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SUMMARY  

Both in vitro and in vivo studies have shown that levels of prostaglandin E2 (PGE2), an 

immunomodulatory eicosanoid, are increased during rotavirus (RV) infection. 

Although it has been shown that inhibition of cyclooxygenase (COX) (PGE2 

biosynthetic enzymes) has adverse effects on viral yield, the mechanism of PGE2 

induction during replication remains unknown. Viroplasms are viral factories that 

consist of several viral proteins, in particular NSP2 and NSP5, and cellular lipid 

droplets. Lipid droplets (LDs), with their high content of neutral lipids and the proximity 

of PGE2 biosynthetic enzymes, are well known sites for PGE2 biosynthesis. In addition, 

during replication, RV has been shown to increase the total lipid content of infected 

cells, while modulating specific lipid classes during infection. Inhibitors that prevent the 

formations of LDs severely limit the amount of viroplasms formed and subsequently 

decrease viral progeny production. Another viral protein critical for viral replication is 

the enterotoxin, NSP4. NSP4, contains a viroporin domain that selectively conducts 

calcium (Ca2+) from the endoplasmic reticulum to the cytosol, increasing free 

intracellular Ca2+. Intracellular Ca2+ levels are crucial for the activation and function of 

cytoplasmic phospholipase A2, the rate-limiting enzyme in PGE2 biosynthesis. Both 

LDs and phospholipase A2 are also essential for PGE2 biosynthesis.  Therefore, the 

main objective of the study was to determine when and by which mechanism(s) RV 

induces/amplifies the production of prostaglandin E2. 

During early infection, RV attaches to several cellular receptors and enters the cells 

by either clathrin-dependent or -independent endocytosis. Other viruses such as 

bovine ephemeral fever virus haven been shown to require the activation COX-2-

mediated PGE2/EP receptor signalling for enhanced clathrin-mediated endocytosis. 

To determine if PGE2 exerts its proviral effects during internalisation we supplemented 

MA104 cells with γ-linolenic acid (GLA), a precursor of arachidonic acid. Infection of 

supplemented cells with RV SA11 led to increased production of PGE2 as monitored 

by ELISA. Confocal microscopy demonstrated that PGE2 co-localises with the 

viroplasm-forming proteins, NSP5 and NSP2. Due to the known association of 

viroplasms as well as PGE2 with lipid droplets, our results indicate a possible role for 

viroplasms in the production of RV-induced PGE2. Replication kinetics showed that 

inhibitors, targeting the biosynthesis of PGE2, had negative effects on RV yield, 

especially during the early stages of infection. Using flow cytometry and PGE2 
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addback experiments, we show that PGE2 enhances the attachment and 

internalisation of rotavirus in MA104 cells, indicating a possible role for PGE2 during 

clathrin-mediated RV entry.  

Due to the well-known association between viroplasms and LDs, and the fact that LDs 

are production centres for the PGE2, we next explored the possible role if any, of 

viroplasm components in the induction of PGE2 production during RV infection. 

Transfection of HEK293 cells with plasmids, encoding the ORFs for NSP2 and NSP5 

or both NSP2 and NSP5, showed that neither protein on their own, nor the formation 

of viroplasm-like structures was able to induce PGE2 production. A MA104 cell line, 

stably expressing NSP5, was used to generate and characterize several SA11-based 

rescued rotaviruses (rSA11_aNSP5 and rSA11_aNSP5) with mutations in the α-helix 

within the C-terminal of NSP5. We demonstrate that a rSA11 with replaced 

hydrophobic amino acids in the C-terminal appeared to from less viroplasms 

compared to rSA11. This led to reduced replication of both rSA11_aNSP5 and 

rSA11_pNSP5, confirming the pivotal role of the α-helix within the C-terminal during 

RV replication. These mutations also affected the production of PGE2 in HEK293 

infected cells, although this is more likely due to decreased viral replication. 

Furthermore, we investigated how the introduced mutations affect NSP5 co-

sedimentation with LD-associated protein, perilipin 2, and showed that the NSP5 

mutations decreasing the hydrophobicity or abolishment of the α-helix changed the 

sedimentation profile. Our results indicate that individual viroplasm components or the 

formation of VLS do not induce PGE2 in transfected cells, but that mutations in the C-

terminal of NSP5 decrease PGE2, most probably due to decreased replication.    

After showing that viroplasms mainly indirectly induce the production of PGE2, we 

switched our focus to the role of Calcium (Ca2+) as it is essential for several cellular 

signalling and physiological processes, including the activation of cytoplasmic 

phospholipase A2 (cPLA2). This enzyme plays a role in lipid droplet (LD) biogenesis 

and is the rate-limiting enzyme in prostaglandin E2 (PGE2) biosynthesis. During 

rotavirus (RV) replication, NSP4 modulates the levels of cytoplasmic Ca2+ (cyto[Ca2+]) 

by a viroporin domain, which selectively conducts Ca2+ from endoplasmic reticulum 

(ER) stores to the cytoplasm. This modulation of cyto[Ca2+] is crucial for several viral 

process, including entry and assembly. We, therefore, investigated the role of the 

viroporin domain of NSP4 in the induction of PGE2 production during RV infection. We 
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show that RV infection of HEK293 cells increases the activity of cPLA2, and that the 

chelation of cyto[Ca2+] decreases the activity of cPLA2, leading to decreases in viral 

progeny and RNA yield. Mutations within the viroporin domain, which decreases the 

conductively of Ca2+, decreased the activity of cPLA2 and subsequently affected PGE2 

levels as well as viral progeny and RNA yield. Our results indicate that the viroporin 

domain of NSP4 plays a role in the induction of PGE2 production by increasing the 

activity of cPLA2 in a Ca2+-dependent manner.  

Taken together, the data shows that PGE2 is most likely induced in a NSP4-cyto[Ca2+]-

cPLA2-dependent manner enhancing RV internalisation. This enhanced internalisation 

increases viral yield, which could contribute indirectly to PGE2 production by 

increasing the numbers of LDs and thus sites of PGE2 production.  

 

Keywords: Rotavirus, internalisation, viroplasms, prostaglandin E2, cytoplasmic 

calcium, cytoplasmic phospholipase A2, NSP4, NSP5. 
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CHAPTER 1: Prostaglandin E2 and the rotavirus conundrum  

1.1. Introduction  

Rotavirus (RV) is a segmented dsRNA virus that forms part of the Sedoreoviridae 

family (Matthijnssens et al., 2022)(Matthijnssens et al., 2022). These viruses have 

been discovered in mammals such as humans, rodents, livestock, and bats as well as 

in avian species and are grouped into 11 groups (A-D, F-L), based on their amino acid 

sequence and antigenic differences in the immunogenic middle layer capsid protein, 

VP6 (International Committee on Taxonomy of Viruses, 2021; Johne et al., 

2022)International Committee on Taxonomy of Viruses, 2021; Johne et al., 2022). The 

eleven genome segments of RV encode for 6 structural proteins (VP) and 6 non-

structural and within RV group A [see also p2, beginning of section 1.2.1], different 

strains are classified by their glycoprotein VP7 (G serotypes) and the protease-

sensitive protein VP4 (P serotypes). Rotavirus is a leading cause of severe 

dehydrating diarrhoea in infants and children under the age of five (Estes and 

Greenberg, 2013)(Estes and Greenberg, 2013). According to Troeger and co-workers 

(2018)Troeger and co-workers (2018), RV caused approximately 128 500 deaths 

globally in 2016 of which 104 733 deaths occurred in sub-Saharan Africa. Although 

RV vaccines have been licenced since 2006, studies have shown that their efficacy in 

middle- and low-income countries are considerably lower when compared to high-

income countries (Burnett et al., 2020; Henschke et al., 2022)(Burnett et al., 2020; 

Henschke et al., 2022). The reason for the difference in efficacy are not currently well-

known (Desselberger, 2017)(Desselberger, 2017), but Velasquez and co-workers 

(2018) suggested that co-administration with live oral polio vaccine, nutritional status, 

microbiome composition, and maternal antibodies may be possible factors in the 

performance gradient and offer potential strategies to improve modest vaccine 

performance. In addition to the introduction of new RV vaccines (Burke et al., 2019), 

the development of an effective anti-viral treatment, as there is currently none (Kang, 

2013), could decrease the amount of RV deaths in sub-Saharan Africa.  

 

To aid in the development of ant-viral treatments against RV, a better understanding 

of RV replication is required. During replication, non-structural proteins (NSP) play 

essential roles in genome replication and antagonism of the innate immune response 

(Hu et al., 2012). NSP5 is essential for the formation of “viral factories”, termed 
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viroplasms (Papa et al., 2021), with several studies showing that the absence of NSP5 

or modifications to the protein have negative effects on viroplasm formation and 

subsequent viral replication (Eichwald et al., 2004; Sen et al., 2007; Papa et al., 2020). 

In addition to interacting with several other viral proteins, most notably NSP2 (Eichwald 

et al., 2004), interaction of viroplasms with LDs is also crucial for optimal viroplasm 

formation and function (Crawford and Desselberger, 2016). Several studies showed 

that inhibition of LD formation or degradation of LDs has deleterious effects on 

viroplasm formation and subsequent negative effects on rotavirus replication (Gaunt 

et al., 2013a, 2013b). NSP4 is the first identified viral enterotoxin and selectively allows 

Ca2+ to pass from the endoplasmic reticulum (ER) into the cytosol via its viroporin 

domain, providing an optimal environment or rotavirus replication (Hyser et al., 2010; 

Pham et al., 2017). 

It is important to note that both the LDs and Ca2+ play roles in the biosynthesis of 

PGE2, an eicosanoid with well-known immunomodulatory properties (Funk, 2001). 

Lipid droplets are well known sites of PGE2 production (Jarc and Petan, 2020), while 

intracellular Ca2+ is crucial for the activation of phospholipase A2, the rate-limiting 

enzyme in PGE2 biosynthesis (Bingham and Austen, 1999). Although it is known that 

RV is capable of increasing PGE2 levels both in vivo (Yamashiro et al., 1989; Zijlstra 

et al., 1999) and in vitro (Rossen et al., 2004), the stage of replication during which 

these increases occur and subsequent effect on viral replication remain unknown. The 

aim of this work is to discuss the possible sites of PGE2 production during replication 

and possible roles of viroplasm interaction with LDs and the activation of 

phospholipase A2 via NSP4 induced Ca2+ in increased PGE2 levels during viral 

replication.  

1.2 . Rotavirus  

1.2.1. Structure and genome coding assignments 

The genome segments of SA11 encode 6 structural proteins (VP) and 6 non-structural 

proteins and range in size from 667 to 3302 bp in length (Mlera et al., 2013). The 

genome-protein and protein-function assignments have been determined for several 

RVA strains and are summarized in Table 1. 1.The fully infectious RV virion (Figure 

1. 1) is a triple-layered particle (TLP), consisting of a VP2 core shell, a middle VP6 

layer and an outer layer of VP7, in which VP4 spike proteins are embedded (Settembre 

et al., 2011; Long and McDonald, 2017). VP4 can be cleaved into two subunits, VP5* 



3 | P a g e  
 

and VP8*, which is essential for the infectivity of rotavirus (López et al., 1985). The 

core shell also contains VP1-VP3 heterodimers that are tethered to VP2, along with 

the 11 dsRNA segments (Prasad et al., 1996). The genomic RNA segments 

supposedly form conical cylinders around the VP1-VP3 heterodimers, but details of 

the dsRNA structure remain scarce. However, data obtained with cypovirus showed 

the non-spooled arrangement of dsRNA in another genus of the Reoviridae (Liu and 

Cheng, 2015).  The core shell, surrounded by VP6, forms the double-layered particle 

(DLP), with the encapsidation by VP4 and VP7 leading to the formation of TLPs (Li et 

al., 2009; Settembre et al., 2011).  

 

 
Figure 1. 1. Structure of the triple-layered rotavirus virion. A) Diagram of the fully infectious RV. 
(B) The formation of TLP from DLP and single-layered particle (SLP). Negative staining electron 
microscopy of TLP (C), DLP (D) and SLP (E). The bar represents 100 nm. Triple-layered particle (TLP), 
double-layered particle (DLP), single-layered particle (SLP). Modified with permission from Jiménez-
Zaragoza et al., 2018.  
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Table 1. 1. The protein localisation, genome-protein, and protein-function assignments of rotavirus. Sizes are indicative of SA11. Modified form Mlera 
and co-workers (2013). 

* Cleaved by trypsin or cellular protease into VP5* and VP8Dr

Genome 
segment 

 Size 
(bp) 

Encoded 
Protein 

Size 
(kDa) 

 Location Functions References 

         

1  3302 VP1 125 
 Inner 

capsid 
RNA-dependent RNA polymerase; 
ssRNA binding; transcription complex 

Burns et al., 1996; Patton, 1996, 2001; Prasad et al., 1996; Zeng et al., 1996; Patton et al., 
1997 

2  2683 VP2 102 
 Inner 

capsid 

Core shell; dsRNA binding; required for 
RNA-dependent RNA polymerase 
activity, viroplasm formation 

Berois et al., 2003; Bican et al., 1982; Boyle and Holmes, 1986; Clark and Desselberger, 
1988; Mitchell and Both, 1990a; Patton et al., 1997; Zeng et al., 1994 

3  2591 VP3 98 

 
Inner 

capsid 

Guanyltransferase; methyltransferase; 
2’,5’-phoshodieasterase; ssRNA binding; 
part of transcription complex, 
Mitochondrial antiviral signaling protein 
antagonist 

Liu and Estes, 1989; Pizarro et al., 1991; Liu et al., 1992; Burns et al., 1996; Prasad et al., 
1996; Chen et al., 1999; Patton, 2001; Ding et al., 2018; Kumar et al., 2020 

4  2362 VP4* 87 

 
Outer 
capsid 

Attachment protein;P type neutralization 
antigen; virulence factor; fusion with cell 
membrane 

Ericson et al., 1983; Kalica et al., 1983; Hoshino et al., 1985; López et al., 1985; Offit and 
Blavat, 1986; Anthony et al., 1991; Fiore et al., 1991; Ruggeri and Greenberg, 1991; Shaw 
et al., 1993; Hoshino and Kapikian, 1996; Ludert et al., 1996; Denisova et al., 1999; Zarate 
et al., 2000; Dormitzer et al., 2002 

5  1614 NSP1 59 
 Non-

structural 
Interferon antagonist; putative E3 ligase; 
dsRNA binding 

Dunn et al., 1994; Graff et al., 2002; Hua et al., 1994; Kojima et al., 1996; Mitchell and 
Both, 1990b; Patton, 1995, 2001 

6  1356 VP6 48 
 Middle 

capsid 
Species determinant; intracellular 
neutralization;  

Burns et al., 1996; Clark and Desselberger, 1988; Greenberg et al., 1983; Kalica et al., 
1981; Mansell et al., 1994; Mason et al., 1980; Prasad et al., 1988; Smith et al., 1989; 
Tompkins et al., 1975; Yang et al., 2001 

7  1105 NSP3 34 

 
Non-

structural 

Binds to 3’ terminus of viral ss(+)RNA; 
cellular  eukaryotic translation initiation 
factor 4 G ;  heat shock protein 90, 
displaces  Poly(A)-binding protein ; 
inhibits host cell translation 

Chizhikov and Patton, 2000; Deo et al., 2002; Groft and Burley, 2002; Mattion et al., 1992; 
Piron, 1998; Poncet et al., 1994; Vende et al., 2000 

8  1059 NSP2 37 
 Non-

structural 
Binds ssRNA; NTPase; NDP kinase; 
essential for viroplasm formation 

Afrikanova et al., 1998; Fabbretti et al., 1999; Jayaram et al., 2002; Kattoura et al., 1992, 
1994; Patton, 2001; Petrie et al., 1984; Taraporewala et al., 1999, 2002; Taraporewala 
and Patton, 2001 

9  1063 VP7 37 
 Outer 

capsid 
G type neutralization antigen 
Membrane penetration 

Dormitzer and Greenberg, 1992; Ericson et al., 1982, 1983; Hoshino et al., 1985; Hoshino 
and Kapikian, 1996; Mason et al., 1980; Michelangeli et al., 1997 

10  751 NSP4 20 

 
Non-

structural 

Interaction with viroplasms and 
autophagy pathway; modulates 
intracellular Ca2+ and RNA replication; 
enterotoxin; virulence factor 

Au et al., 1989; Ball et al., 1996; Ericson et al., 1982, 1983; Estes et al., 2001; Jagannath 
et al., 2000; Meyer et al., 1989; Tian et al., 1994 

11 
 

667 
NSP5 22 

 Non-
structural 

dsRNA binding; phosphoprotein; 
essential for viroplasm formation 

Afrikanova et al., 1996, 1998; Blackhall et al., 1998; González et al., 1998; González and 
Burrone, 1991; Mattion et al., 1991; Patton, 2001; Poncet et al., 1997  

 NSP6 11 
 Non-

structural 
Interaction with NSP5 and mitochondria; 
Not present in all strains 

Mattion et al., 1991; González et al., 1998; Rainsford and McCrae, 2007; Holloway et al., 
2015  
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1.2.2. Viral replication 

The RV virions first attach to several different receptors on the surface of susceptible 

host cells depending on strain (Arias and López, 2021) (Figure 1.2 and Figure 1.3). 

The RV particles are then internalized by receptor-mediated endocytosis, followed by 

removal of the outer layer in the endosome, resulting in the release of DLPs into the 

cytoplasm. Release of the DLP into the cytosol triggers triggers transcription and 

translation of the RV genome (Abdelhakim et al., 2014).The transcriptionally active 

DLPs produce the 11 (+) ssRNAs, which either act as mRNAs from which viral proteins 

are translated or become templates for the dsRNA replication of progeny virus (Lawton 

et al., 1997). Several viral proteins and viral RNAs from cytoplasmic inclusion bodies 

called viroplasms which then interact with cellular LDs…. [See Cheung and co-workers 

(2010), Figure 1.4, where it is shown that viroplasms form earlier than their complexes 

with LDs.] (Papa et al., 2021). Progeny DLPs, formed in viroplasms, bud through the 

ER in a process that involves NSP4 as an intracellular receptor for VP6 (Silvestri et 

al., 2005). The nascent DLPs acquire a transient envelope, consisting of ER 

membrane and NSP4, which is quickly replaced with an outer layer consisting of VP7 

and VP4, with VP4 being attached first (Trask and Dormitzer, 2006). The origin, 

function, and loss of the transitory envelope remain unknown. After formation of TLPs, 

RV is released from non-polarised cells by lysis, but from epithelial cells in a budding 

process that does not cause instant cellular death (Arias et al., 2015). Due to the 

importance of attachment and entry and the formation of viroplasms during RV 

replication and relevance to this study, these will now be discussed in greater detail.  
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Figure 1.2. Overview of the rotavirus replication cycle. The virion loses the outer layer after entry. 
The DLP becomes transcriptionally active and produces capped viral mRNAs which do not have polyA 
tails. Viroplasms form when viral proteins and RNAs accumulate in protected sites of the cytoplasm in 
which particle assembly occurs. After the formation of SLP, the particle obtains its intermediate layer 
and becomes a DLP. Double-layered particles bud into the endoplasmic reticulum, which lead to the 
formation of TLPs. With permission from Arnold et al., 2013. 

 

1.2.2.1.  Viral entry  

Viral entry is a complex process that involves cellular glycans for binding and several 

co-receptors for post attachment steps (Arias and López, 2021) (Figure 1.3). Initial 

interactions are mediated by the VP8* domain of VP4, while the VP5* domain and VP7 

interact mainly with downstream co-receptors (Dormitzer et al., 2002; Venkataram 

Prasad et al., 2014; Ramani et al., 2016) (Figure 1.3A). Several glycans have been 

identified as receptors for RV, including terminal and sub-terminal sialic acid and histo-

blood groups antigens (Hu et al., 2012a; Barbé et al., 2018). Initial binding to the cells 

by RV leads to subsequent interactions with integrins, α2β1, αVβ3, and αXβ2, and 

with the heat shock cognate protein in a strain-independent manner (Coulson et al., 

1997; Arias et al., 2015) (Figure 1.3B). In addition, tight-junction proteins, JAM-A, 

occludin, and ZO-1, are also important for viral entry of some RV strains, while 

gangliosides play a role during virus entry at a post attachment step (Martínez et al., 

2013; Torres-Flores et al., 2014). After attachment, RVs enter the cell by either 

clathrin-mediated endocytosis or clathrin-independent endocytosis (Gutiérrez et al., 



Page | 7  
 

2010) (Figure 1.3C). Regardless of the endocytic pathway, all RV strains reach early 

endosomes, where the virus probably begins internalisation (Arias and López, 2021) 

(Figure 1.3D). The progression of early endosomes to maturing endosomes is 

accompanied by a progressive decrease in pH and intra-endosomal Ca2+ 

concentration through the function of the v-ATPase, leading to the formation of 

intraluminal vesicles (Soliman et al., 2018). Rotavirus strains RRV and SA11 

subsequently reach the cytoplasm from maturing endosomes (Martínez et al., 2013) 

(Figure 1.3E). Other strains of RV reach the cytoplasm only after the formation of late 

endosomes in processes involving GTPase Rab7 and Rab9, cathepsins and CD-

M6PR (Figure 1.3F).  

 

Figure 1.3. Classical endocytic pathway. A) The interaction of RV VP8* with cellular glycans initiates 
cell-entry. Cells have several receptors for viral attachment including terminal or subterminal SAs, as 
well as HBGAs. B) During post-binding RV is capable of interacting integrins α2β1, αVβ3, and αXβ2, 
and with hsc70 that are embedded in lipid rafts; JAM-A and occludin have also been involved at this 
step; a novel, human-specific post-attachment cell molecule has also been proposed. C) Several RV 
strains are internalized by clathrin-dependent endocytosis, in a dynamin-dependent and cholesterol-
dependent process. RRV strain enters cells by an endocytic pathway that is clathrin-independent and 
caveolin-independent, and depends on RhoA, Cdc42, and actinin-4 (ACTN4), but is independent of 

A 

B 

c 

D 

E 

F 
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endosomal acidification. D) After internalization, all RV strains reach early endosomes (EEs), and 
depend on a functional ESCRT system, including the ESCRT-associated ATPase VPS4A involved in 
fission of intralumenal vesicles in maturating endosomes (MEs). E) Once in the MEs, different RV 
strains follow different routes to reach the cytosol. Early penetrating (E-P) viruses exit from ME vesicles, 
since their infectivity is not dependent on the GTPase Rab7. . F) Other strains depend on the expression 
of Rab7 and thus these viruses continue a deeper journey to reach late endosomes (LEs) that provide 
the environment for these—Late-penetrating (L-P) strains—to enter the cytosol. Modified with 
permission from Arias and López, 2021. 

 

1.2.2.2. Viroplasm formation 

Viroplasms are cytoplasmic inclusion bodies that can be detected as early as 2 h post-

infection and allow for the viral RNA packaging and assembly of DLPs (Papa et al., 

2021). At least seven viral proteins (NSP2/5/6 and VP1/2/3/6) have been detected in 

viroplasms. However, NSP2 and NSP5 are critical for the formation of viroplasms 

(Fabbretti et al., 1999; Vascotto et al., 2004; Cheung et al., 2010; Papa et al., 2020). 

Suárez and co-workers (2019) showed that VPs are found around LDs in a circular 

shape (Figure 1.4A) and by using super-resolution microscopy, were able to show 

that these VPs layer differently with respect to NSP2 (Figure 1.4B-E), while Geiger 

and co-workers (2021) showed that viroplasms represent protein-RNA condensates 

that are formed by liquid–liquid phase separation of NSP5 and NSP2 (Figure 1.5). 

Furthermore, the co-expression of NSP2 with NSP5 in cell culture is sufficient for the 

formation of viroplasm-like structures (VLS), In the absence of other viral proteins and 

mRNA (Fabbretti et al., 1999). 

 

Figure 1.4. Structure of viroplasms.  A) The radii of the different viral protein layers.  (B) Diffraction-
limited image of VPs (white arrows). (C) 3B-SRM image reconstructed from B. (D–E) 3B-SRM images 
of individual VPs labelled with different antibodies. Modified with permission from Suárez et al., 2019. 

 

A 
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NSP2 forms 300 kDa octamers with many functions, including RNA-helix 

destabilisation, nucleoside diphosphate kinase activity, and RNA chaperone activity, 

while NSP5, a 22 kDa serine/threonine rich protein, is proposed to assemble into 

higher-order species that can become hyperphosphorylated and has ATPase activity 

(Papa et al., 2021). The silencing of NSP2 or NSP5 expression by RNA interference, 

intrabodies or in rotavirus mutants, prevent the formation of viroplasms and 

subsequent virion production (Fabbretti et al., 1999; Vascotto et al., 2004; Papa et al., 

2020). Furthermore, deletions or mutations in the C-terminal and silencing of 

phosphorylation of NSP5 have adverse effects on viroplasm formation as well as VLS 

formation (Sen et al., 2007). In concurrence, by using the RV reverse genetic system, 

Papa and co-workers (2020) showed that recombinant RV [deleted C-terminal end 

(180 – 198)], incapable of producing NSP5, could only replicate in MA104 cells 

expressing the wildtype NSP5 gene in trans. It should also be mentioned that, in 

addition to NSP2, the co-expression of NSP5 and VP2 can also result in the formation 

of VLS, through a mechanism that remains yet to be elucidated (Contin et al., 2010; 

Eichwald et al., 2012; Buttafuoco et al., 2020) 

 

Figure 1.5. Assembly of viroplasms during rotavirus infection. NSP5 (pink) and NSP2 (cyan 
doughnut-shaped octamers) form protein droplets known as ‘viroplasm-like structures’. Viral transcripts 
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are found to a high degree in these condensates and are likely recruited through protein–RNA 
interactions between NSP2, or VP1 and NSP5. VP1 recognizes 3′ terminal sequences of all eleven 
distinct (+) ssRNA transcripts, thus allowing them to enter the dense NSP5/NSP2 phase of a viroplasm. 
Ribonucleoprotein complexes that form due other multivalent RNA-binding proteins, such as VP3, can 
be absorbed into the NSP2/NSP5 condensates. The unique molecular environment is conducive to the 
multi-RNA genome assembly and packaging steps. With permission from Geiger et al., 2021 

 

In addition to the requirement of NSP2 and NSP5 for viroplasm formation, viroplasms 

require associations with cellular LDs (Crawford and Desselberger, 2016). The first 

data to show an interaction between viroplasms and LDs were from studies 

demonstrating association between viroplasm associated proteins and LD-associated 

proteins, perilipin (PLIN) 1 and 2 (ADRP) (Cheung et al., 2010) (Figure 1.6). 

 

Figure 1.6. NSP2 co-localises with lipid droplet-associated proteins, perilipin A and ADRP in 
viroplasms. Confocal microscopy images of rotavirus infected MA104 cells at 8 h post infection were 
obtained. (A and B) Viroplasms were detected with anti-NSP2 antibodies, followed by visualization with 
Alexa Fluor 488 (green)-labelled secondary antibody, whereas LD-associated proteins were detected 
with anti-perilipin A (A) and anti-ADRP antibodies (B), followed by reaction with Alexa Fluor 633 (red)-
labelled secondary antibody. An individual viroplasm of panel A has been magnified and is shown in 
the inserts. Scale bar, 10 μm. With permission from Cheung et al., 2010. 

 

Furthermore, PLIN1 was shown to co-sediment with NSP5 and dsRNA in low-density 

fractions of ultracentrifugation gradients of RV-infected cell extracts (Cheung et al., 

2010). Data form these observations also showed that RV could increase the amount 
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of lipids found within infected cells. Compounds that block LD formation or disperse 

LDs significantly decreases the number and size of LDs, with subsequent adverse 

effects on infectious progeny (Gaunt et al., 2013a, 2013b). Inhibition of acetyl-CoA 

carboxylase 1, responsible for regulating fatty acids synthesis, with 5-(tetradecyloxy)-

2-furoic acid leads to reductions in both infectivity of progeny virus and viral dsRNA in 

a time- and dose-dependent manner. Although several other inhibitors of lipogenesis 

were also able to decrease the production of viral RNA and lower infectious progeny 

yield, Martínez and co-workers (2022) recently showed that the inhibition of 

lipogenesis by C75, a synthetic inhibitor of fatty acid synthase, does not affect the 

morphology of viroplasms or disrupt the LD-viroplasm association. In addition, they 

showed that neither lipogenesis nor lipolysis inhibition interfered with viroplasm 

formation, but instead affected the association of viroplasms with the ER membrane. 

They suggested that lipogenesis-lipolysis balance plays a crucial role during the final 

stages of RV replication.  

1.2.3. Pathophysiology  

Rotavirus infection leads to non-bloody diarrhoea which lasts for a three to eight days 

(Crawford et al., 2017). Rotavirus-induced diarrhoea has two proposed mechanisms: 

osmotic diarrhoea, due to malabsorption and secretory diarrhoea because of NSP4 

and the activation of the enteric nervous system (Figure 1. 7).  

 

Figure 1. 7. A speculative hypothesis for rotavirus-induced diarrhoea. Rotavirus and/or its 
enterotoxin NSP4 inhibits fluid and electrolyte transport of the villus epithelium by attenuating the Na-
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glucose symport SGLT1 and possibly also Na-amino acid symports (not shown). In addition, 
disaccharidase activity is also inhibited. These events will lower the rates of fluid, electrolyte, and 
glucose absorption. Rotavirus and NSP4 increase paracellular epithelial permeability. Intracellular 
calcium concentration is increased in the intestinal epithelium in response to virus/NSP4, causing the 
release of amines/peptides from intestinal endocrine cells. Furthermore, cytokines, prostaglandins and 
nitric oxide are released from the enterocytes in response to microorganisms and can activate neuronal 
dendrites located just underneath the intestinal epithelium and hence stimulate secretory reflexes in the 
enteric nervous system. With permission form Lorrot and Vasseur, 2007 

 

Replication of RV within the duodenal mucosa of infants has been shown to disrupt 

normal cellular homeostasis. The disruption results in shortening and atrophy of villi, 

loss of microvilli, mononuclear infiltration, distended ER and mitochondrial swelling in 

enterocytes (Davidson and Barnes, 1979). Although the molecular mechanisms of 

enterocyte damage remain elusive, due to lack of human small intestine models, 

studies in cell culture have proposed several mechanisms, including virus-mediated 

apoptosis (Boshuizen et al., 2003), NSP4-mediated mislocalisation of the tight junction 

protein, ZO-1 (Tafazoli et al., 2001) and binding to the basement membrane 

extracellular matrix proteins, laminin subunit-β3 and fibronectin (Boshuizen et al., 

2004). In addition to enterocyte damage and death, several mechanisms have been 

proposed to result in the reduction of epithelial absorptive function, contributing to RV-

induced diarrhoea. Among these mechanisms are the loss of infected enterocytes and 

NSP4-mediated impairment of sodium-coupled solute symporters, involved in the 

reabsorption of large volumes of water under physiological conditions (Svensson et 

al., 2016). The exact contribution of reduced epithelial absorptive function to RV-

induced diarrhoea remains unclear as treatment with oral rehydration therapy rapidly 

corrects the electrolyte imbalance and water loss in children with severe diarrhoea 

(Crawford et al., 2017).  

NSP4 is an enterotoxin that induces diarrhoea in mice, by binding to intestinal 

epithelial cells and activating Ca2+-dependent chloride channels (Hyser et al., 2010). 

Activation of these channels leads to rapid secretion of chloride ions into the lumen, 

resulting in an osmotic gradient that facilitates the transport of water into the lumen, 

resulting in secretory diarrhoea (Ball et al., 1996). Furthermore, intracellular NSP4 can 

cause the release of Ca2+ from the ER via a viroporin domain, thus increasing 

cytoplasmic Ca2+ levels. The subsequent increase in intracellular Ca2+ triggers several 

cellular processes, including disruption of the microvillar cytoskeletal network, lowered 

expression of disaccharidases and other enzymes at the apical surface, general 

inhibition of the Na+-solute cotransport systems, and necrosis (Ramig, 2004).  
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The secretion of 5-hydroxytryptamine from enteroendocrine cells in humans and mice 

activates the enteric nerves that lead to increased intestinal motility and activates 

vagal nerves that stimulate regions in the brains associated with nausea and vomiting 

(Hagbom et al., 2011). Silencing of NSP4 expression and the chelation of cytoplasmic 

Ca2+ prevented the release of 5-hydroxytryptamine in RV infected enteroendocrine 

cells, while the treatment of RV infected mice with opioid receptor agonists and anti-

muscarinic drugs decreased the severity and length of diarrhoea. In addition, Hagbom 

and co-workers (2012), suggested that the ability of PGE2 to stimulate the excretion 

of water could contribute to RV disease progression. 

1.2.4. Lipid droplets as sites of PGE2 production 

Lipid droplets are cytosolic organelles that are continuously synthesised and broken 

down in response to signals and cellular requirements (Cohen, 2018). They have a 

neutral lipid core that contains triacylglycerols and cholesteryl esters and are 

enveloped by a phospholipid monolayer (Figure 1. 8). Their functions include 

regulators of lipid metabolism, trafficking, and signalling. These functions are partly 

due to the rich proteome associated with the phospholipid membrane (Cermelli et al., 

2006; Hodges and Wu, 2010). Polyunsaturated fatty acids are also stored in LDs and 

are well known precursors for the synthesis of various bioactive lipid mediators, such 

as eicosanoids (Bozza et al., 2011). The release of these lipid mediators from immune 

and other cell types can modulate both inflammatory and immune responses(Harizi et 

al., 2008).  
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Figure 1. 8.  Lipid droplet structure. Lipid droplets consist of a central hydrophobic core of neutral 
lipids, mostly composed of triacylglycerols and sterol esters, surrounded by a monolayer of phospholipid 
molecules, wherein numerous proteins are embedded. Modified with permission from Jarc and Petan, 
2020Modified with permission from Jarc and Petan, 2020Modified with permission from Jarc and Petan, 
2020 

 

Eicosanoids are lipid mediators derived from arachidonic acid, an ω-6 polyunsaturated 

fatty acid. In mammals they are formed when arachidonic acid is oxygenated by a 

series of COX, lipoxygenase and cytochrome P450 epoxygenase enzymes, giving rise 

to prostaglandins, leukotrienes, thromboxanes, lipoxins and other related oxygenated 

lipid species (Hanna and Hafez, 2018). The rate of eicosanoid production is 

intrinsically linked to the availability of free arachidonic acid, which is released from 

polyunsaturated fatty acid stores (such as phospholipids and LDs) by phospholipase 

A2 (PLA2) (Leslie, 2015) (Figure 1.9). 
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Figure 1.9. Cellular sources of precursors for lipid mediator production. γ-Linolenic acid (GLA) is 
converted to dihomo-γ-linolenic acid by elongases which is subsequently converted to arachidonic acid 
(AA) via Δ5-desaturase. Finally, AA is converted to PGE2 by either COX-1/2 and PGES. Modified with 
permission from Sander and co-workers (2017) 

  

Activation of cytosolic phospholipase (cPLA2α) by diverse inflammatory stimuli occurs 

when increased intracellular Ca2+ levels allow for the translocation of cPLA2α from the 

cytosol to LDs, the perinuclear membranes of the Golgi, ER and the nuclear envelope 

membrane (Murakami et al., 2020). This allows for immediate production of 

eicosanoids by COX enzymes, which are localised at LDs and the ER. In addition to 

regulating lipid mediator biosynthesis, cPLA2α has also been implicated in LD 

biogenesis (Gubern et al., 2008). Together with other cellular lipases, cPLA2α 

generates lysophospholipids which promote LD budding by reducing ER bilayer 

tension and increasing the positive curvature of the LD lipid monolayer (Choudhary et 

al., 2018).  

Prostaglandin E2 is the most abundant eicosanoid produced by a multitude of cell 

types and has both physiological and pathological functions (Ricciotti and FitzGerald, 

2011), including pro-viral effects observed during several viral infections, including 

human-immunodeficiency virus, influenza A virus and RV (Sander et al., 2017). After 

the release of arachidonic acid from phospholipids, COX-1 and -2 convert it into 

prostaglandin H2, which in turn is converted to prostaglandin E2 by prostaglandin E2 
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synthases (Park et al., 2006). It should be noted that in addition to all the PGE2 

biosynthetic enzymes localising with LDs, Bandeira-Melo and co-workers (2011) 

showed that PGE2 itself localises with LDs (Figure 1.10). 

 

Figure 1.10. EicosaCell staining for PGE2 immunolocalisation within BCG-infected cytospun 
macrophages. Macrophages from BCG-infected animals were labelled for ADRP-associated lipid 
bodies (red staining) and for newly formed PGE2 (green staining). Merged image showed co-localization 
of PGE2 in ADRP-associated lipid bodies (yellow staining). Modified with permission from Bandeira-
Melo et al., 2011 

 

Calcium is not only essential during RV replication but can also modify the production 

of PGE2. As mentioned above, the biosynthesis of PGE2 is dependent on the rate at 

which arachidonic is released from phospholipids by cPLA2 (Tithof et al., 2007). 

Cytosolic PLA2 is a Ca2+-dependent enzyme and, together with Ca2+-independent- and 

secretory PLA2, forms part of the PLA2 family (Burke and Dennis, 2009). Although all 

these enzymes cleave fatty acids from phospholipids by hydrolysing the ester bond at 

position sn2 , cPLA2 has a higher specify for arachidonic acid. Several stimuli have 

been shown to activate cPLA2 via many types of receptors, indicating that arachidonic 

acid release is a common response to cell stimulation (Leslie, 2015). Cytosolic PLA2 

is rapidly activated via posttranslational processes including increased intracellular 

levels of Ca2+ (Clark et al., 1995). Structural studies show that cPLA2 contains both a 

C-terminal catalytic domain and N-terminal Ca2+-dependent lipid binding domain (C2), 

with the latter having high affinity for Ca2+ (Nalefski and Falke, 1996). Increases in Ca2+ 

allow for the translocation of cPLA2 from the cytosol to intracellular membranes, where 

Ca2+ binds to the C-domain of cPLA2 increasing the hydrophobicity of the Ca2+ binding 

loops, resulting in membrane penetration (Ward et al., 2012). Evans and co-workers 

(2001) showed that sustained intracellular Ca2+ levels between 100 – 125 nM allowed 

for the translocation of cPLA2 to the Golgi and ER, while translocation to the 
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perinuclear membranes occurred at levels between 210 – 280 nM. In addition, they 

showed that short increases in intracellular Ca2+ levels were enough for the 

translocation to membranes and that decreases in intracellular Ca2+ levels resulted in 

the quick dissociation of C2 from the membranes. Although translocation of cPLA2 to 

intracellular membranes is essential, it is not sufficient for arachidonic acid release 

(Leslie, 2015). The catalytic activity of cPLA2 is enhanced by phosphorylation of S505 

by mitogen-activated protein kinases, extracellular regulated protein kinases, and p38 

(Lin et al., 1993). 

 

It should however be noted that studies indicating a cPLA2 activation due to 

intracellular Ca2+ levels resulting in increased PGE2 production are scarce. Studies in 

Chinese hamster ovary cells showed more PGE2 was released in response to the 

modulation of intracellular Ca2+ resulting in the phosphorylation of cPLA2 and its 

translocation to membranes subsequently increasing PGE2 production (Kuda et al., 

2011). In addition, Bonventre and Swidler (1988) showed that enhanced PLA2 activity 

was observed with both protein kinase C activation and increases in intracellular Ca2+, 

leading to increased PGE2 production in stimulated glomerular mesangial cells. 

Importantly, they also showed that the increase in PGE2 production was not dependent 

on extracellular Ca2+. Studies have also shown that extracellular PGE2 can increase 

intracellular Ca2+ by several mechanisms, including in a PGE2 receptor 1 and 3 

dependent-manner (Asbóth et al., 1996).  
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1.2.5. Rotavirus and prostaglandin E2 

Prostaglandin E2 is modulated by several viruses to the detriment of the host (Sander 

et al., 2017), and RV is no exception. Increased PGE2 was observed in the stool of 

both RV infected children and piglets. Yamashiro and co-workers (1989) showed that 

treatment of RV-infected children with aspirin (a non-specific inhibitor of COX) caused 

diarrhoea to end earlier, while Zijlstra and co-workers (1999) showed that PGE2 was 

elevated in piglets early after infection, irrespective of nutritional state, but remained 

elevated for longer in malnourished piglets subsequently prolonging duration of 

diarrhoea.  

Inhibition of PGE2 biosynthesis by classical inhibitors such as indomethacin (a non-

specific inhibitor of cyclooxygenases), SC-560 (cyclooxygenase-1 specific inhibitor) 

and NS-398 (cyclooxygenase-2 specific inhibitor) restrict RV replication in vitro 

(Rossen et al., 2004). Infection of human colorectal adenocarcinoma (Caco-2) cells at 

an MOI of 1 with either SA11 or WA rotavirus strains resulted in an increase of both 

COX-2 expression and secreted levels of PGE2. Importantly, the treatment of RV 

infected Caco-2 cells with these inhibitors decreased viral yield and lead the authors 

to propose that PGE2 is necessary early during infection and is most likely involved in 

viral protein synthesis and production of virus progeny, while they found no effect on 

viral RNA production.  

Recently, Kim and co-workers (2020) showed that both pre- and post- treatment of 

RV-infected MA104 cells with genipin (extracted from gardenia fruit, an iridoid 

monoterpenoid with protein inhibitor, hepatotoxic agent, apoptosis inhibitor, 

antioxidant, anti-inflammatory and cross-linking reagent properties) decreased levels 

of PGE2 and other inflammatory markers (IL-6, IL-10, IL-1β, and TNF-α). Treatment of 

SA11 and WA infected MA104 and Caco-2 cells with indomethacin showed significant 

decreases in plaque numbers and quantification of viral titre via real-time PCR, in 

contrast to Rossen and co-workers (2004) which showed no effect on viral RNA. 

Interestingly, they also showed that, dependent on time of treatment, either 

attachment/entry (pre-treatment) or assembly/release (post-treatment) was impacted. 

Furthermore, the treatment of EDIM strain infected mice showed significantly reduced 

diarrhoeal incidence and faecal viral shedding compared to the untreated group (Kim 

et al., 2020).  
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1.3. Problem statement  

Rotavirus is a leading cause of severe dehydrating diarrhoea in infants and children 

under the age of five. Although great strides have been made in reducing the burden 

of RV by introduction of several vaccines, relatively low efficacy contributes to the high 

burden still experienced in the developing world. In addition, other than oral 

rehydration therapy, no treatment exists for children infected with RV. Currently, we 

know that PGE2 is increased during RV infection, both in vivo and in vitro, and the 

inhibition of COX reduces viral yield and decreases the duration and severity of 

diarrhoea. Although, the stimulation of PGE2 during RV replication is an attractive 

target for anti-viral development, we currently lack knowledge as to when and during 

which stage of RV replication PGE2 exerts pro-viral effects and by which mechanism(s) 

RV induces the production of PGE2. 

1.4. Aim and objectives 

The study aims to determine when and by which mechanism(s) RV induces/amplifies 

the production of prostaglandin E2. 

This will be achieved through the following objectives: 

1. To determine during which stage of viral replication PGE2 exerts pro-viral effects. 

2. To identify if the viroplasm/viroplasm-like structures or individual viroplasm 

proteins play a role in the induction of PGE2 during RV infection. 

3. To determine if increased cytoplasmic Ca2+ levels, induced by NSP4, amplify the 

effect of PGE2 on RV replication.  

1.5. Ethics 

Ethical approval was obtained from the Environmental & Biosafety Research Ethics 

Committee under: UFS-ESD2019/0170 (Appendix A) 
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CHAPTER 2: Rotavirus mediated prostaglandin E2 production in MA104 cells 

promote virus attachment and internalisation, resulting in an increased viral load1 

2.1. Introduction 

Although RV attachment and internalisation is not well understood, it is known that RV 

binds to several cell receptors, whereafter internalisation occurs rapidly by either 

clathrin-dependent or -independent endocytosis, depending on viral strain (Arias and 

López, 2021). During viral replication, RV forms cytoplasmic inclusion bodies, termed 

viroplasms, which are required for assortment, genome replication and formation of 

progeny viral particles (Papa et al., 2021). Once viroplasms have been synthesized 

they form complexes with lipid droplets (LDs) and several viral proteins, specifically 

NSP2 and NSP5 (Cheung et al., 2010; Kim et al., 2012; Gaunt et al., 2013a; Crawford 

and Desselberger, 2016).  

 

Lipid droplets are organelles that play diverse roles in the physiology and 

pathophysiology of cells (Guo et al., 2009; Walther et al., 2017). The major 

components, making up the neutral core of LDs, are triacylglycerols and sterol esters, 

which serve as energy stores mobilized during nutrient deprivation (Jackson et al., 

2016). This core is surrounded by a phospholipid monolayer that contains diverse 

membrane-bound proteins (Bartz et al., 2007). Some of these proteins, such as 

viperin, immunity-related GTPases, lipoxygenases and cyclooxygenases (COX), are 

involved in the production of lipid mediators, which play crucial roles during the 

immune response to viral infections (Accioly et al., 2008; Bozza et al., 2011; Monson 

et al., 2021). Important examples of such lipid mediators are the eicosanoids belonging 

to the prostaglandins, which modulate inflammation (Ricciotti and FitzGerald, 2011). 

Prostaglandins are bioactive molecules that are derived from arachidonic acid (AA) 

(Phipps et al., 1991; Ricciotti and FitzGerald, 2011). The most common prostaglandin, 

prostaglandin E2 (PGE2), is produced by all mammalian cell types and regulates 

several physiological processes, including blood pressure, fertility, gastrointestinal 

integrity, immunity and inflammation (Ricciotti and FitzGerald, 2011). During viral 

 
1 Parts of chapter has been published in Sander WJ, Kemp G, Hugo A, Pohl CH, O'Neill HG. Rotavirus-
Mediated Prostaglandin E2 Production in MA104 Cells Promotes Virus Attachment and Internalisation, 
Resulting in an Increased Viral Load. Front Physiol. 2022 Apr 19;13:901082. See Appendix B. 
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infections, the production of PGE2 can be modulated to benefit the virus (Sander et 

al., 2017). During previous work we showed that the supplementation of MA104 cells 

with γ-linolenic acid (GLA), a known precursor to AA, significantly increased the rate 

of RV replication (Sander, 2019).  

To elucidate when and where PGE2 is produced during RV infection, we supplemented 

MA104 cells with GLA or treated them with PGE2 biosynthetic inhibitors and subjected 

the infected cells to ELISA, confocal microscopy, viral growth kinetics, and flow 

cytometry. 

2.2. Materials and Methods 

2.2.1. Cells, virus, and inhibitors 

The African Green Monkey kidney (MA104) cell line was maintained in Dulbecco's 

modified Eagle medium (DMEM) (Gibco), supplemented with 5 % (v/v) foetal bovine 

serum (FBS) (Gibco), 1 % (v/v) Penicillin-Streptomycin-Amphotericin B Mixture 

(10 000 U, 10 000 µg and 25 µg per ml) (Lonza), and 1 % (v/v) nonessential amino 

acids (NEAA) (Lonza) at 37°C and 5 % CO2. Sub-confluent cells were supplemented 

with 50 µM GLA (Thermo Fischer Scientific) for 24 h according to Tanaka and co-

workers (2001). Rotavirus simian agent 11 strain, SA11 (Mlera et al., 2013) was used 

to infect MA104 cells and viral yield was determined using 50 % tissue culture 

infectious doses, TCID50 (Reed and Muench, 1938). To facilitate infection, pancreatic 

porcine trypsin type IX (1 µg/ml; Sigma Aldrich) was added during all viral replication 

experiments.  

 

The non-specific cyclooxygenase inhibitor, indomethacin; the COX-1-specific inhibitor, 

SC-560; the COX-2-specific inhibitor, Celecoxib; cytoplasmic phospholipase A2 

inhibitor, CAY10502 and PGE2 were obtained from Sigma-Aldrich and resuspended 

in 100 % (v/v) dimethyl sulfoxide (DMSO; Sigma-Aldrich).  

2.2.2. Cytotoxicity of inhibitors 

The tetrazolium salt XTT (2,3-bis(2-metoxy-4-nitro-5-sulphophenyl(-2H-tetra-zolium-

5-carboxanilide inner salt) (Sigma Aldrich) assay was used to determine cell viability 

after treatment with inhibitors. Briefly, XTT and N-methyl dibenzopyrazine methyl 

sulfate (PMS) (Sigma Aldrich) were dissolved in phosphate buffered saline (PBS) at a 

concentration of 1 mg/ml and 10 mM, respectively. Afterwards PMS was added to the 
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XTT solution immediately before use to a final concentration of 25 µM. MA104 cells 

were seeded in 96-well plate (5 × 103 cells/ml) and incubated for 24 h in 37 °C with 5 

% CO2. The cells were subsequently treated with different drugs in various 

concentrations and incubated further for 16 h. For indomethacin, celecoxib and SC-

560 the concentrations ranged from 2.5 µM to 150 nM, while concentrations ranging 

from 25 nM to 500 nM were used for CAY10502. After drug exposure, the cell culture 

medium was removed and replaced with the XTT-PMS solution and incubated 2 h at 

37 °C in 5 % CO2. The optical density (OD) of the solution was determined using a test 

wavelength of 450 nm, and a reference wavelength of 650 nm, subtracting blank 

control values. 

2.2.3. Prostaglandin E2 quantification and authentication 

MA014 cells (0.3 x 106 cells/ml) were seeded into 6-well plates (Thermo Fischer 

Scientific) and allowed to grow to 100 % confluence. To determine the effect of viral 

load on PGE2 production, PGE2 was measured at different multiplicity of infection 

(MOIs: 0.1; 1; 10). In order to prevent free radical catalysed lipid peroxidation, citric 

acid (Sigma-Aldrich) and butylated hydroxytoluene (Sigma-Aldrich, USA) were added 

to a final concentration of 80 mM and 0.1 % (v/v), respectively. Prostaglandins were 

extracted by addition of 2 ml hexane/ethyl acetate (1:1, v/v), followed by vortex mixing 

for 1 min. After centrifugation for 5 min at 1000 x g at 4 °C, the upper, organic phase 

was removed (Caoa et al., 2008). The extraction procedure was repeated, and the 

organic phases were combined and evaporated to dryness under a stream of nitrogen 

gas. The amount of secreted PGE2 in the supernatants of mock- or RV-infected (MOI 

= 5) cells, both in the presence and absence of inhibitors, were determined at 2 and 4 

h post infection using an enzyme-linked immunosorbent assay (ELISA; Cayman 

Chemicals) according to the manufacturer's protocol. LC-MS/MS was used for 

authentication of PGE2 production. Briefly, the supernatant of each infection was 

divided into two 500 μl aliquots. One of the 500µl aliquots was spiked with PGE2 to a 

final concentration of 100ng/mL). Twenty microliters of each sample were separated 

on a C18 column (Luna 3µm C18, 150x3mm, Phenomenex) at a flow rate of 200 

µl/min, using 0.1 % (v/v) formic acid (mobile phase A) and acetonitrile with 0.1 % formic 

acid (mobile phase B). The column was equilibrated and loaded at 20 % of mobile 

phase B, increasing to 42.5 % B over 50 minutes, 95 % B for 10 minutes, followed by 

re-equilibration at 20 % B for a total run time of 70 minutes. Ion spray voltage was set 



Page | 23  
 

at 4500V, nebuliser gas (GS1) was at 40 psi and heater gas (GS2) at 30 psi with the 

heater temperature set at 400 °C. Samples were analysed using a 4000 QTRAP hybrid 

triple quadrupole ion trap mass spectrometer (AB Sciex) and Shimadzu UFLC stack 

with LC-20AB binary pump and SIL-20A HT autosampler as front end. All data 

acquisition and processing were performed using Analyst 1.5.2 (AB SCIEX) software. 

To analyse the sample a targeted Multiple Reaction Monitoring (MRM) workflow was 

followed on the instrument. All compound and source dependent parameters were 

optimised using compound optimization in Analyst 1.5.2. The targeted analysis for the 

extracted PGE2 used 5 MRM transitions: 351.17 > 315.2; 351.17 > 271.2; 351.17 > 

333.3; 351.17 > 189.0; 351.17 > 235.1. Only if all 5 transitions were recorded at the 

same retention time would the presence of PGE2 be confirmed. 

2.2.4. Confocal-laser scanning microscopy (CLSM) 

To determine the co-localization between viroplasms and PGE2, MA104 cells (0.1 x 

106 cells/ml) were seeded onto coverslips in 24-well plates (Thermo Fischer Scientific) 

and allowed to grow to 80 % confluence before being infected at a MOI of 5. The cells 

were then processed according to Bandeira-Melo and co-workers (2011) with slight 

modifications, 2 and 4 h post infection. Briefly, MA104 cells were fixed and 

permeabilised with a mixture of 0.5 % (w/v) 1-ethyl-3-(3-dimethylamino-propyl) 

carbodiimide hydrochloride (Sigma-Aldrich) and 1 % (v/v) paraformaldehyde in PBS, 

for 1 h at 37°C. In addition to cross-linking the carboxyl groups of eicosanoids to the 

amines of adjacent proteins localized at eicosanoid-synthesizing sites, 1-ethyl-3-(3-

dimethylamino-propyl) carbodiimide hydrochloride is also able to both fix and 

permeabilise cells (Bandeira-Melo et al., 2011). After fixation and permeabilisation, the 

cells were blocked with 1 % (w/v) bovine serum albumin (BSA) plus 0.1 % (v/v) Triton 

X-100 in PBS and washed with PBS before overnight incubation (4 °C) with PBS 

containing 1 % BSA and 1:100 anti-PGE2 monoclonal antibody (Cayman Chemicals). 

The cells were washed three times and then incubated in PBS containing 1 % BSA 

and 1:500 rabbit anti-NSP2 (kind gift from Prof. Potgieter, Deltamune, South Africa) 

and/or rabbit anti-NSP5 peptide [KSPEDIGPSDSASNC] (Genscript) for 1 h at 37 °C. 

The cells were then washed three times and incubated with 1:500 anti-mouse Alexa 

Flour 488 (Thermo Fischer Scientific) and 1:500 anti-rabbit Alexa-Flour 647 (Thermo 

Fischer Scientific) for 1 h at 37 °C. Cells were extensively washed and incubated with 

300 nM DAPI (Thermo Fischer Scientific) for 5 min at room temperature. After three 
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washes, the coverslips were mounted on glass slides with 90 % (v/v) glycerol in PBS. 

The samples were analysed by CLSM, using a Zeiss LSM 900 instrument, Zen Blue 

software and ImageJ (Schneider et al., 2012). 

2.2.5. Replication Kinetics 

MA104 cells (0.7 x 106 cells/ml) were seeded in 25-cm3 flasks (Thermo Fischer 

Scientific) and allowed to grow to 80 % confluence before being supplemented with 

50 µM GLA 24 h prior to infection. The cells were rinsed three times with PBS and 

incubated with either 25 µM indomethacin, 5 µM celecoxib, 2.5 µM SC-560 or 25 nM 

CAY10502 in serum-free DMEM for 1 h prior to infection. The addition of inhibitors 

was repeated every 4 hours until the completion of the experiment. For addback 

experiments, 0.1 µM of exogenous PGE2 was added to the cells directly after addition 

of inhibitors. SA11 was activated for 1 h at 37°C with 10 μg of trypsin/ml and diluted in 

serum free DMEM. Subsequently, MA104 cells were infected with SA11 at a MOI of 

5, both in the presence and absence of GLA or the inhibitors.  For the replication 

studies, time-point 00:00 is defined as the initial viral inoculum, while time-point 00:30 

are cells that were washed with PBS and subsequently freeze-thawed. After infection 

for 1h at 37 °C the inoculum was removed and replaced with serum-free DMEM 

containing 1 μg of trypsin/ml. SA11 was harvested from MA104 cells by three cycles 

of freeze-thawing, whereafter cellular debris was removed by centrifugation for 10 min 

at 4000 x g. The supernatant was used to determine viral RNA yield (qRT-PCR) and 

infectious viral yield (TCID50).  

2.2.6. RNA isolation and RT-qPCR 

In order to evaluate the production of VP6 transcripts, the VP6 coding sequence was 

inserted into the pTZ57R/T cloning vector (Thermo Fischer Scientific). Positive-sense 

single-stranded RNA was transcribed using the TranscriptAid T7 High Yield 

Transcription Kit (Thermo Fischer Scientific), with 1 μg XbaⅠ-linearized (Thermo 

Fischer Scientific) plasmid DNA as template, followed by incubation with DNaseI 

(Thermo Fischer Scientific) at 37 °C for 20 min. In vitro synthesized RNA was purified 

using Trizol reagent (Thermo Fischer), according to the manufacturer’s instructions, 

and quantified with a Qubit RNA BR kit (Thermo Fischer Scientific). RNA from RV-

infected MA104 cells, in the presence or absence of PGE2 biosynthesis inhibitors, 

were semi-purified by ultracentrifugation through a 35% sucrose cushion, at 6 h post 
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infection (Arnold et al., 2009). RNA was extracted from the semi-purified virus by using 

Trizol reagent according to the manufacturer’s instructions.  

 

Transcribed RNA was used in 2-fold serial dilutions to generate standard curves for 

determination of the assay efficiency. The Qiagen Rotor-Gene Q System with the 

Luna® Universal Probe One-Step RT-qPCR Kit (New England Biolabs) was used for 

RT-qPCR, according to the manufacturers protocol, using the following primers: cDNA 

primer (5'- AGGAACGGAATTGCACCT-3'), qPCR forward (5'- 

CTGGATTTGACTACTCATG -3') reverse (5'- CGTCTGGTAGAAGAGTTA -3') and 

probe (5'- /56-FAM/AACGCACCAGCCAATATACAA -3') (Integrated DNA 

Technologies). Cycling conditions were 55 °C for 10 min, then 95 °C for 1 min, followed 

by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. Data were analysed with Q-Rex 

Software Version 1.1. 

2.2.7. Attachment and internalisation assay 

The effect of PGE2 on RV attachment and internalisation was determined using a 

modified protocol for influenza A virus (Pohl and Stertz, 2015). Twenty-four well plates 

were seeded with MA104 cells (0.2 x 106 cells/ml) and supplemented and/or treated 

with exogenous PGE2/inhibitors as previously described. To determine if the inhibitors 

of PGE2 production affected attachment, RV infected MA104 cells were tagged with 

FITC anti-RV (Abcam) and anti-DLP (rabbit polyclonal antibody raised against RV 

double-layered particle; a kind gift from Prof. Potgieter, Deltamune, South Africa) at 

time 0 min. The experimental set consisted of 2 groups: ‘0 min’ and ‘0 min + anti-DLP’. 

Rotavirus (MOI = 10) was allowed to cold-bind to MA104 cells for 1 h on ice and then 

washed 3 times with ice-cold PBS. The samples were fixed in 4 % (v/v) 

paraformaldehyde for 10 min at room temperature, washed 3 times and stored at 4 °C 

until analysis.  

 

To determine whether the inhibitors of PGE2 affected internalisation, RV-infected 

MA104 cells were again tagged with FITC anti-RV and anti-DLP at 30 min. Rotavirus 

(MOI = 10) was allowed to cold-bind to MA104 cells for 1 h on ice and then washed 3 

times with ice-cold PBS. After the incubation on ice the ‘30 min’ and ‘30 min + anti-

DLP’ samples were washed and PBS containing 2 % (w/v) BSA and 1 µg/ml trypsin 

was added to the MA104 cells, which were then incubated for 30 min at 37°C, fixed 
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and washed three times. Following fixation, all samples were permeabilised with PBS 

containing 0.5 % (v/v) Triton X-100 for 5 min at room temperature. 

 

Cells were again washed and incubated with 1:500 Alexa Fluor 532 (Thermo Fischer 

Scientific). Cells were extensively washed and detached with StemPro™ Accutase™ 

(Thermo Fischer Scientific) for 30 min at 37 °C before fluorescent analyses on the BD 

Accuri C6 Plus instrument. 

2.2.8. Statistical analysis 

Each assay was carried out at least in triplicate (biological/independent replicates) on 

separate days. Each repeat was analysed in triplicate (n = 3). Data are presented as 

means ± standard deviation of the mean. For statistical analysis, two-way analysis of 

variance (ANOVA) was performed using a Tukey-Kramer test in GraphPad Prism 

version 3.00 for Windows (GraphPad Software, San Diego, Calif.). In all tests, p < 0.05 

was considered statistically significant. Co-localisation in CLSM experiments were 

verified using Pearson:Pearson correlation coefficients in ImageJ.  

2.3. Results 

2.3.1. Cytotoxicity of PGE2 biosynthesis inhibitors 

To determine the optimal concentration of inhibitors, XXT cell viability assays were 

performed. For the inhibitors that were dissolved in DMSO, it was determined that no 

more that 1 % DMSO (93.66 %± 3.74) could be added to the cells (Figure 2. 1A). Data 

from the XTT viability assays showed that concentrations to be used for the different 

inhibitors were as follows: indomethacin 25 µM (84 %±0.19), celecoxib 5 µM (85 

%±0.85), SC-560 2.5 µM (83 %±1.5), CAY10502 25 nM (93 %±2.8) (Figure 2. 1B).
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Figure 2. 1. Cellular toxicity of the inhibitors and DMSO were evaluated with the XTT assay. 
MA104 cells (4 x 104 cells/ml) were seeded into 96 well plates and allowed to grow to 100 % confluence. 
The inhibitors were added 1 h prior to infection and subsequently every 4 hours till the completion of 
the experiment. A) All inhibitors were added to MA104 cells containing a final concentration of 1 % 
DMSO to ensure the vehicle had no detrimental effect on the cells. Results indicate that 1 % decreases 
cell viability to approximately 92±3 %.  
The following specific indices were calculated for the inhibitors:  
Indomethacin  Celecoxib SC-560  CAY10502 
CC50  125 uM  25uM  100 uM  200 nM 
Conc used 25 uM  5uM  2.5  uM      25 nM 

2.3.2. Rotavirus infection stimulates PGE2 production in a dose-dependent manner 

The concentration of PGE2 produced by cells during viral infection was determined. 

The supplementation of MA104 cells with GLA in the absence of virus caused an 

increase in PGE2, as measured by ELISA, at both two and four hours post infection, 

indicating a shift in the baseline production of PGE2 in GLA-supplemented cells Figure 

2. 2. Rotavirus infection of unsupplemented cells also caused a significant increase in 

PGE2 production at both time points (p= 0,00004; p= 0,00008, respectively). It should 

also be noted that the concentration of PGE2 increased from two to four hours post 

infection regardless of supplementation, but the effect is more significant in 

supplemented MA104 cells (increase of ~ 38 pg/ml vs. ~ 18,5 pg/ml increase in 

unsupplemented cells (p = 0.047). Figure 2. 2A indicates where each of the inhibitors 

act in the PGE2 biosynthesis pathway. Treatment of infected MA104 cells with 

inhibitors of PGE2 biosynthesis, decreased the levels on PGE2, with the indomethacin 

(p= 0.0008) and CAY10502 (p= 0,0004) having the biggest effect, followed by 

celecoxib (p = 0,00009) and SC560 (p= 0,0007) (Figure 2. 2B). To evaluate if PGE2 

production is viral load dependent, PGE2 production was evaluated at different MOIs 

(Figure 2. 2C). The production of PGE2 by mock-infected cells remained constant from 

2 to 4 h post infection, while there was a steady increase in the amount of PGE2 

produced in cells infected at a MOI of 0.1 and 1. Interestingly, the production of PGE2 

increased rapidly in cells infected with a MOI of 10, appearing to peak at two hours 
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post infection. The difference in PGE2 levels at different MOIs shows that SA11 

modulates PGE2 concentration in a time- and viral dose-dependent manner. 

Chromatograms obtained from LC-MS/MS showed that all 5 transitions of PGE2 were 

present in all the infected samples, thus authenticating its presence (Figure 2. 3). 

During multiple reaction monitoring, PGE2 were measured by recording the signal for 

the transition of the deprotonated molecules of m/z 351 to the most abundant fragment 

ion of m/z 271.  The discrepancy between ELISA and LC-MS/MS data for the mock 

control could be due to the ability of the ELISA to cross-react with PGE2-ethanolamide 

and/or PGE2-1-glycerylester or the inherently low concentration of PGE2 in 

unstimulated cells (Funk, 2001). In addition, the discrepancy could also be attributed 

to the higher sensitivity of the ELISA compared to LC-MS. 
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Figure 2. 2. Rotavirus increases the concentration of prostaglandin E2 in MA104 cells in a dose- and time-dependent manner. A) CAY10502 inhibits 
the releases of AA from phospholipids, while indomethacin non-specifically inhibits both COX-1 and COX-2. In contrast SC-560 specifically inhibits COX-1 and 
celecoxib specifically inhibits COX-2. B) The amount of PGE2 produced during rotavirus (SA11) infection (MOI = 5) as determined by ELISA was compared to 
uninfected MA104 cells (mock), in the presence and absence of γ-linolenic acid (GLA) and inhibitors of the PGE2-biosynthetic pathway at two and four hours 
post infection). C) The amount of PGE2 produced at increasing multiplicities of infection (MOI) at two and four hours post infection. Error bars indicate the 
standard error of the mean (n = 3). Lowercase and uppercase letters indicate a significant difference (p<0.05) compared to the control. Cyclooxygenases 
(COX1/2), phospholipaseA2 (PLA2), prostaglandin E2 synthase (PGES), Prostaglandin H2 (PGH2), prostaglandin E2 (PGE2).,
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Figure 2. 3. Mass spectra showing the five transitions Multiple reaction monitoring (MRM) for each of the samples. Only one transition of PGE2 is 
present in the mock infections at A) 2 h and B) 4 h and. All five the transitions of PGE2 are present in cells infected at a MOI 0.1 (C and D) and 1 (E and F) at 2 
h (C and E) and 4 h (D and F) post infection, respectively. Furthermore, all five the transitions of PGE2 are present in cells infected at a MOI of 10 t G) 2 h and 
H) 4 hours post infection. Due to very low signal to noise ratios the LC-MS/MS data was only used to verify the presence of PGE2. Peaks show the relevant 
transitions 351.17 > 315.2; 351.17 > 271.2; 351.17 > 333.3; 351.17 > 189.0; 351.17 > 235.1. Prostaglandin E2 (PGE2).
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2.3.3. Prostaglandin E2 and rotavirus co-localise  

Lipid droplets are known sites for PGE2 synthesis (Accioly et al., 2008; Bozza et al., 

2011) and RV viroplasms are known to associate with LDs (Cheung et al., 2010). 

Therefore, to assess if there is co-localisation between viroplasms and PGE2, we 

targeted NSP5 and NSP2 to visualise viroplasms. Both anti-NSP2 and anti-NSP5 

antibodies were able to independently detect viroplasms (Figure 2. 4B&C). As 

expected, cells treated with indomethacin showed no co-localisation due to reduced 

PGE2 production (Figure 2. 4D). Indomethacin is a non-specific inhibitor of both COX-

1 and COX-2 (Mitchell et al., 1993) and is included in the EicosaCell procedure as 

negative control to inhibit PGE2 production (Bandeira-Melo et al., 2011). Co-

localisation, albeit at a relativly low level, was observed 2 hours post infection in 

unsupplemented (Figure 2. 4E) and GLA supplemented cells (Figure 2. 4F). This 

observation is confirmed by the Pearson:Pearson correlation coefficient (0.40; Figure 

2. 4). An increase in co-localisation was observed 4 hours post infection (Figure 2. 

4G&H) with the Pearson:Pearson correlation coefficient reaching a maximum of 0.81 

(Figure 2. 4).  
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Figure 2. 4. Laser scanning microscopy images showing co-localisation between RV and PGE2. 
The presence of co-localisation (white arrows) between PGE2 (green) and RV NSP2 and NSP5 (red) 
was evaluated using Coloc2 in ImageJ. Blue DAPI-staining indicates cell nuclei. A) The no-virus control 
showed no detection of RV. The ability of the B) anti-NSP2 and C) anti-NSP5 antibodies to detect RV 
were independently assessed. D) The required inclusion of indomethacin shows no detection of PGE2. 
After 2 hours post infection, NSP2 and NSP5 were detected in both E) GLA unsupplemented and F) 
supplemented cells, with co-localisation with PGE2 first detected as suggested in the merge and 
confirmed in the co-localisation panels. Co-localisation increases at 4 hours post infection both in the 
G) absence or H) presence of GLA. Small red squares in the co-localisation panels indicate the area 
that was magnified and shown in the large red square in the same panel. Pearson:Pearson correlation 
coefficients of confocal microscopy images as determined by ImageJ are shown in the adjacent table 
(Schneider et al., 2012). Values close to -1 indicate no co-localisation with values close to 0 indicating 
random co-localisation, while values close to 1 indicate co-localisation with a (very) high degree of 
certainty. prostaglandin E2 (PGE2). White arrows indicate co-localisation. Scale bar 10 µm. 

 
2.3.4. Rotavirus replication is enhanced by changes in cellular lipids 

In order to determine if the modulation of AA and GLA and the subsequent increase 

in PGE2 had any effect on viral replication, we employed replication kinetics to 

determine the effect of GLA supplementation on the replication of SA11. The 

supplementation of MA104 cells with GLA increased the viral yield at 30 min (Figure 

2. 5A). This initial effect caused an approximate 1 log increase in the overall viral yield 

after the 16-hour period, compared to the unsupplemented MA104 cells. The addition 

of several PGE2 biosynthetic inhibitors affected the yield of SA11 during the 16-hour 

period (Figure 2. 5B). Treatment of MA104 cells with indomethacin (non-specific COX 

inhibitor) caused the largest decrease in viral yield at 30 min, followed by CAY10502 

(cPLA2 inhibitor), celecoxib (COX-2 specific inhibitor) and SC-560 (COX-1 specific 

inhibitor). The rate of replication between different time-points is shown in Figure 2. 

5C. Interestingly, the supplementation of MA104 cells with GLA only significantly 

increased the rate of replication between two and eight hours post infection, while the 

rate of replication remained comparable to the control at 30 minutes to two hours as 

well as between eight and 16 hours post infection. Similarly, the treatment of MA104 

cells with PGE2 biosynthesis inhibitors significantly decreased the rate of replication 

between 30 minutes to two hours, while no significant difference was observed at the 

other time points. 
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Figure 2. 5. GLA supplementation and treatment with inhibitors of PGE2 biosynthesis affect RV replication. A) Rotavirus yield determined by TCID50 
was compared to SA11-infected MA104 cells, in the presence and absence of γ-linolenic acid (GLA) and B) inhibitors of the PGE2-biosynthetic pathway at 
several time points post infection. C) The replication rate of rotavirus as determined by calculating the slope between 30 min and 2 hours (red), 2 hours and 8 
hours (blue) or 8 hours and 16 hours (orange), was compared to SA11-infected MA104 cells, in the presence and absence of γ-linolenic acid (GLA) and 
inhibitors of the PGE2-biosynthetic pathway. D) Rotavirus yield as determined by TCID50 and E) copy number of VP6 as determined by RT-qPCR was compared 
to SA11-infected MA104 cells, in the presence and absence of γ-linolenic acid (GLA) and inhibitors of the PGE2-biosynthetic pathway at 6 hours post infection. 
Error bars indicate the standard error of the mean (n = 3). Lowercase and uppercase letters indicate significant difference (p<0.05) compared to the control. 
For further details see Table 2. 1.
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To ensure that the effect of the inhibitors on viral yield was due to their inhibitory effect 

on PGE2 biosynthesis, viral yield was determined with indomethacin in the presence 

of 0.1 µM PGE2 at 6 h post infection (Figure 2. 5D). In addition, RNA production was 

determined with RT-qPCR, targeting the genome segment encoding VP6, and 

calculating the relative copy number in GLA supplemented MA104 cells and in cells 

treated with the different PGE2 biosynthesis inhibitors (Figure 2. 5E). GLA 

supplementation of MA104 cells and subsequent infection with SA11, significantly 

increased both viral yield and the copy number of the VP6 genome segment. In 

contrast, treatment of SA11 infected MA104 cells with COX inhibitors significantly 

decreased the viral yield and copies of the VP6 genome segment. The viral yield was 

most affected by indomethacin and CAY10502, followed by celecoxib and SC-560. 

Interestingly, indomethacin, CAY10502 and celecoxib appear to have the same 

decreasing effect on the copy number of the VP6 genome segment, while SC-560 has 

the least potent effect. The addition of PGE2 to MA104 cells treated with indomethacin 

or CAY10502, restored both the viral yield and copies of VP6 to control levels, 

indicating that PGE2 is important for SA11 replication in MA104 cells. 

2.3.4. Cyclooxygenase inhibition and GLA supplementation affect rotavirus 

internalisation  

Due to the effect of GLA supplementation and inhibition of PGE2 biosynthesis 

observed during the initial stages on SA11 replication, we used flow cytometry to 

determine if PGE2 and GLA supplementation play a role during the attachment and/or 

internalisation of SA11. Figure 2. 6A shows the principle of the internalisation and 

attachment assay. Briefly, RV was allowed to cold-bind to MA104 cells. The virus was 

then subsequently tagged with anti-RV-FITC, which detects the outer capsid protein 

VP7, indicating the percentage of attached virus. When RV is internalised and 

released from the endosomes, the shedding of the outer layer exposes VP6 and allows 

for tagging with anti-DLP (targeting the outer VP6-layer of the DLP) and Alexa Fluor 

532, quantifying intracellular RV.



  P a g e  | 36 

Figure 2. 6. Inhibition of PGE2 
biosynthesis affects RV attachment 
and internalisation. A) At time zero, 
RV at an MOI = 10, is cold-bound to 
MA104 cells and is visualized by anti-
RV-FITC labelling, which detected the 
outer capsid protein VP7. When 
labelling with anti-double layered 
particle (DLP) is applied, virus at the 
cell surface cannot be detected as the 
antibodies target the middle-layer 
protein, VP6, which is only accessible 
after the outer layer has been shed. 
Thus, the signal intensity of 0 min + 
anti-DLP is strongly reduced 
compared to 0 min + anti-RV due to 
the inability to detect VP6. When the 
temperature is increased form storage 
on ice to 37 °C, RV is internalized and 
the loss of the outer capsid allows for 
the detection of VP6, i.e., DLPs, to be 
accessible for staining. B) Graph 
showing a higher positive detection of 
anti-RV-FITC compared to anti-DLP at 
0 min.  C) Graph showing a higher 
positive detection of anti-DLP 
compared to anti-RV-FITC at 30 min. 
D) Relative percentage of internalized 
virus from untreated and inhibitor-
treated cells at 30 min post infection is 
calculated by dividing the relative 
internalised RV (30 min; C) by relative 
attached RV (0 min; B). Error bars 
indicate the standard error of the 
mean (n = 3). Lowercase letters 
indicate significant differences 
(p<0.05) compared to the control. For 
further details see Table 2. 2.
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Internalisation was calculated by dividing the relative percentage intracellular RV (30 

min + DLP) by the relative percentage attached RV (0 min). Results compiled from 

raw flow cytometry data (Figure 2. 6B) indicate that the supplementation of MA104 

cells with GLA had no significant effect (p= 0.067) on SA11 attachment, but the 

treatment of MA104 cells with indomethacin (p =0.008) and CAY10502 significantly 

decreased (p= 0.019) the percentage of attached SA11. The addition of exogenous 

PGE2 to the inhibitor-treated cells fully restored the percentage of attached SA11. 

Interestingly, the supplementation of inhibitor-treated cells with GLA only partially 

restored the percentage of attached SA11, indicating that the amount of PGE2 

produced from GLA may not be sufficient to completely restore attachment. Figure 2. 

6C shows the amount of RV that was internalised after 30 min. Although the effect of 

PGE2 inhibition on attachment is significant, the effect on internalisation is much more 

pronounced (Figure 2. 6D). Treatment of MA104 cells with either indomethacin (p= 

0.0014) or CAY10502 (p= 0.003) decreased the percentage of internalised SA11, 

while the addition of exogenous PGE2 fully restored the percentage of internalised 

SA11 and GLA supplementation only partially restored the percentage of internalised 

SA11. This shows a role of PGE2 during both the attachment and internalisation of 

SA11.  

 

2.4. Discussion 

Lipids and in particular LDs are crucial for RV replication, as chemical compounds 

affecting the integrity of LDs can disrupt viroplasms and subsequently, viral RNA 

replication and progeny production (Cheung et al., 2010; Crawford and Desselberger, 

2016). Previously it was shown that supplementation of cells with saturated fatty acids 

increased RV yield (Superti et al., 1995).  

 

Prostaglandin E2 is the most abundant prostanoid and exerts homeostatic, pro- and, 

in certain cases, anti-inflammatory effects in host cells (Park et al., 2006). Thus, it is 

not surprising that PGE2 plays a role in the pathogenesis of several viruses, including 

human immunodeficient virus, influenza A and herpes simplex virus (Sander et al., 

2017). Along with the aforementioned viruses, RV infection has been shown to 

increase PGE2 levels in both in vitro (Rossen et al., 2004) and in vivo studies (Zijlstra 

et al., 1999), while increased levels of PGE2 have also been found in the stool of 

children infected with RV (Yamashiro et al., 1989). In these studies, an increase in 
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PGE2 was accompanied by an increase in RV yield as well as severity and longevity 

of gastroenteritis, while the inhibition of PGE2 biosynthesis decreasing the duration of 

diarrhoea (Yamashiro et al., 1989).  

 

In concurrence with previous studies (Yamashiro et al., 1989; Zijlstra et al., 1999; 

Rossen et al., 2004), we have also shown that SA11 increases the concentration of 

PGE2 and that the GLA supplementation of MA104 cells leads to a further increase in 

the concentration of PGE2. These increases in PGE2 levels are time- and viral dose-

dependent and coincide with the decrease in AA and GLA during RV infection (Sander, 

2019). Supplementation of MA104 cells with GLA significantly increased the rate of 

RV replication between two and eight hours post infection, with no significant effect on 

the rate of replication earlier (30 minutes to 2 h) or later (8 to 16 h) during infection. 

This indicates that GLA has no effect on early replication, but may play a role later 

during replication, probably during the formation of viroplasms, as these occur 

approximately two hours post infection (Carreño-Torres et al., 2010), by increasing the 

amount of LD available as scaffolds (Exner et al., 2019).  

 

It is well-known that PGE2 is produced in LDs in response to external stimuli, such as 

viral infections (Accioly et al., 2008; Bozza et al., 2011). Furthermore, during RV 

replication, LDs serve as scaffolds for viroplasms (Cheung et al., 2010). Viroplasms 

consist of several viral proteins, with NSP2 and NSP5 being essential for their 

formation. Viroplasms start to form at 2 hours post infection and increase in number 

as infection progresses (Carreño-Torres et al., 2010; Contin et al., 2010). We show 

that co-localisation does occur between NSP2 and NSP5 and PGE2 at two and four 

hours post infection. Interestingly, we show that co-localisation between NSP2 and 

NSP5 and PGE2 increases as infection progresses and could be due to an increase 

in both the number of viroplasms that are formed and the increase in PGE2 levels as 

shown by ELISA.   

 

The inhibition of COXs have shown that these enzymes are essential during replication 

of several viruses (Steer and Corbett, 2003). Although, indomethacin is a well-known 

non-selective inhibitor of COX-1 (IC50= 1,67 µM) and COX-2 (IC50= 24,6 µM) it has 

several off-targets effects, including the inhibition of phospholipase A2 (Kaplan et al., 

1978). We therefore employed more specific inhibitors for COX-1 (SC-560, IC50= 9 
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nM) (Smith et al., 1998), COX-2 (celecoxib, IC50= 5 nM) (Uddin et al., 2003) and 

phospholipase A2 (CAY10502, IC50= 4,3 nM) (Ludwig et al., 2006).  It should however 

be noted that celecoxib can also inhibit several other enzymes, such as carbonic 

anhydrases (IC50= 16 nM), phosphoinositide-dependent kinase-1 (IC50= 48 µM) and 

sarcoplasmic/ER calcium ATPase (Schönthal, 2007). It is therefore possible that at 

the concentration of celecoxib (5 µM) used in this study, carbonic anhydrases could 

also have been inhibited. However, the results for indomethacin and celecoxib 

correlate with that for the COX-1 (SC-560) and phospholipase A2 (CAY10502) 

inhibitors. Phospholipase A2 is also the rate-limiting enzyme during the biosynthesis of 

PGE2 (Funk, 2001). In addition, the effects on RV replication and entry were 

neutralised when exogenous PGE2 was added.  

 

Treatment of MA104 cells with inhibitors of PGE2 biosynthesis has negative effects on 

viral yield and on the rate of replication between 30 minutes and 2 hours post infection. 

This is in concurrence with Rossen and co-workers (2004), who determined that RV 

replication is negatively affected by treatment with PGE2 biosynthesis inhibitors and 

indicated a role of PGE2 during early RV replication. However, in contrast to their 

results, showing no effect on total RNA levels from RV GS10 and GS4 or on the (+) 

ssRNA and dsRNA derived from VP4, our results show that all the inhibitors had a 

negative effect on the RNA levels of the VP6 encoding genome segment. The 

discrepancy could be due to differences in experimental procedures used as well as 

the time point measured. In the current study, purified viral dsRNA was used in a RT-

qPCR analysis, compared to a semiquantitative RT-PCR evaluation of total, single-

stranded and double-stranded RNA by Rossen and co-workers (2004). The authors 

also determined dsRNA levels at 15 hours post infection, while we determined RNA 

levels at six hours post infection. The addition of exogenous PGE2 to inhibitor treated 

cells, restored both the viral yield and RNA levels of GS6. Similar to the findings by 

Rossen and co-workers (2004), we show that there is no significant effect of PGE2 

biosynthetic inhibitors on late stage (8 – 16 hours) RV replication. 

Due to the effect of PGE2 biosynthesis inhibitors during early infection (0 min to 30 

min) and in concurrence with previous data (Rossen et al., 2004), which show that the 

inhibitors are most potent when added at time-point zero, we investigated RV 

attachment and internalisation in the presence of PGE2 biosynthesis inhibitors and 
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GLA supplementation. We show that the treatment of MA104 cells with inhibitors of 

PGE2 significantly decreases the amount of RV that is internalised. The effect of early 

and non-specific inhibition of PGE2 production suggests a role for PGE2 during the 

early phase of SA11 infection. In addition, the significant difference (p < 0.05) in viral 

yield with cells treated with celecoxib and SC560 possibly indicates a more 

pronounced role for induced PGE2 (via COX-2), consistent with previous data (Rossen 

et al., 2004). While the addition of exogenous PGE2 restored the levels of RV that is 

internalised, supplementation with GLA only partially restored internalisation. In 

addition, the supplementation of MA104 cells with GLA does not significantly affect RV 

attachment, which is in concurrence with Superti and co-workers (1995) that showed 

the effect of fatty acid supplementation on viral replication did not affect attachment. 

To conclude, we show that supplementation of MA104 cells with GLA increases 

rotavirus rate of replication during early infection, with no significant effect during later 

stages of replication. The observed increase in PGE2 occurs irrespective of 

supplementation and could potentially enhance clathrin-dependent endocytosis of RV, 

as Cheng and co-workers (2015) showed that elevated levels of PGE2 enhanced 

clathrin-mediated bovine ephemeral fever virus endocytosis via Cox-2-mediated 

PGE2/PGE2 receptor signalling. Furthermore, Robb and co-workers (2020) speculated 

that PGE2 could affect the attachment of SARS-CoV-2 by modulating the expression 

of ACE2 and TMPRSS2, enhancing virus endocytosis by regulating lipid vesicle 

fusion. Although we show that there is co-localisation between PGE2 and viroplasm 

associated proteins, further work needs to be done to determine if viroplasms play any 

role in the induction of PGE2 production. In addition, it should also be pointed out that 

cytoplasmic calcium that is increased by NSP4 could lead to the translocation and 

activation of cytoplasmic phospholipase A2, the rate-limiting enzyme in PGE2 

biosynthesis.  
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CHAPTER 3: Individual viroplasm proteins, or the formation of viroplasm-like 

structures do not induce PGE2 production in HEK293 cells 

3.1. Introduction 

During rotavirus (RV) replication, several viral proteins, together with cellular lipid 

droplets (LDs) form viral replication factories, called viroplasms (Papa et al., 2021). 

During replication, (+) single stranded RNAs (ssRNAs) of all 11 genome segments, as 

well as VP1, VP3, VP2 and VP6, which are all key players in the replication and 

production of new progeny virus can be found within viroplasm (Settembre et al., 2011; 

Estes and Greenberg, 2013). In addition, viroplasms also interact with cellular lipids 

and proteins(Cheung et al., 2010; Gaunt et al., 2013b, 2013a). This allows for 

packaging, assembly and subsequent release of DLPs into the cytosol. Interactions 

between NSP2 and NSP5 are essential for the formation of viroplasms, with the co-

expression of both leading to the formation of viroplasm-like structures (VLS) 

(Eichwald et al., 2004; Contin et al., 2010). In addition, the inhibition of either NSP2 or 

NSP5 during RV replication has a deleterious impact on the production of infectious 

viral progeny (Silvestri et al., 2004; Vascotto et al., 2004; Campagna et al., 2005). In 

fact, recent modifications to the plasmid-only-based reverse genetics system for RVs, 

allowed for the generation of a rescued RV (rRV) unable to produce NSP5 but 

rescuable in cells expressing native NSP5 in trans (Papa et al., 2020). 

Although it is well-known that NSP2 forms large octamers that have RNA-helix 

destabilizing, nucleoside diphosphate kinase and RNA chaperone activities the 

complete structure of NSP5 remains unknown (Taraporewala et al., 1999; Kumar et 

al., 2007; Borodavka et al., 2017; Bravo et al., 2018). During replication, NSP5 is 

hyperphosphorylated, and recombinant RV with Ser to Ala mutations, lead to the 

formation of aberrant spindle-like viroplasms and impaired viral replication (Poncet et 

al., 2000; Papa et al., 2020)(Poncet et al., 2000; Papa et al., 2020)(Poncet et al., 2000; 

Papa et al., 2020). In concurrence, work by Sen and co-workers (2007), showed that 

the 21 amino acids in the C-terminal of NSP5 are essential for VLS formation and play 

a role in the hyperphosphorylation of NSP5. Computer models of the C-terminal region 

predicted the presence of an amphipathic α-helix, that is highly conserved among RVs. 

Mutating hydrophobic amino acids in the hydrophobic face of the α-helix to proline, 

disrupted the formation of VLS (Sen et al 2007). Interestingly, the authors also 

identified a potential calcium switch, formed by two tandem pseudo-EF-hand motifs 
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(DxDxD). Removal of the DxDxD resulted in punctate VLS, leading the authors to 

propose calcium as trigger for the formation of VLS.  

In addition to viral proteins, cellular LDs are essential for the formation of functioning 

viroplasms (Cheung et al., 2010). Lipid droplets are now considered fully functioning 

organelles with several functions including biosynthesis of eicosanoids such as 

prostaglandin E2 (PGE2)(Jarc and Petan, 2020). Prostaglandin E2 is a well-known 

immunodulatory eicosanoid that has proviral effects on several viruses, including RV 

(Sander et al., 2017). 

The aim of the study is to determine the role of viroplasm associated proteins (NSP2 

and NSP5) or formation of VLSs in the induction of PGE2 production during infection. 

In addition, the study aims to determine if viroplasms themselves play any role in the 

induction of PGE2 production during infection. 

 

3.2. Materials and Methods 

3.2.1. Cells and virus 

Human embryonic kidney 293 (HEK293) and MA104 cells were maintained in 

Dulbecco's modified Eagle medium (DMEM) (Gibco), supplemented with 5 % (v/v) 

foetal bovine serum (FBS) (Gibco, USA), 1 % (v/v) Penicillin-Streptomycin-

Amphotericin B Mixture (10 000 U, 10 000 µg and 25 µg per ml) (Gibco, USA), and 1 

% (v/v) nonessential amino acids (NEAA) (Gibco, USA) at 37°C and 5 % CO2. MA104-

NSP5 was maintained under the same conditions with the addition of 500 µg/ml 

Geneticin™ (G-418) (Gibco, USA). Rotavirus simian agent 11 strain, SA11  (Mlera et 

al., 2013) was used to infect MA104 cells and viral yield was determined using 50 % 

tissue culture infectious doses, TCID50 (Reed and Muench, 1938). To facilitate 

infection, pancreatic porcine trypsin type IX (1 µg/ml; Sigma Aldrich) was added during 

all viral replication experiments. 

3.2.2. Expression and co-expression of NSP2 and NSP5 

Using the mammalian dual expression vector, pBudCE4.1 (Invitrogen, USA), 

expression plasmids were previously engineered to contain the open reading frame 

(ORF) for pBudNSP2, pBudNSP5 or pBudDual (NSP2 and NSP5). Since coding 

sequences for either V5 and 6x His tags or myc and 6x His tags were included at the 

3’ ends of the ORFs, stop codons were inserted to exclude these tags during 
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expression using the primers listed in Table 3. 1. Each reaction contained 1 x Phusion 

HF Buffer, 10 μM dNTPs (Thermo Fisher Scientific, USA), 0.3 μM each for forward 

and reverse primers, 0.02 U Phusion DNA polymerase and nuclease-free H2O (Sigma-

Aldrich, USA). PCR amplicons were then phosphorylated with 10U of T4 

polynucleotide kinase (Thermo Fisher Scientific, USA) for 30 min at 37°C and 

subsequently ligated with 1U of T4 DNA ligase (Thermo Fisher Scientific, USA) 

overnight and transformed into DH5-α™ Escherichia coli. The integrity of the mutant 

plasmids after cloning was confirmed by digestion with the corresponding restriction 

enzyme and Sanger sequencing. 

Table 3. 1. Mutagenic primers designed for pBudCE4.1-NSP2 and pBudCE4.1-NSP5. 

 PRIMER PRIMER SEQUENCE 

Amplification of NSP2 pBudNSP2_F TCTCAAGTTGGCGTTTAATAAGGTAAGCC 

pBudNSP2_R AGGGATAGGCTTACCTTATTAAACGCCA 

Amplification of NSP5 pBudNSP5_F TTGATTGAAGATTTGTGATAAGAACAAA 

pBudNSP5_R GATGAGTTTTTGTTCTTATCACAAATCT 

HEK293 cells were seeded in 6-well plates (7×105 cells per well) and incubated for 24 

hours at 37°C and 5 % CO2. At 90 % confluency, the cells were transfected with the 

pBudNSP2, pBudNSP5 or pBudDual (2.5 µg) using 5 μL of P3000™ reagent and 3.75 

μL Lipofectamine™ 3000 Reagent (Thermo Fisher Scientific, USA). The cells were 

incubated with the transfection mixture for 48 h at 37°C and 5 % CO2 before the 

supernatant was harvested for PGE2 analysis, while the cells were either lysed to 

determine protein expression or subjected to immunofluorescent staining.   

3.2.3. Generation of mutant viruses 

3.2.3.1. Generation of stable cell line 

The plasmid encoding mutant pcDNA™3.1(+)-NSP5 was generated using NEBuilder® 

HiFi DNA Assembly Cloning Kit (NEB, USA). Briefly, fragments were amplified from 

their respective sources (Appendix C) using the primers in Table 3. 2 and using 

Phusion DNA polymerase as previously described. After digestion with DpnI, the insert 

and vector fragments were added to the NEBuilder® HiFi DNA Assembly Master Mix 

and nuclease-free H2O at a ratio of 2:1 and allowed to assemble for 30 min at 50°C. 

The assembled fractions were then transformed into DH5-α™ Escherichia coli. The 

integrity of the mutant plasmids after cloning was confirmed by digestion with the 

corresponding restriction enzyme and Sanger sequencing. 
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Table 3. 2. List of primers used in the construction of pcDNA™3.1(+)-NSP5 

 PRIMER PRIMER SEQUENCE 

Amplification of 
NSP5 

pcDNANSP2_F TAGAGGGCCCATGTCTCTCAGTATTGACG 

pcDNANSP2_R ATCAGCGGGTCTTATCACAAATCTTCAATCAATTG 

Amplification of 
pcDNA™3.1(+) 
vector backbone 

NSP5_F TTGTGATAAGACCCGCTGATCAGCCTCG 

NSP5_R TGAGAGACATGGGCCCTCTAGACTCGAG 

 

MA104-NSP5 cells were generated using pcDNA™3.1(+) containing the open reading 

frame for NSP5. Briefly, MA104 cells were maintained in DMEM supplemented with 5 

% FBS. Approximately 7 x 106 MA104 cells were seeded in 6 well culture plates 24 h 

before transfection. For each well, 2.5 µg of pcDNA™3.1(+)-NSP5 was transfected with 

Lipofectamine 3000 (Sigma-Aldrich, USA) according to the manufacturer’s 

instructions. After 48 h, the MA104 cells were selected for NSP5 expression for 14 

days by replacing the media with DMEM containing 2 % Geneticin. After 14 days the 

MA104 cells were diluted (10-3 to 10-8) in 24 well culture plates to further ensure the 

selection of MA104 cells stably expressing NSP5. The surviving cells were upscaled 

to 25 cm2 tissue culture flasks, whereafter the expression of NSP5 was determined by 

western blot analysis and immunofluorescent microscopy. 

 

3.2.3.2. Construction of transcription plasmids pT7SA11_aNSP5 and 

pT7SA11_pNSP5 

An overview of all unmodified NSP5-encoding genome segments is provided in Figure 

3. 1A. Figure 3. 1B indicates the exact location of the amino acid substitutions for 

each plasmid encoding rSA11_aNSP5 and rSA11_pNSP5. To determine what effect 

the mutations would have on the hydrophobicity and structure of NSP5 C-terminal 

region, we used a helical wheel program (Pepwheel; available online at 

https://www.bioinformatics.nl/cgi-bin/emboss/pepwheel) and a protein prediction 

program [Phyre version 2, (Kelley et al., 2015)].  

 

https://www.bioinformatics.nl/cgi-bin/emboss/pepwheel
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Figure 3. 1. Schematic representation of NSP5 and alanine- and proline-directed NSP5 peptides. 
(A) Linear schematic of NSP5 and unmutated SA11 sequence of the amphipathic tail region (T, aa180–
198) (B) Linear schematic of the two NSP5 proteins corresponding to wild-type (NSP5-WT) alanine 
mutated (NSP5-Alanine), or proline mutated (NSP5-Proline) sequences. The primary sequence of the 
NSP5-WT peptide details the mutations (italicized and in red) in the amphipathic domain. 

 

The transcription plasmids encoding the eleven simian SA11 genome segments  

(Kanai et al., 2017) as well as the two helper plasmids (phCMVdream-C3P3 and 

pCAG-FAST-p10) were a kind gift from Prof. Albie van Djik (North-West University). 

The plasmids encoding mutant rSA11_aNSP5 and rSA11_pNSP5 were generated 

using NEBuilder® HiFi DNA Assembly Cloning Kit (NEB, USA).  Briefly, fragments 

were amplified from their respective sources (Appendix C) using the primers in Table 

3. 3 and using Phusion DNA polymerase as previously described. The mutated 

encoding region of NSP5 was amplified from plasmids purchased from GenScript 

(USA), while the backbone was amplified from the T7 plasmid, excluding the region 

encoding NSP5. After digestion with DpnI, the insert and vector fragments were added 

to the NEBuilder® HiFi DNA Assembly Master Mix and nuclease-free H2O at a ratio of 

2:1 and allowed to assemble for 30 min at 50°C. The assembled fractions were then 

transformed into DH5-α™ Escherichia coli. The integrity of the mutant plasmids after 

cloning was confirmed by digestion with the corresponding restriction enzyme and 

Sanger sequencing.  
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Table 3. 3. List of primers used in the construction of pT7-aNSP5, pT7-aNSP5 and 
pcDNA™3.1(+)-NSP5 

 PRIMER PRIMER SEQUENCE 

Amplification of 
NSP5 

pT7aNSP5_F GTTCCCAGGTCAGACTTACGCGTCCTCGATGGCCTG 

pT7aNSP5_R CTTTTAAAGCGCTACAGTGATGAGCCTGAGCATCGATG 

pT7pNSP5_F GTTCCCAGGTCAGACTTACGGGTCTTCGATCGGCTG 

pT7pNSP5_F CTTTTAAAGCGCTACAGTGATGAGCCTGAGCATCGATG 

Amplification of 
pT7 
vector backbone 

aNSP5_F ATCGATGCTCAGGCTCATCACTGTAGCGCTTTAAAAG 

aNSP5_R CAGCCGATCGAAGACCCGTAAATCTAGATGCATTCG 

pNSP5_F ATCGATGCTCAGGCTCATCACTGTAGCGCTTTAAAAG 

pNSP5_R CAGCCGATCGAAGACCCGTAAATCTAGATGCATTCG 

 

3.2.3.3. Transfection of pT7SA11 transcription plasmids 

BSR T7/5 cells were seeded in 6-well plates (7×105 cell per well) and incubated for 24 

hours at 37°C and 5 % CO2. At 90 % confluency, the cells were rinsed and serum-free 

DMEM was added to the cells, afterwards the cells were co-transfected with 11 

plasmids encoding the individual RV genome segments (2250 ng for the plasmids 

encoding NSP2 and NSP5 or rSA11_aNSP5, rSA11_pNSP5; 750 ng for the remaining 

plasmids) and two helper expression plasmids encoding African swine fever virus 

capping enzyme (750 ng each) as well as a small membrane fusion protein (Duncan, 

2019) (15 ng) using 30μL of TransIT-LT1transfection reagent (Mirus Bio, USA). The 

cells were incubated with the transfection mix for 48 h DMEM at 37°C and 5 % CO2. 

Forty-eight hours later, 1×105 MA104/MA104-NSP5 cells were added to the 

transfected BSR T7/5 cells, and trypsin was added to a final concentration of 1 μg/mL. 

After three days at 37°C and 5 % CO2, the co-cultured cells were frozen and thawed 

three times before passaging on MA104/MA104-NSP5 cells. 

3.2.3.4. Passaging 

Pancreatic porcine trypsin type IX solution was added to the entire freeze/thaw 

supernatants (2 mL, 1µg/mL trypsin final concentration), and the mixture was 

incubated for 1 hour at 37°C. Confluent MA104/MA105-NSP5 cells grown in 6 well 

plates were washed three times with PBS, after which the infection mixture was added 

to the cells. After 1 hour at 37°C and 5 % CO2, the mixture was removed, and the cells 

were washed once with unsupplemented media. Infection media (DMEM without 

serum, containing 1µg/mL trypsin) was added, and the cells were incubated for 7 days 

before they were passaged again following the same protocol. Negative and positive 

rescue results for mutant constructs were confirmed using PCR amplification and 

restriction digestion analyses as described below. 
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3.2.3.5. Confirmation of rescued viruses 

Once the cell monolayer showed ~ 60 % cytopathic effect (CPE), the supernatant was 

removed and TRIzol® reagent (Invitrogen, USA) was added directly onto the 

remaining cells to facilitate RNA extraction as described by Potgieter and co-workers 

(2009). 

To distinguish wild type SA11 (wt-SA11) from rescued SA11 (rSA11) virus and ensure 

mutants (rSA11_aNSP5 and rSA11_pNSP5) were correct, cDNA synthesis, PCR and 

restriction enzyme digestions were performed. Genome segments encoding  NSP2 

and NSP4 were amplified for all rescued viruses to identify genetic markers (Kanai et 

al., 2017), which were previously added to these encoding segments to allow for 

screening of rescued viruses (van der Schyff, 2021), using primers listed in Table 3. 

4. cDNA synthesis was performed using the AMV First Strand cDNA Synthesis Manual 

(Promega, USA). Briefly each reaction, contained up to 1 μg RNA, 12 μM Primer mix, 

1 x AMV Buffer, 2 U AMV reverse transcriptase, 0.5 mM dNTP mix, and Nuclease-free 

H2O. The RNA and primer mix was incubated together at for 5 min at 95°C and 

subsequently chilled on iced for 5 min. The rest of the components were added and 

incubated for 2 h at 42°C, after which the AMV reverse transcriptase was inactivated 

at 85°C for 5 min. 

Table 3. 4. List of primers for the amplification of RVA genome segments. 

 PRIMER PRIMER SEQUENCE 

Amplification of 
NSP2 

rNSP2_F GGTCACATAAGCGCTTTCTA 

rNSP2_R GCWYACRYTAACACCRTTCC 

Amplification of 
NSP4 

rNSP4_F AGTTCTGTTCCGAGAGACC 

rNSP4_R GGWYACRYTAAGACCRTTCC 

 

 

The cDNA templates were amplified using primers listed in Table 3. 4 and using 

Phusion DNA polymerase as previously described. The cycling parameters were as 

follows: 95°C for 2 min; 25 cycles of 98°C for 10 s, 55°C for 15 s and 72°C for 30 s; 

72°C for 5 min. PCR products were cleaned using the Zymogen Gel DNA Recovery 

Kit (Zymo Research, USA) to remove residual PCR components that could interfere 

with downstream DNA analysis. The amplified genome segments were evaluated 

using restriction digestion analysis. rNSP4 was digested overnight at 37°C with Xbal 

(Thermo Fisher Scientific, USA), while rNSP2 was digested with BstUI (Thermo Fisher 

Scientific, USA). Digestions were analysed on 2 % agarose gel. 
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To obtain full-length sequences, an anchor primer (PC3-T7loop; Integrated DNA 

Technologies) was ligated to the dsRNA as previously described (Potgieter et al., 

2009) and next generation sequencing and analysis of CLCbio was done as described 

by Strydom and co-workers (2019). 

 

 

3.2.4. Prostaglandin E2 quantification  

Quantification of PGE2 production in HEK293 cells transfected with a plasmid 

encoding for NSP5 only or co-transfected with a plasmid encoding for NSP2, or 

infected with rSA11, rSA11_aNSP5 or rSA11_pNSP5 were determined as previously 

described in Section 2.2.3. 

3.2.5. Confocal-laser scanning microscopy (CLSM)  

Co-localisation of PGE2 with NSP5 in HEK293 cells transfected with a plasmid 

encoding for NSP5 only or co-transfected with a plasmid encoding for NSP2, or 

infected with rSA11, rSA11_aNSP5 or rSA11_pNSP5 were determined as previously 

described in section 2.2.4. In addition to co-localisation with PGE2, co-localisation in 

cells infected with rSA11, rSA11_aNSP5 or rSA11_pNSP5 with LDs were also 

determined. After infection, the cells were sequentially stained for LDs and NSP5. 

Briefly, cells were fixed in 4 % paraformaldehyde at room temperature for 10 min. The 

cells were then stained for NSP5 as previously described and LDs were stained using 

BODIPY 493/503 (4,4-difluoro-1,3,5,7,8 pentamethyl-4-bora 3a,4a-diaza-s-indacene; 

1 μg/ml, diluted from 1-mg/ml stock in dimethyl sulfoxide; Thermo Scientific, USA).  

3.2.6. Replication kinetics, RNA isolation and RT-qPCR  

The yield of GS6 in HEK293 cells infected with rSA11, rSA11_aNSP5 or 

rSA11_pNSP5 were determined at 2 and 6 hours post infection as previously 

described in section 2.2.6. 

3.2.7. Co-sedimentation of Lipid droplets and NSP5 

HEK293 cells were seeded (1 x 107 cells/ml) in 175 cm2 tissue culture flasks and 

incubated for 24 hours at 37°C and 5 % CO2. The cells were then either transfected 

with 45 µg plasmid containing the ORF for NSP5 or both NSP2 and NSP5 with 

Lipofectamine 3000 (Sigma-Aldrich) according to the manufacturer’s instructions and 

incubated for 48 h or infected with rSA11, rSA11_aNSP5, rSA11_pNSP5 at a MOI of 
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5 for 2 and 6 h. The HEK293 cells were scraped off and washed twice with PBS 

whereafter LDs were isolated from 200 mg wet weight, using the LD isolation kit from 

Abcam (UK), as indicated by the manufacturer. A gradient is then created with the 

homogenate, and the material is centrifuged at 3000 x g for 3 h. The lipid droplets float 

to the top of the gradient and are recovered by carefully pipetting from the top of the 

gradient. Five fractions of 270μL were sequentially removed from the top of the 

gradient and the proteins were precipitated by the addition of 4 volumes of 100 % 

EtOH and incubated overnight at -20°C. After overnight incubation, the solution was 

centrifuged for 15 000 x g for 15 min at 4°C, the supernatant discarded, the protein 

resuspended in Laemmli sample buffer, containing β-mercaptoethanol, and used in 

western blot analysis. For immunoblotting, membranes were incubated with the 

following primary antibodies: anti-rabbit NSP5 (1:1,000) and anti-rabbit ADRP 

(1:5,000; Thermo Scientific, USA). The membranes were then incubated with the 

corresponding horseradish peroxidase (HRP)-conjugated goat anti-rabbit sera 

(1:10,000; Thermo Scientific, USA). Signals were detected using the enhanced 

chemiluminescence system (Pierce ECL Western blotting substrate; Thermo 

Scientific). 

3.2.8. Statistical analysis 

Each assay was carried out at least in triplicate (biological/independent replicates) on 

separate days. Each repeat was analysed in triplicate (n = 3). Data are presented as 

means ± standard error of the mean. For statistical analysis, two-way analysis of 

variance (ANOVA) was performed using a Tukey-Kramer test in R studio software 

(2022.7.1.554) for Windows (R studio, USA). In all tests, p < 0.05 was considered 

statistically significant. Co-localisation in CLSM experiments were verified using 

Pearson:Pearson correlation coefficients in ImageJ. 
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3.3. Results 

3.3.1. Design of mutated SA11-based NSP5 viruses 

Sen and co-workers (2007) showed that mutating the hydrophobic amino acids in the 

C-terminal of NSP5 to proline or alanine affected the formation of VLS when co-

expressed with NSP2. We decided to investigate the role of both hydrophobicity and 

the amphiphilicity in the α-helix found within the C-terminal of NSP5. To determine the 

effect of the mutations (Figure 3. 1) on structure of the α-helix, we employed Phyre2 

(Kelley et al., 2015). The C-terminal of wildtype NSP5 forms a predicted α-helix (

Figure 3. 2A1), with a hydrophobicity (provides a measure of hydrophobicity) and 

hydrophobic moment (provides a measure of amphiphilicity) score of 0.305 and 0.335, 

respectively. The predicted structure of the C-terminal of wildtype NSP5 also confirms 

an α-helix with high SS confidence (indicates the confidence in the prediction from 

PSI-Pred) between amino acids K117 and I195 (
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Figure 3. 2A2). The mutation of several hydrophobic amino acids to either alanine (



Page | 52  
 

Figure 3. 2A2) or proline (
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Figure 3. 2A3) resulted in a decrease of both hydrophobicity (-0.034 and 0.107) and 

hydrophobic moment (1.79 and 0.245). Furthermore, although the alanine mutations 

appear to have minimal effect on the predicated C-terminal α-helix (high SS 
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confidence between K119 and I194), the proline mutations completely abolished the 

C-terminal α-helix replacing it with a highly disordered structure.  

Figure 3. 2. α-Helical wheel prediction and protein modelling of wild type NSP5, aNSP5 and 
pNSP5. 1) Helical wheel diagrams for A) wildtype NSP5, B) ala-NSP5 and C) pro-NSP5 C termini as 
constructed by Pepwheel. Grey - aliphatic, Blue – amphipathic, Green - cyclic, Yellow - hydrophibic, 
Red – hydrophilic. 2) Predicted structure C termini using a fold recognition algorithm. rainbow N → C 
terminus Circles indicate amino acids K174 and I195.  

 

To successfully rescue the mutant NSP5 viruses, a MA104 cell line, stably expressing 

NSP5, was generated. Analysis by both western blot and immunofluorescence 

showed that four clones stably express NSP5 (Figure 3. 3). 
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Figure 3. 3. Western blot and Immunofluorescent analysis of MA104 cells expressing NSP5. 
NSP5 expression was detected by A) western blot analysis B) immunofluorescence showing the 
expression of NSP5 in MA104 cells. 

 

3.3.2. Rescue and confirmation of mutant viruses 

After transfection and co-seeding (P0), the mutant and rescued viruses were 

harvested and confluent monolayers of MA104 or MA104-NSP5 cells were freeze-

thawed to release any possible virus. The subsequent viral supernatant was activated 

and added to fresh monolayers of MA104 or MA104-NSP5 cells (P1). As indicated in 

Table 3. 5, first signs of cytopathic effect were observed for rSA11 one day post 

infection with complete CPE observed at three days post infection (Figure 3. 4). In 

contrast, both rSA11_aNSP5 and rSA11_pNSP5 only started showing sign of CPE at 

two days post infection with partial CPE on three days post infection.  

Table 3. 5. Cytopathic effect score chart of mutant viruses compared to rSA11 and associated 

MA104 cells.  

   Day 1 Day 2 Day 3 

P
1
 

MA104 cells  - - - 

w/o pT7-VP1SA11  - - - 

rSA11  - + +++ 

rSA11_aNSP5  - -/+ ++ 

rSA11_pNSP5  - -/+ ++ 

 

Figure 3. 4. Light microscope images showing cytopathic effect of rSA11, rSA11_aNSP5 and 
rSA11_pNSP5 at three days post infection. MA104 cells were mocked infected, while w/o VP1 was 

MA104 
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infected with supernatant from HEK293 cells transfected with plasmids containing all the genome 
segments, except for the plasmid encoding VP1. 
 

The viral RNA that was extracted from the viruses (Figure 3. 5), was subjected to 

cDNA synthesis and both restriction enzyme digestion and whole genome 

characterisation using Illumina MiSeq was used to ensure the viruses contained the 

inserted mutations.    

 

Figure 3. 5. Viral RNA extraction. Extracted RNA from cellular pellets and supernatant collected 
fromm 75 cm3-infected monolayers at 16 hours post infection. 

 

Figure 3. 6 shows the successful digestion of genome segment 8 confirming the 

successful rescue of rSA11, rSA11_aNSP5 and rSA11_pNSP5. Restriction enzyme 

digestion of genome segment 10 with XbaI is also shown in Figure 3. 6, confirming 

the successful rescue of rSA11, rSA11_aNSP5 and rSA11_pNSP5. Next generation 

sequencing data can be seen in Appendix C and shows that rSA11_aNSP5 and 

rSA11_pNSP5 was successfully rescued.  
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Figure 3. 6. Restriction enzyme digestion analysis for amplified genome segments 8 and 10. A 
2.0 % agarose gel indicating the restriction enzyme digestion. Lane 1 shows an uncut genome segment 
8 and lanes 2-4 shows the respective mutant genome segment 8 cut with BstUl resulting in two products 
– 800bp and 150bp. Lane 5 shows an uncut genome segment 10 and lanes 6-8 shows the respective 
mutant genome segment 10 cut with Xbal resulting in two products – 638bp and 100 bp (indicated by 
arrow). 

 

3.3.3. Expression of NSP2, NSP5 and the formation of viroplasm-like structures 

(VLS) 

To determine the role of NSP2, NSP5 and VLS on PGE2 production, we first had to 

determine expression of the proteins and the formation of VLS in HEK293 cells. Figure 

3. 7 shows successful expression of NSP2 and NSP5 and that the co-expression of 

NSP2 and NSP5 resulted in the formation of VLS as indicated by the distinct round 

structures within transfected HEK293 cells.  

 

Figure 3. 7. Expression of viral proteins in HEK293 cells. Successful expression of A) NSP2, B) 
NSP5 and C) NSP2 and NSP5 and subsequent formation of VLS. Scale bar 10 µm. 

 

3.3.4. Replication of mutant viruses 

Here, we show the role of the NSP5 C-terminal α-helix in RV replication, using  

rSA11_aNSP5 and rSA11_pNSP5 mutant viruses and employed replication kinetics. 

Copies of genome segment 6 appear to be unaffected by the introduced mutations at 

2 hours post infection (rSA11: 1.58x103±4.10x102 molecules/g; rSA11_aNSP5: 
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1.42x103±4.65x102 molecules/g; rSA11_pNSP5: 1.40x103± 6.65x102 molecules/g), 

while decreasing significantly (p = 0.00038, p = 0.000311) when compared to rSA11 

at 6 hours post infection (rSA11: 1.63x106±5.01x105 molecules/g; rSA11_aNSP5: 

1.32x104±3.39x103 molecules/g; rSA11_pNSP5: 1.15x103± 4.44x102 molecules/g) 

(Figure 3. 8A). Although both mutant viruses (rSA11_aNSP5: 1.56x103±4.01x102 

TCID50/ml; rSA11_pNSP5: 1.44x103± 3.79x102 TCID50/ml) showed no significant 

difference in viral yield at 2 h post infection compared to rSA11 (1.44x103±2.55x102 

TCID50/ml), both mutant viruses (rSA11_aNSP5: 6.63x104±2.46x104 TCID50/ml; 

rSA11_pNSP5: 7.21x102±3.13x102 TCID50/ml) showed significantly (p = 0.0025 , p 

= 0.0024) lower yield at 6 h post infection compared to rSA11 (1.44x106±2.55x102 

TCID50/ml) (Figure 3. 8C). 
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Figure 3. 8. Viral titre and copies of genome segment 6 at 2 and 6 h post infection. A) Copy 
number of genome segment 6 (GS6) for the respective mutant viruses as determined by RT-qPCR was 
compared to rSA11-infected HEK293 cells and C) rotavirus yield as determined by TCID50 at two and 
six hours post infection. B) Copy numbers of GS6 and D) viral yield of rSA11, rSA11_aNSP5 and 
rSA11_pNSP5 in MA104 and MA104-NSP5 cells at 6 hours post infection. Error bars indicate the 
standard error of the mean (n = 3). Lowercase and uppercase letters indicate significant difference 
(p<0.05) compared to rSA11. For further details see Table 3. 6. 

 

To determine if the mutations were the cause of the lower levels of genome segment 

6 (VP6) copy numbers and viral yield, we infected both MA104 and MA104-NSP5 with 

rSA11, rSA11_aNSP5 and rSA11_aNSP5 (Figure 3. 8B & D). Although comparable 

results were seen in MA104 cells compared to HEK293 cells, both GS6 copy numbers 

and viral yield was restored when MA104-NSP5 cells were infected with 
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rSA11_aNSP5 and rSA11_pNSP5. Taken together, these data confirm that the NSP5 

C-terminal α-helix is essential for RV replication. 

3.3.5. Prostaglandin E2 production is only induced during rotavirus infection 

HEK293 cells transfected with plasmids encoding the open reading frame (ORF) for 

NSP2, pBudNSP2 (55.37±6.44 pg/ml) or NSP5, pBudNSP5 (54.02±9.74 pg/ml) and 

encoding the ORFs for both NSP2 and NSP5, pBudDual(73.86±14.46 pg/ml), showed 

no significant difference in the production of PGE2 compared to the mock transfected 

HEK293 cells when measured 48 hours after transfection (Figure 3. 9A). There was 

no significant difference in the production of PGE2 in HEK293 cells infected with rSA11 

(94.42±11.50 pg/ml), rSA11_aNSP5 (88.37±7.78 pg/ml) or rSA11_pNSP5 

(81.56±10.31 pg/ml) at two hours post infection (Figure 3. 9B). However significant 

decreases (p = 0.00008, p = 0.00005) in PGE2 production were observed in HEK293 

cells infected with rSA11_aNSP5 (145.40±6.65 pg/ml) or rSA11_pNSP5 (116.83±9.60 

pg/ml) when compared to rSA11 at six hours post infection (209.37±4.67 pg/ml). The 

results thus indicate that neither the proteins involved in viroplasm formation (NSP2 

and NPS5) nor the formation of viroplasms-like structure is sufficient to induced PGE2 

production. In addition, we show that both rSA11_aNSP5 and rSA11_pNSP5 are 

capable of inducing PGE2 during both early and later stages of replication although 

the levels during later stages are significantly lowered compared to rSA11.  
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Figure 3. 9. Rotavirus increases the concentration of prostaglandin E2 in HEK293.  A) The amount 
of PGE2 produced during the transfection of HEK293 cells with plasmids containing the ORFs for NSP2, 
NSP5 or both (dual) determined by ELISA was compared to transfection reagent only transfected 
HEK293 cells. B) The amount of PGE2 produced during rSA11_aNSP5 and rSA11_pNSP5 infection 
(MOI = 5) as determined by ELISA was compared to rSA11 infected HEK293 cells at two and six hours 
post infection. C) The amount of PGE2 produced during infection of MA104 and MA104-NSP5 cells with 
rSA11, rSA11_aNSP5 or rSA11_pNSP5 at 6 hours post infection lowercase and uppercase letters 
indicate a significant difference (p<0.05) compared to rSA11. Error bars indicate the standard error of 
the mean (n = 3). 

 

To determine if the mutations were the cause of the decreased of PGE2, we infected 

both MA104 and MA104-NSP5 with rSA11, rSA11_aNSP5 and rSA11_aNSP5 Figure 

3. 9C). Although results were comparable between MA104 cells and HEK293 cells, 

production of PGE2 was restored when MA104-NSP5 cells were infected with 

rSA11_aNSP5 and rSA11_pNSP5.  

3.3.6. Co-localisation between LDs/PGE2 and NSP5 

Confocal laser scanning microscopy was employed to determine the co-localisation of 

PGE2 (Figure 3. 10) with viroplasms or VLS in either transfected or infected HEK293 

cells. HEK293 cells that were transfected with pBudNSP2, pBudNSP5 or pBudDual 

showed no co-localisation between viral proteins or VLS (Figure 3. 10A), which is also 

shown by Pearson:Pearson correlation coefficients (Figure 3. 10C). This is in 

concurrence with PGE2 ELISA data that showed no significant increase of PGE2 during 

transfection (Figure 3. 9). In contrast, HEK293 cells that were infected with rSA11 
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showed co-localisation between PGE2 and viroplasms (Figure 3. 10B & C). Although 

rSA11_aNSP5 and rSA11_pNSP5 also showed co-localisation between PGE2 and 

viroplasms, the number of viroplasm formed during these infections appeared less 

compared to rSA11 infection. Taken together, the data indicate that neither expression 

of NSP2 and NSP5 or dual expression were able to induce PGE2 production.     
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Figure 3. 10. Laser scanning microscopy images showing co-
localisation with PGE2. A) In HEK293 cells transfected with 
plasmids containing the ORFs for NSP2, NSP5 or both NSP2 and 
NSP5 shows no co-localisation between PGE2 and the proteins or 
VLS. B) Infection of HEK293 with rSA11 shows co-localisation 
between viroplasms with PGE2, and although co-localisation is 
observed between viroplasms in cells infected with rSA11_aNSP5 
and SA11_pNSP5, there appears to be a decrease in the amount 
of viroplasms observed. C) The Pearson:Pearson correlation 
coefficient.  Scale bar 10 µm. 
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In addition to determining co-localisation of viroplasms with PGE2 we also determined 

the co-localisation of viroplasm with LDs in infected HEK293 cells (Figure 3. 11). In 

Figure 3. 11A a decrease in co-localisation can be observed when comparing rSA11 

to both rSA11_aNSP5 and rSA11_pNSP5, with rSA11_pNSP5 showing the least co-

localisation. These observations are supported by Pearson:Pearson correlation 

coefficients which shows that viroplasms in rSA11-infected cells have a correlation 

coefficient of 0.86±0.054 with LDs, while viroplasms in both rSA11_aNSP5- and 

rSA11_pNSP5-infected cells have a correlation coefficient of 0.44±0.044 and 

0.21±0.025 with LDs, respectively. This means that there is low to random co-

localisation between the mutant NSP5 proteins and LDs. 
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Figure 3. 11. Laser scanning microscopy images showing co-localisation with LDs. A) Infection of HEK293 with rSA11 shows co-localisation between 
viroplasms with LDs. Although co-localisation is observed between viroplasms in cells infected with rSA11_aNSP5 and SA11_pSP5, there appears to be a 
decrease in the amount of viroplasms observed. B) Pearson:Pearson correlation coefficients of confocal microscopy images as determined by ImageJ are 
shown in the adjacent graph (Schneider et al., 2012). Values close to -1 indicate no co-localisation with values close to 0 indicating random co-localisation, 
while values close to 1 indicate co-localisation with a (very) high degree of certainty. Scale bar 10 µm 
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3.3.7. NSP5 co-sediments with Perilipin-2 (PLIN2) during co-expression of NSP2 

and during rotavirus infection 

Confocal laser scanning microscopy is a powerful tool to visualise co-localisation but, 

in our case, did not provide the resolution required to determine localisation of NSP5 

directly at the surface of LDs or in membranes that are near LDs. We thus purified LDs 

by density gradient centrifugation from HEK293 cells infected with rSA11, 

rSA11_aNSP5 or SA11_pNSP5 or transfected HEK293 cells and probed for the 

presence of viral proteins by immunoblotting. As expected, only the transfection of 

HEK293 with plasmids containing the ORF for both NSP2 and NSP5 showed co-

sedimentation of NSP5 with PLIN2 (Figure 3. 12A). As expected, during rSA11 

infection, viroplasms were enriched in the fractions that also contained the LD marker 

PLIN2 (Figure 3. 12B), confirming that viroplasms associate with LDs as has been 

shown before (Cheung et al., 2010). In contrast, rSA11_aNSP5 and SA11_pSP5 

showed less association with the LD-enriched fraction and were present in fractions 4 

to 5 and fraction 5, respectively (Figure 3. 12 & D). Interestingly, the phosphorylation 

state of NSP5 appears to be affected by the mutations as hyperphosphorylated NSP5 

is observed in rSA11 infected cells as well as during dual expression (Figure 3. 12B), 

while less phosphorylation is observed for both rSA11_aNSP5 infections (Figure 3. 

12C) rSA11_pNSP5 (Figure 3. 12D). Our results indicated that the mutations 

introduced in the C-terminal α-helix decreased the interaction between viroplasms and 

LDs. 
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Figure 3. 12. Immunoblotting of NSP5 and perilipin-2 (PLIN2) after purification of LDs of RV-infected cells by floatation. A) Western blot was performed 
to analyse NSP5 in fractions 1–5 in transfected B) HEK293 cells and HEK293 cells infected with C) rSA11, D) rSA11_aNSP5 and E) rSA11_pNSP5 from 
fractions sampled from the top to the bottom of the gradient. PLIN2 was used as marker for interaction with LDs for lipid droplets (right panel). 
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3.4. Discussion 

Viroplasms, consisting of both viral proteins and host LDs, have long been recognised 

as essential to supporting RV replication (Papa et al., 2021). Of the two non-structural 

proteins involved in viroplasm formation, NSP5 plays a critical role by potentially 

providing a scaffold for the recruitment of additional viral proteins (Contin et al., 2010). 

In addition to NSP5, host LDs are also essential for viroplasm formation and function, 

as the inhibition of their formation has deleterious effects on viral replication and 

subsequent yield (Cheung et al., 2010). Furthermore, in the previous chapter we 

showed that PGE2 produced in LDs during RV infections enhanced the attachment 

and penetration of RV during early infection.  

Because previous work by Fabbretti and co-workers (1999) showed that the dual 

expression of NSP5 and NSP2 leads to the formation of VLSs and that viroplasms 

closely associate with LDs (Cheung et al., 2010; Crawford and Desselberger, 2016), 

we wanted to determine the role of these proteins (NSP2 and NSP5) or viroplasm-like 

structures in the induction of PGE2 production during RV replication. Using plasmids 

that express the single proteins NSP2/NSP5, or co-expressing of both NSP2 and 

NSP5, we showed that neither the proteins on their own, nor the formation of VLSs 

could induce the production of PGE2 in transfected HEK293 cells. We thus 

hypothesized that at least the complete viroplasm (consisting of viral RNA and other 

viral proteins) (Papa et al., 2021) needs to be present for the induction of PGE2 

production.  

Recent work by Papa and co-workers (2020) showed that removing the C-terminal 

region from NSP5 caused the formation of aberrant viroplasm structures, containing 

no other viral proteins or RNA, preventing viral replication. This C-terminal region has 

been predicted to contain an α-helix whose structure is essential in the formation of 

VLSs (Sen et al., 2007). Using a modified SA11-based reverse genetics system (Kanai 

et al., 2017), we provide evidence for the essential role for the predicted α-helix in the 

C-terminal region of NSP5 in the formation of viroplasms. To characterize the 

replication of the NSP5 mutants we established a trans-complementing system that 

provides NSP5 to the virus in the NSP5-producing MA104, enabling rescue of the 

mutant SA11 viruses lacking functional NSP5. By using both restriction digestion and 

NGS we showed the successful rescue of all mutant SA11 viruses. In addition, no 

additional changes in the protein coding regions were observed for the viral proteins 
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analysed. Modelling data generated shows that replacing hydrophobic amino acids 

with alanine decreases the overall hydrophobicity of the α-helix structure, while 

replacement with proline completely abolishes the structure. By using this approach, 

we showed that NSP5-deficient RV appeared to form fewer viroplasms in HEK293 

cells, which subsequently impacted both viral RNA levels and viral yield. 

rSA11_aNSP5 replicated in HEK293 with both RNA level and viral yield increasing 

from two to six hours post infection. In contrast, no increase in RNA levels from 2 to 6 

hours post infection is seen in the rSA11_pNSP5 mutant, while there is a decrease in 

viral yield over this time. This could suggest that the mutations introduced have no 

effect on the initial stages of viral replication, but impact later stages, such as 

assembly. The mutant viruses also affect the amount of PGE2 produced in HEK293 

cells. Although increases were observed when HEK293 cells were infected with 

rSA11_aNSP5 and rSA11_pNSP5 at 2 hours post infection, the increase was 

remarkably lower for the rSA11_aNSP5 with almost no change for the rSA11_pNSP5 

at 6-hour post infection. The lack of PGE2 production was also observed using confocal 

laser scanning microscopy. Using western blot analysis, we showed that rSA11-

produced NSP5 co-sedimented with fractions containing the LD-associated PLIN2. 

This result agrees with Cheung and co-workers (2010) who showed that 

ultracentrifugation of rotavirus-infected cell extracts through iodixanol gradients 

contained perilipin 1/A (lipid droplet marker) in the same low-density fractions (1.11 to 

1.15 g/ml) as NSP5.. In contrast while rSA11_aNSP5 showed some association, it 

appeared in lower fractions. As expected, rSA11_pNSP5 showed no co-sedimentation 

with fractions containing LD-associated PLIN2, indicating that the mutations do affect 

the interactions between LDs and NSP5 preventing the formation of viroplasms and 

affecting downstream viral replication.  

In addition, we found that the mutations introduced in NSP5 affected the 

phosphorylation of NSP5. According to Eichwald and co-workers (2002) four serines 

(Ser153, Ser155, Ser163, and Ser165) are phosphor-acceptor sites. However, all the NSP5 

mutations introduced in this study were between amino acids 180 to 198. In addition, 

Papa and co-workers (2020) showing that Ser67 and the C-terminal amino acids 176 

to 180 was critical in initiating the phosphorylation cascade. Since Eichwald and co-

workers (2002) showed that NSP5 (Ser mutated to Ala) formed viroplasms 

independent of phosphorylation state, we can conclude that the effect observed in the 
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mutant viruses were due to weakened/abolished α-helical structure in the C-terminus 

and not lack of phosphorylation.  

In conclusion, we show that the individual expression of NSP2 or NPS5 as well as the 

formation of VLS in HEK293 cells is incapable of inducing the production of PGE2. 

Furthermore, we show that mutations in the C-terminal α-helix of NSP5 affects PGE2 

production but most probably be due to slower viral replication rather than decreased 

viroplasm-LD interactions. Since it appears that decreased replication results in 

decreased PGE2 production, it is quite possible that another mechanism is responsible 

for the induction of PGE2 production. We show that both changing the hydrophobicity 

(rSA11_aNSP5) and completely abolishing the α-helix (rSA11_pNSP5) decrease viral 

yield and viral RNA levels, with the latter being more severe. Therefore, not only is the 

C-terminal region of NSP5 required for effective replication as shown by Papa co-

workers (2020), but the secondary structure and hydrophobicity are critical for optimal 

viral replication. Since it is known that Ca2+ is required for the activation and 

translocation of the PLA2 (Burke and Dennis, 2009), the rate-limiting step in PGE2 

production, and the role of NSP4 in the increase in cytoplasm Ca2+ levels is well 

described (Hyser et al., 2010), our focus shifted to the role of NSP4 in the induction of 

PGE2.
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CHAPTER 4: NSP4-mediated increase in cytoplasmic calcium activates cytoplasmic 

phospholipase A2 and PGE2 production during infection of HEK293 cells 

4.1. Introduction 

A hallmark of rotavirus (RV) infection is the increase in cytoplasmic Ca2+ (cyto[Ca2+]) 

by both leakage from the endoplasmic reticulum (ER) and influx from the plasma 

membrane. The modulation of cyto[Ca2+] levels is due to two different forms of NSP4 

(Hyser et al., 2010). Extracellular NSP4 (eNSP4) is a secreted enterotoxin that triggers 

phospholipase C (PLC)-dependent Ca2+ flux via interactions with cellular receptors, 

while intracellular NSP4 (iNSP4) localises to the ER and elevates cyto[Ca2+] through 

its viroporin activity. The increase in Ca2+ is essential for several processes during 

replication, including the nucleation of RV viroplasms and assembly of the outer capsid 

protein, VP7 (Pham et al., 2017). In addition to its role in replication, NSP4 is also 

crucial for viral morphogenesis, acting as an intracellular receptor for double-layered 

particles (DLP) (Silvestri et al., 2005). Binding of the NSP4 C-terminal to DLPs triggers 

rapid budding of DLPs into the ER, where they are briefly enveloped by a NSP4-ER 

membrane which is subsequently replaced by the outer capsid, VP4 and VP7 (Taylor 

et al., 1996).   

 

Calcium is not only required for optimal RV replication but has also been shown to 

induce the production of PGE2 by at least two different mechanisms. Firstly, cyto[Ca2+] 

can lead to the activation of cytoplasmic phospholipase A2 (cPLA2), the rate-limiting 

enzyme during PGE2 biosynthesis (Gijón and Leslie, 1999). Cytoplasmic 

phospholipase A2 is the only known member of the phospholipase A2 family with a 

specificity for sn-2 arachidonic acid and is thus essential to produce eicosanoids such 

as PGE2. Calcium post-transcriptionally regulates cPLA2 by binding to a calcium-

phospholipid binding domain, allowing for the translocation of cPLA2 from the cytosol 

to membranes, containing arachidonic acid, including those of lipid droplets (LDs). 

Although, cPLA2 has been shown to associate with LDs, no direct evidence has yet 

shown that cPLA2 is capable of directly hydrolysing AA-containing phospholipids in the 

LD monolayer (Bermúdez et al., 2021). Secondly, both intra- and extracellular Ca2+ 

has been shown to increase the expression of cyclooxyganse-2 (COX-2). Treatment 

of primary calvarial osteoblasts with Ca2+ increased the expression of COX-2 in a 

dose-dependent manner, leading to marked increases in PGE2 production (Mellas, 

2002). Furthermore, Liu and co-workers (2007) showed that the transient expression 
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of SARS-associated coronavirus (SARS-CoV) S protein, rapidly increased the levels 

of cyto[Ca2+], and that the subsequent treatment of the cells with EDTA (a well-known 

Ca2+ chelator) affected COX-2 expression and extracellular signal-regulated kinase 

(ERK) phosphorylation. In chapter 2 we showed that inhibition of phospholipase A2 

significantly decreased the rate of viral replication, especially during early infection. 

Results in chapter 3 indicate that neither viroplasms nor their associated proteins are 

directly responsible for inducing PGE2 production and that a different mechanism may 

be used by RV.  

 

The aim of this chapter is to determine if NSP4-induced Ca2+ increases affect cPLA2 

activity and subsequently PGE2 production. Therefore, we employed the RV reverse 

genetic system to engineer a recombinant RV with mutations in the viroporin domain 

of NSP4.  

 

4.2. Materials and Methods 

4.2.1. Cells, virus, inhibitors, and chemicals 

Human embryonic kidney 293 (HEK293) cells and the rotavirus simian agent 11 strain 

(SA11) were maintained as described in Section 3.2.1   

 

The calcium chelators, BAPTA-AM (Thermo Fisher Scientific) and 

ethylenediaminetetraacetic acid (EDTA) (Thermo Fisher Scientific), bromoenol 

lactone, and thioetheramide-PC were obtained from Cayman Chemicals and 

resuspended in 100% (v/v) dimethyl sulfoxide (DMSO; Sigma-Aldrich), while 

ratiometric Ca2+ dye, Fura dextran (Thermo Fisher Scientific), was dissolved in ddH20. 

4.2.2. Cytotoxicity of inhibitors and EDTA 

Cytotoxicity testing was performed as in Section 2.2.2. BAPTA-AM concentrations 

ranged from 1 µM to 100 µM, while concentrations ranging from 0.5 mM to 25 mM 

were used for EDTA.  
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4.2.3. Generation of mutant virus 

4.2.3.1. Construction of transcription plasmids pT7SA11_rNSP4 

An overview of the unmodified SA11 viroporin domain sequence of NSP4 is provided 

in Figure 4. 1A. Figure 4. 1B indicates the exact location of the amino acid 

substitutions for the plasmid encoding rSA11_rNSP4 as shown by Pham and co-

workers (2017).  

 

Figure 4. 1. Illustration of NSP4 and rNSP4. (A) Schematic representation of NSP4 and primary 
sequence of the viroporin region (T, aa70–90) (B) Alignment of the NSP4 proteins corresponding to 
wild-type (NSP4-WT) or recombinant (rNSP4) mutated sequences. The primary sequence of the NSP5-
WT peptide details the mutations (in red) in the amphipathic domain. 

 

The transcription plasmids encoding the eleven simian SA11 genome segments  

(Kanai et al., 2017)as well as the two helper plasmids (phCMVdream-C3P3 and 

pCAG-FAST-p10) were a kind gift from Prof. Albie van Djik (North-West University). 

The plasmid encoding mutant rSA11_rNSP4 was generated using NEBuilder® HiFi 

DNA Assembly Cloning Kit (NEB, USA).  Briefly, fragments were amplified from their 

respective sources (Appendix ) using the primers in Table 4. 1 and Phusion DNA 

polymerase as previously described. The mutated viroporin region of NSP4 was 

amplified from plasmids purchased from GenScript (USA), while the backbone was 

amplified from the T7 plasmid, excluding the region for encoding NSP4 viroporin 

domain. After digestion with DpnI, the insert and vector fragments were added to the 

NEBuilder® HiFi DNA Assembly Master Mix and nuclease-free H2O at a ratio of 2:1 

and allowed to assemble for 30 min at 50°C. The assembled fractions were then 

transformed into competent DH5-α™ Escherichia coli. The integrity of the mutant 

NSP4

NSP4 WT

rNSP4

NH 
2

1 70 90 175

COOH

                   70 90

                   70 90

                   70 90
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plasmids after cloning was confirmed by digestion with the corresponding restriction 

enzyme and Sanger sequencing. 

Table 4. 1. List of primers used in the construction of pT7-rNSP4 

 

4.2.3.2. Transfection of pT7SA11 transcription plasmids 

Transfection of pT7SA11 transcription plasmids was done as described in Section 

3.2.3.3. 

4.2.3.3. Passaging 

Passaging of rescued viruses were done as described in Section 3.2.3.4. 

4.2.3.4. Confirmation of rescued viruses 

Confirmation of rescued viruses was done as described in Section 3.2.3.5. 

4.2.4. Prostaglandin E2 quantification  

Quantification of PGE2 production in MA104 cells infected with wildtype SA11 and 

SA11_rNSP4 was determined as previously described in section 2.2.3.  

4.2.5. Calcium assay 

Pinocytic loading of Fura dextran into cells was performed as described by Gilmore 

and co-workers (2001) with modifications. In brief, 1 x 104 HEK293 cells were seeded 

into 96-well black and clear bottom plates (Thermo Fisher Scientific) and grown to 90 

% confluency at 37°C and 5 % CO2. The media was removed, and the cells were 

incubated in hyper-osmotic buffer (10m M HEPES (Thermo Fisher Scientific), pH 7.4, 

10 % (v/v) PEG1000 (Thermo Fisher Scientific), 0.5 M sucrose (Thermo Fisher 

Scientific)) containing either no addition or 10 µM Fura dextran for 10 min at 37°C. 

After incubation, the hyper-osmotic buffer was removed, and the cells were incubated 

in hypo-osmotic buffer (60 % DMEM: 40 % water (v/v)) for 2 min at 37°C. The cells 

were then allowed to recover in complete DMEM media for 10 min at 37°C. The cells 

were washed three times with phosphate buffer saline and infected at MOI of 20 for 1 

h at 37°C. Thereafter, the virus was removed, and the media was replaced with 

FluoroBrite™ DMEM (Thermo Fisher Scientific) containing either no addition or 10 µM 

BAPTA-AM and incubated for 2:30 h at 37°C. Finally, readings were taken every 15 

 PRIMER PRIMER SEQUENCE 
Amplification 
of NSP4 

pcDNANSP4_F AATGTTCATATAAAGTGG 

pcDNANSP4_R AGGTCCGATGGTGCTTAC 

Amplification 
of pT7 
vector 
backbone 

rNSP4_F GTAAGCACCATCGGAACCTGATGGCTGACTGAG 

rNSP4_R CCACTTTATATGAACCATTTTGACGTTTTCAATGCAATTTTC 
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min for 1 h at alternate excitation wavelengths (340/380 nm) and filtering the emission 

at 530 nm using a microphotometer (Spectramax M2, Molecular Devices). 

4.2.6. Cytoplasmic phospholipase A2 activity  

cPLA2 activity in HEK293 cells was measured using a cPLA2 assay kit (Cayman 

Chemical) following the manufacturer’s instructions. Briefly, 7 x 105 MA104 cells were 

seeded in 6-well tissue culture plates and incubated overnight at 37°C and 5 % CO2. 

The HEK293 cells were subsequently infected with SA11 or SA11_rNSP4 for 1 h at 

37°C in the presence or absence of BAPTA-AM. After infection, the cells were washed 

once with serum free media and DMEM containing 1 µg/ml pancreatic porcine trypsin 

type IX was added to the cells. At 2 and 6 h post infection the cells were harvested 

and prepared in homogenization buffer (50 mM HEPES, pH 7.4, containing 1 mM 

EDTA). After a brief sonication, the lysed cells were centrifuged at 14 000 x g for 15 

min at 4°C. The lysed cells were then incubated with arachidonoyl thio-

phosphatidylcholine, a synthetic substrate of cPLA2. Hydrolysis of arachidonoyl thio-

phosphatidylcholine by cPLA2 released free thiol, which was converted by 5,5′-

dithiobis(2-nitrobenzoic acid) to give 2-nitro-5-thiobenzoic acid. The 2-nitro-5-

thiobenzoic acid concentration was determined by spectrophotometric analysis at 405 

nm on a Victor Nivo plate reader (PerkinElmer). To ensure that only cPLA2 activity 

would be measured by the assay, samples were pre-treated with iPLA2-specific 

inhibitor (bromoenol lactone, 5 mM) and sPLA2-specific inhibitor (thioetheramide-PC, 

5 mM) for 20 min at 25°C as recommended by the manufacturer. cPLA2 activity was 

calculated following the manufacturer’s instructions and expressed in nmol/min/mL. 

4.2.7. Replication kinetics, RNA isolation and RT-qPCR  

The yield of GS6 in MA104 cells infected with rSA11 or SA11_rNSP4 was determined 

at 2 and 6 hours post infection as previously described in Section 2.2.5. 

4.2.8. Statistical analysis 

Each assay was carried out at least in triplicate (biological/independent replicates) on 

separate days. Each repeat was analysed in triplicate (n = 3). Data are presented as 

means ± standard error of the mean. For statistical analysis, two-way analysis of 

variance (ANOVA) was performed using a Tukey-Kramer test in R studio software 

(2022.7.1.554) for Windows (R studio, USA). In all tests, p < 0.05 was considered 

statistically significant. 
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4.3. Results 

4.3.1. Toxicity of BAPTA-AM and EDTA in HEK293 cells 

To determine the optimal concentration of inhibitors, XTT cell viability assays were 

performed. Data from the XTT viability assays showed that the highest concentrations 

to be used for the different inhibitors were as follows: EDTA 1 mM (viability: 96.67 

%±3.51) and BAPTA-AM 25 µM (viability: 97 %±5.2) (Figure 4. 2).
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Figure 4. 2. Cellular toxicity of the inhibitors was evaluated with the XTT assay. HEK293 cells (4 
x 104 cells/ml) were seeded into 96 well plates and allowed to grow to 100 % confluence. The inhibitors 
were added 1 h prior to infection and subsequently every 4 hours till the completion of the experiment. 
Data obtained from the toxicity assays of (A) EDTA and (B) BAPTA The following specific indices were 
calculated for the inhibitors:  

EDTA   BAPTA   
CC50  3 mM  50 uM   
Conc used 1 mM  25 uM   

 

4.3.2. Rescue and confirmation of SA11_rNSP4 

After transfection and co-seeding (P0) the mutant and rescued viruses were freeze-

thawed to release any possible virus and confluent monolayers of MA104 cells were 

infected. The subsequent viral supernatant was activated and added to fresh 

monolayers of MA104 cells (P1). As indicated in Table 4. 2, rSA11 first showed 

cytopathic effect (CPE) at day two post infection with complete CPE observed at 3 

days post infection as seen in Figure 4. 3. In contrast rSA11_rNSP4 only started 

showing sign of CPE at 2 days post infection with partial CPE on 3 days post infection 

as seen in Figure 4. 3.  
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Table 4. 2. Cytopathic effect score chart of mutant viruses compared to rSA11 and associated 
controls. 

  Day 1 Day 2 Day 3 

P
1
 

 

MA104 - - - 

w/o pT7-VP1SA11 - - - 

rSA11 - + +++ 
P

3
 

rSA11_NSP4 - +/- + 

 

 

Figure 4. 3. Light microscope images showing cytopathic effect of rSA11, rSA11_NSP4 at three 
days post infection. MA104 cells were mocked infected, while w/o VP1 was infected with supernatant 
from HEK293 cells transfected with plasmids containing all the genome segments, except for the 
plasmid encoding VP1.  

 

The viral RNA that was extracted from the viruses (Figure 4. 4), was subjected to 

cDNA synthesis and both restriction enzyme digestion and whole genome 

characterisation using Illumina MiSeq was used to ensure the viruses contained the 

inserted mutations.    

MA104 
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Figure 4. 4. Viral RNA extraction and analysis. RNA extraction from cellular pellets collected from 
the 75 cm3 tissues cultures flasks infected with (lane 1) rSA11, (lane 2) rSA11_NSP4 on a 1.0 % TBE-
Agarose gel. 

 

Figure 4. 5 shows the successful digestion of the cDNA of genome segment 8 

confirming the successful rescue of rSA11 and rSA11_rNSP4. Restriction enzyme 

digestion of the cDNA of genome segment 10 with XbaI is also shown in Figure 4. 5, 

confirming the successful rescue of rSA11 and rSA11_rNSP4. Next generation 

sequencing data can be seen in Appendix  and shows that rSA11_rNSP4 was 

successfully rescued. However, the next generation sequencing data also indicates 

changes at T134A, M135A and T137S. 
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Figure 4. 5. Restriction enzyme digestion analysis for amplified genome segments 8 and 10. A 
2.0 % agarose gel indicating the restriction enzyme digestion. Lane 1 shows an uncut genome segment 
8 and lanes 2-3 shows the respective mutant genome segment 8 cut with BstUl resulting in two products 
– 800bp and 150bp. Lane 4 shows an uncut genome segment 10 and lanes 5 shows the respective 
mutant genome segment 10 cut with Xbal resulting in two products – 638bp and 100 bp (indicated by 
arrow) ,while lane 6 shows undigested recombinant genome segment 10 with a single product of 738 
bp. 

 

4.3.3. Prostaglandin E2 production  

There was a significant decrease (p = 0.0003, p= 0.0003) in the production of PGE2 in 

HEK293 cells infected with rSA11+BAPTA (84.67±3.79 pg/ml) and rSA11_rNSP4 

(43.67±20.50 pg/ml) when compared to rSA11 (1436.67± 255.41 pg/ml) at two hours 

post infection (Figure 4. 6). In addition, significant decreases (p = 0.0004, p = 0.004) 

in PGE2 production were observed in HEK293 cells infected with rSA11+BAPTA 

(493.33±318.77 pg/ml) and rSA11_rNSP4 (186±82.50 pg/ml) when compared to 

rSA11 (1.61x106±3.18x105 pg/ml) at six hours post infection. The results indicate that 

the treatment of rSA11-infected HEK293 cells with BAPTA and the mutations 

introduced in the viroporin domain of NSP4 decrease the amount of PGE2 produced 

during infection. 
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Figure 4. 6. Rotavirus increases the concentration of prostaglandin E2 in HEK293. The amount of 
PGE2 produced during rSA11+BAPTA and rSA11_rNSP4 infection (MOI = 5) as determined by ELISA 
was compared to rSA11 infected HEK293 cells at two and six hours post infection. Error bars indicate 
the standard error of the mean (n = 3). Lowercase and uppercase letters indicate a significant difference 
(p<0.05) compared to the control. 

 

4.3.4. Calcium activity 

To determine how the mutation within the viroporin domain of NSP4 affects calcium 

activity, we used Fura-dextran, a Ca2+ indicator. Figure 4. 7 shows that the addition 

of lipopolysaccharides (LPS) to HEK293 cells immediately prior to reading the assay, 

increases the A340/A380 ratio indicating that the assay was successfully established, 

since the binding of cytosolic free Ca2+ to Fura-2, shifts the peak excitation wavelength 

from 380 to 340 nm. In addition, we used BAPTA (a cyto[Ca2+] chelator) to lower the 

activity of Ca2+ which can be seen in Figure 4. 7. When comparing the Ca2+ activity of 

both rSA11_BAPTA and rSA11_rNSP4 to that of rSA11, at two hours post infection 

there is no significant difference (Figure 4. 7A). However, when looking at Ca2+ activity 

at six hours post infection there is a significant difference in activity when comparing 

both rSA11+BAPTA and rSA11_rNSP4 to that of rSA11.
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Figure 4. 7. Mutations in the viroporin domain of NSP4 affect Ca2+ activity in HEK293 cells. The activity of Ca2+ during rSA11+BAPTA and rSA11_rNSP4 
infection (MOI = 5) as determined by Fura-dextran was compared to rSA11 infected HEK293 cells at (A) two and (B) six hours post infection. Error bars indicate 
the standard error of the mean (n = 3). 
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4.3.5. Cytoplasmic Phospholipase A2 activity  

By using a cPLA2 activity kit we were able to determine the activity of cPLA2 at two 

and six hours post infection Figure 4. 8. When the activity of rSA11+BAPTA 

(7.40±0.95 µmol/min/ml) and rSA11_NSP4 (5.86±1.03 µmol/min/ml) is compared to 

rSA11 (15.21±1.55 µmol/min/ml) at two hours post infection, there is a significant (p = 

0.0008, p= 0.0005) decrease in activity observed. Furthermore, the ≈ fivefold to 

ninefold (p = 0.000004, p= 0.000005) reduction in cPLA2 activity between rSA11 

(35.94±1.43 µmol/min/ml) and rSA11_BAPTA (7.26±0.96 µmol/min/ml) and 

rSA11_NSP4 (4.99±1.30 µmol/min/ml) is also observed at six hours post infection. It 

should be noted that cPLA2 has lower activity in uninfected HEK293 cells compared to 

HEK293 cells infected with rSA11_rNSP4, indicating a certain degree of NSP4 

functionality. Interestingly, our data also shows that rSA11 is capable of activating 

cPLA2 in a calcium-independent manner at two hours post infection, as cyto[Ca2+] 

levels are comparable to the uninfected control at the same time point (Figure 4. 7).  
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Figure 4. 8. Mutations in the viroporin domain of NSP4 affect phospholipase A2 activity in 
HEK293 cells. The activity of phospholipase A2 during rSA11+BAPTA and rSA11_rNSP4 infection 
(MOI = 5) as determined by phospholipase A2 assay was compared to rSA11 infected HEK293 cells at 
(A) two and (B) six hours post infection. Error bars indicate the standard error of the mean (n = 3).  
Lowercase and uppercase letters indicate a significant difference (p<0.05) compared to the control.  
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4.3.6. Replication of rSA11_rNSP4 

Here, we show the role of the NSP4 viroporin domain and cyto[Ca2+] in RV replication, 

using an rSA11_rNSP4 and mutant virus and rSA11 infected cells treated with BAPTA. 

GS6 dsRNA synthesis appears significantly (p = 0.0015, p = 0.0014) affected at both 

two hours post infection [rSA11: 1.58x103±4.10x102 molecules/g; rSA11+BAPTA: 

5.60x101±3.00x101 molecules/g; rSA11_rNSP4: 2.83x101± 1.01x101 molecules/g] and 

(p = 0.0026, p = 0.0025) six hours post infection [rSA11: 1.63x106±5.01x105 

molecules/g; rSA11+BAPTA: 1.85x104±7.32x103 molecules/g; rSA11_rNSP4: 

1.14x104± 1.97x103 molecules/g] (Figure 4. 9A). In addition, both mutant virus and 

treatment with BAPTA [rSA11+BAPTA: 3.80x101±3.82x101 TCID50/ml; rSA11_rNSP4: 

2.70x101± 2.62x101 TCID50/ml] showed significant (p = 0.0003, p = 0.00034) difference 

in viral yield at 2 h post infection compared to rSA11 (1.44x103±2.55x102 TCID50/ml), 

and both rSA11+BAPTA: 4.93x102±3.19x102 TCID50/ml; rSA11_rNSP4: 1.86x102± 

8.25x101 TCID50/ml) showed significantly (p = 0.00031, p = 0.00031) lower yield at 6 

h post infection compared to rSA11 (1.26x106±9.45x105 TCID50/ml) (Figure 4. 9B). 
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Figure 4. 9. Viral titre and copies of GS6 at 2 and 6 h post infection. A) Copy number of GS6 as 
determined by RT-qPCR was compared to rSA11-infected HEK293 cells and B) rotavirus yield as 
determined by TCID50 at two and six hours post infection. Error bars indicate the standard error of the 
mean (n = 3). Lowercase and uppercase letters indicate significant difference (p<0.05) compared to the 
control. For further details see Error! Reference source not found.. 

 

4.4. Discussion 

The modulation of cyto[Ca2+] is essential for viral replication and morphogenesis 

(Chang-Graham et al., 2019; 2020)(Chang-Graham et al., 2019; 2020)(Chang-

Graham et al., 2019; 2020). The modulation in cyto[Ca2+] is partly due to the viroporin 

domain, found within NSP4, which causes the flow of Ca2+ from ER stores into the 

cytoplasm (Pham et al., 2017). It has previously been shown that the chelation of 

cyto[Ca2+] by BAPTA, significantly decreases the amount of RV progeny (Crawford et 
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al., 2012, 2020). In addition to cyto[Ca2+] being critical for RV replication, it is also 

essential for the activation of cytoplasmic PLA2, the rate-limiting enzyme in PGE2 

biosynthesis (Park et al., 2006). In the previous chapters we showed that inhibition of 

PGE2 biosynthesis negatively affects RV replication, but that neither viroplasm 

associated proteins nor the formation of viroplasm-like structures were responsible for 

the induction of PGE2.  

Here we show that RV increases the activity of cPLA2 during infection of HEK293 cells, 

subsequently affecting the production of PGE2. By treating rSA11 infected-HEK293 

cells with BAPTA, we showed a significant decrease in cPLA2 activity which led to 

decreases in PGE2 production, subsequently affecting both viral progeny and RNA 

synthesis. The decrease in viral yield is in concurrence with work by Crawford and co-

workers (2012, 2020), which showed that treatment of SA11-infected MA104 cells with 

BAPTA lead to an 86 – 90 % decrease in viral progeny.  

Using a modified reverse genetics system for SA11 (Kanai et al., 2017), we provide 

evidence for the essential role of the viroporin domain of NSP4 in the conduction of 

cytoplasmic Ca2+, and subsequent increase in PGE2 production during RV replication. 

Introduced mutations within the viroporin domain that limit the ability to conduct Ca2+ 

(Pham et al., 2017), significantly decreased the levels cyto[Ca2+], followed by 

decrease in cPLA2 activity, RNA yield and RV progeny. However, next generation 

sequencing data revealed additional amino acids changes at T134A, M135A and 

T137S (Appendix ). These amino acids are found within the enterotoxin domain, 

which has been shown to have no effect in increasing cyto[Ca2+] (Hyser et al., 2010; 

Hu et al., 2012b). While a protein alignment of several RV strains showed that the 

T137S mutation was quite common (results not shown), the effect of the other two 

mutations should be considered in future studies. No additional changes in the protein 

coding regions were observed for the viral proteins analysed. 

Although no previous data has shown the importance of cPLA2 during RV infection, 

several studies have shown its importance for other viruses. West Nile virus and 

human coronavirus 229E has been shown to require cPLA2 activity for the formation 

of replication complexes (Liebscher et al., 2018; Müller et al., 2018). In addition, 

several viruses, including vaccinia virus, parvovirus and human cytomegalovirus, 

contain their own cPLA2 which they use for enhancing egress, initiating viral replication 
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or at post entry steps (Baek et al., 1997; Zádori et al., 2001; Allal et al., 2004). The 

activity of cPLA2 is also regulated by MAP kinase (Lin et al., 1993) and Menzel and 

co-workers (2012) showed that that hepatitis C virus infection activates the MAP 

kinase/ERK pathway subsequently modulating the activity of cPLA2. Interestingly, we 

found that, although cyto[Ca2+] levels are close to basal during early infection, there 

is already an increase in the activity of cPLA2. It, therefore, appears that rSA11 is able 

to increase cPLA2 activity in a calcium-independent manner. We speculate that this 

could be due to the additional regulation of cPLA2 by MAP kinase (Lin et al., 1993). It 

is therefore possible that NSP2, which has kinase-like activity (Taraporewala et al., 

1999; Kumar et al., 2007) phosphorylates cPLA2 early during infection, but this 

hypothesis needs to be further investigated.   

In conclusion, we show that the NSP4 increased cyto[Ca2+] levels, which lead to 

modulations in the activity of cPLA2, increasing the production of PGE2. Furthermore, 

we show that mutations in the viroporin domain of NSP4 affect PGE2 production. We 

also show that the activity of cPLA2 may be modulated independently of cytoplasmic 

Ca2+ levels during early infection.  
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CHAPTER 5: General conclusions 

5.1. Conclusions  

Rotavirus (RV) increases the production of prostaglandin E2 (PGE2) during infection in 

MA104 cells, and this increase enhances the attachment and internalisation of RV. 

This supports work done by Rossen and co-workers (2004) who suggested that PGE2 

exerts its proviral effect during the early stages of RV replication. It also correlates with 

work done by Kim and co-workers (2020) who showed that, depending on when RV-

cells are treated with genipin, PGE2 inhibition either affects early stage (attachment 

and internalisation) or late stage (assembly and egress) viral replication. We also show 

that during replication, PGE2 is produced in lipid droplets (LDs) that form part of 

viroplasms during viral replication. This aligns with previous data that showed during 

infection the relative percentages of both γ-linolenic and arachidonic acid is decreased 

(Sander, 2019). 

To determine if viroplasms play a role in the induction of PGE2 production during viral 

replication two approaches were employed. Firstly, we either expressed the proteins 

responsible for viroplasm formation (NSP2 and NSP5) separately or simultaneously 

so that viroplasm-like structures (VLS) could form. Neither of these conditions were 

sufficient to induce the production of PGE2, suggesting that that RV might require at 

least a fully functioning viroplasm to induce PGE2 production. Secondly, to verify this, 

we used the SA11-based reverse genetics system (Kanai et al., 2017) to introduce 

mutations in the C-terminal α-helix region of NSP5. All the hydrophobic amino acids 

were replaced with either alanine, to decrease the hydrophobicity, or proline, to 

completely abrogate the helical structure. Although both mutations lead to a decrease 

in PGE2 production during replication, this was most likely due to a concurrent 

decrease in viral replication and not necessarily due to the decreased interaction 

between viroplasms and LDs, suggesting that PGE2 production is induced by a 

mechanism not directly involving viroplasms (Figure 5. 1). However, as RV can 

increase the number of LDs within infected cells(Gaunt et al., 2013b; Criglar et al., 

2022) , which may increase the number of sites for PGE2 biosynthesis (Jarc and Petan, 

2020), decreased replication in the mutant rSA11_NSP5 viruses could indirectly 

contribute to lower PGE2 levels. The rSA11_NSP5 mutant viruses decreased both, 

viral RNA yield and viral progeny, and we show that this is most likely due to weakened 

interactions of viroplasms with LDs. This is consistent with work done by Papa and co-
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workers (2020) who showed that deleting the tail region of NSP5 severely hampers 

viral replication, while Sen and co-workers (2007) showed that replacing the 

hydrophobic amino acids with proline affects the formation of VLS during co-

expression with NSP2. Interestingly, the mutation of hydrophobic amino acids to 

proline within the α-helix region also appears to be affected by the phosphorylation 

state of NSP5 based on the absence of hyperphosphorylated NSP5 on western blots. 

This observation, however, needs to be confirmed. Therefore, not only is the tail region 

required for the interaction of viroplasms with LDs, but the secondary structure (α-

helix) and to a lesser extent the hydrophobic nature is also required. 

 

Figure 5. 1. Proposed model for the role of PGE2 during RV infection. During viral replication 

cyto[Ca2+] is increased due to the viroporin domain in NSP4 which increases the activity of cPLA2 and 
subsequently increases the production PGE2. Increased PGE2 levels enhance viral 
attachment/internalisation which in turn increases viral replication and the number of LDs present in 
cells, resulting in more sites for PGE2 production. If the pro-viral effect of PGE2 is due to signalling 
pathways remain unknown.  
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After showing that the presence of viroplasms is most likely not directly involved in the 

induction of PGE2 production during early infection, we shifted our focus to the role 

that NSP4-induced increased cytoplasmic Ca2+ (cyto[Ca2+]) could have on PGE2 

production (Figure 5. 1). We show that during replication, the increase of cyto[Ca2+] 

increases the activity of cytoplasmic phospholipase A2 (cPLA2), leading to increased 

production of PGE2. Treatment of RV-infected cells with BAPTA-AM, a chelator of 

cyto[Ca2+], significantly decreases the activity of cPLA2 and consequently causes a 

decrease in PGE2 production. A subsequent decrease in viral progeny and RNA yield 

was observed. This is in concurrence with work done by Crawford and co-workers 

(2012, 2020) showing that the treatment of RV-infected cells with BAPTA lead to 

decreases in viral progeny. To prove that NSP4 was responsible for the increase in 

cPLA2, we introduced mutations in the viroporin domain that result in decreased 

conductivity of Ca2+ (Pham et al., 2017) and found that the introduced mutations limited 

the activity of cPLA2, decreasing the amount of PGE2 produced and having negative 

effects on viral progeny and RNA yield.  

The direct or indirect induction of PGE2 production enhances the internalisation of RV 

in a yet unknown manner. It is possible that PGE2 promotes Ca2+-mediated epithelial 

barrier disruption (Martién-Venegas et al., 2006; Rodríguez-Lagunas et al., 

2010)Martién-Venegas et al., 2006; Rodríguez-Lagunas et al., 2010)Martién-Venegas 

et al., 2006; Rodríguez-Lagunas et al., 2010) or that PGE2 creates a pro-inflammatory 

environment that benefits viral replication (Sander et al., 2017). Interestingly, Cheng 

and co-workers (2015) showed that the internalisation of bovine ephemeral fever virus 

(BEFV) through clathrin-mediated endocytosis required activation of several 

pathways, including COX-2-mediated PGE2/Prostaglandin receptors receptor 

signalling. The binding of PGE2 to G-protein-coupled E-(EP) prostanoid receptors 

stimulated Src-JNK-AP1 and PI3K-Akt-NF-κB signalling, promoting viral entry. In 

addition, Kaposi’s sarcoma-associated herpesvirus, human immunodeficiency virus 

and human T-lymphotropic virus type 1 have all been shown to utilise PGE2/EP 

receptor-mediated signalling (Dumais et al., 1998; Paul et al., 2013). Although no 

direct evidence links RV and PGE2/EP signalling, it is known that RV activates both 

the JNK-AP1 and PI3K-Akt signalling pathways (Holloway and Coulson, 2006; 

Soliman et al., 2018). The phosphorylated pPI3K, pAkt and pERK interact with V-

ATPase, increasing the proton gradient within endosomes resulting in their 
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acidification and release of RV into the cytoplasm. Furthermore, Holloway and 

Coulson (2006) showed that the activation of JNK and p38 leads to AP-1-driven 

transcriptional responses, which can influence RV mRNA levels and replication. It 

should be noted that the activation of JNK was only observed at two and six h post-

infection in Caco-2 and MA104 cells, respectively. It could thus be possible that the 

increase in PGE2, during RV infection enhances the internalisation of SA11 by clathrin-

mediated endocytosis. Several RV strains use clathrin-mediated endocytosis for entry 

into host cells (Díaz-Salinas et al., 2013; Arias and López, 2021). This, however, 

brings up an interesting question of if and how PGE2 affects clathrin-independent 

strains, such as the Rhesus rotavirus strain RRV (Gutiérrez et al., 2010; Arias and 

López, 2021). Furthermore, identifying the receptors involved for PGE2-mediated 

internalisation could further enhance our understanding of RV internalisation. 

 

5.2. Significance of study 

To conclude, we have shown that PGE2 enhances RV attachment and internalisation 

and is induced in a NSP4 viroporin-cyto[Ca2+]-cPLA2-dependent manner during 

replication. We show that reduced PGE2 production, significantly affects viral 

replication and subsequently could limit the inflammatory response and duration of 

diarrhoea as was shown previously (Yamashiro et al., 1989; Kim et al., 2020). The 

viroporin domain of NSP4 is therefore a promising target for anti-viral treatment, and 

with viroporins found in several other viruses including influenza A virus, hepatitis C 

and HIV-1 (Luis Nieva et al., 2012) the possibility of viroporin inhibitors being used as 

a broad range anti-viral target is promising.  

We also show that the α-helix within the C-terminal of NSP5 is essential for the 

interaction between viroplasms and LDs, with removal of the helical structure, nearly 

attenuating viral replication. In addition, the reduced production of PGE2 observed for 

the rSA11_rNSP4 and the reduced replication of the rSA11_pNSP5 make combining 

these mutants an attractive next generation attenuated vaccine candidate with 

reduced proinflammatory responses. 
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Appendix B 

Major parts of Chapter 2 have been published in: 

 

Sander WJ, Kemp G, Hugo A, Pohl CH and O’Neill HG (2022) Rotavirus-Mediated 

Prostaglandin E2 Production in MA104 Cells Promotes Virus Attachment and 

Internalisation, Resulting in an Increased Viral Load. Frontiers in Physiology, 

13:805565. doi: 10.3389/fphys.2022.805565 

 

• For the purpose of the thesis, the introduction of Chapter 2 was slightly 

modified and the data describing lipid analysis was excluded. 

• A section in the conclusion of the published paper has now also been 

included in Chapter 5. 

 

Author contributions: 

WJ Sander, CH Pohl, HG O’Neill – conceptualisation of study 

WJ Sander – performed most of experimental work and data analysis and 

interpretation of data (G. Kemp assisted with LC-MS/MS analysis; A. Hugo assisted 

with lipid analysis – not included in PhD thesis) 

WJ Sander – wrote original draft 

All authors reviewed and edited submitted version. 

  



 
 

 

Appendix C 

Table 2. 1. Effects of host cell treatment with GLA (50 µM) or compounds Indomethacin 
(25 µM), celecoxib (5uM), SC-560 (2.5  uM), CAY10502 (25 nM) and PGE2 (0.1 µM) on RV 
infectivity and RV RNA production. 

 

 

Table 2. 2 Effects of host cell treatment with GLA (50 µM) or compounds Indomethacin 
(25 µM), CAY10502 (25 nM) and PGE2 (0.1 µM) on RV attachment and relative 
internalisation. 

 

 

Table 3. 6 Effects of alanine and proline mutations in the C-terminal tail region of 
NSP5 on RV infectivity and RV RNA production. 

 Viral Yield Viral RNA 

Compound 
2 hours post 

infection 
6 hours post 

infection 
2 hours post 

infection 
6 hours post 

infection 

 
Fold 

Change 
P 

Fold 
Change 

P 
Fold 

Change 
P 

Fold 
Change 

P 

rSA11_aNSP5 
0.99 

decrease 
0.39 

1.27 
decrease 

0.005 
1.02 

decrease 
0.31 

1.51 
decrease 

0.015 

rSA11_pNSP5 
1.01 

decrease 
0.49 

1.69 
decrease 

0.005 
1.00 

decrease 
0.19 

1.34 
decrease 

0.015 

 

 

 

 

 

 Infectivity  Viral RNA 

Compound Fold Change P Fold Change P 

GLA 0.90 increase 0.018 0.92 increase 0.012 

Indomethacin 1.31 decrease 0.005 1.22 decrease 0.005 

Celecoxib 0.95 decrease 0.006 1.01 decrease 0.005 

SC-560 0.95 decrease 0.002 0.92 decrease 0.006 

CAY10502 1.13 decrease 0.003 1.09 decrease 0.008 

Indomethacin+ PGE2 0.83 decrease 0.17 0.88 decrease 0.44 

CAY10502+ PGE2 0.99 decrease 0.49 1 decrease 0.44 

 

 Attachment Relative internalisation 

Compound Fold Change P Fold Change P 

GLA 0.94 increase 0.008 1.00 increase 0.0.46 

Indomethacin 1.18 decrease 0.008 1.43 decrease <0.001 

Indomethacin+GLA 0.90 decrease 0.26 0.81 decrease 0.002 

I Indomethacin+ PGE2 0.94 decrease 0.017 0.85 decrease 0.20 

CAY10502 1.20 decrease 0.003 1.55 decrease <0.001 

CAY10502+GLA 0.89 decrease 0.20 0.73 decrease 0.022 

CAY10502+ PGE2 0.94 decrease 0.22 0.87 decrease 0.22 

 



 
 

 

 

Table 4. 3. Effects of BAPTA treatment and mutations in the viroporin of NSP4 on RV 
infectivity and RV RNA production. 

 Viral Yield Viral RNA 

Compound 
2 hours post 

infection 
6 hours post 

infection 
2 hours post 

infection 
6 hours post 

infection 

 
Fold 

Change 
P 

Fold 
Change 

P 
Fold 

Change 
P 

Fold 
Change 

P 

rSA11+BAPTA 
2.0 

decrease 
0.005 

2.29 
decrease 

0.005 
1.81 

decrease 
0.012 

1.46 
decrease 

0.015 

rSA11_rNSP5 
1.10 

decrease 
0.004 

1.19 
decrease 

0.005 
1.21 

decrease 
0.011 

1.05 
decrease 

0.015 
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Figure 3. 13 In silico representation of the construction of pcDNA.3.1_EF-1alpha-NSP5 plasmid. NSP5 is amplified from pBudCE4.1 vector with overhangs 
that is complementary to the of pcDNA.3.1_EF-1alpha_ECG construct. The pcDNA3.1-NSP5 backbone is amplified using primers that produce overhangs that 
is complementary to NSP5.  
 

 



 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 14. In silico representation of the construction of pT7-NSP5 mutant plasmids. (A) aNSP5 and (B) pNSP5 is amplified from pUC57 vectors with 
overhangs that is complementary to the pT7-NSP5 construct. The pT7-NSP5 backbone is amplified using primers that produce overhangs that is complementary 
to the either aNSP5 or pNSP5. 
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Figure 3. 15. Protein alignment of rSA11 with rSA11_aNSP5. Similar nucleic acids are indicated by 
dots. Change in the C-terminal of rSA11_aNSP5 can be seen from amino acid 179 to 199 (underlined), 
which encodes for the α-helix.  

 

Figure 3. 16. Protein alignment of rSA11 with rSA11_pNSP5. Similar nucleic acids are indicated by 
dots. Change in the C-terminal of rSA11_pNSP5 can be seen from amino acid 179 to 199 (underlined), 
which encodes for the α-helix.  
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NEBuilder HiFi DNA Assembly

Figure 4. 10. In silico representation of the construction of pT7-NSP4 mutant plasmid. rNSP4 amplified from pUC57 vectors with overhangs that is complementary to the pT7_rNSP4 

construct. The pT7- NSP4backbone is amplified using primers that produce overhangs that is complementary to the rNSP4. 
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Figure 4. 11. Protein alignment of rSA11 with rSA11_rNSP4. Similar nucleic acids are indicated by 
dots. Change in the C-terminal of rSA11_rNSP4 can be seen from amino acid 75 to 80 (boxed), which 
encodes for the α-helix.  
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