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Abstract 

 
Seasonal influenza is a major cause of respiratory infection and results in substantial 

morbidity, mortality, and economic burden every year. Short-palate lung and nasal 

epithelial clone 1 (SPLUNC1) is a protein which is secreted into the airways and has 

anti-viral activity that restricts IAV entry and viral titre in vivo. Presently, it is unclear 

how SPLUNC1 anti-viral effect against IAV is mediated. The work described in this 

thesis explores SPLUNC1 function using molecular, in vitro, and in vivo approaches. 

It was investigated whether a direct interaction between SPLUNC1 and IAV was 

responsible for this antiviral activity utilising secreted recombinant SPLUNC1 protein 

and immunoprecipitation. However, no interaction between SPLUNC1 and IAV was 

identified indicating a direct interaction is not responsible. Therefore, to allow further 

investigation into how SPLUNC1 mediates it antiviral activity, a SPLUNC1 deficient cell 

line was generated using CRISPR-Cas9 editing technology. IAV infection of these cells 

demonstrated SPLUNC1 KO does not affect IAV infection and replication in vitro in 

HBEC3-KT cells. Finally, the SPLUNC1 region S18 has previously been identified as 

functionally active hence, its role during IAV infection was investigated. In vivo 

experiments identified S18 influenced IAV in mice. Specifically, protecting against 

death and weight loss during the early stages of infection. 

The results discussed within this thesis provide an insight into SPLUNC1 antiviral 

activity against IAV and identify S18 as a crucial region involved in the hosts antiviral 

response against IAV infection. Future work involving S18 is vital to increase our 

understanding of the host response and improving vaccine effectiveness against IAV. 
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1 Introduction 

 
1.1 Influenza A Virus 

 
The Influenza virus is a major cause of respiratory infection and a significant global 

health burden. It belongs to the Orthomyxoviridae family that comprises seven 

genera; these are Thogotovirus, Salmon Isavirus and Quaranjavirus, alongside four 

Influenza viruses. The four genera of influenza viruses are: influenza A virus (IAV), 

influenza B (IBV), influenza C (ICV) and influenza D (IDV). Orthomyxoviridae are 

negative-sense, single stranded, segmented RNA viruses (1). 

IAV and IBV infections can cause severe disease and epidemics in humans whereas 

ICV is only associated with mild illness. Thus far no IDV infections have been reported 

in humans. IAV infect humans and a variety of animal species, however they are 

endemic in wild birds and the spill over of viruses from this viral reservoir into humans 

can cause pandemics. The work presented in this thesis will focus only on studies of 

IAV. 

Influenza viruses are named according to their type e.g. A, B or C. The location from 

which they are isolated, isolate number, year isolated then hemagglutinin and 

neuraminidase subtype (2). For example, the influenza A virus with the hemagglutinin 

subtype 3 and neuraminidase subtype 2 isolated from London in 1993, the 27th virus 

isolated that year, would be named as A/London/27/93[H3N2]. The host the virus 

was isolated from is only included if the virus was not isolated from humans (3). 
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1.1.1 Structure and genome 
 

Influenza viruses can exist in either a filamentous or spherical form (4). A viral 

envelope encloses the viral core and spikes project from the outer surface. Inside the 

viral envelope are the eight RNA segments that code for the IAV genome; each 

segment must be present in each virion for it to be infective (Figure 1). The coding 

capacity of the genome is maximised using alternative splicing mechanisms and open 

reading frames. Consequently, the eight segments inside the viral envelope code for 

the ten major proteins, with segments seven and eight each coding for two 

polypeptides (5-7). 

 
 

Figure 1. A diagram of IAV structure. 
Viral membrane proteins HA, NA and M2 shown projecting from the viral envelope, 
which is supported by the M1 protein. vRNP structure is highlighted below, both 
vRNA ends are bound to the polymerase complex. The vRNA segment is wrapped 
around the NP protein. 

 

 
Hemagglutinin (HA), neuraminidase (NA) and matrix-2 (M2) proteins project out from 

the viral envelope. The C-terminus of the HA protein is inserted in the viral membrane 

and the remaining portion of the molecule projects outwards. The HA protein itself 
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is a trimer. HA0 is the uncleaved form of the HA protein, when cleaved two proteins 

are produced: HA1 and HA2. This must happen for fusion to occur and influenza 

viruses be infectious. There are 18 different subtypes of HA which are divided into 

two groups based on their phylogenetic similarity. H1, H2, H5, H6, H8, H9, H11, H12, 

H13, H16, H17 and H18 belong to group one, the rest reside in group two (1, 8). 

Eleven different subtypes of NA exist. However, unlike HA1-16 and NA1-9, HA17, 

HA18, NA10 and NA11 do not bind to cells via sialic acid and have thus far only been 

identified in bats. This alters how IAV can bind and infect host cells (8). 

The M2 protein is a tetrameric type III integral membrane protein. It has ion channel 

activity, is activated at a low pH and is highly selective for H+ ions (9). The M2 channel 

protein has a crucial role during IAV infection. M2 selectively allows H+ ions to enter 

the virus particle, lowing its pH. This acidification allows M1 protein to dissociation, 

membrane fusion to occur and the subsequent releases vRNPs into the cytoplasm. 

This allows virus replication to begin (10). Below the viral envelope lies the matrix 

(M1) protein, which also envelopes the virus core. The M1 protein has an ordered 

helix structure which changes at a lower pH, where it transforms into a multi-layered 

coil; this is accompanied virus losing its filamentous morphology and becoming 

spherical (11). 

IAV can take a spherical and filamentous form in hosts. However, the filamentous 

morphology is usually only observed in nature. It is often lost in vitro, where the 

spherical morphology is predominant. This is supported by the emergence of 

filamentous virions following the serial passage of a spherical laboratory IAV strain in 

guinea pigs (12). This suggests that filamentous morphology provides an advantage 

in hosts that is not needed in vitro (11, 12). It is unclear what this advantage 
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specifically is however it may present an adaptation to aid IAV spread through host 

mucus (13). 

The enveloped virus core houses the ribonucleoprotein (RNP) complex. This 

comprises the viral RNA segments, the nucleoprotein (NP) and the polymerase 

proteins: polymerase basic 1 (PB1), polymerase basic 2 (PB2) and polymerase acid 

(PA) (1). The RNA and NP interact to form a helical hairpin; however, this interaction 

has no sequence specificity and is facilitated through the negatively charged 

phosphate backbone of the RNA and positively charged residues of NP. This leaves 

the RNA bases exposed for the polymerase proteins to access (14). 

The RNP complex has a very compact structure; vRNA ends have partial 

complementarity and form a panhandle RNA structure through Watson-Crick base 

pairing when bound to the polymerase proteins (Figure 1). 

 
 

1.1.2 Lifecycle of Influenza A Virus 

 
1.1.2.1 Virus entry into cells 

 

IAV is dependent on the host cell functions for complete replication. It infects cells by 

binding sialic acid receptors on host cell surfaces through viral HA (Figure 2). Human 

IAV bind to sialic acid with an α2,6 linkage whereas avian viruses bind with a α2,3 

linkage. This is reflected in the human trachea with epithelial cells containing mostly 

α2,6 linkages and α2,3 linkages primarily occurring in ducks, though both species do 

contain both linkages (15). The affinity between a HA and sialic acid receptors is low 

and therefore requires multiple HA proteins to bind host cells to increase the 

interactions strength and infect cells. 
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Figure 2. The influenza A virus life cycle. 
IAV from binds to host cell, vRNP are, replication occurs in the nucleus and newly 
produced virions are released from the cell membrane through budding. 

 

 
Following binding, the attached virus is transferred into the cell through receptor- 

mediated endocytosis in an early endosome (Figure 2). As the virus enters the 

endosome, endosomal acidification occurs. This then allows H+ ions enter the virus 

through M2 proton channel and lower its pH (16). The early endosome then matures 

into a late endosome and membrane fusion occurs. This low pH causes 

conformational changes in M1 structure which result in the loss of its interactions 

with vRNPs and the viral membrane. Additionally, a conformational change in HA is 

triggered and exposes the fusion peptide, HA2 (17-19). 

Then, NH2-terminal of HA2 is inserted into the membrane, bringing the virus and 

endosome closer together (20). The presence of many bound HA molecules 

promotes membrane fusion through multiple conformational changes occurring 

simultaneously (21). These actions initiate fusion of the virus and endosome 

membrane forming a pore, which releases the vRNPs into the host cytoplasm (Figure 
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2) (22-24). The release of vRNPs into the cytoplasm signals the end of the uncoating 

process. 

 
 

1.1.2.2 Transcription and Replication 
 

After uncoating, all vRNPs are transported to the nucleus. vRNPs are too big to 

passively diffuse into the nucleus, so they are actively imported through a nuclear 

localisation signal (NLS) contained within each IAV polymerase protein (25, 26). A NLS 

present in NP can mediate the import of the RNA segments into the nucleus, via the 

host karyopherin import pathway (27). However, to allow entry into the nucleus M1 

must also dissociate from RNPs. The evidence that M1 is essential for nuclear import 

is supported by the observation that amantadine, an antiviral drug which prevents 

IAV infection by blocking M2 ion channels and the decrease in endosomal pH. This 

subsequently prevents M1 dissociating vRNPs and RNP entering the nucleus (28). 

During the replication cycle vRNA is transcribed into mRNA and cRNA but the control 

mechanism for switching between mRNA and cRNA synthesis remains unknown. The 

mechanisms for the initiation and termination of transcription for both vary 

considerably. Unlike mRNA, cRNA transcription initiation is primer independent, 

additionally the products are full length and do not undergo polyadenylation. 

The promoter for mRNA synthesis is contained with the double stranded structure 

created by the 5’ and 3’ terminal vRNA sequences (29, 30). mRNA synthesis initiation 

is dependent on host cell RNA polymerase II activity. A 5’-capped primer must be 

‘pinched’ from the host cells pre-mRNA transcripts, in a process known as ‘cap- 

snatching’ (31). The vRNA 5’ end binds to PB1 to initiate the beginning of transcription 

(Figure 2). This induces an allosteric change that allows PB2 to bind the cap and PB1 
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to bind vRNA 3’ end, as the polymerases affinity for vRNA 3’ end increases (32). The 

polymerase complex endonuclease activity cleaves the pre-mRNA 10-14 nucleotides 

from the 5’ cap. A Guanine residue is added to this allowing it to bind to 3’ vRNA 

penultimate Cytosine, via complementary base pairing, initiating transcription (31). 

RNA elongation is driven by PB1’s polymerase function. During elongation, the cap 

detaches from the polymerase but vRNA 5’ end remains bound. The vRNA template 

is transcribed until a stretch of around 16 uridine bases is located at the vRNA 5’ end. 

This cannot be read due to steric hindrance and causes the polymerase to stutter and 

creates a poly(A) tail on the vRNA 3’ end (33). 

 
 

1.1.2.3 Virus assembly and release 
 

vRNP complexes are assembled in the nucleus and then exported to the cytoplasm. 

M1 and NS2/NEP are currently understood to be essential for the nuclear export of 

vRNP complexes. M1 binds to the vRNP complex in the nucleus then NS2/NEP binds 

to M1. This causes RNPs to dissociate from the nuclear matrix and mediates their 

transport out of the nucleus via nuclear pores (Figure 2) (28, 34). Nuclear export is 

regulated through the late expression of M1 as it allows a round of replication to take 

place prior to export (35). 

The HA, NA and M2 proteins are synthesised on membrane bound ribosomes. They 

are then directed to the apical membrane, via apical sorting signals, where IAV 

assembles and buds (Figure 2) (36). There, HA and NA associate with lipid rafts 

whereas M2 does not. This could explain the low concentration of M2 in virus 

particles (37). It is unclear how the remaining viral proteins reach the assembly site. 



8  

Correct packaging of the 8 segments into the virus particle is required so the virus is 

fully infectious. The selective incorporation model states each segment acts 

independently and has its own packaging signal. This results in each virion possessing 

every segment (38). The segments are organised in a distinct pattern, with seven 

different length segments surrounding a central segment. This unique incorporation 

model and structure ensures the viral genomes structure is preserved (39). 

Following the assembly of viral components at the apical plasma membrane, viruses 

are enveloped and bud from the host plasma membrane. Bud formation is initiated 

by an outer membrane curvature that itself is caused by the clustering of HA and NA 

at the plasma membrane. The membrane curvature continues extruding until the 

inner viral core is enveloped. Budding is completed when membranes fuse at the 

base of the bud. The virus particle is released following fission from the cell 

membrane (Figure 2). 

Following the completion of budding all influenza virus particles need to be actively 

released because although they been released from the cell, they are still anchored 

to it as HA is bound to sialic acid receptors on its surface. NA cleaves newly budded 

viruses from infected cells via its sialidase activity which cleaves this HA – sialic acid 

interaction. This removes sialic acid from the viral glycoproteins such that virus 

particles do not bind themselves, allowing effective spread of the virus (40). 

1.1.3 Antigenic Shift and Drift 

Antigenic shift and drift are responsible for the signature antigenic variation 

associated with influenza viruses. All strains circulating in the human population 

today are previous pandemic strains, that arose from antigenic shift, and have since 

undergone antigenic drift. Antigenic drift is the gradual evolution of existing viral 
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strains over time due to mutations in HA and NA, however not all of these changes 

are synonymous. Antigenic shift is the creation of new viral strains with novel HA, and 

less frequently NA, subtypes (41). Antigenic shift creates novel virus strains that 

humans are immunologically naïve to therefore, the increased susceptibility and 

transmission that could occur among humans places a significant burden on society 

and may cause a pandemic (42, 43). Genetic reassortment is the primary mechanism 

of antigenic shift. This is enabled by the IAV segmented genome (42). A concurrent 

infection with two different strains can allow reassortment to occur between them 

and theoretically produce 254 new viral strains with a fusion of properties from both 

parent strains (44-46). Novel HA and NA subtypes emerge in human virus strains from 

the extensive influenza gene reservoir present in animals. Genetic reassortment 

allows the transmission of these novel IAV proteins into human circulating IAV strains 

(47). 

Antigenic shift occurred three times in the last century: in 1918, 1957 and 1968. The 

1918 Spanish influenza pandemic was caused by a strain with a HA that was most like 

a previously recorded avian influenza strain. The 1918 pandemic HA gene had 

previously crossed into humans and adapted, to allow human to human transmission, 

prior to the 1918 pandemic (48). The 1957 pandemic IAV strain had a novel PB1 

protein of avian origin. After the pandemic this was the primary PB1 protein in 

circulation until 1968 (49). The 1968 pandemic strains’ HA protein was previously 

reported in a 1963 duck IAV. Additionally, its PB1 protein was of avian origin, but 

distinct from 1957’s PB1 protein, and its circulation novel in humans. This reaffirms 

that animals are reservoirs of novel HA and NA genes that could cause pandemics in 

human (50). Unlike the 20th century pandemics, the 2009 pandemic strain HA protein 
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resulted from genetic reassortment across multiple swine IAV as well as avian and 

human IAV (51). 

Antigenic drift is due to a high mutation rate driven by IAV RNA dependent RNA 

polymerase, whose lack of proof reading means it is error prone (42). New human 

vaccines are required annually to overcome antigenic drift occurring in circulating 

strains (41). Due to the pressures of selection to evade the host immune response 

these mutations occur more frequently in the HA gene, compared to other viral 

proteins. However, these mutations typically only occur in specific regions such as 

the antigen binding site as these are the primary binding site for a host neutralising 

antibody (41, 52). 

Reducing the efficacy of host neutralising antibodies promotes transmission among 

the population, is associated with greater mortality and necessitates new annual 

vaccines (42, 53, 54). Unlike antigenic shift which only occurs in IAV, antigenic drift 

can occur in IAV and IBV. The A/Fujian/411/2002 virus strain has undergone 13 amino 

acid mutations at two amino acid sites from the A/Panama/2007/99. However, these 

mutations render Panama antibodies 25% less effective at neutralising virus against 

the Fujian strain compared to the Panama strain (55). This underlies the importance 

and severe consequences antigenic drift can have. Antigenic drift is also driven by IAV 

evolving to evade the hosts immune response. Following IAV exposure, hosts develop 

immunity which decays overtime. This protects against reinfection and limits overall 

viral spread and growth. This in turn restricts viral diversity and encourages mutations 

which escape the hosts immune response (56). 
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1.1.4 Viral Reservoirs 
 

IAV is a zoonotic pathogen that causes disease in many species. The primary reservoir 

for IAV exists in aquatic birds although other, substantial reservoirs are also present 

in land-based poultry, pigs, and humans (42, 53, 55, 57). Nevertheless, many other 

species, including horses, dogs, cats, and aquatic mammals are also susceptible to 

IAV. However, each species is susceptible to specific IAV subtypes (Figure 3). Virus 

spread is often contained within one individual species, typically with certain 

subtypes as the predominant strain. However, IAV virus strains can cross into other 

species (Figure 3). This can occur via intermediate hosts or by viral adaptive 

mutations (42). 

 
 
 

Figure 3. IAV transmission in reservoirs and across species barriers. 
Influenza A Viruses circulate in wild bird, pig, and human reservoirs, black circular 
arrows. Transmission between species is possible, indicated by the grey arrows. The 
specific HA and NA subtypes each species can be infected with are labelled in red. 
Adapted from Long et al., (57). 
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Phylogenetic analysis reveals that all avian, human and swine IAV reservoirs have the 

same, common ancestor: an avian IAV. This is reinforced as until 1979 pigs were free 

of IAV infection. In 1979 a severe outbreak occurred in Europe after an avian IAV 

strain crossed over into the swine population (44). Following this outbreak, pigs have 

become viral gene reservoirs for IAV and today may act as mixing vessels for 

interspecies transmission between birds and humans (58). The distribution of IAV 

strains across the globe is affected by localisation of species, their own biological 

characteristics and movement. The limited intercontinental travel of pigs has led to 

swine lineages having a distinct geographical pattern and phylogenetic history (53). 

This is distinct to human and bird IAV strains, which are both capable of long-distance 

travel and whose phylogenetic history is much more complex. 

 
 

1.1.4.1 Interspecies transmission 
 

Avian IAV predominantly bind α-(2,3) linked sialic acid (α-2,3 - SA) unlike human IAV 

that predominantly bind α-2,6 – SA because avian tracheas predominantly contain α- 

2,3 - SA and humans α-2,6 - SA. Therefore, transmissions of strains between the two 

species are limited and rare but can occur. This barrier between species can be 

overcome, and if this occurs alongside genetic reassortment, could have devasting 

consequences (59, 60). Avian IAV strains can infect humans, however subsequent 

human to human transmission is often very limited and requires further mutations 

(53). 

Numerous examples of this have occurred in recent years. In February 2021 seven 

poultry workers were infected with A/H5N8 strain of avian influenza on a farm in 

Russia. These are the first human infections with of this strain recorded (61). In June 
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2021 the first H10N3 human infection with avian IAV was reported in Zhenjiang, 

China (62). Neither of these avian influenza strain outbreaks in humans resulted in 

any human-to-human transmission, and themselves occurred due to exposure in 

infected poultry farms. This highlights the dangers that constantly evolving influenza 

viruses poses and the need for strict surveillance globally. 

Although the opportunity for direct transmission of avian IAV to humans is limited it 

is still a distinct possibility. Pigs are crucial to the transmission of IAV between avian 

species and humans as unlike humans and birds they have a mix of α-2,3 - SA and α- 

2,6 – SA (60). This lowers the species barrier protecting pigs from cross species 

infections and increases their susceptibility to both avian and human IAV infection. 

Therefore, they can act as mixing vessels when IAV co-infection occurs, allowing 

strains to reassort and potentially produce a virus strain with novel HA and NA genes 

that could cause a pandemic (53). This is supported as human pandemics have 

typically started from southeast Asia, where pigs live in close contact with humans 

and waterfowl (44, 58, 63). 

In addition to the genetic reassortment potential pigs possess, they are also 

reservoirs for avian-like swine virus’: that can recognise human receptors. These also 

have the potential to be transmitted into, and crucially, between humans (60). 

This is the source of the most recent pandemic in 2009, swine flu – a triple 

reassortment IAV strain from birds, swine, and humans. Specifically, it was derived 

from the reassortment of multiple swine IAV lineages in circulation in North America, 

Asia and Europe, and is believed to have been circulating in humans prior to the initial 

outbreak detected in April 2009 (51, 64, 65). 
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1.2 Host Response 

 
1.2.1 Innate Immune System 

 
1.2.1.1 Barriers 

 
Viruses are obligate intracellular pathogens that require host cells to complete their 

life cycle. This leads to a within host cycle of viral invasion of cells, the synthesis of 

new viral proteins, virus assembly and the release of infectious progeny. The immune 

system utilises multiple mechanisms simultaneously to combat viruses at each of 

these stages. The innate and adaptive immune systems act in synergy to eradicate 

established infections and protect against future infections. 

IAV first encounters the innate immune response which is rapid in speed of response 

but lacks antigen specificity. The first line of defense pathogens encounter are 

physical and chemical barriers. Epithelial cells are present at openings of the 

respiratory tract and covered are in mucus and surfactants which act to physically 

separate epithelia from pathogens and trap them before they can enter cells (Figure 

4). 

The protective mucus layer on top of respiratory epithelial cells is primarily comprised 

of mucins. These act to maintain airway homeostasis, disrupt pathogen aggregation, 

and remove cellular debris (66, 67). Other secretions such as: tears, saliva, surfactant, 

gastric enzymes and acid, act in similar ways as chemical barriers, to prevent 

pathogens cell entry or destroy them directly. Cells in the respiratory and gastric tract 

have cilia projections that extend outwards. In the respiratory tract these move in 

pulses to sweep mucus and any trapped foreign particles away from the lungs, in a 

process called mucociliary clearance (68). 
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Figure 4. Respiratory epithelium from the trachea to the bronchioles.  
The respiratory epithelium is lined by ciliated cells, secretory cells and submucosal 
glands that together form a barrier to infection. The protective mucus layer over the  
cells binds pathogens and other particles which are then brushed upwards by the  
cilia and cleared. This layer also contains host defence proteins secreted by cells  
that can trigger an immune response upon pathogen recognition. Tight junctions  
between the epithelial cells act to prevent the penetration of pathogens between  
cells. Adapted from Whitsett and Alenghat (67).  
 
 
Pulmonary surfactant is a fluid secreted at the alveoli air-tissue interface; it is mostly 

composed   of   lipids. Palmitoyl-oleoyl-phosphatidylglycerol (POPG) and 

phosphatidylinositol (PI) are two lipids present in pulmonary surfactant. They can 

bind to the 2009 pandemic H1N1 IAV and prevent its attachment, and the therefore 

infection, of epithelial cells. Treatment with POPG or PI in mice infected with IAV 

attenuates infection, decreasing viral load, inflammatory cell infiltration and 

mortality (69). 

Alongside lipids, surfactant is also comprised of 10% protein. The surfactant proteins 

A (SpA), B (SpB), C (SpC) and D (SpD) together comprise half the proteins in surfactant. 

Surfactant proteins A (SpA) and D (SpD) both also function as collectins: soluble, non- 

membrane bound pattern recognition receptors (PRR) that bind to PAMPs on the 

surface of pathogens. They both provide protective, antiviral activity against IAV as 
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the knockout (KO) of either in mice significantly increased the viral titre observed 

compared to wild type (WT) mice (70). 

The increased lung viral titre observed in SpD KO mice is likely due to impaired viral 

clearance. Additionally, SpD KO mice also suffer from increased inflammation 

throughout infection (71). 

These effects occur because SpD can bind IAV and inhibit its HA activity. Specifically, 

it binds mannose oligosaccharides on HA which reduce the virus’ uptake into 

epithelial cells and causes viral aggregation. This prevents the infection of further 

cells and enhances IAV removal from the lung (71, 72). SpD’s multimerization 

property allows for extensive crosslinking, further enhancing this effect (73). 

SpD protection against IAV however is strain specific and often pandemic and avian 

IAV strains are not susceptibility to SpD. This could contribute to their virulence in 

humans and is likely due to less mannose oligosaccharides near the SA binding sites 

on HA, inhibiting its antiviral activity (74, 75). This is supported as H3 IAV isolates from 

post-1972 have more glycosylation sites compared to pre-1972 isolates and these 

later isolates are more sensitive to neutralisation by SpD, displaying lower replication 

rates when it is present (75). 

 
 

1.2.1.2 PAMPs and PRR 
 

Hosts detect pathogens through the recognition of conserved molecular patterns 

associated with pathogens, known as pathogen-associated molecular patterns 

(PAMPs) or damage-associated molecular patterns (DAMPs). PAMPs are molecular 

structures absent in the host and in the case of viruses, features of viral RNA. DAMPs 

are host proteins released from damaged or dying cells to initiate an immune 
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response (76). PAMPs and DAMPs are both recognised by pattern recognition 

receptors (PRR) present on immune cells. PRR activation leads to a reaction cascade 

which results in the induction of an immune response against the pathogen. 

However, host proteins, such as NLRX1, can interfere and modulate PRR during IAV 

infection and inhibit their host response (77). 

A wide range of PRR exist; these vary in what they detect, their location and the effect 

they mediate. Toll-like receptors (TLR) are PRR situated in the plasma membrane of 

cells and endosomes. TLR 1, 2, 4 and 6 recognise microbial membrane components 

(78) whereas TLR 3, 7, 8 and 9 recognise nucleic acids. Specifically, TLR 9 binds viral 

DNA and TLR 3, 7 and 8 bind viral RNA. These differ in the forms of RNA they 

recognise. TLR3 bind double stranded RNA (dsRNA) whereas TLR 7 and 8 recognise 

single stranded RNA (ssRNA) viruses found in endosomal compartments (79-83). 

Once activated different TLR signal through different pathways which all contribute 

to establishing an anti-viral state in the host (Figure 5). 
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Figure 5. TLR signalling pathway following PRR activation.  
Endosome expressed TLR 3, 7 and 8 are bound and activated upon RNA virus  
recognition. This leads to the induction of Type I IFN and the secretion of  
inflammatory cytokines and chemokine which ultimately result in the induction  
of an anti-viral state. Adapted from Makris et al., (85). 

 

PAMPs can also be detected via cytosolic PRR such as NOD-like receptors (NLR) and 

RIG-I like receptors (RLR). NLR family pyrin domain containing 3 (NLRP3) and 

melanoma differentiated-associated gene 5 (MDA5) are NLR and RLR receptors, 

respectively, that detect viral RNA PAMPs (84-86). The importance of PAMP 

recognition and the initiation of a host immune response is demonstrated as during 

IAV infection NLRP3 KO mice had significantly reduced inflammatory response, viral 

clearance and survival rates compared to WT mice (84). RLR receptors recognise 

various form of viral RNA. RIG-I is activated by triphosphates at the 5’ terminal of 

vRNA whereas MDA-5 ligands are typically longer dsRNA stretches without 

phosphates. However, other factors can also influence if an RNA sequence can 

instigate an immune response through RIG-I such as a double stranded sequence or 

length. These features enable the IAV vRNA promoter to act as a RIG-I ligand and 
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induce an interferon (IFN) response (86). During IAV infection it is primarily the RLR 

RIG-I, and not MDA-5, that induces the host response and the IFN mediated induction 

of an antiviral state (80, 87, 88). 

To evade host immune responses IAV has established many strategies to evade RLR 

detection. First IAV transcription and replication occur in the nucleus, away from 

cytosolic and membrane PRRs. Therefore, PRRs cannot access vRNA present in the 

nucleus and trigger a host response. IAV also can evade the immune response via 

NS1, NS1 is the principal viral antagonist of the immune system. NS1 mediates this 

by binding RIG-I which prevents it activating the IFN-β promoter. Not only does this 

limit the RIG-I available for IAV to bind as its binding site is blocked but it also 

decreases the resulting anti-viral response (89). NS1 can also achieve this same effect 

by binding to TRIM25; this binding prevents TRIM25 ubiquitinating RIG-I CARD 

domains therefore suppressing signaling, IFN production and antiviral immune 

response (90, 91). 

 
 

1.2.1.3 Interferon response 
 

The host immune response aims to eliminate infection through a multitude of 

mechanisms acting in synergy to induce an antiviral state, prevent further spread and 

destroy pathogens, protecting neighboring, uninfected, cells from potential 

infection. This occurs through activating cells to secrete interferons (IFN) and other 

proinflammatory molecules including cytokines and chemokines. However, only 

some cells infected with IAV produce IFN. This acts to induce a protective, antiviral 

state in surrounding infected and uninfected cells (92). 

Interferons are released from infected cells in response to viral infections and other 
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pathogens. They are divided into three classes: type I, type II and type III IFN. IFN-α 

and IFN-β are the predominant type I IFN (IFN-I), they bind to the IFN-α/β receptor 

(IFNAR). IFN-γ is a type II IFN (IFN-II) and IFN-λ is a type III IFN (IFN-III). Both IFN-I and 

IFN-III activate the JAK/STAT signaling pathway eliciting similar responses (93, 94). 

IFN-I and IFN-III can be released by all cells types but IFN-I is largely released by 

alveolar macrophages and IFN-III by airway epithelial cells (AEC) during IAV infection 

(95). These both act to limit viral infection by blocking viral RNA replication, 

controlling apoptosis and limiting IAV spread from the upper airway into the lungs 

(96, 97). 

IFNs stimulate the expressions of IFN stimulated genes (ISGs). ISGs enhance 

pathogen detection by upregulating PRR expression; upregulating MHC class I 

expression; activating NK cells; and inhibiting viral replication. Subsequently this 

increases antigen presentation and limits virus spread (98). Protein Kinase R (PKR) is 

an ISG that binds dsRNA, during IAV infection it acts to limit infection and further 

replication (99). Specifically, during IAV infection of WT and PKR KO mice, PKR KO 

mice have increased IAV mRNA translation (100). However, NS1 can act to prevent 

this PKR mediated anti-viral response against IAV (101). This occurs through NS1 

binding to PKR, inhibiting its activation and therefore antiviral activity (102). 

Numerous host proteins act as ISGs and are expressed in response to IAV infection 

providing protection against infection; this is achieved by targeting and impairing the 

IAV lifecycle. ISG primarily achieve this through limiting replication or degrading IAV 

proteins. The host proteins IFITM3, MOV10, DDX21 and ZAPS are all examples of ISGs 

that impair IAV infection through limiting replication. However, each protein achieves 

this via a distinct mechanism. IFITM3 inhibits viral-host membrane fusion and pore 
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formation, MOV10 causes cytoplasmic retention of the viral NP, DDX21 prevents the 

polymerase complex forming and ZAPS represses translation (103-109). OAS3, 

TRIM32, TRIM22 and ZAPL all mediate degradation to impair IAV infection. OAS3 

mediates rRNA degradation, TRIM32 binds PB1 and TRIM 22 NP to mediate their 

ubiquitination and subsequent degradation, ZAPL binds the polymerase proteins 

causing them to undergo degradation (110-113). 

IFN-α inhibits IAV replication, the pre-treatment of A549 cells with IFN-α prior to 

infection inhibited replication as the viral genome was not able to transport into the 

nucleus. MxA is an ISG necessary but not solely responsible, for this effect (114). This 

is evidenced as IFNAR KO mice have increased mortality and morbidity due to IAV 

infection and greater levels of pro-inflammatory cytokines during infection, due to 

decreased IL-10 production (115). This demonstrates reduced IFN-α signalling leads 

to increased mortality through the absence of cytotoxicity and lack of regulator 

mechanisms downregulating IFN-γ production, supporting the previous study in 

A549s. IFN-β is secreted by alveolar macrophages in response to IAV infection. This 

causes further damage to the airway epithelial cells infected with IAV, despite IFN-β 

anti-viral activity (116). IFN-λ is essential during IAV infection as the KO of its receptor 

in mice leads to increased mortality and blunted CD8+ T cell responses. This is because 

it impairs the migration and function of CD103+ dendritic cells (DC) which require 

intact IFN-λ signalling to restrict IL-10 production from CD103+ DC and optimally 

activate CD8+ T cells and clear IAV infection. Therefore, IFN-λ is crucial during the 

response to IAV infection, provides effective T-cell immunity, and helps bridge the 

gap between the innate and adaptive immune systems (117). 

Usually, IFNAR signalling increases IL-10 production which suppresses the release of 
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IFN-γ from NK cells. Therefore, IFNAR KO increases IFN-γ levels in KO mice. The 

depletion of NK cells in IFNAR KO mice, via a neutralising antibody, improved mice 

survival compared to those with intact NK cell compartments however, IFN-γ 

depletion did not. This indicates that NK cells are largely responsible for the acute 

lung injury and increased mortality observed in IFNAR KO mice during IAV infection, 

and demonstrates IFN-I signalling downregulates IFN-γ production (115). This also 

reveals not all immune responses benefit the host during infection and balance is 

crucial to avoiding immune mediated pulmonary injury that causes more damage 

than the initial infection itself (118). 

An example of this is the host protein NMP4, in response to IAV it exaggerates 

inflammation and its absence during IAV infection is highly beneficial: reducing 

mortality, lung cellularity, viral titre and weight loss during IAV infection (119). This is 

also demonstrated when shingosine-1-phosphate receptor (S1P1) activation 

suppresses cytokine release and the recruitment of innate cells. S1P1 KO mice are 

protected from death during IAV infection by interfering with the signalling pathways 

that mediate a cytokine storm: an uncontrolled, overreaction of the innate immune 

system where high levels of cytokines circulate and exacerbate infection. This 

demonstrates that a cytokine storm is a pathological event that can cause death 

during influenza infection (120). 

IAV itself can impact the extent of IFN response that occurs during infection. IAV 

strains with partial or complete deletions of NS1 are more potent IFN inducers (121). 

This demonstrates NS1 antagonises the IFN response during IAV infection. However, 

IFN antagonism can also be mediated by PB2 and PB1-F2. Both interact with the 

mitochondrial antiviral signalling protein (MAVS) to inhibit the promotion of IFN-β 
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expression and therefore the antiviral response to IAV infection (122, 123). 

Figure 6. Type I IFN signalling pathway and mediated effects.  
Following IFN-I release it binds to the IFN-α/β receptor (IFNAR) and initiates a signaling  
cascade which results in complex translocation to the nucleus. There it binds  
IFN-stimulated response elements (ISRE) on IFN stimulated gene (ISG) promotors to  
activate gene transcription and antiviral state induction. Adapted from Makris et al., (85). 
 

The release of IFN and other cytokines induces an antiviral state that is mediated not 

only by ISG but the recruitment and activation of leukocytes. Neutrophils, 

macrophages, T cells and other leukocytes migrate along chemokine gradients from 

circulation and tissues to sites of inflammation (Figure 6). Chemokine gradients are 

caused by some ISGs during pathological conditions and by immune cells that are 

recruiting cells to sites of infection. The net result of this is enhanced phagocytosis, 

antigen presentation, increased complement, and NK mediated cell lysis at infection 

sites (124). 

When neutrophils are recruited to the site of infection, they are typically refractory 

to infection and act to destroy pathogens. They achieve this through degranulation, 

the release of toxic granules from their cytoplasm and neutrophil extracellular traps 
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(NETs). NETs are composed from webs of chromatin fibres with these cytoplasmic 

granules within. These trap pathogens for degradation and prevent pathogens from 

spreading within the host. However, both responses can damage the host tissue and 

their control is essential to avoid an excessive response damaging respiratory tissues. 

Additionally, these recruited cells typically secrete further chemokines to recruit 

more cells to the infection site and amplify the immune response (118). 

 
 

1.2.1.4 Natural Killer cells 
 

NK cells are a type of innate lymphocyte that are activated in response to the 

secretion of IFN-α and IFN-β and promote defense against viruses. They provide a 

rapid response to virus infected cells by recognising the downregulation of MHC-I, a 

key feature of viral infected cells, and attacking them. Once active, they have many 

functions that together mediate an anti-viral response. In response to activation, they 

produce IFN-γ which primes other immune cells, promotes phagocytosis by 

macrophages, and supports the adaptive immune response killing infected cells (125, 

126). 

NK cells are the prime source of IFN during early infection, and essential for activation 

of the innate immune system (127, 128). Exogenous IFN-γ administration during the 

early stage of IAV infection protects against mortality and excess inflammation. This 

effect is NK cell dependant as IFN-γ administration stimulates NK cell proliferation 

and function therefore promoting viral clearance during infection (129). 

NK cell mediated cytotoxicity occurs via the release of perforin and granzymes from 

cytoplasmic granules. These induce apoptosis in target cells and infected cells. 

However, the role of NK mediated cytotoxicity during viral infection is limited (127). 



25  

NK cells can also kill cells by other methods such as; engagement of death (FAS/CD95) 

receptors and antibody dependent cell-mediated cytotoxicity (ADCC) (125, 126). 

During IAV infection NK cells are actively recruited and accumulate in the lungs to 

assist in viral clearance. NK cells were depleted using antiserum to GM1, expressed 

on NK cell membranes, during IAV infection; viral titres, morbidity and mortality all 

increased, demonstrating the protective importance of their antiviral activity (130, 

131). However, NK cell activity can also increase infection induced immunopathology 

with NK cell depletion via a monoclonal antibody reducing mortality (132). 

Additionally, increased NK cell activity observed throughout pregnancy increases 

inflammation, infection induced pathology, morbidity and mortality during IAV 

infection (133). This suggests a variable role for NK cells during IAV infection that 

must be balanced for a protective anti-viral effect to occur. This may be mediated by 

dose-dependent responses as variable NK functions have been observed during in 

vivo infection using variable IAV doses (132, 134). 

 
 

1.2.1.5 Priming the adaptive immune response 
 

A key function of the innate immune system is to prime and present antigens to T- 

and B-cells, to activate the adaptive immune response. This antigen presentation 

leads to a more versatile, specific, long-lasting immune response. It occurs following 

the internalisation and presentation of antigens by antigen presenting cells (APC) 

such as dendritic cells (DC). Antigens are degraded into small peptide fragments and 

displayed on the cell surface in MHC complexes so they can be recognised by a T- or 

B-cell. It is currently unknown which specific DC subset is responsible for IAV antigen 

presentation (135). However, CD103+ and CD11b+ DC are critical APC subsets in 
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mediating an adaptive immune response against IAV infection. Both DC subsets 

present antigen to CD4+ T cells but CD103+ DC preferentially present to CD8+ T-cells 

(136). 

Only DC are professional APC however many other cells such as macrophages and B- 

cells can act as APC under certain conditions (137). It has also been postulated that 

neutrophils can act as APC during IAV infection. Their depletion via a monoclonal 

antibody significantly reduced the IFN- levels produced by CD8+ T-cells in the lungs 

during infection suggesting less CD8+ T-cells were activated in the absence of 

neutrophils and they can act as APC (138). However, other studies have observed that 

neutrophils are only crucial for sustaining CD8+ T-cell responses at the site of 

infection, not for maintaining influenza antigen presentation. Therefore, neutrophils 

may not act as APC but their presence be crucial for effective CD8+ T-cells responses 

and cytokine production (139). 

During IAV infection, antigens are typically acquired by DC through phagocytosis or 

direct infection (135). However, infection does not always result in the release of 

infectious virions as only myeloid and not plasmacytoid DC are able to support virus 

replication (140). The infection of DC and APC could be a consequence of viral 

evolution mechanism targeting impairment of the adaptive immune response. First, 

through apoptosis of infected DC and secondly, by impairing the cross presentation 

of infected cells up to 300 times compared to uninfected cells, determined by 

quantitative analysis of western blot showing IAV internalised by infected and 

uninfected DC (140). 

Following antigen presentation during the initial immune response, APC travel 

through the lymphatic system to the lymph nodes to present antigen to resident 
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adaptive immune cells. This provides an environment where APC can display their 

antigens to T-cells and B-cells and activate the adaptive immune response. 

 
 

1.2.2 Adaptive Immune System 
 

The adaptive immune response is comprised of cell-mediated and humoral immunity. 

It is a highly specific pathway that is activated upon exposure to pathogens. Unlike 

the innate immune system, it can create memory responses and provide lifetime 

protection. Cell-mediated immunity protects the host by identifying and destroying 

infected cells. This is primarily mediated by T-cells and is particularly effective at 

killing virus infected cells and stimulating other immune cells. Humoral immunity is 

primarily mediated by antibodies secreted from plasma cells, differentiated B-cells. 

Antibodies act to prime and neutralise antigens to assist with pathogen elimination. 

 
 

1.2.2.1 T-cells 
 

T-cells develop in the thymus and exit, once mature, as naïve T-cells. T-cells are 

comprised of two major subsets: CD8+ T-cells and CD4+ T-cells. These are named after 

the surface proteins, CD8 and CD4, they display. They travel through the blood and 

lymphatic systems in search of APC presenting one specific antigen via its MHC 

complex. Each T-cell has a unique T-Cell Receptor (TCR) that recognises one specific 

antigenic epitope when presented on APC by MHC, not as free extracellular antigens. 

To activate a T-cell and stimulate an effector immune response three signals are 

required. The first is antigen specific and involves the TCR and MHC-APC complex. 

The second occur through the interaction of co-stimulatory molecules present on the 



28  

T-cell and APC, such as those detailed in Figure 7. The third signal is mediated by 

polarizing cytokines that guide T-cell differentiation into effector T-cell subsets (141). 

If the sole signal present is between the APC and TCR then T-cell anergy or tolerance 

occurs and future T-cell activation in response to the same antigen is harder. Co- 

stimulation is therefore essential for an effective immune response to occur. 

Antigens are presented on APC by either class I or class II MHC molecules; MHC class 

I molecules are expressed on all nucleated cells and present intracellular pathogens 

to CD8+ T-cells. Conversely, MHC class II molecules are only expressed on professional 

APC and only present extracellular pathogens to CD4+ T-cells. However, MHC class I 

molecules are also capable of presenting extracellular/exogenous antigens to CD8+ T- 

cells via cross presentation. Cross presentation enables pathogens like viruses and 

tumours in the host to induce an immune response against them. 

 

Figure 7. The interaction of co-stimulatory ligands and receptors projecting from APC 
and T-cells. 
Co-stimulatory ligands bind receptors on T-cells alongside the antigen binding to the 
TCR. This co-stimulation is essential for the APC-TCR interaction resulting in T cell 
activation and an effector immune response. Image from Gizinski et al., 2010 (142). 
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CD8+ T-cells are cytotoxic T-cells (CTL) and CD4+ T cells helper T-cells (Th). CTL instruct 

infected cells to undergo programmed cell death and secrete perforins, granzymes 

and cytokines, such as IL-2 and IFN- γ, that amplify the innate and adaptive immune 

responses through recruitment of other immune cells, for example macrophages and 

NK cells (143). CD4+ T-cells effector responses differ depending on their type: type 1, 

type 2, or type 17. CD4+ T-cell’s type is decided by specific cytokine pattern, from a 

common precursor cell. Type 1 Th cells amplify the cellular mediated immune 

response. They release IFN-γ and TNF-β and induce programmed cell death via 

macrophages and CTL. Type 2 Th cells amplify humoral B cell responses. They 

stimulate B cell proliferation, class switching and most importantly antibody 

production. They produce IL-4, IL-6, IL-10 and IL-13 cytokines that induce an anti- 

inflammatory response and inhibit type 1 Th cell response. Type 17 Th cells are 

distinct from type 1 and 2 Th. They typically lie at mucosal barriers and produce IL- 

17, inducing a pro-inflammatory response (144). 

More specifically, both CD8+ and CD4+ T-cells are required for protection and 

clearance of IAV infection. Knockout mice defective in MHC I are also defective in 

antigen presentation and unable to activate CD8+ T-cells during non-lethal IAV 

infections. These KO mice suffer from delayed viral clearance compared to WT mice. 

The clearance of infection in these mice is most likely due to CD4+ T-cells, 

demonstrating that CD8+ T-cells are not the sole mediators of protection and viral 

clearance against IAV (145). CD8+ T-cells do however provide cross protection against 

heterologous virus strains. This was demonstrated via T-cell antibody-mediated 

depletion in mice prior to IAV vaccination (146). 
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CD4+ T-cells are required during IAV infection for viral clearance and survival. Their 

depletion increased mortality, susceptibility to IAV and decreased the number of 

CD8+ T cells recruited in bronchoalveolar lavage (BAL) during infection. This shows 

that CD4+ T-cells promote the expansion and recruitment of CD8+ T-cells during IAV 

infection and both are required for survival (147, 148). In addition to recruiting and 

mediating CD8+ T-cells activation during IAV infection, CD4+ T-cells also promote B- 

cell recruitment and activation through differentiation to Th1 cells (149). 

T-cells form a crucial part of the host’s immune response to IAV infection. Nude mice 

with no T-cells suffer from significantly increased mortality compared to WT mice 

during IAV infection. However, these deaths occurred significantly later than those in 

WT mice with infection persisting up to 28 days post infection in nude mice compared 

to 14 days in WT mice. Additionally, nude mice also had an increased number of 

pathological lesions and lower antibody titres the lung compared to WT mice during 

infection (150). Together this data confirms that although the innate immune 

response is protective during IAV infection, T-cells have a vital role in the host 

response and are crucial for the swift eradication of infection. 

However, not all immune responses to viral infection benefit the host. During IAV 

infection CD8+ T-cells follow neutrophil secreted chemokine trails and migrate to the 

infected tissue (151). IL-10 is a chemokine secreted in response to IAV viral antigens 

and is detectable in BAL 4 days post infection (d.p.i.). IL-10 levels increase from 4 d.p.i. 

peaking at day 8, this significant increase is accompanied by the recruitment of CD8+ 

and CD4+ T-cells and lung viral titre. This demonstrates IL-10 expression coincidences 

with the eradication of infection. The inhibition of IL-10 via a monoclonal antibody 

significantly increases and accelerates mortality in murine IAV infection models. 
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Interestingly however, this is due to increased inflammation and not a change in viral 

titre or clearance (152). This suggests IL-10 can modulate the immune response to 

avoid infection induced immunopathology and death. 

A similar role is also suggested for the cytokine TRAIL. TRAIL deficiency impairs CD8+ 

T-cell mediated immunity with IAV infected mice suffering increased mortality 

correlating with an increase in CD8+ T cells and no change in viral load, compared to 

WT mice (153). This is due to the regulation of CD8 T-cells by TRAIL and controlling 

the magnitude of inflammation. Therefore, its deficiency in mice increases 

inflammation, chemokine expression, cytotoxic activity and increases the chance of 

infection induced immunopathology and excessive tissue damage during IAV 

infection (154). 

 
 

1.2.2.2 B cells 
 

Humoral immunity is mediated by B-cells. They mediate this through by acting as APC 

and secreting antibodies. Unlike T-cells, B-cells can recognise free circulating antigens 

or those attached to the surface of microbes and trigger an immune response. This 

typically occurs in secondary lymphoid organs which act to bring the innate and 

adaptive immune system together (155). 

Like T-cells, B-cells receptors (BCR) have a unique variable region for each antigen 

fragment. BCR are composed of two structures: a membrane bound immunoglobulin 

and a signal transduction molecule. It is comprised from two heavy and two light 

chains joined by disulphide bonds. Together they form two regions: the constant 

region and the variable region (Figure 8). It is the variable region that contains the 

unique antigen binding site, the constant region determines the isotype (IgA, IgD, 
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IgE, IgG or IgM) of the BCR. The signal transduction molecule is an Igα/Igβ 

heterodimer which spans the cell membrane, close to the BCR. It mediates 

downstream signalling following receptor activation. 

Figure 8. Structure of B cell receptor.  
The BCR is comprised of a variable region which contains the antigen binding site and  
the constant region which determines the isotype of the receptor. The signal  
transduction region is connected to the membrane bound immunoglobulin via a  
disulphide bridge. Adapted from Chaplin (155). 

 

The humoral immune response is primarily activated by T-cell dependent and 

independent mechanisms. BCR co-stimulation is essential alongside for clonal 

expansion to occur. This results in the production of identical daughter cells, termed 

plasmablasts, from the activated parent cell that can act as either effector or memory 

cells during the humoral immune response. 

Plasmablasts differentiate following clonal expansion and act as either short-lived 

plasmablasts, long-lived plasma cells or memory cells. Together these mediate short- 

and long-term protection against encountered antigens. Individually, short-lived 

plasmablasts secrete antibodies that bind and neutralise pathogens, such as free 

virus particles. Long-lived plasma cells have undergone affinity maturation and 



33  

secrete antibodies with a greater affinity for their target antigen. Memory cells 

circulate throughout the body and initiate a stronger, and quicker response upon re- 

exposure to an antigen. 

Antibodies secreted from plasma cells mediate the humoral immune response by 

binding their pathogen target preventing it binding to cells and causing further 

infection. Antigen-antibody complexes can then removed by macrophages or NK 

cells. Antibodies also help eradicate infection through opsonisation of pathogens, 

enhancing phagocytosis, activation of the complement cascade and triggering 

antibody dependent cell-mediated cytotoxicity (ADCC) (118). 

B cells are crucial for the resolution of IAV infection in mice. B-cell KO leads to 

impaired viral clearance and increased mortality compared to WT mice (156, 157). B- 

cells are crucial for generating a neutralising antibody, which is essential as part of 

the hosts response to infection. Its neutralisation of progeny virus mean B-cells are 

as important as CD8+ T-cells for the clearance of antigens and recovery of the host 

against IAV infection (158). This is supported by B cells importance during IAV 

rechallenge. Increased mortality is observed in B-cell KO mice upon rechallenge due 

to no neutralising antibody being in circulation. However, after vaccination increased 

resistance occurs following rechallenge in B-cell KO mice. This is due to the presence 

of a memory T-cell response which promotes recovery, indicating virus can be cleared 

without the humoral immune response. Though this clearance does not occur in the 

absence of both B cells and CD8+ T cells (159). Together this data demonstrates the 

crucial role of humoral immunity against IAV and is reinforced by the longer lasting 

nature of the humoral memory response compared to T-cell memory response (156- 

158). 
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The host’s immune response is primarily regulated by antigen availability. Upon 

clearance of an antigen a lack of signal arises and consequently immune response 

decreases. This leads to most effector cells involved in the immune response no 

longer being required. They undergo apoptosis to prevent unnecessary inflammation 

and tissue damage now the infection is resolved (160). 

 
 

1.3 Short Palate Lung and Nasal Epithelial Clone 1 (SPLUNC1) 

 
1.3.1 Expression and Distribution 

 
SPLUNC1 was first identified in the lower respiratory tract, specifically the trachea 

and upper bronchi, and in the nasal and oral cavities in mouse embryos (161). Soon 

after, its expression was also identified in humans in the trachea and upper airways, 

nasopharyngeal epithelium and salivary glands (162). As well as humans and mice, 

SPLUNC1 is expressed and conserved in rats, chimpanzees, rhesus monkeys, dogs, 

and cattle (163, 164). Orthologs of SPLUNC1 have been identified in pigs, chinchillas, 

ferrets, bats, whales, gorillas, cats, pandas, rabbits, goats, sheep and numerous other 

species (165-168). 

The human Short Palate Lung and Nasal Epithelial Clone 1 (splunc1) gene has 9 exons 

and is located on chromosome 20q11.2 (162). The translated SPLUNC1 protein is a 

25 kDa monomer composed from a six-stranded antiparallel β-sheet flanked by six α- 

helices (169). However, multiple isoforms of SPLUNC1 have been identified in human 

nasal lavage samples, indicating SPLUNC1 undergoes N-linked glycosylation as well as 

other post-translational modifications (170). It is between the β-sheet and α-helices 

that the greatest structural variabilities between human and mouse SPLUNC1 occur. 

Although the human protein is 72% identical to the murine protein (Figure 9) (162), 
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exon 2 in the murine gene has an additional amino acid region present that is deleted 

in the human protein. This region is visible as the additional region at the N-

terminus of Figure 9-C, compared to Figure 9-B. (171). These variabilities mean that 

SPLUNC1 may function differently in mice compared to humans (172). 

 
 

 

Figure 9. Alignment of Human and Mouse SPLUNC1 amino acid sequence 
(A) Human SPLUNC1 (NP_001230122.1) and Mouse SPLUNC1 (NP_035256.2) 
sequences are aligned in top and bottom rows, respectively. The middle row details 
the amino acids conserved between species. The S18 sequence utilised in this thesis 
is highlighted in yellow. (B) shows the protein structure of human SPLUNC1 and (C) 
the protein structure of murine SPLUNC1. (B) and (C) were produced using Alpha 
Fold (273).   

 
 

In addition to the respiratory tract and nasal and oral cavities, SPLUNC1 is also 
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expressed in humans in saliva and the lining fluids of the airways and nasal regions 

(173-177). In the respiratory tract SPLUNC1 expression changes throughout with 

expression greatest in the trachea, decreasing throughout until the bronchi. 

Expression stops in the bronchioles and is absent in the peripheral lung (175, 178, 

179). 

In the respiratory tract SPLUNC1 is expressed in the upper respiratory epithelium by 

ciliated cells and in submucosal ducts and glands by columnar, squamous, ciliated, 

and serous cells (175, 177, 178, 180, 181). It is also expressed in mucosal glands in 

the nasal cavity, parotid and submandibular glands, saliva, nasopharyngeal secretions 

and tears (175, 177, 178). As well as its expression in stomach mucosa and 

epithelium, glands in eyelid tissue and in mice in non-ciliated cells in the respiratory 

epithelium, ducts and luminal of larynx, and weakly in larynx gland serous and mucus 

cells (182). 

However, SPLUNC1 expression does vary between models. In mice strains, expression 

in the BAL of 6 week old mice is two-fold higher in BALB/c mice compared to C57BL/6 

mice (183). Interestingly, differential expression has also been observed depending 

on sex. Expression of SPLUNC1 in female mice was significantly lower than that in 

male mice (184). In cell culture SPLUNC1 expression is dependent on the 

differentiation status of cells, and is greater when human nasal epithelial cells have 

differentiated (180, 185). In addition, SPLUNC1 expression also varies with age. 

SPLUNC1 expression is primarily postnatal not pre-natal and is typically detected in 

the trachea or bronchi a few days after birth (171). This is supported with the 

observation that SPLUNC1 expression is greater in the saliva of full term, compared 

to premature, babies at birth (186). SPLUNC1 expression and intensity decreases with 
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age in both humans and mice (183, 184). 

SPLUNC1 is also known as bactericidal/permeability-increasing fold-containing family 

A 1 (BPIFA1) because its N-terminal domain is similar to bactericidal/permeability- 

increasing (BPI). This similarity meant that SPLUNC1 was hypothesised to have innate 

antimicrobial activity like BPI does (169, 187, 188). 
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1.3.2 Biological functions 

 
1.3.2.1 Anti-bacterial 

 

The SPLUNC1 analogue, BPI, has innate antimicrobial activity; meaning that SPLUNC1 

was suspected of also having innate antimicrobial activity upon its discovery (188). 

Subsequently, SPLUNC1 has been observed to have anti-bacterial activity against 

many bacteria. It inhibits the growth of Pseudomonas aeruginosa colonies through 

bacteriostatic properties, forming small pores in bacteria wall which increase their 

permeability and restrict growth (189, 190). SPLUNC1 also inhibits the formation of 

biofilms in in vitro models of Pseudomonas aeruginosa infection (191). The 

antibacterial activity of SPLUNC1 is supported as its overexpression is essential for 

survival during Pseudomonas aeruginosa infection and its knockout in mice leads to 

increased biofilm formation, inflammation and changes to the epithelial secretions 

including decreased expression of MUC5A, MUC5B and Clara cell secretory protein 

(CCSP) (192, 193). 

Klebsiella pneumoniae is another gram-negative bacterium, like P. aeruginosa, whose 

infection is affected by SPLUNC1. During K. pneumoniae infection, SPLUNC1 was 

found to inhibit biofilm formation, alongside decreasing susceptibility and severity of 

infection (194). The importance of SPLUNC1’s antibacterial activity is further 

suggested as SPLUNC1 expression increases throughout K. pneumoniae infection, 

peaking 24 hours later (194). SPLUNC1 also has bacteriostatic and antibiofilm activity 

against Burkholderia Cepacia Complex, another gram-negative bacterium (195). 

Furthermore, SPLUNC1 expression is modulated, but significantly reduced, in the 
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bronchioalveolar lavage (BAL) of mice with pneumonia induced by the bacteria 

Streptococcus and P. aeruginosa (179). 

SPLUNC1 also has antibacterial effects against Mycoplasma pneumonia, an atypical 

bacterium which is neither gram positive nor negative. SPLUNC1 reduces its growth 

in both mice and humans by decreasing M. pneumonia adhesion and promoting 

bacterial clearance (196). During infection in mice increased SPLUNC1 expression was 

observed 4 hours post-infection, triggered by TLR2 stimulation and the NK-κβ 

signalling pathway (197, 198). 

SPLUNC1 binds lipopolysaccharides found in the outer membrane of gram-negative 

bacteria. This interaction contributes to its surfactant, bacteriostatic and 

antimicrobial activity against gram-negative bacterium (170, 176, 189, 199). 

However, SPLUNC1 anti-biofilm activity is not due to its surfactant activity but its α4 

helix, as its deletion removes anti-biofilm activity (199, 200). SPLUNC1 antibacterial 

activity is supported by its overexpression in transgenic mice resulting in enhanced 

bacterial clearance and death of many bacteria (192, 201). SPLUNC1 overexpression 

also decreased neutrophil infiltration and proinflammatory cytokine expression, 

SPLUNC1 KO reversed these (192, 202). Furthermore, SPLUNC1 KO mice have 

infections with an increased severity (202). 

 
 

1.3.2.2 Immunomodulation and Regulation 
 

SPLUNC1 assists the immune system clearing pathogens via multiple mechanisms. It 

can act as a chemoattractant and recruit neutrophils and macrophages to remove 

pathogens (190, 201, 203). During acute inflammation it can control neutrophil 

recruitment through IFN-γ and IFN-λ regulation of CXCL10 production (203). 
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Additionally, in these neutrophils SPLUNC1 is present in their granules, there its 

expression is linked to neutrophil activation, degranulation and stimulating 

neutrophil elastase activity (196, 204). Despite this however, neutrophil elastase is 

capable of degrading recombinant SPLUNC1 protein. Prevention of this degranulation 

helps to decrease the bacterial load observed during murine infections (205, 206). 

SPLUNC1 anti-inflammatory activity is also observed in mice where it can inhibit 

eosinophilic inflammation (207). Furthermore, SPLUNC1 expression is reduced in 

patients with oral lichen planus, chronic inflammation of oral mucus membranes, 

compared to controls (208). However, inflammation and initiation of the adaptive 

immune response in turn can also inhibit SPLUNC1 expression (183). Inflammation is 

also known to be greater in those with type 2 diabetes mellitus (DM) and expression 

of SPLUNC1 is also lower in type 2 DM patients compared to non-DM sufferers (209). 

Additionally, SPLUNC1 is associated with pro-Th1 and anti-Th2 activity. Th2 cytokines, 

such as IL-13, decrease SPLUNC1 expression and bacterial clearance. This may 

underlie the occurrence of persistent bacterial infections in allergic airways or simply 

reflect where SPLUNC1 is expressed and is not directly involved in host responses to 

pathogens (210, 211). 

SPLUNC1 expression is regulated via a multitude of mechanisms and modulates 

during infection. SPLUNC1 is dose dependently down regulated by IL-13 in cell culture 

(185). IL-13 also inhibits the SPLUNC1 expression induced by LPS and in those with 

eosinophilic chronic rhinosinusitis with nasal polyps and bacterial infection (212). In 

alveolar macrophages SPLUNC1 is down regulated by chloride channel accessory 1 

(CLCA1) (213). In lung epithelial cells expression is regulated by NOGO-B and induced 

following TLR2 activation (212, 214, 215). Finally, its expression is also regulated by 
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genotype. The SPLUNC1 rs750064 CC genotype results in significantly less mRNA 

expressed in epithelial cells from asthmatic and non-asthmatic patients, compared to 

the CT and TT genotypes. The CC genotype had a 33% incidence rate, an impact on 

baseline lung function in asthmatic patients and correlates with greater eosinophilic 

inflammation (216). 

 
 

1.3.2.3 Anti-viral effects 
 

Antiviral activity by SPLUNC1 has been observed against Epstein-Barr virus (EBV) in 

multiple models. SPLUNC1 addition to EBV transformed B-cell cell lines results in 

apoptosis and decreased EBV replication (189, 217). SPLUNC1 also inhibited the 

infection of human peripheral lymphocytes with EBV (217). SPLUNC1 can also reduce 

inflammation associated with EBV infection. The infection of nasopharyngeal 

carcinoma (NPC) cells with EBV induces the release of inflammatory cytokines 

however SPLUNC1 expression reverses this EBV induced inflammation (218). 

SPLUNC1’s antiviral activity however is not limited to EBV as SPLUNC1 KO mice 

support higher levels of human rhinovirus replication, compared to WT mice (219). 

Interestingly, SPLUNC1 expression is modulated in multiple viral infection including 

IAV, murine γ-herpesvirus 68 (MHV-68) and EBV. Specifically, MHV-68 infection 

modulates SPLUNC1 expression in the trachea, bronchi, and bronchioles. At seven 

d.p.i. there was a significant decrease in the expression area and intensity in the 

bronchioles. However, at 14 d.p.i. SPLUNC1 expression had been reversed and was 

greater in infected compared to non-infected mice in the trachea, bronchi, and 

bronchioles. The expression levels observed at 14 d.p.i. correlated with club cells 

differentiation into mucus secreting cells (220). This suggests SPLUNC1 could have 
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antiviral activity against multiple viruses and is involved in host mediated viral 

clearance. However SPLUNC1 expression did not change in human immunodeficiency 

virus (HIV) infection (221) suggesting this antiviral activity is not universal. 

 
 

1.3.2.3.1 Antiviral activity of SPLUNC1 against IAV 
 

In collaboration with Prof Colin Bingle at the University of Sheffield, our lab further 

investigated the possibility of SPLUNC1 having an antiviral role against IAV. During 

the infection of female CD57/B6L wildtype mice with IAV, SPLUNC1 expression 

significantly changes. It was significantly lower at 5 and 7 d.p.i. but by 14 d.p.i. 

expression had recovered to pre-infection levels (Figure 10). The decrease in 

expression observed at 7 d.p.i. primarily occurred in the trachea and bronchi. In the 

bronchioles the only expression change observed during infection was the 

significant increase in staining area and intensity at 14 d.p.i. (222). These findings 

are supported as a significant decrease in SPLUNC1 expression has been previously 

observed during IAV. However, this only occurs after an initial significant 

upregulation a few hours after infection (183, 223). 
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Figure 10. SPLUNC1 expression decreased throughout IAV infection in mice. 
Mice (n=4 per group) were intranasally infected with 103 pfu IAV X-31. Protein levels 
were determined from bronchoalveolar lavage samples. Statistics used were one- 
way analysis of variance (ANOVA) with Tukey post-hoc test. Reproduced with 
permission from (222). 
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Figure 11. SPLUNC1 KO mice lose significantly more weight during IAV compared to  
WT mice. 
Wildtype and SPLUNC1 KO mice (n=6 per group) were intranasally infected with 103 
pfu IAV X-31. Mice were weighed daily and represented as a percentage of the 
starting weight. Data represents the mean value ±s.e.m. and asterisks indicate 
statistical difference (two-way analysis of variance (ANOVA) with Bonferroni post- 
hoc test. Unpublished data from Stewart Group, reproduced with permission. 
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During IAV infections, SPLUNC1 KO mice lost significantly more weight throughout 

IAV infection with PR8 and X31 strains compared to wild type mice (Figure 11); 

furthermore, SPLUNC1 KO recorded significantly higher IAV virus titres at 1, 3, 5 and 

7 d.p.i. (Figure 12). Therefore, the absence of SPLUNC1 enabled IAV to be more 

pathogenic and lethal throughout infection (Figure 13) (222). 

 

 

Figure 12. Virus titres in lung tissues after infection with IAV X-31. 
C57BL6/J and SPLUNC1 KO mice were infected with 103 p.f.u. IAV X-31 intranasally. 
Lung tissue samples were taken at multiple timepoint post infection. Virus titres were 
determined by plaque assay. Statistics used were two-way ANOVA with Bonferroni 
post test, *P<0.05, ***P<0.001. Reproduced with permission from (222). 

 
 

Additionally, IAV infection spread and reached the distal bronchioles and alveoli 

earlier in SPLUNC1 KO mice compared to WT mice, at one day post infection (Figure 

14) (222). This supports the conclusion that SPLUNC1 absence encourages IAV 

infection. SPLUNC1 also limited the infection of epithelial cells. Mouse tracheal 

epithelial cells (mTEC) derived from WT and SPLUNC1 KO mice were grown at air- 

liquid interface (ALI) in culture then infected with IAV. The SPLUNC1 KO mice derived 

mTEC ALI cultures had an increased number of infected cells with IAV RNP complexes 
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compared with those from WT mice, a 2-fold higher intracellular IAV NP load and a 

higher IAV titre in apical wash fluid. The shows that SPLUNC1 limits IAV infection by 

preventing the infection of epithelial cells. Furthermore, in WT mTEC ALI cultures IAV 

bound predominantly to SPLUNC1-negative cells; demonstrating SPLUNC1 can 

decrease IAV binding and consequently the infection of cells (222). 
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Figure 13. SPLUNC1 KO mice have decreased survival compared to WT mice  
following IAV infection. 
Wildtype C57BL6/J and SPLUNC1 KO mice were infected with 103 p.f.u. IAV X-31 
intranasally. Survival was determined by 20% weight loss from starting weight or 
high severity health score. Unpublished data from Stewart lab, reproduced with 
permission. 
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Figure 14. IAV spreads quicker in the absence of SPLUNC1. 
WT (C57BL/6J) and SPLUNC1-/- mice were intranasally infected with 103 pfu. IAV X-31. 
Lung tissue was collected at 1-day post infection and IAV antigen detected by 
immunohistology using goat anti-IAV. Reproduced with permission from (222). 

 

 
1.3.3 Involvement in disease 

 
1.3.3.1 Cystic Fibrosis and other pulmonary diseases 

 

SPLUNC1 can regulate the epithelial sodium channel (ENaC) by binding extracellularly 

to its subunits ENaC α, β and γ. ENaC is particularly important in cystic fibrosis (CF) 

patients as its activity increases in the absence of Cystic Fibrosis Transmembrane 

conductance Regulator (CFTR), which causes Airway Surface Liquid (ASL) dehydration 

and reduced mucociliary clearance. SPLUNC1 binding to ENaC causes ENaC 

internalisation, changing the of ENaC density in the plasma membrane (224). In turn 
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this reduces Na+ and ASL absorption, by reducing ENaC cleavage and activation. It is 

through this interaction that ASL volume is controlled (225, 226). 

SPLUNC1 expression varies in cystic fibrosis patients compared to those who do not 

suffer the disease. SPLUNC1 expression is increased in the bronchiolar epithelium and 

in inflammatory mucus plugs. The increased expression observed is in respiratory 

epithelial not inflammatory cells (227). Due to SPLUNC1’s antimicrobial and anti- 

inflammatory activity its increased expression could be advantageous to CF patients. 

However, SPLUNC1 expression is not always greater in CF patients and some studies 

have identified a significantly reduction in protein levels in the sputum of CF patients. 

Neutrophil elastase present in CF sputum can degrade SPLUNC1. This correlates with 

the decreased expression of SPLUNC1 and increased expression of ENaC subunits in 

the bronchi of some CF. Therefore, this decreased SPLUNC1 expression is 

encouraging increased ENaC activity and ASL dehydration (225). 

Human SPLUNC1 has an 18 amino acid region at the beginning of the N terminus, 

which is not present in its tertiary protein structure, named S18 (169, 228-230). S18 

itself does not possess any antimicrobial or anti-biofilm activity associated with 

SPLUNC1 (231). However, it can inhibit the ENaC channel therefore increasing ASL 

height and reverse the ASL dehydration seen in CF patients. It achieves this by 

binding to the ENaC β subunit and inhibiting absorption but not secretion (230, 

231). However, S18 is degraded by proteases in CF sputum. Therefore, an optimised 

version of S18, SPX- 101, was created. SPX-101 increases ASL height, regulates ENaC 

surface density and mucus transport. Furthermore, SPX-101 increased the weight, a 

known indicator of overall mouse health, and survival of β-ENaC transgenic mice. 

Furthermore, it is not degraded by CF sputum (229, 232). The human S18 sequence 
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is partially conserved in mice but is interrupted in murine SPLUNC1 with an extra 

region contained in exon 2 (Figure 9-A). S18 is present at the N-terminus of 

SPLUNC1 and is free of tertiary protein structure in humans and mice (Figure 9-B & 

C). SPLUNC1 can also regulate ASL volume by changing the of ENaC density in the 

plasma membrane (224). In addition, SPLUNC1 ENaC activity is pH dependent. This 

is due to two salt bridges present in SPLUNC1 protein. Acidic ASL cause SPLUNC1 to 

become inactive. CF ASL is acidic, this renders SPLUNC1 inactive and ENaC and ASL 

regulation does not occur in CF airways (233). This is supported by the increased 

ENaC and cleaved ENaC protein identified in CF bronchi (225). SPLUNC1 antibacterial 

activity is also pH sensitive. SPLUNC1 inactivity in acidic CF airways therefore could 

also contribute to the increased bacteria growth observed in CF patients (234). 

In addition to CF, SPLUNC1 has also been linked with an involvement in other 

pulmonary diseases. In both Chronic Obstructive Pulmonary Disease (COPD) and 

pulmonary fibrosis SPLUNC1 expression differs with disease severity. SPLUNC1 

expression is significantly greater in severe COPD sufferers compared to mild and 

non-sufferers, and in progressive vs stable idiopathic pulmonary fibrosis (235, 236). 

In COPD, expression inversely correlated to lung function and positively correlated 

with goblet cell hyperplasia (235). The modulation of expression during the 

progression of pulmonary disease could suggest SPLUNC1 involvement in this 

process. 

 
 

1.3.3.2 Airway Irritants and Allergy 
 

Recently, SPLUNC1 has been identified as an epithelial derived smooth muscle 

relaxing factor that can regulate airway contraction. SPLUNC1 expression is reduced 
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in asthmatic patients, this correlates with airway smooth muscle contraction (ASMC), 

this effect was mimicked in SPLUNC1 knockout mice (237, 238). This occurs because 

SPLUNC1 α6 helix inhibits Ca2+ entry during ASMC, this decreases myosin light chain 

phosphorylation and consequently ASMC (237). 

SPLUNC1 expression and activity also differs in smokers. Expression in nasal lavage 

fluid and airway epithelium is reduced in smokers (239, 240). Exposure to cigars and 

cigarettes inhibits SPLUNC1 antimicrobial activity as well as its ability to bind human 

bronchiolar epithelial cells and regulate ASL height (241, 242). Additionally, 

expression of a particular SPLUNC1 isoform, molecular weight of 28.1 kDa, was 

notably increased proportionally in smokers, indicating possible inflammatory 

activity (243). 

SPLUNC1 expression is reduced in numerous other situations including: airway 

symptoms relating to metalwork exposure at work (244), seasonal allergic rhinitis 

during the pollen season (239, 245) and in chronic rhinosinusitis sufferers with nasal 

polyps (CRSwNP) (181, 211, 239, 244, 245). Decreased expression in those with 

CRSwNP is due to decreased glands in those with nasal polyps (181). Interestingly 

SPLUNC1 expression was further decreased in CRSwNP patients with eosinophil 

presence, indicating inflammation at their site (211). 

 
 

1.3.3.3 Cancer 
 

SPLUNC1 involvement has been implicated and connected in numerous types of 

cancer. Its expression is significantly greater in those with lung cancer compared to 

benign lung diseases (246). In addition, it has been identified as a potential biomarker 

for the diagnosis and grading of numerous cancers, including the lung, colon, salivary 
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glands and stomach (184, 247-249). SPLUNC1 has already been identified as a marker 

for non-small cell lung cancer (NSCLC) diagnosis and staging (250). Its expression is 

enhanced in 81% NSCLC tumour tissue and 25% of lung cancer biopsies overall (251, 

252). SPLUNC1 was the most upregulated gene in NSCLC patient peripheral blood 

samples with expression also upregulated in pleural fluid and saliva micro-vesicles 

(250, 253, 254). Furthermore, SPLUNC1 presence in lymph nodes in non-small cell 

lung cancer (NSCLC) indicated micro-metastasis (255). However this had no 

relationship with patient progression in early stage NSCLC (256). 

SPLUNC1 is also known to contribute to the growth and development of 

nasopharyngeal carcinoma (NPC). SPLUNC1 expression is upregulated in the initial 

growth stages but is downregulated and lost during NPC progression and the later, 

aggressive stages of tumour growth (217, 257, 258). Its initial upregulation suggests 

SPLUNC1 contributes to the initial resistance of NPC growth. However, its later 

downregulation demonstrates the resistance developed to this mechanism as NPC 

growth progresses (252, 259). 

SPLUNC1 is likely involved in a gene network associated with NPC carcinogenesis. 

SPLUNC1 transcription can be stimulated by All Trans Retinoic Acid (ATRA) but itself 

can decrease known oncogenes expression. ATRA inhibits the growth of NPC cells 

(258). This is partly achieved through increased SPLUNC1 expression as SPLUNC1 

decreases oncogene expression and inhibits the oncogenicity of EBV in the 

respiratory epithelium (189). Therefore, increased SPLUNC1 expression during initial 

NPC development tries to inhibit the growth of NPC cells (189, 258). 
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1.4 Aims 

 
SPLUNC1 is a host protein with known antiviral activity against IAV, a pathogen that 

causes significant illness and places a substantial burden on society. However, little 

is known about SPLUNC1 antiviral role in the immune response and the mechanism 

of action for this antiviral activity has not yet been elucidated. Therefore, the overall 

aim of this project was to elucidate whether SPLUNC1 antiviral activity was due to a 

direct interaction with IAV, further explore SPLUNC1 effect on IAV infection and 

produce SPLUNC1 KO cell line using CRISPR-Cas9 technology to aid these studies. 

Finally, SPLUNC1 S18 region will also be investigated to identify if it is responsible for 

SPLUNC1 antiviral activity and if it could act as an adjuvant and enhance protection 

against IAV infection. 
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2 Methods 

 
2.1 Mammalian Culture techniques 

 
2.1.1 Cell passaging and maintenance 

 
Cells were cultured in 25, 75 or 175 cm2 vented tissue culture flasks (Corning) at 37oC 

in humidified incubators with 5% CO2. Cells were routinely passaged at 90% 

confluence. Media was removed, cells washed twice in D-PBS-0.01% EDTA (v/v) and 

trypsin-EDTA (0.25%) (Thermo Fisher) added. Cells were incubated for 5 min to break 

up the cell monolayer then collected in media and cells pelleted at 1,500 x g for 5 

min. Cells were resuspended in fresh media and spilt 1:10 into a fresh flask. Cells were 

routinely tested for mycoplasma every two months. The cell lines used are identified 

below in 2.1.2 and Table 1. 

2.1.2 Cell lines 
 

      Table 1 – Details of cell lines used and their culture medium. 
 

Cell line ATCC 

Code 

Media 

HEK 293T CRL-3216 Dulbecco’s Modified Eagle’s Medium (DMEM) 

high glucose (Sigma) supplemented with 10% 

(v/v) fetal bovine serum (FBS) (Gibco), 2mM L- 

glutamine (Sigma), 100 U/ml penicillin (Sigma) 

and 100 µg/ml streptomycin (Sigma). 

A549 CCL-185 DMEM with 10% FBS (Gibco), 2mM L-glutamine 

(Sigma), 100 U/ml penicillin (Sigma) and 100 

µg/ml streptomycin (Sigma). 

MDCK CCL-34 DMEM with 10% FBS (Gibco), 2mM L-glutamine 

(Sigma), 100 U/ml penicillin (Sigma) and 100 

µg/ml streptomycin (Sigma). 

MDCK-SIAT1 Provided 

by Prof. 

DMEM with 10% FBS (Gibco), 2mM L-glutamine 

(Sigma), 100 U/ml penicillin (Sigma),100 µg/ml 
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 Paul 

Digard 

streptomycin (Sigma) and 50μg/ml geneticin 

(G418) (Sigma). 

BHK-21 CCL-10 DMEM with 10% FBS (Gibco), 2mM L-glutamine 

(Sigma), 10 U/ml penicillin (Sigma) and 100 µg/ml 

streptomycin (Sigma). 

Jurkat TIB-152 Roswell Park Memorial Institute (RPMI) 1640 

Medium (Sigma) supplemented with 10% (v/v) 

FBS (Gibco), 2mM L-glutamine (Sigma), 100 U/ml 

penicillin (Sigma) and 100 µg/ml streptomycin 

(Sigma). 

HBEC3-KT CRL-4051 Keratinocyte Serum Free Media (KSFM) (Thermo 

Fisher) supplemented with 5 ng/ml recombinant 

Epidermal Growth Factor (rEGF), 50 μg/ml Bovine 

Pituitary Extract (BPE) and 50 μg/ml gentamicin 

(Sigma). 

Or PneumaCult Ex Plus basal media (Stem Cell) 

supplemented with 50X PneumaCult Ex Plus 

supplement, 96 ng/ml hydrocortisone (Stem Cell) 

and 50 μg/ml gentamicin (Sigma). 

Or PneumaCult-ALI basal medium (Stem Cell) 

supplemented with PneumaCult-ALI 10X 

supplement, 480 ng/ml hydrocortisone (Stem 

Cell), 4 μg/ml 

heparin (Stem Cell) and 50 μg/ml gentamicin 

(Sigma). 

 
 

2.1.3 Thawing 
 

Vials of frozen cells were warmed to 37oC in a water bath. Media was added slowly, 

dropwise to the thawed cells to dilute the DMSO (Sigma). One drop of media was 

added every 10 s for the first ml, 2 drops for the second ml. This continued till the 

total volume was 7 ml. Cells were pelleted at 1500 x g for 5 min then the pellet re- 

suspended in fresh media and placed in a T25 flask (Corning). 
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2.1.4 Freezing 
 

Cells were pelleted at 1500 x g for 5 min. The pellet was re-suspended in half the 

desired final volume pre-chilled freezing media 1 (40% FBS and 60% complete media). 

Then pre-chilled freezing media 2 (20% DMSO, 50% complete media and 30% FBS) 

was added dropwise to the cells. Cells were then placed in a MrFrosty Freezing 

Container (Thermo Fisher) overnight at -80oC and transferred to liquid nitrogen the 

following day. Note, HBEC3-KT cells were frozen without FBS present. 

 

 
2.1.5 Transfection of cell lines 

 
Transfections were performed with HEK 293T cells in a variety of plates and flasks 

(Corning). HEK 293T cells were plated at 6x104 cells/cm2 24 h prior to transfection to 

achieve 70% confluence at the point of transfection. Cells were then transfected with 

either calcium phosphate or TransIT-LT1 (MirusBio). 

2.1.5.1 Calcium Phosphate 
 

For 6 well plates, 15 μl 2.5M CaCl2 and 1 μg plasmid was made to a total volume of 

75 μl with ddH2O. This was added dropwise using a Pasteur pipette (StarLab) to an 

equal volume of 2x HEPES solution (Sigma), which was slowly having air bubbled 

through. This solution was incubated at room temperature (RT) for 30 min, thereafter 

the mixture was added dropwise to confluent cells. Cells were then incubated for 24 

h at 37oC in a humidified CO2 incubator then supernatant collected, and cells 

harvested, as required, for downstream processing. 
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2.1.5.2 TransIT-LT1 
 

For 6 well plates, 2.5 μg plasmid was mixed with 250 µl OptiMEM (ThermoFisher) and 
 

7.5 µl TransIT-LT1 (Mirus Bio). This mixture was incubated at RT for 30 min before 

being added to the media of each well dropwise. Twenty four hours later, 

supernatant was collected, and cells harvested or lysed, as required, for downstream 

processes. 

 
 

 
2.1.6 Air Liquid Interface (ALI) cell culture 

 
HBEC3-KT cells grown routinely in PneumaCult Ex Plus complete media were plated 

at 1x104 cells/well onto 0.4 μM Thincert inserts (Greiner) in 12 well plates (Greiner) 

with both the well and insert containing PneumaCult Ex Plus complete media. When 

cells were confluent, the media was removed from the well and replaced with 

PneumaCult-ALI complete media; the insert media was removed entirely. During ALI 

culture, media was changed throughout every two days. Once cells were confluent, 

the apical insert was washed weekly with D-PBS to remove excess mucus. KT cells in 

PneumaCult-ALI complete media were grown at ALI for 3 weeks before use in 

downstream experiments. HBEC3-KT cells grown on ALI scaffolds will be referred to 

as HBEC3-ALI cells in this thesis. 

 
 

2.1.7 Supernatant Concentration 

 
Supernatants collected from transfections and cell debris were pelleted at 1500 x g 

for 5 min then the supernatant concentrated using Amicon Ultra Centrifugal filters 

(10k) (Merck) following manufacturer’s instructions. When using 0.5 ml filters 20x 
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concentration was performed at 14,000 x g for 15 min and 15 ml filters 30x 

concentration at 4,000 x g for 20 min. 

 
 

2.1.8 Viral strains 
 

A variety of IAV strains were used during IAV infections and experiments during this 

study. Details of these strains, their subtype and isolation are detailed below in Table 

2. 

Table 2 - Details of the Influenza A Virus strains utilised in this thesis. 
 

Strain Subtype Origin 

A/Puerto Rico/8/34 

(PR8) 

H1N1 A/Puerto Rico/8/34, 

(260) 

MCherry PR8 H1N1 A/Puerto Rico/8/34, 

(260) 

GFP PR8 H1N1 A/Puerto Rico/8/34, 

(260) 

A/X31 H3N2 Kilbourne, 1969. (261) 

Eng195 H1N1 Human, 

A/England/195/2009 

 

 
2.1.9 Virus growth and preparation 

 
All PR8 strains and X31 were grown in the allantoic cavity of 9-day old embryonated 

chicken eggs (PDRC). Eggs were incubated in an egg incubator at 37oC and viability 

assessed by candling eggs. Eggs were inoculated using an 18 G needle and syringe 

with 150 μl of IAV diluted at 1:1000 or 1:10000 in PBS. Eggs were then incubated for 

48-72 hours at 35oC for human strains and 37oC for avian strains, the eggs viability 

was assessed again 24 h post inoculation and eggs containing dead embryos were 
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discarded. Upon completion of incubation the eggs were chilled overnight at 4oC to 

euthanise the embryos. The allanotoic fluid containing IAV was harvested separately 

from each egg then stored at -80oC prior to use. 

H1N1 Eng195 IAV was grown in MDCK-SIAT1 cells. Virus was incubated with 50% 

confluent MDCK-SIAT1 cells, plated 24 h previously, for 30 min. After inoculation, 

media supplemented with 50 μg/ml TPCK Trypsin but without FBS and G418 was 

added to cells. Four days later, the supernatant containing virus was collected. Both 

were titred by plaque assay, detailed in 2.1.11. 

 
 

2.1.10 Viral Infections 
 

Twenty-four hours before the time of infection, cells were plated to achieve 75% 

confluence the following day. After 24 h media was removed and in cases where FBS 

was present cells were washed once with D-PBS. Media was then replaced with IAV 

diluted in the appropriate amount of serum free media supplemented with 1 μg/ml 

TPCK trypsin (Thermo Fisher), to cleave HA0 as not all cell lines produce this 

endogenously, then incubated for 1 h at 37oC with 5% CO2. After 1 h, the virus mix 

was removed and replaced with fresh serum free media and incubated for up to 72 

h. MDCK cells were most frequently used for IAV infection as their high susceptibility to 

various IAV strains and has established them as the standard cell line for in vitro culture.  

 

2.1.11 Plaque assays 
 

Plaque assays were performed on 100% confluent MDCK cell plated 24 h earlier at 

1x106 cells/well in a 12 well plate. Virus dilutions were performed in a 96 well plate 

containing 270 μl DMEM supplemented with 0.1% TPCK trypsin. Thirty μl sample was 
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added to the first well and 10-fold serial dilution performed until 10-7 dilution. 

Supernatant samples from in vitro cell infections were prepared by debris being 

removed by pelleting at 1500 x g for 5 min. 

Tissue samples were homogenised using a Tissue Lyser LT. Twenty-five mg tissue was 

added to a 1.5ml micro-centrifuge tube containing 1 stainless steel bead and 500 µl 

DMEM. The tissue samples were homogenised at 30 Hz for 2 min, and repeated up 

to three times if the tissue was not completely homogenised. Tissue debris was 

pelleted at 2000 x g for 5 min at 4oC and the supernatant used as the virus sample in 

plaque assays. 

Media was removed from the confluent plate of MDCK’s and the cells washed once 

with D-PBS. The virus dilution sample, 270 μl, was added to its corresponding well 

and incubated at 37oC with 5% CO2 for one h. Then, the virus dilution was replaced 

with 1:1 mix of 2.4% Avicel and overlay media (20% 10X DMEM, 2% P/S and L- 

glutamine, and 3% HEPES and NaHCO3). Cells were incubated for up to 72h then fixed 

with 4:3 Acetone:Methanol and stained with 0.04% crystal violet. Plaques were 

counted manually by eye and the viral titre calculated using the equation: 

𝑉𝑖𝑟𝑢𝑠 𝑡𝑖𝑡𝑟𝑒 (𝑃𝐹𝑈/𝑚𝑙) = 
𝑝𝑓𝑢 

 
 

𝑚𝑙 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 
= 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 

Where volume is ml of virus dilution sample and the serial fold dilution of the well 

the plaques were counted from. 

2.1.12 Hemagglutination Assays 
 

A 96-well round bottom plate was filled with 50 µl D-PBS. Column one was filled with 

50 µl sample, mixed and then serially diluted 1:1 across the plate. After mixing in 

column 11, 50 µl was discarded; column 12 was left as a negative control. Then 0.5% 

of washed chicken red blood cells (Generon) were added to each well at a 1:1 dilution. 
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The plate was mixed by gentle tapping, then incubated at room temperature for 1 

hour. After this time, a button pinprick indicates a negative result and a halo or hazy 

well that hemagglutination has occurred and virus is present. Each sample was run in 

duplicate during each assay. 

 
 

 
2.1.13 MTS assay 

 
MTS assays were performed to determine the number of viable cells in cytotoxicity 

assays. Cells were plated in a 96 well flat-bottom plate 24 h prior to peptide addition, 

to achieve 70% confluence 24 h later. Each peptide was added at desired 

concentrations and incubated for 72 h. The MTS assay was performed with CellTitre 

96 AQueous One Solution Cell Proliferation Assay (Promega). Twenty µl CellTitre 96 

AQueous One Solution reagent was added to each well of the plate then incubated at 

37oC in a humidified, 5% CO2 incubator for 3h. Absorbance was then measured at 490 

nm with an Infinite F50 plate reader (Tecan). 

 
 

 
2.1.14 Sorting and maintenance of HBEC3-KT CRISPR edited cells 

 
2.1.14.1 Sorting via flow cytometry 

 
HBEC3-KT cells transfected 48 h earlier with sgRNA-Cas9 GFP plasmids were sorted 

using BD FACSAria II in a level 2 biosafety cabinet. Cells were collected via trypsin and 

resuspended in flow buffer (1x D-PBS, 0.5% BSA and 2mM EDTA) prior to sorting. 

First, live cells were selected by side scatter (SSC) SSC-A and forward side scatter (FSC) 

FSC-A, then doublets were excluded using a FSC-H and FSC-A gate. Transfected cells 

were identified as GFP positive and sorted using high GFP FITC-A into complete KSFM 
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media. This was completed at Liverpool School of Tropical Medicine facilities with the 

assistance of Dr Jesús Reiné. 

2.1.14.2 Maintenance 
 

After GFP sorting, cells were subject to limiting dilution in a 96-well plate to produce 

one cell per well in complete KSFM media. Cells incubated in a 37oC in a humidified 

5% CO2 incubator until confluent and the media changed every 2 to 3 days. Cells were 

passaged into a 24 well plate and maintained with 1:5 passaging twice a week whilst 

undergoing genotyping. Cells were subsequently re-sorted, as necessary to achieve a 

100% pure edited population, through serial dilution to one cell per well in a 96-well 

plate. 

 
 

 

2.2 Cloning 

 
2.2.1 PCR amplification 

 
PCR amplification was utilised to insert 6x His tag and Kozak consensus sequence onto 

the desired DNA fragment for downstream cloning processes. The templates used for 

PCR amplification of human SPLUNC1 (NM_016583), human surfactant protein D 

(SpD) (BC022318), mouse Transforming Growth Factor β receptor I (TGFβRI) 

(NM_001312868), mouse Transforming Growth Factor β receptor II (TGFβRII) 

(NM_009371) and human TGFβRII (NM_001024847) were human DNA, plasmid, 

bovine serum cDNA and plasmid, mouse cDNA and plasmid (Addgene #11766) 

respectively. The sequences for the desired DNA fragments were identified from 

GenBank. Cystatin-SpD (Figure 15) and Cystatin-TGFβRII (Figure 16_bookmark59) 

sequences were synthesised by GeneArt Gene Synthesis (ThermoFisher). PCR 
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amplification was performed using either KOD polymerase (Merck) (Table 3 and 

Table 4) or Phusion (New England BioLabs) (Table 5 and Table 6). The conditions and 

reagents used are detailed below. Annealing temperatures used in PCR reactions 

varied and are detailed in 2.2.9. The primers utilised in these PCR reactions are 

detailed in Table 7. Geneious Prime software was used throughout to annotate 

sequences and primers, aid sequencing results analysis, and produce vector and 

sequence maps. 
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Table 3 – Reagents and volume required for 50 μl PCR reaction using KOD polymerase. 

 
Component 50 µl Reaction 

10x buffer #1 for KOD DNA Polymerase 5 µl 

10 mM MgCl2 5 µl 

2 mM dNTPs 5 µl 

Forward Primer 1 μM 

Reverse Primer 1 μM 

Template DNA 1 µg 

KOD DNA Polymerase 0.4 µl 

PCR grade Water To 50 µl 
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       Table 4 – PCR cycling conditions for PC reactions using KOD polymerase. 
 

 
PCR reaction stage Conditions Number of cycles 

Initial denaturing 95oC, 1 min - 

Denaturing 94oC, 30 s  
 

35 Annealing 61-77oC, 30 s 

Elongation 72oC, 2 min 

Final elongation 72oC, 5 min - 

Hold 4oC, ∞ - 
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       Table 5 - Reagents and volume required for 50 μl PCR reaction using Phusion. 
 

Component 20 µl Reaction 

5X Phusion HF buffer 4 µl 

10mM dNTPs 0.4 µl 

Forward Primer 1 µM 

Reverse Primer 1 µM 

Template DNA 1 µg 

Phusion DNA Polymerase 0.2 µl 

Nuclease-free water To 20 µl 
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       Table 6 - PCR cycling conditions for PC reactions using Phusion. 
 

PCR reaction stage Conditions Number of cycles 

Initial denaturing 98oC, 30 s - 

Denaturing 98oC, 10 s  
 

35 Annealing 55-72oC, 30 s 

Elongation 72oC, 30 min 

Final elongation 72oC, 10 min - 

Hold 4 oC  
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Figure 15. Diagram of Cystatin secretion signal-SpD sequence synthesised by GeneArt Gene Synthesis (Thermo Fisher). 
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Figure 16. Diagram of Cystatin secretion signal-TGFβRII sequence synthesised by GeneArt Gene Synthesis (Thermo Fisher). 



68  

 

2.2.2 Agarose gel electrophoresis 
 

1% (w/v) agarose (Sigma) gel was prepared with 1x TAE buffer (40 mM Tris base, 20 

mM Acetic acid, 1 mM EDTA) and SYBR safe (Invitrogen). Samples were diluted with 

6x gel loading dye (NEB) then loaded onto the gel alongside GeneRuler 1kb or 100bp 

Plus DNA ladder (ThermoFisher). The gel was run for 45 min at 100V to separate 

products by weight then visualised using ChemiDoc imaging system (BioRad). 

 
 

 
2.2.3 Gel purification 

 
Following PCR amplification of inserts for cloning, PCR reactions were subject to gel 

electrophoresis and the desired band was excised and gel purified to extract the 

desired amplified fragment. The desired gel band was excised using a scalpel and gel 

purification performed using QIAquick Gel Extraction Kit (QIAgen) following the 

manufacturer’s instructions. 

 
 

 
2.2.4 PCR product purification 

 
Where PCR products were purified directly from the reaction purification was used 

to remove nucleotides, primers and enzymes from the PCR reaction product. It was 

performed with QIAquick PCR purification kit (QIAgen) using the manufacturer’s 

instructions. 
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2.2.5 Sticky-end restriction enzyme cloning 
 

Restriction enzyme cloning was used to ligate the PCR amplified fragments and 

expression vector together, pVR1255 (Figure 17), producing the desired plasmid. 

pVR1255 was used as it contains a hCMV Intron A region that increases translation 

efficiency. Both the PCR amplified fragment and the expression vector, pVR1255 

(260) (Figure 17), were digested with restriction enzymes. One μg DNA was used in 

the reaction with NEB3.1 buffer (New England BioLabs) and respective restriction 

enzymes (New England BioLabs). The reactions were incubated at 37oC for 2 h and 

the vector subsequently dephosphorylated using calf intestinal alkaline phosphatase 

(CIAP) (Invitrogen). For a 20 μl restriction enzyme reaction 2 μl 10X 

dephosphorylation buffer and 1 μl CIAP were added then incubated at 37oC for 20 

min. This was to dephosphorylate the linearised vectors 5’-phosphate groups and 

allow the DNA insert to be ligated with the plasmid. 

 

 

Figure 17. pVR1255 vector map produced in Geneious. 
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2.2.6 CRISPR 
 

IDT online CRIPSR design tool was used to identify possible sgRNA sequences directly 

upstream of PAM sites (5’-NGG) in SPLUNC1 gDNA (NM130852.3). These were 

screened for possible off target effects and those gRNA excluded. sgRNA were 

annealed using 10 μM forward and reverse sgRNA with 10x T4 ligation buffer in a 

thermocycler at 37oC for 30 min, 95oC for 5 min then the temperature decreased to 

25oC at 5oC min-1. Annealed sgRNA were diluted 1:200 and ligated into pSpCas9(BB)- 

2A-GFP (PX458) kindly gifted from Feng Zhang (Addgene plasmid # 48138; 

http://n2t.net/addgene:48138; RRID:Addgene_48138). Ligation and subsequent 

transformation reactions were performed as described in 2.2.7. 

 

 
2.2.7 Ligation & Transformation 

 
Ligation of the PCR amplified fragment into linearised pVR1255 was performed using 

T4 DNA ligase (10X) (ThermoFisher) overnight at 4oC with 1 unit of T4 DNA ligase. The 

following day, OneShot Top10 Chemically Competent E. coli (Invitrogen) were used 

to transfer plasmids into bacteria. pVR1255 plasmid (2 µl) was mixed with 50 µl 

competent bacteria in a 1.5 ml eppendorf and incubated on ice for 30 min. Cells were 

heat shocked at 42oC for 30 s before returning to ice for 2 min. This mixture was 

supplemented with 350 µl of warmed SOC medium (Invitrogen) then incubated at 

37oC in a shaking incubator at 180 rpm for 1 h. After, 50 µl of the mix was plated onto 

LB agar plates supplemented with appropriate antibiotic. This was to select for the 

growth of bacteria containing the transformed plasmid only, which contained an 

antibiotic resistance gene. Kanamycin (Sigma) was used at 50 µg/ml with pVR1255 
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and ampicillin (Sigma) at 100 μg/ml with pSpCas9(BB)-2A-GFP. The plates were 

incubated overnight at 37oC. 

 
 
 

2.2.8 Selection of bacterial colonies and plasmid DNA extraction from bacteria 

After overnight incubation, 10 individual bacterial colonies were picked using a 

pipette tip and inoculated into 5 ml of LB broth (Sigma) supplemented with the 

respective antibiotic. These were incubated at 37oC, shaking at 180 x g for 20 h. 

Bacteria were pelleted from cultures at 5000 x g for 10 min and plasmid DNA was 

extracted using QIAgen Spin Miniprep Kit (Qiagen) as per manufacturer’s 

instructions. Plasmid DNA was eluted in 30 µl TE buffer. 

Selected colonies were screened using PCR and RE digest. PCR reactions were set up 

with the primers used to generate the DNA fragment via PCR amplification. PCR was 

performed using KOD polymerase detailed in 2.2.1. Restriction enzyme digestion was 

performed using the conditions detailed in 2.2.5. PCR and RE digest products were 

separated using gel electrophoresis (2.2.2) with positive colonies identified through 

expected molecular weights. Confirmation of the plasmid sequence was obtained via 

Sanger sequencing (Source BioScience), with the forward PCR amplification primer. 

Once a positive colony was confirmed a QIAgen EndoFree Plasmid Maxi Kit (QIAgen) 

was used to prepare plasmid stocks for future use and plasmid stored aliquoted at - 

20oC. 

Plasmid DNA was extracted from bacteria on a larger scale using a QIAgen EndoFree 

Plasmid Maxi Kit (QIAgen). Positive bacterial colonies were inoculated into 250 ml LB 
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broth supplemented with kanamycin (50 μg/ml) or ampicillin (100 μg/ml). These 

were incubated at 37oC in shaking incubators at 200 x g for 17 h. DNA was pelleted 

at 6000 x g for 15 min at 4oC and plasmid DNA extracted using manufacturer’s 

instructions. Plasmids were eluted in 500 µl TE buffer. The quality and quantity of the 

plasmid DNA was determined using a NanoDrop One spectrophotometer (Thermo 

Scientific), with >250 μg DNA with an A260/280 >1.8 as the minimum limit accepted. 

Plasmids were then sent for sequencing (Source BioScience), from the forward PCR 

amplification primer. 
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2.2.9 Primers 
 

Table 7 - List of primers used in PCR amplification and colony screening experiments 
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2.3 RNA analysis 

 
2.3.1 RNA extraction from cell pellets 

 
RNA extraction from cells was carried out using TRIzol reagent (Thermo Fisher). Cell 

culture media was removed, cells washed twice with D-PBS and 1 ml TRIzol reagent 

added to the cell monolayer. The flask was incubated for 5 min before the samples 

were collected. 

Each sample was supplemented with 200 μl chloroform, mixed then separated at 

12,000 x g for 15 min at 4oC. The sample was separated into three layers: an upper 

aqueous phase containing RNA, an interphase, and a lower phase containing DNA. 

The 500 μl upper phase was removed and transferred into a fresh 1.5 ml Eppendorf 

and 500 μl isopropanol added. The samples were incubated for 10 min at room 

temperature prior pelleting the RNA at 12,000 x g for 10 min at 4oC. The supernatant 

was removed and the pellet washed with 1 ml 70% ethanol. The RNA was pelleted 

again at 7,500 x g for 5 min at 4oC, the supernatant removed and the pellet air dried 

for 5-10 min. The RNA was resuspended in 50 μl nuclease free water and quantified 

using a NanoDrop (Thermo Fisher). 
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2.3.2 RNA extraction from tissue samples 
 

Tissue samples were homogenised using a Tissue Lyser LT and 25 mg tissue added to 

a 1.5ml micro-centrifuge tube containing ceramic beads and 1 ml LS TRIzol. The tissue 

samples were homogenised at 30 Hz for 2 min, and repeated up to three times if the 

tissue was not completely homogenised. Tissue debris was pelleted at 2000 x g for 5 

min at 4oC and the supernatant underwent RNA extraction as described in 2.3.1. 

 
 

2.3.3 RNA extraction from swabs 
 

Throat swabs taken from mice described in 2.5.2 were placed in 500 µl DMEM and 

underwent one freeze thaw cycle to improve RNA yield. The swab was removed and 

the DMEM mixed with 1ml LS TRIzol. This mix incubated at RT for 5 min and then the 

RNA extracted as described in 2.3.1. 

 
 

2.3.4 DNase treatment 
 

RNA was treated with TURBO DNase kit (Thermo Fisher) to remove any residual DNA 

present in the extracted samples. Samples were diluted to 200 ng/μl with nuclease 

free water. 5 μl 10x TURBO DNase buffer and 1μl TURBO DNase was added to 50 μl 

RNA. The reaction was incubated at 37oC for 21 min. TURBO DNase was inactivated 

with EDTA to a final concentration of 15 mM and incubation at 75oC for 10 min. 

 
 
 

2.3.5 cDNA synthesis 
 

cDNA was synthesised from DNase treated RNA using SuperScript IV (SSIV) 

(Invitrogen). The first strand was synthesised from a reaction comprised of: 50 μM 



76  

random primers, 10 mM each dNTP, 500 ng RNA were mixed to a volume of 13 μl 

with nuclease free water. The mix was heated at 65oC for 5 min then one minute on 

ice to anneal primers to the RNA. Meanwhile the reverse transcription (RT) reaction 

mix was assembled with 4 μl SSIV 5x buffer, 1 μl DTT, 1μl RNase inhibitor and 1 μl 

SSIV per reaction. This was mixed, 7 μl added to each primer annealed RNA reaction 

and then incubated at 55oC for 10 min. The reaction was then inactivated with an 

80oC incubation for 10 min. 

 
 
 

2.3.6 PCR 
 

For PCR, Phusion DNA Polymerase (Thermo Fisher) was used as described in 2.2.1 

(Table 5 and Table 6_bookmark57). Annealing temperature was varied according to 

primers used and extension time to PCR product length. PCR products were 

visualised using agarose gel electrophoresis described in 2.2.2. 

 
 

 
2.3.7 RT-qPCR 

 
2.3.7.1 SYBR Green 

RT-qPCR for SPLUNC1 was performed with SYBR green using SYBR green master mix 

(ThermoFisher). SPLUNC1 was quantified using 10mM of each primer detailed in 

2.3.8 and the standard curve constructed from a 10-fold serial dilution of SPLUNC1- 

pVR1255 plasmid from 109 to 103 copies/reaction. All samples were run as duplicates 

with 100ng RNA quantified sample. Total reaction volume was 25μl per sample. The 

thermal cycling conditions were: 1 cycle of 50oC for 10 minutes and 1 cycle of 95oC 

for 5 minutes, followed by 35 cycles of 95oC for 10 secs and 60oC for 30 secs. A melt 
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curve was performed at the end of each assay to ensure each qPCR amplicon only 

had one distinct length; this is represented as a single discrete peak on a melt curve 

(Table 9). 

 
 

2.3.7.2 TaqMan 

qPCR experiments were performed for 18s and IAV on DNase treated RNA using 

GoTaq 1-Step RT-qPCR System (Promega) to quantify IAV viral loads. IAV viral load 

was quantified using the IAV primers and probe published with CDC IAV detection kit 

(20403211). The standard curve was constructed using the IAV reverse genetics M 

plasmid. 18s standard curve was generated using PCR amplification of murine 18S 

cDNA fragment using the primers F: ACCTGGTTGATCCTGCCAGGTAGC and R: 

GCATGCCAGAGTCTCGTTCG. Both 18s and IAV standards were diluted 10-fold from 

109 to 103 copies/reaction to produce the standard curve. The S18 primers and probe 

were utilised at 400 nM and 200 nM respectively. Each sample was quantified from 

100 ng RNA using the conditions below (Table 8) and run-in duplicate. The primers 

utilised in these reactions are detailed in Table 10. Total reaction volume was 25μl 

per sample. 
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Table 8 – RT-qPCR cycling conditions using Taqman. 

 
 

Reaction stage Conditions Number of cycles 

RT 45oC, 15 min - 

RT inactivation 95oC, 2 min - 

Denature 95oC, 3 s 40 cycles 

Anneal/Extension 60oC, 30 s 

 
 
 
 
 

2.3.7.3 Gene quantification 
 

Following RT-qPCR, data was analysed using relative standard curve method. The 

starting quantity of RNA in each reaction (in ng) was calculated using the standard 

curve and cycle threshold from each sample. As each sample was run in duplicate, 

first the mean starting quantity for each sample was calculated. It then converted to 

copies per μg of RNA in each sample. The expression of the target gene, for example 

SPLUNC1, was then normalised to the house keeping gene for each sample, 18s. To 

achieve this, 18s expression was normalised with the copies of 18s/μg in each sample 

divided by the mean 18s copies/μg from all samples. This normalised 18s value was 

then multiplied by the copies of SPLUNC1/μg for each sample and the expression of 

SPLUNC1/μg normalised to 18s calculated. 



79  

2.3.7.4 Melt Curve 
 

Melt curve steps were performed at the end of each SYBR green RT-qPCR, as detailed 

in 2.3.7.1. Melt curve peak temperatures for SPLUNC1 and 18s are detailed below in 

Table 9. 

Table 9 - Melt Curve temperatures for SYBR green RT-qPCR assays. 
 

 

Primer 
 

Sample 
 

Peak 1 (oC) 
 

Peak 2 (oC) 
 

SPLUNC1 
 

Positive 
 

85.50 
 

None 

 

SPLUNC1 
 

Negative 
 

None 
 

None 

 

18s 
 

Positive 
 

80.50 
 

None 

 

18s 
 

Negative 
 

None 
 

None 

 
 

2.3.7.5 Standard Curves 

RT—qPCR data was analysed using the relative standard curve method detailed in 
 

2.3.7.3. Standard curves were constructed as detailed in 2.3.7.1 and 2.3.7.2. 
 

Standard curves from each assay are included below (Figure 18, Figure 19 and Figure 20). 
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Figure 18. SPLUNC1 RT-qPCR standard curve. 
Standard curve was constructed from 10-fold serial dilution of SPLUNC1-pVR1255 
plasmid from 109 to 103 copies/reaction. Data points present are an average from 
sample run in duplicate and presented in black. Standard curve line of best fit is 
present in grey. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 19. IAV RT-qPCR standard curve. 
Standard curve was constructed from 10-fold serial dilution of IAV M plasmid from 
109 to 103 copies/reaction. Data points present are an average from sample run in 
duplicate and presented in black. Standard curve line of best fit is present in grey. 

35 
 

30 

y = 4.1032x - 0.0614 
 R² = 0.9902  

25 
 

20 
 

15 
 

10 
 

5 
 

0 

1.00E+10  1.00E+09  1.00E+08  1.00E+07  1.00E+06  1.00E+05  1.00E+04 

Copy Number 

30.00  y = 3.7103x + 5.3873  
R² = 0.995 

25.00 

 
20.00 

 
15.00 

 
10.00 

 
5.00 

 
0.00 

1.00E+00  2.00E+00  3.00E+00  4.00E+00  5.00E+00  6.00E+00 

Copy Number 

C
yc

le
 T

h
re

sh
o

ld
 

C
yc

le
 T

h
re

sh
o

ld
 



81  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 20. 18s RT-qPCR standard curve. 
Standard curve was constructed from 10-fold serial dilution of Murine 18s cDNA 
fragment from 109 to 103 copies/reaction. Data points present are an average from 
sample run in duplicate and presented in black. Standard curve line of best fit is 
present in grey. 
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2.3.8 Primers 
 

Table 10 – Primers used in qPCR reactions 

 

Name SYBR green 

or Taqman 

RT-qPCR 

Sequence (5’-3’) Annealing 

temperature 

(oC) 

SPLUNC1 
 

-F qPCR 

SYBR green ATGCCCTCAGCAATGGCCTGCT 60 

SPLUNC1 
 

-R qPCR 

GTGAGGCTGTCCAGAAGACC 

GAPDH F - GCACCGTCAAGGCTGAGAAC 65 

GAPDH R - TGGTGAAGACGCCAGTGGA 

Intron F - TACCCATGCCATGTTGGACTT 65 

Intron R - CCCTGGTGGAGATCAAAGCTC 

Tectin 

Forward 

- TGGAGCTGTGTCGTGATGTC 65 

Tectin 

Reverse 

- GCATACACAGCACTTCGTCG 

IAV M F Taqman GACCAATCCTGTCACCTCTGAC 60 

IAV M R AGGGCATTTTGGACAAAGCGTCTA 

IAV M 
 
probe 

 56-FAM 

CGTGCCCAGTGAGCAAGGACTGCA 

3IABkFQ 
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18s F Taqman ACCTGGTTGATCCTGCCAGGTAGC 60 

18s R AGCCATTCGCACTTTCACTGTAC 

18s Probe 5-HEX 

TCAAAGATTAAGCCATGCATGTCTAAGT 

ACGCAC 3IABkFQ 

 
 
 
 

2.4 Protein analysis 

 
2.4.1 Sample preparation 

 
Cell monolayers were washed three times with D-PBS-0.01%EDTA (Sigma) then lysed 

using 2x sample buffer (4% SDS, 20% glycerol, 0.004% bromophenol blue, 0.125 M 

Tris). Supernatant samples were prepared by adding an equal volume of 2X sample 

buffer (4% SDS, 20% glycerol and 120 mM Tris-Cl pH 6.8). Each sample was 

supplemented with 5% 2-mercaptoethanol (v/v) (Sigma) then boiled at 95oC for 10 

min. 

 
 

 
2.4.2 SDS-PAGE 

 
2.4.2.1 Tris glycine 

 

Proteins were separated by molecular weight using 12% acrylamide resolving gels 

(33% 1.5M Tris pH 8.8, 12% acrylamide, 25.8% dH2O, 0.1% SDS, 0.05% APS and 0.2% 
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TEMED) topped with stacking gel (11.6% 0.5M Tris pH 6.8, 5% acrylamide, 70% dH2O, 

0.1% SDS, 0.09% APS and 0.1% TEMED). Each well was loaded with 15 µl of each 

sample alongside 10 μl Spectra multicolour broad range protein ladder (Thermo 

Fisher). The SDS-PAGE gel electrophoresis was performed at 120 V for 1.5 h in 1x 

running buffer (25 mM Tris, 190 mM glycine and 0.1% SDS). 

2.4.2.2 Tris Tricine 
 

Tris tricine gels were used in SDS PAGE to visual proteins under 20kDa. Tris Tricine 

gels were 12% and comprised of a separating and stacking phase. Separating gels 

were comprised of 36.4% 29:1 acrylamide, 33.3% 3M Tris-CL/SDS at pH8.4, 30% 

water, 10% glycerol, 0.2% 10% APS and 0.1% TEMED. When the separating gel had 

set, the stacking gel was constructed on top with 10% 29:1 acrylamide, 25% 3M Tris- 

CL/SDS at pH8.4, 64% water, 8% 10% APS and 2% TEMED. Each well was loaded with 

30 µl of sample alongside 10 μl Spectra multicolour broad low range protein ladder 

(Thermo Fisher). The gel tank was submerged in 1x anode buffer (0.2 M Tris-Cl, 

pH8.9), which covered the main apparatus, and 1x cathode buffer (0.1 M Tris, 0.1 M 

Tricine and 0.1% SDS) on the top of the gel wells. The SDS-PAGE gel electrophoresis 

was performed with the assembled, submerged gel tank at 110V for 30 min then 150 

V for 75 min. 

 
 

 
2.4.3 SDS-PAGE staining 

 
2.4.3.1 Coomassie blue staining 

 

Following protein separation by SDS-PAGE, proteins were visualised using coomassie 

staining. Gels were submerged in coomassie staining solution (40% methanol, 10% 
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glacial acetic acid and 0.025% coomassie brilliant blue), heated for 1 min in a 

microwave then incubated with agitation for 1 h at RT. Gels were washed three times 

for five min in ultra-pure water prior to incubation in the destaining solution (40% 

methanol and 10% glacial acetic acid). Gels were heated in a microwave for one 

minute prior to incubation at RT with rotation for 30 min. Gels were washed three 

times for five min in ultra-pure water then imaged using a ChemiDoc Imager System 

(BioRad). 

2.4.3.2 Silver staining 
 

Alternatively, silver staining was used to visualise lower concentration proteins due 

to its greater sensitivity. This was performed with Pierce Silver Stain Kit (Thermo 

Fisher) as per manufacturer’s instructions. Following protein separation by SDS- 

PAGE, gels were washed 2 x 5 min in ultra-pure water, fixed in 30% ethanol:10% 

acetic acid solution for 2 x 15 min and then washed in 10% ethanol and ultra-pure 

water twice each for 5 min. Gels were sensitised for 1 min with sensitiser working 

solution then incubated with stain working solution, both supplied with the kit, for 

up to 30 min. Gels were washed briefly twice with ultra-pure water prior to 

incubation with the developer working solution, supplied with the kit, for 2-3 min, 

until the desired balance of protein bands and background was reached. This reaction 

was stopped with incubation in 5% acetic acid for 10 min. All steps were completed 

with agitation. Gels were imaged using a ChemiDoc Imaging Systems (BioRad). 
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2.4.4 Western blot 
 

Following, SDS-PAGE gel electrophoresis. Proteins were transferred onto a 0.45 µm 

nitrocellulose membrane (Merck) via wet transfer using a Mini Trans-Blot cell 

(BioRad) and transfer buffer (25 mM Tris, 190 mM glycine and 20% methanol) at 100 

V for 1 h. 

Following this, membranes were blocked in 5% milk powder (w/v) in Tris Buffered 

Saline supplemented with 0.1% Tween-20 (TBS-T) at RT for 1 h, with rotation. The 

membranes were then incubated in the primary antibody (Table 11) diluted in 5% 

milk TBS-T at RT for 1 h. Membranes were then washed three times for 5 min in TBS- 

T. Secondary antibodies (Table 11) diluted in 5% milk TBST were incubated for 1 h 

with membranes at room temperature under agitation. Membranes were then 

washed three times in TBST for 5 min prior to visualisation with Clarity Western ECL 

Substrate (BioRad), as per manufacturer’s instructions, and ChemiDoc Imaging 

Systems (BioRad). 

2.4.5 Antibodies 
 

Table 11 - List of all antibodies used in all experiments 
 

Antibody Species Company Dilution Clone Number / 

Product Number 

Monoclonal anti- 

polyhistidine 

Mouse Sigma 1 in 3000 HIS-1 

Monoclonal SPLUNC1 

antibody 

Mouse R&D 1 in 500 251512 
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Monoclonal anti-Surfactant 

protein D 

Mouse Abcam 1 in 2000 10B2 

Polyclonal Human TGFβR2 

Isoform 2 antibody 

Goat R&D 1 in 2000 AF1003 

Monoclonal anti- TGFβRII 

ectodomain antibody 

Mouse Abcam 1 in 2000 MM0056-4F14 

Mouse SPLUNC1 A Rabbit - 1/1000 Made against 

peptide 

Mouse SPLUNC1 B Rabbit - 1/1000 Made against 

peptide 

Human SPLUNC1 Rabbit - 1/1000 Made against 

peptide 

Anti-Influenza A virus 

antibody 

Goat Meridian 1 in 500 B655311G-1 

Goat anti mouse peroxidase 

IgG 

Goat Sigma 1 in 
 
10,000 

A4416 

Rabbit anti-Goat Rabbit Deko 1 in 2,000 P044901-2 
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2.4.6 Protein purification 
 

Recombinant proteins were purified from supernatant of transfected cells, 24 h post 

transfection with expression plasmid, performed as detailed in 2.1.5. Purification was 

performed with 1 g of Ni-IDA resin (ThermoFisher), with a 1 ml bed volume, per 20mg 

protein. Disposable plastic resin columns were equilibrated with 4 bed volumes of 

Lysis-Equilibration-Wash (LEW) buffer (50 mM monosodium phosphate and 300 mM 

sodium chloride at pH 8.0). Supernatant was applied to bind the resin column using 

gravity flow prior to being washed twice with LEW buffer. The protein was eluted 

with equilibration buffer (50 mM monosodium phosphate, 300 mM sodium chloride 

and 250 mM imidazole at pH 8.0) in three separate fractions. 

2.4.7 Immunoprecipitation 
 

Immunoprecipitation was performed using Amicon Ultra-15 centrifugal filter 

(Thermo Fisher) concentrated supernatant collected 6 days post-transfection of 

HEK293T cells with SPLUNC1 or Cystatin S – SpD plasmids. In the cases where murine 

SPLUNC1 was investigated, 10 μg protein from bronchioalveolar lavage (BAL) samples 

from 10-week-old wildtype C57BL/6 mice were used as the antigen sample, detailed 

in 2.5.4. These samples incubated with 3.4x104 pfu X31 IAV, 10 µl/ml HALT protease 

inhibitors and 50 ng/μl TPCK trypsin for 1.5h at 37oC to form the preparation for 

immunoprecipitation. 



89  

2.4.7.1 Crosslinking 
 

Crosslinking was completed with either 4% paraformaldehyde (PFA) (Sigma) or DSS 

(Thermo Fisher). 4% PFA (v/v) was added to samples and mixed for 10 min at RT with 

agitation prior to quenching with glycine to a final concentration of 125 mM for 5 

min. DSS was added to samples to a final concentration of 3 mM then incubated for 

30 min at RT and quenched with 20 mM EDTA for 15 min. 

 
 

 
2.4.7.2 Immunoprecipitation 

 
Immunoprecipitation of human SPLUNC1 was performed with Ni-IDA resin and 

immunoprecipitation of SpD or murine SPLUNC1 with protein A Sepharose and the 

respective antibody. Protein lo-bind tubes (Eppendorf) were used throughout. All 

samples underwent crosslinking prior to immunoprecipitation apart from SpD. 

2.4.7.2.1 Using Ni-IDA resin 
 

Human SPLUNC1-IAV preparation and activated Ni-IDA resin were mixed and 

incubated at RT for 30 min with resuspension every five min. Samples were pelleted 

at 1000 x g for 1 minute. Supernatant was removed and pellet washed twice with 

RIPA buffer with the resin transferred to a fresh tube at the final wash. Resin pellets 

were re-suspended in 50 µl 2x sample buffer and prepared as described in sample 

preparation; 1.4.1. 

2.4.7.2.2 Immunoprecipitation via Protein A Sepharose 
 

SpD or murine SPLUNC1 - IAV preparations were immunoprecipitated by their 

respective antibody detailed in 2.4.5 and bound to Protein A Sepharose. Antigen and 

antibody samples were incubated for 1 h at RT on a HulaMixer (Thermo Fisher) prior 
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to the addition of Protein A Sepharose in D-PBS. This was incubated for 1.5 h at RT on 

a HulaMixer. Samples were pelleted at 4,000 x g for 1 minute then supernatant 

removed and the pellet washed in TBS with 1% NP40. Wash steps were repeated 

twice with bead mixture transferred to a fresh tube at the final wash. Resin pellets 

were re-suspended in 50 µl 2x sample buffer and prepared as described in sample 

preparation; 1.4.1. 

 
 

 
2.4.8 Bradford Protein Assay 

 
Pierce BCA Protein Assay Kit (Thermo Fisher) was utilised to determine the 

concentration of protein. BSA protein standards with a concentration range of 0-2000 

µg/ml were prepared and 25 µl loaded into a flat bottom 96 well plate in triplicate. 

Then 25 µl of each unknown sample was loaded in triplicate, followed by 200 µl Pierce 

BCA Protein Assay working reagent was added to each well, and the plate mixed 

thoroughly on a shaker for 30 s then incubated at 37oC for 30 min. The plate was 

cooled to RT and measured at 562 nm on an Infinite F50 plate reader (Tecan). 

To calculate the protein concentrations, a standard curve was constructed from the 

BSA standards and then utilised to determine the concentration of each unknown 

sample. 
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2.4.9 Peptides 

 
2.4.9.1 Synthesis 

 

S18 (GGLPVPLDQTLPLNVNPA), S18 scrambled control (S18sc) 

(NLQVPPTVPLLNGPDLAN) and SPX101 (aaLPIPLDQTaa) peptides were synthesised 

by Severn Biotech (Kidderminster, UK). Peptides were deemed >85%, >75% and >95% 

pure by HPLC, respectively. 

2.4.9.2 Formulation 
 

3 mg lyophilised S18 peptide was resuspended in hydrogel then prepared in the Bio- 

Courier formulation which will enhance S18 stability and delivery intranasally. S18 

was prepared with a 1:4 Peptide:Biocourier ratio and stored at 4oC prior to use. 

 

 
2.4.10 Immunofluorescence 

 
KT cells were plated at 1.5x105 cells/well in a 12 well plate with each well containing 

a 13 mm spherical coverslip (Thermo Fisher). Cell culture media was removed 24 h 

later and cells washed once with D-PBS then fixed with 4% PFA for 30 min at RT. 

Samples were blocked in blocking buffer (1x D-PBS, 3% BSA and 0.5% Triton) 

overnight at 4oC with rotation. The following day, cells were stained with Maackia 

amurensis I+II (MAA) or Sambucus Nigra (SNA) biotinylated lectins (2BScientific) 

diluted 1:200 in blocking buffer for 1 h at RT. Samples were washed three times with 

D-PBS prior to incubation with Alexa Fluor 568 Streptavidin (Thermo Fisher) diluted 

1:1000 in blocking buffer for 1 h at RT. Samples were then washed 6 times in D-PBS 

and attached to the microscope slides with 10 μl VECTASHIELD HardSet Antifade 
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mounting media containing DAPI (2BScientific). Samples were visualised with a LSM 

confocal microscope by Dr Thomas Waring at the CCI Liverpool. 

 
 

2.5 Animal work 

 
2.5.1 Mice 

 
All murine experiments were approved by the University of Liverpool Animal Welfare 

Committee and performed under UK Home Office Project Licences I2EF4E56C and 

70/8599. Mice were kept in individually ventilated cages (Techniplat, GM500) under 

barrier and 12 h light/dark conditions. Food and water were provided ad libitum. 

Transgenic SPLUNC1 -/- mice were bred at the University of Liverpool under UK Home 

Office Project Licence 70/8378. Wildtype sex, age and background matched control 

mice were purchased Charles River (Margate, UK). 

 
 

2.5.2 Influenza A Virus infection of mice 
 

BALB/C Mice were assigned randomly into each group and inoculated intranasally 

with a 10 μl dose of IAV containing 1x103 pfu diluted in sterile PBS. This was 

performed under light anesthesia with ketamine (Zoetis, Ketavet) by intramuscular 

infection. Mice were euthanised by cervical dislocation 5 d.p.i.. Lung and nasal tissue 

samples were removed for downstream analysis. Mice underwent a throat swab 

everyday post infection to monitor viral load. This was performed under light 

anaesthesia with isoflurane by inhalation. 
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2.5.3 Peptide administration in mice 
 

Mice were administered with 40 μg S18 peptide in formulation at 1 μg/μl, 40 μg S18 

peptide in PBS at 1 μg/μl, vehicle formulation control or PBS control under light 

anaesthesia with isoflurane by inhalation. This was performed 1 d and 2 h prior to 

infection as well as everyday post infection until mice were euthanised. 

 
 

2.5.4 BAL collection 
 

Wildtype C57BL/6L and SPLUNC1-/- mice, that were 10 weeks old, were euthanised 

by cervical dislocation. Bronchioalveolar lavage samples were taken immediately 

with D-PBS. 

 
 

 

2.6 Statistical analysis 
 

Data was analysed using Prism 9 software (GraphPad) and presented as individual 

data points and mean ± standard error of the mean (SEM). Statistical significance was 

determined using a variety of tests, detailed below. Mann-Whitney U tests were used 

compare the difference between two independent groups. Kruskal Wallis was used 

to determine if the data was statistically significant when one independent variable 

was present and not normally distributed in three or more groups. Two-way Analysis 

of Variance (ANOVA) was used when two independent variables were present. 

Bonferroni post hoc test was used following two-way ANOVA to determine exactly 

where the statistical differences occurred between the groups. Log rank test was 

used to determine if survival was different between group in in vivo experiments. P 

values <0.05 were considered significant. 
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3 Investigation of a direct interaction between SPLUNC1 and IAV 

 
3.1 Introduction 

 
SPLUNC1 has been reported to have antiviral activity against multiple viruses in 

human and murine models. Although this antiviral activity by SPLUNC1 has been 

observed against numerous viruses, such as EBV, RV and IAV this effect is not 

universal. An important limitation thus far is that murine models have been used to 

identify antiviral activity against EBV, RV and IAV (183, 218-220, 222, 223). Antiviral 

activity of SPLUNC1 in humans has only been reported against EBV (189, 217). No 

antiviral activity against IAV in humans has been studied or reported at the time of 

writing. 

The exact mechanism by which SPLUNC1 contributes to the host’s antiviral response 

is unclear; it is associated with host cell apoptosis, decreased viral replication, 

inhibition of viral infection of host cells, and modulation of the innate cytokine 

response (189, 217-219). Specific regions of SPLUNC1 have been identified as 

mediating its antibacterial activity but the role of these regions in SPLUNC1 antiviral 

effects has not been investigated (199, 200, 258). 

 
 

3.2 Aims 
 

The aim of this chapter was to investigate if there is a direct physical mechanism 

SPLUNC1 utilizes to restrict IAV infection. Firstly, by generating recombinant human 

SPLUNC1 protein via the construction and use of SPLUNC1 expression plasmids. Then, 

purifying this recombinant protein to produce a purified source of recombinant 
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SPLUNC1 to utilize in downstream assays. Finally, by investigating if a direct 

interaction is occurring between SPLUNC1 and IAV. 

 
 

3.3 Results 

 
3.3.1 Cloning of expression plasmids 

 

Human SPLUNC1, referred to as SPLUNC1 onwards, was cloned into the expression 

vector pVR1255 (Figure 17) to facilitate the expression of recombinant SPLUNC1 

protein. A 770bp DNA fragment corresponding to SPLUNC1 was amplified by PCR 

using primers that added a Kozak sequence and NotI and BglII restriction enzyme sites 

to the 5’ and 3’ ends respectively, to facilitate cloning into the expression vector, 

pVR1255, using restriction enzymes, as described in 2.2.5. The amplified PCR product 

was separated and visualized on a 1% agarose gel to confirm its size. pVR1255 was 

digested with NotI and BamHI and the PCR amplified SPLUNC1 fragment was digested 

prior to cloning into pVR1255 (Figure 21). BglII was used instead of BamHI as the 

hSPLUNC1 DNA sequence contains a BamHI restriction enzyme site rendering it 

unsuitable for BamHI digest. Digest via BglII instead produces complementary sticky 

ends suitable for cloning. These products were visualized via gel electrophoresis to 

confirm correct digestion prior to ligation (Figure 21). The digested SPLUNC1 and 

pVR1255 were ligated with T4 DNA ligase to produce a new vector, hSPLUNC1- 

VR1255. This product was transformed in OneShot Top10 Chemically Competent E. 

coli and colonies containing the correct insert were selected for growth using 

kanamycin, as described in 2.2.7. DNA was extracted from single bacterial colonies 

by miniprep extraction and screened for hSPLUNC1 insert by colony PCR. Products 
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were separated by gel electrophoresis to confirm the molecular size. Colonies 2-6 

were of the correct size and commercially sequenced to confirm SPLUNC1 sequence 

insertion (Figure 21). 

 
 
 

 
Figure 21. SPLUNC1-pVR1255 expression plasmid construction. 
(A) Gel electrophoresis was used to visualize the SPLUNC1 insert produced via PCR 
amplification from the human DNA template. (B) Undigested pVR1255, pVR1255 
digested with NotI and BamHI, and SPLUNC1 insert digested with NotI and BglII 
products were visualized using gel electrophoresis to confirm the product’s molecular 
size prior to ligation. (C) Six colonies from transformation underwent miniprep. These 
were then digested with NotI and visualized using gel electrophoresis to identify if 
the SPLUNC1 insert had been successfully ligated into pVR1255. 

 
 

Surfactant protein D (SpD) was chosen as a positive control for IAV binding as it is 

known to interact with IAV (72). It was also cloned into the expression plasmid 
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pVR1255 so recombinant SpD protein could be produced and used in downstream 

experiments. The human SpD, here on referred to as SpD, DNA sequence was PCR 

amplified from human cDNA, then restriction digested with BamHI and NotI prior to 

insertion into pVR1255 using restriction digest cloning (Figure 18). DNA was extracted 

from colonies via miniprep, digested with BamHI then separated and visualized using 

gel electrophoresis to establish SpD has been successfully inserted into pVR1255 

(Figure 22). Where successful cloning was suggested in colonies 3 and 6, commercial 

Sanger sequencing was used to confirm the identity of colonies. 

Figure 22. SpD-pVR1255 expression plasmid construction. 
(A) Gel electrophoresis was used to visualise SpD insert produced via PCR 
amplification from human template DNA. (B) pVR1255, digested pVR1255 and 
digested SpD insert, both digested with NotI and BamHI, were visualised using gel 
electrophoresis to confirm the products molecular size prior to cloning. (C) Six 
colonies produced from transformation underwent miniprep and were subsequently 
digested with NotI. Gel electrophoresis used to visualise these products and identify 
if the SpD insert had been successfully ligated into pVR1255. 



98  

Murine transforming growth factor β receptor I (TGFβRI) was selected as a negative 

control for SPLUNC1 IAV interaction experiments. Specifically, its ectodomain was 

cloned into pVR1255 because it is ubiquitously expressed, extracellular and does not 

bind IAV. TGFβRI PCR amplification was attempted from a plasmid, generously 

donated by Dr Flynn, and bovine cDNA however, both were unsuccessful templates 

(Figure 19). Following this, a NotI restriction enzyme site was identified in TGFβRI 

rendering it unsuitable for this cloning method. Instead, murine transforming growth 

factor β receptor II (TGFβRII) ectodomain was selected. PCR amplification of TGFβRII 

ectodomain was initially attempted, but unsuccessful, from mouse cDNA. TGFβRII 

was eventually successfully PCR amplified from a plasmid template, pCMV5B- 

TGFbeta receptor II wt kindly gifted by Joan Massaque & Jeff Wrana (Addgene 

#11766) (Figure 23). This template was human and chosen so all plasmids and 

proteins used in these experiments were from the same species. The amplified insert 

was cloned into pVR1255 using restriction enzyme cloning with NotI and BamHI. DNA 

was extracted from the colonies, digested with BamHI then separated and visualized 

using gel electrophoresis (Figure 24). Again, where successful cloning was indicated, 

commercial sequencing confirmed this. 
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        Figure 23. Transforming Growth Factor β Receptor I (TGFβRI) and Receptor II  

          (TGFβRII) amplification attempts from different templates. 
(A) Gel electrophoresis was used to visualise PCR amplification of mTGFβRI 
performed with an annealing temperature gradient from plasmid and bovine cDNA. 
(B) Gel electrophoresis was used to visualise mTGFβRII ectodomain PCR amplification 
from mouse cDNA. (C) Gel electrophoresis was used to visualise hTGFβRII 
ectodomain PCR amplification from a plasmid template (Addgene #11766). 
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Figure 24. TGFβRII-pVR1255 expression plasmid construction. 
(A) pVR1255, digested pVR1255 and digested TGFβRII insert, both digested with NotI 
and BamHI, were visualized using gel electrophoresis to confirm the products 
molecular size prior to cloning. (B) Eight colonies were selected to undergo miniprep 
and genotyping after transformation. These were digested with BamHI and visualized 
using gel electrophoresis to identify if the TGFβRII insert had been successfully ligated 
into pVR1255. 

 
 

 
3.3.2 Protein expression from expression plasmids 

 

3.3.2.1 Optimization of transfection in HEK293T cells 
 

Prior to transfecting expression plasmids, the protocol for transfection into HEK293T 

cells was optimized using a GFP plasmid to assess transfection efficiency. A calcium 

phosphate transfection protocol was performed with one element altered 

sequentially to assess its affect compared to the original, standard protocol, 

described in 2.1.5. Seven aspects of the protocol were altered in total with four 

having positive impacts on transfection efficiency: changing media to DMEM only 1 

hour before and 6 hours after the transfection, increased particle density and a 

glycerol shock (Figure 25). However, a glycerol shock was not used in the final, 
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optimized protocol due to its cytotoxicity outweighing its overall benefits; all other 

adjustments were included in the final protocol. Replacing the media with complete 

media 1-hour pre-transfection and incubation of the transfection mix at 37oC, not 

room temperature, did not increase transfection efficiency and were not used in this 

protocol again. Following this, the quantity of DNA transfected was optimized. The 

standard quantity of DNA transfected was 1 μg/6 well-plate well and this was 

increased to 2, 4 or 8 μg/well. However, increasing the quantity of DNA transfected 

did not increase the transfection’s efficiency and was not altered (Figure 26). 

 
 
 
 

Figure 25. Calcium phosphate transfection protocol optimization. 
The efficiency of the calcium phosphate transfection protocol into HEK293T cells was 
assessed using a green fluorescent protein (GFP) plasmid to estimate transfection 
efficiency. (A) shows the standard protocol and (B-H) the results when one element 
altered individually to assess how it affected transfection efficiency. HEK293T cells 
were plated 24 hours before transfection. The individual elements altered were (B) 
Media replaced one hour pre transfection with complete DMEM (+10% FBS, 1% P/S 
and 1% L-Glutamine). (C) Media changed one hour pre transfection to DMEM only. 
(D) Media changed six hours post transfection to DMEM only. (E) Incubation of the 
transfection mix for 30 minutes at 37oC, instead of RT. (F) Glycerol shock utilized at 
the point of transfection. (G) Different particle density of transfection solution, 
200µl/2ml instead of 120µl/2ml. (H) Different particle density of 400µl/2ml for 
transfection solutions 
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Figure 26. Optimising the DNA quantity used in calcium phosphate transfections.  

1µg of DNA was used as standard (A) throughout optimisation calcium phosphate 
transfections in six well plates. This was varied to 2µg (B), 4µg (C) or 8µg (D) DNA/well 
to identify the optimal quantity. This was assessed using a green fluorescent protein 
(GFP) plasmid to estimate transfection efficiency. 

 
 

Following optimization of calcium phosphate transfection protocol, its transfection 

rate was compared against other reagents to ensure the optimal method was used. 

Lipofectamine 3000, TransIT LT1 and PEI were compared using efficiency indicated 

by a GFP plasmid. Lipofectamine 3000 and TransIT LT1 both had increased efficiencies 

compared to calcium phosphate 24 hours post transfection (Figure 27). However, 

although lipofectamine 3000 gave an increased efficiency it was more cytotoxic to 

cells and therefore not used further. PEI efficiency was only greater 48 hours post 

transfection, leaving TransIT LT1 as the only alternative to the calcium phosphate 

protocol. TransIT LT1 was used from this point onwards in this study, unless stated 

otherwise. 
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Figure 27. Comparison of transfection efficiencies from various methods and 
reagents. 
The efficiency of the optimized calcium phosphate transfection protocol was 
assessed against other transfection reagents to ensure the best method was 
identified. HEK293T cells were transfected with a GFP plasmid to assess the efficiency 
24 hours post transfection. (A) Calcium phosphate method, (B) lipofectamine 3000, 
(C) TransIT LT1, (D) TransIT LT2020, (E) PEI and (F) PEI 48 hours post transfection. 

 
 

3.3.2.2 Protein expression following expression plasmid transfection 
 

Following transfection optimization, the expression plasmids were transfected into 

HEK293T cells. This was to confirm that plasmid transfection resulted in transient 

protein intracellular expression and extracellular secretion that can be used 

downstream to produce purified recombinant protein. First, SPLUNC1-VR1255 was 

transfected into HEK293T cells using calcium phosphate, described as 2.1.5.1. 

Subsequent expression and secretion of SPLUNC1 was expected as the plasmid 

contains SPLUNC1’s secretion signal and SPLUNC1 is secreted in humans. Cell lysate 

and supernatant were collected 24 hours post transfection and probed for SPLUNC1 

protein expression via western blot with SPLUNC1 and His tag antibodies, described 

as 2.4.4. SPLUNC1 protein expression and secretion was identified 24 hours post 
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transfection using a SPLUNC1 antibody. However, neither was detected by the His 

antibody despite its presence in the SPLUNC1-VR1255 DNA sequence (Figure 28). This 

is likely due to steric hindrance or specificity issues related to the antibody. Therefore, 

use of anti-His detection was discontinued. 

 
 

Figure 28. SPLUNC1 is expressed and secreted by HEK293T cells 
HEK293T cells were transfected with SPLUNC1 plasmid and incubated for 24 hours. 
Cell were lysed using SDS then cell lysate and supernatant samples collected and 
probed for SPLUNC1 and His via western blotting. SPLUNC1 sample lanes are 
duplicates. His positive control is outer membrane vesicles (OMV) cell extract. Cell 
lysate membranes were exposed for 10 seconds and the supernatant membrane for 
300 seconds. 

 
 

Following SPLUNC1 expression, detection of SpD was attempted. SpD-VR1255 was 

transfected into HEK293T cells and incubated for 24, 48 or 72 hours. Intracellular SpD 

expression was detected in cell lysate at each timepoint however, no SpD secretion 

was detected at all (Figure 29). Although, SpD has a molecular weight of 40kDa it was 

identified throughout with a double band at 40kDa. This is due to some SpD protein 

undergoing post-translational modification. To identify whether this was due to a low 

concentration of SpD present in the supernatant, supernatant collected 24 hours post 

transfection was concentrated using a 10 kDa centrifugal filters then probed via 
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western blot for SpD protein secretion, described as 2.4.4. However, no secreted SpD 

was detected in concentrated supernatant either (Figure 29). 

 
 

 

Figure 29. SpD is only expressed intracellularly and is not secreted extracellularly by 
HEK293T cells. 
(A) HEK293T cells were transfected with SpD plasmid and left for 24-72 hours. Cell 
were lysed using SDS then cell lysate and supernatant samples were collected and 
probed for SpD via western blotting. Membrane was exposed for 210 seconds. (B) 
HEK293T cells were transfected with SpD plasmid and left for 24 hours. Cell were 
lysed using SDS then cell lysate and supernatant samples were collected. Supernatant 
samples were concentrated using centricon 10 kDa centrifugal filter at 14000rpm for 
10 minutes. All samples were probed for SpD via western blotting and the 
membranes were exposed for 180 seconds. 

 
 

 
3.3.2.3 Troubleshooting SpD secretion pathway 

 
The absence of SpD secretion post-transfection was investigated as it is required to 

produce purified recombinant protein for downstream assays. SignalP was used to 

identify and calculate the strengthen of SpD secretion signal. This uncovered that 

although SpD secretion signal was identified by SignalP’s algorithm, its strength was 
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relatively weak at 0.694 (Figure 30). Extracellular SpD secretion following transient 

plasmid transfection has been observed previously however, a Cystatin S secretion 

signal was used in this system as opposed to the native SpD secretion signal (261). 

Cystatin S secretion signal and strength was identified by SignalP at 0.918 (Figure 30). 

Therefore, the SpD-VR1255 was re-cloned with Cystatin S replacing SpD’s secretion 

signal. 
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Figure 30. Secretion signal strengths of SpD and Cystatin S calculated by Signal P  

Signal P algorithm was used to identify the presence and strength of secretion signals 
in SpD and Cystatin S DNA sequences. The S-score reports whether each amino acid 
is part of signal peptide with a high score indicating it is. C-score identifies the 
secretion signals cleavage site score and the start of the mature protein. The Y-score 
is a derivative of the C- and S- scores and used to identify the signal peptide cleavage 
site when more than one C-score peak occurs. 

 
 

SpD-VR1255 re-cloning was attempted using InFusion cloning methodology. Cystatin 

S secretion signal was PCR amplified on an annealing temperature gradient from an 
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oligonucleotide of Cystatin S full secretion signal (Figure 31). The SpD cDNA sequence 

insert, excluding the secretion signal, was also PCR amplified (Figure 31). The correct 

respective bands were gel extracted and cloned into the linearized pVR1255 using 

Takara InFusion cloning kit. Following transformation, the resulting colonies 

underwent DNA extraction and were PCR screened for Cystatin S. However, none of 

 

the colonies successfully incorporated the Cystatin S signal secretion sequence 

(Figure 27). To overcome this issue, a Cystatin S secretion signal – SpD coding 

sequence DNA construct, with a kozak sequence, 6x His tag and restriction enzyme 

cloning sites included, was synthesized by GeneArt ThermoFisher (Figure 15). 

Figure 31. Cystatin S:SpD InFusion cloning and colony screening 
(A) Gel electrophoresis was used to visualise the Cystatin S insert produced via PCR 
amplification with an annealing temperature gradient. (B) Gel electrophoresis was 
used to visualise the SpD insert produced via PCR amplification from a plasmid 
template. (C) Seven colonies observed after transformation underwent miniprep and 
PCR amplication for Cystatin S. Gel electrophoresis used to visualise these products 
and identify if the Cystatin S insert had been successfully ligated into pVR1255. 
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The synthesized Cystatin S:SpD fragment was PCR amplified and then digested, 

alongside the expression vector pVR1255, with the restriction enzymes NotI and 

BamHI. These products were visualized via gel electrophoresis to check the digested 

fragments size prior to ligation into pVR1255 (Figure 32), described as 2.2.5. After 

transformation, DNA was extracted from the colonies, screened for Cystatin S:SpD 

fragment using BamHI restriction enzyme digest and visualized using gel 

electrophoresis. This showed five of the six colonies had Cystatin S - SpD correctly 

inserted and was subsequently confirmed via sequencing (Figure 32). 

 

Figure 32. Cloning Cystatin S:SpD fragment into the expression vector pVR1255 
(A) Gel electrophoresis was used to visualise the pVR1255 and Cystatin S:SpD insert 
digested with NotI and BamHI and confirm their molecular size prior to ligation. (B) 
Six colonies observed after transformation underwent miniprep then were digested 
with NotI. Gel electrophoresis used to visualise these products and identify if the 
Cystatin S:SpD insert had been successfully ligated into pVR1255. 

 

Resequencing of the TGFβRII-pVR1255 plasmid showed it had been constructed 

without a secretion signal so a Cystatin S:TGFβRII fragment was also synthesized by 

GeneArt (Figure 16). TGFβRII-pVR1255 was then reconstructed via restriction enzyme 
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cloning with the enzymes NotI and BamHI and the Cystatin S:TGFβRII fragment, as 

described in 2.2.5 (Figure 33). Colonies underwent DNA extraction via miniprep and 

were screened for Cystatin S – TGFβRII insertion via NotI digest. Digest products were 

visualized by gel electrophoresis and where Cystatin S:TGFβRII insertion was 

indicated, in colonies 2 and 6, sequencing was used to confirm (Figure 33). 

 

 

Figure 33. Cloning Cystatin S:TGFβRII fragment into the expression vector pVR1255 
(A) Gel electrophoresis was used to visualise pVR1255 and Cystatin S:TGFβRII 
digested with NotI and BamHI to confirm the products molecular weights after 
restriction enzyme digest. (B) Six colonies observed after transformation underwent 
miniprep and were digested with NotI. Gel electrophoresis was used to visualise the 
products and identify if the Cystatin S:TGFβRII insert had been successfully ligated 
into pVR1255. 

 

 
Cystatin S:SpD - VR1255 expression plasmid was transfected into HEK293T cells to 

establish if a stronger secretion signal resulted in SpD protein secretion. Transfected 

cells were left for 24 or 72 hours and then cell lysate and supernatant collected. These 

were probed with SpD antibody by western blot, described as 2.4.4. However, SpD 
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was still only expressed intracellularly by HEK293T cells and not secreted 

extracellularly, even 72 hours post transfection (Figure 34). 

 
 
 
 
 

 
Figure 34. SpD is only expressed and not secreted by HEK293T cells 
HEK293T cells were transfected with Cystatin S:SpD plasmid and left for 24 or 72 
hours. Cell were lysed using SDS then cell lysates and supernatant samples collected 
and probed for SpD via western blotting. Membrane were exposed for 270 seconds. 

 
 

To rule out this being a compatibility problem between the cloning plasmids and 

HEK293T cells, Cystatin S:SpD – VR1255 expression plasmid was transfected into 

three different cell lines using calcium phosphate, described as 2.1.5.1. These cell 

lines were BHK, Jurkat, A549 cells and A549s cells grown in Hams F12 media with an 

alveolar type II phenotype. 24 hours later, cell lysate and supernatant were collected 

and probed for SpD secretion however only BHK and A549 cells expressed SpD 

intracellularly and no SpD extracellular secretion was observed in any cell line (Figure 

35). 
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Figure 35. SpD is not secreted by other cell lines 
BHK, Jurkat and A549 cell lines were transfected with Cystatin S - SpD plasmid and 
incubated for 24 hours before cell lysate and supernatant samples were collected and 
probed for SpD via western blotting. A549 cells were also grown in Hams F12 nutrient 
mix media for 3 weeks then supernatant samples taken and concentrated using 
centricon 10 kDa centrifugal filter. These were also probed for SpD via western 
blotting. All membranes were exposed for up to 420 seconds. 

 
 

Lastly, HEK293T cells were transfected with SpD-VR1255 and Cystatin S:SpD - VR1255 

plasmids and incubated for 6 days, to ensure that sufficient time was allowed for 

protein expression and proteins with a low concentration in supernatant to be 

observed. Afterwards, cell lysate, supernatant and 20-fold concentrated supernatant 

samples were probed for SpD protein expression and secretion, described as 2.4.1. 

The transfection of both SpD plasmids resulted in SpD protein expression and 

secretion, although this is only detected in the concentrated supernatant sample 

(Figure 36). 
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Figure 36. SpD can be detected in supernatant when incubated for six days and 
concentrated 20-fold. 
HEK293T cells were transfected with SpD or Cystatin S-SpD plasmids and left for six 
days. Cells were lysed using SDS then cell lysate and supernatant samples collected. 
Supernatant samples were concentrated using centricon 10 kDa centrifugal filters by 
20-fold via centrifugation at 14000rpm for 10 minutes. All samples were probed for 
SpD via western blotting and membranes exposed for 210 seconds. 

 
 

Following this, SPLUNC1-VR1255 and Cystatin S:SpD – VR1255 were transfected into 

HEK293T cells and left for 6 days prior to probing for protein expression in cell lysate, 

supernatant and concentrated supernatant. This is to ensure that both SPLUNC1 and 

SpD proteins can be secreted in identical settings to allow their use in parallel, 

downstream applications. The secretion of SPLUNC1 and SpD is observed in 

concentrated supernatant from days 3-6 after transfection (Figure 37). 



114  

 
Figure 37. SPLUNC1 and SpD expression 1, 3, 4, 5 and 6 days after transfection  

HEK93T cells were transfected with SPLUNC1 and Cystatin-SpD plasmids and 
incubated for 6 days. Supernatant samples were concentrated 20-fold using 
centricon 10 kDa centrifugal and centrifugation at 14000rpm for 10 minutes. All 
samples were probed for SPLUNC1 or SpD via western blotting and membranes 
exposed up to 180 seconds. 

 
 

 
3.3.2.4 TGFβRII expression 

 
Following the construction of Cystatin S:TGFβRII expression plasmid, it was 

investigated whether transfection resulted in protein expression. This is so purified 

recombinant TGFβRII ectodomain can be produced and used as a negative control for 

downstream SPLUNC1 binding experiments. The Cystatin S – TGFβRII plasmid was 

transfected into HEK293T cells using calcium phosphate, described as 2.1.5.1. 24 

hours later cell lysate and supernatant samples were prepared and probed for 

TGFβRII via western blotting, described as 2.4.4. However, no TGFβRII protein 

expression was detected (Figure 38). 
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Figure 38. No TGFβRII expression or secretion was detected following transfection.  

Cystatin S:TGFβRII ectodomain plasmid was transfected into HEK293T cells. 24 hours 
later cells were lysed using SDS then cell lysate and supernatant samples collected 
and probed for TGFβRII (AF1003) via western blot. Membranes were exposed for 500 
seconds. 

 
 

Western blotting was then performed on TGFβRII positive controls samples, A549 

and NK92 cell lysates, and Cystatin S:TGFβRII – pVR1255 plasmid transfected cell 

lysates to establish an effective, accurate protocol. Western blotting was performed 

with two antibodies, each with three concentrations and blocking buffers to identify 

TGFβRII expression. However, none of these antibodies or conditions detected 

TGFβRII expression in positive controls or test samples (Figure 39). Therefore, it was 

decided to use the empty pVR1255 vector as a negative control. 
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Figure 39. TGFβRII expression was not identified any positive control or test sample  

TGFβRII expression was not detected from A549 or NK92 cell lysate or Cystatin 
S:TGFβRII expression plasmid transfection. (A) A549 cell lysate samples were probed 
for TGFβRII (AF1003) via western blot with two antibody dilutions; 1:2000 or 1:100, 
1:2000 was utilised elsewhere unless stated otherwise. (B) NK92 cell lysate was 
probed for TGFβRII (AF1003) via western blot with one of three blocking buffers: 5% 
milk in Tris Buffered saline with 1% tween-20 (TBS-T), 5% BSA in TBS-T or superblock. 
5% milk in TBS-T was used unless stated otherwise. (C) NK92 cell lysate samples were 
probed for TGFβRII (AB78419 – clone number: MM0056-4F14) via western blot with 
one of three antibody dilutions: 1:100, 1:500 or 1:1000. (D) Cell lysates from HEK293T 
cells transfected with Cystatin S:TGFβRII plasmid were probed for TGFβRII (AB78419 
– clone number: MM0056-4F14) via western blot. All membranes were exposed for 
500 seconds. 

 
 

 
3.3.3 Human SPLUNC1 is not N-glycosylated 

 
It has been shown previously that mouse SPLUNC1 is N-glycosylated however it is 

unknown whether human SPLUNC1 protein is also N-glycosylated. To establish this 

SPLUNC1-VR1255 was transfected into HEK293T cells alongside a mouse SPLUNC1 

plasmid with or without the presence of tunicamycin, which inhibits N-glycosylation 

(262). 24 hours later cells were lysed with SDS and visualized with human and mouse 

SPLUNC1 antibodies, respectively, via western blotting, described as 2.4.4. Treatment 
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with tunicamycin at 5 μg/ml confirmed that mouse SPLUNC1 is indeed N-glycosylated 

but human SPLUNC1 is not (Figure 40). 

 
 

 

Figure 40. Human SPLUNC1 is not N-glycosylated 
Human or mouse SPLUNC1 plasmids were transfected into HEK293T cells and 
incubated with or without 5 μg/ml tunicamycin, which inhibits N-glycosylation, for 24 
hours. Cells were lysed using SDS then cell lysate samples collected and probed with 
human or mouse SPLUNC1 antibodies via western blot. Membranes were exposed 
for 300 seconds. 

 
 

To establish if other isoforms of human SPLUNC1 protein are consistently expressed 

or undergoing N-glycosylation, human SPLUNC1 plasmid was transfected into 

HEK293T cells cultured in either complete DMEM supplemented with 10% FBS, 1% 

P/S and 1% L-glutamine or DMEM only and in the presence of either tunicamycin at 

0.5 or 5 μg/ml. 6 days later, cell lysate and supernatant samples at neat, 10 fold or 45 

fold concentrations were probed for SPLUNC1. No N-glycosylation or other SPLUNC1 

isoforms were detected under any condition, in any sample (Figure 41). 
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Figure 41. Human SPLUNC1 is not N-glycosylated or secreted in other isoforms  

SPLUNC1-VR1255 plasmid was transfected into HEK293T cells and incubated for 6 
days in various conditions: complete DMEM media (DMEM supplemented with FBS, 
P/S and L-glutamine), DMEM only, and the addition of 0.5 or 5 μg/ml tunicamycin. 
Cells were lysed using SDS, supernatant collected and concentrated using Centricon 
Ultra-15 10 kDa filters. These samples were probed with human SPLUNC1 antibodies 
via western blot. Membranes were exposed for up to 180 seconds. 

 

 
3.3.4 SPLUNC1 protein purification 

 
Expression plasmids used in these experiments were constructed with a 6x His tag 

located at the 3’ end of the cDNA sequence. This was to enable protein purification 

via immobilized metal ion affinity chromatography (IMAC) using Ni-IDA resin. Ni-IDA 

resin contains immobilized Ni2+ ions that are usually bound by water but are displaced 

by histidine residues, enabling purification. Ni-IDA resin was selected to purify 

recombinant protein as it is silica based and preferred to an agarose-based resin that 

encourages non-specific binding. 

This was first trialed with SPLUNC1-VR1255 plasmid on a small scale to establish proof 

of concept. Supernatant was collected 24 hours post transfection of HEK293T cells 

using calcium phosphate and purified using Ni-IDA resin, described as 2.4.6. 

Transfections were completed in a serum-free media to prevent non-specific binding 

of fetal bovine serum to Ni-IDA resin during purification. Purified protein was eluted 

in three separate fractions using 250 mM imidazole, then separated by weight via 

SDS-PAGE and stained with coomassie and silver stains to visualize proteins. 
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Coomassie staining is known to be less sensitive than silver staining and it was unable 

to detect any protein in the eluted fractions at 25 kDa, the molecular weight of 

SPLUNC1 (Figure 42). Proteins at 25 kDa were detected in the elution fractions using 

silver staining, demonstrating the increased sensitivity of silver staining is required to 

visualize the proteins present in eluent fractions following protein purification (Figure 

42). 

 
 

 
 

Figure 42. Silver staining is needed to visualise proteins present in the eluent fractions. 
HEK293T cells were transfected with SPLUNC1 plasmid. Supernatant was collected 24 
hours post transfection and purified using Ni-IDA resin. SPLUNC1 was eluted from Ni- 
IDA resin in 3 fractions using 250 mM imidazole. The eluent fractions collected from 
purification were ran on SD-PAGE gels alongside the input supernatant. (A) 
Coomassie staining was used to visualise the proteins present in the fractions 
following purification. (B) Eluent 1 visualised with silver staining, instead of 
coomassie. 

 
 

The initial pilot of SPLUNC1 purification was performed with the flow through 

collected from each purification stage to identify if recombinant SPLUNC1 protein 

was successfully bound to Ni-IDA, the washes were removing any bound protein and 
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if SPLUNC1 was being eluted. These fractions were visualized using western blotting 

with a SPLUNC1, described as 2.4.4. Western blotting indicated that SPLUNC1 was 

only present in the initial input and first eluent fraction confirming proof of principle 

and that Ni-IDA can be used to purify SPLUNC1 protein from transfected supernatant 

(Figure 43). However, silver staining of the first eluent demonstrates the low purity 

of this fraction and the need for further optimization to produce purified 

recombinant SPLUNC1 protein (Figure 43). 

 

 

 
Figure 43. SPLUNC1 can be purified and eluted using Ni-IDA resin 
HEK293T cells were transfected with SPLUNC1 plasmid. 24 hours later supernatant 
was collected and purified using Ni-IDA resin. (A) All fractions from purification were 
collected and underwent western blotting. The membrane was exposed for 210 
seconds (A). (B) Silver staining was used to visualise the proteins present in eluent 
fraction 1 following purification. 

 
 

To ensure that all SPLUNC1 protein was eluted from the Ni-IDA resin after purification 

Ni-IDA resin was mixed with 2x sample buffer to remove any remaining, separated by 

SDS-PAGE then probed for SPLUNC1 protein via western blotting, described as 2.4.4. 

This identified that SPLUNC1 was still present following purification and not all 

protein was eluted in the three fractions (Figure 44). Therefore, purification was 
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repeated with this Ni-IDA resin to remove all the SPLUNC1 protein however, SPLUNC1 

was still present after repurification demonstrating a harsher buffer is required for 

SPLUNC1 elution (Figure 44). 

 
 

Figure 44. SPLUNC1 protein remains bound to Ni-IDA resin after the purification  
protocol. 
(A) After purification Ni-IDA resin was mixed with 2x sample buffer then separated 
by SDS-PAGE gel and underwent western blotting. (B) The resin was re-purified after 
discovering SPLUNC1 remains stuck to Ni-IDA resin following purification. Afterwards 
this sample was mixed with 2x sample buffer, separated by SDS-PAGE gel then 
underwent western blotting. Both membranes were exposed for 240 seconds. 

 
 

To ensure complete elution of SPLUNC1 protein from Ni-IDA resin, the elution buffer 

was modified and re-purification of used Ni-IDA resin completed with increasing 

concentrations of imidazole with and without the presence of CHAPS. CHAPS was 

selected as a zwitterionic detergent that has no charge, it does not denature proteins 

and can be removed by dialysis. The first eluent fraction and resin post re-purification 

were probed for SPLUNC1 protein by western blot to identified if the alternative 

elution buffers removed the remaining SPLUNC1 protein. SPLUNC1 was only 

completely removed from Ni-IDA resin by 1M imidazole or with an elution buffer 

containing 2% CHAPS and 250 mM imidazole (Figure 45). This was determined as 

even though SPLUNC1 is not present in any eluent fractions it was no longer present 
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on the resin after re-purification. It is likely it was not detected in the eluents as it 

was at too low a concentration or lost during the procedure to non-specific binding. 

 
 

Figure 45. SPLUNC1 protein is only removed from NI-IDA resin by an elution  
buffer containing imidazole and CHAPS or high concentration imidazole 
(A) Resin used in previous purification attempts was re-purified with various 
imidazole concentrations (250 mM – 1 M) with and without 2% CHAPS present. All 
eluent and resin samples were collected and subsequently underwent western 
blotting. (B) Resin used in previous purification attempts was re-purified with only 2% 
CHAPS. Samples were collected and subsequently probed for SPLUNC1 via western 
blotting. Both membranes were exposed for 210 seconds. 

 
 

Although the elution of SPLUNC1 protein has been optimized the eluent fractions still 

contain numerous contaminating proteins. To combat this, the washing steps used 

increased in size and frequency. Silver staining showed the positive impact of these 

changes on eluent purity (Figure 46). Therefore, these washing changes were kept in 

the protocol for protein purification from transfected supernatant. Yet overall, the 

low purity of SPLUNC1 protein yielded meant the transfection and concentration of 

secreted SPLUNC1 protein was used instead generating purified recombinant 
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SPLUNC1 protein to use in downstream experiments, despite optimization of the 

protocol. 

 
 

Figure 46. Extra washes improve the purity of eluent fractions 
HEK293T cells were transfected with SPLUNC1 plasmid. 24 hours later supernatant 
was collected and purified using Ni-IDA resin. All fraction from purification were 
collected, ran on a SDS-PAGE gel and visualised using silver staining. (A) Purification 
protocol involved three wash steps whereas (B) involved ten wash steps. 

 
 
 
 

3.3.5 SPLUNC1 does not interact with IAV 
 

3.3.5.1 Human SPLUNC1 
 

It was originally planned to use purified recombinant protein to investigate whether 

SPLUNC1 directly interacts with an Influenza A Virus (IAV) and mediates SPLUNC1 

antiviral activity during infection. Due to the above findings, concentrated 

supernatant collected 6 days post-transfection was used as an alternative. Alongside 

the SPLUNC1 investigation SpD was used as a positive control because it has been 
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shown previously to interacts with IAV (74). The empty pVR1255 plasmid was the 

negative control for these experiments. 

First, SPLUNC1 pulldown was optimized, to do so SPLUNC1-VR1255 was transfected 

into HEK293T cells and the supernatant collected 6 days later then concentrated 

using Amicon centrifugal filters. The concentrated SPLUNC1 supernatant was then 

mixed with Ni-IDA resin under various conditions for up to 30 minutes to identify the 

optimum conditions for binding. Once complete, Ni-IDA was mixed with sample 

buffer to elute bound protein. These were separated using SDS-PAGE then visualized 

by western blotting, described as 2.4.4. This identified that SPLUNC1 bound to Ni-IDA 

resin best under resuspension for 30 minutes (Figure 47). 

 

Figure 47. Optimising the SPLUNC1-Ni-IDA resin interaction for immunoprecipitation 
experiments. 
SPLUNC1 transfected supernatant was incubated with Ni-IDA resin under different 
conditions to identify the optimum conditions for SPLUNC1 pulldown. The 
supernatant was mixed with Ni-IDA resin and either: incubated for 1-30 minutes, 
mixed in suspension for 1-30 minutes or incubated for 10-30 minutes with repeated 
resuspension every 5 minutes. Samples were separated via SDS-page electrophoresis 
then underwent western blotting. Membranes were probed for SPLUNC1 and 
exposed for 60 seconds. 

 
 

After SPLUNC1 precipitation was optimized, the most effective crosslinking method 

was investigated. This was to ensure that any weak or labile protein-protein 

interactions were preserved and would be detected. Formaldehyde and DSS were 
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both evaluated as crosslinking agents at various concentrations using IAV X31 to 

identify which is superior and best to use as a crosslinking agent during 

immunoprecipitation. IAV X31 subsequently underwent western blotting with 

samples prepared under reducing and non-reducing conditions, described in 2.4.1. 

This revealed that although formaldehyde is an effective crosslinking reagent, 

indicated by the absence of lower, 25 kDa, molecular weight bands as its 

concentration increases, DSS is a more effective at both 3 and 5 mM (Figure 48). 3 

mM DSS was selected to use during immunoprecipitation experiments as increasing 

the concentration further to 5 mM does not increase its activity. 

 
 
 

Figure 48. Evaluation of cross-linking reagents using IAV-X31. 
IAV X-31 was crosslinked with various concentrations of formaldehyde (0-4%) or DSS 
at room temperature. Reactions were quenched with 125 mM and 20 mM glycine 
respectively. Samples were separated via SDS-page electrophoresis then underwent 
western blotting with anti-SPLUNC1. 

 
 

Experiments to investigate if SPLUNC1 bound IAV were completed in parallel with 

SPLUNC1-VR1255 and mock, empty pVR1255, concentrated supernatant collected 6 

days after transfection. Experiments were performed on concentrated supernatant 

spiked with IAV X31, in the presence and absence of TPCK trypsin. SPLUNC1 was 
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immunoprecipitated with Ni-IDA resin, washed, then eluted with SDS. These samples 

were then separated by weight using SDS-PAGE and probed with SPLUNC1 and IAV 

(H3N2) antibodies to establish if SPLUNC1 was successfully precipitated and if IAV 

was pulled down with SPLUNC1, indicating an interaction was occurring. No IAV 

proteins were detected following SPLUNC1 immunoprecipitation, indicating an 

interaction is not occurring and this result was reproduced in three independent 

experiments (Figure 49). 

 
 
 

Figure 49. No interaction between SPLUNC1 and IAV is indicated. 
An immunoprecipitation reaction was performed on supernatant collected from 
HEK293T cells 6 days after transfection with SPLUNC1-VR1255 plasmid and 
concentrated using Amicon Ultra-15 10 kDa filters. Samples were mixed with X31 IAV 
for 1.5 hours at 37oC, crosslinked with DSS then immunoprecipitation using Ni-IDA 
resin. Washes were performed with RIPA buffer. SPLUNC1 was eluted from the Ni- 
IDA after the immunoprecipitation using SDS. These samples underwent western 
blotting with anti-SPLUNC1 and anti-IAV. Membranes were exposed for up to 180 
seconds. This immunoprecipitation was performed with and without the presence of 
TPCK trypsin. This experiment has been performed three separate times. 

 
 

SpD immunoprecipitation was completed alongside the above experiment as a 

positive control to demonstrate our approach can detect protein-protein interactions 

involving IAV. Again, concentrated supernatant collected 6 days post transfection 

was used alongside pVR1255 plasmid mock as a negative control. First, the 
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immunoprecipitation of SpD itself was attempted using both Ni-IDA resin and a SpD 

antibody bound to protein A Sepharose (Ab-Sepharose). Immunoprecipitation 

experiments were performed and the flow through collected from each step 

alongside the eluents and original input. This was performed under varying 

conditions to identify those which were optimal. All samples collected were prepared 

and then probed for SpD via western blot. This identified that SpD is not eluted 

following its immunoprecipitation using Ni-IDA resin, however the Ab-Sepharose 

system does successfully pull down SpD and allow its elution for downstream analysis 

(Figure 50). Therefore Ab-Sepharose was used to immunoprecipitate SpD for further 

experiments with an antibody dilution of 1:200. 

 
 
 

 

Figure 50. Optimization of SpD immunoprecipiation 
Cystatin S:SpD plasmid was transfected into HEK293T cells and left for 6 days. Then 
the transfected supernatant was collected and concentrated using Amicon Ultra-15 
filters. This was used to optimize SpD immunoprecipitation with (A) Ni-IDA resin and 
(B) Protein A Sepharose and SpD antibody. 

 
 

SpD concentrated supernatant was spiked with IAV X31 then immunoprecipitated 

with identical crosslinking, washes and elution conditions as SPLUNC1. However, SpD 

is only immunoprecipitated when crosslinking with DSS does not take place (Figure 

51). Therefore, the experiment was repeated without crosslinking. This identified 
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that SpD does interact with an IAV protein at 50 kDa, which corresponds to the 

molecular weight of HA1, in the presence of TPCK trypsin (Figure 52). 

 
 

 

Figure 51. SpD is only immunoprecipitation experiments if no cross linking occurs.  

SpD immunoprecipitation was performed with concentrated supernatant, collected 
6 days after transfection with Cystatin S:SpD plasmid. It was mixed with X31 IAV for 
1.5 hours at 37oC then crosslinked with DSS prior to SpD immunoprecipitation by 
protein A Sepharose and anti-SpD. Washes were performed with RIPA buffer. SpD 
was eluted from the Sepharose after immunoprecipitation using SDS. These samples 
then underwent western blotting with SpD antibody. Membranes were exposed for 
up to 180 seconds. This immunoprecipitation was performed with SpD concentrated 
supernatant and IAV X-31 incubated with and without the presence of TPCK trypsin. 

 
 

 

Figure 52. SpD interaction with IAV 
An immunoprecipitation reaction was performed on concentrated supernatant, 
collected from HEK293T cells 6 days after transfection with Cystatin S-SpD plasmid 
and concentrated using Amicon Ultra-15 10 kDa filters, which had been mixed with 
X31 IAV for 1.5 hours at 37oC. This was performed with and without the presence of 
TPCK trypsin. SpD was then immunoprecipitation by protein A Sepharose and SpD 
antibody. Washes were performed with RIPA buffer. SpD was eluted from the 
Sepharose after the immunoprecipitation using SDS. These samples then underwent 
western blotting with SpD and IAV antibodies. Membranes were exposed for up to 
180 seconds. 
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3.3.5.2 Using murine SPLUNC1 
 

To confirm that the conditions used to test in vitro interactions of SPLUNC1 and IAV 

were not masking in vivo conditions, BAL fluid containing murine SPLUNC1 

(mSPLUNC1) was obtained as an input for immunoprecipitation. 

Immunoprecipitation of mSPLUNC1 from bronchoalveolar lavage (BAL) samples was 

attempted using two different anti-murine SPLUNC1 antibodies bound to protein A 

Sepharose alongside a no antibody control. Flow through samples were collected 

from each stage alongside the final eluent to identify if any mSPLUNC1 is lost during 

the experiment. mSPLUNC1 immunoprecipitation was best with antibody A however, 

this requires further optimization due to loss of protein during washing and not all 

mSPLUNC1 being immunoprecipitated initially (Figure 53). 

 
 
 

 

 

Figure 53. Optimization of mSPLUNC1 immunoprecipitation from WT BAL.  
Immunoprecipitation of mSPLUNC1 from WT BAL was completed with protein A 
Sepharose and mouse SPLUNC1 antibodies A or B. Samples were washed once with 
RIPA buffer and mSPLUNC1 eluted using SDS in 2x sample buffer. In addition to the 
eluent, flow through and wash samples were collected and underwent western 
blotting with SPLUNC1 antibodies. Membranes were exposed for up to 40 seconds. 

 
 

Further optimization of mSPLUNC1 immunoprecipitation was completed with various 

conditions altered including temperature, antibody concentrations, wash buffer, 

incubation times and a free antibody pulldown approach. Again, flow through 
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samples were collected at each stage and visualized, after being separated by weight 

using SDS-page, by either silver staining or western blotting, described as 2.4.4. This 

revealed that mSPLUNC1 immunoprecipitation was only improved when performed 

with longer incubation times (Figure 54). 

 

 

Figure 54. Optimization of mSPLUNC1 immunoprecipitation from WT BAL 
(A and B) mSPLUNC1 was immunoprecipitated from WT BAL by protein A Sepharose 
and mouse SPLUNC1 antibody A at either room temperature for 1 hour or overnight 
at 4 degrees. Samples were washed once with RIPA buffer. mSPLUNC1 was eluted 
from the Sepharose after the immunoprecipitation using SDS in 2x sample buffer. 
Eluent, flow through and wash samples were collected and underwent (A) western 
blotting with SPLUNC1 antibodies or (B) silver staining. (C) mSPLUNC1 was 
immunoprecipitated under various conditions. Eluent, flow through and wash 
samples were collected and visualised via western blotting. All membranes were 
exposed for up to 40 seconds. 

 
 

Mouse BAL was primed with IAV X31 then incubated at 37oC for one hour prior to 

immunoprecipitation and visualization via western blot. This was performed in the 

presence and absence of TPCK trypsin and revealed that mSPLUNC1 does not interact 

with IAV when other co-factors or native proteins are present (Figure 55). 
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Figure 55. mSPLUNC1 does not interact with an IAV protein in the presence of  
co-factors 
A mSPLUNC1 immunoprecipitation was performed on WT BAL mixed with X31 IAV 
for 1.5 hours at 37oC. This was performed with and without the presence of TPCK 
trypsin. SPLUNC1 was then immunoprecipitated by protein A Sepharose and 
SPLUNC1 antibody. Washes were performed with RIPA buffer. SPLUNC1 was eluted 
from the Sepharose following immunoprecipitation using SDS. These samples then 
underwent western blotting with SPLUNC1 and IAV antibodies. Membranes were 
exposed for up to 60 seconds. Figure is representative of three independent 
experiments.  
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3.4 Discussion 
 

This chapter set out to establish whether SPLUNC1 antiviral effect is mediated by a 

direct interaction between itself and an IAV protein. First, recombinant SPLUNC1 was 

characterized prior to its use in downstream assays. This demonstrates that human 

SPLUNC1 does not undergo N-glycosylation, unlike murine SPLUNC1. This is 

observed even though human SPLUNC1 contains N-glycosylation sequons which are 

evenly interspersed throughout its length (170, 263). Although human SPLUNC1 can 

be glycosylated is does not occur in the main isoform present in humans. Together, 

this suggests that SPLUNC1 function could differ across species and that N-

glycosylation might be key to mediating this (170). This suggestion is further 

supported as murine SPLUNC1 contains an additional amino acid region in exon 2, 

compared to human SPLUNC1, and the two species only share 66% amino acid 

similarity (172). The role of the species-specific sequences in SPLUNC1 is currently 

unclear however, glycosylation is known to be important for human SpD antiviral 

activity against IAV therefore these species difference could be crucial to how 

SPLUNC1 functions (74). 

Meanwhile the purification of SPLUNC1 revealed CHAPS was required for the 

complete elution of SPLUNC1 from Ni-IDA resin. CHAPS is a zwitterionic detergent 

that preserves the native state of proteins and is often used to solubilize proteins that 

are insoluble due to their hydrophobicity. It is necessary for the elution of SPLUNC1 

from Ni-IDA resin as SPLUNC1 has a hydrophobic core and 44% of its total amino acids 

are hydrophobic (166, 199, 230). This means SPLUNC1 is not very soluble in water 

and often binds non-specifically to other proteins, particularly lipids. This ability of 
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SPLUNC1 to bind lipids could be decreasing the availability of the expressed SPLUNC1 

protein for purification, due to it already being involved in other interactions or 

SPLUNC1 binding site itself being occupied. Also, it is likely to partly responsible for 

the poor purity observed following purification in this thesis and in previously 

recorded attempts, as these non-specific interactions are purified alongside SPLUNC1 

and consequently decrease the overall purity recorded (264). Both these facts 

contribute to why SPLUNC1 purification, with respect to the aim of producing purified 

recombinant protein, was unsuccessful in this thesis and other sources were 

ultimately utilised. However, these factors could influence SPLUNC1 function 

positively, meaning it acts as a surfactant or via non-specific binding capacity. 

Finally, immunoprecipitation experiments with human and murine SPLUNC1 

revealed that neither interact with IAV. The fact this result was also observed when 

BAL was the sample means that other cofactors or proteins that could be needed for 

an interaction were present. This suggests a direct interaction is likely not responsible 

for SPLUNC1’s antiviral activity during IAV infection and another mechanism is 

responsible. Nonetheless, there are a few aspects of this experiment that must be 

considered and could impact these results. Firstly, it is possible the 6x His tag present 

at SPLUNC1’s N-terminus impacts protein folding, and therefore its structure and 

function. Secondly, SPLUNC1’s could already be binding with something else, and its 

binding site occupied. This would limit the number of other interactions that could 

occur and ultimately be detected. Finally, a protein or cofactor that mediates 

mSPLUNC1’s interaction with IAV might only be upregulated during IAV infection. 

Therefore, investigations for this interaction would be more reliable and robust 

experiment using BAL from an IAV infected mouse. 
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It is possible that human and murine SPLUNC1 act via distinct mechanisms because 

only murine SPLUNC1 is N-glycosylated and other species-specific differences. 

However, this study found that SPLUNC1 from neither species interacted with IAV 

directly. This means that in the context of its antiviral activity against IAV it is likely 

that N-glycosylation does not influence SPLUNC1 mechanism of function and is in fact 

unrelated, given that it does not function via the same mechanism as human SpD. 

Since SPLUNC1 is not acting via a direct interaction it must be involved in the hosts 

antiviral response via an alternative mechanism. It is possible that SPLUNC1 is binding 

itself non-specifically or to other hydrophobic proteins and acting in complex with 

other proteins or as part of a larger signaling pathway which mediate its effect. 

Alternatively, its hydrophobicity could reflect its ability to act as a surfactant and this 

surfactant activity could be crucial to mediating its antiviral activity (199). It is more 

likely that SPLUNC1 is involved in a larger, overriding immune response pathway or 

mechanism during IAV and mediating its anti-viral effect. This could be mediated by 

IL-13. SPLUNC1 expression is down regulated by IL-13 in vitro and in vivo during 

human disease (185, 212). It is possible that SPLUNC1 is being modulated by IL-13 

during IAV infection as part of a larger signalling pathway or immune complex, that 

is involved in the hosts antiviral response. To establish this, an in vivo experiment 

should be performed with WT and SPLUNC1 KO mice infected with IAV, and a subset 

administered with an IL-13 monoclonal antibody. If IL-13 is mediating SPLUNC1 anti- 

viral activity, then IL-13 antibody administration could lead to IAV infected WT mice 

having a SPLUNC1 KO phenotype. 

Finally, modulation of SPLUNC1 expression has been observed to associate with the 

timing of IAV infection with expression significantly lower at 5 and 7 d.p.i. before 
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recovery by day 14 (222). This also occurs during infection with EBV, RV, MHV-68 and 

Pseudomonas aeruginosa. Therefore, this repeating expression pattern may hold 

clues to SPLUNC1 antiviral function and should be further investigated to establish its 

role during IAV infection, alongside IL-13. It is possible that IL-13 and SPLUNC1 are 

both being modulated by the same factor but are affected in opposite ways. 

In summary, SPLUNC1 is an antiviral peptide during IAV infection however, a direct 

interaction between an IAV protein and human or murine SPLUNC1 is not likely 

responsible for mediating its antiviral effect. Understanding how SPLUNC1 mediates 

this function is crucial to progressing IAV research and treatment options as it 

continues to have a significant burden on health globally. Further experiments are 

needed, such as investigating the roles of IL-13 and variable SPLUNC1 expression 

during IAV infection, to elucidate how SPLUNC1 mediates its antiviral activity during 

infection. 
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4 Engineering an in vitro SPLUNC1 deficient cell line 

 
4.1 Introduction 

 
Based on previous data (Chapter 3) and as evident from the published literature, the 

mechanism by which SPLUNC1 elucidates its antiviral activity during IAV infection is 

unknown. However, we have established this is not due to a direct interaction with 

IAV. Therefore, to investigate this an in vitro model was established to explore this 

anti-viral activity and allow comparison between the effect on IAV infection on WT 

and SPLUNC1 KO cells. SPLUNC1 KO mice have a very distinct, reproducible 

phenotype and the generation of an in vitro SPLUNC1 KO model would be invaluable 

when investigating how SPLUNC1 functions. CRISPR-Cas9 allows more accurate gene 

editing with a large degree of control over the specificity and nature of the mutations, 

compared to other editing tools (265). It can be used to decrease gene expression to 

knockout levels and identify host factors required for IAV replication and infection. A 

CRISPR-Cas9 SPLUNC1 KO cell model would help establish whether SPLUNC1 

modulates the host response or influenza itself during infection (266). Furthermore, 

this in vitro model would allow the completion of complementation experiments that 

could be crucial when elucidating exactly how SPLUNC1 operates. This exploration 

into how SPLUNC1 modulates IAV infection is crucial to advancing research and 

knowledge into the hosts response to IAV and reducing the burden influenza places 

on society. 
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4.2 Aims 
 

The overall aim for this chapter was to use CRISPR-Cas9 gene editing technology to 

engineer a knockout cell line that was deficient in SPLUNC1 protein and to then utilize 

it to investigate SPLUNC1’s function during IAV infection. Firstly, HBEC3-KT cells were 

characterized to confirm they were a suitable model for this study. Secondly, CRISPR- 

Cas9 gene editing technology was applied to KO splunc1 from HBEC3-KT cells. Finally, 

the resulting cell line was used to explore the effect of SPLUNC1 KO has on IAV 

infection. 

 
 

4.3 Results 

 
4.3.1 Characterization of HBEC3-KT cells 

 
Human bronchiolar epithelial cells immortalized with CDK4 and hTERT, HBEC3-KT 

cells, were chosen as model to investigate SPLUNC1 role during influenza A Virus (IAV) 

infection as they are representative of the setting of this antiviral activity in vivo. In 

this thesis these cells will be referred to as KT cells. First, KT cells were characterized 

when grown in submerged culture in either Keratinocyte Serum Free Media (KT- 

KSFM), PneumaCult-ExPlus (KT-ExPlus) or PneumaCult-ALI (KT-ALI) medias, described 

as 2.1.2. KT cells are usually grown in submerged culture with an epithelial-like 

morphology that is distinct in each media (Figure 56). KT-KSFM cells grow with an 

elongated polygonal shape. KT-ExPlus cells grow with a similar but more elongated 

polygonal shape like KT-KSFM cells, however they grow in distinct patches unlike the 

singular nature of KT-KSFM cells. KT-ALI cells have a polygonal, cobblestone-like 

morphology without any cell elongation. KT cells can also be cultured and 
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differentiated to form 3D cell culture models with Air Liquid Interface (ALI) scaffolds 

in PneumaCult ExPlus and ALI medias. 

 

Figure 56. KT cells morphology in different medias 
KT cells were grown in submerged culture in either Keratinocyte Serum Free Media 
(KT-KSFM), PneumaCult ExPlus (KT-ExPlus) or PneumaCult ALI (KT-ALI). Images are 
duplicated to show cell morphology at different stages of confluence. 

 
 

SPLUNC1 expression in KT cells was then characterized to establish whether they 

could be used as a model to investigate SPLUNC1 anti-viral role during IAV infection. 

SPLUNC1 RNA expression is upregulated in both KT-ExPlus and KT-ALI cells, compared 

to KT-KSFM (Figure 57). SPLUNC1 protein expression is subsequently observed in 
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both KT-ExPlus and KT-ALI cells but not KT-KSFM cells (Figure 57). This demonstrates 

KT cells differentiate in ExPlus and ALI medias to have a secretory morphology. 

 
 

Figure 57. SPLUNC1 expression in KT cells. 
KT cells were grown routinely in KSFM, ExPlus and ALI media as independent cultures. 
(A) cDNA was synthesized from extracted RNA then subject to standard PCR with 
SPLUNC1 primers. Subsequent products were separated on an 1% agarose gel. (B) 
qPCR was performed on KT cells grown in submerged culture in KSFM, ExPlus and ALI 
media. Samples underwent qPCR with SPLUNC1 and 18S primers. Afterwards, 
SPLUNC1 expression was normalized to 18S. (C) KT cells grown in submerged culture 
in KSFM, ExPlus and ALI media then lysed with SDS and probed for SPLUNC1 via 
western blot. 

 
 

 
4.3.2 Culture of HBEC3-KT cells at Air Liquid Interface (ALI) 

 
HBEC3-KT cells were grown and differentiated on Air Liquid Interface (ALI) scaffolds 

to form an epithelial monolayer with ciliated and secretory cells that model those 

found in human airways in vivo. KT cells were plated on ALI scaffolds and cultured for 

up to 24 days, described in 2.1.6. In this thesis HBEC3-KT cells cultured on ALI scaffold 

will be referred to as HBEC-ALI cells. During this period changes in cell morphology 

and the initiation of mucosal secretions were visible, this occurs from 7 days with 

cells also becoming more spherical (Figure 58). 
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Figure 58. HBEC3-ALI cells were grown and differentiated on Air Liquid Interface  
(ALI) scaffolds. 
KT-ExPlus cells were plated on ALI scaffolds and both the well and insert submerged 
in ExPlus media. When the cells reached confluence the ExPlus media was replaced 
with ALI media and media removed from the insert entirely. HBEC3-ALI cells 
underwent an apical wash with PBS weekly to remove excess mucus. Media was 
replaced every two days throughout. Images were captured using Ucam Plus on a 
light microscope and are presented with a 10 μm scale bar. 

 
 

This was initially performed with two different plating densities of cells per insert: 

1x104 and 3x104. After 15 days of culture, RNA was extracted from the HBEC3-ALI 

cells and probed for secretary and cilia markers, SPLUNC1 and TEKTIN1 respectively. 

RT-PCR, described as 2.3.7, revealed that the RNA expression of both SPLUNC1 and 

TEKTIN1 was upregulated following differentiation at ALI, but this was greater when 

cells were plated at a lower starting density (Figure 59). ALI cultures were also probed 

for the SPLUNC1 secretion onto the apical surface. This is observed in vivo and would 

be expected to occur following the upregulation of RNA expression. Apical washes 

were taken once a week with 100 μl PBS gently drained down the side of the insert 

scaffold. These revealed SPLUNC1 secretion began between 13-16 days of culture 

(Figure 59). 
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Figure 59. HBEC3-ALI cells have secretory and ciliated morphology. 
KT cell culture on ALI scaffold was performed with two different starting cell 
densities: 1x104 and 3x104. (A) On day 15 HBEC3-ALI cells were harvested in TRIzol, 
RNA extracted, then DNase treated. RNA was used to synthesise cDNA which was the 
template for PCR reactions. cDNA underwent PCR reaction for SPLUNC1 a secretory 
cell marker (550bp), GAPDH as a housekeeping gene (200bp) and TEKTIN1 as a cilia 
marker (200bp). This was also performed on a sample of KT cells from submerged 
culture in ExPlus media. (B) Apical washes were taken from ALI inserts with 100 μl 
PBS at various timepoints following culture with PneumaCult ALI media. Apical wash 
samples were mixed with 2x sample buffer then probed for SPLUNC1 via western 
blotting. 

 
 

 
4.3.3 Infection of HBEC3-KT cells with Influenza A Viruses 

 

KT cells susceptibility to IAV infection was investigated using a GFP tagged PR8 IAV 

strain. This was performed with and without TPCK trypsin present because it was 

unknown whether KT cells could cleave HA0 endogenously. IAV infection is confirmed 

by the visual presence of green fluorescence under microscope, following infection. 

KT-KSFM cells are susceptible to IAV infection in the presence and absence of TPCK 

trypsin, although KT-KSFM cells were more susceptible when TPCK trypsin was 

present, as judged by the degree of fluorescence in the transfected cultures (Figure 

60). KT-ExPlus are also susceptible to IAV with and without TPCK trypsin, however it 

does not greatly change the proportion of cells infected 24 hours post infection 
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(Figure 60). Conversely, KT-ALI cells were not susceptible to infection under either 

condition when an MOI of 1 was used. 

 
 

 

Figure 60. IAV Infection of KT cells with GFP-PR8. 
KT cells in KSFM, PneumaCult ExPlus or PneumaCult ALI were plated 24 hours prior 
to infection. These were infected with GFP-PR8 IAV at an MOI of 0.1. This was 
completed with and without the presence of TPCK trypsin. Images were taken on a 
light microscope 72 hours post infection. MDCK cells were infected alongside as a 
positive control, as they are the standard cell line used for IAV infections in vitro cell 
culture. 

 
 

To establish if this was due to a low virus concentration, KT-ALI cells were infected 

with RFP-PR8 IAV strain at an MOI of 2.5 and incubated for 72 hours. However, KT- 

ALI cells were still not susceptible to IAV infection (Figure 61). To identify if this lack 

of susceptibility to infection was a strain specific, human KT-ALI cells were infected 

with a human H1N1 strain isolated during the 2009 swine IAV pandemic, Eng195. A 

human H1N1 strain was utilized after the previous use of PR8, H1N1, as this was the 

only human IAV strain available. However, after inoculation at two different MOI 

with and without the presence of TPCK trypsin did not lead to IAV infection and no 
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cell death was observed (Figure 61). KT cells susceptibility to IAV was also assessed 

when cultured at an ALI. HBEC3-ALI cells were cultured for three weeks prior to 

infection with GFP-PR8 IAV at numerous MOI and with TPCK trypsin present. 

However, none of these conditions led to IAV infection (Figure 62). 

 

 

Figure 61. Infection of KT-ALI cells with various IAV strains. 
KT-ALI cells were plated 24 hours prior to infection then infected with either (A) GFP- 
PR8 IAV at an MOI of 1, RFP-PR8 at an MOI of 2.5 or (B) human H1N1 Eng195 
pandemic IAV at an MOI of 0.1 or 1. This was completed with and without the 
presence of TPCK trypsin. Images were taken 72 hours post infection on a light 
microscope. MDCK cells were infected alongside as a positive control, as they are 
the standard cell line used for IAV infections in vitro cell culture. N=3, two 
independent experiments. 
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Figure 62. HBEC3-ALI cells are not susceptible to IAV infection 
HBEC3-ALI cells were cultured for 24 days prior to infection with GFP-PR8 IAV. Cells 
were infected for 1 hour then incubated for 72 hours prior to visualization under 
microscope. Two independent experiments. 

 
 

 
4.3.4 Expression of sialic acid receptors on HBEC3-KT cells 

 
IAV bind sialic acid (SA) receptors on glycans on host cell membranes for cell entry, 

specifically α2,3 and α2,6 linked SA. Avian IAV preferentially bind α2,3 linked SA 

residues whereas human and swine IAV bind α2,6 linked SA residues. This mirrors the 

expression of predominantly α2,6 linked SA in human airways and α2,3 linked SA in 

birds. KT cells grown in submerged culture in each media were stained for α2,3 - and 

α2,6 - linked SA using Maackia amurensis agglutinin (MAA) and Sambucus nigra 

agglutinin (SNA) lectins, respectively, to evaluate their expression and distribution in 

these cells qualitatively. 

Immunofluorescence analysis of KT-KSFM cells reveals widespread expression of 

both MAA and SNA on all epithelial cells (Figure 63). SNA staining suggests the 

expression of α2,6 - linked SA appears greater in KT-KSFM cells than α2,3 - linked SA. 
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KT-ExPlus cells also have widespread distribution of MAA and SNA staining on 

epithelial cells. SNA staining appears greater than MAA expression in KT-ExPlus cells 

and SNA expression in KT-KSFM cells, this suggests KT-ExPlus cells may expression 

more α2,6 - linked SA (Figure 64). KT-ALI cells also have widespread MAA and SNA 

distribution in all cells although SNA expression is more diffuse in KT-ALI cells 

compared to KT-KSFM and KT-ExPlus cells (Figure 65). Interestingly, MAA staining 

appears strongest in KT-ALI cells where it also might be greater than SNA expression. 

 
 

 

Figure 63. KT-KSFM cells have strong α2,3-linked and α2,6-linked sialic acid expression. 
KT-KSFM cells were grown in submerged culture on coverslips for 24 hours at 37oC 
then fixed in 4% PFA, stained with biotinylated Sambucus Nigra Lection (SNA) or 
biotinylated Maackia Amurensis (MAA), then Streptavidin Alexa Fluor 568 conjugate 
and counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Slides were imaged 
with a LSM 780 confocal microscope at 561 and 405nm. Images present with a 20 μm 
scale bar. 
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Figure 64. KT-ExPlus cells have strong α2,3-linked and α2,6-linked sialic acid expression. 
KT-ExPlus cells were grown in submerged culture on coverslips for 24 hours at 37oC 
then fixed in 4% PFA, stained with biotinylated Sambucus Nigra Lection (SNA) or 
biotinylated Maackia Amurensis (MAA), then Streptavidin Alexa Fluor 568 conjugate 
and counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Slides were imaged 
with a LSM 780 confocal microscope at 561 and 405nm. Images present with a 20 μm 
scale bar. 

 
 
 
 

 

Figure 65. KT-ALI cells have strong α2,3-linked and α2,6-linked sialic acid expression. 
KT-ALI cells were grown in submerged culture on coverslips for 24 hours at 37oC then 
fixed in 4% PFA, stained with biotinylated Sambucus Nigra Lection (SNA) or 
biotinylated Maackia Amurensis (MAA), then Streptavidin Alexa Fluor 568 conjugate 
and counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Slides were imaged 
with a LSM 780 confocal microscope at 561 and 405nm. Images present with a 20 μm 
scale bar. 
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4.3.5 SPLUNC1 KO in HBEC3-KT cells 
 

SPLUNC1 KO in KT-KSFM cells was attempted with CRISPR-Cas9 technology. This was 

to create an in vitro model to investigate its anti-viral role during IAV infection. Single 

guide RNA (sgRNA) sequences that were 20 nucleotides long and upstream of PAM 

sites, NGG, were selected to target Cas9 to SPLUNC1 gDNA. There Cas9 can interrupt 

and cleave the sequence, inducing a double stranded break in the DNA. This is 

repaired by cell DNA repair pathways and introduces mutations into gDNA. 

 

 

Figure 66. sgRNA target SPLNUC1 gDNA in exon 2 to disrupt SPLUNC1 secretion  
signal and N terminus. 
SPLUNC1 gDNA annotated showing where the four CRISPR-Cas9 SPLUNC1 sgRNA 
sequences bind and target Cas9. The sgRNA sequences are annotated: For33, For53, 
Rev 97 and Rev 18. Genotyping primers are also annotated. Image was produced 
using Geneious. 

 
 

sgRNA sequences were designed and selected using IDT’s online CRISPR design tool 

which excludes gRNA with possible off target effects. Four sgRNAs were designed to 

targeting exon 2 of SPLUNC1 gDNA because this is where the SPLUNC1 start codon 
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and secretion signal are located. Therefore, a mutation is likely to have a larger 

impact resulting in the loss of protein secretion (Figure 66). The sgRNA sequences 

were cloned into Cas9-GFP plasmid as described in 2.2.6. sgRNA - Cas9-GFP plasmids 

were confirmed by commercial sequencing prior to their use (Figure 67). 

 

 

Figure 67. Sanger sequencing confirms the insertion of sgRNAs into the Cas9-GFP  
plasmid. 
Following cloning the sgRNA sequence into the Cas9 GFP plasmid, plasmids 
underwent sanger sequencing to confirm the plasmid sequence was correct. Guide 
RNA sequences identified in green. 

 
 

Prior to the transfection of sgRNA – Cas9-GFP plasmids, the ability to transfect KT 

cells was assessed with a GFP plasmid. KT cells were transfected as described in 

2.1.5.2 and observed 24 hours later. Both KT-KSFM and KT-ExPlus cells were 

responsive to transfection with a good efficiency rate. However, KT-ALI cells could 

not be transfected with TransIT LT1 but with lipofectamine 3000 (Figure 68). This 
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confirms KT cells are susceptible to transfection and therefore can undergo gene 

editing with sgRNA - Cas9-GFP plasmids. 

 
 

Figure 68. Optimizing the transfection of KT cells 
KT cells grown in submerged culture were transfected with GFP plasmid using (A) 
TransIT LT1 or (B) Lipofectamine 3000 to assess transfection efficiency. Cells were 
incubated for 24 hours prior to imaging on a light microscope. 

 
 

SPLUNC1 sgRNA - Cas9-GFP plasmids were transfected into KT-KSFM cells in pairs 

because this will introduce two separate dsDNA breaks in the gDNA. This increases 

the likelihood of a larger sized DNA mutation occurring compared to the transfection 

of one sgRNA and therefore, also the probability that the SPLUNC1 protein is KO of 

the KT-KSFM cell line. The SPLUNC1 sgRNA - Cas9-GFP plasmids were transfected in 

four combinations, with both forward and reverse sgRNA paired together. The entire 

CRISPR-Cas9 editing process used to edit KT-KSFM cells is outlined in Figure 69. 
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Figure 69. Flow diagram illustrating the transfection, sorting, and genotyping 
pathway taken to establish a SPLUNC1 deficient KT-KSFM cell line. 
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SPLUNC1 gRNA - Cas9-GFP plasmids were transfected into KT-KSFM cells and left for 

48 hours prior to FACS sorting for GFP positive cells. Each gRNA combination had 

different levels of transfection efficiency, indicated by green, fluorescent cells post 

transfection (Figure 70). This shows all four sgRNA combinations were successfully 

transfected into KT-KSFM cells, but it is unclear whether the cells have been 

transfected by one or both sgRNA. Although the transfection efficiency appears 

greater at 24 hours post transfection compared to 48 hours, cells were sorted for GFP 

48 hours post transfection as the transfection optimization experiment 

demonstrated this in fact was superior (Figure 68). Cells were collected 48 hours post 

transfection and live, single cells sorted for FITC GFP and isolated as single cells in 96 

well plates as described in 2.1.14.1. The number of cells recovered, and those positive 

for FITC GFP, during FACS sorting is stated in Figure 67. Cells were then incubated and 

allowed to expand then passaged and genotyped once confluent as described in 

2.1.14.2 (Figure 69). 
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Figure 70. Efficiency of double sgRNA transfection into KT-KSFM cells. 
KT-KSFM cells were transfected with four different sgRNA combinations – 
combination 1: For33 & Rev18, combination 2: For33 & Rev97, combination 3: For53 
& Rev18, combination 4: For53 & Rev97 – using TransIT LT1. Cells were imaged at 24 
and 48 hours post transfection with a light microscope to assess efficiency. Each 
combination was transfected in triplicate. At 48 hours post transfection cells were 
collected via trypsination, triplicates pooled and prepared for FACS sorting. 

 
 
 
 

Figure 71. FITC GFP positive cells were isolated during FACS sorting. 
FACS sorting was performed a BD FACSAria II for FITC GFP on KT-KSFM cells 
transfected 48 hours earlier with sgRNA Cas9-GFP plasmids. This quantified the 
number of cells sorted, the number of those positive for FITC GFP and overall 
transfection efficiency. 
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Following expansions, KT-KSFM clones were genotyped to identify whether any 

SPLUNC1 gDNA modifications had occurring following CRISPR-Cas9 editing. This was 

performed using PCR with the primers identified above (Figure 67), GAPDH was also 

used as a positive control. Unedited SPLUNC1 gDNA genotyping PCR had a product 

of 592bp, the presence of bands with different sizes indicates gene editing has 

occurred. Genotyping revealed three clones had undergone editing: 2, 11 and 36 ( 

Figure 72). Clone 36 had undergone a large 440bp deletion, smaller deletions 50bp 

have occurred in clones 2 and 11. However, none of these colonies have a 100% 

edited population so they were resorted, as described in 2.1.14.2, to establish a 100% 

edited population. Clones 7, 9 and 23 have no product from the SPLUNC1 genotyping 

PCR but do for GAPDH. This shows the gDNA sample for the genotyping PCR was not 

problematic but that editing may have occurred to the extent that a PCR product 

cannot be formed anymore. Therefore, these clones were also expanded (Figure 69). 

These six clones were expanded as they were the only cells that showed evidence of 

gDNA editing upon genotyping. For the rest of this study clone 2 will be known as S1, 

clone 11 - S2, clone 36 - S6, clone 7 - S4, clone 9 - S5 and clone 23 – S6. 
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Figure 72. Genotyping for SPLUNC1 deletion and GAPDH in the selected KT-KSFM cells. 
The sgRNA transfected KT-KSFM cells were sorted for GFP, collected, and grown from 
single cells for further analysis. When confluent, DNA was extracted, and cells 
screened for SPLUNC1 editing and GAPDH as a housekeeping gene/positive control. 
Unedited cells should produce a band of 592bp and 150bp bands, respectively. Edited 
clones highlighted in red. 

 
 

Once the edited parental clones identified during sort one had been resorted, the 

newly sorted subclone single cells were allowed to expand so they could undergo 

genotyping once confluent (Figure 69). Genotyping following sort two sorting was 

completed for SPLUNC1 only. None of the expanded edited clones had a 100% edited 

population following the second sort (Figure 73). Therefore, a third sort to single cells 

was required to establish this. Clone S3 was expanded from sample 25 as this cell 

population had smallest quantity of unedited gDNA. Clones S1 and S2 were resorted 

from samples 3 and 13 respectively. Genotyping also revealed that clones S4, S5 and 
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S6 had no undergone editing, and they were not further used in these experiments 

(Figure 73). 

 

Figure 73. Genotyping of selected CRISPR edited SPLUNC1 clones following sort two  

Selected edited colonies were resorted to single cells following initial genotyping. 
When confluent, DNA was extracted from these cells and screened for SPLUNC1 
editing. Unedited cells should produce a band of 592bp PCR product. 

 
 

Genotyping following sort three identified that a 100% edited cell population from 

clone S3 had been established (Figure 74). This underwent further genotyping via 

western blotting, described in 2.4.4, to identify if this gDNA deletion resulted in the 

knockout SPLUNC1 protein. Western blotting revealed that the 440bp gDNA deletion 

does knockout the SPLUNC1 protein in KT cells (Figure 75). Sequencing of the edited 

PCR product revealed a 472bp deletion: from midway in exon 2 encompassing all of 

exon 3 (Figure 75). PCR genotyping revealed a 100% population had still not been 

established for clones S1 and S2 after sort three (Figure 69). As a SPLUNC1 KO cell 

line had already been established these clones were not used further in this study. 
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Figure 74. Genotyping following third sort of CRIPSR edited SPLUNC1 colonies identifies 
100% edited population 
Selected colonies were resorted to single cells following sort two. When confluent, 
DNA was extracted from these cells and screened for SPLUNC1 editing via PCR. 
Unedited cells produce a band of 592bp PCR product. 
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Figure 75. SPLUNC1 KO in KT cells is confirmed and sequenced 
(A) Colonies where a 100% edited population was indicated were grown in KT-ALI 
media for one week then harvested, lysed in SDS and probed for SPLUNC1 via western 
blotting. (B) PCR product of 100% edited SPLUNC1 KO clone was sequenced using 
commercial sanger sequencing to identify the exact deletion. SPLUNC1 KO gDNA 
sequence is aligned against wildtype unedited gDNA and annotated in yellow using 
Geneious. 

 

 
4.3.6 SPLUNC1 role during IAV infection in vitro 

 
SPLUNC1 role during IAV infection was investigated by determining if the viral titre 

recorded following IAV infection differed in SPLUNC1 KO KT cells compared to 

unedited cells. KT cells were infected with PR8 IAV at an MOI of 1 in the presence of 

TPCK trypsin, incubated for 48 hours and the secreted Influenza viral titre established 

by plaque assay from the supernatant, both as described in 2.1.11. This revealed that 

SPLUNC1 KO did not significantly increase IAV titre following infection in KT cells. 

SPLUNC1 KO in fact reduced the viral titre observed in KT-KSFM and KT-ExPlus cells, 

however this was not statistically significant with p=0.1 for both KT-KSFM and KT- 

ExPlus cells. SPLUNC1 KO in KT-ALI cells did not alter viral titre following IAV infection, 

p>0.99 (Figure 76). 
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Figure 76. SPLUNC1 KO does not have a significant effect on viral titre in IAV  
infected KT cells. 
KT cells in KSFM, ExPlus and ALI media were plated 24 hours prior to infection with 
GFP-PR8 at an MOI of 1. 72 hours later, supernatant was collected and IAV virus titre 
quantified by plaque assay. Data presented with error bars as S.E.M. (N=3), one 
independent experiment. Statistical analysis was performed with Mann-Whitney U 
test. 

 
 

The effect of SPLUNC1 KO in vitro was also investigated with an IAV infection at an 

MOI of 0.1 for 24 hours using KT-ExPlus and KT-ALI cells. This was performed in 

addition to the infection above as these conditions were used in the IAV infection of 

mTEC cultures from WT and SPLUNC1 KO mice and a significant difference in viral 

titre subsequently observed (222). Viral titre was quantified using plaque assay 

(described in 2.1.11). This revealed that SPLUNC1 KO in KT-ExPlus did not significantly 

increase the viral titre recorded from IAV infection compared to WT KT-ExPlus cells 

(Figure 77), p=0.457. KT-ALI cells were also infected with IAV under these conditions 

however, plaque assay did not identify any IAV. 
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Figure 77. SPLUNC1 KO does not have a significant effect in KT-ExPlus cells 
KT-ExPlus cells were plated 24 hours prior to infection with PR8 at an MOI of 0.1. 24 
hours later the supernatant was collected and IAV virus titre quantified by plaque 
assay. Data presented with error bars as S.E.M. (N=4), one independent 
experiment. Statistical analysis was performed with Mann-Whitney U test. 
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4.4 Discussion 
 

This chapter describes the characterization of HBEC-KT cells, the generation of an in 

vitro SPLUNC1 deficient cell line and established that in vitro SPLUNC1 KO does not 

affect viral titres following in vitro IAV infection. First, KT cells were characterized to 

assess their suitability as an in vitro respiratory model for IAV infection. KT cells are a 

human bronchiolar epithelial cell line that can mimic those seen in vivo. Their culture 

in PneumaCult ExPlus and ALI media led to differentiation and subsequent SPLUNC1 

RNA and protein expression in vitro. Although SPLUNC1 RNA expression/μg is greater 

in KT-ExPlus cells compared to KT-ALI cells in Figure 53-B, this is not reflected in Figure 

53-A. This is due to the higher cDNA content in the KT-ExPlus sample appearing as a 

smear in the PCR product instead of a defined product. Overall, this demonstrates 

that KT cells are a suitable cell line to use to manipulate SPLUNC1 expression and 

explore its mechanism of activity during IAV infection. KT cells susceptibility to IAV 

infection was also assessed during their characterization. KT-KSFM and KT-ExPlus 

cells are susceptible to infection. However, KT-ALI cells susceptibility to infection is 

unpredictable and not robust. In section 4.3.3, KT-ALI cells were not susceptible to 

two strains of IAV however in section 4.3.6, KT-ALI cells were susceptible to IAV 

infection. In 4.3.3 the presence of infection was indicated by GFP, due to the use of 

GFP tagged PR8 virus strain, and visual presence of cell death however, neither were 

visible following the infection of KT-ALI cells under any condition. In 4.3.6, IAV 

infection and viral titres were confirmed and established using plaque assays. The 

absence of consistency with regards to KT-ALI cells susceptibility to IAV suggests an 

experimental issue, such as a mixed population of GFP-PR8 and PR8, or another, 

external interfering factor. Although it is currently unclear what the identity of this 
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external factor is and why KT-ALI cells are not always robustly susceptible to IAV 

infection, this data shows SPLUNC1 is not the cause of this issue as IAV infection has 

been recorded, and is not statistically different, in both WT and SPLUNC1 KO KT-ALI 

cells. Additionally, a low density of receptors that allows IAV to enter cells (Figure 61), 

α2,6 linked SA receptors, is not responsible for KT-ALI cells not being consistently 

susceptible to IAV infection. However, the strength of this statement could be 

improved through quantitative analysis and counting of the expression of α2,3 and 

α2,6 linked SA receptors, in addition to the qualitative analysis in this thesis. 

Finally, the infection of KT cells with IAV also revealed that whilst the addition of TPCK 

trypsin was necessary and enhanced IAV infection in KT-KSFM cells it was not needed 

for KT-ExPlus cells. This reveals that when cultured in PneumaCult ExPlus media KT 

cells endogenously produce sufficient proteases, such as transmembrane serine 

protease 2 (TMPRSS2), that cleave HA and allow influenza to infect cells. 

In this chapter a SPLUNC1 deficient in vitro cell line was generated in human 

bronchiolar epithelial cells. This was achieved using CRISPR-Cas9 editing technology 

through the deletion of half of exon 2 and the entirety of exon three. Despite 

SPLUNC1 protein no longer being expressed other regions of SPLUNC1 gDNA are still 

present. It is unknown whether these regions of SPLUNC1 from exon 4-8 are 

important for SPLUNC1 antiviral activity. 

Following the generation of SPLUNC1 KO KT cells, IAV infections were performed 

using the recovered clones alongside WT KT cells to identify if this targeted 

SPLUNC1 deficiency effected IAV infection or replication. However, the IAV 

infections performed at two MOI and time periods saw no statistically significant 

difference in the terminal viral titres achieved. Interestingly SPLUNC1 KO in vitro in 
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Figure 76 trended towards being protective against IAV infection, the opposite of 

what would be expected. Although this was not a statistically significant difference it 

is not clear why this occurred, or the implications of it. It is possibly due to the in 

vitro conditions not being able to suitably reflect SPLUNC1’s function, or 

SPLUNC1’s primary function as is protective 24 hours post infection, but these 

titres were taken at 48 hours post infection. The IAV infections performed in 

Figure 76 saw different viral titres recorded in unedited KT cells in KSFM, ExPlus 

and ALI media because the number of cells present in each well was not consistent 

across the three media. Additionally, KT cells grow at different rates in each media 

and the cells are infected by IAV with a different efficiency in each media. Overall, this 

data shows that human SPLUNC1 deficiency does not affect IAV infection and 

replication in an in vitro human bronchiolar epithelial cell line. However, other 

experiments should be performed to identify if SPLUNC1 deficiency affects other 

aspects of IAV infection. First, it should be investigated to see if SPLUNC1 affects the 

binding and entry of IAV into cells at the point of infection using 

immunofluorescence. This would establish the timing of SPLUNC1’s role during 

infection, as previously SPLUNC1 has been shown to limit IAV entry into murine 

models at 24 hours post infection (222). Secondly, IAV infections should be 

performed in WT and SPLUNC1 KO KT cells in each media and RNA-seq performed. 

This would enable the identification of differences between the host response to 

IAV infection when SPLUNC1 is absent. Both these experiments would provide 

crucial data for further exploration into how SPLUNC1 elucidates is antiviral activity. 

The in vitro SPLUNC1 deficient model generated in this chapter did not demonstrate 

any antiviral activity by SPLUNC1 against IAV unlike the SPLUNC1 KO mice model 
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utilized in vivo. This could be due to in vitro models not including all the complexes 

and interactions that SPLUNC1 has in vivo. However, the performance of other 

additional experiments is necessary before it can be stated no antiviral activity is 

shown by SPLUNC1 in the in vitro model. Particularly, the completion of RNA-seq to 

identify any transcriptome disparities during IAV infection when SPLUNC1 knockout 

as this data would be invaluable with the aim of further understanding how SPLUNC1 

functions. It is possible that no antiviral activity from SPLUNC1 was identified in this 

in vitro model due to the species difference between it and the murine in vivo 

model. To date, there has been no evidence that human SPLUNC1 also has anti-viral 

activity against IAV like murine SPLUNC1. Therefore, this may explain the absence of 

a difference during SPLUNC1 deficiency in vitro during IAV infection. A murine 

SPLUNC1 KO in vitro model might be more suitable when trying to elucidate how 

SPLUNC1 mediates its antiviral activity in future experiments. 

In summary, this chapter has described the engineering of an in vitro human 

bronchiolar SPLUNC1 deficient cell line and used it to investigate the effect of 

SPLUNC1 deficiency during IAV infection. However, no statistically significant 

difference was observed in the viral titres obtained following infection therefore, the 

mechanism which SPLUNC1 mediates its antiviral activity could not be elucidated. 

Further experiments need to be performed to investigate how SPLUNC1 functions 

and establish whether human SPLUNC1 does protects against IAV. 
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5 SPLUNC1 peptide S18 influences IAV infection in vivo 

 
5.1 Introduction 

 
From the data presented thus far, it is still unclear how SPLUNC1 mediates its antiviral 

activity during IAV infection. Therefore, SPLUNC1 involvement and its role was 

further investigated in this chapter. Multiple approaches have been used to identify 

and validate the role of SPLUNC1 during IAV infection. These have been used in this 

chapter to investigate how SPLUNC1 functions, if complementary experiments 

produce mirror phenotypes, and whether, when combined, all results indicate a 

single mechanism is occurring. 

Previously, a specific region of hSPLUNC1, S18, has been identified as functionally 

active in the respiratory airway of humans and mice. The S18 sequence originates 

from human SPLUNC1. It is partially conserved in mice, but the sequence is 

interrupted (Figure 9). S18 binds and activates epithelial sodium channels (ENaC) 

and reverses airway surface liquid (ASL) dehydration observed in cystic fibrosis 

patients however, it has yet to be investigated for an antiviral role. Therefore, S18 

and its optimised version, SPX101, with greater stability and delivery via 

nebulisation to the lung will be investigated in this study alongside a negative 

control, a scrambled S18 peptide (S18sc) to establish if these regions of SPLUNC1 

are involved in modulating IAV infection (267). The S18 peptide will be administered 

in vivo with my industrial collaborator, SiSaf, novel delivery formulation which 

provides greater stability and retention. This is to establish if it can act as an 

adjuvant and increase S18 ability to provoke an immune response or improve its 

potency like other vaccine adjuvants have been used previously, such as alum (268).         
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5.2 Aims 
 

The aims for this chapter were to further explore SPLUNC1’s function and role in the 

context of IAV infections. Firstly, through establishing an in vitro assay that reflect the 

effect of SPLUNC1 KO in vivo and therefore allows investigation into its mechanism 

of activity. Secondly, by examining the role of the SPLUNC1 peptides during IAV 

infection in vitro and in vivo. Finally, by administering S18 with SiSaf’s novel delivery 

formulation to aid retention in the nasal and respiratory tract and assess whether this 

impacts infection in vivo. 

 
 

 

5.3 Results 

 
5.3.1 In vitro experiments with SPLUNC1 and IAV 

 
5.3.1.1 Recombinant SPLUNC1 protein does not inhibit hemagglutination 

Hemagglutination, or the binding of IAV to RBC, and hemagglutination assays are 

used to quantify the amount of IAV in a sample. Hemagglutination assays were 

performed, as described in 2.1.12, with the lowest concentration of IAV that caused 

hemagglutination in the presence of RBC only and mock (VR1255 plasmid) and 

recombinant SPLUNC1 (pVR1255-SPLUNC1) protein were added in equal 

concentrations to identify if SPLUNC1 affected IAV hemagglutination. However, 

SPLUNC1 did not enhance hemagglutination compared to the mock, negative control 

(Table 12). 
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Table 12 – Recombinant SPLUNC1 protein does not inhibit hemagglutination 

VR1255 and SPLUNC1-VR1255 plasmids were transfected into HEK293T cells, 
supernatant collected six days later and used as recombinant SPLUNC1 or mock 
protein, respectively. Hemagglutination assays were performed with a total of 17μg 
protein that was serially diluted to with a factor of 10, 0.5% chicken red blood cells 
and IAV PR8 mCherry at 5.6x103 pfu. Each assay was repeated three times 
independently with similar results. 

 

 

5.3.1.2 SPLUNC1 protein does not affect viral titre following IAV infection. 
 

SPLUNC1 protein was used to treat MDCK cells prior to infection with IAV to 

investigate whether this had a protective effect on IAV infection. SPLUNC1 protein 

was introduced into cells via transfection or added as secreted recombinant protein. 

First, cells were transfected with the empty VR1255 plasmid or VR1255-SPLUNC1 

plasmid, 24 hours prior to infection with IAV. Viral titre was determined after a 72- 

hour incubation period by plaque assay, performed described as 2.1.11. SPLUNC1 

transfection did not affect or reduce the IAV infection viral titre, with p=0.4 (Figure 

78). To establish if this was due to a low concentration of protein present, 

recombinant SPLUNC1 or mock protein was mixed with IAV virus for one hour and 

added to cells at the time of infection with IAV for 1 hour at three different 

concentrations, then viral titre determined by plaque assay. However, the addition 

of recombinant SPLUNC1 protein at any concentration also did not affect IAV 

infection viral titre with p=0.133 (Figure 79). The presence of SPLUNC1 in each 

supernatant dilution was confirmed by western blotting prior to completing these 

experiments. 
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Figure 78. SPLUNC1 transfection does not affect IAV infection titre. 
MDCK cells were transfected with VR1255 (mock) and SPLUNC1-VR1255 plasmids, 24 
hours later infected with IAV PR8 at MOI of 1 for 1 hour and the viral titre from the 
supernatant of the infected cells determined by plaque assay. Data represented by 
individual data points from independent experiments and mean ±SEM. N=3, one 
independent experiment. Statistical analysis was performed using Mann-Whitney U-
test. 

 
 
 
 
 

Figure 79. SPLUNC1 protein does not affect IAV titre observed after infection.  

HEK293T cells were transfected with SPLUNC1-VR1255 and VR1255 (mock) plasmids, 
supernatant was collected and concentrated. MDCK cells were infected with MOI of 
1 IAV PR8 that had been preincubated with 5 (Neat), 25 (5x) or 75 μg (15x) SPLUNC1 
protein for 1 hour. Cells were incubated for 48 hours, and viral titre of the infected 
cells was determined by plaque assay. Data represented by individual data points 
from independent experiments and mean ±SEM. Statistical analysis was performed 
with two-way ANOVA. 
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5.3.1.3 Murine SPLUNC1 KO BAL from naïve mice does not protect IAV infection in 

vitro 

Due to the previously observed in vivo phenotype of SPLUNC1 KO mice, it was 

hypothesized that BAL from WT mice would be more protective against IAV infection 

compared to SPLUNC1 KO BAL. Therefore, BAL was collected post-mortem and 

pooled from four 8-10 week old WT and KO mice then incubated with IAV for 1 hour 

prior to infection. An MOI of 0.01 was used for this IAV infection due to the low 

concentration of protein present in the BAL dilutions. MDCK cells were infected with 

the BAL-IAV mix, incubated for 48 hours and the supernatant viral titre determined 

subsequently by plaque assay and cell viral load by qPCR, described as 2.3.7. This 

was performed with BAL used at a variety of dilutions to ensure the optimal 

concentration was assessed. 

Plaque assays showed there was no difference in IAV infections completed with pre- 

treatment of WT or SPLUNC1 KO BAL. There was no statistically significant difference 

in the viral titre obtained from the supernatant following infection at each dilution 

with p=0.6 (Figure 76). Cell viral load was determined after IAV infection by qPCR. 

This also determined that there was no statistically significant difference in the copies 

of IAV/μg RNA from the WT BAL IAV infection compared to SPLUNC1 KO BAL with 

p=0.0667 (Figure 80). Together, this data demonstrates WT BAL is not more 

protective during IAV infection than SPLUNC1 KO BAL. 
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       Figure 80. WT BAL does not offer increased protection against IAV infection than  
SPLUNC1 KO BAL 
BAL samples were taken from 8-10 weeks old wildtype (WT) and SPLUNC1 KO 
C57/BL6 mice and the samples from four mice pooled. MDCK cells were infected with 
an IAV PR8 at an MOI of 0.01 for 1 hour in the presence 10 μg WT or KO BAL/well. 
BAL was used at concentration of neat, 1/10, 1/100 or 1/1000. Cells were then 
incubated for 48 hours, supernatants collected, and viral titre determined by plaque 
assay. Performed with biological replicates, n=3. (A). Data represented by individual 
data points and mean ±sem. Statistical analysis was performed (Mann-Whitney U- 
test, p<0.05). (B) Infected cells RNA viral titre was determined by qPCR and presented 
as M IAV protein normalized to 18S/μg. Data represented by individual data points 
from one independent experiment and mean ±sem. Statistical analysis was 
performed with two-way ANOVA. 

 
 

5.3.2 Assessment of SPLUNC1 peptides stability and cytotoxicity in vitro 
 

The S18 sequence of SPLUNC1 lies at the N terminus (Figure 9) and is free of a 

tertiary protein structure. It has been identified and described in the literature as a 

functionally active region of SPLUNC1 that binds the ENaC and mediates its activity. 

It has also been shown it reverses the ASL dehydration that characterizes CF 

however, this peptide has never been investigated to establish whether it is 

responsible for the antiviral activity SPLUNC1 exhibits against IAV (226). 
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Figure 81. S18 peptide is contained in N-terminus of SPLUNC1 and not present in  
SPLUNC1’s protein structure 
(A) Protein structure of SPLUNC1. S18 is present in the N-terminus, indicated by 
arrow. (B) Amino acid sequence of SPLUNC1. Grey highlights indicate secretion signal 
and yellow S18 sequence. Part A adapted from (199). 

 
 

5.3.2.1 Stability assessments with the SPLUNC1 peptides 
 

The stability of the SPLUNC2 peptide S18 was evaluated against a scrambled S18 

(S18sc) negative control and delivery optimised S18 sequence, SPX-101. Each 

SPLUNC1 peptide was assessed in a range of conditions prior to use in in vitro and in 

vivo experiments. The stability of each peptide was assessed for up to four weeks at 

a variety of temperatures. Due to the small molecular weight of the peptides, they 

were run and separated on Tris-Tricine SDS-PAGE gels, described as 2.4.2.2. This is 

because they are superior at separating proteins with molecular weights below 20 

kDa and the peptides have molecular weights of 1-2 kDa. Following SDS-PAGE, 

proteins were visualized using silver staining, described as 2.4.3.2. 

Time and temperature stability trials with the S18 peptide revealed it does not 

degrade or aggregate over time when stored for up to four weeks at RT, 4oC or -20oC 

(Figure 82). No degradation or aggregation was also observed with the SPX101 

peptide when stored at these temperatures for up to four weeks (Figure 83). The 

S18sc peptide was stable at RT and -20oC however, aggregation was observed when 
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it was stored at 4oC, particularly following storage for two weeks (Figure 84). 

Therefore, the peptides were all stored at -20oC over prolonged periods of time. 

 

 

 
Figure 82. S18 peptide is stable across a range of times and temperatures. 
S18 peptide was incubated at either room temperature, 4 degrees or -20 degrees for 
up to 4 weeks. Following incubation samples were separated by molecular weight on 
a Tris-Tricine SDS-PAGE gel and visualized using silver staining. 

 
 
 
 

 
Figure 83. SPX101 peptide is stable across a range of times and temperatures.  
SPX101 peptide was incubated at either room temperature, 4 degrees or -20 degrees 
for up to 4 weeks. Following incubation samples were separated by molecular weight 
on a Tris-Tricine SDS-PAGE gel and visualized using silver staining. 
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Figure 84. S18sc peptide aggregates when stored at 4 degrees. 
S18sc peptide was incubated at either room temperature, 4 degrees or -20 degrees 
for up to 4 weeks. Following incubation samples were separated by molecular weight 
on a Tris-Tricine SDS-PAGE gel and visualized using silver staining. 

 
 

 
Stability of each peptide was also assessed at a range of pH’s and in biological 

samples. First, the stability of each peptide was assessed in water at pH 5, 6, 7 or 8 at 

RT for up to six hours prior to separation and visualisation by Tris Tricine SDS-PAGE, 

described as 2.4.2.2. The stability of the S18 and SPX101 peptides was not affected 

by pH but aggregation was observed in the S18sc peptide at pH 7 and 8 (Figure 85). 
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Figure 85. SPLUNC1 peptides are relatively stable at a range of pH’s. 
S18, S18sc, SPX101 peptides were incubated at pH 5, 6, 7, or 8 at room temperature 
for up to 6 hours. Following incubation samples were separated by molecular weight 
on a Tris-Tricine SDS-PAGE gel and visualized using silver staining. 

 
 

The stability of the peptides in a natural biological matrix was assessed using BAL and 

serum obtained from 8 - 10 week old C57BL/6J mice. This was to establish how long 

the peptides might be present in the respiratory tract during in vivo experiments and 

whether they would be stable. None of the peptides are stable in BAL with both 

degradation and aggregation occurring. All three peptides are degraded overtime 

whereas only SPX101 aggregates after incubation with BAL for six hours. All three of 

the peptides are more stable in serum with no degradation or aggregation visible 

following six-hour incubation (Figure 86). 
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Figure 86. The SPLUNC1 peptides are stable in serum but not BAL. 
S18, S18sc, SPX101 peptides were incubated at room temperature for up to 6 hours 
in murine serum or BAL. Following incubation samples were separated by molecular 
weight on a Tris-Tricine SDS-PAGE gel and visualized using silver staining. 

 

 
5.3.2.2 SPLUNC1 peptides cytotoxicity in vitro 

 
The cytotoxicity of the SPLUNC1 peptides S18, S18sc and SPX101 was assessed prior 

to their use in vitro in four different cell lines using MTS assays. The cytotoxicity of 

each peptide was assessed at a range of therapeutic concentrations (1 mM – 0.01 

μM) following the incubation of cells and peptide for 72 hours using a Promega Cell 

Viability kit, described in 2.1.13. The four cell lines used to assess cytotoxicity were 

lung epithelial cell lines: KT-KSFM, KT-ExPlus, KT-ALI and A549. S18, S18sc or SPX-101 

were not cytotoxic to any cell line at any concentration (Figure 87, Figure 88 and 

Figure 89). 
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Figure 87. S18 peptide is not toxic to cells at any concentration. 
KT-KSFM, KT-ExPlus, KT-ALI and A549 cells were incubated for 24 hours prior to the 
addition of S18 peptide. The S18 peptide was added to a final concentration from 1 
mM – 0.01 μm, incubated for 3 days and cell viability assessed using Promega cell 
proliferation assay. Performed with technical replicates of n=3, one independent 
experiment. 
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Figure 88. S18sc peptide is not toxic to cells at any concentration. 
KT-KSFM, KT-ExPlus, KT-ALI and A549 cells were incubated for 24 hours prior to the 
addition of S18sc peptide. The S18sc peptide was added to a final concentration from 
1 mM – 0.01 μm, incubated for 3 days and cell viability assessed using Promega cell 
proliferation assay. Performed with technical replicates of n=3, one independent 
experiment.
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Figure 89. SPX101 peptide is not toxic to cells at any concentration. 
KT-KSFM, KT-ExPlus, KT-ALI and A549 cells were incubated for 24 hours prior to the 
addition of SPX101 peptide. The SPX101 peptide was added to a final concentration 
from 1 mM – 0.01 μm, incubated for 3 days and cell viability assessed using Promega 
cell proliferation assay. Performed with technical replicates of n=3, one 
independent experiment. 

 
 

 
5.3.3 Establishing the effect of the SPLUNC1 peptides on IAV in vitro 

 
The S18 and SPX101 SPLUNC1 peptides were used alongside their negative control 

peptide, S18sc, to investigate whether they are involved in the mechanism that 

mediates SPLUNC1 anti-viral activity. It is unclear how SPLUNC1 functions and these 

peptides have been previously identified as functionally active in the respiratory tract 

(226). Additionally, they are regions not mapped on SPLUNC1 tertiary structure, this 

free structure could enable binding to other host proteins or co-factors and mediate 

this antiviral activity. 

S18 and SPX101 were investigated during the infection of four cell lines with IAV, 

described as 2.1.10. MDCK, A549, KT-KSFM and KT-ExPlus cells were infected with 
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PR8 IAV in the presence of 10 mM or 100 mM peptide, as the peptides have been 

used therapeutically at these concentrations previously in vitro (226). The peptides 

could not be used at these concentrations in the cytotoxicity assays in 5.3.2.2 due to 

the quantity of peptide required and limited amount available. However, it has been 

shown previously that they are not cytotoxic at these concentrations in vitro (226). 

IAV and the indicated peptide were pre-incubated for 1 hour prior to the infection of 

cells. Cells were infected for 1 hour, then incubated for 48 hours to allow virus 

replication. Viral titre of infected supernatant was subsequently determined by 

plaque assay, described as 2.1.11. The addition of the S18 and SPX-101 SPLUNC1 

peptides did not decrease viral titres significantly in MDCK cells compared to the 

S18sc negative control peptide. The S18 and SPX-101 peptides did not decrease IAV 

viral titres at all in A549 cells. The addition of S18 and SPX-101 to KT cells in KSFM or 

ExPlus media also did not decrease viral titres. Viral titres were below the limit of 

detection in KSFM and ExPlus media with certain peptides and are therefore 

represented with 0. In fact, the addition of 10μM SPX-101 to KT-KSFM or KT-ExPlus 

cells, and both S18 and SPX-101 at 100μM to KT-ExPlus increased IAV viral titres 

observed following infection, but not with statistical significance. Overall, no antiviral 

activity was detected by use of either S18 or SPX101 as the addition of either did not 

decrease the viral titre observed following infection (Figure 90). The difference in viral 

titres observed between the cell lines in Figure 86 is due to the different efficiency of 

each cell line has with IAV. 
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Figure 90. SPLUNC1 peptides do not have an anti-viral activity against IAV infection 
in vitro. 
MDCK (A), A549 (B), KT-KSFM (C) and KT-ExPlus (D) cells were infected with an MOI 
of 1 of IAV PR8 in the presence of 10 mM or 100 mM S18, S18sc or SPX101 peptide, 
respectively, for 1 hour. 48 hours later supernatant was collected, and viral titre 
determined by plaque assay, n=1. Y-axis changes across parts (A) through to (D). 

 
 

The SPLUNC1 peptides S18 and SPX101 were then assessed for their ability to bind 

and affect hemagglutination. Hemagglutination is the binding of IAV to red blood cells 

and establishing if these peptides impact hemagglutination could provide vital 

indications to how SPLUNC1 is functioning against IAV. However, the SPLUNC1 

peptides did not inhibit hemagglutination at 100Mm, or any lower concentration 

(Table 13). 
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Table 13 - SPLUNC1 peptides does not inhibit hemagglutination 
Hemagglutaination assay was performed on 100 mM peptide, serially diluted by a 
factor of 10, with 0.5% chicken red blood cells and IAV PR8 mCherry at 5.625x10

3. Each 
sample was repeated three separate times, alongside IAV and PBS containing positive 
and negative control wells respectively. 

 

 
 
 

5.3.4 SPLUNC1 peptide S18 administration on IAV infection in vivo 
 

The effect of the SPLUNC1 peptide S18 on IAV infection was first assessed in vivo 

using BALB/C wildtype mice to investigate whether they were protective against IAV 

infection. Mice were infected with 1x103 pfu IAV X31 intranasally and treated with 

intranasal S18 peptide or respective control one day prior to infection and each day 

subsequently until 5 d.p.i. when the experiment was ceased. The S18 peptide was 

administered solely or in combination with a novel delivery formulation (described in 

2.4.9.2), produced by SiSaf, to prolong retention in the nasal and respiratory tract. 

PBS and formulation only groups were also performed to allow full comparison and 

assessment of the effects of S18 itself and the formulation delivery on IAV infection. 

Mice body weight was measured daily throughout the experiment as a measure of 

animal health and presented as a % of starting body weight on Day 0. Mice weighing 

20% less than their starting weight had to be culled for welfare reasons. All mice in 

the PBS, formulation only groups, one mouse in the S18 + formulation, and two in the 

S18 only group had to be euthanised 4 d.p.i. due to >20% weight loss or adverse 

health scoring. At 5 d.p.i. one further mouse in the S18 only group had lost >20% body 

weight. The administration of S18 peptide during IAV infection, alone or in 
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combination with SiSaf stability formulation, significantly increased survival 

compared to the PBS and formulation only control groups. S18 combined with SiSaf’s 

stability formulation increased survival with a p value of 0.0051 compared to PBS and 

formulation only groups. Administration S18 alone increased survival to p=0.0190 

(Figure 91-A). The SiSaf formulation delivery did not significantly increase survival 

compared to S18 alone with p=0.2552. At 1 d.p.i. weight loss did not differ 

significantly between the groups. At 2 d.p.i. the S18 + formulation group did record 

less weight loss compared the other three groups however this difference was only 

statistically significant between PBS and S18 + formulation groups with p=0.0213. 

Through 3 and 4 d.p.i. the non S18 treated groups continued to lose more weight, but 

this difference was not significant (Figure 91-B). 
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Figure 91. S18 administration influenced IAV infection in mice. 
BALB/C mice were infected intranasally with 1x103 pfu IAV X31 and treated with 
either 40 μl PBS, formulation only, S18 + formulation or S18 only at 1 μg/μl daily (n=6 
per group, one dependent experiment). (A) Survival curve was constructed with 
endpoint determined with mice culled at 20% weight loss from starting weight or 
high severity health score. Statistical analysis was performed with log rank test. (B) 
Mice were weighed daily, and the data presented as a percentage of the starting 
weight. Data represents mean ±S.E.M. Statistical analysis was performed with two-
way ANOVA with Bonferroni post hoc test, * indicates p value <0.05 and ** p<0.01. 

 
 

Throughout the experiment daily oral throat swabs were taken to allow monitoring 

of viral load during the progression of infection, in addition to those assessed when 

the experiment was terminated. This would provide a greater insight into S18 impact 

on IAV infection. Swabs reveal that the viral load observed across the four groups 

starts to differ from 2 d.p.i. and this continues until the experiment concludes (Figure 

92). At 2 d.p.i. the formulation only IAV load spikes in comparison to the remaining 

three groups, but decreases down to a more comparable level 3 d.p.i.. The disparity 
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in swab viral load between the groups is most clearly displayed 4 d.p.i. where it is 

greatest in the formulation only group and decreases through the PBS, S18 + 

formulation and S18 only group, where it is lowest. Throughout the later stages of 

infection, the viral load is higher in the S18 + formulation group compared to S18 

only. However, at no stage during infection there was a statistically significant 

difference between the IAV copies/μg RNA in each group on a given day post 

infection. Although at 2 d.p.i. the statistical difference between formulation only and 

S18 + formulation was p=0.0743 and the formulation only versus S18 only was 

p=0.0973. IAV lung titres were determined upon experiment cessation by plaque 

assay described in 2.1.11. IAV lung viral titre was greatest in the PBS only group, but 

there was no statistically significant difference between any group following IAV 

infection, p=0.4690 (Figure 93). 

 
 

 

 
Figure 92. S18 does not affect the oral IAV viral load throughout infection.  
Following IAV X31 infection, mice were swabbed daily to determine their IAV viral 
load. RNA was extracted from swabs and IAV copies/μg RNA determined by qPCR. 
Data represented by Mean ±SEM and statistical analysis was performed with two- 
way ANOVA and Bonferroni post-hoc test for IAV copies at each timepoint. Each 
group n=6, one independent experiment. 
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Figure 93. S18 does not affect lung viral titres during IAV infection. 
Following IAV X31 infection, two lower right lung lobes were homogenized, and viral 
titre determined by plaque assay. Represented as individual data points and mean 
±SEM and statistical analysis was performed with Kruskal-Wallis test. Each group 
n=6, one independent experiment. 
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5.4 Discussion 
 

This chapter has described multiple approaches to investigate how SPLUNC1 

functions during IAV infection. Firstly, hemagglutination assays revealed SPLUNC1 

protein does not affect IAV hemagglutination. This means that SPLUNC1 does not 

interfere or prevent virus particles binding RBC and a lattice RBC structure forming. 

Therefore, SPLUNC1 protein does not inhibit or prevent IAV binding during infection, 

and this does not cause the antiviral activity seen against IAV. 

To further study the impact of SPLUNC1 on IAV infection, in vitro IAV infections were 

performed with the addition and absence of SPLUNC1 protein, respectively. These 

results would be expected to mirror each other, with SPLUNC1 addition providing a 

protective, antiviral effect and SPLUNC1 depletion the opposite. However, neither 

the addition nor KO of SPLUNC1 from BAL had any effect on IAV infection. Specifically, 

SPLUNC1 did not affect IAV replication, infection, or viral titres in vitro. It is possible 

this does not mimic the in vivo results and differences seen between wildtype and 

SPLUNC1 KO mice previously (222) because these BAL samples were taken from 

uninfected mice where no immune response to IAV was present. This supports the 

results concluded from the hemagglutination experiment and suggests human 

SPLUNC1 protein does not meditate antiviral activity during IAV infection. 

Two SPLUNC1 peptides have been identified as functionally active regions that 

mediate biological effects (230, 231). These were selected to investigate if they are 

involved in mediating the previously observed SPLUNC1 antiviral activity. These two 

peptides, S18 and SPX101, are both from one specific region of hSPLUNC1 that does 

not form part of SPLUNC1 3D protein structure (230, 233). The two peptides and their 
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scrambled negative control are stable in various conditions and not cytotoxic 

enabling them to be used in in vitro and in vivo experiments. However, they were not 

stable in BAL and therefore were administered in combination with SiSaf’s 

formulation which is designed to aid retention in the respiratory tract and lung. This 

was to establish if delivery using the formulation impacted the activity of these 

peptide in vivo, where they may not be stable and easily degraded. However, there 

was not a significant difference in any result when the S18 peptide was administered 

in vivo using SiSaf’s formulation or solely. Therefore, this delivery method did not 

increase S18 peptide activity or impact IAV infection during this study. 

The effect of these SPLUNC1 peptides on in vitro IAV infection was assessed using 

four different cell lines. However, no statistically significant effect on infection was 

observed in any of these cell lines. It is possible this occurred due to a suboptimal 

concentration of peptide or due to the species difference between murine and 

human SPLUNC1 (172), as the KT cells are human and an antiviral role has not been 

described for human SPLUNC1, unlike its murine counterpart. Additionally, these 

peptides did not inhibit hemagglutination demonstrating they do not directly affect 

IAV binding or infection. 

Converse to in vitro SPLUNC1 and IAV infection models, the administration of the 

SPLUNC1 peptide S18 in vivo to an acute IAV infection model did impact infection. It 

significantly increased the survival of mice during IAV infection and S18 treated mice 

lost less weight throughout infection, while this was only significant at certain 

timepoints. This demonstrates that the S18 peptide does influence IAV infection in 

mice and it could be the active region of SPLUNC1 that mediates its antiviral effect. 
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Interestingly, S18 peptide did not increase the survival of BALB/C mice by reducing 

IAV viral titre. There was no difference in viral titre determined by oral throat swabs 

throughout infection or in the lung titres determined at 5 d.p.i.. This suggests that 

S18 improves survival during IAV infection through an alternative mechanism such as 

immune modulation. To further investigate the impact of S18 on IAV infection a series 

of further experiments should be performed. This includes infecting mice with a 

lower IAV X31 dose to allow the effect of the peptide treatment on the later stages 

of infection and recovery to be analyzed. Additionally, cytokine levels should be 

studied to determine whether S18 is modulating these and the increase in survival 

observed is due to the prevention of a cytokine storm and an excessive immune 

response (120). These studies with S18 will provide important, further insights into 

how SPLUNC1 functions and whether its antiviral activity is due to the modulation of 

cytokine levels during IAV infection. 

Together, this chapter has identified a possible mechanism that explains how 

SPLUNC1 mediates its previously observed antiviral activity against IAV virus. S18 

influences the infection of mice, increasing their survival rate and reducing weight 

loss during infection. However, it does not alter viral titre throughout infection, unlike 

the phenotype seen in SPLUNC1 KO mice (222). Therefore, although an active region 

of SPLUNC1 that affects IAV infection has been identified further experiments are 

needed to investigate if S18 also mediates the lower viral titres observed in SPLUNC1 

KO mice. Future experiments that should be performed include administering 

SPLUNC1 KO mice with the S18 peptide during IAV infection and analysing whether 

this reverses SPLUNC1 KO mice phenotype, or just impacts their survival and weight 

loss. Additionally, the creation of an S18 deficient mouse strain would isolate the 
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effect of S18 and allow a direct comparison between its phenotype during IAV 

infection and that of SPLUNC1 KO mice. The absence of SPLUNC1 protein having any 

noticeable effect on IAV in this chapter reaffirms that an alternative mechanism, such 

as S18 is likely responsible for meditating SPLUNC1 antiviral activity. Finally, S18 

demonstrated an affect during IAV infection in vivo and not in vitro, this may be 

explained as follows: firstly, in vivo models study the infection within a whole living 

organism which allow the examination of more experimental endpoints that in vitro 

experiment don’t allow, such as weight loss (269). Therefore, they might be a 

superior model for studying certain aspects of IAV infection and explain the different 

results these models have produced; also the in vitro experiments were mostly 

performed in human cell lines and human SPLUNC1 has not yet been associated with 

antiviral activity, unlike murine SPLUNC1 (172).  However, this species differences 

between murine and human SPLUNC1 may not be responsible for this in vitro result 

as S18 originates from the human SPLUNC1 sequence. This sequence is partially 

conserved in mice, but is interrupted with the extra exon 2 region that is contained 

within murine SPLUNC1. Therefore, it could be that part of this S18 fragment 

mediates its in vivo activity and the extra murine region does not impact its activity. 

Alternatively the extra fragment in mSPLUNC1 could mediate other function as well, 

such as the modulation of viral titres during IAV infection in SPLUNC1 KO mice 

previously.  

In summary, this chapter has identified that the hSPLUNC1 peptide S18 influences 

IAV infection and significantly decreases mortality. It also established that SPLUNC1 

protein does not impact IAV infection in vitro and that S18 is the likely active region 

of SPLUNC1 that mediates its antiviral activity against IAV infection. However, further 
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investigation is needed to establish exactly how S18 functions and determine 

whether it modulates viral titres as well during IAV infection. 
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6 Final Discussion 
 

The work presented in this thesis explored how SPLUNC1 mediates its antiviral 

activity against IAV. It is revealed that this activity is not due to a direct interaction 

between SPLUNC1 and IAV but is instead mediated, indirectly by the S18 peptide 

region of SPLUNC1, located near its N-terminus. S18 administration in vivo during IAV 

infection significantly increased survival and reduced weight loss, demonstrating it is 

an active of region of SPLUNC1 that modulates the hosts response during infection. 

Numerous methods have been used to explore how SPLUNC1 functions and mediates 

its antiviral activity against IAV. Together this data suggests an active region of 

SPLUNC1 mediates the host’s response to infection. A multipronged approach was 

used to evaluate this thoroughly. Chapter 3 established that a direct interaction 

between SPLUNC1 and IAV does not occur, and direct interactions are not responsible 

for SPLUNC1 antiviral activity. The role of other endogenous biological co-factors was 

ruled out by supplementing murine BAL in the experiments, providing an 

environment more representative of what occurs in vivo where this antiviral activity 

is detected. Chapters 4 and 5 detailed IAV infections where SPLUNC1 was depleted 

and added back to establish how these differing conditions affected IAV infection. 

These experiments were performed in vitro to ascertain if these conditions mirrored 

the phenotypes expected following in vivo IAV infection of the SPLUNC1 KO model 

(222). Chapter 4 described the engineering of a SPLUNC1 KO cell line using CRISPR- 

Cas9 technology however, we demonstrate that SPLUNC1 deletion did not impact IAV 

infection. This observation was consistent, with infections performed with multiple 

biological replicates, at two different MOI, for 24 and 72 hours. This indicates 

SPLUNC1 protein does not affect IAV infection and replication, however this was 
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performed with human SPLUNC1 which has not yet been identified as antiviral unlike 

murine SPLUNC1 (222). Chapter 5 described the effect of SPLUNC1 addition during 

IAV infection and the impact of SPLUNC1 depletion of IAV infection in the presence 

of BAL. Like the depletion experiments performed in chapter 2, the addition of 

SPLUNC1 did not have an impact IAV infection. Additionally, the effect of SPLUNC1 

depletion was assessed again when IAV infections were performed in the presence 

of WT and mSPLUNC1 KO BAL. However, there was no statistical difference in the 

cellular or supernatant viral titres was following infection either. Therefore, the 

SPLUNC1 addition and depletion experiments, where a mirror phenotype could be 

expected, suggests SPLUNC1 protein is not directly involved in modulating IAV 

infection and must be mediated by another mechanism, unlike other antiviral 

proteins such as ZAPS (113, 270). Chapter 5 additionally investigated specific derived 

SPLUNC1 peptides and their antiviral role during IAV. S18 in vivo experiments suggest 

S18 is involved in SPLUNC1 antiviral activity and modulates IAV infection. S18 

significantly increases survival and decreases weight loss during IAV infection but 

does not achieve this through altering viral titre. The finding that only one antiviral 

mechanism is indicated from this thesis, and numerous others have been ruled out, 

supports the conclusion that S18 is a crucial, functional region of SPLUNC1 that can 

mediate antiviral activity against IAV. 

Although data in this thesis demonstrates S18 is an antiviral, active region of SPLUNC1 

this was only observed in vivo, not in vitro. This reaffirms the importance of in vivo 

models and exploring infection in the whole organism model, in the context of other 

systems not just cells (269). Despite in vivo models being superior in this aspect of 

modelling infection there are disadvantages of murine IAV models and how these 
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replicate natural IAV infection. Mice are only able to be infected with mouse adapted 

IAV strains which limits the study of specific strains. Additionally, they do not display 

all the clinical symptoms of IAV as mice typically get hypothermia, unlike humans who 

suffer from hyperthermia, and virus replication typically occurs in the lower 

respiratory tract, unlike humans where it occurs in the upper respiratory tract. Finally, 

they are not the most suitable small mammals for transmission experiments, ferrets 

are used more frequently as they mimic IAV respiratory symptoms and viral spread 

better. Therefore, caution should be taken when drawing conclusions from murine 

IAV infection experiments as they are not a natural IAV hosts and in certain 

experiments, other species might be more relevant hosts. 

It is currently unclear how S18 functions and increases survival during IAV infection 

as it does not affect influenza viral titres. It is possible that S18 functions by 

modulating the cytokine response and decreases the excessive inflammation 

associated with increased weight loss and mortality during IAV infection (120). To 

investigate these mechanisms, serum and BAL should be analyzed to determine 

cytokine levels and whether they are modulated between the treatment groups. This 

could explain why mortality is lower in the treated groups but does not explain why 

viral titres are unchanged in the S18 treated groups but SPLUNC1 KO mice have 

decreased lung viral titres during IAV infection (222). This is because SPLUNC1 

presence during the infection of NPC cells with EBV decreases the level of 

inflammatory cytokines such as TNF-α and weaken the inflammatory response to 

infection (218). TNF-α production is known to increase weight loss and can contribute 

to the severity of IAV infection (271, 272). Therefore, S18 may modulate TNF-α levels 

and contribute to the significant decrease in weight loss and mortality in the 
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treatment groups. Furthermore, SPLUNC1 could have two active regions that 

together modulate its antiviral activity. To establish whether S18 is solely responsible 

for the effect SPLUNC1 KO has on mice during IAV infection WT and SPLUNC1 KO mice 

should be inoculated with IAV and treated with S18 only and truncated SPLUNC1, 

without S18, to distinguish the elements of SPLUNC1 responsible for its antiviral 

activity. The reversal of the SPLUNC1 KO mice phenotype when S18 is administered 

would identify if S18 alone is responsible for the antiviral activity seen during IAV 

infection, however it is likely other elements of the host response are necessary for 

this antiviral activity to be mediated. Additionally, the impact of S18 treatment during 

IAV infection should be explored further with an experiment where mice are 

inoculated with a non-lethal dose of IAV and mice treated daily till 14 d.p.i., when 

mice have recovered to pre-infection weight and all virus has been cleared. This 

would allow the effect of S18 on the later stages of infection and recovery to be 

assessed. This is particularly important as weight loss in SPLUNC1 KO mice during IAV 

is statistically significant during these later phases and in recovery, not the first 5 days 

as studied in this experiment (222). Together, these two experiments would provide 

vital data that could massively increase our knowledge of how S18 modulates IAV 

infection and the host response. This data could enable S18 to be investigated as a 

potential adjuvant or therapy for IAV infection, which could revolutionize treatment 

for a virus that has a massive health, social and economic burden annually. 

In this thesis both human and murine SPLUNC1 have been investigated in the context 

of IAV infections. To date only murine SPLUNC1 has been described in the literature 

as having antiviral activity against IAV, and other viruses (217, 218, 220). Therefore, 

the use of human SPLUNC1 in some experiments and its KO in KT cells using CRISPR- 
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Cas9 editing technology could be a limitation of the study and may have affected the 

results, if human SPLUNC1 does not also have antiviral activity. Future studies 

investigating whether human SPLUNC1 is antiviral would be beneficial and could have 

a massive impact on possible future infection inventions. This is particularly 

important because of the structural differences between murine and human 

SPLUNC1; murine SPLUNC1 includes an additional amino acid region in exon 2 and 

undergoes N-glycosylation (162, 171, 172). This use of mouse cell lines for CRIPSR- 

Cas9 editing or in vitro peptide IAV infection models would help establish whether 

the benefits of in vivo models is responsible for the lack of difference detected in the 

in vitro experiments in this thesis or if it is due to human SPLUNC1 being used. 

S18 has already been described and proven an active region of SPLUNC1 that 

mediates antiviral activity however, there are still other characteristics SPLUNC1 has 

during IAV infection that need to be investigated to completely understand how 

SPLUNC1 functions (230-232). This particularly involves exploring the modulation of 

SPLUNC1 expression during IAV and IL - 13 role in this. IL-13 is known to downregulate 

SPLUNC1 expression and during the initial stages of IAV infection SPLUNC1 expression 

decreases, converse to what you might expect from an antiviral protein (185). 

Therefore, the further study of these two elements during IAV infection, and whether 

S18 impacts them, is worth establishing and could unpin key elements into SPLUNC1 

mechanism of action. Additionally, although the SPLUNC1 KO KT cell line did not have 

significantly different viral titres following infection it could still contain vital 

information detailing the impact SPLUNC1 has on infection. Especially as S18 is 

included in the deleted SPLUNC1 gDNA region in this cell line. Analysis of the 

transcriptome of WT and SPLUNC1 KO IAV infected cell will identify alterations in 
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gene expression and highlight the differences that occur when SPLUNC1 is depleted 

(117). Combined with the future experiments suggested in vivo with S18 and in vitro 

in mouse cell line this could decipher exactly how SPLUNC1 mediates it antiviral 

activity against IAV. 

In summary, the specific active region that mediates SPLUNC1 antiviral activity 

against IAV has been identified. S18 administration decreases mortality and 

morbidity during IAV infection in vivo but does not achieve this through altering viral 

titre. The recognition that the S18 region is responsible for antiviral activity means it 

can be investigated as a possible adjuvant or therapy against IAV and reduce the 

burden this disease places on society. 
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