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Abstract 

Tasmanian devils (Sarcophilus harrisii), an icon of Tasmania, have been facing an ongoing threat 

for the past 25 years from devil facial tumour (DFT) disease caused by two independent 

transmissible cancers known as DFT1 and DFT2. Both tumour types are clonal cell lines, 

genetically distinct from host devils, and are transmitted as allografts through biting. Despite a 

functionally competent immune system that can mount cytotoxic and humoral responses against 

skin allografts, evidence of protective natural anti-DFT immunity in wild devils is rare, 

suggesting tumour circumvention of the immunological barriers to both cancer and allograft.  

The major histocompatibility complex class I (MHC-I) antigen presentation pathway plays a key 

role in adaptive immunity and is exploited in DFT cells to reduce tumour immunogenicity. DFT1 

cells do not express MHC-I molecules on the cell surface. In DFT2, MHC-I molecules are 

expressed, but the most highly expressed allele commonly matches alleles in host devils, reducing 

the differences between host and tumour MHC for strong allogeneic responses. Monomorphic 

non-classical MHC-I molecules are also upregulated in DFT2 cells, likely inhibiting T cell and 

natural killer (NK) cell responses.   

In this thesis, the role of MHC expression on DFT cells in anti-DFT immune responses was 

investigated through in vitro assays using tissue samples from wild and captive devils. Stable 

expression of MHC-I and MHC-II molecules was induced in DFT cells through genetic 

modification of a variety of MHC regulators. Using RNA and protein expression studies such as 

RNA-sequencing, RT-PCR, flow cytometry, and western blot, the function and activities of 

selected genes in DFT cells were elucidated.  

The inflammatory cytokine interferon-gamma (IFNG) is a potent immune-modulatory molecule 

that can stimulate MHC-I expression on multiple cell types including DFT1 cells. However, 

IFNG is a pleiotropic cytokine with diverse downstream activities that encompass both anti-

tumour and pro-tumour effects. Chapter 3 demonstrates the use of a conditional gene expression 

system known as the tetracycline (Tet)-Off system to modulate the expression of IFNG in 

transfected DFT1 cell lines. Using this system, the addition and removal of doxycycline, a 

tetracycline derivative, effectively controlled the expression of IFNG at the transcriptional level, 

permitting on demand upregulation of MHC-I on DFT1 cells. This allowed DFT1 cells to 

proliferate for research and vaccine purposes prior to inducing IFNG expression and the 

associated anti-proliferative, cytotoxic, and immune-inhibitory effects of IFNG.  

The adverse side effects of IFNG introduces a barrier for prolonged stimulation of DFT cells for 

constitutive MHC-I expression. NLRC5 is an MHC-I transcriptional co-activator involved in 

constitutive and IFNG-mediated MHC-I expression in humans and mice. The role of NLRC5 as 
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an MHC regulator in devils was investigated in Chapter 4 through gene overexpression in DFT1 

and DFT2 cells. Transcriptomic results suggested that NLRC5 plays a significant role in MHC-I 

regulation in devils, demonstrating the capacity to drive the expression of several components of 

the MHC-I machinery. Interestingly, NLRC5 did not upregulate the immune-inhibitory molecule 

PDL1 that was induced by IFNG. The role of MHC-I in anti-DFT immune response was explored 

using serum samples from devils with immunotherapy-induced or natural tumour regressions. 

The B2M gene was knocked out from DFT1 cells using CRISPR technology to allow comparative 

analyses between antibody responses in the presence and absence of MHC-I on the cell surface 

of DFT1 cells. The diminished binding to B2M knockout compared to IFNG-treated and NLRC5 

cell lines suggest that MHC-I is an important target in antibody responses to DFT1 cells.  

MHC-II expression is crucial for CD4+ T cell activation and is primarily confined to 

haematopoietic antigen-presenting cells. DFT1 and DFT2 cells do not typically express MHC-II, 

but the overexpression of Class II transactivator (CIITA) in both cell types revealed CIITA 

regulation of MHC-I and MHC-II pathways. Transcriptomic analysis in Chapter 5 illustrated the 

activity of CIITA in detail and the ability to induce MHC-I and MHC-II expression in DFT1 

cells.  

In Chapter 6, the role of NLRC5- or CIITA-driven MHC expression in cell-mediated immunity 

was investigated by in vitro co-culture of devil PBMCs and DFT1 cell lines. Additionally, 

NLRC5- and CIITA-expressing DFT cell lines were modified to present co-stimulatory 

molecules CD80, CD86 or 41BBL to potentiate the immune response. The interaction between 

the tumour cell lines and PBMCs was analysed by flow cytometric-based assays that explored 

changes in PBMC and DFT1 cell viabilities, and upregulation of activation markers PD1 and 

IFNG on CD4+ and CD4- cells following MHC and co-stimulatory molecule expressions on 

DFT1 cells.  

In Chapter 7, the Tet-Off regulatory system is revisited to develop an inducible suicide gene 

system for attenuation of DFT cells in a live tumour cell vaccine. Pro-apoptotic molecules BAX, 

BAK1,or BOK were conditionally overexpressed in transfected DFT1 cells, using doxycycline 

to regulate their expression. The efficacy of each suicide gene system was analysed by flow 

cytometry and luciferase assay. 

Overall, this thesis provided molecular insights into the regulation of MHC-I and MHC-II 

pathways in DFT cells and devils. Additionally, MHC molecules were shown to be important 

targets for anti-DFT immunity. The knowledge about MHC regulation, and the tools developed 

in this thesis, can help advance the development of immunogenic targets for immunisation 

against DFTD. Moreover, the use of gene expression systems in DFT cells provides an avenue 
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of research for understanding gene function and aid in the development of vaccine and 

immunotherapeutic strategies for managing DFTD.   
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1.1 Introduction 
Antigen presentation represents a fundamental process in immune recognition of pathogens 

including non-self particles/bodies and the initiation of immune responses. The major 

histocompatibility complex (MHC) molecules play a key role in the adaptive immunity by 

presenting antigenic peptides for T cell recognition. The highly polymorphic MHC genes also 

play a role in establishing histocompatibility barriers that facilitate allorecognition and immune 

rejection of MHC-mismatched grafts. The dual role of MHC molecules in alerting the immune 

system to MHC-restricted antigenic peptides and non-self MHC proteins, are of particular 

importance to the immune response to transmissible cancers, which are simultaneously cancers 

and allografts.  

Naturally occurring transmissible cancers are rare; and only three transmissible cancers are 

known in mammals. These include the Tasmanian devil facial tumour type 1 (DFT1)1, Tasmanian 

devil facial tumour type 2 (DFT2)2, and the canine transmissible venereal tumour (CTVT)3. 

DFT1, DFT2 and CTVT present unique instances of successful transplantation of clonal cell lines 

across histocompatibility barriers. All three cancers manipulate the MHC-I antigen presentation 

pathway to reduce tumour immunogenicity and evade immune destruction4–6. In this literature 

review, DFT1 and DFT2, which cause the debilitating devil facial tumour disease in Tasmanian 

devils (Sarcophilus harrisii), are discussed as natural disease models that highlight the 

importance of MHC antigen presentation in allogeneic and anti-tumour immune responses.   

1.2 MHC in cancer and transplantation 
There has been much debate over the last century of the concept of cancer immunosurveillance 

and the role of the immune system in cancer. Several lines of evidence, including the increased 

risk of cancer in immunodeficient and immunosuppressed individuals, and the success of cancer 

immunotherapies, provide support for involvement of the immune system in recognition and 

elimination of tumours (reviewed in7). Similarly, the basis of transplant rejection is principally 

an immunological process encompassing both humoral and cellular mechanisms8.  

The recognition of ‘non-self’ tumour and foreign cells by the immune system is dependent on 

molecular cues that prompt responses from innate and adaptive immune cells. Molecular cues 

can come in the form of antigens, which are defined as “molecules that contain distinct sites or 

epitopes that are recognized and interact with various components of the immune system”9(p307). 

In cancer, tumour antigens are derived from a myriad of sources such as protein products of 

mutated, fusion, overexpressed, and lineage-specific genes, as well as glycoproteins and 

glycolipids.  
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Recognition of tumour antigens by one of the main effector cells of anti-tumour immunity, T 

cells, require cell surface presentation in the context of MHC molecules. MHC represents a group 

of highly polymorphic genes that code for glycoproteins comprising three main classes of MHC 

molecules: class I (MHC-I), class II (MHC-II) and class III (MHC-III)—with the first two having 

prominent roles in antigen presentation. MHC-I and MHC-II molecules are heterodimeric 

complexes that are involved in the transport and display of peptides onto the cell surface for CD8+ 

and CD4+ T cell recognition, respectively. In the following sections, it will be revealed as to how 

MHC molecules contribute to discrimination of tumour and allogeneic cells from normal self 

cells.  

1.2.1 MHC structure, expression, and regulation 
MHC-I 

The heterodimeric structure of MHC-I molecules consists of an MHC loci-encoded heavy chain 

with three extracellular alpha domains (α1, α2, α3) and a soluble beta-2-microglobulin (B2M) 

light chain encoded by the B2M gene outside of the MHC locus (Figure 1-1)10. B2M is bound 

non-covalently to the α3 domain and the whole molecule is anchored on the cell surface through 

the heavy chain transmembrane domain with a short cytoplasmic tail. The peptide-binding site 

of MHC-I molecules lies in the groove between the α1 and α2 domains, with preferential binding 

to peptides of 8−10 amino acids long11–14.  

 
Figure 1-1. Structure of MHC-I and MHC-II molecules.  

MHC-I molecules are expressed on nearly all nucleated cells and function to present peptides 

derived from endogenous cytosolic and nuclear proteins (or exogenously-derived proteins in 

cross presentation). The α3 domain interacts with the CD8 co-receptor on cytotoxic T cells, which 

stabilises the engagement of peptide-MHC-I complexes to the T cell receptor (TCR) for 

signalling15.  

The synthesis and surface presentation of peptide-loaded MHC-I complexes involve a series of 

events facilitated by multiple proteins, which constitute the MHC-I machinery (Figure 1-2) 
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(reviewed in16). The MHC-I antigen processing and presentation (APP) pathway begins with the 

degradation of ubiquitylated-endogenous proteins by proteasomes in the cytosol or nucleus. 

Proteasomes have a proteolytic 20S core particle consisting of four stacked rings with α subunits 

forming the outer two rings and β subunits in the inner two17. The catalytic sites of proteasomes 

reside in the inner β rings where three of the seven subunits in each ring (β1 or PSMB6, β2 or 

PSMB7, β5 or PSMB5) each perform different enzyme-like activities. In the event of an immune 

response where interferons (IFNs) such as IFN gamma (IFNG) or tumour necrosis factor A 

(TNFA) are produced, the β subunits are replaced with β1i (PSMB9), β2i (PSMB10), and β5i 

(PSMB8), forming an immunoproteasome17. Immunoproteasomes differ from 20S proteasomes 

in their peptidase activity, which may influence the peptide repertoire of MHC-I epitopes 

qualitatively or quantitatively18,19. Besides peptide-cleavage, peptide-splicing can occur in the 

proteasome, creating peptide epitopes not encoded in the genome20.   

The next step involves the translocation of peptides into the endoplasmic reticulum (ER) lumen 

where MHC-I heterodimers are synthesised. Peptides from the cytosol are actively transported 

into the ER via an ATP-hydrolysis mechanism mediated by heterodimer transporter associated 

with antigen processing 1 (TAP1) and 2 (TAP2) proteins21. In the ER, a peptide-loading complex 

of nascent MHC-I glycoproteins and chaperone proteins are coordinately assembled in 

association with TAP proteins. Newly synthesised MHC-I alpha chains are first folded with the 

assistance of chaperones calnexin (CANX) and thiol oxidoreductase (ERp57), in a conformation 

conditioned for B2M binding22,23. After the formation of MHC-I-B2M dimer, CANX is released 

in exchange for calreticulin (CALR), which recruits free MHC-I molecules to the peptide-loading 

complex24. At the peptide-loading complex, tapasin (also known as TAP binding protein 

(TAPBP)) forms conjugates with both TAP proteins and ERp57 to stabilise the conformation of 

MHC-I molecules for efficient peptide-loading25. High-affinity peptides are loaded onto the 

peptide-binding grooves of MHC-I molecules by tapasin26,27. Once bound, the stable peptide-

MHC-I trimer is released from the peptide-loading complex and exported out of the ER to the 

cell surface through the Golgi apparatus. Peptides longer than 8–10 residues in the ER undergo 

further trimming by ER aminopeptidases ERAP1 and ERAP228. Meanwhile, unbound peptides 

are removed from the ER and are either degraded or trimmed in the cytosol for recycling back 

into the ER29,30. MHC-I molecules without peptides are generally unstable on the cell surface and 

are internalised for degradation once B2M dissociates from the heavy chain31. 
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Figure 1-2. MHC-I antigen processing and presentation pathway. Endogenous proteins are 
degraded by proteasomes in the cytosol into peptides. The peptides are transported into the 
endoplasmic reticulum by transporter associated with antigen processing (TAP) proteins. A 
peptide-loading complex of tapasin, ERp57 and calreticulin (CALR) stabilises the conformation 
of MHC-I molecules for efficient peptide loading. Once high affinity peptides are bound to the 
peptide-binding grooves of MHC-I molecules, the peptide-MHC-I complex is transported 
through the Golgi apparatus for presentation on the surface of the cell to CD8+ T cells.  
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The expression of MHC-I and B2M genes is regulated by several conserved cis-regulatory 

elements at the proximal promoter (reviewed in32) (Figure 1-3). Enhancer A, IFN-stimulated 

response element (ISRE), and the SXY module are three major regulatory elements that mediate 

constitutive and inducible expression of MHC-I heavy chains and B2M33,34. Enhancer A and ISRE 

are bound by transcription factors nuclear factor kappa B (NF-κB) and members of the interferon 

regulatory factor (IRF) family, respectively, thus are sensitive to stimulation by cytokines such 

as TNFA and IFNG35,36.  

The SXY module, which is a composite of the S or W (W/S), X1, X2 and Y boxes, modulates 

MHC-I (and B2M) transcription through the docking of a multi-protein complex known as the 

MHC enhanceosome33. The X1 box of the SXY module is a platform for the regulatory factor X 

(RFX) complex, which consists of RFX5, RFX-associated ankyrin-containing protein 

(RFXANK) and RFX-associated protein (RFXAP)37–40. Meanwhile the X2 box provides binding 

sites for cAMP-responsive-element-binding protein 1 (CREB1) and activating transcription 

factor 1 (ATF1), and the Y box for nuclear transcription factor Y (NFY) of three subunits NFYA, 

NFYB, and NFYC33,41–43. The transcription factor(s) that interact with the W/S box still remains 

to be characterised.  

The recruitment of each of these transcription factors to the SXY module is coordinated by a 

nucleotide-binding and oligomerisation domain (NOD)-like receptor (NLR) known as NLRC5. 

NLRC5 (NLR CARD-domain containing 5) functions as a transcriptional co-activator of MHC-

I expression as it lacks a DNA-binding domain but controls the cooperative binding of 

transcription factors to the SXY module and chromatin modifiers44–47. NLRC5 is constitutively 

expressed in most tissues but is also a downstream target of the JAK/STAT signalling pathway, 

induced by signal transducer and activator of transcription 1 (STAT1)48,49. IFNG remains the 

most potent inducer of NLRC5 expression followed by type I IFNs, polyinosinic–polycytidylic 

acid (poly I:C), lipopolysaccharide (LPS), and viruses46,48–51. 
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Figure 1-3. Regulatory elements and transcription factors on the promoters of MHC-I and MHC-
II genes for NLRC5- and CIITA-mediated MHC expression. The promoter of MHC-I genes and 
B2M gene contains three cis major regulatory elements for gene regulation: (i) an NFκB-binding 
enhancer A; (ii) interferon stimulated response element (ISRE) that binds IRF-1; and (iii) a 
composite of W/S, X1, X2 and Y boxes, which form the SXY module. NLRC5 regulates MHC-
I expression through recruitment of transcription factors RFX, CREB1/ATF1 and NFY to form 
an MHC enhanceosome at the SXY module. MHC-II genes share similar regulatory elements to 
MHC-I genes. An MHC enhanceosome of similar transcription factors are recruited by CIITA to 
activate MHC-II transcription. However, MHC-II genes lack the enhancer A and ISRE elements. 

MHC-II 

MHC-II molecules are heterodimers with two MHC-encoded chains: α and β, that span the 

plasma membrane (Figure 1-1). Each chain contains two extracellular domains, with the α1 and 

β1 domains accommodating peptides with overhangs of 13–25 residues52. The conserved region 

on the β2 domain is responsible for binding by CD4 co-receptor on T cells.  

In contrast to MHC-I, constitutive expression of MHC-II is typically restricted to certain 

haematopoietic cells with a defined role for antigen presentation and activation of T cells i.e., 

professional antigen-presenting cells (APCs). This includes B cells, macrophages, and dendritic 

cells. MHC-II expression is also present on thymic epithelial cells for T cell selection and on 

activated T cells. However, MHC-II expression can be induced in other cell types upon IFNG 

stimulation53–55.  

The APP pathway for MHC-II differs from MHC-I, namely in the source of peptides presented, 

and the cellular localisation of peptide processing and loading onto MHC-II molecules (Figure 

1-4) (reviewed in16,56). The biosynthesis of MHC-II molecules similarly occurs in the ER but 

MHC-II αβ dimers assemble in association with the invariant chain (Ii) encoded by the CD74 

gene57,58. The Ii plays a pivotal role of stabilising the structure of MHC-II heterodimers59,60 and 
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shaping the repertoire of MHC-II peptides by blocking the interaction between nascent MHC-II 

molecules and endogenously-derived peptides in the ER61–63. The Ii is also involved in targeting 

MHC-II molecules to endosomes64,65. In the ER, non-classical MHC-II molecules DM and DO 

are also synthesised. The MHC-II-Ii trimer, DM and DO molecules are directed to the endocytic 

pathway into late endosomes (MHC-II compartment (MIIC)) where they encounter peptides for 

presentation66,67. Peptides that enter the endosomal pathway are typically derived from proteins 

acquired via endocytic processes such as phagocytosis and pinocytosis, or through autophagy 

(reviewed in56). In the maturation into late endosomes (endosomal/lysosomal compartments), the 

protein cargo within is degraded by proteases cathepsins68 and lysosomal thiol reductase IFI30 

(also known as GILT, gamma-interferon-inducible lysosomal thiol reductase)69. In the MIIC, the 

Ii is also cleaved by cathepsins70, leaving behind a short fragment known as the class II-associated 

invariant chain peptide (CLIP). The DM molecule facilitates the dissociation of CLIP from the 

peptide-binding grooves of MHC-II molecules in exchange for high-affinity peptides71,72. DO 

molecules, which have only been found in B cells and thymic epithelial cells, work 

antagonistically to DM molecules, modulating their peptide-exchange activity73–75.  

The regulation of MHC-II molecules including the Ii (CD74), DM, and DO is dependent on the 

SXY module at the promoter. Similar to MHC-I regulation, an MHC enhanceosome consisting 

of the same transcription factors aggregate at the SXY module but under the control of another 

transcriptional co-activator known as the Class II transactivator (CIITA)41,76–78 (Figure 1-3).  

CIITA additionally interacts with chromatin-modifying factors79 and other transcription factors 

for activation of MHC-II genes and CD74. Interestingly, the promoter of MHC-II genes and 

CD74 lacks enhancer A and ISRE elements. Alternatively, IFNG regulates MHC-II expression 

via CIITA, making CIITA the master regulator of MHC-II expression.  



9 
 

 

Figure 1-4. MHC-II antigen processing and presentation pathway. Exogenous proteins taken up 
by the endocytic pathway form an endo-lysosomal compartment with lysosomes containing 
proteases. The degraded proteins encounter MHC-II complexes in the MHC-II compartment 
(MIIC). MHC-II molecules synthesised in the endoplasmic reticulum (ER) are protected from 
binding with endogenous proteins in the ER by the invariant chain (Ii). The invariant chain also 
facilitates the delivery of MHC-II complexes to the MIIC for peptide loading. In the MIIC, 
cathepsins proteolyse the invariant chain bound on the peptide-binding groove of MHC-II 
molecules, leaving behind a short peptide known as the class II-associated invariant chain peptide 
(CLIP). DM molecules regulate the dissociation of CLIP in exchange for high affinity peptides, 
while DO molecules modulate the activity of DM molecules. Peptide-bound MHC-II molecules 
are then transported to the cell surface for antigen presentation to CD4+ T cells.       
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1.2.2 Polymorphism of MHC genes 
In vertebrates, MHC genes exhibit extreme polymorphism and remain among the most diverse 

genes in the genome—giving rise to 30862 alleles in humans, as reported by the IPD-IMGT/HLA 

database release 3.45.0 in July 2021 (Available from: 

https://www.ebi.ac.uk/ipd/imgt/hla/stats.html). In addition to nucleotide diversity between 

individuals of a species at MHC loci, the genes encoding MHC molecules are polygenic. As a 

result of gene duplication during evolution, there are several genes that encode each chain of 

MHC-I and MHC-II molecules with the exception of the invariant B2M light chain associated 

with MHC-I.  

In Tasmanian devils (Sarcophilus harrisii), there are eight loci encoding the MHC-I alpha chain: 

SAHA-UA, -UB, -UC, -UD, -UK, -UM, -MR1, and -CD1, with the last five showing 

characteristics of non-classical function, which include limited polymorphism and tissue-specific 

expression patterns80–82. Four loci have been described for expression of MHC-II in devils: 

SAHA-DAA (alpha chain), and SAHA-DAB1, -DAB2, -DAB3 (beta chains).  

The compounding effect of polymorphism, polygeny and co-dominant expression of inherited 

alleles promotes MHC diversity and individual uniqueness in MHC genotype in the population. 

Allelic variation is predominantly situated in the amino acid sequence at the peptide binding 

groove, influencing the range of peptides bound by a specific allele83. The expression of multiple 

MHC alleles in an individual increases the capacity to present a broad repertoire of peptides for 

immune recognition. Therefore, polymorphism of MHC genes not only contributes to genetic 

fingerprints of an individual but has biological consequences on immunological fitness and 

health: in the response to pathogens and transformed cells, autoimmunity, and transplant 

rejection.  

1.2.3 Role of MHC in allorecognition 
Before the role of MHC in antigen presentation was elucidated, it was initially described as genes 

encoding antigens that dictated resistance or susceptibility to tumour transplants in mice84 and 

humoral response to donor leukocytes in humans85. The role of MHC antigens in transplantation 

formed the early history of our understanding of the MHC system and laid the foundation for 

transplantation immunology.  

Transplant rejection as a result of allorecognition (or the recognition of non-self within the same 

species) occurs via several mechanisms. On the basis of MHC molecules, allelic differences 

between individuals of a species can serve as antigenic targets for allorecognition by innate and 

adaptive immune cells.  

https://www.ebi.ac.uk/ipd/imgt/hla/stats.html
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The activation of T cells against allogeneic or ‘mismatched’ MHC alleles is facilitated by direct, 

indirect, and semi-direct recognition pathways. In the direct recognition pathway, recipient T 

cells recognise allogeneic MHC molecules on donor cells and is theorised to occur either 

dependent or independently of the bound peptide (reviewed in86). Alternatively, MHC molecules 

of donor cells can be presented on recipient APCs for T cell recognition in a processed or intact 

form. Allogeneic MHC molecules that are internalised via endocytosis are processed and 

presented on MHC-II or cross-presented on MHC-I for indirect recognition by CD4+ and CD8+ 

T cell, respectively87,88. Intercellular transfer processes such as trogocytosis, nanotubule 

formation and extracellular vesicles facilitate the uptake and presentation of intact MHC 

molecules from donor cells onto recipient APCs for semi-direct recognition by T cells89–92. This 

process of cross-dressing has been shown to be functional in activation of T cells93,94. 

Allorecognition by B cells is mediated by conventional means through the immunoglobulin B 

cell receptor that recognises antigens in an unrestricted manner. Epitopes on allogeneic MHC 

molecules can interact with antigen-specific B cells and initiate their activation. B cells also 

function as APCs to facilitate the indirect recognition pathway for T cells by processing 

endocytosed allogeneic MHC molecules for presentation on self-MHC. The bi-directional 

signalling between B cells and follicular helper T cells is necessary for production of donor-

specific antibodies that play a significant role in allograft rejection (reviewed in95). 

Recognition of non-self tissues and cells by innate cells, in particular, natural killer (NK) cells, 

occurs via the polymorphic killer-cell immunoglobulin-like receptor (KIR) that function to 

inhibit NK cell activation. KIRs are specific for self-MHC molecules and the lack of engagement 

in combination with activating signals from other receptors tips the balance towards activation 

of NK cells.  

Conversely, allorecognition can be inhibited by the expression of non-classical MHC-I 

molecules, which are implicated in the establishment of maternal-foetal immune tolerance.  

1.2.4 Role of MHC in anti-tumour immunity  
The expression of MHC molecules is a system established to provide information to T cells of 

the health status of cells and to alert the adaptive immune system of any dysfunction or 

dysregulation within the cell and surrounding cells. Because of this, many types of cancers often 

manipulate the MHC APP pathway to avoid immune recognition and destruction by T cells 

(reviewed in96).  

Surface expression of MHC-I molecules in cancer cells can be manipulated through various 

intrinsic and extrinsic factors that affect the expression of MHC-I heavy chain, B2M, components 

of the MHC-I machinery or regulatory factors that control the expression of MHC-I and accessory 
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genes. These mechanisms include genetic, epigenetic, post-transcriptional, post-translational and 

signalling pathway alterations that impair the expression and function of MHC-I molecules, 

whether reversibly or irreversibly.  

Loss or downregulation of MHC-I expression in tumours has been correlated with poor disease 

prognosis and clinical response to immunotherapy. Tumours with low to no MHC-I expression 

often exhibit poor infiltration of CD8+ T cells and low median survival of patients97–100. MHC-I 

expression is also downregulated more frequently in metastatic tumours than primary tumours, 

demonstrating the dynamic expression of MHC-I in disease progression and malignancy101–103. 

A negative correlation between tumour MHC-I levels and resistance to immunotherapy has been 

observed in anti-CTLA4 and anti-PD1 immune checkpoint blockade, cytokine treatment and 

autologous cancer vaccine104–108. Conversely, restoration of tumour MHC-I expression by 

different means improved antigen-specific CD8+ T cell recognition and tumour cell killing, T cell 

activation and activity, in vivo tumour growth retardation and immune cell infiltration, and 

development of a positive synergistic effect in combination with other immunotherapeutic 

strategies109–116. These provide support for the importance of MHC-I in initiating effective anti-

tumour immunity, particularly in a CD8+ T cell-dependent manner. Furthermore, the association 

between high mutational burden and defects in the APP pathway in tumours illustrates the 

selective disadvantage of MHC-I expression in highly immunogenic tumours117–120. 

Although MHC-I-restricted cytotoxic CD8+ T cells are often viewed as the major effector cells 

of anti-tumour immunity, the role of MHC-II and CD4+ T cells in anti-tumour immune response 

is beginning to gain traction in the field of immunotherapy and cancer vaccines. MHC-II 

expression in triple-negative breast cancer, ovarian cancer, melanoma, and non-Hodgkin 

lymphoma has been associated with enhanced T cell infiltration, improved overall median 

survival or better response to anti-PD1/PDL1 immunotherapy105,121–124. Moreover, effective anti-

tumour immune response induced by immune checkpoint therapy required the participation of 

both CD8+ and CD4+ T cells. In in vivo mouse models, induced expression of MHC-II in various 

tumour cell lines elicited efficient CD4+ and CD8+ T cell-mediated tumour rejection and 

protection against MHC-II negative parental tumours125–127. These demonstrate the complex yet 

integrated network of immune cells and components that work in concert to elicit an immune 

response. 
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1.3 Tasmanian devils and DFTD 
The Tasmanian devil (Figure 1-5) is the world’s largest surviving carnivorous marsupial since 

the extinction of the thylacine (Thylacinus cynocephalus) in 1936. Tasmanian devils are endemic 

to the island of Tasmania. They were once found throughout Australia, but climate change128,129, 

human intensification130,131 and introduction of dingoes132 have been implicated in their extinction 

on mainland Australia about 3000 years ago133.  

Devils are nocturnal scavengers and the apex predator in Tasmania, with a pivotal role in 

maintaining the biodiversity and ecological balance of this island state. The population of devils 

in the wild is faced with threats on several fronts such as loss of habitat and road kills134; however, 

the biggest threat to the persistence of the wild devil population is a debilitating infectious disease 

known as the devil facial tumour disease (DFTD). DFTD is caused by two independent 

transmissible facial tumours (DFT1 and DFT2) that have progressively disseminated across most 

of the devil’s geographic range135,136, decimating the total population by an estimated 68% over 

the last 25 years137.  

The ongoing population decline and lack of effective host response towards this disease warrants 

urgent conservation efforts including immunisation and immunotherapy strategies to preserve 

this iconic species that is integral to the ecosystem and identity of Tasmania.  

 

 

Figure 1-5. A captive Tasmanian devil at the Cressy Devil Facility.
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1.3.1 History, distribution, and impact of DFTD 
Evidence for the first tumour type DFT1 was reported in 1996 by a wildlife photographer at 

Mount William National Park, northeast of Tasmania135 (Figure 1-6). Several devils were 

photographed with lesions on the face, retrospectively identified as tumours, and similar sightings 

were reported in other areas of the state in the following years. The precipitous emergence of 

tumours in the face, oral and neck regions was unprecedented in devils, which coincidentally 

have a high prevalence of developing spontaneous neoplasms associated with aging138,139.  

 

Figure 1-6. Current distribution of DFTD since 1996 and sites of first reports of DFT1 and DFT2. 
DFT1 was first reported in 1996, northeast Tasmania at Mount William National Park. A second 
independent transmissible cancer, DFT2, was reported in 2014, at the D'Entrecasteaux Channel, 
southeast Tasmania. The map of DFTD spread was adapted from Cunningham et al137.   
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Figure 1-7. The devil facial tumour disease caused by DFT1 and DFT2. Both tumour types 
appear in the oral and facial regions. Image was adapted from Pye et al2. 

The tumours presented were grossly similar between diseased devils and had the propensity to 

arise in the oral and facial regions before metastasising to secondary organs135,140. Once infected, 

the animal generally dies within 6 to 12 months of clinical signs, most likely from secondary 

infections, starvation, and/or metastases141. This disease was termed DFTD and in 2006, the first 

facial tumour DFT1 was histologically confirmed as a novel undifferentiated soft tissue neoplasm 

of a single cell type140,142. Immunohistochemical analysis identified a neoplastic cell of 

neuroectodermal origin as the aetiological agent for DFTD142.  

Cytogenetic studies of DFT1 tumours sampled from different devils revealed a shared karyotype 

distinct from the normal devil karyotype, suggesting that the tumours were lineages of a single 

rogue cell line1. The clonal origin combined with a temporal and spatial distribution pattern of 

DFT1135 led to the proposition that DFT1 tumours were transmissible, analogous to canine 

transmissible venereal tumour (CTVT). Within nine years since the discovery of DFT1, DFTD 

had covered 51% of the devils’ natural range and caused a population decline of 41% state-wide, 

and up to 83% in the area where it was first reported135. DFTD continued to spread unabated 

across the state and posed as a serious threat to the population of devils in Tasmania. This initiated 

the listing of Tasmanian devils as an endangered species on the International Union for 

Conservation of Nature (IUCN) in 2008143.  

In 2014, a second transmissible cancer DFT2 was found in the D'Entrecasteaux Channel area, 

southeast of Tasmania2 (Figure 1-6). The tumours were grossly indistinguishable from DFT1, 

manifesting as nodules on the face and in the oral cavity of devils. Upon histological, cytogenetic 

and genetic examination, it was evident that DFT2 arose independently of DFT1, but was 

similarly an infectious, clonal cancer2.  

Up until 2019, the distribution of DFT2 was mostly restricted to the D'Entrecasteaux Peninsula, 

due in part to the physical geographic barriers surrounding the peninsula: water-locked by the 

Huon River on the west and D'Entrecasteaux Channel on the east and south144. Only 23 devils 

have been diagnosed with DFT2 as of 2019. The mortality rate of DFT2 has not been formally 
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determined due to the low numbers of confirmed cases; however, the infection rate and spatial 

movement of DFT2 were shown to be relatively low compared to DFT1.  

With the emergence of the second transmissible cancer, infections with DFT1 and DFT2 were 

not mutually exclusive. Co-infection with both tumour types has been described in two devils145. 

Collectively, DFTD has occupied more than 90% of the devil’s geographic range (Figure 1-6) 

and is estimated to have reduced the total population of wild devils by 68%, from 53000 to 16900 

between 1996 and 2020137. Based on a continuation of disease spread trends, DFTD is modelled 

to cover the entire state by 2022 and cause a total population decline of 78%137.  

The impact of DFTD extends beyond a change in population density. DFTD has been shown to 

affect population age and sex structure, life history traits, dispersal patterns of devils, and trophic 

cascades. Following the first appearance of DFTD in 1996, the mean population age and life 

expectancy of devils have drastically reduced146–148. Devils can live up to 6 years in the wild, 

reaching sexual maturity at 2 years of age149. However, the increased susceptibility and mortality 

of devils to DFT infection with age have resulted in a rapid loss of older devils (>3 years) from 

the population135,150,151. The reduced life expectancy of devils inadvertently limits the number of 

breeding opportunities in a lifetime for female devils, eliciting a cascading effect on population 

growth rate151. Although devils have responded through increased precocious breeding and the 

number of pouch young, these compensatory mechanisms remained insufficient to mitigate the 

long-term impacts of DFTD on the devil population136,146,151. The prevalence of DFTD is also 

shifting towards younger devils, which further compromises the persistence of devils in the 

wild136.  

A sex bias in DFT infection and/or mortality was not observed until the arrival of DFT2. Female 

and male devils were generally equally susceptible to DFT1 infection and mortality, but male 

devils tend to host DFT2 tumours135,144,145,150,152. The migration pattern of devils has also changed 

following the emergence of a ravaging epidemic disease. With increased food abundance and 

less food competition, female devils in disease-stricken areas have reduced dispersal movements, 

thus a decrease in gene flow among sub-populations153. The increased inbreeding in disease-

affected populations, however, has yet to influence the genetic diversity of devils.  

A prominent indirect consequence of DFTD-induced population decline is the loss of an apex 

predator below its functional density. The substantial loss of devils in the wild has ramifications 

on mesopredator release of feral cats, prey behaviour and carrion biomass; all of which affect the 

biodiversity of Tasmania’s ecological community154–158.  
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1.3.2 DFT characteristics and transmission 
DFT1 

DFT1 has a gross appearance of a firm, soft tissue mass140. The tumour is often accompanied 

with ulceration, exudation, and necrosis. DFT1 tumours primarily appear in the oral, facial or 

neck regions and are often multicentric. The tumours are cancerous, often metastasising to 

draining lymph nodes and visceral organs such as the lungs, spleen, heart, and kidneys.  

DFT1 tumours are composed of undifferentiated pleomorphic round to spindle-shaped cells of a 

single cell type (Figure 1-8), densely arranged in bundles, cords or streams that are encased 

within a thin fibrous pseudocapsule140. The cells are anaplastic, having a large central nucleus 

and few specialised cellular organelles.  

 
Figure 1-8. DFT1 C5065 cell line and DFT2 JV cell line under 20X light microscope.  

Early immunohistochemical studies suggested a neuroendocrine origin for DFT1 cells based on 

the presence of neuroectodermal markers: vimentin, S100, melan A, neuron-specific enolase, 

chromogranin A and synaptophysin; and absence of muscle and epithelial tissue markers142. 

Subsequent analyses of microRNAs (miRNAs) and the transcriptome of DFT1 tumours identified 

a profile that was characteristic of tissues from the brain and peripheral nerve, respectively159. 

DFT1 tumours express an array of genes that are enriched in the myelination pathway of the 

peripheral nervous system. Protein expression of several myelin proteins and peripheral nerve 

markers were detected in DFT1 tissues including myelin binding protein (MBP), myelin protein 

zero (MPZ), peripheral myelin protein 22 (PMP22), periaxin (PRX), nestin (NES), nerve growth 

factor receptor (NGFR) and S100. The expression of PRX, a Schwann cell-specific marker, 

consolidates the characterisation of DFT1 as a peripheral nerve sheath tumour of Schwann cell 

origin and is widely-used as a diagnostic marker for DFT1160. In addition, transcription factors 

involved in Schwann cell differentiation (POU3F1, SOX2, SOX10, and JUN) were found at high 

levels in the transcriptome compared to control tissue from the testis, providing further support 

for the origins of DFT1 from a Schwann cell or Schwann cell precursor.  
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DFT1 cells are aneuploids including cases of tetraploidy. In a diploid cell, they have an abnormal 

karyotype of 13 chromosomes that is consistently found in tumours from animals of various 

locations1,161 (Figure 1-9). A typical devil diploid karyotype consists of 14 chromosomes, with 

six pairs of autosomes and one pair of sex chromosome (XY in males and XX in females). DFT1 

tumours have several complex chromosomal rearrangements including both copies of 

chromosome 2, one copy of chromosome 5, both X chromosomes, and parts of chromosome 1 

and 4 fragmented, rearranged and distributed across four marker chromosomes (M1–M4) 

(Figure 1-9)161. Inclusive of minor structural changes in other chromosomes161, cytogenetic 

alterations of the DFT1 genome have resulted in 64 genes rearranged, with three in-frame fusion 

genes: PDZD11-RFX2, CAMK2A-NEURL1B, and EZH2-ETNK2162. 

 
Figure 1-9. Karyotypes of a normal male devil, a DFT1 tumour, and two DFT2 tumours. 
Cytogenetic abnormalities of chromosomes are indicated with red arrows. Image adapted from 
Pye et al2. 

DFT1 tumours are mostly diploids, although tetraploidy has been observed in some tumours163. 

Based on karyotypic variance, multiple strains have been identified and four strains of DFT1 

cells have been reported141,161,164. Beyond the minor cytogenetic rearrangements, G-banding, gene 

mapping and genome sequencing demonstrated that the tumour strains were closely related, 

largely sharing similar somatic changes161–163. Although there is evidence for tumour evolution, 

the DFT1 genome and epigenome are shown to be relatively stable across the different strains, 

particularly considering two decades of passaging through multiple hosts163,165,166.  

In addition to chromosomal abnormalities, DFT1 cells harbour various somatic mutations that 

include single-nucleotide variants (SNVs), insertions and deletions (indels) and copy number 
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variants (CNVs). Whole genome sequencing of two DFT1 tumours isolated from Central or 

Eastern Tasmania identified 2884 SNVs and 410 indels that were not found in the genomes of 46 

normal devils. 18 of the SNVs and 0 of the indels were predicted to be non-synonymous but 

mostly heterozygous162. However, a hemizygous deletion and nonsense mutation of the existing 

copy of the WWC3 gene was observed, rendering a complete loss-of-function of a negative 

regulator of carcinogenesis. Other copy number variants in DFT1 tumours include a homozygous 

deletion of MAST3 and copy number gains platelet-derived growth factors: PDGFRA and 

PDGFRB (receptors), PDGFA and PDGFB (ligands); ERBB3; and ERBB ligand NRG2 in some 

or all tumours. Notably, DFT1 cells have a hemizygous deletion in the beta-2-microglobulin 

(B2M) gene and a heterozygous truncating mutation in CD40, both of which encode proteins with 

significant roles in immune function.  

DFT2 

DFT2 tumours bear similar gross appearances to DFT1 but have some differences in anatomical 

distribution. Although DFT2 tumours predominantly manifest on the head and neck regions, 

there is a higher proportion of DFT2 tumours that appear on the body compared to DFT1144. Out 

of 40 DFT2 tumours, a third are found on the body. This is a striking contrast to the frequency of 

non-facial DFT1 tumours that constitutes less than 1% of all DFT1 tumours recorded (12/1541 

tumours). DFT2 also metastasises to lymph nodes, lungs, and kidneys2. 

Histologically, DFT2 tissue features a solid arrangement of pleomorphic cells in sheets as 

opposed to bundles in DFT12. The cells range from amorphic to stellate and fusiform in 

microscopic appearance (Figure 1-8).  

Similar to DFT1, DFT2 tumours are positive for vimentin, neuron-specific enolase and S100, 

and negative for cytokeratin and smooth muscle actin, suggesting a neuroectodermal origin162. 

Gene expression analysis of DFT2 tissues identified a profile that was similar to DFT1 and 

peripheral nerves. The tissue-of-origin of DFT2 was subsequently confirmed as Schwann cells 

through transcriptomic, proteomic and immunohistochemical analyses. DFT2 tumours present 

high mRNA and protein expression of Schwann cell markers SOX10, NGFR and NES compared 

to the testis control, at levels comparable to DFT1.  

Although DFT2 shares similar pathogenesis and tissue-of-origin to DFT1, it is characterised as a 

novel facial tumour that emerged independently of DFT1. The first identification of a second 

tumour type was serendipitously discovered from the lack of PRX staining, a diagnostic marker 

for DFT1160, of two facial tumours in 20142. In contrast to DFT1, DFT2 tumours lack a 

myelinating phenotype167. There was lower expression of genes involved in myelination: early 

growth response 2 (EGR2), PRX, myelin-associated glycoprotein (MAG) and MPZ in DFT2 

transcriptome relative to DFT1 and peripheral nerve tissues. Immunohistochemistry also detected 
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lower levels of myelin proteins PRX and PMP22 in DFT2 tissues compared to DFT1. Gene 

enrichment studies comparing the differences between DFT1 and DFT2 revealed an inverse 

relationship of DFT1 and DFT2 in enrichment of repair or myelinating Schwann cell genes. 

Relative to other tissues including peripheral nerves, DFT2 exhibited a phenotype that resembled 

that of repair Schwann cells following peripheral nerve injury, with signatures of demyelination 

and transdifferentiation into mesenchymal-like cells168. These differences are suggestive of two 

independent tumours arising from Schwann cells at differing stages of differentiation and a 

predisposition of devils to developing transmissible cancers of Schwann cell origin.  

The karyotype of DFT2 tumours is also distinctively different from DFT1 (Figure 1-9). Firstly, 

the presence of a Y chromosome in DFT2 indicates a male origin versus a female origin for 

DFT12. All DFT2 tumours share an identical aneuploid karyotype of 13 chromosomes, in which 

one copy of chromosome 6 is inserted into the pericentric region of chromosome 1 (or 

chromosome 2 as presented by2,162). Other cytogenetic mutations include deletions in 

chromosome 5 and additions to chromosomes 1, 2 and 42. Compared to DFT1, the chromosomal 

rearrangements in DFT2 are less complex, with only 23 genes rearranged in the genome of DFT2. 

Secondly, DFT2 cells do not share any of the 12 putative somatic structural variants that was 

identified in DFT12,163. 

3,591 SNVs and 572 indels have been identified in the DFT2 genome162. Non-synonymous 

mutations represent 19 of the total somatic mutations (16 SNVs, 3 indels), which are unique to 

DFT2 tumours. Most of the non-synonymous mutations are heterozygous except for a 

hemizygous truncating indel and a deletion of the second copy of tumour suppressor gene 

MPDZ169. It is interesting to note that both DFT1 and DFT2 share an ∼18.4 megabase 

hemizygous deletion on chromosome 3, which was not detected in 46 normal devil genomes. 

There is also a homozygous deletion of two pairs of physically linked genes in DFT2: hepatocyte 

growth factor (HGF) and CACNA2D1, and tumour protein 73 (TP73) and 

ENSSHAG0000005243. TP73 is a member of the p53 family of transcription factors involved in 

apoptotic response to DNA damage170. Copy number gains of PDGFRA and PDGFRB were 

identified in DFT2.  

Distinct characteristics between DFT1 and DFT2 are summarised in Table 1-1.
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Table 1-1. Characteristics of DFT1 and DFT2 

  DFT1 DFT2 

Discovery (year, location) 1996, Northeast Tasmania 2014, Southeast Tasmania 

Distribution Widespread in Tasmania, some DFTD-
free areas in Southwest Tasmania 

Southeast Tasmania at D'Entrecasteaux 
Peninsula 

Sex bias None Males > females 

Anatomical locations Oral, facial and neck Oral, facial, neck and body*  
(*could be a result of metastasis) 

Observed metastatic 
locations 

Lymph node, lungs, spleen, heart, 
ovary, serosal surface of the rib, kidney, 
mammary, adrenal and pituitary glands 

Lymph node, lungs, kidney 

Histological markers Neuroectodermal: Vimentin, S100, 
melan A, neuron-specific enolase, 
chromogranin A and synaptophysin.  
Schwann cell: SOX10, NES, NGFR 
Myelination: MBP, MPZ, PMP22, PRX  

Neuroectodermal: Vimentin, S100 and 
neuron-specific enolase. 
Schwann cell: SOX10, NES, NGFR 
Myelination: Negative for myelin 
proteins 

Karyotypic features 13 chromosomes (n). Rearrangement of 
both copies of chromosome 2, one copy 
of chromosome 5, and both copies of X 
chromosome into 4 marker 
chromosomes 

13 chromosomes (n) including XY 
chromosomes. Monosomy chromosome 
6 (one copy inserted into chromosome 
1) 

Founder devil  Female Male 

Cellular origin Schwann cells Schwann cells 

Cell differentiation stage Myelinating Non-myelinating, more mesenchymal-
like 

MHC-I protein 
expression 

None in vitro but some in vivo Present but most abundant alleles are 
highly similar to hosts 

MHC-II protein 
expression 

Uncharacterised  Uncharacterised 

Notable genetic 
mutations 

Loss-of-function of WWC3; 
homozygous deletion of: MAST3, 
PDGFRA, PDGFRB, PDGFA, PDGFB, 
ERBB3, NRG2; hemizygous deletion 
of B2M; heterozygous truncating 
mutation of CD40 

Loss-of-function of MPDZ; 
homozygous deletion of: HGF, 
CACNA2D1, TP73 and 
ENSSHAG0000005243 
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Evidence for clonality and transmission as an allograft 

Dasyurids including Tasmanian devils are prone to developing spontaneous neoplasms138,171. 

However, infectious neoplastic cell line such as DFT1 and DFT2 are the first transmissible 

cancers in marsupials, which are two of the only three known naturally occurring transmissible 

cancers in mammals.  

The allograft theory of transmission was introduced following cytogenetic examination of DFT1, 

which revealed an identical karyotype between tumours from various infected animals, distinct 

from normal devil tissues1. Furthermore, the absence of a constitutional pericentric inversion of 

chromosome 5 in the karyotype of a tumour from a male host confounds an autologous lineage 

for the tumour. There has been no evidence for the involvement of viruses in the aetiology and 

pathogenesis of DFT1 and DFT2141,162,163, thus implicating the tumour cells as the infectious 

agent.  

Genetic analysis of highly polymorphic regions in the genome, such as the major 

histocompatibility complex (MHC) loci, microsatellites, and mitochondrial locus control region 

(LCR), provided further support for the clonality and exogenous origins of DFT1 and DFT2. 

Siddle et al., analysed 15 paired DFT1 tumour and host blood samples, and 11 blood samples 

from non-diseased devils from eight locations in eastern Tasmania at MHC class I (MHC-I), 

MHC class II (MHC-II), and four microsatellite loci172. Meanwhile Murchison et al., genotyped 

25 paired DFT1 tumour and host tissues, and 10 samples from non-diseased devils from 16 

locations throughout Tasmania at 14 microsatellite loci159. Both studies identified a genotype that 

was identical at each MHC-I, MHC-II, and microsatellite loci between all DFT1 tumours, but 

different from hosts and non-diseased devils. Similarly, the genotype of DFT2 tumours at MHC-

I and various microsatellite loci were distinctively different from host devils and DFT1 but 

identical to each other2. Additionally, genetic screening of mitochondrial DNA at the locus 

control region revealed a single-nucleotide polymorphism between the haplotype in DFT1 

tumours and host devils or non-diseased devils159, suggesting a separate lineage for DFT1 cells.  

Karyotypic differences complemented by multiple genetic evidence illustrates the emergence of 

DFT1 and DFT2 from single rogue cell lines of Schwann cell origin that could propagate and 

establish themselves onto genetically unrelated hosts. It was proposed that DFT1 originated from 

a female founder devil based on genetic evidence for two homologous X chromosomes, and the 

lack of Y chromosome sequences and sex-determining Y region (SRY) gene161,163. The presence 

of a Y chromosome in the karyotype of DFT2 tumours suggests a male founder devil, which 

explains the male bias observed in DFT2 prevalence2,145.  

The physical transfer of DFT cells from one devil to another is proposed to be facilitated through 

biting during mating or feeding, consistent with the social behaviour of devils that are otherwise 
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solitary173,174. The higher frequency of biting injuries during mating season suggests that the 

majority of DFT transmission occurs through mating interactions174.  

1.3.3 The devil immune system and responses to DFTs 
Allograft transplants are typically rejected by the body unless donor and recipient tissues closely 

match in ABO blood group and MHC type, in addition to immunosuppressive therapy. The 

survival and establishment of DFTs onto genetically unrelated hosts demonstrate circumvention 

of both anti-tumour and allogeneic barriers. Although there is evidence for natural anti-DFT 

immune responses including tumour regression in wild devils, cases like these are extremely 

rare175.  

Tasmanian devils belong to the metatherian-marsupial clade which diverged from eutherian 

(placental) mammals about 148 million years ago176. The marsupial immune system was once 

considered ‘primitive’ for its underdevelopment at birth, and slower and weaker responses 

compared to their eutherian counterpart177. Although it is now appreciated that marsupials have 

a complex immune system that is comparable to that of eutherians (reviewed in178), the devil 

immune system prior to 2007 was largely unknown. Given the immunological basis of DFT 

transmission and survival as an allograft within a genetically dissimilar host, it was pertinent to 

investigate the immunocompetence of the devil immune system, especially against allogeneic 

tissues.   

Components of the devil immune system 

Devils, including juveniles (<1 year of age), have primary and secondary lymphoid organs that 

are histologically similar to placental mammals179,180. The thymus, spleen, lymph nodes and other 

lymphoid tissues have fundamental structural and cellular elements, and immune cell distribution 

that are consistent with placental mammals and other marsupials179–181.  

The thymus is densely populated with CD3+ T cells, particularly in younger devils, with higher 

proportion of CD4+ T cells than CD8+ T cells. The red pulp in the spleen contains mature red 

blood cells and CD83+ activated dendritic cells. Meanwhile the white pulp consists of: (i) 

lymphoid follicles rich in MHC-II+ cells, mostly CD79b+ and IgM+ B cells, and some IgG+ B 

cells and CD1a+ dendritic cells; and (ii) periarteriolar lymphoid sheaths with CD4+ and CD8+ T 

cells. In lymph nodes, B cells (CD79b+, IgM+) reside in lymphoid follicles in the outer cortex 

while T cells (CD4+, CD8+) are predominantly in the inner cortex. Germinal centres in B cell 

follicles stain positive for cells with MHC-II and IgG expression. Dendritic cells (MHC-II+, 

CD1a+) are mostly found in the inner cortex but activated CD83+ dendritic cells can be found 

both in the outer and inner cortex. CD79b+ plasma cells are also located in the medullary cords 

of lymph nodes. Bronchus-associated and gut-associated lymphoid tissues both contain T cells 

(CD3+, CD4+, CD8+) and B cells (CD79b+, IgM+, IgG+)181. Generally, CD4+ T cells and IgM+ B 
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cells are more prevalent in lymphoid tissues than CD8+ T cells and IgG+ B cells, respectively. 

MHC-II+ and CD1a+ but not CD83+ dendritic cells are also present in the skin of devils. 

The presence of both T cell subsets, IgM+ and IgG+ B cells, and MHC-II+ dendritic cells including 

activated CD83+ dendritic cells amongst T and B cells in lymphoid tissues indicate the capacity 

for T and B cell activation via dendritic cells. Dendritic cells are classified as professional APCs 

for their ability to present antigens and stimulate naïve T cells. Moreover, they represent local 

sentinel cells in peripheral tissues to capture and process antigens for adaptive immune 

recognition in lymph nodes, thus bridging innate and adaptive immunity. The presence of 

dendritic cells in the skin of devils where DFT cells primarily establish suggests that DFT 

antigens can be sampled and presented to adaptive immune cells by these local APCs. The 

identification of IgG+ cells in germinal centres demonstrates B cells with a competent intrinsic 

function of differentiation into antibody-secreting plasma cells with high affinity 

immunoglobulins.  

In the peripheral blood of non-diseased (used interchangeably with ‘healthy’) captive devils, 

major populations of myeloid and lymphoid cells are present within the expected range, to a total 

of ~8×106 cells/μL with the following compositions: neutrophils (50%), eosinophils (~1%), 

basophils (<1%), monocytes (10%) and lymphocytes (30%)179. Wild healthy devils tend to have 

significantly higher but variable total white blood cell counts, mostly due to increased number of 

neutrophils180.  

Cell signalling molecules such as cytokines are important modulators and mediators of immune 

responses including cell physiology. Various groups of signalling molecules fall under the 

umbrella term of cytokines, which include interferons (IFNs), interleukins (ILs), chemokines, 

tumour necrosis factors (TNFs) and growth factors (GFs). Numerous cytokine genes including 8 

IFNs, 40 ILs, 39 chemokines, 18 TNFs and 14 additional cytokines have been identified in the 

devil genome182. The cytokines identified have functions in inflammation, anti-viral immunity, 

cell proliferation, migration, adhesion, differentiation, and apoptosis, suggestive of the range of 

immune and non-immune responses that can be mediated by the devil immune system. 

Innate immune response 

Innate immune responses that have been described in devils include neutrophil phagocytosis, 

chemical-mediated microbial and fungal killing, toll-like receptor signalling and antibody-

dependent NK cell-mediated cytotoxicity, as discussed below.   

Neutrophils from healthy devils can bind to and internalise Escherichia coli180. Assessment of 

the phagocytic function of neutrophils by nitro blue tetrazolium assay demonstrate that the 

oxidative pathway is preserved for phagocytic killing via respiratory burst.  
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Anti-microbial peptides, cathelicidins, are believed to play a uniquely important role in 

marsupials, providing protection to immunologically-incompetent pouch young through milk, 

skin, and the pouch lining183. Six cathelicidins have been identified in devils, which are each 

variably expressed at high levels in the blood, spleen, lymph nodes, pouch and milk compared to 

other tissues184,185. These peptides have been shown to effectively kill several antibiotic-resistant 

bacteria and fungi, demonstrating a highly functional primitive innate immune response184. 

Moreover, one of the cathelicidins is the most highly expressed protein in serum-derived 

extracellular vesicles of DFT1-diseased devils including devils in latent (pre-clinical) stages186.  

Multiple toll-like receptors have been identified in devil mononuclear cells, specifically TLRs 2, 

3, 4, 5, 6, 7, 8, 9, 10, and 13187. These receptors could stimulate the production of inflammatory 

cytokines: IL1A, IL6, IL12A and IFNB when engaged with agonists. The inflammatory function 

of toll-like receptors in response to pathogen- or damage-associated molecules, constitutes a 

pivotal line of defence in alerting the immune system to the presence of tumour cells.  

NK cells represent a major effector cell of the innate immune system for cell-mediated tumour 

elimination. They are involved in early responses to infection and damaged or transformed cells 

through secretion of inflammatory cytokines and expression of death-inducing factors. NK cell 

responses are regulated by an integration of synergistic and antagonistic signals from multiple 

activating and inhibitory receptors. Orthologs of several NK cell receptor genes (KLRK1, CD69, 

CLEC4E, CLEC1A, CLEC1B, MODO1) have been identified in devils188. Furthermore, there is 

histological evidence of cells with NK-like morphology and phenotype i.e., large granular 

lymphocytes negative for CD3 and MHC-II expression189.  

Evidence for NK cell-mediated responses has been investigated using xenogeneic K562 human 

erythroleukemic cells189. Antibody-dependent cell-mediated cytotoxicity was observed in in vitro 

co-culture assays using naïve peripheral blood mononuclear cells (PBMCs).  In the presence of 

anti-K562 serum from immunised devils, cytotoxic responses against K562 cells at 4 h and 18 h 

of co-culture were observed. As K562 cells do not express MHC-I molecules, this response is 

likely to be mediated by NK or NK-like cells.  

Adaptive humoral and cellular immune response 

T and B lymphocytes of Tasmanian devils comprise the major components of acquired antigen-

specific immune responses. Tasmanian devil T cell receptors (TCR) contain five domains 

including the conventional four domains (α, β, γ, δ) of most vertebrate mammals, and an 

additional locus encoding the µ chain182. Immunoglobulin constant regions in devils consist of A, 

E, G and M heavy chain domains with the D locus missing, as with other marsupial species182,190.  
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Functional activity of devil T and B cells is evidenced by proliferation of PBMCs upon in vitro 

stimulation with the T cell mitogens phytohemagglutinin (PHA) and concanavalin A (Con A), 

the T- and B-cell mitogen pokeweed mitogen (PWM), but not as effectively with the B cell 

mitogen LPS179,180. The proliferative ability of PBMCs was unaffected by age, sex, or disease 

status but has high variability among devils180.  

B cells from male and female devils are equally capable of producing antibodies in vivo with 

subcutaneous and intraperitoneal injection of horse red blood cells in the presence of 

adjuvants179,191. Memory responses can be generated with several administration of boosters, 

which was observed as a rapid and significant increase in antibody titres191. The functional 

activity of antibodies was demonstrated in antibody-dependent cell-mediated cytotoxicity against 

K562 cells in naïve PBMCs189.  

Other immune responses including cell-mediated immunity are discussed below.  

Allorecognition 

Immune responses to genetic differences, particularly at polymorphic sites, between donor and 

recipient tissues remain the major barrier to successful transplantation. Lack of genetic variation 

in a population has been associated with the inability to reject allografts as in the case of cheetahs 

and pocket gophers192,193. Similarly, the lack of genetic diversity at highly polymorphic MHC 

loci due to population bottlenecks or a founder effect was once implicated in the transmission of 

DFTs through the devil population172,194,195.  

There is compelling evidence for the ability of the devil immune system to recognise and respond 

to allogeneic cells and tissues despite a reduced genetic diversity relative to humans and other 

Australian marsupials172,195. Allorecognition in devils was assessed by mixed lymphocyte 

reactions (MLR) and skin grafting between unrelated individuals. MLR between devil PBMCs 

from various locations in eastern and western Tasmania demonstrate that devils can respond to 

allogeneic cells196. Although MLR responses were greatest between eastern and western devils 

where differences at MHC loci were more pronounced197, all skin allografts in five devils were 

successfully rejected irrespective of the degree of MHC mismatch between donor and 

recipient190. This provides evidence that devils are capable of allorecognition and that the 

diversity at MHC loci is sufficient within the population for recognition and rejection of 

allografts.  

Other genetic barriers such as microsatellites, killer cell immunoglobulin-like receptor (KIR) and 

MHC class I chain-related gene A (MICA) exist in determining the outcomes of transplantations. 

Whole genome sequencing and analysis of microsatellite markers in devils revealed that there is 

reasonable genetic variability within the population192,193.    
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Anti-DFT immune response 

The majority of anti-DFT responses in the literature were investigated with respect to DFT1 

infection therefore, this section will focus mostly on immune responses against DFT1 tumours.  

Strong immune responses against viable DFT1 cells can be mounted in vivo in immune-

competent BALB/c and C57BL/6 mice but not in NOD/SCID mice with severe immune-

deficiency194,195. However, in spite of a fully competent devil immune system, tumour biopsies 

in diseased devils often reveal poor to no immune cell infiltration134. Where infiltration was 

observed, neutrophils, CD3+, MHC-II+ and CD1a+ cells have been identified134,136,175. Neutrophils 

and CD1a+ dendritic cells are usually restricted to the periphery of tumours while CD3+, CD4+, 

CD8+ and MHC-II+ have been found in the stroma and deep within the tumour. In CD3+ tumour-

infiltrating sections, CD8+ T cells were present more often than CD4+ T cells. MHC-II+ cells that 

were identified in tumour sections are presumed to be macrophages as B cells could not be 

identified in any of the sections. For DFT2, CD3+ cell infiltration has been observed in the stroma 

and within the tumour mass but not consistently in all tumours5. 

In lymphoid organs of diseased devils, plasma-like cells are found in abundance in lymph nodes, 

the spleen and occasionally in the bone marrow173. The presence and distribution of T cell subsets 

in secondary lymphoid organs are mostly maintained with or without the disease, but CD8+ T 

cells are present at significantly lower numbers in the lymph node cortex in diseased animals175.  

The presence of tumour-infiltrating immune cells suggests that inflammatory responses can be 

mounted against DFT1, but do not necessarily lead to humoral or cytotoxic responses for the 

most part, as seen with the majority of DFT1 cases169,196. Changes in haematology and serum 

biochemistry also provide additional evidence for inflammation or an acute phase response to 

DFT1197.  

There were no reports of an effective natural immune response against DFT1 until the early 2010s 

where a few wild devils in northwestern Tasmania were observed with humoral responses and/or 

spontaneous tumour regressions169. Of 34 devils that developed DFT1 between 2008 and 2014, 

six of them (named as TD1−TD6) presented serum antibodies against DFT1 cells, but only 

against cells that were pre-treated with IFNG. Four of the devils (TD1−TD4) experienced tumour 

regressions between four and 15 months following DFT1 manifestation. This demonstrated the 

first instance of natural anti-DFT1 immunity in wild devils, although the mechanism of action 

was not fully elucidated.  

Anti-DFT1 immunity is not invariably protective throughout the lifetime of devils as one of the 

regressed devils (TD3) was recaptured with DFT1 at the age of five years after two years of being 

disease-free169. There has been a positive correlation between age and susceptibility to DFT1145; 



28 
 

although this is now less apparent130, this could be explained with changes in the devil immune 

system during puberty. Changes in sex hormone levels upon sexual maturation significantly 

decrease the number of lymphocytes in the peripheral blood of adult devils and alters their 

cytokine profiles towards a Th2 humoral response rather than a Th1 cell-mediated response, 

thereby reducing the robustness of anti-tumour immune responses198. Sex hormones have been 

hypothesised to affect thymus involution as well as proliferation of DFT cells199. Furthermore, 

the repertoire of T cells (necessary for the ability to recognise a broad range of antigens) in devils 

decreases significantly with age and following DFT1 infection200. 

Investigations into the mechanism(s) of anti-DFT immunity remain challenging—mainly due to 

limitations in availability of biological reagents and working with an endangered wild species. 

Most anti-DFT immune responses were explored through artificial induction in naïve devils with 

killed DFT cells followed by assessment of humoral responses and in vitro cytotoxic response 

from PBMCs. An immunisation trial in captive devils using killed DFT1 cells demonstrated the 

inability to evoke neither humoral nor cytotoxic responses even after multiple exposures183. 

Similarly, naturally-infected wild devils were observed with lack of antibody production or 

cytotoxic capacity against DFT1 cells, or at the very least against untreated DFT1 cells196. Only 

with the addition of adjuvants such as Montanide and/or TLR agonist CpG in killed-cell vaccine 

formulations could in vivo anti-DFT responses be elicited201. Although some of the immunised 

devils had weak to no responses, there was evidence for antibody production and in vitro 

cytotoxic response from primed PBMCs against DFT1 cells in others. Meanwhile in naïve 

PBMCs, anti-DFT cytotoxic response could be induced through pre-stimulation of PBMCs with 

mitogen ConA, TLR3 agonist poly I:C or cytokines such as IL2196.  

A review of the devil immune system including innate and adaptive responses against various 

mitogens, pathogens and antigens provides sufficient evidence for a functionally competent 

immune system with a gamut of immune cells that should respond to allogeneic DFT cells. 

However, the paucity of natural DFT resistance in devils hints at other mechanisms that are in 

play to allow active and/or passive tumour escape and survival within the devil immune system.  

1.3.4 Immune escape mechanisms of DFTs 
The genesis of nascent transformed cells involves an evolutionary process of multiple genetic 

and epigenetic alterations that confer the ability to escape intrinsic and extrinsic checkpoints and 

regulations including immune and non-immune surveillance202. In the aspect of immune escape, 

progression of tumours in the body would imply escape at different phases of an immune 

response i.e., immune-recognition, immune-activation, and immune-effector function. The study 

of intrinsic and extrinsic factors in DFT1 and DFT2 including the tumour microenvironment 
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untangles the various potential pathways that enabled transmission and escape from allogeneic 

and anti-tumour immune responses.      

Escape from immune-recognition 

MHC diversity is likely to have a role in the efficiency of DFT immune recognition, which is 

demonstrated through stronger immune responses associated with certain MHC alleles203. 

However, DFT1 cells themselves have exploited the antigen presentation pathway to reduce 

antigenicity and immunogenicity, particularly to cytotoxic CD8+ T cells.  

DFT1 cells lack surface expression of MHC-I molecules4. This was evident from the absence of 

B2M on the cell surface, which is necessary for surface presentation of functional MHC-I 

complexes. Although MHC-I heavy chains are expressed at the mRNA level and weakly at the 

protein level, essential components for MHC-I APP: B2M, TAP1 and TAP2 are significantly 

downregulated in DFT1 cell lines compared to other tissues. As DFT1 cells are non-professional 

APCs, MHC-II expression is not expected to be present in these cells. At the RNA level, DFT1 

cells do express low levels of MHC-II gene SAHA-DAB, but not SAHA-DAA, SAHA-DMB or 

CIITA4.  

The loss of expression of B2M, TAP1 and TAP2 is characterised as an epigenetic modification 

related to deacetylation of histone proteins rather than structural mutations or hypomethylation 

of the promoter region4. There is a hemizygous deletion of B2M in the DFT1 genome156; however, 

no mutations were identified in either the coding or promoter regions of the existing copy of B2M 

as well as TAP1, TAP2, SAHA-DAA and SAHA-DMB4. The promoter of B2M was structurally 

intact with the necessary regulatory elements for IFNG- and NLRC5-mediated transcription, 

which include the ISRE, SXY modules and TATA box. Alternatively, these genes could be 

silenced by the polycomb repressive complex 2 (PRC2) that mediates suppression of MHC-I 

expression in neural crest cells and during neural progenitor differentiation204. The characteristic 

PRC2-mediated bivalent H3K4me3 and  H3K27me3 modifications present in DFT1 cells and the 

induction of MHC-I and APP genes following PRC2 inhibition suggest that MHC-I 

downregulation might be a lineage-specific function leveraged by DFT1 and other 

neuroendocrine tumours to escape immune destruction.  

Fortuitously, the expression of functional MHC-I molecules can be restored in vitro with IFNG 

treatment4. DFT1 cells treated with IFNG exhibit an upregulation of MHC-I, B2M, TAP1 and 

TAP2, resulting in surface expression of B2M. Components of MHC-II machinery: CIITA, 

SAHA-DAA, SAHA-DAB, and SAHA-DMB, can also be induced by IFNG. The inducibility of 

MHC-I expression using the inflammatory cytokine IFNG suggests that MHC-I downregulation 

in DFT1 cells can be reinstated in inflammatory conditions. Indeed, B2M is expressed in vivo in 

some DFT1 biopsies, particularly in the tumour periphery where CD3+ cells are present, as well 
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as some DFT1 cells in fine needle aspirations4,169. The plasticity of DFT1 cells for MHC-I 

expression demonstrates a selective advantage in conditional MHC-I antigen presentation. 

Complete loss of MHC-I molecules will render susceptibility to NK cell killing therefore, the 

presence or lack thereof, will facilitate immune escape from both arms of innate and adaptive 

cell-mediated cytotoxicity.  

On the other hand, inflammation/IFNG-mediated MHC-I upregulation in vivo can be hampered 

by the hyperactive ERBB-STAT3 signalling pathway in DFT1205. DFT1 harbours copy number 

gains of ERBB3156 which is manifested in the overexpression and hyperactivation of ERBB2 and 

ERBB3 proteins, and downstream phospho-target STAT3 in DFT1 tumours205. Furthermore, 

ERBB3 is found at elevated levels in the serum of DFT1-diseased devils206. The inhibition of 

ERBB or STAT3 proposed a role of STAT3 in repression of IFNG-induced MHC-I expression, 

possibly by sequestering IFNG-stimulated STAT1, which is involved in MHC-I and NLRC5 

transcription205. Besides that, the retardation of tumour growth with ERBB or STAT3 inhibition 

suggests that ERBB-STAT3 signalling might be involved in DFT1 tumour growth and survival. 

Additionally, IFN signalling can be negatively regulated by TRIM28, a downstream target of 

STAT3 signalling, which was highly expressed in DFT1 tissues. 

In DFT2, MHC-I expression appears to be intact for CD8+ T cell recognition5, reflecting the 

intrinsic differences between the two tumour types despite having similar cellular origins. 

However, a dissection into the genotype of MHC-I molecules presented in DFT2 indicate similar 

manipulation of the MHC-I APP pathway for immune escape.   

MHC-I molecules (classical MHC-I heavy chains and surface B2M) are expressed in vitro and 

in vivo in DFT2 cell lines and primary tumours; however, expressions are variable between cell 

lines and tumours, and are generally lower than fibroblasts and IFNG-treated DFT1 cells5. In 

some tumours, MHC-I expression is mostly localised in the cytoplasm while in one, MHC-I 

expression could not be detected. Variability in MHC-I expression of DFT2 cells suggests 

external factors modulating the APP pathway to initiate MHC-I loss, perhaps via epigenetic 

mechanisms like in DFT1.   

Interestingly, DFT2 cells and tumours express relatively high levels of monomorphic non-

classical MHC-I SAHA-UK compared to DFT15. Although the function of SAHA-UK is still 

unknown, the lack of polymorphism and tissue-restricted expression pattern75 infer a separate 

function to peptide-mediated T cell responses, likely giving rise to tumour cells that are more 

resistant to CD8+ T cell and NK cell killing. Additionally, the most highly expressed classical 

MHC-I allele in DFT2 cells is commonly found in host devils. The expression of monomorphic 

and genetically similar MHC-I alleles with host devils reduces the overall immunogenicity of 

DFT2 tumours and thus, anti-tumour immunity.  
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Diversity of MHC-I molecules on the cell surface of allografts and tumours cells can influence 

the degree of immunogenicity as they dictate the level of ‘foreignness’ to the immune system, 

through MHC-I allotypes and the immunopeptidome repertoire. Both IFNG-treated DFT1 and 

DFT2 cells express a reduced number of MHC-I alleles compared to fibroblasts207. This not only 

reduces the degree of allelic differences between host and tumour but also the peptide repertoire 

revealed to CD8+ T cells. Diversity of the immunopeptidome repertoire of IFNG-treated DFT1 

cells and DFT2 cells were also shown to be restricted to a dominant motif that is shared between 

DFT1, DFT2 and fibroblasts even in the presence of multiple MHC-I alleles.  

Inhibition of immune-activation and immune-effector function 

The activation of immune responses is a dynamic process of bi-directional interactions between 

cells through various signalling methods including cytokines, receptor-ligand interactions, 

complement proteins, immunoglobulins, growth factors and hormones. These molecules have the 

capacity to sculpt immune responses towards an immune-activating or immune-suppressive 

milieu.   

Cytokines transforming growth factor β1 (TGFB1), vascular endothelial growth factor A 

(VEGFA), IL6 and IL10 are immunosuppressive signatures often associated with immune 

evasion of cancers208,209. TGFB1 is secreted by CTVT cells and is shown to inhibit the activity of 

IFNG, promoting resistance to T cell killing210,211. Analysis of the expression profiles of these 

cytokines at the RNA level in DFT1 tissues compared to control tissues did not provide 

conclusive evidence for an immunosuppressive environment in DFT1212. Meanwhile, a potential 

cytokine that could exert immunosuppressive effects on immune cells is inflammatory cytokine 

TNFA. Bone marrow-derived macrophages from TNFA knockout C57BL/6 mice exhibited 

greater phagocytic activity against DFT1 cells, suggesting that TNFA might have a role in 

negative regulation of anti-DFT immune responses213.  

Immune checkpoint molecules function to maintain immune homeostasis and prevent 

autoimmunity through negative regulation of immune activity. However, the physiological role 

of immune checkpoints can be a double-edged sword in immune destruction of cancer. 

Programmed death-ligand 1 (PDL1) represents one of the immune checkpoint molecules that 

inhibit the effector function of activated T cells via programmed cell death protein 1 (PD1) 

signalling. PDL1 expression on DFT1 and DFT2 cells can be induced in vitro by IFNG214. 

Although DFT1 and DFT2 tumours were mostly negative for PDL1 expression, PDL1 was 

upregulated in a few non-tumour cells in the tumour microenvironment of several metastatic 

lesions. The immune inhibitory effects of PDL1 might be dependent on the inflammatory 

response and production of IFNG in DFTs, and the activation of T cells. Nonetheless, the 

conserved inhibitory motifs and binding capacity of devil PD1 to PDL1 suggest that the 
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PD1/PDL1 axis can serve as an immune evasion strategy for DFTs. Similarly, various immune 

checkpoint molecules with conserved key motifs and protein interaction have been identified in 

devils; and may play a role in suppressing immune-activating responses to DFTs215,216. 

Interestingly, DFT1 tumours have been shown to exploit immune checkpoint pathways in 

response to immune pressure. The gene expression profile of tumours from pre-immunised devils 

undergoing immunotherapy was simultaneously enriched for lymphocyte infiltration and 

activation, and immune-suppression via checkpoint molecules PDL1 and CTLA4217. Therefore, 

it is imperative to consider DFTs (and any other tumour) as a dynamic entity that is capable of 

modulating immune responses to their advantage as an arms race against the immune system.  

1.3.5 Current and future prophylactic/therapeutic strategies for DFTD 
The race to ameliorate the impacts of DFTD and maintain the genetic diversity of the wild devil 

population has ushered in efforts from various groups of different disciplines. Multiple immune- 

and non-immune-mediated strategies have been considered in the prevention and treatment of 

DFTD. Disease management through insurance population and captive breeding programs will 

not be discussed in this section.  

The use of chemotherapeutic agents such as vincristine has been effective at treating 

transmissible cancer CTVT in dogs218. However, treatment of devils with early stages of DFT1 

using vincristine was ineffective at preventing or slowing down the progression of the disease219. 

Similarly, other chemotherapeutic agents such as carboplatin and doxorubicin were equally 

ineffective at treating DFT1220. Gomesin peptides derived from spider venom were shown to be 

successful at in vitro killing of DFT1 cells and not fibroblasts through cell cycle arrest221, showing 

potential for clinical use as a therapeutic agent for DFT1. 

A variety of receptor tyrosine kinase (RTK) inhibitors were screened against DFT1 and DFT2 

cell lines in vitro. DFT1 and DFT2 cells were particularly sensitive to RTK inhibitors that 

targeted PDGFRs, and ERBB2/3 and STAT3 inhibitors for DFT1156,205. ERBB1/2/3 inhibitor, 

sapitinib, and STAT3 inhibitor, DR-1-55, were each effective at reducing tumour growth and 

restoring MHC-I expression of DFT1 xenografts in NOD/SCID gamma mice205. The copy 

number gains and overexpression of PDGFRA and PDGFRB in both DFT1 and DFT2, and 

ERBB2 and ERBB3 in DFT1 likely explains the sensitivity to drugs targeting these signalling 

pathways that control survival and growth of cells156,205. DFT1 and DFT2 cells were also 

responsive to DNA repair inhibitors, specifically against poly(ADP-ribose) polymerase (PARP) 

and checkpoint kinases CHEK1 and CHEK2205.  

Multiple TLR agonists have been tested to promote immune cell activation, including poly I:C 

(TLR3), poly ICLC (Hiltanol®) (TLR3), LPS (TLR4), imiquimod (TLR7) and CpG (-1585 and 

-2395) (TLR9)222. Combinations of TLR ligands, in particular, poly ICLC and imiquimod, 
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demonstrated enhanced in vitro production of IFNG in IL2-treated PBMCs, and induced in vivo 

antibody response to the model antigen, keyhole limpet haemocyanin222.  

Immune-mediated approaches largely pivot on immunisation with killed DFT1 cell preparation 

in combination with TLR agonists as adjuvants. The first immunisation trial using frozen/thawed 

unmanipulated DFT1 cells with Montanide and/or CpG as adjuvants was partly successful at 

inducing humoral responses and moderate in vitro cytotoxic response to DFT1 cells, but the 

responses were highly variable among the six immunised devils201. The second vaccination 

protocol using irradiated or sonicated IFNG-treated DFT1 cells (MHC-I+) with adjuvants 

(ISCOMATRIX™/poly I:C/CpG) induced a more consistent anti-DFT1 antibody response in 

immunised devils, which was absent in a devil immunised with sonicated untreated DFT1 cells 

(MHC-I−)223. Similarly, immunisation of devils using killed IFNG-treated DFT1 cells in two 

larger cohort studies revealed strong antibody responses that were consistently elicited in the 

majority of immunised devils (N=50/52)203. However, despite the strong anti-DFT1 humoral 

response in the immunised devils, tumour growth of experimental wild type DFT1 cells was not 

prevented, and weak immune cell infiltration into the tumours was observed223. Immunotherapy 

using live IFNG-treated DFT1 cells demonstrated the ability to promote tumour rejection in 

primed devils with immune intervention223. Tumour regressions, associated with immune cell 

infiltration and antibody responses, were induced in the previously immunised devils. 

Meanwhile, treatment with irradiated IFNG-treated DFT1 cells failed to initiate tumour 

regression, suggesting that a live cell immunotherapy may be more effective than killed cell 

preparations223.  

An oral bait vaccine (OBV) platform using oncolytic viral vectors for DFT antigen delivery has 

been introduced as an alternative prophylactic and therapeutic approach to DFT cell vaccines224. 

The viral vector expressing DFT antigens will be encapsulated in baits, which offers several 

advantages to a whole cell vaccine. Vaccine deployment as baits is a more feasible strategy for 

large-scale field trials than subcutaneous vaccine administration of individual devils. Besides 

that, viral infection of cells should trigger an inflammatory response that would promote 

recruitment of immune cells and facilitate the induction of anti-DFT immune responses.  

1.4 Literature gap and research aims  
The high mortality rate and ongoing transmission of DFTD within the wild devil population for 

the past 25 years are synonymous with a lack of host immune response, including poor immune 

cell infiltration into the tumours134. Although it is now appreciated that some devils have the 

innate ability to reject DFT1 tumours169, there is still limited evidence for host resistance in the 

majority of cases. Besides that, the emergence of a second independent transmissible cancer, 
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DFT22, in devils adds another layer of uncertainty about the persistence of the wild devil 

population in Tasmania.  

MHC-I downregulation in DFT1 has been implicated as one of the immune evasion strategies 

permitting the transmission and establishment of an allogeneic cancer cell line across 

histocompatibility barriers4. Given that serum antibody response from tumour-regressed wild 

devils was against IFNG-treated DFT1 cells and not wild type DFT1 cells169, it is suggested that 

MHC-I molecules are a pivotal element for effective anti-DFT immunity. Furthermore, primary 

humoral response and secondary cell-mediated response in immunised devils receiving live 

MHC-I+ DFT1 cell immunotherapy were effective at driving tumour regression223.  

Although these findings demonstrated a correlation between DFT1 MHC-I expression and anti-

DFT1 immunity, protective anti-tumour immunity was not always elicited in the presence of 

tumour MHC-I expression. Two wild devils with serum antibody response to IFNG-treated DFT1 

cells did not experience tumour regressions169, and devils immunised with killed IFNG-treated 

DFT1 cells had strong induction of anti-DFT1 humoral response but not protection against 

tumour growth from experimental wild type DFT1 cells223. These observations suggest gaps in 

the: (i) induction of protective anti-DFT immune responses beyond tumour MHC-I expression, 

and (ii) vaccine efficacy of DFT1 cells treated with IFNG and then killed, in combination with 

TLR agonist adjuvants.  

This thesis aims to address the two challenges above, particularly in the establishment of 

protective anti-DFT immune responses in devils through DFT cell immunisation, by:  

1. Enhancing the immunogenicity of DFT1 and DFT2 cells through upregulation of MHC 

antigen presentation using various methods. 

1.1. MHC upregulation by the inflammatory cytokine IFNG (Chapter 3) 

1.2. MHC upregulation by MHC-I transcriptional regulator NLRC5 (Chapter 4) 

1.3. MHC upregulation by MHC-II transcriptional regulator CIITA (Chapter 5) 

2. Augmenting anti-tumour immune responses using co-stimulatory molecules in addition 

to tumour MHC expression (Chapter 6). 

3. Developing a suicide gene system for attenuation of a live DFT cell vaccine (Chapter 7).  
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2.1 Reagents, consumables, and equipment 

2.1.1 Reagents 
Table 2-1. List of reagents used in this thesis 

Reagents Product Line Supplier Catalogue 
number 

2-mercaptoethanol (2-ME) (14.3 M)  Sigma-Aldrich M6250 
Acetic acid, glacial  Sigma-Aldrich A6283 
Agarose powder  Promega V3125 
Agencourt CleanSEQ® Dye-Terminator Removal 
Kit 

 Beckman Coulter A29154 

Ammonium chloride (NH4Cl)  Sigma-Aldrich A9434 
Ampicillin sodium salt  Sigma-Aldrich A9518 

Antibiotic-Antimycotic (100X) Gibco™ Thermo Fisher 
Scientific 15240096 

Bacteriological agar  Sigma-Aldrich A5306 
BD Cytofix/Cytoperm™ Plus 
Fixation/Permeabilization Kit 

 BD Biosciences 554714 

BigDye Terminator v3.1 Cycle Sequencing Kit Applied 
Biosystems™ 

Thermo Fisher 
Scientific 4337455 

Bolt™ 4-12%, Bis-Tris, 1.0 mm Mini Protein Gel Invitrogen™ Thermo Fisher 
Scientific NW04122BOX 

Bolt™ LDS Sample Buffer (4X) Invitrogen™ Thermo Fisher 
Scientific B0007 

Bolt™ MES SDS Running Buffer (20X) Invitrogen™ Thermo Fisher 
Scientific B0002 

Bolt™ Reducing Agent (10X) Invitrogen™ Thermo Fisher 
Scientific B0004 

Bovine serum albumin (BSA) Bovostar Bovogen Biologicals BSAS-AU 
Cell Counting Kit-8 (CCK-8)  Sigma-Aldrich 96992 

CellTrace™ Violet Proliferation Kit Invitrogen™ Thermo Fisher 
Scientific C34557 

CFSE  Sigma-Aldrich 21888 
Chloroquine diphosphate salt  Sigma-Aldrich C6628 

CutSmart® Buffer (10X)  New England Biolabs 
(NEB) B7204S 

D-(+)-Glucose  Sigma-Aldrich G8270 
DAPI (4′,6-diamidino-2-phenylindole)  Sigma-Aldrich 32670 
Dimethyl Sulfoxide (DMSO)  Sigma-Aldrich D8418 
D-Luciferin, In Vivo Grade  VivoGlo™ Promega P1043 
Doxycycline  Clontech 631311 

DyLight™ 650 Microscale Antibody Labeling Kit Thermo 
Scientific™ 

Thermo Fisher 
Scientific 84536 

EDTA disodium salt dihydrate   Sigma-Aldrich E5134 
Ethyl alcohol, pure (C2H5OH)  Sigma-Aldrich E7023 

EZQ® Protein Quantitation kit   Thermo Fisher 
Scientific R33200 

Foetal bovine serum (FBS)  Bovogen Biologicals SFBS-F 

Gel Loading Dye, Purple (6X)  New England Biolabs 
(NEB) B7024S 

GelRed® Nucleic Acid Gel Stain   Biotium 41003 

GeneRuler 1 kb DNA Ladder Thermo 
Scientific™ 

Thermo Fisher 
Scientific SM0311 

Glycerol   Sigma-Aldrich G5516 
GoScript™ Reverse Transcription System Kit  Promega A5001 

Halt™ Phosphatase Inhibitor Cocktail  Thermo 
Scientific™ 

Thermo Fisher 
Scientific 78420 

Halt™ Protease Inhibitor Cocktail Thermo 
Scientific™ 

Thermo Fisher 
Scientific 78429 
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Reagents Product Line Supplier Catalogue 
number 

HEPES (1M) Gibco™ Thermo Fisher 
Scientific 15630080 

Histopaque®-1077  Sigma-Aldrich 10771 
Hydrochloric acid (HCl) (37%)  Sigma-Aldrich 320331 
Hygromycin B solution from Streptomyces 
hygroscopicus  

 Sigma-Aldrich H0654-1G 

iBlot™ Transfer Stack, nitrocellulose, mini Invitrogen™ Thermo Fisher 
Scientific IB301002 

Immobilon™ Western Chemiluminescent HRP 
Substrate  

 Merck Millipore WBKLS0500 

Ionomycin, calcium salt Invitrogen™ Thermo Fisher 
Scientific I24222 

Isofluorane  Abbot Australasia Pty 
Ltd. − 

Isopropanol  Merck Millipore 1096342511 
KAPA HiFi HotStart PCR Kit  Kapa Biosystems KR0369 
Lightning-Link® PE-Cy7 Antibody Labeling Kit  Novus Biologicals 762-0010 
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain 
Kit Invitrogen™ Thermo Fisher 

Scientific L34976 

MEM Non-essential amino acids solution (100X) Gibco™ Thermo Fisher 
Scientific 11140050 

Monensin (1000X) eBioscience™ Thermo Fisher 
Scientific 00-4505-51 

NEB® 5-alpha Competent Escherichia coli   New England Biolabs 
(NEB) C2987 

NEBuilder® HiFi DNA Assembly Cloning Kit  New England Biolabs 
(NEB) E5520 

Neutral buffered formalin  Ajax Finechem AJA5080-5L 

Normal goat serum (NGS) Invitrogen™ Thermo Fisher 
Scientific 01-6201 

Nucleospin® Gel and PCR Clean-Up Kit  Macherey-Nagel 740609.250 
Nucleospin® Plasmid EasyPure Kit  Macherey-Nagel 740727.250 
Nucleospin® RNA Plus Kit  Macherey-Nagel 740984.50 
OneTaq® Hot Start Quick-Load® 2X Master Mix 
with Standard Buffer 

 New England Biolabs 
(NEB) M0488 

Phorbol 12-myristate 13-acetate (PMA) Calbiochem Merck Millipore 524400 

Phosphate-buffered saline (PBS) tablets  Thermo Fisher 
Scientific 18912014 

Polyethylenimine, Linear, MW 25000, 
Transfection Grade (PEI 25K™) 

 Polysciences 23966 

Potassium hydrogen carbonate (KHCO3)  Ajax Finechem AR397 
Propidium iodide (PI)  Sigma-Aldrich P4170  

PureLink® Genomic DNA Mini Kit Invitrogen™ Thermo Fisher 
Scientific K182001 

Puromycin solution (10 mg/mL)  InvivoGen ant-pr-1 

Q5® Hot Start High-Fidelity 2X Master Mix  New England Biolabs 
(NEB) M0494 

Restriction enzyme Antarctic Phosphatase (AnP)  New England Biolabs 
(NEB) M0289S 

Restriction enzyme SfiI  New England Biolabs 
(NEB) R0123S 

Restriction enzyme SmaI  New England Biolabs 
(NEB) R0141S 

Restriction enzyme SspI-HF®  New England Biolabs 
(NEB) R3132S 

RIPA Lysis and Extraction Buffer   Thermo Fisher 
Scientific 89900 

RPMI 1640 Medium with L-glutamine Gibco™ Thermo Fisher 
Scientific 11875093 

SeeBlue™ Plus2 Pre-stained Protein Standard   Thermo Fisher 
Scientific LC5925 

Skim milk powder   Woolworths N/A 
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Reagents Product Line Supplier Catalogue 
number 

Sodium azide  Sigma-Aldrich S2002 
Sodium chloride  Sigma-Aldrich S5886 
Sodium hydroxide solution (NaOH) (50% in H2O)  Sigma-Aldrich 415413 

Sodium pyruvate (100 mM) Gibco™ Thermo Fisher 
Scientific 11360070 

SpectroFlo® QC Beads  Cytek Biosciences N7-97355 
Tergitol (NP40)  Sigma-Aldrich NP40S 
Tris(hydroxymethyl)aminomethane (Tris base) 
(Trizma® base) 

 Sigma-Aldrich T1503 

Tris(hydroxymethyl)aminomethane hydrochloride 
(Tris-HCl) 

 Merck Millipore 1082191000 

Triton X-100  BDH Chemicals 30632 

TrypLE™ Express enzyme (1X)  Thermo Fisher 
Scientific 12604013 

Tryptone  Oxoid LP0021 

Turbo DNA-free™ Kit Invitrogen™ Thermo Fisher 
Scientific AM1907 

TWEEN® 20  Sigma-Aldrich P1379 

UltraComp eBeads™ Plus Compensation Beads Invitrogen™ Thermo Fisher 
Scientific 01-3333-42 

Yeast extract  Oxoid LP0042 
ZymoPURE™ Plasmid Miniprep Kit  Zymo Research D4211 
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2.1.2 Oligonucleotides 
Table 2-2. Oligonucleotides used in this thesis 

Oligonucleotide Oligonucleotide sequence (5' to 3')  Application 

pTRE-Dual2-XbaI-linear.FOR AGGATCATAATCAGCCATACCACATTTGTAGA
G PCR 

pTRE-Dual2-NotI-linear.REV GCGGTTGTGGCCATATTATCATCGTG PCR 

pAF67.FOR GATAATATGGCCACAACCGCCATGAATTATTC
AAGCTACCTCTTAGC PCR 

pAF67.REV GTATGGCTGATTATGATCCTCTACTGTGTGATT
TTTCCTTGGC PCR 

pAF107_vec1.FOR ACTGTGATCAATTAGTTCGAAGGCCTGTCGTGA
AGC PCR 

pAF107_vec1.REV GCCCTTGCTCACCATGGTGGCCTCAGAGG PCR 
pAF107_frag1.FOR CCTCTGAGGCCACCATGGTGAGCAAGGGC PCR 

pAF107_frag1.REV TTGGCCTGACAGGCCTACTGTGTGATTTTTCCT
TGGCTTTTGTTC PCR 

pAF107_frag2.FOR GAAAAATCACACAGTAGGCCTGTCAGGCCAAG
C PCR 

pAF107_frag2.REV GTCCAGTCTAGACATGGTGGCCTCAGGTGC PCR 

pAF107_frag3.FOR GCACCTGAGGCCACCATGTCTAGACTGGACAA
GAGCAAAGTC PCR 

pAF107_frag3.REV 
CGACGTCACCAGCCTGCTTCAGCAGGCTGAAG
TTAGTAGCTCCACTGCCCCCGGGGAGCATGTC
AAGGTCC 

PCR 

pAF107_frag4.FOR 
CAGCCTGCTGAAGCAGGCTGGTGACGTCGAGG
AGAATCCTGGCCCCATGGGCCCTTCGGACCCA
G 

PCR 

pAF107_frag4.REV GCTTCACGACAGGCCTTCGAACTAATTGATCAC
AGTTAATGTCCCAGAATCG PCR 

pAF105vec.FOR CAGGATCCCAGACTGAACTTCTCCTAAGCGGC
CGCATCGATAAGC PCR 

pAF105vec.REV CTCATCATTCTGCCAGCTTAGGGAGTCCATGGT
TGTGGCCATATTATCATCGTG PCR 

deNLRC5.FOR ATGGACTCCCTAAGCTGGCAGAATGATGAGGA
AAGC PCR 

deNLRC5.REV TTAGGAGAAGTTCAGTCTGGGATCCTGGCCCT
GGAG PCR 

pCO1.FOR GTGAAAACTACCCCAAGCTGGCCTCTGAGGCC
ATGGACTCCCTAAGCTGGCAGAATG PCR 

pCO1.REV AATTGATCCCCAAGCTTGGCCTGACAGGCCTTA
GGAGAAGTTCAGTCTGGGATCCTGG PCR 

pCO2_X2.FOR  GAAAACTACCCCAAGCTGGCCTCTGAGGCCGC
CACCATGCGGCAGTTACGTGGTGC   PCR 

pCO2.REV GAGAATTGATCCCCAAGCTTGGCCTGACAGGC
CTTATCGCAAGCTTATTCGGGAGTCC PCR 

pAF111-1.FOR CACGGAAATGTTGAATACTCATACTCTTCCTTT
TTCAATATTATTGAAGC PCR 

pAF111-2.FOR AACTGTATAGGGATCCAATTTTAACAAAATATT
CGAGCTTGCATGCCTGCAGGTC PCR 

pCO4_frag1.FOR CCACTTCCTACCCTCGAAAGGCCTCTGAGGCCG
CCACCATGGACGGCTCCGGGGAG   PCR 

pCO4_frag1.REV GGGAGAGGGGGGCCTGACAGGCCCTAGGACAT
CTTCCAGATGGTAAGCGAAGC      PCR 

pCO4_frag2.FOR CCATCTGGAAGATGTCCTAGGGCCTGTCAGGC
CCCCCTCTCCCTCCCCCCCCCCTAAC PCR 
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Oligonucleotide Oligonucleotide sequence (5' to 3')  Application 

pCO4_frag2.REV CCTCGCCCTTGCTCAACATGCTAGCCATATTAT
CATCGTGTTTTTCAAAGGAAAACCA PCR 

pCO4_frag3.FOR CACGATGATAATATGGCTAGCATGTTGAGCAA
GGGCGAGGAGGTC              PCR 

pCO4_frag3.REV GCTTGATATCTTACTTGTACAGCTCGTCCATGC
CGTACAGGAAC               PCR 

pCO4_frag4.FOR CGGCATGGACGAGCTGTACAAGTAAGATATCA
AGCTTCCATCGATAGACATGATAAG  PCR 

pCO4_frag4.REV AGGGCCGGGATTTTCCTCAACATCTCCTGCCTG
CTTCAGCAGGCTGAAGTTAGTAGCT PCR 

pCO4_frag5.FOR GCAGGCAGGAGATGTTGAGGAAAATCCCGGCC
CTATGGAAGATGCCAAAAACATTAAG PCR 

pCO4_frag5.REV CAGGCTGAAGTTAGTAGCGCCGGACCCGGGCA
CGGCGATCTTGCCGC            PCR 

pCO5.FOR    CCACTTCCTACCCTCGAAAGGCCTCTGAGGCCG
CCACCATGGCTTCTAGGCAGGTGAG PCR 

pCO5_X2.REV TAGGGGGGGGGGAGGGAGAGGGGGGCCTGAC
AGGCCTCAGGGTTGAAAGAATCTTCGG PCR 

pCO6.FOR CTTCCTACCCTCGAAAGGCCTCTGAGGCCGCCA
CCATGGAGGTCCTGCGGCGCTCGT  PCR 

pCO6.REV TAGGGGGGGGGGAGGGAGAGGGGGGCCTGAC
AGGCCTCATCTCTCGGGGAGCAGGACG PCR 

deBOK.FOR ATGGAGGTCCTGCGGCGCTCGTC PCR 
deBOK.REV TCATCTCTCGGGGAGCAGGACGAAG PCR 

B2M_sgRNA_1.FWD CACCGTCTTGCTAATTGCCCTCTTG PCR sgRNA 
(CRISPR/Cas) 

B2M_sgRNA_1.REV AAACCAAGAGGGCAATTAGCAAGAC PCR sgRNA 
(CRISPR/Cas) 

B2M_sgRNA_2.FWD CACCGGATGCACAATTGCCCCAAGA PCR sgRNA 
(CRISPR/Cas) 

B2M_sgRNA_2.REV AAACTCTTGGGGCAATTGTGCATCC PCR sgRNA 
(CRISPR/Cas) 

cadeGAPDH_F1 ACACCCACTCTTCCACCTT RT-PCR 
cadeGAPDH_R1 TTACTCCTTGGAGGCCATGTA RT-PCR 
deIFNg_seq.FOR GCAAACTCTTCACAACTACTTTAATGC RT-PCR 
deIFNg_seq.REV AGCTTTCCTTTGGACTTTGAGG RT-PCR 
B2Mex1F ATGGTCACAAGTCCTCCCAGAGTTC RT-PCR 

B2Mex2R GCACCAAGTTCTGTTCTGGATCCCATTTAATTA
C RT-PCR 

deB7H1_318_F AGATGCTGGGGCTTACCGCTGTATT RT-PCR 
deB7H1_597_R TGTGGCATTGACCCTGAGAGTGCT RT-PCR 
deBAX-1.FOR TGCAGGGGTTCATCCAGGAC RT-PCR 
deBAX-1.REV CGATCATCCTCTGCAGCTCC RT-PCR 
deBAX-1.FOR TGCAGGGGTTCATCCAGGAC RT-PCR 
deBAX-2.REV AGTTGCCGTCGGAGAACATCTC RT-PCR 
TD_BAK_F CTACCGGCTGGCACTATATGTT RT-PCR 
TD_BAK_R AATGGAGTTGTTGGAGAGGTCC RT-PCR 
TD_BOK_F  GATCTTCGCGGCAGGGATAA RT-PCR 
TD_BOK_R TCTTCCGCACAAACTCTCCC RT-PCR 
TD_MCL1_F AGTTGTACGGGCAGTCCTTG RT-PCR 
TD_MCL1_R CCCCGTCACTGAACACATGA RT-PCR 
TD_BCL2_F GCGGATTGTGGCCTTCTTTG RT-PCR 
TD_BCL2_R AGTCATCCACAGGGCTATGC RT-PCR 
TD_BCL-xL_F AGAATCCACCCTCGGAAACC RT-PCR 
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Oligonucleotide Oligonucleotide sequence (5' to 3')  Application 
TD_BCL-xL_R CAGGAATGGGCTGATCCAGT RT-PCR 
dsRed.FOR ATTACAAGAAGCTGTCCTTCC RT-PCR 
dsRed.REV CATGTAGATGGTCTTGAACTCC RT-PCR 

luc_seq1.FOR TGGTGCCATTTCACCACG RT-PCR / 
sequencing 

luc_seq1.REV GCAAGTTGCTTAGGTCGTACTT RT-PCR / 
sequencing 

Hygro-1.FOR CGGCGGGAGATGCAATAG RT-PCR / 
sequencing 

Hygro.REV GCCTGAACTCACCGCGAC RT-PCR / 
sequencing 

pSB_EF1a_seq.FOR GCCTCAGACAGTGGTTCAAAG Sequencing 
pSB_bGH_seq.REV AGGCACAGTCGAGGCTGAT Sequencing 
BGH_rev_primer TAGAAGGCACAGTCGAGG Sequencing 
pSB_seq_1.FOR GAAAATACCGCATCAGGAAATTGTAAGCG Sequencing 
CMV_fwd_primer CGCAAATGGGCGGTAGGCGTG Sequencing 
5-ITR_seq_1 GACCTGCAGGCATGCAAGC Sequencing 
TCE_seq1.FOR GAGCCAATTCCAACTCTTTTGC Sequencing 
EBV.REV GTGGTTTGTCCAAACTCATC Sequencing 
RPBSA_seq.FOR TGACCTCGGCACTTAGC Sequencing 
IRES_seq.FOR TGGCTCTCCTCAAGCGTATT Sequencing 
SV40_pAN1.REV GCAATAGCATCACAAATTTC Sequencing 
P2A_seq1.FOR GGCAGTGGAGCTACTAACTTC Sequencing 
P2A_seq.REV CCAGGATTCTCCTCGACG Sequencing 
deNLRC5_seq1.FOR GCTGGAGTTGGTCAGAAAGT Sequencing 
deNLRC5_seq2.FOR CCAGCTGCGGATTGAGAATTA Sequencing 
deNLRC5_seq3.FOR CTCAGACCTATCTGTCCTTCCT Sequencing 
deNLRC5_seq4.FOR GAGTCACCACCTTGGAGATTAG Sequencing 
deNLRC5_seq5.FOR TGCAGCCATCTTGACTTATCC Sequencing 
deNLRC5_seq6.FOR CTGGGTGATGAAGGACTCAAA Sequencing 
deNLRC5_seq7.FOR CTTAGCTGGTCCCAGGTTTAC Sequencing 
deNLRC5_seq8.FOR CAGGTGGAGGAGTTACACTTAG Sequencing 
U6 SeqFWD GAGGGCCTATTTCCCATGATTC Sequencing 
B2m_seq1.FOR AGTTTCCAAGCAAACGAAAATG          Sequencing 
B2m_seq1.REV AGCTCTGGCTCCCAGAC Sequencing 
deCIITA_seq1.FOR GACAGTTGGGAGACCAAACG Sequencing 
deCIITA_seq2.FOR AGTACTGGGCAAGGCTGGTC Sequencing 
deCIITA_seq3.FOR CATCTGAAACTTGGTCCAGAGAC Sequencing 
deCIITA_seq4.FOR TGCTCAGTCACTGCTACAGC Sequencing 
CIITAF ACCCTTGTCCAACTTGGTTGTGTTACC Sequencing 

 

 



44 
 

2.1.3 Expression vectors 
Table 2-3. List of expression vectors used for cell transfection 

Vector Catalogue number / 
Plasmid clone 

Fluorescent 
protein marker 

Antibiotic 
resistance gene 

Company / 
Reference 

pTet-DualOFF 631113 ZsGreen N/A Clontech 

pTRE-Dual2 631112 mCherry N/A Clontech 

pSBbi-BH 60515 mTagBFP2 Hygromycin Addgene 

pSBtet-Hyg 60508 N/A Hygromycin Addgene 

pSBtet-RH 60500 DsRed Hygromycin Addgene 

pCMV(CAT)T7-SB100 34879 N/A N/A Addgene 

pAF107 pAF107.3 Inducible mCherry N/A Chapter 3 

pCO1 pCO1.3 mTagBFP2 Hygromycin Chapter 4 

pCO2 pCO2_X2.2 mTagBFP2 Hygromycin Chapter 5 

pCO3 pCO3.1 N/A Hygromycin Chapter 7 

pCO4 pCO4.2 Inducible DsRed Hygromycin Chapter 7 

pCO5 pCO5.4 Inducible DsRed Hygromycin Chapter 7 

pCO6 pCO6.4 Inducible DsRed Hygromycin Chapter 7 

pCO7 pCO7.2 Inducible DsRed Hygromycin Chapter 7 

pAF91 pAF91.2 N/A Hygromycin 1,2 

pAF117 pAF117.3 N/A Hygromycin 222,231 

pAF118 pAF118.2 N/A Hygromycin 222,231 

pAF217 pAF217.2 N/A Puromycin Chapter 4 

pAF218 pAF218.3 N/A Puromycin Chapter 4 
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2.1.4 Antibodies 
Table 2-4. List of antibodies used in this thesis 

Target Host Isotype Conjugation Clone Concentration Dilution Final 
concentration Application Catalogue Company / 

reference 

Devil B2M mouse IgG2b N/A 13-34-45 supernatant 1:250 N/A Flow cytometry N/A 4 

Human HLA-DR 
antigen, alpha chain 
(HLA-DRA) 

mouse IgG1, 
kappa N/A TAL.1B5 24 mg/L 1:50 0.48 μg/mL Flow cytometry 

(Intracellular) M0746 Agilent Dako 

Bovine IFNG  mouse IgG1 PE CC302 0.5 mg/mL 1:50 10 μg/mL Flow cytometry MA5-28459 Thermo Fisher 
Scientific 

Devil CD4 mouse IgG2a PE/Cy7 7H9 1.0 mg/mL 1:1000 1 μg/mL Flow cytometry 15/14-7H9-19-1 WEHI 

Devil IgG mouse IgG2b N/A A4-D1-2-1 2.0 mg/mL 1:200 10 μg/mL Flow cytometry N/A WEHI 

Devil PD1 mouse IgG1 DyLight 650 3G8 1.0 mg/mL 1:1000 1 μg/mL Flow cytometry N/A 220 

Devil PDL1 1F8 mouse IgG1 DyLight 650 1F8 1.0 mg/mL 1:500 2 μg/ml Flow cytometry N/A 220 

Mouse IgG (H+L) goat IgG Alexa Fluor 
488 polyclonal 2 mg/mL 1:1000 2 μg/mL Flow cytometry A11029 Thermo Fisher 

Scientific 

Mouse IgG (H+L) goat IgG Alexa Fluor 
647  polyclonal 2 mg/mL 1:1000 2 μg/mL Flow cytometry A21235 Thermo Fisher 

Scientific 

Beta Actin rabbit IgG N/A polyclonal 0.2 mg/mL 1:500 0.4 μg/mL Western blot ab8227 Abcam 

Devil SAHA-
UA/UB/UC mouse N/A N/A 15-25-18 supernatant 1:1 N/A Western blot N/A 5 

Devil SAHA-UK mouse N/A N/A 15-29-1 supernatant 1:1 N/A Western blot N/A 5 

Mouse Ig goat N/A HRP polyclonal 1 mg/mL 1:4000 0.25 μg/mL Western blot P0447 Agilent Dako 

Rabbit Ig goat N/A HRP polyclonal 0.25 mg/mL 1:4000 62.5 μg/mL Western blot P0448 Agilent Dako 
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2.1.5 Recombinant proteins 
Table 2-5. List of recombinant proteins used in this thesis 

Protein Conjugation Clone Concentration Dilution Final 
concentration Application Company / 

reference 

Devil IFNG-His N/A pAF29 1 mg/mL Variable 5-10 ng/mL Cell culture 220 

Devil CTLA4 ECD mCherry pAF197.14c1 supernatant 4:5 N/A Flow cytometry 222,231 

Devil 41BB ECD mOrange pAF164.3 0.83 mg/ml 2:83 20 ug/mL Flow cytometry 222,231 

His, histidine; ECD, extracellular domain       
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2.1.6 Cell lines 
Table 2-6. List of cell lines used in this thesis 

ID # Cell lines RRID Parent cell line Plasmid(s) transfection Function Fluorescent protein 
marker Reference 

1 DFT1.WT CVCL_LB79 DFT1 C5065 strain 3 Nil Wild type N/A Chapter 2 
2 DFT1.Tet/IFN-γ N/A DFT1 C5065 strain 3 pAF107 Inducible IFNG (Tet-Off) Inducible mCherry Chapter 3 
3 DFT1.BFP N/A DFT1 C5065 strain 3 pSBbi-BH Empty vector control mTagBFP2 Chapter 4 
4 DFT1.NLRC5 N/A DFT1 C5065 strain 3 pCO1 NLRC5 mTagBFP2 Chapter 4 
5 DFT1.B2M-/- N/A DFT1 C5065 strain 3 pAF217 B2M knockout N/A Chapter 4 
6 DFT1.NLRC5.B2M-/- N/A DFT1 C5065 strain 3 pCO1, pAF218 NLRC5, B2M knockout mTagBFP2 Chapter 4 
7 DFT1.CIITA N/A DFT1 C5065 strain 3 pCO2 CIITA mTagBFP2 Chapter 5 
8 DFT1.NLRC5.CD80 N/A DFT1 C5065 strain 3 pCO1, pAF117 NLRC5, CD80 mTagBFP2 Chapter 6 
9 DFT1.NLRC5.CD86 N/A DFT1 C5065 strain 3 pCO1, pAF118 NLRC5, CD86 mTagBFP2 Chapter 6 
10 DFT1.NLRC5.41BBL N/A DFT1 C5065 strain 3 pCO1, pAF91 NLRC5, 41BBL mTagBFP2 Chapter 6 
11 DFT1.CIITA.CD80 N/A DFT1 C5065 strain 3 pCO2, pAF117 CIITA, CD80 mTagBFP2 Chapter 6 
12 DFT1.CIITA.CD86 N/A DFT1 C5065 strain 3 pCO2, pAF118 CIITA, CD86 mTagBFP2 Chapter 6 
13 DFT1.CIITA.41BBL N/A DFT1 C5065 strain 3 pCO2, pAF91 CIITA, 41BBL mTagBFP2 Chapter 6 
14 DFT1.BAX N/A DFT1 C5065 strain 3 pCO4 Inducible BAX (Tet-Off) Inducible DsRed Chapter 7 
15 DFT1.BAK1 N/A DFT1 C5065 strain 3 pCO5 Inducible BAK1 (Tet-Off) Inducible DsRed Chapter 7 
16 DFT1.BOK N/A DFT1 C5065 strain 3 pCO6 Inducible BOK (Tet-Off) Inducible DsRed Chapter 7 
17 DFT1.pCO7 N/A DFT1 C5065 strain 3 pCO7 Inducible filler DNA (Tet-Off) Inducible DsRed Chapter 7 
18 DFT2.WTRV CVCL_LB80 DFT2 RV Nil Wild type N/A Chapter 4 
19 DFT2.WT CVCL_A1TN DFT2 JV Nil Wild type N/A Chapter 4 
20 DFT2.BFP N/A DFT2 JV pSBbi-BH Empty vector control mTagBFP2 Chapter 4 
21 DFT2.NLRC5 N/A DFT2 JV pCO1 NLRC5 mTagBFP2 Chapter 4 
22 DFT2.CIITA N/A DFT2 JV pCO2 CIITA mTagBFP2 Chapter 5 
24 DFT2.NLRC5.CD80 N/A DFT2 JV pCO1, pAF117 NLRC5, CD80 mTagBFP2 Chapter 6 
25 DFT2.NLRC5.CD86 N/A DFT2 JV pCO1, pAF118 NLRC5, CD86 mTagBFP2 Chapter 6 
23 DFT2.NLRC5.41BBL N/A DFT2 JV pCO1, pAF91 NLRC5, 41BBL mTagBFP2 Chapter 6 
27 DFT2.CIITA.CD80 N/A DFT2 JV pCO2, pAF117 CIITA, CD80 mTagBFP2 Chapter 6 
28 DFT2.CIITA.CD86 N/A DFT2 JV pCO2, pAF118 CIITA, CD86 mTagBFP2 Chapter 6 
26 DFT2.CIITA.41BBL N/A DFT2 JV pCO2, pAF91 CIITA, 41BBL mTagBFP2 Chapter 6 
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2.1.7 Solution recipes 
2-mercaptoethanol (2-ME) (10mM) 

2-mercaptoethanol (2-ME) (14.3 M) 34.9 μL 
Sterile Milli-Q® water 50 mL 

2-ME was measured and diluted with sterile Milli-Q® water in a fume hood. The solution was 

filter-sterilised through a 0.22 μm membrane under sterile conditions. Aliquots of 2.5 mL were 

stored in sterile tubes at 4 °C for up to four months.  

Agarose gel (1%) 

Agarose powder 1 g 
TAE buffer (1X) 100 mL 
GelRed® Nucleic Acid Gel Stain (10000X) 10 μL 

Agarose powder was added to TAE buffer (1X) in a microwave-safe flask and was microwaved 

until completely dissolved. Heating was performed in short intervals to prevent the solution from 

boiling over. While still hot, GelRed® Nucleic Acid Gel Stain was added to the gel solution and 

mixed thoroughly. Excess gel was stored at room temperature, protected from light, and reheated 

before use.  

Ampicillin stock solution (100 mg/mL) 

Ampicillin sodium salt 100 mg 
Sterile Milli-Q® water 100 mL 

Ampicillin sodium salt was dissolved in Milli-Q® water and filter-sterilised through a 0.22 μm 

membrane under sterile conditions. The solution was stored in 200 μL aliquots at -20 °C.  

Cell culture medium (RPMI-0/5/10) 

RPMI 1640 medium with L-glutamine  500 mL  

Antibiotic-Antimycotic (100X) 5 mL 1X (v/v) 
1M HEPES 5 mL 10 mM 
10 mM 2-ME 2.5 mL 50 μM 
Heat-inactivated foetal bovine serum (FBS)   

RPMI-0 0 mL 0% (v/v) 
RPMI-5 25 mL 5% (v/v) 
RPMI-10 50 mL 10% (v/v) 

Antibiotic-Antimycotic, HEPES and 2-ME were added to RPMI 1640 medium and the desired 

amount of FBS was added to make up RPMI-0, RPMI-5, or RPMI-10. Medium was prepared 

under sterile conditions and stored in the dark at 4 °C.  
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Cell culture medium (RPMI-10+) 

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) 
1M HEPES 5 mL 10 mM 
10 mM 2-ME 2.5 mL 50 μM 
Sodium pyruvate 5 mL  
Non-essential amino acids 5 mL  

Supplements were added to RPMI 1640 medium under sterile conditions and stored in the dark 

at 4 °C.  

Cell freezing medium (2X) 

RPMI 1640 medium with L-glutamine 20 mL 40% (v/v) 
Heat-inactivated foetal bovine serum 20 mL 40% (v/v) 
Dimethyl sulfoxide (DMSO) 10 mL 20% (v/v) 

Reagents were combined under sterile conditions and stored in the dark at 4 °C. 

CFSE (5 mM) 

CFSE  5.57 mg 
Sterile DMSO 2 mL 

DMSO was added to CFSE under sterile conditions and mixed thoroughly by pipetting. Aliquots 

of 50 μL were stored in the dark at -20 °C. 

Chloroquine stock solution (100 mM) 

Chloroquine diphosphate salt  1.28965 g  

Sterile Milli-Q® water 25 mL  

Chloroquine diphosphate salt was dissolved in Milli-Q® water under sterile conditions and filter-

sterilised through a 0.22 μm membrane. The solution was stored in the dark at 4 °C. 

DAPI stock solution (1 mg/mL) 

DAPI 1 mg  
Autoclaved Milli-Q® water 1 ml  

DAPI was dissolved in MilliQ® water and stored in the dark at -20 °C. For DNA staining by 

flow cytometry, DAPI (1 mg/mL) was diluted in FACS buffer to 200 ng/mL and stored at 4 °C 

in the dark.  
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Doxycycline stock solution (1 mg/mL) 

Doxycycline 1 mg  
Sterile Milli-Q® water 1 ml  

Doxycycline was dissolved in Milli-Q® water under sterile conditions and filter-sterilised 

through a 0.22 μm membrane. The solution was stored in 200 μL aliquots at -20 °C in the dark.  

FACS buffer 

Bovine serum albumin (BSA) 5 g 0.5% (w/v) 
Sodium azide solution (5%) 4 mL 0.02% (v/v) 
PBS (1X) 996 mL  

BSA was dissolved in 1X PBS with sodium azide using a magnetic stirrer in a cold room. The 

solution was filter-sterilised through a 0.22 μm membrane and stored at 4 °C.  

FACS fixation buffer (FACS fix) 

D-(+)-glucose 10 g 1% (w/v) 
Neutral buffered formalin (10%) 40 mL 0.4% (v/v) 
Sodium azide solution (5%) 4 mL 0.02% (v/v) 
PBS (1X) To 1 L  

The reagents were mixed and filter-sterilised through a 0.22 μm membrane. The solution was 

stored at room temperature.  

Glycerol solution (80%) 

Glycerol 80 mL  
Sterile Milli-Q® water 20 mL  

Glycerol was diluted in Milli-Q® water under sterile conditions and stored at room temperature.  

Hygromycin stock solution (1 mg/mL) 

Hygromycin B (50 mg/mL) 1 mL  
RPMI-10 49 mL  

Hygromycin was added to RPMI-10 under sterile conditions and stored at 4 °C. 

Ionomycin stock solution (1 mg/mL) 

Ionomycin calcium salt 1 mg  

Sterile DMSO 100 μL  

Sterile Milli-Q® water 900 μL  

Ionomycin calcium salt was dissolved in DMSO to a concentration of 10 mg/mL. Sterile Milli-

Q® water was added to further dilute the solution to 1 mg/mL. Aliquots of 200 μL were stored 

at -20 °C. 
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Luria broth agar (with ampicillin) 

Luria broth base 5 g 25 g/L 
Bacteriological agar 3 g 15 g/L 
Milli-Q® water 200 mL  
Ampicillin (100 mg/mL) 200 μL 100 mg/L 

Luria broth base and agar were added to Milli-Q® water and dissolved by heating in a microwave. 

The solution was autoclaved and cooled to 45–50 °C before adding ampicillin. Under sterile 

conditions, the agar solution was poured into petri dishes and left to set at room temperature. 

Unused agar plates were stacked and stored upside down in a sealed plastic bag at 4 °C. Luria 

broth agar without antibiotics can be stored at room temperature.    

Luria broth medium 

Luria broth base 5 g 25 g/L 
Milli-Q® water 200 mL  

Luria broth base was dissolved in Milli-Q® water by heating in a microwave. The solution was 

autoclaved and stored at room temperature.  

Phorbol 12-myristate 13-acetate (PMA) stock solution (200 μg/mL) 

PMA 5 mg  

Sterile DMSO 1 mL  

Sterile 1X PBS 24 mL  

PMA was weighed out and dissolved in DMSO (5 mg/mL). The solution was then diluted with 

1X PBS to a concentration of 200 μg/mL. 1 ml aliquots were stored at -20 °C. 

Phosphate buffered saline (PBS) (1X) 

PBS tablet (5 g each) 1  

Milli-Q® water 500 mL  

PBS tablets were dissolved in Milli-Q® water and autoclaved. The solution was stored at room 

temperature.  

Polyethylenimine (PEI), linear (1 mg/mL) 

Polyethylenimine (linear, MW 25 kDa) 500 mg  
Milli-Q® water To 500 mL  

PEI powder was added to 450 mL Milli-Q® water with magnetic stirring in a fume hood. While 

stirring, 12 M hydrochloric acid (HCl) was added dropwise until pH < 2.0. The solution was 

stirred until PEI was fully dissolved (~2-3 h). After that, the pH was adjusted to 7.0 with 10 M 

sodium hydroxide (NaOH). The solution was poured into a measuring cylinder and made up to 
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500 mL with Milli-Q® water. PEI solution was filter-sterilised through a 0.22 μM membrane and 

stored in 1 mL aliquots at -20°C.  

Propidium iodide (PI) stock solution (1 mg/mL) 

Propidium iodide (PI) 1 mg  
PBS (1X) 1 mL  

Propidium iodide stored at 4 °C was brought to room temperature prior to opening the vial to 

prevent condensation. The powder was dissolved in PBS (1X), filter-sterilised through a 0.22 μm 

membrane, and stored in the dark at 4 °C. 

Puromycin stock solution (10 μg/mL) 

Puromycin  1 mg  
Sterile Milli-Q® water 1 mL  

Puromycin was dissolved in Milli-Q® water and filter-sterilised through a 0.22 μm membrane 

under sterile conditions. The solution was stored in 200 μL aliquots at -20 °C.  

Red blood cell (RBC) lysis buffer 

Ammonium chloride (NH4Cl) 8.0235 g 150 mM 
Potassium hydrogen carbonate (KHCO3) 1.00115 g 10 mM 
EDTA disodium salt dihydrate 
(C10H14N2Na2O8·2H2O) 0.037224 g 0.1 mM 

Milli-Q® water 1 L  

Reagents were weighed out and dissolved in Milli-Q® water. The solution was autoclaved and 

stored at 4 °C for 6 months. The solution was used at room temperature.  

Sodium azide solution (5%) 

Sodium azide  5 g  
Milli-Q® water 100 mL  

Sodium azide was weighed out in a fume hood and dissolved in Milli-Q® water. The solution 

was stored at room temperature.  

Tris/Acetic acid/EDTA (TAE) buffer (50X) 

Tris base  242 g  2 M 
Acetic acid, glacial 57.1 mL  1 M 
EDTA solution (0.5 M, pH 8.0) 100 mL 50 mM 
Milli-Q® water  To 1 L   

Tris base was weighed out and dissolved in 750 mL Milli-Q® water. Glacial acetic acid and 0.5M 

EDTA solution were added, and the solution was topped up with Milli-Q® water to 1 L. The 
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solution was mixed and filter-sterilised through a 0.22 μm membrane. The solution was 

autoclaved and stored at room temperature. 

Tris-buffered saline (TBS) (10X) 
Tris(hydroxymethyl)aminomethane 
hydrochloride (Tris-HCl) 78.8 g 0.5 M 

Sodium chloride (NaCl) 87.66 g 1.5 M 
Milli-Q® water To 1 L  

Salts were dissolved in 900 mL Milli-Q® water and the pH was adjusted to 7.6 with 1 M HCl. 

The solution was made up to 1 L with Milli-Q® water, autoclaved and stored at room 

temperature. 1X TBS was prepared by diluting with Milli-Q® water. 

TBST (TBS, 0.05% TWEEN® 20) 

TBS (10X) 100 mL 1X 
TWEEN® 20 0.5 mL 0.05% (v/v) 
Milli-Q® water 900 mL  

Tween® 20 was added to TBS (10X) and Milli-Q® water and mixed thoroughly. The solution 

was stored at room temperature.  

TBSTM (TBS, 0.05% TWEEN® 20, 5% skim milk) 

TBS (10X) 100 mL 1X 
TWEEN® 20 0.5 mL 0.05% (v/v) 
Skim milk powder 50 g 5% (w/v) 
Milli-Q® water 900 mL  

Skim milk powder and TWEEN® 20 were dissolved in TBS (10X) and Milli-Q® water. The 

solution was stored at 4 °C for no longer than two weeks. 
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2.1.8 Consumables 
Table 2-7. List of consumables used in this thesis 

Consumables Product Line Supplier Catalogue 
number 

0.2 mL PCR tubes  SSIbio 3240-00 
1.5 mL microcentrifuge tubes  Axygen MCT-150-C 
1.2 mL cryogenic vials Corning® Merck CLS430487 
2.0 mL cryogenic vials Corning® Merck CLS430488 
5 mL round bottom tube, sterile BD Falcon™ BD Biosciences 352054 
5 mL screw cap, flat bottom tubes, sterile  Techno Plas P5016UU-2 
70 mL screw cap, flat bottom container, sterile  Techno Plas P5744SL-2 
15 mL centrifuge tubes, conical bottom, sterile Corning® Merck CLS430791 
50 mL centrifuge tubes, conical bottom, sterile Corning® Merck CLS430829 
Lithium heparin tubes  Greiner Bio-One 455084 
6 well plate, sterile Corning® Costar® Merck CLS3516 
12 well plate, sterile Corning® Costar® Merck CLS3513 
24 well plate, sterile Corning® Costar® Merck CLS3524 
48 well plate, sterile Corning® Costar® Merck CLS3548 
96 well plate, flat bottom, sterile Corning® Costar® Merck CLS3599 
96 well plate, u-bottom, sterile Corning® Costar® Merck CLS3799 
96 well white polystyrene microplate, clear flat 
bottom, sterile Corning® Merck CLS3610 

25 cm2 flask Corning® Merck CLS430639 
75 cm2 flask Corning® Merck CLS430641U 
175 cm2 flask Corning® Merck CLS431466 
Petri dishes (100 mm × 15 mm)  Merck P5731 
10 μL pipette tips Vertex® SSIbio 4137NSF 
1-200 μL pipette tips Eclipse™ Edwards Group 1030-260-000 
100-1250 μL pipette tips  Abdos Labtech P11081 

3 mL transfer pipettes, sterile LabServ® Thermo Fisher 
Scientific LBSCNF108 

5 mL serological pipettes, sterile Corning® Costar® 
Stripette® Merck CLS4487 

10 mL serological pipettes, sterile Corning® Costar® 
Stripette® Merck CLS4488 

25 mL serological pipettes, sterile Corning® Costar® 
Stripette® Merck CLS4489 

EASYstrainer™ Cell Sieves, 40 um  Greiner Bio-One 542040 

0.2 µm filter membrane, PVDF Whatman® UNIFL
O® Merck WHA9913-2502 

0.2 µm filter membrane, PES Whatman® UNIFL
O® Merck WHA9914-2502 

1 cc/mL syringe, sterile  Terumo SS+01T 
3 cc/mL syringe, sterile  Terumo SS+03S 
5 cc/mL syringe, sterile  Terumo SS+05S 
10 cc/mL syringe, sterile  Terumo SS+10ES 
20 cc/mL syringe, sterile  Terumo SS+20ES 
Cell spreader, sterile  Biologix 65-1010 
Surgical blade, sterile  Swann-Morton 0206 
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2.1.9 Equipment 
Table 2-8. List of equipment used in this thesis 

Equipment Product Line Supplier Catalogue number 

3500xL Genetic Analyzer Applied 
Biosystems™ Thermo Fisher Scientific A30469 

Allegra® centrifuge X-15R  Beckman Coulter − 

Amersham™ Imager 600  GE Healthcare Life 
Sciences − 

Analytical semi-micro balance   A&D Weighing GX-224AE 
BD FACSCanto™ II (flow cytometer)  BD Biosciences − 
Bead bath Lab Armor Shel Lab SHEL74220-720 
Biological safety cabinet, Class II  Laftech Safemate 1.2 
CO2 incubator  Heraeus Function Line BB15 
Cryo-freezing container Nalgene™ Thermo Fisher Scientific 5100-0001 
Cytek Aurora (flow cytometer)  Cytek Biosciences − 
Electrophoresis power supply (200V)  Bio-Rad  PowerPac 200 
Electrophoresis power supply (3000V)  Bio-Rad  PowerPac 3000 
Fluorescence microscope  Olympus BX50 
Fumehood  Conditionaire HC-05 
Haemocytometer  Hawksley B.S.748 
Heat block  Labline 2002-LC8 
Hotplate with magnetic stirrer  Thermoline Scientific CH-2091-001 
iBlot™ Gel Transfer Device   Thermo Fisher Scientific IB1001 
Incucyte® S3 Live-cell Analysis Instrument  Sartorius 4647 
Microcentrifuge  Eppendorf 5424 
Microson™ Ultrasonic Cell Disruptor  Qsonica  XL 2000 
Milli-Q® Biocel water purification system  Millipore QGARD00R1 
Mini Gel Tank   Thermo Fisher Scientific A25977 
Mini-Sub Cell GT Horizontal 
Electrophoresis System 

 Bio-Rad 1704467 

MoFlo Astrios EQ cell sorter (flow 
cytometer) 

 Beckman Coulter − 

Molecular Imager® ChemiDoc™ XRS 
System 

 Bio-Rad 170-8070 

NanoDrop® 1000 Spectrophotometer  NanoDrop Technologies − 
Orbital shaker  Ratek OM7 
Phase contrast inverted microscope  Olympus CK2 
Rocking platform mixer   Ratek ERPM4 
S1 Pipet Fillers  Thermo Fisher Scientific 9501 
Spark® 20M multimode microplate reader   Tecan − 
SPRIPlate 96R Ring Super Magnet Plate  Beckman Coulter A32782 
Thermometer  Brannan LAB050 

Veriti™ 96-Well Thermal Cycler Applied 
Biosystems™ Thermo Fisher Scientific 4375786 

Vortex mixer  Ratek VM1-FT 
Water bath  Ratek WB7D 
Wide Mini-Sub Cell GT Horizontal 
Electrophoresis System, with gel caster 

 Bio-Rad 1704469 
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2.2 General experimental procedures 

2.2.1 Biological samples 
Captive Tasmanian devils (for blood collection in Chapter 6) were housed in accordance with the 

Tasmanian Department of Primary Industries, Parks, Water and Environment (DPIPWE) 

(Hobart, TAS, Australia) guidelines. All procedures were approved by the University of 

Tasmania Animal Ethics Committee (permit numbers A0017090 and A0017550). Five % 

isoflurane® (Abbot Australasia Pty Ltd., Botany, Australia) and oxygen (2 L/min) were 

administered to anaesthetise devils for blood collection. Approximately 10-14 mL of blood was 

collected from the jugular vein into lithium heparin tubes (Greiner Bio-One, Kremsmünster, 

Austria).  

2.2.2 DFT cell culture 
DFT1 C5065 cell line was provided by A-M Pearse and K. Swift of DPIPWE and was previously 

established from DFT1 biopsies obtained under the approval of the Animal Ethics Committee of 

the Tasmanian Parks and Wildlife Service (permit numbers 33/2004-5 and 32/2005-6). DFT2 

cell lines RV and JV were established from single cell suspensions obtained from tumour biopsies 

performed under the approval of the University of Tasmania Animal Ethics Committee (permit 

number A0012513) or under a Standard Operating Procedure approved by the General Manager, 

Natural and Cultural Heritage Division, Tasmanian Government DPIPWE. DFT2 cell lines were 

established by A. Kreiss and R. Pye of Menzies Institute for Medical Research, University of 

Tasmania.  

Culture conditions 

DFT1 and DFT2 cells were cultured at 35 °C with 5% CO2 in RPMI-10 (Section 2.1.7). Chinese 

Hamster Ovary (CHO) cells were cultured at 37 °C with 5% CO2 in RPMI-5 (Section 2.1.7). 

Cells were grown in a monolayer in cell culture flasks. Cell culture medium was replaced once 

every 2–4 days depending on cell confluency and colour of the medium i.e., when it turns orange. 

Once cells reach a high confluence (>70%), cells were either passaged (subculture) or transferred 

to larger flasks as desired.  

Cell harvest and subculturing 

To harvest DFT and CHO cells, media was decanted carefully, and cells were detached from the 

surface of the culture vessel by adding approximately 0.5 ml per 25 cm2 1X TrypLE (Thermo 

Fisher Scientific, Waltham, MA, USA) for 5 min at 35 °C or 37 °C. For CHO cells, cells were 

washed with 1X PBS (Section 2.1.7) prior to TrypLE addition to improve cell detachment. (Note: 

if Trypsin-EDTA is used, washing with 1X PBS is required to prevent inactivation of trypsin by 

the presence of serum). Cells were briefly examined under the microscope to ensure all cells are 
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detached and floating. The side of the culture vessel was gently tapped to release any remaining 

attached cells. Cells were resuspended in media and centrifuged at 200g for 5 min. The 

supernatant was discarded, and cells were resuspended in media for cell counting using a 

haemocytometer. The desired number of cells was transferred back into the culture vessel for 

subculture or to another vessel for downstream analysis.   

Cell freezing 

Cells were harvested and resuspended in cold RPMI-0 (Section 2.1.7). Cell count and viability 

were determined by trypan blue (Thermo Fisher Scientific) exclusion test using a 

haemocytometer (Hawksley, Lancing, SX, UK). Cell viability was maintained to at least 90% 

before freezing. Cells were diluted with cold RPMI-0 to 2X the desired cell density for freezing. 

Cold cell freezing medium (2X) (Section 2.1.7) was added dropwise to cells while swirling the 

tube. Cells were aliquoted into cryogenic vials and placed in a cryo-freezing container containing 

isopropanol and stored at -80 °C overnight. Frozen cells were transferred to boxes and stored at 

-80 °C.  

Cell thawing 

Cells were immediately thawed in a 37 °C water bath for 1–2 min or until a small piece of ice 

remains. Cells were briefly resuspended by pipetting up and down and were added dropwise to 

5X the volume of pre-warmed RPMI-10. Freezing medium was discarded by centrifuging the 

cells at 200g for 5 min. The cell pellet was resuspended in culture medium and transferred to 

appropriate vessels for culture.  

2.2.3 Bacteria culture 
Culture conditions 

For liquid bacterial culture, single bacteria colonies were selected using a sterile pipette tip and 

inoculated in 5 mL of Luria broth medium with antibiotics (Section 2.1.7). Ampicillin (100 

mg/L) (Sigma-Aldrich, St. Louis, MO, USA) (Section 2.1.7) was used for culture of NEB® 5-

alpha Competent Escherichia coli (New England Biolabs (NEB), Ipswich, MA, USA). Bacteria 

was incubated at 37 °C, 200 rpm for 12–18 h.  

For culture on agar plates, bacteria were streaked on Luria broth agar plates with ampicillin (100 

mg/L) (Section 2.1.7) using the 16-streak method. Plates were incubated upside down for 12–18 

h at 37 °C.  

Cell freezing 

To create glycerol stocks of bacteria, 750 μL of bacteria culture was added and mixed with 250 

μL glycerol (80%) (Sigma-Aldrich) (Section 2.1.7) in 1.2 mL cryogenic vials (3:1 ratio of 

bacteria to 80% glycerol). The glycerol stocks were stored at -80 °C.  
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Cell thawing 

Glycerol stocks of bacteria were placed on dry ice to prevent thawing and frozen bacteria was 

scraped off of the top using a sterile flamed loop. Bacteria were plated on Luria broth agar plates 

with ampicillin (100 mg/L) and incubated as described above.  

2.2.4 DNA preparation 
Polymerase chain reaction (PCR) 

For amplification of target DNA for plasmid DNA cloning, Q5® Hot Start High-Fidelity 2X 

Master Mix (NEB) was used to maintain fidelity of target sequence. For routine PCR and colony 

PCR, OneTaq® Hot Start Quick-Load® 2X Master Mix with Standard Buffer (NEB) was used.  

PCR protocols were carried out according to manufacturer’s instructions but scaled down to 20 

μL reaction volumes as follows. Table 2-9, Table 2-10, Table 2-11 and Table 2-12 were adapted 

from NEB protocols (https://www.nebiolabs.com.au/). 

Protocol for Q5® Hot Start High-Fidelity 2X Master Mix 

Table 2-9. Components for PCR reaction using Q5® High-Fidelity DNA Polymerase 

Component Volume (μL) Final concentration 

Q5® High-Fidelity 2X Master Mix 10.0 1X 

10 µM forward primer 1.0 0.5 μM 

10 µM reverse primer 1.0 0.5 μM 

Autoclaved Milli-Q® water 7.0 − 

Template DNA (10 ng/μL) 1.0 0.5 ng/μL 

Total 20.0  

Template DNA was diluted in autoclaved Milli-Q® water to 10 ng/μL. A reaction master mix 

(total number of reactions × 1.1) containing all components except for template DNA was made 

up and mixed thoroughly. Aliquots of 19.0 μL was added to 200 μL PCR tubes and 1.0 μL 

template DNA was added to respective tubes. A no-template control (NTC) was run in parallel 

for detection of contaminating DNA in the reaction master mix. The reaction setup was carried 

out on ice. 

https://www.nebiolabs.com.au/


59 
 

Table 2-10. Thermocycling conditions for PCR reactions using Q5® High-Fidelity DNA 
Polymerase 

Stage  Step No. of cycles Temp (°C) Time (sec) 

1 Initial denaturation 1 98 30 sec 

2 Denaturation 

25–35 

98 5–10 sec 
 Annealing *50–72 10–30 sec 

  Extension 72 20–30 sec/kb 

3 Final Extension 1 72 2 min 
 Hold 1 4 ∞ 
*Annealing temperature is determined according to melting temperature of primer pair. 
kb, kilobase 

Protocol for OneTaq® Hot Start Quick-Load® 2X Master Mix with Standard Buffer  

Table 2-11. Components for PCR reaction using OneTaq® DNA Polymerase 

Component Volume (μL) Final concentration 
OneTaq® Hot Start Quick-Load 2X Master Mix 
with Standard Buffer 10.0 1X 

10 µM forward primer 0.4 0.2 μM 

10 µM reverse primer 0.4 0.2 μM 

Autoclaved Milli-Q® water 8.2 − 

Template DNA (10 ng/μL) 1.0 variable 

Total 20.0  

The reaction setup was carried out in a similar manner as described above. 

Table 2-12. Thermocycling conditions for PCR reactions using OneTaq® DNA Polymerase 

Stage  Step No. of cycles Temp (°C) Time (sec) 

1 Initial denaturation 1 94 30 sec 

2 Denaturation 

25–35 

94 15–30 sec 
 Annealing *45–68 15–60 sec 

  Extension 68 60 sec/kb 

3 Final Extension 1 68 5 min 
 Hold 1 4 ∞ 
*Annealing temperature is determined according to melting temperature of primer pair. 

All PCR reactions were carried out in Veriti™ 96-Well Thermal Cycler (Applied Biosystems 

(ABI), Waltham, MA, USA) with a heated lid function to prevent condensation and evaporation 

of samples. PCR products were analysed by agarose gel electrophoresis (Section 2.2.6) and 

isolated as necessary using Nucleospin® Gel and PCR Clean-Up Kit (Macherey-Nagel, Düren, 

Germany) (Section 2.2.7). 
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Restriction enzyme digestion 

Restriction enzymes were purchased from NEB and restriction enzyme digestion was carried out 

as recommended by the manufacturer. Reactions were typically performed on 3.0 μg plasmid 

DNA (Table 2-13).  

Table 2-13. Amount of restriction enzyme, DNA, and buffer for restriction enzyme digestion 

Component Amount 

Restriction enzyme 1 3.0 μL (1.0 μL per μg DNA) 

Restriction enzyme 2 3.0 μL (1.0 μL per μg DNA) 

Cutsmart® buffer (10X) 5.0 μL 

Template DNA 3.0 μg 

Autoclaved Milli-Q® water To 50.0 μL 

Total 50.0 μL 

All reagents were kept on ice. Restriction enzyme 1, Cutsmart® buffer and Milli-Q® water were 

added to template DNA in 200 μL PCR tubes. The reaction was mixed by pipetting and incubated 

for 1 h at the recommended temperature for the enzyme. Restriction enzyme digests were 

analysed by agarose gel electrophoresis (Section 2.2.6) and isolated using Nucleospin® Gel and 

PCR Clean-Up Kit (Section 2.2.7). 

Reverse transcription (RT) (cDNA synthesis) 

cDNA was synthesised from 1.0 μg of RNA using GoScript™ Reverse Transcription System Kit 

(Promega, Madison, WI, United States) according to manufacturer’s protocols. A no-RT control 

was included for detection of gDNA contamination. 

2.2.5 DNA assembly and cloning 
DNA assembly reaction and bacteria transformation were carried out using NEBuilder® HiFi 

DNA Assembly Cloning Kit (NEB) according to the manufacturer’s manual. Assembly of more 

than three fragments was avoided due to low assembly efficiency. Fragments were spliced by 

overlap extension PCR prior to DNA assembly, as described in the relevant chapters. 

Chemically-transformed bacteria were plated on Luria broth agar plates with 100 mg/L ampicillin 

(Section 2.1.7) according to Section 2.2.3. After an overnight incubation of bacteria at 37 °C, a 

few single colonies were selected using a sterile pipette tip and resuspended in 10 μL 1X PBS. 

One μL of resuspended bacteria was used for colony PCR analysis (Section 2.2.6) to verify the 

presence of the insert DNA in plasmid constructs. Five μL of positive colonies were each cultured 

in Luria broth medium with 100 mg/L ampicillin according to Section 2.2.3. After that, plasmid 

DNA was isolated from 3 mL of liquid bacteria culture using Nucleospin® Plasmid EasyPure 

Kit (Macherey-Nagel) (Section 2.2.7). Each plasmid clone was verified by Sanger sequencing 
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(Section 2.2.6) prior to cell transfection (Section 2.2.8). Two glycerol stocks of bacteria were 

made up for long-term storage at -80 °C according to Section 2.2.3.   

2.2.6 DNA analysis 
Agarose gel electrophoresis 

DNA was analysed on a 1% agarose gel (Section 2.1.7) as follows. DNA was mixed with Gel 

Loading Dye, Purple (6X) (NEB) to 1X dye concentration prior to loading into wells. (Note: PCR 

products amplified using OneTaq® Hot Start Quick-Load® 2X Master Mix do not require the 

addition of the loading dye as the master mix includes a tracking dye). GeneRuler 1 kb DNA 

Ladder (Thermo Fisher Scientific) was added to one of the wells for size determination of DNA. 

Gel electrophoresis was carried out in the Mini-Sub Cell GT Horizontal Electrophoresis System 

(Bio-Rad, Hercules, CA, USA) and run at 100 V for 30 min using Powerpac 200 power supply 

(Bio-Rad). DNA was visualised using Molecular Imager® ChemiDoc XRS System (Bio-Rad). 

The desired band was cut out using a surgical blade and purified using Nucleospin® Gel and 

PCR Clean-Up Kit (Section 2.2.7).  

Colony PCR 

Colony PCR was performed per standard PCR protocols (Section 2.2.4) using a combination of 

primers that: (i) target the vector backbone and insert to verify the correct orientation of the insert, 

and (ii) flank the insert to verify insertion of the correct insert according to size discrimination.     

DNA sequencing 

DNA sequencing was carried out using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems™). Sequencing reactions were prepared in PCR tubes on ice according to Table 2-

14 and Table 2-15. After that, cycle sequencing was performed using Veriti™ 96-Well Thermal 

Cycler using the indicated cycling conditions (Table 2-16). 

Table 2-14. Components for BigDye Terminator v3.1 sequencing reaction  

Component Volume 

BigDye™ Terminator v3.1 5X Sequencing Buffer 1.75 μL 

BigDye™ Terminator v3.1 Ready Reaction Mix 0.25 μL 

Primer (10 µM) 1.0 μL 

Template DNA See Table 2-8 

Autoclaved Milli-Q® water To 10.0 μL 

Total 10.0 
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Table 2-15. Recommended quantities of template DNA 

Template DNA Quantity 

PCR product:  
• 100–200 bp  1–3 ng 
• 200–500 bp  3–10 ng 
• 500–1000 bp  5–20 ng 
• 1000–2000 bp  10–40 ng 
• >2000 bp 20–50 ng 

Plasmid DNA 200–500 ng 

Table 2-16. Cycle sequencing conditions 

Stage  Step No. of cycles Temp (°C) Time (sec) 

1 Initial denaturation 1 96 1 min 

2 Denaturation 

25 

96 10 sec 
 Annealing 50 5 sec 

  Extension 60 4 min 

3 Hold 1 4 ∞ 

Sequencing reactions were then purified using Agencourt CleanSEQ® Dye-Terminator Removal 

Kit (Beckman Coulter, Brea, CA, USA) according to manufacturer’s instructions. Capillary 

electrophoresis was carried out on the 3500xL Genetic Analyzer (Applied Biosystems™) using 

‘StdSeq50_POP7’ module. Sequence alignment was visualised using SnapGene software.  

2.2.7 Nucleic acid purification 
Gel purification 

PCR products or restriction enzyme digests were purified from agarose gel using Nucleospin® 

Gel and PCR Clean-Up Kit, according to manufacturer’s instructions. The concentration and 

purity of the extracted DNA were measured using NanoDrop® 1000 Spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, USA). DNA was stored at -20 °C.  

Plasmid DNA isolation 

Plasmid DNA was isolated from liquid bacteria culture using Nucleospin® Plasmid EasyPure 

Kit (Macherey-Nagel) according to the manufacturer’s protocol. The concentration and purity of 

plasmid DNA were measured using NanoDrop® 1000 Spectrophotometer. Plasmids were stored 

at -20 °C. 

Genomic DNA isolation 

Isolation of genomic DNA from cells was performed using PureLink® Genomic DNA Mini Kit 

(Thermo Fisher Scientific) per manufacturer’s instructions. The concentration and purity of 
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genomic DNA were measured using NanoDrop® 1000 Spectrophotometer. Genomic DNA was 

stored at -20 °C. 

RNA isolation 

Total RNA was isolated from cells using Nucleospin® RNA Plus Kit (Macherey-Nagel) 

according to manufacturer’s instructions. RNA concentration was measured using NanoDrop® 

1000 Spectrophotometer before storage at -80 °C. 

2.2.8 Cell Transfection 
Cell transfection of DFT cells was carried out using polyethylenimine (PEI) (1 mg/mL, linear, 

25 kDa; Polysciences, Warrington, FL, USA) (Section 2.1.7) transfection methods. A day prior 

to transfection, DFT cells were seeded in plates or flasks between 40–80% confluency. The media 

was changed the next day before cell transfection.  

Generally, 1.0 μg of total plasmid DNA was added per mL of culture volume, and a ratio of 3:1 

PEI: DNA (w/w) was used, unless indicated otherwise. For gene transfer using the Sleeping 

Beauty (SB) transposon system, co-transfection with a vector encoding the SB transposase 

SB100X (pCMV(CAT)T7-SB100232; a gift from Zsuzsanna Izsvak; Addgene plasmid # 34879) 

is required. SB100X functions to excise the transposon DNA cassette at the inverted terminal 

repeat (ITR) regions and facilitate genomic integration at TA dinucleotides. The ratio of the SB 

transposon plasmid to pCMV(CAT)T7-SB100 is approximately 3:1 (w/w).  

DNA and PEI were each diluted with sterile 1X PBS to 0.05% of the total culture volume. For 

example, for a transfection of 2.0 mL culture volume in 6 well plates, 100 μL of diluted DNA 

(containing 2.0 μg of total DNA) and 100 μL of diluted PEI (containing 6.0 μg of PEI) were 

prepared. DNA was added to PEI and was mixed gently using a pipette. The DNA:PEI 

transfection mix was incubated at room temperature for 15-20 min. After that, the transfection 

mix was added to cells dropwise to reduce perturbation of weakly-adherent DFT cells. Cells were 

incubated with the transfection reagents overnight at 35 °C. The next morning, the media was 

replaced with fresh RPMI-10 medium. If a lot of cell death is observed, RPMI-20 can be used 

instead. For transfected cell lines with a drug selectable marker, drug selection was administered 

48 h after transfection.   

2.2.9 Heat-inactivation of foetal bovine serum (FBS) 
FBS (Bovogen Biologicals, Keilor East, VIC, Australia) was completely thawed at 37 °C prior 

to heat inactivation at 56 °C for 30 min. 50 mL of heat-inactivated FBS was aliquoted into sterile 

50 mL tubes under sterile conditions and stored at -20 °C. 



64 
 

3 
INDUCIBLE IFN-γ EXPRESSION FOR 

MHC-I UPREGULATION IN DEVIL 
FACIAL TUMOUR CELLS 

Contents 
3.1 Introduction ........................................................................................................ 66 

3.2 Experimental procedures ................................................................................... 68 

3.2.1 Plasmid construction .................................................................................................... 68 

3.2.2 Cell culture ................................................................................................................... 68 

3.2.3 Transfection ................................................................................................................. 69 

3.2.4 Gene induction and suppression .................................................................................. 69 

3.2.5 Flow cytometric cell sorting ........................................................................................ 69 

3.2.6 Detection of IFN-γ, β2-m and PD-L1 mRNA by RT-PCR .......................................... 69 

3.2.7 Analysis of MHC-I and PD-L1 surface expression by flow cytometry ....................... 70 

3.2.8 Stimulation of MHC-I on C5065 cells using supernatant from DFT1.Tet/IFN-γ ........ 70 

3.2.9 Stimulation of MHC-I on C5065 cells through co-culture with DFT1.Tet/IFN-γ ....... 70 

3.2.10 Cell proliferation assay .............................................................................................. 71 

3.2.11 Cell death assay.......................................................................................................... 71 

3.3 Results .................................................................................................................. 71 

3.3.1 Regulation of IFN-γ by doxycycline ............................................................................ 71 

3.3.2 MHC-I and PD-L1 upregulation following IFN-γ induction ....................................... 74 

3.3.3 Bystander effects of DFT1.Tet/IFN-γ .......................................................................... 74 

3.3.4 Inhibition of anti-proliferative and pro-apoptotic effects of IFN-γ using doxycycline 76 

3.4 Discussion ............................................................................................................ 77 

 

 



65 
 

All the research contained within this chapter has been published as below. The main text is 

unchanged from the published version but has been adapted into a thesis format. 

Ong CEB, Lyons AB, Woods GM, Flies AS. Inducible IFN-γ Expression for MHC-I 
Upregulation in Devil Facial Tumor Cells. Frontiers in Immunology. 2019;9:3117. 
doi:10.3389/fimmu.2018.03117 

 

 
 



66 
 

3.1 Introduction 
The Tasmanian devil facial tumour disease (DFTD) is caused by clonal transmissible cancers1,2. 

The devil facial tumour 1 (DFT1) is primarily responsible for an 80% reduction in the wild 

Tasmanian devil (Sarcophilus harrisii) population136. The recently discovered devil facial tumour 

2 (DFT2) is a second transmissible tumour of independent origin that introduces additional 

uncertainty about the long-term persistence of wild devils2. Despite genetic mismatches between 

tumour and host, most prominently in major histocompatibility complex (MHC) alleles, evidence 

of anti-tumour immune responses are rare233,234. The limited evidence of host immune response 

against DFT suggests effective immune evasion by the tumour cells. One such mechanism is the 

epigenetic loss of MHC class I (MHC-I) molecules from the surface of DFT cells4, which 

facilitates escape from cytotoxic T cell recognition.   

Several preventative and therapeutic approaches have been pursued to manage the spread of this 

debilitating disease, with vaccination and immunotherapy having better success than 

chemotherapy235. Vaccines for DFTD have been formulated using killed DFT cells, either 

frozen/thawed, sonicated or irradiated for safety reasons. The first immunization trial using killed 

DFT cells with the adjuvant Montanide failed to trigger any humoral or cytotoxic response236 but 

the following trial, with the addition of CpG, elicited antibody production and cytotoxicity in five 

out of six immunized devils207. The vaccine however, was not fully protective as tumours 

developed upon challenge with live DFT cells.  

Treatment of DFT cells with recombinant devil IFN-γ induces the expression of MHC-I heavy 

chain and genes essential for MHC-I antigen processing and presentation including β2-

microglobulin (β2-m)4,237. A vaccine consisting of DFT cells pre-treated with recombinant IFN-γ 

in cell culture and then killed and mixed with adjuvants was used to prime the devil immune 

system against DFT cells209,229. Serum antibodies against MHC-I+ and MHC-I- DFT cells were 

detected but the immunized devils developed tumours following infection with live DFT cells229. 

The devils were given immunotherapy comprising of live IFN-γ treated MHC-I+ DFT cells and 

tumour regression was induced in three of the six immunized devils229. Although prior exposure 

to DFT vaccines was necessary to initiate tumour regression, this observation substantiates the 

prospect of developing a live tumour cell vaccine for DFTD. A live-attenuated DFTD vaccine 

could be more effective than killed-cell vaccine preparations, as has been the case for 

conventional live-attenuated vaccines that mimic a natural infection238–242.  

We have previously shown that IFN-γ also upregulates the inhibitory checkpoint molecule  

programmed death ligand 1 (PD-L1) on DFT1 and DFT2 cells220. Binding of PD-L1 to PD-1 

blocks activation signals, particularly co-stimulatory signals associated with antigen receptors on 

T cells and B cells243–245. This occurs via immunoreceptor tyrosine-based switch motifs (ITSMs) 



67 
 

and immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that recruit phosphatases that 

dephosphorylate downstream signal transduction pathways243. Upregulation of PD-L1 on DFT 

cells appears to lag behind MHC-I upregulation and peak expression levels of PD-L1 are at least 

an order of magnitude lower than β2-m. This could provide a window of opportunity for anti-

DFT responses and immune checkpoint immunotherapy that blocks the PD-1/PD-L1 pathway. 

In developing a live-attenuated MHC-I+ DFT cell vaccine, an alternative to treating DFT cells 

with exogenous IFN-γ is to generate a DFT cell line that expresses IFN-γ. This would be more 

cost-effective than using purified IFN-γ and has the potential to be used as an immunotherapy to 

induce MHC-I upregulation on bystander MHC-I- DFT cells in diseased devils. One complication 

with using IFN-γ for MHC-I upregulation is the anti-proliferative and pro-apoptotic properties of 

IFN-γ246–251 that will hinder the development of IFNγ-expressing DFT cells. Prolonged DFT cell 

culture with IFN-γ, even at doses as low as 5 ng/ml, results in reduced proliferation and 

viability252. The large quantity of cells and secreted IFN-γ needed for a live-attenuated vaccine 

to be effective in vivo would be difficult to obtain due to the effects of IFN-γ in vitro. On the 

contrary, these anti-proliferative and pro-apoptotic effects of IFN-γ would be desirable aspects 

of a live-attenuated vaccine.   

We hypothesized that the Tet-Off system, a tetracycline (tet)-controlled regulatory system253 

could be employed to regulate IFN-γ expression in DFT cells. The Tet-Off system regulates gene 

expression by using a tetracycline (tet)-controlled transactivator (tTA), which is active in the 

absence of tetracycline, to initiate transcription of genes downstream to a tetracycline response 

element and minimal CMV-promoter enhanced (TCE) promoter254. In the presence of 

tetracycline and its derivatives (e.g., doxycycline), tTA is bound by tetracycline and loses its 

DNA binding ability, blocking transcription of genes reliant on the TCE. 

In this study, we demonstrate tight regulation of functional IFN-γ production by DFT cells 

(referred to as DFT1.Tet/IFN-γ) using doxycycline to switch IFN-γ on/off. MHC-I and inhibitory 

checkpoint molecule PD-L1 were upregulated in response to IFN-γ induction. Meanwhile, the 

anti-proliferative and pro-apoptotic effects of IFN-γ were prevented by inhibiting IFN-γ 

expression using doxycycline. Importantly, we also observed an in vitro paracrine signaling 

bystander effect that upregulated MHC-I on wild type DFT cells co-cultured with DFT1.Tet/IFN-

γ cells. This system can be applied to other genes to allow understanding of gene function in 

Tasmanian devils and opens pathways to develop live-attenuated vaccines and/or 

immunotherapies for DFTD. 
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3.2 Experimental procedures 

3.2.1 Plasmid construction 
An expression vector for Tet-Off inducible devil IFN-γ (referred to as pAF107) was constructed 

by fusing multiple fragments using PCR and cloning methods (Figure 3-1 A). The vector 

backbone for pAF107 was generated from Sleeping Beauty (SB) transposon plasmid pSBtet-RH 

(Addgene, Cambridge, MA, USA), linearized by PCR. pSBtet-RH was a gift from Eric 

Kowarz254. The inserts for pAF107 consisted of four fragments that were prepared as follows. 

Fragment 1 is a cassette containing red fluorescent protein mCherry, followed by an internal 

ribosome entry site (IRES), and devil IFN-γ cDNA (mCherry-IRES-IFNγ). This cassette was 

obtained from plasmid pAF67, which was constructed by cloning devil IFN-γ cDNA (PCR-

amplified from a pre-existing plasmid, pAF23220) into the multiple cloning site (MCS) of PCR-

linearized pTRE-Dual2 (Clontech Laboratories, Mountain View, CA, USA). Fragment 2 

(SV40pA-RPBSA) was obtained from pSBtet-RH, and fragment 3 (tTA) was obtained from 

pTet-DualOFF (Clontech). Fragment 4 (P2A-devil 41BBL) was obtained from a pre-existing 

plasmid encoding devil 4-1BBL, pAF56.1. All fragments were obtained by PCR with 

overlapping ends using KAPA Hotstart HiFi Master Mix (Kapa Biosystems, Wilmington, MA, 

USA) (see Appendix A-1 for primers and PCR cycling conditions). The fragments were fused 

together by overlap extension PCR prior to cloning into pAF107 vector backbone using 

NEBuilder® HiFi DNA Assembly Cloning Kit (NEB). All assembled plasmids were transformed 

into NEB® 5-alpha competent Escherichia coli (NEB) following manufacturer’s instructions. 

Plasmid integrity was confirmed by Sanger sequencing using BigDye® Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems (ABI), Foster City, CA, USA) and analysis on 3500xL 

Genetic Analyzer (ABI). 

3.2.2 Cell culture  
The devil facial tumor 1 (DFT1) cell line C5065 (strain 3), provided by A-M Pearse and K. Swift 

of the Department of Primary Industries, Parks, Water and Environment (DPIPWE) (Hobart, 

Australia) was used for all experiments. Cells were cultured in RPMI 1640 medium with L-

glutamine (Gibco, Waltham, MA, USA), supplemented with 10% heat inactivated fetal bovine 

serum (Bovogen Biologicals, Melbourne, Australia), 1% Antibiotic-Antimycotic (Gibco), 10 

mM HEPES (Gibco), and 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) at 

35°C with 5% CO2. Tet-Off inducible IFNγ-expressing DFT cells (DFT1.Tet/IFN-γ) were 

cultured in complete RPMI medium with 100 ng/ml doxycycline (Clontech) unless indicated 

otherwise. 
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3.2.3 Transfection  
C5065 cells were seeded onto a 6-well plate at a confluency between 40-80% and were incubated 

overnight. The cells were co-transfected with pAF107 and pCMV(CAT)T7-SB100 (Addgene) at 

a ratio of 9:1 (in µg), respectively, using a total of 1-2 µg plasmid DNA. pCMV(CAT)T7-SB100 

was a gift from Zsuzsanna Izsvak232 and is used to facilitate integration of SB transposon vectors 

into the genome. Plasmid DNA was diluted in serum-free RPMI and incubated for 2-5 min at 

room temperature. Polyethyleminine (PEI) (1 mg/ml, linear, 25 kDa; Polysciences, Warrington, 

PA, USA) was added to the diluted DNA at a 3:1 ratio and was mixed briefly by vortexing. The 

solution was incubated for 15-30 min at room temperature before adding it to the cells. The cells 

were incubated with the solution for 4 h, after which it was replaced with complete RPMI 

medium.  

3.2.4 Gene induction and suppression 
For gene suppression, doxycycline (100 ng/ml) was added to the culture medium and replenished 

every two days. For gene induction, the medium was decanted, and the cells were rinsed once 

with PBS (Oxoid, Hampshire, UK) while remaining adhered to the surface. The cells were then 

harvested in PBS and pelleted at 200 x g for 5 min at 20°C. The cells were resuspended and 

cultured in complete RPMI medium in the absence of doxycycline.  

3.2.5 Flow cytometric cell sorting 
Doxycycline was removed from the culture medium at least 2 days prior to cell-sorting to turn 

on expression of reporter mCherry, which is co-expressed with IFN-γ under the control of 

inducible TCE promoter. Cells were harvested at 200 x g for 5 min at 20°C and resuspended in 

complete RPMI medium to generate a single-cell suspension. mCherry+ cells were selected and 

enriched by bulk-sorting using cell sorter Moflo Astrios EQ (Beckman Coulter). After sorting, 

the cells were cultured with doxycycline (100 ng/ml) and expanded for a month before 

undergoing a second round of enrichment by bulk-sorting. 

3.2.6 Detection of IFN-γ, β2-m and PD-L1 mRNA by RT-PCR 
Total RNA was extracted from cells using Nucleospin® RNA plus (Macherey Nagel, Bethlehem, 

PA, USA). RNA integrity was validated by running on a 1% agarose gel at 100V for 30 min 

before proceeding to cDNA synthesis. One μg of RNA was reverse-transcribed to cDNA using 

GoScriptTM Reverse Transcription System (Promega, Madison, WI, USA). A no-reverse 

transcriptase (no-RT) control was included for each RNA sample to verify absence of genomic 

DNA contamination. IFN-γ, β2-m and PD-L1 cDNA were amplified by PCR, generating products 

of 310, 301 and 280 bp respectively (see Appendix A-2 for primers and PCR cycling conditions). 

The housekeeping gene GAPDH was used as a reference gene. Primers for IFN-γ, PD-L1 and 
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GAPDH were designed using SnapGene® against mRNA sequences from the Tasmanian devil 

Reference Genome Devil_ref v7.0 assembly GCF_000189315.1. Primers for β2-m were designed 

as previously described4. PCR reactions were carried out using Q5® Hot Start High-Fidelity 2X 

Master Mix (NEB), and the products were run on a 1% agarose gel at 100 V for 30 min.  

3.2.7 Analysis of MHC-I and PD-L1 surface expression by flow 
cytometry 

Cells (1×105 per well) were harvested in a round-bottom 96-well plate at 500 x g for 3 min at 

4°C. The cells were blocked with 1% normal goat serum (Thermo Fisher Scientific, Waltham, 

MA, USA) in FACS buffer (PBS with 0.5% BSA, 0.05% NaN3) for 10 min on ice, followed by 

incubation with 0.4 µl/sample of anti-devil β2-m mouse antibody (gift from Hannah Siddle)237 

for 15 min on ice. After incubation, the cells were washed by adding 150 µl FACS buffer and 

centrifuging at 500 x g for 3 min at 4°C. 0.4 µg/sample of secondary antibody goat anti-mouse 

IgG-Alexa Fluor 488 (Thermo Fisher Scientific) was added to the cells and incubated for 15 min 

on ice. The cells were washed twice with FACS buffer to remove excess secondary antibody, and 

then incubated with mouse anti-devil PD-L1 clone 1F8 antibody220 labeled with DyLight 650 

using DyLight™ 650 Microscale Antibody Labeling Kit (Thermo Fisher Scientific) for 15 min 

on ice. The cells had a final rinse with FACS buffer and were resuspended in 200 µl DAPI (200 

ng/ml) (Sigma-Aldrich). The cells were analyzed on Moflo Astrios EQ for β2-m and PD-L1 

surface expression.  

3.2.8 Stimulation of MHC-I on C5065 cells using supernatant from 
DFT1.Tet/IFN-γ 

DFT1.Tet/IFN-γ (2×106 cells per flask) were seeded in 25cm2 cell culture flasks. After culturing 

for 24 h, the supernatant was collected, centrifuged at 3200 x g for 10 min at 4°C, and passed 

through a 0.22 µm filter membrane. One ml of supernatant was added to wild type C5065 cells 

(2×105 cells per well) seeded on 12 well plates the day before. C5065 cells were stimulated with 

the supernatant for 48 h and MHC-I upregulation was quantified by flow cytometry based on β2-

m expression (according to the method described above excluding anti-PD-L1 antibody staining). 

The cells were analyzed on BD FACSCantoTM II (BD Biosciences, Franklin Lakes, NJ, USA).  

3.2.9 Stimulation of MHC-I on C5065 cells through co-culture with 
DFT1.Tet/IFN-γ 

DFT1.Tet/IFN-γ was co-cultured in triplicate at a ratio of 1:1 with C5065 cells labeled with 

CellTrace Far Red (Thermo Fisher Scientific) in 12-well plates (total of 1×105 cells per well) for 

4 days. The cells were analyzed for MHC-I upregulation by flow cytometry (according to the 

method described above) using Moflo Astrios EQ.  
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3.2.10 Cell proliferation assay 
Cell proliferation was analyzed by water-soluble tetrazolium-8 (WST-8) proliferation assay using 

Cell Counting Kit-8 (CCK-8) (Sigma Aldrich). Cells (1×104 per well in 100 µl suspension) were 

inoculated in triplicate in 96-well plates. 10 µl CCK-8 solution was added to each well and the 

plate was incubated for 4 h at 35°C. Absorbance at 450 nm was measured on the day of 

inoculation to determine the baseline absorbance of cells for each sample, and after two days of 

incubation to assess change in absorbance using plate reader Spark® 20M (Tecan, Männedorf, 

Switzerland).  

3.2.11 Cell death assay 
Cells (2×105 per well) were seeded in 12-well plates in triplicate. The percentage of cell death 

over two days was quantified by staining cells with DAPI (200 ng/ml) and analysis by flow 

cytometry using Moflo Astrios EQ. 

3.3 Results  

3.3.1 Regulation of IFN-γ by doxycycline 
Before developing a Tet-Off inducible expression system for IFN-γ, we conducted a preliminary 

experiment investigating the utility of this system in DFT cells. We transfected C5065 cells (a 

DFT1 cell line) initially with the pTet-DualOff vector (Appendix A-3 A) for expression of the 

tet-controlled transactivator (tTA) and used flow cytometry to sort the cells based on ZsGreen 

expression to generate a stable cell line. We then transfected this cell line with the pTRE-Dual2 

vector (Appendix A-3 A), which contains the tet-responsive promoter (TRE) and reporter gene 

mCherry. We sorted for double positive cells expressing both ZsGreen and mCherry, and then 

analyzed the expression of the mCherry reporter protein in response to culture with and without 

doxycycline. Our preliminary experiment demonstrated tight, reversible gene regulation with this 

dual-color system (Appendix A-3 B). 

We then constructed an all-in-one Sleeping Beauty Tet-Off vector (pAF107) that contained the 

tet-controlled transactivator (tTA) and the tet-responsive promoter (TCE) for inducible 

expression of IFN-γ (Figure 3-1 A) in DFT1 C5065 cells (DFT1.Tet/IFN-γ). The single vector 

approach simplifies cell line development and ensures a 1:1 ratio of transactivator and response 

element integration into the host cell genome. To analyze the regulation of IFN-γ by doxycycline, 

we split DFT1.Tet/IFN-γ into four groups of increasing periods of induction (1, 2, 5 and 10 days 

without doxycycline) (Figure 3-1 B). For each group of cells with doxycycline removed, there 

was a replicate with doxycycline continually added. Expression of the reporter protein mCherry 

was quantified by flow cytometry and was used as a proxy for IFN-γ induction (Figure 3-2 A). 

mCherry expression was consistently absent in all groups cultured with doxycycline, but 
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mCherry expression was detectable by day two post-doxycycline removal and increased over 

time. These results suggest that the all-in-one system tightly regulates expression of genes 

downstream to the tetracycline-responsive promoter.  

 

Figure 3-1. Vector and study design of Tet-inducible IFN-γ-expressing DFT1 cells 
(DFT1.Tet/IFN-γ). (A) Expression vector for tetracycline (tet)-controlled inducible IFN-γ 
expression in DFT1 cells. ITR, inverted terminal repeats; TCE, tet-responsive promoter; IRES, 
internal ribosomal entry site; tTA, tet-controlled transactivator. (B) Timeline for dox+/- 
treatments of DFT1.Tet/IFN-γ used in subsequent experiments. DFT1.Tet/IFN-γ cultured in 100 
ng/ml doxycycline (Dox) was split into four groups with doxycycline removed or doxycycline 
continually replenished for 1, 2, 5, or 10 days. Cells were analyzed for: (i) surface β2-m and PD-
L1 upregulation; (ii) ability to stimulate MHC-I upregulation on wild type DFT1 cells (DFT1.WT) 
using the supernatant or by co-culture; and (iii) cell proliferation and viability in response to 
doxycycline removal. 
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Figure 3-2. Gene expression following doxycycline removal and the downstream effects of IFN-
γ. (A) Flow cytometric analysis of mCherry expression in DFT1.Tet/IFN-γ with and without 
doxycycline. DFT1.WT cells treated with and without 5 ng/ml IFN-γ for 24 hours (B-C) or 72 
hours (D) were used as positive and negative controls for β2-m and PD-L1 upregulation, 
respectively. (B) mRNA expression of IFN-γ, β2-m and PD-L1 analyzed by RT-PCR. Results are 
shown for DFT1.Tet/IFN-γ cells cultured with and without doxycycline for 5 days, and GAPDH 
was used as a reference gene. NTC, no template control. Marker shows 250 bp-size band. (C) β2-
m upregulation on DFT1.Tet/IFN-γ following doxycycline removal. Cells were stained with 
mouse anti-devil β2-m antibody followed by goat anti-mouse IgG conjugated to AlexaFluor 488 
and were analyzed by flow cytometry. (D) PD-L1 upregulation on DFT1.Tet/IFN-γ following 
doxycycline removal. Cells were stained with mouse anti-devil PD-L1 antibody conjugated to 
DyLight 650 and were analyzed by flow cytometry. For both flow cytometric analyses, antibody 
staining of cells was performed in triplicate and dead cells were excluded by DAPI staining. The 
results shown are representative of n = 3 replicates/treatment. 
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3.3.2 MHC-I and PD-L1 upregulation following IFN-γ induction 
Two of the downstream effects of IFN-γ include upregulation of MHC-I and the inhibitory 

checkpoint molecule PD-L14,255. We used RT-PCR to initially examine mRNA levels of IFN-γ, 

MHC-I subunit β2-m, and PD-L1 in cells with and without doxycycline for 5 days to qualitatively 

determine expression levels before embarking on protein-based immunology. β2-m and PD-L1 

were upregulated in cells with doxycycline removed (Figure 3-2 B). This suggests that 

DFT1.Tet/IFN-γ cells produce functional IFN-γ in the absence of doxycycline. Conversely, IFN-

γ, β2-m, and PD-L1 mRNA expression in DFT1.Tet/IFN-γ cells cultured with doxycycline was 

on par with expression in wild type cells.  

Cell surface MHC-I and PD-L1 protein upregulation were also analyzed by flow cytometry. 

Surface expression of MHC-I was determined using a monoclonal antibody to β2-m237. Upon 

doxycycline removal, β2-m upregulation was observed by the second day and was strongly 

upregulated in all cells at 5 and 10 days without doxycycline (Figure 3-2 C). This was consistent 

with the temporal induction of IFN-γ observed in Figure 3-2 A, as represented by reporter 

mCherry. PD-L1 upregulation following doxycycline removal also mirrored results previously 

obtained using exogenous IFN-γ treatment220 (Figure 3-2 D). As expected, β2-m and PD-L1 

expression were absent on the surface of cells cultured with doxycycline. 

3.3.3 Bystander effects of DFT1.Tet/IFN-γ 
As cytokines act on cells in both an autocrine and paracrine fashion, we wanted to determine if 

IFN-γ secreted by DFT1.Tet/IFN-γ could upregulate MHC-I on wild type DFT1 cells 

(DFT1.WT) through paracrine signaling. We collected supernatant from each group of 

DFT1.Tet/IFN-γ (i.e., with and without doxycycline for 1, 2, 5, and 10 days) and used the 

supernatant to stimulate DFT1.WT cells (Figure 3-1 B). Consistent with the results above, β2-m 

upregulation was only observed in DFT1.WT cells treated with supernatant from DFT1.Tet/IFN-

γ with doxycycline removed for 2, 5, and 10 days (Figure 3-3 A). Due to a reduced cell number 

of DFT1.Tet/IFN-γ cells with doxycycline removed for 10 days (5×105 cells as opposed to 2×106 

cells in all other groups), β2-m upregulation in DFT1.WT cells treated with supernatant from this 

group appeared less than expected. The lower number of cells for this group was a result of 

reduced proliferation after the last passage. 

The bystander effects of IFN-γ were also investigated by co-culture of DFT1.Tet/IFN-γ with 

DFT1.WT cells. DFT1.Tet/IFN-γ with doxycycline removed for 1, 2, 5 and 10 days were co-

cultured with DFT1.WT pre-labeled with CellTrace Far Red (CTFR), respectively, at a ratio of 

1:1 for 4 days (Figure 3-1 B). Flow cytometric analysis of β2-m on CTFR+ DFT1.WT revealed 

the ability of DFT1.Tet/IFN-γ cultured without doxycycline to stimulate β2-m upregulation on 

neighboring DFT1.WT cells (Figure 3-3 B). 
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Figure 3-3. Bystander effects of DFT1.Tet/IFN-γ. (A) Flow cytometric analysis of β2-m 
upregulation on wild type DFT1 cells (DFT1.WT) after 48 hours of stimulation with supernatant 
from DFT1.Tet/IFN-γ cultured with or without doxycycline for 1, 2, 5, and 10 days. Controls 
include DFT1.WT treated with complete media, 5 ng/ml IFN-γ or supernatant from DFT1.WT 
cells. (B) β2-m expression on DFT1.WT cells following 4 days of co-culture of DFT1.WT and 
DFT1.Tet/IFN-γ. DFT1.Tet/IFN-γ were cultured either with doxycycline (+Dox) or without 
doxycycline (-Dox) for 1, 2, 5, and 10 days prior to initiating the co-culture assay. DFT1.WT 
cells were pre-labeled with CellTrace Far Red (CTFR). The cells were stained for β2-m and 
analyzed by flow cytometry. DFT1.WT cells treated with and without 5 ng/ml IFN-γ for 24 hours 
were used as positive and negative controls, respectively. Each treatment and co-culture were 
carried out in triplicate. The results shown are representative of n = 3 replicates/treatment. 
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3.3.4 Inhibition of anti-proliferative and pro-apoptotic effects of IFN-γ 
using doxycycline 

To explore the effects of IFN-γ on cell proliferation and viability using the Tet-Off system, we 

examined differences in proliferation and cell death of DFT1.Tet/IFN-γ cells with and without 

doxycycline relative to DFT1.WT cells. Proliferation and cell death over two days (t = -2 to t = 

0, Figure 3-1 B) were assessed by WST-8 proliferation assay, and quantification of dead cells 

by DAPI staining and analysis by flow cytometry. In the absence of doxycycline, proliferation 

and viability of DFT1.Tet/IFN-γ cells were reduced at 10 days, but not in cells with doxycycline 

removed for 1, 2 and 5 days (Figure 3-4 A, B). DFT1.Tet/IFN-γ cells cultured with doxycycline 

were demonstrated to proliferate and have viabilities similar to DFT1.WT cells (Figure 3-4 A, 

B).  

 

Figure 3-4. Anti-proliferative and pro-apoptotic effects of IFN-γ are ameliorated in 
DFT1.Tet/IFN-γ cultured with doxycycline. Cell proliferation and viability of DFT1.Tet/IFN-γ 
was compared against DFT1.WT cells cultured with or without 50 ng/ml IFN-γ for 10 days. (A) 
Differences in proliferation of DFT1.Tet/IFN-γ in the presence and absence of doxycycline for 
1, 2, 5, and 10 days, assessed by WST-8 proliferation assay. The WST-8 assay uses absorbance 
at 450 nm as a proxy for the number of viable cells. Baseline absorbance was measured two days 
prior (t = -2) and change in absorbance was measured after two days (t = 0). Graph shows the 
average value of triplicates and a standard deviation error bar. (B) Cell viability of 
DFT1.Tet/IFN-γ in the presence and absence of doxycycline for 1, 2, 5, and 10 days. Cell death 
over two days (from t = -2 to t = 0) was quantitated by staining dead cells with DAPI and analysis 
by flow cytometry. The results shown are representative of n = 3 replicates/treatment. The 
percentages in the upper right and left quadrants were added to yield the total percentage of dead 
cells while the same was done for the lower quadrants to give the total percentage of viable cells. 
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3.4 Discussion 
Upregulation of MHC-I on DFT cells by recombinant IFN-γ prior to vaccination and 

immunotherapy has been associated with anti-DFT immune responses209. Importantly, tumor 

regressions have been induced only when using live-MHC-I+ DFT cell immunotherapy in 

infected devils that were vaccinated prior to infection with DFT cells229. Live-cell 

immunotherapy has the obvious risk of seeding new tumors into infected devils, and a live-cell 

prophylactic vaccine introduces the risk of seeding tumors into previously tumor-free devils. The 

tight regulation of IFN-γ production by the Tet-Off system allowed us to develop a cell line that 

can be easily cultured in vitro but rapidly decreases in viability and increases in immunogenicity 

(i.e., MHC-I upregulation) upon removal of doxycycline. Increased immunogenicity and reduced 

capacity for proliferation are key attributes of successful live-attenuated vaccines256–258.  

The previously used immunotherapy method of treating wild type DFT cells in vitro with IFN-γ 

prior to injecting the live MHC-I+ DFT cells into infected devils relies on igniting a sustained 

immune response for ongoing IFN-γ production. As upregulation of MHC-I is transient on DFT 

cells following IFN-γ exposure252, it is possible that the pre-treated DFT cells could survive long 

enough in vivo to downregulate MHC-I expression and escape anti-tumor immunity. Although 

not tested in vivo yet due to the limitations of working with endangered species, injecting live 

DFT1.Tet/IFN-γ directly into facial tumors could provide elevated levels of IFN-γ production in 

vivo. This may enhance T cell-mediated anti-tumor responses, and the anti-proliferative and pro-

apoptotic effects of IFN-γ on DFT cells should also increase the safety of using live tumor cells 

for immunotherapy. Importantly, the bystander effect of MHC-I upregulation on nearby wild 

type DFT cells demonstrated here could initiate a more reliable and sustained anti-tumor 

response.  

The bystander effect of DFT1.Tet/IFN-γ shown here is also comparable to the effects of autocrine 

IFN-γ acting on the cells, which reinforces the use of these cells for immunotherapy. The extent 

of MHC-I upregulation on wild type DFT cells stimulated with supernatant from DFT1.Tet/IFN-

γ without doxycycline (Figure 3-3 A) were similar to their respective groups of DFT1.Tet/IFN-

γ cells (Figure 3-2 C) except for day 10 without doxycycline. The reduced upregulation on DFT 

cells treated with supernatant from this group was anticipated due to the lower number of 

DFT1.Tet/IFN-γ cells present compared to the other groups. This is attributed to the anti-

proliferative and pro-apoptotic effects of IFN-γ with longer periods of induction. At 10 days 

without doxycycline, DFT1.Tet/IFN-γ had a substantially lower metabolic activity (Figure 3-4 

A), which validates the reduced proliferation observed after the last passage. Additionally, the 

IFNγ-mediated increased cell death shown in Figure 3-4 B is another contributing factor to 

reduced cell expansion in culture.  
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The upregulation of PD-L1 following IFN-γ expression could pose a challenge in eliciting an 

effective vaccine-induced immune response. PD-L1 expression in the tumor microenvironment 

has been shown to inhibit T cell responses via several mechanisms such as: (i) promoting T cell 

apoptosis259; (ii) inhibiting T cell activation in terms of proliferation and cytokine 

production260,261; and (iii) suppressing cytotoxic T cell killing262. We have previously shown that 

PD-L1 is typically absent or expressed at very low levels on DFT cells but is upregulated by IFN-

γ220. This problem could be eliminated by knocking out the PD-L1 gene in live-attenuated DFT 

cells, but the bystander effect in the tumor microenvironment could lead to PD-L1-mediated 

inhibition of anti-tumor immunity. Alternatively, given the success of PD-1/PD-L1 blocking 

antibodies in human cancer, incorporating existing devil PD-1/PD-L1 blocking antibodies in 

immunotherapies and vaccines could be an effective means to amplify anti-DFT responses. 

Another potential approach that can be explored with the system developed here is to modify the 

tumor cells to produce the blocking antibodies263. This would actually be more cost-effective than 

using purified antibodies. 

The ability to suppress the anti-proliferative and pro-apoptotic effects of IFN-γ suggests that other 

genes that can kill tumor cells could be suppressed during cell culture but are activated during 

vaccination or immunotherapy. The ability to manipulate gene expression exogenously opens 

new avenues for DFTD vaccine research, such as incorporating “suicide genes” into DFT cells 

for attenuation of a live-attenuated tumor cell vaccine. Pro-apoptotic molecules such as BAX 

could be suppressed in culture to allow expansion of the cells, but then activated in vivo to ensure 

that new tumors are not seeded into healthy devils.  

The SB transposon system provides stable integration of DNA cargo into the target cell 

genome254. The stability and safety of the SB system have been demonstrated in chimeric antigen 

receptor T cells (CAR-T) in human clinical trials for advanced non-Hodgkin lymphoma and acute 

lymphoblastic leukemia264. The simple all-in-one SB vector developed here contains both 

elements of the Tet-Off system, the tetracycline (tet)-controlled transactivator (tTA) and the tet-

responsive promoter (TCE). Consequently, the process of generating stable transgenic cell lines 

by eliminating the need for dual transfection and multiple rounds of selection by cell sorting is 

streamlined. The ability to precisely regulate gene expression and assess downstream biological 

effects on tumor cells and interactions with immune cells should facilitate rapid advances in the 

understanding of the devil facial tumor biology and the devil immune system.  

In summary, here we demonstrate the development of an effective inducible gene expression 

system for DFT cells using the Tet-Off system. Through this system, we were able to generate 

IFNγ-expressing DFT cells for MHC-I upregulation without compromising cell proliferation and 

viability in culture by controlling IFN-γ expression at a transcriptional level. The ability to 
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precisely manipulate gene expression using the Tet-Off system has also allowed us to establish a 

method of studying gene function in Tasmanian devils and is the first step towards a live-

attenuated DFT vaccine.
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4.1 Introduction 
In 1996, a wild Tasmanian devil (Sarcophilus harrisii) was photographed with a large facial 

tumor. In subsequent years, similar devil facial tumors (DFTs) were recorded195, and in 2006, it 

was confirmed that DFTs are clonally transmissible cancers that spread among devils through 

social interactions1,142. In 2014, a second genetically independent transmissible devil facial tumor 

(DFT2) was discovered in southern Tasmania2. Despite the independent origin of the first devil 

facial tumor (DFT1) and DFT2, both clonal tumors arose from a Schwann cell lineage159,167, 

suggesting devils could be prone to transmissible Schwann cell cancers. These lethal and unique 

tumors are simultaneously cancers, allografts, and infectious diseases, and have been the primary 

driver of an average 77% decline in devil populations across the island state of Tasmania136.  

The successful transmission and seeding of DFT cells from one devil to another as an allograft1 

reveals its ability to circumvent both allogeneic and anti-tumor immune responses. Genetic 

mismatches between host and tumor, particularly at the major histocompatibility complex (MHC) 

loci, should provide an allogeneic target for an immune response against DFTs. However, DFT1 

cells generally express little or no MHC class I (MHC-I) on their surface4, an immune escape 

mechanism commonly observed in human cancers to avoid cytotoxic CD8+ T cell recognition265. 

Loss of MHC-I expression in DFT1 appears to be initiated by an impaired antigen presentation 

pathway. The clonal DFT1 cell lineage has a hemizygous mutation in beta-2-microglobulin 

(B2M) gene162 which encodes a light chain of the trimeric MHC-I complex. In addition to this, 

there is an epigenetic downregulation of B2M, and transporters associated with antigen 

processing TAP1 and TAP24, suggesting that immune evasion through reduced MHC-I 

expression has been a target of evolutionary selection pressure. Loss of MHC-I should lead to 

recognition and cytotoxic responses by natural killer (NK) cells. Devils have demonstrated NK-

like activity in vitro189 but the ongoing transmission of DFT1 cells suggests that NK cytotoxic 

response against DFT1 cells either do not occur or are ineffective. All DFT1 cell lines tested to 

date can upregulate MHC-I in response to interferon gamma (IFNG) treatment4. Rare cases of 

DFT1 regression have been reported in the wild175 and serum antibody responses of these devils 

are generally higher against cell lines treated with IFNG to upregulate MHC-I175,209. In contrast 

to DFT1 cells, DFT2 cells constitutively express MHC-I, but the most highly-expressed alleles 

appear to be those shared by the DFT2 cells and the host devil5. This further suggest a critical 

role of MHC-I in immune evasion of transmissible cancers such as DFTs.  

Upregulation of MHC-I on DFT1 cells via treatment with IFNG has served as the foundation for 

a vaccine against devil facial tumor disease (DFTD), which is caused by DFT1 cells. However, 

there are caveats to using a pleiotropic cytokine such as IFNG. IFNG plays multiple roles in the 

innate and adaptive immune system and can function to drive either an anti-tumor or a pro-tumor 
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response depending on the circumstances266–270. While IFNG is well known for directing the 

immune response towards anti-tumor immunity, it causes the upregulation of programmed death 

ligand 1 (PDL1) on DFT cells220 as well as non-classical, monomorphic MHC-I SAHA-UK5. 

PDL1 and SAHA-UK molecules can be counterproductive to the cell-mediated immune response 

mediated by MHC-I recognition. Additionally, the inhibition of cell proliferation and increased 

DFT cell death associated with IFNG271 constrain large-scale production of IFNG-treated DFT 

cells for whole cell vaccines.  

NLRC5 (NLR caspase recruitment domain containing protein 5), a member of the NOD-like 

receptor (NLR) family, was first identified in 2010 as a regulator of MHC-I expression46. In 

subsequent years, several studies have independently shown the critical role of NLRC5 in 

constitutive and IFNG-induced MHC-I expression in humans and mice, although little is known 

about NLRC5 in other species47–49,272,273. NLRC5 acts as a co-activator with high specificity and 

contributes to MHC-I transcription by interacting with several other transcription factors to form 

a multi-protein complex called the enhanceosome33,44–46. The enhanceosome activates the 

promoters of MHC-I genes and components of the antigen processing machinery such as B2M, 

immunoproteasome subunits PSMB8 (also known as LMP7) and PSMB9 (also known as LMP2), 

and TAP146,265. Aside from MHC-I regulation, NLRC5 has been reported to be involved in innate 

immune responses as well as malignancy of certain cancers51,274–277. Despite a potential central 

role of NLRC5 in immune evasion, studies of NLRC5 are limited and several hypothesized 

secondary roles of NLRC5 remain unexplored. 

In this study, we take advantage of a unique natural experiment in which two independent clonal 

tumor cell lines have essentially been passaged through hundreds of free-living animals to assess 

the role of NLRC5 and MHC-I in immune evasion. The overexpression of NLRC5 in DFT1 and 

DFT2 cells induced the expression of B2M, MHC-I heavy chain SAHAI-01 and other 

functionally-related genes. PDL1 and the non-classical MHC-I SAHA-UK which are upregulated 

by IFNG were not induced by NLRC5. MHC-I was constitutively expressed on the surface of 

DFT cells overexpressing NLRC5, which suggests that modulation of NLRC5 expression could 

be a potential substitute for IFNG to increase DFT cell immunogenicity. Additionally, MHC-I 

molecules on DFT cells were revealed to be an immunogenic target of allogeneic responses in 

wild devils. 

4.2 Experimental procedures 

4.2.1 Cells and Cell Culture Conditions 
DFT1 cell line C5065 strain 3164 (RRID:CVCL_LB79) and DFT2 cell lines RV 

(RRID:CVCL_LB80) and JV (RRID not available) were used in this study as indicated. DFT1 
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C5065 was provided by A-M Pearse and K. Swift of the Department of Primary Industries, Parks, 

Water and Environment (DPIPWE) (Hobart, TAS, Australia) and was previously established 

from DFT1 biopsies obtained under the approval of the Animal Ethics Committee of the 

Tasmanian Parks and Wildlife Service (permit numbers 33/2004-5 and 32/2005-6). DFT2 cell 

lines RV and JV were established from single cell suspensions obtained from tumor biopsies 

performed under the approval of the University of Tasmania Animal Ethics Committee (permit 

number A0012513) or under a Standard Operating Procedure approved by the General Manager, 

Natural and Cultural Heritage Division, Tasmanian Government DPIPWE. Cells were cultured 

at 35 °C with 5% CO2 in complete RPMI medium: RPMI 1640 medium with L-glutamine 

(Thermo Fisher Scientific, Waltham, MA, USA), 10% heat-inactivated fetal bovine serum 

(Bovogen Biologicals, Melbourne, VIC, Australia), 1% (v/v) Antibiotic-Antimycotic (100X) 

(Thermo Fisher Scientific), 10 mM HEPES (Thermo Fisher Scientific) and 50 μM 2-

mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA).  

4.2.2 RNA Sequencing and Analysis 
Initial RNA sequencing was performed using DFT1 C5065 and DFT2 RV cells treated with and 

without 5 ng/mL recombinant devil IFNG (provided by Walter and Eliza Hall Institute (WEHI), 

Melbourne, VIC, Australia) for 24 h according to the previously described protocols167,278. For 

the remaining cell lines (Table 4-1, ID # 5–9), total RNA was extracted using the NucleoSpin® 

RNA plus kit (Macherey Nagel, Düren, Germany) per manufacturer’s instructions. Two 

replicates were prepared for each cell line. RNA sequencing was conducted at the Ramaciotti 

Centre for Genomics (Sydney, NSW, Australia) using the following methods. RNA integrity was 

assessed using Agilent TapeStation (Agilent Technologies, Santa Clara, CA, USA). All samples 

had RNA Integrity Number (RIN) scores of 10.0. mRNA libraries were prepared using the 

TruSeq Stranded mRNA Library Prep (Illumina Inc., San Diego, CA, USA). The libraries were 

sequenced on an Illumina NovaSeq 6000 platform (Illumina) with 100 base-pair single-end reads. 

The quality of the sequencing reads were analyzed using FastQC version 0.11.9279. Raw FASTQ 

files have been deposited to the European Nucleotide Archive (ENA) and are available at 

BioProject # PRJEB39847. 

The sequencing reads were mapped to the Tasmanian devil reference genome 

(GCA_902635505.1 mSarHar1.11) using Subread version 2.0.0280. Uniquely mapped reads were 

counted and assigned to genes using featureCounts281. Differential expression analysis of gene 

counts was performed using statistical software R studio282 on R version 4.0.0283. Firstly, genes 

with less than 100 aligned reads across all samples were filtered out to exclude lowly expressed 

genes. Gene counts were then normalized across samples by upper quartile normalization using 

edgeR284–286 and EDASeq287,288. Normalized read counts were scaled by transcripts per kilobase 
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million (TPM) to account for varied gene lengths. For differential expression analysis, gene 

expression of NLRC5-overexpressing cell lines (DFT1.NLRC5, DFT2.NLRC5) were compared 

against BFP-control cell lines (DFT1.BFP, DFT2.BFP) while IFNG-treated cells (DFT1.WT + 

IFNG, DFT2.WTRV + IFNG) were compared against the untreated wild-type (DFT1.WT, 

DFT2.WTRV), according to their respective tumor origin. Differential gene expression was 

calculated using the voom289 function in limma290 with linear modelling and empirical Bayes 

moderation291 (Appendix B-1). Genes were defined as significantly differentially expressed by 

applying FDR < 0.05, and log2 fold change (FC) ≥ 2.0 (upregulated) or ≤ −2.0 (downregulated) 

thresholds.  

A bar plot of fold change in mRNA expression upon treatment was created from TPM values in 

GraphPad Prism version 5.03. Venn diagrams of differentially expressed genes were developed 

using Venny version 2.1292. Heatmaps were created from log2TPM values using the 

ComplexHeatmap293 package in R studio. For functional enrichment analysis, over-

representation of gene ontology (GO) and Reactome pathways was analyzed on differentially 

expressed genes in R studio using functions enrichGO in ClusterProfiler294 and enrichPathway in 

ReactomePA295, respectively. Significant GO terms and Reactome pathways were selected by 

applying the cut-offs p-value < 0.001, q-value < 0.05 and adjusted p-value < 0.05. P-values were 

adjusted for multiple testing using Benjamini–Hochberg method. 

Table 4-1. Devil facial tumor (DFT) cell lines and treatments 

ID # Sample name Parent cell line Treatment 
1 DFT1.WTa DFT1 C5065  Untreated 
2 DFT1.WT + IFNG DFT1 C5065 5 ng/mL IFNG, 24h 
3 DFT2.WTRVb DFT2 RV Untreated 
4 DFT2.WTRV + IFNG DFT2 RV 5 ng/mL IFNG, 24h 
5 DFT1.BFP DFT1 C5065  Transfected with control vector pSBbi-BH 
6 DFT1.NLRC5 DFT1 C5065 Transfected with NLRC5 vector pCO1 
7 DFT2.WT DFT2 JV Untreated 
8 DFT2.BFP DFT2 JV Transfected with control vector pSBbi-BH 
9 DFT2.NLRC5 DFT2 JV Transfected with NLRC5 vector pCO1 
10 DFT1.B2M-/- DFT1 C5065 Transfected with B2M targeting vector pAF217 
11 DFT1.B2M-/- + IFNG DFT1 C5065 Transfected with B2M targeting vector pAF217 and treated 

with 5 ng/mL IFNG for 24h 
12 DFT1.NLRC5.B2M-/- DFT1 C5065 Transfected with NLRC5 vector pCO1 and B2M targeting 

vector pAF218 

aDFT1.WT data from Patchett et al278 available through European Nucleotide Archive # PRJNA416378. 
bDFT2.WTRV data from Patchett et al167 available through European Nucleotide Archive # PRJEB28680.
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4.2.3 Plasmid Construction 
The coding sequence for full length devil NLRC5 (ENSSHAT00000015489.1) was isolated from 

cDNA of devil lymph node mononuclear cells stimulated with recombinant devil IFNG220 (10 

ng/mL, 24 h). Devil NLRC5 was then cloned into plasmid pAF105 (detailed description of 

pAF105 plasmid construction available in Appendix B-2). For this study, devil NLRC5 was 

amplified from pAF105 with overlapping ends to the 5’ and 3’ SfiI sites of the Sleeping Beauty 

transposon plasmid pSBbi-BH254 (a gift from Eric Kowarz; Addgene # 60515, Cambridge, MA, 

USA) using Q5® Hotstart High-Fidelity 2X Master Mix (New England Biolabs (NEB), Ipswich, 

MA, USA) (see Appendix B-3 for primers and reaction conditions). The fragment was cloned 

into SfiI-digested (NEB) pSBbi-BH using NEBuilder® HiFi DNA Assembly Cloning Kit (NEB) 

and the assembled plasmid pCO1 was transformed into NEB® 5-alpha competent Escherichia 

coli (High Efficiency) (NEB) according to manufacturer’s instructions (see Appendix B-4 for 

plasmid maps). Positive clones were identified by colony PCR and the plasmid was purified using 

NucleoSpin® Plasmid EasyPure kit (Macherey-Nagel). The cloned devil NLRC5 transcript was 

verified by Sanger sequencing using Big DyeTM Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems (ABI), Foster City, CA, USA) and Agencourt® CleanSEQ® (Beckman Coulter, Brea, 

CA, USA) per manufacturer’s instructions. The sequences were analyzed on 3500xL Genetic 

Analyzer (ABI) (see Appendix B-5 for list of sequencing primers). For detailed step-by-step 

protocols for plasmid design and construction, reagent recipes, and generation of stable cell lines, 

see Bio-protocol # e3696231. 

4.2.4 Transfection and Generation of Stable Cell Lines 
Stable cell lines of both DFT1 and DFT2 (C5065 and JV cell lines respectively) overexpressing 

NLRC5 were prepared as follows. 5×105 cells were seeded in a 6-well plate and incubated 

overnight to achieve 50–80% confluency on the day of transfection. As the vector constructed 

uses a Sleeping Beauty (SB) transposon system for gene transfer, co-transfection of an expression 

vector encoding a SB transposase enzyme pCMV(CAT)T7-SB100232 (a gift from Zsuzsanna 

Izsvak; Addgene plasmid # 34879) was needed to facilitate this process. Per 2.0 mL of culture 

volume, 2.0 μg of plasmid DNA (1.5 μg pCO1 + 0.5 μg pCMV(CAT)T7-SB100) was diluted in 

phosphate-buffered saline (PBS) to 100 μL and then added to 6.0 μg of polyethylenimine (PEI) 

(1 mg/mL, linear, 25 kDa; Polysciences, Warrington, FL, USA) diluted in PBS to 100 μL (3:1 

ratio of PEI to DNA (w/w)). The DNA:PEI solution was mixed by gentle pipetting and incubated 

at room temperature for 15 to 20 min. The media on DFT cells were replaced with fresh complete 

RPMI medium and the transfection mix was added dropwise to the cells. The cells were incubated 

with the DNA:PEI solution overnight at 35 °C with 5% CO2. The next morning, media was 

replaced with fresh complete RPMI medium. 48 h post-transfection, the cells were observed for 
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fluorescence through expression of reporter gene mTagBFP and were subjected to seven days of 

positive selection by adding 1 mg/mL hygromycin B (Sigma-Aldrich) in complete RPMI 

medium. Once selection was complete, the cells were maintained in 200 μg/mL hygromycin B 

in complete RPMI medium. pSBbi-BH was used as a control to account for the effects of the 

transfection and drug selection process.  

4.2.5 Flow Cytometric Analysis of B2M Expression  
Cells were harvested and plated in a round-bottom 96-well plate (1×105 per well) and  centrifuged 

at 500g for 3 min at 4 °C to discard the medium. Cells were blocked with 50 μL of 1% normal 

goat serum (Thermo Fisher Scientific) in FACS buffer (PBS with 0.5% BSA, 0.02% sodium 

azide) for 10 min on ice. After blocking, 0.4 μL anti-devil B2M mouse antibody in supernatant 

(13-34-45, a gift from Hannah Siddle)4 diluted to a total of 50 μL in FACS buffer was added to 

the cells for 15 min on ice. The cells were washed with 150 µL FACS buffer and centrifuged at 

500g for 3 min at 4 °C. Goat anti-mouse IgG-Alexa Fluor 488 (Thermo Fisher Scientific) was 

diluted in FACS buffer to 4 µg/mL and 50 μL of the solution was incubated with the target cells 

in the dark for 30 min on ice. The cells were washed twice with FACS buffer to remove excess 

secondary antibody. Lastly, the cells were resuspended in 200 µL FACS buffer with propidium 

iodide (PI) (500 ng/mL) (Sigma-Aldrich) prior to analysis on BD FACSCantoTM II (BD 

Biosciences, Franklin Lakes, NJ, USA). As a positive control for surface B2M expression, DFT1 

C5065 and DFT2 JV cells were stimulated with 5 ng/mL recombinant devil IFNG220 for 24 h.  

4.2.6 Generation of B2M CRISPR/Cas9 Knockout Cell Lines (B2M-/-) 
Two single guide RNAs (sgRNAs) targeting the first exon of devil B2M gene  

(ENSSHAG00000017005) were designed using a web-based CRISPR design tool 

CHOPCHOP296 (Appendix B-6). Complementary oligonucleotides encoding each B2M sgRNA 

sequence were synthesized (Integrated DNA Technologies (IDT), Coralville, IA, USA), 

phosphorylated and annealed before cloning into lentiCRISPRv2 plasmid297 (a gift from Feng 

Zhang; Addgene # 52961) at BsmBI (NEB) restriction sites using T4 DNA ligase (NEB) (see 

Appendix B-7 for oligonucleotide sequences). The ligated plasmids pAF217 and pAF218 were 

then transformed into NEB® Stable Competent Escherichia coli (High Efficiency) (NEB). Single 

colonies were selected, and the plasmids were purified using ZymoPURE™ Plasmid Miniprep 

Kit (Zymo Research, Irvine, CA, USA). The sgRNA sequence in each plasmid was validated by 

Sanger sequencing according to the method described above (see Appendix B-5 for list of 

sequencing primers).  

B2M targeting vectors pAF217 and pAF218 were each transfected into DFT1.WT and 

DFT1.NLRC5 cells to generate B2M knockout cell lines DFT1.B2M-/- and DFT1.NLRC5.B2M-

/-. Transfection of cells were carried out as described above with the exception that 1.5 μg of 



88 
 

plasmid was used instead of 2.0 μg. A day after transfection, the cells were subjected to positive 

selection by adding 100 μg/mL puromycin (InvivoGen, San Diego, CA, USA) for a week.  

Post-drug selection, the cells were screened and sorted multiple rounds using a Beckman-Coulter 

MoFlo Astrios cell sorter to select DFT1.B2M-/- and DFT1.NLRC5.B2M-/- cells with negative 

B2M expression. DFT1.B2M-/- cells were treated with 10 ng/mL devil recombinant IFNG220 for 

24 h to stimulate surface B2M upregulation prior to analysis. For flow cytometry, cells were first 

harvested by centrifugation at 500g for 3 min at 4 °C, and then blocked with 100 μL of 1% normal 

goat serum (Thermo Fisher Scientific) in complete RPMI medium for 10 min on ice. After 

blocking, the cells were incubated with 0.8 μL anti-devil B2M mouse antibody in supernatant4 

diluted in complete RPMI to a total of 100 μL for 15 min on ice. The cells were washed with 2.0 

mL complete RPMI and centrifuged at 500g for 3 min at 4 °C. Next, the cells were incubated 

with 100 μL of 2 µg/mL goat anti-mouse IgG-Alexa Fluor 647 (Thermo Fisher Scientific) diluted 

in complete RPMI in the dark for 15 min on ice. The cells were washed with 2.0 mL of complete 

RPMI medium to remove excess secondary antibody. Lastly, the cells were resuspended to a 

concentration of 1×107 cells/ml in 200 ng/mL DAPI (Sigma-Aldrich) diluted in complete RPMI 

medium. B2M negative cells were selected and bulk-sorted using cell sorter Moflo Astrios EQ 

(Beckman Coulter).  

After multiple rounds of sorting to establish a B2M negative population, genomic DNA of the 

cells was isolated and screened for mutations in the B2M gene by Sanger sequencing (see 

Appendix B-5 for sequencing primers). Indels (insertions or deletions) in the B2M gene were 

assessed using Inference of CRISPR Edits (ICE) analysis tool version 2.0 from Synthego298 

(Menlo Park, CA, USA) (Appendix B- 6). B2M knockout cell lines: (i) DFT1.B2M-/- derived 

from DFT1 cells transfected with pAF217, and (ii) DFT1.NLRC5.B2M-/- derived from 

DFT1.NLRC5 transfected with pAF218 were selected for downstream analysis (see Table 4-1 

for full list of cell lines).  

4.2.7 Flow Cytometric Analysis of Serum Antibody Target 
Serum samples of wild Tasmanian devils were obtained from previous studies as described175,229. 

To induce surface expression of MHC-I, DFT cells were treated with 10 ng/mL devil recombinant 

IFNG220 for 24 h prior to analysis. Cells were washed with cold FACS buffer and 1×105 cells per 

well were plated in a round-bottom 96-well plate. The cells were centrifuged at 500g for 3 min 

at 4 °C to discard the medium. Serum samples (see Appendix B-8 for serum sample information) 

were thawed on ice and diluted 1:50 with FACS buffer. 50 μL of diluted serum was added to the 

cells and incubated for 1 h on ice. After incubation, the cells were washed twice with 200 μL 

FACS buffer. 50 μL of 10 μg/mL monoclonal mouse anti-devil IgG2b antibody (A4-D1-2-1, 

provided by WEHI)181 in FACS buffer was added to the cells and incubated for 30 min on ice. 
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The cells were washed twice with FACS buffer and then incubated with 50 µL of 4 μg/ml goat 

anti-mouse IgG-Alexa Fluor 488 (Thermo Fisher Scientific) in FACS buffer for 30 min on ice, 

protected from light. The cells were washed twice with ice-cold PBS (Thermo Fisher Scientific). 

After washing, the cells were stained with LIVE/DEADTM Fixable Near-IR Dead Cell Stain 

(Thermo Fisher Scientific) per manufacturer’s instructions. For B2M surface expression analysis, 

the cells were stained as described in the protocol above. However, LIVE/DEADTM Fixable Near-

IR Dead Cell Stain (Thermo Fisher Scientific) was used instead of PI to determine cell viability. 

All cells were fixed with FACS fix (0.02% sodium azide, 1.0% glucose, 0.4% formaldehyde) 

prior to analysis on BD FACSCantoTM II (BD Biosciences). 

4.3 Results 

4.3.1 NLRC5 is upregulated in DFT1 and DFT2 cells treated with IFNG 
IFNG has been shown to upregulate MHC-I4 and PDL1220 on DFT cells. To probe the 

mechanisms driving upregulation of these key immune proteins, we performed RNA-seq using 

mRNA extracted from IFNG-treated DFT1 cell line C5065 (DFT1.WT) and an IFNG-treated 

DFT2 cell line RV (DFT2.WTRV). Markers for Schwann cell differentiation, SRY-box 10 

(SOX10) and neuroepithelial marker nestin (NES), that are expressed in both DFT1 and DFT2 

cells167, were selected as internal gene controls. As expected, transcriptome analysis showed that 

B2M, MHC-I gene SAHAI-01, and PDL1 were strongly upregulated by IFNG. MHC-I 

transactivator NLRC5 was also upregulated upon IFNG treatment, more than a 100-fold in 

DFT1.WT (275-fold) and DFT2.WTRV cells (124-fold) relative to untreated cells (Figure 4-1). 

 

Figure 4-1. Upregulation of NLRC5 by IFNG in DFT1 and DFT2 cells. Fold change in mRNA 
expression (transcripts per kilobase million (TPM)) of B2M, MHC class I gene SAHAI-01, PDL1 
and NLRC5 upon IFNG treatment in DFT1 C5065 cell line (DFT1.WT) and DFT2 RV cell line 
(DFT2.WTRV). SOX10 and NES were included as internal controls. Bars show the mean of N=2 
replicates per treatment. Error bars indicate standard deviation.
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4.3.2 NLRC5 upregulates MHC-I and antigen presentation genes but 
not PDL1 and non-classical MHC-I 

To assess the role of NLRC5 in antigen processing and presentation, we developed an expression 

vector that stably upregulates NLRC5 in DFT cells. DFT1 cell line C5065 and DFT2 cell line JV 

were used for production of NLRC5-overexpressing DFT cells. Following drug selection to 

create stable cell lines, we performed RNA-seq on DFT1 and DFT2 cells stably transfected with 

BFP-control and NLRC5 vectors (see Table 4-1 for list of cell lines). Changes in the mRNA 

expression profile of DFT cells overexpressing NLRC5 relative to BFP-control cells were 

examined in parallel with changes observed in wild-type DFT cells following IFNG treatment 

(Figure 4-2 and Appendix B-9). The transcriptome for IFNG-treated DFT2 cells was previously 

generated from the DFT2 RV cell line (DFT2.WTRV)167. Otherwise, all DFT2 results are from 

DFT2 JV. 

Differential expression analysis showed that 159 genes were upregulated by IFNG (DFT1.WT + 

IFNG) in contrast to 40 genes by NLRC5 (DFT1.NLRC5) in DFT1 cells (Figure 4-2). In DFT2 

cells, 288 genes were upregulated by IFNG (DFT2.WTRV + IFNG) and 30 genes by NLRC5 

(DFT2.NLRC5) (Figure 4-2). There were ten genes that were upregulated by both IFNG and 

NLRC5 in DFT1 and DFT2 cells. These shared genes were predominantly related to MHC-I 

antigen processing and presentation pathway which suggests a role of NLRC5 in IFNG-induced 

MHC-I expression.  

 

Figure 4-2. Venn diagram of genes significantly upregulated upon IFNG treatment and NLRC5 
overexpression in DFT1 and DFT2 cells. Genes were defined as significantly upregulated when 
false discovery rate (FDR) < 0.05 and log2FC ≥ 2.0. Total number of genes upregulated for each 
treatment is indicated in parentheses under the sample name. The box shows genes upregulated 
in all four treatments: (i) IFNG-treated DFT1 cells (DFT1.WT + IFNG), (ii) IFNG-treated DFT2 
cells (DFT2.WTRV + IFNG), (iii) NLRC5-overexpressing DFT1 cells (DFT1.NLRC5), and (iv) 
NLRC5-overexpressing DFT2 cells (DFT2.NLRC5). See Appendix B-1 for a full list of 
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differentially expressed genes and Appendix B-10 for description of devil-specific genes (LOC 
symbols). 

 

A heatmap was used to explore the expression profiles of genes associated with MHC-I and 

MHC-II antigen processing and presentation. In addition to SOX10 and NES, the myelin protein 

periaxin (PRX), a marker for DFT1 cells160, was included as an internal control. Overall, NLRC5 

upregulated genes involved in MHC-I antigen presentation to a smaller magnitude than IFNG 

(Figure 4-3). NLRC5 upregulated a subset of IFNG-induced MHC-I genes SAHAI-01, SAHAI 

(LOC105750614) and SAHAI (LOC100927947), and genes of the antigen processing machinery 

including B2M, PSMB8, PSMB9, and TAP1. In comparison, other IFNG-induced genes such as 

PSMB10, TAP2 and TAP binding protein (TAPBP) were not upregulated by NLRC5 in either 

DFT1.NLRC5 or DFT2.NLRC5 cells. MHC-I genes that were induced by IFNG but not NLRC5 

include non-classical MHC-I genes SAHA-UK and SAHA-MR1, although the latter was only 

induced in DFT2 cells treated with IFNG. Additionally, PDL1 was upregulated by IFNG, but not 

NLRC5. Examination of the promoter elements immediately upstream of SAHA-UK and PDL1 

did not identify the putative MHC-I-conserved SXY module80 necessary for NLRC5-mediated 

transcription in the devil genome. A putative interferon-stimulated response element (ISRE) for 

devil MHC-I genes was identified 127 bp upstream of the start codon of SAHA-UK (Appendix 

B-11).  

NLRC5 did not consistently regulate MHC-II genes. However, the invariant chain associated 

with assembly of MHC-II complexes, CD74, was significantly upregulated in DFT1.NLRC5. 

Similarly, IFNG treatment on DFT1 cells only upregulated MHC-II transactivator CIITA. 

Strikingly, IFNG treatment on DFT2 cells induced several MHC-II genes such as HLA-DRA 

(LOC100923003), HLA-DMA (LOC100925801), HLA-DMB (LOC100925533), CD74 and 

CIITA. 
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Figure 4-3. Heatmap showing expression profiles of genes involved in MHC-I and MHC-II 
antigen processing and presentation pathways, and PDL1 in IFNG-treated, and NLRC5-
overexpressing DFT1 and DFT2 cells. Log2TPM expression values were scaled across each gene 
(rows) and represented by Z-Score, with red and blue representing high and low relative 
expression, respectively. Replicates for each treatment (N=2) are included in the heatmap. SAHAI 
encodes the Tasmanian devil MHC-I heavy chain gene. For genes with no official gene symbol 
(LOC symbols), alternative gene symbols were used according to the gene description on NCBI. 
See Appendix B-10 for corresponding NCBI gene symbols and description. 
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4.3.3 NLRC5 primarily functions in MHC-I antigen processing and 
presentation but is not limited to immune-related functions 

The majority of research into NLRC5 has been devoted to its role as a regulator of MHC-I 

expression. In addition, some studies have reported possible roles of NLRC5 in antiviral 

immunity, inflammation and cancer through modulation of various signaling pathways50,51,275,299–

301. To identify additional biological functions of NLRC5 in DFT cells, over-representation 

analysis of gene ontology (GO) biological processes and Reactome pathways was performed 

using the list of differentially expressed genes between NLRC5-overexpressing DFT cells and 

BFP-controls (FDR < 0.05, log2FC ≥ 2.0 or ≤ −2.0). Both analyses revealed significant up- and 

downregulation of genes associated with immune system processes and developmental processes 

in cells overexpressing NLRC5.  

Among the list of genes upregulated in DFT1.NLRC5 and DFT2.NLRC5 cells, the most 

significantly associated GO biological process was antigen processing and presentation of 

exogenous peptide antigen via MHC class I, TAP-dependent (Figure 4-4 A, Figure 4-5 A). 

Several additional immune-related processes were also associated with NLRC5 overexpression, 

particularly in DFT1 cells. Some of these included positive regulation of immune response, 

interferon-gamma-mediated signaling pathway, immune response-regulating cell surface 

receptor signaling pathway (Figure 4-4 A), and regulation of interleukin-6 biosynthetic process 

(Figure 4-4 C). In DFT1.NLRC5 and DFT2.NLRC5, GO terms related to development that were 

significantly over-represented included morphogenesis of an epithelium (Figure 4-4 A) and 

negative regulation of epidermis development (Figure 4-5 A), respectively.  

As DFT cells are of neuroendocrine origin, specifically of the Schwann cell lineage159,167, a 

number of neural-related genes were targeted by NLRC5. In DFT2 cells, NLRC5 upregulated 

genes that are involved in myelination, which are usually expressed at low levels in DFT2 cells167 

(Figure 4-5 A). These genes include brain enriched myelin associated protein 1 (BCAS1), myelin 

binding protein (MBP), myelin protein zero (MPZ) and UDP glycosyltransferase 8 (UGT8) 

(Figure 4-5 B). Furthermore, many of the downregulated genes in DFT2.NLRC5 were related to 

nervous system function, mainly pertaining to synaptic signaling and sensory perception (Figure 

4-5 C).  

Reactome pathway analysis revealed an enrichment of pathways that were consistent with those 

identified by GO analysis. This included enrichment of the ER-phagosome pathway and antigen 

processing-cross presentation in DFT1.NLRC5 (Table 4-2) and DFT2.NLRC5 (Table 4-3); 

signaling by the B cell receptor (BCR) in DFT1.NLRC5; and transmission across chemical 

synapses in DFT2.NLRC5 cells. Interestingly, nuclear factor of activated T cells 1 (NFATC1), 

protein kinase C beta (PRKCB), PSMB8 and PSMB9, associated with several GO immune-related 



94 
 

processes in DFT1.NLRC5 (Figure 4-4 B), were enriched for the beta-catenin independent WNT 

signaling pathway (Table 4-2). Other enriched pathways included those involved in extracellular 

matrix organization such as collagen chain trimerization (Table 4-2) and assembly of collagen 

fibrils and other multimeric structures (Table 4-3). 

 

Figure 4-4. GO biological processes that were enriched in DFT1 cells with NLRC5 
overexpression. GO biological process terms associated with genes upregulated (UP) (a, b) and 
downregulated (DN) (c) in DFT1.NLRC5. (b) Heatplot of genes associated with each positively-
regulated GO term. The cut-offs p-value < 0.001 and adjusted p-value (p.adjust) < 0.05 were used 
to determine significant biological processes. P values were adjusted for multiple testing using 
Benjamini–Hochberg method. See also Appendix B-12 for full list of GO biological processes.
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Figure 4-5. GO biological processes that were enriched in DFT2 cells with NLRC5 
overexpression. GO biological process terms associated with genes upregulated (UP) (a, b) and 
downregulated (DN) (c) in DFT2.NLRC5. (b) Heatplot of genes associated with each positively-
regulated GO term. The cut-offs p-value < 0.001 and adjusted p-value (p.adjust) < 0.05 were used 
to determine significant biological processes. P values were adjusted for multiple testing using 
Benjamini–Hochberg method. See also Appendix B-13 for full list of GO biological processes. 
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Table 4-2. Reactome pathways enriched in differentially expressed genes in DFT1.NLRC5 

Reactome ID Pathway Count 
Term 

size 
p-value p.adjust Genes 

Upregulated 
      

R-HSA-1236974 ER-Phagosome pathway 4 74 4.69E-

05 

4.75E-

03 

B2M, PSMB8, PSMB9, 

TAP1 

R-HSA-1168372 Downstream signaling events of 

B Cell Receptor (BCR) 

4 80 6.37E-

05 

4.75E-

03 

NFATC1, PRKCB, 

PSMB8, PSMB9 

R-HSA-1236975 Antigen processing-Cross 

presentation 

4 81 6.69E-

05 

4.75E-

03 

B2M, PSMB8, PSMB9, 

TAP1 

R-HSA-983705 Signaling by the B Cell Receptor 

(BCR) 

4 104 1.77E-

04 

9.44E-

03 

NFATC1, PRKCB, 

PSMB8, PSMB9 

R-HSA-3858494 Beta-catenin independent WNT 

signaling 

4 129 4.06E-

04 

1.73E-

02 

NFATC1, PRKCB, 

PSMB8, PSMB9 

R-HSA-1169091 Activation of NF-kappaB in B 

cells 

3 64 7.19E-

04 

2.55E-

02 

PRKCB, PSMB8, 

PSMB9 

Downregulated 
     

 

R-HSA-216083 Integrin cell surface interactions 5 62 1.16E-

05 

4.04E-

03 

CDH1, COL18A1, 

COL6A1, COL6A2, 

JAM2 

R-HSA-1251985 Nuclear signaling by ERBB4 3 28 3.33E-

04 

4.93E-

02 

EREG, GFAP, S100B 

R-HSA-5173105 O-linked glycosylation 4 73 4.27E-

04 

4.93E-

02 

ADAMTS7, B3GNT7, 

GALNT13, GALNT17 

R-HSA-913709 O-linked glycosylation of mucins 3 34 5.96E-

04 

4.93E-

02 

B3GNT7, GALNT13, 

GALNT17 

R-HSA-8948216 Collagen chain trimerization 3 36 7.06E-

04 

4.93E-

02 

COL18A1, COL6A1, 

COL6A2 

Cut-offs p-value < 0.001 and p.adjust < 0.05 were used to display significant pathways. P-values were adjusted (p.adjust) for 
multiple testing using Benjamini–Hochberg method. See also Appendix B-14 for full list of Reactome pathways. 
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Table 4-3. Reactome pathways enriched in differentially expressed genes in DFT2.NLRC5 

Reactome ID Pathway Count 
Term 

size 
p-value p.adjust Genes 

Upregulated 
      

R-HSA-1236974 ER-Phagosome pathway 4 74 3.43E-

06 

3.80E-04 B2M, PSMB8, 

PSMB9, TAP1 

R-HSA-1236975 Antigen processing-Cross 

presentation 

4 81 4.93E-

06 

3.80E-04 B2M, PSMB8, 

PSMB9, TAP1 

R-HSA-983169 Class I MHC mediated antigen 

processing & presentation 

5 312 5.96E-

05 

3.06E-03 B2M, PSMB8, 

PSMB9, TAP1, 

TRIM69 

R-HSA-983170 Antigen Presentation: Folding, 

assembly and peptide loading of 

class I MHC 

2 18 3.31E-

04 

1.27E-02 B2M, TAP1 

R-HSA-162909 Host Interactions of HIV factors 3 119 6.91E-

04 

1.36E-02 B2M, PSMB8, 

PSMB9 

Downregulated 
      

R-HSA-112316 Neuronal System 33 276 1.73E-

06 

1.28E-03 

see Appendix B- 15 

R-HSA-1474228 Degradation of the extracellular 

matrix 

16 97 1.82E-

05 

6.73E-03 

see Appendix B- 15 

R-HSA-264642 Acetylcholine Neurotransmitter 

Release Cycle 

5 10 5.87E-

05 

1.45E-02 see Appendix B- 15 

R-HSA-181429 Serotonin Neurotransmitter 

Release Cycle 

5 12 1.70E-

04 

2.27E-02 see Appendix B- 15 

R-HSA-181430 Norepinephrine 

Neurotransmitter Release Cycle 

5 12 1.70E-

04 

2.27E-02 see Appendix B- 15 

R-HSA-112315 Transmission across Chemical 

Synapses 

21 179 1.84E-

04 

2.27E-02 see Appendix B- 15 

R-HSA-1474244 Extracellular matrix 

organization 

24 224 2.65E-

04 

2.80E-02 

see Appendix B- 15 

R-HSA-166658 Complement cascade 6 21 4.02E-

04 

3.38E-02 

see Appendix B- 15 

R-HSA-1296072 Voltage gated Potassium 

channels 

7 29 4.11E-

04 

3.38E-02 

see Appendix B- 15 

R-HSA-2022090 Assembly of collagen fibrils 

and other multimeric structures 

9 49 5.62E-

04 

4.16E-02 see Appendix B- 15 

R-HSA-210500 Glutamate Neurotransmitter 

Release Cycle 

5 16 7.96E-

04 

4.91E-02 see Appendix B- 15 

R-HSA-212676 Dopamine Neurotransmitter 

Release Cycle 

5 16 7.96E-

04 

4.91E-02 see Appendix B- 15 

Cut-offs p-value < 0.001 and p.adjust < 0.05 were used to display significant pathways. P-values were adjusted (p.adjust) for 
multiple testing using Benjamini–Hochberg method. See also Appendix B-15 for full list of Reactome pathways.  
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4.3.4 NLRC5 induces MHC-I expression on the cell surface 
To determine if NLRC5 is capable of regulating MHC-I expression at the protein level, surface 

MHC-I was analyzed by flow cytometry in DFT cells overexpressing NLRC5 using a monoclonal 

antibody against B2M4. The overexpression of NLRC5 induced upregulation of surface 

expression of B2M in both DFT1.NLRC5 (Figure 4-6 A) and DFT2.NLRC5 cells (Figure 4-6 

B). The level of B2M expression was also comparable to wild-type DFT cells treated with IFNG. 

Next, we assessed the stability of NLRC5-induced MHC-I expression by examining the 

expression of B2M in long-term cultures. One-month post-drug selection, DFT1.NLRC5 cells 

cultured in the presence or absence of hygromycin B were stained for B2M every four weeks for 

a total of 12 weeks. As shown in Figure 4-6 A, MHC-I expression was stably maintained in 

DFT1.NLRC5 cells, with or without ongoing drug selection pressure throughout the 12-week 

culture thus, demonstrating the relative stability of the human EF1a promoter driving NLRC5 

expression in long-term cell cultures. PDL1 was also not upregulated on the cell surface in 

NLRC5-overexpressing DFT cells compared to IFNG-treated DFT cells (Appendix B-16).   

 

Figure 4-6. Upregulation of MHC-I following NLRC5 overexpression. Surface expression of 
B2M in DFT1.NLRC5 (a) and DFT2.NLRC5 (b). B2M expression in the NLRC5 cell lines were 
compared to wild-type (DFT.WT), BFP-control (DFT.BFP), and IFNG-treated (DFT.WT + 
IFNG) DFT cells. (a) Stable expression of B2M in DFT1.NLRC5 was assessed every four weeks 
for 12 weeks post-drug selection in the presence and absence of hygromycin B (hygB) selection 
pressure. Secondary antibody-only staining (DFT.WT (2° ab only)) was included as a control. 
The results shown are representative of N = 3 replicates/treatment. 
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4.3.5 MHC-I is a predominant target of anti-DFT antibody responses 
It was previously reported that the antibodies from devils infected with DFT1 were specific to 

MHC-I, as determined by incubating serum from these devils with IFNG-treated DFT cells175. 

Considering the diverse roles of IFNG, there could be other IFNG-induced antigens that can serve 

as targets for the anti-DFT antibody response.  

To establish if MHC-I is the target of anti-DFT serum antibodies, surface MHC-I expression was 

first ablated by knocking out the hemizygous B2M allele162 in wild-type DFT1 cells (DFT1.WT) 

and NLRC5-overexpressing DFT1 cells (DFT1.NLRC5) using CRISPR/Cas9 technology. Gene 

disruption of B2M was confirmed by genomic DNA sequencing (Appendix B-6), and flow 

cytometry using a monoclonal anti-B2M antibody (Figure 4-7). CRISPR/Cas9-mediated B2M 

knockout (B2M-/-) in DFT1 cells rendered the cells irreversibly deficient for surface expression 

of B2M despite IFNG and NLRC5 stimulation (DFT1.B2M-/- + IFNG and DFT1.NLRC5.B2M-

/-). Due to the pivotal role of B2M in stability of MHC-I complex formation and surface 

presentation302–306, absence of surface B2M is indicative of a lack of surface MHC-I expression.  

After surface MHC-I ablation was confirmed, serum from six wild devils (TD1–TD6) that 

demonstrated anti-DFT responses including natural DFT1 regressions175 was tested against B2M 

knockout cell lines DFT1.B2M-/- and DFT1.NLRC5.B2M-/-. Serum from a healthy devil (TD7) 

and an immunized devil with induced tumor regression (My)229 were used as negative and 

positive controls for antibody binding. All six sera from DFTD+ devils (TD1–TD6) showed weak 

to no binding to DFT1.WT and DFT1.BFP, which are inherently negative for surface MHC-I 

(Figure 4-7). With forced expression of MHC-I using IFNG (DFT1.WT + IFNG) and NLRC5 

(DFT1.NLRC5), a positive shift in antibody binding was observed. There was no apparent 

difference in the level of antibody binding between IFNG-treated and NLRC5-overexpressing 

DFT1 cells, suggesting a similarity between the antibody target(s) induced by IFNG and NLRC5. 

Following B2M knockout, antibody binding of all six sera was reduced in both IFNG-induced 

(DFT1.B2M-/- + IFNG) and NLRC5-induced B2M knockout DFT1 cells (DFT1.NLRC5.B2M-/-

), suggesting that MHC-I is a target of DFT1-specific antibody responses in natural tumor 

regressions.  
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Figure 4-7. Flow cytometric analysis of serum antibody binding from devils with anti-DFT1 
antibody response. Ablation of surface B2M in CRISPR/Cas9-mediated B2M  knockout cells 
(B2M-/-) was confirmed using a monoclonal anti-B2M antibody (anti-B2M ab). Sera from six 
devils (TD1-TD6) with seroconversion (immune) following DFTD infection were tested against 
wild-type DFT1 (DFT1.WT), IFNG-treated DFT1 (DFT1.WT + IFNG), IFNG-treated B2M 
knockout DFT1 (DFT1.B2M-/- + IFNG), BFP-control (DFT1.BFP), DFT1 overexpressing 
NLRC5 (DFT1.NLRC5) and B2M knockout NLRC5-overexpressing DFT1 
(DFT1.NLRC5.B2M-/-) cells. An immunized devil with induced tumor regression (My) was 
included as a positive control, meanwhile serum from a healthy devil (TD7) was included as a 
negative control as represented in the shaded grey area. Ab, antibody; AF488, Alexa Fluor 488.
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4.4 Discussion 
Overexpression of NLRC5 in DFT cells has revealed a major and evolutionarily conserved role 

for NLRC5 in MHC-I antigen processing and presentation. Consistent with studies in human and 

mouse cell lines46,265,272,273,307, NLRC5 induced the expression of classical MHC-I genes (SAHAI-

01, SAHAI (LOC105750614), SAHAI (LOC100927947)), B2M, PSMB8, PSMB9 and TAP1 in 

both DFT1 and DFT2 cells. Despite the lack of increase in TAP2 expression, the selective 

upregulation of MHC-I and other functionally-related genes by NLRC5 was sufficient to restore 

MHC-I molecules on the cell surface. Although the peptide transport function of TAP proteins 

typically involves the formation of TAP1 and TAP2 heterodimers, homodimerization of TAP 

proteins have been described308,309. However, the functionality of TAP1 homodimers remains to 

be verified. The conservation of NLRC5 regulation of the MHC-I pathway across species 

highlights the important role of NLRC5 in MHC-I expression. 

Previous studies have shown that sera from wild devils with anti-DFT immune response 

contained high titers of antibody that bound to IFNG-treated DFT1 cells. It was proposed that the 

primary antibody targets were MHC-I proteins on the tumor cell175. Additionally, some of these 

devils experienced tumor regression despite the lack of strong evidence for immune cell 

infiltration into tumors. Potential targets of these DFT-specific antibodies include: (i) non-MHC 

IFNG-induced cell surface antigens, (ii) tumor antigens complexed to MHC-I, or (iii) MHC-I 

molecules independent of the antigen. Because DFT1 and DFT2 are tumor cell lines that arose 

independently from single founder devils2,161,163, the different MHC alleles on the tumor 

compared to individual host devils may represent a source of antigens for an allogeneic response. 

The function of NLRC5 that is mainly restricted to MHC-I regulation compared with IFNG 

provided an opportunity to re-examine the antibody target(s) of serum antibodies from wild devils 

burdened with DFTs. A clear understanding of immunogenic targets of DFTs will provide 

direction for a more effective vaccine against DFTD.  

In this study, the MHC-I complex was identified as the predominant target of anti-DFT serum 

antibodies. The antibody binding intensity against NLRC5-overexpressing DFT cells was similar 

to IFNG-treated DFT cells, suggesting similar levels of target antigen expression. When MHC-I 

expression was ablated through B2M knockout, antibody binding was reduced to almost 

background levels despite IFNG and NLRC5 stimulation. This finding presents an option to 

exploit NLRC5 for induction of anti-DFT immunity, potentiated by humoral responses in 

Tasmanian devils. Although cellular immunity is likely a key mechanism for tumor rejection, B 

cells and antibodies can play eminent roles in transplant rejection310 and anti-tumor immunity311. 

B cells can promote rejection through antibody-dependent mechanisms that facilitate FcR-

mediated phagocytosis by macrophages, antibody-dependent cellular cytotoxicity (ADCC) by 



102 
 

NK cells, complement activation and antigen uptake by dendritic cells (reviewed in312). 

Moreover, B cells can enhance immune surveillance and response through direct antigen 

presentation to T cells and production of immune-modulating molecules such as cytokines and 

chemokines312.  

Caldwell et al. reported that the most highly expressed MHC alleles on DFT2 cells are those that 

matched host MHC alleles5, which suggests that DFT cells may hide from host defenses or induce 

immunological tolerance via shared MHC alleles. If MHC-I is the major antibody target and 

potentially the overall immune system target, devils having the largest MHC mismatch with DFT 

cells will be the most likely to have strong MHC-I specific responses and reject DFTs, leading to 

natural selection in the wild. For example, previous studies have shown that some devils have no 

functional MHC-I allele at the UA loci and that these individuals can be homozygous at the UB 

and UC loci229. These individuals present a reduced MHC-peptide that would have the lowest 

probability of a match to the DFT MHC alleles that induce host DFT1 tolerance. However, 

selection for reduced genetic diversity in MHC alleles would be unfavorable for long-term 

conservation. A prophylactic vaccine would ideally be designed to assist in the preservation of 

the genetic diversity of wild devils230. 

Although the MHC proteins themselves are likely a primary target of humoral and cellular 

immunity, MHC-I alleles generally differ by only a few amino acids5,313. Mutations in DFTs and 

somatic variation between host and tumor cells provide a rich source of additional antigenic 

targets for humoral and cellular immunity162. The reduction in antibody binding to B2M knockout 

cells suggests that these tumor antigens are unlikely to be the primary antibody targets, although 

binding of antibodies to peptide-MHC complexes and other B2M-associated proteins cannot be 

excluded. Besides classical MHC-I molecules, B2M has been found in association with several 

other membrane proteins that are MHC-I-like such as cluster of differentiation 1 (CD1), MHC 

class I-related (MR1), neonatal Fc receptor (FcRn), and homeostatic iron regulator (HFE)314–317. 

However, none of these genes were upregulated upon NLRC5 and IFNG induction in DFT cells, 

which further suggest that the antibody target is restricted to classical MHC-I expression on tumor 

cells. Knocking out individual MHC alleles in DFT cells or overexpression of MHC alleles in 

alternative non-DFT cell lines could be used to disentangle the importance of specific alleles and 

investigate the potential for peptide-MHC complexes to be antibody targets. 

Our results confirm that IFNG affects more immunoregulatory processes than NLRC5. However, 

the functional dichotomy of IFNG in cancer means that NLRC5 modulation could be an 

alternative to IFNG treatment for enhancing tumor cell immunogenicity in a range of species, 

including humans. Importantly, NLRC5 upregulated B2M on the surface of DFT cells to similar 

levels as IFNG, but it does not upregulate inhibitory molecules. The restoration of functional 
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MHC-I molecules without concomitant upregulation of PDL1 and SAHA-UK has multiple 

advantages over IFNG for triggering effective cytotoxic responses against DFT cells. First, cells 

transfected with NLRC5 constitutively express MHC-I and therefore do not require culturing in 

IFNG, which can be problematic as IFNG can also reduce cell viability271. Second, PDL1 

negatively regulates T cell responses by inducing T cell anergy318 and apoptosis259 while limiting 

T cell activity261. Moreover, PDL1 promotes tumor growth and survival by stimulating cell 

proliferation319 and resistance to T cell killing262,320. Third, the expression of monomorphic MHC-

I SAHA-UK induced by IFNG would allow DFT cells to escape cytotoxic attack from both NK 

cells and CD8+ T cells321. Fourth, several other immune checkpoint protein receptor-ligand 

interactions were recently shown to be conserved in devils221,222, but we found no significant 

upregulation of these genes by NLRC5. The ability to improve tumor immunogenicity in the 

absence of inhibitory signals has positive implications for immunization and immunotherapeutic 

strategies. NLRC5 could evoke protective anti-tumor immunity against DFTs, similar to NLRC5-

expressing B16-F10 melanoma cells in mice307. 

The absence of a regulatory effect on SAHA-UK and PDL1 by NLRC5 in contrast to IFNG could 

be due to the composition of the promoter elements of these genes. The promoter of MHC class 

I genes consists of three conserved cis-regulatory elements: a NFκB-binding Enhancer A region, 

an interferon-stimulated response element (ISRE) and a SXY module322,323. The SXY module is 

critical for NLRC5-mediated MHC-I transactivation as it serves as the binding site for the multi-

protein complex formed between NLRC5 and various transcription factors44,45,324. An ISRE and 

SXY module is present within 200 base pairs of the start codon for all three classical devil MHC-

I genes80. We identified an ISRE element in the SAHA-UK promoter region but were unable to 

identify an SXY module in this region. This could explain the upregulation of SAHA-UK upon 

IFNG stimulation but not in NLRC5-overexpressing DFT cells. Similarly, the SXY module was 

not identified in orthologues of SAHA-UK, which are Modo-UK in the grey short-tailed 

opossum325 and Maeu-UK in the tammar wallaby326. The difference in regulation and therefore, 

pattern of expression of the UK gene in marsupials81,325,326 may reflect a separate function from 

classical MHC-I. The marsupial UK gene has been hypothesized to play a marsupial-specific role 

in conferring immune protection to vulnerable newborn marsupials during their pouch life326. 

SXY modules are typically not found in the promoter region of PDL1327 therefore, it is not 

expected for NLRC5 to be a regulator of PDL1. Rather, IFNG-mediated induction of PDL1 

occurs via transcription factor interferon regulatory factor 1 (IRF-1)327, which is induced by 

STAT1328. 

Beyond MHC-I regulation, NLRC5 expression in DFT1 cells displayed other beneficial immune-

regulating functions, mainly via the non-canonical β-catenin-independent WNT signaling 

pathway. One of the downstream effectors that was upregulated by NLRC5 included PRKCB, an 
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activator of NFκB in B cells329. NFκB is a family of pleiotropic transcription factors known to 

regulate several immune and inflammatory responses including cellular processes such as cell 

proliferation and apoptosis330. In recent years, aberrations in NFκB signaling have been 

implicated in cancer development and progression331,332. The regulation of NFκB signaling by 

NLRC5 has been documented in several studies although the findings have been 

contradictory49,275,299,333.  

In summary, we have demonstrated the role of NLRC5 in MHC-I regulation of DFT cells thereby, 

displaying the functional conservation of NLRC5 across species. The finding that allogeneic 

MHC-I on DFT cells is a major antibody target in wild devils with anti-DFT response and natural 

DFT regression can help guide DFTD vaccine development and conservation management 

strategies. NLRC5-overexpressing DFT cells can be harnessed to elicit both cellular and humoral 

immunity against future and pre-existing DFT infections in wild devils using MHC-I as a target. 

Given the prevalence of altered MHC-I expression in cancer as a form of immune escape 

mechanism334–336, NLRC5 presents as a new target for providing an insight into the role of MHC-

I in cancer as well as transplantation, and its manipulation for human cancer treatment and 

transplant tolerance. 
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5.1 Introduction 
The Tasmanian devil is the largest extant carnivorous marsupial and is endemic to the island state 

of Tasmania. Following the emergence of devil facial tumour disease (DFTD) in 1996, the 

population of devils has declined precipitously, threatening the persistence of devils in the 

wild137. DFTD is caused by two independent transmissible cancers of Schwann cell origin, 

referred herein as DFT1 and DFT21,2. DFT1 was discovered northeast of Tasmania in 1996 while 

the second tumour, DFT2, was found in 2014 in the D’Entrecasteaux channel, southeast 

Tasmania. Both tumour types are clonal cell lines that harbour distinct genetic profiles differing 

from individual host devils1,2. DFT cells are transmitted as a malignant allograft amongst devils 

through social interactions. 

Genetic differences between host and tumour, particularly at the major histocompatibility 

complex (MHC) loci172, should induce immune-mediated allograft rejection. However, the 25 

years of ongoing DFT1 transmission suggests that DFT1 cells have evolved to evade immune 

defences. The lack of anti-DFT immune responses has predominantly focused on the loss of 

MHC-I from the surface of DFT1 cells. This occurs via epigenetic downregulation of several 

components of the MHC-I antigen processing pathway4 and a hemizygous deletion of beta-2 

microglobulin (B2M), which is necessary for stabilising MHC-I complexes on the cell surface162. 

Natural and immunotherapy-induced tumour regressions have been observed in devils, along 

with antibody responses to DFT1 cells, albeit primarily in the context of MHC-I175,229,337. 

Conversely, the emerging DFT2 tumours do express MHC-I5, suggesting that other immune 

evasion mechanisms are important.  

Given the role of MHC-I in antigen display and anti-DFT humoral response, the manipulation of 

MHC-I expression on DFT cells is an attractive target to improve host responses towards DFT 

cells and mitigate the effects of disease in the wild devil population. An upregulation of MHC-I 

on DFT cells should enhance MHC-I-restricted tumour-specific cytotoxic CD8+ T cell response. 

However, this approach alone proved to be insufficient for eliciting protective immunity, as 

exemplified in immunisation trials of naïve devils against DFT1229. Although CD8+ T cells are 

recognised as the major effector cells in tumour elimination, CD4+ T cell help is critical in 

facilitating an effective anti-tumour immune response. CD4+ helper T cells play a multifaceted 

role of orchestrating the adaptive and humoral immune response. From cytokine production to 

expression of co-stimulatory molecules, CD4+ helper T cells initiate, augment, and sustain the 

effector function of not only CD8+ T cells and B cells but also innate cells338–341. Moreover, CD4+ 

T cells are capable of initiating allograft rejection independently of CD8+ T cells342,343.  

The activation of CD4+ T cells involves recognition of antigens presented on MHC-II complexes. 

In contrast to MHC-I, constitutive expression of MHC-II is restricted to thymic epithelial cells, 
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activated human T cells, and professional antigen presenting cells (APCs) such as B cells, 

dendritic cells, and macrophages. However, de novo MHC-II expression can be induced in non-

haematopoietic cells including tumour cells by the inflammatory cytokine interferon gamma 

(IFNG)55. Both constitutive and IFNG-induced expression of MHC-II genes are mediated by the 

Class II transactivator (CIITA), making it the master regulator of MHC-II expression344,345. 

Additionally, CIITA is capable of modulating the expression of MHC-I, particularly in cell lines 

with low to no MHC-I expression34,346.   

The presence of MHC-II molecules in DFT cells has not been described, although CIITA and 

some MHC-II transcripts can be upregulated in vitro in DFT1 cells with IFNG treatment4. We 

have previously genetically modified DFT1 and DFT2 cells that overexpress the MHC-I 

transactivator NLRC5 to induce stable expression of MHC-I on the cell surface337. The lack of 

MHC-II expression in DFT cells provided an opportunity to conduct similar investigations into 

the role of CIITA in MHC-II regulation in marsupials and transmissible cancers. Transcriptomic 

and protein-based analyses showed that CIITA upregulates the expression of genes associated 

with MHC-I and MHC-II antigen processing and presentation in DFT cells. The ability to 

modulate antigen presentation in transmissible cancer cells in the context of MHC uncovers 

additional targets for anti-tumour immune response and the potential for recruitment of CD4+ T 

cell help. 

5.2 Experimental procedures 

5.2.1 Cells and cell culture conditions 
Cell lines that were used in this study include DFT1 cell line C5065 strain 3164 

(RRID:CVCL_LB79), and DFT2 cell lines: RV (RRID:CVCL_LB80) and JV 

(RRID:CVCL_A1TN)2 (Table 5-1). DFT1 C5065 was provided by A-M Pearse and K. Swift of 

the Department of Primary Industries, Parks, Water and Environment (DPIPWE) (Hobart, TAS, 

Australia) and was previously established from DFT1 biopsies obtained under the approval of 

the Animal Ethics Committee of the Tasmanian Parks and Wildlife Service (permit numbers 

A0017090 and A0017550)164. DFT2 cell lines RV and JV were established from single cell 

suspensions obtained from tumour biopsies2. Cells were cultured at 35 °C with 5% CO2 in 

Gibco™ RPMI 1640 medium with L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) 

supplemented with 10% heat-inactivated fetal bovine serum (Bovogen Biologicals, Melbourne, 

VIC, Australia), 1% (v/v) Gibco™ Antibiotic-Antimycotic (100X) (Thermo Fisher Scientific), 

10 mM Gibco™ HEPES (Thermo Fisher Scientific) and 50 μM 2-mercaptoethanol (Sigma-

Aldrich, St. Louis, MO, USA) (complete RPMI medium).
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Table 5-1. List of all devil facial tumour (DFT) cell lines and treatments 

ID # Sample name Parent cell 
line Treatment References ENA project # 

1 DFT1.WT DFT1 C5065  Untreated 278 PRJNA416378 
2 DFT2.WTRV DFT2 RV Untreated 167 PRJEB28680 
3 DFT2.WT DFT2 JV Untreated Chapter 4 PRJEB39847 
4 DFT1.WT + IFNG DFT1 C5065 5 ng/mL IFNG, 24h Chapter 4 PRJEB39847 
5 DFT2.WTRV + IFNG DFT2 RV 5 ng/mL IFNG, 24h Chapter 4 PRJEB39847 

6 DFT1.BFP DFT1 C5065  Transfected with empty vector 
pSBbi-BH Chapter 4 PRJEB39847 

7 DFT2.BFP DFT2 JV Transfected with empty vector 
pSBbi-BH Chapter 4 PRJEB39847 

8 DFT1.NLRC5 DFT1 C5065 Transfected with NLRC5 vector 
pCO1 Chapter 4 PRJEB39847 

9 DFT2.NLRC5 DFT2 JV Transfected with NLRC5 vector 
pCO1 Chapter 4 PRJEB39847 

10 DFT1.CIITA DFT1 C5065 Transfected with CIITA vector 
pCO2 This chapter PRJEB45867 

11 DFT2.CIITA DFT2 JV Transfected with CIITA vector 
pCO2 This chapter PRJEB45867 
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5.2.2 Plasmid construction 
The coding sequence for full length devil CIITA (XM_023497584.2) was isolated from cDNA of 

devil peripheral blood mononuclear cells (PBMCs) by PCR using Q5® Hotstart High-Fidelity 2X 

Master Mix (New England Biolabs (NEB), Ipswich, MA, USA) (see Appendix C-1 for list of 

primers and reaction conditions). Sleeping Beauty (SB) transposon plasmid pSBbi-BH254 (a gift 

from Eric Kowarz; Addgene # 60515, Cambridge, MA, USA) was digested at SfiI sites (NEB) 

with the addition of Antarctic Phosphatase (NEB) to prevent re-ligation. Devil CIITA was then 

cloned into SfiI-digested pSBbi-BH using NEBuilder® HiFi DNA Assembly Cloning Kit (NEB). 

The assembled plasmid pCO2 was transformed into NEB® 5-alpha competent Escherichia coli 

(High Efficiency) (NEB) according to manufacturer’s instructions (see Appendix C-2 for 

plasmid maps). Positive clones were identified by colony PCR and the plasmids were isolated 

using NucleoSpin® Plasmid EasyPure kit (Macherey-Nagel, Düren, Germany). The DNA 

sequence of the cloned devil CIITA transcript was verified by Sanger sequencing using Big Dye™ 

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems (ABI), Foster City, CA, USA) and 

Agencourt® CleanSEQ® (Beckman Coulter, Brea, CA, USA) per manufacturer’s instructions. 

The sequences were analyzed on 3500xL Genetic Analyzer (ABI) (see Appendix C-3 for list of 

sequencing primers). For detailed step-by-step protocols for plasmid design and construction, 

reagent recipes, and generation of stable cell lines, see Bio-protocol # e3696231. 

5.2.3 Transfection and generation of stable cell lines 
DFT1 and DFT2 cell line C5065 and JV, respectively, were transfected with plasmid pCO2 to 

generate stable cell lines that overexpress CIITA. DNA transfections were performed using 

polyethylenimine (PEI) (1 mg/mL, linear, 25 kDa; Polysciences, Warrington, FL, USA) at a 3:1 

ratio of PEI to DNA (w/w) as previously described337. Briefly, DFT cells were co-transfected 

with pCO2 and SB transposase vector pCMV(CAT)T7-SB100232 (a gift from Zsuzsanna Izsvak; 

Addgene plasmid # 34879) at a ratio of 3:1 in µg, respectively. One µg of total plasmid DNA 

was used per mL of culture volume. The cells were incubated with the transfection solution 

overnight at 35 °C with 5% CO2. The media was removed and replaced with fresh complete 

RPMI medium. 48 h post-transfection, the cells were observed for expression of reporter gene 

mTagBFP. Positively-transfected cells were selected with 1 mg/mL hygromycin B (Sigma-

Aldrich) for seven days before being maintained in 200 μg/mL hygromycin B in complete RPMI 

medium. The two tumour cell lines were also transfected with empty vector pSBbi-BH as 

controls.  

5.2.4 RNA sequencing and analysis 
RNA libraries were prepared, sequenced and processed as previously described167,278,337. Table 

5-1 shows the source of RNA samples used in this study. Briefly, RNA extraction (two replicates 
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per cell line) was performed using the Nucleospin® RNA Plus Kit (Macherey-Nagel) following 

the manufacturer’s instructions. mRNA libraries were prepared and sequenced at the Ramaciotti 

Centre for Genomics (Sydney, NSW, Australia). All RNA samples had RNA Integrity Number 

(RIN) scores of 10.0. Libraries were prepared using TruSeq Stranded mRNA Library Prep 

(Illumina Inc., San Diego, CA, USA) and single-end, 100-base pair sequencing were performed 

on an Illumina NovaSeq 6000 platform (Illumina). The quality of the sequencing reads was 

assessed using FastQC version 0.11.9279. Raw FASTQ files for DFT1.CIITA and DFT2.CIITA 

have been deposited to the European Nucleotide Archive (ENA) and are available at BioProject 

# PRJEB45867.  

Subread version 2.0.0280 was used to align sequencing reads to the Tasmanian devil reference 

genome (GCA_902635505.1 mSarHar1.11) and the number of reads mapped to a gene was 

counted using featureCounts281. The analysis of differentially expressed genes was performed 

using the statistical software R studio282 on R version 4.0.0283. Genes with less than 100 aligned 

reads across all samples were excluded from the analysis and raw library sizes were scaled using 

calcNormFactors in edgeR284–286. To account for varying sequencing depths between lanes, read 

counts were normalised by upper quartile normalisation using betweenLaneNormalization in 

EDASeq288,347. Gene length-related biases were normalised by scaling read counts to transcripts 

per kilobase million (TPM). Differential expression analysis was carried out using the voom289 

function in limma290 with linear modelling and empirical Bayes moderation291. To isolate 

differentially expressed genes, gene expression of CIITA- or NLRC5-expressing cell lines 

(DFT.CIITA, DFT.NLRC5) was compared against vector-only control (DFT.BFP) while IFNG-

treated cells (DFT.WT + IFNG) was compared against untreated cells (DFT.WT), according to 

their respective tumour origin. Genes were defined as significantly differentially expressed by 

applying false discovery rate (FDR) < 0.05, and log2 fold change (FC) ≥ 2.0 (upregulated) or ≤ 

−2.0 (downregulated) thresholds (see Appendix C-4 for list of differentially expressed genes).  

Venn diagrams of differentially expressed genes were developed using Venny version 2.1292. 

Heatmaps were created from log2(TPM) values using the ComplexHeatmap293 package in R 

studio. For functional enrichment analysis, over-representation of gene ontology (GO) biological 

processes in the list of differentially expressed genes was performed using Database for 

Annotation, Visualization and Integrated Discovery (DAVID) functional annotation tool348,349. 

The Tasmanian devil Sarcophilus harrisii was applied as the species for gene lists and 

background. Significant GO terms (GOTERM_BP_ALL) were selected by applying the 

following thresholds: p-value < 0.05 and FDR < 0.05. GO terms were sorted in descending order 

of fold enrichment values. 
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To simplify the identification of devil MHC allotypes and maintain consistency in nomenclature 

to previous works, MHC transcripts in this manuscript were renamed according to Cheng et al., 

based on sequence similarity80 (see Appendix C-5 for corresponding NCBI gene symbols). MHC 

transcripts LOC100918485 and LOC100918744, which have not been previously characterised, 

are predicted to encode beta chains of the MHC-II DA gene based on gene homology. These 

transcripts were renamed as SAHA-DAB_X1 and SAHA-DAB_X2, respectively. Similarly, genes 

without an official gene symbol (LOC prefixes) were given aliases based on the gene description 

on NCBI. 

5.2.5 Flow cytometric analysis of B2M and MHC-II expression 
Cultured cells were harvested using TrypLE™ Express Enzyme (1X) (Thermo Fisher Scientific) 

and counted using a haemocytometer. 1×105 cells per well were aliquoted into round-bottom 96-

well plates and washed with 1X PBS (Thermo Fisher Scientific). Washing steps include 

centrifugation at 500g for 3 min at 4 °C to pellet cells before removal of supernatant. Cells were 

first stained with Invitrogen™ LIVE/DEAD™ Fixable Near-IR Dead Cell Stain kit (Thermo 

Fisher Scientific) diluted according to manufacturer’s instructions for 30 min on ice, protected 

from light. After staining, cells were washed twice with 1X PBS. For MHC-II expression, a 

monoclonal mouse antibody against the intracellular tail of human HLA-DR α chain was used 

(Clone TAL.1B5, # M0746, Agilent, Santa Clara, CA, USA). Detection of MHC-I on the surface 

of cells was performed using a monoclonal mouse antibody against devil beta-2-microglobulin 

(B2M) in supernatant (Clone 13-34-45; a gift from Hannah Siddle4). Cells for intracellular 

staining of HLA-DR were first fixed and permeabilised using BD Cytofix/Cytoperm™ Plus 

Fixation/Permeabilization Kit (BD Biosciences, North Ryde, NSW, Australia). All intracellular 

antibody staining, and washes were carried out in 1X BD Perm/Wash™ Buffer (BD Biosciences) 

while FACS buffer (PBS with 0.5% BSA, 0.02% sodium azide) was used for surface antibody 

staining. All cells were incubated with 1% normal goat serum (Thermo Fisher Scientific) for 

blocking, 10 min on ice. After that, cells were washed and incubated with either anti-human 

HLA-DRα (0.48 μg/mL) or anti-devil B2M antibody (1:250 v/v dilution) for 30 min on ice. Cells 

were washed once and stained with goat anti-mouse IgG-Alexa Fluor 488 (2 μg/mL, # A11029, 

Thermo Fisher Scientific) for 30 min on ice, in the dark. Two final washes were given to remove 

excess secondary antibody. Fixed cells were resuspended in FACS buffer while the rest were 

resuspended in FACS fix solution (0.02% sodium azide, 1.0% glucose, 0.4% formaldehyde). 

Analysis was carried out using Cytek™ Aurora (Cytek Biosciences, Fremont, CA, USA). As a 

positive control for MHC-I expression, DFT cells were treated with 10 ng/mL devil recombinant 

IFNG220 for 24 h.  
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5.2.6 Protein extraction and western blot 
Cells were harvested and centrifuged at 500g for 5 min at room temperature. The pellet was 

washed twice with cold 1X PBS and weighed. Total cell protein was extracted by adding 1 mL 

RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific), 10 μL Halt™ Protease Inhibitor 

Cocktail (Thermo Fisher Scientific) and 10 μL Halt™ Phosphatase Inhibitor Cocktail (Thermo 

Fisher Scientific) per 40 mg of wet cell pellet. The suspension was sonicated for 30 seconds with 

50% pulse and then mixed gently for 15 min on ice. The mixture was centrifuged at 14000g for 

15 min to pellet the cell debris. The supernatant was transferred to a new tube and total protein 

was quantified using EZQ® Protein Quantitation kit (Invitrogen) according to manufacturer’s 

instructions. Two replicates per cell line were prepared for protein extraction.  

20 μg of protein per sample was used for target protein detection by western blot. Protein samples 

were subjected to SDS-PAGE using Bolt™ 4-12%, Bis-Tris, 1.0 mm Mini Protein Gel (Thermo 

Fisher Scientific). Briefly, protein samples were treated with 1X Bolt™ LDS Sample Buffer 

(Thermo Fisher Scientific) and 1X Bolt™ Reducing Agent (Thermo Fisher Scientific) at 70 °C 

for 10 min. Samples were loaded onto the gel and run with 1X Bolt™ MES SDS Running Buffer 

(Thermo Fisher Scientific) in the Mini Gel Tank (Thermo Fisher Scientific) at 100 V for 5 min 

followed by 200 V for 15 min. SeeBlue™ Plus2 Pre-stained Protein Standard (Thermo Fisher 

Scientific) was used as a molecular weight marker. Proteins were transferred to a nitrocellulose 

membrane using iBlot™ Transfer Stack, nitrocellulose, mini (Thermo Fisher Scientific) and 

iBlot™ Gel Transfer Device (Thermo Fisher Scientific) using the following settings: 20 V for 

7.5 min.  

For immunodetection, the membrane was blocked with TBSTM (Tris-buffered saline (TBS): 50 

mM Tris-HCl, 150 mM NaCl, pH 7.6), 0.05% Tween 20, and 5% skim milk) for 1 hour at room 

temperature and rinsed twice with TBST (TBS, 0.05% Tween 20). Then, the membrane was 

incubated with: (i) rabbit polyclonal anti-beta actin antibody (# ab8227, Abcam, Cambridge, UK) 

diluted in TBSTM (400 ng/mL), (ii) mouse monoclonal anti-devil SAHA-UA/UB/UC in 

supernatant (Clone 15-25-18; a gift from Hannah Siddle5), or (iii) mouse monoclonal anti-devil 

SAHA-UK in supernatant (Clone 15-29-1; a gift from Hannah Siddle5) overnight at 4 °C. The 

membranes were washed four times with TBST for a duration of 5 min each wash. After that, the 

membranes were incubated with either HRP-conjugated goat anti-mouse (250 ng/mL; # P0447, 

Agilent) or HRP-conjugated goat anti-rabbit immunoglobulin (62.5 ng/mL; # P0448, Agilent) 

diluted in TBSTM for 1 hour at room temperature. The membranes were given final washes as 

described above. All incubation and washing steps were performed under agitation. Target 

protein expression was detected using Immobilon™ Western Chemiluminescent HRP Substrate 

(Merck Millipore, Burlington, MA, USA) according to manufacturer’s protocol. Protein bands 
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were visualised using Amersham™ Imager 600 (GE Healthcare Life Sciences, Malborough, MA, 

USA).  

5.2.7 Flow cytometric analysis of serum antibody binding 
Serum samples from four devils (My, TD4, TD5, and TD6), collected before (pre-immune) and 

after DFT1 clinical manifestations (immune), were used to assess antibody responses towards 

CIITA-expressing DFT cell lines (Appendix C-6). The serum samples were identified as 

immune from the presence of anti-DFT1 antibodies, which were found to be predominantly 

against MHC-I on DFT1 cells337. ‘My’ was a devil that was immunised, challenged with DFT1 

cells, and subsequently treated with an experimental immunotherapy that induced tumour 

regression229. TD4, TD5, and TD6 were naturally DFT1-infected wild devils with either 

spontaneous tumour regressions (TD4); MHC-II+ and CD3+ tumour-infiltrating lymphocytes in 

the tumour (TD5); or B2M+ DFT1 cells in fine needle aspirations of a tumour (TD6)175. A devil 

with no clinical signs of DFTD during serum collection (TD7) was included as a negative control 

for antibody binding towards the DFT cell lines. 

Cells were harvested and aliquoted into round-bottom 96-well plates as indicated above. After 

washing with PBS, cells were stained with LIVE/DEAD™ Fixable Near-IR Dead Cell Stain for 

30 min on ice and washed twice with PBS. For blocking, cells were incubated with 1% normal 

goat serum for 10 min and washed once with FACS buffer. Serum samples were thawed on ice 

and diluted with FACS buffer (1:50 v/v). 50 μL of serum was added to cells for 1 h and then 

washed. After that, cells were stained with 10 μg/mL monoclonal mouse anti-devil IgG antibody 

(A4-D1-2-1, provided by WEHI)181 diluted in FACS buffer for 30 min. The cells were washed 

and stained with 2 μg/mL goat anti-mouse IgG-Alexa Fluor 647 (# A21235, Thermo Fisher 

Scientific) in FACS buffer for 30 min. After washing, cells were fixed in FACS fix solution and 

analysed on Cytek™ Aurora. All washing steps include two washes with FACS buffer unless 

indicated otherwise and all staining steps were carried out on ice, protected from light. 
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5.3 Results 

5.3.1 CIITA plays a dominant role in antigen presentation 
To delineate the role of CIITA in DFT cells, differentially expressed genes following stable 

expression of CIITA were analysed by gene ontology (GO) functional enrichment analysis. 

Differential expression analysis revealed 888 genes, excluding CIITA, that were modulated 

(|log2FC| ≥ 2, FDR < 0.05) in DFT1.CIITA compared to vector-only cell line DFT1.BFP (Figure 

5-1, Appendix C-4). In DFT2.CIITA, there were 56 genes that were differentially expressed 

relative to DFT2.BFP. Ten genes were commonly up- or down-regulated by CIITA in DFT1 and 

DFT2 cells. Most of these genes were of the MHC-II antigen processing and presentation 

pathway. SAHA-DAA, SAHA-DAB2 and SAHA-DAB3 are devil classical MHC-II genes while 

SAHA-DMA and SAHA-DMB encode non-classical MHC-II. Others include CD74 and gamma-

interferon-inducible lysosomal thiol reductase (IFI30), which encode the invariant chain, an 

MHC-II chaperone, and an enzyme for lysosomal degradation of proteins, respectively. Except 

for IFI30, these genes were among the most highly upregulated genes in the transcriptome of 

DFT1.CIITA (Table 5-2) and DFT2.CIITA (Table 5-3). 

In DFT1.CIITA, several MHC-I heavy chain and accessory genes were strongly induced, 

depicting a role of CIITA in MHC-I antigen presentation (Table 5-2). These include: (i) MHC-I 

heavy alpha chain genes SAHA-UA, SAHA-UB, and SAHA-UC; and (ii) B2M, which associates 

with MHC-I alpha chains to form the trimeric structure of MHC-I molecules; (iii) transporter 

associated with antigen processing 1 (TAP1) for peptide transport into the endoplasmic reticulum; 

and (iv) proteasomal subunits PSMB8 and PSMB9.  

Next, all significantly up- or down-regulated genes were analysed for enriched GO biological 

processes using DAVID bioinformatics resource. Thresholds p value < 0.05 and FDR < 0.05 

were applied to filter out insignificant over-represented GO terms. The most significantly 

enriched GO biological process in the list of upregulated genes in DFT1.CIITA and DFT2.CIITA 

was antigen processing and presentation (GO:0019882) followed by immune response 

(GO:0006955) (Table 5-4). Both processes were identified in genes of the MHC-I and MHC-II 

machinery (Appendix C-7, Appendix C-8). Cell adhesion (GO:0007155) and cell 

communication (GO:0007154) were enriched in genes downregulated in DFT1.CIITA; there 

were no GO biological processes that were associated with downregulated genes in DFT2.CIITA. 
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Figure 5-1. Venn diagram of differentially expressed genes in DFT1 and DFT2 cells with CIITA 
overexpression. Change in gene expression was identified between DFT.CIITA and vector-only 
control DFT.BFP. Total number of DEGs is indicated in parenthesis under sample name and the 
number of upregulated (↑) and downregulated genes (↓) are described in each Venn circle. 
Mutually inclusive genes that were upregulated are indicated in black and downregulated in red. 

 

Table 5-2. Top 20 most significantly upregulated genes in DFT1.CIITA 

Gene Gene description MHC pathway log2FC FDR 
SAHA-DAA Class II histocompatibility antigen, DA alpha chain Class II 17.09 1.90E-04 
CD74 CD74 molecule Class II 16.39 7.77E-05 
CIITA Class II major histocompatibility complex transactivator Class II 15.40 1.07E-04 
SAHA-DMB Class II histocompatibility antigen, DM beta chain Class II 10.26 7.00E-05 
SAHA-DAB_X2 Class II histocompatibility antigen, DA beta chain  Class II 9.04 1.11E-03 
SAHA-DAB_X1 Class II histocompatibility antigen, DA beta chain  Class II 8.82 7.77E-04 
PSMB9 Proteasome 20S subunit beta 9 Class I 8.52 4.08E-04 
SAHA-DMA Class II histocompatibility antigen, DM alpha chain  Class II 6.52 5.12E-04 
TAP1 Transporter 1, ATP binding cassette subfamily B 

member 
Class I 6.46 6.95E-04 

PSMB8 Proteasome 20S subunit beta 8 Class I 6.13 1.29E-03 
SAHA-DAB3 Class II histocompatibility antigen, DA beta chain  Class II 6.08 7.72E-05 
SAHA-UC Class I histocompatibility antigen heavy chain Class I 5.08 2.17E-03 
SAHA-UA Class I histocompatibility antigen heavy chain Class I 4.77 2.29E-03 
B2M Beta-2-microglobulin Class I 4.43 1.96E-05 
SAHA-UB Class I histocompatibility antigen heavy chain Class I 4.41 2.25E-03 
SAHA-DAB2 Class II histocompatibility antigen, DA beta chain  Class II 4.21 1.96E-05 
ICOSLG Inducible T Cell Costimulator (ICOS) Ligand Unrelated 3.98 1.14E-03 
KIF6 Kinesin family member 6 Unrelated 3.88 1.10E-02 
BARX1 BARX homeobox 1 Unrelated 3.68 4.99E-03 
MID1 Midline 1 Unrelated 3.67 3.52E-03 

See Appendix C-4 full list of differentially expressed genes and log2TPM values. 
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Table 5-3. Significantly upregulated genes in DFT2.CIITA 

Gene Gene description MHC pathway log2FC FDR 
CD74 CD74 molecule Class II 13.60 6.69E-03 
CIITA Class II major histocompatibility complex 

transactivator 
Class II 11.50 2.31E-03 

SAHA-DAA Class II histocompatibility antigen, DA alpha chain Class II 8.52 2.31E-03 
SAHA-DMB Class II histocompatibility antigen, DM beta chain Class II 8.34 2.81E-04 
SAHA-
DAB3 

Class II histocompatibility antigen, DA beta chain  Class II 7.09 2.19E-03 

SAHA-DMA Class II histocompatibility antigen, DM alpha chain  Class II 6.82 6.82E-04 
SAHA-
DAB2 

Class II histocompatibility antigen, DA beta chain  Class II 4.14 3.10E-04 

BTN2A2 Butyrophilin subfamily 2 member A2 Unrelated 3.49 3.54E-02 
NDUFA4L2 NDUFA4 mitochondrial complex associated like 2 Unrelated 2.83 2.72E-02 

See Appendix C-4 full list of differentially expressed genes and log2TPM values. 
 

Table 5-4. GO biological processes enriched in differentially expressed genes in DFT1.CIITA 
and DFT2.CIITA 

GO ID GO term Count Term size 
Fold 
enrichment p value FDR 

DFT1.CIITA       
Upregulated       
GO:0019882 antigen processing and 

presentation 
8 42 86.09 1.34E-12 1.19E-09 

GO:0006955 immune response 9 518 7.85 4.75E-06 2.12E-03 
Downregulated 

     

GO:0007155 cell adhesion 44 719 2.14 2.27E-06 4.48E-03 
GO:0022610 biological adhesion 44 721 2.13 2.44E-06 4.48E-03 
GO:0023052 signaling 113 2746 1.44 4.94E-06 6.05E-03 
GO:0044700 single organism signaling 111 2726 1.42 1.12E-05 1.02E-02 
GO:0007154 cell communication 112 2773 1.41 1.46E-05 1.07E-02 
DFT2.CIITA 

      

Upregulated 
      

GO:0019882 antigen processing and 
presentation 

4 42 215.21 9.33E-08 3.90E-05 

GO:0006955 immune response 4 518 17.45 1.87E-04 3.91E-02 

 

 



118 
 

5.3.2 Regulation of MHC-I and MHC-II pathway by CIITA 
To further characterise the regulation of MHC-I and MHC-II by CIITA and how it differs from 

IFNG or NLRC5 stimulation, a heatmap was used to display the relative expression of MHC-I 

and MHC-II genes, and key accessory proteins between the different treatments. The 

transcriptome of IFNG-treated DFT2 cells was previously carried out on DFT2 cell line RV 

(DFT2.WTRV)167 while subsequent experiments on DFT2 cells were performed using DFT2 cell 

line JV (DFT2.WT). Schwann cell differentiation marker SRY-box 10 (SOX10) and 

neuroepithelial marker nestin (NES) were used as internal gene controls, and myelin protein 

periaxin (PRX) was used to discriminate DFT1 cells from DFT2.  

As described above, CIITA induced the transcription of B2M; MHC-I heavy chains SAHA-UA, -

UB, -UC; PSBM8; PSMB9; and TAP1 in DFT1 cells. There was also an upregulation of non-

classical MHC-I SAHA-UK, and downregulation of NLRC5 and proteasomal subunit PSBM10 in 

DFT1.CIITA cells (Figure 5-2). Excluding NLRC5, genes that were modulated in DFT1.CIITA 

were synonymously up- or down-regulated in DFT1.NLRC5, suggesting similar roles of CIITA 

to NLRC5 in DFT1 cells. However, induction of the MHC-I pathway by CIITA was not as strong 

as NLRC5 despite having similarly high levels of expression in the respective cell lines (Figure 

5-2, Appendix C-4). IFNG exhibited a wider range in regulation of genes from the MHC-I 

pathway compared to NLRC5 and CIITA. Peptide transporter TAP2 and MHC-I chaperone TAP 

binding protein (TAPBP) were exclusively upregulated by IFNG in DFT1 and DFT2 cells. 

Meanwhile, the expression of CIITA in DFT2 cells did not appear to significantly influence any 

of the MHC-I machinery. 

High levels of CIITA transcripts in DFT1.CIITA was correlated with strong induction of all the 

MHC-II genes, with SAHA-DAB_X1 and SAHA-DAB_X2 being the weakest. This was not 

observed in the other cell lines nor in DFT2.CIITA. CIITA was expressed to a lesser extent in 

DFT2.CIITA relative to DFT1.CIITA, and all MHC-II genes but SAHA-DAB_X1 and SAHA-

DAB_X2 were upregulated. The expression of CIITA, MHC-II genes and CD74 was relatively 

low in DFT1.WT and DFT2.WT cells except for SAHA-DAB2 and SAHA-DAB3 in DFT1.WT. 

There was a moderate increase in CIITA expression after IFNG treatment in DFT1 cells, but it 

was insufficient to initiate transcription of MHC-II genes or CD74. In IFNG-treated DFT2 cells 

where CIITA was induced to a higher degree, there was only partial activation of the MHC-II 

gene set (SAHA-DAA, SAHA-DMA, SAHA-DMB), and an upregulation of CD74. Interestingly, 

MHC-II protease cathepsin CTSS was only induced with IFNG treatment in DFT1 and DFT2 

cells. 
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Figure 5-2. Heatmap showing relative expression of genes involved in MHC-I and MHC-II 
antigen processing and presentation in wild type, IFNG-treated, BFP- (vector control), NLRC5-, 
and CIITA-expressing DFT1 and DFT2 cells. Z-scores were calculated from log2TPM expression 
values and scaled across each gene (rows). High and low relative expression are represented by 
red and blue, respectively. Replicates per treatment (N=2) are included in the heatmap. 
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5.3.3 MHC-I and MHC-II molecules are upregulated by CIITA in DFT 
cells 

MHC-II (HLA-DRA) protein expression was absent in wild type (WT) DFT1 and DFT2 cells 

and in vector-only transfected cells (BFP) but was significantly upregulated in CIITA-expressing 

DFT1 cells (Figure 5-3 A). In DFT2 cells, the overexpression of CIITA did not alter median 

MHC-II expression, or more specifically MHC-II gene loci HLA-DRA. Neither IFNG treatment 

nor NLRC5 overexpression induced MHC-II protein expression in DFT1 and DFT2 cells. CIITA 

was capable of restoring surface expression of B2M in DFT1 cells, albeit to a lesser degree than 

NLRC5 and IFNG stimulation, consistent with the transcriptomic results (Figure 5-3 A, Figure 

5-2). Meanwhile the basal expression of B2M in DFT2 cells was enhanced slightly by CIITA. 

In agreement with an increase in surface B2M expression on DFT1.CIITA by flow cytometry, 

an upregulation of MHC-I heavy chains was detected by western blot compared to wild type 

(DFT1.WT) and vector-only cells (DFT1.BFP) (Figure 5-3 B). IFNG-treated and NLRC5-

overexpressing DFT1 and DFT2 cells also expressed elevated levels of MHC-I heavy chains. 

Although flow cytometry detected an increase in B2M expression on DFT2.CIITA, the 

expression of MHC-I heavy chains by western blot was similar to DFT2.WT and DFT2.BFP.  
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Figure 5-3. Expression of MHC-II, B2M and MHC-I in DFT1 and DFT2 cell lines. (A) Wild 
type (WT), IFNG-treated (IFNG), vector-only control (BFP), NLRC5-overexpressing (NLRC5) 
or CIITA-overexpressing (CIITA) DFT1 and DFT2 cells were analysed by flow cytometry for 
B2M and MHC-II expression using antibodies against surface devil B2M or intracellular HLA-
DR alpha chain (HLA-DRA), respectively (solid line). B2M and MHC-II expressions were 
overlaid with a secondary antibody-only control (shaded area). The results shown are 
representative of N=3 replicates/treatment. (B) Cell lysate from devil fibroblast, DFT1 and DFT2 
cell lines was incubated with an antibody against MHC-I heavy chain genes SAHA-UA/UB/UC 
for western blot analysis of MHC-I expression. β-actin was included as a loading control. MW, 
molecular weight. 
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5.3.4 Analysis of anti-DFT serum antibody response against CIITA-
induced antigens 

We have previously shown that MHC-I on DFT1 cells is the predominant antibody target in 

devils with natural and induced anti-DFT immune response including tumour regressions337. Here 

we tested if expression of CIITA in DFT cells could also upregulate antibody targets on DFT 

cells. Four devils (My, TD4, TD5, TD6) that developed DFT1 tumours and subsequent serum 

antibodies (immune) that bound MHC-I were selected for screening against CIITA-expressing 

DFT1 and DFT2 cells. Serum from each devil prior to DFT1 infection or observable DFT1 

tumours (pre-immune) was included to assess the change in antibody levels after DFT1 infection.  

Relative to MHC-I negative DFT1.WT and DFT1.BFP, serum antibodies from all four devils 

post-DFT1 development generally showed higher binding to DFT1 cells overexpressing NLRC5 

(Figure 5-4). Antibody levels against CIITA-expressing DFT1 cells were higher than DFT1.WT 

and DFT1.BFP in immune sera from My, a captive devil with an immunotherapy-induced DFT1 

regression, and TD4, a wild devil with a natural DFT1 regression. Binding of serum antibodies 

to DFT1.CIITA cells was relatively lower than DFT1.NLRC5. There was no increase in antibody 

binding towards DFT1.CIITA compared to DFT1.WT and DFT1.BFP from immune sera of 

devils TD5 and TD6.  

Serum from DFT1-infected devils reacted with DFT2 cells but only following NLRC5 

overexpression. Serum from My, TD4, TD5 and TD6 all had strong antibody binding to 

DFT2.NLRC5 which was not observed in the other DFT2 cell lines. This suggests that NLRC5 

upregulates similar antigenic target(s) in DFT1 and DFT2 cells.  
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Figure 5-4. Flow cytometric analysis of serum antibody response towards DFT1 and DFT2 cells 
overexpressing CIITA. Sera from four devils (My, TD4, TD5, TD6) with antibody responses to 
MHC-I+ DFT1 cells after DFT1 infection (immune) were used. Antibody binding was compared 
against wild type (DFT.WT), vector-only (DFT.BFP) and NLRC5-overexpressing cells 
(DFT.NLRC5). Serum collected prior to infection (pre-immune) and from a non-infected devil 
(TD7) were included as negative controls. AF647, Alexa Fluor 647. 
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5.4 Discussion 
Clonally transmissible cancers in nature are rare, and yet the Tasmanian devils are affected by 

two of the only three known naturally occurring transmissible cancers in vertebrates. In a cancer 

where allogeneity exists between individual host tissues and tumour, allogeneic MHC molecules 

on tumour cells are important targets for anti-tumour immunity. MHC-I expression on DFT1 

cells has been exploited for vaccine development and immunotherapy to enhance anti-DFT 

immunity via CD8+ T cell responses229. In this study, we showed that the class II transactivator 

CIITA can modulate MHC-I and MHC-II antigen processing and presentation pathways in DFT 

cells. Surprisingly, the overexpression of CIITA resulted in upregulation of MHC-I and MHC-II 

molecules in DFT1 cells but not DFT2 cells. 

MHC-II expression is normally confined to a subset of haematopoietic antigen-presenting cells, 

and DFT1 and DFT2 cells do not typically express MHC-II genes and proteins. We demonstrated 

the expression of MHC-II proteins in non-haematopoietic DFT1 cells through CIITA-induced 

upregulation of classical and non-classical MHC-II genes, and the invariant chain CD74. The 

lack of detectable MHC-II proteins in CIITA-expressing DFT2 cells could be due to insufficient 

expression of MHC-II genes and CD74 for stable expression of MHC-II molecules. Post-

transcriptional regulation might be involved in MHC-II expression in DFT cells, as described in 

human T cells350. However, the regulation of MHC-II expression by CIITA in a quantitative (and 

qualitative) manner, in which CIITA is the rate-determining factor for mRNA and protein 

expression of MHC-II genes351, suggests a correlation between lack of MHC-II protein 

expression and the relatively low CIITA expression in DFT2.CIITA compared to DFT1.CIITA. 

A heterozygous non-synonymous mutation (D59N) in transcription factor RFX5 is present in 

DFT2 tumours162. RFX5 is a transcription factor of the multiprotein MHC enhanceosome that 

regulates MHC-I and MHC-II expression76,352. Although transcription of MHC-I and MHC-II 

genes were inducible in DFT2 cells following stimulation, the functional impact of this mutation 

on MHC transcription remains to be explored.  

Differential expression of MHC-II allotypes upon CIITA induction, as observed with SAHA-

DAB_X1 and SAHA-DAB_X2 that were consistently expressed at lower levels compared to other 

MHC-II genes, suggests additional regulatory mechanism(s) that control the expression of MHC-

II genes beyond that of CIITA. Variations in expression levels of MHC-I and MHC-II genes have 

been associated with sequence polymorphism in the promoter or 3’ untranslated region (UTR) of 

MHC genes, which modulates transcription either epigenetically or non-epigenetically, in 

addition to post-transcriptional regulation353–355. The varying degrees of inducibility and 

expression of devil MHC-II allotypes could correlate to tissue-specific expression, with functions 

that differ from classical MHC-II genes. 
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Consistent with findings from pioneering studies on CIITA function34,346, CIITA exhibited 

transcriptional activity over the MHC-I pathway in DFT1 cells that lack MHC-I expression. The 

ability of CIITA to regulate MHC-I expression is attributed to similarities in the regulatory 

elements at the proximal promoters of MHC-I and MHC-II genes, and interaction with the same 

transcription factors of the MHC enhanceosome as NLRC533,34,44,76,346. In MHC-I positive DFT2 

cells, overexpression of CIITA resulted in minimal upregulation of MHC-I compared with 

NLRC5 or IFNG stimulation. The limited CIITA influence on MHC-I expression is commonly 

observed in cells with high constitutive levels of MHC-I34,346. This illustrates the role of NLRC5 

as the primary transactivator for MHC-I expression and a secondary role for CIITA. 

Unlike the ubiquitous expression of MHC-I molecules in nucleated cells, MHC-II expression is 

tightly regulated in a cell type-, differentiation-, and stimulus-specific manner. Evidence for 

inducibility of MHC-II expression in DFT cells suggests that MHC-II-restricted tumour antigen 

presentation could occur in the physiological setting under inflammatory conditions that 

upregulate CIITA. This could provide additional targets for allogeneic antibody responses, as our 

results show that CIITA upregulation increases binding of serum antibodies collected from devils 

that had both natural and immunotherapy-induced DFT1 regressions. In canine transmissible 

venereal tumour (CTVT), the tumour regression phase is often associated with upregulation of 

MHC-I and MHC-II molecules, mediated by factors such as IFNG from tumour infiltrating 

lymphocytes6,217.  

The capacity to express MHC-II molecules with CIITA expression could stem from the Schwann 

cell origins of DFT1 and DFT2 cells159,167. Schwann cells express MHC-II molecules upon 

traumatic and inflammatory injury, playing a role in antigen presentation to CD4+ T cells to 

modulate local immune responses356,357. Similarly, CIITA-expressing DFT cells have the 

potential to present MHC-II-restricted tumour antigens to CD4+ T cells and potentiate anti-DFT 

immune responses. Several studies in murine models have demonstrated immune-mediated 

tumour rejection and/or tumour growth retardation using MHC-II-expressing tumour cell lines, 

either through CIITA or MHC-II gene transfer125,126,358–361. These primary responses were also 

protective against subsequent challenge with parental MHC-II negative tumours. The expression 

of MHC-II on CIITA-expressing DFT cells can offer insight into the importance of CD4+ T cells 

in the interplay with other immune cells for anti-tumour immunity and allograft rejection. 

In this study, the role of CIITA as the master regulator of MHC-II expression was reaffirmed in 

a non-model immunology research species. We have delineated the regulation of MHC-I and 

MHC-II pathways by CIITA in marsupials and transmissible cancers. The ability to induce MHC-

II expression in transmissible tumour cells creates an avenue for vaccine and immunotherapeutic 

strategies to enhance anti-tumour immunity through CD4+ T cell help and inform of the 
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importance of MHC-II in anti-tumour and allogeneic immune responses. The relatively simple 

process we developed for making cell lines that constitutively express NLRC5 and CIITA can be 

readily adapted for many other species and potentially be used in conjunction with CD80/CD86 

to provide antigen stimulation in in vitro assays. This is critical for 99% of species that lack 

reagents, such as agonistic anti-CD3 and anti-CD28 antibodies, for inducing T cell activation in 

vitro. 
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6.1 Introduction 
In Chapters 4 and 5, MHC-I molecules on DFT cells were revealed to be an important target in 

humoral responses to DFT1 and DFT2 cells. The presence of serum antibodies against tumour 

MHC-I molecules provides support for the role of MHC-I in anti-DFT humoral response but also 

implicates the mobilisation of cellular responses to tumour MHC-I. Accordingly, some of these 

seroconverted devils experienced spontaneous DFT1 tumour regressions, potentially displaying 

cell-mediated immune response in the context of MHC-I expression on DFT cells175. However, 

this is not consistently observed, in diseased wild devils and in immunised devils with 

experimentally-induced tumours, indicating a gap in our understanding of MHC-I-induced cell-

mediated anti-DFT immune response175,229. 

To provide insight into the mechanisms of MHC-I-mediated cellular response, particularly in T 

cell activation, an in vitro co-culture model of devil PBMCs and DFT cells with MHC-I and/or 

MHC-II expression (NLRC5- or CIITA-induced) was adopted. Additionally, we hypothesised 

that DFT cells modified to co-express MHC-I or MHC-II with co-stimulatory molecules CD80, 

CD86 or 41BBL could provide additional signals to augment the immune response to DFT cells. 

These molecules could be used to enhance DFTD vaccine and immunotherapy efficacy.  

CD80 and CD86 are typically expressed on professional antigen presenting cells (APCs) to 

promote T cell proliferation, survival, and effector function by binding CD28 molecules on T 

cells362,363. CD28 co-stimulation is also necessary as a secondary signal to prevent anergy in naïve 

T cells364. In addition to providing co-stimulation, CD80 and CD86 can regulate inhibitory signals 

to T cells by immune checkpoint molecules CTLA4 and PDL1 via several mechanisms260,261,365-

368 (summarised in Figure 6-1). The expression of CD80 or CD86 on MHC-expressing DFT cells 

could function to transform DFT cells into surrogate APCs that can simultaneously deliver co-

stimulatory signals while limiting CTLA4- and PDL1-mediated immune inhibition. 

41BBL belongs to the tumour necrosis factor (TNF) family and provides co-stimulatory signals 

to T cells via 41BB receptor. 41BB signalling has been associated with enhancing T cell receptor 

(TCR) signalling pathways369, promoting proliferation and survival of T cells370,371, preventing 

activation-induced cell death372, and potentiating T cell effector function including cytotoxicity 

and production of IL2 and IFNG373. 

In this chapter, DFT1 and DFT2 cells were developed to co-express co-stimulatory molecules 

and master regulators of MHC-I or MHC-II expression. Co-expression of MHC-I or MHC-II 

with CD80, CD86 or 41BBL was confirmed by flow cytometry and the cell lines demonstrated 

binding to expected partners. Cell-mediated immune response to DFT cells in the presence of 
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MHC-I or MHC-II and co-stimulatory molecules was investigated using a flow cytometric-based 

in vitro co-culture assay.  

 

 

Figure 6-1. CD80/CD86 interactions and modes of action for promoting T cell function. 
CD80/CD86 homodimers expressed on antigen presenting cells (APCs) interact with CD28 
molecules on T cells to deliver co-stimulatory signals for effective T cell activation. Although 
engagement of CD80/CD86 to CTLA4 on activated T cells transduces inhibitory signals to T 
cells, the overexpression of CD80/CD86 can sequester CTLA4 and promote CD28:CD80/CD86 
binding. CD80 can heterodimerise with PDL1 in cis, which not only prevents PDL1 surface 
expression but also inhibits PD1:PDL1 and CD80:CTLA4 interactions. 

6.2 Experimental procedures 

6.2.1 Plasmid construction 
Plasmids encoding devil CD80 (XM_023499043.2) (pAF117), CD86 (XM_031959729.1) 

(pAF118) and 41BBL (XM_003762879.4) (pAF91) were provided by Flies et al222. Detailed 

step-by-step protocols for plasmid design and construction are available on Bio-protocol 

#e3696231. Briefly, the coding DNA sequence for devil CD80, CD86 and 41BBL was isolated 

from PBMC cDNA and assembled into a Sleeping Beauty (SB) transposon vector that uses 

human elongation factor 1 alpha (EF1a) promoter for constitutive expression of CD80, CD86 

and 41BBL (see Figure 6-2 for plasmid maps). 

https://www.ncbi.nlm.nih.gov/nucleotide/XM_023499043.2?report=genbank&log$=nuclalign&blast_rank=1&RID=H0WFEGC2013
https://www.ncbi.nlm.nih.gov/nucleotide/XM_031959729.1?report=genbank&log$=nuclalign&blast_rank=2&RID=H0WGWZ11013
https://www.ncbi.nlm.nih.gov/nucleotide/XM_003762879.4?report=genbank&log$=nuclalign&blast_rank=1&RID=H0WX0KPA016
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Figure 6-2. Schematic diagram of vectors used for CD80, CD86, and 41BBL expression in DFT 
cells. ITR, inverted terminal repeat; pA, poly A tail; HygroR, hygromycin resistance gene. 

6.2.2 Transfection of cell lines 
Plasmids encoding CD80 (pAF117), CD86 (pAF118) and 41BBL (pAF91) were transfected into 

DFT.NLRC5 and DFT.CIITA cell lines (Table 6-1) using PEI transfection methods (Section 

2.2.8). Co-transfection with pCMV(CAT)T7-SB100 was not required as the coding sequence for 

SB100X transposase was incorporated into each plasmid. All transfected cells were maintained 

in 200 μg/mL hygromycin B in RPMI-10. Transfected cells were cultured to a density of 4–6×106 

cells prior to positive selection by flow cytometric cell sorting.
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Table 6-1. List of DFT cell lines 
ID # Sample name Parent cell line Transfection References 
1 DFT1.WT DFT1 C5065  Untransfected Chapter 2 
2 DFT1.BFP DFT1 C5065  Empty vector pSBbi-BH Chapter 4 
3 DFT1.NLRC5 DFT1 C5065 NLRC5 vector pCO1 Chapter 4 
4 DFT1.CIITA DFT1 C5065 CIITA vector pCO2 Chapter 5 
5 DFT1.NLRC5.CD80 DFT1 C5065 NLRC5 vector pCO1 and CD80 vector pAF117 This chapter 
6 DFT1.NLRC5.CD86 DFT1 C5065 NLRC5 vector pCO1 and CD86 vector pAF118 This chapter 
7 DFT1.NLRC5.41BBL DFT1 C5065 NLRC5 vector pCO1 and 41BBL vector pAF91 This chapter 
8 DFT1.CIITA.CD80 DFT1 C5065 CIITA vector pCO2 and CD80 vector pAF117 This chapter 
9 DFT1.CIITA.CD86 DFT1 C5065 CIITA vector pCO2 and CD86 vector pAF118 This chapter 
10 DFT1.CIITA.41BBL DFT1 C5065 CIITA vector pCO2 and 41BBL vector pAF91 This chapter 
11 DFT2.WT DFT2 JV Untransfected Chapter 2 
12 DFT2.BFP DFT2 JV Empty vector pSBbi-BH Chapter 4 
13 DFT2.NLRC5 DFT2 JV NLRC5 vector pCO1 Chapter 4 
14 DFT2.CIITA DFT2 JV CIITA vector pCO2 Chapter 5 
15 DFT2.NLRC5.CD80 DFT2 JV NLRC5 vector pCO1 and CD80 vector pAF117 This chapter 
16 DFT2.NLRC5.CD86 DFT2 JV NLRC5 vector pCO1 and CD86 vector pAF118 This chapter 
17 DFT2.NLRC5.41BBL DFT2 JV NLRC5 vector pCO1 and 41BBL vector pAF91 This chapter 
18 DFT2.CIITA.CD80 DFT2 JV CIITA vector pCO2 and CD80 vector pAF117 This chapter 
19 DFT2.CIITA.CD86 DFT2 JV CIITA vector pCO2 and CD86 vector pAF118 This chapter 
20 DFT2.CIITA.41BBL DFT2 JV CIITA vector pCO2 and 41BBL vector pAF91 This chapter 
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6.2.3 Preparation of FAST proteins CTLA4-mCherry and 41BB-
mOrange 

Soluble devil CTLA4 and 41BBL fused to fluorescent proteins were developed using the 

Fluorescent Adaptable Simple Theranostic (FAST) protein system according to the methods 

described previously222,231. For this study, soluble CTLA4 conjugated to mCherry (CTLA4-

mCherry) was isolated from the supernatant of Chinese hamster ovary (CHO) cells 

CHO.pAF197222. Cells were cultured in RPMI-5 without antibiotics in culture flasks for two days 

to >80% confluency prior to supernatant collection. The supernatant was centrifuged at 3200g 

for 10 min at 4 °C and filtered through a 0.22 μm PVDF membrane to remove cell debris and 

cells. The supernatant was stored at 4 °C in the dark for up to six months. Meanwhile soluble 

41BB conjugated to mOrange (41BB-mOrange) was previously isolated and purified to 0.83 

mg/mL from CHO.pAF164222. For detailed step-by-step protocols for generation of FAST 

proteins, see Bio-protocol #e369619. 

6.2.4 Flow cytometric cell sorting 
Cell lines expressing CD80, CD86 and 41BBL were selected via receptor-ligand interaction of 

their respective cognate binding partner. Soluble FAST proteins for devil CTLA4-mCherry and 

41BB-mOrange were previously confirmed to bind devil CD80/CD86 and 41BBL, 

respectively222. Cells (4–6×106 cells) were harvested, transferred to sterile round bottom FACS 

tubes and pelleted by centrifugation at 200g for 5 min. The supernatant was discarded, and cells 

were resuspended in 50 μL of 250 μM chloroquine (end concentration of 50 μM) (Sigma-Aldrich) 

and 200 uL FAST proteins: (i) undiluted CTLA4-mCherry in supernatant (end dilution of 4 in 5 

v/v), or (ii) 25 μg/mL 41BB-mOrange diluted in RPMI-10 (end concentration of 20 μg/mL). 

Chloroquine was added to inhibit lysosomal degradation of FAST proteins. Cells were incubated 

in the dark at 35 °C for 90 minutes. The tubes were shaken intermittently to prevent cell adherence 

to the bottom of the tube. After incubation, cells were centrifuged at 500g for 3 min. The 

supernatant was discarded, and cells were resuspended in 800 μL RPMI-20 or to a concentration 

of no more than 1×107 cells/mL. Cells were passed through a 40 μm mesh size EASYstrainer™ 

Cell Sieves (Greiner Bio-One) to remove cell clumps. The samples were placed on ice and bulk-

sorted into sterile tubes containing RPMI-20 using MoFlo Astrios EQ Cell Sorter. After cell 

sorting, cells were centrifuged at 200g for 5 min to remove FACS sheath fluid and were cultured 

in RPMI-20 for a week prior to reducing to RPMI-10 with hygromycin B (200 μg/mL). Multiple 

rounds of cell sorting were performed to enrich and purify the population of cells expressing co-

stimulatory molecules.  
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6.2.5 Flow cytometric analysis of MHC and co-stimulatory molecules 
DFT cells were harvested and 1×105 cells were aliquoted into u-bottom 96 well plates. Cells were 

centrifuged at 500g for 3 min and the supernatant was discarded. Cells were incubated with 50 

μM chloroquine and the respective FAST protein: (i) CTLA4-mCherry in supernatant (4:5 

dilution v/v), or (ii) 41BB-mOrange (20 μg/mL) for 90 minutes at 35 °C. After incubation, cells 

were washed with 1X PBS and stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain 

according to manufacturer’s protocol. Cells were stained for surface B2M and intracellular MHC-

II (HLA-DRA) expression according to Chapter 5, Section 5.2.5 and analysed on Cytek™ 

Aurora. 

6.2.6 PBMC isolation 
Mononuclear cells were isolated by density gradient centrifugation from devil peripheral blood 

collected in heparin tubes (Greiner Bio-One). Due to the limited availability of blood from an 

endangered species, blood from only two devils, Rosie (female, 5 years of age) and Byron (male, 

4 years of age) were used for downstream assays. Blood samples were gently inverted two to 

three times before transferring to 50 mL tubes. Whole blood was diluted with equal volume of 

room temperature RPMI-0 and 8 mL was carefully layered onto 4 mL of room temperature 

Histopaque®-1077 (Sigma-Aldrich) using a Pasteur pipette. The samples were centrifuged 

immediately at 400g for 30 min at 20 °C with the deceleration rate set to 0 and acceleration rate 

to 7 on the Allegra X-15R centrifuge (Beckman Coulter). After centrifugation, the upper plasma 

layer was aspirated up to a height of 0.5 cm from the opaque interface and discarded. The opaque 

interface containing mononuclear cells was carefully transferred to a 50 mL tube and washed 

twice with 10 mL room temperature 1X PBS (or at ≥ 3X the volume of mononuclear cells). The 

cells were centrifuged at 500g for 5 min at 20 °C and the supernatant was discarded. Red blood 

cell lysis was performed by resuspending the cell pellet in 1 mL of room temperature red blood 

cell lysis buffer (Section 2.1.7) followed by 4 mL, and then incubated for 4 to 5 min at room 

temperature. To stop the lysis reaction, 1X PBS was added to the suspension to 50 mL. The 

suspension was centrifuged at 500g, 20 °C for 5 min and the supernatant discarded. Cells were 

resuspended in RPMI-10 with 1% sodium pyruvate and 1% non-essential amino acids (RPMI-

10+) (Section 2.1.7). 

6.2.7 DFT cell and PBMC co-culture assay 
DFT cells were seeded into flat-bottom 96 well plates a day before co-culture with PBMCs to 

allow adherence to the plate. To allow identification of DFT cells in the co-culture assay, DFT 

cells were labelled with CellTrace Violet™ (CTV) Cell Proliferation Kit as follows. Cells were 

harvested, washed with 1X PBS and resuspended to a concentration of 1×106 cells/mL in 1X 

PBS. One μL of 250 μM CTV stock solution was added to each mL of cells and incubated for 20 
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min at 35 °C, protected from light. The working concentration of CTV (0.25 μM) was optimised  

for use on Cytek™ Aurora, which required 20X less than the recommended amount of 5 μM. 

Cells were washed with RPMI-10 at 5X the original staining volume and incubated for 5 min at 

35 °C. Cells were pelleted by centrifugation at 200g for 5 min at 20 °C and resuspended in RPMI-

10+ for cell counting. 4000 cells in 100 μL RPMI-10+ (4×104 cells/mL) were aliquoted into flat-

bottom 96 well plates and incubated overnight at 35 °C.  

Isolated PBMCs were washed with 1X PBS, pelleted, and resuspended in 1X PBS to a 

concentration of 1×106 cells/mL for carboxyfluorescein succinimidyl ester (CFSE) labelling. One 

μL of 5 mM CFSE was added per mL of cells in 1X PBS and mixed thoroughly. The cells were 

incubated at 37 °C for 20 min, protected from light. Cells were washed with RPMI-10 at 5X the 

original staining volume and incubated for 5 min at 35 °C to remove excess dye prior to 

centrifugation at 500g for 5 min. The cells were resuspended in RPMI-10+ and 1×105 cells in 

100 μL (1×106 cells/mL) were added to DFT cells (25:1 PBMC to DFT cell ratio). The plate was 

centrifuged briefly at 100g to sediment cells and increase PBMC and DFT cell contact. PBMCs 

and DFT cells were co-cultured at 37 °C for 5 days prior to flow cytometric analysis. A triplicate 

of each DFT cell line cultured alone (monoculture) was included as a negative control to account 

for spontaneous cell death.  

Six hours before flow cytometric analysis, protein transport inhibitor monensin (eBioscience™, 

Thermo Fisher Scientific) was added to cells at 1X and incubated for 6 h at 37 °C. Cells were 

centrifuged at 500g for 3 min and the media was discarded. 1X TrypLE was added for 5 min at 

37 °C to detach adhered cells. The cells were washed with 1X PBS and the supernatant was 

discarded by centrifugation. All washing steps herein include centrifugation at 500g for 3 min at 

4°C and removal of the supernatant. For live/dead staining, cells were stained with 

LIVE/DEAD™ Fixable Near-IR Dead Cell Stain diluted in 1X PBS (1 μL per 2 mL) for 30 min 

on ice. Cells were washed once with 1X PBS before staining for PD1, CD4 and IFNG expression 

as follows.  

Mouse anti-devil PD1 clone 3G8 220 was conjugated to DyLight 650 (PD1-DL650) using DyLight 

650 Microscale Antibody Labeling Kit (Thermo Fisher Scientific), while mouse anti-devil CD4 

clone 7H9 (WEHI) was conjugated to PE/Cy7 (CD4-PE/Cy7) using Lightning-Link® PE-Cy7 

Antibody Labeling Kit (Novus Biologicals) according to manufacturer’s instructions, 

respectively. An antibody cocktail of PD1-DL650 (1 μg/mL) and CD4-PE/Cy7 (1 μg/mL) diluted 

in FACS buffer was added to cells for 30 min on ice. The cells were washed once with FACS 

buffer. For intracellular staining of IFNG, cells were fixed and permeabilised using BD 

Cytofix/Cytoperm™ Plus Fixation/Permeabilization Kit per manufacturer’s instructions. Cells 

were incubated with mouse anti-bovine IFNG-PE diluted in 1X BD Perm/Wash™ Buffer (10 
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μg/mL) for 30 min on ice. Cells were washed once with 1X BD Perm/Wash™ Buffer and 

resuspended in FACS fix. Positive controls for PD1 and IFNG expression include PBMCs treated 

with PMA (200 ng/mL) (Merck Millipore) and ionomycin (1 μg/mL) (Thermo Fisher Scientific) 

(PMA/Io) for 6 h and 24 h at 37 °C. Due to limited cell abundance of PBMCs from two devils 

(Rosie and Byron), all co-cultures were performed in duplicate while PMA/Io treatment was 

carried out without any replicates.  

All samples were analysed on Cytek™ Aurora using the following settings: forward scatter (FSC) 

gains = 80, violet side scatter (SSC) gains = 120, blue side scatter (SSC-B) gains = 106, FSC 

threshold = 50000. Quality control (QC) was carried out before every experiment using 

SpectroFlo® QC Beads Lot # 2002. Spectral unmixing was performed using the following single-

stained reference controls as shown in Table 6-2. Reference controls using UltraComp eBeads™ 

Plus Compensation Beads (Thermo Fisher Scientific) were prepared according to manufacturer’s 

protocols. 

Table 6-2. Reference controls for spectral unmixing  

Fluorescent Tag Reference control Unstained control 
CTV CTV-labelled DFT1.WT Unlabelled DFT1.WT 
CFSE CFSE-labelled PBMC Unlabelled PBMC 
LIVE/DEAD NIR Unlabelled DFT1.WT and unlabelled PBMC, both 

stained with LIVE/DEAD NIR 
Self-negative 

DL650 UltraComp eBeads™ Plus Compensation Beads 
incubated with PD1-DL650 

Self-negative 

PE/Cy7 UltraComp eBeads™ Plus Compensation Beads 
incubated with CD4-PE/Cy7 

Self-negative 

PE UltraComp eBeads™ Plus Compensation Beads 
incubated with IFNG-PE 

Self-negative 
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6.3 Results 

6.3.1 Flow cytometric cell sorting of CD80-, CD86- and 41BBL-
expressing cell lines 

After transfection with CD80, CD86 and 41BBL expression vectors, doubly-transfected DFT1 

and DFT2 cell lines (NLRC5/CIITA + CD80/CD86/41BBL) were bulk-sorted by flow 

cytometry. Due to the lack of antibodies for devil CD80, CD86 and 41BBL, surface expression 

of these co-stimulatory molecules was determined through binding with their cognate 

receptor/ligand i.e., CTLA4 for CD80/CD86 and 41BB for 41BBL, which have been confirmed 

previously using FAST proteins CTLA4-mCherry and 41BB-mOrange against CHO cell 

systems231. Figure 6-3 shows the gating strategy for flow cytometric bulk-sort of DFT1.CIITA 

cells transfected with 41BBL vector (DFT1.CIITA.41BBL). Most cell lines required three rounds 

of bulk sort to establish a stable population of cells that constitutively express the confirmed 

ligand. 
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Figure 6-3. Gating strategy for flow cytometric bulk sort of CD80, CD86 and 41BBL-expressing 
cell lines. DFT1 and DFT2 cell lines transfected with CD80, CD86 or 41BBL vector were 
incubated with either CTLA4-mCherry or 41BB-mOrange FAST proteins for positive selection 
by flow cytometry. (a-b) Cells were firstly gated for singlets (R1) followed by exclusion of cells 
with high SSC (R2). (c) Cells positive for 41BB (or CTLA4) binding were gated (R3) using their 
respective parent cell line e.g., DFT.CIITA (or DFT.NLRC5) as a negative control. (d) The 
population of DFT1.CIITA cells transfected with 41BBL prior to cell sort. Cells that bound 
41BB-mOrange (gate R3) were selected and expanded in culture. (e) The population of 
DFT1.CIITA.41BBL cells with two rounds of FACS (sort n = 2). Cells within gate R3 were 
sorted for the third time to select for highly-expressing 41BBL cells. FSC, forward scatter; SSC, 
side scatter; BFP, blue fluorescent protein. 
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6.3.2 Co-expression of MHC and co-stimulatory molecules 
After multiple rounds of cell sorting to achieve a single population of positive cells, each double-

transfected cell line was analysed for co-expression of MHC-I, MHC-II, and co-stimulatory 

molecules. All DFT cell lines that were transfected with either CD80, CD86 or 41BBL 

demonstrated positive binding to their expected ligand, either CTLA4 or 41BB (Figures 6-4, 6-

5). DFT1 and DFT2 cell lines that were doubly-transfected with NLRC5 and either CD80, CD86 

or 41BBL also expressed B2M to similar levels as their parent cell line DFT1.NLRC5 or 

DFT2.NLRC5, respectively (Figures 6-4, 6-5). Meanwhile, CD80-, CD86- or 41BBL-

expressing cell lines that were derived from DFT1.CIITA maintained positive expression for 

B2M and MHC-II (HLA-DRA) (Figure 6-4). B2M expression was reduced in these cell lines 

when compared to DFT1.CIITA but was still higher than DFT1.WT and DFT1.BFP, 

DFT2.CIITA.CD80, DFT2.CIITA.CD86 and DFT2.CIITA.41BBL, each expressed B2M 

molecules but DFT2.CIITA.CD80 had a marginally lower expression in B2M compared to 

DFT2.CIITA, DFT2.CIITA.CD86 and DFT2.CIITA.41BBL (Figure 6-5).  
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Figure 6-4. B2M and MHC-II expression, and binding to CTLA4 and 41BB FAST proteins in 
DFT1 cells. Various DFT1 cell lines expressing NLRC5/CIITA and CD80/CD86/41BBL were 
stained for surface B2M and intracellular MHC-II expression using anti-B2M (a-B2M) and anti-
HLADRA (a-HLA-DRA) antibody, respectively. Cells were simultaneously incubated with 
CTLA4-mCherry or 41BB-mOrange FAST protein to determine expression of co-stimulatory 
molecule i.e., CD80/CD86 in CTLA4 positive binding and 41BBL in 41BB positive binding. The 
gating in quadrants for positively-expressing populations was determined from the expression 
levels of DFT1.WT and DFT1.BFP cells.  
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Figure 6-5. B2M and MHC-II expression, and binding to CTLA4 and 41BB FAST proteins in 
DFT2 cells. Various DFT2 cell lines expressing NLRC5/CIITA and CD80/CD86/41BBL were 
stained for surface B2M and intracellular MHC-II expression using anti-B2M (a-B2M) and anti-
HLADRA (a-HLA-DRA) antibody, respectively. Cells were simultaneously incubated with 
CTLA4-mCherry or 41BB-mOrange FAST protein to determine expression of co-stimulatory 
molecule i.e., CD80/CD86 in CTLA4 positive binding and 41BBL in 41BB positive binding. The 
gating in quadrants for positively-expressing populations except for B2M expression was 
determined from the expression levels of DFT2.WT and DFT2.BFP cells. Since DFT2 cells 

(Continued on next page) 
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express B2M, negative expression for B2M was derived from secondary-only antibody staining 
(data not shown).  

 

6.3.3 Flow cytometric analysis of PBMC response to DFT1 cells 
expressing MHC-I/II and CD80/CD86/41BBL molecules 

The cell-mediated response to DFT1 cells expressing MHC-I/II and CD80/CD86/41BBL was 

analysed by assessing viability of DFT1 cells and PBMCs, and PD1 and IFNG expression in 

CD4− and CD4+ PBMCs in five-day co-cultures (see Figure 6-6 for timeline of co-culture assay). 

Five days was selected to allow sufficient time for recognition, activation, and response from 

naïve T cells. PD1 expression was used as an activation marker for its restricted expression on 

activated T cells within 24 h of stimulation in humans and mice374,375. Additionally, IFNG 

expression was included as a surrogate marker for effector function of PBMCs. Due to the small 

sample size (N=2), statistical analyses could not be performed, so these data should be considered 

a pilot study with results reported and discussed as observed individual results, rather than group 

or population samples.  

 

 
Figure 6-6. Timeline of co-culture assay. DFT cells were labelled with CTV and seeded into flat-
bottom 96 well plates (Day -1). The next day, PBMCs isolated from two devils: Rosie and Byron, 
were labelled with CFSE and added to DFT cells at a ratio of 25:1 (Day 0). As positive controls 
for PD1 and IFNG expression, CFSE-labelled PBMCs were stimulated with 200 ng/mL PMA 
and 1 μg/mL ionomycin (PMA/Io) for 6 h (t – 6 h) and 24 h (Day 1) and analysed by flow 
cytometry (Day 2 (t)). After 5 days of co-culture, the samples were analysed for cell death and 
viability, CD4, PD1 and IFNG expression by flow cytometry (Day 5). CTV, CellTrace Violet. 
CFSE, Carboxyfluorescein succinimidyl ester.
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Gating strategy 

Figure 6-7 shows the gating strategies for flow cytometric analysis of DFT1 cell cytotoxicity 

and PBMC phenotype. DFT1 cells were generally larger in size and have higher granularity 

compared to PBMCs, as displayed by the higher FSC-A and SSC-A (Figure 6-7 (c–d)).  

CD4 expression 

Untreated PBMCs from Rosie had a higher ratio of CD4− cells to CD4+ cells (CD4−/CD4+ = 73/27 

(%)) compared to Byron which had similar proportions of CD4− and CD4+ cells (CD4−/CD4+ = 

52/48 (%)) (Table 6-3). The percentage of CD4+ cells decreased quite significantly in Byron 

following treatment with PMA/Io for 6 h and 24 h while the percentage of CD4+ cells only 

decreased after 24 h of PMA/Io treatment in Rosie. The proportion of CD4+ cells was higher in 

the five-day DFT1 cell co-cultures compared to PBMCs cultured alone for two days, whether 

treated or untreated with PMA/Io (Table 6-3). The percentage of CD4+ PBMCs in co-culture 

with DFT1 cells were between 36 – 50% in Rosie and 55 – 72% in Byron, suggesting either a 

decrease in CD4− cells over time and/or in the presence of DFT1 cells. Interestingly, the reduction 

in percentage of CD4+ cells with PMA/Io treatment was correlated with a decrease in CD4 

expression levels in CD4+ populations over time, in both PBMCs from Rosie (Figure 6-7 (h-j)) 

and Byron (Appendix D-1). The definition of CD4− and CD4+ populations decreased with 

increasing duration of PMA/Io treatment. This was not observed in PBMCs co-cultured with 

DFT1 cells, where the expression levels of CD4 on CD4+ cells remained similar to untreated 

PBMCs (Appendix D-2).
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Figure 6-7. Gating strategies for flow cytometric analysis of co-culture assay. (a) The co-culture 
samples were firstly gated for PBMCs and DFT cells (Gate G1) on a FSC area vs SSC area (FSC-
A/SSC-A) plot. (b) PBMCs were gated on the CFSE+ population while DFT cells were gated on 
the CTV+ population. The population of PBMCs are shown in green and DFT cells in purple on 
FSC-A/SSC-A (c) and FSC-A/FSC-H (d). (e) CFSE+ cells were gated for live cells (red box) 
based on LIVE/DEAD NIR staining prior to PD1, IFNG and CD4 expression analysis. (f) The 
percentage of dead CTV+ cells (red box) was used to calculate induced DFT cell death. (g–j) PD1 
and IFNG expression on CD4− and CD4+ cells in PBMCs from Rosie following co-culture with 

(Continued on next page) 
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DFT1.NLRC5 (g), without any treatment (h), and with PMA and ionomycin treatment (PMA/Io) 
for 6 h (i) and 24 h (j). 

 

Table 6-3. Difference in proportion of CD4− and CD4+ cells between various treatments and 
the number of days in culture prior to flow cytometric analysis 

Days Treatment 
PBMC (Rosie)   PBMC (Byron) 

CD4− 

(%) 
CD4+  
(%) 

± range 
(%)   CD4− 

(%) 
CD4+  
(%) 

± range 
(%) 

2 Untreated 73.1 26.9 1.9  52.3 47.7 4.4 
2 PMA/Io (6 h)a 72.1 27.9 N/A  85.2 14.9 N/A 
2 PMA/Io (24 h)a 80.7 19.4 N/A  83.6 16.4 N/A 
5 DFT1.WT 50.0 50.0 3.5  28.0 72.0 1.1 
5 DFT1.BFP 51.5 48.5 0.0  36.8 63.2 0.2 
5 DFT1.NLRC5 57.6 42.4 0.9  39.8 60.3 0.5 
5 DFT1.CIITA 64.1 35.9 0.3  41.2 58.9 1.1 
5 DFT1.NLRC5.CD80 60.6 39.4 0.8  41.4 58.6 0.4 
5 DFT1.NLRC5.CD86 60.8 39.2 1.1  41.4 58.6 1.4 
5 DFT1.NLRC5.41BBL 57.5 42.6 1.6  44.7 55.3 0.9 
5 DFT1.CIITA.CD80 61.6 38.4 0.5  42.3 57.7 0.2 
5 DFT1.CIITA.CD86 59.6 40.4 1.5   41.6 58.4 0.1 
5 DFT1.CIITA.41BBL 55.7 44.3 0.6  44.3 55.7 0.1 

Percentages shown are mean values of two replicates and the range (±) between the lowest and highest value.  
a No replicates were available for treatments PMA/Io (6h) and PMA/Io (24h), therefore, range is not applicable 
(N/A). 
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DFT1 cell cytotoxicity 

To investigate if the expression of MHC-I/-II and/or CD80/CD86/41BBL on DFT1 cells 

promoted DFT1 cell cytotoxicity by PBMCs, DFT1 cells were analysed for a change in cell 

viability in the presence of PBMCs compared to when cultured alone. Except for DFT1.WT, 

most of the DFT1 cell lines experienced a negligible change or an increase in cell viability in the 

presence of PBMCs (Figure 6-8). DFT1.WT cells co-cultured with PBMCs from Rosie displayed 

an 18% decrease in cell viability, and a 23% decrease with PBMCs from Byron. The lack of 

change in DFT1 cell viability in most of the co-cultures indicate that PBMCs did not induce 

DFT1 cell cytotoxicity in the five-day co-culture, despite MHC-I/-II and CD80/CD86/41BBL 

expression.  

Although there was no evidence of PBMC-mediated cytotoxicity of DFT1 cells in the majority 

of DFT1 cell lines, PBMCs could have mediated other anti-tumour effects such as inhibition of 

cell proliferation. An analysis of DFT1 cell count per mL after five days of co-culture 

demonstrated that DFT1 cell proliferation was neither inhibited nor retarded in the presence of 

PBMCs (Table 6-4). The number of DFT1 cells was generally higher in the co-cultures compared 

to monocultures. Cell count was highly variable between the co-cultured cell lines, with some 

co-cultures e.g., DFT1.NLRC5, DFT1.CIITA, DFT1.NLRC5.CD80 and DFT1.NLRC5.41BBL 

having relatively higher cell counts, but this was also correlated to lower percentages of cell death 

(Table 6-4). Samples with higher cell death are likely to have underestimated cell counts due to 

exclusion of fragmented dead cells from the gating strategies implemented for DFT1 cell 

analysis. Analysis of DFT1 cell proliferation by CTV dye dilution was not carried out due to lack 

of positive controls of inhibited cell proliferation for each cell line. This was not performed due 

to practical reasons. Because each cell line was stained with CTV independently, the starting dye 

intensity could have varied between each cell line.    
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Figure 6-8. Change in DFT1 cell viability in the presence of PBMCs. Percentage of live DFT1 
cells in co-culture (N=2) with PBMCs (+ PBMC) from Rosie and Byron was compared against 
that of DFT1 cells cultured alone (− PBMC) (N=3), as analysed by flow cytometry. DFT1 cell 
viability (%) is plotted as the mean of two/three replicates and a standard deviation error bar.  
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Table 6-4. Count and percentage of DFT1 cell death after five days of co-culture (+PBMC) vs. monoculture (−PBMC) 

Cell line 

+ PBMC (Rosie)a  + PBMC (Byron)a  − PBMCb 

Total cell count 
per mL (× 103) 

Cell death 
count per mL 
(× 103) 

Cell death 
(%)   Total cell count 

per mL (× 103) 

Cell death 
count per mL 
(× 103) 

Cell death 
(%)   

Total cell 
count per mL 
(× 103) (SD)  

Cell death 
count per mL  
(× 103) (SD)  

Cell death 
(%) (SD)  

DFT1.WT 24.14 ± 0.52 13.02 ± 1.30 53.8 ± 4.2  9.30 ± 0.02 5.48 ± 0.32 58.9 ± 3.6  10.49 (0.74) 3.76 (0.55) 35.7 (2.6) 

DFT1.BFP 22.86 ± 0.39 10.52 ± 1.35 46.1 ± 6.7  18.57 ± 1.57 8.50 ± 0.19 46.1 ± 2.9  12.09 (1.19) 5.95 (0.27) 49.4 (2.5) 

DFT1.NLRC5 68.56 ± 1.07 17.78 ± 3.63 26.0 ± 5.7  79.63 ± 6.41 17.53 ± 1.11 22.0 ± 0.4  18.42 (2.00) 3.77 (0.58) 20.6 (3.1) 

DFT1.CIITA 88.46 ± 14.51 17.34 ± 0.03 20.1 ± 3.3  157.68 ± 64.50 22.77 ± 7.86 14.9 ± 1.1  21.62 (2.79) 4.18 (0.59) 19.3 (0.4) 

DFT1.NLRC5.CD80 51.96 ± 16.18 10.75 ± 2.38 21.3 ± 2.1  71.22 ± 22.75 14.01 ± 4.12 19.9 ± 0.6  11.36 (0.76) 2.58 (0.13) 22.7 (0.4) 

DFT1.NLRC5.CD86 25.64 ± 3.92 8.86 ± 2.85 33.7 ± 6.0  42.58 ± 9.62 14.02 ± 3.51 32.7 ± 0.8  10.54 (1.04) 3.60 (0.74) 33.8 (3.9) 

DFT1.NLRC5.41BBL 63.35 ± 22.95 17.92 ± 8.06 27.3 ± 2.9  114.81 ± 18.89 23.68 ± 1.10 21.4 ± 4.5  11.06 (3.34) 2.61 (0.14) 25.4 (6.0) 

DFT1.CIITA.CD80 47.50 ± 9.42 14.67 ± 2.03 31.3 ± 1.9  85.54 ± 37.03 28.04 ± 7.05 36.0 ± 7.3  11.48 (2.42) 6.06 (1.02) 54.1 (8.6) 

DFT1.CIITA.CD86 16.18 ± 0.51 8.72 ± 1.40 53.7 ± 6.9  29.91 ± 10.34 11.53 ± 3.08 39.8 ± 3.5  9.23 (2.26) 4.76 (0.26) 54.7 (12.6) 

DFT1.CIITA.41BBL 21.08 ± 0.13 10.75 ± 1.38 51.0 ± 6.9   52.11 ± 9.81 25.78 ± 2.10 50.5 ± 5.5   13.09 (1.72) 7.05 (0.80) 55.5 (13.4) 

aCounts per mL and percentage cell death in co-cultures (+PBMC) are reported as the mean and range (±) between the lowest and highest value of two replicates.  
bCounts per mL and percentage cell death in monocultures (−PBMC) are reported as the mean and standard deviation (SD) in brackets of three replicates. 
Counts per mL were derived from the number of gated events collected per mL of sample acquired through the flow cytometer. 
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PBMC viability in co-cultures 

PBMCs from both Rosie and Byron had close to 0% viability when cultured alone after 5 days 

(Figure 6-9). However, PBMC viability was significantly improved in co-cultures with DFT1 

cells. All PBMCs in co-culture, irrespective of the phenotype of DFT1 cells, were at least ~30% 

viable after 5 days. The viability of PBMCs from Byron were higher than PBMCs from Rosie 

except in co-culture with DFT1.WT cells where both PBMCs had similar viabilities of about 30–

35%. Statistical analysis was not performed due to the small samples size.  

A consistent pattern in percentage of live PBMCs in co-culture across the DFT1 cell lines was 

observed between Rosie and Byron. PBMCs co-cultured with DFT1 cells expressing NLRC5 and 

41BBL (DFT1.NLRC5.41BBL) had the highest viability (maximum mean of 68% in Byron) 

followed by PBMCs co-cultured with either DFT1.CIITA.41BBL, DFT1.NLRC5, or 

DFT1.CIITA.  

 

Figure 6-9. Viability of PBMCs in co-culture with DFT1 cells. The percentage of CFSE-positive 
PBMCs negative for LIVE/DEAD NIR staining was used to calculate percentage of PBMC 
viability when cultured alone or with various DFT1 cell lines. Percentage cell viability of PBMCs 
from Rosie was plotted with a red cross symbol (×) and Byron with a solid blue circle (●). Each 
plot is represented by the mean of two replicates and a standard deviation error bar. 
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PD1 and IFNG expression 

PD1 expression on devil PBMCs can be induced on ~29% (Rosie) and ~27% (Byron) of cells 

after 24 h of PMA/Io stimulation (PMA/Io (24 h)) (Figure 6-10 A, B). PD1 was mostly expressed 

on CD4− cells of PBMCs from both Rosie (Figure 6-10 A) and Byron (Figure 6-10 B). The 

percentage of PD1+ cells was ~2% for Rosie and ~4-6% for Byron in untreated and PMA/Io (6h) 

PBMCs. When co-cultured with DFT1 cells, PD1 expression was slightly higher than untreated 

or PMA/Io (6 h) cells but was less than PMA/Io (24 h) in both PBMCs. The expression of PD1 

on either CD4− or CD4+ cells was similar across the co-cultures of different DFT1 cell lines.  

IFNG was induced in PBMCs with just 6 h of PMA/Io stimulation and increased to ~50% of cells 

from Rosie and ~36% from Byron after 24 h of stimulation (Figure 6-11 A, B). Similar to PD1 

expression, CD4− cells were responsible for the majority of IFNG expression. IFNG expression 

in untreated PBMCs and PBMCs co-cultured with DFT1 cells was negligible. 
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Figure 6-10. PD1 expression in CD4− and CD4+ PBMCs. CFSE-labelled PBMCs from Rosie 
and Byron were stained for surface PD1 expression and analysed by flow cytometry following 
various treatments. PBMCs were either treated or untreated with PMA and ionomycin (PMA/Io) 
for 6 h and 24 h, or co-cultured with NLRC5/CIITA and/or CD80/CD86/41BBL DFT1 cell lines 
for 5 days. The white solid bar represents the total number of PD1+ cells in live PBMCs while 
the light grey bar shows the subset of PD1+ cells in CD4− cells and dark grey in CD4+ cells. The 
plots for untreated, PMA/Io (6h) and PMA/Io (24 h) only show one data point while plots for 
each co-culture are a mean of two replicates and a standard deviation error bar.
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Figure 6-11. IFNG expression in CD4− and CD4+ PBMCs. CFSE-labelled PBMCs from Rosie 
and Byron were stained for intracellular IFNG expression and analysed by flow cytometry 
following various treatments. PBMCs were either treated or untreated with PMA and ionomycin 
(PMA/Io) for 6 h and 24 h, or co-cultured with NLRC5/CIITA and/or CD80/CD86/41BBL DFT1 
cell lines for 5 days. The white solid bar represents the total number of IFNG-expressing cells in 
live PBMCs while the light grey bar shows the subset of IFNG+ cells in CD4− cells and dark grey 
in CD4+ cells. The plots for untreated, PMA/Io (6h) and PMA/Io (24 h) only show one data point 
while plots for each co-culture are a mean of two replicates and a standard deviation error bar.
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6.4 Discussion 
Given the importance of MHC antigen presentation in initiation of T cell responses, it was 

hypothesised that the expression of MHC-I and MHC-II molecules on DFT cells would promote 

cell-mediated immune response, and consequently, an effective anti-tumour immunity to protect 

the devil population from the impacts of DFTD. ‘MHC’ will be used to denote MHC-I and MHC-

II molecules hereafter. 

The aim of this chapter was to investigate the role of MHC and co-stimulatory molecules in cell-

mediated anti-DFT immune response and whether these two attributes facilitate tumour cell 

killing in an in vitro co-culture model. This would be used to advance vaccine development 

efforts and immunotherapeutic strategies for managing DFTD.  

Firstly, the development of DFT cells with co-expression of MHC and CD80/CD86/41BBL, 

demonstrated a successful attempt of integrating multiple transgenes into DFT1 and DFT2 cells 

from two different expression vectors. The dual-transfected cells expressed high levels of 

CD80/CD86/41BBL while maintaining NLRC5- or CIITA-driven MHC expression. The three 

DFT1 cell lines (DFT1.CIITA.CD80/CD86/41BBL) that had a reduction in surface B2M 

expression compared to their parent cell line, DFT1.CIITA, reflect a potential negative 

consequence of protein overexpression systems. The overexpression of CIITA and several genes 

of MHC-I and MHC-II pathways as well as CD80/CD86/41BBL might be an overload to the 

machineries involved in protein production, which can sometimes come at the cost of production 

and turnover of other proteins376. However, B2M expression in these cell lines was higher than 

DFT1.WT cells, which suggests that MHC-I-restricted tumour antigen presentation should still 

be functional. 

The FAST system developed previously222 to circumvent the paucity of species-specific reagents, 

particularly for non-model immunology research species, proved to be a valuable tool for devil 

research in the vaccine development front. DFT cells with enhanced immunogenicity, possessing 

antigen-stimulating and co-stimulating properties, could be generated using this system. Target 

detection by CTLA4 and 41BB FAST proteins provided evidence for the conformational binding 

epitopes of the CD80, CD86 and 41BBL molecules expressed on DFT1 and DFT2 cells. This 

FAST protein receptor-ligand technique for cell-sorting eliminates the need for monoclonal 

antibodies to develop modified target cell lines. Co-stimulatory cell lines potentially serve as a 

replacement for traditional in vitro assays that use anti-CD3 and anti-CD28 monoclonal 

antibodies to active T cells. Therefore, this technique has the potential to open many new research 

options for the vast majority of species that lack monoclonal antibodies. 



153 
 

A previous report demonstrated the interaction of devil CD80/CD86 with devil CD28 expressed 

on CHO cells377. In this chapter, CD80/CD86-expressing DFT cells were shown to bind CTLA4 

FAST protein efficiently. Therefore, the CD80/CD86-expressing DFT cell lines should deliver 

co-stimulatory signals via CD28 for T cell activation and inhibit CTLA4-mediated 

immunosuppression. Similarly, 41BBL-expressing cells should promote T cell function and 

survival via 41BB signalling. The delivery of CD80, CD86 or 41BBL co-stimulation, either as a 

soluble product, mRNA, or cell-based, has demonstrated several positive anti-tumour activities 

such as tumour growth retardation, immune cell infiltration and tumour regression in in vivo 

mouse models378–382. 

Investigation into the immunogenic potential of DFT1 cells with co-expression of MHC and 

CD80/CD86/41BBL in an in vitro co-culture model revealed some promising findings while 

unveiling the limitations of in vitro immune response studies. The most significant finding of this 

study was from the analysis of PBMC ex vivo survival. The prolonged survival of PBMCs in co-

culture with DFT1 cells compared to monoculture, that was also enhanced in co-cultures with 

DFT1 cells co-expressing NLRC5 and 41BBL, suggests specific factors regulating the survival 

of PBMCs besides tumour-derived growth factors and increased cell-to-cell contact.  

The consistent pattern observed in PBMCs from two devils suggests a potential functional role 

of 41BBL on immune cell survival. Crosslinking of 41BBL to 41BB receptor induced upon 

activation was shown to promote the survival and/or proliferation of activated CD4+ T cells370, 

CD8+ T cells371, B cells383 and NK cells384. Furthermore, 41BBL expression induced in colorectal 

carcinoma cell lines was shown to improve the survival of T cells in co-culture385. 41BB 

signalling has been described to mediate immune cell proliferation and survival via IL2 

production and upregulation of a variety of anti-apoptotic molecules e.g., Bcl-XL, Bcl-2, Bfl-

1370,371,386,387. Further investigation into the expression of 41BB receptor, IL2 and anti-apoptotic 

molecules in PBMCs, could provide additional evidence for 41BBL-mediated survival.  

Although strong conclusions cannot be drawn from this study due to the small sample size, the 

sustained survival and increase in PD1 expression in PBMCs co-cultured with DFT1 cells suggest 

an immunologic interaction between PBMCs and DFT1 cells. PD1 in other species is generally 

expressed following activation. The upregulation of PD1 expression in primarily CD4− cells 

suggest immune recognition and activation could occur following PBMC-DFT cell interactions.  

Lack of IFNG expression in the co-cultures suggest that although immune recognition might have 

occurred, the specificity of the stimulatory signals was insufficient for mobilisation of immune 

effector function, particularly in the context of T cells. This could explain the lack of DFT1 cell 

cytotoxicity in the presence of PBMCs, irrespective of tumour MHC and co-stimulatory statuses. 
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However, the percentage of antigen-specific effector cells would likely be very small, thus an 

assay that allowed for expansion of effector population might be needed. 

The decrease in viability of MHC-I negative DFT1.WT cells in the presence of PBMCs indicate 

that NK cell-mediated cytotoxicity might be induced. However, the lack of statistical power and 

absence of IFNG expression leaves the implication of an immune-mediated cytotoxicity in doubt.  

Furthermore, a similar observation would be expected of co-cultures with MHC-I negative 

DFT1.BFP cells. The lack of change in viability of DFT1.BFP cells when cultured with PBMCs 

confounds any evidence of NK cell-mediated cytotoxicity. Moreover, in vitro cytotoxicity of 

DFT1.WT cells has not been observed in naïve PBMCs unless PBMCs are pre-stimulated with 

mitogens or cytokines202, or primed in vivo through DFT1 immunisation207. 

The relatively weak or absent phenotypic and functional changes in PBMCs in response to DFT1 

cells with capacity for antigen stimulation and co-stimulation might be due to: (i) absence of a 

sufficiently strong activating signal(s) provided by MHC and/or CD80/CD86/41BBL; or (ii) 

limitations with the in vitro co-culture assay established in this study. MHC-I alleles of the two 

devils used in this study had a degree of allelic difference to the DFT1 C5065 cell line used to 

generate the modified cell lines (Y. Cheng, personal communication, October 26, 2021). Without 

disregarding the possibility that NLRC5- or CIITA-induced MHC antigens on DFT1 cells could 

still have weak immunogenic potential, it is likely that devil T cells are not in the optimal 

conditions to respond to stimulatory signals from MHC-restricted antigens and co-stimulatory 

molecules in vitro. 

Several theories have proposed the requisite for cytokines and additional co-stimulatory 

signalling such as OX40 and CD40, in effective activation of T cells, illustrating the pivotal role 

of dendritic cells and the rudimentary concept of the two-signal model of naïve T cell 

activation388–391. This study suggests that provision of stimulatory signals exclusively from MHC-

restricted antigen presentation and co-stimulatory molecules CD80/CD86/41BBL did not lead to 

strong activation and effector function of devil T cell populations. Future directions for in vitro 

devil PBMC co-culture assays would include: (i) the use of activated/primed PBMCs to expedite 

mobilisation of immune responses without the need for strong activating signals; (ii) 

development an effective protocol for activation of naïve PBMCs and/or isolation and expansion 

of devil T cells to amplify the magnitude and sensitivity to antigen-specific T cell responses; and 

(iii) optimisation of experimental culture conditions e.g., addition of cytokines, growth factors, 

conditioned medium or co-stimulatory molecules.  

With sufficient stimulation, PBMCs from Rosie and Byron should be activated to express high 

levels of PD1 and IFNG. Protein kinase C activator, PMA, and calcium ionophore, ionomycin, 

are common antigen-independent stimulators for T cell activation and cytokine production 
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through calcium and kinase signalling. Interestingly, the downregulation of surface CD4 

expression in devil CD4+ cells following PMA and ionomycin treatment was similarly observed 

in human studies in response to phorbol ester treatment392, antigen stimulation393 and HIV 

infection394. CD4 and CD8 downregulation has also been reported in lymphocytes of DFT1-

infected devils395. As the CD4 co-receptor facilitates the formation of the TCR−peptide-MHC-II 

complex and is involved in signal transduction396, the reduction of CD4 molecules on the surface 

of helper T cells bears functional implications in T cell response. Consequently, the expression 

of PD1 and IFNG predominantly in devil CD4− PBMCs following PMA and ionomycin treatment 

might be over-represented and underestimates PD1 and IFNG expression in helper T cells.  

To summarise, although the findings of this co-culture assay did not provide any resolution on 

the role and immunogenicity of tumour MHC or CD80, CD86 and 41BBL molecules, this study 

provided knowledge on future steps to adopting an in vitro co-culture model for assessing cell-

mediated immune response. The current model illuminated the challenges present in in vitro 

PBMC activation. A flow-cytometric based analysis for in vitro cell-mediated immune response 

in devils remains a feasible approach. PD1 and IFNG expressions were suitable markers for 

activation and effector function of PBMCs, respectively. As PD1 and IFNG can be expressed on 

immune cells other than T cells, including NK cells,397,398, additional markers such as CD3 and 

CD8 would help delineate the subset of cell-mediated immune response. Reagents to detect early 

T cell activation markers such as CD25, CD69 and 41BB; or CD107a for T and NK cell 

degranulation, can be developed to increase sensitivity to phenotypic changes in immune cells.    
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7.1 Introduction 
The current DFTD vaccine protocol of DFT1 cells treated with IFNG and then killed by 

irradiation or sonication was successful at inducing anti-DFT1 humoral responses but was not 

protective against subsequent challenge with live wild type DFT1 cells229. Immunotherapy using 

live IFNG-treated DFT1 cells but not the irradiated counterpart was effective at inducing tumour 

regressions in the previously immunised devils229. This suggested that a live MHC-I+ tumour cell 

vaccine might offer better protection than killed cell preparations for prevention and treatment of 

DFTD.  

Immunisation of healthy devils with live DFT cells introduces a risk of tumour development if 

the tumour cells are not eliminated completely by the immune system. An endogenous cytotoxic 

safety switch could be used to attenuate a live tumour cell vaccine. Numerous suicide gene 

systems have been designed for therapeutic purposes using regulatory systems such as the Tet-

On/Off system, ecdysone-inducible system, and inducible homodimer system to control the 

expression of a variety of pro-apoptotic molecules e.g., BAX, BID, caspase 8 and caspase 9399–

402. The Tet-On/Off system and ecdysone-inducible system operate by using an effector substrate 

(i.e., tetracycline for Tet-On/Off system and muristerone for ecdysone system) to regulate the 

activation of a responsive transcription factor and subsequently, genes under the control of the 

cognate promoter. Conversely, the inducible homodimer system uses the effector substrate to 

facilitate dimerisation of proteins for activation, as in the case of caspases. In Chapter 3, the 

transcriptional-regulatory Tet-Off system was shown to effectively control the secretion of IFNG 

in genetically modified DFT1 cells. This relatively simple mechanism could be applied for 

regulation of cytotoxic genes in DFT cells.  

The overexpression of pro-apoptotic molecules BAX, BAK1 and BOK in several tumour cell 

lines has been shown to induce apoptosis in vitro and in vivo401,403–405. BAX, BAK1 and BOK are 

members of the subgroup of pro-apoptotic BCL-2 proteins that oligomerise upon activation to 

form pores in the outer membrane of the mitochondria. This promotes the release of cytochrome 

c, which initiates a cascade of caspase-activating events and ultimately apoptosis of the cell 

(reviewed in406). Suicide gene systems using these proteins are relatively straightforward 

compared to other pro-apoptotic molecules, in that overexpression of the full-length coding 

sequence is sufficient for mediating their mechanism of action. Meanwhile, caspases or BID 

protein require further manipulation of the coding sequence to encode only the active form of the 

protein. Therefore, for simplicity purposes, BAX, BAK1 and BOK were selected as candidates 

for the development of a Tet-Off-based suicide gene system in DFT1 cells. 

In this chapter, the devil BAX, BAK1 and BOK genes were independently expressed in DFT1 

cells under the control of the Tet-Off system. Inducibility and cytotoxicity of each suicide gene 
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were assessed by flow cytometric and luciferase assays. Results showed that further optimisation 

of the Tet-Off system in DFT cells is needed and that additional challenges with induction of cell 

death of DFT1 cells would need to be overcome before a live tumour cell vaccine could be 

considered for use in devils.  

7.2 Experimental procedures 

7.2.1 Plasmid design and construction 
All-in-one-vector Sleeping Beauty Transposon System: plasmid pCO3 

The Sleeping Beauty (SB) Transposon System for gene transfer operates by a two-vector 

mechanism: one vector carrying the transposon of genetic elements for genomic integration and 

the other encoding an SB transposase (SB100X) to facilitate genomic insertion. To streamline 

the transfection process, a one-vector system encoding both major elements (plasmid pCO3) was 

constructed by incorporating the SB100X transposase into SB transposon vector pSBtet-Hyg 

(Addgene #60508; a gift from Eric Kowarz)254. pSBtet-Hyg was linearised by restriction enzyme 

digest using SspI (NEB), followed by incubation with Antarctic phosphatase (NEB) to remove 

the phosphorylated ends of DNA and prevent religation of the plasmid. SB100X was PCR-

amplified from plasmid pAF125 using primers pAF111-1.FOR and pAF111-2.FOR and 

assembled into SspI-digested pSBtet-Hyg using NEBuilder® HiFi DNA Assembly kit (NEB). 

Plasmid pCO3 was cloned, purified, and verified by sequencing according to Section 2.2.6 (see 

Figure 7-1 for plasmid map, and Appendix E-1 for sequencing primers). 

Suicide gene vectors: pCO4, pCO5, pCO6 

Suicide gene vectors expressing inducible pro-apoptotic genes were constructed using pCO3 as 

the vector backbone template followed by PCR-amplification of multiple inserts with 

overlapping extensions (fragments 1–5) (Figure 7-1, Table 7-1). pCO3 was cut at SfiI (NEB) 

and SmaI (NEB) sites and incubated with Antarctic phosphatase according to manufacturer’s 

recommendations. The larger fragment (6466 bp) was isolated and purified using NucleoSpin® 

Gel and PCR Clean-up (Macherey-Nagel). Genetic elements under the control of a modified tet-

responsive promoter (TCE (tetracycline response element and minimal CMV-promoter 

enhanced)254 include: devil BAX (XM_031963428.1) (fragment 1), internal ribosome entry site 

(IRES) (fragment 2) and DsRed (fragment 3). The coding DNA sequence (CDS) for devil BAX 

protein was PCR-amplified from devil PBMC cDNA while the sequence for IRES and DsRed 

was amplified from pAF107 (Chapter 3) and pSBtet-RH (Addgene #60500), respectively (see 

Table 7-1 for primers and PCR conditions). Fragment 4 consists of a cassette of SV40 polyA–

RPBSA–Tet-Off transactivator (tTA)–P2A isolated from pAF107 (Chapter 3). tTA functions by 

binding the TCE promoter to induce transcription of downstream genes and is responsive to 

substrate inhibition by doxycycline. Fragment 5 encodes a luciferase gene, which was amplified 
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from pSBtet-Hyg. Fragments 1, 2, 3 and 4 were spliced into a single long fragment by overlap 

extension PCR prior to assembly with fragment 5 and SfiI + SmaI-digested pCO3 to form plasmid 

pCO4.  

pCO4 was used as a template for the construction of vectors for BAK1 (pCO5) and BOK (pCO6), 

and an empty vector containing filler DNA (pCO7). The CDS for devil BAK1 

(XM_003768966.4) was amplified from devil PBMC cDNA while devil BOK 

(XM_031957456.1) could only be isolated from DFT2 RV cDNA. A two-step PCR amplification 

process was performed to isolate BOK CDS due to primer dimer formation between primers 

pCO6.FOR and pCO6.REV. Devil BOK CDS was first amplified without extensions using 

primers deBOK.FOR and deBOK.REV and gel-purified. After that, the CDS was re-amplified 

with extension primers pCO6.FOR and pCO6.REV. To reduce primer dimer formation between 

pCO6.FOR and pCO6.REV, each primer was used at half the recommended final concentration, 

at 0.25 μM instead of 0.5 μM. Filler DNA was obtained from SfiI-digested pSBbi-BH. Devil 

BAK1, BOK, and filler DNA were each assembled into pCO4 at SfiI sites. Each assembled 

plasmid was cloned, purified, and verified by sequencing according to Section 2.2.6 (see 

Appendix E-1 for sequencing primers). 
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Figure 7-1. Schematic map of the plasmid construction strategy for suicide gene vectors. pCO3 
was used as the base vector for the construction of suicide gene vectors: pCO4 (BAX), pCO5 
(BAK1), pCO6 (BOK) and an empty vector pCO7 encoding a filler DNA. pCO3 was cut at SfiI 
and SmaI sites for insertion of a spliced construct consisting of fragments 1-4, and fragment 5. 
Each fragment was either isolated by PCR with overlapping extensions or by restriction enzyme 
digest from various template DNA. The genetic element(s) for each fragment are as follows: 
fragment 1 (suicide gene/filler DNA), fragment 2 (IRES), fragment 3 (DsRed), fragment 4 
(SV40pA-RPBSA-tTA-P2A), fragment 5 (luciferase). Expression of inducible genes i.e., 
downstream to the tet-responsive promoter (TCE) was regulated by removing doxycycline (Dox) 
from the culture medium to activate transcription (ON) or by adding Dox to inhibit transcription 
(OFF). ITR, inverted terminal repeats; TCE, modified tet-responsive promoter; IRES, internal 
ribosome entry site; pA, poly A tail; tTA, Tet-Off transactivator; HygroR, hygromycin resistance 
gene. 
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Table 7-1. PCR primers and cycling conditions for synthesis of suicide gene vector targets 

Vector Template DNA Target DNA 
Product 
size 
(bp) 

Primers Primer sequence (5' to 3') Reaction conditions 

pCO3 

pSBtet-Hyg SspI-digested pSBtet-Hyg 7482 N/A N/A N/A 

pAF125 SB100X 2334 

pAF111-1.FOR CACGGAAATGTTGAATACTCATACT
CTTCCTTTTTCAATATTATTGAAGC 1×: 98°C for 30 s; 

35×: 98°C for 10 s, 68°C for 30 s, 72°C for 1 min;  
1×: 72°C for 2 min pAF111-2.FOR 

AACTGTATAGGGATCCAATTTTAAC
AAAATATTCGAGCTTGCATGCCTGC
AGGTC 

pCO4 

pCO3 SfiI + SmaI-digested pCO3 6466 N/A N/A N/A 

Devil PBMC 
cDNA 

Fragment 1  
(devil BAX CDS) 656 

pCO4_frag1.FOR 
CCACTTCCTACCCTCGAAAGGCCTCT
GAGGCCGCCACCATGGACGGCTCCG
GGGAG 

1×: 98°C for 30 s; 
10×: 98°C for 10 s, 65 to 56°C (-1 °C each cycle) 
       for 30 s, 72°C for 3 min;  
25×: 98°C for 10 s, 68°C for 30 s, 72°C for 3 min;  
1×: 72°C for 2 min 

pCO4_frag1.REV GGGGCCTGACAGGCCCTAGGACATC
TTCCAGATGGTAAGCGAAGC 

pAF107 Fragment 2 
(IRES) 636 

pCO4_frag2.FOR 
CCATCTGGAAGATGTCCTAGGGCCT
GTCAGGCCCCCCTCTCCCTCCCCCCC
CCCTAAC 

pCO4_frag2.REV 
CCTCGCCCTTGCTCAACATGCTAGCC
ATATTATCATCGTGTTTTTCAAAGGA
AAACCA 

pSBtet-RH Fragment 3 
(DsRed) 736 

pCO4_frag3.FOR CACGATGATAATATGGCTAGCATGT
TGAGCAAGGGCGAGGAGGTC 

pCO4_frag3.REV GCTTGATATCTTACTTGTACAGCTCG
TCCATGCCGTACAGGAAC 

pAF107 
Fragment 4 
(SV40pA-RPBSA-tTA-
P2A) 

1707 

pCO4_frag4.FOR 
CGGCATGGACGAGCTGTACAAGTAA
GATATCAAGCTTCCATCGATAGACA
TGATAAG 

pCO4_frag4.REV 
AGGGCCGGGATTTTCCTCAACATCT
CCTGCCTGCTTCAGCAGGCTGAAGT
TAGTAGCT 

(Table 7-1 continued on next page) 
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Vector Template DNA Target DNA 
Product 
size 
(bp) 

Primers Primer sequence (5' to 3') Reaction conditions 

pSBtet-Hyg Fragment 5 
(luciferase) 1714 

pCO4_frag5.FOR 
GCAGGCAGGAGATGTTGAGGAAAA
TCCCGGCCCTATGGAAGATGCCAAA
AACATTAAG 

pCO4_frag5.REV CAGGCTGAAGTTAGTAGCGCCGGAC
CCGGGCACGGCGATCTTGCCGC 

Fragments 1, 2, 
3 and 4 Spliced fragments 1–4 3625 

pCO4_frag1.FOR 
CCACTTCCTACCCTCGAAAGGCCTCT
GAGGCCGCCACCATGGACGGCTCCG
GGGAG 

1×: 98°C for 30 s; 
10×: 98°C for 10 s, 70 to 61°C (-1 °C each cycle) 
       for 30 s, 72°C for 2.5 min;  
5×: 98°C for 10 s, 65°C for 30 s, 72°C for 2.5 min;  
20×: 98°C for 10 s, 72°C for 30 s, 72°C for 2.5 
min;  
1×: 72°C for 2 min 

pCO4_frag4.REV 
AGGGCCGGGATTTTCCTCAACATCT
CCTGCCTGCTTCAGCAGGCTGAAGT
TAGTAGCT 

pCO5 

pCO4 SfiI-digested pCO4 11095 N/A N/A N/A 

Devil PBMC 
cDNA Devil BAK1 CDS 689 

pCO5.FOR 
CCACTTCCTACCCTCGAAAGGCCTCT
GAGGCCGCCACCATGGCTTCTAGGC
AGGTGAG 

1×: 98°C for 30 s; 
10×: 98°C for 10 s, 65 to 56°C (-1 °C each cycle) 
       for 30 s, 72°C for 1 min;  
25×: 98°C for 10 s, 72°C for 30 s, 72°C for 1 min;  
1×: 72°C for 2 min pCO5_X2.REV 

TAGGGGGGGGGGAGGGAGAGGGGG
GCCTGACAGGCCTCAGGGTTGAAAG
AATCTTCGG 

pCO6 

pCO4 SfiI-digested pCO4 11095 N/A N/A N/A 

DFT2 RV 
cDNA Devil BOK CDS 

642 
deBOK.FOR ATGGAGGTCCTGCGGCGCTCGTC 1×: 98°C for 30 s; 

35×: 98°C for 10 s, 68°C for 30 s, 72°C for 1 min;  
1×: 72°C for 2 min deBOK.REV TCATCTCTCGGGGAGCAGGACGAAG 

713 

pCO6.FOR 
CTTCCTACCCTCGAAAGGCCTCTGA
GGCCGCCACCATGGAGGTCCTGCGG
CGCTCGT 1×: 98°C for 30 s; 

35×: 98°C for 10 s, 68°C for 30 s, 72°C for 1 min;  
1×: 72°C for 2 min pCO6.REV 

TAGGGGGGGGGGAGGGAGAGGGGG
GCCTGACAGGCCTCATCTCTCGGGG
AGCAGGACG 

pCO7 
pCO4 SfiI-digested pCO4 11095 N/A N/A N/A 

pSBbi-BH SfiI-digested pSBbi-BH  
(filler DNA) 209 N/A N/A N/A 

Table 7-1 (continued) 
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7.2.2 Transfection and generation of stable cell lines 
DFT1 C5065 cells were used for development of cell lines with Tet-inducible suicide gene 

system. The standard transfection protocol (Section 2.2.8) was not optimal for generation of cell 

lines expressing this system, therefore, the following changes (1−4) were applied to improve 

transfection efficiency and expedite the establishment of stable cell lines. (Note: Transfection 

efficiency was assessed by the number of viable cells after transfection and after positive drug 

selection). 

(1) Cell transfection was performed on a larger scale in T25 flasks rather than in the 6 well plates 

used in previous chapters. 

(2) The amount of total plasmid DNA was reduced from 1 μg to 0.8 μg per mL of culture. In 

some cases, 0.5 μg per mL culture gave better transfection efficiency.  

(3) The ratio of PEI to DNA was also increased to 5:1 (w/w) from the standard 3:1 ratio (w/w).  

(4) Cells were incubated with the transfection solution (DNA:PEI mix) for 4 h instead of an 

overnight incubation.  

After 4 h of incubation, the media was replaced with 200 ng/mL doxycycline in RPMI-20 to 

inhibit the expression of suicide genes. DFT cells are generally more susceptible to cell death 

following transfection compared to CHO cells, therefore, cells were allowed to multiply to >70% 

confluency in the transfection vessel prior to drug selection. Hygromycin (800 μg/mL) was added 

to RPMI-20 media with doxycycline (200 ng/mL) to transfected cells for a week to select 

positively-transfected cells with stable integration of the SB transposon cassette. After that, cells 

were maintained in 200 ng/mL doxycycline and 200 μg/mL hygromycin in RPMI-10. Fresh 

media with doxycycline and hygromycin was replenished every two days to ensure sustained 

gene suppression by doxycycline. See Table 7-2 for list of cell lines used in this chapter.  

Table 7-2. List of DFT cell lines  

ID # Sample name Parent cell line Transfection/treatment References 

1 DFT1.BAX DFT1 C5065 Transfected with pCO4 This chapter 
2 DFT1.BAK1 DFT1 C5065 Transfected with pCO5 This chapter 
3 DFT1.BOK DFT1 C5065 Transfected with pCO6 This chapter 
4 DFT1.pCO7 DFT1 C5065 Transfected with pCO7 This chapter 
5 DFT1.pAF112 DFT1 C5065 Transfected with pAF112 222 
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7.2.3 Gene induction and suppression 
For analysis of the regulation of genes by doxycycline, cells cultured in RPMI-10 with 

doxycycline (200 ng/mL) were harvested and washed once with 1X PBS. Cells were pelleted by 

centrifugation and the supernatant was discarded. The cells were resuspended in RPMI-10 and 

were distributed equally into two tubes. Doxycycline (200 ng/mL) was added to one (+ Dox) 

while RPMI-10 was added to the other (− Dox). Cells were cultured in the presence or absence 

of doxycycline for a period of time as indicated in each assay.   

7.2.4 Luciferase assay 
Doxycycline cytotoxicity assay 

To investigate the potential cytotoxicity of doxycycline on DFT1 cells, the reduction in cell 

viability was measured by luciferase assay.  Luciferase-expressing C5065 cell line DFT1.pAF112 

was incubated with varying concentrations of doxycycline between 0 and 1000 ng/mL for 5 days. 

Additionally, the combinatorial effect of doxycycline and 200 μg/mL hygromycin B on cell 

proliferation and viability was investigated in this assay.  

Cells were harvested, counted, and resuspended in RPMI-10 to a concentration of 5×104 

cells/mL. 5000 cells and 50 μg/mL D-Luciferin substrate (VivoGlo™, Promega) were aliquoted 

into respective wells of a 96 well white polystyrene microplate with a clear flat bottom 

(Corning®, Merck). The outer wells were avoided for seeding to reduce potential edge effects 

due to uneven heating and evaporation. Doxycycline was added at varying concentrations 

(0−1000 ng/mL) with or without hygromycin B (200 μg/mL). Tergitol (NP40) (10%) was used 

for maximal lysis of cells as a positive control for cell death. RPMI-10 was used as the diluent 

for all treatments and the total volume of each well was made up to 250 μL. Each treatment was 

carried out in triplicate. The outer wells were filled with 250 μL RPMI-10 and the plate was 

incubated at 35 °C in the dark. After 15−30 min of incubation, the plate was analysed for 

luminescence using Spark® 20M multimode microplate reader (Tecan, Männedorf, 

Switzerland). The instrument was pre-warmed to 34.5−35.5 °C and the plate was read with the 

lid on, no humidity cassette, and the following settings for luminescence: (i) Attenuation: none; 

(ii) Integration time (ms): 1000. Luminescence was measured again after 1, 2, 3 and 5 days. A 

two-way repeated measures ANOVA with Bonferroni post-test analysis was performed for 

statistical significance.  

Suicide gene cytotoxicity assay 

DFT1.BAX, DFT1.BAK1, DFT1.BOK and DFT1.pCO7 were harvested and washed with 1X 

PBS. Cells were counted and resuspended in RPMI-10 to a concentration of 5×104 cells/mL. 

Cells (5000 cells) were seeded with luciferin (50 μg/mL) and in the presence or absence of 

doxycycline (200 ng/mL) as described in the protocol above. Tergitol (NP40) (10%) was added 
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to a triplicate of cells with doxycycline (+ Dox/NP40) as positive controls for maximum cell 

death. The assay was carried out as described above and luminescence was measured at 1, 2, 4 

and 6 h, and then at day 1, 2, 3, 5, 6 and 7. Two independent experiments were performed to 

obtain biological replicates (2 × N=3).  

For the second experimental repeat, cells were analysed for cell death by flow cytometry in 

parallel (Section 7.2.5).  

7.2.5 Analysis of cell death by flow cytometry 
DFT1.BAX, DFT1.BAK1, DFT1.BOK and DFT1.pCO7 were cultured with or without 

doxycycline (200 ng/mL) for 1, 2, 4 and 7 days in triplicate wells of a 24 well plate. All cells in 

each well were harvested and then stained with DAPI (100 ng/mL) diluted in FACS buffer. Cells 

were analysed for DsRed expression and DAPI staining on a Cytek Aurora flow cytometer. An 

unpaired t-test between ‘+Dox’ and ‘-Dox’ groups was performed to determine any statistical 

significance in the difference in percentage of cell death. 

7.2.6 Analysis of gene expression by RT-PCR 
Approximately 3×106 cells of DFT1.BAX, DFT1.BAK1 and DFT1.BOK cultured in the presence 

or absence of doxycycline (200 ng/mL) for 3 days were harvested and washed with 1X PBS. 

Total RNA was extracted using NucleoSpin® RNA Plus kit per manufacturer’s instructions. 

RNA integrity was assessed by running an aliquot (500 ng) on 1% agarose gel at 100V for 30 

min. ‘Routine DNase treatment’ was performed on the RNA samples using Turbo DNA-free™ 

Kit to remove contaminating gDNA. After that, 1 μg of DNase-treated RNA was reverse-

transcribed to cDNA using GoScript™ Reverse Transcription System. A no-RT control reaction 

was performed for all RNA samples to detect gDNA contamination. cDNA from DFT1 cells 

treated with 5 ng/mL IFNG for 24 h (DFT1.IFNG) (Section 3.2.6) was included as a control for 

mRNA expression of pro- and anti-apoptotic molecules. 

mRNA expression of BAX, BAK1, BOK and anti-apoptotic molecules: MCL1, BCL2, BCL2L1 

(also known as BCL-XL), and GAPDH was analysed by PCR using the primers shown in Table 

7-3. The expression of DsRed, hygromycin and luciferase was also compared between cell lines 

with and without doxycycline. PCR reactions were carried out according to the protocol 

described in Section 2.2.4 using OneTaq® Hot Start Quick-Load® 2X Master Mix. PCR cycling 

conditions and the expected target size are shown in Table 7-3.
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Table 7-3. RT-PCR primers and cycling conditions for cDNA detection of the following targets 

Target Primers Primer sequence (5' to 3') Product size (bp) Reaction conditions 

GAPDH 
cadeGAPDH_F1 ACACCCACTCTTCCACCTT 

143 

1×: 94°C for 30 s; 
30×: 94°C for 30 s, 60°C for 1 min, 68°C for 30 s;  
1×: 68°C for 5 min 

cadeGAPDH_R1 TTACTCCTTGGAGGCCATGTA 

BAX 

deBAX-1.FOR TGCAGGGGTTCATCCAGGAC 
180 

deBAX-1.REV CGATCATCCTCTGCAGCTCC 

deBAX-1.FOR TGCAGGGGTTCATCCAGGAC 
252 

deBAX-2.REV AGTTGCCGTCGGAGAACATCTC 

BAK1 
TD_BAK_F CTACCGGCTGGCACTATATGTT 

160 
TD_BAK_R AATGGAGTTGTTGGAGAGGTCC 

BOK 
TD_BOK_F  GATCTTCGCGGCAGGGATAA 

143 
TD_BOK_R TCTTCCGCACAAACTCTCCC 

MCL1 
TD_MCL1_F AGTTGTACGGGCAGTCCTTG 

240 
TD_MCL1_R CCCCGTCACTGAACACATGA 

BCL2 
TD_BCL2_F GCGGATTGTGGCCTTCTTTG 

100 
TD_BCL2_R AGTCATCCACAGGGCTATGC 

BCL2L1 
TD_BCL-xL_F AGAATCCACCCTCGGAAACC 

288 
TD_BCL-xL_R CAGGAATGGGCTGATCCAGT 

DsRed 
dsRed.FOR ATTACAAGAAGCTGTCCTTCC 

305 

1×: 94°C for 30 s; 
30×: 94°C for 30 s, 55°C for 1 min, 68°C for 30 s;  
1×: 68°C for 5 min 

dsRed.REV CATGTAGATGGTCTTGAACTCC 

Luciferase 
luc_seq1.FOR TGGTGCCATTTCACCACG 

210 
luc_seq1.REV GCAAGTTGCTTAGGTCGTACTT 

Hygromycin 
Hygro-1.FOR CGGCGGGAGATGCAATAG 

273 
Hygro.REV GCCTGAACTCACCGCGAC 
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7.3 Results 

7.3.1 Cytotoxicity of doxycycline and hygromycin in DFT1 cells 
A concentration of 100 ng/mL doxycycline was previously used to regulate the expression of 

IFNG in the Tet-Off system in DFT1 cells (Chapter 3). Doxycycline at this concentration was 

shown to be effective at suppressing the transcription of genes (i.e., IFNG and mCherry) 

downstream to the TCE promoter (Chapter 3, Figure 3-2). 

Prior to investigating the cytotoxic effects of the suicide gene system in DFT1 cells, it was 

necessary to determine the cytotoxicity of doxycycline in DFT1 cells to remove any confounding 

effects. The cytotoxic effect of hygromycin and doxycycline in the culture medium on DFT1 

cells was also assessed by luciferase assay. As the amount of light emitted through catalysis of 

luciferin by luciferase enzyme is dependent on ATP levels in the cell, the measurement of 

luminescence in relative light units (RLU) reflects the number of viable cells producing 

ATP407,408.  

For this assay, the viability of cells in the presence of doxycycline at various concentrations 

(0−1000 ng/mL), with or without the addition of hygromycin (200 μg/mL) was analysed over  

five days. The incubation of DFT1 cells with doxycycline at any concentration did not affect the 

viability of DFT1 cells (Figure 7-2). The number of RLU emitted at each concentration was 

similar to 0 ng/mL doxycycline, indicating non-cytotoxic levels of doxycycline at or below 1000 

ng/mL. The addition of 200 μg/mL hygromycin (+ HygB) with doxycycline at any concentration 

did not influence cell viability until after two days, at which luminescence was on a lower 

trajectory than without hygromycin. After three days, cell viability was significantly reduced in 

the presence of hygromycin. As this might interfere with measurement of cytotoxicity of suicide 

genes, hygromycin was omitted from the culture medium in subsequent assays. The removal of 

hygromycin selection pressure should not affect expression of the SB transposon cassette as 

genomic integration and transposon expression facilitated by the SB transposon system has been 

shown to be stable in hygromycin-selected cells even in the absence of continuous drug selection 

pressure (Chapter 4, Figure 4-6).  
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Figure 7-2. Cytotoxicity of doxycycline with or without hygromycin in DFT1 cells. DFT1 cells 
expressing luciferase (DFT1.pAF112) were incubated with doxycycline (Dox) at various 
concentrations (0−1000 ng/mL), without or with 200 μg/mL hygromycin B (+ HygB) for 1, 2, 3, 
and 5 days. 10% NP40 was used as a positive control for maximum cell death. Luminescence in 
relative light units (RLU) is plotted as the mean of three replicates with a standard deviation error 
bar. Note: Only two replicates were obtained for Dox (0 ng/mL) + HygB and Dox (10 ng/mL) + 
HygB. A two-way repeated measures ANOVA with Bonferroni post-test analysis was performed 
for difference in luminescence between samples with and without HygB. Statistical significance 
is displayed as p<0.05 (*) and p<0.001 (***). 
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7.3.2 Evaluation of Tet-Off inducible suicide gene systems in DFT1 cells 
The efficacy of the inducible suicide gene systems (BAX, BAK1, BOK) developed for 

attenuation of DFT1 cells was evaluated on two criteria: inducibility and cytotoxicity. 

Inducibility was measured from the expression of DsRed following doxycycline removal for 1, 

2, 4 and 7 days by flow cytometry as a proxy for induction of suicide genes. Cytotoxicity was 

assessed based on number of viable cells and percentage cell death by luciferase and flow 

cytometry, respectively. Nucleic acid stain DAPI was used to quantify dead cells with loss of 

membrane integrity.  

In the presence of doxycycline (+ Dox), the expression of DsRed was consistently absent from 

all Tet-Off inducible cell lines i.e., DFT1.BAX, DFT1.BAK1, DFT1.BOK, DFT1.pCO7 (Figure 

7-3 (a-d)). This indicated that doxycycline inhibited the expression of genes controlled by the 

inducible promoter TCE. DsRed expression was turned on in a small percentage of cells by day 

1 following doxycycline removal (− Dox) and increased over time in DFT1.BAX, and 

DFT1.BOK cells. The induction of DsRed in DFT1.pCO7 (− Dox) was slower than the other cell 

lines and was only detected after two days. DFT1.BAX and DFT1.BOK both had strong 

induction of TCE-controlled genes. DsRed expression was highest in DFT1.BOK at ~38% 

followed by DFT1.BAX at ~30% of cells after seven days of doxycycline removal. The 

inducibility of DFT1.BAK1 and DFT1.pCO7 following doxycycline removal was relatively 

weak, particularly for DFT1.BAK1, which attained less than 1% of DsRed-expressing cells even 

at seven days after doxycycline was removed.  

The strong induction of DsRed expression in DFT1.BOK (− Dox) cells did not correspond to 

induction of cell death. There was no significant difference in the percentage of total dead cells 

between groups with doxycycline removed (− Dox) and groups with doxycycline inhibition (+ 

Dox) over seven days. Meanwhile, the percentage of dead cells in DFT1.BAX (− Dox) was 

significantly higher than DFT1.BAX (+ Dox) at days 4 and 7. Cell death was induced in ~17.0 

% ± 2.1 of DFT1.BAX (− Dox) cells compared to ~6.1% ± 0.8 in DFT1.BAX (+ Dox) after seven 

days. In DFT1.BAK1 and DFT1.pCO7, the percentage of cell death in ‘− Dox’ groups was 

similar to that of ‘+ Dox’ groups.  

Analysis of the number of viable ATP-producing cells by luciferase assay revealed no difference 

between ‘– Dox’ groups and ‘+ Dox’ groups at any day in all four inducible cell lines 

(DFT1.BAX, DFT1.BAK1, DFT1.BOK. DFT1.pCO7) (Figure 7-4). Luminescence in both 

groups increased over time although the intensity was highly variable between cell lines 

irrespective of doxycycline treatment. DFT1.pCO7 ± Dox had markedly lower luminescence 

compared to the other cell lines even after seven days of culture. The difference in luminescence 

between the cell lines could be due to differing expression of luciferase or number of ATP-
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producing cells. As cell confluency was relatively similar between the cell lines by visual 

comparison, the low luminescence in DFT1.pCO7 is likely due to low luciferase expression. 
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Figure 7-3. Flow cytometric analysis of the expression of DsRed and cell death following 
doxycyline removal. DFT1.BAX (a), DFT1.BAK1 (b), DFT1.BOK (c) and DFT1.pCO7 (d) were 
cultured in triplicate with (+ Dox) or without doxycycline (− Dox) for 1, 2, 4 and 7 days. DsRed 
expression (right quadrant) and percentage of dead cells (DAPI+) (upper quadrant) is represented 
by a dotplot of DAPI vs. DsRed using the replicate with the median value for percentage of 
DAPI+ cells. Single positive DAPI+ cells are coloured blue (upper left) while single positive 
DsRed+ cells are coloured red (lower right). Double positive DsRed+ DAPI+ cells are coloured 
violet (upper right) while double negative DsRed− DAPI− cells are coloured black (lower left). 

(Continued on next page) 
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The numbers indicate the percentage of cells in each quadrant. The percentage of total DsRed+ 
cells shown in each dotplot is representative of N=3 replicates/treatment. The percentage of total 
cell death (DAPI (%)) was analysed in DsRed+ and DsRed− populations. The barplots on the right 
represent the mean percentage of DAPI+ cells in DsRed+ (violet/upper right quadrant) and DsRed− 

(blue, upper left) populations of three replicates. The error bars show standard deviation. An 
unpaired t-test was performed on the percentage of total DAPI+ cells between ‘+ Dox’ and ‘−Dox’ 
groups. Statistical significance is displayed as p<0.05 (*) and p<0.01 (**). 
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Figure 7-4. Analysis of cell viability following doxycycline removal by luciferase assay. Cell 
viability as a function of luminescence was assessed in DFT1.BAX (A), DFT1.BAK1 (B), 
DFT1.BOK (C) and DFT1.pCO7 (D) cultured with (+ Dox) or without doxycycline inhibition (– 
Dox) over seven days. Cells cultured in doxycycline with 10% NP40 (+ Dox/NP40) were used 
as a positive control for maximum cell death through cell lysis. The results shown are mean 
values of six replicates (2 × N=3) with a standard deviation error bar. DFT1.pCO7 was only 
included in one experiment, therefore, only three replicates were used in (D). RLU, relative light 
units; Dox, doxycycline. 
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7.3.3 Expression of pro- and anti-apoptotic genes  
Despite the strong induction of DsRed expression in DFT1.BAX and DFT1.BOK following 

doxycycline removal, the weak to no cytotoxicity in both cell lines could be due to low expression 

levels of BAX or BOK. To investigate the induction of BAX, BAK1, or BOK expression for 

each suicide gene system, mRNA expression including DsRed, luciferase and hygromycin was 

analysed after three days of doxycycline removal by RT-PCR. The expression of anti-apoptotic 

molecules MCL1, BCL2 and BCL2L1 was also measured to elucidate the possible lack of 

cytotoxic effects from BAX, BAK1 and BOK.  

The expression level of BAX and BAK1 in DFT1.BAX (– Dox) and DFT1.BAK1 (– Dox), 

respectively, remained unchanged from their basal expression level when compared to that of 

DFT1.WT and DFT1.BAX/BAK1 (+ Dox), indicating that TCE-controlled BAX and BAK1 were 

not induced in three days following doxycycline removal (Figure 7-5). BOK expression was 

upregulated in DFT1.BOK (– Dox) compared to DFT1.WT or IFNG-treated DFT1.WT. 

However, BOK was similarly induced in DFT1.BOK with doxycycline inhibition (+ Dox), 

suggesting leakiness in the inducible suicide gene system i.e., expression of inducible genes in 

the presence of substrate inhibitor doxycycline.  

mRNA expression of DsRed was detected in all three cell lines (DFT1.BAX, DFT1.BAK1 and 

DFT1.BOK) with and without doxycycline, which indicates leakiness in the Tet-Off regulatory 

system. However, leakiness in DsRed protein expression was not detectable in these cells by flow 

cytometry, which showed minimal expression of DsRed in cells incubated with doxycycline. 

Difference in DsRed mRNA expression levels between DFT1.BAX (+ Dox) and DFT1.BAX (– 

Dox) demonstrate regulation of DsRed, consistent with flow cytometry results. The relatively 

low level of DsRed expression in DFT1.BAK1 (+ Dox) and DFT1.BAK1 (– Dox) corresponded 

with the negligible expression of DsRed protein analysed by flow cytometry. Regulation of 

DsRed (and BOK) expression in DFT1.BOK was not apparent according to mRNA expression 

levels after three days of doxycycline removal. Meanwhile, flow cytometric analysis 

demonstrated regulation of DsRed protein in DFT1.BOK cells, which suggest that mRNA 

regulation could be more evident with longer duration of doxycycline removal.  

The expression of DsRed, luciferase and hygromycin in all transfected cell lines suggests stable 

integration of the SB transposon cassette into the genome. Luciferase and hygromycin resistance 

genes were expressed at similar levels across the suicide gene systems (DFT1.BAX, 

DFT1.BAK1, DFT1.BOK).  

No difference was observed in the expression level of MCL1, BCL2 and BCL2L1 across the cell 

lines. MCL1 and BCL2 were expressed relatively high at basal levels compared to BCL2L1. The 
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cytokine IFNG, which is cytotoxic to DFT1 cells with prolonged exposure (Chapter 3, Figure 3-

4) did not affect the intrinsic apoptotic pathway in DFT1 cells in 24 h of treatment.  

 

Figure 7-5. Gene expression of suicide gene systems and anti-apoptotic molecules. mRNA 
expression of genes in DFT1.WT, IFNG-treated DFT1.WT (24 h, 5 ng/mL) (DFT1.WT + IFNG), 
and DFT1.BAX/BAK1/BOK ± Dox (3 days) was analysed by RT-PCR. Two sets of primers were 
used for analysis of BAX expression: BAX-1 and BAX-2. GAPDH was included as a reference 
gene and the marker shows a 250-bp band size. The expected product size is described in Table 
7-3. NTC, no-template control; Luc, luciferase; HygB, hygromycin; Dox, doxycycline. 
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7.4 Discussion 
Live MHC-I+ DFT1 cell immunotherapy has demonstrated efficacy in tumour elimination but 

application as a preventative vaccine comes with the risk of seeding new tumours into otherwise 

healthy devils. An endogenous suicide gene system that can abolish DFT cell survival on demand 

is a potential avenue to explore for attenuation of the live tumour cell vaccine. 

In this chapter, the development of a system to implement conditional expression of pro-apoptotic 

molecules BAX, BAK1 or BOK was established using the widely used Tet-Off system. Efficacy 

of a suicide gene system for attenuation of DFT cells is determined by several measures: (i) 

inducibility i.e., the induction rate of suicide genes following doxycycline removal; (ii) 

cytotoxicity of suicide genes measured through reduction in cell viability, which can be attributed 

to inhibition of cell division (proliferation) and/or cell death induction; and (iii) stringency of 

suicide gene regulation i.e., ‘tightness’ of gene control by doxycycline.  

In the three suicide gene systems developed here and a mock system containing an empty vector, 

only two (DFT1.BAX and DFT1.BOK) demonstrated inducibility with doxycycline removal. 

The lack of response to doxycycline withdrawal in DFT1.BAK1 suggests issues with the 

regulatory machinery that is preventing the activation of the TCE promoter for gene induction. 

This could be directly related to the functionality or expression of the transactivator tTA, which 

was correlated to loss of inducibility and failure to establish responsive inducible cell lines in 

another study409. It is possible that leakiness of this suicide gene system and thus, BAK1 

expression in the uninduced state, led to selection of cells with better survival i.e., cells with poor 

expression of tTA or a mutated form of tTA to inhibit BAK1 expression above basal levels. 

Meanwhile, for DFT1.pCO7 that demonstrated a slower response and marginal expression of 

DsRed compared to DFT1.BAX and DFT1.BOK, the relatively low luminescence in parallel 

could indicate low copy number integration of the SB transposon cassette. Alternatively, the 

inducibility of Tet-Off suicide gene systems could benefit from more washes to remove residual 

doxycycline present in the culture. 

In DFT1.BAX and DFT1.BOK suicide gene systems that showed evidence of activation of the 

TCE promoter following doxycycline removal, only DFT1.BAX cells were presented with an 

increase in cell death when compared to groups with continual inhibition by doxycycline. The 

increase in percentage dead cells in DFT1.BAX (− Dox), which did not correspond to a decrease 

in number of viable cells, as analysed by luciferase assay, suggested a possible scenario of 

increased cell division in this group compared to DFT1.BAX (+ Dox). Due to a higher 

proliferation rate in DFT1.BAX (− Dox), the increase in total number of viable cells could have 

negated the reduction caused by induction of cell death. Consequently, this suggests that BAX 

might play a role in induction of cell death but not inhibition of cell proliferation in DFT1 cells.  
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Although the increase in cell death observed in DFT1.BAX warrants further investigation, the 

lack of strong apoptotic activity from the overexpression of BAX or BOK reveals additional 

mechanism(s) that are required to activate these proteins and facilitate the activation of the 

intrinsic apoptotic pathway. Activation of apoptosis is an intricate process that requires 

conservative regulation by anti-apoptotic molecules and other pro-apoptotic molecules to 

mediate the activity of BAX, BAK1 or BOK410–412. Additionally, this could reflect the enhanced 

resistance of DFT1 cells to apoptotic cell death, associated with the hyperactivation of ERBB 

signalling pathway211. Indeed, the overactive expression of ERBB2 and ERBB3 proteins in DFT1 

cells was associated with increased phosphorylation of extracellular signal-regulated kinases 

ERK1/ERK2211. ERK proteins are important mediators in ERK/MAPK signalling which has been 

shown to inhibit apoptosis by hampering the expression and activation of pro-apoptotic 

molecules BIM and BAD413–415. Alternatively, background expression of BAX, BAK1 or BOK 

from the leaky Tet-Off system could have selectively promoted the generation of cells adapted 

to resist the apoptotic effects of upregulated pro-apoptotic molecules via mechanisms such as 

increased expression of anti-apoptotic molecules. Although RT-PCR of MCL1, BCL2 and 

BCL2L1 genes did not identify any upregulation of either anti-apoptotic molecule in each suicide 

gene system, a thorough analysis of the expression levels of various anti-apoptotic genes by 

qPCR would be more robust in illuminating the effects of anti-apoptotic protein expression in 

resistance to programmed cell death in DFT1 cells.  

The leakiness present in DFT1.BAX, DFT1.BAK1 and DFT1.BOK suicide gene systems indicate 

additional optimisation of the Tet-Off system in DFT1 cells. Leakiness or background expression 

in an uninduced state is a common problem with Tet-controlled systems416,417. Although more 

prevalent in Tet-On systems than Tet-Off, this could be due to residual binding of tTA to the 

TCE promoter even in the presence of substrate inhibitor doxycycline, or basal activity of the 

minimal CMV promoter within the TCE418. Various methods have been pursued to reduce 

background expression of inducible genes including the use of tet-controlled transcriptional 

silencers, modification of promoters or the transactivator, and the introduction of AU-rich mRNA 

destabilising elements419–422. 

Whilst the suicide gene systems developed in this study demonstrated leaky expression of TCE-

controlled genes and/or poor inducibility, the all-in-one SB vector for gene transfer was effective 

at incorporating the suicide gene transposon cassette stably into DFT1 cells. DFT1 cells 

constitutively expressed luciferase and hygromycin resistance genes. In DFT1.BAX and 

DFT1.BOK, DsRed gene, downstream to the inducible TCE promoter, was regulated by the 

addition and removal of doxycycline, which demonstrates a functional regulatory machinery.  
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Although an effective inducible suicide gene system for attenuation of DFT1 cells could not be 

established in this study, the Tet-Off system is a valuable tool for studying gene function in DFT 

cells. This system included a relatively simple procedure for establishing an endogenous 

regulatory mechanism in DFT1 cells and displayed low cytotoxicity in DFT1 cells. On the other 

hand, the regulation of apoptotic pathways in DFT1 cells might be challenging due to possible 

pro-survival characteristics acquired as part of the evolutionary process of survival of the fittest.  
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8.1 Final discussion 
Tasmanian devils play a vital role as the apex predator in the island state of Tasmania and are 

integral to ecosystem function. The persistence of DFTD, which comprises of two transmissible 

cancers (DFT1 and DFT2), in the wild devil population is an ongoing threat to the viability of 

healthy devil populations in Tasmania. Since the first discovery of DFTD in 1996, this disease 

has caused a staggering decline of 82% in local populations137. The majority of DFTD cases are 

characterised with a lack of host resistance including scarce immune cell infiltration into tumours 

and weak to no antibody responses.  

A poor host immune response has been associated with DFT escape mechanisms related to MHC-

I antigen presentation. MHC-I antigen presentation represents the cornerstone of CD8+ T cell 

responses in infection and cancer immunity. Therefore, it is not surprising that transmissible 

DFT1 and DFT2 tumours, which are simultaneously cancers and allografts, evade immune 

responses by undermining MHC-I-restricted immune recognition. Epigenetic modifications on 

the MHC-I heavy chain, B2M, TAP1 and TAP2 genes4,210; a hemizygous deletion in B2M162; and 

a hyperactive ERBB-STAT3 signalling pathway211, have been characterised as possible 

underlying mechanisms hampering basal and cytokine-induced expression of MHC-I molecules 

on the surface of DFT1 cells. MHC-I molecules are found on DFT2 cells, but expression is highly 

variable in tumours in vivo5. Additionally, DFT2 cells express non-polymorphic MHC-I SAHA-

UK, and the most abundant MHC-I alleles are common in host devils: altogether impairing 

recognition by both CD8+ T cells and NK cells. 

Previous studies have demonstrated the ability to provoke strong antibody responses to DFT1 

cells by restoring MHC-I expression using IFNG209,229. Additionally, natural anti-DFT1 

responses in wild devils including tumour regressions correlated with serum antibodies against 

IFNG-treated DFT1 cells but not untreated cells175. Both findings were pivotal evidence for the 

role of MHC-I expression in anti-tumour immunity, particularly in the context of transmissible 

cancers that are allogeneic to their hosts. However, despite evidence of serum antibodies against 

DFT1 cells, the anti-DFT immune response was not always protective. Two wild devils with 

DFT1 that developed antibodies against IFNG-treated DFT1 cells did not experience tumour 

regressions175. A killed tumour cell vaccine consisting of irradiated or sonicated IFNG-treated 

DFT1 cells in combination with adjuvants was ineffective at preventing tumour growth in 

immunised devils upon challenge with live DFT1 cells, although tumour regressions were 

induced following immunotherapy with live IFNG-treated DFT1 cells229. The lack of consistent 

protective host immune response, whether naturally- or vaccine-induced, suggests gaps in the 

establishment of long-term immunity to DFT1 cells even with MHC-I expression. Furthermore, 

the pleiotropic activity of IFNG on DFT1 cells including upregulation of immune checkpoint 
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inhibitor PDL1220 and non-classical MHC-I SAHA-UK5, could interfere with vaccine efficacy of 

IFNG-treated DFT1 cells.  

This thesis aimed at exploring various means to enhance the immunogenicity of DFT1 and DFT2 

cells including MHC-I and MHC-II upregulation, and expression of co-stimulatory molecules to 

potentiate anti-tumour immune responses. The next few sections discuss: (i) the use of alternative 

agents to regulate MHC expression in DFT cells (Section 8.1.1), (ii) evaluation of MHC 

molecules as anti-tumour targets for DFTD vaccine and immunotherapy (Section 8.1.2), and (iii) 

the potential use of co-stimulatory molecules as vaccine/immunotherapy adjuvants (Section 

8.1.3). Lastly, Section 8.1.4 provides an insight into the use of various gene expression systems 

as tools to study gene function while contributing to the development of vaccine and 

immunotherapy strategies for managing DFTD.  

8.1.1 MHC upregulation by IFNG, NLRC5 and CIITA in DFT cells 
MHC-I upregulation 

IFNG is a potent cytokine that is able to induce MHC-I upregulation on DFT1 cells4. However, 

the concomitant upregulation of PDL1220 and monomorphic MHC-I, SAHA-UK on IFNG-treated 

DFT1 cells5 could inhibit induction of effective anti-tumour T cell response and allow tumour 

escape from both T cell and NK cells. A previous study showed that IFNG treatment restores 

surface MHC-I expression on DFT1 cells by upregulating MHC-I heavy chain, B2M, TAP1 and 

TAP2 genes4. The expression of CIITA in parallel following IFNG treatment suggested a CIITA-

mediated MHC-I upregulation.  

In Chapter 4 of this thesis, transcriptomic analysis of IFNG-treated DFT1 and DFT2 cells 

revealed significant upregulation of NLRC5, a master regulator of MHC-I expression in humans 

and mice, to a greater extent than CIITA. This suggested that NLRC5 in devils could perform 

similar roles to humans and mice as a transcriptional co-activator of MHC-I genes. Through 

overexpression of NLRC5 or CIITA in DFT cells, the regulation of MHC-I pathway by NLRC5 

and CIITA was independently mapped out in DFT1 and DFT2 cells (Chapters 4 and 5). The more 

precise molecular studies used in this thesis provided an understanding of the mechanisms of 

MHC antigen processing and presentation in devils that would aid development of antigenic 

targets for immunisation.   

NLRC5 was shown to be involved in the transcription of MHC-I heavy chains (SAHA-UA, -UB 

and -UC), B2M, immunoproteasome subunits (PSMB8, PSMB9) and TAP1 in both DFT1 and 

DFT2 cells. CIITA similarly induced the transcription of genes described above in DFT1 cells, 

but not in DFT2 cells. The stronger expression of MHC-I molecules on the surface of DFT1 and 

DFT2 cells with overexpression of NLRC5 compared to CIITA indicated a major and primary 

role of NLRC5 in MHC-I regulation and a secondary role of CIITA to NLRC5.  
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The induction of MHC-I expression by IFNG in DFT1 and DFT2 cells is likely to be 

predominantly mediated by NLRC5 instead of CIITA. Indeed, IFNG-induced MHC-I expression 

in other mammals has been shown to be dependent on NLRC5, as demonstrated in NLRC5-

deficient mice and through NLRC5-specific siRNA interference in HeLa cells46,272. However, the 

nuances in regulation of MHC-I antigen processing and presentation pathway between IFNG 

treatment and NLRC5 overexpression in DFT1 and DFT2 cells, such as the upregulation of 

PSMB10, TAP2, and TAPBP only with IFNG treatment, suggest additional mechanism(s) 

involved in IFNG-induced MHC-I expression that may play a functional role in antigen 

presentation during inflammation or an immune response. Surprisingly, the inability of NLRC5 

to regulate PSMB10, TAP2 and TAPBP was consistently observed in human and mouse 

studies46,272. PSMB10 displays trypsin-like activity as opposed to chymotrypsin-like and caspase-

like activity in PSMB8 and PSMB9, respectively17. The expression of immunoproteasomes 

generally has an influence on the quantity and quality of peptide products18,19,423. This implies 

that the difference in PSMB10 expression between IFNG and NLRC5 stimulation could have 

implications on the peptide repertoire of MHC-I molecules and therefore, immunogenicity of 

DFT1 cells stimulated with either agent. This would be something to probe further in the 

development of vaccine targets for DFT1 and DFT2. Basal expression of TAP2 and TAPBP in 

NLRC5-overexpressed DFT cells was sufficient for MHC-I surface expression; thus, it is not 

known what role IFNG-enhanced TAP2 and TAPBP expression has on peptide transport and 

loading for MHC-I expression.  

A significant finding in this thesis was the restricted role of NLRC5 and CIITA compared to 

IFNG, with functions primarily in MHC antigen processing and presentation. Notably, PDL1 was 

not upregulated with NLRC5 and CIITA overexpression, and neither was non-classical MHC-I 

SAHA-UK with NLRC5 stimulation. The use of NLRC5 or CIITA for MHC-I upregulation in 

DFT1 cells should provide better stimulation for T cell response while preventing tumour escape 

from T cell and NK cell recognition. 

MHC-II upregulation 

Transcription of MHC-II genes can be stimulated in vitro with IFNG treatment but MHC-II 

protein expression in DFT cells has not been described4. Although MHC-I expression has been 

the focus of DFTD vaccine research, there is potential for MHC-II-associated tumour antigens to 

enhance anti-tumour immunity. MHC-II antigen presentation is important for arming CD4+ T 

cells, which are imperative for activation of other adaptive immune responses such as antibody 

production in B cells and CD8+ T cell effector function.  

The restricted expression of MHC-II molecules in select cell types (mainly haematopoietic cells) 

is dependent on the expression of MHC-II transactivator, CIITA. CIITA is not expressed at basal 
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levels in DFT cells, but the overexpression of CIITA in DFT1 cells induced MHC-II protein 

expression (Chapter 5). High levels of CIITA transcript were correlated with strong upregulation 

of MHC-II genes and accessory genes (DM molecules and invariant chain CD74) needed for 

MHC-II protein expression.  

The ability to express MHC-II molecules in non-haematopoietic DFT cells could be associated 

with their Schwann cell origins. Schwann cells are facultative antigen presenting cells (APCs) 

that can express both MHC-I and MHC-II molecules: in vitro following IFNG treatment for 48 

h and in vivo in inflammatory neuropathies356. The Schwann cells were able to interact and 

activate CD8+ and CD4+ T cells357. MHC-II expression in Schwann cells displayed functional 

relevance in exacerbating local inflammatory responses through recruitment of CD4+ T cells424. 

Although IFNG treatment of DFT1 and DFT2 cells was not sufficient for stimulation of MHC-II 

protein expression, the induction of CIITA, MHC-II genes and CD74 transcripts suggests that 

IFNG-mediated MHC-II upregulation is plausible with higher doses or prolonged stimulation. It 

is anticipated that under strong inflammatory conditions with high levels of IFNG, MHC-II 

expression can be induced in DFT cells in vivo. This has been observed in canine transmissible 

venereal tumour (CTVT) where MHC-I and MHC-II molecules were upregulated on tumour cells 

in vivo during the regression phase6. This was correlated with soluble factors secreted by tumour-

infiltrating lymphocytes.  

In this thesis, the regulation of MHC-II pathway in devils was shown to be mediated primarily 

by CIITA. NLRC5 was incapable of modulating the MHC-II machinery in either DFT1 or DFT2 

cells. NLRC5 and CIITA are NLR proteins with similar constructs, possessing similar domains 

to allow interaction with common transcription factors and promoter regulatory elements 

(reviewed in 425). Although CIITA has transcriptional control over both MHC-I and MHC-II 

genes, the lack of NLRC5 activity on MHC-II expression was discovered to be due to two 

structural motifs absent in NLRC5, but present in CIITA426. The inclusion of NLRC5 and CIITA 

in DFT1 cells is, therefore, necessary to upregulate the full suite of tumour antigens associated 

with MHC-I and MHC-II molecules, in addition to expression of allogeneic MHC-I and MHC-

II molecules. 

MHC-II molecules are traditionally believed to primarily function in presentation of 

exogenously-derived peptides to CD4+ T cells in professional APCs. However, the fate of 

endogenous and exogenously derived peptides for MHC-I and MHC-II presentation is not as 

strictly defined as once thought. Docking of endogenous peptides onto newly synthesised MHC-

II molecules in the endoplasmic reticulum is prevented by the invariant chain encoded by CD74 

gene. However, mechanisms such as autophagy facilitate the trafficking of endogenous peptides 

to lysosomal pathways where they can interact with MHC-II molecules in endo-lysosomal 
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compartments427. Several lines of evidence have demonstrated the association of endogenously-

derived peptides and tumour-associated antigens with MHC-II complexes in B cells and CIITA-

transduced glioblastoma cells, respectively428-430. More importantly, protective anti-tumour 

immunity can be elicited in vivo with CIITA-mediated MHC-II expressing tumour cells125,358.  

8.1.2 MHC proteins as anti-tumour targets for DFTD vaccine and 
immunotherapy 

Natural anti-DFT immunity in wild devils is a rare occurrence that is reflected by the ongoing 

transmission and mortality of the disease within the devil population for the past 25 years. The 

emergence of DFT2, a second independent transmissible cancer, further warrants development 

and implementation of a protective strategy to conserve the population density and genetic 

diversity of wild devils in Tasmania.  

The first evidence of a natural effective in vivo response to DFT1 tumours was documented in 

four wild devils from the north-western region of Tasmania175. This was a defining event for 

DFTD management strategy as it revealed the ability of devils to reject DFT1 tumours. Serum 

antibodies from these devils bound to IFNG-treated DFT1 cells but not to untreated cells, which 

suggested the involvement of MHC-I molecules in immune-mediated tumour rejection. Two 

other devils with DFTD in this monitoring program also developed antibodies against IFNG-

treated DFT1 cells but did not experience tumour regressions. Although MHC-I molecules were 

the likely antibody target, uncertainties were raised against the bona fide target(s) of these 

antibodies as other targets could have been upregulated to the cell surface by pleiotropic cytokine 

IFNG. 

In Chapter 4, the antibody target(s) was investigated using CRISPR knockout technology. The 

remaining copy of B2M gene in DFT1 cells was knocked out to render the cells negative for 

MHC-I expression. The loss of, or reduction in, antibody binding to IFNG-treated or NLRC5-

overexpressing DFT1 cells following B2M knockout indicated that tumour MHC-I molecules 

were the predominant targets of the anti-DFT humoral response. As allelic differences at MHC 

loci exist between DFT1 tumours and host devils, possible epitopes for antibody binding could 

reside in: (i) the peptide bound on MHC-I molecules; (ii) allogeneic MHC-I molecules 

independent of the bound peptide; and/or (iii) the peptide-MHC-I complex altogether. Because 

antibody production against peptides is dependent on CD4+ T cell help, cellular response to 

tumour MHC-I molecules was likely present, although this does not always translate to effective 

cell-mediated immunity as shown in the two seroconverted devils with no signs of tumour 

rejection. Findings from Chapter 4 demonstrate the importance of MHC-I antigen presentation 

in anti-tumour and allogeneic immune responses, and that MHC-I molecules upregulated by 

IFNG and NLRC5 are suitable targets for anti-DFT immunity. Additionally, results from Chapter 
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5 reveal the role of CIITA in upregulation of similar antigenic targets for anti-DFT humoral 

response.  

Further evidence for justification of MHC-I molecules as anti-tumour targets was provided by 

immunisation trials using DFT1 cells treated with IFNG (MHC-I+) and then killed by irradiation 

or sonication209,229. Anti-DFT antibody responses in immunised devils were more consistent with 

this protocol compared to using killed unmanipulated DFT1 cells (MHC-I−)207. Most immunised 

devils (>95%) developed antibody responses to MHC-I+ and MHC-I− DFT1 cells in two 

relatively large cohort studies209. Toll-like receptor (TLR) agonists were included as adjuvants in 

both protocols to bolster the immune response. Although the vaccine was effective at eliciting 

strong antibody responses to DFT1 cells, it was not fully protective against tumour growth upon 

challenge with live DFT1 cells229. However, tumour regressions in immunised devils were 

induced following immunotherapy with live IFNG-treated DFT1 cells. Lack of protective host 

immune response using killed IFNG-treated DFT1 cells to prime the immune system calls for 

further improvement on the immunogenicity of a vaccine for DFTD.  

The cell lines developed in this thesis offer several options to potentially augment 

immunogenicity of DFT cells for immunisation of devils through MHC expression, as shown 

below.  

(i) Inclusion of both tumour MHC-I and MHC-II molecules as antigenic targets, either 

as part of a cell-based vaccine or as proteins encoded in viral vector-based oral bait 

vaccine 

(ii) Selection of highly immunogenic targets e.g., MHC-I and MHC-II alleles unique to 

DFT1 and/or DFT2 cells, or MHC-restricted tumour-associated and tumour-specific 

antigens 

The ability to induce MHC-II expression in DFT1 cells using CIITA could unveil additional 

antigens for anti-DFT humoral and cell-mediated immune response. A combination vaccine 

using NLRC5 and CIITA as agents to enhance MHC-I and MHC-II expression in DFT cells could 

elicit stronger anti-tumour immune response as it releases a variety of antigenic targets for 

recognition and response by CD4+ and CD8+ T cells, as well as B cells. MHC-restricted tumour 

antigens and allogeneic MHC molecules can both serve as epitopes for T cell and B cell 

recognition i.e., via conventional modes of recognition or allorecognition in the case of allogeneic 

MHC molecules, as described in detail in Section 1.2.3. It is not known if the current vaccination 

protocol that pivots on tumour MHC-I expression is efficient at activating CD4+ T cell responses. 

MHC-II expressing DFT cells should facilitate priming of CD4+ T cells by acting as surrogate 

APCs. This was demonstrated in two non-immunogenic carcinoma cell lines that were induced 

by CIITA to express MHC-II molecules431. Mice immunised with these tumour cell lines were 
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able to prevent or retard tumour growth that was primarily mediated by CD4+ T cells, even in the 

absence of dendritic cells and macrophages. The MHC-II expressing tumour cell lines also 

protected immunised mice from tumour growth when challenged with MHC-II negative parental 

tumour cells.  

Differential and selective expression of MHC-I alleles has been described in DFT1 and DFT2 

cells213. Devils have three classical MHC-I genes (SAHA-UA, SAHA-UB, SAHA-UC), which 

mean that each nucleated cell can express six MHC-I alleles80. However, IFNG-treated DFT1 

cells only express two MHC-I allotypes, while only four MHC-I allotypes are found in DFT2 

cells213. The allotypes are also expressed at varying degrees, suggesting that the most abundant 

allele might not be greatly mismatched to host devils. This could explain the lack of protective 

anti-DFT immunity following immunisation with IFNG-treated DFT1 cells that have MHC-I 

expression229. Results from the in vitro co-culture assay in Chapter 6 could also be reflective of 

the discrepancy between degree of allelic and allotypic variation of MHC-I molecules. PBMCs 

from the two devils used in this study did not respond to MHC-I+ DFT1 cells (with or without 

co-stimulatory molecules) despite having some allelic differences at MHC-I loci to DFT1 cells 

(Y. Cheng, personal communication, October 26, 2021). 

By selecting and forcing the expression of the most highly mismatched tumour-encoded MHC-I 

and MHC-II allele(s) between tumour and host, we could overcome the lack of allogeneic 

differences at the protein level. This should enhance the immunogenicity of the tumour cell 

vaccine. Alternatively, the coding DNA sequence of mismatched alleles, unique to DFT1 and/or 

DFT2, could be incorporated into the viral vector for oral delivery into devils as part of the oral 

bait vaccine platform. Similarly, we can optimise anti-DFT immune response by saturating 

MHC-I and MHC-II molecules with tumour-associated or tumour-specific antigens. Analysis of 

the immunopeptidome of IFNG-, NLRC5- and CIITA-stimulated DFT1 and DFT2 cells can be 

carried out to identify candidate peptide targets for overexpression in the tumour cell vaccine or 

loading into the viral vector-based vaccine. 

Promising results were obtained from immunotherapy of immunised devils with live IFNG-

treated DFT1 cells229. The immunotherapy-induced tumour regressions may demonstrate that a 

live attenuated tumour cell vaccine is more effective than the killed cell preparation. Live 

attenuated vaccines are generally more effective than inactivated vaccines. In the case of 

influenza, an intranasally-administered live attenuated vaccine was shown to be superior and 

more protective than the licensed inactivated vaccine432. However, the use of live tumour cells in 

a wild endangered species has obvious risks that raise several safety and ethical issues.  

Although a prophylactic live tumour cell vaccine is unlikely to be used, a therapeutic live tumour 

cell vaccine is a feasible platform for reducing the impact of DFTD in devils. The development 
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of inducible IFNG-expressing DFT1 cells in Chapter 3 has potential for application as an 

immunotherapy in diseased devils, with a few added benefits to the current immunotherapy 

protocol. Firstly, the ability to endogenously produce IFNG in a regulated manner, is more cost-

effective than treatment with IFNG, which has transient effects for MHC-I upregulation. 

Secondly, the ability to regulate the activity of IFNG including inhibition of anti-proliferative 

and cell death induction, allows for in vitro large batch cultures of DFT1 cells with enhanced 

MHC-I expression for immunisation. Thirdly, the secretion of IFNG from DFT cells in vivo can 

function in an autocrine and paracrine fashion where MHC-I expression is simultaneously 

induced in neighbouring wild type tumour cells followed by inhibition of tumour cell 

proliferation and cell death induction. The secreted IFNG can also promote inflammatory 

responses and facilitate recruitment of immune cells to the tumour. These should all lead to 

effective killing of DFT cells, as a direct consequence of IFNG and indirectly through activation 

of anti-tumour immune responses.  

One of the biggest caveats of the inducible IFNG cell system is the associated upregulation of 

PDL1, which has been demonstrated in vitro (220, Chapter 3). Non-classical MHC-I SAHA-UK 

could also be upregulated by IFNG, although only an increase at the mRNA level has been 

observed5,213. PDL1 expression on DFT cells or immune cells following IFNG stimulation can 

inhibit T cell responses. The use of PDL1 or PD1 antagonist antibodies to block PD1/PDL1 

interaction, or the inclusion of CD80/86 molecules in the therapeutic tumour cell vaccine to 

sequester PDL1 molecules, could circumvent this immune-inhibitory mechanism.  

8.1.3 Co-stimulatory molecules as potential vaccine adjuvants  
As mentioned above, strong antibody responses to DFT cells, whether naturally induced or 

vaccine induced, do not always correspond to protective immunity, suggesting a gap or a need 

for robust cell-mediated immunity175,229. The use of TLR agonists as adjuvants in vaccine 

preparations might be insufficient for activating tumour-specific T cell responses, which play 

major roles in tumour elimination and immunity.  

In Chapter 6, co-stimulatory molecules for T cell activation: CD80, CD86 and 41BBL, were 

trialled for potential use as an adjuvant. Each co-stimulatory molecule expressed on NLRC5- or 

CIITA-expressing DFT1 and DFT2 cells were structurally intact as it bound expected partners. 

The binding of CD80/CD86 on DFT cells to the CD28 homologue CTLA4 protein could promote 

CD28 co-stimulation through interaction with other free-binding CD80 or CD86 molecules 

expressed on professional APCs. Additionally, CD80/CD86 molecules expressed on DFT cells 

could provide co-stimulatory signals through direct interaction with CD28 on T cells377. Although 

not investigated in this study, CD80 has been shown to cross-link PDL1 in humans and 

mice261,433. Further investigation to confirm the interaction between CD80 and PDL1 in devils 
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will provide additional evidence for the rational approach of incorporating CD80/CD86 as 

vaccine adjuvants to mobilise a stronger cell-mediated anti-tumour immune response. Moreover, 

the ability of DFT1 cells to promote an immunosuppressive environment (PDL1, CTLA4 and 

FOXP3 upregulation) in response to immune pressure223, indicate a need to develop strategies to 

overcome immune checkpoint inhibitory pathways. CD80/CD86 as a soluble product or tethered 

to cells, is an attractive strategy to tackle PDL1 and CTLA4 upregulation in the tumour 

microenvironment.   

Multiple studies of tumour cell lines genetically-modified to express CD80 in combination with 

CIITA, MHC-II molecules or co-stimulatory molecule CD70, demonstrated activation of 

antigen-specific CD4+ T cells and a Th1 response; enhanced proliferation and cytokine 

production in lymphoid cells; and strong prophylactic abilities in vivo in mice, which include 

complete immune rejection and protection from parental tumour cells379,434,435. Due to technical 

difficulties derived from working with a non-traditional wild endangered species, e.g., small 

sample size and lack of species-specific reagents, the functionality of CD80 or CD86 in the 

immune response to MHC-I and/or MHC-II-expressing DFT1 cells could not be fairly assessed 

in the in vitro co-culture assay in Chapter 6.  

Although results from the in vitro co-culture assay investigating the cell-mediated immune 

response to DFT1 cells expressing NLRC5/CIITA and CD80/CD86/41BBL were inconclusive, 

encouraging findings were obtained from the survival of PBMCs in co-culture with 41BBL-

expressing DFT1 cells. 41BBL is typically expressed on professional APCs following 

stimulation, and functions to deliver co-stimulatory signals to promote survival, proliferation, 

and effector function of activated T cells436. Identification of 41BB-expressing cells will be 

required to determine the subset of immune cells receiving 41BBL signalling. 41BB expression 

is induced on CD4+ and CD8+ T cells, and other immune cell types such as B cells, NK cells and 

monocytes383,437–439. However, 41BB is constitutively expressed at low levels in regulatory T cells 

and dendritic cells440,441.  

Further studies including in vivo assays will need to be performed to thoroughly assess the 

efficacy of co-stimulatory molecules as vaccine adjuvants in combination with tumour MHC 

molecules for eliciting a protective anti-tumour immune response to DFT1 and DFT2 tumours. 

The function of co-stimulatory molecules may be more evident in an in vivo environment where 

the gamut of cells and factors are present. The sustained survival of PBMCs ex vivo in co-culture 

with DFT1 cells co-expressing NLRC5/CIITA and 41BBL, and the binding abilities of CD80, 

CD86 and 41BBL-expressing DFT cells, are promising findings for the use of co-stimulatory 

molecules in DFTD vaccine development and immunotherapy.  
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8.1.4 The future of gene expression systems in DFTD research 
In the effort to enhance the immunogenicity of DFT cells for vaccine development and 

immunotherapy, a variety of gene expression systems was employed in this thesis to manipulate 

DFT cells. The use of genetic engineering versus therapeutic gene modulation allows for more 

flexibility and potential beyond the boundaries of pharmacological agents.  

In this thesis, gene overexpression systems were used to either enhance or introduce new 

phenotypes into DFT cells by incorporating the gene of interest under the control of widely used 

strong mammalian promoters, such as human cytomegalovirus (CMV) or human elongation 

factor 1 alpha (EF1a) promoter. Inducible promoters were also used to establish conditional gene 

expression systems for regulation of dose-sensitive genes.  

Constitutive expression of MHC-I (and MHC-II) was induced in DFT cells through 

overexpression of transcriptional co-activators NLRC5 and CIITA (Chapters 4 and 5). Cytokine 

IFNG, epigenetic modulators: trichostatin A (histone deacetylase inhibitor) or EED226 

(polycomb repressive complex 2 (PRC2) inhibitor), ERBB inhibitor sapitinib, and STAT3 

inhibitor DR-1-55, have been used by other groups to enhance basal or IFNG-induced MHC-I 

expression in DFT1 cells4,210,211. However, these agents are reversible agonists or antagonists that 

transiently coordinate the upregulation of MHC-I. Compared to transient stimulation of DFT 

cells, our one-off treatment is more desirable and feasible for vaccine development. Modification 

of DFT cells at the genetic level streamlines the process of vaccine preparation for wide-scale 

field trials.  

Due to the anti-proliferative and cytotoxic properties of IFNG, the use of this cytokine for 

development of MHC-I-expressing DFT1 cells requires precise regulation. The Tet-Off system, 

a gene regulatory system controlled by substrate inhibitor doxycycline (a derivative of 

tetracycline) could regulate the expression and downstream effects of IFNG including MHC-I 

and PDL1 upregulation, inhibition of cell proliferation, and induction of cell death in DFT1 cells 

(Chapter 3). The addition of doxycycline suppressed the expression and effects of IFNG, 

permitting the propagation of these cells in culture, which is otherwise non-viable. This system 

was extrapolated to the development of an inducible suicide gene system to attenuate DFT1 cells. 

However, complications arose with regulation of the overexpressed BAX, BAK1 or BOK, and 

DFT cell death. This was attributed to technicalities of the system and a possible inherent 

resistance to apoptosis of DFT1 cells.  

Genetic engineering has revolutionised therapeutic approaches for cancer, such as the advent of 

chimeric antigen receptor (CAR) T cell therapy, recombinant cancer vaccines, and CRISPR/Cas 

gene editing. There is immeasurable potential with the technological advances of molecular 

biological tools in this era. Besides the use of genetic engineering for antigen discovery and 
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vaccine design for DFTD, the various gene expression systems that were used in this thesis, 

including gene knockout, have allowed for better understanding of gene function and molecular 

pathways in a relatively uncharacterised species. Furthermore, the relatively simple gene transfer 

technique has opened up an avenue for creating DFT cells that can express cell-type specific 

molecules, such as CD80, CD86 and 41BBL, that would be unattainable with treatment.  

8.2 Conclusion 
The ongoing transmission of DFTD among devils across histocompatibility barriers continues to 

serve as an enigmatic disease model that highlights the importance of MHC molecules in 

establishing anti-tumour and allogeneic responses. The devil’s plight has been used as an impetus 

to advance immunological and molecular biological tools for wildlife conservation while 

providing an insight into mechanisms of cancer immunity and transplantation.  

With an objective of improving the immunogenicity of DFT cells for vaccine development and 

immunotherapy, this thesis has:  

(i) established novel tools and strategies to induce/restore the expression of MHC-I and 

MHC-II in DFT cells that would aid in antigen discovery,  

(ii) provided an understanding of the function of MHC regulators NLRC5 and CIITA, 

and the mechanisms of MHC antigen processing and presentation in devils, 

(iii) addressed lingering questions regarding candidate targets for anti-DFT immune 

response,  

(iv) demonstrated protein-protein interaction of devil CD80, CD86 and 41BBL 

expressed on DFT cells to cognate partners,  

(v) development of a conditional gene expression system in DFT cells. 

The strategies and tools developed in this thesis represent a major step forward in the 

manipulation of DFT cells using genetic engineering techniques and is transferrable for 

characterisation of other genes or mechanisms involved in DFT immune evasion. Similarly, these 

tools can be useful for studies in other non-traditional species.   

Most of the discussion above is with regards to DFT1 which is better understood than the recently 

discovered DFT2 tumour type. It is important to note that DFT2 cells do express MHC-I 

molecules5, hence, other evasion mechanisms are involved in the transmission of allogeneic 

tumours across histocompatibility barriers. Furthermore, the plasticity of DFT1 cells that 

dedifferentiates to a phenotype associated with higher tumorigenicity and metastatic abilities; 

and modulation of immune responses towards a more tolerogenic tumour microenvironment in 
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response to immune pressure223, demonstrate the arms race of transmissible cancers against the 

immune system. Development of effective vaccine and immunotherapeutic strategies is 

therefore, critical to the management of DFT1 and DFT2 in devils and emerging transmissible 

cancers in mammals. 
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Appendix A 

Appendix A-1. Primers and PCR cycling conditions for construction of pAF107 

Vector Template 
DNA Target DNA Product 

size (bp) Primers Primer sequence (5' to 3') Reaction conditions 

pAF67 pTRE-Dual2 Linearized vector 3840 pTRE-Dual2-XbaI-
linear.FOR 

AGGATCATAATCAGCCATACCACATTTGT 
AGAG 1x: 95°C for 3 min; 

35x: 98°C for 15 s, 63°C for 15 s, 72°C for 3 min;  
1x: 72°C for 5 min pTRE-Dual2-NotI-

linear.REV GCGGTTGTGGCCATATTATCATCGTG 

pAF23 Devil IFN-γ 
cDNA  

545 
pAF67.FOR 

GATAATATGGCCACAACCGCCATGAATTA 
TTCAAGCTACCTCTTAGC 

1x: 95°C for 3 min;  
10x: 98°C for 15 s, 65 to 55°C (-1 °C each cycle) for 15 s, 

72°C for 30 s;  
25x: 98°C for 15 s, 65°C for 15 s, 72°C for 30 s;  
1x: 72°C for 5 min 

pAF67.REV GTATGGCTGATTATGATCCTCTACTGTGTG 
ATTTTTCCTTGGC 

pAF107 pSBtet-RH  Linearized vector 3329 pAF107_vec1.FOR ACTGTGATCAATTAGTTCGAAGGCCTGTC 
GTGAAGC 

1x: 95°C for 3 min;  
10x: 98°C for 15 s, 70 to 60°C (-1 C each cycle) for 15 s, 

72°C for 3 min;  
25x: 98°C for 15 s, 65°C for 15 s, 72°C for 3 min;  
1x: 72°C for 5 min 

pAF107_vec1.REV GCCCTTGCTCACCATGGTGGCCTCAGAGG 

pAF67 Fragment 1  1841 pAF107_frag1.FOR CCTCTGAGGCCACCATGGTGAGCAAGGGC 

pAF107_frag1.REV 
TTGGCCTGACAGGCCTACTGTGTGATTTTT 
CCTTGGCTTTTGTTC 

pSBtet-RH  Fragment 2  909 
pAF107_frag2.FOR 

GAAAAATCACACAGTAGGCCTGTCAGGCC 
AAGC 

pAF107_frag2.REV GTCCAGTCTAGACATGGTGGCCTCAGGTGC 
pTet-
DualOFF 

Fragment 3  775 pAF107_frag3.FOR GCACCTGAGGCCACCATGTCTAGACTGGA 
CAAGAGCAAAGTC 

pAF107_frag3.REV 
CGACGTCACCAGCCTGCTTCAGCAGGCTG 
AAGTTAGTAGCTCCACTGCCCCCGGGGAG 
CATGTCAAGGTCC 

pAF56.1  Fragment 4  783 
pAF107_frag4.FOR 

CAGCCTGCTGAAGCAGGCTGGTGACGTCG 
AGGAGAATCCTGGCCCCATGGGCCCTTCG 
GACCCAG 

pAF107_frag4.REV 
GCTTCACGACAGGCCTTCGAACTAATTGA 
TCACAGTTAATGTCCCAGAATCG 

Fusion of 
fragments 1, 
2, 3 and 4  

Fragment 1-4 4222 
  

pAF107_frag1.FOR CCTCTGAGGCCACCATGGTGAGCAAGGGC 1x: 95°C for 3 min;  
30x: 98°C for 15 s, 65°C for 15 s, 72°C for 5 min;  
1x: 72°C for 5 min pAF107_frag4.REV GCTTCACGACAGGCCTTCGAACTAATTGA 

TCACAGTTAATGTCCCAGAATCG 
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Appendix A-2. Primers and PCR cycling condition for RT-PCR of devil GAPDH, IFN-γ, β2-m and PD-L1 

Target Primers Primer sequence (5' to 3') Product size (bp) Reaction conditions 

GAPDH 
cadeGAPDH_F1 ACACCCACTCTTCCACCTT 

143 

1x: 98°C for 30 s; 
30x: 98°C for 10 s, 60°C for 30 s, 72°C for 1 min 
1x: 72°C for 5 min 

cadeGAPDH_R1 TTACTCCTTGGAGGCCATGTA 

IFN-γ 
deIFNg_seq.FOR GCAAACTCTTCACAACTACTTTAATGC 

310 
deIFNg_seq.REV AGCTTTCCTTTGGACTTTGAGG 

β2-m 
B2Mex1F ATGGTCACAAGTCCTCCCAGAGTTC 

301 
B2Mex2R GCACCAAGTTCTGTTCTGGATCCCATTTAATTAC 

PD-L1 
deB7H1_318_F AGATGCTGGGGCTTACCGCTGTATT 

280 
deB7H1_597_R TGTGGCATTGACCCTGAGAGTGCT 
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Appendix A-3. The Tet-Off system in DFT1 cell line C5065.  
(A) Expression vectors from Clontech: pTet-DualOFF and pTRE-Dual2 for introduction of the Tet-Off 
system in DFT1 cells. tTA, tetracycline (tet)-controlled transactivator; TRE, tet-responsive promoter; 
MCS, multiple cloning site. (B) Gene expression was suppressed or induced by adding or removing 
doxycycline to the cell culture. C5065 cells transfected with pTet-DualOFF and pTRE-Dual2, and 
cultured in the absence of doxycycline were subjected to gene suppression by adding 100 ng/ml 
doxycycline and were assessed for changes in expression of tet-controlled reporter mCherry. ZsGreen 
is constitutively expressed and serves as a reporter for expression of tTA transactivator. Once complete 
gene suppression was achieved (i.e. at day 5 after doxycycline addition), doxycycline was removed (as 
shown by arrow) to demonstrate reversibility of doxycycline inhibition. The results show the 
suppression of tet-controlled gene mCherry following doxycycline addition, achieving complete 
suppression after 5 days. Once doxycycline was removed from the culture medium, gene expression 
was fully restored after 10 days
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Appendix B 

Appendix B-1. Differential expression analysis upon IFNG and NLRC5 induction in 
DFT cells. 
 

Appendix B-2. pAF105 plasmid construction. 

Mononuclear cells from devil lymph node were isolated and stimulated with 10 ng/mL recombinant 

devil IFNG220 for 24 h to induce the expression of NLRC5. cDNA was extracted and the coding 

sequence for full length devil NLRC5 (ENSSHAT00000015489.1) was isolated by PCR using primers 

deNLRC5.FOR and deNLRC5.REV (Appendix B-3). The isolated sequence was cloned into a 

tetracycline-controlled vector pTet-DualOFF (Clontech Laboratories, Mountain View, CA, USA) that 

was linearized by PCR (see Appendix B- 3 for primers and reaction conditions). NEBuilder® HiFi 

DNA Assembly Cloning Kit (NEB) was used to ligate the two fragments. The assembled plasmid 

pAF105 was transformed into NEB® 5-alpha competent Escherichia coli (High Efficiency) (NEB) 

according to manufacturer’s instructions. Positive clones were identified by colony PCR and the 

plasmid was purified using NucleoSpin® Plasmid EasyPure kit (Macherey-Nagel, Düren, Germany). 

The cloned devil NLRC5 transcript was verified by Sanger sequencing using Big DyeTM Terminator 

v3.1 Cycle Sequencing Kit (Applied Biosystems (ABI), Foster City, CA, USA) and Agencourt® 

CleanSEQ® (Beckman Coulter, Brea, CA, USA) per manufacturer’s instructions. The sequences were 

analyzed on 3500xL Genetic Analyzer (ABI) (see Appendix B-5 for list of sequencing primers). 

 

 

 

https://cloudstor.aarnet.edu.au/plus/f/5952520476
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Appendix B-3. PCR primers and reaction conditions. 

 

Vector Template DNA Target DNA Product 
size (bp) Primers Primer sequence (5' to 3') Reaction conditions 

pAF105 

pTet-DualOFF PCR-linearized  
pTet-DualOFF 4267 

pAF105vec.FOR 
CAGGATCCCAGACTGAACTT
CTCCTAAGCGGCCGCATCGA
TAAGC 1x: 95°C for 3 min; 

35x: 98°C for 15 s, 68°C for 15 s, 72°C for 5 min;  
1x: 72°C for 5 min pAF105vec.REV 

CTCATCATTCTGCCAGCTTA
GGGAGTCCATGGTTGTGGCC
ATATTATCATCGTG 

IFNG-
stimulated devil 
PBMC cDNA 

devil NLRC5 
cDNA 5682 

deNLRC5.FOR ATGGACTCCCTAAGCTGGCA
GAATGATGAGGAAAGC 1x: 95°C for 3 min; 

35x: 98°C for 30 s, 68°C for 30 s, 72°C for 6 min;  
1x: 72°C for 7 min deNLRC5.REV TTAGGAGAAGTTCAGTCTGG

GATCCTGGCCCTGGAG 

pCO1 

pSBbi-BH SfiI-digested 
pSBbi-BH 6839 N/A N/A N/A 

pAF105 devil NLRC5 
cDNA 5744 

pCO1.FOR 
GTGAAAACTACCCCAAGCT
GGCCTCTGAGGCCATGGACT
CCCTAAGCTGGCAGAATG 1x: 98°C for 30 s; 

35x: 98°C for 10 s, 72°C for 30 s, 72°C for 3 min;  
1x: 72°C for 2 min 

pCO1.REV 
AATTGATCCCCAAGCTTGGC
CTGACAGGCCTTAGGAGAA
GTTCAGTCTGGGATCCTGG 
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Appendix B-4. Schematic diagram of plasmids pAF105, pSBbi-BH and pCO1. 
Tet-Off tTA, tetracycline(tet)-controlled transactivator; IRES, internal ribosomal entry site; pA, poly(A) 
tail; ITR, inverted terminal repeats; HygroR, hygromycin resistance gene; BFP, mTag-BFP.
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Appendix B-5. Sequencing primers and reaction conditions. 

Template DNA Target DNA Primers Primer sequence (5' to 3') Reaction conditions 

pAF105 devil NLRC5 cDNA 

deNLRC5_seq1.FOR GCTGGAGTTGGTCAGAAAGT 

1x: 96°C for 1 min; 
25x: 96°C for 10 s, 50°C for 5 s, 60°C for 4 min 

deNLRC5_seq2.FOR CCAGCTGCGGATTGAGAATTA 

deNLRC5_seq3.FOR CTCAGACCTATCTGTCCTTCCT 

deNLRC5_seq4.FOR GAGTCACCACCTTGGAGATTAG 

deNLRC5_seq5.FOR TGCAGCCATCTTGACTTATCC 

deNLRC5_seq6.FOR CTGGGTGATGAAGGACTCAAA 

deNLRC5_seq7.FOR CTTAGCTGGTCCCAGGTTTAC 

deNLRC5_seq8.FOR CAGGTGGAGGAGTTACACTTAG 

pCO1 devil NLRC5 cDNA 

deNLRC5_seq1.FOR GCTGGAGTTGGTCAGAAAGT 

deNLRC5_seq2.FOR CCAGCTGCGGATTGAGAATTA 

deNLRC5_seq3.FOR CTCAGACCTATCTGTCCTTCCT 

deNLRC5_seq4.FOR GAGTCACCACCTTGGAGATTAG 

deNLRC5_seq5.FOR TGCAGCCATCTTGACTTATCC 

deNLRC5_seq6.FOR CTGGGTGATGAAGGACTCAAA 

deNLRC5_seq7.FOR CTTAGCTGGTCCCAGGTTTAC 

deNLRC5_seq8.FOR CAGGTGGAGGAGTTACACTTAG 

pSB_EF1a_seq.FOR GCCTCAGACAGTGGTTCAAAG 

pSB_bGH_seq.REV AGGCACAGTCGAGGCTGAT 

pAF217 B2M_sgRNA_1 
U6 SeqFWD GAGGGCCTATTTCCCATGATTC 1x: 96°C for 1 min; 

25x: 96°C for 10 s, 50°C for 5 s, 60°C for 75 s pAF218 B2M_sgRNA_2 

DFT1.B2M-/- gDNA 
B2M gene 

B2m_seq1.FOR AGTTTCCAAGCAAACGAAAATG          1x: 96°C for 1 min; 
25x: 96°C for 10 s, 50°C for 5 s, 60°C for 4 min DFT1.NLRC5.B2M-/- gDNA B2m_seq1.REV AGCTCTGGCTCCCAGAC 
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Appendix B-6. Schematic diagram of CRISPR/Cas9 target sites and induced mutation in the devil B2M gene. 
(A) sgRNA target sequence and PAM sites on devil B2M exon 1. (B) Indel mutations and percentage, and knockout-score in B2M gene of FACS-sorted 
knockout cell lines DFT1.B2M-/- and DFT1.NLRC5.B2M-/-. Indel percentage represents the percentage of sequences with edited traces (non-wild type 
sequence) compared to the control trace (wild-type sequence). Knockout score represents the proportion of cells that have frameshift mutations or more than 
21 bp indels. 94% of DFT1.B2M-/- cells had an eight bp deletion and 3% had a two bp deletion in the B2M gene. In DFT1.NLRC5.B2M-/-, 96% of the 
population had a one bp deletion and 3% had a one bp insertion in the B2M gene.
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Appendix B-7. Complementary oligonucleotides encoding the sgRNA sequence in B2M-targeting CRISPR/Cas9 vectors. 

Vector sgRNA Target sequence (5' to 3') Complementary oligonucleotides Oligonucleotide sequence (5' to 3') 

pAF217 B2M_sgRNA1 TCTTGCTAATTGCCCTCTTG 
B2M_sgRNA_1.FWD CACCGTCTTGCTAATTGCCCTCTTG 

B2M_sgRNA_1.REV AAACCAAGAGGGCAATTAGCAAGAC 

pAF218 B2M_sgRNA2 GATGCACAATTGCCCCAAGA  
B2M_sgRNA_2.FWD CACCGGATGCACAATTGCCCCAAGA 

B2M_sgRNA_2.REV AAACTCTTGGGGCAATTGTGCATCC 
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Appendix B-8. Serum sample information. 

Devil name Devil ID 
Sample collection date 

Pre-immune Immune 
TD1 WPP75 Nov 2009 Nov 2011 

TD2 WPP69 May 2009 Nov 2011 

TD3 WPP287 Feb 2011 Feb 2014 

TD4 WPP314 July 2011 May 2014 

TD5 WPP209 Nov 2010 May 2011 

TD6 WPP240 Nov 2013 Feb 2014 

TD7a WPP213  Feb 2012 N/A 

Myb Missy 10 Mar 2011 3 Jan 2013 

TD1–TD6 corresponds to TD1–TD6 in 175, My corresponds to TD1-My in 229. 
aTD7 was disease-free therefore, had no antibodies against either MHC-I- or MHC-I+ DFT1 cells. 
bMy was an immunized devil with induced regression and had antibodies against MHC-I+ DFT1 
cells. 
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Appendix B-9. Venn diagram of genes significantly downregulated upon IFNG 
treatment and NLRC5 overexpression in DFT1 and DFT2 cells.  
Genes were defined as significantly downregulated when false discovery rate (FDR) < 0.05 and 
log2FC ≤ −2.0. Total number of genes downregulated for each treatment is indicated in parentheses 
under the sample name. See Appendix B-1 for a full list of differentially expressed genes. 
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Appendix B-10. Alternative gene symbols used and the corresponding NCBI gene symbol. 

Alternative gene symbol  NCBI gene symbol NCBI gene description Also known as Location in paper 
PDL1 CD274 CD274 molecule PDL1 Figs. 1, 3 
LOC116421559 LOC116421559 uncharacterized N/A Fig. 2 
SAHAI (LOC105750614) LOC105750614 class I histocompatibility antigen, Gogo-OKO alpha chain SAHA-I Figs. 2, 3 
SAHAI (LOC100927947) LOC100927947 class I histocompatibility antigen, Gogo-OKO alpha chain SAHA-I Figs. 2, 3 
SAHA-UK (LOC100926320) LOC100926320 DLA class I histocompatibility antigen, A9/A9 alpha chain N/A Fig. 3 
SAHA-MR1 (LOC100917175) LOC100917175 major histocompatibility complex class I-related gene protein MR1 Fig. 3 
SAHA-CD1 (LOC100928203) LOC100928203 antigen-presenting glycoprotein CD1d N/A Fig. 3 
SAHAI-related (LOC100925861) LOC100925861 major histocompatibility complex class I-related gene protein N/A Fig. 3 
SAHA-DAB (LOC100922474) LOC100922474 DLA class II histocompatibility antigen, DR-1 beta chain SAHA-DAB Fig. 3 
SAHA-DAB (LOC100930980) LOC100930980 rano class II histocompatibility antigen, A beta chain SAHA-DAB Fig. 3 
HLA-DRA (LOC100923003) LOC100923003 HLA class II histocompatibility antigen, DR alpha chain N/A Fig. 3 
HLA-DMA (LOC100925801) LOC100925801 HLA class II histocompatibility antigen, DM alpha chain N/A Fig. 3 
HLA-DMB (LOC100925533) LOC100925533 HLA class II histocompatibility antigen, DM beta chain N/A Fig. 3 
H2-EB1 (LOC100918485) LOC100918485 H-2 class II histocompatibility antigen, E-D beta chain N/A Fig. 3 
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Appendix B-11. Promoter elements of devil MHC-I genes SAHAI-01 and SAHA-UK.  
Putative sites of cis-regulating promoter elements enhancer A, interferon-stimulated response element 
(ISRE), SXY module, CAAT and TATA boxes in devil classical MHC-I gene SAHAI-01 (Cheng et al. 
2012) that were not identified within 1500 bp upstream of the start codon of non-classical MHC-I 
SAHA-UK with the exception of an ISRE element. The diagram above only shows the genomic 
sequence 200 bp upstream of the start codon. 
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Appendix B-12. Gene ontology (GO) biological processes that were enriched in DFT1 
cells with NLRC5 overexpression.  
 

Appendix B-13. Gene ontology (GO) biological processes that were enriched in DFT2 
cells with NLRC5 overexpression. 
 

Appendix B-14. Reactome pathways that were enriched in DFT1 cells with NLRC5 
overexpression. 
 

Appendix B-15. Reactome pathways that were enriched in DFT2 cells with NLRC5 
overexpression. 

https://cloudstor.aarnet.edu.au/plus/f/5952520560
https://cloudstor.aarnet.edu.au/plus/f/5952520637
https://cloudstor.aarnet.edu.au/plus/f/5952520777
https://cloudstor.aarnet.edu.au/plus/f/5952520888


237 
 

 
Appendix B-16. PDL1 and mTagBFP expression in DFT.NLRC5 cells. 
(A, B) Expression of PDL1 and mTagBFP (BFP) in the presence and absence of hygromycin B (hygB) 
selection pressure in DFT1.NLRC5 cells, assessed every four weeks for 12 weeks post-drug selection. 
(C, D) Expression of PDL1 and mTagBFP in DFT2.NLRC5 cells. (A, C) PDL1 expression in the 
NLRC5 cell lines were compared against wild-type (DFT.WT) and IFNG-treated (DFT.WT + IFNG) 
DFT cells. DFT.BFP, DFT cells transfected with BFP-control vector. The results shown are 
representative of N = 3 replicates/treatment. 

 
Flow cytometric analysis of PDL1 surface expression 

Cells were harvested and plated in a round-bottom 96-well plate (1×105 per well) and  centrifuged at 

500g for 3 min at 4 °C to discard the medium. Cells were blocked with 50 μL of 1% normal goat serum 

(Thermo Fisher Scientific) in FACS buffer (PBS with 0.5% BSA, 0.02% sodium azide) for 10 min on 

ice. After blocking, the cells were incubated with 50 μL of 2 μg/mL mouse anti-devil PD-L1 clone 1F8 

antibody220  labeled with DyLight 650 for 15 min on ice in the dark. The antibody was labeled using 

DyLightTM 650 Microscale Antibody Labeling Kit (Thermo Fisher Scientific). The cells were washed 

with 150 µL FACS buffer and centrifuged at 500g for 3 min at 4°C. Lastly, the cells were resuspended 

in 200 µL propidium iodide (PI) (500 ng/mL) (Sigma-Aldrich) prior to analysis on BD FACSCantoTM 

II (BD Biosciences, Franklin Lakes, NJ, USA). As a positive control for surface PDL1 expression, 

DFT1 C5065 and DFT2 JV cells were stimulated with 5 ng/mL recombinant devil IFNG220 for 72 h. 
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Appendix C 

Appendix C-1. PCR primers and reaction conditions 

Vector Template 
DNA Target DNA Product 

size (bp) Primers Primer sequence (5' to 3') Reaction conditions 

pCO2 

pSBbi-BH SfiI-digested pSBbi-BH 6839 N/A N/A N/A 

devil PBMC 
cDNA 

devil CIITA cDNA  
(XM_023497584.2) 3360 

pCO2_X2.FOR  
GAAAACTACCCCAAGCTGGCC
TCTGAGGCCGCCACCATGCGG
CAGTTACGTGGTGC   

1x: 98 °C for 30 s; 
10x: 98 °C for 10 s, 65 to 56 °C (-1 °C each 
cycle) for 30 s, 72 °C for 3 min;  
25x: 98 °C for 10 s, 68 °C for 30 s, 72 °C for 
3 min;  
1x: 72 °C for 2 min 

pCO2.REV 
GAGAATTGATCCCCAAGCTTG
GCCTGACAGGCCTTATCGCAA
GCTTATTCGGGAGTCC 
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Appendix C-2. Schematic diagram of plasmids pSBbi-BH, pCO1 and pCO2. 
ITR, inverted terminal repeats; pA, polyadenylation tail; HygroR, hygromycin resistance gene; BFP, 
mTagBFP.
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Appendix C-3. Sequencing primers and reaction conditions 

Template DNA Target DNA Primers Primer sequence (5' to 3') Reaction conditions 

pCO2 devil CIITA cDNA 

pSB_EF1a_seq.FOR GCCTCAGACAGTGGTTCAAAG 

1x: 96°C for 1 min; 
25x: 96°C for 10 s, 50°C for 5 s, 60°C for 4 
min 

deCIITA_seq1.FOR GACAGTTGGGAGACCAAACG 

deCIITA_seq2.FOR AGTACTGGGCAAGGCTGGTC 

deCIITA_seq3.FOR CATCTGAAACTTGGTCCAGAGAC 

deCIITA_seq4.FOR TGCTCAGTCACTGCTACAGC 

CIITAF ACCCTTGTCCAACTTGGTTGTGTTACC 

pSB_bGH_seq.REV AGGCACAGTCGAGGCTGAT 
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Appendix C-4. Differential expression analysis upon IFNG, NLRC5, and CIITA 
induction in DFT cells  

 

Appendix C-5. List of gene aliases used in this study and their corresponding NCBI 
gene symbol 

Gene NCBI gene symbol Gene description MHC pathway 
SAHA-UA SAHAI-01 Class I histocompatibility antigen heavy chain Class I 
SAHA-UB LOC100927947 Class I histocompatibility antigen heavy chain Class I 
SAHA-UC LOC105750614 Class I histocompatibility antigen heavy chain Class I 
SAHA-UD SAHAI-12 Class I histocompatibility antigen heavy chain Class I 
SAHA-UK LOC100926320 Class I histocompatibility antigen heavy chain Class I 
SAHA-MR1 LOC100917175 Class I histocompatibility antigen heavy chain Class I 
SAHA-CD1 LOC100928203 Class I histocompatibility antigen heavy chain Class I 
SAHA-DAA LOC100923003 Class II histocompatibility antigen, DA alpha chain Class II 
SAHA-DAB2 LOC100930980 Class II histocompatibility antigen, DA beta chain  Class II 
SAHA-DAB3 LOC100922474 Class II histocompatibility antigen, DA beta chain  Class II 
SAHA-DAB_X1 LOC100918485 Class II histocompatibility antigen, DA beta chain  Class II 
SAHA-DAB_X2 LOC100918744 Class II histocompatibility antigen, DA beta chain  Class II 
SAHA-DMA LOC100925801 Class II histocompatibility antigen, DM alpha chain  Class II 
SAHA-DMB LOC100925533 Class II histocompatibility antigen, DM beta chain Class II 
BTN2A2 LOC100930971 Butyrophilin subfamily 2 member A2 Unrelated 
PLIN3-like LOC116419077 Perilipin-3-like Unrelated 
ICOSLG LOC100929908 Inducible T Cell Costimulator (ICOS) Ligand Unrelated 

 

https://cloudstor.aarnet.edu.au/plus/f/5952522127
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Appendix C-6. Serum sample information 

Devil name Devil ID 
Sample collection date 

Pre-immune  Immune  
My Missy 10 Mar 2011 3 Jan 2013 
TD4 WPP314 July 2011 May 2014 
TD5 WPP209 Nov 2010 May 2011 
TD6 WPP240 Nov 2013 Feb 2014 
TD7 WPP213  Feb 2012 N/A 

TD4–TD6 correspond to devils used in Pye et al175 and Chapter 4 
 

Appendix C-7. Gene ontology (GO) biological processes enriched in DFT1.CIITA 
 

Appendix C-8. Gene ontology (GO) biological processes enriched in DFT2.CIITA 

 

 

https://cloudstor.aarnet.edu.au/plus/f/5952522239
https://cloudstor.aarnet.edu.au/plus/f/5952522323
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Appendix D 

 

Appendix D-1. CD4, PD1 and IFNG expression in Byron’s PBMC following PMA and 
ionomycin treatment for 6 h and 24 h. 
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Appendix D-2. CD4, PD1 and IFNG expression in PBMCs co-cultured with DFT1 cells.  

Plots are representative of two replicates.
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Appendix E 

Appendix E-1. Sequencing primers and cycling conditions 
Template 
DNA Target DNA Primers Primer sequence (5' to 3') Reaction conditions 

pCO3, pCO4, 
pCO5, pCO6, 
pCO7 

SB100X 
pSB_seq_1.FOR GAAAATACCGCATCAGGAAATTGTAAGCG 

1×: 96°C for 1 min; 
25×: 96°C for 10 s, 50°C for 
5 s, 
        60°C for 4 min 

CMV_fwd_primer CGCAAATGGGCGGTAGGCGTG 

TCE  5-ITR_seq_1 GACCTGCAGGCATGCAAGC 
Suicide gene/filler 
DNA TCE_seq1.FOR GAGCCAATTCCAACTCTTTTGC 

DsRed EBV.REV GTGGTTTGTCCAAACTCATC 

tTA RPBSA_seq.FOR TGACCTCGGCACTTAGC 

Luciferase 
P2A_seq1.FOR GGCAGTGGAGCTACTAACTTC 

P2A_seq.REV CCAGGATTCTCCTCGACG 

Hygromycin 
resistance gene 

Hygro.REV GCCTGAACTCACCGCGAC 

pSB_bGH_seq.REV AGGCACAGTCGAGGCTGAT 
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Link to all appendix files not included in this thesis 
https://cloudstor.aarnet.edu.au/plus/f/5952517570 

 

https://cloudstor.aarnet.edu.au/plus/f/5952517570
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