BSA solution, and then probed with 4G2 antibody (anti-DENV E protein). Cells were counterstained with goat anti-
mouse FITC and DAPI, and then analyzed using a Celigo Imaging Cytometer to determine total fluorescence of DENV2
E protein in each sample. Results are displayed as fold change in fluorescence at 520 nm compared to the irrelevant
control. (One-way ANOVA with Dunnett’s multiple comparison’s test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** =
p<0.0001.)
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Supplemental Figure 4.3 — Effect of loss of function of sphingolipid pathway enzymes on DENV2 release (map representation). The results from Figure
4.1A are displayed over a map of the sphingolipid metabolic pathway (derived from KEGG pathway database). Different ‘arms’ of the pathway are highlighted
(beige = de novo ceramide synthesis, green = salvage pathway, pink = sphingomyelinase pathway, blue = galactosylceramide hub). Enzyme names are
highlighted in boxes that are colored to represent the fold change in DENV2 viral release compared to the IRR control. Blue boxes correspond to enzymes
whose loss of function decreased DENV2 release, and darker shades of blue indicate a greater fold change. Orange boxes represent enzymes whose loss of
function increased DENV?2 release. Grey boxes indicate a change in DENV2 release less than 2-fold, which was below our threshold for further evaluation. The
mean fold change for each enzyme provided next to each enzyme name.
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Supplemental Figure 4.4 — Confirmation of GBA1 and GBA2 mRNA knockdown using siRNA inhibitors. Huh7
cells were transfected with siRNAs targeting GBA1 and GBA2 and an IRR control. At 72 hours post transfection
(corresponding to time of collection following viral infection), cells were collected and analyzed for mRNA expression
of GBA1 (A) and GBA2 (B). (A-B one-way ANOVA with Dunnett's multiple comparison’s test: * = p<0.05, ** = p<0.01,

***= p<0.001.)
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Supplemental Table 4.1 — Horizon Discover SMARTpool siRNA Resources

Catalog # g;r:iol Sequence Catalog # g;r:iol Sequence
M-010298-00 | ACER1 UACAACACGUUCUCCAAUA M-009936-03 | KDSR GGAAGUGCAUUGCUAUCGA
GAGCUUCGGCACCUGAUUG GCAUUGCUAUCGAGUGCUA
GGCCUGUUCUCCAUGUAUU UAACUUCUAUUACUGAGGG
GGCAGUGGCUAUAGCAUAU GCAAAGAAACUUCGAAAUC
M-009430-01 | ACER3 GAUUAUACCUCCAAUGUUC M-011092-00 | NEU1 GAAAGAGACAGUCCAGCUA
CCACAUGACUCUGAAAUAU CGGAAUCUCUCCCUGGAUA
AACGGUACAUUGCUUCUUA CGAUGGAGCUUCAGCAAUG
GGACUGGGUUAUACAUCAU AGUGAGCGAUGUUGAGACA
M-009558-01 | ARSA CAUCAGGGCUUCCAUCGAU M-012058-00 | NEU2 GUACGAAGCCAAUGAUUAC
GACCUGAGACCAUGCGUAU CCAAUGACGGGCUUGAUUU
UCUAUGACCUGUCCAAGGA CAAGAAGGAUGAGCACGCA
GCCAGAACCUGACCUGCUU GGCAAGUCACGGAGCAACA
M-005228-01 | ASAH1 CACCAUAAAUCUUGACUUA M-010641-01 NEU3 GAAGAUGACAGAGGGAUUA
GGUCAUAACUGAGCAACUA GAUCUACAGUGAUGACCUA
UAUAUGAACUCGAUGCUAA GUGCAGAGGUCAUGGAAGA
GAAAAUAGCACAAGUUAUG GAACCCAAGCCAAUUCAAA
M-005229-00 | ASAH2 CACAUUACAUUACCACUUA M-013263-00 | NEU4 GAUGAGAUUUCCUUUUGUA
GGAAAGCCAUCUGAAGAAA GUGCAGAUCGCCACGGGAA
GAACAACAGUAACCAUCUU GCUCGGCUACACAUGGGUA
GACCAUGUCUGGACGAAGA GGCCACGGGAUGACAGUUG
M-039945-00 | ASAH2C ACAGAUAGUUUACUGCUAA M-019098-01 PLPP1 GAGGAGGACUCUCAUACAA
AAUACCAGGCUCAGCGAUA CUACAUAUGUCGAGGGAAU
GACCAUGUCUGGACGAAGA CAACAACUGGGAAUCACUA
GAUCAACAGAAGUCCGUAU CUGUAUAUGUAUCGGAUUU
M-011933-00 | B4GALT6 AGAGUUAGCUCCAAUCGAA M-011500-00 | PLPP2 UGACAGACCUGGCCAAGUA
UCGAUGGACUGAACAAUUU GCACGACUCUGUUGGAAGU
GCUCAACGGUACAGAUUAU GCUCGGACUUCAACAACUA
CAACGUAUCUCCCGGAAAA CCGCGUGUCUGAUUACAAA
M-004061-02 | CERK GAUCAUCGCCGUUGAGGAA M-017312-01 PLPP3 GGGACUGUCUCGCGUAUCA
CAACGGACUGCGUGUGUUA UCUAUUACCUGAAGAAGUC
CCACUGACAUCAUCGUUAC CAGUUCACCUUGAUCAUGA
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Catalog # g;r:iol Sequence Catalog # g;r:iol Sequence
M-010298-00 | ACER1 UACAACACGUUCUCCAAUA M-009936-03 | KDSR GGAAGUGCAUUGCUAUCGA
GAGCUUCGGCACCUGAUUG GCAUUGCUAUCGAGUGCUA
GGCCUGUUCUCCAUGUAUU UAACUUCUAUUACUGAGGG
GGCAGUGGCUAUAGCAUAU GCAAAGAAACUUCGAAAUC
M-009430-01 | ACER3 GAUUAUACCUCCAAUGUUC M-011092-00 | NEU1 GAAAGAGACAGUCCAGCUA
CCACAUGACUCUGAAAUAU CGGAAUCUCUCCCUGGAUA
AACGGUACAUUGCUUCUUA CGAUGGAGCUUCAGCAAUG
GGACUGGGUUAUACAUCAU AGUGAGCGAUGUUGAGACA
M-009558-01 | ARSA CAUCAGGGCUUCCAUCGAU M-012058-00 | NEU2 GUACGAAGCCAAUGAUUAC
GACCUGAGACCAUGCGUAU CCAAUGACGGGCUUGAUUU
UCUAUGACCUGUCCAAGGA CAAGAAGGAUGAGCACGCA
GCCAGAACCUGACCUGCUU GGCAAGUCACGGAGCAACA
M-005228-01 | ASAH1 CACCAUAAAUCUUGACUUA M-010641-01 NEU3 GAAGAUGACAGAGGGAUUA
GGUCAUAACUGAGCAACUA GAUCUACAGUGAUGACCUA
UAUAUGAACUCGAUGCUAA GUGCAGAGGUCAUGGAAGA
GAAAAUAGCACAAGUUAUG GAACCCAAGCCAAUUCAAA
CAAGGCAAGCGGAUAUAUG GGAAUUCUACCGGAUCUAU
M-010275-01- | CERSH1 UCACCAAGCUCAACAUUUA M-019477-00 | SGMS1 GCUAACACUUACCUACUUA
0005 CGAGAGCGUUGGAAGUUU GGAAGUGGUUUAUUGGUCA
CACCAUCUGUCUUCUACGA GCCCAACUGCGAAGAAUAA
CCAUCUACGCUACGCUAUA GAACGAGUACCUCCUAAGG
M-010282-01- | CERS2 UAACAACCAUCGUAAGAAU M-018775-01 SGMS2 CAACGGAUUCUACGAUUGA
0005 GAAAGCUGGUAGAAGAUGA GGGAUUAUAUUAGUUGGAU
UGAUUGAACUUUCCUUCUA UACGAACACUUAUGCAAGA
GCACUAUCCCUUCCCAGUA GCACACGAACACUACACUA
m-017860-02- | CERS3 GCAAAGAGAUGGAUUGUUU M-008747-00 | SGPL1 GAAUAUGGUUGCAGAAUUG
0005 GAAAGAUGGUUUAGGAGUC GGACAAAGAGUAUGUGAAA
UGAUAAACCUUGGCUAUAU GAACAUGUCAUUCCUGAAA
CCACAGGAGAGGUCGGCUU GAAGAGCUAUCUCCAGGAA
M-014364-00- | CERS4 UCAACUACAUGCAGUAUCA M-014653-00 | SGPP1 GAACUUCCUUAUCGGUAUA
0005 GGACAGAGGUAGAAGACCG AAUCUUAGCUGUCUUCUAU
GCAGGACAGGUUCUGGUUA GCAACGAACUCUUCUACAU
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Gene

Gene

Catalog # s Sequence Catalog # Sequence
ymbol Symbol
M-010298-00 | ACER1 UACAACACGUUCUCCAAUA M-009936-03 KDSR GGAAGUGCAUUGCUAUCGA
GAGCUUCGGCACCUGAUUG GCAUUGCUAUCGAGUGCUA
GGCCUGUUCUCCAUGUAUU UAACUUCUAUUACUGAGGG
GGCAGUGGCUAUAGCAUAU GCAAAGAAACUUCGAAAUC
M-009430-01 ACER3 GAUUAUACCUCCAAUGUUC M-011092-00 NEU1 GAAAGAGACAGUCCAGCUA
CCACAUGACUCUGAAAUAU CGGAAUCUCUCCCUGGAUA
AACGGUACAUUGCUUCUUA CGAUGGAGCUUCAGCAAUG
GGACUGGGUUAUACAUCAU AGUGAGCGAUGUUGAGACA
M-009558-01 ARSA CAUCAGGGCUUCCAUCGAU M-012058-00 NEUZ2 GUACGAAGCCAAUGAUUAC
GACCUGAGACCAUGCGUAU CCAAUGACGGGCUUGAUUU
UCUAUGACCUGUCCAAGGA CAAGAAGGAUGAGCACGCA
GCCAGAACCUGACCuUGCuuU GGCAAGUCACGGAGCAACA
M-005228-01 ASAH1 CACCAUAAAUCUUGACUUA M-010641-01 NEU3 GAAGAUGACAGAGGGAUUA
GGUCAUAACUGAGCAACUA GAUCUACAGUGAUGACCUA
UAUAUGAACUCGAUGCUAA GUGCAGAGGUCAUGGAAGA
GAAAAUAGCACAAGUUAUG GAACCCAAGCCAAUUCAAA
GAGAAGGACAUUCGUAGUG UCACAAAUAUGCUCCAUUC
M-016077-02- | CERS5 CAAUAUGGUUCGAGUGGGA M-015727-00 SGPP2 UGAAGUGCCUUACAAGUUU
005 CUACCUAAUUGCACGGAUU AGAAGUACGUCGUGAAGAA
CUUUGAGAGUUGGGAGAUA CAUCUGCGCUACAACCUUU
GGAUUGGAAUGUCCGAAAA ACUGGAAUAUUGACCCUUA
M-032207-00- | CERS6 GAAGUGAUAUUGAGUCUAG M-006676-01 SMPD1 GCAUAUAAUUGGCCACAUU
0005 CAAGCACGCUGACGAGGUU AGACCUACAUCCUGAAUCU
CGCCAUAGCCCUCAACAUU CUCUACAGGGCUCGAGAAA
CUUCUGGUCUUACUUGAUU GCUGGAAUUAUUACCGAAU
M-006675-01 DEGS GAGAUAAAGUCCUUGAUGA M-006677-01 SMPD2 GCAGAGAGGUCGCCGUUGA
GGAAUUAAAUCCUUAGUCU GGAGGUCAAUGGCUUAUAU
GGGAGAUCCUGGCAAAGUA CAAGGCAGUUUCUGGGUUU
GCGUUUGGCAGUUGCAUUA UGAAACCACUACAGGCUUU
M-010296-01 DEGS2 GGCUCAAGCCCGUGGUCUA M-006678-01 SMPD3 CAACAGCGGCcuccucuuu
AGAAGUACCACGUGGACCA CAAGCGAGCAGCCACCAAA
CAGCACCACUCCUGGGUGA ACCAAAGAAUCGUCGGGUA
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Catalog # g;r:iol Sequence Catalog # g;r:iol Sequence
M-010298-00 | ACER1 UACAACACGUUCUCCAAUA M-009936-03 | KDSR GGAAGUGCAUUGCUAUCGA
GAGCUUCGGCACCUGAUUG GCAUUGCUAUCGAGUGCUA
GGCCUGUUCUCCAUGUAUU UAACUUCUAUUACUGAGGG
GGCAGUGGCUAUAGCAUAU GCAAAGAAACUUCGAAAUC
M-009430-01 | ACER3 GAUUAUACCUCCAAUGUUC M-011092-00 | NEU1 GAAAGAGACAGUCCAGCUA
CCACAUGACUCUGAAAUAU CGGAAUCUCUCCCUGGAUA
AACGGUACAUUGCUUCUUA CGAUGGAGCUUCAGCAAUG
GGACUGGGUUAUACAUCAU AGUGAGCGAUGUUGAGACA
M-009558-01 | ARSA CAUCAGGGCUUCCAUCGAU M-012058-00 | NEU2 GUACGAAGCCAAUGAUUAC
GACCUGAGACCAUGCGUAU CCAAUGACGGGCUUGAUUU
UCUAUGACCUGUCCAAGGA CAAGAAGGAUGAGCACGCA
GCCAGAACCUGACCUGCUU GGCAAGUCACGGAGCAACA
M-005228-01 | ASAH1 CACCAUAAAUCUUGACUUA M-010641-01 NEU3 GAAGAUGACAGAGGGAUUA
GGUCAUAACUGAGCAACUA GAUCUACAGUGAUGACCUA
UAUAUGAACUCGAUGCUAA GUGCAGAGGUCAUGGAAGA
GAAAAUAGCACAAGUUAUG GAACCCAAGCCAAUUCAAA
CCGCCUCCUUCAAGAAGUA CGAACGGCCUGUACGAUGA
M-009059-00 | ENPP7 GCAAAUAUAUCGAGAACCA M-020681-02 | SMPD4 UGAAUCCGUUCGAGUAUUA
GAAUUAACGUCCAGUUCAA CCAACGACCUGGACGAGAU
GAGCACCGGUACAAAGUCA GGCCAGGACUGCAAGUACA
ACACAGUGAUGGCGUGGUU AGGUGAAGAGCCACGUCUA
M-011956-01 GAL3ST1 GGAAGUUCAUUCGCGAUUU M-004172-03 | SPHK1 GGGAAUUGAUGGUUAGCGA
GAAACCUGCUCUUCUUCGA CGACGAGGACUUUGUGCUA
GCUACAACCUCAAGAAGAG AGGGCAGGCAUAUGGAGUA
GCGACAAGCUGACCGAGUU CUGACCAACUGCACGCUAU
M-011038-01 GALC CUGGCAACGCCGAGCGAAA M-004831-00 | SPHK2 CAAGGCAGCUCUACACUCA
GAGAAUUAUUUCCGAGGAU GAGACGGGCUGCUCCAUGA
GAAAGGAGGAAGCUACGUA GCUCCUCCAUGGCGAGUUU
GAUUAUCUCUUUAAGCCGA CCACUGCCCUCACCcuUGuUcU
M-006366-02 | GBA GAAGAAGGAAUCGGAUAUA M-006673-02 | SPTLC1 GGGUUAAGGCAGCAGCUUU
CCAAUUGGGUGCGUAACUU GUAUAAACUUCGCCUCAUU
CAACAUCCUUGCCCUGUCA UUCUUGGAUUGUUGGAUAA
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Catalog #

Gene
Symbol

Sequence

Catalog #

Gene
Symbol

Sequence

M-010298-00

ACER1

UACAACACGUUCUCCAAUA

GAGCUUCGGCACCUGAUUG

GGCCUGUUCUCCAUGUAUU

GGCAGUGGCUAUAGCAUAU

M-009936-03

KDSR

GGAAGUGCAUUGCUAUCGA

GCAUUGCUAUCGAGUGCUA

UAACUUCUAUUACUGAGGG

GCAAAGAAACUUCGAAAUC

M-009430-01

ACER3

GAUUAUACCUCCAAUGUUC

CCACAUGACUCUGAAAUAU

AACGGUACAUUGCUUCUUA

GGACUGGGUUAUACAUCAU

M-011092-00

NEU1

GAAAGAGACAGUCCAGCUA

CGGAAUCUCUCCCUGGAUA

CGAUGGAGCUUCAGCAAUG

AGUGAGCGAUGUUGAGACA

M-009558-01

ARSA

CAUCAGGGCUUCCAUCGAU

GACCUGAGACCAUGCGUAU

UCUAUGACCUGUCCAAGGA

GCCAGAACCUGACCUGCUU

M-012058-00

NEU2

GUACGAAGCCAAUGAUUAC

CCAAUGACGGGCUUGAUUU

CAAGAAGGAUGAGCACGCA

GGCAAGUCACGGAGCAACA

M-005228-01

ASAH1

CACCAUAAAUCUUGACUUA

GGUCAUAACUGAGCAACUA

UAUAUGAACUCGAUGCUAA

GAAAAUAGCACAAGUUAUG

GCACAGGCCUGCUACUGAC

M-010641-01

NEU3

GAAGAUGACAGAGGGAUUA

GAUCUACAGUGAUGACCUA

GUGCAGAGGUCAUGGAAGA

GAACCCAAGCCAAUUCAAA

ACUUGUGGACCCAGAGGAU

L-009375-01-
0005

GBA2

GUCCACUACAGGCGGUAUA

GGUACAAAUCUGCGCUGUU

GAACCAUGGCUCCGCGUCA

GCUGAAGGCUGCUACCGUA

M-006674-01

SPTLC2

UCAAACAGAUACCGGUUAA

CAUACUAUAACCAGGUAAA

CCGAGGAUGUGGAUGUUAU

GUACAAAGCUGCUCCGUAG

M-012538-02

GLA

AAGCUAGGGUUCUAUGAAU

AGGCAGACCCUCAGCGCUU

GAGUAGAUCUGCUAAAAUU

GGUUAUAAGCACAUGUCCU

M-006441-02

UGCG

GAUAUGAAGUUGCAAAGUA

GCGAAUCCAUGACAAUAUA

GGACCAAACUACGAAUUAA

GAUUUGUGAUAGUGGAAUA

M-012539-01

GLB1

GUGCAUAUAUCAACGAUUU

GAAUGGAGGGCCAGUUAUA

UGAAACAGCAUUAUGGGUU

GGUCCUAUCCCUCCAUCUA

M-010270-02

UGT8

ACACUAAACUCAUAGAAUG

CGAGAGAGGCCACCAUACA

GAUGCUGUGUACUGACGUA

CAGUCCAAGAUGCGGAAUA




Appendix B — Additional Works

Overview

In the following sections (Appendix B1 and Appendix B2), additional non-dissertation
works (first authorships and published/under review collaborations and patents) will be presented.
Appendix B1 is a methods paper entitled “Development of a high-throughput SARS-CoV-2
antiviral testing method using plate-based image cytometry,” that is currently under review at The
Journal of Virological Methods, and is included here with the permission of all authors. Appendix
B2 will provide and outline of additional collaborative works presented with citation, abstract, and

an overview of my contributions to each project.
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Appendix B1 — Development of a high-throughput SARS-CoV-2

antiviral testing method using plate-based image cytometry.?

B1.1: Introduction

Since January of 2020, the COVID-19 pandemic has created a major public health crisis
across the globe. Since the start of the pandemic, approximately 400 million cases and 5.8 million
deaths have been reported worldwide [320]. In response, researchers around the world have
engaged in rapid vaccine development, surveillance programs, and antiviral testing. These
combined efforts within the community led to the development and delivery of multiple vaccine
candidates, where an estimated 10.2 billion doses of vaccines have been administered worldwide
[320]. To date, there have been numerous drugs tested and repurposed as antivirals that have
either received approval or emergency use authorization such as remdesivir, molnupiravir,
nirmatrelvir/ritonavir (Paxlovid™), while testing and clinical trials are ongoing for many others
[321-324]. However, each of these drugs has its limitations for use, and are not yet available to
many low-income communities throughout the world. Additionally, with the emergence of new
highly transmissible variants that are showing an increased ability to circumvent the immunity
conferred by vaccination, like the Omicron variant that emerged in November 2021, there has
been a renewed interest in the discovery of novel antiviral candidates effective against emerging
variants of concern.

Traditional antiviral or vaccine testing methods utilize plaque-reduction neutralization tests

(PRNTs) or RT-PCR analysis to investigate the effects of antiviral drugs and vaccines to

3 Adapted from: St Clair LA, Chan LL, Boretsky A, Lin B, Spedding M, and Perera R. Development of a
high-throughput SARS-CoV-2 antiviral testing method using plate-based image cytometry. Under review
at Journal of Virological Methods.
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neutralize viral infections. However, both assays are time-consuming, requiring days to either
form visually clear plaques or to prepare cell extractions for PCR analysis. These assays are also
low-throughput and can have high operator-to-operator variation. Furthermore, digital images of
the viral reduction are not typically recorded [325]. These facts underpin a critical need to develop
high-throughput testing methods of new antiviral drugs and vaccine candidates to improve the
efficiency of research and development.

Plate-based image cytometry systems have demonstrated high-throughput screening for
potential vaccine candidates [325-328]. The Celigo Image Cytometer has been employed for
high-speed and high-throughput counting of viral plaques, foci, and individual virus-infected cells
in 96-well microplates using bright field or fluorescence imaging. Image cytometric analysis can
significantly reduce the plaque counting time and minimize operator-to-operator variation, which
can improve the efficiency of identifying new or novel candidates for viral diseases [329-331].
Current publications have shown the improvement in assay time and precision for fluorescence
detection of plaques, foci, or individual infected cells via immunostaining or fluorescent protein
reporter for COVID-19 vaccine development [332,333]. In this work, we developed a high-
throughput antiviral testing method employing the Celigo Image Cytometer to investigate the
effects of antiviral drugs candidates on infection rates using a SARS-CoV-2 reporter virus that
stably expresses a fluorescent mNeonGreen reporter protein as well as their cytotoxicity effects
on the healthy host cell line using fluorescent viability stains. During the method development, the
host cell line, MOI, and cell seeding density were first selected for the antiviral testing method.
The optimized image cytometry method was then used to demonstrate antiviral testing of four
drug compounds repurposed for potential COVID-19 treatment at different concentrations. The
high-throughput antiviral testing method using Celigo Image Cytometer can provide a more
efficient platform to rapidly identify potential antiviral drugs, which is highly critical during a global

pandemic to combat the rapidly spreading SARS-CoV-2 virus and its variants.
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B1.2: Results

B1.2.1 — Selection of the optimal host cell line and MOI

To develop a high-throughput SARS-CoV-2 antiviral testing method, we first sought to
determine an appropriate host cell line and the respective MOI. The purpose was to identify the
potential cell types that were permissive to infection with the mNeonGreen SARS-CoV-2 reporter
virus and provide robust and biologically relevant results for the antiviral testing method. In this
initial experiment, we compared the infection of Calu3, Huh7, ACE2-A549, Detroit 562, and Fadu
cells at various MOls. The fluorescent overlay images of Hoechst and mNeonGreen are displayed
in Figure B1.1, which visually showed higher infection for Calu3 in comparison to Huh7. The

ACE2-A549 also showed high infection, however, a significant cell loss was observed.

MOI 0 MOl 0.01 MOl 0.1 ‘MOl 1

Huh?7 Calu3

ACE2-A549

Figure B1.1. Fluorescent overlay images of Hoechst and mNeonGreen SARS-CoV-2-infected Calu3, Huh7, and ACE2-
A529 at MOls 0.01, 0.1, and 1. Visually, Calu3 and ACE2-A549 cells both showed permissibility to the SARS-CoV-2
virus, but only the ACE2-A549 showed significant cell loss.
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The normalized mNeonGreen cell count results are shown in Figure B1.2a-d, which
indicated that ACE2-A549, Huh7, and Calu3 were permissive to SARS-CoV-2 at low MOI and
were viable candidate host cell lines. The Detroit 562 and Fadu cell lines did not show any
mNeonGreen fluorescence, indicating that they were not permissive to SARS-CoV-2 infection
(Supplemental Figure B1.1). In addition, we observed significant cytopathic effect in SARS-CoV-
2-infected ACE2-A549 cells causing cell loss that was not observed in other human cell lines
(Figure B1.2e-f), which suggested that overexpression of ACE2 in these cells may increase
SARS-CoV-2 replication kinetics. The Calu3 cells represent a more biologically relevant cell line
(compared to Huh7 cells) and are naturally permissive to infection [334], and thus were selected
as the most appropriate cell line for the antiviral testing method. The MOI of 0.1 for Calu3 was

also selected based on its lower standard deviation.
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Figure A.1.2. Cell counting results measured by the image cytometer. (a-d) The mNeonGreen positive cell counting
results normalized to the total cell count (e-h) measured by Hoechst staining. The Calu3 and ACE2-A549 cells showed
significant increase to the mNeonGreen positive cell count, while Huh7 and Detroit 562 did not. The ACE2-A549 also
showed a significant reduction in the total cell count. E-H: One way ANOVA with Dunnett’s multiple comparisons test:
* = p=0.05, ** = p=0.01, ***= p=<0.001, **** = p<0.0001).
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A.1.2.2 — Optimization of cell seeding density

To further optimize the image-based antiviral testing method, we performed a cell seeding
density experiment to determine the optimal cell seeding per well. It was previously demonstrated
that SARS-CoV-2 has a peak viral replication cycle at approximately 36 - 72 hours post-infection
(hpi) [334]. Therefore, the seeding density should allow for adequate detection of the antivirals
efficacy, visualization of the viral spread, and should not result in overgrowth/cell stress by 72 hpi.
The cell proliferation bright field images are shown in Figure B1.3 and Supplemental Figure B1.2
for 1 x 105 8 x 10,6 x 10%, 4 x 104, 2 x 10, and 1 x 10* cells/well. For seeding densities above 4
x 10 cells/well at 96 hours post seeding (representing 72 hours post infection), the confluence
percentages were 85 — 100%, which may stress the host cells (Figure B1.4). The seeding density
of 2 x 10* cells/well provided a clear visualization of host cells in the well and did not show

overgrowth over the 96 hours.

24 h

40,000

20,000

10,000

Figure B1.3. The bright field images of Calu3 confluency at seeding densities 1 x 104, 2 x 104, and 4 x 10* cells/well
from 24 to 96 h. Visually, 2 x 10* cells/well is the most appropriate density.
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Figure B1.4. Time-course confluence percentages of Calu3 at seeding densities from 1 x 10* to 1 x 10° cells/well. The
2 x 10* cells/well showed a consistent 60 — 70% confluence over time, while densities at 4 x 104 or above showed
closer to 100% confluence.

A.1.2.3 — Demonstration of the high-throughput antiviral testing method

The selected host cell line (Calu3), MOI (0.1), and seeding density (2 x 10* cells/well) were
employed to develop the antiviral testing method. To demonstrate the image-based antiviral
testing method, we investigated the effects of four drug compounds that were repurposed for
treatment of SARS-CoV-2 infection. Each of the drug compounds (Remdesivir, Ribavirin,
Ambroxol HCI, GENZ-123346) showed different antiviral effects on the SARS-CoV-2-infected
Calu3 cells (Figure B1.5). Remdesivir showed the highest effect, Ribavirin and GENZ-123346
showed similar effects, and Ambroxol HCI was the least effective drug, but still showed ~0.5 log
reduction in viral replication.

In addition, we investigated the cytotoxic effects of the drug compounds on healthy Calu3
cells. The live/dead ratio results are shown in Figure B1.6, and the normalized live and dead cell
counts are shown in Supplemental Figure B1.3. Remdesivir seemed to have no effects on the
live/dead ratio except for 5 uM. Both Ambroxol HCI and Ribavirin showed cytoprotective effects
as the concentration increased. Finally, GENZ-123346 showed cytoprotective effects at low

concentrations, but significant cytotoxic effects at high concentrations. It is interesting to note that

169



each drug compound showed different effects on the live and dead cell counts, specifically,
Ambroxol HCI showed increase in live cell counts, while Ribavirin showed decrease in dead cell
counts, and GENZ-123346 showed both increase and decrease in live cell counts and increase

in dead cell counts.

(a) Effect of Remdesivir (b) Effect of Ribavirin (c) Effect of Ambroxol HCI (d) Effect of GENZ-123346
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Figure 5. Concentration-dependent effects of drug compounds on SARS-CoV-2 viral replication for (a) Remdesivir, (b)
Ribavirin, (c) Ambroxol HCI, and (d) GENZ-123346. All the tested drug compounds showed reduction in the
mNeonGreen positive cells, with the following ranking: Remdesivir > Ribavirin = GENZ-123346 > Ambroxol HCI (One
way ANOVA with Dunnett’s multiple comparisons test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001).
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Figure 6. Concentration-dependent effects of drug compounds on host cell viability (live/dead ratio) for (a) Remdesivir,
(b) Ribavirin, (c) Ambroxol HCI, and (d) GENZ-123346. Remdesivir showed no notable changes to cell viability, while
both Ribavirin and GENZ-123346 showed cytoprotective effects with increased viability. GENZ-123346 showed
increased viability at low MOI and vice versa at high MOI (One way ANOVA with Dunnett’s multiple comparisons test:
* = p<0.05, ** = p<0.01, ***= p<0.001).
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B1.3: Discussion

The SARS-CoV-2 viral outbreak has spread rapidly across the globe prompting the urgent
need for discovery of novel antiviral and vaccine candidates. To increase the efficiency of
screening of viable candidates, it is important to develop a high-throughput antiviral testing
method that can show significant improvement from the traditional assays such as PRNT or RT-
PCR. Plate-based image cytometry can increase the speed of data acquisition and analysis in a
high-speed and high-throughput manner, enables bright field- and fluorescence-based detection,
as well as provide image-based digital records.

We demonstrated the use of the Celigo Image Cytometer for high-throughput SARS-CoV-
2 antiviral testing by first optimizing the methodology by selecting a host cell line and optimizing
the MOI and seeding density. Of the five host cell lines tested, only Calu3 showed a high increase
in normalized mNeonGreen positive cells on an order of ~2 logs without inducing cytopathic
effects on the host cells. The ACE2-A549 showed greater than 2 decades of increase in
mNeonGreen positive cells, however, severe cytopathic effects and cell death were observed
rendering this cell line inappropriate for this assay. The MOI of 0.1 for Calu3 showed the most
stable infection rate, thus was selected for the testing method. Due to variations of cell counts
during initial seeding and potential cell loss after infection, the total cell counts were used to
normalize the mNeonGreen positive cell counts to minimize the variations in the results.

The seeding density required optimization to ensure the host cells are not over-confluent
96 h post-seeding, which can stress the cells and potentially affect the infectivity of SARS-CoV-2
virus on the host cells. Seeding densities at 4 x 10* cells/well or above showed confluence
percentages approximately 85 — 98%, which was too high for the assay. Both 1 x 10* and 2 x 10*

seemed to be in the appropriate range for cell seeding. Interestingly, the seeded Calu3 cells did
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not proliferate, and remained consistent from 24 — 96 h, which indicated that Calu3 is a slow
growing cell type and is consistent with other published studies [335].

After optimizing the high-throughput antiviral testing method, two experiments were
performed to test four pre-selected compounds repurposed for COVID-19 treatment. The first
experiment explored the infectivity of SARS-CoV-2 virus, which was accomplished by measuring
the number of mMNeonGreen positive cells and total cell count for normalization. Both Remdesivir
and Ribavirin have previously shown in vitro and had clinical efficacy against the SARS-CoV-2
virus [336]. In this experiment, those results were recapitulated using the image cytometry
method showing strong concentration-dependent antiviral effects against SARS-CoV-2 at higher
concentrations. Ambroxol HCl and GENZ-123346 also showed concentration-dependent antiviral
effects at the two highest concentrations. It is important to note that the 50 uM treatment of GENZ-
123346 was not included in the results as it was cytotoxic and complete loss of cells was
observed.

The second experiment investigated the cytotoxic effects of the drug compounds on the
host cells. The cell viability was calculated by the normalized live cell count divided by the
normalized dead cell count, which combined the effects of the drugs on live and dead cells. For
example, except for 5 uM Remdesivir the remaining concentrations showed consistent live and
dead cell count, which resulted in consistent live/dead ratios over the dosages. The Ribavirin
treatment showed no effects on the live cell counts but reduced the number of dead cells with
increasing concentrations, which resulted in an increase in live/dead ratio. In contrast, Ambroxol
HCI showed no effects on the dead cell counts but increased the number of live cells with
increasing concentrations, which also resulted in an increase in live/dead ratio. The most
interesting results were characterized for GENZ-123346, where the live and dead cell counts were
indirectly correlated as the concentrations increased. At the two lower dosages, the live and dead

cell counts increased and decreased, respectively, and reversed at the two higher dosages. The

172



GENZ-123346 results indicated that this drug was cytoprotective at lower dosages and cytotoxic
at higher dosages, thus further characterization is required to ensure the safe use of this drug
compound.

In conclusion, the development of an image-based high-throughput antiviral testing
method allowed rapid characterization of potential antiviral drug candidates, which enabled direct
quantification of the antiviral effects on SARS-CoV-2 viral infectivity and their cytotoxic and/or
cytoprotective effects to the host cells, which are both critical to ensure the efficacy and safety of
the potential antiviral drug candidates. Furthermore, the versatility of the methodology developed

in this work may also be adopted for screening antiviral candidates for other diseases.

B1.4: Materials and Methods

B1.4.1 — Cell lines and viruses used

The cell lines used to develop the plate-based image cytometry method for SARS-CoV-2
antiviral testing have been published previously: Human lung adenocarcinoma cells stably
transfected to express ACE2 (ACE2-A549s) [249], Human lung adenocarcinoma (Calu3) cells
(ATCC HTB-55), two human pharyngeal carcinoma (Fadu, Detroit 562) cell lines (ATCC HTB-43
and ATCC CCL-138), human hepatoma (Huh7) cells (unknown sex, a gift from Dr. Charles Rice)
[261], and African green monkey kidney epithelial (Vero E6) cells (ATCC CRL-1586).

ACE2-A549s, Huh7, and Vero E6 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibcol/Life Technologies, Carlsbad, CA) and supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Atlas Biologicals, Fort Collins, CO). Calu3 cells were
maintained in DMEM and supplemented with 15% non-heat inactivated FBS. Fadu and Detriot

562 cells were maintained in Minimum Essential Media (MEM) (Gibco/Life Technologies)
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supplemented with 10% non-heat inactivated FBS. All media was also supplemented with 2 mM
nonessential amino acids (HyClone, Logan, UT), 2 mM L-glutamine (HyClone), and 25 mM
HEPES buffer. All cell lines were maintained at 37°C with 5% CO..

The mNeonGreen SARS-CoV-2 virus strain was provided by the World Reference Center
for Emerging Viruses and Arboviruses at the University of Texas Medical Branch, Galveston, TX
[337]. This infectious clone was constructed by Xie et al. based on the virus strain (2019-
nCOV/USA_WAO01/2020) isolated from the first reported SARS-CoV-2 case in the US [338-340].
Viral stocks were amplified in Vero E6 cells to passage 1 (P1) with a titer of 9.67 x 10° PFU/mL
and were stored at -80°C. Viral infections were carried out at specific multiplicity of infection (MOI)
and incubation time for assay development. During all infections, cells were overlaid with either
MEM or DMEM supplemented with 2% heat-inactivated FBS, 2 mM non-essential amino acids, 2

mM L-glutamine, and 25 mM HEPES buffer.

B1.4.2 — Celigo instrumentation and software application

The Celigo Image Cytometer has been described previously, which utilizes one bright field
(BF) and four fluorescence (FL) imaging channels: Blue (Ex/Em: 377/470 nm), Green (Ex/Em:
483/536 nm), Red (Ex/Em: 531/629 nm), and Far Red (Ex/Em: 628/688 nm) in combination with
high-power light-emitting diodes [341-344].
The Celigo software application “Confluence 1” was used to measure the host cell confluence
percentages using the acquired bright field images. The preset ANALYZE parameters were
optimized to automatically measure confluence percentages. The confluence percentages were
calculated as the ratio of cell surface area coverage divided by total surface area in the well
measured directly from the image cytometer. The results were used to optimize Calu3 seeding

density.
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The Celigo software application “Target 1 + 2 + Mask” was used to identify the total
number of Hoechst-positive host cells (Ex/Em: 352/461 nm) in the Blue channel and the number
of mNeonGreen fluorescent infected cells (ExX’Em: 506/517 nm) in the Green channel. The Celigo
instrument was set up to acquire images in the Target 1 (BF), Target 2 (Green), and Mask (Blue)
channels, where the exposure times for mNeonGreen and Hoechst were 60,000 and 145,000 ps,
respectively. Image-based autofocus was used to focus in the BF channel, and the focus offsets
were applied for the BF (-2 um), Green (0 um) and Blue (-15 pm) channels. The preset ANALYZE
parameters were optimized to identify the Hoechst-positive host cells above an intensity threshold
of 2, then the gating feature was used to determine the mNeonGreen-positive infected cell
number.

The Celigo software application “Target 1 + 2 + 3 + 4” was used to identify the total number
of Hoechst-positive cells (ExEm: 352/461 nm) in the Blue channel, the number of
live/metabolically active Calcein AM-positive cells (Ex/Em: 488/520 nm) in the Green channel,
and dead propidium iodide-positive cells (PI, EX/Em: 496/636 nm). The Celigo instrument was set
up to acquire images in the Target 1 (BF), Target 2 (Blue), Target 3 (Green), and Target 4 (Red)
channels, where the exposure times for Hoechst, Calcein AM, and PI were 23,000, 10,000, and
10,000 ps, respectively. Image-based autofocus was used to focus in the BF channel, and the
focus offsets were applied for the BF (-8 ym), Blue (-13 ym), Green (+7 ym) and Red (0 ym)
channels. The preset ANALYZE parameters were optimized to identify the fluorescent positive

cells above an intensity threshold of 4.

B1.4.3 — Host cell line and MOI selection

Multiple host cell lines were infected with different MOlIs of the mNeonGreen SARS-CoV-
2 virus to select the most appropriate cell type for antiviral testing. First, the ACE2-A549, Calu3,

Huh7, Fadu, Detroit 562, and Vero E6 cell types were seeded in a 96-well plate (Greiner 655180)
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at 20,000 cells/well and allowed to adhere overnight. After 24 hours post-seeding, the ACE2-
A549, Calu3, and Huh7 were infected with MOls of 0.01, 0.1, and 1. The Fadu and Detroit 562
were infected with MOls of 0.001, 0.01, 0.1, and 1. After 72 hours post-infection (hpi), the cells
were stained with ViaStain™ Hoechst 33342 (Nexcelom Bioscience, Lawrence, MA) following
manufacturer’s instructions. Subsequently, the wells were scanned using the image cytometer to
determine the total cell count and infected cell count for selecting the most optimal cell type. The

infected cell count results were normalized to the average total cell count.

B1.4.4 — Cell seeding density selection

A cell proliferation experiment was conducted to optimize the seeding density for the
antiviral testing method using Calu3 that was selected from the experiment described previously.
The Calu3 cells were seeded at densities of 1 x 10°, 8 x 10, 6 x 104, 4 x 104, 2 x 10, and 1 x 10*
cells/well in a 96-well plate. The cells were allowed to incubate for 96 hours post-seeding, where
the plate was scanned using the image cytometer at 24, 72, and 96 hours. The confluence
percentages were measured at each time point to select a seeding density that can generate 50

— 70% confluence.

B1.4.5 — High- image-based antiviral testing method

To demonstrate the optimized antiviral testing method, an experiment was performed to
measure the antiviral effects of four drugs on SARS-CoV-2-infected Calu3 cells. The four drugs
chosen were Remdesivir, Ribavirin, Ambroxol hydrochloride (#A0363700, Sigma-Aldrich, St.
Louis, MO), and GENZ-123346 (#28500, Cayman Chemical, Ann Arbor, Ml). Remdesivir and
Ribavirin were selected for the assay as positive controls since they were already shown to be

relatively effective at inhibiting SARS-CoV-2 in vitro [336,345]. Ambroxol HCl and GENZ-123346
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are both modulators of glucosylceramide, a lipid metabolite that may be vital for SARS-CoV-2
replication [220]. Ambroxol HCl is a molecular chaperone of B-glucocerebrosidase 1, and inhibitor
of B-glucocerebrosidase 2, and can modulate glycosphingolipid metabolism in pathophysiological
situations by these mechanisms [300]. GENZ-123346 is an inhibitor of glucosylceramide
synthase. These compounds were chosen as part of an ongoing study in our laboratory
investigating the role of sphingolipid metabolism in SARS-CoV-2 infections.

The Calu3 cells were first seeded at a density of 2 x 10° cells/well in 96-well plates and
incubated overnight. Approximately 1 — 3 hours prior to infection, the growth media was removed
from cells, and subsequently overlaid with DMEM supplemented with 2% heat-inactivated FBS,
2 mM NEAA, 2 mM L-glutamine, 25 mM HEPES buffer, containing each compound at different
concentrations: Remdesivir (10, 5, 1, 0.5 uM), Ribavirin (400, 200, 100, 50 uM), Ambroxol HCI
(100, 50, 25, 12.5 uM), and GENZ-123346 (50, 25, 12.5, 6.25 uM). The concentrations selected
were based on published ICso values for Remdesivir and Ribavirin [336] and previous optimization
in our studies for Ambroxol HCl and GENZ-123346. The cells were then infected with the
mNeonGreen SARS-CoV-2 virus at MOI of 0.1 for 72 hours. Each drug compound and its
corresponding vehicle control (DMSO or DMF) were tested in triplicate. It is important to note that
the 96-well plates were made in duplicate to investigate the antiviral activity as well as assessing
cytotoxicity effects of the compounds on host cells in parallel.

Following the infection experiment, the supernatant from infected Calu3 cells was
harvested and stored at -80°C. The remaining cells were washed with 1X PBS, and then stained
with the ViaStain™ Hoechst 33342 following manufacturer’s instructions. To determine viral
replication, the plates were imaged and analyzed using the image cytometer to count the total
number of Calu3 cells with Hoechst staining and mNeonGreen SARS-CoV-2 infection. The

infected cell count results were normalized to the average total cell count.
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In contrast, the cytotoxicity plates were not infected with the mNeonGreen reporter virus,
but all other conditions and timeframes were maintained. Following the experiment, the media
from uninfected cells was aspirated, cells were washed with 1X PBS, and then were stained with
the ViaStain™ Calcein AM/Hoechst/P| Viability Kit following manufacturer’s instructions. The
viability kit allowed for determination of the effects of various compounds and their respective
concentrations on host cell viability. To determine the cell viability, the plates were imaged and
analyzed using the image cytometer to count the total number of cells with Hoechst, the live cells
with Calcein AM, and dead cells with PI. The live and dead cell count results were also normalized

to the average total cell count.

B1.4.6 — Statistical Analysis

The statistical analysis method used is noted in each applicable figure. Determination of
statistical significance for antiviral effect, cell viability, and live/dead cell counts was performed
using a one-way Analysis of Variance (ANOVA) with Dunnett’s multiple comparisons using

version 9.3.1 of Prism software (GraphPad Software, La Jolla, California, USA).
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B1.5 — Supplemental Figures

MOI 0 MOl 0.001 MOl 0.01 MOl 0.1 MOl 1

Fadu

Detroit 562

Supplemental Figure B1.1. Bright field and fluorescent overlay images of mNeonGreen SARS-CoV-2- |nfected Fadu

and Detroit 562 at MOls 0.001, 0.01, 0.1, and 1. Visually, both cell lines showed low to no permissibility to the SARS-
CoV-2 virus.

24 h 72 h 96 h

80,000 100,000

60,000

Supplemental Figure B1.2. The brlght f|eld images of Calu3 confluency at seeding densities 6 x 10%, 8 x 104 and 1 x
105 cells/well from 24 to 96 h. Visually, these densities are over-confluent.
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Supplemental Figure B1.3. Concentration-dependent effects of drug compounds on live and dead cell count for (a, e)
Remdesivir, (b, f) Ribavirin, (c, g) Ambroxol HCI, and (d, h) GENZ-123346 (One way ANOVA with Dunnett’'s multiple
comparisons test: * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001).
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Appendix B2 — Collaborations and Other Works

B2.1 — Additional Flavivirus Related Works

1. Trammell CE, Ramirez G, Sanchez-Vargas |, St Clair LA, Ratnayake OC, Luckhart S, Perera
R, Goodman AG. Coupled small molecules target RNA interference and JAK/STAT signaling
to reduce Zikva virus infection in Aedes aegypti (2022). PLoS Pathogens, 18(4): e1010411.

DOI: 10.1371/journal.ppat.1010411

Abstract: The recent global Zika epidemics have revealed the significant threat that mosquito-
borne viruses pose. There are currently no effective vaccines or prophylactics to prevent Zika
virus (ZIKV) infection. Limiting exposure to infected mosquitoes is the best way to reduce disease
incidence. Recent studies have focused on targeting mosquito reproduction and immune
responses to reduce transmission. Previous work has evaluated the effect of insulin signaling on
antiviral JAK/STAT and RNAI in vector mosquitoes. Specifically, insulin-fed mosquitoes resulted
in reduced virus replication in an RNAi-independent, ERK-mediated JAK/STAT-dependent
mechanism. In this work, we demonstrate that targeting insulin signaling through the repurposing
of small molecule drugs results in the activation of both RNAi and JAK/STAT antiviral pathways.
ZIKV-infected Aedes aegypti were fed blood containing demethylasterriquinone B1 (DMAQ-B1),
a potent insulin mimetic, in combination with AKT inhibitor VIII. Activation of this coordinated
response additively reduced ZIKV levels in Aedes aegypti. This effect included a quantitatively
greater reduction in salivary gland ZIKV levels up to 11 d post-bloodmeal ingestion, relative to
single pathway activation. Together, our study indicates the potential for field delivery of these

small molecules to substantially reduce virus transmission from mosquito to human. As infections

181



like Zika virus are becoming more burdensome and prevalent, understanding how to control this

family of viruses in the insect vector is an important issue in public health.

Project contributions: Experimental design, data curation, formal analysis, manuscript editing.
Data curation entailed mosquito rearing and colony maintenance of Aedes aegypti mosquitoes,
as well as all experimentation for Figure 2 (sugar-bait delivery of DMAQ-B1 and AKT Inhibitor VIII

inhibitors model and survival analysis).

2. Gullberg RC, Chotiwan N, Lian E, Islam N, St Clair LA, Edwards TJ, Graham B, Krieger K,
Khadka S, Hopf-dannasch A, LaCount DJ, Kuhn RJ, Belisle JT, and Perera R. A change in
the cellular metabolic landscape provides a refractory environment for flavivirus replication

(2022). (Reviewed and preparing for resubmission to PLoS Pathogens).

Abstract: Host-targeted therapeutics to control viral infection are gaining prominence given the
vulnerability of viral replication at select host-interaction points and the limited possibility of
developing drug resistant mutants. Nevertheless, the chemical and biological impact of many
host-targeted therapeutics on both the cell and virus has not been elucidated and remains a key
complication. Previously, it has been demonstrated that inhibition of fatty acid metabolism has
significant antiviral potential. Here, we use a multidisciplinary approach to demonstrate how
inhibition of fatty acid biosynthesis creates a metabolically refractory environment that drives viral
dependence on alternate metabolic pathways for survival. By profiling the global metabolic
landscape following inhibition of fatty acid biosynthesis, we identified additional biochemical
pathways that, when inhibited in combination with fatty acid biosynthesis, displayed increased
antiviral potential. Our studies also demonstrated that there was a direct link between changes in
cellular chemical composition and the ultrastructural membrane architecture induced by viral gene

products. Utilizing inhibitors to change these metabolic environments significantly impacted early
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viral replication and disrupted the membrane architecture critical for the viral life cycle. Here, we
have defined at a molecular level how shifting metabolic landscapes can be exploited to identify

combinations of therapeutics that have a greater antiviral effect.

Project Contributions: Experimental design, data curation, formal analysis, manuscript editing.
Data curation entailed generating dose-response curves for orlistat, C75 and 6TG;
experimentation to validate the impact of each inhibitor on positive and negative strand DENV2
genome synthesis; and experimentation to determine additive effect of combined inhibitor

treatment on DENV2 viral release.

B2.2 — SARS-CoV-2 Related Works

1. Burke JM, St Clair LA, Perera R, and Parker R. SARS-CoV-2 infection triggers widespread
host mRNA decay leading to an mRNA export block. RNA, 27(11):1318-1329. doi:

10.1261/rna.078923.121

Abstract: The transcriptional induction of interferon (IFN) genes is a key feature of the
mammalian antiviral response that limits viral replication and dissemination. A hallmark of severe
COVID-19 disease caused by SARS-CoV-2 is the low presence of IFN proteins in patient serum
despite elevated levels of IFN-encoding mRNAs, indicative of post-transcriptional inhibition of IFN
protein production. Here, we performed single-molecule RNA visualization to examine the
expression and localization of host mMRNAs during SARS-CoV-2 infection. Our data show that the
biogenesis of type | and type Ill IFN mRNAs is inhibited at multiple steps during SARS-CoV-2
infection. First, translocation of the interferon regulatory factor 3 (IRF3) transcription factor to the
nucleus is limited in response to SARS-CoV-2, indicating that SARS-CoV-2 inhibits RLR-MAVS

signaling and thus weakens transcriptional induction of /FN genes. Second, we observed that IFN
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mRNAs primarily localize to the site of transcription in most SARS-CoV-2 infected cells,
suggesting that SARS-CoV-2 either inhibits the release of IFN mRNAs from their sites of
transcription and/or triggers decay of IFN mRNAs in the nucleus upon exiting the site of
transcription. Lastly, nuclear-cytoplasmic transport of /IFN mRNAs is inhibited during SARS-CoV-
2 infection, which we propose is a consequence of widespread degradation of host cytoplasmic
basal mRNAs in the early stages of SARS-CoV-2 replication by the SARS-CoV-2 Nsp1 protein,
as well as the host antiviral endoribonuclease, RNase L. Importantly, IFN mRNAs can escape
SARS-CoV-2-mediated degradation if they reach the cytoplasm, making rescue of mMRNA export

a viable means for promoting the immune response to SARS-CoV-2.

Project Contributions: Experimental design, data curation (all SARS-CoV-2 BSL3 work), formal

analysis, manuscript editing.

2. Burke JM, Ripin N, St Clair LA, Worden-Sapper ER, Sawyer SL, Perera R, Parker R. RNase-
L mediated RNA decay alters 3’ end formation and splicing of host mRNAs (2022). (Submitted

to BioRyiv, under review at Review Commons)

Abstract: The antiviral endoribonuclease, RNase L, is a vital component of the mammalian innate
immune response that destroys host and viral RNA to reduce viral gene expression. Herein, we
show that a consequence of RNase L-mediated decay of cytoplasmic host RNAs is the
widespread re-localization of RNA-binding proteins (RBPs) from the cytoplasm to the nucleus,
due to the presence of nuclear RNA. Concurrently, we observe global alterations to host RNA
processing in the nucleus, including downstream of gene (DoG) transcriptional read-through and
intron retention. While affecting many host mRNAs, these alterations are pronounced in mRNAs
encoding type | and type lll interferons and coincide with the retention of their mRNAs in the

nucleus. Similar RNA processing defects also occur during infection with either dengue virus or
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SARS-CoV-2 when RNase L is activated. These findings reveal that the distribution of RBPs
between the nucleus and cytosol is fundamentally dictated by the availability of RNA in each
compartment and thus viral infections that trigger cytoplasmic RNA degradation alter RNA

processing due to the nuclear influx of RNA binding proteins.

Project Contributions: Experimental design, data curation (all SARS-CoV-2 BSL3 work), formal

analysis, manuscript editing.

B2.3 — Patents Submitted

1. Spedding M', Perera R', St Clair LA'. Novel use of a modulator of glucosylceramide
degradation. Demand International n°PCT/EP2021/006314, filed June 6, 2021. Patent
pending.

'co-inventors

Patent Description: The present invention relates to a modulator of glucosylceramide
degradation or a pharmaceutical acceptable salt thereof, as active ingredient, in an effective
amount for treating or preventing viral infections and disorders associated to the viral infections.
The present invention also relates to a modulator of glucosylceramide degradation or a
pharmaceutical acceptable salt thereof, as active ingredient, in an effective amount for its use for
treating or preventing viral infections and disorders associated to the viral infections.
Surprisingly, the inventors have shown that the modulator of glucosylceramide
degradation, and, in particular, ambroxol inhibits the replication of enveloped viruses, and in
particular inhibits the replication of the SARS-CoV-2 virus and of the dengue virus. In particularly,
the inventors have shown that sphingolipids (GSLs) are essential in the infection cycle of

enveloped human RNA viruses, which are critically dependent on host cell lipid synthesis.
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Furthermore, the inventors have shown that the modulator of glucosylceramide
degradation is able to inhibit viral multiplication by inhibiting glucosylceramide degradation. The
inventors have also shown that the modulator of glucosylceramide degradation has major effects
in viral infections due to SARS-CoV-2, by blocking the access of the virus to the lungs, by blocking
the access of the virus to ACE2/TMPRSS2 and lipid rafts and thus inhibiting the internalization of
the virus. The inventors have also shown that the modulator of glucosylceramide degradation is
able to protect the lungs and the cardiac function of the patient suffering from viral infection due
to SARS-CoV-2, but also to protect the patient suffering from viral infection due to SARS-CoV-2
from muscle loss, and recovery from intensive care. The inventors have also shown that the

modulator of glucosylceramide degradation is able to modulate the mitochondrial function.

Patent Contributions: Experimental design, data curation, formal analysis, and patent editing.
The DENV2 analysis and work that contributed to the application for this patent is presented in
Chapter 4 of this thesis. In parallel to the DENV2 work, additional parallel studies were carried
out testing the efficacy of Ambroxol HCI against SARS-CoV-2 using Calu3 (lung adenocarcinoma)

cells. Those studies are not presented here or elsewhere as they are ongoing.

B2.4 — Rocky Mountain Virology Association Meeting Reports

1. St Clair LA, Brehm AL, Cagle S, Dunham T, Faris J, Gendler P, Graham ME, Quackenbush
SL, Rovnak J, Perera R (2021). The 21st Annual Meeting of the Rocky Mountain Virology

Association. Viruses, 13(1): 2392.

2. Rovnak J, St Clair LA, McAlister C, Ogbu C, Perera R, and Cohrs RJ. (2020). The 20th Rocky

Mountain Virology Association Meeting. Viruses, 13(1): 38.
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3. Rovnak J, St Clair LA, Lian E, McAlister C, Perera R, and Cohrs RJ. (2020). The 19th Rocky

Mountain Virology Association Meeting. Viruses, 12(1): 85.

4. Rovnak J, St Clair LA, Krieger K, Lian E, Perera R, and Cohrs RJ. (2019). The 18th Rocky

Mountain Virology Association Meeting. Viruses, 11(1): 4.

Latest Abstract (2021): Nestled within the Rocky Mountain National Forest, 114 scientists and
students gathered at Colorado State University's Mountain Campus for this year's 21st annual
Rocky Mountain National Virology Association meeting. This 3-day retreat consisted of 31 talks
and 30 poster presentations discussing advances in research pertaining to viral and prion
diseases. The keynote address provided a timely discussion on zoonotic coronaviruses, lessons
learned, and the path forward towards predicting, preparing, and preventing future viral disease
outbreaks. Other invited speakers discussed advances in SARS-CoV-2 surveillance, molecular
interactions involved in flavivirus genome assembly, evaluation of ethnomedicines for their
efficacy against infectious diseases, multi-omic analyses to define risk factors associated with
long COVID, the role that interferon lambda plays in control of viral pathogenesis, cell-fusion-
dependent pathogenesis of varicella zoster virus, and advances in the development of a vaccine
platform against prion diseases. On behalf of the Rocky Mountain Virology Association, this report

summarizes select presentations.

Paper Contributions: 2018-2020, collaborated with Randy Cohrs and Joel Rovnak, et al. to
organize and prepare meeting abstracts for publication. 2021: assembled conference abstracts;
wrote paper abstract, introduction and figure legends; and managed final assembly of article for

publication.
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