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Summary

Rotavirus (RV) is the most common cause of severe acute gastroenteritis in infants and young
children globally. Rotavirus infections induce cytoplasmic inclusion bodies called viroplasms
serving as a site of RV genome replication and assembly. Viroplasms recruit lipid droplets (LDs),
which play major roles in energy homeostasis and is a site for lipid storage. The successful
formation of viroplasm-LD complexes is essential for RV propagation. The extracellular supply of
oleic acid (OA, C18:1) to host cells induce LD biogenesis and modulate cellular fatty acid (FA)
metabolism. Rotavirus modulates the host cell lipidome and influence cell LD biogenesis and FA
metabolism by B-oxidation for successful viral propagation. Previous studies have shown that
chemical fragmentation of LDs by treatment with 3-isobutyl-1-methylxanthine (IBMX) and
isoproterenol (ISP) to be deleterious for RV infection. In addition, the chemical modulation of FA
B-oxidation by etomoxir (ETO) treatment has been shown to affect the propagation of other
viruses including hepatitis C virus (HCV). In this study, we sought to investigate (1) the effect of
OA supplementation on LDs during RV infection, (2) the effect of OA supplementation on FA (3-
oxidation during RV infection and lastly, (3) the effect of LD and FA B-oxidation modulation on RV

infection.

Briefly, HEK293 cells were supplemented with OA in the presence and absence of IBMX and ISP
as well as ETO treatment during RV infection (MOI=5) for 6 h post infection (p.i). Control cells
were not treated with OA in the presence and absence of RV infection in which they were also
maintained in parallel with the test samples. At the end of each timepoint p.i, LDs where isolated
for triacylglyceride (TAG) quantification (LD quantification) while the test samples treated with the
same conditions were analyzed for changes in oxygen consumption rate (OCR) (FA B-oxidation
guantification) in HEK293 cells. For viral replication kinetics, HEK293 cells were again
supplemented with OA and treated with IBMX, ISP and ETO during RV infection as previously
describe for 0 h, 2 h, 6 h, 12 h and 16 h p.i, respectively. At the end of each time point, RV was

harvested and quantified using tissue culture infection doses 50 (TCIDsp).

Our study shows that supplementation of HEK293 cells with OA increase the overall TAG content
in isolated LDs, while the treatment of HEK293 cells with IBMX and ISP reduce TAG content of
isolated LDs. We further show an increase in total TAG content of isolated LDs when HEK293
cells are treated with ETO. Rotavirus infection increased the total TAG content of isolated LDs.
The supplementation of HEK293 cells with OA increased HEK293 cell OCR, while the treatment
with IBMX, ISP and ETO reduced the overall host cell OCR. Treatment of OA-supplemented
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HEK293 cells with IBMX, ISP and ETO slightly increased the overall OCR of the treated HEK293
cells compared to the OA unsupplemented HEK293 treated with the chemical inhibitors. It is also
important to note that RV infection reduced the overall OCR of HEK293 cells. Analysis of viral
kinetics showed that OA supplementation increases RV replication over time, while the treatment
of HEK293 cells with IBMX, ISP and ETO in the presence or absence of OA supplementation
reduce the overall replication of RV over time. The OA supplementation of RV infected HEK293
cells with IBMX and ISP rescues viral propagation over time, which was not observed when
HEK293 cells were treated with ETO.

The data thus show that OA supplementation increases total TAG content in isolated LDs as well
as the overall host OCR while promoting RV infection over time. Rotavirus infection promotes
enrichment of LDs by increasing the overall TAG content of isolated LDs while reducing the overall
OCR of host cells. It was shown that the chemical modulation of both LD biogenesis and FA [3-

oxidation is deleterious to RV propagation over time.

Keywords: Rotavirus (RV) ¢ Viroplasms ¢ Lipid droplets ¢ B-oxidation « Energy homeostasis ¢ Fatty
acids (FA) < Triacylglycerides (TAG) + Oleic acid ¢ 3-isobutyl-1-methylxanthine (IBMX) -
Isoproterenol (ISP) « Etomoxir (ETO) « Oxygen consumption rate (OCR) ¢ Tissue culture infection
doses 50 (TCIDs)
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Chapter 1: Literature review

1.1. Introduction
Rotavirus (RV) is one of the main causes of severe dehydrating diarrhea in newborn babies and
young children globally, responsible for many deaths, especially in developing countries (Estes &
Greenberg, 2013; Parashar et al., 1998; Troeger et al., 2018). Rotavirus is transmissible via the
faecal-oral route and infects the host’'s villous epithelium of the small intestine (Estes &
Greenberg, 2013). It is a non-enveloped, icosahedral virus belonging to the genus Rotavirus in
the Sedoreoviridae family and named after the Latin word “Rota”, that means “wheel” as it has a
viral particle that appears to have a distinctive well-defined rim and short spikes radiating from

the viral particle core center (Crawford et al., 2017).

The virus is composed of a double-stranded RNA (dsRNA) genome that has eleven segments
transcribed and translated to produce six structural (viral proteins (VPs)) and six non-structural
proteins (NSPs) (Lever & Desselberger, 2016). During RV infection, the replication of the virus
occurs in viroplasms which are cytoplasmic inclusion bodies that serve as sites for viral replication,
in which they also coordinate genome packaging (Cheung et al., 2010). The initial formation of
viroplasms is dependent on the co-expression of various viral NSPs and these viroplasms later
recruit and associate with lipid droplets (LDs) during RV infection (Cheung et al., 2010). Lipid
droplets are cellular organelles that primarily serve as intracellular storage sites for neutral lipids
(Brasaemle & Wolins, 2012; Guo et al., 2009a; Kuerschner et al., 2008; Walther & Farese, 2012).
Lipid droplets also play major roles in energy homeostasis and eicosanoid production (Bozza et
al., 1997; Dvorak et al., 1992; Robenek et al., 2005). Different viruses including RV modulate host
cell total lipid content, while also affecting the metabolism of intracellular FA as well as FA
liberated from LDs by FA B-oxidation (Gaunt et al., 2013b; Heaton & Randall, 2010; Lever &
Desselberger, 2016; Rasmussen et al., 2011). The process of viroplasms formation, LD formation
and FA B-oxidation are crucial for successful viral replication as the inhibitory effect of these
processes hinder the overall replication of a wide range of viruses (Cheung et al., 2010; Crawford

& Desselberger, 2016; Rasmussen et al., 2011).

In the review, the current knowledge of the association of LD formation and FA B-oxidation during
RV infection will be reviewed. The impact of exogenous FAs on both processes and RV infections
will be elucidated as well as the possibility of targeting both LD formation and FA B-oxidation as

therapeutic sites for the reduction of RV replication.
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1.2. Rotavirus

1.2.1. Genome segments, assignments, structure and function

Rotavirus genome consists of approximately 18 500 base pairs (bp) with individual segments
ranging from 670 to 3 302 bps varying amongst strains (Mlera et al., 2013). The structural proteins
known as viral proteins (VPs) of RV include VP1 to VP4, VP6, and VP7 while the NSPs include
NSP1 to NSP5/6 (Estes and Greenberg., 2013). Rotavirus particles consist of VPs while the NSPs
are found during viral replication and within non-mature viral particles (Yeager et al., 1990).
Rotaviruses are subdivided into different groups/species (A-J) (Matthijnssens et al., 2022). The
specific groups are distinguished between each other based on their surface proteins (VP7 and
VP4) as G types (the outer shell glycoproteins) or P types (for protease-susceptible protein) and
there is at least 42 different G and 58 different P types within Group A (Table 1.1) (Rotavirus
Classification Working Group: (RCWG). Available online:
https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg  (accessed on 29
November 2022)). Rotavirus present a distinctive triple-layered particle (TLP) architecture
enclosing the segmented dsRNA genome (Figure 1.1) (Jayaram et al., 2004; McClain et al.,
2010; Trask et al., 2012a; Trask et al., 2012b). The viral replication complexes (VP1 and VP3)
are located within the center of the RV virions, and it is suggested that the genomic RNA segments
are arranged to form a conical cylinder (Lu et al., 2008). These viral replication complexes and
RNA are surrounded by VP2 60 dimers, forming a single-layered particle (SLP) also known as
the core-shell (McClain et al., 2010). The double-layered particles (DLPs), although
transcriptionally active, are known to be non-infectious, and form through the exclusion of viral
outer layer VP4 and VP7 (Teimoori et al., 2014).
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Table 1.1. Summary of rotavirus genome segments in terms of size, genotypes, encoded protein,

protein location and function

Gene Size . Molecular Weight Number of . .
Segment Protein Location Function
(bp) (kDa) Genotypes
. o RNA- dependent RNA polymerase
Vertices of viral inner . e i
1 3302 VP1 125 28R " Responsible for the binding of single stranded RNA
capsi
F Forms part of the viral transcription complex
. . RNA binding
2 2683 VP2 102 24C Inner capsid of virus .
Structurally forms part of the viral core shell
Vertices of the inner Viral mMRNA capping enzyme
2591 VP3 98 241 i i -
3 viral capsid Capabilities of Guanyltransferase and methyltransferase
2362 Spike protein and responsible for cell attachment
VP4 87 58P Outer capsid Fusion with host cell membrane
[VP5/VPE]* P — Type neutralization
Nonstructural viral Antagonist of host interferon response
5 1614 NSP1 59 39A ) o
protein RNA Binding
Viral intermediate . . .
6 1356 VP6 48 321 i Required for viral RNA transcription
capsid
Nonstructural viral NTPase and RNA-Binding. Responsible for the formation of
8 1059 NSP2 34 28N . )
protein viroplasms
Nonstructural viral Facilitates the translation of viral mMRNA transcript and shut-
7 1105 NSP3 37 28T ) ) )
protein off of cellular protein synthesis
X . Structural and neutralizing agent.
9 1063 VP7 37 42G Viral outer capsid )
Membrane penetration
i Intracellular receptor for new viral particles.
Nonstructural viral .
10 32E . Enterotoxin.
protein )
751 NSP4 20 Modulates intracellular Ca?*
i RNA binding capability.
Nonstructural viral o . : .
28H . Binding partner of NSP2 in the formation of viroplasms
protein ) o )
during rotaviral infection
NSP5 22
Nonstructural viral Viral genome replication and packaging.
11 667 NSP6 11 ) o ) )
protein Interaction with host mitochondria

(Table adapted from Burrone et al., 1999; Clark & Desselberger, 1988; Desselberger, 2014; Liu
et al.,, 1992; Matthijnssens et al., 2022; Mlera et al., 2013; Patton et al., 1997; Patton, 2001,
Prasad et al., 1996; Taraporewala et al., 2002; Rotavirus Classification Working Group: (RCWG).

Available online:https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg

(accessed on 29 November 2022))
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Figure 1.1. The general structure and morphology of a rotavirus particle (Figure adapted
from Crawford et al., 2017). Designed by BioRender.
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1.2.2. Replication overview

In general, the RV replication cycle involves RV initially attaching to the cell of the host, the
formation of viroplasms, and viral particle maturation into infectious TLPs (Desselberger, 2014;
McNeal & Bernstein, 2014) (Figure 1.2). Initially, RV attach to various host cell receptors located
on the cell surface mediated by VP4 and enter the host cell by endocytosis (Dormitzer et al., 2002;
Haselhorst et al., 2009; Hu et al., 2012; Huang et al., 2012; Ramani et al., 2013) (Figure 1.2A).
This is followed by the release of viral double-layered particles (DLP) from the early endosome
and the uncoating of the viral particle due to lower cytosolic calcium (Ca?*) concentrations (Cohen
et al.,, 1979). Once the viral DLPs that are transcriptionally active are released into the cell’'s
cytoplasm, they release the eleven segmented dsRNAs which are transcribed by an RNA-
dependent polymerase (Cohen et al., 1979; Lu et al., 2008) (Figure 1.2B). The transcribed mRNA
act as templates for the translation of more viral proteins and the synthesis of dsRNA to be
packaged into newly synthesized viral DLPs (Desselberger et al., 2013) (Figure 1.2B). The initial
stages of viral genome production and packaging occur in viroplasms, which recruit and associate
with LDs during RV replication (Cheung et al., 2010) (Figure 1.2C). Viroplasms are sites for viral
core production and these particles normally harbor VP1-VP3 and viral RNA (Eichwald et al.,
2004). Rotavirus core proteins are translocated to the cell surface of LDs where viral RNA
replication complexes are recruited to the endoplasmic reticulum (ER) membrane and
encapsulation occurs (Walczak et al., 2014) (Figure 1.2D). Viral protein 6 (induce the extracellular
signal-regulated kinase (ERK) phosphorylation) resulting in an increase in calcium influx (Lobeck
et al., 2016) is also found in viroplasms, leading to DLP formation which are later released into
the host cell cytoplasm. The newly produced DLPs bind to NSP4 which also serves as a receptor
for the ER (Walczak et al., 2014). These viral DLPs receive their outer layer through the rough
ER when they are released from viroplasms, to produce infectious viral TLPs (Patton et al., 1993)
(Figure 1.2E,F). The observed transient membrane is broken down and removed as the viral VP4
& VP7 assemble to form mature RV infectious TLP (Figure 1.2F) (Crawford et al., 2017
Desselberger, 2014). The mature RV TLP exit the host cell either by exocytosis or cell lysis
(Figure 1.2G).
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Figure 1.2. An overview of rotavirus (RV) (A) attachment and entry, (B) double stranded RNA
(dsRNA) genome transcription and translation, (C) viroplasms formation, (D) full-length transcript
encapsulation, (E) formation of inner intermediate capsid, (F) rotavirus (RV) maturation and (G)
release of infectious RV triple-layered particles during viral replication (Desselberger, 2014). The

figure is presented with the journal’s permission (Annexure B1).

1.2.3. Viroplasms formation and structure
Viroplasms play a crucial role in ensuring that the assembly of viral capsid proteins, genome
packaging, and viral replication is highly coordinated during RV infection (McDonald & Patton,
2011). Although several viral proteins (NSP6 and VP1/2/3/6) are observed in viroplasms
(Altenburg et al., 1980), NSP2 and NSP5 are necessary for the initial formation of viroplasms
and recruit other viral and viral dsRNA (Crawford & Desselberger, 2016). The importance of NSP2
and NSP5 in the formation of viroplasms is supported by the observation that, combined they can
induce the formation of viroplasms-like structures (VLS) in non-viral infected host cells (Burrone
et al., 1999; Patton et al., 2006). Modulating the function or blocking the expression of NSP2 or

NSP5 in RV infected hosts is sufficient to reduce viroplasm formation and the production of
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infectious viral progeny (Cheung et al., 2010). NSP5-specific small interfering RNA (siRNA) is
reported to block the association of LD-associated proteins (perilipin A) with viral associated
protein (NSP5) in viroplasms. (Campagna et al., 2005; Taraporewala et al., 2002; Vascotto et al.,
2004). RNA interference in the expression of either NSP2 or NSP5 proteins or the use of
intrabodies prevents the formation of viroplasms and subsequently effecting virion production
(Lépez et al., 2005; Silvestri et al., 2004; Taraporewala et al., 2002; Vascotto et al., 2004). The
number of viroplasms-LD complexes increases during RV replication cycles and viroplasms
recruit LD components during the time course of RV infection (Cheung et al., 2010). Although a
model for viroplasms-LD interaction has been proposed (Figure 1.3), detailed mechanisms of the
formation and interaction remain unknown. Both LDs and viroplasms have phosphoproteins
(NSP5 and perilipin A) inserted around these structures (Eichwald et al., 2004; Marcinkiewicz et
al., 2006).
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Figure 1.3. The proposed model of early rotavirus (RV) morphogenesis. Lipid droplets (LDs)
serve as a foundation or base to which viral RV NSP 2 and NSP 5 attach and undergo
condensation at low concentrations, forming protein droplets known as ‘viroplasms-like structures’
(Burrone et al., 1999). The formed VLS later interacts with other viral proteins (VP1, VP2, VP 3,
and VP6) and RNA to form Viroplasms. This process is highly likely to be followed by lipolysis

(Cheung et al., 2010). The figure is presented with the journal’s permission (Annexure B2).

1.3. Lipid droplets

1.3.1. Structure and function
Lipid droplets (LDs) are spherical intracellular organelles that contain triacylglycerides (TAG) and
sterol esters in their core and are surrounded by a phospholipid monolayer (Murphy et al., 2009).
Lipid droplets are present in all eukaryotic cells and play different roles in addition to being a site
for neutral lipid storage (Walther & Farese, 2009). The initial perception on LDs was that they only
served as temporary storage sites for extra fat from which neutral lipids are rapidly broken down
when there is a depletion of carbon sources and more energy is required by the host cell (Carmen
& Victor, 2006; Marcinkiewicz et al., 2006), Studies now show LDs as more dynamic and
functional organelles that are actively involved in a wide range of cellular processes including lipid

homeostasis, membrane trafficking, signal transduction, and the modulation of immune and
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inflammatory responses (Ohsaki et al., 2014; Saka & Valdivia, 2012; Walther & Farese, 2009).

The different proteins and enzymes associated with LDs may also contribute to the overall
function of LDs during viral replication. Proteins with predicted membrane insertion including
cyclooxygenase-2 (COX-2) have also localized with LDs (Bozza et al., 1997; Dvorak et al., 1992;
Robenek et al.,, 2005) suggesting a role of LDs in eicosanoid production. Other important
metabolic proteins and enzymes that localize with LDs include lipid-synthesis enzymes (acetyl
coenzyme A (CoA) carboxylase, acyl-CoA synthetase and acyl-CoA diacylglycerol
acyltransferase 2 (DGAT2) (Kuerschner et al., 2008; Stone et al., 2009). Various pathogens,
viruses, bacteria, and parasites specifically target host cells’ LDs during their life cycle (Monson
et al., 2021; Roingeard & Melo, 2017).

! Yt
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Figure 1.4. The structure of lipid droplets with different associated lipids and proteins.
(Adapted from Bozza & Viola, 2010; Brasaemle, 2007; Krahmer et al., 2009; Murphy et al., 2009;
Onal et al., 2017; Wolins et al., 2001). Designed with BioRender.
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1.3.2. Biogenesis, enrichment and lipogenesis
There are three models that have been proposed for the formation of LDs (Figure 1.5). The ER
domain and budding model suggest that neutral lipids build-up between the bilayers of the ER

and bud into the cytoplasm taking phospholipids from the cytosolic membrane (Figure 1.5A).

Although the model has substantial support, the process has not been observed directly (Onal et

al., 2017). The bicelle model suggests that neutral lipids build-up between the leaflets of the ER

membrane and the LDs are released by the formation of a bicelle from the membrane, taking

phospholipids from both the cytosolic and luminal leaflets (Ploegh, 2007) (Figure 1.5B). The

vesicular budding model suggested that small bilayer vesicles are used as a platform for making
LDs (Walther & Farese, 2009) (Figure 1.5C). The neutral lipids are channeled into the vesicle

bilayer, eventually squeezing the vesicular lumen until it converts into small inclusion with the

LDs.

A. Monolayer Sulging and

8. Bicelle Formation

B

R

C. Vesicutar Budding

Figure 1.5. Three models for the lipid droplets (LDs) biogenesis in cells. The figure depicts

the different models that have been proposed for the biogenesis of LDs, (A) Monolayer bulging
and budding, (B) Bicelle formation, and (C) Vesicular budding. (Adapted from Choudhary et al.,
2016; Guo et al., 2009b, 2009a; Ploegh, 2007). * NLSE - Neutral lipid-synthesizing enzymes.

Designed with BioRender.
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Lipid droplets can be divided into two types, initial LDs (iLDs) and expanding LDs (eLDs)
depending on their size and lifecycle stage (Kory et al., 2016). The iLDs are formed from the
endoplasmic reticulum (ER) and range from 300 to 600 nm in diameter, they bud and detach from
the ER in mammals but remain attached to the bilayer in yeast cells (Kassan et al., 2013; Wilfling
et al., 2013). Expanding LDs are produced from a subset of iLDs with distinct proteins (Wilfling et
al.,, 2013). It has also been proposed that the fusion of smaller LDs results in the
growth/enlargement of LDs and thus produces larger LDs in host cells (Guo et al., 2008). This
proposal is also supported by the model that implicate proteins that mediate vesicle fusion
(SNARE proteins) and motor proteins in LD fusion (Bostrém et al., 2007; Olofsson et al., 2008).
It was also found that FIT proteins are essential for the promotion of proper budding of LDs from
the ER (Choudhary et al., 2016).

The initial and normal formation of LDs within host cells are not dependent on externally supplied
lipids, but the subsequent increase in the number, size, and quantity of LDs formed is dependent
upon the uptake of externally supplied lipids (Rohwedder et al., 2014). Different types of FAs
when in excess, are responsible for LD growth or increase in size with phosphatidic acid (PA)
being mainly associated with the formation of ‘supersized’ LDs (Fei et al., 2011). Oleic acid (OA)
can stimulate the formation of LDs by activating the long-chain fatty acid receptor (FFAR4)
through a pertussis-toxin-sensitive G-protein signaling pathway (Rohwedder et al., 2014). Oleate
generated from extracellular OA stimulates the storage of intracellular lipids into LDs,
subsequently increasing total triacylglycerides (TAG) content (Rohwedder et al., 2014). It has
been shown that the family of phospholipase Az (PLAz) (enzymes responsible for the hydrolysis
of FA present at the sn-2 position of phospholipids) are responsible for the regulation of various
steps in LD biogenesis (Yu et al., 1998). During starvation, lipolysis of LDs is regulated by different
types of hormones including catecholamines, that trigger perilipin A and hormone-sensitive lipase
(HSL) phosphorylation resulting in LD fragmentation that liberates TAG (Gaunt et al., 2013a).
Thus, it is suggested that both intracellular and extracellular FAs directly contribute to the

biogenesis, enrichment and growth of LDs (Figure 1.6).
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Figure 1.6. An overview of lipid droplet (LD) biogenesis, fatty acid (FA) synthesis, storage
of triacylglycerides, and the energy production by B-oxidation in the mitochondria. (A and
B) Fatty acids generated intracellularly or extracellularly supplied serve as a source of acetyl-CoA
generated by both acetyl-CoA carboxylase and fatty acyl-ACP thioesterase A. (C) The generated
acetyl-coA enters the triacylglycerides (TAG) biosynthetic pathway at 3 stages (i, ii and iii). (D)
The generated diacylglycerols as later converted to TAG by diacylglycerol O-acyltransferase 1
(DGATL). (E) Free FAs also react with glycerol to produce more TAG for (F) storage in LDs when
FAs are in excess. During cell starvation, FAs are released from LDs (G) to enter the mitochondria
for FA degradation by B-oxidation to generate ATP. (Adapted from Ahowesso et al., 2015; Ando
et al., 2012; Brasaemle & Wolins, 2012; Fei et al., 2011; Gao et al., 2014; Welte, 2015). Designed

with BioRender.
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Triacylglycerides (TAGs) are liberated from LDs conversion to diacylglycerides (DAG) and
monoacylglicerides (MAG) by adipose triglyceride lipase (ATGL) and monoacylglycerol lipase
(MGL) which are finally released into the cytosol as free FAs, these free FAs are later primed and
activated with acyl-CoA for degradation via FA B-oxidation and ATP production (Ando et al., 2012;
Ducharme & Bickel, 2008; Gao et al., 2014).

1.3.3. Viral association with FAs and LDs
Lipids are involved in various steps of viral infection, including viral entry, RNA replication, viral
assembly, and energy supply (Table 1.2). Inturn, viruses are known to alter cellular lipid metabolic
processes for efficient viral replication (Belov and van Kuppeveld, 2012; Miller and Krinse-Locker,
2008). Fatty acids produced from acetyl-CoA by lipogenesis may serve as precursors to produce

lipid components or be broken down for ATP production via FA B-oxidation (Lam et al., 2005).

Table 1.2. The different roles of selected lipids and association with LDs during viral infection and

replication (Adapted from Martin-Acebes et al., 2011).

Rotavirus (RV)

Dengue virus

Vaccinia virus

Lipid Function Effect on lipid droplets Reference
Total lipid content increase correlates with increase
The transportation of RV to the cell of LDs (Cuadras and Greenberg, 2003; Gaunt

Cholesterol / lipid rafts surface in vitro and in vivo (Lipid rafts) Viroplasms recruit LDs. This association is critical

for viral replication
Virus induces autophagy of LDs for the release of
Bisoleoyl-lysobisphosphatidic

Cofactor for that promotes membrane FAs, resulting in an increase of B-oxidation

acid (LBPA) fusion LDs are used as energy and lipids reservoir al., 2008)
Resulting in an increase in ATP production
Tubular membranes localize around LDs suggesting
Phosphatidylserine Induces viral particle internalization arole of LDs in VACV assembly and viral replication (Chung et al., 2005; Mercer et al.,

etal.,, 2013b; Kim and Chang, 2011)

(Heaton and Randall 2010; Zaitseva et

(VACV)
Human
papillomavirus
(HPV)

Phosphatidylinositol 4-
phosphate (PI4P)

Anchor viral replicase to replication

complex

Virus found to increase LDs levels when cell density

is also increased

2008)

(Gustin et al., 2017; Hsu et al., 2010)

Hepatitis C virus

West Nile virus

Virus induces autophagy of LDs for the release of
Sphingomyelin FAs, resulting in an increase of B-oxidation

Activation of RNA polymerase activity LDs are used as energy and lipids reservoir al., 2010)
Resulting in an increase in ATP production
Virus induces autophagy of LDs for the release of
FAs, resulting in an increase of -oxidation.
Cholesterol Innate immune evasion LDs are used as energy and lipids reservoir
Resulting in an increase in ATP production. LDs are

used by viruses as an energy and lipids reservoir

19|Page

(Heaton and Randall, 2010; Weng et

(Mackenzie et al., 2007; Heaton and
Randall, 2010)




The replication of viruses with positive-strand RNA is highly associated with intracellular lipid
membranes that are derived from different organelles including endoplasmic reticulum (ER), Golgi
complex, mitochondria, peroxisomes, endosomes, or lysosomes (Monson et al., 2021; Stapleford
& Miller, 2010). Studies have shown that RV infection modulates host cell FA composition (Gaunt,
et al., 2013b; Sander et al., 2022). Furthermore, the interference with the intracellular biosynthetic
pathways of FAs reduces the production of RV infectious patrticle yield and replication (Lever &
Desselberger, 2016).

The close interaction and formation of complexes between viroplasms and LDs are important for
RV replication and propagation in a host cell, as different compounds that interfere with LD
formation or disperse LDs by enhancing the phosphorylation of perilipin A, leading to lipolysis (3-
isobutyl-1-methylxanthine (IMBX) and isoproterenol (ISP)) (Marcinkiewicz et al., 2006)
significantly reduce the number and size of viroplasms and subsequently decrease RV infectious
progeny vyield (Figure 1.7) (Cheung et al., 2010). Chueng and co-workers 2010 also
demonstrated that RV viral proteins (VP1, VP2, VP6, NSP2 and NSP5) co-localizes with LD
proteins perilipin A and ADRP in viroplasms (Figures 1.8 and 1.9) (Cheung et al., 2010). The
controls without infected MA104 cells only depicted stained perilipin A and/ or ADRP. This showed
that uninfected MA104 cells only show LDs with no NSP2 being observed (Figures 1.8C).
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Figure 1.7. The action and effect of compounds 3-isobutyl-1-methylxanthine (IBMX) and
isoproterenol (ISP) on the normal formation of lipid droplets (LDs). (A) Normal lipid droplet
formation: Excess fatty acids (FAs) from internal or external sources are converted to
triacylglycerides (TAGs) which are later channeled and stored in LDs. These LDs interact with
viral NSP2 and NSP5 for the formation of the viroplasms-LD complexes. (B) The presence of
IBMX and ISP results in the phosphorylation of LD perilipin proteins that induce the lipolysis of
LDs into microdroplets, thus preventing the formation of viroplasms-LD complexes (Adapted from
Crawford & Desselberger, 2016). Designed with BioRender.
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Figure 1.8. Co-localization of rotavirus-associated proteins (NSP2) and lipid droplets-
associated proteins, (perilipin A and adipose differentiation-related protein (ADRP,)) in RV
infected MA104 cells, at 8 h p.i. The confocal images show the close association and co-
localization of RV (Al and B2) NSP2 with LD associated proteins (A2) Perilipin A and (B2) ADRP.
(C) Uninfected MA104 control cells only show presence of both stained (C1,2) LD proteins
(perilipin A and ADRP) (Cheung et al., 2010). The figure is presented with the journal’s permission

(Annexure B2).

22|Page



Perlipin A

Figure 1.9. Rotavirus viral proteins co-localizing with perilipin A, LD-associated protein.
The confocal image of rotavirus infected M104 cells at 8 h p.i. The confocal imaging show
that viral proteins (Al) VP1, (B1) VP2, (C1) VP6 and (D1) NSP5 co-localize with (A2, B2, C2 and
D2) LD perilipin A (A1, A2 and A3) (Cheung et al., 2010). The figure is presented with the journal’s

permission (Annexure B2).

23|Page



1.5. Fatty acid 3-oxidation

1.5.1. B-oxidation overview

During FA metabolism, B-oxidation is an important catabolic process for the breakdown of FAs in
the mitochondria and peroxisomes of cells to generate acetyl-CoA for the citric acid cycle and the
electron transport chain (Houten & Wanders, 2010). Host cell B-oxidation is facilitated by the
mitochondrial trifunctional protein (MTP) (Figure 1.10), which is an enzyme complex associated
with the inner mitochondrial membrane that catalyze the final three steps of B-oxidation (Blenda
et., al 2019). Briefly, during B-oxidation a long chain FA is dehydrogenated to produce a trans
bond between carbon (C1 and C2) giving rise to trans-delta 2-enoyl-CoA catalyzed by acyl-CoA
dehydrogenase (Figure 1.10A). This is then followed by the hydration of the trans-delta 2-enoyl-
CoA by the enoyl-CoA hydratase to produce a L-3-hydroxyacyl-CoA (Figure 1.10B). The
hydrated L-3-hydroxyacyl-CoA subsequently dehydrogenated to produce a 3-ketoacyl-CoA,
catalyzed by 3-hydroxyacyl-CoA dehydrogenase (Figure 1.10C). The final step involves the
thiolysis of C1 and C2 of the produced 3-ketoacyl CoA to produce the precursor molecule acetyl-
CoA (Figure 1.10D). The process of 3-oxidation will continue until all the carbon molecules of the
initial FA are converted into acetyl-CoA (Blenda et. al 2019; Houten and Wanders, 2010).
Although B-oxidation occurs in both the mitochondria and peroxisomes for energy production,
short chain FAs are broken-down in the mitochondria while long chain FAs are degraded in
peroxisomes (Eaton, 2002; Houten & Wanders, 2010; Kerner & Hoppel, 2000). Nonstructural
protein of a wide range of viruses including RV have been shown to interact directly with both the
mitochondria and the MTP to modulate mitochondrial-based FA metabolism (Altenburg et al.,
1980; Korenaga et al., 2005; Piccoli et al., 2009; Piccoli et al., 2007; Seo et al., 2011; Seo &
Cresswell, 2013).
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Figure 1.10. An overview of the B-oxidation steps (A-D) and the mitochondrial trifunctional
enzyme complex (MTP) is indicated within the green outline. (Adapted from Rector et al., 2008).
Designed with BioRender.

1.5.2. Viral association with B-oxidation
To further evaluate the importance of FA 3-oxidation during viral infection, the inhibition of FA 3-
oxidation by inhibiting the carnitine palmitoyltransferase | (CPT1) function with etomoxir (ETO)
(Figure 1.11) has been shown to reduce the viral load of various viruses including Dengue virus
(DENV) and Hepaititis C virus (HCV) (Heaton & Randall, 2010; Rasmussen et al., 2011). However,
the inhibition of FA B-oxidation does not reduce the viral load of Japanese encephalitis virus (JEV)
compared with the above-mentioned viruses. This provides evidence that different viruses may

modulate FA B-oxidation in different ways.
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Figure 1.11. The action of etomoxir (ETO) inhibition on fatty acid (FA) B-oxidation. (A)
Normal functioning of fatty acid (FA) B-oxidation indicated by successful synthesis of acyl carnitine
from fatty acyl-coA by CPT1. Thus, making acyl carnitine available for transportation into the
mitochondria to regenerate fatty acyl-CoA by CPT2 for 3-oxidation and ATP production. (B) The
action of > 3uM ETO irreversibly inhibits CPT1 preventing the production of acyl carnitine, thus
reducing available acyl carnitine for translocation into the mitochondria and B-oxidation. The
concentration of ETO > 100uM also inhibits ANT reducing the overall production of ATP by (-
oxidation (Adapted from Divakaruni et al., 2018; Raud et al., 2018). Designed by BioRender.
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Metabolic profiling studies show significant reduction in cellular ATP concentrations induced by
HCV infections (Ando et al., 2012; Mankouri et al., 2010). Hepatitis C virus interacts with the
mitochondria to induce reactive oxygen species (ROS) production, thought to lead to impairment
of lipid B-oxidation (Piccoli et al., 2009). Besides RV NSP6 binding to the single-stranded RNA
(ssRNA) and dsRNA independently of nucleotide sequence (Rainsford & McCrae, 2007), it was
also reported that NSP6 may be present at RV viral replication sites withing the cytoplasm and
localize to the mitochondria via its conserved sequences in the N-terminal a-helix (Holloway et
al., 2015). This also provides a possible mechanism of how RV affects mitochondrial metabolic
processes during infection (Holloway et al., 2015). The RV NSP6 also interacts with NSP5
(Mattion et al., 1991; Rainsford & McCrae, 2007; Torres-Vega et al., 2000).

In RV infected host cells, a cluster of mitochondria organelles are observed to localize at the area
of viral replication and assembly (Rojo et al., 1998). Rotavirus has also been observed in the
mitochondria between the cristae and these infected mitochondria have dense outer layer
membranes suggesting that RV entered the mitochondria by budding into the inner and outer
mitochondrial membranes (Figure 1.12) (Altenburg et al., 1980). The infected mitochondria
containing viral particles are found in close proximity with viroplasms, further indicating the close
relation of the RV, viroplasms, LDs and the mitochondria (Figure 1.12A) (Altenburg et al., 1980).
This close association of these organelles at the site of viral assembly may suggest the
mechanism in which RV infections influence mitochondrial based B-oxidation and how cellular
ATP production is altered to the energy demands of viral replication. Rotavirus infections are
reported to increase lactate production which correlates with a decrease in mitochondrial oxygen

consumption and ATP production in Caco-2 cells (Dickman et al., 2000).
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Figure 1.12. The perinuclear region of mitochondria of MA104 cells infected with SA11 24
h p.i. Viroplasms (V) are associated with cristae which contains multiple RV patrticles (*). The
direct and physical interaction of RV (arrows) with the mitochondria is also shown (B-E). The cell
nucleus is indicated (Nu) (Altenburg et al., 1980). Figure presented with journal’s permission
(Annexure B3).
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1.6. Problem statement

Rotavirus (RV) is a well-known agent that induces severe and fatal dehydrating diarrhea in infants
and young children globally (Estes and Greenberg., 2013; Troeger et al., 2018). Researchers
have also shown that RV in its infection and replication alters the hosts FA lipidome and recruits
cellular LDs for its successful replication (Cheung et al., 2010; Crawford & Desselberger, 2016;
Gaunt et al., 2013b). Rotavirus is one of the viruses that alter the host cell’'s FA (B-oxidation to
either promote lipolysis and energy production or lipogenesis for viral replication (Dickman et al.,
2000).The modulation of FA synthesis, LD formation and FA metabolism by 3-oxidation negatively
affects viral replication while OA is one of the major unsaturated FAs shown to be modulated
during RV infection (Cheung et al., 2010; Gaunt et al., 2013a; Sander, 2019). Understanding the
association of RV infection with these processes may provide therapeutic target insights for
reduction of RV infections. To date, it remains unclear why some FAs during RV infection are
modulated and the possible mechanisms may include (1) RV infection reducing free FAs for
storage in LDs as to increase the number and size of LDs interacting with viroplasms or (2) RV
reduce cellular FAs by channeling FA degradation by B-oxidation to create an energy rich
environment promoting and driving viral replication or reduce [B-oxidation to elevate FA
concentration for LD formation. Studies showed previously that exogenous OA promotes the
formation of LDs which also increase viral load (Rohwedder et al.,, 2014; Sander., 2019).
However, it remains unclear how exogenous OA affects LDs and the overall FA metabolism and,
therefore, B-oxidation during RV infection. The fragmentation of LDs are shown to reduce RV
replication (Cheung et al., 2010), but it remains unclear how B-oxidation modulation may affect
RV infection as compared to other viruses. It is also unclear how RV infection may affect LDs and
FA B-oxidation in the presence or absence of LD fragmenting compounds, FA B-oxidation
inhibitors and OA. The possible association between LDs and FA -oxidation during RV infection

remains unclear.
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1.7. Aim and objectives

Aim
To investigate how oleic acid (OA) supplementation affects lipid droplets (LDs), fatty acid (FA) -

oxidation, and subsequent rotavirus (RV) replication.

Objectives
1. Investigate the effect of OA supplementation on LDs during RV infection.
2. Investigate the effect of OA supplementation on FA B-oxidation during RV infection.

3. Investigate the effect of LDs and FA B-oxidation modulation on RV infection.

30|Page



Chapter 2: Materials and methods

2.1. Ethical clearance
The ethical clearance for the study was obtained from the Biosafety & Environmental Research
Ethics Committee of the University of the Free State, with ethical clearance number, UFS-
ESD2020/0081/1610 (Annexure A).

2.2. Virus, cell lines and culture conditions

Rotavirus simian agent 11 (SA11) (Mlera et al.,, 2013) was used to conduct all experiments.
African green monkey kidney (MA104) cells (Dr. Ulrich Desselberger, University of Cambridge)
were used in conducting SA11 (Mlera et al., 2013) quantification assays using 50% tissue culture
infectious doses (TCIDsp), as these cells are known to be susceptible to SA11 infection resulting
in higher viral detection (Estes et al., 1979) for viral kinetic assays. Human embryonic kidney 293
cells, (HEK293) are a specific immortalized cell line derived from human embryonic kidney cells
grown and adapted for tissue culture taken from a female fetus (Graham et al., 1977; Kavsan et
al., 2011). The HEK293 cells were used to conduct all our experimental assays, as they are
considered to have reliable growth and give a direct metabolic response to human cells
(Abaandou et al., 2021; Swiech et al., 2012; Thomas & Smart, 2005). Both cell lines were
maintained in complete growth media (Dulbecco's modified Eagle medium (DMEM) (Gibco, USA)
supplemented with 5% (v/v) foetal bovine serum (FBS) (Gibco, USA), 1% (v/v) antibiotic mixture
((penicillin (10 000 U/mL), streptomycin (10 000 pg/mL) and amphotericin B (0.25 pg/mL)) (Gibco,
USA)), 1% (v/v) nonessential amino acids (NEAA) (Gibco, USA) and 1% (v/v) N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES buffer) (Gibco, USA)). The HEK293
cells were cultured to 70 - 80% confluency at 37°C and 5% CO, (Air liquid, SA) in a Steri-Cycle
CO; incubator (Thermo Scientific, USA). During SA11 infections, serum-free or infection media
consisting of DMEM (Gibco, USA) supplemented with 1% (v/v) antibiotic mixture (Gibco, USA),
1% (v/v) NEAA (Gibco, USA), 1% (v/v) HEPES buffer (Gibco, USA) and 500 pL 1 pg/mL trypsin
IX (Sigma Aldrich, USA) was used.
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2.3. HEK293 cell count and viability in serum-free media

Human embryonic kidney 293 cells were seeded at 1.2 x 10° cells/mL in 25 cm? cell culture flasks
(Thermo Scientific, USA) in complete growth media and incubated at 37°C, 5% CO-for 24 h. The
cells were washed once with 0.01 M pH 7.4 Phosphate buffered saline (PBS) (Sigma-Aldrich,
USA), followed by a 16 h incubation at 37°C, 5% CO- in serum-free media (Figure 2.1A).
Following incubation, HEK293 cells were trypsinized with 0.05% (v/v) trypsin-EDTA (Gibco, USA)
for 5 mins and were collected by centrifugation (Yingtai TD 5) 800 x g for 5 mins. The cells were
resuspended in 1 mL complete growth medium and mixed in a 1:1 ratio with trypan blue (Thermo
Scientific, USA) to determine the HEK293 live cell count over time using a countess automated
cell counter (Invitrogen, USA) at 0 h and 16 h time points (Figure 2.1B). To determine cell viability
over time, the tetrazolium dye XTT cell proliferation assay kit (Sigma Aldrich, USA) was used.
HEK293 cells were seeded at a concentration of 4 x 102 cells/well into a 96 - well culture plate
(Thermo Scientific, USA) and cultured at 37°C and 5% CO; overnight. The cells were washed
once with 0.01 M pH 7.4 PBS (Sigma-Aldrich, USA), followed by the addition of 100 pL serum-
free media for a 16 h period (Figure 2.1C). This was then followed by addition of 50 pL XTT
labeling mixture ((master mix: 5 mL 1 mg/mL sodium 3’- [1- (phenylaminocarbonyl)- 3,4-
tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid hydrate and 0.1 mL N-methyl
dibenzopyrazine methyl sulfate) (Sigma Aldrich, USA) per well and incubated for 4 h at 37 °C and
5% CO, (Figure 2.1D). The spectrophotometric absorbance of each well was measured using
Victor Nivo multimode microplate reader (Perkin Elmer, USA) at a wavelength of 480 nm (Figure
2.1E).
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Figure 2.1. Experimental scheme depicting the determination of (A-B) cell number and (C-E)
cell viability after the supplementation and treatment with oleic acid (OA), (3-isobutyl-1-
methylxanthine (IBMX)+isoproterenol (ISP)) and etomoxir (ETO). Designed with BioRender.

2.4. Lipid droplets and FA B-oxidation modulation compounds

2.4.1. Lipid droplet fragmentation compounds
To generate the working stocks, LD fragmenting compounds, 3-isobutyl-1-methylxanthine (IBMX)
(Sigma Aldrich, USA) was dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich, USA) to
generate a 240 mM stock solution while isoproterenol (ISP) (Sigma Aldrich, USA) was dissolved
in dH.O to generate a 10 mM stock solution and filter sterilized before use in cell culture. HEK293
cells were incubated in complete growth media supplemented with 1 mM IBMX (Sigma Aldrich,
USA) and 20 pM ISP (Sigma Aldrich, USA) as performed by Cheung and co-workers in MA104
cells (Cheung et al., 2010). The concentrations used are similar to the concentrations used by
Cheung and co-workers in MA104 cells and those used by Violin and co-workers in HEK 293

cells, thus being deemed non-toxic for the study (Cheung et al., 2010; Orlicky et al., 2013; Violin
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et al., 2008). These compounds are known to disperse and/or fragment LDs to produce
microdroplets (Cheung et al., 2010; Marcinkiewicz et al., 2006).

2.4.2. Fatty acid B-oxidation inhibitors
Etomoxir (ETO) (Sigma Aldrich, USA) was dissolved in dH20 to generate a 14 mM stock solution.
A cytotoxicity assay was conducted to determine the ETO concentration that were least toxic to
HEK293 cells but can still induce the inhibitory effect required for the study on fatty acid (FA) B-
oxidation. The XTT cell proliferation assay kit (Sigma Aldrich, USA) was used as described above
(2.2). Once the cells reached 70 — 80% confluency, several dilutions of ETO (Sigma Aldrich, USA)
(20 pM, 40 pM, 60 pM, 80 puM, 100 uM and 120 puM) were added to the wells. The plate was
incubated for 16 h at 37°C and 5% CO.. Once incubation was complete, 50 pL XTT labeling
mixture (Sigma Aldrich, USA) was added to the wells. Incubation and plate analysis was carried
out as described previously (2.1). Twenty-four hours prior to SA11 infection, the complete growth
media was supplemented with ETO (Sigma Aldrich, USA) at a final concentration of 60 uM. The
cells were treated again at the time of SA11 infection as described by Rasmussen and co-workers

(Rasmussen et al., 2011).

2.5. Oleic acid supplementation of HEK293 cells
Oleic acid (OA) (18:1) (Sigma Aldrich, USA) was initially prepared and stored in absolute ethanol
(Merk, USA). It was later dried under N2 gas (Air liquid, SA) and dissolved in an albumin fraction
VI (33.8% wi/v dissolved in 100 mL dH20) (Roche, Germany) by sonication. The fatty acid (FA)
was added to the complete growth media as an albumin fraction VI (Roche, Germany) complex
with a molar ratio of 3:1 to the FA (Tanaka et al., 2001). The FA-albumin complex was then filter-
sterilized prior to supplementation in complete growth media. HEK293 cells were seeded at 0.7 x
10° cells/mL into 25 cm? culture flasks (Thermo Scientific, USA) and cultured as previously
described (2.1), these cells were supplemented with 50 pM OA (Sigma Aldrich, USA) when
reaching cell confluency of 60 - 70% 24 h prior to commencement of the assays. The cells were
washed once with 0.01 M pH 7.4 PBS (Sigma Aldrich, USA) followed by the addition of 5 mL
complete growth media containing 50 uM OA (Sigma Aldrich, USA) as described by Tanaka and

co-workers (Tanaka et al., 2001).

2.6. Infection of HEK293 cells with SA11 and viral kinetics
In the study, MA104 and HEK293 cells were infected with rotavirus strain SA11 (Mlera et al.,
2013). The titer and viability of the used RV stocks with unknown passage levels was determined
using 50% tissue culture infectious doses (TCIDsp). Large variations between the viral stocks were

not observed. Therefore, 1 mL SA11 viral stock was activated at 37 °C for 30 min using 10 pg/mL
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trypsin IX (Sigma Aldrich, USA) (Arnold et al., 2009). MA104 cells were seeded at 1 x 10° cells/well
into 96 - well culture plates (Thermo Scientific, USA) and cultured to reach 70 - 80% confluency
at 37°C and 5% CO.. The cells were subsequently washed three times with 0.01 M pH 7.4 PBS
(Sigma Aldrich, USA). The MA104 monolayers were infected with the SA11 lysate serial dilutions
(10! to 101?). The cells were incubated for 45 min on an orbital rocker (Bench Rocker 2D) for
infection. After infection, the cells were washed once with 0.01 M pH 7.4 PBS (Sigma Aldrich,
USA), and 100 uL serum-free media was added to the wells. The infected MA104 monolayers
were incubated at 37°C and 5% CO, for 5 days in which viral titers were read on day five (Reed
& Muench, 1938).

Calculation of TCIDso/mL and final SA11 titer in plaque forming units per milliliter (pfu/mL)

_ (% of wells infected by dilution above 50%—50%)
B (% of wells infected by dilution above 50%— % of wells infected by dilution below 50%)

TCIDso (TCleo/mL) - 10(L0g total dilution above 50%—( I x log D)
I = Interpolated value of the 50% endpoint.
D = Dilution factor.

Once the final SA11 titer was known, the multiplicity of infection (MOI) was determined to conduct

SA11 infections in a known number of HEK293 cells.

Calculation of MOI:

MOI = Viral titre (T) (pfu/mL)
~ Cell number in flask (cell/mL)

HEK293 cells supplemented and non-supplemented (with OA, IBMX, ISP), and ETO were
infected with activated SA11 at a MOI of 5 and incubated in serum-free media for 45 min on an
orbital rocker (Bench Rocker 2D). After infection, the cells were washed once with 0.01 M pH 7.4
PBS (Sigma Aldrich, USA) and later incubated in serum-free media at 37°C and 5% CO; until
different time points (0 h, 2 h, 6 h, 12 h, and 16 h) (Figure 2.2A). The SA11 lysate were harvested
by freeze-thawing the 25m? culture flasks (Thermo Scientific, USA) three times, after which the
cell debris was removed by centrifugation (Yingtai TD5) at 4000 x g for 10 min at the above-
mentioned time points post infection (p.i) (Figure 2.2B). Controls consisted of uninfected cells as
well as un-supplemented infected cells. These cells were processed in parallel under the same
conditions. Once the SA11 lysates at each time point (0 h, 2 h, 6 h, 12 h, and 16 h) had been

harvested as describe above, TCIDso assays were performed to determine the SA11 viral titer at
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each time point as described above (2.6). The infected MA104 monolayers were incubated at
37°C and 5% CO: for 5 days and titers were read on day five (Reed & Muench, 1938) (Figure
2.2C,D).

RV viral serial dilutions: Serial dilutions RV

Culture HEK293 Lysate harvest infaction:
cells T25 flasks Centrifugation (Yingtai MA104 cells cul.tured in TCIDso calculation
in triplicates TDS5) at 4000 x g for 10 96-well plates
min
(A) ®) (C) (D)
s e W M| e e =
- !no ;// ~
| = | — -
/—.) § 8, /4
\'..-n-‘"‘/ \. /
m—— 1000 11003 1110000 l
Supplementation/
Treatment:
0A [50 uM]

LD fragmenting
compounds (IBMX + ISP)
FA B-oxidation inhibitor
(ETO)

RV infection (MQI=5)

Figure 2.2. Experimental overview of rotavirus (RV) replication kinetics (A) HEK293 cell
culture, (B-D) rotavirus (RV) dilution and tissue culture infectious dose 50 (TCIDses) followed by

(D) result analysis and representation. Designed with BioRender.

2.7. Lipid droplet isolation from HEK293 cells
Approximately 1.5 - 3 x 10 HEK293 cells (roughly 50-100 mg) initially seeded in 175 cm? culture
flasks (Thermo Scientific, USA) were trypsinized with 0.05% (v/v) trypsin-EDTA (Gibco, USA) and
10 mL of complete growth media was added. The cells were then collected by centrifugation at
1000 x g for 5 mins (Yingtai TD5) (Figure 2.3A). The complete growth media was discarded, and
the mass of the cells was measured using an analytical balance (Radwag, Poland). The HEK293
cells were once more collected by centrifugation at 1000 x g for 5 mins (Yingtai TD5) followed by
resuspension in 1 mL 0.01 M pH 7.4 PBS (Sigma-Aldrich, USA) and transferred to a 2 mL
microcentrifuge tubes. The cells were collected at 1000 x g for 5 min. The lipid droplet isolation

kit (Abcam, UK) was used to isolate LDs from HEK293 cells. Briefly, cells were resuspended in
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200 pL 1X kit reagent A and incubated for 10 min on ice. The incubation period was followed by
the addition of 800 pL of 1X kit reagent B and incubated on ice for 10 min. The homogenate was
passed five times through a one inch 27-gauge needle connected to a 3 mL syringe (Avacare,
SA). The homogenate was centrifuged at 100 x g for 5 min followed by the addition of 600 pL 1X
kit reagent B in a gentle and dropwise procedure. The homogenate was centrifuged at 20 000 x
g for 3 h at 4°C to produce a gradient isolation of LDs. Once centrifugation was complete, the top

five fractions were collected for triacylglycerides (TAG) quantification (Figure 2.3B).

Lipid droplet isolation,
Culture HEK293 « By gr:.adient. Livptd drople(s stored Analysis by
cells T175 flasks cgntnfugauon triacyiglycerides spectrophotometry
in triplicates o Lipid droplets converted to free FA (SpectraMax M2)
P float to the top of and glycerol P
the gradient
(A) g (B) (C) : Title (D)
|
=
Supplementation/ Lipid droplet isolation Triacylglycerides (TAG) TAG Con. analysis
Treatment: 6 h post incubation quantification kit (Ex/Em = 535/587 nm)
OA [50 uM]
LD fragmenting compounds
(IBMX + ISP)
FA B-oxidation inhibitor
(ETO)
RV infection (MOI=5)

Figure 2.3. Schematic representation of (A-B) lipid droplet isolation and (C-D) lipid droplet
triacylglycerides (TAG) quantitation. Designed with BioRender.
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2.8. Quantification of triacylglyceride (TAG) concentration in LDs
The concentration of TAG in the isolated LDs was determined using a Pico-probe triglyceride
guantification assay kit (Abcam, UK). A TAG standard curve was prepared with a 0.2 to 0.8 mM
TAG concentration range (Table 2.1) and 50 pL of each standard sample was added to an
appropriate well onto a 96 well-culture plate (Thermo Scientific, USA) in duplicate. This was
followed by the addition of 2 L lipase provided in the kit into standard sample wells, followed by
an incubated period of 20 mins at room temperature (RT) under constant agitation to produce
free FA (Figure 2.4). After the time has elapsed, 50 pL of kit reaction mixture consisting of TAG
assay buffer (47.6 pL), pico-probe (0.4 uL) and TAG enzyme mix (2 pL) was added followed by
an incubation period of 60 mins at RT while protected from light (Figure 2.3C). The TAG
measurement output was determined using the SpectraMax M2 plate reader (Molecular Devices,
USA) at EX'Em = 535/587 nm (Figure 2.3D). The TAG concentration of the isolated samples was
determined by adding 50 pL of the samples into separate wells and analyzed as described for the
standard curve (2.8). The TAG standard 6 was used as a positive control while the assay buffer

was regarded as a negative control for TAG quantification.

Table 2.1. Experimental set-up for TAG standard curve determination using the Pico-probe
triglyceride quantification assay kit (Abcam, UK).

Final concentration
Standard TAG standard (uL) Assay buffer (uL) amount of TAG standard
(nmol/well)
1 0 150 0.2
2 30 120 0.4
3 60 90 0.5
4 90 60 0.6
5 120 30 0.7
6 150 0 0.8

The determined weight of the trypsinized cells was used to give the final concentration of TAG

per 175 cm? culture flask as TAG concentration pmol. per cell mass (mg).

Calculation TAG concentration:

Triacylglycerol concentration (TAG Con.) = %*D (mM)

B = Amount of triglyceride in the sample well calculated from the standard curve in nmol.
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V = Sample volume added in the sample wells (uL)

D = Sample dilution factor before reaction well set up.
Normalized concentration per cell mass= @ (nM/mg of cells)

m = Mass of cells from which lipid droplets were isolated (mQ)

H O O
H—C—0-C-R, H—C—O—H HO~C—Ry
0 0 | '
H-C-O-C-Rp 4 R m H-C—O—H + HO-—-C—Ry
0 H H 0
M 0~C-R¢ H=C—O0—H HO—C—R¢
Triacylclyceride Water Glycerol Fatty Acid

Figure 2.4. Reaction mechanism for the conversion of triacyglyceride (TAG) to glycerol
and free fatty acids (FA). The HEK293 cell’s lipid droplets (LDs) liberated TAG is converted to
free FA and glycerol molecules by the lipase. The produced glycerol molecule is later oxidized to
generate a colorimetric product used to quantify liberated FA. (Adapted from Diaz et al., 2014).
Designed with BioRender.

2.9. Oxygen consumption rate (OCR) analysis
Assay optimization was achieved using the MitoXpress Xtra — Oxygen consumption assay (HS
method) Kit, (Agilent, USA) according to the manufacturer’s instructions. HEK293 cells were
seeded at 8 x 10* cell/well in a 96-well fluorometric black plates (Thermo scientific, USA) in
complete growth media. The cells were incubated overnight at 5% CO, and 37°C. The cells were
either supplemented and incubated with 50 uM OA, a combination of (1 Mm IBMX and 20uM ISP)
and/or 60 uM ETO with and without SA11 infection (2.6) as previously described (2.3 and 2.5)
for a period of 6 h (Figure 2.5A). The used growth media was removed, and the cells were
washed once with 0.01 M, pH 7.4 PBS (Sigma Aldrich, USA) and replaced with 80 pL of fresh
complete growth media for SA11 infections. Subsequently, 20 pL of reconstituted MitoXpress
reagent (Agilent, USA) was added to each well, except for wells used as blank controls to which

20 pL of fresh complete growth media was added to make the final volume 100 pL. All

39|Page



experimental wells were immediately sealed by adding two drops of prewarmed HS Mineral Oil
(Agilent, USA). The plate was analyzed using a SpectraMax M2 plate reader (Molecular Devices,
USA) kinetically for 120 mins every 2min at 30°C (Ex/Em = 380 nm / 650 nm) in quadruplicates
(Figure 2.5B). The slope of each generated kinetic curve was determined to give a direct value
of HEK293 cells oxygen consumption rate (OCR) and all values were corrected by subtracting
the blank signal. Glucose Oxidase (GOXx) (Sigma Aldrich, USA), an enzyme that readily deplete
O: in cell free wells was used as a positive control while complete growth media was used as cell

free negative control for the assay (Agilent technologies, USA)

To ensure changes in host cell OCR was not due to reduction in HEK293 cell viability, the XTT
cell proliferation assay kit (Sigma Aldrich, USA) was used to evaluate HEK293 cell viability post
supplementation/treatment with IBMX, ISP, ETO and OA during RV infection. Briefly, HEK293
cells were seeded at a concentration of 4 x 10° cells/well into a 96 - well culture plate (Thermo
Scientific, USA) and cultured at 37°C and 5% CO; overnight. The cells were washed once with
0.01 M pH 7.4 PBS (Sigma-Aldrich, USA). The HEK293 cells were supplemented and incubated
with 50 uM OA, a combination of (1 Mm IBMX and 20uM ISP) and/or 60 uM ETO with and without
SA11 infection for a period of 6 has described (2.3, 2.5 and 2.6) (Figure 2.1C). This was then
followed by addition of 50 pL XTT labeling mixture ((master mix: 5 mL 1 mg/mL sodium 3’- [1-
(phenylaminocarbonyl)- 3,4- tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid hydrate
and 0.1 mL N-methyl dibenzopyrazine methyl sulfate) (Sigma Aldrich, USA) per well and
incubated for 4 h at 37 °C, 5% CO; (Figure 2.1D). The spectrophotometric absorbance of each
well was measured using a Victor Nivo multimode microplate reader (Perkin Elmer, USA) a

wavelength of 480 nm (Figure 2.1E).
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Figure 2.5. Experimental overview of HEK293 cells oxygen consumption (OCR)
guantification, depicting (A) HEK293 cell culture in 96-well plates and (B) signal profiles used

to determine profile sample slopes (OCR). Designed with BioRender.
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Calculations OCR and normalizing to overall % effect:

_ 2x=3)(y-y)
OCR (slope) RFU = S

Where the values of X and y are the sample means (the averages) of the known x and y-values
of the regression line of the linear part of the sample signal profile.

Normalization of sample slopes as % HEK293 cells where the untreated control is 100% Effect.
% effect = (x/m)*100

x = is the calculated slope for a given sample

m = is the calculated slope for the untreated HEK293 cells

2.10. Statistical analysis
Each assay was carried out at least in three biological replicates on separate days unless stated
otherwise. Each biological replicate was analyzed at least in triplicate (three technical replicates)
unless stated otherwise (Figure 2.6). Data are presented as standard error of the mean. For
statistical analysis, two-way ANOVA was performed using a Tukey-Kramer test in GraphPad
Prism version 9.4.1 for Windows (GraphPad Software, San Diego, Calif.). GraphPad t-test was

used to determine data statistical significance. In all tests p<0,05 was considered significant.
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Figure 2.6. An overview experimental design of the study including biological replicates,
incubation times and experimental conditions. Designed with BioRender.
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Chapter 3 — Results

3.1. HEK293 cell viability

3.1.1. Effect of serum-free media on HEK293 total cell number and viability

During the study, to understand the interaction between HEK293 cells and rotavirus (RV) infection
under a variety of conditions, serum-free media was used to conduct viral infections. Serum-free
media is used for viral infections as it is not supplemented with foetal bovine serum (FBS) (a
component of complete growth media) reported to hinder viral activation (Arnold et al., 2009). It
was important to investigate the effect of serum-free media on HEK293 total cell number and cell
viability over the time course that all experiments will be conducted. The data show that at time
point 0 h, there is no significant change in the total cell number of HEK293 cells supplemented
with serum-free media [1.7x10° (5x10%) cells/mL] as compared to HEK293 cells supplemented
with complete growth media [1.7x10° (£5x10%) cells/mL]. Similarly, at 16 h, there were no adverse
effects of the lack of serum on HEK293 cells, with the cell number of HEK293 cells in serum-free
media [4.4x10° (+1x10°) cells/mL] comparable to the cell number in complete growth media
[3.2x108(+5x105) cells/mL] (Table 3.1; Figure 3.1A). The maintenance of HEK293 cells in serum-
free media caused a slight, but significant, reduction in cell viability [98% (+3.6x107) viability]
compared to cells maintained in 5% serum complete growth media [100% (+2.0x1072) % viability]
over a 16 h incubation period (Table 3.2; Figure 3.1B). The data thus show that the
supplementation of HEK293 cells with serum-free media only caused slight changes in both cell
number and viability (Figure 3.1).

Table 3.1: The total cell number of HEK293 cells maintained in serum-free media over a period
of 16 h

HEK293 cell number: 5% Serum (Cell/mL) 0% Serum-free (Cell/mL) P — value
0h 1.7x108 (£5x10%) 1.7x10° (£5x10%) 0.8471
16 h 3.2x106 (+5x105) 4.4x106 (+1x10°)* 0.0466

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)

Table 3.2: The total cell viability of HEK293 cells maintained in serum-free media over a period of
16 h

HEK293 cells % viability: 5% Serum (%Viability) 0% Serum-free (%Viability) P —value
16 h 100% (+2.0x10%2) 100% (+2.0x102)* <0.0001

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.1. The total cell number and total cell viability of HEK293 cells maintained in
serum-free media. (A) show the HEK293 total cell number over a period of 16 h post-serum-free
media supplementation, while (B) reflects HEK293 total cell viability 16 h post-serum-free media
supplementation. Values represent the mean of three biological replicates. Standard deviation is
indicated by error bars. * Indicate significance, P <0.05.

3.1.2. Evaluation of etomoxir toxicity in HEK293 cells
The initial step in inducing B-oxidation inhibition in HEK293 cells using etomoxir (ETO), is to
determine the toxicity of different ETO concentrations in host cells to determine which
concentration can be utilized in the experiments without significantly reducing the overall cell
viability to <80%, while still ensuring -oxidation inhibition without off-target effects. A reduction
of less than 30% of the overall cell viability is seen to be acceptable to conclude that a compound
in question is non-toxic to host cells and may not affect result significantly (Rudolf, 2021). The
treatment of HEK293 cells with ETO concentrations below 60 uM caused no significant reduction
in total cell viability compared to the control and untreated HEK293 cells (Table 3.3; Figure 3.2).
However, a significant reduction in cell viability at ETO concentration from 60 puM [88% (£1.4x10
1) viability], 80 uM [52% (£3x107) viability], 100 pM [51% (£8.6x107?) viability] to 120 uM [17%
(£2.1x10Y)viability] compared to the untreated HEK293 cells, was seen. Previous studies found
that ETO concentrations > 3 pM were effective in inhibiting carnitine palmitoyltransferase |
(CPT1), and thus B-oxidation (Divakaruni et al., 2018; Raud et al., 2018). However, it is also
known that ETO concentrations >100 UM have an off-target effect on serine/threonine kinase,

thus, although 100 uM ETO was used in literature (Divakaruni et al., 2018; Rasmussen et al.,
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2011; Raud et al., 2018), 60 uM ETO was selected as the highest ETO concentration that can be

used and that allowed >80% of HEK293 cells to remain viable.

Table 3.3: The total cell viability of HEK 293 cells after treatment with different concentrations of

etomoxir (ETO)

Viability P —value
Control 100% (%8.8x107?)

20 100% (+8.0x10%3) 1
40 100% (+9.6x1072) 1
60 88% (+1.4x101) * <0.0001
80 52% (+3x10%) * <0.0001
100 51% (+8.6x102) * <0.0001
120 17% (+2.1x10%) * <0.0001

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.2. HEK293 total cell viability after treatment with different concentrations of
etomoxir (ETO). Values depict the mean of three biological replicates. Standard deviation is

indicated by error bars. * Indicate significance, P <0.05.
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3.3. Investigation of lipid droplets in HEK293 cells

3.3.1. Effect of oleic acid supplementation, lipid droplet fragmentation, and fatty acid (3-
oxidation inhibition on overall triacylglyceride content in lipid droplets

Triacylglycerides (TAGs) are one of the major lipid classes stored in lipid droplets (LDs), and
various studies have shown that an effective way to quantify LDs is to determine the total TAG
content in isolated LDs (Cheung et al., 2010). In the study, the fragmentation of LDs by the
treatment of HEK293 cells with a combination of 3-isobutyl-1-methylxanthine (IBMX) and
Isoproterenol (ISP) resulted in the reduction of total TAG content of host cells [7x10 (+2.1x10%)
mM/mg] compared to the untreated HEK293 cells control [10x10* (x1.4x10%) mM/mg], while the
treatment with the B-oxidation inhibitor (ETO) caused a significant increase in total TAG content
[2x1073 (+1.949x10%) mM/mg] compared to both the untreated cells as well as cells treated with
IBMX and ISP (Table 3.4; Figure 3.3). It is also important to note that the supplementation of
HEK?293 cells with oleic acid (OA) significantly increased the total TAG content of host cells [3x10
3 (£2.2x10%) mM/mg] compared to the unsupplemented cells (Table 3.4; Figure 3.3). The same
increase in total TAG content was observed when HEK293 cells were supplemented with OA in
combination with IBMX and ISP or ETO (Table 3.4; Figure 3.3).

Table 3.4: The total triacylglyceride (TAG) content of HEK293 cells supplemented with oleic acid
(OA) in the presence or absence of the combination of 3-isobutyl-1-methylxanthine (IBMX) and

isoproterenol (ISP) or etomoxir (ETO) treatment

OA (-) (nM/mg) OA (+) (nM/mg) P — value
HEK293 10x10* (£1.4x10%) 3x10°3 (£2.2x10%) * 0.0252
IBMX+ISP 7x104 (+2.1x104) 1x1073 (+1.4x10%) 0.2485
ETO 2x10°3 (¥1.9x10%) 4x10° (+3.0x105) * 0.0122

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)

47| Page



(A) *

) *
@  5x10-°+
o x = OA ()
o -3 *
? 4x10 I ] OA (+)
= e -3
S 3x10 = 1
E  2x10%4 =
2 3 =
[ 1X10- - —— __[ —1—
S 0 . . .
O HEK293 (IBMX+ISP) ETO

- (B)

? 1.5x10% I Assay buffer (-)

3, Il TAG standard 6 (+)

£ 1x100°4

s

£

o 5x107

=

;o

A
0§& '5‘6@
E
@ o2
<&

Figure 3.3. The total triacylglyceride (TAG) content of HEK293 cells supplemented with
oleic acid (OA) in the presence and absence of 3-isobutyl-1-methylxanthine (IBMX) and
isoproterenol (ISP) and etomoxir (ETO) treatment. (A) HEK293 cells were supplemented with
50 uM of OA and treated with IBMX (1 mM) and ISP (20uM) and 60 pM ETO as previously
described. The total TAG content was determined after 6 h incubation period with OA and the
different inhibitors. (B) Negative control: assay buffer, positive control: TAG standard 6. Values
depict the mean of three biological replicates. Standard deviation is indicated by error bars. *

Indicate significance, P <0.05.
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3.3.2. Effect of oleic acid supplementation, lipid droplet fragmentation, and p-oxidation

inhibition on triacylglycerol content of lipid droplets during rotavirus infection

The study also investigated the overall effect of LD fragmentation and 3-oxidation inhibition on
overall host cell total TAG content during RV infection. The most significant difference in total host
TAGs between infected and uninfected cells was that, even in the absence of OA
supplementation, RV infection caused an increase in TAG content. In general, the effect of the

different inhibitors was similar to those observed for uninfected cells. (Table 3.5; Figure 3.4).

Table 3.5: The total triacylglyceride (TAG) content of HEK293 cells supplemented with oleic acid
(OA) in the presence or absence of a combination of 3-isobutyl-1-methylxanthine (IBMX) and
isoproterenol (ISP) or etomoxir (ETO) during rotavirus (RV) infection

OA (-) (nM/mg) OA (+) (hM/mg) P —value
HEK293 10x104 (+1.4x104) 3x10°3 (¢2.2x10%) * 0.0252
RV 2x10°5 (+4.0x10°6) 2x10°5 (+3.0x10°6) 0.9261
RV+(IBMX+ISP) 1x10°° (+2.4x107) 1x10°(0.0) * 0.0343
RV+ETO 7.0x10°6 (+2.4x107) 2x10°° (1.0x10°%) * 0.0070

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.4. The total triacylglyceride (TAG) content of HEK293 cells supplemented with

oleic acid (OA) in the presence and absence of 3-isobutyl-1-methylxanthine (IBMX) and

isoproterenol (ISP) and etomoxir (ETO) treatment during rotavirus (RV) infection. (A)
HEK293 cells were supplemented with 50 uM of OA and treated with IBMX (1 mM) and ISP
(20uM) and 60 uM ETO during RV infection at MOI = 5. Total TAG content was determined 6 h

p.i as previously described. (B) Negative control: assay buffer, positive control: TAG standard 6.

Values depict the mean of three biological replicates. Standard deviation is indicated by error

bars. * Indicate significance, P <0.05.

50|Page




3.4. HEK293 cell oxygen consumption rate (OCR)
3.4.1. Effect of oleic acid supplementation, lipid droplet fragmentation, and B-oxidation
inhibition on the oxygen consumption rate in HEK293 cells

Fatty acid B-oxidation is an important pathway in cellular respiration, used for the breakdown of
fatty acids for the generation of energy for the host cell. The rate of O, utilization has been
reported to be an accurate measure of B-oxidation in host cells (Houten & Wanders, 2010; Ojuka
et al., 2016). In our study, HEK293 cells were subjected to OA supplementation, induced LD
fragmentation, $-oxidation inhibition, and RV infection while analyzing the rate of O, consumption
(OCR) over time. Our study showed that the treatment of HEK293 cells with IBMX and ISP
resulted in a significant reduction in host cell OCR compared to the untreated cells over time
(Table 3.6; Figure 3.5). The treatment of HEK293 cells with ETO also resulted in a significant
reduction in the overall OCR over time [from 100% to 58% (+3.1) effect] compared to the untreated
HEK293 cells, although the decrease is less than that observed when HEK293 cells were treated
with IBMX and ISP [from 100% to 16% (+5x107?) effect] (Table 3.6; Figure 3.5). The
supplementation of HEK293 cells with OA resulted in a significant increase in OCR [from 100%
to 175% (+1.0x10%) effect] as compared to the OA unsupplemented HEK293 control cells over
time (Table 3.6; Figure 3.5). Cells supplemented with OA generally exhibited the same response
to all the inhibitors as unsupplemented cells, however the inhibitory effect was slightly overcome
by OA supplementation (Table 3.6; Figure 3.5).

Table 3.6: The overall oxygen consumption rate (OCR) of HEK293 cells supplemented with oleic
acid (OA) in the presence and absence of both 3-isobutyl-1-methylxanthine (IBMX) and

isoproterenol (ISP) or etomoxir (ETO) treatment

OA (-) (% Effect) OA (+) (% Effect) P —value
HEK293 100 (+3.7) 175 (+10.0) * 0.0001
IBMX+ISP 16 (+1.0x107Y) 26 (+6.0x101) * 0.0053
ETO 58 (+3.1) 84 (+4.0) * 0.0021

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.5. The overall oxygen consumption rate (OCR) of HEK293 cells supplemented with
oleic acid (OA) in the presence and absence of 3-isobutyl-1-methylxanthine (IBMX) and
isoproterenol (ISP) and etomoxir (ETO) treatment. (A) HEK293 cells were supplemented with
50 uM of OA and treated with (IBMX (1 mM) and ISP (20uM)) and 60 pM ETO as previously
described. The overall OCR was determined after 6 h of incubation with OA and the different
inhibitors. (B) Cell free negative control: complete growth media (DMEM), cell free positive control:
glucose oxidase (GOx). Values depict the mean of three biological replicates. Standard deviation

is indicated by error bars. * Indicate significance, P <0.05.
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3.4.2. Effect of OA supplementation, LD fragmentation, and FA (-oxidation inhibition on
HEK293 cell OCR during RV infection

An important aspect of the study was to determine the effect of RV infection on HEK293 cell OCR
over time, during OA supplementation, and in the presence of LD fragmentation compounds and
fatty acid B-oxidation inhibitors. In the study, it was observed that RV infection results in the
reduction of the overall host cell OCR [from 100% to 75% (x11.9) effect] and the addition of
inhibitors to RV-infected cells resulted in a further reduction of the overall host cell OCR over time
(Table 3.7; Figure 3.6). The OA supplementation of HEK293 cells resulted in an increase in OCR
[from 100% to 170% (+10.0) effect] compared to the unsupplemented HEK293 cells (Table 3.7;
Figure 3.6). However, OA supplementation could not overcome the inhibitory effect of RV

infection or treatment with inhibitors observed (Table 3.7; Figure 3.6).

Table 3.7: The overall oxygen consumption rate (OCR) of HEK293 cells supplemented with oleic
acid (OA) in the presence and absence of (3-isobutyl-1-methylxanthine (IBMX) and Isoproterenol
(ISP)) and etomoxir (ETO) treatment during rotavirus (RV) infection

OA (-) (% Effect) OA (+) (% Effect) P — value
HEK293 100 (+4.4) 175 (+10.0) * 0.0081
RV 75 (+12) 82 (+13.5) 0.6971
RV+(IBMX+ISP) 40 (19.6) 52 (+13.34) 0.4896
RV+ETO 45 (+4.2) 40 (+3.3) 0.4221

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.6. The overall oxygen consumption rate (OCR) of HEK293 cells supplemented with
oleic acid (OA) in the presence and absence of (3-isobutyl-1-methylxanthine (IBMX) and
Isoproterenol (ISP)) and etomoxir (ETO) treatment during rotavirus (RV) infection. (A)
HEK293 cells were supplemented with 50 uM of OA and treated with (IBMX (1 mM) and ISP
(20uM)) and ETO 60 uM as previously described. The overall OCR was determined after 6 h of
incubation with OA and the different inhibitors. (B) Cell free negative control: complete growth
media (DMEM), Cell free positive control: glucose oxidase (GOXx). Values depict the mean of three

biological replicates. Standard deviation is indicated by error bars. * Indicate significance, P <0.05.
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3.5. Rotavirus replication kinetics

3.5.1. Effect of oleic acid supplementation on rotavirus replication in HEK293 cells

As previously described, RV infections are reported to alter the lipidome of the infected host cells,

thus implicating the role of fatty acids in RV infection and replication (1.3.4). To determine the
effect of OA supplementation on RV replication, HEK293 cells were infected with RV (MOI = 5)

post OA supplementation, and the viral titer was quantified using TCIDso over 16 h post infection.

In our study, it was observed that RV infection of OA-supplemented HEK293 cells results in a

significant increase in RV replication over the 16 h time course, compared to the OA

unsupplemented RV-infected cells (Table 3.8; Figure 3.7).

supplementation increases viral load over time.

This suggests that OA

Table 3.8. Viral titer of rotavirus infectious progeny over a period of 16 h post infection as

(TCIDso/mL) after oleic acid supplementation

Condition / Time points TCIDso/mL
Oh 2h 6h 12 h 16 h
RV 5x10° (£3.2x10°) 2x106 (+£9.0x10°) 6x108 (£3.3x108) 2x101° (+1.1x10%%) 4x10%0 (+1.7x10%%)
RV+OA 5x105 (+3.2x10%) | 2x107 (+2.1x107) | 2x10% (+4.1x10% * | 4x10™ (+2.0x10')* | 7x10 (+4.5x10%) *
P — value 1.00 <0.0001 <0.0001 0.0030 0.0388

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.7. Viral replication kinetics of rotavirus during oleic acid (OA) supplementation in
HEK?293 cells. HEK293 cells were supplemented with 50 uM oleic acid (OA) and infected with
RV for a period of 16 h. TCIDsy were used to determine RV titer at various time points post
infection. Cells were counted before seeding and again prior to infection. Values depict the mean

of three biological replicates. Standard deviation is indicated by error bars.

3.5.2. Effect of lipid droplet fragmentation on rotavirus replication
HEK293 cells treated with IBMX (1 mM), and ISP (20 uM) were infected with RV (MOI = 5) with
and without OA supplementation to determine the effect of LD fragmentation on RV replication.
From our data, it was evident that the treatment of RV infected HEK293 cells with IBMX and ISP
significantly reduces the overall production of RV infectious progeny in unsupplemented cells
(Table 3.9; Figure 3.8). This effect can be partially rescued by OA supplementation. Thus, the
provided data show that treatment of HEK293 cells with IBMX and ISP in the presence or absence

of OA supplementation results in the reduction of overall RV replication.
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Table 3.9. Viral titer of rotavirus infectious progeny over a period of 16 h post infection as
(TCIDso/mL) after IBMX and ISP treatment

Condition / Time points TCIDso/mL
Oh 2h 6h 12 h 16 h
RV 5x10% (+3.2x105) 2x10° (+9.0x105) 6x108 (+3.3x108) 2x10%0 (£1.1x10%0) 4x10%° (+1.7x1010)

RV+OA 5x10° (+3.2x10°) 2x107 (¥2.1x107) | 2x10% (¥4.1x10%) * | 4x10% (¥2.0x10%%) * | 7x10 (+4.5x10%%) *

P —value 1.00 <0.0001 <0.0001 0.0030 0.0388
RV+(IBMX+ISP) 5x105 (+3.2x10°) 1x108 (+9.7x10°%) 1x106 (+0.00) * 7x107 (£6.1x107) * 1x108 (+9.5x107) *
P —value 1.00 0.3543 0.0184 0.0215 0.0775
RV+(IBMX+ISP)+OA | 5x10° (+#3.2x10%) | 2x105 (+1.2x10%) * | 3x106 (#1.5x10%)* | 1x10° (+5.6x108) * 2x10° (+4.2x108) *

P — value 1.00 0.0085 0.0032 0.0183 0.0474

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.8. The viral replication kinetics of rotavirus (RV) during lipid droplet (LD)
fragmentation in HEK293 cells. HEK293 cells were treated with 1 mM IBMX and 20 uM of ISP

for 16 h post infection. This was done in the presence or absence of 50 uM OA supplementation.

TCIDso were used to determine RV titer at various time points post infection. Cells were counted

before seeding and again prior to infection. Values depict the mean of three biological replicates.

Standard deviation is indicated by error bars.
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3.5.3. Effect of B-oxidation inhibition on rotavirus replication

To determine the effect of B-oxidation modulation on RV replication, HEK293 cells treated with
ETO (60 pM) followed by RV infection (MOl = 5) in the presence and absence of OA
supplementation was studied. Our results (Table 3.10; Figure 3.9) show that the treatment of

HEK293 cells with ETO in the absence of OA supplementation, significantly reduces the overall

production of RV infectious progeny compared to untreated cells over the period of 16 h post

infection. Interestingly, this effect could not be rescued by OA supplementation.

Table 3.10. Viral titer of rotavirus infectious progeny over a period of 16 h post infection as
(TCID50/mL) after ETO treatment

Condition / Time points TCIDso/mL
Oh 2h 6h 12 h 16 h
RV 5x105 (+3.2x10%) | 2x10° (+9.0x10%) | 6x108 (+3.3x108) 2x10%° (+1.1x10%°) 4x101° (+1.7x10%)
RV+OA 5x105 (+3.2x10%) | 2x107 (+2.1x107) | 2x10% (+4.1x10% * | 4x10™ (+2.0x10')* | 7x10 (+4.5x10%%) *
P — value 1.00 <0.0001 <0.0001 0.0030 0.0388
RV+ETO 5x10° (£3.2x10°) 1x10° (+6.1x105) 1x10% (+4.4x10%) * 5x106 (+2.4x10°) * 4x107 (£3.5x107) *
P —value 1.00 0.0877 <0.0001 0.0003 0.0019
RV+ETO+0A 5x10° (£3.2x10°) 4x106 (£3.1x10°) 2x10° (+8.9x10%) * 8x10° (£3.5x106) * 4x107 (+2.8x107) *
P — value 1.00 0.0220 0.0003 0.0062 0.0006

*: Significantly different from rotavirus infected HEK293 controls cells (P < 0.05)
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Figure 3.9. The viral replication kinetics of rotavirus (RV) infection during fatty acid (FA) B-
oxidation inhibition in HEK293 cells. HEK293 cells were treated with 60 uM ETO for 16 h post
infection. This was done in the presence or absence of 50 UM OA supplementation. TCIDs, were

used to determine RV titers at various time points post infection. Cells were counted before

seeding and again prior to infection. Values depict the mean of three biological replicates.

Standard deviation is indicated by error bars.
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Chapter 4: Discussions, concluding remarks and future perspectives

Since it was first shown that rotavirus (RV) viroplasms recruit and co-localize with host lipid
droplets (LDs), studies investigating the effect of RV lipidome modulation of host cell LDs and
fatty acid (FA) B-oxidation are increasing. The aim of our study was to investigate the effect of
oleic acid (OA) (18:1) supplementation on LDs, FA (-oxidation, and subsequently rotavirus (RV)

replication. Specific objectives included:

(1) Investigating the effect of OA supplementation on LDs during RV infection

(2) Investigating the effect of OA supplementation on FA B-oxidation during RV infection
(3) Investigate the effect of LD and FA B-oxidation modulation on RV infection

4.1. Objective 1: Investigate the effect of oleic acid supplementation on lipid droplets during

rotavirus infection

4.1.1. Effect of oleic acid supplementation on lipid droplets and subsequent impact on
rotavirus replication

Lipid droplets (LDs) are shown to be essential organelles in host cells that play important roles in
the storage of a variety of neutral lipids including triacylglycerides (TAG) (Krahmer et al., 2009;
Murphy et al., 2009; Onal et al., 2017). During starvation, the cell promotes the lipolysis of LDs
for the release of fatty acids (FAs) which are then directed for degradation by FA B-oxidation to
generate energy for cellular function (Carmen & Victor, 2006; Gao et al., 2014; Marcinkiewicz et
al., 2006). Different extracellular FAs including oleic acid (OA) are shown to promote the
biogenesis of LDs, while the presence of excess amounts of FAs results in negative feedback
that promotes reduced production of intracellular FAs (Rohwedder et al., 2014). The excess
amounts of intracellular/extracellular FAs are converted to TAG for storage in LDs (Rohwedder et
al., 2014). A variety of viruses have been shown to associate with LDs and promote the growth
and biogenesis of LDs through increasing the overall total lipid/FA content of LDs (Monson et al.,
2021). This was also evident in our study. The provision of HEK293 cells with extracellular OA
resulted in an overall increase in TAG content of isolated LDs (Figure 3.3A). The presence of
excess intracellular/extracellular FAs induce a negative feedback mechanism that redirects FA
metabolism to promote the conversion of free FAs to TAG for storage in LDs. The redirection and
storage of excess FAs in LDs leads to an increase in the size and number of LDs as to
accommodate more FAs (Krahmer et al., 2013) (Figure 4.1). Lipid droplet growth/enrichment due

to supplied OA also had a complementary effect to RV infection, the observed increase in overall
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lipid content of TAG in LDs correlated with an increase in RV propagation over time (Table 3.8;
Figure 3.7). The apparent increase in LDs (Figure 4.1) may provide platform for more LDs to be
recruited by viroplasms to create more viroplasm-LD complexes that promote viral propagation
(Crawford & Desselberger, 2016). This may provide insight into a direct mechanism which show

how OA directly affect cellular lipidome, LDs and subsequently RV infection.
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Figure 4.1. An overview of the effect of oleic acid (OA) supplementation on lipid droplet
formation (LD) and fatty acid (FA) B-oxidation. The intracellular lipogenesis and external
supply of OA leads to the accumulation of excess FAs in host cells. The accumulation of excess
FAs intracellularly results in the breakdown of FAs by FA B-oxidation while also promoting the
conversion of FAs to TAG for storage in LDs or synthesis of membranes. Host cells use the
mechanisms of increased FA B-oxidation and LD biogenesis to prevent host lipotoxicity while
producing intracellular ATP (Ahowesso et al., 2015; Brasaemle & Wolins, 2012; Guo et al., 2009b;
Ojuka et al., 2016; Sander, 2019; Stone et al., 2009). Designed with BioRender.
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4.1.2. Impact of rotavirus infection on host cell lipid droplet biogenesis
Previous studies have shown that viroplasms recruit LDs for the successful propagation of RV in
host cells and the presence of more LDs are advantageous for the formation of viroplasm-LD
complexes for RV infection (Cheung et al., 2010; Gaunt et al., 2013b). Rotavirus is one of the
pathogens that modulate cell total lipid content and promote the enrichment or biogenesis of LDs
(Chueng et al., 2010; Gaunt et al., 2013b; Sander et al., 2022). We have shown that OA
supplementation promotes the enrichment and growth of LDs by the increase of total TAG content
while subsequently increasing RV replication (Figure 3.3A; Figure 3.7). It is important to note
that independently, RV infection promotes the enrichment/growth of host cell LDs through
increasing the total TAG content in isolated LDs (Criglar et al., 2020, 2022) (Figure 3.4A; Figure
4.2). Rotavirus infection in host cells, thus alters the host cell lipidome by channeling different FAs
towards conversation to TAG for LD biogenesis. The increase in total host LDs is advantageous
for RV infections as that allows for formation of more viroplasm-LD complexes that leads to an

overall increase in viral load (Figure 4.2).
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Figure 4.2. An overview of the effect of rotavirus (RV) infection on lipid droplet (LD)
formation and overall, fatty acid (FA) B-oxidation. Rotavirus infections in host cells modulate
cell lipidome that lead to the accumulation of a variety of FAs in addition to the intracellular
generated FAs. Rotavirus infections reduce FA (-oxidation (also reducing ATP production) which
also leads to FA accumulation. The host cell promotes conversion of accumulated FAs to TAG
for the biogenesis of LDs. An increase in LD biogenesis increases the formation of more
viroplasm-LD complex which are advantageous for increased viral load (Dickman et al., 2000;
Eichwald et al., 2004; Gaunt, Zhang, et al., 2013a; Lever & Desselberger, 2016; Monson et al.,
2021; Sanchez & Lagunoff, 2015; Sander, Kemp, et al., 2022). Designed with BioRender.
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4.2. Objective 2: Investigate the effect of oleic acid supplementation on fatty acid -oxidation

during rotavirus infection

4.2.1. Effect of oleic acid supplementation on fatty acid $-oxidation and subsequent impact
on rotavirus replication

Fatty acid (FA) B-oxidation is one of the key metabolic processes that maintain both host cell FA
and energy homeostasis through breaking down excess FAs and providing cellular energy for
host cells during starvation (Houten & Wanders, 2010). In our study, we also show that the
increase in total cell TAG content during OA supplementation correlates with an increase in FA
B-oxidation depicted by an increase in the overall host cell oxygen consumption rate (OCR)
(Figure 3.5A). As we have shown, cells may reduce the overall excess free FAs by storage in
LDs (increase TAG in LDs) and increased FA degradation by FA [B-oxidation to prevent cell
lipotoxicity (Ahowesso et al., 2015) (Figure 3.3A; Figure 3.5A). Thus, we show that excess FAs
in host cells induce the accumulation of free FAs that are stored in LDs and also broken down
with FA B-oxidation (Figure 4.1).

4.2.2.lmpact of rotavirus infection on host cell fatty acid 3-oxidation

Interestingly, we further show that RV infections reduce host cell FA 3-oxidation as observed by
a reduction in overall host cell OCR (Figure 3.6A). This further suggests the direct mechanism
used by RV to modulate host cell lipidome and LD biogenesis. The important role of LDs in the
formation of viroplasms-LD complexes during RV replication cause RV to reduce the breakdown
of FA by B-oxidation and instead promoted an accumulation of free FAs that will be later stored
in LDs (Crawford & Desselberger, 2016; Dickman et al., 2000; Olofsson et al., 2008; Sander,
Kemp, et al., 2022). This directed accumulation of FAs in LDs thus results in more LDs present in
host cells to interact with viroplasms and intern promote RV propagation (Figure 4.2). Studies
have also shown intact RV and some viral NSPs in host cell mitochondria, a site for B-oxidation
(Altenburg et al., 1980; Holloway et al., 2015). The physical association of RV and the
mitochondria may suggest the mechanism RV use to modulate overall -oxidation (Altenburg et
al., 1980) (Figure 1.12).
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4.4, Objective 3: Investigate the effect of lipid droplets and fatty acid -oxidation modulation on

rotavirus infection.

4.4.1. Association between lipid droplets and fatty acid B-oxidation
The common and most important link between LDs and FA B-oxidation during RV infections are
the lipids that are stored in LDs and, if required for energy production, are broken down by FA [3-
oxidation (Gao et al., 2014; Jie et al., 2015). Our study shows that the fragmentation of LDs into
smaller micro-droplets by treatment with (3-isobutyl-1-methylxanthine (IBMX) and isoproterenol
(ISP)) reduces host cell LDs indicated by the overall reduction in total TAG content of isolated
LDs (Figure 3.3A). The apparent reduction in LDs and total TAG content thus reduce the TAG to
produce available FAs for FA B-oxidation. This correlates with the observed reduction in the
overall FA B-oxidation in HEK293 cells when treated with IBMX and ISP (Figure 3.5A). The
reverse process is also shown, the reduction or inhibition of FA 3-oxidation by inhibiting carnitine
palmitoyltransferase 1 (CPT1) with etomoxir (ETO), results in the overall reduction in host FA B-
oxidation indicated by reduced host OCR (Figure 3.5A). The reduction of host cell FA -oxidation
induces an accumulation of free FAs which cause the cell to respond by storing these free FAs in
LDs (Ducharme & Bickel, 2008). Our study also supported the redirection of free FAs to LD
storage during FA B-oxidation inhibition by ETO treatment, depicted by the detection of elevated
TAG content in isolated LDs (Figure 3.3A). The supply of host cells with excess extracellular OA
still shows the same trend during the modulation of both processes and the interactions between
both processes remain the same although with slightly elevated values due presence of

extracellular FA supplementation (Figure 3.3A; Figure 3.5A).

4.4.2. Impact of LD and FA B-oxidation modulation on RV infection
Previous studies have shown that the fragmentation of LDs and inhibition of FA -oxidation to
have deleterious effects on a variety of viruses (Cheung et al., 2010; Rasmussen et al., 2011).
Our study also shows that the reduction and fragmentation of LDs by (IBMX and ISP) reduces
the overall available LDs required for the formation of viroplasms-LD complexes. This correlated
with the subsequent reduction in the production of infectious RV progeny over time (Table 3.9;
Figure 3.8; Figure 4.3). Although we have shown that RV infection reduces FA B-oxidation
(Figure 3.6A), interestingly the treatment of host cells with ETO also shows to have the similar
deleterious effect on RV propagation (Table 3.10; Figure 3.9; Figure 4.2). We also observed
that, OA supplementation during host cell treatment with ETO rescues the deleterious effect of
the inhibit on RV propagation overtime (Table 3.10; Figure 3.9). Although this inhibitory effect

results in reduced FA breakdown that may promote the growth and enrichment of LDs necessary
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viroplasms-LD complex formation (Figure 3.3A; Figure 4.2), the direct inhibition of FA B-oxidation
is not advantageous for viral propagation. It important to note that ETO is an irreversible inhibitor
for the CPT1 transporter (Figure 1.11) that causes a direct reduction of FA transportation into the
host mitochondria (Divakaruni et al., 2018; Raud et al., 2018). The data thus suggest, RV does
not necessarily promote the overall inhibition or reduction of FA B-oxidation but may still require
the process to either generate energy to keep host cells viable, to drive its replication or generate

specific metabolites that RV may require for its propagation.
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Figure 4.3. An overview of the effect of rotavirus (RV) infection on lipid droplet (LD)
formation and overall, fatty acid (FA) B-oxidation in the presence and absence of 3-
isobutyl-1-methylxanthine (IBMX) and isoproterenol (ISP) or etomoxir (ETO) treatment.
Although RV infection promotes FA accumulation for TAG production for subsequent LD
biogenesis, IBMX and ISP treatment reduce host TAG content by fragmenting LDs. The reduction
in observed LDs reduce the available TAG available for FA B-oxidation (reduce B-oxidation and
ATP production) while also reducing the available LDs required to form viroplasm-LD complexes
that are needed for viral replication. This results in the reduction of the overall viral yield. Although
RV infection also reduce FA B-oxidation, treatment of host cell with ETO inhibits the complete
entry of FAs in the mitochondria observed to also be deleterious for RV infection (Brasaemle &
Wolins, 2012; Crawford & Desselberger, 2016; Dickman et al., 2000; Gaunt et al., 2013a; Monson
et al., 2021; Pike et al., 2011; Rasmussen et al., 2011). Designed with BioRender.
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4.5. Overview of the effect of oleic acid supplementation on lipid formation, B-oxidation and
subsequently RV infection

Oleic acid supplementation directly promotes viral propagation by increasing the growth and
enrichment of LDs in hosts. The enrichment of LDs also results in an increased biogenesis of LDs
that will create a conducive environment for viroplasms-LD complex formation and overall
increase in viral propagation (Gaunt et al., 2013a). Upon viral infection, RV hijacks host machinery
to promote viral propagation (Criglar et al., 2022; Dai et al., 2020; Lopez & Arias, 2012). In this
study we show that RV infections simultaneously promotes the accumulation and storage of FA
in LDs while reducing FA B-oxidation. An accumulation of LDs promotes viral replication by
increasing the interaction with viroplasms. The RV-induced reduction in FA B-oxidation also
causes a reduction in mitochondrial based energy production (Dickman et al., 2000) (Figure 4.2).
The process of LD biogenesis and FA B-oxidation are essential for RV propagation, as RV
particles are observed in close proximity with organelles with LDs and the mitochondria during
RV infection (Altenburg et al., 1980; Crawford & Desselberger, 2016; Lever & Desselberger,
2016). During RV infection, the reduction of LDs by induced lipolysis causes a reduction in
formation of viroplasms-LD complexes that subsequently hinder viral propagation (Figure 4.3).
RV infection negatively affects FA B-oxidation, but we also observe chemically induce inhibition
of B-oxidation to be unfavorable for viral propagation (Figure 4.2). Thus, RV may require the
process of FA B-oxidation in a different mechanism that remains unclear. The trend observed in
the reduction of viral load during treatment with different LD fragmenting compounds and FA 3-

oxidation inhibitors remain the same also during OA supplementation.

4.6. Concluding remarks and future perspectives
Our study has shown that both LDs and FA (-oxidation are interconnected in the network of FA
metabolism in host cell during provision of exogenous OA and during RV infection. The
supplementation of HEK293 cells with OA has shown to have an up regulatory effect on LD
biogenesis, FA B-oxidation and subsequently increased viral load, indicating an important role of
OA in viral propagation. In correlation with previous studies, our study has also shown that RV
infection upregulates the enrichment of LDs while also reducing the overall FA B-oxidation which
may subsequently lead to reduced energy productions of host cells (Dickman et al. 2000; Cheung
et al 2010). This provides insight that RV may not necessarily modulate host lipidome by
channeling FAs to FA B-oxidation for energy production but instead promote the storage of FAs
for LD enrichment, even though inhibition by ETO did not promote viral replication. Furthermore,
we have further elucidated the importance of both LDs and FA -oxidation for RV propagation by

chemical modulations of these processes. The fragmentation of LDs by (IBMX and ISP) showed

68|Page



to affect multiple targets in host cells including the reduction of host TAG content in LDs, reduced
FA [B-oxidation and subsequently reduced RV replication. The FA B-oxidation inhibition by
treatment with ETO also affected the two associated processes, by reducing the overall FA (3-

oxidation, increasing TAG content in LDs and subsequently reduced RV replication.

The study’s objective was to highlight the possible mechanisms in which FA supplementation
affects host LD formation and RV propagation during infections in the presence of FA [3-oxidation
inhibitors and LD fragmenting compounds, however we have noted a variety of limitations to the

study including:

1. It has been shown that concentrations of ETO > 5 uM induce acute production of reactive
oxygen species (ROS) as evidence of severe oxidative stress in T-cells (O’Connor et al.,
2018) was previously observed. In addition high concentration (> 100 yM) of ETO may
lead to off-target effects (Divakaruni et al.,, 2018; Raud et al., 2018). Although the
concentration used for ETO in the study is less than 100 uM, it is possible that off-target
effects for ETO in HEK293 cells were observed. Therefore, in future, concentrations < 5
MM should be tested and/or an alternative inhibitor of B-oxidation should be explored.
2. The production of ROS is known to affect viral replication (Sander et al., 2022). For RV
specifically, ROS has been shown to affect viral pathogenesis (Gac et al., 2010; Guerrero
& Acosta, 2016; Patra et al., 2020). The effect of ETO-induced ROS on RV replication,
specifically in the context of this study, is however unknown.
3. The LD fragmentation compounds IBMX and ISP, when used in combination, have
previously been shown to induce LD fragmentation in M104 cells (Cheung et al., 2010).
The effectiveness of these compounds to induce LD fragmentation in HEK293 cells,
specifically at the concentrations used in this study should be evaluated in-depth.
For future perspectives, most studies have shown that the targeting of LDs may serve as a
therapeutic site for the reduction of RV infections (Cheung et al., 2010; Gaunt et al., 2013a;
Marcinkiewicz et al., 2006). The phenomena of RV infections modulating and reducing host cell
FA B-oxidation may be a point of interest, although the direct mechanism in which RV modulates
this process remains unclear. The emergence of intact RV particles and viral NSPs being found
in and associating with the mitochondria would need to be better studied and understood. This
will provide better insight of the beneficial potential of the mitochondria for RV infections, thus

providing another opportunity for a therapeutic target site for remedying RV infections.
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