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Abstract 

T cells are an essential component of the vertebrate adaptive immune system. In concert 

with the innate immune system, T cells protect the host from any number of pathogens 

that could be experienced over an organism’s lifetime. The hallmark of a T cell is its 

distinctive T cell receptor (TCR) generated by somatic gene rearrangement. Variability 

in the TCR repertoire arises during thymic T cell differentiation, which is then subjected 

to strict selection processes. Mature T cells in the periphery can undergo further 

differentiation upon the activation of naïve cells to mount immune responses to 

pathogens. These differentiation events are accompanied by significant proliferative 

bursts, followed by the clearance of defective or superfluous cells. It follows then, that 

cell death is also an essential component of T cell differentiation and homeostasis. 

 

This PhD thesis explores the molecular mechanisms regulating the differentiation, 

proliferation and death of T cells, and how interplay among these mechanisms gives rise 

to immune homeostasis. This study examines how distinct cell death pathways, 

including the intrinsic and extrinsic apoptotic pathways and necroptosis, are 

differentially regulated through T cell differentiation and in the various subsets of 

mature T cells. We found that only inhibition of the intrinsic pathway of apoptosis 

overcomes failure of β-selection in the absence of pre-TCR signalling or proliferation, 

enabling further differentiation. We also discovered that caspase-8 plays an important 

pro-survival role in inhibiting necroptosis in recent thymic emigrant T cells and 

regulatory T (Treg) cells, and that this feature can be exploited in the case of Treg cells 

for therapeutic intervention in infection settings. In summary, this thesis defines 
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context-specific roles of cell death modalities in controlling T cell differentiation and 

homeostasis, revealing the potential for immune interventions using targeted therapies. 
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T cells are an essential component of the vertebrate adaptive immune system. They act 

in concert with the innate immune system to protect from the multitude of pathogens 

that could be encountered over the course of a lifetime. The hallmark of a T cell is its 

unique T cell receptor (TCR). T cells have the potential to generate up to 1020 distinct T 

cell receptor clonotypes, resulting in a diverse pool which collectively can respond to a 

myriad of pathogen and host derived antigenic fragments. This diversity in the TCR 

repertoire is encoded in the germline and generated through recombination during T cell 

differentiation in the thymus. Recombination of TCR genes in the thymus is followed 

by differentiation checkpoints, where the newly generated TCR chains are tested for 

their ability to interact with antigenic stimuli and induce downstream signalling 

pathways, without being too reactive to self. Further differentiation of mature T cells in 

the periphery involves the activation of naïve cells to mount immune responses, and the 

acquisition of immune memory. Massive proliferative bursts accompany these 

differentiation events. Accordingly, substantial cell death is also an essential component 

of T cell differentiation, to maintain homeostasis and prevent immune-based disease. 

 

This PhD thesis will examine the molecular mechanisms regulating the differentiation, 

proliferation and death of T cells, and how the interplay among these features results in 

immune homeostasis. This introduction will first review the three key cell death 

mechanisms that will be explored in this thesis: the intrinsic pathway of apoptosis, the 

extrinsic pathway of apoptosis and necroptosis. We will then explore T cell 

differentiation in the thymus and the thymic selection checkpoints, with a particular 

focus on the b-selection checkpoint. The regulation of cell death, proliferation and 

differentiation with this selection process will be the focus of Chapter 3 in this thesis. 
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We will then examine the protease caspase-8, which has both pro-apoptotic and pro-

survival functions in the extrinsic apoptotic and necroptotic pathways respectively. How 

these pathways shape late thymocyte maturation in the thymic medulla if the focus of 

the studies in Chapter 4. Finally, we will review the differentiation of regulatory T 

(Treg) cells during negative selection in the thymus and their role in peripheral T cell 

homeostasis and tolerance. In particular, we will address the mechanisms of their 

survival and death compared to conventional T cells, which is important for the studies 

completed in Chapter 5 of this thesis. 

 

1.1 Cell Death 

A recent review highlighted that there have been 34 different mechanisms of cell death 

reported in the literature 1; however in the broadest sense all these mechanisms can be 

grouped into two categories; programmed cell death or pathologic cell death. The 

primary difference between these two categories is whether or not the death of the cell 

will elicit inflammation. Programmed cell death, or apoptosis, is a physiological process 

where obsolete or damaged cells are signalled to die and is a process that is essential for 

development, homeostasis and tissue remodelling. It is described as ‘immune-silent’ as 

the dying or dead cells are phagocytosed by macrophages or other scavenger cells 

before any cellular debris can incite inflammation in the surrounding tissue 2–4. In 

contrast, pathologic cell death is so named because it results in the lytic rupture of the 

cell membrane and spilling of intracellular material into the surrounding 

microenvironment. These components are detected by sensors in the innate immune 

system, inducing tissue damage and a subsequent immune response 5,6. There are also 

mechanisms of cell death, such as necroptosis, ferroptosis and pyroptosis, which have 
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elements of both programmed and pathologic cell death, where the death initiation 

signal is tightly regulated, but the ultimate culmination of the death signal is a lytic form 

of cell death 7. This overlap of apoptotic and necroptotic cell death is particularly 

apparent in the tumour necrosis factor (TNF) signalling pathway, where the same 

stimulus may trigger either pathway depending on the cellular state 8–10. The 

predominant mechanism of cell death in the immune system is apoptosis; however, 

since the discovery of the necroptotic pathway of cell death there is increasing interest 

in this process as a ‘fail-safe’ mechanism, preventing cell survival and growth in virally 

infected cells where apoptosis is inhibited by viral proteins 11. 

 

1.1.1 Apoptosis 

Programmed cell death was first described by Karl Vogt in 1842 in the context of the 

loss of the cartilaginous notochord and its replacement with vertebrae at the base of the 

skull in the development of the midwife toad 12. The term apoptosis, from ancient Greek 

meaning literally ‘to fall off’ as the falling off of leaves from trees in autumn, was not 

coined until 1972 when Kerr, Wyllie and Currie first described the morphological 

changes that take place in cells undergoing apoptotic cell death. These changes include 

chromosomal fragmentation, cellular shrinkage with membrane blebbing and 

breakdown of cellular components into membrane bound fragments, and finally the 

phagocytosis of these fragments by other cells 2.  

 

Apoptosis is an essential biological process, maintaining homeostasis of an organism by 

helping to regulate the turnover of cells, in concert with mechanisms regulating cell 

migration and division 13. Accordingly, it is subject to strict control at both the genetic 
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14,15 and post-translational 16,17 levels, and defects in this regulation can result in cancer 

18–20, autoimmune diseases 21–23 and neurodegenerative conditions 24. There are two 

primary mechanisms for apoptotic cell death (Figure 1.1); the intrinsic apoptotic 

pathway (discussed further in 1.1.1.1), also known as mitochondrial or B cell lymphoma 

2 (BCL-2) mediated apoptosis, and the extrinsic pathway of apoptosis (Section 1.1.1.2), 

where apoptosis is initiated by the death receptors in the plasma membrane 25. While the 

initiation of apoptosis may be different for the intrinsic and extrinsic pathways, both 

ultimately converge upon the activation of a family of enzymes known as cysteine-

dependent aspartate-directed proteases (Caspases). These proteases are responsible for 

the cleavage of thousands of substrates, resulting in the disassembly of apoptotic cells, 

the characteristic morphological changes that can be observed in cells undergoing 

apoptosis and the inhibition of innate immune signals that prevents inflammation 26–28.  

 



 
 

 6 

 

Figure 1.1 Extrinsic and Intrinsic Apoptosis Pathways 

There are two major pathways of apoptosis; the extrinsic and intrinsic pathways. The extrinsic pathway 

comprises death receptors from the TNF superfamily – TNF receptor 1 (TNF-R1), FAS and the TNF  

related apoptosis inducing ligand (TRAIL) receptors-1 and -2 (TRAIL-R1/TRAIL-R2). Signalling  

through TNF-R1 differs from the other death receptors as it preferentially instigates pro-inflammatory  

and pro-survival canonical nuclear factor kappa light chain enhancer of B cells (NF-κB) and mitogen  

activated protein kinase (MAPK) signalling. Upon TNF ligation to TNF-R1, TNF receptor type 1- 

associated death domain (TRADD) is recruited to the intracellular domain of the receptor and in turn  

recruits the remaining components of Complex 1. Ubiquitylation of receptor interacting protein kinase 1  

(RIPK1) recruits the transforming growth factor-beta-activated kinase 1 (TAK1) complex, which in turn  

activates the MAPK pathway through phosphorylation of MAPK and Jun kinase (JNK) leading to  

activator protein 1 (AP1) mediated transcription. The canonical NF-κB pathway is also activated through  

phosphorylation of inhibitor of nuclear factor kappa-B kinase subunit beta (IKKβ), which in turns  

phosphorylates nuclear factor of kappa light polypeptide gene enhancer in B cell inhibitor alpha (IκBα)  

which leads to its proteasomal degradation enabling translocation of p50 and p65 to the nucleus.  

Deubiquitylation of RIPK1 by cylindromatosis (CYLD) allows RIPK1 to disassociate from Complex I  

and form complex IIa with TRADD, FAS-associated death domain (FADD) and caspase-8. Complex IIa  

can activate apoptosis in the absence of NF-κB mediated transcription of the caspase-8 inhibitory protein  
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Caspase-8 homologue cellular FLICE (FADD-like interleukin-1b-converting enzyme)-like inhibitory  

protein (cFLIP). In the absence of RIPK1 ubiquitylation, RIPK1 is phosphorylated and recruits FADD  

and caspase-8 to Complex IIb to initiate apoptosis. FAS and the TRAIL receptors also activate caspase-8  

and the caspase cascade, but through recruitment of FADD and caspase-8 to the death domain of the  

receptors.  

 

The intrinsic pathway is mediated by the transcription of pro-apoptotic BCL-2 homology domain 3 (BH3) 

-only proteins in response to cellular stressors (growth factor withdrawal, irradiation, etc.). The exception 

is the BH3-only protein BCL-2 interacting domain (BID), which exists in an inactive conformation in the 

cytosol but is cleaved by caspase-8 upon activation of the extrinsic pathway. BH3-only proteins bind and 

inhibit the pro-survival BCL-2 family proteins, which normally bind to and maintain the apoptotic 

effector proteins BCL-2 homologous agonist/killer (BAK) and BCL-2 associated X protein (BAX) in an 

inactive conformation to prevent cell death. BH3-only proteins may also bind and activate BAK and BAX 

directly. Activation of BAK and/or BAK leads to the permeabilisation of the mitochondrial outer 

membrane and the release of cytochrome c, which in turn activates apoptotic protease-activating factor 1 

(Apaf-1) leading to the recruitment and activation of caspase-9. Second mitochondria-derived activator of 

caspase (SMAC) and OMI are also released from the disrupted mitochondria and promote apoptosis 

through inhibition of the pro-survival protein X-linked inhibitor of apoptosis protein (XIAP). Activation 

of the terminal caspases-3 or -7 by the apical caspases triggers apoptosis.    
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The proteolytic active site of caspases is characterised by a cysteine residue that is 

generally adjacent to an aspartic acid residue 26. The caspase family can be subdivided 

into inflammatory caspases (caspase-1, -4, -5, -11 and -12; caspases-4 and -5 are the 

human orthologues of mouse caspase-11) and apoptotic caspases (caspase-3, -6, -7, -8, -

9 and -10; caspase-10 is present in humans but not in mice) 29. Inflammatory caspases 

are dispensable for apoptosis but are responsible for mediating the innate immune and 

inflammatory responses to infections through regulation of cytokine secretions, 

initiating the lytic cell death mechanism called pyroptosis, and engaging additional 

pathways to promote pathogen clearance 29,30.  Apoptotic caspases can be further 

grouped into initiator (caspases-8, -9 and -10) and effector caspases (caspases-3, -6 and 

-7). There is some degree of overlap between functions however, as caspase-8 can 

induce pyroptosis following activation at the inflammasome 31,32. 

 

All caspases are initially synthesised as single chain inactive enzymes (zymogens). 

They are composed of a variable N-terminal domain that defines the type of caspase 

based on the recruitment and activation signals it contains, and a C-terminal catalytic 

domain. The catalytic domain is further divided into a large (p20) subunit containing the 

catalytic dyad Cys and His residues, and small (p10) subunit which contains the 

majority of residues required for substrate recognition 33. While it was initially believed 

that all caspases were activated by cleavage of the catalytic domain into the large and 

small subunits, more recent studies have revealed that this model did not apply to the 

initiator caspases.  
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For the initiator caspases, cleavage at the interchain linker segment was dispensable for 

activation of the apical caspases -8 34,35 and -9 36. Instead, a model of proximity-induced 

apical activation was proposed, where the initiator caspases exist endogenously as 

monomeric zymogens but are recruited by their N-terminal recruitment domains into 

multi-protein scaffolds formed by upstream events in their respective apoptotic 

pathways. Upon recruitment, the initiator caspases dimerise and undergo autoactivation 

into their active conformations 33,37. The active initiator caspases then cleave the 

apoptotic executioner caspases, which do not contain long N-terminal recruitment and 

activation domains but exist stably as zymogens in the cytosol prior to activation.  

 

In the effector caspases, proteolytic cleavage of the linker domains between the large 

and small catalytic subunits allows rearrangement of the catalytic site to its active 

conformation 33,38,39. Once activated, the executioner caspases can cleave over 1000 

proteins in cells, resulting in their activation or degradation. This process manifests in 

the morphological processes defining apoptosis, including chromatin remodelling, 

cytoskeleton deformation, manipulation of signalling pathways and exposure of signals 

to promote phagocytosis of the dying cell 40,41. Given the terminal nature of such 

caspase activation cascades, they are under strict regulation by complex upstream 

signalling processes that have been distinguished as the intrinsic and extrinsic apoptotic 

pathways. 

 

1.1.1.1 The Intrinsic Pathway of Apoptosis 

The intrinsic apoptosis pathway, also known as BCL-2 regulated, stress-induced or 

mitochondrial apoptosis pathway, is the predominant mechanism of apoptosis in 
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homeostatic and developmental settings for the disposal of extraneous or damaged cells 

that pose a risk to the host through neoplastic transformation 42. The intrinsic pathway 

of apoptosis is highly evolutionarily conserved 43–45 and is regulated by the interaction 

of three structurally related but functionally distinct subgroups of the BCL-2 family of 

proteins: the pro-survival proteins [BCL-2, B cell lymphoma extra large (BCL-XL), B 

cell lymphoma W (BCL-W), Myeloid cell leukaemia 1 (MCL-1) and BCL-2-related 

isolated from foetal liver 1 (BFL-1)), the executioner or effector proteins [BCL-2 

homologous agonist/killer (BAK), BCL-2 associated X protein (BAX) and BCL-2 

ovarian killer (BOK)], and the pro-apoptotic proteins [BCL-2 interacting mediator of 

cell death (BIM), p53 upregulated mediator of apoptosis (PUMA), BCL-2 interacting 

domain (BID), BCL-2 associated agonist of cell death (BAD), BCL-2 interacting killer 

(BIK), BCL-2 modifying factor (BMF), NOXA and Harakiri (HRK)]. While the pro-

survival and effector proteins contain four BCL-2 homology (BH) domains, the pro-

apoptotic proteins only have the third BH domain (BH3) in common with each other 

and the other BCL-2 family members and are commonly referred to collectively as the 

BH3-only proteins 46,47. The focus of the interactions among these proteins is centred on 

the mitochondria and the activity of the effector proteins (Figure 1.1). 

 

In healthy cells, the intrinsic apoptosis pathway is restrained by the binding of the pro-

survival BCL-2 family members to the apoptotic effector proteins BAK and BAX 

(Figure 1.1). These interactions prevent BAK and BAX from undergoing 

conformational changes that result in permeabilization of the outer mitochondrial 

membrane. Importantly, BAK and BAX preferentially bind and are sequestered by 

different BCL-2 pro-survival family members. BCL-XL, MCL-1 and A1/BFL-1 restrain 
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BAK activation, whereas BAX can be inhibited by all pro-survival family members 

48,49; however, genetic studies in mice have revealed that BAK and BAX have largely 

overlapping roles. Single knockout Bak-/- or Bax-/- mice only display minor 

abnormalities, including increased numbers of platelets in Bak-/- mice, or mild lymphoid 

hyperplasia, male sterility, retinal defects and increased periventricular neurons in Bax-/- 

mice 50–53. However, most Bak-/- Bax-/- double knockout mice die perinatally due to cleft 

palate, and those that survive have severe phenotypic abnormalities including webbed 

feet, cell accumulation in the lymphoid and neuronal compartments and profound 

resistance to apoptotic stimuli in all cell types 53,54.  

 

A more recently discovered protein BOK shares >70% amino acid sequence homology 

with BAK and BAX 55. Despite these structural similarities, its role in apoptosis 

remains unclear. While BOK overexpression in in vitro studies induced apoptosis 55, 

mice with germline deletion of BOK alone, or concomitant deletion with either BAK or 

BAX exhibit only minor defects 55–57. Further, deletion of BOK alongside loss of both 

BAK and BAX in the haematopoietic compartment, and in rare triple knockout mice 

that survive embryogenesis, results in only a slightly more severe phenotype than 

observed in Bak-/- Bax-/- double knockout mice, suggesting BOK has a largely 

overlapping role with these apoptotic effector proteins 57,58. Regulation of the activation 

and exact mechanism of BOK function remains unclear, with some studies suggesting a 

role for BOK in endoplasmic reticulum stress-induced apoptosis that is either dependant 

on 59, or independent of BAK and BAX 60. Another study suggested that BOK is not 

regulated by pro-survival BCL-2 family members at all, and nor was it activated by 
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BH3 only pro-apoptotic proteins 61. As the role of BOK in the execution of apoptosis 

remains murky, BAK and BAX are considered the primary apoptotic effector proteins. 

 

The pro-survival BCL-2 family of proteins normally restrain BAK and BAX activation 

by the binding of their BH3-domain binding groove to the BH3 domains of the 

apoptotic effector proteins 62–64. The pro-survival protein faction is comprised of 5 

members (Figure 1.1); BCL-2, BCL-XL (encoded by the long isoform of the gene 

BCL2L1), MCL-1, BCL-W (encoded by the gene BCL2L2) and BFL1 (also known as 

A1 in mice and encoded by the gene BCL2A1). The pro-survival function of these BCL-

2 family members has been demonstrated by a range of approaches, including 

transgenic overexpression of BCL-2, BCL-XL and MCL-1 in mice, which renders many 

cell types refractory to diverse apoptotic stimuli 47,65–68. Conversely, loss of these pro-

survival proteins through genetic ablation in mice results in diverse phenotypes, ranging 

from failure of blastocyst implantation upon deletion of Mcl1 69, embryonic lethality 

around E13 due to loss of erythroid progenitors and certain neuronal cell populations 

with BCL2L1 deletion 70 to post-natal (~20-40 days of age) fatal polycystic kidney 

disease and depletion of mature lymphoid cells in Bcl2-/- mice 71. By contrast, only 

relatively minor defects were observed in BCL-W or A1 deficient mice, such as 

spermatogenic defects or decreased numbers of certain dendritic cells subsets, 

respectively 72,73. MCL-1 and BCL-XL have also been shown to have roles in 

mitochondrial function and ATP production, independent of their roles in inhibiting 

apoptosis 74–76.  
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The intrinsic pathway of apoptosis can be triggered by a number of ‘stressors’ 

including, but not limited to, growth factor, cytokine or nutrient withdrawal, DNA 

damage, endoplasmic reticulum (ER) stress or treatment with cytotoxic agents 42,77. 

These triggers result in the upregulation and/or activation of the pro-apoptotic BH3-only 

proteins. As the stoichiometry of the anti- and pro-apoptotic BCL-2 family proteins acts 

as the apoptotic switch, regulation of the BH3-only proteins is tightly controlled. Thus 

their activation occurs primarily through transcriptional upregulation; however, post-

transcriptional mechanisms also play key role in modulating the various BH3-only 

proteins 78,79. The mechanisms regulating their transcriptional activation differ not only 

based on the BH3-only protein being activated, but also by apoptotic stimuli. For 

example, cytokine withdrawal provokes enhanced transcription of both Bim and Puma 

via the activity of the transcription factor forkhead box O3 (FOXO3a) 80–82. In contrast, 

DNA damage induces a different response, whereby PUMA and NOXA initiate 

apoptosis following their transcriptional upregulation via p53 activation 83,84. An 

example of post-transcriptional control of BH3-only protein activity involves BID, 

which exists in an inactive conformation in the cytosol. BID only becomes activated 

upon caspase-8-mediated cleavage to its truncated state (tBID) in response to activation 

of the extrinsic apoptotic pathway (discussed in 1.1.1.2) 85,86. Post-translational 

modifications of BH3-only proteins such as phosphorylation and sequestering from the 

mitochondria also negatively regulate the intrinsic pathway of apoptosis 78,87–90. Yet 

another layer of regulation involves the inhibition of translation of BH3-only proteins 

by microRNAs (miRNAs), short (17-25 nucleotide) non-coding RNAs that bind to 

target mRNAs to inhibit translation or induce degradation 91. Both BIM and PUMA 
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activation has been reported to be inhibited by miRNAs, particularly the miR-17~92 

cluster for BIM 25,92–95. 

 

Upon activation via these various mechanisms, BH3-only proteins bind and inhibit the 

pro-survival BCL-2 family members, resulting in the liberation and activation of the 

apoptotic effectors 47,96–100. Several of the pro-apoptotic proteins, namely BIM, tBID 

and PUMA are considered the most potent inducers of apoptosis due to their ability to 

bind not only to all the pro-survival proteins, but also to transiently bind and activate the 

effector proteins BAK and BAX 101,102. The remaining BH3-only proteins have a more 

restricted binding profile, but may act in concert to induce apoptosis depending on the 

expression profile of pro-survival proteins in a particular cell, and the nature of the 

apoptotic stimulus 101. An important feature of the BCL-2 pathway is that BH3-only 

proteins vary in their affinities for the different pro-survival proteins, and thus their 

potency, due to sequence differences in the BH3 domains and surface grooves on the 

multi-BH domain proteins 103,104. The interactions among the various BH3-only and 

pro-survival proteins ultimately converge on the mitochondria and the effector proteins, 

BAK and BAX. 

 

Once activated, BAK and BAX undergo a series of conformational changes and homo-

oligomerisation to form pores within the outer mitochondrial membrane (OMM). 

Mitochondrial outer membrane permeabilisation (MOMP), mediated by BAK and 

BAX, is considered the ‘point of no return’ whereupon cells are destined to undergo 

apoptosis. Permeabilization of the MOM results in the release of apoptogenic factors 

such as cytochrome c, second mitochondria-derived activator of caspase (SMAC) and 
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serine proteinase OMI into the cytosol 100,105–107. SMAC and OMI promote apoptosis 

indirectly by binding and inhibiting the caspase inhibitor X-linked inhibitor of apoptosis 

protein (XIAP) 108–110. Conversely, cytochrome c released into the cytosol binds to 

apoptotic protease-activating factor 1 (APAF1) monomers causing assembly of a large, 

multi-protein signalling platform called the apoptosome (Figure 1.1). Conformational 

changes in APAF1 reveal its N-terminal caspase recruitment domains (CARD), 

allowing the recruitment and activation of procaspase-9, the initiator caspase of the 

intrinsic apoptotic pathway. Active caspase-9 in turn cleaves and activates the 

executioner caspases, caspase-3 and -7 (as discussed in Section 1.1.1), thereby resulting 

in apoptosis 111,112.   

 

1.1.1.2 The Extrinsic Pathway of Apoptosis 

The second mechanism of apoptosis initiation is through the death receptor, or extrinsic 

apoptotic pathway. This pathway relies on signalling through members of the TNF 

receptor superfamily known as death receptors (DRs). These include the type I 

transmembrane receptors TNF receptor 1 (TNF-R1, also known as CD120a), FAS (also 

known as CD95) and the TNF-related apoptosis inducing ligand (TRAIL) receptor 1 

(TRAIL-R1, also known as DR4) and receptor 2 (TRAIL-R2, also known as DR5) 113. 

The TNF superfamily of receptors share a common cysteine-rich motif expressed 

between two and six times in the extracellular domain. The death receptors are 

distinguished by an intracellular death domain (DD), a sequence of ~80 residues which 

is required for apoptosis induction upon activation of the receptors by the binding of 

their cognate ligands 114–116 . 
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The death receptor ligands (TNF, FAS-L/CD95L and TRAIL) are also members of the 

TNF superfamily and are generally expressed as homotrimeric type II transmembrane 

proteins. Soluble forms of the death ligands may also be produced by proteolytic 

cleavage by metalloproteases, which apparently engage signalling mechanisms distinct 

to those of the membrane-bound death ligands 117–120. Upon ligation of a death ligand to 

its receptor, the trimerization of the death receptors causes conformational changes 

which results in the intracellular recruitment of adaptor proteins: FAS-associated 

protein with death domain (FADD, also known as MORT1) for the FAS and TRAIL 

receptors, or TNR receptor type 1-associated death domain protein (TRADD) for TNF-

R1 (Figure 1.1). FADD contains both a DD and a death effector domain (DED) that 

recruits and activates the DED-containing caspases -8 and -10 113,115,121,122. The resulting 

protein complex that is formed is known as the death inducing signalling complex 

(DISC) 123. However, due to the dual role of TNF-R1 in pro-inflammatory signalling, 

the TNF-R1 signalling complex (TNF-RSC) downstream of TRADD is preferentially 

geared towards nuclear factor kappa light chain enhancer of B cells (NF-kB) signalling 

124. 

 

NF-kB signalling downstream of TNF-R1 not only promotes proliferation and 

inflammation, but also modulates TNF-R1 mediated extrinsic apoptosis. Following 

recruitment of TRADD to the DD of TNF-R1 upon ligand engagement, the remaining 

components of the proximal signalling complex (Complex I; Figure 1.1), including 

TNF receptor associated factor 2 and/or 5 (TRAF2/5), receptor interacting protein 

kinase 1 (RIPK1), cellular inhibitor of apoptosis protein 1 or 2 (cIAP1/2) and the linear 

ubiquitin chain assembly complex (LUBAC), begin to assemble 125. Ubiquitination of 
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RIPK1 by cIAP and LUBAC provides a scaffold for the recruitment of transforming 

growth factor-beta-activated kinase 1 (TAK1) and the inhibitor of nuclear factor kappa-

B kinase (IKK) complexes 126,127. These in turn activate the mitogen activated protein 

kinase (MAPK) and canonical NF-kB signalling pathways respectively, resulting in a 

transcriptional program directing immune cell proliferation, survival and pro-

inflammatory signalling 128.  

 

NF-kB signalling inhibits extrinsic apoptosis at two checkpoints in the pathway; (1) 

formation of the NF-kB activating Complex I following TNF ligation inhibits the 

formation of pro-apoptotic signalling complexes, and (2) induction of the expression of 

the caspase-8 homologue cellular FLICE (FADD-like IL-1b-converting enzyme)-like 

inhibitory protein (cFLIP) long isoform (cFLIPL) as part of the NF-kB transcriptional 

program. The pro-apoptotic Complex IIa assembles slowly and transiently when 

TRADD dissociates from Complex I and recruits FADD and caspase-8 (Figure 1.1). 

Activation of caspase-8 in this complex is normally inhibited by NF-kB-mediated 

expression of cFLIPL. If NF-kB signalling is disrupted and insufficient levels of cFLIPL 

are expressed, apoptosis signalling is engaged via activation of caspase-8 in complex IIa 

129–131. 

 

Complex IIb forms in response to deubiquitylation of RIPK1 by the deubiquitinase 

cylindromatosis (CYLD), which allows its dissociation from Complex 1 (Figure 1.1) 

132–136. Complex IIb is comprised of RIPK1, FADD and caspase-8, with the DD of 

RIPK1 used for the recruitment of FADD to the complex  130,132,134,137. Complex IIb can 

also form in the event that components of Complex I are absent or inhibited and RIPK1 
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is not ubiquitinated. Both complexes IIa and IIb have also been linked to apoptosis 

through activation of caspase-10 130. 

 

Although comprised of different combinations of adaptor proteins, both Complexes IIa 

and IIb formed downstream of TNF-R1, and the DISC formed upon FAS/FAS-L or 

TRAIL-R/TRAIL ligation all induce apoptosis through the same mechanism (Figure 

1.1). The DED of FADD recruits the apical caspases-8 or -10 to the complex leading to 

their dimerisation and auto-activation (as described in Section 1.1.1) 42. In type I cells, 

including lymphocytes, activated caspase-8 directly cleaves the downstream executioner 

caspases-3 and -7 to induce apoptosis. In contrast, type II cells such as hepatocytes and 

pancreatic b-cells, upregulate the anti-apoptotic protein XIAP in response to FAS 

activation to block direct apoptosis via this route. Execution of apoptosis in these cells 

relies upon caspase-8 mediated cleavage of the BH3-only protein, BID, and subsequent 

activation of the intrinsic apoptotic pathway to amplify the apoptotic signal 42,138. 

 

Unlike the severe developmental defects caused by ablation of the intrinsic apoptotic 

pathway in Bax-/- Bak-/- mice (discussed in Section 1.1.1.1), mice with deletion or 

mutation of the various death ligands or receptors are able to survive to adulthood and 

produce viable offspring. The most severe of these phenotypes is probably the 

spontaneous loss-of-function mutations known as the lymphoproliferative spontaneous 

mutation (lpr or Faslpr) and the generalised lymphoproliferative disease (gld or Faslgld) 

mutations. Both of these result in a systemic autoimmune disease resembling systemic 

lupus erythematosus (SLE) due to the accumulation of activated T cells as a 

consequence of impaired activation induced cell death (AICD). This defect results in 
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lymphadenopathy, immune complex glomerulonephritis, arthritis and skin lesions 139.  

The severity of pathology in lpr and gld mice is greatly impacted by genetic 

background, with severe disease and with a 50% mortality by 5 months seen on the 

MRL background, but relatively minor pathology on the C57BL/6 background 140.  

 

In contrast, mice deficient in the TRAIL receptor (there is only one such receptor in 

mice) develop an apparently normal immune system. Although there are conflicting 

reports on the role of TRAIL in thymic negative selection 141–143, TRAIL receptor-

deficient mice display enhanced innate immune responses to murine cytomegalovirus 

challenge 143. Meanwhile TNF or TNF-R1 deficient mice develop normally, but are 

susceptible to challenges with certain infectious agents such as candida albicans and 

listeria monocytogenes 144,145. Furthermore, mice lacking all death ligands (TNF-/- 

Faslgld/gld Trail-/-) also survive to adulthood and are fertile but develop a 

lymphoproliferative syndrome and are immunocompromised (Unpublished results. 

Mice generated by John Silke at the Walter and Eliza Hall Institute).  

 

Patients lacking components of the extrinsic apoptosis pathway also develop similar 

disorders to those observed in mice. Loss of function mutations in Fas, or less 

commonly in FAS ligand, result in autoimmune lymphoproliferative syndrome (ALPS). 

This syndrome is similar to the phenotype observed in lpr or gld mice, characterised by 

lymphadenopathy and splenomegaly, an increased risk of cancers, particularly Hodgkin 

and non-Hodgkin lymphomas, and symptoms similar to SLE (affecting less that 5% of 

patients) 146.  Similarly, humans with loss of function mutations in caspase-8 develop a 

disease known as caspase-8 deficiency syndrome (CEDS) that is characterised by 
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splenomegaly, lymphadenopathy and recurrent sinopulmonary and viral infections due 

to impaired immunoglobulin (Ig) production 147. These diseases suggest that, although 

the extrinsic apoptotic pathway is not as essential for normal embryonic development as 

the intrinsic pathway, death receptor mediated apoptosis is crucial for immune 

homeostasis and host defence. 

 

1.1.2 Necroptosis 

Death receptors are also capable of initiating a distinct, caspase-independent form of 

programmed cell death known as necroptosis. Similarly, Toll like receptors (TLR) 3 and 

4 and type I and II interferons can also induce necroptosis 148,149. Unlike the 

immunologically silent process of apoptosis, lysis of the plasma cell membrane during 

necroptosis results in the leakage of intracellular components and damage-associated 

molecular patterns (DAMPs) into the surrounding tissue which can trigger 

inflammatory responses 150,151.  

 

Necroptosis was first described in 1988 152, when treatment with TNF was reported to 

induce a necrotic form of cell death. However, the mechanistic basis of necroptosis was 

not discovered until over a decade later, when separate groups tried to block the 

extrinsic apoptotic pathway either through the use of the caspase-8 inhibitor zVAD-fmk 

in L929 fibroblast cells 9,153 or genetically deleting caspase-8 in the Jurkat cell line 154. 

Instead of inhibiting apoptosis, they surprisingly observed lysis of the cells. These 

studies built upon a 1996 report that found cowpox virus infection of porcine kidney 

cells provoked a necrotic form of cell death, but only when the viral cytokine response 

modifier A (crmA) gene was expressed 155. CrmA encodes a protein that acts as a 
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caspase-8 inhibitor, providing further evidence that inhibition of caspase-8 promoted 

cell lysis. Indeed, it is now recognised that necroptosis is an evolutionarily distinct 

mechanism of cell death that can be activated in response to viral proteins that prevent 

apoptosis of host cells 156. In addition to its role in host pathogen defence, necroptosis 

has also been implicated in diseases such as myocardial infarction 157, stroke 158, 

atherosclerosis 159, ischaemia-reperfusion injury 160,161, pancreatitis 162 and inflammatory 

bowel disease 163. 

 

As for the extrinsic pathway of apoptosis, post-translational modification of RIPK1 is 

also pivotal for the regulation of necroptosis 164,165. In addition to its pro-apoptotic role 

in the extrinsic apoptotic pathway, caspase-8 also has a key pro-survival role in 

inhibiting necroptosis (Figure 1.2). Cleavage of RIPK1 by activated caspase-8 at the 

aspartic acid residue D324 (D325 in mice) is critical for preventing the 

autophosphorylation of RIPK1 164,165. If caspase-8 activation is inhibited by chemical 

inhibition 166, the endogenous caspase-8 inhibitory cFLIP short (cFLIPS) protein 

isoform or cFLIPS viral homologues 167–170, RIPK1 and RIPK3 form an oligomeric 

complex known as the “necrosome” through their cognate receptor interacting protein 

homotypic interaction motif (RHIM) domains 171. Formation of the RIPK1/RIPK3 

necrosome results in the activation of RIPK3 by autophosphorylation, with RIPK3 

homo-oligomers in turn phosphorylating the pseudokinase mixed lineage kinase 

domain-like (MLKL) at serine 358 172–175. Upon activation, MLKLpS358 forms clusters 

around the necrosome in the cytoplasm and these clusters traffic to the plasma 

membrane. MLKL clusters accumulate at the membrane into hotspots disrupting 

membrane integrity which, upon reaching critical mass, causes membrane lysis 176. 
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Although its role as the terminal effector of the necroptosis pathway is well established, 

the mechanism by which MLKL disrupts the plasma membrane remains contested. 

There are indications that suggest that the 4 helical bundle (4HB) domain interacts with 

the phospholipids of the cell membrane by opposing electrostatic charges 177,178 or 

embedding of MLKL oligomers resulting in pore formation 179. Regardless of the 

precise mechanism, the 4HB domain is thought to be critical for membrane lysis, as this 

domain has been shown to permeabilise membranes in vitro 177,179–182.   
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Figure 1.2 Caspase-8 plays a pro-survival role via inhibition of necroptosis 

Three distinct mechanisms can occur upon death receptor ligation depending on the activation of caspase-

8 downstream of FADD. In the presence of moderate-high levels of cFLIPL, it will be recruited to the 

DISC alongside caspase-8 and form heterodimers. Heterodimerisation between caspase-8 and cFLIPL 

results in sufficient caspase-8 catalytic activity to cleave RIPK1, but insufficient activity for cleavage of 

downstream caspases, promoting cell survival. If the levels of cFLIPL are low, caspase-8 forms 

homodimers at the DISC resulting in sufficient catalytic activity to both cleave RIPK1 and undergo 

activation to induce apoptosis. Finally, in situations where caspase-8 is inhibited, RIPK1 is not cleaved 

and undergoes autophosphorylation. This in turn leads to the recruitment of RIPK3 and its 

phosphorylation. Phosphorylated RIPK1 and RIPK3 recruit MLKL to the necrosome, where it is 

phosphorylated before being trafficked to the cell membrane where it congregates in hotspots resulting in 

the lytic rupture of the membrane and death by necroptosis. 
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Similar to our understanding of the regulation of the apoptosis pathways, the function of 

the key proteins regulating necroptosis has largely been elucidated using genetically 

engineered mouse models. FADD, cFLIP and caspase-8 had been shown to be essential 

for embryonic development, as mice lacking any of these genes died at day E10.5 with 

pathological features that included disrupted yolk sac vasculature, impaired cardiac 

muscle development and erythrocyte accumulation 183–185. The critical role of 

necroptosis in this observed embryonic lethality was demonstrated by the finding that 

the phenotype was be completely rescued in Casp8-/- or Fadd-/- mice by concomitant 

deletion with either of the necroptosis related proteins, RIPK3 or MLKL 186. Casp8-/- 

Ripk3-/-, Casp8-/- Mlkl-/-, Fadd-/- Ripk3-/- and Fadd-/- Mlkl-/- mice survive to adulthood 

and are fertile, but go on to develop a lymphoproliferative disease characterised by 

splenomegaly, lymphadenopathy, thrombocytopenia and systemic autoimmune disease. 

However, these symptoms develop earlier and with higher severity in mice where Mlkl 

rather than Ripk3 is deleted, suggesting RIPK3 may play an additional physiological 

role beyond activating necroptosis 186. Further, the deletion of RIPK1 on a Fadd-/-, but 

not Casp8-/- background was sufficient to rescue mice from embryonic lethality 187,188. 

Yet these mice die soon after birth, as occurs in Ripk1-/- mice due to systemic 

inflammation 187. Mice lacking cFLIP (cflar-/-) also die during embryonic development. 

However, unlike the embryonic lethality observed in FADD or caspase-8 deficient 

mice, the combined loss of either RIPK3 or MLKL in cflar-/- mice is not sufficient to 

rescue. The additional deletion of either caspase-8 or FADD is also required for these 

mice to survive past E10.5, suggesting that embryonic death in mice deficient for cFLIP 

is dependent on both necroptosis and apoptosis 189.  
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These studies reveal the inter-related mechanisms regulating the intrinsic and extrinsic 

apoptosis pathways, and necroptosis. All three of these forms of cell death occur in T 

cells in the context of differentiation or homeostasis and how these are manifested will 

be explored in this thesis. 

 

1.2 T cell differentiation  

The differentiation of T cells is a multi-step process that results in the generation of 

multiple distinct subsets of T lymphocytes capable of launching, maintaining and 

regulating an immune response to pathogens. This process occurs in the thymus and in 

secondary lymphoid tissues. The thymus is where lymphoid progenitors differentiate 

into competent T cells that are exported to the periphery. In secondary lymphoid organs, 

including lymph nodes and the spleen, activation of T cells stimulates further 

differentiation and the generation of immune memory following an immune response. 

These processes of thymic and peripheral differentiation all revolve around the defining 

feature of the T cell – the T cell receptor (TCR).  

 

As the human (as well as the mouse) immune system may need to respond to a 

multitude of different pathogens over the course of a lifetime, the defining feature of the 

adaptive immune system is its variability. Random recombination of the gene loci 

encoding the B- and T cell antigen receptor chains is the primary mechanism for 

deriving this variability. It occurs by the same mechanism, known as V(D)J 

recombination after the “variable”, “diversity” and “joining” gene segments that 

recombine to form the receptor domains that interact with antigens. This variable 

interface region of the receptor is then paired with one of two constant gene segments to 



 
 

 26 

form the complete TCR chain exon. Most T cells in the periphery express the abTCR, 

and are termed ab T cells. The beta and alpha chains of the abTCR undergo this 

recombination process sequentially; the b chain (TCRb) is rearranged first, followed by 

the a chain (TCRa). The TCR dimer then associates with the invariant CD3eg and 

CD3ed heterodimers and a homodimer of the T cell surface glycoprotein, CD3 zeta 

chain (CD247; zz), to form the TCR signalling complex 190.  

 

Thymic differentiation results in the generation of T cells that are functional and 

collectively express a very diverse TCR repertoire. Peripheral T cell activation allows 

for the clonal expansion of potentially useful T cells and their differentiation into the 

various effector and memory populations required for immunity. However, at every 

stage along these differentiation pathways, waves of programmed cell death occur to 

ensure that only competent thymocytes are exported to the periphery as naïve T cells, 

and to contract T cell populations following successful expulsion of a pathogen to 

maintain homeostasis. 

 

1.2.1 Thymic T cell differentiation 

Despite its discovery by ancient Greeks, it was only in 1961 that the function of the 

thymus was discovered. Before then, it was believed be a vestigial organ. Jacques 

Miller first described the function of the thymus in T cell differentiation after noting 

that neonatal thymectomy caused the loss of a population of “small” lymphocytes, 

termed T lymphocytes due to their apparent relationship with the thymus 191. He also 

noted that the mice had impaired antibody production and could not reject foreign tissue 

grafts 191. Since then, there has been an explosion in our understanding of the role of the 
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thymus and the thymic microenvironment in the complex process of differentiation of 

haematopoietic stem/progenitor cells (HSPCs) into the functionally distinct subsets of T 

cells. T cell differentiation in the thymus involves several major checkpoints, including 

T lineage commitment, the generation of the TCR and a series of selection and 

maturation events. These selection events align with the stages of generating the T cell 

receptor and involve waves of either programmed cell death or proliferation, dependent 

on the nature of TCR engagement 192 (Figure 1.3).  
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Figure 1.3 Thymic T cell differentiation is characterised by selection events to 

generate a functional and safe TCR 

Lymphoid progenitors enter the thymus from the bone marrow through blood vessels at the cortical-

medullary junction before migrating to the thymic cortex to begin differentiation. The expression of the 

surface proteins, CD44 and CD25 can be used to track the earliest CD3-CD4-CD8- triple negative (TN) 

precursors. TN1 thymocytes retain multi-lineage potential. As cells progress to TN2, commitment to the 

T cell lineage occurs and recombination of the TCRβ gene commences, prior to β-selection at the TN3 

stage. Cells that generate a functional TCRβ chain survive the β-selection checkpoint and downregulate 

the interleukin 2 (IL-2) receptor alpha chain (IL-2Rα) CD25 as they progress to TN4. Thymocytes 

undergo massive proliferation following β-selection, prior to entering the double positive (DP) stage, 

where thymocytes express both TCR co-receptors CD4 and CD8 and commence rearrangement of their 

Tcra gene. The DP thymocyte stage is the first where expression of the full αβTCR occurs, in complex 

with CD3 proteins. Cortical thymic epithelial cells (cTECs) are essential for the survival and 

differentiation of TN thymocytes and also play an important role in the positive and negative selection 

checkpoints by expressing self-peptides that are presented on the cell surface by major histocompatibility 

complex (MHC) proteins in peptide:MHC (pMHC) complexes. DP thymocytes audition for positive 
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selection, testing their αβTCR for low-affinity TCR:pMHC interactions resulting in positive selection. By 

contrast, high-affinity interactions lead to the deletion of autoreactive thymocytes. Positively selected 

thymocytes migrate to the thymic medulla as CD4 or CD8 single positive (SP) thymocytes, whereupon 

they encounter medullary thymic epithelial cells (mTECs) and thymic dendritic cells (DCs). These can 

mediate negative selection to peripheral tissue self-antigens (PTAs) produced by mTECs through 

autoimmune regulator (AIRE) mediated transcriptional regulation. SP thymocytes that have strong 

interactions with PTA:MHC complexes are deleted, while intermediate interactions lead to the 

differentiation of regulatory T (Treg) cells that express forkhead box P3 (FOXP3) and high levels of 

CD25. Low-affinity interactions lead to survival and further maturation as SP thymocytes, before thymic 

egress of mature thymocytes through blood vessels into the circulation. 
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The bulk of the thymic cellularity is composed of thymocytes. However, there are also 

highly specialised non-haematopoietic cells that make up the stroma of the thymus, 

including epithelial, endothelial and mesenchymal cells. The cells that make up the 

majority of the stromal compartment are known as thymic epithelial cells (TECs) and 

they govern key stages of thymocyte differentiation. The differentiation and survival of 

TECs is dependent upon forkhead box N1 (FOXN1), the master regulator of genes 

required for TEC specification and homeostasis 193. TECs can be further subdivided into 

cortical TECs (cTECs), which interact with the most immature developing thymocytes 

in the thymic cortex, and medullary TECs (mTECs), which are responsible for 

mediating the later stages of thymocyte maturation, generation of thymic tolerance and 

differentiation of regulatory T cells in the medulla 194 (Figure 1.3). In addition to 

providing stromal support, TECs also express cytokines such as interleukin-7 (IL-7) and 

the Notch ligand DL4, which are critical to the early differentiation of thymocytes, as 

well as regulating the later stages of thymocyte differentiation 195. Crosstalk between the 

TEC subsets and developing thymocytes is also critical for the differentiation the TECs 

themselves, and mice where T cell differentiation is blocked also have impaired 

development of both the cTEC and mTEC compartments 196. 

 

1.2.1.1 Early thymocyte differentiation and b-selection 

The earliest precursors arrive in the thymus from the bone marrow via blood vessels 

located in the cortico-medullary junction (Figure 1.3). They are termed the early T cell 

progenitors (ETPs) and are not yet committed to the T cell lineage, retaining the 

capacity to differentiate into dendritic, B or natural killer NK) cells. These early 

thymocytes are negative for the prototypical markers of mature T cells, CD3, CD4 and 
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CD8 and are thus described as triple negative (TN) thymocytes; however, they express 

the adhesion molecule CD44 and the stem cell factor (SCF) receptor c-KIT. Further 

differentiation of TN thymocytes can be tracked through the stages: TN1  

(CD44+ CD25-), TN2 (CD44+ CD25+), TN3 (CD44- CD25+/int) and TN4 (CD44- CD25-) 

197. Notch signalling is required for T lineage commitment of these ETP cells, acting in 

concert with a transcriptional program involving the transcription factors PU.1, Ikaros, 

runt-related transcription factor (RUNX) family proteins and E proteins such as E2A 198. 

While commencing their lineage commitment, TN1 and TN2 thymocytes also undergo 

a significant proliferative expansion driven by SCF and IL-7 signalling 199,200. 

 

T lineage commitment is completed before cells transition to the TN3 stage. While 

some ETP and TN2 thymocytes may have begun TCR gene rearrangements, most 

thymocytes do not start this process until lineage commitment is complete at the TN3 

stage 201. T cell genes drive transcription of the recombination activating genes 1 and 2 

(Rag1 and Rag2) which are essential for rearrangement of the TCR gene loci. The RAG 

complex is a tetrameric complex comprised of two molecules of each RAG1 and RAG2 

proteins bound to one molecule of DNA 202. It recognises and binds DNA at 

recombination signal sequences (RSSs) that flank the variable (V), diversity (D) and 

joining (J) sequences of the Tcrb gene locus. The RSS sequences contain conserved 

heptamer and nonamer sequences linked by a spacer sequence that is either 12 base 

pairs (12-RSS) or 23 base pairs (23-RSS) in length 203. The RAG proteins recognise the 

12-RSS and bind to the DNA to form a stable complex which then synapses with a 

second RSS with a 23 base pair spacer sequence, resulting in the formation of a paired 

complex (PC). Within the PC, RAG1 induces a single stand break in the DNA between 
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the coding region and the RSS, thus generating a free 3’ hydroxyl group which then 

invades the complementary strand in a transesterification reaction catalysed by RAG, 

creating a double stranded DNA break and resulting in the formation of a covalently 

sealed hairpin at the end of the gene segment 204–206. Following hairpin formation, the 

RAG proteins cooperate with non-homologous end joining (NHEJ) DNA repair proteins 

to open the hairpins and join the two coding sequences 204.  

 

The randomness of V(D)J recombination for the TCR (and B cell receptor) genes is 

what drives much of the diversity of the TCR repertoire. However, the routine 

introduction of double stranded breaks in the DNA creates opportunities for 

malignancies to develop if DNA repair processes are inhibited 207–209. Further, many of 

the resulting recombined genes do not yield a functional protein capable of inducing 

TCR signalling. To ensure only thymocytes that have successfully rearranged an in-

frame TCRb chain move further through differentiation, DN3 thymocytes are subjected 

to the first of three thymic selection checkpoints, known as b-selection 210. A key 

feature of b-selection is that only productively rearranged TCRb chains can pair with a 

surrogate pre-T cell receptor alpha (pTa) protein to form the pre-T cell receptor (pre-

TCR) 211, and this complex associates with the CD3 signalling proteins to drive a 

survival, proliferation and differentiation program. This program ultimately results in 

TN3 cells downregulating CD25 [also known as interleukin 2 receptor alpha], 

proliferating and differentiating into TN4. These cells then transition into CD4 and CD8 

double positive (DP) thymocytes by first upregulating the CD8 co-receptor (and 

becoming immature single positive (ISP) cells) and then CD4 in mice 212,213. This 

pattern is reversed in humans, with CD4 upregulated prior to CD8 214. 
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In addition to representing an important differentiation checkpoint, b-selection also 

represents the stage at which thymocytes become primarily reliant on TCR signalling, 

as opposed to only cytokine or growth factor signalling, for their proliferation, survival 

signal and differentiation. However, the exact signalling mechanisms driving these 

programs remain somewhat unresolved. As further discussed in Section 3.2.1, current 

evidence supports roles for both the intrinsic and extrinsic apoptotic pathways in cell 

death at the b-selection checkpoint. Further, the extent to which the differentiation 

changes and proliferative signals are driven by the pre-TCR remain unclear. The 

transcriptional program induced by the pre-TCR at b-selection overlaps considerably 

with TCR signalling in mature peripheral T cells, including many proliferation signature 

genes, however very few genes are selectively induced by the pre-TCR (including Cd8, 

Zap70, Rorc and Ikzf3) 215, suggesting it is not the only pathway regulating the 

differentiation from TN3 to DP.  

 

A clear understanding of the pathways regulating differentiation immediately following 

b-selection is also confounded by the delayed kinetics of downregulation for some 

proteins, particularly the Notch target genes. Signalling through both the pre-TCR and 

Notch is required for the proliferative burst of post-b-selection thymocytes 216,217; 

however pre-TCR signalling is a negative regulator of Notch signalling 218–220. 

Therefore, while some components of the Notch pathway are immediately 

downregulated following b-selection (such as Notch1, Notch3, Il2ra and Ptcra, which 

encodes pTa), other Notch targets including cMyc and Il7r are downregulated on a 

transcriptional level, but have delayed downregulation at the protein level 220, 
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suggesting that post-transcriptional regulation may also play a role in survival, 

differentiation and proliferation at b-selection.  

 

The lack of understanding of the survival mechanisms controlling thymocyte 

progression through b-selection has also meant that de-coupling the importance of pre-

TCR and Notch proliferative signalling in differentiation to the DP compartment has 

also proven difficult. Although some studies suggest proliferation driven by the Notch 

targets Myc and IL-7 is necessary for differentiation 221,222, others posit that Notch 

signalling plays a role in proliferation only 219, and not differentiation. However, a point 

of difference in these studies was that they were performed in mouse models or human 

thymocytes, respectively. Nevertheless, these studies all indicate that pre-TCR 

signalling is essential for differentiation of thymocytes past the b-selection checkpoint. 

In contrast, several studies looking at the apoptotic mechanism imposing this 

checkpoint would tend to indicate that the pre-TCR may not even be required for 

differentiation following b-selection. Studies have defined numerous ways that 

thymocytes blocked from TCRb rearrangement can bypass cell death and proceed in 

their differentiation (summarised in Table 1.1). These cells rescued from failure of b-

selection and cell death can differentiate past TN3a (CD44- CD25high) into TN3b 

(CD44- CD25int/low), TN4 and DP thymocytes (Table 1.1; discussed further in Section 

3.3). These studies would tend to suggest that the role of pre-TCR signalling at the b-

selection checkpoint is to inhibit apoptosis, thus allowing thymocytes to survive for a 

period sufficient to trigger a differentiation program. This is in contrast to the second 

checkpoint in the thymus – positive selection – where expression of the full abTCR is 

necessary and sufficient to drive differentiation. 
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Table 1.1 In vivo models of β-selection rescue in systems with impaired V(D)J 

recombination 

Model 
Signalling 

pathway 

Genetic 

background 

% CD4 CD8 

DP 

Thymocytes 

Malignancy? Refs 

LckP-

BCL2tg 

Intrinsic 

apoptosis 

Rag1-/- 11% Not reported 223 

Eµ-BCL2tg Intrinsic 

apoptosis 

Rag1-/- 0% Not reported 224 

LckP-BCL-

XLtg 

Intrinsic 

apoptosis 

Rag1-/- 16.71% ± 

6.40% 

Not reported 225 

LckP-BCL-

XLtg 

Intrinsic 

apoptosis 

scid 0.25% ± 

0.18% 

Not reported 225 

Retroviral 

A1 

expression 

in Rag1-/- 

progenitors 

Intrinsic 

apoptosis 

Rag1-/- 

progenitors 

injected into 

Rag2-/-γc-/- 

hosts  

>50% Not reported 226 

LckP-Fadd-

DNtg 

Extrinsic 

apoptosis 

Rag1-/- 65% Yes (>16 

weeks) 

227 

p53-/- Intrinsic 

apoptosis 

Rag2-/- Not 

quantified. 

Report not 

>50% 

Not reported 228 
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increase in 

thymic 

cellularity 

γ-

irradiation 

Intrinsic 

apoptosis 

scid 63% ± 20% 

(3-4 wks 

post-

treatment) 

Yes. 100% 

incidence 20 

weeks after 

treatment 

229 

anti-CD3 IP 

injection 

TCR 

signalling 

Rag2-/- and 

Rag2-/-

preTα-/- 

>90% Not reported 211,230,231 

Eµ-PIM1tg Proliferation 

Anti-

apoptotic 

Rag2-/- and 

Rag1-/- 

Rag2-/-: 

12.9% 

Rag1-/-: 86% 

Not reported  232 

huCD2P-

CD28tg  

Eµ-B7-2tg 

double tg 

Proliferation Rag2-/- 85.5% ± 4% Not reported 233 

Pten∆Lck Proliferation 

PI3K/Akt  

Rag2-/-γc-/- 70% Not reported 234 

E47-/- Proliferation 

Lineage 

commitment 

Rag1-/- and 

scid 

Rag1-/-: 

93.3% 

scid: 93.9% 

Not reported 235 
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1.2.1.2 Positive Selection 

Double positive thymocytes are the most abundant cells in the thymus, but are largely 

quiescent while they undergo rearrangement of their TCRa chain to express the 

complete abTCR dimer associated with CD3 proteins and audition for positive 

selection. At the peak of thymic productivity, approximately fifty million DP 

thymocytes are generated each day; however around 90% of these fail this selection 

process 236,237. Positive selection ensures that only those thymocytes expressing a TCR 

that can engage pMHC complexes complete the differentiation into mature CD4+CD8- 

or CD4-CD8+ single positive (SP) thymocytes.  

 

Following recombination of the V and J segments of the Tcra chain (the Tcra gene 

lacks the diversity segments present in the Tcrb gene), DP thymocytes pair the two 

rearranged TCR chains to express their full length αβTCR in association with the CD3 

signalling complex on their cell surface. Due to the random nature of TCR gene 

rearrangement, many DP thymocytes do not express a TCR capable of interacting with 

peptide:MHC molecules. These cells would be incapable of initiating an immune 

response if they matured and were exported into the periphery. Positive selection tests 

the nascent TCR specificities for their capacity to interact with major histocompatibility 

complex (MHC) molecules coupled with self-peptide on the surface of the cTECs 238. In 

thymocytes expressing a TCR capable of interaction with the pMHC complex and 

transducing a weak TCR signalling response, cells are rescued from apoptotic cell death 

71,239,240. These cells differentiate into either CD4 or CD8 single positive thymocytes 

and migrate to the thymic medulla in response to cues delivered through the C-C 

chemokine receptor 7 (CCR7) 241. The decision on whether to become a CD4 or CD8 
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expressing SP thymocyte depends on whether the generated TCR interacts with MHC 

Class I or MHC Class II molecules, with CD8 expressed on Class I-restricted cells and 

Class II-restricted T cells expressing CD4 242. 

 

Positively selected cells downregulate the protein machinery required for V(D)J 

recombination. By contrast, cells where the Tcra rearrangement yielded a protein that, 

upon dimerization with TCRβ, was unable to interact with MHC molecules 243,244 

continue to recombine the Tcra alleles multiple times, with the previously generated V/J 

recombinations excised and successive recombination events occurring in the 5’ to 3’ 

direction through the gene locus 243–245. Allowing DP thymocytes to test multiple TCRα 

chains provides a means of screening for productive T cell precursors in a metabolically 

efficient manner; however, the limiting factor for this process is the 3-4 day lifespan of 

DP thymocytes 246,247. This lifespan is thought to be dictated by amounts of the pro-

survival protein BCL-XL in DP cells, which has a 20 h half-life. Interestingly, BCL-XL 

is also believed to act as a molecular timer for apoptosis in platelets, whereupon its 

degradation leads to the activation of BAK and clearance of old platelets 50. BCL-XL is 

regulated in DP thymocytes by the steroid transcription factor RAR-related orphan 

receptor gamma (RORγ) and the WNT signalling pathway transcription factors T cell 

factor 1 (TCF-1) and Lymphoid enhancer-binding factor 1 (LEF-1) 248–250. BCL-XL 

overexpression has been shown to extend the lifespan of DP thymocytes, as well as 

rescue their loss in RORγ-/- mice 248,251. 

 

 Interestingly, unlike in b-selection where rescuing cells from failure of this selection 

step allows their differentiation to proceed, at least to the DP stage, overexpression of 
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pro-survival proteins is not sufficient to promote further differentiation of DP 

thymocytes into SP thymocytes in the medulla 252. Rather, positive selection ensures 

that only cells expressing an αβTCR that will be useful in the periphery proceed with 

thymic differentiation and export. Occurring both concurrently and subsequently to 

positive selection, negative selection ensures that αβTCRs that are too self-reactive are 

deleted or diverted before reaching the periphery. 

 

1.2.1.3 Negative selection 

Negative selection refers to a number of processes that remove or functionally blunt the 

risk of autoreactive T cells. Thymic negative selection is critical to the concept of 

central tolerance, where developing T cells that are too reactive to self and likely to lead 

to autoimmune conditions are deleted prior to their egress from the thymus 253. The first 

negative selection process experimentally demonstrated was the deletion of potentially 

autoreactive cells by programmed cell death 254. The outcomes for this checkpoint are 

thought to be based on the so-called avidity model 255,256. This model posits that: 

thymocytes with TCRs interacting with low avidity continue to differentiate down the 

conventional αβ lineage route; those with an intermediate avidity diverge to 

“unconventional” T cell lineages, such as FOXP3+ Treg cells, natural killer T (NKT) 

cells and CD8αα+ small intestine intraepithelial lymphocytes (SI-IELs) 246,257; and 

thymocytes expressing TCRs that engage with self-peptide:MHC complexes with a high 

avidity will be negatively selected. The precise mechanism of negative selection 

depends on the strength of TCR signal, the maturation state of the thymocytes and the 

microenvironmental signals they receive. High avidity TCR signals at either the DP or 

SP stages can drive thymic negative selection processes; however, differences in the 
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transcriptional profiles of DP and SP thymocytes mean they have different responses, 

and their apoptosis or divergence to alternative lymphocyte lineages is therefore 

differentially regulated 258.  

 

Negative selection in the thymic medulla following positive selection of SP thymocytes 

accounts for significant cell death, with estimates of SP deletion ranging from 20-63% 

in CD4SP and 42-55% in CD8SP thymocytes 259. However, it is currently thought that 

more deletion occurs at the DP stage of development. Approximately 50-70% of αβ 

TCR signalled DP thymocytes will be deleted in the thymic cortex 260–263. DP 

thymocytes are inherently more sensitive to low-affinity TCR signals than SP 

thymocytes 264, and this is thought to be related at least in part, to their lower basal Ca2+ 

levels, with higher basal Ca2+ levels in other cell types implicated in reduced amplitude 

of receptor-initiated Ca2+ responses 258,265. Calcium signalling has also been implicated 

in both positive and negative selection, though variation in the relative affinity of the 

self-peptide:MHC complex and the TCR results in mechanistically distinct Ca2+ 

signalling patterns 266. This increased sensitivity of DP thymocytes to self-peptide:MHC 

complexes is potentially also related to the requirement to differentiate between no-, 

low-, intermediate- and high-affinity TCR ligation to achieve one of the four possible 

outcomes for DP thymocytes; death by neglect, positive selection, lineage divergence or 

clonal deletion.  

 

Further, the types of self-antigen presented by MHC molecules on cortical and 

medullary TECs also differ. Cortical TECs display a range of self-peptides distinct from 

all other antigen presenting cells (APCs), that they generate through distinct proteolytic 
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pathways 267,268. These antigens are thought to bias the positive selection of weak TCR 

interactions. These distinctions may also reduce redundancy in negative selection due to 

their differences from self-peptides expressed in the thymic medulla 236,267. In contrast, 

negative selection in the medulla can be driven by the expression and presentation of 

peripheral tissue antigens (PTAs) by the medullary TECs under the control of the 

autoimmune regulator (AIRE) 269–272.  

 

PTAs are proteins that would normally have expression restricted to non-lymphoid 

organs (e.g. insulin, thyroglobulin), but are also found “ectopically” expressed in the 

thymus 270. AIRE is a transcriptional regulator that has been linked to the expression of 

over 3000-4000 PTAs, with AIRE expressing mTEChigh cells collectively having the 

highest breadth of transcription of any cell type in the body 273. Indeed, deletion of 

AIRE in mice results in a systemic autoimmune disease that resembles the human 

autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED) disease 

present in people with loss of function mutations in AIRE 271,272. Symptoms in the mice 

include organ-specific lymphoinfiltration, autoantibody production and infertility 269,274. 

The exact mechanism by which AIRE drives expression of so many PTA genes remains 

to be fully determined, though it would seem to involve recognition of the repressive 

trimethylation of lysine 27 on histone H3 (H3K27me3) epigenetic marker associated 

with chromatin in a closed conformation 273. AIRE then releases a transcriptional pause 

at PTA gene loci as part of a macromolecular complex with a number of other proteins 

responsible for DNA binding, RNA elongation and DNA repair 275,276.  
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A role for other antigen presenting cells such as dendritic cells (DCs) and B cells acting 

in concert with cTECs and mTECs in the induction of negative selection is also 

emerging. Trogocytosis or phagocytosis of material from adjacent apoptotic mTECs are 

the principal mechanisms that result in the expression of MHC molecules with self-

peptides on the surface of thymic resident DCs 277–279. Moreover, peripheral DCs can 

also circulate through blood vessels in the cortico-medullary junction and may 

participate in clonal deletion of self-reactive DP thymocytes by capturing and 

presenting blood derived antigens 280,281. Mice lacking DCs succumb to fatal 

autoimmunity driven by CD4+ T cells infiltrating peripheral tissues and increased 

proportions of CD4SP thymocytes that fail to be negatively selected in the thymic 

medulla 282. Thymic B cells are also able to act as APCs to enforce negative selection in 

the thymus and have also been shown to express AIRE 283. These B cells have been 

shown to differentiate in the thymus and as such, have a distinct immunoglobulin 

repertoire to peripheral B cells, skewing towards autoreactivity 283–285.  

 

Regardless of the lineage of the antigen presenting cells, clonal deletion in the thymus 

seems to be enacted by the intrinsic apoptosis pathway 259. Although some reports had 

previously suggested roles for death receptor mediated apoptosis in negative selection, 

in particular the death receptors FAS and TRAIL 141,286, deletion of the downstream 

regulator of extrinsic apoptosis, Casp8, or expression of a dominant interfering isoform 

of the death receptor adaptor protein FADD in mice has no effect on negative selection 

287,288. Further, deletion of TRAIL in mice had no effect on negative selection in a TCR 

transgenic system 289. In contrast, disruption of intrinsic apoptotic pathway through 

transgenic overexpression of BCL-2, or deletion of the apoptotic effectors BAK and 
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BAX inhibits TCR mediated deletion of thymocytes 66,252,290. Apoptotic deletion is 

primarily initiated by the BH3-only protein BIM. Bim deletion in mice results in 

increased numbers of mature SP thymocytes and the development of a systemic 

autoimmune disease, in a dose dependant manner 21,291. Despite this central role for 

BIM in mediating thymocyte deletion, Bim-/- mice do not develop features of organ-

specific autoimmunity like Aire-/- mice. Concomitant deletion of the BH3-only protein 

PUMA alongside BIM further impairs thymic deletion, particularly in the thymic 

medulla. Bim-/-Puma-/- mice do develop some organ-specific autoimmunity, suggesting 

cooperation between the two pro-apoptotic proteins to induce clonal deletion in the 

cortex and medulla 292.  

 

Interestingly, in mice refractory to the intrinsic pathway of apoptosis, there are also 

increased numbers T cells of various ‘alternative lineages’, such as CD8αα+ SI-IELs 

and Treg cells 293,294. These ‘unconventional’ T cells are believed to be selected from 

DP or SP thymocytes with TCRs that react with intermediate- to high-affinity to self-

peptide/MHC complexes, are characterised by an activated phenotype (with expression 

of markers such as CD69 and CD44) and have a regulatory function in the periphery 

246,259. In addition to a strong TCR signal, differentiation of these agonist selected cells 

also require additional signals. For instance, differentiation of NKT cells from DP 

thymocytes in the cortex requires expression of a semi-invariant (Vα14-Jα18) TCR with 

a high-affinity for self-lipid:CD1d complexes as well as homotypic interactions with 

signalling lymphocytic-activation molecule (SLAM) family receptors expressed on 

adjacent DP thymocytes to induce expression of the transcription factor promyelocytic 

leukaemia zinc factor (PLZF) which regulates NKT cell differentiation and functions 
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258,295. Similarly, CD8αα+ SI-IELs are selected in the thymic cortex, but require binding 

to thymic leukaemia (TL) antigen and their differentiation is inhibited by CD28 co-

stimulation 296,297. 

 

Unlike the NKT and SI-IEL lineages, which differentiate from conventional αβ 

thymocytes in the cortex, Treg cells undergo their differentiation in the thymic medulla 

298. This niche provides additional requirements for the differentiation of Treg cells, 

including co-stimulation through CD28, the cytokines IL-2 and transforming growth 

factor β (TGFβ) and signalling through phosphoionsitide 3-kinase (PI3K) and the TNF 

family receptors glucocorticoid-induced TNFR-related protein (GITR), OX40 and TNF 

receptor 2 (TNF-R2) 299,300. Treg cells differentiate from CD4SP CCR7+ thymocytes 

that receive strong TCR signals in response to self-antigens on medullary APCs. Treg 

cells are characterised by their upregulation of CD25 to make the high affinity IL-2 

receptor, which is important for their regulatory function and survival. Their survival is 

also dependent upon TCR signalling transduced through the CBM complex [comprised 

of caspase recruitment domain family member 11 (CARD11), B cell lymphoma 10 

(BCL10) and mucosal associated lymphoid tissue lymphoma translocation protein 1 

(MALT1)], which induces canonical NF-kB signalling that overcomes the pro-apoptotic 

BIM deletion program 259,262. Treg differentiation is then able to be activated by IL-2 

mediated induction of the transcription factor FOXP3, which regulates transcription of a 

number of genes responsible for the survival and regulatory functions of Treg cells in 

the periphery 301,302. Treg differentiation is absolutely reliant on FOXP3, as scurfy mice 

which contain a loss of function mutation in FoxP3 develop a fatal lymphoproliferative 

disease characterised by a lack of Treg cells, multiorgan inflammation and death around 
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weaning age 303,304. The scurfy phenotype also mirrors a similar disease in humans 

known as immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) 

syndrome, with over 70 mutations in FoxP3 reported to lead to the disease which often 

first manifests with enteropathy followed by type 1 diabetes and dermatitis 305.  

 

The distinct outcomes for developing thymocytes to TCR signalling in response to low- 

through high-affinity self-peptide:MHC complexes is an interesting feature of T cell 

differentiation in the thymus. Similarly, signalling through TNF-R1 in response to the 

cytokine TNF can also lead to multiple potential outcomes depending on the cellular 

milieu. The capacity of thymocytes to respond to TNF by activating NF-kB pro-survival 

signalling, rather than undergoing apoptosis, is necessary to inhibit the apoptosis of SP 

thymocytes undergoing maturation in the thymic medulla in the days following positive 

selection 306. These couple of days are also important for the acquisition of functional 

competence such as the capacity to proliferate and produce cytokines in response to 

TCR signalling 307.  

 

1.2.1.4 Late thymic T cell maturation and egress 

Combinations of surface phenotypes have long been used to track SP thymocyte 

maturation, including as CD24 and Qa2 or CD69, Qa2 and 6C10. However, expression 

of these markers does not correspond well with the maturation of thymocytes with 

regards to when they become proficient in proliferating in response to TCR signalling 

286,307,308. Instead, Xing et. al. describe a mechanism of staging thymocytes based on 

expression of CD69 and MHC Class I where positively selected CD4+CD8- and 

CD8+TCRβ+CD4+/- thymocytes can be grouped into three stages, proliferation 
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incompetent CD69+MHCI- semi-mature (SM) cells, and the proliferation competent 

CD69+MHCI+ mature 1 (M1) and CD69-MHCI+ mature 2 (M2) subsets 215,307. Of the 

proliferation competent thymocytes, only the most mature M2 thymocytes were capable 

of producing pro-inflammatory cytokines such as TNF in response to anti-CD3/CD28 

stimulation in vitro or expressing molecules required for thymic egress such as 

sphingosine-1-phosphate receptor (S1PR1) and L-selectin (CD62L). These data 

identified the most mature SP thymocytes that have gained the capacity for thymic 

egress and cytokine production 307. 

 

Interestingly, the transition from the SM to M1 stages was dependant on expression of 

TAK1. Mice lacking this activator of the NF-kB signalling pathway had near normal 

numbers of total thymocytes but severe peripheral T cell lymphopenia due to a block in 

thymocyte differentiation at the SM maturation stage 307. Deletion of TNF could rescue 

differentiation, but only to the M1 stage, with only a partial rescue of M2 thymocytes 

and persistence of the peripheral lymphopenia phenotype. Interestingly, this additional 

block could not be rescued by transgenic overexpression of BCL2 nor deletion of BIM, 

and the rescued M1 thymocytes also remained proliferation incompetent 307.   

 

This phenotype of largely normal thymocyte numbers and peripheral T cell 

lymphopenia is strikingly similar to that observed in mice deficient for caspase-8. In T 

cells, caspase-8 has been reported to have a pro-survival role in preventing necroptosis 

downstream of TNF-R1 and TCR signalling 309–311. Similarly, patients with loss of 

function mutations in caspase-8 also suffer from immunodeficiency, though with a less 

severe phenotype than caspase-8 deficient mice, presumably due to redundancy with 
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caspase-10 that is expressed in humans 312. Interestingly, the phenotype Caspase-8-

deficient T cells could be rescued with concomitant deletion of RIPK3 311. Since TAK1 

loss has also been shown to sensitise cells to necroptosis 313, these findings raises the 

possibility that positively selected thymocytes are susceptible to necroptosis. TNF has 

previously been demonstrated to be constitutively expressed in the thymus 314, and 

given deletion of TNF in mice rescued only the M1 thymocytes, it is possible 

necroptosis in maturing thymocytes is induced by TNF signalling through TNF-R1 at 

the SM to M1 transition, or TCR engagement at the M1 to M2 transition. This 

hypothesis raises the interesting possibility that necroptosis could also shape thymocyte 

differentiation. Although necroptosis is generally accepted as an evolutionary 

adaptation to pathogen-induced inhibition of apoptosis, its role in normal development 

is poorly understood. Nevertheless, necroptosis can greatly impact on development in 

situations where apoptotic machinery is absent or inhibited, such as removal of 

interdigital webbing or spinal motor neurons when caspases are inhibited or deficient in 

mice 164,315–318. A role for necroptosis in the clearance of mature thymocytes that fail to 

induce NF-kB signalling prior to their export to the periphery would be an intriguing, 

additional checkpoint in thymocyte differentiation. 

 

In addition to NF-kB signalling in response to TNF, maturing thymocytes also respond 

to interferon β (IFNβ) to induce interferon regulated genes such as signal transducer and 

activator of transcription 1 (Stat1) and interferon regulatory factor 7 (Irf7). These 

transcription factors are both are required for autocrine priming for cytokine responses 

307,319,320, and the capacity to produce other cytokines such as interleukins -2, -4 and -10 

(IL-2, IL-4, IL-10) and interferon γ (IFNγ) 321. Another essential maturation process 
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involves expression of egress markers like S1PR1 and CD62L, both of which are under 

the control of the transcriptional regulators Forkhead box protein O1 (FOXO1) and 

Krüpple-like factor 2 (KLF2) 322–324. The most mature thymocytes also upregulate 

surface expression of CD55, which protects cells in the periphery from cell lysis 

mediated by the complement factor family 325. The downregulation of CD69 is also an 

important step in thymic egress, as CD69 can inhibit S1PR1 through binding, 

internalisation and degradation 326. Chemotaxis through sphingosine-1-phosphate (S1P) 

gradients regulated by thymic pericytes remains the best characterised mechanism of 

thymic egress, with defects in this pathway resulting in accumulation of mature SP 

thymocytes and peripheral lymphopenia 327. Interestingly, other pathways have been 

discovered to regulate thymocyte egress, including lymphotoxin β receptor (LTβR) 

signalling and in neonatal thymi only, CCR7 241,328–331. Despite all M2 thymocytes 

having the capacity to leave the thymus, those that have resided in the medulla for the 

longest period of time appear to be preferentially exported first 328; a so-called 

“conveyer belt” mechanism. This mechanism indicates that undergoing the full 

maturation process in the thymic medulla is essential for survival and functional 

competence of the peripheral T cell pool 332. 

 

1.2.2 Peripheral T cell differentiation and homeostasis 

1.2.2.1 Recent thymic emigrant T cells 

Approximately 1.7-17 x 107 thymocytes leave the thymus every day in a young adult 

human (or approximately 1 x 106 in a young adult mouse) 247,333–335. However, despite 

the acquisition of proliferation competence during maturation in the thymus, these 

recent thymic emigrant (RTE) T cells remain distinct from mature naïve (MN) T cells 
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with respect to functional competence and resistance to complement-mediated cell 

death 336. Complete differentiation of RTEs to MN T cells takes 2-3 weeks and is 

dependent on the seeding of RTEs in secondary lymphoid organs such as lymph nodes, 

the spleen or Peyer’s patches, where they encounter cell types (such as DCs) and 

cytokines which are essential for their survival 337,338. As for thymic egress, the homing 

and entry of the RTEs into secondary lymphoid organs requires their expression of 

S1PR1 and CD62L 339.  

 

RTEs undergo a number of phenotypic changes during their maturation to MN T cells 

in secondary lymphoid organs, including downregulation of CD24 and CD3 and 

increasing expression of Qa2, CD28 and IL-7Rα 340. Yet, it remains unclear if any of 

these phenotypic changes cause or are elicited by functional changes to RTE 

differentiation. Factors governing the survival and maturation of RTEs also remain 

unclear, though seem to differ to MN T cells 341,342. At least for CD4 RTEs, 

TCR:pMHC engagement is not required for either survival or differentiation 343. 

Further, signalling through IL-7, CCR7-mediated homing to T cell zones in secondary 

lymphoid organs and CD28 co-stimulation are also dispensable for RTE maturation 344. 

While IL-7 signalling is dispensable for RTE differentiation, it may still play a role in 

their survival. Despite RTEs having lower surface expression of IL-7 receptor than MN 

T cells, which would normally render them less competitive for the limiting IL-7, they 

have enhanced phosphorylation of signal transducer and activator of transcription 5 

(STAT5) and NF-kB, and higher expression of the pro-survival protein BCL-2; all 

downstream mediators of IL-7-induced T cell homeostasis. Yet, RTE T cells have lower 

rates of proliferation than naïve MN T cells 345,346.  
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In contrast, an intact DC compartment in secondary lymphoid organs is required for 

RTE maturation, though the changes the DC cells induce in the RTEs remains to be 

determined 344. Two factors that have been shown to impact RTE survival and 

maturation are the transcriptional repressor NF-kB activating protein (NKAP) and 

histone deacetylase 3 (HDAC3), which form a complex to regulate gene transcription. 

However, the extent to which they exert their pro-survival and -differentiation effects on 

RTEs by promoting T cell maturation, or merely by inhibiting complement-mediated 

cell death, remain unresolved 347. 

 

Why, after all the checkpoints they must pass through in the thymus, is further 

differentiation of RTE is even required? Most of the current evidence would seem to 

suggest that the impaired activation responses exhibited by RTEs in response to TCR 

stimulation may allow additional time to screen for self-reactive T cells against a range 

of novel self-antigens, food antigens and antigens from commensal bacteria that can 

only be generated extrathymically 348–350. This is supported by evidence that CD4+ and 

CD8+ RTEs home to secondary lymphoid organs in the liver and small intestine, 

respectively, where they encounter antigens not expressed in the thymus and also fits 

with reports that peripheral conversion of conventional T cells to Treg cells is most 

efficient in RTEs 351–355. Further, RTEs experience red blood cell (RBC) antigens for the 

first time in the periphery before becoming non-responsive as they mature to MN T 

cells. However, in lymphoproliferative disorders and primary immunodeficiency 

disorders, development of tolerance to these RBC antigens is impaired leading to 

autoimmune haemolytic anaemia (AIHA) 356. This is possibly due to another feature of 
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RTEs; their capacity for niche filling in a lymphoablated environment, known as 

lymphopenia induced proliferation (LIP) 357. It is also possible that RTE cells are fully 

developed and have the capacity to signal through their TCR in the same manner at MN 

T cells, but are restrained from doing so while experiencing novel peripheral antigens 

by a combination of lower surface expression of the co-stimulatory molecule CD28, and 

expression of the inhibitory receptors, cytotoxic T lymphocyte-associated protein 4 

(CTLA-4) and programmed cell death protein 1 (PD-1), which drives an anergy 

program 336,344,358–360.  

 

Our understanding of RTEs and whether or how they differ from SP thymocytes and 

MN T cells has historically been made challenging by a lack of differentially expressed 

cell surface markers. Advances in the last 20 years, in particular the use of a green 

fluorescent protein (GFP) transgenic mouse model with GFP expressed under the Rag2 

promoter (Rag2p-GFP) 340 that enables identification of RTEs in mice much more easily 

than previously possible, has greatly increased knowledge around the presence, surface 

phenotype and kinetics of RTEs. However, the homeostatic function and mechanisms 

regulating RTE differentiation and survival, especially in humans, remain to be 

determined. Developing our knowledge in this space will be critical, as RTEs close the 

gap between T cell differentiation in the thymus and peripheral T cell homeostasis. 

Evidence is emerging that RTE may have an important role in filling “holes” in the 

peripheral T cell pool during states of lymphopenia 354.  

 



 
 

 52 

1.2.2.2 Conventional T cell homeostasis 

Although a large and diverse lymphocyte pool is crucial to protect against a wide range 

of potential pathogens, there is a finite amount of space within the body for the 

lymphocytes to inhabit. The adaptive immune system maximises the usage of this 

limited space by maintaining potentially useful cells in “reserve” as MN T cells, while 

greatly expanding T cells specific for pathogens required to elicit an immune response 

and clear infections. The contraction of these populations after clearance and 

establishment a reservoir of immunological memory is an essential feature of 

maintaining immune homeostasis. This “rollercoaster” pattern of clonal expansion 

followed by contraction back to the basal population size is known as peripheral T cell 

homeostasis and, as for most T cell differentiation states, it is regulated both by 

TCR:pMHC interactions and cytokines 361.  

 

During infancy and early childhood, thymic derived naïve T cells make up the majority 

of the peripheral T cell pool; however, with increasing exposure to foreign antigens 

during childhood and adolescence, in combination with thymic atrophy and decreasing 

output, memory T cells become the predominant population through adulthood 362. 

Nevertheless, a cohort of naïve cells persist in a relatively quiescent state, with their 

survival relying on continual ‘tonic’ signalling through TCR contact with self-

peptides/MHC complexes 363,364, in addition to IL-7 cytokine stimulation 365,366. Naïve T 

cells in humans can persist for years, with survival dependant on IL-7 mediated 

upregulation of the pro-survival BCL-2 protein 367–369. Interaction between self-peptide 

loaded MHC and TCR and IL-7 signalling are also sufficient to drive homeostatic 

proliferation of naïve T cells, particularly naïve CD8+ cells, in settings of T cell 
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lymphopenia when reduced peripheral T cell numbers result in a relative increase in the 

available IL-7 363,365,366,370.  

 

In contrast, memory T cells do not require tonic TCR signalling interactions for 

maintenance 371,372. Yet, cytokine signalling is still required for survival of CD8+ 

memory cells, with interleukin 15 (IL-15) the primary mediator of homeostasis for 

memory T cells 373–375. Regulation of homeostasis in different populations by distinct 

cytokines would seem to be a way to exert fine control over distinct cell populations, 

yet there is some overlap. At least for CD8+ memory cells, they are able to undergo 

homeostatic proliferation in response to IL-7, but are outcompeted by naïve T cells 

361,364,376–378.  While CD4+ memory T cells can survive without receiving tonic TCR 

signals, studies show that they may lose their capacity to mount a memory response in 

the absence of repeat antigenic stimulation 379. CD4+ memory T cells also have the 

ability to regulate survival and function independent of IL-4, IL-7 and IL-15, but don’t 

seem to be as actively maintained as CD8+ memory cells, suggesting that memory 

homeostasis may differ between Class I and II restricted T cells 379,380.  

 

T cell differentiation in the periphery primarily refers to the activation-related changes 

induced by TCR signalling when naïve T cells recognise foreign antigens expressed on 

MHC molecules by APCs. Optimal proliferation, known as clonal expansion in the 

context of T cell activation, requires three signals; TCR:pMHC interactions, co-

stimulation and cytokines 381. Activation and differentiation of effector T cells involves 

acquisition of the capacity to produce cytokines and chemokines, and in the case of 

CD8+ effector cells, cytotoxic granules 382. The signals driving this program are 
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primarily protein kinase C (PKC) mediated NF-kB activation, MAPK and PI3K 

signalling cascades downstream of the TCR and co-stimulatory receptors 383. An 

important parameter of the program induced by these pathways is the switch in glucose 

metabolism from oxidative phosphorylation to the glycolytic pathway, so effector cells 

can meet the demands of participation in the immune response 384. Activated T cells 

also switch their pro-survival program from BCL-2 mediated inhibition of BAK and 

BAX to utilising MCL-1 as the primary pro-survival protein 385. BCL-XL is also 

upregulated in response to TCR engagement but is redundant for survival of activated T 

cells 386. The switch to reliance on MCL-1, which has a relatively short protein half-life, 

may be beneficial in respect to contraction of the immune response. This property 

would make activated T cells more sensitive to the loss of trophic cytokines that 

maintain MCL-1 transcription that occurs upon antigen clearance 387. The remaining 

MCL-1 would quickly degrade thereafter, with BCL-2 upregulation supporting the 

survival of those few cells destined to form memory populations 388,389.  

 

Death receptor mediated apoptosis also contributes to the contraction of clonal 

expansion 390,391. T cell activation induces upregulation of FAS on the surface of 

effector T cells 392–394, also making them highly sensitive to microenvironmental cues 

driving contraction. However expression of FAS-L to induce the extrinsic apoptotic 

pathway requires repeated TCR stimulation meaning FAS mediated cell death plays a 

negligible role in acute infection settings 392,393,395,396. In contrast, BIM is able to be 

upregulated quickly in response to decreasing levels of cytokines in acute infections 

following pathogen clearance 388. However, contraction of the activated T cell 

population in chronic infections requires cooperation of both BIM and FAS to prevent 
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dysregulated expansion of activated T cells in response to chronic TCR stimulation 

395,397,398. While the peripheral T cell compartment can be kept in a homeostatic state 

through the balance of tonic TCR signalling, cytokines and cell death controlling clonal 

expansion, conventional T cells are also modulated by regulatory T cells. 

 

1.2.2.3 Regulatory T cell homeostasis 

The other primary mediator of peripheral T cell homeostasis is the regulation of 

conventional T cells by FOXP3+ regulatory T cells. As described in Section 1.1.2.3, 

Treg cells diverge from the conventional CD4+ T cell lineage during negative selection 

in the thymic medulla in response to intermediate- to high-affinity interactions with 

self-peptide MHC complexes expressed on mTECs and thymic DCs. Treg cells play an 

important role in the periphery by mediating self-tolerance and homeostasis, and for this 

reason have long represented an attractive therapeutic target 399. Like naïve CD4+ T 

cells, Treg cells are reliant on tonic TCR:pMHC interactions and cytokine signalling for 

survival. However instead of IL-7, Treg cells are primarily reliant on IL-2. A major 

feature of their distinct homeostatic behaviour is the high expression of CD25, which 

forms the high affinity receptor for IL-2. This feature enables Treg cells to outcompete 

conventional T cells for this critical trophic cytokine 400,401. IL-2 is necessary for Treg 

cell survival though upregulation of MCL-1 402, but is also required for their suppressive 

function as IL-2 signalling mediates expression of FoxP3 403–405. Treg cells also require 

higher levels of tonic TCR signalling, including co-stimulation through CD28 for 

survival 406–408.  
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Treg cells mediate conventional T (Tconv) cell and immune homeostasis through 

several distinct mechanisms 409 (Figure 1.4). Expression of T cell immunoreceptor with 

Ig and ITIM domains (TIGIT) on Treg cells indirectly inhibits T helper type 1 (Th1) 

and T helper 17 (Th17) immune activation through CD155 mediated IL-10 secretion 

and interleukin 12 (IL-12) downregulation by dendritic cells 410,411. Further, expression 

of the inhibitory molecules inducible T cell co-stimulator (ICOS), programmed death 

ligand 1 (PD-L1) and CTLA-4 on Treg cells impacts on T helper type 2 (Th2) immune 

responses 412. Diverse suppressive effects can be also engendered by secretion of the 

cytokines TGFβ, IL-10 and interleukin 35 (IL-35) 413. Moreover, Treg cells can 

generate and secrete the lytic enzymes perforin and granzyme B, which can apparently 

induce apoptosis in CD4+ and CD8+ effector T cells 414. T cell activation can also be 

impaired by interactions between the inhibitory complexes PD1:PD-L1 and CTLA-

4:CD80/86 on the surface of DCs and Treg cells, which results in the DCs becoming 

more tolerogenic 415–417. Thus, Treg cells engage a range of suppressive mechanisms to 

control T cell reactivity and maintain tolerance. 
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Figure 1.4 Mechanisms of Treg-mediated suppression of conventional T cells 

Treg cells have a number of suppressive mechanisms to affect immune homeostasis, including the 

expression of suppressive molecules PD-L1, CTLA-4 and ICOS to impair activation of conventional T 

cells. Further, signalling through PD-1:PD-L1 and CTLA4:CD80/86 at the site of pMHC:TCR interaction 

maintains a tolerogenic state in DCs, resulting in impaired T cell activation and favouring peripheral Treg 

induction. Binding of TIGIT to CD155 expressed by DCs also impairs Th1 and Th17 responses by 

increasing expression of IL-10 and decreasing expression of the pro-inflammatory cytokine IL-12. 

Secretion of anti-inflammatory cytokines such as TGFβ, IL-10 and IL-35 results in diverse suppressive 

effects. Further, secretion of the lytic enzymes perforin and granzyme B can induce apoptosis in effector 

T cells. Similarly, expression of TRAIL can induce Tconv cell apoptosis through TRAIL-R2. Expression 

of high levels of CD25 on the surface of Treg cells also promotes homeostasis through an IL-2 axis with 

conventional T cells where Treg cells are able to outcompete Tconv cells for the limiting IL-2 in the 

system. 
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Treg cells also contribute to homeostasis and contraction of the effector T cell 

compartment by manipulating the IL-2 axis. Due to the higher basal expression of 

CD25 on Treg cells, they are able to outcompete the conventional T cells for the 

available IL-2 under steady-state conditions. When naïve T cells are activated, they 

upregulate expression of the IL-2 receptor, CD25, and begin secreting IL-2 in a positive 

feedback loop. Excess IL-2 availability in the system stimulates proliferation and 

survival in the Treg cells. In turn, Treg cells expand and are able to suppress further T 

cell proliferation through ‘mopping up’ the excess IL-2 and other suppressive 

mechanisms such as those described above, resulting in increased apoptosis of the 

conventional T cell compartment 400. However, this inhibitory IL-2 feedback loop can 

also become pathologic when pathogenic stimuli trigger CD8+ T cell responses above a 

certain threshold, such as occurs in hemophagocytic lymohohistiocytosis (HLH) 

patients that encounter viral infections 418. When this occurs, CD8+ T cells upregulate 

CD25 expression and also secrete soluble CD25 to inhibit Treg cell survival, leading 

instead to a feed-forward loop for T cell activation with resultant persistent 

inflammation 418. This highlights the fine line that necessitates multiple regulators of 

immune homeostasis. 

 

1.3 Project rationale 

T cell differentiation in both the thymus and periphery is characterised by intersecting 

and overlapping signalling pathways regulating cell survival, death, proliferation and 

differentiation. Often, the same signalling event can result in two completely disparate 

fate decisions depending on the differentiation stage or extracellular or intracellular 

milieu.  Dysregulation of any of these pathways during differentiation or homeostasis 
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can result in significant immune defects or disease. Therefore, a full understanding of 

the factors regulating these fate decisions during development is of critical importance 

to understand immune-related pathology and how they can be treated with targeted 

therapies. Although the mechanisms regulating T cell differentiation and homeostasis 

are generally well studied, the cell death mechanisms in the context of several key 

stages of thymocyte differentiation and in peripheral Treg cells remain poorly defined. 

 

The aims of this PhD are therefore; 

1. To elucidate the mechanism responsible for cell death at the β-selection 

checkpoint in early thymocyte differentiation 

2. To determine whether there is a pro-survival role for caspase-8 in late thymocyte 

maturation in the medulla to protect from TNF-induced necroptosis  

3. To investigate the differential regulation of survival in conventional and 

regulatory T cells in the periphery and whether this can be exploited by targeted 

small molecule inhibitors  
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2.1 Materials 

2.1.1 Experimental mice 

Rag1-/- 419, vavP-Bcl2tg 420, Eµ-Bcl2tg 66, Casp8-/- Mlkl-/- 186, Fadd-DNtg 288, Mlkl-/- 175, 

LckCre Casp8flox/flox 421, Foxp3Cre-IRES-YFP Mcl1flox/flox 422, Foxp3Cre-IRES-YFP Mcl1flox/flox 

Baxflox/flox Bak-/- 422, Foxp3Cre-IRES-YFP Mcl1flox/flox Bak-/- 422 and CD45.1 (Ly5.1) mice 

were all generated and maintained on a C57BL/6 background as previously described. 

 

Rag1-/- Fadd-DNtg Mlkl-/- and Rag1-/- Mlkl-/-  mice were generated by first crossing 

Rag1-/- and mice with Fadd-DN transgenic mice (heterozygous state) to rederive the 

strain as previously reported 227, then by crossing to Mlkl-/- mice 175. Rag1-/- Casp8-/- 

Mlkl-/- mice were generated by crossing Rag1-/- mice to Casp8-/- Mlkl-/- mice that have 

been previously described 186. TNF-/- Faslgld/gld Trail-/- mice were generated by John 

Silke (WEHI, not published) from single knockout or mutant mice previously described 

423–425. These were then intercrossed with Rag1-/- mice to generate Rag1-/- TNF-/- 

Faslgld/gld Trail-/- animals. Rag1-/- vavP-Bcl2tg mice were generated by crossing Rag1-/- 

mice to mice expressing the vavP-Bcl2 transgene, that have been previously described 

420. LckCre Casp8flox/flox Rip3-/- mice were provided by Marc Pellegrini, having been 

generated by crossing LckCre Casp8flox/flox and Rip3-/- mice, that had been previously 

described 421,426.  

 

All mice were raised and housed under specific pathogen-free conditions at the Walter 

and Eliza Hall Institute of Medical Research. All experiments involving animals were 

performed in accordance with the ethical guidelines of the Australian code of practice 

for the care and use of animals for scientific purposes. Ethical approval was granted by 
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the Walter and Eliza Hall Institute of Medical Research Animal Ethics Committee. 

Animals were age matched within experiments but not sex matched unless otherwise 

stated. All animals with homozygous Rag1-/- alleles were dosed with Baytril drinking 

water (0.5 mg/mL Baytril in water) for 2 weeks at a time with a 2 week break between 

treatments, to prevent the development of infections. Disease development was assessed 

by frequent health monitoring and post-mortem assessment. Animal technicians 

assessing the welfare of the mice were blinded to the expected outcomes. For the 

harvest of tissues, mice were first euthanised by CO2 asphyxiation and thymi, spleens 

and peripheral (inguinal, auxillary and brachial) or mesenteric (where stated) lymph 

nodes were harvested into RPMI-HEPES medium. Where applicable, terminal 

collection of blood was performed by cardiac puncture prior to organ harvest, and 

collected into EDTA microtainer tubes (Becton Dickinson). 

 

2.1.2 Antibodies 

Antibody conjugates used for flow cytometry are listed below in Tables 2.1-2.4. 

 

Table 2.1 Anti-mouse cell surface marker immunoconjugates for flow cytometric 

analysis 

Antigen Conjugate Clone Supplier 

CD16/32 FcRg 

Block 

N/A 2.4G2 WEHI  

Thy1 APC 

PE 

Biotin 

T24 

T24 

T24 

WEHI 

WEHI 

WEHI 
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CD3 PE-Cy7 

APC-Cy7 

FITC 

17A2 

17A2 

17A2 

Biolegend 

Biolegend 

WEHI 

CD4 PerCP/Cy5.5 

Alexa594 

BV605 

GK1.5 

GK1.5 

RM4-5 

Biolegend 

WEHI 

Biolegend 

CD8 BV650 

BV711 

APC-Cy7 

53-6.7 

53-6.7 

53-6.7 

Biolegend 

Biolegend 

Biolegend 

TCRb PE-Cy7 H57.59.1 Biolegend 

CD25 (IL-2Rα) BV510 

PE 

PC61 

7D4 

Biolegend 

WEHI 

CD44 Alexa700 

FITC 

IM7 

IM781 

Biolegend 

WEHI 

CD28 BV711 37.51 BD Pharmingen  

CD62L APC-Cy7 MEL-14 Biolegend 

CD69 Alexa647 H1.2F3 Biolegend 

CD45.1 PE 

APC-Cy7 

A20.1 

A20 

WEHI 

Biolegend 

CD45.2 Alexa700 

BV605 

104 

104 

Biolegend 

Biolegend 

Qa2 (HSA) Biotinylated 695H-1-9-9 Biolegend 

MHC Class I Biotinylated AF6-88.5 Biolegend 

IL-7Rα (CD127) Biotinylated SB/199 Biolegend 
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B220 BV605 

Biotinylated 

RA3-6B2 

RA3-6B2 

Biolegend 

Biolegend 

CD24 PE-Cy5 M1/69 Biolegend 

NK1.1 Biotinylated PK136 Biolegend 

Ly6G/Ly6C (Gr1) Biotinylated RB6-8CS Biolegend 

I-A/I-E (MHC 

Class II) 

Biotinylated M5/114.15.2 Biolegend 

TER119 Biotinylated TER119 Biolegend 

TCRgd Biotinylated GL3 Biolegend 

CD11b Biotinylated M1/70 Biolegend 

CD11c Biotinylated N418 Biolegend 

 

 

Table 2.2 Anti-mouse intra-cellular marker immunoconjugates for intracellular 

flow cytometric analysis 

Antigen Conjugate Clone Supplier 

FOXP3 eFluor450 FJK-16S eBiosciences 

Ki67 FITC 

BV786 

B56 

B56 

BD Biosciences 

Biolegend 

BCL-2 PE 

PE-Cy7 

BCL/10C4 

3F11 

Biolegend 

eBiosciences 

BCL-XL PE E18 Abcam 

MCL-1 Alexa647 19C4-15 WEHI 
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Active (Cleaved) 

Caspase-3 

PE 

BV650 

CPP32 

C92-605 

BD Biosciences 

BD Horizon 

Streptavidin PE-Cy7 

APC-Cy7 

BV786 

N/A 

N/A 

N/A 

Biolegend 

Biolegend 

Biolegend 

 

 

Table 2.3 Anti-human cell surface marker immunoconjugates for flow cytometric 

analysis 

Antigen Conjugate Clone Supplier 

Human TruStain 

FcX Fc Receptor 

Blocking Solution 

N/A 93 Biolegend 

CD3 BV711 UCHT1 BD Biosciences 

CD4 PerCP/Cy5.5 

APC 

RPAT4 BD Biosciences 

Biolegend 

CD8 APC-eFluor780 SK1 eBiosciences 

CD127 BV650 AO19D5 Biolegend 

CD25 (IL-2Rα) BV605 BC96 Biolegend 

CCR7 PE G043H7 Biolegend 

CD45RA PE-Cy7 HI100 eBiosciences 
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Table 2.4 Anti-human intra-cellular marker immunoconjugates for intracellular 

flow cytometric analysis 

Antigen Conjugate Clone Supplier 

FOXP3 Pacific Blue 206D Biolegend 

BCL-2 PE-CF594 BCL-2-100 BD Pharmingen 

RIPK3 N/A (rabbit mAb) E1Z1D Cell Signaling 

Technology 

 

2.1.3 Common Reagents 

DMSO: Dimethylsulfoxide (Sigma Aldrich) 

DPBS: Dulbecco’s phosphate buffered saline (Gibco). 

EDTA: Ethylenediaminetetraacetic acid (Sigma Aldrich), prepared at 0.5 M, pH 8. 

FCS: Foetal calf serum (SA-FC) and heat-inactivated for one hour in a 56° C water 

bath. 

FACS Buffer: DPBS supplemented with 1% (v/v) FCS and 5 mM EDTA. 

T cell media: RPMI supplemented with 10% (v/v) FCS, 1X GlutaMAX™ (Gibco), 1X 

Non-essential Amino Acids (NE-AA; Gibco), 1% HEPES (Gibco), 1X Sodium 

pyruvate (Gibco), 50 µM β-mercaptoethanol (β-ME; Sigma Aldrich) and 100 ng/mL 

rIL-2 (Preprotech). 

 

2.2 Methods 

2.2.1 Genotyping 

To determine the genotype of a mouse, a tail or ear clip was taken at weaning (3 weeks) 

and digested in 200 µL DirectPCR Lysis reagent (Mouse tail) (Viagen Biotech) and 0.4 
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mg/mL Proteinase K (Sigma Aldrich) overnight at 56° C to extract genomic DNA. 

Following digestion, Proteinase K was heat inactivated at 85° C for 30 min. 1 µL of 

digests containing genomic DNA was added to 14 µL GoTaq Green Master Mix 

(Promega) with 0.5 µM of each PCR primer (Integrated DNA Technologies). Where 

three primers were necessary, 1 µM of the common primer was added to the Master 

Mix. The primer sequences and PCR reaction conditions used for the applicable 

genotyping reactions are listed in Tables 2.5 and 2.6, respectively. PCR products were 

run on 2% (w/v) agarose gel with 0.002% (v/v) Ethidium Bromide (Sigma Aldrich) and 

analysed on a Molecular Imager® GelDoc™ XR+ system (BioRad). 

 

Table 2.5 PCR Primers for genotyping 

Gene PCR Primer Sequence (5’ – 3’) Fragment 

size (bp) 

Bak GAGCCATGAAGATGTTTAGC (common) 

GCCCGGTTCTTTTTGTCAAGACCGA 

CCAACCAATCCTTTGTAATG 

580 (wt) 

1000 (ko) 

Bax GAATGCCAAAAGCAAACAGACC 

ACTAGGCCCGGTCCAAGAAC 

CCACTCCCACTGTCCTTTCC 

242 (wt) 

350 (floxed) 

Eµ-Bcl2tg 

vavP-Bcl2tg 

AAAACCTCCCACACCTCCCCCTGAA 

GCCGCAGACATGATAAGATACATTGATG 

200 (tg) 

Casp8 GGTGACACCTGACATGGCTT (common) 

GAGAGCACAGGCTTGGAGATT 

CTCGACTCTAGAGGATCAGCT 

194 (wt) 

236 (ko) 
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Casp8flox CCAGGAAAAGATTTGTGTCTAGC 

GGCCTTCCTGAGTACTGTCACCTGT 

650 (wt) 

800 (floxed) 

CreLck GCTCGACCAGTTTAGTTACCC 

TCGCGATTATCTTCTATATCTTCAG 

470 (ki) 

CreFoxp3-IRES-

YFP 

AGGATGTGAGGGACTACCTCCTGTA 

TCCTTCACTCTGATTCTGGCAATTT 

CCAGATGTTGTGGGTGAGTG 

TGGACCGTAGATGAATTTGAGTT 

340 (wt) 

510 (ki) 

Fadd-DNtg ACAGTCTCTCAAAGTCAGTGGGG 

TAGGAAGAAGCCTATATCCAAAGG 

450 (tg) 

Faslgld CTATATGAGGAACTCTAAGTATCCTGAGGA 

TTTCTTTTAAAGCTTATACAAGCCGAAACG 

350 

FaslWT CTCTTGGCCATTTAACATCAGACAGTTCTT 

CTCTGATCAATTTTGAGGAATCTAAGACGT 

350 

Mcl1flox GCCGCAGTACAGGTTCAAG 

GCACAATCCGTCCGCGAGCCAA 

327 (wt) 

360 (floxed) 

Mlkl TATGACCATGGCAACTCACG 

ACCATCTCCCCAAACTGTGA 

TCCTTCCAGCACCTCGTAAT 

498 (wt) 

158 (ko) 

Rag1 CTGATGGGAAGTCAAGCGACAA (common) 

CTGATGTCTCTTCCTCTTGAGT 

CGCAGCGCATCGCCTTCTATCG 

403 (wt) 

650 (ko) 

Rip3 CGCTTTAGAAGCCTTCAGGTTGAC (common) 

GCCTGCCCATCAGCAACTC 

320 (wt) 

485 (ko) 
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CCAGAGGCCACTTGTGTAGCG 

TNF CCATGCGTCCAGCTGACTAAAC (common) 

CGAGAAAGTATCCATCATGGCT 

GGTGCCCTCTGTGCTTGATCT 

213 (wt) 

657 (ko) 

Trail TCAGCGCAGGGGCGCCCGGTTCTTT 

ATCGACAAGACCGGCTTCCATCCGA 

AAAGACGGATGAGGATTTCTGGG 

GACAGAACACCATATTGCTGGCG 

240 (wt) 

375 (ko) 

 

Table 2.6 PCR Programs for genotyping 

Genotype PCR Program 

Bax 

Eµ-Bcl2tg 

vavP-Bcl2tg 

Casp8 

Casp8flox 

CreLck 

CreFoxp3-IRES-YFP 

Fadd-DNtg 

Faslgld 

FaslWT 

Mcl1flox 

Mlkl 

Rag1 

1. 94° C for 4 min 

2. 94° C for 40 sec 

3. 55° C for 30 sec 

4. 72° C for 60 sec  

5. Repeat steps 2-4 for 30 cycles 

6. 72° C for 5 min  

7. Hold at 4° C 
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TNF 

Trail 

Bak 1.  94° C for 2 min 

2.  94° C for 1 min 

3.  55° C for 2 min 

4. 72° C for 1 min 

5. Repeat steps 2-4 for 35 cycles 

6. 72° C for 10 min 

7. Hold at 4° C 

 

2.2.2 Flow Cytometry 

Approximately 1-5 x 106 cells were stained for analysis of thymocytes and lymphocytes 

from organs harvested from genetically engineered mice. Cells were dispensed into 96-

well round bottom tissue culture (TC) plates and centrifuged at 1500 rpm for 5 min. 

When staining lymphocytes from blood, red blood cells were lysed in red blood cell 

lysis buffer (WEHI) for 1 min at room temperature. Lymphocytes were recovered by 

centrifugation and lysis was repeated as necessary. Supernatant was removed by 

flicking the plate and cells were resuspended in FACS buffer (Dulbecco’s PBS 

supplemented with 1% (v/v) FCS and 5 mM EDTA) containing 10% (v/v) anti-FcγRII 

(clone 2.4G2) blocking antibody (hybridoma supernatant) and antibodies for the 

detection of cell surface markers (see Table 2.1) for thymocyte or peripheral 

lymphocyte subsets. Cells were incubated with the antibody staining cocktail for 30 min 

at 4° C in the dark. Following incubation, cells were washed with 200 µL FACS buffer 

and recovered by centrifugation. Biotin conjugated antibodies were detected with 
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streptavidin conjugated to a suitable fluorochrome by staining for 30 min at 4° C in 

FACS buffer. Propidium iodide (Sigma) was added to samples just prior to data 

acquisition at a final concentration of 0.2 µg/mL if labelling of dead cells was required. 

 

For detection of intracellular proteins (except RIPK3), cells were fixed and 

permeabilised using the FOXP3/Transcription factor staining buffer kit (eBiosciences). 

Cells were fixed in 100 µL of FOXP3 fixation buffer (1:4 dilution of fixation 

concentrate in fixation diluent) for 30 min at 4° C. After fixation, cells were 

permeabilised by adding 100 µL FOXP3 permeabilisation buffer (prepared from a 10X 

concentrate in sterile water) to the fixed cells. Samples were centrifuged for 5 min at 

1500 rpm. Intracellular staining was performed by diluting the antibody fluorochrome 

conjugates in FOXP3 permeabilisation buffer, adding to the fixed and permeabilised 

cells and incubating in the dark at 4° C for 30 min. After staining, cells were washed 

with permeabilisation buffer and centrifuged at 1500 rpm for 5 min.  

 

For RIPK3 intracellular staining, cells were fixed in 100µL 4% (w/v) paraformaldehyde 

for 10 mins at 37° C. Following fixation, samples were washed with FACS buffer and 

recovered by centrifugation. Samples were resuspended in 100 µL 0.6% (w/v) saponin 

(Sigma) containing RIPK3 antibody and incubated at 4° C for 30 min. Following 

incubation, cells were washed three times in 200 µL 0.6% (w/v) saponin with 

centrifugation to recover cells between each wash step. A second intra-cellular staining 

was performed with goat anti-rabbit IgG (H+L) Superclonal™ recombinant secondary 

antibody conjugated to Alexa Fluor 647 (Invitrogen) in 100 µL 0.6% (w/v) saponin at 
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4° C for 30 min. Cells were then washed again (three times) in 200 µL 0.6% (w/v) 

saponin with centrifugation to recover cells between each wash step. 

 

Cells were resuspended in FACS buffer and data acquired on either a Fortessa1 (BD 

Biosciences) or a Fortessa X20 (BD Biosciences). Data analysis was performed using 

FlowJo software (FlowJo LLC). Cell numbers were calculated based on the organ cell 

counts performed on a CASY counter (Schärfe System) and multiplied by the 

percentage of viable lymphocytes as determined by the flow cytometric analysis. 

 

2.2.3 Western blotting 

Cell lysates were prepared in RIPA buffer (PBS with 1% (v/v) NP-40, 0.1% (w/v) SDS 

and 0.5% (w/v) sodium deoxycholate) with cOmplete™ protease inhibitor cocktail 

(Roche). Proteins were resolved by SDS-PAGE and transferred to nitrocellulose 

membranes by iBlot2 dry blotting system (ThermoFisher Scientific) and non-specific 

binding of antibodies was blocked by Tris buffered saline (TBS) containing 0.1% (v/v) 

Tween-20 and 5% (w/v) non-fat dairy milk. Membranes were incubated with primary 

antibodies as described in Table 2.7. Bound antibody was detected with peroxidase-

conjugated goat anti-rabbit secondary antibody and ECL reagent (Merck Millipore) on a 

ChemiDoc™ MP Gel Imaging System (BioRad). 

 

Table 2.7 Western blotting antibodies 

Antibody Clone Supplier 

anti-FLAG M2 WEHI 
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anti-human RIPK3 E1Z1D Cell Signaling 

Technologies 

anti-human Actin 13E5 Cell Signaling 

Technologies 

 

2.2.4 FAS-L induced apoptosis assay 

Thymocytes were cultured in DMEM (Gibco) supplemented with 10% (v/v) FCS, 13 

µM folic acid, 1X GlutaMAX and 50 µM β-ME and various concentrations of 

SUPERFASLIGAND® (Enzo Life Sciences) for 24 h at 37° C with 10% CO2. Cell 

viability was assessed by propidium iodide (PI) staining and flow cytometric analysis 

on a Fortessa1 (BD Biosciences). Data analysis was performed using FlowJo software.  

 

2.2.5 EdU cell proliferation analysis 

Cell proliferation analysis was performed using the Click-iT® EdU PacificBlue Flow 

Cytometry Assay Kit (Invitrogen). Kit components were prepared according to the 

manufacturer’s instructions ahead of time and stored as recommended at 4° C or -20° C. 

Mice were intraperitoneally injected with 100 µL of 2.5 mg/mL (0.25 mg/mouse) 5-

ethynyl-2’-deoxyuridine (EdU; Invitrogen) diluted in sterile DPBS. Four hours later, 

mice were euthanised by CO2 asphyxiation and the thymi were harvested. An uninjected 

mouse was also harvested as a control. Single cell suspensions were prepared and 1 x 

107 thymocytes were transferred into a 96-well round bottom TC plate and centrifuged 

for 5 min at 1500 rpm. Samples were washed in 250 µL stain/wash buffer (PBS 

supplemented with 1% (w/v) bovine serum albumin (BSA; Sigma Aldrich). Cells were 
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stained with cell surface antibodies diluted in stain/wash buffer containing 10% (v/v) 

anti-FcγRII (clone 2.4G2) blocking antibody for 30 min at 4° C protected from light.  

 

Following staining, cells were again washed with stain/wash buffer before adding 100 

µL fixative buffer and incubating in the dark at room temperature for 15 min. Cells 

were washed again with stain/wash buffer before being permeabilised by adding 100 μL 

of 1X Click-iT® saponin-based permeabilization and wash reagent, transferring to 1.2 

mL microtitre tubes and incubating for 15 min at room temperature. Meanwhile, the 

Click-iT® reaction cocktail was made per kit instructions and 0.5 mL added to 

permeabilised cells and incubated for 30 min in the dark at room temperature. 

Following incubation, cells were washed with 1X Click-iT® saponin-based 

permeabilization and wash reagent and intracellular staining was performed by diluting 

anti-mouse active caspase-3 antibody conjugated to BV650 in 1X Click-iT® saponin-

based permeabilization and wash reagent and incubated for 30 min on ice. Samples 

were centrifuged for 30 min and resuspended in 500 µL 1X Click-iT® saponin-based 

permeabilization and wash reagent. Data were acquired on a Fortessa X20 and data 

analysis was performed using FlowJo software.  

 

2.2.6 In vitro T cell stimulation assays 

96-well flat bottom TC plates were coated overnight at 4° C with 0.5 µg/mL anti-mouse 

CD3 antibody (clone 2C11; WEHI). The following morning, mice were asphyxiated 

with CO2 and the spleens and axial, brachial, inguinal and mesenteric lymph nodes were 

harvested. Single cell suspensions of pooled splenocytes and lymphocytes from 1-4 

mice for each genotype were prepared and samples were centrifuged for 5 min at 1500 
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rpm. Samples were counted on a CASY counter and resuspended at 108 cells/mL in 

FACS buffer containing biotinylated anti-mouse B220 antibody. Samples were 

incubated for 30 min on ice, then centrifuged for 5 min at 1500 rpm. Cell pellets were 

resuspended at 90 µL/107 cells and 10 µL/107 cells of streptavidin microbeads (Miltenyi 

Biotech) were added and incubated for 30 min at 4° C. Following incubation, samples 

were washed with FACS buffer and resuspended in FACS buffer to 108 cells/500 µL. 

Samples were run on MACS LS columns (Miltenyi Biotech) according to the 

manufacturer’s instructions. The B220-negative cell fraction that was eluted from the 

column was collected, and the columns discarded. The B220-negative cell fraction was 

stained with appropriate antibodies and resuspended in FACS buffer containing 0.2 

µg/mL propidium iodide. The required populations were sorted on an FACSAria III 

(BD Biosciences) into tubes containing a final concentration of ~10% FCS.   

 

After sorting, cell fractions were stained with Cell Trace Violet (CTV; Invitrogen) 

according to the manufacturer’s instructions. After staining, cells were resuspended in T 

cell medium (RPMI supplemented with 10% (v/v) FCS, 1X GlutaMAX™, 1X NE-AA, 

1% HEPES, 1X Sodium pyruvate, 50 µM β-ME and 100 ng/mL rIL-2) and 5 x 104 

cells/well were incubated on anti-CD3 antibody coated plates along with 0.5 µg/well of 

anti-CD28 antibody (clone 37.N51; WEHI) and 25 µM Emricasan (where applicable; 

MedKoo Biosciences) or DMSO (Sigma Aldrich) vehicle control for 72 h at 37° C with 

10% CO2. Following incubation, plates were spun down, the supernatant was discarded, 

and cell pellets were resuspended in FACS buffer containing 0.2 µg/mL propidium 

iodide and 5 µL CountBright™ Absolute Counting Beads (Invitrogen) were added to 

each sample. Data were acquired on either a Fortessa1 or a Fortessa X20 and data 
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analysis was performed using FlowJo software. Cell numbers were calculated based on 

the absolute counts of beads as determined by the flow cytometric analysis, relative to 

the bead input as specified by the manufacturer for the relevant batch.  

 

2.2.7 Murine in vitro cell death assays 

Mouse splenocytes were cultured in 96-well round bottom TC plates with 2.5 x 105 

cells/well in T cell medium. For assays using the MCL-1 inhibitor S63845, cells were 

incubated with titrations of S63845 (Active Biochem) or a DMSO vehicle control for 24 

h at 37° C with 10% CO2. Following incubation, cell viability was assessed by staining 

samples with green fluorescent LIVE/DEAD fixable dead cell stain (Invitrogen) 

according to the manufacturer’s instructions. For flow cytometric analysis, lymphocyte 

populations were stained then fixed and permeabilised with FOXP3/Transcription factor 

staining buffer kit and intracellular staining for FOXP3 was performed. Cell viability 

and the proportions of pertinent lymphocyte populations were assessed by acquisition 

on a Fortessa1 or Fortessa X20, with 5 µL CountBright™ Absolute Counting Beads 

added to each sample to assess the number of viable cells in each well. Data analysis 

was performed using FlowJo software. 

 

2.2.8 Human in vitro cell death assays 

Human peripheral blood monocytes (PBMCs) were isolated from the whole blood of 

healthy donors recruited by the WEHI Clinical Translation Centre with relevant ethical 

approvals. Density centrifugation using Ficoll-Plaque® PLUS (GE Healthcare) was 

performed and PBMCs incubated in a 96-well round bottom TC plate at 5 x 105 

cells/well in T cell medium. For Emricasan death assays, media was supplemented with 
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1000 U/mL recombinant human IFNβ (R&D Systems) for 24 h at 37° C with 5% CO2. 

Following incubation, recombinant TNF (10 ng/mL; WEHI), Necrostatin-1 (Nec-1; 50 

µM, TetraLogic Pharmaceuticals) and relevant concentrations of Emricasan or a DMSO 

control were added to the relevant wells and cells incubated at 37° C for a further 48 h. 

For S63845 assays, titrations of S63845 in the range of 1 pM to 10 µM were added to 

the media and cells incubated at 37° C for 48 h. Cell viability was assessed by staining 

samples with green fluorescent LIVE/DEAD fixable dead cell stain, followed by 

staining of lymphocyte populations with surface marker-specific antibodies coupled to 

fluorochromes for flow cytometric analysis. PBMCs were fixed and permeabilised with 

FOXP3/Transcription factor staining buffer kit and intracellular staining for FOXP3 

was performed. Cell viability and the proportions of pertinent lymphocyte populations 

were assessed by acquisition on a Fortessa1 or Fortessa X20, with 5 µL CountBright™ 

Absolute Counting Beads added to each sample to assess the number of viable cells in 

each well. Data analysis was performed using FlowJo software. 

 

2.2.9 Haematopoietic reconstitution 

Recipient mice (CD45.1 or CD45.1xCD45.2 C57BL/6 background) were lethally 

irradiated with 2 doses of 5.5 Gy, 3 h apart using a Phoenix Irradiator (Best 

Theratronics) with a 60Cobalt source with a dose rate of approximately 5.5 Gy per min.  

 

Donor mice were euthanised and bone marrow harvested by flushing both femurs and 

tibias with RPMI-HEPES medium through a 27G syringe under sterile conditions. 

Single cell suspensions were prepared by filtering through a 100 µm nylon filter and 

cells were counted on a CASY automated cell counter. Cells were centrifuged at 1500 
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rpm for 5 min and resuspended in sterile PBS at a density of 2.5 x 107 cells/mL, and 5 x 

106 cells were injected intravenously into the tail vein of the lethally irradiated recipient 

mice approximately 3 h following the second dose of irradiation. Mice were given an 

intraperitoneal injection of 100 µg anti-Thy1 (clone T24) antibody 24 h following 

injection of donor cells and mice were maintained on neomycin drinking water (1.7 

mg/mL neomycin; Sigma Aldrich) for three weeks following irradiation.  

 

Haematopoietic reconstitution efficiency was assessed by performing a retro-orbital 

bleed and FACS analysis of CD45.1+ and CD45.2+ cell proportions 4-6 weeks after 

bone marrow transplantation and mice were harvested 6-8 weeks following successful 

reconstitution, unless otherwise indicated. 

 

2.2.10  Isolation of regulatory T cells and CD4+ conventional T cells 

Lymphocytes were obtained by harvesting spleens and lymph nodes (inguinal, 

auxiliary, brachial and mesenteric) from mice, or isolating PBMCs from the whole 

blood of healthy human donors by density centrifugation. CD4+ cells were isolated by 

magnetic bead separation using CD4 antibody MACS microbeads (Clone L3T4, 

Miltenyi Biotech) and MACS LS columns (Miltenyi Biotech) to isolate mouse CD4+ 

cells, or the EasySep™ Human CD4 T cell Isolation Kit (Stemcell Technologies) to 

enrich human CD4+ T cells, according to the manufacturer’s instructions.  

 

Cell samples were stained with antibodies to CD4, CD25 and CD127 (human only) and 

PI as a cell viability marker, and live Tregs and CD4+ conventional T cell populations 

were sorted on a FACSAria III (BD Biosciences) and used for downstream purposes. 



 
 

 79 

 

2.2.11  Seahorse bioenergetic assays 

Sorted regulatory and CD4+ conventional T cells were seeded in Seahorse XF assay 

medium (pH 7.4; Agilent) supplemented with 5 mM D-Glucose (Ajax Finechem), 1 

mM sodium pyruvate (Gibco) and 2 mM L-Glutamine (Gibco) at a density of 6 x 105 

cells/well into a CellTek (Corning) coated 96-well Seahorse plate (Agilent) and 

incubated for 1 h at 37° C with 0% CO2 to equilibrate. Following incubation, plates 

were placed in a Seahorse XF96 Extracellular Flux Analyser (Seahorse Bioscience) to 

record the oxygen consumption rate (OCR) and the extracellular acidification rate 

(ECAR) following the addition of 0.1 µM or 1 µM of the MCL-1 inhibitor S63845, 1 

µM oligomycin (Agilent), 1 µM FCCP (Agilent) and 0.5 µM rotenone and antimycin A 

(Agilent). 
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Chapter 3 The intrinsic apoptosis 

pathway imposes thymocyte β-selection 
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3.1 Introduction 

The differentiation of ab T cells in the thymus is a multi-step process, punctuated by 

several rounds of selection and proliferative bursts. These selection events are 

dependent on the interaction between the developing thymocytes and the surrounding, 

highly specialised thymic epithelial cells (TECs) which form part of the thymic stroma 

427,428. One of the primary aims of thymic T cell differentiation is the successful 

recombination of both the alpha- and beta-chains of the T cell receptor (TCR) and strict 

selection processes ensure that only cells that have arranged a functional, potentially 

useful and safe TCR are exported to the periphery 197. Thymocytes that either cannot 

successfully generate TCR proteins, or that generate a potentially pathogenic TCR with 

too high an affinity for self peptide:MHC complexes, undergo cell death 25. Selection 

events are followed either by thymocyte proliferation or cell death, ensuring a 

peripheral T cell pool that is simultaneously sufficient in size, functionality and 

heterogeneity to launch an effective immune response, while also tolerant of self 429.  

 

Apoptosis is a highly regulated mechanism of cell death in multicellular organisms, 

characterised by cellular shrinkage and blebbing, nuclear and chromosomal DNA 

fragmentation and global mRNA decay 430. There are two primary mechanisms for 

apoptotic cell death; the intrinsic apoptotic pathway, that is regulated by the BCL-2 

family of proteins, and the extrinsic apoptosis pathway, mediated by death receptors, 

members of the TNF superfamily of receptors with an intra-cellular death domain and 

their respective ligands (e.g. FAS ligand binding to FAS) 25. Although intrinsic 

apoptosis has long been recognised to kill most useless and self-reactive developing T 
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lymphoid cells in the thymus 259, less is understood about how death receptor signalling 

may be involved in T cell differentiation 259. 

 

Despite differing mechanisms for the initiation of the two apoptotic pathways, both 

ultimately converge upon a common process, known as the caspase activation cascade. 

This process involves initiator and effector caspases becoming activated by upstream 

events in the intrinsic or extrinsic apoptotic pathways 431. The role of initiator caspases 

is to proteolytically activate the executioner caspases, and it is these effector caspases 

that are responsible for the cleavage of hundreds of substrates and the morphological 

changes characteristic of apoptotic cells 33,431.  Death receptor signalling can also 

mediate an alternative mechanism of caspase-independent programmed cell death that is 

inflammatory, termed necroptosis. Necroptosis is engaged in cells where the apoptotic 

proteins, FADD or Caspase-8, which comprise the death inducing signalling complex 

(DISC), are inhibited or absent 432.  

 

Although the mechanisms by which the intrinsic apoptosis pathway governs thymocyte 

death at the positive and negative selection checkpoints during the later stages of T cell 

differentiation are well established 21,66,77,259,290,291, there remains a lack of consensus 

over the cell death mechanism implicated at b-selection. b-selection is the first major 

selection checkpoint and occurs at the TN3 stage of thymocyte differentiation. 

Following T lineage commitment during TN2 and early-TN3, V(D)J recombination of 

the TCRβ gene locus is initiated by the RAG1 and RAG2 enzymes 433,434. The 

recombined TCRβ is paired with an invariant pTa chain to form the pre-TCR, which 

couples with CD3 to form a signalling complex 210,435. Signalling through this pre-TCR 
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complex is essential for thymocytes to survive the b-selection checkpoint and 

differentiate into CD4 CD8 double positive (DP) thymocytes. The randomness of the 

gene recombination process ensures diversity in the T cell receptor repertoire; however, 

this process is inherently inefficient because many of the resulting recombined genes do 

not yield functional proteins 205,434. The importance of cell death at the b-selection step 

in lymphocyte development is highlighted in mice that lack either of the RAG genes, 

where all thymocytes die at the TN3 stage, due to failure to generate T-cell antigen 

receptors 419,436.  

 

A number of studies have examined the intrinsic apoptotic pathway in cell death at the 

b-selection checkpoint. Of note, Rag1-/- thymocytes expressing a human BCL-2 

transgene under an lck promoter 223 were able to differentiate past TN3 arrest with 

restoration of the TN4 compartment, and partial restoration of the DP compartment. 

Similarly, Rag2-/- mice expressing BCL-2 under a vav promoter also displayed a partial 

rescue of DP thymocytes 221. In addition, expression of a BCL-XL transgene under the 

lck promoter was also able to promote thymocyte maturation to the DP stage on a  

Rag1-/- background, but not in scid mice, another model of defective b-selection 225. 

However these results are confounded by the observation that expression of transgenic 

BCL-2 under an Eµ enhancer 224 was not sufficient to overcome the differentiation 

block at the b-selection checkpoint. Some papers have suggested a role for A1, a pro-

survival member of the BCL-2 family, at this checkpoint due to its upregulation 

following pre-TCR signalling at the TN4 stage 226,437. Indeed, overexpression of A1 in 

Rag1-/- thymocytes that were then injected into Rag2-/-  gc-/- hosts was able to produce 

post-b-selection DP thymocytes. However, the mechanism by which TN thymocytes 
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transition to the DP compartment was not made clear in this study. A population of CD4 

and/or CD8 positive cells with high expression of CD25 was observed, that may be an 

atypical immature thymocyte population that had not downregulated CD25 prior to the 

upregulation of CD4 and CD8 226. In the absence of a cohesive explanation for how 

intrinsic apoptosis was regulating this checkpoint, other cell death pathways warrant 

further investigation.  

 

Interestingly, the death receptor pathway has also been implicated in cell death at the b-

selection checkpoint. In Rag1-/- mice expressing a transgene (tg) encoding a dominant 

negative form of the adaptor protein FADD (Fadd-DNtg), significant rescue of the DP 

compartment was observed, although curiously only in some Fadd-DNtg mice 227. A 

large number of Fadd-DNtg transgenic mice went on to develop thymic lymphoma 227. 

Around the same time, a number of reports arose regarding defects in mitogen induced 

activation of T cells either lacking FADD, or expressing a dominant negative form of 

the protein 227,438–440. However, the mechanism by which these FADD deficient T cells 

underwent cell death was not described at the time 441. Current understanding would 

suggest that engagement of necroptosis could explain this failure of cells to proliferate 

downstream of TCR stimulation 310. The concept of death receptor mediated apoptosis 

or necroptosis being implicated at the b-selection checkpoint is especially interesting 

given reports of the importance of proliferation in the differentiation of post-b-selection 

TN3 and TN4 thymocytes into the DP compartment 220,221. Interestingly, tumour 

necrosis factor receptor 1 (TNF-R1) has the capacity to induce proliferation, apoptosis 

and necroptosis under various contexts 442 and is expressed in TN3 thymocytes 227.  
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Here, we aimed to determine the mechanism regulating thymocyte death at the b-

selection checkpoint that is caused by the absence of a functional TCRb chain. Using 

genetic models, we conclusively rule out a role for the extrinsic apoptotic pathway or 

the necroptotic pathway as mediating this checkpoint. Despite what had previously been 

published, expression of a FADD dominant negative transgene could not overcome b-

selection induced cell death without a cooperating mutation. In contrast, transgenic 

overexpression of the anti-apoptotic protein BCL-2 was sufficient to overcome the 

differentiation arrest at TN3. We further established that expression of BCL-2 needs to 

be sufficiently high to overcome a survival ‘threshold’, which helps to explain why not 

all of the previously reported Rag1-/- BCL-2 transgenic models were able to overcome 

b-selection induced apoptosis leading to the accumulation of DP thymocytes. We also 

find that proliferation is not essential for thymocyte differentiation into the TN4 

compartment following b-selection, but it may still be required for entry to the DP 

compartment.  

 

3.2 Results 

3.2.1 Expression of a dominant negative form of Fadd does not overcome the b-

selection checkpoint in Rag1-/- mice 

A previous study had indicated that death receptor-induced apoptosis contributed to b-

selection 227; however, a further potential role for necroptosis was not examined at the 

time. Rag1-/- mice are unable to generate a functional TCRb chain required for assembly 

of the pre-TCR complex that drives cell survival and proliferation of thymocytes 

through b-selection 419. Newton et al. 227 found that the Fadd-DNtg could enable 
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thymocytes to proceed beyond the b-selection checkpoint in a portion of Rag1-/- mice. 

To reproduce and extend upon these findings, we inter-crossed Rag1-/- mice with 

transgenic mice expressing Fadd-DNtg under the T lymphocyte-specific protein 

tyrosine kinase (Lck) promoter 438. In addition, we further inter-crossed these Rag1-/- 

Fadd-DNtg mice to mice lacking Mlkl 175, which encodes the necroptosis effector 

protein MLKL, to generate Rag1-/- Fadd-DNtg Mlkl-/- mice. The goal of these 

experiments was to establish whether necroptotic cell death might be engaged in TN 

thymocytes from Rag1-/- Fadd-DNtg mice, perhaps obscuring the true extent to which 

death receptor signalling was important for thymocyte b-selection. 

 

Flow cytometry analysis of thymi from these mice revealed that, unlike previous reports 

227, cells did not break through the b-selection checkpoint and differentiate into 

CD4+CD8+ double positive (DP) thymocytes (Figure 3.1A-B). The mean proportion of 

Thy1+ thymocytes in the DP compartment in both Rag1-/- Fadd-DNtg and Rag1-/- Fadd-

DNtg Mlkl-/- mice was <1%, comparable with the DP proportion recovered in Rag1-/- 

mice (Figure 3.1A). Furthermore, although differentiation through TN1  

(CD44+ CD25-), TN2 (CD44+ CD25+) and TN3 (CD44- CD25+) stages was relatively 

among all groups examined, Rag1-/- Fadd-DNtg and Rag1-/- Fadd-DNtg Mlkl-/- mice 

lacked the more differentiated thymocytes in the post-b-selection CD25low population 

from the TN3 (CD44- CD25+) compartment and the entire TN4 (CD44- CD25-) 

compartment (Figure 3.1C). This lack of CD44- TN thymocytes with intermediate or 

low levels of CD25 is characteristic of the TN3 arrest observed in Rag1-/- control mice 

due to failure to overcome the b-selection checkpoint 419 (Figure 3.1C).  
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To probe whether death receptor-induced cell death might have a more subtle impact on 

b-selection, we parsed out the TN3 and TN4 compartments further. These can be 

subdivided into six differentiation stages based on expression of CD28 and CD25, 

where differentiation flows sequentially from TN3a (CD25+ CD28-) to TN3b (CD25+ 

CD28int) and then TN3c (CD25int CD28int) 443. Although CD28 upregulation into TN3b 

was previously reported to delineate the b-selection checkpoint based on intracellular 

TCRb expression 443, our results show the presence of a CD28+ TN3b population in 

Rag1-/- control mice where DN3 arrest occurs (Figure 3.1D). This finding suggests that 

the expression of CD28 can precede b-selection. Further downregulation of CD25 leads 

cells into one of three TN4 sub-populations: TN4a (CD25- CD28int), TN4b  

(CD25- CD28high) or TN4c (CD25- CD28-). All three of these populations can give rise 

to DP thymocytes; however, the TN4a cells gave rise to DP cells more robustly than the 

other populations when sorted cells were grown on OP9-DL1 stromal cells 443. Again, 

we found no evidence that either the Rag1-/- Fadd-DNtg or Rag1-/- Fadd-DNtg Mlkl-/- 

mice are able to overcome TN3 arrest, with no cells progressing to the TN3c or TN4 

stages, similar to Rag1-/- control mice (Figure 3.1D). Collectively, these data suggest 

that a dominant negative form of Fadd alone, or in combination with MLKL deficiency, 

is insufficient to overcome the TN3 arrest of thymocytes incapable of expressing a 

functional pre-TCR. 

 

3.2.2 The Fadd-DN transgene is expressed in thymocytes and is functional 

Due to the discrepancy between our data and previously published results (Newton et. 

al. 227), it was important to confirm that the dominant negative Fadd transgene was 

expressed and functional in our re-derived strains. To test for Fadd-DNtg expression, 
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protein lysates of thymocytes from Rag1-/- Fadd-DNtg mice and Rag1-/- littermate 

controls were separated by SDS-PAGE and the transgene encoded FADD-DN protein 

was detected by Western blotting using an antibody against the N-terminal FLAG tag 

(Figure 3.2A). We observed reactivity at ~17 kDa, which corresponds to the protein 

weight of FLAG-FADD-DN 438, only in the mice determined to be Fadd-DNT/+ by a 

genotyping PCR.  

 

Satisfied that the transgene encoded FADD-DN was expressed, we next sought to 

determine whether it could inhibit death receptor induced cell death. To test this, we 

backcrossed Rag1-/- Fadd-DNtg mice with wild-type C57BL6/J mice to generate 

Rag1+/- Fadd-DNtg and Rag1+/- littermate controls that generate normal numbers of 

mature thymocytes. Thymocytes from these mice were cultured for 24 hours with 

titrations of recombinant human FAS ligand-Fc fusion protein (Fc:FAS-L; 

SUPERFASLIGAND®) to induce death receptor mediated apoptosis though FAS 

(CD95) 444. Thymocytes from age-matched Faslpr mutant mice were used as a control 

expected to have an impaired apoptotic response, as the lymphoproliferation (lpr) 

spontaneous mutation present in these mice results acts as a loss of function mutation 

445. Our results confirmed that the Fadd-DN transgene was functional in this strain 

because thymocyte viability remained unchanged when treated with increasing doses of 

Fc:FAS-L in both the Rag1+/- Fadd-DNtg and Faslpr mice, in contrast with the Rag1+/- 

littermate controls which had significantly higher induction of apoptosis at both the 10 

ng/mL and 100 ng/mL doses of Fc:FAS-L (Figure 3.2B-C). Together with our data 

above, these findings indicate that death receptor mediated apoptosis is not responsible 

for death in cells failing b-selection. 
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3.2.3 Thymic lymphoma development in some Rag1-/- Fadd-DNtg mice 

Despite our initial observations of Rag1-/- Fadd-DNtg and Rag1-/- Fadd-DNtg Mlkl-/- 

mice being incapable of overcoming TN3 arrest, over time we observed a number of 

Rag1-/- Fadd-DNtg Mlkl+/+ or +/- mice that spontaneously developed thymic lymphoma 

similar to that described by Newton et. al. 227. These mice were all offspring from two 

parental lines, that of father #197, and another of father #359 and there was 100% 

penetrance of the thymic lymphoma phenotype in offspring expressing the Fadd-DN 

transgene of both mice (Figure 3.3A-B). One of the offspring of #359 (#389) survived 

long enough to father multiple litters, with studies ongoing into the penetrance of the 

phenotype in these offspring (Figure 3.3B). The offspring of the #197 parental line had 

a median survival time of 183 days before euthanasia was required due to difficulty 

breathing. This survival time was significantly less than aged mice from other breeders 

in the same colony (median survival of 280 days; Figure 3.3C). Studies into the 

survival of the offspring of #359 (and the second-generation progeny of #389) 

compared to Rag1-/- littermate controls are ongoing, but at the time of writing are not 

statistically significant (Figure 3.3D). Interestingly, neither #197 (Rag1-/- Fadd-DNtg 

Mlkl+/-) or #359 (Rag1-/- Fadd-DNtg Mlkl-/-) succumbed to thymic lymphoma, surviving 

to 571 days and 362 days respectively, despite expressing the Fadd-DN transgene. Post-

mortem analysis of mice that succumbed to thymic lymphomas revealed enlarged thymi 

and splenomegaly compared to age-matched wild-type controls (Figure 3.3E).  

 

To assess thymocyte differentiation in these mice prior to the onset of fatal thymic 

lymphoma, two offspring (#316 and #318) of mouse #197 were analysed at 112 days, 
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prior to developing identifiable symptoms of thymic lymphoma that would require 

euthanasia. This analysis revealed that, unlike other Rag1-/- Fadd-DNtg mice in this 

strain, Fadd-DNtg mice from this parental line were apparently to overcome the b-

selection checkpoint and produce CD8 immature single positive (ISP) and CD4 CD8 

double positive thymocytes (Figure 3.4A-C). Furthermore, unlike in Rag1-/- mice, the 

TN thymocytes in both these pre-leukaemic mice are predominantly TN4-like (Figure 

3.4B). Subdivision of the TN3-4 thymocytes based on CD28 expression revealed that 

the DP thymocytes in these mice are derived from the TN4a (CD25- CD28int) and TN4c 

(CD25- CD28-) populations, but not TN4b (CD25- CD28high) cells (Figure 3.4C). 

 

This TN-ISP-DP phenotype is also present in the enlarged thymi of the mice that 

develop thymic lymphoma (Figure 3.5A). Given the peripheral lymphoid organs of 

these mice were also enlarged, we performed flow cytometric analysis on spleens from 

these thymic lymphoma bearing mice. The spleens of these mice predominantly 

contained Thy1+ cells (76.5%), however the expression levels of Thy1 on the surface of 

these cells was much lower than those on wild-type controls (Figure 3.5B). These 

Thy1int cells were predominantly CD8 ISP or CD4 CD8 DP cells, similar to the 

phenotype observed for lymphoma cells in the thymus (Figure 3.5C). In contrast, the 

Thy1+ cells from wild-type controls were, as expected, generally either CD4 or CD8 

single positive, while the small population of Thy1+ cells in the thymi from Rag1-/- mice 

were all double negatives (Figure 3.5C). The larger than expected proportion of DN 

cells in the wild-type mice was an artefact of the Thy1 upstream gating being based off 

the Thy1low population from the Rag1-/- Fadd-DNtg lymphoma. This gating strategy 
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cuts slightly into the Thy1- population in the wild-type control, likely resulting in some 

myeloid or other lymphoid cells also being included in the gate.  

 

The low penetrance of this thymic lymphoma phenotype within the colony as a whole, 

along with the presence of it in only two pedigrees, suggests that an additional mutation 

might enable the development of thymic lymphomas in Rag1-/- Fadd-DNtg mice. 

Interestingly, this putative mutation must act cooperatively with the Fadd-DN 

transgene, as we detected no signs of lymphoma in littermate Rag1-/- controls that lack 

this transgene, albeit from a very small sample size (n=2). These findings may also 

explain the discrepancy between the current study and the data presented by Newton et. 

al 227. It is possible a similar mutation arose earlier in the initial colony, resulting in 

greater penetrance of the DP thymocyte “breakthrough” and lymphoma phenotypes. 

Further, it may also explain why not all the thymi from Rag1-/- Fadd-DNtg mice from 

that study harboured detectable numbers of DP thymocytes 227. 

 

In order to test our hypothesis that the thymic lymphomas in mice from the Rag1-/- 

Fadd-DNtg colony were driven by the acquisition of an additional spontaneous 

mutation, we have cryopreserved cells from these lymphomas, as well as from 

littermate Rag1-/- controls, wild-type controls and from Rag1-/- Fadd-DNtg #197 (who 

did not develop a thymic lymphoma but whose offspring developed lymphomas) to 

extract genomic DNA and perform whole exome sequencing at a later date. 
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3.2.4 The intrinsic apoptosis pathway imposes thymocyte b-selection 

Our data from Rag1-/- Fadd-DNtg and Rag1-/- Fadd-DNtg Mlkl-/- mice suggest that the 

death receptor cell death pathways do not contribute to the b-selection checkpoint. 

However, it remained possible that features of the FADD-DN transgene (e.g. 

expression, protein half-life, interactions) do not efficiently block this pathway in TN 

thymocytes, despite being effective in more mature cells (Figure 3.2). Therefore, we 

generated new genetic mouse models to further explore the roles of the extrinsic and 

intrinsic apoptosis pathways in the b-selection checkpoint. In order to test for a role of 

extrinsic apoptosis without using the Fadd dominant negative transgene, we crossed 

Casp8-/- Mlkl-/- mice 186 onto a Rag1-/- background. We also generated Rag1-/- TNF-/- 

Faslgld Trail-/- mice by inter-crossing the previously described Rag1-/- 419, TNF-/- 423, 

Faslgld 425 and Trail-/- 424 mouse strains, to determine whether loss of the three death 

receptor ligands impacted on the loss of thymocytes that have failed b-selection. We 

also wanted to test the possibility that defects in the intrinsic apoptotic pathway were 

sufficient to overcome thymocyte death at the b-selection checkpoint. BCL-2 

overexpression can profoundly block the intrinsic pathway of apoptosis and several 

strains have been used in the past 66,446,447. It had been previously reported that a Bcl2 

transgene under control of the Eµ enhancer was not able to overcome the b-selection 

block in Rag1-/- or severe combined immunodeficiency (scid) mice 224. Therefore, we 

crossed Rag1-/- mice with mice expressing a Bcl2 transgene under the vav promoter 

(vavP-Bcl2tg) 420, which drives considerably higher levels of transgenic BCL-2 than the 

Eµ enhancer in haematopoietic cells, to generate Rag1-/- vavP-Bcl2tg mice to again test 

the role of the intrinsic pathway of apoptosis. 
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Flow cytometric assay of thymocyte differentiation in these mice revealed that loss of 

caspase-8 and MLKL or all known death receptor ligands could not overcome the TN3 

block in Rag1-/- mice (Figure 3.6A). In contrast, there was a partial rescue of the 

ISP/DP compartment in the Rag1-/- vavP-Bcl2tg mice, in which thymocytes are 

protected from the intrinsic pathway of apoptosis (Figure 3.6A). Assessment of the 

CD4-CD8-TCRb- TN compartment in the Rag1-/- Casp8-/- Mlkl-/- and Rag1-/- TNF-/- 

Faslgld Trail-/- mice showed thymocytes undergoing TN3 arrest, with no CD25low cells 

detected in the TN3 compartment (Figure 3.6B), and negligible populations in the post-

b-selection TN3c and TN4 compartments (Figure 3.6C). These data definitively rule 

out a role for the death receptor pathways of cell death in enforcing the b-selection 

checkpoint. 

 

In contrast, the TN compartment in the Rag1-/- vavP-Bcl2tg mice, while not able to 

completely recapitulate the TN4 compartment from wild-type mice, has an 

approximately normal proportion of TN3c thymocytes (Figure 3.6B-C). The only 

population within the TN3-4 compartment that was not present at all was the CD25- 

CD28high TN4b compartment (Figure 3.6C). This partial rescue of b-selection was also 

reflected in the overall cellularity of the thymus, with the Rag1-/- vavP-Bcl2tg thymi 

having approximately half the cellularity of those from aged-matched wild-type controls 

and at least 10-times more cells compared to Rag1-/- controls (Figure 3.6D). The mice 

lacking the extrinsic pathway of apoptosis had thymic numbers comparable to Rag1-/-

controls (Figure 3.6D). Taken together with the results from the Rag1-/- Fadd-DNtg 

strains, our data indicate that the mechanism driving apoptosis upon failure of a 
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thymocyte to successfully generate a functional TCRb is exclusively via the intrinsic 

apoptosis pathway. 

 

3.2.5 Spleens from Rag1-/- vavP-Bcl2tg mice are comparable in size to wild-type 

controls, but have low proportions of Thy1-expressing cells 

Despite the profound block in thymocyte differentiation we observed in Rag1-/- vavP-

Bcl2tg, the splenocyte counts of from these mice were roughly equivalent to their wild-

type counterparts (Figure 3.7A). Although we observed the presence of small 

proportions of CD4+ and CD4 CD8 DP amongst total splenocytes (Figure 3.7B), 

negligible Thy1+ cells were recovered, indicating a complete block in T cell 

differentiation and export to the spleen (Figure 3.7C). The overexpression of Bcl2 has 

been reported to rescue the differentiation of B cells that lack antigen receptors 448, so B 

cells most likely make up the majority of the splenocyte populations in these mice. 

These results suggest that the rescued antigen receptor lacking B cell compartment and 

an accumulation of myeloid cells in Rag1-/- vavP-Bcl2tg contributes to their normal 

splenocyte count, rather than the export of immature DP or ISP cells from the thymus. 

 

3.2.6 A BCL-2 expression threshold imposes the b-selection checkpoint 

The observation that thymocytes could be rescued from apoptosis at the b-selection 

checkpoint in Rag1-/- vavP-Bcl2tg mice, coupled with a previous report that a Bcl2 

transgene under control of the Eµ enhancer was insufficient to overcome DN3 arrest 224, 

suggested different amounts of transgenic BCL-2 expression under these two promoters 

explained these distinct outcomes. As the Bcl2 transgene in both strains encodes for the 

human BCL-2 protein, rather than the mouse protein, we utilised a human BCL-2 
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specific antibody (Clone BCL-2-100) to distinguish between expression of the 

transgene encoded human BCL-2 and endogenous mouse BCL-2. By analysing the TN 

and DP stages of thymocyte differentiation in WT controls, Eµ-Bcl2tg, vavP-Bcl2tg and 

Rag1-/- vavP-Bcl2tg mice, we found that the geometric mean fluorescence intensity 

(gMFI) of the transgene encoded human BCL-2 in the Eµ-Bcl2tg mice was consistently 

between half- and one-log fold lower than that detected in the corresponding cells from 

vavP-Bcl2tg mice (Figure 3.9A-D). 

 

Interestingly, the BCL-2 transgene expression was significantly lower in the Rag1-/- 

vavP-Bcl2tg thymocytes than vavP-Bcl2tg thymocytes through TN3 and TN4 

differentiation as determined by the gMFI values (Figure 3.9A-B). This trend was 

reversed in the DP thymocytes, with the gMFI of the Rag1-/- vavP-Bcl2tg DP 

thymocytes becoming significantly higher than in the vavP-Bcl2tg thymocytes, though 

it is worth noting that the range of huBCL-2 expression remained constant, with only 

the peaks shifting (Figure 3.9C). Given we would expect relatively similar expression 

of the transgene from the vav promoter in thymocytes at the same stage of thymocyte 

differentiation irrespective of the Rag1 knockout alleles, this finding suggests there is a 

selective pressure around the TN4-DP transition in the Rag1-/- vavP-Bcl2tg mice. Only 

those thymocytes expressing the highest amounts of BCL-2 have the capacity to 

transition into the DP compartment. This selection pressure is even further pronounced 

in the large or blasting DP (DPblast) thymocytes (Figure 3.9D). DP blast thymocytes, 

the more immature of the DP subsets, are characterised by high Myc expression and are 

transcriptionally more similar to post-b-selection TN thymocytes than the quiescent 

small DP (DPsm) cells that they differentiate into 220. Even within DPblast population in 
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the vavP-Bcl2tg cohort, there was a shift towards higher transgenic BCL-2 expression, 

suggesting that this threshold may exist even when pre-TCR signalling is intact. These 

results suggest there is a threshold level of expression required for pro-survival proteins 

in order to overcome the b-selection checkpoint in the absence of pre-TCR signalling 

and that this threshold is higher for differentiation from the TN to DP compartments 

than it is for entering the post-b-selection TN stages. 

 

3.2.7 Endogenous BCL-2 expression peaks immediately prior to the b-selection 

checkpoint 

BCL-2 is a pro-survival protein that can interact with all of the pro-apoptotic BCL-2 

family members. Therefore, our finding that overexpression of BCL-2 is sufficient to 

block apoptosis at b-selection does not mean it is the critical pro-survival protein 

controlling this checkpoint. For example, a BCL-XL transgene has also been reported to 

rescue Rag1-/- thymocytes from TN3 arrest 225. Therefore, we next assayed whether 

BCL-2 or BCL-XL were the most likely candidates for regulating apoptosis at this 

checkpoint based on their endogenous expression patterns at a single cell level in 

different stages of thymocyte differentiation. We isolated thymocytes from wild-type 

mice and stained with a thymocyte differentiation antibody panel before fixing and 

permeabilising cells to perform intracellular staining for the pro-survival proteins BCL-

2, BCL-XL and MCL-1 and analysed the stained cells by flow cytometry. 

 

We found that the expression of BCL-2 varies considerably throughout thymocyte 

differentiation. Importantly, the expression of BCL-2 peaks coincident with b-selection, 

at the TN3a and TN3b stages (Figure 3.9A-B). BCL-2 remains highly expressed 



 
 

 97 

following the selection checkpoint in TN3c before decreasing through the TN4 and DP 

compartments (Figure 3.9A-B). In contrast, BCL-XL expression does not peak in 

developing T cells until they differentiate into DP thymocytes (Figure 3.9C-D), where 

it has been shown to be the critical protein supporting their survival 449. Meanwhile, 

MCL-1 levels broadly follow a similar expression pattern as BCL-2, except that 

expression of MCL-1 peaks slightly later in the TN3b and TN3c compartments and is 

not downregulated to the same degree as BCL-2 in TN4 and DP thymocytes (Figure 

3.9E-F). These data suggest that protein expression of the pro-survival BCL-2 family 

members is dynamic throughout thymocyte differentiation. This dynamism is also 

reflected around the b-selection checkpoint with BCL-2 expression decreasing as MCL-

1 and BCL-XL expression begin to increase. This implies the pro-survival program may 

be switching as thymocytes differentiate between the b-selection checkpoint and the DP 

stage of differentiation. 

 

3.2.8 Proliferation is not essential for post-b-selection TN thymocyte 

differentiation but may be required for differentiation to the DP 

compartment 

Proliferation has previously been reported to be necessary and sufficient for the 

differentiation of thymocytes following b-selection 221,230,231 however, this has been 

difficult to definitively establish because the signals driving both are intertwined. Given 

that we have now developed a model where TN thymocyte survival and differentiation 

following b-selection was dissociated from pre-TCR signals, we sought to determine 

whether thymocytes that were rescued from TN3 arrest in Rag1-/- vavP-Bcl2tg were 

proliferating en route to differentiating into TN4 or DP thymocytes. In order to measure 
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proliferation in vivo, wild-type, vavP-Bcl2tg, Rag1-/- and Rag1-/- vavP-Bcl2tg mice were 

injected with the thymidine analogue EdU, which is incorporated into the newly 

synthesised DNA of proliferating cells. Four hours after the injection, thymi from the 

injected mice and an untreated control were harvested and stained for thymocyte 

differentiation markers before performing a fluorogenic click chemistry reaction to 

detect incorporated EdU by flow cytometry. VavP-Bcl2tg mice were included as a 

control cohort to determine the impact of BCL-2 over-expression and rescue of 

thymocytes that should have died on the proliferation in Rag1-/- vavP-Bcl2tg mice, due 

to previous reports of BCL-2 delaying entry of G0 cells into the cell cycle 450. 

 

Staining for the TN3 to TN4 transition in wild-type and Rag1-/- vavP-Bcl2tg mice was 

broadly comparable to previous experiments. Thymocytes in vavP-Bcl2tg mice 

accumulated at the TN4c stage, and to a lesser extent in the TN4a population (Figure 

3.11A). Immediately prior to b-selection, in the TN3b compartment, there was a 

moderate proportion of proliferating cells in the wild-type mice (Figure 3.10B, F). Only 

low numbers of proliferating cells were recovered from the thymus of the Rag1-/- vavP-

Bcl2tg mice, vavP-Bcl2tg or Rag1-/- controls (Figure 3.10B, F). In contrast, following 

b-selection, the wild-type thymocytes from the TN3c and TN4a compartments – which 

directly give rise to DP thymocytes – were highly proliferative, with the mean 

proportion of cells that were proliferating greater than 30% in both populations (Figure 

3.10C-D, G-H). The wild-type TN4c population, which may also give rise to DP 

thymocytes, also had a substantial proportion of proliferating cells, albeit fewer than the 

TN3c and TN4a compartments (Figure 3.10E, I). In contrast, proliferation in all post-b-

selection populations in the Rag1-/- vavP-Bcl2tg mice was barely above the limit of 
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detection, with a mean rate of proliferating cells in the TN3c compartment of ~2% and 

<1% in both the TN4a and TN4c compartments (Figure 3.10B-I). These data suggest 

that survival alone is sufficient to promote differentiation in the absence of a functional 

pre-TCR. In contrast with previous reports 221, our data suggest proliferation is not 

necessary for TN3-TN4 differentiation. 

 

We next assayed the correlation between differentiation into the DP stage and 

proliferation. The Rag1-/- vavP-Bcl2tg mice had only approximately half the proportion 

of immature, blasting double positive thymocytes as wild-type or vavP-Bcl2tg control 

mice (Figure 3.11A). As expected, proliferation amongst the small, quiescent double 

positive thymocytes was low in mice of all three genotypes (Figure 3.11C, E) while the 

proportion of EdU positive thymocytes in the DP blast population was much higher 

(Figure 3.11B, D). Interestingly, proliferation of DP blasts in the Rag1-/- vavP-Bcl2tg 

and vavP-Bcl2tg mice was comparable, with both only slightly lower than the wild-type 

controls (Figure 3.12C, E). Despite the similarities in the relative proportions of 

proliferating cells, the staining of the EdU positive population from the Rag1-/- vavP-

Bcl2tg mice looked very different to that from the corresponding cells from wild-type 

and vavP-Bcl2tg control mice, with cells incorporating only intermediate levels of EdU. 

This profile suggests that these cells may be undergoing cell cycle arrest or apoptosis in 

S-phase. We therefore definitively ascribe the requirement for proliferation for 

thymocytes differentiating to the DP compartment. In summary, these data demonstrate 

that proliferation is not necessary for thymocyte differentiation through the TN3 and 

TN4 stages. Further, proliferation is also not required for entry into the DP 

compartment, although given the significantly lower proportion of DP cells in our Rag1-
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/- vavP-Bcl2tg mice, it may make the TN to DP transition more efficient and is 

necessary for a normal sized proportion and number of DP thymocytes. 

 

3.3 Discussion 

Death of cells that fail to generate a functional TCR is a hallmark of T cell 

differentiation in the thymus. In this study we have been able to conclusively 

demonstrate that it is the intrinsic apoptotic pathway, and not death receptor mediated 

apoptosis or necroptosis, that regulates cell death at the first major thymocyte selection 

checkpoint, b-selection. Although this had long been assumed to be the case, studies 

indicating a role for the extrinsic apoptotic pathway using a Fadd-DN transgene 

justified a reappraisal, especially in light of more recent developments in the 

understanding of the role of death receptors in the induction of necroptosis when FADD 

or caspase-8 are absent. Thus, it was possible that a role for the death receptor pathway 

of apoptosis had been underestimated in previous studies, as blocking the pathway in 

this way could induce necroptotic cell death that would confound the interpretation. 

 

Here, we have shown that the b-selection breakthrough previously reported likely 

represents a pre-malignant phase in the development of thymic lymphomas in some 

Rag1-/- Fadd-DNtg mice. Although we only identified these lymphomas in two 

pedigrees of our colony, it is likely that similar spontaneous mutations occurred in the 

earlier iterations of this strain. Consistent with this interpretation, the previous study on 

this line also had noted incomplete penetrance of both the breakthrough of CD4+CD8+ 

DP phenotype and the increase in total thymus cellularity 227. We were able to 

completely rule out a role for extrinsic apoptosis pathway for the development of these 
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lymphomas as no mice from the Rag1-/- Casp8-/- Mlkl-/- or Rag1-/- TNF-/- Faslgld Trail-/- 

succumbed to disease. Further, as we observed no thymocyte differentiation past TN3b 

in Rag1-/- Casp8-/- Mlkl-/- or Rag1-/- TNF-/- Faslgld Trail-/- mice, we were able to 

determine that neither extrinsic apoptosis, nor necroptosis, are responsible for cell death 

in thymocytes failing to generate a functional pre-TCR. 

 

These findings suggest that there are two mechanisms of by which TN3 arrest may be 

overcome in mice lacking a functional T cell receptor beta chain. The first is by tipping 

the balance in favour of cell survival by transgenic overexpression of pro-survival BCL-

2 family proteins in sufficient quantities to overcome the pro-apoptotic signal induced 

by the lack of pre-TCR signalling. This mechanism mirrors the phenotype previously 

described with loss of p53 228, overexpression of A1 226 or BCL-XL 225, or BCL-2 under 

a different promoter 223 or in different mouse models of TN3 arrest 221 that results in the 

partial recapitulation of the TN4 and DP thymocyte compartment, but without any 

further differentiation or egress to the peripheral lymphoid organs.  

 

In contrast, in genetic models on a Rag1-/- or Rag2-/- background where proliferative 

signalling pathways are manipulated, such as constitutively active AKT 451 or b-catenin 

249, dysregulated CD28 co-receptor expression 233, transgenic expression of the proto-

oncogene Pim1 232 or loss of the transcriptional regulator E47 235 or the phosphatase 

PTEN 234, the resulting thymic phenotype much like that observed in Rag1-/- Fadd-

DNtg mice that developed thymic lymphomas, characterised by near complete 

restoration of the DP compartment and thymic cellularity, despite lacking pre-TCR 

signalling. 
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The model of b-selection rescue we have developed with the Rag1-/- vavP-Bcl2tg mice 

allows us to study the regulation of thymocyte differentiation in the presence and 

absence of the pre-TCR while disregarding the effects of proliferation, as we have 

already shown that the post-b-selection thymocytes in these mice do not undergo the 

same levels of proliferation as wild-type mice during differentiation to the DP 

compartment. We have planned and commenced a study to compare the transcriptomes 

of sorted cells from each of the CD25high and CD25low TN3 thymocytes, as well as TN4, 

CD8 ISP and DP thymocytes from Rag1-/- vavP-Bcl2tg and aged matched wild-type 

controls. By comparing the transcriptomes between different populations within the 

Rag1-/- vavP-Bcl2tg mice, we will be able to determine the pathways regulating 

differentiation in the absence of the pre-TCR, while comparing the same differentiation 

states between the two genotypes will allow us to determine the pre-TCR specific 

signalling pathways activated in wild-type mice. 

 

The numerous mechanisms by which thymocytes can overcome the b-selection 

checkpoint and differentiate into DP thymocytes, despite the absence of signalling 

through the pre-TCR, suggests b-selection does not impose a differentiation block, but 

may function as more of a survival threshold to improve the efficiency of positive 

selection by clearing the thymus of cells that have no chance of generating a functional 

abTCR prior to proliferation to enter the DP compartment. Given these waves of 

proliferation and the double stranded DNA breaks induced during V(D)J recombination, 

b-selection may also act as a tumour suppressor mechanism.  
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In contrast, DP thymocytes auditioning to undergo positive selection may have their 

lifespan extended by overexpression of a BCL-XL transgene, allowing them more 

opportunities to generate a functional abTCR 251. Moreover, transgenic BCL-2 

overexpression can also promote the survival of DP thymocytes expressing a TCR 

incapable of interacting with the host MHC 448. However, unlike in these models of b-

selection breakthrough, while they may survive longer, DP thymocytes that do not 

receive a signal through their TCRab are unable to further differentiate into the CD4 or 

CD8 single positive cells 21,259,291,446,448. Ours and others’ results would seem to suggest 

that either a survival or proliferative signal is required for differentiation through b-

selection, and while signalling through the pre-TCR may be the most efficient way 

through this checkpoint, it is not necessarily the only way.  
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Figure 3.1 A dominant negative Fadd transgene does not rescue thymic β-selection, 

either in the presence or absence of the necroptosis executioner MLKL 

(A) Proportion of total thymocytes in the DN, DP, CD4SP and CD8SP populations for 

the indicated genotypes. Representative flow cytometry plots of (B) CD4 and CD8 

expression on Thy1+ thymocytes, (C) TN1-TN4 differentiation (clockwise from top 

left) of Thy1+ CD4- CD8- TCRb- thymocytes and (D) TN3a-TN4c thymocyte 

differentiation based on CD28 and CD25 surface expression from wild-type (n=10), 

Rag1-/- (n=10), Rag1-/- Fadd-DNtg (n=10) and Rag1-/- Fadd-DNtg Mlkl-/- (n=35)  mice. 

Data in (A) are presented as mean ± s.d. for n=4 mice per genotype. Data in (B-D) are 

representative of four independent experiments each with 1-5 mice per genotype. 

Numbers indicate percentages of cells within the gate.  
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Figure 3.2 The Fadd dominant negative transgene is expressed and functional 

(A) Anti-FLAG antibody Western blot to detect FADD-DN expression in thymocytes 

from Rag1-/- Fadd-DNtg and Rag1-/- littermate controls. (B) Representative flow 

cytometry plots of viable (PI-) thymocytes from Rag1+/-, Faslpr and Rag1+/- Fadd-DNtg 

mice following 24 h treatment in vitro with increasing concentrations of FAS-L Fc. (C) 

Cell viability, normalised to untreated control thymocytes isolated from Rag1+/-, Faslpr 

and Rag1+/- Fadd-DNtg mice treated with 1 ng/mL, 10 ng/mL or 100 ng/mL FAS-L Fc. 

Data in (B) are representative of two independent experiments with 3-5 mice per 

genotype. Data in (C) are presented as mean ± s.d. for two independent experiments 

with 3-5 mice per genotype. 
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Figure 3.3 Rag1-/- Fadd-DNtg mice from two parental lines developed thymic 

lymphomas 

Pedigree charts showing affected, unaffected and unaffected carriers amongst the 

offspring of (A) #197 and (B) #359 based on data at time of submission. Survival curve 

of Rag1-/- Fadd-DNtg mice derived from the parental line (C) #197 compared to mice in 

the same colony from other parental lines or (D) #359 compared to Rag1-/- littermate 

controls. P-value calculated by Log-ranked (Mantel-Cox) test. (E) Pictures of 

representative thymi and spleens from Rag1-/- Fadd-DNtg mice derived from #197 with 

thymic lymphoma, compared to an age-matched wild-type control.  
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Figure 3.4 Rag1-/- Fadd-DNtg thymic lymphomas have a CD4 CD8 double positive 

phenotype 

Flow cytometry plots of (A) CD4 and CD8 expression on Thy1+ thymocytes, (B) CD44 

and CD25 expression on Thy1+ CD4- CD8- TCRb- thymocytes and (C) CD28 and 

CD25 expression on TN3 and TN4 thymocytes from two Rag1-/- Fadd-DNtg mice 

(#316 and #318) fathered by #197 which were harvested at 16 weeks of age before 

displaying symptoms of thymic lymphoma, as well as wild-type and Rag1-/- controls. 
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Figure 3.5 Mice with Rag1-/- Fadd-DNtg thymic lymphomas seed Thy1low CD8+ 

CD4+/- cells to peripheral lymphoid organs such as the spleen 

Flow cytometry plots of (A) CD4 and CD8 expression on thymocytes (B) Thy1 

expression on total splenocytes and (C) CD4 and CD8 expression on Thy1+ splenocytes 

from wild-type, Rag1-/- and Rag1-/- Fadd-DNtg thymic lymphoma bearing mice. 
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Figure 3.6 β-selection is imposed exclusively by the intrinsic pathway of apoptosis 

Representative flow cytometry plots of (A) CD4 and CD8 expression on Thy1+ 

thymocytes, (B) CD44 and CD25 expression on Thy1+ CD4- CD8- TCRb- thymocytes 

and (C) CD28 and CD25 expression on TN3 and TN4 thymocytes from wild-type 

(n=9), Rag1-/- (n=12), Rag1-/- Casp8-/- Mlkl-/- (n=9), Rag1-/- TNF-/- Faslgld/gld Trail-/- (n=6) 

and Rag1-/- vavP-Bcl2tg mice (n=15). (D) Total thymus cell numbers from wild-type, 

Rag1-/-, Rag1-/- Casp8-/- Mlkl-/-, Rag1-/- TNF-/- Faslgld/gld Trail-/- and Rag1-/- vavP-Bcl2tg 

mice. Data in (D) are presented as mean ± s.d. *, **, *** and **** denotes p<0.05, 

p<0.01, p<0.005 and p<0.001, respectively by one-way ANOVA with multiple 

comparisons test. 

  



 
 

 116 
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Figure 3.7 Spleens from Rag1-/- vavP-Bcl2tg mice are comparable in size to those 

from wild-type control mice, but do not contain T cells 

(A) Total spleen cell numbers from wild-type, Rag1-/- and Rag1-/- vavP-Bcl2tg mice. 

Representative flow cytometry plots of (B) CD4 and CD8 expression and (C) Thy1 

expression on splenocytes isolated from wild-type (n=7), Rag1-/- (n=6) and Rag1-/- 

vavP-Bcl2tg (n=5) mice. Data in (A) are presented as mean ± s.d. *, **, *** and **** 

denotes p<0.05, p<0.01, p<0.005 and p<0.001, respectively by one-way ANOVA with 

multiple comparisons test. 
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Figure 3.8 A threshold level of transgenic BCL-2 expression is required to 

overcome TN3 arrest in Rag1-/- mice 

Representative flow cytometry histograms of human BCL-2 transgene expression levels 

and quantification of PE-CF594 geometric mean fluorescence intensity for wild-type, 

Eµ-Bcl2tg, vavP-Bcl2tg and Rag1-/- vavP-Bcl2tg thymocytes at (A) TN3, (B) TN4, (C) 

DP and (D) DP blast stages of differentiation. Data in (A-D) are representative of one 

experiment with n=4-5 mice per genotype. Data in (A-D) are presented as mean ± s.d. *, 

**, *** and **** denotes p<0.05, p<0.01, p<0.005 and p<0.001, respectively by one-

way ANOVA with multiple comparisons test. 
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Figure 3.9 Dynamic expression of pro-survival proteins across the β-selection 

checkpoint of thymocyte differentiation 

Representative flow cytometry histograms of endogenous (i.e. mouse) (A) BCL-2, (C) 

BCL-XL and (E) MCL-1 expression at different stages of thymocyte development. 

Quantification of the geometric mean fluorescence intensity of (B) BCL-2, (D) BCL-

XL and (F) MCL-1 at different stages of thymocyte development. Data in (A, C and E) 

are representative of one experiment with n=5 mice. Data in (B, D and F) are presented 

as mean ± s.d. 
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Figure 3.10 Proliferation is not required for thymocyte differentiation through the 

TN3 and TN4 thymocytes stages 

Representative flow cytometry plots of (A) CD28 and CD25 expression on TN3 and 

TN4 thymocytes from wild-type (n=4), vavP-Bcl2tg (n=2) and Rag1-/- vavP-Bcl2tg  

(n=4) mice 4 hours after EdU injection, and a wild-type mouse not injected with EdU 

(FMO). Representative flow cytometry plots of EdU signals in (B) TN3b, (C) TN3c, 

(D) TN4a and (E) TN4c thymocytes from wild-type, vavP-Bcl2tg and Rag1-/- vavP-

Bcl2tg mice injected with EdU, and a wild-type mouse not injected with EdU (FMO). 

Quantification of the % EdU+ (F) TN3b, (G) TN3c, (H) TN4a and (I) TN4c thymocytes 

from wild-type, vavP-Bcl2tg, Rag1-/- (F only; n=4) and Rag1-/- vavP-Bcl2tg mice. Data 

in (A-E) are representative of one experiment with n=2-4 mice per genotype. Data in 

(F-I) are presented as mean ± s.d. 
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Figure 3.11 Proliferation may be necessary for differentiation from TN to DP 

thymocytes 

Representative flow cytometry plots of (A) forward scatter and side scatter on DP 

thymocytes from wild-type (n=4), vavP-Bcl2tg (n=2) and Rag1-/- vavP-Bcl2tg (n=4) 

mice 4 hours after injection with EdU, and a wild-type mouse not injected with EdU 

(FMO). Representative flow cytometry plots of EdU fluorescence in (B) DP small and 

(C) DP blast thymocytes from wild-type, vavP-Bcl2tg and Rag1-/- vavP-Bcl2tg mice 

four hours after injection with EdU, and a wild-type mouse not injected with EdU 

(FMO). Quantification of the % EdU+ (D) DPsmall and (E) DPblast thymocytes from 

wild-type, vavP-Bcl2tg and Rag1-/- vavP-Bcl2tg mice. Data in (A-C) are representative 

of one experiment with n=2-4 mice per genotype. Data in (D-E) are presented as mean 

± s.d. 

  



 
 

 126 

 

 

 

 

 

 

 

 

Chapter 4 Caspase-8 regulates T cell 

survival upon TCR engagement 
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4.1 Introduction 

Since its discovery over thirty years ago, caspase-8 has been implicated as the critical 

initiating caspase for the death receptor pathway of apoptosis 452,453. More recently 

however, roles for this protease as a key mediator in a number of other cell death 

pathways has emerged. Surprisingly though, these roles involve not only pro-apoptotic 

activity, but pro-survival functions as well.  

 

In addition to its role in the extrinsic pathway of apoptosis, caspase-8 also has a pro-

apoptotic role in the intrinsic apoptotic pathway through the proteolytic cleavage of the 

BH3-only protein, BID, to its active form tBID 86,454,455. BID can then inhibit pro-

survival BCL-2 family proteins to promote mitochondrial permeability, thereby 

recruiting the intrinsic pathway of apoptosis to amplify the apoptotic response. 

Similarly, caspase-8 has also been implicated in inflammasome-mediated cell death 

where it is activated in a complex with the nucleotide-binding domain and leucine-rich 

repeat containing (NLR) family pyrin domain-containing 3 (NLRP3) and NLR family 

CARD domain-containing 4 (NLRC4) and apoptosis-associated speck-like protein 

containing (ASC) 456–459. Activation in this complex results in the caspase-8 mediated 

cleavage of gasdermin D (GSDMD) to initiate cell death via pyroptosis, or cleavage of 

effector caspases to induce apoptosis 42. 

 

Contrasting these roles in promoting cell death, caspase-8 also plays a role in cell 

survival. This function involves inhibiting a programmed lytic mechanism of cell death 

known as necroptosis, which can also be triggered by the ligation of the death ligands to 

their cognate receptors’ TNF-R1, FAS and TRAIL-R. In the presence of caspase-8, this 
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ligation results in the activation of caspase-8 at the death inducing signalling complex 

(DISC), where homotypic interactions between the death effector domains of FADD 

and procaspase-8 occurs and procaspase-8 dimers autoactivate 37,123. Crucially, activated 

caspase-8 in this context is able to both activate downstream effector caspases resulting 

in apoptosis via the extrinsic pathway, and also proteolytically cleave RIPK1 at its 

D324 residue 39,165. This cleavage of RIPK1 is the primary pro-survival role of caspase-

8 164, and also occurs when caspase-8 is inhibited from its pro-apoptotic role by the 

formation of caspsae-8/cFLIP heterodimers 460. In the absence of caspase-8 mediated 

cleavage, RIPK1 becomes phosphorylated which allows it to in turn recruit and 

phosphorylate RIPK3 171. The necroptotic effector protein MLKL is then recruited to 

this necrosome complex where it is also phosphorylated before trafficking to the cell 

membrane and inducing membrane lysis 176. Concomitant deletion of RIPK3 or MLKL 

alongside caspase-8 deletion is sufficient to rescue cells from this death pathway, and 

also rescues the embryonic lethality in caspase-8 deficient mice 186. 

 

The pro-survival role for caspase-8 has also been demonstrated to be important for the 

clonal expansion and homeostasis of T cells. Initially, the observation that T cells 

lacking caspase-8 or other DISC components, namely FADD or cFLIP, failed to 

proliferate upon engagement of the TCR was hypothesised to be due to a role for these 

proteins in cell proliferation 288. However, it has since been shown that deletion of the 

necroptosis mediator RIPK3 is able to rescue this phenotype, suggesting TCR 

engagement drives cell death through necroptosis in T cells lacking DISC components 

311. The events that link TCR:CD3 signalling and caspase-8 activation remain unclear, 

though it has been demonstrated that full processing into its p18 and p10 subunits is not 



 
 

 129 

necessary, suggesting only partial activation is required to inhibit necroptosis 461. 

Further, FADD and caspase-8 have previously been shown to have distinct post-

translational modifications and sub-cellular locations following mitogenic or death 

receptor stimulation 462, suggesting signalling events downstream of death receptor and 

TCR ligation are unique. Despite this distinction, a role for death receptors in driving T 

cell necroptosis can also not be discounted, especially as cell surface FAS expression 

following mitogen stimulation in caspase-8 deficient T cells has been shown to be 

higher than on caspase-8 expressing cells 421.  

 

In light of the established role for caspase-8 in inhibiting necroptosis downstream of 

death receptors and potentially, the TCR, we sought to re-examine the importance of 

caspase-8 in thymic T cell differentiation. Mice with T cell-specific deletion of caspase-

8 were reported to have normal T cell differentiation 421, leading to the conclusion that 

caspase-8 was dispensable for thymocyte differentiation. Curiously, these mice were 

also profoundly T cell lymphopenic; a phenotype that was overshadowed by subsequent 

lymphocytosis and lymphadenopathy, driven by defective clearance of activated T cells 

463. A number of other studies have shown that defects in the NF-κB signalling pathway 

in T cells result in a strikingly similar phenotype to caspase-8 deletion 306,307,464–467. 

These mice exhibit largely normal total thymocyte numbers and seemingly normal SP 

thymocyte proportions, despite significant peripheral T cell lymphopenia. However, 

with deeper analysis, it was found that the final stages of SP thymocyte maturation were 

disrupted 307,466.  
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During thymocyte maturation in the thymic medulla, SP thymocytes acquire the 

capacity to proliferate in response to TCR engagement and are also exposed to TNF, 

with TNF mediated cell death in the latest stage of thymocyte maturation partially 

responsible for the defects observed in NF-κB deficient mice 307. We therefore aimed to 

determine whether the peripheral T cell lymphopenia reported in caspase-8 deficient 

mice was due to either TCR or TNF-R1 mediated necroptosis in maturing SP 

thymocytes.  

 

4.2 Results 

4.2.1 T cell lymphopenia in caspase-8 deficient mice is rescued by concomitant 

deletion of RIPK3 

We received mice with floxed caspase-8 alleles 421 (Casp8fl/fl), Cre-recombinase under 

the Lck promoter 468 (LckCre) and a germline deletion of Rip3 426 (hereafter referred to as 

Casp8∆Lck Rip3-/- mice) from our collaborator Marc Pellegrini. In order to investigate 

the impact of deletion of caspase-8 alone in T cells, we crossed these Casp8∆Lck Rip3-/- 

mice to wild-type C57BL/6 mice to remove the Rip3 knockout alleles and generate 

Casp8∆Lck mice 421.  

 

Consistent with previous reports 421, caspase-8 deficiency led to peripheral T cell 

lymphopenia (Figure 4.1A, C, G), although the degree of T cell lymphopenia we 

observed was less than previously reported, particularly with respect to the total number 

of splenic T cells (Figure 4.1F, G). Concomitant deletion of RIPK3 was sufficient to 

rescue this defect (Figure 4.1A, C, G) in accord with previously published results for a 
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similar model where caspase-8 deletion was mediated by Cd4-Cre 311, suggesting that T 

cells lacking caspase-8 are dying by necroptosis.  

 

Most of the T cell defect in these mice appears to be restricted to the CD8+ T cell 

compartment, as both the proportion and number of CD4+ T cells remains stable 

between Casp8∆Lck mice and wild-type controls (Figure 4.1D, H). In contrast, both the 

proportion and number of CD8+ T cells are significantly lower in the Casp8∆Lck mice 

compared to wild-type controls (Figure 4.1B, E, I). Although the defect in the CD8+ T 

cell population was partially rescued in Casp8∆Lck Rip3-/- mice with regards to the total 

number of CD8+ T splenocytes, the proportion of CD8+ T splenocytes in these mice was 

significantly lower than in WT or Casp8fl/fl controls (Figure 4.1E). These data establish 

that caspase-8 is required by CD8+ T cells to prevent RIP3-dependent cell death and 

ensure normal numbers arise in the periphery. 

 

4.2.2 Thymocyte maturation is normal in mice with a T cell conditional deletion 

of caspase-8 and is unaffected by concomitant deletion of RIP3 

We next sought to determine whether caspase-8 mediated inhibition of necroptosis was 

required for peripheral T cell homeostasis or late thymocyte differentiation. Consistent 

with previous reports, we observed that thymocyte differentiation appeared grossly 

normal in Casp8∆Lck mice (Figure 4.2A-E). This was also true for Casp8∆Lck Rip3-/- 

mice, which had normal proportions and numbers of the major thymocyte populations 

(Figure 4.2A-J). Furthermore, the overall number of thymocytes recovered was also 

unaffected by conditional loss of caspase-8, with or without germline deletion of Rip3 

(Figure 4.2F),  
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In mice lacking components of the NF-κB signalling pathway, although thymocyte 

differentiation appears largely normal, the final stages of SP maturation in the thymic 

medulla are blocked. This defect results in a peripheral T cell lymphopenia similar to 

that we and others have observed in mice lacking caspase-8 306,307,465–467,469. In order to 

determine whether the pro-survival function of caspase-8 is required to inhibit 

necroptosis in response to exposure to TNF in the thymic medulla, we assessed SP 

thymocyte maturation using CD69 and MHC Class I expression on CD4+ CD8- 

(CD4SP) and CD4+/- CD8+ TCRβ+ (CD8SP) positively selected thymocytes in 

Casp8∆Lck and Casp8∆Lck Rip3-/- mice (note that CD8SP thymocytes are slower to 

downregulate CD4 than CD4SP thymocytes, so some positively selected CD8SP 

thymocytes are still found in the DP compartment, but express TCRβ 307). These 

markers are able to distinguish three stages of maturation in positively selected 

thymocytes: recently selected, proliferation incompetent semi-mature (SM; CD69+ 

MHC CI-); proliferation competent mature 1 (M1; CD69+ MHC CI+); and egress-ready 

mature 2 (M2; CD69- MHC CI+) SP thymocytes 307. In mice with compromised NF-κB 

signalling due to TAK1 deletion, thymocyte maturation is blocked at the M1 

differentiation stage 307. 

 

We failed to observe any defect in thymocyte maturation in either the CD4+ or CD8+ SP 

compartments in Casp8∆Lck or Casp8∆Lck Rip3-/- mice. There were no significant 

differences to either proportions or cell numbers of the SM, M1 or M2 populations in 

the CD4SP compartment compared to the control genotypes for either the Casp8∆Lck or 

Casp8∆Lck Rip3-/- mice (Figure 4.3A-G). Similarly, there was no differentiation block in 
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the CD8SP compartment (Figure 4.4A-G). Based on our finding that all thymocyte 

differentiation and maturation occurs normally in the absence of both caspase-8 alone 

and caspase-8 and RIPK3, we conclude that there is no role for either the extrinsic 

apoptotic pathway or necroptosis in thymic T cell differentiation. 

 

4.2.3 Peripheral T cells in mice lacking caspase-8 have decreased expression of 

the alpha chain of the IL-7 receptor 

As we were unable to detect any changes in thymic T cell differentiation in these mice, 

we next wanted to turn our attention to where necroptosis may be activated in the 

peripheral T cell compartment. Recent thymic emigrant (RTE) T cells undergo further 

self-peptide selective events in peripheral organs and lymph nodes, thus engaging their 

T cell receptor 337. Further, Casp8∆Lck mice begin to develop an age-related lymphocytic 

disease from around 8 weeks of age, roughly correlating to the age at which thymic 

output begins to decline, having peaked at 6 weeks 470.  

 

RTE T cells modulate expression of a number of surface receptors as they develop in 

the periphery, including IL-7Rα, which is upregulated with age 340,345. We observed that 

although IL-7Rα expression on caspase-8-deficient CD4SP and CD8SP thymocytes was 

comparable to wild-type controls (Figure 4.5A, C-D), naïve Casp8∆Lck splenocytes had 

significantly lower surface expression (Figure 4.5B, E-F). This finding suggests the 

caspase-8-induced changes were occurring following thymic egress. Interestingly, in 

mice where Rip3 was also deleted, the expression of IL-7Rα on peripheral T cells was 

significantly higher than in Casp8∆Lck T cells, although still lower compared to the 

amounts detected on T cells from wild-type controls (Figure 4.5B, E-F). These data 
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indicate that caspase-8 is required for normal expression of IL-7Rα only in peripheral T 

cells. Moreover, the partial rescue by co-deletion of RIP3 suggests that either this 

enzyme is also required for some IL-7Rα expression, and/or that more mature 

peripheral T cells, with higher expression of IL-7Rα, are more sensitive to cell death by 

RIP3-dependent necroptosis than those with lower IL-7Rα expression. 

 

4.2.4 Necroptosis in caspase-8 deficient T cells occurs downstream of the T cell 

receptor, not death receptors 

Given that we had concluded that the peripheral T cell lymphopenia that occurs in 

Casp8∆Lck mice was likely due to cell death by necroptosis, we wanted to determine 

whether TCR activation was capable of inducing necroptosis in caspase-8 deficient T 

cells. We isolated CD4+ and CD8+ conventional T cells and CD4+ CD25+ regulatory T 

cells from the spleens and lymph nodes of Casp8∆Lck and Casp8∆Lck Rip3-/- mice, as well 

as wild-type controls, and cultured them for 3 days with anti-CD3 and anti-CD28 

antibodies to mimic TCR stimulation in vitro. Proliferation and viability were tracked 

by flow cytometry for cell trace violet (CTV) and propidium iodide (PI), respectively.  

 

We recovered fewer proliferating T cells following TCR stimulation in all T cell 

populations from the Casp8∆Lck mice (Figure 4.6A-F). By contrast, T cells from 

Casp8∆Lck Rip3-/- mice exhibited normal proliferation in response to TCR stimulation 

(Figure 4.6A-F). Consistent with the in vivo peripheral T cell lymphopenia, caspase-8-

deficient CD8+ conventional T cells were the most susceptible to RIP3-induced cell 

death upon mitogenic stimulation (Figure 4.6B, E). This experiment was only 

performed once, but the results strongly correlate to previously published literature 311. 
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We next sought to determine whether the necroptotic cell death observed in response to 

TCR stimulation was occurring through TCR-mediated upregulation of death receptors 

and autocrine signalling of death ligands in a negative feedback loop, or directly 

through TCR signalling. In order to test this potential mechanism, we obtained mice 

that lack endogenous expression of the death ligands TNF and TRAIL and also express 

the non-functional gld mutant isoform of FAS-L (Tnf-/- Faslgld/gld Trail-/-) from our 

collaborator John Silke. In a preliminary experiment, we isolated CD4+ and CD8+ 

conventional T cells from the spleens and lymph nodes of these mice and wild-type 

control mice and cultured them as above with anti-CD3 and anti-CD28 antibodies in the 

presence of the caspase inhibitor compound Emricasan to inhibit caspase-8 function 166.  

 

As expected, we found a dose-dependent reduction in proliferating T cells in cultures 

treated with Emricasan for both CD4+ and CD8+ conventional T cells (Figure 4.7A, C-

D). Further we found that the absence of death receptor signalling in Tnf-/- Faslgld/gld 

Trail-/- T cells is not sufficient to rescue this phenotype (Figure 4.7B, C-D). However, 

the data lacks a Ripk3-/- or Mlkl-/- control to show the cell death observed upon 

Emricasan treatment is a consequence of on-target caspase-8 inhibition driving 

necroptosis at the high concentrations we have used, and this experiment was only 

performed once. These preliminary data suggest that the necroptosis observed in 

caspase-8 deficient T cells is a direct consequence of TCR signalling, and not a 

consequence of death receptor signalling. Taken together, these data suggest that 

caspase-8 deficient T cells undergo necroptosis upon TCR engagement in the periphery, 
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likely as they still are still undergoing differentiation as RTE T cells, and this drives the 

peripheral T cell lymphopenia in young Casp8∆Lck mice.   

 

4.3 Discussion 

We found that the peripheral lymphopenia observed in mice with a T cell conditional 

caspase-8 knockout is not driven by a defect in thymocyte maturation in the thymic 

medulla. Instead, this defect was confined to the periphery and rescued by concomitant 

deletion of RIPK3, suggesting there is necroptosis occurring in the peripheral T cell 

compartment. This finding aligns with recently published data showing that the 

necroptotic effector protein MLKL is not expressed in any positively selected 

thymocytes, with the cell death observed in mice deficient for components of the NF-κB 

signalling pathway instead driven by RIPK1 kinase activity 469. Further, the lack of any 

defects in thymocyte differentiation in caspase-8 deficient T cells suggests not only that 

necroptosis is dispensable for thymic T cell selection, but also that extrinsic apoptosis is 

not implicated in thymocyte differentiation. 

 

Instead, we found that peripheral T cells in Casp8∆Lck mice had decreased surface 

expression of IL-7Rα. Although Il7r gene expression is initiated during SP thymocyte 

maturation in response to NF-κB signalling, expression does not peak until T cells leave 

the thymus, where optimal expression of IL-7Rα is required for the homeostatic 

survival of naïve peripheral T cells 469,471. Although caspase-8 has previously been 

implicated in NF-κB signalling in human T cells 472, murine T cells lacking caspase-8 

have normal activation of the canonical NF-κB pathway 421. Given RIPK3 deletion 

rescues this IL-7Rα deficiency, the most likely explanation for this phenotype is that 



 
 

 137 

recent thymic emigrant (RTE) naïve T cells are undergoing necroptosis. RTE T cells 

progressively upregulate IL-7Rα surface expression as they mature into mature naïve 

(MN) peripheral T cells 340, but early RTE cells are more responsive to the limiting IL-7 

conditions in the periphery to avoid being ‘out-competed’ by MN T cells 345.  

 

What remains unclear is at what stage of RTE/MN differentiation T cells obtain the 

capacity to undergo necroptosis by upregulating MLKL. As for TNF, SP thymocytes 

are exposed to IFNβ that is constitutively expressed by TECs in the thymic medulla 

473,474. As Mlkl is a known interferon response gene 475,476 it is possible transcriptional 

activation occurs late in thymocyte differentiation but protein expression sufficient to 

induce necroptosis is not reached until after thymic egress. Such a kinetic would 

correspond to when RTE cells are experiencing novel peripheral antigens 348–350 and 

may provide some explanation for why not all caspase-8 deficient peripheral T cells die 

by necroptosis, since only strong mitogenic stimulation is sufficient to induce 

necroptosis. The different housing conditions among animal facilities could explain why 

the T cell lymphopenia we observed in our Casp8∆Lck cohort was less severe than 

previously reported 311,421, as exposure to fewer commensal pathogens may mean the 

likelihood of RTE T cells receiving a mitogenic signal is reduced. This concept of 

mitogenic ‘tuning’ of the TCR signal to induce necroptosis could be assessed using a 

Nur77 reporter as a readout of TCR signalling strength 408 in caspase-8 deficient T cells. 

 

We also present preliminary data suggesting that T cell receptor signalling alone is 

sufficient to directly induce necroptosis in caspase-8 inhibited T cells. Although the 

TCR stimulation has long been assumed to induce necroptosis, this has not been 
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formally demonstrated in the absence of all known death ligands as we have shown 

here. The mechanism driving TCR-induced necroptosis remains unclear, although 

caspase-8 and FADD have previously been linked to autophagy during clonal T cell 

expansion, and blockade of hyper-autophagy in proliferating T cells is sufficient to 

rescue caspase-8 and FADD deficient cells from cell death by necroptosis 477. In 

promoting autophagy, caspase-8 and FADD form a DISC-like complex with RIPK1 and 

the autophagy related protein complexes Atg5:Atg12/Atg16L, which forms a scaffold 

for caspase-8 activation and subsequent cleavage of RIPK1 to inhibit necroptosis 477.  

 

The deubiquitinase cylindromatosis (CYLD) has also been implicated as a regulator of 

NF-κB signalling and necroptosis downstream of TNF-R1 478, and is subject to caspase-

8 mediated cleavage to inhibit necroptosis 479. While CYLD has been implicated in 

TCR signalling to modulate the activation of the Jun Kinase (JNK) and NF-κB 

pathways 480,481, it has not been reported to interact with caspase-8 nor induce 

necroptosis downstream of mitogen activation. Interestingly, the paracaspase MALT1 

has been reported to both activate caspase-8 and cleave CYLD downstream of TCR 

activation 482,483. Further studies should aim to determine the signalling complexes 

required for necroptosis activation in caspase-8 deficient T cells, as well as the normal 

function of caspase-8 in TCR signalling. 

 

Peripheral T cell homeostasis is dependent on both the pro-survival and pro-apoptotic 

roles of caspase-8 through distinct pathways. Although the pro-apoptotic role of 

caspase-8 is critical for the efficient clearance of clonally expanded T cells through 

activation induced cell death, extrinsic apoptosis is dispensable for T cell differentiation 
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in the thymus. We find that the pro-survival function of caspase-8 is also dispensable 

during thymocyte differentiation and maturation. Although thymocytes are exposed to 

two key activators of necroptotic cell death – TNF and TCR engagement – in the thymic 

medulla, thymocytes lack expression of the critical effector protein MLKL and are 

therefore refractory to cell death by this pathway. In contrast, peripheral T cells are 

sensitive to caspase-8 loss or inhibition and can undergo necroptotic cell death 

following mitogenic activation. The precise ‘when’ and ‘how’ of this pathway 

engagement remain as unanswered questions. Future studies will aim to determine when 

MLKL expression reaches a sufficient threshold to allow necroptosis to proceed in 

peripheral T cells. Further, the precise links between TCR engagement, caspase-8 and 

necroptosis remain to be determined. 
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Figure 4.1 Conditional deletion of caspase-8 in the T cell lineage causes RIP3-

dependent peripheral T cell lymphopenia 

Representative flow cytometry plots of (A) B220 and CD3 expression gated on total 

viable splenocytes and (B) CD4 and CD8 expression gated on viable T cells from wild-

type (n=5), Casp8fl/fl (n=8), Casp8∆Lck (n=5) and Casp8∆Lck Ripk3-/- (n=5) mice. 

Quantification of the proportion of splenocytes composed of (C) CD3+ T cells, (D) 

CD3+ CD4+ T cells and (E) CD3+ CD8+ T cells from wild-type, Casp8fl/fl, Casp8∆Lck 

and Casp8∆Lck Ripk3-/- mice. Quantification of the number of (F) total splenocytes, (G) 

splenic T cells, (H) CD4+ T cells and (I) CD8+ T cells from wild-type, Casp8fl/fl, 

Casp8∆Lck and Casp8∆Lck Ripk3-/- mice. Data are pooled from three independent 

experiments each with 1-3 mice per group. Numbers indicate percentages of cells within 

the gate. Data in (C-I) are presented as mean ± s.d. *, **, *** and **** denotes p<0.05, 

p<0.01, p<0.005 and p<0.001, respectively by one-way ANOVA with multiple 

comparisons test. 
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Figure 4.2 Thymocyte differentiation is unaffected by deletion of caspase-8 

Representative flow cytometry plots of (A) CD4 and CD8 expression on total 

thymocytes from wild-type (n=9), Casp8fl/fl (n=11), Casp8∆Lck (n=9) and Casp8∆Lck 

Ripk3-/- (n=10) mice. Numbers indicate percentage of cells within the gate. 

Quantification of the proportion of total thymocytes in the (B) DN, (C) DP, (D) CD4SP 

and (E) CD8SP populations from wild-type, Casp8fl/fl, Casp8∆Lck and Casp8∆Lck Ripk3-/- 

mice. Quantification of the number of (F) total thymocytes and number of thymocytes 

in the (G) DN, (H) DP, (I) CD4SP and (J) CD8SP populations from wild-type, 

Casp8fl/fl, Casp8∆Lck and Casp8∆Lck Ripk3-/- mice. Data are pooled from five independent 

experiments each with 0-4 mice in each group. Data in (B-J) are presented as mean ± 

s.d. 
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Figure 4.3 CD4SP thymocyte maturation is not dependant on caspase-8 

Representative flow cytometry plots of (A) CD69 and MHC Class I expression on 

CD4SP thymocytes from wild-type (n=9), Casp8fl/fl (n=11), Casp8∆Lck (n=11) and 

Casp8∆Lck Ripk3-/- (n=9) mice. Numbers indicate percentage of cells within the gate. 

Quantification of the proportion of CD4SP thymocytes in the (B) semi-mature (CD69+ 

MHC-CI-; SM) (C) Mature 1 (CD69+ MHC-CI+; M1) and (D) Mature 2 (CD69- MHC-

CI+; M2) gates from wild-type, Casp8fl/fl, Casp8∆Lck and Casp8∆Lck Ripk3-/- mice. 

Quantification of the cell number of (E) SM (F) M1 and (G) M2 CD4SP thymocytes 

from wild-type (n=9), Casp8fl/fl (n=7), Casp8∆Lck (n=9) and Casp8∆Lck Ripk3-/- (n=8) 

mice. Data are pooled from five independent experiments each with 0-4 mice in each 

group. Data in (B-G) are presented as mean ± s.d. 
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 147 

Figure 4.4 Caspase-8 is dispensable for CD8SP thymocyte maturation 

Representative flow cytometry plots of (A) CD69 and MHC Class I expression on 

CD8SP thymocytes from wild-type (n=9), Casp8fl/fl (n=11), Casp8∆Lck (n=11) and 

Casp8∆Lck Ripk3-/- (n=9) mice. Numbers indicate percentage of cells within the gate. 

Quantification of the proportion of CD8SP thymocytes in the (B) semi-mature (CD69+ 

MHC-CI-; SM) (C) Mature 1 (CD69+ MHC-CI+; M1) and (D) Mature 2 (CD69- MHC-

CI+; M2) gates from wild-type, Casp8fl/fl, Casp8∆Lck and Casp8∆Lck Ripk3-/- mice. 

Quantification of the cell number of (E) SM (F) M1 and (G) M2 CD4+ thymocytes 

from wild-type (n=9), Casp8fl/fl (n=7), Casp8∆Lck (n=9) and Casp8∆Lck Ripk3-/- (n=8) 

mice. Data are pooled from five independent experiments each with 0-4 mice in each 

group. Data in (B-G) are presented as mean ± s.d. 
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Figure 4.5 IL-7Rα expression is reduced on caspase-8 deficient naïve peripheral T 

cells, but not SP thymocytes 

Representative flow cytometry histograms of IL-7Rα expression on (A) CD4 and CD8 

single positive thymocytes and (B) naïve peripheral CD4+ and CD8+ T cells from (n=3) 

wild-type, Casp8∆Lck and Casp8∆Lck Ripk3-/- mice. Quantification of the geometric mean 

fluorescence intensity (gMFI) of IL-7Rα expression on (C) CD4 and (D) CD8 single 

positive thymocytes and naïve peripheral (E) CD4+ and (F) CD8+ T cells from (n=3) 

wild-type, Casp8∆Lck and Casp8∆Lck Ripk3-/- mice. Data are representative of one 

independent experiment with 3 mice in each group. Data in (C-F) are presented as mean 

± s.d. *, **, *** and **** denotes p<0.05, p<0.01, p<0.005 and p<0.001, respectively 

by one-way ANOVA with multiple comparisons test. 
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Figure 4.6 Caspase-8 deficient T cells are susceptible to necroptotic cell death upon 

mitogenic stimulation 

Representative flow cytometry histograms of cell trace violet dye in viable (A) CD4+ 

and (B) CD8+ conventional T cells and (C) CD4+ CD25+ regulatory T cells from wild-

type, Casp8∆Lck and Casp8∆Lck Ripk3-/- mice cultured in the presence or absence of anti-

CD3 and anti-CD28 antibodies to induce T cell activation. Quantification of the number 

of viable cells/well of (D) CD4+ and (E) CD8+ conventional T cells and (F) CD4+ 

CD25+ regulatory T cells from wild-type, Casp8∆Lck and Casp8∆Lck Ripk3-/- mice 

cultured in the presence or absence of anti-CD3 and anti-CD28 monoclonal antibodies. 

Data are from one experiment with cells pooled from 2 mice of each genotype. 
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Figure 4.7 Necroptosis in caspase-8 inhibited T cells is driven by TCR, not death 

receptor signalling 

Representative flow cytometry histograms of cell trace violet dye in viable (A) wild-

type CD4+ and CD8+ conventional T cells and (B) Tnf-/- Faslgld/gld Trail-/- CD4+ and 

CD8+ conventional T cells cultured in the presence of anti-CD3 and anti-CD28 

antibodies to induce T cell activation with DMSO or 100 µM Emricasan (EMR) 

treatment. Quantification of the number of viable cells/well of (C) wild-type and Tnf-/- 

Faslgld/gld Trail-/- CD4+ conventional T cells and (D) wild-type an d Tnf-/- Faslgld/gld Trail-

/- CD8+ conventional T cells cultured in the presence of anti-CD3 and anti-CD28 

antibodies with DMSO (0 µM EMR) or 30 µM or 100 µM Emricasan. Data are from 

one experiment with cells pooled from 2 mice of each genotype. 
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Chapter 5 Cell death mechanisms 

controlling regulatory T cell homeostasis 
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5.1 Introduction 

Regulatory T (Treg) cells are a subset of CD4+ T cells essential for maintaining 

immunological tolerance by constraining the activation, proliferation and cytokine 

production of CD4+ and CD8+ T cells 484. Treg cells are characterised by expression 

of the transcription factor forkhead box P3 (FOXP3) 485, which drives the unique 

transcriptional signature of this cell population. The importance of Treg cells in 

maintaining immune homeostasis is underscored by the fatal autoimmune pathology 

that results from the disruption of FoxP3 in mice and humans 485–490. Treg cells are 

also distinguished by high levels of the IL-2 receptor α chain (IL2-Rα; CD25) on the 

cell surface 491. The high levels of the IL-2Rα chain endows these cells with a very 

high affinity receptor for IL-2 and this feature plays a key role in the unique 

homeostatic properties of Treg cells 400. 

 

Defects in Treg cells have also been implicated in a wide variety of diseases, 

including but not limited to type 1 diabetes (T1D), rheumatoid arthritis, graft-versus-

host disease (GVHD) and vasculitis caused by hepatitis C 492. These diseases are all 

characterised by impaired Treg cell homeostasis, such as decreased CD25 expression 

and IL-2 sensitivity in T1D driving Treg cell apoptosis, or high expression of pro-

inflammatory TNF and IL-6 in rheumatoid arthritis disturbing the ratio of regulatory 

T cells to effector T cells 493–499, resulting in impaired immune tolerance. As these are 

defects of Treg cell homeostasis but not defects in their suppressive function, they 

therefore result in a more modest phenotype than the complete loss of FOXP3 

function observed in patients with immune dysregulation polyendocrinopathy 
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enteropathy X-linked (IPEX) syndrome and are likely to be more responsive to 

therapeutic interventions aiming to restore the Treg cell compartment. 

 

To date, research focussing on the potential of Treg cells as biological therapeutics 

has generally been aimed at increasing the ratio of Treg cells to effector T cells or 

improving the suppressive functions of Treg cells. Strategies to achieve this have 

included IL-2 treatment 500–502 or administration of mutant IL-2:Fc fusion proteins 503, 

ex vivo expansion and reintroduction of Treg cells 504–506, or triggering Treg cell 

proliferation by engaging TNF-R2, which is preferentially upregulated on Treg cells 

and drives their survival and proliferation through stimulation of NF-κB signalling 

pathways 507–511. However, another area where differences between Treg cells and 

effector T cells could be exploited is their distinct regulation of cell death pathways.  

 

Apoptosis is an evolutionarily conserved mechanism of cell death that results in the 

degradation of cellular contents in an immunologically silent manner. Apoptosis can 

be triggered by one of two pathways: (1) the intrinsic, or mitochondrial or BCL-2-

regulated pathway and, (2) the extrinsic, or death receptor pathway 25. The intrinsic 

pathway is reliant on the upregulation of pro-apoptotic BH3-only proteins, such as 

BIM or PUMA, in response to stress stimuli such as cytokine withdrawal or DNA 

damage 512. These pro-apoptotic proteins bind to and inhibit the pro-survival BCL-2 

family proteins including BCL-2 and MCL-1. This inhibition results in the liberation 

of the apoptotic effector proteins BAK and BAX, which normally have their activity 

restrained by the pro-survival proteins. Upon activation, BAX and BAK disrupt the 
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integrity of the outer mitochondrial membrane resulting in the activation of caspases, 

proteolytic enzymes responsible for the breakdown of cellular contents 26,47. 

 

The extrinsic apoptotic pathway also triggers the activation of caspases but involves 

the binding of death ligands (such as TNF, FAS-L, TRAIL) to their cognate death 

receptors (TNF-R1, FAS, TRAIL-R1/2) expressed on the cell surface 26,113. This 

ligation triggers a conformational change in the receptor that results in the 

recruitment of the intracellular adaptor protein FADD and the apical caspase-8 into 

the so-called death inducing signalling complex (DISC) where caspase-8 is activated 

123. In the absence of caspase-8, or where it is inhibited either pharmacologically or 

by an excess of its endogenous inhibitor cFLIP, an alternative lytic form of 

programmed cell death can be triggered, known as necroptosis 150,151. Necroptosis 

relies on the failure of caspase-8 to cleave the kinase protein RIPK1, which unleashes 

RIPK1 autophosphorylation and subsequent activation of RIPK3 and the necroptotic 

effector protein MLKL 164,165,175. As necroptosis results in cell membrane lysis, 

release of intracellular contents can cause local tissue damage and thereby trigger 

immune activation 151. 

 

While Treg cells and effector T cells express comparable levels of the death receptors 

FAS (CD95), TRAIL receptor (DR5) and TNF-R1, Treg cells express significantly 

lower levels of the long isoform of the endogenous caspase-8 inhibitor cFLIP 

(cFLIPL), which may explain their higher rates of apoptosis in vitro 513. Indeed 

conditional deletion of cFLIPL in murine Treg cells drives their apoptosis and results 

in a phenotype similar to the scurfy phenotype that is observed in mice lacking 
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FOXP3 513. Inhibition of caspase-8 activity with the pan-caspase inhibitor Quinoline-

Val-Asp-Difluorophenoxymethylketone (QVD) in vitro protected Treg cells from 

undergoing apoptosis 513. Although QVD is limited in its clinical utility by its high 

affinity for all caspases, newer generation caspase inhibitors, such as Emricasan 

(IDN-6556), have a higher affinity for caspase-8 than for the other caspases and are 

therefore able to more specifically block the extrinsic pathway of apoptosis 166. 

Emricasan has been investigated clinically and pre-clinically for other diseases 

mediated by apoptosis, such as non-alcoholic steatohepatitis (NASH) and non-

alcoholic fatty liver disease (NAFLD) 514,515. To date, it has not been examined in the 

context of enhancing Treg cell survival.  

 

In addition to pharmacologically preventing Treg cell apoptosis to treat 

autoimmunity, there is also increasing interest in depleting Treg cells therapeutically 

to augment immune responses in chronic infections, cancer and obesity induced 

metabolic disease 516–520. As Treg cell survival and homeostasis is reliant on the pro-

survival protein MCL-1, this represents an obvious therapeutic target 402. Although 

many other immune cell types require a basal level of MCL-1 expression for their 

survival 521, Treg cells express relatively higher amounts of MCL-1 than other T cell 

subsets 402, which is in part controlled by IL-2Rα signalling 400,402. Of note, the MCL-

1 inhibitor, S63845, has shown promising results in many pre-clinical models of 

human cancers 522–524 and was determined to be safe and tolerable in a mouse 

lymphoma model with humanised Mcl-1 525.  
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An important consideration in the deployment of MCL-1 inhibitors in the clinic is 

their potential to inhibit the two distinct isoforms and functions of the MCL-1 protein. 

One isoform is located at the outer mitochondrial membrane (OMM) and restrains 

BAX plus BAK and is thus required to inhibit apoptosis. The other MCL-1 isoform is 

located at the inner mitochondrial membrane (IMM) and it was reported to be 

essential for IMM structure and to play a critical role in metabolism by impacting 

ATP production during oxidative phosphorylation 74,75. Treg cells from mice express 

both of these MCL-1 protein isoforms 402. Although inhibiting the pro-survival form 

of MCL-1 at the OMM is desirable for killing cancer cells, there is evidence that the 

MCL-1 inhibitor S63845 can also disrupt the IMM form of MCL-1 in human stem 

cells 526. Hence, as MCL-1 inhibitors progress in clinical development, it will be 

imperative to dissect the relative importance of the two major functions of MCL-1 in 

key cell types, including Treg cells. 

 

Here we have examined two clinical stage compounds, the MCL-1 inhibitor S63845 

and the caspase-8 inhibitor Emricasan, to assess their efficacy in selectively 

decreasing or increasing the ratio of Treg cells to effector T cells, respectively. We 

find that the MCL-1 inhibitor S63845 acts on Treg cells by inducing the intrinsic 

apoptosis pathway, rather than impacting their metabolic function. However, S63845 

is unlikely to be sufficiently selective for Treg cells in vivo in a manner which could 

promote enhanced immune responses as B cells are significantly more sensitive to 

MCL-1 inhibition than Treg cells. Furthermore, we find that the caspase-8 inhibitor 

Emricasan does not rescue Treg cells from extrinsic apoptosis as we had 

hypothesised, but rather impacts upon the pro-survival function of caspase-8 to drive 
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necroptotic cell death selectively in Treg cells in settings mimicking type I interferon 

(IFN) driven infections. This information justifies further examination of 

pharmaceutical compounds targeting cell death pathways as a strategy for 

immunomodulatory therapies by exploiting the disparate regulation of cell death in 

Treg and conventional T cells. 

 

5.2 Results 

5.2.1 Loss of MCL-1 specifically in Treg cells drives a fatal multi-organ 

autoimmune pathology that is rescued by BAK deficiency  

To determine the impact of MCL-1 loss on Treg cell homeostasis, we inter-crossed 

mice with floxed Mcl1 alleles (Mcl1fl/fl mice) 527 with a mouse strain expressing the Cre-

recombinase and a YFP reporter under the control of the Treg-specific gene, Foxp3, 

(FoxP3Cre-IRES-YFP mice) 528. This inter-cross generated mice with Treg cell-specific 

deletion of Mcl1 (hereafter referred to as Mcl1∆FoxP3 mice). To test whether abrogation 

of the BCL-2-regulated pathway of apoptosis alone was sufficient to prevent disease in 

Mcl1∆FoxP3 mice, these animals were inter-crossed with Baxfl/fl Bak-/- 529 mice to create 

Mcl1∆FoxP3 Bax∆FoxP3 Bak-/-  and Mcl1∆FoxP3 Bak-/- mice.  

 

Consistent with previous findings 402, MCL-1-deficiency in Treg cells led to the 

development of a lethal lympho-infiltrative disease, with a median survival age of only 

76 days (Figure 5.1A). The auto-inflammatory pathology observed in Mcl1∆FoxP3 mice 

resembled that seen in scurfy mice 36, 37, albeit with a slightly slower kinetics 

(Appendix 1 Figure 1C-F). In contrast, Mcl1∆FoxP3 Bax∆FoxP3 Bak-/- mice survived to 

125 days without any overt signs of pathology (Figure 5.1A). Three additional 
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Mcl1∆FoxP3 Bax∆FoxP3 Bak-/- mice were aged to 228 days and were also free of disease at 

this time point. This finding demonstrates that Treg cell survival and function requires 

MCL-1 only to antagonise the intrinsic pathway of apoptosis. 

 

Interestingly, the loss of BAK alone was sufficient to rescue lethal auto-inflammation in 

Mcl1∆FoxP3 mice (Figure 5.1A), consistent with the predilection for MCL-1 to interact 

with this apoptotic effector compared to BAX 303,530. These results indicate that 

impairing BAK-mediated apoptosis rescues the lethal autoimmunity observed in 

Mcl1∆FoxP3 mice. 

 

5.2.2 In vitro inhibition of MCL-1 with the compound S63845 induces apoptosis 

in murine Treg cells 

Our genetic data in mice suggested that Treg cells were highly susceptible to loss of 

MCL-1; however, the impact of the MCL-1 specific inhibitor S63845 on Treg cells had 

not been established. We treated splenocytes isolated from wild-type, Bak-/- and 

Bax∆FoxP3 Bak-/- mice with increasing concentrations of the MCL-1 inhibitor S63845 or 

a DMSO vehicle control in vitro for 48 h and analysed the viability of different T cell 

subsets, including CD4+ and CD8+ conventional T cells and the regulatory T cell 

compartment.  

 

We found that Treg cells are susceptible to apoptosis upon treatment with S63845 at 

concentrations of greater than 100 nM (Figure 5.2A). However, Treg cells were not any 

more sensitive to this MCL-1 inhibitor than CD4+ or CD8+ conventional T cells, which 

also died when treated with the higher concentrations of this compound (Figure 5.2B-
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C). Interestingly, while Treg cells lacking BAK alone were refractory to apoptosis when 

treated with S63845, CD4+ and CD8+ conventional T cells lacking BAK remained 

somewhat sensitive to MCL-1 inhibition at high concentrations of S63845 (Figure 

5.2A-C) (note that the deletion of BAX in these experiments is restricted to FOXP3+ 

Treg cells). This suggests that there may be off-target effects of S63845 in these cells, 

or MCL-1 differentially constrains the activation of BAK in conventional T cells versus 

regulatory T cells. However, there was a high degree of variability between replicates in 

these conditions so it may just be an artefact of the culture.  

 

5.2.3 Pharmacological inhibition of MCL-1 does not affect Treg cell metabolism 

Deletion of Mcl1 has been reported to impair the metabolic function in other cell types, 

such as cardiomyocytes and stem cells 74,75,526. Although it has not been directly 

demonstrated that S63845 interacts with the IMM isoform of MCL-1, it has been 

published that it can disrupt interactions between MCL-1 and the matrix-localized 

protein, OPA-1 491, suggesting this is the case. Treg cells also express the lower 

molecular weight isoform of MCL-1 that localizes to the IMM 402, therefore, we next 

tested whether S63845 had any impact on metabolism in Treg cells unable to undergo 

apoptosis. 

 

The reported requirement of MCL-1 for the oligomerization of the F1F0-ATP Synthase 

complex in some cell types 74 predicted that Treg cells treated with the MCL-1 inhibitor 

S63845 would have impaired ATP production through mitochondrial oxidative 

phosphorylation. The oxygen consumption rate (OCR) is a surrogate readout of 

mitochondrial respiration. Basal respiration is calculated as the difference between non-
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mitochondrial oxygen consumption (i.e. the OCR following inhibition of the RC 

complex I and complex III with the compounds Rotenone and Antimycin A, 

respectively) and the initial OCR before the addition of Oligomycin. Loss of IMM 

MCL-1 has also been reported to reduce maximal respiration 74, which is calculated as 

the difference between the OCR following addition of the uncoupler FCCP, and non-

mitochondrial oxygen consumption.  

 

Treg cells were harvested from haematopoietic chimaeras, i.e. lethally irradiated wild-

type mice that had been reconstituted with bone marrow from Bak-/- or Bax∆FoxP3 Bak-/- 

mice (to obtain a sufficient number of cells). Treg cells from such chimeric mice (6 x 

105 cells per well) were treated with doses of S63845 that were either sub-optimal (0.1 

µM) or sufficient (1 µM) for induction of apoptosis in WT Treg cells (Figure 5.2A) or a 

vehicle control and analysed on the Seahorse XF platform (Figure 5.3A). Treatment 

with the MCL-1 inhibitor S63845 had no significant impact on either basal (Figure 

5.3B) or maximal (Figure 5.3C) oxygen consumption, indicating that MCL-1 does not 

play a critical role in the metabolism of Treg cells. 

 

5.2.4 The MCL-1 inhibitor S63845 is more potent against human Treg cells than 

murine Treg cells 

As S63845 has previously been reported to be up to six times more potent against 

human MCL-1 than mouse MCL-1, we next wanted to determine whether human and 

mouse Treg cells were differentially sensitive to this compound. We isolated peripheral 

blood mononuclear cells (PBMCs) from whole human blood and treated these cells in 

vitro for 24 h with the MCL-1 inhibitor S63845 at concentrations ranging from 100 pM 
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to 10 µM. Consistent with previous reports on its potency, human Treg cells were 

approximately an order of magnitude more sensitive to S63845 than murine Treg cells 

(Figure 5.4A; Figure 5.2). 

 

Unlike for mouse splenocytes, CD4+ and CD8+ conventional T cells from human blood 

were largely resistant to treatment with the MCL-1 inhibitor S63845, only undergoing 

cell death at the highest concentrations tested (Figure 5.4B-C). These results are more 

consistent with the dependency of Treg cells on MCL-1 for survival 402. However, also 

consistent with previous reports was our observation that B cells were the most 

sensitive of the human lymphocytes tested (Figure 5.4D), with a logIC50 of  

-5.087 making them roughly ten times more sensitive to the MCL-1 inhibitor S63845 

than Treg cells (logIC50 -0.4698).  

 

5.2.5 Treg cells do not undergo apoptosis following treatment with the MCL-1 

inhibitor S63845 in an in vivo humanised MCL-1 mouse model 

In order to test whether Treg cells were sensitive to MCL-1 inhibition by S63845 in 

vivo we utilised a humanised MCL-1 mouse model, where the coding region for mouse 

MCL-1 has been replaced with that for human MCL-1 525. These mice were given a 

single intravenous dose of S63845 (40 mg/kg) or a vehicle control and were then 

sacrificed after 24 h. The lymphoid organs and blood were harvested and analysed for 

changes to thymic T cell differentiation and peripheral B cell, Treg cell and 

conventional T cell compartments by flow cytometry. 
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In contrast with previous reports where conditional deletion of Mcl1 using Cre∆Lck or 

Cre∆Cd4 impairs thymocyte differentiation 240,531, we observed no appreciable effects of 

treatment with the MCL-1 inhibitor, S63845, on total thymocyte cell numbers (Figure 

5.5A) nor on any thymocyte subsets (Figure 5.5B-H). Treg cell differentiation in the 

thymus was also not affected by MCL-1 inhibition (Figure 5.5D, G-H). 

 

Differences in the lymphocyte subsets became evident in the periphery. A decrease in 

the proportions of B cells in the lymphocyte compartment was evident in both the blood 

and spleen, but more pronounced in the blood (Figure 5.6A-B). There was a 

concomitant increase in the proportion of T cells in the spleen and blood (Figure 5.6A-

B). The number of T cells remained stable in the spleen (Figure 5.6C). Similarly, 

although there were slight (but significant) changes in the proportions of CD4+ and 

CD8+ T cells as a percentage of T cells in the spleen, these changes were not observed 

in the blood (Figure 5.6D-E). There were no significant changes in the numbers of 

these lymphocytes in the spleen (Figure 5.6F). 

 

In contrast to our in vitro data, which suggested that Treg cells were sensitive to MCL-1 

inhibition by S63845, in vivo this was not the case. In both the blood and spleen, the 

proportions of Treg cells as a percentage of CD4+ T cells trended higher, rather than 

lower (Figure 5.6G-H). As a percentage of total lymphocytes in both the spleen and 

blood, Treg cells were significantly higher (Figure 5.6I). However as for the other T 

cell subsets there were no significant changes in the numbers of Treg cells in the spleen 

after MCL-1 inhibitor treatment (Figure 5.6J). This suggests that it was the sensitivity 

of B cells to S63845 in vivo that drove the proportional changes in the T cell 
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compartments, rather than actual increases in the T cell populations. We may need to 

treat with a broader dose range and time course in future to explore our hypothesis that 

Treg cells would be sensitive to inhibition of the pro-survival protein MCL-1 in an in 

vivo model. Testing in in vivo settings where therapies such as this could be useful in 

humans (e.g. cancer models or infections) could also provide more context-specific 

results that would be more reflective of a potential clinical utility. 

 

5.2.6 Human Treg cells are more susceptible to cell death than conventional T 

cells when treated in vitro with the caspase inhibitor Emricasan 

In light of data showing that Treg cells are sensitive to death receptor induced apoptosis 

513, we were interested in assessing whether modifying this pathway in Treg cells might 

modulate their homeostasis. We first set up an assay where PBMCs isolated from whole 

blood of healthy donors were pre-treated for 24 h with recombinant IFNβ to mimic a 

type I interferon associated infection setting where activated T cells undergo activation 

induced cell death (AICD). We then tested whether human Treg cells could be rescued 

from extrinsic apoptosis with the caspase inhibitor, Emricasan. Samples were treated for 

48 h with recombinant TNF (to engage TNFR1) and then with Emricasan (1 µM, 5 µM 

or 25 µM) or with DMSO as a vehicle control, before different T cell populations were 

assessed for viability by flow cytometry. 

 

Surprisingly, rather than being protected from AICD, CD127low FOXP3+ Treg cells 

underwent cell death in a dose-dependent manner (Figure 5.7A). Similarly, there was a 

dose-dependent decrease in CCR7- CD8+ effector T cells with a resultant increase in the 

proportion of CCR7+ CD45RA+ naïve CD8+ T cell population (Figure 5.7B). In 
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contrast, there were much smaller effects on the CCR7- CD4+ effector T cell population 

and the CCR7+ CD45RA- CD4+ memory T cell compartment. When the viability of 

these populations was quantified, we observed a slight but significant increase in the 

overall T cell population among viable lymphocytes at the highest dose of Emricasan 

(Figure 5.7D). We also found a significant decrease in the viability of the Treg cell 

population with as little as 1 µM of Emricasan (Figure 5.7E). There was also a 

significant decrease in the viability of the effector CD8+ T cells, but only at the higher 

doses of Emricasan (Figure 5.7F), whereas the decreased Treg cell viability was 

observed at all doses tested (Figure 5.7E). There were no significant changes in the 

viability of CD4+ effector T cells (Figure 5.7G). 

 

While this was an unexpected result with regards to our hypothesis that the caspase 

inhibitor Emricasan would have a protective effect on Treg cells, it fits with other 

unpublished data from our lab in mice. Animals with FoxP3-Cre driven conditional 

deletion of caspase-8 (Casp8∆FoxP3 mice) were susceptible to a lethal systemic 

inflammatory disease when infected with the Docile strain of lymphocytic 

choriomeningitis virus (LCMV; data not shown) which causes chronic infection. 

Although most mice that were infected succumbed to the lethal systemic inflammatory 

disease, a few mice that survived had significantly reduced viral titres compared to 

wild-type controls, suggesting caspase-8 loss in Treg cells was advantageous for viral 

clearance. 
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5.2.7 Human Treg cells undergo necroptosis when treated with the caspase 

inhibitor Emricasan in vitro 

Caspase-8 deficiency can result in cell death by necroptosis 532. Therefore, we next 

sought to test whether Treg cells were dying by necroptosis when treated with 

Emricasan in vitro. To test whether the proteins required for necroptosis were present in 

human Treg cells, we isolated Treg and CD4+ conventional T cells from human whole 

blood samples by magnetic bead enrichment and FACS sorting. Purified cell 

populations were then lysed and a Western blot for MLKL and RIPK3 was performed. 

While Treg cells and conventional CD4+ T cells had comparable expression of the 

necroptotic effector protein MLKL, Treg cells had higher amounts of the RIPK3, which 

promotes MLKL phosphorylation and activation within the necrosome (Figure 5.8A-

B). We were also able to demonstrate increased levels of RIPK3 in Treg cells by intra-

cellular staining and flow cytometry (Figure 5.8C).  

 

To formally show that the decreased viability we observed in Treg cells and effector 

CD8+ T cells in vitro upon Emricasan treatment was due to these cells undergoing 

necroptosis, we performed the same viability assay as above with the addition of a 

specific inhibitor of necroptosis. Cells were treated with a combination of the relevant 

Emricasan dose and a single dose (50 µM) of the RIPK1 inhibitor Necrostatin-1 (Nec-1) 

533. We found that treatment with Nec-1 was sufficient to rescue the Emricasan-induced 

death of Tregs cells (Figure 5.9A-B) and effector CD8+ T cells (Figure 5.10A, C). We 

found no impact of the combination treatment of Emricasan and Nec-1 on the effector 

CD4+ T cell compartment (Figure 5.10B, D). Collectively, these data show that 

treatment with the caspase inhibitor Emricasan induces cell death via the necroptosis 
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pathway following exposure to type I interferons in Treg cells and conventional CD8+ T 

cells. However, Treg cells are more sensitive to this treatment strategy, potentially 

resulting in a therapeutic window for immunomodulation by targeting Treg cells. 

 

5.3 Discussion 

MCL-1 supports the survival of many different immune and other cell types, but may 

also fulfil roles in mitochondrial dynamics and function in cells that can withstand 

partial MCL-1 inhibition. Treg cells are especially important in this context, given their 

heightened homeostatic turnover and critical roles in maintaining immune tolerance. 

Here we report that only MCL-1’s anti-apoptotic function, and not the reported 

metabolic function, is required for Treg cell homeostasis and suppression of 

autoimmunity. MCL-1 deficiency in Treg cells resulted in a lethal autoinflammatory 

phenotype in mice that could be wholly rescued by the concomitant deletion of the 

apoptotic ‘effector’ proteins BAK and BAX, or even BAK alone, to at least 228 days of 

age. Furthermore, in contrast to previous reports using other cell types, pharmacological 

inhibition of MCL-1 did not alter cellular metabolism in murine Treg cells that were 

protected from apoptosis by the combined absence of BAX and BAK.  

 

These data are in accord with previous studies showing a key role for MCL-1 in 

preventing BAX/BAK-mediated apoptosis in cardiomyocytes and activated T cells 

75,385. However, although the IMM isoform of MCL-1 was reported to also have a role 

in cardiomyocyte metabolism 75 and in maintaining the integrity of the mitochondrial 

matrix in stem cells 526, our results suggest it is dispensable for these roles in Treg cells. 

This outcome would appear to be somewhat counterintuitive, as Treg cells have a 
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greater reliance on oxidative phosphorylation for their ATP production and function 

than conventional T cells 534,535. However, another BCL-2 family member BCL-XL, has 

also been reported to have a similar role in mitochondrial inner matrix stabilisation and 

a bioenergetic role in oxidative phosphorylation 76. It is possible that there is a 

cooperating or overlapping role of these proteins in cellular metabolism that allows 

Treg cells to overcome the loss or inhibition of MCL-1. Alternatively, it may be the 

case that, as with cell type specific preferences for one pro-survival BCL-2 family 

member over others in inhibiting apoptosis, either BCL-XL or MCL-1 may have 

precedence over the other in maintaining the metabolic function in different cell types. 

Yet another possibility is that neither MCL-1 nor BCL-XL are required to serve a role 

in the metabolic fitness of Treg cells. These considerations highlight the need to better 

understand the molecular mechanisms by which BCL-2 family members impact on 

mitochondrial dynamics and function, particularly as expanded indications arise for the 

use of BH3-mimetic compounds clinically. 

 

Although we were able to show an effect on Treg cell survival in vitro following 

treatment with the MCL-1 inhibitor S63845, the greater in vivo sensitivity of B cells 

compared to Treg cells suggests that this is not a viable therapeutic option for 

decreasing Treg cell numbers and promoting immune responses. However, it is 

important to consider that all the experiments reported here with S63845 inhibition or 

genetic deletion of MCL-1 were carried out under steady state conditions. In 

manipulating Treg cell populations for therapeutic utility, there may be different 

requirements for the pro-survival or metabolic functions of MCL-1 in conditions where 

the external environment may impact Treg cell metabolism and function, such as 
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infection states or the tumour microenvironment 536,537. Furthermore, future work should 

explore additional dosing and time courses to determine whether other impacts on Treg 

homeostasis might be observed. Finally, should a favourable sensitivity window be 

identified for an MCL-1 inhibitor to modulate Treg cell homeostasis and function, it 

may be that impacts on B cells could be managed in a clinical setting with appropriate 

timing or adjunct therapies (e.g. intravenous Ig administration). 

 

We have also shown that Treg cells are uniquely sensitive to caspase-8 inhibition by 

Emricasan in situations that mimic an infection setting by pre-treatment with rIFNβ. We 

have also shown that Treg cells are poised to undergo necroptosis due to higher 

expression of the critical pro-necroptotic protein RIPK3, in addition to lower expression 

of the endogenous caspase-8 inhibitor cFLIP as others have shown 513. Further, as 

necroptosis is a lytic form of cell death, there is the potential additional benefit of 

enhanced immune activation due to the release of Treg cellular contents into the 

surrounding tissue 151. A number of studies have previously shown that tumour 

microenvironments with higher levels of immune activity portend a better prognosis 538–

541. These findings highlight context-specific requirements for MCL-1 and caspase-8 

among cell types and have bearing on the potential clinical use of inhibitors of these cell 

death pathways for cancer treatment or manipulation of Treg cells in other diseases. 
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Figure 5.1 Loss of MCL-1 in Treg cells drives a fatal multi-organ autoimmune 

pathology that is rescued by the absence of BAK 

(A) Survival curve from birth to 125 days for wild-type (n=10), Mcl1ΔFoxP3 (n=10), 

BaxΔFoxP3Bak-/- (n=10), Mcl1ΔFoxP3BaxΔFoxP3Bak-/- (n=9) and Mcl1ΔFoxP3Bak-/- (n=8) mice. 

P-value <0.001 calculated by Log-ranked (Mantel-Cox) test 
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Figure 5.2 In vitro inhibition of MCL-1 with the compound S63845 induces 

apoptosis in murine Treg cells that is rescued by concomitant deletion of Bak and 

Bax 

Cell viability, normalised to vehicle treated control cells, of (A) CD4+ FOXP3+ Treg 

cells, (B) CD4+ conventional T cells and (C) CD8+ conventional T cells isolated from 

wild-type, Bak-/- and BaxΔFoxP3Bak-/- mice, treated in vitro for 48 h with 0.1 µM, 1 µM or 

10 µM of S63845. Data are presented as mean ± s.d. for two independent experiments. 
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Figure 5.3 Pharmacological inhibition of MCL-1 does not affect Treg cell 

metabolism 

Representative traces of (A) oxygen consumption rate (OCR) performed on sorted 

YFP+CD4+CD25+ Treg cells from Bak-/- or BaxDFoxP3 Bak-/- chimeric mice at basal levels 

and after the addition of the DMSO (vehicle), 0.1 µM or 1 µM MCL-1 inhibitor 

S63845, the ATP synthase inhibitor oligomycin, uncoupler FCCP, RC complex I 

inhibitor rotenone and RC complex III inhibitor antimycin A (AA). The calculated (B) 

basal and (C) maximal OCR. Data in (A) are a representative graph from one of two 

independent experiments. In each experiment, technical replicate wells of 600,000 cells 

pooled from n=2-5 mice were assessed. Data in (B) and (C) are presented as mean ± s.d. 

of data pooled from two independent experiments with 1-2 replicate wells per condition. 
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Figure 5.4 The MCL-1 inhibitor S63845 is more potent against human Treg cells 

than murine Treg cells 

Cell viability, normalised to vehicle treated control cells, of (A) CD4+ FOXP3+ Treg 

cells, (B) CD4+ conventional T cells, (C) CD8+ conventional T cells and (D) B cells 

isolated from human whole blood, treated in vitro for 24 h with 0.1 pM to 10 µM of 

S63845. Data are presented as mean ± s.d. for two biological replicates. 
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Figure 5.5 In vivo treatment with the MCL-1 inhibitor S63845 in a MCL-1 

humanised mouse model does not affect T cell differentiation in the thymus 

(A) Total thymocyte counts for humanised MCL-1 mice treated with one dose of 

vehicle or 40 mg/kg S63845 intravenously 24 h prior. Representative flow cytometry 

plots showing gated percentages of (B) DN, DP, CD4SP and CD8SP populations based 

on CD4 and CD8 expression on total thymocytes (C) CD44 and CD25 expression on 

CD4- CD8- CD3- TN thymocytes showing TN1-4 populations and (D) CD4+ CD25+ 

FOXP3+ Treg cell population gated on CD4+ thymocytes for vehicle or MCL-1 

inhibitor S63845 treated humanised MCL-1 mice. Quantification of (E) DN, DP, 

CD4SP and CD8SP proportions of total thymocytes, (F) TN1-4 gated populations as a 

percentage of total TN thymocytes and (G) Treg cells as a percentage of CD4+ CD8- 

thymocytes. Flow cytometry plots are representative images based on data from n=6 

mice in each treatment group. Graphed data are presented as mean ± s.d from n=6 mice 

in each treatment group.  
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Figure 5.6 B cells, but not Treg cells, are sensitive to MCL-1 inhibition by S63845 

in a humanised MCL-1 mouse model 

Relative proportions of B and T cells in the lymphocyte compartment in (A) blood and 

(B) spleen and (C) B and T cell counts in the spleens of humanised MCL-1 mice treated 

with a vehicle control or a single dose of the MCL-1 inhibitor S63845 (40 mg/kg) 24 h 

prior. Relative contributions of CD4+ and CD8+ T cells among the T cell pool in (D) 

blood and (E) spleen and (F) CD4+ and CD8+ T cells counts in the spleens of 

humanised MCL-1 mice treated with vehicle or S63845. Proportions of Treg cells 

amongst CD4+ T cells in (G) blood and (H) spleen and (I) amongst the total lymphocyte 

population in both blood and spleen of vehicle or S63845 treated humanised MCL-1 

mice. (J) The total number of Treg cells in the spleen of vehicle or S63845 treated 

humanised MCL-1 mice. Data are presented as mean ± s.d from n=6 mice in each 

treatment group. *, **, *** and **** denotes p<0.05, p<0.01, p<0.005 and p<0.001, by 

multiple unpaired t-tests with a false discovery rate of 1%.  
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Figure 5.7 Human Treg cells are more susceptible to cell death than conventional 

T cells when treated in vitro with the caspase inhibitor Emricasan 

Representative flow cytometry plots of viable (A) CD127low FOXP3+ Treg cells gated 

on CD4+ human PBMCs and CCR7 vs CD45RA expression on CD8+ (B) or FOXP3- 

CD4+ (C) gated human PBMCs with percentages of effector (CCR7-), naïve (CCR7+ 

CD45RA+) and central memory (CCR7+ CD45RA-) populations shown. Cells were 

cultured for 72 h in the presence of recombinant IFNβ and 48 h with recombinant TNF 

with or without Emricasan. Graphs of mean (± SEM) percentage live cells for 

Emricasan treated T Cells (D) CD4+ regulatory T Cells (E) effector CD8+ (F) or 

effector CD4+ (G) T Cells, normalized to vehicle treated (No Emr) cells. For (D-G), 

each symbol represents a technical repeat. Data is representative of 2-3 technical repeats 

of 3 biological replicates. *, **, *** and **** denotes p<0.05, p<0.01, p<0.005 and 

p<0.001, respectively by one-way ANOVA with multiple comparisons test. 
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Figure 5.8 Human Treg cells have higher expression of the necroptosis regulator 

protein RIPK3 

(A) Representative Western blot and (B) densitometric quantification of RIPK3 and 

MLKL expression (relative to actin loading controls) in human Treg cells or CD4+ T 

conventional cells isolated from whole PBMCs. (C) Representative flow cytometry 

histogram of intracellular RIPK3 expression in human Treg cells and CD4+ and CD8+ 

conventional T cells. Data in (A) and (C) are representative of n=4 biological replicates. 

*, **, *** and **** denotes p<0.05, p<0.01, p<0.005 and p<0.001, respectively by one-

way ANOVA. 
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Figure 5.9 Inhibition of necroptosis rescues Emricasan-induced death of Treg cells 

(A) Representative flow cytometry plots of the CD127low FOXP3+ Treg cell population 

gated on CD4+ T cells in human PBMCs pre-treated with recombinant IFNβ for 24 h 

before treatment with recombinant TNF and a DMSO vehicle control or increasing 

concentrations of Emricasan in the absence or presence of the RIPK1 inhibitor Nec-1 

for 48 h. (B) The relative number of viable Treg cells per well for samples treated with 

a DMSO vehicle control or indicated doses of Emricasan in the presence of recombinant 

IFNβ and recombinant TNF with or without Nec-1. Cell numbers are normalised to the 

DMSO vehicle control in the absence of Nec-1. Data in (A) are representative of 3 

biological replicates. Data in (B) is presented as mean ± s.d from n=3 biological 

replicates. *, **, *** and **** denotes p<0.05, p<0.01, p<0.005 and p<0.001, 

respectively by one-way ANOVA with multiple comparisons test. 

  



 
 

 190 

 

  



 
 

 191 

Figure 5.10 The death of CD8+ effector T cells caused by treatment with 

Emricasan can be rescued by the RIPK1 inhibitor Nec-1 

Representative flow cytometry plots of CCR7 and CD45RA expression on (A) CD8+ T 

cells and (B) CD4+ T cells in human PBMCs pre-treated with recombinant IFNβ for 24 

h before treatment with recombinant TNF and a DMSO vehicle control or increasing 

concentrations of Emricasan in the absence or presence of the RIPK1 inhibitor Nec-1 

for 48 h. Naïve (CCR7+ CD45RA+), CD8+ effector (CCR7-), CD4+ effector (CCR7- 

CD45RA+) and CD4+ central memory (CD45RA-) T cell subsets are indicated by region 

gating. The relative number of viable (C) CD8+ and (D) CD4+ conventional T cells per 

well for samples treated with a DMSO vehicle control or indicated doses of Emricasan 

in the presence of recombinant IFNβ and recombinant TNF with or without Nec-1. Cell 

numbers are normalised to the DMSO vehicle control in the absence of Nec-1. Data in 

(A-B) are representative of 3 biological replicates. Data in (C-D) is presented as mean ± 

s.d from n=3 biological replicates. *, **, *** and **** denotes p<0.05, p<0.01, 

p<0.005 and p<0.001, respectively by one-way ANOVA with multiple comparisons 

test. 
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Chapter 6 Summary and Perspectives 
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This thesis explored three previously unresolved questions pertaining to the regulation 

of cell death in differentiating and mature T cells; (1) the signalling pathway responsible 

for cell death at the β-selection checkpoint of thymocyte differentiation; (2) definition 

of the timing of the pro-survival function of caspase-8 for preventing necroptosis in 

response to TCR signalling or TNF exposure in differentiating T cells, and; (3) whether 

the differential regulation of cell survival in regulatory T cells, compared to 

conventional T cells, could present therapeutic options for immunomodulation.  

 

Prior to the commencement of this study, the apoptotic stimuli regulating cell death 

following Tcrb rearrangement remained somewhat controversial, in part because of 

conflicting studies implicating or rejecting roles for pro-survival BCL-2 family 

members in this checkpoint 221,223–226. In contrast, there was a compelling report linking 

the extrinsic apoptotic pathway to thymocyte β-selection 227. We have definitively 

demonstrated that neither the extrinsic pathway of apoptosis nor necroptosis has any 

role in cell death at this checkpoint. Instead, thymocytes lacking a functional pre-TCR 

can be rescued from β-selection-mediated cell death by the overexpression of the pro-

survival protein BCL-2 in a concentration-dependent manner. 

 

Our results, in the context of those already published in the field, indicate that there is 

also a degree of functional redundancy amongst the pro-survival BCL-2 family 

members, since either BCL-2 or BCL-XL overexpression is sufficient to rescue cell 

death at the β-selection checkpoint in Rag1-/- mice 221,223,225. The main requirement is 

simply sufficient pro-survival protein expression to overcome the upregulation of BH3-

only proteins in response to a lack of pre-TCR signalling. This tension accords with 
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what is known about the kinetics and binding affinities of pro- and anti-apoptotic 

proteins and suggests that attaining a certain survival threshold is sufficient to inhibit 

apoptosis and permit differentiation of DP thymocytes.  

 

This concept has previously been demonstrated in mature immune cell subsets, where 

deletion or transgenic overexpression of BCL-2, MCL-1 or A1 could render cells more 

sensitive or resistant, respectively, to loss or pharmacological inhibition of other pro-

survival proteins 521. Similarly, BCL-XL and MCL-1 have been shown to act in a 

compensatory manner in a number of cancer cell lines 542. While these studies provide 

an interesting proof-of-concept for an apoptotic threshold, they rely on artificially 

boosting or depleting multiple pro-survival factors at once, so are not necessarily 

reflective of biological settings. Instead, further studies could use high parameter 

proteomic analyses of pro- and anti-apoptotic protein expression at the single cell level 

to build a profile of survival potential in cells across these transitions. Recent studies 

from within our lab have utilised a mass cytometry (CyTOF) based approach to explore 

this approach in multiple myeloma to identify a novel combination therapy 543. Using 

these data to derive mathematical models with predictive power relating to apoptotic 

outcomes at the population level could then be tested with various BH3 mimetics to test 

and refine. Such studies could define the nature of the apoptotic threshold and provide 

insights on how cells can adapt to survive it during differentiation checkpoints. 

 

However, apoptosis during T cell differentiation does not occur in a vacuum. Any 

systems level analysis may also need to factor in the potential impact of pre-TCR or 

TCR signalling on the apoptotic threshold and the reliance on one pro-survival over 
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another. Even within thymocyte differentiation, the dependency on distinct members of 

the BCL-2 family for death decisions switches multiple times 259. This phenomenon 

extends to the peripheral T cell compartment, where distinct T cell subsets become 

reliant on one or other anti-apoptotic protein. For example, IL-2 mediated MCL-1 

transcription in Treg cells exerts fine homeostatic control of this population 402. 

However, IL-7 mediated BCL-2 upregulation is critical for naïve conventional T cells 

224,544, which in turn switches to a reliance upon BCL-XL, MCL-1 and A1 following 

activation 385,545,546.  

 

There is a degree of logic to this activation mediated switching of dependency among 

pro-survival proteins. For instance, Treg cells have a much higher rate of turnover than 

naïve conventional T cells 7. This turnover allows for dynamic regulation of their cell 

number to adjust to the demands of maintaining peripheral tolerance while also enabling 

responses to infection 402. The short half-life of the MCL-1 protein suits this dynamism 

402,547. Similarly, the relatively short half-life of BCL-XL delimits the opportunity for 

DP thymocytes to generate a TCR capable of interacting with self-peptide:MHC 

complexes before succumbing to ‘death by neglect’ 449. Conversely, BCL-2 has a half-

life of approximately 24 hours and regulates the survival of long-lived cells such as 

HSCs, as well as naïve and memory T cells 369,548. Given this, our implication of BCL-2 

as the survival regulator at β-selection would seem counterintuitive as TN4 thymocytes 

are short-lived 221. Therefore, there may be an additional impetus for BCL-2 acting as 

the favoured pro-survival protein at this checkpoint, such as the BH3-only protein 

regulating cell death. Alternatively, given BCL-2 interacts broadly with the BH3-only 

proteins, the rescue that we report may be just a consequence of blocking almost the 
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whole intrinsic pathway. The extent to which distinct differentiation states are truly 

reliant on one or another pro-survival protein, or merely a function of T cell subsets 

switching their transcriptional programs upon activation or differentiation, is yet to be 

determined. A full analysis of this phenomenon might be probed with gene-switch 

mouse models – where the genes for the different anti- or pro-apoptotic proteins are 

placed under the control of the promoter regions of the alternate pro-survival proteins – 

to examine whether physiological concentrations of different pro-survival proteins are 

sufficient to rescue different T cell subsets from apoptosis.  

 

This concept raises another interesting question; whether reliance on a particular pro-

survival protein at discrete stages of differentiation may be an evolutionary adaptation 

to the pro-apoptotic BH3-only stimulus that a cell is most likely to encounter? In the 

case of the β-selection checkpoint, there are at least two possible defects in the 

differentiating thymocytes where apoptosis is a desirable outcome; (1) the absence of a 

functional pre-TCR and (2) double stranded DNA (dsDNA) breaks due to impaired 

DNA repair processes following V(D)J recombination. DNA lesions result in the 

transcription of Puma and Noxa through a p53 meditated process 84,549. By contrast, 

BIM and BID are the most likely candidates for a pro-apoptotic signal in the absence of 

pre-TCR signalling 550. NOXA has a much stronger affinity for MCL-1 than BCL-2 or 

BCL-XL, while PUMA, BIM and BID interact broadly with all of the BCL-2 family 

survival proteins 102.  

 

Unlike BCL-2 and BCL-XL, a pro-survival role for MCL-1 has, to date, not been 

explored at β-selection by overexpression in pre-TCR deficient mice. However, this 
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model may go some way to explaining why transgenic overexpression of BCL-XL was 

sufficient to protect thymocytes from β-selection induced cell death in Rag1-/-, but not 

scid mice 225. Scid mice harbour a spontaneous mutation in the mouse homologue of the 

human Prkdc (DNA-dependant protein kinase, catalytic subunit) gene, which is 

required for the NHEJ pathway of DNA repair 551. Failure to generate functional TCRβ 

chains in these mice is therefore due to defects in DNA repair following V(D)J 

recombination 551. Although in the short term, inhibiting apoptosis in cells with DNA 

breaks is desirable to enable the DNA damage response to repair the lesions, the long 

term survival of cells with irreparable DNA damage increases the opportunity for 

genomic instability and malignancies to develop 552–554. This risk is particularly high at 

the β-selection checkpoint given the burst of proliferation that typically follows. It is 

therefore possible to imagine a situation where pre-TCR signalling induces a survival 

program that is able to antagonise the pro-apoptotic BH3-only proteins BIM and BID, 

but not inhibit the pro-apoptotic signal provoked by PUMA and NOXA downstream of 

an impaired DNA damage response. 

 

Apoptosis is a key regulator of normal development, homeostasis and ageing in all 

tissues of the body, but is particularly prominent in the immune system due to its 

relatively high turnover 555. Over 30 years of research has generated a wealth of data on 

the molecular determinants of interactions between the various pro- and anti-apoptotic 

proteins that drive cell death through the intrinsic apoptotic pathway 102. Yet, how these 

protein networks combine to collectively determine cell fate remains unclear. For 

instance, there are no predictive models that guide the deployment of apoptosis-

inducing therapies for cancer. As pro- and anti-apoptotic proteins appear to have a 
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stoichiometric relationship, the concept of an apoptotic threshold has long been 

purported but is yet to be defined. However, context-specific differences in the 

expression of BCL-2 family members suggests an additional level of regulation where 

differentiation or homeostatic challenges exert a selective pressure and only cells with 

the capacity to adapt a desired pro-survival “profile” are capable of survival. 

 

Understanding the survival threshold and the relative contributions of the different pro-

survival and pro-apoptotic proteins of the intrinsic pathway in different cell types also 

has important implications for the clinical use of the BH3-mimetic class of compounds. 

So far, these drugs have only been indicated for use in haematological malignancies, 

though a number of solid cancers also have elevated expression of pro-survival proteins, 

particularly MCL-1 and BCL-XL 556,557. Although these are a relatively new class of 

drugs, reports of resistance have already begun to emerge whereby compensatory 

expression of other proteins in the BCL-2 family occurs 558–561. It is therefore important 

to understand whether and how compensatory mechanisms within the pro- and anti-

apoptotic proteins are activated, and how functional redundancies within these families 

impact cell survival. A better comprehension of these processes will assist in informing 

combination therapies of BH3-mimetics to avoid resistance induction, as well as 

potential on-target drug effects in immune cell subsets. Multi-parameter profiling of 

pro-apoptotic and pro-survival proteins in the intrinsic pathway could therefore be used 

not only to determine survival thresholds in different cell types, but also drive clinical 

decisions relating to the use of BH3-mimetics 543. 
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It is also worth noting that the cell fate decisions of any given cell will be determined 

not only by its expression profile of intrinsic apoptotic pathway components, but also its 

capacity to undergo apoptosis or necroptosis mediated by death receptors or antigen 

receptors. Cell death and survival thresholds are therefore also worth considering in the 

context of the extrinsic pathway of apoptosis and necroptosis. We have shown that for 

Treg cells, there are context-specific pro-survival roles for MCL-1 and caspase-8 to 

inhibit intrinsic apoptosis and death-receptor mediated necroptosis, respectively. These 

different survival networks are engaged when Treg cells are performing distinct 

functions – homeostatic suppression of autoreactive T cell activation vs activation in 

response to infection – but both functions require TCR signalling by the Treg cells 

404,562. This suggests that the survival networks that adjust to apoptotic thresholds are 

regulated not only by mitogenic activation, but also function. It is therefore important to 

understand how TCR signalling can drive disparate survival networks. 

 

One of the peculiarities related to T cell differentiation is how pMHC:TCR interactions 

can lead to cell fates as disparate as death, proliferation or differentiation. The same is 

true for TNF-R1 signalling, where cell death can be induced in a caspase-8 dependent or 

independent manner, or survival and proliferation can be driven by NF-κB signalling. 

Signal transduction in a population of cells with a heterogenous response to a given 

input can appear graded by relative affinity at a system level (e.g. the expression of IL-

7Rα in T cells rescued from necroptosis in Casp8∆Lck Rip3-/- mice). However, at the 

single cell level, integration of signals generally follows one of two patterns – analogue 

or digital signalling 563. In an analogue response, the degree of the input signal is 
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reflected in a diversity of outcomes, whereas digital transduction results in an ‘all or 

nothing’ switch response 563.  

 

Previous studies have shown that NF-κB signalling through TNF-R1 relies on digital 

signal transduction, with increasing concentrations of TNF resulting in a higher 

proportion of cells potentiating the signal, but not more nuclear NF-κB translocation in 

individual cells 564–567. Others report that cells have a limited degree of analogue 

transmission, as cells may have some capacity to interpret the concentration of TNF 

stimuli; however, while this property resulted in more robust NF-κB signalling 

response, there was no consequence on cell fate decisions 568. We could speculate 

therefore, that capacity of cells to survive and proliferate or die upon TNF ligation is 

pre-determined and based on the presence of downstream mediators of NF-κB 

signalling, as well as cFLIP and caspase-8 to inhibit apoptosis and necroptosis, 

respectively. It could therefore be inferred that single cell responses to TNF could be 

modelled in a similar manner to the multi-parametric approach we propose for the 

intrinsic apoptotic pathway. This could have clinical implications too, as patients with 

inflammatory diseases such as rheumatoid arthritis who were predisposed to NF-κB 

signalling or cell death by necroptosis may benefit more from anti-TNF therapies than 

those with TNF-R1 signalling geared towards apoptosis 569.   

 

Similarly, signalling through the T cell receptor also induces digital signal transduction 

at the receptor level, as demonstrated by a constant level of Nur77-eGFP induction with 

varying concentrations of CD3 stimulation or ZAP70 inhibition 570. The requirement for 

a digital switch for T cell activation makes sense when you consider that a single 
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agonist pMHC complex is sufficient for the activation of CD4+ T cells 571, as digital 

transduction has higher specificity than graded signal responses 563. However, 

downstream of the initial activation step, the T cell receptor initiates a far greater range 

of signalling pathways than TNF-R1, including at least four feedback loops 572–574 

which results in a single cell level response that appears analogue in nature. Arguably 

the most critical of these feedbacks is the extracellular signal regulated kinase (ERK) 

pathway, which is able to amplify small differences in CD3ζ phosphorylation in the 

minutes following mitogen activation to drive distinct transcriptional programs and 

discrete cell fates through signal integration 575,576. T cells are also able to incorporate 

co-stimulatory and/or co-inhibitory signalling programs to modulate TCR signal 

strength 577. This modulation of TCR signalling at the single cell level through signal 

integration and co-stimulatory and co-inhibitory molecules doesn’t exclude signal 

strength or pMHC affinity as a discriminating signal for TCR-mediated necroptosis, as 

we had hypothesised in Chapter 4.  

 

Based on our in vivo findings and in vitro studies from our group and others, TCR 

signalling does not induce necroptosis in all cells deficient for caspase-8 310,421. This 

finding suggests there is a secondary regulator of necroptosis in T cells. To identify this 

regulator, we could perform co-immunoprecipitation experiments in caspase-8 

sufficient and deficient T cells following CD3/CD28 stimulation to determine the 

protein scaffold required for caspase-8 activation downstream of the TCR. Further, 

stimulating caspase-8 deficient T cells with increasing concentrations of CD3 and CD28 

may provide more insight into a potential signalling threshold for necroptosis activation. 

Alternatively, the threshold for necroptosis could simply be related to MLKL 
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expression in T cells, which is absent in thymocytes 306 and heterogenous in peripheral 

T cells. The capacity to resolve this protein at the single cell level has previously been 

limited by a lack of useful antibodies; however, our collaborators have recently 

developed a panel of MLKL antibodies 176 that may be optimised for flow cytometry.  

 

In this study we set out to determine how different cell death pathways were regulated 

at discrete stages of T cell differentiation. We have found that thymocyte survival at the 

β-selection checkpoint in the absence of pre-TCR signalling was dependent on the 

concentration of pro-survival protein expression. The functional redundancy between 

BCL-2 and BCL-XL suggests cell death in the intrinsic apoptotic pathway at this 

checkpoint is regulated by the magnitude of the pro-survival signal to overcome the 

apoptotic threshold imposed by the lack of pre-TCR signalling, rather than a 

requirement for expression of one particular BCL-2 family protein. Further, we report 

that caspase-8 is necessary to inhibit necroptosis in regulatory T cells exposed to type I 

interferons, as increased MLKL expression in these cells over conventional T cells 

lowers the cell death threshold for TNF exposure. Similarly, caspase-8 is required for 

peripheral T cell homeostasis to inhibit TCR induced necroptosis, though it remains 

unclear whether the cell death observed is a consequence of a higher threshold level of 

TCR engagement, or variable MLKL expression in peripheral T cells. Taken together, 

these results demonstrate context-specific roles for different cell death and survival 

thresholds in T cell differentiation and provide insights into potential targeted 

therapeutic strategies for immune modulation.  
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Abstract
FOXP3+ regulatory T (Treg) cells are essential for maintaining immunological tolerance. Given their importance in immune-
related diseases, cancer and obesity, there is increasing interest in targeting the Treg cell compartment therapeutically. New
pharmacological inhibitors that specifically target the prosurvival protein MCL-1 may provide this opportunity, as Treg cells
are particularly reliant upon this protein. However, there are two distinct isoforms of MCL-1; one located at the outer
mitochondrial membrane (OMM) that is required to antagonize apoptosis, and another at the inner mitochondrial membrane
(IMM) that is reported to maintain IMM structure and metabolism via ATP production during oxidative phosphorylation.
We set out to elucidate the relative importance of these distinct biological functions of MCL-1 in Treg cells to assess whether
MCL-1 inhibition might impact upon the metabolism of cells able to resist apoptosis. Conditional deletion of Mcl1 in
FOXP3+ Treg cells resulted in a lethal multiorgan autoimmunity due to the depletion of the Treg cell compartment. This
striking phenotype was completely rescued by concomitant deletion of the apoptotic effector proteins BAK and BAX,
indicating that apoptosis plays a pivotal role in the homeostasis of Treg cells. Notably, MCL-1-deficient Treg cells rescued
from apoptosis displayed normal metabolic capacity. Moreover, pharmacological inhibition of MCL-1 in Treg cells resistant
to apoptosis did not perturb their metabolic function. We conclude that Treg cells require MCL-1 only to antagonize
apoptosis and not for metabolism. Therefore, MCL-1 inhibition could be used to manipulate Treg cell survival for clinical
benefit without affecting the metabolic fitness of cells resisting apoptosis.

Introduction

Apoptosis is an evolutionally conserved cell death
mechanism essential for development, homeostasis, and
tumor suppression. Apoptosis can be triggered through the
B cell lymphoma 2 (BCL-2)-regulated (or intrinsic or
mitochondrial) pathway [1]. The pathway is regulated by
members of the BCL-2 family of proteins in activities that
converge on the mitochondrial outer membrane. During
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apoptosis, the effector proteins, BAK and/or BAX become
activated, changing conformation to form higher order
aggregates that permeabilize the outer mitochondrial
membrane (OMM) [2]. Mitochondrial proteins, such as
cytochrome c and SMAC/DIABLO, then leak out of the
mitochondria and initiate a caspase activation cascade that
mediates cell demolition [3]. Therefore, the activation of
BAX and/or BAK represents the fulcrum of the BCL-2-
regulated pathway of apoptosis. In healthy cells, prosurvival
proteins, such as BCL-2, BCL-XL, and MCL-1, restrain
BAX and BAK to prevent apoptosis. Cellular stresses,
including γ-irradiation, growth factor deprivation, or
hypoxia, induce upregulation and/or activation of the
proapoptotic BH3-only members of the BCL-2 family, such
as BIM, PUMA, or NOXA [4]. The BH3-only proteins bind
to the prosurvival BCL-2 family members and thereby
relieve their inhibition of BAX and BAK, and can also
directly activate these effector proteins to induce apoptosis
[5]. Different cell types have different expression profiles of
the various BCL-2 family proteins and the cellular response
to different cytotoxic stimuli can therefore vary. For
example, platelets are particularly reliant upon BCL-XL for
their survival, whereas many lymphocyte subsets are
dependent upon MCL-1, and to a lesser extent, upon BCL-2
or BCL-XL [6].

Regulatory T (Treg) cells are a subset of CD4+ T cells
essential for maintaining immunological tolerance by
constraining the activation, proliferation and cytokine pro-
duction of CD4+ and CD8+ T cells [7]. Treg cells are
characterized by expression of the transcription factor
forkhead box P3 (FOXP3) [8], which drives the unique
transcriptional signature of this cell population, and also by
high levels of IL-2 receptor α chain (CD25) on the cell
surface [9]. These high levels of IL-2R play a key role in
the unique homeostatic properties of Treg cells [10]. The
importance of Treg cells in maintaining immune home-
ostasis is underscored by the fatal autoimmune pathology
that results from the disruption of FoxP3 in mice and
humans [8, 11–15]. Of note, Treg cells have also been
implicated in a wide variety of other diseases [16] and there
is increasing interest in targeting the Treg cell compartment
therapeutically to augment immune responses in diseases,
such as chronic infections, cancer, and obesity induced
metabolic disease [17–21].

Treg cell survival and homeostasis rely upon the pro-
survival protein MCL-1 [22]. Although many other immune
cell types require a basal level of MCL-1 expression for
their survival [23], Treg cells express relatively higher
amounts of MCL-1 than other T cell subsets [22], in part
controlled by IL-2R signaling [10, 22]. The first MCL-1
inhibitor, S63845, showed promising results in many pre-
clinical models of human cancers [24–26] and was assessed
to be safe and tolerable in a mouse model of humanized

Mcl-1 [27]. Recently, clinical trials have commenced for
several MCL-1 inhibitors, including S64315/MIK665
(a derivative of S63845 [24]), AMG 176, and AMG
397 (NCT0299248, NCT02675452 and NCT03465540,
respectively) in cancer [28]. An important consideration in
the deployment of MCL-1 inhibitors in the clinic is their
potential to inhibit the two distinct isoforms and functions
of MCL-1. One isoform is located at the OMM and restrains
BAX plus BAK and is thus required to inhibit apoptosis.
The other MCL-1 isoform is located at the inner mito-
chondrial membrane (IMM) and it was reported to be
essential for IMM structure and to play a role in metabolism
by impacting ATP production during oxidative phosphor-
ylation [29, 30]. Treg cells from mice express both of these
isoforms [22]. Although inhibiting the prosurvival form of
MCL-1 at the OMM is desirable for killing cancer cells,
there is evidence that the MCL-1 inhibitors, MIM-1 and
S63845, can also disrupt the IMM form of MCL-1 in human
stem cells [31, 32]. Hence, as MCL-1 inhibitors progress in
clinical development, it will be imperative to dissect the
relative importance of the two major functions of MCL-1 in
key cell types, such as lymphocytes, to understand the
potential impacts of MCL-1 inhibition and indications
beyond directly targeting cancer cells.

Here, we study MCL-1 function in Treg cells because
they are highly reliant upon MCL-1 and impaired survival
or metabolic function in Treg cells induces clear, fatal
immune outcomes in vivo [22, 33]. MCL-1-deficiency in
Treg cells resulted in fatal multiorgan immune pathology,
resembling that observed in the Foxp3-deficient scurfy
mutant mouse. This phenotype could be completely rescued
by the genetic deletion of proapoptotic Bak and Bax, indi-
cating that only the prosurvival function of MCL-1 is
essential for Treg cell homeostasis and immune tolerance.
MCL-1-deficient Treg cells rescued from apoptosis had
normal metabolic capacity. Furthermore, we demonstrate
that the inhibition of MCL-1 with S63845 did not perturb
the metabolic function of Treg cells rendered refractory to
apoptosis. These data suggest that MCL-1 inhibition could
be used to manipulate Treg cell survival for clinical benefit,
without impacting the metabolic fitness of the remaining
Treg cells or potentially other lymphocytes.

Results

Loss of MCL-1 in Treg cells drives a fatal multiorgan
autoimmune pathology that is rescued by BAK
deficiency

To determine the impact of MCL-1 loss on Treg cell
homeostasis, we intercrossed mice with floxed Mcl1
alleles (Mcl1fl/fl mice) [34] with another strain expressing
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the Cre-recombinase and a YFP reporter under the control
of the Treg-specific gene, Foxp3, (FoxP3Cre-IRES-YFP mice)
[35]. This intercross generated mice with Treg cell-specific
deletion of Mcl1 (hereafter referred to as Mcl1ΔFoxP3 mice).
We confirmed MCL-1-deficiency was specific to FOXP3+

cells by assaying the amount of MCL-1 protein by intra-
cellular flow cytometry in CD4+ FOXP3− conventional
T cells and CD4+ FOXP3+ Treg cells (Fig. 1a).

Accordingly, we observed a significantly lower fluores-
cence intensity of MCL-1 specifically in the Treg cell
population compared to CD4+ FOXP3− conventional
T cells (Fig. 1b) or Treg cells from MCL-1-sufficient mice
(not shown). Consistent with previous findings [22],
MCL-1-deficiency in Treg cells led to the development of a
lethal lympho-infiltrative disease, with a median survival
age of 76 days (Fig. 1c). The autoinflammatory phenotype

Fig. 1 Abrogation of BAK and BAX rescues the lethal autoin-
flammatory phenotype of Mcl1ΔFoxP3 mice. a Representative flow
cytometry histograms and b quantification of mean fluorescence
intensity of MCL-1 expression in splenic CD4+ T cells from
Mcl1ΔFoxP3Bak−/− mice detected by intracellular flow cytometry in
CD4 conventional T cells (CD4+ FOXP3−) and Treg cells (CD4+

FOXP3+). c Survival curve from birth to 125 days for wild-type,
Mcl1ΔFoxP3, BaxΔFoxP3Bak−/−, Mcl1ΔFoxP3BaxΔFoxP3Bak−/−, and
Mcl1ΔFoxP3Bak−/− mice. P value < 0.001 calculated by log-ranked
(Mantel–Cox) test. d Plasma IgE concentrations in 42–125 day old
Mcl1ΔFoxP3 mice (taken at time of euthanasia due to sickness) and 125-
day-old wild-type, Bak−/−BaxΔFoxP3, and Mcl1ΔFoxP3Bak−/−BaxΔFoxP3

counterparts. e Representation of hematoxylin and eosin stained

sections of lung, pancreas and salivary gland from 42–125-day-old
Mcl1ΔFoxP3 mice (taken at time of euthanasia due to sickness) and 125-
day-old wild-type, Bak−/−BaxΔFoxP3, and Mcl1ΔFoxP3Bak−/−BaxΔFoxP3

counterparts (Scale bar: 100 µm). Arrows indicate areas of lympho-
cytic infiltration. f Graph of lymphocytic infiltration score in the lung,
salivary gland, and pancreas in mice of the indicated genotypes. A
higher lymphocytic infiltration score denotes more severe infiltration
and organ destruction. Data in a and b are representative of two
independent experiments of 3–4 mice per experiment. Data in b are
presented as mean ± s.d. ****P= 0.0003 based on Welch’s t-test.
Data in d and f are presented as mean ± s.d. for 7–10 mice per gen-
otype. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 based on
Tukey’s multiple comparison test.
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observed in Mcl1ΔFoxP3 mice resembled that observed in
scurfy mice [36, 37], albeit with a slightly slower kinetics
(Fig. 1c). There was significant elevation of IgE in the sera
of Mcl1ΔFoxP3 compared to wild-type (WT) mice (Fig. 1d)
and histological analysis revealed severe lymphocytic
infiltration of a range of organs, including the lung, pan-
creas, and salivary glands (Fig. 1e, f); all hallmarks of the
multiorgan autoimmunity accompanying Treg cell defi-
ciency consistent with the early lethality inMcl1ΔFoxP3 mice.

To test whether abrogation of the BCL-2-regulated
pathway of apoptosis was sufficient to prevent disease in
Mcl1ΔFoxP3 mice, they were intercrossed with Baxfl/fl Bak−/−

[38] mice to create Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/− animals.
These mice survived to 125 days without any overt signs of
pathology (Fig. 1c). In addition, serum IgE and all histo-
logical parameters in these Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/−

mice were comparable to WT counterparts (Fig. 1d–f).
Three additional Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/− mice
were aged to 228 days and also survived free of disease.
Interestingly, the loss of BAK alone was sufficient to rescue
lethal autoinflammation in Mcl1ΔFoxP3 mice (Fig. 1c), con-
sistent with the predilection for MCL-1 to interact with this
apoptotic effector compared to BAX [39, 40]. These results
indicate that impairing BAK and to a lesser extent also
BAX-mediated apoptosis rescues the lethal autoimmunity
observed in Mcl1ΔFoxP3 mice.

Deletion of BAK and BAX in Mcl1ΔFoxP3 mice is
sufficient to restore Treg cells and immune
tolerance

BAK and BAX are essential for execution of the intrinsic
pathway of apoptosis but are not considered to play a role in
the reported metabolic function of MCL-1. Therefore, we
next assessed how concomitant loss of BAK and BAX
prevented disease in Mcl1ΔFoxP3 mice and whether Treg
cells rescued by prevention of apoptosis exhibited signs
of perturbed differentiation or phenotype suggestive
of impaired metabolism. Consistent with the kinetics of
Foxp3Cre-mediated deletion, Mcl1ΔFoxP3 mice generated
normal numbers of CD4+FOXP3+ Treg cells in the thymus
(Fig. 2a, b). As previously reported [22], BaxΔFoxP3 Bak−/−

mice have a significant proportional and numerical increase
in the thymic Treg compartment compared to WT controls
(Fig. 2a, b). This increase was maintained with concomitant
loss of Mcl1 in Treg cells (Fig. 2a, b), indicating that thymic
Treg cell maturation was normal or enhanced despite the
absence of MCL-1 as long as BAX and BAK were also
removed.

Treg cells in the peripheral lymphoid organs (spleen and
lymph nodes) were substantially diminished in Mcl1ΔFoxP3

mice compared to WT controls (Fig. 2c, d), consistent with
the notion that loss of this population led to loss of immune

tolerance and fatal autoimmunity [22]. BaxΔFoxP3 Bak−/−

mice had a greater proportion and number of Treg cells in
the periphery compared to WT controls (Fig. 2c, d). These
BAX/BAK double-deficient Treg cells had comparable
suppressive capacity to Treg cells from WT controls
(Supplementary Fig. S1A). The Treg population in
Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/− mice was expanded to the
same extent as in BaxΔFoxP3 Bak−/− controls (Fig. 2c, d),
indicating that loss of the downstream apoptotic effector
proteins completely rescued the death of MCL-1-deficient
Treg cells.

The activation of CD4+FOXP3− and CD8+ conven-
tional T cell populations inversely correlated with Treg
cell numbers. Mcl1ΔFoxP3 mice had an approximately
twofold to threefold increase in the proportion and num-
ber of activated CD44highCD62Llow cells compared to WT
mice (Fig. 3a, b), consistent with a severe defect in
immune tolerance. By contrast, CD4+FOXP3− and CD8+

cell activation in Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/− mice was
comparable to WT controls (Fig. 3a, b). These data indi-
cate that abrogation of BAK/BAX-mediated apoptosis is
sufficient to restore Treg cell homeostasis and immune
tolerance in the absence of the prosurvival protein, MCL-
1, at least until 228 days. Furthermore, MCL-1-deficient
Treg cells are capable of suppressing the activation of
autoreactive CD4+ and CD8+ cells to preserve immune
tolerance.

Neither genetic deletion of Mcl1 nor
pharmacological inhibition of MCL-1 affects Treg
cell metabolism

Deletion of Mcl1 has been reported to impair the metabolic
function in other cell types, such as cardiomyocytes and
stem cells [29–31]. Our data indicated that Mcl1-deficient
Treg cells rendered resistant to apoptosis due to the loss of
BAX and BAK had normal homeostasis and function.
However, since Treg cells also express the lower molecular
weight isoform of MCL-1 that localizes to the IMM [22] (as
do Treg cells from BaxΔFoxP3 Bak−/− mice, (Supplementary
Fig. S1B)), it was important to directly test their metabolic
capacity. Quantification of mitochondrial membrane
potential, using MitoTracker Orange staining, in Treg cells
from WT, BaxΔFoxP3 Bak−/−, and Mcl1ΔFoxP3 BaxΔFoxP3

Bak−/− mice was performed (the paucity of Treg cells in
Mcl1ΔFoxP3 mice precluded their analysis). We observed
somewhat reduced mitochondrial membrane potential in
Treg cells lacking BAX and BAK compared to WT Treg
cells (Fig. 4a). However, compared to BaxΔFoxP3 Bak−/−

controls, MCL-1 deficient BaxΔFoxP3 Bak−/− Treg cells did
not show substantial changes in MitoTracker Orange
staining, indicating that mitochondrial membrane potential
was comparable (Fig. 4a).
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For a more detailed analysis of Treg cell metabolic
capacity, these cells were purified from BaxΔFoxP3 Bak−/−

and Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/− mice and analyzed on

the Seahorse XF platform to detect changes in respiration
in MCL-1-deficient Treg cells. Since the numbers of Treg
cells that can be recovered from mice was limiting, we

Fig. 2 Concomitant loss of BAK and BAX prevents the depletion
of Treg cells caused by the deletion of MCL-1. a Representative
flow cytometry plots and b percentages from total CD4 cells (left) and
absolute numbers (right) of CD4+FOXP3+ cells in the thymus of
42–125-day-old Mcl1ΔFoxP3 mice (taken at time of euthanasia due
to sickness) and 125-day-old wild-type, Bak−/−BaxΔFoxP3, and
Mcl1ΔFoxP3Bak−/−BaxΔFoxP3 counterparts. c Representative flow cyto-
metry plots and d percentages from total CD4 cells (left) and absolute
numbers (right) of CD4+CD25+FOXP3+ cells in the spleen and lymph

nodes of 42–125-day-old Mcl1ΔFoxP3 mice (taken at time of severe
illness or sacrifice for healthy controls) and 125-day-old wild-type,
Bak−/−BaxΔFoxP3, and Mcl1ΔFoxP3Bak−/−BaxΔFoxP3 counterparts. Data
in a and c are representative of four independent experiments with 1–5
mice in each group. Numbers indicate percentages of cells within the
gate. Data in b and d are presented as mean ± s.d. for 8–20 mice per
genotype. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 based
on Tukey’s multiple comparison test.
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performed three independent experiments each with
technical replicates of 600,000 cells pooled from n= 2–5
mice per genotype. Representative data from one experi-
ment are shown in Fig. 4b–d with the other replicates
presented in Supplementary Fig. S2. Despite the reduction
in mitochondrial membrane potential detected with
MitoTracker Orange staining, Treg cells from BaxΔFoxP3

Bak−/− mice did not demonstrate gross defects in
respiration compared to those from WT mice across
multiple experiments (Fig. 4b, c; Supplementary

Fig. S2A, C). This finding is consistent with previous data
showing that BAX- and BAK-deficient MEF have normal
respiratory capacity [41] and our findings that Treg cells
from BaxΔFoxP3 Bak−/− mice retain normal functional
capacity (Supplementary Fig. S2A).

As MCL-1 was reported to be required for the oligo-
merization of the F1F0-ATP Synthase complex in some cell
types [29], we anticipated that Treg cells lacking MCL-1
would have impaired ATP production through mitochon-
drial oxidative phosphorylation. The oxygen consumption

Fig. 3 The lethal lymphocytic infiltrative disease observed in
Mcl1ΔFoxP3 mice is a consequence of a constitutively activated
immune state. a Representative flow cytometry plots of CD44 and
CD62L expression on CD4+FOXP3− and CD8+ cells from the spleens
of 42–125-day-old Mcl1ΔFoxP3 mice (taken at time of severe illness or
sacrifice in the case of healthy controls) and 125-day-old wild-type,
BaxΔFoxP3Bak−/−, and Mcl1ΔFoxP3BaxΔFoxP3Bak−/− counterparts.

Numbers indicate percentages of cells in each quadrant. Data in a are
representative of four independent experiments with 1–5 mice in each
group. b Percentages from total CD4 or CD8 cells (left) and absolute
numbers (right) of activated CD62LlowCD44hi CD4 and CD8 cells in
mice of the indicated genotypes. Data are presented as mean ± s.d.
for 8–20 mice per genotype. *P < 0.05, **P < 0.01, ***P < 0.005,
****P < 0.001 based on Tukey’s multiple comparison test.
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Fig. 4 MCL-1 deficient Treg cells do not have altered metabolic
capacity. a Representative mitochondrial membrane potential in wild-
type, Mcl1ΔFoxP3, BaxΔFoxP3Bak−/−, and Mcl1ΔFoxP3Bax ΔFoxP3Bak−/−

Treg cells (TCRβ+ CD4+ FOXP3+ lymphocytes), measured as accu-
mulation of MitoTracker Orange dye. Representative traces (b), and
calculated basal (c) and maximal (d) Oxygen Consumption Rate
(OCR) measurements performed on sorted YFP+CD4+CD25+ cells
from wild-type, BaxΔFoxP3Bak−/−, and Mcl1ΔFoxP3BaxΔFoxP3Bak−/−

mice at basal levels and after subsequent additions of the ATP syn-
thase inhibitor oligomycin, uncoupler FCCP, RC complex I inhibitor
rotenone and RC complex III inhibitor antimycin A (AA). Repre-
sentative traces (e), and calculated basal (f) and maximal (g) OCR and

measurements performed on sorted YFP+CD4+CD25+ cells from
Bak−/− or BaxΔFoxP3 Bak−/−chimeric mice treated with DMSO
(vehicle), 0.1 or 1 µM MCL-1 inhibitor S63845 at basal levels, and
after subsequent additions of the oligomycin, FCCP, rotenone, and
antimycin A. Data in a are representative of three independent
experiments with n= 2–5 mice per group. Data in b–d are presented
as mean ± s.d. and are representative of three independent experiments.
In each experiment, technical replicate wells of 600,000 cells pooled
from n= 2–5 mice were assessed. Data in e are a representative graph
from one experiment of two independent experiments. Data in f and
g are presented as mean ± s.d. of data pooled from two independent
experiments.
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rate (OCR) is a surrogate readout of mitochondrial
respiration. Basal respiration is calculated as the difference
between nonmitochondrial oxygen consumption (i.e. the
OCR following inhibition of the RC complex I and complex
III with the compounds rotenone and antimycin A,
respectively) and the initial OCR before the addition of
Oligomycin (Fig. 4b, c; Supplementary Fig. S2A, C). We
found that Treg cells from Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/−

mice had similar basal respiration as BaxΔFoxP3 Bak−/−

control Treg cells (Fig. 4b, c; Supplementary Fig. S2A, C).
Loss of IMM MCL-1 has also been reported to reduce
maximal respiration [29], which is calculated as the differ-
ence between the OCR following addition of the uncoupler
FCCP, and nonmitochondrial oxygen consumption (Fig. 4b,
d; Supplementary Fig. S2B, D). We observed no significant
differences in maximal respiration between Treg cells from
the Mcl1ΔFoxP3 BaxΔFoxP3 Bak−/− vs the control BaxΔFoxP3

Bak−/− Treg cells (Fig. 4b, d; Supplementary Fig. S2B, D).
These findings indicate that the genetic deletion of Mcl1
does not affect the metabolic function of Treg cells when
they are protected from apoptosis by the loss of BAX
and BAK.

Clinical trials of the MCL-1 inhibitor, S64315/MIK665
(a derivative of S63845), have commenced. Although it
has not been directly demonstrated that S63845 interacts
with the IMM isoform of MCL-1, it has been published
that it can disrupt interactions between MCL-1 and the
matrix-localized protein, OPA-1 [9]. Therefore, we next
tested whether S63845 had any direct or indirect effects
on metabolism in Treg cells incapable of undergoing
apoptosis due to the combined loss of BAX and BAK.
Treg cells were harvested from hematopoietic chimeras
reconstituted with bone marrow from Bak−/− or BaxΔFoxP3

Bak−/− mice (to obtain a sufficient number of cells) and
treated with doses of S63845 that were either suboptimal
(0.1 µM) or sufficient (1 µM) for induction of apoptosis in
WT Treg cells (Supplementary Fig. S3) or a vehicle
control and analyzed on the Seahorse XF platform
(Fig. 4e). Treatment with S63845 had no significant
impact on either basal (Fig. 4f) or maximal (Fig. 4g)
oxygen consumption. Therefore, the data from the genetic
and pharmacological inhibition collectively indicate that
MCL-1 is dispensable for Treg cell metabolism.

Discussion

As inhibitors of MCL-1 proceed to clinical testing, an
important consideration is how these compounds might
impact on the immune system. MCL-1 supports the survival
of many different immune cell types but may also fulfill
roles in mitochondrial dynamics and function in cells that
can withstand partial MCL-1 inhibition. Treg cells are

especially important in this context, given their heightened
homeostatic turnover and critical role in maintaining
immune tolerance. Here we report that only the anti-
apoptotic function but not the reported metabolic function
of MCL-1 is required for Treg cell homeostasis and sup-
pression of autoimmunity. MCL-1 deficiency in Treg cells
resulted in a lethal autoinflammatory phenotype in mice that
was wholly rescued by the concomitant deletion of the
apoptotic “effector” proteins BAK and BAX to at least
228 days of age. Furthermore, in contrast to other cell types,
genetic deletion or pharmacological inhibition of MCL-1
did not alter cellular metabolism in Treg cells that were
protected from apoptosis by the combined absence of BAX
and BAK.

These data are in accord with previous studies showing a
key role for MCL-1 in preventing BAX/BAK-mediated
apoptosis in cardiomyocytes and activated T cells [30, 42].
However, although the IMM isoform of MCL-1 was
reported to also have a role in cardiomyocyte metabolism
[30] and in maintaining the integrity of the mitochondrial
matrix in stem cells [31], our results suggest it is dis-
pensable for these roles in Treg cells. These results would
appear to be somewhat counterintuitive, as Treg cells have a
greater reliance on oxidative phosphorylation for their ATP
production and function than conventional T cells [43, 44].
However, another BCL-2 family member BCL-XL, has also
been reported to have a similar role in mitochondrial inner
matrix stabilization and a bioenergetic role in oxidative
phosphorylation [45]. It is possible that there is a coop-
erating or overlapping role of these proteins in cell meta-
bolism that allows Treg cells to overcome the loss or
inhibition of MCL-1. Alternatively, it may be the case that,
as with cell type specific preferences for one prosurvival
BCL-2 family member over others in inhibiting apoptosis,
either BCL-XL or MCL-1 may have precedence over the
other in maintaining the metabolic function in different cell
types. Yet another possibility is that neither MCL-1 nor
BCL-XL is required to serve a role in the metabolic fitness
of Treg cells. These considerations highlight the need to
better understand the molecular mechanisms by which
BCL-2 family members impact on mitochondrial dynamics
and function.

It is important to consider that all the experiments
reported here were carried out under steady state conditions.
In manipulating Treg cell populations for therapeutic utility,
there may be different requirements for the inner mito-
chondrial matrix isoform of MCL-1 in conditions where the
external environment may impact Treg cell metabolism and
function, such as infection states or the tumor micro-
environment [46, 47]. For example, Hypoxia inducible
factor 1 alpha and mammalian target of rapamycin complex
1 are upregulated in Treg cells in the tumor microenviron-
ment or infection settings, respectively. Both of these
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factors can induce different metabolic states in Treg cells
[33, 48–50] that may change their requirement for IMM
MCL-1.

Nevertheless, our data from genetic and pharmacological
models indicate that MCL-1 is not required for mitochon-
drial metabolism in Treg cells but functions only to antag-
onize the intrinsic pathway of apoptosis. These findings
highlight context-specific requirements for MCL-1 among
cell types and have bearing on the clinical use of inhibitors
of MCL-1 for cancer treatment or manipulation of Treg
cells in other diseases.

Methods and materials

Mice

Mcl1ΔFoxP3, BaxΔFoxP3Bak−/−, Mcl1ΔFoxP3Bak−/−, and
Mcl1ΔFoxP3BaxΔFoxP3Bak−/− mice were generated on, or
backcrossed greater than ten times onto, the C57BL/6
background. All mice were housed at The Walter and Eliza
Hall Institute of Medical Research (WEHI) under specific
pathogen-free conditions, and experiments were carried out
in accordance with the Animal Ethics Committee guidelines
of the Melbourne Research Directorate. For experimenta-
tion, both female and male mice were used and mice of each
genotype were randomized into groups. Disease develop-
ment was monitored by frequent observation and post-
mortem analysis. Cohorts of mice for the survival test were
removed from the study at death, when mice lost more than
10% of peak body weight or when veterinary advice indi-
cated likely death within 48 h. The animal technicians
assessing the welfare of the mice were blinded to the
expected outcomes.

Flow cytometry

Single-cell suspensions of organs were stained with
fluorochrome- or biotin-conjugated antibodies (produced
by BioLegend except where indicated) specific for the
following proteins: CD4 (clone GK1.5), CD8 (clone 53-
6.7), CD25 (clone PC61.5), TCRβ (clone H57-597),
CD44 (clone IM7), CD62L (clone MEL-14), FOXP3
(eBiosciences, clone FJK-16), and MCL-1 (Produced in
house at WEHI, clone 19c4-15). Intracellular staining for
FOXP3 and MCL-1 was performed after fixation and
permeabilization using the eBiosciences FOXP3 staining
kit. Sample data were acquired on an LSRII or Fortessa
flow cytometer (BD Biosciences) and analyzed using
FlowJo software (TreeStar). Mitochondrial membrane
potential was assessed by labeling with 100 nM Mito-
Tracker Orange CMTMRos for 20 min at 37 °C prior to
addition of surface stains.

IgE ELISA

Serum IgE concentrations were determined by ELISA using
sheep anti-mouse Ig antibodies (Silenus Laboratories) as a
capture reagent, and developed with mouse IgE-specific
goat antibodies that had been conjugated with horseradish
peroxidase (Southern Biotechnology).

Histology

Tissues were fixed in formalin, embedded, sectioned, and
stained with hematoxylin and eosin. Leukocyte infiltration
was scored as 0, 1, 2, 3, 4, and 5 indicating none, trace,
mild, moderate, severe, or extremely severe lymphocytic
infiltration and tissue destruction, respectively [51]. The
organs analyzed included the eyes, salivary glands, testes or
ovaries, stomach, intestines, pancreas, kidney, liver, and
lungs. Slides were imaged under the Nikon 90i Upright/
Widefield research microscope and scored by a reviewer
blinded to the mouse identity and genotype.

Hematopoietic reconstitution

For generation of hematopoietic chimaeras, adult C57BL/6.
CD45.1 mice were irradiated with two doses of 5.5 Gy 3 h
apart and reconstituted by intravenous injection of 2 × 106

bone marrow cells. Mice received 100 µg of THY1 mAb
(clone T24) by the intraperitoneal route 24 h following
injection of BM cells to eliminate residual donor T cells and
mice were then left for 8 weeks prior to analysis.

Bioenergetic analysis

All bioenergetics and mitochondrial function analyses were
performed using the Seahorse XF96 Extracellular Flux
Analyser (Seahorse Bioscience). Sorted Treg cells were
seeded into a CellTek (Corning) coated 96-well Seahorse
plate in Seahorse XF assay media (pH 7.4; Agilent) sup-
plemented with 5 mM D-Glucose (Ajax Finechem), 1 mM
Sodium Pyruvate (Gibco), and 2 mM L-Glutamine (Gibco)
at a density of 6 × 105 cells/well. The OCR was measured
sequentially after the addition of S63845 (Active Biochem),
1 μM oligomycin (Agilent), 1 μM FCCP (Agilent), and 0.5
μM rotenone and antimycin A (Agilent).

In vitro apoptosis assays

Mouse spleen cells were cultured at 37 °C in 10% CO2 for
48 h in RPMI-1640 media supplemented with 10% Foetal
Calf Serum (Sigma) in the presence of varying concentra-
tions of the MCL-1 inhibitor S63845 (Active Biochem) or
dimethyl sulfoxide (Sigma) vehicle control. Cell viability
was assayed using the LIVE/DEAD fixable green dead cell
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stain kit (Invitrogen). Treg cells were identified with
fluorochrome-conjugated antibodies (produced by BioLe-
gend except where indicated) specific for the following
proteins: CD4 (clone GK1.5), CD25 (clone PC61.5), CD3
(clone 17A2), and FOXP3 (eBiosciences, clone FJK-16).
Intracellular staining for FOXP3 was performed after fixa-
tion and permeabilization using the eBiosciences
FOXP3 staining kit. Sample data were acquired on a For-
tessa flow cytometer (BD Biosciences) and analyzed using
FlowJo software (TreeStar).

In vitro Treg cell suppression assays

Splenic CD4+CD25+ Treg cells were FACS purified from
WT control or BaxΔFoxP3 Bak−/− mice. CD4+CD25− con-
ventional T cells from WT control mice were FACS pur-
ified as responder cells and labeled with 5 µM Cell Trace
Violet (Life Technology). Antigen presenting cells (APCs)
were splenocytes from WT mice irradiated with 30 Gy.
Responder cells (1 × 104), APCs (4 × 104), and different
concentrations of Treg cells (1:1–1:10 Treg:Tconv ratio,
1 × 104—1000 Tregs) were activated with 0.5 µg/mL anti-
CD3 antibody in a 96-well round bottomed plate. Cells
were acquired by BD Fortessa, and the division index of
responder cells was analyzed using FlowJo based on the
dilution of Cell Trace Violet.

Western blotting

Splenic CD4+CD25+YFP+ Treg cells and CD4+CD25−

YFP− conventional T cells were sorted, washed in PBS and
resuspended in reducing SDS-PAGE sample buffer. Sam-
ples were electrophoresed on a 12% Tris–glycine gel
(BioRad) and transferred to a PVDF membrane (BioRad).
Membranes were blocked in 5% (w/v) low fat milk in TBS-
Tween and probed with anti-MCL-1 antibody (Cat #600-
401-394, Rockland, Gilbertsville, PA) followed by anti-
rabbit IgG secondary antibody conjugated to horseradish
peroxidase (Southern Biotech, Birmingham, AL). Blots
were developed with Immobilon chemiluminescent sub-
strate (Merck Millipore) and images were captured using a
BioRad Chemidoc gel imaging system.

Statistical analysis

GraphPad Prism 7.0 software was used for statistical ana-
lysis. Statistical comparisons between two groups were
made using the Welch t-test. Statistical comparisons
between multiple groups were made using one-way
ANOVA with a Tukey’s post hoc test for multiple com-
parisons. Survival comparisons of mouse genotypes were
calculated using the log-ranked (Mantel–Cox) analysis.
Differences were considered significant where the P value

fell below 0.05 and were classified as follows: *P < 0.05,
**P < 0.01, ***P < 0.005, ****P < 0.001, P > 0.05 ns (not
significant).
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