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ABSTRACT

THE ROLE OF GALACTOSYLECERAMIDES IN FLAVIVIRUS INFECTION

Mosquito-borne flaviviruses are an intensifying threat to global health without
specific antiviral therapies or a widely available vaccine. Between 2000 and 2019, there
was a 10-fold surge in dengue virus cases reported globally [1]. 2024 was a record year
with more than 14 million dengue cases reported worldwide [2]. Flaviviruses are reliant
upon host cell membranes to complete their life cycle. Preliminary data for this work
included an siRNA loss of function screen of each enzyme in the sphingolipid metabolic
pathway performed in liver cells (Huh7) infected with dengue virus 2. This screen
identified numerous enzymes of interest in the metabolic pathway. This dissertation
investigates the roles of two key enzymes in the sphingolipid metabolic pathway that
affect synthesis and degradation of galactosylceramides, UDP-galactosyltransferase 8
(UGT8) and galactocerebrosidase (GALC), and how they affect flavivirus infections in
vitro. We studied how modulating the expression of UGT8 and GALC during infection with
dengue virus, serotype 2 (DENV2) and Zika virus (ZIKV) impact the virus life cycle in
human hepatoma cells (Huh7). We additionally studied how UGT8 knockdown affected
ZIKV titer in neuroblastoma cells (SH-SY5Y). Chapter 2 focuses on the effect of UGT8
during DENV2 infection of Huh7 cells. We showed that with UGT8 knockdown, there was
an increase in titer, while overexpression caused a decrease in titer. Mechanistic studies
demonstrated that modulating UGT8 expression affected entry and release of DENV2

particles. We did not observe any effect on DENV2 genome replication or the specific



infectivity of the virus particles. We hypothesized that modulation of UGT8 expression
alters the cell and viral membranes to influence virus release and virus entry. Chapter 3
focuses on GALC, which performs the reciprocal reaction as UGT8 and degrades
galactosylceramides in the lysosome. We discovered that GALC knockdown increased
both extracellular and intracellular DENV2 titers, but did not affect genome replication or
specific infectivity. This suggested that GALC knockdown caused an increase in the
efficiency of viral assembly. We proposed that the oxidative stress resulting from loss of
function of the GALC enzyme upregulated sphingomyelinases to increase cellular pools
of ceramide, resulting in an increase in efficiency of viral assembly. Chapter 4 explored
the effects of UGTS8 in ZIKV infection of both Huh7 cells and SH-SYS5Y cells. Modulation
of UGT8 expression in these cells showed a similar phenotype to DENV2. Together, the
findings in this dissertation highlight the importance of sphingolipid metabolism in
flavivirus infections and provides new insights into the roles of these specialized lipids
during infection. Hypothesis of the study: The flavivirus life cycle is critically influenced by
the balance of galactosylceramide synthesis and degradation, processes regulated by

UDP-galactosyltransferase 8 (UGT8) and galactocerebrosidase (GALC) respectively.
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Chapter 1: Literature Review
1.1 Introduction

Infectious diseases are a significant threat which present challenges to human
health and the global economy, with vector-borne diseases accounting for greater than
17% of all human infectious diseases [3,4]. Mosquito-borne diseases alone are
responsible for approximately 700 million cases globally and over a million deaths
annually [5,6]. In 2023, there was a record year for dengue virus, with 6.5 million cases
and 7,300 dengue-related deaths recorded [5]. These staggering case numbers
underscore the need for continued research to develop improved prevention strategies
and therapeutics to address these urgent global health issues.

To stay ahead of the next pathogen with epidemic potential, we must focus our
efforts on both clinical research, to understand the medical consequences of diseases,
and also basic science and virology research, to understand the mechanisms of infection
and develop therapeutic targets. While significant effort has gone into studying infectious
diseases on a molecular level, focusing on changes to nucleic acids and proteins, there
is a growing need for a detailed understanding of the metabolism of infectious diseases
to complete the puzzle. Changes in metabolites reflect changes in a cell’'s metabolism,
which can provide a complete picture of all the pathways being affected by a given
stimulus. Among the components involved in host cellular metabolism, lipids are emerging
as critically important yet historically overlooked part of the puzzle. Recent advances have
begun to shed light on the fundamental roles of lipid metabolism in viral infection,

providing new perspectives on our understanding of disease pathogenesis.



Cellular lipids, which have long been recognized as structural components in cells,
have in recent years gained recognition for their roles in disease pathogenesis. Lipids are
versatile molecules that perform a myriad of functions that can be usurped during
infection. In the context of viral infection, lipid metabolism may be altered to mediate
pathogen recognition and attachment, how the viral and host membranes fuse together,
or may affect signaling pathways. In this dissertation, the roles of lipids in viral infection
will be extensively discussed. Elucidating the functions of lipids during viral infection and
the impact of infection on lipid metabolism could reveal novel approaches for developing
treatment and prevention strategies.

First, an overview of the two viruses studied in this dissertation work will be
presented, followed by an examination of flavivirus biology, host cell lipid structure,

function and metabolism, and how those two topics intersect.

1.2 Overview of Flaviviruses

Flaviviruses (FVs) are a diverse family of viruses which include dengue viruses
(DENV), Zika virus (ZIKV), West Nile virus (WNV), and yellow fever virus (YFV), among
many others. Within the family Flaviviridae are four genera: Hepacivirus, Flavivirus,
Pegivirus, and Pestivirus. The majority of viruses within the Flavivirus genus are

arthropod-borne and are vectored by either mosquitoes or ticks.



1.3 Dengue viruses

Global disease burden

Dengue viruses (DENVs) are a group of mosquito-borne viruses comprising four
serotypes that affect humans around the world. The four serotypes circulate concurrently
in tropical and subtropical regions. The World Health Organization estimates that 390
million dengue infections occur each year and up to 100 countries are affected [5]. In
2013, there were global economic losses of up to 8.9 billion US dollars attributed to an
estimated 58 million symptomatic cases of dengue virus worldwide [7]. As cases have
increased over the years, the CDC now estimates that there are between 100-400 million
cases of dengue virus each year [5,8]. This increases the burden on public health and the
global economy. In 2024 there was a surge of dengue cases in the Americas with over 7
million cases reported by April. In just a few months this far surpassed the total number
of cases in the Americas in 2023 which reached 4.6 million [2]. Many countries where
dengue is endemic do not have robust systems for detection and reporting of cases, so

the numbers reported are thought to likely underrepresent the true number of cases.

Clinical disease

Following the bite of a dengue virus-infected mosquito, the an incubation time in
the human host ranges from 4-7 days and symptoms may last 3-10 days [9]. Patients
affected by dengue viruses may exhibit a wide range of symptoms, resulting in different
disease states that are classified as dengue fever, dengue hemorrhagic fever, and
dengue shock syndrome. Dengue fever is characterized by mild disease, ranging from

subclinical to self-limiting flu-like illness that typically lasts 3-7 days and often includes



headaches, fever, musculoskeletal pain, ocular pain, nausea, and a characteristic skin
rash [5,8—11]. Dengue hemorrhagic fever patients often experience similar symptoms but
additionally have bleeding problems, including bruising and skin and/or oral cavity
hemorrhages. Left untreated, dengue hemorrhagic fever patients have a mortality rate of
up to 10-20%, whereas with medical care the mortality rate is much lower at 2.5% [9]. A
small proportion of patients progress to the most severe disease state, dengue shock
syndrome. Dengue shock syndrome is characterized by hemodynamic shock, circulatory
collapse, and ultimately multi-organ failure, which may lead to death [5,8—12]. Dengue
virus infection is diagnosed using reverse-transcription polymerase chain reaction or NS1
antigen-capture enzyme-linked immunosorbent assays (ELISA) [13]. There are no
antiviral drugs to treat patients who become infected with dengue viruses, and medical
providers must rely on supportive care to manage symptoms.

In a clinical setting there is no simple way to predict which patients will progress to
the severe disease states. Patients who have previously been infected with one serotype
and become infected a second time with a different serotype are at increased risk of
severe disease due to antibody-dependent enhancement (ADE) [14-16]. ADE occurs
when non- or sub-neutralizing antibodies to the first serotype bind virus particles during
the second infection, resulting in increased entry of virus into monocytes, macrophages,
and dendritic cells. With more entry comes increased replication, and ultimately a more
severe disease state.

ADE has significantly stymied vaccine development, as the methodology behind
most vaccines is to expose the recipient to a part of the pathogen to promote the

development of immunity [17] Because previous exposure to a different serotype can



precipitate severe disease, this has made vaccine development complicated, and
required creativity and innovation.

One of the early dengue vaccines was Dengvaxia, a live attenuated tetravalent
vaccine which was developed and introduced by Sanofi Pasteur in 2015 [18,19]. One of
the issues with Dengvaxia was that it had a wide range of efficacy depending on the
serotype of dengue: for DENV3 and DENV4 it was 81.9% and 90.0% effective,
respectively, but for DENV1 it was 61.2%, and for DENV2 it was only 3.5% effective [19].
This was especially concerning as DENV2 was the predominant circulating strain in the
areas where the clinical trial was deployed. In addition, there were only a small number
of blood samples collected from trial participants before the clinical trial, making it difficult
to study serostatus as a metric in how the vaccine performed. Retrospective analysis of
the participants revealed that those who were seronegative and received the vaccine had
a 2-4 fold higher risk of hospitalization related to severe disease as compared to
seropositive participants [19]. We learned a lot from the Dengvaxia trial, namely the
importance of prescreening participants to understand their serostatus, and it has helped
inform the development of new vaccine candidates.

There are two promising tetravalent vaccine candidates currently: TAK-003 from
Takeda and Butantan-DV developed by Instituto Butantan in Brazil, the NIH, and Merck
[20,21]. As of May 2024, TAK-003 was pre-qualified by the World Health Organization
and recommended it for use in children ages 6-16 years old in regions with high endemic
dengue levels [22]. TAK-003 had a cumulative efficacy after 3 years following
administration of 62.0% against dengue infection and 83.6% efficacious at preventing

hospitalization related to severe dengue [21]. It was noted that efficacy against dengue



infection declined over the years and evaluation of the effects of a booster dose is
ongoing.

As of January 2024, the Butantan-DV vaccine was in phase 3 clinical trials which
included vaccinating 10,259 people with the vaccine and 5,976 with the placebo across
16 centers in Brazil representing 5 different regions. The results are very promising: at
the two-year post-inoculation mark, the vaccine was shown to be 89% effective in
preventing infection for people with prior dengue infection, and 79.6% effective in
preventing infection for people without prior infection. It must be noted that in these
regions of Brazil that only DENV1 and DENV2 have been circulating during the years of
the trial, so efficacy against DENV3 and DENV4 in this population is not yet known. The
Butantan-DV vaccine is an exciting advancement relative to other dengue vaccines on
the market as it has shown to be safe and efficacious for people without prior dengue
infection [20]. While the challenges associated with ADE have made vaccine development
difficult, these two new vaccine candidates, TAK-003 and Butantan-DV, offer hope for

improved dengue prevention strategies going forward.

1.4 Zika virus
Global disease burden

Zika virus was first identified and named in 1947 in the Zika forest of Uganda and
has been the cause of sporadic and unpredictable outbreaks worldwide ever since [23—
25]. The next major outbreak did not occur until 2007 in the island of Yap, which was then
closely followed by an outbreak in French Polynesia in 2013 [23]. The outbreak that

resulted in Zika virus being widely known was the 2015 outbreak in Brazil. The World



Health Organization declared the Brazilian outbreak a global health emergency due to its
rapid spread through a densely populated region, its links to birth defects, and the
possible neurological sequelae. There was also concern for rapid spread given how
common the Aedes mosquito vector is in the region [25,26]. Since then, sporadic yet
smaller outbreaks have occurred in various countries in the Americas, southeast Asia,
and Africa, but none as severe as the Brazilian outbreak [27]. It has been hypothesized
that the Brazilian outbreak was larger than other outbreaks due to a perfect storm of many
factors, including increases in international travel to and from Brazil related to
preparations for the Olympics, high population density of seronegative people in the
affected region, and suboptimal water management and vector control strategies

[23,28,29].

Clinical disease

Zika virus, similar to dengue viruses, is acquired through the bite of an infected
mosquito with an incubation time in the human host of 3-14 days. Many patients with Zika
virus are asymptomatic. Those who develop symptoms typically experience rash, fever,
conjunctivitis, myalgia, malaise and headaches [24,30]. However, the most concerning
aspect of Zika virus is its potential to disrupt normal fetal development. It can cause
microcephaly when pregnant individuals are infected, particularly during the first trimester
when brain development is critical [31,32]. Diagnosis of Zika virus infection is made using
quantitative reverse transcription PCR to detect Zika virus RNA in a blood sample [33].

The 2015 Zika epidemic in Brazil showcased the severity of this issue: One study

reported that during the outbreak there were 4,180 babies with suspected microcephaly



reported by the end of the year [31]. Another publication reported 1,950 confirmed cases
of fetal microcephaly in babies born to mothers who previously were diagnosed with Zika
virus [32]. Given limited health infrastructure, these case numbers likely underestimate
the number of babies infected. A recent study utilizing a mouse model of congenital Zika
infection shed light on possible mechanisms of microcephaly. It showed the mice mount
a robust immune response along with downregulation of genes that are crucial in brain
development. Furthermore, they showed a negative correlation between Zika virus
polyprotein abundance and host cell-cycle inducing proteins that had previously been
causally associated with human microcephaly cases [34].

In rare instances (approximately 1 in 4,000), adult patients can develop Guillain-
Barre syndrome (GBS) days to weeks after symptoms first present [30,35]. GBS involves
the development of autoantibodies to glycolipids found on the surface of peripheral
nerves, causing damage to myelin and axon [36]. This damage results in delayed or
interrupted nerve signaling, which can cause loss of sensation, painful tingling sensations,
muscle weakness, and uncoordinated gait [35,37]. GBS is considered a medical
emergency, as the autoantibody induced damage can continue without treatment and
may progress to affect nerves necessary for cardiovascular function [37]. These findings
highlight the multifaceted and complex consequences of Zika virus infection which

prompts further research into mechanisms and options for prevention and treatment.



1.5 Flavivirus life cycle

The FV life cycle is a complex, multi-step process where the virus uses the host
cell machinery and membranes to replicate its genetic material and form new progeny
virions. FVs have an 11kb genome that is a single-stranded, positive sense RNA which
encodes for a single polyprotein [11,38,39]. The genome codes for three structural
proteins, capsid (C), pre-membrane (prM), and envelope (E), and seven non-structural
proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5. The viral genome is contained
within a viral capsid, host-derived lipid envelope, and viral glycoproteins (M and E), which
together form an icosahedral virus particle [8,38]. The following section details each stage
of the FV life cycle:
Attachment and entry

While some viruses display tropism for specific cell types, FVs have broad cellular
tropism and can bind to a wide variety of receptors on many different cell types [40—42].
DENVs have been detected in the liver within hepatocytes, Kupffer cells, and
endothelium, in the spleen within macrophages, multinucleated cells, and lymphoid cells,
in the lung within macrophages and endothelium, in the kidney within the tubular epithelial
cells, and the blood within peripheral monocytes and lymphocytes [43,44]. On the other
hand, Zika has been found in the placenta within Hofbauer cells, trophoblasts, and
endothelium, in the brain within neural progenitor cells, mature neurons, and astrocytes,
in the eye within the aqueous humor, cornea, neuronal cells in the retina, the testes within
spermatogonia, Sertoli cells, Leydig cells, and in the vagina within epithelial cells, and in
the blood within dendritic cells and macrophages [45,46]. The ability of FVs to infect so

many cell types make it difficult to design strategies to combat infection.



At the start of infection, the viral E protein recognizes and binds to a cellular
attachment molecule on the plasma membrane [38,40,42,47]. Single particle tracking of
DENVs has revealed that the virus diffuses along the cell surface until it finds a clathrin-
coated pit [48]. The pit then deepens into a membrane invagination which is subsequently
made into a vesicle by dynamin-mediated membrane fission. Once formed, the vesicle
detaches from the plasma membrane and the clathrin coat is shed [42].

The virus-containing vesicle is then delivered to the early endosome, a process
which typically occurs within five minutes of the initial plasma membrane contact for
DENVs and WNV [48,49]. As the early endosome matures into a late endosome, the
environment becomes more acidic. This pH change triggers a critical conformation
change in the E protein, exposing the previously inaccessible internal fusion peptide [50].
Upon exposure, the E proteins on the virus surface change from homodimers that lay flat
on the surface to homotrimers that extend outward from the virus. This event allows for
the virus surface to be in close proximity to the endosomal membrane [51]. This facilitates
fusion of the virion with the endosomal membrane, depositing the viral RNA into the
cytoplasm [38,42,47,49,52].

The prM protein plays a protective role in this process, covering the E protein to
prevent premature fusion [53]. For DENVSs, fusion has been reported to occur within 10-
13 minutes from the start of infection [48,54]. Interestingly, the lipid composition of the
endosome membrane appears to play a role in fusion efficiency. In one study on
endothelial cells infected with DENV, lysobisphosphatidic acid, a lipid that is enriched in
the late endosome membrane, was shown to aid in fusion [55]. Increasing the cholesterol

content of the endosomal membrane has been shown to enhance WNYV fusion with the
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Figure 1.1. Viral fusion with the endosome membrane. A mature flavivirus particle has 180 viral
envelope (E) proteins on its surface, arranged as 90 E protein homodimers that lie flat in a herringbone
pattern. After the virus enters the cell through receptor-mediated endocytosis, it encounters the acidic
environment of the endosome. The reduction in pH triggers a series of structural changes in the E
proteins. First, the E protein homodimers dissociate. Then, the fusion peptide, previously hidden at the
dimer interface, becomes exposed. Subsequently, the E proteins rearrange to form homotrimers, which
extend outward from the viral surface. These conformational changes facilitate the insertion of the fusion
peptide into the endosomal membrane. The E protein homotrimers then fold back on themselves,

formation of a fusion pore, allowing the viral RNA genome to be released into the host cell cytoplasm.
Figure was made with Biorender.

membrane [56,57]. In Alphaviruses, the cholesterol molecules in the membrane appear
to directly interact with the E protein, however, in FVs this does not appear to be the case.
It is hypothesized that the cholesterol-induced changes in the membrane fluidity and

physico-chemical characteristics may facilitate FV fusion [57,58].

Translation and virion assembly

Positive sense RNA viruses have a unique advantage: their genomes can act as
mMRNA and begin translation upon reaching the ribosome. The flaviviral open reading
frame is translated into one long polyprotein that is then cleaved into the ten individual
viral proteins [38]. Some viral proteins dramatically alter the cellular membranes, inducing
extensive membrane rearrangements of the ER. The membrane rearrangements in the
ER form structures called convoluted membranes, which are sites where translation of
new viral proteins occurs [38,59,60]. Genome replication and assembly occur in

replication compartments (RCs) which are invaginations in the ER membrane [38,59,61—
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63]. At the ER, viral protein NS1 is a cofactor for replication of viral RNA and the C protein
aids in packaging the viral RNA into new virions [38]. NS1 is unique in that it can also be
secreted from infected cells in oligomers of 2, 4, or 6 NS1 proteins arranged around a
central lipid core [64,65]. The NS1 protein has also been causally associated with the
perivascular leakage syndrome seen in dengue patients [66]. NS2A is a transmembrane
protein that aids in viral RNA replication and in assembly [38,67]. NS3, activated by its
co-factor, NS2B, functions as a serine protease, helicase, and nucleotide triphosphatase,
and processes the viral polyprotein [38,68]. NS4A and NS4B are responsible for the
formation of the convoluted membranes and, in conjunction with NS2A and NS2B, form
the scaffold for replication complex [38,69]. Once all of the components are assembled in
the RC, the invagination extends inward toward the ER lumen and the virus particle buds
off, taking the ER membrane as the outer membrane of the virus particle. These virus
particles then travel in vesicle packets to the Golgi apparatus for maturation. This highly
complex and coordinated processes of membrane rearrangements, protein synthesis,

and genome replication, ensure efficient production of viral progeny.

Maturation and release

Following assembly, multiple immature virions travel together in large vesicular
structures called vesicle packets (vp) which fuse with the Golgi apparatus membrane
where particle maturation occurs [38,70,71]. When immature virus particles arrive in the
Golgi, they are approximately 60 nm in diameter and have 90 prM-E heterodimers which
form 60 trimeric spikes on the surface of the particle [38]. During the maturation process,

several structural rearrangements of the surface proteins of the particle occur. The trans-
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Golgi has a low pH which triggers the conversion of the 90 prM-E heterodimers to
dissociate and form 90 E protein homodimers, which lay flat against the membrane
surface, reducing the particle diameter to approximately 50 nm. From here, the prM
protein is accessible, allowing for furin-mediated cleavage of prM to form pr and M protein.
This cleavage event separates the pr protein from the M protein. The cleaved pr fragment
remains associated with the particle, covering the fusion peptide of the E protein until the
particle is released from the cell. The neutral pH of the extracellular environment allows
the pr fragments to fully dissociate from the particle [38]. While many particles achieve
prM cleavage, reaching the full maturity, some particles miss this cleavage step, giving

them the immature spiky phenotype, which can result in decreased infectivity [38,71].

1.6 Flavivirus reliance on host cell membrane dynamics and lipid composition
Lipid composition of membranes

Lipids play many different roles in the host cell, including energy storage,
maintaining membrane integrity, second messengers in signal transduction, and may
serve as recognition receptors. Lipids in a membrane can also control how proteins and
other lipids aggregate or disperse within the membrane [72]. The majority of structural
lipids in eukaryotic membranes are glycerophospholipids such as phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol, phosphatidic acid
and phosphotidylglycerol [72]. Glycerophospholipids are composed of a diacylglycerol
backbone which forms their hydrophobic component and then a hydrophilic headgroup
such as phosphate, choline, ethanolamine, serine, inositol, or glycerol.

Phosphatidylcholine makes up approximately 50% of the phospholipids in eukaryotic
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membranes, has a cylindrical shape, and is organized into planar bilayers. In contrast,
phosphatidylethanolamine has a conical shape due to the relative small size of its polar
headgroup, and when it is incorporated in a phosphatidylcholine bilayer, it creates
curvature [72,73]. Most phospholipids have two hydrocarbon tails, and one is typically
saturated and the other is unsaturated[74]. This curvature is utilized for normal cell
functions such as budding, fission, and fusion. The phospholipid composition of the two
leaflets of a lipid bilayer are maintained by bi-directional transport undertaken by lipid
flippase proteins [75].

Another important group of lipids that determine membrane structure are the
sphingolipids. These are discussed in depth in section 1.7, but briefly, they are composed
of a ceramide backbone which is made up of two parts, a sphingoid base and a fatty acid
which is linked to the base via an amide bond [72,76,77]. Sphingolipids typically have
saturated hydrocarbon tails so they are taller and narrower than phosphatidylcholines,
allowing them to cluster more densely and form a gel phase [72]. The gel phase
decreases lateral mobility of lipids in the leaflet. Decreasing the ability of lipids to move
results in an area of the membrane that has increased rigidity and width relative to areas
that are not in a gel phase [78]. The length of the hydrocarbon chain can affect the
structure of the sphingolipid molecule. An area of a membrane that is composed of lipids
with shorter hydrocarbon tails favors positive curvature, whereas an area of a membrane
with lipids with longer hydrocarbon chains favors negative curvature [79]. Finally, the third
important lipid that confers structure to a membrane are sterols. Unlike
glycerophospholipids and sphingolipids, sterols are non-polar and are found throughout

eukaryotic membranes [72].
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Membrane structure and function

The ability of a membrane to bend depends on the lipid composition of the
membrane and the structures of the lipid molecules [72,80,81]. To be able to fuse two
membranes together, the two membranes must bend dramatically towards each other,
which requires energetically unfavorable intermediates [80—82]. The energy to form these
positions is derived from the elastic energy of the bent membranes [81]. Lipids that are
cylindrical in shape create a flat or planar shaped membrane [72,80,81]. Lipids with a
large polar headgroup favor positive membrane curvature, which means that the
membrane bends away from the headgroup forming a convex shape, whereas lipids with
a polar headgroup that has smaller cross-sectional area than their hydrocarbon tails favor
negative membrane curvature, which means that the membrane bends towards the
headgroup forming a concave shape [80,81,83]. One group used liposomes to study the
difference in membrane dynamics between two sphingolipids, sphingomyelin and
ceramide. They reported that when they treated the liposomes with sphingomyelinase to
convert the sphingomyelin into ceramide, they observed spontaneous endocytosis of
parts of the liposome membrane [83]. This suggests that the presence of ceramides in a
membrane may favor the membrane bending to form invaginations, which could be
beneficial to processes like viral entry and formation of the replication compartments in

the ER.
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Figure 1.2. The shape of lipid molecules in a membrane affect the membrane curvature.
A. Membranes composed predominantly of cylindrical-shaped lipids form a planar or flat
membrane shape. B. Membranes with a high proportion of conical lipids, which are lipids that
have a large polar head group, form positive membrane curvature. Positive curvature denotes the
convex shape of the membrane as it bows away from the center of the cell. C. Membranes with a
high proportion of inverted conical lipids, which are lipids with a relatively small head group in
comparison to the length of their hydrocarbon chains, form negative membrane curvature.
Negative curvature denotes the concave shape of the membrane where it bends inwards towards
the center of the cell. Figure was made with Biorender.

Before we discuss the differences in the organelle membranes, it is important to
understand that not all lipid bilayer leaflets are the same. In the ER, the distribution of
lipids is symmetrical, whereas in the Golgi, endosome, and plasma membrane, the
distribution is asymmetrical [72,75]. Specifically, glycosphingolipids and sphingomyelin
are enriched on the non-cytosolic side of the Golgi and endosome or the outer leaflet of
the plasma membrane, while phosphatidylserine and phosphatidylethanolamine are
enriched on the cytosolic or inner leaflet [72]. There are specific functional consequences
to the leaflet lipid composition - for example, lipid translocation from the non-cytosolic to
the cytosolic leaflet can cause a structural imbalance and facilitate membrane bending
needed for vesicle budding [75]. Structural imbalances in the two leaflets may confer an
advantage during viral infection, as multiple stages rely on the bending of membranes

and budding. Additionally, the distribution of lipids in the membrane leaflets impacts
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numerous cellular processes, including signaling, molecule trafficking, and functions

specific to each organelle; all of which can be exploited by various viruses.

The virus life cycle depends on the lipids of each cellular organelle

The FV life cycle is intimately associated with cellular membranes. Infection has
been shown to alter host cell lipid metabolism to support the extensive membrane
morphological changes viral proteins induce for viral replication and assembly [84-87].
The membrane of each cellular organelle is enriched in specific lipids which support its

structure and function (Figure 1.3). In turn, flaviviruses use each of these membranes to

their advantage to support the virus life cycle
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Figure 1.3. Each organelle membrane has a distinct lipid composition that
supports different stages of the virus life cycle.

Figure was made with Biorender.
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Plasma membrane —Viral entry and egress

The plasma membrane is enriched in phospholipids, sphingolipids, and sterols,
which can facilitate endo- and exocytosis along with maintenance of the barrier function
to safeguard cellular contents [88,89]. The plasma membrane composition affects both
virus entry and virus release.

Cholesterol is a sterol commonly utilized by many viruses. For example, HIV-1 has
been shown to use gp120 to bind CD4 and reorganize lipid rafts to bring co-receptor
molecules such as CXCR4 or CCRS5 closer to facilitate entry. Furthermore, depletion of
cholesterol in the plasma membrane and dispersing lipid rafts has been shown to reduce
HIV-1 entry into cells in vitro [90]. As mentioned in section 1.5, increasing cholesterol
concentration in the endosome has also been shown to increase fusion of WNV to the
endosomal membrane [57]. For DENVs, the enrichment of the late endosomal membrane
in lysobisphosphatidic acid is advantageous and the virus uses these lipids to gain access
to the cytoplasm [55].

Another sterol important in viral pathogenesis is 25-hydroxycholesterol (25HC), the
product of cholesterol oxidation catalyzed by the cholesterol-25-hydroxylase enzyme. The
cholesterol-25-hydroxylase gene is considered an interferon stimulated gene due to its
involvement in antiviral response pathways. The presence of the product, 25HC, in a
membrane increases the availability of cholesterol to extracellular interactions by altering
the position and orientation of cholesterols molecules [91]. Oxysterols can also trigger the
translocation of cholesterol from the plasma membrane to the ER. In the context of viral
pathogenesis, addition of exogenous 25HC has been shown to decrease entry of multiple

flaviviruses, including DENV, WNV, and YFV, as well as SARS-CoV-2 [92,93]. Knockout
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of cholesterol-25-hydroxylase in A549 cells (pulmonary adenocarcinoma cells) using a
CRISPR-Cas9 system increased ZIKV titer, while overexpression had an opposing effect
[93]. Furthermore, they found that ZIKV infection induced expression of cholesterol-25-
hydroxylase in infected cells, further demonstrating the effect of 25HC on viral
pathogenesis. The literature focuses on 25HC having a role in immune-activation during
viral infection. However, the structural membrane changes, such as increased availability
of cholesterol to extracellular molecules and its movement from the plasma membrane to
the ER, may also play a role in viral pathogenesis.

Studies from the membrane biology field show that conversion of sphingomyelin
to ceramide in the plasma membrane of macrophages (J774 cells) by addition of neutral
sphingomyelinases has been shown to cause rapid formation of membrane invagination
and budding [94]. If viruses are able to alter the ceramide composition of the plasma
membrane, that could potentially facilitate viral entry via enhancing the endocytic capacity
of the membrane. A publication on ZIKV used lipidomics to show that ceramide is
upregulated at 24 and 48 hours post-infection in Huh7 cells (human hepatoma cells)
relative to mock cells [95]. They subsequently demonstrated that ceramides are
redistributed to sites of ZIKV replication in the ER, suggesting it affects formation of the
replication complexes. The impact of ceramides in the plasma membrane were not

specifically investigated.
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Endoplasmic reticulum — Genome replication and assembly

In contrast to the plasma membrane, the endoplasmic reticulum is enriched in
unsaturated phospholipids with relatively lower levels of sphingolipids. This composition
results in a thinner and more flexible membrane which may facilitate the formation of viral
replication compartments [96,97]. While the exact mechanism of replication compartment
formation remains unclear, is likely involves the interplay between viral and host proteins
as well as the lipid composition of the ER membrane [61,98].

The ER membrane plays a critical role in FV assembly, as immature virus particles
bud into the ER lumen, deriving their lipid envelope from this organelle [84]. As previously
mentioned, during ZIKV infection of human liver cells, an increase in ceramides was
observed, which may assist in the formation of replication complexes by facilitating
membrane invagination and budding [95]. Ceramides are an inverted conical shaped lipid
which favor negative membrane curvature. Following sphingomyelinase treatment of
vesicles and liposomes, sphingomyelin is hydrolyzed to form ceramide, and has been
shown to generate membrane invagination and vesicle formation [83,94,99-101].
Similarly, WNV infection of HelLa cells causes significant increases in multiple species of
phospholipids, ceramides, and sphingomyelin [102].

To understand the impact of sphingolipid metabolism on the FV life cycle, one
group treated cells with a neutral sphingomyelinase inhibitor, which reduces the
conversion of sphingomyelin to ceramide. This treatment decreased infectious WNV
released from two mammalian and one mosquito cell line, demonstrating that it is broadly
applicable in both the host and the vector [102]. This phenotype was validated using

siRNA to silence neutral sphingomyelinase and the same phenotype was observed.
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Additional investigations revealed inhibition of neutral sphingomyelinase reduced
the amount of plaque forming units (PFUs) in the extracellular environment, however, the
intracellular PFUs were not significantly altered [95]. Interestingly, the extracellular viral
RNA copies were significantly decreased, while the intracellular viral RNA copies were
significantly increased. These observations suggested that virus release and/or
maturation were affected when the conversion of sphingomyelin to ceramide was
reduced. Furthermore, transmission electron microscopy of the inhibitor-treated cells
showed that while the diameter of the virus particles in the ER was unchanged, the
number of virus particles inside each vesicle packet was significantly reduced [95]. This
led researchers to propose that alterations in the ER membrane composition resulted in
decreased virion assembly without impacting genome replication, which ultimately
caused fewer infectious particles to be released. This study showed the importance of the
balance between ceramide and sphingomyelin in the ER and the impacts on FV assembly
and release. It demonstrates how specific changes to the membrane composition may
significantly alter the virus life cycle and underscores the importance of sphingolipid

metabolism in FV infections.

Golgi Apparatus - Maturation

The Golgi apparatus has high levels of phosphocholine along with enrichment of
sphingolipids, particularly sphingomyelin and glycosphingolipids, along with
phosphatidylinositol 4-phosphate, and diacylglycerols [89,103]. Our understanding of how
Golgi lipids support virion maturation is limited. One publication reported on the role of

the cis-Golgi protein, acyl-coenzyme A binding domain containing 3 (ACBD3), and how it
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supports efficient virus replication by assisting in the trafficking of immature tick-borne
encephalitis (TBEV) virions from the ER to the Golgi [104]. ACBD3 is a protein that
functions in trafficking of cellular cargo from the ER to the Golgi. They discovered that
depletion of ACBD3 decreased virus release and that the number of cells positive for E
protein was reduced in cells with ACBD3 knockout. While this protein aids in virion
trafficking, it is not thought to directly affect viral maturation processes. Additional studies
are needed to improve our understanding of how Golgi lipids and membranes impact

virion maturation and trafficking through the Golgi towards egress.

1.7 Sphingolipids: An overview of metabolism and biological relevance

Sphingolipids are a diverse and essential class of lipids which play roles in
numerous biological processes within the cell and form structural components of
membranes. Sphingolipids are versatile molecules composed of a sphingoid base
attached by an amide bond to a fatty acid chain which can vary in length. While they are
produced in the ER and Golgi, they are most enriched in the plasma membrane and
endosome membrane [97,105,106].

After phospholipids, sphingolipids are the second most abundant structural lipid in
the plasma membrane of mammalian cells, underscoring their importance in membrane
architecture and function [89]. Plasma membrane lipid composition varies depending on
species and cell type. For example, in mouse intestinal epithelial cells, 50% of the plasma
membrane sphingolipids are glucosylceramides [107], whereas in yeast the predominant
sphingolipid species of the plasma membrane include inositolphosphoceramide,

mannosylinositol-phosphoceramide, and mannosyldiinositol-phosphoceramide [108].
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While comprehensive characterization of the lipid composition of the plasma membrane
of different cell types in the literature is limited, emerging research suggests that
composition affects both structure and function. For example, glycosphingolipids have
been proposed as a mediator of transcytosis in hepatocytes, suggesting that
sphingolipids have cell-specific roles beyond membrane structure [109]. As discussed
later in section 1.8, glycosphingolipids are an important component of lipid rafts which are
portals of entry for FVs [110,111]. The diverse and cell-specific composition of
sphingolipids within the plasma membrane not only determines membrane structure but

also plays crucial roles in cell-specific functions.

Ceramides

The sphingolipid metabolic pathway is centered on the molecule ceramide which
plays a key role in numerous cellular processes. Ceramides are a prolific group of
molecules that participate in intracellular signaling, cell cycle arrest, apoptosis,
senescence, stress responses, and maintenance of membrane structure [77,112-115].
They are the backbone of more complex sphingolipids such as sphingomyelin,
cerebrosides, and gangliosides [116].

The properties of ceramide species depend on the length of the fatty acid
hydrocarbon chain [117]. The hydrocarbon chain, regardless of length, facilitates stacking
of ceramides into tight layers, increasing a membrane’s rigidity [118,119]. The literature
largely reports ceramides as being inverted conical shaped lipids which facilitate negative
membrane curvature [83,100,101,117]. However, one publication states that ceramides

with longer hydrocarbon chain (C18 or greater) can increase the membrane permeability
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while facilitating negative membrane curvature, whereas ceramides with a shorter
hydrocarbon chain (less than C18) could promote positive membrane curvature [116].
This is due to the relative length of the hydrocarbon chains and their effect on the shape
of the molecule. As ceramides with shorter hydrocarbon chains are much less abundant
in a mammalian organism, they are not as well studied as those with longer hydrocarbon
chains. As previously discussed in section 1.6, the shape of ceramides and their
recruitment to the ER during ZIKV infection is hypothesized to play a role in formation of
viral replication complexes during viral assembly [95]

Ceramides as a whole are highly abundant in the central nervous system, with C18
ceramides being the most abundant ceramide species [116]. In other sites in the human
body, chain length differences are the result of the level of expression of the ceramide
synthase (CerS) enzymes, of which there are six isoforms (CerS1 through 6) which each
favor different lengths of fatty acid. The expression of each of these isoforms varies
depending on the cell type and the metabolic needs of the tissue [120]. In the liver and
kidney, where there is high expression of CerS2, longer-chain ceramides (C20-C26) are
most abundant, whereas medium chain ceramides (C18-C20) are made by CerS4 in the
skin, white blood cells, and liver. CerS3 is highly expressed in the testis and skin where it
produces very long chain ceramides (C20-C26) [120]. The myriad roles of ceramides in
cellular processes, membrane structure, and the tissue-specific expression of ceramide
synthases highlight the significance of sphingolipid metabolism in the maintenance of
homeostasis and function across the different organ systems.

Though our understanding of the mechanism remains limited, levels of ceramides

in a given cell are thought to be tightly controlled. This to assure that production of
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complex sphingolipids can occur quickly as needed based on homeostatic needs and
responses to stimuli [112,121]. In addition, careful regulation of ceramides make sense
as they can activate a signaling cascade in apoptosis [122]. In addition, as mentioned in
section 1.6, ceramides have an inverted conical shape, and increasing the proportion of
ceramides in a membrane has been shown to facilitated membrane invagination and
formation of vesicles [83,94,101]. In the context of viral infection, this change in the ER
could facilitate formation of viral replication complexes. Ceramides are involved in many
distinct cellular processes and current research is focused understanding their complex
regulatory mechanisms and why their structure is suited to their specific functions in

different cell types.

Sphingolipid Metabolism

The sphingolipid metabolic pathway is comprised of three main parts: 1) De novo
ceramide synthesis, 2) the hydrolytic pathway, and 3) the salvage pathway [77,112,113].
This intricate network permits cells to alter sphingolipid composition in different cellular
compartments to maintain homeostasis and respond to stimuli. The de novo pathway
makes ceramides in the ER from non-sphingolipid precursor molecules. Once
synthesized, ceramides are transported to the cytosolic leaflet of the Golgi membrane by
vesicular trafficking and ceramide transport protein (CERT) [123,124]. In the Golgi,
ceramides may serve as building blocks for more complex sphingolipids. Glucose can be
added to ceramides to form glucosylceramides which then translocates from the cytosolic
side of the membrane to the luminal side where it may be further processed into more

complex lipids. Alternatively, when ceramide is still in the ER, galactose can be added to
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form galactosylceramide (GalCer), a reaction catalyzed by UDP-galactosyltransferase 8
(UGT8), which is the focus of chapter 2 of this dissertation. Following formation of GalCer,
it is translocated to the Golgi and then to the plasma membrane where it forms part of the
outlet membrane leaflet. Additionally, ceramides can combine with phosphatidylcholine in
the trans-Golgi to form sphingomyelin, an important structural lipid, which also plays roles
in cell growth and survival [125]. Glucosylceramide and galactosylceramide are discussed
in greater depth in the section below titled ‘Glycosphingolipids.’

The hydrolytic and salvage pathways operate in distinct cellular compartments to
fulfill specific cellular needs. The hydrolytic pathway produces ceramides in the plasma
membrane. This process occurs when sphingomyelinases perform a hydrolysis reaction
to generate ceramides [112,125,126]. In contrast, the salvage pathway operates in the
lysosome to recycle breakdown products. It is here that ceramides are catabolized and
broken into a sphingoid base and a fatty acid [114,127]. These breakdown products are
then transported to the ER. In the ER, a new fatty acid can be added to the sphingoid
base in a process called re-acylation to form ceramides [114]. This complex metabolic
network, involving the de novo, hydrolytic, and salvage pathways that function in the
different cellular compartments, showcases the dynamic and adaptable nature of
sphingolipid regulation, which is critical for maintaining cellular homeostasis and

responding to stimuli (Figure 1.4, adapted from [128])
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Figure 1.4. The sphingolipid metabolic pathway. The metabolic pathway is composed of three parts: De novo
synthesis, the hydrolytic pathway, and the salvage pathway. The de novo pathway for ceramide synthesis occurs in
the ER, beginning with condensation of L-serine and palmitoyl-CoA to form 3-ketodihydrosphinganine. 3-
ketodihydrosphinganine is reduced to form sphinganine, which is then acylated by a ceramide synthase enzyme to
form dihydroceramide, which is then converted to ceramide. From here, ceramides can be sent to the Golgi for
production of complex glycosphingolipids, such as sphingomyelin, or they can be made into galactosylceramide
(GalCer) in the ER. Following synthesis, GalCer is transported to the Golgi and then to the outer leaflet of the
plasma membrane. The hydrolytic pathway (also referred to as the sphingomyelinase pathway) occurs in the plasma
membrane where sphingomyelin is hydrolyzed by sphingomyelinases to form ceramide, which can then be further
degraded into sphingosine and sphingosine-1-phosphate. The salvage pathway serves to recycle molecules to
support synthesis of new ceramides. Sphingomyelin and other glycosphingolipids are transported to the lysosome
where they are degraded to form ceramide. Ceramides are then further degraded into sphingosine and fatty acids,
and sphingosines are transported back to the ER for de novo ceramide synthesis. This figure was adapted from
Bautista-Pérez, R.; Franco, M.; Donis-Maturano, L. Sphingolipid Catabolism. Encyclopedia. Figure was made with
Biorender.

Glycosphingolipids

Glycosphingolipids (GSLs) are complex molecules composed of ceramides bound
to carbohydrate moieties (Figure 1.5, adapted from [129,130]). These lipids reside in the
late Golgi and the plasma membrane where they play crucial roles in cellular functions
and membrane structure. In the Golgi they form dense clusters while in the plasma

membrane they form organized structures called glycosphingolipid-enriched
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microdomains (GEMs) or more commonly, lipid rafts [76]. GEMs are highly dynamic
membrane domains that are enriched with cholesterol, saturated phospholipids, and
sphingolipids, and often other sphingolipid species such as sphingomyelin [131,132].
GEMs in the plasma membrane can concentrate or isolate specific proteins and lipids to
regulate their interactions with extracellular stimuli. Some viruses have been found to
utilize GEMs to facilitate attachment and entry, including influenza virus, measles virus,
Ebola virus, dengue viruses, human hepatitis C virus, Japanese encephalitis virus, and
West Nile Virus [99,133]. The widespread usage of lipid rafts by different viruses points
to them as a key part of the virus entry process.

GEMs also play a number of critical roles for the cell, including regulation of signal
transduction, receptor activation, host-pathogen and cell-cell interactions, membrane
permeability, and intracellular lipid and protein trafficking [99,131,132,134]. Within GEMs,
GSLs, particularly ceramides, can act as second messengers in signal transduction in
response to stress, apoptotic triggers, and inflammation [135]. GSLs also modulate cell-
cell interactions by altering lipid raft organization, which can expose or activate receptors
that can interact with the extracellular environment [131,132]. GEMs with high ceramide
and GSL content exhibit unique physical characteristics, including a gel-like consistency,
increased rigidity, and greater thickness. These features can negatively impact
membrane permeability [136,137]. Furthermore, GEMs are often more ordered relative
to the surrounding areas of the plasma membrane, and are typically less fluid as a result
[138,139]. The unique attributes of GEMs allow them to alter the structure and function of

the plasma membrane.
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GSLs are categorized as neutral or acidic based on the absence or presence of a
negatively charged head group [76,116]. Neutral GSLs include glucosylceramide
(GlcCer), galactosylceramide (GalCer), and lactosylceramide (LacCer). GlcCer and
GalCer are additionally categorized together and referred to as cerebrosides. LacCer is
made by the addition of a galactose onto a GlcCer molecule via a 3-1,4-glycosidic linkage
[76,116]. In contrast, acidic GSLs are divided into four categories: gangliosides,
glucuronoglycosphingolipids, sulfatoglycoshpingolipids, and phosphoglycosphingolipids.
Gangliosides have one or more sialic acid group(s), whereas the other three possess
either a glucuronic acid, sulfate, or phosphate group, respectively [116]. Gangliosides are
primarily found in the outer leaflet of the plasma membrane of neuronal cells where the
ceramide portion of the molecule is embedded in the membrane and the oligosaccharide
extends into the extracellular environment where it is poised to interact with other

molecules [97,116]. These gangliosides can also have additional components, for
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example, sialic acid can be attached to the oligosaccharide chain of gangliosides. Sialic
acid has been implicated in numerous diseases, including viral diseases like Influenza,
degenerative and nutritional diseases like atherosclerosis, and developmental diseases
such as infantile sialic acid storage disease [140]. Pathogens can interact with sialic acid
moieties on cells, as is the case with influenza virus, while other pathogens coat
themselves with sialic acids as a form of molecular mimicry to evade the immune
response [140]. The wide variety of GSLs with their diverse structures and functions play
important roles in membrane structure and host-pathogen interactions, making them key

players in health and disease pathogenesis.

Galactosylceramides: biosynthesis, trafficking, and recycling

From here we will focus on the GSL galactosylceramide, as the enzyme that
produces it is the focus of chapter 2 and the enzyme that degrades it is the focus of
chapter 3 of this dissertation. Galactosylceramide (GalCer) is formed on the luminal side
of the endoplasmic reticulum by the addition of a galactose onto a ceramide molecule
which is catalyzed by UDP-galactosyltransferase 8 (UGT8) [110,113,115,141]. From
there, GalCer is transported to the trans-Golgi where it may be made into more complex
sphingolipids, or may be transported to the outer leaflet of the plasma membrane [110].
When GalCer is ready to be recycled, it is endocytosed and transported via a vesicle to
the lysosome where it is degraded by galactoceramidase (GALC) to form a sphingoid
base and a fatty acid [110,142]. These components are then trafficked back to the ER to

be made into new sphingolipids.
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1.8 Galactosylceramides and their roles in disease
Galactosylceramides in non-infectious diseases

GalCer and other sphingolipids have been implicated in several developmental
neurologic diseases that affect young children. One of the more severe and life-limiting
diseases is Krabbe's disease, also called globoid cell leukodystrophy or
galactosylceramide lipidosis [110,143]. This is a genetic condition with an autosomal
recessive inheritance pattern. The mutation is in the galactocerebrosidase (GALC) gene,
causing a lack of production or activity of galactocerebrosidase in the lysosome. This
deficiency results in accumulation of GalCer and psychosine (also referred to as
galactosylsphingosine) in macrophages and neural cells, specifically in oligodendrocytes
and Schwann cells [110]. Psychosine is a toxic metabolite and has detergent-like
properties which causes loss of structural integrity of cell membranes. When the
membranes become unstable it results in oxidative stress, mitochondrial damage, and
ultimately cell lysis and cell apoptosis [110]. This constellation of lesions attracts
inflammatory cells and causes demyelination of axons which results in axonal dysfunction
and neurologic symptoms. Patients with Krabbe disease have <10% of normal GALC
function resulting in a severe phenotype [143]. Symptoms generally present in infants and
toddlers and can be progressive and ultimately life-limiting.

Another developmental disease that implicates GalCer is juvenile neuronal ceroid
lipofuscinosis (JNCL) which is also known a neuronal ceroid lipofuscinosis or Batten
disease. This is one of the most common neurodevelopmental disorders of children [110].
The disease is caused by a mutation in the ceroid-lipofuscinosis neuronal 3 (CLN3) gene

which causes accumulation of lipopigments in the lysosomes of neurons. CLN3 is a
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transmembrane protein that resides in the Golgi and plasma membrane [144]. CLN3 has
a GalCer binding domain and functions to transport it from the trans-Golgi to lipid rafts in
the plasma membrane. In the disease, the GalCer binding site is altered, precluding the
transport of GalCer by CLN3 and allowing accumulation of GalCer in the ER and Golgi
[110]. This has a negative impact on the lipid rafts in the plasma membrane, deregulates

ceramide levels, and causes apoptosis of affected neurons.

Galactosylceramides and their metabolites in viral diseases

Galactosylceramides and their metabolites have been implicated in viral diseases
including Human Immunodeficiency Virus (HIV) and influenza virus. Galactosylceramide
was discovered as an entry receptor for HIV that interacts with envelope glycoprotein 120
(gp120) in 1991 [145]. This was an exciting discovery not only because it broadened our
understanding of HIV pathogenesis but it also opened our eyes to the possibility of
glycolipids serving as necessary factors for viral attachment and entry. When HIV was
first being studied, it was originally shown that HIV could infect CD4+ cells via the
interaction of the gp120 with host cell CD4 [145-147]. The conformational change from
this interaction exposes the V3 loop of gp120 to allow interactions with the coreceptors
CXCR4 or CCRS5 and also exposes the fusogenic domain of surface glycoprotein gp41 to
facilitate entry [148]. However, it was then observed that HIV could infect a number of
cells that lacked CD4 expression, including hepatocytes, natural killer cells, and colonic
and brain epithelial cells [134,145,146,148,149]. This suggested that alternate methods
of viral entry that did not require CD4 were possible. Further studies elucidated that

galactosylceramide (GalCer) could bind the V3 loop of gp120 with high affinity and the
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addition of antibodies to GalCer could block HIV attachment and entry to cells in vitro,
identifying it as an alternative receptor for HIV [145,147]. Though GalCer was identified
as the most commonly utilized glycolipid receptor for HIV, other related glycosphingolipids
were also found to participate in HIV entry, including sulfatide, lactosylceramide (LacCer),
GM3, and GD3 [150,151]. Sulfatide is a downstream product of GalCer and was shown
to play a role with CD4- cells, however, LacCer, GM3, and GD3 were found to be utilized
by CD4+ lymphocytes to facilitate fusion of the viral envelope to the host cell plasma
membrane [150]. The discovery of GalCer and related GSLs as alternative receptors for
HIV not only broadened our comprehension of mechanisms of viral entry, but also shed
light on the complex interactions between viruses and cellular membranes.

Building on the importance of GSLs in viral infection, sulfatide, the downstream
metabolite of GalCer, has been reported to play an important role in Influenza virus
pathogenesis. Sulfatide is composed of a galactosylceramide molecule with a sulfate
group added to the galactose component, giving it a more negative charge.
Galactosylceramides are converted to sulfatides via the cerebroside sulfotransferase in
the Golgi [150]. One group reduced sulfatide levels in COS cells (kidney fibroblasts) using
siRNA against the cerebroside sulfotransferase and infected with influenza virus, they
found that it reduced influenza viral titer by 60-fold. In contrast, when they utilized MDCK
(kidney) clonal cell lines with stable overexpression of sulfatide and infected with influenza
virus, there was a 500-3,000 times increase in titer [152]. They also infected C57BL/6
mice with influenza and administered an anti-sulfatide antibody daily and found that mice
treated with the antibody had 17 times lower viral titers in their lung homogenates than

control mice [152]. They determined sulfatide in lipid rafts in the plasma membrane
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associated with hemagglutinin, and this interaction increased translocation of Influenza
ribonucleoprotein complexes from the nucleus to the cytoplasm, dramatically enhancing

viral replication.

1.9 Conclusions

In this chapter we have summarized the importance of lipids in flavivirus infection and
discussed relevant background information on both the virus life cycle and sphingolipid
metabolic pathway. This chapter provides the premise for the experimental questions
addressed in this dissertation. We will present our findings on how modulation of
galactosylceramide by manipulation UGT8 expression affects DENV2 infection in human
liver cells in vitro (Chapter 2). We also explore the opposing reaction where
galactosylceramide is recycled in the lysosome by galactosylceramidase (Chapter 3).
From there, we begin to explore the effects of UGT8 expression on ZIKV in both human
liver cells and human neuroblastoma cells in vitro (Chapter 4). While glucosylceramides
have been studied in the context of viral infection, the arm of the sphingolipid metabolic
pathway centered on galactosylceramide has been largely unexplored. Our research
aims to advance the field by elucidating how galactosylceramides impact flavivirus
infection. We anticipate these findings may be conserved in other FVs, contributing to a
more global understanding of virus-host interactions associated with lipid metabolism.
We hypothesize that the balance of galactosylceramide synthesis and recycling,
regulated by UGT8 and GALC, respectively, plays a pivotal role in the flavivirus life cycle

in vitro.
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Chapter 2: The role of UDP-Galactosyltransferase 8 in DENV2 Infection

2.1 Introduction

UDP-galactosyl transferase 8 (UGTS8), also referred to as ceramide
galactosyltransferase (CGT), is a key enzyme in the synthesis of galactosylceramide within
the sphingolipid metabolic pathway. UGT8 catalyzes the addition of a galactose molecule on
to ceramides in the ER (Figure 2.1A). UGT8 is most abundant in tissues of the central nervous
system, but is also moderately abundant in the gastrointestinal tract, kidney, and gallbladder,
with low levels of expression in the liver, lung, testis, female reproductive tissues, and breast
tissue [153]. UGT8 belongs to a superfamily of enzymes called the UDP-glycosyltransferases
which catalyze the addition of sugar residues to small lipophilic molecules. The different UGT
families include UGT1, UGT2, UGT3, and UGT8. These enzymes catalyze the addition of a
variety of different sugars, including glucuronic acid which can be added by UGT1 and UGT2,
and UDP-N-acetylglucosamine, UDP-glucose, and UDP-xylose which can be added by UGT3
[154]. UGTS8 is the only UGT enzyme that is able to utilize UDP-galactose and to our
knowledge is unable to utilize any other sugars. There is approximately 45% homology
between the amino acid sequences of the enzymes in the UGT families [155]. The UGT1,
UGT2, and UGT3 families have a specific amino acid sequence in their sugar binding site
which affect the type of sugars they can bind to. They have an aspartate followed by a
glutamine motif, whereas UGT8 has an aspartate followed by a histidine. When researchers
mutated this histidine to glutamine in UGTS, they found that the ability of UGT8 to utilize UDP-
galactose was significantly reduced [156]. Another publication reported that performing this
same mutation allowed UGT8 to bind UDP-glucose [157]. While sugar specificity is just one
of the characteristics that sets the UGT families apart, UGT8 is the black sheep of the UGT

superfamily due to how its primary function differs from the rest of the superfamily.
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The majority of the UGTs function in pathways to conjugate drugs or metabolites to
inactivate them or prepare them to be excreted, making them invaluable in detoxification,
however, the role of the UGT8 family has been reported to be primarily biosynthetic rather
than detoxifying [154]. The only detoxifying role of UGT8 that has been described is the
galactosidation of bile acids made in the liver [156]. One publication reported that they
generated human embryonic kidney (HEK293T) cell lines with overexpression of UGT8. They
used these cell lines to evaluate if UGT8 could galactosidate substrates other than ceramide
by exposing them to different exogenous substrates. They found that not only did UGT8 most
efficiently galactosidate ceramides, but it could also galactosidate the following bile acids to
varying degrees: cholic acid, deoxycholic acid, chenodeoxycholic acid, hyodeoxycholate acid,
and ursodeoxycholic acid [154]. While bile acids are derived from sterols, the activity of UGT8
on other sterol or sterol-derived molecules was not examined in this publication. Interestingly,
when human liver microsomes were similarly assessed for UGT8-mediated galactosidation,
it was discovered that UGT8 did not galactosidate chenodeoxycholic acid or lithocholic acid,
though the other bile acids tested in the HEK cell lines were not evaluated in this study [158].
In Huh7 cells, the most abundant bile acid is chenodeoxycholic acid but the cell line does not
maintain high levels of bile acids in a cell culture system [159,160]. It appears possible that
UGTS8 could have low levels of promiscuity with the ability to galactosidate bile acids, but
further investigation of these specific effects in liver cells are needed to validate these
concepts. There is no report in the literature of the effects of galactosidation of bile acids on
cell membranes.

While the UGT superfamily of enzymes were first discovered in maize plants in 1977,
the UGT8 family was more recently discovered and was the subject of focused studies only
since the 1990s [161]. The UGT8 enzyme is distinct from the other UGT molecules in that it

is genetically dissimilar and comprises the only member in its own family, while the other UGT
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families contain multiple enzymes [162]. All of the other UGTs are encoded by a single locus
on chromosome 2 on the long arm at position 37 (notated 2937), whereas UGT8 is located
on chromosome 4 on the long arm at position 26 (notated 4926) [162]. Given its more recent
discovery, we are still learning about the roles of UGT8 in health and disease.

The roles of UGT8 in disease have been studied in cancer biology and neurobiology,
but to our knowledge has not been reported in viral infection. In cancer biology, increased
expression of UGTS is reported to be a poor prognostic marker due to its association with
increased aggressiveness and pro-metastatic behavior [163,164]. In breast cancer, one of
the hypotheses is that increased expression of UGT8 decreases cellular pools of ceramide
by converting them to galactosylceramides, resulting in less signaling by ceramides to induce
apoptosis of tumor cells [164,165]. By inhibiting apoptosis of cancer cells, it allows cells to
continue to proliferate and spread to new areas, forming metastases. This concept could also
apply to viral infection. A reduction in ceramide levels could potentially inhibit the apoptosis
signaling cascade, resulting in increased cell survival, which would be beneficial to the virus.

The roles of UGT8 in neurobiology are largely related to neurodegenerative diseases
and potential therapies. The metabolite of UGT8, GalCer, is a major constituent of myelin, the
lipid layer that insulates nerves and allows for smooth and coordinated electrical conduction
[166]. Animal studies on lysosomal storage diseases such as Krabbe disease, caused by
deficiency or dysfunction of the galactosylceramidase (GALC) gene, have shown that treating
mice with a UGT8 inhibitor can decrease the severity of the disease and clinical symptoms
[167]. While we have a working understanding of the roles UGT8 plays in neoplastic and
neurologic diseases, UGT8 and its role in viral infection remain unclear.

Preliminary loss-of-function studies of enzymes in the sphingolipid metabolic pathway
in Huh7 cells (human liver cells) identified numerous enzymes involved in the synthesis of

glycosphingolipids that had a significant effects on viral titer [168]. From this screen, we
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observed an increase in virus titer following knockdown of the enzyme UDP-
galactosyltransferase 8 (UGT8). We hypothesized that UGT8 played an antiviral role in
DENV2 infection of liver cells. In this thesis, we investigated the role of UGT8 in DENV2

infection and the mechanism of how UGT8 affects the virus life cycle.

2.2 Results
2.2.1 Modulating UGT8 expression affects DENV2 titer

To understand the role of UGTS8 in DENV2 infection, we first validated the loss of
function studies using an siRNA pool against UGT8 in Huh7 cells followed by infection
with DENV2, strain 16681 at an MOI of 0.3 for 24 hours. A negative control siRNA (IRR)
with no homology to human genes was used to control for off-target effects of siRNA
treatment and a siRNA targeting the DENV2 genome was used as a positive control
[169,170]. Following siRNA knockdown, we observed that UGT8 mRNA expression was
significantly reduced by 81% (Figure 2.1B). We titrated the virus on baby hamster kidney
(BHK) cells and determined that UGT8 knockdown resulted in a significant increase in DENV2
titer by 2.9-fold (Figure 2.1C). None of the siRNA treatments were cytotoxic (Figure 2.1D).
This experiment was repeated for a minimum of three independent replicates with three
technical replicates and representative data from a single experiment is shown. We
validated this knockdown phenotype in human pulmonary adenocarcinoma (A549) cells and
observed a 2-fold increase in titer following siRNA knockdown (Supplemental Figure A.1). We
then wanted to determine if the effect on titer in Huh7 cells was sustained beyond peak
replication at 24 hours. We repeated the knockdown and collected supernatants at 48 hours.

The phenotype at 48 hpi remained consistent, with a 1.6-fold increase in cells with UGT8
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knockdown (Supplemental Figure A.2A). However, this was a smaller magnitude of change

than the 24 hpi time point.
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Figure 2.1. Modulating UGT8 expression affects DENV2 titer A. UGT8 adds a galactose onto ceramide to form
galactosylceramide. This figure was made with Biorender. B. Huh7 cells were transfected with four siRNAs targeting
UGTS8, a negative control irrelevant siRNA (IRR), or a positive control siRNA specific to the dengue virus used for
infection (DENV). Cells were mock infected and collected 24 hours post-transfection to confirm mRNA knockdown.
gRT-PCR was performed, and results were normalized to the RPLPO housekeeping gene. C. 48 hours following
transfection, cells were infected DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, viral supernatants were collected and
analyzed via plaque assays. Viral titer was significantly increased by 65% following UGT8 knockdown. D. Cell viability
following siRNA transfection and mock infection was assessed using an Alamar Blue Cell Viability Assay. Fluorescence
at 590 nm corresponds to the cells’ metabolic activity. The positive control, Triton-X100, is toxic to the cells, and shows
decreased fluorescence, indicating decreased metabolic activity. No siRNA treatment significantly affected cell viability.
(B-D one-way ANOVA with Dunnett’'s multiple comparison’s test: ns = p = 0.05 * = p<0.05, ** = p<0.01, **** = p<0.0001;
results are expressed as mean values with standard deviation indicated by error bars) [Abbreviations: IRR, irrelevant,
non-targeting siRNA; DENV, DENV2-specific siRNA; UGT8, UDP-galactosyltransferase 8].

In conjunction with loss of function, we performed transient overexpression of UGT8
by transfecting in a plasmid containing the UGT8 gene. An empty vector plasmid (EV)
served as the negative control. Overexpression was confirmed using gqRT-PCR which showed
a 39% increase in UGT8 mRNA expression (Figure 2.2A). With transient overexpression, we
observed a 1.5-fold decrease in viral titer at 24 hpi (Figure A.2B). At 48 hpi, the titer was not
significantly different than the negative control (Supplemental Figure A.2B). There were no
significant cytotoxic effects of the plasmids (Figure 2.2C). This experiment was repeated for

a minimum of three replicates and representative data from a single experiment is shown.
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Figure 2.2 Modulating UGT8 expression affects DENV2 titer. A. Huh7 cells were transfected with a plasmid
containing the UGT8 gene and an empty vector control. At 72 hours post-transfection cells were collected, and RNA
was extracted and analyzed for UGT8 mRNA expression. Results were normalized to the RPLPO housekeeping gene.
UGT8 expression was increased to 39% greater than the negative control. B. 48 hours following transfection, cells
were infected DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, viral supernatants were collected and analyzed via plaque
assays. Overexpression of UGT8 results in a 35% decrease in viral titer. C. Cell viability following plasmid transfection
and mock infection was assessed using an Alamar Blue Cell Viability Assay. Fluorescence at 590 nm corresponds to
the cells’ metabolic activity. The positive control, Triton-X100, is toxic to the cells, and shows decreased fluorescence,
indicating decreased metabolic activity. No plasmid treatment significantly affected cell viability. (A-D one-way ANOVA
with Dunnett's multiple comparison’s test: ns = p 2 0.05 * = p<0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001; results
are expressed as mean values with standard deviation indicated by error bars) [Abbreviations: EV, empty vector
control plasmid; UGT8, UDP-galactosyltransferase 8 plasmid].

Treatment

We also developed stable Huh7 clones overexpressing UGT8. However, since we
experienced difficulties in validating UGT8 expression, these studies are discussed in detail
in the Appendix (Supplemental Figure A.3).

These experiments validated the siRNA knockdown results from St. Clair et al. The
addition of overexpression of the UGT8 enzyme demonstrated the opposing phenotype,
suggesting that UGT8 may be an antiviral factor in the DENV2 life cycle. Additional
experiments were designed to understand the mechanism behind the change in viral titer

following knockdown or over-expression of UGTS.

2.2.2 DENV2 infection alters UGT8 expression at peak viral replication (24 hpi)

If UGT8 is antiviral, it was our hypothesis that viral infection may reduce its
expression for viral benefit. To appreciate how expression of UGT8 is changed during
infection, we infected Huh7 with DENV2 (MOI = 1), and collected cells at time points 0-,

6-, 12- 24-, 48, and 72-hours post-infection. RNA was extracted and gRT-PCR was
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Figure 2.3. DENV2 infection alters UGT8 expression at peak viral replication (24 hpi). UGT8 mRNA expression
is temporally decreased during DENV2 infection. Huh7 cells were either mock-infected or DENV2-infected (MOI = 1)
and cells were collected in ftriplicate at 0, 6, 12-, 24-, 48-, and 72-hours post-infection. RNA was extracted and
assessed using gRT-PCR. DENV2-infected samples were compared to mock infected samples at matched
timepoints. Results are reported as an expression ratio between each timepoint sample and its respective mock-
infected timepoint (in red). Statistical comparison performed between the mock and infected values for each time
point. Corresponding titers at each time point in the DENV2-infected samples are shown in black. (Student’s unpaired
T test: ns = p 20.05, * p < 0.05, *** p < 0.0001).

performed to quantify UGT8 mRNA expression at each time point. Expression was
normalized to a cellular housekeeping gene, RPLPO [171]. This experiment was repeated
for a minimum of three replicates and representative data from a single experiment is
shown. We found that during DENV?2 infection, UGT8 mRNA expression was unchanged
at early time points. However, by 24 hpi, UGT8 mRNA expression was decreased by 23%,
as compared to mock-infected cells (Figure 2.3). At 48 and 72 hpi, the level of UGT8
expression was further reduced by 68% and 58%, respectively. This data indicated that
as infection progresses, mRNA levels of UGT8 continue to decrease, suggesting that
infection is correlated with, or potentially causative of, a decrease in UGT8 expression. In
addition, the UGT8 enzyme has been shown to be upregulated by the Sox10 transcription
factor in basal-like breast cancer, and it is possible that infection could reduce Sox10
expression, leading to reduced UGT8 transcription [163]. The roles of Sox10 have not

been reported in viral infections.
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2.2.3 DENV2 infection alters GalCer expression on the surface of Huh7 cells

In conjunction with UGT8 expression, we wanted to determine if expression of the
product of UGTS, the metabolite, GalCer, was similarly affected by DENV2 infection. We
infected Huh7 with DENV2 (MOI = 3) and performed a concurrent mock infection and
harvested cells at 24-, 48- and 72 hpi. Cells were washed and stained with a cell viability
dye and an anti-GalCer antibody conjugated to AlexFluor488. The MOI of 3 was selected
to ensure as many cells as possible would be infected. Additionally, the risk of analyzing
dead cells was minimized by exclusion of dead cells from the analysis using the cell
viability dye, alleviating this concern. Flow cytometry was performed to determine the
expression of GalCer during infection. This experiment was performed once and therefore
the data shown represents preliminary data. Fluorescence intensity was normalized to
cells stained only with viability stain and not the GalCer antibody and the fluorescence
intensity of the DENV2-infected cells was compared to the mock-infected cells. We did
not have sufficient cells to analyze at the 24 hpi time point due to cell losses during the
staining protocol. We observed that there was a 38% decrease in GalCer expression at
48 hpi relative to mock-infected cells (Figure 2.5A-F). We had a minimum of 25,000 cells
for each sample in the 48-hour time point. At 72 hpi, we observed a significant increase
in GalCer expression by 91% compared to mock-infected cells, however, the majority of
cells were lost in the staining process for the 72 hpi time point, leaving us with only 1,654
and 2,694 cells in the two replicates of DENV2-infected stained with the GalCer antibody,
which complicated our analysis (Figure 2.5G-L). The data for the 48 hpi time point is
consistent with the decrease in UGT8 mRNA expression observed in 2.2.2, confirming

the expected correlation between UGT8 expression and GalCer expression.
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Figure 2.4A-F. Flow cytometric analysis of GalCer expression in DENV2-infected Huh7 cells at 48 hpi.
A. Forward scatter area (FSC-A) versus side scatter area (SSC-A) plot showing gating strategy to exclude debris
and select intact cells. B. Viability gating using Zombie NIR stain to discriminate live cells (Zombie NIR-negative).
C. Representative plot of unstained control cells used to set GalCer-negative gate. D-E. GalCer expression in
mock-infected (D) and DENV2-infected (E) cells. Numbers in plots indicate percentage of cells within each gate.
F. Quantification of relative GalCer expression in DENV2-infected cells as compared to mock. Data are
presented as mean + SEM. Student’s unpaired T test. ** p < 0.005
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Figure 2.4G-L. Flow cytometric analysis of GalCer expression in DENV2-infected Huh7 cells at 72 hpi.
G. Forward scatter area (FSC-A) versus side scatter area (SSC-A) plot showing gating strategy to exclude debris
and select intact cells. H. Viability gating using Zombie NIR stain to discriminate live cells (Zombie NIR-negative).
I. Representative plot of unstained control cells used to set GalCer-negative gate. J-K. GalCer expression in
mock-infected J. and DENV2-infected K. cells. Numbers in plots indicate percentage of cells within each gate. L.
Quantification of relative GalCer expression in DENV2-infected cells as compared to mock. Data are presented
as mean + SEM. Student’s unpaired T test. ** p < 0.005
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2.24 Altering UGT8 expression affects extracellular DENV2 titer but not
intracellular titer

To further investigate the cause of the change in DENV?2 titer following modulation
of UGT8 expression, we examined intra- and extracellular titers to determine if there was
a change in virus assembly and release. We carried out loss of function studies using the
UGTS8 siRNA followed by infection with DENV2 at MOI 0.3 detailed in section 2.2.1. At 24
hpi, supernatants and cells were collected. The cells were washed, harvested, and
subjected to repeated freeze-thaw cycles to lyse the cells. Cellular debris was removed
using centrifugation, and the intracellular and extracellular supernatants were titrated on
BHK cells. This experiment was repeated for a minimum of three independent biological
replicates with three technical replicates and representative data from a single experiment
is shown.

The extracellular titer for cells transfected with UGT8 siRNA was significantly
increased compared to the negative control siRNA (Figure 2.5A). However, the titer was
not significantly different to the control (Figure 2.5B). This indicated that there were higher
numbers of infectious virus particles in the extracellular space, despite the fact that there
was no difference in the concentration of infectious particles within the cells. When
extracellular and intracellular titers were compared, the controls had an approximately 1:1
ratio whereas with UGT8 knockdown there was a 4:3 extracellular to intracellular ratio
(Figure 2.5C).

This experiment was repeated with plasmid overexpression and we observed a
significant decrease in extracellular titer when UGT8 was over-expressed (Figure 2.5D).

However, similar to when UGT8 was knocked down, there was not a significant difference
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in intracellular titers (Figure 2.5E). When comparing extracellular and intracellular titers,
again the control had a 1:1 ratio, but UGT8 overexpression caused a 1:2 extracellular to
intracellular ratio in virus titer (Figure 2.5F). This demonstrates an opposing phenotype to

the UGT8 knockdown experiments.
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Figure 2.5. Altering UGT8 expression affects extracellular DENV2 titer but not intracellular titer

A. Extracellular and intracellular viral titers following siRNA knockdown detailed in figure 1 were measured using
plaque assays. Intracellular virus was harvested from cells using repeated freeze-thaw cycles and centrifugation to
remove the cellular debris from the supernatant. There was no significant difference in intracellular titer of UGT8
knockdown cells compared to the negative control. B. The extracellular titer of UGT8 knockdown cells was
significantly increased by 25%. C. The ratio of extracellular to intracellular titer of the negative and positive control
was 0.9:1 and 1:1, respectively. For the controls, there was no significant difference between intra- and extracellular
titers when compared to each other. The extracellular to intracellular ratio of cells with UGT8 knockdown was 4:3,
which was significantly increased relative to the negative control.. D. Extracellular and intracellular viral titers
following overexpression detailed in figure 2 were measured using plaque assays. Intracellular virus was harvested
from cells using repeated freeze-thaw cycles and centrifugation to remove the cellular debris from the supernatant.
There was no significant difference in intracellular titer of UGT8 knockdown cells compared to the negative control.
E. The extracellular titer of UGT8 overexpression cells was significantly decreased by 37%. F. The ratio of
extracellular to intracellular titer of the control was 1:1 and there was no significant difference between intra- and
extracellular titers when compared to each other. The extracellular to intracellular ratio of cells with UGT8
overexpression was 1:2, though not statistically significant. One-way ANOVA with Dunnett’'s multiple comparison’s
test: ns = p 2 0.05 * = p<0.05, *** = p<0.001, **** = p<0.0001. Results are expressed as mean values with standard

deviation indicated by error bars.
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2.2.5 UGT8 knockdown increases the rate of virus release

To understand if UGT8 knockdown affected the rate of virus release, we performed
a time course of virus release following UGT8 siRNA knockdown. We collected viral
supernatants every 24 hours for 4 days post-infection. This experiment was performed
with triplicate samples one time and the data is presented below. We determined that
there was a significant increase in the rate of virus release between 24 to 48 hours
(Figures 2.6A and 2.6B). Validation of UGT8 knockdown was performed for time points

24, 48, and 72 and showed significant decrease in UGT8 mRNA expression at every time

point (Figure 2.6C).
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Figure 2.6. UGT8 knockdown increases the rate of virus release A. siRNA knockdown was performed as
previously described. At 24 hours post-infection, supernatant was removed, and new media was replaced. 24 hours
later, this process was repeated, 24-, 48-, and 72-hours collect four days of viral supernatants and perform plaque
assays to evaluate virus release over time. B. The rate of DENV2 release was significantly increased for cells with
UGT8 knockdown between 24 to 48 hours. C. The efficiency of UGT8 siRNA knockdown was measured at 24-, 48-,
and 72-hours post-mock infection and was performed concurrently with the rate of release experiment. At all time
points, there is a significant decrease in UGT8 mRNA expression, confirming sufficient knockdown. Expression was
normalized to cellular housekeeping gene, Rplp0. Expression in UGT8 knockdown cells was compared to
expression in cells treated with the negative control siRNA (IRR). C: One-way ANOVA with Dunnett's multiple
comparison’s test: *** = p<0.001, **** = p<0.0001. Results are expressed as mean values with standard deviation
indicated by error bars.

2.2.6 DENV2 particles made in cells with UGT8 knockdown exhibit decreased entry
It was our hypothesis that changes to extracellular titer were due to an
accumulation of virus in the supernatant caused by a disruption in virus entry. To

investigate this, we infected Huh7 cells with 107 genome copies of virus harvested from
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Huh7 cells transfected with UGT8 siRNA or the negative control (IRR) siRNA. At time
points 0, 2-, 4-, 6-, 24-, and 48-hours post-infection, cells were harvested and total RNA
was extracted. Quantitative RT-PCR was performed to quantify the number of viral
genome copies that had entered cells. These experiments were repeated for a minimum
of three independent biological replicates with a minimum of three technical replicates
and representative data from a single experiment is shown. We determined that the
number of intracellular genome copies in the supernatants from UGT8 knockdown cells
was significantly lower compared to the control at 0-, 2-, and 24-hpi (Figure 2.7). The
number of genome copies in cells treated with UGT8 knockdown supernatant in the 4-
and 6-hpi groups was reduced, but not statistically significant (p=0.18 and p=0.33,
respectively). At 48 hours, the number of genome copies in the two groups were not
significantly different (p=0.74). This data suggests that entry of virus particles made in
cells with UGT8 knockdown have impaired ability to enter wild type Huh7 cells.
Furthermore, when virus replication is robust at the 48-hour time point, there is no

significant difference between the two groups.
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Figure 2.7. DENV2 particles made in cells with UGT8 knockdown exhibit decreased entry

Huh7 cells were infected with equivalent particle numbers (as determined by qRT-PCR) of DENV2 made by cells
transfected with UGT8 siRNA or the negative control (IRR) siRNA. At 0, 2, 4, 6, 24, and 48 hours, sextuplicate wells
were washed, treated with acid glycine to inactivate any extracellular virus, and cells were collected in TRIzol. RNA
was extracted and qRT-PCR was performed to quantify the number of intracellular genomes. This showed that there
was a significant difference in the ability of the particles made from cells with UGT8 knockdown to enter new cells. At
the early time point of 2 hpi which is used to measure virus entry, there was significantly fewer genome copies in cells
infected with virus produced by cells with UGT8 knockdown. At 24 hpi there continues to be significantly fewer
genome copies in the cells infected with virus made from cells with UGT8 knockdown. At 48 hpi there is no longer a
significant difference between the two groups. Additional statistics are reported in Supplemental Figure 4. (Student’s
unpaired T test). Results are expressed as mean values with standard deviation indicated by error bars).

2.2.7 DENV2 particles produced in cells with UGT8 knockdown have altered
transmission

To determine if the entry and transmission of virus particles released from UGTS8
knockdown cells was altered, we carried out a transmission assay in wild type Huh7 cells
over an extended time course. We infected each well of 10,000 Huh7 cells with 108
genome copies of virus harvested from Huh7 cells transfected with the UGT8 siRNA or
the negative control (IRR) siRNA. In this experiment, because we used fluorescence
microscopy to quantify the number of infected cells, the amount of virus added is different
than in the entry assay in 2.2.5 which detected viral RNA using PCR. Fluorescence
microscopy has a different limit of detection than PCR. We optimized similar
concentrations of virus to what was used in the entry experiment, including 10° to 108
genome copies, but we found that viral infection could only be detected at the 24-hour

time point when we utilized 108 genome copies, meaning that we had to infect with a log
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more virus in this experiment. We then fixed cells at 24-, 48-, and 72-hpi and stained
them with an antibody against the FV E protein along with a DAPI stain to highlight nuclei
(Figure 2.8A). This experiment was repeated for two replicates and representative data
from a single experiment is shown. An additional replicate was attempted and the use of
the Celigo Image Cytometer (Revvity, product# 200-BFFL-5C) was employed for a higher
throughput experiment. However, this experiment failed because the amount of
background fluorescence was too great to measure fluorescence with high accuracy and
acquire data. We observed that at all time points there were more cells positive for E
protein in the cells infected with the virus harvested from the negative control (IRR) versus
UGTS8 knockdown cells, though it was only statistically significant at 24 and 72 hpi (Figure

2.8B).
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Figure 2.8. DENV2 particles produced in cells with UGT8 knockdown have altered transmission. A. Huh7 cells
were infected with equivalent particle numbers (as determined by qRT-PCR) of DENV2 made by cells transfected with
UGT8 siRNA or the negative control (IRR) siRNA. Every 24 hours, cells were fixed with paraformaldehyde,
permeabilized, and stained with pan-flavivirus E protein antibody (492, green) and DAPI (blue). At each time point
infected and uninfected cells were counted. B. At each time point, there are more cells infected in the group treated
with IRR supernatant than UGT8 supernatant. At 72 hours, this difference becomes statistically significant. Odds ratio:
ns = p 2 0.05 * = p<0.05. Results are expressed as mean values with standard deviation indicated by error bars).
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2.2.8 Modulation UGT8 expression does not affect genome replication

To appreciate if alterations in UGT8 expression affected DENV2 genome replication, we
measured the number of genome copies using quantitative RT-PCR in total cellular RNA
obtained from the siRNA knockdown or plasmid overexpression experiment detailed in
section 2.2.1. These experiments were performed for minimum of three independent
biological replicates with three technical replicates and representative data from a single
experiment is shown. There was no significant difference in the number of viral genome
copies in cells transfected with UGT8 siRNA when compared to the negative control (IRR)
(Figure 2.9A), nor in cells transfected with the UGT8 over-expression plasmid compared
to the empty vector control (Figure 2.9B). This confirmed that changes in genome

replication were not responsible for the changes in virus titer we observed.
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Figure 2.9. Modulation UGT8 expression does not affect genome replication.

A. Huh7 cells were transfected with siRNAs targeting UGT8 and a non-targeting irrelevant (IRR) negative control.
48 hours following transfection, cells were infected DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, cells were collected
and RNA was extracted. qRT-PCR was performed to quantify copies of DENV2 genomes. There was no significant
difference in genome copy number in cells with UGT8 knockdown when compared to the negative control (IRR).
B. There was no significant difference in genome copy number in cells with UGT8 overexpression when compared
to the negative control (EV). One-way ANOVA with Dunnett’'s multiple comparison’s test. Results are expressed as
mean values with standard deviation indicated by error bars : ns = p 2 0.05.
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2.2.10 UGTS loss of function does not affect specific infectivity

To determine if the virus particles being released from UGT8 knockdown cells were less
infectious and that was the cause of the accumulation of the particles in the supernatant,
we measured their specific infectivity. Following transfection of either siRNA or plasmids
and infection with DENV2, viral RNA in the supernatants were quantified to obtain the
concentration of genome copies/ml using qRT-PCR. We also titrated the supernatants on
BHK cells as detailed in section 2.2.1. These experiments were performed for a minimum
of three biological replicates with three technical replicates and representative data from
a single experiment is shown. The data indicated that for both knockdown (Figure 2.10A)
and overexpression (Figure 2.10B), there was an increase in the particle to PFU ratio, but
it was not statistically significant. These data suggest that the changes in titer were not

related to changes in infectivity of the virus particles released from UGT8 knockdown

cells.
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Figure 2.10. Modulating UGT8 expression does not significantly alter specific infectivity of DENV2

A. Huh7 cells were transfected with siRNAs targeting UGT8, a non-targeting irrelevant (IRR) negative control, and a
DENV2-specific positive control siRNA. 48 hours following transfection, cells were infected DENV2 (MOI = 0.3) for
24 hr. At 24 hpi, supernatants and cells were collected. Titer was determined using plaque assays and qRT-PCR was
performed to quantify copies of DENV2 genomes in the supernatant. These values were compared to generate the
ratio of total particles:infectious particles. There was an increase in the particle:PFU ratio in cells with UGT8
knockdown relative to the negative control (IRR), but it was not statistically significant. B. This protocol was also
performed with overexpression. There was no significant difference between cells with UGT8 overexpression and the
negative control (EV). (A-B one-way ANOVA with Dunnett’s multiple comparison’s test: ns = p = 0.05. Results are
expressed as mean values with standard deviation indicated by error bars).

51



2.3 Discussion

The roles of UGT8 in viral infection has not previously been reported. Our study
aimed to understand the roles of UGT8 and its metabolite, GalCer, in DENV2 infection.
Our results suggest that UGT8 plays a role in DENV2 entry into Huh7 cells. When UGT8
expression is reduced, fewer GalCer molecules are produced from ceramides in the ER,
resulting in less GalCer that can be trafficked to the plasma membrane. Consequently,
we expect that the ER membrane and plasma membranes would have a lower proportion
of GalCer. The opposite effect is expected with UGT8 overexpression.

Changes to the GalCer composition to a membrane can have numerous effects.
Increasing GalCer can slow the lateral diffusion of molecules within a membrane due to
increased hydrogen binding between GalCer and adjacent phospholipids [172], increase
the thickness and stiffness of a membrane which reduces the flexibility [173], and increase
the formation of lipid rafts [174]. Based on our knowledge of the shapes of lipid molecules,
we know that GalCer is a conical lipid with a large polar head group. This is a shape that
favors positive membrane curvature [80,81,83]. However, the effects of altering GalCer
membrane composition on membrane curvature have not been specifically reported in
the literature.

An important consideration in knockdown and overexpression systems is that not
every cell will have the intended modulation of expression. It is possible that the cells that
are not successfully transfected with either the siRNA or plasmid DNA may dilute the
overall phenotype we observe when we infect with DENV2. Therefore, a key future
direction would be to study the effects of knockout of UGTS8, such as with a CRISPR-

Cas9 system to circumvent the above problems. These studies are currently underway in
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the Perera laboratory. However, a knockout of UGT8 may alter the expression of other
molecules within the cells causing metabolic shifts. These shifts could be examined by
assessing the metabolic landscape with LC-MS/MS. In addition to a knockout system,
another possibility that could provide valuable insight would be single cell studies, such
as single molecule fluorescence resonance energy transfer (smFRET), to measure
uptake of virus and resulting phenotypes, though these can be technically challenging.
Entry

In the context of DENV2 infection, these changes in GalCer composition of the ER
and plasma membrane could alter the functionality of the viral lipid membrane and the
target host cellular membrane, explaining the observed changes in entry. We will discuss
changes to each and their potential impact on viral entry individually.

For the virus particles, alterations in lipid membrane composition could alter entry
by affecting how the E proteins on the particle interact with host cell attachment
molecules. Attachment molecules such as heparan sulfate, DC-SIGN, and heat shock
protein 70, among many others, are the first interactions the virus particle has with the
cell surface [40,41,47,175]. Changes in membrane fluidity and curvature secondary to
alterations in GalCer concentrations may hinder E protein access to host cell attachment
molecules, thereby inhibiting the attachment and entry process. GalCer is a lipid with a
large polar headgroup (galactose), which favors bending outward (termed positive
membrane curvature). If there are increased numbers of GalCer molecules in the viral
membrane, the membrane may have specific areas with increased positive curvature,
causing the membrane to bend outward. However, if there are decreased quantities of

GalCer, the membrane may be relatively more planar or even have a more negative
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curvature (which would bend inward). Both of these conformations could affect the viral
E proteins ability to assemble into the required icosahedral conformations, which
ultimately are required to access attachment molecules. If there are fewer E proteins able
to interact with cellular attachment molecules, it could decrease the avidity of the
interaction, which could in turn result in a reduction in entry.

For the host cell, the downstream effects of altering membrane composition
include altering lipid rafts and how attachment molecules cluster within them, altering
membrane fluidity which can affect how attachment molecules move within the
membrane, and alterations to the electrostatic charge of the membrane (2.11).
Attachment molecules such a DC-SIGN and heparan sulfate often cluster within lipid rafts.
It has been reported that disruption of lipid rafts by altering cholesterol composition can
reduce DENV infection in vitro [176]. This concept could be applied to changing the
GalCer composition of the membrane. As GalCer is a component of lipid rafts, it could
affect attachment molecule clustering and availability of molecules for the virus to bind.
Decreasing GalCer composition would increase the membrane fluidity while increasing
the GalCer composition would decrease it. Increasing the fluidity could potentially aid in
the virus locating the attachment molecules for binding. However, if the pattern in which
the attachment molecules typically cluster is disrupted, this could limit the benefits of
increased mobility. Altering the membrane composition could also affect the electrostatic
charge. DENV virions are typically positively charged, and therefore, anionic lipids such
as heparan sulfate and phosphatidylserine on the plasma membrane contribute to the
negative charge of the host membrane, to facilitate virus binding [177]. If the plasma

membrane composition is shifted to have fewer anionic lipids as a result of altering GalCer
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composition, it could affect the electrostatic interactions between the virus and the cell
and in turn affect binding.

These concepts could explain both the decreased entry of particles made from
cells with UGT8 knockdown in 2.2.5, but may also help explain the differences in
extracellular titer observed in 2.2.3. When we knocked down UGTS8 in 2.2.3, we noticed
an increase in extracellular titer, but no difference in intracellular titer. In this assay, the
virus added for the initial infection is wildtype, but the cells have a significant reduction in
UGT8 expression, a condition that is expected to decrease GalCer in the ER and plasma
membranes. This modulation of UGT8 expression, which we hypothesize will change the
composition of the plasma membrane, appears to limit the ability of the virus to enter.
However, as time progresses, these cells with UGT8 knockdown begin to produce new
virus particles. As the virus derives their membrane from the host cell ER membrane,
these new particles produced have altered lipid membranes, which in turn further affect
their ability to enter uninfected cells. We observed in the entry assay in 2.2.5 that when
these virus particles produced by cells with UGT8 knockdown were used to infect wild
type Huh7 cells, that their ability to enter was diminished, confirming that both the host

and the viral membranes were playing a role in this phenotype.

Fusion

In addition to entry, changes in GalCer composition could affect viral envelope
fluidity and the ability of the embedded viral glycoproteins to undergo structural
conformations necessary to facilitate fusion with the endosome membrane. Fusion with

the host cell membranes require significant curvature and bending, including the
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formation of energetically unfavorable intermediate membrane conformations before
achieving formation of the fusion pore [80—-82].

There are two possibilities to consider in regards to how the structure of the
membrane could affect fusion. First, fewer GalCer molecules may decrease the positive
curvature of the membrane, which may hinder the ability of the virus particle membrane
to protrude towards the endosome membrane during the fusion process (Figure 2.12).
Alternatively, decreasing GalCer could make the viral membrane more fluid and flexible,
which could affect the formation of the fusion intermediates. Similar to how altering the
cholesterol composition of the endosome membrane affects the ability of the virus to fuse,
modulation of GalCer in the virus particle membrane may also affect fusion [57,58].

In addition to membrane structure, we must also consider the conformation of the
viral E proteins and how the membrane characteristics may impact their ability to
rearrange. During endosomal fusion, the reduction in pH results in rearrangement of the
E proteins on the virus surface from homodimers which lie flat on the virus surface to
homotrimers which extend outward and expose the fusion peptide. This conformational
change also increases the proximity of the viral and endosomal membranes t[51].
Changes in the particle membrane composition may impede these structural
rearrangements, potentially making fusion more challenging. As mentioned above in the
discussion of entry, decreasing GalCer composition would increase the fluidity of the
membrane, and vice versa. It is possible that altering membrane fluidity could affect the
rearrangement of the E proteins and affect fusion.

Our entry assay in 2.2.5 showed a significant change in the number of genome

copies in cells infected with virus particles that were produced from cells with UGT8
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knockdown. In this experiment, the 2-, 4, and 6 hpi time points are most relevant for
measuring viral entry, as it is early enough that genome replication is not at detectable
levels, but the virus has likely been delivered to the late endosome and fused. Entry and
fusion have been reported to occur within 15 minutes of infection [48,54]. There was no
significant difference between the 2-, 4-, and 6 hpi time points when compared to each
other as they represent entry and fusion with only low levels of genome replication
(Supplementary Figure 2).

At 24 hpi, significantly fewer genome copies were measured in the cells infected
with virus produced by UGT8 knockdown cells, indicating that even after genome
replication is detectable, fewer cells are infected due to the reduction in initial entry.
However, the 48 hpi group showed no significant difference in genome copies between
the control and experimental groups. Once the entry-defective virus has entered cells and
begins replicating, newly released viral particles should be equivalent to those released
from control-treated cells. The initial amount of virus that entered for either group ranged
from 1 genome copy per 2-4 cells, leaving many uninfected cells. As more and more Huh7
cells become infected with wild type virus, the disparity between the two groups

decreases.

Release

In addition to affecting the virus particle membrane, the rate of release experiment
suggests potential changes to the host cell membrane following modulation of UGT8
expression. UGT8 knockdown is expected to decrease ER and plasma membrane

GalCer, potentially reducing membrane rigidity and thickness [136,137]. These changes
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to the membrane could make virus release more efficient, by improving the trafficking of
secretory vesicles containing virions to facilitate exocytosis. The general secretory
pathways of the cell may be altered following modulation of UGT8 expression. It has been
shown that lipid rafts may play a key role in the cellular exocytosis pathways and depletion
of cholesterol in the cell can result in a reduction in exocytosis pathways [178]. It is
possible that either the change in GalCer composition or the downstream effects of this
change alter lipid rafts and subsequently affect exocytosis pathways, which will directly
impact virus release.

Assembly

Changes to virus assembly were not directly studied in any of our experiments. Changes
in assembly could impact extracellular and intracellular titers, but we did not perform an
experiment to parse out any changes to assembly following modulation of UGTS8
expression. One experiment that could be performed to assess changes in assembly is
a single molecule RNA Fluorescence In Situ Hybridization (FISH) to probe for viral RNA
and both capsid and E protein within the Golgi of infected cells with UGT8 knockdown or
overexpression. Alternatively, an analytical ultracentrifugation approach could be
pursued. In this method, we would centrifuge virus fractions and then probe each fraction
for capsid, prM, and E structural proteins using Western blots as described in [169]. It is
possible that changes in the ER membrane following modulation of UGT8 and GalCer
expression could affect the efficiency of assembly. For example, if UGT8 is knocked
down, and there is a corresponding decrease in GalCer expression in the ER membrane,
a decrease in the membrane thickness and an increase in the fluidity could affect how the

replication complexes form or how quickly viral proteins are able to be aggregated.
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Specific Infectivity

Specific infectivity, defined as the ratio of plaque forming units (PFU) to the total
number of viral genomes, indicates the proportion viral particles that are infectious. The
lack of significant difference in specific infectivity between virus particles produced in in
Huh7 cells with UGT8 knockdown and over-expression compared to controls in our study
may be complicated by the cell type used for the assay. Viral titers for DENV are
measured using plaque assays which are carried out in baby hamster kidney cells (BHK),
which may have different membrane lipid composition from human liver cells (Huh7)
[179]. Therefore, the specific infectivity results may not be representative of the infectivity
of the particles to human cells. In addition, it is possible that DENVs released from human
cells are optimized for efficient infection of the vector. As human-to-human transmission
of DENVs does not naturally occur, it would make sense that the virus released from
human cells could be optimized to infect mosquitoes. Work to evaluate infection of
mosquito cells and the mosquito vector with virus made from cells with modulation of

UGTS8 expression is currently underway to evaluate how it could affect virus transmission.
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Figure 2.11. A-K. The possible effects of altering GalCer composition on host cell membranes during the
DENV2 life cycle.

A-C. Effect of Increased GalCer on Cell Membrane during Assembly and Release. A. Increased GalCer could
mean large or more numerous lipid rafts which may concentrate viral proteins in the ER membrane to aid in
efficiency of replication complex to facilitate assembly. B. Positive curvature induced by increased numbers of
GalCer molecules could hinder release, and C. may hinder replication complex formation during assembly.

D-E. Effect of Decreased GalCer on Cell Membrane during Assembly and Release. D. Decreased GalCer
may cause a decrease in positive membrane curvature, which D. may facilitate release, or E. may facilitate
formation of replication complexes during assembly.

F-l. Effect of Increased GalCer on Cell Membrane during Entry and Fusion. F. Decreased membrane fluidity
may stabilize interaction of attachment molecule and virus. G. Decreased lateral diffusion resulting in less
movement of the attachment may reduce the chance of the molecule encountering virus. H. Lipid rafts can
aggregate attachment molecules which may facilitate virus attachment. I. Positive membrane curvature may
facilitate fusion by bending toward the virus particle.

J-K. Effect of Decreased GalCer on Cell Membrane during Entry and Fusion. J. Increased attachment
molecule movement may decrease chance of encountering virus. K. Less aggregation of attachment molecules
may decrease attachment. L. Less positive curvature may make it more difficult to form fusion intermediates.

All figures were made with Biorender.
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Figure 2.12. A-l. The possible effects of altering GalCer composition on viral membrane during the DENV2
life cycle.

A-B. Effect of Increased GalCer on Viral Membrane during Assembly and Release. A. Increased GalCer
could mean large or more numerous lipid rafts which may concentrate viral proteins at a replication complex to
facilitate assembly. B. Increased positive curvature induced by increased numbers of GalCer molecules could
cause subtle alterations in the icosahedral shape of the virion.

C. Effect of Decreased GalCer on Viral Membrane during Assembly and Release. D. Decreased GalCer may
cause a decrease in positive membrane curvature that could cause subtle alterations in the icosahedral shape of
the virion.

D-F. Effect of Increased GalCer on Viral Membrane during Entry and Fusion. D-E. Decreased membrane
fluidity may alter how the E proteins rearrange from flat homodimers on the virus surface to homotrimers
extending away from the viral membrane during the reduction in pH that occurs in the endosome during fusion. F.
Positive membrane curvature may facilitate fusion by bending toward the endosome membrane.

G-l. Effect of Decreased GalCer on Viral Membrane during Entry and Fusion. G-H. Increased membrane
fluidity may alter how the E proteins rearrange from flat homodimers on the virus surface to homotrimers
extending away from the viral membrane during the reduction in pH that occurs in the endosome during fusion. 1.
Less positive curvature may make it more difficult to form fusion intermediates.

All figures were made with Biorender.
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In conclusion, our study provides novel insights on the role of UGT8 and its
metabolite GalCer in DENV2 infection in vitro, particularly regarding their roles in virus
entry and release. We showed that modulation of UGT8 expression significantly affected
entry of DENV2 particles into Huh7 cells, likely related to changes in the viral membrane
and/or changes in the host cell membranes. These data showcase the intricate
relationships between host cell membrane lipid composition and events in the viral life
cycle. Further studies to confirm how modulation GalCer expression in a membrane
affects the structure and function of the membrane could provide valuable insight into how
it impacts virus assembly, exit, entry and fusion. Expanding the study to include other
flaviviruses and cell types would be informative. Specifically, since UGT8 was shown to
interact with ZIKV NS4A in a high confidence protein-protein interaction study [180].
Expanding this work into other cell types and Zika virus was begun and is discussed in
chapter 4 of this dissertation. While the magnitude of change in entry with modulation of
UGTS8 expression is relatively moderate, it may be more exacerbated if CRISPR-based
UGT8 knockout approaches are used. Additional investigation of the UGT8 hub of the
sphingolipid metabolic pathway may ultimately uncover additional targets for future

design of therapeutics.

2.4 Materials and Methods

2.4.1 siRNA knockdown and infection:

Huh7 cells were seeded at 40,000 cells per well in a 24 well plate. siRNA transfection with
5uM siRNA was performed the following day with RNAi Max lipofectamine

(ThermoFisher). All siRNA experiments included a non-targeting siRNA (irrelevant,
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abbreviated IRR) negative control and DENV2-specific positive control (abbreviated
DENV?2). 48 hours following transfection, cells were infected with DENV2 at an MOI of
0.3. Twenty-four hours post-infection supernatants were harvested and virus in the
supernatant tittered via plaque assay on baby hamster kidney (BHK) cells. The siRNAs

are SMARTpools designed for the UGTS transcript (Gene bank ID: 7368)

Horizon Discovery SMARTpool siRNA for UGT8 (catalog # M-010270-02) target
sequences:

5 ACACUAAACUCAUAGAAUG 3’ (binds nucleotides #67,350-67,368)

5 CGAGAGAGGCCACCAUACA 3’ (binds nucleotides #24,653 - 24,671)

5 GAUGCUGUGUACUGACGUA 3’ (binds nucleotides #25,235 - 25,253)

5" CAGUCCAAGAUGCGGAAUA 3’ (binds nucleotides #24,774 - 24,792)

2.4.2 Plasmid overexpression and infection:

Plasmid purification:

Plasmids were transformed into One Shot Stbl3 Chemically Competent E. coli
(ThermoFisher, catalog #C737303). They were grown on LB agar plates with
carbemecillin (1pg/mL). Individual colonies were selected and grown for 8 hours at 37°C
shaking at 250 RPM in LB media with carbemecillin (1ug/mL). These cultures were then
added to 250 mL of in LB media with carbemecillin (1pg/mL) to generate large scale
cultures and grown overnight at 37°C shaking at 250 RPM. Cells were then harvested by

centrifugation at 5,000xg for 15 minutes at 4°C. Supernatant was discarded and the
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EndoFree Plasmid Maxi Kit (Qiagen, catalog #12362) was used to extract and clean the

plasmids.

Plasmid transfection: Huh7 cells were seeded at 110,000 cells per well in a 24 well plate.
Transfection with 500 ng of plasmid per well was performed the following day utilizing the
Lipofectamine 3000 kit (ThermoFisher, catalog# L3000008) as per kit instructions. Briefly,
one tube was prepared with 25 pl of Gibco OptiMEM | Reduced Serum Medium
(ThermoFisher, catalog #31985062) and 0.75 pl of Lipofectamine 3000. A second tube
was prepared with 25 yl of Gibco OptiMEM | Reduced Serum Medium, 500 ng of plasmid
DNA, and 1 pl P3000 reagent. The contents of the second tube were added to the first
tube, mixed well, and incubated at room temperature for 10-15 minutes as per kit
instructions. During this incubation period, the media on the cells was replaced with fresh
media with 2% serum. 50 pl of this mixture was added to one well. The quantity of
Lipofectamine used for transfection of A549 cells was increased to 1.5 ul as per
manufacturer recommendations. Forty-eight hours following transfection, cells were
infected with DENV2 at an MOI of 0.3. At 24 hours post-infection supernatants were

harvested and plaque assays were performed on BHK cells.

Plasmids:

Human UGT8 cDNA ORF clone (SinoBiological, catalog# HG20264-UT)

Empty vector plasmid pCMV3-untagged vector (SinoBiological, catalog #CV011)
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2.4.3 Alamar Blue Cell Viability assay:

Cell viability was assessed using a resazurin-based assay (Resazurin sodium salt,
powder, BioReagent, suitable for cell culture (Sigma Aldrich Cat# R7017-5G)). A stock
solution of Resazurin was made at by dissolving 1.382 g in 200 mL of H20 (50X stock).
For the working solution, the 50X stock solution was diluted 1:50 (1X) and then one part
of the working solution was added to 9ml of DMEM with 2% FBS. 200ml of this 1:10
diluted solution was added to each well. For siRNA experiments, 40,000 cells per well
were plated in a 24 well plate and for plasmid overexpression experiments 110,000 cells
per well were plated in a 24 well plate. Following siRNA or plasmid transfection and mock
infection, at 24 hours post-infection media was removed from cells and replaced with the
resazurin/DMEM solution and cells were incubated for 1-3 hours at 37°C and 5% CO2.
Fluorescence output was measured using Biotek Synergy HTX Multi-Mode plate reader

(Agilent) with excitation at 560nm and emission at 590 nm.

2.4.4 Confirmation of UGT8 mRNA knockdown or overexpression in Huh7 cells
Cells were seeded and transfected as described in the siRNA knockdown or plasmid
overexpression methods, mock-infected with 1XPBS, and cells were collected in TRIzol
(ThermoFisher) for RNA extraction. For mRNA expression, RNA was extracted, and qRT-
PCR was performed to determine the percent of knockdown of the UGT8 mRNA relative
to cells treated with the negative control siRNA or empty vector plasmid. A one-step qRT-
PCR kit (SYBR III Kit, Agilent) was used and samples were run on a LightCycler 96 real-
time PCR machine (Roche). In each well, we added 5 pl of Sybr 2x Master Mix, 3.4 ul of

DEPC water, 0.5 pl of 20uM forward primer, 0.5 pyl of 20uM reverse primer, 0.5 ul of

65



reverse transcriptase, and 0.1 pl Dithiothreitol (DTT), with 2.5 pyl of RNA diluted in DEPC
water to a concentration of 5 ng/ul. The total volume of the reaction was 12.5 ul. The
cycling parameters were: 20 mins at 50°C for reverse transcription, then 5 mins at 95°C
followed by 45 two-step cycles of 95°C for 5 seconds and 60°C for 60 seconds. Ct values
from all samples were normalized to Ribosomal Protein Lateral Stalk Subunit PO (RPLPO)

using the delta delta ct method described in [181].

Primer sequences:
UGTS8 forward primer (5’ to 3’): ATTCAGCGCACAAACACAGG (binds nucleotides #
519-538)

UGTS8 reverse primer (3’ to 5’): CCTTCGCTATCCCAACAGCA (binds nucleotides #
24,554-24 573)

RplpO0 forward primer (5’ to 3’): AGATGCAGCAGATCCGCAT

RplpO0 reverse primer (3’ to 5’): GGATGGCCTTGCGCA
2.4.5 Quantification of UGT8 mRNA expression over a time course of DENV2
infection
Huh7 cells were seeded at 200,000 cells per well in a 6 well plate. The next day, cells
were mock-infected or infected with DENV2 at an MOI of 3. At 24 hours post-infection,
cells were collected in TRIzol. RNA extraction was completed and gRT-PCR was
performed. The protocol and primers utilized in section 2.4.4 above was employed and
Ct values from all samples were normalized to Ribosomal Protein Lateral Stalk Subunit

PO (RPLPO) using the delta delta ct method described in [181].

66



2.4.6 Quantification of intracellular and extracellular virus titer in Huh7 cells

Following either siRNA or plasmid transfection and DENV2 infection with an MOI of 0.3,
as detailed in 2.4.1 and 2.4.2, supernatants and cells were collected at 24 hpi.
Supernatants were titered via plaque assay to determine the quantity of infectious virus
released. All cells in each well were collected and resuspended in equal volume of media
as the supernatants that were collected (500ml). We did not count the cells in each well
due to the number of samples involved. The cells were lysed using three freeze-thaw
cycles, wherein cells were placed at -80 C for 10 minutes, then placed at room
temperature until completely thawed, for a total of three cycles. Cells were centrifuged at
4,000 RPM (1,300 x g) for 5 minutes on a table top microfuge to pellet the cell debris, and
soluble cytoplasmic extracts were transferred to a new tube. The infectious virus in the
cytoplasmic extracts were quantified via plaque assay. The ratio of extracellular to
intracellular titer was determined by expressing each titer value in plaque forming

units/mL and then dividing the extracellular titer by the intracellular titer value.

2.4.7 Quantification of virus entry into Huh7 cells

100,000 Huh7 cells per well were seeded in a 24 well plate and infected with 107 genome
copies per well of either virus made from cells transfected with the UGT8 siRNA or the
negative control IRR siRNA. We first quantified the number of genome copies/mL in
supernatants collected from a previous siRNA knockdown experiment. We then
calculated the amount of volume needed to achieve 107 genome copies and added media
to a final volume of 100 pl, scaling up by multiplying both values by the number of wells

to be infected. The final number of genome copies to be used in the experiment was

67



optimized via preliminary experiments that used 10°, 10°, 107, and 108 genome copies to
infect Huh7 cells, harvesting cells at 0- and 4 hpi, extracting RNA, and using qRT-PCR to
quantify genome copies/mL. We found that 108 genome copies were too great, as it
overwhelmed the cells and gave us similar numbers of genome copies at both 0- and 4
hpi. 107 genome copies gave us the most consistent data across the three replicates
when compared to 10° and 108. We elected to move forward with 10”. Media was removed
from the cells, and virus inoculum was incubated onto the cells at 4°C on a rocker for 1
hour. Virus was then removed from all wells and cells were washed with ice cold 1XPBS.
For the 0 hpi time point, virus was removed, cells were washed with ice cold 1XPBS. Cells
were then treated with acid glycine for 1 minute to aid in inactivation of extracellular virus
which was prepared as described in [182,183]. The cells were washed a second time with
ice cold 1XPBS and then collected in TRIzol. For all cells except those belonging to the 0
hpi time point, DMEM with 2% FBS was added after the 1hr incubation at 4°C and cells
were placed at 37°C. At 2-, 4-, 6-, 24-, and 48 hpi, media was harvested, cells were
washed, treated with acid glycine, washed a second time, and then collected in TRIzol,
similar to the 0 hpi time point. RNA was extracted from the cells and analyzed via
quantitative RT-PCR to determine the number of genome copies/mL.

Quantitative RT-PCR was carried out using the QIAGEN Quantitect kit as
described in Butrapet et al, 2006 [184]. Briefly, the cycle run on the LightCycler 96 real-
time PCR machine (Roche) includes a 20-minute 50°C reverse transcription step,
followed by a 5-minute 95°C hold, and then 50 cycles of a 15 second 95°C denaturation
and 75 second 57°C annealing/extension step. Each well contained 6.75 ul of DEPC

water, 2.5 ul QIAGEN Virus NR Master Mix 5x, 0.5 pl of the 20uM forward primer, 0.5 pl
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of the 20uM reverse primer, 0.25 pl of the FAM probe, and ul QIAGEN Quantitect Virus
RT Mix, 100x for a total volume of 10 pl. 2.5 ul of RNA standardized to 10 ng/ul was added
to each well for a total RNA concentration of 25 ng per well. The primers listed below are
specific to the 3’ non-coding region of DENV2 and the probe is universal for all DENV
serotypes. A standard curve including 10 to 107 genome copies/mL was plated in
duplicate on each plate. Standards were generously donated by Claire Huang. They were
generated by her lab by in vitro transcription of viral RNA from a plasmid containing the
primer/probe-target DENV2 cDNA fragment. The concentration was quantified and

serially diluted to generate a standard curve.

Primer and probe sequences [184]:

DENV genome forward primer (3’ to 5, binds at nucleotide 10578 in the DENV2 16681
genome): AAG GAC TAG AGG TTA GAG GAGACC C

DENV genome reverse primer (5’ to 3’, binds at nucleotide 10687 in the DENV2 16681
genome):. GGC GTT CTG TGC CTG GAATGATG

DENV FAM-probe (binds at nucleotide 10616 in the DENV2 16681 genome): AAC
AGC ATATTG ACG CTG GGAAAG ACC
2.4.8 In vitro transmission of virus harvested from UGT8 knockdown cells
10,000 Huh7 cells were seeded in a 96 well plate. Each well was infected with a serial
dilution of virus, ranging from 10° to 108 viral genome copies from supernatants made
from cells transfected with UGT8 siRNA or the negative control IRR siRNA. At 24-, 48-,
and 72 hpi, media was removed, cells were washed with 1XPBS and fixed with 4%
paraformaldehyde diluted in 1XPBS for 20 minutes at room temperature on a rocker. Then

cells were washed 3 times with 1XPBS for 5 minutes on the rocker and permeabilized for
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20 minutes at room temperature with a 0.5% Triton X-100/1% bovine serum albumin
(BSA, Gold Biotechnology) solution in 1TXPBS. Cells were then blocked overnight on the
rocker at 4°C in a 0.01% Triton X-100/1% BSA solution in 1x PBS. Cells were stained with
Mouse Anti-Flavivirus E protein (D1-4G2-4-15 (4G2)) (Abcam cat.no: AB286196-200UG)
diluted 1:1,000 in a 0.01% Triton X-100/1% bovine serum albumin solution in 1XPBS for
one hour on the rocker at room temperature, Goat anti-mouse AlexaFluor 488 diluted
1:500 in a 0.01% Triton X-100/1% bovine serum albumin solution in 1XPBS for one hour
on the rocker at room temperature, and DAPI diluted 1:2,000 in in a 0.01% Triton X-
100/1% bovine serum albumin solution in 1XPBS for 20 seconds. Between stains cells
were washed 3 times for 10 minutes in 1XPBS. Cells were imaged and photographed on

the Echo microscope Revolve R4 model (Bico Company).

249 Specific Infectivity (Particle:PFU ratio) of virus harvested from UGTS
knockdown cells

Following either siRNA or plasmid transfection and DENV2 infection at MOI of 0.3 in Huh7
as detailed in 2.4.1 and 2.4.2, 250 pl of supernatant was collected for titration via plaque
assay on BHK cells. In addition, 250 pl of supernatant was collected in TRIzol-LS
(ThermoFisher) to extract viral RNA. gRT-PCR was performed using the QIAGEN kit
detailed in 2.4.7 to quantify the number of viral genomes in the supernatant. The volume
of RNA added was 2.5 pl, the concentration was not standardized. The ratio of the number
of genomes to the number of plaque forming units per mL (specific infectivity) was then

calculated.
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2.4.10 Quantification of DENV2 genomes

RNA was extracted from cells either treated with siRNA against UGT8 or cells over-
expressing UGT8 and collected in TRIzol to determine intracellular genome copies or
from supernatant collected in TRIzol-LS (ThermoFisher) to determine supernatant
genome copies. Quantitative RT-PCR using the QIAGEN Quantitect kit as described as

described in Butrapet et al, 2006 and detailed in section 2.4.7 [184].

2.4.12. Flow cytometry to detect changes in GalCer expression during infection
200,000 Huh7 cells were seeded per well in 24 well plates. The following day, cells
were infected with DENV2 (MOI of 1) or mock-infected. At 24-, 48-, and 72 hpi cells were
trypsinized and harvested and 4 wells were pooled per sample to achieve a minimum of
108 cells per sample. Cells were transferred to a 96 well V-bottom plate and centrifuged
at 500xg for 5 minutes at 4°C. The supernatant was discarded and cells were washed in
1XPBS, centrifuged at 500xg for 5 minutes at 4°C, and the supernatant discarded. All
wells of the plate except those designated as the unstained control wells were stained
with 100 pl of a 1:200 dilution of Zombie NIR cell viability stain (Sony Biotechnology,
catalog # 2715525) in 1XPBS. Cells were incubated for 15 minutes in the dark at room
temperature. The plate was then centrifuged at 500xg for 5 minutes at 4°C and the
supernatant discarded. For all wells except those designated for unstained control and
no antibody control, 100 ul of a 1:200 dilution of Anti-Galactocerebroside Antibody, clone
mGalC, Alexa Fluor™488 Conjugate (Millipore Sigma, catalog #MAB342A4) to stain the
surface of the cells. The cells were incubated in the dark for 30 minutes at 4°C. The plate

was then centrifuged at 500xg for 5 minutes at 4°C and the supernatant discarded. Cells
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were resuspended in 150 ul of FACS buffer (PBS with 2% fetal bovine serum and 0.05%
sodium azide) and centrifuged at 500xg for 5 minutes at 4°C. The supernatant was
discarded and cells were resuspended in permabilization buffer (ThermoFisher catalog #
88-8824-00). Flow cytometry was performed on the Cytek Aurora 4 laser flow cytometer
and data was acquired using SpectoFlo software. Data was then unmixed and analyzed
using the FlowJo application.

The first time this experiment was performed, Anti-Galactocerebroside Antibody,
clone mGalC, Alexa Fluor™488 Conjugate (Millipore Sigma, catalog #MAB342A4) was
used to stain cells. However, it became evident that the Huh7 cells exhibit intense
autofluorescence at a similar wavelength, complicating analysis of the experiment. The
second attempt at this experiment Anti-Galactocerebroside Antibody, clone mGalC, Alexa
Fluor™e47 Conjugate (Millipore Sigma, catalog # MAB342-AF647) was used, however,
there were such significant cell losses during the staining process that the efficacy of the

stain was difficult to evaluate.

2.4.12 Statistical analysis

The statistical analyses used are noted in the figure legends. When applicable results are
expressed as mean values with standard deviation. Statistical significance was
determined using one way ANOVA with Dunnett’'s multiple comparisons test or Student’s
unpaired T tests using the GraphPad Prism software (GraphPad software, La Jolla,

California, USA).
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Chapter 3: The role of Galactocerebrosidase in DENV2 Infection

3.1 Introduction

Galactocerebrosidase (also called galactoceramidase, GALC) is a lysosomal
enzyme that recycles galactosylceramides and other galactolipids via hydrolysis. This
breakdown process for galactosylceramide begins in the acidic conditions of the
lysosome where GALC severs the glycosidic bond, separating the galactose from the
ceramide (Fig 1A) [185]. The ceramides are further broken down into a sphingoid base
and a fatty acid. From here, sphingoid bases can be made into many different new
molecules: they can be phosphorylated to form sphingosine-1-phosphatase (S1P), they
can be further degraded in the ER into phosphotidylethanolamine and ethanolamine, or
they can be re-used in the salvage pathway and be made into new ceramides in the ER
by ceramide synthases. The fatty acids can be trafficked to the mitochondria for beta-
oxidation to produce energy, be incorporated into glycerolipids, or may be recycled and
made into new ceramides through the salvage pathway.

GALC is expressed ubiquitously by cells at variable levels, but is most highly
expressed in nervous tissues. As galactosylceramide is one of the principal components
of myelin, GALC is responsible for normal turnover and recycling of galactosylceramides.
This maintains myelin health and ensures smooth and efficient nerve conduction, allowing
for coordinated movement as a result [167,186,187]. Galactosylceramides are also found
in cell membranes, often as parts of glycosphingolipid-enriched microdomains (GEMs,
also called lipid rafts). GEMs are involved in a variety of roles in the cell, including

regulation of signal transduction, receptor activation, host-pathogen and cell-cell
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interactions, membrane permeability, and intracellular lipid and protein trafficking
[99,131,132,134].

When the GALC enzyme is dysfunctional, normal breakdown of GalCer is
disrupted, resulting in devastating medical diseases. Krabbe disease (KD), also called
Globoid Cell Leukodystrophy, is a heritable disorder that presents in young children
caused by a loss of function mutation in the GALC gene that results in demyelination
[186]. Symptomatic patients have <10% of normal GALC activity, and a different enzyme,
acid ceramidase, breaks down GalCer, which results in formation of a toxic metabolite
called psychosine (also called galactosphingosine) [186,188,189]. Acid ceramidase
deacylates GalCer, removing the fatty acid to form psychosine. Psychosine will
progressively accumulate in the lysosome over time, compounding the toxicity. The toxic
effects can cause the lysosome membrane to lose its structural integrity, resulting in
oxidative stress [190].

Oxidative stress can result in hydrolysis of sphingomyelins within membranes to
produce ceramides [191,192]. For example, it can activate c-Jun N-terminal kinase (JNK)
signaling, which stimulates phosphorylation and subsequent activation of neutral
sphingomyelinase 1, leading to increases in ceramide levels [192]. Cellular stress can
also upregulate ceramide formation via the de novo synthesis pathway, wherein activation
of serine palmitoyltransferase and ceramide synthases generate new ceramides [193].
These ceramides can have many functions, but importantly, these signaling cascades can
result in apoptosis to remove cells affected by toxic metabolites. This chain of events
demonstrates the important role of GALC in regulating cellular homeostasis and highlights

the far-reaching consequences of its dysfunction on cellular health and lipid metabolism.
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While GALC has been extensively studied in neurodegenerative diseases,
currently there are no publications regarding its role in viral infections. In this study, we
aimed to understand the role of GALC in viral infection. Given what we had learned from
the work presented in Chapter 2 about the opposing reaction of UGT8 which forms
GalCer, we anticipated that GALC might have the opposite effect (to UGT8) on viral titer.
Supporting this idea was the preliminary data from the siRNA knockdown screen
performed by St. Clair et al (discussed in detail in Chapter 2) which showed a significant
decrease in DENV2 titer following knockdown of GALC. The preliminary studies
presented in this chapter establish that modulation of the expression of GALC affects the
DENV?2 virus life cycle and appears to affect virus assembly. While the specific role of
GALC in DENV2 begs further exploration, these studies provide a foundation upon which

we can build future studies.

3.2 Results
3.2.1 Modulation of GALC expression affects DENV2 titer

Based on the preliminary data that showed a decrease in DENV2 following siRNA
knockdown of GALC, we hypothesized that GALC played a pro-viral role in DENV2
infection. To validate the results from St Clair et al, we performed an siRNA knockdown
of GALC using pooled siRNAs (Dharmacon) to target the GALC gene in Huh7 cells. A
non-targeting irrelevant siRNA (IRR) was employed as a negative control and an siRNA
targeting the DENV2 genome was employed as a positive control. Forty-eight hours
following transfection, cells were infected with DENV2 at an MOI of 0.3. Twenty-four hours

post-infection (hpi) supernatants were collected and titrated using baby hamster kidney
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(BHK) cells. Following siRNA knockdown, we observed that GALC mRNA expression was
significantly reduced by 67% (Figure 3.1B). We observed that following GALC loss of function
there was a 3.2-fold increase in DENV?2 titer relative to the IRR control (Figure 3.1C). This
data was opposite from the preliminary data obtained in the siRNA knockdown screen as
described in St. Clair et al, however, the knockdown experiments were repeated for a
minimum of three independent replicates and the increase in titer was observed each
time. None of the siRNA treatments were cytotoxic (Figure 3.1D). These findings were
conserved when we repeated this experimental procedure using ZIKV, however, the
magnitude of change in titer was greater with a 5-fold increase compared to the negative

control (Supplemental figure A.8).

Sk
A B. C. "
5 2 g
BE . -
O £ £ s
GALC w & a2 ]
— o <o = %
! Z g 2 8
¢ X o k]
E™ 2
Ceramide GalCer =
<& R & & Ry
€ K AP
siRNA target siRNA Target siRNA Target

Figure 3.1. A. GALC recycles galactosylceramide by breaking it down into a fatty acid and a sphingosine molecule in
the lysosome. B. Huh7 cells were transfected with siRNAs targeting GALC, a negative control siRNA (irrelevant
siRNA, IRR), or a DENV2-specific positive control siRNA (DENV). At 48 hours post-transfection, cells were mock
infected. At 24 hour post-mock infection, they were collected and RNA was extracted and analyzed for GALC mRNA
expression. Results were normalized to the RPLPO housekeeping gene. GALC knockdown resulted in a 67%
decrease in GALC mRNA expression. C. Huh7 cells were transfected with siRNAs targeting GALC, a non-targeting
irrelevant (IRR) negative control, and a DENV2-specific positive control siRNA. 48 hours following transfection, cells
were infected DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, viral supernatants were collected and analyzed via plaque
assays. siRNA knockdown of GALC shows a 3.2-fold increase in DENV2 titer relative to the IRR control. D. Cell
viability following siRNA transfection and mock infection was assessed using an Alamar Blue Cell Viability Assay.
Fluorescence at 590 nm corresponds to the cells’ metabolic activity. The positive control, Triton-X100, is toxic to the
cells, and shows decreased fluorescence, indicating decreased metabolic activity. No siRNA treatment significantly
affected cell viability. (B-D one-way ANOVA with Dunnett’'s multiple comparison’s test: ns = p 2 0.05 * = p<0.05, ** =
p<0.01, **** = p<0.0001; results are expressed as mean values with standard deviation indicated by error bars)
[Abbreviations: IRR, irrelevant, non-targeting siRNA; DENV, DENV2-specific siRNA; GALC, galactocerebrosidase].
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With these data, we wanted to understand if the effect on titer was sustained beyond
peak replication at 24 hours. We repeated the knockdown and overexpression experiments
and collected supernatants at 48 hours. The titer at 48 hpi following GALC knockdown was
slightly increased, but not statistically significant (Figure 2A). The titer following GALC

overexpression was not significantly different compared to the negative control (Figure 3.2B).
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Figure 3.2A. Huh7 cells were transfected with siRNAs targeting GALC and a negative control siRNA (irrelevant
siRNA, IRR), or a DENV2-specific positive control siRNA (DENV). At 48 hours post-transfection, cells were infected
with DENV2 at an MOI of 0.3 At 48 hpi, supernatants were collected and titrated on BHK cells. There was no
significant difference in titer in cells with GALC knockdown relative to the negative control. B. Huh7 cells were
transfected with a plasmid containing the GALC gene or an empty vector control. At 48 hours post-transfection, cells
were infected DENV2 (MOI = 0.3). At 48 hpi, viral supernatants were collected and titrated on BHK cells. There was
no significant difference in titer in cells with GALC overexpression. (A-B one-way ANOVA with Dunnett’s multiple
comparison’s test: ns = p = 0.05; **** = p<0.0001; results are expressed as mean values with standard deviation
indicated by error bars) [Abbreviations: IRR, irrelevant, non-targeting siRNA; DENV, DENV2-specific siRNA; EV,
empty vector control plasmid; GALC, galactocerebrosidase].

Concurrently with the loss of function experiments we performed transient
overexpression of GALC by transfecting in a plasmid containing the GALC gene. An
empty vector plasmid (EV) was used as a negative control. Overexpression was confirmed
using gRT-PCR which showed a significant increase in GALC mRNA expression which was
399% of the GALC expression in the negative control (Figure 3.3A). With transient
overexpression, we observed a 2-fold decrease in viral titer at 24 hpi (Figure 3.3B). There

were no significant cytotoxic effects of the plasmids (Figure 3.3C).
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The 24 hpi knockdown results were incongruous with the preliminary data, however,
the opposing phenotypes we observed between our knockdown and overexpression data is
compelling and supports the validity of the results. The temporally limited nature of the
changes in titer also suggests that the effects of modulation GALC expression may be
stronger earlier in infection, as represented by the 24 hpi time point, or may be overwhelmed
as the infection progresses. From here, we wanted to understand the specific steps of the

virus life cycle altered to produce the phenotypes above.
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Figure 3.3. A. Huh7 cells were transfected with a plasmid containing the GALC gene or an empty vector control. At 48
hours post-transfection, cells were mock infected. At 24 hour post-mock infection, cells were washed and collected in
TRIzol, and RNA was extracted. qRT-PCR was performed to assess GALC mRNA expression. Results were
normalized to the RPLPO housekeeping gene. Overexpression resulted in a 399% increase in GALC mRNA
expression B. To assess changes in viral titer, 48 hours following transfection, cells were infected DENV2 (MOI = 0.3)
for 24 hr. At 24 hpi, viral supernatants were collected and analyzed via plaque assays. Overexpression of UGT8
results in a 2-fold decrease in viral titer. D. Cell viability following plasmid transfection and mock infection was
assessed using an Alamar Blue Cell Viability Assay. Fluorescence at 590 nm corresponds to the cells’ metabolic
activity. The positive control, Triton-X100, is toxic to the cells, and shows decreased fluorescence, indicating
decreased metabolic activity. No plasmid treatment significantly affected cell viability. (A-D one-way ANOVA with
Dunnett’s multiple comparison’s test: ns = p 2 0.05 * = p<0.05, **** = p<0.0001; results are expressed as mean values
with standard deviation indicated by error bars) [Abbreviations: EV, empty vector control plasmid; GALC,
galactocerebrosidase plasmid].

3.2.2 Reducing GALC expression increases extracellular and intracellular DENV2
titer

To delve deeper into why DENV2 titer was altered following modulation of GALC
expression, we examined intra- and extracellular titers to determine if there were changes
in virus assembly and release. We repeated the loss of function studies using the GALC
siRNA following by infection with DENV2 at MOI 0.3 as detailed in section 3.2.1. At 24

hpi, supernatants and cells were collected. The cells were washed and subjected to
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repeated freeze-thaw cycles to lyse the cells. Cell extracts were centrifuged to remove
any cellular debris and plaque assays were performed with the intracellular cell extracts
and extracellular supernatants. The extracellular titer for cells treated with GALC siRNA
was significantly increased compared to the negative control siRNA (Figure 3.4A). The
intracellular titer was also observed to be significantly increased compared to the control
(Figure 3.4B). These data suggest that increased extracellular virus may be due to an
increase in the production of virus inside the cell. Increased intracellular titer could be due
to increased genome replication and/or increased virus assembly, or an increased
efficiency in maturation making them more infectious than the particles produced in
control cells. In addition, the ratio of extracellular to intracellular infectious viral titer was
increasedto 1.4 : 1.0 for the GALC knockdown samples in comparison to 0.9:1 for the
negative control, suggesting release and/or entry may additionally be implicated (Figure
3.4C). To parse out what may be the driving force(s) behind these titer increases, we
pursued experiments that would inform us about changes in genome replication and

specific infectivity following modulation of GALC expression.
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Figure 3.4 A. Extracellular and intracellular viral titers following siRNA knockdown detailed in figure 1 were measured
using plaque assays. Intracellular virus was harvested from cells using repeated freeze-thaw cycles and centrifugation
to remove the cellular debris from the supernatant. The extracellular titer following siRNA knockdown of GALC shows
a 3.2-fold increase in DENV2 titer relative to the IRR control. B. The intracellular titer following GALC knockdown
shows a 2-fold increase in the DENV2 titer relative to the IRR control. C. The ratio of extracellular to intracellular titer
of the negative and positive control was 0.9:1 and 1:1, respectively. For the controls, there was no significant
difference between intra- and extracellular titers when compared to each other. The extracellular to intracellular ratio
of cells with GALC knockdown was 1.4:1, which was increased relative to the negative control. Dunnett’s multiple
comparison’s test: ns = p 2 0.05, ** = p<0.001, **** = p<0.0001 (A-C one-way ANOVA with Dunnett's multiple
comparison’s test: ns = p 2 0.05, ** = p<0.01, ***= p<0.001, **** = p<0.0001; results are expressed as mean values
with standard deviation indicated by error bars) [Abbreviations: IRR, irrelevant, non-targeting siRNA; DENV, DENV2-
specific siRNA; GALC, galactocerebrosidase].

3.2.3 Modulation GALC expression does not affect DENV2 genome replication

To determine if modulation of GALC expression affects DENV2 genome
replication, we measured the number of genome copies using quantitative RT-PCR in
total cellular RNA obtained from the siRNA knockdown or plasmid overexpression
experiments detailed in section 3.2.1. There was no significant change in the number of
viral genome copies in cells transfected with GALC siRNA when compared to the negative
control (Figure 3.5A), nor in cells transfected with the GALC over-expression plasmid
compared to the empty vector control (Figure 3.5B). These data suggest that genome

replication is not the cause of the increase in intracellular and extracellular titer.
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Figure 3.5 A. Huh7 cells were transfected with siRNAs targeting GALC or a non-targeting irrelevant (IRR) negative
control. 48 hours following transfection, cells were infected DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, cells were
collected and RNA was extracted. qRT-PCR was performed to quantify copies of DENV2 genomes. There was no
significant difference in genome copy number in cells with UGT8 knockdown when compared to the negative control
(IRR). B. Huh7 cells were transfected with a plasmid containing the GALC gene or an empty vector control. At 48
hours post-transfection, cells were infected DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, cells were collected and RNA was
extracted. qRT-PCR was performed to quantify copies of DENV2 genomes. There was no significant difference in
genome copy number in cells with GALC overexpression when compared to the negative control (EV). A-B One-way
ANOVA with Dunnett's multiple comparison’s test. Results are expressed as mean values with standard deviation
indicated by error bars : ns = p 2 0.05. [Abbreviations: IRR, irrelevant, non-targeting siRNA; DENV, DENV2-specific
siRNA; EV, empty vector control plasmid; GALC, galactocerebrosidase].

3.2.4 Modulation GALC expression does not affect DENV2 specific infectivity

We then aimed to learn if the specific infectivity of the virus particles being
produced was increased following modulation of GALC expression. After transfection of
either siRNA or plasmids (as described in 3.2.1) and infection with DENV2, viral RNA in
the supernatants was extracted and the concentration of genome copies/ml was
determined using qRT-PCR. We also titrated the supernatants on BHKs as detailed in
section 3.2.1. We observed that there was no significant difference in the specific
infectivity of virus released from cells with either GALC knockdown or overexpression
(Figure 3.6). These data suggest that the changes in titer were not related to changes in

infectivity.
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Figure 3.6A. Huh7 cells were transfected with siRNAs targeting GALC, a non-targeting irrelevant (IRR) negative
control, and a DENV2-specific positive control siRNA. 48 hours following transfection, cells were infected DENV2
(MOI = 0.3) for 24 hr. At 24 hpi, supernatants and cells were collected. Titer was determined using plaque assays
and gRT-PCR was performed to quantify copies of DENV2 genomes in the supernatant. These values were
compared to generate the ratio of total particles:infectious particles. There was an increase in the particle:PFU ratio
in cells with UGT8 knockdown relative to the negative control (IRR), but it was not statistically significant. B. Huh7
cells were transfected with a plasmid containing the GALC gene or an empty vector control. At 48 hours post-
transfection, cells were infected DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, cells were collected and RNA was
extracted. gqRT-PCR was performed to quantify copies of DENV2 genomes. There was no significant difference in
genome copy number in cells with GALC overexpression when compared to the negative control (A-B one-way
ANOVA with Dunnett’s multiple comparison’s test: ns = p =2 0.05. Results are expressed as mean values with
standard deviation indicated by error bars). [Abbreviations: IRR, irrelevant, non-targeting siRNA; DENV, DENV2-
specific siRNA; EV, empty vector control plasmid; GALC, galactocerebrosidase].

3.3 Discussion

The role of GALC in viral infection has not been thoroughly investigated and our
studies aimed to provide an introductory understanding of its role in DENV2 infection. Our
findings revealed a significant increase in DENV2 titer following GALC knockdown in
Huh7 cells, which was in contrast to the previous data from St Clair et al. This intriguing
results challenged the notion that GALC and UGT8 play contrasting roles in DENV2
infection, highlighting the complexity of the sphingolipid metabolic pathway [194,195].
GALC resides in the lysosome, a distinct cellular compartment from the ER where
galactose is added to ceramide by UGT8. The observed increase in titer (section 3.2.2)
was not related to changes in genome replication or virus particle infectivity, suggesting
there may be alterations in virus assembly.

Reduced GALC activity can result in the conversion of galactosylceramides into

psychosine, a toxic metabolite. Psychosine accumulation in the lysosome can result in
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ceramide upregulation. In oligodendrocytes, this process has been reported to occur
within a few days of GALC knockdown in vitro [196]. In that study, approximately 25% of
their oligodendrocyte cells did not survive GALC knockdown. In our study, it is important
to note that we did not see any difference in cytotoxicity in our cells with GALC knockdown
(Fig 1D), so it is possible that Huh7 cells may be more resistant to the toxic effects. That
study utilized a lentivirus-mediated knockdown system and observed a qualitative
decrease in GALC expression using Western blot analysis, though they did not quantify
the level of knockdown. It is possible that they achieved a greater level of GALC
knockdown, contributing to more severe toxic effects than what we observed. While the
timeframe to accumulation of psychosine has not been confirmed in Huh7 cells, a similar
timeline is possible, and this should be validated in future studies.

A study from Leier et al showed that ceramides were significantly enriched and
recruited to viral replication complexes in Zika virus infected Huh7 cells [95]. Although our
study focused on DENVZ2, it is possible that these findings are similar if not conserved in
related flaviviruses. This finding has not been reported in DENV2 infected human cells in
vitro, however, ceramide upregulation has been demonstrated in DENVZ2-infected
mosquito cells and in mosquito midguts following an infectious DENV2 blood meal using
liquid chromatography-tandem mass spectrometry (LC-MS/MS), and in clinical samples
from humans infected with DENVs using reversed-phase high performance liquid
chromatography [197-199]. These findings suggest that ceramide upregulation may
happen in DENV2-infected Huh7 cells in vitro, but confirmation is needed in future

studies.
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Ceramide upregulation following GALC knockdown may be beneficial for virus
assembly by supporting the formation of replication complexes in the ER or by increasing
the efficiency of virus assembly. For instance, ceramides are lipids that promote negative
membrane curvature which could facilitate the formation of the replication complexes in
the ER membrane where assembly occurs [200]. This concept is further supported by the
observation that NS4B, a nonstructural protein involved in replication complex formation,
has been shown to be associated with ceramides in the ER membrane by superresolution
microscopy [95]. In addition, ceramides are an important component of lipid rafts. In the
ER membrane, lipid rafts may help to concentrate high numbers of structural proteins E
and prM to increase the efficiency of virus assembly [201]. Changes in assembly could
explain the increase in intracellular and extracellular DENV?2 titers observed in 3.2.2. To
validate this hypothesis, ceramide levels in GALC knockdown cells should be evaluated
using an LC-MS/MS approach.

The question of why the ratio of extracellular to intracellular viral titer is increased
in GALC knockdown cells remains unexplained. Increases in virus assembly alone may
not be the only driver of this change. Increasing ceramide levels may provide the cell
more substrates for synthesis of complex sphingolipids, including glycolipids like
galactosylceramide, which could potentially alter the plasma membrane composition.
Changes in the plasma membrane composition could in turn affect virus entry and egress.
Additional studies, similar to those conducted for UGT8 in Chapter 2, are necessary to
determine if GALC impacts virus assembly, release or entry and these are important

future directions for this work.
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3.4 Materials and Methods
Please see the following methods in Chapter 2, section 2.4:

siRNA knockdown and infection
Horizon Discovery SMARTpool siRNA for GALC (catalog #M-011038-01) target
sequences:

5 CUGGCAACGCCGAGCGAAAZ

5 GAGAAUUAUUUCCGAGGAU 3

5 GAAAGGAGGAAGCUACGUA &

5 GAUUAUCUCUUUAAGCCGA 3’

Plasmid overexpression and infection

Plasmids:
Human, GALC cDNA ORF Clone, untagged (SinoBiological, catalog
#HG13681-UT)
Empty vector plasmid pCMV3-untagged vector (SinoBiological, catalog
#CV011)

Alamar Blue Cell Viability assay

Confirmation of UGT8 mRNA knockdown or overexpression in Huh7 cells
Quantification of intracellular and extracellular virus titer in Huh7 cells
Specific Infectivity (Particle:PFU ratio)

Quantification of DENV2 genomes

Statistical analysis
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Chapter 4: The role of UGT8 in ZIKV Infection

4.1 Introduction

In Chapter 2, UDP-galactosyl transferase 8 (UGT8) was shown to affect the ability of DENV2
to enter liver cells in vitro. In this chapter, we aimed to explore if this phenotype was conserved
in other flaviviruses (FVs). While neurological manifestations of DENVs are reported in about
5% of cases, a related FV, Zika virus (ZIKV), is primarily neurotropic [202]. The rationale for
selecting Zika virus in our study was two-fold: first, ZIKV is a related FV that primarily affects
the nervous system where UGT8 expression is most abundant, and second, UGT8 was
shown to interact with ZIKV NS4A protein in a high confidence protein-protein interaction
study, suggesting UGT8 could play a role in ZIKV infection [180].

We first wanted to compare ZIKV infection of Huh7 cells to our study performed with
DENV2 in Huh7 cells. We hypothesized that the role of UGT8 could be conserved in ZIKV
infection of Huh7 cells. We also were curious if we could see a more pronounced phenotype
in a cell line with higher UGT8 expression. Neuroblastoma cells offered the perfect balance:
they have been shown to be highly permissive for ZIKV, proving to be an excellent in vitro
model for studying ZIKV, while still displaying moderate UGT8 expression [203,204]. In this
chapter, we present our preliminary studies to identify the role of UGT8 in ZIKV infection of

both liver and neuroblastoma cell lines.

4.2 Results

4.2.1 ZIKV infection altered UGT8 expression late in infection (72 hpi)

To investigate the role of UGT8 in ZIKV infection of Huh7 cells we first looked at how
expression may be changed over time. We infected Huh7 cells with ZIKV strain

PRVABCS9 (MOI of 1) and collected cells at time points 0-, 6-, 12- 24-, 48, and 72-hours
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post-infection. We extracted RNA and gRT-PCR was performed to quantify UGT8 mRNA
expression at each time point. Expression was normalized to a cellular housekeeping
gene, RPLPO [171]. During ZIKV infection, UGT8 expression is not significantly altered
until 72 hpi, where it is decreased by 30% as compared to mock-infected cells. This
indicated that UGT8 expression is not significantly affected by ZIKV infection of Huh7
cells until the cells begin to recover at 72 hpi (Figure 4.1). This differed from the phenotype
we observed in DENV2 infection of Huh7 cells where UGT8 expression was significantly

decreased from 24 hpi and onwards.
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Figure 4.1. ZIKV infection altered UGT8 expression late in infection (72 hpi)

Huh7 cells were either mock-infected or ZIKV-infected (MOI = 1) and cells were collected in triplicate at 0, 6, 12-,
24-, 48-, and 72-hours post-infection. RNA was extracted and assessed using qRT-PCR. ZIKV-infected samples
were compared to mock infected samples at matched timepoints. Results are reported as an expression ratio
between each timepoint sample and its respective mock-infected timepoint (in red). Statistical comparison
performed between the mock and infected values for each time point. Corresponding titers at each time point in the
ZIKV-infected samples are shown in black. UGT8 expression is significantly decreased at 72 hpi. There is no
significant change to UGT8 expression from 0 to 48 hpi. (Student’s unpaired T test: ns = p 2 0.05, *** p < 0.001).

4.2.2 ZIKV infection alters GalCer expression on the surface of Huh7 cells

Similar to what was described in Chapter 2 section 2.2.3, we investigated the expression of
the product of UGT8, GalCer, during infection of Huh7 cells with ZIKV. We infected Huh7
with ZIKV (MOI = 3) and performed a concurrent mock infection and harvested cells at
48- and 72 hpi. Cells were washed and stained with a cell viability dye and an anti-GalCer

antibody conjugated to AlexFluor488. Flow cytometry was performed to determine the
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expression of GalCer during infection. Fluorescence intensity was normalized to cells
stained only with viability stain and not the GalCer antibody and the fluorescence intensity
of the DENV2-infected cells was compared to the mock-infected cells. We did not observe
a significant change in GalCer expression at 48 hpi (Figure 4.2A- F). However, at 72 hpi,
we observed a 23% reduction in GalCer expression (Figure 4.2G-L). These results

correlated with the decrease in UGT8 mRNA expression that we observed at 72 hpi.
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Figure 4.2. Flow cytometric analysis of GalCer expression in ZIKV-infected Huh7 cells at 48 hpi.

A. Forward scatter area (FSC-A) versus side scatter area (SSC-A) plot showing gating strategy to exclude debris
and select intact cells. B. Viability gating using Zombie NIR stain to discriminate live cells (Zombie NIR-negative).
C. Representative plot of unstained control cells used to set GalCer-negative gate. D-E. GalCer expression in
mock-infected (D) and ZIKV-infected (E) cells. Numbers in plots indicate percentage of cells within each gate. F.
Quantification of relative GalCer expression in ZIKV-infected cells as compared to mock showed no significant
difference. Data are presented as mean + SEM. Student’s unpaired T test. ns = p = 0.05.
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Figure 4.2G-L. Flow cytometric analysis of GalCer expression in ZIKV-infected Huh7 cells at 72 hpi.
G. Forward scatter area (FSC-A) versus side scatter area (SSC-A) plot showing gating strategy to exclude debris
and select intact cells. H. Viability gating using Zombie NIR stain to discriminate live cells (Zombie NIR-negative). I.
Representative plot of unstained control cells used to set GalCer-negative gate. J-K. GalCer expression in mock-
infected J. and DENV2-infected K. cells. Numbers in plots indicate percentage of cells within each gate. L.
Quantification of relative GalCer expression in DENV2-infected cells as compared to mock. Data are presented as

mean * SEM. Student’s unpaired T test. ** p < 0.005.
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4.2.3 Modulating UGT8 expression affected ZIKV titer in Huh7 cells

To understand the role of UGTS8 in ZIKV infection we performed loss of function studies
similar to those performed with DENV2 in Chapter 2. Briefly, we used an siRNA pool
against UGT8, a negative control siRNA (IRR) with no homology to human genes, and a
siRNA targeting the ZIKV genome as a positive control [169,170]. Forty-eight hours
following siRNA transfection cells were infected with ZIKV PRVABC59 (MOI of 0.3) and
at 24 hpi supernatants were collected and titered on Vero CCL-81 cells. We observed a
5-fold increase in ZIKV titer following UGT8 knockdown (Figure 4.3A).

Concurrently with loss of function experiments we performed transient
overexpression of UGT8 via transfection of a plasmid containing the UGT8 gene. An
empty vector plasmid (EV) was used as a negative control. With overexpression we
observed a minor but significant 0.79-fold decrease in ZIKV titer (Figure 4.3B)
Confirmation of UGT8 mRNA knockdown and overexpression was performed previously
and the data was presented in Chapter 2 section 2.2.1. Confirmation of protein
knockdown was attempted but was unsuccessful and is discussed in the Appendix. These
two experiments show a similar trend to what we showed with DENV2 infection of Huh7

cells.
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Figure 4.3. Modulating UGT8 expression affected ZIKV titer in Huh7 cells A. Huh7 cells were transfected with
siRNAs targeting UGT8, a non-targeting irrelevant (IRR) negative control, and a ZIKV-specific positive control
siRNA. 48 hours following transfection, cells were infected ZIKV (MOI = 0.3) for 24 hr. At 24 hpi, supernatants and
cells were collected. Titer was determined using plaque assays on Vero cells. UGT8 knockdown results in a
significant increase in ZIKV titer. B. Huh7 cells were transfected with a plasmid containing the UGT8 gene and an
empty vector control. 48 hours following transfection, cells were infected ZIKV (MOI = 0.3) for 24 hr. At 24 hpi,
supernatants and cells were collected. Titer was determined using plaque assays on Vero cells. UGT8
overexpression results in a small but significant decrease in ZIKV titer. (A-B one-way ANOVA with Dunnett’'s
multiple comparison’s test: * = p<0.05, ** = p<0.01, **** = p<0.0001; results are expressed as mean values with
standard deviation indicated by error bars).

4.2.4 Modulating UGT8 expression affected ZIKV titer in neuroblastoma (SH-SY5Y)
cells

To understand how UGT8 might affect infection in a cell line of the central nervous system,
we repeated the loss of function experiment detailed in 4.2.2 with human neuroblastoma cells
(SH-SYS5Y cells). We first determined the transfection efficiency by transfecting the IRR
negative control siRNA and the pool of UGT8 siRNAs. Forty-eight hours after transfection,
cells were mock-infected or ZIKV-infected. At 24 hpi, infected supernatants were collected
and titrated on Vero CCL-81 cells, and mock-infected cells were harvested for mRNA
knockdown confirmation. RNA was extracted from mock-infected SH-SY5Y cells and gqRT-
PCR was performed and results were normalized to the RPLPO housekeeping gene. We
observed a 15% decrease in UGT8 expression following siRNA transfection (Figure 4.4A).
We observed that despite this small reduction in UGT8 mRNA expression, the ZIKV titer was

significantly increased 1.7-fold from the negative control (Figure 4.4B). siRNA treatments
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were not cytotoxic (Figure 4.4C). This suggested that UGT8 may play a similar role in

neuroblastoma cells as in liver cells.
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Figure 4.4. Modulating UGT8 expression affected ZIKV titer in neuroblastoma (SH-SY5Y) cells. A. SH-SY5Y
cells were transfected with siRNAs targeting UGT8, a negative control irrelevant siRNA (IRR), or a positive control
siRNA specific to the Zika virus used for infection (ZIKV). Cells were mock infected and collected 24 hours post-
transfection to confirm mRNA knockdown. qRT-PCR was performed and results were normalized to the RPLPO
housekeeping gene. There was a 15% decrease in UGT8 expression following siRNA knockdown. B. 48 hours
following transfection, cells were infected with ZIKV (MOI = 0.3) for 24 hr. At 24 hpi, viral supernatants were collected
and analyzed via plaque assays. Viral titer was significantly increased 1.7-fold increase following UGT8 knockdown.
C. Cell viability following siRNA transfection and mock infection was assessed using an Alamar Blue Cell Viability
Assay. Fluorescence at 590 nm corresponds to the cells’ metabolic activity. The positive control, Triton-X100, is toxic
to the cells, and shows decreased fluorescence, indicating decreased metabolic activity. No siRNA treatment
significantly affected cell viability. (A-C one-way ANOVA with Dunnett’'s multiple comparison’s test: ns = p 2 0.05 * =
p<0.05, ** = p<0.01, *** = p<0.001; results are expressed as mean values with standard deviation indicated by error
bars) [Abbreviations: IRR, irrelevant, non-targeting siRNA; ZIKV, ZIKV-specific siRNA; UGT8, UDP-
galactosyltransferase 8].

4.3 Discussion

Our studies reveal that modulation of UGT8 expression in both liver and
neuroblastoma cells has a significant effect on the extracellular ZIKV titer, mirroring our
observations for DENV2 in Chapter 2. To elucidate the mechanisms behind these changes
in titer, we plan to conduct similar studies to those performed in Chapter 2 with DENV2.
Given that entry, fusion, and release were potentially altered during modulation of UGT8
expression during DENV2 infection, those studies are key future directions for this work
to determine if the mechanisms are similar in ZIKV.

The UGT8 knockdown in neuroblastoma cells produced a phenotype similar to
what we observed in Huh7 cells. However, the relatively low level of mRNA knockdown

raises the question of how a more efficient knockdown might alter viral titer. To address this,
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studies are currently underway using a CRISPR-Cas9 knockout system followed by infection
to improve upon these results.

Interestingly, the mRNA expression of UGT8 during ZIKV infection of Huh7 cells
differed from that seen in DENV2 infection. In ZIKV we observed no significant change until
72 hpi, whereas infection with DENV2 led to a progressive decrease from 24 to 72 hpi. This
suggests that ZIKV infection may not directly affect UGT8 mRNA expression. The reduction
at 72 hpi could be related to the recovery efforts of the cell or cellular exhaustion. Because
host cell membranes undergo significant alterations and rearrangements during infection,
ceramides might be preferentially shuttled into other metabolic pathways that support
membrane rebuilding and stabilization. It is possible that GalCer is less critical for these
processes compared to other sphingolipids, so the cell is not producing as much UGT8 mRNA
due to decreased need. Future studies include evaluating UGT8 mRNA expression during

infection of neuroblastoma cells to understand if these results are conserved.

4.4 Materials and Methods
4.4.1 Quantification of UGT8 mRNA expression over a time course of ZIKV infection

These methods are described in Chapter 2 section 2.4.5. The only modification was that

infection was performed with ZIKV PRVABC59 instead of DENV2.

4.4.2 Flow cytometry to detect changes in GalCer expression during infection
These methods are described in Chapter 2 section 2.4.12. The only modification was that

infection was performed with ZIKV PRVABC59 instead of DENV2.
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4.4.3 siRNA knockdown and infection

These methods are described in Chapter 2 section 2.4.1. For these experiments
performed in Huh7 cells, the only modification was that infection was performed with ZIKV
PRVABCS59 instead of DENV2. The same protocol was then employed for SH-SYS5Y cells

with ZIKV.

4.4.4 Plasmid overexpression and infection
These methods are described in Chapter 2 section 2.4.2. The only modification was that

infection was performed with ZIKV PRVABC59 instead of DENV2.

4.4.5 Confirmation of UGT8 mRNA knockdown or overexpression in SH-SY5Y cells

These methods are described in Chapter 2 section 2.4.4. The only modification was that

SH-SY5Y cells were used in the place of Huh7.
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Chapter 5: Conclusions and Future Directions

Flaviviruses (FVs) remain one of the most significant global viral health threats without a
widely available vaccine or anti-viral medications. FVs are highly dependent on host cell
lipids and membranes. Lipids play important roles in FV pathogenesis that we are only
just beginning to understand. Sphingolipids, a specialized lipid class that plays a myriad
of roles in both signaling and membrane structure, are starting to be recognized as

powerful regulators of homeostasis and keepers of the cell barriers.

In this dissertation, we explored how galactosylceramides, synthesized by UGTS8 in the
ER and degraded by GALC in the lysosome, affect the DENV2 and ZIKV virus life cycles
in vitro. We primarily used a human liver cell line, Huh7, as the liver is a primary site of
pathology in DENV2 infection. We demonstrated how modulation of UGT8 and GALC
expression, and thereby GalCer expression, impacts the various stages of the virus life

cycle.

5.1.1 The role of UDP-galactosyltransferase 8 in DENV2 infection of Huh7 cells
Summary

In chapter 2 we focused on the role of UDP-galactosyltransferase 8 (UGT8) during
DENV2 infection of Huh7 cells and discovered it played a role in entry and release of virus
particles. We discovered that the level of UGT8 expression was progressively decreased
between 24 to 72 hours post-infection. This finding was correlated with our observation
that expression of GalCer on the cell surface was reduced at 48 hpi. To our knowledge,

UGTS is the only enzyme that can produce GalCer, and thus it makes sense that with
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less UGT8 expression there is less GalCer expression. We further discovered that when
UGTS8 expression was decreased using an siRNA knockdown approach that extracellular
virus titer increased, though intracellular titer was not affected. Overexpression of UGT8
revealed an opposing phenotype. This led us to investigate if virus had a defect in entry,
forcing virus to remain in the extracellular space, elevating the titer. We showed that virus
particles made in cells with UGT8 knockdown did not enter wild type cells as readily as
virus made in cells transfected with the negative control siRNA. Evaluation of virus
transmission showed that fewer cells were infected at each time point by virus made from
cells with UGT8 knockdown relative to the control. These two experiments confirmed that
the virus particles were significantly altered following loss of UGT8 function. In addition to
the virus being altered, there were other data that indicated that the cells might also be
affected following modulation of UGT8 expression. We noted an increase in the rate of
virus release in cells with UGT8 knockdown, suggesting that alterations in GalCer

composition of the plasma membrane may facilitate more efficient viral egress.

Future directions

To complete our study, understanding the global changes in the lipidomic
landscape of Huh7 cells in response to knockdown and overexpression would help us to
fully characterize the phenotype. By performing liquid chromatography tandem mass
spectrometry (LC-MS/MS) to quantify the metabolic landscape of both mock/infected
Huh7 and also Huh7 cells with knockdown and overexpression of UGTS8, it would help us

to explain the mechanisms behind the changes in release and entry we see in the cells.
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In addition, evaluation of the virus particles by electron microscopy to look for structural
changes that affect entry and/or fusion would be valuable.

One of the virus life cycle stages we did not specifically investigate was fusion of
the virus particle to the endosome membrane. Researchers have used liposomes as
surrogates for the endosomal membrane and have created different compositions of
membranes to use to study how a related FV, Tick-borne encephalitis virus, undergoes
fusion [205]. Experiments to test the ability of different virus particles we generated for
the entry and transmission experiments to fuse could provide valuable insight into which
part of the entry process is affected. From our data, it is not clear if it is the attachment
and endocytosis of the particles, fusion with the endosomal membrane, or a combination
thereof that is affected when we modulate UGT8 expression.

A major challenge with this study was the relatively low magnitude of the changes
we observed across all experiments. Liver cells have relatively low levels of UGT8
expression which tempers the magnitude of change we see when we manipulate UGT8
gene expression. Studies are currently underway to develop of CRISPR-Cas9 knockout
of UGTS8 in liver cells in hopes that it may produce a more pronounced phenotype.
However, in addition to that, it would be interesting to explore the effects of UGTS8 in cell
lines that have more abundant expression. Some of this work was begun in
neuroblastoma cells in chapter 4, but expanding to cells like oligodendrocytes, a
myelinating cell type that has some of the highest expression of UGTS8, could be

rewarding.
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5.1.2 The role of galactocerebrosidase in DENV2 infection of Huh7 cells
Summary

In chapter 3 we approached the role of GalCer from a different angle by studying
the enzyme that degrades it, galactocerebrosidase (GALC). GALC functions in the
lysosome to break GalCer down into galactose and ceramide. The gene has been
extensively studied in developmental neurodegenerative diseases but has never been
reported in viral infections. We observed that when we modulated the expression of GALC
using siRNA knockdown it caused an increase in extracellular titer and the opposing
phenotype with overexpression. This was fascinating as we had hypothesized that GALC
might have the opposite effect to UGT8 on titer as they perform the reciprocal reactions
from each other. We then looked at differences in intracellular and extracellular titer
following GALC knockdown and observed an increase in both. This finding, in conjunction
with the lack of effect on genome replication and specific infectivity of the virus particles,
led us to believe that assembly may be occurring with greater efficiency.

This was a unique finding that we attributed to possible changes in ceramide levels
within the cells. With GALC knockdown, there is formation of the toxic metabolite
psychosine in the lysosome, which can result in oxidative stress. Oxidating stress within
the cell can prompt upregulation of ceramides. Ceramides have been demonstrated to be
enriched and recruited to viral replication sites in ZIKV infection of Huh7 cells, and there
is compelling evidence to suggest that there may be a similar effect in DENV2 infection

though it has not been confirmed in Huh7 cells [95,197-199].
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Future directions

To complete the work in this chapter, mechanistic studies similar to those performed for
UGTS8 in chapter 2 would deepen our knowledge of how GALC affects the virus life cycle.
Specifically looking at if release is altered and if that is contributing to the increase in
extracellular titer would be beneficial. Similar to chapter 2, it would be useful to understand
the metabolic landscape by following these studies with LC-MS/MS of both mock/infected
Huh7 and also Huh7 cells with knockdown and overexpression of GALC. Confirmation of
both the landscape during infection and also the downstream effects of modulating GALC
expression would inform us of the metabolic drivers behind the changes we observed.
Furthermore, to investigate if altering ceramide levels within the cell increases the
efficiency of assembly, we could employ the use of compartment-specific
sphingomyelinase and ceramidase plasmids that can modulate the expression of

ceramide in specific cellular organelles [206].

5.1.3 The role of UDP-galactosyltransferase 8 in ZIKV infection

Summary

The goal of the preliminary work presented in this chapter was to understand if the
changes we observed with UGT8 in DENV2 were conserved in ZIKV in Huh7 cells. We
demonstrated that while the decrease in titer following knockdown and the increase in
titer following overexpression were the same, the expression of UGT8 and GalCer during
infection differed. In contrast to DENV2 infection which resulted in a progressive decrease
in UGT8 expression between 24-72 hours, in ZIKV there was no significant change until

72 hours where there was a small reduction in UGT8 expression. This suggested that
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ZIKV may not directly impact UGT8 expression. It was intriguing to see that changes in
GalCer expression measured using flow cytometry mirrored the changes in expression of
UGT8 mRNA, with no change at 48 hpi and a small reduction at 72 hpi. Furthermore, this
suggests that decreases in UGT8 expression precipitate a decrease in the product,
GalCer, in the plasma membrane. At the end of this study, we began to explore the role
of UGT8 in neuroblastoma cells, which have a much higher level of UGT8 expression
than Huh7 cells. Despite achieving a modest level of knockdown efficiency, we observed
an increase in ZIKV titer following knockdown. This indicates that with greater knockdown

efficiency, the phenotype may be greater in magnitude, warranting further study.

Future directions

The neuroblastoma cells are a key resource for this project that we should continue to
explore. Studies are currently underway to develop a CRISPR-Cas9 UGT8 knockout
system that we could deploy in this cell line. If the knockout of UGT8 is not lethal to the
neuroblastoma cells, the ability to study the role of UGT8 in ZIKV infection in this system
could be informative. It would also be helpful to understand how UGT8 and GalCer
expression may change during ZIKV infection of the neuroblastoma cells. As described
in the future directions for chapter 2, it would also be worthwhile to study to effects of
UGT8 modulation in other cells lines with high UGT8 expression, such as
oligodendrocytes. Oligodendrocytes are also permissive to ZIKV, and because they are
a cell that produces myelin, they have even greater expression of both UGT8 and GalCer

(which is a major component of myelin).
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5.2 Concluding remarks

The intricate relationship between FVs and UGT8 and GALC, enzymes that perform the
synthesis and degradation of galactosylceramides, was a central theme of this
dissertation work. Our findings demonstrate that even subtle alterations to UGT8 and
GALC expression can have significant effects on the flavivirus life cycle in vitro. This

underscores the critical role of galactosylceramides in flavivirus infection.
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Appendix
A.1 Generation of stable Huh7 clonal cell lines:

Methods:

Huh7 cells were seeded at 2.4x10° cells per 10 cm dish. The following day, cells were
transfected with 10 ug of plasmid DNA (see section 2.4.2 for information on plasmids)
using the Lipofectamine 3000 kit (ThermoFisher, catalog# L3000008) as per
manufacturer recommendations for HepG2 cells scaled for 10 cm dishes. Briefly, one tube
was prepared with 500 yl of Gibco OptiMEM | Reduced Serum Medium (ThermoFisher,
catalog #31985062) and 22 pl of Lipofectamine 3000. A second tube was prepared with
500 pl of Gibco OptiMEM | Reduced Serum Medium, 10 ug of plasmid DNA, and 28 pl
P3000 reagent. The contents of the second tube were added to the first tube, mixed well,
and incubated at room temperature for 10-15 minutes as per kit instructions. During this
incubation period, the media on the cells was replaced with fresh media containing 2%
serum. Forty-eight hours after transfection, the media was replaced with fresh media
containing Gibco™ Hygromycin B (50 mg/mL) (ThermoFisher, catalog #10687010) at a
concentration of 400 uyg/mL. Media was refreshed every 3-4 days. Starting at 10 days
after starting Hygromycin selection, colonies were selected using cloning cylinders and
transferred to a 96 well plate. Additional colonies continued to be selected in the weeks
that followed. Clonal cells lines were gradually expanded and frozen in liquid nitrogen for

future use.

A.2 Infection of clonal cell lines and assessment of cell viability (Supplemental

Figure A.3)
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To determine how consistent expression of UGT8 affected DENV2 infection, cells were
seeded at 400,000 cells per well in a 6 well plate. The following day cells were infected
with DENV2 (MOI of 0.3) and supernatants were collected at 24 hpi. Viral supernatants
were titered on BHK cells as described in section 2.2.1. Concurrently, cells were mock-

infected and an Alamar Blue Cell Viability assay was performed as detailed in 2.4.3.

A.3 Western blot to evaluate for UGT8 protein expression
Confirmation of UGT8 protein expression levels were desired to validate the effects of
siRNA knockdown, plasmid overexpression, and to determine success of the
development of clonal cell lines.
Methods:
Cell harvest and lysis: Multiple approaches were attempted to optimize harvesting
protocols. We first tried fractionating our protein extract. We began by trypsinizing cells,
counting cells to collect equivalent cell numbers across all samples, and collecting cells
in 0.5% NP40 buffer in 1XPBS. Cells were incubated for 20 minutes on ice in 0.5% NP40
in 1xPBS buffer. Cells were centrifuged at 1,500xg for 5 minutes to pellet nuclear material
and then the supernatants (cytoplasmic extracts) were transferred to a new Eppendorf
tube. Cytoplasmic extracts were then centrifuged at top speed (20,000xg) for 5 minutes
to collect the 20K pellet. Supernatants were transferred to a new Eppendorf tube
(cytoplasmic fraction).

To prepare each fraction for analysis, additional processing steps were taken. The
nuclear fraction received 2.5x the volume of the pellet of digitoninC (e.g., if the pellet is

approximately 10 ul, then 25 pl of digitonin C was added) and was incubated on ice for
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60 minutes. The nuclear extract was then centrifuged at 20,000xg for 15 minutes and the
supernatant was transferred to a fresh Eppendorf tube. This processing step eliminated
chromatin and DNA which can increase sample viscosity resulting in difficulties with
pipetting the sample into the wells on the gel. The 20K pellet was resuspended in 15 pl
of RIPA buffer (ThermoFisher, catalog #89901). Then, protein concentrations were
quantified using a Pierce BCA Protein Assay kit (ThermoFisher, catalog #23225).
Concentrations of proteins loaded onto the gel were standardized for each fraction: 25 ug
of protein was loaded for the cytoplasmic fraction, 15 ug was loaded for the nuclear
fraction, and 10 pg was loaded for the 20K fraction. These numbers were optimized by
running a gel with 30 ug, 25 pg, 20 ug, 15 pg, 10 yg, and 5 pg of cytoplasmic protein
extracts and probing with Anti-beta Actin antibody (Abcam, catalog# 8226) to determine
the optimal concentration of protein to load to achieve good visualization of the actin band.
Antibody staining and concentrations are detailed below in the section on antibody
optimization. The concentrations for the nuclear and 20K pellets were based on the
maximum amount of protein that could be added to achieve a 10 ul volume of sample
when combined with 4x loading buffer.

We also tried to perform Western blots using whole protein lysates prepared in
RIPA buffer. For this protocol, we trypsinized cells and counted them to collect equivalent
cell numbers across all samples, and then collected cells in RIPA buffer. This method of
protein lysate preparation resulted in samples that were extremely viscous, making gel
loading very difficult. At times these protein samples would float out of the wells of the gel
and into the central chamber of the gel running apparatus leaving very little sample in the

well.
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Types of gels: We began by using NUPAGE ™ Bis-Tris Mini Protein Gels, 4—-12%, 1.0-1.5
mm (ThermoFisher, catalog #NP0321BOX) and NuPAGE™ MOPS SDS Running Buffer
(20X) (ThermoFisher, catalog #NP000102) with 500 pl of NuPage antioxidant
(ThermoFisher, catalog #NP0005) added to the central chamber of the gel running
apparatus. These gels were very consistent in how they performed, protein samples ran
in a straight line through the gel at constant speed, but were cost-prohibitive.

We also attempted to use homemade tris-glycine gels. We made these by
preparing two mixtures: a resolving gel mixture and a stacking gel mixture. The resolving
gel was composed of 30% acrylamide/Bis solution 29:1 (0.5 * X, where X is the gel
percentage to give you a volume in mL, e.g. if a 10% gel is desired, 5 mL of acrylamide
is used), 3.75 mL of 1.5 M Tris-HCL pH 8.8, 150 ul of 10% SDS, milliQ water (0.5 * X
where X is the gel percentage to give you a volume in mL), 75 yl ammonium persulfate,
and 7.5 yl Tetramethylethylenediamine (TEMED, ThermoFisher, catalog #17919). This
mixture is added between the two glass plates secured in the gel making apparatus. 2
mL of isopropanol is added on top and the gel is allowed to solidify for 30-45 minutes.
Then the stacking gel is prepared: 1.7 mL of 30% acrylamide/Bis solution 29:1, 2.5 mL
Tris-HCI pH 6.8, 100 pl of 10% SDS, 5.6 mL of milliQ water, 100 pyl of ammonium
persulfate, and 10 pl of TEMED. The isopropanol is removed and the stacking gel mixture
is added between the two plates and the comb to form the wells is added. These
homemade gels were variable in quality, were fragile and ripped easily, and we had

variable results with lanes running at constant speeds across the gel.
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Sample preparation and gel running conditions: Varying volumes of prestained protein
ladder were attempted, with the 2-3 yl of Blue Stain protein ladder (11-245 kb) (Gold Bio,
catalog #P007-500) yielding the best success. Using 2-3 ul allowed clear visualization of
the ladder without disrupting visualization of the bands from the samples from having too
high of intensity. Regardless of the lysis buffer used, all samples were prepared to a total
volume of 10-15 pl. Generally, NUPAGE™ LDS Sample Buffer 4x (ThermoFisher, catalog
#NPO0008) was used for the precast NuPage gels and 4x Laemmli buffer was used for the
homemade tris-glycine gels. 4x Laemmli buffer was made by combining 250 mM Tris-HCI
pH 6.8, 8% SDS w/v, 0.02% v/v Bromophenol blue, 40% v/v glycerol, and 20% v/v/
mercaptoethanol. However, both loading buffers were attempted in each type of gel and
both worked in either type of gel. The gels were run at 150 volts at constant voltage for
60-75 minutes until the dye front approached the bottom of the gel. The gel running
apparatus was placed on ice while running to prevent the gels and buffers from becoming

too hot.

Blotting procedure: First, the power source was turned off and the gel was removed from
the running apparatus. Then the gel was carefully removed from between the two plates
and placed in transfer buffer to keep it wet. The Nitrocellulose membrane paper (0.22
micron, BioRad, catalog #1620112) was placed in transfer buffer with two sheets of filter
paper of the same size along with the two sponges. The items were arranged in order of
sponge, filter paper, gel, membrane, filter paper, sponge, and locked in place, ensuring
the membrane side was facing the red side of the apparatus. The transfer was performed

in the membrane transfer apparatus containing transfer buffer and an ice pack in the 4°C
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fridge for 90 minutes at 150 mA at constant Amps. Then the membrane was removed
from the apparatus and blocked in 5% non-fat powdered milk diluted in tris-buffered saline
(TBST) for 20 minutes. TBST is made by combining 20 mM Tris and 150 mM NaCl in
milliQ water, adjusting the ph to 7.6 with HCI, then adding 0.1% Tween 20. The blocking

solution was removed and the gel was briefly rinsed with TBST prior to antibody staining.

Antibody staining: Two UGT8 antibodies were used during the optimization process. The
first was UGT8 polyclonal antibody (ThermoFisher, catalog # PA5-103177). At first, we
had some success with detecting this antibody when using it at concentrations of 1:50
and 1:100 when using the precast NuPage gels, however, results were not repeatable.
Dilutions that were tried included 1:50, 1:100, 1:250, and 1:500. Primary antibody staining
was performed overnight at 4°C regardless of the concentration of antibody used. Given
the lack of repeatability, the second antibody that was used was Anti-UGT8 rabbit
polyclonal antibody (ProteinTech, catalog #17982-1-AP). Success was never achieved
with the second antibody and it resulted in abundant non-specific staining. Dilutions that
were tried included 1:100, 1:250, 1:500, and 1:1,000. Following application of the primary
antibody, the antibody solution was removed and the membrane was washed three time
for 10-15 minutes in TBST prior to application of the secondary antibody.

Secondary antibodies used included AlexaFluor 647 and AlexaFluor 488 at a
dilution of 1:500. Both secondary antibodies were successful when used to detect actin.
Success with either UGT8 antibody was variable. Following application of both the
primary and secondary antibodies for detection of UGT8 protein, the membrane was

imaged (see section below on membrane imaging). Only once images had been obtained
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was the membrane probed with the actin antibody diluted to 1:2,000 in TBST as per
manufacturer’s recommendations to serve as a loading control (Abcam, catalog# 8226).
Depending on which secondary antibody was used for the UGT8 antibody, the opposite
secondary was used for actin (e.g. if AlexaFluor 647 was used for UGTS8, then AlexaFluor

488 was used for the actin antibody).

Membrane imaging: Membranes were imaged using the ChemiDoc Imaging System

(BioRad) using the Blot/UV/Stain tray recommended by BioRad for fluorescent imaging.

Results: Two representative Western blot images are shown.

Figure A.4A. The gel has fractionated samples of cells transfected with IRR siRNA or
UGTS8 siRNA in an attempt to show UGT8 protein knockdown run on a NUPAGE™ Bis-
Tris Mini Protein Gels, 4—12% using NUPAGE™ LDS Sample Buffer 4x with 3 pl of Blue
Stain protein ladder (11-245 kb) loaded on either end of the gel. The protein
concentrations of each fraction were as follows: 25 pg of protein for the cytoplasmic
fraction, 15 ug was for the nuclear fraction, and 5 ug for the 20K fraction. The membrane
was cut into two pieces so that the UGT8 protein which is 61 kDa would be on the top
segment of the membrane and actin which is 42 kDa would be on the lower segment of
the membrane. The top segment of the membrane was stained with UGT8 polyclonal
antibody (ThermoFisher, catalog # PA5-103177) followed by AlexaFluor 647. The lower
segment of the membrane was stained with Anti-beta Actin antibody (Abcam, catalog#
8226) and AlexaFluor 647. The two segments of the membrane were imaged together

using the ChemiDoc Imaging System. There is a strong signal for the actin loading control
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band for the nuclear and cytoplasmic fractions but only a faint actin band for the 20K
fraction, suggesting insufficient protein concentrations for those samples. For all fractions

there is no clear detection of UGTS8.

Figure A.4B. The gel has whole cell lysates collected in RIPA buffer of the Huh7 clonal
cells lines. Due to space constraints, only one empty vector control was run on the gel
(EV 3). Each lane has 20 ug of protein and 3 pl of Blue Stain protein ladder (11-245 kb)
loaded on either end of the gel. The membrane was first stained with Anti-UGT8 rabbit
polyclonal antibody (ProteinTech, catalog #17982-1-AP) followed by AlexaFluor 647. The
membrane was imaged using the ChemiDoc Imaging System. The membrane was then
stained with Anti-beta Actin antibody (Abcam, catalog# 8226) and AlexaFluor 488 and
imaged a second time. The actin band is clear for all samples, though the 5" UGT8 clone
on the far right had difficulties during gel loading due to high sample viscosity. There are
multiple bands that appeared during the UGT8 staining but none of them correspond to

the correct size (61 kDa) and likely represent non-specific staining.

A.4 Immunofluorescence assay to evaluate for UGT8 protein expression
Methods:

Given the difficulties with optimization of Western blots for UGT8 protein detection,
an immunofluorescence-based approach was attempted. 40,000 Huh7 cells were seeded
on coverslips in a 12 well plate in media with 10% FBS. The following day, cells were
transfected with either the UGT8 siRNA or the IRR siRNA as detailed in 2.4.1. After 48

hours, cells were mock-infected and then 24 hours later the media was removed, wells
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were washed with 1XPBS, and then fixed with 500 pl 4% paraformaldehyde per well.
Fixation was allowed to occur for 20 minutes on the rocker at room temperature. To
mitigate background fluorescence from unquenched aldehydes, following fixation the
paraformaldehyde was removed and 500 ul of a quenching solution (500 mL 1XPBS with
30 mM glycine) was added and allowed to incubate for 5 minutes on the rocker at room
temperature. Cells were then washed three times for 5 minutes at room temperature on
the rocker in 1XPBS. To permeabilize cells for intracellular staining, 500 pl of a
permeabilizing solution (0.1% Triton X-100/1% bovine serum albumin in 1XPBS) was
added and allowed to incubate for 15 minutes on the rocker at room temperature. Cells
were then blocked overnight at 4°C on the rocker in a blocking solution composed of
0.01% Triton X-100/1% BSA solution in 1x PBS.

The following day coverslips were incubated for 1 hour at 37°C in 40 ul 1:250
dilution of the UGT8 polyclonal antibody (ThermoFisher, catalog # PA5-103177) in the
blocking solution. Following primary antibody staining, coverslips were washed three
times for 10 minutes in the blocking solution (0.01% Triton X-100/1% BSA solution in 1x
PBS). Coverslips were then stained with the secondary antibody, Goat anti-Rabbit
AlexaFluor 647 (ThermoFisher, catalog #A-21245) at a dilution of 1:500 in the blocking
solution for 1 hour at 37°C. coverslips were washed once for 10 minutes in the blocking
solution. Coverslips were then stained with DAPI stain diluted 1:2,000 in blocking buffer
for 20 seconds at room temperature and washing three times in blocking solution for 10
minutes per wash. Coverslips were then glued to glass slides using FluorSave Reagent
(Millipore Sigma, catalog #345789) and stored in a slide box at 4°C until they were

imaged.
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Coverslips were imaged with the ZEISS Confocal LSM 900. Cells were first
identified by locating nuclei which were stained with DAPI and the software was used to
draw a circle around each cell. The software then quantified and reported the relative
fluorescence of both DAPI, corresponding to the nuclei, and AlexaFluor 647,
corresponding to UGT8 expression per cell. From each group, either IRR or UGT8 siRNA
treated, 100 cells were analyzed for relative fluorescence. This data was put into an excel
sheet and the average of the relative fluorescence of AlexaFluor 647 across all cells for

each treatment group was obtained.

Results: Supplemental figure A.5

Three representative images from either group (IRR or UGT8 siRNA) from the ZEISS
Confocal LSM 900 software interface are shown. In these images, the selection line
around each cell is visible as is the reported fluorescence data per cell. In figure A.5B,
relative fluorescence intensity of cells transfected with UGT8 siRNA is 24% lower than
cells transfected with IRR siRNA. This was a considerably lower knockdown efficiency
than what was observed in 2.2.1 where mRNA knockdown was 81% lower in UGT8
knockdown cells when compared to the negative control. Given our difficulties with using
the UGT8 antibody in Western blots, it could be that the antibody is not ideal for UGT8
detection in either Western blot or IFA experiments. The abundance of UGT8 in Huh7
cells is also relatively low, so it could be that it is hard to accurately detect because the
level of expression could be at or below the limit of detection. One final possibility is that
the UGTS8 protein is very stable and does not have frequent turnover, so the effects of

knockdown may be limited.
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2.5.5 Addition of exogenous GalCer to Huh7 cells

Methods:

We were curious if adding exogenous GalCer to cells would affect the DENV2 life cycle
and have a similar phenotype to overexpressing UGT8. To address this question, we
reconstituted C18 Galactosyl(3) Ceramide (d18:1/18:0) (Avanti Polar Lipids, catalog #
860844P-5mg) in DMSO to achieve a stock concentration of 5 mg/mL (the maximum
concentration based on the solubility of 1-5 mg/mL as reported by Avanti Polar Lipids
customer support). Huh7 cells were seeded at 20,000 cells per well in two 96 well plates.
Two-fold serial dilutions of GalCer was made in media containing 2% FBS from
concentrations ranging from 0.781 uyM to 25 uyM. The controls included a cells only (no
treatment) control and three DMSO only controls (0.09%, 0.18%, and 0.36% DMSO). The
media was removed from the cells and the media containing GalCer or DMSO only was
added to the cells and the plates were incubated for 2 hours at 37°C. The media
containing the GalCer or DMSO was removed and saved on ice, while DENV2-infection
and mock-infection was performed on each of the two plates. Infection was performed by
adding 100 pl of virus (or PBS only for mock infection) for 1 hour and allowing plates to
rock at room temperature. After 1 hour, virus or PBS was removed, cells were washed
with 1XPBS, and the media containing the GalCer or DMSO was re-added to the plates.
At 24 hours post-infection, an Alamar Blue Cell Viability assay (described in 2.4.3) was
performed on the mock-infected plate and viral supernatants were collected from the

DENV2-infected plate and titered on BHK cells (as described in 2.2.1).
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Results:

We observed no significant difference in the DENV2 titer in any of the GalCer treated cells
relative to the controls (S6A). This could mean that addition of GalCer does not affect
DENV?2 titer. Alternatively, it could be that the amount of GalCer added was too low to
result in a change, the cells did not take up the GalCer, and/or the timing of GalCer
addition was not appropriate. We also observed no changes to the cell viability in the

Alamar Blue assay (S6B).

Supplemental Figures
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Supplemental Figure A.1: UGT8 knockdown was validated in a A549 cells. Human lung adenocarcinoma (A459) cells
were transfected with a pool of four siRNAs targeting UGT8, a negative control irrelevant siRNA (IRR), or a positive control
siRNA specific to the dengue virus used for infection (DENV). Forty-eight hours following transfection, cells were infected
DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, viral supernatants were collected and analyzed via plaque assays. Viral titer was
significantly increased by 2-fold following UGT8 knockdown. One-way ANOVA with Dunnett's multiple comparison’s test:
** = p<0.01. Results are expressed as mean values with standard deviation indicated by error bars.
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Supplemental figure A.2. Modulating UGT8 expression affects DENV2 titer at 48 hpi A. Huh7 cells were transfected
with a pool of four siRNAs targeting UGT8, a negative control irrelevant siRNA (IRR), or a positive control siRNA specific to
the dengue virus used for infection (DENV). Forty-eight hours following transfection, cells were infected DENV2 (MOI =
0.3) for 48 hours. At 48 hpi, viral supernatants were collected and analyzed via plaque assays. Viral titer was significantly
increased by 1.62-fold following UGT8 knockdown. B. Huh7 cells were transfected with a plasmid containing the UGT8
gene and an empty vector control. Forty-eight hours following transfection, cells were infected DENV2 (MOI = 0.3) for 48
hr. At 48 hpi, viral supernatants were collected and analyzed via plaque assays. There was no significant difference in viral
titer following UGT8 overexpression at 48 hpi. One-way ANOVA with Dunnett’s multiple comparison’s test: ns = p 2 0.05,
*** = p<0.001, **** = p<0.0001. Results are expressed as mean values with standard deviation indicated by error bars.
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Supplemental figure A.3. Infection of clonal Huh7 cell lines and cell viability. Clonal Huh7 cell lines were
infected DENV2 (MOI = 0.3) or mock-infected for 24 hours. A. At 24 hpi, viral supernatants were collected and
analyzed via plaque assays. B. Mock infected cells were used in an Alamar Blue Cell Viability assay. All clonal cell
lines had varying degrees of cytotoxic effects except for EV1 when compared to wild type Huh7 cells. One-way

ANOVA with Dunnett’s multiple comparison’s test: ns = p 2 0.05, *** = p<0.001, **** = p<0.0001.
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Supplemental Figure A.4. Results of a Student’s unpaired T test for the entry experiment data. A-B. Genome
copy values for IRR supernatant displayed in S4A and genome copy values for UGT8 supernatant displayed in S4B.
For both groups, the statistical relationships are consistent. The 0 hpi time point is significantly different from all other
time points. There is no significant difference between the 2-, 4-, and 6-hpi time points when compared to each other
for both IRR and UGT8 groups. The 24- and 48-hpi time points are significantly different from each other and all
other time points. Student’s unpaired T test: ns = p 2 0.05, * = p<0.05, *** = p<0.001, **** = p<0.0001.
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Supplemental Figure A.5A. A representative image of a Western blot to confirm protein knockdown following
siRNA knockdown. A NuPAGE™ Bis-Tris Mini Protein Gel was used to analyze protein samples from Huh7 cells
transfected with either the IRR control siRNA or the UGT8 siRNA. Proteins were fractionated to run the nuclear,
cytoplasmic, and 20K fractions separately. The UGT8 polyclonal antibody from ThermoFisher was utilized and no
protein was detected. Actin was detected at 42 kDa in the nuclear and cytoplasmic fractions but only faintly in the 20K
fraction.
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Supplemental Figure A.5B. A representative image of a Western blot to confirm protein overexpression
in the Huh7 clonal cell lines.

A NuPAGE™ Bis-Tris Mini Protein Gel was used to run whole cell lysates from the Huh7 clonal cell lines.
Samples include the empty vector (EV) control and five UGT8 overexpression clones were loaded. The Anti-
UGTS8 rabbit polyclonal antibody from ProteinTech was used to detect UGT8 and showed abundant non-
specific staining but no clear band at the anticipated size of 61 kDa. Actin was detected and served as a
loading control.
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Supplemental Figure A.6. Immunofluorescence assay to confirm UGT8 protein knockdown.

Huh7 cells transfected with either IRR or UGT8 siRNA were evaluated 72 hours following mock-infection. Cells were
stained with UGT8 polyclonal antibody and counterstained with AlexaFluor 647 (red) and then stained with DAPI
(blue). A. Fluorescence was quantified in each cell using the ZEISS Confocal LSM 900 software. Cells were encircled
and fluorescence data was reported. B. Average fluorescence intensity for 100 cells from each group showed a 24%
decrease in fluorescence intensity for cells transfected with UGT8 siRNA. One-way ANOVA with Dunnett's multiple

comparison’s test: **** = p<0.0001.
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Supplemental Figure A.7. Addition of exogenous GalCer had no effect on DENV2 titer or cell viability.
A. There was no effect on DENV2 titer at any concentration of GalCer. B. No concentration of GalCer or
DMSO affected cell viability. One-way ANOVA with Dunnett’s multiple comparison’s test: ns = p 2 0.05.
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Supplemental Figure A.8. Huh7 cells were transfected with siRNAs targeting GALC, a non-targeting irrelevant (IRR)
negative control, or a ZIKV-specific positive control siRNA (ZIKV). 48 hours following transfection, cells were infected
DENV2 (MOI = 0.3) for 24 hr. At 24 hpi, cells were collected and analyzed via plaque assays. Results are represented
as viral titers compared to the IRR control. siRNA knockdown of GALC shows a 5-fold increase in ZIKV titer. (A one-
way ANOVA with Dunnett's multiple comparison’s test: ** = p<0.01, **** = p<0.0001; results are expressed as mean
values with standard deviation indicated by error bars) [Abbreviations: IRR, irrelevant, non-targeting siRNA; ZIKV,
ZIKV-specific siRNA; GALC, galactocerebrosidase].
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