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ABSTRACT 

Gamma (g)-radiation is a method commonly applied to sterilise pathogens in the 

biomedical, food and pharmaceutical industries. g-radiation inactivates pathogens by 

causing irreparable damage to genomes to prevent replication. However, proteins and other 

antigenic structures are left mostly intact. In recent years there has been increasing 

advocacy for highly immunogenic g-irradiated vaccines, several of which are currently in 

clinical or pre-clinical trials. Importantly, various methods of mathematical modelling and 

sterility testing are employed to ensure the safety of a given preparation. However, these 

methods are designed for materials with a low bioburden, such as food and 

pharmaceuticals. Consequently, current methods may not be reliable or applicable to 

estimate the irradiation dose required to sterilise microbiological preparations for vaccine 

purposes, where bioburden is deliberately high. In this study, I investigated different 

methods of modelling sterility and developed a new formula for calculating sterilising 

doses that is highly applicable to viruses and bacteria. 

 

Our research group has developed a whole-inactivated influenza A virus (IAV) vaccine 

using g-radiation (g-Flu). IAV presents a constant pandemic threat due to the mutagenic 

nature of the virus and the inadequacy of current vaccines to protect against emerging 

strains. Previous research has demonstrated the ability of g-Flu to protect against not only 

vaccine-included strains but emerging strains as well. In this study, I compared g-Flu 

irradiated at different temperatures and doses to meet internationally accepted sterility 

assurance levels. I found that, when using sterilising doses, the structural integrity and 

vaccine efficacy was well maintained regardless of irradiation temperature. In fact, using a 

higher temperature and lower radiation dose induced higher neutralising antibody 

responses and more effective cytotoxic T cell responses. These data provided new insights 

into optimal irradiation conditions as previously using frozen irradiation was considered 

the superior irradiation temperature.  

 

These concepts related to preparing g-irradiated vaccines were applied to the development 

of a novel vaccine against Newcastle disease virus (NDV). NDV is an important poultry 

pathogen that is associated with widespread livestock losses and a large economic burden. 

Current vaccines are available but have limited efficacy so there exists a need for alternative 

NDV vaccines. In this study, NDV was inactivated by g-irradiation and structural integrity 



	xvi	

was tested. I found overall virion structure and protein function of g-NDV to be well 

maintained, however surprisingly I did not detect neutralising antibody responses after 

treatment in mice. Interestingly, previous studies from our group have demonstrated the 

ability of g-Flu to adjuvant other g-irradiated vaccines. In the current study, I expanded on 

the broader applicability of g-Flu as an adjuvant by showing that g-Flu can adjuvant the 

poorly immunogenic keyhole limpet hemocyanin. However, g-Flu and other commonly 

used adjuvants were unable to enhance neutralising antibody responses to NDV. Overall, 

these data suggest that g-irradiation may not be a suitable inactivation method for NDV 

vaccine development. 

 

NDV is used as an oncolytic virus and many clinical trials have demonstrated the ability of 

NDV to treat a range of different cancers. However, research with NDV is hindered by the 

biosecurity risk associated with live NDV. Given the high structural integrity and protein 

function of g-NDV, I hypothesised that g-NDV could be used as an alternative cancer 

treatment. Importantly, g-NDV retained its ability to kill a range of different cancer cells in 

vitro. This suggests that g-NDV can be used as a broadly applicable therapeutic agent. 

Furthermore, I tested g-NDV in a murine melanoma model and found that g-NDV was able 

to reduce tumour growth and enhance overall survival.   
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CHAPTER 1: LITERATURE REVIEW 

Gamma (g)-irradiation is a widely applicable sterilisation technique used in food, medical 

and pharmaceutical industries. Importantly, g-radiation has been investigated as a method 

to inactivate pathogens for vaccine purposes. This project addressed key scientific 

questions related to the current mathematical modelling to calculate the radiation dose 

required to achieve the internationally accepted sterility assurance level (SAL) of irradiated 

materials, as well as investigating the immunogenicity of whole-inactivated influenza A 

virus (IAV) and Newcastle disease virus (NDV) vaccines. IAV and NDV are important 

respiratory pathogens and current vaccines for both viruses face major shortcomings. In 

humans, IAV is responsible for high morbidity and mortality worldwide and, in domestic 

poultry, IAV and NDV account for widespread livestock losses and an excessive economic 

burden. Importantly, previous investigations have illustrated the ability of g-irradiated IAV 

(g-Flu) to induce cross-protective immunity as well as providing adjuvant activity to co-

administered whole inactivated viruses and bacteria. On the other hand, current NDV 

vaccines have limited efficacy against newly emerging strains and there is a clear need for 

better vaccines. In addition, NDV has been reported to have oncolytic activity, but the 

clinical use of NDV as an effective oncolytic virotherapy has been restricted due to 

associated biosecurity concerns.  

 

Overall, this project investigated the effect of irradiation conditions on the immunogenicity 

of g-Flu and investigated the immunogenicity of a novel g-irradiated NDV vaccine (g-

NDV).  I also addressed the possibility of co-administering g-Flu and g-NDV for enhanced 

immunogenicity. Finally, I examined the possibility of utilising g-NDV as an oncolytic 

virotherapy. 

 

1.1 GAMMA RADIATION 

g-radiation is a form of ionising radiation, and g-rays are high frequency photons generated 

by the decay of radioisotopes. The most common source is Cobalt-60 (60Co), which is 

degraded into non-radioactive Nickel (60Ni), however Caesium-137 (137Cs) is also used. 
60Co is preferred as the resulting g-rays have higher energy and are consequently more 

penetrating. The breakdown of a 60Co to 60Ni results in the emission of an electron of 0.31 

MeV and production of two g-rays of 1.17 MeV and 1.33 MeV, whereas the breakdown of 
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137Cs to Barium-137 only produces a single g-ray of 0.6617 MeV. In this thesis I have used 

g-rays from a 60Co source to target pathogens of interest for irrevocable inactivation.  

 

Pathogens can be inactivated by g-radiation in two ways. Firstly, when g-rays are absorbed 

they have the ability to ionise molecules by ejecting electrons. If the g-ray interacts with an 

inner shell electron then an outer shell electron will drop into the inner shell, leaving the 

molecule ionised. Alternatively, the g-ray can interact with and eject an outer shell electron, 

also resulting in ionisation. If this occurs within the nucleic acid, then the resulting 

ionisation causes cross-linking and breaks in genomes [1-4]. This is known as the direct 

effects of g-irradiation. Direct radiation damage also occurs in proteins, but to a lesser 

extent as the overall protein structure is less sensitive to a single molecule becoming ionised 

when compared to nucleic acids. 

 

The second mechanism of damage is through indirect effects of g-irradiation. The ejected 

electrons can interact with water and oxygen molecules to generate reactive oxygen species 

(ROS). ROS cause further genome and protein damage [5]. Most protein damage occurs 

through direct effects [5]. Radiation-induced ROS include hydroxyl radicals (OH•), 

superoxide (O2•–), and organic radicals (R•). It is estimated that up to 80% of indirect 

genome damage is caused by OH•, as dimethyl sulphoxide significantly reduces damage 

[6]. ROS also cause substantial damage to secondary protein structures and can lead to 

fragmentation of polypeptide chains and aggregation [7]. Oxidative damage to proteins can 

be catalysed by metal ions Fe and Cu, and can disproportionately occur in metal ion binding 

sites of proteins [8]. In particular, the amino acids lysine, histidine, proline and arginine 

appear to be most susceptible to oxidative damage [9].  

 

1.1.1 Radiosensitivity  

Radiosensitivity of a pathogen can be influenced by multiple factors including genome 

structure [10, 11], irradiation temperature [12-14], water [5] and oxygen levels [15, 16], 

and the presence of free-radical scavengers [17]. Radiosensitivity varies greatly between 

pathogen type and irradiation conditions. These conditions can be grouped into internal and 

external factors. 
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Internal factors cannot be changed experimentally and are inherent to the pathogen being 

sterilised. Genome size and structure are the most prominent internal factors. Resistance to 

g-irradiation is inversely related to genome size [10, 18, 19]. A pathogen with a larger 

genome has an increased chance of an ionisation event occurring. Accordingly, the 

sterilising doses for viruses are usually higher than the sterilising doses required for 

bacteria, as viruses have considerably smaller genomes [20]. Furthermore, viruses with 

larger genomes are more susceptible to g-radiation than viruses with smaller genomes [11]. 

In addition, it is hypothesised that viruses with more complex genomes are more 

radioresistant than viruses with simple genome structures [11, 18, 21, 22], as a virus with 

a double-stranded or segmented genome may require an ionisation event at each strand or 

segment to prevent non-damaged segments from re-assorting within a host cell upon co-

infection with multiple partially-inactivated virions.   

 

Extrinsic factors can be altered experimentally and influence the indirect effects of g-

irradiation, specifically the production and movement of ROS. The easiest condition to 

manipulate is irradiation temperature. Higher temperatures increase sensitivity to radiation 

[12-14], as at higher temperatures there is greater water availability and more movement 

of free radicals. We have previously shown that increased structural damage occurs when 

IAV is irradiated at higher temperatures [23]. In contrast, irradiation of frozen samples 

maintains the highest level of structural integrity [11, 24] and therefore frozen irradiation 

is most commonly used for sterilisation for vaccine and research purposes. 

 

Oxygen and water availability is directly linked to the production of ROS. The presence of 

oxygen increases the amount of genome damage when irradiating bacteriophage T7 [25], 

and increases radiosensitivity [26]. Similarly, freeze-dried materials (i.e. low water 

availability) are more resistant to irradiation [27]. In fact, bacterial spores are considered 

to be highly radioresistant due to low water availability [28]. Various free radical 

scavengers can also enhance radioresistance and protect against protein damage. In 

particular, foetal bovine serum (FBS) [17, 29], manganese [30], ascorbic acid [31], glycerol 

[32] and N-acetyl-L-cysteine [33] have all demonstrated enhanced radioresistance when 

used as an excipient. The highly radioresistant bacteria Deinococcus radiodurans utilises 

manganese as one of its many resistance mechanisms [30, 34].   
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1.1.2 Calculating sterilising doses 

The radiosensitivity of a pathogen is measured by the decimal reduction dose (D10), the 

dose of g-radiation required for a 1-log reduction in virus titre (i.e. a 90% reduction in 

infectivity). For vaccine purposes and sterilisation, the sterility assurance level (SAL) 

should also be considered. The SAL is an arbitrary value used to calculate sterility to a 

given probability. The International Atomic Energy Agency (IAEA) recommends a SAL 

of 10-6 for products intended to come into contact with compromised tissue [35]. This 

means that there is a one in a million chance of a single infectious particle remaining 

following irradiation [36]. Therefore, the required irradiation dose to give a theoretical titre 

of 10-6 infectious units in a given volume is calculated and referred to as the sterilising dose 

(DS). The following formula is generally used: 

𝐷𝑆!"# = 𝑛	 ×	𝐷$% 

Where n is the number of log10 reductions required to reach a theoretical titre of 10-6 

infectious units in a given volume, usually 1mL. Alternatively, sterilising doses can be 

calculated based on a standard distribution of resistance (SDR). This is based on 

recommendations from the International Organization for Standardization (ISO) [37]. The 

SDR is calculated based on a D10 of between 2-3 kGy. However, this is not appropriate for 

viruses or radioresistant pathogens that can have D10 values far greater than 3 kGy. 

 

Inactivation curves are generated as a measure of sterility and can either follow one-hit or 

multiple-hit kinetics. One-hit, or first order, kinetics are log linear and occur where the 

increase in radiation dose is directly proportionate to the loss of pathogen titre. Multiple-

hit kinetics are non-linear and include a shoulder of resistance where radiation damage 

accumulates before a significant loss of infectious titre is observed. Importantly, the 

existing methods of calculating DS can only be applied to pathogens displaying single-hit 

inactivation kinetics. Pathogens with repair mechanisms tend to have multiple hit 

inactivation curves and consequently the DS could be underestimated if it is calculated 

based on linear inactivation alone without accounting for the shoulder of resistance.  

 

Miscalculation of the DS can have serious consequences. Most notably, this may have 

occurred when the US Department of Defense (DoD) inadvertently shipped live Bacillis 

anthracis, or anthrax, spores to 86 facilities over a period of 10 years [38]. Anthrax spores 

were irradiated at 50 kGy while frozen on dry ice. Reported D10 values for B. anthracis are 
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typically between 1.53 kGy and 3.35 kGy [39] for irradiation at room temperature, however 

frozen samples may have a considerably higher D10 values. Importantly, the DoD reported 

B. anthracis titres of up to 1012 CFU/mL [38] and consequently 50 kGy should never have 

been considered an appropriate sterilising dose. Given an n of 18 (to reduce titre from 1012 

CFU/mL to a theoretical 10-6 CFU/mL) and a possible estimated D10 of 3.35 kGy, the 

substantiated DS should be a minimum of 60.3 kGy (3.35 kGy ´ 18 required log10 

reduction). The inadvertent shipment of live anthrax spores by the DoD highlights an 

important gap in calculating sterilising doses. In fact, current methods are based on 

sterilising medical equipment and other healthcare products where the expected bioburden 

is relatively low [35, 37, 40]. Furthermore, current methods do not account for non-linear 

inactivation curves. In order to safely inactivate high titre and potentially radioresistant 

pathogens for research or vaccine purposes, new mathematical modelling methods must be 

developed. Mathematical modelling of inactivation has been addressed in Chapter 2 of 

this thesis. 

 

1.1.3 The effect of irradiation on structural integrity 

Gamma-irradiation is widely used to sterilise materials in a variety of settings. It is used in 

food [41], pharmaceutical [42] and medical industries [43, 44] due to the ability of g-

radiation to inactivate pathogens through nucleic acid damage, while leaving proteins and 

other structures largely intact.  

 

Sterilisation of bone and soft tissue allografts illustrates the clinical application of 

structurally intact g-irradiated products. A major concern with tissue allografts is the 

potential for infectious agents to be transferred from donors to recipients. A study testing 

muscoskeletal tissue from cadaveric donors found the presence of 20 different organisms 

including Pseudomonas aeruginosa and Klebsiella oxytoca [45], both of which have the 

potential to cause disease in humans. There have also been recorded instances of viral 

transmission following allograft donation including hepatitis B virus (HBV), hepatitis C 

virus (HCV), and human immunodeficiency virus (HIV) [46, 47].  To overcome this, 

tissues allografts are often sterilised by g-irradiation prior to transplantation. The standard 

radiation dose as suggested by the IAEA for bone allografts is 25 kGy [48]. This dose is 

based on the D10 values and bioburdens of typical contaminating species. It has been 

reported that g-radiation maintains the structure of collagen better than other inactivation 
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methods, without causing toxicity [49-51], particularly when irradiating allografts while 

frozen to reduce oxidative damage [52].  

 

In addition, g-radiation is used in pharmaceutical settings, particularly when protein 

function is required after inactivation. For example, treatment of severe haemophilia 

requires the transfer of blood plasma or clotting factors, however this is associated with a 

risk of transmission of infectious viruses [53]. A study found that g-radiation can 

successfully be used to inactivate HIV while having minimal effect on important 

coagulation factors [54]. Notably, the function of antibodies has also been demonstrated 

following g-irradiation of serum [55], including a study that involves irradiation of serum 

collected during a clinical trial for an Ebola virus vaccine to ensure safety [56].  

 

In order to ensure the sterility of food products, g-radiation can also be utilised. In this 

setting, g-radiation is typically be used to target food-borne pathogens such as Escherichia 

coli and Salmonella species. g-irradiation does not appear to have a significant impact on 

taste. In fact, individuals could not differentiate between irradiated and non-irradiated trout 

shortly after irradiation, and after prolonged storage the taste of irradiated trout was scored 

higher than non-irradiated trout [57]. Other studies have also demonstrated acceptable taste 

of irradiated food [58, 59]. Interestingly, irradiating food allergens appears to be associated 

with reduced allergic reactions, suggesting epitope changes sufficient to affect IgE binding, 

however high doses of irradiation at ambient temperatures were required to sufficiently 

reduce IgE binding [60, 61].   

 

1.1.4 g-irradiated vaccines 

g-radiation has been has been proposed as a safe an effective method for vaccine 

development as it can inactivate a wide range of pathogens while maintaining structural 

integrity [62-64]. Several groups have demonstrated the superiority of g-irradiation to 

traditional methods of vaccine inactivation, including formalin and b-propiolactone [65, 

66]. Importantly, previous publications from our research group reported the development 

of cross-reactive g-irradiated vaccines against influenza A virus (IAV) [66-69] and 

Streptococcus pneumoniae [70, 71]. In addition, g-irradiated vaccines against HIV [72], 

and Malaria [73, 74] are currently in clinical trials, and other pathogens including 
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Mycobacterium spp. [75, 76], Salmonella typhimurium [77, 78] and Brucella spp. [79]. Our 

g-irradiated IAV vaccine, g-Flu, is further discussed in Section 1.2.8. 

 

1.2 INFLUENZA A VIRUS 
 

1.2.1 Overview 

Influenza A virus (IAV) is a highly infectious respiratory virus from the family 

Orthomyxoviridae. IAV can cause infection in a range of host species, with infection in 

humans, birds and pigs being most prominent. In humans, there are between 3 and 5 million 

cases every year, and between 250,000 and 500,000 deaths [80]. These deaths occur most 

often in at-risk individuals including infants and the elderly, immunocompromised and 

pregnant women [81]. In humans, IAV causes a range of respiratory symptoms including 

coughing, sneezing, fever, vomiting and muscle aches. In birds, IAV infection can be 

asymptomatic or quite mild, or can cause severe illness. Symptoms can be respiratory or 

systemic and are demonstrated by coughing and sneezing, diarrhoea, ruffled feathers, 

swelling of the head and eyes and other symptoms.  

 

There is a high economic burden associated with IAV infection due to hospitalisations and 

absenteeism. In Australia, the financial burden of IAV is approximately $85 million a year 

[82]. Antivirals are available and can reduce the severity and length of infection but need 

to be administered within a few days from the first onset of symptoms to be effective. While 

vaccination is the most effective strategy in reducing seasonal influenza infections, current 

vaccines only protect against strains included in the vaccine formulation and thus offer no 

pandemic protection. There have been four recorded IAV pandemics; 1918 Spanish flu, 

1957 Asian flu, 1968 Hong Kong flu and 2009 Swine flu. In fact, there is a constant risk 

that novel IAV subtypes could cross the species barrier and infect humans, causing a new 

pandemic. This creates a need for a universal IAV vaccine to cover new and emerging 

strains. 

 

1.2.2 Structure 

IAV is an enveloped virus that is usually spherical and between 80-120nm in size, however 

human isolates can also be filamentous and over 30µm in length [83]. In fact, filamentous 

IAV may have a selective advantage in human infections [84]. IAV has a negative sense 
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single-stranded (ss) RNA genome that is made up of 8 segments. Each segment is packaged 

with nucleoprotein (NP) to form viral ribonucleoprotein (vRNP). The vRNP is arranged 

with 7 segments surrounding a central segment [85]. This arrangement occurs due to 

complementary RNA sequences between the segments of vRNP [86]. An RNA-dependent 

RNA polymerase made up of polymerase basic proteins 1 and 2 (PB1 & PB2) and 

polymerase acid protein (PA) is also packaged with each vRNP. The surface proteins of 

IAV are the receptor binding trimeric protein haemagglutinin (HA), sialic acid cleavage 

tetrameric protein neuraminidase (NA), and an ion channel (M2). HA is the most abundant 

surface protein, followed by NA then M2 [87]. Matrix protein (M1) provides support for 

the envelope. The virus also encodes non-structural proteins 1 and 2 (NS1 and NS2). The 

virion structure of IAV is shown in Figure 1.1.   

 

IAV is classified into antigenically different subtypes based on the envelope proteins HA 

and NA. There are currently 18 known types of HA and 11 known types of NA [88]. Novel 

subtypes are identified through immunodiffusion and haemagglutination inhibition assays 

where antibodies specific to one subtype are unable to neutralise the novel subtype [89]. 

There are many possible combinations of HA and NA with H1N1 and H3N2 subtypes 

currently circulating in humans.  

 

1.2.3 Replication 

The IAV replication cycle is shown in Figure 1.2. IAV infects epithelial cells of the 

respiratory tract. The virus HA binds to sialic acid (SA)-linked galactose receptors. Human 

IAV strains bind preferentially to a2,6-linked sialic acid (SAa2,6Gal) receptors, whereas 

avian IAV bind preferentially to a2,3-linked sialic acids (SAa2,3Gal). In humans, 

SAa2,6Gal receptors are predominantly found in the upper respiratory tract, whereas the 

SAa2,3Gal receptors are found in the lower respiratory tract [90, 91]. Thus, avian strains 

do not transmit readily between humans as virions must travel deep into the respiratory 

tract to find cells permissible to replication and must then be expelled to infect other 

humans. However, disease is much more severe due to proximity to the lungs and an 

increased risk of causing lung damage.  

 

Host trypsin-like proteases found in the respiratory tract activate the HA by cleavage from 

HA0 to HA1 and HA2 subunits. Once the HA has attached to a host receptor the virus enters 
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the cell by receptor-mediated endocytosis. The low pH within the endosome causes a 

conformational change to expose the fusion peptide of HA2. The fusion stalk inserts into 

the endosomal membrane and fuses the membrane and the viral envelope. The M2 ion 

channel is opened and an influx of protons and potassium ions cause the vRNP to dissociate 

from M1 [92] and vRNP is released into the cytoplasm. The vRNP contains nuclear 

localisation signals (NLS), which traffic the vRNP into the host cell nucleus [93, 94]. The 

virus polymerase complex, included in the vRNP, facilitates replication of the negative 

sense RNA. The complex produces messenger RNA that is exported from the nucleus to 

the cytoplasm where the viral proteins are transcribed. Within the nucleus, template 

positive sense RNA is used to produce more genome copies. New virions assemble at the 

cell membrane and are release by budding. NA cleaves the budding virions from the cell-

surface sialic acids. 

 

1.2.4 Antigenic variation 

Changes to the surface antigens HA and NA enable IAV to evade adaptive immune 

responses and to target new species. This variation can occur by antigenic drift or antigenic 

shift.  

 

Antigenic drift occurs constantly due to the low fidelity of the RNA polymerase. This 

introduces point mutations at a rate of approximately 1 mutation per replicated genome 

[95]. Mutations tend to occur in a few key antigenic sites [96]. The accumulation of these 

mutations leads to changes in the surface epitopes such that antibodies induced by prior 

infections bind less effectively and consequently leads to the rise of new IAV strains [97, 

98]. In general, this reduces the efficacy of pre-existing immunity whether obtained through 

vaccination or a previous infection. Mutations within the receptor binding site of the HA 

can also influence receptor binding. A single amino acid mutation has the potential to shift 

receptor binding specificity from one species to another [99, 100].  

 

Antigenic shift is considered to be quite rare. However, several times per century novel 

strains will arise through antigenic shift that are capable of infecting humans [101]. 

Antigenic shift occurs when a single cell is infected with different subtypes of IAV, 

potentially from different species [102, 103]. When the genome is packaged, segments 

from different subtypes can be incorporated into a single virion. This can result in novel 

HA and NA combinations that may not have been circulating in humans previously. Lack 
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of pre-existing immunity and human-to-human transmission of newly arising IAV strains 

has been associated with pandemics. 

 

1.2.5 IAV pandemics 

There have been four IAV pandemics in recent history; 1918 Spanish Flu, 1957 Asian Flu, 

1968 Hong Kong Flu and the 2009 Swine Flu pandemic. Spanish Flu was caused by an 

H1N1 strain that is believed to be entirely avian in origin [103, 104]. During the 1918-1920 

pandemic it was estimated that a third of the world’s population were infected [105], and 

between 50-100 million people died [106], approximately 3-5% of the global population at 

the time. Spanish Flu was particularly virulent with a mortality rate of 2.5% compared to 

approximately 0.1% in a usual flu season [107, 108]. The high mortality rates could be 

related to secondary bacterial infections that occurred in up to 95% of Spanish flu deaths 

[109]. The most common bacteria isolated from Spanish Flu samples were Streptococcus 

species and Haemophilus influenzae [109-111]. Bacterial pneumonia as a secondary 

infection to IAV is associated with more severe disease and higher mortality rates [112-

114], and could explain the pathogenicity of Spanish Flu. Especially when considering that 

antibiotics had not yet been discovered [115]. Spanish Flu also was disproportionately 

lethal in 20-40 year olds [116]. This is speculated to be due to a cytokine storm [117], as 

this age group is usually most likely to survive infection with IAV [80]. In support of this 

hypothesis, researchers have reverse engineered 1918 H1N1 and found that it causes severe 

cytokine responses and enhanced lethality in animal models [117-120]. 

 

The 1957 IAV pandemic was caused by an H2N2 strain. Initial reports of a novel 

respiratory disease begun in early 1957 in China and the infection spread around the world 

over the next few months. The disease was confirmed to be caused by IAV; however, 

surface molecules were different from circulating H1N1, and the strain was designated 

H2N2. A vaccine was quickly developed, a feat largely accredited to Maurice Hilleman 

[121].  40 million vaccine doses were prepared in the US prior to the pandemic [122]. This 

fast-acting response is likely to have significantly reduced fatalities. Overall, the 1957 

pandemic resulted in 2 million deaths worldwide, and H2N2 continued to circulate until it 

was displaced by H3N2 in 1968. The 1968 H3N2 pandemic caused fewer deaths than 

previous pandemics, approximately 1 million in total. The novel H3N2 subtype contained 

the NA molecule from previously circulating H2N2 strains [123], and previous NA-specific 
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immunity may have lessened disease severity [124]. The H3N2 strain appeared to have 

acquired the HA and PB1 gene segments from an avian IAV [125]. 

 

More recently, an influenza pandemic occurred in 2009. The pandemic strain was H1N1 

(pdmH1N1), but antigenically differed from the seasonal strains circulating at the time 

[126]. The origin species was pigs, however most gene segments originally came from 

avian species [127]. pdmH1N1 was highly contagious and infected between 11% to 21% 

of the global population [128], however mortality rates were relatively low and the resulting 

pandemic was no more deadly than a classic flu season [129, 130]. 

 

In general, the major concern of future pandemics is the emergence of avian IAV strains. 

All three IAV pandemics of the 20th century were caused by re-assortment of avian gene 

segments to give rise to novel IAV strains that had the ability to infect humans. Importantly, 

in recent years several small outbreaks of avian IAV have occurred. Avian H5N1 was first 

isolated in humans in 1997 [131] and has since been associated with small sporadic 

outbreaks with limited transmissibility between humans [132]. In total, there have been 861 

cases of H5N1 infection, resulting in 445 deaths [133]. Outbreaks of avian H7N9 and H9N2 

have also occurred in recent years, resulting in 1568 and 33 cases, respectively [133]. The 

high mortality rates associated with avian IAV are concerning, particularly when 

considering that mutations can occur to increase infectivity of IAV through antigenic shift 

or antigenic drift. Evidently, a recombinant H5N1 with neuraminidase from seasonal H1N1 

has shown enhanced virulence in ferrets [134]. An important feature of next generation 

IAV vaccines should be the ability to protect against pandemic strains not included in the 

vaccine formulation.   

 

1.2.6 Immune responses to IAV 

 

1.2.6.1 Innate immune responses 

The innate immune response offers a rapid defence against viral infections. In general, it is 

non-specific and virus infections will be recognised by pattern recognition receptors 

(PRRs), particularly Toll-like receptors (TLRs) and cytosolic receptors, that interact with 

pathogen-associated molecular patterns (PAMPs).  TLRs are an important class of PRRs 

that are found on the cell surface or within endosomes. In particular, IAV is recognised by 

TLR-3 [135], TLR-7 [136, 137] and TLR-8 [138]. TLR-3 recognises dsRNA [139], which 
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is a replication by-product. This is recognised when dead cells containing the viral dsRNA 

are phagocytosed [140]. The role of TLR-3 in protection against IAV is contentious. TLR-

3 is important for the induction of pro-inflammatory cytokines and reduction of IAV 

replication in the lungs, however it can also enhance pathogenicity of IAV as tlr3-/- mice 

survive longer than wildtype mice in the case of a lethal infection [135]. TLR-7 and TLR-

8 both recognise ssRNA from whole virions that are taken up by host cells into the 

endosome. TLR-7 is mainly expressed in the endosome of plasmacytoid dendritic cells 

(pDCs) [141], whereas TLR-8 is found in humans and is mainly expressed in monocytes 

and macrophages [142]. Activation of TLRs leads to downstream production of pro-

inflammatory responses, particularly IFN-I responses. 

 

On the other hand, cytosolic receptors, such as retinoic acid inducible gene I (RIG-I) are 

expressed by all nucleated cells and are capable of recognising IAV RNA within infected 

cells [143]. RIG-I is also present in dendritic cells and macrophages [144]. RIG-I 

specifically recognises 5′-triphosphate viral ssRNA [143, 145]. This results in the 

activation of mitochondrial antiviral signalling protein (MAVS). MAVS signalling leads 

to the induction of pro-inflammatory cytokines including nuclear factor κB (NF-κB), Type 

I Interferon (IFN-I), and other interferon response genes (ISGs). IFN-I, in the context of 

IAV infection, is predominantly produced by dendritic cells (DCs) and macrophages [146]. 

DCs play a crucial role as professional antigen presenting cells (APCs) by presenting IAV 

antigens to T cells [147]. 

 

1.2.6.2 Adaptive immune responses 

The activation of various factors of the innate immune system leads to the activation and 

recruitment of the adaptive immune system. Adaptive immunity is long-lived and provides 

and immunological memory. This is the basis for vaccines. The adaptive immune response 

is characterised by two arms – humoral and cell-mediated.  

 

Cytotoxic CD8+ T cells (CTLs) are important for IAV immunity. CD8+ T cells are activated 

by DCs presenting antigens from IAV within the draining lymph nodes [148]. Activated 

CTLs then migrate to the infected lungs, where they are able to directly kill IAV-infected 

cells. Infected cells are identified by specific interaction of T cell receptors (TCRs) with 

IAV antigens presented in the context of Major Histocompatibility Complex Class I 

proteins (MHC-I). In particular, IAV specific CTLs have been shown to recognise internal 
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IAV proteins NP [149, 150], M1 and polymerase proteins [151, 152]. As these proteins are 

highly conserved across IAV strains, T cell responses are vitally important for cross-

protective immunity.  

 

The main function of CTLs is to specifically target and kill infected respiratory epithelial 

cells [153]. The recognition of a peptide presented by MHC-I by the TCR will trigger 

several mechanisms to induce target cell cytotoxicity including the production of cytotoxic 

molecules such as granzymes and perforin to induce apoptosis in infected cells [154, 155], 

secretion of pro-inflammatory cytokines including TNFa [156], and expression of Fas 

ligand [154]. CTLs play an essential role in preventing the spread of IAV from the upper 

respiratory tract to the lungs, reducing the severity of infection [157]. In addition, IAV-

specific lung-resident CD8+ memory (TRM) cells have been detected after IAV infection 

[158] or vaccination [159] and they could provide cross-protection against subsequent IAV 

infections. 

 

The other aspect of cell-mediated immunity is CD4+ T helper (TH) cells. TH cells recognise 

IAV infection through the presentation of IAV peptides in the context of MHC class II 

(MHC-II) molecules on the surface of antigen presenting cells (APCs). TH cells are 

activated similarly to CTLs via DCs in draining lymph nodes [160, 161]. TH cells then 

further differentiate based on the type of infection. In responses to an IAV infection, TH 

cells differentiate into TH1 cells [162]. This is mediated by cytokines including IL-12 [163] 

and IFN-g [164]. Interestingly, TH1 cells do not appear to be essential to cell-mediated 

immunity to IAV as depletion of CD4+ cells or MHC-II does not influence survival, 

inflammatory responses or CTL responses [165, 166]. Instead, TH cells appear to play a 

role in mediating antibody responses [167, 168].  

 

Humoral immunity is characterised by B cells. B cells produce IAV-specific 

immunoglobulins. IgM is predominantly expressed during a primary or early IAV 

infection, prior to antibody isotype switching by B cells to produce IgG and IgA antibodies 

[169]. IgA is the predominant antibody isotype in the respiratory tract [170], however IgG 

appears to be important for reducing IAV pathogenesis [171]. In general, antibody 

responses mainly target the surface antigens, HA and NA, with HA-specific antibodies 

being both more abundant and more effective in preventing IAV infection, provided that 
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the antibodies match the infecting strain [169]. Anti-NA antibodies are able to prevent 

dissemination of new virions by blocking the release of budding virions from the host cell 

[172]. Anti-HA antibodies are typically directed against the variable globular head [98]. 

These antibodies can be neutralising if the receptor-binding site is blocked [173]. Studies 

have demonstrated a small subset of antibodies that are specific to the more conserved HA 

stalk, and can provide some cross-protective immunity [174-176]. Importantly, antibody 

responses are directed against the highly mutagenic surface proteins. Therefore, IAV 

specific antibodies are strain specific.    

 

1.2.7 Current IAV vaccines 

The currently licenced IAV vaccines in Australia are tri- or tetravalent inactivated vaccines 

(TIV). The trivalent vaccine includes an H1N1 strain, an H3N2 strain and an influenza B 

strain, and the tetravalent vaccine includes an additional influenza B strain. In the event of 

a pandemic, monovalent vaccines can be produced. In general, strains included in the TIV 

are grown in the allantoic cavity of embryonated chicken eggs, chemically inactivated 

using b-propiolactone and ether, and HA and NA surface antigens are then purified to be 

included in the vaccine formulation. These purified antigens are given intramuscularly to 

induce strong antibody responses. However, due to the mutagenic nature of these surface 

antigens the antibodies will only protect against strains included in the vaccine formulation. 

Consequently, the vaccine is re-formulated biannually to align with the northern and 

southern hemisphere flu seasons. Vaccine formulations are recommended by the World 

Health Organisation (WHO) based on the strains expected to be circulating. The timeframe 

to produce seasonal vaccines is approximately 6 months, and if unexpected strains emerge 

in this time then vaccine efficacy is considerably reduced [177].  

 

In 2014 the seasonal vaccine capacity was estimated at 1.5 billion doses/year due to limited 

capacity in eggs [178], and in 2009 the WHO claimed that production could be increased 

to 4.9 billion doses of swine flu vaccine [179]. However, there was a delay in production 

time for the 2009 swine flu vaccine due to the low growth of the vaccine strain in 

embryonated chicken eggs [180]. In addition, it has been reported that the use of 

embryonated eggs could induce mutations to allow egg adaptation, reducing vaccine 

efficacy [181]. Therefore, the use of tissue culture-based methods could be used as an 

alternative. Importantly, despite their efficacy, the main limitation of the TIV is the inability 



1 | Literature Review 

	 17	

to provide protection against non-vaccine strains, which include seasonal as well newly 

emerging pandemic strains. Therefore, the development of a universal IAV vaccine is 

fundamentally important to human health.  

 

1.2.8 g-irradiated influenza vaccine 

Our group has previously developed a whole-inactivated g-irradiated IAV vaccine (g-Flu). 

This vaccine involves growing IAV in embryonated chicken eggs, purifying and 

concentrating virus and subjecting the virus to sterilising g-radiation while preparations are 

frozen on dry ice. This method of vaccine production is applicable to any IAV subtype and 

previous g-Flu preparations have included H3N2 [66] and H1N1 [68] strains. Importantly, 

g-Flu is able to provide cross-protective immunity [66], overcoming a major limitation of 

current IAV vaccines. g-Flu prepared with an H1N1 strain was shown to protect mice 

against a lethal dose of avian H5N1 [68] and pdmH1N1 [182]. Previous investigations 

illustrated the ability of g-Flu to induce both antibody and T cell responses [183], with 

particular emphasis on the cross-protective T cell responses [184, 185]. This was 

demonstrated experimentally in mice by the ability of adoptively transferred T cells to 

provide protection against a heterotypic challenge whereas mice receiving adoptive B cells 

were not protected [185] 

 

Considering that g-Flu remains structurally intact, the virus may be able to enter cells and 

mimic infection in terms of innate immunity and MHC-I antigen presentation [66], thus 

inducing stronger immune responses. This is further supported by the efficacy of different 

immunisation routes of g-Flu. When given intranasally, the natural infection route, the 

vaccine was significantly more effective than when administered by other routes including 

intravenous, intraperitoneally and subcutaneously [68]. Furthermore, when comparing g-

Flu to other methods of inactivation including formalin and UV-radiation, g-Flu provides 

superior protection [66].  

 

 

1.2.9 Vaccine adjuvants 

Vaccine preparations are commonly administered with vaccine adjuvants to elicit a 

stronger immune response. Adjuvants are particularly useful when considering inactivated 

vaccines, as innate immunity may be weaker than in live attenuated vaccines or natural 
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infection. Most adjuvants augment adaptive immunity through enhanced innate immune 

responses [186, 187]. There are several adjuvants approved for use in humans. Aluminium 

hydroxide salts (Alum) has been used in humans since 1932, and was the only licenced 

adjuvant for human vaccines for almost 70 years [188]. Alum acts as an antigen depot 

[189], and recruits an influx of important immune cells including DCs [190], macrophages 

[191] and neutrophils [192]. More recently, oil-in-water adjuvants have been approved for 

use in humans. Of particular interest, MF59 is an oil-in-water adjuvant currently used with 

inactivated IAV vaccines. [193]. Vaccines adjuvanted with MF59 produce strong antibody 

responses [194], and enhance differentiation [195] and antigen uptake by DCs [196]. 

 

1.2.10 Use of g-Flu as a vaccine adjuvant 

g-Flu is a strong inducer of type I interferon responses [69]. IFN-I can stimulate the immune 

system and enhance responses to a given pathogen [197] and is an important component of 

anti-viral innate immunity [198]. This suggests that, unlike other inactivated vaccines, g-

Flu could be self-adjuvanting. Interestingly, g-Flu has been shown to act as an adjuvant to 

enhance the immunogenicity of co-administered g-irradiated vaccines. It has been reported 

previously that SFV-specific IgG responses and SFV-specific neutralising antibody 

responses were enhanced following co-administration of g-Flu and g-SFV in comparison 

to administration of g-SFV alone [199]. This phenomenon does not appear to be limited to 

viral vaccines, as g-Flu can also adjuvant g-PN [200]. Co-administration of g-Flu and g-PN 

has been associated with enhanced antibody responses, TH1 cells, TH17 cells and memory 

CD4+ cells in contrast to administration of g-PN alone [200]. Interestingly, co-

administration of g-Flu and g-PN has also been reported to be associated with a synergistic 

enhancement of IAV-specific responses [182]. In particular, g-PN enhances IAV-specific 

memory responses and uptake into macrophages for antigen presentation [182] through 

direct interactions between IAV and S. pneumoniae [182, 201]. Importantly the adjuvant 

activity of g-Flu appears to be functional across several different immunisation routes as 

both intravenous (g-SFV) and intranasal (g-PN) routes were tested. Consequently, g-Flu 

may be widely applicable to adjuvant other vaccines to respiratory pathogens. In this study, 

I tested the ability of g-Flu to enhance the immunogenicity of recombinant proteins and 

investigated the possibility of combining g-Flu with g-irradiated Newcastle Disease Virus 

(g-NDV).  
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1.3 NEWCASTLE DISEASE VIRUS 
 

1.3.1 Overview 

Newcastle disease virus (NDV), also known as avian paramyxovirus 1 (APMV-1), is an 

avian respiratory virus from the family Paramyxoviridae and is the causative agent of 

Newcastle disease. There are 9 serotypes of APMV but NDV is the most important serotype 

as the other 8 serotypes (APMV-2 to APMV-9) induce only mild or asymptomatic infection 

in birds. NDV was first isolated in Newcastle-upon-Tyne, England [202] and Indonesia 

[203] in 1926-27. NDV mainly infects domestic poultry. In chickens, NDV can cause a 

range of respiratory and neurological symptoms including coughing, gasping, twisted head 

or neck, muscle spasms, decrease in egg quality, and swelling around the eyes and neck. 

There is no treatment for NDV, and infected chickens must be culled to prevent spread to 

the rest of the flock. Worldwide, NDV is the third highest cause of infectious disease related 

death in poultry, behind avian influenza and infectious bronchitis [204]. Several outbreaks 

have occurred in Australia in recent years and therefore a strict vaccination regime is 

adhered to. Mice can also be experimentally infected with NDV [205], allowing in vivo 

vaccine testing prior to progressing to avian models. 

 

1.3.2 Structure and classification 

NDV virion structure is shown in Figure 1.3A. NDV has a large (15.2kb) single-stranded 

RNA genome, and some virions carry two or more copies [206]. It is an enveloped virus 

with the surface proteins haemagglutinin-neuraminidase (HN), fusion protein (F), and a 

small hydrophobic protein (SH). The virus also carries an RNA dependent RNA 

polymerase (or L protein). The F protein is a determinant of virulence [207]. F proteins 

with polybasic cleavage sites enhance NDV virus pathogenicity as the F protein is more 

widely activated [208].   

 

Strains of NDV are grouped according to their virulence. These groups are asymptomatic, 

lentogenic (low virulence), mesogenic (medium virulence) and velogenic (highly virulent) 

[209]. Lentogenic strains cause mild respiratory diseases and does not cause any mortality. 

Mesogenic strains cause acute respiratory disease and mortality rates are less than 10%. 

Velogenic strains can be further classified into respiratory and neurotropic disease, and 

mortality rates can reach close to 100% in some instances. There is only one NDV serotype, 
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and classification of NDV strains was recently restructured in 2019 according to 

phylogenetic analysis of the F protein [210]. Accordingly, NDV strains are separated into 

Class I and Class II. Class I strains are made up of a single genotype; Genotype I (GI) and 

includes strains isolated from wild birds. Class I strains are typically of low virulence [211]. 

Class II strains are further classified into Genotypes II to XXI (GII to GXXI) [210] and 

includes highly virulent strains that infect both wild birds and domestic poultry [212]. 

Recent NDV outbreaks have been caused by GII and GVII [213, 214]. 

 

1.3.3 Replication 

The replication cycle of NDV is shown in Figure 1.3B. NDV infects cells of the respiratory 

or gastrointestinal tract in chickens [215]. Neurotropic NDV is also able to infect cells of 

the central nervous system, including neurons [216] and glial cells [217]. NDV can also 

infect macrophages [218] and lymphocytes [219] in chickens. Host receptors for NDV are 

sialic acids [220], and entry into the host cell is facilitated by HN and F proteins. HN binds 

to sialic acid moieties and F enables fusion between the host cell membrane and the virus 

envelope to allow release of the viral genome into the cell cytoplasm. NDV can also enter 

host cells independently of F protein at an acidic pH [221]. During virus entry the NDV 

surface antigens remain on the surface of the infected cell. Cell surface HN can then bind 

to receptors on neighbouring cells and cell-to-cell fusion can occur. This can lead to the 

formation of syncytia, multinucleated cells.   

 

NDV genome replication occurs in the cell cytoplasm. For NDV to be able to replicate, the 

genome must contain a number of nucleotides that is divisible by 6 (i.e. 6n + 0 nucleotides 

long) [222], known as the “rule-of-six”. This feature is common to paramyxoviruses [223] 

and occurs because each NP subunit is exactly 6 nucleotides long [224]. The proper 

enclosure of the viral RNA within the NP is required for the recruitment of viral polymerase 

proteins [225]. mRNA templates are produced, and protein synthesis occurs in the 

cytoplasm and proteins are then transported to the cell membrane. Virus genome replication 

to produce copies of the negative-sense single stranded genome also occurs within the 

cytoplasm. New virions bud from the cell membrane and are released by the neuraminidase 

function of HN. 
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1.3.4 Immune responses to NDV 

Initial responses to NDV infection are fast-acting non-specific innate responses. In 

chickens, NDV will induce several anti-viral signalling molecules including nitric oxide 

(NO), IFN-g and chicken homologues of IFN-a and IFN-b [226-229]. Similarly, in mouse 

models NDV is a strong inducer of Type I IFN responses (IFN-I) [230, 231]. The V protein 

of NDV acts as an IFN-suppressor [232] and can supress apoptosis in infected cells [233]. 

However, V protein is highly species-specific and has limited function in mammalian cells 

[234]. The innate immune response plays an important role in priming the adaptive immune 

response.  

 

Infection of chickens and mice with NDV induces both antibody [205, 235] and T cell 

responses [235, 236]. However, chickens lacking antibody responses do not survive a 

challenge with virulent NDV, whereas chickens lacking T cells do [237]. This suggests that 

antibody responses are sufficient for survival from NDV infection, whereas T cell 

responses are limited in their ability to provide protection. Considering that there is a single 

NDV serotype, antibodies generated against a given NDV strain could theoretically provide 

protection against other strains. In practice, this is not always the case. Vaccine strains offer 

better protection when they are more closely related phylogenetically to the challenge strain 

[238-240]. Antibodies to NDV are of isotypes IgM, IgA, and IgY (avian IgG-equivalent), 

and generally peak at 21-28 days after infection [241]. Importantly, the presence of 

neutralising antibodies are critical for survival from NDV infection [235]. 

 

Cell-mediated responses can be detected early after NDV infection [242]. Clonal expansion 

following vaccination with a live-attenuated vaccine has been reported for both CD4+ and 

CD8+ T cell populations [243]. The cell-mediated response also appears to be proportionate 

to the virulence of the NDV strain [244]. Although T cells do not appear to play a role in 

NDV-protection and the development of neutralising antibody responses [245], CD8+ T 

cells play an important role in reducing virus shedding [243].   

 

1.3.5 Current NDV vaccines 

Currently, inactivated and live-attenuated NDV vaccines are commercially available. The 

inactivated vaccine is treated with b-propiolactone (BPL) or formalin, and then 

administered intramuscularly with oil-based adjuvants. This can be problematic when 
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dealing with a large number of chickens as it is time consuming and requires special 

training, thus making vaccinating with inactivated NDV an expensive process Nonetheless, 

the inactivated NDV vaccine is able to induce strong antibody responses and reasonable 

protection against live infection. In order to enhance productivity, inactivated NDV 

vaccines are often administered at the same time as vaccines for other diseases. 

Furthermore, inactivated NDV vaccines can be used as booster vaccines in commercial 

layers or breeders where the small number of more valuable birds can justify the expense 

associated with individual vaccinations.  

 

The live-attenuated NDV vaccine is cheaper and easier to administer but it is not as 

effective as the inactivated vaccine. Avirulent or lentogenic strains are commonly used to 

formulate live-attenuated vaccines. The most commonly used strain is La Sota, which is a 

GII lentogenic strain. However, La Sota can cause respiratory symptoms following 

vaccination [246]. The vaccine is usually administered in drinking water or aerosols to 

allow vaccination of large number of birds quickly and easily. Protection induced by the 

live-attenuated vaccine is short-lived. This could be due to limited innate immunity and 

limited immune activation as illustrated by low interferon type I (IFN-I) and reduced pro-

inflammatory signalling after La Sota immunisation compared to a challenge with virulent 

NDV strains [229]. It has been reported previously that IFN-I is important for lymphocyte 

activation in mice [197], however the effect of IFN-I signalling on lymphocyte activation 

in avian species has not been elucidated. In addition, the live-attenuated vaccine is heat-

sensitive, and this highlights an important issue related to vaccine viability, particularly in 

developing countries where large distances must be travelled to reach the whole flock. 

 

As the inactivated vaccine is more effective, it is compulsory in New South Wales and 

Victoria where the risk of an NDV outbreak is most prevalent. In other states there is an 

option to use the inactivated vaccine or the live-attenuated vaccine every 6-8 weeks [247]. 

Despite using commercially available vaccines, chickens can still shed virus and become 

sick with NDV following vaccination with both types, as neither is fully effective [239, 

248]. In addition, current NDV vaccines have limited protective efficacy against Genotype 

VII that has recently been associated with severe NDV outbreaks. Therefore, there is an 

urgent need for a safe highly effective inactivated NDV vaccine capable of stimulating 

strong innate immunity, inducing strong antibody response and T cell response, and most 
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importantly that can be formulated based on virulent strains to protect against severe NDV 

outbreaks.  

 

1.3.6 g-NDV as an experimental vaccine candidate 

Our lab is interested in producing a g-irradiated NDV vaccine for use in domestic poultry, 

as g-NDV has the potential to overcome several issues related to current vaccines. Firstly, 

as an inactivated vaccine it can be administered to chickens of all ages, and can be freeze-

dried [66] to overcome availability issues in developing countries. It has been shown 

previously that g-Flu is able to induce strong IFN-I responses that aid in the activation of 

lymphocytes [69]. This may be true for g-NDV also, which would ensure sufficient immune 

stimulation upon vaccination. Importantly, recent publications have illustrated the adjuvant 

activity of g-Flu on other g-irradiated vaccines, which is associated with the ability of g-Flu 

to induce strong IFN-1 responses and lymphocyte activation. Co-administration of g-Flu 

with other g-irradiated vaccines resulted in improved antibody responses [199], and 

promoted the development of TRM cells [200]. Thus, combining g-Flu with g-NDV may 

increase immune signalling to drive development of long-lived adaptive immunity. In 

addition, recent outbreaks of highly pathogenic avian influenza (HPAI) has emphasised a 

need to implement widespread IAV vaccination in chickens. Accordingly, a combination 

vaccine against NDV and IAV using g-irradiation has the potential to minimise the spread 

of HPAI between chickens and humans and improve current NDV vaccines in domestic 

poultry. Furthermore, g-NDV may also be used as a safe inactivated oncolytic therapy to 

overcome the biosecurity concerns associated with the use of live NDV in a clinical setting. 

 

1.3.7 Use of NDV as an oncolytic agent 

Oncolytic viruses (OVs) have the potential to selectively target and replicate in cancer cells 

whilst leaving healthy cells intact. OVs are able to directly kill cells by replicating within 

them, or they are able to recruit components of the immune system to target the tumour 

(reviewed in [249]). Non-human viruses, such as NDV, are often used as safer alternatives. 

Several clinical trials have tested the ability of NDV to reduce tumour size in a range of 

cancers including colorectal carcinoma [250], breast and ovarian cancer, and glioblastoma 

[251]. The oncolytic properties of NDV were first identified in 1952 by Moore et al [252] 

by showing a decrease in tumour growth. This was further characterised by Prince & 
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Ginsberg [253] in 1957 where they showed inoculation of NDV into mice with established 

tumours resulted in a reduction in tumour size.  

 

NDV has been proposed to kill cancer cells in several ways (Figure 1.4). In mammalian 

systems, NDV is a potent activator of innate signalling, which can lead to the activation of 

both intrinsic and extrinsic apoptotic pathways. Pro-apoptotic signalling molecules induced 

in cancer cells by live NDV include IFNa [254], TRAIL [255], TNFa [256], and IFNb 

[257]. In addition, NDV is a fusogenic virus and thus causes syncytia formation. Syncytia 

tend to be short lived, as well as having an immune stimulatory effect. cDNA transcripts 

of individual structural proteins HN [258, 259], F protein and M protein [260] have also 

been shown to be oncolytic. The specificity in terms of targeting cancer cells is due to 

dysfunctional antiviral and apoptotic signalling. Sialic acids (the cellular receptor for 

NDV), and sialytransferases are also often upregulated in cancer cells (reviewed in [261]). 

This has not been examined from the perspective of specificity of NDV for cancer cells but 

could indeed be playing a role. Interestingly, in mice intratumoral administration of live 

NDV is able to enhance lymphocyte infiltration into distant, uninfected tumours, 

suggesting that replication of NDV within the tumour is not necessary to mount a response 

[262]. 

 

A major shortcoming of OVs is the induction of virus-specific humoral immunity, and live 

NDV has been shown to induce neutralising antibody responses in humans [263]. 

Antibodies are able to neutralise virus to prevent uptake into cancerous cells. This limits 

the number of times this treatment can be repeated. Furthermore, the use of replicating lytic 

NDV strains poses a biosecurity risk due to possible transmission from humans to birds, 

which may lead to outbreaks. The importation and use of these NDV strains are heavily 

regulated and clinical trials have halted.  

 

1.3.8 Melanoma and current treatments 

Melanoma is an aggressive form of skin cancer that develops in the pigment-producing 

melanocytes. Melanoma is the third most prominent cancer overall, and the most common 

cancer affecting 13 to 39 year-olds in Australia [264]. As with all cancers, early detection 

is key and prognosis depends on several factors including melanoma thickness [265, 266], 

ulceration [267] and proliferation rate [266]. Furthermore, in patients with metastatic 
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melanoma (Stage IV) the 5-year survival rate drops to 26% [264]. Most melanomas are 

caused by exposure to UV radiation [268], either naturally through sunlight or through 

artificial sources. UV light causes DNA damage by causing thymine dimers to fuse and 

form pyrimidine dimers [269, 270]. UV exposure can also cause indirect DNA damage 

through the formation of reactive oxygen species [271]. The accumulation of this genome 

damage can lead to cancer.   

 

Most melanomas are initially treated with surgery. The tumour is excised with margins of 

between 1-3cm to reduce the risk of recurrence [272]. Where there is a risk of metastases, 

surgery is typically combined with adjuvant therapy, such as IFN-a or IL-2.  Intermediate 

to high doses of IFN-a have been shown to improve relapse free survival and overall 

survival [273, 274]. However, high doses of IFN-a are poorly tolerated [275]. In Stage IV 

melanoma, where there are distant metastases, systemic therapy will also be administered. 

Systemic therapy includes chemotherapy, targeted therapy and immunotherapy [276]. A 

promising new area in cancer immunotherapy is the use of checkpoint inhibitors. In 

particular, the use of antibodies to target cytotoxic T lymphocyte-associated protein 4 

(CTLA-4) and programmed cell-death protein 1 (PD-1) has shown widespread success 

(reviewed in [277]). Both CTLA-4 and PD-1 function to reduce tumour-specific T cell 

responses, and administration of anti-CTLA-4 and anti-PD-1 improves overall survival in 

previously untreatable melanoma [278, 279]. In addition, anti-CTLA-4 and anti-PD-1 can 

be co-administered to further enhance efficacy [280, 281]. Both antibodies, however, are 

associated with serious autoimmune side effects [282], as checkpoint inhibitors promote 

self-tolerance [283, 284].  

 

1.3.9 Oncolytic viruses as a treatment for melanoma 

The oncolytic virotherapy Talimogene laherparepvec (TVEC) was recently approved as a 

treatment for inoperable melanoma. TVEC is a modified strain of herpes simplex virus 

(HSV-1) that expresses human granulocyte-macrophage colony-stimulating factor (GM-

CSF) [285]. TVEC treatment was found to be more successful than GM-CSF alone [286]. 

TVEC is further modified to remove the viral infected cell protein 34.5 (ICP34.5) [285]. 

ICP34.5 blocks the cellular antiviral responses [287]. The removal of this protein in TVEC 

prevents replication in healthy cells but not in cancer cells where antiviral immunity and 

pro-apoptotic pathways are dysregulated. In particular, dsRNA and other viral signals can 
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activate protein kinase R (PKR). PKR then phosphorylates eukaryotic initiation factor 2A 

(eIF-2A) to prevent translation and shut down virus replication [287]. The role of PKR as 

an oncogene is controversial as it appears to be upregulated in some cancers and down 

regulated in others (reviewed in [288]). Nonetheless, ICP34.5 counteracts the role of PKR 

by activating protein phosphatase 1A to re-phosphorylate eIF-2A, and the deletion of 

ICP34.5 aids TVEC specificity to cancer cells. 

 

Another HSV mutant, HF10, is currently in clinical trials. HF10 is lacking both ICP34.5 

and infected cell protein 47 (ICP47). ICP47 blocks host T cell responses [289], and could 

assist the tumour infiltrating lymphocytes (TILs) observed in murine cancer models treated 

with HF10 [290, 291], and in a clinical trial testing breast cancer treatment [292]. HF10 

was able to treat melanoma in DBA/2 mice [291]. The same study found a reduction in 

untreated secondary tumours suggesting a systemic anti-tumour response [291]. 

 

1.3.10 Oncolytic NDV as a treatment for melanoma 

Oncolytic NDV has been used as a melanoma treatment. In pre-clinical studies NDV is 

able to reduce tumour growth of murine melanomas and enhance TILs in the tumour site 

[293]. A recombinant NDV strain expressing IL-2 has also been shown to be effective at 

treating malignant melanoma in mice [294]. IL-2 is a currently approved immunological 

therapy for melanoma, however it is poorly tolerated due to systemic administration [295]. 

Genetically modified NDV allows for IL-2 production directly within the tumour and could 

reduce the systemic side effects [296]. NDV treatment has also been combined with 

checkpoint blockade immunotherapy. Combined treatment enhances TILs and tumour 

rejection [262]. In clinical trials, treatment with melanoma oncolysates prepared with NDV 

increased survival times [297-299] and enhanced CD8+ T cell responses [298]. 

 

Limitations of NDV treatment include the induction of neutralising antibody responses and 

off-target effects. Neutralising antibody responses are a well-documented shortcoming of 

therapeutic viruses. The induction of neutralising antibodies prevents virus uptake, and 

consequently can hinder the efficacy and duration of treatment. In addition, treatment with 

oncolytic NDV can cause flu-like symptoms in clinical trials in humans including nausea 

and vomiting [251, 300].  
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1.4 RESEARCH PROJECT 
 

1.4.1 Project rationale 

In this research project, I investigated the concepts and applications related to the use of g-

radiation to inactivate viruses for vaccine purposes. g-radiation is routinely used as a 

sterilisation technique in the food, medical and pharmaceutical industries. In these settings 

contaminating species are typically bacteria at a low bioburden and recommended 

sterilising doses are set accordingly. Consequently, recommended sterilisation methods are 

not applicable to irradiating more radioresistant species at deliberately high titres. Several 

g-irradiated vaccines are currently in clinical or pre-clinical trials and in order to ensure 

safety, the methods for calculating sterilising doses need to be corroborated. In particular, 

mathematical modelling to estimate the sterilising doses must account for irradiating 

pathogens that; (1) have a high bioburden, (2) have a radioresistant genome causing 

multiple-hit inactivation kinetics, and (3) can be irradiated at different temperatures to 

protect structural integrity.   

 

Irradiating vaccine preparations at different temperatures can have a marked effect on 

radioresistance and vaccine efficacy. At higher temperatures there is an increased 

production of ROS that aid inactivation but also damage antigens. For vaccine and research 

purposes, it is important to use an irradiation conditions that maintain structural integrity, 

as sterility is not the only goal. Previous investigation in our lab compared g-Flu samples 

irradiated at 25 kGy and 50 kGy at room temperature or frozen on dry ice. We found that 

when comparing equivalent doses, frozen-irradiated vaccines performed significantly 

better than g-Flu irradiated at room temperature. However, this does not account for the 

fact that sterilising doses are considerably lower when irradiating at warmer temperatures. 

In fact, irradiating at a lower dose and higher temperature may improve vaccine production 

and antigenic integrity.  

 

These concepts related to sterilisation by g-radiation can be applied to the development of 

novel g-irradiated vaccines. In particular, I aim to develop a vaccine for NDV. NDV 

remains a prominent poultry disease despite vaccines being available. Current vaccines 

have major limitations due to poor coverage of GVII NDV strains and difficulty in vaccine 

administration. Outbreaks repeatedly occur in developing countries, even in vaccinated 
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flocks. We have previously demonstrated that g-irradiated vaccines provide superior 

immunogenicity compared to other inactivation methods as characterised by superior 

antibody and T cell responses. Typically, live-attenuated vaccines induce T cell responses 

whereas traditional inactivated vaccines do not. Unlike chemically inactivated Flu 

vaccines, we have demonstrated strong T cell responses induced by g-Flu. Similar efficacy 

in g-NDV could provide a better alternative compared to existing live or chemically 

inactivated NDV vaccines. Importantly, due to biosecurity limitations, this thesis will use 

the Australian live-attenuated vaccine strain V4 to develop g-NDV. Based on the success 

of this study, further development of g-NDV will use an emerging strain such as GVII to 

enhance vaccine coverage. 

 

There are further applications of g-irradiated viruses that have not previously been 

explored. Namely, using g-irradiated viruses as virotherapy. Interestingly, NDV has been 

used as an oncolytic virus in numerous clinical trials with widespread success. However, 

due to the potential for NDV to cause widespread disease and livestock losses, the use of 

NDV as a virotherapy has been strictly regulated. Additionally, a shortcoming of 

virotherapies is the potential for live viruses to cause disease. I hypothesise that g-NDV 

could be used as a safe and effective oncolytic virotherapy. g-NDV will be unable to 

replicate and cannot pose any outbreak risk. Furthermore, it is not expected to cause clinical 

symptoms when used in a clinical setting.  

 

g-Flu behaves in a way that mimics natural IAV infection, and similarly I expect the 

behaviour of g-NDV to mimic live virus in terms of interacting with host cells, activating 

immune responses, and inducing cancer cell killing. Importantly, previous studies have 

demonstrated multiple mechanisms for oncolysis in cancer cells treated with NDV, 

including direct oncolytic activity for structural NDV proteins. We have also demonstrated 

that g-Flu is a strong inducer of innate immunity. This is relevant to the oncolytic potential 

of g-NDV, as innate signalling in tumour cells is one of the mechanisms of oncolysis. 

 

Overall, this research project aims to address important concepts related to the use of g-

radiation to inactivate viruses for vaccine development. This research will be highly 

applicable to the development g-Flu and g-NDV vaccines, as well as other g-irradiated 
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vaccines. Furthermore, this project will provide a foundation for using g-irradiation in 

virotherapies, with a particular focus on g-irradiated oncolytic NDV.  

 

1.4.2 Hypotheses and aims 

 
Hypothesis 1: g-radiation is an effective inactivation method that can be optimised to 

develop highly effective vaccines.  This method can be utilised to develop an inactivated 

NDV vaccine that can be co-administered with g-Flu in domestic poultry. 

 

Hypothesis 2: g-irradiated NDV can be used as a novel oncolytic virotherapy. 

 

Aim 1: To investigate the applicability of existing mathematical concepts to estimate 

sterilising doses for pathogens with complicated genome structures at variable irradiation 

conditions. 

Aim 1.1. To generate inactivation curves and calculate sterilising doses for viruses 

with different genome structures, including IAV and NDV. 

Aim 1.2. To develop accurate methods to calculate sterilising doses for pathogens 

with varying resistance to g-radiation. 

 

Aim 2: To test the effect of irradiation conditions on the immunogenicity of g-Flu.  

Aim 2.1. To test the effect of irradiation conditions on structural integrity of g-Flu. 

Aim 2.2. To establish optimal irradiation conditions for g-Flu immunogenicity and 

efficacy.  

 

Aim 3: To develop whole-inactivated g-irradiated NDV. 

Aim 3.1. To generate g-NDV and test structural integrity. 

Aim 3.2. To test immunogenicity of g-NDV in mice. 

Aim 3.3. To test co-administration of g-NDV and g-Flu. 

 

Aim 4: To test the oncolytic potential of g-NDV. 

Aim 4.1. To test oncolytic activity of g-NDV against cancer cell lines in vitro. 

Aim 4.2. To test oncolytic activity of g-NDV in in vivo mouse models. 

Aim 4.3. To determine the mechanism of oncolysis induced by g-NDV. 
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1.5 FIGURES 
 
 
 
 
 
 

 
 

Figure 1.1. The structure of IAV. IAV is genome has 8 (-ve)ssRNA segments. The 

segments encode the IAV proteins. IAV is an enveloped virus and has surface antigens HA 

and NA and an ion channel M2. M1 provides support to the envelope. Each genome 

segment is protected by NP and packaged with the IAV polymerase proteins; PA, PB1 and 

PB2. The genes also encode non-structural proteins NS1 and NS2.  

Adapted from Subbarao & Joseph, 2007 [301].  
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Figure 1.2. The replication cycle of IAV. IAV HA protein binds to sialic acids on the host 

cell to allow virus entry into host cell through receptor-mediated endocytosis. IAV escapes 

the endosome using the M2 ion channel and the fusion peptide of HA. The IAV vRNP is 

released into the cytoplasm and transported to the nucleus where replication takes place. 

IAV proteins are also produced in the cytoplasm with the positive sense mRNA. Proteins 

are transported to the cell membrane where new virions are formed by budding and released 

by NA. 

Adapted from Arias et al, 2009 [302]. 
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Figure 1.3. Structure and replication of paramyxoviruses. (A) NDV virions are 

enveloped and are made up of surface antigens HN and F, and other structural proteins NP, 

P, L and M. NDV also encodes non-structural proteins V and W. (B) The replication cycle 

of NDV within infected cells. NDV enters host cells through receptor-mediated surface 

fusion. Viral replication and translation occur within the cytoplasm mediated by the virus 

polymerase protein. New virions are then assembled at the cell membrane and are released 

by budding.  

Adapted from El Najjar et al, 2014 [303]. 
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Figure 1.4. Oncolytic mechanisms of NDV. NDV is able to induce oncolysis in cancer 

cells using a range of different mechanisms. Replication of NDV within tumour cells can 

directly lyse cancer cells. The extrinsic, intrinsic and ER stress apoptotic pathways are also 

induced. Virus entry into cancer cells can induce syncytia formation and leave viral 

glycoproteins on the surface of tumour cell. Syncytia are short-lived and have an 

immunostimulatory effect. Similarly, viral glycoproteins help activate and recruit immune 

cells. Overall, NDV creates an immunostimulatory environment that recruits important 

anti-tumour immune cells including T cells, NK cells and macrophages. 

Adapted from Zamarin et al, 2012 [249]. 
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CHAPTER 2: Sterility of gamma-irradiated pathogens: a new 

mathematical formula to calculate sterilising doses 
 

2.1 INTRODUCTION 

Gamma (g) radiation is widely used to sterilise materials in a variety of settings. It is used 

in the food [41], pharmaceutical [42] and medical industries [43, 44] due to the ability of 

g-radiation to inactivate pathogens through nucleic acid damage, whilst leaving proteins 

and other structures largely intact. Consequently, g-radiation has also been proposed as an 

inactivation method to generate highly immunogenic vaccines [67]. Several groups have 

demonstrated the superiority of g-radiation to traditional methods of vaccine inactivation, 

including formalin and b-propiolactone [65, 66]. In addition, previous publications 

illustrated the development of highly immunogenic g-irradiated vaccines against influenza 

A virus (IAV) [66-69] and Streptococcus pneumoniae [70, 200]. Furthermore, g-irradiated 

vaccines against human immunodeficiency virus (HIV) [72], and Malaria [73, 74] are 

currently in clinical trials.  

 

In order to ensure vaccine safety and immunogenicity, estimating the sterilising dose under 

different irradiation conditions must be carefully considered. Radiosensitivity of a 

pathogen can be influenced by multiple factors including genome structure [10, 11], 

irradiation temperature [12-14], water [5] and oxygen levels [15, 16], and the presence of 

free-radical scavengers [17]. Importantly, resistance to g-radiation is inversely related to 

genome size [10], as the chances of a single g-ray interacting with the genome of a given 

pathogen is increased if the genome is larger. Accordingly, the sterilising doses required 

for bacterial species are usually lower than sterilising doses required for viruses [20]. In 

addition, it is hypothesised that viruses with more complex genomes are more radioresistant 

compared to viruses with simple genome structures, as a virus with a double-stranded or 

segmented genome may require inactivation of multiple strands or segments to prevent 

non-damaged segments from re-assorting in a host cell. Importantly, current standard 

operating procedures related to sterilisation of pathogens were developed to deal with low 

levels of bioburden or contamination [35, 37, 304], and a dose of 50 kGy is routinely used 

for sterilising pathogens that pose a biosecurity risk [36]. In this study, I investigated the 

effect of irradiation conditions on the irradiation dose required to sterilise highly 
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concentrated or radioresistant pathogens and assessed the validity of considering 50 kGy 

to be a widely applicable sterilising dose.  

 

In general, the sterilising dose (DS) is calculated based on the concept of a sterility 

assurance level (SAL). For irradiated materials, the SAL is a given probability that any 

single pathogen within a sample may escape inactivation following an exposure to g-

irradiation. The International Atomic Energy Agency (IAEA) recommends a SAL of 10-6 

for products intended to come into contact with compromised tissues [35], and so this 

should be applied to g-irradiated vaccines. A SAL of 10-6 means that there is a one in a 

million chance of a single infectious particle remaining following irradiation [36]. 

Currently, the irradiation dose required to achieve sterility at the recommended SAL of 10-

6 (DSSAL) is calculated using the formula; 

𝐷𝑆!"# = 𝑛	 ×	𝐷$%, (1) 

Where n is the number of log10 reductions in bioburden required to reach a theoretical SAL 

of 10-6, and D10 is the irradiation dose required for a single log10 reduction in bioburden. 

Equation 1 assumes a log-linear inactivation curve, which is likely observed for viruses 

with simple genome structure that follow one-hit kinetics (Figure 2.1A). Our recent 

publications, however, have shown non-linear inactivation curves (Figure 2.1B) for 

rotavirus (RV) [305] and S. pneumoniae [71], demonstrating multiple-hit kinetics for 

complicated pathogens. While a D10 value is usually calculated based on the linear portion 

of the curve [16], ignoring the shoulder of resistance could lead to miscalculation of the 

irradiation dose required to achieve a SAL of 10-6 (or DSSAL). 

 

In this study I analyse the differences in D10 and DSSAL for pathogens with different 

genomic structures irradiated at different temperatures. Our data show both single-hit and 

multiple-hit inactivation kinetics and I have formulated a simple method to calculate the 

DSSAL. This method accounts for the shoulder of resistance in multiple-hit inactivation 

models and thus allows for more accurate calculation of the SAL. 

 

2.2 MATERIALS AND METHODS 
 
2.2.1 Cells 

Madin-Darby canine kidney (MDCK), and African green monkey kidney (Vero and 

MA104) cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 
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10% foetal bovine serum (FBS), 1% penicillin/streptomycin (P/S) and 1% 2mM L-

glutamine. For MA104 cells, 0.5% 200mM sodium pyruvate was also added. Cells were 

maintained at 37°C with 5% CO2 in a humidified environment. Primary chicken embryo 

fibroblasts (CEF) were prepared from 10-day old chicken embryos by removing the head, 

limbs and viscera. Bodies were fragmented then pushed through a 70 µm single cell strainer 

(BD). Cells were washed 3 times with PBS by centrifugation at 1831 ´ g, then seeded into 

a 75cm2 tissue culture flask in DMEM + 10% FBS and 1% P/S and kept at 37°C with 5% 

CO2 in a humidified environment. After 24 hours, non-adherent cells were removed by 3 

washes with PBS and fresh media was added. 

 

2.2.2 Viruses 

Viruses were used with permission from the University of Adelaide and all viruses were 

handled inside a Class II Biosafety Cabinet. Influenza A virus (IAV) A/Puerto Rico/8/1934 

(A/PR8) H1N1 and Newcastle disease virus (NDV) V4 strain were grown in the allantoic 

cavity of 10 day old embryonated chicken eggs (ECE). Viruses were injected at 1 ´ 103 

TCID50/egg in PBS containing 1% P/S. Eggs were incubated at 37°C for 48 hours then 

chilled at 4°C overnight. Infected allantoic fluid was harvested and clarified by 

centrifugation at 3256 ´ g at 4°C for 10 minutes.  

 

Semliki Forest virus (SFV) A7 strain and Zika virus (ZIKV) MRC766 (Uganda 1947) strain 

were grown in Vero cells, and rotavirus (RV) Rh452 was grown in MA104 cells. RV was 

activated by incubation at 37°C for 1 hour with 10 µg/mL TPCK-trypsin (Sigma). Viruses 

were added at an MOI of 0.01 and infected flasks were stored at 37°C for 24-48 hours until 

a cytopathic effect (CPE) of approximately 50% of the cell monolayer was observed. 

Supernatants were collected and clarified by centrifugation at 3256 ´ g at 4°C for 10 

minutes. Infected allantoic fluids and supernatants were stored at -80°C until required. 

 

IAV and NDV were titrated by 50% tissue culture infectious dose (TCID50) in MDCK or 

CEF cells, respectively, in a 96-well round-bottomed microtitre plate. Virus was activated 

with 0.004% trypsin then 10-fold dilutions were added to confluent cell monolayers. Plates 

were incubated for 3 days at 37°C with 5% CO2. Presence of infectious virus was 

determined by agglutination of 50 µL of 0.6% chicken red blood cells (cRBC) in each well. 
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The 50% infectious dose was determined using the method described by Reed and Muench 

[306] and titres were given as TCID50/mL. 

 

SFV and ZIKV were titrated by plaque forming assay (PFA). Confluent monolayers of 

Vero cells were infected with serial dilutions of virus. Adsorption of virus was allowed for 

1 hour then a 0.9% agar overlay was added, and plates were incubated for 3 days (SFV) or 

5 days (ZIKV). Cells were fixed with 5% formalin for 1 hour at room temperature. Overlays 

were removed and cells were stained with 0.2% crystal violet. Plaques were enumerated 

and titre was calculated as plaque-forming units (PFU)/mL.  

 

RV was titrated by focus forming assay (FFA) as described previously [305]. Briefly, 

MA104 cells were seeded in 96-well flat-bottomed microtitre plates at 6.4 ´ 103 cells/well 

and plates were incubated at 37°C for 3 days until a confluent monolayer had formed. RV 

was activated by 10 µg/mL TPCK-trypsin for 30 minutes at 37°C. 10-fold serially diluted 

RV was added to wells and incubated at 37°C for 1 hour to allow virus to adhere to cells. 

Inoculum was removed and replaced with DMEM + 1% P/S + 1% L-Glutamine + 0.5% 

sodium pyruvate and plates were incubated for a further 18 hours at 37°C. Cells were then 

washed, and fixed and permeabilised using acetone:methanol (1:1 ratio). RV was visualised 

by primary staining with polyclonal mouse anti-RV sera for 1 hour at 4°C followed by 

Alexa Fluor® 555 goat anti-mouse IgG (Life Technologies, USA) secondary antibody for 

1 hour at 4°C in the dark. Cells were also stained with 1µg/mL DAPI (Sigma) for 10 

minutes at room temperature. RV-positive cells visualised using a Nikon Eclipse Ti 

fluorescent microscope and NIS-Elements AR software. Titre was calculated as focus-

forming units (FFU)/mL.  

 

2.2.3 Streptococcus pneumoniae 

S. pneumoniae strain Rx1, a capsule-deficient derivative of D39 containing two additional 

mutations (DLytA, PdT) that has been described previously [70], was used. S. pneumoniae 

was inoculated into THY media at a starting OD600 of 0.02 then grown at 37°C + 5% CO2 

until OD reached 0.65. Bacteria were centrifuged at 4,000 ´ g for 10 minutes at 4°C then 

resuspended and washed 3´ in PBS. Bacteria were then resuspended in PBS + 13% glycerol 

at approximately 1010 CFU/mL then frozen at -80°C until required. Viable titres were 

measured by CFU counts on blood agar plates. 
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2.2.4 Gamma irradiation 

Virus and bacteria stocks were shipped to the Australian Nuclear Science and Technology 

Organisation (ANSTO) whilst frozen on dry ice. Samples were thawed on ice or at room 

temperature, or kept frozen on dry ice as specified and were exposed to increasing doses (0 

– 50 kGy) of g-radiation at different conditions (room temperature (24-27 °C), cold on ice 

water (4-8 °C), or frozen on dry-ice). g-irradiation was performed using a 60Co source at 

the Australian Nuclear Science and Technology Organisation (ANSTO, NSW). Radiation 

doses were measured using calibrated Fricke or ceric cerous dosimeters. Pathogens were 

then titrated to measure loss of infectivity at different radiation doses. Non-irradiated 

controls were treated to the same conditions (room-temperature, ice, or dry-ice) without 

exposure to g-radiation. After irradiation all samples were stored at -80°C until required. 

 

2.3 RESULTS 
 
2.3.1. Inactivation curves 

Different pathogens were exposed to incremental doses of g-radiation and titres at each 

radiation dose were determined. IAV and NDV were both grown in 10-day old 

embryonated chicken eggs and they are expected to have the same media composition. This 

enabled a comparison between radiation-sensitivity of a non-segmented ssRNA genome 

(NDV) and a segmented ssRNA genome (IAV). Our data demonstrate log-linear 

inactivation for both viruses (Figure 2.2), indicating single hit inactivation kinetics.  

Next, I compared the inactivation curves of SFV and ZIKV under different irradiation 

temperatures. Both viruses have ssRNA genomes of a comparable size and were both 

grown in Vero cells using DMEM with similar media composition. Both viruses 

demonstrated single-hit inactivation kinetics, with increased radiosensitivity at higher 

temperatures, as expected (Figure 2.3). 

 

I then analysed the inactivation curve of RV, a more complex virus with a segmented and 

dsRNA genome structure. We have previously reported that the inactivation curve for dry 

ice-irradiated RV is non-linear and confirmed that here using a different strain of RV 

(Figure 2.4). The curve shows two distinct regions. A large shoulder of resistance is 

observed initially, with approximately a 2 log loss of titre occurring between 0 to 40 kGy. 

After this point, a rapid decline in viable titre was observed with increased radiation dose. 
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Importantly, calculating the sterilising dose using this inactivation curve would not be 

possible using current mathematical models (Equation 1). Interestingly, I did not detect 

the multiple-hit inactivation curve for RV materials irradiated on ice or at room temperature 

(Figure 2.4). This could indicate that indirect damage caused by free radicals following 

irradiation at higher temperatures may counteract the radioresistance of pathogens with 

more complex genomes. 

 

2.3.2 Calculating sterilising doses 

For viruses demonstrating single-hit kinetics, exponential lines of best fit could be 

determined using the equation;  

𝑦 = 𝑎𝑒&'(  (2) 

Where y is the titre at a given radiation dose x, a is the starting titre, and b is a constant that 

is determined experimentally for each individual virus under a given set of irradiation 

conditions. Equation 2 can then be rearranged to determine the D10 value (x), when y = 

0.1a (i.e. a 90% loss of starting titre); 

𝐷$% =
)*	(%.$)
&'

  (3) 

Therefore, the D10 is higher where b is lower as would be expected for more radioresistant 

pathogens. The line of best fit, D10 values and DSSAL was determined for IAV and NDV 

(Table 2.1), and ZIKV and SFV (Table 2.2). The D10 values of IAV and NDV were 

comparable (2.1 kGy and 2.8 kGy, respectively), whereas SFV had a higher D10 than ZIKV 

for dry-ice irradiation (5.5 kGy compared to 4.2 kGy). The D10 values were also calculated 

for ice and RT and were comparable, however an exact D10 value for RT-irradiated SFV 

could not be determined since virus was undetectable at the lowest irradiation dose used (5 

kGy) in our experimental settings. Importantly, calculating a D10 value for pathogens with 

single-hit kinetics allowed us to calculate the DSSAL using Equation 1, as shown in Tables 

1 and 2. However, calculating the sterilising dose using Equation 1 would not be possible 

for pathogens with multiple-hit kinetics as ignoring the shoulder of resistance would result 

in a miscalculation of the sterilising dose. Therefore, I propose a new formula to calculate 

the DSSAL that could accommodate both single-hit and multiple-hit inactivation kinetics; 

𝐷𝑆!"# = 𝑅 + (𝑛	 ×	𝐷$%),  (4) 

Where R refers to the irradiation dose required to overcome the shoulder of resistance with 

a value of “R = 0” for pathogens that show linear inactivation curves (single-hit kinetics). 
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This formula takes into account the distinct regions of multiple-hit curves and should allow 

for more accurate calculation of sterilising doses.  

 

When considering the inactivation curve of dry-ice irradiated RV (Figure 2.4), I would 

consider 40 kGy to be required to overcome the radioresistance (R value). The D10  can 

then be calculated for the radiation sensitive portion of the curve (above 40 kGy) using 

Equation 3. The D10 for the linear portion of the curve was calculated to be 3.2 kGy (based 

on the formula y = 7 ´ 1015 ´ e-0.718x). To calculate DSSAL using Equation 4, the number of 

log10 reduction in virus titre (n) required to achieve the internationally acceptable SAL of 

10-6 was calculated. For this calculation, the viable titre at x = 40 kGy was determined to 

be 2.4 ´ 103 FFU/mL. Thus, a further reduction of 9.4 log10 will be required to meet a SAL 

of 10-6. Hence the DSSAL for dry-ice irradiated RV could be calculated based on Equation 

4 as follows: 

DSSAL= 40 + (9.4 ´ 3.2) = 70.08 kGy. 

To confirm the applicability of this method, I considered the inactivation curve of the 

bacterial pathogen S. pneumoniae. This pathogen has a double stranded genome, and the 

inactivation curve is non-linear (Figure 2.5). The shoulder of resistance, or R-value, was 

determined to be 4 kGy. At x = 4 kGy the titre was 1.7 ´ 109 CFU/mL, thus 15.2 log10 

reductions (n = 15.2) were required to reach the accepted SAL level of 10-6. I calculated 

the D10 value for the log-linear curve (after 4 kGy) using the formula y = 6 ´ 1013 ´ e-2.611x, 

which shows a value of 0.88 kGy. Therefore, the DSSAL for S. pneumoniae irradiated on 

dry ice could be calculated using Equation 4 as follows: 

DSSAL= 4 + (15.2 ´ 0.88) = 17.38 kGy. 

 

2.4 DISCUSSION 
Current recommendations for calculating sterilising doses are based on concepts and 

formula generated to meet requirements to sterilise food, medical equipment, and other 

health care products [35, 37, 40]. A dose of 25 kGy is considered the “gold standard” [35] 

and is often substantiated for a low bioburden. In general, the contaminating species are 

typically bacteria, which are more sensitive to g-radiation than viruses [20] and spores 

[307]. In addition, the ISO suggests that a bioburden of 106 infectious units is unusually 

high [37]. However, materials prepared for biomedical analysis as well as for vaccine 

purposes are expected to have bioburden levels much higher than 106 infectious units. 
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Consequently, a DSSAL below 25 kGy was not observed for any of the viruses irradiated on 

dry ice (Tables 2.1 and 2.2). Accordingly, 25 kGy should not be considered a sterilising 

dose for virally contaminated materials, nor for vaccine inactivation purposes without 

properly addressing the inactivation curve and D10 value, particularly when frozen 

materials are irradiated. For pathogens that pose a biosecurity concern a dose of 50 kGy is 

usually considered sufficient [36]. However, a SAL of 10-6 could not be reached following 

irradiation with 50 kGy on dry ice for ZIKV or SFV, or at 50 kGy using all irradiation 

conditions (dry ice, ice and RT) for RV (Table 2.2). Therefore, existing concepts that 

govern the use of g-radiation to sterilise highly infectious pathogens should be carefully 

considered to ensure sterility at internationally accepted levels. This will be essential for 

the development of highly safe and immunogenic g-irradiated vaccines.  

 

Inactivation curves typically follow single-hit or multiple-hit kinetics. It was expected that 

inactivation of single-stranded, non-segmented RNA viruses would follow single-hit 

kinetics. This was confirmed with NDV (Figure 2.2B), SFV and ZIKV (Figure 2.3), as 

well as previous publications [11, 29]. Interestingly, IAV also appeared to follow single-

hit inactivation kinetics despite having a segmented single-stranded RNA genomes (Figure 

2.2A). We have also previously demonstrated log-linear inactivation of IAV [183]. 

Previous reports of inactivation curves of viruses with single-stranded segmented genomes 

have also demonstrated first-order kinetics [12, 21], suggesting that the ability of a 

segmented nature of single-stranded RNA genome of some viruses to increase 

radioresistance is negligible. Conversely, the inactivation curves of RV (Figure 2.4) and S. 

pneumoniae (Figure 2.5) demonstrate multiple-hit inactivation kinetics where an 

accumulation of damage is required to sterilise each pathogen. Reassortment of RV is 

relatively frequent, and has been shown to enhance resistance in response to UV treatment 

[308], and it could explain the large shoulder of 40 kGy observed here. S. pneumoniae 

cannot reassort, and SOS repair used by other bacterial species such as Escherichia coli 

[309] in response to g-radiation do not appear to occur in S. pneumoniae [310]. However 

S. pneumoniae does utilise some repair mechanisms, such as excision repair [311]. It is also 

important to consider that both RV and S. pneumoniae have double-stranded genomes 

which could enhance resistance as both strands may need inactivation to render the 

pathogen replication-incompetent. Conversely, mammalian cells are highly susceptible to 

g-radiation despite having double-stranded genomes and repair mechanisms [312, 313]. 
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This is particularly relevant to the development of g-irradiated cancer vaccines such as 

GVAX, which is currently in clinical trials [314]. Sterilising doses reported are typically 

between 35 Gy [315] and 100 Gy [316]. The radiosensitivity of mammalian cells is 

explained by a considerably larger genome than viruses and bacteria.   

 

The ISO recommendations for calculating the sterilising dose involves setting a dose based 

on the calculated bioburden and a standard distribution of resistances (SDR) based on a D10 

of between 2 – 3 kGy [37]. Where radioresistance is higher than the SDR (as would be the 

case for most viruses), the preparation is subjected to incremental increases in radiation 

dose and the proportion of positive samples is used to calculate the DS (i.e. at a SAL of 10-

2, there should be 0, 1 or 2 positive samples out of 100 for statistically significant 

substantiation of the dose used). However, extrapolating this data for a SAL of 10-6 does 

not take into account the potential for non-linear inactivation. I have proposed an alternative 

method where the shoulder of resistance is calculated and accounted for as well as log-

linear inactivation. To ensure sterility and safety of irradiated materials, it is important to 

take into account the shape of the inactivation curve when considering the SAL and 

Equation 4 allows for this. Importantly, mathematical modelling must also be coupled with 

rigid sterility testing. 

 

It is important to note that g-rays cause damage to pathogens by directly interacting with 

genomes to cause cross-linking, and single- and double-stranded breaks [1-4], and can 

interact with water or oxygen molecules to form free radicals. Oxidative damage causes 

most of the protein damage [5], but the formation and movement of free radicals can be 

reduced in frozen samples [317, 318]. In fact, irradiating frozen prions at incredibly high 

doses of up to 200 kGy showed minimal loss of transmission [319], demonstrating the 

resistance of proteins to g-radiation at low temperatures. Thus, while irradiating at higher 

temperatures is more effective for sterilisation (Figures 2.3 and 2.4, [11, 12, 14]), 

irradiating frozen samples is expected to better maintain structural integrity [54, 183]. 

Therefore, g-irradiation has routinely been performed at low temperatures to obtain more 

effective results for both biomedical analysis and vaccine immunogenicity. However, our 

data clearly illustrate that sterility at an internationally accepted level of sterility based on 

a SAL of 10-6 could not be achieved when irradiating high titres of some pathogens with 

50 kGy using dry ice conditions, and even when using room-temperature irradiation for 
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radioresistant pathogens such as RV. Therefore, to ensure safety of irradiated materials the 

irradiation temperature, the appropriate method to calculate DSSAL, and rigid sterility 

testing must be considered. Overall, this study highlighted a serious gap in current 

practices, and I propose a new mathematical formula to calculate both the D10 value and 

DSSAL to ensure safety of irradiated materials for vaccine and research purposes. 
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2.5 FIGURES 
 

 

 

 

 

 

 

 
Figure 2.1. Single-hit and multiple-hit inactivation kinetics. Inactivation kinetics of 

viruses demonstrating a model of (A) single-hit kinetics or (B) multiple-hit kinetics. Single-

hit kinetics follows log-linear inactivation, whereas multiple-hit kinetics has a shoulder of 

resistance before damage is accumulated and log-linear inactivation occurs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Single-hit kinetics Multiple-hit kinetics 

Radiation dose Radiation dose 

V
iru

s 
tit

re
 

V
iru

s 
tit

re
 Shoulder  

of resistance 
Log-linear 
inactivation 

Log-linear 
inactivation 

A B 



2 | Sterility of g-irradiated pathogens 

	48	

 

 

 

 

 

 

 

 
Figure 2.2. Log-linear inactivation curves of ssRNA viruses in allantoic fluid. (A) 

Influenza A virus and (B) Newcastle disease virus were exposed to increasing doses of g-

radiation on dry ice. Reduced virus titre (as measured by TCID50/ml) for increasing 

radiation doses was used to generate inactivation curves and log-linear inactivation was 

observed for both viruses. Data expressed as mean ± SD (n = 2). Horizontal dashed line 

represents background binding of virus to RBCs in the absence of a cell monolayer. 
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Figure 2.3. Log-linear inactivation of ssRNA viruses at different irradiation 

temperatures. (A) Semliki Forest virus and (B) Zika virus were exposed to increased doses 

of g-irradiation on dry ice (green circles), ice (blue squares) or at room temperature (red 

triangles). The reduction in virus titre was estimated using plaque assay and inactivation 

curves were generated. Log-linear inactivation was observed for all three temperature 

conditions. Non-irradiated live virus was used as the starting point. Data presented as mean 

± SD (n = 3). Horizontal dashed line represented detection limit.  
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Figure 2.4. Inactivation curve of RV irradiated at different temperatures. RV was 

exposed to increasing doses of g-radiation on dry ice (green circles), ice (blue squares) or 

at room temperature (red circles). Titre was measured by focus forming units. In contrast 

to both ice and RT, irradiation on DI show an inactivation curve with multiple-hit kinetics. 

A shoulder of resistance appears to require an irradiation dose of 40 kGy. Data presented 

as mean ± SD (n = 2).  
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Table 2.1. Inactivation formulas and sterility assurance levels of NDV and IAV. 

Virus Formula 
Starting Titre 

(TCID50/mL) 
D10 (kGy) DS (kGy) 

IAV y = 2 ´ 107 ´ e-1.097x 1.69 ´ 107  

 
2.1 ± 0.16 27.77 

NDV y = 2 ´ 107 ´ e-0.823x 3.41 ´ 107  

 
2.8 ± 0.53 37.86 

Units for x are kGy 

 

 

Table 2.2. Inactivation formulas and sterility assurance levels of ZIKV, SFV and 

RV. 

Virus 
Irradiation 

condition 
Formula Starting titre D10 (kGy) DS (kGy) 

SFV 

DI y = 5 ´ 107 ´ e-0.418x 

2.55 ´ 108 

5.5 ± 0.43 79.36 

Ice y = 3 ´ 108 ´ e-1.968x 1.2 ± 0.23 16.86 

RT y = 3 ´ 108 ´ e-3.871x <1 14.41 

ZIKV  

DI y = 7 ´ 106 ´ e-0.625x 

6.75 ´ 106 

4.2 ± 0.35 54.10 

Ice y = 9 ´ 106 ´ e-1.986x 1.2 ± 0.06 14.87 

RT y = 9 ´ 106 ´ e-2.533x 0.9 ± 0.31 11.66 

RV 
Ice y = 1 ´ 105 ´ e-0.506x 

1.05 ´ 106 
4.6 ± 1.1 54.71  

RT y = 1 ´ 105 ´ e-0.521x 4.4 ± 0.02 53.13 

Note: virus titre was measured as PFU/mL for SFV and ZIKV, and FFU/mL for RV. Units for x 

are kGy. 
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Figure 2.5. Inactivation curve of S. pneumoniae demonstrates multiple hit kinetics. S. 

pneumoniae was irradiated on dry ice at the indicated doses. Titre was measured by colony 

forming units and data presented as mean ± SEM (n = 4). Inactivation curve demonstrates 

multiple hit kinetics and a shoulder of resistance that require an irradiation dose of 4 kGy.  

This data was collected by Shannon David. 
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inactivated IAV vaccines sterilised using 

low dose gamma irradiation at a high 

irradiation temperature.  
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CHAPTER 3: Enhanced immunogenicity of whole-inactivated IAV 

vaccines sterilised using low dose gamma irradiation at a high irradiation 

temperature. 
 

3.1 INTRODUCTION 
Influenza A virus (IAV) is a major health concern and causes significant morbidity and 

mortality on a global scale. IAV causes between 250,000 and 500,000 deaths annually 

worldwide [80], and is associated with approximately $11 billion USD in yearly costs in 

the US alone [320]. The most at-risk groups for development of serious IAV symptoms or 

secondary compilations are infants, the elderly, the immunocompromised, and pregnant 

women [81]. Vaccination remains the most effective method to combat IAV infection, 

though current inactivated vaccines have major valency issues. Existing formulations 

consist of purified IAV surface proteins haemagglutinin (HA) and neuraminidase (NA) that 

are selected from 3 or 4 IAV strains predicted to circulate in a given year. IAV antigens are 

typically purified by zonal centrifugation, disrupted by detergents, and inactivated by 

chemical methods such as b-propiolactone or formaldehyde. While effective at protecting 

against these vaccine-included strains, the immune responses induced are antibody-based 

only and provide minimal cross-protection against strains not included in a given 

formulation (i.e. non-vaccine strains). These formulations must also be updated and 

redistributed every year due the highly mutagenic nature of IAV surface proteins. In 

addition, current IAV vaccines are ineffective against newly emerging seasonal strains and 

novel pandemic strains. 

 

In order to increase vaccine coverage and minimise IAV-related morbidity and economic 

costs, new cross-protective IAV vaccines must be developed. Our group has previously 

demonstrated that a gamma (g)-irradiated whole-inactivated IAV vaccine (g-Flu) has the 

ability to induce cross-protective responses against vaccine-included and non-included 

strains [66]. Of particular importance, previous publications illustrated that mice 

vaccinated with a single dose of g-Flu (consisting of the H1N1 strain) were able to survive 

a lethal dose of a non-vaccine H1N1 strain (drifted), a heterosubtypic H3N2 strain [182], 

and the highly pathogenic avian H5N1 [68]. The ability of g-Flu-induced immune responses 

to protect against a wide range of non-vaccine IAV strains is specifically due to induction 
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of cytotoxic T-cell responses against conserved internal IAV proteins [185], unlike current 

inactivated IAV vaccines.  

 

The use of g-irradiation as an inactivation method for IAV vaccines has previously been 

advocated for [62, 321]. Furthermore, several vaccines using g-radiation are currently in 

clinical trials including vaccines against human immunodeficiency virus [72] and malaria 

[73, 74]. Given these promising results, it is crucial to determine the optimal conditions to 

ensure both sterility and high immunogenicity of g-irradiated vaccines. Importantly, all g-

irradiated products intended for human use must meet the internationally accepted sterility 

assurance level (SAL). A SAL of 10-6, or a one in a million chance that an infectious unit 

in a sample escapes sterilisation, is recommended for vaccines [304]. The radiation dose 

required to reach the SAL is calculated by multiplying the decimal reduction dose, or D10 

(the dose resulting in 1 log10 reduction in infectious titre), by the total number of log10 

reductions required to reduce bioburden to a theoretical titre of 10-6. The sterilising dose 

needed to achieve a specific SAL is therefore dependent upon starting titre and is also 

heavily influenced by environmental conditions. For example, viruses irradiated at lower 

temperatures (e.g. while frozen) are more resistant to radiation damage. It is well 

established that g-radiation causes damage to pathogens via two mechanisms, termed the 

direct and indirect effects. The slower inactivation of frozen virus samples is due to 

reduction of indirect effects, as the production and movement of damaging free radicals is 

physically restricted [317, 318]. This preserves antigenic epitopes within vaccine 

preparations [54, 183], but dramatically increases the D10 and total sterilising doses 

required. High doses are inherently more damaging to the virus, and large-scale irradiation 

of samples whilst maintaining a frozen state is likely to pose feasibility issues. Conversely, 

adopting a higher irradiation temperature (e.g. room temperature) increases viral sensitivity 

to irradiation damage, resulting in much lower D10 and sterilising doses (Chapter 2). This 

reduces the total irradiation dose that a product would be exposed to, and increases 

feasibility of the inactivation methods when scaled-up for manufacture.  

 

Whilst faster inactivation is desirable for most irradiated products (e.g. medical items, 

foods, etc.), the immunogenicity of vaccines treated in this manner is reduced due to 

amplification of indirect effects [12-14] and oxidative damage to surface proteins and 

internal components. Thus, an appropriate balance between sterilisation requirements and 
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vaccine antigenicity must be determined. In fact, no previous studies have compared 

vaccine efficacy after irradiating to different SAL values at different irradiation 

temperatures. In this study, we calculated the SAL for g-Flu irradiated on dry-ice (DI), ice, 

or at room temperature (RT). We subsequently assessed structural integrity and vaccine 

efficacy of these three preparations in animal models. Interestingly, we found that vaccine 

efficacy was well maintained whilst irradiating at higher temperatures with lower total 

sterilising doses. This was unexpected and could potentially open an avenue to use lower 

radiation doses to reduce manufacturing time and costs associated with g-irradiated 

vaccines, whilst suitably maintaining both sterility and vaccine immunogenicity.  

 

3.2 MATERIALS AND METHODS 
3.2.1 Ethics statement 

This study was conducted in compliance with the Australian Code of Practice for the Care 

and Use of Animals for Scientific Purposes [322]. These studies were approved by the 

University of Adelaide Animal Ethics Committee under ethics approval number S-2018-

013. 

 

3.2.2 Virus Stocks 

Influenza A/Puerto Rico/8/1934 [H1N1] (A/PR8) and A/California/07/2009 [H1N1] 

(A/California) were grown in the allantoic cavity of 10-day-old embryonated chicken eggs 

at 37°C for 48 hours. Eggs were then chilled at 4°C overnight, and infected allantoic fluid 

was harvested and clarified by centrifugation at 3272 ´ g for 10 minutes. 

 

Vaccine concentration and purification was performed by haemadsorption as described 

previously [199]. Briefly, infected allantoic fluid was incubated with chicken erythrocytes 

at 4°C for 1.5 hours to allow virus adsorption to red blood cells (RBCs). Sample was then 

centrifuged to pellet virus-RBC complexes, and allantoic fluid supernatant was removed. 

Pellet was resuspended in 0.85% saline and incubated at 37°C for 1.5 hours to allow virus 

release from RBCs. Sample was then centrifuged to pellet RBCs, and the virus-containing 

supernatant was collected, aliquoted and stored at -80°C until required. Titres of 

concentrated IAV stocks were calculated as 3 ´ 109 TCID50/mL and 1 ´ 106 TCID50/mL 

for A/PR8 and A/California, respectively, by TCID50 assay.  
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3.2.3 Gamma irradiation of IAV vaccines 

Concentrated IAV stocks were inactivated by g-irradiation at the following temperature 

conditions: frozen on dry-ice (DI), cold on ice water (ice, 4-8 ºC) or at room temperature 

(RT, 24-27 ºC), generating DI-g-Flu, Ice-g-Flu, and RT-g-Flu respectively. Sterilising doses 

were calculated as described previously (Chapter 2) and were determined to be 35 kGy 

for DI-g-Flu and 16 kGy for Ice- and RT-g-Flu. Thermometers were used to measure 

temperature for ice and RT samples for the duration of irradiation, and non-irradiated 

control samples were subject to the same temperature conditions. After irradiation, all 

samples were stored at -80°C until required. g-irradiation was performed using a 60Co 

source at the Australian Nuclear Science and Technology Organisation (ANSTO, NSW). 

Radiation doses were measured using calibrated Fricke or ceric cerous dosimeters.  

 

3.2.4 Virus titrations 

IAV was titrated by 50% tissue culture infectious dose (TCID50) assay using Madin-Darby 

canine kidney (MDCK) cells. MDCK cells were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM) with 10% foetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S). MDCK cells were kept at 37°C with 5% CO2 and were 

passaged with trypsin when reached approximately 90% confluence. For TCID50 assay, 

MDCK cells were seeded in 96-well round-bottomed plates at 5 ´ 104 cells/well. After 24h 

incubation, confluent cell monolayers were infected with 10-fold serial dilutions of IAV in 

DMEM supplemented with 8% trypsin for virus activation. Plates were incubated at 37°C 

for 3 days, then amplified virus in culture supernatants was detected by the addition of 

0.6% packed RBCs based on pellet or mesh formation, with a mesh being considered 

positive for IAV. 50% infectious doses (TCID50/mL) were calculated using the Reed and 

Muench method [306]. 

 

For haemagglutination assays, serial dilutions of IAV were performed in 0.85% saline in a 

96-well round-bottomed microtitre plate. 0.6% packed RBCs in 50µL were added to each 

well and plates were scored for mesh or pellet formation. The reciprocal of the highest virus 

dilution showing a mesh was used to determine the total haemagglutination units 

(HAU/mL). 
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Sterility testing was also performed after g-irradiation to ensure that the doses selected were 

sterile. MDCK cells were plated in 96-well flat-bottomed microtitre plates at 2 ´ 104 

cells/well. g-Flu was activated with 10µg/mL TPCK-trypsin at 37°C for 30 minutes then 

diluted 1:10 in DMEM + 1% P/S + 0.5µg/mL TPCK-trypsin. Inoculum was added to 

MDCK cells at an MOI-equivalent of 600 and cells were then incubated at 37°C for 24 

hours to allow virus replication (passage 1). Supernatant was then collected and used to 

infect fresh MDCK monolayers (passage 2). This was then repeated for passage 3. At the 

time of collecting supernatant, cells were washed with PBS then fixed and permeabilised 

with 1:1 acetone:methanol (v/v) at 4°C for 15 minutes. Cells were then stained with 

polyclonal mouse anti-A/PR8 serum (1:200 dilution in PBS) for 1 hour at 4°C followed by 

Alexa-fluor® 488 goat anti-mouse IgG secondary antibody (Life Technologies, 1:500 

dilution). DAPI was used to stain cell nuclei (1µg/mL in DAPI). Images were taken using 

the Nikon TiE inverted fluorescence microscope and analysed using NIS elements software 

(Tokyo, Japan). 

 

3.2.5 Neuraminidase assay  

1 in 2 serial dilutions of live and irradiated IAV samples were performed in PBS in 

triplicate. Samples were then incubated with 0.125mM of 2’-(4-Methylumbelliferyl)-a-D-

N-acetylneuraminic acid (4-MUNANA, Sigma M8639) at 37°C for 1 hour, facilitating 

cleavage of 4-MUNANA by active IAV neuraminidase (NA) into the fluorescent substrate 

4-Methylumbelliferyl (4-MU). 4-MU (Sigma M1381) was also included at increasing 

concentrations to generate standard curves. After 1 hour the assay was stopped with ice-

cold 0.5M Na2CO3 at pH 10.5 and read using a SpectraMax fluorescent plate reader with 

an excitation wavelength of 365nm and emission wavelength of 450nm.  

 

3.2.6 Transmission Electron microscopy 

g-Flu irradiated at different temperatures was loaded onto 3mm formvar/carbon coated 

grids (approx. 3 µL/grid) and left to settle for 3 to 5 minutes. Grids were blotted to dry, 

washed, then stained with 2% uranyl acetate for 3 minutes. Grids were then washed with 

PBS and blotted to dry prior to visualisation using the FEI Tecnai G2 Spirit TEM (Adelaide 

Microscopy, University of Adelaide). 
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3.2.7 Mice 

6-8 week old female BALB/c mice were vaccinated intranasally under ketamine 

anaesthetic (10% ketamine, 1% xylazil in sterile water, inject IP at 10µL/gram of body 

weight) with 32µL of either PBS (mock-vaccine control) or g-Flu irradiated at different 

temperatures (9.6 ́  107 TCID50-equivalent/mouse). All animals received a single dose only. 

Immune serum was collected 20 days post-immunisation by submandibular bleeding. Mice 

were then challenged intranasally with lethal IAV on day 21 (3 weeks post-immunisation), 

under ketamine anaesthetic as above. Challenge doses used were 1.6 ´ 102 TCID50/mouse 

for A/PR8 and 1.3 ´ 105 TCID50/mouse for A/California. Weight loss was measured daily 

for a period of 21 days post-challenge, with a 20% loss of starting body weight was used 

as a humane end point. 

 

3.2.8 Antibody responses 

Enzyme-linked immunosorbent assay (ELISA) was used to measure IgG responses in 

serum samples from vaccinated and control mice. Plates were coated with A/PR8 in 

bicarbonate/carbonate coating buffer and incubated overnight at room temperature. Plates 

were then blocked with 2% skim milk for 2 hours. Serum samples were serially diluted 

then added to the plate for 2 hours at room temperature.  Plates were washed and 

horseradish peroxidase-conjugated goat anti-mouse IgG antibody (1:10,000 dilution in 

blocking buffer, Thermo Scientific) was added to each well. After 2 hours at room 

temperature, plates were washed, and colour was developed using TMB peroxidase 

substrate in the dark for 30 minutes then the reaction was stopped with 2M H2SO4. 

Absorbance was measured at 450nm using a Bio-Tek Instruments plate reader. The 

reciprocal of the highest dilution to give absorbance readings higher than naïve mice + 3 

standard deviations was considered the IgG titre.  

 

To measure neutralising antibody responses, a focus-forming inhibition assay was used. 

Monolayers of MDCK cells were treated with 0.1 MOI of A/PR8 that has been pre-

incubated with serial dilutions of immune serum. Virus was allowed 2 hours to adhere to 

cells then inoculum was removed, and cells were washed with PBS. Fresh media was 

added, and cells were incubated at 37°C for a further 22 hours. Staining procedure and 

visualisation were performed as described for sterility testing. For measuring A/California 

neutralisation, the primary antibody used was polyclonal murine anti-A/California serum 
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(1:200 dilution). Secondary antibody was Alexa-fluor® 488 goat anti-mouse IgG 

secondary antibody (Life Technologies, 1:500 dilution). 

 

3.2.9 Cytotoxic T lymphocyte assay 

Cytotoxic T lymphocyte (CTL) assays were performed as described previously [183]. Mice 

were vaccinated intravenously with 3 ´ 108 TCID50-equivalent of g-Flu. 7 days later, 

spleens were harvested from naïve donor mice, minced, and pushed through a 70µm filter 

to generate a single-cell suspension. Cells were then split into equal populations, and one 

was pulsed with influenza nucleoprotein (NP) peptide (NPP) and stained with CFSE (NPP-

Pulsed). The second population was stained with cell tracker red (CTR) only (Unpulsed). 

The cells were mixed at a 1:1 ratio and injected intravenously into vaccinated and non-

vaccinated control mice at 107 cells/mouse. 24 hours later, all mice were sacrificed, and 

spleens were harvested and processed into a single-cell suspension prior to fixing using 1% 

PFA. Labelled pulsed and non-pulsed cells were acquired using the LSRII flow cytometer 

(BD Biosciences), and data was analysed using FlowJo software (Treestar Incorporated).  

 

3.2.10 Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 8 (GraphPad Software, 

La Jolla, CA, USA). Quantitative results were expressed as mean ± SEM. One-way 

ANOVA (with Tukey’s multiple comparisons test) was used for comparison of data from 

3 or more groups. Survival data were analysed using Fisher’s exact test (two-tailed). P-

values < 0.05 (95% confidence) were considered statistically significant. 

 

3.3 RESULTS 
 
3.3.1 Structural integrity of g-Flu 

Sterilising doses required to exceed a SAL of 10-6 were calculated as described previously 

(Chapter 2). For DI-irradiation, the sterilising dose was determined to be 35 kGy (DI-g-

Flu) and for ice- and RT-irradiation the sterilising dose was calculated to be 16 kGy (Ice-

g-Flu, RT-g-Flu). Sterility testing based on multiple in vitro passages was performed to 

ensure complete inactivation of irradiated materials. Live and irradiated IAV samples were 

passaged three times in MDCK cells, with supernatants from each treated monolayer (or 

passage) used to treat the next MDCK monolayer. After 3 passages, monolayers were fixed 
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and stained for IAV infection. No virus infectivity was detected in any of the MDCK 

monolayers treated with irradiated preparations for all 3 passages, whereas replication of 

live virus was amplified at each passage (Figure 3.1). The irradiation doses selected were 

thus confirmed to be sterile and appropriate for subsequent in vitro and in vivo experiments. 

 

The structural integrity of the IAV within each vaccine preparation was then assessed by 

HA and NA functionality assays. While hemagglutination assay show reduced HA activity 

for all g-Flu preparations compared to live IAV (Figure 3.2A), no significant difference 

was detected between the three irradiated samples despite the highly varied temperature 

conditions used for irradiation. Furthermore, Figure 3.2B demonstrates that the 

functionality of NA proteins in each g-Flu preparation was not affected by irradiation, with 

all three vaccine formulations showing comparable NA enzymatic activity to live IAV. 

Transmission electron microscopy was then used to examine whole virion structure. 

Representative images in Figure 3.3C show that virions within all three irradiated 

preparations were intact and retained spherical IAV structure. This shows that in addition 

to having minimal impact on surface proteins, g-radiation at alternate temperature 

conditions does not cause substantial damage to viral envelopes. It is important to note that 

our microscope facilities are PC1 and so do not have the capacity to image live IAV as a 

comparison. 

 

3.3.2 Efficacy of g-Flu in mice 

Given that all three g-Flu preparations appeared suitably intact in terms of virion structure 

and protein functionality, we next assessed their efficacy as vaccine candidates in animal 

models. Initially, mice were vaccinated intranasally with a single dose of each vaccine 

preparation (DI-g-Flu, Ice-g-Flu, or RT-g-Flu), or with PBS as a mock-vaccine control. 20 

days post-immunisation, serum was harvested and an ELISA was performed to determine 

IAV-specific IgG titres. As shown in Figure 3.3A, all three g-Flu preparations induced 

strong IgG responses, and no significant difference was detected in IgG titres induced by 

the three g-Flu preparations. Interestingly, while not significant, there was a trend towards 

lower IgG responses detected in serum samples from mice vaccinated with DI-g-Flu.  

 

Following this, a focus-forming inhibition assay was performed to determine the ability of 

these g-Flu-induced antibodies to inhibit receptor binding and IAV infection. Neutralising 
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antibody responses are crucial for homotypic IAV protection, thus it is important to assess 

antibody functionality in addition to overall titre. Serum samples from g-Flu-vaccinated 

and control mice were used to pre-treat live A/PR8, and virus + serum mixtures were then 

used to infect monolayers of MDCK cells. After a 22h incubation period, cells were stained 

with DAPI to visualise cell nuclei, and with murine anti-APR8 and FITC-conjugated anti-

murine antibodies to visualise IAV-infected cells. Fluorescence levels of each fluorophore 

were quantified, and FITC-fluorescence relative to DAPI-fluorescence was calculated to 

determine the average IAV infectivity per cell. Quantified fluorescence of serum-treated 

virus samples was then compared to virus only controls. As shown in Figure 3.3B, no 

reduction in infectivity was detected for virus treated with PBS-mock control sera, 

indicating the murine sera from naïve animals had no effect on IAV infectivity. Conversely, 

infectivity was significantly reduced when A/PR8 was treated with serum from DI-, Ice- 

and RT-g-Flu vaccinated mice. Interestingly, immune sera from mice vaccinated with Ice- 

and RT-g-Flu was significantly more effective at neutralising A/PR8 when compared to 

immune sera from mice vaccinated with DI-g-Flu. Representative images of virus 

neutralisation were also taken at a 1:10 serum dilution, and similarly demonstrate a clear 

reduction in foci for all g-Flu groups, with antibodies induced by Ice- and RT-g-Flu 

vaccination being the most effective (Figure 3.3C). This trend is likely due to the higher 

titre of total IgG present in immune sera from Ice- and RT-g-Flu vaccinated animals, 

compared to those immunised with DI-g-Flu.  

 

Given the slight differences observed in functionality of g-Flu-induced antibodies, we used 

live IAV challenges in mice to assess if these small variations would translate to detectable 

differences in protective efficacy. Initially, the ability of DI-, Ice-, and RT-g-Flu to mediate 

homotypic protection was investigated. After receiving a single dose of each g-Flu 

preparation, mice were challenged with a lethal dose of homotypic A/PR8. Vaccinated mice 

experienced no weight loss after this challenge (Figure 3.4A), nor did they experience any 

other clinical symptoms of infection (data not shown). Conversely, PBS-mock control mice 

all succumbed to this challenge by day 7 post-infection. Importantly, all vaccinated mice, 

irrespective of vaccine irradiation temperature, show 100% survival based on using 20% 

bodyweight loss as the humane end point (Figure 3.4B). This indicates that the antibody 

responses detected in Figure 3.3, though variable, were more than sufficient to induce 

robust homotypic protection.  
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Importantly, a key feature of g-Flu is its ability to induce cross-protective CD8+ T-cell 

responses against vaccine and non-vaccine IAV strains. To assess the effect of the different 

irradiation temperatures on the induction of CD8+ T-cell responses, an in vivo CTL assay 

was performed. Here, the killing of IAV NPP-pulsed splenocytes (target cells) was assessed 

in vaccinated and non-vaccinated animals. Figure 3.5 shows that in naïve control mice the 

1:1 ratio of pulsed target cells to unpulsed cells was maintained, indicating no non-specific 

killing of targets cells in vivo. Conversely, I detected a substantial loss of NPP-pulsed cells 

relative to unpulsed cells in all three g-Flu vaccinated groups. This demonstrates the ability 

of CTLs from g-Flu-immunised mice to rapidly mount cytotoxic responses against cells 

presenting IAV proteins. Indeed, these pulsed target cells were all lysed within 24h of 

injection into immunised animals. Interestingly, animals vaccinated with Ice-g-Flu and RT-

g-Flu showed significantly more effective CTL responses (97% and 93% killing of IAV-

pulsed targets, respectively) compared to animals vaccinated with DI-g-Flu (73% killing of 

IAV-pulsed targets).  

 

Enhanced IAV-specific CTL responses should theoretically translate to enhanced cross-

protection against newly emerging IAV strains. To assess this, mice were vaccinated 

intranasally with one of the three g-Flu preparations (based on A/PR8 [H1N1]), or PBS as 

a mock-vaccine control. Three weeks later, mice were intranasally challenged with a lethal 

dose of A/California, the pdmH1N1 strain. As shown in Figure 3.6, all vaccinated and non-

vaccinated mice experienced some weight loss following A/California infection, however 

mice vaccinated with Ice-g-Flu showed less weight loss and faster recovery than the other 

vaccine groups. Furthermore, 100% survival was recorded for mice vaccinated with Ice-g-

Flu and RT-g-Flu, whereas 86% survival occurred in mice vaccinated with DI-g-Flu (1 out 

of 7 mice reached the 20% weight loss cut-off). Overall, while g-Flu vaccination was 

associated with significantly less weight loss and faster recovery time in all vaccinated 

groups, only Ice-g-Flu and RT-g-Flu was associated with significantly higher survival rates 

compared to the unvaccinated group. This outcome is consistent with the enhanced CTL 

responses (Figure 3.5). 

 

To rule out the possibility that the protection demonstrated in Figure 3.6 was mediated by 

neutralising antibody responses, I tested the ability of serum generated by the three g-Flu 

preparations to neutralise A/California. Live A/California was treated with serial dilutions 
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of serum generated by DI-, Ice- or RT-g-Flu, or naïve serum as a control. Virus + serum 

was then added to confluent monolayers of MDCK cells and allowed to adhere for 2 hours 

before unbound virus was washed away. Cells were incubated for a further 2 hours at 37°C 

to allow virus growth then cells were fixed and stained as described for Figure 3.3, with 

murine anti-A/California serum used as a primary antibody. As expected, we observed no 

cross-neutralisation generated by g-Flu in this study (Figure 3.7).  

 

3.4 DISCUSSION 
IAV remains an important public health concern due to its high mutation rates and potential 

to cause global pandemics. Current vaccines only offer strain-specific protection due to the 

reliance on humoral responses against highly mutagenic HA and NA surface antigens rather 

than cross-protective responses against the conserved internal IAV components. We have 

developed a new and effective whole-IAV vaccine capable of protecting against multiple 

IAV strains and subtypes. For this vaccine candidate, IAV is inactivated using g-radiation 

(generating g-Flu), and the heterosubtypic protection provided is specifically mediated by 

induction of cross-reactive cytotoxic T cell responses [185]. While previous publications 

illustrated the underlying mechanisms for the cross-protective immunity, this study aims to 

improve immunogenicity of g-Flu by manipulating irradiation conditions. The irradiation 

temperature for this novel vaccine product was optimised in the present study, to facilitate 

use of an inactivation process that maintains vaccine efficacy while also being suitable for 

scale-up during future manufacture.  

 

Sterilisation using g-radiation for vaccine production is typically performed whilst the 

sample is frozen on dry ice. Our previous publications describing g-Flu all use dry-ice 

irradiation [66, 68, 69, 182, 183, 185], as does a g-irradiated Streptococcus pneumoniae 

vaccine (g-PN) that is currently in late-phase pre-clinical testing [71]. We have specifically 

advocated for dry-ice irradiation over RT-irradiation when comparing like-for-like doses, 

as frozen g-Flu samples have shown enhanced structural integrity and immunogenicity, 

particularly at the high irradiation doses required for highly pathogenic materials [183]. A 

Venezuelan Equine Encephalitis Virus vaccine documented in the literature is also g-

irradiated whilst frozen on dry ice [323]. Similarly, materials intended for biological 

analyses are usually irradiated whilst frozen. For example, serum samples from an Ebola 

vaccine clinical trial were irradiated frozen at 50 kGy, and antibody binding detected by 
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ELISA was well-maintained after this treatment [56]. Bone allografts are also often 

sterilised whilst frozen, as bones are less brittle when irradiated on dry ice compared to 

irradiation with the same dose at room temperature [52].  

 

However, all comparative studies to our knowledge have been conducted using the same 

irradiation dose across different irradiation conditions instead of comparing preparations at 

the sterilising dose. It is well established that pathogens are more sensitive to inactivation 

by g-radiation at higher temperatures [12-14], which dramatically lowers the total 

sterilising dose (and thus total irradiation damage) that is required. In fact, this is the first 

study to consider the impact of irradiation temperature on the SAL in order to directly 

compare the immunogenicity of IAV inactivated with sterilising doses of g-rays at RT or 

cold conditions (low radiation dose) to the same IAV preparation inactivated with 

sterilising doses of g-rays at frozen dry ice conditions (substantially higher radiation dose). 

Interestingly, our data clearly show comparable or improved vaccine-induced responses 

when irradiating IAV vaccine samples at higher temperatures with lower radiation doses. 

While previous studies have shown that more free radicals form and therefore more protein 

damage would occur when irradiating at higher temperatures [13], the lower dose of 

radiation required to reach the SAL (16 kGy for ice and RT compared to 35 kGy for DI) 

could explain the comparable efficacy we see. Indeed, utilising these conditions would have 

the advantages of faster irradiation and a negate need to keep samples frozen.  

 

To ensure that the heightened efficacy of ice and RT-irradiated samples was not due to 

residual live virus, sterility was confirmed for each preparation by three passages in MDCK 

cells. We have previously shown this method of sterility testing to be effective in detecting 

as little as 2 focus-forming units in a treated sample [305]. Figure 3.1 clearly shows all 

three preparations were free from viable virus over multiple passages. Furthermore, we 

used a very high MOI-equivalent of 600 to demonstrate sterility. Importantly, this data 

confirms that g-Flu irradiated at sterilising doses does not have the ability to undergo 

recombination to produce viable virions. It is expected that the sterilising g-radiation 

inactivated each RNA segment to prevent recombination. 

 

We subsequently analysed the structural integrity of these sterilised g-Flu samples by 

measuring HA and NA function. We found equivalent functionality for all preparations 
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tested (Figure 3.2), which suggested that the g-Flu preparations would be highly 

immunogenic. In fact, we have previously published the ability of g-Flu to induce superior 

IFN-I responses to commercial IAV vaccines [69] which specifically relies on the ability 

of IAV HA to bind to sialic acid receptors on IFN-I producing cells for virus internalisation 

[324]. To test vaccine efficacy in vivo, we measured both antibody and CTL responses, and 

protection against homotypic and drifted IAV infections.  

 

We initially tested the effect of irradiation temperature on the ability of g-Flu to induce 

neutralising antibody responses and homotypic protection. Interestingly, while all g-Flu 

preparations induced strong A/PR8-specific IgG and neutralising responses, Ice-g-Flu and 

RT-g-Flu performed better than DI-g-Flu (Figure 3.3). Nonetheless, all g-Flu preparations 

induced complete protection against homotypic A/PR8 challenge (Figure 3.4). 

Interestingly, we found that Ice-g-Flu and RT-g-Flu also outperformed DI-g-Flu for 

induction of CTL responses (Figure 3.5), and protection against lethal drifted challenge 

(Figure 3.6). Live IAV-induced CTL responses can target the conserved internal NP, 

matrix and polymerase proteins [151, 152]. Similar to live IAV infection, g-Flu has been 

previously reported to induce CTL responses that target the conserved internal IAV 

proteins [185].  

 

Current inactivated IAV vaccines induce antibodies of a narrow breadth, whereas responses 

to natural IAV infection include a small population of broadly neutralising antibodies 

against the HA stalk [325], an area that is highly conserved [326]. However, antibodies to 

the HA stalk may still be overcome by mutations [327]. Our previous work has illustrated 

that antibodies induced by g-Flu are strain-specific [182], and that cross-protection arises 

through cell-mediated responses [185]. In the present study I confirm that antibodies 

generated against all three g-Flu preparations were unable to neutralise the drifted 

pdmH1N1 (Figure 3.7), and so protection demonstrated in Figure 3.6 is mediated by the 

enhanced CTL responses (Figure 3.5). 

 

The reduced efficacy of DI-g-Flu compared to RT- and ice-irradiated preparations suggest 

that irradiating frozen materials at a high dose is not the optimal condition to minimise the 

damage to viral proteins. Instead, a balanced irradiation process that includes the use of 

low doses of g-rays to inactivate unfrozen materials at cold or RT conditions could be 
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utilised to provide highly immunogenic vaccine preparations. Indeed, Cote et al [328] 

showed that the irradiation conditions of anthrax spores could be adjusted to 50 kGy ice-

irradiation to meet the required sterility assurance levels whilst maintaining the biological 

structure required for biomedical testing. This change in irradiation conditions could 

overcome biosecurity issues associated with the inadvertent release of live anthrax spores 

by the US Department of Defense [38]. A radiation-attenuated malaria vaccine PfSPZ is 

also reported to receive a low dose of g-radiation at room temperature prior to harvesting 

the sporozoites from the mosquito [329].  

 

RT irradiation is classically associated with higher protein damage and loss of 

functionality. However, precise calculation of the sterilising dose under RT conditions 

allowed the RT-treated g-Flu to be hit with a substantially lower dose of irradiation. This 

limited both direct and indirect irradiation damage, resulting in a high level of protein 

activity comparable to DI-irradiated g-Flu. This observation alone highlights the 

importance of comparison of sterilising doses when optimising irradiation conditions for 

vaccine purposes, rather than selecting a single high dose that is universally applied. These 

data also indicate that ice or RT-irradiation is far less damaging than previously thought if 

the concept of the SAL is properly applied. These observations offer new and improved 

insights into vaccine irradiation, and these concepts could be applied to other irradiated 

products to vastly improve the feasibility of scale-up, and reduce costs associated with low 

temperature irradiation. 
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3.5 FIGURES 
 

 

 

 

 

 

 
 

Figure 3.1. Sterility testing of g-Flu. Sterility of g-Flu irradiated at different temperatures 

and radiation doses was assessed by multiple passages in MDCK cells. Live A/PR8 or no 

virus were used as controls. g-Flu was added to cells at an MOI equivalent of 600. 

Supernatant from passage 1 was collected 24 hours later and used to infect passage 2, this 

was then repeated for passage 3. Cell monolayers were stained with DAPI (blue), and IAV-

positive cells were visualised with FITC-fluorescence (green). Samples were tested in 

triplicate, representative images are presented for each group at each passage.  
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Figure 3.2. Structural integrity of IAV is maintained after g-irradiation at different 

temperatures. g-Flu preparations were inactivated with either: 16 kGy at RT, 16 kGy on 

ice, or 35 kGy on DI. Structural integrity of these preparations was then assessed by (A) 

haemagglutination assay, (B) neuraminidase assay and (C) transmission electron 

microscopy. Quantitative data is expressed as mean ± SEM (n=3). Data is analysed by one-

way ANOVA (* p < 0.05, ** p < 0.01).  
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Figure 3.3. DI-g-Flu induces reduced neutralising antibody responses when compared 

to Ice- and RT-g-Flu. Mice were vaccinated intranasally with DI-g-Flu, Ice-g-Flu, RT-g-

Flu or PBS. Serum was collected from mice 20 days post-vaccination. (A) IgG responses 

were measured by direct ELISA. Data is collated from two independent experiments (n = 

5 mice per repeat). Not significant by One-Way ANOVA. (B) Neutralising antibody 

responses were measured by focus-forming inhibition assay (FFI). Live virus was pre-

treated with pooled naïve serum or pooled serum from vaccinated mice (n = 10 sera samples 

pooled within each vaccine group), then virus + serum mixtures were used to infect MDCK 

cell monolayers at MOI = 0.1. Each virus + serum mixture was tested in triplicate. FITC-

fluorescence was quantified as an indicator of IAV infection and was normalised using the 

corresponding DAPI-fluorescence in each well (indicates the number of cell-nuclei). Data 

presented as mean FITC fluorescence ± SEM and analysed by one-way ANOVA (* p < 

0.05, **** p < 0.0001, ns = no significance). (C) Representative images from focus-

forming inhibition assay showing IAV infection levels after pre-treatment with pooled 

naïve and immune serum at a 1:10 dilution. 
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Figure 3.4.  Vaccination with g-Flu protects against lethal homotypic challenge. Mice 

were vaccinated intranasally with g-Flu irradiated at different temperatures (DI, Ice and 

RT), or mock-vaccinated with PBS. 21 days later mice were intranasally challenged with a 

lethal dose of A/PR8. (A) Weight was monitored daily and a 20% loss of starting weight 

was considered as the humane endpoint (dotted line), at which point mice were euthanised. 

(B) Overall survival was plotted, and a two-tailed Fisher Exact test was used to determine 

statistical significance compared to the Mock control group (** P < 0.01, n = 5 mice per 

group). 
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Figure 3.5. CTL responses are induced by vaccination with g-Flu. Mice were vaccinated 

intravenously with g-Flu preparations (RT-, Ice-, and DI-g-Flu) or treated with PBS as 

mock control. 7 days later equal ratios of NPP-pulsed (CFSE labelled) and unpulsed (CTR 

labelled) splenocytes from naïve donor mice were injected into g-Flu vaccinated mice or 

mock-vaccinated controls. 24 hours later splenocytes were harvested, processed and 

analysed using flow cytometry. Single-cell gating was performed, and the CTR+ and 

FITC+ cell populations of interest were isolated. Gating strategy shown above for a naïve 

control mouse injected with targets at a 1:1 ratio. The change in ratio of pulsed to unpulsed 

splenocytes after injection into vaccinated animals was then used to calculate the 

percentage killing of pulsed cells. Data presented here as mean percentage +/- SEM and 

analysed using one-way ANOVA (*** p < 0.001, n = 3). 
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Figure 3.6. Vaccination with g-Flu protects against lethal challenge with a drifted IAV 

strain. Mice were vaccinated intranasally with g-Flu (g-A/PR8 H1N1) irradiated at 

different temperatures, or PBS as mock control. 21 days later mice were challenged 

intranasally with a lethal dose of A/California H1N1. (A) Weight loss was measured daily, 

with a 20% loss of starting weight (dotted line) considered as humane end point. Weight 

loss was analysed by Two-Way ANOVA. Survival rates were also plotted, and a Two-

Tailed Fisher-Exact test was used for analysis by comparing vaccinated groups to the PBS-

MOCK vaccinated group (* p < 0.05), n = 7 mice/group). 
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Figure 3.7. g-Flu does not induce cross-neutralising antibody responses. Mice were 

vaccinated intranasally with g-Flu (g-A/PR8 H1N1) irradiated at room temperature (RT), 

on ice water (Ice) or on dry ice (DI). 20 days post-vaccination immune serum was harvested 

and the ability to neutralise A/California was measured by focus-forming inhibition assay. 

Live A/California was treated with pooled serum samples from the three vaccine groups or 

with serum from mock-vaccinated mice. Virus + serum mixtures were used to infect 

MDCK cell monolayers at an MOI of 0.1. (A) FITC-fluorescence (green) indicative of 

A/California replication was measured relative to DAPI-fluorescence (blue), indicative of 

cell nuclei. (B) Representative images of cell monolayers showing A/California infection 

levels after pre-treatment with a 1:10 dilution of serum samples. Experiments were 

performed in triplicate and quantitative data was analysed by One-Way ANOVA. Data was 

not significant. This data was collected by Chloe Gates. 
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CHAPTER 4 
 

Development of gamma-irradiated NDV 

for use as a poultry vaccine and an 

oncolytic treatment.
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CHAPTER 4: Development of gamma-irradiated NDV for use as a 

poultry vaccine and an oncolytic treatment 
 
4.1 INTRODUCTION 
Newcastle disease virus (NDV) is an avian paramyxovirus that predominantly infects 

chickens and other domestic poultry. Symptoms can be respiratory, gastrointestinal or 

neurological depending on the strain. NDV strains are highly genetically diverse [210] and 

are classified according to their virulence into three distinct groups – velogenic (highly 

virulent), mesogenic (medium virulence) and lentogenic (low virulence or avirulent) [209]. 

Velogenic viruses have mortality rates that can approach 100% [330, 331] and are endemic 

in parts of the world [332, 333], where outbreaks are associated with widespread livestock 

losses and a large economic burden. NDV outbreaks occurred in Australia in 2000 and 

2002 and as a result Australia has adopted a strict vaccination regime [247]. 

 

Current NDV vaccines are either live-attenuated or inactivated. The Australian live-

attenuated vaccine, V4, is a lentogenic strain that causes no clinical symptoms in chickens 

[334]. V4 is highly effective when administered by aerosol spray, however lower efficacy 

is observed when administered via drinking water and intranasal routes [334]. Furthermore, 

vaccination with V4 is susceptible to maternal antibodies that can interfere with vaccination 

in young chicks [335]. Inactivated vaccines consist of Group I or Group II strains that are 

inactivated by formalin or b-propiolactone. The inactivated vaccine is administered 

intramuscularly with oil adjuvant. Importantly, neither vaccine type is fully effective and 

vaccinated chickens can still be infected, shed virus, and become sick [248, 336]. Thus, 

there remains a need for alternative NDV vaccination approaches. 

 

We have previously demonstrated that pathogens inactivated by g-irradiation are highly 

immunogenic due to the limited impact of irradiation on the structural integrity of irradiated 

materials, particularly when using optimised irradiation conditions (Chapter 3, [183]). 

Previous research in our lab tested the immunogenicity of g-irradiated vaccine candidates 

for influenza A virus (IAV) [66, 68, 69, 182, 183, 185], rotavirus (RV) [305], Semliki forest 

virus (SFV) [199] and Streptococcus pneumoniae [70, 71, 200]. Importantly, these studies 

have demonstrated that g-Flu enhances neutralising antibody responses the co-administered 

pathogens. Considering the obvious need for a better NDV vaccine, and the importance of 
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humoral immunity in providing NDV-specific protection, I investigated the possibility of 

using g-irradiation to inactivate NDV for vaccine purposes. The large single-stranded 

genome (15.2kb) makes NDV susceptible to g-radiation [11], and irradiation conditions 

could be optimised to ensure structural integrity and consequently strong antibody 

responses, which is known to be important for protection against NDV infection [237]. In 

addition, considering previous publications related to the ability of g-Flu to provide 

adjuvant activity to co-administered vaccines [182, 199], I investigated the possibility of 

combining both g-Flu and g-NDV in a single vaccination approach. This could enhance 

protection against both NDV and IAV outbreaks in birds and interfere with zoonotic 

transmission at the bird to human interface for avian influenza A viruses. 

 

In addition, live NDV has garnered widespread attention due to its ability to selectively kill 

cancer cells. Several clinical trials have confirmed the ability of NDV to reduce tumour 

size in a range of cancers including colorectal carcinoma [250], breast and ovarian cancer, 

and glioblastoma [251]. A major shortcoming of oncolytic viruses however is the induction 

of humoral immunity, and live NDV has been shown to induce neutralising antibody 

responses in humans [263]. Antibodies are able to neutralise virus to prevent uptake into 

cancerous cells. This limits number of times this treatment can be repeated. Furthermore, 

live NDV poses a biosecurity risk and consequently the use of live NDV is heavily 

regulated [337]. Considering that g-NDV is replication-incompetent so does not pose a 

biosecurity risk, I tested the possibility of using g-NDV as an alternative cancer treatment. 

 

Overall, in this study, I developed a whole-inactivated vaccine to NDV using g-radiation 

(g-NDV), illustrated the structural integrity of  g-NDV, and tested the immunogenicity of 

g-NDV in mice. Surprisingly, while g-NDV appeared to be highly immunogenic in mice 

and induced high-titre IgG responses, my data show these g-NDV-specific antibody 

responses to be non-neutralising. In addition, I co-administered g-NDV with g-Flu and other 

adjuvants. Yet, despite the strong NDV-specific antibody responses detected in immunised 

mice, these antibody responses were still poorly neutralising. Importantly, g-NDV retains 

oncolytic abilities, both in tissue culture and in animal models. Thus, the reduced ability of 

g-NDV to induce neutralising antibody responses could help clinical application of g-NDV 

as cancer therapy. 
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4.2 MATERIALS AND METHODS 
 
4.2.1 Ethics statement  

This study was conducted in compliance with the Australian Code of Practice for the Care 

and Use of Animals for Scientific Purposes [322]. These studies were approved by the 

University of Adelaide Animal Ethics Committee (ethics approval numbers S-2018-013 

and S-2019-108). 

 

4.2.2 Viruses  

10-day-old embryonated chicken eggs were obtained from HiChick Breeding Company 

(Bethel, South Australia). Newcastle disease virus live-attenuated strain V4 and IAV strain 

A/Puerto Rico/8/1937 [H1N1] (A/PR8) were grown in the allantoic cavity of 10-day-old 

embryonated chicken eggs at 37 °C for 48 hours. Eggs were chilled overnight then 

infectious allantoic fluid was harvested and clarified by centrifugation at 3272 ´ g. Virus-

containing allantoic fluid was then aliquoted and stored at -80°C until required.  

 

For vaccine stocks, IAV was concentrated by haemadsorption to chicken red blood cells 

(cRBCs), and NDV was concentrated by ultrafiltration (UF). Haemadsorption was 

performed as described in Chapter 3. For UF, Amicon® Ultra-15 centrifugal filter units 

were used with a 100 kDa cut off (Merck). Clarified NDV was concentrated by centrifuging 

at 3272 ´ g. The preparation was resuspended in PBS and washed 3´, then resuspended in 

PBS for the final preparation after 10-fold concentration. NDV vaccine stocks were then 

aliquoted and stored at -80°C until required. 

 

4.2.3 Cells  

Chicken embryo fibroblasts (CEFs) were prepared from 10-day-old chicken embryos 

collected from eggs. Limbs and viscera were removed, and chicken embryos were minced. 

Embryos were then pushed through a 70µm filter and cells were collected in PBS in a 10mL 

centrifuge tube. Cells were washed 3´ by centrifugation at 814 ́  g, and then added to tissue 

culture flasks. 24 hours later, non-attached cells were removed with 3 ´ washes with PBS 

then CEFs were given fresh media. 
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CEFs, Madin-Darby canine kidney (MDCK), African Green monkey (Vero), mouse 

melanoma (B16.F10), human rhabdomyosarcoma skeletal muscle cancer (RD) and human 

lung cancer (A549) cells were maintained in DMEM with 10% FBS and 1% P/S. Human 

melanoma (C32), human leukaemia (HL-60), human breast cancer (MDA), mouse breast 

cancer (4T1.2), mouse T cell lymphoma (EL-4), mouse B cell leukaemia (L1210) and 

mouse mastocytoma (P815) cells were maintained in RPMI with 10% FBS and 1% P/S, 

and human prostate cancer (PC3) cells were maintained in F12 media + 10% FBS and 1% 

P/S. All cells were kept at 37°C in a humidified environment with 5% CO2 and cells were 

passaged when they reached approximately 80% confluence.   

 

4.2.4 Virus titrations 

Concentrated vaccine stocks were titrated by TCID50 assay. Here, CEF (for NDV) or 

MDCK cells (for IAV) were plated at 5 ´ 104 cells/well in round-bottom 96-well microtitre 

plates and allowed to adhere overnight. 10-fold serial dilutions of virus were performed 

across the plate in DMEM + 8% trypsin for virus activation. Plates were incubated at 37°C 

for 72 hours, then 0.6% RBCs in saline were added to visualise amplified virus. Plates were 

scored based on a pellet or a mesh formation, where a mesh was considered positive for 

IAV or NDV. 50% infectious doses were then calculated using the Reed-Muench method 

[306]. NDV vaccine titre was determined to be 2 ´ 108 TCID50/mL and IAV vaccine titre 

was determined to be 3 ´ 109 TCID50/mL. For haemagglutination assays, IAV or NDV was 

serially diluted in normal saline (0.85%) in 96-well round-bottomed microtitre plates. 0.6% 

RBCs were added to each well and plates were scored for mesh or pellet formation. The 

reciprocal of the highest dilution to give a positive reading was considered the 

haemagglutination units (HAU). 

 

4.2.5 Gamma irradiation  

NDV and IAV were irradiated at the Australian Nuclear Science and Technology 

Organisation (ANSTO), NSW by exposure to 50 kGy (NDV) or 35 kGy (IAV) of gamma 

radiation from a 60Co source. Radiation dose was measured using calibrated Fricke or ceric 

cerous dosimeters. Viruses were frozen on dry ice for the duration of irradiation and 

transportation.  
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4.2.6 Sterility testing 

Sterility of irradiated preparations was measured by three passages in eggs and Vero cells. 

For egg infections, g-NDV was diluted 1:100 in PBS + 1% penicillin/streptomycin and 

injected into the allantoic cavity of embryonated chicken eggs. Eggs were incubated at 

37°C for 48 hours, then eggs were chilled overnight and allantoic fluid was harvested and 

100µL of neat allantoic fluid was used to infect fresh eggs. This was repeated for a third 

passage then all three passages were tested for the presence of infectious virus by 

haemagglutination assay. Lack of detectable virus for all three passages was considered as 

a confirmation of sterility. Our previous publications have demonstrated that the method 

can detect as few as 2 infectious units in a preparation [305]. For sterility testing in Vero 

cells, cells were seeded at 5 ´ 104 cells/well in 96-well flat-bottomed microtitre plates then 

incubated overnight at 37°C. Live NDV and g-NDV was activated with 10µg/mL TPCK-

trypsin at 37°C for 1 hour. Virus was then diluted 1:10 in DMEM + 1% P/S to give a final 

trypsin concentration of 1µg/mL and added to Vero cells. Plates were incubated for 24 

hours at 37°C then supernatant was collected and used to infect a fresh monolayer of Vero 

cells. This was repeated for a 3rd passage. Immunofluorescence was utilised to visualise 

NDV replication. Cells were fixed and permeabilised with ice-cold acetone:methanol for 

10 minutes at 4°C. Plates were then washed 3 ´ with PBS and polyclonal chicken anti-

NDV (1:200 dilution) was used as primary antibody. Plates were incubated for 1 hour at 

4°C then washed 3 ´ with PBS. FITC-conjugated anti-chicken IgY (1:500 dilution) was 

added to each well and plates were further incubated for 1 hour at 4°C in the dark. Plates 

were washed again then DAPI staining (20 minutes at room temperature in the dark) was 

used to visualise cell nuclei. Plates were then visualised on Nikon TiE inverted fluorescence 

microscope and analysed using NIS elements software (Tokyo, Japan). Sterility testing for 

g-Flu was performed as described in Chapter 3.  

 

4.2.7 Neuraminidase assay 

Live and irradiated virus preparations were serially diluted in PBS and 25µL of each 

dilution was added to microtitre plates. 25µL of 0.125mM 2’-(4-Methylumbelliferyl)-a-D-

N-acetylneuraminic acid (4-MUNANA, Sigma M8639) was added to virus samples. Active 

neuraminidase cleaves 4-MUNANA into the fluorescent substrate 4-Methylumbelliferyl 

(4-MU). 4-MU was also added to plates at increasing concentrations to generate standard 

curves. Plates were incubated in the dark at 37°C for 1 hour with gentle shaking every 15 
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minutes to facilitate cleavage of 4-MUNANA. Reaction was stopped with ice-cold 0.5M 

Na2CO3 (pH 10.5) and relative fluorescence was measured using a SpectraMax fluorescent 

plate reader with an excitation wavelength of 365nm and an emission wavelength of 

450nm. 

 

4.2.8 Electron microscopy 

Transmission electron microscopy was used to visualise structure of g-NDV. 

Approximately 3µL of irradiated virus was loaded onto formvar/carbon-coated grids and 

incubated at room temperature for 3-5 minutes to allow attachment. Grids were blotted dry 

then washed with PBS and stained with 2% uranyl acetate for 3 minutes. Grids were washed 

with PBS then blotted to dry. Grids were visualised with an FEI Tecnai Spirit TEM 

(Adelaide Microscopy, University of Adelaide).  

 

4.2.9 Giemsa stain  

Vero cells, B16 cells and 4T1.2 cells were plated in 96-well flat-bottomed plates at 5 ´ 104 

cells/well and allowed to adhere overnight at 37°C in 5% CO2. Live or g-NDV was 

activated with 0.5µg/mL of TPCK-trypsin at 37°C for 30 minutes then added to cells at an 

MOI of 10. Cells were incubated for 24 hours then washed 3 ´ with PBS and fixed with 

methanol for 10 minutes at room temperature. Methanol was removed and plates were 

allowed to air dry. Cells were then stained with Giemsa (Sigma 32884, 1:20 dilution in 

MilliQ water). Cells were washed again with 3 ´ PBS then visualised with an Olympus 

phase-contrast ULWCD 0.30 microscope. 

 

4.2.10 Mice 

6-8-week old female BALB/c mice were obtained from the Laboratory Animal Services, 

University of Adelaide, and 8-10-week old female C57BL/6J mice were obtained from the 

Animal Resource Centre, Western Australia. Mice were housed at the Laboratory Animal 

Facility, University of Adelaide, under specific pathogen free conditions and on a 12h:12h 

light-dark cycle. Mice were allowed a week to acclimate to housing prior to experiments 

commencing.  

 

For vaccination studies, BALB/c mice were vaccinated with 6.4 ´ 106 TCID50-

equivalent/mouse for g-NDV, 1 ´ 106 TCID50-equivalent/mouse for g-Flu, or 50µg/mouse 
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for keyhole limpet hemocyanin (Sigma, H8283). For intramuscular or subcutaneous 

vaccination, a total volume of 50µL per animal was used. For intranasal vaccination, mice 

were first anaesthetised by IP injection (10% ketamine and 1% xylazine in miliQ) prior to 

administering the required dose in a final volume of 32µL. For a prime-boost vaccination 

strategy, multiple doses of different vaccine preparations were administered at 3 weeks 

intervals. In addition, some experiments involved co-administration of g-NDV with 

aluminium hydroxide (alum, 10%), Poly(I:C) (50µg/mouse) or incomplete Freund’s 

adjuvant (IFA, 10%). To test vaccine immunogenicity, blood samples were collected from 

vaccinated animals at specific time points post-vaccination by either submandibular 

bleeding or from the heart cavity after mice were humanely euthanised. Serum samples 

were then tested in vitro. 

 

For tumour induction, C57BL/6J mice were anaesthetised with isofluorane (2% isofluorane 

with 2L/min O2) and 150µL of B16.F10 cells (1 ´ 105 cells/mouse) in PBS were injected 

subcutaneously. Mice were monitored daily for the development of tumours, and tumour 

size was measured with callipers every 2nd day from the time when tumours became 

palpable (day 8 in these experiments). Mice were humanely killed when tumours reached 

100mm2, or at day 28 post-tumour induction if mice had not reached the cut-off. 

Intratumoral treatment was administered on days 10, 13, 16 and 19 post-tumour induction. 

1 ´ 107 TCID50/mouse of live NDV or equivalent for g-NDV was injected into tumours 

using a total volume of 50µL. An equivalent volume of PBS was used to inject control 

animals. For tumour endpoint analyses, tumours were induced as described above and mice 

were treated on days 10, 13 and 16. On day 20 mice were euthanised and tumours, spleens 

and draining lymph nodes were harvested and processed for flow cytometry. 

 

4.2.11 Flow cytometry 

Tumours were manually minced into small pieces then digested using a digestion buffer 

(1mg/mL collagenase 1A and 30 U/mL DNase in DMEM) for approximately 1 hour at 

37°C with mixing every 20 minutes. Tumours, inguinal lymph nodes and spleens were then 

pushed through 70µm filters. RBCs in spleen and tumour samples were lysed. Cells were 

plated at 8 ´ 105 cells/well (tumours) or 1 ´ 106 cells/well (spleens and lymph nodes) in 

FACS buffer (PBS + 10mg/mL BSA + 0.04% NaN3) and Fc receptors were blocked using 

mouse g-globulin. Then, cells were stained for 1 hour at 4°C for different cell surface 
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molecules using fluorescent-labelled or biotinylated antibodies (see Table 4.1). Where 

biotinylated antibodies were used, a secondary incubation with Streptavin-BV805 was 

performed for 20 minutes at 4°C. Live/dead staining was performed using near-infrared 

fixable dye (1:1000 dilution). Flow cytometry data was acquired on a Fortessa (BD 

Biosciences) and was analysed using FlowJo software (BD Biosciences). Cell frequencies 

are presented as % of viable cells or as total cells/mg of tumour.  

 

4.2.12 ELISA  

Sandwich ELISAs were performed to detect IFNa in mouse serum. 96-well ELISA plates 

(COSTAR) were coated with rat anti-mouse IFNa coating antibody (1:400 in Na2HPO4 

buffer, Hycult Biotechnology). Plates were incubated overnight then washed with PBS + 

0.05% tween then blocked for 2 hours with 2% skim milk (w/v) in PBS. IFNa standards 

(Hycult Biotechnology) were diluted to given known IFNa titres between 3.9-500 IFNa 

units/mL. 1:5 serial dilutions of mouse serum samples were carried out in blocking buffer. 

IFNa samples and standards were added to microtitre plates and incubated for 2 hours. 

Then, plates were washed and Rabbit anti-mouse IFNa primary antibody (1:250 dilution 

in blocking buffer, Sapphire Biosciences) was added and incubated for 2 hours. Plates were 

then washed, and horseradish peroxidase-conjugated secondary antibody was added to each 

well (goat anti-rabbit IgG-Peroxidase, Sigma). After a further 2-hour incubation, plates 

were washed then TMB colour developer (BD Biosciences) was added and plates incubated 

in the dark at RT for 30 minutes. Colour developer was stopped with 2M H2SO4. 

 

To measure total IgG responses, maxisorp ELISA plates were coated with live whole-NDV 

(2 ´ 106 TCID50/well) or KLH (500ng/well) in bicarbonate coating buffer (0.6% NaHCO3, 

0.303% Na2CO3 in MilliQ water, pH 9.6) and incubated overnight at room temperature. 

Plates were washed 3 ´ with 0.05% tween in PBS then blocked with 2% skim milk for 2 

hours. Plates were washed again, then serial dilutions of serum collected from mice were 

added to the ELISA plate. 2 hours later plates were washed again and horseradish 

peroxidase conjugated goat-anti mouse IgG secondary antibody (1:10,000 dilution in 

blocking buffer, Thermo Scientific) was added. After 2 hours at room temperature unbound 

secondary antibody was washed away, and TMB peroxidase substrate was used to develop 

colour in the dark for 30 minutes. The reaction was stopped with 2M H2SO4. Absorbance 

of all ELISA plates were measured at 450nm using a Bio-Tek Instruments plate reader. IgG 
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titres were calculated as the reciprocal of the highest serum dilution that gave absorbance 

readings higher than those of naïve serum ± 3 standard deviations or as fold-increase 

relative to naïve serum. 

 

4.2.13 Virus neutralisation 

Vero cells or B16 cells were plated in 96-well flat-bottom microtitre plates at 6 ´ 104 

cells/well and incubated at 37°C overnight. Live NDV was activated with 10µg/mL TPCK-

trypsin at 37°C for 1 hour. Meanwhile, serum samples were heated-inactivated at 56°C for 

30 minutes to inactivate complement. Serum samples were then serially diluted in PBS and 

added to activated NDV at a 1:1 ratio. Virus and serum was then added to cells at an MOI 

of 0.1 and incubated at 37°C for 2 hours to allow virus adherence. Plates were then washed 

3 ´ with PBS and fresh DMEM + 1% P/S was added to each well. Plates were incubated at 

37°C for 22 hours, then cells were fixed, stained and visualised as described in Section 

4.2.6. To calculate neutralisation, the FITC-specific fluorescence and DAPI-specific 

fluorescence levels were both quantified using NIS elements software (Tokyo, Japan). The 

FITC-specific fluorescence readings were then normalised using the corresponding DAPI-

specific readings, to account for small differences in total cell number between sample 

wells. A significant reduction in normalised FITC fluorescence for wells inoculated with 

immune-sera treated virus compared to naïve sera-treated virus was considered to indicate 

virus neutralisation. Where % neutralisation was analysed, the reduction in FITC-

fluorescence in immune sera-treated samples was calculated relative to FITC-fluorescence 

in naïve sera-treated samples. 

 

Table 4.1. Antibodies used in flow cytometry 
Antigen Fluorophore 

CD45 BUV395 

CD3 Biotin, then StrepBV805 

CD4 BUV496 

CD8 APC 

NK1.1 PE 
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4.3 RESULTS 
 
4.3.1 Development of g-NDV vaccine 

Egg grown NDV was clarified, concentrated, and exposed to a radiation dose of 50 kGy 

while frozen on dry ice. To ensure sterility, both live and g-NDV were passaged three times 

in eggs and in tissue culture. No infectious virus was detected in eggs treated with g-NDV 

at all three passages, in contrast to control live NDV (Table 4.2). Similarly, no infectivity 

was detected when the g-NDV was passaged 3 times in tissue cultures in contrast to live 

NDV, as illustrated in Figure 4.1 for passage 3. This confirms that 50 kGy is sufficient to 

inactivate NDV.  

 

Previous studies have illustrated the ability of g-radiation to produce vaccines with a high 

level of structural integrity. To assess if this is also the case for irradiated NDV, I examined 

the functional activity of the surface protein HN. I tested the possible effect of g-irradiation 

on the ability of g-NDV to cause haemagglutination. As shown in Figure 4.2A, g-NDV 

retained high functional activity of HA protein as illustrated by the binding to sialic acid 

receptors on RBCs to cause haemagglutination, but this level of activity was slightly 

reduced compared to live NDV. Additionally, my data illustrate the ability of g-NDV to 

utilise the neuraminidase activity of HN protein to cleave sialic acids at comparable levels 

to that observed for live NDV (Figure 4.2B). Despite the reduced level of 

haemagglutination, these data indicate that the structure of HN protein is well maintained. 

Finally, I used electron microscopy to observe the effects of g-radiation on whole virion 

structure and the TEM images illustrated the structural integrity of g-NDV (Figure 4.2C). 

The TEM images demonstrate the high variability in virion size, which is expected for 

NDV. Overall, my data suggest that g-NDV is structurally intact and the surface proteins 

have normal functions, indicating that g-NDV could be used as a vaccine candidate to 

induce strong immune responses. 

 

4.3.2 Immune responses to g-NDV 

Mice were vaccinated intramuscularly with g-NDV to align with current vaccination routes 

in chickens [247]. Two vaccinations were carried out three weeks apart, with 6.4 ´ 106 

TCID50-equivalent of g-NDV per mouse. Serum samples were collected 20 days after the 

first immunisation, and again three weeks after the second vaccination. Presence of NDV-
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specific IgG was determined by direct ELISA, with titres being calculated relative to naïve 

serum (Figure 4.3A). My data indicate that IgG titres are relatively low after one dose of 

g-NDV. However, after a booster dose of g-NDV, the IgG titres were significantly higher. 

Surprisingly, this increase in IgG responses did not correlate with an increase in 

neutralising titres, as there was no significant reduction in live NDV infection following 

treatment of NDV with immune sera prior to infecting monolayers of Vero cells compared 

to NDV treated with naïve serum (Figures 4.3B and 4.3C). 

 

In order to enhance neutralising antibody responses, I investigated the possibility of co-

administering g-NDV and g-Flu. Our previous publications have demonstrated the adjuvant 

activity of g-Flu when co-administered with other g-irradiated vaccines [199, 200].  To test 

the broader applicability of g-Flu as an adjuvant, I investigated the ability of g-Flu to 

enhance the immunogenicity of keyhole limpet hemocyanin (KLH), which is a well-

documented poorly immunogenic protein. Several immunisation routes were tested 

including intramuscularly, intranasally and sub-cutaneously. Mice were immunised twice 

at 2 weeks intervals and immune sera was tested for KLH specific antibody responses. I 

found that a single dose of g-Flu was able to vastly increase IgG responses to KLH when 

given intramuscularly and intranasally (Figure 4.4A), and subcutaneous g-Flu enhanced 

responses to KLH after 2 doses (Figure 4.4B). This shows the strong adjuvant ability of g-

Flu.  

 

Next, I tested the ability of g-Flu to enhance the immunogenicity of g-NDV, particularly in 

relation to the ability of g-NDV to induce neutralising antibody responses. Mice were 

immunised intramuscularly with g-NDV only or g-NDV + g-Flu and serum samples were 

collected 3 weeks later. Surprisingly, no significant increase in NDV-specific IgG titres 

was detected following co-administration of g-NDV + g-Flu in contrast to vaccination with 

g-NDV only (Figure 4.5A). Considering that the adjuvant activity of g-Flu was previously 

reported to be associated with an enhanced type I interferon signalling, I measured IFNa 

levels in mice immunised with g-Flu, g-NDV or g-NDV + g-Flu. My data show that g-NDV 

did not induce IFNa responses in mice. Surprisingly, while I expected the ability of g-Flu 

to induce IFNa responses to provide adjuvant activity to g-NDV, my data indicated that 

IFNa levels following co-vaccination with g-Flu + g-NDV were actually lower compared 
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to administration of g-Flu alone (Figure 4.5B). The inhibition of innate signalling by g-

NDV may explain the inability of g-Flu to provide adjuvant activity to g-NDV. A potential 

mechanism to explain the observed reduction in IFNa levels is the competition between g-

NDV and g-Flu to bind to same host receptors.  

 

In order to circumvent competition for receptor binding between g-Flu and g-NDV, other 

commonly used adjuvants were tested. Mice were vaccinated twice 2 weeks apart with g-

NDV alone or with IFA, alum, poly(I:C) or g-Flu as an adjuvant. Serum samples were 

collected 2 weeks after the first and second vaccinations and tested for NDV-specific 

antibody responses. As shown in Figure 4.6, IgG responses were enhanced when g-NDV 

was co-administered with IFA and alum. In contrast, both poly(I:C) and g-Flu did not 

enhance the immunogenicity of g-NDV (Figure 4.6). Given the enhanced IgG responses, I 

also measured neutralising antibody responses by FFIA to determine whether adjuvantation 

was able to improve neutralising responses. Serum from mice vaccinated twice with the 

different groups was used to measure neutralisation. Interestingly, despite the enhanced 

IgG responses following vaccination with g-NDV + IFA or alum, I did not detect any 

neutralising antibody responses (Figure 4.7). There was no significant difference in 

normalised FITC-fluorescence (indicative of NDV replication) when comparing serum 

from mice treated with g-NDV only to any of the adjuvanted groups. 

 

4.3.3 g-NDV as an oncolytic virotherapy 

Based on the high structural integrity of g-NDV paired with the lack of neutralising 

antibody responses, I investigated the possibility of using g-NDV as a novel oncolytic 

sterile virotherapy. Usually repeated treatments are used for virotherapy administration. 

Thus, I administered 4 doses of live or g-NDV, then collected serum and measured antibody 

responses. I detected similar IgG levels after repeat intravenous injections of live and g-

NDV, and importantly confirmed that live NDV is able to induce far stronger neutralising 

antibody responses than g-NDV (Figures 4.8A and 4.8B). In fact, my data illustrate that 

immune serum harvested from mice that received 4 doses of live NDV was able to almost 

completely neutralise NDV. However, in g-NDV treated mice the neutralisation was less 

than 20%. This reduction in neutralising antibody responses highlighted the possibility of 

using g-NDV as a novel oncolytic sterile virotherapy.   
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An initial screen of 11 murine and human cancer cells was performed and in vitro oncolysis 

was measured using an MTT assay. My data illustrate the effectiveness of g-NDV against 

a range of different cancers including solid tumours and blood cancers (Table 4.3). 

Cytotoxicity of live and g-NDV was shown at 24-48 hours for B16, 4T1.2, PC3 and RD 

cells (Figure 4.9). Syncytia formation is a possible mechanism for oncolysis and based on 

the high structural integrity of g-NDV it is expected that g-NDV would be able to fuse with 

host cells and induce syncytia formation among adjacent cells. This was confirmed using 

B16 cells and 4T1.2 cells (Figure 4.10), but minimal morphological changes were 

observed for Vero cells (Figure 4.10), which is a non-cancerous cell line. This 

demonstrates the specificity of g-NDV to cancer cells. These assays were performed in 

vitro, and so only demonstrate the direct killing of cancer cells by g-NDV.  

 

The indirect mechanisms of oncolysis during virotherapy involve activation of both innate 

and adaptive immunity and the recruitment of immune cells to the tumour 

microenvironment. These responses are expected to be relevant to the potential use of g-

NDV as an oncolytic therapy. B16 cells as a relevant murine melanoma model was selected 

to investigate g-NDV-mediated oncolysis in vivo. In this model, B16 cells were injected 

subcutaneously into 8-10 week-old C57BL/6J mice. Mice were then treated 

intratumourally with live NDV or g-NDV on days 10, 13, 16 and 19 post-tumour induction. 

Injection of PBS was used as a negative control. Tumour size was measured every 2nd day 

and presented in Figure 4.11A. Importantly, while tumour growth was delayed in mice 

treated with live and g-NDV, treatment with g-NDV appeared to be more effective than 

treatment with live NDV based on a significant reduction in tumour sizes at an earlier time 

points observed for mice treated with g-NDV compared to mice treated with live NDV. 

Mice were humanely euthanised when tumour size reached 100mm2 and overall survival 

was plotted and presented in Figure 4.11B. Notably, a significantly higher percentage of 

mice treated with g-NDV (43%) and live NDV (29%) survived compared to mice with 

untreated melanomas, where no mice survived past day 21. Furthermore, when survival 

time was considered, a significantly prolonged survival time was observed in both 

treatment groups (live and g-NDV) when compared to untreated mice (Figure 4.11C). The 

mean survival time for untreated mice was 17.6 days compared to 22.4 and 24.5 days for 

mice treated with live and g-NDV, respectively. We detected no significant differences in 
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survival when comparing live NDV and g-NDV treatment, suggesting that g-NDV may be 

a viable alternative to enhance safety.  

 

Previous studies have demonstrated that an important mechanism of NDV-mediated 

oncolysis is through activation and recruitment of immune cells to the tumour 

microenvironment. Consequently, I investigated cell-mediated immune responses 

following treatment of melanomas with live or g-NDV. B16 cells were injected 

subcutaneously into C57BL/6J mice and were subsequently treated with live NDV, g-NDV 

or PBS on days 10, 13 and 16 post-tumour induction. On day 20 tumours, spleens and 

draining lymph nodes were harvested and processed for flow cytometry. Gating strategy is 

shown in Supplementary Figure 1. Total tumour-infiltrating lymphocytes (CD45+) were 

measured in all three tissues (Figure 4.12). Interestingly, when considering the proportion 

of live cells, there was a significant increase in lymphocytes in live NDV-treated tumours 

(Figure 4.12A). Interestingly, while the proportion of lymphocytes as a percentage of live 

cells was comparable between g-NDV- and PBS-treated tumours (Figure 4.12A), there was 

a trend towards increased tumour-infiltrating lymphocytes (TILS) in g-NDV treated 

tumours when considering the total number of cells within the tumour (Figure 4.12B). 

There were no significant differences in the proportion of lymphocytes in the inguinal 

lymph node or spleens (Figure 4.12C and Figure 4.12D). 

 

Further analysis attempted to deduce the types of lymphocytes within the tumour. Flow 

cytometry was used to measure T cells (CD45+ CD3+), TH cells (CD45+ CD3+ CD4+) and 

CTLs (CD45+ CD3+ CD8+). My data show an increased proportion of T cells in tumours 

treated with live NDV, and proportion of CD4+ T cells in both live and g-NDV-treated 

tumours (Figure 4.13). Furthermore, when considering total cell number within the tumour 

there was a trend towards increased T cells in g-NDV-treated melanomas compared to 

melanomas treated with live NDV or PBS, however this trend did not reach statistical 

significance. Interestingly, I observed a decrease in T cells within the spleen of both live 

NDV and g-NDV treated mice, which was statistically significant for g-NDV treatment 

(Figure 4.13). This may suggest that T cells are migrating from the spleen to g-NDV-

treated tumours. There were no overall changes in T cell numbers within the draining 

lymph node.  
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NK cells are an important component of anti-cancer immunity and previous studies have 

demonstrated that NK cells can be activated by NDV. I used flow cytometry to measure 

NK cells (CD45+ NK1.1+). The proportion of NK cells within the tumour was comparable 

between groups (Figure 4.14A). However, there did appear to be an increase in total NK 

cells in g-NDV-treated tumours. Again, this was not statistically significant (Figure 4.14B). 

The proportion of NK cells in the draining lymph nodes and spleens were also comparable 

between groups (Figure 4.14C and Figure 4.14D). Overall, this data does not compellingly 

implicate any cell type as mediating the reduction of tumour size and increased survival in 

mice treated with g-NDV observed in Figure 4.11, but may be due to infiltration of 

lymphocytes into the tumour. 

 

In addition to analysing cellular responses following oncolytic therapy, serum samples 

from treated mice were harvested at day 20 and tested for the ability to neutralise NDV.  

Live NDV was treated with pooled serum samples from mice treated with live NDV, g-

NDV or PBS and a FFIA was performed in Vero and B16 cells (Figure 4.15). Surprisingly, 

we found that serum collected from tumour-bearing C57BL/6 mice treated with live and g-

NDV was able to neutralise live NDV to prevent infection in both cell types. This is 

contradictory to our earlier data that showed limited neutralising efficacy in mice treated 

with g-NDV (Figures 4.3, 4.7 and 4.8). It is important to note that C57BL/6J mice were 

used in Figure 4.15, whereas previous studies used BALB/c mice. Furthermore, in the B16 

model mice received 1 ´ 107 TCID50-equivalent/mouse at 3 time points, 3 days apart, and 

the high dose used in Figure 4.8 was 2 ´ 107 TCID50-equivalent/mouse at 4 times points, 

2 weeks apart. These differences in experimental design my influence the ability of mice 

to induce neutralising antibody responses. 

 

4.4 DISCUSSION 

g-NDV was initially developed as a poultry vaccine and surprisingly did not induce 

neutralising antibody responses. IgG antibodies are important for neutralisation, however 

the specific IgG subclasses that mediate this appear to differ between virus types. IgG1 

appears to be important for neutralisation of West Nile virus [338], whereas IgG3 and IgG4 

are important for herpes simplex virus [339] and IgG1 and IgG3 are important for human 

immunodeficiency virus neutralisation [340, 341]. The subclasses important for NDV 

neutralisation have not been elucidated. 
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We have previously shown that highly maintained structural integrity translates to strong 

immunogenicity of g-irradiated vaccines [23]. Interestingly, I did not observe that for g-

NDV, even though structural integrity was well maintained (Figure 4.2). In fact, I observed 

strong IgG responses in response to g-NDV immunisation, but these did not translate to 

functional neutralisation of live virus (Figure 4.3). Infection of chickens and mice with 

NDV induces both antibody [205, 235] and T cell responses [235, 236]. However, chickens 

lacking antibody responses do not survive a challenge with virulent NDV, whereas 

chickens lacking T cells do [237]. This suggests that antibody responses are essential for 

NDV survival in vaccinated birds. This indicates that g-NDV may not be a suitable vaccine 

candidate.  

 

Importantly, my data show no enhancement of neutralising antibody responses despite 

administering g-NDV with different adjuvants (Figures 4.5 – 4.7). Poly(I:C) and g-Flu 

provide adjuvantation in a similar manner through stimulation of IFN-I responses [69, 342], 

whereas alum and oil adjuvants act as stabilisers and can help recruit immune cells to the 

immunisation site [189, 343]. Furthermore, alum shifts the immune responses to a TH2 

response that is characterised by enhanced antibody responses [189, 344, 345]. The 

underlying cause of the lack of neutralising antibody responses in mice treated with g-NDV 

has not been elucidated. Nonetheless, while g-NDV may not be a suitable poultry vaccine, 

it does open an avenue for the use of g-NDV as an oncolytic virotherapy.  

 

Despite major advances in cancer treatment, the prognosis of some cancers has not 

improved in recent years. The use of virotherapy to target cancers is a promising area of 

research, however there are health and biosecurity risks associated with using pathogenic 

viruses in humans. Virotherapies are further limited by viral clearance through neutralising 

antibody responses. The use of virulent NDV as an oncolytic therapy has been halted due 

to associated outbreak risks in domestic poultry [337]. Alternative NDV therapies have 

involved using attenuated strains [346], although non-lytic strains are less effective against 

cancer cells [347]. g-NDV represents a unique approach where inactivated virus can be 

used as a virotherapy. Table 4.2 and Figure 4.1 shows that g-NDV is completely sterile 

and does not recover viability after multiple passages, meaning it could be safety 

administered in humans without an outbreak risk. 
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The killing of cancer cells in vitro showed direct oncolysis induced by g-NDV. In 

mammalian cells, NDV is a potent activator of innate signalling, which can lead to the 

activation of both intrinsic and extrinsic apoptotic pathways. Pro-apoptotic signalling 

molecules induced in cancer cells by live NDV include IFNa [254], TRAIL [255], TNFa 

[256], and IFNb [257]. HN binding to sialic acid on host cells appears to be important for 

oncolysis as a loss of sialic acids on the cell surface can impair oncolytic activity [348]. 

Furthermore, neuraminidase inhibitors can block the activation of NK cells, indicating that 

the cleavage of sialic acids is also important for oncolytic activity [349].  

 

The ability of g-NDV to bind to cellular receptors (Figure 4.2A) and cleave sialic acids 

(Figure 4.2B) supports the oncolytic potential of g-NDV. Similarly, studies have shown 

that surface antigens HN and F when expressed on the surface of tumour cells [259, 349-

351] or CEF DF1 cells [351] will lead to cell death. This is abrogated by HN-specific 

neutralising antibodies, but not F protein neutralising antibodies [350]. Although, 

interestingly, an NDV strain with a more widely activated F protein was more effective at 

inducing syncytia and lysing cancer cells [352] and so the F protein does indeed contribute 

to oncolysis. Syncytia formation (Figure 4.11) by g-NDV demonstrates efficacy of both 

HN and F proteins and syncytia contribute to cell death and immune stimulation [353, 354]. 

Membrane-bound HN appears to be important for HN-induced oncolysis, however limited 

oncolysis is still observed with cytoplasmic and secreted HN [258]. M protein alone has 

also been shown to be oncolytic [260]. M protein has a BH3 domain that shares homology 

with Bcl2 proteins. This enables the M protein to interact with Bax and activate the intrinsic 

pathway of apoptosis [260]. However, Bax-knockout cells are still apoptosed by NDV 

[355].  

 

The importance of HN is further accentuated by the upregulation of sialic acids in some 

cancers (reviewed in [261]), allowing a mechanism for NDV to specifically target cancer 

cells. Furthermore, enhanced sialic acids on cancer cells has been identified as a cause of 

chemotherapy resistance, specifically cis-platin resistance [356] and suggests that NDV 

could specifically target resistant cancer cells. Indeed, live NDV is an effective treatment 

in cis-platin resistant A549 cells [351, 357], and we have demonstrated here that g-NDV is 

also effective in the same A549 cell line (Table 4.3). The susceptibility of chemotherapy 

resistant cells to NDV could be utilised to develop combination therapies wherein NDV is 
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co-administered with cis-platin. Overall, the ability of different individual proteins to 

induce oncolysis suggests a multi-faceted mechanism of oncolysis.  

 

Indirect mechanisms of oncolysis may play a further role in oncolysis via the activation 

and recruitment of immune cells to tumour sites. Oncolytic NDV has an immune 

stimulatory effect and is able to recruit cells to the tumour microenvironment. Whilst the 

direct killing of B16 cells by g-NDV is not as effective as live NDV in vitro (Figure 4.9), 

my data illustrated a similar behaviour of both treatments when directly compared in an 

animal model (Figure 4.11). Importantly, I observed a higher proportion of lymphocytes 

in NDV-treated tumours, and a trend towards infiltration of lymphocytes into g-NDV-

treated tumours (Figure 4.12). The presence of tumour-infiltrating lymphocytes (TILs) is 

associated with enhanced cancer prognosis in patients [358, 359]. I also analysed NK and 

T cells. Both cell types have previously shown to be important in NDV oncolytic 

virotherapy [360-362], and depletion of NK cells and T cells abrogates oncolysis in an HSV 

intracranial metastatic melanoma model [363]. There was a trend towards increased T cells 

(Figure 4.13) and NK cells (Figure 4.14) in the tumour after treatment with g-NDV, 

however this data was not significant. Interestingly, I detected significantly higher TH cells 

in tumours treated with live NDV and g-NDV (Figure 4.13). CD4+ T cells may be 

important for establishing a memory response against tumour reoccurrence [364].  

 

Interestingly, I detected neutralising antibody responses against NDV in mice with tumours 

that had been treated with live and g-NDV (Figure 4.14), despite consistently not detecting 

neutralising responses in previous assays (Figures 4.3, 4.7 & 4.8). The NDV tumour 

experiments utilised the B16 melanoma model, which requires C57BL/6 mice [365]. It is 

important to note that I used BALB/c mice as a pre-clinical model for developing an NDV 

vaccine because NDV is able to cause clinical infection in BALB/c mice [205]. Previous 

studies have demonstrated a difference in antibody kinetics between BALB/c and B6 mice 

[366-368]. Indeed, this could be the underlying factor for the observed differences in 

neutralising antibody responses and this will be further elucidated in future studies. The 

difference in neutralising antibody responses may also be caused by inflammatory 

responses within the tumour microenvironment. Regardless, both treatments were 

successful in treating B16 tumours and g-NDV may indeed be a good vaccine candidate 

when tested in chickens, a more suitable animal model. 
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Despite using V4, a lentogenic strain, there was effective oncolysis with both live and 

irradiated NDV, with g-NDV outperforming live NDV in a B16 tumour model. This proof-

of-concept can also be applied to highly virulent strains that are expected to elicit stronger 

immune responses but cannot be used due to current biosecurity regulations. Importantly, 

this study demonstrates that NDV does not need to replicate to induce an oncolytic effect. 

In fact, Zamarin et al [262] found reduced growth in secondary tumours after treatment of 

the primary tumour with NDV, even though no viral RNA was detected in the secondary 

tumour site. 
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4.5 FIGURES  
 

 

 

 

 

 

 

 

 

Table 4.2. Sterility testing of g-NDV in embryonated chicken eggs. 10-day-old 

embryonated chicken eggs were inoculated with live NDV, g-NDV or PBS then incubated 

for 48 hours at 37°C. Allantoic fluid was then harvested and used to infect fresh 10-day-

old eggs (Passage 2). This was repeated for a 3rd Passage. Harvested allantoic fluid was 

then tested for NDV infection by haemagglutination assay (“+” indicates allantoic fluid 

could haemagglutinate RBCs and “-” indicates no haemagglutination). 5 eggs were infected 

per group per passage. 

 Passage 1 Passage 2 Passage 3 

Live NDV +++++ +++++ +++++ 

g-NDV ----- ----- ----- 

PBS ----- ----- ----- 
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Figure 4.1. Sterility testing of g-NDV in Vero cells. Live and g-NDV were activated with 

1µg/mL trypsin at 37°C for 1 hour. Vero cell monolayers were then treated with the 

preparations at MOI of 40 and incubated for 24 hours. As a control, monolayers were also 

treated with allantoic fluid from uninfected 12-days old embryonated eggs. Supernatant 

was collected and used to infect fresh Vero cell monolayers and incubated for a further 24 

hours. This was then repeated for a third passage, and cells were then fixed and stained 

with DAPI to visualise cell nuclei and treated with chicken anti-NDV and anti-chicken IgY 

FITC-conjugated antibodies to visualise NDV-infected cells. Infection levels of Passage 3 

are shown here. Images are representative of 3 wells per sample, and 2 independent 

experiments.  
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Figure 4.2. Structure of NDV is maintained after g-irradiation. NDV was inactivated 

by exposure to 50 kGy of g-radiation and the (A) neuraminidase activity, (B) 

haemagglutinin activity and (C) whole virion structure were analysed. Haemagglutinin 

activity was measured by the ability of the virus to agglutinate RBCs. Neuraminidase 

activity was measured by cleavage of 4-MUNANA into the fluorescent substrate 4-MU. 

The relative fluorescent intensity was then measured for each sample. Live NDV was used 

as a positive control. For whole virion structure, g-NDV was imaged using a transmission 

electron microscope. Red arrows indicate NDV virions and black arrow indicates area 

enlarged for the second panel. Quantitative data is expressed as mean ± SEM (n = 3, 

collated from 2 independent experiments). Data was analysed by one-way ANOVA (* p < 

0.05).  
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Figure 4.3. g-NDV does not induce neutralising antibody responses. 6-8-week old 

BALB/c mice were immunised intramuscularly with two doses of g-NDV three weeks apart 

or were unvaccinated as controls and serum samples were collected 20 days after each 

vaccination. (A) NDV-specific IgG responses were determined by direct ELISA. (B) 

Neutralising antibody responses were determined by focus forming inhibition assay. Live 

virus was pre-treated with pooled immune serum from 5 mice, then added to monolayers 

of Vero cells at an MOI of 0.1 and allowed to attach for 2 hours. Cells were then washed 

and incubated with a fresh media for a further 22 hours. Cells were fixed and stained with 

a chicken anti-NDV antibody and a FITC-conjugated anti-chicken IgY secondary antibody. 

A fluorescence microscope was used to quantify FITC-fluorescence (representative of 

NDV infection) relative to DAPI-fluorescence (cell nuclei). (C) Representative images 

were also taken of each sample at a 1:10 serum dilution (representative of 3 wells tested 

per serum group). Quantitative data was presented as mean ± SEM and analysed by one-

way ANOVA (** p < 0.01). 
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Figure 4.4. g-Flu provides adjuvant activity to keyhole limpet hemocyanin. BALB/c 

mice were immunised intramuscularly (i.m), intranasally (i.n) or subcutaneously (s.c) with 

50µg KLH/mouse with or without g-Flu (1 ́  106 TCID50-equivalent/mouse). Mice received 

2 doses at 3 weeks intervals and serum samples were collected (A) 20 days post 1st 

vaccination or (B) 2nd vaccination. KLH-specific IgG titres were measured by ELISA and 

fold-increase relative to naïve serum was used as IgG titres. Data is presented as mean ± 

SEM (n = 5) and was analysed by one-way ANOVA (* p < 0.05, ** p < 0.01, **** p < 

0.0001, ns = not significant).  
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Figure 4.5. Co-administration of g-Flu and g-NDV does not enhance immune 

responses. (A) BALB/c mice were vaccinated intramuscularly with g-NDV with or without 

g-Flu. Three weeks later serum samples were collected, and NDV-specific IgG responses 

were measured by direct ELISA. (B) Serum samples were collected 24-hours after 

intravenous (i.v) or intramuscular (i.m) administration of g-Flu, g-Flu + g-NDV (g + g), g-

NDV, or live NDV (Live). IFNa responses to vaccine preparations were determined by 

Sandwich ELISA. Data is presented as mean ± SEM (n = 5) and was analysed by one-way 

ANOVA (ns = not significant, * p < 0.05).  
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Figure 4.6. The effect of different adjuvants on IgG responses to g-NDV. BALB/c mice 

were vaccinated twice 2 weeks apart with g-NDV alone or g-NDV mixed with different 

adjuvants; g-Flu, incomplete Freund’s adjuvant (IFA), aluminium hydroxide (Alum) or 

poly(I:C) (P(I:C)). Serum samples harvested (A) 2 weeks after the 1st vaccination and (B) 

the 2nd vaccination were tested for NDV-specific IgG responses using direct ELISA. Data 

is presented as mean ± SEM (n = 5, compiled from two independent experiments) and was 

analysed by one-way ANOVA and adjuvanted IgG responses were compared to IgG 

responses generated by g-NDV alone (** p < 0.01).  
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Figure 4.7. g-NDV does not induce neutralising antibody responses despite the use of 

adjuvants.  BALB/c mice were vaccinated twice intramuscularly with g-NDV ± adjuvants. 

Two weeks after the second immunisation serum was harvested. Live NDV was pre-treated 

with serum samples in triplicate then added to confluent monolayers of Vero cells. Virus 

was allowed 2 hours to attach then plates were washed, fresh media was given, and plates 

were incubated for a further 22 hours. Cells were fixed then stained and visualised using 

DAPI-fluorescence (cell nuclei) and FITC-fluorescence (NDV infection). (A) Images of 

each well were taken at a 1:10 serum dilution. (B) FITC-fluorescence relative to DAPI-

fluorescence was quantified. Data is presented as mean ± SEM and was analysed by one-

way ANOVA. There is no significant neutralisation when comparing live virus only or 

naïve serum to any of the serum groups from vaccinated mice. 
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Figure 4.8. Neutralising antibody responses after repeated immunisations with g-

NDV. BALB/c mice were immunised intramuscularly 2 times with g-NDV or 

intravenously up to 4 times with live or g-NDV. (A) NDV-specific IgG responses were 

measured by direct ELISA. (B) % neutralisation of live NDV by serum from mice 

immunised 4 times i.v with live or g-NDV was measured by comparing FITC-fluorescence 

in naïve sera-treated samples versus immune sera-treated samples. (C) Representative 

images of a reduction in foci after virus treatment with sera (at a 1:10 dilution) from i.v 

immunised mice (after vaccination with 1 or 4 doses of live or g-NDV, as indicated in each 

panel). Data is presented as mean ± SEM (n = 4) and was analysed by one-way ANOVA 

(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 4.9. Cytotoxicity of live and g-NDV in mouse and human cancers. Cell 

monolayers were established and treated with live or g-NDV (MOI = 20). MTT staining 

was used to measure cell death in (A) mouse melanoma B16 cells, (B) mouse breast cancer 

4T1.2 cells, (C) human prostate cancer PC3 cells, and (D) human muscle cancer RD cells. 

Absorbance was measured at 562nm and cytotoxicity was measured using the formula [100 

– (absorbance treated cells/absorbance untreated cells)]. Cytotoxicity was presented as 

mean ± SEM (n = 3).  
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Table 4.3. Cytotoxicity of g-NDV in different cancer cell lines. Cells were treated with 

g-NDV or untreated (control). MTT assay was performed 48 hours later and used to 

calculate cytotoxicity.  

Cell line Description Cytotoxicity at 48 hours (%) 

C32 Human melanoma 28.9 ± 2.00 

MDA Human breast cancer 44.0 ± 2.51 

PC3 Human prostate cancer 50.8 ± 1.85 

RD Human muscle cancer 41.1 ± 4.89 

A549 Human lung cancer 22.1 ± 7.43 

HL-60 Human leukaemia 41.8 ± 6.49 

B16 Mouse melanoma 49.9 ± 8.29 

4T1.2 Mouse breast cancer 29.7 ± 5.45 

EL-4 Mouse T cell lymphoma 65.8 ± 0.45 

L1210 Mouse B cell leukaemia 33.1 ± 3.02 

P815 Mouse mastocytoma 9.43 ± 3.56 
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Figure 4.10. Syncytia formation is induced by g-NDV. Vero, B16 and 4T1.2 cell 

monolayers were treated with live or g-NDV, or untreated as controls. Cells were incubated 

for 24 hours then fixed with methanol and stained with Giemsa to visualise multi-nucleated 

cells. Syncytia are indicated by red arrows and evident in B16 cells and 4T1.2 cells treated 

with live NDV and g-NDV, but not Vero cells.  
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Figure 4.11. Treatment of B16 tumours with g-NDV. B16.F10 cells were injected 

subcutaneously into C57BL/6Jmice. Tumours were treated with live NDV, g-NDV or PBS 

on days 10, 13, 16 and 19 (indicated by ̂ ). (A) Tumours became palpable at day 8 and were 

measured every 2nd day with callipers. Mice were humanely euthanised when tumour size 

reached 100mm2. (B) Overall survival was plotted and (C) survival time in days was 

measured. Surviving mice were euthanised at day 28 post-tumour induction. Data is 

presented as mean ± SEM (n = 7-8). For (A) and (C) data was analysed by one-way 

ANOVA comparing all groups. For survival analysis a Mantel-Cox test was used (* p < 

0.05, ** p < 0.01, *** p < 0.001). 
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Figure 4.12. Lymphocyte responses following treatment with oncolytic NDV. B16 

tumours were induced by subcutaneous injection into C57BL/6J mice. The, mice were 

treated intratumorally with live NDV, g-NDV or PBS (control) at days 10, 13 and 16 post-

tumour induction.  (A, B) Tumours, (C) draining lymph node and (D) spleens were 

harvested at day 20 and lymphocytes (CD45+) were quantified using flow cytometry. Data 

is presented as mean ± SEM (n = 7) and was analysed by one-way ANOVA (** p < 0.01). 
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Figure 4.13. T cell responses following treatment with oncolytic NDV. B16 tumours 

were induced by subcutaneous injection of B16 cells into C57BL/6J mice. Then, mice were 

treated intratumorally with live NDV, g-NDV or PBS (control) at days 10, 13 and 16 post-

tumour induction. Tumours, draining lymph node and spleens were harvested at day 20 and 

T cells (CD45+ CD3+), T helper cells (CD45+ CD3+ CD4+) and cytotoxic T cells (CD45+ 

CD3+ CD8+) were quantified using flow cytometry. Data is presented as mean ± SEM (n = 

7) and was analysed by one-way ANOVA (* p < 0.05, ** p < 0.01, **** p < 0.0001). 
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Figure 4.14. NK cell responses following treatment with oncolytic g-NDV. B16 tumours 

were induced by subcutaneous injection of B16 cells into C57BL/6J mice. Then, mice were 

treated intratumorally with live NDV, g-NDV or PBS (control) at days 10, 13 and 16 post-

tumour induction. Tumours, draining lymph node and spleens were harvested at day 20 and 

NK cells (CD45+ NK1.1+) cells were quantified using flow cytometry. Data is presented as 

mean ± SEM (n = 7) and was analysed by one-way ANOVA (not significant). 
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Figure 4.15. Neutralising antibody responses in C57BL/6 mice induced by 

intratumoral treatment with g-NDV. B16 tumours were induced by subcutaneous 

injection of B16 cells into C57BL/6J mice. Then, mice were treated intratumorally with 

live NDV, g-NDV or PBS (control) at days 10, 13 and 16 post-tumour induction and at day 

20 serum was collected. To measure neutralisation, live NDV was treated with dilutions of 

pooled serum from mice treated with live NDV, g-NDV or PBS. Virus + serum was then 

added to (A) Vero cells or (B) B16 cells at an MOI of 0.1. Plates were washed 2 hours later 

to remove unattached virus then plates were incubated for a further 22 hours, stained with 

DAPI (cell nucleus) and FITC (NDV infection) then visualised using a Nikon TiE inverted 

fluorescence microscope. FITC relative to DAPI was quantified as a measure of 

neutralisation. Quantitative data was analysed by one-way ANOVA (* p < 0.05, *** p < 

0.001, **** p < 0.0001, ns = not significant). 
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5. FINAL DISCUSSION 
 

5.1 Final Discussion 

This project investigated concepts and applications related to using g-radiation to sterilise 

pathogens for research purposes and for the development of clinically relevant vaccines. 

Findings in this thesis provide recommendations for calculating sterilising doses that are 

expected to be widely applicable to different pathogens irradiated under different 

conditions. Furthermore, I have investigated the influence of irradiation conditions on 

vaccine efficacy when irradiating to the sterilising dose. These novel findings can facilitate 

the production of more effective vaccines in future. This thesis also provides the 

foundations for a g-irradiated oncolytic virotherapy, a novel application of g-radiation.  

 

As the applications for g-radiation grows, so too must the standards for meeting sterilisation 

requirements. Calculating sterilising doses correctly is imperative to delivering g-irradiated 

products safely. Current recommendations for calculating sterilising doses were written for 

sterilising medical equipment or pharmaceuticals where bioburden is typically low. This 

thesis highlights an important gap in current standards related to the use of g-radiation to 

inactivate viruses for both vaccine and biomedical analysis and I propose a new formula 

and method for calculating sterilising doses. This formula can be applied to pathogens 

displaying multiple-hit and single-hit kinetics, whereas previous methods could only 

account for single-hit kinetics. Importantly, multiple-hit kinetics is observed where 

pathogens may be more radioresistant. For example, inactivation curves for B. anthracis 

demonstrate a shoulder of resistance [369]. Although the authors noted this shoulder, it was 

ignored for the purpose of calculating sterilising doses. This could lead to the 

miscalculation of sterilising doses, particularly when we see a large shoulder such as that 

observed for rotavirus (Figure 2.4). This new formula is easy to apply to any pathogen, 

regardless of genome structure, titre and irradiation conditions. Furthermore, this formula 

is highly applicable to the further development of g-irradiated vaccines, and to other g-

irradiated products such as irradiation of pathogens that pose a biosecurity concern for 

research purposes. 

 

In this thesis, I demonstrate that pathogens are most susceptible to g-radiation at higher 

temperatures. Importantly, calculated sterilising doses are considerably lower for viruses 
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irradiated at room temperature and on ice water compared to irradiation on dry ice. Previous 

studies have demonstrated that structural damage caused by irradiation is increased when 

the irradiation process was conducted at higher temperatures [11, 24, 183], however these 

studies compared irradiated samples exposed to the same dose of radiation. Considering 

the widely accepted concept of Sterility Assurance Level and the impact of irradiation 

conditions on inactivation curves, data presented in Chapter 3 represents the first study to 

compare structural integrity and immunogenicity of materials inactivated by exposure to 

sterilising doses that have been estimated based on variation in irradiation conditions. 

Using influenza A virus as an experimental model, I surprisingly found better-maintained 

structural integrity and an enhanced immunogenicity of g-Flu preparations that had been 

irradiated at warmer temperatures compared to those irradiated on dry ice. This is 

contradictory to the previously accepted understanding of g-irradiated vaccines and opens 

an avenue for using high temperature/low dose irradiation conditions, which would be 

faster and cheaper to scale up for the clinical development of irradiated vaccines. These 

data highlight the importance of considering the sterilising dose for the applied irradiation 

conditions in order to minimise oxidative damage. Importantly, any changes to external 

factors may influence the sterilising dose and may shift oxidative damage, and so sterilising 

doses must be calculated for each pathogen for specified irradiation conditions to avoid 

inadvertently releasing pathogens that have escaped sterility. 

 

The concepts identified in this thesis were applied to the development of an inactivated 

vaccine candidate for NDV to overcome the limitation of existing live and chemically 

inactivated vaccines. NDV is an important avian pathogen that is associated with large 

livestock losses and a great economic burden globally. We expected g-radiation to produce 

a highly effective vaccine, as previous studies have demonstrated g-irradiation to be a 

superior inactivation method compared to other methods [65, 66]. g-NDV had high levels 

of protein function and structural integrity and generated high IgG responses. However, 

various mouse vaccination experiments conducted using BALB/c mice indicated that g-

NDV does not induce neutralising responses. Neutralising antibody responses are critical 

to vaccine-induced immunity [237] and consequently g-NDV may not be a suitable vaccine 

candidate. It is important to note that experiments performed in Chapter 3 and Chapter 4 

were carried out concurrently, and dry ice irradiation was used for the development of g-

NDV as it was expected to elicit the strongest immune responses based on previous studies 
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that investigated the immunogenicity of other g-irradiated vaccines. Based on results from 

Chapter 3, g-NDV could be irradiated at a lower dose and higher temperature to improve 

immunogenicity. 

 

Interestingly, when collecting serum from C57BL/6J mice with B16 tumours treated with 

live NDV and g-NDV, I did detect NDV-specific neutralising antibody responses. The 

reason for the observed difference between C57BL/6J and BALB/c mice has not been 

elucidated in this thesis. However, immune responses in C57BL/6 and BALB/c mice are 

geared towards TH1 or TH2 responses, respectively [370, 371], and antibody kinetics differs 

between the two mouse strains [366-368]. Importantly, the difference in neutralising 

responses may be due to the animal model used. Furthermore, C57BL/6 mice were used in 

the context of a melanoma model. It is expected that B16 melanoma cells express a high 

concentration of sialic acid receptors that g-NDV can utilise to be internalised to enhance 

immune responses. These same receptors may not be available in a non-tumour model. 

Additionally, in the B16 tumour model mice were given repeated high-dose g-NDV 

treatments in quick succession. This overload of antigen could also explain the induction 

of neutralising antibody responses in C57BL/6 mice. Based on the differences in 

neutralising antibody responses observed between C57BL/6 mice and BALB/c mice, it is 

possible that g-NDV is still a suitable vaccine candidate that requires further testing in a 

chicken model.  

 

This research has developed a novel application by using g-radiation to develop g-irradiated 

virotherapies. Oncolytic virotherapies is a growing area of research and many clinical trials 

are on-going to assess efficacy. Furthermore, the first oncolytic virotherapy, TVEC, was 

approved for use in humans in 2015. Most oncolytic virotherapies are genetically modified 

to restrict specificity to cancer cells and to reduce infectivity. With g-irradiation, these 

modifications may not be necessary. Data in this thesis demonstrate that g-NDV retains 

specificity for cancer cells and may actually promote faster tumour regression than live 

NDV. In addition, a major limitation for the clinical use of virulent NDV as a virotherapy 

is the biosecurity risk that may lead to a disease outbreak in poultry but using g-irradiated 

NDV negates this risk.  
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There have been several reported instances of severe reactions and death in clinical trials 

using viral gene therapies. Most gene-therapy clinical trials are targeted to cancer treatment 

[372]. In a clinical trial in 1998 to treat an ornithine transcarbamylase (OTC) deficiency, 

an adenovirus vector was designed to deliver OTC directly to the liver, the organ where 

OTC functions. Shortly after adenovirus administration, an 18-year-old trial participant 

suffered a severe adverse reaction and ultimately died from multiple organ failure attributed 

to the adenovirus treatment [373]. The reason for such a severe reaction to an adenovirus 

vector is largely unknown [374]. The first successful gene therapy clinical trial was 

completed in 2000, where a retroviral vector was used to treat severe combined 

immunodeficiency disease (SCID) [375]. However, this treatment was associated with at 

least 2 incidences of lymphoproliferative disease resulting in a leukaemia-like disorder due 

to the random integration of the gene into the patients DNA [376].   

 

While g-irradiation is unlikely to be useful when applied to viral gene therapies, as the virus 

must be able to produce the protein of interest, this could instead be applied to g-irradiated 

bacteria. Bacteria have considerably larger genomes and so are sterilised at low radiation 

doses (e.g. S. pneumoniae has a DSSAL of 17.4 kGy, Chapter 2). However, it is expected 

that individual genes are less damaged by g-irradiation. Our group has previously 

demonstrated that g-radiation inactivated S. pneumoniae can still produce RNA from 

inducible genes (Laan et al, currently unpublished). Bacteria can be used to target tumours 

in two ways; firstly, bacteria can induce tumour regression and secondly bacteria can 

deliver genes to mammalian cells within the tumours, a process known as ‘bactofection’. 

Oncolytic bacteria include Streptococcus [377], Salmonella [378] and Clostridium species. 

Interestingly, heat-killed Streptococcus spp. are able to cause tumour regression [377]. In 

Bactofection delivery systems, the gene of interest is contained on a plasmid to be delivered 

to host cells. A range of genes has been successfully utilised in clinical and pre-clinical 

modelling (reviewed in [379]). Importantly, plasmid DNA is still transformable, albeit with 

reduced efficacy, using doses of up to 20 kGy [380], a dose that would inactivate most 

bacterial species. Given the pathogenicity of bacteria used in gene therapy and the ability 

for g-irradiated bacteria to produce RNA despite genome damage, g-irradiated bacteria gene 

delivery systems could be an avenue worth pursuing. 
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5.2 Future Directions 

An area that warrants further investigation is to better characterise the antibody responses 

to g-NDV. My data consistently demonstrates a lack of neutralising antibody responses in 

a BALB/c model, irrespective of administration route, adjuvants used or booster 

immunisations. However, in the context of a cancer model in C57BL/6 mice there were 

neutralising antibody responses. There may be species, or even strain, specificity for 

inducing neutralising antibody responses to NDV. Indeed, there has been observed 

differences in antibody kinetics between BALB/c and C57BL/6 mice in the literature [366-

368].  Additionally, there are many instances of different susceptibilities to disease between 

mouse strains [381]. Future studies should examine whether the difference in antibody 

responses are caused by (1) different animal models, (2) administering multiple high 

antigen doses in quick succession or (3) the pro-inflammatory environment within the 

tumour. It is also important to identify antibody-binding sites in neutralising and non-

neutralising populations using epitope mapping. These findings could improve current 

NDV vaccines and could be used to increase virotherapy efficacy. Importantly, future 

studies will include conventional methods of preparing killed vaccines such as formalin or 

b-propiolactone. These studies will identify whether the reduced neutralising responses 

were inherent to inactivation by g-radiation. 

 

An interesting finding in this thesis was the ability of g-NDV to specifically target and kill 

cancer cells. Due to biosecurity restrictions, all work in this thesis was completed using V4, 

a lentogenic live-attenuated vaccine strain. However, more virulent strains are more 

effective at targeting cancer cells [347]. Future research should focus on testing g-irradiated 

mesogenic and velogenic strains. More virulent strains are able to induce stronger cytokines 

responses [229] and thus could induce enhanced oncolysis. Velogenic strains have more 

polybasic amino acids at the cleavage site, which means that it is cleaved by a wider range 

of proteases and so is more active to induce entry into host cells. However, other NDV 

proteins are also associated with virulence. Virulent NDV is able to shift macrophage 

polarisation from M2 to M1, whereas lentogenic NDV does not [382]. HN is also related 

to virulence and HN strains from velogenic NDV have enhanced haemagglutinin and 

neuraminidase activity [383]. Overall, we expect developing g-NDV using a velogenic 

strain to have enhanced oncolytic effects.  
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In this research project, I tested 11 different human and murine cancer cells in vitro, and 

selected B16, a mouse melanoma model for further in vivo testing. Our in vitro testing 

demonstrated that g-NDV was effective in many different types of cancer including breast 

cancer, prostate cancer and leukaemia (Table 4.3). Further studies could demonstrate the 

efficacy of g-NDV in treating these tumour models in mice. In addition, it is important to 

test g-NDV efficacy in a human xenograft model as part of pre-clinical testing. Human cell 

lines can be transplanted into Nod scid gamma (NSG) mice. NSG mice are the most 

severely immunocompromised mouse model to date and lack lymphocytes and NK cells 

[384]. This makes NSG mice a good animal model for human xenografts [385]. 

Interestingly, as NSG mice lack important components of both innate and adaptive 

immunity, the indirect mechanisms of oncolysis will be excluded (i.e. recruitment of the 

immune system). Therefore, in addition to providing valuable pre-clinical testing of human 

cancers, this model will also shine further light on the mechanism of action of g-NDV. The 

ability of g-NDV to kill cancer cells in vitro demonstrates that direct mechanisms of 

oncolysis are occurring. Importantly, current pre-clinical testing of live NDV on human 

xenografts cannot be completed due to the ability of live virus to replicate unchecked in the 

immunocompromised mice. 

 

An important area of cancer treatments is combination therapy. Treatments must 

differentiate between cancerous and non-cancerous cells. Traditional treatments, such as 

chemotherapy, target rapidly replicating cells. However, the proportion of dividing cells 

within the tumour is relatively low. Human tumours are also highly heterogeneous and so 

within any given population of tumour cells there will be proportions resistant to different 

treatments. To overcome tumour heterogeneity, a combination of different treatments is 

recommended. Of interest, the development of immune checkpoint inhibitors, particularly 

against CTLA-4 and PD-1, has improved mean survival times and immune responses to 

tumours [386-388]. CTLA-4 efficacy is enhanced when combined with oncolytic NDV 

treatment [262]. Another area of interest is atypical chemokine receptor 4 (ACKR4). 

ACKR4 down-regulates CCR7, an important chemokine receptor involved in the migration 

of tumour antigen-presenting DCs to draining lymph nodes and the subsequent priming of 

tumour-specific cytotoxic T cells [389]. Up-regulation of CCR7 is related to increased 

infiltration of lymphocytes into the tumour and overall survival [389, 390]. Recent research 

at the University of Adelaide has demonstrated that in tumour models in ACKR4-deficicent 
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mice, there is an increase in tumour-infiltrating cytotoxic T cells and reduced tumour 

growth [391]. Treatment with antibodies against CTLA-4 and PD-1 are also enhanced in 

ACKR4-deficient mice [391]. Further research with g-NDV could test the possibility of a 

combination with other cancer therapies including those targeting CTLA-4, PD-1 and 

ACKR4. 

 

5.3. Conclusions 

Overall, the work in this thesis has highlighted a critical gap in the methodology used to 

calculate sterilising doses, and I have proposed a new widely applicable formula to be used 

in the future. In this research project, I hypothesised that g-radiation conditions could be 

optimised to develop highly effective vaccines. Indeed, I was able to modify irradiation 

temperature and dose to enhance immunogenicity of g-Flu vaccines. However, the findings 

in this thesis did not support my hypothesis that highly immunogenic NDV vaccines could 

be generated using g-radiation and further studies need to be performed in chickens to 

demonstrate efficacy.  

 

I hypothesised that g-irradiated NDV could be used as a novel oncolytic virotherapy. 

Importantly, structural integrity and protein function was well maintained and sterility was 

achieved. Data in this thesis demonstrates the ability for g-NDV to specifically lyse a range 

of cancer cells in vitro. Furthermore, g-NDV was able to effectively treat melanoma in 

mouse models. This important finding could be applied to enhance safety and efficacy of 

current cancer treatments. 
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Flow cytometry gating strategy 

 

 
Supplementary Figure 1. Gating strategy for flow cytometry. Cells were first gated 

based on size and singularity, followed by exclusion of dead cells. Lymphocytes were 

identified based on expression of CD45 (BUV395) and expected lymphocyte size. 

Lymphocytes were then gated on NK1.1 (PE) to identify NK cells on CD3 (BV805) to 

identify T cells. T cells were then gated further on CD8 (APC) and CD4 (BUV496). The 

same gating strategy was applied to tumours, spleens and draining lymph nodes. 
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ABSTRACT
In recent years there has been increasing advocacy for highly immunogenic gamma-irradiated vaccines, several of
which are currently in clinical or pre-clinical trials. Importantly, various methods of mathematical modelling and
sterility testing are employed to ensure sterility. However, these methods are designed for materials with a low
bioburden, such as food and pharmaceuticals. Consequently, current methods may not be reliable or applicable to
estimate the irradiation dose required to sterilize microbiological preparations for vaccine purposes, where bioburden
is deliberately high. In this study we investigated the applicability of current methods to calculate the sterilizing
doses for di"erent microbes. We generated inactivation curves that demonstrate single-hit and multiple-hit kinetics
under di"erent irradiation temperatures for high-titre preparations of pathogens with di"erent genomic structures.
Our data demonstrate that inactivation of viruses such as In#uenza A virus, Zika virus, Semliki Forest virus and
Newcastle Disease virus show single-hit kinetics following exposure to gamma-irradiation. In contrast, rotavirus
inactivation shows multiple-hit kinetics and the sterilizing dose could not be calculated using current mathematical
methods. Similarly, Streptococcus pneumoniae demonstrates multiple-hit kinetics. These variations in killing curves
reveal an important gap in current mathematical formulae to determine sterility assurance levels. Here we propose a
simple method to calculate the irradiation dose required for a single log10 reduction in bioburden (D10) value and
sterilizing doses, incorporating both single- and multiple-hit kinetics, and taking into account the possible existence
of a resistance shoulder for some pathogens following exposure to gamma-irradiation.

Keywords: gamma-irradiation; inactivation curve; sterilizing dose; sterility assurance level

INTRODUCTION
Gamma (γ ) radiation is widely used to sterilize materials in a
variety of settings. It is used in the food [1], pharmaceutical [2] and
medical industries [3, 4] due to the ability of γ -radiation to inactivate
pathogens through nucleic acid damage, whilst leaving proteins and
other structures largely intact. Consequently, γ -radiation has also been

proposed as an inactivation method to generate highly immunogenic
vaccines [5]. Several groups have demonstrated the superiority of
γ -radiation to traditional methods of vaccine inactivation, including
formalin and β-propiolactone [6, 7]. In addition, previous publications
illustrated the development of highly immunogenic γ -irradiated
vaccines against in#uenza A virus (IAV) [5, 7–9] and Streptococcus
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pneumoniae [10, 11]. Furthermore, γ -irradiated vaccines against
human immunode!ciency virus (HIV) [12], and malaria [13, 14]
are currently in clinical trials.

In order to ensure vaccine safety and immunogenicity, estimating
the sterilizing dose (DS) under di"erent irradiation conditions must
be carefully considered. The radiosensitivity of a pathogen can be
in#uenced by multiple factors including genome structure [15, 16],
irradiation temperature [17–19], water [20] and oxygen levels [21,
22], and the presence of free-radical scavengers [23]. Importantly,
resistance to γ -radiation is inversely related to genome size [15], as
the chances of a single γ -ray interacting with the genome of a given
pathogen is increased if the genome is larger. Accordingly, the DSs
required for bacterial species are usually lower than those required for
viruses [24]. In addition, it is hypothesized that viruses with more com-
plex genomes are more radioresistant compared to viruses with simple
genome structures, as a virus with a double stranded or segmented
genome may require inactivation of multiple strands or segments to
prevent non-damaged segments from re-assorting in a host cell. Impor-
tantly, current standard-operating procedures related to sterilization
of pathogens were developed to deal with low levels of bioburden or
contamination [25–27], and a dose of 50 kGy is routinely used for
sterilizing pathogens that pose a biosecurity risk [28]. In this study, we
investigated the e"ect of irradiation conditions on the irradiation dose
required to sterilize highly concentrated or radioresistant pathogens,
and assessed the validity of considering 50 kGy to be a widely appli-
cable DS.

In general, DS is calculated based on the concept of a sterility assur-
ance level (SAL). For irradiated materials, the SAL is a given probability
that any single pathogen within a sample may escape inactivation fol-
lowing an exposure to γ -irradiation. The International Atomic Energy
Agency (IAEA) recommends a SAL of 10−6 for products intended to
come into contact with compromised tissues [25], and so this should
be applied to γ -irradiated vaccines. A SAL of 10−6 means that there
is a one in a million chance of a single infectious particle remaining
following irradiation [28]. Currently, the irradiation dose required to
achieve sterility at the recommended SAL of 10−6 (DSSAL) is calculated
using the formula

DSSAL = n × D10 (1)

where n is the number of log10 reductions in bioburden required
to reach a theoretical SAL of 10−6 and D10 is the irradiation dose
required for a single log10 reduction in bioburden. Equation 1 assumes
a log–linear inactivation curve, which is likely observed for viruses
with simple genome structure that follow one-hit kinetics (Fig. 1A).
Our recent publications, however, have shown non-linear inactivation
curves (Fig. 1B) for rotavirus (RV) [29] and S. pneumoniae [30],
demonstrating multiple-hit kinetics for complicated pathogens. While
a D10 value is usually calculated based on the linear portion of the curve
[22], ignoring the shoulder of resistance could lead to miscalculation
of the irradiation dose required to achieve a SAL of 10−6 (or DSSAL).

In this study we analyse the di"erences in D10 and DSSAL for
pathogens with di"erent genomic structures irradiated at di"erent
temperatures. Our data show both single-hit and multiple-hit inactiva-
tion kinetics and we have formulated a simple method to calculate
the DSSAL. This method will ensure the shoulder of resistance is

accounted for in multiple-hit inactivation models and thus allows for
more accurate calculation of the SAL.

MATERIALS AND METHODS
Cells

Madin–Darby canine kidney (MDCK) and African green monkey kid-
ney (Vero and MA104) cells were maintained in Dulbecco’s Modi!ed
Eagle’s Medium (DMEM) with 10% foetal bovine serum (FBS), 1%
penicillin/streptomycin (P/S) and 1% 2 mM L-glutamine. For MA104
cells, 0.5% 200 mM sodium pyruvate was also added. Cells were main-
tained at 37◦C with 5% CO2 in a humidi!ed environment. Primary
chicken embryo !broblasts (CEF) were prepared from 10-day-old
chicken embryos by removing the head, limbs and viscera. Bodies were
fragmented then pushed through a 70 µm single cell strainer (BD).
Cells were washed three times with phosphate bu"er saline (PBS) by
centrifugation at 1831 × g, then seeded into a 75cm2 tissue culture
#ask in DMEM +10% FBS and 1% P/S and kept at 37◦C with 5%
CO2 in a humidi!ed environment. A$er 24 h, non-adherent cells were
removed by three washes with PBS and fresh medium was added.

Viruses
Handling of all pathogens was carried out in accordance with guide-
lines of the biosafety committee at the University of Adelaide and all
viruses were handled inside a Class II Biosafety Cabinet. In#uenza A
virus (IAV) A/Puerto Rico/8/1934 (A/PR8) H1N1 and Newcastle
disease virus (NDV) V4 strain were grown in the allantoic cavity of
10 day old embryonated chicken eggs (ECE). Viruses were injected
at 1 × 103 50% tissue culture infectious dose (TCID50)/egg in PBS
containing 1% P/S. Eggs were incubated at 37◦C for 48 h then chilled
at 4◦C overnight. Infected allantoic #uid was harvested and clari!ed by
centrifugation at 3256 × g at 4◦C for 10 min, then stored at −80◦C
until required.

Semliki Forest virus (SFV) A7 strain and Zika virus (ZIKV)
MRC766 (Uganda 1947) strain were grown in Vero cells and rotavirus
(RV) Rh452 was grown in MA104 cells. Viruses were propagated in
DMEM + 1% P/S + 1% L-Glutamine RV was additionally activated by
incubation at 37◦C for 1 h with 10 µg/mL TPCK-trypsin (Sigma) prior
to adding to cells. Viruses were all added at an multiplicity of infection
(MOI) of 0.01, and infected #asks were stored at 37◦C for 24–48 h until
a cytopathic e"ect (CPE) of ∼50% of the cell monolayer was observed.
Virus-containing cell culture supernatants were collected and clari!ed
by centrifugation at 3256 × g at 4◦C for 10 min and stored at −80◦C
until required.

IAV and NDV were titrated by TCID50 in MDCK or CEF cells,
respectively, in a 96-well round-bottomed microtitre plate. Virus was
activated with 0.004% trypsin then 10-fold dilutions were added
to con#uent cell monolayers. Plates were incubated for 3 days at
37◦C with 5% CO2. The presence of infectious virus was determined
by agglutination of 50 µL of 0.6% chicken red blood cells (cRBC)
in each well. The 50% infectious dose was determined using the
method described by Reed and Muench [31] and titres were given
as TCID50/mL.

SFV and ZIKV were titrated by plaque forming assay (PFA). Con-
#uent monolayers of Vero cells were infected with serial dilutions of
virus. Adsorption of virus was allowed for 1 h then a 0.9% agar overlay
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Fig. 1. Inactivation kinetics of viruses demonstrating a model of (A) single-hit kinetics or (B) multiple-hit kinetics. Single-hit
kinetics follows log–linear inactivation, whereas multiple-hit kinetics has a shoulder of resistance before damage is accumulated
and log–linear inactivation occurs.

was added and plates were incubated for 3 days (SFV) or 5 days
(ZIKV). Cells were !xed with 5% formalin for 1 h at room temperature
(RT). Overlays were removed and cells were stained with 0.2% crystal
violet. Plaques were enumerated and titre was calculated as plaque-
forming units (PFU)/mL.

RV was titrated by focus-forming assay (FFA) as described previ-
ously [29]. Brie"y, MA104 cells were seeded in 96-well "at-bottomed
microtitre plates at 6.4 × 103 cells/well and plates were incubated
at 37◦C for 3 days until a con"uent monolayer had formed. RV was
activated by 10 µg/mL TPCK-trypsin for 30 min at 37◦C. RV, 10-fold
serially diluted, was added to wells and incubated at 37◦C for 1 h to
allow virus to adhere to cells. Inoculum was removed and replaced
with DMEM + 1% P/S + 1% L-glutamine + 0.5% sodium pyruvate
and plates were incubated for a further 18 h at 37◦C. Cells were then
washed, and !xed and permeabilized using acetone:methanol (1:1
ratio). RV was visualized by primary staining with a polyclonal mouse
anti-RV serum for 1 h at 4◦C followed by Alexa Fluor® 555 goat anti-
mouse IgG (Life Technologies, USA) secondary antibody for 1 h at
4◦C in the dark. Cells were also stained with 1 µg/mL DAPI (Sigma)
for 10 min at RT. RV-positive cells were visualized using a Nikon Eclipse
Ti "uorescent microscope and NIS-Elements AR so#ware. Titre was
calculated as focus-forming units (FFU)/mL.

Streptococcus pneumoniae
Streptococcus pneumoniae strain Rx1, a capsule-de!cient derivative of
D39 containing two additional mutations (!LytA, PdT) that has been
described previously [10], was used. Streptococcus pneumoniae was
inoculated into Todd Hewitt Broth supplemented with 0.5% yeast
extract (THY) medium at a starting OD600 of 0.02 and then grown at
37◦C + 5% CO2 until OD reached 0.65. Bacteria were centrifuged at
4000× g for 10 min at 4◦C then resuspended and washed thrice in PBS.
Bacteria were then resuspended in PBS + 13% glycerol at ∼1010 colony
forming unit (CFU)/mL then frozen at −80◦C until required. Viable
titres were measured by CFU counts on blood agar plates.

Gamma-irradiation
Virus and bacteria stocks were shipped to the Australian Nuclear Sci-
ence and Technology Organisation (ANSTO) whilst frozen on dry

ice. Samples were thawed on ice or at RT, or kept frozen on dry ice
as speci!ed and were exposed to increasing doses (0–50 kGy) of γ -
radiation at di$erent conditions [RT (24–27◦C), cold on ice water (4–
8◦C) or frozen on dry-ice]. Gamma-irradiation was performed using a
60Co source at the ANSTO (NSW). Radiation doses were measured
using calibrated Fricke or ceric cerous dosimeters. Pathogens were
then titrated to measure loss of infectivity at di$erent radiation doses.
Non-irradiated controls were treated with the same conditions (room-
temperature, ice or dry ice) without exposure to γ -radiation. A#er
irradiation all samples were stored at −80◦C until required.

RESULTS
Inactivation curves

Di$erent pathogens were exposed to incremental doses of γ -radiation
and titres at each radiation dose were determined. IAV and NDV
were both grown in 10-day-old ECEs and they are expected to have
the same medium composition. This enabled a comparison between
radiation-sensitivity of a non-segmented single-stranded RNA genome
(ssRNA) genome (NDV) and a segmented ssRNA genome (IAV).
Our data demonstrate log–linear inactivation for both viruses (Fig. 2),
indicating single-hit inactivation kinetics.

Next, we compared the inactivation curves of SFV and ZIKV under
di$erent irradiation temperatures. Both viruses have ssRNA genomes
of a comparable size, and were both grown in Vero cells using DMEM
with similar medium composition. Both viruses demonstrated single-
hit inactivation kinetics, with increased radiosensitivity at higher tem-
peratures, as expected (Fig. 3).

We then analysed the inactivation curve of RV, a more complex
virus with a segmented and double-stranded RNA genome (dsRNA)
genome structure. We have previously reported that the inactivation
curve for dry ice-irradiated RV is non-linear and con!rmed that here
using a di$erent strain of RV (Fig. 4). The curve shows two distinct
regions. A large shoulder of resistance is observed initially, with an
∼2 log loss of titre occurring between 0 to 40 kGy. A#er this point,
a rapid decline in viable titre was observed with increased radiation
dose. Importantly, calculating the DS using this inactivation curve
would not be possible using current mathematical models (equation
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Fig. 2. Log–linear inactivation curves of ssRNA viruses in allantoic !uid. (A) In!uenza A virus and (B) Newcastle disease virus
were exposed to increasing doses of γ -irradiation on dry ice. Reduced virus titre (as measured by TCID50/ml) for increasing
irradiation doses helped to generate inactivation curves and log–linear inactivation was observed for both viruses. Data are
expressed as mean ± SEM (n = 2). Horizontal dashed line represents background binding of virus to RBCs in the absence of a cell
monolayer.

Fig. 3. Log–linear inactivation of ssRNA viruses at di"erent irradiation temperatures. (A) Semliki Forest virus and (B) Zika virus
were exposed to increased doses of γ -irradiation on dry ice (DI) (green circles), ice (blue squares) or at room temperature (RT)
(red triangles). The reduction in virus titre was estimated using plaque assay and inactivation curves were generated. Log–linear
inactivation was observed for all three temperature conditions. Non-irradiated live virus was used as the starting point. Data are
presented as mean ± SEM (n = 3). Horizontal dashed line represents detection limit.

1). Interestingly, we did not detect the multiple-hit inactivation curve
for RV materials irradiated on ice or at RT (Fig. 4). This could indicate
that indirect damage caused by free radicals following irradiation at
higher temperatures may counteract the radioresistance of pathogens
with more complex genomes.

Calculating sterilizing doses
For viruses demonstrating single-hit kinetics, exponential lines of best
!t could be determined using the equation:

y = ae−bx (2)

where y is the titre at a given radiation dose x, a is the starting titre, and
b is a constant that is determined experimentally for each individual
virus under a given set of irradiation conditions. Equation (2) can then
be rearranged to determine the D10 value (x), when y = 0.1a (i.e. a 90%
loss of starting titre):

D10 = ln(0.1)

−b
(3)

Therefore, the D10 is higher where b is lower, as would be expected
for more radioresistant pathogens. The line of best !t, D10 values and
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Table 1. Inactivation formulae and sterility assurance levels of NDV and IAV

Virus Formulaa Starting titre (TCID50/mL) D10 (kGy) DS (kGy)

IAV y = 2 × 107 × e−1.097x 1.69 × 107 2.1 ± 0.16 27.77
NDV y = 2 × 107 × e−0.823x 3.41 × 107 2.8 ± 0.53 37.86
aUnits for x are kGy.

Table 2. Inactivation formulae and sterility assurance levels of ZIKV, SFV and RV

Virus Irradiation
conditiona

Formulab Starting titrec D10 (kGy) DS (kGy)

SFV DI y = 5 × 107 × e−0.418x 2.55 × 108 5.5 ± 0.43 79.36
Ice y = 3 × 108 × e−1.968x 1.2 ± 0.23 16.86
RT y = 3 × 108 × e−3.871x <1 14.41

ZIKV DI y = 7 × 106 × e−0.625x 6.75 × 106 4.2 ± 0.35 54.10
Ice y = 9 × 106 × e−1.986x 1.2 ± 0.06 14.87
RT y = 9 × 106 × e−2.533x 0.9 ± 0.31 11.66

RV Ice y = 1 × 105 × e−0.506x 1.05 × 106 4.6 ± 1.1 54.71
RT y = 1 × 105 × e−0.521x 4.4 ± 0.02 53.13

aDI = Dry ice, RT = room temperature.
bUnits for x are kGy.
cVirus titre was measured as PFU/mL for SFV and ZIKV, and FFU/mL for RV.

Fig. 4. Inactivation curve of RV at di!erent irradiation
temperatures. RV was exposed to increasing doses of
γ -radiation on dry ice (DI) (green circles), ice (blue squares)
or at room temperature (RT) (red circles). Titre was measured
by focus forming units. In contrast to both ice and RT,
irradiation on DI shows an inactivation curve with multiple-hit
kinetics. A shoulder of resistance appears to require an
irradiation dose of 40 kGy. Data are presented as mean ± SEM
(n = 2).

DSSAL were determined for IAV and NDV (Table 1), and ZIKV and
SFV (Table 2). The D10 values of IAV and NDV were comparable
(2.1 and 2.8 kGy, respectively), whereas SFV had a higher D10 than
ZIKV for dry-ice irradiation (5.5 compared to 4.2 kGy). The D10 values
were also calculated for ice and RT and were comparable, however an
exact D10 value for RT-irradiated SFV could not be determined since
virus was undetectable at the lowest irradiation dose used (5 kGy)
in our experimental settings. Importantly, calculating a D10 value for

pathogens with single-hit kinetics allowed us to calculate the DSSAL

using equation (1), as shown in Tables 1 and 2. However, calculating
the DS using equation (1) would not be possible for pathogens with
multiple-hit kinetics as ignoring the shoulder of resistance would result
in a miscalculation of the DS. Therefore, we propose a new formula
to calculate the DSSAL that could accommodate both single-hit and
multiple-hit inactivation kinetics:

DSSAL = R + (n × D10) (4)

where R refers to the irradiation dose required to overcome the shoul-
der of resistance with a value of ‘R = 0’ for pathogens that show
linear inactivation curves (single-hit kinetics). This formula takes into
account the distinct regions of multiple-hit curves and should allow for
more accurate calculation of DSs.

When considering the inactivation curve of dry-ice irradiated RV
(Fig. 4), we could consider 40 kGy to be required to overcome the
radioresistance (R value). We could also calculate the D10 for the radia-
tion sensitive portion of the curve (above 40 kGy) using equation (3).
The D10 for the linear portion of the curve was calculated to be 3.2 kGy
(based on the formula y = 7 × 1015 × e−0.718x). To calculate DSSAL using
equation (4), we need to estimate the number of log10 reduction in
virus titre (n) required to achieve the internationally acceptable SAL of
10−6. For this calculation, the viable titre at x = 40 kGy was determined
to be 2.4 × 103 FFU/mL. Thus, a further reduction of 9.4 log10 will be
required to meet a SAL of 10−6. Hence the DSSAL for dry-ice irradiated
RV could be calculated based on equation (4) as follows:

DSSAL = 40 + (9.4 × 3.2) = 70.08 kGy.

To con!rm the applicability of this method, we considered the inac-
tivation curve of the bacterial pathogen S. pneumoniae. This pathogen
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Fig. 5. Inactivation curve of S. pneumoniae demonstrates
multiple-hit kinetics. Streptococcus pneumoniae was irradiated
on dry-ice (DI) at the indicated doses. Titre was measured by
colony forming units and data are presented as mean ± SEM
(n = 4). Inactivation curve demonstrates a multiple hit kinetics
and a shoulder of resistance that require an irradiation dose of
4 kGy.

has a double-stranded genome, and the inactivation curve is non-linear
(Fig. 5). The shoulder of resistance, or R value, was determined to be
4 kGy. At x = 4 kGy the titre was 1.7 × 109 CFU/mL, thus 15.2 log10

reductions (n = 15.2) were required to reach the accepted SAL level
of 10−6. We calculated the D10 value for the log–linear curve (a!er
4 kGy) using the formula y = 6 × 1013 × e−2.611x, which shows a value of
0.88 kGy. Therefore, the DSSAL for S. pneumoniae irradiated on dry-ice
could be calculated using equation (4) as follows:

DSSAL = 4 + (15.2 × 0.88) = 17.38 kGy.

DISCUSSION
Current recommendations for calculating DSs are based on concepts
and formulae generated to meet requirements to sterilize food, medical
equipment and other health care products [25, 27, 32]. A dose of
25 kGy is considered the ‘gold standard’ [25] and is o!en substantiated
for a low bioburden. In general, the contaminating species are typically
bacteria, which are more sensitive to γ -radiation than viruses [24]
and spores [33]. In addition, the The International Organization for
Standardization (ISO) suggests that a bioburden of 106 infectious units
is unusually high [27]. However, materials prepared for biomedical
analysis as well as for vaccine purposes are expected to have bioburden
levels much higher than 106 infectious units. Consequently, a DSSAL

<25 kGy was not observed for any of the viruses irradiated on dry
ice (Tables 1 and 2). Accordingly, 25 kGy should not be considered
a DS for virally contaminated materials, nor for vaccine inactivation
purposes, without properly addressing the inactivation curve and D10

value, particularly when frozen materials are irradiated using dry ice.
For pathogens that pose a biosecurity concern a dose of 50 kGy is
usually considered su"cient [28]. However, a SAL of 10−6 could not
be reached following irradiation with 50 kGy on dry ice for ZIKV or
SFV, or at 50 kGy using all irradiation conditions (dry ice, ice and RT)

for RV (Table 2). Therefore, existing concepts that govern the use of γ -
irradiation to sterilize highly infectious pathogens should be carefully
considered to ensure sterility at internationally accepted levels. This
will be essential for the development of highly safe and immunogenic
γ -irradiated vaccines.

Inactivation curves typically follow single-hit or multiple-hit
kinetics. It was expected that inactivation of single-stranded, non-
segmented RNA viruses would follow single-hit kinetics. This was
con#rmed with NDV (Fig. 2B), SFV and ZIKV (Fig. 3), as well as
previous publications [16, 34]. Interestingly, IAV also appeared to
follow single-hit inactivation kinetics despite having segmented single-
stranded RNA genomes (Fig. 2A). We have previously demonstrated
log–linear inactivation of IAV [35]. Previous reports of inactivation
curves of viruses with single-stranded segmented genomes have also
demonstrated #rst-order kinetics [17, 36]. Conversely, the inactivation
curves of RV (Fig. 4) and S. pneumoniae (Fig. 5) demonstrate multiple-
hit inactivation kinetics where an accumulation of damage is required
to sterilize each pathogen. Unlike other viruses used in this study, the
genome of RV is comprised of 11 dsRNA segments and su"cient
damage to both strands will be required to completely inactivate any
genome segment. In addition, reassortment of RV is relatively frequent,
and has been shown to enhance resistance in response to UV treatment
[37]. Thus, incomplete inactivation of dsRNA segments accompanied
by reassortment can rescue the infectivity of RV. This could explain the
large shoulder of 40 kGy observed for RV. In contrast, S. pneumoniae
cannot reassort, and SOS repair used by other bacterial species such
as Escherichia coli [38] in response to γ -radiation do not appear to
occur in S. pneumoniae [39]. However S. pneumoniae does utilize some
repair mechanisms, such as excision repair [40]. It is also important
to consider that S. pneumoniae has double-stranded genomes which
could enhance resistance as both strands may need to be damaged to
ensure inactivation. Conversely, mammalian cells are highly susceptible
to γ -radiation despite having double-stranded genomes and repair
mechanisms [41, 42]. This is particularly relevant to the development
of γ -irradiated cancer vaccines such as GVAX, which is currently in
clinical trials [43]. DSs reported are typically between 35 [44] and
100 Gy [45]. The radiosensitivity of mammalian cells is explained by
a considerably larger genome than viruses and bacteria.

The ISO recommendations for calculating the DS involves setting a
dose based on the calculated bioburden and a standard distribution of
resistances (SDR) based on a D10 of between 2 and 3 kGy [27]. Where
radioresistance is higher than the SDR (as would be the case for most
viruses), the preparation is subjected to incremental increases in radi-
ation dose and the proportion of positive samples is used to calculate
the DS (i.e. at a SAL of 10−2, there should be 0, 1 or 2 positive samples
out of 100 for statistically signi#cant substantiation of the dose used).
However, extrapolating this data for a SAL of 10−6 does not take into
account the potential for non-linear inactivation. We have proposed an
alternative method where the shoulder of resistance is calculated and
accounted for as well as log–linear inactivation. To ensure the sterility
and safety of irradiated materials, it is important to take into account
the shape of the inactivation curve when considering the SAL, and
equation (4) allows the shoulder of resistance to be incorporated when
calculating the DS for pathogens that display multiple-hit inactivation
kinetics. Importantly, mathematical modelling must also be coupled
with rigid sterility testing.
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It is important to note that γ -rays cause damage to pathogens by
directly interacting with genomes to cause cross-linking, and single-
and double-stranded breaks [46–49], and can interact with water or
oxygen molecules to form free radicals. Oxidative damage causes most
of the protein damage [20], but the formation and movement of free
radicals can be reduced in frozen samples [50, 51]. In fact, irradiating
frozen prions at incredibly high doses of up to 200 kGy showed minimal
loss of transmission [52], demonstrating the resistance of proteins
to γ -radiation at low temperatures. Thus, while irradiating at higher
temperatures is more e!ective for sterilization (Figs 3 and 4, [16, 17,
19]), irradiating frozen samples is expected to better maintain struc-
tural integrity [35, 53]. Therefore, γ -irradiation has routinely been
performed at low temperatures to obtain more e!ective results for both
biomedical analysis and vaccine immunogenicity. However, our data
clearly illustrate that sterility at an internationally accepted level based
on SAL of 10−6 could not be achieved when irradiating high titres
of some pathogens with 50 kGy using dry-ice conditions, and even
when using room-temperature irradiation for radioresistant pathogens
such as RV. Therefore, to ensure the safety of irradiated materials, the
irradiation temperature, the appropriate method to calculate DSSAL and
rigid sterility testing must be considered. Overall, this study highlighted
a serious gap in current practices, and we propose a new mathematical
formula to calculate both the D10 value and DSSAL to ensure the safety
of irradiated materials for vaccine and research purposes.
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