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Abstract

Rotavirus has been identified as the major aetiological agent of severe dehydrating
gastrointestinal disease in the young of humans and animal species. Of particular
significance is the pleoitropic properties of the rotavirus non-structural protein 4
(NSP4), the first identified viral enterotoxin. NSP4 has been widely documented to play

an integral role in disease pathogenesis and morphogenesis.

The induction of cell-mediated and humoral responses to NSP4 has been demonstrated
in both humans and in animal models. The enterotoxigenic and cytopathic properties of
rotavirus infection has been associated with the inherent ability of extracellular and
intracellular NSP4 respectively, to perturb the calcium homeostasis of host cells. This
study aimed to investigate the ability of the NSP4 protein of two prototype human
rotavirus strains, RV4 and RV5 to mobilise intracellular calcium in vitro and to evoke a

humoral response in naturally infected children and vaccine recipients.

The baculovirus expression system (BEVS) was used to produce hexa-his-tagged
(Hise)-NSP4 fusion peptides in Spodoptera frugiperda (Sf-21 cells). The purified
proteins were then used in (a) an a-NSP4 indirect ELISA and (b) intracellular calcium

mobilisation studies.

The results obtained from the a-NSP4 specific immunoglobulin ELISA demonstrated
that natural rotavirus infection and vaccination evoked an NSP4-specific humoral
response, which was both heterotypic and/or homotypic. The dominant isotype-specific
serum response was to a-NSP4 IgG. For children naturally infected with a G1 RV
strain, the response was both homotypic and heterotypic, with 80% of samples reactive
with NSP4 of genotype B (G1) and 60% to NSP4 genotype A (G2). The a-NSP4 IgA
response was detected solely for children infected with a strain homotypic to the coating
antigen and with a seroconversion rate of 29%. No NSP4-specific IgA was detected for
vaccine recipients and the IgG response was less than for naturally infected children.
Preliminary data indicated that the proximal location of the His¢-tag on NSP4 of the

RV4 strain influenced the antigenic properties of the protein.



The studies on the effects of NSP4 derived from animal rotavirus strains (predominantly
non-human primate strains) and to whole virus on perturbations to intracellular calcium
homeostasis has been well established. This study aimed to investigate the ability of
human rotaviruses and their corresponding NSP4 to alter the intracellular calcium
concentration of cultured renal cells. Two methods for monitoring intracellular calcium
concentrations were undertaken; (a) spectrofluorimetric detection of cell populations in
suspension and (b) epifluorescence microscopy of cell monolayers. The results acquired
from this study demonstrated that SA11 infection and the exogenous application of
NSP4 induced changes to the intracellular calcium homeostasis of mammalian cell
populations and single cells respectively. An apparent caloric stress effect, arising from
the sequential exposure of uninfected mammalian cells to mild hypothermia and
hyperthermia was observed to enhance the cytopathic effect of all three strains (SA11,

RV4 and RV5) investigated.
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Literature review

1.1 Introduction

Rotavirus (RV) is the major cause of severe dehydrating infantile gastroenteritis
worldwide, implicated in 111 million diarrhoeal episodes and accounting for 25 million
clinic visits and 2 million hospitalisations of children under the age of 5 years annually
(reviewed in Angel et al., 2007). The annual mortality rate attributed to RV infection is
estimated to be in excess of 600,000, with children residing in developing countries (the
Indian subcontinent, sub-Saharan Africa, Central and South America) accountable for
approximately 95% of these deaths (Parashar et al., 2006). In Australia, RV illness is
responsible for an estimated 22,000 emergency department visits, 10,000
hospitalisations and 1 death annually (Galati et al., 2006).

RV has been identified as the major aetiological agent of nosocomial infections
contributing to 27 and 32% of all RV disease cases within developed and developing
countries, respectively (Fischer et al., 2004; Gleizes et al., 2006; Moreira et al., 2009).
In addition to the human cost, the burden of RV-related medical and societal costs in the
USA is estimated to be approximately $400 million and $1 billion respectively (Ward et
al., 2004).

Comparable morbidity rates between developing and industrialised countries indicate
that conventional prevention strategies (improved sanitation and hygiene) employed in
the control of other diarrhoeal illnesses are ineffective in the control of RV. Taken in

conjunction with the high mortality rate in developing countries, a consequence of



inadequate therapeutic care and the high incidence of nosocomial infection, the

importance of developing efficient and cost-effective vaccine strategies is paramount.

RV is not restricted to human hosts, with pathogenesis observed in the young of an
extensive number of mammalian and avian species inclusive of both domestic and wild
animals. RV was first detected in suckling mice in the late 1940’s (Cheever and
Mueller, 1947) and subsequently identified in 1963 as RV strain EDIM; the first non-
bacterial diarrhoeal agent (Adams and Crafts, 1963). Upon discovery of RV in epithelial
cells from duodenal biopsies (Bishop et al., 1973) and faecal specimens (Flewett et al.,
1973) of children afflicted with gastroenteritis, its significance as a causative agent of

severe dehydrating diarrhoeal illness in young children was realised.

1.2 Transmission, clinical features, diagnosis and treatment

of rotavirus

The resistance to physical inactivation and the shedding of large numbers of virus
particles in faeces may contribute to the efficient transmission of human rotaviruses
(HRVs). In addition, contaminated water has been identified as an important vehicle for
transmission of RVs, in particular for Group B RVs (Hopkins et al., 1984; Tao et al.,
1984).

RV is transmitted via the faecal to oral route, but there is speculation that the respiratory
route may be an additional mode of transmission, due in part, to the detection of virus
particles in nasopharyngeal secretions (Azevedo et al., 2005; Crawford et al., 2006;
reviewed in Estes and Kapikian, 2007). It is estimated that as many as 10'! infectious
particles per gram of faeces may be shed by children with diarrhoea (Flewett, 1983),
whilst the human infectious dose may be as low as 10" infectious particles (Ward et al.,

1986).

RV particles are quite stable, surviving on environmental surfaces at low humidity and
at <25°C for days (Sattar et al., 1989), within stool at ambient temperatures (30 to
35°C) for approximately 2.5 months (Fischer et al., 2002a) and have an approximate

50% survival rate on human fingers after 60 minutes (Ansari et al., 1988). Standard



hygiene practices, inclusive of hand washing and the disinfection of inanimate objects
with 70% ethanol or chlorine based disinfectants, are required to reduce viral load and

minimise transmission (Rao, 1995).

RV gastroenteritis, presenting after a short incubation period of 24 to 48 hours, is
characterised by diarrhoea, vomiting and fever, occurring alone or in combination, and
of variable severity (Davidson et al., 1975a; Desselberger and Gray, 2003). Vomiting is
the prominent symptom and generally precedes the onset of diarrhoea by 1-2 days
(reviewed in Clark and Offit, 2004). Other symptoms include nausea, anorexia,
cramping, malaise and necrotising enterocolitis (Bass et al., 2007). In more severe
cases, and in the absence of adequate therapeutic care, excessive fluid loss from
vomiting and diarrhoea can result in shock, electrolyte imbalance, acidosis or death
(Bernstein, 2009). Typically, gastrointestinal symptoms are resolved within 3 to 7 days
post infection, although sporadic, longer term diarrhoeal disease has been reported in
immunocompromised patients irrespective of age. The median duration of virus
shedding of children hospitalised with rotaviral illness as determined by PCR was 10
days (range 4 to 57 days) (Richardson et al., 1998).

As the clinical symptoms of RV infection are non-specific and characteristic of other
enteric pathogens, albeit with greater severity, definitive confirmation of RV as the
causative agent can only be established by laboratory testing (ELISA, latex
agglutination, EM, cell culture, flow cytometry and RT-PCR) (reviewed in Estes and
Kapikian, 2007).

Oral rehydration therapy or intravenous rehydration (in more severe cases) are the main
methods of treatment and are directed at symptom relief and the restoration of normal
physiological function by re-establishing electrolyte and fluid balance. The use of
antimotility drugs, although efficient in reducing fluid loss, is discouraged due to a risk
of causing ileus damage or vomiting (Desselberger, 1999). Oral administration of
human serum or milk, or chicken egg yolk preparations, containing immunoglobulins
directed against RV have been successful in reducing the duration of diarrhoeal illness
(reviewed in Davidson, 1996; Guarino et al., 1994; Kanfer et al., 1994; Losonsky et al.,

1985; Sarker et al., 2001). In contrast, the use of colostrum or milk obtained from cows



immunised with HRVs has generated conflicting results (reviewed in Davidson, 1996;
Estes and Kapikian, 2007). Probiotics such as L. acidophilus demonstrate significant
immunopotentiating effects, enhancing RV specific CD8* T and antibody secreting cell
(ASC) responses and inducing serum IgM, IgA, IgG and virus neutralising antibodies in
RV-infected animals and children (Majamaa et al., 1995; Zhang 2008). The use of
antiviral agents, in concert with fluid replacement therapy needs to be investigated
further. Preliminary studies have shown an association between the use of antiviral
agents and a reduction in the duration of severe diarrhoeal illness in hospitalised
children (reviewed in Farthing, 2006; Lanata and Franco, 2006; Salazar-Lindo et al.,
2000). Drugs directed at the enteric nervous system (ENS) may provide alternative

therapies in the treatment of diarrhoeal illness (Lundgren et al., 2000).

1.3 Rotavirus structure

RV is an icosohedral, non-enveloped, double-stranded RNA (dsRNA) virus, comprising
a genus within the subfamily Sedoreovirinae, family Reoviridae. The mature virion is
organised into three proteinaceous concentric layers (inner core, intermediate and outer

layers), spanning 100 nm in diameter.

1.3.1 Rotavirus genome

The genome, embedded in the innermost core of the triple layered capsid, consists of 11
segments of double-stranded RNA, ranging in size from 667 (Segment 11) to 3,302
nucleotides (Segment 1) for the prototype RV strain, SA11 (Estes, 2001). All genes lack
a polyadenylation signal, are A + U rich, and contain conserved consensus sequences at

their 5' and 3' ends (Estes and Kapikian, 2007; Imai et al., 1983).

Most of the genome segments are monocistronic, typically encoding a single viral
protein, inclusive of six structural proteins (VP1-4, VP6, VP7) and six non-structural
proteins (NSP1-6). Genome segment 11 codes for both NSP5 (the primary product) and
NSP6 from alternative long and short open reading frames (ORFs) in some RV strains
(Mattion et al., 1991; Torres-Vega et al., 2000). Figure 1.1 illustrates the gene coding

assignments of the 11 segments of dSRNA with their respective protein(s).



1.3.2 Capsid architecture

The significant proteins of the three layers are VP2, the predominant inner core protein,
VP6, the intermediate layer protein, and VP4 and VP7, the surface capsid proteins
(Figure 1.1). Two forms of the virion exist, the infectious triple layered particles (TLPs)
comprising the three concentric protein layers, and the non-infectious double layered

particles (DLPs) in which the outermost layer has been removed.

1.3.2.1 The surface layer

The smooth surface of the outermost layer consists of 780 copies of the VP7
glycoprotein organised as trimers. The protease-sensitive VP4 haemagglutinin forms 60
spike—like protuberances, existing as trimers (dimers detected by cryo-EM), extending
12 nm from the VP7 surface and positioned within type II channels (Estes and
Kapikian, 2007; Prasad et al., 1990). Each VP4 spike interacts with two VP7 molecules
and six VP6 molecules (at the VP4 globular domain) surrounding the Type II Channels,
implying a role in maintenance of the structural integrity between the inner and outer

capsids (Estes and Kapikian, 2007).

Trypsin-activated cleavage of VP4 exposes the polypeptides VP5* (aa 248-776)
comprising the body and base (B- and a-helical conformations respectively) and VP8*
(aa 1-231) existing in a B-sheet conformation at the head of the VP4 protein (Tihova et
al., 2001). VP8* contains a haemagglutination domain (aa 93 to 208) (Fuentes-Panana
et al., 1995) and VP5* a hydrophobic fusogenic region capable of permeabilising lipid
bilayers (Denisova et al., 1999; Dowling et al., 2000).

1.3.2.2 Channels

The mature TLP is punctuated by three types of porous channels, designated I, II and
111, approximately 140 A deep (Estes and Kapikian, 2007). Of the 132 channels, 12 are
Type I and the remaining 120 are of equal number of Types II and III. These channels,
extending from VP7 into the inner core, permit the influx of NTPs and divalent cations

into the interior of the capsid and the export of newly synthesised mRNA’s (through



Type I channels) to the ribosomes for translation (Estes, 2001; Guglielmi et al., 2010;
Lawton et al., 2000; Pesavento et al., 2003).

1.3.2.3 The intermediate layer

The intermediate layer is formed from 260 trimers of VP6, organised with the same
T=13 levo icosahedral symmetry as the surface layer ensuring continuity of the aqueous
channels. In the absence of an X-ray structure, a pseudo-atomic model has been
proposed for VP6, comprising of two domains, a distal anti-parallel B-sandwich fold
and a cluster of a-helices which interact with VP7 and VP2 respectively (Mathieu et al.,
2001). VP6 constitutes approximately 51% of the total protein content of the virion
(Mattion et al., 1994).

1.3.2.4 The inner core

The innermost core, encapsulating the viral genome, is of T=1 icosahedral symmetry
and consists of 120 molecules (60 dimers) of VP2 and 12 molecules each of VP1 (an
RNA-dependent RNA polymerase) and VP3 (a guanylyl and methyl transferase)
(reviewed in Guglielmi et al., 2010). Twelve transcription enzyme complexes,
consisting of a single copy of VP1 and VP3, are anchored to the amino terminal of VP2
at each of the twelve vertices, and are surrounded by an individual, highly condensed
segment of genomic RNA (Prasad et al., 1996). Binding of RNA to VP2 occurs at the

amino terminus, between aa 1-132 (Labbé et al., 1994).

1.3.3 Non-structural proteins (NSPs)

All of the non-structural proteins are involved in virus replication, while NSP4 is also
involved in viral morphogenesis. The functions of each are presented in Table 1.1 and,
where appropriate, have been expanded in the text to illustrate these functions. The non-
structural protein of interest within this report is NSP4, formerly NS28, which will be

reviewed in considerable detail in proceeding sections.



Figure 1.1. Genome coding assignment and virion structure. a) Fractionation
of the 11 segments of dsRNA of RV SA1l viral genome in a polyacrylamide gel.
The identity of the viral genome segment is reported to the left of the
electropherotype and the corresponding protein with which they encode to the
right. b) Three-dimensional structure of the RV particle illustrating the outer,
middle and inner capsid architecture. Figure adapted from Greenberg and

Estes (2009).
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1.4 Rotavirus morphogenesis

In vivo RV replication occurs predominantly in the mature absorptive enterocytes of the
villus epithelium of the proximal two thirds of the ileum (Widdowson et al., 2005). In
cell culture, RV infection proceeds in a number of cell lines, but is most permissive in
those of renal or intestinal epithelial origin (Ciarlet et al., 2002a; Estes, 2001).
Somewhat refractory cell lines can replicate the virus efficiently when DLPs are

delivered directly to the cytoplasm via transfection (Ciarlet et al., 2002a).
1.4.1 Virus adsorption; binding and post-attachment receptors

RV-host cell interactions traditionally have been characterised as either neuraminidase
(NA)-resistant (Sialic acid (SA)-independent) or NA-sensitive (SA-dependent) in
accordance with the requirement for terminal SA on host cell receptors for the initial
attachment of the virus. All human and most animal RV strains investigated to date are

SA-independent (Ciarlet and Estes, 1999).
1.4.1.1 Virus binding

The initial interaction between an NA-sensitive virus and a SA receptor (most probably
a ganglioside, with terminal sialyl-galactose) occurs at the apical surface of polarised
intestinal cells, is mediated via VP8* (aa 93-208) (Ciarlet et al., 2001; ISa et al., 1997)
and potentially coincides with a conformational change in the VP4 protein in
preparation for integrin-virus interactions (Ciarlet et al., 2001; Crawford et al., 2001).
The interaction between the virus and the SA moiety is dependent on the VP4 genotype

and not the species of origin (Ciarlet et al., 2002b).

The identity of the receptor, either a glycoconjugate or integrin, which is involved in the
initial interaction between NA-independent strains and the host cell has not been
resolved. The most widely accepted model is that the primary interaction of the virus
occurs with a ganglioside (GM1a and GM3) or other SA-containing glycolipid which is
impervious to NA cleavage, possibly due to internalisation of the SA moieties (Delorme

et al., 2001; Guo et al., 1999; ISa et al., 2006). Conversely, studies using ligands



directed to the o2p1 sequence of the VP5* domain have identified its role in cell
binding in both Caco-2 and MA104 cell lines (Graham et al., 2004). Zarate et al.
(2000a) demonstrated the direct interaction between the VP5* domain of the RRV NA-
independent variant nar3 and integrin o231 implicating its role in cell binding, although
similar experiments conducted by Ciarlet ef al. (2002a) with this variant did not present
the same findings. Contrary to NA-sensitive viruses where entry is restricted to the
apical surface, NA-resistant strains infect polarised cells at either the apical or
basolateral surface (Ciarlet et al., 2001). More recent findings by Realpe et al. (2010)
suggest that RVs infect both apical and basolateral domains, with a preference for the

latter, and that this interaction is independent of NA sensitivity.

The generation of leaky tight junctions or receptor diffusion have been proposed as
potential mechanisms by which the virus can infect cells basolaterally and may provide
an explanation for the extraintestinal spread of RV and antigenemia (Lopez and Arias,

2006; Realpe et al., 2010).

The interaction of integrin a2f31 with the DGE recognition motif (aa 308 to 310) of
VP5%*, either as a binding or post-binding receptor, is strain dependent and precedes
further virus-cell surface interactions as detailed below (Coulson et al., 1997; Graham et

al., 2003; Hewish et al., 2000; Zarate et al., 2000a).

Lopez and Arias (2006) have proposed that this initial contact, irrespective of the
receptor, allows the virus to “dock™ onto the cells surface facilitating the initiation of
more specific virus-cell interactions and resulting in virus penetration as described in

the proceeding section.

1.4.1.2 Post-attachment receptors

Interaction of the GPR sequence of VP7 (aa 253 to 255) with axp2 (Coulson et al.,
1997; Graham et al., 2003), and an RGD-independent interaction of the virus with avp3
(Guerrero et al., 2000a) is believed to occur at a post-attachment step and is independent
of NA-sensitivity (Graham et al., 2004). The interaction between avp3 and VP7 has
been postulated to occur within the CNP region (aa 161-169) (Lopez and Arias, 2004).
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Work performed using small interfering RNAs (siRNAs) has reduced the relative
importance of integrins 02 and 3 in virus entry (ISa et al., 2009). The role of integrin
a4p1 is yet to be defined, with its ligand sequences LDV (aa 237 to 239) and IDA (aa
538 to 540) being identified on both VP7 and VP5* respectively (Coulson et al., 1997).
The interaction between the KID sequence of VP5* and Hsc70 occurs post-attachment
and is independent of NA sensitivity (Guerrero et al., 2002; Lopez et al., 2006; Zarate et
al., 2003). More recently Gualtero et al. (2007) identified a second Hsc70 binding
domain on VP4 (aa 531-554), and a Hsc70 binding domain between aa 280-297 on
VP6.

Glycosphingolipid and cholesterol enriched microdomains (or “lipid-rafts”) within the
cell membrane play a critical role in apical membrane trafficking (Simons and Ikonen,
1997), and have been implicated in cell entry, particle assembly and RV release. The
existence of RV receptor complexes, embedded within lipid rafts of the plasma
membrane and comprised of most, if not all of the receptors involved in virus
attachment and entry, have been proposed to function as organising platforms
facilitating RV-cell receptor interactions (Arias et al., 2002; Guerrero et al., 2000b; ISa
et al., 2004; Lopez and Arias, 2006).

1.4.2 Virus entry and uncoating

The mechanism of viral entry, either Ca**-mediated endocytosis or direct penetration
through the plasma membrane, has not yet been resolved (reviewed in Ciarlet and Estes,
2001). Initial studies into virus entry provided strong evidence to suggest that the mode
of entry may be dependent on trypsin activation of the virus (Ruiz et al., 1994; Suzuki et
al., 1985). Early studies on trypsin activated virus revealed that non-trypsinised virus
entered the cell via endocytosis and was destined for lysosomal degradation, whilst
trypsinised virus entered through direct membrane penetration resulting in a productive
infection (Kaljot et al., 1988; Nandi et al., 1992; Suzuki et al., 1985). Trypsinised virus
was also shown to enter cells more readily and rapidly than non-trypsinised virus (Clark

et al., 1981; Crawford et al., 2001; Kaljot et al., 1988; Keljo et al., 1988).
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In vitro, proteolytic cleavage of VP4 exposes VP5* and VP8*, and causes an increase in
viral infectivity by facilitating cell penetration and virus entry (Arias et al., 1996; Clark
et al., 1981; Espejo et al., 1981; Estes et al., 1981; Fukuhara et al., 1988). VP4 cleavage
is not required for virus attachment (Clark et al., 1981; Crawford et al., 1994; 2001;
Zarate et al., 2000b). In vivo, proteolytic cleavage occurs within the lumen of the small

intestine of animal models and precedes enterocyte infection (Ludert ef al., 1996).

1.4.2.1 Direct membrane penetration

Trypsin cleavage of VP4 promotes membrane destabilising properties of the viral outer
capsid proteins (Charpilienne et al., 1997; Denisova et al., 1999). Whether penetration
is triggered by the generation of the cleavage products or a result of a conformational

change in the spike protein is unresolved.

The direct penetration of the virus through the plasma membrane in association with
VP4 has been well documented (Fukuhara er al., 1987; 1988; Kaljot et al., 1988).
Trypsin cleavage of the three VP4 molecules constituting each spike results in
conformational changes from a disordered state in which all three VP5* molecules are
flexible, to a more highly ordered, rigid-bilobed spike protein (two VP5* molecules
become rigid, the remainder flexible), which primes VP5* for cell entry and presents
the VP8* core for cell-surface ligand binding (Crawford et al., 2001; reviewed in
Dormitzer et al., 2004). The VP4 protein undergoes an additional conformational
change, whereby the protein folds back on itself, forming a more stable umbrella-shaped
trimer (all VP5* molecules are rigid) and translocating a hydrophobic region
(potentially the VP5* fusogenic region) from one end of the spike to the other
(Dormitzer et al., 2004). The ability of the VP5* fusogenic region (aa 385 to 404) to
permeabilise model and bacterial membranes is highly suggestive of its role in cellular

entry of the virus (Denisova et al., 1999, Dowling et al., 2000; Ruiz et al., 1994).

Solubilisation of the outer capsid proteins to produce transcriptionally competent DLPs
requires a reduction in [Caz+]i below the critical [Caz+] required for their stabilisation.
The critical [Ca®'] is strain dependent and associated with VP7 (aa 134-146) (Estes and
Cohen, 1989; Ruiz et al., 1996). Tihova et al. (2001) have proposed that reductions in
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the [Ca®™*];, a consequence of calcium chelation by lipid headgroups, would result in the
removal of the outer capsid protein as TLPs traverse the plasma membrane.
Alternatively, the TLPs, upon entry into the cytoplasm, may utilise endosomes for

transformation into DLPs as described below for calcium mediated endocytosis.
1.4.2.2 Calcium mediated endocytosis

The classical endocytic pathway as a vehicle for cell entry is questionable, as the use of
lysosomotropic drugs or the blocking of intracellular traffic for endocytic vesicles had
no effect on RV infectivity (Fukuhara et al., 1987; Kaljot et al., 1988; Keljo et al.,
1988). Membrane permeabilisation of RV-infected MA104 cells was demonstrated to
occur independently of endocytosis, intraendosomal acidic pH or a proton gradient

(Cuadras et al., 1997; Keljo et al., 1988).

RV particles are endocytosed into clathrin-coated vesicles containing mM
concentrations of Ca®*. The solubilisation of the outer capsid proteins is dependent on a
reduction of endosomal [Ca2+] i which is under the directive of the calcium gradient and
possibly facilitated by the H*-ATPase pump (Chemello et al., 2002; Ruiz et al., 2000).
It has been proposed that VP5* may hasten the reduction in endosomal [Ca**] by

selectively permeabilising the early endosomal membrane (Dowling et al., 2000).

The activation of virus associated trypsin results in cleavage of VP7 and the induction
of endosomal membrane permeabilisation with the concomitant release of DLPs to the
cytoplasm of the host cell for virus replication initiation (Benureau et al., 2005;
Charpilienne et al., 1997; Chemello et al., 2002; Cohen et al., 1979; Ruiz et al., 1997;
2000).

Sénchez-San Martin et al. (2004) described the entry of RV via raft-dependent

endocytosis; a cholesterol-sensitive, caveolae- and clathrin-independent endocytosis,

which is dependent on the functional GTPase protein, dynamin.
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1.4.3 Transcription, replication and translation

Viroplasms, electron dense perinuclear cytoplasmic inclusions, visible 2 to 3 hours post
infection, are formed by NSP5 and NSP2 and are the sites of virus transcription,
replication, genome packaging and DLP assembly (Fabbretti et al., 1999; reviewed in
Guglielmi et al., 2010). Each of the dsRNA segments are transcribed by VP1, the viral
RNA-dependent-RNA polymerase (RDRP) within the virion core at one of twelve
transcriptional complexes (Valenzuela et al., 1991). RDRP is latent in TLPs and can be
activated in vitro by treatment with a chelating agent or by heat shock, consistent with
the removal of the outer capsid proteins (Cohen et al., 1979; Spencer and Arias, 1981).

VP1 polymerase activity is dependent on VP2 for its activation (Patton, 1996).

1.4.3.1 Transcription

Transcription is asymmetric, and proceeds from the dsSRNA negative strand to generate
full length positive strands (McCrae and McCorquodale, 1983). Capping of the 5' end of
the mRNA is performed by VP3 (Chen et al., 1999), and in the absence of
polyadenylation, the nascent positive-stranded mRNA transcripts are extruded from the
particle through Type 1 channels. The mRNA serves two functions: encoding of
rotaviral proteins and as templates for the production of minus strand RNA for the

generation of new dsRNA.

1.4.3.2 Translation and synthesis of viral proteins

All viral proteins, with the exception of NSP4 and VP7, are produced on free ribosomes
utilising the host cells translational machinery. NSP4 and VP7 are synthesised on the

ER-associated ribosomes and are cotranslationally inserted into the ER membrane.

The concurrent interaction between the N-terminal and C-terminal domains of NSP3
with the 3'-consensus sequence of viral mRNA (Deo et al., 2002) and the initiation
factor elF4G (Groft and Burley, 2002) respectively, results in circularisation of mRNA,
a concomitant impairment of cellular mRNA translation (due to PABP displacement
from elF4G) and the subsequent delivery of viral mRNA to ribosomes for protein

synthesis (Padilla-Noriega et al., 2002; Piron et al., 1998; reviewed in Poncet, 2003;
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Vende et al., 2000). The penultimate 5'-GACC-3' of the mRNA sequence functions as a
translation enhancer (Chizhikov and Patton, 2000).

The binding of NSP3 to viral mRNA has also been proposed as a possible mechanism
for transporting newly synthesised mRNA to viroplasms via the cytoskeleton for

subsequent replication (Estes and Kapikian, 2007).

1.4.3.3 Genomic RNA replication

The synthesis of dsRNA in vitro is an asymmetric process in which VP1 synthesises
negative-stranded RNA from its nuclease-sensitive, positive stranded mRNA template
(Patton, 1986). The production of negative stranded RNA is initiated upon the formation
of a stable ternary complex between the 3' consensus sequence (3'-CC) of mRNA with

VP1 and the G-dinucleotide (Chen et al., 2001).

It has been proposed that NSP2 provides the initial scaffolding for the organisation of
the replicase complex (VP1/VP3) through its interaction with VP1 and NSP5 (Jayaram
et al., 2004). NSP4 has been associated with the regulation of viral protein expression,
mRNA synthesis and potentially, genome encapsidation (Berkova et al., 2006; Silvestri

et al., 2005).

1.4.4 Genome packaging and DLP assembly

Several models for genome packing and subsequent DLP assembly have been proposed.
The first, postulated by Gallegos and Patton (1989), assumes the successive addition of
VP2 and VP6 to replication intermediates (RIs). Three species of RNA-RIs exist within
infected cells: (i) the pre-core RI (containing viral mRNA, VP1 and VP3), (ii) the core
RI (pre-core RI and VP2, NSP2 and NSP5), and (iii) the double-layered RI (VP6 added

to the core RI), with the latter two species exhibiting replicase activity.
Pesavento et al. (2003) proposed an alternative model in which genome encapsidation
and DLP assembly occur concurrently. Twelve functionally separate pentameric units,

containing VP2 dimers complexed with a transcription enzyme complex (VP1/VP3) and
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associated with a specific mRNA, self assemble to generate SLPs. Structural changes in
VP2, may activate the RDRP and stimulate negative-stranded RNA synthesis to produce
the genome (Guglielmi et al., 2010). The SLPs then provide the necessary scaffolding
for VP6 assembly.

RV capsid proteins can self-assemble in vitro to generate empty virus-like particles
(VLPs). Taken together with the knowledge of dsRNA bacteriophage phi6, the final
model proposes that the viral mRNA is inserted into self assembled viral cores

(reviewed in Estes and Kapikian, 2007).

The involvement of NSP5 and NSP2 in recruiting inner capsid proteins to viroplasms
for core particle assembly was proposed by Patton et al., (2006). Studies using a mutant
SA11 RV, tsE(1400), supported the role of the functionally active NSP2 octamer as a
molecular motor, facilitating the packaging of mRNA into the core RI (Taraporewala et

al., 2002) using energy derived from NTP hydrolysis (Schuck et al., 2001).

SiRNA studies have demonstrated a role for NSP4 in the localisation of VP6 at the
periphery of viroplasms (Lopez et al., 2005). The core particles, localised within the
interior of the viroplasms migrate towards its exterior, acquiring VP6 and transpiring
into DLPs at the ER membrane. The newly formed DLPs may either direct the synthesis
of additional positive stranded mRNA transcripts or alternatively translocate across the
ER to form infectious TLPs as detailed in the next section (reviewed in Patton ef al.,

2006).

1.4.5 Final stages of rotavirus maturation and release

DLPs synthesised in viroplasms, enter the dilated cisternae of the RER by budding
(Suzuki et al., 1984). The budding process, mediated by the interaction between the ER
resident NSP4 and VP6 of the DLP, results in the acquisition of a transient envelope,
postulated to be an extension of the ER membrane and potentially punctated by NSP4
and VP7. Maturation of the DLP into infectious TLPs requires the loss of the lipid
envelope, the exclusion of NSP4 and the assembly of the outer capsid proteins, VP7 and

VP4. Removal of the ephemeral envelope has been attributed to VP7 (Arias et al., 2004;
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Cuadras et al., 2006; Lopez et al., 2005), VP4 (Denisova et al., 1999) and glycosylated
NSP4 (reviewed in section 1.10.2), and in association with high ER luminal Ca’t

concentrations (Poruchynsky et al., 1991; Shahrabadi et al., 1987).

The location and mechanisms by which the outer capsid proteins are assembled onto
DLPs is still under investigation as studies using polarised Caco-2 cells is challenging
the much held belief that the final stages of RV assembly, as evidenced in non-
differentiated renal MA104 cells occurs solely within the ER. In addition, lipid raft
microdomains of cell type specific heterogeneity have been identified as important

components of viral morphogenesis in each of these cell lines (Delmas et al., 2007).

Substantial experimental data has been accumulated from studies performed with
MA104 cells which lends credence to the acquisition of VP4 as a reticular event, most
probably involving the endoplasmic reticulum golgi intermediate complex (ERGIC),
and in which the addition of VP4 to DLPs occurs prior to, or simultaneously with VP7
assembly (Cuadras et al., 2006; Delmas et al., 2004a; 2004b; Gonzalez et al., 2000;
Maas and Atkinson, 1990; Petrie et al., 1984; Poruchynsky and Atkinson, 1991; Trask
and Dormitzer, 2006).

VP4 synthesised in monkey kidney cells was associated with microtubule B-tubulin and
the authors proposed that the cytoskeleton was utilised for transport of the newly
synthesised protein to the plasma membrane (Nejmeddine et al., 2000). VP4 in
association with raft type membrane microdomains at the cell surface have been
identified in MA104 cells and its projected role is as a “raft” receptor for RV particles
or endogenously expressed NSP4 or its cleavage product (Cuadras et al., 2006; Delmas
et al., 2007; Zhang et al., 2000). The infectious virions are released from the cells via

lysis (Estes, 2001; Michelangeli et al., 1991).

Studies in polarised Caco-2 cells have indicated a much more complex process for VP
assembly involving lipid rafts and the non-conventional targeting of the mature virus to
the apical surface (Cuadras and Greenberg, 2003; Delmas et al., 2004b; Sapin et al.,
2002). Immunofluorescence microscopy identified VP4 associated with lipid rafts and

actin bundles at the external face of the apical plasma membrane of Caco-2 cells whilst
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studies with tunicamycin demonstrated that VP4 assembly was a non-reticular event
(Delmas et al., 2004a; Gardet et al., 2006; Sapin et al., 2002). These observations
prompted the proposal of an alternative hypothesis whereby VP7-coated nascent
particles acquire the terminal VP4 protein during transport from the ER to the apical
surface (Cuadras and Greenberg, 2003; Delmas et al., 2004a; 2004b; Jourdan et al.,
1997; Sapin et al., 2002).

The synthesis of rafts occurs in the Golgi apparatus and it is highly probable that
raft/VP4 association occurs shortly thereafter. That VP4 assembly results from a fusion
event between the ERGIC, in which neovirions reside, and a compartment containing
the raft and its associated VP4 is supported by the co-localisation of VP4 and virion-
assembled VP7 with ERGIC-53 (Cuadras and Greenberg, 2003; Cuadras et al., 2006;
Delmas et al., 2004a; 2004b; 2007). The mature infectious TLPs encircled within
specific raft containing vesicles are translocated to the apical membrane under the
directive of an apical signal (most probably located on VP8%*) where they are released in
the absence of cell lysis (Cuadras and Greenberg, 2003; Delmas et al., 2007; Jourdan et
al., 1997; Sapin et al., 2002).

The apical trafficking of RV particles in Caco-2 cells was attributed to their association
with raft-type membrane microdomains until a similar relationship was observed in
MA104 cells (Delmas et al., 2007). Gardet et al. (2006) proposed that apical targeting
of VP4 to actin microfilaments and its subsequent reorganisation of actin bundles to
actin bodies at the apical membrane is biphasic, and in concert with lipid raft
microdomains, facilitates the final stages of virus assembly and non-lytic release of the

infectious virion, respectively.

As to whether the apically located VP4 is assembled onto immature TLPs or functions
as an intracellular receptor for virus particles has not been resolved, although the
presence of NSP4 at these microdomains would support the former (Cuadras and
Greenberg, 2003; Huang et al., 2001; reviewed in Pesavento et al., 2006; Sapin et al.,
2002).
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The acquisition of VP7 as a reticular event has not been unequivocally determined. It
was widely believed that VP7 was acquired in the ER and terminally glycosylated
within the ERGIC (Mirazimi et al., 1996). More recently, Delmas et al. (2004b)
proposed that VP7 assembly may result from a fusion event between the ER and a post-

Golgi compartment.

It is hoped that with the advent of a reverse genetics system for RV (Komoto et al.,
2006) that the questions pertaining to virus morphogenesis, pathogenesis and immunity

in vivo, may finally be elucidated.

1.5 Virus pathogenesis

1.5.1 Intestinal infection

The mechanism of RV diarrhoea induction in humans is incompletely understood and a
direct relationship between disease severity and histopathological damage has not yet
been established (reviewed in Franco et al., 2006). Limited studies of jejunal mucosal
biopsy specimens of RV-infected infants have revealed villous shortening and atrophy,
denudation of microvilli, mitochondrial swelling, distension of the ER, depressed
disaccharidase concentrations, and mononuclear cell infiltration (Holmes et al., 1975;

Davidson and Barnes, 1979).

A considerable contribution to the knowledge of RV pathogenesis has been accrued
from studies performed with animal models using whole virus and virulent gene
products. The following three mechanisms have been proposed as potential models of
pathogenesis for the induction of diarrhoeal illness, but the outcome of disease is
invariably dependent on a complicated interplay of host cell and viral factors,

potentially involving more than one mechanism.

The first mechanism postulates that virus replication and shedding within the mature
enterocytes of the small intestine results in villous atrophy and ischemia (in some
animal models) promoting reactive crypt cell hyperplasia and the increased migration of
immature cells defective in brush border associated hydrolases (sucrase-isomaltase,

lactase) along the crypt-villus axis. These pathologic changes are observed 18-48 hours
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post-infection, commencing in the duodenum and progressing distally to the ileum.
Osmotic diarrhoeal illness is the outcome of the impairment of the digestive and
absorptive functions of necrotic villous epithelia and is exacerbated by the
compensatory hypersecretion of water from stimulated crypt cells (Collins et al., 1988;
Davidson et al., 1977; Davidson and Barnes, 1979; Graham et al., 1984; Jourdan et al.,
1998; reviewed in Lundgren and Svensson, 2001; Osborne et al., 1991; 1988; Servin,
2003; Stephen and Osborne, 1988).

The second mechanism, based on the findings of Ball ez al. (1996), proposes that NSP4
or its peptide, NSP4,4.135, functions as an enterotoxin inducing secretory diarrhoea in
mice. Early in the viral replication cycle (<24 h) diarrhoeal induction is due to the
activation of a Ca**dependent signal transduction pathway and proceeds in the absence
of histopathological lesions. The properties of secreted NSP4 which may contribute to
pathogenesis include its ability to alter transepithelial electrical resistance in polarised
MDCK-1 cells (Tafazoli et al., 2001) and the inhibition of the Na*-D-glucose symporter
(SGLT1) activity in brush border membranes (Halaihel et al., 2000b). The role NSP4

plays in RV pathogenesis will be discussed in greater detail elsewhere.

Finally, RV activation of the ENS is mediated by a vasoactive intestinal peptide
(potentially NSP4) which stimulates water and electrolyte secretion of intestinal crypts
resulting in diarrhoeal illness in newborn mice (Kordasti et al., 2004; Lundgren et al.,
2000; reviewed in Lundgren and Svensson, 2001). Lundgren et al. (2000) estimated that
approximately two thirds of the fluid and electrolyte secretion observed in mice was

attributed to activation of the ENS.

1.5.2 Systemic infection

Until recently it was believed that RV had an explicit tropism for the mature,
differentiated absorptive enterocytes of the villus epithelium of the mid and upper
regions of the small intestine (Bishop et al., 1973; Davidson et al., 1975a; 1975b) but
increasing evidence is suggestive of RV hepatropism. Viremia, as determined by the
detection of RV RNA in the cerebrospinal fluid of RV-infected children with seizures

and in the liver and kidney sections of immunocompromised children, is most probably
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accountable for the rare complications of extraintestinal disease (Gilger et al., 1992;

Tturriza-Gomara et al., 2002a).

RV replication can proceed within tissues of extraintestinal organs (liver, lungs, spleen,
kidneys, pancreas, thymus, brain and bladder) and macrophages of mice orally
inoculated with RV (Crawford et al., 2006; Fenaux et al., 2006). RV particles were
detected in the liver of severe combined immuno deficient (SCID) mice (Tatti et al.,
2002; Uhnoo et al., 1990) and the extraintestinal spread of RV to the liver in the

neonatal mouse model has been associated with NSP3 (Mossell and Ramig, 2002).

Immunohistochemical data demonstrated the presence of RV antigens (antigenemia) in
the sera, liver and kidneys of immunocompetent children, implying the extraintestinal
spread of the virus in the absence of enterocyte destruction, and providing an
explanation for the induction of systemic immunity after infection (Blutt e al., 2003;

2007; Gilger et al., 1992).

1.6 Rotavirus classification

RVs are firstly classified into serological groups in accordance with the structure and
immunological reactivity to the primary group antigen, VP6. Currently there are 7
serological groups, denoted A-G, of which groups A-C are infectious to both humans

and animals whilst groups D-G exclusively infect animals.

RV strains of Group A are the major aetiological agents of endemic rotaviral infection
in the young of mammalian species and consequently will be the focus of this
discussion. Group B (adult diarrhoeal rotaviruses [ADR]) are the causative agents of
waterborne outbreaks, resulting in severe cholera-like diarrhoeal disease in adults
(epidemic infections in Asia and the subcontinent) and pigs (Krishnan et al., 1999; Tao
et al., 1988). More recently, Group B RVs were associated with gastroenteritis in
children (Barman et al., 2006). Group C RVs cause endemic infections, commonly

associated with familial and community outbreaks, which frequently go unrecognised.
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Within Group A there are four subgroups, SG (I, 1I, I+II, nonl-nonll), defined according
to the specificity of VP6 for the monoclonal antibodies 255/60 and 631/9 (Arista et al.,
1990; Greenberg et al., 1983). More recently, molecular characterisation of group A
HRVs resulted in their assignment into two genogroups; genogroup I (SGI only) and

genogroup II (SGII, SGI + II, SG nonl-nonll) (Iturriza Gémara et al., 2002b).

RVs are further subdivided within each group, according to a dual classification system
based on neutralisation determinants to the protease-sensitive VP4 (defining P types)
and the glycoprotein VP7 (G-types). Within group A there are currently 14 G serotypes
(G1-14) and 14 P serotypes (Matthijnssens et al., 2008b).

RV strains are also classified according to their P and G genotypes which is determined
by the nucleic acid sequence relatedness of VP4 and VP7 respectively. Currently 28 P
genotypes (P[1]-P[28]) and 19 G genotypes have been identified within group A, of
which 12 G and 12 P genotypes have been recognised in HRVs (reviewed in Greenberg
and Estes, 2009; Matthijnssens et al., 2008a; 2008b). The relationship between P
genotypes and serotypes is not absolute, and a distinction between the two typing
systems in the nomenclature is achieved by the use of brackets for the former. P[8] and
P[4] genotypes correspond to two subtypes, P1A and P1B, which share some cross-
reactive epitopes of P1 serotype and is representative of more than 91% of circulating

HRYV strains (Gorziglia et al., 1990; Santos and Hoshino, 2004).

The existence of a considerable number of rotaviral strains can be attributed to the
ability of the virus to undergo constant genetic variation: antigenic drift (point
mutations), antigenic shift (genetic reassortment), and genetic rearrangement or
intragenic recombination (reviewed in Desselberger et al., 2001). Genetic reassortment,
whether a consequence of mixed infections with co-circulating human strains or
interspecies transmission, demonstrates serogroup exclusivity and is the major
contributor to the evolution of novel or atypical phenotypes (Franco et al., 2006;
reviewed in Palombo, 2003; Ramig, 1997). There is increasing evidence (genetic
relatedness of human G5, G6, G8, G9 and G10 to animal RVs) to support zoonotic
transmission, predominantly through genetic reassortment (reviewed in Kobayashi et

al., 2003; reviewed in Martella ef al., 2009; Matthijnssens et al., 2006). Transmission of
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whole virus to humans which culminates in disease, albeit a rare occurrence due to the
natural attenuation of animal viruses in human hosts, has been reported (De Leener et

al., 2004; Nakagomi and Nakagomi, 2000).

The complexity of RV nomenclature has prompted recommendations for a universal
classification of group A RV to be based on all 11 genomic RNA segments
(Matthijnssens et al., 2008a; 2008b).

1.7 Epidemiology

Group A RV infections cause age-dependent diarrhoeal illness. Primary infection
typically occurs after 3 months of age, and causes illness of the greatest clinical severity
until approximately 35 months of age. RV infections persist through to adulthood

manifesting as mild to predominantly asymptomatic clinical disease (Bishop, 1996).

The absence of significant diarrhoeal illness in neonates has been attributed to
transplacental antibodies whilst an increased incidence in the elderly has been
associated with an age-dependent decrease in immune status and innate defence

(Bernstein, 2009; Morris and Estes, 2001).

RV outbreaks exhibit a seasonal pattern in temperate climates where the incidence of
infection peaks during the winter months. Conversely, in tropical countries (and
developing nations) RV outbreaks are distributed more evenly throughout the year
(reviewed in Midthun and Kapikian, 1996). Neonatal RV infections are generally

endemic in nurseries.

The incidence and distribution of strains with differing G and P sero/genotypes varies
geographically during a RV season and with consecutive seasons. The distribution of
RV serotypes over time supports a role for a selective pressure of serotype specific
antibodies (reviewed in Franco et al., 2006). There are at least 42 different G/P strains
with different serotype combinations (Dennehy, 2008). Of global dominance are
genotypes P[8]G1, P[4]G2, P[8]G3 and P[8]G4 which account for nearly 90% of HRV
strains worldwide (>90% within Australia), with P[8]G1 the predominant genotype (60-
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80% of strains annually, >80% Australia) (Gentsch et al., 2005; Santos and Hoshino,
2005). G9 (P[6, 8 or 11]) has established itself as a global serotype of clinical
importance accounting for 4.1% of infections worldwide (24.3 % within Australia),
whilst [P8]GS5, [P4 & P6]G8 and [P8 & P6]G12 are of regional significance (India,
Brazil and Africa, respectively) (reviewed in Angel et al., 2007; Kirkwood et al., 2009;
reviewed in O’Ryan, 2009).

RV infection is generally species-specific but the cross-species barrier is not absolute.
RV strains of animal origin, in particular porcine, have been detected in the stools of
children and is indicative of either (a) the direct transmission of whole virus between
species or (b) genetic reassortment between animal and human strains in vivo during
mixed infections (Mascarenhas et al., 2007; Palombo, 2003; Santos and Hoshino, 2005;
Varghese et al., 2004).

1.8 Immunity to rotavirus

An understanding of the immune mechanisms governing the control and prevention of
RV disease is incomplete and much debate still surrounds the true correlates of
protection against clinical disease. Studies on the protective role of serum antibodies has
generated conflicting results with questions raised as to whether these antibodies are
directly involved in protection or merely markers of a past infection (Johansen et al.,
1994). The development of mucosal immunity is presumed to be the most important
marker of RV infection (Grimwood et al., 1988). From the vast data collected from
studies of animal models and humans, the importance of both a humoral (in particular
mucosal IgA) and cell-mediated (T cells and cytokines) immune response in the
resolution of infection and protection against subsequent infections has been indicated.
Uncertainty still remains as to whether RV infection affords homotypic and/or

heterotypic protection.

There is still doubt as to whether the level of serum IgA is reflective of mucosal IgA
and, consequently, whether it is a reliable measure of protection against RV infection
and illness. Faecal RV IgA antibody levels bear a direct relationship with duodenal IgA

antibody levels (Grimwood et al., 1988) and rises in intestinal IgA levels demonstrate
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an intestinal neutralising antibody response (Coulson and Masendycz, 1990).
Investigation of intestinal biopsy samples and sera identified serum ASCs, and not
circulating IgA, as correlates of an intestinal IgA response (Brown et al., 2000; Yuan et
al., 1996). More recent studies by Rojas et al. (2008) using both a flow cytometry assay
and limiting dilution assay demonstrated that RV IgA memory B cells, correlated with
concentrations of RV plasma IgA, and more importantly, correlated with IgA
serological memory. The presence of IgM in acute phase sera serves as a marker for

acute RV infection (Yu et al., 2005).

The following is an overview of the immunological responses to RV infection in

vaccinated and naturally infected humans and animals.

1.8.1 Evaluation of the immune response from human trials

Natural RV infection and vaccination with oral live vaccines elicits a humoral (serum
and intestinal) response in children which reduces disease severity upon reinfection
(reviewed in Jiang et al., 2002). The identity of the correlates of protection against
reinfection and the specificity of the humoral response is still under investigation as the
data collected is often conflicting, and may be dependent on the intrinsic properties of
both the host and virus strain. These factors are confounded by insufficient patient
information and differences in reagents and assays used to measure the immunological

response.

1.8.1.1 Correlates of protection after natural infection of children

Longitudinal studies of naturally infected and vaccinated children have demonstrated
that the primary infection is most often of greatest severity, and a minimum of two
natural infections, either asymptomatic or symptomatic, provides cumulative protection
against clinically severe diarrhoeal illness upon reinfection (Bernstein et al., 1991;
Bishop et al., 1983; Fischer et al., 2002b; Glass et al., 2005b; Moulton et al., 1998;
Velazquez et al., 1996; 2000; Ward and Bernstein, 1994).
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Serum isotypes IgG and IgA and mucosal IgA have been reported as predictors of
clinical protection in children naturally infected with RV. Both serum IgG and IgA have
been identified as correlates of protection against reinfection, whilst protection against
moderate to severe diarrhoeal illness strongly correlated with serum or mucosal IgA
titres (Coulson et al., 1992; Gonzdlez et al., 2005; Hjelt et al., 1987; Matson et al.,
1993; O’Ryan et al., 1994a; Velazquez et al., 2000) or serum IgG titres (Clemens et al.,
1992; Yu et al., 2005).

1.8.1.2 Correlates of protection after vaccination of children

The immune responses to candidate animal and HRV strains and animal-human
reassortment vaccines have been investigated in both children and adults. In general, the
correlation between post-vaccination RV antibody titres, particularly to IgA, and
protection against reinfection is weaker and less apparent than for natural RV infection
(Barnes et al., 2002; Bernstein et al., 1995; Gonzalez et al., 2005; Svensson et al., 1987,
Ward and Bernstein, 1994; 1995; Ward, 2009). Vaccine trials for RotaShield® and
RotaTeq® failed to identify a clear correlation between total serum RV IgA and
serotype-specific neutralising antibody titres with protection from reinfection (Gonzalez
et al., 2005; Vesikari et al., 2006a; Ward and Bernstein, 1995; Ward et al., 1997a). The
monovalent vaccine Rotarix® has demonstrated a correlation between serum IgA titres
and protection, which is heterotypic (particularly against G9 strains) and incomplete;
suggestive of the role of other immune effectors in protection, or as discussed
previously, poor correlation between serum and mucosal IgA levels (De Vos et al.,
2004; Salinas et al., 2005; Vesikari et al., 2004). Where animal-human reassortment
vaccines (RotaShield® or WC3-QV) were used, the majority of children developed
neutralising antibodies to antigens of the parental strain and not to the G- or P-type

antigens of HRV (reviewed in Jiang et al., 2002).

Overall, seroconversion rates and the level of protection afforded are greater when
higher vaccine titres are used and when administered in multiple doses. Higher antibody
titres and seroconversion rates are observed in older children in the absence of maternal

antibody (reviewed by Jiang et al., 2002).
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1.8.1.3 Adult human challenge studies

A correlation between serum antibodies and protection from diarrhoeal illness has been
observed in adult volunteers. Pre-existing serum neutralising antibodies to VP4 or VP7,
not jejunal neutralising antibodies, protected adult volunteers from diarrhoeal illness
upon homologous challenge with a virulent HRV (strain D) (Green and Kapikian, 1992;
Kapikian et al., 1983). Further analysis of these samples revealed that resistance to
symptomatic infection correlated most strongly with homotypic VP4/VP7 serum IgG

titres (Yuan et al., 2009).

A similar study with the HRV CJN strain demonstrated that serum RV IgG and jejunal
neutralising antibody correlated with protection from infection and disease, respectively
(Ward et al., 1989). These results were in disagreement with the earlier work of the
authors, whereby no correlate of protection afforded by serum antibodies was

established (Ward et al., 1986).

1.8.1.4 The role of CD4" and CD8"* T cells in HRYV infections

The production of RV-specific CD4" and CD8" T lymphocytes is typically age
dependent, correlated with previous exposure, and present after primary infection
(Jaimes et al., 2002; Offit et al., 1992; 1993). RV-specific IFN-y but not IL-13 or [L-4 T
cells were detected in adults, and the IFN response was demonstrated to be both
transient and significantly greater for respondents with previous RV exposure (Jaimes et
al., 2002; Malik et al., 2008; Rojas et al., 2003). Both regulatory T cell (Treg CD25")
and transforming growth factor-beta (TGF-f) mediated regulatory mechanisms were
responsible for modulating the T cell (IFN-y CD4" and CD8") immune response to RV
in adults but not children (Mesa et al., 2010). The preferential expression of the
intestinal homing receptor 04p7 on RV-specific IFN-y-secreting CD4" cells in adults

was characteristic of intestinally primed T cells (Rojas et al., 2003; Rott et al., 1997).
Typically, studies using flow cytometry have demonstrated low or undetectable levels

of circulating cytokine secreting (IL-[2, 4, 10, 13, 17] and IFN-y) RV-T cells in children
with acute RV gastroenteritis (Jaimes et al., 2002; Mesa et al., 2010). IFN-y secreting
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RV-specific CD8" but not CD4" T cells were detected in an ELISPOT assay of RV-
infected children, whilst both subsets of cells were detected in healthy adults (Rojas et
al., 2003). A significant IFN-y response to RV candidate vaccine strain 116E and to
NSP4 was observed in peripheral blood mononuclear cells (PBMC) of naturally
infected children and RV exposed adults (Malik ez al., 2008).

1.8.2 Evaluation of the immune response from animal studies

Immunological studies of animal models is preferential to the use of human subjects as
the viral exposure history is known and can be controlled in the former (Conner et al.,
1991). Unfortunately, a significant drawback in the use of animal models is the inability

to fully mimic the immunologic responses observed in humans.

The two most widely studied animal models are the neonatal gnotobiotic piglet and the
mouse. The gnotobiotic piglet is superior to the mouse model due to its similarities with
humans in regard to gastrointestinal physiology, mucosal immunity and susceptibility to
HRYV diarrhoea (reviewed in Gonzalez et al., 2008). Gnotobiotic piglets are also devoid
of maternal antibodies but are immunocompetent, enabling the assessment of true
primary immune responses (Yuan et al., 1996). As illustrated below, the main effectors
in disease prevention varies between the two models. Neutralising intestinal IgA levels
specific for VP4 and VP7 are important in disease prevention in neonatal pigs, whilst a
number of immune effectors (IgA, IgG, CD4" and CD8" cells) have been associated
with protection and clearance in the mouse model (reviewed in Ward, 2003; reviewed in

Yuan and Saif, 2002).

RV-specific intestinal IgA correlates with protective active immunity in both animal
models. The levels of intestinal IgA ASC, serum (IgA) and intestinal (IgA and IgG)
antibody titres were associated with protection in gnotobiotic piglets challenged with
virulent and attenuated HRV Wa (T6 et al., 1998; Yuan et al., 1996; 1998).
Immunisation of gnotobiotic piglets with inactivated HRV Wa failed to be protected
from diarrhoeal illness or virus shedding upon challenge with the virulent form of the

virus (Yuan et al., 1998).
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Orally immunised mice displayed a significant correlation between intestinal and serum
IgA levels (but not IgG) with protection against homologous or heterologous RV
infection (Burns et al., 1996; Feng et al., 1994; 1997; McNeal et al., 1994).
Homologous infection was much more efficient in inducing mucosal and systemic
immune responses than heterologous infection in both the mouse and rabbit models
(Conner et al., 1991; Feng et al., 1994). Ishida et al. (1997) delineated that heterologous
and homologous infections in the mouse model were more efficient at inducing
systemic and local immune responses, respectively. Protection to heterologous RV
infection in the mouse model was dose and strain dependent and was consistent with the

attenuation of heterologous viruses in foreign hosts (Feng et al., 1994).

Homologous challenge in IgA knockout mice demonstrated the compensatory role for
other antibody isotypes, particularly intestinal IgG, in mediating protection from
diarrhoeal illness (O’Neal et al., 2000). Contradicting other studies, passively
transferred RV IgG provided protection in calves (Besser et al., 1988) and in macaques

(Westerman et al., 2005).

Studies performed in the mouse model have demonstrated (a) the role of CD8" T cells
in resolving primary infection and providing partial short-term protection against
reinfection and (b) the role of CD4" T and B cells in the production of RV-specific
intestinal IgA, the fundamental effector of long-term protection (Franco and Greenberg,
1995; 1999; Franco et al., 1997; Jiang et al., 2008; McNeal et al., 1995; 1997). The
adoptive transfer of CD8' splenic lymphocytes from RV-infected mice passively
protected suckling mice against RV challenge and mediated the clearance of chronic
virus shedding in SCID and Rag-1 knockout mice in the absence of virus-specific
antibodies (Dharakul et al., 1990; Jiang et al., 2008; Offit and Dudzik, 1990). The
intestinal production of IL-17 and IFN-y in mice has been associated, either directly or
indirectly, with protection against RV shedding (Smiley et al., 2007). RV-infected
neonatal mice demonstrated a much lower T-cell response, particularly for CD4" T
cells, and poor induction of neutralising antibodies (Jaimes et al., 2005). The
distribution and trafficking of RV-specific CD8" T cells and the expression of effector
markers (CD107a/b and IFN-y) is affected by the route of RV infection in the mouse
model (Jiang et al., 2008).
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1.8.3 The importance of neutralising antibodies and serotype-specific

immunity in protection

Longitudinal studies in vaccinated and naturally infected children have indicated that
the primary response is both heterotypic and/or homotypic. These results are often
conflicting and the heterotypic response has been attributed to previous RV exposure or
to the presence of maternal antibodies (Green et al., 1989). Barnes et al. (2002) failed to
find a correlation between immunity and maternally derived antibodies in phase II trials

of HRYV vaccine candidate RV3.

Serum-neutralising antibody affords titre dependent homotypic and/or heterotypic
protection against RV disease in children (Chiba et al., 1986; 1993; O’Ryan et al.,
1994a; Rojas et al., 1995; Ward et al., 1992). Following a primary RV infection VP4 is
the immunodominant neutralisation protein and the response is predominantly
homotypic, with subsequent infections resulting in a broadening of the cross-reactive
VP7 neutralising antibody response (Barnes et al., 2002; Chiba et al., 1986; Gorrell and
Bishop, 1999; Matson et al., 1992; O’Ryan et al., 1994a; 1994b; Richardson et al.,
1993; Rojas et al., 1995; Ward et al., 1993; Velazquez et al., 1996; 2000).

Very few studies have investigated the immunogenicity of the “non-neutralising”
structural proteins (VP1, 2, 3, 6) and the non-structural proteins (NSP1-6) during RV
infections of humans. Serum IgG responses to RV structural (VP2, 3, 4, 6, 7) and non-
structural (NSP2 and NSP5) proteins were detected in naturally infected children, with
maximal IgG responses to VP2, VP4 and VP7 present in the convalescent-phase sera,
and IgG to VP6 typically present in the acute sera and persisting for more than 4 months
(Richardson et al., 1993). The presence of serum VP6-specific antibodies correlated
with protection in RV-infected children and adults, and vaccinated (RRV-TV) children
(Johansen et al., 1999; Vizzi et al., 2005).

The natural attenuation of heterologous viruses, a consequence of restricted virus
replication in enterocytes, has been associated with the notable absence of antibodies
directed to RV non-structural proteins in children vaccinated with candidate virus

strains (Svensson et al., 1987). Heterotypic antibody responses to RV non-structural
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protein NSP2 was observed for both primary infection and reinfection in children
(Kirkwood et al., 2008). The role of NSP4 in protective immunity has been widely

investigated and will be described elsewhere (Section 1.10.6).

Studies of RV infection in animal models has generated conflicting results regarding the
degree to which neutralising antibodies contribute to protection; with some studies
favouring the role of transcytosed IgA antibodies and intracellular neutralisation
(reviewed in Bernstein, 2006; Feng et al., 1997). Neutralising antibodies to the outer
capsid proteins have been shown to confer both heterotypic and/or homotypic immunity
in several animal models (Conner et al., 1991; Hoshino et al., 1988; reviewed in
Midthun and Kapikian, 1996; Offit et al., 1986). Modified Jennerian vaccines induced
both heterotypic and homotypic immunity in mice (Feng et al., 1997). The highest
serological response observed in several species of naive animals occurred upon
challenge with a homologous virus and heterotypic responses were dependent on the
relatedness of VP4, and more specifically VP7 serotypes, to the primary virus

(Snodgrass et al., 1991).

An immunocytochemical staining assay used to quantitate the systemic and local
immune response of adult mice infected with homologous virus to recombinant RV
proteins demonstrated the level of antigenicity to individual proteins to be in the order
VP6, VP4 and VP3 (Ishida et al., 1996). The detection levels for IgA were considerably
lower than for IgG for all proteins assayed and the response to VP7, NSP2 and NSP4
were very low in sera and undetectable in stool samples (Ishida et al., 1996). Similar

results were obtained using the gnotobiotic piglet model (Chang et al., 2001b).

Non-neutralising VP6, the major viral immunogen, evokes a protective immune
response in the adult mouse model after (a) DNA vaccination with recombinant
plasmids carrying the VP6 gene (Chen et al., 1997) (b) passive administration of VP6-
specific polymeric IgA monoclonal antibodies secreted from “backpack tumor”
transplants or intraperitoneal delivery to BALB/C mice (Burns et al., 1996; Feng et al.,
2002) (c) mucosal virus-like particle (VP2/VP6) immunisation (O’Neal et al., 1997;
1998) and (d) intranasal immunisation of mice with chimeric VP6 or adjuvants (McNeal

et al., 2002; 2006). The mechanism of protection elicited by VP6 or VP6/VP2 VLPs

31



may be mediated by CD4" T lymphocytes, CD8" T cells and cytokines (McNeal et al.,
2006; 2007a; 2007b; Smiley, 2007).

The immunisation of neonatal gnotobiotic pigs with either VP2/VP6 VLPs or VP6
DNA vaccines failed to induce protection unless preceded by priming with attenuated
HRYV. These results suggest that protective immunity to RV diarrhoea in pigs depends
not only on the location, magnitude and antibody isotype, but also on VP4 and VP7
mucosal IgA neutralising antibodies, and is potentially mediated by cross-reactive T

helper cells (Yuan et al., 2000; 2001; Yuan and Saif, 2002; Yuan et al., 2005).

1.9 Vaccine development

The development of a vaccine against RV was initiated in the early 1980’s utilising a
traditional Jennerian approach involving animal RVs. Vaccine development has since
gravitated to the use of animal/human RV reassortants (modified Jennerian approach) or
alternatively, live attenuated HRV strains (non-Jennerian). The most notable example of
the former is the tetravalent Rhesus rotavirus vaccine (RRV-TV) (RotaShield®; Wyeth
Lederdale, Collegeville, PA), constructed of single-gene reassortants encoding the VP7
gene of HRVs of serotypes G1, G2 and G4, in a RRV genome backbone contributing
serotype G3. RotaShield® was licensed in the U.S. in August 1998 and subsequently
withdrawn from use 11 months later due to a four-fold increase in the incidence of
intussusception (invagination of a portion of the small intestine into a more distal
region) 1 week post vaccination (Zanardi et al., 2001). It has been suggested that this
initial figure was overestimated and that the truer value was one excess case in 32,000
or less and that the risk of intussusception correlated with an increase in age (> 3
months) (Murphy et al., 2003; Simonsen ef al., 2001). To date, the mechanism by which
the vaccine causes intussusception is unknown, with four theories (the unique strain, the
bolus dose, viral replication and NSP4) proposed (Huppertz et al., 2006; Offit et al.,
2003). No causal relationship has been established between natural RV infection and
intussusception, but an evaluation of anatomic changes (increased distal ileum wall
thickness and lymphadenopathy) indicates possible mechanisms by which RV may
cause this condition (Chang et al., 2001a; Robinson et al., 2004).
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Two live oral RV vaccines, RotaTeq® (Merck and Co. Ltd, Whitehouse Station, NJ) and
Rotarix® (RIX4414, GlaxoSmithKline, Rixensart, Belgium) have been recently licensed
and included in the childhood immunisation schedule. RotaTeq® is a pentavalent
bovine/human reassortant vaccine comprising a bovine (WC-3) genome backbone and
VP7 and VP4 genes of epidemiologically important human RV serotypes G1-4 and
P1A[8]. Rotarix® is based on a live attenuated HRV strain (89-12) that bears specificity
for one of the most widely circulating RV strains, PIA[8]G1. Data from Rotarix®
clinical trials demonstrated the efficacy of the vaccine in not only protecting against
homotypic strains, but also other strains sharing the P[8] genotype (G1, G3, G4 and G9)
and to a lesser extent fully heterotypic strains (which share neither P or G epitopes with
the vaccine strain, eg P[4]G2) (De Vos et al., 2004; Linhares et al., 2006; Ruiz-Palacios
et al., 2006, Vesikari et al., 2007; Ward et al., 2006; Ward and Bernstein, 2009). Results
from clinical trials in both developing and industrialised countries have shown both
vaccines to be highly efficacious against severe RV disease; > 80% efficacy for
Rotarix® (reviewed in Bernstein, 2006; Ruiz-Palacios et al., 2006; Ward and Bernstein,
2009) and 98% efficacy for Rotateq® (Vesikari et al., 2006a; 2006b; 2009), although

neither vaccine affords protection from reinfection.

Other vaccines currently under development, in clinical trials or recently licensed
include (a) Lanzhou lamb rotavirus (LLR) (P[12]G10) licensed as a live attenuated
vaccine for humans in China (Lanzhou Institute of Biological Products) (b) naturally
attenuated asymptomatic human neonatal strains are being investigated as potential
vaccine candidates in Australia (strain RV3; P2A[6]G3) and India (strains 116E
(P[11]G9) and 1321 ([P11]G10)) (Barnes et al., 2002; Bishop et al., 1983; Glass et al.,
2005b) and (c) development of a hexavalent human-bovine (UK) reassortant vaccine
with VP7 G1, 2, 3, 4, 8 and 9 serotype specificity for use in developing countries
(Kapikian et al., 2005).

The use of attenuated live vaccines is not recommended for the immunocompromised
and alternatives such as antiviral agents which block RV binding, penetration or
replication are being considered. The preincubation of RV with various sialylated
glycoproteins inhibited RV replication in mice and, further to this, human milk

mucinous glycoproteins prevented virus replication in tissue culture and experimental
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gastroenteritis in the mouse model (reviewed in Isa et al., 2006; Yolken et al., 1992).
Other approaches to vaccine development could include parenteral vaccines (developed
from expressed proteins, VLPs or inactivated virus), DNA vaccines expressing RV
genes, and the use of novel adjuvants (eg CTB or STB) or delivery systems (Glass et

al., 2005a; reviewed in Palombo, 2003).

The experience with Rotashield® demonstrated the importance of conducting parallel
clinical trials in both developing and developed countries, the inclusion of larger
numbers of participants in Phase III clinical trials (>50,000) and the need for post-

licensure surveillance (reviewed in Bines, 2005; Glass et al., 2005a).

1.10 The non-structural protein NSP4

The non-structural protein NSP4 (formerly NS28) encoded by genomic segment 10 of
Group A RVs is a 175 residue, 28 kDa, doubly glycosylated, ER resident
transmembrane protein (Ericson et al., 1983). NSP4 is a multifaceted protein with a
myriad of roles both in virus morphogenesis and pathogenesis (reviewed in Ball et al.,

2005; Estes, 2003).

Initial phylogenetic analysis of 100 available NSP4 amino acid sequences revealed the
presence of six distinct NSP4 genotypes, A-F, identified within Group A (reviewed in
Aratjo et al., 2007). Genotypes A (KUN, I), B (Wa, II) and C (AU-1, III) include
animal and human viruses, genotype D (EW) consists solely of murine strains, whilst
genotypes E and F demonstrate exclusivity for avian strains (Ciarlet et al., 2000;
Cunliffe et al., 1997; Horie et al., 1997; 1999; Kirkwood and Palombo, 1997; Lin and
Tian, 2003; Mohan et al., 2003; Mori et al., 2002a). Genogroup A can be further
divided into sub-genotypes, Al and A2, dependent on the presence or absence
respectively, of glycine at position 140 (Deepa et al., 2007). The more recent work of
Matthijnssens (2008a) involved the analysis of 430 nucleotide sequences which

revealed 11 NSP4 genotypes, which were designated E (enterotoxin) 1-11.

RV strains of NSP4 genotypes A and B generally cluster according to their species of

origin, suggestive of a constant pattern of evolution within species (Ciarlet et al., 2000).
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Typically, the genes encoding VP6 and NSP4 of HRVs co-segregate, with SGI and
SGII clustering within NSP4 genotypes A and B, respectively (Iturriza-Gomara et al.,
2003; Kirkwood et al., 1999). More recently, discordance between NSP4 and VP6
genetic linkage has been identified for strains infecting adolescents and adults (Tatte et

al., 2010) and for a group A porcine RV (Ghosh et al., 2006).

1.10.1 Structure and membrane topology of NSP4

Two models for NSP4 topology, differing in the proposed identity of the membrane
spanning hydrophobic domain, have been proposed. Three hydrophobic domains
(designated H1-H3) are located at the amino terminal half of the protein and predictions
of the proteins secondary structure have indicated that the hydrophobic regions are
predominantly B-sheet (Chan et al., 1988). Bergmann et al. (1989) deduced from
protease protection assays of truncated NSP4 peptides of bovine RV strain NCDV that;
H2 (aa 30-54) traverses the membrane and functions as a membrane anchor sequence,
H1 (aa 7-25) is oriented toward the lumen of the ER and H3 (aa 63-80) is associated
with the cytoplasmic face of the membrane. Similar studies performed by Chan et al.
(1988) suggested that H3 (aa 67-85) of SA11 NSP4 is the membrane-spanning domain,
and both H1 (aa 7-21) and H2 (aa 28-47) are partly embedded in lipid bilayers oriented
toward the lumen of the ER.

Two N-linked high mannose oligosaccharide residues (MangGlcNAc and
MangGlcNAc), proposed to be critical for the assembly function of NSP4, are located at
asparagine (Asn) 8 and 18, within the HI domain (Both et al., 1983; Estes and Cohen,
1989; Kabcenell and Atkinson, 1985). Glycosylation of the 20 kDa primary
translational product occurs within the ER to yield the 28 kDa polypeptide. Residues
28-40 within the H2 domain are essential for glycosylation (Bergmann ef al., 1989).

The sensitivity of the carbohydrate moieties to endoglycosidase H is suggestive that
NSP4 is not retrieved from the Golgi by retrograde transport and is localised to the ER
(Bergmann et al., 1989; Both et al., 1983). The mechanism by which NSP4 is retained
in the ER is still unknown. NSP4 contains an uncleaved signal sequence, preceding the

three hydrophobic domains, which targets the protein to the ER, most probably to a pre-
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Golgi compartment (Both et al., 1983; Kabcenell and Atkinson, 1985). ER retention of
NSP4 may be associated with its interaction with the ER-resident molecular chaperone
calnexin or through binding to microtubules (Mirazimi et al., 1998; Xu et al., 2000).
Recent studies with truncated C-terminal peptides suggested the presence of a novel ER

retention motif between residues 85-123 (Mirazimi et al., 2003).

The carboxy terminal half of approximately 131 residues resides within the cytoplasm
and contains all of the known biological properties and critical binding domains which

are involved in the multifactorial roles of this protein (Figure 1.2).

NSP4 oligomerises into homo-dimers, tetramers and higher-ordered multimeric
structures (based on tetrameric subunits) (Jagannath et al., 2006; Maass and Atkinson,
1990; Poruchynsky et al., 1991; Taylor et al., 1996). The oligomerisation domain,
comprising residues 95-137 self-associates into a parallel, tetrameric a-helical coiled-
coil stalk structure, with the hydrophobic core interrupted by three polar layers
occupying a and d-heptad positions (Bowman et al., 2000; Taylor et al., 1996).
Computational and biochemical analyses indicated that an extended coiled-coil domain
(aa 85-135) directed the formation of NSP4 tetramers, whilst cooperation between the
amphipathic o-helical domain (aa 73-85), the enterotoxin domain and the extreme C
terminus effected a unique conformational state within the oligomer which promoted
the stabilisation of the coiled-coil region and multimerisation of the cytoplasmic tail,
resulting in the formation of high molecular weight structures (Hyser et al., 2008;
Jagannath er al., 2006). Studies performed on the crystal structure and secondary
structure of NSP4¢s 146 mutants of different genotypes have indicated that residues 138-

146 may be unstructured (Deepa et al., 2007).

Within the hydrophobic core are divalent cation binding sites, two Glul20 and four
GIn123 residues, reported to be involved in stabilisation of the tetrameric structure
(Bowman et al., 2000). Several salt bridges and C-H...O bonds are also involved in
stabilisation of the coiled coil (Deepa et al., 2007). NSP4 forms oligomeric complexes

with VP4 and VP7 in enveloped particles (Maass and Atkinson, 1990).
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The identification of at least three intracellular NSP4 pools (a) at the ER (b) within
ERGIC and (c) distributed in cytoplasmic vesicular structures associated with
viroplasms in RV-infected cells, may begin to explain the multifactorial properties of
this protein in virus morphogenesis and pathogenesis (Berkova et al., 2006). The
proceeding discussion will investigate the role of each of these pools of NSP4 in greater

detail.
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Figure 1.2. Linear schematic of NSP4 functional domains. Three hydrophobic domains,

designated HI, H2 and H3, reside at the N terminus (Bergmann et al., 1989; Chan et al., 1988).
Within the HI domain are two glycosylation sites at Asn residues 8 and 18 (Both et al., 1983;
Kabcenell and Atkinson, 1985). TM denotes the ER transmembrane domain. Cleavage at aa 112
generates a 7kDa NSP4 fragment (Zhang et al., 2000). BS denotes binding site. Within the
cytoplasmic tail resides the majority of the NSP4 functional domains including; a coiled coil
(CCD) amphipathic alpha helix (AAH) domain (Bowman et al., 2000; Taylor et al., 1996),
enterotoxin domain (Ball et al., 1996), VP4 and VP6 BS (Au et al., 1993; O’Brien et al., 2000;
Taylor et al., 1992; 1993, 1996), a tubulin BS (Xu et al., 2000), an interspecies variable domain
(ISVD) (Horie et al., 1997; Lin and Tian, 2003) and an extracellular matrix protein BS
(Boshuizen et al., 2004). Four antigenic sites (AS I-1V) were identified for NSP4 of avian RV
strain PO-13 (Borgan et al., 2003). Figure adapted from Ball et al. (2005).
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1.10.2 Role of NSP4 in virus replication and morphogenesis

A unique step in RV morphogenesis is the budding of immature DLPs through the
membrane of the ER. The binding of nascent DLPs, via VP6, to the ER membrane is
mediated by NSP4, is enhanced in the presence of divalent cations (Mg2+ and Ca®*) and
occurs with high affinity (Kq of ~ 5 x 107" M) (Au et al., 1989; Meyer et al., 1989).
Mutational analysis and direct binding experiments revealed that binding of VP6 to
NSP4 occurred at the extreme carboxy terminus, between residues 156-175, in a
conformation dependent manner, and that the integrity of the C-terminal methionine
residue was critical for DLP binding (Au et al., 1993; Jagannath et al., 2006; O’Brien et
al., 2000; Taylor et al., 1992; 1993; 1996). More recent studies have indicated that an
additional binding site distant to the terminal carboxy region is required for DLP
binding (Rajasekaran et al., 2008). Olivo and Streckert (1995) demonstrated that
polymeric forms of the NSP460.160 synthetic peptide bound DLPs, whilst the

monomeric form was inhibitory.

During the budding process, the DLPs, with associated NSP4, acquire an ephemeral
envelope; proposed to be an extension of the ER membrane. Maturation of the virus
particle requires the removal of the transient envelope and the concomitant addition of
the outer capsid proteins VP4 and VP7. De-stabilisation of liposome membranes by full
length NSP4 and NSP4,,4.135 indicated a role for the protein in the removal of the
envelope (Estes and Cohen, 1989; Tian et al., 1996a). Further to this, studies with the
glycosylation-inhibitor tunicamycin demonstrated the requirement for glycosylation of
NSP4 in envelope removal (Ericson et al., 1983; Petrie et al., 1983; Poruchynsky et al.,
1991).

As discussed in Section 1.4.5, the location and mechanisms by which the outer capsid
proteins are assembled onto DLPs is still under investigation. The presence of
heteroligomers of NSP4, VP7 and VP4 within the ER of SAll-infected MA104 cells
was suggestive that the final stages of maturation occurred as a reticular event (Maass

and Atkinson, 1990; Poruchynsky and Atkinson, 1991).
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Results obtained from studies on differentiated cell lines (Caco-2, HEK-293) are
indicative of final RV assembly occurring as a post-reticular event; utilising a Golgi-
independent pathway for NSP4 trafficking from the ER to lipid rafts at the PM. Several
studies have demonstrated that newly synthesised RV infectious particles, NSP4 and
VP4 interact with detergent-resistant lipid rafts at the PM (Cuadras and Greenberg,
2003; Cuadras et al., 2006; Sapin et al., 2002; Storey et al., 2007). Cuadras and
Greenberg (2003) observed the presence of NSP4, in association with VP2, VP4, VP6
and VP7 at the lipid rafts of Caco-2 cells as early as 6 hours post infection, suggestive
of a role for NSP4 as a transmembrane raft receptor for DLPs. Sapin et al. (2002)
proposed that VP4 utilises rafts as a platform for virus assembly and that NSP4 is

required for the final stages of virus maturation and release.

Circular dichroism revealed the association between NSP4 and NSP4;4.,35 with
cholesterol-rich model membrane vesicles which mimicked PM caveolae or caveolae-
like microdomains (lipid rafts) (Huang et al., 2001; 2004). Further work by this group
demonstrated that NSP4 associated with both the amino- and carboxyl-termini of the
caveolae structural protein caveolin-1 (Mir et al., 2007; Parr et al., 2006). The binding
of NSP4 to caveolin-1 was independent of glycosylation and occurred at the enterotoxin
domain. The authors proposed that NSP4 may associate with cholesterol-caveolin-1
complexes, transporting NSP4 from the ER to the PM via caveolin-1 dependent
cholesterol pathways, and bypassing the Golgi complex (Parr et al., 2006). ER
trafficking of NSP4 or NSP4,,4.135 to the PM may be required for the final stages of
virus assembly and release, or secretion of the enterotoxin. The implications of the
association between NSP4,,4.135 and caveolin-1 in virus pathogenesis will be explained

in further detail later (Section 1.10.3).

The association of NSP4 at the basolateral and/or apical membrane has been reported
(Berkova et al., 2007; Boshuizen et al., 2004; Bugarcic and Taylor, 2006). The
endogenous expression of EGFP-NSP4 in the inducible cell line HEK 293 caused a
Ca®* dependent, sub-plasma membrane actin reorganisation through decreased
phosphorylation of cofilin, an actin remodelling protein (Berkova et al., 2007). The

authors proposed that stiffening of the basolateral sub-cortical network due to RV
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infection provides a barrier which aids in directing nascent viral release from the apical

membrane into the intestinal lumen.

Endogenously expressed NSP4 caused an increase in [Ca”*]; which resulted in
autophagosomal vesiculation of NSP4 and its subsequent association with viroplasms
(Berkova et al., 2006). The vesicular form of NSP4 may (a) function as a lipid
membrane scaffold for the formation of large viroplasms, (b) regulate the packaging of
the RV genome and transcription through its association with VP6 or (c) trigger the
budding process through the ER after VP6-NSP4 binding, and in association with the
capping of viroplasms (Berkova et al., 2006; reviewed in Estes and Kapikian, 2009).

Silencing studies of RV proteins using siRNA is helping to elucidate the final stages of
virus maturation. The silencing of NSP4 expression in RV-infected cells affects the
intracellular distribution of viral proteins, mRNA synthesis, and viroplasm formation
(Lopez et al., 2005; Silvestri et al., 2005). RNA silencing experiments have indicated a
regulatory role for NSP4 in the expression of viral proteins (VP2, VP4, VP7, NSP2,
NSP5 and NSP3) and the cellular redistribution of proteins VP7, VP4, VP2 and
potentially VP6 (Lopez et al., 2005; Zambrano et al., 2008). With the exception of
NSP3, which underwent a two-fold increase in expression levels, all other viral proteins
experienced a reduction in expression levels upon silencing of NSP4 (Lopez et al.,
2005). NSP4 has also been shown to indirectly contribute to RV particle-raft association
by blocking the transit of particles in the ER and is required for the binding of
viroplasms to the ER (Cuadras et al., 2006).

The formation of heterotrimeric complexes between NSP4, VP7 and VP4 had been
associated with the budding of DLPs into the ER (Maas and Atkinson, 1990). But more
recently, studies using siRNAs have demonstrated the sole requirement for NSP4 in the

budding process (Lopez et al., 2005).
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1.10.3 NSP4: the first identified viral enterotoxin

In 1996, Ball et al. identified NSP4 as the first viral enterotoxin. The intraperitoneal
delivery of purified full-length NSP4 or a synthetic peptide, NSP4,4.135 (derived from
strain SA11), induced dose- and age-dependent diarrhoea in CD-1 mice. Similarly,
SA11 NSP4,5.175 caused diarrhoeal illness in mice; consistent with that of full-length
NSP4 (Zhang et al., 1998; 2000). Higher doses of NSP4,4.135 and its derivatives were
required to induce a diarrhoeal response equivalent to that of the full-length peptide;
suggestive that this domain is either not representative of the complete active domain or
that it fails to fold into the native conformation (Ball et al., 1996; Rajasekaran et al.,

2008; Zhang et al., 2000).

NSP4 or peptides encompassing the enterotoxin domain of other Group A RVs (murine
EW, porcine OSU and Gottfried, HRV Wa) have also elicited diarrhoeal illness in the
mouse model (Horie et al., 1999; Hou et al., 2008; Sasaki et al., 2001; Zhang et al.,
1998). NSP4g6.175 of HRV strain Wa administered at DDs evoked early (> 8 h.p.i.)
onset diarrhoeal illness of a greater severity resulting in death of all ICR neonatal mice
compared with mice inoculated with whole virus (onset of diarrhoeal illness > 24 h.p.i.,
no deaths) (Hou et al., 2008). NSP4 age-dependent induction of diarrhoeal illness in the
mouse model has also been reported for Group B and C RVs (Ishino et al., 2006; Mori
et al., 2001; 2002b; Sasaki et al., 2001).

The early onset of diarrhoea, prior to the detection of histologic changes within the
mucosa following RV infection, has been associated with NSP4 and a number of
pathways, as described below, have been proposed (Ball et al., 1996; reviewed in Estes
et al., 2001; reviewed in Greenberg and Estes, 2009; Halaihel er al., 2000a; 2000b;
Lundgren et al., 2000; Morris et al., 1999; Xu et al., 2000).

Ball er al. (1996) proposed that NSP4 was released from virus infected cells in a
paracrine fashion, and bound to NSP4-specific cell membrane receptors on adjacent
uninfected epithelial crypt cells. Integrins a1B1 and a2p1 have recently been identified
as potential membrane receptors for the NSP4 enterotoxin (Seo et al., 2008).

Electrophysiological analysis of intact mouse intestinal mucosa demonstrated that

41



NSP4,14.135 mobilisation of Ca®* from the ER potentiated cAMP-dependent chloride
secretion with fluid loss (Ball ef al., 1996). RV- or NSP4-induced diarrhoeal illness in
cystic fibrosis transmembrane conductance regulator (CFTR) deficient mice
demonstrated that calcium-mediated chloride secretion was distinct from the cAMP-
dependent CI" channel of crypt cells (Angel et al., 1998; Morris et al., 1999). The age-
dependent induction of diarrhoeal illness by NSP4 or its active domain occurred through
an age- and Ca”*-dependent PM anionic halide permeability in intestinal epithelia via an
as yet unidentified channel which is distinct from the CFTR (Morris et al., 1999). The
absence of a direct, specific effect on chloride transport of NSP4;,4.135 in rabbit brush
border membranes provides further support for a signalling event which enhances net
chloride secretion (Lorrot and Vasseur, 2006). Seo et al. (2008) demonstrated that
integrin binding and signalling correlated with diarrhoea induction in neonatal mice. An
NSP4 mutant (E;»0A) which failed to bind to or signal through integrin o2 was

attenuated in diarrhoea induction in neonatal mice.

Disruptions to [Ca®*]; homeostasis may affect cell metabolism and/or gene expression,
and activate signal transduction pathways which result in transactivation of genes
regulated by a Caz+—responsive promoter element (Ball ez al., 2005). NSP4 is known to
alter intracellular Ca®* homeostasis by perturbing the plasma membrane and/or inducing
Ca’" efflux from the ER to increase the cytosolic [Ca2+] in both mammalian and insect
cells. The expression of NSP4 in COS-7 cells is responsible for the up-regulation of
Ca®* binding proteins such as the ER-resident molecular chaperones (GRP,
endoplasmin, BiP, calreticulun, ERPS) and the cytoplasmic translationally controlled

tumour protein (TCTP) (Xu et al., 1998; 1999).

RV infection and NSP44.135 inhibit Na*-D-glucose symporter (SGLT1) and Na*-L-
leucine transport into brush border membrane vesicles of rabbit enterocytes (Halaihel e?
al., 2000a; 2000b). Inhibition of the SGLT1 perturbs glucose and water absorption,
resulting in a concomitant loss of fluid through the intestine. These results suggest
another mechanism by which NSP4 could induce diarrhoea in the absence of
histological damage to the intestinal mucosa following RV infection. Further to these
studies, secreted NSP4 was shown to impair lactase enzymatic activity at the brush

border membrane of RRV-infected Caco-2 cells (Beau et al., 2007). A reduction in
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lactose digestive capacity was identified as an underlying cause, in addition to impaired
villous morphology, for persistent diarrhoea following RV infection of colostrum

deprived piglets (Mathai et al., 2008).

The binding of NSP4 to microtubules occurs at the extreme C-terminus (aa 120-175)
and arrests ER-to-Golgi trafficking in a microtubule-dependent manner in vivo (Xu et
al., 2000). The authors proposed that inhibition of the microtubule-mediated secretory
pathway may decrease the activity of intestinal brush border disaccharidases in the PM

and therefore contribute to the onset and/or persistence of diarrhoea.

Activation of the ENS by RV infection is mediated by a vasoactive intestinal peptide
(presumptively NSP4) (Kordasti et al., 2004; Lundgren et al., 2000). The NSP4
associated increases in [Ca®"]; may trigger the release of amines or peptides from
endocrine cells of the gut which interact with dendrites or free nerve endings. The
activation of nerve flexes ensues, resulting in the stimulation of water and electrolyte
secretion of intestinal crypts, and culminating in diarrhoeal illness (Lundgren et al.,

2000; reviewed in Lundgren and Svensson, 2001).

In contrast to the findings above which demonstrate diarrhoeal induction in the absence
of significant histopathological damage, more recent studies by Hou et al. (2008)
identified NSP4 (NSP4gs.175) associated histological changes (flattening and
disorganisation of the villi, crypt cell proliferation and chronic inflammatory cell
infiltrates) in the small intestine of neonatal mice with diarrhoeal illness. Similar
histopathological changes, in the absence of appreciable crypt cell proliferation, were

noted for mice infected with whole virus (Hou et al., 2008).

The activation of an NSP4-dependent signalling pathway which mobilises Ca” from the
ER resulting in chloride secretion, would require trafficking of endogenously expressed
protein from the ER to the PM and/or release from the cell, in order to interact with

surface signalling molecules on neighbouring uninfected cells.

A truncated form of NSP4 (NSP4,,.175) was detected in the supernatant of RV-infected

mammalian and Sf-9 cells infected with recombinant NSP4 baculoviruses. This 7 kDa
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cleavage product of NSP4 is most probably secreted into the extracellular medium of
infected cells via a calcium-dependent, non-classical, Golgi-independent cellular
secretory pathway utilising both the microtubule and actin microfilament networks, and

in the absence of cell lysis (Zhang et al., 2000).

Both the apical and basolateral release of NSP4 from polarised, highly differentiated
Caco-2 cells has been described (Boshuizen et al., 2004; Bugarcic and Taylor, 2006).
Bugarcic and Taylor (2006) demonstrated that the secretion of a soluble form of NSP4
occurred preferentially at the apical surface of RV-infected Caco-2 cells and proceeded
via a Golgi-dependent pathway which was distinct from that of virus release. It has been
proposed that NSP4 may be secreted from cells in a complex with caveolin-1 (Bugarcic

and Taylor, 2006; Estes and Kapikian, 2009; Parr et al., 2006).

Proteins or peptides released into the medium from RV-infected cells transiently
mobilised the intracellular Ca** of non-infected cells by a PLC-dependent efflux of Ca**
from the ER, and influx across the PM in association with microvillar F-actin
disassembly (Brunet et al., 2000a). The apical, but not basolateral administration of
NSP4 to polarised Madin-Darby canine kidney (MDCK-1) cells caused F-actin
redistribution accompanied by a reduction in transepithelial electrical resistance (TER)
and an increase in paracellular permeability (Tafazoli et al., 2001). The specificity of
NSP4 for the apical membrane suggested the localisation of NSP4-specific receptors at
this site. In contrast, the release of NSP4 from the basal side of infected enterocytes and
its subsequent binding to extracellular matrix (ECM) proteins localised at the basement
membrane of uninfected crypt cells could provide a mechanism by which NSP4
perturbs the calcium homeostasis in uninfected cells and induces fluid secretion (Ball et
al., 2005; Boshuizen et al., 2004). Boshuizen et al. (2004) identified a region within the
cytoplasmic domain of NSP4 (aa 87 to 145) which binds with the ECM proteins,
laminin-f3 and fibronectin. Recent studies have demonstrated that NSP4 colocalises
with integrin 02 at the basolateral surface of both RV-infected and neighbouring non-

infected Caco-2 cells (Seo et al., 2008).

The association between NSP4 and caveolin-1 may help elucidate how extracellular

NSP4 initiates intracellular signalling events. Caveolin-1 forms a scaffold to organise
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key molecular components of Ca®™* regulation and signalling (Ca®* ATPase, IP;
receptors, G proteins and calmodulin) to the caveolae at the PM. Caveolae
compartmentalise as much as 50% of cellular PIP, and is the site of PIP, hydrolysis
(reviewed in Parr er al., 2006). An association between NSP4 and each of these
molecules has already been established and all have been reported to be of integral
importance in intracellular calcium mobilisation events. The authors have proposed that
endogenously expressed NSP4 may transport to, and interact with, caveolae membranes
and that exogenously added NSP4 may be targeted to G-proteins localised to caveolae

(Parr et al., 2006).

Further support for the interaction between NSP4 and membrane receptors was
provided by Huang et al. (2004) who demonstrated that NSP4,4 135 does not induce
membrane disruption or disorganisation of model membranes at physiological
concentrations. The association between model membranes and NSP4 or NSP44.135
resulted in an increase in the a-helical content for both NSP4 and its active domain. The
authors proposed that structural conformational changes either exposed the receptor-
binding domain of NSP4 or relocated the receptor-binding domain to a more

advantageous position for binding to the cell receptor (Huang et al., 2004).

1.10.4 The cytopathic effects of NSP4 and its role in intracellular Ca®*

mobilisation

Three defined stages of Ca®" mobilisation intimately associated with viral replication
were identified and subsequently applied to explain the progressive increase in [Ca™");
due to RRV infection of Caco-2 cells (Brunet et al., 2000a). During the first hours of
infection the increase in [Ca®']; is associated with an escalation in Ca** permeability at
the PM. At a late stage of infection, changes in Ca®* homeostasis is attributed to both
extracellular Ca®* influx and a PLC-dependent efflux of Ca®* from the ER. Transient
increases in the [Ca®*]; of uninfected cells induced by peptides (presumptively identified
as NSP4) released into the culture supernatant were associated with a PLC-mediated
efflux of Ca** from the ER and by Ca”* influx across the PM (Brunet ef al., 2000a). The
effects of whole virus and NSP4 on cellular calcium homeostasis will be discussed

further in Chapter 4.
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The mechanisms by which NSP4 mobilises intracellular Ca®™* appears to be dependent
on whether the protein is added exogenously to cells (enterotoxic effect) or transiently

expressed in transfected cells (cytotoxic effect).

The exogenous addition of NSP4 or regions encompassing its active domain (114 to
135) to mammalian and Sf-9 cells elicits an increase in [Ca2+]i, which is associated with
a PLC-dependent release of calcium from the ER (Dong et al., 1997; Tian et al., 1995;
Zhang et al., 1998; 2000). Dong et al. (1997) demonstrated that the application of NSP4
to fully differentiated HT29 cells initiated a PLC-dependent signalling pathway which
elevated IP; production and induced Ca** mobilisation via both intracellular Ca®*
release from the ER and extracellular Ca**influx. The changes in calcium homeostasis
upon the addition of truncated peptide to Sf-9 cells, in comparison with the full length
protein was reduced because the peptide failed to (a) represent the functional domain in
its entirety, (b) adopt the correct conformation or (c) incorporate other remote domains

in NSP4 which may be critical for eliciting changes in [Ca®*]; (reviewed in Tian et al.,

1996b).

The endogenous expression of NSP4 or its functional domain has been associated with
the cytotoxic properties of the protein. The expression of NSP4 (or truncated variants)
in §f-9 and mammalian (COS-7, HEK 293) cells caused an increase in [Caz+]i; the result
of a PLC-independent mobilisation of Ca®* from a subset of the thapsigargin-sensitive
compartment (ER) (Berkova et al., 2003; Tian et al., 1994; 1995; Xu et al., 1999; Zhang
et al., 1998; 2000).

As to whether the cytotoxic effect is solely due to changes in intracellular calcium
homeostasis or changes to the PM integrity have not yet been resolved. The changes to
[Ca2+]i may be attributed to NSP4-associated mobilisation of calcium from the ER
and/or activation of Ca®* channels at the plasma membrane. The expression of NSP4 in
prokaryotic and eukaryotic cells has resulted in PM disruption and loss of cell viability
(Browne et al., 2000; Guzman and McRae, 2005a; 2005b; Mohan et al., 2000; Newton
et al., 1997; Tian et al., 1994). Newton et al. (1997) identified an amphipathic a-helical
region (aa 55-72) in NSP4 which was associated with PM de-stabilising activity in
MA104 cells. Similarly, Browne et al. (2000) demonstrated that NSP4 expression
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disrupted bacterial membranes and the authors localised the membrane destabilising
activity (MDA) domain to residues 48-91. NSP4 of Group B HRVs also exhibit
cytotoxic effects, a consequence of membrane compromise, when expressed in E. coli
or when added exogenously to MA104 or BHK cells (median cytotoxic concentration

(TCsp) = 323 ng) (Guzman and McCrae, 2005a; 2005b).

Both NSP4 and NSP4,,4.135 have been shown to possess membrane destabilisation
activity which is specific for liposomes and ER vesicles, but not for PM vesicles
(Halaihel et al., 2000b; Lorrot and Vasseur, 2006; Tian et al., 1996). NSP4 induced
membrane destabilising activity at the ER caused an efflux of Ca®* into the cytosol and
an elevation of intracellular calcium levels; the MDA was localised to the enterotoxin
domain (Tian et al., 1995; 1996a). In contrast, NSP4;4.135 failed to cause membrane
disruption of model membranes or bacterial membranes (Browne et al., 2000; Huang et

al., 2004).

The mechanism(s) by which intracellular NSP4 alters ER permeability to Ca®* is still
unknown and several models have been proposed. NSP4 may regulate or function as a
Ca’* channel in the ER membrane (Greenberg and Estes, 2009; Tian et al., 1996b).
Alternatively, the cytotoxic domain of NSP4 may cause ER membrane destabilisation or
increase Ca®* leakage from the ER by co-translational insertion into the ER membrane

(Greenberg and Estes, 2009; Tian et al., 1996a; 1996b).

1.10.5 Virus virulence

Studies of human and porcine reassortant RVs in the gnotobiotic pig model have
demonstrated that genes encoding VP3, VP4, VP7 and NSP4 are virulence genes
associated with diarrhoea induction (Hoshino et al., 1995). The correlation between
mutations in the NSP4 sequence (particularly within the vicinity of the enterotoxigenic
domain) and virulence phenotype is still under debate. Consequently, it is uncertain
whether virulence is associated with a single protein or the concerted effort of more than

one.
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NSP4 sequence comparisons between genotypes A, B and C demonstrate that residues
1-130 are highly conserved and that variability increased towards the carboxy terminus
of the enterotoxic peptide region (aa 114 to 135) (Horie et al., 1997). The interspecies-
variable domain (ISVD) from aa 135 to 141 is the least conserved and shows species-
specific divergence (Cunliffe et al., 1997; Horie et al., 1997; 1999; Mohan and Atreya,
2000; Mohan et al., 2000; Zhang et al., 1998).

Mutations within the N-terminus, ISVD, the enterotoxin domain and cytotoxic domain
(aa 55-72) have been associated with (a) the attenuation or abrogation of cytotoxicity
and diarrhoea-inducing ability of NSP4 (b) affected DLP binding and (c) altered virus
virulence, in vivo (Ball et al., 1996; Huang et al., 2004; Jagannath et al., 2006;
Kirkwood et al., 1996; Mohan et al., 2000; Newton et al.,1997; Rajasekaran et al.,
2008; Zhang et al., 1998).

Single amino acid substitutions within the ISVD at residues 120, 131, 139 or 140 have
been shown to reduce the diarrhoeagenic activity of NSP4 in the mouse model (Ball et
al., 1996; Huang et al., 2004; Jagannath et al., 2006; Seo et al., 2008). The substitution
Tyr131—Lys blocked the inhibitory effects of the NSP4,4.135 peptide on the SGLT1
(Halaihel ef al., 2000b). Attenuation of the cytotoxic effects of endogenously expressed
NSP4 (SA1l) in Sf-9 cells was observed upon the replacement of His47, a highly

conserved residue within all mammalian strains, with Asn (Tian et al., 2000).

Sequence comparisons of NSP4 of attenuated or avirulent strains and virulent parental
strains afforded an opportunity to elucidate mutations which might alter viral
phenotype. The results obtained have been conflicting and propose that structural
changes rather than sequence variability may be of significance. Sequence and
biological activities of NSP4 from virulent and attenuated porcine RV strains were
compared and the results demonstrated that mutations within the region aa 131-140,
potentially associated with residues 135 and 138, altered the virulence phenotype,
including abrogation of the diarrhoea-inducing ability and calcium mobilisation of the
protein (Zhang et al., 1998). Amino acid sequence comparisons of virulent and
attenuated Group C porcine RV (Cowden strain) failed to identify mutations within this

region (Chang et al., 1999). Similarly, sequence comparisons between virulent human,
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feline and murine RV strains and their attenuated counterparts failed to demonstrate a
correlation between virulence phenotype and mutations within residues 135-141 (Angel
et al., 1998; Chang et al., 1999; Ciarlet et al., 2000; Mohan and Atreya, 2000; Oka et
al., 2001; Ward et al., 1997b).

Mohan et al. (2000) stated that the mutations selected in NSP4 are dependent on
whether NSP4 is expressed in the absence or presence of other viral mutations. The
expression of Wa NSP4 in Caco-2 cells selects for mutations within the carboxyl
domain of the protein, of which Pro138 has been implicated as an important determinant
of cytotoxicity (Mohan et al., 2000). Further to this, Mohan et al. (2003) documented
that the attenuation phenotype does not involve the NSP4 cytotoxic domain, perhaps

due to the suppression of its cytotoxic activity by other rotaviral proteins.

The presence of asymptomatic strains in neonates also afforded an opportunity to
investigate potential regions of NSP4 which might be involved in the abrogation of the
pathogenic and virulent properties of the protein. Sequence studies of HRV strains of
genotypes P[6]G3 and P[6]G4 demonstrated 1 (aa 135) and 4 (aa 82, 114, 138, 169)
conserved substitutions respectively, between asymptomatic and symptomatic children
(Kirkwood et al., 1996; Pager et al., 2000). Mascarenhas et al. (2007) identified the
presence of isoleucine at aa residue 135 in both symptomatic and asymptomatic children
infected with [P6] viruses. Additional data procured from NSP4 gene sequence analysis
of RV strains obtained from asymptomatic neonates (nursery strains) and children
afflicted with diarrhoea failed to identity changes which could account for differences in
clinical outcome (Cunliffe et al., 2002; Horie et al., 1997; Lee et al., 2000). Taken
together, these results could be suggestive of genotype specificity (VP4 or NSP4) in
clinical outcome. In addition, the role of host, rather than viral factors, in asymptomatic

disease has been proposed (Estes and Cohen, 1989).

Lin and Tian (2003) conducted a comprehensive analysis of all non-redundant NSP4
gene sequences entered into GenBank. They discovered that of the 284 sequences
analysed, only fourteen residues are completely conserved across all five genogroups,
inclusive of two glycosylation sites (Asn8, Thr10, Asnl8, Thr20), a transmembrane

segment (Leu40), the VP4 binding domain (Leul27, Glul47) and enterotoxin domain
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(LysS5, Asn77, Tlel113, Glul20, Glul22, GIn123, Leul26). Glul20 and GInl123 had
previously been identified as Ca® ligands within the tetrameric coiled-coil domain
(Bowman et al., 2000). Overall, Lin and Tian (2003) failed to identify a specific amino
acid or sequence motif within NSP4 that segregated with the virulence property of RV.

The diarrhoea-inducing and DLP-binding properties of NSP4 are dependent on a
structurally and functionally overlapping conformational domain, formed by
cooperation between the N- and C-terminal regions of the cytoplasmic tail (Jagannath et
al., 2006). More recent studies by this group demonstrated that the flexible C terminus
was a major determinant of the structural integrity (conformational and multimerisation)
and biological properties (trypsin resistance, thioflavin binding, diarrhoea-induction and

DLP binding) of the protein (Rajasekaran et al., 2008).

1.10.6 The immune response to NSP4 and a potential role in vaccine

development

Antibody to NSP4 can reduce the severity and incidence of homotypic and heterotypic
RV-induced diarrhoeal disease in neonatal mice (Ball er al., 1996; Choi et al., 2005;
Hou et al., 2008; Yu and Langridge, 2001). Ball et al. (1996) demonstrated that
antibodies to NSP4;,4.135 reduced diarrhoeal disease in the mouse model. Dams
vaccinated with SA11 NSP4,,4.135 provided passive protection to pups from challenge
with RV SAI11 (Ball er al., 1996). The oral administration of NSP4,4 135-specific
antibody to pups infected with SA11 greatly reduced subsequent diarrhoeal disease
(Ball et al., 1996). NSP4-specific antibody administered prior to or during diarrhoeal
illness prevented or reduced the severity of illness respectively, in neonatal mice
challenged with either RV or NSP4g¢ 175 (Hou et al., 2008). Contrary to these results,
Ishida et al. (1997) demonstrated that humoral immunity to NSP4 did not appear to play
a major role in protection following both heterologous and homologous RV infection in
the mouse model. Studies performed in the gnotobiotic piglet model demonstrated that
antibodies to NSP4 did not play a significant role in protection against infection or

diarrhoea upon challenge with RV (Yuan et al., 2004a).
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Gut-associated lymphoid tissue (GALT)-targeted Toxin B (TB) subunits of Cholera
(CTB), S. dysenteriae (STB) and Ricinus communis (RTB) possess strong mucosal
adjuvant qualities for the stimulation of humoral antibody and cellular immune
responses, making them ideal candidates for ligand-mediated delivery of
immunodominant domains of viral enterotoxins/proteins. Immunisation of mice with
GALT-NSP4 adjuvants evokes a protective humoral (systemic and mucosal) and
cellular immune response (Choi et al., 2005; 2006a; 2006b; Kim et al., 2004; Yu and
Langridge, 2001). The mucosal adjuvant properties of both full-length NSP4 and
NSP4,,,.175 have recently been recognised (Kavanagh et al., 2010).

The CTB-NSP4,,4.135 antigen generated protective humoral and secretory antibodies
against NSP4 in orally immunised mice challenged with RV (Yu and Langridge, 2001).
A dominant Thl response, as determined by cytokine levels (IL-2, IL-4, IFN-y), Ab
titres (IgG1 and IgG2a) and T-lymphocyte subpopulations, was observed for Toxin B-
NSP4g4.175 and NSP4,14.135 fusion proteins (Choi et al., 2005; 2006b; Kim et al., 2004;
Yu and Langridge, 2001). Higher serum IgG titres were reported for the NSP4g¢ 175
adjuvants suggesting that additional conformational or linear immunogenic epitopes
beyond NSP4;,4.135 were required to increase the protective efficacy of antibody
responses (Kim et al., 2004). Immunisation of mice with the NSP4 fusion peptides
generated greater anti-NSP4 IgG and IgA titres than immunisation with the peptide
alone, demonstrative of the enhanced immunostimulatory capacity afforded by the
subunit B peptide (Choi et al., 2005; 2006a; 2006b; Kim et al., 2004; Yu and
Langridge, 2001). A reduction in the duration and severity of diarrhoeal illness was
observed in RV-challenged pups born to dams orally inoculated with CTB-NSP4,4.135
or STB-NSP4g¢ 175 fusion antigens (Choi et al., 2005; Yu and Langridge, 2001). The

effects were heterotypic and/or homotypic.

NSP4 and NSP4,4.35 elicit both humoral and cell-mediated immune responses in
humans (Johansen et al., 1999; Ray et al., 2003; Rodriguez-Diaz et al., 2005). A Th-1
response, presenting as an increased production of IFN-y or IL-2, to either NSP4 or a
synthetic peptide NSP4,,4.134 was detected in naturally infected children and adults
(Johansen et al., 1999; Malik et al., 2008). The degree to which NSP4 elicits a humoral
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response, in particular a significant mucosal response, in humans is still in contention

and will be discussed further in Chapter 3.

As to whether antibodies directed against NSP4 afford heterotypic protection is still
uncertain. Studies of naturally infected or vaccinated children demonstrated that the
antibody response to NSP4 was homotypic and/or heterotypic. Monospecific sera raised
against NSP4 of a Group B HRV were shown to be cross-reactive with Group A NSP4
and dependent on the conformational integrity of the epitope(s) (Guzman and McCrae,
2005a). IgA and IgG antibody responses to the NSP4 genotypes A, B and C were both
heterotypic and/or homotypic in the sera of naturally infected and vaccinated children
(Ray et al., 2003; Yuan et al., 2004b). Results obtained by Rodriguez-Diaz et al. (2005)
suggested that IgG recognition of NSP4 of SA11 (genotype A) and Wa (genotype B) in

adults and children convalescing from a RV infection was not always heterotypic.

Studies using gnotobiotic calves and piglets demonstrated that the antibody response to
NSP4 was species-specific rather than genotype-specific (Yuan et al., 2004a). The
heterotypic responses to NSP4 observed in naturally infected and vaccinated children
may be attributable to maternal antibody interference and previous exposure to wild-

type RV infection.

Little is known about the NSP4 antigenic epitopes. Borgan et al. (2003) demonstrated
that MAbs directed against the avian strain PO-13 cross-reacted with avian but not
mammalian NSP4s, despite the highly conserved sequence of the enterotoxin domains
between the PO-13 and mammalian NSP4s (50-59%). The authors also identified two
immunodominant regions, AS I (aa 151-169) and AS II (136-150) within the
cytoplasmic tail of NSP4 of the avian RV strain, PO-13. Yuan et al. (2004a) identified

the region between aa 131-141 as the immunodominant region.
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1.11 Research aims

The major aims of this project are to investigate the immunological and biochemical
characteristics of the RV non-structural protein NSP4 of two prototype HRV strains,
RV4 and RVS.

To achieve these goals, recombinant NSP4 representative of each strain will need to be
expressed and purified. General molecular biology techniques will be employed to
produce recombinant baculovirus transfer vectors containing the NSP4 gene for each
strain. The NSP4 gene will be inserted either upstream or downstream of a hexa-

histidine (Hisg) sequence.

The recombinant baculovirus transfer vectors will then be used to produce recombinant
NSP4-baculoviruses via homologous recombination with linearised BacPAK 6 viral

DNA in Spodoptera frugiperda (Sf-21) insect cells.

The Baculovirus Expression Vector System (BEVS) will be employed to produce C-
and N- terminal His¢-NSP4 fusion proteins. The optimal conditions for generating high
yields of the cytotoxic protein will be investigated. Immobilised metal affinity
chromatography (IMAC) using an imidazole gradient will be used for the purification of

the recombinant proteins.

The purified recombinant NSP4 proteins will be used as the coating antigen in the
development of an indirect enzyme linked immunosorbent assay (ELISA) for the
detection of NSP4-specific immunoglobulins (IgG and IgA). The ELISA will then be
used to assess the isotype-specific responses to NSP4 in the sera of naturally infected
and vaccinated children. The contribution of the proximal location of the Hise¢-tag in

detecting NSP4-specific antibodies will also be investigated.

Spectrofluorimetric and microscopic methods will be developed for monitoring RV
infection and NSP4-induced changes to the intracellular calcium homeostasis of single
cells and mammalian cell populations. The efficacy of two distinct systems; (a) a

calcium responsive synthetic dye (fluo-3) and (b) a calcium-sensitive fusion peptide
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(flash pericam) for detecting changes to the intracellular calcium concentration will be

investigated.

Human sera positive for a-NSP4 (as determined via ELISA) will be used to demonstrate

whether neutralisation of NSP4 can reduce its cytotoxic effects.
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Production of recombinant-histidine tagged

NSP4 proteins

2.1 Introduction

Baculoviruses (family Baculoviridae) are double-stranded circular DNA viruses,
pathogenic to many invertebrate species, particularly those of the order Lepidoptera. Of
relevance to this report is the baculovirus Autographa californica multiple nuclear

polyhedrosis virus (AcMNPV) isolated from the alfalfa looper (Miller, 1988).

The baculovirus Ac MNPV genome is 134 kbp in length and as a consequence of its
size, it is not possible to directly clone foreign DNA within its sequence (Ayres et al.,
1994). The gene of interest is firstly cloned into a baculovirus transfer vector within the
polyhedrin gene, and under the transcriptional control of the polyhedrin promoter. The
introduction of foreign DNA into the baculovirus genome occurs via homologous
recombination between the baculovirus genome and the baculovirus transfer vector. Co-
transfection of Spodoptera frugiperda (Sf) cells enable the AcMNPV flanking
sequences of the baculovirus transfer vector to recombine with the homologous
sequences of the virus genome, allowing the transfer of the expression cassette to the
polyhedrin locus, resulting in an occluded-negative (or polyhedrin-negative) virus
containing the gene of interest (King and Possee, 1992; Kitts and Possee, 1993). Once
the recombinant virus has been identified, expression of the recombinant protein, under

the transcriptional control of the powerful polyhedrin promoter, is initiated.
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The baculovirus expression vector system (BEVS) provides most of the post-
translational processing events which occur in mammalian cells; inclusive of N-
glycosylation required for NSP4 (Shuler et al., 1995). Native NSP4 proteins contain two
high mannose glycosylation sites at amino acid residues 8 and 18 (Both er al., 1983;
Estes and Cohen, 1989; Kabcenell and Atkinson, 1985). The glycosylation process
differs in insect cells from that of mammalian cells, with the former generating high
mannose, unbranched sugar side-chains, devoid of terminal core oligosaccharide
trimming and processing (most notably transferral of glucosamine-galactose and sialic
acid residues) of the latter (reviewed in King and Possee, 1992; Miller, 1988). This
difference is evidenced in denaturing polyacrylamide gels whereby the proteins

produced in insect cells move with a greater mobility.

Four recombinant NSP4 baculoviruses bearing either N- or C- terminal hexa-histidine
(Hise) sequences were produced using the BEVS in this study. The inclusion of a
poly(histidine) tag at either the N- or C-termini of a protein, a method developed by
Hochuli et al. (1988), enables the highly selective purification of the desired protein
from cell lysates using immobilised metal affinity chromatography (IMAC). The
antigenic recombinant N- and C-terminal Hiss NSP4 fusion proteins, of prototypic
human rotavirus strains RV4 and RVS5, were successfully expressed in Sf-21 cells and
subsequently purified using nickel-nitrilotriacetic (Ni-NTA) immobilised metal-affinity
chromatography. These proteins were then used in the development of an Enzyme
Linked Immunosorbent Assay (ELISA) and in intracellular calcium mobilization

studies.
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2.2 Methods

2.2.1 General molecular biology techniques

All chemicals were of analytical grade and purchased from Sigma unless noted
otherwise. Sterile MilliQ water purified with a MilliQ system to 18.2 MQ-cm at 25°C

was used exclusively in all buffer and media formulations and in enzyme reactions.

2.2.1.1 DNA purification and cloning

DNA purification and general cloning techniques were performed in accordance with
Sambrook and Russell (2001). Where commercial DNA purification kits were

employed, the methodology was as per the manufacturer’s specifications.

All enzymes (restriction endonucleases, T4 DNA ligase and Shrimp Alkaline
Phosphatase (SAP)), were purchased from Promega unless reported otherwise, and used

in accordance with the manufacturers guidelines.

2.2.1.2 Polymerase Chain Reaction (PCR) of cDNA

With the exception of the primers and template DNA, all components of the PCR

reaction were purchased from Promega.

A 50 pL standard reaction volume was used for all PCR reactions and comprised the
following components; 2.5 mM MgCl,, 1 X PCR Reaction Buffer, 0.2 mM dNTPs, 50
pmol of each primer, 2.5 U Tag DNA polymerase, 100 ng template DNA, made up to
volume with MilliQ water. The amplification profile was customised for each reaction,

and recorded in detail in the relevant sections of this chapter.

All PCR amplicons and endonuclease digested DNA were purified using the
AppliChem DNA Isolation Kit (AppliChem GmbH) when used for cloning.

57



2.2.1.3 Agarose gel electrophoresis

All DNA samples to be analysed were combined with 6 X gel loading buffer (0.25%
(w/v) bromophenol blue, 40% (w/v) sucrose in Tris-EDTA [TE (10 mM Tris-HCI, 1
mM EDTA; pH 8.0)] and fractionated in a 1% (w/v) agarose gel containing 0.4 pg/mL
ethidium bromide. The samples were electrophoresed at 120 V for approximately 90
minutes in a flat-bed gel apparatus (Bio-Rad Mini-sub®) in 1 X TBE (89 mM Tris, 89
mM Boric acid, 2 mM EDTA; pH 8) buffer.

The DNA bands were visualised under UV light and the quantity of DNA estimated by
comparison of the relative intensities of sample DNA with the 1.6 Kb band of a 1 Kb
DNA Standard Marker (Invitrogen).

2.2.1.4 Transformation of competent E. coli JM109 cells
Competent E. coli JM109 cells were prepared using the rubidium chloride method

provided by the Northwest Fisheries Science Centre

(http://micro.nwfsc.noaa.gov/protocols/rbcl.html).

Ligation reactions were conducted at 4°C for 24 hours with T4 DNA ligase and 2 X
Rapid Ligation Buffer (Promega). The protocol applied was as per the pGEM®—T Easy
Vector System Manual (TM042, Promega).

JM109 cells were transformed with either plasmid DNA or ligation reactions using the
method adapted from the E. coli Competent Cells Technical Bulletin (TB095,
Promega). In brief, a volume not exceeding 10 uL. of DNA was added to 100 uL of
competent JM109 cells (>10° cfu/ug) within 15 mL polypropylene culture tubes
(Falcon®). The cells were incubated on ice for 10 minutes, heat shocked for 45 seconds
at 42°C and again held on ice for 2 minutes. The transformation components were
added to 900 pL SOC complete medium (2% (w/v) Bacto®-tryptone, 0.5% (w/v)
Bact0®—yeast extract, 10 mM NaCl, 2.5 mM KCI, 20 mM glucose and 20 mM MgCl,;
pH 7.0) and incubated at 37°C for 1 hour with constant agitation. Upon the completion
of the incubation period, 100 ul of culture was plated onto LB/Agar plates (10% (w/v)
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tryptone, 5% (w/v) yeast extract, 5% (w/v) NaCl and 15% (w/v) agar; pH 7.5)
supplemented with ampicillin (100 pug/mL) and incubated overnight at 37°C. When

blue/white screening was employed, the surface of the plates were overlaid with 0.5

mM IPTG and 80 pg/mL X-Gal.

Isolated colonies were inoculated into 5 mL LB medium (1% (w/v) Bacto®—trypt0ne,
0.5% (w/v) Bact0®—yeast extract and 0.5% (w/v) NaCl; pH 7.5) supplemented with 100
pg/mL ampicillin and incubated overnight, with agitation, at 37°C. Plasmid DNA was
purified from cell pellets using the alkaline-lysis method (Sambrook and Russell, 2001)

and subjected to restriction endonuclease analysis to confirm their identity.

2.2.2 Construction of baculovirus transfer vectors pHis-RV4N and

pHis-RV5N

Prototype HRV strains RV4 and RVS5 were selected for investigation in this study as
they represent two globally dominant genotypes, P[8]G1 and P[4]G2, with NSP4 of

differing genogroups.

The cDNA of NSP4 of human rotavirus strains RV4 (P1A[8]G1, II, NSP4 genogroup
B) and RVS5 (P1B[4]G2, I, NSP4 genogroup A) had been cloned previously into the
mammalian transfer vector pIND/V5-His-TOPO® (Invitrogen), and were denoted as
pTOPO-RV4 and pTOPO-RVS5 respectively (Figure 2.1). These constructs were kindly
provided by Rebecca Gorrell formerly of the Department of Gastroenterology and
Clinical Nutrition, Royal Children's Hospital, Melbourne, Australia. The cDNA NSP4
gene sequences whilst retaining their START codon had been engineered for removal of

their native termination codon (TCA).

As the construction of the baculovirus transfer vectors pHis-RV4N and pHis-RV5N
proceeded through identical steps, there will be no differentiation between the two
NSP4 genes, RV4-NSP4 and RV5-NSP4, in the following diagrams. The insert will be
collectively referred to as “NSP4”. Similarly, the use of the suffix “N” or “C” will be
used to differentiate between plasmids destined for production of recombinant NSP4

proteins bearing the Hisg tag at the amino and carboxyl termini respectively.
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All plasmid maps were generated using Bio-Log Plasm (Scientific Software;

http://www.bio-log.biz/).

Figure 2.1. Plasmid map of pTOPO-NSP4. The cDNA of the NSP4 gene of
rotavirus strains RV4 and RV5 was ligated within the MCS of pIND/V5-His-
TOPO® (Invitrogen). The two Pmel sites are unique to the polylinker. A
polyhistidine C-terminal tag is located within the MCS.

PCR primers were designed (Table 2.1) to amplify the NSP4 gene from both pTOPO-
RV4 and pTOPO-RVS5. The sense primer (NSP4-N), containing a HindlIII recognition
sequence, was designed to bind to the NSP4 sequence downstream of the NSP4 start
codon and was used for the amplification of NSP4 from both constructs. A BglIl
restriction site and termination codon, TCA, synonymous with the native NSP4
sequence, was designed into the anti-sense primers NSP4-CRV4 and NSP4-CRVS5,
specific for pTOPO-RV4 and pTOPO-RVS5, respectively.
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Table 2.1. PCR primers for the amplification of the NSP4 gene from pTOPO-NSP4 - N-His-
tag orientation. The Hindlll recognition sequence (red) and Bglll recognition sequence (blue)
are illustrated. The TCA termination codons are underlined. Primers were designed using Net
Primer, PREMIER Biosoft International (www.premierbiosoft.com/netprimer) and synthesised
by GeneWorks Pty Ltd.

Primer Sequence (5' — 3')

NSP4-N AAG CTT GCC GAG GTC AAC TAC
NSP4-CRV4 AGA TCT TCA CAT GGA TGC AGT CAC TIC
NSP4-CRV5 AGA TCT TCA CAT CGC TGC AGT CAC TIC

The amplification profile consisted of an initial period of DNA denaturation at 95°C for
2 minutes, followed by 29 cycles of amplification (95°C for 30 seconds, 50°C for 30
seconds and 72°C for 1 minute) in a DNA Thermal Cycler (Minicycler™; Bio-Rad).

The 528 bp PCR product was visualised in a 1% (w/v) agarose gel as per 2.2.1.3 prior to
gel purification and ligation with the pGEM®-T Easy Vector (TA-cloning kit;

Invitrogen).
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Figure 2.2. Plasmid map of pNSP4N-Easy. The 528 bp NSP4N amplicons
were ligated with the pGEM®-T Easy vector to generate the recombinant
plasmids pRV4AN-Easy and pRV5SN-Easy. Bglll and Hindlll restriction sites
were engineered into the NSP4 amplicon. The EcoRl1 restriction sites are

located on the parental vector pGEM®-T Easy.

The pNSP4N-Easy plasmids were transformed into competent E. coli JIM109 cells as
detailed in Section 2.2.1.4. The purified plasmid DNA was digested with Bg/Il and
HindIll (Fermentas), fractionated in a 1% (w/v) agarose gel, and the 522 bp NSP4
fragment excised from the gel and purified using the AppliChem DNA Isolation Kit.
The NSP4 fragment was directionally cloned, in frame, into pBacPAK-His 1 (Clontech)
which had been similarly digested (Bg/ll/Hindlll), gel purified, and dephosporylated
with SAP, to create the recombinant baculovirus transfer vectors pHis-NSP4N (Figure
2.3). The baculovirus transfer vector pBacPAK-Hisl, provides an initiating codon,
ATG, proceeded by a Hisg tag and is located upstream from the MCS, facilitating the

expression of recombinant proteins with an N-terminal Hise tag.
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Figure 2.3. Plasmid map of recombinant baculovirus transfer vector pHis-
NSPAN. The 522 bp Bglll/Hindlll-digested NSP4 amplicons were ligated with
the baculovirus transfer vector pBacPAK-Hisl; downstream of the initiation

codon, Hiss tag and the polyhedrin promoter. The NSP4 sequence is flanked
either side by the AcMNPYV sequence.
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2.2.3 Construction of baculovirus transfer vectors pBP8-RV4C

and pBP8-RV5C

As outlined in Section 2.2.2, for the purpose of representing the constructs
diagrammatically, no distinction between the NSP4 genes of RV4 and RVS5 will be
made. The suffix “C” (location of the His¢ sequence) will be applied to the names of the

proceeding constructs, differentiating them from the former constructs (“N”).

Primers were designed (using Net Primer) to amplify a nucleotide sequence inclusive of
the NSP4 gene and a region coding for the hexa-histidine tag for both pTOPO-RV4 and
pTOPO-RV5 (Figure 2.4). The primers were specific to the pIND/V5-His-TOPO®
sequence and  incorporated a  Bglll (red)  restriction site (5'-
CGAGCTCAGATCTACTAGTCCAGTGTG-3") upstream of the NSP4 sequence. In
addition, the anti-sense primer (5-AAACCCGGGATGGCTGGCAAC-3") was
downstream of the polyhistidine region of the vector and engineered an Xmal (blue)

restriction site within the sequence. The primers were synthesised by Sigma Genosys.

ATG
I

C——— > | Nsp4cDNA V5 Epitope His,Region | TGA | <l

Figure 2.4. Linear schematic of primer binding sites for amplification of
NSP4C ¢cDNA from pTOPO-NSP4. The sense primer represented as the green
arrow contains a BgIIl restriction site. The anti-sense primer (pink arrow)
contains an Xmal restriction site. Additional key regions of interest; the V5
epitope, NSP4 sequence, polyhistidine (Hiss) region and termination codon

(TGA) have been identified.

The amplification profile consisted of an initial period of DNA denaturation at 94°C for
2 minutes, annealing at 62°C for 2 minutes and extension at 72°C for 2 minutes,
followed by 35 cycles of 94°C for 1 minute, 62°C for 1 minute and 72°C for 1 minute.

The 804 bp amplicons were then ligated with the pGEM®-T Easy Vector using

techniques described in Section 2.2.2.
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Figure 2.5. Plasmid map of pNSP4C-Easy. The 804 bp NSP4C amplicons of
rotavirus strains RV4 and RVS were ligated with the pGEM®-T Easy vector,
vielding RV4C-Easy and RV5C-Easy respectively. Enzyme restriction sites
(EcoRl, Bglll, Xmal) utilised for further manipulation of the NSP4 cDNA or

for diagnostic purposes have been identified.

The pNSP4C-Easy plasmids were transformed into competent E. coli JIM109 cells as
previously described. The purified plasmid DNA was digested with Bg/Il and Xmal,
fractionated in a 1% (w/v) agarose gel and the NSP4 fragment purified from the gel
using the AppliChem DNA Isolation Kit. The baculovirus transfer vector pBacPAKS
was digested with Bg/Il and Smal and gel purified. The ligation of the NSP4 fragment
with dephosphorylated pBacPAKS to yield the plasmid pBP8-NSP4C was as described
for the construction of pHis-NSP4N.
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Figure 2.6. Plasmid map of recombinant baculovirus transfer vector pBPS-
NSPAC. The 788 bp Bglll/Xmal digested amplicons containing the NSP4 genes
of rotavirus strains RV4 and RV5 were ligated with the baculovirus transfer
vector pBacPAKS8 downstream of the polyhedrin promoter and flanked by
AcMNPYV regions.

The integrity of the recombinant baculovirus transfer vectors pHis-NSP4N and pBPS8-
NSP4C was confirmed by sequencing. Briefly, the baculovirus transfer vectors were
purified from 5 mL overnight E. coli cultures using the AppliChem DNA Isolation Kit.
The concentration of plasmid DNA was quantified by electrophoresis as detailed in
Section 2.2.1.3 and 250-400 ng plasmid DNA submitted with 3.2 pmol of each primer
(Bacl and Bac2) for sequencing. Sequencing was performed using dye-terminator
chemistry (Big Dye™ Terminator Version 2) and analysis with an ABI Prism® 377 DNA
sequencer at either the Wellcome Trust sequencing centre or the Baker Institute
sequencing facility. The primers Bacl (5-ACCATCTCGCAAATAAATAAG-3") and
Bac2 (5'-ACAACGCACAGAATCTAGCG-3") were synthesised by GeneWorks and bind
specifically to sequences flanking the MCS of the baculovirus transfer vectors,
pBacPAKS8 and pBacPAK-Hisl. The DNA sequence was analysed using Biology
Workbench 3.2 software (http://workbench.sdsc.edu).
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Once the integrity of the recombinant baculovirus transfer vector sequences had been
confirmed, midi prep quantities of the transfer vectors were prepared from 200 mL
cultures, as detailed in Sambrook and Russell (2001). This DNA was subsequently used

for homologous recombination with linearised baculovirus DNA.

2.2.4 Construction of recombinant NSP4 baculoviruses

All works conducted using Sf-21 cells were performed in a Class II biological safety
cabinet; using sterile reagents and media. The methodology for the construction of
recombinant baculoviruses was in accordance with that published in King and Possee

(1992).
2.2.4.1 Maintenance of S£-21 cells

The Sf-21 insect cell line was originally established from pupal ovarian tissue of the Fall
army worm (Vaughn et al., 1977). Sf-21 cells (Invitrogen) were grown and maintained
as 100 mL suspension cultures in Sf~900 II SFM (serum free-medium) (GIBCO®) at
28°C and 100 rpm. The cultures were routinely subcultured to a cell density of 3 x 10°

cells/mL once a density of ~ 2 x 10° cells/mL had been reached.
2.2.4.2 Production of recombinant NSP4 baculoviruses

The recombinant NSP4 baculoviruses were generated by cationic liposome mediated
co-transfection of the recombinant baculovirus transfer vector with linearised
baculovirus DNA (Bsu361 digested BacPAK 6, Clontech Laboratories Inc.) into Sf-21
cells. Linearised BacPAK®6, engineered to contain three Bsu361 restriction sites at the
polyhedrin locus, was reported to increase the frequency of isolating recombinant
baculoviruses after co-transfection by approximately 90%, compared with the low
levels of recombinant viruses produced using wild type circular DNA (0.1-1%) (Kitts

and Possee, 1993).

In brief, approximately 2 ug of the recombinant baculovirus transfer vector was ethanol
precipitated with 400 ng BacPAKG6 in the presence of 0.3 M sodium acetate for 30
minutes at -20°C. The DNA was recovered by centrifugation at high speed (13000 rpm)
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for 10 minutes at 4°C and left to air dry, prior to its dissolution in 12 uL sterile MilliQ

water.

The co-transfectin DNA was transferred to a polystyrene tube containing 8 pL
Lipofectin® (Invitrogen) with 4 pL MilliQ water. DNA-liposome complexes were
allowed to develop for 15 minutes prior to the addition to Sf-21 monolayers (3.5 x 10°
cells/mL) seeded within the wells of 6-well cell culture cluster plates (Costar). The cells
were incubated at 28°C in a humid environment until CPE was observed. The viral
supernatant was recovered and virus isolation achieved by performing a plaque assay

adapted from King and Posse (1992) and described below.
2.2.4.3 Isolation of recombinant NSP4 baculoviruses by plaque assay

Sf-21 cells were seeded at a density of 6 x 10° cells/mL in 6-well plates. The cells were
left to attach at 28°C for 30 minutes, after which the supernatant was removed by

aspiration.

Ten-fold serial dilutions of the viral supernatant (10~ to 10”) were prepared in Sf-900II
SFM and 250 pL of each added, in duplicate, to each of the wells. Viral infection was

allowed to proceed for 1 hour at 28°C.

The viral supernatant was aspirated from the cells and 2 mL of molten 1% SeaPlaque®
Agarose (Cambrex) (w/v in Sf-900I1 SFM) added per well. Once the agarose had set, 1
mL of Sf-900I1 SFM was added to the agarose overlay. The cells were incubated at
28°C in a humid environment for between 4-10 days, until plaque formation was

observed.
Plaques were stained with neutral red and were either excised from the agarose overlay

for viral expansion or counted for viral titre determination (pfu/mL) as per King and

Possee (1992).
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The plaque-purified virus was subjected to two additional rounds of plaque purification
and its identity confirmed by PCR analysis, prior to the establishment of a working

stock.

2.2.4.4 PCR screening of recombinant NSP4 baculoviruses

The use of PCR for confirming the identity of recombinant baculoviruses and verifying
insert fidelity was reported by Webb et al. (1991). The method for purifying
recombinant baculovirus DNA for PCR analysis was adapted from Clontech’s

“BacPAK " Baculovirus Expression System User Manual” (PTI260-1; 1999).

S7-21 cells were seeded at a cell density of 3 x 10° cells/mL into 6-well plates. Once cell
attachment had been achieved, 100 puL of the inoculum (plaque-purified virus) was
added to the cells, and the virus left to infect for 2-3 days at 28°C. At the completion of

the incubation period, the supernatant was recovered (P1 seed stock).

Cell detachment was achieved by streaming PBS (140 mM NaCl, 27 mM KCl, 8 mM
Na,HPOy, 1.5 mM KH,PO4; pH 7.3) across the cell monolayer. The cells were pelleted
by centrifugation at 1000 rpm for 1 minute prior to resuspension in 0.5 mL PBS and

stored at 4°C for 24 hours.

The cells were pelleted and resuspended in 250 uL of TE buffer (10 mM Tris-HCI, 0.1
mM EDTA; pH 8.0) supplemented with RNAseA (100 pg/mL). Cell lysis was
accomplished by incubation of the cell suspension in 250 pL Cell Lysis Buffer (50 mM
Tris-HCI (pH 8.0), 10 mM EDTA, 5% (v/v) B-mercaptoethanol, 0.4% (w/v) SDS), 12.5
puL Proteinase K (10mg/mL in 50 mM Tris-HCI, 10 mM CaCl,; pH 8) and 2 uL. RNAse
A (10mg/mL) at 37°C for 30 minutes.

The viral DNA was extracted with phenol:chloroform:isoamyl alcohol (25:24:1) thrice.
The DNA was precipitated in the presence of 50 uL sodium acetate (3 M, pH 5.2) and 1
mL absolute ethanol at -20°C overnight. The viral DNA was collected by centrifugation
at room temperature for 5 minutes, washed in excess 70% ethanol twice, and the DNA

pellet air dried at room temperature under sterile conditions.
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The pellet was resuspended in 50 uL. TE buffer (pH 8.0) and incubated overnight at
4°C. A 10 pL aliquot of the purified viral DNA was used in the PCR reactions. The
cycling parameters for the PCR amplification of viral DNA was adapted from Woo
(2001) and modified to accommodate the optimum temperatures for the corresponding

primer combinations.

In brief, the amplification profile for the Bacl1/Bac2 primer combination consisted of an
initial period of DNA denaturation at 94°C for minutes, annealing at 62°C for 2 minutes
and extension at 72°C for 2 minutes, followed by 35 cycles of 94°C for 1 minute, 62°C
for 1 minute and 72°C for 1 minute. At the completion of the cyclic step, a final
denaturation step (94°C for 1 minute), annealing (62°C for 1 minute) and extension
(72°C for 7 minutes) was undertaken. Amplification of the recombinant viral DNA
using Bacl/NSP4 C-terminal specific primers was also performed using the cycling

parameters outlined for the Bacl/Bac 2 primers.

2.2.4.5 Expansion of recombinant NSP4 baculoviruses — seed stock (P2)

Sf-21 cells, seeded at a cell density of 5 x 10° cells/mL in a 25 cm? T-flask, were
inoculated with 250 ul plaque-purified recombinant baculovirus (P1) and the seed stock

(P2) prepared as per King and Possee (1992).

Protein expression was established (Section 2.2.5.1) prior to the preparation of the

recombinant baculovirus working stock (P3).

2.2.4.6 Preparation of recombinant NSP4 baculovirus working stocks (P3)

S£-21 suspension cultures (100 mL at a concentration of 5 x 10° cells/mL) were
inoculated with 500 pl recombinant virus seed stock (P2) and incubated at 28°C and
100 rpm. At 6 d.p.i. the supernatant containing the virus particles was harvested by

centrifugation at 1500 rpm for 10 minutes.

Plaque assays were conducted using the working stock (P3) as inoculum to establish the

viral titres.

70



2.2.5. Baculovirus expression of recombinant proteins His,-NSP4

Four recombinant Hisg¢-tagged NSP4 proteins were expressed using the BEVS; RV4C,
RVS5C, RV4N and RV5N. The suffixes C or N denote the location of the Hisg tag at the
C or N-termini respectively of the NSP4 protein. RV4 and RVS5 denotes the identity of
the RV strain from which the NSP4 protein was derived. For simplicity, unless required

otherwise, the recombinant NSP4 proteins will be referred to collectively as Hisg-NSP4.

2.2.5.1 Confirmation of recombinant NSP4 protein expression

A small scale protein purification protocol (Mini Pull Down), adapted from the
QIAexpressionist Handbook, was employed to ensure that the recombinant protein was

being expressed in Sf-21 cells prior to committing to large scale protein purification.

S£-21 cells were seeded into the wells of a 6-well plate at a cell density of 1 x 10°
cells/mL. Once the cell monolayer had been established, the medium was removed by
aspiration and 300 pl of P2 seed stock added. The virus was allowed to adsorb for 1
hour, after which the inoculum was removed and 2 mL Sf-900II SFM added to the cell

monolayer. The cells were incubated in a humid environment at 28°C for three days.

Upon completion of incubation, the cells were dislodged by streaming a minimal
volume of supernatant across the surface of the monolayer. The cells were collected at
low speed (1000 rpm) for 5 minutes and the supernatant discarded. The cells were lysed
in 400 ul PBS-Tween-20 (at 4°C for 30 minutes) and the cellular debris separated from
the supernatant (containing the soluble protein) by low speed centrifugation. The
supernatant was added to 50 pl of pre-equilibrated IMAC resin and rotated end-over-
end at 25°C for 30 minutes. The resin/protein complex was pelleted by centrifugation at
low speed and extraneous proteins were removed from the resin by washing the
complex in excess volumes of PBS thrice. The resin/protein complex was resuspended
in 20 pl of 5 X SDS-PAGE-SRB (62.5 mM Tris-HCI; pH 6.8, 10% (v/v) glycerol, 2%
(w/v) SDS, 5% (v/v) B-mercaptoethanol and 2.5% (v/v) bromophenol blue) and heated
at 95°C for 3 minutes, prior to visualization of the Hise-NSP4 proteins in a

polyacrylamide gel as described in Section 2.2.5.2.
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2.2.5.2 SDS-PAGE analysis of recombinant NSP4 proteins

The affinity purified Hise-NSP4 proteins were fractionated by electrophoresis at 200 V
in a 12% (v/v) resolving and 5% (v/v) stacking SDS-polyacrylamide gel using a
discontinuous buffering system as per Laemmli (1970). PageRuler™ prestained protein
ladder (Fermentas) was run alongside the protein samples to monitor both the progress
of the protein separation and to confirm the molecular weight (M.W.) of the NSP4
proteins. Proteins were visualized by staining with Coomassie brilliant blue R-250
(0.25% (w/v) in destaining solution) and subsequent destaining (50% methanol:10%
glacial acetic acid). Where visibility of the protein band was poor, silver staining was

performed as per Sambrook and Russell (2001).

Once the production of the recombinant protein had been verified, the viral stock was

expanded (P3) and large scale production of the recombinant proteins undertaken.
2.2.5.3 Expression of His;-INSP4 proteins in S£21 cells

The recombinant baculoviruses were inoculated into 100 mL cultures of Sf-21 cells (cell
density of 1 x 10° cells/mL) at a multiplicity of infection (MOI) of 1.0 pfu/cell. The
infected cells were harvested at 48 hours post-inoculation (h.p.i.). The optimum time of
harvest and M.O.L., visualized as maximum NSP4 yield by SDS-PAGE, was determined
empirically by time course analysis of Sf-21 cells infected with recombinant RV5N-
Hisl and RV4N-Hisl baculoviruses. Briefly, the time course consisted of the
purification of 3 mL aliquots of the NSP4 protein (as detailed in 2.2.5.1) from 100 mL
of expression culture at 12 hour intervals for 72 hours. The time course experiment was

conducted in triplicate.
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2.2.6 Purification of His-NSP4

2.2.6.1 Affinity purification of His,-NSP4

Nickel-nitrilotriacetic (Ni-NTA; Qiagen) immobilised metal-affinity chromatography

was used for the batch purification of His¢-NSP4 under native conditions.

One of two pH-dependent buffering systems was used in the purification process to
accommodate the differing isoelectric points of the recombinant NSP4 proteins. The
Hisg-NSP4 proteins (RV4C and RV4N) originating from the RV4 strain required a
buffering capacity of pH 8.0, whilst His-NSP4 of RV5 (RV5C and RV5N) required pH
7.0. In the proceeding text, only instances where the pH was held constant for the
purification of all constructs will be recorded. The methodology employed for the
purification of the Hisg-NSP4 proteins was adapted from Rodriguez-Diaz et al. (2003)

and in compliance with The QIAexpressionist™ Handbook (Qiagen).

The recombinant NSP4 expression cultures were harvested at 48 h.p.i. and the cell
pellet recovered by centrifugation at 4000 rpm for 20 minutes at room temperature. The
cells were resuspended in cell lysis buffer (50 mM sodium phosphate, 10 mM
imidazole, 300 mM NaCl, 1% (v/v) Triton® X-100) and lysed on ice for 30 minutes.
The cell extract was centrifuged at 4000 rpm (10 minutes) to separate the clarified lysate
from the insoluble material. The lysate was subjected to initial sterilization through

Millipore 0.45 pm filters, prior to sterilisation through 0.22 um filters.

The clarified cell lysate was incubated with 2 mL of 50% (w/v) Ni-NTA resin slurry
(pre-equilibrated with 20 mM imidazole wash buffer) for 1 hour at room temperature
and rotated end-over-end, prior to loading into a 2 mL (0.5 cm internal diameter x 5 cm)
glass column (Bio-Rad). Chromatographic separation was conducted using the Econo-
System (Bio-Rad) workstation. Removal of endogenous proteins was achieved by step-
gradient application of 20 mM and 50 mM imidazole (diluent 50 mM sodium
phosphate; 300 mM NaCl, 0.1% (v/v) Tween-20) to the resin/protein complex. The
Hisg-NSP4 protein was eluted in 0.5 mL fractions with 250 mM imidazole (50 mM
sodium phosphate; 300 mM NaCl, 0.1% (v/v) Tween-20). The eluted protein was
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monitored by absorbance at 280 nm, and Bradford’s Reagent (0.05% (w/v) Coomassie
Brilliant Blue G-250; 23.75% (v/v) Ethanol; 42.5% (v/v) Phosphoric Acid) was used to

detect the presence of protein in the collected fractions.
2.2.6.2 Post IMAC purification of His-NSP4

Affinity purified Hise-NSP4 proteins were subjected to an additional processing step
using Amicon® Ultra-15 Centrifugal Filter Devices (Millipore), 5 kDa nominal M.W.
limit. Protein samples for ELISA analysis (Chapter 3) were concentrated in fresh elution
buffer. Samples to be used for intracellular calcium responses (Chapter 4), in addition to
protein concentration, had to undergo buffer exchange to affect the removal of toxic

imidazole. The protocol applied was as per the manufacturer’s specifications.

Briefly, affinity purified Hise-NSP4 elution fractions were pooled, the volume made to
15 mL using the appropriate buffer, the samples added to the reservoir of the Amicon
filtration device and the retentate collected by centrifugation at 6000 rpm for 20
minutes. The number of centrifugation steps was optimized for each of the purified

samples.
2.2.6.3 Quantitation of purified His,-NSP4

The concentration of the affinity purified protein samples was estimated using the
Bradford assay against a bovine serum albumin (Fraction V, Sigma) standard within the

appropriate buffer (i.e. with or without imidazole).

2.2.7 Immunodetection of His,-NSP4

The purified Hise-NSP4 proteins were fractionated by SDS-PAGE as outlined above
(2.2.5.2). The proteins were then transferred to a nitrocellulose membrane (0.45 pm,
Schleicher and Schuell or Hybond ECL) using the Trans-Blot® SD Semi-Dry
Electrophoretic Transfer Cell (Bio-Rad). The protocol outlined below was adapted from
both the Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell Instruction Manual

and the ECL Western Blotting Detection Reagents and Analysis System Manual.
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The optimum primary and secondary antibody concentrations were determined
empirically via dot blot assays, prior to performing Western blot analysis of the Ni-
NTA purified Hise-NSP4 proteins. The protocol for the dot blot assay was adapted from
the ECL Western Blotting Manual. The primary antibody, rabbit a-SA11 polyclonal
antibody, was kindly donated by Dr Carl Kirkwood of the Enteric Virus Research
Group, Murdoch Children’s Research Institute, Royal Children’s Hospital (Parkville,

Australia).

The membrane, SDS-polyacrylamide gel of fractionated proteins and Whatman 3MM
filter paper were pre-equilibrated in Bjerrum and Schafer-Nielsen transfer buffer (48
mM Tris, 39 mM glycine, 20% (v/v) methanol, 1.3 mM SDS; pH 9.2) prior to protein

transfer in the Trans Blot® apparatus at 10 V for 30 minutes.

Electrotransfer efficiency was verified by monitoring the transfer of PageRuler™
prestained protein ladder (Fermentas) from the gel to the membrane. On completion of
electrotransfer, the membrane was incubated in 1% (w/v) blocking solution (ECL
blocking agent dissolved in PBS-T (80 mM Na,HPO,4, 20 mM NaH,PO,.H,0, 100 mM
NaCl, 0.1% (v/v) Tween-20; pH 7.5)) at room temperature on a rocking platform for 1
hour. At the completion of the incubation period the membrane was washed four times
(twice for 5 minutes and twice for 15 minutes) in PBS-T. The membrane was then
probed with rabbit a-SA11 antibody diluted 1000-fold in PBS-T overnight at room

temperature on a rocking platform.

The membrane was washed as described previously with PBS-T, prior to development
with horseradish-peroxidase (HRP)-conjugated donkey anti-rabbit IgG (GE Healthcare
BioSciences) diluted 5000-fold in PBS-T, for 1 hour at room temperature. The
membrane was washed as previously described, and the antibody-protein complex
visualized with the ECL Plus Western Blotting Detection System (GE Healthcare
BioSciences) and subjected to chemi illuminescence using Bio-Rad’s Chemidoc XRS

Documentation Station.
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2.3 Results and Discussion

2.3.1 Generation of recombinant NSP4 baculoviruses

As the construction of the recombinant baculoviruses evolved through a series of
intermediates, the identity of each construct had to be confirmed at each step. For the
PCR vectors this simply involved performing presumptive restriction digestion
reactions. The identification of the baculovirus transfer vectors proceeded through a
more rigorous analysis involving restriction digestion, PCR and sequencing to verify the
integrity of the nucleotide sequence. PCR was used to identify recombinant

baculoviruses containing the NSP4 gene insert.

2.3.1.1 Construction of N-His,-tagged baculovirus transfer vectors;

pHis-RV4N and pHis-RV5N

Initial attempts at direct ligation of the Bglll/HindIll-digested PCR amplicon with the
baculovirus transfer vector, pBacPAK-Hisl were unsuccessful and consequently, the
PCR products were cloned into the MCS of the pGEM® T Easy Vector. The MCS is
located within the LacZ gene sequence, encoding the enzyme [-galactosidase, and
imparts the ability to use blue/white screening for recombinant plasmid selection. In the
presence of IPTG and X-Gal, deep blue colonies are indicative of an intact LacZ gene
(no insert), whilst white colonies are suggestive of cells transformed with recombinant
plasmids (insert). This assumption held true for the selection of pRVS5N-Easy
transformed cells, whilst the pRV4N-Easy transformants presented as pale blue
colonies. Two possible causes of these blue colonies would be attributable to either the
NSP4 sequence being cloned in frame with the LacZ gene or the introduction of
mutations during amplification; although sequence analysis of the amplicon discounts

the latter.

EcoRI restriction sites (native to the parental plasmid vector, pGem®-T Easy) flank the
NSP4 sequence in the pNSP4N-Easy vectors (Figure 2.2). Consequently, the digestion
of the recombinant vector with EcoRI should yield fragments of slightly greater size

(bp) compared with the insert DNA (528 bp). EcoRI digestion of pPRV5N-Easy released
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a fragment consistent in length with the expected 548 bp product. The generation of
three fragments (3018, 442 and 106 bp) for EcoRI digested pPRV4N-Easy was consistent
with an internal EcoRI site within the ORF of the NSP4 gene of RV4.

Bgl1l and HindlIlI restriction sites were specific for the NSP4 amplicons and digestion of
pNSP4N-Easy vectors with this double enzyme reaction resulted in the release of the

522 bp NSP4 sequence (Figure 2.2).

Confirmation of the identity of the baculovirus transfer vectors pHis-RV4N and pHis-
RV5N involved two confirmative digestion reactions, Bg/Il/HindIIl and HindIll/Smal,
releasing fragments of 522 bp and 547 bp, respectively (Figure 2.3). Further to the
restriction digest analysis of the recombinant baculovirus transfer vectors, PCR was also
performed using combinations of AcMNPV specific (Bacl and Bac2) and NSP4
specific primers. Once satisfied that the identity of the recombinant baculovirus transfer
vectors had been confirmed, the DNA was submitted for DNA sequencing and the

integrity of the nucleotide sequence confirmed (Biology Workbench 3.2).

2.3.1.2 Construction of C-His¢-tagged baculovirus transfer vectors;

pBP8-RV4C and pBP8-RV5C

Initial attempts to generate constructs which would produce C-terminal Hise¢-tagged
proteins involved the direct cloning of Kpnl/Pmel (New England Biolabs) digested
DNA sequences from pTOPO-NSP4 (Figure 2.1) into Kpnl/Smal-digested pBacPAKS.
This method was unsuccessful, either due to the release of fragments solely digested
with Pmel and/or the inability to isolate Kpnl/Pmel-digested DNA from the former (17

bp size difference) on agarose gels.
The direct ligation of the Bglll/Xmal-digested PCR amplicon with Bgl/Il/Smal-digested
pBacPAKS8 was also unsuccessful and, consequently, the 804 bp PCR product was

ligated with pGEM®-T Easy.

Blue/white screening was employed to isolate colonies transformed with recombinant

pRV4C-Easy and pRV5C-Easy. The EcoRI restriction sites on the pGEM®T Easy
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vector, as discussed previously, were utilised for the identification of pNSP4C-Easy
constructs. EcoRI digestion of pRVS5C-Easy released an 824 bp fragment, whilst
similarly digested pRV4C-Easy released two fragments of 294 and 530 bp, consistent
with the presence of a native EcoRI site within the ORF of this protein. The Bg/Il/Xmal
digestion of pNSP4C-Easy vectors released a fragment comparable in size with the

expected 788 bp.

Confirmation of the identity of the baculovirus transfer vectors pPBP8-RV4C and pBP8-
RVS5C involved two confirmative digestion reactions, Bg/ll/Xmal and BglIl/Notl. The
latter digest reaction yielded two fragments, assuming complete digestion, of 632 and
182 bp (Figure 2.6). Bglll/Xmal digestion yielded the 788 bp fragment (Figure 2.6).
PCR analysis of the baculovirus transfer vectors using baculovirus specific (Bacl/Bac2)
and NSP4-specific primer combinations were used to confirm the identity of the

recombinant vectors prior to sequencing.

2.3.1.3 Generation of recombinant NSP4 baculoviruses

Recombinant NSP4 baculoviruses were generated by co-transfection of the baculovirus
transfer vectors with linearised BacPAK6 viral DNA into Sf-21 cells. The four
recombinant baculoviruses were isolated by plaque assay and their identity confirmed
by PCR analysis using baculovirus specific (Bacl/Bac2) primers and in combination
with NSP4 amplicon specific primers. The following figure illustrates the screening

process for RVSN-Hisl.

78



M 1 2 3 4 5 6 7 &8 9 1011 12 M kbp

kbg
1.6
1.6 10
1.0
516,517
506, 517

Figure 2.7. PCR screening for RVSN-His1 baculovirus DNA. Baculovirus DNA
was isolated from plaque pick expansions and the DNA amplified with either
AcMNPYV specific primers (Bacl/Bac2) or a combination of NSP4 specific and
AcMNPV primers (Bacl/CRV5). The viral DNA was run alongside the
corresponding amplicons of the pHis-RV5N baculovirus transfer vectors on a 1%
(w/v) agarose gel. L, - Ls amplicons from Bacl/CRV5 PCR of RV5SN-Hisl viral
isolates. L; amplicon of Bacl/CRV5 PCR of corresponding baculovirus transfer
vector, pHis-RV5N. Ls - L;, amplicons from Bacl/Bac2 PCR of RV5N-Hisl viral
DNA. L;; Bacl/Bac2 PCR of baculovirus transfer vector, pHis-RVS5N. The
standard 1Kb DNA marker is in L; and L;,. The molecular size (base pairs) of the

M.W. marker are indicated ether side of the image.

PCR of the recombinant baculovirus transfer vector pHis-RV5N using Bacl/Bac2 and
Bacl1/CRVS5 primer combinations generate amplicons of 721 and 627 bp respectively.
As illustrated in Figure 2.7, all viral isolates (with the exception of isolate 2) amplified

sequences of comparable size.
PCR screening of baculovirus isolates using combinations of AcMNPV-specific and

NSP4-specific primers proved to be an efficient method for identifying recombinant

baculoviruses carrying the NSP4 gene. As demonstrated for isolate 2, the use of more
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than one primer combination was required to unequivocally confirm the integrity of the

recombinant virus.

The images obtained from the PCR screening of the three remaining recombinant
baculoviruses (RV4N-His1, RV4C-BP8 and RV5C-BP8) have not been included in this

report as the results mirror those presented for RV5N-Hisl1.
2.3.1.4 Determination of viral titre (pfu/mL)

The viral titre of the recombinant baculoviruses, as determined by plaque assay were as
follows: RV5N-Hisl (4.8 x 10® pfu/mL), RV4N-His1 (3.6 x 10°® pfu/mL), RV5C-BP8
(4.4 x 10® pfu/mL) and RV4C-BPS8 (4.2 x 10® pfu/mL).

2.3.2 The expression and purification of His,-INSP4

2.3.2.1 Optimisation of His,-NSP4 expression

The BEVS has been used extensively by others for the expression of NSP4 in insect
cells (Chang et al., 2001b; Ishida et al., 1996; 1997; Rodriguez-Diaz et al., 2003; 2005;
Tian et al., 1994; 1996a; 2000; Yuan et al., 2004a; Zhang et al., 1998; 2000). The range
of M.O.I’s and the time of protein harvest used in these studies ranged from 2-10
pfu/mL and 36-72 h.p.., respectively. Typically high M.O.I.’s, (5-10 pfu/mL), are
routinely used for the expression of recombinant proteins using the BEVS (Summers

and Smith, 1987).

The optimum time for harvesting the NSP4 expression culture in this study was
established as 48 h.p.i.; determined empirically by harvesting cells at 12 hour intervals,
for 72 hours, and assessing the protein yield by SDS-PAGE. In addition, the optimum
expression of this protein was addressed at M.O.I.’s of 1 and 10 pfu/cell, across the
same time course. A time of harvest of 48 h.p.i. and an M.O.I of 1 pfu/cell produced the
greatest yield of the expressed protein and these parameters were applied in the

expression of all the recombinant proteins.
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Tian et al. (1994) observed NSP4 degradation products within Sf-9 cultures expressing
the NSP4 protein of RV strain SA11 between 40 to 48 h.p.i. and they reported that
maximal protein production was achieved at 36 h.p.i. No NSP4 degradation products
were observed in the current study at >40 h.p.i. Such discrepancies between the two
studies could be attributed to a number of factors including: (a) the relative toxicity of
the NSP4 gene derived from different RV strains (HRV strains RV4 and RVS5 versus
SA11), (b) use of different insect cell lines (Sf21 versus S§f9) and (c) different M.O.1.’s
(10 pfu/mL versus 1 pfu/mL).

The concentration of NSP4 produced beyond 48 h.p.i. decreased, coinciding with the
demise of the expression culture; an effect attributable to NSP4-induced increases in
[Ca2+]i, and the loss of NSP4 to the supernatant via cell lysis (Tian et al., 1994; 1995).
Host cell death associated with increases in [Ca2+]i of RV-infected cells, in conjunction
with the accumulation of a viral protein(s), has been well documented, and NSP4 has
been proposed as a potential candidate for this viral product (Brunet et al., 2000a; del
Castillo et al., 1991; Diaz et al., 2008; Dong et al., 1997; Michelangeli et al., 1991;
1995; Ruiz et al., 2000; 2005; Tian et al., 1994).

2.3.2.2 Optimisation of IMAC purification of His,-NSP4

The IMAC resin initially employed to purify the N-terminal Hise-NSP4 protein RV4N
from the clarified insect cell lysate was TALON, a C02+—carboxylrnethylaspartate
matrix. Small scale purification of the protein demonstrated the efficacy of the TALON
system in purifying RV4N from the insect cell lysate. Upon large scale purification of
the protein, RV4AN was absent from the elution fraction. Post purification SDS-PAGE
analysis of all fractions and the resin demonstrated a notable absence of the Hisg-tagged
protein from all fractions, with the exception of the resin. This observation suggested
that the interaction between the His-tag and the Co”* ion was sufficiently strong as to
prevent displacement of RV4N under the elution conditions employed, or alternatively,
that the protein was precipitating within the column. The latter seems the more
appropriate conclusion, as the His-tagged protein was successfully purified using Ni-
NTA, despite protein retention on Ni** being reported to be three-fold that for Co**

(Arnold, 1991). The contribution of the matrix (i.e. carboxylmethylaspartate or
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nitrilotriacetic) to protein retention has not been resolved as some investigators have
claimed the superiority of the former, whilst others have noted no differences in protein

retention (reviewed in Arnold, 1991).

Large-scale purification of the N-terminal Hise-tagged RVS5 NSP4 protein (RV5N)
presented with similar problems, but with the Ni-NTA resin. Analyses of the
purification fractions illustrated the propensity for approximately half of the His¢-tagged
protein to remain bound to the resin under pH 8 buffering conditions. This phenomenon
was explained when the isoelectric points (pl) of the strain specific NSP4 proteins were
determined. The pl of RVSN and RV5C, estimated using Biology Workbench 3.2, were
8.645 and 8.96, respectively. The use of the pH 8.0 buffering system would result in
isoelectric precipitation of the protein. Consequently, a pH 7.0 buffering system was
employed in the purification of these proteins. In addition, the precipitation of RVSN on
the Ni-NTA resin may have been exacerbated by protein aggregation, a consequence of
the formation of hydrogen bonds between Hisg residues and acidic amino acids, at pH’s
approaching the pl of the protein (Warwicker and O’Connor, 1995). The inclusion of

0.1% Tween-20 to the buffers would be expected to have prevented protein aggregation.

A buffering system of pH 8.0 was satisfactory for RV4N and RV4C with pI's of 6.884
and 6.932, respectively.

The use of the Bradford Assay for the detection of protein in the elution fractions was
essential due to the high concentrations of imidazole included in the elution buffer and
compounded by its absorbance, as with protein, at 280 nm. More often than not, the

NSP4 elution peak was shielded by a broad imidazole peak on the chromatogram.
2.3.2.3 Optimisation of protein concentration and buffer exchange

IMAC purified protein fractions were pooled and buffer exchange and/or concentration
of the samples achieved using Amicon® Ultra-15 Centrifugal Filter Devices (Section

2.2.6.2).
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The optimum number of centrifugation steps had to be determined for each of the
recombinant protein samples, as after an initial increase in concentration, the
concentration invariably decreased with additional centrifugation steps. The loss in
protein concentration coincided with an increase in precipitant. The source of the
precipitant could be attributed to a number of factors including; aggregation of the
protein sample with leached nickel ions from the IMAC column, and/or micelle
formation due to Tween-20 or, in the case of the samples to be used for calcium studies,
protein aggregation due to the removal of imidazole from the buffer (Hamilton et al.,
2003). The histidine residues may also be contributing to protein aggregation through
oxidation, the formation of salt bridges, or crosslinkages of metal, histidine and protein
residues (reviewed in Hamilton et al., 2003). Zhang et al. (1998) encountered
difficulties in reconstituting NSP4, at concentrations exceeding 10ug, in PBS. Similar
difficulties have been encountered in other laboratories, with NSP4 peptides
demonstrating greater solubility (> 1000-fold) than their full-length counterpart
(Halaihel et al., 2000Db).

The most probable explanation for the presence of precipitant would be the formation of
NSP4 “multimers”, bound by a central Ni'; a reaction exacerbated by the removal of
imidazole from the buffer. When the precipitant was analysed alongside the soluble
fraction by SDS-PAGE, high M.W. bands were notably absent from the latter,

indicative of the precipitant being multimers of the NSP4 protein (results not shown).

2.3.2.4 Confirmation of His,-NSP4 expression and antigenicity

The M.W. of the 184 aa non-glycosylated N-terminal His¢-tagged RV4 NSP4 (RV4N)
and RV5 NSP4 (RV5N) were approximately 21.2 and 21.5 kDa respectively; as
estimated using Biology Workbench 3.2. The M.W. of the 220 aa non-glycosylated C-
terminal Hise-tagged RV4 NSP4 (RV4C) and RV5 NSP4 (RV5C) were similarly

determined and were calculated as 25 and 25.3kDa, respectively.

Singly- and doubly-glycosylated forms of the recombinant NSP4 proteins were

observed for all constructs. The contribution to the overall M.W. of the incomplete
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(singly) and complete (doubly) glycosylated forms of the NSP4 protein were 6 and 8
kDa, respectively (Both ef al. 1983, Maas and Atkinson, 1990; Zhang et al., 2000).

The size differences were visible by SDS-PAGE (Figure 2.8a) and confirmed the
identification of the protein. In addition, Western Blotting demonstrated the antigenicity

of the different forms of the protein to a-SA11 polyclonal antibody (Figure 2.8b).

The doubly glycosylated form of the NSP4 protein was most prevalent, with
concentrations of the singly and non-glycosylated forms of the protein presenting in the
order as listed. The reduced temperatures for Spodoptera frugiperda growth in culture is
considered responsible for the decreased efficiency of glycosylation observed in insect

cells (Tian et al., 1996a).

Western blot analysis of the purified recombinant NSP4 protein fractions revealed the
presence of high M.W. bands which were immunoreactive to a-SA11 (Figure 2.8). The
source of these high M.W. bands could be credited to the copurification of host
proteins; a consequence of disulfide bond formation between host and recombinant
proteins. However, as reported elsewhere, the high M.W. proteins most probably
resulted from oligomerisation of protein monomers due to native cysteine residues (aa
63 and 71) (Bergmann et al., 1989; Rodriguez-Diaz et al., 2003; Tian et al., 1996a).
Maass and Atkinson (1990) reported that tetramers of NSP4 were the dominant form
and that dimers and higher-order structures also persisted. losef et al. (2002) reported on
the elution of multimers of Hise-NSP4 at minimal imidazole concentrations of 0.6 M
(dimers) and 0.8 M (trimers). The inclusion of B-mercaptoethanol in both the cell lysis
buffer and SDS-PAGE-SRB (in association with heating at 100°C) should have reduced
all disulphide bonds, eliminating the high M.W. bands; but the persistence of SDS-
PAGE resistant oligomers has been reported elsewhere (Hyser et al., 2008).

Zhang et al. (2000) reported the presence of the 7 kDa enterotoxin, corresponding to aa
112-175 (NSP415.175), within the supernatant and cell lysate of Sf9cells expressing full-
length SA11 NSP4. A protein of comparable size to the enterotoxin was not observed in
the cell lysate in the current study; its absence most probably a consequence of the

composition of polyacrylamide gels and electrophoresis conditions employed. Zhang et
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al. (2000) also noted the presence of a 15 kDa cleavage product, consistent with the
cytoplasmic domain of the NSP4 protein, resident within the cell lysate. A peptide
comparable in size was detected in the cell lysate of Sf-21 cells expressing recombinant

NSP4 proteins of RV4 and RVS5 in this study.

a)
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b)

Figure 2.8. SDS-PAGE (a) and Western blot (b) of Hiss-NSP4 proteins.
Purified recombinant NSP4 proteins were analysed, alongside a prestained
marker, by SDS-PAGE and Western blotting. Lane M corresponds to the protein
marker (PageRuler™ Prestained Protein Ladder, Fermentas), L; RV4N, L,
RV5N, L; RV4C, L; RV5C. The three bands detected for each recombinant
protein corresponded to non-, single- and double-glycosylated forms of the
protein. High MW proteins immunoreactive to a-SAlIl polyclonal antibodies

were also detected for each protein preparation.

Quantitation of the purified proteins was achieved using the Bradford Assay against a
BSA standard. The concentrations of the three glycosylation states, of both monomers
and multimers, of the recombinant NSP4 protein contributed to the overall
concentration of the protein samples. The estimated concentrations (mg/mL) of the

pooled and concentrated (Amicon® ultrafiltration) protein samples have been recorded
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in Table 2.2. Separate samples were prepared for use in ELISA development and

calcium studies as per the reasons previously discussed (Section 2.2.6.2).

The ELISA fractions were approximately 10-fold less concentrated compared with the
samples prepared for the Ca** analysis component of this study. Such differences could
be attributed to the differences in diluent in which the proteins were reconstituted, or

may simply reflect the number of samples pooled for their preparation.

Table 2.2. Quantitation of Hise-NSP4 concentration. The concentration of the pooled and
concentrated Hisc-NSP4 proteins was quantitated with the Bradford Assay against a BSA
standard. The Ca’* fractions had been reconstituted in imidazole free buffer, whilst the ELISA
fractions had been concentrated in elution buffer (250mM imidazole). The concentrations as
tabulated were the average of three independent measurements performed for each protein

fraction.

Ca** Fractions ELISA Fractions
(mg/mL) (mg/mL)
RV4C 0.48 0.06
RV4N 0.84 0.06
RVS5C 1.01 0.14
RV5N 1.28 0.13

Clustal W sequence homology was performed for the recombinant NSP4 proteins
against amino acid sequences of RV4 NSP4 (Accession number U59103.1) and RVS5
NSP4 (Accession number U59108.1) imported from GenBank using Biology
Workbench 3.2. This analysis confirmed no changes in the integrity of the sequences of

the Hisg-NSP4 proteins prepared in this study.
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2.4 Summary

Recombinant baculovirus transfer vectors bearing the NSP4 gene of prototype HRV
strains RV4 and RVS5 were generated from intermediate plasmids using general
molecular biology techniques. The NSP4 cassette was successfully transferred from the
recombinant baculovirus transfer vectors to the baculovirus genome via homologous
recombination in the insect cell line Sf~21. PCR screening of plaque purified isolates

successfully identified the recombinant NSP4 baculoviruses.

The BEVS was employed to produce four recombinant Hise-tagged NSP4 proteins. For
both strains investigated C- and N-terminal Hisg-NSP4 fusion proteins were produced.
Maximal production of the recombinant proteins was achieved when Sf-21 cells were

inoculated at an M.O.I. of 1 pfu/mL and the protein harvested at 48 h.p.i.

Purification of the Hisc-NSP4 proteins from endogenous insect cell lysate was achieved
using Ni-NTA IMAC and an imidazole gradient (20 to 250 mM imidazole). The
purification of RV4 and RVS5 Hise-NSP4 proteins was achieved using a pH buffering
system of 8 and 7 respectively due to differences in the isoelectric point (pI) of the

proteins.

The Hise-tagged NSP4 proteins existed as three glycoforms (non-, singly- and doubly-
glycosylated) as illustrated by SDS-PAGE and all forms of the protein were antigenic as
determined by Western blotting. High M.W. and antigenic multimers of the NSP4

glycoforms were also detected.

The purified proteins were subsequently used for the development of an o-NSP4

specific ELISA (Chapter 3) and for calcium signalling studies (Chapter 4).
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Immunogenicity of NSP4

3.1 Introduction

The immune response to rotavirus (RV) infection is complex and suggestive of both
humoral and cell-mediated involvement in disease clearance and protection. The
development of mucosal immunity is considered to be the most important marker of RV

infection.

The involvement of the RV non-structural protein NSP4 in protective immunity against
disease and reinfection is still under investigation. Antibodies to NSP4 or to a synthetic
peptide spanning the enterotoxin domain have provided protection from diarrhoeal
illness upon virus challenge. Pups born to dams vaccinated with NSP4;,4.135 or a plant-
based multicomponent vaccine expressing NSP4,,4.135 were passively protected from
virus challenge, whilst oral administration of o-NSP4;,4135 antibodies reduced

diarrhoeal illness in newborn mice (Ball et al., 1996; Yu and Langridge, 2001).

The extent to which NSP4 elicits a humoral immune response is still under debate as
isotype-specific responses to NSP4 of children naturally infected with RV or to vaccine
candidates have generated conflicting results: particularly in regards to the detection of
NSP4-specific serum IgA (Johansen ef al., 1999; Ray et al., 2003; Rodriguez-Diaz et
al., 2005; Yuan et al., 2004b). Serum IgG directed towards NSP4, although detected in
all published reports, has returned variable responses ranging from weak to very strong

(Johansen et al., 1999; Ray et al., 2003; Rodriguez-Diaz et al., 2005; Yuan et al.,
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2004b). The source of these anomalies may be attributed to differences in the sensitivity

of the detection systems employed.

The question still remains as to whether NSP4 offers cross-reactive protection. Studies
performed on gnotobiotic piglets and calves demonstrated that antibody responses to
NSP4 were species-specific rather than genotype-specific (Yuan et al., 2004a) and that
the heterotypic responses to NSP4 observed in the convalescent sera of naturally-
infected (Ray et al., 2003; Richardson et al., 1993; Rodriguez-Diaz et al., 2005) and
vaccinated children (Yuan et al., 2004b) may be attributable to maternal antibody
interference and previous exposure to wild-type RV infection. Further investigation
using immunologically naive, colostrum-deprived gnotobiotic animals should help to

elucidate the cross-reactivity of the NSP4 protein.

In addition to its ability to provoke a humoral response, NSP4 cellular-mediated
immune responses have also been established. Johansen et al. (1999) demonstrated for
the first time in adult humans, the ability of NSP4 to stimulate a cellular immune
response involving IFN-y and IL-2, and potentially cytolytic T-cells. Similar Thl
responses to NSP4 were observed in mice (Choi et al., 2006b; Kim et al., 2004; Yu and
Langridge, 2001). More recently Malik et al. (2008) demonstrated that IFN-y responses

in humans were transient and higher in subjects previously exposed to RV.

The objective of this study was to develop and validate a sensitive and specific ELISA
for the detection of antibodies to NSP4 in human sera. The patient samples analysed
(acute and convalescent) were a subset from an extensive longitudinal study of children
naturally infected with RV (Richardson et al., 1993; Grimwood et al., 1998). In
addition, serum samples collected from children vaccinated with the Rotarix® vaccine
were investigated. Unfortunately, very little information was available as to the history
of the vaccine samples, albeit that they were positive for RV antibodies and collected

after two doses of vaccine.
The ELISA would then be used to assess which recombinant protein configuration (N-

or C-terminal Hise¢-tagged NSP4) was the most reactive such that the appropriate

antigen could be used for the calcium signaling component of this research (Chapter 4).
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In addition, the ELISA was used to identify a serum sample which contained high levels
of a-NSP4 antibodies which could be utilised for studies of NSP4 neutralization and

intracellular calcium mobilization effects.

3.2 Methods

3.2.1 ELISA development

3.2.1.1 Generic ELISA format

The protocol outlined below was applied in the optimisation of the NSP4-specific
ELISA and, when established, for the testing of a-NSP4 IgG and IgA within patient sera
(Section 3.2.2).

Corning® high binding 96 well microtitre plates were coated with 100 ul of recombinant
NSP4 (in 0.06 M sodium carbonate-bicarbonate buffer; pH 9.6), and the plates
incubated overnight at 4°C. All test samples and controls were plated in triplicate unless

noted otherwise.

Unbound antigen was removed by five washes with 0.05% (v/v) Tween-20 in PBS
(PBS-T) (pH 7.4) and unbound sites blocked with 50 ul of blocking buffer at room
temperature for 1 hour (or as specified). Plates were washed as described previously and
50 ul of the appropriately diluted primary antibody (1° Ab) added. The antibody diluent
was blocking buffer unless reported otherwise. The plates were incubated for 1 hour at

37°C.

The plates were washed as described previously and 100 ul of the appropriately diluted
conjugated antibody added. The plates were incubated for 1 hour at 37°C. The wash
step was repeated and 100 pl of 3,3',5,5'-Tetramethylbenzidine (TMB; Sigma) substrate
solution (0.1 mg/mL in 98.5 mM sodium acetate, 1.48 mM citric acid, containing 1.2 pl
of 30% H,0, per 10 mL) added to each well. The plates were incubated at room
temperature for 10 minutes in the absence of light. The reaction was stopped with 2 M

H,SO,4 and the optical density (OD) measured at A4sonm using the EMax® Precision
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Microplate Reader and SoftMax Pro 4.6 Software (Molecular Devices, Bio-Strategy
Pty. Ltd., AUS).

3.2.1.2 ELISA optimisation

The following parameters were investigated in the optimisation of an a-NSP4 ELISA in
accordance with the guidelines proposed by Crowther (2001). All ELISA’s were
performed as directed in Section 3.2.1.1 and the appropriate parameters adjusted as

follows.

> Establishment of the saturating concentration of the coating antigen

(NSP4)

Recombinant Hisg-NSP4 proteins (RV4C, RV5C, RV4N and RV5N) derived from
prototype HRYV strains RV4 and RV5 were used as coating antigen. The construction,

expression and purification of these recombinant proteins was described in Chapter 2.

The saturation concentration was determined empirically for all recombinant protein
samples using a standard checkerboard titration (CT) format. Briefly, serial two-fold
dilutions of the coating antigen was assayed against the reference antibody,
hyperimmune o-SA1l1-polyclonal antibody raised in rabbits (Richardson er al., 1998)
diluted 500-fold. The concentration of the secondary antibody (2° Ab) HRP-conjugated
donkey anti-rabbit IgG (GE Healthcare BioSciences) was held constant (1/5000).

» Determination of the optimum HRP-conjugated antibody concentration

A CT was performed to establish the optimum concentration of HRP-conjugated sheep
anti-human IgG(y) (Chemicon) and HRP-conjugated rabbit anti-human IgA(a)
(DakoCytomation). Wells were coated with saturating concentrations of either C-
terminal Hise-NSP4 of RV4 (RV4C) or RV5 (RV5C) (as determined previously).
Patient sera (positive for anti-RV antibodies) was diluted 100-fold and used as the
primary antibodies. For the IgG assay, dilutions of the order of 1:10,000, 1:15,000,
1:17,500, 1:20,000 and 1:25,000 were performed for the conjugate. For the IgA assay,
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dilutions of the order of 1:200, 1:400, 1:800 and 1:16,000 were conducted for the

conjugate.

The positive sera was selected from sample sets of individuals who had previously
returned a positive response for the presence of anti-RV antibodies in an EIA (work
performed by the Enteric Virus Research Group, Murdoch Children’s Research Institute
(MCRI), Parkville). These results were verified using saturating concentrations of
RV4C or RV5C and HRP-conjugated sheep anti-human IgG(y) and HRP-conjugated
rabbit anti-human IgA(a) diluted 1:17,5000 and 1:800, respectively.

3.2.1.3 Improvement of assay sensitivity — background noise reduction

» Selection of blocking buffer and antibody diluent

The effectiveness of the blocking agents, BSA (96.99% Albumin Fraction V; Sigma),
Carnation Non-fat Dry Milk (NFDM) and Casein from bovine milk (Sigma), in
background noise reduction and concomitant increase in signal strength was
investigated. The inclusion of the blocking agents at variable concentrations in both the

blocking buffer and antibody diluent was examined.

The following blocking buffer compositions (% (w/v) in PBS-T) were investigated for
each of the blocking agents; BSA (1%), Casein (0.5, 1, 2 and 5%) and NFDM (0.5, 1, 5
and 10%). Similarly, the inclusion of these formulations as the antibody diluent was
also investigated. The assay was conducted using positive patient sera as the 1°Ab and
HRP-conjugated sheep anti-human IgG(y) as the 2°Ab. Carbonate-coated wells were

prepared as controls.

» Effect of Tween-20 in the blocking buffer and antibody diluent

The effect of Tween-20 in both the blocking buffer and antibody diluent was also
explored using a modified method of Vogt et al. (1987). Briefly, wells of a microtitre
plate were coated with differing compositions of blocking buffer (0.5, 1, 2, 5 and 10%
NFDM (w/v)) in either PBS or PBS-T. The 2°Ab, rabbit a-human IgA-HRP was diluted
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800-fold in the appropriate blocking buffer in the presence/absence of Tween-20. Refer

to Table 3.2 for the various diluent and blocker configurations analysed.

» Temperature

The effect of temperature on assay precision was investigated. Plates were prepared in
duplicate as described in the preceding section and incubated at either 25°C or 37°C for

each incubation step.

3.2.1.4 Assay validation

» Feasibility of the assay
Once the ELISA had been optimised, the feasibility of the method was determined by
performing the assay on matched pairs of acute and convalescent sera obtained from
children naturally infected with RV.

» Inter- and intra-run assay variability

The inter- and intra-run assay variability was investigated upon establishment of the
optimal conditions for the ELISA. The coating antigen was recombinant RV4C (10
wells/plate) or coating buffer. The 1°Ab was sera previously determined to be positive

for a-NSP4 IgG antibodies and the conjugate, HRP-conjugated sheep anti-human
IgG(y).

94



3.2.2 Indirect ELISA for the detection of NSP4-specific antibodies in

human sera

3.2.2.1 Subjects and serum samples

The sera of children naturally infected with a primary RV infection were kindly
provided by Dr Carl Kirkwood of the MCRI. The matched paired sera were obtained
from children who presented at the Royal Children’s Hospital, Parkville, with severe
acute diarrhoea and RV was identified as the causative agent. The acute-phase sera were
collected within 3-7 days (median 6 days) postinfection and the convalescent-phase sera
within 28 to 43 days (median 34 days) postinfection (Grimwood et al., 1998). In
addition a subset of samples (6 samples/candidate) procured from longitudinal studies
of three children, sampled approximately every 3 months over a 2-3 year period were

also investigated for the presence of a-NSP4 antibodies.

Vaccine samples were obtained after the administration of the second dose of Rotarix®

and were provided by Glaxo-Smith Kline (GSK), Belgium.
3.2.2.2 ELISA for the detection of «-NSP4 IgG and IgA in sera

The protocol as outlined below was used for the detection of a-NSP4 IgG and IgA

within patient sera.

Corning® high binding 96 well microtitre plates were coated with either 100 ul of (a)
recombinant NSP4 diluted in coating buffer (0.06 M sodium carbonate-bicarbonate
buffer; pH 9.6) at saturating concentration or (b) coating buffer (control wells), and the
plates incubated overnight at 4°C. All test samples and controls were analysed in

triplicate unless noted otherwise.
Unbound antigen was removed by five washes with PBS-T (pH 7.4) and unbound sites

blocked with 50 ul of blocker, 0.5% (w/v) NFDM in PBS-T, at room temperature for 1

hour. Plates were washed as described previously and 50 ul of a 100-fold dilution of
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patient serum diluted in blocker added to each well. The plates were incubated for 1

hour at 37°C.

The plates were washed as described above and 100 pl of the appropriately diluted
conjugated antibody added. Secondary antibodies were: HRP-conjugated sheep anti-
human IgG(y) and HRP-conjugated rabbit anti-human IgA(a) used at 1:17,500 and
1:800 respectively. The plates were incubated for 1 hour at 37°C. The wash step was
repeated and 100 ul of TMB substrate solution added to each well. The plates were
incubated at room temperature for 10 minutes in the absence of light. The reaction was
stopped with 2 M H,SO, and the absorbance measured on a plate reader at Agsonm using

SoftMax Pro 4.6 Software.

3.2.3 Statistical analysis

Data was analysed using the Excel Statistical Package, PHStat2 (Prentice Hall Inc,
Australia, 2003). Paired student t-tests were used to assess the contribution of Tween-20
in both the blocking agents and antibody diluent at differing NFDM compositions and
for comparisons of the antibody response to NSP4 in acute and convalescent sera of
matched pairs. Statistical significance was determined at p < 0.05 for all analyses in this

study.
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3.3 Results and Discussion

3.3.1 Assay development

3.3.1.1 Determination of the minimum saturating concentration of coating

antigen

The determination of the minimum saturation concentration for each antigen was
established using the reference 1°Ab, a-SA11, and HRP-conjugated donkey anti-rabbit
IgG (2°Ab). This detection system was used in preference to the patient sera due to the

limited volume of sample available.

The saturating concentration for each of the recombinant NSP4 proteins (per 100 pl)

was determined to be 1.5 pg RV4C, 0.3 ug RV4N, 0.7 pg RV5C and 0.65 pg RVSN.

3.3.1.2 Optimization of the ELISA: eliminating background interference

» Selection of blocking buffer and antibody diluent

Three different proteins, BSA (96.99% Albumin Fraction V), Carnation Non-fat Dry
Milk (NFDM) and casein were investigated for their efficacy as blocking agents and

antibody diluents in this assay.

An increase in casein concentration in both the blocking agent and antibody diluent
resulted in an overall reduction in background, as measured by the OD of the carbonate
coated wells. Unfortunately, this also coincided with a decline in the OD of the
corresponding antigen coated wells, and consequently an overall loss in the net OD (OD
test sample - OD corresponding control). Under the conditions investigated, the
optimum combination of casein as antibody diluent and blocker was determined to be

0.5% (w/v) in PBS-T (data not shown).

BSA generated consistently high background, the source of which was either cross-

reactivity to a-phosphotyrosine antibodies or to RV-specific immunoglobulins in human
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sera (Gibbs, 2001). In the absence of coating antigen and sera, the background was
comparable when 0.5% casein (PBS-T) and 1% BSA were used as the blocking agents,

indicative of the background contribution of serum components.

NFDM, the superior blocking agent in these experiments, also contains
phosphotyrosine, which would be expected to be cross-reactive with a-phosphotyrosine
antibodies within sera. However, NFDM gave consistently lower background and
greater signal for antigen coated wells compared with the other blocking agents
investigated. When the concentration of NFDM was increased in both the antibody
diluent and blocking buffer a decrease in signal strength (Table 3.1) or increase in
background noise (Figures 3.1a and 3.1b) was observed. This phenomenon may be
explained by the masking of antibody:antigen interactions and/or the inhibition of the
enzyme conjugate by excessive amounts of blocking agent (Pierce ELISA and

ELISPOT Products Handbook and Technical Guide).

The greater efficacy of both casein and NFDM (in comparison with BSA) as a blocking
agent in immunoassays has been well documented (Kaur et al., 2002; Vogt et al., 1987).
Vogt et al. (1987) demonstrated that both Casein and NFDM afforded greater than 90%

blocking of non-specific binding to polystyrene microtitre plates.

Table 3.1. Efficacy of casein, BSA and NFDM as antibody diluents and blocking agents. The
concentrations of casein and BSA were held constant at their previously determined optimal
concentration. The concentration of NFDM was varied. The net OD value is the difference in
OD between the experimental well (coated with RV4C) and the control well (carbonate buffer).
The primary antibody was convalescent sera from a naturally infected child which was positive

for a-RV antibodies. The secondary antibody was HRP-conjugated sheep anti-human 1gG(y).

OD with
Blocking agent and Casein BSA NFDM NFDM NFDM  NFDM
antibody diluent 0.5% 1% 0.5% 1% 5% 10%
Coating: RV4C 0.494 1.079 0.699 0.582 0.702 0.776
Coating: Carbonate 0.210 0.938 0.274 0.211 0.377 0.560
Net OD 0.284 0.141 0.425 0.371 0.325 0.216
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The contribution of patient sera to background noise varied for each test sample; a
consequence of serum immunoglobulin-related interferences which could include (a)
the presence of human o-human antibodies, (b) non-specific immunoglobulin
interactions and (c) serum factors binding and interfering with Ig detection (Maple et
al., 2004). A number of authors have reported similar effects and the methods employed
to combat serum interference are extensive and varied. Of interest are the findings of
Kenna et al. (1985) who noted that IgG of human sera (and not animal) adsorbed with
greater affinity to the solid phase than casein and that the inclusion of the antimicrobial
agent Thimersol in the buffering system reduced such background. They speculated that
the inclusion of Thimersol reduced the binding of human antibodies to potential
microbial contaminants in the buffer which would compete with casein for blocking

sites.

» The effect of Tween-20 in the blocking buffer and antibody diluent

The use of Tween-20 in both the antibody diluent and blocking buffer was investigated,
as it has been reported that its inclusion negates the effects of the proteinaceous
blocking agent and should be restricted to the washing step proceeding the addition of
the conjugate (Esser, 1997). Julidn et al. (2001) reported that the inclusion of Tween-20
resulted in a loss of signal, presenting as false negatives, for ELISA’s of four
glycolipids of the cell wall of Mycobacterium tuberculosis. In the assays conducted in
this research it was demonstrated that the inclusion of Tween-20 in NFDM blocking
systems had very little effect on background noise when the composition of both the
blocking agent and antibody diluent was at concentrations < 2% for the assay performed
at 25°C and at concentrations < 1% when performed at 37°C. When the NFDM
concentration in both the blocker and antibody diluent exceeded these concentrations,
the inclusion of Tween-20 caused a significant increase in background noise (p < 0.05)
irrespective of the operating temperatures of the assays. These results are presented in

Figures 3.1a (assay performed at 25°C) and 3.1b (assay performed at 37°C).
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» Temperature

The effects of blocking at 37°C and 25°C were investigated for NFDM using varying
blocking buffer compositions (Table 3.2). When blocking was performed at 37°C a
small number of erroneous high OD values, not observed for plates incubated at 25°C,
were reported. Upon the exclusion of these outliers, there was no statistically significant
difference (p > 0.05) in OD in performing the incubation steps at either of these
temperatures when Tween-20 was included in the diluent and blocking buffer (Figures
3.1a and 3.1b). In the absence of Tween-20, all but two samples (1 and 4) returned
differing OD values of statistical significance when incubated at the two different
temperatures. Generally, the inclusion of Tween-20 and an increase in the NFDM
composition of both the blocker and diluent at concentrations exceeding 2% (w/v)
caused an increase in noise observed for both temperatures, but was greater when
blocking was performed at the higher temperature. An association between background
noise and increases in NFDM concentration had been demonstrated previously (Table
3.1). Despite contributing marginally to the background noise, the inclusion of Tween-
20 in the antibody diluent and blocking buffer was considered necessary due to apparent

temperature induced changes in OD in its absence.
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Figure 3.1. The contribution to background noise by Tween-20 in an ELISA
performed at (a) 25 °C and (b) 37 °C. The mean and standard deviation, as graphed,
were calculated from triplicate measurements for each test sample investigated. A
paired t-test was used to assess whether the presence of Tween-20 reduced the
background noise when included in both the blocking buffer and antibody diluent.
Differences at critical levels of p<0.05, were considered statistically significant and
are represented by an asterisk (*). Statistical analysis was performed using the Excel
Statistical Package PHStat2. The composition of blocking agent and antibody diluent
for each condition (1, 2 etc, presented on the horizontal axis) have been tabulated

(Table 3.2).

102



Table 3.2. The composition of NFDM in the antibody diluent and blocking buffer. Each of
these conditions was assayed in the investigation of the contribution of Tween-20 to background

noise and assay performance at different operating temperatures (37 °C and 25 °C).

Condition Antibody Diluent Blocking Agent
(% NFDM) (% NFDM)
1 0.5 10
2 0.5 5
3 0.5 2
4 0.5 1
5 0.5 0.5
6 1 1
7 2 2
8 5 5
9 10 10

Collectively, these results suggested that the optimum operating conditions for this
ELISA would require the blocking step to be performed at 25°C with the inclusion of
Tween-20 (0.05%) in both the blocking agent (0.5% NFDM) and antibody diluent
(0.5% NFDM).

> Extraneous effects

On occasion, high background OD readings were observed for a single well in sample
replicates which could not be accounted for by technique or experimental error. Rebeski
et al. (1999) discussed the prevalence of high background, randomly distributed and
associated with non-specific protein adsorption in y-irradiated high binding polystyrene
plates. They proposed that the irradiation procedure may not be uniform and
reproducible, contributing to varying degrees of hydrophobic and hydrophilic binding
sites across the wells. Gamma irradiation of polystyrene induces an increased polarity of
the hydrophobic solid phase, generating additional binding sites relative to hydrophobic
groups (Rasmussen, 1998).
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3.3.1.3 Assay validation

» Feasibility of the assay

The feasibility of the assay was determined by investigating matched serum pairs (acute
and convalescent) and sera obtained from longitudinal studies of children naturally
infected with RV. The results obtained from the assays were consistent with the
information provided by the MCRI regarding the presence or absence of detectable RV
antibodies where detected (Table 3.3).

» Inter and intra run assay variability
For repeatability data, the coefficient of variation (CV) for replicates should not exceed

10% (Crowther, 2001). The CV was calculated to be 0.22% for the intra and inter assay

variability in this study.
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3.3.2 Isotype-specific response to NSP4 in human sera

Plates were coated with either recombinant C terminal His¢-tagged NSP4 from RV
strains RV4 (P1A[8]GI1, II) or RV5 (P1B[4]G2, I). RVS5 and RV4 belong to NSP4
genogroups A and B, respectively. The aims of this study were two-fold: firstly, to
demonstrate whether NSP4 elicits a humoral response in children naturally infected
with RV and secondly, to assess whether this response is homotypic and/or heterotypic.
Once the isotype-specific response to NSP4 had been established the ELISA would be
used to investigate whether two doses of an attenuated human vaccine elicited a-NSP4

IgG and IgA responses and whether these responses were cross-reactive.

3.3.2.1 Isotype-specific response to NSP4 in the sera of children naturally
infected with RV

Table 3.3 summarises the patient histories for the matched pairs of acute and
convalescent sera for children naturally infected with RV. Using the ELISA developed
in this study, the sera was identified as positive or negative to a-NSP4 IgG and IgA
using RV4C and RVS5C as the coating antigens. Test samples were considered positive
if the OD in the experimental well (coated with antigen) was >0.1 OD unit and two-fold
greater than the OD in the corresponding control well (carbonate buffer) (Moser et al.,
1998; Rojas et al., 2007). The net OD (OD test sample - OD corresponding control) was
calculated for each sample. Figure 3.2 summarises the ELISA results obtained for the
detection of NSP4-specific IgG (3.2a) and NSP4-specific IgA (3.2b) for matched pairs
of acute and convalescent sera of naturally infected children. All acute sera was
negative for the presence of a-NSP4 antibodies, indicative that (a) the children had not
had prior exposure to RV, or if exposed was of a serotype distinct from the strains
assayed or (b) the a-NSP4 titre was below the sensitivity of the assay. Of the nine

patient samples assayed, 89% seroconverted to NSP4.
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Figure 3.2. a-NSP4 isotype-specific humoral response in children naturally infected with RV.
Figures (a) and (b) illustrate the a-NSP4 IgG and a-NSP4 IgA response respectively. The
patient histories corresponding to all samples assayed are recorded in Table 3.3. The acute and
convalescent sera for each sample are distinguished graphically by the assignment of a letter
proceeded by a number denoting the days post infection in which the sera was obtained. The
first value in each subset corresponds to the acute sera and the second value, the convalescent.
The assay was conducted using either RVAC (®) or RV5C (A ) as the coating antigen. Serum
samples were assigned as positive (*) if the OD in the experimental well was >0.1 OD unit and

two-fold greater than the OD in the corresponding control well.
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Table 3.3. Patient histories for children naturally infected with rotavirus. This information

was provided by Dr Carl Kirkwood of the MCRI. Where known, the serotype of the infecting RV

strain was recorded. Days post infection refers to the number of days after infection when sera

was taken.
Sample Serotype of Days post Days post
Infecting infection infection
Rotavirus Strain
A Serotype Day 7 Day 39
Unknown
B Gl Day 6 Day 34
C Gl/4 Day 6 Day 28
D Gl Day 3 Day 42
E Gl Day 5 Day 31
F Serotype Day 7 Day 30
Unknown
G G4 Day 6 Day 42
H Gl Day 5 Day 32
J Gl Day 4 Day 43

Seroconversion has been defined as a > 3-fold rise in a-NSP4-specific antibody titres

between acute and convalescent sera of children naturally infected with RV, or pre and

post vaccination sera in vaccine recipients (Ray et al., 2003; Vizzi et al., 2005). As the

quantity of sera was limited in this study, the establishment of the antibody titre was not

pursued. Therefore the absence of detectable a-NSP4 in the acute sera and the presence

of NSP4-specific antibodies in the convalescent sera was considered to be indicative of

“seroconversion”.
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Table 3.4. Isotype-specific seroconversion to NSP4 for children naturally infected with RV.
The IgG and IgA seroconversion to NSP4 of prototype RV strains RV4 and RV5 of children
naturally infected with RV was determined using the a-NSP4 ELISA. The serotypes of the
infecting strains were provided by the MCRI. Both the absolute and percentile (brackets) values

have been recorded for each test condition assayed.

Infecting Infecting Infecting Dual Infection
Serotype (G1) Serotype (G4) Serotype (G1/G4)
(Nondefined)
Coating IgG IgA IeG IgA IegG IgA IgG IgA
Antigen
RV4C (G1) 4/5 1/4 0/1 01 2/2 01 171 1/1
(80%) (25%) (0%) (0%) (100%) (0%) (100%)  (100%)
RV5C (G2) 3/5 0/4 0/1 01 0/2 01 171 0/1
(60%) (0%) (0%) (0%) (0%) (0%) 100% 0%

The IgG response to NSP4 (60-80%) for G1 infections in the subset of patient sera
analysed in this study is consistent with the findings (67-100%) of Richardson et al.
(1993). The authors used radioimmunoprecipitation (RIP) to detect a-NSP4 IgG within
these serum samples and found that the frequency of NSP4 (G1) and NSP4 (G2) which
coprecipitated with Gl-derived NSP4 antibodies was 80 and 60% respectively.
Richardson et al. (1993) noted that NSP4 from a G2 strain failed to immunoprecipitate
with serum samples of children infected with a G4 strain, but was recognized by 67% of
serum samples of children infected with a G1 RV. In this study, NSP4 of both G1 and
G2 origin failed to react with the serum sample of a G4 infected patient. Unfortunately,

only a single G4 infection sample was available for this study.

As transplacentally acquired maternal Abs are typically of the 1gG isotype, the presence
of serum IgA Abs in infants is suggestive of an active humoral response to vaccination
or natural exposure. Serum IgA levels are indicative of the IgA responses at the mucosal
surface of the small intestine and consequently, indirectly correlate with protective
immunity to RV disease in humans and animals (To et al., 1998; Velazquez et al., 2000;

Yuan et al., 2004a; 2004b).
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The response for a-NSP4 IgA was much lower than for IgG, with only 29%
seroconversion observed across all samples analysed, and restricted to G1 NSP4 and a
G1/G4 dual infection. This result was expected as IgG constitutes the dominant form of
serum Ab and the absence of an NSP4-specific IgA response has been reported
previously by others (Ishida et al., 1996; Johansen et al., 1999; Rodriguez-Diaz et al.,
2005; Yuan et al., 2004a). Using full-length NSP4 of RV strains Wa (genotype B) and
SA11 (genotype A) as antigens, Rodriguez-Diaz et al. (2005) failed to detect an a-NSP4
IgA response in the sera of convalescent children naturally infected with RV, whilst a
weak NSP4-specific IgG response was detected. Johansen ef al. (1999) reported similar
responses in naturally-infected and RRV-TV-vaccinated children to both full-length
SA11 NSP4 and a synthetic peptide (NSP4;,4.134) corresponding to the enterotoxin
domain. In contrast, a significant NSP4-specific IgA response in both post vaccination
sera and convalescent sera of naturally children has been documented by others (Ray et

al., 2003; Vizzi et al., 2005; Yuan et al., 2004b).

Studies performed on animal models also suggest that the a-NSP4 response is weak. An
immunocytochemistry assay failed to detect IgA to NSP4 in the stool samples of adult
mice infected with an homologous wild-type virus, and the corresponding IgG titres
were low (Ishida et al., 1996). Infection of gnotobiotic calves with a homologous bovine
RV (NCDV) yielded little to no detectable NSP4-specific IgA, despite performing the
assay with limited dilutions of sera to the order of 1:4 (Yuan er al., 2004a). The
inoculation of gnotobiotic piglets with either attenuated or virulent forms of the HRV
strain Wa evoked only a small number of ASCs specific for NSP4 (Chang et al.,
2001b).

Differences in assay design and reagents used have been associated with variances in
the levels of detectable a-NSP4 antibodies due to apparent disparities in assay
sensitivity. In two of the studies which demonstrated a significant NSP4-specific IgG
and IgA response (Ray et al., 2003; Vizzi et al., 2005) the ELISA’s were conducted
using GST fusion peptides encompassing the cytoplasmic domain of NSP4 (~aa 85-
175) as the coating antigen. The capturing of NSP4gs.175-GST fusion proteins by the
immobilization of glutathione to the wells of a 96 well plate was suggested to preserve

the antigen conformation in a more native fashion than observed by direct adsorption of
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the antigen to 96 well plates (Vizzi et al., 2005). The immunocytochemistry assay
conducted by Yuan et al. (2004b) returned significant IgA-specific antibody responses
to full-length NSP4 and the authors reported that this assay is highly sensitive for the
detection of antibodies to both conformation-dependent and independent epitopes. Ray
et al. (2003) used biotin-conjugated o-human IgA and HRP-conjugated avidin-biotin for
the detection of a-NSP4 IgA-specific antibodies, which may have improved the

sensitivity of the assay.

A limiting factor in the sensitivity of the a-NSP4 ELISA’s developed in this study may
have been the high dilutions (1/100) performed for the patient sera, particularly for the
a-NSP4 IgA ELISA. Yuan et al. (2004b) and Johansen et al. (1997) measured the titres
of a-NSP4 IgA from the same serum samples (RRV-TV vaccine recipients) using an
immunocytochemistry assay and ELISA respectively. Yuan and co-workers reported
that the starting dilution of 1:100 for the IgA ELISA conducted by Johansen et al. may
have been too high, as their investigation was performed with dilutions of 1:4. Yuan et
al. (2004b) also reported that differences between the NSP4 genotype of the detecting
antigen and that of the vaccine strain may also be responsible for variances in the level
of detectable antibody titres. This statement is consistent with the results observed in
this study, whereby ELISA’s coated with the RV4 NSP4 antigen derived from a similar
strain (G1) to the infecting viral strains elicited a higher rate of seroconversion in the

samples analysed.

Overall, studies which detected IgA against NSP4, also reported moderate to significant
titres of a-NSP4 IgG (Ray et al., 2003; Vizzi et al., 2005; Yuan et al., 2004b). For
studies in which NSP4-specific IgA was not detected; the corresponding response to the
IgG counterpart was low (Ishida et al., 1996; Johansen et al., 1999; Rodriguez-Diaz et
al., 2005; Yuan et al., 2004a). These results suggest that the ability to detect NSP4-
specific antibodies is highly dependent on the sensitivity of the assay employed for their

detection.
The a-NSP4 IgA and IgG responses were also investigated for subsets of sera acquired

from longitudinal studies of children conducted over a 2-3 year period. The results from

one such study is presented in Figure 3.3. The increase in both an a-NSP4 IgG and IgA
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response to NSP4 of genotypes A (RVS5) and B (RV4) coincided with a primary (G1)
RV infection at approximately 30 months. The magnitude of the net OD is reflective of
the concentration of a-NSP4 antibodies present in the serum. Prior to RV infection, the
quantity of NSP4-specific antibodies was at baseline level. Upon infection, the levels of
a-NSP4-specific antibodies present in the sera increased, prior to returning to baseline
levels at approximately 5 months post infection. Interestingly, a large IgA response was
observed towards NSP4 of genotype B, which exceeded the response (as proposed by
the net OD values) to IgG. The same trend was not observed for NSP4 of genotype A.
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Figure 3.3. Longitudinal analysis of a-NSP4 isotype-specific responses to RV4C and RV5C.
RVAC (1.5 ug/well) and RV5C (0.7 ug/well) were used as coating antigen for the detection of a-
NSP4-specific IgG and I1gA in patient sera. RV infection at approximately 30 months resulted in
an increase in both an 1gG and IgA response to NSP4 from basal levels. The infecting serotype
was a Gl strain of HRV. Each sample was assayed in triplicate and the net OD plotted. Error

bars apply to the standard deviation calculated for each data point.

112



3.3.2.2 NSP4-specific IgG response in the sera of children inoculated with 2

doses of an attenuated HRYV vaccine

The serum samples were obtained from clinical trials of a 2 dose regimen of a live
monovalent attenuated vaccine prepared from a human P1A[8]GI1 strain (Rotarix®) and

administered at 2 and 4 months of age.

The ELISA format used for the detection of NSP4-specific Ig isotypes was as described
for the acute and convalescent sera of naturally infected children. The number of
individuals that returned a positive response to NSP4 were reported (Table 3.5). For
comparison, a similar treatment of results was performed for the convalescent sera
obtained from children naturally infected with RV. The total number of vaccine
recipients and naturally infected children analysed were 10 and 9 respectively. An a-
NSP4 IgG response to NSP4 of Genotype A was observed for two of the vaccine
recipients. These same samples also returned an a-IgG response to NSP4 of Genotype
B. The response (as measured by net OD) was stronger for NSP4 of genotype B, the
same genotype as the attenuated vaccine with which they were vaccinated. The number
of naturally infected children which had a-NSP4 IgG antibodies was more than double
that of the vaccine recipients. Anti-NSP4 IgA was not detected for any of the vaccine

recipients.

Table 3.5. Total a-NSP4 IgG response to NSP4 of Genotypes A and B in human sera. The
convalescent sera for naturally infected children (N=9) and post-vaccination sera from
recipients of a 2-dose regimen for Rotarix® (N=10) were analysed. The percentile values
represent the number of recipients who returned a positive response for NSP4-specific 1gG from

the total number of samples assayed. The values in brackets represent the absolute numbers.

NSP4 RV5C (Genotype A) NSP4 RV4C (Genotype B)
Natural Infection 44% (4/9) 78% (1/9)
Vaccinated 20% (2/10) 30% (3/10)

In the absence of prevaccination sera it is not possible to draw conclusions regarding the
rate of NSP4 “seroconversion” in response to vaccination. Table 3.5 illustrates that a

greater proportion of children naturally infected with RV developed detectable levels of
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a-NSP4 IgG compared with the vaccine recipients. These results are consistent with
Vizzi et al. (2005) who reported that NSP4 evokes significantly higher seroconversion
rates in children with naturally acquired RV infection (54%) compared with children
inoculated with the RRV-TV vaccine (8%). In general, the correlation between post-
vaccination RV antibody titres, particularly to IgA, and protection against reinfection is
weaker and less apparent than for natural RV infection (Barnes et al., 2002; Bernstein et
al., 1995; Gonzélez et al., 2005; Svensson et al., 1987; Velazquez et al., 2000; Ward
and Bernstein, 1994; 1995; Ward, 2009).

Antibodies directed against NSP4 after naturally acquired RV infection correlate with
protection from rotaviral diarrhoea (Vizzi et al., 2005), but questions remain as to
whether pre-existing antibodies to RV may limit viral replication and consequently
affect the immune response to non-structural proteins. The answers to these questions
would help to elucidate the contribution by NSP4-specific antibodies to the reduction of

disease severity in vaccinated children.

Studies investigating the seroconversion rates to NSP4 upon reinfection have produced
conflicting results. Ray et al. (2003) demonstrated that the seroconversion rate to NSP4
was lower upon reinfection compared to primary infection, whilst Vizzi et al. (2005)
established that the NSP4 seroconversion rate was independent of the presence of pre-
existing antibodies. Kirkwood et al. (2008) used RIP assays to detect NSP4-specific
IgG antibodies in the sera of naturally infected children. The authors of this study
observed boosts in NSP4 IgG antibody levels upon reinfection. They also reported that
the levels of a-NSP4 IgG in the acute and convalescent sera declined rapidly and were

not observed by 100 days post-primary infection.

To my knowledge, this is the only study which has investigated the NSP4 response to
the Rotarix® vaccine. All other studies have investigated the immune responses to RV
structural proteins (reviewed in Ward and Bernstein, 2009). In clinical trials, 61 to 96%
of vaccinated infants developed RV-specific serum IgA or neutralizing antibody
responses after two doses of the vaccine (Phua er al., 2005; Salinas et al., 2005;

Vesikari et al., 2004; reviewed in Ward and Bernstein, 2009).
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3.3.2.3 Heterotypic and/or homotypic response to NSP4 of
genotypes A and B

The humoral response to NSP4 appears to be heterotypic and independent of the NSP4
genotype. Significant IgG and IgA responses to homotypic and/or heterotypic NSP4 of
genotypes A, B and C were reported in the sera of vaccinated children (Yuan et al,
2004b) and in the convalescent sera of naturally infected children (Ray et al., 2003).
Vizzi et al. (2005) also reported homotypic and/or heterotypic responses to the NSP4gs.
175 peptide of genotypes A, B and C for both naturally infected and RRV-TV vaccinated

children.

The NSP4 genotypes of the infecting RV strains investigated in this study had not been
determined, and consequently the conclusions drawn regarding NSP4 cross-reactivity
was based on the assumption that G1 and G4 strains typically are of NSP4 genotype B
and G2 of NSP4 genotype A (Kirkwood et al., 1999). The results obtained from the
matched paired sera of children naturally infected with RV (Figure 3.2) demonstrated
that the response to NSP4 of genotypes A and B is both homotypic and/or heterotypic.
NSP4 of genotype A coprecipitated with sera obtained for a G1 virus in 60% of the data
set, whilst IgG against NSP4 of genotype B was detected in all but 1 sample infected
with a GI1 virus, or G1/G4 virus. Data obtained from the longitudinal studies lend
further support to the cross-reactivity of NSP4 genotypes, whereby NSP4 of genotypes
A and B reacted with Ig’s elicited from infection with strains G1 and G8 (arbitrarily
assigned to NSP4 genotype B) (data not shown). What is of interest is the higher
response observed for the NSP4 genotype A (RVS5) antigen compared with the
homotypic NSP4 genotype B (RV4) antigen for the IgG isotype (Figure 3.3). The
difference in the immunological response was determined to be statistically significant

(student’s t test, p < 0.05).

The data obtained for the Rotarix® vaccine recipients indicated that the NSP4 response
was heterotypic, although it is difficult to state in the absence of pre-vaccination sera,
that NSP4 unequivocally elicits a cross-reactive immune response. The observed
heterotypic response may be associated with the presence of pre-existing circulating

NSP4 antibodies, indicative of previous exposure to RV.
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3.3.3 NSP4 conformational dependence on the «-NSP4 response —

influence of the His, tag position

Preliminary results indicated that the placement of the Hise tag at the N-terminus of
NSP4 generated a greater response compared with the corresponding C-terminal Hise-
tagged protein; observed for NSP4 derived from strain RV4 only. These results could
suggest that the presence of the Hisg tag at the carboxy terminus interferes with the
binding of antibodies to epitopes located within the cytoplasmic domain of NSP4. These
results are consistent with the identification of immunodominant epitopes located within
the cytoplasmic domain of NSP4 (Borgan et al., 2003; Hyser et al., 2008; Kim et al.,
2004; Rodriguez-Diaz et al., 2004; Yu and Langridge, 2001; Yuan et al., 2004a).

An NSP4-cholera toxin B subunit (CTB) fusion protein (CTB-NSP4qy) stimulated a
greater IgG response in mice compared with CTB-NSP4,, (immunodominant epitope of
NSP4) indicating the presence of additional immunogenic epitopes on NSP4q, (Kim et

al., 2004; Yu and Langridge, 2001).

Borgan et al. (2003) identified three of four antigenic sites within the cytoplasmic
domain of NSP4 of a group A avian RV strain (PO-13). Using MAbs directed against
truncated NSP4s, the authors determined the presence of at least six epitopes within four
spatially distinct antigenic sites (AS I-1V). AS I is located at aa 151-169, AS II at aa
136-150, AS III at aa 112-133 and AS IV at aa 1-24. Most of the MAbs were directed to
AS T and II suggesting they were the major NSP4 epitopes. In addition, it was proposed
that AS 1I is widely conserved among a variety of RVs (Borgan et al., 2003).

Hyser et al. (2008) identified four epitopes within the cytoplasmic tail of SA11 NSP4;
three of which (aa 150-175, aa 120-147 and aa 114-135) are synonymous with AS, T II
and III of the PO-13 strain identified by Borgan er al. (2003). A MAb B4-2/55
(produced against an attenuated Wa strain) mapped to a linear epitope within the amino
acid domain 100-118; with residues E105, R108 and E111 critical for Ab binding. An
anomalous binding domain was not identified by Borgan et al. (2003) for strain PO-13.
Epitopes for a-NSP4,4.135 and NSP4,,(.14; encompassing the enterotoxin domain were

distinct. The a-NSP4,4.135 epitope mapped to the domain aa 114-125 and the residues
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T117/T118, E120, and E122 were critical for binding of the antibody. The epitope for a-
NSP450.147 was between amino acids 130-140 and residues Q137 and T138 were
critical for its binding (Hyser et al., 2008). The third domain (aa 155-170) encompassed
the DLP binding domain and specifically bound a-NSP4s¢.17s; residues E160 and E170
were critical for its binding (Hyser et al., 2008).

The contribution of the composition of the microtitre plates used in this study to the
enhanced signal response observed for the N-terminal Hise-tagged NSP4 protein
warrants further investigation. High binding microtitre plates favour interactions with
cationic and hydrophobic regions of a peptide. The higher binding capacity of the N-
terminal Hisg-tagged protein may have been unduly influenced through binding of the
hydrophobic domain to the plate, leaving the cytoplasmic domain exposed for greater
interactions with a-NSP4 antibodies. The absence of an appreciable difference between
the net OD of the C- and N-terminal Hise-NSP4 proteins derived from HRV strain RV5

would suggest that this phenomenon may not have an undue effect on protein binding.

3.4 Summary

An ELISA for the detection of a-NSP4-specific Ig isotypes (IgG and IgA) against HRV
NSP4 of genotypes A and B was developed. The ELISA was employed for the detection
of a-NSP4-specific antibodies in the sera of children naturally infected with RV and of

.. . . . ®
recipients of the rotavirus vaccine, Rotarix .

The results obtained are suggestive that an NSP4-specific humoral response is evoked
both by natural RV infection and by vaccination with the live monovalent attenuated
HRYV vaccine. NSP4 seroconversion was reported for 89% of children naturally infected
with RV, whilst only 30% of vaccine recipients returned a positive response for NSP4-
specific Ig’s. These results are consistent with the work of Vizzi et al. (2005) who
reported that NSP4 evokes significantly higher seroconversion rates in children with
naturally acquired RV infection (54%) compared with children inoculated with RRV-
TV vaccine (8%).
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An a-NSP4 IgG antibody response was the dominant isotype-specific serum response.
The NSP4-specific IgG response to NSP4 of RV4 (G1, NSP4 genotype B) and RVS5
(G2, NSP4 genotype A) in the sera of children infected with a G1 RV strain was 80%
and 60% respectively. These results were consistent with the frequency (67-100%)
reported by Richardson er al. (1993) who used RIP to detect a-NSP4-specific IgG’s in
the sera of children naturally infected with RV, and from which the sample subset

assayed in this study originated.

Only 29% of the naturally infected children had seroconverted to detectable levels of a-
NSP4 IgA, whilst no a-NSP4 IgA was detected in the sera of vaccine recipients. The
lack of an a-NSP4 IgA response is consistent with the findings of others (Johansen et

al., 1999; Rodriguez-Diaz et al., 2005).

The results demonstrate that the humoral response to NSP4 of genotypes A and B is
both homotypic and heterotypic for naturally acquired RV infection and for Rotarix®
vaccinated individuals. For the majority of samples analysed the a-NSP4 isotype-
specific response was greatest for NSP4 of genotype B. This result is not entirely
unexpected as RV4 shares the same serotype specificity (G1) and NSP4 genotype (B) as
the majority of infecting strains assayed and of the vaccine strain. NSP4 of genotype A
complexed with serum IgG’s for a G1 infection in 60% of the data set, whilst NSP4 of
genotype B reacted with IgG’s of all but one sera infected with either G1 or G1/G4
viruses. Data obtained from the longitudinal studies lend further support to the cross-
reactivity of NSP4, whereby NSP4 of genotypes A and B reacted with NSP4-specific
IgG’s for children infected with G1 and G8 (NSP4 genotype B) viruses. The a-NSP4
IgG response of vaccine sera to NSP4 of genotype A and B, was 20 and 30%

respectively.

Preliminary data indicated that the N-terminal His¢-tagged NSP4 of strain RV4 yielded
a greater response for serum NSP4-specific IgG than did its C-terminal counterpart.
These results would be consistent with the preferential binding of the N-terminal to the
high-binding polystyrene microtitre plates; allowing maximal interaction of the NSP4-
specific antibodies with the immunodominant cytoplasmic tail of the protein.

Alternatively, the fusion of the His¢-tag at the C-terminal may interfere with either the
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direct binding of antibodies to linear epitopes or induce changes within the protein
which alters conformation-dependent epitopes on the protein. This potential Hisg
dependent response was not observed for recNSP4 of RV strain RVS5, indicating

potential differences in the immunodominant regions.

Serum samples returning a strong a-NSP4 response to all protein samples (RV4C,
RVS5C, RV4N and RV5N) were identified using the a-NSP4 ELISA and were selected
for NSP4 neutralization studies in the proceeding chapter. Likewise, acute samples

negative for a-NSP4 were selected as controls.

119



Perturbation of cellular calcium homeostasis

by rotavirus and NSP4

4.1 Introduction

Calcium is a vital intracellular second messenger responsible for controlling a vast array
of cellular processes inclusive of gene transcription, muscle contraction,
neurotransmitter release, oocyte fertilization, cell proliferation and differentiation,
lymphocyte activation and cell death (Bootman er al., 2001; Moore et al., 1990;
Winslow and Crabtree, 2005). Most, if not all changes to cellular function result from

highly localised changes in calcium activity.

Calcium homeostasis within the cytosol of mammalian cells is maintained at
approximately 100 nM by a complex interplay of mechanisms at the plasma membrane
(PM) and involving intracellular organelles. The increases in cytosolic calcium
concentration arise from the influx of calcium through calcium permeable channels at
the PM and/or the release of calcium from intracellular stores such as the endoplasmic
reticulum (ER) via 1,4,5-inositol triphosphate (IP3) or ryanodine-sensitive channels.
Sequestering of calcium by Ca®* pumps (e.g. sarcoplasmic endoplasmic reticulum
ATPase (SERCA) pumps) into intracellular organelles (ER, sarcoplasmic reticulum,
mitochondria) or extrusion by Ca®*-ATPase and other transporters (e.g. Na**/Ca®*
exchange) located at the PM serve to reduce excesses in cytosolic calcium concentration

(Carafoli, 1987; 2002).
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The basic building blocks of calcium signaling are spatially restricted “elementary”
signals which remain localised at their point of origin and require the activation or
recruiting of effector molecules to distribute their signal globally. Global calcium
signals may traverse the entire cell (intracellular waves) or where gap junctions are
present, pass to neighbouring cells (intercellular waves) to coordinate cellular responses

within a tissue (Berridge et al., 1998; Thomas et al., 2000).

The dependence on the intrinsic calcium concentration for RV replication,
morphogenesis and pathogenesis has been widely documented (reviewed in Ruiz et al.,
2000). The solubilisation of the outer capsid layer and the activation of viral
transcription is known to occur at low [Ca2+]i (Benureau et al., 2005; Charpilienne et al.,
1997; Chemello et al., 2002; Cohen et al., 1979; Ruiz et al., 1996; 1997; 2000); whilst
the acquisition of the outer capsid layer and the integrity of the TLP is dependent on
high ER [Ca2+] (Michelangeli et al., 1995; Poruchynsky et al., 1991; Ruiz et al., 2007).
The formation of viroplasm-like structures and glycosylation of NSP4 and VP7 are also

calcium regulated processes (Michelangeli et al., 1995; Sen et al., 2007).

The intracellular calcium homeostasis of cultured cells is altered by RV infection, is
correlated with the synthesis of a glycosylated viral protein, and is most probably
advantageous for virus replication (Brunet et al., 2000a; del Castillo et al., 1991; Diaz et
al., 2008; Michelangeli et al., 1991; 1995; Pérez et al., 1998; Ruiz et al., 2000; 2005).
The initial increase in [Ca2+]i is attributable to the uncompensated increase in Ca**
permeability across the plasmalemma (Brunet et al., 2000a; Michelangeli et al., 1991;
Pérez et al., 1998; Ruiz et al., 2000). The concomitant rise in the cytosolic calcium
concentration triggers thapsigargin sensitive sequestering of Ca®* (Michelangeli er al.,
1995). At a late stage of infection the increase in [Ca2+]i is due to the influx of Ca"
across the PM and a PLC-dependent efflux of Ca®* from internal stores; which has a
direct effect on F-actin and microtubule assembly (Brunet et al., 2000a; 2000b). RV
associated increases in [Ca”*]; are responsible for oncosis in MA 104 cells (Michelangeli

etal., 1991; 1995; Pérez et al., 1998).

Brunet et al. (2000a) demonstrated for the first time that viral proteins or peptides

released into the culture medium at a late stage of RRV infection (18 h.p.i.) induced a
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transient increase in [Ca2+]i and was responsible for Ca2+—dependent microvillar F-actin
alteration in uninfected Caco-2 cells. The increase in [Ca2+]i was attributable to both a

PLC-dependent efflux of Ca** from the ER and plasmalemma Ca®" influx.

NSP4 has been identified as a potential candidate for the viral product responsible for
orchestrating changes to host cell Ca®™* permeability (Diaz et al., 2008; Dong et al., 1997,
Tian et al., 1994; Zambrano et al., 2008). NSP4-induced intracellular Ca** mobilisation
either via influx through the PM and/or efflux from the ER has been demonstrated in
both mammalian and insect cell lines. The endogenous expression of NSP4 in insect
(§/9) and mammalian cells induced a PLC-independent increase in cytosolic calcium
concentration, whilst the exogenous application of NSP4 or a peptide encompassing the

>*1; (Berkova

enterotoxin domain (NSP4,;4.135) elicited a PLC-dependent increase in [Ca
et al., 2003; Tian et al., 1994; 1995; Xu et al., 1999; Zhang et al., 1998; 2000). The
addition of NSP4 to human intestinal cells (HT29) induced intracellular Ca’t
mobilisation through receptor-mediated PLC activation and IP3 production (Dong et al.,
1997). More recently, studies performed using siRNAs demonstrated that silencing of
NSP4 expression completely ablated the increase in Ca®™ permeability of the PM and

the cytosolic [Ca2+] of renal cells (Zambrano et al., 2008).

Taken together these results are indicative of at least two mechanisms by which NSP4
may augment intracellular Ca®* homeostasis. The endogenous expression of NSP4
induces Ca”* efflux from the ER and is associated with the cytotoxic properties of the
protein. The exogenous application of NSP4 is consistent with its functionality as an
enterotoxin, whereby the extracellular form of NSP4 binds to host cell receptors (alp1
and a2B1) on neighbouring uninfected cells were it effects intracellular Ca**

mobilisation (Ball et al., 1996; Dong et al., 1997; Seo et al., 2008).

As discussed in section 1.10.4, the true mechanisms by which NSP4 perturbs calcium
homeostasis are still uncertain. The most contentious area of debate is whether NSP4
alters PM permeability to Ca®*. The initial changes in Ca®* homeostasis of infected
mammalian cells (COS-7, MA104, HT-29) was caused by glycosylated NSP4; which
has been proposed to translocate to the cell membrane where it forms a Ca®* specific

channel, enhancing membrane permeability to Ca’ (Diaz et al., 2008; Ruiz et al., 2005;
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Zambrano et al., 2008). In contrast, a change in the ER membrane permeability to Ca2+,
and not plasma membrane permeability, was associated with the increase in [Ca®*); for

S/9 cells expressing NSP4 (Tian ef al., 1995).

Figure 4.1 summarises the changes in [Ca2+]i due to RV infection and to NSP4, and the

associated models for diarrhoeal induction.

Figure 4.1. RV and NSP4 associated changes to [Ca’*]; — models for pathogenesis. (A)
represents the basal levels of [Ca’*]; for uninfected enterocytes. (B) Infection of the
initial cell by luminal virus results in virus entry, solubilisation of the outer capsid layer,
activation of transcription, translation of viral proteins, the formation of viroplasms
(Vi), and the apical release of infectious progeny virus and NSP4 by a nonclassical
secretory pathway. Intracellular NSP4 induces Ca’*efflux from internal stores,
primarily the ER, resulting in an increase in the cytosolic [Ca’*]. (C) Intracellular
NSP4 disruption of tight junctions allows the paracellular flow of water and
electrolytes (blue arrow). (D) NSP4 released to the extracellular medium from RV-
infected cells, binds to cell receptors on adjacent uninfected cells, activating a PLC-
dependent signaling pathway and mobilising calcium efflux from the ER to the cytosol.
The increase in [Ca’*]; causes disruption to the microvillar cytoskeleton. (E) Crypt
cells (brown) can be acted on directly by NSP4 or via NSP4-induced activation of the
ENS, which signals an increase in [ Ca** Ji resulting in Cl secretion. Vi, viroplasm; A,

NSP4. Image adapted from Greenberg and Estes, (2009).
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The major focus of this study was to investigate whether the exogenous application of
NSP4 of prototype HRV strains RV4 and RVS5 induced changes to the intracellular
calcium homeostasis of mammalian cells. The effects of RV infection on calcium

homeostasis would also be investigated.

Two independent methods for detecting changes in intracellular calcium flux, namely
spectrofluorimetry and live cell imaging were to be developed. Spectrofluorimetric
methods would enable the monitoring of global changes to the [Ca’]; of cell
populations in suspension, whilst imaging would make possible the measurement of

subcellular localised [Ca2+]i responses in individual cells.

The responsiveness of two calcium sensitive fluorescent indicators (a) flash pericam; a
GFP-derived protein and (b) fluo-3, AM (Invitrogen); a synthetic dye, to detect changes

in [Ca2+]i for each of the systems described above would be evaluated.

Once an NSP4-induced change in [Ca2+]i had been demonstrated, serum NSP4-specific
antibodies would be assayed to assess their ability to neutralise NSP4-associated
calcium perturbations. NSP4 specific antibodies have been documented to reduce the
severity and incidence of diarrhoeal illness in the mouse model (Ball et al., 1996; Choi

et al., 2005; Hou et al., 2008; Yu and Langridge, 2001).
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4.2 Methods

Unless mentioned otherwise, all tissue culture media and reagents were supplied by
Invitrogen. All tissue culture work was performed using aseptic conditions in a Class 11

biohazard safety cabinet.

4.2.1 Mammalian cell lines

Two cell lines were routinely used for the intracellular calcium studies; a continuous
embryonic epithelial kidney cell line (MA104) originating from the Macacus Rhesus
monkey and a transformed fibroblast kidney cell line (COS-7) derived from the African

Green monkey.

4.2.2 Maintenance of mammalian cell lines

Mammalian cells were grown as monolayers and were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% foetal bovine serum (FBS)
(Bovogen Biologicals Pty Ltd.), at 37°C in a humidified atmosphere, in the presence of

5% CO,, unless noted otherwise.

The cells were routinely subcultured once they had attained 80-100% confluency. In
brief, cells were washed once with PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
2 mM KH,PO4; pH 7.4) prior to the addition of 1/10 culture volume of trypsin-
ethylenediaminetetracetic acid (EDTA). Cell detachment was allowed to proceed at
37°C in the presence of 5% CO, for 5-15 minutes. The trypsinised cells were
resuspended in 10 times the volume of media and an aliquot of the cell suspension was

transferred to a fresh T-flask containing media.

4.2.3 Preparation of mammalian cell stock

Once the cell monolayer had approached 100% confluency, the cells were detached in
the presence of trypsin-EDTA as detailed above. The trypsinised cell suspension was

transferred to a 15 mL centrifugation tube (Falcon) and the cells pelleted at 750 rpm for
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5 minutes. The supernatant was discarded and the cell pellet resuspended in 900 puL
FBS and 100 pL dimethyl sulfoxide (DMSO). The cell suspension was transferred to a
1.5 mL cryogenic vial (Cellstar®; Greiner bio-one), incubated at -20°C for 1 hour prior

to long-term storage at -87°C.

4.2.4 Recovery of mammalian cells from stock

Cells were rapidly thawed at 37°C and the cell suspension transferred to 5-10 mL of

media in either a 25 cm? or 75 cm? T-flask (Falcon).

4.2.5 Propagation of rotavirus in mammalian cells

Stock viruses were tissue culture homogenates prepared by repeat freeze-thawing as
described below. The viruses were propagated from aliquots of SA11, RV4 and RVS5
kindly provided by Dr Carl Kirkwood (Murdoch Children’s Research Institute).

Trypsin (10 pg/mL; 1:250 porcine pancreas; Type IX; Sigma) activation of the virus
was conducted at 37°C for 30 minutes. The activated virus was added to monolayers of
mammalian cells (80-90% confluency), prewashed twice with serum-free media, and
the cells incubated under standard conditions. Virus adsorption was permitted to
proceed for 1 hour, with gentle rocking at 15 minute intervals, after which the inoculum
was removed and fresh serum-free media containing porcine trypsin (1 pg/mL) added.
The cells were incubated at 37°C and 5% CO, until complete cytopathic effect (CPE)

was observed.

The virus particles were released from the cells by subjecting the cells to three cycles of
freeze-thawing (-87°C and 37°C for 15 minutes each). The supernatant was recovered,
and the virus particles separated from the cellular debris by centrifugation at 750 rpm
for 5 minutes. The supernatant was aliquoted into 1.5 mL microfuge tubes and stored at

-20°C.
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4.2.6 Viral titre determination

4.2.6.1 Plaque assay

The method as described below was adapted from Smith ez al. (1979).

Mammalian cells were grown to 80-90% confluency in DMEM (10% FBS) within the
wells of a 6 well plate. The supernatant was removed by aspiration and the cells washed

twice with PBS (pH 7.4).

Two-hundred and fifty microlitres of serially diluted viral supernatant was added to the
cell monolayers, in duplicate. Virus adsorption was allowed to proceed for 1 hour at

37°C, with gentle rocking at 15 minute intervals.

The inoculum was aspirated from the wells and 2 mL of molten 1% (w/v) SeaPlaque®
Agarose (Cambrex) in serum-free DMEM, supplemented with 15 pg/mL porcine
pancreatic trypsin and 100 pg/mL diethylaminoethyl (DEAE)-dextran (Sigma) added to

each well.

The cells were incubated at 37°C and 5% CO, until plaques were observed. The plaques

were visualised by neutral red staining as detailed in Section 2.2.4.3.
4.2.6.2 End point dilution assay
The endpoint dilution assay was adapted from King and Possee (1992).
Briefly, activated virus serially diluted in DMEM was added across the wells of a 96
well plate containing confluent monolayers of mammalian cells, in triplicate. The cells

were incubated either at 37°C or 29°C with 5% CO, in a humidified environment until

complete CPE was observed.
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4.2.7 Rotavirus infection of mammalian cells for calcium studies

Aliquots of virus stock were activated with porcine trypsin (10 ug/mL) as previously
described (4.2.5). Once activated, the virus was added to the prewashed cell monolayer,
and the cells incubated under standard conditions. After 1 hour, the inoculum was
removed and fresh serum-free media added. The infection was allowed to proceed for a

nominated period of time post-infection.

4.2.8 The incorporation of calcium-sensitive fluorescent markers into

mammalian cells

The measurement of changes to the [Ca**]ias a consequence of RV replication or the
exogenous addition of NSP4 was addressed using two fundamental approaches;
spectrofluorimetric analysis of mammalian cell populations or microscopic analysis of
single cells. For each system investigated, flash pericam and fluo-3, AM were assessed

for their potential use as calcium-sensitive fluorescent markers.
4.2.8.1 Fluo-3, AM loading of mammalian cells

Fluo-3, AM loading of cells was performed when cells had either (a) reached 80-100%
confluency (investigation of the effect of NSP4 on calcium homeostasis) or (b) the
nominated RV incubation period was complete (effect of whole virus on intracellular

calcium homeostasis).

» Preparation for population studies

The cell monolayer was washed with PBS prior to trypsin-EDTA assisted cell
detachment as described previously (4.2.2). The cell suspensions were transferred to 15
mL centrifuge tubes and pelleted by centrifugation at 750 rpm for 5 minutes. The cells
were washed twice by centrifugation with serum-free media prior to resuspension in a 2
mL volume of serum-free DMEM. Six to 12 pL (1 mg/ml) fluo-3, AM and an
equivalent volume of Pluronic® F-127 (20% (w/v) in DMSO) were premixed prior to

addition to the cell suspension and dye loading allowed to proceed for 1 hour at 37°C
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with 5% CO,. On completion of the incubation period, the cells were washed twice with
extracellular buffer (ECB) (130 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl,, 20
mM HEPES; pH 7.4) (Ruiz et al., 2005), resuspended in 14 mL of ECB, and incubated
for an additional 30 minutes to allow for complete de-esterification of intracellular AM

esters.

The fluorescence intensity of the fluo-3, AM loaded cells, under the experimental

conditions stipulated, were measured as described in Section 4.2.9.
» Preparation for single cell studies

Cells were seeded onto either single or double well concave slides and maintained in
DMEM (10% FBS and 1% (v/v) Fungizone®) until required for fluo-3, AM loading and
image analysis. The cells were washed twice by aspiration with serum-free DMEM. A
1:1 mixture of fluo-3, AM and Pluronic® F-127 in DMEM was added to the cell
monolayer and incubated as per the population studies above. At the completion of the
incubation period the dye was removed, the cells washed twice, and 250 ul DMEM
added. The cells were incubated for an additional 30 minutes for de-esterification and

fresh medium applied prior to visualisation of the cells as per Section 4.2.10.
4.2.8.2 Transfection of mammalian cells with flash pericam DNA

The flash pericam/pcDNA3 plasmid was constructed by Nagai et al. (2001) and kindly

donated by Dr Charles Cranfield (Swinburne University) for use in this work.

The flash pericam/pcDNA3 plasmid was purified from 200 mL of overnight E. coli
culture using the PureLink™ HiPure Plasmid Maxiprep kit (Invitrogen). The plasmid
DNA was eluted in 250 ul sterile MilliQ water.

Approximately 500 ng flash pericam plasmid DNA was ethanol precipitated in the

presence of 0.3 M sodium acetate (pH 5.2) overnight at -20°C as described elsewhere
(2.2.4.2).
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The DNA was pelleted by centrifugation at 13,000 rpm for 10 minutes, the supernatant
discarded and the DNA pellet air dried under aseptic conditions, prior to dissolution in

serum-free DMEM.

Lipofectamine™ LTX reagent in conjunction with Plus™ reagent was used for the
transfection of flash pericam DNA into mammalian cells. The protocol as outlined
below, was adapted from the Invitrogen technical sheet, “Transfecting plasmid DNA

into COS-7 cells using Lipofectamine™ LTX reagent”.

The appropriate volume of Plus™ Reagent was added directly to the diluted DNA and
incubated at room temperature for 15 minutes. The Lipofectamine™ LTX reagent was
added to the diluted DNA and the formation of lipid-DNA complexes permitted to
proceed for 1 hour at room temperature. The total volume of the reaction sample was
added to the cell monolayer (pre-washed three times with serum-free medium) when
cells had attained 50-80% confluency. The cells were incubated for four days at 29°C
with 5% CO,.

4.2.9 Changes to the calcium homeostasis of mammalian cell
populations — a spectrofluorimetric approach to the effects of

whole virus and NSP4

Changes to the intracellular calcium concentration of mammalian cells in response to
infection with SA11 and upon the exogenous addition of the Hise-NSP4 fusion proteins
derived from HRYV strains RV4 and RV5 (Chapter 2) were investigated. The calcium

ionophore calcimycin (1 mg/mL) was employed as a positive control.

The fluorescence (AU) of 3 mL aliquots of fluo-3, AM loaded or flash pericam
transfected cell suspensions were measured on a Cary Eclipse Fluorescence
Spectrophotometer (Varian Instruments, Australia). The appropriate excitation (Ex\)
and emission (EmA) wavelengths were selected for the detection of fluo-3, AM (ExA =
506 nm, EmA = 526 nm) and flash pericam (ExA = 494 nm, EmA = 514 nm), using a slit
width of 5 nm.
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» Determination of [Ca®];

The intracellular calcium concentration (nM) was determined as per the method of
Tsien et al. (1982), whereby [Caz+]i = Ka[(f+fmin)/(fmax-f)]. The fluorescence maximum
(fmax) and fluorescence minimum (fni,) for fluo-3, AM loaded cell suspensions was
obtained by the sequential addition of 0.07% Triton X-100 and 33 mM ethylene glycol-
bis (2-aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA); pH 8.0 (Fluka BioChemika),
respectively (Brunet et al., 2000a; Tian et al., 1994). The dissociation constant (Kg) of
fluo-3, AM was taken as 390 nM (Haughland, 2005).

» Effect of RV infection on plasma membrane permeability to Ca**

The PM permeability to calcium of mock and RV-infected cells was assessed by
imposing a step increase in the extracellular Ca®* concentration and monitoring the
change in fluorescence intensity over a 2 minute interval (Brunet et al., 2000a;
Michelangeli et al., 1991; 1995; Pérez et al., 1999; Ruiz et al., 2005; Zambrano et al.,
2008). The results were presented graphically as a change in calcium concentration
(A[Ca2+] = (f-fo)/fo) against time (Maravall et al., 2000). The basal fluorescence (fy), is
the fluorescence intensity (AU) prior to the application of the Ca®™ pulse. Fluorescence

() is the intensity (AU) measured in real time post addition of Ca*".

4.2.10 Changes to the calcium homeostasis of single cells — a

microscopic approach to the effects of whole virus and NSP4

Mammalian cells were seeded onto glass concave well slides and either transfected with
flash pericam DNA (4.2.8.2) or loaded with fluo-3, AM (4.2.8.1). Changes to the
intracellular calcium homeostasis in response to the application of NSP4, calcimycin,

and phosphate buffer (pH 8.0) was investigated.

Monitoring of the changes to the calcium permeability of SAll-infected cell

monolayers upon the application of a 5 mM calcium pulse was also attempted.
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The changes in fluorescence intensity was monitored on a Nikon Eclipse 501
epifluorescent microscope using a fluorescein isothiocyante (FITC) filter. Images were
captured with a digital camera (Diagnostic Instruments, Inc.) using the associated

software, RTke diagnostic SPOT advanced.

Image analysis was undertaken using Image J software (http://rsb.info.nih.gov/ij/). The
mean gray value, as calculated by Image J for individual cells imaged within a single
experiment, were background corrected and subsequently averaged to give an
experimental observation of 1 (N=I). The A[Ca2+]i was calculated as described

previously (Maravall et al., 2000).

4.2.11 NSP4 neutralisation assay

Human serum positive for NSP4-specific antibodies, as determined in Chapter 3, was
incubated with recombinant Hise-NSP4 for 15 minutes prior to the addition to flash
pericam transfected cell monolayers. The changes in fluorescence intensity were

monitored as per 4.2.10.

4.2.12 Immunofluorescence analysis of rotavirus-infected cells

The methodology described below for the immunolabeling of RV-infected cells, was
adapted from Maruri-Avidal et al. (2008) and performed in accordance with the
manufacturer’s recommendations for the Alexa Fluor® SFX Kit (Molecular Probes™),

All incubation steps were conducted at 29°C with 5% CO, unless specified otherwise.

Before commencing immunolabeling, the cell monolayer was either mock or RV-
infected. The cells were washed with prewarmed (37°C) PBS (pH 7.4) prior to fixing in
3.7% (v/v) formaldehyde (in PBS) for 20 minutes at room temperature. The cells were
washed four times in PBS, permeabilised in 0.1% Triton X-100 for 15 minutes, and
again washed four times with PBS. Approximately 200 ul of Image-iT™ FX signal
enhancer was applied to the cells and incubated for 30 minutes. The cells were rinsed
with PBS and 1 mL of RV-specific polyclonal antibody diluted 100-fold in PBS was

added. After incubation for 1 hour, the cells were rinsed four times with PBS, and the
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secondary antibody, goat a-rabbit IgG conjugated to Alexa Fluor® 488 was added. After
a 1 hour incubation the cells were rinsed four times with PBS and visualised using an

epifluorescence microscope with an FITC filter as described previously.

4.2.13 Statistical analysis

Results were analysed using the Excel Statistical Package, PHStat2. Student t-tests were

performed at a significance level of p < 0.05.

4.3 Results and Discussion

4.3.1 Investigation of rotavirus and INSP4-induced changes to the

calcium homeostasis of mammalian cell populations

Changes to the intracellular calcium homeostasis of mammalian cell populations
exposed to RV infection and to NSP4 were measured using spectrofluorimetry. An
appropriate fluorescent probe responsive to the induced changes in [Ca®']; for this
system had to be established. Two calcium-sensitive fluorescent markers, fluo-3, AM

and flash pericam were investigated for this purpose.

Fluo-3, AM is a cell permeant acetoxymethylester (AM) which, upon hydrolysation by
intracellular esterases, produces a membrane impermeant calcium sensitive
fluorochrome. Complexing of the dye with calcium results in little to no shift in the
excitation and emission spectra (non-ratiometric). Consequently fluorescence intensity,
and subsequently the estimation of [Ca**]; is unduly influenced by the concentration of

fluo-3, AM, the cell volume and granularity (Rijkers et al., 1990).

The calcium sensitive fluorescent protein, flash pericam, was produced by Nagai et al.
(2001) and its construction involved the fusion of genes encoding circularly permuted
yellow fluorescent protein (cpYFP), a GFP variant, with calmodulin (CaM) and M13 (a
26-residue peptide derived from the CaM-binding region of the skeletal muscle myosin
light-chain kinase). The binding of Ca** to CaM and the subsequent association of the

Ca”*-CaM complex with M13 results in the ionization of cpYFP and an accompanying
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8-fold increase in fluorescence intensity (Miyawaki et al., 2002; Nagai et al., 2001). The
use of flash pericam is advantageous to that of synthetic Ca”* indicators such as fluo-3,
AM, which are prone to dye leakage, organelle compartmentalisation, non-specific
loading and photobleaching (reviewed in Hayashi and Miyato, 1994; Simpson, 2006;
Takahashi et al., 1999). Unfortunately, a drawback of flash pericam is its sensitivity to
pH and the necessity for temperatures within the range of 28-30°C for correct folding

(Nagai et al., 2001).

The correlation between changes in the fluorescence intensity (AU) as detected
spectrophotometrically and A[Ca®]; was firstly addressed in fluo-3, AM loaded cells.
The following parameters, as outlined below, were investigated using fluo-3, AM unless

stated otherwise.

4.3.1.1 Investigation of the integrity of the spectrofluorimetric system for

detecting changes to [Ca®"],

> Establishing a correlation between the change in fluorescence intensity

as a function of A[Ca*],

The sensitivity and specificity of the spectrofluorimetric system to detect changes in
[Ca®*]; was addressed by the application of (a) 33 mM EGTA; a calcium specific
chelator (b) 0.07% Triton X-100; a nonionic surfactant for membrane permeabilisation
and (c) 5 mM Ca®*, to the extracellular medium of mock and RV-infected cells (Brunet
et al., 2000a; Tsien et al., 1994). Triton X-100 and EGTA are routinely used for
determining the fluorescence maximum (Fy.) and fluorescence minimum (Fp,)
respectively (Moore et al., 1990). Saturating concentrations of Ca” (5 mM) had been
used by other investigators to evaluate PM permeability changes to Ca® due to RV
infection and to the exogenous application of NSP4 (Brunet et al., 2000a; Pérez et al.,

1999; Tian et al., 1994; Zambrano et al., 2008).
As shown in Figure 4.2, an increase in the A[Ca2+]i was observed for both mock and

RV-infected MA104 cells upon the addition of Triton X-100 (t=120 s); commensurate

with membrane permeabilisation and calcium influx. The stepwise addition (t=130 s
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and t=140 s) of 33 mM EGTA caused a reduction in the A[Ca2+]i which was coincident
with the sequestering of Ca®* ions. The application of a 5 mM Ca®™* pulse to the
extracellular medium resulted in a rapid rise in the A[Ca2+]i for both RV and mock-
infected cell populations. An increase in [Ca**]; was expected for RV-infected cells as
cellular membrane perturbation to Ca”™ and other cations is characteristic of RV
infection (Brunet et al., 2000a; Diaz et al., 2008; Michelangeli et al., 1991; Pérez et al.,
1998; 1999; Ruiz et al., 2005). The sizeable increase in signal intensity for the mock-
infected cells was not anticipated and a change in osmolality, a consequence of the
change to the environmental conditions undertaken for the spectrofluorimetric
measurement, was investigated as a potential source for this erroneous result and will be

described in greater detail in the proceeding section.

Alternative explanations for the rapid rise in fluorescence of mock (and invariably RV)
infected cells to the Ca** pulse may be associated with (a) the binding of calcium to
extracellular fluo-3, AM (Schnetkamp et al., 1991), (b) alterations in cell membrane
properties due to Pluronic® F-127 (Molecular Probes Manual, MP 03000) or (c) the

presence of the pH sensitive indicator phenol red in the culture medium.

Pluronic® F-127 is a non-ionic surfactant polyol which aids in the solubilisation of
water-insoluble dyes in physiological media and its use was critical in this study for the
loading of fluo-3, AM into cells (Molecular Probes Manual, MP 03000). Phenol red
indicator has been associated with the filtering of excitation and emission wavelengths,
whilst the presence of another medium component riboflavin, contributes to
autofluorescence and fluorescence quenching (Johnson, 2006; Kain et al., 1998; Moore
et al., 1990; Slavik, 1998; Tsien et al., 1982). The contribution to background

fluorescence from the cell culture medium was investigated in the proceeding section.
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Figure 4.2. Correlation between the A[Ca**]; and Sfluorescence intensity. Suspensions of
SA1l or mock-infected fluo-3, AM loaded MA104 cells in DMEM were treated with 5 mM
Ca** (t=10s), 0.07% Triton X-100 (t=120 s) and 33 mM EGTA (t=130 s and t=140 s) and the
changes in fluorescence intensity measured on a spectrofluorimeter. The fluorescence
intensity was converted to the A[Ca’*]; and plotted as a function of time. Representative
traces of the mean value for each data point from two independent experiments (N=2) is

presented.
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» Selection of the appropriate extracellular medium

Spectrofluorimetric analysis of cell populations was initially performed on fluo-3, AM
loaded cells suspended in serum-free DMEM. The tightly regulated control of
temperature (37°C), humidity and oxygen concentration (95%) optimal for cell growth
and survival could not be adhered to when performing fluorescence measurements. The
purpose of this study was two-fold; (a) to investigate the ability of the culture medium
to resist changes to environmental conditions and (b) to assess the contribution of cell

culture medium components (riboflavin and phenol red) to background fluorescence.

As illustrated in Figure 4.3, the application of a 5 mM Ca®™* pulse to mock-infected
MA104 cells loaded with fluo-3, AM and suspended in extracellular buffer (ECB) failed
to induce a change in [Ca®*];, whilst similarly treated cells suspended in DMEM
returned a rapid A[Ca**];. These observations suggested that cells suspended in DMEM
may be more susceptible to the effects of environmental changes, such as temperature
and osmolality, than were cells in HEPES-buffered ECB. The rapid increase in
fluorescence upon the addition of the calcium pulse to cells in DMEM was indicative of

a potential loss in cellular PM integrity.

The difference in basal fluorescence for fluo-3, AM loaded cells suspended in DMEM
and ECB was determined to be statistically significant (Students t test; sig. level of p <
0.05). These results indicated that components within the culture media (e.g. phenol red
and/or riboflavins) were contributing to the background fluorescence of the sample. In
addition, these results preclude PM disruption by Pluronic® F-127 as a potential source
of increased PM permeability to Ca®* as the cells suspended in ECB failed to respond to
the applied Ca®* pulse.
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Figure 4.3. Extracellular medium selection. Fluo-3, AM loaded mock-infected MA104 cells
were suspended in either culture medium (DMEM) or ECB. A 5 mM Ca’* pulse was applied
to the extracellular medium at t=10 s. Fluorescence measurements were converted to
A[Ca®*]; and plotted as a function of time. Representative traces of the mean value for each
data point from two independent experiments (N=2) for cells suspended in DMEM and N=3
for cells suspended in ECB, are presented.

» Establishment of a positive control for the measurement of Ca*" influx

The calcium ionophore calcimycin (also known as A23187) was chosen as a positive
control to demonstrate the increase in fluorescence intensity associated with calcium
influx across the PM of mammalian cells. Calcimycin is highly selective for Ca®,
forming stable 2:1 complexes with the cation and greatly enhancing the ability of the
ion to traverse biological membranes. At low ionophore concentrations, calcium flux
across cellular membranes is typically via calcium-ionophore complexation, whilst at

higher concentrations the ionophore behaves as a calcium channel (Jyothi et al., 1994).
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As illustrated in Figure 4.4, the addition of increasing concentrations of calcimycin (6.5
uM to 26 uM) to mock-infected fluo-3, AM loaded MA104 cells caused a

>*]; which was commensurate with the applied

corresponding increase in the A[Ca
dosage. The application of 5 mM Ca”* to the cell suspension (t = 10 s), in the absence of

the ionophore, failed to induce a change in the fluorescence intensity.
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Figure 4.4. Dose-dependent changes to the [Ca’*]; induced by calcimycin. Mock-infected
fluo-3, AM loaded MA104 cells suspended in ECB were treated with calcimycin of varying
concentrations (6.5 to 26 uM) at t = 131 s (N =3). At t= 10 s a 5 mM Cd** pulse was
applied.
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» Responsiveness of fluo-3, AM and flash pericam to A[Ca®],

The sensitivities of fluo-3, AM and flash pericam to changes in intracellular calcium
concentration were investigated in mock and SAll-infected mammalian cells. The

*1; would be

detection system which demonstrated the greatest sensitivity to a A[Ca
used exclusively for further population studies. The results for COS-7 infected cells are

presented in Figure 4.5.
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Figure 4.5. Selection of a Ca’* sensitive probe: flash pericam versus fluo-3, AM. The
responsiveness of flash pericam and fluo-3, AM to changes in [Ca’*]; was investigated by the
application of a 5 mM Ca** pulse at t=10 s and 12.3 UM calcimycin at t=120 s. Fluorescence
intensity measurements for fluo-3 loaded COS-7 cells were performed at Ag, and Ag,, of 506 nm
and 526 nm respectively. Fluorescence intensity measurements for flash pericam transfected
COS-7 cells were performed at Ag, and Ag, of 494 nm and 514 nm respectively. Each data point

corresponds to the mean value from N=2 mock and SA1l-infected samples.
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COS-7 cells transfected with flash pericam/pcDNA3 plasmid DNA exhibited a
substantially greater A[Ca™]; upon the application of 12.3 uM calcimycin to both mock
and SAll-infected cell suspensions compared with fluo-3, AM loaded cells. These

21, than was

results indicated that flash pericam was more sensitive to changes in [Ca
fluo-3, AM. A review of the literature established that the expected increase in
fluorescence intensity upon Ca®* binding for fluo-3, AM loaded cells would be within
the order of 40-200-fold, whilst cells expressing flash pericam exhibited an approximate

8-fold increase (Nagai et al., 2001; reviewed in Takahashi et al., 1999).

As a general rule Ca®* sensitivity is most reliable in a [Ca®") range below and very near
the dissociation constant (Kd) of the fluorophore (Meyer et al., 1990). The Kd for flash
pericam and fluo-3, AM are 700 nM and 390 nM respectively (Haughland, 2005; Nagai
et al., 2001). As the cytosolic [Ca®*] of mammalian cells is approximately 100 nM, it
was expected that fluo-3, AM would be the more suitable dye. A possible explanation
for the reduced response of fluo-3, AM to Ca** may be the compartmentalisation of the
dye into intracellular organelles. Of particular relevance would be its uptake into Ca**
storage vessels such as the ER, resulting in dye saturation and buffering of the calcium

response (Takahashi et al., 1999).

Size exclusion prevents the 44 kDa flash pericam from becoming compartmentalised
and it exhibits a uniform fluorescence throughout the cytosol and nucleus of HeLa cells

(Miyawaki et al., 2002; Nagai et al., 2001).

Unfortunately, the use of flash pericam for the study of RV-induced changes to [Ca*'];
was thwarted by an apparent caloric stress effect, as described in greater detail in
Section 4.3.4. Consequently, despite its apparent lower sensitivity to changes in [Ca®™];,

fluo-3, AM was used as the calcium-sensitive indicator for all cell population studies.

Irrespective of the detection system used, the addition of 5 mM Ca®* consistently failed
to induce a change in [Ca®*]; for RV-infected cells. This discrepancy may be attributable
to the extensive damage done to the host cell due to the protracted (18 h.p.i.) virus
infections. The optimal time for Ca** analysis of RV-infected cells was investigated

further in Section 4.3.1.2.
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» Cellular autofluorescence

The contribution to the total fluorescence signal by cellular autofluorescence was also
investigated for each cell line (results not presented). The spectrofluorimetric
measurement of basal fluorescence levels demonstrated that autofluorescence did not
contribute appreciably to the fluorescence signal for fluo-3, AM loaded cells. The basal
fluorescence level for cells transfected with flash pericam was substantially higher than

for non-transfected cells; consistent with expression of the yellow fluorescent protein.

» The spectrofluorimetric detection system for the measurement of

changes to the [Ca®"]; of cell populations

Based on the data obtained from each of the experiments reported above, a
spectrofluorimetric system using fluo-3, AM as the calcium-sensitive reporter was
employed for the detection of NSP4 and RV-induced changes to the intracellular

calcium homeostasis of mammalian cell lines MA104 and COS-7.
4.3.1.2 Assessment of PM permeability to Ca*" of SA1l-infected cells

The effect of RV infection on plasmalemma permeability to Ca** has been investigated
elsewhere using both polarised and non-polarised cell lines (Brunet er al., 2000a;
Michelangeli et al., 1991; 1995; Pérez et al., 1999; Ruiz et al., 2005). In each of these
studies a Ca”* pulse was applied to the extracellular medium and the change in [Ca**];
measured spectrofluorimetrically. The experimental design applied in this report has

been adapted from these investigations.

RV-induced changes in PM permeability to Ca** and to cytosolic Ca** concentration
were investigated in MA104 and COS-7 cell lines. The MA104 cell line is a model
system routinely employed for RV studies and has been used extensively by others for
investigating RV and NSP4-induced changes to intracellular calcium homeostasis
(Cuadras et al., 1997; Michelangeli et al., 1991; 1995; Pérez et al., 1999; Ruiz et al.,
2007). The COS-7 cell line although used less frequently (Diaz et al., 2008; Zambrano
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et al., 2008) was included in this study primarily for the purpose of establishing high

expression levels of flash pericam, as discussed in Section 4.3.2.1).

The RV strain SA11 was employed to establish the reliability of the spectrofluorimetric
technique in detecting changes to Ca** membrane permeability in response to RV
infection. Once the detection system had been validated it would be used to monitor the
changes to the intracellular calcium homeostasis of mammalian cells in response to

infection with two HRV strains RV4 and RVS.

The data collected was plotted either as a function of the change in calcium
concentration (A[Ca2+]i) or of the absolute intracellular calcium concentration ([Ca2+]i)
with time. The quantity (f-fy)/fy) is proportional to transient changes in the intracellular
Ca®* concentration (A[Ca®*];) and for most analyses this value was sufficiently qualified
to represent changes to [Ca®*]; for real time measurements. The method of Tsien et al.
(1982) was employed when absolute calcium concentrations were required for direct

comparisons with published data.

The change in calcium concentration (A[Ca2+]i) as a function of time was plotted for
both mock and SAll-infected MA104 (Figure 4.6) and COS-7 (Figures 4.7a and b)

cells in response to the application of a 5 mM Ca®* pulse to the extracellular medium.

As illustrated in Figure’s 4.6 and 4.7a, the addition of 5 mM Ca’t (at t=10 s) to the
extracellular medium caused an increase in the A[Ca2+]i for SAll-infected MA104 and
COS-7 cells. Mock infected mammalian cells failed to demonstrate a similar change in
calcium flux under the same experimental conditions. This is consistent with the
observations of others (Brunet et al., 2000a; Michelangeli et al., 1991; 1995; Pérez et al.,
1998; 1999; Ruiz et al., 2005). The initial increase in [Ca2+]i within the first few
seconds (~10 s) is representative of PM permeability to calcium and is attributable to
the unidirectional flux of Ca** across the PM from the extracellular medium into the

cytosol (Brunet et al., 2000a; Pérez et al., 1998; 1999).

In this study, a succession of sharp peaks were observed for SAll-infected cells post

application of the Ca** pulse, rather than a single increase observed by other researchers
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(Brunet et al., 2000a; Michelangeli et al., 1995; Pérez et al., 1998; Ruiz et al., 2005).
This difference may be due to variances in the experimental protocol, particularly
pertaining to the control of environmental parameters, the treatment of data and the use

of the non-ratiometric calcium-sensitive fluorescent probe fluo-3, AM.

All published work consulted in the design of the spectrofluorimetric protocol reported
that both temperature and sample homogeneity (continual stirring of suspension) were
maintained throughout the duration of the recording of measurements. The
spectrofluorimeter used in this research was not equipped for the control of either of
these parameters, and it is possible that the absence of stirring may have had an undue
influence on the measurements recorded. Morgan and Thomas (1999) reported that “In
populations, the initial response to submaximal concentrations of agonist is influenced
by several factors, such as the latency prior to the initial [ Ca**], response (which may
vary considerably from cell to cell), the percentage of responding cells and cell to cell
differences in sensitivity (which in turn may affect the degree of synchronization and
magnitude).” Further to this they also noted the contribution to peak signals from both

contaminating cell types and unhealthy cells.

Each peak may also be representative of a subpopulation (“‘clump”) of cells which has
experienced a change in [Ca®*] in response to the cation as it diffuses through the
suspension at different time intervals post application. RV infection has been observed
to cause clumping of cells (Michelangeli ef al., 1991) and if not sufficiently dispersed in
suspension, each peak may be representative of the interactions of Ca”* with these cell

populations.

Fluo-3, AM was used to monitor the changes in PM permeability to Ca®* during virus
infection. It is widely known that esterified Ca®* indicators can cross the membranes of
other cellular organelles, either through passive diffusion or active uptake, resulting in
compartmentalisation of the fluorescent dye (reviewed in Thomas et al., 2000). This
effect was observed using fluorescence microscopy (Figure 4.8a) whereby punctate,
highly fluorescent spots were visualised. Whether compartmentalisation was
contributing to the atypical results obtained is unclear. One could surmise that the initial

peak most probably coincided with the influx of exogenous calcium (5 mM) through the
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plasma membrane, and each subsequent peak represents the influx of calcium from the

cytosol into cellular organelles and vice versa. It can also be postulated that the presence

of multiple peaks could be attributable to sample heterogeneity, exacerbated by the

absence of a stirring mechanism to ensure uniformity in the presence of additives.
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Figure 4.6. The effect of SA11 infection on PM permeability to Ca’*. Both mock and SA11-
infected MA104 cells loaded with fluo-3, AM were treated with 5 mM Ca** at t=10 s. Virus

replication was allowed to proceed for 18 h.p.i. prior to spectrofluorimetric analysis. Each

data point corresponds to the mean of 4 independent experiments (measurements performed

in duplicate) for mock and RV-infected MA104 cells.

Another factor which needed to be addressed was the viability of the host cell, in

particular the integrity of the PM, at the time of calcium measurement. The effects of

membrane disruption to calcium measurements would be two-fold; (a) unregulated flux

of Ca* across the PM in response to the calcium pulse and (b) loss of fluo-3, AM to the

extracellular medium. Michelangeli et al. (1991) observed a progressive increase in

[Caz+]i from 5 h.p.i. with maximal values of the order of 500 nM attained at 8 h.p.i. in

MA104 cells infected with the porcine RV strain OSU. They reported that
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“measurements beyond 9 hpi were not reliable due to clumping and decreased viability
after trypsinisation”. A reduction in fura-2 accumulation due to a loss of PM integrity

was observed 10 h.p.i. for OSU-infected MA104 and HT29 cells (Pérez et al., 1999).

A time course analysis was undertaken to address whether SA11-infected COS-7 cells,
in which virus replication was allowed to proceed for a period greater than 18 h.p.i. was
still feasible for measuring A[Ca2+]i. Mock and virus infected cells were harvested at 6,
12, 18 and 24 h.p.i. The loading of cells with fluo-3, AM and the changes in
fluorescence intensity in response to a 5 mM Ca®™ pulse were measured for cells

harvested at 6 and 12 h.p.i. only (Figures 4.7a-c) as per the reasons outlined below.

The initial stages of CPE i.e. cell contraction and rounding (Estes et al., 1979) were
visible as early as 6 h.p.i. in SAll-infected COS-7 cells, and by 14 h.p.i. considerable
detachment of the cell monolayer from the vessels surface was observed. Figures 4.12a
and 4.13b, as captured for the caloric stress component of this research, are typical of
the characteristic “balling up” of cell monolayers caused by RV infection observed

throughout this study.

By 18 h.p.i. most of the cells were detached from the surface and consequently were not
analysed further. These results are consistent with those observed by others. SA11
infection of MA104 cells at a low MOI (2-4 PFU/cell) resulted in CPE first visible
within 8 to 10 h.p.i. and complete CPE observed by 48 h.p.i. (Estes et al., 1979).
Similarly, oncosis in MA104 cells infected at a high MOI (20 FFU/cell) with the OSU
strain commenced at 6-8 h.p.i. and was complete by 12-15 h.p.i. (Michelangeli et al.,

1991; Pérez et al., 1998).

As illustrated in Figure 4.7a, at 6 h.p.i. an increased A[Ca®™]; was observed for SA11-
infected cells only, whilst the reverse was observed for cells harvested at 12 h.p.i.
(Figure 4.7b). The absence of a detectable A[Ca”*]; for virus infected cells at 12 h.p.i.
may be due to deleterious alterations within the PM due to the progressive cytotoxic and
lytic effects of the virus and consequently the inability to retain the fluorescent probe

within the cell (Michelangeli et al., 1991; Pérez et al., 1999).
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At 6 h.p.i. any A[Ca**]; for mock-infected cells was most probably a result of capacitive
Ca®* entry through the plasma membrane, whilst the increases in virus infected cells
was attributable to both a virus-induced pathway and a capacitive component (Ruiz et

al., 2005).

The absolute [Caz+]i was determined for both mock and virus-infected cells at each time
point (Figure 4.7c) as per the method of Tsien et al. (1982). The [Ca*]; of SA1l-
infected cells at 6 h.p.i. was significantly greater than for the corresponding mock-
infected cells; consistent with the results described above. No change in the [Ca2+]i was
observed between 6 and 12 h.p.i. for RV-infected cells (Students t-test; tested at a
significance level, p < 0.05). Conversely, and quite unexpectedly the mock-infected

cells demonstrated a 2-fold rise in [Ca2+]i

with time. The only conclusion drawn for this
atypical result for mock-infected cells was the contribution of a greater cell density at 12
h.p.i. compared with 6 h.p.i. The contribution of cell density to estimates of [Ca®"]; is
questionable given that Banyard and Tellam (1985) found that neither cell density nor
fluorescent dye concentration contributed to estimates of intracellular free calcium for
quin-2 loaded human somatic cell hybrids. The notable absence of a change in [Ca®™");
for RV-infected COS-7 cells between 6 and 12 h.p.i. was assumed to be associated with

the loss of fluo-3, AM, a consequence of oncosis at the later time post infection as

previously discussed.
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Chapter 4 Perturbation of calcium homeostasis
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Chapter 4

b)

Perturbation of calcium homeostasis
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Figure 4.7. Changes to the [Ca’*]; of SAl1-infected cells at (a) 6 h.p.i., (b) 12 h.p.i. and (c)
as a function of absolute [Ca’*]. Mock and SA1I-infected COS-7 cells were harvested at
the indicated times (h.p.i.) and loaded with fluo-3, AM. The fluorescence intensity was
monitored each second for 2 mins after the application of 5 mM Ca’* (t=10 s). Figures (a)
and (b) are representative of the A[Ca’*]; as a function of real time. [Ca’*]; was calculated
as per Tsien et al. (1982) and is presented in (c) for mock and virus-infected cells at the two
time points investigated. Calibration was performed for each sample after the sequential
addition of Triton X-100 and EGTA to the cell suspension to obtain the respective maximum
(Fnax) and minimum (F,,;,). The dissociation constant of fluo-3, AM was taken as 390 nM.
Statistical significance was determined at p <0.05 for a Student’s t-test. Error bars

represent the standard deviation obtained from three independent measurements.
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Zambrano et al. (2008) also used the COS-7 cell line to investigate changes to the
[Ca2+]i evoked by a reassortant strain DxRRV. The authors performed their
measurements at 7 h.p.i. and reported an increase from basal cytosolic calcium
concentration from this time forward. Interestingly, they restricted their studies to COS-
7 cells reporting that this cell line was more stable and resistant than MA104 cells under

the experimental conditions performed.

Michelangeli and co-workers (1991) investigated the effect of calcium mobilisation in
MA104 cells infected with the OSU strain. They determined that PM permeability to
calcium occurred as early as 4 h.p.i.; in the absence of an accompanying change in
[Ca2+]i, whilst increases to [CaZ"L]i within the cytosol and storage compartments was
observed with the progression (> 5 h.p.i.) of the infection. Measurements of [Ca**];
beyond 9 h.p.i. were considered unreliable for both MA104 and HT29 cells as per the
reasons disclosed previously (Michelangeli et al., 1991; Pérez et al., 1999). Brunet et al.
(2000a) also demonstrated a progressive increase in [Ca”*]; for fully differentiated and
polarised intestinal Caco-2 cells infected with RRV; commencing at 7 h.p.i. and
achieving maximal levels at 18 h.p.i. Measurements beyond 24 h.p.i. were considered
unreliable due to alterations in the cell membrane. Any discrepancy between the

experimental data presented here and that published may be due to differences in the

infection kinetics of the virus strains, the cell lines and the M.O.1. used to infect the cells.

It is proposed that during the early stages of infection regulatory mechanisms for
maintaining cytosolic calcium homeostasis, such as the Ca**~ATPase pump of the ER,
are sufficient to compensate for the initial calcium influx across the PM. At later stages
of infection, these mechanisms are overridden and the increase in [Ca2+]i is attributed to
the unregulated efflux of Ca®* from internal stores and influx across the PM (Brunet et

al., 2000a; Michelangeli et al., 1991; Pérez et al., 1998; 1999).

In addition to the anomalies already discussed for the spectrofluorimetric analysis of
cell populations, the magnitude of the absolute [Ca®*); calculated from the experimental
data was inconsistent with the published values. The theoretical basal [Ca2+]i of
mammalian cells is approximately 100 nM (Carafoli, 1987), whilst the basal [Ca2+]i of
COS-7 cells calculated for this study (Figures 4.7c) was greater than 7-fold this value. A
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potential reason for this deviation from the theoretical value may be attributed to the use
of a published Kd value for fluo-3, AM in the determination of [Caz+]i, rather than
establishing the intracellular Kd value for the experimental system employed. The
literature value for fluo-3, AM (Kd of 390 nM) was determined at 22°C in aqueous
solution (Haughland, 2005). The determination of internal Kd values for fluo-3, AM is
affected by temperature, pH, protein binding and dye compartmentalisation (reviewed in
Rockwell and Storey, 1999). Consequently, the Kd value used for the determination of
[Ca®*]; may be markedly different from the true value for the experimental system and

therefore no direct comparisons with published values of [Caz+] ; could be made.
4.3.1.3 Effects of NSP4 on PM permeability to Ca**

The addition of 5-10 nM of purified Hise-NSP4 directly to the cell suspension failed to
induce a change in fluorescence intensity. The absence of a response may be due to the
high dilution order imposed upon the protein using this experimental system. NSP4 has
been reported to induce a dose-dependent mobilisation of intracellular calcium in Sf9
cells (Tian et al., 1995) and HT-29 cells (Dong et al., 1997). The smaller volumes of
reagent required in the microscopic approach to changes in the intracellular calcium
concentration of mammalian cells, as described in the proceeding section, should help to
establish whether NSP4 perturbs calcium homeostasis and whether the response is dose-

dependent.
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4.3.2 Changes to calcium homeostasis — a microscopic approach to the

effects of NSP4 and to whole virus

This section describes the development of a microscopic detection system for
monitoring changes to the intracellular calcium homeostasis of single cells. Once

2*1, of mammalian cells in

established, the system was employed to monitor the A[Ca
response to the exogenous addition of NSP4 or to RV infection. Epifluorescence
microscopy, unlike the spectrofluorimetric technique described previously, would

enable the quantification of the A[Ca2+] ; to individual cells.

4.3.2.1 Optimisation of the epifluorescent detection system

» Selection of a calcium sensitive fluorescent probe

The potential for fluo-3, AM or flash pericam to be used as indicators for detecting
changes to the intracellular calcium homeostasis of individual cells was investigated.
The specificity and sensitivity of each of the indicators to changes in [Ca®']; for this

system had to be established.

Fluo-3, AM loaded MA104 and COS-7 cells exhibited the characteristic punctate
staining associated with compartmentalisation of the synthetic dye. Figure 4.8a
demonstrates the staining pattern of fluo-3, AM labeled cells observed in this study.
Efforts to reduce the sequestering of fluo-3, AM into intracellular organelles was
undertaken by manipulating the temperatures upon which dye loading and de-
esterification were allowed to proceed. Reductions in dye loading temperature have
been shown to produce a more uniform distribution of the dye within the cytoplasm and
a decline in the rate of dye extrusion from the cell (reviewed in Hayashi and Miyato,
1994; Moore et al., 1990). The incubation of fluo-3 loaded HeLa cells at 37°C post dye
loading was responsible for a substantial loss in cytoplasmic fluorescence and
subsequent compartmentalisation of the dye to the mitochondria and ER (Thomas et al.,
2000). Results from this work demonstrated that compartmentalisation of fluo-3, AM
was reduced when dye-loading was allowed to proceed at 29°C rather than 37°C (results

not presented).
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Flash pericam produced a more uniform distribution of fluorescence throughout the
cytoplasm and nuclear compartments (Figure 4.8b) and was thus considered a more

suitable marker for the detection of intracellular Ca>* fluctuations in individual cells.

The responsiveness of fluo-3, AM loaded cells to the positive control calcimycin, was
substantially lower when compared to that of cells expressing flash pericam (results not
presented). This result was consistent with that previously demonstrated using the

spectrofluorimetric technique (Figure 4.5).
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Figure 4.8. The basal fluorescence profile of (a) fluo-3, AM and (b) flash pericam in COS-7
cells. COS-7 cells were loaded with fluo-3, AM or transfected with flash pericam DNA prior to
viewing under epifluorescence with an FITC filter. Magnification X 400.
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> Choice of cell line

The expression of flash pericam was comparatively more efficient in COS-7 cells than
for the MA104 cell line; as evidenced by the higher basal fluorescence levels and ratio
of cells expressing the protein for the former. This difference was not entirely
unexpected given the properties of the cell lines used and the parent vector pcDNA3

into which flash pericam DNA was cloned.

The COS cell line was created by transforming an established monkey epithelial (CV-1)
cell line with a mutated Simian virus SV40 genome (Gluzman, 1981; Jensen et al.,
1964). The SV40 mutant contained a small deletion in the origin of replication (ori)

preventing the replication of endogenous viral DNA.

COS cells express nuclear large T antigen and all of the proteins necessary for the
replication of appropriate circular genomes, and the introduction of a plasmid
containing an SV40 ori (e.g. flash pericam/pcDNA3 plasmid) results in replication of
the plasmid to a high copy number (Hancock, 1991). Expression of flash pericam is
driven by the immediate-early Cytomegalovirus promoter and although flash pericam
expression can proceed in MA 104 cells, the level of expression is greater in COS-7 cells
due to the inability of plasmid DNA to be replicated to a high copy number in MA104

cells.

4.3.2.2 NSP4-induced mobilisation of intracellular calcium in COS-7 cells

The effects of the C- and N-terminal Hisg-NSP4 fusion proteins (RV4C, RV4N, RV5C
and RV5N) on intracellular calcium mobilisation of flash pericam transfected COS-7

cells was investigated.
Calcimycin was chosen as the positive control for these studies as it had been used with

success previously for demonstrating changes to the calcium homeostasis of mammalian

cell populations (Section 4.3.1.1).
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As illustrated in Figure 4.9, the addition of 38 uM calcimycin to COS-7 cells elicited an
immediate and sustained increase in the A[Ca2+]i consistent with its role as an ionophore.
The increase in fluorescence was associated with a calcimycin induced influx of Ca**

across the PM.

The addition of 60 nM RV5C (C-terminal Hise-tagged RV5 NSP4) to COS-7 cells
induced an immediate rise in the A[Ca2+]i within the first few seconds, and a rapid
return to baseline by approximately 25 seconds (Figure 4.9). This result is consistent
with the work of others who demonstrated that the NSP4-induced mobilization of
intracellular calcium is transient (Dong et al., 1997; Tian et al., 1996a; Zhang et al.,
1998; 2000). A rapid increase in [Ca2+]i was observed within the first few seconds post
application of 50 to 100 nM NSP4 to HT-29 cells, persisting for between 1-2 minutes,
whereupon it returned to basal levels (Dong et al., 1997; Zhang et al., 1998; 2000). A
similar response was observed upon the addition of either NSP4 (6 uM) or NSP4,4.35
(100 uM) to Sf9 cells (Tian et al., 1996a). This transient, NSP4-induced rise in [Ca®™]; is
primarily associated with the release of Ca®* from intracellular stores (Dong et al.,

1997).

The addition of 30 nM RV4C (C-terminal His¢-tagged RV4 NSP4) elicited an increase
in [Ca®*]; which was equivalent in rate to that observed for RV5C. The response to the
exogenous application of RV4C was also transient but the decrease in the A[Ca”*]; was
considerably more protracted than observed for RV5C, and failed to return to baseline

level.

A decline in the fluorescence intensity below baseline level was observed at time points
exceeding 25 s for the exogenous addition of RV5C. As the fluorescent indicator used
was flash pericam, this loss in fluorescence could not be attributed to photobleaching.
Morris et al. (1990) observed a similar trend in fura-2 loaded HT29 cells post
application of neurotensin. They proposed that this “undershoot” was indicative of
extrusion/reuptake in the recovery of [Ca®*]i. As this pattern was not observed for
RVA4C, it is plausible that this decline in intensity could be (a) commensurate with stage

drift or (b) the two-fold higher concentration of RV5C used in this analysis. The dose-
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dependency of NSP4 on intracellular calcium mobilisation will be discussed elsewhere

(4.3.2.4).
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Figure 4.9. NSP4-induced changes to the [Ca’*]; of COS-7 cells. Real time changes to the
fluorescence intensity of flash pericam transfected COS-7 cells was monitored on an
epifluorescence microscope in response to the application of 38 uM calcimycin (N=5), 60 nM
RV5C (N=7) and 30 nM RV4C (N=5). The application of each of the agents was at t=0. Each
data point represents the mean grey value averaged across the total number of independent

experiments (N) for each agent as calculated from data acquired from Image J.
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4.3.2.3 Proximal location of the His,-tag on NSP4 and its influence on the
A[Ca™],

Preliminary data obtained from the studies of NSP4-specific antibody responses
(Section 3.3.3) indicated that the position of the terminal Hise-tag may influence the
immunological response to NSP4. It was postulated that the binding of the Hise-tag to
the C-terminal of NSP4 may interfere with either the direct binding of antibodies to
linear epitopes or induce changes within the protein which altered conformation-
dependent epitopes. Based on these results, it was considered pertinent that the
influence of the proximal location of the His¢-tag at both the C- and N-termini of NSP4

be investigated in response to the calcium mobilising properties of the protein.

As illustrated in Figure 4.10, the application of 60 nM RV4N to COS-7 cells resulted in
an immediate increase in the A[Ca2+]i which was in agreement with the observations for
RV4C. RV4N appeared to evoke a sustained increase to the A[Ca®*]; rather than the

transient increase observed for RV4C.

Unfortunately, image sequences captured for RVSN (N-terminal His¢-tagged NSP4;
RV5)-induced changes to the [Ca®*]; of flash pericam transfected COS-7 cells were
deemed unsuitable for further analysis due to the effects of focal shifts and stage drift. A
consistent drawback of the microscopic method developed for this research was the shift
in view field and/or focal drift associated with the application of reagents, or as a
function of time. Another factor which also compromised the integrity of the real time
imaging of cells was the movement of dead cells or cellular debris across the view field
due to Brownian motion and the addition of reagents. Any image sequence which had
been affected by any of these aberrations were discarded due to the subsequent changes

in fluorescence intensity they incurred.
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Figure 4.10. Influence of His, tag location on NSP4-induced changes to [Ca’*]. Real time
changes to the fluorescence intensity of flash pericam transfected COS-7 cells was monitored on
an epifluorescence microscope in response to the application of 30 nM RV4C (N=5) and 60 nM
RV4N (N=6). Zero time (t=0) was taken as the time of application for each of the agents. Each
data point represents the mean grey value averaged across the total number of cells analysed

for each independent experiment (N) as calculated from data acquired from Image J.

4.3.2.4 NSP4-induced changes in [Ca’*], is dose-dependent

NSP4-induced mobilisation of intracellular calcium in HT29 cells is dose-dependent,
with concentrations as low as 4.6 nM NSP4 sufficient to elicit changes to the calcium
homeostasis of 50% of the cell population (EDsp) (Dong et al., 1997). The authors of
this study demonstrated that the [Ca2+]i dose response curve, measured across an NSP4
concentration range of 0.1 nM to 10 mM, showed a saturable hyperbolic function.
Figure 4.11 suggests the dose-dependency of RV4C on inducing changes to the
intracellular calcium homeostasis of COS-7 cells. When the concentration of RV4C was
reduced two-fold, from 30 nM to 15 nM, no change in fluorescent intensity was

detected. These results are consistent with those obtained for the spectrofluorimetric

160



analysis of cell populations (4.3.1.3), whereby concentrations < 10 nM NSP4 (RV4C
and RV5C) failed to induce a change in [Ca2+]i. Taken together, these results imply that
the minimum concentration required to elicit a change in intracellular calcium
homeostasis for the C-terminal His-tagged form of the NSP4 protein would need to be

greater than 15 nM.

Further investigation needs to be conducted over a greater concentration range to
confirm unequivocally that NSP4 of HRV strains RV4 and RVS5 induces a dose-
dependent change to the [Ca®*]; of COS-7 cells.
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Figure 4.11. NSP4 induces a dose-dependent A[Ca’*]. Real time changes to the fluorescence
intensity of flash pericam transfected COS-7 cells in response to the application of 30 nM RV5C,
30 nM RV4C and 15 nM RV4C were monitored on an epifluorescence microscope. Each data
point represents the mean grey value averaged for two independent experiments for each agent

as calculated from data acquired from Image J.
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4.3.2.5 RV-induced changes to intracellular calcium homeostasis.

The evaluation of RV-induced changes to the intracellular calcium concentration of
single cells was attempted with mammalian cells expressing flash pericam or labeled
with fluo-3, AM. As previously described for the spectrofluorimetric analysis of cell
populations, an apparent caloric stress effect prevented the use of flash pericam as the

calcium sensitive probe for RV infections.

The use of fluo-3, AM for monitoring RV-induced changes to the intracellular calcium
concentration of single cells also proved to be problematic. The excessive wash steps
conducted pre- and post-dye loading often resulted in further damage to the RV-infected
cell monolayer. In addition, the clumping of RV-infected cells prevented the monitoring
of localised changes to the intracellular calcium concentration of single cells. Due to the
sensitivity of the method to focal shifts upon the application of reagents, it was not
possible to measure the absolute [Ca’*]; in response to NSP4 or RV infection.

Consequently, the study of RV-infected A[Ca®*]; of individual cells was aborted.

4.3.3 Neutralisation of NSP4 and its effect on the A[Ca*'],

Antibody to NSP4 has been shown to reduce the severity and incidence of RV-induced
diarrhoeal disease in neonatal mice (Ball et al., 1996; Choi et al., 2005; Yu and
Langridge, 2001). In contrast, studies performed using the gnotobiotic piglet model
failed to demonstrate a correlation between NSP4-specific antibodies and protection

against infection or diarrhoea upon challenge with RV (Yuan et al., 2004a).

To my knowledge this is the only study which has used direct neutralisation of NSP4 to
address its ability to effectively block NSP4-induced changes to intracellular calcium
homeostasis. De Marco et al. (2009) demonstrated that human serum Igs were able to

block ion secretion and cell damage of RV-infected Caco-2 cells.
Preliminary experiments with flash pericam transfected COS-7 cells indicated that the
preincubation of NSP4 with human sera positive for a-NSP4 antibodies (as determined

in Chapter 3) did not inhibit changes to [Ca®*];.
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4.3.4 Caloric stress enhances the CPE of rotavirus-infected cells

An apparent thermal stress response which augmented the CPE of RV-infected cells
was discovered by chance when performing infections on mammalian cells expressing
flash pericam. When cells preincubated at the lower temperature for flash pericam
expression (29°C for 3 to 4 days) were returned to 37°C for RV adsorption and
replication, a marked increase in the CPE was observed as early as 2 h.p.i. In contrast,
cells which had been maintained at 37°C exhibited an equivalent degree of CPE at > 8
h.p.i. Control cells which were mock infected with porcine trypsin and exposed to the
same incubation conditions as per the virus infected cells failed to exhibit signs of CPE
in the period of experimental investigation. An association between enhanced CPE and
the expression of flash pericam was also investigated. Non transfected cells subjected to
the same caloric stress as observed for flash pericam transfected cells exhibited
enhanced CPE, thus precluding the contribution of the protein to cell death (Figure
4.12).
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Figure 4.12. Caloric stress effect on RV-infected mammalian cells. COS-7 cells were infected
with the HRV strain RVS for 3.5 hours prior to fixation and immunofluorescence detection with
the Alexa-Fluor 488 conjugate. Figure (a) illustrates the marked disruption to the cell
monolayer for cells preconditioned at 29 °C prior to infection with RVS5 at 37 °C. Figure (b) is of
RV5-infected COS-7 cells which had been maintained at 37 °C. Cells were visualised on a Nikon
Eclipse 50i epifluorescent microscope using a FITC filter. Magnification X 100.
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In this study, cells which had been maintained at the physiological temperature of 37°C
were subjected to mild hypothermia (29°C) for 3-4 days, after which they were returned
to 37°C for RV infection. The prewarming of cells to physiological temperatures
following transient cold shock has been documented to induce a heat shock response
(Liu et al., 1994; Sonna et al., 2010). As to whether the enhanced CPE observed for
RV-infected cells cultivated at 29°C was due solely to a cold or heat shock effect, or a
combination of both, was not determined and its elucidation was beyond the scope of

this study.

Thermal stress, as demonstrated for mild hypothermia and hyperthermia, induces the
expression of stress proteins including cold shock proteins (Csp’s) and heat shock
proteins (Hsp’s). The induction or up-regulation of Hsp’s in response to heat stress has
been investigated widely for a large number of organisms and model cell systems. The
Hsp’s are a highly conserved group of proteins whose expression in cells is induced in
response to low levels of stress (e.g. heat, heavy metals, oxidative stress, radiation and
nitric oxide) (Samali and Orrenius, 1998). Hsp’s are involved in many physiological
processes, including cell cycle control, cell proliferation, development, organisation of

the cytoarchitecture, and apoptosis (reviewed in Richter-Landsberg, 2009).

The level of constitutively expressed Hsp’s (Hsc) is increased in response to stress,
whilst other Hsp’s are induced only after stress (Samali and Orrenius, 1998). The
constitutively expressed Hsp’s (e.g. Hsc70) function as molecular chaperones,
regulating cellular processes such as protein synthesis, protein folding, transport and
cell viability (Gething and Sambrook, 1992; Welch, 1991). Inducible Hsp’s (e.g. Hsp70)
assist in the repair of denatured and misfolded peptides, or target them for degradation
by the ubiquitin/proteasome—dependent pathway (Richter-Landsberg, 2009; Samali and
Orrenius, 1998). Hsp’s are classified according to their molecular weights and the most
extensively studied are the members of the Hsp70, Hsc70, Hsp60, Hsp90 and Hsp40

families.
Virus induction of heat shock proteins has been widely documented for a number of
viruses (Newcastle, Sindbis, vesicular stomatitis, SV40 and polyomavirus) (Collins and

Hightower, 1982; Garry et al., 1983; Khandjian and Tiirler, 1983; Nevins, 1982;
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Notarianni and Preston, 1982) and has been demonstrated to enhance virus (adenovirus,
cytomegalovirus, Epstein-Barr, HIV-1, HSV-1, measles, polyomavirus) replication
(Burch and Weller, 2005; Chromy et al., 2003; Furlini et al., 1990; Glotzer et al., 2000;
Vasconcelos et al., 1998; Zerbini et al., 1985; 1986).

RV infection is known to induce the expression of genes encoding Hsp40, Hsp70 and
Hsp90, the translationally controlled tumour protein (TCTP) and ER-resident Ca**-
binding molecular chaperones; which is both host cell and virus strain dependent

(Broquet et al., 2007; Cuadras et al., 2002; Dutta et al., 2009; Xu et al., 1998; 1999).

The use of siRNA to down-regulate the expression of Hsp70 in Caco-2 cells was
associated with an increase in the production of RV structural proteins (VP2, VP4, VP6)
and progeny virus (Broquet et al., 2007). Given the protective role of Hsp70, it could be
surmised that Hsp70 induction may afford a protective response to infection by
negatively controlling RV protein bioavailability by directing viral proteins towards

ubiquitin-dependent degradation (Broquet et al., 2007; Tavaria et al., 1996).

The heat shock cognate protein, Hsc70, has been identified as a potential post-
attachment viral receptor and is present on the surface of MA104 cells (Guerrero et al.,
2002). Binding of the RV particle with the peptide-binding domain of Hsc70, has been
proposed to induce a conformational change of either host cell surface proteins or virus
proteins which facilitates in either virus penetration or uncoating (Guerrero et al., 2002;
Lopez et al., 2006; Pérez-Vargas et al., 2006; Zarate et al., 2003). Two hsc70 binding
domains (aa 642-658 and 531-554) have been identified on VP4 (Gualtero et al., 2007;
Zarate et al., 2003). Gualtero et al. (2007) also discovered a Hsc70 binding domain (aa
280-297) on VP6, and they proposed that the Hsc70 induced conformational changes of
VP4 resulted in the exposure of the VP6 domain, facilitating virus entry. It was
postulated that the thermal stress imposed on the cells in this study may have caused the
upregulation of Hsc70 and an associated increase in viral infectivity, but the results of
Lopez et al. (2006) suggest otherwise. The authors demonstrated that the abundance of
Hsc70 in MA104 and BHK cells was not modified in response to heat stress.
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Hsp90 plays an integral role in the maintenance of cellular homeostasis; regulating the
signal transduction pathways for cell cycle and survival. In the early stages of RV
infection, Hsp90 positively regulates infection by modulating cellular signaling proteins

or through direct interaction with viral proteins (Dutta et al., 2009).

Heat stress is also known to alter membrane permeability resulting in increases to
intracellular Na*, H*, and Ca** concentrations (reviewed in Sonna ef al., 2002). Given

the close association between [Ca2+]i

and RV replication, morphogenesis and
pathogenesis, one could speculate that heat shock may induce changes to the calcium
homeostasis of the host cell which is conducive to the survival and replication of the

Virus.

Changes to the intracellular calcium homeostasis of the host cell may also evoke an ER
stress response. The upregulated expression of ER-resident proteins is a characteristic
cellular response to-ER induced stress (Xu et al., 1999). NSP4 expression in COS-7
cells affected the up-regulation of the ER-resident Ca** binding proteins GRP,
endoplasmin, BiP, calreticulun, ERP5 and the cytoplasmic translationally controlled
tumour protein (TCTP) (Xu et al., 1998; 1999). The authors proposed that the NSP4-
associated reduction in ER [Ca2+] caused the induction of GRP78 expression, and
subsequent translocation to the ER, in an effort to prevent protein aggregation and to
restore Ca** homeostasis. The depletion of ER calcium levels, in association with NSP4
expression, was also responsible for the increased transcription of the TCTP gene in
COS-7 cells (Xu et al., 1999). Both GRP78 and GRP94 have been associated with RV
maturation through the ER, potentially assisting in the correct folding of the outer

capsid proteins (Xu et al., 1998).

Another dimension to the caloric stress imposed on the host cells in this study was that
of mild hypothermia, or a cold shock effect. The induction of Hsp’s in response to
elevated temperatures has been studied widely in both prokaryotic and eukaryotic
systems, but comparatively very little is known regarding the cold shock effects. The
response of eukaryotes to cold stress has been implicated in adaptive thermogenesis and
cold tolerance, and has been manipulated for sample (cells, tissues and organ)

preservation and in the therapeutic treatment of brain damage (reviewed in Fujita, 1999).
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More recently, the lowering of temperatures below sub-physiological levels (< 37°C)
has been demonstrated to enhance adhesion of bacterial cells to the surface of host cells
in vitro (Spaniol et al., 2009) and improve recombinant protein yield in mammalian cell

culture (Al-Fageeh et al., 2006; Fujita, 1999).

The two-fundamental stressors of cold shock are related to changes in temperature and
dissolved oxygen concentration. At the cellular level, cold shock elicits a coordinated
response involving modulation of the cell cycle, metabolic processes, transcription,
translation, and the cell cytoskeleton (Al-Fageeh et al., 2006). These responses are
synonymous with those previously described for the heat shock effects. Growth arrest of
prokaryotic and eukaryotic cells exposed to temperature downshifts is associated with
the suppression of protein synthesis. Recent studies have shown that cold shock induces
the expression of more than 20 genes in mammalian cells, and to date, two cold shock-
induced proteins (CIRP and RBM3) have been identified in mammalian cells (Danno et

al., 2000; Nishiyama et al., 1997; Sonna et al., 2002).

Cold shock is known to cause a reduction in F-actin and to initiate microtubule
disassembly and associated actin filament disruption (reviewed in Al-Fageeh and Smale,
2006). RV is known to associate with, and cause disorganization of, the cell
cytoskeleton in Caco-2 cells (Brunet et al., 2000b). It is possible that the enhanced CPE
may be attributed to the cumulative disruption to the cellular architecture caused by
both cold shock and RV infection. Cold shock is also known to change cellular
membrane permeability resulting in a reduction in cellular pH (Al-Fageeh and Smale,

2006).

Lopez et al. (2006) demonstrated that thermal stress enhanced the strain-dependent
infectivity of the relatively refractory cell line (BMK) to RV, whilst offering little
change to the highly permissive MA104 cell line. RV infection of both MA104 and
COS-7 cells with each of the RV strains (SA11, RV4 and RV5) investigated in the
present study, resulted in enhanced CPE for all cells exposed to thermal stress.
Discrepancies between the results obtained in this study and that of Lopez et al. (2006)
may be associated with the marked differences in thermal stress conditions imposed on

the cells. Lopez et al. (2006) heat shocked the cells at 43-45°C for 20 minutes prior to
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standard virus adsorption conditions. In addition, the cells were allowed to recover from
heat shock at physiological temperatures prior to infection. In this research, cells were
subjected to mild hyperthermia at 29-30°C for three days prior to virus adsorption and
subsequent infection at 37°C. In addition, the cells were not acclimatised to 37°C prior

to RV infection.

The viral titre had to be established in order to elucidate whether the enhanced CPE was
associated with an increase in viral infectivity. Enumeration of the viral trite was
attempted using three methods; an endpoint dilution assay, plaque assay and
immunofluorescence focus assay. The latter two methods which are routinely used for
establishing rotavirus titres proved to be unsuccessful in this study. Distinct and isolated
plaques failed to develop for the plaque assay despite adopting published methods
specific for RV titre determination (Ciarlet and Conner, 2000; Smith et al., 1979). The
results from the immunofluorescence labeling of RV and mock-infected cells was
inconclusive due to the non-specific reactivity of components of the mock-infected cell
culture with either the anti-RV antibody or secondary antibody (Alexa-Fluor 488
conjugate) (Figure 4.13). What is apparent from these images is the distinct projections
from the cell bodies of RV-infected cells. Berkova et al. (2007) demonstrated that
endogenous expression of NSP4 or RV infection of mammalian cells (HEK-293 or
MA104) resulted in the calcium-dependent re-organization of subcortical actin into

‘finger-like’ plasma membrane protrusions.

169



b)

Figure 4.13. Immunofluorescence labeling of COS-7 cells The confluent monolayer of mock-
infected COS-7 cells is observed in figure (a), whilst infection of this cell line for 7 hours with
the HRV strain RV4 resulted in the characteristic rounding and detachment of cells from the
vessel surface as illustrated in figure (b) Cells were visualised on a Nikon Eclipse 50i

epifluorescent microscope using a FITC filter. Magnification X 400.
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The third method employed for the determination of viral titre was the end point
dilution assay (King and Possee, 1992). Figure 4.14 illustrates the difference in viral
titre, as determined for RVS5-infected caloric stressed and non-stressed MA104 and
COS-7 cells. The viral inoculum used for the thermal stress component of this study
was the supernatant of caloric stressed cells which had exhibited complete CPE at 3.5
h.p.i. The supernatant for the non-stressed cells was obtained at 18 h.p.i. when complete
CPE was observed. There was no apparent difference in viral titre for stressed and non-
stressed COS-7 cells, whilst the viral titre for caloric stressed MA104 cells was
significantly lower than for the corresponding control cells (Student’s t-test;

significance level of < 0.05).
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Figure 4.14. Caloric stress effect on viral titre. Thermal or non-thermal stressed cells were
infected with RV5 and the supernatant collected when complete CPE was observed; 3.5
h.p.i. for thermal stressed cells and 18 h.p.i. for cells maintained at 37 °C. The viral
supernatant was serially diluted 2-fold and virus replication permitted to proceed in both
MAI104 and COS-7 cells at 37 °C until complete CPE was observed. The arithmetic mean

and standard deviation of three independent experiments are presented.
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These results suggest that the viral titre of the starting inoculum for the caloric stressed
cells may be equivalent to that of non-stressed cells. In order for this to be achieved
viral replication must be upregulated and/or virus infectivity enhanced in caloric
stressed cells. Lopez er al. (2006) demonstrated that heat stress facilitated strain-
dependent RV infection of the relatively refractory cell line BHK at the penetration and
post-penetration levels. The authors proposed that this effect was most probably
attributed to enhanced penetration and/or uncoating of the virus. No corresponding

increase in viral infectivity was observed for the highly permissive MA104 cell line.

Heat treatment has been shown to increase the production of viral transcripts; associated
with the increased expression of a viral membrane glycoprotein and CPE in the measles
virus (Vasconcelos et al., 1998). Applying these observations to RV infection of caloric
stressed cells, it could be considered plausible that viral transcription is increased and
that translation of nascent mRNA transcripts for the ER-resident glycoprotein NSP4

may be enhanced.

Under standard physiological conditions (37°C), RV replication in monkey kidney cells
is known to be rapid, with maximal yields of virus observed 10-12 h.p.i. (reviewed in
Estes and Cohen, 1989; Kitaoka et al., 1986). Viral protein synthesis has been observed
as early as 2 h.p.i. for OSU-infected MA104 cells, with maximal rates of protein
synthesis for viral strains SA11 and OSU reported between 3-5 h.p.i. (del Castillo et al.,
1991; Ericson et al., 1982; Michelangeli et al., 1991). Progeny virion assembly occurred
at approximately 2 h.p.i. in MA104 cells infected with the bovine RF strain (Delmas et
al., 2007) and the lytic release of virus particles from this cell line was observed as early

as 6 h.p.i. (Estes et al., 2001).

The upregulation of NSP4 synthesis and/or host NSP4-specific receptors, rather than
whole virus replication, may be responsible for the enhanced CPE observed in cells
exposed to thermal stress. NSP4 has been detected in the cell lysate of RV-infected
Caco-2 cells as early as 1 h.p.i. (De Marco et al., 2009), and 2.5-3 h.p.i. in MA104 and
HT29 cells (Kabcenell and Atkinson, 1985; Zhang et al., 2000). In addition, a peptide
corresponding to the enterotoxin domain (NSP4,,175) was observed within the culture

media of SA1l-infected MA104 cells at 4 h.p.i. (Zhang et al., 2000).
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Given the known cytopathic and enterotoxigenic properties of NSP4 to perturbations in
intracellular calcium homeostasis and PM integrity of mammalian and insect cells, and
coincident with its early detection in the cell lysate and media of RV-infected cells, it
would be worthwhile investigating the contribution of this protein to the enhanced CPE

of RV-infected and caloric stressed cells.

Unfortunately, the results obtained from the viral titre assay has generated more
questions, than answers. Future studies should focus on establishing whether RV
infectivity is increased due to caloric stress and which proteins, host or viral, are

upregulated in response to this stressor.

4.4 Summary

A spectrofluorimetric technique was developed and subsequently employed to monitor
RV-induced changes to the intracellular calcium homeostasis of mammalian cell
populations. The cellular response upon application of calcimycin, Triton X-100 and
EGTA to fluo-3, AM loaded mammalian cells was consistent with the known properties
of the reagents, and validated the technique for use in detecting changes to [Ca®*];. A
change in the intracellular calcium homeostasis of SAll-infected MA104 and COS-7
cell populations was observed using spectrofluorimetry, although the data did not

completely emulate the changes reported by others.

The application of a 5 mM Ca®* pulse to the extracellular medium of RV-infected cells
caused an increase in the A[Ca2+]i which was not observed for mock-infected cells, and
was consistent with the work of others (Brunet et al., 2000a; Michelangeli et al., 1991;
1995; Perez et al., 1998; 1999; Ruiz et al., 2005). The initial increase in [Ca2+]i was
assumed to be associated with the unidirectional flux of extracellular calcium through
the PM; a consequence of virus induced changes to the PM permeability to Ca** (Brunet
et al., 2000a; Perez et al., 1998; 1999). Rather than the single transient peak reported by
these authors, a series of peaks were observed post application of the Ca®™ pulse in the
current study. A number of reasons were postulated to explain this observation,

including the inability to maintain a homogenous sample and the clumping of RV-
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infected cells within the suspension; either of which could have affected the

synchronisation and magnitude of the response resulting in a series of peaks.

The A[Ca®™]; was also dependent on the time (h.p.i.) upon which the calcium response
was measured. Progression of the virus induced a loss of PM integrity and consequently

a loss of the synthetic dye from the cytosol.

The use of the calcium-sensitive fluorescent probe, flash pericam for the detection of
RV-induced changes to the intracellular calcium concentration (A[Ca2+]i) of cell
populations was aborted due to an apparent caloric stress effect. Conversely, the
compartmentalisation of fluo-3, AM and its lowered sensitivity to changes in calcium
flux were responsible for its omission as the fluorescent probe for the microscopic

studies of single cells.

The MA104 cell line is a model cell system which has been widely used to investigate
changes to the [Ca®*]; of NSP4 and whole virus infections. Due to the inability to
express the flash pericam protein to high efficiency in this cell line, the transformed

COS-7 cell line was used for microscopic cell signaling studies.

The exogenous application of NSP4 to flash pericam transfected COS-7 cells elicited an
apparent dose-dependent response which was immediate and transient for both the C-
terminal Hise-NSP4 proteins of prototype HRV strains RV4 and RVS5. Preliminary
results for the contribution of the proximal location of the Hise-tag on A[Ca2+]i although

incomplete, suggest no disparities for NSP4 of RV4.

Caloric stress of both MA104 and COS-7 cells resulted in an enhanced CPE for all
strains (SA11, RV4 and RV5) investigated in this study. Further research still needs to
be conducted to determine whether the enhanced CPE is attributable to (a) an increase
in the production of viral progeny, (b) the synthesis of specific viral proteins (in
particular NSP4), (c) the upregulation of RV-specific cellular receptors or host cell
effects, including the induction of thermal stress proteins or (d) the increased
permeability of the PM to cations, in particular pertaining to the perturbation of calcium

homeostasis.
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Summary and Future Directions

5.1 The expression and purification of recombinant His-

NSP4 proteins derived from HRYV strains RV4 and RV5

Recombinant NSP4 hexa-his-tagged (Hise¢) fusion proteins derived from NSP4 of
prototype HRV strains RV4 and RVS5 were produced using the baculovirus expression
system (BEVS) and purified using immobilised metal affinity chromatography (IMAC).
For each strain, recombinant proteins were produced with the Hisg-tag resident at either
the C- or N-terminus of NSP4. The purified proteins were then used for (a) the
development of an ELISA for the detection of a-NSP4-specific antibodies in human
sera and (b) the investigation of extracellular NSP4 and whole virus induced changes to

the intracellular calcium homeostasis of mammalian cells.

Four recombinant baculovirus transfer vectors were constructed using general molecular
biology techniques and the NSP4 cassette transferred to the baculovirus genome
(linearised BacPAK 6) via homologous recombination in Sf-21 cells. The recombinant
baculoviruses were isolated by plaque assay and their identity confirmed by PCR

screening.
The recombinant Hise-NSP4 fusion proteins were expressed in suspension cultures of

Sf-21 cells and the proteins purified from the cell lysate using Ni-NTA-IMAC against
an imidazole gradient (20 mM to 250 mM). The optimum yield of the recombinant
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proteins, as determined by time course analysis, was achieved when Sf-21 cells were

inoculated at an M.O.I. of 1 pfu/mL and the protein harvested at 48 h.p.i.

The purification of Hise-NSP4 was shown to be pH dependent due to differences in the
isoelectric point (pI) of NSP4 originating from the RV4 and RVS strains. Bioinformatic
analysis revealed the pI of NSP4 derived from the RV4 strain to be approximately pH 7,
whilst that of RVS5 NSP4 was pH 8. Consequently, the purification of the RV4 NSP4
proteins was performed at pH 8 and RV5 NSP4 performed at pH 7.

SDS-PAGE and Western blotting confirmed the expression of three antigenic
glycoforms (non-, singly- and doubly-glycosylated) for each of the purified Hise-NSP4
proteins. In addition high M.W. proteins, assumed to be multimers of the NSP4
glycoforms and immunogenic to a-SA11 were also detected. Multimeric, SDS-PAGE
resistant forms of NSP4 have been widely reported by others (Bergmann et al., 1989;
Hyser et al., 2008; losef et al., 2002; Maass and Atkinson, 1990; Rodriguez-Diaz et al.,
2003; Tian et al., 1996a). A peptide, consistent in size with the 15 kDa cleavage product
reported by Zhang et al. (2000) was also detected in the cell lysate.

5.2 Immunogenicity of NSP4

An indirect ELISA, using recombinant Hisc-NSP4 proteins as coating antigens, was
developed for the detection of isotype (IgG and IgA) specific NSP4 antibodies in human

sera.
5.2.1 Development of an «a-NSP4-specific ELISA

The efficacy of three proteinaceous agents (BSA, casein and NFDM) routinely used in
ELISA’s as blocking agents and antibody diluents were evaluated for their use in the a-
NSP4-specific antibody ELISA. NFDM was determined to be the superior agent and
was most efficacious when used at 0.5% (w/v) in both the blocking buffer and diluent.
The magnitude of the net OD was inversely proportional to the concentration of NFDM
used in both the diluent and blocker for the concentration range explored (0.5% to 10%

NFDM). Reasons postulated for this trend included (a) the masking of antigen:antibody
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interactions and/or (b) the inhibition of the enzyme conjugate by an excessive

concentration of blocking agent.

The inclusion of Tween-20 in ELISA reagents had been proposed to negatively affect
the efficacy of proteinaceous blockers (Esser, 1997) and to reduce the signal response
purporting false negatives (Julidn et al., 2001). In the current research the inclusion of
Tween-20 in NFDM blocking systems had a negligible effect on background noise
when the composition of both the blocking agent and antibody diluent was at
concentrations < 2% (assays performed at 25°C) or < 1% (assays performed at 37°C).
When the NFDM concentration in both the blocker and antibody diluent exceeded these
concentrations, the inclusion of Tween-20 caused a statistically significant increase in
background noise which was independent of the incubation temperature. In contrast, the
absence of Tween-20 from these reagents, although producing marginally less

background noise, appeared to be temperature dependent.

The validity of the assay was undertaken by performing the perfunctory intra- and inter-
run assays, yielding a coefficient of variation of 0.22%, within the limit of 10%

suggested by Crowther (2001).

5.2.2 The o«-NSP4-specific response evoked by natural rotavirus

infection and vaccination of humans

The results obtained in this study were suggestive that natural RV infection or
vaccination with an attenuated live HRV vaccine (Rotarix®) evoked an NSP4-specific
humoral response, which was both heterotypic and/or homotypic. These findings
emulate the work of others, whereby the humoral response to NSP4 has been shown to
be both heterotypic and independent of the NSP4 genotype (Ray et al., 2003; Vizzi et
al., 2005; Yuan et al., 2004b).

For both naturally infected children and vaccine recipients, the dominant isotype-
specific serum response was to o-NSP4 IgG, and an o-NSP4 IgA response when
detected, was consistently lower than for IgG. These results are consistent with the work

of others (Johansen et al., 1999; Rodriguez-Diaz et al., 2005).
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The NSP4 genotypes of the infecting RV strains investigated in this study had not been
determined and consequently the conclusions drawn regarding NSP4 cross-reactivity
was based on the assumption that G1 and G4 strains typically are of NSP4 genotype B
and G2 of NSP4 genotype A (Kirkwood et al., 1999). The a-NSP4 IgG seroconversion
rate for children naturally infected with a G1 RV strain to NSP4 of genotypes B (G1)
and A (G2) was 80 and 60%, respectively. These results were in accordance with the
findings of Richardson et al. (1993) who demonstrated that the IgG response to NSP4
for G1 infections for the population from which this sample subset was drawn was 67-
100%. The a-NSP4 IgA seroconversion rate was considerably lower (29%) than for
IgG, and was only detected when the infecting strain was homotypic to the coating

antigen (RV4 NSP4; G1).

With respect to the serum samples obtained from recipients of the Rotarix® (P1A[8]G1)
vaccine, the number of respondents who had detectable levels of a-NSP4 IgG was fewer
(30%) than for children naturally infected with RV, whilst no a-NSP4 IgA was detected.
The response to NSP4 was heterotypic, with the strongest response observed when the

coating antigen was homotypic to the vaccine strain.

5.2.3 Conformational dependence of the immune response — influence

of the His¢-tag position

Preliminary results indicated that the placement of the Hise-tag at the N-terminus of
NSP4 from strain RV4 generated a greater response compared with the corresponding
C-terminal Hise-NSP4 protein. These results suggest that the fusion of the Hise-tag at
the carboxy terminus interferes with either the direct binding of antibodies to epitopes
located within the cytoplasmic domain of NSP4 or induces changes within the protein
which alters conformation-dependent epitopes on NSP4. These results are consistent
with the identification of immunodominant epitopes located within the cytoplasmic
domain of NSP4 (Borgan et al., 2003; Hyser et al., 2008; Kim et al., 2004; Rodriguez-
Diaz et al., 2004; Yu and Langridge, 2001; Yuan et al., 2004a). The absence of a similar
response for NSP4 derived from the RVS5 strain may be indicative of differences in

immunodominant regions and should be investigated further.

178



5.2.4 Future directions for the NSP4 immunological study

Published data on the levels of detectable a-NSP4 antibodies, particularly to IgA, in the
sera of humans and animals are often conflicting and the disparities may be due to
differences in assay sensitivity (Ishida et al., 1996; Johansen et al., 1999; Ray et al.,
2003; Rodriguez-Diaz et al., 2005; Vizzi et al., 2005; Yuan et al., 2004a). Therefore,
the general inability to detect serum o-NSP4 IgA responses for naturally infected
children and vaccine recipients in this research may have been influenced by the
sensitivity of the assay used. Studies which successfully detected NSP4 specific IgA
used either (a) GST-fusion peptides encompassing the cytoplasmic domain of the NSP4
protein, and/or (b) an alternative detection system (biotin/avidin, immunocytochemistry)
or (c) more concentrated serum samples (Ray et al., 2003; Vizzi et al., 2005: Yuan et
al., 2004b). Future work may focus on the design of an assay which is more sensitive to

the detection of NSP4 specific immunoglobulins.

It would also be interesting to investigate whether the rate of NSP4 seroconversion is
enhanced with subsequent infections and if the NSP4 antibody response is age-
dependent. Kirkwood et al. (2008) reported that RV reinfection resulted in a boost in
NSP4-specific IgG antibodies, whilst Xu et al. (2010) documented that the antibody
response to NSP4 is age-dependent, peaking at 12-23 months of age.

5.3 The effect of rotavirus infection and exogenous NSP4 on

intracellular calcium homeostasis

Changes to the PM permeability to calcium or to the intracellular calcium concentration
of mammalian cells in response to RV replication or to the exogenous application of
recombinant Hise-NSP4 fusion proteins was evaluated using two independent methods;
(a) spectrofluorimetric analysis of cell populations and (b) microscopic analysis of
individual cells. For each system employed, the use of flash pericam and fluo-3, AM as

potential calcium-sensitive fluorescent markers was investigated.
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5.3.1 Changes to the calcium homeostasis of mammalian cell
populations — a spectrofluorimetric approach to the effects of

whole virus and to NSP4

The calcium sensitive fluorophores, flash pericam and fluo-3, AM, were evaluated for
their responsiveness to changes to the intracellular calcium homeostasis of cell
suspensions using spectrofluorimetry. The specificity and sensitivity of the fluorophores
was determined by assessing the magnitude of the response (AU) to mock and RV-
infected cell populations upon the application of (a) EGTA, a calcium-specific chelator,
(b) Triton-X-100, (c¢) the calcium ionophore calcimycin and (d) a 5 mM calcium pulse.
Despite flash pericam demonstrating a greater sensitivity to perturbations in calcium
homeostasis compared with the synthetic dye fluo-3, AM its use in spectrofluorimetry

had to be aborted due to an apparent thermal stress response for RV-infected cells.
5.3.1.1 Assessment of RV-induced changes to PM permeability to Ca*

RV-induced changes to the Ca®* permeability of the PM and cytosolic calcium
concentration were investigated in the monkey kidney cell lines, MA104 and COS-7.
Both cell lines had been used previously by others for the investigation of RV or NSP4-
induced changes to the [Caz+]i (Cuadras et al., 1997, Michelangeli et al., 1991; 1995;
Pérez et al., 1999; Ruiz et al., 2007; Zambrano et al., 2008).

The application of saturating concentrations of calcium (5 mM) to the extracellular
medium of cell suspensions had been used by other researchers to assess RV-induced
changes to the Ca*t permeability of the PM (Brunet et al., 2000a; Pérez et al., 1999;
Tian et al., 1994). The application of a 5 mM Ca** pulse to the extracellular medium of
fluo-3, AM loaded COS-7 and MAO14 cell suspensions infected with RV SA11 elicited
an immediate increase in fluorescence intensity, notably absent from mock-infected
cells, and commensurate with an increase in A[Ca2+]i. These results suggested that SA11
infection caused perturbation of the intracellular calcium homeostasis by increasing the
PM permeability to Ca** and emulated the observations of others (Brunet ez al., 2000a;
Michelangeli et al., 1991; 1995; Pérez et al., 1998; 1999; Ruiz et al., 2005). The initial

increase in [Ca®*]; within the first few seconds is representative of PM permeability to
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Ca’* and is attributable to the unidirectional flux of Ca®* across the PM from the

extracellular medium into the cytosol (Brunet et al., 2000a; Pérez et al., 1998; 1999).

One consistent disparity between the work presented here and that of others was the
presence of multiple peaks rather than a single defined peak proceeding the application
of the Ca’* pulse (Brunet et al., 2000a; Michelangeli et al., 1995; Pérez et al., 1998;
Ruiz et al., 2005; Zambrano et al., 2008). It was postulated that the multiple peaks could
have arisen from (a) the inability to control environmental parameters such as
temperature and oxygen concentration, (b) sample heterogeneity, exacerbated by RV-
induced cell clumping, (c) the use of a non-ratiometric dye and/or (d) differences in the

treatment of data.

The viability of the host cells, in particular the integrity of the PM, at the time of
calcium analysis was also investigated as a contributing factor to the atypical results
obtained. The effects of PM disruption to calcium measurements would be two-fold; (a)
unregulated flux of Ca®* across the PM in response to the calcium pulse and (b) loss of
fluo-3, AM to the extracellular medium. The rate of RV-induced changes to the PM has
been observed to proceed in a manner which is both strain and host cell dependent

(Brunet et al., 2000a; Michelangeli et al., 1991: Pérez et al., 1999).

A time course analysis of SA11-infected COS-7 cells revealed that cells harvested at >
18 h.p.i. could not be used for Ca** studies due to excessive cell clumping and poor cell
viability. An increase in the A[Ca2+]i was observed at 6 h.p.i., but was negated at 12
h.p.i. The decrease in the A[Ca®*]; for virus-infected cells at 12 h.p.i. may be due to
deleterious alterations in the PM due to the progressive cytotoxic and lytic effects of the
virus and the consequent inability to retain the fluorescent probe within the cell

(Michelangeli et al., 1991; Pérez et al., 1999).

The absolute [Ca2+]i concentration was calculated for both mock and virus-infected
COS-7 cells at 6 and 12 h.p.i. (Tsien et al., 1982). The [Ca2+]i of SAll-infected cells at
6 h.p.i. was significantly greater than for the corresponding mock-infected cells (tested
at a significance level, p < 0.05). RV-infected cells harvested at 12 h.p.i. failed to show

a change in [Ca”]; compared with cells harvested 6 hours prior. Such a notable absence

181



of a change in [Ca®*]; for RV-infected COS-7 cells between 6 and 12 h.p.i. may be
associated with oncosis at the later time post infection, as described for PM permeability
to Ca”* studies. An unexpected 2-fold rise in [Ca®*]; was observed between 6 and 12

h.p.i. for the mock-infected cells; no reason could be provided for this atypical result.

Michelangeli et al. (1991) determined that the increased PM permeability to Ca®* for
MA104 cells infected with a porcine (OSU) RV occurred as early as 4 h.p.i., but in the
absence of an accompanying change in [Ca*'];.. They and others have proposed that host
cell regulatory mechanisms responsible for maintaining cytosolic calcium homeostasis
can sufficiently compensate for the initial influx of Ca®* across the PM at the early
stages of infection (Brunet et al., 2000a; Michelangeli et al., 1991; Pérez et al., 1998;
1999). Changes to the [Ca2+]i, a consequence of increased Ca’* in the cytosol and
intracellular organelles was observed at > 5 h.p.i. The discrepancy between the
experimental data presented here and that published may be due to differences in (a) the
kinetics of the virus strains used, (b) the cell line used and (c¢) the M.O.I. used to infect

the cells.
5.3.1.2 Effects of NSP4 on PM permeability to Ca™

The exogenous application of His¢-NSP4 to mammalian cells in suspension failed to
induce a change in intracellular calcium homeostasis. The absence of a response may be
due to the high dilution order imposed upon the protein using this experimental system.
NSP4 has been reported to induce a dose-dependent mobilization of intracellular

calcium in Sf9 cells (Tian et al., 1995) and HT-29 cells (Dong et al., 1997).
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5.3.2 Changes to the calcium homeostasis of single cells — a

microscopic approach to the effects of whole virus and to NSP4

5.3.2.1 Effects of exogenous NSP4 on the intracellular calcium mobilization

of COS-7 cells

Flash pericam was chosen as the calcium sensitive probe for monitoring changes to the
intracellular calcium homeostasis of single cells in response to NSP4. Epifluorescence
microscopy revealed the high propensity for fluo-3, AM to be sequestered into
intracellular organelles, and a lowered responsiveness of the dye to detect changes in
[Ca®]. Attempts to monitor changes to the intracellular calcium homeostasis of RV-
infected cells was aborted due to an enhanced CPE, a consequence of the caloric stress

imposed on the cells when performing both flash pericam expression and RV infection.

Both RV5C and RV4C elicited an increase in the A[Ca2+]i that was both immediate and
transient in flash pericam transfected COS-7 cells and was consistent with the
observations of others (Dong et al., 1997; Tian et al., 1996a; Zhang et al., 1998; 2000).
This transient, NSP4-induced rise in [Ca2+]i is primarily associated with the release of

Ca®* from intracellular stores (Dong et al.,1997).

5.3.2.2 Proximal location of the His-tag on NSP4 and its influence on the

A[Ca™],

Experiments conducted with the N- and C-terminal Hise-tagged NSP4 of RV4
demonstrated that the location of the Hise-tag did not unduly influence the rate of the
intracellular calcium response. The exogenous application of the protein to flash
pericam transfected COS-7 cells evoked an immediate increase in the A[Ca2+]i

irrespective of the placement of the Hise-tag.

Unfortunately, insufficient data was accrued for the N-terminal His¢-tagged NSP4 of
strain RV5 and consequently no conclusions could be drawn regarding the location of
the tag for NSP4 of this strain. A consistent drawback of the microscopic method used

in this study, and which could not be overcome, was either the change in view field
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and/or focal drift upon the addition of the reagent or as a function of time. Therefore,
any image sequence which presented with these aberrations was discarded from further

analysis as the integrity of the cellular fluorescence was compromised.

The use of a perfusion circuit to ensure continuity in sample volume, particularly for
reagent addition, may need to be addressed if the effects of NSP4 on intracellular
calcium mobilization are to be investigated further; although the dose-dependency of

NSP4 on calcium perturbation may render this method improbable.

5.3.2.3 NSP4-induced changes in intracellular calcium concentration is

dose-dependent

NSP4-induced changes to the intracellular calcium homeostasis of individual COS-7
cells was shown to be dose-dependent. The application of 30 nM, but not 15 nM of C-
terminal Hise-tagged NSP4 (RV4C) induced an increase in the A[Ca2+]i. Similarly,
NSP4 administered at concentrations less than 10 nM failed to evoke a change in
intracellular calcium concentration for fluo-3, AM loaded cell populations. Dong et al.
(1997) demonstrated that NSP4 mobilization of intracellular calcium was dose-
dependent and that concentrations as low as 4.6 nM were sufficient to elicit changes in

[Ca™];
5.3.3 Neutralization of NSP4 and its effect on the A[Ca®"],

Antibody to NSP4 has been shown to reduce the severity and incidence of RV-induced
diarrhoeal disease in neonatal mice (Ball et al., 1996; Choi et al., 2005; Yu and

Langridge, 2001) but not for the gnotobiotic piglet model (Yuan et al., 2004a).
This study hoped to establish whether NSP4-specific antibodies present in human sera
could inhibit changes to the intracellular calcium homeostasis evoked by exogenous

NSP4.

To my knowledge this is the only study which has used direct neutralization of NSP4 to

address its ability to effectively block calcium perturbation by the protein. De Marco et
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al. (2009) demonstrated that human serum immunoglobulins blocked ion secretion and

cell damage of RV-infected Caco-2 cells.

Preliminary experiments with flash pericam transfected COS-7 cells indicated that the
preincubation of NSP4 with human sera positive for a-NSP4 antibodies did not inhibit

changes to [Ca**];.

5.4 Caloric stresses enhances CPE in RV-infected

mammalian cells

A causal relationship between a thermal stress response and enhanced CPE for RV-
infected mammalian cells was revealed when infections were performed on cells
expressing flash pericam. When cells preconditioned at 29°C for 3 to 4 days during
flash pericam expression were returned to 37°C for RV adsorption and replication, a
marked increased in CPE was observed as early as 2 h.p.i. In contrast, cells which had
been maintained at the physiological temperature (37°C) throughout the duration of the
experiment exhibited an equivalent degree of CPE at a much later stage of infection (> 8
h.p.i.). This thermal stress response was observed for each of the RV strains (SAI1,
RV4 and RVY5) investigated in this study and for both mammalian cell lines (MA104
and COS-7). The contribution to the enhanced CPE by the expression of flash pericam

or porcine pancreatic trypsin was investigated and discounted.

A review of the literature has revealed that the cells in this study were subjected to both
a cold shock and heat shock effect which may have potentiated the expression of host
cell stress proteins (Liu et al., 1994; Sonna et al., 2010). As to whether the enhanced
CPE was attributed to (a) the induction of heat or cold shock proteins or a combination
thereof and/or (b) increased virus receptor expression and/or (c) an increase in viral

transcriptional activity was not determined.

It is known that growth arrest in cells subjected to temperature downshifts (cold shock)
is associated with the suppression of protein synthesis. Consequently, the subsequent
rewarming of cells to physiological temperatures (heat shock) would ultimately result in

the host reestablishing normal cell processes inclusive of an upregulation of protein
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expression. It is possible that RV utilizes this heightened flux in the host cell
translational machinery, mediating the reduction in cellular protein synthesis in favour

of translation of viral proteins (Feigelstock et al., 2003).

RV infection is known to induce the expression of genes encoding heat shock proteins
(Hsp40, Hsp70, Hsp90), the translationally controlled tumour protein (TCTP) and ER-
resident Ca2+—binding molecular chaperones (Broquet et al., 2007; Cuadras et al., 2002;

Dutta et al., 2009; Xu et al., 1998; 1999).

Hsc70, has been identified as a potential post-attachment viral receptor and its enhanced
expression in response to heat shock may have facilitated the entry of a greater number
of virus particles into thermally stressed cells in contrast with cells maintained at
standard physiological conditions (Gualtero et al., 2007; Guerrero et al., 2002; Lopez et
al., 2006; Pérez-Vargas et al., 2006; Zarate et al., 2003).

The upregulation of Hsp90, a known positive regulator of RV infection, in response to
heat shock and preceding RV infection may have accelerated the early stages of
infection either through the modulation of cellular signalling proteins or through direct

interactions with viral proteins (Dutta et al., 2009).

In general Hsp70 induction affords a protective response to cellular stresses and is
known to negatively control RV replication. Broquet et al. (2007) demonstrated that the
overexpression of Hsp70 in Caco-2 cells was toxic. Therefore, it may be plausible that
the enhanced CPE observed could be due to the overexpression of Hsp70 in response to

both thermal stress and RV infection.

Heat stress is also known to alter membrane permeability resulting in increases in
intracellular Na*, H', and Ca®* concentrations (Reviewed in Sonna et al., 2002), whilst
cold shock has been reported to cause microtubule and actin filament disassembly and
associated permeability changes in the PM (Stapulionis et al., 1997). Given the close
association between [Ca®*]; and RV replication, morphogenesis and pathogenesis, one

could speculate that either heat shock or cold shock may induce changes to the calcium
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homeostasis of the host cell which is conducive to the survival and replication of the

virus or to enhancing the enterotoxigenic effects of NSP4 (Brunet et al., 2000a).

It may also be possible that the increase in CPE is attributable to an increase in the
synthesis of NSP4 or the up-regulation of host NSP4 specific-receptors, rather than
replication of the whole virus. NSP4 has been detected in the cell lysate of RV-infected
Caco-2 cells as early as 1 hour post-infection (De Marco et al., 2009) whilst a peptide
corresponding to the enterotoxin (NSP4;;,.175) domain was observed within the culture

media of SAll-infected MA104 cells at 4 h.p.i. (Zhang et al., 2000).

Given the winter seasonality of RV infection it is appealing to speculate whether
exposure to sub-physiologic temperatures enhances the infectivity of the virus.
Transmission of RV via the respiratory route has been postulated and the associated
reduction in temperature due to inhalation of cold air has been reported to reduce
nasopharyngeal temperatures from 34°C to approximately 25°C (Rouadi et al., 1999).
Moraxella catarrhalis a nasopharyngeal pathogen of the human respiratory tract
displays seasonal variation with infections dominating in the winter months. Cold shock
induction of M. catarrhalis at 26°C upregulated the expression of a major adhesion and
putative virulence factor of the organism and enhanced its adherence to the ECM
protein fibronectin of epithelial cells in culture (Spaniol et al., 2009). A region within
the cytoplasmic domain of NSP4 (aa 87 to 145) has also been found to bind to the ECM
proteins, laminin-f3 and fibronectin, although its fundamental role has been postulated
to be as an enterotoxigenic agent, inducing changes to the intracellular calcium
homeostasis of uninfected crypt cells within the gastrointestinal mucosa (Ball et al.,

2005; Boshuizen et al., 2004).

As can be seen from the preceding discussion, a substantial number of viral and host
cell factors could be contributing to the enhanced CPE observed for cells exposed to
thermal stress. Future studies into the caloric stress response could involve the use of
DNA microarray analysis and reverse-transcriptase quantitative PCR to assess whether
there has been an increase in the up-regulation of the production of cellular or rotaviral
proteins, and of particular interest to this report, that of NSP4 (Cuadras et al., 2002;
Feigelstock et al., 2003; Peterson et al., 2006, Sonna et al., 2010; Wang et al., 2005). In
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addition, it would be useful to determine whether the increase in CPE is associated with

an increase in Hsp and/or Csp expression.

5.5 Close

The results from this study provided an insight into the immunological and biochemical
properties of non structural protein 4 (NSP4) of two prototype HRV strains RV4 and
RVS.

Using the indirect ELISA developed in this research it was established that natural RV
infection or vaccination evoked an NSP4-specific humoral response, which was both
heterotypic and/or homotypic. The prevalent isotype-specific serum response was to o-
NSP4 IgG and was greatest for children exposed to natural RV infection. Preliminary
results indicated that the placement of the His¢-tag at the N-terminus of NSP4 generated
a greater response compared with the corresponding C-terminal Hisg-NSP4 protein

derived from strain RV4.

RV infection perturbed the intracellular calcium homeostasis of mammalian cells by
increasing the PM permeability to Ca**. NSP4 elicited a dose-dependent increase in the
A[Ca2+]i that was both immediate and transient in flash pericam transfected COS-7
cells. Preliminary experiments indicated that neutralization of NSP4 with human sera

positive for a-NSP4 antibodies failed to inhibit changes to [Ca™]..
This study also identified a caloric stress response for RV-infected cells, which may be

conducive for virus replication and pathogenesis and may invariably involve a complex

interplay of host cell and virus responses.
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