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Abstract 
The Tasmanian devil (Sarcophilus harrissi) has been threatened with extinction because of two 

independently arising, genetically distinct transmissible cancers (DFT1 and DFT2) that cause 

devil facial tumour disease (DFTD). These cancers are both caused by clonal cells of Schwann 

cell origin, transmitted among devils through biting during social interactions like an allograft. 

Fatal in almost 100% of cases, DFTD usually kills its host within 6 to 12 months after the 

presentation of tumour masses on facial, oral and neck regions. Since DFT1 was discovered in 

1996, multiple conservation interventions have been implemented to protect the species from 

extinction. However, these efforts have been hindered by the lack of species-specific reagents and 

diagnostic tools, which is a common challenge in the study of diseases affecting non-human or 

non-model species.  

Immunological reagents are required to identify and quantify immune cells of defined phenotypes 

to understand how the animal immune system is affected by pathogens. For example, devils 

infected with DFTD show a reduction of lymphocytes, however the T lymphocyte subset that is 

affected by the disease is unknown due to the lack of a subset-specific antibody. Additionally, a 

cornerstone of disease management, including cancers, is effective diagnosis. This is especially 

critical in the case of DFTD due to the epidemic nature of these transmissible cancers. In this 

thesis, I have 1) developed a needed anti-devil CD8α monoclonal antibody (mAb) to characterise 

CD8+ T cells in devils; 2) characterised the proteome of extracellular vesicles derived from 

cultured DFTD cells to better understand DFTD cell signalling and to create a baseline for 

diagnostic tool development; 3) discovered a differential diagnostic protein biomarker for DFTD 

and 4) discovered and validated an early DFT1 biomarker using an extracellular vesicle approach. 

First, I developed and validated a mAb for devil CD8+ T cells. The extracellular domain of the 

Tasmanian devil CD8-alpha was identified and used to develop recombinant proteins for mAb 

production. The anti-devil CD8α mAb was validated using a transfected Chinese hamster ovary 

cell line expressing devil CD8 alpha protein, and peripheral blood mononuclear cells (PBMC) 

from captive devils by flow cytometry. I also stimulated captive devil PBMCs to analyse the 

production of IFNG as a surrogate measure of T cell activity and found that the majority of INFG 

production was by CD4-/CD8-/B- cells. Finally, I developed a sterile and portable laboratory to 

isolate PBMCs from wild devils in the field to immunophenotype their CD4 and CD8 T cells as 

proof of concept that this antibody can be utilized to assess immune competence in wild 

populations.  

Next, I employed extracellular vesicle (EV) approaches to evaluate how DFTD cancer cells may 

be manipulating devil physiology to aid tumorigenesis and cancer progression. EVs are nano-
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sized bilipid structures secreted by most cells, including cancer cells, that deliver bioactive cargo, 

such as a proteins, genetic material, and lipids to recipient cells. EVs play a crucial role in 

intercellular communication and are active participants in cancer progression. I optimised a 

methodology to isolate EVs derived from DFTD cultured cells to be characterised by mass 

spectrometry techniques. This first proteomic characterisation of EVs derived from cultured 

DFTD cells lead to the discovery that EVs from both DFT1 and DFT2 cell lines expressed higher 

levels of proteins associated with focal adhesion functions known to be linked to metastasis. 

Additionally, hallmark proteins of epithelial mesenchymal transition (EMT) were enriched in 

DFT2 EVs relative to DFT1 EVs, demonstrating the potential of EVs to detect functional 

differences between two clinically indistinguishable tumours, even more so than the proteome 

changes within the parent cancer cells. I next investigated whether the protein markers found in 

EVs derived from cultured cells could be used as potential differential DFTD biomarkers. I then 

characterised the EV proteome from 27 devil serum samples. The protein tenascin (TNC), one of 

the EMT hallmark proteins detected in DFT2 EVs in vitro, displayed a high predictive power to 

distinguish devils infected with DFT2 compared to those infected with DFT1 and healthy controls, 

demonstrating potential for a differential diagnosis biomarker. 

Finally, I analysed the EV proteome from independent discovery and validation cohorts of captive 

and wild Tasmanian devil serum samples (n = 87) to identify potential DFT1 biomarkers. The 

protein cathelicidin-3 (CATH3) was enriched in serum EVs of both devils with clinical DFTD 

infection and latent devils 3 to 6 months before DFTD diagnosis. CATH3 enrichment identified 

overt DFT1 with 87.9% sensitivity and 94.1% specificity and predicted latent DFT1 with 93.8% 

and 94.1% specificity, presenting a critically needed biomarker for the early detection of DFT1. 

This thesis has expanded the management toolbox for the conservation of the iconic Tasmanian 

devil in the wild. I developed the first monoclonal antibody against devil CD8α, which will be 

crucial to adequately analyse the cell mediated immune response in healthy, diseased, or 

vaccinated devils. These findings are among the very first to demonstrate clinical relevance of 

EVs in a wild disease system, providing a considerable step towards development of a clinical 

tool needed for conservation of an iconic, endangered species. The discovery and validation of an 

early DFT1 biomarker provides a major advance for DFTD diagnosis. The use of the preclinical 

biomarker I discovered will greatly enhance the capabilities of ongoing management efforts 

critical to ensure the viability of the remaining devil populations, such as epidemiological 

monitoring, maintenance of insurance populations, and deployment of vaccine and preventative 

measures. Finally, these results demonstrated that EV-approaches have considerable potential for 

other species (including humans) to provide much needed preclinical diagnostic tools that have 

defied previous development efforts. 
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Chapter 1 Literature review 

 Introduction 
Globally, emerging infectious diseases are of increasing concern as they threaten human and 

domestic animal health (Artois et al., 2001) and affect the conservation status of wild species 

(Cleaveland et al., 2002). The majority of emerging infectious diseases have a probable wildlife 

origin (Delahay et al., 2009, Cunningham et al., 2017, Fisher and Murray, 2021). As such, the 

capacity for disease surveillance and a better understanding of infectious wildlife disease is 

essential for protecting both animal and human well-being. However, our understanding of 

wildlife disease is hindered by logistical constraints such as sample collection and storage in 

remote areas. A lack of efficacious species-specific tools and methods (the ‘reagent gap’) also 

hinders collection, analysis, and validation of wildlife disease data. 

Devil facial tumour disease (DFTD) is a notable example of recently emergent infectious wildlife 

disease, and one that is afflicted by a reagent gap and of key conservation concern. DFTD is a 

transmissible cancer that has spread across more than 90% of the Tasmanian devil’s range, 

causing an estimated 82% decline in wild devil populations (Figure 1.1-D; Cunningham et al., 

2021b). Due to the high mortality and epidemic nature of DFTD, the Tasmanian devil was listed 

as endangered by the International Union for the Conservation of Nature in 2008 and protected 

by both Tasmanian State and Australian Federal legislation (Hawkins et al., 2008). The 

emergence of DFTD also led to the establishment of the Save the Tasmanian Devil Program, a 

government initiative that aims to protect Tasmanian devil populations. Program priorities include 

developing prophylactic therapies, monitoring the impact of DFTD, identifying new outbreaks of 

DFTD and other diseases in Tasmania devil populations, and maintaining insurance populations 

(Save the Tasmanian Devil Program, 2020). However, successful implementation of the 

Program’s critically needed management priorities is significantly impacted by the lack of clinical 

tools and reagents, which will be the major focus of the remainder of this review. The current 

state of understanding of DFTD will also be outlined, emphasising key knowledge gaps pertinent 

to the implementation of required conservation actions, and clinical tools that would increase 

research and management capacity. Finally, the roles of these proposed tools and approaches are 

discussed in the context of ongoing and devil management interventions. 

 Devil Facial Tumour Disease 

1.2.1 The Tasmanian devil prior to the emergence of devil facial tumour disease 

The Tasmanian devil (Sarcophilus harrisii; herein ‘devil’) is a carnivorous marsupial of the 

family Dasyuridae, endemic to the island of Tasmania (Figure 1.1-A; Saunders and Hinds, 1997). 

Although the devil is a medium-size animal (males 7.5-13.0 kg; females 4.5-9.0 kg), it is the 
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world’s largest extant marsupial carnivore (previously second to the now extinct Tasmanian tiger, 

Thylacinus cynocephalus, Thornback and Jenkins, 1982). Although devils are primarily 

specialised nocturnal scavengers this top predator has the capacity to hunt active prey (Jones, 

2001, Jones et al., 2003b, Guiler, 1978). The devil distribution became restricted to Tasmania 

after they disappeared from the Australian mainland at least 400 years ago (Jones et al., 2003a). 

Devils inhabit the entire range of Tasmania, but are more abundant in Tasmania’s eastern half 

and northwest coast, especially in open eucalypt environments, pasture mixed with native forest 

and coastal scrub (Jones and Barmuta, 2000, Pukk, 2005).  

Evidence suggests that devil abundance has fluctuated considerably since European colonisation 

of Tasmania. Potential causes of this variability include environmental factors, intensive culling 

(prior to legal protection in 1941), secondary rabbit poisoning, and disease (Brüniche-Olsen et al., 

2014, Hawkins et al., 2006, Statham, 2005, Bradshaw and Brook, 2005). A severe epidemic that 

led to a large devil population decline during the 20th century has been suggested, however its 

aetiology is unknown (Guiler, 1961, Guiler, 1970). After this decline, the devil population 

recovered to an estimated 150,000 individuals by the early 1990s, before the emergence of devil 

facial tumour disease (McCallum et al., 2009).  

1.2.2 DFTD aetiology 

In 1996, Dutch wildlife photographer Christo Baars reported the novel presence of tumour masses 

on the faces of several devils located at wukalina/Mount William National Park in Tasmania’s 

northeast (Hawkins et al., 2006). Concerns increased as more devils from different areas of 

Tasmania showed signs of tumours, and devil abundance appeared to be in dramatic decline 

(Hawkins et al., 2006). This fatal emerging disease was named Devil Facial Tumour Disease 

(DFTD) after the clinical signs of tumours on facial, oral and neck regions (Figure 1.1-B). DFTD 

spread rapidly, affecting more than 51% of the devil population by mid-2005 (Figure 1.1-D; 

Hawkins et al., 2006). 

As DFTD demonstrated patterns consistent with transmission between individuals, a virus was 

initially proposed as the aetiological agent (Ladds et al., 2003, Jones, 2003). However, later 

evidence cast doubt on this hypothesis, as no viral particles could be found in DFTD tissues (Loh 

et al., 2006a). DFTD was described as an undifferentiated, sub-epithelial sarcoma of possible 

neuroectodermal origin (Loh et al., 2006a, Loh et al., 2006b). This hypothesis was confirmed by 

analyses of messenger ribonucleic acid (mRNA) in tumour tissues, demonstrating that DFTD had 

a neurological origin, specifically a Schwann cell origin (Murchison et al., 2010). Schwann cells 

are the main glial cells of the peripheral nervous system, and their primary role is the insulation 

of nerves to facilitate impulse conduction (Mirsky et al., 2002). Schwann cells are also involved 

in nerve healing following injuries and in the modulation of local immune reaction in the 
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peripheral nervous system (Dahlin, 2008). Considering the main functions of Schwann cells, 

some authors have speculated that DFTD may arise in Tasmanian devils due to repetitive injuries 

from the intrinsic social biting behaviour of this species, leading to the aberrant proliferation of 

cells implicated in nerve repair (Stammnitz et al., 2018, Patchett et al., 2020).  

During the process of routine devil health screening, Pye et al. (2016b) discovered a second, 

independently arising DFTD in devils. This second emergent transmissible cancer was referred 

to as DFT2, while the first described cancer has since been specified as DFT1. DFTD can be used 

as an umbrella term for both cancers, a convention followed throughout this thesis. DFT2 was 

first detected among five devils from the D’Entrecasteaux Channel region of southeast Tasmania. 

Those devils revealed tumour growth with the same macroscopic appearance of DFT1 (Figure 

1.1-C), but were histologically, cytogenetically, and genetically distinct from DFT1. 

Transcriptomic and proteomic analyses of DFT2 tumour cells and biopsies revealed it also has a 

Schwann cell origin (Patchett et al., 2020). DFT2 is currently confined to the D’Entrecasteaux 

Channel region of Tasmania (Figure 1.1-D), and the latest report indicates that 25 animals have 

been diagnosed with DFT2 (James et al., 2019). Due its recent discovery and currently restricted 

geographical range, there is limited information available about DFT2. 

1.2.3 DFTD clonality and allograft theory  
The aetiological agents of DFT1 and DFT2 are clonal cancer cell lines. DFT1 and DFT2 are 

spread from one individual to another as if an allograft (Pearse and Swift, 2006, Pye et al., 2016b). 

Normally, cancer cell lines are not infectious agents themselves, as most cancers arise 

independently in each affected individual, and the cancer cells die with their host. The emergence 

of transmissible cancers is rare in nature. Apart from DFT1 and DFT2 affecting Tasmanian devils, 

only 7 naturally occurring transmissible cancers have been described. These include the canine 

transmissible venereal tumour in dogs (Rebbeck et al., 2009), and six leukemias of soft shells 

clams (Metzger et al., 2015, Metzger et al., 2016).  

Allograft transmission and the clonal nature of DFT1 was first proposed by Pearse et al. (2006) 

based on karyotypic analyses. The normal devil karyotype consists of 14 chromosomes, 

comprising six pairs of autosomes and a pair of sex chromosomes (Figure 1.2). These authors 

found that the karyotypes of 11 DFT1 tumour samples displayed identical chromosomal 

abnormalities across all animals. Additionally, the authors found that one infected devil had a 

pericentric inversion of one copy of chromosome 5, which was not present in its tumour. This 

yielded strong evidence that the tumour did not originate from its host, but was transmitted by 

other individuals (Pearse and Swift, 2006). The complex karyotype of DFT1 demonstrated the 

apparent absence of both copies of chromosome 2 and both sex chromosomes, as well as the 

addition of four new unknown markers (Figure 1.2; Pearse and Swift, 2006). Further studies gave 
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additional evidence for the clonal nature of DFT1 with chromosome painting and gene mapping 

showing homology between DFT1 chromosomes (Deakin et al., 2012, Pearse et al., 2012a) 

 

Figure 1.1. A) DFTD-free Tasmanian devil in a routine health screen check. B) DFT1 infected Tasmanian 

devil. C) DFT2 infected Tasmanian devil (photograph credit: Dr Ruth Pye). D) Map of DFTD distribution 

in Tasmania. This map has been adapted based on survey data reported by Cunningham et al. (2021a) and 

James et al. (2019). Study sites pertinent to this thesis are indicated by arrows.  

Genetic evidence obtained using microsatellites, major histocompatibility complex (MHC) 

markers and genome analyses supports a transmitted, clonal origin of DFT1. Siddle et al. (2007) 

found that 15 separate tumour samples showed identical microsatellite and MHC loci, supporting 

the clonal nature of DFT1. A subsequent study demonstrated that 25 tumour samples had an 

identical genotype, independent of the animal’s location, sex, or age (Murchison et al., 2012). 

Murchison et al. (2012) also proposed that DFT1 arose from a female devil, supported by 

chromosome painting revealing complex rearrangements of two X chromosomes in the DFT1 
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genome. Analysis of the whole genome also confirmed the allograft theory of transmission, as 

DFT1 tumours were genotypically different from their host, and shared multiple genetic markers 

(Murchison et al., 2012, Miller et al., 2011). 

Cytogenetic and molecular techniques were used to establish the presence of several DFT1 

chromosomal variants (‘strains’) capable of transmission between devils, which presumably have 

resulted from clonal evolution as the cancer propagates from animal to animal (Pearse et al., 

2012a). The authors identified four distinct DFT1 strains, in which strain 1 and 2 were most 

closely related to the original cell line. Since 2006, strain 2 was found to be the dominant DFT1 

strain across most of Tasmania. Pearse et al. (2012b) hypothesised that this might be due to the 

slower growth rate presented by strain 2 in vitro compared to other strains, perhaps enabling 

increased transmission rates before host death. Additionally, diploid and tetraploid subclones 

were identified. Diploid DFT1 variants have been associated with advanced stages of DFT1 

outbreaks inducing population collapses, while tetraploid variants are linked to reduced host 

population effects and lower DFT1 infection rates (Hamede et al., 2015, Pearse et al., 2012a). 

DFT2 tumours also present evidence of allograft transmission and clonality, being karyotypically 

and genetically different from both DFT1 tumours and its host. DFT2 karyotypes exhibited 

identical complex structural abnormalities, such as a monosomy for chromosome 6, a deletion 

involving chromosome 5, and additional material at chromosomes 1, 2 and 4 (Figure 1.2; Pye et 

al. (2016b). While the DFT1 karyotype lacks the presence of intact sex chromosomes, DFT2 

revealed the existence of X and Y chromosomes, indicating a male origin (Figure 1.2; Pye et al., 

2016b). Genetic analyses confirmed that DFT2 presented a different genotype to both its host and 

DFT1 at microsatellite and MHC loci, reaffirming the allograft nature of DFT2 (Pye et al., 2016b).  

 

Figure 1.2. Karyotypes of a normal male devil, a DFT1 tumour and a DFT2 tumour. Cytogenetic 

abnormalities in each karyotype are denoted by red arrows. Imaged was adapted from Pye et al. (2016b). 
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1.2.4 DFTD transmission 

DFT1 and DFT2 cells are transmitted from infected to healthy devils through biting. The tumour 

cells are hypothesised to be inoculated into penetrating injuries in the skin and oral mucosa to 

establish and proliferate (Hamede et al., 2013). The rate of devil social interactions increases 

during the mating season, with implications for the disease transmission rate. As a consequence 

of the high incidence of penetrating injuries during the annual mating period, aggressive 

behaviour has been proposed as a key factor driving the transmission of DFTD (Hamede et al., 

2013). Biting behaviour among devils also occurs during feeding events, creating another 

opportunity to acquire the disease (Hamede et al., 2008). Even when devil numbers decline to 

low population densities, the rate of infection remains high. Thus, earlier studies have proposed 

that DFTD transmission strongly depends on frequency of encounters between devils (frequency 

dependent transmission) rather than number of animals present in a population (density dependent 

transmission; McQuillan et al., 2009, McCallum et al., 2009). A recent epidemiological study 

confirmed that DFTD is maintained by frequency-dependent processes, however the authors 

proposed that the spatial spread of DFTD may be host density-dependent (Cunningham et al., 

2021b)  

Experimental transmission trials confirmed that DFTD can be transmitted as an infectious 

allograft. The first experiment to infect healthy devils with cultured DFTD cells was carried out 

by Pyecroft (2007) and more recently, healthy devils were challenged with live cultured DFTD 

cells to test the efficacy of vaccination and trial immunotherapy. These animals developed DFTD 

tumours, confirming the transmissible nature of the disease (Kreiss et al., 2015, Tovar et al., 2017). 

Additionally, viable DFTD cells have been isolated from the surface of a devil canine tooth 

(Obendorf and McGlashan, 2008), demonstrating the plausibility of the transmission of DFTD 

cells through biting, per the allograft theory. 

 The devil immune system 
The allograft theory raised key questions about the devil immune system and its interplay with 

DFTD. As DFTD behaves as an MHC-discordant graft, the devil immune system would be 

expected to have the capacity to clear it through an allogeneic response, as has been described in 

other vertebrates (Marino et al., 2016). Several theories arose to explain the failure of the devil 

immune system to clear DFTD, including low MHC diversity in devils, a primitive immune 

system unable to reject grafts or fight cancer, and tumour immune escape mechanisms (Kreiss et 

al., 2011, Kreiss et al., 2008, Siddle and Kaufman, 2013a). Mechanisms by which DFTD “escapes” 

the host immune system will be covered in the next section (DFTD pathogenesis).  

MHC genes are among the most polymorphic in the vertebrate genome, enabling the recognition 

and response to new pathogens (Parham et al., 1989). The genetic diversity at MHC loci is useful 
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to estimate immunological performance in wild populations (Holland et al., 2008). For instance, 

high genetic diversity of MHC would likely provide immune capacity to reject allografts as a 

consequence of incompatibility between host and donor (Siddle et al., 2007). Devils have a low 

genetic diversity of MHC molecules (Siddle et al., 2007, Siddle et al., 2010), evident from the 

lower intensity of allogenic responses in mixed lymphocyte reactions between eastern devils 

(Kreiss et al., 2011). Whole genome analyses confirmed the low genetic diversity of devils (Miller 

et al., 2011, Morris et al., 2015). This low genetic MHC diversity was hypothesised to allow 

DFTD cells to be transmitted between individuals without immune rejection (Siddle et al., 2007). 

However, allogeneic skin graft experiments demonstrated devils can reject a transplanted graft 

from another devil within 14 days (Kreiss et al., 2011). Moreover, T cell lymphocyte infiltration 

was evident in the transplantation zone, indicating immunological rejection (Kreiss et al., 2011). 

As devils are fully competent in allograft rejection (excluding DFTD), the lack of genetic diversity 

was discarded as the main reason for the inability of devils to reject DFTD.  

Immune insufficiency has also been proposed as a factor influencing the development of DFTD 

in the devil. However, several studies have demonstrated that devils have a fully functional 

immune system analogous to that of placental mammals (Belov et al., 2013, Woods et al., 2007). 

Key elements of the devil immune system have been investigated, including components of the 

innate and adaptive immune system. Kreiss et al. (2008) validated the functionality of the devil 

innate immune system by demonstrating efficient neutrophil phagocytosis. Several studies have 

shown that devils elicit effective humoral responses. For instance, devils immunised with horse 

red blood cells and the K562 human leukaemia cell line developed a primary and secondary 

humoral response against the injected cells (Kreiss et al., 2009, Brown et al., 2011a). Later studies 

have demonstrated that devils elicited specific anti-DFTD antibodies after vaccination and 

immunotherapy trials in captivity and in the wild (Kreiss et al., 2015, Tovar et al., 2017, Pye et 

al., 2018, Pye et al., 2020). Furthermore, recent evidence shows that a small proportion of devils 

in the wild can mount a humoral response against DFTD cells, which was accompanied by tumour 

rejection (Pye et al., 2016a). These lines of evidence confirm the functionality of the devil’s innate 

and humoral immune response. The functionality and competency of the other main component 

of the devil adaptive immune system, the cellular response, is detailed below.  

1.3.1 The devil cell-mediated immune system 

The mammalian cellular immune response is mediated by T-lymphocytes or T cells, which are 

classified into two main subsets. These subsets are CD4+ T cells, or helper T cells, and CD8+ T 

cells, or cytotoxic T cells (reviewed in Abbas et al., 2014). Cell-mediated immunity plays a critical 

role in both cancer immunity and allograft rejection (Fabre, 2001). Furthermore, the ratio of 

circulating CD4+ and CD8+ T cells can indicate immune competence (Walker and Warnatz, 

2006). For instance, a reduced ratio of CD4+ to CD8+ T cells caused by low levels of CD4+ T 
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cells may indicate the presence of a viral, bacterial or parasitic infection (Walker and Warnatz, 

2006). Reduced ratio of CD8+ to CD4+ caused by low levels of CD8+ T cells have also been 

reported in human cancers, especially at late cancer stages (Ostroumov et al., 2018, Das et al., 

2018, Chongsathidkiet et al., 2018). As cell-mediated immunity has a pivotal role in maintaining 

health, tumour immunity and allograft rejection, a detailed understanding of the devil’s cell-

mediated immune response is crucial to understand DFTD.  

The study of cell-mediated immunity in devils has been hampered by the lack of species-specific 

reagents, such as species-specific antibodies for immunophenotyping (Belov et al., 2013). Despite 

these limitations, some studies have shown that devils have visually normal-appearing leukocytes, 

including lymphocytes in lymphoid tissues and peripheral blood (Woods et al., 2007, Kreiss et 

al., 2008). A later study demonstrated the presence of devil T cell lymphocytes by staining skin 

graft biopsies with an anti-human cross reactive CD3 polyclonal antibody (Kreiss et al., 2011). 

Subsequently, to demonstrate the presence of T lymphocyte subsets, Howson et al. (2014) 

reported the development of monoclonal antibodies (mAb) against devil CD4+ and CD8+ T cells 

and validated their use in immunohistochemistry. The anti-devil CD4 mAb (clone 7H9) also 

worked in flow cytometry preparation, while the anti-devil CD8α mAb (clone 10E8) only detected 

its target by immunohistochemistry. As devils were found to have all the expected cell-mediated 

immune components, studies evaluating their functionality were undertaken.  

Several early functional studies indicated that cell-mediated immunity is fully competent in devils. 

Peripheral blood mononuclear cell preparations proliferated in vitro in response to mitogen-

stimulants (Woods et al., 2007, Kreiss et al., 2008, Stewart et al., 2008). Interestingly, Kreiss et 

al. (2008) did not find differences in lymphocyte proliferation between healthy and infected 

DFTD devils, proposing that DFTD transmission is not a consequence of a weakened cell-

mediated immune system. A subsequent study from Brown et al. (2011a) provided evidence of a 

natural killer-like devil cytotoxic response in vitro by peripheral mononuclear cells immunised 

against the K565 human leukaemia cells. With the demonstration that T lymphocytes have the 

capacity to functionally respond in vitro (Woods et al., 2007, Kreiss et al., 2008, Stewart et al., 

2008), researchers subsequently investigated the relationship between T cells and DFTD. 

Although early DFTD immunisation trials did not demonstrate a successful cytotoxic response 

against DFTD in vitro (Brown et al., 2011a), a later study using a different immunisation protocol 

detected cytotoxic immune responses in five of six DFTD immunised devils (Kreiss et al., 2015). 

In addition to demonstrating antibody responses in the devils that exhibited tumour rejections in 

the wild, Pye et al. (2016a) discovered that one of these animals also presented with T lymphocyte 

infiltration within the tumour before rejection. Moreover, immunotherapy trials also demonstrated 

that tumour rejection was highly correlated with immune T cell infiltration in tumour tissues 
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(Tovar et al., 2017), and although the class of immune response was assumed to be cell mediated, 

this hypothesis could not be tested due to the limited availability of specific reagents. Altogether, 

this evidence suggests that T cells have a potential role in combating DFTD, therefore a baseline 

characterisation of wild healthy and DFTD-infected devils would be a valuable resource to better 

understand the progression of the disease.  

Total blood lymphocyte counts can indicate advanced cancer stage, as late-stage cancer patients 

have shown low numbers of lymphocytes in blood. Lymphocytes have also been found to 

decrease in the blood of devils with DFTD compared to healthy controls (Peck et al., 2016). Flow 

cytometry techniques are commonly used to detect and quantify the altered lymphocyte subsets 

affected by disease (Mandy et al., 2003, Dalal et al., 2007, Thompson et al., 2010, Grant et al., 

2021). Unfortunately, the lack of monoclonal antibodies to measure devil T cell subsets makes 

flow cytometry unsuitable. A novel method using immunohistochemistry of formalin fixed blood 

clots partially overcame this limitation for measurement of lymphocyte subsets (Pye, 2017). 

Although this solution was effective in determining CD4+ and CD8+ T cell ratios, it remains 

extremely time consuming to analyse and statistically less accurate. Therefore, the development 

of a cytometry-compatible anti-devil CD8α reagents is a priority. This will allow a more 

comprehensive functional characterisation of circulating CD8+ T cells and their interplay in 

DFTD pathogenesis. 

 DFTD pathogenesis 
DFTD is an aggressive cancer that typically kills its host within six to 12 months after presentation 

of tumour masses on facial, oral and neck regions (Hamede et al., 2012b). These tumour masses 

initially present as small and smooth nodules within the oral cavity submucosa or the facial 

subcutis (Loh et al., 2006a). These rapidly progress to larger, firm soft tissue masses that often 

ulcerate, obstruct feeding, and result in mandibular degeneration (Figure 1.3; Loh et al., 2006a). 

Secondary infections, starvation, and metastasis are the main causes of death as a consequence of 

DFTD (Loh et al., 2006a, Pyecroft et al., 2007). Large DFTD tumours often present large necrotic 

areas in contact with the environment, therefore bacterial infections are common in later stages 

of the disease. These infections may invade healthy tissue and induce sepsis (Pyecroft et al., 2007). 

Starvation occurs as a consequence of mechanical obstruction of feeding or through the secretion 

of by-products from the tumour inducing anorexia (Pyecroft et al., 2007). Finally, tumour cells 

often metastasise to lymph nodes, lungs and other organs, compromising the general 

physiological state of the animals, ultimately resulting in death (Loh et al., 2006a). However, both 

the timing and mechanisms of DFTD metastasis are not well understood. These three pathogenic 

mechanisms are not mutually exclusive, and more than one may act upon an infected host 

simultaneously, contributing to the overall pathogenicity of the disease.  
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Figure 1.3. Progression of DFTD. Progression of DFT1 in one devil (Katari) over nine months. The blue 

arrow indicates the presence of a small DFT1 tumour. 

Studying the pathogenesis and progression of a metastatic cancer in the wild is challenging due 

to the difficulty of collecting samples from wild animals. This is particularly relevant to devils as 

they have large individual home ranges (Comte, 2019). Despite these difficulties, different 

research approaches have produced a fundamental understanding of DFTD pathogenesis. As 

reviewed above, devils have sufficient genetic diversity and an immune system capable of 

rejecting allografts. Therefore, the progression of DFTD was proposed to result from adaptive 

mechanisms originating from the cancer rather than the incapacity of the host (Woods et al., 2015, 

Siddle and Kaufman, 2013b, Siddle and Kaufman, 2013a). 

DFT1 tumour biopsies do not usually present with immune cell infiltration, suggesting that the 

tumour cells are not recognised by the devil immune system (Howson et al., 2014). This is 

consistent with the epigenetic downregulation of MHC-I proteins from the tumour cell surface 

(Siddle et al., 2007, Siddle et al., 2013). The absence of MHC-I from the cell surface of DFT1 

cells was suggested to be the primary mechanism enabling DFT1 allograft transmission, as 

foreign MHC-I molecules play a critical role in allograft rejection, allowing the immune system 

to “see” and respond to the graft/tumour (Leone et al., 2013). In contrast to DFT1, DFT2 tumour 

cells express MHC-I molecules. However, the MHC-I molecules expressed in DFT2 cells share 

allotype identity with devils in the same location DFT2 was first identified, reducing the host 

capacity to detect DFT2 tumours as foreign tissues (Caldwell et al., 2018). This study also 

suggested a gradual loss of MHC-I molecules on the DFT2 cell surface due to structural mutations 

or epigenetic changes, potentially enabling more geographically widespread transmission. The 

authors proposed that a similar situation had occurred with DFT1 (Caldwell et al., 2018).  

Although MHC-I silencing appears to be the primary mechanism of DFTD immune evasion, 

further mechanisms to account for a lack of natural killer cell responsiveness may be necessary 

to explain DFTD progression. However, these mechanisms have not been fully elucidated to date. 

     Month 1          Month 6             Month 9 
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Morris and Belov (2013) investigated the transcripts of cytokines that could be produced by DFT1 

cells as a potential mechanism to avoid the host’s immune response. Immunosuppressive 

cytokines including TGFβ, IL-10, IL-6 and VEGFA were expressed at the same levels as in 

healthy tissues. The authors concluded that these cytokines do not play a role in the pathogenesis 

of DFT1. Flies et al. (2016) investigated the PD-1:PD-L1 inhibitory pathway as a possible DFT1 

immune evasion strategy. Although PD-L1 was not constitutively expressed on DFT1 and DFT2 

tumours cells, the authors demonstrated upregulation by adding IFNG to the in vitro cell cultures. 

IFNG production by the devil immune system could therefore upregulate PD-L1 expression on 

DFTD tumours, potentially resulting in T cell exhaustion via PD-1 receptors.  

Recently, molecular studies have provided insights into the DFTD tumorigenesis processes. An 

integrative systems-wide approach, consisting of characterising DFTD cell lines and primary 

biopsies through pharmacological screens, transcriptomics, proteomics and epigenomics found 

that the ERBB-STAT3 signalling axis is a central molecular driver for DFTD tumorigenesis. The 

authors confirmed their findings through pharmacological targeting of this axis in cell culture and 

xenograft mouse models, which induced tumour growth inhibition and re-established the 

expression of MHC-I genes (Kosack et al., 2019). Another molecular study investigated the 

differences between DFT1 and DFT2 tumours to provide insights into the tumorigenic process of 

the two diseases (Patchett et al., 2020). The transcriptomic analyses of DFT2 tumour biopsies 

demonstrated enrichment of the repair Schwann cell phenotype relative to peripheral nerves, 

while DFT1 biopsies did not significant enrich this phenotype (Patchett et al., 2020). Schwann 

cells naturally undergo transformation to this phenotype to aid repair of peripheral nerve damage, 

which involves the de-differentiation via epithelial-mesenchymal transition (EMT) (Jessen and 

Mirsky, 2019). As EMT features are linked to cancer phenotypes of increased aggression and 

metastatic behaviour (Visvader and Lindeman, 2008, Ksiazkiewicz et al., 2012, Wang and Zhou, 

2013), such EMT traits could reveal clues about DFT2 tumorigenesis and indicate a greater 

metastatic potential than DFT1.  

 A diagnostic challenge 
All DFTD tumours are diagnosed by the appearance of macroscopic tumours and subsequent 

confirmation in the laboratory by cytogenetics, histopathology and immunohistochemistry, and 

PCR of tumour biopsies. This section will provide an overview of these procedures. 

1.5.1 Clinical examination 

To monitor the spread of DFTD in the wild, devils are trapped, examined and samples collected 

while they are conscious (Hawkins et al., 2006). The operator will inspect and note the presence 

of tumour masses on the head, face, neck, and oral cavity (gingival mucosa, hard palate, and lips) 

(Loh et al., 2006a). On rare occasions, some tumour lesions have been reported on the rump and 
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in other parts of the body (Hogg et al., 2019a). DFTD tumours are firm masses, generally with 

flattened ulcerated areas, and exudative surfaces (Figure 1.1-B and 1.3; Loh et al., 2006a). DFTD 

tumours often present necrotic foci, epithelial break up, and bacterial contamination (Figure 1.1-

B and 1.3; Loh et al., 2006a). Often, devils at advanced stages of the disease have multiple 

tumours (Loh et al., 2006a). Once an ulcerated DFTD tumour is identified, a biopsy is collected 

to confirm DFTD and differentiate between DFT1 and DFT2, as they are grossly indistinguishable 

(Figure 1.1-A and B). In the case of non-ulcerated tumours, fine needle aspiration can be 

performed for tissue culture, cytology, and PCR to detect a DFTD characteristics. Biopsies from 

non-ulcerated tumours (especially inside of the mouth) are avoided to reduce possibilities of 

secondary infections, tumour spread or the potential risk of facilitating tumour growth.  

1.5.2 Laboratory techniques 

Once a tumour biopsy or a fine needle aspiration sample is collected, multiple complementary 

laboratory techniques are performed to confirm DFTD and to differentiate between DFT1 and 

DFT2.  

Cytogenetics 

Cytogenetics was the first technique used to confirm the clonal nature of DFT1 (Pearse and Swift, 

2006), and since then it has been used to corroborate the presence of DFT1 and/or DFT2. As 

reviewed in the pathogenesis section, cytogenetics determined that DFT1 cells shared identical 

aberrant karyotypes, that differed from the host (Figure 1.2; Pearse and Swift, 2006). Cytogenetics 

was also critical in determining that DFT2 also had a uniform aberrant DFT2 karyotype, that was 

different to DFT1 and host devils (Figure 1.2; Pye et al., 2016b). To perform cytogenetics on 

DFTD cancer cells, a fine needle aspirate or a fresh tumour biopsy is collected into culture 

medium to establish DFTD cell growth that can be blocked at metaphase for karyotyping (Hogg 

et al., 2019a). Although this technique is a very accurate method to confirm DFTD, it is time-

consuming and requires expertise in collecting the sample, especially fine needle aspirates. 

Factors that can limit success of in vitro DFTD cultures include fibroblast contamination, 

variation in temperature during transport to the laboratory, and microbial contamination from the 

sample site (Hogg et al., 2019a). Therefore, this procedure has been supplemented with more 

rapid and practical techniques with fewer variables to consider, which are detailed below.  

Histopathology and immunohistochemistry  

Initially, histopathological studies were used to understand the pathology of DFT1 tumours (Loh 

et al., 2006a). Hematoxylin and eosin staining demonstrated that DFT1 tumours are composed of 

pleomorphic round cells with a high central nucleus and indistinct cell borders, arranged in 

bundles or nests and surrounded by a thin fibrous pseudocapsule (Loh et al., 2006a). DFT1 tumour 

cells often show multiple stages of mitosis, necrotic foci, and an absence of inflammatory cells 
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(Loh et al., 2006a). Additionally, DFT1 cells present with anaplasia, which is a classic 

characteristic of tumour cells (Loh et al., 2006a). In contrast to the histology of DFT1 tumour 

cells, DFT2 tumour cells are characterised by sheets of pleomorphic (amorphic to stellate and 

fusiform) cells distributed in solid patterns (Pye et al., 2016b). As devils are prone to other types 

of cancers (Peck et al., 2019), researchers investigated a more specific diagnostic test that can 

differentiate DFTD tumours from other cancers of similar histological morphology (Tovar et al., 

2011).  

Molecular techniques 

Transcriptomics has contributed to determining the Schwann cell origin of DFTDs (Murchison et 

al., 2012, Pye et al., 2016b) and has supplied pathologists with valuable information for the 

diagnosis of DFTD. Based on transcriptomic data, Tovar et al. (2011) proposed and confirmed 

that periaxin, a myelin protein, is a diagnostic marker for DFT1 tumours. Since then, 

immunohistochemical expression of periaxin on DFT1 tumour biopsies has become a 

pathognomonic diagnostic marker for DFT1. The discovery of DFT2 has led to greater interest in 

the development of rapid screening techniques for DFTD tumours, and in contrast to DFT1, DFT2 

biopsies are negative for periaxin (Pye et al., 2016b).  

Even though immunohistochemistry techniques were highly accurate in confirmation of DFT1 

tumours, they are time-consuming and require specialist skills and equipment, hindering a quick 

diagnosis. Additionally, at the time of the discovery of DFT2 the only methods to differentially 

diagnose both cancers included histopathology, cytogenetics and or genotyping of polymorphic 

markers, which are all specialised and time-consuming techniques. For these reasons, a simple 

polymerase chain reaction (PCR)-based diagnostic assay (Tasman-PCR) was developed to 

identify and distinguish DFT1 and DFT2 by amplification of a single polymorphism among DFT1, 

DFT2 and host DNA (Kwon et al., 2018). Although the Tasman-PCR is a rapid and highly 

sensitive and specific technique, it has limitations. For example, potential DNA cross-

contamination can produce false positive results, and sensitivity is limited for samples with very 

low tumour cell abundance (Kwon et al., 2018). Further, likelihood of not obtaining any DFTD 

tumour cells is quite high when collecting fine needle aspiration samples from small and non-

ulcerated tumours. 

All the diagnostic techniques reviewed above require a tumour biopsy, which is not always 

possible in cases that tumours are not yet noticeable (latent-DFTD) or cannot be biopsied (non-

ulcerated). For this reason, a diagnostic test which is not dependent on tumour biopsy would be 

advantageous.  
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Early diagnosis of DFTD 

There is evidence that DFT1 can have a long latent period before tumours are visible. Direct 

evidence was provided by an anecdotal case in which a wild devil brought into isolated captivity 

developed DFT1 13 months after removal from the wild (Save the Tasmanian Devil Program, 

2017). Additionally, epidemiological and mathematical models suggested that DFT1 has a latent 

period between 3 to 13 months before presentation of clinical signs (McCallum et al., 2009, 

Hamede et al., 2012a). As blood is one of the frequently collected samples from captive and wild 

devils (Peck et al., 2016, Hope and Peck, 2016), two studies explored potential DFT1 serum 

biomarkers that could potentially serve to predict these preclinical stages. In the first study, Karu 

et al. (2016) demonstrated that a panel of fibrinogen peptides and seven metabolites could 

differentiate DFT1 infected devils from healthy controls with high sensitivity and specificity. The 

second study found elevated levels of the receptor tyrosine-protein kinase ERBB3 in the serum 

of devils infected with DFTD compared to healthy controls (Hayes et al., 2017). Despite the 

potential value of serum biomarkers for DFT1 diagnosis, neither study explored their findings in 

samples from latent DFT1 devils (i.e., 3 to 13 months prior to clinical manifestation of tumours). 

McCallum et al. (2009) suggested that DFT1 is unlikely to spread between individuals prior to 

the development of clinical signs, however this assumption has not been validated due to the lack 

of a preclinical test. Therefore, the discovery of a biomarker for early DFT1 diagnosis would 

greatly improve the capacity for DFTD surveillance and assist with early responses to new 

outbreaks in DFTD-free populations of Tasmania.  

Research on DFTD has achieved a better understanding of the disease and guided practical 

management. However, there are still some important knowledge gaps that need to be addressed 

to specifically improve DFTD management in the wild. In particular, the pathogenesis of DFTD 

is still not fully understood and there is a lack of diagnostic approaches for early disease detection 

and differentiation between DFT1 and DFT2. Collectively, these factors all hinder conservation 

actions.  

 Extracellular vesicles  
As Karu et al. (2016) and Hayes et al. (2017) demonstrated the feasibility of finding potential 

DFTD biomarkers in raw serum, a more sensitive approach based on serum extracellular vesicles 

will be discussed. This review will focus on the value of extracellular vesicle approaches to 

increase the capacity to understand DFTD in the wild and to discover biomarkers for early and 

differential diagnoses of DFTD. The importance of extracellular vesicles in cancer will be 

illustrated mainly with examples from human research, but some veterinary cases will be also 

included. 
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Most cells, including cancer cells in humans and animal models, secrete extracellular vesicles 

(EVs) into their extracellular environment. An extracellular vesicle is defined by the Minimal 

Information for Studies of Extracellular Vesicles 2018 (MISEV2018) as “the generic term for 

particles naturally released from the cell that are delimited by a lipid bilayer and cannot replicate” 

(Thery et al., 2018). Based on their biogenesis, EVs can be classified into two main categories: 

exosomes and microvesicles (Figure 1.4-A; Thery et al., 2018). Exosomes are the smallest 

membranous EVs, ranging from ~50 to 150 nm in diameter and originate from the endocytic 

pathway (Théry et al., 2006, Mathivanan et al., 2010). The endocytic pathway comprises multiple 

steps, starting from the invagination of the plasma membrane leading to the formation of early 

endosomes that mature into late endosomes or multivesicular bodies. Intraluminal vesicles arise 

from inward budding of the multivesicular bodies by endosomal sorting machinery (Hanson and 

Cashikar, 2012). These intraluminal vesicles are released as exosomes into the extracellular 

environment by fusion of multivesicular bodies with the plasma membrane (Pan et al., 1985, 

Johnstone et al., 1987, Mathivanan et al., 2010). In contrast, microvesicles or ectosomes are larger 

EVs (100 to 1000 nm), which originate through direct budding of the plasma membrane (Cocucci 

et al., 2009). Microvesicles also include apoptotic bodies and oncosomes, which are released by 

apoptotic and tumour cells, respectively (Figure 1.4-B; Minciacchi et al., 2015, Samanta et al., 

2018). Enveloped viruses that commandeer membrane from the infected cell for release are also 

considered a type of EV (80 - 400 nm; Cocozza et al., 2020). Recently, a smaller subpopulation 

of non-membranous particles termed exomeres were discovered (35 nm – 50 nm; Figure 1.4-A; 

Zhang et al., 2018).  

 

Figure 1.4. Types of extracellular vesicles (EVs) and EV mechanisms of biogenesis and release. Invagination of 

the plasma membrane formed recycling endosomes that mature into multivesicular bodies (MVB). MVB mature into 

exosomes, which are released into the extracellular space by fusion with the plasma membrane. Microvesicles, which 

include large oncosomes and apoptotic bodies are secreted by direct budding of the plasma membrane. Enveloped 

viruses (considered a type of EV) can be released by formation of MVB and fusion to the plasma membrane or by 

direct budding of the plasma membrane.  
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Since there is some overlap in the size of EV subtypes and a lack of specific markers to accurately 

differentiate EV classes (Thery et al., 2018), this review will refer to them with the generic term 

EV, except when referring to studies which investigated a specific enriched vesicle population. 

EVs contain bioactive cargo, such as proteins, genetic material and lipids (Zaborowski et al., 

2015). These bioactive molecules may represent the cell of origin and consist of “messages” that 

the cell uses to communicate with other cells (Valadi et al., 2007, Mathivanan et al., 2010). Using 

transcellular and paracellular routes, EVs can enter a variety of bodily fluids, such as plasma, 

serum, urine, saliva, milk, amniotic fluid, ascites, cerebrospinal fluid, bile, and semen (Colombo 

et al., 2014). The EV cargo in bodily fluids and in cell culture supernatants has been extensively 

analysed by various downstream techniques (physical and/or molecular analyses) to decipher 

their messages. In this sense, methods for EV isolation play a crucial role, as the chosen technique 

has implications for the purity of the sample and thereby the downstream analysis, especially from 

complex bodily fluids such as plasma (Van Deun et al., 2014, Monguió-Tortajada et al., 2019). 

1.6.1 Extracellular vesicle isolation methods 

Several techniques have been developed to isolate EVs from both bodily fluids and conditioned 

cell culture medium. These techniques have pros and cons in terms of purity and recovery of the 

isolated EV population and practicability for their use in clinical applications. These methods 

separate EV particles from other components, based on physical and/or biochemical EV 

characteristics, such as mass, buoyant density, solubility, and specific molecules present on the 

EV surface. One of the most utilised techniques in the EV field is differential centrifugation or 

ultracentrifugation (Gudbergsson et al., 2016) that separates EVs according to their density and 

size using stepwise increases in the centrifugation forces (Théry et al., 2006, Tauro et al., 2012). 

The first ultracentrifugation protocol was published by Théry et al. (2006). Briefly, this protocol 

consists of centrifugation at 300-400 x g to sediment a main portion of cells, following by 

centrifugation at 2,000 x g to pellet cell debris, apoptotic bodies and larger oncosomes, subsequent 

centrifugation at 10,000 x g to pellet microvesicles, and finally the isolation of an exosome pellet 

at centrifugal forces of 100,000 x g and above. Pelleted exosomes are then washed by subsequent 

rounds of centrifugation. One of the main limitations of the ultracentrifugation technique is that 

the yield and purity of the isolated EVs are greatly influenced by the rotor type and centrifugation 

time (Cvjetkovic et al., 2014). Additionally, some studies have demonstrated that the 

ultracentrifuged EV fraction contains a high proportion of contaminating non-EV proteins, 

affecting downstream protein analysis (Abramowicz et al., 2016, Van Deun et al., 2014). 

Furthermore, this EV isolation method is time consuming and requires sophisticated equipment, 

which has hindered its application in the clinic.  

Other EV isolation techniques have been used to overcome the limitations of ultracentrifugation. 

For instance, density gradient (ultra)centrifugation can be used after differential centrifugation 
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processes to purify EV samples further (Coumans et al., 2017). This method allows EVs to float 

into a gradient of increasing dilutions of a viscous solution such as sucrose or iodixanol. The 

loaded sample density gradient is subjected to long high-speed centrifugation until EVs reach 

their equilibrium densities (Konoshenko et al., 2018). Density gradient centrifugation isolates 

EVs based on their size and mass density, providing a fraction of EV subtypes with less non-EV 

contaminants than normal ultracentrifugation (Abramowicz et al., 2016, Lobb et al., 2015, Théry 

et al., 2001, Cantin et al., 2005). Even though this method can yield purer EV preparations with 

higher purity than other methods, EV loss is significant (Van Deun et al., 2014). It is a highly 

complex and time consuming (up to 2 days) technique that requires expensive equipment (Lobb 

et al., 2017, Zeringer et al., 2015). In addition, methods that used ultracentrifugation have been 

reported to damage the EV integrity due to the high centrifugal forces, which could affect 

functionality studies (Mol et al., 2017). Considering these factors, density gradient 

ultracentrifugation has not been applied to date in a clinical setting.  

Other less time-consuming EV isolation methods have also been employed in the EV field, such 

as size exclusion chromatography (SEC), ultrafiltration, and precipitation. SEC is performed 

using a column containing an exclusion matrix to separate particles based on size (Coumans et 

al., 2017). In contrast with ultracentrifugation methods, SEC maintains EV functionality (Mol et 

al., 2017), and is rapid, efficient, and almost loss-free (Konoshenko et al., 2018). Although the 

size of some lipoproteins is similar to the size of isolated EVs and therefore SEC isolated EVs 

can contain them, the amount of these non-EV contaminants is a considerably lower than other 

methods (Taylor and Shah, 2015, Gámez-Valero et al., 2016). Ultrafiltration methods are based 

on separation of EVs by passing the samples through a filter with defined molecular weight cut-

offs or pore sizes (Coumans et al., 2017). Although ultrafiltration is a fast and simple technique, 

it often requires successive filtrations steps plus ultracentrifugation to further purify EV 

populations, adding complexity to the technique (Xu et al., 2017, Muller et al., 2014). 

Precipitation methods utilise differential solubility of the components in a solution of the 

hydrophilic polymers polyethylene glycol (Konoshenko et al., 2018). Although the advantages of 

EV precipitation are simplicity and rapidity, this method isolates EVs along with a high level of 

non-EV nucleoproteins and proteins (e.g., albumin, apolipoprotein E, other lipoproteins, and 

Tamm Horsfall protein from urine, Van Deun et al., 2014, Lobb et al., 2015). Moreover, residual 

polymer structures in the isolated EV samples might hinder subsequent functional analysis 

(Taylor and Shah, 2015).  

Other methods include immunoaffinity techniques, allowing the isolation of specific EV subtypes. 

This method uses beads coated with antibodies that bind to its ligand on the EV surface (often 

proteins; Konoshenko et al., 2018). Immunoaffinity-based assays can allow quantification, 

characterisation, and sorting of EV populations by flow cytometry techniques (Koliha et al., 2016). 
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Some novel methods have arisen in the EV isolation field, such as asymmetrical-flow field 

fractionation (Petersen et al., 2014, Citkowicz et al., 2008), and microfluidic isolation 

(Gholizadeh et al., 2017, Shin et al., 2017). Although these new techniques have demonstrated 

potential, they require further validation in the EV field.  

Each EV isolation technique has advantages (e.g., high yield or purity) and drawbacks (e.g., time-

consuming, expense, or low yield/purity), influencing its choice of use. The EV isolation method 

of choice highly depends on the type of bodily fluid, and the downstream analyses required to 

answer the research question (Cocozza et al., 2020).  

1.6.2 Downstream extracellular vesicle analyses 

Currently, the analyses of EVs require a mix of techniques to investigate the multiple EV 

properties in biological fluids and clinical samples. In general terms, these techniques aim to 

identify, quantify, and characterise EV particles based on their physical and biochemical 

characteristics (Théry et al., 2018).  

EV analyses based on their physical properties. 

The MISEV2018 position statement recommends characterising the biophysical features of EVs 

using two orthogonal but complementary techniques (Thery et al., 2018). The most popular 

recommended techniques include electron microscopy (EM), nanoparticle tracking analyses, 

resistive pulse sensing, and flow cytometry. Scanning and transmission EM are commonly used 

to analyse morphology and determine the size of EVs (Linares et al., 2017, Hartjes et al., 2019). 

A major drawback, however, is the limited number of EVs that can be analysed, limiting its use 

to analyse the size of a representative heterogenous EV population present in biological and 

clinical samples (Hartjes et al., 2019). Related EM techniques include cryo-EM and scanning-

probe microscopy (atomic force microscopy) (Thery et al., 2018). Additionally, immunogold 

labelling can be used along with EM techniques. For instance, transmission EM using 

immunogold-labelled antibodies to common EV markers such as CD63 and Alix was used to 

characterise EVs derived from canine and feline mammary cancer cells (Sammarco et al., 2018).  

EV particles can be quantified using light scattering technologies, such as nanoparticle tracking 

analysis (NTA). NTA is one of the most common methods to assess both size distribution and 

concentration of EVs as it is a relatively fast technique (Hartjes et al., 2019). NTA is based on the 

estimation of the diffusion coefficient and size of individual EVs by analysing their motion 

trajectories using either scattered light or emitted fluorescence (Dragovic et al., 2011). A 

limitation of NTA, especially in complex biofluids, is that the scattered light might misinterpret 

other sources of scattering, such as protein aggregates or lipoproteins, as EVs (McNicholas et al., 

2017). Tunable resistive pulse sensing (tRPS) is an alternative technique to analyse both size 

distribution and concentration of EVs. tRPS detects individual EVs by measuring changes in 
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electrical current as each particle passes through an adjustable nanopore, which allows the 

accurate calculation of the volume of passing particles (Weatherall and Willmott, 2015). Even 

though tRPS is highly sensitive, it is important to account for the potential of raw biological 

samples to obstruct the pores due to larger EVs (Maas et al., 2014, Maas et al., 2017b). 

Flow cytometry-based approaches have been adapted for the analyses of EVs. While flow 

cytometry is a highly standardised and robust technique for cellular analysis, its application to 

EVs is a challenge due to their small size and low refractive index relative to the solution 

(Chandler et al., 2011). While conventional flow cytometers can detect single EVs above ~500 

nm in size, smaller EVs needs to be detected by a high-resolution flow cytometer (Hartjes et al., 

2019). This type of flow cytometer uses light scattering, fluorescence parameters, and/or labelling 

specific EV components to quantify and enumerate small EVs (Van Der Vlist et al., 2012). 

Although high-resolution flow cytometry can detect smaller EVs, there is still a risk of a swarm 

effect when samples are too concentrated, as multiple EVs can be simultaneously illuminated by 

the laser and counted as a single particle. Therefore, it is vital to dilute the samples until single 

EV measurements are optimised (Stoner et al., 2016).  

Dynamic light scattering is also used to determine the size distribution of EVs. This technique 

analyses the scatter of a laser beam, detecting particles ranging from 1 nm to 6 µm. Dynamic light 

scattering is a rapid and straightforward technique; however, it has a limited utility in the analyses 

of minimally processed biofluids as it detects all scattering objects in a solution (Hartjes et al., 

2019, Théry et al., 2018) 

EV analyses based on their biochemical properties. 

Biochemical analyses of EVs aim to detect the presence of EVs or to identify a specific EV 

subtype. These analyses usually target the identification of specific proteins by immunoblotting 

and immunosorbent assays. Immunoblotting allows the detection of specific proteins which can 

indicate the cell of origin or confirm the presence of EVs through the detection of EV protein 

markers (Hartjes et al., 2019). Purified EVs are lysed to release their proteins, followed by direct 

spotting of them onto a membrane (in a dot blot assay) or separated using SDS-PAGE (in a 

Western blot assay) to finally detect the protein of interest using labelling antibodies (Hartjes et 

al., 2019). The MISEV2018 position statement recommends demonstrating the presence of at 

least one trans-membrane protein (e.g., CD81, CD63, CD9) and one cytosolic protein (e.g., ALIX, 

TSG101) associated with EVs (Thery et al., 2018). Additionally, to assess the purity of the EV 

samples, it recommends evaluating the presence of co-isolated protein contaminants, such as 

albumin, lipoproteins, and uromodulin, among others. Immunoblotting is commonly used to 

achieve these recommendations. However, western blotting is critically dependent on the 

availability of specific antibodies for the species being investigated, and a positive signal for an 
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EV marker does not exclude the presence of non-EV contaminants, which should also be assessed 

using specific antibodies. Also, immunoblotting is a semi-quantitative technique which can only 

provide information for an entire sample rather than for the protein content of specific EVs 

(Hartjes et al., 2019). To address these limitations, assays that capture specific EVs have been 

developed.  

Immunosorbent assays to detect protein inside or on the surface of EVs are derived from the 

classical enzyme-linked immunosorbent protein assays (ELISA). EVs are typically captured on a 

supporting surface by an antibody targeting a common EV surface protein (Hartjes et al., 2019). 

In the case of a protein inside of the EVs, a variant method is based on loading the intra-vesicular 

proteins after lysis of EVs on aldehyde/sulphate latex (Theodoraki et al., 2020). For both methods, 

the next step is the addition of an antibody targeting the EV-epitope of interest, which is usually 

conjugated with a fluorescence tag to allow its detection. This signal can be measured using a 

spectrophotometer (as in an ELISA), fluorochrome-linked immunosorbent assay, time-resolved 

fluorescence immunoassay or by flow cytometry (Hartjes et al., 2019). Although, immunosorbent 

assays have shown promising results using complex samples such as urine and blood prior to EV 

isolation, they still rely on protein targets that are only present in certain types of EVs (Park et al., 

2016, Duijvesz et al., 2015, Logozzi et al., 2009, Moon et al., 2016).  

As reviewed here, the major challenges of EV analyses are related to the size and composition of 

different EV subtypes, and to the difficulty in separating EV particles from non-EV contaminants, 

such as protein aggregates, lipoproteins, etc. As no single technique can consider all these factors, 

their relative benefits and drawbacks should be considered in the context of the specific research 

question. Finally, other molecular techniques have been widely used, typically in downstream 

analyses, to further characterise the biological cargo of EVs, such as proteomics, genomics and 

lipidomics (Rosa-Fernandes et al., 2017, Turchinovich et al., 2019, Skotland et al., 2017). These 

molecular techniques have provided important insights regarding the pathogenesis of many 

diseases.  

1.6.3 The role of extracellular vesicles in the pathogenesis of cancer 

As a major hallmark of cancer is to communicate with other cells to survive, invade and progress, 

EVs have been widely investigated in the pathogenesis and progression of human cancers. EV 

research in veterinary medicine is still in its infancy, and most of the published studies are related 

to diseases in domestic animals (Bongiovanni et al., 2021). EV research in wild species is scarce 

and most of the studies explore protein deamination signatures present in plasma EVs of wild 

species, among others, reindeers, whales, orcas, and seabirds (D'Alessio et al., 2021, Magnadottir 

et al., 2020, Phillips et al., 2020). However, these limited EV studies in veterinary medicine have 
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been sufficient to demonstrate the potential of EV applications to better understand animal 

diseases.  

The secretion of EVs by tumour cells is a key mediator of intercellular crosstalk, which 

contributes directly to the pathogenesis of various cancers (Naito et al., 2017). For this reason, 

analyses of the molecular cargo of EVs derived from cancer cells can help identify disease 

mechanisms. EVs play a role in the pathogenesis of neoplasia, including cancer initiation, 

tumorigenesis, cancer progression, and metastasis. 

1.6.4 The role of extracellular vesicles in tumorigenesis 

One hallmark of tumour cells is their capacity to indefinitely proliferate (Hanahan and Weinberg, 

2000), which can be facilitated by tumour derived EVs. EVs can induce cancer cell proliferation 

by transferring microRNA (miRNA) or proteins with oncogenic characteristics to other tissues 

(Naito et al., 2017). For instance, EVs derived from osteosarcoma cells contains miRNA with 

oncogenic functions, such as miR-135, which can promote osteosarcoma cell proliferation as well 

as invasion (Pei et al., 2015). Protein cargo in EVs can also promote the proliferation of cancer 

cells. EVs derived from cultured prostate cancer cells can maintain the full-length androgen 

receptor protein from their cell of origin. This receptor can be transported by EVs to the nucleus 

of androgen receptor null cells and modulate gene transcription inducing proliferation of the 

recipient cells in the absence of androgen (Read et al., 2017). Tumour-derived EVs can also 

induce proliferation of cancer cells in an indirect manner, which is via the expression of anti-

apoptotic molecules. Examples of these are upregulation of anti-apoptotic proteins such as 

survivin, XIAP, cIAP-2 (Khan et al., 2017, Valenzuela et al., 2015), and Bcl-xL (Al-Nedawi et al., 

2008). 

Interestingly, a veterinary study in dogs identified higher expression of specific miRNAs (miR-

18a, miR-19a, and miR-181) in EVs derived from canine mammary tumour cells relative to 

epithelial cell derived EVs. The authors hypothesised that these miRNAs might contribute to the 

regulation of important pathways for canine mammary tumour progression, such as cell division, 

antiapoptotic mechanisms, and hormonal influence, mediated by the estrogen receptor (Fish et al., 

2018). 

1.6.5 The role of extracellular vesicles in cancer initiation  

Cancer initiation has been linked to functional alterations in the tumour microenvironment via 

different mediators, including EVs. Cancer risk factors such as environmental chemicals 

(cigarette smoke exposure, arsenide; Fujita et al., 2015, Xu et al., 2015), bacterial and viral 

infections (Meckes, 2015, Meckes et al., 2013, Shimoda et al., 2016), obesity, hormonal factors 

(androgen and estrogen; Read et al., 2017, Sansone et al., 2017), and ultraviolet radiation 
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(Chiantore et al., 2020, Bin et al., 2016) may alter EV composition, disrupting the physiological 

balance and thus contribute to the initial steps of carcinogenesis.  

EVs can promote or suppress the initiation and development of cancer by two main mechanisms. 

EVs can carry oncogenic factors, favouring cancer development (Kharaziha et al., 2012). For 

instance, He et al. (2015) found that metastatic hepatocellular carcinoma cell derived EVs transfer 

oncogenic molecules to non-tumoral immortalised hepatocytes, promoting an invasive phenotype. 

Non-tumoral cells also utilise EVs to transfer tumour-suppressive molecules that affect tumour 

initiation and development. For example, normal prostate epithelial cell-derived EVs transfer the 

tumour suppressor miR-143 to surrounding cancer cells, resulting in targeted cancer growth 

inhibition, both in vitro and in vivo (Kosaka et al., 2012). This evidence suggests that EVs play 

an important role in the competition between cancer cells and healthy cells, resulting in 

suppressing or facilitating tumour development.  

1.6.6 The contribution of extracellular vesicles to cancer progression and 
aggressiveness 

Aggressive cancer phenotypes are also linked with EVs. This is mainly due to the EV interactions 

derived from the multiple types of cells forming the tumour microenvironment (tumour, 

endothelial, mesenchymal, fibroblast, epithelial and immune cells). Most of these interactions are 

pro-tumorigenic, however anti-neoplastic effects have also been reported (Chen et al., 2016). EVs 

derived from tumour cells can influence the progression of their counterparts in the tumour niche. 

For example, cancer cells treated with cancer drugs have been shown to undergo senescence or 

apoptotic cell death, and secreting EVs that favoured cancer progression of neighbouring tumour 

and healthy cells (Takasugi et al., 2017). 

The establishment of a tumour requires adequate nutrient and oxygen supplies, a process that is 

highly dependent on increased angiogenesis (Hanahan and Weinberg, 2000). EVs have been 

demonstrated to confer pro-angiogenic features to endothelial cells. For instance, EVs derived 

from prostate and ovarian cancer cells carry sphingomyelin and CD147, which are transferred to 

endothelial cells, promoting pro-angiogenic activity (Kim et al., 2002, Millimaggi et al., 2007). 

Moreover, cancer cells under hypoxic conditions secrete a greater amount of EVs, which promote 

tumour angiogenesis as well as invasion and metastasis (Park et al., 2010).  

Mesenchymal cells are also recruited into the tumour microenvironment and they have been 

proposed to promote cancer progression and metastasis (Aster et al., 2017). EVs derived from 

mesenchymal cells promote tumour growth in several cancers, such as renal cancer (Du et al., 

2014), gastric cancer and colorectal cancer (Zhu et al., 2012). Other tumour microenvironment 

cells such as cancer associated fibroblasts can secrete EVs that promote epithelial-mesenchymal 

transition (EMT) processes in prostate cancer cells in vitro and in vivo (Josson et al., 2015). In the 
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EMT process, cancer cells de-differentiate and acquire a mesenchymal phenotype, rendering them 

more metastatic and invasive (Bongiovanni et al., 2013, Dongre and Weinberg, 2019). Cancer 

cell derived EVs can promote EMT in the tumour microenvironment, thereby promoting 

metastasis in melanoma and prostate cancer (Xiao et al., 2016, El-Sayed et al., 2017). Finally, 

breast cancer carcinoma and glioma EVs have been demonstrated to confer characteristics of 

cancer cells to normal fibroblasts and epithelial cells, favouring the progression of these cancers 

(Antonyak et al., 2011). 

EVs can also influence multiple aspects of the immune system (Whiteside, 2016, Thery et al., 

2009, Greening et al., 2015). For example, EVs derived from cancer cells can induce apoptosis 

of CD8+ T cells mediated through Fas ligand, and promote regulatory T cell expansion to 

suppress anticancer immunity (Wieckowski et al., 2009, Szajnik et al., 2010). A key hallmark of 

cancer cells is to evade the immune system and EVs are active players in immune evasion. EVs 

derived from tumour cells carry numerous molecules to escape the immune system, such as TGF-

B (Clayton et al., 2007), NKG2D ligands (Clayton et al., 2008), galectin-9 (Klibi et al., 2009), 

HSP72 (Naito et al., 2017), and PDL1 (Ricklefs et al., 2018). Additionally, cancer and dendritic 

cell derived EVs have been utilised as cancer vaccines and immunotherapies, highlighting their 

immunogenicity (Dai et al., 2008, Harshyne et al., 2015, André et al., 2004, Morse et al., 2005, 

Escudier et al., 2005). EVs within the tumour microenvironment participate in complex processes 

in association with the immune system, which affects the progression of cancer.  

1.6.7 Extracellular vesicle enhancement of metastasis  

Often, in the most advanced stages of cancer, tumour cells metastasise to colonise distant organs 

(Gupta and Massagué, 2006). EVs have been extensively researched in this area and are attributed 

to play an important role in multiple steps of metastasis (Adem et al., 2020).  

To effectively colonise the target organ, circulating tumour cells must evade the immune system 

and survive in circulation. As mentioned previously, EVs derived from tumour cells carry 

different immunosuppressive molecules (Jella et al., 2018). For example, EVs secreted by 

metastatic cancer cells (Zhao et al., 2019) and acute myeloid leukemia cells (Hong et al., 2017) 

interfere with natural killer activity, escaping one of the first lines of immune defence against 

cancer. Tumour cells appear to be protected by platelet-derived EVs while travelling in the blood 

vessel, aiding their survival (Joosse and Pantel, 2015, Żmigrodzka et al., 2016). Tumour self-

seeding is a process proposed to enhance long distance dissemination of cancer cells by increasing 

the number of metastatic cells in the primary tumour (Kim et al., 2009) and EVs have been also 

implicated in this process. For example, EVs derived from hepatocellular carcinoma tumour cells 

promote self-seeding, enhancing the invasive and migratory abilities of circulating tumour cells 

(Liu et al., 2018).  
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Another crucial step of the metastatic process in which EVs have been implicated is the formation 

of the pre-metastatic niche, which favours the outgrowth of arriving tumour cells. EVs derived 

from a highly metastatic melanoma cell line ‘educate’ bone marrow-derived cells to favour 

metastasis (Peinado et al., 2012). Melanoma derived EVs carry the receptor tyrosine kinase MET, 

which transform bone marrow-derived cells into a pro-metastatic phenotype, inducing vascular 

leakiness at the metastatic sites (Peinado et al., 2012). Additionally, melanoma-derived EVs can 

home to sentinel lymph nodes through a synchronised molecular signalling cascade, leading to 

tumour cell recruitment, extracellular matrix remodelling, and angiogenesis in the lymph nodes 

(Hood et al., 2011). Furthermore, EVs are hypothesised to be implicated in regulating the 

organotropism of metastases. Cancer EVs expressing integrins α6β4 and α6β1 were linked to lung 

metastasis, and those expressing αvβ6 with liver metastasis, corroborated with plasma derived EVs 

of cancer patients (Hoshino et al., 2015). 

Once tumour cells have arrived at the metastatic region, they colonise, proliferate, and establish 

metastatic foci. Epigenetic silencing of the tumour suppressor PTEN was shown to be regulated 

by exosomal miRNAs from brain astrocytes, enhancing the outgrowth of brain metastatic tumour 

cells via enhanced proliferation and reduced apoptosis (Zhang et al., 2015). Tumour cells can also 

undergo “dormancy” at the site of metastasis, forming a “sleepy niche”, which can be reactivated 

later (Gao et al., 2017). Metastatic breast cancer cell dormancy was induced by the transfer of a 

miRNA contained in EV derived from stroma cells (Ono et al., 2014). 

As metastasis is the leading cause of death in cancer patients (Chaffer and Weinberg, 2011), and 

EVs carry molecules associated with cancer progression, EVs have been investigated as 

prognostic biomarkers for cancer (LeBleu and Kalluri, 2020). 

1.6.8 Extracellular vesicles as cancer biomarkers 

Biomarkers are defined by the National Institutes of Health Biomarkers Definition Working 

Group (2001) as “a characteristic that is objectively measured and evaluated as an indicator of 

normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic 

intervention”. Biomarkers include molecules such as DNA, RNA, proteins and metabolites that 

can identify health or disease state (Magni et al., 2010, Ahn and Simpson, 2007). In cancer 

research, biomarkers are generally investigated to yield information about diagnosis, prognosis, 

and response to treatments (Ludwig and Weinstein, 2005).  

Biomarkers can be identified using invasive and non- (or less-) invasive techniques, such as solid 

or liquid biopsies, respectively (Mathivanan, 2012). Liquid biopsies are based on the 

identification of the specific biomarker in bodily fluids and are extremely valuable when tumours 

are not easily accessible (e.g., brain cancer). Additionally, bodily fluid biomarkers can detect early 

stages of cancer when therapy is likely to be more effective (Campos et al., 2018). Minimally 
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invasive blood-based biofluids are considered an ideal source of biomarkers as they are rich on 

molecules coming from different parts of the body and can classify the health status of an 

individual (Good et al., 2007, Boukouris and Mathivanan, 2015).  

EVs are promising candidate for cancer biomarkers as they are released by diseased cells into the 

extracellular space and to the circulation, and their molecular cargo (DNA, RNA, miRNA, and 

proteins) can yield information about disease processes (Lane et al., 2018). Additionally, isolation 

of EVs also can reduce the complexity of bodily fluids, such as blood, allowing the identification 

of a greater range of proteins that are otherwise masked by high-abundance plasma/serum proteins 

(Kalra et al., 2013). Although several studies have demonstrated the use of EVs as a source of 

novel biomarkers to diagnose and assess the progression of cancer (Lane et al., 2018), there is 

currently only one EV-based test validated under Clinical Laboratory Improvement Amendments 

(CLIA) and available for clinical application (EPI test, ExoDx, ProstateR, IntelliScore; Yekula et 

al., 2020). This is mainly due to challenges inherent to the biomarker development pipeline and 

the nanoparticle field (i.e.; EV isolation methods; Yekula et al., 2020). The following section 

summarises the utility of EVs as cancer biomarker according to their bioactive cargo. 

DNA biomarkers derived from EVs  

Cell-free cancer DNA has been detected at higher levels in EV samples than in raw peripheral 

blood samples (Fernando et al., 2017, Vagner et al., 2018, Yokoi et al., 2019). For instance, the 

copy number of mitochondrial DNA has been reported to be greater in EVs than plasma derived 

from patients with advanced stages of serous epithelial ovarian cancer, indicating its value as 

prognostic biomarker (Keserű et al., 2019). Another example of the use of DNA as a diagnostic 

cancer biomarker is ExoDx Lung for identifying non-small cell lung cancer, through the detection 

of EGFR mutations in circulating EVs (Castellanos-Rizaldos et al., 2018). 

RNA biomarkers derived from EVs 

Other types of genetic material, such as mRNA, long non-coding RNA and circular RNA have 

been also demonstrated to be potential cancer diagnostic biomarkers. As mentioned above, the 

EPI test (Bio-Techne), the only EV-based based assay CLIA validated and clinically used, detects 

three mRNA species in urine of suspected prostate cancer patients to help determine the need for 

a prostate biopsy (McKiernan et al., 2016, McKiernan et al., 2018). Long non-coding RNAs and 

circular RNA have been reported as potential EV associates biomarkers for cancer diagnosis as 

they could distinguish patients with cancer from healthy individuals (Dong et al., 2016, Li et al., 

2019).  

EV-derived small non-coding RNAs, especially miRNAs have also demonstrated utility as 

potential diagnostic biomarkers for cancer (Kinoshita et al., 2017, Fortunato et al., 2019). Notably, 

miRNAs are not only associated with EVs but can also be bound to proteins and released by 
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tumour cells (French et al., 2017, Ogata-Kawata et al., 2014). Therefore, to establish that miRNAs 

are linked with EVs, it is crucial to firstly isolate EVs and subsequently analyse their miRNA 

cargo. Using this method, several EV-derived miRNAs have been validated as cancer biomarkers. 

For instance, miRNA-223 has been identified as prognostic biomarker for non-small-cell lung 

and canine breast cancer (Liu et al., 2017, Żmigrodzka et al., 2019). In addition, specific EV 

miRNAs have been identified at early stages of cancer. For example, circulating EV miRNAs can 

distinguish Acute Myeloid Leukemia before circulating tumour cells can be detected (Hornick et 

al., 2015). Moreover, miRNA signatures associated with circulating small EVs can detect 

pancreatic ductal adenocarcinoma with high sensitivity (Lai et al., 2017). In comparison with tests 

based on exosomal glypican-1 (Melo et al., 2015) and plasma carbohydrate antigen 19.9 (the sole 

Food and Drug Administration approved biomarker for pancreatic cancer management; Lai et al., 

2017), the miRNA signature showed superior performance for distinguishing between healthy 

individuals, patients with pancreatic cancer and those with chronic pancreatitis. 

Protein biomarkers derived from EVs 

A systematic review identified that proteins are the most studied EV cargo as liquid biopsy 

platforms over the past decade (Zhou et al., 2020). This is likely due to the advantages that EV 

approaches provide in overcoming the limitation of raw bodily fluid protein analyses. Discovery 

of protein biomarkers is severely hampered by the dynamic range of protein concentrations, which 

in serum, for example, can span more than 10 orders of magnitude (Anderson and Anderson, 

2002). With 99% of plasma proteins represented by 22 highly abundant protein species (e.g., 

albumin, fibrinogens, immunoglobulins), it is extremely difficult to detect other low abundant 

proteins by mass spectrometry techniques (Lescuyer et al., 2007, Boukouris and Mathivanan, 

2015). EVs have been proposed to potentially overcome these challenges in the protein biomarker 

discovery arena.  

The analysis of EV associated proteins has yielded several early cancer biomarkers. A cell surface 

proteoglycan known as glypican-1 (GPC1) was enriched on circulating EVs of patients with 

pancreatic cancer, identifying early stages of pancreatic cancer with 100% sensitivity and 

specificity (Melo et al., 2015). The protein survivin was reported to be elevated in EVs derived 

from plasma of patients in early and advanced stages of prostate cancer, indicating its potential 

use for early detection of this kind of cancer (Khan et al., 2012). Circulating EV-derived survivin 

(Khan et al., 2014) and fibronectin were also found to detect early phases of breast cancer (Moon 

et al., 2016). Furthermore, a large proteomic study identified tumour-derived EV protein markers 

that can serve as pan-cancer biomarkers to distinguish tumours from normal tissues (Hoshino et 

al., 2020). This study also suggested that host-derived EV proteins, such as immunoglobulins, 

found in plasma of cancer patients can serve as highly sensitive and specific biomarkers to detect 

cancer.  
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Proteins associated with EVs have also been investigated in cancers affecting domestic species, 

such as dogs. Some preliminary studies indicate that the overall levels of EVs in plasma of dogs 

with various types of cancers are significantly higher than healthy dogs, and contained a higher 

proportion of platelets, leukocytes and T cell protein markers (Żmigrodzka et al., 2019). 

Furthermore, another preliminary study identified ten proteins derived from dog serum EVs that 

discriminate between canine osteosarcoma and dogs which are healthy or have fractures, with an 

accuracy of 85% (Brady et al., 2018). Although EV biomarkers in veterinary medicine are still in 

their infancy, preliminary studies have shown potential and should be further investigated. This 

is especially important in diseases affecting wild species, such as the Tasmanian devil, as EV 

approaches can provide new tools to expand the management toolbox for DFTD to protect this 

iconic species from possible extinction. 

 Conservation measures to combat DFTD 
DFTD-induced extinction was a genuine concern predicted by epidemiological and mathematical 

models (McCallum et al., 2009). Thus, government managers and researchers began to propose 

conservation actions to protect the species from their imminent extinction. The management 

options implemented for DFTD are illustrated in a timeline (Figure 1.5). The main aim of these 

conservation measures was to maintain a genetically diverse captive and wild DFTD-free 

insurance population (Thalmann et al., 2016, Hogg et al., 2019a). Additionally, the development 

of a vaccine against DFTD has been intensively researched by the devil immunology group at the 

University of Tasmania (Woods et al., 2015, Flies et al., 2020, Hogg et al., 2019a). Culling devils 

on the semi-isolated Forestier peninsula in the southeast of Tasmania for DFTD management is 

no longer under consideration. This intervention did not reduce DFTD prevalence, which was 

attributed in part to the long incubation period of the disease along with the lack of a preclinical 

test for DFTD (Beeton and McCallum, 2011). 

Tasmanian devils have not become extinct as initially feared, as populations have persisted in the 

wild, although with markedly diminished numbers. This appears to be mainly due to 

compensatory mechanisms, such as precocious breeding (Lachish et al., 2009), genetic selection 

related to the capacity to resist DFTD in the wild (Epstein et al., 2016), and some wild devils with 

tumours that have naturally regressed (Pye et al., 2016a, Hamede et al., 2021). Moreover, a recent 

study suggested that DFTD is transitioning towards an endemic disease, likely to co-exist with 

devils rather than driving them to extinction (Patton et al., 2020). However, the high mortality 

rate and low population numbers are still a concern for the species and ecosystem. Impacted devil 

populations are more susceptible to existing and potential threats such as land use changes and 

other anthropogenic threats, competition with invasive species, other disease outbreaks, climate 

change and consequent wildfires (Cunningham et al., 2020, Brüniche-Olsen et al., 2014). Chief 
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among additional disease threats to the devil population is the second transmissible cancer, DFT2, 

which would be severe if spread occurs beyond its currently confined geographical range (Pye et 

al., 2016b, James et al., 2019). Therefore, efforts to protect the species from the devasting effects 

of DFTD are still ongoing. 

 
Figure 1.5. Timeline of the conservation strategies implemented to combat DFTD. Translocation into, 

and maintenance of DFTD-free insurance populations, both captively managed and wild (e.g., Maria Island 

and mainland Australia); Research into a vaccine to protect against DFTD infection including release of 

vaccinated devils in the wild; and disease suppression through culling on the semi-isolated Forestier 

peninsula in southeast Tasmania along with fencing to isolate the area have all been trialled in effort to 

combat the effects of DFTD on devil populations. 

The Save the Tasmanian Devil Program (STDP) initiative of the Australian and Tasmanian 

governments aims to achieve a resilient devil population requiring minimum intervention (Save 

the Tasmanian Devil Program, 2020). To meet this goal, STDP has established multiple research 

priorities which include: development of prophylactic therapies such as vaccine or 

immunotherapy for DFTD; quantifying the impact of anthropogenic induced threats on the 

population viability of devils and identify effective methods to mitigate them; identifying factors, 

including, but not limited to, new disease outbreaks and habitat continuity, which limit genetic 

and demographic connectivity across the island of Tasmania; determining the distribution and 

impact of DFT2; and determining if releasing insurance devils into the wild is beneficial, neutral 

or detrimental to wild devil population dynamics, DFTD epidemiology and evolution of natural 

disease resistance. The immunological reagents and diagnostic tools proposed by this thesis will 
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increase capacity in several of the STDP research priorities, supporting more effective 

management actions to ensure the viability of the remaining devil populations.  

 Thesis aims 
This thesis aims to expand and use the clinical and research toolbox for DFTD management. The 

lack of devil-specific immunological reagents, specifically antibodies targeting CD8+ T cells, has 

been an impediment to better understand the devil cell-mediated immune system, its interplay 

with DFTD and the development of a protective vaccine (Woods et al., 2015). The lack of an 

early DFT1 biomarker has been a major hurdle for successful conservation actions. Further, the 

absence of a liquid biomarker that can detect DFT2 and differentiate it from DFT1 have hampered 

the monitoring of the possible spread of DFT2 across Tasmania. Extracellular vesicles (EVs) have 

potential for early biomarker in a range of diseases (Hoshino et al., 2020, Lee et al., 2019, 

Fuhrmann et al., 2017, Dickhout and Koenen, 2018). EVs appear to be evolutionary conserved 

(Gill et al., 2019) and as EV isolation is minimally invasive, studies of EVs in Tasmanian devils 

offers an approach to identify biomarker for DFTD.  

The aims of this thesis are:  

1) To develop an anti-devil CD8α monoclonal antibody compatible with flow cytometry 

(Chapter 3). 

1.1 Determine the proportion and number of lymphocyte subpopulations (CD4+ and 

CD8+ T cells, B cells, and CD4-/CD8-/B-) in Tasmanian devils with flow cytometry. 

1.2 Determine whether DFTD alters the proportion and/or number of CD4+ and CD8+ 

T cells. 

1.3 Evaluate CD4+ and CD8+ T cell IFNG production after mitogen stimulation. 

2) To investigate the proteome of extracellular vesicles derived from cultured DFTD cells 

(Chapter 4). 

2.1 Develop a technique to isolate EVs from cultured devil cells and validate it with 

physical (TEM, NTA) and biochemical (Western blotting) characterisation of isolated 

EVs. 

2.2 Perform a protein profile analysis of EVs derived from cultured-devil fibroblasts, and 

DFT1 and DFT2 cell lines to evaluate potential mechanistic and diagnostic biomarker 

targets. 

3) To explore essential biomarkers for differential diagnosis of DFTD using extracellular 

vesicle approaches (Chapter 4). 
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3.1 Screen EVs isolated from healthy, DFT1-infected, and DFT2-infected devil serum 

samples for biomarker candidates identified from DFTD tumour cell lines and assess 

performance for differential diagnosis of DFT1 and DFT2. 

4) To discover and validate the first early DFTD biomarker by extracellular vesicle 

approaches (Chapter 5). 

4.1 Perform a protein profile analysis of EVs derived from a discovery cohort DFT1-

infected and healthy devils to identify potential early DFT1 diagnosis biomarker targets. 

4.2 Confirm performance of discovered biomarkers to accurately classify DFT1 status, 

both in devils with overt DFTD and presumed latent (samples collected three to six 

months prior to subsequent DFTD diagnosis). 
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Chapter 2 General Materials and Methods 

 Materials  

2.1.1 Reagents 

Table 2.1 Reagents used in this thesis. 

Reagent name Supplier 
Catalogue 

number 
2-Mercaptoethanol Sigma-Aldrich M6250 

Acetic Acid Sigma-Aldrich ARK2183 

Acetonitrile Sigma-Aldrich 900667 

Ammonium bicarbonate Sigma-Aldrich 09830 

Antibiotic-Antimycotic Thermo Fisher 
Scientific 

15240-062 

BD Cytofix/CytopermTM 
Fixation/Permeabilization Solution Kit 

BD Biosciences 
 

BD554714 

BD GolgiStopTM BD Biosciences BDB554724 

Bolt™ 4 - 12%, Bis-Tris, 1.0 mm, Mini Protein Gel Thermo Fisher 
Scientific 

NW04120BOX 
 

Bovine Serum Albumin Sigma-Aldrich A9418 

Clarity Western ECL Substrate Bio-Rad Laboratories 1705061 

Gentian Violet Sigma-Aldrich G2039 

Dako mounting medium Agilent CS703 

Diff-QuikTM Siemens Healthineers 10736130 

Dimethyl Sulphoxide (DMSO) Sigma-Aldrich D2650 

Dithiothreitol Bio-Rad 1610611 

Eosin Sigma-Aldrich 2853 

Ethanol Fronine JJ0072P 

Envision Plus System – HRP labelled polymer Anti-Mouse Dako K4001 

EZQ® protein quantification kit Thermo Fisher 
Scientific 

R33200 

Foetal Calf Serum Thermo Fisher 
Scientific 

16000-036 

GlutaMAXTM Thermo Fisher 
Scientific 

35050-061 

Haematoxylin Sigma-Aldrich 517-28-2 
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Reagent name Supplier 
Catalogue 

number 
Halt protease inhibitor cocktail (100X) Thermo Fisher 

Scientific 
87786 

HEPES Thermo Fisher 
Scientific 

15630080 

Histopaque®-1077 Sigma-Aldrich 10771 

HiTrap Protein G HP (1 ml) Global Life Sciences GE29-0485-81 

Hydrochloric acid VWR 20252 

Iodoacetemide Sigma-Aldrich 57670 

Ionomycin Sigma-Aldrich  19657 

Immobilin®-P PVDF membrane Merck Millipore IPVH00010 

Isoflurane Abbot Australasia Pty 
Ltd. 

- 

Isopropanol Merck Millipore 109634 

LIVE/DEAD® Fixable Near-IR Dead Cell 
Stain 

Thermo Fisher 
Scientific 

L10119 

Methanol Merck Millipore 4102322500 

Milli-Q® Water Merck Millipore ZR0Q00800 

Mini Blot Module Thermo Fisher 
Scientific  

B1000 
 

MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher 
Scientific 

11140050 
 

Normal goat serum Thermo Fisher 
Scientific 

31873 

Normal mouse serum Thermo Fisher 
Scientific 

10410 

NuPAGE™ 
MES SDS Running Buffer  

Thermo Fisher 
Scientific 

NP0002 

Gibco™ DMEM, high glucose, pyruvate Thermo Fisher 
Scientific 

11995040 

Phosphate Buffered Saline Tablets Thermo Fisher 
Scientific 

BR0014G 

PMA Sigma-Aldrich P1585 

Protein block serum free Dako X0909 

RPMI 1640 Medium Thermo Fisher 
Scientific 

11875-093 

SeeBlue™ Plus2 Pre-stained Protein Standard Thermo Fisher 
Scientific  

LC5925 

Sera-Mag SpeedBeads GE Healthcare 45152105050250 

https://www.fishersci.ca/shop/products/gibco-dmem-high-glucose-pyruvate-8/11995040
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Reagent name Supplier 
Catalogue 

number 
Sera-Mag SpeedBeads GE Healthcare 65152105050250 

Sodium Azide Sigma-Aldrich S2002 

Sodium phosphate Sigma-Aldrich  342483 

Glycine-HCL Sigma-Aldrich G2879 

Thiourea Sigma-Aldrich T8656 

Triethylamine Sigma-Aldrich 81101 

Trifluoroacetic acid Sigma-Aldrich T6508 

Tris  Merck Millipore 108291000 

Trypan Blue Sigma-Aldrich T6146 

TrypleTM Express Enzyme (1X), no phenol red Thermo Fisher 
Scientific  

12604013 

Trypsin + rLysC mix Promega V5073 

TWEEN® 20 Sigma-Aldrich P9416 

Urea Spectrum Chemical U1015 

Uranyl Acetate ProSciTech C079 

Xylene LabChem  AJA5001-10PL 

  



34 

2.1.2 Antibodies 

Table 2.2 Antibodies used in this thesis. N/A= not applicable. IHC = immunohistochemistry  

Antibody 
Catalogue 
Number or ID Target 

Working 
concentration Supplier 

Alexa Fluor-488 goat anti-
mouse 
IgG (H+L) 

A-11001 mouse IgG 2 μg/ml Thermo Fisher 
Scientific 
 

Alexa Fluor-647 goat anti-
mouse 
IgG (H+L) 

A21235 mouse IgG 2 μg/ml Thermo Fisher 
Scientific 
 

Amersham ECL Mouse 
IgG, HRP linked (from 
sheep) whole Ab 

NA931 
 

Mouse IgG 1:5000 Cytiva 

Amersham ECL Rabbit 
IgG, HRP-linked (from 
donkey) whole Ab 

NA934 Rabbit IgG 1:5000 Cytiva 

Brilliant Violet donkey anti-
mouse IgG 

405317 Mouse IgG 1:100 BioLegend 

CD4 monoclonal mouse 
anti-devil 

7H9 Devil CD4 0.25 μg/ml Walter and Eliza 
Hall Institute 

CD8 monoclonal mouse 
anti-devil 

10E8 Devil CD8 4 mg/ml Walter and Eliza 
Hall 
Institute 

CD8 monoclonal mouse 
anti-devil 

19E6 Devil CD8 20 μg/ml Genscript 

FITC monoclonal mouse 
anti-IFNG [CC302] 

ab27865/ 
GR195750-4 

devil IFNG 2 μg/ml Abcam, 
Cambridge, UK 

mouse anti-Flotillin-1 610821 
 

Devil Flotilin 1:1000 BD Transduction 
Laboratories 

mouse anti-Golgi matrix 
protein 

610822 
 

Devil Golgi 
matrix 
protein 

1:1000 BD Transduction 
Laboratories 

Mouse IgG1 kappa 
Isotype control  

14-4714-82 N/A Flow cytometry: 4 
mg/ml; IHC: 1/100 

Thermo Fisher 
Scientific  

Pe-Cy7 monoclonal 
mouse anti-devil CD4 

7H9 Devil CD4 0.25 μg/ml Walter and Eliza 
Hall Institute 

Polyclonal rabbit anti- 
Tasmanian devil Ig 

Clones 61dW 
and 60dB 

devil Ig 1/1000 Walter and Eliza 
Hall Institute 

Rabbit anti-Syntenin ab19903 
 

Devil 
Syntenin 

1:1000 Abcam, 
Cambridge, UK 

R-phycoerythrin goat anti-
rabbit 
IgG (H+L) 

P2771MP 
/1463195 

rabbit IgG 2 μg/ml Thermo Fisher 
Scientific 
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2.1.3 Cell lines 

Table 2.3 Cell lines used in this thesis. 

Cell line Cell type Source  
C5065 DFT1 strain 3 DPIPWE  

1426 DFT1 strain 2 DPIPWE 

4906 DFT1 strain 4 DPIPWE 

Red velvet (RV) DFT2 DPIPWE 

Snug DFT2 Menzies Institute for Medical Research 

Jarvis (JV) DFT2 Menzies Institute for Medical Research 

Lucy  Tasmanian devil fibroblasts Menzies Institute for Medical Research 

Rosie Tasmanian devil fibroblasts Menzies Institute for Medical Research 

Stanley Tasmanian devil fibroblasts Menzies Institute for Medical Research 

2.1.4 Solution recipes 

Ingredients are presented with volumes used and volumetric (v/v) or molar (M) concentrations 

for solutions. 

2-mercaptoethanol (2-ME) (10mM) 

2-mercaptoethanol (2-ME) 34.9 μL 

Autoclaved Milli-Q® water 50 mL 

The solution was prepared in a fume hood and filtered-sterilised using a 0.22 µm membrane. The 

solution was aliquoted and stored at 4 °C up to 4 months.  

Cell culture freezing medium (2X) 

Cell-culture medium (RPMI/10%FCS or 

DMEM/20%FCS) 
20 mL 

40% (v/v) 

Heat Inactivated foetal bovine serum 20 mL 40% (v/v) 

Dimethyl sulfoxide (DMSO) 10 mL 20% (v/v) 

The DMSO was mixed with the culture medium under sterile conditions into a 50 mL tube. FBS 

was added, and the tube was inverted twice to mix the solution. The solution was stored for up to 

3 months in the fridge.  

Fluorescence-activated cell sorting (FACS) buffer 

PBS (1X) 996 mL  
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Bovine serum albumin (BSA) 5 g 0.5% (v/v) 

Sodium azide solution (5%) 4 mL 0.02% (v/v) 

BSA was dissolved into the PBS solution containing sodium azide using a magnetic stirrer in a 

cold a room. The solution was filtered-sterilised using a 0.22 µM membrane and stored at 4 °C.  

DAPI stock solution 

DAPI 1 mg  

Milli-Q® water 1 ml  

The solution was stored at 4 °C in the dark.  

Phosphate buffered saline (PBS)  

PBS tablets (5 g each) 1 (5 g)  

Milli-Q® water 500 mL  

The PBS tablet was dissolved into Milli-Q® water using a magnetic stirrer, and then autoclaved.  

Washing buffer for EV isolation 

PBS tablets (5 g each) 1 (5 g)  

Milli-Q® water 495 mL  

Sodium azide (5%) 5 mL 0.05% (v/v) 

The PBS tablet was dissolved into Milli-Q® water containing sodium azide using a magnetic 

stirrer, and then filter-sterilised using a 0.22 µM membrane and stored at room temperature.  

Protein extraction digest buffer 

Urea 21.02 g 7 M 

Thiourea 7.61 g 2 M 

Tris 0.18 g 40 mM 

Milli-Q® water 50 ml   

The reagents were completely dissolved in 40 mL of Milli-Q® water and pH was adjusted to 8.0, 

and then top up to 50 mL. The solution was aliquoted in microcentrifuge tubes and stored at -

20 °C.  
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Protein extraction lysis buffer 

Halt protease inhibitor cocktail (100X) 100 µl  

Protein extraction digest buffer 10 mL   

This solution was made fresh as needed.  

Protein quantification rinse buffer 

Methanol 100 mL  

Acetic acid 70 mL   

Milli-Q® water 830 mL  

The reagents were mixed, and the solution was stored at room temperature.  

DFTD and Fibroblast culture medium (RPMI/10%FCS)  

RPMI 1640 medium with L-glutamine 500 mL  

Heat-inactivated foetal bovine serum  50 mL  10% (v/v) 

Antibiotic-Antimycotic (100X) 5 mL 1X (v/v) 

The supplements were added to the RPMI medium under sterile conditions and stored at at 4 °C 

in the dark.  

Hybridoma medium 

DMEM 1640 medium with glucose and pyruvate 500 mL  

Heat-inactivated foetal bovine serum  100 mL  20% (v/v) 

Antibiotic-Antimycotic (100X) 5 mL 1X (v/v) 

1M HEPES 5 mL 10 mM 

10 mM 2-ME 2.5 mL 50 μM 

MEM Non-Essential Amino Acids Solution (100X) 5 mL 1X (v/v) 

GlutaMAXTM (100X) 5 mL 1X (v/v) 

The supplements were added to the DMEM medium under sterile conditions and stored at at 4 °C 

in the dark.  

IgG Binding buffer (10X) 

Sodium Phosphate Monobasic (NaH2PO4) 2.7 g 0.045 M 

Sodium Phosphate Dibasic (NaH2PO4 7H2O) 20.7 g 0.154 M  

Sodium chloride  146.1 g 5 M 

Milli-Q® water 500 mL  
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Reagents were dissolved in 400 mL of Milli-Q® water and pH was adjusted to 7.4, and then 

topped-up to 500 mL. The solution was autoclaved and stored at room temperature. 1X IgG 

Binding buffer was prepared by diluting in Milli-Q® water.  

IgG elution buffer  

Glycine 3.75 g 0.1 M 

Hydrochloric acid 0.36 g 0.02 M  

Milli-Q® water 500 mL  

Reagents were dissolved in 400 mL of Milli-Q® water and pH was adjusted to 2.7, and then 

topped-up to 500 mL. The solution was autoclaved and stored at room temperature. 

Neutralization buffer  

Tris-base 60.57 g 1 M 

Milli-Q® water 500 mL  

Reagents were dissolved in 400 mL of Milli-Q® water and pH was adjusted to 9, and then topped-

up to 500 mL. The solution was autoclaved and stored at room temperature. 

Tris-buffered saline (TBS) (10X) 

Tris(hydroxymethyl)aminomethane 

hydrochloride (Tris-HCl) 
78.8 g 500 mM 

Sodium chloride (NaCl) 87.66 g 1.5 M 

Milli-Q® water 1 L  

Reagents were dissolved in 900 mL Milli-Q® water and the pH was adjusted to 7.6. The solution 

was topped up to 1 L with Milli-Q® water, autoclaved and stored at room temperature. 1X TBS 

was prepared by diluting in Milli-Q® water.  
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TBSTM (TBS, 0.1% Tween® 20, 5% skim milk) 

TBS 10X 100 mL  

Milli-Q® water 900 mL  

TWEEN® 20 1 mL 0.1% (v/v) 

Skim milk powder 50 g 5% (w/v) 

Tween® 20 was added to TBS 10X and Milli-Q® water and mixed completely. The solution was 

stored at room temperature.  

EV production medium  

RPMI 10% FBS 250 mL  

RPMI 0% FBS 250 mL  

RPMI 10% FBS was ultracentrifuged at 100,00 g overnight 4 °C using a SW28 rotor (Beckman 

Coulter). The supernatant was carefully collected and filter-sterilised using a 0.22 µm membrane. 

The filtered supernatant (250 ml) was diluted with RPMI 0% FBS medium (250 ml). The solution 

was stored up to 4 weeks at 4 °C.  
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2.1.5 Consumables 

Table 2.3. Consumables used in this thesis. 

Consumable Supplier 
Catalogue 

number 
0.22- µm Syringe filters WhatmanTM 9914-2502 

10 ml Pipette BD Falcon 357551 

175 cm2 Cell Culture Flask Corning CLS431306 

2 ml Cryogenic Vial Iwaki 2732-002 

25 cm2 Cell Culture Flask Corning CLS3056 

31-ml polypropylene centrifuge tubes Beckman Coulter 355642 

5 ml Pipette LP Italiana Spa 160510 

75 cm2 Cell Culture Flask Corning CLS430641 

Amicon Ultra-15 centrifugal filters 
(MWCO 100 kDa) 

Merck Millipore ACS510024 

Amicon Ultra-15 centrifugal filters 
(MWCO 10 kDa) 

Merck Millipore UFC901024 

Centrifuge tubes (15 ml) Corning 430052 

Centrifuge tubes (50 ml) Corning 430829 

Eclipse pipet tips 200 μl Labcon 1017-260-000 

EDTA tubes  VWR 391-3760 

Lithium Heparin Anticoagulant Tubes VWR 95057-407 

Low Protein Binding Microcentrifuge tubes (1.5 mL) Thermo Fisher Scientific  90410  

Microcentrifuge tubes 1.5ml Sigma Aldrich 80-1500 

Microscope slides 
Flex IHC 

Dako K8020 

Needle 21 G x 1” 
hypodermic 

Terumo 2125RL 

Neptune Tips 10 μl Pathtech NEP2340 

Neptune Tips 1000 μl Pathtech NEP2160 

NuncTM Cell Scraper Thermo Fisher Scientific 12-565 

qEV2 – 35 columns IZON SP4 

Round bottom flow cytometry tubes Corning 14-959-5 

Serum Clot Activator Tubes VWR 95057-391 

Spinner Impeller flaks (250 ml) Corning  4500-250 

Sterile Transfer Pipettes SAMCO 225 1S 

Syringe 10ml Terumo SS+10S 

Syringe 3 ml Terumo SS+03S 

Syringe 5 ml Terumo SS+05S 

TC-Treated Microplate 96-Well Round Bottom Corning CLS3799 

https://ecatalog.corning.com/life-sciences/b2c/US/en/Cell-Culture/Cell-Culture-Vessels/Flasks%2C-Culture/Corning%C2%AE-Reusable-Glass-Spinner-Flask-with-Angled-Sidearms/p/4500-250
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Consumable Supplier 
Catalogue 
number 

TC-Treated Multiwell Plate 12-Well Corning CLS3513 

TC-Treated Multiwell Plate 24-Well Corning CLS3527 

TC-Treated Multiwell Plate 6-Well Corning CLS3516 

Zip Tips Merck, Millipore 32033590 

 

2.1.6 Equipment  

Table 2.4. Equipment used in this thesis. 

Equipment Supplier 
Catalogue 

number 

37⁰C Incubator Binder 142489 

ÄKTA start protein purification system Global Life Sciences 29022094 

Allegra Centrifuge Beckman Coulter 21R 

Anaesthetic machine 
Stinger ST 205 

AAS-Advanced Anaesthesia 
Specialists 

- 

Aurora Flow Cytometer Cytek Biosciences - 

Biological Safety Cabinet Class II Bio Cabinets Mk5 

Centrifugal vacuum concentrator (SpeedVac) 
 

Pacific Lab Products - 

Centrifuge Eppendorf 5424 

FACSCantoTM II Flow Cytometer BD Biosciences - 

Fumehood Conditionarie HC-05 

Heat block Labline 2002-LC8 

Hot Plate Magnetic Stirrer Analite 135593-38 

Improved Neubauer Haemocytometer Hawksley 748 

Inverted Microscope Olympus BX50 

JEM – 2100 transmission electron 
microscope 

JEOL - 

Light Microscope Leica DM IRB 

Light Microscope (field) Nikon Instruments - 

My-PCR Workstation MYSTAIRE - 

NanoDrop® 1000 Thermo Fisher Scientific - 

Nanosight NS300 
nanoparticle analyser 

Malvern Panalytical - 

Portable -80 °C Freezer Stirling Ultracold ULT25NEU 

Q-Exactive HF mass spectrometer Thermo Fisher Scientific - 

Rotary tube mixer Ratek RSM7DC 

S@femate Class II Biological Safety Cabinet Laftech Bio-Cabinets 1.2 

Sovall WX Ultra 90 (ultracentrifuge) Thermo Fisher Scientific  75000100 

Spark 20M Plate Reader Tecan - 

SW28 ultracentrifuge rotor  Beckman Coulter 342204 
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Equipment Supplier 
Catalogue 
number 

The qEV Automatic Fraction Collector (AFC) IZON - 

Thermo Scientific Medifuge small benchtop 
centrifuge 

Thermo Scientific 75008802 

Thermomixer Eppendorf - 

Ultimate 3000 nano RSLC system Thermo Fisher Scientific - 

ZetaView PMX-120 nanoparticle analyzer Particle Metrix - 

 

 Methods – General Laboratory Procedures 

2.2.1 Cell thawing  

Cell lines used through this thesis were thawed by placing the cryovials in a 37 °C water bath for 

no more than 2 minutes. Thawed cells were transferred to a 50 ml tube (Corning, New York, 

USA), and 10 ml of pre-warmed cell cultured medium (depending on cell type) was added in a 

drop-wise manner. Cells were centrifuged at 200 g (DFTD cells and devil fibroblasts) and at 500 

g (Hybridomas and PBMCs) for 5 minutes at room temperature and used as required.  

2.2.2 Cell freezing 

To freeze cell stocks, cells were pelleted by centrifugation at 200 g (DFTD cells and devil 

fibroblasts) and at 500 g (Hybridomas and PBMCs) for 5 minutes at room temperature. Cell 

pellets were resuspended in 1 ml of cold cell culture medium (depending on cell type) and 

transferred to a 2 ml cryovial. 1 ml of cell culture freezing medium was added to the cryovial 

containing cell suspension in a drop-wise manner. Cryovials were placed into a pre-chilled 

freezing box (containing isopropanol) and placed into a portable or a normal -80 °C freezer 

overnight. For long-term storage, samples were placed into liquid nitrogen.  

2.2.3 DFTD cell cultures 

DFT1 cell lines (C5065, 1426, 4906) were established from tumour biopsies of three different 

devils with confirmed DFT1 by personnel of The Tasmanian Government Department of Primary 

Industries, Parks, Water, and Environment (DPIPWE). Tumour biopsies were collected from 

devils using a 4 mm disposable punch (Kai Medical, Singen) under a Standard Operating 

Procedure approved by the General Manager, Natural and Cultural Heritage Division, DPIPWE 

(permits numbers: 33/2004-5, 32/2005-6). In the case of DFT2 cell lines (JV, SNUG, RV) were 

originally established at Menzies Institute for Medical Research from tumour biopsies of three 

animals with confirmed DFT2 (Pye et al., 2016b). Frozen stocks of DFTD cell lines were thawed 

as described in section 2.2.1. and resuspended in 5 ml cell culture medium (RPMI/10%FCS) in a 

25 cm2 cell culture flask (Corning, New York, USA), and maintained at 35 °C (Tasmanian devil 

normal body temperature) in a fully humidified atmosphere of 5% CO2. When DFTD cell cultures 
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reached approximately 70-80% confluence, they were transferred to a 75 cm2 cell culture flask 

(Corning, New York, USA), and subsequently to a 175 cm2 cell culture flask (Corning, New York, 

USA). DFTD cell lines were observed daily using a light microscope, and culture medium was 

replaced with fresh medium every two days. When DFT1 cells were prepared for experimentation, 

the cell culture flask was replaced with fresh pre-warmed medium, and cells were detached by 

tapping the flask and transferred to a 50 ml tube (Corning, New York, USA) and centrifuged at 

200 g for 5 minutes. DFT2 cell cultures were detached with the use of TrypLE™ Express Enzyme 

(1X) (Thermo Fisher Scientific, Waltham, USA). Briefly, the culture medium was aspirated and 

discarded, then the flask was washed with 5 ml of PBS and discarded. TrypLE™ Express Enzyme 

(1X) was added to the flask (1 ml per 10 cm2 of flask surface area) and incubated at 37 °C for 5 

minutes. DFT2 cells were gently tapped until detached and 5-10 ml of pre-warmed culture 

medium added before centrifugation at 200 g for 5 minutes. DFTD cell pellets were resuspended 

in pre-warmed culture medium or PBS and counted using an Improved Neubauer 

haemocytometer and a light microscope by trypan blue exclusion. Specific requirements for 

DFTD cell cultures are detailed in Chapter 4.  

2.2.4 Fibroblast cultures 

Devil fibroblasts were established from ear biopsies of three captive devils (Lucy, Rosie, and 

Stanley) by Jocelyn Darby, Menzies Institute for Medical Research (MIMR), University of 

Tasmania. Ear biopsies were collected by Dr Ruth Pye, MIMR under the auspices of the 

University of Tasmania Animal Ethics Committee (permit number: A0017550). Frozen stocks of 

devil fibroblasts were thawed as described in section 2.2.1., resuspended in 12 ml of cell culture 

medium (RPMI/10%FCS) in a 75 cm2 cell culture flask (Corning, New York, USA), and 

maintained at 35 °C (Tasmanian devil normal body temperature) in a fully humidified atmosphere 

of 5% CO2. When fibroblast cells reached ~ 70- 80% confluence, they were transferred to a 175 

cm2 cell culture flask (Corning, New York, USA). Fibroblasts cell lines were observed daily using 

a light microscope, and culture medium was replaced by fresh medium every two days. When 

devil fibroblast cells were prepared for experimentation, fibroblast cell cultures were detached 

using TrypLE™ Express Enzyme (1X) (Thermo Fisher Scientific, Waltham, USA) as described 

above for DFT2 cell cultures. Fibroblast cells were centrifuged at 200 g for 5 minutes. Cells 

pellets were resuspended in pre-warmed culture medium or PBS and counted using an Improved 

Neubauer haemocytometer and a light microscope by trypan blue exclusion. Specific 

requirements for fibroblast cell cultures are detailed in Chapter 4.  

2.2.5 Hybridoma cell cultures 

Frozen hybridomas were thawed as described in section 2.2.1. Thawed hybridomas were 

resuspended in 5 ml of hybridoma medium (DMEM/20%FCS) in a 25 cm2 cell culture flask 

(Corning, New York, USA), and maintained in a humidified incubator at 37 °C, 6% CO2. When 
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cells reached 70% confluence with more than 90% of viability, they were transferred to a T75 

cm2 cell culture flask (Corning, New York, USA), and subsequently transferred to a 175 cm2 cell 

culture flask (Corning, New York, USA). Hybridoma cells were expanded in cell culture flask to 

seed cells at 5x105 cells/ml into 250 ml pre-warmed culture medium in a sterile 250 ml impeller 

flask (Corning, New York, USA) and incubated at 75 RPM in a humidified incubator at 37 °C, 

and 6% CO2. Cells were checked daily and counted using an Improved Neubauer haemocytometer 

and a light microscope using trypan blue exclusion. When cells reached 1x106 cell density per ml 

and >90% viability, sequential adaptation to serum-free medium (SFM-hybridoma) was 

performed as expressed in Table 2.5. When cells were fully accustomed to serum-free medium 

conditions, they were seeded at 5x105 cells/ml in a 250 ml pre-warmed SFM-hybridoma medium 

and incubated at 75 RPM in in a humidified incubator at 37 °C, 6% CO2 for around 14 days. 

Hybridoma cells were monitored daily and if the density reached more than 1.5x106 cells/ml, the 

hybridomas were passaged to the initial concentration (5x105 cells/ml), and supernatant was kept 

at 4 °C for later antibody purification. The day fourteen hybridoma supernatant was collected and 

centrifuged at 500 g for 10 minutes to pellet hybridoma cells. The cell pellet was discarded and 

hybridoma supernatant collected and clarified further by centrifugation at 3,000 g for 30 minutes 

at 4 °C, and the suspension was filtered with a 0.22 µm filter to remove debris.  

Table 2.5. Adaptation of hybridoma cells to serum-free medium.  

Passage 1 75% DMEM/20%FCS + 25% SFM-hybridoma 

Passage 2 50% DMEM/20%FCS + 50% SFM-hybridoma 

Passage 3 25% DMEM/20%FCS + 75% SFM-hybridoma 

Passage 4 10% DMEM/20%FCS + 90% SFM-hybridoma 

Passage 5 100% SFM- hybridoma 

2.2.6 Antibody purification 

Antibody purification was performed using the ÄKTA start protein purification system (Global 

Life Sciences, Marlborough, USA). Protein G binding buffer was added to the centrifuged and 

filtered hybridoma supernatant (500 ml) at 1:1 dilution, and then passed through a HiTrap Protein 

G column (Global Life Sciences, Marlborough, USA) according to the manufacturer’s 

instructions. The sample was passed through the column at a rate of 2 ml/min at 4 °C, and washing 

and elution steps were performed at a rate of 1 ml/min at 4 °C. The elution step was performed 

using the protein G elution buffer. IgG proteins were eluted into twenty 1 ml fractions using the 

Frac30 fraction collector (Global Life Sciences, Marlborough, USA). The collection tubes 

contained 100 µl of neutralization buffer to avoid protein degradation due to the acidic pH of the 

elution buffer. Fractions containing IgG proteins were combined and dialysed (Sigma-Aldrich) in 

PBS at 4 °C overnight. The next day, the IgG containing sample was concentrated using an 

Amicon Ultra-15 centrifugal filter (MWCO 10 kDa, Sigma-Aldrich), and the protein 
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concentration was measured using the IgG absorbance on a Nanodrop spectrophotometer 

(Thermo Fisher Scientific). The IgG antibodies were aliquoted into Eppendorf tubes and frozen 

at -80 °C until further use. 

2.2.7 Cell counting 

Cell counts of DFTD, hybridomas, devil fibroblasts and devil peripheral blood lymphocytes were 

performed using an Improved Neubauer haemocytometer and a light microscope at 200 X or 400 

X magnification by trypan blue exclusion. Briefly, 10 µl of each cell suspension sample was 

mixed with 10 µl of trypan blue and loaded into the haemocytometer. Cells in the central, and in 

the fourth corner squares were counted and averaged. The following formula was used to calculate 

the total cell concentration:  

Total cells/ml = Total cells counted x (25/number of squares counted) x dilution factor x 104 

2.2.8 White cell counting 

50 µl of EDTA containing devil blood was diluted into 950 µl of 0.2% crystal violet solution. 10 

µl of the created solution was loaded into an Improved Neubauer haemocytometer and counted 

using a light microscope (Nikon Alphaphot-2 YS2) at 200 or 400 X magnification. Cells in the 

central, and in the four corner squares were counted three times and averaged together. The 

following formula was used to calculate the total cell concentration: 

Total cells/ml = Total cells counted x (25/number of squares counted) x dilution factor x 104 

2.2.9 Blood smears 

EDTA-anticoagulated whole devil blood devil was used to performed blood smears in the field 

for differential leukocyte counting. Briefly, a small drop of blood was placed onto a labelled 

microscope slide, and by the help of another microscope slide at a 30-45° angle up to the drop, 

the drop was rapidly spread along the contact line toward the unfrosted end of the lower slide. 

The blood smears were air dried and subsequently fixed in absolute methanol for 30 seconds. 

Blood smears were maintained dry inside of a slide box until arrival to the laboratory. Upon arrival 

to the laboratory at the Medical Sciences Precinct laboratory facilities at the University of 

Tasmania, blood smears were stained with a modified Romanowsky technique (RAL Diff-Quik, 

Siemens Healthineers, Surrey, UK, Figure 2.1) as described by Peck et al. (2016). Briefly, slides 

were dipped into Stain 1 (Xanthene solution) for 15 seconds and rinsed with distilled water. Slides 

were dipped into stain 2 (Thiazine dye) for 30 seconds and slides were rinsed with running water 

to remove excess stain. Slides were dried overnight. Lymphocytes were identified by morphology 

and counted out of 100 white blood cells by manual counting under 40 X objective. The counts 

were repeated three times and average together.  
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Figure 2.1. Tasmanian devil blood smear obtained from a wild devil. 

2.2.10 Protein quantification 

Protein concentration was determined using EZQ® protein quantification kit (Thermo Fischer 

Scientific, Waltham, USA), according to manufacturer’s instructions. Briefly, 1 µl of protein 

standards (ovalbumin) in serial dilutions were spotted onto a filter paper alongside with 1 µl of 

each sample. The filter paper was completely dried, and then fixed with methanol in a plastic 

staining tray for 5 minutes with gentle agitation. Fixed filter paper was dried and stained with 

EZQ® protein quantitation reagent for 30 minutes with gentle agitation. Stained proteins were 

rinsed twice in protein quantification rinse buffer. Protein fluorescence values were measured 

using the Spark 20M Plate Reader (Tecan Trading AG, Switzerland). Protein concentration was 

calculated by plotting a protein standard curve and estimating the protein concentration of each 

sample through the equation obtained.  

2.2.11 Mass spectrometry solid phase enhanced sample preparation (SP3) 
protocol 

For mass spectrometry analyses, protein samples were cleaned and digested according to the the 

single-pot, solid phase-enhanced sample-preparation (SP3) technology (Hughes et al., 2019). 

Briefly, aliquots of 30 µg of protein were sequentially reduced using 10 mM DTT (Bio-Rad, 

Hercules, USA) overnight at 4 °C, and alkylated using 50 nM iodoacetamide (Sigma-Aldrich, St 
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Louis, USA) for 2 hours at room temperature. Prepared beads were added to protein sample and 

pipetted to mix (500 µg beads per 50 µg of protein). 75 µl of 100% ethanol was added to the mix 

before shaking in a Thermomixer (Eppendorf, Australia) at room temperature for 10 minutes at 

1,000 rpm to induce protein binding to the beads. Tubes containing the mixture were placed on a 

magnetic rack for 2 minutes and the supernatant was removed and discarded. Samples were taken 

off-rack and 200 µl of 80% ethanol was added and gently mixed by pipetting. Sample tubes were 

placed on the magnetic rack for 2 minutes and supernatant was removed and discarded two more 

times. After the washing steps, 1.2 µg of proteomic grade trypsin/LysC (Promega, Madison, USA) 

was added to each sample. Samples were shaken in a Thermomixer (Eppendorf, Australia) at 

37 °C overnight at 1,000 rpm. The next day samples were centrifuged at 20,000 g for 10 minutes 

to fully pellet the beads. Digests were acidified by the addition of TFA (Sigma-Aldrich, St Louis, 

USA) to 0.1% and peptides collected by centrifugation at 21,000 x g for 20 minutes. Samples 

were further cleaned up by offline desalting using ZipTips (Merck Millipore, Billerica, USA) 

according to manufacturer’s instructions. 

 Methods –Tasmanian devil samples 

2.3.1 Animal ethics 

All animal procedures were performed under a Standard Operating Procedure approved by the 

General Manager, Natural and Cultural Heritage Division, DPIPWE and under the auspices of 

the University of Tasmania Animal Ethics Committee (permit numbers A0017550, A0012513, 

A0013326, and A0015835).  

2.3.2 Tasmanian devil sample collection 

Two study sites of approximately 25 km2 in the northwest of Tasmania, Australia, in the areas of 

West Takone (-41.2° S, 145.5°E) and Wilmot (-41.4° S, 146.1°E) were used in this study. The 

study sites were designed by Manuel Ruiz (Montana State University), and 10-day field 

expeditions were conducted at three-months intervals, between February 2015 and August 2019. 

In each field expedition, 40 custom-built carnivore traps were deployed (Figure 2.2), which were 

baited with lamb. Traps were checked early in morning, and if a devil was trapped, the animal 

was transferred by gently sliding it from the trap into a hessian sack and handled while conscious 

by the investigator (Figure 2.2). The animal’s eyes were covered during the handling process to 

reduce stress. Devils were initially scanned for the presence of a microchip. If a microchip was 

not present, a microchip was implanted subcutaneously between the shoulders at the nape of the 

neck. A series of standard measures and data were recorded as follows: body weight, sex, age (as 

assessed from tooth eruption and wear), head width, tail width wounds, body condition, 

reproductive condition for females, and size (length, width, and depth) and location of tumours, 

if the animal was infected with DFTD. Blood samples were obtained by venepuncture from either 
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jugular or marginal ear vein (between 0.3 – 4 ml) with a 21 G hypodermic needle and a 5- or 10-

ml syringe and transferred into the specified blood tube. For the DFTD biomarker discovery 

studies (Chapter 4 and 5) only serum samples were used. This permitted the standardisation of 

the samples, as the archived frozen samples (the ones not collected by the candidate) were stored 

only available as serum rather than plasma. This thesis also used serum samples obtained from 

wild devils never exposed to DFTD from an insurance population at Maria Island of the east coast 

of Tasmania. The blood samples were collected by veterinarians of the Save of the Tasmanian 

Devil Program and stored at -80 °C. Additionally, serum samples from confirmed DFT2 infected 

devils were used in this thesis (Pye et al., 2016b), which were collected by Dr. Ruth Pye and 

stored at -80 °C. Blood samples from these devils were obtained as described above.  

Captive devils located at Richmond facilities were also used in this thesis to obtain blood samples. 

Unlike wild devils, captive devils were anaesthetised with 5% Isoflurane (ISOTHESIA®) to 

induce anaesthesia, and then a maintenance dose of 3% Isoflurane. Devils were positioned in 

ventral recumbency and up to 10 ml of blood was collected from the jugular vein and transferred 

into the appropriate blood tube.  
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Figure 2.2. Illustration of standard measures performed in a trapped wild devil. Custom-built 

carnivore traps are deployed and checked in the morning. If a devil is caught in a trap, the animal is 

transferred to a hessian sack and weighed. Standard measures, such as age assessed by tooth eruption and 

wear is performed. If the devil is infected with DFTD, tumours are measured using a calliper recording 

length, width and deep of the tumour. Blood samples were collected from jugular or marginal ear vein. 

Finally, the animal is released back into the wild.  
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Table 2.6. Tasmanian devil samples used in this thesis. All DFTD-infected devils were captured in the wild. 

Biological sample  Devil ID Origin Chapter 
Tasmanian devil PBMC (Lucy; Captive healthy) 982000167813072 Richmond 3 

Tasmanian devil PBMC (Rosie; Captive healthy) 982000167871303 Richmond 3 

Tasmanian devil PBMC (Stanley; Captive healthy) 982009105160330 Richmond 3 

Tasmanian devil PBMC (Duma; Wild healthy) 982000405978483 West Takone 3 

Tasmanian devil PBMC (Gambit; Wild healthy) 982000405597440 West Takone 3 

Tasmanian devil PBMC (Atreya; Wild healthy) 982000410419130 West Takone 3 

Tasmanian devil PBMC (Serena; Wild healthy) 982000410416903 West Takone 3 

Tasmanian devil PBMC (Conce; Wild healthy) 982000410416289 West Takone 3 

Tasmanian devil PBMC (Magneto; Wild healthy) 982000405985346 West Takone 3 

Tasmanian devil PBMC (Granada; Wild healthy) 982000405794810 West Takone 3 

Tasmanian devil PBMC (Kendall; DFT1-infected) 982000405852026 West Takone 3 

Tasmanian devil PBMC (Vilos; DFT1-infected) 982000410416717 West Takone 3 

Tasmanian devil PBMC (Coquimbo; DFT1-infected) 982000410416101 West Takone 3 

Tasmanian devil PBMC (Valdivia; DFT1-infected) 982000410417081 West Takone 3 

Tasmanian devil PBMC (Mixo; DFT1-infected) 982000410418524 West Takone 3 

Tasmanian devil PBMC (Vasco; DFT1-infected) 982000356572975 West Takone 3 

Tasmanian devil serum (DFT2 infected) TD 500 Snug 4 

Tasmanian devil serum (DFT2 infected) TD 549 Woodbridge 4 

Tasmanian devil serum (DFT2 infected) TD 547 Snug Tiers 4 

Tasmanian devil serum (DFT2 infected) TD 467 Cygnet 4 

Tasmanian devil serum (DFT2 infected) TD 523 Coningham 4 

Tasmanian devil serum (Lucy; Captive healthy) 982000167813072 Richmond 4, 5 

Tasmanian devil serum (Rosie; Captive healthy) 982000167871303 Richmond 4, 5 

Tasmanian devil serum (Disey; Captive healthy) 991003000077740 Bonorong 4, 5 

Tasmanian devil serum (Maria; Captive healthy) 900006000169101 Bonorong 4, 5 

Tasmanian devil serum (Luca; Captive healthy) 991003000013058 Bonorong 4, 5 

Tasmanian devil serum (Stanley; Captive healthy) 982009105160330 Richmond 3, 5 

Tasmanian devil serum (Mickey; Captive healthy) 982000363453340 Bonorong 4, 5 

Tasmanian devil serum (Byron; Captive healthy 982000123207504 Richmond 4, 5 

Tasmanian devil serum (Sparrow; Captive healthy) 982000191006733 Richmond 4, 5 

Tasmanian devil serum (Minnamurra, Captive 

healthy) 

982000405946412 Richmond 4, 5 

Tasmanian devil serum (Axel; Wild healthy) 982009106672497 Maria Island 5 

Tasmanian devil serum (Sirios; Wild healthy) 982000123217100 Maria Island 5 

Tasmanian devil serum (Boomer; Wild healthy) 982009106524224 Maria Island 5 

Tasmanian devil serum (Lolita; Wild healthy) 982009106325034 Maria Island 5 

Tasmanian devil serum (Caledonia; Wild healthy 982000191009963 Maria Island 5 

Tasmanian devil serum (Tiritirimata; Wild healthy) 982000190610267 Maria Island 5 
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Biological sample  Devil ID Origin Chapter 
Tasmanian devil serum (Goodenough; Wild healthy) 982000123132134 Maria Island 5 

Tasmanian devil serum (Maria; Wild healthy) 982000190695002  Maria Island 5 

Tasmanian devil serum (Bromo; Wild healthy) 982000191016617 Maria Island 5 

Tasmanian devil serum (Canary; Wild healthy) 982000191010492 Maria Island 5 

Tasmanian devil serum (Snips; Wild healthy) 982000123128302 Maria Island  5 

Tasmanian devil serum (Wolumbin; Wild healthy) 982000356672676 Maria Island  5 

Tasmanian devil serum (Oddity, Wild healthy) 982000167783567 Maria Island 5 

Tasmanian devil serum (Lili, Wild healthy) 982009106508363 Maria Island 5 

Tasmanian devil serum (Macca, Wild healthy) 982000191010136 Maria Island 5 

Tasmanian devil serum (Miyajima, Wild healthy) 982000191015780 Maria Island 5 

Tasmanian devil serum (Ralkurru, Wild healthy) 982000191016265 Maria Island  5 

Tasmanian devil serum (Con-Con, Latent-DFT1) 982000363000351 West Takone  5 

Tasmanian devil serum (Vasco, Latent-DFT1) 982000356572975 West Takone 5 

Tasmanian devil serum (Libia, Latent-DFT1) 982000365601158 West Takone 5 

Tasmanian devil serum (Antofa, Latent-DFT1) 982000410417009 West Takone 5 

Tasmanian devil serum (Winay, Latent-DFT1) 982000356584166 Wilmot 5 

Tasmanian devil serum (Pillan, Latent-DFT1) 982000356570555 Wilmot 5 

Tasmanian devil serum (Choroy; Latent-DFT1) 982000363000610 Wilmot 5 

Tasmanian devil serum (Rucapillan, Latent-DFT1) 982000356572899 Wilmot 5 

Tasmanian devil serum (Bernard, Latent-DFT1) 982000365601116 West Takone 5 

Tasmanian devil serum (Yan, Latent-DFT1) 982000365120577 West Takone 5 

Tasmanian devil serum (Loa, Latent-DFT1) 982000362834032 West Takone 5 

Tasmanian devil serum (Vanessa, Latent-DFT1) 982000363006955 West Takone 5 

Tasmanian devil serum (Naya, Latent-DFT1) 982000356582387 West Takone 5 

Tasmanian devil serum (Squirtle, Early-DFT1) 982000365596557 West Takone 5 

Tasmanian devil serum (Fryd, Early-DFT1) 982000356582740 West Takone 5 

Tasmanian devil serum (Pedro, Early-DFT1) 982000405797544 West Takone 5 

Tasmanian devil serum (Flipante, Early-DFT1) 982000405797085 West Takone 5 

Tasmanian devil serum (Ross, Early-DFT1) 982000363423419 West Takone 5 

Tasmanian devil serum (Cradle, Early-DFT1) 982009106499120 West Takone 5 

Tasmanian devil serum (Acacia, Early-DFT1) 982000191015177 Wilmot 5 

Tasmanian devil serum (Asiri, Early-DFT1) 982000356582244 West Takone 5 

Tasmanian devil serum (Uranio, Early-DFT1) 982000405851669 West Takone 5 

Tasmanian devil serum (Anael, Early-DFT1) 982000405985720 West Takone 5 

Tasmanian devil serum (Grino, Early-DFT1) 982000365535511 West Takone 5 

Tasmanian devil serum (Kendall, Early-DFT1) 982000405852026 West Takone 5 

Tasmanian devil serum (Madonna, Early-DFT1) 982000363000247 West Takone 5 

Tasmanian devil serum (Millaray, Early-DFT1) 982000356433486 West Takone 5 

Tasmanian devil serum (Manang, Early-DFT1) 900164001721625 West Takone 5 
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Biological sample  Devil ID Origin Chapter 
Tasmanian devil serum (Lotte, Early-DFT1) 982000356572309 West Takone 5 

Tasmanian devil serum (Temuco, Early-DFT1) 982000410417035 West Takone 5 

Tasmanian devil serum (Lomandra, Mid-DFT1) 982000191010154 Wilmot 5 

Tasmanian devil serum (Yolla, Mid-DFT1) 982000405793911 West Takone 5 

Tasmanian devil serum (Thor, Mid-DFT1) 982000356571094 West Takone 5 

Tasmanian devil serum (Ozzy, Mid-DFT1) 982000363006969 West Takone 5 

Tasmanian devil serum (Chomp, Early-DFT1) 982000167808695 West Takone 5 

Tasmanian devil serum (Moorn, Mid-DFT1) 982000363000602 Wilmot 5 

Tasmanian devil serum (Cheshire, Mid-DFT1) 982000123160259 West Takone 5 

Tasmanian devil serum (Kinjarling, Mid-DFT1) 982000362833341 West Takone 5 

Tasmanian devil serum (Ergon, Mid-DFT1) 982000405827851 West Takone 5 

Tasmanian devil serum (Malachi, Mid-DFT1) 982000363007396 Wilmot 5 

Tasmanian devil serum (Barbas, Mid-DFT1) 982000405795078 West Takone 5 

Tasmanian devil serum (Hipa, Mid-DFT1) 982000405795010 West Takone 5 

Tasmanian devil serum (Leftraru, Mid-DFT1) 982000356433600 Wilmot 5 

Tasmanian devil serum (Antofa, Mid-DFT1) 982000410417009 West Takone 4, 5 

Tasmanian devil serum (Lilen, Late-DFT1) 982000356424771 Wilmot 4,5 

Tasmanian devil serum (Captain Caveman, Late-
DFT1) 

900006000173894 West Takone 4,5 

Tasmanian devil serum (Blackwood, Late-DFT1) 900006000169164 West Takone 4,5 

Tasmanian devil serum (Manang, Early-DFT1) 900164001721625 West Takone 5 

Tasmanian devil serum (Kelentaru, Late-DFT1) 982009104967421 Wilmot 4,5 

Tasmanian devil serum (John, Late-DFT1) 982000091061797 West Takone 4,5 

Tasmanian devil serum (Rucapillan, Mid-DFT1) 982000356572899 Wilmot 4,5 

Tasmanian devil serum (Leslie, Late-DFT1) 982000405828145 West Takone 4,5 

Tasmanian devil serum (Lampa, Late-DFT1) 982000410416896 West Takone 4,5 

Tasmanian devil serum (Julia, Late-DFT1) 982000365120188 West Takone 4,5 

Tasmanian devil serum (Naya, Late-DFT1) 982000356582387 West Takone 4,5 

Tasmanian devil serum (Urt, Late-DFT1) 982009104859673 West Takone 4,5 

Tasmanian devil serum (Dragonite, Late-DFT1) 982000365595831 West Takone 5 

Tasmanian devil serum (Maja, Late-DFT1) 982000405794245 West Takone 5 
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Chapter 3 Characterisation of CD8+ and CD4+ T cells in 
healthy and diseased Tasmanian devils using cell type-
specific monoclonal antibodies 

 Introduction 
T lymphocytes, or T cells, have essential roles for anticancer immunity, including surveillance, 

detection and destruction of neoplastic cells (Wellenstein and de Visser, 2018). Multiple 

molecular mechanisms (e.g., transcription factors, cytokines, chemokines, cell surface molecule 

interactions, including integrins, and metabolic signals) tightly regulate the divergence of T cells 

into two main subtypes relevant to anticancer immunity: CD8+ and CD4+ T cells (Overgaard et 

al., 2015). Cytotoxic CD8+ T cells are the primary killers of cancer cells. CD4+ T cells play a 

vital role in maintaining the CD8+ response and preventing “exhaustion” (Raskov et al., 2021).  

Cytotoxic CD8+ T cells are the most powerful effector immune cells in anticancer responses 

(Raskov et al., 2021). To activate the killing machinery of CD8+ T cells, the extracellular portion 

of the T cell receptor α and β (TCRαβ) interacts with the major histocompatibility complex class 

I (MHC-I) molecules on the surface of antigen presenting cells or the cancer cells (Brazin et al., 

2015). The binding of TCRαβ with an antigen peptide presented by the MHC-I on the cancer cell, 

followed by a co-stimulatory signal (i.e., the interaction of CD28 receptors on CD8+ T cells with 

CD80 or CD86 on the target cell) results in fully activated CD8+ T cells (Zumerle et al., 2017). 

The majority of activated CD8+ T cells can perform killing of their target cells by employing two 

different mechanisms. Firstly, secretion of death-inducing molecules (e.g., perforins, granzymes, 

interferon gamma), which are toxic to the cancer cell and can induce cell death (Basu et al., 2016, 

Bhat et al., 2017, Gordy and He, 2012). Alternatively, Fas ligand (FASL) is expressed on activated 

CD8+ T cells and binds to Fas receptors on the cancer cell, leading to apoptosis of the cancer cell 

(Fu et al., 2016). The killing of cancer cells can occur within minutes and one CD8+ T cell can 

destroy multiple neoplastic cells (Wiedemann et al., 2006). 

Although CD8+ T cells can combat cancer, neoplastic cells can develop defence mechanisms to 

evade CD8+ T cell killing. Such mechanisms include the downregulation of MHC-I and secretion 

of perforin-degrading enzymes (Khazen et al., 2016). Furthermore, cancer cells can exploit 

immune-inhibitory receptors on the surface of immune cells to induce immunosuppression and 

promote cancer survival (Grywalska et al., 2018). These inhibitory receptors include immune 

checkpoint molecules such as programmed cell death receptor 1 (PD-1 or CD279) and CTLA-4. 

These checkpoint molecules are expressed by T cells, natural killer (NK) cells and activated 

macrophages (Shevchenko and Bazhin, 2018). In physiological contexts, the immune checkpoint 

molecules are used by the immune cells to maintain self-tolerance and avoid excessive T cell 

activation that can cause autoimmunity. However, cancer cells can express the ligands of these 
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receptors (PD-L1, PD-L2, CD80, CD86), resulting in pathophysiological lymphocyte anergy and 

apoptosis (Grywalska et al., 2018). 

Despite the importance of cytotoxic CD8+ T cells in cancer progression, there is no devil-specific 

CD8α monoclonal antibody (mAb) compatible with flow cytometry, one of the most powerful 

techniques for single-cell analysis of the immune system (Mandy et al., 2003, Dalal et al., 2007, 

Thompson et al., 2010, Grant et al., 2021). To partially overcome this paucity, Pye (2017) 

developed a novel method that uses an immunohistochemistry-compatible anti-devil CD8α mAb 

to detect CD8+ T cells in formalin fixed blood clots. Although this method effectively determined 

CD4 and CD8 T cell proportions, the process is time consuming and less accurate than automated 

cytometry due to the lower number of counted cells. Additionally, this method does not allow the 

functional characterisation of circulating devil CD8+ T cells by in vitro analyses, such as 

proliferation, cytotoxic and T cell recall assays. These assays are valuable in determining the 

specific immunological responses of devil CD8+ T cells to DFTD, vaccination and 

immunotherapy. This is particularly important as it is known that vaccinated, immunotherapy-

treated devils, as well as a small proportion of wild devils, can mount an immune response against 

DFT1, evidenced by the presence of IgG antibodies binding to DFT1 and T cell infiltration within 

the tumours (Kreiss et al., 2015, Pye et al., 2016a, Tovar et al., 2017, Pye et al., 2020). However, 

the mechanistic role that CD8+ T cells may play in this response has not been elucidated due to 

the lack of an appropriate anti-devil CD8α mAb. The existing toolkit of reagents suitable for the 

characterisation of devil immune cells includes commercially available mouse and human 

antibodies that happened to be cross-reactive with devil cells and limited number of anti-devil 

antibodies specifically developed for devil research (Table 3.1). Thus, the addition of a flow 

cytometry compatible anti-devil CD8α mAb will greatly increase the capacity to functionally 

characterise the devil immune system. 

The availably of specific reagents in other species has permitted reference ranges in healthy 

animals to be determined so that health and disease status can be monitored (Pedersen and 

Babayan, 2011). To date, it is known that devils with DFT1 develop leukopenia (Peck et al., 2016), 

and according to Pye (2017) both CD4+ and CD8+ T cell subsets are decreased in DFT1-infected 

devils relative to healthy controls using formalin fixed blood clots. The decrease of both T cell 

subsets has not been corroborated in peripheral blood using flow cytometry techniques due the 

lack of a flow cytometry devil specific CD8α mAb. Another factor that has hindered the 

evaluation of T lymphocyte subsets in devil peripheral blood is the technical difficulties of 

separating and properly storing peripheral blood mononuclear cells (PBMCs) in remote locations 

where wild devils are trapped, prior to laboratory analysis. Thus, the development and validation 

of a specific devil CD8 antibody would not only offer a useful tool for studying DFTD 

pathogenesis but could also be used to determine reference ranges of CD8+ cells in healthy devils. 
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Table 3.1. Existing antibodies available for devil immunophenotyping. Y/N/? indicate whether each 

antibody works, does not work, or has not been tested, respectively, for each technique. IHC = 

immunohistochemistry. N/A= not applicable. WEHI = Walter and Eliza Hall Institute of Medical Research. 

Antigen 
targeted Species Raised 

in 
Clone/ 

Catalogue 
number 

Source ELISA Western 
blotting 

Flow 
cytometry IHC Clonality 

Anti TD IgM TD mouse 8B6 WEHI Y Y N Y mono 

Anti TD IgM TD mouse 1G7 WEHI Y Y N Y mono 

Anti-IgG TD mouse 9H3 WEHI Y Y N Y mono 

Anti-IgG TD mouse B1-G9-1 WEHI Y Y N Y mono 

Anti-IgG TD mouse A4-D1-2 WEHI Y Y N Y mono 

Anti-IgG TD Rat 8G8 WEHI ? Y ? ? mono 

Anti-IgG TD Rat 10D8 WEHI ? Y ? ? mono 

Anti-IgG TD Rabbit N/A WEHI ? ? Y Y poly 

Anti TD CD4 TD mouse 8C9 WEHI Y Y N Y mono 

Anti TD CD4 TD mouse 4F6 WEHI ? Y N N mono 

Anti TD CD4 TD mouse 7H9 WEHI ? N Y Y mono 

Anti TD CD4 TD mouse 5H11 WEHI ? ? Y ? mono 

Anti TD CD8 TD mouse 10E8 WEHI Y N N Y mono 

Anti TD CD8 TD rat 10H5 WEHI ? ? N N mono 

Anti TD CD8 TD rat 3H5 WEHI ? ? N N mono 

Anti TD CD3 human rabbit A0452/ 
20011828 Dako ? ? Y Y poly 

Anti TD CD79 human rat MAC2209 Serotec ? ? N Y mono 
Anti TD MHC-
II human mouse M0746 Dako ? Y Y Y mono 

Anti TD β2m TD mouse 13-34-45 Hannah 
Siddle (UoS) ? Y Y Y mono 

Anti TD TFGB human rabbit ab66043 Abcam ? ? ? Y poly 

Anti TD IL-10 mouse rat 551215 BD 
Biosciences ? ? ? Y mono 

Anti TD IFNG multi mouse ab27865 Abcam ? ? Y ? mono 

Anti TD PDL1 TD mouse 1F8 Andy Flies 
(UTAS) ? ? Y Y mono 

Anti TD PD1 TD mouse 3G8 Andy Flies 
(UTAS) ? ? Y Y mono 

Anti TD 
CD200 TD mouse N/A Andy Flies 

(UTAS) ? ? Y ? poly 

 

In this chapter, the development of a flow cytometry compatible anti-devil CD8α monoclonal 

antibody is described. Subsequent validation of the antibody with transfected Chinese hamster 

ovary (CHO) cells expressing the extracellular domain of the devil CD8α and peripheral 

lymphocytes from captive and wild devils is detailed. Additionally, this study reports a novel 

aseptic portable laboratory and workflow to separate and store peripheral lymphocytes in remote 

locations. Finally, the utility of the developed antibody is demonstrated by employing it to 
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describe the functionality of T lymphocyte subsets from captive blood by measuring IFNG in 

activated lymphocytes.  

 Materials and Methods 

3.2.1 Devil blood collection and processing  

Approximately 4 ml of peripheral blood was collected in heparin tubes via jugular venepuncture 

from each of three captive devils (Table 3.1). Within 4 hours of blood collection, PBMCs were 

isolated and frozen for later analyses at the Medical Sciences Precinct laboratory facilities at the 

University of Tasmania. Blood samples from six wild DFT1-infected devils, and seven healthy 

controls (Table 3.1) were collected in West Takone, Tasmania (Figure 1.1). As West Takone is 

approximately 269 km from the laboratory it was not possible to process the blood samples in a 

timely fashion, particularly as field trips were over multiple days. Portable equipment was used 

for on-site isolation and cryopreservation of the samples (Figure 3.1). PBMCs were separated 

from heparin-anticoagulated whole blood by density gradient centrifugation using Histopaque-

1077 (Sigma-Aldrich, St Louis, USA). Firstly, 4 ml of heparin-anticoagulated whole blood was 

diluted with 4 ml of RPMI 1640 medium (Thermo Fisher Scientific, Waltham, USA). 8 ml of 

diluted whole blood was overlaid carefully on 4 ml of Histopaque-1077 and centrifuged at 400 g 

for 35 minutes at room temperature (acceleration = 7 and brakes off). The PBMC layer was 

removed, washed in PBS, and centrifuged at 250 g for 10 minutes at least twice to remove platelets. 

PBMC pellets were gently resuspended in 1 ml of RPMI 10% cell culture medium (see Chapter 

2; General Methods), and viable cell counting was performed using an Improved Neubauer 

haemocytometer by Trypan blue dye exclusion. To freeze PBMC, 1 ml of 2X freezing medium 

(see Chapter 2; General Methods) was added dropwise to the resuspended PBMC suspensions. 

Cryovials were transferred to a pre-chilled freezing box (containing isopropanol), and 

subsequently placed into a portable -80 °C freezer overnight. The samples were removed from 

the freezing box and placed into a -80 °C freezer or into liquid nitrogen for long-term storage.  
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Figure 3.1. Blood collection and processing from wild Tasmanian devils. Wild devils were captured at 
a field site in the northwest of Tasmania (West Takone; see Figure 1.1) and blood was collected in heparin, 
EDTA, and plain tubes. Blood collected in heparin tubes was used in the isolation of peripheral 
mononuclear cells (PBMCs) using a field-portable laminar flow portable hood (Mystaire, USA). Blood 
overlaid onto Histopaque-1077 (Sigma-Aldrich, St Louis, USA) was centrifuged using a portable centrifuge 
(Thermo Fisher Scientific, USA), and the isolated mononuclear cells were transferred to a pre-chilled 
freezing box (containing isopropanol) and placed into a portable -80 freezer (ULT25NEU, Stirling 
Ultracold, Australia) overnight. The next day samples were transferred into a dry shipper containing liquid 
nitrogen. EDTA-anticoagulated whole blood was used for white blood cell counts, using an Improved 
Neubauer haemocytometer, as well as for blood smears in the field. Blood smears were fixed with methanol 
and stained at the Medical Sciences Precinct laboratory facilities at the University of Tasmania after the 
completion of the ten-day field expeditions. Blood collected in empty tubes was used to obtain serum, 
which were transferred to the portable -80 freezer and used to isolate extracellular vesicles at at the Medical 
Sciences Precinct laboratory facilities at the University of Tasmania after arrival (Chapters 3 and 4).  
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For absolute white cell counts, 0.5 ml of blood was collected into EDTA tubes, and 50 µl diluted 
into 950 µl of 0.2% crystal violet solution. White cell counting was performed with an Improved 
Neubauer haemocytometer and light microscope (Nikon Alphaphot-2 YS2). The remaining 
EDTA- anticoagulated whole blood was used to perform blood smears for differential leukocyte 
counting. Blood smears were fixed with methanol and subsequently stained with a modified 
Romanowsky technique (Diff-Quick, Ready Reagents, Cheshire, UK) as described by Peck et al. 
(2016). 

3.2.2 Anti-devil CD8α monoclonal development 

CD8α protein sequence and protein sequence alignments 

The Tasmanian devil CD8α protein sequence was accessed from UniProt (reference number: 

A0A023J8J6_SARHA). The reference sequence was last modified in July 2014. The complete 

Tasmanian devil CD8α protein sequence was aligned against twelve mammal species homolog 

sequences (including four marsupials and one monotreme) using CLC Sequence Viewer 

(Knudsen et al., 2012) version 8.0. To further confirm the UniProt sequence, the translated 

sequence of the matching transcript from a devil PBMC transcriptome generated by RNA 

sequence from two DFT1-free devils was also incorporated in the alignment (Flies et al., 2017). 

Alignments were performed with gap open cost = 5, gap extension cost =1, and end gap cost = 

free (Feng and Doolittle, 1987, Knudsen et al., 2012). Nucleotide alignments were analysed with 

1,0000 bootstrap replicates to create confidence levels and Neighbour Joining trees using CLC 

sequence viewer (Knudsen et al., 2012) version 8.0. Amino acid sequence percent similarities 

(relative to devil CD8α) were determined using the NCBI protein Basic Local Alignment Search 

Tool (Wheeler et al., 2007). The predicted devil CD8α extracellular protein domain and signal 

peptide were obtained from the UniProt database (Magrane, 2011), and confirmed with Phobius, 

SMART, and SignalP 4.1 web servers (Käll et al., 2007, Schultz et al., 2000, Petersen et al., 2011).  

The fragment of the devil CD8α amino acid sequence corresponding to the extracellular domain 

of the protein was chosen for the recombinant antigen (26th to 190th amino acid, Figure 3.2). The 

predicted signal peptide (1st to 25th amino acid) was excluded to increase yield and facilitate 

purification of the recombinant protein. The target devil CD8α protein sequence was optimised 

to obtain adequate yield and purity of the recombinant antigen. The original CD8α protein was 

mutated, substituting the cysteines positioned at the 34th, 73rd and 89th amino acid of the protein 

sequence for serine. This was performed to reduce protein aggregation that might impede the 

expression and purification of the target protein and to also retain significant tertiary structure of 

the native devil CD8 protein. Additionally, the target devil CD8α was subjected to a codon 

optimization and tagged with a hexa-histidine tag at the carboxyl-terminal of the sequence.  
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Gene synthesis, cloning and protein expression 

Gene synthesis was generated by Genscript (New York, USA). Briefly, the target DNA was 

synthetised (531 base pairs) and cloned into a vector pET30a. The assembled recombinant 

plasmid was transformed into Escherichia coli strain BL21. A single colony was inoculated into 

Luria-Bertani broth medium containing kanamycin for selection of the transfected cells. The 

culture was incubated at 37 °C at 200 rpm in a shaker incubator and then induced with Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) for gene expression. SDS-PAGE and Western blot were 

used to monitor protein expression. 

To scale up the protein expression, transfected BL21 start cells stored in glycerol were inoculated 

into Terrific broth medium containing kanamycin and cultured at 37 °C. When the absorbance 

(OD600) of the culture was about 1.2, the cell culture was induced with IPTG at 15 °C for 16 hours. 

Cells were harvested by centrifugation. 

Protein purification 

Cell pellets were resuspended with lysis buffer followed by sonication. The precipitate resulting 

from centrifugation was dissolved using urea. Denatured protein was obtained by a one-step 

purification process using a Nickel column. Target protein was refolded and sterilised by 0.22 μm 

filter before being stored in aliquots. The protein concentration was determined by BCATM protein 

assay with BSA as standard curve. The protein purity and molecular weight were determined by 

standard SDS-PAGE along with western blot confirmation. 

Anti-devil CD8α monoclonal antibody production  

The anti-devil CD8α mAb was generated by the monoclonal antibody facility of Genscript (New 

York, USA). Briefly, the devil CD8α recombinant protein from Escherichia coli was used as 

immunogen for injection in mice. Three BALB/c mice and three C57BL/6 mice were immunised 

with 30 μg of the target protein, then boosted at monthly intervals. After the third boost, mouse 

serum was assessed at the Medical Sciences Precinct laboratory facilities at the University of 

Tasmania for antibody binding with flow cytometry using FACS Canto II (BD Biosciences, 

Franklin Lakes, USA). Polyclonal antisera were combined with devil peripheral blood 

mononuclear cells (PBMC) and with a transfected Chinese hamster ovary cell (CHO) line 

expressing devil CD8 alpha protein (CHO.PAF35) at different dilutions (Appendix A Figure A.1). 

CHO.PAF35 was provided by Dr. Andy Flies, Menzies Institute for Medical Research, University 

of Tasmania. Antibody binding was assessed using a second step anti-mouse IgG (Alexa Fluor 

488-conjugated, see Chapter 2) at 1:500 dilution and incubated for 30 minutes on ice. The samples 

were then washed by centrifugation at 500 g for 3 minutes and resuspended in FACS buffer plus 

200 ng/ml of DAPI stain (Sigma-Aldrich, St Louis, USA) and analysed with a FACS Canto II 

(BD Biosciences, Franklin Lakes, USA) flow cytometer. 
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Hybridoma production 

The mouse (#9782; BALB/c) that provided the strongest binding polyclonal antiserum was 

chosen for hybridoma production. Additionally, this animal met the criteria established by 

Genscript, which consists of the optical density (OD450) obtained by an indirect ELISA using 

the target protein being greater than 1.0 at 1:8,000 dilution of the polyclonal antisera. Thus, #9782 

was boosted once again with the immunogen. Three days after the final boost, the spleen was 

harvested, and cells were fused with myeloma cells (SP2/0) for hybridoma production. 

Hybridoma screening and monoclonal antibody flow cytometry staining protocol 

Thirty hybridoma culture supernatants were positive against the target protein, determined by 

indirect ELISA (Appendix A Table A.1). These hybridomas were also tested at the Medical 

Sciences Precinct laboratory facilities at the University of Tasmania for ability to detect a subset 

of cells within the devil lymphocyte population using flow cytometry (FACS Canto II, 

Biosciences). Additionally, the supernatants were screened against the CHO.PAF35. Frozen devil 

PBMCs and CHO.PAF35 cells were thawed in a 37 °C water bath. Thawed PBMCs and 

CHO.PAF35 cells (2 x 105) were incubated in FACS buffer (see Chapter 2; General Methods) 

containing 10% normal goat serum for 30 minutes on ice in a u-bottom 96-well plate (Corning, 

New York, USA) to block Fc receptors and prevent non-specific binding. After washing with 

FACS buffer (500 g for 3 minutes), the samples were incubated with 100 μl of each hybridoma 

supernatant for 30 minutes on ice. After two washings with FACS buffer (500 g for 3 minutes) 

the samples were then incubated with a secondary goat anti-mouse IgG (Alexa Fluor 488-

conjugated, general methods section) at 1:500 for 30 minutes on ice. The samples were washed 

(500 g for 3 minutes) and resuspended in FACS buffer plus 200 ng/ml of DAPI stain (Sigma-

Aldrich, St Louis, USA) and analysed with a FACS Canto II (BD Biosciences, Franklin Lakes, 

USA) flow cytometer. The most reactive hybridoma (19E9; mouse IgG1κ) was subcloned and 

grown in cell culture for harvest and purification of monoclonal antibodies by IgG affinity 

columns. For flow cytometry, the purified anti devil CD8 antibody was used at a concentration of 

20 µg/ml and tested in wild devil PBMC and CHO.PAF35 cells using an Aurora (Cytek 

Biosciences, Fremont, USA) flow cytometer.  

3.2.3 CD8+ immunohistochemistry 

Immunohistochemistry (IHC) staining methods for identifying specific T cell subsets in tissue 

sections, such as spleen and lymph nodes have been described previously by Howson et al (2014). 

Firstly, tissue samples were cut with microtome into 3 μm slides, and then heated for 15 minutes 

in an oven at 60 °C. After two washes in xylene (five minutes each), the samples were rehydrated 

in 100%, and subsequently 95%, and 70% ethanol for three minutes each and washed for five 

minutes in distilled water. Antigen retrieval was performed by placing the slides in citrate buffer 

(pH 6) in a sealed container and heated at medium heat for 10 minutes in an electric pressure 
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cooker. The slides were cooled for 20 min at room temperature and then immersed in 10% H2O2. 

Subsequently, the slides were washed with PBS and incubated with Dako Protein Block for 30 

minutes to block non-specific binding. The five hybridoma supernatants giving the strongest 

fluorescence signal in flow cytometry were used in immunohistochemistry, and 

immunohistochemistry compatibles anti-devil CD8α (clone: 10H9) and CD4 (clone: 7H9) mAbs 

were used as positive controls. Anti-devil CD8α and CD4 mAbs were used at 1:100 dilution. Cell 

culture supernatants were applied neat to the sections for one hour at room temperature. The slides 

were washed with PBS twice followed by the addition of anti-mouse Dako EnVision + System 

HRP-labelled polymers to the slides for 30 minutes for signal detection. After two washes with 

PBS, the Dako liquid DAB1 Substrate Chromogen System was added to the slides for 10 minutes. 

The sections were counterstained with hematoxylin and washed in running water to be submerged 

in 95% ethanol for 2 min, 100% ethanol for 2 min and xylene for 2 min, twice. Lastly, the sections 

were mounted using mounting medium and coverslips and kept in the dark before examination 

using a light microscope (Olympus-BX50) coupled with a camera (Leica-DFC320).  

3.2.4 Characterisation of T cell subsets in devil PBMC by flow cytometry 

Frozen PBMCs isolated from 12 wild devils were used for determination of percentages and ratio 

of CD4+ and CD8+ T cells (Figure 3.1). Frozen PBMCs were rapidly thawed at 37 °C at the 

Medical Sciences Precinct laboratory facilities at the University of Tasmania, washed in pre-

warmed RPMI 10% cell culture medium, counted, and resuspended in FACS buffer. The thawed 

PBMCs of each animal were seeded in 100 µl at 2x105 cells/ml in a U-bottom 96-well plate 

(Corning, New York, USA), washed once at 500 g for 3 minutes, and incubated in blocking buffer 

(10% normal goat serum in FACS buffer) for 30 minutes on ice. After washing with FACS buffer 

(500 g for 3 minutes) the samples were incubated with 20 µg/ml of the purified anti-devil CD8α 

monoclonal antibody for 30 minutes on ice. After two washes with FACS buffer the samples were 

incubated with a secondary goat anti-mouse IgG (Alexa Fluor 647-conjugated) at 1:500 for 30 

minutes on ice (see Chapter 2; General Methods). After 2 washes with FACS buffer (500 g for 3 

minutes), the samples were incubated with 5% of normal mouse serum for 30 min on ice. Then, 

samples were washed twice with FACS buffer (500 g for 3 minutes) and incubated with Pe-Cy7 

mouse anti-devil CD4 monoclonal antibody at 0.25 µg/ml (see Chapter 2; General Methods). for 

30 minutes on ice. The samples were washed twice and resuspended with 50 µl of live/dead 

fixable near IR dead cell stain (Thermo Fisher Scientific, Waltham, USA) diluted 1000 times in 

PBS and incubated 30 min on ice. After two washes (500 g for 3 minutes), the PBMCs were then 

fixed for 20 min using 70 µl of BD Cytofix/Cytoperm TM Plus Fixation/Permeabilization solution 

(BD Biosciences, Franklin Lakes, USA), and washed twice with FACS (500 g for 5 minutes) 

buffer and analysed with an Aurora (Cytek Biosciences, Fremont, USA) flow cytometer the next 

day.  
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The gating strategies were carried out using FCS Express 7.0 software. Briefly, exclusion of 

doublet cells was based on FSC-area and FSC-height and exclusion of non-viable cells were based 

on dead cell staining. A dot-plot of side and forward scatter was used to create a live lymphocyte 

gate of 5,000-10,000 cells per assay (Landay and Muirhead, 1989).  

3.2.5 Analysis of IFNG expression by mitogen-stimulated devil PBMC in captive 
devils using flow cytometry 

Peripheral blood mononuclear cells isolated from three captive devils’ blood were subjected to 

stimulation assays in vitro. A comparison between frozen and fresh PBMCs was performed to 

check for potential bias (e.g., loss of IFNG production) by comparing frozen PBMCs to the 

matched fresh sample. Frozen PBMCs were quickly thawed in a 37 °C water bath, washed in 

RPMI 10% FBS, counted and resuspended in 1 ml of RPMI 10% FBS. The thawed and fresh 

PBMC from the same animal were seeded at 2x105 cells/ml in a U-bottom 96-well plate (Corning, 

New York, USA) and the stimulators PMA (200 ng/ml) and Ionomycin (1 µg/ml) were added 

along with BD Golgistop (1:1,000; BD Biosciences, Franklin Lakes, USA) to accumulate 

cytokine production internally. Following incubation with PMA, Ionomycin and Golgistop, the 

stimulated cells were collected to analyse the presence of IFNG expressing cells as a surrogate 

measure of lymphocyte activity, using a FACS Canto II (BD Biosciences, Franklin Lakes, USA) 

flow cytometer. The samples were blocked and stained with the anti-devil CD8α mAb as 

described above. After two washes with FACS buffer (500 g for 3 minutes), an unconjugated anti-

devil CD4 mAb (see Chapter 2; General Methods) was added at 0.25 µg/ml and incubated for 30 

minutes on ice. After two subsequent washes in FACS buffer, the samples were incubated with a 

secondary goat anti-mouse IgG (Brilliant violet 421-conjugated; see Chapter 2; General Methods). 

Samples were washed twice in FACS buffer (500 g for 3 minutes), and a rabbit anti-devil IgG 

polyclonal serum (see Chapter 2; General Methods) was added at 1:1000 dilution and incubated 

for 30 minutes on ice. Next, the samples were washed twice in FACS buffer and incubated with 

a secondary goat anti-rabbit IgG-phycoerythrin (1:500; see Chapter 2; General Methods) for 30 

minutes on ice. After the two washes in FACS buffer (500 g for 3 minutes), the LIVE/DEAD 

Fixable Near-IR Dead Cell Stain (Thermo Fisher Scientific, Waltham, USA) was added to the 

samples diluted 1000 times in PBS during 30 minutes on ice. After two washes in FACS buffer 

(500 g for 3 minutes), cells were fixed and permeabilised using the Fix/Permeabilization Solution 

Kit Cytofix/Cytoperm TM Plus Fixation/Permeabilization solution (BD Biosciences, Franklin 

Lakes, USA). Briefly, 70 µl of Cytofix/Cytoperm™ PLUS Fixation/Permeabilization solution 

was added to the samples for 20 minutes and washed twice with BD Perm/Wash buffer at 500 g 

for 5 minutes. The fixed and permeabilised PBMCs were intracellularly stained with FITC mouse 

anti-IFNG diluted at 1:50 in Perm/Wash buffer for 30 minutes on ice. After the final two washes 

in FACS buffer (500 g for 5 minutes), PBMCs were resuspended in 200 µl of FACS buffer and 
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analysed on the BD FACS Canto II (BD Biosciences, Franklin Lakes, USA) flow cytometer. The 

same gating strategies were used as described above. Percentages of IFNG positive cells were 

calculated for PMA-Ionomycin stimulated PBMCs and compared with untreated cells. IFNG 

production of lymphocyte subpopulations was estimated as proportions of total lymphocytes of 

each of CD4+ (including CD4+/CD8+), CD8+, B+, and CD4-/CD8-/B- subpopulations. To 

identify the CD4-/CD8-/B- cell population, total live lymphocytes were first gated for CD4- to 

exclude CD4+ (and CD4+/CD8+ double positives), and subsequently gated for CD8-. Of the 

remaining cells, B- were identified and proportions of total lymphocytes were estimated by IFNG 

production (e.g., Figure 3.9-B,C). 

3.2.6 Statistical analyses 

The distribution of proportions of total lymphocytes formed by each subpopulation and 

CD4+/CD8+ ratios were tested for normality with Shapiro-Wilk’s test W statistic. The effect of 

DFT1 status on the proportion of total lymphocytes formed by each subpopulation was tested 

using Student’s t-test. 

Absolute lymphocyte cell counts were calculated by multiplying the lymphocyte proportion of 

total white blood cells (estimated from blood smears) by absolute white blood cell counts. 

Absolute CD4+ and CD8+ T cell counts were calculated by multiplying the fraction of total 

lymphocytes formed by each subtype (from flow cytometry) by absolute lymphocyte cell counts. 

Absolute cell counts of double negative (CD4-/CD8-) and double positive (CD4+/CD8+) 

lymphocytes were calculated in the same manner. The distribution of each absolute cell count 

was tested for normality with Shapiro-Wilk’s W statistic. The effect of DFT1 status on absolute 

cell counts of each lymphocyte subpopulation was tested using Student’s t-test. All p values were 

adjusted for multiple comparisons by Benjamini-Hochberg method. All the statistical analyses 

were performed using R 3.6.2 (R Core Team, 2019) 

  



64 

 Results 
3.3.1 Study animals 

The devils sampled in this study along with their origin, DFT1 status sex, age, total tumour 

volume and month of collection are summarised in Table 3.2.  

Table 3.2 Tasmanian devils with their identity, origin, DFT1 status, sex, age, tumour volume (TV) 

and month/year of sample collection. N/A = not applicable. Juvenile devils are < 2 years old and adult 

devils are ≥ 2 years old. Samples from West Takone devils were collected in the wild and individuals from 

Richmond were captives.  

Tasmanian devil ID Origin 
DFT1 
status Sex Age TV (ml) 

Month of 
collection 

TKN-214 W. Takone + Female Adult 0.74 May-19 

TKN-207 W. Takone + Male Adult 4.3 May-19 

TKN-226 W. Takone + Female Adult 0.2 May-19 

TKN-225 W. Takone + Male Adult 5.4 Aug-19 

TKN-228 W. Takone + Female Adult 0.2 Aug-19 

TKN-243 W. Takone + Male Adult 0.03 Aug-19 

TKN-255 W. Takone - Female Adult N/A Aug-19 

TKN-246 W. Takone - Male Juvenile N/A May-19 

TKN-240 W. Takone - Female Adult N/A May-19 

TKN-230 W. Takone - Female Adult N/A May-19 

TKN-231 W. Takone - Male Juvenile N/A May-19 

TKN-247 W. Takone - Male Juvenile N/A May-19 

TKN-205 W. Takone - Male Adult N/A May-19 

982000167813072 Richmond - Female Adult N/A Jul-19 

982000167871303 Richmond - Female Adult N/A Jul-19 

982009105160330 Richmond - Male Adult N/A Jan-18 and 
Jul-19 

       
3.3.2 Devil CD8α sequence identification, alignment, and phylogenetic tree 
analysis. 

The complete Tasmanian devil CD8α protein sequence from UniProt and the translated sequence 

from the matching transcript from a devil PBMC transcriptome shared 100% amino acid-level 

sequence identity (Figure 3.2). Both sequences were aligned against other twelve mammalian 

species, including four related marsupials to determine amino acid sequence homology (Figure 

3.2). Devil CD8α protein shared the highest amino acid-level similarity with the four marsupials: 

wombat (Vombatus ursinus, 71%), tammar wallaby (Macropus eugenii, 70%), koala 

(Phascolarctos cinereus, 69%), and short-tail opossum (Monodelphis domestica, 64%) (Figure 

3.2). The least similar protein sequences were from the platypus and mouse (both 39%, Figure 

3.2). The similarities of the devil CD8α protein with the four marsupials were consistent with the 
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phylogenetic analysis cladogram illustrated in Figure 3.3. The marsupials formed a separate clade 

from the placental mammals.  

 
Figure 3.2. Alignment of CD8α amino acid sequence in twelve mammalian species. The red to blue 
colour gradient indicates degree of homology between species, with red colour showing the most highly 
conserved regions and blue showing the most dissimilar regions for devil CD8α. Dashes indicates gaps that 
have been inserted to correctly fit multiple protein alignments. The devil CD8α extracellular domain is 
denoted by a green line above the sequence. The CD8α sequences used in the protein alignment analysis 
obtained from UniProt, include Tasmanian devil (A0A023J8J6), tammar wallaby (I6LJ11), koala 
(A0A6P5IVU7), wombat (A0A4X2KPF4), platypus (A0A6I8MZJ5), short-tailed opossum (I6LJ10), cow 
(P31783), panda (G1LTX7), dog (P33706), cat (P41688), golden hamster (A0A1U7QNW4), mouse 
(P01731) and human (P01732). The devil CD8α translated sequence from the matching transcript obtained 
from a devil PBMC transcriptome is also included. The percent amino acid sequence identity among devils 
and the other mammals is denoted at the bottom right corner of the alignment. 
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Figure 3.3. Phylogenetic analysis of the devil CD8α sequence relative to other mammals. The 

cladogram was developed using CLC viewer version 8.0 and 10,000 bootstrap replicates were performed. 

Numbers denoted in each branch indicate confidence values for differentiation at each split. The CD8α 

sequences utilised in the tree analysis are the same ones used in Figure 3.2. 

3.3.3 CD8α mAb binding to devil PBMCs and transfected Chinese hamster ovary 
cells expressing surface devil CD8α protein. 
Following the hybridoma testing (Appendix A Figure A.2), the clone that bound most strongly to 

a subset of cells in a healthy devil PBMCs and to a transfected CHO cell line expressing devil 

CD8α on its surface (CHO.PAF35) was chosen for further analysis. Figures 3.4-A-C show the 

gating strategy to identify viable lymphocytes. No gating was required for the CHO cells. The 

clone 19E6 demonstrated almost 100% binding to the CHO.PAF35 cells and did not bind to 

unmanipulated CHO cells, indicating the high specificity of the anti-devil CD8α mAb for its target 

(Figure 3.4-D). Additionally, the anti-devil CD8α mAb was tested against a healthy wild devil 

PBMC sample (TKN-205), showing a level of positive lymphocyte staining of 60.20% (Figure 

3.4-D), which is consistent with earlier immunohistochemistry studies (Pye, 2017). 
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Figure 3.4. Devil CD8α mAb binding capacity by flow cytometry. A. Exclusion of doublet cells based 

on FCS-area and FSC-height. B. Peripheral lymphocytes identification based on FSA-A and SSC-A 

properties after doublet exclusion. C. Exclusion of non-viable lymphocytes based on dead cell stain (DAPI) 

D. Flow cytometry scatter plots showing binding of an isotype control antibody (mouse IgG1 kappa mAb) 

and devil CD8α mAb to CHO.PAF35, devil PBMCs and unmanipulated CHO cells. The cells were 

incubated with a secondary anti-mouse IgG-Fc Alexa Fluor 647 after the incubation with the isotype control 

and the devil-specific CD8α monoclonal antibody.  

3.3.4 Proportion of CD4+ and CD8+ T cells in healthy and DFTD infected wild 
devils. 

To further characterise and compare the proportion of CD4+ and CD8+ T cells in the peripheral 

blood of healthy and diseased devils, the PBMCs form the peripheral blood of six healthy and six 

diseased devils was analysed using the newly developed CD8α mAb and a validated anti-devil 

CD4 mAb (Table 3.3). The anti-devil CD8α mAb was able to consistently detect a different 
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lymphocyte population to the CD4+ T lymphocytes as appreciated in the seven devils shown in 

Figure 3.5. A comparison of healthy and DFT1-affected devils is summarised in Table 3.3. Of the 

six healthy devil PBMCs evaluated, the mean level of CD8+CD4- cells was 30.73% (range: 

19.52-40.43%) and, the mean level of CD4+CD8- cells was 33.71% (range: 20.36 -48.78%) of 

the total lymphocyte population (FSC/SSC), respectively (Table 3.3). Similar percentages of 

CD8+CD4- and CD4+CD8- cells were observed in PBMCs derived from diseased devils, with a 

mean of 31.98% (range 27.36 – 38.89%) and 26.84 (18.55 – 33.02%), respectively. Shapiro-

Wilk’s W statistic indicated none of the subpopulation proportions and CD4/CD8 ratios were 

distributed significantly different from normal, so Student’s t-tests were used to test for difference 

between populations. No significant differences between the relative proportions of T cell 

subpopulations and CD4/CD8 ratios of DFT1-infected devils relative to healthy controls were 

detected (p = 0.174-0.743).  

 

Figure 3.5. Binding of CD4 and CD8α mAbs in PBMC. Flow cytometry scatter plots showing binding 

of the devil CD8α (clone 19E6) and CD4 mAb (clone 7H9) to diseased devil PBMCs (top row) and healthy 

devil PBMCs (bottom row). The negative control was PBMC incubated only with a secondary anti-mouse 

IgG-Fc AlexaFluor 647 (See Table 3.3 for more information about CD4+ and CD8+ proportions). 
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Table. 3.3. Proportion of T lymphocytes obtained by flow cytometry of DFT1 infected devils and 
uninfected control devils.  

Tas. Devil ID 
DFT1 

Status 

 Proportion of lymphocytes (%)  
CD4/CD8 

Ratio 
 

CD8+CD4- CD4+CD8- CD8- CD4- CD8+ CD4+ 
 

TKN-214 +  28.17 24.56 43.24 4.02  0.87 

TKN-207 +  38.89 18.55 41.70 0.85  0.48 

TKN-226 +  29.79 33.02 36.72 5.30  1.11 
TKN-225 +  27.36 28.55 41.41 2.68  1.04 

TKN-228 +  28.93 29.40 41.27 0.40  1.02 

TKN-243 +  38.80 26.98 31.41 2.81  0.70 

Mean ± s.e.m. +  31.98 ± 2.19 26.84 ± 2.01 39.29 ± 1.81 1.88 ± 0.61  0.87 ± 0.10 
TKN-255 -  34.12 27.31 36.91 1.66  0.80 

TKN-246 -  40.43 20.36 35.05 4.16  0.50 

TKN-240 -  33.75 22.89 38.54 4.81  0.68 

TKN-230 -  19.52 48.78 28.54 3.19  2.50 

TKN-231 -  30.95 41.72 26.15 1.19  1.35 

TKN-247 -  25.60 41.22 30.93 2.25  1.61 

Mean ± s.e.m. -  30.73 ± 2.98 33.71 ± 4.77 32.69 ± 2.01 2.88 ± 0.58  1.24 ± 0.30 

Effect of status*  
       

t-statistic   0.337 -1.325 2.443 -1.179  -1.157 
p   0.743 0.364 0.174 0.364  0.364 

* Student’s t-test of difference in lymphocyte subpopulation proportion means between DFT1+ and 
DFT1- status groups (+ vs -). 
† Benjamini-Hochberg adjusted for multiple comparisons 

3.3.5 T cell absolute numbers in healthy and DFT1 infected devils 

Percentages provide an indication of cell proportions, but absolute numbers provide information 

on cell numbers. Therefore, the proportion of lymphocytes (%) was converted into absolute counts 

based on the total white cell and lymphocyte counting (see Chapter 2; General Methods). Shapiro-

Wilk’s W indicated none of the cell count variables were distributed significantly different from 

normal. DFT1-infected devils presented a significant reduction of total lymphocytes (p = 0.048) 

(Table 3.4), and as shown in Figure 3.6, DFT1-infected devils had a reduction in T cell subsets. 

However, no statistically significant differences were found in the CD8+CD4- (p = 0.053), 

CD4+CD8- (p = 0.053), CD8-CD4- (p = 0.079), and CD8+CD4+ (0.053) cell subsets relative to 

the negative controls (Table 3.4).  
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Figure 3.6. T cell subpopulation counts by devil sample disease status. Points indicate sample means 

and error bars indicate 95% confidence intervals. 

Table 3.4. Absolute cell counts estimated by total white cell and total lymphocyte counts. WBC = white 

blood cells. 

Tas. Devil 
ID 

DFT1 
Status 

Absolute cell counts (109/L) 

WBC Lympho-
cytes CD8+ CD4+ CD8- 

CD4- 
CD8+ 
CD4+ 

TKN-214 + 16.8 3.02 0.85 0.74 1.31 0.12 

TKN-207 + 27.7 3.88 1.51 0.72 1.62 0.03 

TKN-226 + 14.72 3.39 1.01 1.12 1.24 0.02 

TKN-225 + 16.6 2.16 0.59 0.62 0.89 0.06 

TKN-228 + 20.44 6.54 1.89 1.92 2.70 0.03 

TKN-243 + 13.25 4.9 1.90 1.32 1.54 0.14 

Mean ± 
s.e.m. + 18.25 ± 2.13 3.98 ± 0.63 1.29 ± 0.22 1.07 ± 0.20 1.55 ± 0.25 0.06 ± 0.02 

TKN-255 - 18.28 10.05 3.43 2.75 3.71 0.17 

TKN-246 - 14.68 6.17 2.49 1.26 2.16 0.26 

TKN-240 - 19.48 9.16 3.09 2.10 3.53 0.44 

TKN-230 - 13.56 8.95 1.75 4.36 2.55 0.29 

TKN-231 - 15.35 6.45 2.00 2.69 1.69 0.08 

TKN-247 - 13.40 4.69 1.20 1.93 1.45 0.11 
Mean ± 
s.e.m. - 15.79 ± 1.03 7.58 ± 0.86 2.33 ± 0.34 2.51 ± 0.43 2.52 ± 0.38 0.22 ± 0.05 

Effect of status*       
t-statistic  1.038 -3.371 -2.510 -3.017 -2.103 -2.654 

p†  0.333 0.048 0.053 0.053 0.079 0.053 
* Student’s t-test of difference in subpopulation cell count means between DFT1+ and DFT1- status groups (+ vs -) 
† Benjamini-Hochberg adjusted for multiple comparisons 

 DFT1+ 
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 CD8α mAb does not recognise its target by 
immunohistochemistry 
To evaluate whether the developed devil CD8α mAb identified the target epitope when used 

outside of flow cytometry, immunohistochemistry was performed on devil spleen and lymph 

nodes sections. Validated mAbs against devil CD8α (clone: 10E8) and CD4 (clone: 7H9) for 

immunohistochemistry were used as a positive control at 1/100 dilution (Figure 3.7). The devil 

tissue sections showed no staining when incubated with five of the most reactive hybridoma 

clones tested previously by flow cytometry (clones: 8A2, 8F12, 17G9, 18B5, 19E6; Figure 3.7, 

Appendix A Figure A.3). 

 
Figure 3.7. Immunohistochemistry (IHC) of devil lymph nodes and spleen using culture supernatant 

of the cultured devil CD8α producing hybridoma. IHC images of devil spleen and lymph nodes are 

derived from a devil (TD 488) and visualised using 20 X objective. The scale bar in the lower right of each 

image is 100 µm. Negative controls were stained with an isotype control antibody (mouse IgG1 kappa 

mAb). Positive controls used a validated anti-devil CD8α mAb.  
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3.4.1 IFNG production from captive devil PBMCs stimulated with mitogens  

To determine whether aspects of CD8+ T cell function could be assessed by flow cytometry, 

PBMCs derived from three captive devils were stimulated with PMA and Ionomycin. The 

production of IFNG production was measured as surrogate of lymphocyte activation. Firstly, the 

ability to produce IFNG was compared between thawed and fresh isolated PBMCs. Flow 

cytometry analyses provided comparable results whether performed on frozen or fresh PBMC 

(Figure 3.8).  

 

Figure 3.8. Comparison of IFNG production of fresh and frozen Tasmanian devil PBMCs stimulated 

with mitogens. A. Fresh PBMCs and B. thawed PBMCs from three captive devils were stimulated with 

PMA (200 ng/ml) and Ionomycin (1 µg/ml) for six hours. Production of IFNG was measured by flow 

cytometry using intracellular staining for IFNG. Markers indicated IFNG production. PBMCs were gated 

as explained in the methods (section 3.2.4). 

As frozen PBMCs demonstrated a similar ability to produce IFNG as fresh PBMC, the same 

experiment was repeated with thawed PBMCs from the same three animals to identify the 

lymphocyte subset that contributes the most to the total IFNG production. The newly developed 

anti-devil CD8α mAb (clone: 19E6), the anti-devil CD4 mAb and a rabbit anti-devil IgG 

polyclonal serum to detect devil B cells were utilised. Stimulated PBMCs did not exhibit 

discernible alterations of lymphocyte cell size and cell granularity relative to control (Figure 3.9-

A). Unstimulated samples displayed relatively low proportions of IFNG-producing lymphocytes 

(Figure 3.9-B). As summarised in Table 3.5 2.96% of total unstimulated lymphocytes produced 

IFNG compared with 24.33% of PMA+ Ionomycin stimulated lymphocytes. Following gating, 

most of the IFNG producing cells appeared to belong to the CD4-/CD8-/B- lymphocyte 

population (Figure 3.9-C). While the increase in IFNG secretion post-stimulation was modest for 

CD4+, CD8+, and B+ subpopulations, proportion of cells secreting IFNG within the CD4-/CD8-

/B- subpopulation increased from 3.97% to 46.69% after mitogen stimulation (Table 3.5). As 
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CD4-/CD8-/B- cells made up 34.79% of the total lymphocyte population, IFNG+ cells within the 

CD4-/CD8-/B- subpopulation represent 16.24% of total lymphocytes (46.69% IFNG+ of 34.79% 

of total cells), the majority of total IFNG+ lymphocytes (i.e., 16.24% of the 24.33% of the total 

lymphocytes that were IFNG+, Table 3.5). 

 
Figure 3.9. IFNG production by mitogen stimulated devil lymphocyte subsets. Analysis demonstrated 

with one devil sample (ID 982009105160330). A. Flow cytometry scatter plots of peripheral lymphocytes 

identification based on FSA-A and SSC-A properties after doublet exclusion of unstimulated and PMA + 

Ionomycin stimulated PBMC. B. Flow cytometry scatter plots showing IFNG production by CD4+, CD8+, 

B+, and CD4-/CD8- B- devil lymphocytes subsets obtained from unstimulated devil peripheral blood 

mononuclear cells (frozen). C. Flow cytometry scatter plots showing IFNG production by CD4+, CD8+, 

B+, and CD4-/CD8- B- devil lymphocytes subsets obtained from the same frozen devil peripheral blood 

mononuclear cells stimulated with PMA (200 ng/ml) and Ionomycin (1 µg/ml). Production of IFNG was 

measured by flow cytometry using intracellular staining. Scatter plots are representative of results generated 

from two other devils’ PBMC samples. Sequential gating strategy of the boxed areas is denoted with arrows. 



 
 

Table 3.5. Proportion (%) of each devil lymphocyte subpopulation that releases IFNG after mitogen stimulation, and proportion (%) each subpopulation 

constitutes of the total lymphocyte population. 

 

 

 CD4+ CD4- CD8+ B+ CD4- CD8- B- Total lymphocytes 
Tasmanian 

devil ID %Total IFNG- 
%Total 

IFNG+ 
%Total %IFNG+ %Total IFNG- 

%Total 
IFNG+ 
%Total %IFNG+ %Total IFNG- 

%Total 
IFNG+ 
%Total %IFNG+ %Total IFNG- 

%Total 
IFNG+ 
%Total %IFNG+ %Total %IFNG- %IFNG+ 

982000167813072 
(unstimulated) 

55.03% 54.54% 0.49% 0.89% 8.63% 8.22% 0.41% 4.74% 5.72% 5.65% 0.07% 1.21% 30.62% 29.90% 0.72% 2.36% 100.00% 98.31% 1.69% 

982000167813072 
(stimulated) 

52.82% 44.76% 8.06% 15.26% 8.41% 7.59% 0.82% 9.76% 6.43% 6.35% 0.08% 1.21% 32.34% 17.85% 14.49% 44.80% 100.00% 76.55% 23.45% 

982000167871303 
(unstimulated) 

51.17% 50.28% 0.89% 1.74% 10.42% 10.12% 0.30% 2.86% 3.93% 3.90% 0.03% 0.88% 34.48% 34.02% 0.46% 1.34% 100.00% 98.32% 1.68% 

982000167871303 
(stimulated) 

52.13% 44.40% 7.73% 14.83% 6.96% 6.52% 0.44% 6.26% 6.11% 5.96% 0.15% 2.41% 34.81% 22.44% 12.37% 35.54% 100.01% 79.32% 20.69% 

982009105160330 
(unstimulated) 

48.67% 46.26% 2.41% 4.95% 12.29% 11.98% 0.31% 2.51% 6.28% 6.17% 0.11% 1.68% 32.75% 30.06% 2.69% 8.20% 99.99% 94.48% 5.51% 

982009105160330 
(stimulated) 

44.16% 38.77% 5.39% 12.21% 11.69% 10.58% 1.11% 9.51% 6.92% 6.78% 0.14% 1.98% 37.23% 15.00% 22.23% 59.72% 99.99% 71.12% 28.87% 

                    

Mean 
(unstimulated) 

51.62% 50.31% 1.31% 2.53% 10.45% 10.10% 0.35% 3.37% 5.31% 5.24% 0.07% 1.26% 32.62% 31.32% 1.30% 3.97% 100.00% 97.04% 2.96% 

Mean 
(stimulated) 

49.70% 42.69% 7.01% 14.10% 9.02% 8.25% 0.77% 8.51% 6.48% 6.36% 0.12% 1.87% 34.79% 18.55% 16.24% 46.69% 100.00% 75.67% 24.33% 

%Total: subpopulation as a proportion of total lymphocytes 
IFNG- %Total and IFNG+ %Total: IFNG- and IFNG+ fractions of subpopulation as a proportion of total lymphocytes  
%IFNG+: proportion IFNG+ cells within the subpopulation 
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 Discussion 
The immune system plays a critical role in defending organisms against a wide range of diseases 

to maintain health while avoiding immunopathology (Brodin, 2020). Critical research into the 

immune system in humans and laboratory animals, such as immunophenotyping, has been 

supported by the use of an extensive range of immunological tools (Wagar et al., 2018). 

Investigating the immune system in non-model species has been challenging, due to the lack of 

species specific reagents needed to examine cellular immune phenotypes (Flies and Wild 

Comparative Immunology, 2020). This chapter reports the development of a flow cytometry 

compatible anti-devil CD8α monoclonal antibody, and the demonstration that this immunological 

tool can assist in answering multiple knowledge gaps about the interplay of the devil immune 

system with DFT1. Additionally, this chapter described a novel way to deploy an aseptic portable 

laboratory in remote locations, demonstrating the feasibility and utility of peripheral lymphocyte 

isolation and cryopreservation in the field for advanced cellular immunological investigations. As 

the portable laboratory provided the means to collect, prepare and store the necessary lymphocyte 

samples, by extension it enabled a needed functional characterisation of devil peripheral 

lymphocytes. 

The specificity of monoclonal antibodies needs to be carefully validated as antibodies can 

potentially bind to a non-target molecule rather than the desired molecular species through cross-

reactivity (Saper, 2009). Using flow cytometry and molecular methods, this chapter demonstrated 

that the anti-devil CD8α mAb was highly specific to its target. This was evidenced by the highly 

specific binding of the CD8α mAb to a transfected CHO cell line expressing devil CD8α on its 

surface, and lack of binding to unmanipulated CHO cells. Additionally, the anti-devil CD8α mAb 

detected a different T cell subset in devil peripheral lymphocytes than the anti-devil CD4 mAb, 

demonstrating that the mAb does not cross react with the other major T cell subset. Despite the 

anti-devil CD8α mAb being highly specific in flow cytometry, it did not show staining in devil 

tissue sections using immunohistochemistry techniques. The protein antigen used in this study 

contained the extracellular region of the devil CD8α protein and it was designed to fold in the 

native conformation even when synthetised in a prokaryotic system (Brown et al., 2011b) in order 

to generate mAb’s more likely to be useful for flow cytometry. Thus, the lack of staining of the 

developed anti-devil CD8α mAb using immunohistochemistry techniques is consistent with the 

design of the protein antigen, indicating that the mAb developed in this study only recognises its 

epitope when used in techniques in which proteins are not denatured, such as flow cytometry. 

This is not a rare situation as many antibodies, including commercial ones, only perform 

adequately in a single or limited number of techniques, which is highly dependent on the antigen 

against which the mAb was raised (Bordeaux et al., 2010, Saper, 2009, Acharya et al., 2017).  
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Compared to healthy devils, individuals infected with DFT1 demonstrated significant reduction 

in absolute numbers of total lymphocytes, consistent with previous studies (Peck et al., 2016). 

However, there was no evidence of selective depletion of subtypes (e.g., CD4+ vs CD8+ T cells) 

between devils infected with DFT1 compared to healthy controls. These results are consistent 

with previous findings from Pye (2017), who found commensurate declines in proportions of 

CD8+ and CD4+ T cells. Declines of T cell subtypes did not reach significance in the present 

study, however, post hoc power analysis based on these results indicated that a sample size of 16 

devils (8 healthy and 8 DFT1+) would provide a power of 0.8 to detect significant differences in 

CD4+ and CD8+ T cell subsets. Thus, the sample size in the current study (limited by logistics of 

remote devil trapping field trips for sample collection) was likely too small to discern significant 

effects of DFT1 infection on subtype-specific cell counts. Further, the animals tested in this study 

were all in early stages of the cancer with small tumour volumes. T cell numbers, especially CD8+ 

cells, are known to decline as cancer progresses (Watabe et al., 2011, Ostroumov et al., 2018, Das 

et al., 2018, Chongsathidkiet et al., 2018). Thus, tumour volumes in the sample may have been 

too small to discern alterations to T cells subsets. CD8+ and CD4+ T cell abundance may decline 

as tumour volume increases, which is potentially supported by our finding that the animal with 

the greatest tumour volume (TKN-225) presented the lowest absolute numbers of CD8+ and 

CD4+ T cells. 

In human and mouse studies, IFNG is secreted predominantly by activated lymphocytes such as 

CD4+ T helper type 1 cells and CD8+ cytotoxic T cells (Corthay et al., 2005, Matsushita et al., 

2015, Castro et al., 2018), γδ T cells (Gao et al., 2003, Ribot et al., 2009, Silva-Santos et al., 2015), 

and natural killer (NK) cells (Yu et al., 2006, Keppel et al., 2015). Consistent with the literature, 

the lowest proportion of IFNG production by devil lymphocytes was from stimulated devil B cells 

(Barr et al., 2010, Bao et al., 2014). However, these results demonstrated devil CD4+ and CD8+ 

T cells only had modest responses to mitogen stimulation, with 14.1% and 8.51% of cells 

producing IFNG after stimulation, respectively. This was surprising, as this study used a potent 

stimulation regime which has been demonstrated to activate several intracellular pathways in 

human and mice, resulting in CD4+ and CD8+ T cell activation and production of a variety of 

cytokines, including IFNG (Majowicz et al., 2012, Ai et al., 2013). In contrast, devil CD4+ and 

CD8+ T cells appear to be poor producers of IFNG. As CD8+ T cells are the main participants of 

allograft and cancer rejections (Harper et al., 2015, Paul and Ohashi, 2020), the reduced capacity 

of IFNG production by stimulated CD8+ T cells is likely to play a role in the paucity of the devil 

allogeneic response against DFTD and thus may have implications for the design of DFTD 

vaccines and immunotherapeutic strategies. As this is the first known characterisation of 

marsupial lymphocyte IFNG production, future work would be required to determine if the 
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relatively poor IFNG production of CD4+ CD8+ T cells demonstrated here is characteristic of 

other marsupials. 

In contrast to the low proportion of IFNG production by the stimulated CD4+ T cells and CD8+ 

T cells, stimulated CD8-/CD4-/B- cells secreted the highest proportion of IFNG. This proportion 

of cells is potentially consistent with the lymphocyte subtypes NK cells, natural killer T (NKT) 

cells, γδ T cells, or mucosal associated invariant T (MAIT) cells (Lin et al., 2006, Pang et al., 

2012). It is unlikely that γδ T cells are contributing the whole proportion of IFNG positives as 

they have been reported to present a low proportion of peripheral blood mononuclear cells in 

marsupials (Morrissey et al., 2021). There is virtually nothing known about MAIT cells in 

marsupials, however, preliminary evidence has suggested that the Tasmanian devil has 

populations of MAIT cells (Dale Godfrey, Doherty Institute, University of Melbourne, personal 

communication). Nevertheless, in humans IFNG production post-PMA and ionomycin 

stimulation of MAIT cells is approximately equal to that of CD4+ and CD8+ T cells (Dusseaux 

et al., 2011). As this contrasts with the high production of IFNG of stimulated CD8-/CD4-/B- in 

the current study, it suggests MAIT cells are likely not the majority of this fraction. This suggests 

then that under the stimulation regime employed in this study the major IFNG producers are NK 

and/or NKT cells. The hypothesis that NK (and perhaps NKT) cells are the predominant source 

of IFNG after stimulation is consistent with a study that reports a NK-like cytotoxic response in 

vitro, rather than a typical cytotoxic T lymphocyte response, by devil peripheral mononuclear 

cells immunised against K565 human leukaemia cells (Brown et al., 2011a). The authors proposed 

that this response was likely an antibody dependent cell mediated cytotoxicity carried out by NK 

cells (Brown et al., 2011a), which can also be mediated by NKT cells (Moreno et al., 2008, Nigro 

et al., 2019). In light of the findings reported by Brown et al. (2011a), the results obtained in this 

chapter warrant further studies to elucidate the role of NK and NKT in devils, along with their 

activation mechanisms, as this can provide a potential route to induce a response against DFTD.  

In summary, this study demonstrated the feasibility of collecting peripheral mononuclear cells in 

remote locations through the implementation of portable laboratory equipment, which has enabled 

collection of PBMCs on multi-day remote field sites. Further, a flow cytometry-compatible devil 

CD8α mAb was developed, providing a key tool to better understand the devil immune system. 

The use of this new anti-devil CD8α mAb enabled previously unavailable flow cytometric 

immunophenotyping analyses and functional studies to be performed, including the effect of 

DFT1 infection on abundances of T cell subtypes. The antibody allowed the identification of a 

CD4-CD8-B- cell subpopulation that was responsible for the majority of total lymphocyte IFNG 

production after mitogen stimulation, consistent with an identity as natural killer or natural killer 

T cells. The capacity for remote collection of devil PBMCs provided by the portable laboratory, 

and the developed anti-devil CD8α mAb will enhance our ability to understand the devil immune 
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system, and in turn our ability to detect, characterise and prevent diseases in devils in support of 

the conservation of this iconic Tasmanian species. 
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Chapter 4 Proteomic profiling of extracellular vesicles 
derived from DFTD cells enables serum-based differential 
diagnosis. 

 Introduction 
Most cells, including cancer cells in humans and animal models, secrete extracellular vesicles 

(EVs) into their extracellular environment. EVs are lipid bilayer structures which contain 

bioactive cargo, such as proteins, genetic material, and lipids (Zaborowski et al., 2015). EV cargo 

is enriched in a subset of common EV marker proteins related to their biogenesis (Stahl and 

Raposo, 2019), but also may represent the proteome of the parent cell. EVs have been proposed 

to be major players in the process of intercellular communication, through the transfer of their 

cargo, both locally and systemically (Thery et al., 2002). Using transcellular and paracellular 

routes, EVs can enter a variety of body fluids, including blood (Vlassov et al., 2012). The EV 

phospholipid bilayer membrane protects cargo against degradation by serum proteases and 

nucleases (Yang and Wu, 2018). These properties have made EVs an increasingly attractive tool 

for biomarker discovery in cancer research and other diseases (Cheng et al., 2014). Additionally, 

EVs have demonstrated promise to differentiate cancer subtypes (Rontogianni et al., 2019), 

providing an encouraging source to discover cancer differential biomarkers.  

Devil Facial Tumour Disease (DFTD) is caused by either of two genetically independent subtypes 

DFT1 and DFT2, which are grossly indistinguishable (McCallum et al., 2009, Pye et al., 2016b). 

The only way to differentially diagnosed these two DFTD subtypes is using histopathology, 

immunohistochemistry, cytogenetics, and PCR techniques (Tovar et al., 2011, Kwon et al., 2018, 

Pye et al., 2016b). These laboratory techniques require time and expertise, and the collection of a 

tumour biopsy from the infected animal. In the case of non-ulcerated tumour, especially inside of 

the oral cavity, are not permitted to decrease possibilities of secondary infections, tumour spread, 

and/or rapid tumour growth. Development of differential diagnostic test for DFT1 and DFT2 that 

is not dependent on a tumour biopsy would significantly improve the potential scope and scale of 

disease surveillance across Tasmania.  

A major hallmark of cancer is the need for communication with other cells to survive, invade and 

progress. As EVs play a crucial role in intercellular communication, they are active participants 

in the process of tumorigenesis and cancer progression (Mashouri et al., 2019). Thus, EVs 

originating from tumour cells, or the tumour microenvironment (e.g., immune cells), can support 

tumour cell growth and promote successful colonization of local and distant organs (Peinado et 

al., 2012, Becker et al., 2016, Hoshino et al., 2015). EVs facilitate the process of metastasis 

through a variety of mechanisms including immune modulation, microenvironment remodelling, 

angiogenesis, intravasation and extravasation of tumour cells, and preparation of the metastasis 
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niche at the target organs (Adem et al., 2020, Willms et al., 2018). As metastasis is the leading 

cause of death in cancer patients (Chaffer and Weinberg, 2011), and EVs express molecules which 

are associated with cancer progression, they have been investigated as a source of prognostic 

biomarkers for cancer (LeBleu and Kalluri, 2020). 

DFT1 is fatal in almost 100% of cases, killing its host within 6 to 12 months after the presentation 

of tumour masses on facial, oral and neck regions (Hamede et al., 2012b, Loh et al., 2006a). Death 

of the host has been proposed to be a consequence of three main mechanisms: metastasis, 

starvation and secondary complications (Pyecroft et al., 2007). With DFT1, metastasis occurs in 

65% of cases, primarily affecting regional lymph nodes, lungs and spleen (Loh et al., 2006a). 

However, the timing and mechanisms of DFT1 metastasis require further investigation to provide 

a better understanding of the pathogenesis and progression of the cancer. Information of DFT2 

pathogenesis mechanisms, such as the timing in which DFT2 kills its host or organs to where 

DFT2 metastasise are not available. This is in part due to relatively recent discovery of DFT2 

(Pye et al., 2016b) and the limited number of animals that have been diagnosed with DFT2 (25 

animals; James et al., 2019).  

In this chapter, the isolation and characterisation of EVs from cultured DFTD cells is reported. 

This chapter also provided the first analyses of the proteome of EVs derived from cultured DFTD 

cells and devil serum. This EV proteomic characterisation allowed the identification of 

enrichment in focal adhesion proteins in EVs derived from cultured DFTD cells, and the discovery 

of a potential differential diagnosis biomarker to differentiate between DFTD subtypes.  
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 Materials and Methods 

4.2.1 Cell lines and cell culture  

Cell line sources are detailed in Chapter 2, General Methods section. Three tumour cell lines 

(C5065, 1426 and 4906) were established from three devils with confirmed DFT1 and three cell 

lines (JARVIS, SNUG and RED VELVET) from devils with confirmed DFT2. Primary fibroblast 

cultures were established from three healthy devils. DFTD and fibroblast cell lines were obtained 

from tumour and ear biopsies, respectively. Both tumour and ear biopsies were collected from 

devils using a 4 mm disposable punch (Kai Medical, Singen, Germany) under a Standard 

Operating Procedure approved by the General Manager, Natural and Cultural Heritage Division, 

Tasmanian Government DPIPWE. Cell lines were cultured in RPMI medium (Thermo Fisher 

Scientific, Waltham, USA), supplemented with 10% heat-inactivated foetal bovine serum (FBS) 

(Thermo Fisher Scientific, Waltham), and 1% antibiotic-antimycotic (Thermo Fisher Scientific, 

Waltham, USA). Each cell line was cultured in duplicates in a 175 cm2 culture flask (Corning, 

New York, USA) at 35 °C (Tasmanian devil normal body temperature) in a fully humidified 

atmosphere of 5% CO2. 

 Tasmanian devil serum samples 
Frozen serum samples from 12 confirmed DFT1 infected devils, 5 confirmed DFT2 infected 

devils, and 10 healthy controls were used for this study. Blood was obtained from conscious or 

anesthetised devils by venepuncture from either jugular or marginal ear vein (between 0.3 – 1 ml) 

and transferred into empty or clot activating tubes. Samples were centrifuged at 1,000 g for 10 

minutes and the serum pipetted off and stored frozen at -20 °C (short term) or -80 °C (long term) 

until further use. All animal procedures were performed under a Standard Operating Procedure 

approved by the General Manager, Natural and Cultural Heritage Division, Tasmanian 

Government DPIPWE and under the auspices of the University of Tasmania Animal Ethics 

Committee (permit numbers: A0017550, A0013326, A0015835). 

 Isolation of extracellular vesicles 

4.4.1 Cell culture 

Cell cultures were used at 60-70% confluence. Culture medium was discarded, and cells were 

washed twice with phosphate-buffered saline (PBS) and then incubated in culture medium, 

supplemented with 5% of heat-inactivated FBS (Thermo Fisher Scientific, Waltham, USA), for 

48 hours. This medium had been previously subjected to centrifugation at 100,000 g for 18 hr at 

4 °C to deplete bovine EVs from FBS (see Chapter 2; General Methods; Théry et al., 2006). After 

48 hours, the cultured medium of each cell line was collected and centrifuged at 1,500 g for 10 

minutes at 4 °C to remove cells and debris. The supernatant was further clarified by centrifugation 
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at 10,000 g for 10 minutes at 4 °C. Supernatants were then concentrated using Amicon Ultra-15 

centrifugal filters (MWCO 100 kDa, Merck Millipore, Billerica, USA) to a final volume of 2 ml. 

Then following the manufacturer’s instructions, the concentrated supernatant was subjected to 

size exclusion chromatography on qEV2 – 35 columns (IZON, Christchurch, New Zealand). 

Briefly, EVs were eluted in PBS containing 0.05% sodium azide in eight fractions of 1 ml each 

after a 14 ml void volume and pooled. The EV samples were concentrated with Amicon Ultra-15 

centrifugal filters (MWCO 100 kDa, Merck Millipore, Billerica, USA) to a final volume of 500 

µl and stored at -80 °C until further use. 

4.4.2 Serum samples 

Serum samples were thawed on ice and 500 µl of each sample was aliquoted into an Eppendorf 

tube and centrifuged at 1,500 g for 10 minutes at 4 °C to remove debris. The samples were further 

centrifuged at 10,000 g for 10 minutes at 4 °C to pellet larger extracellular vesicles. Supernatant 

was taken and subjected immediately to size exclusion chromatography on qEV2 – 35 columns 

(IZON, Christchurch, New Zealand) following manufacturer’s instructions. Briefly, EVs were 

eluted in PBS containing 0.05% sodium azide in eight fractions of 1 ml each after the collection 

of 14 ml of void volume and pooled. The EV samples were concentrated with Amicon Ultra-15 

centrifugal filters (MWCO 100 kDa; Merck Millipore, Billerica, USA) to a final volume of 1 ml 

and stored in aliquots of 500 μl at -80 °C until future use.  

4.4.3 Electron microscopy 

The EVs were imaged using a JEM – 2100 transmission electron microscope (JEOL Tokyo, Japan) 

equipped with a LaB6 filament operating at 200 kV. Images were recorded using a Gatan Orius 

SC200 2k x 2k charge-coupled device camera at a range of magnifications. 400-mesh carbon 

coated copper grids (ProSciTech, Kirwan, Australia) which had been glow-discharged in air to 

render them hydrophilic using an Emitech 950X equipped with a K350 glow discharge unit 

(Quorum Technologies, Puslinch, Canada) were used. 10 μl of the EV samples derived from 

cultured cells and serum of DFT2-infected animals obtained with the SEC columns were dropped 

onto the prepared grids and left for at least 30 seconds. Excess fluid was drawn off with filter 

paper, two drops of 2% Uranyl Acetate (ProSciTech, Kirwan, Australia) were added for 

approximately 10 seconds each before being drawn off with filter paper. The grids were then dried 

and transferred into the TEM for viewing. 

4.4.4 Nano particle tracking analysis (Nanosight) 

EV size distribution and concentration of EVs derived from cultured cells were determined using 

a Nanosight NS300 nanoparticle analyser (Malvern Panalytical, Malvern, UK) equipped with a 

405 nm laser and Nanosight NTA 3.2 software. Samples were measured in PBS, and camera level 

was set at 14 for all recordings. Camera focus was adjusted to make the particles appear as sharp 
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individual dots, and three 30-second videos were recorded for each sample. For post-acquisition 

analysis, all functions were set to automatic except detection threshold, which was set at 5. EV 

size data were normalized to the equal area under the curve for comparison between samples.  

4.4.5 Protein preparation 

EV proteins were extracted according to the method of Abramowicz et al. (2018). Briefly, EV 

samples were mixed with acetonitrile to a final concentration of 50% (v/v) and evaporated using 

a centrifugal vacuum concentrator (Pacific Lab Products, Blackburn, Australia). Protein samples 

were resuspended in 100 µl and 150 µl of denaturation buffer (7M urea and 2 M thiourea in 40 

mM Tris, pH 8.0) for EV samples derived from cultured cells and serum samples, respectively. 

Duplicate samples of the cell lines were washed twice in PBS after collection of cultured 

supernatants for EVs isolation. A cell count of 1x107 cells per ml was determined using a 

hemocytometer. Pelleted cells were lysed in 700 µl of denaturation buffer supplemented with 1% 

(w/v) of Halt protease inhibitor cocktail (100X, Thermo Fisher Scientific, Waltham, USA) and 

then incubated on a tube rotator for 2 hrs at 4 °C. The lysate was centrifuged at 13,000 g for 10 

minutes and the supernatant finally cleaned up by precipitation using 9x volumes of 100% ethanol 

overnight at -20 °C. Precipitated proteins were pelleted by centrifugation at 13,000 g for 10 

minutes. Protein pellets were briefly air-dried and then reconstituted in 100 µl of denaturation 

buffer. Protein concentration from lysates and EV samples was determined using EZQ protein 

quantification Kit (Thermo Fisher Scientific, Waltham, USA). For mass spectrometry analysis, 

aliquots of 30 µg of protein were sequentially reduced using 10 mM DTT (Bio-Rad, Hercules, 

USA) overnight at 4 °C, alkylated using 50 mM iodoacetamide (Sigma-Aldrich, St Louis, USA) 

for 2 hours at ambient temperature and then digested with 1.2 µg proteomics-grade trypsin/LysC 

(Promega, Madison, USA) according to the SP3 protocol (see Chapter 2; General Methods; 

Hughes et al., 2019). Digests were acidified by the addition of TFA (Sigma-Aldrich, St Louis, 

USA) to 0.1% and peptides collected by centrifugation at 21,000 x g for 20 minutes. Samples 

were further cleaned up by offline desalting using ZipTips (Merck Millipore, Billerica, USA) 

according to manufacturer’s instructions. 

4.4.6 SDS-PAGE and western blotting 

EVs from cultured cells and lysate samples resuspended in denaturation buffer were mixed with 

freshly prepared β-mercaptoethanol (5% (v/v); Sigma-Aldrich, St Louis, USA) and heated for 10 

minutes at 95 °C. Protein samples (20 µg per lane) were separated on a Bolt™ 4 - 12%, Bis-Tris, 

1.0 mm, Mini Protein Gel in NuPAGE™ MES SDS Running Buffer, alongside a molecular 

weight marker (SeeBlue™ Plus2 Pre-stained Protein Standard, Thermo Scientific Invitrogen™). 

Blotting was performed on an Immobilin®-P PVDF membrane with 0.45 µm pore size (Merck 

Millipore) using a Mini Blot Module (Thermo Fischer Scientific, Waltham, USA). Membranes 
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were blocked in 5% skimmed milk in TBS containing 0.1% Tween-20 (TBST) for 1 hour at room 

temperature, primary antibodies rabbit anti-Syntenin - ab19903 (Abcam, Cambridge, UK) at 

1:1000, mouse anti-Flotillin-1 - BD610821 (BD Transduction Laboratories, New York, USA) at 

1:1000, and mouse anti-Golgi matrix protein - BD610822 at 1:1000 (BD Transduction 

Laboratories, New York, USA) were incubated overnight in 5% skimmed milk in TBST at 4 °C. 

After incubation, membranes were washed three times in TBST for 10 minutes at room 

temperature. Membranes were subsequently probed with Amersham ECL Mouse IgG, HRP-

linked whole Ab (from sheep) (Cytiva, Marlborough, USA) or Amersham ECL Rabbit IgG, HRP-

linked whole Ab (from donkey) (Cytiva, Marlborough, USA) at 1:5000 in TBST for 1 hour at 

room temperature. After incubation, membranes were washed three times in TBST for 10 minutes 

at room temperature, and subsequently visualized using Clarity Western ECL Substrate (Bio-Rad, 

Hercules, USA). Images were acquired on a ChemiDoc™ Touch Imaging System (Bio-Rad, 

Hercules, USA) and analysed with Image Lab Software (Bio-Rad, Hercules, USA). 

4.4.7 Liquid chromatography and mass spectrometry analysis  

High-pH peptide fractionation  

Experiment-specific peptide spectral libraries were generated for cell lysates, EVs derived from 

cultured cells and devil serum using off-line high-pH fractionation. For each library, a pooled 

digest comprising aliquots of each sample set (180 µg) was desalted using Pierce desalting spin 

columns (Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s guidelines. 

Each sample was evaporated to dryness then resuspended in 25 µl HPLC loading buffer (2 % 

acetontrile containing 0.05 % TFA) and injected onto a 100 x 1 mm Hypersil GOLD (particle size 

1.9 µm) HPLC column. Peptides were separated using an Ultimate 3000 RSLC system equipped 

with microfractionation and automated sample concatenation, operated at 30 µl/minute using a 

40 minute linear gradient of 96% mobile phase A (1% triethylamine, adjusted to pH 9.6 using 

acetic acid) to 50% mobile phase B (80% actetonitrile containing 1% triethylamine), followed by 

6 minutes washing in 90% B and re-equilibration in 96% A for eight minutes. Sixteen 

concatenated fractions were collected into 0.5 ml low-bind Eppendorf tubes, evaporated to 

dryness then reconstituted in 12 µl HPLC loading buffer.  

Mass spectrometry – data-dependent acquisition (DDA) 

Peptide fractions were analysed by nanoflow HPLC-MS/MS using an Ultimate 3000 nano RSLC 

system (Thermo Fisher Scientific, Waltham, USA) coupled with a Q-Exactive HF mass 

spectrometer fitted with a nanospray Flex ion source (Thermo Fisher Scientific, Waltham, USA) 

and controlled using Xcalibur software (version 4.3). Approximately 1 µg of each fraction was 

injected and separated using a 90-minute segmented gradient by preconcentration onto a 20 mm 

x 75 µm PepMap 100 C18 trapping column then separation on a 250 mm x 75 µm PepMap 100 



85 
 

C18 analytical column at a flow rate of 300 nL/min and held at 45 °C. MS Tune software (version 

2.9) parameters used for data acquisition were: 2.0 kV spray voltage, S-lens RF level of 60 and 

heated capillary set to 250 °C. MS1 spectra (390 - 1500 m/z) were acquired at a scan resolution 

of 600,000 followed by MS2 scans using a Top15 DDA method, with 20-second dynamic 

exclusion of fragmented peptides. MS2 spectra were acquired at a resolution of 15,000 using an 

AGC target of 2e5, maximum IT of 28ms and normalized collision energy of 30.  

Mass spectrometry - data-independent acquisition (DIA) 

Individual peptide samples were analysed by nanoflow HPLC-MS/MS using the instrumentation 

and LC gradient conditions described above but using DIA mode. The sequence of sample 

injections was randomized by blinding the MS operator to the sample codes. MS1 spectra (390 - 

1240 m/z) were acquired at 60,000k resolution, followed by sequential MS2 scans across 26 DIA 

x 25 amu windows over the range of 397.5-1027.5 m/z, with 1 amu overlap between sequential 

windows. MS2 spectra were acquired at a resolution of 30,000 using an AGC target of 1e6, 

maximum IT of 55 ms and normalized collision energy of 27.  

Raw data processing 

Both DDA-MS and DIA-MS raw files were processed using Spectronaut software (version 13.12, 

Biognosys AB). Each project-specific library was generated using the Pulsar search engine to 

search DDA MS2 spectra against the Sarcophilus harrisii UniProt reference proteome 

(comprising 22,388 entries, last modified in August 2020). With the exception that single-hit 

proteins were excluded, default (BGS factory) settings were used for both spectral library 

generation and DIA data extraction. For library generation, these included N-terminal acetylation 

and methionine oxidation as variable modifications and cysteine carbamidomethylation as a fixed 

modification, up to two missed cleavages allowed and peptide, protein and PSM thresholds set to 

0.01. Mass tolerances were based on first pass calibration and extensive calibration for the 

calibration and main searches, respectively, with correction factors set to 1 at the MS1 and MS2 

levels. The parameters used for DIA-MS data analysis are provided in full in the BGS setup files. 

Briefly, XIC extraction deployed dynamic retention time alignment with a correction factor of 1. 

Protein identification deployed a 1% q-value cut-off at precursor and protein levels, automatic 

generation of mutated peptide decoys based on 10% of the library and dynamic decoy limitation 

for protein identification. MS2-level data were used for relative peptide quantitation between 

experimental samples, using the intensity values for the Top3 peptides (stripped sequences) and 

cross-run normalization based on median peptide intensity.  

4.4.8 Statistical analysis  

Spectronaut protein quantitation pivot reports, including protein description, gene names and 

UniProt accession numbers, were uploaded into Perseus software (version 1.6.10.50) for further 
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data processing and statistical analysis. Quantitative values were log2 transformed and proteins 

filtered according to the number of valid values. Proteins detected in at least 70% of one group 

were considered for the analysis. Remaining missing values were imputed with random intensity 

values for low-abundance proteins based on a normal abundance distribution using default 

Perseus settings. Principal component analysis (PCA) was carried out using the filtered proteome 

for the cultured cell EVs and lysate samples to reduce the dimensionality of the dataset using 

Perseus software (version 1.6.10.50). Differential abundance of proteins between sample groups 

was determined using Student’s t-test with a permutation-based false discovery rate (FDR) 

controlled at 5% and s0 values set to 0.1 to exclude proteins with very small differences between 

means. Significantly upregulated proteins of EVs derived from serum samples of devils with 

DFT2 (n=5) relative to those infected with DFT1 (n=12) and healthy controls (n=10) were 

compared with significantly upregulated proteins of EVs derived from DFT2 relative to EVs 

derived from DFT1 cultured cells. One protein was found to overlap between groups. This protein 

was evaluated as a DFT2 status classifier by subjecting DFT2/healthy and DFT2/DFT1 cohort 

protein intensity values of each to receiver operating characteristic (ROC) curve analysis to 

calculate their area under the curve, sensitivity and specificity with bootstrapped confidence 

intervals using R 3.6.2 (R Core Team, 2019). The classification cut-off values were determined 

using Youden’s index.  

4.4.9 Bioinformatics analysis 

FUNRICH version 3.1.3 (Pathan et al., 2019) was used to compare the EV proteins derived from 

the Tasmanian devil cell lines with the human Vesiclepedia, and with the top 100 EV proteins 

reported in the Exocarta database (Keerthikumar et al., 2016). We compared the proteome of cell 

lysates and EVs and used DAVID software for functional enrichment analysis of the proteins 

present only in EVs (Huang et al., 2009b, Huang et al., 2009a). DAVID software was also used 

for bioinformatic analysis of proteins that were upregulated in EVs derived from DFT1 and DFT2 

cultured cells compared to fibroblasts EVs, and also upregulated in DFT1 and DFT2 lysates 

relative to fibroblasts lysates. These analyses were carried out to identify whether DFT1 and 

DFT2 EVs maintain key features of their cell of origin. To investigate general biological patterns 

from DFT1 and DFT2 EVs relative to a healthy control, we used two different bioinformatic 

approaches. Over-representation analysis (ORA) is used to determine whether particular 

biological functions or processes are over-represented in a subset of genes or proteins when 

compared to a background proteome (Glaab et al., 2012). We used ORA to analyse the subset of 

proteins demonstrating a pattern of upregulation in EVs derived from DFT1 and DFT2 compared 

to EVs derived from devil fibroblasts and EVs derived from DFT1 cells relative to those released 

from DFT2 cells. UniProt accessions for these proteins were uploaded to DAVID (Huang et al., 

2009b, Huang et al., 2009a) to identify clusters of GO terms, protein families and pathways. 
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Functional terms with p-values < 0.05 after Benjamini-Hochberg correction for multiple 

hypothesis testing were considered significant (Huang et al., 2009b). The protein list was analysed 

using the Sarcophilus harrisii species proteome UniProt database. To complement the ORA, we 

performed Gene Set Enrichment Analysis (GSEA) to analyse patterns across the entire post-

filtering EV proteome. GSEA tests for non-random patterns of enrichment of functional protein 

groups with quantitative expression data rather than just presence of proteins names within a 

subset, and thus can detect subtle changes in biological functions evidenced in coordinated way 

in a set of related genes (Glaab et al., 2012). GSEA software version 4.0.3 (Subramanian et al., 

2005, Mootha et al., 2003) was used for the GSEA analyses, according to the method of Reimand 

et al. (2019). GSEA and ORA approaches were also used to determine whether the functional 

pathways enriched in EVs released by DFT1 and DFT2 cells can be detectable in the whole lysate 

proteome.  

4.4.10 Data availability 

The mass spectrometry raw proteomics data have been deposited to 

the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository 

with the dataset identifier PXD020766 (cell lysate and EV samples) and PXD025579 (serum EV 

samples).  

 Results 

4.5.1 Characterisation of EVs from DFTD and devil fibroblast cells  

The experimental workflow including EV isolation from cultured DFTD and devil fibroblasts, 

and the approach for mass spectrometry analysis of EV proteins and cell lysates is illustrated in 

Figure 4.1.  

 

Figure 4.1 Characterisation of EVs from DFTD and devil fibroblast cells. Schematic representation of 

the isolation of EVs derived from cell cultures and the EV proteomic workflow analyses. 
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Transmission electron microscopy confirmed the presence of EV structures revealing a typical 

EV morphology as small closed vesicles with a cup shaped structure, consistent with previous 

analysis (Thery et al., 2009) (Figure 4.2-A). Nanoparticle tracking analysis (NTA) demonstrated 

successful isolation of particles with a typical small/medium EV size-distribution. The mean ± 

standard deviation diameters were 185.9 ± 78.6 nm for DFT1 EVs, 217 ± 91.2 nm for DFT2 EVs 

and 183.2 ± 78.6 nm for devil fibroblast EVs (Figure 4.2-B). Additionally, NTA demonstrated 

that DFT2 EVs were secreted in significantly greater numbers than EVs derived from DFT1 and 

devil fibroblast cell lines (Figure 4.2-C).  

 

Figure 4.2. Characterisation of EVs from DFTD and devil fibroblast cells. A. Transmission electron 

microscopy images of isolated EVs from cell cultures. White arrows indicate EV structures. B. Particle size 

distributions of cell culture derived EVs measured by Nanoparticle tracking analysis (NTA), shaded areas 

represent 95% confidence intervals. C. EV concentration obtained by NTA. The letters “a” and “b” indicate 

significant pairwise differences between groups (i.e., groups denoted with the same letters are not 

significantly different; one way ANOVA, Tukey post-hoc test, p < 0.05); error bars represent 95% 

confidence intervals. 

The post-filtering EV proteome from the DIA-MS analysis was converted to gene symbols for 

comparison with the human Vesiclepedia database. Gene symbols were retrieved for 1,315 

proteins, while 185 proteins were uncharacterized, with no gene symbol reported. The EV 

proteome of devil samples shared 1,283 genes with the Vesiclepedia database (Figure 4.3-A). Of 
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these Vesiclepedia-devil EV shared proteins, 75 proteins were also in the ExoCarta top-100 

proteins reported from EV preparations (Figure 4-3-A). In addition to the proteins identified by 

mass spectrometry, western blotting was used for targeted analysis of the cytoplasmic EV markers 

Flotillin-1 (FLOT1) and Syntenin-1 (SDCBP) (Figure 4-3-B). These EV markers showed 

expression patterns that aligned with the corresponding proteomic data for these two proteins 

displayed in Figure 4.3-C. The marker Golgi matrix protein (GM130) was detected in cell lysates 

but absent from corresponding EV samples, indicating purity in the EV preparation (Figure 4.3-

B). Other commonly recovered proteins in EV preparations identified in the filtered proteome 

dataset (1,500 proteins) are represented as a heat map in Figure 4.3-C. These proteins are 

recommended as protein content-based EV characterisation by the minimal information of 

extracellular 2018 guidelines (Thery et al., 2018).  

 

Figure 4.3. Characterisation of EVs from DFTD and devil fibroblast cells. A. Venn diagram of 

overlapping genes identified in EVs derived from cell cultures with Vesiclepedia, and the top hundred 

exosomal genes reported in the Exocarta database. B. EV and cell lysate Western blots of a purity (Golgi 

matrix protein ~130 kDa) and two cytosolic EV markers (Flotillin-1 ~ 48 kDa and Syntenin-1 ~32 kDa). 

C. Heat map of expression patterns of mass spectrometry intensities of membrane and cytosolic EV markers 

presented in the cell culture derived EV proteome.  
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4.5.2 EVs derived from DFTD cells represent their cell of origin 

To investigate whether EVs from DFT1, DFT2 and fibroblast cells bear hallmarks of their 

respective cell types of origin, we compared proteomic datasets for EVs and cell lysates using 

principal component analysis (PCA) (Figure 4.4-A). Based on a filtered DIA-MS dataset (see 

methods), variance of the 4,437 cell lysate proteins and 1,500 cell cultured EV proteins was 

explained by the first two principal components in each plot, respectively. For both the lysate and 

EV samples, PC 1 explained 45.6% and 50.1%, while PC 2 explained 14.7% and 18%, 

respectively. DFT1, DFT2 and fibroblast cell lysates and their respective EV samples shared a 

similar pattern, with biological and technical replicates of each cell and EV type distinctly 

clustered in the PCA plot.  

 
Figure 4.4. EVs derived from devil fibroblasts DFTD cells represent their cell of origin. A. Principal 

component analysis (PCA) biplots of cell lysate and cell culture-derived EV filtered proteomes. B. Venn 

diagram of cell lysate and cell culture-derived EV protein overlap. C. Over-representation analysis (ORA) 

for cellular component gene ontology (GO) terms associated with proteins unique to cell cultured EVs (not 

present in cell lysates; 279 proteins; FDR-corrected p ≤ 0.05). The total number of proteins included in each 

functional term is denoted by a number on the edge of each bar. 

To further understand the relationship between sample types, we identified the proteins detected 

in EVs only, lysates only and those detected in both datasets. Over 80% of the EV proteins 
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(1,221/1,500) were also detected in cell lysates (Figure 4.4-B). However, about one fifth of the 

EV proteins (279/1,394) were exclusively present in EVs (Figure 4.4-B). Functional enrichment 

analysis of these only EV proteins revealed that the majority of them are annotated by the term 

‘extracellular exosome’ (Figure 4.4-C).

 
Figure 4.5. Proteomic differences between fibroblasts and DFTD cell lysates are maintained in their 

respective EVs. A. Venn diagram comparing significantly upregulated proteins of DFT1 EVs relative to 

devil fibroblasts EVs and significantly upregulated proteins of DFT1 lysates relative to fibroblast lysates. 

B. Venn diagram comparing significantly upregulated proteins of DFT2 EVs relative to devil fibroblasts 

EVs and significantly upregulated proteins of DFT2 lysates relative to fibroblast lysates. C. Over-

representation analysis (ORA) of cellular component gene ontology (GO) terms associated with proteins 

that are both significantly upregulated in DFT1 cells and their released EVs (relative to fibroblast cells and 

their released EVs; 129 proteins; FDR-corrected p ≤ 0.05). D. ORA of cellular component GO terms 

associated with proteins that are both significantly upregulated in DFT2 cells and their released EVs 

(relative to fibroblast cells and their released EVs; 141 proteins; FDR-corrected p ≤ 0.05). For C and D, the 

total number of proteins included in each functional term is denoted by a number on the edge of each bar. 

E. List of proteins that formed part of the enriched GO term myelin sheath in DFT1 cells and their EVs. F. 

List of proteins that formed part of the enriched GO term myelin sheath in DFT2 cells and their EVs. 
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To investigate whether EVs from DFTD cells maintain the same pattern of protein upregulation 

as their parental cells, we compared subsets of significant proteins. Firstly, of the 604 EV proteins 

significantly upregulated in DFT1 relative to fibroblasts, 129 proteins were also significantly 

upregulated in DFT1 lysates relative to fibroblast lysates (Figure 4.5-A). Secondly, of the 517 EV 

proteins upregulated in DFT2 compared to fibroblasts, 141 proteins were also significantly 

upregulated in DFT2 lysates relative to fibroblast lysates (Figure 4.5-B). Both overlapping protein 

groups (129 proteins for DFT1 and 141 proteins for DFT2) showed enrichment of the gene 

ontology (GO) term myelin sheath (Figure 4.5-C and D), previously reported as a significant 

functional term associated with DFTD cells and biopsies (Patchett et al., 2020). Eight and seven 

proteins formed part of the GO term myelin sheath for DFT1 and DFT2, respectively (Figure 4.5-

E and F). Interestingly Myelin protein zero (MPZ) is the protein most significantly upregulated 

in DFT1 EVs compared to fibroblasts EVs with a log2 increase of 11-fold (Figure 4.5-E). MPZ 

has been previously reported as highly expressed on DFT1 cells and tumour biopsies (Tovar et 

al., 2011, Murchison et al., 2010, Patchett et al., 2020).  

4.5.3 DFTD derived EVs enriched cell and focal adhesion proteins relative to 
fibroblasts derived EVs. 

To define the protein signature of DFTD and devil fibroblast EVs, differentially abundant proteins 

between groups were subjected to functional enrichment analyses. We also performed functional 

enrichment analyses on the differentially expressed proteins obtained from the cell lysates 

database to investigate whether the EV functional signatures were also found in their cell of origin.  

Over-representation analysis (ORA) 

Based on Student’s t-tests, 604 and 517 proteins were significantly upregulated in DFT1 and 

DFT2 EVs compared to fibroblasts EVs, respectively (Appendix B.1). Over-representation 

analysis (ORA) of DFT1 and DFT2 upregulated EV proteins revealed that many of the enriched 

functional terms were linked to focal adhesion (Figure 4.6-C), such as integrin, PI3K-Akt 

signalling pathway, ECM-receptor interaction, and cytoskeleton (Figure 4.6-A and B, and 

Appendix B.2). The most significant enriched GO term for DFT1 and DFT2 EVs was GTP 

binding (Figure 4.6-A and B), including RAS oncogenes and G-proteins alpha subunit which are 

involved in the RAP1 signalling pathway (Figure 4.6-D), also a significant KEGG pathway in 

both DFT1 and DFT2 EVs (Figure 4.6-A and B). In contrast, proteins that were significantly more 

abundant in devil fibroblast EVs were enriched in functional terms related to protein biosynthesis 

such as ribosome, amino acyl tRNA biosynthesis and translation elongation, as well as protein 

folding (TCP-1) and disposal (proteasome) (Figure 4.6-A and B and Appendix B.2).  
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Figure 4.6. DFTD derived EVs enriched cell and focal adhesion proteins relative to fibroblasts 

derived EVs. A. Over-representation analysis (ORA) for gene ontology (GO) terms, protein families and 

pathways of the EV proteins upregulated in DFT1 (604) relative to fibroblast (569), and B. of the EV 

proteins significantly upregulated in DFT2 (517) compared to fibroblasts (634). Only functional terms with 

p ≤ 0.001 are illustrated in figures A and B (see Appendix B.2 for all significant terms: p ≤ 0.05). The total 

number of proteins included in each functional term is denoted by a number on the edge of each bar. C. 

KEGG pathway map (shr04510) of the focal adhesion signalling pathway. Interconnected signalling 

pathways significantly upregulated in both DFT1 and DFT2 EVs are outlined in black borders. Proteins 

that are significantly upregulated in DFT1 EVs, DFT2 EVs or both are highlighted by red stars and labelled 

with gene names and with colours corresponding to the key shown. D. Heat map of expression patterns of 

mass spectrometry intensities of proteins belonging to the GTP binding GO term.  
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Based on Student’s t-tests, 1588 and 1319 proteins were significantly upregulated in DFT1 and 

DFT2 cells relative to fibroblasts, respectively (Appendix B.3). Surprisingly, ORA analyses of 

DFT1 and DFT2 upregulated proteins did not reveal a significant enrichment of functional terms 

related with focal adhesion pathways as found in the EV ORA analyses, suggesting that proteins 

related to focal adhesion pathways are enriched in their released EVs (Figure 4.7-A and B, and 

Appendix B.4).  

 

Figure 4.7. A. Over-representation analysis (ORA) for gene ontology (GO) terms, protein families and 

pathways of proteins upregulated in DFT1 lysates (1,588) relative to fibroblast (1,370), and B. of the 

proteins significantly upregulated in DFT2 (1,319) compared to fibroblasts (1,339). Only functional terms 

with p ≤ 0.001 are illustrated in figures A and B (see Appendix B.4 for all significant terms: p ≤ 0.05). The 

total number of proteins included in each functional term is denoted by a number on the edge of each bar.  

4.5.4 Gene enrichment set analysis (GSEA) 

To further explore biological information from our proteomics data, the complementary GSEA 

approach identified those protein groups in both DFT1 and DFT2 derived EVs relative to 

fibroblast EVs that were specifically associated with cell adhesion and cell signalling (Appendix 

B.5). Additionally, enrichment of protein groups related to the Schwann cell origin of DFTD were 

identified according to their annotated GO terms such as myelin sheath, glial cell development 

and ensheathment of neurons, among others (Appendix B.5). Consistent with the ORA analyses, 

EVs derived from devil fibroblasts enriched protein groups related with protein synthesis, 

including the GO terms ribonucleoprotein complex, amide and peptide biosynthetic process, 

ribosome, and others (Appendix B.5). This complementary approach therefore confirmed that in 

contrast to whole cell lysates, DFTD EVs are specifically enriched in cell and focal adhesion 

proteins relative to fibroblast EVs (Appendix B.6). 
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DFT2 derived EVs enriched the epithelial mesenchymal transition hallmark relative to DFT1 

derived EVs  

In addition to using the DFT1, DFT2 and fibroblast data to identify tumour EV-associated 

signatures, we could also identify differentially abundant proteins between EVs derived from 

DFT2 and DFT1 cells. Based on t-tests, 140 and 309 proteins, were significantly upregulated in 

DFT2 and DFT1 EVs, respectively (FDR-corrected p < 0.05, Appendix A1). ORA analyses 

revealed that the EV proteins upregulated in DFT2 were associated with significant functional 

terms such as calcium binding, extracellular matrix (ECM) receptor interaction, focal adhesion, 

laminin G domain, fibrinogen, and immunoglobulin-like fold (Figure 4.8-A). In contrast, proteins 

upregulated in EVs derived from DFT1 cells showed an enrichment of a distinct set of significant 

functional terms such as nucleotide binding, GTP binding, biosynthesis of antibiotics, and 

epidermal growth factor (Figure 4.8-A).  

 

Figure 4.8. DFT2 derived EVs enriched the epithelial mesenchymal transition hallmark relative to 

DFT1 derived EVs. A. Over-representation analysis (ORA) for gene ontology (GO) terms, protein families 

and pathways of the EV proteins significantly upregulated in DFT1 (140) relative to DFT2 (309) (FDR-

corrected p ≤ 0.05). The total number of proteins included in each functional term is denoted by a number 

on the edge of each bar. B. Enrichment plot contains enrichment score (ES), normalized enrichment score 

(NES) and FDR-corrected p value. The bottom portion of the plot shows the genes belonging to the 

hallmark, and they are ranked according to their differential expression. Higher and lower expression are 

represented by red and blue colour, respectively. C. Heat map showing the core list of proteins that 

contributes the most to the Epithelial Mesenchymal Transition. 
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Comparison of the EV datasets from DFT1 and DFT2 by GSEA showed only one significant term 

that was enriched in DFT2 derived EVs, which corresponded to the epithelial mesenchymal 

transition hallmark (EMT; Figure 4.8-B). The EMT hallmark core list is composed of 14 

mesenchymal proteins that contributes the most to the EMT enrichment (Figure 4.8-C). Notably, 

the EMT signature obtained in DFT2 was specific to DFT2 EVs and was not evident among the 

set of significant lysate proteins in DFT2 vs DFT1, either by ORA (Figure 4.9) or GSEA 

(Appendix B.5).  

 

 
Figure 4.9. Over-representation analysis (ORA) for gene ontology (GO) terms, protein families and 

pathways of proteins upregulated in DFT1 lysates (1,023) relative to DFT2 lysates (698). Only functional 

terms with p ≤ 0.01 are illustrated in the bar graph (see Appendix B.4 for all significant terms: p ≤ 0.05). 

The total number of proteins included in each functional term is denoted by a number on the edge of each 

bar.  

The mesenchymal protein TNC as potential biomarker for DFT2 

To explore whether the proteomic comparison of EV proteins derived from cultured DFT1 and 

DFT2 cells could be translated into a potential clinical application, EVs from the serum of DFT1, 

DFT2 and non-infected animals were prepared. In this preliminary analysis, the goal was to first 

investigate whether mesenchymal proteins could serve as potential DFT2 biomarkers. Physical 

characterisation (NTA and TEM) for EVs derived from DFT1-infected devils and healthy animals 

are characterised with more details in Chapter 5. TEM pictures of DFT2 EVs confirmed the 
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presence of EV structures, showing a typical EV morphology as closed vesicle with a cup shaped 

structure as described in other studies (Figure 4.10). Unfortunately, NTA could not be performed 

due to the very limited amounts available for samples.  

 

Figure 4.10. Transmission electron microscopy images for EVs isolated from serum of DFT2-infected 

devils. Five EV samples from different individuals were pooled. 

Using DIA-MS, 370 proteins were quantified across our cohort of DFT2 infected devils (n=5), 

DFT1 infected devils (n=12) and healthy controls (n=10), and the 350 that passed filtering criteria 

were considered for analyses (Appendix B.7). Among the EMT core proteins that were identified 

as significantly increased in DFT2 vs DFT1 (Figure 4C), tenascin C (TNC) was the only protein 

significantly upregulated with 1.6 and 1.5- fold increase in serum EVs derived from DFT2 

infected devils relative to both DFT1 infected devils and healthy controls, respectively (Figure 

4.11-A and B; see other upregulated proteins in Appendix B.7, FDR-corrected p ≤ 0.05).  

Receiver operating characteristic (ROC) curve analysis confirmed that TNC differentiated devils 

with DFT2 from DFT1 infected ones with 100% sensitivity and 91.7% specificity (Figure 4.11-

C). Moreover, TNC distinguished devils with DFT2 from healthy controls with 100% sensitivity 

and 90% specificity (Figure 4.11-D), which indicated that TNC is not only a potential EV 

biomarker candidate to differentiate DFTD tumours, but also it is a potential liquid biopsy for 

DFT2 when tumours cannot be sampled.  
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Figure 4.11. The mesenchymal protein TNC as a potential biomarker for DFT2. A. Venn diagram of 

overlapping proteins identified as upregulated in EVs derived from devils infected with DFT2 relative to 

devils infected with DFT1, upregulated in EVs derived from devils infected with DFT2 relative to healthy 

controls, upregulated in EVs derived from DFT2 cultured cells relative to DFT1 cultured cells, and the core 

list of mesenchymal proteins that contribute the most to the epithelial mesenchymal transition (EMT) 

enrichment in EVs derived from DFT2 cultured cells. B. Dot plot showing the relative abundance of EV 

TNC detected in 10 healthy, 12 DFT1 infected devils, and 5 DFT2 infected devils, different letters “a” and 

“b” indicate significant pairwise differences between groups (i.e., groups denoted with the same letter are 

not significantly different; one-way ANOVA and Tukey post-hoc test, p < 0.05). C. Receiver operating 

characteristic (ROC) curve analysis for TNC EVs (5 DFT2 infected devils relative to 12 DFT1 infected 

devils). D. ROC curve analysis for TNC EVs (5 DFT2 infected devils relative to 10 healthy controls). For 

both C and D, the dashed red line indicates random performance. The cut-off values were determined using 

Youden’s index and are indicated in blue at the left top corner of the ROC curve, and specificity and 

sensitivity are indicated in brackets, respectively. 
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EV biomarkers for DFT2 

To further investigate EV DFT2 biomarkers, 68 upregulated EV proteins (FDR corrected p < 0.05) 

were subjected to receiver operating characteristic (ROC) curve analysis. Of the 75 upregulated 

proteins, ROC curve analysis identified 49 proteins with high accuracy (area undr the ROC curve 

≥ 0.9; Safari et al., 2016) to distinguish DFT2-infected devils from healty controls (Table 4.1).  

Table 4.1. EV proteins accuracy for the diagnosis of DFT2 with an area under the curve 

(AUC) ≥ 0.9). All numbers for AUC, sensitivity, specificity, and accuracy are in fractions. Values in 

parentheses are 95% confidence intervals. 

Protein AUC Specificity Sensitivity Accuracy UniProt 
number 

SPP2 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VQP6 

DCN 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VVA7 

ANXA11 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VJ37 

PTN 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VRT4 

LOC100914775 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VMT8 

IgG* 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VFK3 

MHC-I* 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VS26 

VCP 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WW22 

F10 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WXN7 

C1S 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WVK6 

SRGN 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VMB1 

LOC100917573 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VNX9 

C1QC 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WMV3 

C1QC.1 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WMV2 

LOC100917573 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VYE5 

C5 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WZ02 

C6 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WFL6 

LOC100935594 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VBI0 

C7 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WK50 

C8G 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3W1Q6 

TGFBI 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VMG6 

CLTC 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WVX1 

C8A 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3VVQ8 

C9 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3W3E7 
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Protein AUC Specificity Sensitivity Accuracy UniProt 
number 

RAC1 1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

1.00 
(1.00, 1.00) 

G3WBW9 

CATH3 0.98 
(0.92, 1.00) 

0.90 
(0.80, 1.00) 

1.00 
(0.80, 1.00) 

0.93 
(0.87, 1.00) 

G3W0S2 

TNXB 0.98 
(0.88, 1.00) 

0.90 
(0.80, 1.00) 

1.00 
(0.80, 1.00) 

0.93 
(0.87, 1.00) 

G3W6K2 

IgG* 0.98 
(0.88, 1.00) 

0.90 
(0.80, 1.00) 

1.00 
(0.80, 1.00) 

0.933 
(0.87, 1.00) 

G3VAS4 

C1R 0.98 
(0.90, 1.00) 

0.90 
(0.80, 1.00) 

1.00 
(0.80, 1.00) 

0.93 
(0.87, 1.00) 

G3WW01 

CPNE1 0.96 
(0.82, 1.00) 

0.90 
(0.70, 1.00) 

1.00 
(0.80, 1.00) 

0.93 
(0.80, 1.00) 

G3X2P2 

APMAP 0.96 
(0.82, 1.00) 

0.80 
(0.7, 1.00) 

1.00 
(0.80, 1.00) 

0.87 
(0.80, 1.00) 

G3VIF2 

TNC 0.96 
(0.84, 1.00) 

0.90 
(0.70, 1.00) 

1.00 
(0.80, 1.00) 

0.93 
(0.80, 1.00) 

G3W6G8 

LOC100914404 0.94 
(0.76, 1.00) 

1.00 
(0.60, 1.00) 

0.80 
(0.60, 1.00) 

0.93 
(0.73, 1.00) 

G3WT28 

FGL2 0.94 
(0.8, 1.00) 

0.90 
(0.70, 1.00) 

1.00 
(1.00, 1.00) 

0.93 
(0.80, 1.00) 

G3WXK8 

MYL12B 0.94 
(0.76, 1.00) 

0.90 
(0.70, 1.00) 

1.00 
(1.00, 1.00) 

0.93 
(0.80, 1.00) 

G3W9Q8 

CTGF 0.92 
(0.72, 1.00) 

1.00 
(0.60, 1.00) 

0.80 
(0.60, 1.00) 

0.93 
(0.73, 1.00) 

G3WBU2 

APP 0.92 
(0.7, 1.00) 

0.90 
(0.70, 1.00) 

1.00 
(1.00, 1.00) 

0.93 
(0.80, 1.00) 

G3VGV4 

LOC105750074 0.92 
(0.76, 1.00) 

0.80 
(0.60, 1.00) 

1.00 
(0.80, 1.00) 

0.87 
(0.73, 1.00) 

G3VSL7 

CCDC3 0.92 
(0.76, 1.00) 

0.80 
(0.60, 1.00) 

1.00 
(0.60, 1.00) 

0.87 
(0.73, 1.00) 

G3WLM3 

HGFAC 0.92 
(0.72, 1.00) 

1.00 
(0.60, 1.00) 

0.80 
(0.60, 1.00) 

0.93 
(0.73, 1.00) 

G3VFN4 

S100A8 0.92 
(0.72, 1.00) 

0.90 
(0.60, 1.00) 

0.80 
(0.60, 1.00) 

0.87 
(0.73, 1.00) 

G3W261 

ALDOA 0.92 
(0.72, 1.00) 

1.00 
(0.60, 1.00) 

0.80 
(0.60, 1.00) 

0.93 
(0.73, 1.00) 

G3WAK9 

S100A9 0.9 
(0.7, 1.00) 

0.70 
(0.50, 1.00) 

1.00 
(0.60, 1.00) 

0.80 
(0.67, 1.00) 

G3W0M1 

PTX3 0.9 
(0.7, 1.00) 

0.90 
(0.70, 1.00) 

1.00 
(1.00, 1.00) 

0.93 
(0.80, 1.00) 

G3X3A1 

ANXA7 0.9 
(0.68, 1.00) 

1.00 
(0.50, 1.00) 

0.80 
(0.60, 1.00) 

0.93 
(0.67, 1.00) 

G3VGI8 

NAP1L1 0.9 
(0.7, 1.00) 

0.90 
(0.50, 1.00) 

0.80 
(0.60, 1.00) 

0.87 
(0.67, 1.00) 

G3VHF0 

SERPINH1 0.9 
(0.7, 1.00) 

0.90 
(0.50, 1.00) 

0.80 
(0.60, 1.00) 

0.87 
(0.67, 1.00) 

G3W608 

PFN1 0.9 
(0.7, 1.00) 

0.90 
(0.50, 1.00) 

0.80 
(0.60, 1.00) 

0.87 
(0.67, 1.00) 

G3VU42 

IGH* 0.9 
(0.68, 1.00) 

0.80 
(0.60, 1.00) 

1.00 
(0.80, 1.00) 

0.87 
(0.73, 1.00) 

G3VVK2 

*Proteins ‘blasted’ against the Tasmanian devil reference genome (GCA_902635505.1 mSarHar1.11) using the 

NCBI protein Basic Local Alignment Search Tool (BLAST). 
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 Discussion 
Despite the value of less-invasive liquid biopsies, and in particular the potential for extracellular 

vesicles (EVs) to provide insights about cancer signalling mechanisms, attempts to characterise 

EV molecular cargo in wild animals has been limited. This is largely due to challenges inherent 

in collecting samples from wild animals, such as the logistical difficulty of capturing animals and 

sample storage. Here, we have demonstrated that the proteomic characterisation of EVs derived 

from devil facial tumour cells can provide insights about DFTD mechanisms, including metastasis 

and phenotypic signatures of the cancer cells. Furthermore, these results provide a basis for future 

analysis of EVs derived from devil serum to investigate their use as liquid biopsies for diagnosis 

of DFTD and their role in the disease process. 

This study demonstrated the first evidence that cultured devil cells and DFTD cells release EVs 

into the extracellular environment. A striking difference revealed through nanoparticle tracking 

analysis was the significantly greater EV production of DFT2 cells relative to DFT1 or devil 

fibroblast cells. As EVs are key players in cell signalling mechanisms (Wan et al., 2018, 

Samuelson and Vidal-Puig, 2018, Maia et al., 2018), this suggests the potential of increased rates 

of cell signalling of DFT2 cells in vivo relative to DFT1 cells. Proteomic characterisation of EVs 

from both tumour cell cultures revealed that the proteomes were largely subsets of their parent 

cell lysates’ proteomes, however, 18.6% (279 of 1500) of proteins identified in EV samples were 

unique and not detected in cell lysates. EV proteomes also exhibited differential patterns of 

functional enrichment from parent cell lysates, revealed with bioinformatics analyses. As such, 

this baseline characterisation of devil and DFTD EV proteomes demonstrates that EVs have the 

potential to yield unique insights into the disease process as well as biomarker candidates not 

available from analysis of whole cells. For example, the DFTD diagnostic biomarker discovered 

in this study, Tenascin C, was detected in devil serum EVs and cell culture EVs, but not cell 

culture lysates, suggesting specific packaging of this protein into EVs. This study demonstrates 

the potential of EV analyses for biomarker discovery, which has been previously demonstrated 

for human cancers (Melo et al., 2015, Lane et al., 2018, Hoshino et al., 2020), extends to non-

model and wildlife species. 

The functional pathways enriched in the DFTD EV proteome suggest that EVs may be involved 

in DFTD metastatic processes in the progression of both cancers. The focal adhesion pathway is 

formed by large protein complexes which are upregulated in cancer cells to colonize other organs 

during metastasis (Maziveyi and Alahari, 2017). Several of the cell adhesion-related proteins that 

were highly enriched in DFTD EVs have been implicated in EV-associated metastasis, 

specifically in preparing the pre-metastatic niche in the lungs. In particular, the ras-related 

proteins RalA and RalB, shown to promote lung metastasis in breast cancer (Ghoroghi et al., 2021) 
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were upregulated in both DFT1 and DFT2 EVs relative to devil fibroblast EVs. The protein 

integrin subunit ITGA6, which is involved in tumour EV organotropism to the lung (Hoshino et 

al., 2015), was also significantly upregulated. Considering the role of these proteins in lung-

specific metastasis together with the necropsy findings that nearly 50% of tumour metastasis in 

DFTD involves the lungs (Loh et al., 2006a), our findings raise the possibility that DFTD EVs 

play a role in preparing the pre-metastatic niche in the lung tissue of infected devils. 

The differential expression of epithelial mesenchymal transition (EMT, systematic name: M5930) 

hallmark proteins in EVs derived from DFT2 cells relative to DFT1 cells identified potential 

markers for discrimination between these transmissible cancers. The EMT hallmark features 

could be only detected in EVs and not in the whole-cell proteome signatures, demonstrating the 

capacity of EVs to enrich molecules related to the pathogenesis of distinct disease subtypes that 

would otherwise go undetected. The results provided by this study did not capture the classical 

EMT pathways, characterised by the overexpression of prototypical markers, such as N-cadherin 

and vimentin (Thiery et al., 2009). This could be due to a potential partial EMT phenotype present 

in DFT2 cells. Cancer cells often partially activate EMT pathways to increase cell motility, 

favouring cluster cancer cell invasion rather than individual cell migration (Nieto et al., 2016). 

Some studies have reported that partial EMT cancer phenotypes have less expression of several 

end-stage EMT markers (e.g., vimentin) and transcription factors including Snail, Twist and Zeb 

(Nieto et al., 2016, Yamashita et al., 2018, Brabletz et al., 2018, Aiello et al., 2018). Although 

this could explain the lack of typical EMT markers in the DFT2 EV proteome, this should be 

further confirmed using other protein quantification techniques, such as ELISA or western blot 

as species-specific antibodies become available. Additionally, the potentially “partial” EMT 

phenotype of DFT2 cells required further confirmation by future in vitro experiments.  

The EMT hallmark contains mesenchymal proteins known to increase cell motility and migration 

(Kalluri and Weinberg, 2009), which are linked to cancer phenotypes of increased aggression and 

metastatic behaviour (Visvader and Lindeman, 2008, Ksiazkiewicz et al., 2012, Wang and Zhou, 

2013, Syn et al., 2016). The mesenchymal characteristics of the DFT2 EV proteome revealed by 

the enrichment of the EMT hallmark may suggest a ‘repair’ Schwann cell phenotype, in which 

de-differentiation via EMT pathways aid repair of peripheral nerve damage (Jessen and Mirsky, 

2019). These results are consistent with transcriptomic analyses of DFT2 tumour biopsies 

demonstrated enrichment of the repair Schwann cell phenotype relative to peripheral nerves, 

while DFT1 biopsies did not show significant enrichment of this phenotype (Patchett et al., 2020). 

Elements of the mesenchymal phenotype in DFT2 EVs, including in serum of infected devils 

provide an ingress to investigate mechanisms of tumorigenesis and development of a potential 

DFT2-specific biomarker. 
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Tenascin C (TNC) displayed a high predictive power to classify devils infected with DFT2 in 

serum EVs. This extracellular matrix glycoprotein is among the EMT hallmark proteins identified 

in DFT2 EVs in vitro. TNC is produced by stroma and cancer cells, and it is highly expressed 

during embryogenesis, but barely detected in adult tissues (Midwood et al., 2016). TNC can 

promote mesenchymal properties in several cancer cells such as glioblastoma, colorectal and 

breast cancer (Angel et al., 2020, Takahashi et al., 2013, Nagaharu et al., 2011). High levels of 

TNC are associated with poor prognosis of patients of several types of cancer. Furthermore, TNC 

has been shown to participate in cancer proliferation, migration, invasion and metastasis (Yoshida 

et al., 2015) and has been proposed as a pan-cancer EV biomarker, as it can differentiate a variety 

of cancer tissues from healthy controls with high sensitivity and specificity (Hoshino et al., 2020). 

While 49 candidate protein biomarkers with high predictive power to classify DFT2 from healthy 

controls were identified in this study, these lines of evidence suggest that TNC is an especially 

promising serum biomarker for DFTD differential diagnosis. Validation of TNC as a diagnostic 

biomarker will require a larger sample of DFT2 infected devils. At the time this study was initiated, 

only 25 DFT2 infected devils had been reported in the literature (James et al., 2019), as this 

recently emergent cancer is still confined to the geographically isolated D’Entrecasteaux Channel 

region (Figure 1.1). Thus, while only five devil samples were employed in this study, they 

represented 20% of all known DFT2 infected devils and were repurposed from prior DFT2 

research (Pye et al., 2016b). However, with ongoing devil trapping in this region (Rodrigo 

Hamede, personal communcation 2021), availability of DFT2-infected devils is increasing and 

future work with a larger cohort of samples will be possible.  

This is the first known investigation of EVs in the context of a disease that affects wild animals. 

We have demonstrated the potential of EVs to shed light on mechanisms of DFTD, such as 

metastasis and cell phenotype, which was not identified in their parental whole cell proteome. 

Additionally, we identified novel candidate proteins with potential value as diagnostic biomarkers 

in devil biofluid samples. Metastatic cancers have been increasingly reported in wildlife in the 

past few decades (Abu-Helil and van der Weyden, 2019). EV approaches offer a promising 

avenue to the development of sensitive and less-invasive clinical tools needed for wildlife cancer 

monitoring and management. The EV-based investigation of cancer in the wild will likely provide 

useful information for human cancers, as EVs are well-conserved structures through the tree of 

life (Askenase, 2020), and wild animals have more similarities to humans than laboratory animals 

in terms of environmental exposures and life-span (Flies and Wild Comparative Immunology, 

2020). 
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Chapter 5 Cathelicidin-3 associated with serum extracellular 
vesicles enables early diagnosis of Tasmanian devil facial 
tumour disease (DFT1) 

 Introduction 
DFT1 is currently diagnosed by the appearance of macroscopic tumours and subsequent 

confirmation in the laboratory on the basis of positive staining for periaxin, karyotype aberrance, 

and PCR of tumour biopsies (Tovar et al., 2011, Kwon et al., 2018). However, there is direct 

evidence that DFT1 has a long latent period as devils can develop tumours between 3 to 13 months 

after initial exposure to the disease (Save the Tasmanian Devil Program, 2017). McCallum et al. 

(2009) suggested that the disease is unlikely to spread between individuals prior to the 

development of clinical signs, however this assumption has not been validated due to the lack of 

a preclinical test. In an effort to identify DFT1 serum biomarkers that could potentially serve to 

predict preclinical stages, Karu et al. (2016) demonstrated that a panel of fibrinogen peptides and 

seven metabolites could differentiate DFT1 infected devils from healthy controls with high 

sensitivity and specificity. Another study found elevated levels of the receptor tyrosine-protein 

kinase ERBB3 in the serum of devils infected with DFT1 compared to healthy controls (Hayes et 

al., 2017). Despite the potential value of serum biomarkers for DFT1 diagnosis, neither study 

confirmed their findings in samples from latent DFT1 devils (3 to 13 months prior to clinical 

manifestation of tumours). The discovery and validation of a biomarker for early DFT1 diagnosis 

would greatly improve the capacity for DFT1 surveillance and population management and could 

ultimately assist in recovering devil numbers in wild populations. 

During the past decade, liquid biopsies have increasingly gained attention as a source of cancer 

biomarkers over traditional solid (tumour) biopsies (Zhou et al., 2020). The advantages of a liquid 

biopsy compared to a solid one include minimal invasiveness in the sampling process (e.g., blood 

sample), the potential for early disease detection, and longitudinal prognostic information related 

to disease progression or treatment (Campos et al., 2018). One approach used in liquid biopsies 

is the analysis of extracellular vesicles (EVs). EVs are nano-sized bilipid membrane structures 

that are released by all cells. EVs mediate intercellular communication, including mechanisms of 

cancer progression (Willms et al., 2018) via their functional cargo such as proteins, lipids, and 

nucleic acids (Maas et al., 2017a). 

EVs are a promising liquid biopsy source as they have the powerful advantages of: occurrence in 

almost all bodily fluids (Colombo et al., 2014), high sensitivity and specificity in cancer diagnosis 

and prognosis (Choi et al., 2015, Hoshino et al., 2020, Melo et al., 2015), organotrophic 

characteristics allowing identification of organ-specific metastasis biomarkers in bodily fluids 

(Hoshino et al., 2015), and stable biological activities as their cargo (which can mediate multiple 
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cancer mechanisms) is protected from proteases and nucleases degradation by a bilipid membrane 

(Yáñez-Mó et al., 2015, Boukouris and Mathivanan, 2015). Considering these advantages, 

researchers have expressed great enthusiasm in the molecular analysis of EVs to be implemented 

as cancer biomarkers in liquid biopsy platforms. Proteins are well-studied EV cargo (Zhou et al., 

2020) as isolating EVs from serum can allow the detection of a greater range of proteins that are 

otherwise masked by high-abundance serum/plasma proteins (Takov et al., 2019). The analysis 

of EV proteins has identified early cancer biomarkers, positioning EVs as effective liquid biopsy 

tools for cancer diagnosis (Melo et al., 2015, Khan et al., 2012, Norouzi-Barough et al., 2020). 

In this Chapter, the analysis of the proteome of EVs derived from the serum of Tasmanian devils 

is performed. This analysis includes EV samples from three classes of wild devils: those with 

overt DFT1, devils in presumed latent stage (serum samples collected 3 to 6 months prior to 

subsequent diagnosis of DFT1, herein: “latent”), and those from an island population isolated 

from DFT1. Captive devils never exposed to DFT1 were also included as healthy controls. The 

aim of this first characterization of devil EVs was to discover, and subsequently validate potential 

biomarker candidates to serve as an early diagnostic test for DFT1. 
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 Materials and Methods 
5.2.1 Tasmanian devil serum samples 

The two phases of this study comprised proteomic analysis of a discovery cohort followed by a 

validation cohort (Table 5.1). The discovery phase aimed to identify potential EV protein 

biomarkers for DFT1 using a cohort of 12 DFT1 infected devils and 10 healthy controls. DFT1 

infected devils were considered in advanced stages (mid-late) of the disease based on large tumour 

volumes (15 ml to 161 ml). The second phase was designed to validate the first phase data in an 

independent cohort and further investigate the potential biomarkers in preclinical, DFT1 latent 

devils. The validation cohort was composed of 17 healthy controls, 15 latent DFT1-infected devils 

and 33 confirmed DFT1-infected devils at different clinical stages of the disease. Of these, 17 

devils were sub-classified as early stage (tumour volumes from 0.05 ml to 2.63 ml), 14 as medium 

stage (tumour volumes from 5.0 ml to 40.73), and 2 as late stage (tumour volumes from 26 ml to 

56 ml). The animal with 26 ml of tumour was categorised as late instead of medium DFT1-stage 

as it was emaciated and had to be euthanized. Three of the latent animals were also used in the 

discovery cohort when they were diagnosed with DFT1 and had large tumour volumes. 

The serum samples of the DFT1-infected devils used in both phases of the study were collected 

from two wild populations at the Northwest of Tasmania and specified in Table 5.1. The serum 

samples of the healthy cohort were obtained from captive devils held in Bonorong Wildlife 

Sanctuary and Richmond facilities (discovery cohort) and from wild devils from a DFTD-free 

insurance population located on Maria Island (validation cohort) (Table 5.1). Blood was obtained 

from conscious or anesthetized devils by venepuncture from either jugular or marginal ear vein 

(between 0.3 – 1 mL) and transferred into empty or clot activating tubes. Samples were 

centrifuged at 1,000 g for 10 minutes and the serum was pipetted off and stored frozen at -20 C° 

(short term) or -80 C ° (long term) until further use. All animal procedures were performed under 

a Standard Operating Procedure approved by the General Manager, Natural and Cultural Heritage 

DPIPWE and under the auspices of the University of Tasmania Animal Ethics Committee (permit 

numbers A0017550, A0012513, A0013326, and A0015835). 
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Table 5.1. Summary of Tasmanian devil cohorts. Control: healthy devils never exposed to DFTD. IQR: 

Interquartile range. 

*Captive holding facilities. 

5.2.2 Proteome of extracellular vesicles derived from DFTD cultured cells in vitro 

To identify possible signals from DFT1 tumours, the EV proteome database derived from cultured 

DFTD cells (Chapter 4) was used to identify proteins in serum EVs that may originate from DFT1 

cells. Proteins upregulated in DFT1 EVs relative to healthy fibroblast EVs and in EVs derived 

from serum samples of DFT1-infected devils relative to healthy controls obtained in the discovery 

cohort were compared.  

5.2.3 Extracellular vesicles purification 

Serum samples were thawed on ice and 500 µl and 300 µl of serum was extracted for the discovery 

and validation cohort, respectively. The serum samples were firstly centrifuged at 1,500 g for 10 

minutes at 4 °C to remove cells and debris. The samples were further centrifuged at 10,000 g for 

10 minutes at 4 °C to pellet larger extracellular vesicles. Supernatant was taken and subjected 

immediately to size exclusion chromatography on qEV2 / 35nm columns (IZON) following 

manufacturer’s instructions. Briefly, EVs were eluted in PBS containing 0.05% sodium azide in 

eight fractions of 1 ml each after the collection of 14 ml of void volume and pooled. The EV 

samples were concentrated with Amicon Ultra-15 centrifugal filters (MWCO 100 kDa, Merck 

  Discovery cohort  Validation cohort 
Total 

Devils  
All Control Adv. 

DFT1 
 

All Control Latent 
DFT1 

Early 
DFT1 

Med. 
DFT1 

Late 
DFT1 

Total Cases 22 10 12  65 17 15 17 14 2 87 
Age  

   
 

      
 

  Adult 22 10 12  40 8 6 12 13 1 62 
  Juvenile  0 0 0  25 9 9 5 1 1 25 
Sex 

   
 

      
 

  Male 11 5 6  34 10 8 8 8 0 45 
  Female 11 5 6  31 7 7 9 6 2 42 
Location 

   
 

      
 

  West Takone 9 0 9  38 0 11 15 10 2 47 
  Wilmot 3 0 3  10 0 4 2 4 0 13 
  Maria Island 0 0 0  17 17 0 0 0 0 17 
  Richmond* 6 6 0  0 0 0 0 0 0 6 
  Bonorong* 4 4 0  0 0 0 0 0 0 4 
Tumor volume 
(ml) 

   
 

      
 

  Median  NA NA  24.00  NA NA NA 0.76 23.30 41.15 NA 
  IQR NA NA   55.82 -         

67.60 
 NA NA NA   0.58 -

1.35 
14.70 -   
30.29 

33.60 -   
48.69 

NA 

Corporal 
condition 

   
 

      
 

  Emaciated 0 0 1  0 0 0 0 0 1 2 
  Moderately thin 0 0 6  0 0 0 0 2 0 8 
  Average 0 0 5  0 17 14 13 12 1 62 
  Good 0 10 0  0 0 1 4 0 0 15 
  Obese 0 0   0    0 0 0 0 0 0 0 
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Millipore, Billerica, USA) to a final volume of 1 ml and stored in aliquots of 500 μl at -80 °C 

until future use.  

5.2.4 Transmission electron microscopy (TEM) 

Copper TEM grids with a formvar-carbon support film (GSCU300CC-50, ProSciTech, Qld, 

Australia) were glow discharged for 60 seconds in an Emitech k950x with k350 attachment. Two 

5 µl drops of EV suspension was pipetted onto each grid, allowed to adsorb for at least 30 seconds 

and blotted with filter paper after each. Two drops of 2% uranyl acetate were used to negatively 

stain the particles blotting after 10 seconds each time. Grids were then allowed to dry before 

imaging. Grids were imaged using a Joel JEM-2100 (JEOL (Australasia) Pty Ltd) transmission 

electron microscope equipped with a Gatan Orius SC 200 CCD camera (Scitek Australia). 

5.2.5 Nano particle tracking analysis (Zetaview) 

EV size distribution and concentration were determined using a ZetaView PMX-120 nanoparticle 

analyzer (Particle Metrix, Inning am Ammersee, Germany) equipped with Zetaview Analyze 

Software version 8.05.12. Prior to measurement the system was calibrated as per manufactures 

instruction with 100nm Nanospheres 3100A (Thermo Fisher Scientific, Waltham, USA). 

Measurements were performed in scatter mode and for all measurements the cell temperature was 

maintained at 25 °C. Each sample was diluted in PBS to a final volume of 1 ml. Capture settings 

were sensitivity 80, shutter 100, and frame rate 30. Post-acquisition settings were minimum trace 

length 10, min brightness 30, min area 5, and max area 1000. Cell temperature was maintained at 

25 °C for all measurements. 

5.2.6 Liquid chromatography and mass spectrometry analysis  

Sample preparation 

EV samples (500 µl aliquots) were thawed on ice and mixed with acetonitrile to a final 

concentration of 50% (v/v) and evaporated by a centrifugal vacuum concentrator (Pacific Lab 

Products, Blackburn, Australia) to obtain EV proteins for mass spectrometry analysis. The EV 

protein samples were resuspended in 150 µl of denaturation buffer (7M urea and 2M thiourea in 

40 mM Tris, pH 8.0).  

Protein concentration was measured by EZQ protein quantification kit (Thermo Fisher Scientific, 

Waltham, USA), and 30 µg of protein from each sample was reduced with 10 mM dithiothreitol 

(Bio-Rad, Hercules, USA) overnight at 4 °C. EV protein samples were alkylated the next day 

with 50 mM iodoacetamide (Sigma-Aldrich, St Louis, USA) for 2 hours at ambient temperature 

in the dark and then digested into peptides with 1.2 µg proteomics-grade trypsin/LysC (Promega, 

Madison, USA) according to the SP3 protocol described by Hughes et al. (2019) (see Chapter 2; 

General Methods). EV peptides were de-salted using ZipTips (Merck Millipore, Billerica, USA) 

according to manufacturer’s directions.  
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High-pH peptide fractionation 

A specific peptide spectral library was created for devil serum EVs using off-line high-pH 

fractionation. A pooled peptide sample (180 µg) composed by aliquots of each EV sample from 

the discovery cohort (n=22 individuals) was desalted with Pierce desalting spin columns (Thermo 

Fisher Scientific, Waltham, USA) according to manufacturer’s guidelines. Sample was 

evaporated to dryness and resuspended in 25 µl in HPLC loading buffer (2% acetonitrile with 

0.05% TFA) and injected onto a 100 x 1 mm Hypersil GOLD (particle size 1.9 mm) HPLC 

column. Peptides were separated on an Ultimate 3000 RSLC system with micro fractionation and 

automated sample concatenation enabled at 30 µl/min with a 40 min linear gradient of 96% 

mobile phase A (1% triethylamine, adjusted to pH 9.6 utilizing acid acetic) to 50% mobile phase 

B (80% acetonitrile with 1% of triethylamine). Samples were then washed in 90% buffer B and 

re-equilibrated in 96% buffer A for 8 minutes. Sixteen concatenated fractions were collected into 

0.5 ml low-bind Eppendorf tubes, and then evaporated to dryness and reconstituted in 12 µl HPLC 

loading buffer.  

Mass spectrometry – data-dependent acquisition (DDA) 

Peptide fractions were analysed by nanoflow HPLC-MS/MS using an Ultimate 3000 nano RSLC 

system (Thermo Fisher Scientific, Waltham, USA). coupled with a Q-Exactive HF mass 

spectrometer fitted with a nano spray Flex ion source (Thermo Fisher Scientific, Waltham, USA). 

and controlled using Xcalibur software (version 4.3). Approximately 1 µg of each fraction was 

injected and separated using a 90-minute segmented gradient by preconcentration onto a 20 mm 

x 75 µm PepMap 100 C18 trapping column then separation on a 250 mm x 75 µm PepMap 100 

C18 analytical column at a flow rate of 300 nL/min and held at 45 °C. MS Tune software (version 

2.9) parameters used for data acquisition were: 2.0 kV spray voltage, S-lens RF level of 60 and 

heated capillary set to 250 °C. MS1 spectra (390 -1500 m/z) were acquired at a scan resolution of 

120,000 followed by MS2 scans using a Top15 DDA method, with 30-second dynamic exclusion 

of fragmented peptides. MS2 spectra were acquired at a resolution of 15,000 using an AGC target 

of 2e5, maximum IT of 28ms and normalized collision energy of 30. 

Mass spectrometry – data-independent acquisition (DIA) 

Individual EV peptide samples were analysed by nanoflow HPLC-MS/MS using the 

instrumentation and LC gradient conditions described above but using DIA mode. MS1 spectra 

(390 - 1240 m/z) were acquired at 120k resolution, followed by sequential MS2 scans across 26 

DIA x 25 amu windows over the range of 397.5-1027.5 m/z, with 1 amu overlap between 

sequential windows. MS2 spectra were acquired at a resolution of 30,000 using an AGC target of 

1e6, maximum IT of 55 ms and normalized collision energy of 27. 
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Proteomic database search 

Both DDA-MS and DIA-MS raw files were processed using Spectronaut software (version 13.12, 

Biognosys AB). The specific library was generated using the Pulsar search engine to search DDA 

MS2 spectra against the Sarcophilus harrisii UniProt reference proteome (comprising 22,388 

entries, last modified in August 2020). Spectral libraries were generated using all default software 

(BGS factory) settings, including N-terminal acetylation and methionine oxidation as variable 

modifications and cysteine carbamidomethylating as a fixed modification, up to two missed 

cleavages allowed and peptide, protein and PSM thresholds set to 0.01. For protein identification 

and relative quantitation between samples, DIA-MS data was processed according to BGS factory 

settings, with the exception that single-hit proteins were excluded. In the case of uncharacterized 

proteins, protein sequences provided by UniProt were ‘blasted’ against the Tasmanian devil 

reference genome (GCA_902635505.1 mSarHar1.11) using the online NCBI protein Basic Local 

Alignment Search Tool (BLAST (BLAST, Wheeler et al., 2007). Uncharacterized protein of 

interest (cathelicidin-3) was also aligned against the translated sequence of the matching transcript 

from a Tasmanian devil blood generated by RNA-Seq from six wild devils using CLC Main 

Workbench 20 (Figure 5.1). The devil blood transcriptome was generated by Amanda Patchett, 

Menzies Institute, University of Tasmania in 2019.  

 

Figure 5.1. Sequence alignment of Tasmanian devil cathelicidin-3 from three different Tasmanian 
devil databases. CLC Main Workbench 20 settings used were gap open cost = 10, gap extension cost = 1, 
end gap cost = as any other.  
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5.2.7 Statistical analysis  

Spectronaut protein quantitation pivot reports, including protein description, gene names and 

UniProt accession numbers, were created for the discovery, validation, and combined datasets. 

The combined dataset includes the discovery and validation datasets and was used to search for 

EV protein markers suggested by the Minimal information for studies of extracellular vesicles 

2018 (Thery et al., 2018), and to evaluate the relationship of EV proteins with tumour volume. 

The protein quantitation pivot reports were uploaded into Perseus software (version 1.6.10.50) 

for further data processing and statistical analysis. Quantitative values were log2 transformed and 

proteins filtered according to the number of valid values. The data was filtered in order that a 

valid value for a given protein was detected in ≥70% of samples in at least one group (i.e., 

discovery: control/diseased; validation: control/latent/early/advanced; combined: captive 

healthy/wild healthy/latent/early/medium/late). Remaining missing values were imputed with 

random intensity values for low-abundance proteins based on a normal abundance distribution 

using default Perseus settings. The filtered proteins in the discovery and validation datasets were 

considered for differential expression analyses of biomarker candidates, which was determined 

using two-tailed Student’s t-test with a permutation-based false discovery rate (FDR) controlled 

at 5% and s0 values set to 0.1 to exclude proteins with very small differences between means.  

Significantly upregulated EV proteins from the filtered datasets were exported from Perseus and 

analysed using R 3.6.2 (R Core Team, 2019). The utility of each discovery dataset protein as a 

disease status classifier was investigated by subjecting healthy/disease cohort sample values of 

each to receiver operating characteristic (ROC) curve analysis to calculate their area under the 

curve, sensitivity, specificity, and accuracy with bootstrapped confidence intervals. The 

classification cut-off values were determined using Youden’s index. Discovery dataset proteins 

with a disease status classification area under the ROC curve greater than 0.9 were then 

investigated by ROC curve analyses, if present, in the validation dataset (excluding the latent 

samples). Proteins that have ROC curves greater than 0.9 in the discovery and validation dataset 

were investigated in the latent cohort vs healthy wild controls using protein abundance cut-off 

values trained to distinguish DFT1 infected devils from healthy controls calculated in the 

validation cohort. Pairwise Kendall’s rank correlations were calculated to identify significant 

correlation between abundances of proteins among those with an AUC ≥ 0.9 in the discovery 

dataset. Kendall’s rank correlation was used to reveal significant correlations between protein 

abundance from the combined dataset and tumour volumes. Linear models were used to test for 

associations between the level of EV proteins and tumour burden, which was calculated by 

dividing total tumour mass by body weight minus total tumour mass and expressed in percentage. 

Tumour mass was calculated assuming a tumour density of 1.1 g per ml of volume as described 

by Ruiz-Aravena et al. (2018). 
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5.2.8 Data availability 

The raw mass spectrometry data has been deposited to the ProteomeXchange Consortium via the 

PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD021480. 

Username: reviewer_pxd021480@ebi.ac.uk; Password: RUvVI9nw.  

 Results 

5.3.1 Characterisation of EVs derived from Tasmanian devil serum 

First, size exclusion chromatography columns were used to isolate extracellular vesicles from 

serum samples of healthy (DFT1 free controls) and DFT1 infected devils in different stages of 

the disease (Table 5.1). Transmission electron microscopy (TEM) and nanoparticle tracking 

analysis (NTA) were used to evaluate the morphology and size of isolated extracellular vesicles. 

TEM images confirmed the presence of EV structures in all disease stages and healthy controls, 

showing a typical EV morphology as closed vesicles with a cup shaped structure as described in 

other studies (Rikkert et al., 2019) (Figure 5.2).  

 

Figure 5.2. Electron microscopy images of EVs derived from devil serum. Transmission electron 

microscopy (TEM) images for EVs isolated from devil serum of healthy devils (captive and wild), and 

DFT1 infected devils in early, medium, late, and latent stages of the disease. Four EV samples from 

different individuals were pooled for each group. 
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NTA demonstrated the presence of a heterogeneous nanoparticle population with a small to 

medium size distribution, which did not differ based on DFT1 clinical stage (Figure 5.3-A). The 

different clinical stages of the disease were classified according to tumour volumes (see Section 

5.2.1). The mean (± standard deviation) diameters of the EVs were 134.8 ± 7.0 nm for captive 

healthy devils, 128.5 ± 11.2 nm for wild healthy devils, 144.8 ± 5.5 nm for latent DFT1 stage 

devils, 146.7 ± 4.9 nm for early DFT1 stage devils, 144.6 ± 8.6 nm for medium DFT1 stages 

devils, and 138.7 ± 5.0 nm for late DFT1 stage devils (Figure 5.3-A). In contrast, NTA indicated 

that healthy and DFTD late-stage devils have similar total numbers of nanoparticles in their blood, 

which are significantly greater than latent, early, and medium stages of DFTD (Figure 5.3-B). 

 

Figure 5.3. Nanoparticle tracking analysis and EV protein markers. A. Size distribution profiles 

determined by nanoparticle tracking analysis (NTA) of EVs isolated from serum of captive (n=4) and wild 

(n=4) healthy control devils, latent DFT1 devils (n=4), and DFT1 infected devils in early (n=4), medium 

(n=4) and late stages (n=4). Shaded areas represent 95% confidence intervals. B. EV concentrations of the 

same NTA groups. The letters “a” and “b” indicate significant pairwise differences among groups (i.e., 

groups denoted with the same letter are not significantly different; one-way ANOVA, Tukey post-hoc test, 

p < 0.05). Error bars represent 95% confidence intervals. C. Heat map of intensity values of commonly 

recovered EV proteins, and D. serum contaminants found in EV samples derived from healthy controls 

(captive and wild) devils (n=27), latent DFT1 devils (n=15), and devils in early (n=17), medium (n=15), 

and late (n=13) stages of DFT1. 
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A proteome dataset comprising combined discovery and validation cohorts (n=87) from the 

biomarker discovery process was generated by data independent acquisition mass spectrometry 

to gain an overview of the serum EV proteome and evaluate the presence of commonly recovered 

EV protein markers and serum contaminants (Thery et al., 2018). Of a total of 345 filtered proteins, 

24 established EV markers were identified, including CD9, annexins, heat shock and major 

histocompatibility complex proteins (Kowal et al., 2016b) (Figure 5.3-C). Serum-derived 

contaminants, which included albumin and five lipoproteins, all decreased in expression as DFTD 

progressed (Figure 5.3-D). 

5.3.2 Discovery of EV biomarkers for DFT1 

For the biomarker discovery process, we first analysed the proteome of extracellular vesicles 

isolated from a cohort of serum samples from 22 devils (12 devils with advanced-stage DFT1; 

and 10 captive healthy controls) to identify EV protein DFT1 biomarker candidates (Figure 5.4).  

 

Figure 5.4. Illustration of the discovery biomarker process. Extracellular vesicles (EVs) were isolated 

from 22 devil serum samples (12 DFT1-advanced and 10 healthy captive devils) by size exclusion 

chromatography columns. EVs were analysed by mass spectrometry to explore DFT1 EV biomarker 

candidates. TV = tumour volume. 

Based on Student’s t-tests, 96 proteins (FDR corrected p < 0.05) were upregulated in EVs derived 

from DFT1 infected devils relative to those from healthy controls (Figure 5.5-A and Appendix 

C). Of these upregulated proteins, receiver operating characteristic (ROC) curve analysis 

identified 31 proteins with high accuracy (area under the ROC curve ≥ 0.9; Safari et al., 2016) 

to distinguish diseased from healthy individuals (Table 5.2). Proteins such as cathelicidin-3 

(CATH3), connective tissue growth factor (CTGF) and complement component 5 (C5) were 

perfect classifiers of advanced-stage DFT1 infected devils when compared to healthy controls 

(area under the ROC curve = 1, sensitivity and specificity = 100%; Figure 5.5-B and Table 5.2). 

CATH3 was the most significantly upregulated protein in EVs derived from DFT1 infected devils 

relative to healthy controls (p < 10e-6) with 4.7-fold increase (Figure 5.5-A and C). CTGF and 

C5 were significantly upregulated by 5.7- and 2.4-fold, respectively, in the DFT1 infected devils 

compared to healthy controls (Figure 5.5-A and C). 
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Figure 5.5. Receiver operating characteristic (ROC) curve analysis of EV proteins in the discovery 

cohort. A. Volcano plot of protein relative abundance fold changes (log2) between EVs derived from advanced stage 

DFT1 and healthy devils vs fold change significance. Proteins denoted in red are perfect disease status classifiers (area 

under the receiver operating characteristic curve [AUC] = 1.0). Orange denotes proteins with an AUC > 0.95. B. 

Receiver operating characteristic curve analysis for the EV proteins CATH3, CTGF, and C5 (DFT1 relative to healthy 

controls). The dashed red identity line indicates random performance. The cut-off values were determined using 

Youden’s index and are indicated in blue at the left top corner of the ROC curve and specificity and sensitivity are 

indicated in brackets, respectively. D. Dot plots depicting the relative abundance of the proteins CATH3, CTGF and 

C5 obtained from healthy animals and devils with advanced stages of DFT1, different letters “a” and “b” indicate 

significant differences between groups (Student’s t test, FDR-corrected p < 0.05).  
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Table 5.2. EV proteins accuracy for the diagnosis of DFT1 in the discovery cohort with an area under 
the curve (AUC) ≥ 0.9. All numbers for AUC, sensitivity, specificity, and accuracy are in fractions. 95% 
confidence intervals. 

Protein name AUC Specificity Sensitivity Accuracy UniProt 
 

CATH3* 1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

G3W0S2 

CTGF 1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

G3WBU2 

C5 1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

1.000 
(1.000, 1.000) 

G3WZ02 

C8G 0.992 
(0.950, 1.000) 

1.000 
(0.900, 1.000) 

0.917 
(0.833, 1.000) 

0.955 
(0.900, 1.000) 

G3W1Q6 

SPP2 0.983 
(0.925, 1.000) 

1.000 
(0.900, 1.000) 

0.917 
(0.833, 1.000) 

0.955 
(0.900, 1.000) 

G3VQP6 

C6 0.983 
(0.925, 1.000) 

1.000 
(0.800, 1.000) 

0.917 
(0.833, 1.000) 

0.955 
(0.909, 1.000) 

G3WFL6 

C7 0.983 
(0.925, 1.000) 

1.000 
(0.800, 1.000) 

0.917 
(0.833, 1.000) 

0.955 
(0.909, 1.000) 

G3WK50; G3WK51 

F10 0.983 
(0.925, 1.000) 

1.000 
(0.800, 1.000) 

0.917 
(0.833, 1.000) 

0.955 
(0.908, 1.000) 

G3WXN7 

C8A 0.975 
(0.900, 1.000) 

1.000 
(0.900, 1.000) 

0.917 
(0.750, 1.000) 

0.955 
(0.864, 1.000) 

G3VVQ8; G3VVQ9 

ALDOA 0.975 
(0.900, 1.000) 

1.00 
(0.800, 1.000) 

0.833 
(0.750, 1.000) 

0.900 
(0.864, 1.000) 

G3WAK9 

C9 0.967 
(0.900, 1.000) 

1.000 
(0.700, 1.000) 

0.833 
(0.750, 1.000) 

0.909 
(0.864, 1.000) 

G3W3E7 

ACTN1 0.958 
(0.867, 1.000) 

1.000 
(0.800, 1.000) 

0.833 
(0.750, 1.000) 

0.909 
(0.810, 1.000) 

G3WFU1; G3WFU2 

CPNE1 0.958 
(0.867, 1.000) 

0.800 
(0.700, 1.000) 

1.000 
(0.750, 1.000) 

0.909 
(0.818, 1.000) 

G3X2P2  

PLEK 0.950 
(0.825, 1.000) 

1.000 
(1.000, 1.000) 

0.917 
(0.750, 1.000) 

0.955 
(0.864, 1.000) 

G3VFV4; G3VFV5 

VCP 0.942 
(0.817, 1.000) 

1.000 
(0.900, 1.000) 

0.833 
(0.667, 1.000) 

0.909 
(0.818, 1.000) 

G3WW22 

MHC-I* 0.933 
(0.808, 1.000) 

0.800 
(0.600, 1.00) 

0.917 
(0.667, 1.000) 

0.864 
(0.773, 1.000) 

G3VS26 

BIN2* 0.925 
(0.783, 1.000) 

0.900 
(0.800, 1.000) 

0.917 
(0.667, 1.000) 

0.909 
(0773, 1.000) 

G3VUC7 

LOC100931899 0.925 
(0.792, 1.000) 

0.900 
(0.700, 1.000) 

0.833 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3VBX5 

PFN1 0.925 
(0.792, 1.000) 

0.900 
(0.700, 1.000) 

0.917 
(0.667, 1.000) 

0.909 
(0.773, 1.000) 

G3VU42 

YWHAZ 0.925 
(0.766, 1.000) 

0.900 
(0.700, 1.000) 

1.000 
(1.000, 1.000) 

0.955 
(0.864, 1.000) 

G3WHE0 

TGFBI 0.917 
(0.767, 1.000) 

1.000 
(0.700, 1.000) 

0.750 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3VMG6 

IGH* 0.917 
(0.775, 1.000) 

0.800 
(0.600, 1.000) 

0.917 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3VVK2 

PTN 0.908 
(0.758, 1.000) 

1.000 
(0.600, 1.000) 

0.750 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3VRT4; G3VRT5 

ANXA11 0.908 
(0.767, 1.000) 

0.800 
(0.600, 1.000) 

0.917 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3VJ37; G3VJ38 

CAPZB 0.908 
(0.750, 1.000) 

0.900 
(0.700, 1.000) 

0.917 
(0.667, 1.000) 

0.909 
(0.773, 1.000) 

G3VTU6 

LOC100924827 0.908 
(0.767, 1.000) 

0.900 
(0.600, 1.000) 

0.750 
(0.583, 1.000) 

0.818 
(0.773, 1.000) 

G3VT38 

TLN1 0.908 
(0.758, 1.000) 

0.900 
(0.700, 1.000) 

0.833 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3WN56 

CAPZA2 0.900 
(0.750, 1.000) 

0.900 
(0.600, 1.000) 

0.833 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3WVH2; G3WVH3 

MPO 0.900 
(0.750, 1.000) 

1.000 
(0.600, 1.000) 

0.750 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3WE24 

TLN1 0.908 
(0.758, 1.000) 

0.900 
(0.700, 1.000) 

0.833 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3WN56 

ANXA4 0.908 
(0.758, 1.000) 

1.000 
(0.800, 1.000) 

0.750 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3WNV1; G3WNV2 

ACTR3 0.900 
(0.750, 1.000) 

0.700 
(0.600, 1.000) 

1.000 
(0.583, 1.000) 

0.864 
(0.773, 1.000) 

G3WIY5 

*Proteins blasted against the Tasmanian devil reference genome (GCA_902635505.1 mSarHar1.11) using the online 
NCBI protein Basic Local Alignment Search Tool (BLAST). 
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Among EV proteins with high disease status predictive power (AUC ≥ 0.9), Kendall’s rank 

correlations coefficients revealed that complement proteins, especially C6, C7, C8A, C8G and 

C9 had the highest pairwise correlations, indicating that these EV proteins cooccur in similar 

amounts across samples (Figure 5.6). 

 

Figure 5.6. Pairwise Kendall’s correlation coefficients of abundances of proteins with high 

performance to predict disease status (AUC ≥ 0.9). Scale bar represents Kendall’s tau coefficients. 

Squares denoted by a cross represent non-significant Kendall correlations (FDR-corrected p > 0.05).  

To evaluate whether the upregulated proteins present in serum of advanced DFT1-infected devils 

relative to healthy controls were potentially released by DFT1 cells, we used a proteomic database 

of EVs derived from cultured DFT1 cells reported in Chapter 4. We found that of the 96 

upregulated EV proteins derived from serum of DFT1 infected devils relative to healthy controls, 

19 of them overlapped with the proteins of EVs derived from DFT1 cells that were upregulated 

relative to EVs derived from healthy fibroblasts (Figure 5.7). Six of these 19 proteins yielded an 

area under the ROC curve greater than 0.9: F-actin-capping protein subunit alpha (CAPZA) and 

beta (CAPZB), profilin-1 (PFN1), fructose-bisphosphate aldolase A (ALDOA), tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ), and ARP3 

actin related protein 3 (ACTR3) (Table 5.2, Figure 5.7). However, none of the three perfect 
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classifiers detected in the discovery cohort (CATH3, CTGF, and C5) were present in the EV cell 

culture database, suggesting an origin other than DFT1 tumours. 

 

Figure 5.7. Overlapping proteins from in vitro (DFT1 cell culture) and in vivo (devil serum) EV 

samples. Venn diagram of overlapping proteins identified as upregulated in EVs derived from DFT1 cells 

relative to fibroblast cells and upregulated proteins in EVs derived from DFTD infected devils compared 

to captive obtained in a discovery cohort. Six of these 19 proteins yielded an area under the receiver 

operating characteristic curve greater or equal than 0.9. 

5.3.3 CATH3 and PFN1 as EV protein biomarkers for DFT1 

To validate the discovery cohort results, the analysis of the proteome of EVs was repeated with 

an independent cohort of 33 DFT1-infected devils in different stages of the disease to test whether 

our potential EV protein biomarkers can identify animals in a broader range of cancer progression 

(Figure 5.8). 17 healthy devils from a DFTD-free wild insurance population located on Maria 

Island were also included as negative controls (Figure 5.8).  
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Figure 5.8. Illustration of the biomarker validation process. Isolated extracellular vesicles from serum 

samples of 50 devils (33 DFTD-infected and 17 healthy wild devils) were analysed by mass spectrometry 

to validate potential EV protein biomarkers detected in the discovery cohort results; TV= tumour volume. 

Based on Student’s t-test analyses, 51 proteins (FDR-corrected p value < 0.05) were upregulated 

in EVs derived from DFT1 infected devils relative to healthy controls (Figure 5.9-A and Appendix 

C). Of these 51 upregulated proteins, only four yielded an area under the ROC curve greater than 

0.9 (Table 5.3). In agreement with the discovery cohort results, CATH3 and PFN1 were 

significantly upregulated in different stages of DFT1-infected devils relative to the wild healthy 

controls by 2.9- and 4.1-fold, respectively (Figure 5.9-A and C). ROC curves indicated that 

CATH3 and PFN1 classified devils with DFTD with 87.9% and 90.9% sensitivity and 94.1% and 

88.2% specificity, respectively (Figure 5.9-C and Table 5.3). Unlike CATH3, PFN1 was detected 

in the cell culture DFTD EV database (Figure 5.6), suggesting a possible tumour origin. 

In contrast, other protein candidates identified in the discovery cohort such as CTGF and C5 

showed a reduced performance in distinguishing different stages of DFT1 from the wild healthy 

controls, with a sensitivity of 48.5% and specificity of 88.2% for CTGF and 84.8% sensitivity 

and 70.6% specificity for C5 (Figure 5.10). 



120 
 

 

Figure 5.9. CATH3 and PFN1 EV proteins as biomarkers for DFT1. A. Volcano plot of protein relative 

abundance fold changes (log2) between EVs derived from serum of devils with different stages of DFT1 

(n=33) and healthy wild controls (n=17) vs fold change significance. B. Dot plot showing the relative 

abundance of CATH3 and PFN1 in the serum EVs of 17 wild healthy devils and 33 DFT1 infected devils, 

different letters “a” and “b” indicate significant differences between groups (Student’s t test, FDR-corrected 

p < 0.05). C. Receiver operating characteristic curve analysis for CATH3 and PFN1 EVs (33 DFT1-infected 

animals vs 17 healthy controls). The dashed red line indicates random performance. The cut-off values 

were determined using Youden’s index and are indicated in blue at the left top corner of the ROC curve, 

and specificity and sensitivity are indicated in brackets, respectively.  

Table. 5.3. EV proteins accuracy for the diagnosis of DFTD in the validation cohort with an area under the 

curve (AUC) ≥ 0.9. All numbers for AUC, sensitivity, specificity, and accuracy are in fractions. 95% 

confidence intervals. 

Protein 
name AUC Specificity Sensitivity Accuracy 

UniProt 
number 

CATH3* 0.925 
 (0.840, 0.989) 

0.941  
(0.882, 1.000) 

0.879  
(0.727, 0.97) 

0.900  
(0.820, 0.980) 

G3W0S2 

PFN1 0.918  
(0.804, 0.995) 

0.882  
(0.765, 1.000) 

0.909  
(0.788, 1.000) 

0.900  
(0.820, 0.98) 

G3VU42 

ILK 0.914  
(0.822, 0.980) 

0.824  
(0.647, 1.000) 

0.848  
(0.697, 1.000) 

0.840  
(0.760, 0.960) 

G3W679 

LIMS1 0.909 
 (0.818, 0.973) 

0.765  
(0.646, 1.000) 

0.909  
(0.636, 1.000) 

0.860  
(0.740, 0.960) 

G3VJH5 

* Proteins blasted against the Tasmanian devil reference genome (GCA_902635505.1 mSarHar1.11) using the online 
NCBI protein Basic Local Alignment Search Tool. 
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Figure 5.10. CTGF and C5 showed a reduced performance in distinguishing different stages of DFT1. 

A. Receiver operating characteristic (ROC) curve analysis for the EV proteins CTGF and C5 (DFT1 vs 

healthy controls from the validation dataset). The dashed red identity line indicates random performance. 

The cut-off values were determined using Youden’s index and are indicated in blue at the left top corner of 

the ROC curve and specificity and sensitivity are indicated in brackets, respectively. B. Dot plots depicting 

the relative abundance of the EV proteins CTGF and C5 obtained from healthy animals and devils in 

different stages of DFT1 (validation dataset), different letters “a” and “b” indicate significant differences 

between groups (Student’s t test, FDR-corrected p < 0.05).  

5.3.4 CATH3 EVs detect latent stage DFT1 3 – 6 months before overt disease 

Further analysis of EVs derived from serum samples of the validation cohort revealed that the 

levels of CATH3 in EV samples could successfully distinguish devils in latent stages of DFT1 

(n=15) from healthy wild individuals (n=17). Devils were presumed to be in latent stage of DFT1 

as samples were collected 3 to 6 months before subsequent DFTD diagnosis (Figure 5.11-A). 

Specifically, the levels of CATH3 were consistently upregulated in latent DFT1 samples relative 

to the wild healthy group, following the same pattern revealed by the discovery and validation 

cohort results (Figure 5.11-B and C). In contrast, PFN1 was not significantly upregulated in latent 

devils relative to healthy controls (Figure 5.11-B and C). 

We calculated sensitivity, specificity, and accuracy of CATH3 and PFN1 to classify latent stages 

from healthy controls, using protein abundance cut-off values trained to distinguish DFT1 
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infected devils from healthy controls calculated in the validation cohort. CATH3 exhibited a 

sensitivity of 93.3% and a specificity of 94.1% with an accuracy of 93.8% to differentiate latent 

stages from healthy controls, supporting its utility as a biomarker for all stages of DFT1 and its 

potential use for early detection of this transmissible cancer (Figure 5.11-D). In comparison with 

CATH3, the protein PFN1 was less effective in distinguishing devils in latent stages from healthy 

controls (Figure 5.11-D). 

 

Figure 5.11. CATH3 from EVs detect DFT1 in latent stages A. Isolated extracellular vesicles (EVs) 

from serum samples of 32 devils (15 DFTD latent and 17 healthy wild devils) were analysed to investigate 

whether the validated DFT1 biomarkers can also serve to predict latent stage DFT1 3 to 6 months before 

overt DFT1. B. Volcano plot of protein relative abundance fold changes (log2) between EVs derived from 

serum of DFT1 latent devils (n=15) and healthy wild controls (n=17) vs fold change significance. C. Dot 

plot showing the relative abundance of EV CATH3 and PFN1 detected in 17 wilds healthy, 15 latent, and 

33 DFT1-infected devils, different letters “a” and “b” indicate significant pairwise differences between 

groups (i.e., groups denoted with the same letter are not significantly different; one-way ANOVA and 

Tukey post-hoc test, p < 0.05). D. Receiver operating curve analysis performed to classify latent devils 
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(n=15) from healthy controls (n=17). Sensitivity and specificity were calculated (95% confidence intervals) 

for latent devils based on the protein threshold trained with the full validation dataset (n=50).  

5.3.5 Common inflammatory markers upregulated in healthy wild devils, but not 
CATH3 

To investigate the specificity of CATH3 and its possible association with general inflammation, 

wild healthy individuals (n=17) were compared with captive healthy devils (n=10) from Chapter 

4. Although several key inflammatory markers (e.g., C-reactive protein, serum amyloid P-

component, and complement proteins) were upregulated in wild healthy devils relative to captive 

individuals, no upregulation of CATH3 was identified in this devil cohort (Figure 5.12) 

 

Figure 5.12. Volcano plot of relative protein abundance in serum derived EVs of healthy captive 

relative to healthy wild devils. Volcano plot of relative protein abundance expressed as fold changes (log2) 

between healthy captive devils (n=10) and healthy wild devils (n=17) vs significance expressed as -log10 

p-value. Proteins denoted in red are common inflammatory markers. APCS: serum amyloid P-component; 

CRP: C-reactive protein; C8A: complement C8 alpha chain, C8G: complement C8 gamma chain; C7: 

complement 7; C5: complement 5.  

5.3.6 MYH10, TGFBI, and CTGF are associated with tumor burden. 

The filtered proteome dataset comprising combined discovery and validation cohorts was used to 

evaluate relationship between EV protein abundance and tumour volume. CTFG and C5 were 

significantly and positively correlated with tumour volume in DFT1 infected devils (Figure. 5.13-

A), which is consistent with their high predictive power to classify advanced-DFT1 stages (large 

tumour volumes) from healthy individuals in the discovery biomarker phase. Myosin heavy chain 

10 (MYH10), transforming growth factor beta induced (TGFBI) and CTGF were the proteins that 
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correlated best with tumour volume (Figure 5.13-A), and their expression levels enhanced as 

tumour volume increases (Figure 5.13-B). CATH3 and PFN1 did not demonstrate a significant 

positive correlation with tumour volume (Figure 5.13-A) but showed a binary relationship with 

disease/healthy demonstrated in the discovery and validation cohorts.  

 

Figure 1.13. MYH10, TGFBI, and CTGF are associated with tumour burden. A. Kendall Correlation 

of proteins with tumour volumes (DFT1 infected animals from the discovery and validation dataset, n=45). 

Proteins with a corrected p value <0.05 are plotted above the dashed and black line. B. Heat map 

representing EV proteins with significant Kendall correlations. Z-scored abundances were calculated from 

the mean of the relative abundance of each protein in each category (27 healthy (wild and captive), 15 latent, 

17 early, 15 medium, and 13 late-DFT1 devils). C. Linear regression models of % tumour burden as a 

predictor of MYH10, TGFBI, CTGF and C5 relative abundances.  

Linear regressions were performed to evaluate the ability of tumour burden (as % of body mass) 

to predict MYH10, TGBI, CTGF, and C5 relative abundance values. Percent tumour burden was 

a significant predictor of CTGF (F (1,43) = 9.55, p < 0.01), TGFBI (F (1,43) = 9.41, p < 0.01), 



125 
 

and MYH10 abundance (F (1,43) = 7.96, p < 0.01). Percent tumour burden explained a modest 

amount of variation in abundance of both CTGF and TGFBI (R2 = 0.18) and slightly less for 

MYH10 (R2 = 0.16). The models estimate CTGF, TGFBI, and MYH10 abundances enhance 1.95, 

0.54- and 1.13-fold, respectively, for each 1% increase in tumour burden (Figure 5.13-C).  

 Discussion 
The ongoing transmission of DFT1 and the consequent decline of the Tasmanian devil population 

has been investigated for the past 25 years. However, the sole method of diagnosis of this 

transmissible cancer still relies on the visual identification of tumours and confirmatory biopsy, 

despite previous efforts to develop preclinical diagnostic tests. In this chapter, with contemporary 

methodology for isolation of extracellular vesicles and quantitative proteomics, promising 

biomarker candidates from liquid biopsies with potential to predict the presence of DFT1 at a 

preclinical stage have been identified. Specifically, the elevated expression of cathelicidin-3 

(CATH3) in serum-derived EV samples of two independent cohorts of devils had a high 

predictive power to detect DFT1, including within the latent period 3 to 6 months before tumours 

were visible or palpable. The preclinical identification of CATH3 provides a means to improve 

monitoring and management of the wild population of endangered devils and provides important 

insights for the development of human and animal cancer diagnostics. 

Cathelicidins are a family of antimicrobial peptides (Zasloff, 2002). Although cathelicidins are 

secreted proteins, they have been reported to be carried by extracellular vesicles derived from 

biliary and intestinal epithelium of mice and humans as a host response against infection by the 

parasite Cryptosporidium parvum (Hu et al., 2013). Relative to placental mammals, devils have a 

notable diversity of cathelicidin proteins, several of which are widely expressed in devil immune 

tissues such as digestive, respiratory, and reproductive tracts. Cathelicidins are also found in milk 

and in the devil’s marsupium (pouch). Consequently, cathelicidins likely play an important role 

in the devil immune system and in protecting pouch young (Peel et al., 2016). Devil cathelicidins 

also demonstrate broad-spectrum antibacterial activity against pathogenic human bacteria and 

fungi and some toxicity to human cells (Peel et al., 2016). 

Cathelicidins have not been explored in DFTD pathogenesis. However, the peptide LL-37, 

produced by the sole human cathelicidin gene, has been considered a potential anti-tumour 

therapeutic agent for oral squamous cancer by causing apoptotic cell death, autophagy, and cell 

cycle arrest (Kuroda et al., 2015, Okumura et al., 2004). Conversely, other studies have suggested 

that LL-37 can promote cancer cell proliferation, migration, and tumour progression via activation 

of the MAPK/ERK signalling pathway (Weber et al., 2009, von Haussen et al., 2008). 

Interestingly, this pathway is interconnected with the ERRB-STAT3 axis, which was recently 

proposed as one of the main mechanisms of tumorigenesis of DFT1 (Kosack et al., 2019). These 
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intriguing findings raise the possibility that CATH3 expression in DFT1 is associated with a 

protective response by the host animal’s innate immune system, or alternatively a yet undescribed 

evasion mechanism induced by the transmissible tumour.  

As CATH3 was not identified in EVs derived from cultured DFT1 tumour cells, we propose that 

this early DFT1 biomarker is likely associated with host cell derived EVs rather than those of 

tumour origin. EV protein cargo found in plasma/serum of cancer patients reflects the systemic 

effects of cancer, displaying markers not only associated with the primary tumour, but also the 

tumour microenvironment, distant organs, and the immune system (Hoshino et al., 2020). These 

EV protein signatures have also demonstrated diagnostic power in discriminating between healthy 

and cancer samples, indicating that host cell derived EVs can serve as sensitive cancer biomarkers. 

A host cell derived EV protein may have advantages for use as an early biomarker. Based on the 

finding that EV associated CATH3 abundance was independent of tumour volume, and the 

consistent upregulation of CATH3 across latent and overt DFT1 stages relative to healthy samples, 

we propose that the increase in CATH3 arises from a uniform host response to this clonal cancer 

rather than of tumour cell origin. This independence of tumour volume is a desired feature for an 

early cancer biomarker as its sensitivity will be less dependent on a minimum tumour burden.  

In contrast with the likely host origin of CATH3, we found that profilin-1 (PFN1), the overt DFT1 

biomarker found in this study, was highly expressed in EVs derived from DFT1 cells in vitro. As 

DFT1 cells have a Schwann cell origin (Murchison et al., 2010), the upregulation of the actin-

binding protein PFN1 is not surprising as it is required for Schwann cell development and 

migration (Montani et al., 2014). Additionally, PFN1 has been observed to be overexpressed in 

renal cell carcinoma (Minamida et al., 2011) and proposed as a urine biomarker for bladder cancer 

aggressiveness (Zoidakis et al., 2012). Considering these lines of evidence, we suggest that the 

upregulation of PFN1 in serum EVs derived from overt DFT1 devils likely originates from DFT1 

tumor cells. This is consistent with the poor performance of PFN1 to classify latent DFT1, 

considering tumour volume is presumably at a minimum at the preclinical disease stage.  

Relative to the likely DFT1 cell origin of PFN1 upregulation, a host origin of CATH3 may confer 

enhanced performance to classify preclinical DFT1 but could also raise a concern regarding 

clinical specificity. Cathelicidins are also associated with inflammation and secondary infections 

(Zanetti, 2005), and altered abundance of other cathelicidins has been associated with purely 

inflammatory diseases such as bovine mastitis (Boehmer et al., 2008). However, there was no 

evidence found for elevated levels of CATH3 in 16 of the 17 serum EV samples from the wild 

devils used for our healthy cohort despite the elevated values of other common inflammatory 

markers such as C-reactive protein, serum amyloid P-component, and several complement 

proteins (Eckersall and Bell, 2010, Karasu et al., 2018). The high expression of these 
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inflammatory markers found in wild healthy devils relative to captive healthy individuals is most 

likely due to the high prevalence of injuries resulting from intra-species biting, a common social 

behaviour among devils (Hamede et al., 2013) that results in wounds susceptible to microbial 

infections. Thus, the high specificity of CATH3, but not other cathelicidins or common 

inflammatory markers strongly implies that CATH3 is not associated with general inflammation. 

Investigating the potential mechanism of action of CATH3 in the pathogenesis and progression 

of DFT1 to identify this marker’s role is warranted. 

Of the proteins that were found at greater abundance in devil EV samples at the advanced DFT1 

stages, many were among the subset of well-characterized EV markers, such as heat shock 

proteins, annexins, and integrins (Théry et al., 2018, Kowal et al., 2016a). This is consistent with 

previous reports that found a strong correlation of EV markers with advanced cancer stages, 

indicating their potential prognostic value (Peinado et al., 2012, Soekmadji et al., 2017, Hoshino 

et al., 2015). The three proteins with the strongest correlation with tumour volume (myosin heavy 

chain 10 (MYH10), transforming growth factor beta induced (TGFBI), and connective growth 

factor (CTGF) have all been documented to be associated with aggressiveness of tumour 

progression. For instance, MYH10 is overexpressed in glioma cells and implicated in cell 

migration and invasion (Senol et al., 2015), and also has a pro-tumorigenic effect in a murine lung 

cancer model (Kim et al., 2015). High expression of TGFBI predicts poor prognosis in patients 

with colorectal and ovarian cancer (Zhu et al., 2015, Karlan et al., 2014), while it also promotes 

breast cancer metastasis (Fico and Santamaria‐Martínez, 2020). High levels of CTGF expression 

correlate positively with glioblastoma growth (Pan et al., 2002), invasive melanoma behaviour 

(Kubo et al., 1998), poor prognosis in oesophageal adenocarcinoma (Koliopanos et al., 2002), 

aggressive behaviour of pancreatic cancer cells (Wenger et al., 1999), and bone metastasis in 

breast cancer (Kang et al., 2003). Thus, the mechanisms that induce high levels of MYH10, 

TGFBI and CTGF expression with late stages of DFTD warrant further investigation. 

Although DFTD is transitioning towards being an endemic disease, likely to co-exist with affected 

devil populations rather than driving the species to extinction (Patton et al., 2020), with population 

decline predicted to level off in the next decade (Cunningham et al., 2021b), the mortality rate 

and low population densities are still a concern for the species and the ecosystem. Impacted devil 

populations are more susceptible to existing and potential threats such as land use changes and 

other anthropogenic threats, competition with invasive species, other disease outbreaks, and 

climate change and consequent wildfires (Cunningham et al., 2020, Brüniche–Olsen et al., 2018, 

Pye et al., 2016b). Chief among additional disease threats to the devil population is the second 

transmissible cancer, DFT2. Since DFT2 also originated from a Schwann cell, but independently 

of DFT1 (Pye et al., 2016b), investigation of CATH3 EVs as a preclinical biomarker for DFT2 is 

warranted as elevated levels of CATH3 were identified in devils overtly infected with DFT2 
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(Chapter 4), suggesting CATH3 may serve as a preclinical biomarker for both transmissible 

cancers.  

The implementation of CATH3 as a diagnostic EV biomarker for latent DFT1 will enhance the 

capabilities for management and conservation actions, which may aid the recovery of devils in 

wild populations, ensuring this species can fulfil its ecological niche in the future. Firstly, it will 

ensure that only healthy wild devils will be introduced into insurance populations, which will 

significantly reduce the cost of maintaining devils in quarantine, which is currently required for 

15 months (Save the Tasmanian Devil Program, 2017). Secondly, it will greatly improve the 

capacity of ongoing monitoring programs that are critical for early warning and response and 

underpin research on the epidemiology and evolutionary dynamics of this unique disease system. 

Finally, early detection of DFT1 will improve the implementation of any potential vaccination or 

other therapeutic intervention in the future (Flies et al., 2020). Further studies are required to 

determine whether CATH3 is elevated in devils in DFT1-latent periods longer than 3 to 6 months 

to determine how far pre-diagnosis CATH3 expression can distinguish latent devils from healthy 

controls.  

These results demonstrate that DFT1 is a valuable cancer model for comparative oncology to 

explore cancer biomarkers, as it represents a way to examine the effect of a single genetically 

identical cancer on the EV profile of genetically distinct animals. Identifying a devil cathelicidin 

as an early DFT1 biomarker could provide insight into cancer responses more broadly and 

represent a possible target for the development of anticancer drugs, given human cathelicidins 

have been proposed as a novel cancer treatment (Kuroda et al., 2015, Deslouches and Di, 2017). 

Characterising CATH3 expression in response to a single cancer in a natural system could offer 

insight into host cancer adaptation strategies, as antimicrobial peptides have shown rapid 

evolutionary diversification within species with specific anti-pathogen activities (Lazzaro et al., 

2020). Finally, this marker also opens the scope of human and animal cancer studies to include 

non-tumour derived cancer markers that result from altered physiology during tumour 

development.  
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Chapter 6 General discussion 
The results of this thesis have demonstrated the feasibility of developing tools to address the 

reagent gap to increase clinical and research capacity for diseases affecting non-model species. 

Specifically, preclinical, and differential biomarkers for devil facial tumour disease (DFTD) were 

discovered using novel extracellular vesicle approaches and, with traditional techniques, 

hybridomas that produced anti-devil CD8α monoclonal antibodies were successfully developed 

to assist in lymphocyte identification. This thesis demonstrated that these approaches could 

contribute to key conservation and management needs for emerging diseases, including disease 

surveillance (e.g., early detection, evaluation of trends in prevalence or incidence) and 

investigation of host responses to disease. In addition, the implementation can be used to inform 

treatment strategies and improve our understanding of disease mechanisms. In this concluding 

chapter, the potential contributions of the tools developed during this thesis to the conservation 

of the Tasmanian devil will be summarised. Armed with the tools developed, some gaps in the 

understanding of DFTD were filled and will be discussed. Finally, the role of devils as natural 

models for other cancers, and insights from this unique disease-system that may be relevant to 

other wildlife diseases are discussed. 

 Addressing the reagent gap provided insights into DFTD 
pathogenic mechanisms 
Results reported in Chapter 3 revealed a reduced number of CD8+ and CD4+ lymphocytes in the 

peripheral blood of DFT1-infected devils relative to healthy control. Although not statistically 

significant, possibly due to limited access to PBMC from wild devils limiting individual numbers 

of devils for study, the results are consistent with advanced stages of cancers, where T cells 

numbers, especially CD8+ T cells have been reported to decline in human and veterinary cancers 

(Watabe et al., 2011, Ostroumov et al., 2018, Das et al., 2018, Chongsathidkiet et al., 2018). For 

this reason, studies using larger samples of diseased devils and/or devils with a greater variety of 

tumour volumes are warranted to further investigate the reduction of CD4+ and CD8+ 

lymphocytes in peripheral blood of devils infected with DFTD to determine selective depletion 

of T cell subtypes in advanced stages of DFTD. The reduction in CD4+ and CD8+ lymphocytes 

could also provide a tool to monitor devil health and disease progression. 

A major finding of this thesis was the detection of cell-adhesion molecules related to metastasis 

in EVs derived from cultured DFTD cells. DFT1 has been demonstrated to be highly metastatic, 

with documented cases of organotropism to regional lymph nodes, lungs and spleen (Loh et al., 

2006a). Interestingly, the analysis of tumour cell derived EV proteins reported in Chapter 4 found 

several cell-adhesion proteins that are strongly associated with lung metastasis (ITGA6, RalA and 
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RalB; Hoshino et al., 2015, Ghoroghi et al., 2021). To evaluate if these molecules presented in 

DFTD EVs are associated with a higher proportion of lung metastasis in devils, studies correlating 

the levels of these proteins presented in serum EVs derived from euthanised late-stages DFTD-

infected devils and their necropsy findings are warranted. Additionally, mesenchymal proteins 

were enriched in DFT2 EVs relative to DFT1 EVs, in both the in vitro and in vivo studies of 

Chapter 4 and Chapter 5. Mesenchymal proteins are associated with more aggressive cancer 

phenotypes (Visvader and Lindeman, 2008, Ksiazkiewicz et al., 2012, Wang and Zhou, 2013, 

Syn et al., 2016). Therefore, further investigation of these proteins, for example using DFTD 

tumour cell migration assays, could reveal clues about their contribution to DFT2 tumorigenesis 

and metastatic behaviour. EVs have opened a new avenue of research to further investigate 

unknown metastasis mechanisms in DFTD, which can lead to new therapeutic targets to combat 

this transmissible cancer.  

In Chapter 5, in addition to the identification of EV CATH3 as a preclinical biomarker, several 

complement proteins were enriched in EVs derived from devils infected with DFT1, including 

the membrane attack complex (MAC), comprised of the five complement proteins C5, C6, C7, 

C8, and C9 (Pilzer et al., 2005). The abundance of these complement proteins across samples 

were highly correlated (Figure 5.6), indicating they were contained in similar amounts within EV 

samples, which would be expected if they are forming the MAC complex. EVs carrying 

complement proteins were not identified in EVs derived from in vitro cultured DFTD cells, 

therefore the enrichment of MAC-containing EVs is likely due to secretion by host cells. Two 

possible scenarios could explain this enrichment. First, the increase of MAC-containing EVs 

could be due to the inflammation and secondary infections that typically accompany DFTD 

tumours. This situation has been seen in other inflammatory and septic diseases (Karasu et al., 

2018). In the case of severe sepsis, complement responses have been shown to negatively 

influence the immune response, even leading to multiorgan failure (Rittirsch et al., 2012). For 

example, non-survivors of septic shock had greater numbers of EVs carrying C5aR relative to 

survivors (Unnewehr et al., 2013). This could be the case of the increased levels of EV bearing 

C5 molecules derived from serum of DFT1-infected devils as these increased in advanced stages 

of the disease. Another possibility is the increased MAC-containing EVs could be a specific 

response to DFT1 cells that may have a pro- or anti-tumour role, as the MAC complex have been 

associated with both roles in cancer (Fishelson and Kirschfink, 2019). Complement proteins 

associated with EVs is one further example of the wealth of information that EVs can provide 

about a disease system. 
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 Addressing the reagent gap aids Tasmanian devil conservation 
The management of diseases in the wild requires multidisciplinary and integrative approaches 

that combine research and surveillance strategies (Ryser-Degiorgis, 2013). The collection of high-

quality samples in the field and the availability of the requisite clinical tools are essential to 

achieve these goals. The three experimental chapters of this thesis demonstrated the feasibility of 

collecting quality samples in the wild that can be used to test clinical and research tools. Chapter 

3 is the first known study to deploy an aseptic portable laboratory in remote locations for 

collection and cryopreservation of peripheral mononuclear devil cells in the field. The 

methodological approach used throughout this thesis allowed the collection of devil peripheral 

mononuclear cell and serum samples that were indispensable for the development of research and 

clinical tools for increasing the range of conservation strategies for the Tasmanian devil. By 

extension, this methodology can provide lessons and guidelines for studies of other wildlife 

diseases. 

6.2.1 Expanding the research toolbox for DFTD 

In addition to innovating with novel extracellular approaches to study DFTD, an expansion of 

research capacity for the study of DFTD was achieved with the development of a monoclonal 

antibody (mAb) against devil CD8+ T cells. A management priority for DFTD is the development 

of prophylactic therapies, such as a vaccine or immunotherapy (Save the Tasmanian Devil 

Program, 2020). Studies of the devil immune system and research into the development of a 

vaccine against DFT1 has been in progress since 2006. The anti-devil CD8α mAb is a crucial tool 

to evaluate the immune profile of devils and the effectiveness of a vaccine to generate cell-

mediated immunity. 

The new devil CD8α mAb provided evidence for a CD4- CD8- non-B cell population consistent 

with natural killer (NK) cells or natural killer T cells, possibly γδ T cells or mucosal associated 

invariant T (MAIT) cells. Activated NK cells, unlike CD8+ T cells, can kill tumour cells though 

direct cytotoxicity without the need for MHC-I expression (Regan et al., 2016). As DFTD 

downregulates MHC-I, it would be assumed that NK cells would then target the tumour cells. 

Given the high prevalence of DFTD in the wild, this does not seem to occur. This suggests that if 

competent NK cells are present in devils, DFTD uses unknown mechanisms to evade the NK first 

line of immunosurveillance. Results from Chapter 3 demonstrated that a substantial fraction of 

CD4-/CD8-/non-B lymphocytes hypothesised to be NK or NKT cells can be activated using 

mitogens and produce considerable amounts of IFNG. Future work could expand the panel used 

in the current study to confirm the identity of this subpopulation, for example with the 

incorporation of a CD3 antibody to confirm the presence of CD3+ NKT cells. Preliminary 

evidence has suggested that the Tasmanian devil may have populations of NKT and MAIT cells 
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(Dale Godfrey, Doherty Institute, University of Melbourne, personal communication). The anti-

devil CD8α can also facilitate further functional investigation of the CD4-/CD8-/non-B cell 

populations by allowing their isolation for subsequent molecular characterisation (e.g., mRNA-

sequencing).  

The identity and function of the non-T non-B population is of particular interest, as NK cell 

activation has been a target of immunotherapy in other species. For example, the administration 

of cationic liposome-DNA complexes can stimulate NK cells and significantly control the growth 

of canine osteosarcoma metastases (Dow et al., 2005) and inhibit tumour angiogenesis in dogs 

with soft tissue sarcoma (Kamstock et al., 2006). As the development of immunotherapy 

approaches for devils has been identified as a research priority (Save the Tasmanian Devil 

Program, 2020), activation of potential devil NK cells in the CD4-/CD8-/B- lymphocyte 

subpopulation with these compounds may prove to be a fruitful area for future work. Thus, this 

thesis uncovered the potential to investigate this IFNG-producing CD4-/CD8-/B- subpopulation 

to understand potential immune evasion mechanisms used by DFTD, and potentially for the 

design of effective therapeutics.  

The anti-devil CD8α antibody could serve to recognise specific CD8+ T cells in vaccinated devils 

using in vitro assays, such as antigen-specific proliferation or IFNG recall assays. These assays 

will allow the evaluation of CD8+ induced immune responses to different vaccination protocols, 

and to investigate the duration of CD8+ T cell memory to plan immunisation protocols. The devil 

CD8α mAb will not only benefit vaccine development but assist understanding any cell-mediated 

immune responses in DFT1 resistant devils. The small proportion of devils that have presented a 

natural tumour rejection in the wild have shown a humoral response against DFT1 tumour cells 

(Pye et al., 2016a). However, whether CD8+ cytotoxic T cells are involved in this protective 

immune response is currently unknown. Thus, when resistant devils are trapped in the field, the 

isolation of its peripheral mononuclear cells using the field-based methodology reported in this 

thesis could help answer this crucial question. This would allow the investigation of natural 

immune responses from T cells, including CD8+ T cells using the anti-devil CD8α mAb, 

permitting a deeper understanding of tumour rejection mechanisms which can serve as lessons 

for vaccine and immunotherapy strategies to combat DFTD.  

Immunotherapeutic strategies for DFTD that are to be tested in wild DFTD-infected individuals 

brought to captivity are currently being planned (Andy Flies, personal communication). Cytotoxic 

CD8+ T cells constitute the backbone of cancer immunotherapy, aiming to strengthen the 

patient’s immune system to combat cancer (Raskov et al., 2021). Immune-checkpoint inhibitors 

aim to block suppressive immune receptors to aid dysfunctional or exhausted CD8+ T cells 

(Sharpe, 2017). During advanced stages of cancer, CD8+ T cells can become exhausted and 
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upregulate a wide range of inhibitory receptors on their surface that limit their effectiveness, such 

as PD-1 and CTLA-4 (Baitsch et al., 2011). The developed anti-devil CD8α mAb will allow the 

identification of checkpoint molecules such as PD1 and CTL4 on the surface of CD8+ T cells by 

allowing the cells to be isolated from the blood of DFTD infected devils at different stages of the 

disease, providing important insights about DFTD immune escape mechanisms. For instance, If 

CD8+ T cells present PD-1 receptors on their surface at late stages of DFTD, using a ‘devilised’ 

PD-1 monoclonal antibody immunotherapy to block PDL-1 molecules on the surface of DFTD 

tumour cells could help to reactivate exhausted T cells (Flies et al., 2016).  

6.2.2 Expanding the diagnostic toolbox for DFTD 

The development of a test for the early detection of devil facial tumour disease has been a high 

priority for DFT1 management since the emergence of a coordinated response to the epidemic 

nearly two decades ago (Save the Tasmanian Devil Program, 2020). The results presented in 

Chapter 5 of this thesis demonstrate the means to develop an early DFT1 diagnostic test. The 

protein cathelicidin-3 (CATH3) was enriched in serum EVs of both devils with clinical DFT1 

infection and latent devils 3 to 6 months before diagnosis. CATH3 enrichment identified overt 

DFT1 with 87.9% sensitivity and 94.1% specificity and predicted future diagnosis of latent DFT1 

with 93.8% sensitivity and 94.1% specificity. This biomarker has several advantageous 

characteristics for clinical use as a diagnostic. First, it can be measured in EVs isolated from small 

amounts of frozen serum, which is readily and routinely collected from wild devils, thus a test 

based on the biomarker will be widely applicable. Also, high diagnostic power can be derived 

from a single protein rather than a multi-biomarker panel, conferring clinical practicality. 

Simultaneously achieving early cancer detection sensitivity and specificity levels on par with 

these results is uncommon with a single protein biomarker (e.g., Melo et al., 2015, Khan et al., 

2012, Khan et al., 2014, Moon et al., 2016). Thus, this thesis delivers the first EV biomarker for 

preclinical detection of DFT1, and the potential means to design and implement critical 

management actions. As such, this study reaffirms that the proteomes of extracellular vesicles in 

blood can be a source of reliable diagnostic biomarkers for cancer. 

One of the main objectives of the Save the Tasmanian Devil Program (STDP) is to develop a 

prophylactic therapy such as a vaccine or immunotherapy for DFTD. The implementation of this 

biomarker approach into an early diagnostic test is crucial to determine which devils are 

potentially infected with DFT1. Such an approach will aid in the understanding of the efficacy of 

any prophylactic deployment in the wild, such as a proposed oral bait vaccination approach (Flies 

et al., 2020). Having a test capable of diagnosing DFT1 early would allow the identification of 

latent DFT1 cases occurring prior to, or during, vaccination or immunotherapy trials. 

Combination of primary (vaccination) and secondary (early diagnosis) prevention for DFTD is a 
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key strategy to combat these cancers in the wild, as demonstrated in successful human cervical 

cancer control programs (Kessler, 2017).  

This preclinical DFT1 biomarker will enable identification of new outbreaks before tumours 

appear, allowing the implementation of early warning responses. Efficacious responses to new 

outbreaks will also depend on whether latent devils can transmit DFT1, a prominent knowledge 

gap. For example, in the case that devils with latent DFT1 are not infectious, as proposed by 

McCallum et al. (2009), the preclinical biomarker could potentially be used to prevent the spread 

of DFT1 to the remaining healthy populations (Figure 1.1) by removing DFT1-infected devils 

while the disease is still latent. DFTD suppression through culling was previously used in the 

semi-isolated Forestier Peninsula in the southeast of Tasmania without success in reducing DFTD 

prevalence. This management tool was hypothesised to be unsuccessful in part due to the lack of 

a preclinical test (Beeton and McCallum, 2011). Therefore, the new CATH3 preclinical 

biomarker could fill this gap and allow this management tool to be efficient in places in which 

the disease has not yet arrived. The CATH3 preclinical biomarker could also be used to test the 

crucial question of whether DFT1 can be infectious at latent stages. This assumption could be 

tested with experimental transmission studies, in which clinically healthy animals with high levels 

of CATH3 EVs (presumably latent individuals) are held in captivity together with healthy 

individuals (e.g., captive devils or individuals with low serum EV CATH3 levels) to evaluate 

latent transmission of DFT1 and determine how long individuals take to develop tumours. 

Determining if DFT1 is contagious during the latent period of the disease is key for improving 

our understanding of its epidemiology. Additionally, it would allow refinement of transmission 

models when integrated with empirical data on devil social interaction rates (Hamilton et al., 2020, 

Hamilton et al., 2019). Identifying incubatory latent DFT1 individuals could also shed light on 

the evolutionary dynamics of DFT1, another STDP research priority. For example, it is known 

that a small proportion of wild devils can reject tumours in the wild, which has been associated 

with a host immune response against tumours (Pye et al., 2016a, Hamede et al., 2021). However, 

the existence of DFT1 resistance (i.e., disease rejection) in devils before tumours appear is 

uncertain, due to the lack of a preclinical test. The implementation of CATH3 EVs as a preclinical 

biomarker will allow this hypothesis to be explored and provide resolution of the extent to which 

resistance is emerging in devil populations. The use of CATH3 EVs as an early DFT1 biomarker 

will thus enhance research on the evolutionary and epidemiological dynamics of DFT1. 

Another important management strategy implemented by the STDP is the maintenance of DFTD-

free insurance populations. Both free-living and captively managed insurance populations provide 

a reservoir of devil genetic diversity and are also used for translocations into the wild (Hogg et 

al., 2019b). However, before animals can move freely between captive or DFTD-free wild 

insurance populations (e.g., Maria Island), devils need to be kept in quarantine facilities for a 
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minimum of 15 months to ensure complete separation of possible DFT1 infected devils from 

healthy individuals (Save the Tasmanian Devil Program, 2017). As such, for each devil that enters 

an insurance population, multiple devils likely need to be captured, transported to a quarantine 

facility, and monitored for a year or more. The use of CATH3 to screen out infected devils during 

the latent period could therefore significantly reduce the number of infected animals held in 

quarantine and the associated costs. Currently, there is no information about the latent period of 

the more recently discovered transmissible devil facial tumour cancer DFT2, therefore wild devils 

from the D’Entrecasteaux Channel region (Figure 1.1) are not permitted into captive or insurance 

populations (Save the Tasmanian Devil Program, 2017). In this thesis, devils in latent stages of 

DFT2 were not evaluated, as the number of devils identified with DFT2 as of the last report is 

limited (James et al., 2019). However, results from Chapter 4 demonstrate that the protein 

tenascin-C (TNC) associated with EVs can accurately differentiate DFT1 and DFT2 using in vitro 

and in vivo approaches. These results have the potential to identify a specific early biomarker for 

DFT2 and/or investigate whether CATH3 can also serve to detect DFT2 latent stages, as elevated 

levels of CATH3 were identified in devils overtly infected with DFT2. This would help to rapidly 

detect new DFT2 outbreaks across of Tasmania and contribute to ongoing efforts for determining 

the distribution and impact of DFT2. 

Considering the benefits that these EV biomarkers will provide to the management efforts of 

DFTD, the logical next step is the development of standardised diagnostic tests or assays for 

DFTD based on biomarkers. Such assays must be cost-effective, scalable, and rapid. The literature 

offers a wide range of techniques to apply an EV protein biomarker into a more rapid technique 

than the mass spectrometry methodology applied in this thesis. For instance, the development of 

pre-clinical assay based on cytometric bead array assay would provide the desired attributes for a 

DFTD diagnostic. To do so for DFT1, firstly it would be necessary to develop anti-CATH3 

antibodies compatible with flow cytometry to determine whether CATH3 is intra-vesicular or 

surface cargo, with flow cytometry bead array assays (Theodoraki et al., 2020). Developing a 

rapid diagnostic assay for latent DFT1 would also allow the assessment of the preclinical 

diagnostic value of CATH3 biomarker in animals with a greater range of latency (3 to 13 months 

before DFT1 diagnosis). The availability of this preclinical test and ability to detect latent DFT1 

infection would provide an unprecedented increase in capacity of research, monitoring and 

management actions for the iconic Tasmanian devils. 

 Lessons from addressing the reagent gap applied to other species. 
The development of research and diagnostic tools for DFTD included in this thesis provide 

lessons for the study of other disease-systems. These lessons and insights will be discussed in turn 

according to the technique or approach from which each was derived.  
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6.3.1 Traditional approaches: Monoclonal antibodies  

Over the previous three decades, monoclonal antibodies (mAbs) have been extensively used as 

investigative research tools, in diagnostic assays and as powerful therapeutics agents (Singh et al., 

2018). However, compared to human and mouse, there is a lack of such reagents for most non-

model species. Moreover, commercial human and mice mAb have presented little cross-reactivity 

with the Tasmanian devils. To increase the versatility of reagents developed as research tools, the 

anti-devil CD8α mAb can be tested for cross-reactivity firstly in marsupials that also lack a CD8α 

mAb. This would work best with marsupials that have a high percentage of amino acid homology 

as reported in Chapter 3, including wombats, tammar wallabies and koalas. Furthermore, the anti-

devil CD8α mAb can be also tested for cross-reactivity in related carnivorous marsupials that, 

apart from needing specific reagents, also lack complete genome sequences, such as antechinuses 

(Antechinus minimus), eastern quolls (Dasyurus viverrinus), spotted-tailed quolls (Dasyurus 

maculatus), of which the latter two have a CD4 which preliminary experiments suggest cross 

react with anti-devil CD4 mAb. If the anti-devil CD8α mAb cross reacts with material of other 

species, it would likely help the research of other wild species. Previous studies have 

demonstrated that antibodies can cross-react and identify its target molecule on material from 

other related species. For instance, antibodies used in livestock have been adapted to wild 

ungulate systems (Jolles et al., 2008, Ezenwa et al., 2010, Graham et al., 2010). Furthermore, 

circulating CD4+ and CD8+ T cells were measured in wild-caught kestrels using flow cytometry 

and mouse antiavian monoclonal antibodies originally designed for poultry (Lemus et al., 2010).  

6.3.2 Novel approaches: Extracellular vesicles 

Alternative approaches to identify disease markers include the analysis of EVs. EVs can be 

released by the disease (e.g., cancer) or in response to a disease (e.g., immune response). This 

thesis reports that the use of extracellular vesicle approaches in the context of a disease affecting 

a wild species can provide invaluable lessons for discovering biomarkers for other wildlife species 

and their diseases. One of the main challenges for management of diseases in the wild is the lack 

of diagnostic tools. Tools for early diagnosis of disease are necessary in wildlife medicine to 

implement early warning systems, which are critical considering that these diseases can be 

zoonotic or drive species’ extinction (Ryser-Degiorgis, 2013). In Chapter 5, an EV approach 

yielded an accurate early diagnostic biomarker for DFT1 in devil serum, demonstrating this 

approach has promise for needed diagnostics for other diseases affecting wild species that have 

eluded development efforts. As EVs are also released from cells infected by viruses (Nolte et al., 

2016), EV approaches could be investigated for preclinical biomarker discovery for the viral 

wobbly possum disease (WPD) affecting the common brushtail possum (Trichosurus vulpecula) 

in New Zealand and Australia (Mackintosh et al., 1995, Perrott et al., 2000, Tolpinrud et al., 2020). 

WPD is a fatal neurological disease that is diagnosed based on neurological clinical signs in 



137 
 

conjunction with typical histological changes. Once neurological signs are present the disease is 

fatal and there are no known treatment options. An EV-based preclinical test to detect WPD would 

be beneficial to control this disease in Australia and model its use as a biological control for New 

Zealand, where this marsupial is an invasive pest.  

6.3.3 Devils as a model for cancer 

Undoubtedly, cancer in wild animals presents an underutilised source of information with 

implications for human oncology and medicine in general. Although laboratory mice are the most 

commonly used models in general cancer studies, the average rate of successful translation from 

mice models to clinical cancer trials is less than 8% (Mak et al., 2014). For these reasons, 

researchers have increasingly proposed the use of wild animals as natural cancer models, as they 

have more similarities to humans than laboratory animals in terms of genetic diversity, lifespan 

and environment exposures (Abu-Helil and van der Weyden, 2019, Flies and Consortium, 2020, 

Kattner et al., 2021). As DFTD encompasses genetically identical cancers affecting genetically 

diverse individuals, it can serve as a model for comparative oncology. For instance, DFTD can 

provide insights about cancer evasion mechanisms as the DFTD-system has already demonstrated 

the presence of complex immune mechanisms to avoid host responses similar to those in humans. 

In addition, as one of the reasons why DFTD cells are not recognised as foreign is the epigenetic 

downregulation of MHC-I from the tumour cell surface (Murchison et al., 2012), DFTD might 

provide a ‘natural’ mechanistic model for reducing tissue rejection in transplant recipients by 

reducing the need for immunosuppressants.  

The results of this thesis reaffirm the fact that DFTD can serve as a ‘natural’ model for cancer in 

several ways. Firstly, the DFTD-system allows the examination of the effect of a single tumour 

on the EV signature and biomarker expression of phenotypically diverse individuals. The early 

DFT1 biomarker identified in this thesis (CATH3) could provide insight into cancer responses 

more broadly and represents a possible target for the development of anticancer drugs as the sole 

human cathelicidin (LL-37) has been proposed as a novel cancer treatment in humans (Kuroda et 

al., 2015), yet Tasmanian devils express a diverse range of unique cathelicidin peptides. 

Additionally, the EV-based liquid biopsy approaches used in this thesis affirmed the potential to 

address gaps in available cancer diagnostic tools for other species that yet elude development 

efforts. Finally, the EV CATH3 biomarker also opens the scope of human and animal cancer 

studies to include non-tumour derived cancer markers that result from altered physiology during 

tumour development and progression.  

 Future Directions and Conclusions  
DFTD has threated the viability of Tasmanian devils in the wild, driving the species to the brink 

of extinction (McCallum et al., 2009). Recent modelling studies project that devils may reach an 
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equilibrium with DFT1 in the near future and thus co-exist with the disease, with the probability 

of extinction estimated at approximately 20% (Patton et al., 2020, Wells et al., 2019). 

Notwithstanding these predictions, the high mortality rate and low population densities of the 

species is a concern for the species and their ecological role as Tasmania’s largest native carnivore. 

Weakened DFTD-infected populations are more susceptible to other threats, including the second 

transmissible cancer, DFT2 (Pye et al., 2016b, James et al., 2019). If DFT2 spread across 

Tasmania, it would likely have disastrous consequences for the susceptible devil populations 

already facing DFT1. Thus, the preparation for unfavourable scenarios for devil populations is 

still a priority. Availability of the tools needed for diagnosis of DFTD and research on its 

interaction with the devil’s immune system are critical to underpin this preparation. At the outset, 

this thesis aimed to increase the reagent and clinical toolbox for DFTD. The results throughout 

Chapters 3, 4 and 5 demonstrate that by using a combination of traditional and novel approaches, 

it is possible to increase capacity for devil research and conservation management with the 

development of research and diagnostic tools. Also, the results have provided lessons that 

addressing the ‘reagent gap’ not only expand tools for future conservation measures, but also help 

to better understand disease, elucidating new possible pathogenic mechanisms.  

The use of the newly developed CD8α mAb provided evidence of natural killer cells, which has 

been a research gap in the DFTD-system. This thesis has also provided the first proteomic 

characterisation of EVs derived from cultured DFTD cells and devil serum. Additionally, this 

thesis demonstrates the potential of EV approaches to detect functional differences between 

clinically indistinguishable DFT1 and DFT2 cell lines that were not detectable in the evaluation 

of whole cell proteomes. These differences were also found in vivo, demonstrating the potential 

of secreted EVs to differentiate between DFTD subtypes, which will establish a new paradigm in 

the diagnosis of this cancer, and demonstrate an approach to differential diagnosis that may prove 

useful for subtypes of other diseases. Finally, but not least importantly, these results have provided 

the first and sole preclinical biomarker for DFT1.  

Several key areas for future devil research have been identified or enabled by this thesis. The 

development of a devil CD8α mAb (Chapter 3) will be essential for immunophenotyping, and to 

characterised cell immune responses in the testing of therapeutic strategies. The CD4- CD8- B- 

lymphocyte population identified with this mAb and hypothesised to be natural killer or natural 

killer T cells also present a future direction for investigation, which should confirm the identity 

of these cells and investigate their functionality to determine how DFTD evades the first line of 

immunosurveillance. The EV-proteomics datasets provided in Chapters 4 and 5 provide valuable 

resources for future studies of EVs in the DFTD system, which should include migration assays 

to determine the role EVs play in the metastatic process, and investigation of other EV cargo (e.g., 

nucleic acids).  
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This thesis investigated EV protein biomarkers for DFTD solely from serum, due to availability 

of archived samples (section 2.3.2). However, it would be valuable to also investigate EVs from 

plasma in future proteomic studies. Using plasma rather than serum as a source of EVs might 

provide a larger number of exosomal proteins (Cao et al., 2019) and a smaller number of platelet 

derived EVs (Palviainen et al., 2020), which may facilitate the discovery of other useful EV 

protein biomarkers for DFTD. Additionally, future DFTD biomarker discovery studies should 

explore alternative EV isolation techniques. While the size exclusion chromatography used in this 

thesis was successful at isolating extracellular vesicles in the exosome size range that yielded 

useful protein biomarkers, other EV isolation methods would allow the exploration of the 

molecular cargo of a wider size range of extracellular vesicles. For instance, using larger pores 

for size exclusion chromatography columns and differential ultracentrifugation would allow 

isolating larger extracellular vesicles (e.g., microvesicles and oncosomes) (Coumans et al., 2017), 

and thereby explore new potential biomarkers for DFTD. 

Future work should validate the DFT1-DFT2 EV differential biomarker candidate presented in 

Chapter 4 as further DFT2 samples become available, which may form the basis for a needed 

serum-based differential diagnostic for DFTD. A key direction for future work is the development 

of the CATH3 preclinical DFT1 biomarker, identified by mass spectrometry, into a scalable, cost 

effective and rapid test, likely a flow cytometry bead array assay. The availability of this test 

would immediately aid conservation efforts (e.g., epidemiological monitoring, maintenance of 

insurance populations, and deployment of vaccines and preventative measures). In summary, the 

reagents developed through this thesis will greatly enhance the capabilities of ongoing efforts to 

better understand DFTD pathogenesis and ensure the viability of remaining populations of the 

iconic Tasmanian devil.  
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Appendix A 

 
Figure A.1. Polyclonal antiserum testing for the anti-devil CD8α mAb development. After the third 

immunisation with the devil CD8α antigen, mouse serum was tested. A. Flow cytometry histogram plots 

showing binding from 6 mice polyclonal antiserum to devil peripheral blood mononuclear cells (PBMC) at 

different dilutions (1/50 and 1/100). B. Flow cytometry histogram plots showing binding from 6 mice 

polyclonal antiserum to transfected Chinese hamster ovary cells (CHO) line expressing devil CD8α protein 

(CHO.PAF35). C. Flow cytometry histogram plots showing binding of the strongest binding polyclonal 

antiserum (#9782) to devil peripheral blood mononuclear cells (PBMC) at different dilutions.  
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Table A.1. Indirect ELISA performed by Genscript (Piscataway, New Jersey for hybridoma testing for 

anti-devil CD8α monoclonal antibody development. A = recombinant devil CD8α antigen. B = His tag 

protein. Coating concentration used was 1μg/ml, 100μl/well with a coating buffer of phosphate buffered 

saline (pH = 7.4). The secondary antibody used was peroxidase-AffiniPure goat anti-mouse IgG. 

 

 

 

Figure A.2. Hybridoma testing for the anti-devil CD8α mAb development. Flow cytometry histogram 

plots showing binding of the best five hybridoma clones derived from the mouse #9782 against devil 

PBMCs and CHO.PAF35. 
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Figure A.3. Immunohistochemistry (IHC) of devil lymph nodes and spleen using culture supernatant 

of cultured devil CD8α producing hybridomas. IHC images of devil spleen and lymph nodes are derived 

from a devil (TD 488) and visualised using 20 X objective. The scale bar in the lower right of each image 

is 100 µm. Negative controls were stained with an isotype control antibody (mouse IgG1 kappa mAb). 

Positive controls used a validated anti-devil CD8α mAb.  
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Appendix B 
Appendix B.1. Differential expression analysis of EV proteins derived from cultured DFT1, 

DFT2, and devil fibroblasts cells. 

Appendix B.2. Over representation analysis (ORA) for gene ontology terms, protein families, 

and pathways of the EV proteins upregulated in cultured DFT1 and DFT2 relative to cultured 

devil fibroblasts, and EV proteins upregulated in cultured devil fibroblasts relative to cultured 

DFT1 and DFT2.  

Appendix B.3. Differential expression analysis of lysate proteins derived from cultured DFT1, 

DFT2, and devil fibroblasts cells. 

Appendix B.4. Over representation analysis (ORA) for gene ontology term, protein families, and 

pathways of the lysate proteins upregulated in cultured DFT1 and DFT2 relative to cultured devil 

fibroblasts cells, lysate proteins upregulated in cultured devil fibroblasts relative to cultured DFT1 

and DFT2 cells, and lysate proteins upregulated in cultured DFT1 relative to cultured DFT2 cells.  

Appendix B.5. Gene set enrichment analysis of EV proteins associated with cultured DFT1, 

DFT2, and devil fibroblasts cells.  

Appendix B.6. Gene set enrichment analysis of lysate proteins associated with cultured DFT1, 

DFT2, and devil fibroblasts cells.  

Appendix B.7. Differential expression analysis of proteins found in EVs derived from devil 

serum. 

Appendix C 
Differential expression analysis of proteins found in EVs derived from devil serum in the 

discovery and validation datasets. LINK 
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