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Abstract 

Introduction: 

Rotavirus infection is the leading cause of life-threatening disease among children in 

many countries. Rotavirus nonstructural protein 4 (NSP4), a trans-ER glycoprotein, 

mediates the maturation of intermediate vial particles to infectious virions within the 

infected cells. NSP4 is also the first described viral enterotoxin which mimics some of 

the pathogenic effects of rotavirus. It is observed that NSP4, purified from the medium of 

rotavirus-infected cells, binds to a wide range of cells of distinct lineage, including 

immune cells. Furthermore, the adjuvant-like property of NSP4 reported by others 

suggests a specific effect of NSP4 on immune cells.  

Aims: 

This research aims to explore the potential interactions of NSP4 with host’s innate 

immune system, and to identify the receptors of NSP4 on innate immune cells. 

Methods: 

PMA-treated THP-1, RAW264.7, human monocyte-derived macrophages and dendritic 

cells (DCs) were used as cell models for NSP4 stimulation. Cytokines produced by 

activated innate immune cells were measured in multiplexed bead-based immunoassays. 

HEK293 cells transfected with Toll-like receptors (TLRs) and macrophages derived from 

TLR-knockout mice were used to identify the receptor mediating NSP4 signalling. 

Additionally, liquid chromatography-mass spectrometry (LC-MS) was employed to 

identify any post-translational modification(s) on NSP4. 
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Results and conclusions: 

Macrophages and DCs were activated by NSP4 to secrete various proinflammatory 

mediators including TNF-α and IL-6. The production of cytokines by innate immune 

cells is an immunological response secondary to recognition of NSP4 by TLR2 that is 

suggested by the TLR knockin and knockout approaches. Specifically, NSP4 induced the 

secretion of interleukin-8 (IL-8) from human epithelial cells transfected with TLR2 but 

not TLR4, and NSP4 only triggered the secretion of inflammatory cytokines from murine 

macrophages derived from wild-type but not MyD88 knock-out or TLR2 knock-out mice.   

Since TLR2 ligands are mostly lipoproteins/lipopeptides that rely on their lipid 

components to interact with TLR2, detergent and lipase treatment and mass spectrometric 

analysis of NSP4 failed to reveal a lipid motif that accounts for the immunostimulatory 

activity. Instead, heat-denatured and enzyme-digested NSP4 lose the ability to stimulate 

TLR2, suggesting an intact protein is required for its activity. Collectively, these studies 

suggest NSP4 may interact with TLR2 in a different manner from bacteria-derived TLR2 

ligands.  

Taken together, this research identified that NSP4 acts as a pathogen-associated 

molecular pattern (PAMP) encoded by rotavirus to stimulate TLR2, and proposed a 

mechanism for the production of proinflammatory cytokines associated with the clinical 

symptoms of infection in humans and animals. Alternatively, recognition of a secreted 

toxin from active viral infections may represent a host adaption to detect and control viral 

replication, to counteract the pathological effects of enterotoxins, and to mediate tissue 

repair and recovery.  
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Rotavirus 
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1.1 Overview of rotavirus disease 

Rotavirus (RV) is the most common virus responsible for gastroenteritis in children. 

Infections cause pathophysiological changes in the intestinal layer leading to clinical 

symptoms including fever, vomiting and diarrhoea [9].  

Diarrhoea, the most common clinical manifestation of rotavirus infection, is thought 

to be caused by several virus-induced mechanisms [10]. The excess loss of fluid is the 

major cause of mortality, especially in non-developed countries. Oral rehydration 

therapy is currently the only effective treatment available. However, replenishment of 

fluid alone fails to reduce the duration and volume of diarrhoea, suggesting that a 

toxin-like agent may be involved [11]. Non-structural protein 4 (NSP4), a recognized 

enterotoxin secreted by RV-infected enterocytes, was demonstrated to cause age-

dependent diarrhoea in mouse models [12, 13].  

Prophylactic vaccines have been developed in an attempt to prevent or reduce RV-

induced symptoms. In 1998, RotaShield™, a live attenuated reassortant vaccine, was 

licensed in the United States, only to be withdrawn from the market due to its 

potential to cause intussusception in vaccinated children [14]. It was later found that 

increased intussusception rates in vaccinated children were likely to be caused by the 

production of proinflammatory cytokines such as TNF-α and IFN-γ triggered by the 

live rotavirus [15]. Two other oral vaccines are available and licensed as the 

monovalent Rotarix™ [16] and the pentavalent RotaTeq™ [17], respectively.  
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1.2 Classification of rotaviruses 

Rotavirus is a non-turreted member of the family Reoviridae, which are all non-

enveloped viruses containing double-stranded RNA (dsRNA) genome surrounded by 

a multilayered capsid. Due to the segmented nature of their genome, genetic 

assortment occurs at a high frequency during mixed infections in this family [10].  

Rotaviruses are classified into groups, subgroups and serotypes on the basis of 

serological and nucleic acid differences. According to the International Committee on 

taxonomy of Viruses, VP6 defines seven groups of rotavirus including five 

serological species (A-E) and two additional tentative species (F and G) [18]. Human 

infections are predominantly caused by group A, and less commonly by group B and 

group C rotaviruses. Group B rotaviruses were first found in China [19], and later in 

India [20]. By contrast, group C rotaviruses circulate throughout the world, and cause 

diarrhoea in all age groups. Group D, E, F, and G have been found only in animals, 

and mostly in birds [21]. Different groups of rotavirus are genetically variable, despite 

their identical morphology. Due to the high rate of reassortment, a nucleotide-

sequence-based genome classification system was developed for the group A 

rotaviruses in 1998, which assigns specific genotypes based on percentage identity 

cut-off values for each RNA segment [22].  

Group A rotaviruses have been further classified based on (i) the antigenicity of VP6 

(subgroups), VP7 (G serotypes) and VP4 (P serotypes); (ii) the electrophoretic pattern 

of the RNA genome segments; (iii) whole genome RNA hybridization analysis 

(genogroups); and (iv) nucleotide sequence analysis (genotypes) [23]. Subgroup 

specific monoclonal Antibodies (mAbs) targeted VP6 such as SG I (mAb 255/60) and 

SG II (mAb 631/9) have been widely used in rotavirus research [24]. More than 14 G 

types have been established (serotypes and genotypes are identical), 10 from humans 

(G1-G6, G8-G10 and G12) [25]. However, P serotypes and P genotypes are different, 

and 14 P serotypes and 23 P genotypes have been designated by a ‘P’ followed by a 

number or number in brackets, respectively [9].  
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1.3 Discovery of rotaviruses  

Before 1970, no viruses had been scientifically confirmed as etiological agents of 

gastroenteritis. In 1942, Light et al. discovered that a filterable agent from the stools 

of newborns caused a bloody mucoid diarrhoea in calves [26]. Not until 1963, were 

virus-like particles first observed in the cytoplasm of an epithelial cell from the 

jejunum of an infant mouse infected with so-called epizootic diarrhoea of infant mice 

(EDIM) virus [27]. This EDIM virus has a characteristic morphology that closely 

resembles some reoviruses such as the African horse-sickness virus and bluetongue 

virus [28] and was later confirmed as a mouse strain of rotavirus. The discovery of 

human rotavirus is attributed to Bishop and Davidson who described the morphology 

and intracellular location of viral particles from children with acute non-bacterial 

gastroenteritis in 1973 [29]. Thomas Henry Flewett coined the name “rotavirus” 

because of its wheel-like appearance on the electron micrographs [30]. After that, 

related strains were described in many other mammals suffering acute gastroenteritis 

[31]. Initial studies were limited to the characterisation of viral particles and the 

pathology of rotavirus disease on different hosts using samples isolated from animal 

and human stools. Cultivation was successfully developed by inoculating viruses from 

faecal samples into MA104 cells that produced rotaviruses adapted to the in vitro 

growth conditions [32, 33]. Propagation of different strains of rotavirus facilitated 

studies on viral dsRNA genome and their translated polypeptides. 
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1.4 Rotavirus structure and protein function  

The infectious virion consists of icosahedral particles formed by three protein shells 

that enclose a segmented RNA genome (Figure1.1). The 11 segments of double-

stranded RNA (dsRNA) encode six structural proteins (VPs) and five nonstructural 

proteins (NSPs). In some group A rotaviruses, an extra nonstructural protein, NSP6 is 

expressed from an alternative open-reading frame of the gene 11[34]. Removal of the 

outer capsid after uptake of the virion into the cell leads to the formation of a 

transcriptionally active double-layered particle (DLP). After the translation of 

rotavirus genome, nonstructural proteins orchestrate the various stages of viral 

replication, assembly and release of mature virions. Notably, discrete cytoplasmic 

inclusions termed viroplasms are formed by nonstructural proteins in order to harbour 

virus genome replication and the assembly of nascent DLPs [35]. In the last few years, 

our understanding of both the structure and functions of viral proteins has 

substantially advanced due to the development of new technologies such as high-

resolution cryoelectron microscopy (cryo-EM), construction of virus-like particles 

(VLP) and RNA interference (siRNA). 

 

 

Figure 1.1: Structure and genome organization 

of rotavirus.  
 (A) Protein gel analysis of viral proteins encoded by 

11 segments of dsRNA genome. Each gene codes for at 

least one protein is shown with at least one major 

function of the protein indicated. (B) A cut-away image 

reconstructed to show six structure proteins. Figure 

reproduced from Greenberg and Estes, 2009. [5] 
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The first three-dimensional structure of a simian rotavirus particle was resolved at the 

rather low resolution of 40 Å in 1988. This study calibrated the size of the triple 

shelled viral particle to be ~100nm in diameter with icosahedral symmetry T=13l [36]. 

Later studies have improved significantly the resolution with which structural features 

of rotavirus may be resolved leading to a current 3.8Å structure obtained by electron 

cryo-EM and single particle reconstruction [7, 37, 38]. In parallel with cryo-EM 

which is useful in the studies of the whole rotavirus particle and its sub-assemblies, 

X-ray crystallography has been successfully applied to determine the structure of 

individual viral proteins [1, 39, 40]. 

The structural proteins that make up the virion are named according to their 

decreasing relative mass from the polymerase VP1, to the viral hemagglutinin VP8. 

An icosahedral inner core is formed by the assembly of VP2 which is associated with 

the RNA-capping protein VP3 (a guanyl and methyl transferase) and the RNA-

dependent RNA polymerase VP1 [4]. The middle layer of the virion is made up of 

260 trimers of VP6 which interact with underlying VP2 and are necessary for the 

transcriptase activity of the DLP [7]. VP6 is the dominant immunogenic epitope 

targeted by host antibody responses [41]. DLP is not infectious, since the outermost 

shell is required for virus attachment and cell entry [42]. VP7, a glycoprotein, 

constitutes the outer shell lattice with 132 aqueous channels spanning the outer two 

layers. There are 60 copies of VP4, the spike-like protein, inserted into those channels 

[43]. Trypsin cleavage of VP4 further stabilizes the spike and generates two 

polypeptide products named VP5* and VP8* [44, 45]. VP5*, a rod-shaped molecule, 

is designated to facilitate cell entry; and VP8* represents a bilobed head that has an 

affinity towards cell surface receptors [46, 47].   
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1.4.1 VP1, VP2 and VP3 

The rotavirus core proteins including VP1, VP2 and VP3 play important roles in viral 

genome replication and RNA transcription. Copies of VP1 and VP3 are tethered 

within the VP2 core shell at the icosahedral vertices [4]. They cooperatively 

synthesise the capped, nonpolyadenylated, plus-strand RNA (+RNA), using minus-

strand RNA(-RNA) of dsRNA as templates [48] (Figure 1.2). The +RNAs are used 

for translation as well as minus-strand synthesis when the polymerase is in replication 

mode.  

 

 

The binding of VP1 and the 3' end of viral RNA is not sufficient to initiate minus-

strand synthesis [49]. Results from an in vitro template-dependent assay suggests VP2 

is needed for VP1 to gain replicase activity [50]. Furthermore, NSP2 and NSP5 are 

also implicated in promoting replication in vivo [51]. Structural studies revealed an 

interaction between VP1 and a UGUG tetranucleotide of the 3' consensus sequence of 

+RNA which locks the first residue of consensus sequence just one nucleotide past 

the initiation site within the template entry channel [52, 53]. Consequently, the 

VP1/+RNA complex is catalytically inactive until a structural reorganization occurs 

after VP2 engagement (Figure 1.2B). VP1 in replication mode is also proposed to 

facilitate RNA coiling to poise dsRNA in a direction tangential to the inner surface of 

the core shell [54]. 

  

Figure 1.2: Current model of plus-strand 

RNA synthesis.  
(A) In the inactive state, VP1 is bound to the 3’ end 

of the negative-sense RNA genome. (B) The 

shedding of VP7 during entry, produce structural 

change of VP6 and VP2 which results in expansion 

of the five-fold-vertex channel and permits 

extrusion of (+) RNA transcripts. Figure reproduced 

from Trask et al., 2012a. [4] 

A 

B 
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Ectopically expressed VP2 in insect cells forms particles very similar to rotavirus 

cores [55]. The inner surface of the VP2 shell not only maintains the position of VP1 

and VP3 for their enzymatic functions, but also provides a point of attachment for 

RNA [56]. Early biochemical [57] and biophysical analysis [58] indicated that the 

genomic RNA associates with a nucleic acid binding domain of VP2, along with VP1 

and VP3 which are attached to the inside tip of the VP2 shell at the icosahedral 5-fold 

axes [59] (Figure 1.2A). However, other opinions suggest the genomic RNA is simply 

tightly packed inside the VP2 core without any specific interaction with VP2, based 

on the assumption that any such specific interaction could potentially reduce the 

mobility of dsRNA segments and hinder its accessibility to the polymerase [40]. The 

outer surface of VP2 provides the base for VP6 assembly, preventing the aggregation 

of single-layered particles [50]. Therefore, VP2 fulfils an important role as an 

essential scaffolding protein required both for the packaging of the genome and 

activity of the polymerase and the transcriptional activities of DLP. 

The shell of VP2 has an unusual icosahedral lattice that is structured by 120 copies of 

VP2 with each asymmetrical unit formed of a dimer, and hence symmetrically 

described as having a triangulation number of 1 (T=1) [60]. The dimer is composed of 

two conformers, designated VP2A and VP2B. Most of the VP2 polypeptide (residues 

81-880) is folded into an inverted-comma-like structure which is formed by five 

monomers of VP2A and five monomers of  VP2B [40]. Thus, a uniform layer is made 

up of 12 of the VP2 decamers. VP1 and VP3 are recruited by an inward projecting 

“fivefold hub” that contains the N-terminus (residues 1-80) of five VP2A and five 

VP2B [40, 56]. Apart from the function on the inner shell assembly, this fivefold hub 

has been proposed to drive the minus-strand RNA synthesis by actively reeling in the 

positive-strand RNA during genome replication [61].  
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1.4.2 VP6 

The VP6 layer is composed of 260 trimers of VP6 with a T=13 icosahedral 

organisation [62]. Twenty trimers lie on each icosahedral threefold axis, whereas the 

rest lie on the local threefold axes of the surface lattice [63]. The formation of the 

DLP relies on the initial strong interaction between the 20 trimers at the icosahedral 

axes and the inner layer which have the same symmetry [7]. 

The VP6 trimer is a tower-like complex. Its three subunits form a right-handed twist 

around a central axis [59]. The trimer is stabilized by contacts between two domains 

of each subunit linked through a β-hairpin [63]. Since the trimer of VP6 forms a T=13 

surface lattice rather than the individual VP6 monomer, five distinct structural 

orientations of trimers exist in respect of the icosahedral symmetry axes [40, 63]. The 

inter-trimer contacts have a local twofold character due to the quasi-equivalent 

packing [40]. Seven distinct trimer-trimer contacts are established among the base 

domains through a network of polar interactions and salt bridges [40].   

Each VP6 monomer contacts different regions of VP2 due to the mismatch in 

triangulation between the VP2 and VP6 capsid layers [37]. However, the major force 

of VP2/VP6 interaction is provided by van der Walls interactions between one 

segment of inward-projecting β loop at the bottom of VP6, and a hydrophobic pocket 

of VP2 [40]. Mutation of some key hydrophobic residues (Leu65, Leu70 and Leu71) 

into polar amino acids severely perturbed VP2/VP6 assembly [64].  
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1.4.3 VP7 and VP4 

VP7 and VP4 are exposed on the surface of rotavirus particles, and thus targeted by 

host antibodies [65, 66]. VP7 is a calcium-bound glycoprotein covering the surface of 

the virion [67]. VP4 is the viral attachment protein (Figure1.3A). The VP7 trimer 

(Figure 1.3B) is stabilised by two calcium-binding sites at the subunit interface, thus 6 

calcium ions are required per trimer [8]. The amino terminus of VP7 monomer forms 

an arm-like extension which is latched onto the VP6 [38]. The inter-trimer interaction 

is provided by the lattice contacts created by the N-terminal arms of VP7 trimers [7]. 

The integrity of the VP7 layer is essential for locking 60 VP4 spikes into the 

peripentonal type II channels of the VP6 layer [4].  

 

 

 

 

 

 

 

  

A B 

Figure 1.3: The structural model of triple capsids.   
(A) Side view of rotavirus triple capsids shows VP7 trimers containing extensions inserted into 

VP6 layer with VP4 trimer penetrating the VP7 layer docking deep into the VP6 layer. Figure 

taken from [6] (B) Ribbon diagram of the VP7 trimer, viewed along its three-fold axis with one 

pair of Ca2+ ions in purple colour between any of the two subunits. Figure reproduced from Aoki 

et al., 2009. [8] 
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The VP4 subunit has a loop-like configuration with the helical N-terminus anchored 

against the C-terminal domain [7]. The trimeric VP4 spike is a coiled-coil structure 

stabilized with a complex shape featured with ‘head’, ‘body’, ‘stalk’ and ‘foot’ 

regions after trypsin cleavage [1]  (Figure 1.4A). Tryptic cleavage at residue 232-247 

causes a molecular rearrangement and erects the VP4 spikes [9]. The ‘head” is formed 

by the globular domain (residues 66-224) of  two VP8* subunits, whereas the third  

VP8* subunit is thought to dissociate from the virion [7]. For some strains of 

rotavirus, VP8* can bind to sialic acid in vitro with its galectin-like fold [68, 69]. Part 

of VP8* and the β-barrel domain of VP5* form the ‘body’ of the spike with a slight 

left-handed helical twist [7]. The three-fold symmetric foot region buried beneath the 

VP7 layer is constituted by the globular C termini of VP5* (residues 510-776) and 

three VP8* N termini (residues 1-10) [7].  

 

        

 

 

 

 

  

A B 

Figure 1.4: The structural model of VP4 and its cleavage products.  
(A) Cartoon of VP4 spike with head (H), body (B), stalk (S) and foot (F) regions indicated. Figure 

reproduced from [1]. (B) Ribbon representation of VP4 shows the loop-like configuration of trimers. 

The VP8* fragments are in magenta and the VP5* fragments are in yellow, red and orange. Figure 

reproduced from Settembre et al., 2011. [7] 
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1.4.4 Nonstructural proteins 

The non-structural proteins are essential for the life cycle of RV, except for NSP1 and 

possibly NSP6 [70]. NSP1, which exhibits significant sequence variation among 

different strains, is a RNA-binding protein responsible for the inhibition of anti-viral 

interferon responses observed in some cell lines [71, 72]. NSP6, the least studied of 

the rotavirus protein, is only expressed at a low level in virus-infected cells [34]. The 

function of NSP6 is still ill-defined, apart from a  proposed supportive role attributed 

to its nuclei acid binding ability during genome replication [73]. In contrast to NSP6, 

NSP2 is the essential multifunctional enzyme that binds to partially replicated RNA 

[74]. NSP5 forms complexes with NSP2, NSP6, VP1, VP2, VP3, and VP6 [75-77]. 

Both NSP2 and NSP5 contribute to the formation of viroplasms [78]. NSP3 forms 

homodimers that have binding domains for the translation initiation factor eIF4G [79] 

and the 3’-terminus of viral mRNAs [39]. NSP4, the focus of this research, has 

essential functions in viral morphogenesis through its abilities to interact with lipid 

membranes and nascent DLPs [80]. NSP4 is also the first identified viral enterotoxin 

which cause diarrhoea in neonatal mice [13]. 
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1.5 Viral replication cycle  

1.5.1 Receptor binding and uptake   

The entry of rotavirus into infected cells involves the serial engagement of plasma 

membrane receptors and the penetration of the host cell membrane, followed by 

trafficking to the early endosome, wherein the low calcium concentration triggers the 

uncoating of the VP7 layer [81]. Membrane attachment and penetration of rotaviruses 

are mediated by VP5* and VP8* [3, 82].   

Rotaviruses were classified into NA-sensitive and NA-insensitive types based on 

whether the infectivity and cell binding could be inhibited by neuraminidase (NA), an 

enzyme that cleaves terminal sialic acid residues from glycoproteins and glycolipids. 

For example, NA-sensitive simian SA11 and NA-resistant Bovine UK bind 

gangliosides with terminal and sub-terminal sialic acids, respectively [83]. However, 

the binding of cell surface glycans with terminal sialic acid through VP8* is not a 

ubiquitous step for virus entry, demonstrated by some animal and human rotaviruses 

that are not inhibited by NA treatment in permissive cells [84, 85]. Instead, VP8* of 

NA-resistant human Wa strain binds to glycans with internal sialic acid such as GM1 

and GD1a [86].  

Recently, glycan array screening revealed VP8* of a human strain specifically 

recognizes A-type histoblood group antigens, suggesting that binding of sialylated 

glycan may not be obligatory for human rotaviruses [87]. Furthermore, integrin α2β1 

was reported to bind rotavirus through the specific integrin-recognition sequence 

(DGE) located between residues 308-310 on VP5* [88]. Similarly, VP7 was also 

shown to bind integrins (αvβ3 and αxβ2) [89]. Apart from the cell surface receptors, 

intracellular heat shock protein 70 (HSC70) was found to act as a post-binding 

receptor for VP5* to facilitate virus entry [90].  
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VP5* has been shown to undergo conformational changes and binds liposomes in 

vitro [91]. The structural element for binding was identified to be mediated by the 

three hydrophobic loops of the VP5* β-barrel domain [3] (Figure 1.5). Openings large 

enough to admit the passage of α-sarcin are known to be created during penetration 

[92]. However, this VP5* mediated membrane penetration is suggested more likely to 

be an endosome-escaping mechanism rather than an essential viral entry method [81].  

Different strains of rotavirus appear to traffic through different endocytic pathways 

[93, 94]. The NA-sensitive rhesus rotavirus (RRV) enters MA104 through a clathrin-

independent pathway that depends on dynamin II and cholesterol [95, 96]. By contrast, 

bovine UK, porcine TGR-41 and human Wa enter the cells through a clathrin-

dependent endocytosis [96]. The distinctive entry pathway adopted by different 

strains of rotavirus is likely to be defined by VP4 and its enzyme-cleavage products 

[97].  

 

   

 

 

 

  

Figure 1.5: Model for conformational rearrangements of VP4 during membrane 

penetration.  
Step1: VP4 after trypsin activation; Step2: dissociation of VP8* exposes the hydrophobic loops 

(shown as purple ovals) of VP5*. VP5* extends and engages a target membrane with the 

hydrophobic loops; Step 3: VP5* folds back to a stable trimeric structure. It is proposed this 

foldback drives membrane penetration. Figure reproduced from Kim et al., 2010. [3] 
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1.5.2 Early transcription and translation of the viral genome 

As early as one hour post infection (pi), viral mRNA synthesis is initiated by VP1 

using the negative-sense RNA of the dsRNA genome as templates [48]. There are 

four channels that lead into the catalytic centre of VP1, which serve as conduits for 

the passage of free nucleotides, templates and +RNA [4]. This structural arrangement 

enables the reformation of the parental dsRNA after the synthesis of positive sense 

mRNA which is quickly capped with 7-methyl-GpppG by VP3 before exiting through 

the five-fold-vertex channel [60].  

Nascent +RNAs act as mRNA for translation when transcripts are accumulated in the 

cytosol,  but also serve as templates for genome replication which occurs in 

viroplasms [98]. The 11 +RNAs all contain a single open reading frame (ORF) 

sandwiched by untranslated regions (UTRs) [99]. The 3' end of +RNAs are not 

polyadenylated but rather contain a consensus sequence of UGUGACC. In the 

cytosols, the consensus sequence binds to NSP3 in a way similar to the mammalian 

poly-A binding protein recruiting the host translation machinery with eIF4G [100]. It 

is postulated that NSP3 binds to the 3' end of viral mRNA to enhance translation at 

early times of infection, but at a later time of the replication cycle, the effects of NSP3 

enhancement is blocked by NSP1 binding to 5' viral mRNA [101]. 
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1.5.3 Replication of the viral genome 

Replication of the viral genome requires the formation of dsRNA using capped +RNA 

transcripts as templates for the synthesis of negative sense strands [102]. To avoid the 

degradation of newly synthesized progeny dsRNA by host RNases, genome 

replication takes place within a protective environment called viroplasms which are 

visible under electron microscopy as cytoplasmic inclusions [35]. NSP2, NSP5 and 

NSP6 are all involved in the formation of the perinuclear viroplasms. Ectopic 

expression of NSP2 and NSP5 in non-infected cells form the viroplasm-like structures, 

wherein NSP2 binds to the N-terminus of NSP5 [103, 104]. NSP2 can self-assemble 

into octamers that possess Mg2+-dependent NTPase and helix destabilizing activities 

[105, 106]. NSP6 is encoded by an alternative open reading frame of gene segment 11 

and has a function in influencing phosphorylation of NSP5 [75]. NSP5 self-assembles 

into dimers that are able to form viroplasm-like structures independently of other viral 

proteins using the C-terminal helical domain [104]. Therefore, self- and/or partner-

specific interactions of NSP2 and NSP5 lead to the formation of a network that 

sequesters viral RNA and capsid proteins for the assembly of viral progenies. The 

process is initiated by the recognition of 3' consensus sequences of +RNAs by VP1 

[107]. Since the 3' consensus sequence of +RNA is at the out-of-register position 

within the catalytic site of VP1, dsRNA synthesis will not start until VP1 undergoes a 

conformational change after the recruitment of VP2, GTP and Mg2+ [107, 108]. This 

auto-inhibited RNA-binding mechanism of VP1 is thought to accumulate catalytically 

inactive RNA/VP1 complexes for core assembly [4]. The sorting of the viral genome 

which follows is not well defined. Based on the observation on influenza A virus, the 

specific base-pair interactions between the UTR of different segments has been 

proposed to promote gene reassortment [109].  
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1.5.3 Assembly of virions and release 

The assembly of DLPs is initiated through the innate self-assembly of viral structural 

proteins once genomic dsRNA is translocated into the replication intermediates. DLP 

assembly is regulated by NSP2 and NSP5 [77, 110]. The assembly of VP4 and VP7 

and the formation of infectious triple-layer particles (TLPs) complete virion 

morphogenesis remains controversial, but NSP4 appears to be a critical regulator of 

outer capsid assembly. The progeny DLP that bud from viroplasms across the ER 

membrane interact with the cytoplasmic domain of NSP4 [80, 111]. NSP4 also 

contains a VP4 binding site which may facilitate a weak interaction between DLP and 

VP4 [112]. It was speculated that during the budding process, the DLP is transiently 

enveloped and undergoes protein rearrangements to acquire the outer capsid [5]. 

Whether the VP7 layer is acquired within the ER or within a post-ER compartment 

still needs to be elucidated. It seems reasonable to conclude that VP4 must bind to the 

VP6 layer on the surface of the DLP before the assembly of the VP7 layer. Structural 

analysis indicates the foot of VP4 is too large to be inserted into the peripentonal 

channels formed by VP7 if the outer capsid layer is assembled prior to insertion of 

VP4 [7]. In vitro studies have also demonstrated that recombinant VP4 must be added 

to DLPs before the formation of the VP7 layer to acquire a high level of infectivity 

[113]. VP7 has been found to tightly associate with the ER membrane [114, 115], but 

also forms punctate structures outside the ER [116, 117]. Interestingly, VP4 is 

expressed on the plasma membrane of polarised Caco-2 cells and non-polarised  

MA104 cells [118], and the apical membrane localisation of VP4 in Caco-2 cells is 

particularly associated with raft-like microdomains [119]. Since rafts play a key role 

in apical targeting in epithelial cells, the acquisition of VP4 and then VP7 may be 

tightly coupled to the release of rotavirus which is not necessary a completely intra-

reticular event. Indeed, TLPs but not DLPs have been reported to form on lipid 

microdomains that act as vehicles bypassing the Golgi apparatus [120, 121]. NSP4 is 

potentially involved with the recruitment of DLPs to rafts for final assembly in 

polarised cells [122, 123].  
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1.6 Non-structural protein 4 (NSP4) 

1.6.1 NSP4 topology and structure 

 

 

NSP4, originally named NCVP5, is a type II trans-ER glycoprotein encoded by 

segment 10 [124]. NSP4 equivalent proteins from different serological groups of 

rotaviruses exhibit different amino acid lengths (e.g. 175 a.a in group A; 219 a.a in 

group B; and 150 a.a in group C). The topology of NSP4 is depicted in Figure 1.6 

[125]. The N-terminus of the protein resides in the ER lumen and contains two 

asparagine residues at positions 8 and 18 that are N-glycosylated with mannose [124]. 

The glycosylation of NSP4 is potentially important for the shedding of the temporal 

lipid envelope after budding through the ER [126-128]. The majority of protein is 

located in the cytoplasm. The second of three (H2) hydrophobic domains is predicted 

to function as a transmembrane region that transverses the ER-bilayer. The flexible 

cytoplasmic region contains a coiled-coil domain comprised of heptad-repeats and a 

highly flexible C-terminal tail [129].   

  

Figure 1.6: Topology of NSP4. 
Hydrophobic domains (H1, H2 and H3) of NSP4 are 

depicted in green; coiled-coil domain is shown in 

pink; some of the NSP4 functional domains are 

pictured in blue and yellow to show the VP4 binding 

and DLP binding region, respectively. Glycosylation 

sites are indicated at residues 8 and 18; the arrow at 

residue 112 represents a protease cleavage site that 

produces an enterotoxic fragment. Figure reproduced 

from Bowman et al., 2000. [132] 
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Cross-linking of the C-terminal ninety amino acids (C90) produces several high 

molecular weight bands in SDS-PAGE whose sizes match to dimeric, trimeric and 

tetrameric forms [130]. Oligomerization is mediated by noncovalent interactions 

between the α-helical coiled-coil domain of NSP4 which spans residues 95 to 137 

(NSP495-137) [130]. To date, the longest C-terminal fragment of NSP4 that has been 

crystallized is from amino acids 95 to 146, due to the hindrance effects on 

crystallization of the last 40 residues of flexible C-terminus [131]. The crystal 

structure of the parallel-packed SA11:NSP495-146 tetramer revealed the predominantly 

hydrophobic core to be interrupted by three polar residues that are coordinated with a 

divalent cation through a glutamic acid at position 120 and a glutamine at position 

123 [2, 132, 133]. The bound calcium ion is thought to be important in stabilizing the 

tetrameric state of self-associated NSP495-137 [132], whereas coordination with 

magnesium particularly stabilizes the dimeric form [2]. Recently, a pentameric form 

of NSP495-146 of the ST3 rotavirus, an asymptomatic human strain, was reported. The 

formation of pentameric species appears to be calcium and pH independent, but 

occurs at high protein concentrations (Figure 1.7) [2]. The pentameric ST3:NSP495-146 

has a histidine residue at position 131 instead of tyrosine observed in tetrameric 

SA11:NSP495-146 [2]. Intriguingly, the aromatic Tyr131 was reported to be essential 

for NSP4-DLP interaction and has diarrhoea-inducing effects [134]. 

 

 

  

Figure 1.7: The pentameric (a) and tetrameric 

structure (b) of NSP495-146.  
The bound calcium ion in (b) is shown as a sphere. 

Figure reproduced from Chacko et al., 2011. [2] 
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1.6.2 NSP4 sequence variability 

NSP4 genes have previously been classified into six genotypes (A-F) based on their 

sequence homology [23]. Under a new classification system proposed in April 2008, 

at least 14 NSP4 genotypes are identified from E1 to E14, in which E stands for 

enterotoxin [18]. Overall, NSP4 genes are highly conserved as suggested by a low 

variation within genotypes [135].  

For NSP4 from the group A rotavirus, 14 amino acid residues were found to be 

absolutely conserved, regardless of genotype [136]. Among these, seven residues are 

located in the VP4-binding domain (a.a 112-156). The two glycosylation sites at the N 

terminus are also present in all NSP4s. The remaining five conserved residues are 

found within the middle enterotoxic region [137]. Genetic sequencing confirmed that 

the variability of NSP4 from different strains of rotavirus is mainly located at amino 

acids 110-140 of the C-terminal region [134, 138]. Particularly, an interspecies-

variable domain (a.a135-141) is believed to be the critical determinants of NSP4 in 

vitro cytotoxicity and rotavirus virulence [134, 139, 140]. NSP4 of Genotype A2, D 

and E lack the key residue which marks the end of the helical-coil structure either at  

position 138 (proline) of genotype A1, or  position 140 (glycine) of genotype B and C 

[141]. Therefore, their coiled-coil domains are expected to extend longer.  
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1.6.3 The intracellular trafficking of NSP4  

NSP4 interacts with different cellular proteins at different stages of infection. In vitro 

expression of NSP4 blocks ER-Golgi trafficking of the vesicular stomatitis virus 

glycoprotein (VSV-G), which is mediated by the microtubule-associating properties 

of NSP4 [142]. Interaction of NSP4/NSP480-140 with caveolin-1, the hairpin-like 

integral membrane protein of caveolae, has been demonstrated in a yeast two-hybrid 

system and by coimmunoprecipitation of infected cell lysates [143]. Further 

investigation revealed caveolin-1 associates with NSP4 at both N- and C- termini 

[144]. One recent paper reported that three critical hydrophobic residues (I113, V124, 

Y131) are required for a hydrophobic interaction between NSP446-175 and caveolin-1 

[145]. Thus, NSP4 is proposed to traffic with caveolin-1 and cholesterol into caveolae 

[143, 146].  

Small amounts of NSP4112-175 fragments were found to be released from SA11-

infected MA104 cells by a Golgi-independent process that utilizes the microtubule 

network [147]. It is not known how and where this non-glycosylated fragments are 

produced from the full-length NSP4, and the release route is unclear. NSP4 fused with 

enhanced green fluorescent protein (EGFP) was found to be initially localized in the 

ER of transfected HEK293 cells, but instead of entering the Golgi apparatus, NSP4 

was distributed in novel vesicular structures throughout the cytoplasm which was not 

inhibited by brefeldin A [148].  

In contrast, the Golgi complex seems to play a role in the active secretion of full-

length NSP4 (FL-NSP4) from the apical surface of  polarized Caco-2 cells [123]. FL-

NSP4 was found to be continuously produced and secreted into the media up to 42 hrs 

pi without significant levels of cell death [123]. In this study, the involvement of 

Golgi trafficking was implicated by the large reduction (~85%) of NSP4 secretion 

after treating cells with brefeldin A and monensin. In order to maintain solubility in 

the aqueous solution, the secreted NSP4 from RV-infected Caco-2 cells forms a 

mixture of tetrameric, hexametric and octameric species in addition to a SDS-resistant 

dimeric form [149]. Furthermore, sNSP4 is in a complex with lipids which is detected 

by thin-layer chromatography and flame ionization detection (TLC-FIF) of the 

extracted organic phase of NSP4 [149]. However, the biochemical nature of the 

associated lipid is still unknown. 
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1.6.4 Putative extracellular receptors for recombinant NSP4 

Studies carried out using recombinant protein to show various enterotoxic properties 

of NSP4, suggested the existence of specific extracellular NSP4 receptors. Using a 

yeast two-hybrid screening system and coimmunprecipitation experiments, two 

proteins, laminin β3 and fibronectin, were found to interact with NSP4 [150]. Since 

these two proteins are normally found in the extracellular matrix (ECM), this finding 

indicates that NSP4 may potentially bind to the basolateral surface of non-infected 

cells. Another study demonstrated that NSP4 can interact with integrin α1β1 and α2β1, 

which are both cell-surface receptors for collagen and laminin [151]. Integrins are a 

family of heterodimeric transmembrane receptors that mediate either cell-cell 

interactions or cell-ECM interactions. The heterodimerization of multiple α- and β- 

subunits produces 25 integrin receptors for ECM molecules in almost every cell type 

[152].  In addition to mediating adhesion, integrins also activate many intracellular 

signalling pathways such as endocytosis [153].  

Two distinct domains of NSP4 interact with the integrin I domain, an extracellular 

part of the integrin α chain that contains a divalent cation binding (MIDAS) site [151]. 

Part of the NSP4 coiled-coil domain from residue114 to 130 is bound to the MIDAS 

motif of integrins, whereas residues from 131 to 140 are thought to induce signals 

through interacting with other parts of integrins or potentially other receptors [151]. 

The author proposed that the binding of NSP4 to integrins could be a mechanism to 

induce immune responses.  
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1.7 Pathology of rotavirus infection 

Though rotavirus infections are mostly limited to the tips of intestinal villi of the 

mature enterocytes, the presence of antigenemia and viremia in some infected 

children indicate that rotaviruses are capable of breaching the intestinal epithelia 

barrier and spreading into the circulation [154, 155]. Diarrhoea is the major symptom 

of rotavirus infection, which is normally caused by disturbed intestinal ion and water 

flux secondary to structural and functional damage to virus-infected mature 

enterocytes of the small intestine. Additionally, an enterotoxin (NSP4) is involved in 

the induction of diarrhoea.  

1.7.1 Histological changes 

Most histological studies have been conducted on animals experimentally infected 

with rotavirus, especially larger mammals which are either gnotobiotic or colostrum-

deprived. Mild histological changes including stunting and fusion of villi, exfoliation 

and vacuolation of enterocytes are evident in colostrum-deprived calves [156]. The 

intestinal physiology of piglets is similar to humans, and thus are susceptible to 

human strains of rotavirus infections [157, 158]. Mild intestinal lesions were observed 

including villus atrophy and conversion to cuboidal epithelium in RV-infected 

gnotobiotic pigs [159]. In contrast to pigs and calves, RV infection in lambs typically 

causes few histological changes, and only crypt hypertrophy was evident from 42hr 

post-infection (pi) [160].  

Group A rotavirus infections in neonatal rats have been demonstrated by strains 

isolated from human (Wa), monkey (RRV and SA11), bovine (WC3) and porcine 

(OSU) without significant histopathological changes except for some vacuolation 

observed in ileum [161]. However, a later study discovered extensive extraintestinal 

viral infections in RRV-inoculated rat pups exhibited acute portal tract inflammation 

and microvesicular steatosis of bile ducts [162].  
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In the mouse model, a marked ischemia and atrophy of villi was observed between 18 

and 48 hours post-infection, but by 72 hours, only hyperaemic microcirculation was 

observed, possibly caused by hypersecretion due to an increased rate of cell division 

[163, 164]. Intriguingly, between 120 and 144 hours pi, a second phase of villus 

atrophy occurred,  albert more attenuated and limited to the villus tips [164]. Other 

groups discovered that histological changes during rotavirus infection in mice are 

characterized by the accumulation of vacuolated enterocytes, yet surprisingly, viral 

replication was not observed in some of the vacuolated cells [165]. These 

observations are consistent with a secreted enterotoxin that may be involved in a 

second phase villus atrophy and the vacuolation of non-infected cells. However, 

vacuolation generally occurred when mice were infected by heterologous (non-murine) 

RV strains, and this phenomenon is not observed in calves, lambs or piglets [166, 

167]. Thus, the origin and nature of vacuolation remains ambiguous. 

In humans, a limited number of biopsies of the jejunal mucosa from RV-infected 

infants have revealed villus shortening, villus atrophy, denudation of microvilli and 

monocyte infiltration [168]. Overall, rotaviruses appear to cause mild histological 

lesions followed by the fast recovery of intestinal epithelia and without overt 

inflammation [169].  

 

1.7.2 Osmotic mechanisms of RV-induced diarrhoea 

Fluid and electrolyte transport during the course of rotavirus infection have been 

investigated in vivo using mice and pigs. A net fluid secretion and a significantly 

decreased sodium uptake are observed after 24 hrs [170]. Some data also suggest a 

second phase of impaired water transport at 120-144 h pi [171]. The difference in 

time course may be due to the lack of an enteric nervous system in the stripped 

intestinal segment in those in vitro tissue studies [172]. 
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Villus enterocytes express various apical symporters to transport sodium ion together 

with glucose and amino acids. It was identified early on that glucose-stimulated Na+ 

absorption is defective during the acute stages of RV-infection in pigs [173]. 

Rotavirus directly impairs the co-transport of glucose and sodium through the 

inhibition of Na+-D- glucose symporter (SGLT) [174]. Impaired SGLT function 

contributes to the induction of diarrhoea through the inhibition of water reabsorption. 

Virus replication also impairs ATPase activity and subsequently disruption of the 

electrochemical gradient across the brush border membrane [175]. Concurrently, in 

RV-infected mice a lowered production of brush border enzymes contributes to 

decreased intestinal absorptive capacity, especially the disaccharidases at the apical 

brush region of enterocytes which are essential for sugar absorption [176, 177]. 

Similarly, sucrose-isomaltase expression in RV-infected human intestinal epithelial 

cells is also inhibited [178]. The decreased expression of enzymes by enterocytes was 

suspected to be caused by NSP3 that hijacks the host protein synthesis machinery 

[100]. Therefore, malabsorption and the reduction of digestive enzymes could be 

contributing factors to osmotic diarrhoea.  

Paracellular leakage caused by the disruption of epithelial tight junction is observed  

in Caco-2 cells, and thus has been proposed as another factor capable of inducing 

osmotic diarrhoea [179]. Alteration in tight junctions, reduced transepithelial 

electrical resistance (TER), and mannitol flux were manifested in RV-infected piglets 

[158]. In RV-infected Caco-2 cells, the disorganization of tight junction-associated 

proteins claudin, occludin and ZO-1 caused an increased permeability to molecules 

smaller than 70kDa (dextran) [172]. NSP4 is implicated in the disruption of tight 

junctions as shown in the apical, but not basolateral administration of recombinant 

NSP4 to polarized epithelial cells grown on permeable filters causes a reduction in 

TER, redistribution of actin and increased passage of fluorescent dextran [180]. 

Importantly, epithelial integrity was restored after removing NSP4 from the media 

[180]. 
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1.7.3 Secretory mechanisms of RV-induced diarrhoea 

It is suggested that malabsorption is not the most significant contributing factor of 

RV-induced diarrhoea, at least in mice [170, 181]. Instead, NSP4 interacting with the 

enteric nervous system (ENS) is suspected to cause secretory diarrhoea due to 

electrogenic exit of Cl- across the plasma membrane of the enterocytes [172, 181, 182] 

(Figure 1.8).  

The loss of Cl- was observed in vitro by recombinant NSP4 peptide (a.a 114-135) 

acting as a specific non-competitive inhibitor of SGLT1 [174, 183]. In HT-29 cells, 

the endogenous Ca2+-dependent Cl- secretory pathway is activated by NSP4 through 

receptor-mediated PLC/IP3 activation [184]. However, the link between NSP4 

induced Ca2+-mediated Cl- secretion and diarrhoea was only established in CFTR-

knockout mice through the experiments which were conducted on ex vivo tissue [185], 

thus arguably may not directly reflect the in vivo situation. Nevertheless, intra-

peritoneal and intraileal delivery of NSP4 as well as NSP4114-135 does cause diarrhoea 

in neonatal mice [13]. Since then, the diarrhoea-inducing property of NSP4 from 

different strains of rotavirus has been reported by many groups [186-188]. 

Interestingly, the substitution of lysine for tyrosine at residue 131 completely 

abolishes the diarrhoea-inducing effect of NSP4114-135 [134]. Thus, it has been 

proposed that secreted NSP4 from virus-infected intestinal cells bind a yet-

unidentified apical membrane receptor in the villus that would lead to secretory 

diarrhoea.  

The autonomously operated enteric nervous system (ENS) controls gastrointestinal 

functions through the secretion of neurotransmitters. In vitro studies using Ussing 

chambers and tissue perfusion techniques indicated that two thirds of fluid loss during 

rotavirus infection was caused by the activation of ENS [172]. Administration of 

serotonin inhibition drugs in children alleviated diarrhoea [189]. Serotonin (5-HT) is a 

critical neurotransmitter in the gut regulating gastro-intestinal mobility, secretion, and 

sensation [190]. Serotonin in the intestine is produced and released by 

enterochromaffin (EC) cells stimulates afferent neurons to initiate peristaltic and 

secretory reflexes [191]. Recently, Hagbom et al., demonstrated that NSP4 stimulates 

the release of serotonin from primary EC tumour cells by activating PLC-mediated 
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IP3 pathways to mobilize intracellular calcium [192]. Therefore, RV induced 

diarrhoea and vomiting could be directly linked to the enterotoxicity of NSP4. 

 

 

Figure 1.8: Summary of proposed mechanisms of rotavirus-induced diarrhoea.  
During the first replication cycle, a synthesis of viral proteins increase membrane permeability by 

manipulating intracellular calcium. After the first replication cycle of the rotavirus, mature virions and 

NSP4 are released from infected cells. NSP4 (a) and newly produced RV (b) cause the elevation of 

intracellular calcium concentration that is thought to play a major role in RV-induced diarrhoea. The 

calcium signals may evoke the release of amines/peptides from intestinal endocrine cells. Furthermore, 

cytokines, prostaglandins and NO are known to be released from the enterocytes which may activate 

neuronal dendrites located just underneath the intestinal epithelium and hence stimulate secretory 

reflexes in the ENS. Figure reproduced from Bomsel and Alfsen, 2003. [193]  
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1.8 The interaction of rotavirus with the host immune 

system 

1.8.1 The adaptive immune responses against rotavirus 

The weak defence of infants against RV-infection is partially due to the inability of 

newborns to mount an efficient antibody response [194]. This is implicated in mice 

that lack T cells only shown a short delay to clear primary RV infection, presumably 

due to the compensatory effects of increased RV-specific immunoglobulin present in 

the serum [195, 196]. Additionally, an injection of monoclonal antibodies against VP4 

or VP7 provides protection against rotavirus infection in mice [197]. An IgG antibody 

response against NSP4 is suggested to provide protection in humans [198]. Therefore, 

the ability of B cells to produce virus-specific antibodies is thought to be strongly 

correlated with rotavirus clearance and protective immunity against second challenge 

[199]. Interestingly, as a possible strategy against antibody-mediated resolution of 

infection, rotavirus was found to infect intestinal B cells especially the memory subset 

over circulating B cells to induce cell death [200].  

It is worth noting that RV-specific IgA is suspected to be the predominant 

immunoglobulin produced in the intestine, which is critical for the resolution of 

rotavirus infection and in protection from heterotypic reinfection [201, 202]. 

Gnotobiotic pigs infected with human rotavirus exhibited a strong adaptive response 

characterised by high numbers of RV-specific intestinal IgA-secreting cells providing 

complete protection against homotypic second-challenge [203, 204]. The strong 

neutralizing effects of polymeric IgAs (pIgA) is credited to their ability to undergo 

transcytosis and to inactivate viral transcription by blocking the DLP type I channel 

[205, 206]. In vivo experiments using IgA-knockout mice and mice lacking the J 

chain which is required for the transport of IgA and IgM from the intestinal lamina 

propria to the lumen show a delay in RV clearance and diminished protective 

immunity [207]. Hence, serum IgA titres have been regarded as a major correlate of 

protective immunity induced by rotavirus vaccines [208]. 
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The production of IgA requires a class switch recombination (CSR) of B cells either 

in a T cell-dependent or T cell-independent way. Both pathways exist for the 

maturation of intestinal IgA-secreting plasma cells in mice and humans [209]. 

Particularly, the secretion of high affinity IgA requires the activation of helper T cells 

which are induced in the germinal centre of Peyer’s patches, isolated lymphoid 

follicles, and mesenteric lymph nodes [209]. High affinity IgA+ B cells express 

surface markers such as α4β7 that are required for B cell homing towards intestinal 

propria [210]. By contrast, rapid synthesis of low-affinity IgA obviates the need for T 

helper cells. In this case, class switch recombination (CSR) of intestinal B cells is 

triggered by cytokines and/or vasoactive intestinal peptide (VIP) from antigen 

presenting cells and sometimes epithelial cells, by which cells are activated through 

multiple innate immune signalling pathways including Toll-like receptors [211-213]. 

However, so-called “low” affinity does not mean low efficacy of the antibodies 

against the virus. Rapid T cell-independent virus-specific antibodies induced by many 

viruses including vesicular stomatitis virus (VSV), influenza, and polio, are sufficient 

to contain viral replication and dissemination until complete viral clearance by T-cell 

dependent IgA [214-216].  

Adoptive transfer of α4β7
+ B cells in mice facilitated rotavirus clearance and provided 

protective immunity against second challenge [217]. Early induction of RV-specific 

IgA most likely occurs in Peyer’s patches where M cells and dendritic cells (DCs) 

provide activation signals independent of T cells [218, 219]. Evidently, mice devoid 

of Peyer’s patches are incapable of producing IgA and have impaired ability to clear 

rotavirus infections [220]. Moreover, the production of IgA is not affected in mice 

lacking CD40 and CD40L, reinforcing the idea that rotavirus activate B cells through 

the non-classical T cell-independent extra-follicular pathway [221]. 

In contrast to antibody-producing cells that provide protection against re-infection, 

CD8+ T cells are found to be able to reduce the length and severity of primary 

infection [197]. Helper CD4+ T cells primed by chimeric VP6 secrete large amounts 

of IFN-γ which is essential to inhibit viral replication in mice [222]. However, very 

few RV-specific T cells were detected to produce IFN-γ in infected adults and 

children [223]. Recent findings suggest that a TGF-β-mediated suppressive 

mechanism is involved in the modulation of IFN-γ secretion by RV-specific 

regulatory T cells, since after the removal of CD25+ cells or the use of TGF-β 
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inhibitors, frequencies of IFN-γ-secreting RV-specific T cells were increased in the 

adult group [224]. Importantly, RV-specific pIgA secretion is not affected by the 

FoxP3+ regulatory T cells [225]. 

Dendritic cells (DCs) originated from different lineages play a diverse role in both 

innate and adaptive antiviral responses. Myeloid-derived DCs have a function to 

capture antigens on the periphery and then migrate to the lymphoid organs to initiate 

adaptive immunity, whereas lymphoid DCs are located in the T cells area of thymic 

medulla and lymph nodes for immune regulation [226]. DCs with different surface 

markers also have their designated immune functions. CD8+ DCs are believed to 

preferentially interact with natural killer cells (NK) and NK-T cells to provide 

effective cytotoxic T cell-priming [227]. Plasmacytoid DCs (pDC) are the major 

producers of type I interferons (IFNs) whose function is to inhibit virus replication 

and to promote the survival of already primed memory T cells [228]. Highly purified 

human peripheral pDCs have been demonstrated to respond to either live or UV-

inactivated RRV in producing substantial amounts of IFN-α [229].  

Some DCs are strategically positioned at the sub-epithelial dome below the intestinal 

epithelial and the inter-follicular T-cell area of Peyer’s patches to detect any 

breaching by pathogens. The essential role of Peyer’s patch-localised DCs is 

demonstrated by a large reduction of RV-specific IgA in mice lacking CCR6 , a 

receptor required for DC to migrate into the sub-epithelial dome of Peyer’s patch 

[230]. Intestinal DCs are equipped with a range of pattern-recognition receptors 

(PRRs) such as Toll-like receptors (TLRs) and C-type lectin-like receptors (CLRs) to 

detect invading pathogens. Signals triggered by some characteristic motifs of 

pathogen molecules induce the maturation of DCs that is characterised by the 

upregulation of their antigen presentation receptors, and the secretion of cytokines 

[231].  

Murine DCs are found to actively internalize both live rotavirus and viral-like 

particles (VLP) but are only activated by live bovine rotavirus to secrete TNF-α [232]. 

Human peripheral blood mononuclear cell (PBMC)-derived DCs can be infected by 

rotavirus in vitro but not in vivo [233]. The in vitro assay also demonstrated RV-

treated immature DCs strongly stimulate naïve allogeneic CD4+ T cells to secrete Th1 

cytokines [223]. Intriguingly, supernatants from RV-infected Caco-2 cells appear to 
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supress the Th1 responses produced by human myeloid DCs which are partially 

mediated by the anti-inflammatory TGF-β [234]. Moreover, supernatants of RV-

infected cells stimulated PBMC to secrete TNF-α, IL-6, IL-2, IL-10, IFN-α and IFN-γ, 

suggesting the involvement of secreted viral antigens [233].  

1.8.2 The innate immune sensing of rotavirus 

Intracellular nucleic acid sensors are adaptations of host to recognize the conserved 

signatures of viral genomes and their transcriptional intermediates. Activation of these 

receptors by the virus typically triggers complex signalling pathways leading to the 

production of interferons (IFNs) and other anti-viral gene product in the infected cells 

and/or surrounding uninfected cells [235]. Rotavirus infections trigger the interferon 

production from certain immune cells and epithelial cells, and certain strains are 

particularly sensitive to the antiviral effects of interferon-stimulated gene (ISG) 

expression [236, 237]. The induction of type I and type II IFN after the innate sensing 

of rotavirus is thought to be important in restricting heterologous RV replication ,and 

is required for the establishment of an antiviral state to block extra-intestinal spread 

[236, 238]. Type III IFN was believed to play a redundant role in supporting the type I 

IFN system, but a recent paper suggested that type III IFNs are crucial for restraining 

homologous rotavirus infection in mice [239].  

Apart from a report indicating the induction of IFN-α in pDCs by rotavirus structural 

proteins and dsRNA [229], rotavirus genomes and their transcriptional intermediates 

are believed to be the major targets of innate immune receptors. A recent paper also 

identified the detection of viral RNA by TLR7 possibly from degraded RV-dsRNA in 

the endosome as an important interferon-inducing pathway in pDCs of both 

autoimmune (NOD) and non-autoimmune mice [240]. However, in epithelial cells, 

the early interferon responses against rotavirus are initiated by two of the RIG-I-like 

receptors (RLRs): retinoic acid-inducible gene 1(RIG-I) and melanoma 

differentiation-associated protein 5 (MDA-5) [241, 242]. Contrary to other viruses, 

rotavirus is detected by both RIG-I and MDA-5, although a more efficient induction 

of MDA transcripts than RIG-I by UK strains has been observed in fibroblasts [242].  

TLR3, another well-known dsRNA receptor, has been reported to play a non-essential 

role in intestinal epithelial cells for the induction of interferon responses against 



 

32 

 

rotaviruses [241]. Due to its endosomal localization, TLR3 was presumed to be 

excluded from the contact with viral RNAs that are produced in the cytoplasm. 

However, mice lacking TLR3 or its adaptor TRIF exhibited an increased 

susceptibility to rotavirus infections and a significantly higher level of viral shedding 

[243]. Moreover, in IgA-deficient humans, TLR3 signalling seems to contribute for 

the increased production of RV-specific IgG [244]. Rotavirus infection also 

specifically upregulates the expression of TLR2 and TLR3 in PBMC [245] and γδ T 

cells, a subset of T cells equipped with a range of pathogen recognition receptors [246, 

247]. Thus, TLR3 may represent an important alternative to detect rotavirus presence, 

especially in the circulation. Interestingly, TLR3 signals were also suggested to be 

involved in rotavirus-induced pathology, as intraperitoneal injections of synthetic 

TLR3 agonists poly I:C and extracted RV-dsRNA can induce intestinal mucosal 

injury in mice possibly due to the IL-15-induced cytotoxic activity of the intestinal 

intraepithelial lymphocytes [248, 249].  It worth noting that poly I:C is not a TLR3-

specific agonist but stimulates MDA-5 equally [250], thus the mucosal damage 

induced by poly I:C and RV-dsRNA could be contributed by MDA-5 as well.  

1.8.3 Innate immune evasion of rotavirus 

Since innate immune responses play a significant role in host’s immunity against 

rotavirus [195], rotavirus has evolved several mechanisms to evade this innate 

immunity, particularly through the inhibition of certain interferon regulation factors 

(IRFs). IRFs are important transcriptional regulators of innate immune signalling 

pathways. Among them, IRF3 and IRF7 are the major regulators of type I IFNs [251]. 

IRF3 is constitutively expressed in the cytoplasm in unstimulated cells, and is known 

to be activated by TLR3 and TLR4 signalling for the induction of cytokines and 

interferon genes [252]. IRF7, the closest family member to IRF3, is regarded as the 

master regulator of the type I interferon response elicited by viruses [253]. Human 

pDCs constitutively express high level of IRF7 and are thus poised to act as potent 

producers of type I IFNs [254]. IRF5 has diverse functions in the induction of 

proinflammatory cytokines and type I IFNs in innate immune cells [255]. IRF5 is also 

involved in the polarization of proinflammatory M1 macrophages [256]. 
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NSP1, encoded by gene segment 5, invokes the degradation of IRF3, IRF5, and IRF7 

during the rotavirus replication cycle and thus antagonizes the induction of interferons 

[257-259]. Mutational analysis indicated that a zinc-binding domain in the NSP1 N-

terminus has a function in IRF3-proteasome degradation [260]. However, others 

reported that C-terminus of NSP1 is required for IRF3 degradation [259, 261]. Apart 

from IRFs, NSP1 indirectly inhibits the essential innate immune transcriptional factor 

NF-κB, due to its ability to degrade β-Trcp which is a part of the ubiquitin ligase 

responsible for the degradation of inhibitory IκB [262]. Furthermore, NSP1 has been 

shown to directly interact with RIG-I and thus potentially inhibit its function as a 

sensor of viral genomes [263]. Notably, NSP1 from different host strains exhibits a 

large sequence variation, and thus may have variable binding affinity to IRF3 with 

different host origins [260]. Therefore, NSP1 seems to have an effect on viral 

replication which indirectly influences the host specificity of rotaviruses. 

The addition of IFN-α does not inhibit rotavirus replication in Caco-2 cells, 

suggesting that rotavirus may also inhibits interferon signalling activated by interferon 

receptors [264]. Holloway et al. demonstrated in MA104 and Caco-2 cells that upon 

the addition of exogenous IFN-α, RRV and human Wa strains of the rotaviruses can 

block the nuclear accumulation of activator of transcription 1(STAT1) and STAT2 to 

suppress their transcription enhancer functions on the IFN-induced antiviral genes 

[265]. Later studies suggested that the STAT1/2 cytoplasmic retention is mediated by 

an unknown mechanism that acts after the activated STATs bind to the nuclear import 

machinery [266]. In summary, rotaviruses employ several strategies to suppress 

antiviral interferons and cell apoptosis during replication cycles to gain time for 

further invasion and dissemination.  
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1.9 Research Aims 

Virus infection in humans triggers an immune response that in turn determines the 

fate of infection and frequently the symptoms of disease that are produced in the 

infected individual. An innate response precedes the production of specific antibodies 

and T cells and serves as the first defence mechanism that restricts the replication of 

viruses in infected cells and tissues, primarily through the production of anti-viral 

cytokines. Though many viruses have evolved strategies to counteract this innate 

response within infected cells, previous studies suggest that rotavirus has evolved a 

mechanism to actively trigger innate immunity in non-infected cells through the 

secretion of a glycoprotein toxin [267-271]. This activity may be linked to the 

induction of vomiting and diarrhoea [192, 272, 273] and thus represent an 

evolutionary adaptation to increase viral transmission. On the other hand, detection of 

a secreted viral toxin by host’s innate immune cells may provide a complimentary 

defence mechanism to interferon system especially after it has been down-regulated 

by virus during viral replication cycle. The aim of this project is to explore the 

possible interactions of NSP4 with the innate immune system. The investigation 

includes: 

 The establishment of an assay system to measure the potential innate immune 

responses triggered by NSP4 on macrophages and dendritic cells. 

 Identification of the receptor for NSP4 on innate immune cells. 

 A study of the biochemical nature of NSP4 and the potential motifs which are 

responsible for NSP4 immunogenicity.  

 

The results of the project will have direct relevance to the mechanism of rotavirus 

disease and its prevention by vaccination. Knowledge of the molecular events 

involved in toxin action may influence strategies for limiting the symptoms of 

rotavirus disease through the pharmacological inhibition of signalling pathways 

activated by the toxin. Finally, the project will deliver fundamental new knowledge on 

rotavirus-host cell interactions.  
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Chapter 2 

Material and Methods 
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2.1 Materials 

Aqueous solutions used in the preparation of growth media and solutions were either 

sterilized by autoclaving at 121°C and 15 psi pressure for 20 minutes or microfiltered 

through 0.22 μm membranes (Supor®-200, Pall life sciences). 

2.1.1 Solutions for SDS-PAGE 

Resolving gel solution 10-15% acrylamide/Bis (Bio-Rad), 375 mM Tris-HCl pH 

8.8, 0.1% SDS, 0.05% APS, 0.2% TEMED (Sigma-

Aldrich) 

Stacking gel solution 3.6% acrylamide/Bis (Bio-Rad), 125 mM Tris-HCl pH 6.8, 

0.1% SDS, 0.05% APS, 0.2% TEMED (Sigma-Aldrich) 

Laemmli loading buffer 62.5mM Tris-HCl pH6.8, 10% glycerol, 2% SDS, 0.01% 

bromophenol blue, 5% 2-β-mercaptoethanol 

Laemmli running buffer 25mM Tris, 200mM glycine, 0.1% SDS 

 

2.1.2 Solutions for Silver stain 

Fix solution 30% ethanol, 10% glacial acid 

Farmer’s reagent 12mM sodium thiosulfate, 2.5mM potassium ferricyanide, 

4.5mM sodium carbonate 

Developer 2.5% sodium carbonate, 0.02% v/w formaldehyde 

Silver Nitrate 0.1% silver nitrate 
 

2.1.3 Solutions for Western blot 

Transfer buffer 25mM Tris, 200mM glycine, 20% methanol 

Membrane locking solution 10% non-fat milk powder in PBS-T 

Antibody blocking solution 3% non-fat milk powder in PBS-T 

Wash buffer PBS-T 

Detection ECL™ Detection kit (Amersham Biosciences) 
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2.1.4 Solutions for Immunoblotting 

Stock lysis buffer solution HEPES 50mM, NaCl 150mM, EDTA 10mM, pH8.0, 

Na2P2O7 10mM, Vanadate 2mM, pH 10, NaF 

100mM, Np40 1% 

Running buffer XT MOPS running buffer (BIORAD #161-

0788XTU) 

Transfer buffer 25mM Tris, 200mM glycine, 20% methanol 

Membrane locking solution 10% BSA in TBS-T 

Antibody blocking solution 3% BSA in TBS-T 

Stripping buffer 2% SDS, 100mM β-mercaptoethanol, 5mM Tris 

pH6.8 
 

2.1.5 Solutions for Concancavalin A affinity chromatography 

Wash buffer 20mM Tris-HCl pH 7.4, 0.5M NaCl, 1mL CaCl2 

Elution 

buffer 

20mM Tris-HCl pH 7.4, 0.5M NaCl, 1ml CaCl2, 1M α-

Methylmannoside 

 

2.1.6 Solutions for Cation exchange chromatography 

Buffer A (binding) 25mM Succinic-Acid-NaOH pH5.6, 20mM NaCl 

Buffer B (elution) 25mM Succinic-Acid-NaOH pH5.6, 1M NaCl 

 

2.1.7 Solutions for monocyte purification 

MACS buffer PBS,0.5%BSA, 2mM EDTA 

Isolation buffer PBS, 0.1%BSA, 2mM EDTA 
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2.1.8 Growth media 

Dulbecco’s modified Eagles 

Medium  

(DMEM) 

13.84 g/l DMEM powder (Invitrogen), 3.7 

g/l NaHCO3, 0.06 g/l penicillin (Sigma-

Aldrich), 0.14g/l streptomycin sulphate 

(Sigma-Aldrich) 

RPMI Media 1640 2,000 mg/L D-glucose, non-essential amino 

acids (NEAA), and 110mg/L sodium 

pyruvate, but no L-glutamin 

RF-10 media 

 

RPMI1640 media supplemented with 2mM 

L-glutamine (GIbco BRL), containing 10% 

heat-inactivated fetal bovine serum and 1% 

penicillin-streptomycin (Invitrogen) 

 

2.1.9 Mammalian Cell Lines 

Cell line Origin Source 

Caco-2 Human colon carcinoma 

 

A/Prof. Barbara Coulson, University 

of Melbourne, Australia 

THP-1 Human acute monocytic 

leukemia 

 

Dr. Julie Hill,University of 

Auckland, 

New Zealand 

RAW 264.7 Murine macrophage from 

tumor ascites induced in 

male mouse by IP injection 

of Abselon Leukemia Virus 

(A-MuLV) 

Dr. Sarah Young, University of 

Otago, New Zealand 

HT-29 Human colorectal 

adenocarcinoma 

Molecular Virology Group 

School of Biological Sciences 

University of Auckland 
HEK293 Human embryonic kidney 

SW620 Human colorectal 

adenocarcinoma 

MA104 Monkey African Green 

kidney 

Prof. Harry B Greenberg 

School of Medicine, Stanford 

University, USA. 
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2.1.10 Antibiotics 

Penicillin 60mg/ml stock solution was filter sterilized (0.2μm 

filter), and stored in aliquots -20°C (sigma). Used as 

60μg/ml 

Streptomycin 140mg/ml stock solution was filter sterilized (0.2μm 

filter), and stored in aliquots -20°C (sigma). Used as 

60μg/ml 

Penicillin/Streptomycin 100x (Invitrogen). added into RPMI at 1:100 

Ciprofloxacin 50mg/ml stock solution was filter sterilized (0.2μm 

filter), and stored in aliquots -20°C (sigma). Used as 

25μg/ml.  

 

2.1.11 Chemicals 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich CAT#79346 

 

n-(1-Naphthyl)-ethylene-diamine 

dihydrochloride (NED)  

Sigma-Aldrich CAT#04831TH 

 
 

2.1.12 Enzymes 

Trypsin 0.25%  Invitrogen GIBCO#15050-057 

500mL 

Trypsin EDTA  Invitrogen GIBCO#25200-072 

500mL 

Protease inhibitor cocktail tablets Roche #11 835 170 001 

StemPro® Accutase® Cell Dissociation 

Reagent 

Life Technologies A11105 

Heparinase III Sigma H8891 

Trypsin Gold, Mass spec grade Progma,  V5280 
 

2.1.13 Cytokines 

GM-CSF Recombinant hGM-CSF. Resuspended at 

10μg/ml 

Pepro Tech, Inc 

IL-4 Recombinant hIL-4 Re-suspended at 

10U/μl 

Pepro Tech, Inc 

M-CSF Recombinant hM-CSF. Resuspended at 

10μg/ml 

Pepro Tech, Inc 
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2.1.14 Antibodies (unlabelled and secondary) 

Antibody Description 

Anti-NSP4 Monoclonal mouse antibody raised against NSP4.Used 

at 1 in 4000 

Anti-α-tubulin Mouse monoclonal IgG antibodies, clone B-5-1-2 

(Sigma; catalogue # T6074). Used at 1 in 9000 

Anti-rabbit IgG (whole 

molecule) peroxidase 

conjugate 

Anti-rabbit IgG raised in goat. Conjugated to 

horseradish peroxidase type VI (sigma; catalogue# 

A6154) used at 1 :2000 dilution 

Anti-mouse IgG (whole 

molecule) peroxidase 

conjugate 

Anti-mouse IgG raised in rabbit. Conjugated to  

peroxidase  (sigma; catalogue# A9044) used at 1 :2000 

dilution 

Anti-mouse IgG1-FITC, 

goat 

Southern Cat# 1070-02,  used 1 in 150 

Phospho-IKKα 

(Ser180)/IKKβ(Ser181) 

Cell Signalling Technology #2681 (rabbit polyclonal) 

used at 1:1000 

IKKα Cell Signalling Technology #2682 (rabbit polyclonal) 

used at 1:1000 

Phospho-328 MAP 

Kinase (Thr180/Tyr182) 

Cell Signalling Technology #9211 (rabbit polyclonal) 

used at 1:1000 

p38 Cell Signalling Technology #9212 (rabbit polyclonal) 

used at 1:1000 

phospho-SAPK/JNK 

(Thr183/Tyr185) 

Cell Signalling Technology #9251 (rabbit polyclonal) 

used at 1:1000 
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2.1.15 Antibodies (conjugated) and viability stains 

Antibody Conjugate Supplier Clone Volume used/106 

cells (μl) 

CD1a APC BD  HI149 20 

CD14 Alexa647 BD  UCHM1 1.25 

CD14 FITC BD UCHM1 2.5 

CD80 Pe-Cy7 Biolegend 2D10 5 

CD83 PE Serotec HB15e 10 

CD83 Pe-Cy5.5 Biolegend HB15e 2.5 

CD86 APC Biolegend IT2.2 5 of 1:40 

CD86 PE Biolegend IT2.2 5 

HLA-DR APC Biolegend L243 5 

HLA-DR PerCP-Cy5.5 BD  L243 1.25 

7AAD  BD  5 

Propidium 

Iodide 

 Life 

Technology 

 1/1000 

dilution 

DAPI  Life 

Technology 

 1μl of 1/1000 

dilution 
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2.1.16 plasmids 

Name Backbone Source selection 

pUNO-hTLR2-

GFP 

unknown Invivogen Blasticidine 

pFLAG-TLR1 pFLAG-

CMV 

Dr.Takashi Shimuzu 

Yamahichi University 

Japan 

Ampicillin 

pFLAG-TLR2 pFLAG-

CMV 

Dr.Takashi Shimuzu 

Yamahichi University 

Japan 

Ampicillin 

pFLAG-TLR6 pFLAG-

CMV 

Dr.Takashi Shimuzu 

Yamahichi University 

Japan 

Ampicillin 

pcDNA3-CD14 pcDNA3 Dr. Ashley Mansell 

Monash University 

Australia 

Ampicillin 

neomycin 

pRL-TK unknown Promega E2241 Ampicillin 

pNFκB-Luc unknown Dr. Ashley Mansell 

Monash University 

Australia 

Ampicillin 
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2.2 Methods 

2.2.1 Growth of mammalian cell culture 

All mammalian cells were processed in a class 2 culture hood and cultured in a 5% 

CO2 incubator at 37°C. Cells were tested to be free of mycoplasma contamination 

using an e-Myco PCR detection kit (iNtRON Biotechnology). MA104, HT29, 

HEK293, and Caco-2 cells were grown in DMEM with 10% FBS, non-essential 

amino acids (NEAA), and 25μg/ml ciprofloxacin. RAW264.7, RAW-ELAM cells and 

immortalized murine macrophages were grown in DMEM supplemented with 10% 

FBS and L-glutamine. SW620 were grown in RPMI 1640 medium with 10% FBS, 

2mM L-glutamine, and 10μg/ml ciprofloxacin. THP-1 cells were grown in RPMI 

1640 medium with 10% FBS, 2mM L-glutamine, penicillin-streptomycin (100μg/ml) 

and 0.05mM 2-mercaptomethanol. Isolated primary monocytes, macrophages and 

dendritic cells were cultured in RPMI 1640 medium with 10% FBS, 2mM L-

glutamine, and penicillin-streptomycin (100μg/ml). HEK293 cells transfected with 

plasmids encoding human TLR4 and MD2 were obtained from Prof. Eicke Latz 

University of Bonn, Germany and grown in DMEM plus 10% FBS without antibiotic 

selection for up to four passages prior to analysis of TLR activity. 

The subculture of Caco-2, HT29 and MA104 cells requires the use of 0.25% Trypsin-

0.53mM EDTA solution to detach cell layers from the 20 x 150 mm2 plates when 

cells reach 80% confluence. A subcultivation ratio of 1:4 was used as recommended 

by ATCC. 

Adherent RAW 267.4 were seeded in 20x100 mm2 plastic culture plates (Cellstar®) in 

the appropriate culture medium at 37°C in a 5% CO2 incubator. When cells reach 80% 

confluence, cell media were removed, washed and replaced with PBS and 0.05% 

trypsin-EDTA. Once cells had lifted from the culture plate, they were re-suspended in 

relevant growth media and sub-cultured at 1:3 dilutions. 

Suspension cells (THP-1 cells) were seeded into 10mL of supplement RPMI in a T25 

cell culture flask (Cellstar®) and incubated in a 5% CO2 incubator at 37°C. Cells were 

passaged every two days by removing 5 ml of cell suspension and adding of an equal 

amount of fresh media.  
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2.2.2 Cryopreservation of mammalian cells 

Cells were suspended in appropriate growth media and centrifuged for 10 minutes at 

1000 rpm at room temperature. The pelleted cells were then resuspended in freezing 

media (10% DMSO, 90% FCS) and aliquoted into 1mL cyrovials. Cells were 

gradually frozen at one degree per minute in a Nalgene™ cryopreservation container 

before being transferred to -80°C or liquid nitrogen storage. 

 

2.2.3 Thawing of cryopreserved cells 

Cyropreserved cells are thawed by incubating in a 37°C water bath for 3 minutes, and 

suspended in supplemented RPMI (sRPMI) at a dilution of 1:20. Cells were pelleted 

by centrifugation at 1200 rpm for 5 minutes. Recovered cells were resuspended in 

appropriate culture medium after trypan blue exclusion viability check. 

 

2.2.4 Virus propagation and preparation of purified rotavirus TLPs. 

Bovine rotavirus (UK strain) was obtained from the late Ian Holmes, University of 

Melbourne, and propagated in MA014 cells cultured in glass roller bottles (Schot 

Duran) in Medium 199 plus 10% FBS. cDNA encoding the product of gene 10 (NSP4) 

was amplified following reverse transcription of viral mRNA and PCR amplification 

using the primers -GGCTTTTAAAAGTTCTGTTCCGAGA-(forward) and -

ATTAAGACCGTTCCTTCCATTAACG-(reverse) and sequenced to confirm a 100% 

match to UK bovine rotavirus (GenBank accession number K03384.1) (Appendix I). 

Cells were infected with 0.5PFU/cell of virus inoculum in 40ml per bottle in serum-

deficient Medium 199 containing 10% tryptose phosphate and 25μg/ml trypsin-250. 

After overnight incubation, cells were pelleted by centrifugation and stored at -20°C. 

Pellets were thawed and virus were liberated from cells by sonication on ice. Cell 

debris was removed by centrifugation at 200x g for 10 min, and the supernatant was 

collected. Virus titres were measured by fluorescent focus assay in MA104 cells. 

Triple layer particles (TLPs) were purified from cell pellets derived from 10 roller 

bottles using cesium chloride isopycnic centrifugation which was removed after 

dialysis against PBS.   
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2.2.5 NSP4 purification  

Caco-2 cells were cultured for 10 days after reaching confluence in 150 mm2 plates 

with medium replacement every 2 days, facilitating their differentiation into cells that 

exhibit a polarized intestinal phenotype. The fully-differentiated Caco-2 cells were 

incubated for 6 hours with serum-free DMEM prior to infection. RV (UK bovines) 

was briefly sonicated at 10W for 10 seconds and trypsin-activated (25 µg/ml) at 37°C 

for 30 minutes. The virus was inoculated at a multiplicity of infection (MOI) of 10. 

The inoculum was removed after 1 hour and replaced with fresh serum-free DMEM 

without antibiotics. After 36 hours incubation, culture media was collected and 

centrifuged at 3,000 rpm for 10 minutes at 4°C to remove cell debris.  To remove 

virus particles, the media was ultracentrifugated at 27,000 rpm for 90 minutes at 4°C 

in a Sorvall Evolution (SE) ultracentrifuge (Beckman SW-40 rotor). The resulting 

supernatant was collected and concentrated through a 10,000 MWCO (Amico) 

membrane at 40 psi to approximately 10ml using an Amicon ultrafiltration cell. The 

concentrated medium was applied and allowed to flow through the ConA affinity 

column. The media was re-applied to the column three times to ensure complete 

binding of NSP4 to the ConA-conjugated beads. The column was washed with 10 CV 

wash buffer and bound NSP4 was eluted with 2.5 ml elution buffer containing 1M α-

methylmannoside. A further 2 ml of elution buffer was added to the column and left 

overnight, and elution volumes combined and stored at 4°C. The eluted protein 

fractions were concentrated and equilibrated with ion exchange chromatography wash 

buffer in a Vivaspin centrifugal concentrator with a 5kDa MWCO (GE Life Sciences).  

The NSP4 was further purified by cation exchange chromatography using a Mono S 

5/5 column. The column was washed with buffer A containing 20 mM NaCl and the 

bound NSP4 eluted in Buffer B (Buffer A +1 M NaCl). Purified fractions were 

assessed by silver staining and western blot after SDS-PAGE. Further purification 

was attempted using reverse phase high-pressure liquid chromatography (RP-HPLC), 

NSP4 (50μg) was separated in Gemini® NX-C18 110Å HPLC column (250x10mm) 

using a linear gradient (0%-100%) of acetonitrile at a flow rate of 1ml/min for a total 

of 65 minutes. The Shimadzu hardware is equipped with a degassing unit, a 

preparative liquid chromatograph, a diode array detector, a fraction collector, an auto 

sampler, and a column oven.   
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2.2.6 Depletion of NSP4 from concentrated medium 

Monoclonal anti-NSP4 antibodies were immobilized in AminoLink Plus Coupling 

Resin (Thermo Scientific #20394). First, 2ml of serum free anti-NSP4 monoclonal 

Abs (clone B4; a kind gift from Prof. Harry Greenberg) (3mg) were applied to the 

resin to form a reaction slurry. In a fume hood, 40μl of sodium cyanoborohydride 

were then added into the column for antibody coupling. The column were incubated at 

room temperature for 2 hours followed by an overnight incubation at 4°C with 

constant agitation. Second, the remaining active sites were blocked using quenching 

buffer supplied with the kit. Finally, column were washed for four times to remove 

quenching buffer and non-coupled antibody.  

Medium from RV-infected Caco-2 cells was ultracentrifuged and concentrated 10-

fold by ultrafiltration. The resultant medium (1ml) were applied to the affinity column 

and incubated for 2 hours. Flowthrough were collected and assessed by silver staining 

and immunoblotting against NSP4.  

 

2.2.7 Differentiation of THP-1 cells 

Suspension THP-1 cell at a density of 5x105 cells/ml were seeded in appropriate 

plates and differentiated by incubating with 100nM phorbol 12-myristate 13-acetate 

(PMA) for 3 days. The resulting cells were cultured in fresh RF-10 media for a further 

5 days after removing the PMA-containing media. 
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2.2.8 Isolation of human peripheral blood mononuclear cell (PBMC) 

Human peripheral blood mononuclear cells (PBMC) were obtained from healthy adult 

volunteers who signed informed consent forms approved by the Ethics Committee of 

the School of Biological Science of the University of Auckland.  PBMC were isolated 

by density gradient using leucosep® tubes, which contain isotonic solution 

(Lymphoprep™) to form a density gradient to separate blood cell population. 50ml 

blood was collected from volunteer into a falcon tube with 100µl heparin. 

Heparinized blood were distributed into three 50ml Leukosep® tubes with 15ml pre-

warmed lymphoprep and further diluted with 15ml RPMI. The tubes were centrifuged 

at 1000g for 10 minutes at room temperature with brake off. The buffy coat 

containing the PBMC was transferred from the layered interface into a 50ml tube. 

Cells were washed twice by adding RPMI, followed by removing the supernatant 

after centrifugation at 400g for 10 minutes with brake. The PBMC were enriched 

further to specific cell subsets using magnetic cell separation techniques.  

 

2.2.9 Monocytes enrichment  

Human Monocyte kits (Invitrogen Dynabeads® UntouchedTM) or MACS® CD14 

monocyte cocktail kit (Miltenyi Biotec) were used to isolate CD14+ monocytes from 

PBMC according to the protocols from the manufacturer.  

MACS® kit 

Cells were suspended in MACS buffer (30μl/107 cells), blocking buffer (10μl/107 

cells) and biotin-antibody cocktail (10μl/107 cells) on ice and incubated for 10 

minutes. Additional MACS buffer (30μl/107 cells) and anti-biotin microbeads were 

then mixed with PBMCs and incubated for a further 15 minutes on ice. Cells were 

washed by adding 2 ml of MACS buffer and recovered by centrifugation at 400g for 

10 minutes. To magnetically separate the cells, cells were re-suspended in 500μl 

MACS buffer (up to 108 cells) and added to a pre-soaked (3ml MACS buffer) 

magnetic separation column. Monocytes were passed through the column by the 

addition of 3ml MACS buffer (x3). Eluted cells represented the enriched monocyte 

population.   
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Dynabeads® kit 

Blocking reagent (10μl/107 cells) and a mixture of biotinylated monoclonal antibody 

cocktail (10μl/107 cells) containing biotinylated mouse IgG antibodies for CD3, CD7, 

CD16, CD19, CD56, CDw123 and CD235a against the non-monocytes were added 

into PBMC from the buffy coat in 15ml tubes and incubated for 10 minutes on ice. 

Dynabeads were subsequently added to bind biotin-labelled non-monocytes, which 

can be magnetically separated afterwards. After 20 minutes incubation, cells were re-

suspended by vigorously pipetting together with magnet application for two minutes. 

Since magnetically labelled non-monocytes were attached to the tube surface under 

magnetic force, unlabelled monocytes can be carefully aspirated out. Plastic 

adherence method was used as an alternative way to enrich monocytes from PBMC. 

Human PBMC were seeded in RPMI media with 2mmol/L L-glutamine containing 10% 

human AB serum in 24-well plates for 2 hours. Non-adherent cells were removed by 

repeated washing. The purity of the monocyte portion was analysed for CD14+ 

expression by FACS staining using a mouse anti-human FITC-conjugated anti-CD14 

antibody and determined to be >85%. 
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2.2.10 Generation of Dendritic cells (DCs) and macrophages 

Purified CD14+ cells were cultured in RF10 media containing GM-CSF (250ng/ml) 

and IL-4 (100ng/ml) in 24 wells plate at 37ºC with 5% CO2. After 6 days, FACS 

staining against CD-1a, CD14, HLA-DR, CD83, CD80 and CD86 were used to 

confirm the differentiation of DC from monocytes. 

To differentiate monocytes into monocyte-derived macrophages (MDM), monocytes 

(2x106cells/ml) were plated in RF10 media containing GM-CSF (100ng/ml) in 24-

well plates for five days. Culture media were replaced every two days accompanied 

by the removal of non-adherent cells. One day before the experiment, attached MDM 

were suspended into 96-well plates at 105 cells/well using Stempro® Accutase® Cell 

dissociation reagent (Life Technologies). 

 

2.2.11 Cell counting 

Trypan blue (Gibco) exclusion was used to determine cell viability. A suitable 

dilution of cells (usually 1:1) with trypan blue dye was made and allowed to sit for 2 

minutes at room temperature. Viable cells exclude the influx of dye; therefore can be 

counted using a haemocytometer visualized by a compound light microscope (Leica). 

 

2.2.12 Bicinchoninic Acid (BCA) Assay 

The BCA assay (Thermo Scientific) was performed according to the manufacturer’s 

instruction. The purified NSP4 samples and cell lysates for immunoblotting were 

diluted at 1:10, and 25 μl per sample was added per well of a 96-well pate. The BSA 

standards were prepared and 25μl was added per well. 

The working reagent was prepared by adding 50 parts of reagent A to 1 part reagent B. 

200μl/well was added and the samples mixed by pipetting 5 times. The reaction was 

incubated at 37°C for 30 minutes and the absorbance was read at 562nm. The 

concentration of protein in the sample was determined against the standard curve.  
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2.2.13 Nitrite measurement  

The Griess reagent system was originally developed by Griess in 1879 [274]. The 

assay relies on the colorimetric measurement of Azo-compound formed by 

sulfanilaminde, nitrite and N-1-napthylethylenediamine dihydrochloride (NED) under 

acidic conditions. To conduct this experiment, 100µM of standard nitrite solution was 

prepared and 6 serial twofold dilutions were subsequently performed in duplicate to 

produce a standard concentration from 1.56µM to 100µM. 1% sulphanilamide in 5% 

phosphoric acid was then added into the standard dilutions as well as media samples 

from agonists-challenged cells. The 96-well plate was incubated for 5-10 minutes in 

the dark. 0.1M NED was then added which lead to the production of a purple/magenta 

colour indicating the presence of nitrite. The absorbance of the samples was measured 

using plate reader within 30 minutes at 540 nm. The concentrations of nitrite were 

calculated based on constructed standard curves.  

 

2.2.14 ELAM reporter assay 

RAW-ELAM cells were seeded at 4x104 cells/well 24 hr prior to stimulation with the 

indicated ligands for 6 hr. Cells were lysed with passive lysis buffer (Promega), and 

lysated were assayed for NF-κB-driven luciferase expression using luciferase assay 

reagent (Promega) and analysed using FLUOstar Optima (BMG Technologies). 

 

2.2.15 SDS-Polyacrylamide Gel Electrophoresis 

10%-15% SDS-PAGE gels were made in BIO-Rad gel-making apparatus. Protein 

samples were denatured by boiling for 10 minutes with equal volume of 2x Laemmli 

buffer. After a brief spin to reconstitute evaporated contents, samples were loaded 

onto the gels by Hamilton syringe. The gels were electrophoresed at 120V in a mini 

Protean 3 (BIO-Rad) apparatus in SDS-PAGE running buffer. 
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2.2.16 Silver staining 

Gels after electrophoresis were fixed in silver staining fix solution for 30 minutes 

followed by 10 minutes incubation with 10% ethanol. After fixing, gels were washed 

in distilled water three times and briefly incubated in Farmer’s reagent for 1 minute. 

Gels were washed several times in distilled water and incubated for 20 minutes in 0.1% 

silver nitrite. The gels were then developed in developer until the desired stain was 

achieved. The reaction was stopped in 1% acetic acid for 5 minutes.  

 

2.2.17 Western blotting 

SDS-PAGE gels were transferred into wet blotting apparatus (Citerion® Bio-Rad)  

which has a sandwich setup between sponge and paper and all clamped tightly to 

avoid air bubbles forming between the gel and membrane (Protran® Whatman). This 

sandwiched setup was submerged in 4°C transfer buffer with ice packs and a 

magnetic stirrer to create flow so that a low temperature could be maintained. 

Transfers were carried out at 100V for 45 minutes. Nitrocellulose membrane blots 

were firstly blocked in blocking solution for 1 hour at room temperature, followed by 

the addition of primary antibodies at appropriate dilutions and overnight incubation at 

4°C. After three washes with wash solution, the second horseradish-peroxidise 

conjugated antibody (Sigma-Aldrich) was added and a further 1 hour incubated took 

place at room temperature. Protein bands bound with antibodies conjugated with 

second antibodies were visualized using the chemiluminescene light analysis system 

(Invitrogen) and processed by a Fujifilm Las4000 Imagebox and Multigauge software 
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2.2.18 Staining cells for flow cytometry 

Cells to be analysed by flow cytometry were centrifuged at 1,300 rpm for 5 minutes to 

remove media (4°C). Re-suspended cells were incubated on ice with antibodies added 

at pre-optimized doses. Cells were washed twice in chilled FACS wash buffer and 

secondary fluorescently-conjugated antibody added (if required) for 30 minutes to 

allow binding. All antibodies used for flow cytometry were first titrated to optimize 

dose required to produce maximal fluorescence, whilst minimizing non-specific 

staining for 106 cells. In FACS Calibur, up to four fluorophore-conjugated 

monoclonal antibodies were added per sample, but in FACS Aria II, six colour 

measurements can be achieved. After 30 minutes incubation of antibodies with cells, 

cell washing with FACS buffer (PBS, 1% FCS. 0.22µM filtered and chilled) were 

required to remove excess antibodies. Samples were kept on ice until FACS analysis. 

 

2.2.19 Flow Cytometry 

Unlabelled control cells were used to set as background auto-fluorescence for 

adjusting voltage gain for each channel. Single-fluorophore controls for each channel 

were required for compensation to minimize fluorescence spill among different 

channels. After machine set up, samples were run on flow cytometer to acquire all 

available events. The acquired data from FACS Calibur flow cytometer were analysed 

by CellQuest® Pro software. All flow cytometry analyses of cells need to exclude 

dead cells which can be distinguished from forward (FSC) and side scatter (SSC) 

pattern. However, to accurately validate cell viability, 7-aminoactinomycin D (7-AAD) 

was used to stain dead cells in some experiments.  
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2.2.20 Expression of surface receptors by pTHP-1 cells 

PMA-treated THP-1 cells were suspended using Stempro® Accutase® Cell 

dissociation reagent (Life Technologies). Cells were washed twice in chilled FACS 

wash buffer and labelled anti-CD14, anti-CD16, anti-TLR1, anti-TLR2, anti-TLR6, 

anti-CD205, anti-CD206, anti-CD209, anti-CD301 and anti-CD303 for 30 minutes. 

Secondary Alexa-488 antibody were used for unconjugated first antibodies. Cells 

were analysed using FACS Calibur as described in 2.2.15.  

UNCONJUGATED ANTIBODY DESCRIPTION 

CD281 (TLR1)  Serotec Cat# MCA2153 

CD286 (TLR6)  Sapphire Cat# ab22046 

CD303 (BDCA2) Pharmaco Cat#130090690 

CD301 (MGL) Imgenex Cat#DDX0010 

IGG3, K ISOTYPE CONTROL (MOUSE)  BD Cat#55576 

antibody conjugate supplier clone Catalogue 

number 

Volume 

used/106 cells 

(μl) 

CD14 FITC Serotec UCHM1 MCA596F 2.5 

CD16 FITC BD  3G8 555406 5 

TLR2 FITC Serotec TLR2.3 MCA2152F 2.5 

CD205 FITC Serotec MG38 MCA2258F 5 

CD206 APC BD  19.2 550889 10 

CD209 PE BD  DCN46 551265 5 

7AAD  BD   559925 5 

 

2.2.21 Measurement of NSP4 binding on pTHP-1 cells 

Suspended pTHP-1 were incubated with NSP4 for 30 min at 4°C. Cells were then 

pelleted by centrifugation and washed extensively in PBS before being incubated with 

a purified monoclonal antibody specific for NSP4 (B4-2/55)[275]. After further 

washes, cells were incubated with fluorescent anti-mouse IgG and bound NSP4 was 

detected by flow cytometry using a FACS Calibur.  Viable cells were gated by their 

cell-specific forward and side scatter and at least 10,000 gated events were measured 

for each sample. NSP4 binding was quantified by measurement of geometric mean 

fluorescent intensity (MFI) of cells incubated with and without NSP4. Statistical 

significance for all assays was determined using a two-tailed unpaired Student’s t-test 

where p < 0.05 was considered statistically significant. 
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2.2.22 Immunocytochemistry 

THP-1 cells (2x106 cells) were seed in coverslips and differentiated using PMA 

(100nM). pTHP-1 cells were treated with NSP4 for 15 minutes, 45 minutes and 120 

minutes, followed by three times of washing using PBS. Cells were then fixed in 4% 

paraformaldehyde (PFA) for 10 minutes and permeabilized with 0.2% Triton-x 100 

for 5 minutes. After 2 hours of blocking using 10% human serum in PBS, cells were 

labelled using  mouse anti-NSP4 antibody (1/1000) and rabbit anti-EEA1 antibody 

(1/1000, Abcam #ab2900) or rabbit anti-LAMP-1 antibody (1/1000, Biolegend 

#121601) for 2 hours. Washed cells was then labelled with appropriate Alexa Fluor 

secondary antibody (Invitrogen) and 1µM of nuclear dye Hoescht 33342 

(Calibiochem). The coverslips were removed from the bottom of each well, and 

mounted onto glass slides using Prolong antifade reagents (life Technologies). The 

coverslips were kept in place applying a layer of clear nail polish to the edges of the 

coverslip. After sequential excitation, signals of green, red and blue channels were 

acquired by Nikon Ti-E microscopy coupled with spinning disk Andor system at 60X 

oil immersion objective (NA 1.32). Hoescht was excited at 387nm, emitted at 447nm. 

Alexa 488 was excited at 472 nm and emitted at 520 nm. Alexa 594 was excited at 

562 nm and emitted at 624 nm. Single stain controls were included. Gain and offset 

were kept the same during analysis.  

To detect nuclear translocation of NF-κB, RAW264.7 cells were seeded onto glass 

coverslips in 24 well-plates. Cells were exposed to NSP4 (1μg/ml) and LPS (0.1μg/ml) 

either on ice (negative control) or at 37°C in an incubator for 60 minutes. After 

washing with PBS, Hoechst 33342 was used to stain nuclei. Cells were then fixed 

with 4% PFA for 30 minutes, followed by permeabilization with acetone-methanol 

(1:1, v/v) at -20°C for 15 mins. Fixed cells were blocked with 1% bovine serum 

albumin in PBS for 30 minutes, then washed four times with PBS and incubated with 

rabbit anti-p65 (1/500, Biolegend #622601) antibody for 60 minutes at room 

temperature in the dark.  After three washing, cells were stained with anti-rabbit 

alexa-555 (1/2000). The coverslips were mounted onto glass slides using Prolong 

antifade reagents. Images were acquired by Nikon Ti-E microscopy coupled with 

spinning disk Andor system at 60X oil immersion objective. Alexa 555 were excited 

at 531nm, and emitted at 593 nm.  Confocal images were processed using ImageJ®. 
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2.2.23 Cytokine assays 

The quantification of cytokines from culture supernatants were conducted using BD 

Cytometric Bead Array (CBA) flex system. The CBA system employs a series of 

beads with discrete fluorescence intensities to simultaneously detect multiple analytes. 

Beads specific for various cytokines are mixed together in each sample during assay 

processes and were detected in the FL2 channel of FACS Aria II. After adding PE-

conjugated detection antibodies which were also specific for each respective bead, a 

sandwich form of complexes was generated (bead/analyte/PE-conjugated antibody). 

By comparing mean fluorescence intensity (MFI) of samples with recombinant 

standards, quantities of analytes was obtained using the FCAP Array™ software. 

The assay was performed according to the manufacturer’s instructions with minor 

modifications. Capture beads and detection antibodies were diluted to give a final 

volume of 25µl instead of the suggested 50µl. Also, round-bottom culture plates were 

used to perform the assay incubation to prevent the loss of beads during washing steps. 

Standards were prepared by pooling 10µl of each of the reconstituted analyte 

standards and diluted into a maximum concentration of 5,000pg/ml. Double dilutions 

were then performed to constitute 9 dilutions end with 10pg/ml. Only 25µl of each 

sample and standard dilution was needed to load into U-bottom plates. The capture 

beads are bottled individually and need to pool the bead reagents immediately before 

mixing them together with the PE detection reagents, standards or samples. The 

pooled mixed capture beads were added into each well of sample and standard in 25µl 

aliquots with 0.25µl of each bead per aliquot. The plate was then incubated for one 

hour away from light. Detection antibody was pooled in the same way with beads in a 

dose of 0.25µl of each antibody per sample and buffered into 25µl per aliquot. The 

plate was again incubated for a further two hours in the dark. After incubation, the 

plate was centrifugated at 1,300 rpm and buffers were removed by inversion. The 

plate was further washed twice with appropriate amount of wash buffer and 

centrifuged to pellet sandwiched beads complexes. Samples and standards were re-

suspended in 120µl FACS buffer and transferred into 1.2ml microtubes for FACS 

analysis. Fluorescence data were acquired by FACS Aria II flow cytometer and 

subsequently analysed by FCAP Array v1.0 software.  
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2.2.24 DC phenotyping 

Immature DCs stimulated by NSP4 and other agonists were assessed by FACS 

staining of maturation markers. Fresh isolated PBMC monocytes were supplemented 

with 100ng/ml GM-CSF and 50ng IL-4 at day one and day three. On day 6, the 

acquisition of immature DC phenotype was assessed using CD80-FITC, CD83-PE, 

CD1a-PECy5, CD14-PECy7, CD86-APC, HLA DR-Alexa700 antibodies. After 48 

treatment, DC maturation was measured using CD40-APC-Cy7, CD80-PE-Cy7, 

CD83-PerCP-Cy5, CD86-APC, HLA-DR-v500, and CD1a-PECy5 antibodies. DAPI 

was used for viability staining. Cells were washed twice with FACS buffer before 

analysis and run on a FACS Aria II flow cytometer (Becton Dickinson). Data was 

analysed by Flowjo®.  

 

2.2.25 Immunoblotting for cell signalling 

The effect of NSP4 on the phosphorylation of the kinases IKK, p38 and JNK was 

assessed by immunoblotting. PMA-treated THP-1 cells (pTHP-1) were seeded at 5 

million per well in six-well plates with RF-10 media. In order to reduce endogenous 

kinases activities, the resting PMA treated THP-1 cells were incubated in 1% serum 

plus supplement RPMI without antibiotics overnight before experiment. Cells were 

treated with NSP4 and LPS (positive control) for a range of different times (15 

minutes, 30 minutes and 60 minutes). After removing the media, cells were washed 

with ice-cold PBS buffer and lysed in 150µl lysis buffer containing proteases inhibitor 

cocktail on ice for 5 minutes.  Lysed cells were scraped into microcentrifuge tubes. To 

remove cell nucleus, mitochondrion and other large cellular debris, lysed cell samples 

were centrifuged at 12,000 rpm for 5 minutes and only supernatants were kept for 

analysis. Cell lysates were assessed for protein concentration using Bicinchoninic 

Acid. 
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25 µg cell lysate from each sample were diluted in 5x Laemmli sample buffer and 

denatured at 90°C for 10 minutes. Subsequently SDS-PAGE and western blot were 

performed as described above. Since albumin in the milk is phosphor-protein, 5% 

BSA was used to block membranes. Antibodies targeted for phosphor-IKKα/β (Cell 

signalling #2681), phosphor-p38 (Cell signalling #9211) and phosphor-JNK (Cell 

signalling #9251) were used to incubate overnight in 4°C with membrane after 

blocking. Secondary horseradish-peroxidase conjugated antibodies (1/2000) were 

added after three washes in TBS-T. Membranes were developed as described above.  

To detect the total amount of the specific intracellular kinase, membranes were placed 

in stripping solution and agitated for 30 minutes at 50°C. The blots were then washed 

using fresh buffer for 10 minutes. Stripped blot were preceded for the next round of 

detection of total IKK-β (Cell signalling #2684), total p38 (Cell signalling #9212) and 

anti-α-tubulin (Sigma). 

 

2.2.26 Purification of HSP70 from RV-infected Caco2 cells 

HSP70 purification method was described by Peng P et al. 1997 and Menoret 2004. 

Briefly, Supernatants from RV infected cells were processed as described in NSP4 

purification method. ConA affinity chromatography  flowthrough were loaded in 

ATP- agarose column (1ml, Sigma A9264), and  washed with 10 CV of buffer D 

containing 20mM Tris-acetate, 20mM NaCl, 15mM β-mercaptoethanol, and 3mM 

MgCl2. HSP70 was eluted with 5 CV of buffer D plus 3mM ATP. The purity of 

HSP70 within each elution fraction was assessed using silver staining, and quantified 

by BCA protein assay.   
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2.2.27 Method for detection of IL-8 secretion from transiently transfected 

epithelial cells 

HEK-293 or SW620 cells were plated 3x104 cells/50µl/ per well in 96-well plate with 

supplemented DMEM containing 10%FBS (without antibiotics).  Cells were 

transfected with either a combination of TLR plasmids, or the control plasmid only 

(pcDNA3.1). Master mixes of Lipofectamine/DNA complexes were constituted in 

Opti-MEM at 100ngDNA/0.3µl/50µl/well. After 20 minutes of incubation, plasmids 

mixes were added into each well to transfect HEK293 cells in a volume of 100: l 

(total DNA concentration of 100ng/well). Protein expression was induced for 24 

hours prior to the addition of constructs. 

The constructs were added to the wells at the indicated concentrations to make a final 

volume of 200: l per well.  Following 18 hours of stimulation, the supernatant was 

harvested from each sample and stored at -20C until required. IL-8 secretion was 

determined by CBA as described in Chapter 2.2.23. 

  



 

59 

 

2.2.28 Real-time and semi-quantitative RT-PCR 

A two-step semi-quantitative RT-PCR method was used to measure Toll-like receptor 

(TLR) mRNA in various cells. Total RNA was extracted using NucleoSpin® RNA kit 

(Macherey-Nagel). Cell lysis solution (10μl β-mecaptoethanol in 1ml lysis buffer) 

was added directly to the wells after adherent cells had washed with PBS. Lysates 

were then spun through a filtration column to aid DNA shearing and remove cellular 

debris. Filtrate was retained and 70% ethanol assed to precipitate DNA. RNA filtrates 

were then spun through a second RNA binding column. In-column DNA digestion 

were performed using rDNase provided in the kit. Bound RNA was washed again to 

remove DNase and eluted in elution buffer. RNA was immediately quantitated by 

Nanodrop (Thermo Scientific). Quantitated RNA was reverse-transcribed using 

SuperScript III (Life Technologies) according to the manual. Reactions were set up as 

follows: 

 

Reaction components Volume (1X) 

Random Hexamer (50ng/μl) 1 μl 

10mM dNTP 1 μl 

1μg of total RNA X μl 

H2O (12-x) μl 
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The reaction mix were heated at 65°C for 5 min to remove secondary structures 

before preparing cDNA synthesis reactions. After cooling on ice for 1min, 4μl of 5X 

first-strand buffer, 1μl of 0.1M DTT and 1μl of Superscript III reverse transcriptase 

were added into each reaction mix. Complementary DNA was reverse transcribed 

using following 5 mins incubation at 25°C, and then incubation at 50°C for 60 mins to 

allow cDNA synthesis to occur. The reaction was terminated by incubating 70°C for 

15 mins, consequently inactivating the reverse transcriptase. cDNA were diluted 1/10 

for PCR. Gene-specific PCR amplifications were set up as follows: 

 

Components Volume (1x) 

10x PCR Buffer 5 μl 

10mM dNTP 1 μl 

50mM MgCl2 1.5 μl 

Forward Primer  (10uM) 1 μl 

Reverse Primer (10uM) 1 μl 

Plantinum Taq polymerase 0.2 μl 

Water 35.3 μl 

cDNA  5 μl 

 

 

Primer Name Forward Reverse 

TLR1 ATTGGGTCTGGAACATTTCTCTTC GTGAGATTTAAACATTCCTCTTC

GC 

TLR2 AGTTGTGGGTTGAAGCACTGGAC CCAGACCTGGAGGTTCACACA

C 

TLR6 CCAAGTGAACATATCAGTTAATACTT

TAGGGTGC 

CTCAGAAAACACGGTGTACAA

AGCTG 

TLR3 ATTGGGTCTGGGAACATTTCTCTTC GTGAGATTTAAACATTCCTCTTC

GC 

TLR4 AAATCCCCGACAACCTCCCCTT TCCAGAAAAAGGCTCCCAGGG

CTA 

Bactin CGGCATCGTCACCAACTG ACAGCCTGGATAGCAACG 
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PCR conditions: 94 °C for 5 min, 35 cycles of  (55°C for 30 sec, 72°C for 45 sec), 

72°C for 7 min. The PCR products were loaded onto ethidium bromide-stained 1% 

agarose gels. A 100 bp DNA ladder molecular weight marker was run on every gel to 

confirm expected molecular weight of the amplification product. 

To measure the induction of type I interferon in pTHP-1, U937 and RAW264.7, cells 

were seeded on 24-well plates and stimulated by various agonists. Total RNA were 

extracted using NucleoSpin® RNA II and reverse-transcribed (1ug) into cDNA using 

SuperScript™ III Reverse Transcriptase and random primers. An ABI7500HT Real-

Time PCR system (Applied Biosystems) with SYBR green-based quantification was 

used for quantitative PCR.  

Reaction components Volume (1X) 

SYBR green 5μl 

Forward primer 0.3μl 

Reverse primer 0.3μl 

H2O 2.4μl 

Template 2μl 
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Conditions: enzyme activation 95°C for 5min; 40 cycles of denaturation (95°C for 15 

sec) and annealing/extension (60°C for 60 sec). All the measurements were performed 

in triplicates for each sample. The threshold cycle (CT) for each gene of interest and 

for the housekeeping gene, and the difference between their CT values (ΔCT) were 

determined. The relative expression values (2−ΔΔCT) between samples for the selected 

genes were determined by using the untreated sample as the reference with its 

ΔCT value subtracted from the ΔCT value of the treated sample (i.e. ΔΔCT). Relative 

expression difference values shown in figures are average of at least two independent 

experimental results. The following primers were used:  

Mouse 

IFN-β sense (5’-CATCAACTATAAGCAGCTCCA-3’),  

IFN-β antisense (5’-TTCAAGTGGAGAGCAGTTGAG-3’), 

RPS9 sense (5’-CTGGACGAGGGCAAGATGAAGC-3’), 

RPS9 antisense (5’ -TGACGTTGGCGGATGAGCACA-3’). 

Human 

IFN-β sense (5’-GATTCATCTAGCACTGGCTGG-3’),  

IFN-β antisense (5’-CTTCAGGTAATGCAGAATCC-3’), 

IFN-α1 sense (5’-GCCTCGCCCTTTGCTTTACT-3’),  

IFN-α1 antisense (5’- CTGTGGGTCTCAGGGAGATCA-3’), 

GAPDH sense (5’-GGGAAGGTGAAGGTCGGAGTC-3’),  

GAPDH antisense (5’-CAGCCTTGACGGTGCCATG-3’), 
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2.2.29 LC-MS of trypsin-digested NSP4 

NSP4 separated from electrophoresis was cut from an SDS-Tris-Glycine gel and 

placed into a 1ml microcentrifuge tube that has been prewashed twice with 50% 

acetonitrile (ACN)/0.1% trifluoroacetic acid (TFA). Gel slice was dried in a speed 

Vac® for 10-15 minutes at room temperature. Trypsin Gold at 1μg/ul in 50mM acetic 

acid were diluted in digestion buffer (40mM NH4HCO3/10% ACN) to 20μg/ml. 

Preincubate the gel slice in a minimal volume (10-20μl) of the trypsin solution at 

room temperature for 1 hour, and top up enough digestion buffer to cover the gel slice 

followed by overnight incubation at 37°C. Extract the gel slice was digested with 50μl 

of 50% acetonitrile (ACN)/5% (TFA) for 60 minutes and dried in a speed Vac®. 

Purify and concentrate the extracted peptides using ZipTip® pipette Tips. 

Alternatively, NSP4 in solution digestion was performed for mass analysis. NSP4 was 

dissolved in 6M guadidine HCl, 50mM Tris-HCl (pH 8), 2mM DTT, and heated at 

95°C for 15-20 minutes. Dilution was performed using 50mM Tris-HCl, 1mM CaCl2 

until the guadidine HCl is less than 1 M. Trypsin Gold were added to a final protease : 

protein ratio of 1:20 (w/w) and incubated at 37°C for 1 hour. The reaction was 

terminated by freezing at -20°C.  

Trypsin-digested NSP4 was reduced by addition of dithiothreitol to 10mM final 

concentration with incubation at 56°C for 10 minutes, followed by alkylation of 

cysteine residues by addition of iodoacetamide to 50mM final concentration with 

incubation in the dark for 30 minutes. 

A 1ul aliquot of the sample was diluted 20-fold in 0.1% formic acid and a 10ul 

injection made onto the liquid chromatography-mass spectrometry (LC-MS/MS) 

system. Peptides were captured on a 0.3 x 5 mm PepMap C18 cartridge (LC Packings, 

Amsterdam, Netherlands) followed by separation on a Zorbax 300SB-C18 0.3 x 100 

mm column (Agilent, Santa Clara, CA, USA) using the following gradient at 6ul/min: 

0-3min 10% B, 33min 35%B, 36min 95%B, 39min 95%B, 40.5min 10%B, 45min 

10%B, where buffer A was 0.1% formic acid in water and buffer B was 0.1% formic 

acid in acetonitrile.  The column effluent was directed into the Ionspray source of a 

QSTAR XL hybrid mass spectrometer (Applied Biosystems, Foster City, CA, USA) 

scanning from 330-1600 m/z.  The top three most abundant, multiply-charged 

peptides were selected for MS/MS analysis (100-1600m/z).  The resulting data were 
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searched against the “Other viruses” subset of the NCBI  protein sequence database 

(1,140,709 entries as of 20th Oct 2013) using the Mascot search engine (Matrix 

Science, London, UK) with the following search parameters: Enzyme, semi-trypsin; 

Fixed modifications, Carbamidomethyl C): Variable modifications, Deamidation 

(NQ), Oxidation (M), Gln->pyro-Glu (N-term Q, E);  Mass tolerance, 0.1Da (MS and 

MS/MS); Maximum missed cleavages, 3; Instrument, ESI-QUAD-TOF. 

2.2.30 Statistical analysis 

Results were expressed as the mean ± standard error of the mean (S.E.M.). The 

statistical significance of difference between the test groups was analysed by student’s 

t-test (two-tailed). Statistical significance was assumed at p≤ 0.05.   
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Chapter 3 

Activation of innate immunity by 

NSP4 
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3.1 Introduction 

Recombinant NSP4 binds to cells of intestinal origin and stimulates intracellular 

signalling pathways that can lead to increased secretion of chloride ions [147, 185]. 

These studies established the potential contribution of NSP4 to the pathophysiology 

of rotavirus diarrhoea. Research from our laboratory showed that a glycosylated full-

length form of NSP4 is secreted from RV-infected polarised intestinal epithelial cells 

[123]. This form of secreted NSP4 also bound to a wide range of cells in addition to 

cells of intestinal origin, including those of hepatocyte, fibroblastic and 

haematopoietic origins [149]. This study also revealed that proteoglycan receptors on 

the membrane of mammalian cells play a role in NSP4 attachment and established the 

potential for NSP4 to interact with cells beyond the intestinal tract including immune 

cells.  

NSP4 can function as an immunogen to elicit immune responses. In 1999, Johansen et 

al. conducted human studies on the induction of humoral and cell-mediated immune 

responses by NSP4 [270]. Children naturally infected or vaccinated by rotavirus have 

weaker humoral IgG response to recombinant NSP4 compared to adults [270]. 

Moreover, in adults, recombinant NSP4 induces the proliferation of T cells and the 

production of IL-2 and IFN-γ [198]. Mice fed with chimeric protein such as NSP4 

(C90)-shiga toxin B subunit [268] and NSP4 (C90)-ricin toxin B subunit [269] 

generated higher humoral and intestinal antibody titres than those inoculated with 

NSP4 (C90) alone. Also, those fusion proteins normally stimulate a strong Th1 

lymphocyte response [269]. In a more recent study, NSP4 significantly enhanced 

systemic and mucosal immune responses to model immunogens such as keyhole 

limpet hemocyanin (KLH), tetanus toxoid (TT) or ovalbumin (OVA), and the 

adjuvant activity was determined to be located at the C-terminus of the protein [271]. 

Thus, NSP4 appears to stimulate immune responses, especially through the activation 

of cytotoxic T cells. However, the activation of T cell responses generally requires 

involvement of the innate immune system, suggesting the involvement of 

macrophages and DCs in NSP4 immunopathology. 
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Recombinant NSP4 stimulates murine peritoneal macrophages and the murine 

macrophage-derived cell line RAW264.7 to initiate the transcription of inducible 

nitric oxide synthase (iNOS) and the production of nitric oxide [267]. Nitric oxide 

(NO) is a potent inflammatory mediator and is associated with gastroenteritis caused 

by a number of enteric pathogens [182, 276]. NSP4 was thus shown to possess a 

direct proinflammatory effect on macrophages and these studies offered further 

insight into the potential mechanisms by which NSP4 might contribute to diarrhoea in 

rotavirus-infected animals. Notably, this study was carried out using various truncated 

NSP4 species expressed in and purified from E.coli. These recombinant forms of 

NSP4 lacks the post-translational modifications identified in the form of NSP4 

secreted from mammalian cells and may potentially be contaminated by bacterial 

lipopolysaccharide (LPS). 

Further indication of an immunomodulatory effect of secreted NSP4 has come from 

research carried out in our laboratory that has compared the immune response in mice 

vaccinated with full-length NSP4 secreted from RV-infected Caco-2 cells with a 

bacterial-expressed truncated NSP4 (residues 86-175) (Daniel Verdon, MSC thesis, 

2008, unpublished). This study showed that NSP4 secreted from mammalian cells 

induced a markedly more potent induction of T cells, IgG and especially IgA antibody 

in mice, compared with mice immunized with NSP4 purified from E.coli. Therefore, 

it is speculated that the ‘native’ form of secreted NSP4 might possess immune-

stimulating activity, possibly dependent on post-translational modification(s) that was 

lacking in the shorter recombinant protein. These unpublished observations, together 

with data published by Borghan et al. (2007) and Kavanagh et al. (2010) suggested 

that NSP4 could interact with pathogen recognition receptors (PPRs) to activate 

innate immune signalling pathways. 
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3.2 Results 

3.1.1 Production of secreted NSP4 from rotavirus-infected Caco-2 cells  

NSP4 has been purified previously as a recombinant protein using bacterial and insect 

cell expression systems [277, 278]. Bacterial-expressed NSP4 may be contaminated 

with LPS, and thus interfere with studies into the immunogenicity of the protein. 

Alternatively, NSP4 was expressed in insect cells infected with the recombinant 

baculovirus containing the full length rotavirus gene 10 cDNA. The protein was 

purified after detergent solubilisation of cells and by liquid chromatography [279]. It 

is conceivable that NSP4 produced both in bacteria and insect cells may lack the 

correct post-translational modifications typical of those that occur in mammalian cells 

which may affect the functions of the protein. Therefore, for the experiments in this 

thesis, NSP4 was purified from the medium of rotavirus–infected Caco-2 cells. The 

Caco-2 cell line is a continuous cell of human epithelial colorectal adenocarcinoma 

original, which differentiates spontaneously after plating on plastic or on semi-

permeable membranes and acquires a phenotype and functionality similar to that of 

enterocytes lining the small intestine [280].  

Before virus inoculation, the cells were cultured for 14 days after initial reaching 

confluence in 150mm2 plates, facilitating their differentiation. Caco-2 cells were 

deprived of serum for 6 hours prior to infection. Bovine rotavirus (UK strain) was 

briefly sonicated and activated by treatment with trypsin. The cells were then infected 

at a multiplicity of infection (MOI) of 10. The inoculum was removed after 1 hour 

and replaced with serum-free DMEM. After 36 hours incubation, culture media was 

collected and centrifuged at 3,000 rpm for 10 minutes to remove large cell debris. To 

remove virus particles and membrane vesicles, the media was then subjected to 

ultracentrifugation at 27,000 rpm for 90 minutes at 4°C in a Sorvall Evolution (SE) 

ultracentrifuge (Beckman SW-40 rotor). The resulting supernatant was collected and 

concentrated (concentrated medium) through a 10,000 MWCO (Amicon-Flow cell) 

membrane at 40 psi to approximately 10ml using an Amicon ultrafiltration cell [123]. 
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NSP4 contains two asparagine residues (Asn8 and Asn18) that are N-glycosylated 

with high mannose carbohydrates [125]. These glycan residues are recognised with 

high affinity by the lectin Concanavalin A (ConA) which can be immobilised on 

beads to facilitate affinity purification of mannosylated glycoproteins. ConA-

Sepharose beads were packed in a poly-prep column and equilibrated with 10 column 

volumes (CV) of wash buffer. The concentrated medium (C.M.) of RV-infected cells 

was applied and allowed to flow through the column under gravity. The column was 

washed with 10 CV of wash buffer and bound NSP4 was eluted with 5 ml elution 

buffer containing 1M α-methylmannoside. The eluate were concentrated and 

equilibrated with ion exchange chromatography buffer A in a centrifugal concentrator 

with a 5kDa MWCO (GE Life Sciences). The NSP4 was further purified by cation 

exchange chromatography using a Mono S 5/5 column. The column was washed with 

buffer A containing 20 mM NaCl and the bound NSP4 eluted in 100% Buffer B 

(Buffer A +1 M NaCl) as a sharp peak. Purified NSP4 fraction was assessed by silver 

staining and western blot after SDS-PAGE (Figure 3.1). The high purity of NSP4 is 

also reflected in a sensitive reverse phase high performance liquid chromatography 

(RP-HPLC), which showed NSP4 was eluted as a peak at 15% of acetonitrile (Figure 

3.2).  
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Figure 3.1: Purification of NSP4 from culture medium of rotavirus infected Caco-2 cells.  
Purification of NSP4 was monitored by Western blotting (A) using monoclonal antibody against NSP4 

(1: low speed centrifugation, 2: ultracentrifugation, 3: concentrated medium, 4: ConA flowthrough, 5: 

ConA input, 6-7: ConA wash, 8: ConA Elution, 9: NSP4 after ion exchange chromatography). A 

typical cation exchange chromatograph of NSP4 purification (C), and the assessment data of NSP4 

purity by silver staining (B). The elution program was set to start with a gradient of buffer B (1M NaCl) 

from 0% to 30%, followed by 100% elution buffer (red line). Elution was monitored by UV A280 nm 

(blue line). 

 

 

 

 

Figure 3.2: Reverse phase HPLC chromatogram of NSP4.  
Purified NSP4 (50μg) was separated in Gemini® NX-C18 HPLC column using a linear gradient (0%-

100%) of acetonitrile (red line) at a flow rate of 1ml/min. The X axis represents the retention time in 

minutes and Y axis indicates the absorbance of eluted material at 214 nm.  
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3.2.2 PMA-treated THP-1 cells as a model of primary human 

macrophages 

THP-1 cells, a human monocytic cell line, were selected for the analysis of 

immunomodulatory activity of NSP4. Phorbol-12-myristate-13-acetate (PMA) has 

been used to differentiate human monocytic cell lines such as U937 and THP-1 cells 

into macrophage-like cells [281]. However, it is unclear how similar PMA-treated 

THP-1 (pTHP-1) cells are to primary macrophages due to the remarkable plasticity of 

macrophage phenotype. A new protocol (described in Chapter 2.2.7) has recently 

been described by Daigneault et al. (2010) that stimulates THP-1 cells for three days 

with 100nM PMA, followed by five days resting in the absence of PMA. After PMA 

treatment, the THP-1 cells became adherent similar to monocyte-derived 

macrophages (MDM). In contrast, non-PMA-treated THP-1 cells have a morphology 

typical of non-adherent monocytes. PMA treated THP-1 cells have been reported to 

acquire a number of macrophage characteristics including an increase in the number 

of cytoplasmic organelles (i.e lysosomes), promoted phagocytic ability, and an 

increased responsiveness to TLR2 and TLR4 ligands [282]. The expression of surface 

receptors including Toll-like receptors and C-type lectin-like receptors was evaluated 

in PMA-treated THP-1 cells using flow cytometry (Figure 3.3).  

pTHP-1 cells exhibited a strong expression of CD14, which is a widely used marker 

in immunohistochemistry for monocyte and macrophages. Interestingly, 44% of 

pTHP-1 cells are also positive on CD16, a characteristic receptor expressed by a 

subset of human blood monocytes called inflammatory monocytes [283]. pTHP-1 

cells are highly responsive to TLR2 ligands due to their expression of TLR2 and its 

co-receptor TLR1 and TLR6.  

Flow cytometry also revealed that pTHP-1 cells express CD205, CD209, CD301 and 

CD303, but not CD206. Taken together, these experiments show that pTHP-1 cells 

exhibit a phenotype typical of classically activated macrophages that can respond to a 

wide range of microbial stimuli to promote inflammation.  

 

  



 

72 

 

 

Figure 3.3: Phenotypic analysis of PMA-treated THP-1 cells.  
PMA-treated THP-1 cells were suspended using Stempro® Accutase® Cell dissociation reagent 

and were washed twice in chilled FACS wash buffer and labelled anti-CD14, anti-CD16, anti-

TLR1, anti-TLR2, anti-TLR6, anti-CD205, anti-CD206, anti-CD209, anti-CD301 and anti-CD303 

for 30 minutes. Secondary Alexa-488 antibody were used for unconjugated first antibodies. 

Samples were run on flow cytometer to acquire all available events. The acquired data from FACS 

Calibur flow cytometer were analysed by CellQuest® Pro software. Open histograms correspond 

to the isotype controls, whereas the grey histograms display the specific binding of FITC-coupled 

antibodies or PE-coupled antibodies. Numbers (M2) indicate the percentage of cells expressing 

receptors.   
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3.2.3 NSP4 binding to pTHP-1 cells is facilitated by glycosaminoglycan. 

NSP4 binds to the surface of various cell lines of distinct lineage through interactions 

with sulphated glycosaminoglycans (GAGs), most likely heparan sulphate present on 

the plasma membrane [149]. A flow cytometry-based binding assay using monoclonal 

anti-NSP4 antibodies was conducted to show that NSP4 binds to the surface of 

macrophage-like pTHP-1 cells in a dose-dependent manner, and that binding was 

saturable at concentrations above 10µg/ml (Figure 3.4 A).  

Importantly, the binding is inhibited by treatment of Heparinase III which selectively 

cleaves heparan sulfate from cell surface (Figure 3.4 B). In this assay, suspensions of 

pTHP-1 cells were treated with varying amounts of Heparinase III (H3). Enzyme-

treated cells were washed with buffer before incubation with 10µg/ml NSP4 on ice. 

Binding was analysed by flow cytometry after the labelling of NSP4 with monoclonal 

anti-NSP4 antibody. Statistically significant inhibition of NSP4 binding to pTHP-1 

cells is observed upon H3-treatment at 0.5U/ml (**p<0.05) and 1U/ml (*p<0.01).  
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Figure 3.4: Cleavage of Heparan sulfate inhibits NSP4 binding to pTHP-1 cells.  

(A) Binding of NSP4 was expressed in mean fluorescent intensity (MFI) measured by flow cytometry. 

Mouse IgG isotype antibody was used as control.  The dose of NSP4 is indicated in the graph in μg/ml. 

(B) Pretreatment of pTHP-1 cells with Heparinase III inhibits the binding of NSP4 (*p<0.01, 

**p<0.05). The result is representative of three independent experiments. Data are expressed as mean ± 

SEM of duplicates. Statistical significance was analysed by student t test. Method is described in 

Chapter 2.2.21.  

A 

B 
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3.2.4 NSP4 is internalised by pTHP-1 cells after attachment. 

Since macrophages are phagocytic cells, NSP4 may be phagocytosed following 

attachment to the plasma membrane. Preliminary data confirmed that PMA treatment 

increased the proportion of phagocytic THP-1 cells to a level close to that of primary 

macrophages.  

To examine whether NSP4 is taken up by pTHP-1 cells, cells were incubated with 

NSP4 for either various periods between 15 minutes and 120 minutes at 37°C and 

then fixed in 4% paraformaldehyde (PFA). The distribution of NSP4 was compared to 

that of early endosomal antigen (EEA-1) and lysosomal-associated membrane protein 

1 (LAMP-1) by confocal microscopy. 

NSP4 was observed primarily at the cell surface after 15 minutes (Figure 3.5A). Later, 

after 45 minutes, the distribution of NSP4 appears more punctate and significant co-

localisation with EEA-1 was observed (Figure 3.5B). After 120 minutes, 

colocalisation of NSP4 with LAMP-1 was increased (Figure 3.6). As shown in the 

LAMP-1 staining, lysosomes appeared to change their distribution from a diffuse 

pattern at 15 minutes into larger clusters at 120 minutes, which may indicate 

phagosome fusion events. It was notable that NSP4 persists in endosomes even after 

120 minutes.  
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Figure 3.5: NSP4 is internalized into endosomes within pTHP-1 cells.  
THP-1 cells were seeded on glass coverslips in 24-well plates and differentiated into macrophages 

using PMA (refer to chapter 2.2.22). pTHP-1 cells were treated with NSP4, then fixed and 

permeablised at 15mins (A), 45 mins (B), or 120 mins (C). The localization of NSP4 and EEA-1 was 

determined by immunofluorescent staining (green and red, respectively). Cell nuclei were stained with 

Hoescht 33342 (blue). Colocalisation of NSP4 and EEA-1 is observed as yellow puncta within cells. 

Images were collected at 60X magnification and merged using ImageJ®. Scale bar = 10μm. 
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Figure 3.6: Trafficking of NSP4 into lysosomes within pTHP-1 cells.  
THP-1 cells were seeded on glass coverslips in 24-well plates and differentiated into macrophages 

phenotype using PMA. pTHP-1 cells were treated with NSP4, then fixed and permeablised at 15mins 

(A), 45 mins (B), or 120 mins (C). The localization of NSP4 and LAMP-1 was determined by 

immunofluorescent staining (green and red, respectively). Cell nuclei were stained with Hoescht 33342 

(blue). NSP4 presence within lysosome is observed at 120 mins (C) as yellow clusters.  Images were 

collected at 60X magnification and merged using ImageJ®. Scale bar=10μm.  
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3.2.5 Production of nitric oxide by NSP4 in murine macrophages 

A functional assay of macrophage activation by immunostimulatory ligands is the 

measurement of nitrite in the cell culture medium. Nitrite is stable metabolic product 

of nitric oxide (NO) produced in the cells by the activity of inducible nitric oxide 

synthase whose expression is upregulated in activated immune cells. Nitrite 

concentrations can be readily measured using the spectrophotometric Griess assay. 

Two cell lines derived from macrophages/monocytes THP-1 (human) and RAW264.7 

(mouse) were tested for the secretion of NO upon NSP4 stimulation.  

RAW264.7 cells were incubated with tenfold serial dilutions of NSP4 from 0.01µg/ml 

to 10µg/ml for 24 hours. The production of nitrite was detected in NSP4-treated cells 

in a dose-dependent manner (Figure 3.7). In contrast, media purified from mock-

infected Caco-2 cells did not increase levels of nitrite above background (<2µM). 

Interestingly, no nitrite could be detected in cells incubated with rotavirus TLPs even 

though murine macrophages are permissive to RV infection [284]. However, 

permissive infection did not cause RAW264.7 to produce NO. This observation 

suggests that any residual TLP contamination of purified NSP4, should it exist, would 

be unlikely to contribute to the production of nitrite from RAW264.7 cells. As a 

positive control, RAW264.7 were treated with the TLR agonists LPS and Pam3CSK4 

both of which induced NO secretion. The results indicate that NSP4 can elicit NO by 

macrophages, suggesting activation of proinflammatory signalling pathways possibly 

via interaction with microbial pattern recognition receptors.  
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Figure 3.7: Effects of NSP4 on nitrite production in RAW264.7 cells.  
RAW264.7 cells were seeded at 5x105 per well in 96 well-plate one night before experiments. NSP4 

was added to cell media at final concentration of 0.1 µg/ml, 1 µg/ml, 10 µg/ml. LPS and Pam3CSK4 

were at a final concentration of 0.1μg/ml. TLPs were added in an amount equivalent to MOI 0.1, 1 and 

10 in MA104 cells. The media of mock-infected Caco-2 cells were added in this assay as a control. 

Medium were collected after 24 hours of incubation. The amount of nitrite released was measured by 

the method of Griess (Chapter 2.2.13). The result is representative, as one of three independent 

experiments and data are expressed as means ± SEM in triplicate.  

 



 

80 

 

3.2.6 NSP4 induces the secretion of inflammatory cytokines from 

macrophage-like THP-1 cells. 

The induction of NO by NSP4 was not observed in human macrophage-like THP-1 

cells, possibly due to a tighter control mechanism for NO transcription in humans. 

Human and murine macrophages employ distinct regulatory mechanisms in the 

induction of  inducible nitric oxide synthase (iNOS), suggested by the presence of a 

large and complex promoter  region upstream of the human iNOS gene [285]. 

Therefore, other markers of macrophage activation were assayed to evaluate the 

potential immunostimulatory activity of NSP4.  

NSP4 induced a dose-dependent increase in the secretion of TNF-α and IL-6 from 

pTHP-1 cells (Figure 3.8). As little as 0.1 µg/ml NSP4 produced an elevation of TNF-

α above background levels, whereas a 10-fold greater concentration was required to 

elicit comparable quantities of IL-6. To confirm that cytokine secretion was not due to 

contamination of the NSP4 with rotavirus, TLPs were added as a control. These failed 

to elicit secretion of significant quantities of either cytokine. The observation that 

NSP4 secreted from rotavirus-infected cells triggered the secretion of inflammatory 

cytokines and NO from macrophage-like cells in the absence of virions or viral 

nucleic acid, suggests that NSP4 might be a trigger of innate immunity in rotavirus-

infected animals.   

Apart from inducing proinflammatory cytokines, chemotactic cytokines known as 

chemokines including macrophages inflammatory proteins (MIP) and chemokine 

ligand 5, also known as RANTES, are elicited by NSP4. Notably, MIP-1α has a 

distinct dynamic pattern of secretion which peaks at 5 hours after NSP4 and LPS 

stimulation, whereas the amount of RANTES continued to rise over a period of 48 

hours (Figure 3.9).  
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Figure 3.8: NSP4 induces the secretion of proinflammatory cytokines from pTHP-1 

cells.  
PMA-treated THP-1 cells (2 x 105 cells/well) were incubated with increasing concentrations of 

purified NSP4 (0.1, 1.0 and 10 μg/ml) or TLPs. TLP were added in an amount equivalent to MOI 

0.1, 1 and 10 in MA104 cells. The amount of cytokine secreted was compared to untreated THP-1 

cells (UT), THP-1 cells incubated with a medium from uninfected Caco-2 cells (M) or cells treated 

with control agonists, LPS (0.1μg/ml) and Pam3CSK4 (1µg/ml) for 24 hours (A and B). Cytokines 

are measured using CBA described in Chapter 2.2.23. The result is representative one of three 

independent experiments and data are expressed as means ± SEM in duplicate. 
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Figure 3.9: Time course of chemokine secretion from pTHP-1 cells.  
PMA-treated THP-1 cells (2 x 105 cells/well) were incubated with purified NSP4 (10 μg/ml) and LPS 

(1μg/ml). Culture medium were collected at 2, 5, 10, 24 and 48 hr time points. MIP-1α and RANTES 

were measure by CBA as described in Chapter 2.2.23. Data are expressed as means ± SEM in duplicate. 
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3.2.7 Depletion of NSP4 from RV-infected media abolishes cytokine 

production from pTHP-1. 

To confirm that the secretion of TNF-α from pTHP-1 cells was due specifically to 

NSP4 and not other viral or cellular components that could potentially be present in 

the sample, the ability of concentrated medium from virus-infected cells to elicit 

cytokine production before and after depletion of NSP4 was examined. Medium from 

RV-infected cells was ultra-centrifuged and concentrated 10-fold by ultrafiltration 

(C.M.). NSP4 was removed from this fraction by immune-affinity chromatography 

using immobilized anti-NSP4 monoclonal antibody (NSP4-depleted C.M.). Removal 

of NSP4 was confirmed by western blotting (Figure 3.10, inset) and silver staining 

(Figure 3.10 B).  

Concentrated medium (C.M.) was found to elicit the production of TNF-α from 

pTHP-1 cells. In contrast, medium depleted of NSP4 induced a significantly reduced 

secretion of TNF-α even when a 3-fold excess of protein in the NSP4-depleted sample 

was used (Figure 3.10 A). Purified NSP4 (1μg/ml) was used as a positive control. 
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Figure 3.10: Depletion of NSP4 from RV-infected cells media abolishes cytokine 

production from pTHP-1 cells.  
Secretion of TNF-α from pTHP-1 cells (A) in response to 10x-concentrated medium (C.M.) from RV-

infected cells after ultracentrifugation to remove virus particles and the same medium following 

immunodepletion of NSP4 (method described in Chapter 2.2.6). Silver staining (B) and Western blot 

analysis (inset) confirms removal of NSP4 from C.M. Purified NSP4 (1µg/ml) was used as a positive 

control. Data are the means ± SEM of duplicate samples.  
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3.2.8 Effects of NSP4 on TNFα and IL-6 secretion in PBMC-derived 

macrophages 

In parallel with the above studies using pTHP-1 cells, the immunogenic properties of 

NSP4 were examined in primary human macrophages. Peripheral blood mononuclear 

cells (PBMC) were isolated from human donors and monocytes were obtained using a 

CD14 isolation kit (Method 2.2.9). Culture of monocytes for seven days in the 

presence of GM-CSF permitted their differentiation into macrophages [286]. Various 

doses of NSP4 were then added to the cultured macrophages for 24 hours and the 

concentration of TNF-α and IL-6 were determined (Figure 3.11). Unstimulated human 

macrophages, after 24 hours of incubation in culture medium, produced a negligible 

amount of TNF-α, and no detectable IL-6. The stimulation of PBMC-derived 

macrophages with LPS resulted in a significant secretion of TNF-α and IL-6 that was 

observed in cells derived from different donors. Titrations of NSP4 were used to 

stimulate primary macrophages to determine the dynamic range of macrophage 

cytokine secretion upon NSP4 challenge. A low amount of TNF-α was detectable 

above background using as little as 0.1µg/ml of NSP4. Significant amounts of TNF-α 

and IL-6 were detected after the macrophages were treated with 1µg/ml and 10μg/ml 

of NSP4.  
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Figure 3.11: NSP4 induces the secretion of proinflammatory cytokines from primary 

human monocyte-derived macrophages.  
Cells (105 per well) were stimulated with NSP4, LPS, or Pam3CSK4 for 24 hrs (doses indicated in the 

graph). Supernatants were collected and measured for their TNF-α and IL-6 content by CBA. Data 

represents the mean of duplicate samples ± SEM. Results from two donors are presented. The result is 

representative one of three independent experiments and data are expressed as means ± SEM in 

duplicate. 
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3.2.9 NSP4 induces the maturation of monocyte-derived DCs. 

The activation of the adaptive immune system requires the assistance from specialised 

antigen presenting cells called dendritic cells (DCs). These cells are responsible for 

the capture, processing and presenting of antigens in the peripheral tissue of the body 

[287]. During inflammation, monocyte-derived DCs (moDCs or hereafter referred to 

as DCs) “mature” in the inflamed tissue from extravagated blood monocytes upon 

encountering microbial and viral antigens. The matured DCs increase the expression 

of surface markers for antigen presentation, and secrete potent inflammatory 

cytokines such as TNF-α, IL-6 and IL-12/IL-23 [288].  

To investigate whether NSP4 acts as a maturation signal to moDCs, an in vitro cell 

culture model was employed to acquire immature moDC from CD14+ monocytes 

precursors treated with GM-CSF and IL-4 (Method described in Chapter 2.2.10). DC 

phenotype was accessed by flow cytometry using antibodies specific to recognised 

co-stimulatory molecules whose expression is indicative of DC maturation.  

Incubation of immature DCs with NSP4 promoted the surface expression of CD83, 

CD40, CD80, CD86 and HLA-DR (Figure 3.12). Several TLR agonists including 

poly I: C (TLR3), Pam3CSK4 (TLR2) and LPS (TLR4) were used as positive controls, 

and these exerted a similar effect on the DCs. Notably the maturation of DCs was also 

triggered by RV-TLP which has been reported by other groups [234, 289]. 

In addition to the upregulation of cell-surface markers, maturation of DCs by 

microbial PAMPs is associated with the secretion of cytokines and chemokines. A 

profile of secreted cytokines from DCs exposed to NSP4 revealed that the cells 

secreted TNF-α, IL-6, IL-10 and IL-23 (Figure 3.13). Overall, the milieu of cytokines 

produced by NSP4-stimulated DCs could influence T cell maturation and 

differentiation. 
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Figure 3.12: NSP4 induces the maturation of moDC.  
(A) Flow cytometry analysis of immature DCs treated with a mock-infected medium, NSP4 (10µg/ml), 

RV TLP (added in an amount equivalent to MOI 10 in MA104 cells.), poly I:C (10ug/ml), Pam3CSK4 

(10µg/ml), and LPS (1µg/ml) for the surface expression of CD80, CD83, CD86, CD40 and HLA-DR.  

Histograms indicates the shift of fluorescence peaks of mock (grey), NSP4 (red), Pam3CSK4 (blue), 

LPS (yellow), TLP (purple), Poly I:C (green) against untreated cells (broken line). Gating of cell 

populations was based on FSC/SSC followed by the exclusion of dead cells stained by DAPI. Method 

described in 2.2.24. (B) A summary of DC maturation data expressed as mean fluorescence intensities 

(MFI) of cells. Data represents the mean of duplicate samples ± SEM. The figure shows data from a 

single experiment that is representative of at least three independent experiments using cells from 

different donors. * indicates statistical significance (P<0.05) over mock analyzed by one way ANOVA 

multicomparisons.  
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Figure 3.13: DCs incubated with NSP4 and immunostimulatory molecules secrete 

multiple cytokines.  
The phenotype of immature DCs were first assessed at Day 5 and stimulated with NSP4 

(10µg/ml), poly I:C (10ug/ml), Pam2CSK4 (10µg/ml), and LPS (10µg/ml) at Day 6 for 24 hrs. 

TNF-α, IL-6, IL-10, IL-12 and IL-23 were measured by CBA. Data represents the mean of 

duplicate samples ± SEM.  
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3.3 Discussion 

Rotavirus infection of differentiated Caco-2 cells leads to the secretion of fully 

glycosylated NSP4 in a complex with phospholipid [123, 149]. Secreted NSP4 binds 

epithelial cells primarily via electrostatic interactions with glycosaminoglycans 

(GAGs) [149]. A flow cytometry-based binding assay was employed further in this 

study to demonstrate a dose-dependent association of NSP4 on macrophage-like 

pTHP-1 cells. pTHP-1 cell has been used as a surrogate for human macrophage due to 

their comparable functional and phenotypical characteristics. The presence of 

common surface-expressed PRRs on pTHP-1 cells was demonstrated in flow 

cytometry. The results shown the expression of CD14, CD16, TLR2, TLR1, TLR6, 

CD205, CD209, CD301, and CD303, but not CD206 on pTHP-1 cells. CD205 

belongs to the family of macrophage mannose receptors (MMR). In humans, CD205 

is primarily expressed on myeloid dendritic cells and monocytes for the binding, 

internalization, processing, and cross-presentation of mannosylated antigens [290]. 

CD206 is a scavenger receptor expressed on alternatively activated tissue 

macrophages whose function in tissue repair and immune regulation [291]. CD206 

has inhibitory effects on proinflammatory cytokines production through the 

upregulation of IRAK-M, a negative regulator of the TLR signalling pathway [292]. 

Thus, CD206 has been considered as a marker of alternatively activated macrophages 

(M2 macrophages) that play a role in the resolution of inflammation by producing 

anti-inflammatory cytokines and engulfing tissue debris [293]. CD209 is also known 

as dendritic cell-specific intracellular adhesion-3-grabbing nonintegrin (DC-SIGN). 

DC-SIGN is highly expressed in dendritic cells to recognise high mannose residues on 

pathogens [294]. For example, CD 209 are known to be used by some virus for initial 

attachments such as dengue virus [295] and human immunodeficiency virus-1 (HIV-1) 

[296]. Furthermore, CD209 has emerged as a key player in the induction of innate 

immune responses against many pathogens on DCs by modulating TLR signalling 

[297]. CD301 also known as MGL binds galatose-related sugars [298]. Surprisingly, 

~50% population of pTHP-1 cells were found to express CD303 (CLEC4C), a marker 

for human plasmacytoid dendritic cells (pDC) [299]. Notably, CD303 plays a 

negative role in the induction of type-I IFN by pDCs [299]. 
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Cleavage of heparan sulfate by heparinise III reduced the binding of NSP4 on 

macrophages. Heparan sulfate (HS) consists of repeating disaccharide units of N-

acetyl glucosamine and glucuronic acid. HS chains are covalently linked to a protein 

core to form heparan sulfate proteoglycan (HSPGs) [300]. Although the exact 

mechanism of HSPG-mediated uptake of cargo has been controversial, the prevailing 

model suggests HSPGs present ligands to specific endocytic receptors [301]. It is thus 

hypothesised that GAGs may play a supporting role in the binding of NSP4 with 

signalling receptors in plasma membrane. A mechanism defined as ‘tether and tickle’ 

has been proposed by Henson et al.  in which ‘tethering receptors’ bind ligands, 

whereas ‘tickling receptors’ ‘tickle’ the cell to initiate targeted internalization [302]. 

One such ‘tickling’ receptor could be a member of the family of integrins which have 

the signalling ability to trigger endocytosis, and have been demonstrated to interact 

with NSP4 [151, 153].  

Phagocytosis is a specific form of endocytosis involving receptor-mediated vesicular 

internalization of cargos into nascent phagosomes [303]. A series of sequential 

membrane fusion with early endosomes, late endosomes and lysosomes is required for 

phagosomal maturation [304]. Toll-like receptors are known to be capable of 

promoting phagocytosis and inducing the maximum production of proinflammatory 

mediators if in cooperation with other receptors [305, 306]. Although internalization 

of ligands is not an absolute requirement for phagocytes to initiate an inflammatory 

response, phagocytosis is still an essential process for antigen presentation, and in 

some cases the production of interferon. Thus, information provided by innate 

immune receptors can couple phagocytosis to differentiate immune responses against 

different forms of stimulus [307]. 

Fluorescent confocal microscopy revealed that NSP4 is phagocytosed by pTHP-1 

cells. Interestingly, it was notable that NSP4 showed strong maximal colocalisation 

with LAMP+ structures after 120 minutes. Activated macrophages are actually a 

heterogeneous group of cells exhibiting a spectrum of phenotypes with the extremes 

referred to as M1 and M2 [308]. The M1 phenotype is the classic inflammatory 

macrophage activated under proinflammatory conditions including TLR stimulation. 

Several reports suggested M1 type cells exhibit a delay in phagosome fusion with 

lysosomes, limited proteolysis in early endosomes and accumulation of lysosomal 

cargo, possibly reflecting a requirement for maximal antigen presentation [309-311]. 
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PMA-treated THP-1 cells display a classical M1 phenotype lacking CD206 (a M2 

marker) expression. This may explain why NSP4 is observed to persist in endosomes 

for long periods.  

The dose-dependent secretion of nitric oxide (NO) from RAW264.7 suggests 

macrophages are responsive to NSP4. NO, a lipid- and water-soluble gas, has 

pleiotropic physiological effects including vasoregulation, platelet aggregation, 

neurotransmission and immune modulation [312]. Although direct evidence of NO 

involvement in diarrhoea is still lacking, NO was shown to be a modulator of 

intestinal water and electrolyte transport [313]. It has been proposed that NSP4 may 

act as a secondary mediator of diarrhoea in response to rotavirus infection [314]. 

Borghan et al. showed that ileal iNOS mRNA expression was upregulated during 

rotavirus induced-diarrhoea in suckling mice, and iNOS elevation paralleled with the 

occurrence of diarrhoea [267].  

Secreted NSP4 is a potent activator of cytokines and chemokines from human 

monocytes/macrophages. Importantly, this effect was unlikely to reflect 

contamination of protein with PAMPs derived from rotavirus or contaminating 

cellular proteins for the following reasons. First, since NSP4 was purified from 

mammalian cells, endotoxin contamination is highly unlikely given the absence of 

obvious bacterial contamination. Second, the Caco-2 cells used to produce NSP4 were 

routinely checked for mycoplasma contamination using an e-myco™ PCR detection 

kit. This excludes the possibility that mycoplasma lipopeptide is responsible for 

immune-reactivity of the samples. Third, purified TLPs were used as a control in 

several experiments to investigate the potential for infectious RV contamination of 

NSP4. Finally, selective removal of NSP4 from the conditioned medium of RV 

infected Caco-2 cells by immuno-affinity chromatography resulted in a dramatic 

reduction in the ability of the sample to elicit TNF-α secretion from pTHP-1 cells. 

Taken together, these experiments provide strong evidence that a form of NSP4 

released from RV-infected Caco-2 cells has immunostimulatory activity distinct from 

the infectious virion.  

The biological effects of those proinflammatory cytokines are pleiotropic. They 

potentiate immune mechanisms to fight against virus infections, but sustained 

inflammation may cause damage to host. TNF-α is involved in many inflammatory 
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diseases, such as rheumatoid arthritis, septic shock, and multiple sclerosis, 

emphasizing its strong proinflammatory ability [315]. IL-6 is another cytokine 

induced in NSP4-treated cells, most prominently from antigen-presenting cells. IL-6 

has been traditionally regarded as an important mediator of acute phase responses 

[316], but a recent study suggests that IL-6 has regulatory functions in the 

coordination of innate immunity and the development of acquired immunity [317]. 

These include mediating antibody production [318], promoting the survival of naïve T 

cells [319] and enhancing the proliferation of  activated CD8+ T cells [320]. Most 

importantly, IL-6 is an essential cytokine produced by the innate immune  system for 

the differentiation of distinct T helper cells subsets [321]. Specifically, the generation 

of Th17 response is positively regulated by IL-6 and TGF-β [322]. 

Apart from the secretion of proinflammatory cytokines, the activated macrophages 

can attract and activate T lymphocytes through the secretion of chemokines including 

MIP-1α/β and RANTES [323]. NSP4 stimulated pTHP-1 cells produce large amounts 

of RANTES and MIP-1α, suggesting a mechanism to strongly promote inflammation 

by recruiting other immune cells such as T cells, eosinophils and basophils. 

A characteristic feature of dendritic cells is their ability to respond to microbial 

pathogen-associated molecular patterns (PAMPs) through a suite of various cell 

surface, endosomal and cytoplasmic receptors. Activation of these pattern recognition 

receptors (PRRs) triggers distinct signalling pathways that culminate in the increased 

expression of secreted cytokines and chemokines and plasma membrane proteins 

involved in the stimulation of T cells during the presentation of antigen by DCs. The 

phenotype of immature DCs i.e. those yet to encounter PAMPs is characterized by 

low surface expression of MHC II and the co-stimulatory molecules CD80, CD86 and 

CD40. The addition of NSP4 to cultures of human monocyte-derived DCs promoted 

the expression of co-stimulatory markers and the activation marker CD83. These 

inducible co-stimulatory receptors play essential roles in T cell-DC interactions that 

polarise T cells into distinct functional subsets. Moreover, NSP4-activated DCs 

secrete large amounts of TNF-α, IL-6, IL-10 and IL-23. Interestingly, peptidoglycan, 

a TLR2 agonist, has been demonstrated to induce potent production of IL-23 in DCs 

[324]. Macrophages and DCs are the major source of IL-23, a hetero-dimeric cytokine 

composed of a p40 subunit that is shared with IL-12 and another p19 subunit [325]. 

IL-12 promotes the proliferation of Th1 CD4+ T cells to produce IFN-γ [326]. Figure 
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3.13 shows that only LPS, a recognised inducer of Th1 phenotypes, stimulated the 

production of IL-12 from DCs. In contrast to IL-12, IL-23 has been reported to induce 

a Th17 type T cell response [327-329]. Several studies have also shown TLR2 

signalling promote Th17 response alone or with help of other factors such as 

extracellular ATP or β2-adrenoceptor agonists [330-333]. The lack of detectable IL-12 

and the presence of IL-23, suggests NSP4 could potentially be a TLR2 agonist.   

IL-10, a cytokine with anti-inflammatory properties, plays an important role in 

immune regulation to prevent over-reactive immune responses [334], and thus was 

initially labelled as a Th2-type cytokine [335]. However a current theory suggests IL-

10 secreted by many cells of the immune system is not necessarily indicative of a Th2 

type response; but rather may acts as a feedback regulator of diverse immune 

responses [336]. An autocrine inhibitory effect of IL-10 on macrophages and DCs 

hinders the development of both Th1 and Th2 type responses but enhances the 

differentiation of IL-10-secreting regulatory T cells [337]. Other in vitro experiments 

also suggest IL-10 can enhance CD8+ T cell activation, NK cell and B cell functions 

which are important for the establishment of an anti-viral state [334]. Importantly, 

TLR2 agonists acting on antigen-presenting cells are described to specialise in IL-10 

induction [338-341]. Significant amounts of IL-10 are also produced by APCs 

stimulated by TLR4 agonist LPS, however this induction of IL-10 was thought to be 

synergised by IFN-γ [324, 342].   

In summary, the emerging picture of the innate immune responses activated by NSP4 

suggests that a TLR is likely involved. Based on the production of IL-10 and IL-23, 

TLR2 appears to be a candidate receptor for the immunostimulatory effects of NSP4-

pulsed on DCs. Therefore, the experiments described in the following chapter were 

designed to use both forward and reverse genetic to confirm the involvement of this 

receptor. 
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Chapter 4 

NSP4 activates intracellular 

signalling via Toll-like receptor 2  
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4.1 Introduction 

Toll-like receptors (TLRs) are evolutionarily-conserved pathogen-associated pattern 

recognition receptors (PRRs) with the ability to distinguish self and non-self 

molecules [343]. All TLRs are type I integral membrane glycoproteins containing 

extracellular leucine-rich-repeat (LRR) motifs for ligand binding, and intracellular 

Toll/IL-1R (TIR) domain for signal transduction [344]. To date, 13 functional TLRs 

have been identified in mice, but only 10 in human [345, 346]. Each TLR has a 

distinct function in terms of the recognition of pathogen-associated molecular patterns 

(PAMP) and the subsequently elicited immune responses. One mechanism by which 

specificity is exerted is through the compartmentalisation of different TLRs and the 

consequent regulation of ligand access and downstream signal transduction [347]. 

Surface-expressed human TLRs; TLR1, TLR2, TLR4, TLR5, and TLR6 detect 

extracellular microbial products, whereas TLR3, TLR7, TLR8 and TLR9 are localised 

exclusively in endosomes where they can detect foreign nucleic acids derived from 

intracellular pathogens. The function and localisation of intracellular TLRs relies on 

other transport proteins such as UNC93B1 [348].  

TLR3 recognizes dsRNA and TLR7/TLR8 detect single-stranded RNA [349]. TLR9 

senses unmethylated CpG DNA, a signature of bacterial genomes. A recent report 

suggested that TLR9 can also act as a viral sensor to specifically recognize 

RNA/DNA hybrids [350]. TLR2 senses a wide range of components from bacteria  

[351], fungi [352], viruses and host molecules such as HMGB1 [353]. The TLR2 

response is initiated following the heterodimerization of TLR2 with either TLR1 or 

TLR6, resulting in the formation of an M-shaped extracellular structure for ligand 

binding [354]. TLR1-TLR2 dimers typically bind bacterial cell wall components with 

three lipid chains, whereas TLR2-TLR6 recognizes lipoproteins with two lipid chains 

[355, 356]. Activation of TLR2 in macrophages and DCs induces the production of 

various inflammatory cytokines but not type I IFNs. However, a subgroup of 

monocytic cells called ‘inflammatory monocytes’ have been reported to produce type 

I IFNs in response to viral but not bacterial ligands [357].   
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Agonist-TLR engagement triggers homologous or heterogonous TLR dimerization, 

and conformational changes that recruit TIR-domain-containing adaptor molecules. 

Five such adaptor molecules have been identified , MyD88, MAL, TRIF, TRAM and 

SARM [358]. Surface expressed TLRs depend on MyD88 and TRIF to activate 

distinct downstream signalling pathways leading to the production of 

proinflammatory cytokines and type I IFNs, respectively. Notably, only intracellular 

dsRNA detecting TLR3 is entirely MyD88-independent [359]. TLR4 activates both 

MyD88-dependent and TRIF-dependent pathways, but TLR2 only recruits MyD88 

with another bridging receptor MAL [349]. The canonical MyD88-dependent 

pathway requires the recruitment of IL-1R-associated kinase 4 (IRAK4), a 

serine/threonine kinase with an N-terminal death domain [360]. IRAK4 activates 

other IRAK family kinases such as IRAK-1 and IRAK-2 [361]. Activated IRAK then 

dissociates from MyD88 to bind with TNFR-associated factor 6 (TRAF6) [362]. 

TRAF6 has a function in regulating two intermediary factors, TRIKA1 and TRIKA2. 

TRIKA1 is a dimeric ubiquitin-conjugating enzyme complex consisting of Ubc12 and 

Uev1A. This Ubc complex in association with TRAF catalyses the formation of a 

lysine 63-linked polyubiquitin chain (K63-Ub) [363]. TRIKA2, a kinase complex 

composed of TAK1, TAB1, TAB2 and TAB3, mediates the activation of mitogen-

activated kinases (MAPKs) and IKK kinase complex [364]. MAPKs activate 

downstream c-Jun N-terminal kinases (JNKs) and p38 MAP kinases, which then 

trigger the transcription of proinflammatory genes.  

The IKK kinase complex is the core regulator of the transcriptional factor NF-κB, 

which plays a pivotal role in the induction and generation of proinflammatory 

mediators in activated macrophages. The complex is made of two kinases (IKKα and 

IKKβ ) and a regulatory subunit, NEMO/IKKγ [365]. Ubiquitination of NF-κB 

Essential Modifier (NEMO) mediated by IRIKA2 is required for the activation of the 

canonical IKK complex [366]. NF-κB is a dimeric transcription factor composed of 

homo- or heterodimers of the Rel family proteins [367]. Among them, p50/p65 (RelA) 

is the prototype and the most frequent dimer involved in proinflammatory responses 

[368]. NF-κB is constitutively expressed in the cytoplasm as an inactive form which 

is sequestered by a member of the IκB family, usually IκBα [369]. Activation of NF-

κB requires the disruption of NF-κB and the IκB complex by specific phosphorylation 

of IκB which leads to its proteasome degradation [370]. The released NF-κB 
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translocate into the nucleus and bind to specific promoters and enhancers of multiple 

genes including cytokines and chemokines. In addition to NF-κB, other transcription 

factors such as AP1 and IRF5 are required to initiate the gene transcription of 

proinflammatory chemokines and cytokines [255].  

Stimulation of TLR3 or TLR4 triggers the TRIF-dependent pathway leading to the 

induction of type I IFN. The TLR4-ligand complex can translocate into endosomes, 

followed by the association of TRAM leading to the activation of TRIF [371]. 

Activated TRIF binds to TRAF3 through the N-terminal TRAF-binding motif [372]. 

TRAF3 activates IRF3 and IRF7 through the phosphorylation of TANK-binding 

kinase 1 (TBK1) and IKK-ε both of which are regulated by various proteins such as 

TANK, NAP1 and SINTBAD [373, 374]. Crosstalk between the TRIF-IRF3-type I 

IFN pathway and MyD88-NF-κB-TNF-α pathway is thought to be mediated by 

TRAF6 and RIP1 (receptor-interacting protein 1). TRAF6 is activated by TRAM 

duringTLR4 signalling via its TRAF6-binding motif [375]. Alternatively, RIP-1 

activated by TRIF can activate NF-κB [376]. 

The production of cytokine from innate immune cells stimulated by NSP4 suggests 

the activation of a proinflammatory signalling pathway. The following experiments 

were designed to examine this pathway using immunoblotting against several key 

kinases and transcriptional factors that are essential for TLR signalling.  Transfection 

of cells with distinct TLR-encoding genes were assayed for the secretion of cytokines 

upon NSP4 stimulation.  
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Figure 4.1: Overview of TLR signalling pathways.  
MyD88 functions as the primary cytoplasmic adapter for all TLRs except TLR3. MyD88 recruits 

IRAK4 and IRAK1/2 which in turn activates TRAF6. TRAF6 can directly activate IRF-5 or 

phosphorylate JNK and p38 to activate JUN and ATF2, respectively. NF-κB is activated by TRAF6 

pathway and translocates into the nucleus to induce multiple nuclear factors for the transcription of IL-

6, IL-12 and TNF. TRIF recruits TRAF6 and RIP1 to induce proinflammatory cytokines. Alternatively, 

TRIF uses TRAF3 to activate IRF3 to initiate type I interferon production. The activation of the 

inflammasome is also mediated by TRIF. 
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4.2 Results 

4.2.1 NSP4 activates NF-κB, p38 and JNK. 

Ligand binding by TLRs activates intracellular signalling leading to the activation 

NF-κB, that in turn leads to the transcription of various immune response genes [377]. 

As a first step in addressing whether NF-κB was activated by NSP4, the spatial and 

temporal location of the p65 subunit of NF-κB was examined using 

immunocytochemistry. RAW264.7 cells were treated with NSP4 (1μg/ml) and LPS 

(0.1μg/ml) for 30 minutes. The cells were washed with PBS, fixed in 4% PFA and 

permeabilized with 0.2% TX-100. Cells were stained with anti-p65 antibody 

(BioLegend 622602) for 60 minutes. The activation of NF-κB upon NSP4 is evident 

by nuclear translocation of p65, which otherwise remain in the cytoplasm through the 

IκB (Figure 4.2). 

With a few exceptions, the phosphorylation of IκB is mediated by IκB kinase (IKK), 

including two closely related kinases IKKα and IKKβ [365]. Although IKKα and 

IKKβ appear to vary in substrate specificity, IKKβ is the kinase subunit responsible 

for the induction of the proinflammatory cytokines activated through the canonical 

IKK pathway [378]. The activation of IKK is mediated by phosphorylation of two 

serine residues located in the activation loop of both IKKα (Ser 176 and 180) and 

IKKβ (Ser 177 and 181), which leads to a conformational change and subsequently 

kinase activation [379, 380].  

NSP4 activates both IKKα and IKKβ in pTHP-1 cells (Figure 4.3). Phosphorylated 

IKK was detected using polyclonal antibodies (Cell Signalling #2681) against IKKα 

(Ser180) and IKKβ (Ser181). Phosphorylation of IKK occurred as early as 15 min 

after the addition of NSP4 in contrast to unstimulated controls. Additionally, the 

activation of two MAP kinases (p38 and JNK) which are required for cytokine 

induction [381] was also observed. Specifically, significant increases of 

phosphorylated p38 (Thr180 and Tyr182) were induced by NSP4 and LPS. Two 

bands of phosphorylated JNK in the figure correspond to the p46 and p54 of JNK, 

which are dually phosphorylated at threonine 182 and tyrosine 185. Tubulin was 

labelled on the same membrane to ensure equal loading of proteins. 
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Figure 4.2: NSP4 triggers nuclear translocation of p65.  
RAW264.7 cells (2x106/well) were seeded in coverslips in 24 well-plates. After 30 minutes stimulation, 

cells were fixed and permeabilized cells followed by staining with antibodies to p65 (red) as described 

in Chapter 2.2.22. Nuclei were stained with Hoechst 33342 (blue). Images were obtained using 

confocal microscopy. LPS is used as a positive control. No p65 nuclear accumulation was observed in 

untreated cells. In contrast, p65 translocation from the cytoplasm into the nucleus is evident in cells 

incubated with NSP4 and LPS. Images were collected at 60x magnification and merged using ImageJ®. 

Scale Bar: 10μm. 
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Figure 4.3: NSP4 activates IKK, p38 and JNK in pTHP-1 cells.  
pTHP-1 cells (5x106 per well, 6 well-plates) treated with NSP4 (1μg/ml) and LPS (0.1μg/ml) for 15, 30 

and 60 min were harvested using lysis buffer. Total cell lysates (15μg/lane) were tested for the presence 

of phosphorylated IKKα/β, total IKKβ, phosphorylated p38 and total p38, phosphorylated SAPK/JNK 

and α-tubulin. The same membranes were blotted and tested for pIKK and pp38 and striped for total 

levels of IKKβ and p38, respectively.  The membrane western blotted for JNK was stripped and tested 

for levels of tubulin. Method described in Chapter 2.2.25. 
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4.2.2 Transfected epithelial cells as a tool for the identification of TLR 

agonists 

HEK293 cells lack the expression of endogenous TLR2, TLR4, MD2 and CD14, and 

have been used extensively for the in vitro analysis of TLR functions after 

transfection of genes encoding specific TLRs [382]. Similarly, SW620, a colonic 

epithelial cell line, has been used in reporter assays designed for the identification of 

TLR2 ligands. Unlike HEK293, SW620 cells are able to respond to LPS due to their 

endogenous expression of TLR4 [383]. However, SW620 does not express functional 

TLR1, TLR2 and TLR6 receptors [384]. As a result, SW620 transfected with domain-

exchanged TLR1-TLR6 chimeric receptors have been used for the investigation of 

TLR1 and TLR6 in cooperation with TLR2 to recognize Pam3CSK4, MALP-2 [385], 

and E. coli heat-labile enterotoxins [386, 387]. 

To validate published reports of endogenous TLR expression, HEK293, SW620 and 

other cell lines were screened for endogenous expression of TLRs using semi-

quantitative RT-PCR. Primer sequences (listed in Chapter 2.2.28) were acquired from 

published sources and were screened against the human genome database using 

BLAST to ensure they were complimentary only to the desired target human TLR 

gene. Samples lacking reverse transcriptase were included as a control of genomic 

DNA contamination of total RNA.  
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PMA-treated THP-1 cells express TLR4 and TLR2, TLR1 and TLR6 (Figure 4.4). 

Caco-2 and HT29 are both positive for TLR2 expression, and Caco-2 express low 

levels of TLR4 mRNA. HEK293 lack TLR4 and TLR2 but express TLR6 and TLR1 

consistent with previous reports [388, 389]. As expected, SW620 cells express only 

TLR4.  

 

 

Figure 4.4: TLR expression profile of cells.  
Total RNA was extracted from pTHP-1, Caco-2, HEK293, SW620 and HT29 cells and treated with 

DNase I. cDNA was prepared using random hexamer in the presence (RT+) and absence (RT-) of 

reverse transcriptase to identify any potential genomic DNA. PCR was performed using primers 

specific for β-actin and each TLRs.  
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4.2.3 NSP4 does not activate signalling via TLR4. 

Assay of TLR4 activity in transfected HEK293 cells is complicated by the 

requirement of two additional proteins. The secreted protein MD-2 and a membrane-

bound co-receptor CD14 are necessary for optimal signalling by LPS [390, 391]. In a 

preliminary experiment HEK293 cells transfected with a plasmid encoding CD14 

were not rendered responsive to LPS. Further experiments in which the genes 

encoding TLR4, MD-2 and CD14 were induced into the cells by three different 

plasmids also failed to establish a functional receptor, possibly due to the need to 

coordinate the expression levels of each protein. A clone of HEK293 cells stably 

transfected with TLR4 and MD2 was obtained from Prof. Eicke Latz, University of 

Bonn, Germany and a plasmid encoding human CD14 (pcDNA3.1-CD14) was 

introduced into HEK293-TLR4-MD2 cells by transfection using lipofectamine2000®. 

To avoid the need for further plasmids in measuring TLR signalling activity by 

promoter assay, other groups have used the secretion of IL-8 as a quantitative measure 

TLR activation [392-395].  

Wild type (WT) HEK293 cells did not secret IL-8 after incubation with either NSP4, 

LPS or medium purified from mock-infected Caco-2 cells. Expression of MD-2 and 

TLR4 alone in HEK293 cells conferred LPS sensitivity with resultant IL-8 production, 

consistent with a previous report [396]. Notably, a slightly increased baseline IL-8 

production in the absence of stimulation was observed in these cells, possibly due to 

overexpression of TLR4-MD2 in HEK293 cells [397]. Additional expression of CD14 

in TLR4-MD2 HEK293 cells further enhanced the production of IL-8 in response to 

LPS. NSP4 did not induce IL-8 secretion from TLR4-MD2 HEK293 cells either in the 

presence or absence of CD14, indicating that secreted NSP4 purified from 

mammalian cells is not a TLR4 ligand (Figure 4.5). 
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Figure 4.5: NSP4 is not a TLR4 agonist.  
HEK293 (WT), or cells expressing TLR4/MD2 or TLR4/MD2/CD14 were stimulated with 

NSP4 (0.1μg/ml, 1μg/ml and 10μg/ml), or LPS (0.1μg/ml, 1μg/ml and 10μg/ml). Medium 

only (UT) and medium from mock-infected Caco-2 cells were used as negative controls. IL-

8 was measured and expressed as the mean of duplicate samples ± SEM. The graph presents 

data from a single experiment representative of at least three independent experiments. 

Method described in Chapter 2.2.27. 
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4.2.4 NSP4 activates signalling via TLR2. 

As discussed in Chapter 3, the production of IL-10 and IL-23 from NSP4-stimulated 

moDCs is suggestive of TLR2 activation [324, 333, 338, 341]. HEK293 cells 

transfected with a gene encoding TLR2 have been used to screen various TLR2 

agonists either through the measurement of NF-κB activation or the secretion of IL-8 

[397, 398]. Plasmids encoding FLAG-tagged forms of TLR2, TLR1 and TLR6 

(pFLAG-TLR2, pFLAG-TLR1 and pFLAG-TLR6) were obtained from Dr. Takashi 

Shimizu, Kurume University, Japan [399].  

pFLAG-TLR2 transfected HEK293 cells produced a significant amount of IL-8, in 

response to NSP4 and to a known TLR2 agonist Pam3CSK4 (Figure 4.6). Importantly, 

cells transfected with control plasmid (pcDNA3.1) did not respond to any TLR2 (or 

TLR4 ligand). Rotavirus TLPs also failed to elicit IL-8 secretion from either pFLAG-

TLR2 transfected or control HEK293 cells. It is assumed that IL-8 expression could 

not be initiated if the activation of NF-κB was inhibited by RV-NSP1 [262].  

 

Figure 4.6: NSP4 induces IL-8 response via TLR2.  
HEK293 cells (3x104 /well) were transfected with either pcDNA3.1 or pFLAG-TLR2. 24 hrs later, 

the cells were incubated with 0.1, 1, or 10μg/ml NSP4 or TLPs (amounts equivalent to MOI 0.1, 1 

and 10 in MA104 cells), Pam3CSK4 (P; 10μg/ml), or medium from mock infected Caco-2 cells (M), 

or untreated (UT). After a further 18 hr, the medium was collected. IL-8 was measured and 

expressed as the mean of duplicate samples ± SEM. The graph presents data from a single 

experiment representative of at least three independent experiments. Method described in Chapter 

2.2.27. 
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4.2.5 Induction of cytokine secretion by NSP4 in murine macrophages is 

dependent on MyD88 and TLR2.* 

The previous experiment demonstrated that NSP4 is recognized by TLR2 leading to 

the secretion of IL-8 from transfected HEK293 cells. To corroborate this finding, a 

collaboration was established with Dr. Ashley Mansell, Monash University, Australia, 

who had obtained immortalised murine macrophages from various TLR and TLR-

adaptor knockout mice. Using a luciferase assay, NSP4 was shown to activate NF-κB 

in RAW264.7 cells stably expressing the NF-κB-dependent promoter for the 

endothelial cell-leukocyte adhesion molecule (ELAM)-linked to luciferase at 

nanogram concentrations (Figure 4.7A). NSP4 caused a dose-dependent secretion of 

TNF-α from macrophages isolated from wild-type mice but not from cells derived 

from mice with MyD88/TRIF double knockout (Figure 4.7B). In these animals, all 

TLR signalling is abolished due to the loss of both adaptor proteins.  

Next, the effect of NSP4 and other TLR ligands on cytokine secretion was examined 

in macrophages derived from mice with either a knockout of MyD88/Mal or TRIF 

and compared to cells from wild-type animals. TNF-α and IL-6 induced by either 

NSP4, Pam3CSK4 (P3C) or LPS in MyD88/Mal knock-out mice was significantly 

reduced to a level similar with wild-type non-stimulated (NS) control (Figure 4.7 

C&D). Mal, also known as TIRAP, is necessary to recruit MyD88 [400]. In contrast, 

responses induced by Poly I:C, an agonist for TLR3 and RIG-I-like receptors were 

inhibited only in macrophages derived from TRIF-knockout mice. As discussed, 

TLRs can use either MyD88 or TRIF as adaptors to relay signals upon ligand 

stimulation but all plasma membrane-localised TLRs use MyD88 exclusively except 

for TLR4 which can translocate into endolysosomes to recruit, in addition, TRIF. 

Importantly, TRIF is the only adaptor used by endolysosomal TLR3. Thus, these 

experiments indicate that NSP4 activates a signalling pathway that operates 

exclusively through MyD88.  

To identify the specific TLR engaged by NSP4, its reactivity was measured in 

macrophages derived from mice with single TLR gene knock outs (Figure 4.7 E&F). 

These experiments clearly implicate TLR2 as the most likely receptor activated by 

TLR2.  
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Figure 4.7: NSP4 induces proinflammatory cytokine production via TLR2.  
(A) RAW264.7 cells stably expressing the NF-κB-dependent promoter for ELAM linked to luciferase 

were seeded at 4x104 cells 24 h prior to stimulation with NSP4 or LPS where indicated. Cells were 

cultured for 6 h and lysed, and luciferase activity was assessed to determine NF-κB activation. NS, 

nonstimulated control cells. (B to F) Wild-type or knockout immortalized macrophages were seeded at 

2x104 cells 24 h prior to stimulation with the ligand NSP4 (10 to 0.5µg/ml), Pam3Cys (20ng/ml), 

poly(I:C) (20µg/ml), or LPS (20 ng/ml). Cultured supernatants were collected 24 h after ligand addition 

and assessed for IL-6 and TNF-α protein expression by ELISA. All data are presented as the means ± 

standard errors of the means from triplicate samples. Data reproduced from Ge et al., 2013 [401]. 

*Declaration: 

NSP4 purification was performed by Yi Ge. Experiments on murine macrophages 

derived from knock-out mice and the plotting of data were performed by Dr. Ashley 

Mansell.    
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4.2.6 HSP70 contamination is not responsible for the TLR2 agonist 

activity attributed to NSP4. 

Although TLRs are primarily associated with the recognition of microbial 

components, TLR2 and TLR4 have been implicated in the recognition of endogenous 

danger signals [402]. One such endogenous danger signal is HSP70, a major cytosolic 

heat shock protein that can be secreted or released by cells under stress [403]. Caco-2 

cells infected with rotavirus secrete small quantities (~10ng/ml) of HSP70 and HSC70 

(a constitutively expressed form) [404]. Therefore, although the TLR2-stimulating 

ability of HSP70 and HSP60 remain controversial [402, 405-407], the potential for 

HSP70 contamination of purified NSP4 to be responsible for TLR2 activation was 

explored.  

Western blotting to detect HSP70 using a specific antibody (BioLegend® #648002), 

confirmed that HSP70 was induced and subsequently released into the media from 

RV-infected Caco-2 cells. HSP70/HSC70 was expressed also in mock-infected cells 

but was barely detectable in the medium. By contrast, a significant greater amount of 

HSP70/HSC70 was detected both in RV-infected cells and cell media. Being a non-

glycosylated protein, HSP70 did not bind to Concanavalin A (ConA), and thus a large 

amount of the protein was removed by ConA lectin-affinity chromatography from the 

eluted NSP4. However, after ion-exchange chromatography (monoS® column), a very 

faint band of HSP70 was still apparent in immunoblots probed with anti-HSP70 

antibody (RV Mono S elute).  

In order to estimate the quantity of HSP70 present in the final NSP4 preparation, 

HSP70 was then purified from the fraction of cell culture medium that did not bind to 

ConA Sepharose by a further round of ATP affinity chromatography [405, 408]. The 

purified HSP70 was quantified by BCA protein assay and serial dilutions of the 

purified HSP70 were resolved by SDS-PAGE and probed for NSP4 and HSP70 

(Figure 4.8 lower panel). Immunoblotting of the titrated HSP70 revealed that the anti-

HSP70 antibody could detect as little as 10 ng of HSP70. Visual comparison of the 

amount of HSP70 between NSP4 samples and dilutions of purified HSP70, revealed 

that the level of HSP70 contamination is less than 10ng in 10μg and thus corresponds 

to less than 0.1% (w/w).  
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Figure 4.8: Detection of HSP70 in RV-infected cells and in purified NSP4 samples 

by Western Blotting.  
Upper panel, the quantity of HSP70 present in RV-infected Caco-2 cells, medium and during 

steps of NSP4 purification was determined by western blotting. Lower panel, titration of 

purified HSP70 protein indicates that the detection limit was between 1 and 10ng HSP70 and 

the resulting amount of contamination in NSP4 samples is less than 0.1% (w/w). Method 

described in Chapter 2.2.26.  
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To reconcile the level of HSP70 contamination of the purified NSP4 sample with its 

ability to activity TLR2 signalling in cells, tenfold dilutions of HSP70 ranging from 

10µg/ml to 1ng/ml were added to HEK293 cells transfected with pFLAG-TLR2. Only 

the highest concentration of HSP70 was able to induce even a modest secretion of IL-

8 (Figure 4.9). By contrast, 1µg/ml NSP4 induced >500pg/ml of IL-8. Therefore, it is 

reasonable to conclude that HSP70 contamination is not responsible for the TLR2 

agonist activity of NSP4 revealed in previous experiments.  

 

 

Figure 4.9: The amount of HSP70 present in the NSP4 preparation does not induce 

any IL-8 response from TLR2-transfected HEK293 cells.  
HEK293 cells (3x104/well) were transfected with either pcDNA3.1 or pFLAG-TLR2. 24 hr later, the 

cells were incubated with 0.1,1, or 10μg/ml NSP4 or Pam3CSK4 (P; 10μg/ml), or titration of HSP70 

(1ng/ml, 10ng/ml, 100ng/ml, 1µg/ml and 10µg/ml) or medium from noninfected Caco-2 cells (M), 

or untreated (UT). After a further 18 hr, the medium was collected. IL-8 was measured and 

expressed as the mean of duplicate samples ± SEM. The graph presents data from a single 

experiment representative of at least three independent experiments. Method described in Chapter 

2.2.27. 
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4.2.7 NSP4 preferentially stimulates heterodimeric TLR2/TLR6. 

The versatility of TLR2 to recognize a wide range of PAMPs is due in part to its 

ability to form a heterodimer with either TLR1 or TLR6. The association of TLR2 

with either TLR1 or TLR6 and the ability of the resulting heterodimers to recognize 

different ligands has been demonstrated using TLR1 and TLR6 knockout mice. 

However, species-specific differences of TLR2-ligand interactions have also been 

reported [393, 409]. For example, synthetic octanoylated lipopeptides (PamOct2C-

derivatives) activate mouse but not human TLR2 [389].  

To examine the preferred heterodimeric form of TLR2 receptor recognised by NSP4, 

SW620, a cell line derived from human intestinal epithelia that does not express 

TLR1, TLR6 or TLR2 (see Figure 4.4) was transfected with different combinations of 

genes encoding each TLR. NSP4 was 10 times more potent in stimulating SW620 

transfected with TLR2 and TLR6 with TLR2 and TLR1, since 1μg/ml of NSP4 

induced more IL-8 secretion from TLR2-TLR6 SW620 than TLR1-TLR2 SW620 

cells stimulated with 10μg/ml of NSP4 (Figure 4.10). IL-8 secretion above 

background levels is also obvious in SW620 transfected with pFLAG-TLR2 alone, 

suggesting either an induced expression of TLR1 and TLR6 or a TLR2 homodimer 

function. 

Pam2CSK4 with two acyl chains is proposed be recognized preferentially by TLR2-

TLR1 by X-ray crystallographic analysis [356]. In this assay, Pam2CSK4 also 

stimulated a significant IL-8 response with at all TLR2 combinations. However, 

TLR6-independent recognition of Pam2CSK4 has been reported by other groups [389, 

398, 410]. In contrast, Pam3CSK4, a triacylated peptide, acts preferentially on TLR1-

TLR2. Overall, both Pam2CSK4 and Pam3CSK4 exhibit potent IL-8 induction in this 

assay which may reflect subtle differences in the TLR2-mediated response between 

NSP4 and Pam-conjugates. Nonetheless, the data indicate that TLR2-TLR6 is a 

preferable heterodimer for NSP4 recognition.  
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Figure 4.10: NSP4 preferentially binds TLR2/TLR6 heterodimers.  
SW620 cells were cotransfected with various combination of TLRs. 24 hr post transfection, cells 

were stimulated with the indicated agonists for 18 hr, after which IL-8 was measured by CBA. 

pcDNA3.1 was used as control plasmid. 100ng/ml of Pam2CSK4 and Pam3CSK4 were used. The 

secretion of IL-8 is plotted as a fold increase over control plasmid transfected cells. Data 

represented is the mean of duplicate samples ± SEM. The graph presents data from a single 

experiment representative of at least three independent experiments. 
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4.2.7 NSP4 does not stimulate Type I IFN response in macrophages. 

Unlike the nucleic acid-sensing TLRs, the subfamily of TLR2 receptors was 

originally thought to activate expression of inflammatory cytokines but not type I 

interferon [411]. The simplicity of this view was later challenged by the observation 

that viral, but not bacterial, ligands of TLR2 could elicit production of type I IFN in a 

subset of inflammatory monocytes present in mice [357]. Whether an analogous 

population of cells is present in humans is unknown. Dietrich et al. (2010) have 

reported that Pam3CSK4 and MALP-2 can induce type I IFN responses specifically 

from endolysosomal compartments of mouse bone-marrow derived macrophages 

[412]. Human monocytic U937 cells were also shown to respond to Pam3CSK4 

resulting in the expression of IFN-α1 but not IFN-β [413]. To investigate the 

possibility that NSP4 could elicit secretion of type I interferon from immune cells, 

real-time PCR were used to investigate whether IFN expression was induced in 

pTHP-1 and U937 cells.  

Semi-quantitative RT-PCR of IFN-β expression was first carried out on pTHP-1 cells 

treated with NSP4, Pam3CSK4, RV TLP and poly I:C. Surprisingly, none of these 

agonists induce transcription of IFN-β gene (Figure 4.11). Notably, pTHP-1 was non-

permissive to rotavirus infection, at least to the UK bovine strain. No VP6 or NSP4 

expression was detected in pTHP-1 cells after the addition of RV-TLP for 12 hr in 

contrast to MA104, a cell line permissive to RV infection (Figure 4.12). Therefore, it 

is unlikely that the lack of IFN-β secretion could be due to NSP1, a viral inhibitor of 

IFN transcription.  

 

Figure 4.11: NSP4 does not induce IFN-β expression in pTHP-1 cells.  
pTHP-1 cells were treated with NSP4 (5µg/ml), Pam3CSK4 (10µg/ml), Poly I:C (10µg/ml) and RV-

TLP (MOI 10) for 5 hr. Total RNA was extracted and treated with DNase I. cDNA was prepared using 

random hexamer in the presence (RT+) and absence (RT-) of reverse transcriptase to identify any 

potential genomic DNA. PCR was performed using primer specific for β-actin and IFN-β.  
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Figure 4.12: pTHP-1 is non-permissive to rotavirus infection.  
MA104 and pTHP-1 cells seed in 24-well culture plates were infected with UK bovine rotavirus for 12 

hr. Cells were washed and fixed for immunofluorescent staining using antibodies against VP6 (anti-

SG1) and NSP4. Alexa Fluo® 594 goat anti-mouse IgG was used as secondary antibody. Cells were 

visualized using inverted Nikon Ti-E fluorescence microscopy at 10x objective magnification. Bright 

field images are indicative of the presence of cells.  
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RAW264.7 cells are permissive to RV infection [414]. In these cells, bovine RV 

induced strong and sustained IFN-β expression. By contrast, Poly I:C also caused 

IFN-β mRNA expression but this peaked after 4hr (Figure 4.13A). The sustained 

production of IFN-β by RAW264.7 may reflect the continuously production of RV 

RNA during the replication of the virus.  

U937 cells, like THP-1, are of myeloid lineage. Interestingly, RV-TLP also failed to 

induce type I IFN in U937 (Figure 4.13 B&C), suggesting it could be a common 

phenomenon that RV does not induce IFN responses in cancerous human monocytic 

cells. However, poly I:C did induce IFN-α1 and IFNβ in U937 cells.  

Importantly, NSP4 and Pam3CSK4 both failed to induce type I IFN in either 

RAW264.7, U937 or THP-1 cells. Thus, the production of type I IFN through a 

TLR2-initiated signalling pathway may only exist in primary immune cell subsets. 
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Figure 4.13: NSP4 does not induce Type I interferon response in RAW264.7 or 

U937 cells. 
(A) qPCR analysis of transcripts for Type I IFN in RAW264.7 and U937 macrophages (B&C) 

stimulated with NSP4 (10µg/ml), Pam3CSK4 (10µg/ml), RV-TLP (MOI 10), and Poly I:C 

(10ug/ml) for 4 hr and 24 hr, presented relative expression of mRNA to mouse 40S ribosomal 

protein S9 (RPS9) and human GAPDH, respectively. All the measurements were performed in 

triplicates for each sample. The relative amounts of mRNA were calculated with the comparative 

threshold (1/2ΔΔCt) method and normalized against housekeeping genes (x104). Error bar 

represents SEM of triplicate samples. Method described in Chapter 2.2.28. 
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4.3 Discussion 

The mammalian innate immune system relies on cells like macrophages and DCs to 

sense microbial infections using receptors that recognize various pathogen-associated 

molecular patterns (PAMPs). The secretion of inflammatory cytokines from 

macrophages and DCs suggested that NSP4 could act as a viral PAMP recognized by 

pathogen recognition receptors (PRRs). The expression of TLRs is cell-type specific 

and different receptors can trigger differential immune responses against specific 

pathogens. Apart from intracellular TLRs that detect nucleic acids, TLR2 and TLR4 

have been implicated in the recognition of viral proteins. TLR4, the classical LPS 

receptor, is reported to recognize the fusion protein of respiratory syncytial virus 

(RSV) [415]. Moreover, a HIV-1 accessory protein (Vpr) has been shown to exploit 

TLR4 signalling to reactivate viral production from latency in monocyte-derived 

macrophages [416].  

Only a few viral proteins have been reported to stimulate TLR2. Epstein-Barr virus 

(EBV) activates NF-κB in TLR2-transfected HEK293 cells [417]. The authors 

suspected the TLR2-mediated activity was triggered by EBV envelope proteins, based 

on their finding that the activity was not abrogated after inactivating viral genome 

using UV or DNA polymerase inhibitors (PAA). Specifically, the envelope protein 

gp350/220 of EBV was proposed to stimulate TLR2, since blocking experiments 

using F(ab’)2  fragments of anti-gp350 antibodies prevented the translocation of NF-

κB to the nucleus. Two human cytomegalovirus (HCMV) envelope glycoprotein 

complexes, gB and gH have been reported to stimulate TLR2. Recombinant gB bind 

to human fibroblasts in a dose-dependent, saturable, and specific manner [418]. Direct 

association of gB and gH with TLR1 and TLR2 was demonstrated by co-

immunoprecipitation assay, and the association triggers TLR2-mediated NF-κB 

activation independent of viral fusion/entry [419, 420].  

Therefore, the recognition of some viral envelope proteins with TLR2 suggests the 

evolution of a host immune mechanism that can detect virus infection at an early stage 

of the replication at the time of virus binding at the plasma membrane. By contrast, 

the core and a non-structural protein of hepatitis C virus (HCV) provide non-envelope 

protein examples of the recognition of viral proteins by TLR2. HCV core and NS3 

have been demonstrated to activate TLR2 [421]. Since neither infectious virions nor 
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enveloped HCV-like particles exhibit TLR2-stimulating activity, Hoffmann et al. 

proposed that the recognition of HCV by TLR2 may be impaired by envelop 

glycoproteins in infectious virions [422]. Thus, cell surface TLR2 is hypothesised to 

detect unassembled core protein, which are released from disintegrated infected 

hepatocytes.  

The experiments presented here reveal a dose-dependent secretion of IL-8 by 

HEK293 cells transfected with TLR2 and thus demonstrate that NSP4 can act as a 

TLR2 ligand. Furthermore, because CD14 is not endogenously expressed in HEK293 

cells, the ability of NSP4 to stimulate TLR2 is independent of CD14, which differs 

from other of TLR2 ligands such as peptidoglycan from Staphylococcus aureus and 

viral gH/gB of CMV [423, 424]. Furthermore, knockout of genes encoding TLR2 and 

its adapter MyD88 in mouse macrophages ablated cytokine induction by NSP4. Since 

NSP4 is more potent in stimulating SW620 cells that express TLR2-TLR6 than the 

TLR1-TLR2 heterodimer, TLR6 seems to be preferentially recruited by TLR2 to 

recognize NSP4. In summary, TLR knock-in and knock-out approaches provide solid 

evidence to identify the secreted form of NSP4 is a TLR2 ligand. 

Several endogenous molecules are reported to stimulate TLR2 including HSP70. 

Rotavirus infection of Caco-2 cells induces a stress response characterized by the 

increased synthesis of HSP70 [425-428]. We investigated whether contamination of 

NSP4 with HSP70 might account for its apparent TLR2 signalling activity. 

Immunoblotting revealed that a significant quantity of HSP70 induced by RV 

infection was released into the medium and remained in the supernatant after 

ultracentifugation but this was effectively removed from NSP4 during lectin affinity 

chromatography. Purified HSP70 was used to calibrate the sensitivity of its detection 

by immunoblotting. These studies revealed that after ConA and ion exchange 

chromatography, the level of HSP70 contamination was <0.1% of the total amount of 

protein. Next the ability of purified HSP70 to stimulate TLR2 using transient 

transfected HEK293 cells was titrated. The results show that purified HSP70 induce 

small amounts of IL-8 in TLR2-HEK293 cells only at 10μg/ml. Taken together, our 

experiments exclude the possibility that HSP70 contamination is responsible for or 

contributes significantly to the TLR2 agonist activity of NSP4.  
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It worth noting that whether HSP70 acts as a danger signal in vivo is still controversial 

[402]. An early report claimed that bacterial-expressed recombinant HSP70 

stimulated cytokine secretion from monocytes at concentrations as low as 7nM [429]. 

Subsequent papers describing immunostimulatory activity of HSP70 have also used 

bacterial-derived HSP70 [430, 431]. Two independent groups reported the loss of 

immune responses after removal of endotoxin contamination from the recombinant 

HSP70 [406, 432]. The proinflammatory property of mammalian HSPs seems to be 

difficult to reconcile with the cyto-protective role of intracellular HSPs [433]. One 

early report demonstrated HSP90 and HSP70 purified from mouse liver stimulated 

macrophages to produce TNF-α, IL-12 and IL-1β but only at a dose higher than 

25μg/ml [434]. In another study, the same liver-sourced HSPs exhibited the same 

immune stimulatory effect at concentrations over 100μg/ml [435]. HSP70 purified 

from two tumour cell lines also failed to stimulate the maturation of human moDCs at 

a range of concentrations up to 10μg/ml [407]. Subsequently, HSP70 has been 

proposed to interfere with the binding of TLR2 and its ligands, a plausible hypothesis 

considering HSP70 and TLR2 both interact with highly hydrophobic peptides. 

Consistent with this theory, highly purified recombinant HSP70 (Enzo Life Sciences) 

has recently been reported to down-regulate the proinflammatory cytokines secreted 

by monocytes treated with LPS [436]. 

Recently, the signalling capabilities of TLR2 have been revised to add the receptor to 

those capable of eliciting type I interferon [437]. As a result, the possibility existed 

that secreted NSP4 could stimulate antiviral immunity during rotavirus infection. 

However, based on the qPCR results from available cell lines, NSP4 seems to lack the 

ability to induce interferon through TLR2 pathway. The intriguing finding is that 

pTHP-1 is unable to produce type I interferon upon rotavirus and poly I:C stimulation. 

This non-responsiveness is not due to the expression of NSP1. THP-1 cells has been 

reported to induce IFN-β by poly I: C only after LPS-priming, possibly due to the 

promoted expression of TLR3 [438]. Nevertheless, THP-1 is potent in interferon 

production against foreign DNA which is detected by various intracellular DNA 

sensors such as IFI16 [439]. Therefore, the failure of  IFN-β induction by rotavirus 

and RNA analogues could be due to the null expression of RNA sensors in pTHP-1 

cells including TLR3 and MDA5/RIG-I receptors [440, 441]. It is also possible that 

the expression of CD303 negatively affected the induction of type I IFN in pTHP-1 
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cells [299]. Hepatitis B virus surface antigen (HBsAg) has been reported to exploit 

CD303 to inhibit TLR9-mediated IRF-7 expression by pDCs, thus the induction of 

IFN-α [442].  

It worth noting that pDCs are specially committed to produce type I IFNs, which 

account for more than 95% of IFN secreted by PBMC upon viral infections [443]. 

Importantly, pDC has recently been found to express TLR2 or at least upregulate 

TLR2 expression upon viral infections [444]. Thus, the possibility that NSP4 induces 

interferons in pDCs cannot be excluded. The cooperation of TLR2 with other 

intracellular TLRs such as TLR9 for the production of proinflammatory cytokines and 

interferons has been reported in DCs against HSV and EBV infections [445-448]. 

Without this cooperation, the recruitment but not the activation of NK cells was 

impaired in mice infected with HSV2. Importantly, the viral load was significantly 

higher in the brain of TLR2/9-/- mice, whereas the viral loads in the single knockout 

mice were statistically indistinguishable from WT mice [446]. Therefore, an effective 

immune response against virus could be contributed by TLR2 that induces production 

of proinflammatory cytokines and cooperates with intracellular TLRs to initiate anti-

viral interferon synthesis. It has been demonstrated that RV genome or its degraded 

products directly induce type I IFN by primary pDCs mediated through TLR7 and 

TLR9 [229, 240]. Further investigations are required to answer the question whether 

TLR2 cooperates with intracellular RNA sensors such as TLR7 to induce both 

proinflammatory cytokines and anti-viral interferons in pDCs.  

In summary, NSP4 represents a novel TLR2 agonist produced by RNA viruses. Until 

now, no structural details of those viral proteins interacting with TLR2 have been 

reported, thus no definitive viral protein motifs that responsible for TLR2 recognition 

have been identified.   
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Chapter 5 

Biochemical analysis of NSP4 
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5.1 Introduction 

TLRs are activated by ligand-induced dimerization, a process that brings their TIR 

domains into close proximity to form a platform for the docking of TIR domain-

containing adaptor molecules [449]. Structural studies discovered that TLRs can also 

self-associate into dimers without bound ligands [450-452]. These studies established 

that the formation of dimers alone is not sufficient for TLR activation, which requires 

a ligand-induced conformational change within transmembrane domains. TIR-TIR 

interactions are driven by electrostatic complementarity between intracellular domain 

of TLRs, but recruitment of adaptor proteins is critical for the initiation of a TLR 

signalling pathway [453, 454]. For example, mutation of proline to histidine in the 

TIR domain of TLR2 abolished TLR2 signal transduction induced by yeast without 

noticeable structural changes [455, 456].  

In 2005, two groups presented a crystal structure of the extra-cellular domain (ECD) 

of TLR3 without bound ligands [457, 458]. Later, a structure of TLR3 bound to 

dsRNA revealed that the ligand interacts with both the N- and C- termini of the TLR3 

leucine-rich repeat (LRR) modules [459]. The length of the interaction site is 

consistent with the previous observation that a minimum of 40-50 base pairs are 

required for a stable interaction between TLR3 and dsRNA [354]. Binding is 

mediated by electrostatic interactions between the positively charged residues of 

TLR3 with the sugar-phosphate backbone of RNA [459]. The crystal structure of 

TLR1, TLR2 and TLR4 complexed with ligands were resolved using hagfish variable 

lymphocyte receptors (VLRs) fused with human TLRs at their LRR motifs while the 

structure and function of the proteins were preserved [460, 461]. TLR2/1 and 2/6 

heterodimers recognize many bacterial lipoproteins. Most bacteria can produce 

triacylated lipoproteins which have their amino terminal cysteine covalently attached 

to a diacylglyceryl backbone via a thioester bond, and a third acyl chain connects to 

the amino terminus via an amide bond. Pam3CSK4 is a simplified synthetic analog of 

triacylated lipopeptide that mimics structurally some of the bacterial lipoproteins [462] 

(Figure 5.1). However, mycoplasmas lack the enzyme to attach the amide-linked acyl 

chain and therefore can only produce diacylated proteins [463, 464].  
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Myristoyl and palmitoyl groups are by far the most common type of lipid attached to 

bacterial and viral proteins [465, 466]. Previous studies established that triacylated 

lipoproteins are recognized preferentially by TLR2/1 complex [462, 467], whereas 

diacylated lipoproteins are recognized preferentially by TLR2/6 heterodimers [468]. 

Structural analyses have revealed small lipidated ligands like Pam3CSK4 acts as 

bridge to link the ECD of TLR1 and TLR6 [355]. Two of the cysteine-linked acyl 

chains are inserted into the hydrophobic pocket of TLR2 in an extended conformation, 

whereas the amide-bound lipid is inserted into  a narrow channel of TLR1 [355]. Both 

of the lipid accommodating grooves of TLR1 and TLR2 are located at the domain 

interface between the central and C-terminal domains, and are both lined with 

hydrophobic residues from LRR9-12 [355]. Only minor structural variation of the two 

ester-bound lipid chains is allowed since the two palmitoyl chain of Pam3CSK4 

occupy over 90% of the volume of TLR2 pocket [355]. Jin and colleagues also 

reported that mouse TLR2 has a more compact lipid-binding pocket than human 

counterparts. Therefore, the two palmityol chains of Pam3CSK4 have to adopt a bent 

conformation in order to fit in the shorter hydrophobic pocket of mouse TLR2. The 

acyl chain of tri-lauroylated Lau3CSK4 was reported to activate human TLR2 but not 

mouse TLR2, most likely due to the fact the 13 carbon long lauryl chain is too short 

for human TLR2 but not for mouse TLR2 [355, 393]. In contrast to TLR2, the lipid-

binding channel of TLR1 is almost completely occupied by a 16 carbon amide-bound 

acyl chain of Pam3CSK4. The cysteinyl and glycerol backbone of Pam3CSK4 form 

hydrogen bonds with TLR1 and TLR2 which locked the lipopeptide in the narrow 

cleft where the TLR1 and TLR2 pockets merge [355]. The four lysine residues have 

limited interactions with TLR1 and TLR2 [355]. In addition to the lipid interactions, 

the heterodimer of TLR1 and TLR2 is further stabilized by protein-protein 

interactions near the ligand-binding sites. Evidently, the polymorphism of human 

TLR1 at P315L located in the protein-protein interaction interface impairs TLR2 

binding of lipopeptides [387].  Notably, the glycosylation of TLR2 also affects the 

recognition of PAMP. TLR2 undergoes N-glycosylation at several asparagine (Asn) 

residues; and one of the highly conserved glycosylated Asn (Asn442) was found to be 

essential for the plasma membrane targeting of TLR2 [469]. The glycans attached at 

Asn414 and Asn442 are exposed to the concave surface and contribute to the ligand 

recognition of FSL-1, a bacterial lipopeptide known to bind TLR2 and TLR6 [470]. 

Based on the template provided by Pam3CSK4-TLR1-TLR2 interaction, another 
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TLR1-TLR2 ligand lipoteichoic acid (LTA) from S. aureus is predicted to insert its 

two lipid chains into TLR2 but interact with TLR1 in a hydrophilic manner via its 

sugar moiety [460]. It is speculated that the interaction of TLR1 with carbohydrate 

provides additional binding force in order to compensate the missing third lipid chain.  

Compared with the human TLR1/2 heterodimer, the dimerization interface of murine 

TLR2 and TLR6 is mediated by LRR11-14 modules which produce a much larger 

hydrophobic core [471]. The two ester-bound acyl chains of diacylated lipopeptides 

are inserted into the same hydrophobic pocket of TLR2 as triacylated peptides do 

[471]. However, the lipid-binding channel of TLR6 is less than half as long as that of 

TLR1 due to the blockage in the middle of the channel by the bulky side chain of 

conserved residues F343 and F365 [471]. The TLR2-TLR6-Pam2CSK4 complex is 

stabilized by enhanced protein-protein interaction at the TLR2-TLR6 dimerization 

interface to compensate the loss of amide-bound lipid chain which is indispensable for 

TLR1 and TLR2 dimerization [471]. The authors also determined the crystal 

structures of TLR2 in complex with Streptococcus pneumonia lipoteichoic acid 

(pnLTA) and a synthetic phospholipid with two acyl chains called PE-DTPA. pnLTA 

was reported to be about 100-fold less potent than Staphylococcus aureus LTA 

(saLTA) [472]. Both pbLTA and PE-DTPA have little or no TLR2-stimulating 

activity due to the inability to induce heterodimerization of TLR2 with TLR1 or 

TLR6, despite the fact that both of the molecules bind to TLR2 strongly [471]. This is 

because LTA and PE-DTPA lack the peptide group which is known to interact with 

LRR11 loops of TLRs to drive TLR heterodimerization [471]. The structure of TLR2-

PEDTA may explain why unmodified mammalian phospholipids do not activate the 

TLR2 signalling pathway. 

The above examples of TLR2 ligands reveal the common structural features of 

bacterial lipopeptides required for TLR2 recognition. As established in the previous 

chapter, NSP4 is preferentially recognized by TLR2-TLR6 heterodimers. However, 

the structural details of the interaction are not available. The production of a NSP4-

TLR2-TLR6 complex that could be crystallised and reveal atomic scale structural 

information represents a major challenge beyond the scope of this thesis.  

The full-length NSP4 is secreted from RV-infected cells as larger oligomers in a non-

covalently associated with phospholipid [149]. SDS-PAGE analysis also indicated the 
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existence of a shorter 26-kDa form of NSP4, possibly as a result of proteolysis of the 

flexible C-terminal tail [129]. It is interesting to speculate whether the oligomeric 

status, associated lipid component, or another form of posttranslational modification 

is responsible for TLR2 ligand activity of the protein.  
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Figure 5.1: Crystal structure of TLR2-TLR1/TLR6 in complex with synthetic 

lipopeptides.  
(a) Structure of TLR2-TLR1-Pam3CSK4 complex. (b) Structure of TLR2-TLR1-Pam2CSK4 

complex. (c) Pam3CSK4 is shown to insert two acyl chain into the lipid-binding pocket of TLR2 

with the amide-linked lipid chain inserted into TLR1. (d) The lipid chain of Pam2CSK4 is inserted 

into the same binding pocket of TLR2 as Pam3CSk4 does. TLR6 has a very short lipid channel due 

to the blockage by F365 and F343. (e) Summary of the lipopeptide patterns recognized by TLR1-

TLR2 and TLR2-TLR6. Figures reproduced from Kang, J.Y. and J.O. Lee, 2011. [473] 
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 5.2 Results 

5.2.1 NSP4 is a heat-labile TLR2 agonist. 

Many bacterial lipopeptides and their synthetic counterparts such as Pam-conjugates 

are heat-resistant, since they have a very short peptide backbone and the acyl chains 

provide strong interactions with TLR2 and co-receptors. To determine if the three-

dimensional protein structure is critical for proinflammatory activity of NSP4, the 

protein was subjected to heating at 100°C on a heating block for 30 minutes (HT 

NSP4). Proinflammatory activity was first tested in RAW264.7 cells measuring nitrite 

production (Figure 5.2 A).  

Heating completely abrogated the ability of NSP4 (1 µg/ml, 5 µg/ml, and 10 µg/ml) 

to stimulate murine macrophages to release nitric oxide, presumably due to the 

denaturation and/or aggregation of the protein. In contrast, bacterial endotoxin (LPS) 

and lipopeptides such as Pam3CSK4 are resistant to heat and retain activity. The loss 

of TLR2 activity and specifically the ability to stimulate the TLR2/6 heterodimer is 

also observed in transfected-HEK293 cells (Figure 5.2B) and SW620 cells (Figure 

5.2C), respectively. These results suggest that a native three-dimensional 

conformation is required for NSP4 immunostimulatory activities.  
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Figure 5.2: NSP4 is a heat-labile proinflammatory mediator.  
(A): RAW264.7 cells were stimulated with agonists (NT: not treated) and heat-treated agonist 

(HT: heat treated) including NSP4 (1µg/ml, 5µg/ml, and 10µg/ml), LPS (L) (100ng/ml), 

Pam3CSK4 (P) (100ng/ml) or medium only (M) for 24 hr. Media were tested for nitrite using 

Griess assay. (B): HEK293 cells were transfected with TLR2 and control plasmid cDNA3.1. After 

24 hr, cells were stimulated with NSP4 and heated-treated NSP4 (15µg/ml) for 18 hr. Media were 

tested for IL-8. Data is expressed as means ± SEM in duplicate.  (C): SW620 were transfected 

with TLR2-TLR1, TLR2-TLR6 and control plasmid cDNA3.1. After 24 hr, cells were stimulated 

with NSP4 and heated-treated NSP4 (0.1µg/ml, 1µg/ml, and 10µg/ml) for 18 hr. Media were 

tested for IL-8. Data is expressed as means ± SEM in duplicate. The graph presents data from a 

single experiment representative of at least three independent experiments. 
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5.2.2 Effect of detergent treatment on NSP4 activity 

The non-ionic detergent n-octyl glucoside (OG) forms detergent micelles above its 

critical micellar concentration (~0.7% v/v). Incubation of the secreted NSP4 for 30 

min in 1% OG reduced the mass of the protein to a dimeric form suggesting that the 

protein is secreted as detergent-sensitive oligomers [149]. Moreover, thin-layer 

chromatography of a chloroform-methanol extract of NSP4 followed by flame 

ionization detection revealed the presence of phospholipid. Although the structural 

analysis of TLR2 suggests free phospholipids are unlikely to be able to initiate TLR2 

signalling [471], one study reported that TLR2 recognizes proteins containing 

oxidized phospholipid produced in inflamed tissue [474]. Thus, to determine whether 

the lipid associated with NSP4 contributes to its proinflammatory activity, 1% OG 

was used to extract lipids that are non-covalently associated with NSP4. Detergent 

was later removed using a Pierce® detergent removal spin columns.  

Treatment of NSP4 with 1% OG did not significantly reduce its proinflammatory 

activity. This result also suggested that the oligomeric state of NSP4 did not influence 

its activity. The detergent-removed NSP4 (NSP4 DR) was added to RAW264.7 and 

transfected SW620 for functional assays. Figure 5.3B demonstrated no significant 

reduction in IL-8 secretion in transfected SW620 cells treated with NSP4 or NSP4 DR 

(1 µg/ml, 5 µg/ml, and 10 µg/ml). One interpretation of these data is that if a lipid 

motif is responsible for the TLR2-stimulating activity of NSP4, the lipid could be 

covalently attached to the protein and thus remains attached following detergent 

treatment. 
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Figure 5.3: The effect of detergent on NSP4 activity. 
(A): Non-treated NSP4 (NT), NSP4 treated with 1%OG, and NSP4 treated with 1%OG which is 

subsequently detergent removed (DR) were added into RAW264.7 cells for 24 hr and tested for 

nitrite. Escalating dose of NSP4 (0.1µg/ml, 0.5µg/ml, 1 µg/ml, 5 µg/ml and 10 µg/ml) were used in 

NO assay. Data is expressed as means ± SEM in triplicate. (B): SW620 were transfected with TLR2 

alone, TLR2/TLR1, TLR2/TLR6 and control plasmid cDNA3.1. After 24 hr, cells were stimulated 

with NSP4 and detergent removed NSP4 (NSP4 DR) (1µg/ml, 5µg/ml, 10µg/ml) for 18 hr. Media 

were tested for IL-8 using CBA. Data is expressed as means ± SEM in duplicate.  
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5.2.3 Lipoprotein lipase (LPL) treatment of NSP4 

Most, if not all, TLR2 ligands are lipid-containing molecules. Thus, the biological 

activity of NSP4 could at least in part be due to lipid associated with NSP4. 

Commercially available lipoprotein lipase (LPL) can degrade bacterial lipoprotein and 

reduce the TLR2-stimulating activity of lipoproteins. This enzyme can hydrolyse O-

esterified fatty acids of the diacylglyceride moiety, but not N-acylated fatty acids  

[475]. To investigate whether there are acylated lipids within NSP4 that could 

contribute to its TLR2-stimulating activity, NSP4 was treated with LPL from 

Burkolderia sp. (Sigma-Aldrich L9656) for 24 hr at 37°C, and tested in RAW264.7 

cells for nitrite and TNF-α production. The results show a small reduction of nitrite 

and TNF-α from LPL-treated NSP4 (LT-NSP4) (Figure 5.4). It is possible that LPL is 

unable to cleave the potential lipid chains effectively, even though a large excess of 

enzymes over substrate was used (NSP4: LPL=1:40). An equal amount of lipase 

enzyme was added as a control for the presence of endogenous inflammatory activity 

which revealed activation of the cells and secretion of significant amounts of nitric 

oxide and TNF-α. A possible explanation of this result is the bacterial origin of LPL 

and the likelihood that it may contain endotoxin contaminants. These limitations make 

the data difficult to interpret but suggest that the biological activity of NSP4 could 

reflect the presence of N-acylated fatty acids. 
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Figure 5.4: NSP4 treatment of lipoprotein lipase.  
NSP4 was digested by LPL at 1:40 (w/w) for 24 hr at 37°C.  Mock-treated NSP4 (NSP4) and LPL-

treated NSP4 (LT-NSP4) at 1µg/ml, 5µg/ml and 10µg/ml were added into RAW264.7 cells, and cell 

medium were harvested after 24 hr for Griess assay (A) and TNF-α (B). LPL only were added into 

cells at the same amounts as three escalating concentration of LT-NSP4 for control purposes. In 

TNF-α assay, only samples of 10µg/ml of NSP4 and LT-NSP4 were assayed.  Data presented is the 

mean ± SEM in duplicate samples. Data is representative of two independent experiments. 
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5.2.4 Mass spectrometry analysis of NSP4  

Bacterial lipoproteins such as MALP-2 and FSL-1 contain N-acyl-S-

diacylglycerylcysteine at their N-terminal cysteine residue. S-acylation is  a common 

post-translational modification of viral proteins that facilitates their membrane 

association [476]. There are two conserved cysteine residues in NSP4  that are 

postulated to mediate disulphide bond formation [477]. Cysteine can only form 

disulphide bonds when in the non-modified (i.e. non-acylated) state, but the 

possibility remains in each monomer of NSP4 contribute to the formation of a 

disulphide bond leaving the second available for S-acylation.  

Most palmitoylated viral proteins were identified using radiolabelling of virus-

infected cells with [3H]-palmitic acid. However, in this assay the signal can be very 

weak since the majority of the labelled [3H]-palmitic acid is incorporated into the 

endogenous lipids [478]. As discussed, the TLR2 lipid channel can hold any lipid 

chain over 12 carbons long effectively suggesting that different types of radiolabelled 

fatty acids would be needed to establish the potential for a lipid modification that 

could explain the NSP4 activity.  

To characterize the lipid components of lipoproteins, mass spectrometry (MS) is 

commonly applied because of its high mass accuracy and resolution. However, only 

short proteins can be accurately measured for the increase in the mass associated with 

covalent attachment of a lipid moiety to the polypeptide chain. Therefore, intact 

proteins are often digested into short peptides to facilitate identification of such post-

translational modifications [479]. Peptide identification results from the ionization of 

enzyme-digested peptides that are subsequently fragmented in an MS/MS 

spectrometer. Each fragment ion will be interpreted as a peak in the spectrum at the 

corresponding mass to charge ratio (m/z) of the ions. Unknown amino acids can be 

identified based on the m/z difference between the two corresponding peaks, which 

will be equal to the mass of the amino acid divided by the charge state. In an ideal 

situation, the peptides should primarily break apart at the C-N bond between amino 

acids, which produces two types of ions called b-type ions (the parent’s charge is 

retained on the N-terminal end of the peptides) and y-type of ions (the charge retained 

on the C-terminal end) [480]. Peptides also fragment at C-C bond to produce a-type 

ions that are common in triple quadrupole instruments or quadrupole-time-of flight 
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hybrids (Q-TOF) [481]. A peptide sequence can be deduced by calculating the 

difference in mass between spectrum peaks if those mass differences correspond to 

amino acids. This process is termed de novo sequencing and is accomplished with the 

aid of specific software e.g. PEAKS, SeqMS, and PepNovo. 

Attempts to identify post-translational modifications (PTM) of NSP4 were initiated 

using tandem MS of trypsin-digested NSP4. In order to improve digestion and 

detection by of multiple peptides, NSP4 was reduced by dithiothreitol, followed by 

alkylation of free cysteines by addition of iodoacetaminde. An aliquot of reduced 

sample was diluted in 0.1% formic acid and injected into an LC MS/MS system. 

Peptides were captured on a PepMap C18 cartridge and separated on a Zorbax 

300SB-C18 column. The column effluent was directed into the ion-spray of a QSTAR 

XL hybrid mass spectrometer. The resulting data were analysed using the Mascot and 

PEAKS software packages.  

Mascot compares the observed mass spectra to a database of theoretical spectra 

generated from a genomic database, and determines the most likely matches [482]. 

Each match is assigned a score based on an algorithm calculated as -10*Log(P), 

where P is the probability that the observed match is a random event. Whether 

matches are statistically significant is determined by Mascot using a calculated 

“threshold” score representing a 5% confidence threshold (p value). However, due to 

multiple factors, the method of database searching generates both false positive and 

false negative assignments. Thus, the score of Mascot does not guarantee a correct 

match. PEAKS adopts a different approach for peptide identification [483]. The 

software performs de novo sequencing first to get a peptide sequence for each 

spectrum. Those sequences are then searched in the protein database for sequence 

similarity. PEAKS also supports the identification of many common types of PTM 

including myristoylation, pamitoylation, farnesylation and geranylgeranylation.  

Complications can arise from the fact that certain amino acids have similar and 

sometimes identical mass [484]. Moreover, fragmentation cleavage does not occur at 

every peptide bond, which produces an incomplete series of b- and y-ions. Therefore, 

PEAKS was used in this research as a complement of Mascot to improve the accuracy 

of identified NSP4 peptides.  
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Table 5.1 and Table 5.2 indicate the fragment ions of trypsin-digested NSP4 that were 

identified by Mascot and PEAK, respectively. The identified NSP4 peptides are 

indicated in red text within the NSP4 sequence.  

Table 5.1: Fragment ions identified by Mascot: 

NSP4 sequences: 

        10         20         30         40         50         60  

MEKLTDLNYT LSVITLMNNT LHTILEDPGM AYFPYIASVL TVLFTLHKAS IPTMKIALKT  

 

        70         80         90        100        110        120  

SKCSYKVVKY CIVTIFNTLL KLAGYKEQIT TKDEIEKQMD RVVKEMRRQL EMIDKLTTRE  

 

       130        140        150        160        170  

IEQVELLKRI YDKLMVRSTG EIDMTKEINQ KNVRTLEEWE SGKNPYEPKE VTAAM  

NSP4 UK bovine RV Mass: 20593     Queries matched: 22 
Observed 

  

Mr(expt) 

  
Mr(calc)   

Score

**  
Expect*  Peptide 

374.20   746.38   746.36   18   0.099  NPYEPK 

374.22   746.42   746.40   46   0.00015  ASIPTMK 

424.77   847.52   847.52   25   0.012  IFNTLLK 

438.73   875.45   875.44   48   7e-005  QLEMIDK 

438.74   875.46   875.44   (43)  0.00026  QLEMIDK 

458.24   914.47   914.46   20   0.045  YCIVTIF 

486.30   970.58   970.57   56   5.9e-006  IEQVELLK 

515.26   1028.52   1028.50   17   0.1  YCIVTIFN 

516.79   1031.57   1031.54   43   0.00026  RQLEMIDK 

550.82   1099.62   1099.61   55   1.1e-005  EIEQVELLK 

550.83   1099.64   1099.61   (30)  0.0033  EIEQVELLK 

550.83   1099.64   1099.61   (52)  2.5e-005  EIEQVELLK 

622.34   1242.66   1242.63   12   0.38  YCIVTIFNTL 

417.91   1250.71   1250.69   29   0.0038  LAGYKEQITTK 

419.59   1255.74   1255.71   26   0.0082  EIEQVELLKR 

629.40   1256.79   1256.75   24   0.0079  SVLTVLFTLHK 

661.40   1320.80   1320.75   49   3e-005  CIVTIFNTLLK 

445.24   1332.69   1332.68   37   0.001  EQITTKDEIEK 

742.93   1483.84   1483.81   (44)  0.00014  YCIVTIFNTLLK 

743.41   1484.81   1484.79   60   5.7e-006  YCIVTIFNTLLK + Deamidation (NQ) 

743.44   1484.86   1484.79   (50)  4e-005  YCIVTIFNTLLK + Deamidation (NQ) 

621.97   1862.89   1862.83   16   0.13  
TLEEWENGRNPYEPK + 2 Deamidation 

(NQ) 
*Expect are frequency of matches would occur by chance. (lower the value, more significant the score) 

** Ions score is -10*Log(P), where P is the probability that the observed match is a random event. Individual ions 

scores > 18 indicate identity or extensive homology (p<0.05). Protein scores are derived from ions scores as a non-

probabilistic basis for ranking protein hits. 
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Table 5.2: Fragment ions identified by PEAKS: 

NSP4 sequences: 

        10         20         30         40         50         60  

MEKLTDLNYT LSVITLMNNT LHTILEDPGM AYFPYIASVL TVLFTLHKAS IPTMKIALKT  

 

        70         80         90        100        110        120  

SKCSYKVVKY CIVTIFNTLL KLAGYKEQIT TKDEIEKQMD RVVKEMRRQL EMIDKLTTRE  

 

       130        140        150        160        170  

IEQVELLKRI YDKLMVRSTG EIDMTKEINQ KNVRTLEEWE SGKNPYEPKE VTAAM  

Observed   

Charge (z) 
Mr 

(observed)   

Mr 

(calculated)   
Peptide 

395.213   2 790.42   746.36   ASIPTMK 

599.817   
4 

2377.25   2377.20   
LAGYKEQITTKDEIEKQMDR 

501.959   
3 

1484.86   1484.82   
RQLEMIDKLTTR 

419.585   
3 

1237.74   1237.71   
EIEQVELLKR 

513.943   3 1574.81   1574.76   STGEIDMTKEINQK 

596.617   3 1787.85   1787.83 TLEEWESGKNPYEPK 

 

NSP4 is the most abundant species in the sample, despite several potential hits from 

the database search performed by Mascot indicating the presence of minor amounts of 

trypsin, bovine serum albumin, and other human intracellular proteins. The N-

terminal fragment of NSP4 was not resolved, since the theoretical trypsin cleavage 

site at residue 48 will produce a fragment that will be glycosylated and thus too large 

to pass the filter of the LC-MS system. A potential fragment from residues 56 to 69 

which resides in the ER-proximal amphipathic domain was not detected, possibly due 

to poor ionization of the fragments that are hydrophobic and thus do not form stable 

protonated species [485]. This unresolved region is of particular interest since lysine 

residues are proposed to be modified with lipid based on the observation that K62, 

K66 and K69 are crucial for NSP4 viroporin activity [477]. However, N-acylation of 

lysines in the region has not been demonstrated. Since the region of -

YCIVTIFNTLLK- (a.a 70-81) was identified by Mascot with a high score, cysteine at 

position 71 is highly likely to be unmodified and thus potentially contributes to the 

formation of a disulphide bond. The chemical state of cysteine at position 63 is still 

unknown.  
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Other identified fragments covered many NSP4 tryptic peptides with a high certainty 

as indicated by the high score and low expectancy number in Mascot. The fragments 

identified by PEAKS were examined for spectrum quality and were validated by 

manual de novo sequencing. Except for the fragment “ASIPTMK”, all other 

fragments have the correct sequences assigned to the spectrum. The spectrum of 

ASIPTMK has low signal intensity and an incomplete series of y- and b- ions. Those 

unidentified small sequences scattered in the cytosolic C-terminals may also have low 

signals that cannot be identified using software. Since any lipid modification over 12 

carbons will increase peptide mass over 168 atomic mass units, the combined data 

from Mascot and PEAKS suggested that the identified peptides are not modified with 

acyl chains. However, the possibility that the sequence -IALKTSKCSYKVVKY- 

contains lipid post-translational modifications cannot be excluded from this study.  

Different from trypsin digestion performed in mass analysis, NSP4 was digested with 

trypsin (Trypsin Gold, mass spectrometry grade, Promega) without reduction and 

alkylation in order to exclude potential stimulating effects of reducing and alkylating 

reagents in following immunoassays. Digests were then separated by reverse-phase 

HPLC using Gemini-NX C18 column. Digestion was incomplete as suggested in the 

chromatogram and silver staining, but serves the experimental purpose to assess 

whether cleavage of protein backbone could affect NSP4 biological activity.  

Each fraction was freeze-dried and reconstituted in a small volume. Non-digested 

NSP4, trypsin-digested NSP4 (TD-NSP4), and HPLC-fractions of TD-NSP4 

representing the major peaks in the chromatogram were added into HEK293 cells 

transfected with pFLAG-TLR2 or control plasmid pcDNA3.1and the medium assayed 

for IL-8 after 18 hours. None of the purified fragments are able to stimulate cells to 

produce IL-8. Therefore, it is unlikely that a NSP4 fragment contains TLR2-

stimulating motif similar to classic bacterial tri- or di-acylated peptides. Importantly, 

NSP4 lost its immune-stimulatory activity after trypsin cleavage strongly argued that 

the intact tertiary structure of NSP4 is required for TLR2 interaction.  
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Figure 5.7: Trypsin digestion abolishes NSP4 activity.  
NSP4 (500μg) was digested by trypsin and injected into reverse-phase HPLC at a flow rate of 

1ml/min (upper panel). Solvents and Gradient: Water (A) and Acetonitrile (B), 100% A to 0% A 

linear gradient of water within 65 min, 0 % A for 5 min, back to 100% A in 5 min. Peak 

detection at 254 nm. The inset shows the efficiency of trypsin digestion. All fractions were 

collected and freeze-dried and later tested in HEK293-transfected with TLR2 for IL-8 secretion 

(lower panel). cDNA3.1 transfected HEK293 cells serve as negative controls. NSP4 and TD-

NSP4 was added at 15μg/ml. All RP-HPLC fractions were reconstituted in 50μl water and 5μl 

were added into each well in 200μl total culture medium. Data is expressed as means ± SEM in 

duplicate. Data is representative of two independent experiments. 
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5.3 Discussion 

The previous experiments establish that NSP4 is a TLR2 agonist using various 

functional assays. However, the molecular basis of the interaction and the mechanism 

by which NSP4 can activate the receptor are still unknown. The biophysical 

characterization of membrane proteins has been aided by the use of detergent such as 

n-dodecyl-β-D-glucoside (OG). Many bacterial lipoproteins that stimulating TLR2, 

including FSL-1 and MALP-2 were extracted from cell membranes using 1% OG 

[486]. Interestingly, OG and bovine serum albumin (BSA) were found to act as 

solubilizer to prevent the formation of lipoprotein aggregates. Thus dilution of 

lipoproteins into protein- and serum free buffers was reported to reduce the activity of 

Pam3CSK4 [487]. A reduction in proinflammatory cytokine expression when 

macrophages were stimulated and cultured in serum-free medium containing NSP4 

was not observed in this study. Similarly, there is no increase in proinflammatory 

activity when NSP4 solubilized in 1% OG was added into macrophages. Therefore, 

the oligomeric state of NSP4 appears not to be essential for its activity.  

The heat denaturation of NSP4 provides another clue to show that the intact structure 

of NSP4 is required for TLR2 interaction. Denatured NSP4 is unable to induce NO 

production from murine macrophages. Specifically, TLR2 activity elicited by NSP4 is 

completely abolished by heat treatment. The results suggest NSP4 may interact with 

TLR2 in a different way to Pam-conjugates. However, a denatured protein could 

refold to form a non-native conformation, which buries the potential TLR2-

stimulating motifs. 

Bacterial lipoproteins are membrane structural components with diverse molecular 

structures. The best-characterized TLR2 binding motif from bacterial lipoproteins 

contains a lipid modification at an N-terminal cysteine. The diacylated lipoproteins 

are lipidated at the sulphur atom of the cysteine through the formation of ester bond. 

The triacylated lipoteins have a third fatty acid, bound through an amide link to the 

same cysteine as diacylated counterparts. The polypeptide chain is highly variable and 

was shown to only modulate the TLR2 responses [389, 398]. Structural and functional 

studies have established that the acylated cysteinyl moiety is the motif recognized by 

the TLR2 heterodimers. At least in the recognition of bacterial lipopeptides, 
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triacylated specimens are preferentially recognized by TLR1-TLR6, whereas 

diacylated lipoproteins are recognized by TLR2-TLR6. 

If the biological activity of NSP4 is caused by a small lipopeptide or any non-

covalently associated lipids, the extraction and removal of these could significantly 

reduce the secretion of cytokines by NSP4-treated cells. However, the 

immunostimulatory activity of NSP4 is not affected by lipid extraction. The result 

implies that if a lipid component is responsible for NSP4 activity, it must be 

covalently associated with NSP4. However, in this experiment the efficacy of lipid 

removal was not confirmed, thus the lipid remained associated with protein may 

contribute to the observed activity.  

Lipoprotein lipase (LPL) was used to deactivate bacterial lipoproteins in culture 

supernatants or crude extracts of bacteria [488]. The enzyme hydrolyses ester bonds 

that link fatty acid chains to triglyceride. In this study, NSP4 was found to be 

insensitive to LPL treatment, at least in its ability to induce the production of NO 

production and TNF-α from murine macrophages. However, several drawbacks of 

this assay ought to be taken into account in evaluating the results. First, the bacterial-

derived LPL could be contaminated with endotoxins as suggested significant 

production of nitrite and TNF-α by cells treated with LPL alone. Second, the efficacy 

of de-acylation cannot readily be assessed since the reduction in mass cannot be 

resolved by SDS-PAGE. Third, because the enzyme does not cleave amide-linked 

lipids, the possibility that NSP4 contains N-linked lipids that could interact with 

TLR2 cannot be excluded. 

Mass spectrometry can also be used to identify lipid modification of small peptides. A 

tandem mass spectrometer is capable of ionizing the mixture of peptides generated by 

trypsin digestion and measuring the respective parent mass/charge (m/z) ratios, and 

further fragmenting and measuring the m/z of each peptide into pieces. Mascot and 

PEAKS represent two different software approaches to protein identification. 

Database searching such as Mascot finds the best matching peptide from an existing 

protein sequence database, whereas, de novo sequencing software such as PEAKS 

derives the peptide directly from the mass spectrum. Thus, Mascot is suitable tool for 

the identification of peptides of digested NSP4 whose sequence already present in the 

protein database. In addition, results from PEAKS could be used to validate the 
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database search results since similar results from the two software could be taken as 

evidence of correct sequences [489].  

Several peptide fragments of NSP4 were identified using Mascot and PEAKS. Those 

fragments have a mass value in close approximation with their calculated mass. Since 

addition of acyl chains would significantly increase the mass value, those identified 

fragments are unlikely to be modified in this way.  However, one region of NSP4 

could not be resolved. This region was reported to have membrane-destabilizing 

activity mediated by five conserved lysine residues proposed to cluster on one side on 

an amphipathic alpha helix [490]. This so-called pentalysine domain 

(MKIALKTSKCSYKVVKY) is predicted to interact with ER membrane 

phospholipids and promote insertion of the viroporin domain (a.a 47-92) as an anti-

parallel α-helical hairpin [477]. Because membrane translocation of highly charged 

lysine is energetically unfavourable, Hyser et al. postulated that some or all of the 

lysine residues within the petalysine domain might have acyl chains attached to 

facilitate membrane insertion. Thus it is possible that the pentalysine motif has amide-

linked fatty acid chains which are recognized by TLR2.   

However, contradicting data from TLR2-HEK293 cells treated with HPLC fractions 

of digested NSP4 indicated that the biological activity of NSP4 might not be 

contributed by a known TLR2-stimulating motif. Many bacterial lipopeptides 

stimulating TLR2 were identified using HPLC purification of digested wall 

components, since the N-acyl-S-diacylglycerylcysteine motif can be released and 

acquired by procedure. The purification of digested NSP4 has some limitations. Since 

only 500μg of NSP4 were digested and fractionated by HPLC, it is possible that the 

amounts left after is not sufficient to produce immunological activity. This is not a 

problem in the investigation of bacterial TLR2 agonists as they can be produced in 

large-scale but representing the major challenge in NSP4 immunological study 

considering the cost and labour required in its production. Taken together, the data 

from heat-treatment and protease-digestion of NSP4 suggests that the native 

conformation of the protein is necessary for its ability to stimulate TLR2. 
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Chapter 6 

General Discussion and 

Perspectives 
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6.1 NSP4 activates innate immune cells via TLR2 and its co-

receptors  

The rotavirus enterotoxin NSP4 is released from infected cells and may act as an 

important effector of rotavirus-mediated disease symptoms. In this project, NSP4 

secreted from RV-infected cells was purified to homogeneity in near milligram 

quantities. Incubation of macrophages and macrophage-like cell line with NSP4 

induced robust cellular activation as shown by the release of inflammatory cytokines 

and NO. The induction of cytokines were revealed to be the consequence of a 

receptor-mediated signalling pathway involving the activation of MAP kinases and 

NF-κB. TLR2 was identified as the receptor activated by NSP4 using macrophages 

derived from TLR knock-out mice and cell lines transfected with plasmids encoding 

various TLR genes. Unlike bacterial lipoproteins stimulating TLR2, the 

immunostimulatory activity of NSP4 is abolished after heat-treatment but not 

lipoprotein lipase digestion, provides additional evidence that NSP4 is a genuine 

TLR2 agonist.  

Using cells lacking both TLR1 and TLR6, it was demonstrated that NSP4 is 

preferentially recognized by TLR2/6 heterodimer. However, other non-TLR 

molecules may play a supportive role in NSP4-induced TLR2 signaling. For example, 

CD14 can function as a co-receptor of TLR2/1 heterodimer. Several studies indicated 

that CD14 binds to triacylated lipopeptides and can deliver them to TLR2, hence 

significantly increasing the responsiveness of TLR2 to these ligands [491-493]. 

Similarly, the internalisation of diacylated FSL-1 in murine macrophages was 

reported to be TLR2-independent but mediated by CD14 and CD36 in a clathrin-

dependent endocytic pathway [494]. CD36, a GPI-anchored receptor localized in lipid 

rafts, was suggested to play an essential role in sensing diacylpeptides MALP-2 of 

Mycoplasma fermentans [495]. Therefore, non-TLR molecules such as CD14 and 

CD36 appear to not only facilitate TLR2 hetero-dimerization, but also the 

internalization and intracellular targeting of the receptor/agonist complexes.  

Preliminary observation suggested CD14 enhances the immune responses triggered 

by NSP4, since NSP4 induced more IL-8 in HEK293 cells expressing both TLR2 and 

CD14 than HEK293-transfected with TLR2. This enhancement of cytokine 

production may be attributed to increased internalisation and digestion of NSP4 in 
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CD14 transfected-HEK293 cells which are not phagocytic. Additional experiments 

are required to further explore the potential contribution of CD14 and CD36 to NSP4 

activity. The modes of endocytosis of NSP4 in macrophages and epithelial cells could 

be determined using chemical inhibitors such as nystatin (Nys), chlorpromazine (CPZ) 

and methyl-β-cyclodextrin (MβCD). Nys and MβCD inhibits caveolae- and lipid raft-

dependent endocytosis but has no effect on clathrin-dependent endocytosis [496]. 

CPZ only disrupts clathrin-dependent endocytosis [497]. 

6.2 Two possible mechanisms of NSP4 activating TLR2  

In this study, the hypothesis that NSP4 possesses lipid modifications on cysteine and 

lysine residues that are required for TLR2 activation was considered. Experimental 

evidence for such a lipid modification was sought by the application of mass 

spectrometry. A series of tryptic fragments of NSP4 were generated but not all 

potential peptides were detected by LC-MS. It is conceivable that poor ionisation of 

hydrophobic fragments hinder the detection of peptides that carry lipid modifications. 

Further refinement of mass spectrometry and proteomic analysis is required to 

determine conclusively whether NSP4 are post-translationally modified by acylation. 

New methods are available to tag membrane proteins with significant polar segments 

between membrane-spanning α-helices [498, 499]. Isotope Coded Protein Labelling 

(ICPL) is one of the labelling techniques that selectively label thiol groups of cysteine 

residues and primary ε-amine groups of lysine side chains in a protein using stable 

isotope-labelled N-ethylmaleimide (NEM) and succinic anhydride, respectively [500]. 

Theoretically, unmodified cysteine and lysine residues will have a characteristic 

increase of mass which can be detected by MS. Alternatively, idoacetyl-biotin can be 

used to tag cysteine-containing peptide fragments of NSP4 acting as a method to 

capture on an avidin column for further analysis. The nature of lipids associated and 

the oligomerization status of NSP4 can also be investigated by ion mobility mass 

spectrometry (IM-MS), which measures the rotationally averaged collision cross-

sections of intact membrane protein complexes in the gas-phase [501]. This 

investigation may provide additional clues on whether a specific molecular form of 

NSP4 is required for its activity. 
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Failure to identify a covalently linked acyl chain within NSP4 underscores the 

potential for alternative TLR2-activating mechanisms, as exemplified by the heat-

labile E coli enterotoxins. Bacterial enterotoxins of this class consist of an 

enzymatically active A subunit and a pentameric binding (B5) subunit [502]. The B5 

subunit is non-toxic itself, but is required to bind gut epithelial cell surface 

gangliosides and subsequently delivers the A subunit into cells [503]. Type I 

enterotoxins include the cholera toxin (CT) and the E.coli heat-labile enterotoxin (LT-

I), whereas type II includes E.coli LT-IIa and LT-IIb [504]. The type I heat-labile 

enterotoxins are known to induce IL-1β production from innate immune cells, but this 

activity was found not to be mediated through TLR2 [505]. The B5 subunit of type II 

toxin triggers the secretion of proinflammatory cytokines in the absence of the A 

subunit, but not their respective holotoxins [506, 507]. Later reports demostrated that 

the B5 subunit of type II toxin (LT-II-a-B5 and LT-II-b-B5) are TLR2 ligands [508, 

509]. TLR1 was reported as the co-receptor of TLR2 [386].  

The TLR2-stimulating activity of LT-II-b-B5 is also highly dependent on GD1a, since 

the LT-II-b-B5/T13I mutant that does not bind to any gangliosides has no 

proinflammatory activity [510]. A signalling complex that consists of LT-IIb-B5, 

TLR2,TLR1 and GD1α was found in lipid rafts using fluorescence resonance energy 

transfer (FRET) [510]. CD14 is also shown to be associated with TLR2 in LT-IIb-B5-

stimulated cells, but it is dispensable for cytokine induction. The contrasting 

requirements of GD1a and CD14 imply that GD1a provides structural supports for the 

recognition of LT-IIb-B5 by TLR2. Based on the results of docking analysis using 

crystal structures of TLR2/1, LT-II-b,  Liang et al. speculated that GD1a upholds the 

lower-end of B pentamer through hydrophilic interactions, whereas the hydrophobic 

upper-end of B subunit associates with TLRs. Mutation of key hydrophobic residues 

into hydrophilic amino acids inhibited binding of B5 pentamer with TLR2-TLR1[386]. 

Such a model of GD1a-TLR cooperation provides an explanation for the presence of 

the A subunit could preclude TLR interactions since the hydrophobic upper-end of B 

subunit interacts with A subunit in the holotoxin [505, 511]. Thus, this model 

provides an example for NSP4-TLR2 interaction which may not involve acylated 

motifs but require additional support from other receptors.  
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Figure 6.1: A proposed model for the cooperated recognition of LT-IIb-B5 by GD1a and 

TLR2. 
GD1a is an essential coreceptor required to bind LT-IIb-B5 and facilitates its interaction with the 

TLR2-TLR1 signalling complex, which is recruited to lipid rafts. GD1a is proposed to hydrophilic 

interacts with the lower end of B pentamer pore using its oligosaccharide moiety, whereas the 

hydrophobic upper end of the pore associate with TLR2. Figure reproduced from Liang et al., 2007 

[512] 

TLR signal transduction is believed to be mainly driven by recognition of ligand 

through the extracellular regions, which induces the juxtaposition of transmembrane 

domains (TMDs) of TLRs that brings their TIR domains closer together for the 

initiation of downstream signalling [354]. Therefore, TMD of TLR plays an important 

role in their activation and regulation [513, 514]. However, current understanding on 

the functional dynamic of TMD of TLRs are still limited. The TMD of TLR has been 

reported to be incorporated with a Cholesterol Recognition Amino-Acid Consensus 

(CRAC) sequence which drives the accumulation of TLRs in lipid microdomains 

upon their activation [515-517]. Considering that many studies have confirmed that 

NSP4 is a resident of lipid rafts, potential interactions between the TMDs of NSP4 

and TLRs may occur.  

Recent studies provide evidence that the TMDs of TLR2 and TLR6 regulate the 

assembly and activation of TLR2/6 heterodimers. It has been proposed that the 

GXXG motif of the TLR2 and TLR6 TMDs move in a piston motion to adopt the 

conformation for dimerization [518, 519]. Theoretically, a transmembrane protein can 

modulate TLR2 activity by directly interacting with the TMD of TLR2 and its 
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partners. A recent paper described that the TMD of HIV-1 envelope (ENV) interacts 

with the TLR2 TMD within the membrane milieu to inhibit the activation of TLR2 

responses [520]. The inhibition is due to an impaired dimerization of TLR2 and TLR6 

mediated by the GXXG motif present in the TMD of ENV. Thus, it is possible that 

TLR2 signalling can be initiated by NSP4 modulating the dimerization of TLR2 and 

TLR6. However, it remains as a speculation due to the limited understanding in the 

mechanism of plasma membrane insertion and the structural dynamics of membrane-

inserted NSP4.  

6.3 TLR2 signalling can modulate immune responses against 

rotaviruses 

The establishment of NSP4 as a TLR2 agonist explains its strong adjuvant activity 

[271]. Although RV-induced symptoms are proposed to be related to diverse 

mechanisms, NSP4 signalling via TLR2 may represent an evolutionary adaption of 

rotavirus to induce vomiting and diarrhoea to facilitate its viral transmission. NSP4 

has been shown to induce the secretion of serotonin from enterochromaffin cells 

leading to the activation of ENS and vagus nerve which participates in the induction 

of vomiting and diarrhoea [192]. Human enterochromaffin cells are known to not only 

express TLR2 and TLR4 but also be activated by TLR agonists to secret cytokines 

and chemokines including TNF-α, IL-8 and TGF-β [521]. Further investigations are 

required to establish the potential link between NSP4 activating enterochromaffin 

cells and TLR2 signalling. The ability of NSP4 to induce Ca2+-mediated Cl- secretion 

and diarrhoea was demonstrated in CFTR-knockout mice [185]. Murine macrophages 

and airway epithelial cells are activated by TLR2 agonists leading to the release of 

Ca2+ from intracellular stores [522]. Thus it is reasonable to speculate that NSP4 

induced Cl- secretion in intestinal epithelial cells can be mediated by TLR2 activating 

intracellular calcium signalling.   

On the other hand, the ability to recognize NSP4 may contribute to host resistance 

against rotavirus infections. For example, TLR2 signalling has been implicated to 

have a protective role by promoting mucosal integrity in a mouse model of 

Campylobacter jejuni gastroenteritis [523]. A TLR2-induced upregulation of tight 

junction proteins claudin-1 and ZO-1 has also been shown in various in vitro system 
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[524-527]. Therefore, it seems hosts could exploit the tissue repair property of TLR2 

signalling to reduce or delay the pathological progression of RV infections in the 

intestine. 

TLR2 recognition not only provides an additional detection mechanism but can 

modulate adaptive immune responses against the viruses. The importance of TLR2-

mediated adaptive immune responses against viral infections has been demonstrated 

in EBV and HSV [446, 448]. A recent report demonstrated the viral glycoprotein of 

Junín virus, a New World arenavirus, is sensed by TLR2/6 heterodimers leading to 

the upregulation of RIG-I and MDA5 and expansion of Junín virus-specific CD8+ T 

cells [528]. These TLR2-induced immune responses are thought to be essential for 

viral clearance. Importantly, the induction of RLRs by TLR2 activation is required for 

the early induction of interferons. However, Junín virus is proposed to be able to 

counteract the induction of type I IFN by inhibiting IRF3 and IKKε which is observed 

in the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) [529]. 

Apart from the synergistic cooperation of TLR2 with viral genome sensors, TLR2 

activation is found to be particular important for the generation of antigen-specific 

antibody responses. Compared with TLR4 signalling, TLR2 is suggested to be crucial 

for the generation and persistence of antibody secreting cells in mice [530]. 

Furthermore, the antibody responses against influenza antigens have been reported to 

be enhanced by Pam3CSK4 in a manner that is independent of the interferon pathway 

[531]. In humans, it is found that TLR2 agonists directly act on circulating B cells 

isolated from health persons to induce the expression of CCR9, CCR10 and IgA 

expression [532]. Therefore, the activation of TLR2 by NSP4 might represent a major 

pathway in the induction of RV-specific antibodies especially IgA. It would be 

interesting to evaluate the role of TLR2 using TLR2 or TLR-adaptor knockout mice 

infected with rotavirus or immunized with secreted NSP4 to evaluate this hypothesis.  

Previous studies have also suggested that TLR2 activation can increase the processing 

and presentation of viral antigens in DCs [533]. DCs were activated by NSP4 

resulting in the up-regulated expression of co-stimulatory molecules such as CD80, 

CD86 and CD40. A question remains whether NSP4-primed DCs are capable of 

direct specific T cell responses. Although still controversial, TLR2 signalling is 

proposed to induce Th2 responses via a suppression of IL-12 (p70) production and the 
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promotion of IL-10 secretion in DCs [339, 534]. However, some reports have claimed 

that synthetic bacterial lipopeptides can skew adaptive immune responses towards 

Th1 type in the absence of exogenous antigens through the induction of IL-12 [535-

537]. Recently, the Th17 type of T cell response has been reported to be polarized by 

TGF-β, IL-1β and IL-23 after TLR2 activation [538]. NSP4-primed DCs secreted 

various cytokines including IL-6, IL-10 and IL-23 which seems to be characteristic 

for the polarization of a Th17 phenotype. However, current cytokine data are not 

sufficient to reveal which type of helper T cells will be induced by NSP4. A mixed 

lymphocyte reaction with NSP4-matured DCs can be used in the future study.  

Alternatively, a Th17 phenotype could be promoted due to the reduced suppressive 

function of regulatory T cells (Treg) [330]. A TLR2 signalling pathway is implicated 

in modulating T cell responses by either directly acting on regulatory T cells or by 

activating antigen-presenting cells. Signals from activated TLR2/1 have been reported 

to induce the proliferation of Treg whose suppressive function is temporarily reduced 

but later restored after removing the stimulus [330, 539, 540]. The pathophysiological 

significance of this phenomenon is suggested by a prevailing theory that explains the 

frequency and function of effector T cells and Tregs are present in an equilibrium in 

order to control infection but prevent over-activation of the immune system [541, 

542].  

In the mouse model, RV infections have been demonstrated to induce an expansion of 

Treg [543]. However, the depletion of Treg did not affect virus shedding, antibody 

responses or RV-induced diarrhoea [543]. Further studies using gnotobiotic pigs 

revealed a dynamic change of Treg population that was characterised by a reduced 

number of tissue-resident Treg, but increased Treg in the circulation after rotavirus 

challenge [544]. Interestingly, despite an overall decrease of tissue-resident Treg, an 

expansion of CD4+CD25- Treg in the ileum that produce immune suppressive TGF-β 

and IL-10 were observed at the acute phase of infection [544]. The author concluded 

the expanded Tregs, especially ileum CD25- Tregs, are essential in restraining 

intestinal inflammation which is a hallmark of rotavirus pathogenesis. Thus, a mild 

intestinal inflammation observed commonly in RV-infections may be explained by 

NSP4-induced TLR2 signalling expending Treg, especially ilium Tregs. However, the 

hypothesis requires further investigations using in vitro and in vivo models.  
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In summary, this thesis presents evidence that rotavirus-mediated innate immune 

activation is a highly complex interplay between different receptors, either located at 

the surface of the host cells or within intracellular compartments. NSP4 could thus 

play a role in rotavirus pathophysiology by orchestrating innate and adaptive 

immunity in infected individuals (Figure 6.2). Future studies using TLR2 knock-out 

mice could provide answers to whether NSP4 activating TLR2 signalling contributes 

to RV-induced diarrhoea in neonatal mice or provides protection against RV infection 

in adult mice. A proposed protective role of TLR2 activation by NSP4 is not 

paradoxical to its well-known enterotoxic functions. In fact, it provides a perfect 

example of an ongoing arms race between pathogen and host. Rotavirus evolved 

multiple mechanisms to establish a successful infection including antagonising anti-

viral interferon system of the host. NSP4 as an enterotoxin represents another strategy 

of the virus to induce vomiting and diarrhoea for dissemination. However, it is also an 

evolutional adaption of the host to detect NSP4, which are produced after virus 

replication cycle thus acts as viability-associated PAMPs. Recognition of NSP4 by 

TLR2 is thus beneficial for the host to control rotavirus infections and to mediate 

repair of intestinal epithelial layer. This may explain the mild histological changes 

followed by the fast recovery of villi during RV infections in humans. If this 

hypothesis were true, NSP4 activating TLR2 would not exert significant selection 

pressure on rotavirus leading to a balance between host resistance and virus survival.  
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Figure 6.2: Orchestration of innate and adaptive immune responses by secreted NSP4.  
Following uptake by intestinal epithelial cells, rotavirus (RV) replicates and secretes NSP4 primarily 

from the apical surface.NSP4 enters the intestinal lamina due to the disruption of intestinal barrier 

during viral infection. NSP4 activates intestinal macrophages or circulating monocytes to secrete 

proinflammatory mediators resulting in the recruitment of other immune cells and further promoting 

inflammation. NSP4 also stimulates the maturation of immature DC which can activate naïve T cells 

with distinct immune functions. A dominant Th1 response activated by NSP4 may promote virus 

clearance. A Th2 response may be initiated by NSP4 for persistent infection if high affinity antibodies 

cannot be produced in B cells. Alternatively, immune suppression may be caused by the secretion of 

IL-10 and TGFβ from regulatory T cells. Th17 pathway may be initiated by the differentiation of Th17 

T cells or through the activation of γδ T cells.  
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Appendix I 

 

Sequence analysis of NSP4 gene 

 

MA104 cells were seeded and infected with UK bovine. After 6 hrs, cells were washed and harvest to 

extract RNA using invitrap spin cell RNA mini kit. 1μg of RNA was reverse transcribed, and PCR was 

performed using NSP4 primer: Forward primer GGCTTTTAAAAGTTCTGTTCCGAGA; Reverse 

primer ATTAAGACCGTTCCTTCCATTAACG. PCR products were purified and sequenced using 

Applied Biosystem 3130xl Genetic Analyzer. CLUSRAL 2.3 multiple sequence alignment confirms 

the complete match between our UK BRV NSP4 with UK bovine rotavirus RNA gene segments 10 

(GeneBank: K03384.1). 
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Appendix II 

The following publication appeared during the course of this work: 

Ge, Y., Mansell, A., Ussher, J.E., Brooks, A.E., Manning, K., Wang, C.J., Taylor, 

J.A., 2013. Rotavirus NSP4 Triggers Secretion of Proinflammatory Cytokines from 

Macrophages via Toll-Like Receptor 2. J Virol 87, 11160-11167 
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