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COLLECTIN INTERACTIONS WITH RHINOVIRUS 

 
by Jacqueline Sarah Pugh 

 
The collectins surfactant protein A (SP-A) and SP-D are found in the lining 
fluid of the lung and form an important component of innate pulmonary 
defenses; they consist of a N-terminal region, a collagenous region, a neck 
region and a carbohydrate recognition domain (CRD).  SP-A and SP-D bind 
to and have antiviral properties in vivo against the enveloped viruses 
respiratory syncytial virus (RSV) and influenza A virus (IAV).  A 
recombinant fragment of SP-D (rfhSP-D) has also been developed and is 
composed of the neck, CRD and a short collagenous region of SP-D.  The 
rfhSP-D retains the ability to bind to RSV and IAV.  Human rhinovirus 
(HRV) is a non-enveloped virus and is the predominant cause of the 
common cold.  HRV can also cause exacerbations in patients with chronic 
airway disease.  Based on the known antiviral effects of SP-A and SP-D, and 
their localisation in the upper and lower airways, the present thesis sought to 
investigate the research question ‘Can SP-A, SP-D and rfhSP-D bind to and 
inhibit infectivity of HRV?’ 
 

Methods to purify and detect HRV were established and used in 
experiments with SP-A and SP-D purified from bronchoalveolar lavage and 
rfhSP-D expressed in Escherichia coli.  A novel interaction between SP-D and 
rfhSP-D with HRV was identified using co-immunoprecipitation and surface 
plasmon resonance; no such interaction was detected with SP-A.  Binding 
was calcium dependent and inhibited by the presence of sugars, indicating 
that binding is via the CRD.  Monolayers of HeLa cells, 16HBE cells or 
undifferentiated primary nasal epithelial cells were infected with HRV co-
incubated with collectins and the infection level was assessed using flow 
cytometry.  The presence of collectins did not significantly alter the infection 
level.  This is the first report of a component of the innate immune system 
binding to the surface of HRV. 
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 Chapter  1 

 1 

1. Chapter 1: Introduction 

1.1 Pulmonary Surfactant 

Pulmonary surfactant is an essential component of the lung, made up of a 

complex mixture of lipid (~90 %) and protein (~10 %).  The most critical 

function of pulmonary surfactant is the reduction in surface tension at the 

air-liquid interface in the lung, thereby preventing alveolar collapse [1].  

Neonatal respiratory distress syndrome (RDS) occurs in premature babies 

who have immature lungs and therefore a deficiency in pulmonary 

surfactant.  The introduction of exogenous surfactant treatment to these 

premature babies greatly reduced the mortality associated with premature 

birth [2-4].  In addition pulmonary surfactant has a well-documented role in 

the innate immunity of the lung (see section  1.2.3).  

 

1.1.1 Surfactant Lipids 

The surface tension reducing properties of pulmonary surfactant are 

attributed mainly to the lipid component of surfactant, although the 

surfactant associated proteins do play a role.  The main constituent (~80 %) 

of the lipid portion of pulmonary surfactant is phosphatidlycholine, of which 

approximately half is dipalmitoylphosphatidylcholine (DPPC).  The 

saturated DPPC is able to pack densely forming a layer capable of 

maintaining low surface tension [5].   

 

1.1.2 Surfactant Proteins 

There are four surfactant proteins, native human surfactant protein-A (SP-

A), SP-B, SP-C and SP-D.  The proteins are separated into two groups.  The 

proteins SP-B and SP-C are hydrophobic proteins that are involved in the 
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reduction of surface tension, whereas SP-A and SP-D are hydrophilic 

glycoproteins primarily involved in innate immunity in the lung. 

 

1.1.2.1 SP-B and SP-C 

The proteins SP-B and SP-C are expressed by type II alveolar epithelial cells, 

SP-B is also expressed by Clara cells.  Both proteins are associated with the 

lipid component of surfactant and promote surface film formation at the air-

liquid interface of the lung; it has been demonstrated that SP-B enhances 

lipid insertion into the lipid layer at the air-liquid interface [6].  The 

importance of SP-B is revealed by a mutation in the SP-B gene that causes 

SP-B deficiency and leads to fatal neonatal respiratory disease [7].  SP-B 

deficiency is also linked with aberrant processing of SP-C protein; the 

mechanism for this remains elusive [8].  Mutations that lead to SP-C 

deficiencies result in respiratory dysfunction and interstitial lung diseases [9, 

10].   

 

An anti-inflammatory role for SP-B, in addition to its essential role in 

reducing surface tension, has been shown by studying SP-B overexpressing 

mice (SP-B(+/+/+)).  When these mice are challenged with endotoxin they have 

fewer inflammatory cells and proinflammatory cytokines in their BAL 

compared to SP-B(+/-) mice [11].   

 

1.2 SP-A and SP-D 
 

The proteins SP-A and SP-D are part of the collectin family, which also 

consists of mannan-binding lectin, bovine collectin conglutinin, collectin-46 

collectin-43 and collectin 11 [12-15].  Collectins are so called due to their 

collagenous and lectin domains.  SP-A and SP-D form an important part of 
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the innate pulmonary defences and control of inflammation.  The lung is the 

primary site of SP-A and SP-D synthesis, where they are predominantly 

produced by alveolar type II cells; however non-ciliated Clara cells and 

submucosal cells also produce SP-A and SP-D [16, 17].   There is 

approximately ten-fold more SP-A than SP-D within the surfactant lining 

fluid in the lung.  Expression of SP-A and SP-D is not restricted to the lungs; 

they are expressed in many extrapulmonary sites where they may have a 

role in host defence.  Both SP-A and SP-D are present in human nasal 

mucosa, tears, saliva and amniotic fluid [18-22].  SP-A is also expressed in 

the thymus, prostrate, mesentery, and the female genital tract [23-25].  SP-D 

is found in many extrapulmonary sites.  It is secreted onto mucosal surfaces 

throughout the body [17].   

 

1.2.1 Isolation of SP-A and SP-D 

SP-A and SP-D can be isolated from amniotic fluid and bronchoalveolar 

lavage (BAL) taken from patients with alveolar proteinosis; however, yields 

are low and the SP-D exists in various oligomeric forms [26].   Mammalian 

and baculovirus expression systems also produce SP-D; however, the yield is 

still low [27, 28].  Difficulty of isolation, varying structure and low yields 

results in SP-D being an unattractive pharmacological agent.  In contrast to 

this, a recombinant fragment of SP-D (rfhSP-D) with biological activity in 

vivo has been developed [29-31].  The rfhSP-D consists of the neck and CRD 

of the SP-D molecule, with only a short collagenous region.  The rfhSP-D can 

potentially be produced uniformly on a large scale from bacterial and yeast 

expression systems that give a higher yield, and thus rfhSP-D is a viable 

pharmacological agent [32].   
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1.2.2 Structure of SP-A and SP-D 

There are four structural domains of SP-A and SP-D; the N-terminal non-

collagenous domain, the collagenous region, the neck region and the C-type 

carbohydrate recognition domain (CRD) (Figure  1-1) [33-35].  Monomers of 

SP-A and SP-D associate with one another at the neck region to form trimers 

[36].  In the case of SP-A there are two transcribed genes, SFTPA1 and 

SFTPA2, forming SP-A1 and SP-A2 chains respectively [37, 38].   

 

Higher order oligomers are formed via disulfide and non-disulfide bonds 

between the amino terminuses of the chains.  The most common SP-A 

oligomer is an octadecamer consisting of six trimers in a bunch of tulips 

formation; whereas the most common SP-D oligomer is a dodecamer 

consisting of four trimers in a crucifix formation (Figure  1-1) [13, 39, 40].  In 

SP-A isolated from patients with alveolar proteinosis multimers of SP-A 

have been observed using electron microscopy [41, 42].  Multimers of SP-D 

consisting of upwards of 32 homotrimers can also naturally form and are 

seen in some healthy individuals and patients with pulmonary alveolar 

proteinosis [39, 43].   
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Figure  1-1 SP-A, SP-D and rfhSP-D structure.  The four structural domains 
of the SP-A and SP-D monomers are shown.  Three monomers associate with 
one another at the neck region to form trimers.  Trimers oligomerise to form 
higher order multimers, the most common of which for SP-A is an 
octadecamer consisting of six trimers in a bunch of tulips formation and for 
SP-D the most common is a dodecamer, consisting of four trimers in a 
crucifix formation.  SP-D also forms higher order multimers with an 
unknown number of trimers.  A schematic diagram and a ribbon 
representation of the crystal structure of the rfhSP-D, which consists of the 
neck region, CRD and a short collagen section is shown.  Each colour 
represents a different monomer.  Crystal structure images produced using 
the UCSF Chimera package version 1.6, protein data bank (PDB) codes 1PW9 
and 3PAR for rfhSP-D and rat SP-A respectively. 

1.2.2.1 Carbohydrate Recognition Domain 

The CRD of SP-A and SP-D confers lectin activity and is primarily 

responsible for the recognition of pathogens.  The overall structure of the 

collectins varies; however, there are 18 highly conserved residues within the 

CRD [44, 45]. 
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The structures of the CRDs of SP-A and SP-D have been resolved at high 

resolution using x-ray crystallography.  The structure of the CRD of a 

recombinant fragment of SP-D in the native form has been described by 

Hakansson at al. and Shrive et al. [34, 46].  Head et al. resolved the CRD 

structure of rat SP-A [47].  These have shown subtle differences in the 

structures of SP-A and SP-D that may help explain their different ligand 

specificities. 

 

The structure of the CRD is primarily composed of two anti-parallel β-sheets.  

One of these is four-stranded and interacts with the neck region; the other is 

five-stranded and in conjunction with some of the loop structure and a Ca2+ 

ion forms the carbohydrate binding site [34, 35].  This primary Ca2+ ion, 

termed Ca1, is present in the CRD of all collectins.  The presence of Ca1 

causes a symmetric conformation in all three chains of SP-D; it also changes 

the charge of the cleft.  The coordination of Ca1 in the absence of a 

carbohydrate ligand is completed by two water molecules, but when bound 

to carbohydrate this is conducted by oxygen atoms from the terminal 

monosaccharide [46].  The distance between two carbohydrate binding Ca2+ 

ions was found to be approximately 5 nm [34].  A recent study by Shang et al. 

demonstrated that there is a ligand associated conformational change in the 

carbohydrate binding site of SP-A.  This has not been reported for SP-D [48].  

No contacts between the individual CRDs of SP-A or SP-D have been found 

in the x-ray crystallography studies. 

 

There are two further Ca2+ ions in the CRD of SP-D, termed Ca2 and Ca3, 

seen in crystallography studies [46].  These Ca2+ ions are in close proximity to 

Ca1 and are coordinated by water molecules and acidic side chains.   No 

equivalent Ca2+ ions are seen in the structure of rat SP-A [47].   
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The surface of SP-D is largely positive, mainly due non-conserved lysine 

residues.  The crystal structure of a recombinant fragment of SP-D shows 

that there is a Ca2+ ion that interacts with Glu232 which is in contact with the 

lysine residues on each chain.  The Ca2+ ion changes the conformational 

structure of the chains thereby removing the neutralising effect that the 

glutamate residues have on the lysine residues; this results in a positively 

charged “funnel” in the cavity between the three lectin domains which is 

absent in SP-A, as can be seen in Figure  1-2 [46].   

 

There is N-glycosylation in the CRD of SP-A from all species studied, and 

based on size-shift studies of deglycosylated SP-A this is a carbohydrate 

group of 5-10 kDa [49].  The only other collectin with known N-glycosylation 

in the CRD is porcine SP-D [50].  The functional effect of the glycosylation on 

carbohydrate binding has not been well studied.  

 

 

Figure  1-2 Electrostatic surface of (A) SP-A and (B) SP-D.  The electrostatic 
surfaces of the CRD of rat SP-A (PBD code 3PAR) and human SP-D (PBD 
code 1B08) are shown.  A Ca2+ ion is present in the SP-A structure and three 
Ca2+ ions are present in the SP-D structure.  The positive and negative 
charges are represented by blue and red respectively.  Surface charges 
calculated and images created using CCP4 software version 2.6.2 [51, 52]. 

 



 Chapter  1 

 8 

1.2.2.2 Neck Region 

A 34-41 amino acid section of the SP-A and SP-D molecule forms the neck 

region.  The amino acid sequence results in the formation of an α-helix, three 

of these come together in the trimer to form the α-helical coiled-coil structure 

which makes about eight helical turns [34, 36].  Hydrophobic interactions 

stabilise the trimeric coiled-coil [36, 47].  The characteristic amino acid 

sequence of an α-helical coiled-coil is that of the repeating heptad pattern, ‘a-

b-c-d-e-f-g’ where ‘a’ and ‘d’ are typically hydrophobic residues.  The neck 

region of SP-D does tend to follow this rule; however, the neck region of SP-

A deviates from this and consequently the interactions in the neck region are 

weaker.  Experiments using mutated rat SP-D have helped elucidate that the 

neck region is important for the formation of a stable collagenous region and 

is required for the formation of trimers [53].   

 

The orientation of the neck and CRD domains of the SP-A molecule results in 

a ‘T’ shape, in contrast, the SP-D molecule has a ‘Y’ shape [47].  This could 

have implications for the interaction of the molecules with ligands.  

 

1.2.2.3 Collagenous Region 

The collagenous region of the collectins consists of the classic collagen 

structure, repeating units of glycine-X-Y, where X and Y can be any amino 

acid but are often proline or hydroxyproline.  Three chains coil around one 

another in a right handed manner, forming a helix with the glycine residues 

inside the helix.  The hydoxylation of some prolines and lysines is required 

for the stabilisation of the helical collagen structure at 37 °C.  It is believed 

that intrachain hydrogen bonds form and thus stabilise the structure [54].  

Early structural studies of SP-D suggested that in the molecule 

approximately 24 % of the lysine residues and 33 % of the proline residues 
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were hydroxylated [55].  Of all the collectins SP-D has one of the largest 

collagenous regions (59 Gly-X-Y repeats, 46 nm long), and SP-A has one of 

the shortest (23 Gly-X-Y repeats, 20 nm long) [37, 55].  There is an 

interruption in the Gly-X-Y repeats of the collagen domain of SP-A, and this 

gives a 60° kink in the helix, as revealed by electron microscopy [56].  

Another difference between SP-A and SP-D is that SP-D is glycosylated 

within the collagenous region, at residue Asn70, whereas SP-A is not [39].  

The functional importance of the glycosylation of SP-D is not clear; it was 

initially hypothesised that it may be necessary for the formation of trimers 

and therefore dodecamer formation.  This was however disproved as 

Chinese hamster ovary (CHO)-K1 expressed rat SP-D engineered to lack the 

glycosylation shows normal assembly and secretion [57].  

 

1.2.2.4 N-terminal Region 

The N-terminal region of SP-D is 25 amino acids whereas the N-terminal 

region of SP-A is much shorter with 7 amino acids [37, 55, 58].  Within the N-

terminal region stabilising disulphide bonds form between the monomeric 

units that form trimers; the formation of further disulphide bonds result in 

oligomerisation of SP-A and SP-D.  There are two cysteine residues at 

positions 15 and 20 that have been shown by mutational studies of rat SP-D 

to be required for the stabilisation of the dodecameric form of SP-D [59].  

Mutational analysis of SP-A has shown that although the N-terminal region 

is required for the formation of SP-A oligomers, the formation of disulphide 

bonds is not essential [60, 61].  
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1.2.3 SP-A and SP-D Function 

The role of SP-A and SP-D in the lung is well documented; they provide 

innate defence and modulate the inflammatory response to inhaled micro-

organisms, including viruses, fungi and bacteria [62-68].  The CRD is 

responsible for recognition of carbohydrate molecules commonly present on 

the surface of pathogens, to which it binds in a calcium dependent manner.  

It is also thought that binding of SP-D may involve electrostatic interactions 

due to the large electrostatic potential in the cavity between the three lectin 

domains; this may interact with targets on micro-organisms which have a 

negative charge, such as lipopolysaccharide which is found in cell walls of 

Gram-negative bacteria [34].  In addition to interactions with 

microorganisms, it has also been documented that SP-A and SP-D can 

recognise and aid in the clearance of materials in the lung such as pollen, 

house dust mite allergens and apoptotic cells [69-71].   

 

1.2.3.1 Chemotaxis 

SP-A and SP-D are chemotactic for alveolar macrophages and neutrophils 

and are consequently thought to have an important role in recruitment and 

retention of these cells in immune responses [72, 73].  Experimental evidence 

suggests that the chemotaxis associated with SP-D is mediated by the CRD 

binding to the phagocyte as the presence of sugars and CRD directed 

antibodies inhibit this function [72].  The CRD is further implicated as a 

neck-CRD recombinant fragment of SP-D retains the ability to elicit 

neutrophil chemotaxis in vitro [74].  Unlike that of SP-D, SP-A chemotaxis of 

alveolar macrophages may be mediated via the collagen region [75]. 
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1.2.3.2 Alteration of Cytokine Production 

It has been proposed that SP-A and SP-D are dual mediators of 

inflammation, depending on the presence of pathogens and how the 

collectins are interacting with receptors.  Gardai et al. suggest that in the 

absence of pathogens SP-A and SP-D bind to signal inhibitory protein 

(SIRP)-α, expressed on mononuclear phagocytes and pulmonary epithelial 

cells, via the CRD which consequently inhibits production of pro-

inflammatory cytokines.  When SP-A and SP-D are associated with 

pathogens it is believed they engage with the calreticulin/CD91 complex via 

the collagen domain, and thus cause a pro-inflammatory response [76].   

 

SP-A and SP-D are pattern recognition molecules and can therefore 

modulate the immune response to pathogens through direct interactions 

with pathogen-associated molecular patterns (PAMPs), as well as by other 

mechanisms.  For example, SP-A down-regulates zymosan induction of 

tumor necrosis factor (TNF)-α secretion from alveolar macrophages; this is 

via a mechanism involving SP-A alteration of the interaction of zymosan 

with toll-like receptor (TLR)-2, despite not binding to zymosan [77].  Binding 

of SP-A to CD14 on alveolar macrophages inhibits binding of smooth LPS 

(which is not a ligand for SP-A) to CD14, which reduces TNF-α production 

[78].  In contrast, TNF-α production from alveolar macrophages in response 

to rough LPS remains unchanged in the presence of SP-A, even though 

rough LPS is a SP-A ligand [78].  This highlights that the effect of SP-A is 

dependent on various factors.   

 

1.2.3.3 Lymphocyte Proliferation 

Inhibition of T-cell proliferation has been reported for both SP-A and SP-D, 

this is thought to be mediated by two different mechanisms.  The first is an 
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IL-2 dependent mechanism in which SP-A and SP-D were shown to inhibit 

anti-CD3 antibody and phytohaemagglutinin stimulated T cell proliferation 

mediated by inhibition of IL-2 production [79, 80].  The second mechanism is 

an IL-2 independent mechanism that involves attenuation of calcium 

signalling [81, 82].   

 

1.2.3.4 Antigen Presentation 

Both SP-A and SP-D bind to dendritic cells (DCs).  DCs are the most potent 

antigen presenting cells and are found in the airway epithelium, the lung 

parenchyma and within the alveolar space [83].  The interaction of SP-A and 

SP-D with DCs is only partially inhibited by ethylenediaminetetraacetic acid 

(EDTA) suggesting both CRD and non-CRD mediated binding [84].  Pre-

treatment of immature DCs with SP-A inhibits DC maturation in vitro and in 

vivo.  SP-A also inhibits the chemotaxis of DCs [85, 86].  In contrast, SP-D has 

been shown to enhance E .coli uptake and presentation by murine bone-

marrow derived DCs [87].  A later study found that SP-D inhibited antigen 

presentation by murine lung DCs [88].  These experiments suggest that the 

SP-A and SP-D may have important regulatory roles in the lung resulting in 

the maintenance of a hyporesponsive immunologic environment.  The 

overall role of SP-A and SP-D in enhancing phagocytic uptake and 

preventing DC maturation and T cell proliferation reduces the occurrence of 

potentially damaging inflammatory responses.     

 

1.2.3.5 Clearance of Apoptotic Cells 

Apoptosis is the process of programmed cell death, essential for the 

maintenance of tissue homeostasis and resolution of the inflammatory 

response [89].  The importance of SP-D, but not SP-A, in clearance of 
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apoptotic cells from the lung is evident from in vivo murine studies in mice 

overexpressing SP-D or SP-A [90].  In addition to this, SP-D-/- mice show 

accumulation of apoptotic and necrotic alveolar macrophages and intranasal 

administration of rfhSP-D reduces the number of apoptotic macrophages 

[91] . 

 

1.2.3.6 Interaction of SP-A and SP-D with Influenza A virus 

Influenza A virus (IAV) is an important pathogen that has been responsible 

for causing three worldwide pandemics in the last century, the “Spanish 

influenza” in 1918, the “Asian influenza” in 1957, and the “Hong Kong 

influenza” in 1968; it is estimated that the Spanish influenza killed 

approximately 50 million people globally [92].  IAV are negative sense, single 

stranded RNA viruses, which have a lipid envelope derived from the plasma 

membrane of the cell in which it replicated [93]. 

 

The initial step in IAV infection is attachment of the hemagglutinin (HA) to 

sialic acids on the surface of the host cell.  For human strains this is 

predominantly respiratory epithelial cells.  Human IAV strains preferentially 

bind sialic acid residues attached to galactose by an α2, 6 linkage, the most 

common linkage found on human respiratory epithelial cells [94].  After 

attachment the virus is endocytosed into the host cell, where it replicates 

before budding.  The budding process involves both the viral HA and the 

neuraminidase (NA); the HA anchors IAV to the host cell while the NA 

activity removes the sialic acid thus releasing the virus.  NA also removes 

sialic acid from the viral envelope to prevent aggregation of viral particles 

[95].   
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Both SP-A and SP-D neutralise IAV but by different mechanisms.  SP-D 

binds to high-mannose oligosaccharides close to the sites on the HA that 

bind sialic acid.  SP-D is therefore thought to sterically prevent cellular 

attachment [62, 96, 97].  SP-D binding is dependent on the glycosylation of 

the HA and requires calcium, as shown by calcium chelation resulting in 

decreased anti-IAV effects of SP-D  [62].  SP-D also binds to the NA of IAV, 

inhibiting the enzyme activity [98].  This could be another mechanism by 

which SP-D limits IAV infection as antibody blockade of IAV NA inhibits the 

release of progeny virus [99].  In vivo murine studies also highlight the 

importance of SP-D in the immune response to IAV infection.  When infected 

intranasally with glycosylated strains of IAV, SP-D-/- mice show reduced 

clearance of the virus and increased production of inflammatory cytokines, 

compared with wild type mice [100, 101].  These differences can be rectified 

by intra-tracheal co-administration of SP-D, demonstrating the importance of 

SP-D in IAV immunity [100].   

 

A highly sialylated glycan present on the CRD of SP-A is a target for the IAV 

HA.  This was elucidated as deglycosylation of SP-A prevents its 

neutralising effect on IAV and the interaction is not inhibited by EDTA or 

sugars, confirming lectin independent activity [65].  In agreement with this 

SP-A anti-IAV activity is not dependent on glycosylation of the IAV HA as is 

seen with SP-D; in a study by Hartshorn et al. SP-A was in fact shown to be 

more effective against IAV strains with less HA glycosylation [102].  This 

therefore renders SP-A effective against strains of IAV that are resistant to 

SP-D.  The contribution of SP-A to IAV defence is less than that of SP-D, as 

exemplified by studies using knockout mice.  SP-A-/- mice do tend to show 

increased viral titres and inflammatory response after infection with IAV, 

but this is much less than the responses observed in SP-D-/- mice.  In 

addition, in double knockout mice lacking both SP-A and SP-D, the response 
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observed upon infection with a glycosylated strain of IAV is almost the same 

as that seen for SP-D-/- mice [101].   

 

In addition to preventing attachment of IAV to host cells and therefore 

preventing viral replication, binding of SP-A and SP-D to IAV also causes 

viral aggregation.  SP-A only forms small aggregates of IAV, but SP-D forms 

very large aggregates.  SP-D mediated aggregation of IAV is highly 

dependent on the level of multimerisation of SP-D; multimers are more 

effective than dodecamers whilst trimers only induce minimal or no 

agglutination [27, 59].  SP-A and SP-D can also enhance uptake by 

neutrophils, which is linked to the capacity of the molecule to agglutinate 

IAV with SP-D being more potent than SP-A and SP-D multimers being the 

most effective [103, 104].  Another anti-IAV function of SP-A and SP-D is that 

they have been shown to enhance the IAV-induced neutrophil respiratory 

burst; it is however worth noting that in these experiments the collectin 

preparations do not appear to have been analysed for endotoxin 

contamination [62, 102].  SP-D has also been shown to protect neutrophils 

from the depressing effects of IAV on the neutrophil respiratory burst in 

response to other stimuli [103]. 

 

1.2.3.7 Interaction of SP-A and SP-D with Respiratory Syncytial Virus 

Within the first two years of life it is estimated that 98 % of children will 

have been infected with respiratory syncytial virus (RSV); approximately 1 % 

of children who are infected require hospitalisation as the virus can cause 

acute bronchiolitis or pneumonia [105].  RSV can also cause significant 

respiratory illness in the elderly as well as in adults who are 

immunocompromised or have chronic airways disease [106].  
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 RSV is an enveloped, negative stranded RNA virus.  There are two major 

glycoproteins on the viral envelope, G and F.  The G protein is responsible 

for attachment to the host cell whereas the F protein is involved in fusion of 

the host cell and viral membranes [107, 108].   

 

Experiments using SP-A-/- and SP-D-/- mice demonstrate that SP-A and SP-D 

are important in the immune response to RSV.  RSV clearance is reduced in 

both SP-A-/- and SP-D-/- mice, and this is linked to increased inflammation 

and inflammatory cell recruitment to the lung post infection [63, 64].  

Increased susceptibility to severe RSV infection has been observed with some 

SP-A and SP-D genetic polymorphisms, further implicating them as 

important molecules in the defence against RSV [109, 110].  

 

SP-D binds the G glycoprotein of RSV via the CRD in a calcium dependent 

manner, as shown by inhibition of binding in the presence of EDTA; binding 

is also inhibited in the presence of mannan further implicating the CRD 

[111].  In addition to SP-D, rfhSP-D is also able to bind to and inhibit RSV 

replication both in vitro and in vivo [111].  SP-A binds to the F glycoprotein, 

also in a calcium dependent manner [112].  The mechanism by which SP-A 

and SP-D inhibit RSV infection in vivo has not been fully elucidated.  Two in 

vitro studies found that SP-A enhances RSV uptake by HEp-2 cells; this 

suggests that binding to the F protein does not inhibit its activity [113, 114].  

This therefore indicates SP-A must have other immunomodulatory effects 

during RSV infection as opposed to preventing the initial fusion and 

therefore infection of host cells.  SP-A and SP-D may also increase 

phagocytosis of RSV, as in SP-D-/- mice phagocytosis by alveolar 

macrophages is reduced compared with wild type mice [64, 115].   
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1.2.3.8 Interaction of SP-A and SP-D with Other Viruses 

Interactions of SP-A and SP-D with other viruses, in addition to IAV and 

RSV, have also been described.  SP-A opsonises herpes simplex virus (HSV) 

for phagocytosis by rat alveolar macrophages [116].  The binding between 

SP-A and HSV is similar to that seen with IAV, in that there is an interaction 

between the HSV and the sialylated carbohydrate in the CRD of SP-A [117].  

Interactions of both SP-A and SP-D with human immunodeficiency virus 

(HIV) have also been described; they bind to the envelope glycoprotein 

gp120 in a calcium dependent manner [118, 119].  The localisation of SP-A 

and SP-D in the genito-urinary tract suggest they may affect transmission of 

the virus.  SP-D recognition of the severe acute respiratory syndrome 

coronavirus (SARS-CoV) envelope glycoprotein (S-protein) has also been 

demonstrated but the functional consequence is not yet known [120].   

 

1.2.3.9 Interaction of SP-A and SP-D with Bacteria 

Both SP-A and SP-D have been shown to interact with a broad spectrum of 

Gram-negative and Gram-positive bacteria via the collectin CRD.  The 

specific bacteria targeted by SP-A and SP-D include Staphylococcus aureus, 

Klebsiella pneumonia, Mycobacterium tuberculosis and Escherichia coli [66, 67, 

121-125].  The consequence of SP-A and SP-D binding varies depending on 

the bacteria, but can include agglutination, direct killing by permeabilisation 

of the bacterial cell walls and enhancement of phagocytosis and increased 

respiratory burst by macrophages and neutrophils [76, 121, 126-129].  An 

indirect consequence of the presence of SP-A, observed with Streptococcus 

pneumonia, is enhanced phagocytosis as a result of up-regulation of cell 

surface expression of scavenger receptor A on alveolar macrophages [130].   
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1.2.3.10 Interaction of SP-A and SP-D with Yeast and Fungi 

Interactions of SP-A and SP-D with yeasts and fungi have been described 

and have been shown to have protective roles in preventing infection in the 

lungs.  SP-A and SP-D bind to a glycoprotein associated with the 

trophozoites and cysts of Pneumocystis carinii via the CRD; the interaction can 

enhance the attachment to macrophages [131, 132].  SP-A and SP-D also bind 

to Aspergillus fumigatus conidia in a calcium dependent manner, suggesting a 

CRD interaction with glycoconjugates [133].  A protective effect of SP-A, SP-

D and rfhSP-D against A. fumigatus has been demonstrated in vivo in an 

immunosuppressed mouse model that was intranasally challenged with A. 

fumigatus [68].  The pathogenic unencapsulated (but not the encapsulated) 

form of Cryptococcus neoformans is bound by SP-A and SP-D.  SP-D binding 

results in agglutination of the organism but this is not observed with SP-A 

[134].  The pathogenic encapsulated form evades immune recognition by SP-

A and SP-D 

 

1.3 Human Rhinovirus 
 

Human rhinovirus (HRV) infections are the main cause of the common cold 

[135]; they were first isolated in the 1950’s by Pelon et al. and Price [136, 137].  

HRV is part of the Picornaviridae family, which contain non-enveloped single 

stranded RNA viruses.  HRV has recently been classified within the genus of 

enteroviruses by the International Committee on Taxonomy of Viruses due 

to their high sequence homology (www.ictvonline.org/virusTaxonomy.asp) 

[138].  

 

There have been over 100 serotypes of HRV identified.  HRV classification 

was originally based upon their susceptibility to capsid binding antivirals, 
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and was later confirmed through phylogenetic studies [139, 140].  This 

subdivides the HRVs into HRV-A, HRV-B and the newly identified HRV-C 

[138, 141].  A fourth species, HRV-D was also proposed in 2009 by 

Palmenberg et al. after sequencing of all known HRV genomes, however this 

has not been adopted [141].  An alternative method of HRV classification is 

based upon the cellular receptor to which the HRV binds.  Minor group 

HRVs, comprising 12 serotypes of HRV-A, infect cells by binding to the low 

density lipoprotein receptor (LDLR), very LDLR and LDLR-related protein 

[142, 143].  Major group HRVs, comprising the remaining serotypes of HRV-

A and all members of HRV-B bind to the intercellular adhesion molecule-1 

(ICAM-1) to gain entry to cells [144-146].  In addition, some major group 

HRVs may also bind to heparin sulphate [147, 148].  The receptor to which 

the newly identified HRV-C species binds is currently unknown; however, 

experiments using blocking antibodies suggest that it is neither ICAM-1 nor 

LDLR [149]. 

 

HRVs are an important pathogen as although in healthy individuals the 

infection is self-limiting, the economic burden is considerable due to missed 

days from work and school [150].  In patients with chronic airway diseases 

such as asthma and chronic obstructive pulmonary disease (COPD) a HRV 

infection can cause exacerbations that may lead to irreversible lung damage 

and hospitalisation [151-153].  HRV is detected in approximately two thirds 

of asthma exacerbations in children and is a major cause of exacerbations in 

adults [153, 154].  Currently, there are no effective treatments specifically for 

HRV infections.   

 

1.3.1 Structure of HRVs 

HRVs are composed of four structural viral proteins, VP1, VP2, VP3 and VP4  
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Figure  1-3 [155].  HRVs are icosahedral viruses and have 60 copies of each of 

the viral proteins and are approximately 25-30 nm in diameter.   The viral 

capsid is composed of VP1-3 (approximately 30 kDa each).  Variations in 

these proteins are responsible for the antigenic diversity between HRVs.  

VP4 (approximately 7 kDa) is not on the surface of the virus, it is found 

internally in contact with the positive sense viral RNA [156].  On each of the 

fivefold axes of the icosahedron there is a star-shaped dome, around which 

there is a depression, or canyon Figure  1-3 [155].  The canyon is 

approximately 2.5 nm deep and between 1.2 and 3 nm wide [155].  

 

 

 

 
Figure  1-3 Schematic of HRV structure.  The icosahedral structure of HRV 
and the location of the external proteins VP1, VP2 and VP3 can be seen.  
There are 60 copies of each of the proteins.  Shading indicates the location of 
a canyon.  The major and minor HRV receptor binding sites are indicated.  
 

1.3.2 HRV Replication Cycle 

The replication of all HRV serotypes follow the same viral life cycle 

(Figure  1-4).  The initial step of HRV infection is binding to cellular receptors 
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(ICAM-1 or LDLR) on the host cell surface.  Uncoating of the virus is then 

initiated, releasing the positive-stranded viral RNA into the host cell 

cytoplasm where it can be replicated.   

 

 

 

 

 

 

 



 Chapter  1 

 22 

 

Figure  1-4 HRV replication cycle.  1.  HRV attaches to the cellular receptor. 
2. HRV is endocytosed and the RNA genome is released into the host cell 
cytoplasm.  3. The RNA is translated into a polyprotein. 4. The polyprotein is 
cleaved forming structural proteins and non-structural proteins, including 
enzymes involved in the replicative cycle.  5.  The (+) strand viral RNA is 
copied by the viral RNA polymerase 3D to form (-) strand RNA.  6.  The (-) 
strand RNA is copied to produce more (+) stand RNA.  7.  The newly 
synthesised (+) strand RNA is translated to produce additional viral proteins.  
8.  The (+) strand RNA is packaged into provirions; VP0 within the 
provirions is cleaved forming VP2 and VP4 which thereby produces 
infectious virions.  9.  The mature virions are released by cell lysis.   
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1.3.2.1 Receptor Binding 

The major group receptor, ICAM-1, is expressed in the nasal epithelium; the 

site of entry for HRVs [146, 157].  HRV infection causes increased expression 

of ICAM-1, via a mechanism involving up-regulation of nuclear factor κB 

(NF-κB) [158].  The physiological role of ICAM-1 is to facilitate leukocyte 

migration to sites of inflammation via binding to leukocyte function 

associated antigen (LFA)-1 and macrophage-1 antigen (Mac-1) on the surface 

of leukocytes [159, 160].  The ICAM-1 molecule consists of five extracellular 

domains, D1 to D5.  Mutagenesis studies demonstrated that the binding site 

for major group HRVs is within the tip of D1, the immunoglobulin domain 

at the end distal to the cellular membrane [161, 162].  Further confirmation of 

the site of HRV binding was given by the high degree of complementarity in 

the physical shape and charge between D1 and major HRVs [163].  The 

canyon on the HRV virion is the site of ICAM-1 binding.  The “canyon 

hypothesis” was first proposed by Rossmann et al. after resolving the 

structure of HRV14.  The authors suggested that the canyon may be the 

receptor binding site as it would be inaccessible to neutralising antibodies 

and thereby the residues would not be subjected to “immune selection” 

[155].  Indeed the amino acid residues within the canyon of different HRVs 

were found to be more conserved than other surface residues [164].  It was 

however later discovered using X-ray crystallography and cryo-electron 

microscopy that antibodies are able to penetrate into the canyon [165].  This 

suggests the canyon does not conceal these residues of the virus from the 

immune system. 

 

The receptor binding site for the minor group HRV was revealed using cry-

electron microscopy and found to be on the star-shaped dome close to the 

fivefold axis on the surface of HRV [166, 167].  The star-shaped dome of the 
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capsid has a uniform positive charge, and LDLRs are negatively charged due 

to acidic amino acid residues.  This suggests electrostatic interactions are 

likely to occur between minor HRVs and their receptors.   There is one 

important difference between minor and major group HRVs that may 

explain their different receptor specificities.  All minor group HRVs have a 

lysine residue at position 224 of VP1 that is a critical residue involved in 

interactions with acidic residues in the LDLR.  This lysine is absent in all but 

one of the major HRVs [167].  The physiological function of the LDLR family 

is in the maintenance of cholesterol homeostasis [168].  As with major HRV 

infection that stimulates ICAM-1 up-regulation, infection with the minor 

group HRV, HRV2, causes up-regulation of LDLR [169].  

   

1.3.2.2 HRV Uncoating and Entry of Viral RNA into the Host Cell 

Cytoplasm 

In receptor sensitive serotypes of major HRVs (e.g. HRV14), binding to 

ICAM-1 causes the loss of VP4 and release of the viral RNA, thereby 

initiating uncoating [170].   HRV14 is then believed to be internalised via 

clatherin-mediated endocytosis [171].  At neutral pH some HRVs are stable 

upon binding to ICAM-1; HRV16 is an example of such a serotype.  HRV16 

is thought to enter host cells by receptor mediated endocytosis and 

uncoating is likely to be induced by low pH (pH 5.5-6.0) within the 

endosome [172].  Zhao et al. believe that low pH may trigger protonation of 

the nitrogen atoms of histidine residues surrounding the fivefold axis, 

leading to a conformational change and expulsion of a Zn+ ion that they 

believe stabilises the virus, thus triggering uncoating [173]. 
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Binding of minor HRVs, exemplified by HRV2, to the cellular receptor does 

not initiate uncoating [174].  The function of LDLR is to mediate 

internalisation of the virion into acidic endosomes (pH ≤ 5.6).   

 

How the viral RNA enters the cytoplasm from the endosome is not well 

understood but is clearly different for the major and minor sub-groups of 

HRV.  The viral RNA of the major group HRV, HRV14, is thought to pass 

into the cytoplasm by rupturing the endosomal membrane [175].  In contrast, 

the viral RNA of the minor group HRV, HRV2, is transferred into the host 

cytoplasm via a pore in the endosomal membrane [176, 177].    

 

1.3.2.3 HRV Replication 

Once the viral RNA, consisting of approximately 7200 nucleotides, is in the 

cytoplasm the HRV can be replicated [178].  The 5’ end of the viral RNA 

contains the internal ribosome entry site (IRES) which can bind ribosomes 

[179, 180].  The viral RNA is translated into a single polyprotein that contains 

P1, P2 and P3.  P1 is further processed into the structural proteins VP3, VP1 

and the proprotein VP0, while P2 and P3 code for non-structural proteins 

[181, 182].  There are a total of seven non-structural proteins that are 

involved in protein maturation and RNA replication; they include two 

proteases (2A and 3C), an RNA dependent polymerase (3D) and an ATPase 

(2C) [183].   The first step in replication of the viral RNA is the production of 

a negative-strand RNA.  The negative stand RNA is used as a template to 

produce new positive-strand RNA, which is then translated or incorporated 

as genomic RNA into progeny viral particles.  The RNA synthesis steps are 

catalysed by the 3D polymerase [184, 185].  
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1.3.2.4 HRV Virion Assembly 

The viral proteins assemble to form virions.  The first step is the formation of 

protomers made up of VP1, VP3 and VP0.  Five protomers assemble to form 

pentamers [186, 187].  The formation of the provirion then pursues in which 

the viral RNA is packaged and VP0 remains uncleaved.  The cleavage of VP0 

into VP2 and VP4 results in formation of infectious viral particles [188].  The 

mature HRV virions are released from the cell by lysis. 

 

1.3.3 Host Immune Response to HRV Infection 

The host response to HRV infections is complex and still a matter of 

investigation.  Not all persons who are infected with HRV will develop the 

symptoms associated with a common cold, such as sneezing, sore throat, 

cough, nasal obstruction and nasal discharge [189].  This suggests that 

although the host response is fundamental for resolving the infection, it may 

also be responsible for the symptoms experienced. 

 

1.3.3.1 Cellular Immune Response to HRV 

The airway epithelial cells are the site of HRV infection but they are also very 

important in the immune response to the virus.  Infection causes the release 

of numerous cytokines by epithelial cells, including IL-1β, IL-2, IL-4, IL-6, IL-

8, IL-13, IL-16, TNF-α and RANTES.  Infection of airway epithelial cells 

increases HRV receptor expression, which can increase viral uptake into the 

cells but also aids the recruitment of inflammatory cells to assist in the 

antiviral response.   

 

Airway macrophages express both ICAM-1 and LDLR, however, there has 

been little or no replication of HRV detected within these cells [190, 191].  
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Activation of macrophages by HRV leads to release of TNF-α, interferon 

(IFN)-γ, IL-8 and IL-10 [190, 192-194].  IL-8 is chemotactic for neutrophils 

and promotes neutrophil degranulation and respiratory burst [195].  ICAM-1 

expression is up-regulated by TNF-α; this can both increase the viral 

attachment and therefore replication of HRV as well as enhancing 

inflammatory cell recruitment [196].  Macrophages may therefore play an 

important role in HRV induced airway inflammation.   

 

Increases in neutrophil and eosinophil numbers are observed in nasal lavage 

upon infection with HRV.  The cell numbers peak two days after infection.  

The increase in neutrophils correlates with an increase in IL-8 detected in 

nasal secretions [193, 197].  An antiviral role for neutrophils during HRV 

infection still remains unclear.   However, an in vitro study found that HRV 

enters but does not replicate within neutrophils and can elicit the release of 

cytokines such as IL-8, MIP-1α and MIP-1β from neutrophils [198].  Release 

of RANTES, a chemokine for eosinophils, has been detected in vivo in mice 

infected with HRV and from the nasal lavage of infected children who have 

wheeze [199, 200].  This suggests RANTES may have an important role in 

recruitment and activation of eosinophils.  An increased number of 

eosinophils in nasal lavage prior to experimental HRV infection was found 

to result in less severe cold symptoms [201].  This inverse correlation may be 

a consequence of eosinophil granular products which are RNAses and 

appear to increase viral clearance [202].  

 

T-cell and natural killer (NK) cell infiltration to the airway epithelium is 

observed in volunteers experimentally infected with HRV [203].  These cells 

may aid the clearance of HRV by release of cytokines such as IFN-γ [204].  

NK cells can also directly destroy virus infected cells.  
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1.3.3.2 Humoral Immune Response  

HRV specific IgG and IgA antibodies are produced following infection with 

HRV [205].  After experimental infection with HRV, antibodies are detected 

within one to two weeks, peaking five weeks post infection.  IgG levels are 

sustained for at least one year after HRV infection but IgA levels slowly 

decline [206].  HRV specific antibody not being detected in the serum or 

secretions of infected individuals until after HRV infection has been resolved 

suggests that it is not responsible for the resolution of infection.  The 

presence of existing antibodies are however protective against re-infection 

with the same HRV serotype, or lessened clinical symptoms [206, 207].   

 

1.3.4 HRV and Chronic Airway Disease  

It is well established that HRV is a major cause of exacerbations of chronic 

lung diseases such as asthma and COPD.  Virus is detected in approximately 

50 % of COPD exacerbations, and of these approximately 50 % are caused by 

HRV [151].  In school aged children Johnston et al. found that 80-85 % of 

asthma exacerbations were caused by viruses, and 66 % of these were due to 

HRV [153].  HRV also causes the majority of virally induced asthma 

exacerbations in adults [154].  

 

It is not entirely clear how HRV infections result in exacerbation of airway 

diseases.  Several mechanisms have been proposed including, airway injury 

by the virus, increased production of proinflammatory mediators and a 

deficient response in the asthmatic lung resulting in a prolonged and more 

severe infection [208, 209].  In addition to infecting the upper airways HRV 

can also infect and replicate in the respiratory epithelium of the lower 

airways, which is important in the pathogenesis of HRV induced asthma 

exacerbations [209, 210].  HRV infection induces mRNA expression and 
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protein production of IL-6, IL-8, IL-16 and RANTES in the lower airways 

[209].  IL-6 and IL-8 are both proinflammatory cytokines which may 

contribute to exacerbations caused by HRV.  IL-8 causes an influx of 

neutrophils into the lung; neutrophil activation results in neutrophil elastase 

production which would contribute to airway obstruction and up-regulation 

of goblet cell mucus production [211].  Experimental evidence suggests that 

IL-16 is a key cytokine in the recruitment of lymphocytes that contribute to 

the pathogenesis of asthma [212, 213].  It is therefore possible that IL-16 is 

responsible for the large bronchial influx of lymphocytes observed during 

experimental HRV infection and thus a cause of HRV induced airway 

inflammation [203].   

 

Several studies have found that there is a defective cellular type 1 response 

to HRV infection in asthmatics compared with that of healthy controls [208, 

214, 215].  Human bronchial epithelial cells (HBECs) from asthmatics have 

been shown in vitro to support HRV replication much more efficiently than 

those from healthy controls [208].  HBECs from asthmatics had impaired 

production of the antiviral cytokine IFN-β, which was linked to defective 

apoptosis of HRV infected cells, thus resulting in late cell lysis and release of 

vast numbers of infectious HRV particles.  This may explain why HRV 

infections in asthmatics are of longer duration and lead to much more severe 

lower respiratory tract symptoms and airway obstruction than observed in 

non-asthmatics [152].  A recent phase II clinical trial of inhaled IFN- β given 

to moderate and severe asthmatics, at the onset of a natural cold, has had 

positive results; indicating the IFN- β treatment prevented worsening of 

asthma symptoms (Synairgen Research Ltd., Southampton, UK, press 

release, 10th August 2012).    
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1.4 Thesis Aims 
 

Previous studies demonstrating SP-A and SP-D binding to RSV and IAV and 

antiviral effects against these respiratory viruses, as well as the localisation of 

the proteins in the nasal epithelium, allude to these collectins being optimal 

candidates for an involvement in HRV infection.  Therefore, the question 

sought to be investigated in this thesis was: Can SP-A, SP-D and rfhSP-D 

bind to and inhibit infectivity of HRV?  The aim of this project was to 

investigate whether SP-A, SP-D and rfhSP-D bind to HRV and to investigate 

if this inhibits infection.  No previous studies had looked at HRV infection 

with relation to the presence of SP-A, SP-D or rfhSP-D. 

 

If SP-A, SP-D and rfhSP-D bind to and inhibit the infectivity of HRV this 

could lead to the development of these proteins as therapeutics to neutralise 

HRV, a major cause of exacerbations of chronic lung diseases such as asthma 

and COPD [153].  Currently, there are no specific treatments to HRV 

infections and therefore a therapy would be of immense value both socially, 

by increasing quality of life for patients, and economically, due to reduced 

absences from work and school, and hospitalisation of patients. 
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2. Chapter 2: General Materials and Methods 

2.1.1 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

Reduced samples (19 µl sample, 8 µl NuPAGE LDS sample buffer, 3 µl 

reducing agent (both Invitrogen, Paisley, UK)) were heated for five minutes 

at 95 °C and run alongside 10 µl of Seablue® Plus 2 standard (Invitrogen) to 

allow molecular weight comparison of the sample protein bands.  Gels were 

run at 200 V, 120 mA on either 4-12 % or 12 % NuPage® Bis-Tris gels in 1 x 

MES SDS running buffer (both Invitrogen) until the dye front ran to the end 

of the gel.  Gels were stained using SimplyBlue™ SafeStain (Invitrogen) or 

Silver Stain Kit (Bio-Rad, Hemel Hempstead, UK) as per manufacturer’s 

instructions. 

 

2.1.2 Western Blotting 

Samples were run as described for SDS-PAGE and proteins were transferred 

to polyvinylidene fluoride (PVDF) mini membranes using an iBlotter 

(Invitrogen).  Membranes were washed in phosphate buffered saline (PBS) 

with 0.05 % (v/v) Tween® 20 (Sigma-Aldrich, Gillingham, UK) (PBS-Tween).  

Membranes were blocked in PBS-Tween containing 2 % (w/v) skimmed milk 

(Marvel), or as indicated, for one hour at 37 °C to eradicate non-specific 

binding.   

 

For western blots to detect nhSP-D and rfhSP-D, the primary antibody, a 

polyclonal rabbit-anti-rfhSP-D was diluted to 1.61 µg/ml in blocking solution 

and incubated at 37 °C for one hour.  After washing, the western blot was 

developed using an anti-rabbit secondary solution and detection kit, as per 
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the manufacturer’s instructions (Invitrogen), or a goat-anti-rabbit-HRP 

conjugated antibody diluted to 1 µg/ml in blocking solution (Invitrogen).  

The goat-anti-rabbit-HRP conjugated antibody was incubated on the 

membrane for one hour at 37 °C, the membrane was washed and reactivity 

detected with Enhanced Chemiluminescence (ECL)™ Advance (GE 

Healthcare Life Sciences, Little Chalfont).  The secondary antibody used in 

each experiment is indicated in figure.   

 

Western blots were imaged by enclosing the membrane in clingfilm being 

careful to ensure no air bubbles are present and overlaying photographic 

film (Fuji Film, Bedford, UK) and exposing to the membrane from less than 

one minute to a maximum of ten minutes.  Film was developed in Fotospeed 

FX20 Print Developer (First Call Photographic, Taunton, Somerset) for one 

minute, rinsed in water, and fixed in Fotospeed PD5 Rapid Fixer (First Call 

Photographic) for one minute and finally rinsed before air drying.  When 

necessary an initial exposure was used to determine the subsequent 

exposure time. 

 

2.1.3 Cell Culture 

HeLa cells were routinely cultured in Dulbecco’s Modified Eagle Medium 

GlutaMAX™ (Invitrogen) (DMEM), supplemented with 10 % (v/v) foetal 

bovine serum (FBS) (Sigma-Aldrich), 50 U/ml penicillin and 50 U/ml 

streptomycin (both Invitrogen).   

 

16HBE cells (human bronchial epithelial cell line) were cultured in Minimum 

Essential Medium GlutaMAX™ (Invitrogen) (MEM), supplemented with 10 

% (v/v) FBS (Sigma-Aldrich), 50 U/ml penicillin and 50 U/ml streptomycin 

(both Invitrogen). 
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Both HeLa cells and 16HBE cells were incubated in a humidified atmosphere 

at 37 °C, 5 % CO2.  Routine passage of cells was conducted by removing cells 

from the flask surface using 0.25 % trypsin-EDTA (Invitrogen).   

 

2.1.4 Viable Cell Counting 

Cells were diluted with 0.4 % (w/v) Trypan Blue in 0.81% NaCl and 0.06% 

K2HPO4 (Sigma-Aldrich).  An Improved Neubauer haemocytometer (depth 

0.1 mm; 1/400 mm2) was used to count the number of viable cells in both the 

top and bottom chambers.  The viable cell count was calculated using the 

following equation:  

 

 Viable cells/ml = (viable cell number) x (dilution factor) x 103 

 

Cells were diluted in the appropriate maintenance media for the cell type, as 

detailed in section  2.1.3, to the required concentration and plated as required. 

 

2.1.5 Frozen Storage and Regeneration of Cell Stock 

Post-trypsinisation, cells were pelleted at 160 x g for 7 minutes at 4 °C.  Cells 

were resuspended to 3 x 106 cells/ml with maintenance media containing 10 

% (v/v) dimethylsulphoxide (DMSO) and frozen in 1 ml aliquots in cryovials 

(Nunc, Denmark) at a rate of -1 °C per minute in a -80 °C freezer using a 

cryogenic freezing container. 

 

To regenerate cell stocks, frozen cells were quickly defrosted and 19 ml of 

pre-warmed maintenance medium was added, cells were transferred into a 

75 cm2 flask.  After four hours, once cells had adhered, the medium was 



  Chapter  2 

 34 

exchanged for fresh maintenance medium to eliminate DMSO and routinely 

cultured.   

 

2.1.6 Mycoplasma Testing 

Cells were periodically tested for mycoplasma contamination using Venor 

GeM-qEP Mycoplasma detection kit for real time PCR (Minerva Biolabs) as 

per manufacturers’ instructions. 

 

2.1.7 Endotoxin Levels in Purified Proteins and HRV Preparations 

Endotoxin levels were tested using the LAL QCL-1000® (Lonza, Basel 

Switzerland) assay as per the manufacturer’s instructions.  In brief, 

preparations were serially diluted and analysed to obtain readings that were 

within the linear portion of the standard curve (0.1 – 1.0 EU/ml).  The 

standard curve was diluted in the sample diluent to ensure inhibition of the 

endotoxin detection reaction was not occurring.  A spiked sample containing 

endotoxin of a known concentration was also included.  Levels of endotoxin 

were 27 EU/mg rfhSP-D protein (22 EU/ml) and 1.6 EU/mg nhSP-A (2.4 

EU/ml).  The sucrose density gradient purified HRV16 stock had 0.6 EU/ml 

and HRV1B stock had 2.0 EU/ml.   

 

2.1.8 Flow cytometry 

Cells were trypsinised and trypsin was neutralised with colourless RPMI 

containing 10 % FCS.  Cells were pelleted by centrifuging at 160 x g for 5 

minutes at 4 °C, supernatants were removed and pellets resuspended in 150 

µl BD Cytofix/Cytoperm™ (BD biosciences, Franklin Lakes, NJ, USA) and 

left for 20 minutes on ice.  Cells were washed in 1.5 ml BD Perm/Wash™ (BD 
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biosciences) and re-centrifuged.  To detect HRV, the primary antibody R16-7 

(kindly provided by Dr Wai-Ming Lee, University of Wisconsin, USA) was 

applied at 70 ng/ml in 100 µl permwash, and was left 30 minutes on ice 

before washing as before.  Secondary antibody goat-anti-mouse-

allophycocyanin (APC) (Invitrogen) was applied in 100 µl at 1 µg/ml and left 

on ice in the dark for 30 minutes.  The antibody was washed off as 

previously and pellets were resuspended in FACS buffer (1 mM EDTA, 0.5 % 

bovine serum albumin (BSA)).  Cells were analysed using a FACS Aria (BD 

biosciences) and FlowJo version 7.6.5 (Tree Star, Ashland, USA). 

 

2.1.9 Ultraviolet Inactivation of HRV 

HRV1B and HRV16 were ultraviolet (UV) inactivated using a UV crosslinker 

(UVP #CL-1000, Ultra-violet products Ltd., Cambridge, UK).  HRV in virus 

buffer (10 mM Tris, 50 mM MgCl2) was placed in a 24 well plate, 500 µl/well, 

on ice into the crosslinker with the lid removed.  HRV was inactivated using 

120,000 µJ/cm2 UV light for 50 minutes.  UV inactivated HRV was aliquoted 

and stored at -80 °C. 

 

2.1.10 Statistics 

Experiments were analysed for statistical significance.  The experiments 

analysed are indicted in figure legends.  The data was found to be normally 

distributed and therefore were compared using one-way analysis of variance 

(ANOVA), the test was performed using GraphPad Prism version 5 

(GraphPad Software, La Jolla, CA, USA); differences were considered 

significant if p<0.05.   
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3. Chapter 3: Validation of Viral Techniques 

3.1 Introduction 

As HRV had not previously been used in the laboratory several techniques 

such as amplification, purification, detection and quantification of HRV had 

to be established.   

 

Amplification was optimised in this laboratory to ensure a maximal yield 

was obtained.  Following amplification in HeLa cells the HRV infected cell 

lysate was purified.  The purification of HRV was undertaken to ensure the 

utmost scientific rigor was maintained.  Some laboratories undertaking HRV 

research do not purify, or only partially purify, the HRV preparations that 

they use [158, 200, 216-220].  Purification removes components of an infected 

cell lysate which could influence the observed response to infection of cells in 

vitro and animals in vivo.  Apoptotic cells and cytokines, for example, would 

be present in an infected cell lysate and could alter the cytokine response 

observed upon infection with HRV.  Apoptotic cells can be partially 

accounted for by using an uninfected cell lysate control, however, in an 

infected cell lysate the number of apoptotic cells is likely to be much higher.  

Cytokines in an infected as opposed to uninfected cell lysate will differ due 

to the antiviral response of the cells.  Of the laboratories that do purify HRV 

there is no single accepted method to purify HRV.  Purification methods can 

involve concentration of HRV by precipitation using Polyethylene Glycol 

(PEG) or pelleting HRV by ultracentrifugation, followed by purification by 

ultracentrifugation on linear or stepwise sucrose or caesium chloride 

gradients [194, 221-225].  As purification of HRV had not previously been 

conducted in this laboratory development of a method was required.   
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Immuno-detection of HRV was by the means of a mouse monoclonal 

antibody (mAb), R16-7, directed against VP2 of the HRV viral capsid.  This 

antibody was kindly provided by Dr Wai-Ming Lee, University of 

Wisconsin, USA.  The antibody had not previously been used in this 

laboratory and therefore the conditions of immuno-detection had to be 

optimised.   

 

3.2 Materials and Methods 

3.2.1 Optimisation of R16-7 for Western Blotting 

Western blots to detect HRV were made as described in section  2.1.2.  After 

blocking in the indicated blocking solution for one hour at 37 °C the primary 

antibody R16-7 was diluted as indicated in blocking solution and incubated 

on the membrane overnight at 4 °C.  The membrane was washed for 25 

minutes with five changes of PBS-Tween.  The secondary antibody, a goat-

anti-mouse IgG horseradish peroxidise (HRP) conjugated antibody (GαM-

HRP) (Invitrogen) was diluted as indicated in blocking solution and 

incubated on the membrane for one hour at 37 °C.  The membrane was 

washed as before and Enhanced Chemiluminescence (ECL)™ Advance (GE 

Healthcare) was applied and immediately imaged as detailed in section  2.1.2. 

 

3.2.2 50 % tissue culture infectious dose (TCID50) 

HeLa cells were seeded onto 96 well plates (Nunc, Nunclon™ Surface) at a 

density of 2.6 x 104 cells/well in maintenance medium and left three hours at 

37 °C, 5 % CO2 to adhere.  Medium was removed and replaced with serum 

starved medium (DMEM (Invitrogen) supplemented with 2 % (v/v) FBS, 50 

IU/ml penicillin, 50 mg/ml streptomycin); a 10 fold serial dilution of virus 

was performed in a 180 µl final volume in sextuples for each serial dilution.  
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Control wells with serum starved medium without virus were included on 

each plate.  The plate was left for one hour on a mini see-saw rocker at 30 

osc/minute and room temperature.  Plates were incubated for five days at 33 

°C, 5 % CO2, after which 50 ul/well crystal violet solution (0.13 % (w/v) 

crystal violet, 5 % (v/v) formaldehyde, 5 % (v/v) ethanol in 1 x PBS) was 

added to the wells.  Plates were incubated for 30 minutes at room 

temperature in the dark.  Wells were washed with tap water and air dried.  

Wells were counted as a cytopathic effect (CPE) if less than 50 % of the 

surface of the well was covered in crystal violet stained cells; these numbers 

were used in the Spearman-Karber formula to calculate the tissue culture 

infectious dose, at which virus particles will infect 50 % of cells (TCID50): 

 

TCID50= [10 ^ -(l-(d(s-0.5)))]/0.18 ml 

 

      where  I= Log10 of lowest dilution (eg x1 = 0) 

                  d = Log10 of difference of stepwise dilutions (eg x 10=1) 

       s = number of rows of wells with CPE  

0.18 ml is the final volume of media in each well 

 

3.2.3 Immunocytochemistry  

HeLa cells were seeded in a 96 well plate at a density of 2.6 x 104 cells/well in 

maintenance medium and left three hours at 37 °C, 5 % CO2 to adhere.  Cells 

were washed twice in serum free medium and inoculated with HRV diluted 

in serum starved medium.  Plates were rocked at 30 osc/minute for one hour 

at room temperature before transferring to 33 °C, 5 % CO2 for 17 hours.  Cells 

were washed twice with PBS and fixed in 1 % (w/v) paraformaldehyde in 

PBS for one hour at room temperature; the cells were then washed twice in 

PBS and kept in PBS at 4 °C until staining.  The primary antibody, R16-7, was 
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applied at the indicated concentration diluted in PBS containing 0.03 % (v/v) 

Triton®X-100 (Sigma-Aldrich) to allow intracellular staining, left at room 

temperature for one hour, rocking at 30 osc/minute, then washed three times 

in PBS with 0.03 % (v/v) Triton®X-100.  Controls omitting primary antibody, 

or secondary antibody, or both were also included.  Secondary antibody, 

goat-anti-mouse IgG-AlexaFluor594 (GαM-AF594), was diluted to the 

indicated concentration in PBS with 0.03 % (v/v) Triton®X-100, left at room 

temperature for one hour in the dark, rocking at 30 osc/minute.  After 

washing as before nuclei were stained using 4’,6-diamidino-2-phenylindole 

(DAPI), diluted in PBS to 1 µg/ml for five minutes at room temperature and 

washed in PBS with 0.03 % (v/v) Triton®X-100.  Plates were stored at 4 °C in 

PBS until visualisation.   

 

Immunofluorescence was visualised using an Olympus IX microscope 

(Olympus, Southend-on-Sea, UK) and images produced using Cellp software 

(Olympus). 

 

3.2.4 Fluorescent Focus Assay 

HRV infection and fluorescent staining was carried out as described for 

immunocytochemistry.  The primary R16-7 antibody was diluted to 0.05 

µg/ml, and the secondary GαM-AF594 antibody was diluted to 0.5 µg/ml.  

 

Infected cells, or fluorescent foci, were counted directly using an Olympus IX 

microscope.  To calculate viral titre from the number of fluorescent foci the 

following formula was used:  

 

  Area of well   x Number of infected cells  = Number of infected cells/well 
Area of image 
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Number of infected cells / well   =  fluorescence forming units (ffu)/ml 
Volume of HRV added to well 
 

3.2.5 Amplification of HRV1B and HRV16 Stocks 

The amplification protocol was adapted from that used by Synairgen 

Research Ltd. (Southampton, UK)  In brief, HeLa cells were cultured to ~85 

% confluence and infected with HRV1B or HRV16 stock (both obtained from 

ATCC) in infection media (details in Appendix 1) at a ratio of 2:1 (v/v).  Cells 

were left for one hour at room temperature on a mini see-saw rocker at 35 

osc/minute.  Infection media was added to a final ratio of 1:4 (HRV to 

infection media), the cells were incubated at 33 °C, 5 % CO2, until 80 % cell 

death was observed using an inverted light microscope (usually 

approximately 18 hours).  HeLa cells were freeze-thawed twice at -80 °C and 

the media was centrifuged at 160 x g for seven minutes to remove large 

cellular debris.  The supernatant was filtered using a 0.2 µm PVDF syringe 

filter and used to infect subsequent rounds of HeLa cells.  Stocks were stored 

at -80 °C.    

 

3.2.6 Purification of HRV 

The HRV from HeLa cell lysate infected with HRV1B or HRV16 was 

concentrated by either Polyethylene Glycol (PEG) precipitation or 

ultracentrifugation.   

 

To PEG precipitate the HRV, the cell lysate was concentrated using 100 K 

MWCO Amicon Ultra Centrifugal Filtration Units (Merck Millipore, 

Billerica, USA) at 4000 x g for 20 minutes.   The retained HRV was 

precipitated by adding 7 % (w/v) PEG 6000 (BDH Chemicals Ltd., Poole) and 

0.5 M NaCl (where indicated); this was left on ice with occasional mixing for 
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two hours and then spun at 4000 x g at 4 °C for one hour.  The pellet 

containing precipitated HRV and HeLa cell debris was resuspended in virus 

buffer (10 mM Tris, 50 mM MgCl2), 1/20th the original volume.  Large 

insoluble matter was removed by centrifugation at 3000 x g at 4 °C for 15 

minutes and then the supernatant was filtered using a 0.2 µm PVDF syringe 

filter.  The supernatant was further concentrated using 100 K MWCO 

Amicon Ultra Centrifugal Filtration Units, to wash residual PEG from the 

preparation the filters were topped up with virus buffer and re-spun, this 

wash step was repeated a total of four times.  The HRV was stored at -80 °C 

until proceeding to sucrose density gradient ultracentrifugation. 

 

To pellet HRV by ultracentrifugation the infected HeLa cell lysate was spun 

at 141,000 x g for 1 hour at 4 °C in a SW28 swing rotor (Beckman Coulter, 

High Wycombe, UK).  The supernatant was discarded and the HRV 

containing pellet was resuspended in 1/50th the original volume in virus 

buffer and left to soak overnight at 4 °C.  The resuspended pellets were 

clarified by centrifugation at 4000 x g for five minutes before proceeding 

immediately to sucrose density gradient ultracentrifugation. 

 

Sucrose was dissolved in virus buffer.   Two methods were employed, either 

a stepwise gradient or a linear gradient.  A stepwise gradient was produced 

by layering 5 ml of 30 % sucrose onto 5 ml of 35 % sucrose, and 5 ml of 25 % 

on top of this and so on until 10 % was reached.  Each layer was frozen 

before addition of the next sucrose layer.  A continuous linear sucrose 

density gradient, 15 – 45 % was produced by layering 15 % sucrose on top of 

45 % sucrose, laying the tube flat for two hours at 4 °C and carefully righting 

the tube immediately prior to use.  Octylphenoxy polyethoxyethanol 

(IGEPAL® CA-630) (Sigma-Aldrich) detergent was added to 1 % (v/v) to the 

concentrated HRV and left at 4 °C for 30 minutes to disrupt binding between 
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virus and HeLa cell proteins; this was layered on top of the sucrose gradient.  

The sucrose gradients were centrifuged at 80,000 x g in a SW28 swing rotor 

for four hours at 4 °C.  The gradient was fractioned into 500 µl or 1 ml 

aliquots and stored at -80 °C. 

 

Sucrose density gradient purified HRV was either dialysed using Slide-A-

Lyser dialysis cassette (3.5 K MWCO ) (Thermo Scientific, Pierce, Rockford, 

USA) into buffer, or spun in 100 K MWCO Amicon Ultra Centrifugal 

Filtration Units and washed three times with virus buffer before final 

resuspension in virus buffer.  Purified HRV in virus buffer was stored in 

aliquots at -80 °C. 

 

3.2.7 Transmission Electron Microscopy 

Sucrose density gradient purified HRV was buffer exchanged into ultrapure  

water and concentrated using 100 K MWCO Amicon Ultra Centrifugal 

Filtration Units (Merck Millipore).  The HRVs were fixed in glutaraldehyde 

at a final concentration of 2.5 %.  A 5 µl volume of HRV was allowed to dry 

onto a 50 µm formvar and carbon coated copper grid for ten minutes.  

Uranyl acetate (2 % w/v) was applied to the grid for ten seconds before 

blotting off.  The grids were viewed using a Hitachi H-7000 microscope 

(Hitachi, Maidenhead, UK). 

 

3.3 Results 

3.3.1 Optimisation of R16-7 for Western Blotting 

The R16-7 primary antibody, directed against the HRV viral capsid protein 

VP2, had not previously been used in this laboratory.  Western blotting using 

the antibody therefore had to be optimised.   
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The R16-7 antibody recognised both reduced and non-reduced HRV samples 

of the minor group HRV, HRV1B, and the major group HRV, HRV16, at a 

concentration of 0.23 µg/ml, Figure  3-1.  The reduced samples gave distinct 

bands at 37 kDa corresponding to the size of VP0 (a precursor to the proteins 

VP2 and VP4) and 30 kDa corresponding to the size of VP2 .    

 

In the non-reduced samples a band at 90 kDa is visible, this corresponds to 

the size of P1 (precursor to VP0, VP1 and VP3), Figure  3-1. 

 

 

Figure  3-1 Initial optimisation of western blot using R16-7 antibody to 
detect HRV.  Reduced and non-reduced HRV1B and HRV16 samples were 
run on a 4-12% NuPAGE gel (Invitrogen).  Membrane was blocked in 1 % 
(w/v) BSA in PBS-Tween and probed using R16-7 primary antibody (0.23 
µg/ml) and GαM-HRP conjugated secondary antibody (1 µg/ml).  HRP was 
detected using ECL. 
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Due to limited stock of the R16-7 antibody a lower concentration, 0.14 µg/ml, 

was evaluated showing that both HRV1B and HRV16 were still detected, 

Figure  3-2.  A negative control, HeLa cell lysate from cells that had not been 

infected with HRV1B or HRV16 but had otherwise been subjected to the 

same conditions was also included; no bands are visible in this sample, 

however negative staining can be seen at 49 kDa. 

 

 

Figure  3-2 Optimisation of western blot using R16-7 antibody to detect 
HRV.  Reduced HRV1B, HRV16 and HeLa cell lysate samples were run on a 
4-12% NuPAGE gel.  The membrane was blocked in 1 % BSA (w/v) in PBS-
Tween and probed using the R16-7 primary antibody (0.14 µg/ml) and GαM-
HRP conjugated secondary antibody (1 µg/ml).  HRP was detected using 
ECL. 

 

A new ECL kit was purchased and resulted in very high background, the 

appropriate blocking solution and antibody concentrations therefore had to 

be re-established, Figure  3-3. 
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Blocking the membrane with 1 % (w/v) BSA in PBS-Tween resulted in very 

high background that blocked any signal given by the antibodies bound to 

proteins on the membrane; a five second exposure resulted in the signal 

being concealed (Figure  3-3 A and C).  Blocking with 2 % (w/v) skimmed 

milk in PBS-Tween stopped the background staining observed with 1 % BSA 

blocking solution; the HRV proteins were detected with the secondary 

antibody at both 1 µg/ml and 0.5 µg/ml (Figure  3-3 B and D respectively), the 

signal was however stronger with 1 µg/ml and this was therefore decided to 

be the concentration to be used in future western blots. 

 

 

 

 

 

 

 

  Blocking Solution R16-7 
Concentration / 

µg/ml  

GαM-HRP 
Concentration / 

µg/ml 
A 1 % BSA 0.14  1.0  
B 2 % Skimmed Milk 0.14  1.0  
C 1 % BSA 0.14  0.5  
D 2 % Skimmed Milk 0.14  0.5  
E 1 % BSA None 1.0  

 

Figure  3-3 Optimisation of blocking solution and concentration of 
secondary antibodies to detect HRV.  HRV16 infected HeLa cell lysate was 
run on SDS-PAGE and transferred to PVDF membrane.  The membrane was 
incubated with blocking solution and R16-7 primary antibody and GαM-
HRP conjugated secondary antibody as indicated in the table.   
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3.3.2 Refinement of TCID50 

The TCID50 assay is a measure of viral titre; this was a new method in the 

laboratory and thus required optimisation.  TCID50 results from the same 

virus stocks conducted on HeLa cells at passage >60 and passage >100 were 

compared.  HRV1B and HRV16 were tested.  The higher passage HeLa cells 

were more submissive to the virus, and showed higher TCID50 value 

(HRV1B: 2.6 x 105 TCID50/ml, HRV16: 3.8 x 104 TCID50/ml) than the same stock 

applied to the lower passage HeLa cells, (HRV1B: 1.8 x 104 TCID50/ml, 

HRV16: 18 TCID50/ml) Figure  3-4.  The low passage HeLa cells did not show 

any CPE with the HRV16, Figure  3-4 D.  Due to the higher passage HeLa 

cells being more susceptible to the HRV16 infection and due to HRV16 being 

used in experiments in this project, the higher passage HeLa cells were used 

in subsequent TCID50 assays. 
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Figure  3-4 TCID50 assay to determine viral infectivity of HRV1B on HeLa 
cells at passage >100 (A) and passage >60 (B) and HRV16 on HeLa cells at 
passage >100 (C) and passage >60 (D).  HeLa cells were infected with 
HRV1B or HRV16 serially diluted from 1 x 10-1 to 1 x 10-8.  Control wells had 
media only and were not infected.  Plates were left 5 days at 33 °C before 
staining with crystal violet. 

 

3.3.3 Optimisation of R16-7 for Immunocytochemistry 

Infection of HeLa cells by HRV in vitro was detected using 

immunocytochemistry; this was also a new method in the laboratory and 

therefore required optimisation.  This was conducted on higher passage 

HeLa cells due to the information gained from TCID50 experiments.  Various 

concentrations of the primary antibody (R16-7) and secondary antibody 

(GαM-AF549) were conducted; appropriate negative controls in which 
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primary only or secondary only were applied to HRV infected cells, or both 

antibodies applied to HRV uninfected cells, were also performed. 

 

HRV was detectable with the primary antibody at a concentration of 43.75 

ng/ml and the secondary at 0.5 µg/ml, Figure  3-5.  Successful detection of 

HRV16 infected cells is confirmed as the cells stained using the R16-7 anti-

HRV antibody are displaying CPE; they are rounded and morphologically 

different to the uninfected cells surrounding them, Figure  3-5 B.  The 

negative controls did not have any fluorescence (Figure  3-6).   

 

 

Figure  3-5 Immunohistochemistry to detect HRV.  Monolayers of HeLa 
cells were infected with HRV16 and left at 33 °C for 17 hours.  Cells were 
then fixed with 1 % paraformaldehyde and permeabilised with washes using 
PBS containing 0.03 % (v/v) Triton®X-100 (Sigma-Aldrich).  Primary 
antibody, R16-7 at 43.75 ng/ml was applied and left for 1 hour at room 
temperature, after thorough washing the secondary antibody at GαM-A549 
at 0.5 µg/ml was applied and also left 1 hour at room temperature.  Nuclei 
were counterstained with DAPI.  Images were viewed using an Olympus IX 
microscope and images produced using Cellp software (A) Overlay of DAPI 
and TRITC filter images.  (B) Overlay of phase contrast and TRITC filter.  
Red indicates a HRV16 infected cell.   
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Figure  3-6  Immunocytochemistry negative controls.  Monolayers of HeLa 
cells were or were not (as indicated) infected with HRV16 and left 17 hours 
at 33°C.  Cells were fixed with 1 % paraformaldehyde and stained with 
antibodies as indicated (primary antibody – R16-7 at 43.75 ng/ml, secondary 
antibody – GαM-A549 at 0.5 µg/ml) Nuclei were counterstained using DAPI.  
(A) Uninfected cells stained with primary and secondary antibodies. (B) 
HRV16 infected cells stained with primary antibody only. (C) HRV16 
infected cells stained with secondary antibody only. (D) HRV16 infected cells 
with neither primary nor secondary antibodies. 

 

3.3.4 Fluorescent Focus Assay  

The TCID50 method is an effective and reliable way of measuring viral titre, 

however the assay takes five days before viral titre can be assessed and thus 

a quicker method was preferable.  The fluorescent focus assay (FFA) can 

provide a measure of viral titre within two days.  The antibodies for the FFA 

were optimised as discussed in section  3.3.3.   A comparison between titres 

measured using the TCID50 and FFA were made; this was conducted by 

setting up two identical 96 well plates with serially diluted HRV16, as 
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described for the TCID50 assay.   The FFA plate was washed, fixed and 

stained as described in  3.2.3, 17 hours post infection.  The fluorescent foci 

were counted directly under fluorescent microscopy.  The TCID50 plate was 

stained after five days.  The viral titre was determined by both techniques as 

described in the methods sections  3.2.2 and  3.2.4. 

 

The average viral titre from triplicate wells of HRV16 diluted 1 in 10 as 

determined by FFA was 1.8 x 105 ffu/ml; this is comparable to the viral titre 

as determined by TCID50 conducted at the same time of 2.6 x 105 TCID50/ml.  

As can be seen in Figure  3-7 approximately 13 % of cells were infected with 

HRV16. 

 

 

Figure  3-7 Fluorescent focus assay to determine viral titre.  High passage 
HeLa cells were infected with HRV16, at a 1 in 10 dilution, repeated three 
times, A, B and C, 17 hours post infection HRV16 was detected using R16-7 
primary antibody (43.75 ng/ml) and a GαM-AF549 conjugated secondary 
antibody (0.5 µg/ml) (Red).  Nuclear staining with DAPI (Blue).  Images are a 
DAPI and TRITC overlay.   
 

3.3.5 Amplification of HRV 

HRV1B and HRV16 amplification was undertaken to produce stocks of 

HRV1B and HRV16, which after purification could be used to investigate 

interactions with nhSP-A, nhSP-D and rfhSP-D. 
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Amplification of HRV had not previously been undertaken in the laboratory 

and thus the most successful method of amplifying HRV infection had to be 

established.  CPE were identified as cell rounding and de-adherence of the 

monolayer from the surface of the tissue culture flask.  Due to differences 

observed between HeLa cells at different passages in the TCID50 assay, 

HRV16 was amplified on HeLa cells at passage >60 and passage >100 and 

compared by TCID50, Figure  3-8.  There was a high level of visible cell death 

in the higher passage HeLa cells after 17 hours of infection, and therefore the 

flask was frozen at this point.  In the lower passage HeLa cells there was not 

a high level of cell death after 48 hours, however, this is the longest period of 

time the cells are left before HRV harvesting and thus the cells were frozen at 

this point.  (The 48 hour time point was recommended by personal 

communication with staff at Synairgen plc).  The HRV16 amplification in 

higher passage HeLa cells produced a TCID50/ml of 3.7 x 107; the HRV16 

amplification in lower passage HeLa cells produced a TCID50/ml of 1.8 x 105.   

 

 

Figure  3-8 TCID50 assay to determine viral titre of HRV16 amplified on (A) 
high (>100) and (B) low (>60) passage HeLa cells.  Two 80 % confluent T75 
flasks of HeLa cells at either high or low passage were infected with 4 ml of 
HRV16 HeLa cell lysate and left for A. 17 hours (high passage) or B. 48 hours 
(low passage) until 80 % cell death was seen or the maximum time point of 
48 hours was reached.  Cell lysate from these flasks were assessed for viral 
titre by the TCID50 assay. 
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To ensure the yield from amplification was maximal, regimes of 

different ratios of HRV to infection media was undertaken.  The 

method obtained from Synairgen plc recommended using a 2:1 ratio of 

HRV to infection media during rocking and a final ratio of 1:1.  Ratios 

were altered as detailed in Table  3-1.  An initially low volume during 

rocking maximises contact between HRV particles and cell surface 

receptors, the volume of media is increased after attachment to 

optimise availability of factors required for replication. 

 

Ratio  
HRV16: infection media 

during rocking 

Ratio  
HRV16: infection media 

during 33 °C incubation 

Repeat 1 

Titre 

(TCID50/ml) 

Repeat 2 

Titre 

(TCID50/ml) 
2:1 1:1 5.6 x 105 3.8 x 106 
2:1 1:2 3.1 x 105 8.2 x 105 
2:1 1:3 1.8 x 105 3.8 x 106 
2:1 1:4 5.6 x 105 1.8 x 105 
2:1 1:5 3.1 x 105 3.8 x 105 
1.3:1 1:2 5.6 x 105 8.2 x 105 
1:1 1:3 5.6 x 105 1.8 x 106 
0.8:1 1:4 8.2 x 105 8.2 x 105 
0.66:1 1:5 3.8 x 105 2.6 x 105 
 

Table  3-1  Optimisation of HRV amplification.  HRV16 and infection media 
were applied to HeLa cells at the indicated ratios during a one hour rocking 
period at room temperature.  Infection media was added to the indicated 
final ratio before incubation at 33 °C for 17 hours.  The yield from each 
infection regime was determined using a TCID50 assay conducted on HeLa 
cells. 



  Chapter  3 

 54 

 

In the first repeat the maximal HRV16 yield was obtained by infecting HeLa 

cells with 0.8:1 HRV16 to infection media initially and then increasing this to 

1:4 after incubation.  In the second repeat the maximal HRV16 yield was 

obtained by infecting HeLa cells with 2:1 HRV16 to infection media initially 

and then increasing this to 1:1 or 1:3 after incubation. 

 

HRV1B and HRV16 stocks were analysed to ensure that stocks were not 

contaminated with mycoplasma using a PCR based detection kit; results 

were negative for both stocks (data not shown).   

 

3.3.6 Purification of HRV Stocks 

Purification of HRV1B and HRV16 was required for binding studies and 

preferable for all in vitro and in vivo experiments to ensure that conclusions 

drawn from these experiments are due to HRV virions and not contaminants 

from the cell lysate. 

 

The first approach used to concentrate HRV before applying to a sucrose 

gradient for isolation of viral particles was PEG precipitation.  This was 

conducted by mixing HRV16 infected HeLa cell lysate with 7 % PEG6000, 

centrifuging and then reconstituting the HRV16 containing pellet in virus 

buffer, 1/20th of the original volume.  The pellet and supernatant fractions 

were analysed by SDS-PAGE and western blot to determine if the HRV16 

had been successfully removed from the supernatant into a concentrated 

form in the pellet,  

Figure  3-9. 
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Figure  3-9 Western Blot and SDS-PAGE of PEG precipitated HRV16.  
HRV16 was PEG precipitated with 7 % PEG6000 by mixing for two hours at 
room temperature, this was centrifuged and the HRV16 containing pellet 
was resuspended in virus buffer at 1/20th the original volume.  The 
resuspended pellet and supernatant from the PEG precipitation were 
analysed by SDS-PAGE followed by (A) western blot using R16-7 primary 
antibody or (B) silver staining. 
 

Remaining PEG6000 in the pelleted sample interfered with the running of 

the gel; however, virus was detectable in the western blot.  There is a band 

visible on the western blot, Figure  3-9 A, in the PEG precipitate pellet 

sample, this is slightly lower than at ~30kDa which is the appropriate size of 

VP2, however, this is likely due to the abnormal running of the gel.  A band 

at the same position is faintly visible in the supernatant suggesting the 

HRV16 was not fully removed by PEG precipitation.   
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The silver stained SDS-PAGE gel, Figure  3-9 B, did not detect any protein at 

~30 kDa that corresponded to the staining observed in the western blot, 

suggesting the HRV proteins were not of a high enough concentration to be 

detected by this method.  The PEG precipitation pellet did however show a 

strong band at approximately 10 kDa.   

 

The PEG precipitation method was further refined to reduce the loss of 

HRV16 during the procedure, shown by the presence of HRV16 in the 

supernatant after the virus should have been precipitated out of solution.  

During precipitation with 7 % PEG6000, 0.5 M NaCl was also added to 

encourage HRV16 precipitation.  After centrifugation and resuspension of 

the HRV16 PEG pellet the HRV16 was syringe filtered and concentrated in a 

100 K MWCO Amicon Ultra Centrifugal Filtration Unit.  Each stage of the 

PEG precipitation process was analysed by western blot to determine if the 

HRV16 had been successfully concentrated and to determine if there was 

any loss of HRV16, Figure  3-10.   

 

There is a clear band in the supernatant of the centrifugation step to remove 

the PEG precipitated HRV16 (lane 2, Figure  3-10) suggesting that not all of 

the HRV16 was removed by the PEG and NaCl precipitation.  The band is 

slightly lower than expected for HRV16, as observed in Figure  3-9 A, this is 

again likely due to PEG affecting the running of the SDS-PAGE.  A band at 

37 kDa corresponding to the size of VP0 and a 30 kDa band corresponding to 

VP2 is visible in the pellet from the spin to remove insoluble matter when the 

HRV16 containing PEG pellet was resuspended, lane 3 Figure  3-10.  This is 

due to PEG being difficult to re-suspend.   No loss of HRV16 into the flow 

through was observed during the concentration or buffer exchange using 100 

K MWCO Amicon Ultra Centrifugal Filtration Unit as no bands are visible 

on the blot, lane 4 Figure  3-10. 
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Figure  3-10 Western blot of steps of PEG precipitation of HRV16.  A 
sample was taken after each step of the PEG precipitation procedure.   
Samples and a HRV16 positive control were reduced and run on a 12 % 
NuPAGE gel, transferred to PVDF membrane and probed using a R16-7 
primary antibody (0.14 µg/ml) and GαM-HRP secondary antibody (1 µg/ml).    
 

The HRV16 concentrated by PEG precipitation was further purified by 

ultracentrifugation on a stepwise 10 to 35 % (w/v) sucrose density gradient.  

As there was no visible band of protein on the sucrose gradient all fractions 

were analysed by SDS-PAGE followed by western blotting using the R16-7 

antibody.  All western blots were performed with positive and negative 

controls, which were successful, but no HRV16 was detected in any of the 

fractions (data not shown).  This further purification step therefore required 

refinement. 

 

Ultracentrifugation on a stepwise 10 to 35 % (w/v) sucrose density gradient 

was repeated with a more concentrated PEG precipitated HRV16 sample.  

When analysed by western blot, Figure  3-11 B and C, all fractions tested 

contained both the mature HRV protein VP2 and its precursor VP0; no 

fractions contained only VP2 (mature HRV alone), therefore the purification 
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method required further refinement.  The fractions analysed were from the 

interface of each of the layers of sucrose, as shown on Figure  3-11 A. 

 

 

Figure  3-11 Western blot analysis of sucrose density gradient purified  
HRV16.  PEG precipitated HRV16 was layered onto a 10-35 % (w/v) stepwise 
sucrose density gradient, as represented diagrammatically in A and 
centrifuged at 80,000 x g for four hours.  The gradient was fractioned into 1 
ml fractions and reduced samples and a HRV16 positive control were run on 
SDS-PAGE using a 12 % Nu-PAGE gel and analysed by western blot on 
PVDF using the R16-7 antibody (B and C). 

 

 

A third batch of PEG precipitated HRV16 was purified by ultracentrifugation 

on a linear 15-45 % (w/v) sucrose density gradient.  Before addition of the 
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HRV16 to the sucrose gradient, the detergent IGEPAL® CA-630 was added to 

the HRV16 to dissociate HRV16 from contaminating proteins.  After 

ultracentrifugation the sucrose density gradient was fractioned into 

sequential 0.5 ml fractions and analysed by western blotting to identify those 

containing mature HRV16, Figure  3-12.  

 

 

 

Figure  3-12 Western blot analysis of sucrose density gradient purified 
HRV16.  PEG precipitated HRV16 was layered onto a 15-45 % (w/v) linear 
sucrose density gradient and centrifuged at 80,000 x g for four hours.  The 
gradient was fractioned into 0.5 ml fractions and reduced samples and a 
HRV16 positive control were run on a 12 % Nu-PAGE gel and analysed by 
western blot using R16-7 primary antibody. 
 

Purification of HRV16 on a linear sucrose density gradient resulted in 

production of five distinct populations within the gradient, identifiable on 

the western blots (figure 5.11).  Fractions (0.5 ml) were taken from the top of 

the gradient, fraction 1, to the bottom of the gradient, fraction 76.  All 

fractions were stored at -80 °C until analysis.  Fractions 1 to 20 contained a 

high concentration of VP0, shown by a dark band at 37 kDa.  Factions 1 to 20 
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also contained several high molecular weight proteins, possibly HRV16 

proteins bound to HeLa cell proteins and a HeLa protein at 49 kDa has been 

observed in previous western blots (Figure  3-2) is also seen in these fractions.  

Fractions 21 to 35 have a darker band at 37 kDa, than seen in fractions 1 to 20 

and also a band at 30 kDa, corresponding to the size of VP2.  High molecular 

weight proteins are also observed in these fractions.  Fractions 36 to 40 have 

a very dark band at 30 kDa and a less dark band at 37 kDa but these fractions 

also contain the high molecular weight bands observed in the afore 

mentioned fractions.  Fractions 41 to 54 have a dark band visible at 30 kDa, 

corresponding to the size of VP2 and a faint band at 37 kDa.  No viral 

proteins at all were detected in fractions 55 to 75 by western blot, in fraction 

76 there were some viral proteins detected, this is the bottom of the tube and 

may be aggregated HRV16 or HRV16 bound to high density proteins that 

have pelleted due to being able to pass through the gradient. 

 

The 0.5 ml fractions in each population identified by the western blot 

analysis (Figure  3-12) of the HRV16 purified by sucrose density gradient 

ultracentrifugation were pooled and analysed for infectivity using the TCID50 

assay.  The TCID50 values for each population and the HRV16 infected HeLa 

cell lysate from which the HRV16 was purified are given in Table  3-2, the 

percentage of total yield for each population is also shown.   
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Fraction Volume / 
ml 

TCID5o / 
ml 

Total HRV / 
TCID5o 

Percentage of 
yield 

(total yield =  
2.2 x 106 TCID50) 

Cell lysate that 

was purified 

282 1.8 x 1011 5.1 x 1013  

1 to 20 10 No 

infectivity 

0 0 

21 to 35 7.5 5.6 x 102 4.2 x 103 0.2  

36 to 40 2.5 8.2 x 105 2.1 x 106 93.2  

41 to 54 7 1.8 x 104 1.3 x 105 5.6 

55 to 75 10.5 1.8 x 103 1.9 x 104 0.8 

 

Table  3-2 Viral titre of each population from the sucrose density gradient 
as identified by western blotting (Figure  3-12).  Each population from the 
sucrose density gradient ultracentrifugation to purify HRV16 was assessed 
for viral titre using the TCID50 assay.  The original untreated HRV16 infected 
HeLa lysate was also assessed.  The percentage of the overall HRV16 yield is 
shown for each population.  
 

No infectivity was detected for fractions 1 to 20, and only a low titre for 

fractions 21 to 35.  Fractions 36 to 40 and 41 to 54 had viral titres of 8.2 x 105 

/ml and 1.8 x 104 /ml respectively.  As can be seen from the yield calculations 

the 93.2 % of infectious HRV16 was within fractions 36 to 40.  Fraction 55 to 

75 had a titre of 1.8 x 103 /ml.  All of the populations had titres much lower 

than that of the infected HeLa cell lysate from which the HRV16 was purified 

which had a titre of 1.8 x 1011 /ml.   

 

Due to PEG precipitation of HRV16 being ineffective at removing all HRV16 

from solution ultracentrifugation was employed as an alternative method of 

concentrating the HRV, as used by other laboratories [221, 224, 226].  This 
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also did not remove all of the HRV from the cell lysate supernatant as tested 

by western blot (data not shown) but due to being a quick method was 

trialled to examine how much HRV was lost during the process.   The 

amount of virus retained during purification is shown in Table  3-3.  The 

purification process results in great losses of HRV, however the method of 

PEG precipitation resulted in a greater loss than ultracentrifugation.  Due to 

this observation subsequent purifications of HRV were conducted by 

initially concentrating the HRV using ultracentrifugation.   

 

Table  3-3 Comparison of PEG precipitation and ultracentrifugation to 
concentrate HRV prior to purification on sucrose gradients.  Titre of 
purified HRV is that at the end of the purification process once purified HRV 
is in virus buffer and ready to use. 

 

As it was observed that not all HRV was removed from the cell lysate by 

ultracentrifugation a second step involving PEG precipitation of the already 

ultracentrifuged cell lysate was undertaken.  The PEG precipitated 

supernatant was loaded onto a linear sucrose gradient and analysed by 

western blot after ultracentrifugation and fractioning, Figure  3-13.  No HRV 

was detected in any of the fractions.   

 

 

 

  Method of HRV infected cell lysate concentration 
  PEG precipitation Ultracentrifugation 

Total HRV in 
cell lysate 6.9 x 109 

ffu/ml 
5 x1010 

TCID50/ml 
5.04 x 109 
ffu/ml 

3.36 x 109 
ffu/ml 

1 x 1010 

ffu/ml 
Total HRV in 
purified virus 6.5 x 107 

ffu/ml 
1.26 x 105 

TCID50/ml 
3.24 x 106 
ffu/ml 

3.3 x 108 
ffu/ml 

1.8 x 108 
ffu/ml 

HRV Retained 
/ % 

0.94  0.00004  0.06  9.8  2  
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Figure  3-13 Secondary removal of HRV1B by PEG precipitation after 
ultracentrifugation of HRV1B infected HeLa cell lysate.  Western blot 
analysis of fractions of sucrose gradient loaded with PEG precipitated 
HRV1B infected cell lysate that had previously been ultracentrifuged to 
remove HRV1B. 

 

The purification process results in a preparation of HRV in sucrose; this was 

not desirable for use in experiments in this project as sucrose may interfere 

with collectin interactions with HRV.  The sucrose was removed by dialysis 

or buffer exchange using 100 K MWCO Amicon Ultra Centrifugal Filtration 

Units.  The two methods were assessed to evaluate loss of HRV during each 

technique.  This was conducted by measuring viral titres of HRV before and 

after removal of sucrose, Table  3-4.  Both techniques resulted in large losses 

of HRV, the Amicon filter exchange method did however result in lower loss 

of HRV and was also quicker to carry out and thus became the preferred 

method. 
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  Method of sucrose removal 
  Dialysis Amicon filter 
HRV prior to sucrose 

removal / ffu 
1.9 x 108 5.6 x 107 6.3 x 108 

HRV post sucrose 
removal / ffu 

6.9 x 107 2.7 x 107 3.3 x 108 

Total loss / % 63.7 51.8 47.6 
Table  3-4 Comparison of dialysis and Amicon filter to remove sucrose 
from purified HRV preparations.  HRV was either dialysed using a Slide-A-
Lyser dialysis cassette (3.5 K MWCO ) (Thermo Scientific, Pierce) in 1 L of 
buffer with four buffer changes, or buffer exchanged using 100 K MWCO 
Amicon Ultra Centrifugal Filtration Units (Merck Millipore) and three 
washes with virus buffer.  Virus titre was assessed using the FFA before and 
after sucrose removal. 

 

3.3.7 Transmission Electron Microscopy of HRV  

To ensure that ultracentrifugation had not resulted in deformation of the 

viral particles and to observe if there were any contaminants the HRV stocks 

were subjected to transmission electron microscopy.  The HRVs were fixed 

and negatively stained using uranyl acetate.  Figure  3-14 shows both HRV1B 

and HRV16 viral particles that are spherical and have a diameter of 

approximately 25-30 nm.  All of the viral particles appear to be “full”, i.e. no 

empty capsids that are incapable of replication.  The HRV1B stock appears to 

contain a higher number of viral particles than the HRV16 stock; this is 

expected based on a higher viral titre of HRV1B observed in vitro.   
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Figure  3-14 Transmission electron microscope images of purified (A) 
HRV1B and (B) HRV16.  Sucrose density gradient purified HRV1B and 
HRV16 were concentrated using 100 K MWCO Amicon Ultra Centrifugal 
Filtration Units and exchanged into sterile ultrapure water.  After 
glutaraldehyde fixing the HRVs were applied to formvar coated grids and 
subsequently stained using 2 % (w/v) uranyl acetate.  Images taken with a 
Hitachi H-7000 electron microscope. 
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3.4 Discussion 

To address the hypothesis of whether nhSP-A, nhSP-D and rfhSP-D bind to 

HRV and whether they inhibit HRV infection several experimental 

techniques had to be established.   

 

Western blotting to detect HRV had to be optimised.  The best parameters to 

detect the viral protein VP2 of HRV1B and HRV16 were found to be 0.14 

µg/ml of the primary antibody R16-7 and 1 µg/ml of the secondary antibody 

GαM-HRP with blocking maintained throughout using 2 % (w/v) skimmed 

milk in PBS-Tween.  No previous literature had indicated that R16-7 could 

recognise HRV1B in addition to HRV16, and so to our knowledge this is the 

first report of this finding.  In addition to VP2, the VP2 precursors VP0 and 

P1 were detected using R16-7, these are 37 and 90 kDa proteins respectively; 

this is in accordance with the literature where other groups have also found 

that the antibody reacts with these proteins [227]. 

 

Optimisation was required for the TCID50 assay used to measure viral titre.  

TCID50 represents the dose that will give rise to CPE in 50 % of inoculated 

cultures and therefore gives a measure of viral titre.  HeLa cells of lower 

passage (>60) were found to be less susceptible to infection by HRV1B as the 

TCID50 value on these cells was much lower than on cells of higher passage 

number (>100).   No CPEs were observed when HRV16 was applied to cells 

of lower passage, whilst CPE was observed on cells of higher passage.  It is 

unclear why this is so; it is possible that as the cells go through increasing 

numbers of passages their properties change; for instance they may start 

expressing an increased level cell surface receptors.  Increased ICAM-1 or 

LDLR expression would lead to increased adsorption of virus (HRV16 and 

HRV1B respectively) to the cell surface which would in turn elevate 
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internalisation and replication of HRV.  Levels of ICAM-1 and LDLR mRNA 

and protein expression in the high and low passage HeLa cells could be 

measured and compared using quantitative polymerase chain reaction (PCR) 

or fluorescent activated cell sorting (FACS) respectively, as conducted by 

Papi et al [158].  It is also possible that a point mutation in ICAM-1 or LDLR 

may have occurred with increasing passages, thereby adapting better to the 

virus.  This could be investigated by sequencing the ICAM-1 and LDLR 

genes in the high and low passage HeLa cells.  The increased susceptibility of 

the higher passage HeLa cells may also be as a result of the older cells being 

unable to mount the same antiviral response as the lower passage HeLa cells.  

The antiviral response could be investigated using an enzyme-linked 

immunosorbent assay (ELISA) to measure cytokines at the protein level or 

PCR to measure cytokines at the mRNA level.  Due to differences in the 

susceptibility of the HeLa cells at different passages all subsequent 

experiments in this investigation were conducted on HeLa cells that were of 

similar passage number (within ten passages); this allows comparisons to be 

drawn between experiments undertaken with the same conditions.   

 

Immunocytochemistry to detect HRV in vitro required optimisation prior to 

development of the FFA as this had not been conducted in our laboratory 

with the mAb R16-7.  HRV16 was detected using R16-7 at a low 

concentration of 43.75 ng/ml and the secondary antibody, GαM-AF549, at a 

concentration of 0.5 µg/ml.  Immunocytochemistry was applied as a FFA to 

determine viral titre, as previously described for other viruses [111, 228, 229].  

The infected cells were stained 17 hours post infection.  This time point was 

chosen as at this point the HRV has infected and replicated within the cell to 

allow a great enough signal to be seen but secondary infection cannot yet be 

detected.  Any secondary infection of neighbouring cells wouldn’t be 

detected as preliminary experiments in which plates were left just six hours 
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before staining did not show any infection.  The FFA was validated by 

comparing viral titre results with those obtained using the TCID50 assay.  The 

optimal infection rate to use is around 20 %, rather than the 13 % obtained in 

the initial experiment, this increases the number of cells counted and thus 

the accuracy of the viral titre measurement.  This was accomplished in 

subsequent FFAs by titrating the volume of HRV that cells were infected 

with until the desired infection rate of 20 % was achieved.  The level of HRV 

infection is expressed by counting the number of viral foci in relation to the 

number of cells.   

 

Amplification of HRV1B and HRV16 stocks was required as these are the 

HRVs chosen for use in this project.  HRV1B is a minor group HRV whereas 

HRV16 is a major group HRV.  It was explored whether high or low passage 

HeLa cells were most successful at supporting HRV amplification, and hence 

which yielded the most virus.  It was found that the higher passage HeLa 

cells yielded greater viral titres than lower passage HeLa cells, hence all 

amplification was conducted on high passage HeLa cells.  To optimise yields 

the ratio of HRV to infection media during amplification was addressed; the 

ratios were based on recommendations from Synairgen plc.  The results were 

variable and did not give a clear answer, however, the second repeat 

suggested that an initial ratio of HRV to infection media of 2:1 was 

favourable as this resulted in viral titres of 3.6 x 106 TCID50/ml in two flasks.  

Both the repeats suggested a final ratio of HRV to infection media of 1:3 or 

1:4 was favourable and so a final ratio of 1:4 was chosen as this maximised 

yield as the titre was high and also resulted in a large volume of HRV 

infected cell lysate. 

 

To investigate nhSP-A, nhSP-D and rfhSP-D interactions with HRV it was 

necessary to purify HRV.  This ensures experimental observations are due to 
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the HRV virions and, or, the interaction of nhSP-A, nhSP-D and rfhSP-D in 

the experimental system into which they are used and not due to other 

factors present in the HRV infected HeLa cell lysate.  Binding studies also 

require pure HRV virions.  There are many varying methods of HRV 

purification documented in the literature [194, 221-224, 230-232].  Some 

previously reported purification methods involve two steps, PEG 

precipitation and sucrose density gradient ultracentrifugation [194, 223].  

This was undertaken on a small sample of HRV16 stock to refine the method.  

The initial PEG precipitation was successful as the PEG precipitated pellet 

contained a greater concentration of HRV16 protein than the supernatant 

from which the HRV16 was expected to be removed.  However, not all of the 

HRV16 was removed suggesting further optimisation was required.  It 

appeared that remaining PEG in the sample interfered with the running of 

the SDS-PAGE as the viral protein band detected using the R16-7 HRV 

specific antibody is slightly lower than expected.  On a silver stained gel of 

PEG precipitated HRV16 a band corresponding to the size of reduced VP2 

was not observed, suggesting that the proteins detected in the western blot 

were not of a high enough concentration to be detected by this method.  A 

band at approximately 10 kDa was however detected; this may be VP4, a 7 

kDa viral protein that may have been affected by the abnormal running of 

the gel.  This band was not detected by the western blot, however it has not 

been reported that the R16-7 antibody is able to detect this viral protein and 

this band has not been detected in any other western blots conducted in this 

study.   

 

A second PEG precipitation in which 0.5 M NaCl was included with the 

PEG6000 was performed to optimise the precipitation of HRV.  Again, not all 

HRV16 was removed by precipitation.  HRV16 was also lost in the insoluble 
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matter after resuspension of the HRV16 containing PEG pellet, the PEG is 

very difficult to re-suspend and consequently this is difficult to avoid.    

 

The second step of HRV16 purification, sucrose density gradient 

ultracentrifugation, required refinement.  An initial attempt using a stepwise 

gradient resulted in the virus not being detected by western blot in any of 

the fractions.  This may be due to such a small sample of the HRV16 being 

loaded onto the top of the gradient it could have resulted in the HRV16 

being diluted beyond the detection limits of the western blot.  It is also 

possible that the gradient may have been disturbed and thus the HRV16 

would not have concentrated at one point on the gradient thus being diluted 

within the sucrose.  The sucrose gradient was repeated with a more 

concentrated PEG precipitated HRV16 sample; all fractions analysed by 

western blot contained HRV16 protein and there were no fractions 

containing only mature HRV16.  This may have been due to the HRV16 

proteins being bound to contaminating HeLa cell proteins which interfered 

with separation by density.  To rectify this, a detergent, IGEPAL® CA-630, 

was added to the PEG precipitated HRV16 before addition to a continuous 

linear sucrose gradient, this step had previously been used by Abraham et al. 

[223].  Western blotting of fractions from this purification showed five 

distinct populations of virus proteins.  One population taken from the top of 

the gradient contained a high concentration of the VP0 precursor protein and 

high molecular weight proteins.  These are possibly fragments of HRV16 that 

are still bound to HeLa cell proteins, despite addition of detergent, which 

have a high molecular weight but low density.  A second population, slightly 

lower within the gradient, contained a band that corresponds to VP2, but in 

addition a high concentration of VP0 and the contaminating high molecular 

weight proteins observed in the aforementioned population.  In a third 

population a higher concentration of VP2 was observed and less of the VP0 
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precursor but again contained faint bands of contaminating high molecular 

weight proteins.  The fourth population, just below the middle of the 15-45 % 

linear sucrose gradient contained a very strong band corresponding to the 

molecular weight of VP2, and a faint band corresponding to VP0; this is the 

pure virus that can be used in binding and infectivity studies.  The fifth 

population had either a very faint band or no viral proteins at all detectable 

by western blot.  

 

Each of the five populations from the sucrose density gradient were analysed 

for viral titre by the TCID50 assay.  The most infectious was the third 

population (fractions 36 to 40) with a TCID50 of 8.2 x 105 / ml; this coincides 

with the western blot as this population contained the darkest band at 30 

kDa, corresponding to VP2.  The next most infectious was the population 

containing the pure virus (fractions 41 to 54) with a TCID50 of 1.8 x 104 / ml.  

The viral titre of these populations is much lower than the titre of the HRV16 

infected HeLa cell lysate from which the HRV16 was purified (TCID50 of 1.8 x 

1011 / ml); this highlights the losses that were observed previously during 

PEG precipitation.   

 

To optimise yield of pure HRV from the sucrose density gradient 

ultracentrifugation of infected HeLa cell lysate was employed rather than 

PEG precipitation to concentrate the HRV.  Pelleting of virus prior to 

purification has been conducted by other laboratories [221, 224, 226].  This 

was to negate problems with resuspension of the HRV containing PEG pellet 

where a large volume of HRV appeared to be lost.  Pelleting the HRV by this 

method also resulted in great losses of HRV but the losses were less than 

observed with PEG precipitation.  The residual HRV that was in the 

supernatant after ultracentrifugation could not be recovered from the HeLa 

cell lysate by subsequent PEG precipitation.   
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Sucrose removal from the purified HRV preparations was another stage at 

which large amount of HRV was lost, Table  3-4.  Of the two techniques tried 

(dialysis and Amicon filter buffer exchange) the Amicon filter resulted in a 

slightly lower loss of HRV than dialysis and therefore was the chosen 

method.  This is an unavoidable step in the purification process as the 

presence of sucrose in the preparations could interfere with collectin 

interactions with HRV.  The undesirable loss of up to 50 % of HRV at this 

sucrose removal stage therefore had to be tolerated.   

 

TEM of the purified HRV preparations confirmed the presence of viral 

particles, identified as 25-30 nm spherical particles as reported in the 

literature [233-235].  The morphology of the viral particles is not very 

distinctive, but this is in keeping with published reports of HRV TEM[236].  

All of the viral particles appear to be “full” i.e. no empty capsids that are 

incapable of replication that are observed in some preparations [235, 236].  

This may be due to the sucrose density gradient used to purify the HRV 

resulting in separation of “full” and “empty” capsids as they are likely to 

have different densities.  However, it is interesting to note that some reports 

suggest that the appearance of “empty” capsids may be due to the staining 

solution being able to penetrate the particles and not because they lack RNA 

[234].  This was concluded as high and low density fractions that were, and 

were not infectious, contained similar proportions of both “empty” and 

“full” particles [235].    
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4. Chapter 4: Source and Purification of Collectins 

4.1 Introduction 
In order to conduct studies into interactions between collectins and HRV it 

was necessary to purify nhSP-A and nhSP-D as well as to express and purify 

rfhSP-D.  Pure surfactant protein preparations were required to be able to 

attribute differences observed during experiments involving HRV and 

surfactant proteins to these constituents, and not to contaminants.  The nhSP-

D was purified from both amniotic fluid and BAL from patients with 

alveolar proteinosis; this was conducted using affinity chromatography.  

Affinity chromatography is commonly used to purify nhSP-D from amniotic 

fluid and BAL, the technique exploits the sugar binding capacity of the 

molecule in a calcium environment [26, 237].  The nhSP-D binds to the sugar 

containing matrix whilst in a calcium containing buffer, and can be eluted 

from the matrix by addition of EDTA.  nhSP-A was purified using butanol 

extraction to delipidate a BAL pellet containing the nhSP-A, this method was 

developed by Jo Rae Wright and had not previously been used in this 

laboratory [238].  All preparations of the native proteins were analysed using 

western blot and SDS-PAGE to ensure pure protein preparations were 

obtained.   

 

As discussed in section  1.2.1 rfhSP-D has pharmacological advantages over 

nhSP-D as it is able to be expressed in high yielding systems in a uniform 

manner.  The rfhSP-D contains eight Gly-Xaa-Yaa repeats from the collagen 

region, the neck region and the CRD of nhSP-D.  The bacterial clone for 

rfhSP-D was developed by Strong et al. [29].  The rfhSP-D was expressed in 

E. coli, the inclusion bodies were then solubilised and refolded to produce 

functional rfhSP-D, and this was purified using affinity chromatography and 
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gel filtration.  The rfhSP-D purity was assessed using western blotting and 

SDS-PAGE. 

 

4.2 Materials and Methods 

4.2.1 Expression and Purification of rfhSP-D  

Plates were streaked using a glycerol stock of the E. coli BLD21 DE3 

containing pALMI-53 kanamycin resistant clone on an agar plate containing 

25 µg/ml kanamycin monosulphate (Sigma-Aldrich).  The plate was 

incubated overnight at 37 °C.  A single colony was selected to inoculate 50 

ml of Luria broth (LB), with the antibiotic maintained.  This was grown 

overnight at 37 °C with shaking at 300 r.p.m.  One litre of Magic Media 

(Invitrogen) was inoculated with 50 ml of the previously inoculated LB; this 

was cultured for 22 hours before harvesting the bacteria by centrifugation at 

2,700 x g for 20 minutes.   

 

Pellets were resuspended in Bugbuster® Mastermix (Novagen®, Merck-

Millipore) (6 ml Bugbuster® to 1 g of pellet).  The lysate was centrifuged at 

16,000 x g for 20 minutes, the supernatant was removed and resuspension in 

Bugbuster® Mastermix was repeated with six times the volume of 

Bugbuster® Mastermix diluted one in ten with ultrapure water, before 

centrifuging as before to obtain the inclusion body pellet.  The pellet was 

resuspended to 10 mg/ml, based on OD280 measurements, in solubilisation 

buffer (20 mM Tris, 150 mM NaCl, 5 mM CaCl2, 5 % (v/v) glycerol, 8 M urea) 

at pH 7.4.  Particulate matter was removed by centrifuging at 9,000 x g for 20 

minutes.  The supernatant was dialysed by placing in SnakeSkin™ dialysis 

tubing (10 KDa molecular weight cut off) (Thermo Scientific, Pierce) and 

exchanging solubilisation buffers from 4 M urea, 2 M urea, 1 M urea to 0 M 
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urea; each buffer was left for three hours at room temperature or overnight 

at 4 °C with gentle stirring.  Finally 0 M urea without glycerol was 

exchanged every one to two hours for a total of ten litres.  The dialysate was 

centrifuged at 9,000 x g for 15 minutes.  The rfhSP-D was purified using 

affinity chromatography to separate the correctly refolded, biologically 

active rfhSP-D from denatured rfhSP-D, using the ÄktaAmicro™ (GE 

Healthcare).  The dialysed supernatant was loaded onto a ManNAc-

Sepharose column, equilibrated in 20 mM Tris and 150 mM NaCl (TBS) 

containing 5 mM CaCl2 (TBS-CaCl2) at pH 7.4.  The ManNAc-Sepharose 

column was produced in-house as per the protocol published by Sorensen et 

al. [237].  In brief, ManNAc (Sigma-Aldrich) was immobilised onto 

Sepharose CL-4B (GE Healthcare) using divinylsulfone-mediated covalent 

crosslinking.  The Sepharose CL-4B gel (20 ml) was activated with 0.5 M 

Na2CO3 and divinylsulfone for 90 minutes at room temperature.  The gel was 

washed in water and further washed in 0.5 M Na2CO2.  ManNAc (10 % w/v) 

was coupled to the activated Sepharose CL-4B by overnight incubation in 0.5 

M Na2CO3, the final column volume was 20 ml.  After washing with water 

the reactive groups were blocked by incubation with 100 mM ethanolamine 

for two hours at room temperature.  After a final wash with water the gel 

was stored in TBS until use.  After loading the dialysed supernatant onto the 

ManNAc-Sepharose column the non-specific proteins were eluted with a 

high salt buffer wash of TBS containing 1 M NaCl at pH 7.4.  The column 

was then equilibrated back to TBS-CaCl2, pH 7.4 and rfhSP-D protein 

fractions were eluted with TBS containing 10 mM EDTA at pH 7.4.  The peak 

fractions were gel filtered on a Superdex 200 column (GE Healthcare) using 

TBS containing 5 mM EDTA at pH 7.4 as the running buffer.  Protein was 

frozen at -20 °C until required. 
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Endotoxin levels in the rfhSP-D preparations were reduced by the use of a 

Detoxi-gel endotoxin removing column (Thermo Scientific, Pierce) on the 

ÄktaAmicro™.  The Detoxi-gel column was regenerated by washing with 

three column volumes of milliQ water, three column volumes of 1 % (w/v) 

sodium deoxycholate (Sigma-Aldrich) in Limulus Amebocyte Lysate (LAL) 

reagent water (Lonza), then another three column volumes of LAL reagent 

water and finally three column volumes of sterile PBS.  The rfhSP-D was 

concentrated using Amicon Ultra 30,000 MWCO centrifugal filters and 

loaded onto the column.  Unbound rfhSP-D, not containing endotoxin, that 

was eluted from the column with PBS was collected in sterile tubes and 

frozen at -20°C until endotoxin level testing as detailed in section  2.1.7.  The 

column was regenerated as before but the final PBS wash was replaced by 20 

% (v/v) ethanol.   

 

4.2.2 Purification of nhSP-D from Amniotic Fluid 

Amniotic fluid was collected with informed consent as per ethics number 

09/H0502/9 approved by the Southampton and South West Hampshire 

Research Ethics Committee.  Amniotic fluid was pooled, brought to 10 mM 

EDTA, filtered using a 100 µm mesh to remove large particulate matter and 

centrifuged for 20 minutes at 10,000 x g.  The supernatant containing the 

nhSP-D was brought to 25 mM CaCl2 and 0.05 % emulphogene 

(polyoxythylene 10-tridecyl ether) (Sigma-Aldrich) and adjusted to pH 7.4 by 

addition of bicarbonate buffer.  0.2 % (w/v) azide was also added to prevent 

bacterial growth, this was then stirred for 30 minutes at room temperature.  

ManNAc-Agarose beads were equilibrated in TBS-CaCl2 buffer by 

centrifuging the beads at 160 x g and replacing the buffer three times.  The 

equilibrated beads were added to the amniotic fluid and stirred overnight at 

room temperature to allow binding of nhSP-D to the beads.  The amniotic 
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fluid was then filtered through a scintered funnel to recover the beads which 

were then washed with excess of TBS-CaCl2 buffer.  The beads were 

transferred into a 20 cm XK16 column (GE Healthcare) and allowed to pack 

down under gravity.  Using an ÄktaAmicro™ TBS-CaCl2 was run through the 

column for one column volume before swapping to TBS containing 1 M 

NaCl run for one and a half column volumes to dissociate non-specifically 

bound proteins from the ManNAc-Agarose beads.  Elution of nhSP-D from 

the beads was conducted by running two column volumes of TBS containing 

10 mM EDTA through the column. 

 

4.2.3 Purification of nhSP-D from Bronchoalveolar Lavage Fluid 

BAL from therapeutic lung washings of alveolar proteinosis patients was 

collected with informed consent as per ethics number 10/H0504/9 approved 

by the Southampton and South West Hampshire Research Ethics Committee.  

The method published by Strong et al. was followed [26].  BAL was pooled 

and made to 10 mM EDTA and pH 7.4 using 20 mM Tris; this was stirred for 

one hour at room temperature before centrifugation at 10,000 x g for 45 

minutes.  The nhSP-D containing supernatant was kept at -20 °C until being 

processed further by Mr Paul Townsend.  CaCl2 was slowly added to 

defrosted BAL supernatant to a concentration of 50 mM.  ManNAc-

Sepharose beads were equilibrated in TBS-CaCl2 buffer and added to the 

nhSP-D containing supernatant; this was stirred overnight at 4 °C.  The 

ManNAc-Sepharose beads were packed into a column and washed with a 

high salt buffer (TBS containing 1 M NaCl) to elute non-specifically bound 

proteins.  Bound nhSP-D was eluted with TBS containing 100 mM MnCl2, 

and immediately buffer exchanged in to TBS containing 5 mM EDTA, pH 

7.4, using 30 K MWCO Amicon Ultra Centrifugal Filtration Units (Merck 

Millipore).  The nhSP-D was further purified using gel filtration 
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chromatography using a Superose 6 column (GE Healthcare), equilibrated 

with TBS containing 5 mM EDTA, pH 7.4. 

 

4.2.4 Purification of nhSP-A from Bronchoalveolar Lavage Fluid 

nhSP-A was extracted from pellets resulting from centrifugation of BAL 

from alveolar proteinosis patients as detailed in section  4.2.3.  The method 

used was established by Jo Rae Wright, the protocol was obtained via direct 

communication; the method is similar to that published [238].  The pellet was 

drop-wise added to a 50 times volume excess of 1-butanol and stirred at 

room temperature for 30 minutes.  This was spun at 10,000 x g for 30 minutes 

at 4 °C; pellets were resuspended in 1-butanol and re-spun.  The pellets were 

dried under a steady flow of nitrogen and the dry pellets were resuspended 

in 20 mM Octyl β-D-glucopyranoside (OGP) (Sigma-Aldrich), 150 mM NaCl, 

5 mM Tris, (OGP/NaCl/Tris) pH 7.4 and dounced.  This was centrifuged at 

114,500 x g for 30 minutes at 4 °C and the resulting pellet resuspended in 

OGP/NaCl/Tris and dounced before repeating the centrifugation.  The pellet 

was resuspended in Tris-buffered water (TBW) (5 mM Tris, pH 7.4) and 

made to 100 mM OGP before mixing for 30 minutes at room temperature.  

To remove endotoxin polymyxin B beads (Sigma-Aldrich) were added to the 

nhSP-A preparation and dialysed for 48 hours at room temperature in four 

changes of TBW using SnakeSkin™ dialysis tubing (10,000 Da MWCO) 

(Thermo Scientific, Pierce).  The nhSP-A was centrifuged at 3000 x g for 10 

minutes to remove polymyxin beads, the supernatant was aliquoted and 

stored at -20 °C until use.   
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4.2.5 Protein Concentration Determination 

The protein concentration of surfactant protein preparations was calculated 

according to Beer-Lambert Law: OD280 = εOD280 x C x L.  Where OD280 is the 

optical density of the sample at 280 nm, ε is the extinction coefficient, C is 

concentration and L is the length of the light path.  The extinction coefficients 

used were 18825 M-1 cm-1 for nhSP-D, 15720 M-1 cm-1 for rfhSP-D and 28920 

M-1 cm-1 for nhSP-A as calculated using the ExPASy Server ProtParam 

programme (http://www.expasy.org/tools/protparam.html). 

 

4.2.6 Validation of Collectin Biological Activity  

The biological activity of the purified nhSP-A, nhSP-D and rfhSP-D proteins 

were validated using an in vitro cell culture infectivity assay with IAV based 

on the assay conducted by Hawgood and colleagues [101].  The assays were 

conducted by Jacqueline Pugh and Zofi McKenzie.  The assays were carried 

out on Madin-Darby canine kidney (MDCK) cells that had been seeded three 

hours prior to infection at 1.5 x 105 cells per well in a 48 well plate (Greiner 

Bio-One Ltd, Stonehouse, UK) in Roswell Park Memorial Institute 1640 

(RPMI) medium (Invitrogen) containing 10 % FCS (Sigma-Aldrich) and 50 

U/ml penicillin and 50 U/ml streptomycin (both Invitrogen).  The strain of 

IAV used was X-79.  X-79 is a H3N2 strain of IAV, it is a laboratory derived 

strain that is a reassortment of A/PR/8/34 (H1N1) in the core and 

A/Philippines/82 (H3N2) on the surface.  The X-79 strain has been adapted 

for mouse studies [239].  The X-79 IAV purified on a sucrose gradient (kind 

gift of Zofi McKenzie) was incubated with the indicated concentration of 

collectin in serum free RPMI medium for one hour at room temperature with 

agitation.  The volume of IAV was established by preliminary experiments to 

result in 20 % of cells being infected.  The inoculum was applied to the 

MDCK cells that had been washed twice with serum free RPMI medium.  
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The inoculum was incubated on the cells for one hour at 37 °C and 5 % CO2 

before being washed twice with serum free RPMI media and incubated with 

250 µl serum free RPMI medium per well for 17 hours at 37 °C and 5 % CO2. 

 

The cells were removed from the plate and stained for flow cytometry as 

described in section  2.1.8, except the primary antibody was a monoclonal 

mouse-anti-IAV nucleoprotein (Abcam, Cambridge, UK) used at a 

concentration of 6.87 µg/ml and the wash buffer and antibody diluent was 

PBS containing 0.3 % Triton X-100. 

 

4.3 Results 

4.3.1 Expression and Purification of rfhSP-D  

For studies investigating interactions between rfhSP-D and HRVs large 

stocks of rfhSP-D were required.  E. coli transformed to express rfhSP-D were 

grown, inclusion bodies were isolated and solubilised in urea.  After dialysis 

of the rfhSP-D to refold the protein the rfhSP-D was purified by affinity 

chromatography to isolate correctly folded and functional rfhSP-D.  In buffer 

containing 5 mM CaCl2 to facilitate rfhSP-D binding, rfhSP-D was applied to 

a ManNAc-Sepharose column.  A 1 M NaCl wash was conducted to elute 

non-specifically bound protein before washing using an EDTA buffer to 

dissociate rfhSP-D from the column and thus recover pure, functional rfhSP-

D, Figure  4-1.  
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Figure  4-1 Affinity purification of rfhSP-D using ManNAc-Sepharose column.  
Chromatogram of affinity chromatography to purify rfhSP-D.  Sample 
containing rfhSP-D was loaded onto a ManNAc-Sepharose column at time 0 
minutes in TBS-CaCl2, a TBS containing 1 M NaCl wash was conducted to 
elute non-specifically bound protein before returning to TBS-CaCl2 buffer.  
Flowing EDTA buffer over the column eluted rfhSP-D, as indicated. 
 

 

Affinity purified rfhSP-D was gel filtered using a Superdex 200 column to 

further increase rfhSP-D purity.  The rfhSP-D protein eluted at 70 ml, as 

expected for a 60 kDa protein.  A representative chromatogram can be seen 

in Figure  4-2.   

 

 

 

 

 

 

 

Figure  4-2 Gel filtration of rfhSP-D using a Superdex 200 column.  The 
rfhSP-D was applied to the column in TBS containing 5 mM EDTA at pH 7.4, 
the rfhSP-D eluted as expected for a protein with an approximate molecular 
weight of 60 kDa.  Fractions, as indicated, containing purified rfhSP-D were 
pooled. 
 

Pooled fractions  

containing rfhSP-D 

Pooled fractions 

containing rfhSP-D 
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A pure preparation of rfhSP-D was produced as can be seen by the 18 kDa 

band on the SDS-PAGE gel and western blot (Figure  4-3), corresponding to 

the size of reduced rfhSP-D.  Two further bands at approximately 40 kDa 

and 60 KDa can be seen in the rfhSP-D positive control and the rfhSP-D 

stock; as this was also detected on the western blot.  The fractions 

corresponding to the chromatogram in Figure  4-2 are also shown in 

Figure  4-3 A.  The peak fractions B5 to C2 were pooled to form the rfhSP-D 

stock.  B9, B8 and B7 fractions are from the slight shoulder observed on the 

gel filtration chromatogram (Figure  4-2); on the SDS-PAGE (Figure  4-3 A) 

some lower molecular weight proteins of approximately 10 kDa can be seen, 

these may be degraded protein.   
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Figure  4-3 SDS-PAGE and western blot analysis of rfhSP-D stock and 
fractions from gel filtration using a Superdex 200 column shown in 
Figure  4-2.  rfhSP-D was expressed in an E.coli system and purified using 
affinity chromatography and gel filtration.  Reduced samples were run on a 
12 % NuPAGE gel and either stained using SimplyBlue™ Safestain (A); or 
transferred to PVDF membrane and probed using a rabbit-anti-rfhSP-D 
antibody and detected using Western Breeze secondary detection kit 
(Invitrogen) (B).  

 

4.3.2 Removal of Endotoxin from rfhSP-D 

Endotoxin must be removed from rfhSP-D preparations due to the nature of 

the rfhSP-D expression system resulting in high endotoxin levels in rfhSP-D 

preparations.  Endotoxin contamination may result in cellular responses that 

are not attributable to the rfhSP-D, or reduce the binding capacity of rfhSP-D 

due to endotoxin occupying binding sites.  A Detoxi-gel column was used to 

remove rfhSP-D that was bound to endotoxin, allowing non endotoxin 
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bound rfhSP-D to be recovered; a typical chromatogram showing this 

process is shown in Figure  4-4. 

 

 

Figure  4-4 Chromatogram of endotoxin removal from rfhSP-D stock using 
Detoxi-Gel.  After preparing the column by running a sodium deoxycholate 
buffer, endotoxin free water and then PBS (the sample buffer), rfhSP-D 
purified by affinity chromatography and gel filtration was passed over the 
Detoxi gel to remove endotoxin contamination from stock of rfhSP-D. 
 

A peak containing endotoxin free rfhSP-D can be seen in the chromatogram, 

Figure  4-4, approximately 5 ml after the rfhSP-D was loaded onto the 

column, at 0 ml.  A second peak of rfhSP-D can be seen after the final 1 % 

sodium deoxycholate wash, this wash removes protein that has bound to the 

column, and is therefore the rfhSP-D that was bound to endotoxin. 

 

The chromatogram, Figure  4-4, correlates with analysis of each stage of 

endotoxin removal by SDS-PAGE, Figure  4-5.  The flow through just before 

the first peak (Figure  4-5, lane 2) contained no protein.  The pre-treatment 

sample was concentrated prior to loading onto the Detoxi-gel, a large band at 

18 kDa shows the presence of rfhSP-D (Figure  4-5, lane 3).  Faint bands can 

also be seen at approximately 6 and 12 kDa, suggesting breakdown products 

of the rfhSP-D; another band at approximately 40 kDa which may 

correspond to a dimer of rfhSP-D.  The first peak (Figure  4-5, lane 4) clearly 

Endotoxin free 
rfhSP-D 

rfhSP-D bound 
to endotoxin 
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contains rfhSP-D as a clear band is visible at 18 kDa.  The A3 sample 

(Figure  4-5, lane 5) taken after the first peak shows that no rfhSP-D was still 

coming off the column.  The post endotoxin sodium deoxycholate wash that 

created a second peak did contain rfhSP-D, and this is the endotoxin 

contaminated rfhSP-D that was therefore bound to the column (Figure  4-5, 

lane 6).   

 

 

Figure  4-5 SDS-PAGE of stages of endotoxin removal from rfhSP-D using 
Detoxi gel shown in Figure  4-4.  rfhSP-D was passed over Detoxi-gel 
column in PBS buffer, stages were analysed by reducing samples and 
running on a 12 % NuPAGE gel and stained using SimplyBlue™ SafeStain. 
 

The Detoxi-gel treated rfhSP-D was tested for endotoxin levels using the 

quantitative LAL assay as per manufacturer’s instructions.  From an average 

of duplicate wells the rfhSP-D stock was found to contain 58 Endotoxin 

Units (EU)/mg rfhSP-D prior to Detoxi-gel treatment and 27 EU/mg rfhSP-D 

after Detoxi-gel treatment. 

 



  Chapter  4 

 86 

4.3.3 Purification of nhSP-D from Amniotic Fluid  

Binding studies between nhSP-D and HRVs require pure stocks of nhSP-D.  

Isolation and purification of nhSP-D from amniotic fluid was conducted 

using ManNAc-agarose affinity chromatography, the chromatogram is 

shown in Figure  4-6.   

 

 
 

Figure  4-6 Chromatogram of affinity purification of nhSP-D from amniotic 
fluid using ManNAc-agarose.  nhSP-D was isolated and purified from 
amniotic fluid by affinity chromatography using ManNAc-agarose beads in 
the presence of calcium and eluted in the presence of EDTA.  Shown here is 
the EDTA elution and nhSP-D can be seen in fractions A12, A13, A14, A15, 
B15, B14, B13 and B12, as indicated.   
 

Amniotic fluid samples taken before processing, after centrifugation to 

remove cellular debris, post addition of ManNAc-agarose beads and post 

affinity chromatography were analysed by SDS-PAGE and western blot for 

the presence of nhSP-D, Figure  4-7.   

 

The SDS-PAGE (Figure  4-7 A.) demonstrates that samples 1, 2 and 3 

contained a large number of proteins; the western blot of the same samples 

Pooled fractions 
containing dodecameric 

nhSP-D  
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(Figure  4-7 B.) identifies the protein band at 49 kDa as nhSP-D.  The amniotic 

fluid preparation to which ManNAc-agarose beads had been added shows 

that not all the nhSP-D was removed by the beads as after removal some 

nhSP-D remained (Figure  4-7 B. Sample 3).   

 

The fractions taken before the peak containing nhSP-D, A10 and A11 

contained nhSP-D at a lower concentration than the pooled peaks (A12, A13, 

A14, A15, B15, B14, B13 and B12) as shown by a less dark band on the 

western blot (Figure  4-7 B.).  A second band at approximately 98 kDa was 

detected on the western blot, corresponding to a dimer of nhSP-D that has 

not been fully reduced.  Fractions B5, B4 and B3 are from the second peak 

seen on the gel filtration chromatogram, Figure  4-6, these fractions also 

contained nhSP-D with a molecular weight of 49 kDa as shown by western 

blotting. 
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Figure  4-7 SDS-PAGE (A. and C.) and western blot (B. and D.) analysis of 
nhSP-D purification from amniotic fluid.  Amniotic fluid samples and 
fractions from affinity chromatography, as indicated, were analysed.  
Reduced samples were run on 12 % NuPAGE gels; for western blotting 
proteins were transferred to PVDF membrane and probed using a 
biotinylated rabbit-anti-SP-D primary antibody.  SDS-PAGE gels were 
stained using SimplyBlue™ SafeStain. 

 

4.3.4 Purification of nhSP-D from BAL  

nhSP-D was purified from BAL of alveolar proteinosis patients using affinity 

chromatography and gel filtration, Figure  4-8.  Affinity chromatography and 

gel filtration were conducted by Paul Townsend. 
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Figure  4-8 Gel filtration of nhSP-D using a Superose 6 column.  The nhSP-
D purified from BAL by affinity chromatography using ManNAc-Sepharose 
beads was further purified by applying to a Superose 6 column in TBS 
containing 20 mM EDTA at pH 7.4.  Fractions corresponding to dodecameric 
nhSP-D and multimeric nhSP-D, as indicated, were pooled.  Purification 
conducted by Paul Townsend. 
 

The purified nhSP-D preparations were analysed by SDS-PAGE and western 

blot.  As can be seen in Figure  4-9 the multimeric and dodecameric nhSP-D 

preparations purified from BAL both contain a band at 49 kDa, 

corresponding to the size of reduced nhSP-D.  There is an additional band 

present at 90 kDa in both preparations corresponding to the size of 

dimerised nhSP-D.  There is a higher molecular weight band in the 

multimeric nhSP-D preparation that could correspond to the size of trimeric 

nhSP-D, however above 98 kDa the accuracy of size determination is limited 

due to the nature of the protein standard used.  SDS-PAGE analysis showed 

no further bands, and was consistent with the nhSP-D purified from 

amniotic fluid see in Figure  4-7 A and C. 

 

Peak containing 
dodecameric 

nhSP-D 

Peak 
containing 
multimeric 
nhSP-D 
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Figure  4-9  Western blot analysis of nhSP-D preparations purified from 
BAL.  Reduced samples were run on a 12 % NuPAGE gel and transferred to 
PVDF.  The membrane was probed using a rabbit-anti-rfhSP-D antibody and 
this was detected using a goat-anti-mouse-HRP conjugated secondary 
antibody (Invitrogen) and ECL™ Advance (GE Healthcare Life Sciences). 

 

4.3.5 Purification of nhSP-A from BAL 

Stocks of nhSP-A were produced using butanol extraction from BAL from 

patients with alveolar proteinosis.  This is a well-established method 

developed by Jo Rae Wright. 

 

Figure  4-10 shows western blot and SDS-PAGE analysis of purified nhSP-A; 

on both the western blot and SDS-PAGE gel a clear band can be seen at 36 

kDa, this corresponds to the size of nhSP-A.  Two further bands are present 

at 60 KDa and approximately 90 KDa; these are likely to be dimerised and 
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trimerised nhSP-A respectively as they were detected by the anti-nhSP-A 

primary antibody.  On SDS-PAGE there are no bands present other than 

those corresponding to nhSP-A, indicating that this is a clean protein 

preparation.   

 

 

Figure  4-10  Purified stock of nhSP-A.  nhSP-A was purified from BAL of 
patients with alveolar proteinosis using butanol extraction.  Pure nhSP-A 
was assessed using western blot (A), using a rabbit-anti-nhSP-A primary 
antibody and Invitrogen western breeze secondary antibody and 
chemiluminescent substrate; SDS-PAGE (B), samples were run on a 12 % 
NuPAGE gel and stained with SimplyBlue™ SafeStain. 

 

As part of rigorous quality control to ensure the purity of nhSP-A, a western 

blot of nhSP-A probed with an anti-rfhSP-D antibody was conducted to 
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ensure no contamination with nhSP-D.  The western blot, Figure  4-11, 

showed no 49 kDa band corresponding to the size of nhSP-D in the purified 

nhSP-A stock, Figure  4-10.  There are bands at 36 kDa, 60 kDa, and 90 kDa as 

would be expected if the blot had been probed for nhSP-A, as these 

correspond to the size of nhSP-A oligomers.   

 

 

Figure  4-11  Verification of no contamination of nhSP-A preparation with 
nhSP-D.  nhSP-A was purified from BAL from patients with alveolar 
proteinosis using butanol extraction.  Purified nhSP-A was assessed using 
SDS-PAGE and western blot to ensure no contamination of the protein with 
nhSP-D.  Proteins were run on a 12 % NuPAGE gel, transferred to PVDF and 
probed using an anti-rfhSP-D primary antibody (which also detects nhSP-D) 
and Invitrogen western breeze secondary antibody and chemiluminescent 
substrate. 

 
At the end of the purification process for nhSP-A polymyxin beads were 

added to the preparation to remove endotoxin bound nhSP-A.  This resulted 

in removal of the majority of endotoxin as using the LAL assay the 

endotoxin level in the nhSP-A was found to be 1.6 EU/mg nhSP-A. 
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4.3.6 Validation of Collectin Biological Activity  

The biological activity of the purified collectins were validated using an in 

vitro cell culture infectivity assay with IAV, based on a method developed by 

Hawgood and colleagues [101].  Assessment of infectivity was using the 

technique of flow cytometry to ensure the collectins functioned as expected 

when incubated with X-79 IAV.  The X-79 (H3N2) strain of IAV is a 

laboratory derived strain that is a reassortment of A/PR/8/34 (H1N1) and 

A/Philippines/82 (H3N2) adapted for mouse studies, it is highly glycosylated 

and has been shown in in vitro studies to be inhibited by SP-D and SP-A 

[101].  IAV has been shown to be neutralised by nhSP-A and nhSP-D, 

whereas rfhSP-D has no effect [65, 104, 229, 240, 241].   
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Figure  4-12 Effect of multimeric nhSP-D (A), dodecameric nhSP-D (B), 
rfhSP-D (C) and nhSP-A (D) on infectivity of IAV.  Infectivity was assessed 
by flow cytometry.  IAV was pre-incubated for one hour with collectins 
before addition to monolayers of MDCK cells, after one hour at 37 °C cells 
were washed with serum free RPMI and incubated for 17 hours at 37 °C, 5 % 
CO2.  Cells were removed from the plate with trypsin, fixed in 1 % 
paraformaldehyde in PBS, washed with PBS containing 0.3 % Triton X-100 
and  incubated with a mouse anti-IAV NP primary antibody which was 
detected using a goat-anti-mouse-APC conjugated secondary antibody.  The 
number of IAV infected cells was quantified using a FACS ARIA and 
analysed using FlowJo software version 7.6.5.  Data is normalised to the 
infected control with no collectin.  Values are means + S.E.M of at least three 
experiments, conducted by Jacqueline Pugh or Zofi McKenzie. * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001 indicates mean is significantly different to 
mean of control where no collectin is present determined using one-way 
ANOVA. 
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Figure  4-12 shows that multimeric nhSP-D, dodecameric nhSP-D and nhSP-

A all inhibited IAV infection in a dose dependent manner, whereas rfhSP-D 

did not inhibit infection. 

 

4.4  Discussion 

The aim of this project was to investigate if there was an interaction between 

collectins, SP-A and SP-D, and HRV.  The collectin preparations used were 

nhSP-A, dodecameric nhSP-D, multimeric nhSP-D and rfhSP-D.  As 

discussed previously, rfhSP-D has advantages over nhSP-D as a therapeutic 

and in this project rfhSP-D was tested against two preparations of nhSP-D, 

dodecameric nhSP-D and multimeric nhSP-D.  Dodecameric nhSP-D is the 

oligomeric form of nhSP-D consisting of four trimers bound at the N-

terminus in a crucifix formation, whereas multimeric nhSP-D has a higher 

order of multimerisation with as many as eight dodecameric nhSP-D 

molecules associated with one another [39].  Stocks of rfhSP-D were 

expressed and purified.  When the rfhSP-D stock was analysed by SDS-

PAGE and western blot under reducing conditions an 18 kDa band, 

corresponding to the size of monomeric rfhSP-D, was clearly seen.  Two 

further faint bands of approximately 40 kDa and 60 kDa are also visible; this 

is likely dimerised and trimerised rfhSP-D that has not been fully reduced as 

it was detected with the anti-rfhSP-D antibody.  In fractions taken either side 

of the peak containing rfhSP-D small bands of approximately 10 kDa were 

observed, these are possibly degraded fragments of rfhSP-D.   

 

nhSP-D was purified from amniotic fluid using affinity chromatography.  On 

the chromatogram it is possible to see two peaks, both of which contained a 

49 kDa band, corresponding to the size of reduced monomeric nhSP-D.  The 

first peak is the dodecameric nhSP-D stock.  The second peak contains 
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multimeric nhSP-D, these bound with greater avidity to the column due to 

the synergistic action of the CRDs and thus took longer to dissociate.   It is 

worth noting that in some previous reports of nhSP-D analysis by SDS-

PAGE the protein appears as a 43 kDa band, whilst in the system used in this 

project nhSP-D is a 49 kDa band [26, 237].  This discrepancy is likely due to 

the different buffer systems used as a laboratory using the same buffer 

system as in this laboratory also observe monomeric nhSP-D as a 49 kDa 

band [242].     

 

Purification of nhSP-D from BAL of alveolar proteinosis patients was 

conducted by Paul Townsend.  Analysis post affinity chromatography was 

conducted by Jacqueline Pugh.  SDS-PAGE and western blot of the 

dodecameric and multimeric nhSP-D showed a band at 49 kDa, 

corresponding to the size of reduced monomeric nhSP-D.   

 

Butanol extracted nhSP-A was assessed using western blot and SDS-PAGE; 

the SDS-PAGE shows three bands, 36 kDa, 60 kDa and 90 kDa.  These 

correspond to the size of reduced monomeric nhSP-A, dimerised nhSP-A or 

trimerised nhSP-A respectively.  The proteins were confirmed as being nhSP-

A as they were detected using an anti-nhSP-A antibody on western blot.  The 

western blot to detect contaminating nhSP-D showed that no nhSP-D was 

present in the nhSP-A stock.  The western blot did however demonstrate that 

there is cross reactivity between either the anti-rfhSP-D antibody or the 

secondary anti-rabbit antibody solution and nhSP-A as bands corresponding 

to the size of nhSP-A were detected. 

 

The preparations of nhSP-A, nhSP-D and rfhSP-D require further attention to 

reduce endotoxin levels if used in animal studies; the rfhSP-D endotoxin 

level was 27 EU/mg of protein despite treatment with the Detoxi gel column.  
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The nhSP-D has not been treated to remove endotoxin is therefore not 

recommended to be used for animal studies before the level of endotoxin has 

been determined.  Surfactant proteins obtained from BAL of alveolar 

proteinosis patients are likely to contain high levels of endotoxin due to both 

nhSP-A and nhSP-D being reported as binding endotoxin and due to these 

patients commonly suffering a large number of respiratory infections [67, 78, 

128, 243].  Whilst the nhSP-A endotoxin level was reduced to 1.6 EU/mg 

protein this is possibly still higher than is suitable for animal studies.  For in 

vivo animal models endotoxin must be reduced before use to prevent 

eliciting an inflammatory response; the proteins could therefore be tested in 

an animal before use in experiments to ensure they do not elicit such a 

response.  Previous experiments have shown that SP-D preparations with 

endotoxin levels up to 0.5 EU/ml do not elicit an inflammatory response in 

mouse models [244].   This suggests that this level of endotoxin is below that 

capable of causing inflammation or that the endotoxin bound to SP-D 

rendered it unable to elicit inflammation.  In a study conducted by Wright 

and colleagues it was found that nhSP-A and nhSP-D treated to remove 

endotoxin did not elicit nitrate production by alveolar macrophages in vitro, 

this highlights the need to monitor endotoxin levels in these preparations 

[245].  In binding studies it should be borne in mind that endotoxin in these 

preparations may reduce HRV binding as the endotoxin may occupy 

binding sites required by the collectins to bind HRV [246].  The presence of 

endotoxin in the preparations may alter cellular responses observed when 

added to cell culture.  The functional capacity of endotoxin treated and 

untreated preparations of SP-D was found to be the same by Restrepo et al., 

as both treated and untreated preparations were able to bind to and 

stimulate macrophage phagocytosis of P. aeruginosa [247].  This suggests that 

the functional activity of nhSP-A and nhSP-D can be maintained despite 

endotoxin contamination. 
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To confirm biological activity of the collectin preparations an IAV 

neutralisation assay was utilised as it is well documented in the literature 

that nhSP-D and nhSP-A neutralise the infectivity of IAV [65, 104, 229, 240, 

241].  It was demonstrated that all of the preparations of purified native 

proteins reduced IAV infection in a dose dependent manner.  The proteins 

are therefore biologically active and thus suitable for use in assays to assess 

their ability to neutralise HRV.  The current preparation of rfhSP-D did not 

reduce the level of IAV infection; this is consistent with previous findings in 

various laboratories [240]. 
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5. Chapter 5: Binding Studies between Collectins and 

Rhinovirus 

5.1 Introduction 

Binding between collectins and other respiratory viruses such as IAV and 

RSV has been demonstrated [64, 65, 111, 113, 114, 248].  There had been no 

studies reporting investigations of collectins binding to HRVs.  Four 

different methods were employed in this thesis to deduce if nhSP-A, nhSP-D 

or rfhSP-D can bind to HRV1B or HRV16; these were a ligand blot, a solid 

phase binding assay, co-immunoprecipitation and surface plasmon 

resonance (SPR). 

 

5.2 Materials and Methods 

5.2.1 Ligand Blot 

SDS-PAGE gels of reduced HRV16 infected and uninfected HeLa cell lysate 

(19 µl cell lysate per lane was loaded, HRV16 infected cell lysate had a 

TCID50/ml of 3.8 x 104) were run and transferred to PVDF membrane as 

detailed for western blotting (section  2.1.2).  The membranes were blocked in 

1 % (w/v) BSA in PBS-Tween for one hour at 37 °C.  rfhSP-D was applied to 

the membrane at the indicated concentration diluted in 5 mM CaCl2 in PBS.  

The membrane was incubated in rfhSP-D for two hours at 37 °C before 

washing for 25 minutes with five changes of PBS-Tween.  A biotinylated 

anti-rfhSP-D primary antibody was applied to the membrane at a 1 in 4000 

dilution in 1 % (w/v) BSA in PBS-Tween left overnight at 4 °C.  The 

membrane was washed as previously detailed before addition of 

ExtrAvidin® Peroxidase conjugate (Sigma-Aldrich) diluted 1 in 200 in 1 % 

(w/v) BSA in PBS-Tween and left 30 minutes at 37 °C.  Finally, the membrane 
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was washed as before and developed as detailed for the western blot 

(section  2.1.2).   

 

5.2.2 Solid Phase Binding Assay 

A volume of 100 µl/well of bicarbonate buffer, pH 9.6, either alone or 

containing the protein to be immobilised to the 96 well maxisorp plate 

(Nunc) was added as indicated; this was left overnight at 4 °C.  The plate 

was washed four times with 150 µl/well of TBS-CaCl2 containing 0.05 % (v/v) 

Tween® 20 (TBS-CaCl2-Tween).  Unbound sites were then blocked for one 

hour at 37 °C using blocking buffer diluted in TBS-CaCl2-Tween as indicated.  

The plate was washed as before.  Either 100 µl/well rfhSP-D or nhSP-D 

diluted to the appropriate concentration in TBS-CaCl2-Tween was added to 

the plate and left for one hour at 37 °C.  Unbound proteins were washed 

from the plate as before.  The detection antibody, a biotinylated monoclonal 

mouse anti-human SP-D (Catalogue number: HYB 246-04B, Antibody shop, 

Gentofte, Denmark) was diluted to 0.5 µg/ml in TBS-CaCl2-Tween and 100 

µl/well was left for one hour at 37 °C.  The plate was washed as previously, 

then 100 µl/well Streptavidin-HRP (Sigma-Aldrich) diluted 1: 30,000 in TBS-

CaCl2-Tween was added and left 1 hour at room temperature.  After 

washing, as before, the plate was developed by addition of 100 µl/well 

3,3’,5,5’-tetramethyl-benzidine (TMB) liquid substrate for ELISA reagent 

(Sigma-Aldrich) until an appropriate colour change was observed; the colour 

development was stopped using 50 µl/well of 0.5 M H2SO4.  Absorbance was 

read at 450 nm using a SpectraMax® 340PC384 absorbance microplate reader 

(Molecular devices, Wokingham, UK).             
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5.2.3 Co-immunoprecipitation 

Sucrose density gradient purified HRV1B (1 ml at 1.10 x 107) or HRV16 (1 ml 

at 1.73 x 106) were incubated with 12 µg/ml rfhSP-D for one hour at room 

temperature with agitation.  To bind HRV16 to protein G beads, 2.8 µg/ml of 

anti-HRV antibody, R16-7, was added and left for a further hour before 

addition of 20 µl of protein G Agarose beads (Thermo Scientific, Pierce). To 

bind rfhSP-D to Dynabeads® protein A polystyrene beads (Dynal Biotech, 

Oslo, Norway) 2 µg/ml of rabbit anti-rfhSP-D antibody was added and left 

for an hour before addition of 20 µl of the Dynabeads® protein A polystyrene 

beads.  All beads were washed five times in wash buffer (16 mM Tris-HCl, 3 

mM Tris-Base, 100 mM NaCl, 5 mM CaCl2, 1 % NP-40, pH 7.4) before use by 

suspending in 500 µl wash buffer and centrifuging at 13,400 x g for one 

minute.  After beads were added they were left to incubate overnight at 4 °C 

with agitation.   

 

Tubes were spun to pellet beads and supernatant removed.  To wash 

unbound protein from the beads, 500 µl of wash buffer was added and 

centrifuged at 13,400 x g.  Beads were resuspended in 500 µl of wash buffer 

and transferred to a clean tube, and centrifuged as before; this was repeated 

a total of five times.  To remove proteins from the beads 6.25 µl NuPAGE® 

SDS sample buffer and 2.5 µl reducing agent (both Invitrogen) were added 

and heated for 10 minutes at 70 °C.  The samples were then run on 12 % 

NuPAGE® Bis-Tris gels and transferred to PVDF membrane and probed for 

either rfhSP-D or HRV as described for western blotting, in section  2.1.2. 

 

5.2.4 Surface Plasmon Resonance 

All SPR experiments were conducted using a BIACORE®3000 (Biacore) 

which allows real-time biomolecular interaction analysis (BIA) using SPR 



  Chapter  5 

 102 

technology.  Proteins were immobilised onto a CM5 chip (GE Healthcare) by 

amine coupling using an amine coupling kit (GE Healthcare).  This involves 

activation of the chip surface using a mix of 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS).  The proteins were diluted to 59 µg/ml for 

dodecameric nhSP-D, 40 µg/ml for multimeric nhSP-D, 24 µg/ml for rfhSP-D 

and 181 µg/ml for nhSP-A in 10 mM NaOAc buffer (pH 5.0) (Bio-Rad) and 

flowed over the flow cell at 10 µl/min for seven minutes.  The running buffer 

during immobilisation was HBS-N buffer (0.01 M HEPES, 0.15 M NaCl, and 

pH 7.4) (GE Healthcare).  To inactivate the chip surface 1 M ethanolamine-

HCl pH 8.5 was used.   An empty flow cell was used as a background control 

for binding.   

 

To detect binding to the immobilised proteins UV inactivated HRV16 or 

HRV1B was dialysed overnight at 4 °C into HBS-N running buffer 

containing 5 mM CaCl2 (HBS-N-5 mM CaCl2) (GE Healthcare); varying 

concentrations of each dialysed virus was titrated and flowed over the flow 

cells at 10 µl/min for five minutes in HBS-N-5 mM CaCl2 at 25 °C.  Inhibition 

studies were also conducted in which HRV16 or HRV1B were diluted with 

different concentrations of sugars.  Complexes were allowed to disassociate 

for five minutes and the chip surface was regenerated with a 20 µl pulse of 

20 mM EDTA.  Flow cells were re-equilibrated with five washes of HBS-N-5 

mM CaCl2 at 10 µl/min for five minutes.  

 

To establish if binding is calcium dependent, UV inactivated HRV16 and 

HRV1B were diluted 1 in 9 in either a HBS-N-5 mM CaCl2 or HBS-EP buffer 

(Teknova, Hollister, California, USA) (containing 3 mM EDTA). The HRVs 

were flowed over the immobilised proteins as described above.  Running 

buffer for the experiment was the buffer in which the HRV had been diluted.   
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To map the site of binding to HRV, a 1 in 9 dilution of HRV1B was pre-

incubated with R16-7 mAb at several concentrations, as indicated, for one 

hour at room temperature with agitation.  The HRV1B/R16-7 mixture or R16-

7 alone was flowed over immobilised dodecameric nhSP-D, multimeric 

nhSP-D and rfhSP-D. 

 

In all experiments the response for binding to an empty flow cell were 

subtracted from responses for binding to flow cells containing immobilised 

proteins.  To account for any non-specific binding data was double 

referenced by subtracting responses of buffer alone passed over the 

immobilised proteins.  Data was analysed using BIAevaluation software 

version 4.1 and BIAsimulation software version 3.1.  Concentration of HRV 

preparations was determined using a NanoDrop 1000 spectrophotometer 

(Thermo Scientific) and the formula 1 OD260 = 9.4 x 1012 virus particles 

(v.p.)/ml [249].   The association rate constant (ka), dissociation rate constant 

(kd) and the equilibrium dissociation constant (KD = kd  / ka) were calculated 

using the BIAevaluation software version 4.1 using the Langmuir binding 

model for kinetic analysis.  Molar ratios for binding were calculated as 

described by Doss and colleagues using the formula ab/cd, where a is the 

level of binding at five minutes, b is the oligomeric mass of immobilised SP-

D, c is the mass of HRV (8000 kDa), and d is the amount of SP-D immobilised 

to the biosensor surface (in RUs) [250].  The molar ratio represents the moles 

of analyte (HRV) bound per moles of immobilised ligand (SP-D) at the end 

of the five minute binding phase.  The molar ratios were calculated assuming 

oligomeric molecular masses of 1.7 MDa, 512 kDa and 54 kDa for multimeric 

nhSP-D, dodecameric nhSP-D and rfhSP-D respectively. 
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5.3 Results 

5.3.1 HRV and rfhSP-D Ligand Blot  

As an initial investigation into whether rfhSP-D can bind HRV16 a ligand 

blot was conducted as this had previously been used to identify binding of 

the collectin MBP to IAV [251].  Reduced HRV16 infected HeLa cell lysate 

was run on SDS-PAGE and transferred to PVDF membrane; this was 

incubated with rfhSP-D at the indicated concentrations, Figure  5-1.  Bound 

rfhSP-D was detected using an anti-rfhSP-D antibody.  A HRV16 western 

blot, stained with the monoclonal RV16-7 antibody directed against VP2 of 

the HRV capsid, was also conducted on a HRV16 infected HeLa cell lysate 

sample.  The HRV probed for western blot was run and transferred to PVDF 

simultaneously with PVDF membranes that were incubated with rfhSP-D.   

 

The anti-HRV16 western blot shows presence of VP0 (37 kDa) and VP2 (30 

kDa) showing HRV16 proteins are present on the membrane Figure  5-1 F.  

The membranes incubated in rfhSP-D and then probed for the presence of 

rfhSP-D (Figure  5-1 A-D) all showed a band at approximately 100 kDa, this 

was visible in HRV16 infected HeLa cell lysate samples as well as in the 

uninfected HeLa cell lysate samples, with all concentrations of rfhSP-D 

(except 0.01 µg/ml, Figure  5-1 E).  With the highest concentration of rfhSP-D 

(100 µg/ml), two more bands were visible, at approximately 65 kDa and 48 

kDa, both in the uninfected and HRV16 infected HeLa cell lysate samples.  

An RSV infected cell lysate, a virus to which rfhSP-D binds, was analysed as 

a positive experimental control to verify if rfhSP-D would bind to the virus 

under reduced conditions in a ligand blot; as can be seen in Figure  5-1 A 

rfhSP-D did not bind the RSV sample, except to bands which appear to be 

components of the cell lysate.   
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Figure  5-1 Ligand blot of HRV16 and rfhSP-D.  Reduced HRV16 infected 
HeLa cell lysate samples (HRV16) and uninfected HeLa cell lysate (HeLa 
lysate) were run on SDS-PAGE and transferred to a PVDF membrane; rfhSP-
D was incubated on the membrane at various concentrations in 5 mM CaCl2 
and after thorough washing with 5 mM CaCl2 maintained, rfhSP-D detected 
using an anti-rfhSP-D antibody (A-E).  An anti- HRV16 western blot was also 
performed on an identical HRV16 infected HeLa cell lysate sample 
performed simultaneously alongside the rfhSP-D probed membranes (F). 

 

5.3.2 Solid Phase HRV and SP-D Binding Assay  

To examine if SP-D is able to bind HRV a solid phase binding assay was 

conducted, this involved immobilisation of HRV16 onto 96 well maxisorp 

plates and the addition of SP-D in a 5 mM CaCl2 buffer, followed by SP-D 

detection by an antibody to observe if SP-D had bound to the HRV16.   

 

Hep-2 cell lysate infected with RSV A2 was also immobilised as a positive 

control as SP-D has been shown to bind RSV A2 [111]; to ensure binding was 

not to Hep-2C cell proteins a negative control of uninfected Hep-2C cell 

lysate was also conducted.  A titration of rfhSP-D was carried out on varying 

dilutions of virus infected or uninfected cell lysate, Figure  5-2.  Initially 
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HRV16 infected HeLa cell lysate was used and therefore a negative control of 

uninfected HeLa cell lysate was included, Figure  5-3.   

 

The positive control for the solid phase binding assay, RSV A2 infected Hep-

2C cell lysate did not show successful rfhSP-D binding.  There is binding of 

rfhSP-D to the uninfected Hep-2C cell lysate that is above the level of 

binding to the equivalent dilution of RSV A2 infected Hep-2C cell lysate 

(Figure  5-2). 

 

Binding of rfhSP-D to HRV16 infected HeLa cell lysate was no greater than 

the binding observed to uninfected HeLa cell lysate, Figure  5-3.   

 

A positive control for detection using the biotinylated monoclonal mouse 

anti-human SP-D antibody and streptavidin-HRP detection method was also 

included; this involved binding 0.12 µg of rfhSP-D to the maxisorp plate and 

detecting the immobilised rfhSP-D as was conducted for the other wells.  

This was successful as an absorbance of 4.0 at 450 nm was recorded.   
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Figure  5-2 Solid phase binding assay of rfhSP-D and (A) Hep-2C cell lysate 
and (B) RSV A2 infected Hep-2C cell lysate.  Uninfected and RSV A2 
infected Hep-2C cell lysate at different dilutions was immobilised onto 
maxisorp plates.  Varying concentrations of rfhSP-D were added to the 
immobilised proteins and detected using a biotinylated monoclonal mouse 
anti-nhSP-D antibody and streptavidin-HRP.  RSV A2 data is corrected for 
background binding to uninfected Hep-2C cell lysate.      
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Figure  5-3 Solid phase binding assay of rfhSP-D and (A) HeLa cell lysate 
and (B) HRV16 infected HeLa cell lysate.  Uninfected and HRV16 infected 
HeLa cell lysate at different dilutions was immobilised onto maxisorp plates.  
Varying concentrations of rfhSP-D were added to the immobilised proteins 
and detected using a biotinylated monoclonal mouse anti-nhSP-D antibody 
and streptavidin-HRP.  All data is corrected to background, where no rfhSP-
D was added, and HRV16 infected cell lysate data is also corrected for 
binding to uninfected HeLa cell lysate. 

 

As it appeared there was binding to cellular proteins in both the Hep-2C 

lysate and HeLa lysate the solid phase binding study was repeated with 

sucrose density gradient purified HRV16, still in sucrose (Figure  5-4).  As 

previously, maxisorp plates were coated with HRV16 and then rfhSP-D was 

added, but at a constant concentration of 12 µg/ml. When corrected for non-
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specific rfhSP-D binding when no HRV16 was applied and for background 

when no rfhSP-D was added to the plate there doesn’t appear to be any clear 

rfhSP-D binding to the sucrose purified HRV16.   

 

 

Figure  5-4 Solid phase binding assay of rfhSP-D binding to sucrose 
density gradient purified HRV16.  Sucrose density gradient purified HRV16 
at varying dilutions was immobilised onto a maxisorp plate (Nunc), rfhSP-D 
at 12 µg/ml was added to the immobilised HRV16 and detected using a 
biotinylated monoclonal mouse anti-nhSP-D antibody and streptavidin-
HRP.  All data is corrected to background, where no rfhSP-D was added, and 
where rfhSP-D was added but no HRV16.   

 

High non-specific rfhSP-D background binding was observed, which may be 

masking true binding of rfhSP-D to HRV16, therefore the blocking solution 

was addressed.  To determine the best blocking solution, the plates were 

treated as before, except without the addition of any protein in the initial 

coating of the plates.  In previous solid phase binding assays a block of 2 % 

(w/v) BSA had been used; this was titrated and non-specific binding of both 

rfhSP-D and nhSP-D was analysed, Figure  5-5 A.   A skimmed milk solution 

was also investigated as a possible blocking solution, Figure  5-5 B.   
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Figure  5-5 Optimisation of blocking solution for solid phase binding 
assay.  (A) BSA or (B) skimmed milk were applied to maxisorp plates to coat 
wells before applying rfhSP-D or nhSP-D at 12 µg/ml and 20 µg/ml 
respectively and detecting using a biotinylated monoclonal mouse anti-
nhSP-D antibody and streptavidin-HRP.  All data is an average of duplicate 
wells.     

 

Non-specific binding of dodecameric nhSP-D was high with all 

concentrations of both BSA and skimmed milk, Figure  5-5.  Non-specific 

dodecameric nhSP-D binding was reduced to the lowest absorbance of 0.52 

with 0.25 % (w/v) BSA, this plateaued so higher concentrations of BSA did 

not reduce non-specific binding further.  Non-specific rfhSP-D binding was 

reduced to the lowest absorbance of 0.08 with 1 % (w/v) BSA.  Skimmed milk 
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did not effectively reduce non-specific binding of either dodecameric nhSP-D 

or rfhSP-D.   

 

To address the high level of non-specific dodecameric nhSP-D binding, an 

increased concentration of BSA was tested, a 5 % (w/v) BSA solution, as well 

as a combination of 5 % (w/v) BSA and 5 % (w/v) skimmed milk, Figure  5-6.   

 

 

Figure  5-6 Further optimisation of the blocking solution for solid phase 
binding assay.  BSA only or BSA and skimmed milk were applied to 
maxisorp plates to coat wells before applying dodecameric nhSP-D at 20 
µg/ml and detecting using a biotinylated monoclonal mouse anti-nhSP-D 
antibody and streptavidin-HRP.  All data is an average of duplicate wells.     

 

Non-specific nhSP-D binding levels, despite being much reduced from using 

wash buffer only as a blocking solution (Abs at 450 nm = 1.25), still remained 

very high with both a blocking solution containing 5 % (w/v) BSA and a 

combination of 5 % (w/v) BSA and 5 % (w/v) skimmed milk.     

 

In the previous experiments exploring the most effective blocking solution 

the coating buffer was applied to empty wells, in the absence of any protein.  

It was hypothesised that this resulted in the surface charge of the plate 
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surface being altered and thus becoming more “sticky” to the SP-D.  A 

coating of protein (either HRV infected HeLa lysate or uninfected HeLa 

lysate diluted 1: 410 or 10 µg BSA per well) was applied to the maxisorp 

plates before blocking with BSA solution to see if this reduced non-specific 

binding.  HRV16 infected and uninfected HeLa lysate had similarly high 

levels of dodecameric nhSP-D binding whereas the BSA coated wells had 

much lower nhSP-D binding, this didn’t vary with the concentration of 

blocking solution used, Figure  5-7.   

 

 

Figure  5-7 Further Optimisation of Blocking Solution for Solid Phase 
Binding Assay.  Maxisorp plates were coated with either HRV16 infected or 
uninfected HeLa cell lysate or BSA.  A titration of BSA blocking solution was 
then conducted from 5 to 0.0049 % (w/v).  Dodecameric nhSP-D was applied 
at 20 µg/ml and detected using a biotinylated monoclonal mouse anti-nhSP-
D antibody and streptavidin-HRP.  All data is an average of duplicate wells.     

 

Due to high background encountered using this solid phase binding assay, 

alternative methods were explored to determine whether there was an 

interaction between HRV and collectins.   
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5.3.3 Co-immunoprecipitation   

To determine if rfhSP-D is able to bind HRV16, HRV16 infected HeLa cell 

lysate or sucrose purified HRV16 were incubated with rfhSP-D and a co-

immunoprecipitation experiment performed.  Negative control experiments 

were also conducted.  The experimental set up is as is shown in Figure  5-8, 

the protein A or G bead captures the anti-HRV or anti-rfhSP-D antibody 

which in turn captures either HRV or rfhSP-D respectively.  If rfhSP-D 

interacts with the antibody immobilised HRV it will precipitate with the 

beads and be visible on western blot, or likewise if the HRV interacts with 

the antibody immobilised rfhSP-D it will also be precipitated with the bead 

and thus be visible by western blot.   

 

 

Figure  5-8 Diagram of co-immunoprecipitation experimental principle.  
HRV and rfhSP-D are co-incubated for one hour, antibody to either rfhSP-D 
or HRV are then added.  The antibody and protein complex is then bound to 
either protein A or protein G beads as shown; this allows the complex to be 
drawn out of solution by centrifugation.  Diagram not to scale. 
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Negative control experiments were conducted to rule out any possible non-

specific interactions between components of the co-immunoprecipitation 

experiment that could lead to a false positive result.  In addition to those 

shown in Figure  5-9, negative controls in which R16-7 or HRV16 infected cell 

lysate were run on SDS-PAGE and transferred to PVDF to probe using 

rfhSP-D antibodies yielded no bands after an overnight incubation with 

substrate; this was also the case for protein G beads incubated with the anti-

HRV R16-7 antibody (data not shown).  When HRV16 infected cell lysate 

was incubated with R16-7 without the presence of rfhSP-D and run on SDS-

PAGE and probed on western blot for rfhSP-D no bands were seen after a 90 

minute exposure (data not shown).  As HRV infected HeLa cell lysate was a 

potential component (as opposed to purified HRV) uninfected HeLa cell 

lysate was also included in the negative control experiments.  In Figure  5-9 

the first supernatants (SN1) and supernatants from the final wash (SN6) of 

the experiments conducted using beads are shown.  No bands corresponding 

to rfhSP-D can be seen in any of the final washes (SN6), indicating there was 

no residual unbound rfhSP-D.  The negative controls were successful as 

there was no non-specific binding, except when rfhSP-D was incubated with 

HeLa cell lysate alone as well as in the presence of protein G beads, bands 

corresponding to those of rfhSP-D can be seen, Figure  5-9, blot ii, lanes C and 

D.  Due to the negative control experiments clearly showing that rfhSP-D 

binds to a component in the uninfected HeLa cell lysate a HRV infected 

HeLa cell lysate was unsuitable for use in the co-immunoprecipitation.  It 

would not be possible to deduce if binding observed in a HRV infected HeLa 

cell lysate was due to the presence of HRV.  The next step was therefore to 

use HRV that had been purified by ultracentrifugation on a sucrose density 

gradient; this would establish if rfhSP-D bound to HRV16, without the 

complication of rfhSP-D binding to HeLa cell proteins. 
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Figure  5-9 Co-immunoprecipitation negative control for nonspecific 
binding.  The indicated components were incubated together before 
washing five times.  The supernatant from the first wash (SN1) and last wash 
(SN6) are shown.  The samples were reduced and run on SDS-PAGE.  
Proteins were transferred to PVDF membrane and probed using a rabbit-
anti-rfhSP-D antibody (1.61 µg/ml) and detected using an anti-rabbit AP 
conjugated secondary antibody solution (Invitrogen) and Novex AP 
chemiluminescence (Invitrogen).     

 

The sucrose density gradient purified HRV was in a suspension of virus 

buffer, the negative control experiments of beads with rfhSP-D were 

therefore repeated in the presence of an equal volume of virus buffer in place 

of HRV; no rfhSP-D was detected by western blot (data not shown).  There 

was no rfhSP-D detected in the absence of HRV, when only virus buffer 

along with beads, R16-7 and rfhSP-D was present (Figure  5-10 “Virus Buffer” 

Beads lane).  In the presence of HRV16 no rfhSP-D was detected when the 

beads were reduced (Figure  5-10 “HRV16” Beads lane), however with 
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HRV1B rfhSP-D was precipitated with the beads (Figure  5-10 “HRV1B” 

Beads lane). 

 

 

Figure  5-10 Co-immunoprecipitation of rfhSP-D with HRV16 or HRV1B in 
virus buffer and a negative control with no HRV.  Experiment was 
conducted as for Figure  5-9, but sucrose purified HRVs in virus buffer were 
used, or virus buffer alone incubated with rfhSP-D, R16-7 and protein G 
beads.  SN1 is the first supernatant removed after co-incubation overnight; 
SN6 is the supernatant of the final wash.  Western blot was probed for rfhSP-
D. 

 

To establish if binding between HRVs and nhSP-A could be observed using 

this method an initial control was done.   A 9 µg/ml nhSP-A solution and 50 

µl of virus buffer were added together and treated as though the other 

components of the co-immunoprecipitation experiment had been added, 

including five washes.  This resulted, as seen in Figure  5-11, in nhSP-A being 

detected by western blot.  This suggests the protein had become insoluble in 

the assay conditions used, making this co-immunoprecipitation method 

unsuitable for binding analysis. 
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Figure  5-11  Negative control of nhSP-A and virus buffer alone subjected 
to co-immunoprecipitation conditions.  nhSP-A and virus buffer were 
added together and treated as though it were a co-immunoprecipitation 
experiment, only not adding in other components of the experiment.  After 
five washes the pellet was reduced and run on a 12 % NuPAGE gel, 
transferred to PVDF and probed using a rabbit-anti-nhSP-A antibody and 
anti-rabbit AP conjugated secondary antibody solution (Invitrogen). AP was 
detected using Novex AP chemiluminescence (Invitrogen).  

 

The experimental set up was swapped to see if binding between rfhSP-D and 

HRV16 could be detected, as per Figure  5-8 B.  The rfhSP-D is captured via 

an anti-rfhSP-D antibody onto protein A beads and any HRV bound to the 

rfhSP-D will therefore be precipitated and detectable on western blot probed 

with an anti-HRV antibody. 

 

The negative controls for the western blot, running beads alone, R16-7 alone 

and rfhSP-D alone are shown in Figure  5-12, the blots were probed using the 

anti-HRV antibody R16-7.  A band in the bead only control is clearly visible 

at 60 kDa.  When the anti-rfhSP-D antibody was run alone there are two 

bands visible, one at 25 kDa, and one at 60 kDa.  In the experiments 

containing HRV1B or HRV16 the bands corresponding to the anti-rfhSP-D 

antibody and beads are the only ones present, there is no band at 28 kDa as 

would be expected for HRV1B and HRV16. 
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Figure  5-12 Co-immunoprecipitation of rfhSP-D and HRV16 or HRV1B in 
virus buffer.  rfhSP-D and HRV16 or HRV1B in virus buffer were incubated 
together for one hour before addition of anti-rfhSP-D antibody.  Protein A 
beads were then added and left overnight.  The supernatant was removed, 
SN1, and the beads were washed five times, the supernatant from the last 
wash is shown, SN6.  Beads were then reduced and loaded onto a 12 % 
NuPAGE gel, transferred to PVDF and probed using a mouse mAb, R16-7 
detected using a goat-anti-mouse-HRP conjugated antibody and HRP 
chemiluminescent substrate. 
 

5.3.4 SPR 

The highly sensitive method of SPR was used to identify binding between 

multimeric nhSP-D, dodecameric nhSP-D, rfhSP-D and nhSP-A with HRV1B 

or HRV16.  The collectins were immobilised to individual flow cells of a CM5 

Biacore chip and binding to UV inactivated HRV1B and HRV16 were 

measured by flowing the virus over the surface and measuring changes in 

SPR.   

 

Titrated HRV1B and HRV16 were flowed over the immobilised collectins, 

Figure  5-13 and Figure  5-14 respectively, in the presence of calcium.  HRV1B 

and HRV16 both bound to all forms of SP-D and this binding was titratable.  
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Maximal binding was observed with neat HRV on all immobilised forms of 

SP-D.  No binding of either HRV1B or HRV16 to nhSP-A was detected. 

 

 

Figure  5-13  SPR response analyses of collectin and HRV1B interactions.  
HRV1B (neat followed by five 3-fold dilutions in buffer containing 5 mM 
CaCl2) or buffer alone, were allowed to bind to (A) multimeric nhSP-D, (B) 
dodecameric nhSP-D, (C) rfhSP-D or (D) nhSP-A immobilised on a CM5 chip 
via amine coupling.  Data is corrected for non-specific binding of HRV1B to 
an empty flow cell and also for buffer alone binding to the immobilised 
proteins. 
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Figure  5-14  SPR response analyses of collectin and HRV16 interactions.  
HRV16 (neat followed by five 3-fold dilutions, diluted in buffer containing 5 
mM CaCl2) or buffer alone, were allowed to bind to (A) multimeric nhSP-D, 
(B) dodecameric nhSP-D, (C) rfhSP-D or (D) nhSP-A immobilised on a CM5 
chip via amine coupling. Data is corrected for non-specific binding of the 
HRV16 to an empty flow cell and also for buffer alone binding to the 
immobilised proteins.   

 

All binding curves of titrated HRV1B and HRV16 binding to SP-D were 

analysed to calculate kinetic values, the association rate constant (ka) and 

dissociation rate constant (kd), assuming 1:1 monomeric ligand to analyte 

binding using BIAevaluation software (version 4.1.1, Biacore).  An example 

kinetic fit is shown in Figure  5-15.  The ka and kd values for HRV1B and 
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HRV16 on the immobilised SP-D are shown in Table  5-1.  Kinetics analysis 

was assessed using BIAsimulation software (version 3.1, Biacore) and all 

kinetics curves were found to represent the binding curves.   

 

 

Figure  5-15  Kinetics analysis of HRV16 SPR response when flowed over 
immobilised rfhSP-D.  HRV16 (neat followed by five 3-fold dilutions, top to 
bottom) or buffer containing 5 mM CaCl2, were allowed to bind to rfhSP-D 
immobilised on a CM5 chip.  Kinetics curves were generated using 
simultaneous fit using BIAevaluation software version 4.1.1, the kinetics 
curves are shown as black lines overlaid on the coloured binding curves of 
the titrated HRV16. 
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Table  5-1  Binding of HRV1B and HRV16 to immobilised SP-D.  Kinetics 
curves of titrated HRV1B and HRV16 binding to SP-D were analysed using 
BIAevaluation software version 4.1.1.  

 

The dissociation of the binding for HRV16 was similar for all forms of SP-D 

with kds of 1.45 x 10-4 s-1 for multimeric nhSP-D, 1.48 x 10-4 s-1 for dodecameric 

nhSP-D and 2.15 x 10-4 s-1 for rfhSP-D.  HRV1B had the greatest binding 

affinity with multimeric nhSP-D, then rfhSP-D and the lowest affinity with 

dodecameric nhSP-D, the kd values were 4.8 x 10-8 s-1, 1.49 x 10-5 s-1, and 1.13 x 

10-4 s-1 respectively (Table  5-1).   

 

The ka or “on rate” was greatest for HRV1B compared to HRV16 on all 

immobilised forms of SP-D.  For both HRVs the largest ka was with 

dodecameric nhSP-D with values of 7.75 x 107 M-1 s-1 and 2.31 x 106 M-1 s-1 for 

HRV1B and HRV16 respectively.  The multimeric nhSP-D had the next 

highest “on rate” for both HRV1B and HRV16, with ka values of 5.04 x 107 M-

1 s-1 and 2.06 x 106 M-1 s-1 respectively.  With rfhSP-D and HRV1B the ka was 

3.16 x 107 M-1 s-1 compared to 9.4 x 105 M-1 s-1 for HRV16; this was the form of 

SP-D with the slowest “on rate”.  In summary the ka values were in the order 

of dodecameric nhSP-D >multimeric nhSP-D >rfhSP-D for both HRVs tested. 

 

HRV1B HRV16

ka (M-1s-1) kd (s-1) KD (pM) ka (M-1s-1) kd (s-1) KD (pM)

Protein 
Immobilised 

multimeric 
nhSP-D 5.04 x 107 4.8 x 10-8 0.000953 2.06 x 106 1.45 x 10-4 70.6 

dodecameric 
nhSP-D 7.75 x 107 1.13 x 10-4 1.46 2.31 x 106 1.48 x 10-4 60.4

rfhSPD 3.16 x 107 1.49 x 10-5 0.47 9.4 x 105 2.15 x 10-4 229
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The equilibrium dissociation constant (KD) was calculated using 

BIAevaluation software.   The low KD values (in the pico- or femto- mole 

range) show that there is a strong affinity between SP-D with HRV1B and 

HRV16.  For HRV1B the highest affinity was with multimeric nhSP-D, then 

rfhSP-D and then dodecameric nhSP-D with KD values of 0.000953 pM, 0.47 

pM and 1.46 pM respectively.  For HRV16 the highest affinity was with 

dodecameric nhSP-D, then multimeric nhSP-D and then rfhSP-D with KD 

values of 60.4 pM, 70.6 pM and 229 pM respectively. 

 

The molar ratios (Table  5-2) were calculated for HRV1B at a concentration of 

8.46 x 1010 v.p./ml and HRV16 at a concentration of 1.97 x 1011 v.p./ml as 

calculated using the formula 1 OD260 = 9.4 x 1012 v.p./ml [249].  The molar 

ratios, representing the moles of HRV bound per moles of immobilised SP-D, 

show that the multimeric nhSP-D has the most binding sites for HRV1B and 

HRV16 as the molar ratios are 0.0245 and 0.00414 respectively.  This is almost 

twice the molar ratio for dodecameric nhSP-D which had molar ratios of 

0.0142 and 0.0066 for HRV1B and HRV16 respectively.  The rfhSP-D had the 

lowest molar ratio of all the forms of SP-D with a molar ratio of 0.0003 for 

HRV1B and 0.001 for HRV16, this is ~80 to ~100 times less than observed 

with the multimeric nhSP-D and each HRV.   
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Table  5-2  Molar ratios of SP-D binding to HRV1B and HRV16.  Binding 
was expressed as a molar ratio, representing the moles of analyte (HRV1B or 
HRV16) bound per moles of immobilised ligand (SP-D).  Molar ratios were 
calculated using the formula ab/cd, where a = level of binding at five minutes, 
b = oligomeric mass of immobilised SP-D, c = mass of HRV (8000 kDa), and d 
= amount of SP-D immobilised to the biosensor surface (in RUs).  The molar 
ratios were calculated assuming oligomeric molecular masses of 1.7 MDa, 
512 kDa and 54 kDa for multimeric nhSP-D, dodecameric nhSP-D and rfhSP-
D respectively.  The concentration of HRV1B flowed over the immobilised 
SP-D was 8.46 x 1010 v.p./ml and the concentration of HRV16 used was 1.97 x 
1011 v.p./ml.  Molar ratios are mean of ≥ 4 separate experiments. 

 

To ensure SP-D binding to HRV was specific a negative control using BSA at 

1 µg/ml was conducted.  Binding to HRV1B can be seen but there is no 

binding to BSA, Figure  5-16. 

 

HRV1B HRV16

Molar Ratio SEM Molar Ratio SEM

Protein 
Immobilised 

multimeric 
nhSP-D 0.0245 0.00182 0.0111 0.00414

dodecameric 
nhSP-D 0.0142 0.00079 0.0066 0.00220

rfhSPD 0.0003 0.00002 0.0001 0.00003
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Figure  5-16  SPR response analyses of HRV1B and BSA interactions with 
SP-D.  HRV1B diluted 1 in 9 (blue) and BSA at 1 µg/ml (red) both in buffer 
containing 5 mM CaCl2 were allowed to bind to (A) multimeric nhSP-D, (B) 
dodecameric nhSP-D or (C) rfhSP-D immobilised on a CM5 chip via amine 
coupling.  Data is corrected for non-specific binding of the HRV to an empty 
flow cell and for buffer alone binding to the immobilised proteins.   

 

To establish if binding between HRV1B and HRV16 is calcium dependent the 

HRVs were diluted in either buffer containing 5 mM CaCl2 or 3 mM EDTA to 

sequester calcium ions.  The HRVs were flowed over the flow cells in the 

appropriate buffer and binding was measured by detecting changes in SPR.  

The presence of 3 mM EDTA in the running buffer resulted in abolition of 

binding of HRV1B and HRV16 to multimeric nhSP-D, rfhSP-D and nhSP-D 

where binding was observed when the running buffer contained 5 mM CaCl2 



  Chapter  5 

 126 

(Figure  5-17 and Figure  5-18).  No binding was seen between nhSP-A and 

HRV1B or HRV16 in either running buffer Figure  5-19.    

 

 

 

Figure  5-17  SPR response analyses of protein and HRV1B interactions in 
the presence and absence of calcium ions.  HRV1B was diluted 1 in 9 in 
buffer containing either 5 mM CaCl2 (green) or 3 mM EDTA (pink), the 
HRV1B was allowed to bind in the respective buffer to (A) multimeric nhSP-
D, (B) nhSP-D or (C) rfhSP-D immobilised on a CM5 chip via amine 
coupling.  Data is corrected for non-specific binding of the HRV1B to an 
empty flow cell and also for buffer alone binding to the immobilised 
proteins. 
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Figure  5-18  SPR response analyses of protein and HRV16 interactions in 
the presence and absence of calcium ions.  HRV16 was diluted 1 in 9 in 
buffer containing either 5 mM CaCl2 (red) or 3 mM EDTA (blue), the HRV16 
was flowed over the surface of a CM5 chip in the respective buffer on which 
(A) multimeric nhSP-D, (B) nhSP-D or (C) rfhSP-D had been immobilised via 
amine coupling.  Data is corrected for non-specific binding of the HRV16 to 
an empty flow cell and also for buffer alone binding to the immobilised 
proteins. 
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Figure  5-19  SPR response analyses of nhSP-A and HRV1B or HRV16 
interactions in the presence and absence of calcium ions.  HRV was diluted 
1 in 9 in buffer containing either 5 mM CaCl2 (red/green) or 3 mM EDTA 
(blue/pink), the HRV was allowed to bind in the respective buffer to nhSP-A 
immobilised on a CM5 chip via amine coupling.  Data is corrected for non-
specific binding of HRV to an empty flow cell and for buffer alone binding to 
the immobilised proteins. N.B. very small scale. 

 

To attempt to map the binding site of SP-D on HRV the mAb R16-7 directed 

against VP2 on the HRV capsid surface was pre-incubated at various 

concentrations, as shown in Figure  5-20, with HRV1B.  None of the 

concentrations of R16-7 blocked HRV1B binding to any of the forms of SP-D.  

With the highest concentration of R16-7 (20 µg/ml) there is a large excess of 

antibody to HRV virions, approximately 9.4 x 1010 antibodies and 1.43 x 105 

virions. 
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Figure  5-20  SPR response analyses of collectin and HRV1B interactions in 
the presence and absence of the anti-HRV mAb, R16-7.  HRV1B was diluted 
1 in 9 in buffer containing 5 mM CaCl2 with or without a one hour pre-
incubation with varying concentrations of the mAb R16-7 directed against 
the HRV capsid protein VP2.  HRV1B was allowed to bind to (A) multimeric 
nhSP-D, (B) dodecameric nhSP-D or (C) rfhSP-D immobilised on a CM5 chip 
via amine coupling.  Data is corrected for non-specific binding of the HRV to 
an empty flow cell and for buffer alone binding to the immobilised proteins.   
 

To further characterise the interaction between SP-D and HRVs sugar 

competition studies were undertaken as binding abolition of SP-D to HRV in 

EDTA suggested involvement of the CRD of SP-D.  HRV1B and HRV16 were 

flowed over immobilised multimeric nhSP-D, dodecameric nhSP-D and 

rfhSP-D in the presence of sugars (0-40 mM).  All of the sugars used 

(ManNAc, maltose, glucose and galactose) inhibited HRV1B and HRV16 
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binding to multimeric nhSP-D, dodecameric nhSP-D and rfhSP-D in a 

concentration dependent manner (chromatograms not shown). An example 

of chromatograms from a competition experiment on each of the 

immobilised forms of SP-D with HRV1B in the presence of maltose is shown 

in Figure  5-21.   
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Figure  5-21  SPR response analyses of HRV1B in the presence of maltose.  
HRV1B was diluted 1 in 9 in buffer containing 5 mM CaCl2 and varying 
concentrations of maltose (0 - 40 mM).  HRV1B was allowed to bind to (A) 
multimeric nhSP-D, (B) dodecameric nhSP-D or (C) rfhSP-D immobilised on 
a CM5 chip via amine coupling.  Data is corrected for non-specific binding of 
HRV to an empty flow cell and for buffer alone binding to the immobilised 
proteins. 

 

The SPR response in the presence of sugar was normalised to the response in 

the absence of sugar, considering this to be maximal binding.  An example of 
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the effect of sugar on SPR response can be seen in Figure  5-21.  On surfaces 

with each of the forms of SP-D immobilised calculations of the IC50 values 

(i.e. the concentration of sugar at which there was half maximal binding) are 

shown in Figure  5-22.   When HRV1B was flowed over SP-D the relative 

affinity order based on the IC50 values were in the order of ManNAc < 

maltose < glucose < galactose, Table  5-3.  This was also observed with HRV16 

and rfhSP-D.  The order was different for HRV16 with dodecameric nhSP-D 

and multimeric nhSP-D, the IC50 values were in the order of maltose < 

glucose < ManNAc < galactose, Table  5-3. 
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Figure  5-22  SPR analysis of the effect of sugars on the interaction between 
HRV and SP-D.  HRV1B or HRV16 were diluted in running buffer 
containing 5 mM CaCl2 and varying concentrations of sugar (0-40 mM).  
HRV1B or HRV16 were allowed to bind to different forms of SP-D (as 
indicated) immobilised on a CM5 chip via amine coupling.  Data are 
represented as a percentage of maximal binding which was taken to be the 
maximum response in the absence of sugar.   
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Table  5-3  IC50 values for sugar inhibition of HRV1B and HRV16 binding 
to SP-D.  HRV1B or HRV16 diluted in 0-40 mM ManNAc, maltose, glucose 
or galactose were flowed over the surface of immobilised SP-D.  Values were 
plotted as a percentage of maximal binding and the IC50 value calculated.    

 

  

dodecameric 
nhSP-D rfhSP-D multimeric 

nhSP-D

HRV1B

ManNAc (mM) 3.624 2.087 2.756

Maltose  (mM) 7.239 4.513 5.732

Glucose  (mM) 11.85 7.964 9.033

Galactose  (mM) 35.71 15.81 29.01

HRV16

ManNAc (mM) 4.017 2.186 3.619

Maltose  (mM) 1.711 2.318 1.335

Glucose  (mM) 2.227 4.883 1.471

Galactose  (mM) 8.469 10.22 6.471
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5.4 Discussion 

The collectins SP-A and SP-D are known to interact directly with 

microorganisms.  This can lead to agglutination, opsonisation and direct 

microbial killing [67, 127, 129, 247, 252].  It was previously unknown if nhSP-

A, nhSP-D or rfhSP-D could bind to HRV; an aim of this study was therefore 

to elucidate if this occurs.  This aim was addressed using several techniques, 

ligand blot, a solid phase binding assay, co-immunoprecipitation and SPR.   

 

5.4.1 Ligand Blot 

As an initial investigation into the interaction between HRV16 and rfhSP-D, 

using established experimental techniques, a ligand blot was conducted.  It 

was found that rfhSP-D did not bind to reduced HRV16 samples 

immobilised on PVDF membrane.  This was also the case for reduced RSV 

A2.  Conformations of proteins run on SDS-PAGE are disrupted and this is a 

possible cause of rfhSP-D not binding to the proteins, but it was hoped that 

there may be a non-conformational dependent epitope to which rfhSP-D 

could bind HRV.  Glycans are not disrupted by SDS-PAGE and so it was 

hoped that the rfhSP-D would be able to bind to these moieties in RSV, as it 

is known that rfhSP-D binds to the glycosylated G protein on RSV [111].  

Conformational disruption may however have changed how the 

glycosylated moieties were presented, perhaps separating glycosylation sites 

and as rfhSP-D binds synergistically the binding may have been weakened 

such that the rfhSP-D wasn’t detected.  rfhSP-D did, however, bind to 

proteins in the HeLa cell lysate, highlighting the need for pure HRV16 for 

binding studies.  This is not an ideal technique to investigate if binding 

occurs between rfhSP-D and HRV16 but as SDS-PAGE and antibodies to 

rfhSP-D were readily available it provided a rapid means to see if binding 

could be detected.   
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5.4.2 Solid Phase Binding Assay 

An alternative technique used to investigate binding of HRV16 and rfhSP-D 

or nhSP-D was a solid phase binding assay, as was performed to examine 

SP-D binding to IAV and RSV G protein [111, 228, 229].  This method had not 

previously been conducted in the laboratory and therefore required 

optimisation.  Initially different dilutions of HRV16 infected and uninfected 

HeLa cell lysate were immobilised on the plate, alongside RSV A2 infected 

and uninfected Hep-2C cell lysate as a positive control.  It would be expected 

that the rfhSP-D would bind to RSV A2 as previously G protein from this 

serotype was isolated and used in a solid phase binding assay [111].  The 

RSV A2 infected Hep-2C cell lysate will contain this G protein and therefore 

rfhSP-D should bind.  Binding of rfhSP-D to RSV A2 was not observed in 

this experiment; it appears that rfhSP-D may bind to proteins within the 

Hep-2C cell lysate, as binding in the infected cell lysate was not above that 

observed when the cell lysate was uninfected.    It may also be that the Hep-

2C cellular proteins are bulky and therefore prevent access of rfhSP-D to the 

G-protein.  Subsequent to completion of research for this project other 

members of the laboratory in Southampton have also attempted to show 

binding of SP-D to RSV A2 and were unsuccessful (personal communication 

with Dr. Madsen).  This may be a result of a mutation in the RSV that has 

occurred during amplification; the RSV A2 strain therefore needs to be 

characterised using sequence analysis to determine if this has occurred.   

 

There appears to be rfhSP-D binding to HeLa cell proteins, highlighting 

again the need for pure HRV16 virions.  To rectify this HRV16 purified by 

sucrose density gradient ultracentrifugation was used instead of HRV16 

infected HeLa cell lysate.  Ideally a positive control of pure RSV would also 
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have been conducted, however, none was available.  No clear rfhSP-D 

binding to the sucrose density gradient purified HRV16 was detected.  This 

could be due to the presence of sucrose interfering with interactions between 

rfhSP-D and HRV16.  The binding pattern seen with the pure HRV16 may 

suggest that there is non-specific binding of rfhSP-D to the maxisorp plate.  

As the HRV16 is diluted more binding is seen, possibly due to the HRV16 

proteins becoming more spaced out on the plate and thus allowing a greater 

proportion of the rfhSP-D to bind to the plate.  This should be prevented by 

the blocking step so the choice of blocking solution was addressed. 

 

The original blocking solution used in the solid phase binding assays was 2 

% (w/v) BSA as previously used in the literature [229].  To test the blocking 

solution BSA was serially diluted in empty wells and rfhSP-D and 

dodecameric nhSP-D at 10 µg/ml was applied.  Binding of dodecameric 

nhSP-D was high even with the highest concentration of BSA.  A blocking 

solution of 5 % (w/v) skimmed milk was also tested in the same manner and 

non-specific binding of dodecameric nhSP-D was even higher than that 

observed with 2 % BSA.  Non-specific rfhSP-D binding was less than that of 

dodecameric nhSP-D, most likely due to dodecameric nhSP-D containing 

higher order oligomeric structures with more CRDs than rfhSP-D.  The 

synergistic action between the CRDs on dodecameric nhSP-D results in 

greater avidity and therefore binding of dodecameric nhSP-D compared to 

rfhSP-D.  Only non-specific binding of dodecameric nhSP-D was assessed in 

further blocking solution optimisation due to the greatest level of non-

specific binding being observed with dodecameric nhSP-D.   

 

As BSA was the most effective blocking solution in the first experiment the 

concentration of BSA was increased to 5 % (w/v) to see if this could be 

further improved.  Another blocking solution containing both 5 % (w/v) BSA 



  Chapter  5 

 138 

and 5 % (w/v) skimmed milk was also tested.  Both blocking solutions 

decreased non-specific binding to a much greater extent than using wash 

buffer alone, but not to an acceptable level to be able to observe true binding 

between SP-D and HRV16.   

 

The aforementioned experiments were on empty wells that had been 

incubated overnight with bicarbonate buffer, as this is the coating buffer 

used when proteins are immobilised onto the plate.  It was hypothesised that 

the coating buffer was altering the charge on the plate’s surface making it 

more “sticky” to the hydrophilic SP-D proteins.  A coating of protein, HRV16 

infected or uninfected HeLa cell lysate, or BSA was immobilised onto the 

plate in order to see if this resulted in decreased non-specific binding.  

Increasing concentrations of BSA blocking solution, up to 5 % (w/v), were 

then evaluated.  In all wells the BSA concentration in the blocking solution 

made little difference to the level of binding observed; however the level of 

binding in wells containing HRV16 infected and uninfected HeLa cell lysate 

was approximately three times that seen when wells were coated with BSA.  

This provides further evidence that dodecameric nhSP-D binds to a protein 

within the HeLa cell lysate.  The level of non-specific binding was reduced 

when BSA was present during coating, compared to no protein in the coating 

stage.  This may confirm the hypothesis that the charge on the plate is altered 

by incubation with bicarbonate buffer.   

 

To resolve problems regarding non-specific binding of SP-D the binding 

assay could have been switched around.  This would involve immobilising 

the SP-D onto the plate and adding the HRV on top which would then be 

detected with an anti-HRV antibody such as R16-7.  As the stocks of R16-7 

were not readily available and this technique would have used large 

amounts of the antibody other techniques were explored.   
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5.4.3 Co-immunoprecipitation 

Initial co-immunoprecipitation experiments to look at binding between HRV 

and rfhSP-D were going to be conducted using HRV infected HeLa cell 

lysate.  It was hoped that the R16-7 monoclonal antibody would specifically 

recognise only the HRV VP2 protein that it was raised against and thus the 

presence of HeLa cell proteins would not be a problem.  It became apparent 

that using HRV infected HeLa cell lysate was unsuitable as the R16-7 mAb 

was binding to a component in the HeLa cell lysate itself (found using mock 

infected HeLa cell lysate) and the rfhSP-D was binding to this.  Binding 

between HRV could not be specifically isolated from rfhSP-D binding to 

components of the HeLa cell lysate.  It is likely that the binding to a 

component in the HeLa cell lysate is related to the capacity for SP-D to bind 

to apoptotic and necrotic cells [71, 253].  The protocol was refined to use 

HRV that had been sucrose density gradient purified and buffer swapped 

into virus buffer.  Negative controls using virus buffer without HRV showed 

that no precipitation of rfhSP-D occurred and therefore any rfhSP-D that was 

detectable by western blot when HRV was included in the preparation has 

precipitated due to binding to HRV.  HRV1B was bound by the rfhSP-D as it 

was detected by western blot, HRV16 was not.  This is the first discovery that 

HRV1B is bound by rfhSP-D.  It was unclear from these experiments whether 

HRV16 is not bound by rfhSP-D, or whether the amount of HRV16 in the 

experiment was too low to result in a level of rfhSP-D binding detectable by 

western blot.  This is possible as the viral titre of the HRV16 preparation was 

an order of magnitude lower than that of the HRV1B preparation (1.73 x 106 

ffu/ml and 1.10 x 107 ffu/ml respectively). 
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The co-immunoprecipitation experiment design was swapped to capture 

rfhSP-D onto a bead and then any HRV that was detected by western blot 

was there as a result of binding to rfhSP-D.  This experimental design posed 

problems as the anti-rfhSP-D antibody used to immobilise the rfhSP-D onto 

the protein A bead was detected by either the R16-7 anti-HRV mAb, or by 

the goat-anti-mouse-HRP secondary antibody; this was distinguishable as a 

band at 25 kDa, corresponding to the molecular weight of an antibody light 

chain, and a band at 60 kDa, corresponding to the molecular weight of an 

antibody heavy chain. This could have been rectified by cross-linking the 

antibody to the beads and then adding this to a solution of pre-incubated 

rfhSP-D and HRV.   A 60 kDa band was detected when protein A beads 

alone were run on western blot and probed for HRV; it is unclear what this 

band is.  The protein A immobilised onto the polystyrene bands is, according 

to the manufacturer, a recombinant form of protein A that is 32 kDa (user 

manual, “Dynabeads® Protein A” by Dynal Biotech” rev no 003).  It is 

possible that the 60 kDa band observed is a dimer of the recombinant protein 

A. 

 

An initial investigation as to whether it is possible to utilise this co-

immunoprecipitation method to detect nhSP-A binding to HRV showed that 

it was not suitable due to nhSP-A becoming insoluble during the procedure.  

This is likely due to nhSP-A being a large protein in comparison with rfhSP-

D.  The centrifugation is essential to be able to wash the beads before 

analysis and therefore this technique cannot be used to look at binding 

between nhSP-A and HRV.  A way to negate this problem would be to use 

magnetic beads and a magnetic stand; this equipment was not available so 

alternative methods were explored.   
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5.4.4 SPR 

SPR experiments measure binding in real time and with high precision.  This 

technique was used to assess binding between nhSP-A, multimeric nhSP-D, 

dodecameric nhSP-D and rfhSP-D with HRV1B and HRV16.  The collectins 

were immobilised onto the surface of a Biacore chip and HRV1B or HRV16 

were flowed over the surface.  Both HRV1B and HRV16 were found to bind 

to multimeric nhSP-D, dodecameric nhSP-D and rfhSP-D, the binding was 

titratable and calcium dependent as the binding was inhibited in the 

presence of EDTA.  This indicates that the CRD is involved in binding of SP-

D to these HRVs as the rfhSP-D (lacking the collagen and N-terminus) 

retained the ability to bind to the HRVs.  The CRD is further implicated as 

the CRD is influenced by the presence of calcium; calcium is required for 

collectin binding to oligosaccharides via the CRD and the crystal structure 

shows the presence of calcium causes conformational changes in the CRD 

[47, 254, 255].  Unexpectedly, competitive binding inhibition of SP-D to HRV 

was observed with experiments incorporating varying concentrations of 

sugars.  This would usually suggest that the SP-D is binding to a 

carbohydrate residue on the HRV; however HRV is a non-enveloped virus 

and therefore glycosylation is unlikely.  There are no publications suggesting 

that any of the capsid proteins of HRV are glycosylated and hence it is most 

likely that the interaction between SP-D and HRV is a protein-protein 

interaction.  As a further investigative step it may be worth deglycosylating 

HRV, for instance by treating with Endoglycosidase H which selectively 

removes high mannose glycans, to elucidate whether SP-D is binding to such 

moieties.  It is possible that the binding site for HRV on SP-D is near to the 

CRD and that a change in conformation induced upon binding to sugars 

could sterically inhibit binding to HRV.  SP-D has previously been reported 
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to bind in a calcium dependent manner to lipids lacking carbohydrate 

moieties, and this was attenuated in the presence of sugars [256]. 

 

For both HRV1B and HRV16 the binding affinity was high with all forms of 

SP-D as the KD values were all in the pico- or femto- mole ranges.  By 

comparison with other protein-protein interactions, antibody and protein 

interactions tend to have KD values in the range of 0.1 and 1 nM, with only 

some high affinity interactions being below this [257].   The KD values for 

HRV with HeLa cells are in the picomole range as opposed to the femtomole 

range, suggesting the high affinity with SP-D could be important [258].  The 

low KD values show that there is rapid recognition and binding of the HRV 

and SP-D (indicated by a high ka or rapid “on rate”) and a stable complex 

formation (indicated by a low kd or slow “off rate”).  Multimeric nhSP-D had 

the greatest affinity for HRV1B as the KD was 0.953 femtomole, dodecameric 

nhSP-D and rfhSP-D had similar KD’s for HRV1B (1.46 and 0.47 pM 

respectively).  The higher affinity of multimeric nhSP-D may be expected 

due to a greater number of CRDs and hence greater avidity compared to 

dodecameric nhSP-D and rfhSP-D.  With HRV16 multimeric nhSP-D and 

dodecameric nhSP-D had similar affinities (KD values of 70.6 and 60.4 pM 

respectively) whereas the affinity with rfhSP-D was lower (KD value of 229 

pM).  This is again likely due to avidity that occurs with the oligomeric 

forms of SP-D that is not possible with the rfhSP-D which has single trimeric 

CRDs.  The differences in the KD values between HRV1B and HRV16 may 

suggest that the binding site on the each virus is different; this could be the 

case as the viruses have different surface properties, as demonstrated by 

Vlasak and colleagues [259]. 

 

The molar ratios of each form of SP-D and HRV were calculated to account 

for the differing amounts of proteins immobilised on the chip surface.  As 
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may be expected due to having only one trimeric CRD rfhSP-D had the 

lowest molar ratio with both HRV1B and HRV16, dodecameric nhSP-D had 

the next lowest and multimeric nhSP-D bound the most.  This reflects the 

number of CRDs that are in each molecule.  It would however be expected 

that the multimeric form of nhSP-D would bind more HRV than was 

observed, as in comparison to dodecameric nhSP-D it only bound 

approximately twice the number of HRV particles.  This expectation is on the 

assumption that the multimeric nhSP-D in this preparation is similar to that 

observed by Crouch and associates in which the multimeric nhSP-D had 

approximately 25 trimeric CRDs [260], compared to dodecameric nhSP-D 

which only has four trimeric CRDs.  To determine the number of CRDs with 

the multimeric nhSP-D preparation used in this project TEM or atomic force 

microscopy could be conducted.   

 

Four different sugars competed with HRV1B and HRV16 for binding to 

immobilised SP-D.  The sugar inhibition of HRV1B and HRV16 binding to 

SP-D differed.  Binding of all forms of SP-D to HRV1B were inhibited in the 

order of ManNAc > maltose > glucose > galactose.  This was also seen with 

HRV16 and rfhSP-D.  This reflects the relative affinities that SP-D has for 

these sugars [261].  For dodecameric nhSP-D and multimeric nhSP-D and 

HRV16 the order was maltose > glucose > ManNAc > galactose.  It is less 

clear why this is so, it is possible that this is an artefact of the experiment and 

hence the experiment requires repeating.  It may also be that this is again 

reflecting the differing surface properties of the HRV1B and HRV16 which 

may cause the SP-D to bind to each virus in a different way.   

 

No binding of nhSP-A to either HRV1B or HRV16 was observed, this 

suggests that the binding of SP-D to these viruses is specific.  The differences 

in binding may be a result of the differing structures of nhSP-A and nhSP-D.  
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The arrangement of the CRDs of nhSP-A is different to nhSP-D; for nhSP-A 

the CRDs are clustered in a “bouquet of flowers” formation whereas 

dodecameric nhSP-D they are in a “cruciform” formation.  The trimeric 

structure of the CRDs of nhSP-A and nhSP-D also differ.  The CRD of nhSP-

A has a flat conformation, resembling a “T” shape, whereas nhSP-D has a 

conformation resembling a “Y” [47].  This could hinder the ability of nhSP-A 

to interact with the HRV.  For instance, if the SP-D is binding to the dome of 

the HRV the “Y” shape could be advantageous in allowing the SP-D 

molecule to have maximal contact with the surface of the virus.   Another 

possible suggestion for why nhSP-A did not bind to HRV are indicated from 

previous studies with ligands such as the RSV attachment protein, G, which 

is ≥ 60 % glycosylated by mass, may suggest that nhSP-A has specificity for 

highly glycosylated ligands [114, 115].   

 

To ensure that the interaction between SP-D and HRV is specific a protein to 

which SP-D has not previously been found to bind, BSA, was flowed over 

the surface of the immobilised SP-D [262].  No binding to BSA was seen 

whilst in the same experiment binding to HRV1B was detected suggesting 

that the interaction with HRV is specific. 

 

The site of binding of SP-D on HRV1B was explored through use of a mAb, 

R16-7, directed against the capsid protein VP2.  A large excess of antibody to 

virus was used and no inhibition of binding to any form of SP-D was seen.  It 

may be expected that binding of a non-neutralising antibody to the surface 

HRV would increase the mass of the HRV particle detected by SPR upon 

binding to the immobilised SP-D, and hence an increase in the RU value 

detected.  There would however only be a small increase in the mass of the 

HRV upon binding of antibody.  There are over 60 copies of VP2 on the 

surface of HRV, however, steric hindrance would only permit a few anti-
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HRV antibodies to bind to the HRV virion.  This is due to the HRV particle 

being 25-30 nm in diameter and the footprint of an antibody being 

approximately 15 nm [263, 264].  Due to HRV having a very large mass of 

8000 kDa an increase in mass of approximately 450-700 kDa due to antibody 

binding is unlikely to be detected on the SPR sensorgram.  An alternative 

explanation for the lack of increase in mass detected could be that the 

molecule that is binding to the immobilised SP-D is not HRV, and hence the 

antibody has no effect on the binding detected.  Although this cannot be 

entirely excluded, it is unlikely.  This is based on the TEM of the purified 

HRV preparation showing only the spherical HRV particles and no 

contaminating proteins.  Based on this experiment and the lack of inhibition 

of HRV binding in the presence of the anti-HRV mAb, it appears that VP2 is 

not the site of binding.  This approach could also be extended to include 

HRV16, as mentioned previously it is possible that SP-D is binding to a 

different site on each of the HRV serotypes. 

 

5.4.5 Conclusions and Future Directions 

SP-D binding to HRV could imply that they would be expected to inhibit 

HRV infection.  Direct binding of nhSP-D and rfhSP-D neutralises infectivity 

of IAV and RSV [27, 111].  Binding of nhSP-D to RSV and IAV occurs via the 

CRD in a calcium dependent manner [62, 64, 111].  Whether SP-D can 

potentially inhibit infection could be explored further using SPR by 

exploring whether binding of SP-D to HRV interferes with HRVs interaction 

with its receptor.  The receptor for the HRV, LDLR for HRV1B and ICAM-1 

for HRV16, could be immobilised onto the surface of a Biacore chip [142-

146].  HRV1B or HRV16 pre-incubated with SP-D could then be flowed over 

the immobilised receptor; free HRV would be expected to bind to the 
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receptor, if the SP-D is able to inhibit HRV binding to the receptor this would 

suggest that SP-D would inhibit infection in vitro. 

 

Binding of SP-D to HRV could also potentially increase uptake into some 

host cells, as in the case of nhSP-A and RSV [114].  nhSP-A mediated RSV 

uptake into monocytes increases production of TNF-α and reduces IL-10 

production, this is a reversal of what is observed in the absence of nhSP-A 

[115].  The enhanced production of pro-inflammatory TNF-α may be 

beneficial as it may limit further viral replication [265].   

 

Further characterisation of the interaction between SP-D and HRV needs to 

be conducted.  This could involve site directed mutagenesis of each 

component to elucidate the site of binding on the HRV and determine which 

amino acids are involved.  It may also be of value to determine if binding 

still occurs in a biological environment, this could be achieved by conducting 

binding assays in BAL fluid which contains lipids and other competing 

proteins.   

 

In summary, although the precise site(s) of binding of SP-D to HRV have not 

been defined it is probable that binding occurs in close proximity to the 

calcium or sugar binding sites within the CRD.  This is drawn from evidence 

of an inhibitory effect of EDTA and the ability for competing sugars to 

completely inhibit HRV binding.  These inhibitory effects could be a result of 

overlapping binding sites, steric effects at the ligand binding surface or 

conformational changes as a result of the removal of calcium or addition of 

sugars.  This is the first report of the HRV capsid being bound by a 

component of the innate immune system.    
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6. Chapter 6: Effect of Collectins on In Vitro Rhinovirus 

Infection 

6.1 Introduction 

It was investigated whether the presence of collectins could attenuate the 

level of HRV infection.  This was based on observations that SP-D binds to 

HRV, which could potentially sterically inhibit HRV from binding to its 

receptor.  SP-D sterically inhibiting the binding of the viral hemagglutinin of 

IAV to sialic acid components on host cells is thought to play a role in the 

anti-IAV activity of SP-D [101, 248].  HRV16 binds to ICAM-1 and HRV1B 

binds to members of the LDLR family, this is a pre-requisite for entry into 

the cell which is the site for HRV replication.  Hypothetically, less HRV 

being able to bind its receptor would therefore lead to reduced replication of 

HRV.   

 

6.2 Materials and Methods 

6.2.1 Fluorescent Focus Reduction Assay 

To conduct the fluorescent focus reduction assay (FFRA) HeLa cells were 

seeded at a density of 1.56 x 105 cells/well or 16HBE cells were seeded at 4 x 

105 cells/well in a 24 well plate; these were left to adhere for three hours at 37 

°C, 5 % CO2.  A co-incubation assay was performed in which various 

concentrations of collectins (as indicated), were incubated with HRV1B or 

HRV16 (at a pre-established dose sufficient to result in 25 % infection of 

cells) in a final volume of 500 µl of serum starved media.  The inoculum was 

incubated for one hour with rocking at room temperature.  Media was 

removed from cells and washed with PBS.  The above inoculum was applied 
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to the cells and left rocking at 30 o.p.m for one hour at room temperature 

before transferring into 33 °C, 5 % CO2 for 17 hours.   

 

After 17 hours incubation the media was removed and cells were washed 

twice in PBS prior to fixing in 1 % paraformaldehyde in PBS, 500 µl per well, 

for one hour at room temperature.   Cells were stained and the number of 

infected cells determined as described in section  3.2.4.  The number of 

infected cells in wells with collectin were related to the number of infected 

cells in control wells were no collectin was present, and expressed as a 

percentage of control infection.   

 

6.2.2 Flow Cytometry 

Assays were set up as detailed in  6.2.1 but instead of fixing the cells on the 

plate they were removed by trypsin treatment and fixed and stained as 

detailed in section  2.1.8.  

 

Some assays were performed in 48 well plates (Greiner Bio-One) as opposed 

to 24 well plates as described in section  6.2.1.  In these plates HeLa cells were 

seeded at 7.8 x 104 cells/well and 16HBE cells were seeded at 2 x 105 

cells/well; all volumes were reduced by 50 %.   

 

An alternative assay involving rfhSP-D was also conducted, this was a pre-

inoculation assay.  In the pre-inoculation assay serum starved media 

containing the appropriate concentration of rfhSP-D was incubated on PBS 

washed HeLa cells for two hours prior to addition of HRV16.  The plate 

containing HRV16 was rocked and then incubated as for the co-incubation 

assay described in section  6.2.1.  After the incubation period cells were fixed 

and stained as detailed in section  2.1.8.   
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6.2.3 Cytokine Analysis 

Eight cytokines were analysed, IL-13, IL-4, IL-1β, IP-10, TNF-α, IL-6, IL-8 and 

RANTES.  These cytokines were measured in conditioned cell media taken 

from HeLa cells 17 hours post infection; the cells had been infected with 

HRV16 that had been co-incubated for one hour with multimeric nhSP-D 

prior to infection as described in section  6.2.1.  The conditioned cell media 

was stored at -80°C until cytokine analysis.  The cytokines were measured 

using the MILLIPLEX® multi analyte panel kit from the human 

cytokine/chemokine magnetic bead panel (Merck Millipore), as per 

manufactures’ instructions.  In brief, a standard curve from 10000 pg/ml to 

3.2 pg/ml was prepared using the provided standard as well as two quality 

controls.  On a 96 well plate 200 µl of wash buffer was added to each well 

and incubated for ten minutes at room temperature.  The standard and 

controls were applied to the plate, 25 µl per well.  Assay buffer, 25 µl, was 

added to the sample wells and 25 µl of DMEM was added to the standard 

curve and control wells.  A 25 µl volume of the sample cell supernatant that 

had been stored at -80 °C was then added to the plate in duplicate prior to 

addition of 25 µl of beads.  The plate was incubated overnight at 4 °C with 

shaking.  After washing twice with the provided wash buffer 25 µl of 

detection antibody was added to the plate for 1 hour at room temperature.  

Streptavadin-Phycoerythrin was added to each well for 30 minutes at room 

temperature and then washed; finally, 150 µl of sheath fluid was added to 

each well.  The MILLIPLEX® beads were analysed using a MAGPIX® 

instrument with xPONENT software version 4.1. 
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6.2.4 Primary Nasal Epithelial Cell Culture 

Primary nasal epithelial cells (PNECs) were obtained from the inferior 

turbinates of subjects by nasal brushing biopsy, using 2 mm diameter 

bronchoscopy brushes (Olympus Endotherapy).  The cells were a kind gift 

from Dr. C. L. Myers (Child Health, University of Southampton).  Cells were 

cultured in collagen coated wells with Bronchial Epithelial Cell Growth 

Media (BEGM™) (Lonza, Basel, Switzerland) supplemented with 50 U/ml 

penicillin and 50 U/ml streptomycin (both Invitrogen) and 1 % gentamicin 

and nystatin and routinely kept at 37 °C, 5 % CO2.  The cells were infected as 

described in section  6.2.1 at passage two and a density of 8.3 x 104 cells/well 

in a 48 well plate.  The cells were infected with a MOI of 20, 13 or 10. 

 

6.3 Results 

6.3.1 Validation of Flow Cytometry 

An assay utilising the technique of flow cytometry was developed and 

validated to increase the accuracy and speed at which the effect of collectins 

on HRV infection could be assessed.  The method of FFA took a large 

amount of time and there was potential for incorporating bias.  Flow 

cytometry allows a larger number of cells to be counted independent of user 

judgement.  Initially the method had to be optimised to ensure detection of 

HRV infection.  Cells were permeabilised using Cytofix/Cytoperm™ (BD 

biosciences) and stained using the anti-HRV antibody R16-7 which was 

detected using a goat-anti-mouse-APC secondary antibody (Invitrogen).  The 

two antibodies were titrated to determine the optimal concentration (data 

not shown).  As can be seen in Figure  6-1 there is a clear population of cells 

labelled with APC in the HRV infected cells that is not visible in the 

uninfected cells.  In all experiments, to account for any non-specific binding 
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of the secondary antibody, the fluorescence observed in the control (stained 

uninfected samples) was subtracted from experimental samples. 

 

 

Figure  6-1 Comparison of (A) uninfected vs. (B) HRV16 infected HeLa cells 
using flow cytometry.  HeLa cells were, or were not infected with HRV16 
and incubated for 17 hours.  The cells were then fixed and stained using R16-
7 at 70 ng/ml and goat-anti-mouse-APC secondary antibody at 1 µg/ml.  
HRV16 infection was assessed using flow cytometry using a FACS Aria and 
analysed using FlowJo software version 7.6.5.   
 

 

The methods of flow cytometry and FFA were compared by analysing two 

plates that were infected with HRV16 at the same time; this was performed 

with both HeLa cells and 16HBE cells,  

Figure  6-2 A and B respectively.   
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Figure  6-2 Comparison of HRV16 infection of (A) HeLa cells and (B) 
16HBE cells assessed by FFA and flow cytometry (FACS).  Monolayers of 
HeLa or 16HBE cells were infected with the indicated dose of HRV16 in a 24 
well plate.  Plates were rocked for one hour at room temperature before 
incubating for 17 hours at 33 °C.  Cells were either trypsinised and stained 
for flow cytometry analysis or fixed using 1 % paraformaldehyde and 
stained for FFA analysis.  Data are mean of duplicate wells.    

 

The techniques of FFA and flow cytometry both showed a dose dependent 

increase in the level of HRV16 infection detected.  The methods were 

comparable, except for one discrepancy with the level of infection detected 

with a viral dose of 25 µl on HeLa cells resulting in 33 % infection being 

detected by FFA compared to 23 % detected by flow cytometry, Figure  6-2. 
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6.3.2 In Vitro HRV Infection of HeLa Cells 

The initial step to be able to conduct assays to investigate the effect of 

collectin on HRV infection was to determine the appropriate viral dose using 

the stocks that would be used throughout the assays conducted on HeLa 

cells.  A viral dose that resulted in approximately 25 % infection was 

desirable as this is a large enough infection level to detect accurately but is 

not maximal.  Submaximal infection levels should allow identification of any 

reduction or increase in infection as a result of the presence of collectins.  

Both HRV1B and HRV16 were titrated on monolayers of HeLa cells and the 

level of infection was analysed using flow cytometry, Figure  6-3. 

 

 

Figure  6-3 Determining viral dose for in vitro HeLa cell studies.  
Monolayers of HeLa cells in 48 well plates were infected with varying doses 
of (A) HRV1B or (B) HRV16.  The level of infection was determined by flow 
cytometry.  Data are mean of duplicate wells.    
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Based on the data in Figure  6-3 to achieve a 25 % infection level in a 48 well 

plate HeLa cells required a HRV1B dose of 0.7 µl/well (MOI of 0.1) and a 

HRV16 dose of 4.6 µl/well (MOI of 0.5). 

 

6.3.3 Effect of Pre-incubation of Collectins on HeLa Cells prior to In 

Vitro HRV Infection  

To investigate whether the presence of collectins had any effect on the level 

of HRV infection HeLa cells were pre-treated with varying concentrations of 

rfhSP-D for two hours prior to addition of HRV16 at an MOI of 0.5, rfhSP-D 

was not removed when HRV16 was added.  Cells were incubated for 17 

hours and then stained for analysis by flow cytometry.  Figure  6-4 

demonstrates that there was no statistical difference between the untreated 

control cells and the cells that were pre-incubated with rfhSP-D prior to 

addition of HRV16. 
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Figure  6-4 Effect of pre-treatment of HeLa cells with rfhSP-D prior to 
infection with HRV16.  Monolayers of HeLa cells were pre-treated with 
varying concentrations of rfhSP-D; this was left for two hours at 37 °C prior 
to addition of HRV16.  HRV16 infected cells were left 17 hours at 33 °C 
before fixing and staining for FACS analysis to determine the level of 
infection.  All data are normalised to the control, where no rfhSP-D was 
present but they were infected with HRV16.  Data are mean +S.E.M of three 
experiments and were analysed using one way ANOVA, no statistical 
significance was found.   

 

As there were no differences observed with rfhSP-D pre-treatment of cells 

the experimental set up was altered.  The HRV was instead co-incubated 

with the collectins prior to inoculation of the cells. 

 

6.3.4 Effect of Co-incubation of Collectins and HRV prior to In Vitro 

Infection of HeLa Cells  

The effect of co-incubation of collectins with HRV prior to inoculation of 

HeLa cells was assessed.  Cells were inoculated with HRV16 at a MOI of 0.5 

or HRV1B at a MOI of 0.1 (as determined in  6.3.2) that had been pre-

incubated with serial dilutions of collectins (as indicated), Figure  6-5 and 
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Figure  6-6.  Infection was determined using the FFRA or flow cytometry; the 

results are expressed as the percentage of control infectivity in each 

experiment (where cells were infected with HRV but no collectin was 

applied). 

 

 

 

Figure  6-5 HRV1B infection of HeLa cells in the presence of rfhSP-D in 
vitro.  HRV1B and multimeric nhSP-D (A), dodecameric nhSP-D (B), rfhSP-
D (C) or nhSP-A (D) (final concentration indicated) were co-incubated for 
one hour at room temperature with agitation prior to inoculation of 
monolayers of HeLa cells.  Inoculated cells were left 17 hours at 33 °C.  The 
numbers of infected cells were counted using the FFRA or flow cytometry.  
Results are expressed as a percentage of infected control, where no collectin 
was applied.  Data is the mean of at least three experiments, + S.E.M. 
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Figure  6-6 HRV16 infection of HeLa cells in the presence of rfhSP-D in 
vitro.  HRV16 and multimeric nhSP-D (A), dodecameric nhSP-D (B), rfhSP-D 
(C) or nhSP-A (D) (final concentration indicated) were co-incubated for one 
hour at room temperature with agitation prior to inoculation of monolayers 
of HeLa cells.  Inoculated cells were left 17 hours at 33 °C.  The numbers of 
infected cells were counted using the FFRA or flow cytometry.  Results are 
expressed as a percentage of infected control, where no collectin was 
applied.  Data is the mean of at least three experiments, + S.E.M. 

 

Figure  6-5 and Figure  6-6 show there are no significant differences between 

the control infected with HRV1B or HRV16 without collectin and those with 

collectin at all concentrations.  The results were variable as demonstrated by 

large S.E.M. 
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6.3.5 Cytokine Analysis 

Several different cytokines in cell media from infections measured in 

Figure  6-6 were analysed using the MILLIPLEX® multi analyte panel (Merck 

Millipore).  As an initial investigative look at the cytokine profile only 

samples and controls from HeLa cells infected with HRV16 that had been co-

incubated with multimeric nhSP-D were analysed.  Eight different cytokines 

were analysed, IL-13, IL-4, IL-1β, IP-10, TNF-α, IL-6, IL-8 and RANTES.  

These cytokines were chosen due to their known relevance to HRV infection 

and potential causative role in asthma exacerbations [209, 210].   

 

In all the samples tested IL-13, IL-4, IL-1β, IP-10 and TNF-α cytokine levels 

were all at background.  The results for IL-6, IL-8 and RANTES can be seen 

in Figure  6-7, there were no statistically significant differences in the levels of 

IL-6, IL-8 or RANTES when infected with HRV16 compared to uninfected 

and in the presence or absence of multimeric nhSP-D.  Only two out of the 

three experiments analysed for IL-6 had levels of IL-6 that were above the 

detection limit of the assay, and thus only those results are shown.  The 

number of beads measured in each sample was approximately ten; this is 

less than the 50 beads that are desirable for maximal reliability of the assay.  
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Figure  6-7 Analysis of cytokines in cell supernatant from HeLa cells 
infected with HRV16 co-incubated with multimeric nhSP-D prior to 
infection.  The cell media from the experiment described in Figure  6-6 A was 
measured at 17 hours post infection using MILLIPLEX® multi analyte panel 
(Merck Millipore) measured on a MAGPIX® Instrument with xPONENT 
software version 4.1.  Results are shown for (A) RANTES, (B) IL-8 and (C) IL-
6, data are mean + S.E.M. of cytokines measured in three separate assays, all 
in duplicate.   

A

[R
AN

TE
S]

 p
g/

m
l

[IL
-8

] p
g/

m
l

[IL
-6

] p
g/

m
l

B

C

HRV16 InfectedUninfected



  Chapter  6 

 160 

6.3.6 In Vitro HRV Infection of 16HBE Cells 

It was desirable to explore the effect of collectins on HRV infection in a more 

relevant model of the natural target of HRV.  HeLa cells provided a good 

starting point for infection studies as they are easily infected and readily 

available in the laboratory, however, they are a cervical epithelial cell line.  

16HBEs are a SV-40 transformed human bronchial epithelial cell line and so 

more closely resemble the natural target of HRV [266].   

 

As with in vitro experiments in HeLa cells the initial step to enable in vitro 

experiments in 16HBE cells was to determine the appropriate viral dose 

using the HRV stock that would be used.  An infection level that was 

submaximal but still reliably detectable was desirable to ensure changes in 

the level of infection in the presence of collectins would be identified.  

HRV16 was titrated on monolayers of 16HBE cells and the level of infection 

was analysed using the FFA, Figure  6-8.  The maximal infection rate with a 

high dose of HRV16 was 17 % (MOI = 3). 
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Figure  6-8  Determining viral dose for in vitro 16HBE cell studies.  
Monolayers of 16HBE cells were infected with varying doses of HRV16 on a 
24 well plate.  The level of infection was determined by FFA.  Data are mean 
of duplicate wells.    

 

As the maximal infection rate was only 17 % the target infection rate in the 

assays was reduced to 10 %.  This equated to 100 µl of HRV16 per well of a 

24 well plate, an MOI of 2.  The effect of co-incubation of rfhSP-D with 

HRV16 on the level of HRV16 infection was assessed, Figure  6-9.  There was 

no statistically significant difference in the level of infection in the presence 

of rfhSP-D when compared to HRV16 infection without rfhSP-D pre-

incubation.  
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Figure  6-9  HRV16 infection in the presence of rfhSP-D in vitro in 16HBE 
cells.  HRV16 and rfhSP-D were pre-incubated for one hour at room 
temperature prior to inoculation of monolayers of 16HBE cells.  Inoculated 
cells were left 17 hours at 33 °C.  The numbers of infected cells were counted 
using the FFA or assessed using flow cytometry.  Results are expressed as a 
percentage of infected control, where no collectin was applied.  Data is the 
mean of at least four experiments, + S.E.M. 

 

6.3.7 Effect of Co-incubation of Collectins and HRV prior to In Vitro 

Infection of PNEC Cultures 

As a model of the natural target of HRV, PNECs were infected with HRV1B 

in submerged culture in vitro to investigate whether the presence of 

multimeric nhSP-D altered the infection level observed.  This was a first look 

experiment.  As with previous assays using other cell types the HRV1B was 

co-incubated for one hour with multimeric nhSP-D and this was applied to 

the cells.  After incubation for 17 hours the level of infection was assessed 

using flow cytometry. 

 

Figure  6-10 shows the monolayers of PNECs were successfully infected with 

HRV1B; this is visible as cell rounding in images Figure  6-10 C and D that is 
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not visible in Figure  6-10 A and B.  The presence of 20 µg/ml multimeric 

nhSP-D appears to have had no effect on the morphology of the PNECs.   
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Figure  6-10  HRV1B infection of PNECs in the presence and absence of 
multimeric nhSP-D.  PNECs were infected, or not, with HRV1B (MOI = 13) 
that had or had not been pre-incubated for one hour with multimeric nhSP-D 
at a concentration of 20 µg/ml.  (A) No HRV1B, no multimeric nhSP-D, (B) 
No HRV1B, 20 µg/ml multimeric nhSP-D, (C) HRV1B infected, no 
multimeric nhSP-D, (D) HRV1B infected, 20 µg/ml multimeric nhSP-D.  
Images were taken prior to infection with HRV1B and 17 hours post 
infection. 
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As measured by flow cytometry the level of infection in wells infected with 

HRV1B with no treatment were 12 %, 15 % and 13 % when infected with a 

MOI of 20, 13 and 10 respectively, suggesting this is the maximal level of 

infection that can be observed in PNECs.  When comparing wells that did 

receive multimeric nhSP-D to those that did not, Figure  6-11, there was no 

consistency with the response observed with each viral dose.  With a very 

high viral dose (MOI of 20) the presence of multimeric nhSP-D increased the 

level of infection by 19 %.  With a slightly lower viral dose (MOI of 13) the 

presence of the multimeric nhSP-D decreased the infection by 28 %.  With the 

lowest MOI of HRV1B used (MOI of 10) there was a 5 % increase in the level 

of infection when the HRV1B was pre-incubated with multimeric nhSP-D 

compared to when multimeric nhSP-D was absent.   

 

 

Figure  6-11 Effect of co-incubation of HRV1B with multimeric nhSP-D on 
the level of HRV1B infection of PNECs.  PNECs were infected with HRV1B 
(MOI as indicated) after a one hour co-incubation with multimeric nhSP-D.  
The level of infection was normalised to where cells had been infected with 
the same amount of HRV but no multimeric nhSP-D.  Infection with a MOI 
of 20 and 13 were conducted on duplicate wells, infection with a MOI of 10 
was conducted on single wells. 
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6.4 Discussion 

Investigations into whether collectins are able to alter the level of HRV 

infection in vitro were conducted.  These experiments are important as they 

give an indication as to whether the novel interaction that has been identified 

in this project between SP-D and HRV may be functionally important.  It has 

previously been found that collectin binding to viruses can lead to inhibition 

of cellular infection, increased phagocytosis and viral agglutination [63, 64, 

101, 248].  

 

6.4.1 Flow Cytometry to Detect HRV Infection 

The technique of flow cytometry was optimised to detect HRV infection and 

compared to the FFA for use to determine the level of HRV infection in vitro.  

Flow cytometry was preferable to the FFA technique as the accuracy is 

higher due to 10,000 cells per well being counted as opposed to 

approximately 1000 in the FFA, flow cytometry is also much quicker to 

conduct.  The technique of FFA relies on the observer selecting different 

fields of view of the well in a non-bias manner and correctly counting the 

cells.  Flow cytometry removes this potential for bias and error.   

 

The levels of HRV infection of HeLa cells and 16HBE cells determined by 

flow cytometry and FFA were comparable.  The technique of flow cytometry 

was therefore validated for use in these in vitro studies.   

 

6.4.2 Collectins and In Vitro Infection of HeLa cells 

The dose of HRV1B and HRV16 required to achieve 25 % infection of HeLa 

cell cultures was established.  A 25 % infection rate was chosen as this was 

submaximal (infection levels of in excess of 50 % were observed with 
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relatively low doses of HRV) yet still a reliably detected level of infection.  

An infection level that is submaximal is preferable as this allows detection of 

any infection level changes.  An assay in which all cells were infected and 

there is surplus HRV would not permit detection of increases in HRV 

infection, as there are no more cells to infect.   

 

Pre-incubation of rfhSP-D on HeLa cells prior to infection with HRV16 had 

no effect on the level of HRV infection observed.  It was hypothesised that 

the presence of rfhSP-D prior to HRV16 infection would mimic what would 

happen if rfhSP-D was to be given prophylactically, and may result in 

priming of the cells to stop infection.  It is possible, though not previously 

reported, that nhSP-A and nhSP-D may be able to bind to ICAM-1 directly.  

ICAM-1 has multiple N-glycosylation sites, thus it is possible that nhSP-A or 

nhSP-D could bind to these residues thereby sterically hindering attachment 

of HRV [267].  SP-D is known to bind in a calcium dependent manner to N-

glycosylated sites on the signal regulatory protein α (SIRPα), this interaction 

can be inhibited by the presence of sugars such as glucose and maltose and 

by treatment with N-glycosidase F [268].  The structure of SIRPα is not too 

dissimilar to that of ICAM-1; both are type-I transmembrane proteins 

belonging to the immunoglobulin superfamily and have extracellular 

immunoglobulin-like domains that are N-glycosylated.  Pre-treatment of 

cells with rfhSP-D could also attenuate the response of the cells to HRV 

infection.  This could have been measured in the model used here by 

detection using quantitative real-time PCR to detect changes in the RNA 

expression and Luminex or ELISA to measure the release of cytokines upon 

priming with rfhSP-D.  Even if rfhSP-D did not have a “priming” effect the 

pre-treatment of cells would result in the rfhSP-D being in place as the HRV 

was added to the cell culture, allowing opportunity for the rfhSP-D to bind 

the virus. 
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No reduction in virus infection was observed when collectins (multimeric 

nhSP-D, dodecameric nhSP-D, rfhSP-D and nhSP-A) were co-incubated with 

HRV1B and HRV16 before infection of HeLa cells.  Co-incubation of SP-D 

with RSV and IAV inhibits infection as measured by FFA [111, 269].  In the 

case of SP-D binding to HRV1B and HRV16 it is possible that the SP-D binds 

to a location on the viral capsid that does not prevent attachment to ICAM-1 

or LDLR.  If SP-D binds to VP3 on the viral capsid this would not prevent 

binding to ICAM-1 or LDLR, as exemplified in Figure  6-12.  It is also possible 

that the assay used was not sensitive enough to detect small decreases or 

increases in the level of infection.  The experimental results were variable, in 

some repeats the level of infection was decreased with the addition of 

collectins compared to untreated infected controls, whereas in other repeats 

the level of infection was increased and in some cases the infection level was 

unchanged.  This makes it difficult to draw firm conclusions as to the effect 

of collectins on HRV infection.   
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Figure  6-12 A model showing the potential binding site of SP-D on HRV.  
Representation of a potential binding site on HRV that would not prevent 
binding to the cellular receptor (ICAM-1 or LDLR) on host cells.  A.  HRV16 
is shown in complex with the first two domains of ICAM-1; B.  HRV2 is 
shown in complex with a fragment of its receptor LDLR.  The VP3 protein 
(green) is in a trimeric formation, as indicated, which may be the target of 
SP-D binding, as shown by an overlay of rfhSP-D.  VP1 (blue) and VP2 
(white) are also visible on the surface of the viral capsid.  Diagram is 
approximately to scale.  Crystal structures produced using the UCSF 
Chimera package version 1.6, PDB codes 1PW9, 1D3E and 1V9U for rfhSP-D, 
HRV16 complexed with fragments of ICAM-1 and HRV2 complexed with 
fragments of LDLR, respectively.  

 

The in vitro assay used in this study indirectly assessed the ability of nhSP-D, 

rfhSP-D and nhSP-A to reduce HRV attachment and infection of cells.  The 

assay assessed HRV infection at 17 hours post infection; when the cells were 

fixed and stained at earlier time points (four and six hours post infection) no 

infected cells were detected using the mAb.  At four and six hours post 

infection, as shown by Grunert et al. using T.E.M and radioactive labelling of 

viral RNA, the HRV will have attached to the cells and have been 
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internalised [270]; this was not detected.  This indicates that the HRV had to 

replicate to a level that was detectable by FFA and flow cytometry.  Due to 

the replication time of the virus (8-10 hours) [270] it is unlikely that at 17 

hours post infection any secondary infection was detected.  The 

immunofluorescent staining also appeared as single infected cells rather than 

“islands of cells” that would be expected if secondary infection was being 

observed.  This assay is therefore indirectly assessing prevention of infection 

by the collectins as if less HRV was initially able to enter the cells then less 

HRV will be detected.  It is unlikely that the collectins would be able to 

directly inhibit replication of the HRV as they are not found intracellulary.  

The assay may be improved by using a more sensitive method of assessing 

HRV infection such as real-time PCR.  Using quantitative real-time PCR 

(qPCR) it would be possible to detect both the positive strand RNA and 

negative strand (replicative) RNA [216].  This more sensitive method may be 

advantageous as the amount of virus that has been able to attach to cells and 

infect cells could be measured directly at an earlier time point, before HRV 

has replicated.  A downfall of this may be that extracellular HRV attached to 

the surface of cells would be detected, rather than only the intracellular HRV 

that has been able to infect cells.   

 

An alternative method that could be used would be to label HRV, for 

instance with fluorescein isothiocyanate (FITC) and detect infection of cells.  

The level of infection could be assessed by flow cytometry.  A potential 

downfall of this method is that the number of viral particles that have 

infected the cells may be too low to detect, as was found with FFA and flow 

cytometry detection of HRV infection at early time points using an antibody 

directed against HRV. 
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It may be expected that nhSP-A would not have any effect on HRV infection 

as there was no binding observed when measured by SPR, indeed no 

significant change in infection levels were observed when HRV was co-

incubated with nhSP-A prior to infection of HeLa cells.  However, the 

absence of nhSP-A binding to HRV does not mean that nhSP-A will not have 

importance biologically during HRV infections.  nhSP-A has been shown to 

indirectly enhance phagocytosis of pathogens both in vitro and in vivo by 

regulating surface expression of receptors that are important in the immune-

cell response to pathogens.    For example, nhSP-A enhances phagocytosis of 

Streptococcus pneumoniae by increasing expression of scavenger receptor A 

[130].  Expression of the mannose receptor on human monocyte-derived 

macrophages is also increased by nhSP-A, leading to enhanced uptake of 

Mycobacterium tuberculosis lipoarabinomannan-coated microspheres [271].  In 

addition to these functions Wright and colleagues demonstrated that nhSP-A 

can act as an activation ligand; coating of particles in an opsonin such as IgG 

can lead to nhSP-A enhanced uptake by direct activation of the cell [272].  

 

Further in vitro studies may show that there is increased uptake of HRV into 

HeLa cells in the presence of collectins.  An increased uptake into epithelial 

cells may be beneficial to the host as the free HRV would be actively taken 

into the cells for targeted cell clearance by apoptosis, rather than being able 

to replicate within the cell and cause cell lysis and viral spread [208, 273].   

 

If further in vitro infection studies in airway epithelial cells conclusively find 

there is no difference in the infection level in the presence and absence of 

collectins it is still possible that binding of SP-D to HRV could have 

biological significance.  SP-D has been shown to act as an opsonin, increasing 

phagocytosis and therefore clearance of the virus and resolution of infection.   

Studies with SP-D and IAV have also shown that the presence of SP-D 
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protects neutrophils from the depressing effect of IAV on the respiratory 

burst by neutrophils in response to other stimuli, as well as increasing 

neutrophil uptake of the virus [102, 103].  These functions of SP-D with IAV 

were dependent on an ability to agglutinate the IAV and a higher multimeric 

state of the SP-D.  SP-D also increases phagocytosis of RSV by alveolar 

macrophages and neutrophils, observed both in vitro and in vivo [64].  Due to 

the clear role SP-D can play in viral phagocytosis investigation into the effect 

of SP-D on HRV uptake by neutrophils or macrophages is required, 

regardless of further in vitro infection study results. 

 

6.4.3 Effect of Collectins on Cytokine Release by HeLa Cells in 

Response to HRV Infection  

The host response to HRV infection is important in limiting infection.  Much 

of the symptoms of HRV infections and pathogenesis of HRV induced 

exacerbations of chronic airway diseases such as asthma are however 

attributed to the host response.  The host response incorporates the release of 

inflammatory mediators, including cytokines, and the recruitment of 

immune cells.  This crucial role of cytokines in causing the pathology 

associated with HRV infection is hypothesised because unlike in other viral 

infections, such as IAV and adenovirus, there is little cell cytotoxicity [274, 

275].  There are numerous different proinflammatory cytokines and 

chemokines that have been reported to be induced as a result of HRV 

infection in vitro and in vivo.  The cytokines include IL-1β, IL-2, IL-4, IL-6, IL-

8, IL-11, IL-12, IL-13, IL-16, G-CSF, GM-CSF, TNF-α, and IFNs whilst the 

chemokines include RANTES, eotaxin and eotaxin-2 [209, 220, 221, 276-279].  

Eight different cytokines (IL-13, IL-4, IL-1β, IP-10, TNF-α, IL-6, IL-8 and 

RANTES) were analysed using a MILLIPLEX® magnetic bead based multi 

analyte panel in the cell culture supernatants taken from HeLa cells that had 
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been infected with HRV co-incubated with multimeric nhSP-D.  These 

cytokines were chosen due to their potential involvement in pathogenesis 

associated with HRV infection and chronic lung diseases [209, 210].  The 

assay was not optimal due to a low number of beads in each of the samples 

(ten beads opposed to the desired 50).  This will not have affected the overall 

assay result but a larger number of beads would have increased the 

reliability of the concentration values. 

 

RANTES is chemotactic for eosinophils, monocytes and T cells.  Increased 

levels of RANTES are found in children who are infected with HRV and 

have wheeze compared to children who are infected with HRV but do not 

have wheeze [199].  This suggests RANTES may have an important role in 

HRV associated pathogenesis in lung diseases.  RANTES was detected in the 

cell supernatant from uninfected cells not treated with multimeric nhSP-D, 

when the cells were infected with HRV16 the level of RANTES detected did 

not change.  Pre-incubation of HRV16 with multimeric nhSP-D did not alter 

the RANTES level detected.  In vitro in primary bronchial epithelial cells 

(PBECs) and in vivo in mice large increases in protein levels of RANTES are 

detected upon infection with HRV [200, 280].  The lack of RANTES increase 

when cells were infected with HRV in the experiments described here may 

be attributed to the short time course (17 hours) of the experiment.  In the 

published PBEC experiments the cells were infected for 48 hours before 

analysis for RANTES, and in the murine studies there was only a slight but 

significant increase in RANTES at eight hours post infection with peak 

RANTES levels observed 24 hours post infection.   

 

As with RANTES there were measurable levels of IL-8 in the HeLa cell 

supernatants but there was no difference in the level of IL-8 detected either 

in the presence or absence if multimeric nhSP-D or with HRV16 infection.  
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When Johnston and colleagues infected a respiratory cell line, A549 cells, 

with HRV, IL-8 was released in a time-dependent manner; at six hours post 

infection there was a small but statistically significant increase in IL-8 

released by HRV infected cells compared to uninfected controls.  IL-8 release 

continued to increase in HRV infected cultures until the experiment was 

stopped at 120 hours post infection [278].  This increase in IL-8 had 

previously been found by Zhu and colleagues, however in their experiments 

the increase in IL-8 levels was more rapid, with a large increase detected at 

four hours post infection [221].  It is unclear why there was no increased in 

IL-8 levels observed in the experiments conducted here.  It is possible that 

the lower MOI of 0.5 used in the experiments reported here was not a large 

enough viral dose to elicit a response, the experiments by Johnston et al. and 

Zhu et al. both used a MOI of 1 in their experiments examining IL-8 release at 

early time points [221, 278].  Johnston et al. did however detect IL-8 

significantly raised compared to control at 24 hours post infection when 

A549 cells were infected with HRV at an MOI of 0.1.  Based on the previous 

studies mentioned above, it may be expected that there would be detectable 

release of IL-8 by 17 hours post infection and these HeLa cells are capable of 

producing IL-8 as there is basal expression of IL-8 present.   

 

An increase in IL-8 in the nasal secretions of HRV infected healthy 

volunteers has been observed, but interestingly there was no correlation 

between the HRV infected volunteers symptom scores and level of IL-8 [221].  

IL-8 is thought to have a potential role in the pathogenesis of HRV 

exacerbations of asthma.  This is due to IL-8 being a potent chemoattractant 

for neutrophils which are known to be rapidly recruited to the lung.  Upon 

activation neutrophils produce neutrophil elastase which could contribute to 

airway obstruction and up-regulation of goblet cell mucus production [211].  

In asthmatic patients who were monitored upon development of cold 
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symptoms, those who had exacerbations were found to have higher 

neutrophil counts in their sputum than patients who did not have an 

exacerbation, suggesting neutrophils may have an important role in 

exacerbations [281]. 

 

IL-6 was the only other cytokine that was detected in the cell supernatants 

from HRV infected HeLa cells.  Levels of IL-6 above the detection limit of the 

assay were found in two out of three experiments analysed.  In the two 

experiments that had clear IL-6 detected there was no difference between 

uninfected HeLa cells and those that had been infected with HRV16.  There 

was a general trend in the HRV16 infected cells that had been co-incubated 

with multimeric nhSP-D that the higher the concentration of multimeric 

nhSP-D, the greater the release of IL-6, although this was not statistically 

significant.  Previously IAV infection of SP-D deficient mice has been found 

to cause increased expression of IL-6 in response to infection, and instillation 

of SP-D reduced the IL-6 levels [100].  It is therefore unclear why the IL-6 

level in the model used here would increase.  It is possible that the increase 

in IL-6 release in the presence of increasing concentrations of multimeric 

nhSP-D may be due to endotoxin contamination of the preparation.  

Endotoxin has been shown to induce IL-6 release by epithelial cells [282, 

283]. 

 

The level of IL-6 detected was very low (5-15 pg/ml); in an experiment in 

which BEAS-2B cells (a bronchial epithelial cell line) were infected with HRV 

IL-6 levels were found to be ~100 pg/ml at 14 hours post infection.  This 

experiment however used a much higher viral dose with an MOI of 30 [284].  

In a separate study conducted by Zhu et al. IL-6 induction in A549 cells and 

MRC-5 lung fibroblasts was detected upon infection with HRV (MOI of 3), 

this was significantly increased from baseline within four to eight hours to a 
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concentration of ~7500 pg/ml and ~2500 pg/ml for A549 cells and MRC-5 

lung fibroblasts respectively.  The IL-6 production appeared to be HRV 

specific as sucrose density gradient purified HRV stimulated the production 

of IL-6, and the production was also dependent upon replication as UV 

irradiated HRV did not elicit IL-6 production [276].   

 

The exact role of IL-6 in HRV exacerbations of asthma and COPD is unclear, 

however due to its up-regulation during HRV infection of human volunteers 

it is thought to be involved in causing airway and systemic inflammation 

[276].  Experimental evidence suggests that IL-6 may be at least partially 

responsible for causing fever and infiltration of lymphocytes by increasing 

vascular permeability and expression of ICAM-1 [285, 286].  IL-6 is a 

stimulus for myelopoiesis and thus causes increases in peripheral neutrophil 

numbers.  This was demonstrated by injecting rats with a recombinant form 

of IL-6 which caused an initial peak of neutrophils in the peripheral 

circulation at 90 minutes followed by a second peak between four and 12 

hours [287].  In addition, it is thought IL-6 could contribute to antibody 

production after HRV infection due to its role in induction of terminal 

differentiation and antibody production by B lymphocytes [288].  IL-6 is 

clearly an important cytokine in the limitation of HRV infection as a single 

nucleotide polymorphism causing in lower production of IL-6 results in 

worse HRV symptoms [289].   

 

IP-10 is chemotactic for Th1 lymphocytes and NK cells and has been 

associated with HRV pathology.  HRV infection of human volunteers 

increases IP-10 in nasal lavage and the level of IP-10 correlates with 

symptom severity and viral titre [219, 290].  Several studies have found HRV 

infection induces production of IP-10 by epithelial cells [219, 290, 291].  In the 

cytokine analysis conducted in this study no IP-10 was detected in the cell 
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supernatant of HRV infected HeLa cells.  This discrepancy is likely due to 

the infection period prior to measuring cytokines being 17 hours in this 

assay, whereas in previous reports of IP-10 induction the cytokine was 

detected at 24 hours and found to peak at 48 hours post infection [290].   

 

The pre-treatment of a lung epithelial cell line (H292) with IL-13 and IL-4 can 

increase ICAM-1 expression with an associated increase in viral titre when 

subsequently infected with HRV.  This may be important in the induction of 

HRV induced exacerbations of asthma due to IL-13 and IL-4 levels being 

elevated in asthmatics [292-294].  Due to the potential role of these cytokines 

in the pathogenesis of HRV induced asthma exacerbations it was of interest 

to analyse if the presence of collectins during HRV infection attenuated the 

release of IL-13 and IL-4.  No IL-13 or IL-4 was detected in any of the 

samples tested, either in uninfected or HRV infected samples.   

 

Human tracheal epithelial cells infected with HRV produce both IL-1β and 

TNF-α, as with IL-13, IL-1β is able to up-regulate the expression of ICAM-1 

[295].  IL-1β is found in the nasal secretions of HRV infected volunteers who 

are symptomatic of colds, whereas in HRV infected volunteers who are 

asymptomatic no IL-1β is detected; this may suggest a role for IL-1β in 

causing the familiar symptoms associated with a having a cold [189, 296].  

One study has however found that, unlike in the asthmatic volunteers they 

studied, healthy volunteers infected with HRV had no increase in IL-1β in 

nasal secretions [297].  TNF-α is released in response to HRV infection, the 

cytokine has been shown to be up-regulated in the nasal secretions of HRV 

infected children and in vitro human tracheal epithelial cells infected with 

HRV release TNF-α [298-300].  TNF-α is chemotactic for neutrophils and 

monocytes, which may be dependent on TNF-α induced release of other 

cytokines such as IL-8 [301].  As mentioned previously, an influx of 
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inflammatory cells is associated with the pathogenesis of HRV induced 

asthma exacerbations.  Pre-treatment of H292 cells with TNF-α has been 

demonstrated to increase ICAM-1 expression associated with HRV infection 

[196].  This up regulation in ICAM-1 expression could lead to enhanced viral 

replication in addition to increased inflammatory cell recruitment.  Due to 

the potential roles of IL-1β and TNF-α in pathogenesis caused by HRV 

infection it was of interest to investigate if these cytokines were induced in 

the infection assay used here.  Neither of the cytokines were detected in any 

of the cell culture supernatants tested.   

 

The reason for the absence of any significant differences in the levels of 

cytokines measured after infection of HeLa cells with HRV16 is unclear.  It is 

possible that the time point at which the cytokines were measured, 17 hours, 

was too early to detect changes.  This however should not be the case for IL-8 

and IL-6 which have been seen in previous assays to be up-regulated quickly 

in response to HRV infection.  The main discrepancy is that the cells used in 

most other studies investigating cytokines are cell lines or primary cells that 

are epithelial cells from the airway, rather than HeLa cells which are a 

cervical epithelial cell line.  The lack of response observed could be 

attributed to this, however, it is known that HeLa cells are capable of 

producing a large array of cytokines [302].  The most appropriate in vitro 

model to assess the effect of collectins on the cytokine profile of HRV 

infected cells would be to use differentiated PNECs or PBECs on an air 

liquid interface (ALI) culture as these most closely resemble to natural target 

of HRV.  Recent advances in tissue engineering are allowing the 

development of in vitro models in which microfluidics are incorporated into 

the ALI culture to allow a more accurate representation of the in vivo 

environment [303].  In these microfluidic systems it is also possible to assess 
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recruitment of cells by including, for instance neutrophils, in the cell media 

that is flowed under basal surface of the cells.   

 

Some studies also used a very high MOI of HRV, to which they saw a large 

response in the level of cytokines released into the cell supernatant.  A low 

dose of HRV used in the experiments described here could therefore be a 

factor in accounting for the lack of cytokine response upon HRV infection.  

Other studies did however use lower doses of HRV similar to those used 

here, and therefore the viral dose may not be the limiting factor.   

 

6.4.4 Collectins and In Vitro Infection of 16HBE cells 

An in vitro assay, similar to that discussed above infecting HeLa cells with 

HRV co-incubated prior to infection with collectins, was repeated using 

HRV16 and rfhSP-D applied to 16HBE cells.  16HBE cells are a cell line of 

transformed bronchial epithelial cells; these were chosen as a more relevant 

model of the natural target of HRV (nasal epithelial cells and bronchial 

epithelial cells) [227, 304, 305].  A single serotype of HRV and only rfhSP-D 

was investigated as this was a first look into whether the cell type influenced 

the result observed in HeLa cell experiments.   

 

An initial experiment was conducted to establish the appropriate dose of 

HRV16 to infect 16HBE cells with.  Interestingly a maximal infection level of 

17 % was attained with an MOI of 3.  To be able to detect changes in the level 

of infection a submaximal infection rate of 10 % was used, this was an MOI 

of 2.  With a dose of rfhSP-D at 10 µg/ml, this equates to approximately 70 

million molecules of rfhSP-D for every viral particle, or approximately 1.1 

million molecules of rfhSP-D per copy of each viral capsid protein, despite 

the large virus dose.   
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As with the HeLa cell experiments there was no statistical difference 

observed in the level of HRV infection in the presence of rfhSP-D when 

compared to the level of infection in the absence of rfhSP-D.  There was a 

general trend that in the presence of rfhSP-D there was a slight decrease in 

the level of infection; however, as mentioned previously this was not 

statistically significant.  The lack of statistical significance is likely attributed 

to the fact that the results were again variable, with some repeats showing a 

decrease, whilst others showing no difference or even a slight increase.  It 

may be valuable as discussed above in section  6.4.2 to repeat these 

experiments using more sensitive techniques to detect HRV, such as qPCR. 

 

6.4.5 Collectins and In Vitro Infection of PNECs 

PNECs are the natural target of HRV in vivo, and therefore in vitro infection 

of PNECs is a better model than the cell lines that were used previously 

[305].  The PNECs used were in submerged culture, thus the cells were 

undifferentiated.  Differentiation of cells can be achieved by using PNECs 

that have been cultured at an ALI; in these cultures it is possible to 

distinguish mucus secreting goblet cells, ciliated cells and columnar cells 

[306, 307].  ALI cultures are more difficult to maintain and therefore as a first 

look at PNECs the submerged cultures were used.   

 

An initial experiment of HRV infection of PNECs was conducted.  This 

experiment had two principle aims.  Firstly, to infect with HRV and to detect 

this infection as this had not been previously done in the laboratory.  

Secondly, to add in multimeric nhSP-D to see if this affected the level of HRV 

infection in comparison to PNECs infected without the presence of the 

collectin.  
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HRV1B infection of the PNECs was detected, this was visible under light 

microscopy as cell rounding.  The infection was quantified using flow 

cytometry and found to be 12 %, 15 % and 13 % when infected with a MOI of 

20, 13 and 10 respectively.  This suggests that around 13 % is the maximal 

level of infection that can be observed in PNECs in these conditions.   The 

MOIs used were very high; these were chosen based on previous literature 

suggesting that PNECs are difficult to infect with HRV [306, 307].  With the 

high dose of multimeric nhSP-D there should have been sufficient SP-D 

molecules present to have an effect.  With the highest MOI of 20 there will 

have been approximately 650,000 multimeric nhSP-D molecules per every 

HRV particle; this is an approximation but gives an indication that there was 

an excess of SP-D to HRV.   

 

As seen previously with HeLa cell and 16HBE cell experiments the effect of 

multimeric nhSP-D on HRV infection was variable.  At the highest MOI of 

HRV1B used (MOI = 20) the presence of multimeric nhSP-D increased 

infection, with an MOI of 13 the presence of multimeric nhSP-D decreased 

infection but with the lowest MOI of HRV1B (MOI = 10) there was no 

difference when multimeric nhSP-D was present.  This obviously warrants 

further investigation to be able to draw firm conclusions as to the effect of 

multimeric nhSP-D on HRV1B infection of PNECs.  The more sensitive 

method of qPCR may be used here, as discussed for other in vitro 

experiments.   Cytokine analysis on the cell culture supernatants from these 

experiments could provide valuable information regarding the effect of SP-D 

on the cellular response to HRV.  The greater relevance of these cells to the in 

vivo target of HRV infection makes them a valuable model to assess the effect 

of SP-D.   
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6.4.6 Future Directions 

There are many potentially exciting avenues that future research 

investigating the functional consequences of the interaction between HRV 

and SP-D could take.  Firstly, as discussed above, further in vitro experiments 

are required to conclusively investigate the effect of collectins on the level of 

HRV infection and the cellular responses to HRV.  These in vitro assays 

should ideally be conducted with biologically relevant cells such as PNECs 

or PBECs but if this is not possible airway derived cell lines could also be 

used.  A time course approach into how collectins effect HRV infection and 

cellular responses would be particularly interesting.  As highlighted 

previously many assays investigating cytokines released in response to HRV 

infection are conducted over a much longer period, often 24 to 48 hours, 

compared with the short time course of 17 hours used in the experiments 

reported here.   

 

Experiments to explore whether the binding of SP-D to HRV results in 

enhanced clearance of the virus by aggregation and enhanced phagocytosis 

would be valuable.  Aggregation is observed with IAV and is dependent on 

the level of multimerisation of the SP-D molecule, this may suggest that the 

rfhSP-D may not be as effective as the native molecules at aiding HRV 

clearance by this mechanism [104].  To measure the effect of SP-D on 

aggregation of IAV a similar method as used by Hartshorn et al. could be 

used; this involves the measurement of light transmission through 

preparations of virus to which SP-D is added [308].  The level of 

phagocytosis by SP-D could be assessed by incubating SP-D with HRV that 

is labelled with a tag such as pHrodo™ (Invitrogen) and incubating the SP-

D/HRV-pHrodo with phagocytes.  The pHrodo™ only fluoresces when in an 

acidic environment, thus increased fluorescence as measured by flow 
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cytometry indicates uptake into the acidic endosome of the phagocyte.  This 

method has previously been used to examine phagocytosis of pHrodo™ 

labelled bacteria by neutrophils [309].  Modification of phagocyte function 

could also be explored.  The presence of SP-D incubated with IAV and 

neutrophils ameliorates the depression of neutrophil superoxide responses 

observed with IAV alone [102, 310].  It would be interesting to explore if SP-

D modifies the response of phagocytes to the presence of HRV.   

 

Co-crystallisation studies of HRV and SP-D would help elucidate the site of 

binding between SP-D and the virus.  This could explain whether SP-D 

would be expected to inhibit binding to the cellular receptor, or not.  

Mutagenesis studies of the SP-D molecule or the surface of HRV could also 

be performed to help elucidate where binding occurs.   

 

A potentially very effective experiment to determine whether SP-D and SP-A 

have functional importance during HRV infection would be to compare the 

in vivo response of SP-D knockout and SP-A knockout mice infected with 

HRV compared to wild type mice.  This would only be possible with minor 

group HRVs, such as HRV1B, as mice do not have a homologous receptor for 

ICAM-1 and consequently do not become infected with major group HRVs.  

Knockout mice clearly show the significance of SP-D in controlling IAV and 

RSV infection.  In a study by Hawgood et al. SP-D knockout mice were 

unable to gain weight for the first week after IAV infection, whilst wild type 

mice steadily gained weight [101].  In the same study the SP-D knockout 

mice also had an increased viral load in the lungs; two days post infection 

the viral load was 40 times that of wild type mice and was 150-fold greater 

on day four; the viral load then fell dramatically between days four and six.  

Viral load in SP-A knockout mice was also significantly increased two days 

post IAV infection but to a much lesser extent than in SP-D knockout mice 
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[101].  The importance of SP-A and SP-D in controlling RSV infection has 

also been clearly demonstrated by infecting SP-A and SP-D knockout mice; 

lung viral titres were significantly increased in both types of knockout mice 

compared to wild type mice at three and five days post RSV infection.  These 

increased viral loads correlated with significantly increased 

proinflammatory cytokines in lung homogenates from the SP-A and SP-D 

knockout mice compared to wild type mice [63, 64]. 

 

The HRV infected mice could also be treated with rfhSP-D or nhSP-D and 

the outcome of infection compared to those without treatment, as performed 

by LeVine et al. in infection experiments using IAV and by Hickling et al. in 

experiments using RSV [100, 111].  A humanised ICAM-1 mouse developed 

by Bartlett et al. could also be used to determine if exogenous treatment with 

SP-D is beneficial during major group HRV infection [200].  These models 

would permit assessment of any changes in the cytokine response upon 

HRV infection when treated with collectins.   
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7. Chapter 7: Summary and Future Directions 

HRV infections are a major cause of the common cold and exacerbations of 

chronic airways diseases such as asthma and COPD [153, 311].  The high 

incidence of HRV infections has great socio-economic impact due to reduced 

quality of life, lost days from work and school, and cost to healthcare 

services due to hospitalisation.  The innate immune system is very important 

in the pulmonary defence against HRV.  The large number of HRV serotypes 

(>100) result in frequent infections with serotypes of HRV to which people 

are immunologically naïve, and thus do not have protective antibodies.  The 

innate immune system is instrumental in resolving HRV infection when no 

antibodies are present as the production of HRV-neutralising antibodies are 

only seen after the infection has been resolved [206].  Furthermore, defects in 

the innate immune system of asthmatics have been implicated as an 

underlying cause of the exaggerated effect of HRV infection in this 

population [208, 214, 215].   

 

SP-A and SP-D have a well-established role in innate immunity in the lung.   

The proteins have many functions including the agglutination of pathogens, 

alteration of cellular responses to pathogens and opsonisation of pathogens 

for increased uptake by phagocytes [64, 116, 126, 129, 131].  SP-A, SP-D and 

rfhSP-D have all previously been shown to have antiviral properties [62, 63, 

65, 100, 101, 111].  The previously reported antiviral activities of SP-A and 

SP-D and their localisation in the upper and lower airway epithelium were 

the foundation for developing the research question addressed in this thesis; 

can SP-A, SP-D and rfhSP-D bind to and inhibit infectivity of HRV?   

 

A novel interaction between nhSP-D and rfhSP-D with HRV1B and HRV16 

has been identified in this thesis.  This is an exciting discovery as no other 
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component of the innate immune system was previously known to interact 

with the surface of HRV.  The CRD was found to be the likely site of 

interaction between SP-D and HRV; this is based on the finding that the 

interaction was calcium dependent and inhibited by sugars.  There are three 

calcium binding sites in the CRD of SP-D; calcium occupation of these 

binding sites results in a conformational change in the CRD [46].  In addition, 

the rfhSP-D which consists of the CRD and neck region, but lacks the 

collagen region and N-terminus of nhSP-D, retained the ability to bind to 

HRV.  The absence of glycosylation on HRV, which is a nonenveloped virus, 

suggests that there is a protein-protein interaction between SP-D and HRV.   

Although the most common interaction of SP-A and SP-D with pathogens is 

through binding to carbohydrate moieties on the pathogen’s surface, SP-D 

does participate in protein-protein interactions.  For example, SP-D has been 

shown to bind in a calcium dependent manner to IgE, and this interaction 

can be inhibited by the presence of sugars.  IgE is a highly glycosylated 

protein, however, SP-D does not appear to bind to carbohydrate moieties on 

the molecule as treatment with Endoglycosidase H and N-glycosidase F did 

not inhibit SP-D binding [312].  Protein-protein interactions also occur 

between SP-D and IgG [313].  Co-crystallisation studies would allow better 

characterisation of the interaction between SP-D and HRV.   

 

The functional consequence of SP-D binding to HRV requires further 

investigation.  The in vitro studies conducted as part of this thesis examined 

the effect of co-incubation of HRV with the collectins prior to infection of 

HeLa cells, and preliminary work was conducted on 16HBE cells and 

PNECs; no significant change in the subsequent level of infection was 

observed.  In light of this, it is tempting to speculate that the site of binding 

on HRV may be VP3 of the viral capsid.  SP-D binding to VP3 would leave 

the canyon and dome on the five-fold axis accessible, thereby allowing 
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binding to ICAM-1 and LDLR, the major and minor group receptors, 

respectively.  A SPR assay involving immobilisation of the receptor and 

flowing HRV co-incubated with SP-D over the surface may help elucidate if 

receptor binding can occur in the presence of SP-D.  If the HRV is still able to 

bind to its receptor even after co-incubation with SP-D this would imply 

HRV would still be able to infect host cells.  Other functional aspects also 

require investigation.  SP-D binding to IAV and RSV has previously been 

shown to act as an opsonin resulting in enhanced uptake by phagocytes [64, 

102].  Dodecameric and multimeric nhSP-D can also induce the agglutination 

of IAV, which enhances clearance of the pathogens by mucociliary clearance, 

reduces the number of infectious particles as well as increasing uptake by 

phagocytes [27].  It would be interesting to explore if either of these also 

occur with HRV that has been bound by SP-D.  The effect of SP-D on the 

uptake and presentation of HRV by DCs could also warrant investigation; 

SP-D has previously been shown to augment pathogen uptake and antigen 

presentation by DCs [87, 88].    

 

Murine studies in SP-A or SP-D deficient mice would allow further 

characterisation of the functional importance of the proteins during HRV 

infection.  Preliminary work was undertaken in this thesis to develop the 

appropriate viral dose (Appendix 2); this work could form the basis of 

further experiments.  As the functions of SP-A and SP-D are multifaceted in 

vivo studies would allow a greater understanding in comparison to in vitro 

studies.  The in vivo mouse experiments could also be extended to test rfhSP-

D as an exogenous treatment, and potentially assess the anti-HRV 

effectiveness of nhSP-D and rfhSP-D in sensitised transgenic mice that are an 

asthmatic or COPD exacerbation model [200].  This would help determine if 

nhSP-D and rfhSP-D are potential therapeutics for patient groups that are 

vulnerable to HRV induced exacerbations.  As a therapy rfhSP-D could be 
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given prophylactically to patients with chronic airways disease during 

periods of increased risk of HRV induced exacerbation; for example, in the 

autumn when children return to school [153, 314].  Use of rfhSP-D is an 

attractive prospective therapeutic as it can potentially be produced on a large 

scale with relative ease.   

 

Development of nhSP-D and rfhSP-D as therapeutics could have immense 

impact on patient groups in which HRV infection can lead to exacerbations 

of disease that can cause irreversible lung damage and hospitalisation [151, 

152].  Currently there are no specific therapeutics to treat HRV exacerbations.  

There has been a great deal of research into developing anti-HRV therapies, 

but none have been approved for use in the prevention or treatment of the 

common cold [315-317].  A currently promising therapy is one that addresses 

the aberrant IFN response observed in asthmatic patients during HRV 

infection; the therapy involves inhalation of IFN- β and has just completed 

phase II trials (Synairgen plc. press release, 10th August 2012).  A second 

therapy in clinical development by Biota Holding Ltd. is BTA-798 

(Vapendavir), a capsid binder that is thought to inhibit HRV attachment to 

cellular receptors, has also completed phase II trials [317].  A major hurdle in 

the treatment of HRV infections is that treatments must have minimal side 

effects and be fast acting, as the time from first detection of HRV symptoms 

to peak symptoms is generally 24-36 hours.  The other hurdle in the 

development of HRV treatments is the inability to accurately diagnose a 

HRV infection clinically.  Although HRV is the main cause of the common 

cold (30-50 %), many other viruses also cause common cold symptoms, 

including coronavirus, adenovirus, parainfluenza virus, and RSV [135, 318-

320]; consequently if HRV-specific treatments are to be successful, a rapid 

reliable diagnostic test is required, which is currently unavailable.  A 

potential benefit of exogenous SP-D treatment is that it may also be effective 
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against other respiratory viruses that cause the common cold.  There is a 

wealth of research demonstrating the antiviral effects of SP-A and SP-D 

against RSV, and SP-A and SP-D have been implicated as potentially 

important in antiviral activities against coronavirus, adenovirus and 

parainfluenza virus, although relatively little is known about their 

interactions with these viruses [63, 64, 111, 120, 321, 322].  Due to these 

viruses being causes of exacerbations of chronic airways diseases the effect of 

SP-A and SP-D against these viruses also warrants further investigation [153, 

311, 323].   

 

How SP-A and SP-D levels change during HRV infection is currently 

unknown, this would be interesting to investigate.  During other viral 

infections there are different consequences of infection on SP-A and SP-D 

levels.  Reduced SP-A and SP-D levels in children with severe RSV infection 

have been reported [324].  It is not clear if low SP-A and SP-D levels lead to 

increased susceptibility to RSV infection, or whether the infection causes a 

decrease in SP-A and SP-D levels in BAL.  It is however possible that 

reduced levels of surfactant proteins may contribute to the pathogenesis of 

respiratory failure seen in severe RSV infection.  Low SP-A and SP-D levels 

during infection could be due to several factors, for example, RSV infection 

of type II cells could prevent SP synthesis.  In addition, the opsonising 

activity of SP-A and SP-D would increase uptake of SP-A and SP-D bound 

RSV into phagocytes and consequently reduce the concentration in BAL.  

The reduction in SP-A and SP-D levels during RSV infection are in contrast 

to what has been observed in vivo in murine IAV infection, where increased 

SP-D levels are seen [98, 101].  Characterising the levels of SP-D in BAL from 

asthmatics has not been extensively examined and has been somewhat 

contradictory [325, 326].  Characterisation would be interesting as if SP-D is 

shown to have important anti-HRV activity a low SP-D level may predispose 
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individuals to HRV exacerbations and be indicative of patients who would 

benefit from exogenous SP-D treatment. 

 

Polymorphisms in the SP-D gene can be instrumental in causing increased 

risk of infection.  This is exemplified by the single nucleotide polymorphism 

(SNP) that results in an exchange of Threonine for Methionine at amino acid 

11 in the N-terminus of SP-D; the SNP can alter immunity to RSV and M. 

tuberculosis due to changing the oligomeric state of the protein [109, 327, 328].  

A SNP that causes an Alanine to Threonine switch at position 160 in the CRD 

of SP-D can increase the risk of RSV infection in children [110].  Whether 

polymorphisms are associated with increased occurrence or more severe 

HRV infection would be interesting to explore, especially if SP-D deficient 

mice demonstrate a fundamental role of SP-D in HRV infections.   

 

The use of rfhSP-D as a therapeutic would obviously require careful 

assessment.  It has been reported that wild-type trimeric neck-CRD 

fragments of SP-D are not capable of carrying out some of the functions of 

the oligomerised molecule; for instance agglutination of IAV [241, 329, 330].  

If agglutination is a critical mechanism by which HRV is cleared in vivo this 

may lead to impaired clearance of HRV if the rfhSP-D is binding, thereby 

preventing endogenous nhSP-D binding, but not enhancing clearance.   

 

In conclusion, a novel interaction between SP-D and HRV has been 

discovered; this broadens our current knowledge of the targets of SP-D.  

Further investigation into the functional consequences of SP-D binding to 

HRV is warranted.  If SP-D is found to enhance clearance and minimise the 

inflammatory reaction to HRV infection it could be developed as a future 

therapeutic to HRV infections.  This would be of great importance in patients 
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who experience exacerbations of airways disease as a result of HRV 

infection, for which there is no approved antiviral treatment.   
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8. Appendices 

8.1 Appendix 1: Amplification of HRV16 

8.1.1 Infection Media 

 

DMEM (with high glucose and GlutaMAX) (Invitrogen) supplemented with: 

 

14 mM HEPES (Sigma-Aldrich) 

0.8 mM 7.5 % NaHCO3 (Sigma-Aldrich) 

4 % v/v 29.5 g/L Tryptose phosphate broth solution (Sigma-Aldrich) 

0.1 mM Non-essential amino acids (Invitrogen) 

4 % v/v FBS 

50 U/ml penicillin (Invitrogen) 

50 mg/ml streptomycin (Invitrogen) 

20 mM MgCl2 

 

8.2 Appendix 2: Preliminary Murine Studies 

 

8.3 Introduction 

The investigation of the role of SP-A and SP-D during HRV infection in vivo 

would be of great value.  Both SP-A and SP-D deficient mouse models, and 

an inducible SP-D knockout mouse (iDKO) have been developed and would 

allow determination of the effect of these collectins in vivo during HRV 

infection.  The rfhSP-D could also be tested as a potential therapy against 

HRV infections in vivo.  Preliminary experiments were undertaken to 

develop a murine HRV infection model.  This initially sought to establish the 
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viral dose, appropriate time of detection and method of detecting HRV 

infection.  The HRV used was HRV1B, a minor group HRV, as this has 

previously been shown to attach to mouse airway epithelial cells and 

successfully replicate in the mouse in vivo as it can attach to the mouse 

homologue of the human LDLR [216, 331].  Major group HRVs that use 

ICAM-1 as their cellular receptor do not bind to the murine ICAM-1 

homologue. 

 

8.4 Materials and Methods 

8.4.1 Source of Wild-Type and Knockout Mice 

Pathogen free wild-type C57BL/6 mice were obtained from the breeding 

colony at the Biomedical Research Facility (BRF) at the University of 

Southampton.  The iDKO mouse is a triple transgenic mouse, genetically 

engineered to express rat SP-D in the distal airway epithelia in response to 

tetracycline; these mice were originally sourced from Professor J. Whitsett 

and a breeding colony has been established at the BRF at the University of 

Southampton [332]. 

 

All mice were housed in the Biomedical Research Facility at the 

Southampton General Hospital in accordance with general animal welfare 

practices under the home office project licence 30/2691 and personal licence 

30/9155. 

 

8.4.2 BAL of Animals 

Mice and rats were sacrificed by asphyxiation with carbon dioxide and the 

BAL was conducted with sterile PBS containing 0.2 mM EDTA.  The lungs 

were lavaged four times with 1 ml. 
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8.4.3 Cytospin Preparations of Alveolar Macrophages 

Alveolar macrophages were isolated from the BAL described in section 

Error! Reference source not found..  Red blood cells were removed by 

adding 1 ml red blood cell lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.12 

mM EDTA) to cell pellets, cells were then vortexed for three minutes before 

centrifuging at 200 x g for five minutes.  Cell pellets were resuspended in 

PBS containing 0.2 mM EDTA.  Aliquots taken from the resuspended cells 

were stained with trypan blue and counted by hemocytometer.  Cytospins 

were prepared using a Cytospin 3 (Thermo Shandon Ltd) and a standard 

protocol.  The cytospin preparations were stained with Speedy Diff (Clin-

tech Ltd, Guildford, UK), as per manufacturer’s instructions. 

 

8.4.4 Infection of Mice with HRV 

A total of 15 iDKO mice, removed from tetracycline (previously receiving 1 

µg/ml in the drinking water) for 72 hours, were infected with sucrose density 

gradient purified HRV1B suspended in virus buffer (10 mM Tris, 50 mM 

MgCl2) at a titre of 1.1 x 107 ffu/ml.  As a control, five mice were also mock 

infected with virus buffer alone.  Mice were anesthetised by inhalation of 

isoflurane.  The mice were then weighed and infected intranasally with 

HRV1B at 2.5 µl/g body weight.  Four mice per day were sacrificed by 

intraperitoneal injection with 250 µl phenolbarbitol, this was performed one, 

two, three, four or seven days post infection.   
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8.4.5 Analysis of Infection of Mice 

RNA was extracted from the left lung tissue that had been frozen in liquid 

nitrogen upon removal and stored at -80°C until analysis.  RNA was 

extracted using the RNeasy® Mini kit (Qiagen, Crawley, UK) as 

recommended by the manufacturer.  In brief, the frozen lung was 

homogenised in 20 µl RLT buffer/mg tissue.  The homogenised tissue was 

clarified by centrifugation at 20,000 x g for three minutes.  To the supernatant 

600 µl of 70 % ethanol was added before being transferred to an RNeasy 

Mini spin column and centrifuging for 15 seconds at 8000 x g.  The spin 

column was washed with 700 µl RW1 buffer and twice with 500 µl RPE 

buffer, centrifuging the column for 15 seconds at 8000 x g after the addition 

of each buffer.  RNA was eluted from the spin column with 30 µl RNase-free 

water. 

 

RNA concentration was determined using a Nanodrop ND-1000 

Spectrophotometer (Thermo Scientific).  Complementary DNA (cDNA) was 

produced from 2 µg of RNA using SuperScript® III reverse transcriptase kit 

(Invitrogen) as per manufacturer’s instructions.   

 

Quantitative real-time PCR (qPCR) was undertaken using the 

“Quantification of human rhinovirus 1B polyprotein gene, standard kit” 

from PrimerDesign (Southampton, UK).  Reactions were conducted in 

duplicate according to manufacturers’ instructions, in a 10 µl volume, with 1 

µl cDNA and run on the Applied Biosystems 7900HR Fast Real-Time PCR 

System.  Normalising gene 18S rRNA (purchased from PrimerDesign) was 

also analysed.  qPCR consisted of initial enzyme activation of ten minutes at 

95 °C, followed by 50 cycles of denaturation at 95 °C for ten seconds and data 

collection at 60 °C for 60 seconds.  HRV RNA data was analysed relative to 
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18S gene expression using a standard ΔCT calculation as undertaken by 

Wicks et al., and normalised to the sample with the lowest detected RNA, 

Mouse 3 from day four [333].   

 

8.5 Results 

8.5.1 Characterisation of iDKO Mice 

The iDKO mice were characterised in terms of the switching off of SP-D 

production upon the withdrawal of tetracycline, as they have been 

engineered to do [332].  The BAL from three groups of mice were analysed, 

wild type mice (C57BL/6 mice), iDKO mice receiving tetracycline and iDKO 

mice withdrawn from tetracycline for 48 hours prior to culling.  In addition, 

the BAL from a wild type rat was also analysed as the SP-D induced by 

tetracycline in the iDKO mice is rat SP-D. 

 

The macrophages from the mice and rat were analysed by Speedy Diff 

staining of cytospun preparations, representative images are shown in 

Figure  8-1.  The iDKO mice withdrawn from tetracycline and therefore SP-D 

deficient were foamy in appearance and occasionally multinucleated, 

Figure  8-1 A.  The iDKO mice receiving tetracycline had macrophages that 

appeared similar to those from iDKO mice withdrawn from tetracycline and 

were noticeably different to those from wild type mice and rat, which were 

normal in appearance Figure  8-1 C and D.   
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Figure  8-1 Cytospin of alveolar macrophages from (A) iDKO mice 
withdrawn from tetracycline for 48 hours (B) iDKO receiving tetracycline 
(C) wild type mice and (D) wild type rat.  Animals were lavaged using PBS 
containing 0.2 mM EDTA.  Alveolar macrophages were isolated by treating 
cell pellets from BAL with red blood cell lysis buffer.  A cytospin was then 
performed and the cells were stained using Speedy Diff.   
 

Clarified lavage from the experiment shown in Figure  8-1 was analysed for 

the presence of SP-D by western blot, Figure  8-2.  This was to assess if the 

administration of tetracycline was successfully inducing the expression of 

SP-D in the airways of iDKO mice and that the withdrawal of tetracycline 

resulted in the switching off of SP-D expression.  Recombinant mouse neck 

and CRD was run alongside the samples as a positive control for the SP-D 

from wild type mice.  All of the samples tested contained a band at 

approximately 49 kDa.  The 49 kDa band is faint in all of the samples tested, 

including the two out of three of the BAL samples from wild type mice.  

There does not seem to be any difference in the 49 kDa band seen in samples 

from iDKO mice withdrawn from tetracycline, and therefore should have 
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had expression of SP-D turned off, and the iDKO mice receiving tetracycline.  

As previously reported the rabbit-anti-mouse SP-D antibody used in the 

western blot does recognise rat SP-D (personal communication with Dr. R. 

M. Mackay), as a clear band is visible in the BAL sample from the rat.   

 

 

Figure  8-2 Western blot analysis of SP-D content of BAL from wild type 
and iDKO mice with and without treatment with tetracycline.  BAL from 
mice was concentrated using StrataClean resin (Stratagene), the samples 
were then reduced and run on a 12 % NuPAGE gel.  Once transferred to 
PVDF the proteins were probed using a rabbit-anti-mouse SP-D primary 
antibody at 1.5 ng/ml (previously shown to recognise rat SP-D, personal 
communication with Dr. R. M. MacKay) and anti-rabbit alkaline phosphatase 
conjugated secondary antibody solution and detection solution (Invitrogen).   
 

8.5.2 HRV Infection of iDKO Mice  

A preliminary experiment was set up to determine if HRV1B infection could 

be caused in iDKO mice and to establish the most appropriate time point to 

detect infection.   
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HRV1B RNA in the lung was detected using qPCR.  No HRV1B RNA was 

detected in any of the control mice mock infected with virus buffer only.  All 

qPCR negative controls were also successful.  HRV1B RNA was detected in 

all three HRV1B infected mice killed one day post-inoculation, and in two 

out of the three HRV1B infected mice killed two days post-inoculation, but at 

much lower levels than detected at one day post-innoculation, as 

demonstrated by Figure  8-3.  The amount of RNA detected was below that of 

the HRV1B standard curve (<20 copies viral RNA) and therefore the copy 

number could not be quantified.  No HRV1B RNA was detected at any of the 

later time points (three, four and seven days post-inoculation), except very 

low levels in one mouse four days post-inoculation.   

 

 

Figure  8-3 HRV1B RNA detected in the lungs of HRV1B infected mice.  
iDKO mice, withdrawn from tetracyclin for 72 hours and therefore not 
expressing SP-D, were inoculated with HRV1B by intranasal instillation or 
mock infected with virus buffer (mouse 4 on each day).  Mice were sacrificed 
on the indicated day and RNA was extracted from the left lung and analysed 
for viral RNA.  Data is expressed relative to 18S RNA and normalised to 
Mouse 3 from Day 4.  
 

0

5

10

15

20

25

30

35

M
ou

se
 1

M
ou

se
 2

M
ou

se
 3

M
ou

se
 4

M
ou

se
 1

M
ou

se
 2

M
ou

se
 3

M
ou

se
 4

M
ou

se
 1

M
ou

se
 2

M
ou

se
 3

M
ou

se
 4

M
ou

se
 1

M
ou

se
 2

M
ou

se
 3

M
ou

se
 4

M
ou

se
 1

M
ou

se
 2

M
ou

se
 3

M
ou

se
 4

Day 1 Day 2 Day 3 Day 4 Day 7

HR
V1

B 
vi

ra
l R

NA
 e

xp
re

ss
io

n 
ra

la
tiv

e 
to

 1
8S

 R
NA

 
no

rm
al

ise
d 

to
 D

ay
 4

 M
ou

se
 3



  Appendices 

 201 

8.6 Discussion 
 

The alveolar macrophages from iDKO mice that were and were not receiving 

tetracycline had a foamy macrophage appearance, as observed in SP-D 

deficient mice [91].  This suggests that even whilst on tetracycline treatment 

the mice are not expressing the correct level of SP-D to maintain a normal 

macrophage phenotype.  The immunoblot analysis of BAL from iDKO mice 

that were and were not receiving tetracycline showed a band at 

approximately 49 kDa in all of the samples tested.  This faint 49 kDa band 

may be detection of low levels of SP-D, or it could potentially be cross 

reactivity with the immunoglobulin heavy chain (~50 kDa) of IgA that would 

be present in BAL.  The presence of foamy macrophages in BAL from iDKO 

mice receiving tetracycline indicates a SP-D deficiency, thereby suggesting 

that the 49 kDa band is most likely to be cross reactivity with the 

immunoglobulin heavy chain as opposed to SP-D.  There should be no SP-D 

detected in iDKO mice withdrawn from tetracycline as these mice should not 

be expressing SP-D.  It is difficult to directly compare SP-D levels in BAL as 

recovery of lavage may not be the same between mice, despite every effort to 

do so.  These results indicate that careful characterisation of the iDKO mice is 

required before future experiments to ensure the mice are expressing, or not 

expressing SP-D as expected.  The dosing of tetracycline should be addressed 

as this may be insufficient and therefore be leading to inadequate expression 

of SP-D that leads to the foamy macrophage phenotype.   

 

The use of iDKO mice is favourable to SP-D knockout mice as the latter 

develop an abnormal phenotype characterised by aberrant surfactant 

homeostasis, emphysematous and fibrotic changes, accumulation of alveolar 

macrophages and abnormal alveolar cell morphology [334, 335].  In HRV 

infection studies in which the aim is to assess the effect of SP-D on the 
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immune defence to the virus, it is preferable to use iDKO mice which do not 

have an abnormal phenotype if SP-D expression has only been switched off 

for a short period; this allows better determination of the specific effects of 

SP-D. 

 

The preliminary HRV1B inoculation of iDKO mice showed that the HRV1B 

was successfully delivered into the lungs of the mice, as HRV RNA was 

detected by qPCR at one day post-inoculation.  There was not enough RNA 

detected to be able to quantify relative to the HRV1B standard curve and 

thus determine HRV1B copy number could not be established.  This suggests 

that the dose given to the mice was too low.  It is difficult to compare the 

viral dose used here to those used in the literature because viral titre is given 

as a TCID50 value; the TCID50 is highly dependent on how susceptible the 

cells used in the assay are to the HRV, as shown in section  3.3.2 with HeLa 

cells of differing passage number.  The viral dose given to mice in 

experiments detailed in the literature often appear greater than the dose 

used here; the titre of the stock used here was 1.1 x 107 ffu/ml, whereas 

typical titres of virus used in the literature are an order of magnitude higher, 

but this is not true for all studies as a study by Bartlett et al. used a dose of 5 

x 106 TCID50 [200, 216, 336].   The reports in the literature show detection of 

HRV1B RNA up until day seven, with a peak 18 hours post-inoculation; this 

was not seen in the experiment reported here [216].  This discrepancy is 

likely due to a lower viral dose given to the mice, and thus the mice were 

able to clear the infection more rapidly.  Some of the differences may also be 

attributed to the strain of mice used, in a previous study by Nagarkar et al. 

BALB/c mice demonstrated greater levels of airway inflammation in 

response to HRV1B compared with C57BL/6 mice; this shows differing 

immune responses to the infection [217].     
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To refine the HRV infection studies the titre of the HRV needs to be 

increased to enable a larger dose of virus to be given to the animals; this will 

allow quantification of infection and thus it will be possible to follow the 

immune response to the virus in the presence and absence of SP-D.  It will be 

important to establish reliable protocols for the infection and detection of 

infection in vivo before assessment of the importance of SP-D against HRV 

can be conducted.   

 

Expansion of the methods of determining infection in the HRV1B inoculated 

mice would need to be encompassed in future studies.  The qPCR used here 

detected positive-strand RNA, which is the genomic form of viral RNA.  

Negative-strand RNA could also be detected which is the replicative form of 

RNA and thus would give an indication of HRV replication [216].  Lung 

sections could also be stained with an anti-HRV antibody to determine 

cellular infection.  The infectivity of the HRV in the lungs could be tested by 

overlaying homogenised lungs onto monolayers of HeLa cells and 

measuring the titre as conducted by Newcomb et al. [216].  Determination of 

the level of inflammation induced by HRV in wild-type and SP-D deficient 

mice would also be interesting, to observe if SP-D has an important role in 

HRV infections.  These are all methods that would be useful in allowing 

comparisons between SP-D deficient mice and wild type mice.  

 

Future in vivo studies could incorporate the use of transgenic mice 

expressing a mouse-human ICAM-1 chimera and a model of allergic airway 

inflammation, the mouse can be infected with major group HRVs, such as 

HRV16 [200].  This would permit assessment of rfhSP-D as a therapeutic to 

HRV as a cause of exacerbations.  In vivo experiments would provide a 

fantastic opportunity to assess the importance of SP-D in HRV infection and 
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observe if the novel interaction found in this thesis has an immunological 

role.   
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