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Abstract 
In the immune system, many immune checkpoints exist to prevent self-antigens from 

causing harm. Autoimmune disease arises in people that have defects in these critical 

checkpoints, despite complete defects in such mechanisms however, the latent phase 

that can be years to develop reveals the complex nature of immunological tolerance. 

The latency has been taken as evidence that defects must occur in several immune 

checkpoints, and studies in mice have confirmed that this is the case. 

The progression of cancer has also been shown to develop due to progressive defects 

in common immune checkpoints that are linked to autoimmune disease. Lymphoma 

develops in a latent nature, commonly due to accumulating somatic mutations in clones 

that bypass growth control mechanisms. This growth control ‘checkpoint’ that results in 

lymphoma, is also bypassed by autoreactive self-antigens that cause autoimmune 

disease; highlighting the common checkpoints that exist in the prevention of these two 

diseases. The similar stochastic nature of both cancer and autoimmune disease onset, 

has led us to investigate the stepwise defects that are required to cause both diseases. 

Advancing our understanding of immunology and autoimmunity, have led to considerable 

advances in the treatment of cancers with immunotherapy. It is now widely accepted that 

treating certain cancers with antibodies that target the negative regulators of the immune 

system in an attempt to ‘waken up’ the immune system is a new era to the way we view 

treatments. Inevitably through the manipulation of the immune system to treat cancer, 

these immune tolerance processes targeted will result in unfavorable immune pathology. 

Therefore a better understanding of the roles that these immune checkpoints play in both 

tolerance and cancer will help in the design of less toxic treatments. 



This thesis examines parallels in the processes governing the development of 

lymphocytes that escape quality control mechanisms and cause autoimmune disease or 

lymphoid cancer. We define common cellular and molecular checkpoints that can be 

subverted in autoimmunity and cancer. These studies highlight the importance of immune 

tolerance checkpoints in preventing disease progression, and offer new therapeutic 

targets in these pathologies.
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Chapter One: Introduction 

The immune system protects the body from invading pathogens and cancers. The 

various cell populations that compose the immune system are all subject to 

homeostatic control. Most mature circulating leukocytes are non-dividing, while 

their progenitors in the bone marrow and thymus are generally rapidly dividing. 

The production of new cells is counterbalanced by programmed cell death 

mechanisms that remove useless or dangerous cells. Proper regulation of the 

processes of proliferation, differentiation and programmed cell death in various 

immune cell subsets is crucial for health. Defects in these processes can cause 

leukaemia/lymphoma or autoimmune disease. This thesis explores the molecular 

control of these processes and how defects in these mechanisms cause disease 

in the context of the T lymphoid lineage. The central theme to emerge is how the 

integration of multiple molecular and cellular checkpoints regulate critical decision 

points in T cell differentiation, to safeguard against the development of fatal 

autoimmune diseases and malignancy. 

1.1 Primary lymphoid organs 
The lymphoid organs are central components of the mammalian immune system 

that regulate lymphocyte development and immune responses. Primary lymphoid 

organs are responsible for the development of lymphocytes and secondary 

lymphoid organs support lymphocyte maturation, survival and activation (Xing and 

Hogquist, 2012). Primary lymphoid organs provide suitable stromal niches required 

for the development of lymphoid cells and facilitate series of ‘quality control’ or 

‘selection’ mechanisms that enable highly precise immune responses that are 

tailored to particular pathogens. The bone marrow is the primary lymphoid organ 

where haematopoietic stem cells reside and forms the site for the development of 

B cells. The bone marrow supports specification to the B cell lineage and, following 

extensive proliferation and quality control steps, to give rise to mature B cells. 

Lymphoid primed multipotent progenitors (LMPPs) in the bone marrow can also 



18 

give rise to other haematopoietic lineages such as macrophages, dendritic cells, 

NK cells and T cells (Li et al., 2010). 

1.1.1 Thymus 

The other primary lymphoid organ is the thymus, an organ that is solely dedicated 

to the differentiation of progenitors into T cells (Foss et al., 2001) The thymus 
facilitates commitment of progenitors from the bone marrow to the T-cell lineage 

and guides proliferation, selection, maturation and export of mature self- tolerant 
T cells (Miller, 2002).The thymus is composed of two major anatomical regions, 

an outer cortex region and an inner medulla region which orchestrate different 
selection processes during T cell differentiation that culminate in the export of 
mature of CD4+ and CD8+ T cells into the periphery. The cortex is composed of a 

loose network of cortical thymic epithelial cells (cTECS) that is densely packed 
with immature thymocytes and is where the early stages of thymocyte 

differentiation and TCR gene rearrangement occurs (Petrie, 2003). As T cell 
differentiation proceeds, immature thymocytes migrate to the medulla which is 
composed of medullary thymic epithelial cells (mTECS) and dendritic cells. These 

stages of maturation within the thymus are accompanied by bursts of proliferation 
and differentiation, with the central determinant of thymocyte fate being the 

specificity of the randomly generated TCR. This receptor is stringently tested for 
reactivity to self-MHC and self-peptides so that only mature, useful and safe T 

cells are exported to the periphery. Thymic stromal cells (TECS) play critical roles 
throughout the different stages of T cell development and selection, beginning with 
progenitor thymic epithelial cells (pTECS) that attract lymphoid progenitors into 

the thymus (Xing and Hogquist, 2012). TECs facilitate various processes of T 
differentiation such as commitment to the T cell lineage, successful rearrangement 

of TCR chains and both negative and positive selection processes in the thymus 
(Figure 1.1). 

1.1.2 Peripheral lymphoid organs 

The primary lymphoid organs are critical for the generation of functionally mature 
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T cells and it is estimated that 1-2x106 cells are exported from the thymus (of mice) 
and recirculate through the blood to seed secondary lymphoid organs where they 
exert their immunogenic function. The secondary lymphoid organs include the 

spleen, lymph nodes and mucosal-associated lymphoid tissues, which potentiate 
responses to antigens that are present in tissues. These structures are composed 

of stromal cells, macrophages and DCs that organize and present antigens to 
numerous T and B cells. The secondary lymphoid organ stroma forms various 
networks (both structural and chemotactic) that direct the patrol of lymphocytes to 

constantly sample for danger. Peripheral lymphoid tissues also play an important 
role in immunological tolerance, as it is here that naïve lymphocytes decide 

whether to become activated, anergic or deleted in response to cognate antigen. 
These outcomes are dependent on factors including the context of antigen, co- 

stimulation, and other cellular interactions. 

1.2 Commitment and selection processes within 
the thymus 

1.2.1 T cell differentiation overview 

CD4+ and CD8+ mature T lymphocytes arise from circulating bone-marrow derived 

progenitors that seed the thymus (Foss et al., 2001). Thymic colonisation by early 

thymic progenitors (ETP) involves the chemokine receptors CCR9, CCR7, and 

PSGL-1 (a ligand for P-selectin expressed on thymic epithelium) that enter the 

cortico-medullary region of the thymus and migrate to the outer cortex where T 

cell development commences with commitment to the T-cell lineage. 

Loss of multipotency and subsequent T cell commitment occurs in thymocytes, 

that do not express the co-receptors CD4 or CD8; so-called ‘double negative’ 

(DN) thymocytes. DN thymocytes comprise approximately 2% of the cells in the 

thymus and can be further subdivided into four sequential phenotypic stages on 

the basis of surface expression of CD44 and CD25, with expression of both an 

indicator of relative maturation: DN1 (CD44+CD25-); DN2 (CD44+ CD25+); DN3 
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(CD44-CD25+) and; DN4 (CD44-CD25-) (Scollay et al., 1980; Sinclair et al., 2013; 

Xing and Hogquist, 2012., Scollay and Shortman, 1985). Commitment to the T- 

cell lineage is the first critical checkpoint during the development of T cells and 

will be discussed in more detail below. The DN4 population, in turn, gives rise to 

thymocytes that express both co-receptors CD4 and CD8, termed double 

positive (DP) cells, which constitute close to 80-85% (Huesmann et al., 1991; 

Merkenschlager et al., 1997) of total thymic cellularity. Due to strict selection 

processes only a small fraction of DP thymcoytes survive thymic processes and 

mature into either CD4 single positive (SP) or CD8 SP thymocytes (10- 15%) 

(Huesmann et al., 1991; Sinclair et al., 2013; Thomas-Vaslin et al., 2008) which 

reside in the medulla for 4-5 days before export into the periphery. The dramatic 

loss in thymcoytes that are exported suggests the majority of cells do not survive 

selection processes within the thymus. Various experimental systems have been 

used to determine the dynamics of thymocyte development including intrathymic 

injections of dyes (Egerton et al., 1990; Itano and Robey, 2000; Scollay and 

Weissman, 1980; Scollay et al., 1980), Green -Fluorescent Protein (GFP) 

reporter mice (McCaughtry et al., 2007), cell transfers (Quackenbush and 

Shields, 1988), inducible TCR signaling (McCaughtry et al., 2007; Sinclair et al., 

2013); which have produced some unified findings over several quantitative 

aspects of development but inevitably also produced some inconsistencies. Due 

to the varying results from these different methods, percentages of the relevant 

populations mentioned above are broad (Yates, 2014). 

1.2.2 Commitment to the T-cell lineage 

T cell differentiation begins with commitment to the T-cell lineage, an event 

driven by the transcription factor Notch 1 (Li et al., 2010). Notch 1 is a positive 

regulator of the T-cell lineage that is required for the commitment of 

hematopoietic progenitors to the T-cell lineage and sustains the T-cell lineage 

program through the early stages of T-cell differentiation (Rothenberg et al., 

2008). Notch 1 provides a key regulatory signal that results in the loss of B cell 

differentiation and is involved in progression from ETP. The dependency on 

Notch signalling for further differentiation declines as cells develop into DN3 
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cells after TCRb chain selection has occurred (Krueger and von Boehmer, 

2007; Rothenberg et al., 2008; Sambandam et al., 2005; Schmitt et al., 2004; 

Tan et al., 2005; Wolfer et al., 2002). Activation of Notch occurs through ligation 

of its ligand Delta-like 4 (DL-4) expressed on thymic stroma. 

Dysregulation/activating mutations in Notch 1 are found in 50% of human T 

cell acute lymphoblastic leukemia (T-ALL), an aggressive form of cancer that 

tends to affect children and adolescents (Weng et al., 2004). 

The high frequency of Notch1 mutations in T-ALL is attributed to the requirement 

for Notch1 signals during several stages of normal early T cell development. Other 

transcription factors that co-operate in T cell differentiation include RBP which is 

activated by Notch (RBP-deficiency results in no T cell development) (Maillard et 

al., 2005; Tanigaki and Honjo, 2007), GATA3 (deficiency results in no DN 

cells)(Ho and Pai, 2007; Taghon et al., 2007), TCF1 (deficiency results in loss of 

DN2 and DP, defective TCR b-selection) (Schilham et al., 1998; Weerkamp et al., 

2006), Ikaros (deficiency results in no fetal T-cell development, reduced activity 

causes T-ALL) (Yoshida et al., 2006), RUNX1 (deficiency results in early stem-

cell defects, block of DN3 cells) (Growney et al., 2005; Talebian et al., 2007) and 

PU.1 (deficiency results in no T cell development )(Dakic et al., 2005; Franco et 

al., 2006; Iwasaki et al., 2005; Laiosa et al., 2006a; Laiosa et al., 2006b). 

In addition to Notch ligands, the thymic epithelium produces other cytokines such 

as KIT ligand (stem-cell factor (SCF)) and interleukin 7 (IL-7) which are both critical 

for sustaining the proliferation of early thymocytes (Franco et al., 2006; Li et al., 

2010; Rothenberg et al., 2008), deficiency in IL-7 resulting in T and B cell 

development (Akashi et al., 1997). The thymus microenvironment can support the 

generation of various T cells as well as non-T cell populations including ɣ/δ T cells, 

naïve CD4 and CD8 α/β T cells, NKT cells, Tregs, IEL progenitors and ILCs, MAIT, 

DCs and B cells respectively (Ardavin et al., 1993; Benlagha et al., 2002; Ikawa et 

al., 1999; Moore and Zlotnik, 1995; Pellicci et al., 2002; Petrie, 2003; Radtke et 

al., 1999). As this thesis focuses on diseases that result from dysregulated T cells, 

I will focus on the development of T cells. 
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1.3 The divergence of αβ and Ɣδ lineages 

Rearrangement of the TCRchain is a critical checkpoint in T cell development as 

it acts as prerequisite for the development of αβ-T cells. The rearrangement of the 

TCRβ, TCRƔ, and TCRδ chains commences at the DN2 stage and is completed 

by the DN3 stage of development (Carpenter and Bosselut, 2010). Thymocytes 

that have rearranged functional TCRδƔ receptors diverge at this stage of 

differentiation, maturing into CD4-CD8-δƔT cells that are exported into the 

periphery to serve functions that remain unclear, predominantly at mucosal 

surfaces (Pellicci et al., 2002; Petrie, 2003). However, the majority of thymocytes 

differentiate into ab-T cells, and to achieve this they must produce a functional 

TCRb chain. As this TCR gene recombination is a random process, many 

rearrangements do not produce genes encoding functional proteins and such 

thymocytes that fail to produce a functional TCR chain cannot mature any further 

and die by apoptosis. This checkpoint is referred to as b selection. 

1.3.1 Beta selection 

The process initiated by expression of a function TCRβ chain is referred to as b 

selection and involves pairing of the TCRβ chain with the invariant pre-Tα chain, 

forming the pre-TCR complex. This complex provides signals necessary for 

survival and progression to the DN4 and DP stages. Beta selection involves a 

large burst of proliferation (approximately 5 rounds) and accounts for 98% of all 

thymocyte proliferation (Krueger et al., 2017). It is thought that this expansion 

maximises the use of productively rearranged TCRβ chains, since their pairing 

with TCRα creates a diverse and distinct repertoire of differing antigen 

specificities. TCRα gene rearrangement commences in proliferating DN4 

thymcoytes and continues in the non-dividing DP population. 

1.4 Thymic positive and negative selection 
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The large proliferative burst that occurs just prior to the DP stage of thymcoyte 

differentiation is subject to key quality control mechanisms that ensure the 

production of mature conventional CD4 and CD8 T cells. The conceptual 

framework in the field is that these selection processes retain potentially useful T 

cells that have a TCR capable of interacting with self-MHC (positive selection), 

while removing thymocytes with too high self-reactivity, that otherwise may pose 

the threat of autoimmune disease (negative selection). These outcomes are 

primarily dependent on the TCR signal strength. Positive selection represents the 

provision of survival signals that rescue DP thymocytes from programmed cell 

death (termed “death by neglect”) and allow their differentiation and migration into 

the thymic medulla. By contrast, negative selection includes a variety of 

mechanisms including apoptotic ‘deletion’ that eliminates of self-reactive 

thymocytes, functional inactivation via anergy or the differentiation of autoreactive 

cells into a range of alternate T cell types with regulatory functions (e.g. FOXP3+

regulatory cells) referred to as ‘agonist selection’. The sequence and spatial 

location of these selection events are shown in Figure 1.1. 

1.4.1 Death by Neglect 

The majority of DP thymocytes (approximately 90% of all thymocytes) express a 

TCR that does not interact with self-peptide/MHC complexes and therefore, die 

‘by neglect’ as the result of failing to receive a TCR signal (Yates, 2014). Most DP 

thymocytes survive for three days, during which time they audition for positive 

selection on self-peptide/MHC complexes presented on cTECs (Daley et al., 

2017). The TCR alpha chain can undergo multiple rearrangements that increases 

the likelihood of rearranging a successful TCRab- chain that will be positively 

selected. However, if these cells cannot produce a TCRab capable of interacting 

with self-peptide/MHC complexes they will undergo ‘death by neglect’. This cell 

death of DP thymocytes bearing useless TCRs is mediated by the intrinsic (or 

BCL-2-regulated, or mitochondrial) pathway of apoptosis (reviewed in detail later). 

1.4.2 Positive Selection 



24 

A small proportion of DP thymocytes (5-15%) express TCRs with significant, 

though weak, reactivity for self-peptide/MHC ligands and receive a low-level TCR 

signal (Sinclair et al., 2013; Sprent and Surh, 2002; Xing and Hogquist, 2012). 

These cells are ‘positively selected’ and upregulate pro-survival protein BCL-2 and 

progress to mature CD4+ or CD8+ SP cells. Coincident with the generation of SP 

cells in the thymus is the upregulation of chemokine receptor CCR7 to allow 

migration to the medulla to complete stages of T cell differentiation and export into 

the periphery (Kurobe et al., 2006). 

1.4.3 Clonal Deletion 

A further sub set of DP thymocytes (closer to 5%) has strong reactivity for self- 

peptide/MHC ligands and therefore pose the risk of autoimmunity. Therefore, these 

cells receive a strong TCR signal and undergo ‘negative selection’ inducing in a 

series of potential of fates including anergy, deletion or diversion. Clonal deletion 

of self-antigen reactive T lymphocytes was one of the first mechanisms proposed 

and experimentally demonstrated (Burnet, 1970a; Goodnow, 1992; Kappler et al., 

1987). This process imposes tolerance during T cell differentiation in the thymus 

by expunging autoreactive cells from the repertoire by the induction of apoptotic 

cell death. The importance of the intrinsic pathway of apoptosis in thymocyte 

deletion was highlighted by genetic studies in which mice with partial or complete 

defects in the intrinsic pathway of apoptosis display gross abnormalities in 

thymocyte differentiation processes (Bouillet et al., 1999). 

The pro-apoptotic BH3-only proteins BIM, and to a lesser extent PUMA, are 

essential for the deletion of auto-reactive thymocytes (Bouillet et al., 2002; Gray 

et al., 2012). BIM is a pro-apoptotic member of the BCL-2 family that initiates cell 

death by the intrinsic apoptotic pathway (Figure1.2. Genetic ablation of Bim in 

mice revealed impaired deletion of thymocytes reactive for superantigens, tissue 

specific antigens and ubiquitous self-antigens (Bouillet et al., 2002; Hu et al., 

2009; Kovalovsky et al., 2010; Moran et al., 2011; Villunger et al., 2004). BIM acts 

in a dose dependent manner, as heterogygous mice displayed an intermediate 

defect in deletion of autoreactive thymocytes (Bouillet et al., 1999). However, 
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although BIM-deficient mice succumb to severe systemic lupus erythematosus 

(SLE) like autoimmune disease when kept on a mixed C57BL/6x129SV 

background (Bouillet et al., 1999), on a pure C57BL/6 background mice lacking 

BIM, and even those lacking both BIM and PUMA (a related pro-apoptotic BH3-

only protein), only developed relatively mild autoimmune disease (Gray et al., 

2012). 

1.4.4 Clonal diversion and regulatory T cell differentiation: 

Although the process of clonal deletion appears to be highly effective at eliminating 

self-reactive T cells, in some cases deletion can be avoided. Clonal diversion is 

another process that operates in the thymus that drives self-reactive clones to 

develop into other T cell lineages, such as FOXP3+ T regulatory (Treg) cells, which 

attain suppressive ability. Studies have shown in transgenic mice that a self- 

reactive TCR specificity is required for the instruction of Treg cell differentiation in 

the thymus (Bautista et al., 2009; Leung et al., 2009). Treg cells are a specialized 

subsetof CD4+ T cells play an indispensable role in maintaining tolerance to self- 

antigens (Bennett and Ochs, 2001; Brunkow et al., 2001; Fontenot et al., 2003; 

Hori et al., 2003). The primary function of Treg cells is to exert dominant tolerance 

on naïve T cells by suppressing their activation and that of effector cells 

(Josefowicz et al., 2012; Sakaguchi et al., 2008; Xing and Hogquist, 2012). Treg 

cells compromise approximately 10% of the CD4+ lymphoid compartment, and are 

characterized expression of transcription factor FOXP3, which is required for the 

development of Treg cells and the maintenance of suppressive function in mice 

(Hori et al., 2003; Sakaguchi et al., 2008). Humans with mutations in Foxp3 

develop a severe multi-organ autoimmune disease called IPEX (immune- 

dysregulation, polyendocrinopathy, X-linked) syndrome (Bennett and Ochs, 2001). 

Recognition of self-reactive TCR ligands in the thymus appears to be a key event 

to initiate the Treg cell developmental program. The scurfy mutant mouse   which 

lacks FOXP3 similarly develops a fatal autoimmune syndrome (Brunkow et al., 

2001). Treg cells are required throughout the life, as targeted deletion of FOXP3+

Treg cells in adult mice resulted in fatal autoimmunity, reinforcing the critical role 

of Treg cells in preventing autoimmunity and maintaining tolerance throughout life. 
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In addition to the production of Treg cells in the thymus, conventional CD4+ Foxp3-

T cells can differentiate in the periphery to express FOXP3; these are termed 

induced Tregs (iTregs) (Bilate and Lafaille, 2012; Weiss et al., 2012). The 

development of iTregs with suppressive ability has been documented in 

tolerogenic scenarios and in inflammatory settings. 

Whilst TCR engagement is essential for both clonal deletion and FOXP3 induction 

during thymic differentiation, it has been proposed that TCRs with stronger signals 

lead to deletion and slightly weaker signals lead to diversion (Moran et al., 2011). 

In addition to TCR, CD28 co-stimulation signals have an essential cell-intrinsic role 

in reducing Treg cells, and IL-2 is a well-known cytokine required for their survival 

(Lio and Hsieh, 2008; Tai et al., 2005; Vang et al., 2008) (Burchill et      al., 2008). 

Nevertheless, precisely how the TCR signals that direct apoptotic deletion or Treg 

cell differentiation are distinct, remains unclear. 

1.4.5 The breadth of thymic negative selection 

How does the thymus, a lymphoid organ, impose tolerance to non-lymphoid self- 

antigens in peripheral organs? Until 20 years ago, this had been an outstanding 

question in the immunology field. The transcriptional regulator, AIRE, has a 

crucial role in promoting self-tolerance in the thymus by orchestrating th 

expression of a wide array of self-antigens that have commonality of being tissue-

restricted in their expression in the periphery (Anderson and Su, 2016). AIRE was 

discovered through loss of function mutations in this gene in humans, which lead 

to autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED) 

syndrome; also referred to as a syndrome autoimmune polyendocrinopathy 

syndrome 1 (APS1). APECED is a monogenic autosomal recessive disease 

characterised by three pathological features: chronic mucocutaneous candidiasis, 

hypoparathyrodism, and adrenal insufficiency (Heino et al., 1999; Laan et al., 

2009). Patients with this disease also develop a range of autoimmune diseases 

including Type 1 diabetes, thyroiditis, and circulating autoantibodies that mainly 

target endocrine glands. AIRE deficiency in mice results also in multi-organ 

autoimmune disease and displays some features of human APECED, with 
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severity of disease and organs affected dependent on the genetic background 

(Heino et al., 1999; Nagamine et al., 1997). The generation of AIRE-deficient mice 

directly revealed its role in inducing ectopic expression of genes encoding PTAs 

by TECS (Anderson et al., 2002; Ramsey et al., 2002b). The expression of PTAs 

is a critical part of thymic negative selection, facilitating the elimination (deletion) 

of thymocytes bearing TCRs that interact with peripheral antigens with high 

affinity (Anderson and Su, 2016; Jiang et al., 2005; Ramsey et al., 2002b). The 

large repertoire of peptides derived from these antigens are loaded onto MHC 

molecules for the presentation by mTECS which then induce negative selection. 

The PTA-reactive thymcoytes are then instructed to undergo apoptosis, mediated 

by pro-apoptotic proteins BIM and PUMA in the thymus (Gray et al., 2012). More 

recently, AIRE has been shown to play a role in thymic positive selection of 

FOXP3+ Treg cells, with studies showing that AIRE-deficient mice have a defect 

in the neonatal outputof thymic-derived, PTA-reactive Treg cells(Anderson and 

Su, 2016; Yang et al., 2015). 

1.5 Spatial, temporal and numerical features of 
thymic T cell differentiation. 
T cell differentiation within the thymus is directed by a migration behavior guided 

by the expression of chemokines and/or integrin ligands (Petrie, 2003). New 

progenitors are periodically recruited from the blood and enter the thymus from 

post-capillary venules in the peri-medullary cortex. This is followed by the 

asynchronous movement of DN cells outward into the cortex, progressively 

differentiating through the DN2 and DN3 stages before accumulating in the 

subcapsular region of the thymus (Carpenter and Bosselut, 2010). The transition 

to the SP stage correlates with a reversal in the polarity of the migration back into 

the cortex, and cells that have been ‘positively selected’ and are therefore granted 

access to the medulla where they complete maturation. Mature T cells are then 

guided by the expression of chemokine receptors to leave the thymus (Petrie, 

2003). 

Establishing the precise timing and spatial location of thymocyte differentiation has 
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been a challenge, and still have not been completely defined in certain areas (an 

overview is provided in Figure 1.3). It is estimated that the thymus contains 

approximately 160 niches that support thymus seeding progenitors 

(TSPs)(Krueger et al., 2017). Studies have shown that these thymic progenitor 

niches open periodically at 3-4 week intervals, consisting of a receptive period 

followed by a period of refraction (Foss et al., 2001). This interchangeable period 

coincides with the average lifetime of early T-cell progenitors (ETPs) as well as the 

time of residence of transplanted thymocytes at the cortico-medullary 

junction(CMJ), the location of thymocyte entry; suggesting that the presence of 

ETPs near the CMJ region may restrain the entry of ETPs (Foss et al., 2001; 

McCaughtry et al., 2007). The transition of approximately 160 TSPs to a population 

of 20,000-30,000 ETPs is a process that has not been well characterised. The 

lifetime of pre-lineage committed progenitors is estimated to be 9-12 days, during 

which these cells divide once per day (Krueger et al., 2017; Stritesky et al., 2013). 

T cell commitment is completed as cells transit through DN2 phase over a period 

of 

2-3 days before progressing the DN3 stage, at which point they begin

recombination the TCRβ locus and are subject to the first selection checkpoint for
productive TCR gene rearrangements. An extensive proliferative burst occurs as

close to 3x106 DN3 cells emerge from a DN2 population of 2.5x104 cells. The DN3
compartment appears to remain relatively constant and unperturbed by differences

maintain this population. However, deficiency of IL-7 results in a reduction is
overall thymocyte numbers, including the DN3 population, suggesting that IL-7
signaling may play a role in regulating the size of this compartment (Alves et al.,
2009). Thymocytes remain at the DN3 stage for approximately 4 days, and after
successful b-selection they undergo an extensive round of proliferation to enter
the DN4-pre DP stage of thymocyte differentiation before transitioning into DP
cells. The window in which DP thymocytes rearrange the TCRa chain before
selection is predicted to span 60 hours, which is then followed by both positive and
negative selection processes which is estimated to last for only 16 hours (Stritesky
et al., 2013).

Studies estimate that 5.5-6.5 times more cells undergo negative selection than 
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those that complete positive selection. Among the cells undergoing clonal 
deletion, 2-3 times more DP cells were deleted in the cortex than the deletion of 
SP cells in the medulla It is therefore suggested that more than 90% of post-

selection DP cells, and relatively few SP cells undergo clonal deletion (Krueger 
et  al., 2017, Stritesky et al., 2013). Furthermore, a bias appears to occur at the 

DP stage, where a ratio of 2:1 arises in the differentiation into CD4 and CD8 T 
cells, resulting in an average export of 1-4x106 CD4+ and CD8+ T cells per day, 
which is an equivalent of 2-5% of all thymocytes (Krueger et al., 2017; Scollay et 

al., 1980; Sinclair et al., 2013). Single positive thymocytes undergo theirfinal 
stage of maturation in the thymic medulla before entering the long-lived T cell pool 

in the periphery which last approximately 3 weeks (Yates, 2014). 
 

1.6 Peripheral T cell differentiation 
 
When a T cell’s TCR is engaged, a decision must be made whether to respond 

and induce immunity or remain tolerant, and it is the balance between these two 

outcomes that maintains tolerance (Xing and Hogquist, 2012). In a situation 

where a naïve T cell that has been exported from the thymus and encounters a 

pathogenic antigen in the context of an activated DC, it becomes activated in the 

periphery. Such activation of naïve T cells involves a two-step process, and the 

nature of this interaction determines whether an immune response will be initiated 

(activation) or not (anergy). Therefore, the elaborate control of T cell activation 

and subsequent contribution to an immune response is a critical checkpoint in the 

maintenance of tolerance (Figure1.4). 

 
Central tolerance is established within the thymus by purging self-reactive 

thymocytes, and thus reducing the propensity for autoreactivity among mature T 

cells in the periphery. However, this process is not infallible and the gaps in central 

tolerance necessitate additional mechanisms to maintain tolerance in the 

periphery. Both peripheral anergy and deletion of self-reactive T cells can occur in 

the periphery (Hogquist et al., 2005). 
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1.6.1 Peripheral Tolerance Checkpoints 

Given that self-reactive T cells exist in the peripheral repertoire, it follows that 

tolerance depends on the appropriate balance between clonal expansion and 

effector development on one side, and deletion, regulation, anergy on the hand. 

Peripheral tolerance can act at various levels to control autoreactive self-antigens 

once released into the periphery, these mechanisms include deletion, anergy, 

ignorance and diversion to the Treg lineage (Walker and Abbas, 2002). Thus, the 

balance of the immune system lies in the decision whether a T cell should be 

activated or not. The activation of T cells in the periphery involves two signals, the 

first of which is mediated by engagement of the T-cell antigen receptor (TCR) and 

the second provided by ligation of so-called ‘co-stimulatory receptors’ that are 

engaged in the periphery, examples include CD28. Co-stimulation pathways have 

the ability to provide positive second signals that promote T-cell activation, or 

negative signals that inhibit T-cell responses to maintain T-cell tolerance, a 

decision based on the context in which antigen is encountered (Xing and Hogquist, 

2012). T cells that enter the periphery can induce a state of ignorance, this can be 

caused by sequestration to sites not ready accessible, or the antigen interaction 

may be below the threshold required for activation. The induction of ignorance due 

to inadequate presentation of antigens to T cells is the ‘first checkpoint’ to be 

perturbed in the development of juvenile murine diabetes (Andre et al., 1996). Cbl-

b is a ubiquitin ligase that has been shown to regulate immune responses by 

inducing a state of T-cell unresponsiveness (Jeon et al., 2004). Alternatively, if a 

T cell encounters its first antigen-dependent signal in the absence of ‘co-

stimulation’, a state of unresponsiveness (anergy) is induced which entails lack of 

responsiveness to subsequent antigenic challenge. This state is characterized by 

active repression of TCR signaling and IL-2 expression. The finding that blocking 

co-stimulatory ligands CD80 and CD86 inhibited the immune response was first 

shown through ligation of cytotoxic T-lymphocyte – associated antigen 4 (CTLA4). 

The importance of this ability to induce ‘anergy’ is highlighted by CTLA4 deficient 

animal which is discussed further below (Khattri et al., 1999). 

There have been several well documented negative regulators of T cell immune 
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responses including Cbl-b, CTLA4 and PD-1. An important hub in integrating these 

various signals is formed by the protein, CARD11, which acts as a molecular 

scaffold that is critical for activation of NF-kB pathways downstream of the T cell 

receptor complex (Hara et al., 2003) (Summarised in Figure 1.4). 

 

1.6.2 CBL-B 
 
Cbl-b is a ubiquitin ligase that is upregulated in mature and anergic T cells where 

it acts to inhibit the NF-kB signaling pathways activated by TCR-CD28 

costimulation (Teh et al., 2010). This inhibition prevents proliferation of T cells that 

have recognized peripheral antigens with insufficient affinity or in the absence of 

adequate CD28 costimulation. Cbl-b plays an important role in the T cell response 

and genetic ablation alongside AIRE result in a fatal autoimmune disease on a 

BRB10 genetic background (Teh et al., 2010). This study infers that whilst Cbl-b 

alone does not appear be critical for maintaining tolerance, it plays non-redundant 

role with other tolerance checkpoints such as AIRE. 

 
1.6.3 CTLA4 

 
CTLA4 is a well characterized negative regulator of immune responses that 

prevents the activation of potentially autoreactive naïve T cells. CTLA4 is a CD28 

homolog with higher affinity for its receptors CD80/CD86, and therefore, inhibits 

activation via CD28 by depriving cells of these receptors (Chambers et al., 1997; 

Khattri et al., 1999). Binding of CTLA4 is also thought to transduce a negative 

signal to the cell expressing it, inhibiting IL-2 production and preventing cell cycle 

progression (Wells et al., 2001). Genetic deficiency of CTLA4 results in fatal anti- 

inflammatory disease during the first few weeks of life (Chambers et al., 1997). 

Importantly, CTLA4 is constitutively expressed on Treg cells and has been shown 

to be essential for their suppressive function in mice (Wing et al., 2008). Although 

CTLA4 functions during the priming phase of T-cell activation, other inhibitory 

receptors function during the effector phase, predominantly within peripheral 

tissues. 
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1.6.4 PD-1 

Programmed death 1 (PD-1) is another negative regulator of T cell activity that 

delivers inhibitory signals to regulate T-cell activation, tolerance, and immune- 

mediated tissue damage (Nishimura et al., 1996; Nishimura et al., 1999; Wing et 

al., 2008). This pathway controls multiple tolerance checkpoints that co-operate in 

the prevention of autoimmunity. PD-1 is a cell surface receptor and member of the 

Immunoglobulin (Ig) superfamily that contains an immunoreceptor tyrosine-based 

inhibitory motif (ITIM) and an immunoreceptor tyrosine-based switch motif (ITSM), 

the latter being critical for PD-1 function in B and T cells. The earliest expression 

of PD-1 has been shown in Double negative (DN) thymocytes during TCRβ 

rearrangement. PD-1 expression can be induced on peripheral CD4+  and CD8+ T 

cells, natural killer T cells (NKT), B cells, and monocytes, and some dendritic cell 

subsets upon their activation. One of the PD-1 ligands, PD-L1 is broadly expressed 

on hematopoietic and non-hematopoietic cells. PD-L1 is constitutively expressed 

on T cells, B cells, DC and macrophages further upregulated upon their activation 

(Rodig et al., 2003). Non-hematopoietic cells that express PD-L1 include vascular 

endothelial cells, fibroblastic reticular cells, epithelia, pancreatic islet cells, 

astrocytes, neurons other cells in immune privileged sites. The expression of 

alternate ligand PD-L2, is more restricted and is induced on DCs, macrophages, 

peritoneal B1 B cells and memory B cells (Agata et al., 1996). Engagement of PD-

1 by either of its ligands during TCR signaling can block T-cell proliferation, 

cytokine production and inhibit T-cell survival. PD-1 has been speculated to inhibit 

T cell function and survival directly, by blocking early activation signals propagated 

by CD28, or indirectly through IL-2. PD-1 is important for this ”exhausted” 

phenotype of T cells engaged in responses to chronic viral infection, an activity 

thought to protect host tissues from sustained inflammation (Francisco et al., 2010; 

Keir et al., 2007). However, PD-1 functions can also be co-opted by cancers 

evading immune responses or in tissues where tolerance needs to be preserved 

(Mellor et al., 2015). 

1.6.5 Role for PD-1 in T cell tolerance 

PD-1 deficiency in mice causes the spontaneous development of some features 
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of a late onset lupus-like disease, characterised by autoantibodies and mild 

glumeronephritis on a C57BL/6 genetic background (Nishimura et al., 1996). 

Autoimmunity can be accelerated by PD-1 deficiency on autoimmune-

pronebackgrounds, such as the BALB/c background, where PD-1 deficiency 

induced myocarditis and gastritis (Ozazaki et al 2005, Kido et al 2008), providing 

further evidence for its role in maintaining immunological tolerance. PD-1 

expression is a hallmark of ‘exhausted’ T cells that have experienced high levels 

of stimulation, which occurs during chronic infection and cancer results in 

suboptimal control of infections and tumours. The ability of PD-1 to antagonise T-

cell activation can be exploited by tumours to grow and evade the immune system. 

Inhibitors of PD-1 have therefore been successfully used to restore antitumour 

responses in the treatment of melanoma and lung cancer. 

 

1.6.6 Card11 
 
The TCR and co-stimulatory signals received by T cells trigger numerous signalling 

cascade. Activation of the NF-kB pathway is a critical signalling axis for T cell 

responses by transcriptionally activating genes involved in immunity and cell 

survival. CARD11 is central to this signal transduction pathway. It acts as a 

molecular scaffold for the proteins Bcl10 and MALT1, forming the so-called “CBM” 

complex required for efficient activation of NF-kB transcription downstream of TCR 

and co-stimulatory signals (Pomerantz et al., 2002). Studies from genetically 

engineered mice with deletion of BCL10, MALT1 or CARD11 revealed that all 

proteins are essential for adaptive immunity and specifically required to mediate 

NF-kB activation following B and T cell antigen receptor stimulation (Ruland et al 

2003, Ruefli-Brasse et al 2003). Conversely, activating mutations in CARD11 

induces constitutive NF-kB signalling that results in Diffuse large B cell lymphoma 

(DLBCL) (Snow et al., 2012; Turvey et al., 2014). Thus, CARD11 comprises a 

central signalling hub in adaptive immunity, at the crossroads of T- and B-cell 

immunity and malignancy. 
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1.7 Peripheral deletion 

The control of immune T homeostasis and the contraction of immune responses 

after T cell activation has been shown to require both intrinsic and extrinsic 

pathways of apoptosis. The requirement for Bim in mediating clonal deletion of 

autoreactive thymcoytes is unquestionable, however in the periphery this process 

in addition to Bim involves the extrinsic pathway of apoptosis, namely through 

engagement of CD95. CD95 (FAS) is a prototypical member of the tumour 

necrosis factor receptor family that has been shown to mediate apoptosis of 

activated T cells in the periphery (Itoh et al., 1991). The importance of CD95 in the 

immune system is demonstrated by mice deficient in this protein (CD95-/- mice) 

or its ligand (CD95L-/-mice) which results in the accumulation of B and T cells, 

and an unusual cell type TCRαβ+CD3+B220+ DN T culminating in the 

development of autoimmunity. This unusual cell type has been observed in human 

patients with autoimmune lymphoproliferative syndrome (ALPS), caused by 

mutations in CD95 (Rieux-Laucat et al., 1995; Takahashi et al., 1994; Watanabe-

Fukunaga et al., 1992). 

The accumulation of this unusual DN cell population and the failure to undergo 

apoptosis mediated through Bim has led to the hypothesis that the level of 

activation may be of importance. A weak antigen-TCR encounter may activate the 

cells at an intensity below the threshold required for negative selection, therefore 

subsequent re-stimulation of the TCR would ensure the death of the activated cells 

(Bouillet and O'Reilly, 2009). This is supported by the finding that T cells that 

respond to strong antigenic stimulation are unaffected by deficiency of CD95 

(Stranges et al., 2007). 

The non redundant role that Bim and CD95 play in deletion is highlighted by the 

development of aggressive autoimmune disease caused dual loss of both 
mediators, which is not seen in the single deficiencies (Hughes et al., 2008; 

Hutcheson et al., 2008; Watanabe-Fukunaga et al., 1992) (Bouillet et al., 1999). 
The synergy that occurs between Bim and CD95 is a clear example of the stepwise 

defects that must occur in immune checkpoints for development of pathogenic 
autoimmune disease. The finding that CD95 mediates deletion of 
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autoreactivethymocytes in the periphery is a plausible reason to explain the lack 
of severe of autoimmune disease in mice with impaired negative selection as a 
result of Bim deficiency. 

1.8 The breakdown of immunological tolerance 
and development of autoimmune disease. 

It is becoming increasingly clear that the immune system consists of multiple layers 

of checkpoints that co-operate together to maintain immunological tolerance. Many 

gene-targeted mice with defects in a single tolerance checkpoint present with only 

relatively mild autoimmune disease and often after a considerable latent phase 

including Aire-/-(negative selection), Bim-/-(deletion) and PD-1-/-(anergy). This 

observation indicates that usually, defects in a single checkpoint or pathway alone 

is not sufficient to cause severe autoimmune disease, and that breakdown in 

multiple immune checkpoints must occur before overt disease becomes apparent. 

Mutations in the transcriptional regulator AIRE, which is required for the expression 

of tissue specific antigens in thymic epithelial cells and presentation of antigenic 

fragments of these self antigens by class I or class II MHC proteins, is a pertinent 

example of this concept. Defects in AIRE cripple the critical immunological 

tolerance checkpoint process of thymocyte negative selection. AIRE-deficiency 

leads to the escape of T cells bearing autoreactive TCRs from deletion in the 

thymus. Although such autoreactive T cells can leave the thymus and accumulate 

in peripheral lymphoid organs, the autoimmune disease caused by AIRE remains 

clinically latent for several years in humans and months in mice (Goodnow, 2007). 

Studies involving lesions in additional tolerance checkpoints in AIRE-deficient mice 

support the idea that tolerance is maintained by more than one individual 

mechanism. Genetic ablation of AIRE and the T cell anergy gene, CBL-B, resulted 

in a fatal autoimmune disease on a B10.Br background, whereas only mild 

autoimmune disease occurs in mice with single deficiency (Teh et al., 2010). The 

breakdown of serial immune checkpoints results in a progressional change; to 
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borrow language from the development of cancer, one could call this a progression 

from ‘benign autoimmunity’ to ‘pathogenic autoimmunity’. 

 

 

 

1.9 Parallels between the development of 
autoimmune diseases and cancer 

 
This paradigm of multiple redundancy in immunological tolerance parallels the 

current understanding of how malignancy arises due to the stepwise accumulation 

of mutations. The notion that cancer develops as a result of the sequential 

breakdown of the processes that normally control cell growth, proliferation and 

death has been described over the last 3 decades (Barbieri et al., 1985). Hanahan 

and Weinberg elegantly described eight hallmark capabilities cells attain on the 

multistep pathway to cancer (Hanahan and Weinberg, 2000). These hallmark 

capabilities include: 1) ‘Sustaining proliferative signalling’; 2) ‘Evading growth 

suppressors’; 3) ‘Resisting cell death’; 4) ‘Enabling Replicative Immortality’; 5) 

‘Inducing angiogenesis’; 6) ‘Activating invasion metastasis; and two emerging 

hallmarks 7) ‘Reprogramming energy metabolism’ and 8) ‘Evading Immune 

destruction’ (Hanahan and Weinberg, 2011). The ability for normal cells to 

progress to a neoplastic state results from the multistep acquisition of some or all 

of these hallmark properties. 

 
The deregulation of these processes can be due to uncontrolled activity of the 

receptors that normally control the proliferation of immature progenitors or mature 

lymphocytes, such as the pre T-cell receptor or NOTCH, or the aberrant activation 

of downstream signal transducers (e.g. JAKs) or transcription factors (NF-kB or 

STAT proteins). P53 is a potent tumour suppressor that is mutated in 

approximately 50% of human cancers, giving rise to stabilised mutant proteins that 

accumulate, which is regarded one of the hallmarks of cancer mentioned above 

(Lane, 1992; Levine and Oren, 2009). P53 is a master regulator of various 

pathways involved in tumourigenesis including the ability to induce cell cycle 

arrest, DNA repair, senescence, differentiation and apoptotic cell death (Aylon and 
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Oren, 2011; Hanahan and Weinberg, 2000). The importance of p53 as a critical 

player in protecting against the development of cancer is further emphasized by 

Li-Fraumeni syndrome (LFS), a rare cancer predisposition syndrome associated 

with germline mutants in human Trp53 (Malkin et al., 1990). Human cancers that 

carry mutations in the Trp53 gene are usually accompanied by loss of the wt p53 

allele, and are often difficult to treat (Ozaki and Nakagawara, 2011). 

 

1.10 Cell Competition as a Tumour Suppressor 
Mechanism in the Thymus 

 
In addition to the well-known hallmarks of cell intrinsic mechanisms to cancer 

progression, a new concept emerging is that cell extrinsic mechanisms can also 

contribute to the development of cancer. Cell competition is one such mechanism 

has been shown to suppress lymphoma development in the thymus of mice. 

 
It had been long held that thymocytes are short-lived cells incapable of self- 

renewal, that must be continuously replaced by new blood borne progenitors from 

the bone marrow (Berzins et al., 1998). Furthermore, thymocyte turnover has been 

shown to occur over a four-week period where thymic resident cells are completely 

replaced by new bone marrow progenitors (Foss et al., 2001). The transplantation 

of thymic lobes from WT mice into mice incapable of generating mature T cells 

due to a developmental block at the DN stage (SCID) (severe combined 

immunodeficient), resulted in colonization of the transplanted thymus by 

incompetent precursors from the bone marrow, which is indicative of continual 

progenitor replacement. Collectively, (Peaudecerf et al., 2012) these data led to 

the conclusion that thymic progenitors lacked self-renewal capacity and that 

thymus function depends on continual import of lymphoid progenitors from the 

bone marrow. 

 

However, two landmark studies recently showed that under conditions of bone 

marrow progenitor deprivation, thymic resident progenitors were able to self-renew 
and support T cell development (Martins et al., 2012; Peaudecerf et al., 2012). The 



38 

Rag2-/-Ɣc 
-/-Kitw/wv deficient mouse model was used, as this mouse lacked 

endogenous T cell development. Due to deficiencies in the Kit receptor and the  

common gamma cytokine receptor chain (a component of the IL-7 receptor; both 
required for early T-cell development), thymic transplants into these mice revealed 
no bone marrow engraftment by donor HSCs, and no export from the thymus. 
However, the donor- derived thymocytes were able to continue generating T cells 
over many months, demonstrating thymus-autonomous T cell development in the 
absence of progenitor replenishment from the bone marrow (Martins et al., 2012). 

Thymic transplants were conducted into Rag-/- mice that pertain defects in antigen 
receptor gene rearrangement therefore cannot complete T cell differentiation to 
produce mature T cells; rather these cells arrest at the DN3 stage of thymocyte 
development. Thymic grafts in these mice did not result in thymic autonomy in the 
graft, inferring that cell competition is critical among progenitors before Rag 
expression (i.e. DN3). 

This finding was contradictory to the central dogma as it was not previously 

appreciated that the competition between thymic and bone marrow progenitors 

regulated thymocyte turnover.  Donor T-cell development was evident in the Rag2-

/-ɣ-/-Kitw/wv deficient mice transplanted with a WT thymic graft 2 months engraftment, 

implying that thymocyte do not disappear due to their cell-intrinsic life span, but that 

cell competition between thymus resident cells and new progenitors entering from 

the bone marrow is the cause of replacement.  Analysis of Rag2-/-ɣ-/-Kitw/wv deficient 

mice that were grafted with WT thymic lobes 10 weeks post graft (well past the 4 

week window of replenishment) revealed presence of DP cell population, indicating 

that in conditions of progenitor deprivation, thymocytes did not only persist but also 

underwent T-cell development. These studies define natural cell competition 

between old thymic progenitors and new bone marrow progenitors as an important 

mechanism within the thymus, and that perturbationof cell competition can result in 

T-cell autonomy of thymic progenitor (Boehm, 2012; Martins et al., 2012;

Peaudecerf et al., 2012).

What are the long-term effects of thymic progenitor self-renewal? In a recent follow-
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up paper, Martins et al showed that sustained thymic autonomy in the absence of 

bone marrow progenitors for a period of 6 months resulted in a fatal T cell leukemia 

disease in these animals (Martins et al., 2014). This disease had all the hallmarks 

of human T cell acute lymphoblastic leukemia (T-ALL) in pathology, genomic 

lesions, activating mutations in Notch and leukemia-associated transcripts (Martins 

et al., 2014). These studies establish that cell competition among thymic 

progenitors is an important tumour suppressor mechanism. 

1.10.1 Cell Competition 

Cell competition is a quality control mechanism that favors fit cells and eliminates 

unfit cells. This phenonomen is conserved from athropods to mammals and is 

integral to tissue function and the maintenance of immune homeostasis, with its 

dysregulation linked to the development of diseas(Wagstaff et al., 2016). Potential 

mechanisms of cell competition were first described in wing studies in Drosophila, 

where they observed that mutant cells rendered defective were eliminated over 

time. More recently cell competition has been described in the context of cancer, 

where mutations in oncogenes resulted in ‘fitter’ cells that mediated clonal 

expansion thereby eliminating normal tissue (Genovese et al., 2014). In both cases, 

the ‘loser’ cells were shown to be eliminated by process of apoptosis (Bondar and 

Medzhitov, 2010). Studies in mice have shown that a form of cell competition 

promoted the survival cells with the lowest levels of DNA damaged mediated in part 

by p53 levels (Bondar and Medzhitov, 2010). P53 controlled cell competition has 

shown importance of the ‘fitness’ of normal cells in preventing leukemic 

development (Wong et al., 2015). The molecular mechanism for how cell 

competition is mediated in this model of T- ALL is currently unknown; however, cell 

competition studies in Drosophila found that apoptosis was critical for the removal of 

unfit cell (Levayer and Moreno, 2013). 

1.10.2 Apoptotic Cell Death 

Apoptosis or programmed cell death is a key regulator of various programs 

including developmental cell death, tissue turnover and host defense against 
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pathogens. Dysregulation of the apoptotic pathway is a hallmark for the 

development of various autoimmune disease and cancer (Goodnow et al., 2007). 

There are two main pathways of apoptosis; the intrinsic and extrinsic pathways. 

The intrinsic pathway (also referred to as the mitochondrial or BCL-2 regulated 

pathway) is controlled by the BCL-2 family of proteins (Cory and Adams, 2002; 

Strasser et al., 1991). This apoptotic pathway is activated in response to a wide 

range of cellular stressors, such as DNA damage, viral infection or growth factor 

deprivation. The critical point of this pathway of apoptosis is mitochondrial outer 

membrane permeabilization (MOMP). This disruption of the mitochondria releases 

cytochrome c from the mitochondrial intermembrane space which induces 

caspase activation via a cytoplasmic complex termed the apopotosome (Cory and 

Adams, 2002). Due to the irreversible nature of the MOMP cascade, it is tightly 

regulated through interactions of the BCL-2 family members. There are 3 functional 

subgroups in this family of proteins: 1) the initiator, BH3-only proteins; 2) the pro- 

survival proteins, and; 3) the effector proteins BAX and BAK. 

In healthy cells, the pro-survival proteins prevent the activation of the effector 

proteins, BAX and BAK. Cytotoxic stimuli can activate the intrinsic pathway of 

apoptosis by inducing expression or activation of the BH3-only proteins, which 

includes BIM, PUMA, BID and others (Adams and Cory, 2007). The BH3-only 

proteins then interact with the pro-survival proteins to relieve their inhibition of BAX 

and BAK, or interact directly with the effector proteins to activate them (Czabotar 

et al., 2014). BAX and BAK then undergo conformational changes at the 

mitochondrial outer membrane that trigger MOMP (Czabotar et al., 2014). The 

consequent caspase activation cascade dismantles cellular components, the 

cytoskeleton and the nucleus and induces uptake by macrophages in a non- 

inflammatory manner. 

By contrast, the extrinsic (or death receptor) pathway is activated by ligation of so- 

called death receptors, members of the TNFR superfamily members, such as TNF 

receptor-1 (TNFR1), TRAILR and the FAS receptor (Sabio and Davis, 2014). Upon 

ligand binding of these receptors at the plasma membrane, various adaptors and 
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ubiquitin ligases induce the activation of Caspase-8 which, in turn, initiates a 

caspase activation cascade that causes the orderly demolition of the cell (Scaffidi 

et al., 1998). FAS ligand (Zuklys et al.) and its receptor FAS, form an apoptosis- 

inducing member that activates the extrinsic pathway of the apoptosis. This ligand- 

receptor complex plays critical roles in the termination of immune responses and 

prevention of autoimmunity (Bouillet and O'Reilly, 2009). Loss of function 

mutations in Fas or FasL, in lpr or gld mutant mice, respectively, are characterized 

by lymphadenopathy and splenomegaly, and development of systemic lupus 

erythematosus (SLE)-like disease (Nagata, 1994). Mice and humans with defects 

in this pathway are also characterised by accumulation of CD4-CD8- B220+ T cells 

in the lymph nodes and spleen (O’Reilly et al 2009). FAS has been shown to be 

important for clonal deletion of autoreactive T cells in the periphery (Bouillet and 

O'Reilly, 2009). Antigen presenting cells expressing autoreactive peptide:MHC 

complexes result in T-cell activation, inducing expression of genes encoding Fas 

and FAS ligand. Subsequent interaction between T cells expressing Fas and FasL 

results in Fas-mediated apoptosis and subsequent clonal deletion. 

 
These cell death pathways are essential for normal immune homeostasis and the 

prevention of malignancy. Although defects in these processes are known to give 

rise to autoimmune disease and cancer, precisely how these pathways cooperate 

with other cellular mechanisms that preserve tolerance and homeostasis remain 

unclear. 

 

1.11 Conclusion 
This thesis investigates the multistep breakdown of tolerance checkpoints of our 

immune system and cellular homeostasis that cause autoimmune disease and 

cancer. The findings highlight parallels between the control mechanisms in 

immune tolerance and the multistep progression to cancer. Understanding the 

precise nature of the safeguards that maintain immunological tolerance and the 

pathogenesis of cancer, and the interplay between these two, provides new 

therapeutic avenues for better treatment of these diseases. 



42 

1.12 Project Aims 

1. To determine where the most potent synergy lies between central and
peripheral tolerance mechanisms that preserve immunological tolerance.

Immunological tolerance is maintained through multiple mechanisms that are 

imposed throughout T cell development (central tolerance) and in the periphery 

(peripheral tolerance), however it is not known which mechanisms are critical in 

the prevention of autoimmune disease. Determining where the most potent 

synergy will provide a better understanding of the complexity of the immune 

system in maintaining tolerance. 

2. To identify novel mediators of Immunological Tolerance.

ENU mutagenesis have been shown to reveal novel mediators of immune 

tolerance. The employment of a phenotype based screen provides an unbiased 

approach to characterizing novel immune deficiencies. 

3. To investigate the role of the Intrinsic pathway of apoptosis in mediating
cell competition within the thymus

Cell competition is an emerging concept in the field, and has been linked to the 

development of malignancy. Determining the role of the intrinsic pathway of 

apoptosis in the development of T-ALL will provide insights into how cells 

become ‘less fit’ and therefore allow for the development of disease. 

4. To determine the effect of treating BRCA-1 positive breast cancer with
combination of immune checkpoint therapies.

BRCA-1 mutated breast cancers are typically associated with poor prognosis due 

to the fact that they lack the receptors for current endocrine and HER-2 therapies. 
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The combination of chemotherapy with immunotherapy has shown great success 

for the treatment for solid cancers such as lung and melanoma. 

Determining the efficacy of combination therapy for the treatment of breast cancer, 

may provide a new avenue of treatment for patients that do not qualify for current 

treatment regimes. 
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Figure 1.1 Stages in early T-cell development 

1.1 Cross section through an adult thymic lobule showing the migration path of T-

cell precursors throughout development. Multipotent (ETP) progenitors enter the 

thymus at the cortico-medullary junction where they subsequently migrate and 

differentiate as indicated by the arrows. ETP migrate into the cortex and 

differenaturtaie from double negative (DN) to double positive (DP) and to single 

positive (SP) stages through the distinct regions of the thymus. ETPs can also 

differentiate into different lineages including Natural killer cells (NKs), Monocytes, 

dendritic cells(DC), mast cells. Commitment to the T-cell lineage occurs between 

DN2a-2b stages of differentiation and is followed by Gene rearrangement of the 

δɣ and β chains which occurs as they migrate to the outer cortex. β-selection 

occurs during the accumulation of DN3a T cells located within the sub-capsular 

zone of the thymus. Post β-selection, the direction is reversed where DN3 T cells 

migrate back across the cortex towards the medulla. As DP migrate toward the 

medulla, they undergo process of positive and negative selection, upon reaching 

the medulla they reach there final stage of maturation and are exported at either 

CD4 or CD8 single positive cells (SPs). Critical checkpoints addressed in the text 

are denoted with solid boxes. 

. 



Death

DN2a
CD44+CD25-

DN2b
CD44+CD25+

DN3a
CD44-CD25+

DN3b

CD44-CD25-

DP
CD4+CD8+

Positive selection

Negative selection

CD8+ SPCD4+ SP

Medulla

Cortex

48-96 hours

Sub-capsular
zone

48-96 hours DN4

Cortico-medullary 
junctionETP

DCs

NKs

Monocytes

Mast 
cells

yδ T cells
TCRB, TCRyδ
rearrangement

TCR-a 
rearrangment

DN3bB-selection

T lineage Commitment

Figure (1.1.1)

41



40 

Figure 1.2 The intrinsic pathway of apoptosis 

1.2 Apoptosis can lead to activation of the intrinsic pathway of apoptosis. The 

intrinsic pathway is triggered by the activation of BH3-only proteins which can 

directly or indirectly (via BCL-2 prosurvival proteins/guardians) activate the 

‘effectors’ Bax and Bak. Activation of Bax and Bak results in a cascade of events 

culminating in the activation of caspases and cell death occurs. 
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Figure 1.3 The lifespan and cellularity of progenitors throughout T cell 
development 

1.3 Schematic representation of the timing and population size of each major 

progenitor population throughout T cell development in the thymus. 
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Figure 1.4 Regulators of T cell Peripheral tolerance 

1.4 The recognition of self-antigen MHC class II complex by the T cell receptor 

(TCR), with co-stimulation of CD28 and its ligands CD80/86 triggers several 

downstream signalling pathways. CTLA4 negatively regulates CD28 mediated co-

stimulation by antagonising (red circle) the binding to co-receptors thereby 

suppressing T-cell activation. PD-1 also negatively regulates T-cell activation by 

inhibiting PI3K (red circle). Card11 is a scaffold protein that regulates NF-kB 

signalling pathway. Card11 forms a complex with MALT1 and Bcl10 to form the 

CBM complex, which in turn releases the NF-kB from inhibition allowing its 

translocation to the nucleus resulting in activation of T cell-survival and antigen-

induced proliferation. 
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Figure 1.5 Cell competition within the thymus prevents tumour formation 

1.5 Bone marrow progenitors periodically enter the thymus, differentiating 

through the stages of T cell development. The entry of bone marrow progenitors 

occurs periodically every 4 weeks in which results in the expulsion of progenitors 

from the thymus (top panel). When cell competition is perturbed in a severe 

immune compromised mouse Rag2-/-Ɣ-/-, T cell progenitors within the thymus 

undergo self-renewal for many months and results in tumour formation within the 

thymus (bottom panel). This was adapted from (Moreno, 2014). 
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Chapter 2: Materials and Methods 
2.1 Materials 
2.1.1 Experimental mice 

All mice were housed at the Walter and Eliza Hall Institute (WEHI) under 
specific pathogen-free housing conditions and experiments were carried out in 
accordance with the guidelines and requirements of of the Walter and Eliza Hall 

Research Animal Ethics Committee. Bim-/- mice (Bcl2l11-/-) were generated on a 
mixed C57BL/6x129SV background (Bouillet et al., 1999) and then backcrossed 
to the C57BL/6 background > 10 times prior to intercrossing( Gray et al., 2012). 
The Vav-BCL-2Tg mice were generated on a C57BL/6 background at WEHI 
(Ogilvy et al., 1999). OT-1 transgenic mice generated on a C67BL/6  genetic 

background  have  been described (Hogquist et al., 1994), and Rag1J-/- (Jackson 

Laboratories) and Ly5.1 mice were obtained from WEHI Bioservices. Pd1-/- (Pdcd1-

/-) mice were obtained from Prof Arlene Sharpe (Harvard Medical School, USA) 

and backcrossed to the C57BL/6 background. Cblb-/- mice on a C57BL/6 
background were obtained from Philippe Bouilet and Chris Goodnow (Jeon et al., 

2004). Bcl2-/- (Nakayama et al., 1994), Aire-/-  mice (Anderson et al., 2002)  and 

Mcl-1-/-  (Vikstrom et al., 2010) were generated as described and maintained on   a 
C57BL/6 background at WEHI. 

2.1.2 Solutions and buffers 

MT RPMI (Mouse Tonicity Roswell Park Memorial Institute): made of type II water 

containing RPMI-1640 powder, 23.8mM Sodium Bicarbonate, 15.4mM Sodium 

Chloride, 1mM Sodium Pyruvate, Penicillin-Streptomycin Solution. This media was 

prepared by the media kitchen at WEHI. 

RPMI-HEPES (Roswell Park Memorial Institute-HEPES): made of type II water 

containing RPMI-1640 powder, 0.383mM hypoxathine, 25.96mM Hepes, 

gentamicin 25mg/L. This media was prepared by the media kitchen at WEHI. 
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MT-PBS (Mouse Tonicity Phosphate Buffered Saline): made of distilled water 
containing 2.85g/L Na2PO2:2H20, 0.62g/L NaH2PO4:2H20 and 8.7 g/L NaCl. This 
media was prepared by the media kitchen at WEHI. 

FACS Buffer: 1% (v/v) heat-inactivated FBS (with 1 ml of 0.5M EDTA per 5L of 

FBS to chelate serum calcium) and 5mM EDTA in MT-PBS. 

2.1.3 Antibodies 

Antibody staining of lymphocyte populations was performed using the following 

antibodies that were made in the Walter and Eliza Hall Institute Monoclonal 

Antibody Facility, unless otherwise stated: unconjugated, purified anti-mouse 

CD16/32 FcR block(1:10), anti-CD4 PerCP/Cy5.5 (clone 30-F11, Biolegend, 

California, USA)(1:200), anti-CD8 APC/Cy7 or BV650 (clone 53-6.7, 

Biolegend)(1:200), anti- TCRbeta-PE-CY7 (H57.59.1, Biolegend)(1:400), anti-

CD25  BV510  (clone  PC61, Biolegend)(1:200), anti-CD44 FITC (clone IM781) or 

anti-CD44 Alexa700 (clone 1M7, Biolegend)(1:50,1:200 respectively) and anti-

CD62L APC/Cy7 (clone MEL-14, Biolegend)(1:100). The lineage depletion cocktail 

for triple negative thymocyte staining contained anti-NK1.1 (clone PK136, 

Biolegend)(1:100), anti- Ter119 bio (clone TER119)(1:50), anti-Gr1 bio (clone 

RB6-8C5)(1:50), anti-  Mac1 bio (clone M1-170)(1:50), anti-B220 bio (clone RA3-

6B2)(1:50), anti-PD1 Pe (clone 29F.1AI2,  Biolegend)(1:220) and anti-CTLA4 APC 

(clone UC10-4B9, Biolegend)(1:100). Second labelling step with streptavidin 

BV786 (Biolegend)(1:200) was used to detect biotinylated antibodies. Screening of 

V-beta repertoire in the CD4 and CD8 populations were analysed using Mouse V-

beta TCR Screening Panel (BD Pharmingen, California, USA) antibodies (1:50).

All antibodies were titrated on two million splenic cells unless stated otherwise.

Intracellular staining with anti-FOXP3 e450 (clone FJK-165, eBioscience, 

Massachusetts, USA)(1:200), anti-human Ki67 FITC (clone MOPC-21, BD 

Pharmingen)(1:50) and anti-BCL2-PE (clone BCL/10C4, Biolegend)(1:220) were 

performed after fixation and permeabilisation with eBiosciences FOXP3 staining 

kit. 
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2.2 Methods 
2.2.1 Flow cytometry 
The various lymphoid organs were dissected and then collected in RPMI HEPES 

media, mashed between the frosted ends of microscope slides, then filtered 

through 100µm mesh. Cells were aliquoted into three million per sample and 

stained with respective antibodies to detect cell surface proteins for 15mins at 4°C. 

Cells were washed in FACS buffer, recovered by centrifugation and resuspended 

in a final volume of 200µl for analysis. To distinguish live/dead cells in unfixed samples, 

propidium iodide (PI) was added at a final concentration of 2.5µg/mL 1- 10mins prior 

to acquiring the data. 

Intracellular staining of proteins was conducted using the FOXP3 eBioscience 

fixation/permeabilisation kit. Washed cell pellets were resuspended in 100µl of 

fixation/permeabilzation diluent solution (1:4) for 1 hour at 4°C. Cells were 

permeabilised with 100µl of 1 x permeabilisation buffer (diluted in distilled water 

from 10x stock) and incubated with respective antibodies for 30mins at 4°C. Cells 

were washed and resuspended in 100µl FACS buffer. All stained samples were 

acquired on a Fortessa flow cytometer (BD Biosciences), calibrated with single- 
colour stains for electronic compensation of spectral overlap between filters. 

Acquired data was analysed using Flowjo software (TreeStar). 

2.2.2 Genotyping of mice 

Approximately 0.25cm of tail sample was taken from each mouse for genotyping. 

The tails were digested overnight in Direct PCR Lysis Buffer-TAIL (Viagen, #102- 

T) containing 0.4mg/ml Proteinase K (Sigma, #P4850) at 56°C in mechanical

shaker. Following digestion overnight, the reaction was heat inactivated at 85°C
for 45mins and DNA was used for genotyping with relevant primers.
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2.2.3 In Vitro Treg cell suppression assay 

 
Sort purification of Treg cells 
Single cell suspensions of spleen and lymph nodes (axial and brachial) were 

filtered. Spleen suspensions were incubated with 2ml RCRB (red cell removal 

buffer) for 2 mins then underlayed with 1ml of FCS and washed in KDS/BSS media 

to recover the RBC-depleted cell suspension. Spleen and LN suspensions were 

then combined and stained with antibodies labeling CD4, CD8, CD25 for 30 

minutes at 4°C, washed, then prepared for for cell sorting using ARIA (BD 

Biosciences). Cells were washed in KDS/BSS and re-filtered into polypropylene 

tubes. PI was added at a final concentration of 2.5µg/mL to remove dead cells in 
the samples. CD4+ CD25- conventional T cells and CD4+ CD25+ Treg cells were 

sorted into collection tubes with 500µl FCS. 
 

APC preparation 
Splenocytes were irradiated at a dose of 30Gy at a concentration of 8x105/ml in 

RPMI complete medium. 

 
Labeling sorted cells for culture setup 
CD4 T conventional cells: 

CD4+ CD25- sorted cells were washed with PBS, resuspended in CTV solution 

<where did this come from/supplier?> in 0.1% BSA/PBS at a final concentration of 

5µM for 10minutes at 37°C. Add 5ml of RPMI complete medium and incubate for 

10mins at 4°C to quench reaction. Cells were washed at 4°C and resuspended in 

RPMI at a final concentration at 2x105 cells/ml. 
 
TREG preparation 
Sorted Treg cells were spun down and resuspended in RPMI complete medium + 

(1µg/ml anti-CD3) at 1x105 cells/ml. 
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Plate Set-up 

T-cells alone per well: 100ul medium, 50µl irradiated APC (final concentration

4x104 cells/well), 50µl Tcon (final concentration 1x104 cells/well), 0.5µg/ml   anti-
CD3

Tcon cells + Treg cells: 50µl irradiated APC (final concentration 4x104 cells/well),   

50µl Tcon cells (final concentration 1x104 cells/well), 100µl Treg cells (fi(final

concentration 1x104cells /well) Tcons not stimulated: 100µl medium, 50µl

irradiated APC (final concentration 4x104 cells/well), 50µl Tcon cells (final

concentration 1x104 cells/well)

Plate was incubated for 72hrs at 37°C in a 10%CO2-in-air incubator. Acquisition of 

CTV dilution by flow cytometry was performed on a Fortessa1 analyser (BD 
Biosciences). 

2.2.4 Bone Marrow Reconstitutions 

Hind legs of mouse were dissected and marrow flushed into FACS buffer. Bone 

marrow cell suspension was filtered and centrifuged at 1500rpm 5minutes 4°C. 

Cells were counted and the appropriate number of bone marrows cells was 

resuspended into a final volume of 200µl sterile PBS per mouse and injected 

intravenously into recipient mice had been irradiated with 2 doses of 550RAD 3 

hours apart. The following day, 100µg of anti-Thy1 mAb (clone T24) was 

administered intraperitoneally to deplete any host-derived or BM T cells transferred 
in the bone marrow inoculum. 

2.2.5 RT-PCR 

To perform Taqman assays for Card11, the desired cell populations were lysed in 

500µl of TRIZOL then frozen at -80°C until RNA extraction. Samples were thawed 

at room temperature (RT), then 100µl of chloroform was added and shaken 
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vigorously for approximately 15 seconds followed by incubation at RT for 2-3 

minutes.  
 

The samples were then centrifuged at 12,000 x g at 4°C for 15 minutes and the 

aqueous (top layer) was carefully transferred to a new 1.5ml eppendorf tube. 
These samples were kept on ice from this step onward unless otherwise stated. 

Following removal of aqueous phase containing the RNA, 1ul Glycoblue was 
added to each sample, flicked well, spun and kept on ice. To precipitate the RNA, 

250µl of ice-cold Isopropanol was added and incubated at -80°C for 1hr.   After 

incubation, the samples were thawed on ice and centrifuged at 12,000 x g at 4°C 

for 20 minutes. The supernatant was removed and the pellets (discerned with 

Glycoblue) washed with 500µl of 75% cold ethanol and centrifuged at 7,000 x g at 

4°C for 15 minutes. Ethanol was carefully removed and the samples were air dried 

at RT for 10 minutes. The RNA pellet was then resuspended in 12.5-15µl Nuclease-

free water and total RNA was quantified using a NanoDrop (Thermo Fischer 

Scientific). 

 
RNA was reverse transcribed into cDNA using 8µl of RNA sample in a final volume 

of 20µl using Super Script III First Strand CDNA Synthesis Kit (Invitrogen) and 

Oligo(dT)20. The freshly prepared cDNA is subsequently diluted to 1:10 and qRT- 

PCR reaction was set up using 1µl of diluted cDNA, 5µl of TaqMan Master   Mix 

(Applied Biosystems), 0.5µl of the Taqman Primer and 3.5μl water. The qPCR was 

performed using the ABI 7900 (Applied Biosystems) using 384-well Clear Optical 
Reaction Plates with Barcode (Applied Biosystems) and Microamp Optical 
Adhesive Film (Applied Biosystems). Each sample was run in triplicate and the 

transcript levels of Card11 was calculated using 2ΔΔCt method using Hmbs as a 
housekeeping genes. 

 
2.2.6 Thymic grafts 

 
 
Thymic lobes were dissected from neonatal donors and then inserted under the 

kidney capsule of the left or right kidney of adult mice. The transplant was 
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performed on mice anesthetized  by intra-peritoneal  administration  of Ketamine 

(75mg/kg) and Xylazine (15mg/kg). An analgesic (Carprofen 10mg/kg) was 

delivered subcutaneously to control post-operative pain. An incision (approx. 

15mm) was made in the shaved skin of the left flank of the mouse, below the 

ribcage. Another incision (approx. 10mm) was made into the peritoneal membrane 

and the kidney exteriorized by application of gentle pressure on the fat pad to the 

right side of the spleen. An incision (approx. 3mm) was made into the kidney 

capsule and thymic lobes inserted beneath this membrane. Two lobes were placed 

at either poles of the kidney to allow for growth. The incision into the peritoneal 

membrane is closed with 2 sutures and 3 surgical staples were applied to seal the 

skin. Recipients were maintained on neomycin drinking water (1.7mg/ml) for 2 

weeks post-operation to reduce the risk of infection. 

 
2.2.7 Histology 

 
 
Tissues were fixed in formalin, embedded, sectioned, and stained with hematoxylin 

and eosin (H&E). The organs analysed included the eyes, salivary glands, 

stomach, intestines, pancreas, kidney, liver and lungs. Slides were imaged under 

the Axioplan 2 (Carl Zeiss MicroImaging) research microscope and scored by a 

reviewer blinded to the mouse identity and genotype. Scoring on organs were 0-10 

based on disease severity. The clinical score was the sum of scored organs in each 

mouse analysed. 

 
2.2.8 Adoptive T cell transfer 

 
 
Isolation of T cells for transfer 
Cells were isolated from the spleen and lymph nodes of various donor mice and 

then incubated with anti-CD4 microbeads (Miltenyi) for 15mins at 4°C. Cells were 

washed to remove unbound microbeads. 

 
MACS Separation + Injection 
Manual separation of the cell population of interest was conducted on the 
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QuadroMACS separator. LS columns were prepared according to the 

manufacturer’s instructions and cell suspensions passed through the column, and 

collected into a tube as the “NEGATIVE” population. The LS column was then 

washed thoroughly with PBS and taken off the magnet and placed into a collection 

tube, then 5ml of media was used to flush off the magnetically labeled positive 

population. The positive populations were then labelled with relevant surface stains 

of desired population to be sorted using the ARIA sorting machines (Kohn et al.). 

2.2.9 IL-2 expansion of Treg cells in vivo 

Mice were injected between 8-12 weeks of age with IL-2:anti-IL-2(clone JES6-1) 

or PBS at Day 0,1and 2. IL-2 (0.5mg/ml stock) was mixed with anti-IL-2 complex 

(1mg/ml stock) at a concentration of 1µg:5µg complex in 7µl volume per mouse  tobe 

injected IP. These IL-2:anti-IL-2 complexes were incubated in 37°C waterbath for 

30 mins, then 7µl diluted with PBS at a final volume of 200µl per mouse for IP 

injection. On day 5, mice were sacrificed and thymocytes, splenocytes and lymph 
node cell isolated for analysis. 

2.2.10 Statistical analysis 

Statistical comparisons were made using one-way ANOVA with multiple 

comparisons with Prism v.6.0 (GraphPad). A student’s t-test or two-way ANOVA 

was used when comparing the difference between two independent groups, and 

determines the probability that populations are the same with respect to the 

variable tested. The Mantel-Cox analysis was performed on survival data as it 

allows for the difference between survival times between groups whilst also 

allowing for explanatory variables to be analysed; therefore was used for all my 

survival curve data. P values <0.05 were considered to indicate a statistically 

significant difference. 
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Chapter Three: PD-1 is critical for the 

prevention of fatal autoimmune pancreatitis 

when AIRE dependent negative selection of 

auto-reactive T cells in the thymus is impaired 

3.1 Introduction 
The immune system has the challenge of discerning and defending against a 

variety of microbial pathogens, whilst simultaneously avoiding self-reactivity, a 

process referred to as immunological tolerance. Many different mechanisms have 

been experimentally demonstrated to act in central and peripheral lymphoid 

tissues to preserve immunological tolerance(Xing and Hogquist, 2012). They 

include clonal deletion and anergy of T cells expressing self-antigen specific (i.e. 

autoreactive) TCRs, as well as the differentiation and repressive function of so- 

called regulatory T cells(Burnet, 1970b; Palmer, 2003; Strasser et al., 1991; 

Winslow et al., 1992; Xing and Hogquist, 2012). Whilst we all experience low levels 

of autoimmunity, only 5% of the population develop autoimmune disease. Robust 

immunological tolerance is attributed to the variety of mechanisms that orchestrate 

the removal or silencing of autoreactive cells before causing tissue damage 

(Goodnow, 2007; Xing and Hogquist, 2012). Furthermore, autoimmune diseases 

can manifest in various organs or cell systems, commonly with a long latency of 

several years from the initial symptoms to clinical diagnosis (Goodnow, Cell 2007). 

This latency has been taken as evidence that serial breakdown of multiple immune 

tolerance mechanisms (or checkpoints), operating both in the thymus (central) and 

periphery (peripheral), must occur before overt disease is apparent (Goodnow, 

Cell 2007).  

The imposition and regulation of T cell tolerance is exerted in two major locations. 

The first is in the thymus, during the differentiation of T cells, and is referred to as 
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negative selection (Alferink et al., 1999; Palmer, 2003; Starr et al., 2003; Walker 

and Abbas, 2002). Mature T cells that are exported from the thymus are then 

subject to secondary selection, such as deletion or anergy, in peripheral lymphoid 

and non-lymphoid organs; this mode is often referred to as peripheral tolerance 

(Alferink et al., 1999; Palmer, 2003; Walker and Abbas, 2002). Peripheral tolerance 

mechanisms are necessary because thymic negative selection is not 100% 

efficient (it is estimated to be 60-75% efficient), resulting in the release of self- 

reactive T cells into the periphery (Parish et al). The cells that escape thymic 

negative selection are thought to have TCRs with a relatively low avidity for self 

antigens, as they have bypassed deletion or diversion into Tregs, which require 

high avidity interactions with self. Such low avidity T cells pose a threat to 

immunological tolerance as inadvertent activation of these cells may provoke 

autoimmune pathology; yet, they are usually kept in check by a variety of 

peripheral tolerance mechanisms. 

Clonal deletion of self-antigen reactive T lymphocytes in the thymus was one of 

the first mechanisms proposed and experimentally demonstrated (Kappler et al., 

1987). High avidity TCR ligation of developing thymocytes triggers upregulation of 

the pro-apoptotic protein BIM, which initiates the apoptotic process that delete the 

cell (Bouillet et al., 2002; Gray et al., 2012). Genetic ablation of Bim in mice 

impaired the deletion of T cells reactive to superantigens, tissue specific antigens 

and ubiquitous self-antigens. However, although Bim-deficient mice succumb to 

severe systemic lupus erythematosus (SLE)-like autoimmune disease when kept 

on a mixed C57BL/6x129SV background, on a pure C57BL/6 background mice 

lacking BIM (or multiple pro-apoptotic proteins, in BIM and PUMA) only develop 

relatively mild autoimmune disease (Bouillet et al., 1999; Gray et al., 2012). This 

suggests that additional tolerance mechanisms that act as a fail-safe to control 

autoreactive T cells when thymic deletion is impaired. 

The autoimmune regulator, AIRE is another critical mediator of negative selection 

within the thymus (Nagamine et al., 1997). This transcriptional regulator is 

expressed in a subset of thymic epithelial cells, and facilitates the transcription of 

so-called peripheral tissue antigens (Topalian et al.), which are genes normally 
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only expressed in select organs (e.g. insulin or thyroglobulin) (Anderson et al., 

2002; Heino et al., 1999; Ramsey et al., 2002a; Ramsey et al., 2002b). The 

peptides derived from such proteins are presented on major histocompatibility 

complex molecules (MHC) by epithelial cells that mediate the negative selection 

of thymocytes expressing TCRs that bind with too high an avidity. The expression 

of PTAs is a critical part of thymic negative selection, facilitating elimination 

(deletion) of thymocytes bearing autoreactive TCRs that interact with peripheral 

antigens with high affinity (Kuroda et al., 2005; Ramsey et al., 2002a; Ramsey et 

al., 2002b). For example, deficiency of a single Aire-regulated retinal antigen, 

IRBP, in the thymus was sufficient to cause spontaneous uveitis, highlighting the 

critical role of thymic PTA expression in preventing autoimmunity in the associated 

organ (DeVoss et al., 2006). Aire deficient mice have impaired expression of 

thousands of PTA (Anderson et al., 2002) (Derbinski et al., 2005; Sansom et al., 

2014), that allows self-reactive T cells to escape from the thymus and enter the 

periphery where they can provoke multi-organ autoimmune disease. Aire- 

deficiency can cause severe (even fatal) autoimmune disease on a mixed 

C57BL/6x129SV or a NOD background; highlighting the sensitivity of genetic 

modifiers (Ramsey, Hum.Mol.Gen 2002, Anderson, Science, 2002, Jiang, JEM, 

2005). Aire deficient mice on a C57BL/6 background only display mild autoimmune 

manifestations in peripheral organs (similar to Bim deficient mice), despite the 

gross impairment in the removal of self-reactive T cells. This observation suggests 

that additional tolerance mechanisms, most likely operating in the periphery, are 

acting as fail-safes when thymic negative selection processes are impaired. 

Although the concept that peripheral tolerance provides an essential backup to 

safeguard immunological tolerance when thymic negative selection fails is well- 

established, examples of the mechanisms underpinning this interaction are 

surprisingly sparse. Key examples include mouse models with defects in both 

thymic and peripheral tolerance mechanisms, including Aire-/-; Cbl-B-/- and Itch-/-; 

Aire-/- mice on the B10.Br background which develop fatal autoimmune disease 

(Liu, 2007; Teh et al., 2010). Cbl-b and Itch are both checkpoint regulators of T- 

cell activation, yet other peripheral checkpoints of peripheral tolerance (such as 
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Programmed death-1 (PD-1) or CTLA-4) have yet to be tested in this context. 

Co-stimulatory pathways have the ability to provide positive second signals that 

promote T-cell activation but can be antagonised by negative second signals that 

inhibit T-cell responses, thereby mediating T-cell tolerance and preventing 

autoimmunity (Parry et al., 2005). CTLA-4 was the first inhibitory mediator of 

peripheral tolerance described that antagonised T cell co-stimulation to maintain 

tolerance. Mice deficient in the negative mediators of the co-stimulation pathway, 

such as Ctla4, develop fatal autoimmune diseases early in life, reinforcing the 

critical role of the co-stimulatory pathway in preserving tolerance (Chambers et al., 

1997; Khattri et al., 1999). More recently more inhibitory receptors expressed on T 

cells have been described including PD-1, LAG3, Cbl-b that have collectively been 

referred to as immune checkpoints (Chambers et al., 1997; Teh et al., 2010). 

PD-1 is notable in this context because it is an important target in cancer 

immunotherapies that overcome immune inhibition to promote tumour responses. 

Initial evidence that PD-1 plays a role in immunological tolerance came from Pd1- 

deficient animals which exhibit spontaneous development of a late-onset, lupus- 

like disease characterised by autoantibodies and mild glomerulonephritis on a 

C57BL/6 genetic background (Nishimura et al., 1999). This tolerance defect is 

exacerbated on autoimmune prone backgrounds, such BALB/c mice, where Pd1- 

deficiency induced fatal myocarditis and gastritis (Ozazaki et al 2005, Kido et al 

2008(Nishimura et al., 1999)). These studies indicate that the PD-1 pathway plays 

a critical role in maintaining immunological tolerance.  

The PD-1:PD-L pathway delivers inhibitory signals to T cells that predominantly 

regulate peripheral T-cell tolerance.  PD-1 controls peripheral  tolerance  by 

limiting  the  initial  phase  of activation and expansion of self-reactive T cells, and 

restricts self-reactive T cell effector function. The PD-1 checkpoint is thought to act 

primarily in peripheral tissues to dampen immune responses and/or prevent 

damage to self-tissues during chronic infections (Harvey, 2014). 
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In light of the severe autoimmune disease in mice with defects in certain central 

and peripheral tolerance mechanisms, we sought to investigate the other 

mechanisms of peripheral tolerance that are essential for safeguarding 

immunological tolerance when various central tolerance processes were 

impaired (e.g. by Bim and Aire deficiency). As previous reports have shown Aire 

co-operates with regulators of T cell activation (Itch, Cbl-b) we hypothesised that 

PD-1 may co-operate with the central tolerance mediators Bim and Aire to 

maintain immunological tolerance. We therefore investigated the co-operation 

between central and peripheral tolerance mechanisms in preventing severe 

autoimmune disease in mice. 

3.2 Results 

3.2.1 Pd1-/-Aire-/- compound deficient mice succumb to fatal exocrine 
pancreatitis early in life. 

To determine the molecular mechanism of cooperation between central and 
peripheral immunological tolerance mechanisms, we took a genetic loss- of-
function approach. BIM and AIRE  are  well  established  mediators  of thymic 

negative selection that appear to act via distinct mechanisms. BIM is        a pro-
apoptotic protein required for the cell death of thymocytes that receive high avidity 

TCR signals. AIRE expression is  thymic  epithelial  cells  is  required  for the 
transcription and presentation of PTAs to differentiating thymocytes, thereby 

inducting thymic tolerance of peripheral tissues. To test whether AIRE and BIM 
activities overlap in negative selection or are substantially distinct, we ablated both 
genes individually or together in mice and examined the impact     on theimmune 

system and health. Interestingly, mice lacking both BIM and  AIRE did not develop 
significantly worse autoimmunity compared  to  mice  lacking  either  alone  (Figure 

3.1.1,3.1.2). The absence of severe autoimmune disease suggests that BIM and
AIRE are critical for similar process(es) in the thymus and that peripheral 

mechanisms are sufficient to support major defects in thymic deletion to prevent 

the development of fatal autoimmune disease. 

To further explore which peripheral tolerance mechanisms could be preserving 
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tolerance when central tolerance is perturbed, we genetically ablated Pd1 or Cblb 

in conjunction with loss of Bim or Aire. Only mice with combined deficiency of Pd1 

and Aire on a C57BL/6 background became runted and died at ~3 weeks of age, 

while all other single and double knockout mice survived until the end of the 

experiment (150 days) (Figure 3.1). Histological analysis of a range of organs from 

Pd1-/-Aire-/-  mice  (pancreas,  lacrimal  gland,  eye,  thyroid,  liver,  lung,   kidney, 

stomach) revealed lymphocytic infiltration in various organs, including the lung, 

salivary gland and retina and near complete destruction of the pancreas. Extensive 

destruction of the exocrine acinar cells was evident, accompanied by lymphocytic 

infiltration, however the islets of Langerhans did not appear to be affected (Gray 

et al., 2007)(Figure 3.1.3, Black arrow=islets, red arrow= exocrine tissue). A clinical 

score was calculated that summed the severity of the lymphocytic infiltration in 

major peripheral organs (Figure 3.1.2, 3.1.3). Interestingly, when Bim deficiency 

was coupled with loss of Pd1, no severe autoimmune disease was evident with all 

mice surviving in good health to the endpoint of the study (Figure 3.1.1). The Pd1-

/-;Bim-/- mice presented with relatively minor leukocyte infiltration in the organs that 

were examined (Figure3.1.2, 3.1.3). Similarly, Pd1 single deficient mice on a 

C57BL/6 background developed only mild autoimmune disease (Figure 3.1.2). It 

was previously reported that Cbl-b-/-;Aire-/- mice on a BR.B10 background 

succumbed fatal autoimmune disease with a median survival of only 25 days (Teh 

et al., 2010). However, on the C57BL/6 background we tested here, we did not 

observe lethal autoimmune disease; however, there was substantial leukocyte 

infiltration in various organs, such as the salivary gland, liver and retina. These 

features drove a higher clinical score in Cblb-/-Aire-/- than Pd1-/-Aire-/- mice but they 

were not severe enough to cause pathology (Figure 3.1.2). It is likely that the 

autoimmune infiltrates in the major peripheral organs measured  Pd1-/-Aire-/- may 

have been comparatively lower, had they not succumbed to the exocrine 

pancreatitis at such an early age. These results show that AIRE-dependent (but 

not BIM-dependent) tolerance synergises with PD-1-dependent processes in the 

periphery to safeguard immunological tolerance and to prevent severe 

autoimmune disease. 
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3.2.2 T cell activation in Pd1-/-Aire-/- compound mutant mice 

Flow cytometric analysis of Pd1-/-Aire-/- compound mutant mice at 2.5 weeks of age 
(prior to lethal wasting disease) revealed an increase in the frequency of 
activated/memory T cells in the spleen compared to the single or the other 

compound mutant animals tested (WT, Pd1-/-, Pd1-/-Aire-/-, Pd1-/-Bim-/-) (Figure 
3.2.1). This finding suggests that effector T cells might play a critical role in the 

fatal autoimmune disease that develops in the Pd1-/-;Aire-/- mice (Figure 3.2.1). Pd1 

single deficient mice had a slight increase in CD4+ memory T cells, indicating that 
PD-1 deficiency on its own causes a relatively modest increase in activated T cells. 

The activation status of Treg cells were also altered in Pd1-/-Aire-/- mice, with an 

increase in CD44highCD62LlowICOS+FOXP3+ effector Treg cells (Figure 3.2.2). This 
feature may reflect an autoimmune response in the conventional compartment, as 
has been observed in other contexts (Garcia-Diaz et al., 2017). Interestingly, the 

number and proportion of Treg cells in Pd1-/-Bim-/- mice were increased compared 

to the other groups, in accord with the larger compartment observed in Bim-/- mice 
(Zhan et al., J Immunol, 2011). These results reveal that defects in AIRE- 
dependent deletion of auto-reactive T cells in the thymus and defects in the 
negative regulation of activated T cells in the periphery elicit a substantial increase 
in effector phenotype T cells and Treg cells. 

3.2.3 Fatal exocrine pancreatitis in Pd1-/-Aire-/- mice is a T cell mediated 
disease. 

We sought to determine whether the fatal autoimmune disease of the Pd1-/-Aire-/-

mice was T cell mediated. OT-1 TCR tg mice have a severely restricted TCR 

repertoire, with most T cells bearing antigen receptors specific for an   ovalbumin 

derived peptide presented by H2-Kb. This allowed us to examine whether 

diminishing TCR repertoire diversity would impact on the development of disease 

in Pd1-/-Aire-/- mice. Therefore, we introduced the OT-1 TCR transgene on both the 

Pd1-/-Aire-/- and Pd1-/-Bim-/- compound mutant backgrounds. The Pd1-/-Aire-/- mice 

bearing the OT-1 TCR transgene showed substantially delayed disease 

development, surviving to approximately 90 days (Figure 3.3.1). The disease in 
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these OT1tg Pd1-/-Aire-/- mice mirrored the disease in the Pd1-/-Aire-/- mice lacking 

the OT-1 TCR transgene, but was greatly delayed. The introduction of the OT-1 

TCR transgene onto the Pd1-/-Bim-/- compound deficient background did not affect 

development of disease, which was relatively mild. These findings reveal that 

restricting the diversity of the TCR repertoire in Pd1-/-Aire-/- mice substantially 

delays the development of severe autoimmunity, implicating autoreactive T cells 

as drivers of the disease. 

To further test this hypothesis, we performed adoptive T cell transfer experiments 

using T and B cell deficient Rag1-/- mice as recipients. All mice that had received 

MACS enriched whole T cells from Pd1-/-Aire-/- animals died within 5 weeks, 
presenting with severe weight loss and extensive destruction of pancreatic acinar 
cells (Figure 3.3.2 and data not shown). Flow cytometric analysis of these animals 

revealed an increase in CD44hi activated/memory T cells similar to that observed 

in the intact Pd1-/-Aire-/- mice; with a noted decrease in Tregs (Figure 3.3.3). Mice that 
had been injected with MACS enriched T cells from Pd1-deficient mice also had 

increased numbers of CD44hi activated/memory T cells. These outcomes indicate 
that loss of PD-1 alone can cause an accumulation of activated and potentially 
auto-reactive T cells in recipient mice; however, it is  not sufficient  to drive the 

lethal autoimmunity observed in the mice receiving T cells from Pd1-/-Aire-/- mice. 

Next, MACS enriched CD4+ T cells or CD8+ T cells from Pd1-/-Aire-/- mice were 
transferred into Rag1-deficient mice to determine which of these two T cell subsets 
was driving the fatal autoimmune disease. To ensure sustained depletion in this 

setting, recipient mice that had received CD4+ T cells were given 3 doses of CD8 

depleting antibody to ensure any  residual  contaminating  CD8+ cells were 
eliminated and the converse was done with CD4 depleting antibody for the mice 

that had been injected with CD8+ T cells. Analysis of the spleen of the Rag1-/-

recipient mice confirmed the purity of the transferred T cell populations (data not 

shown). Only the mice that had receive CD4+  T cells from Pd1-/-Aire-/- mice 
succumbed to autoimmune pancreatitis within 4 weeks, whereas the mice that had 

been injected with CD8+ T cells remained healthy (Figure 3.3.2). The majority of 

CD4+ T cells in Pd1-/-Aire-/- injected Rag1-/- 

recipient mice appeared to have an 
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activated phenotype shown by the CD44 expression, and had a reduction in 

Foxp3+ T cells as compared to control genotypes (Figure 3.3.3). These findings 
demonstrate that the fatal autoimmune destruction of the exocrine pancreas in 

Pd1-/-Aire-/- doubly deficient mice is T cell-mediated and driven by the CD4+ T cell 
subset. 

 

3.2.4 Defects in recessive tolerance mechanisms drive lethal autoimmunity 
in Pd1-/-Aire-/- mice 

 
We wanted to address whether the fatal autoimmune disease in the Pd1-/-Aire-/- 

mice was due to defects in recessive or a dominant mechanism of tolerance. 

Recessive tolerance mechanisms refer to those inherent to the cells that are being 
tolerised (e.g. PD-1-mediated inhibition of autoreactive  T  cell activation). 
Conversely, dominant tolerance mechanisms refer to those acting on cells in trans, 

(e.g. PD-1 function on FOXP3+ Treg cells suppresses the function of conventional 
T cells) (Figure 3.4.1). To discriminate between these two possible explanations, 

we established mixed hematopoietic chimeras in irradiated WT or Aire-/- mice with 
congenically labeled bone marrow cells from Ly5.1 WT (C57BL/6) and PD-1 
deficient (Ly5.2) mice mixed at a 1:1 ratio. Controls included WT or Aire-/- mice 

receiving only WT or PD-1-deficient bone marrow cells, respectively. Mice were 
then analysed for the onset of lethal autoimmunity, to test whether the presence 

of WT T cells could maintain tolerance in PD-1-deficient T cells “educated” in    an 
AIRE-deficient thymus. 

 
The delayed onset of lethally irradiated WT recipients that were reconstituted with 

WT or Pd1-/- bone marrow cells or a 1:1 mixture of the two reveals despite the loss 
of PD-1 in the hematopoietic compartment, severe disease does not ensue. The 
WT animals that had been reconstituted with a 1:1 mixture of WT and PD-1- 
deficientbone  marrow  cells  displayed  minor  weight  loss  and  mild leukocyte 
infiltration into the pancreas. However, when this 1:1 mixture of bone marrow was 

reconstituted into an Aire-/- mouse, a rapid progression to fatal disease occurred. 
Histological analysis revealed severe autoimmune destruction of the pancreas to 
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the same extent as seen in the intact Pd1-/-Aire-/- doubly deficient mice. Although 

there was a minor delay in the development of autoimmune disease in the Aire-/-

recipient 50:50 WT Ly5.1:Pd1-/- bone marrow chimeras (35 days average) 

compared to the 100% Pd1-/- bone marrow reconstituted Aire-/- recipients (28 days 
average), it is clear that WT Treg cells could not suppress disease in this setting 
(Figure 3.4.2). The notion that the 50% of WT bone marrow could not correct or 
even substantially delay disease confirms that Aire is required on thymic stroma to 
impose tolerance. The findings from these investigations establish that the 

breakdown in immunological tolerance seen in Pd1-/-Aire-/- doubly deficient mice 
could not be corrected by supplementation of WT T cells. Therefore PD-1 

deficiency causes defects in recessive tolerance mechanisms that lead to fatal 
autoimmune disease when AIRE-dependent central tolerance is also impaired. 

3.2.5 Regulatory T cells may protect Pd1-/-Bim-/- doubly deficient mice from 
severe autoimmune disease. 

It was somewhat surprising that only loss of AIRE-dependent deletion of auto- 

reactive thymocytes, but not loss of BIM-mediated thymocyte apoptosis, 

synergised with loss of PD-1 to cause fatal autoimmune disease. It has been 

shown that auto-reactive thymocytes that escape deletion by apoptosis because 

they lack pro-apoptotic BIM (plus PUMA) can be diverted into a Treg cell fate (Zhan 

et al., J Immunol 2011). By contrast, the size of the Treg cell compartment in Aire-

/-  mice appears normal (Anderson  et  al.,  2005  Immunity).  We therefore 

hypothesised that diversion of auto-reactive thymocytes into Treg cells may play a 

role in preventing fatal autoimmune disease in Pd1-/-Bim-/- double deficient mice. 

To begin to explore this hypothesis, we examined the Treg cell populations in Pd1-

-/-Bim-/- and control animals. 

Interestingly, at 20 weeks of age Pd1-/-Bim-/- mice had a substantial increase in the 

percentages of Treg cells in the spleen compared to WT controls (Figure 3.5.1). 
This increase in regulatory T cells may act to suppress the autoimmune disease 
that might otherwise be caused by the auto-reactive T cells that escape deletion 
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and therefore accumulate and persist in these animals over time (Figure 3.5.2). 

PD-1-deficient animals display a significant albeit relatively minor, increase in the 
frequency and number of Tregs at 8 and 20 weeks of age compared to WT 
animals, suggesting a possible role of PD-1 in the maintenance of Treg cells in 

peripheral organs. Whilst the significant increase in Tregs in Pd1-/-Bim-/- mice was 
clear, it was also important to determine if there were any differences in the 

suppressive ability of  this  population.  To address this, we conducted in vitro 

suppression assays and measured  the  ability of the Treg cells from these mutants 

to suppress the proliferation of activated conventional T cells. Our results indicate 
that Pd1-/-Bim-/-Tregs were at least as suppressive as wild type (or perhaps slightly 
more suppressive as compared to WT)(Figure 3.6). Furthermore, the combined 

loss of PD-1 and AIRE did not appear to affect the suppressive ability of Treg cells 
despite their displaying a more activated phenotype (Figure 3.2). Taken together 

these results indicate that, whilst the conventional T cell compartment in Pd1-/-Bim-

/- mice appear more activated than WT mice, the accumulation of regulatory T cells 
with strong suppressive function may protect  Pd1-/-Bim-/-  mice  from  autoimmune 

disease (Figure3.6.2). 

3.3 Discussion 

These data suggest a model where defects in AIRE mediated central tolerance 

can lead to a fatal, aggressive autoimmune disease when a further defect occurs 

in a peripheral tolerance pathway by loss of PD-1. Loss of Aire alone does not 

result in severe widespread autoimmunity on the C57BL/6 background as 

peripheral tolerance mechanisms restrain the activation of the autoreactive cells 

that have escaped the thymus. Similarly, loss of PD-1 alone does not normally 

result in severe disease, as long as selection processes in the thymus are intact. 

However, the fatal disease in Pd1-/-Aire-/- mice is the result of escape of 
autoreactive T cells specific for self-antigens due to Aire deficiency, coupled with 
loss of PD-1 that would normally act to restrain these autoreactive cells. The 
disease that appears in these mice occurs in a stepwise manner when lesions 

occur in multiple tolerance pathways that strongly synergise to cause a devastating 
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wasting disease (Figure 3.7). 

This study sheds light on the mechanisms of co-operation and mutual back-up 

between central and peripheral tolerance mechanisms that maintain 

immunological tolerance. When two mediators of thymic deletion of auto-reactive 

T cells are concomitantly lost, such as in combined deficiency of BIM and AIRE, 

mice do not develop fatal autoimmune disease (at least on a pure C57BL/6 

background) despite the abnormal increase in autoreactive T cells that escape into 

the periphery. This finding suggests that additional mechanisms must operate to 

suppress these cells from causing autoimmune tissue attack, most likely in the 

periphery. When lesions were made in both central tolerance (AIRE) and 

peripheral tolerance (PD-1) were ablated, rapid progression of autoimmune attack 

of the exocrine pancreas occurs in mice. Aire deficiency alone in mice results in 

antigen inexperienced T cells entering the periphery, that upon encountering 

antigen will mount an immune response and provoke an autoimmune reaction. The 

lack of severe autoimmune disease in these mice and the subsequent fatal disease 

in Pd1-/-Aire-/- mice reveal that PD-1 acts to restrain activation of these T cells in 

the periphery thereby enforcing tolerance.  

Furthermore, comparing the lethal autoimmunity observed in Pd1-/-Aire-/- mice to 
the lack of synergy between BIM- and AIRE-mediated tolerance suggests that 
cooperation between central and peripheral mechanisms is more potent that 
between purely thymic (e.g. BIM and AIRE) or peripheral mechanisms alone. 

Our findings in the Pd1-/-Aire-/- mice highlight the co-operation between both central 

and peripheral tolerance mechanisms and the potent synergy that exists from 

different tolerance mechanisms. Aire and PD-1 single deficiency do not display 

severe autoimmune pathologies, and yet when lesions in both deletion and 

inactivation are combined the result is fatal autoimmune disease (Jiang et al., 

2005). The co-operation between AIRE-mediated deletion and PD-1-mediated 

anergy is specific as the combined loss of Aire and Cbl-b did not result in lethal 

autoimmune disease (Teh et al., 2010). However, Teh et al found that Cbl-b was 
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critical  for  preventing  fatal  autoimmune  disease  coupled  with  loss  of  Aire on 

a BR.B10 genetic background, highlighting that interactions between critical 

mediators  of tolerance  can  manifest  in  different  ways  depending   upon   the 

genetic background (Teh et al., 2010). 

PD-1 is expressed by T lymphocytes and, upon interactions with its ligands (PD- 

L1 and PD-L2), functions as a co-inhibitory receptor that dampens T cell activation, 

thereby negatively regulating immune responses (Francisco et al., 2010). PD-1 is 

also expressed at the TCRβ rearrangement stage of T cell development within the 

thymus, and loss of PD-1 does have a strong impact on selection processes within 

the thymus, including AIRE-mediated thymic deletion (Nishimura et al., 1996; 

Nishimura et al., 2000). PD-1 is also expressed on a range haematopetic cells in 

the periphery and can be induced on CD4 and CD8 mature T cells upon their 

activation (Keir et al., 2007; Keir et al., 2006; Rodig et al., 2003; Sheppard et al., 

2004). Engagement of PD-1 inhibits the induction of phosphoatidylinoisotol-3- 

kinase (PI3K) activation and downstream activation of the NFkB signalling pathway 

through TCR-CD28 co-stimulation (Hui et al., 2017; Sheppard et al., 2004). These 

signals act to prevent proliferation of T cells that have recognised high affinity 

antigens. The tissue specific destruction of the pancreas in Pd1-/-Aire-/- mice over 

such a short amount of time allows us to infer that pancreas-specific T cells 

escaping AIRE-mediated thymic deletion emerge and encounter their antigen 

within the first weeks of life. In the periphery, these pancreas-reactive cells may 

receive CD28 co-stimulation which, in the absence of PD-1 signals, results in their 

full activation, proliferation and differentiation into effector T cells capable of tissue 

damage. Alternatively, their initial activation may occur normally in Aire-/- mice, but 

their effector function in the pancreas might be antagonised by PD-1 ligation. 

The competitive chimera experiments provide strong evidence that the defects in 

tolerance mechanisms in Pd1-/-Aire-/- mice are cell intrinsic. Therefore, the picture 
that emerges is that thymic tolerance acts to reduce the number of autoreactive 
cells emerging into the periphery, while PD-1 prevents the activation/effector 
function of those low affinity clones that make it into the periphery, that would 
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otherwise cause autoimmune disease. Nevertheless, Treg cells may yet play some 
role in the pathogenesis of this disease. The mixed chimera experiments were in 

Aire-/- recipients and AIRE has been previously shown to be involved for the 
production of a neonatal Treg cell population that is sustained throughout 
adulthood with superior suppressive ability to prevent widespread, organ-specific 
autoimmune disease (Yang et al., 2015). Therefore, AIRE may be critical for the 

proper selection of Treg cells in the Pd1-/-Aire-/- mice that influences the phenotype 
we’ve observed. 

It was surprising that mice deficient in BIM and PD-1 do not display overt signs of 

autoimmune disease as BIM is responsible for deletion of all autoreactive 

thymocytes including thymocytes that are AIRE dependent. One important 

distinction between the T cells exiting the thymus in AIRE- and BIM-deficient mice 

is that, in BIM-deficient mice, they are antigen experienced since they have 

encountered their cognate antigen during selection. Therefore, antigen experience 

in the thymus may induce other tolerance mechanisms, such as anergy or 

diversion into the Treg cell lineage. By contrast, this thymic antigen encounter does 

not occur mice lacking AIRE. Therefore, autoreactive T cells may first encounter 

their cognate antigen in the periphery, altering balance in favour of an immune 

response. In Pd1-/-Bim-/- deficient animals, AIRE can still induce the expression of 

PTAs within the thymus, such that PTA-specific T cells are exported are antigen 

experienced. The explanation for the lack of autoimmunity due to the failure of 

BIM-mediated negative selection, could be the implementation of peripheral 

restraint of T cell activation, or diversion of autoreactive TCRs into regulatory T 

cells (Anderson et al., 2002). Consistent with the latter scenario, we observed a 

large increase in Treg cells in Pd1-/-Bim-/-     mice, so whilst antigen inexperienced 

autoreactive T cells escape the thymus and have potential to cause autoimmune 

disease, the increase in peripheral Treg cells may counterbalance this and 

suppress the autoreactive response to preserving tolerance. This notion might be 

tested in Pd1-/-Bim-/-  deficient  mice  by  somehow reducing Treg cell numbers in 

these mice to normal levels,  perhaps  by introduction of a Foxp3DTR allele that 

would allow inducible and partial ablation of Treg cells by administration of the 
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diphtheria toxin (Kim et al., 2007). 

The early and rapid onset of fatal autoimmune disease in Pd1-/-Aire-/- mice 

highlights a previously uncharacterised co-operation between PD-1 mediated 

peripheral tolerance which is provides a specific failsafe mechanism preventing 

fatal exocrine pancreatitis when AIRE-dependent thymic deletion fails. This finding 

may be of importance when determining the suitability for patients receiving anti-

PD-1 therapies, as pancreatitis has been observed as an immune mediated 

adverse effect during immunotherapy (Hofmann et al., 2016; Naidoo et al., 2015; 

Weber et al., 2015). These results highlight the potential for exacerbation of pre-

existing/concominant autoimmunity by immunotherapy- based treatments that 

would not have otherwise be picked up by single deficiencies (Iwai et al., 2017). 

It would be interesting to determine the effects of delivering a monoclonal antibody 
against PD-1 to acutely inhibit this pathway in AIRE deficient mice, and whether 

this experiment would re-capitulate the severe autoimmune disease seen in the 
Pd1-/-Aire-/- mice. This experiment would be more relevant to a human scenario, 
as PD-1 treatment is administered as a treatment regime and not as the germline 

deletion. This method would also be good to test with other known inhibitors such 
as Tim3, CTLA4 and LAG3 (Sakaguchi et al., 2009). If a phenotype was observed, 

it could serve as a way of predicting the autoimmune infiltration/ phenotype 
associated with newer checkpoints. Furthermore, understanding these 

mechanisms will enable rational targeting of combination therapies to reinstate 
immunological tolerance. 

The fatal autoimmune disease observed in Pd1-/-Aire-/- may provide insight into the 

importance of tissue-specific antigens expressed by cancers in immunotherapy. 

Many AIRE-regulated PTA expressed by mTECs are also expressed by tumours, 

and as a consequence, the antigen specific tolerance induced by AIRE also 

prevents an effective anti-tumour response (Trager et al., 2012). mTECs express 

a number of well-known melanoma antigens; for example, AIRE upregulates 

mTEC expression of TRP-1 and consequently the negative selection of TRP-1 

specific T cells in mice (Zhu et al., 2013). AIRE- deficiency results in an increase 
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in TRP-1 specific T cells that are rescued from negative selection thereby 

increasing the immune response against this melanoma antigen; resulting in 

reduced melanoma growth as  increased  survival (Trager et al., 2012; Zhu et al., 

2013). As human mTECs also express a large number of known melanoma 

antigens, this observation provides an  avenue for translation into patient care 

(Conteduca et al., 2010; Gotter et al., 2004). AIRE has also been linked to various 

cancer antigens, including those against prostate cancer and transplanted 

sarcoma, inferring the possibility that AIRE may have a broad effect on multiple 

cancer types (Akiyama et al., 2014; Malchow et al., 2013). 

 

 
3.4 Conclusion: 
This study highlights the critical role of PD-1 in preventing fatal autoimmune 

disease in the context of AIRE-deficiency. This requirement for breakdown in two 

different tolerance checkpoints in the immune system to provoke autoimmunity can 

be likened to the similar multiple genetic lesions that lead to malignancy 

(Goodnow, 2007). Such a model can explain the long latency in single tolerance 

defects, and the rapid-progression to fatal disease once defects are combined. 
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Figure 3.1 Autoimmunity as a result of generating defects in peripheral and 
central tolerance mechanisms.  

3.1.1 Survival of mice measured from birth to 150days of age containing either 

single or double mutations in mice with defects in deletion Bim and Aire, Cbl-b with 

Bim and Aire, PD-1 with Bim and Aire. (Bim, Aire) and/or anergy (Cbl-b, 

PD-All mice were generated on a C57BL/6 genetic background. n denotes the 

number of mice in each group analysed. Mantel-Cox statistical test was 

performed.

3.1.2 Combined clinical score of autoimmunity in major peripheral organs (salivary 

gland, retina, liver, lung, kidney, lacrimal gland, stomach, thyroid gland) 

deletion (Bim, Aire) and/or All mice were generated on a C57BL/6 background 

(n>5 group). Scores for each organ are based on a scale 1-10; and the combined 

clinical score is a sum of these individual scores.

3.1.3 H and E staining of pancreas from mice with indicated genotypes. 

Black arrow indicates islets within the pancreas, red arrow indicates 

destruction of the exocrine acinar cells and subsequently lymphocytic infiltration. 
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Figure 3.2 PD-1-/-Aire-/- mice have an activated phenotype 
3.2.1 Flow cytometric analysis of splenocytes from mice aged 19 days, 

splenocytes are gated on CD4+ T conventional cells. Mice from the indicated 

genotypes were analysed at 2.5 weeks. Data are representative of 3 individual 

experiments (n=>4 per group) 

3.2.2 Percentage of regulatory T cells and effector Treg cells in the spleen across 

indicated genotypes at 2.5 weeks for PD-1-/-Aire-/- and 8 weeks for the remaining 

genotypes gated on CD4+ T cells. Data are representative of 3 individual 

experiments (n=>4 per group) 
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Figure 3.3 Disease in PD-1-/-Aire-/- mice is T cell mediated. 

3.3.1 Survival of mice measured from birth to 150 days of age containing or lacking 

the OT-1 transgene and either single or double mutations in PD-1 with Bim and 

Aire. All mice were generated on a C57BL/6 background (n=> 8 group) 

3.3.2 Transfer of exocrine pancreatitis in Rag1J mice. Survival of Rag1J mice that 

were adoptively transferred with 1x106 T cells from PD-1-/-Aire-/-, PD1-/-/Bim-/-, PD-

1-/- mice and CD4+ or CD8+ T (1X106) cells from PD-1-/-Aire-/- mice. Mice were 

treated with CD4 depleting Ab in CD8 transferred or CD8 depleting Ab in CD4+ T 

cell transferred mice on days 0,1,7,14 to ensure depletion of residual T cells.  

3.3.3 Flow cytometric analysis of splenocytes from Rag1J mice adoptively 

transferred with CD4+ T cells from various genotypes listed.  
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Figure 3.4 Are the defects in PD-1-/-Aire-/- mice within recessive or dominant 
tolerance mechanisms? 

3.4.1 Experimental rationale. 

3.4.2 Reconstituting PD-1 deficient BM into Aire deficient mice recapitulates 

disease. Survival of Aire sufficient or Aire deficient mice that were reconstituted 

with donor bone marrow. PD-1 deficient BM or mixed chimeras with 50% 

congenically labelled WT Ly5.1 BM (to allow tracking of chimerism by flow 

cytometry) were reconstituted into these mice, and were euthanized once more 

than 10% total body weight loss was achieved.  
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Figure 3.5 PD-1-/-Bim-/- mice have an increased Treg population. 

3.5.1 Flow cytometric analysis of splenocytes from WT, PD-1-/- ,PD-1-/-Aire-/-, PD1-

/-/Bim-/- mice gated on CD4+ T cells at the aged indicated. All mice were generated 
on a C57BL/6 background (n=> 8 group) (X= mice died before this timepoint 

therefore no data could be collected). 

3.5.2 Percentage of Tregs from the following genotypes at either 2.5 weeks or 8 

weeks of age. Mean +/- SEM is shown with analysis by one-way analysis of 

variance (ANOVA) ***P<0.001, ****P<0.0001.
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Figure 3.6 PD-1-/-Bim-/- Tregs are as suppressive as WT Tregs in vitro. 

3.6.1 Tregs were isolated and sorted from a combination of spleen and lymph 

nodes of WT, PD-1-/-, PD-1-/-Aire-/-, PD1-/-/Bim-/- mice. CD4+CD25- T cells were 

labelled with cell trace violet (CTV) and stimulated with irradiated APCs and CD28. 

Tregs were combined with CD4+ T cells at titrating doses indicated and incubated 

for 72 hours at 37 degrees. Suppression was determined as percentage undivided 

cells (CTV), representative of one experiment.

3.6.2 Flow cytometric analysis of in vitro Treg suppression assay. Representative 

of 1:100 ratio of Tconv:Tregs 
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Figure 3.7 Model of proposed mechanism for pathogenesis of disease in 
PD-1-/-Aire-/- mice. 

WT scenario: Aire and Bim mediate negative selection of self-reactive antigens 

within the thymus, therefore deleting those auto-reactive to the exocrine 

pancreatic tissue. As a result, the pancreas is maintained. 

Aire-/- scenario: Aire deficiency results in escape of self-reactive antigens to the 

pancreas from the thymus into the periphery. Despite this escape, PD-1 acts in 

the periphery to negatively restrain the activation of self-reactive antigens thereby 

preventing attack of the exocrine pancreas. 

PD-1-/-Aire-/- scenario: As above for the Aire deficiency, however due to the lack 

of PD-1 there is no restraint of pancreas self-reactive antigens. These self -reactive 

antigens are activated and commence an attack of the exocrine pancreatic tissue 

resulting in its destruction. The destruction of the pancreas means that food cannot 

be broken down therefore the mice starve and die at approximately 2-3 weeks of 

age.  



Autoreactive
Pancreas Ag

thymocyte

Aire

thymic
epithelial
cell

Puma
Bim thymocyte

Aire

thymic
epithelial
cell

Puma
Bim

BIM

WT Scenario

Periphery

Aire-/- Scenario

Autoreactive
Pancreas Ag

Periphery
Autoreactive
Pancreas Ag

PD1

PD1-/-Aire-/- Scenario

Autoreactive
Pancreas Ag

Periphery

Autoreactive
Pancreas Ag

Figure (3.7)

86



94 

Chapter Four: An ENU mutagenesis screen to 

uncover novel mediators of Immune Tolerance 

4.1 Introduction 
Autoimmune diseases are a major health burden, affecting more than 5% of the 

population in Australia. These are usually chronic diseases and treatment typically 

involves long-term, general immunosuppression to curtail the autoimmune 

response (Goodnow, 2007). Unfortunately, these treatments often do not bring 

about a cure, and a major side effect is that they render patients vulnerable to 

infections(Nossal, 1994). A major challenge in the field is to find ways to stop the 

unwanted autoimmune reaction, whilst preserving immunity to pathogens. The root 

cause of most autoimmune diseases is the breakdown of immunological tolerance. 

A large variety of tolerance mechanisms have been experimentally demonstrated; 

some are termed “recessive”, such as apoptotic deletion of lymphocytes, clonal 

diversion, and anergy, while others processes involve suppression of autoreactive 

T cells acting in trans, referred to as “dominant” mechanisms (Goodnow, 2007; 

Xing and Hogquist, 2012). The major challenge in the field continues to be the 

determination of how these various tolerance mechanisms operate together. 

Identifying how these mechanisms reinforce each other to safeguard tolerance is 

an important goal for the design of new, rational, targeted therapies for 

autoimmune diseases. 

4.1.1 Deletional and Dominant Tolerance Mechanisms 

T cell deletion was one of the first tolerance mechanisms proposed and 

experimentally demonstrated (Burnet, 1970a; Winslow et al., 1992). This process 

imposes tolerance during T cell differentiation in the thymus and involves the 

apoptotic death of thymocytes expressing potentially autoreactive TCRs that bind 

with high affinity to MHC:self-peptide complexes (Palmer, 2003; Strasser et 

al.,1991). The BCL-2 regulated pathway of apoptosis is critical for this tolerance 
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mechanism. BCL-2 overexpression or combined deficiency of BAX and BAK 

inhibits thymocyte deletion mediated through TCR stimulation(Rathmell et al., 

2002; Strasser et al., 1991). High affinity TCR interactions induce the pro-apoptotic 

BH3-only protein BIM and, to a lesser extent, PUMA and NOXA to initiate the killing 

of autoreactive thymocytes(Bouillet et al., 1999; Gray et al., 2012). BIM deficient 

(and BIM/PUMA double deficient) mice show impaired deletion of autoreactive T 

cells and display autoimmune phenotypes, the severity of which is affected by 

genetic background. The relatively mild autoimmune phenotype in BIM deficient 

mice on a C57BL/6 background (Gray et al., 2012), despite a profound defect in 

the deletion of autoreactive T cells, suggests that other genetically controlled 

tolerance mechanisms provide a back-up for defective thymic deletion of 

autoreactive cells to maintain tolerance. In addition to thymic deletion, autoreactive 

cells can be either be functionally inactivated (thymic anergy) or diverted to the 

specialized immunosuppresive FOXP3+ regulatory T cell subset (Xing and 

Hogquist, 2012). 

 
Regulatory T (Treg) cells play an indispensable role in maintaining tolerance to 

self-antigens by suppressing autoimmune responses deleterious to the host 

(Bennett and Ochs, 2001; Brunkow et al., 2001; Chatila et al., 2000; Fontenot et 

al., 2003; Hori et al., 2003). Most Treg cells are produced within by thymus as a 

functionally mature subpopulation of T cells characterised by the expression of the 

transcription factor FOXP3 and high affinity IL-2 receptor chain, CD25(Hori et al., 

2003; Sakaguchi et al., 2008). Some Treg cells are also be produced in the 

periphery from naïve T cells in certain mucosal sites, and these induced Treg cells 

(iTregs) have been shown to phenotypically differ from those naturally induced in 

the thymus(Bilate and Lafaille, 2012; Weiss et al., 2012). The primary function of 

Treg cells is to exert dominant tolerance on naïve T cells to keep their activation in 

check or curtail the function of effector cells (Josefowicz et al., 2012; Sakaguchi et 

al., 2008; Xing and Hogquist, 2012). The transcription factor, FOXP3, is essential 

for the development and function of Treg cells(Hori et al., 2003; Sakaguchi et 

al.,2008). The importance of this cell population was highlighted by studies of 

FOXP3- deficiency that induce the IPEX syndrome in humans and the scurfy 
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mouse mutant(Brunkow et al., 2001), a fatal multi-organ autoimmune disease. This 

literature reveals a central role for this cell population in immune system control 

and tolerance. 

 
The development of thymic Treg cells is thought to be driven by two signaling 

events(Lio and Hsieh, 2008). The first signal is the recognition of self-peptide:MHC 

complexes by the TCR with an avidity that appears to be higher than the level 

required for positive selection, but lower or equivalent to the level required for 

apoptotic deletion of autoreactive thymocytes. The second signal primarily involves 

IL-2 (other common gamma chain cytokines can also be involved) that are critical 

for Treg cell development and maintenance (Fontenot et al., 2003). Early transfer 

studies of CD25 depleted T cell populations (i.e. populations of T cells depleted of 

Treg cells, which are mostly CD25+) caused autoimmune disease in recipient nude 

mice(Fehervari and Sakaguchi, 2004; Sakaguchi et al., 2008). The finding that 

genetic loss of IL-2 or CD25, the a  chain of the high-affinity    IL-2 receptor,  also  

caused  autoimmune  disease  in  mice  suggested  that IL-2/IL-2 

receptor was critical for the function of Treg cells in vivo (Sadlack et al., 1995; 
Schorle et al., 1991; Suzuki et al., 1995). More recent work has revealed that IL-2 

maintains FOXP3+ Treg cells in vivo and can be used to expand this cell population 
in vitro (Amado et al., 2013) and is required for TGF-beta-driven differentiation of 
naïve T cells into Treg cells (Bilate and Lafaille, 2012). Moreover, administration of 
IL-2 complexed with stabilising antibodies into mice induces substantial expansion 
of Treg cells in vivo (Webster et al., 2009). 

 

4.1.2 TCR signaling and the NF-kB pathway 
 
A critical event common to both deletional tolerance and the production of Treg 

cells is the perception of high affinity TCR signals. This process is controlled by 

the ligation of the TCR by MHC:self-peptide complexes along with an array of co- 

stimulatory and inhibitory signals when they interact with antigen presenting cells  

(APC). TCR activation and co-stimulation trigger a cascade of intra-cellular signals 

that regulate proliferation, survival and differentiation. A critical survival axis 

engaged by TCR ligation involves the activation of the nuclear factor-kB (NF-kB) 
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transcription factors. NF-kB-mediated transcriptional programs play a central role 

in the activation of genes involved in immunity, inflammation, cell proliferation, 

apoptosis/cell survival and differentiation (Hayden and Ghosh, 2004; Pahl, 1999). 

In unstimulated cells, NF-kB transcription factors (i.e. c-Rel, p65 (RelA), RelB, p50 

(NF-KB1) and p52 (NF-KB2)) are retained in an inert form in the cytoplasm by 

binding to the inhibitor of kB(IkB) proteins(Gerondakis et al., 2014; Ghosh and 

Karin, 2002; Karin, 1999). Release of this inhibition allows the entry of NF-kB 

transcription factors into the nucleus where they induce transcription of their 

targets by binding to specific, so-called kB sites, in their regulatory regions 

(Oeckinghaus et al., 2011; Rothwarf and Karin, 1999)). The IKK kinase complex is 

composed of two catalytic subunits IKKa, IKKb, and a regulatory subunit 

IKKg/Nemo. The IKK kinase complex is activated downstream of stimulation of 

TCRs, BCRs or many other surface receptors. The IKK kinase complex then 

phosphorylates the IkB-a NF-kB inhibitor which targets it for ubiquitin-dependent 

degradation by the proteasome(Oeckinghaus et al., 2011).. The degradation of 

IkB-a allows the translocation of NF-kB proteins into the nucleus where they bind 

consensus sites and activate gene transcription. Classical activation of the NF-kB 

pathway converges at the IKK mediated Ikβ phosphorylation; however, the 

upstream signaling events that result in this event varies according to the  NF-kB 

activating stimulus(Li and Verma, 2002). The NF-kB pathway controls both positive 

and negative selection processes in the thymus and subsequently the 

differentiation of conventional T cells (Gerondakis et al 2014). The NF-kB pathway 

has also been shown to orchestrate differentiation of Treg precursors and the 

subsequent IL-2 dependent induction of Foxp3 expression. 

 
Due to the central role of NF-kB signaling for activation of both conventional as 

well as regulatory T cells, defects in this signalling pathway have been linked  to 

the pathogenesis of various autoimmune diseases and cancers (Ben-Neriah and 

Karin, 2011; Ghosh and Karin, 2002; Karin, 1999, 2006; Rothwarf and Karin, 1999; 

Senftleben and Karin, 2002). Perturbations of this signaling pathway can initiate 

autoimmune diseases, such as rheumatoid arthritis, type 1 diabetes and systemic 

lupus erythematosus (SLE) (Ben-Neriah and Karin, 2011). In addition to a role in 
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chronic inflammatory diseases, constitutive NF-kB signaling is implicated in the 

development of activated B cell-like (ABC) and Diffuse Large B cell lymphoma 

(DLBCL). The deregulated NF-kB activation in some of these lymphomas is the 

consequence of somatic mutations in Caspase recruitment domain family, member 

11 (Card11) (Abramson and Shipp, 2005; Gaide et al., 2002; Gaide et al., 2001; 

Hara et al., 2003; Jeelall et al., 2012; Lenz et al., 2008; Ma et al., 2017; Newton 

and Dixit, 2003; Pomerantz et al., 2002; Snow et al., 2012; Wang et al., 2002). 

These and other studies revealed that CARD11 plays a central role in the control 

of NF-kB activation in response to TCR or BCR stimulation and this suggests that 

CARD11 may have critical roles in both conventional T cells and Treg cells. 

4.1.3 CARD11 and the CBM Complex 

CARD11 (also called CARMA1, BIMP3) is a member of the MAGUK (membrane- 

associated guanylate kinase) family of proteins and is exclusively expressed in 

lymphoid and myeloid cells(Bertin et al., 2001; Gaide et al., 2002; Hara et al., 2003; 

Jun et al., 2003; Newton and Dixit, 2003; Pomerantz et al., 2002). It contains CARD 

(caspase recruitment domain), coiled-coiled, PDZ, SH3 (src homology 3) and GUK 

(guanylate kinase) domains, which collectively mediate its ability to act as a 

molecular ‘scaffold’ for the assembly of multiprotein complexes within regions of 

the plasma membrane. CARD11 acts as a critical transducer of antigen receptor 

signals by interacting with BCL10 (B-cell lymphoma 10) and MALT-1 (mucosa 

associated lymphoid tissue lymphoma translocation-1) to form a complex that 

results in the activation of the canonical NF-kB pathway (canonical activates RelA, 

c-Rel, RelB and p50; non canonical activates p100/RelB complexes)(Lenz et al.,

2008; Egawa et al., 2003; Gaide et al., 2002; Gaide et al., 2001; Molinero et al.,

2009; Newton and Dixit, 2003; Sommer et al., 2005; Tampella et al., 2011; Wang

et al., 2002)

Since its first characterisation by Bertin et al 2001, CARD11 has been shown to be 

an important regulator of the adaptive immune response, being critical for the 

activation of mature B and T cells via their antigens receptors (Barnes et al., 2009; 

Bertin et al., 2001; Egawa et al., 2003; Hara et al., 2003; Jun et al., 2003; Molinero 
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et al., 2009; Sommer et al., 2005). Stimulation via the TCR or BCR triggers 

phosphorylation of CARD11 by protein kinase C (PKC), inducing a conformational 

change that facilitates CARD11 oligomerisation and recruitment of BCL10 and 

MALT1 and thereby formation of the CBM (CARD11-BCL10-MALT1) 

signalosome(Sommer et al., 2005). Upon cessation of T or B cell stimulation, 

degradation of BCL10 terminates CBM-driven signaling through negative feedback 

from the NF-kB pathway. Studies from mice with genetic deletion of Bcl10, Malt1 

or Card11 revealed that all of these proteins are essential for adaptive immunity 

and specifically required to mediate NF-kB activation following B and T cell antigen 

receptor stimulation (Hara et al., 2003; Ruefli-Brasse et al., 2003; Ruland et al., 

2003). 

4.1.4 The Impact of Card11 Deficiency 

Mice with various Card11 mutations have revealed its important role in adaptive 
immunity and tolerance. Complete deficiency of Card11 results in profound 
impairment of both T and B cell immune responses. Surprisingly, the development 

of conventional T cells was not impaired in Card11-/- mice, with normal numbers 
and proportions of CD4+ and CD8+ T cells found in peripheral lymphoid tissues. 
However, a significant defect was found in T cell proliferation and IL-2 production 

in response to in vitro stimulation with agonistic antibodies against CD3 and 
CD28(Hara et al., 2003). Various point mutations in the Card11 gene have been 

uncovered in mouse ENU mutagenesis experiments and they were reported to 
cause T cell defects with differing severity. Mice that harbour different Card11 point 

mutations (e.g. Unmodulated, Jun et al 2003; Vulpo and Zerda, Salisbury   2004; 
King, Barnes et al 2009) did not display gross defects in T cell development despite 
substantial reduction in CARD11 protein amounts, but mature T cells from these 

mice exhibited severe defects in response to stimulation with mitogens and IL-2. 
A well characterized mutant mouse, unmodulated, has a single nucleotide variant 

(SNV) within the Card11 gene and exhibited similar defects in T cell activation as 
compared to the Card11 knockout mice. Upregulation of CD25 to form the high 
affinity IL-2 receptor is a key event following T cell activation that required NF-kB 

signaling. In response to TCR stimulation alone in vitro, T cells from the 
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unmodulated mutant mice had impaired upregulation of CD25 expression. 

Although CD25 expression could be further increased in unmodulated T cells by 
the addition of agonistic antibodies against the CD28 co-stimulatory receptor, the 

CD25 levels remained relatively low compared to stimulated T cells from WT mice 
(Jun et al., 2003). T cell stimulation with PMA plus CD28 antibody normally induces 
activation NF-kB pathway (Jun et al., 2003). The generalized defects of the various 

Card11 mutants, along with the Card11-/- mice, involve defective T cell receptor 
signaling, highlighting the impact of Card11 in CD28-co-stimulation of this 

pathway. A striking difference between the Unmodulated ENU-induced point 
mutant and the Card11 knockout mice is the development of atopic dermatitis and 

hyper-IgE production in the unmodulated mutant mice at around 150 days of 
age(Jun et al., 2003). This difference has been interpreted to be due to an 
incomplete loss of the T cell function in the unmodulated mutant mice, which leads 

to perturbed tolerance and the capacity to launch autoimmune disease 
progression. 

Other ENU induced mutations (SNVs) in the Card11 gene have been described 

and the studies of these mutant mice have focused on the development and 

function of conventional T cells and Treg cells. An ENU screen conducted by 

Salisbury et al yielded two interesting point mutations in the Card11 gene: one in 

exon 4, Vulpo (C-G substitution at base 92061, I79M amino acid change) and 

Zerda (T-A substitution at base 92108, L95Q amino acid change)(Salisbury et al., 

2014). Barnes et al characterised an ENU induced mutation in Card11 called King 

(the causative mutation affects an amino acid residue within the linker region of 

the CARD11 protein, L525Q). A comprehensive analysis of Treg cell differentiation 

in KING mice used BM reconstitution experiments to show that the lack of these 

cells was not due to defects in the supporting stroma or growth factor availability. 

As IL-2 is critical for Treg maintenance, KING Treg cells were analysed for the 

ability to respond to IL-2 and TGF-beta in vitro, and it was confirmed that the 

defects in Treg cells was not due to defective intra-signalling (Barnes et al., 2009). 

This was a striking difference between these two studies, because Salisbury et al 

reported that IL-2/IL-2 receptor signalling was defective in the T cells from their 
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Card11 mutant mice. Another important difference between the Vulpo and Zerda 

mutant mice versus the unmodulated mutant mice was the absence of atopic 

dermatitis and autoimmune pathology in the former (Salisbury et al., 2014). The 

defects associated with the various Card11 mutations have been summarized in 

Table 1. Egawa et al generated a Card11 knockout mouse strain by introduction of 

a neo cassette between exons 4 and 5, preventing the production of detectable 

CARD11 protein. These mice were reported to exhibit a block in T cell 

differentiation in the thymus at the DN4 stage, resulting in an increase in this 

thymocyte population. T cells from these Card11 knockout mice displayed impaired 

activation upon treatment with mitogens, but this could be overcome by 

administration of IL-2(Egawa et al., 2003). Marked defects in late B cell 

differentiation leading to reduced immunoglobulin levels and substantially reduced 

T cell proliferation in response to TCR plus co-stimulation were common across all 

Card11 mutant mouse strains. 

 
4.1.5 The Role of CARD11 in Human Disease 

 
Primary immunodeficiency diseases (PIDs) are a group of heritable genetic 

disorders that interfere with normal development, function or survival of lymphoid 

and/or myeloid cells resulting in enhanced susceptibility to infections, 

autoimmunity, inflammation or malignant disease (Turvey et al 2014). PIDs usually 

present early in life and can be caused by genetic defects affecting either the 

recombination of the antigen receptor genes (e.g. defects in RAG1 or RAG2) or 

the expression of essential cytokines or their receptors (e.g. common gamma chain 

deficiency) (Stepenksy et al 2013(Turvey et al., 2014)). A category of PID patients 

are characterised by mutations in the Card11 gene and consequent defects in the 

CBM signalosome ((Greil et al., 2013; Stepensky et al., 2013; Tampella et al., 

2011; Turvey et al., 2014)). Loss of function mutations in Card11 result in an 

absence of Treg cells and a defect in IL-2 production by conventional T cells 

following combined TCR or CD3/CD28 stimulation (Greil et al., 2013; Stepensky et 

al., 2013). However, these studies were not able to discriminate whether the 

reduced numbers of Treg cells was a consequence of impaired IL-2 production by 

conventional T cells in the periphery or resulted from a block in the differentiation 
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of Treg cells in the thymus of these patients. Loss of CARD11 also resulted in a 

severe block in B cell differentiation at the late transitional stage in the periphery 

(CD19+CD3hi phenotype) and memory B cells could not be found in these patients 

(Turvey et al 2014). 

By contrast, mutations in Card11 that cause aberrant activation of the CBM 

signalosome have been linked to a congenital B cell lymphoproliferative disorder 

referred to as B cell expansion with NF-kB and T-cell Anergy (BENTA) (Brohl et al 

2014). Patients with BENTA present with abnormalities in B cell differentiation, low 

numbers of circulating memory and Ig class-switched B cells, reduced proliferation 

and IL-2 secretion in T cells, and are characterised by gain-of-function mutations 

(Turvey et al 2014). In contrast, loss-of-function mutations in this gene are 

associated with the development of combined immunodeficiency disorders (CID). 

Card11 has also been reported to act as oncogene in certain types of diffuse large 

B cell lymphoma (DLBCL)(Snow et al., 2012). Biopsies of human DLBCL tumours 

revealed mutations in the Card11 gene that affect the coiled-coil domain of the 

CARD11 protein and result in constitutive NF-kB activation and enhanced antigen 

receptor signaling in lymphoma cell lines. These activities were shown to be critical 

for the development and sustained growth of these lymphomas (Lenz et al 2008). 

A  high-throughput  quantitative  signaling  screen  of  human  DLBCL  cell   lines 

revealed novel hyperactive variants within the CARD11gene. The LATCH and 

CARD domains of Card11 were shown to promote autoinhibiton of the inhibitory 

domain (ID) within the gene that keeps CARD11 in a closed, latent state. Mutations 

within these domains resulted in an increase association with Bcl10 and 

subsequent activation of the IKK complex and NF-kB (Chan et al., 2013). This 

study suggests the LATCH and CARD domains with the Card11 gene regulate the 

activation and subsequent activation of NF-kB signaling. 

Whilst many groups have investigated the role of CARD11 in both mouse models 

and human patients, the regulation of Card11 expression remains largely 

unknown. In addition, a major discrepancy between previous studies is the impact 

of Card11 mutations on the IL-2/IL-2 receptor signaling pathway, and whether the 
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lack of Treg cells in Card11 mutant mice (and human patients) is due to defects in 

intra-cellular signaling in the Treg cells (or their precursors) or a lack of availability 

of the critical cytokine, IL-2. These issues have relevance to our understanding of 

immunological tolerance and the basisof  the immunological defects observed in 

PID as well as autoimmune disease patients. We therefore investigated the role of 

this ENU induced Card11 mutation in Treg homeostasis. 

4.2 Results: 
4.2.1 An ENU mutagenesis screen to detect novel gene variants associated 
with autoimmune disease 

To discover novel genes that function in immune tolerance and the prevention of 

autoimmune disease, we conducted a forward genetic screen for phenotypes 

associated with autoimmunity. We employed the mutagen ethylnitrosourea (Jeon 

et al.) to introduce random point mutations throughout the genome of the male 

germline cells of C57BL/6 mice. This approach had previously showed success  in 

identifying genes in many immune related settings including the development of T 

cells (e.g. Themis) and B cells (e.g. ATP11C) and autoimmune disease   (e.g. 

Roquin)(Hoyne and Goodnow, 2006). However, given the wealth of evidence that 

most autoimmune diseases involve a multi-step progression, with serial defects in 

different tolerance mechanisms, we also introduced a “sensitizer” allele. The Vav-

Bcl-2 transgene was introduced into pedigrees established to screen for recessive 

traits that cooperate with defects in apoptosis to elicit autoimmune disease. This 

transgene drives the overexpression of the pro-survival protein BCL-2 in all 

hematopoietic cells (Ogilvy  et  al.,  1999). BCL-2 overexpression protects 

autoreactive B and T cells from apoptotic deletion caused by excessive antigen 

receptor stimulation (Sentman et al., 1991) and also extends  the  survival  of 

activated effector T  cells and Ig-secreting plasma cells(Strasser et al., 1991). Vav-

Bcl-2 Tg mice display signs of enhanced auto-reactivity of B cells, increased 

numbers of Ig class-switched B cells and peripheral T cells and these animals are 

prone to develop autoimmune-type glomerulo-nephritis (Egle et al, blood 2003). 

These features of the Vav-Bcl-2 transgenic mice suggest they are poised to launch 

an autoimmune response, without rapidly succumbing to severe autoimmune 
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disease on the relatively resistant C57BL/6 background. Therefore, we made use 

of this transgenic mouse to screen for novel mutations that cause autoimmune 

disease that may not be apparent on a wild-type background. This “sensitisation” 

of the screen was an attractive way to address the issue that most autoimmune 

diseases are complex and polygenic. We expected that the ‘hits’ from the ENU 

mutagenesis screen would induce disease in an autoimmune-prone scenario. 

 
Pedigrees of mice were set up and bled for analysis of T, B and myeloid cell 

populations by FACS and ADVIA analysis. Those mice that displayed evidence of 
aberrant lymphocyte activation and/or features of autoimmunity (e.g. hyper IgE, 

activated T  cells  CD44high)  were  further  bred  to  determine  the heritability of 
phenotypes displayed. Multiple ‘hits’ were found in the screens, including putative 
mutant with abnormally low numbers of cells (ENU20 Bcl2:012:b:B6:G3:12(tg+)), 

low numbers of IgM-high cells (ENU20  Bcl2:006::B6:G2.8(tg+)),  increased 
numbers of monocytes and granulocytes (ENU20 Bcl2:005:B6:G2.8  (tg-). 

However, no strain developed in this study displayed any signs of autoimmune 
disease within the timeframe analysed (up to 5 months). 

 
4.2.2 Treg deficiency identified in the loco mutant strain is not due to a 
survival defect 

 
One mutant strain, loco, was identified to due to a severe decrease in CD4+CD25+ 

Treg cells in the blood (Figure 4.1.1, 4.1.2). In addition to the decrease in Treg 

cells, CD19+ B cells were reduced by approximately 30% compared to wildtype 

control animals (Figure 4.1.2). Despite the severe reduction in CD4+ CD25+ Treg 
cells these mice were overtly healthy and lacked signs of autoimmune pathology. 
As the intrinsic pathway of apoptosis (also called the mitochondrial, BCL-2 
regulated or stress activated apoptotic pathway) is important for T cell 

development and survival, we hypothesised that the lack of CD4+ CD25+ Treg cells 
may be due to a survival defect of this population in the loco mutant mice. In order 
to address this question, and in light of the fact the loco mouse did not arise in Vav- 
BCL2 transgenic mice, we conducted a genetic cross of the loco mouse with the 
Vav-BCL-2 transgenic mouse (where the intrinsic pathway of apoptosis is globally 
inhibited). The introduction of the Vav-BCL-2 transgene failed to increase the 
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numbers of Treg cells in the loco mutant mice (Figure 4.2). This finding 

demonstrates that aberrant activation of the intrinsic apoptotic pathway is not the 

cause of the Treg cell deficiency in the loco mutant mice; rather this deficiency may 

be due to a defect in the differentiation of Treg cells. 

To determine whether the decrease in CD4+ CD25+ cells in the loco mutant mice 

reflected a deficit in FOXP3+ Treg cells and not merely a change in their cell surface 

phenotype, we conducted a detailed analysis of FOXP3+ Treg cells from the major 
lymphoid organs of these mice. Whilst thymic proportions of CD4, CD8, DP and 
DN did not differ significantly in the loco mutants, Treg cells were nearly completely 
absent in the thymus (Figure 4.3). This near complete absence of thymic Treg cells 
was surprising as mouse models lacking this population are often associated with 
severe disease, a phenotype not seen in loco mice. To determine 

the extent of Treg cell deficiency in these mice, we analysed peripheral organs of 

the spleen, peripheral lymph nodes (axial, brachial, inguinal), and the mesenteric 

lymph nodes. Treg cells were severely reduced within the peripheral organs   but 
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not to the same extent to the thymus, allowing us to conclude that loco mice bear 

a profound defect in thymic Treg cells that may lie in the differentiation of this 

specialised regulatory population (Figure 4.3). 

4.2.3 Do perinatal loco mutant mice produce thymic Treg cells? 

Recent studies have shown that a wave of neonatal Treg cells from the thymus 

seeds peripheral organs in young mice and that these Treg cells are maintained 

during adult life (Yang et al., 2015). Since the Treg cell population was severely 

diminished in young adult loco mutant mice, yet they remained healthy, we 

wondered whether the early postnatal wave of Treg cells was normal in these 

animals. We therefore performed flow cytometric analysis to determine the numbers 

of Treg cells in the thymus, spleen and peripheral lymph nodes (PLN) of 5-day-old 

loco mutant mice and wildtype controls. This analysis revealed a severe reduction 

in Treg cells in the 5-day-old loco mutant mice across all of the tissues tested (Figure 

4.4), indicating that the thymic production of the Treg cells  is severely compromised 

throughout development of loco mutant mice. These data led us further to 

hypothesise that the defect in Treg cells perhaps lay with the differentiation instead 

in the homeostasis of this cell population. 

4.2.4 Impaired thymic Treg cell differentiation in loco mutant mice 

T cell differentiation in the thymus proceeds through a series of stages to give rise 

to several distinct T cell lineages (e.g. CD4+, CD8+, FOXP3+ Treg cell, iNKT, 
gamma delta T cells). Thymic Treg cell differentiation  bifurcates  from conventional 
T cell development after positive selection  from  CD4  single  positive (SP) 
thymocytes that express TCRs with high affinity for self- antigen:MHC class II 
complexes (Lio and Hsieh, 2008). Treg cells can also be induced from conventional 

CD4+ T cells in the periphery under the influence of TCR signals and cytokine, such 
as TGF-β (Bilate and Lafaille, 2012). We undertook a thorough phenotypic analysis 

of loco mutant mice to determine whether there were any defects in the CD4+ T cell 
compartment and Treg cells in the thymus. This analysis revealed that the 
differentiation of 



thymic progenitors through the early stages of thymocyte differentiation to the DP 
cell stage was normal in loco mutant mice (Figure 4.5). However, we did detect a 

reduction in Treg cell progenitor cells (GITRhigh/CD25high CD4SP) in loco compared 
to WT mice (Figure 4.5). A reduction of CD4 CD25 double positive cells in the 
thymus of loco mice was also evident (Figure 4.5). These data identify a defect in 
Treg cell differentiation at the earliest stage identified in the thymus. 

Previous studies in which Treg cells were inducibly deleted by administration      of 

diphtheria toxin (DT) in adult Foxp3DTR mice (which express the diphtheria  toxin 
receptor only  on  Treg  cells)  showed  that  the  loss  of  90-97%  Treg  cells was 
sufficient to provoke the lymphoproliferation and autoimmune  pathology 
associated with the scurfy mutant mice (Fontenot et al., 2003; Josefowicz et al., 
2012; Weiss et al., 2012). Therefore, it was somewhat surprising that the loco 

mutant mice did not exhibit overt autoimmune pathology. We hypothesised that a 
defect in conventional T cell activation might explain the lack of autoimmunity in 

these mice. To test this hypothesis, we analysed the FOXP3- CD4+ conventional T 

cell compartments in loco mutant mice for CD44high/CD62Llow effector/memory 

populations. Conventional CD4+  T cells from the loco mutant mice exhibited a 

marked decrease  in  the CD44highCD62Llow effector/memory subset as compared 
to their  counterparts from wildtype mice, however they did not show a significant 
difference in their proliferation, as assessed by intracellular Ki67 expression 
(Figure 4.6.3). In contrast, the T cells from the MLN did not display such reduction 
in the effector/ memory subset and can be attributed to being a site for the 
peripheral generation of Tregs from conventional T cells. These data reveal that 

the conventional CD4+ T cells from the loco mutant mice have a defect in activation 
and this is a plausible explanation for the lack of autoimmune disease in these 
animals. We extended these findings to the B cell compartment, finding that loco 

mice a 30% reduction in CD19+ B cells, and found a marked increase in IgM 
transitional cells in the spleen (Figure 4.7.1). Loco mice developed atopic 
dermatitis around 150 days of age (Figure 4.7.2). 

100 
4.2.5 Phenotypic analysis of peripheral Treg cells from the loco mutant 
mice 
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To establish the provenance and functional capacity of the residual Treg cells we 

could detect in the loco mutant mice, we performed a deeper phenotypic analysis 

of these cells. Treg cells express a number of cell surface proteins that are involved 

in their survival and function in mediate T cell suppression. These can be used to 

distinguish unactivated or “central” Treg cells that patrol lymphoid tissues and 

activated or “effector” Treg cells that have received TCR and costimulation and 

migrate to the tissues to suppress local T cell function (Liston and Gray, NRI, 

2014). Markers that are indicative of Treg cell activation include GITR, Nrp1, 

KLRG1, ICOS, CTLA4 and the adhesion molecule CD62L. Importantly, 

Neuropilin1 (Nrp1) is a marker of Treg cells that are thymus derived (also called 

natural Treg cells), and it is not expressed on so-called induced Treg cells that 

arise in the periphery (i.e. CD4+  conventional T cells induced to become    Tregs) 

(Bilate and Lafaille, 2012). In addition, effector Treg cells can be distinguished by 

their expression of ICOS, KLRG1, high levels of CD44 and low CD62L expression. 

CTLA-4 is a key cell surface receptor for CD80 and CD86, that Treg cells use to 

modulate the levels of these costimulatory molecules on antigen presenting cells 

(Khattri et al., 1999; Klocke et al., 2016; Wing et al., 2008). 

The few Treg cells found in the spleen and peripheral lymph nodes of loco  mutant 

mice tended to have an effector phenotype (Fig 4.8.2). We  also  observed a 

decrease in the expression of activation marker ICOS on the Treg cells in the loco 

mutant mice compared to the Treg cells from wildtype controls. CTLA4 expression 

was slightly increased in the  Treg  cells  from  the  PLN  of the loco mutant mice 

compared to the Treg cells from  the  wildtype  mice  (Figure 4.8.2). The 

comparatively lower Nrp1 expression in Treg cells found in  the loco mutant mice 

supported the notion that these residual cells had been peripherally induced. We 

therefore conclude that the loco mutant mice have a severe defect in the thymic 

production of Treg cells but can make low numbers  of induced Treg cells in the  

periphery  that  tend  to have an effector phenotype. Consistent with this 

interpretation, we observed a relative enrichment of effector phenotype Treg cells 

in the mesenteric lymph nodes of loco mutant mice; notably these lymph  nodes 

drain the gut, a site enriched for peripherally induced Treg cells, this was specific 
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to Tregs as this was not observed in the CD4+ T conventional compartment (Bilate 

et al, Ann Rev Immunol) (Figure 4.6.1, Figure 4.8.2). 

4.2.6 Is the Treg cell defect in loco mutant mice cell autonomous? 

The Treg cell deficiency and conventional T cell defects in the loco mutant mice 
could result from cell extrinsic defects (such as impaired selection by thymic 
stromal cells) or cell intrinsic defects (e.g. a defect in critical TCR, co-stimulatory 
or IL-2R signaling pathways). To address these scenarios, we conducted 
reciprocal mixed bone marrow reconstitution experiments (Figure 4.9.1). Lethally 
irradiated congenic C57BL/6 (Ly5.1/Ly5.2) F1 mice were reconstituted with T cell- 

depleted bone marrow cells composed of a 1:1 mixture of loco mutant (Ly5.2+) and 

wild-type (Ly5.1+) cells. If the Treg cell defect in the loco mutant mice was due to 
cell  extrinsic  defects,  we  would  expect  the  wildtype  hematopoietic  and non- 

hematopoietic cells present in these chimeric mice to be able to correct the Treg 
cell deficiency observed in cells from loco mice. For example, if the reduction of 
Treg cells in the loco mutant mice was due to a defect in the production of IL-2 by 
the conventional T cells, in the chimeric mice the IL-2 produced by the conventional 

T cells derived from the wildtype (Ly5.1+) bone marrow resident hematopoietic 
stem cells should drive the production and survival of not only wildtype but also 

loco mutant Treg cells. In contrast, if the reduction in the Treg cells in the loco 

mutant mice was due to a Treg cell intrinsic defect, then the we’d expect to recover 

low numbers of Treg cells derived from the loco BM cells (Figure 4.9.2). In the 

thymus and peripheral lymphoid organs (including lymph nodes and spleen) of the 

mixed bone marrow reconstituted mice we observed equal contribution of wildtype 

and loco bone marrow derived cells for all major lymphoid and myeloid cell 

subsets, including DP thymocytes, conventional CD4+, CD8+ T cells and B cells 
(Figure 4.9.3). Virtually 100% of the Treg cells in these chimaeric animals were of 
wildtype origin, indicating that there was no rescue of Treg cell differentiation 
derived   from   progenitors   from   the   loco   BM   (Figure   4.9.3).   This finding 

demonstrates that the Treg cell defect in the loco mutant mice is due to a Treg cell 
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intrinsic defect and not due to a defect in stromal cells or other cells of the 

hematopoietic system (Figure 4.9.3). 

4.2.7 Identifying the gene that is mutated in the loco mutant mice 

Having characterised the nature of the Treg cell defect in the loco mutant mice, we 

wanted to identify the location of the ENU-induced mutation within the C57BL/6 

genome that caused this phenotype. Collaborators performed exome-capture 

sequencing of the genomic DNAfrom the loco mutant mice, since 99% of the 

known ENU-induced mutations that yield phenotypes occur within coding regions 

of the mouse genome (Goodnow  and Hoyne 2006). Next generation 

sequencing of this material was performed using 75 bp paired-end sequencing  on 

an Illumina HiSeq2000 at the John Curtin School of Medical Research in Canberra.

 Following alignment to the reference C57BL/6 genome and 

bioinformatic analysis, the few homozygous single nucleotide variants (SNVs) 

identified were tested by Taqman PCR  assays  on  genomic  DNA  samples  from 

loco mutant mice  and  unaffected  littermates.  A  SNV  in  the  Cyp2w1 gene was 

the only  mutation  that showed correlation with the phenotype, with  7/7 of the 

affected mice but 0/9 of the unaffected mice being homozygous for this mutation 

(Figure 4.10.1). 

The few published reports on Cyp2w1 revealed minimal expression in most adult 

human tissues, with the highest expression observed in the colon, ovary and 

pancreas (Choudhary et al., 2005). Importantly, there was almost no expression 

detected in immune cell types. We therefore examined whether genes in linkage 

Cyp2w1 might be candidates that could explain the abnormalities seen in the loco 

mutant mice. We noticed that Card11 lay 2 megabases downstream of Cyp2w1 

(Figure 4.10.2) and therefore, was likely to be in linkage with this locus. Although 

the exome sequence analysis did not reveal any mutations in the Card11 gene, it 

is noteworthy that this gene has been reported as critical for Treg cell production 

(Barnes et al., 2009; Molinero et al., 2009). Mutant mice with complete or partial 

loss of function of Card11 all exhibit an extensive defect in  the Treg cell population 

but no autoimmunity, due to impaired conventional T cell 
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2009; Egawa et al., 2003; Jun et al., 2003; Salisbury et al., 2014). The similarity of 

the Treg cell defect (and other hematopoietic defects) in our loco mutant mice with 

the Card11 mutant animals prompted us to examine whether a rare ENU-induced 

intronic mutation might have caused a reduction or even ablation of CARD11 

expression in our loco mutant mice. We first assayed CARD11 protein levels by 

Western blotting of spleen and thymus from loco mutant and wildtype mice. 

Although a clear band for CARD11 was detectable in control samples, no CARD11 

protein was found in either the spleen or thymus of the loco mutant mice (Figure 

4.11). These data revealed that the loco mutation somehow prevents the 

expression of the CARD11 protein. 

 
To formally prove that mutation in the Card11 locus prevents CARD11 expression 

and is responsible for the Treg cell deficiency in the loco mutant mice, we took 

advantage of an independently derived ENU mutant mouse with recessive loss-of- 

function mutation in the Card11 gene, called unmodulated (Jun et al., 2003). We 

intercrossed unmodulated and loco mice to produce animals heterozygous for both 

mutant alleles. Since both are recessive mutations, if the loco mutation resided in 

the Card11 gene, we would expect that loco/unmodulated double heterozygous 

mice should have a severe deficit in Treg cell production, similar to loco 

homozygous or unmodulated homozygous mutant mice. Indeed, all 

loco/unmodulated double heterozygous mice had a severe deficiency in Treg cells 

in the thymus (Figure 4.12). This outcome demonstrates that the causative 

mutation in the loco mutant mice must reside in the Card11 gene. 

 
Given that the exome sequencing did not identify a mutation in the coding 

sequence of Card11, we next conducted whole genome sequencing of the of DNA 

from loco mutant mice to examine whether an ENU induced mutation in the intronic 

regions of the Card11 gene was responsible for the loco mutant phenotype. We 

identified three SNVs in non-coding regions of the Card11 gene: SNV1 (intron 2) 

(141,357,417) (T->C), SNV2 (intron10) (141,371,546) (C->T) SNV3 (introns20) 

(141,394,551 (C->A) (Figure 4.13). 
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To explore the possibility that one or more of these intronic SNVs causes improper 

splicing and/or maturation of Card11 transcripts, we first performed quantitative 

PCR analysis of cDNA from WT and loco mutant mice. Card11 transcript could be 

detected, albeit at reduced levels, in all immune cell types tested from the loco 

mutant mice (Figure 4.14.1). Card11 transcript was diminished in thymocytes 

(reduced by 30%), splenocytes (reduced by 65%), T cells (reduced by 50%) and 

B cells (reduced by 40%) (Figure 4.14.1). To determine whether putative splicing 

defects might cause incomplete transcription, we performed further qPCR with 

probes spanning the different exon boundaries throughout the Card11 gene. This 

analysis revealed no evidence for truncation of the Card11 mRNA in loco mice 

(Figure 4.14.2). These data reveal that the causative loco mutation(s) partially 

reduced Card11 transcription, but must also somehow impair translation into 

CARD11 protein to cause the near complete loss of detectable protein (Figure 

4.11, 4.14). 

 
Collectively, these data indicate that the immune defects in the loco mutant mouse 

are caused by non-coding mutation(s) in the Card11 gene that completely ablate 

the expression of the CARD11 protein. This model is the first report of a Card11 

loss-of-function mutant caused by non-coding mutations and presents a novel tool 

for the study of the regulation of this key immune tolerance gene. 

 

4.2.8 IL-2/IL-2 receptor signaling is intact in cells from the loco mutant mice 
 
Previously reported in Card11 mutants Vulpo and Zerda (Salisbury et al., 2014) 

were described to have defective signaling, so we explored whether the few Treg 

cells that could still be found in loco mice exhibited similar defects. Since IL-2 is 

critical for the survival of Treg cells, we examined whether the deficiency in Treg 

cells in the loco mutant mice was exacerbated to defective IL-2/IL-2R signaling. 

Administration of IL-2 complexed with a monoclonal antibody against IL-2  (Jes6- 

1) has been shown to drive the expansion of Treg cells by binding to the high 

affinity IL-2 receptor(Webster et al., 2009). We found in loco mutant mice given 3 
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daily doses of this IL-2:IL-2 antibody complex had substantially increased Treg cell 

numbers in the spleen, PLN and MLN of (Figure 4.15.1, 4.15.2). When the data 

were plotted in terms of the fold increase above basal levels, the Treg cells in the 

loco mutant mice in fact responded better to this stimulus compared to the Treg 

cells in the wildtype mice (Figure 4.15.3). We conducted phenotypic analysis of 

Tregs expanded via IL-2:IL-2 antibody complex injection to determine the relative 

expression of activation markers as compared to WT tregs. IL-2 expanded Tregs 

from loco mice appeared to be most similar to WT Treg cells, with the exception of 

Nrp1 expression, inferring that this treatment does not change the phenotype of 

Treg cells (Figure 4.15.4). 

 
The ability of the Treg cells from loco mutant mice to expand in response to the IL- 

2/IL-2 antibody complexes demonstrates that the IL-2 receptor signaling pathway 

must be intact in these cells and, hence, defects in this pathway do not explain the 

Treg cell deficiency seen in the loco mutant mice. 

 
4.2.9 CARD11-deficient Treg cells from loco mutant mice can suppress T 
cell activation 

 
Given that the Treg cell compartment in the loco mutant mice can be substantially 

expanded by injection with IL-2/anti-IL-2 antibody complexes, we next tested the 

functional capacity of these CARD11-deficient Treg cells. We administered 3 daily 

doses of IL-2/IL-2 antibody complexes to the loco mutant mice (and control 

wildtype mice), FACS purified Treg cells and then measured their capacity to 

suppress the proliferation of WT T cells stimulated with anti-CD3/28. We found that 

the IL-2/anti-IL-2 complex expanded loco mutant Treg cells were able to inhibit the 

proliferation of activated conventional CD4+ (wildtype) T cells to a similar extent as 
the IL-2:IL-2 antibody complex expanded Treg cells from wildtype mice. (Figure 
4.16.1, 4.16.2). These data reveal that Treg cells from loco mutant mice have 
comparable suppressive function to WT Treg cells. 
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4.3 Discussion: 
Regulatory T cells have an essential role in maintaining immunological tolerance 

and prevention of autoimmune disease. They exert this role by suppressing 

aberrant immune responses against self-antigens but they can also limit immune 

responses against pathogens and cancers. Commitment of thymocyte precursors 

to the Treg cell lineage within the thymus requires high affinity stimulation of the 

TCR and subsequent signaling through the high affinity IL-2 receptor. These 

signals cause the induction of the transcription factor FOXP3 that is indispensable 

for the differentiation and function of Treg cells. TCR/CD28 mediated activation of 

the NF-kB signaling pathway has also been shown to play a key role in Treg cell 

development(Cheng et al., 2013; Long et al., 2009). 

The role of CARD11 and the CBM complex in immunity and tolerance have been 

identified through the generation of various strains of mutant mice with partial or 

complete deficiency of CARD11. The novel loco mutant mouse strain we 

characterised bears three ENU induced mutations located within a non-coding 

region of the Card11 gene. 

4.3.1 The impact of IL-2 signaling in Card11 mutant mice 

Our study and the studies from other groups that examined T cell development in 

loco or other Card11 mutant mice have all found that loss of CARD11 causes a 

severe defect in Treg cell production. The severe Treg cell defect in loco mice 

could have been attributed to many factors involved in Treg differentiation and/or 

homeostasis. Previous reports have suggested that CARD11 plays a critical role 

in the development and sustained survival of Treg cells by regulating IL-2/IL-2 

receptor signaling (Malek et al 2000, Amado et al 2013). The essential role of IL-2 

and the high affinity IL-2 receptor for Treg cell survival, proliferation, consolidation 

of FOXP3 expression and the transcriptional network induced by this transcription 

factor is highlighted by the observation that mice deficient for IL-2 or the IL-2R have 

severe reductions in Treg cells and succumb to lymphoproliferative and 
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autoimmune disease (Josefowicz et al., 2012). Previous studies had concluded 

that loss-of-function mutations in Card11 can cause profound defects in the 

activation of T cells and their production of IL-2 (Hara et al). 

In mice that have not been challenged, IL-2 is produced mainly by CD4+ T cells 

and to a lesser extent by CD8+ T cells, NK and DCs (Almeida et al 2006; Malek et 
al 2008). Amado et al have shown that the number of IL-2 producing CD4+ T cells 
and the levels of IL-2 are tightly regulated by a negative feedback loop imposed 
by Treg cells(Amado et al., 2013). In this manner, Treg cells act as sensors of IL- 
2 levels. Overactive immune responses with high levels of IL-2 can be curtailed by 

Treg cell mediated suppression of conventional CD4+ T cells, leading to a 
reduction in IL-2 and T cell activation. Conversely, when IL-2 levels are low, Treg 
cell activity is reduced and this loss will allow partial activation of some 

conventional CD4+ T cells to restore homeostasis (Amado et al., 2013; Liston and 
Gray, 2014). 

In light of this literature, we addressed whether the Treg cell extrinsic defects (such 

as IL-2 production by conventional T cells) could be responsible for the deficiency 

in this subset in loco mice by analysis of competitive bone marrow chimeras. These 

chimeras establish a ‘normal’ thymic microenvironment to allow differentiation of 

Treg cells; however, as loco Treg cells could not be rescued, we can conclude that 

the defect in Treg cells in loco mice was not due to extrinsic factors such as IL-2 

production, or thymic stromal defects, pointing to a cell intrinsic defect. We 

addressed whether there was an intrinsic defect in IL-2/IL-2 receptor signaling by 

in vivo administration of IL-2:anti-IL-2 antibody complexes, which induced a 

marked expansion of Treg cells in the spleen and lymph nodes of the loco mutant 

mice. This finding indicates that the few peripheral Treg cells that are present in 

the loco mutant mice are able to respond normally to IL-2/IL-2 receptor stimulation 

and expand in vivo. This finding is consistent with the observation by Barnes et al 

that CD4+ conventional T cells from their Card11 mutant king mice could be 

converted into Treg cells in vitro by stimulation with IL-2, anti-CD3 and anti-CD28 

antibodies. Likewise, Molinero et al found that Card11-deficient Treg cells were 
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responsive to IL-2. Together, this finding indicates the role for CARD11 in Treg cell 

differentiation lies predominantly (or exclusively) in the TCR/CD28 signalling 

pathway. This concept is further supported by our finding that thymic CD4+ Foxp3-

GITRhi Treg cell precursors in loco mice were also reduced, indicating that 

CARD11 is required for transduction of TCR signals that induce the first step of 

Treg cell differentiation in the thymus. This study is the first to demonstrate that the 

few CARD11-deficient Treg cells that can be found in the loco mutant mice are in 

fact functional, as they could be expanded with IL-2:anti-IL-2 antibody complex 

administration and exhibited normal suppression of the proliferation of mitogen 

stimulated conventional CD4+ T wildtype cells in vitro. In Contrast, Vulpo and Zerda 

Card11 mutants did not to have defects in the IL-2 signalling pathway. It is tempting 

to speculate that the locations of these mutants may disrupt the binding capacity 

with Bcl10 and subsequent activation of NF-kB pathway. This will be discussed 

further below. 

4.3.2 The development of dermatitis in Loco mice 

The development of atopic dermatitis in Loco mice is a phenotype that has only 

been reported in the unmodulated mouse strain and no other Card11 mutants, 

regardless of whether it was a partial or complete loss of function. Loco mice 

develop dermatitis with a similar latency as seen in the unmodulated mutant, which 

was shown to be accompanied by high serum levels of IgE. Moreover, histological 

analysis of the skin revealed inflamed regions with substantial infiltration of mast 

cells and mononuclear cells (Jun et al., 2003). However, when the unmodulated 

mouse was crossed with the B-cell deficient mouse (CD79a knockout), whilst the 

hyper-IgE was resolved, dermatitis was not prevented, indicating that the 

autoimmunity in these mice is a T-cell driven disease (Jun et al., 2003). Further 

evidence to support this notion was that ablation of T cells (via intercross with 

TCRα null mice) prevented of atopic dermatitis in unmodulated mice (Altin et al., 

2011). It is somewhat surprising that Loco mice develop this atopic phenotype as 

these mice bear SNVs that appear to induce a complete loss of CARD11 protein, 

while unmodulated mice only have partial loss of CARD11 function. Whilst studies 

conducted on Card11 null mice did not report development of dermatitis, they did 
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not report data on aged mice therefore, it is possible that these mice were not kept 

long enough for this phenotype to become apparent. It is notable that the vulpo 

and zerda mutants, which also bear partial loss of function SNVs in the Card11, 

gene do not develop this phenotype. These mice were aged well past the 150 days 

in which atopic dermatitis appears in our loco and unmodulated mice (Salisbury et 

al., 2014). Overall, the presence or absence of skin pathology in the different 

Card11-deficient mouse strains suggests that the location of the SNV may have 

different impacts on CARD11 function and downstream signaling. The loco mutant 

mice contain 3 SNV within intronic regions that somehow ablate protein production, 

whilst the unmodulated mutant mice bear a SNV that affects the coiled-coil domain 

of CARD11, and the vulpo and zerda mutant mice bear SNVs that affect the CARD 

domain (Salisbury et al., 2014). IgE levels were not measured in vulpo and zerda 

mutant mice, and these authors speculated that the lack of dermatitis was due to 

a generalised defect in the TCR/CD28 activation of conventional T cells. T cells 

from these mutants were defective in forming a complex with BCL10, which infers 

impairment/reduction of the downstream NF-kB signaling pathway; however, this 

study did not measure the overall impact on NF-kB transcriptional activity. 

Another interesting contrast with respect to the dermatitis phenotype in loco mice 

is the FOXP3-deficient scurfy mouse, which is completely deficient in Treg cells 

and succumbs to massive T cell activation, autoimmunity, dermatitis and early 

lethality (Brunkow et al., 2001). It is highly likely that the defects in the activation 

of the conventional T cells is the reason the Treg cell-deficient loco mutant mice 

do not develop lymphoproliferative and autoimmune disease despite their massive 

reduction in Treg cells. We speculate that the development of dermatitis in Loco 

mice like in the unmodulated mouse is a result of the decrease, but not complete 

loss of Treg cells, coupled with the partial reduction, but not complete abrogation 

of TCR-mediated stimulation of conventional T cells. These data highlight that the 

consequences of partial defects within the TCR/CD28 signaling pathway can 

cause autoimmunity, whereas complete disruption of the pathway does not (Liston 

et al., 2008). This concept is also supported by the development of atopic 

dermatitis in patients with partial loss of Card11, and whilst these patients did not 
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display the Treg cell numerical defect, no conclusion can be made on the 

functionality of this population (Ma et al., 2017). 

These human cases of CARD11 deficiency involved heterozygous dominant 

negative mutations in the Card11 gene and the patients developed severe atopic 

dermatitis (Ma et al., 2017). Three different mutations have been characterised, 2 

of which are missense mutations and one in frame mutation. As these mutations 

occur at different regions throughout the Card11 gene we don’t believe that the 

nature or location of the mutation specifies the development of this phenotype. 

These patients, similar to the unmodulated strain, displayed high IgE levels and 

favoured a Th2 bias which is thought to drive the atopic dermatitis. Interestingly, 

these patients did not have the other hallmark features of Card11 mouse mutants, 

including the severe defect in Treg cell number. It is tempting to speculate that our 

loco mouse, like these human patients and the unmodulated mice, develop 

dermatitis due to skewed Th2 response, resulting in the production of IL-4 which 

in turn induces production of IgE; and that the defect in Treg cells is not the primary 

cause of the this autoimmune phenotype (Ma et al., 2017; Xing and Hogquist, 

2012). However, this study did not test the functionality of Treg cells, therefore we 

cannot rule out that the dermatitis could be linked to loss of suppression.  

Interestingly, our study confirms that CARD11 is dispensable for the TCR signals 

required for thymocyte positive selection, as evidenced by normal conventional T 

cell differentiation. TCR signaling is also important for the development of “agonist- 

selected” T cell subsets such as Treg cells, NKT cells and CD8αα T cells. CD8αα 

T cells are a unique T cell subset that is most abundant in the intestine in the 

intraepithelial lymphocyte population, and this population has been found to be 

increased three-fold in Card11 deficient mice, while NKT cells were not affected 

by loss of Card11 (Medoff et al 2009). It is plausible that through agonist selection 

processes that T cells differentiate into CD8αα T cells rather than Tregs due to the 

defects in NF-kB signaling which has been shown to be important for expression 

of Foxp3(Deenick et al., 2010; Isomura et al., 2009; Long et al., 2009; Ruan et al., 

2009; Zheng et al., 2010).Although the Card11 mutations in loco mice cause a 
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defect in the generation of thymic Treg cell differentiation, we did not investigate 

the development of this population in our mice to test this. However as peripheral 

induction of loco Treg cells appears to proceed, based on our phenotypic profiling 

and the location of the residual Treg cells in loco mice. These data provide 

evidence for two distinct molecular pathways controlling regulatory T cell lineage 

commitment/production, with distinct reliance on CARD11. Interestingly, CARD11 

also appears to also be dispensable for the function of these peripherally-induced 

Treg cells. Our in vitro assays with IL-2-expanded Treg cells from loco mice 

determined that they were able to suppress the proliferation of activated 

conventional T cells. 

4.3.3 The causative mutation(s) in loco mice 

Genomic studies in human patients have revealed that genetic variants, including 

SNVs, in both coding and non-coding regions can have substantial impact on 

human traits and play critical roles in complex diseases (Cook et al., 2006). The 

SNVs that cause disease are strongly modified by human genetic variation and 

typically manifest as partial hypomorphic alleles. Some human patients with 

presentation of autosomal recessive severe combined immunodeficiency (SCID) 

have been found that have a single non-sense mutation in the Card11 gene (Greil 

et al 2013). Mutations in human Card11 that result in BENTA cause gain-of- 

function properties with constitutive NF-kB activation. These point mutations affect 

the coiled-coil domains of CARD (Lens et al 2008, Snow et al 2010). In contrast, 

patients that present with immunodeficiency, abnormally low numbers of Treg cells 

and impaired NF-kB activation, bear deletions in exon 21 (Stepensky et al) or a 

SNV that causes a premature stop codon upstream of the GUK domain (Greil et 

al). DLBCL is a common B cell malignancy with aberrant activation of BCR 

signaling caused by activating mutations in Card11. Why this mutation causes B 

cell malignancy but not T cell malignancy is not clear, as one might expect that 

constitutive TCR induced NF-kB signaling could also cause malignant 

transformation of T cells. 

The locations of the mutations in Card11 appear to be associated with disease 
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pathology in human cases. Constitutive NF-kB signaling caused by mutations in 

the coiled-coil regions in CARD11 are linked to spontaneous multimerisation of 

CARD11 and assembly of a large CBM signalosome without the requirement for 

BCR engagement or Card11 phosphorylation (Lens et al 2008(Chan et al., 2013)), 

resulting in malignancy. Hypomorphic mutations in Card11 that cause loss of 

function have been linked to the development of atopic dermatitis in four human 

patients. Three of the mutations that occur within the CARD or Coiled-coil domain 

are associated with a more severe defect in NF-kB signaling than the one mutation 

within the GUK domain, further emphasising that the location of the mutations 

within Card11 greatly influences disease severity (Ma et al., 2017). Moreover, 

mutations in Card11 that cause immunodeficiency are mostly found between the 

PDZ and GUK domains at the other end of the gene. Loco mice appear to have a 

phenotype that is most similar to those found in the king mutant; however, the king 

mutant mice did not develop atopic dermatitis. The mutation in king mice may be 

non-critical as it is not predicted to affect the inhibitory domain of the protein. These 

studies highlight important molecular correlates that help elucidate phenotypic 

differences based on SNV (Table 1). 

How do the non-coding SNVs in Card11 of loco mice cause loss-of-function? 

Interestingly, our data show that lymphoid cells from the loco mutant mice do have 

detectable (albeit reduced) Card11 mRNA, with no evidence of truncation of the 

transcript. It therefore remains puzzling why no expression of the CARD11 protein 

can be seen in lymphoid cells from the loco mutant mice. We have shown that 

defects in Card11 do not cause in IL-2 s ignal l ing as previously 

reported. The reduction in the levels of Card11 mRNA  could reflect instability of 

the transcript generated. Future studies might address this possibility by treating 

cells from our loco mutant mice with a transcriptional inhibitor, such as Actinomysin 

D, and monitor the decay of the  Card11  mRNA   in comparison to wildtype cells. 

The loco mutation may also somehow impair translation, although we currently 

have no explanation for how this could occur. Finally, it appears unlikely that 

abnormalities in CARD11 protein stability are the reason for the absence of this 

protein in the cells from our loco mutant mice, because our Western blot data 
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showed complete absence of this protein. However, this issue could be further 

addressed by treating lymphoid cells from the loco mutant mice with the 

proteasome inhibitor, MG132, to determine if this will lead to detectable CARD11 

protein. In an attempt to determine if all three mutations  are  causative, 

CRISPR/Cas9  gene  editing  could  be  employed     to generate mice with the 

individual mutations, so they can be analysed for the defect in Treg cells and 

development of atopic dermatitis. 

4.4 Summary 
ENU mutagenesis provides a forward genetic approach to generate and identify 

novel mouse models to study gene function. This process has led to the 

identification of numerous key immune regulatory genes involved in immune 

tolerance and shed light on autoimmune susceptibility genes in humans. SNVs 

represent a large proportion of human genetic variation and typically cause partial, 

quantitative changes in gene activity or products, rather than the complete 

deficiency modeled in knockout mice. Extensive literature exists on the effects of 

complete deficiency of genes required for events following T cell antigen receptor 

engagement, such as Treg cell development (e.g. scurfy mouse mutant), however 

there is a lack of understanding of the effects of partial defects to these genes 

caused by SNVs. Partial loss-of-function alleles can reveal more information about 

a protein that would not have been previously identified in a complete gene 

knockout. The loco Card11 mutant mouse is an example of this, as partial 

deficiency in this gene results in atopic dermatitis, whereas complete deficiency in 

the Card11 gene does not result in this pathology. The graded decrease in the 

TCR-induced NFkB pathway that lowers, but does not abolish, activity causes 

dysregulation of tolerance and precipitates autoimmune pathology. This finding 

highlights the importance in understanding the graded decreases in TCR signaling 

pathways that is achieved by ENU induced SNV studies. 

The loco mutant is unique as all 3 mutations causing the defects in Card11 are 

within non-coding regions of the gene, unlike all other ENU mutants reported for 

this gene. This mutant highlights the important effect that non-coding mutations 
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can have on disease susceptibility. The exome comprises less than 2% of the 

human genome and thorough analysis on genome sequences of large cohorts of 

human cancers identified recurrent mutations within non-coding regions (Weinhold 

2014). These three mutations may target an unknown enhancer region and/or a 

location that affects transcript stability or translation, resulting in no CARD11 

protein detectable  by  western  blot.  The advantage of ENU mutagenesis is 

highlighted in the exploration of Card11 and allows for side by side comparison a 

range of different mutants. 

We have shown that mutations in the Card11 gene do not affect IL-2 signalling in 

Tregs of these mice; furthermore that Treg function does not appear to be perturbed 

in anyway due to a lack of this gene.It still remains to be defined the mechanism by 

which Card11 is regulated which would provide insights into how the dysregulation 

of this gene can cause both sever autoimmune and lymphoma. 



117 

Figure 4.1 Peripheral blood analysis reveal a mutant with defects in Tregs 

4.1.1 Representative FACS profiles of CD4 vs. CD25 expression on blood 

lymphocytes from WT or putant mice gated on  CD4+ T cells.

4.1.2 The mean percentage (+/- SEM) of CD4+ CD25+ blood lymphocytes from 

mice in the screen that identified the Loco mutant (upper left). Dashed line is 

representative -3SD. Mean percentages of CD4+ CD25+, CD19+ and CD4+ 

blood lymphocytes from groups of WT and loco mutants. Screen 34 denotes the 

genetic screen number. *** p<0.001, student’s t-test.  
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Figure 4.2 Treg defect in Loco mice is not due to survival defects. 

4.2 Graph comparing the percentage of Tregs of CD4+ CD25+ T cells gated on 

CD4 positive T cells. N=>5 per group in peripheral blood of mice screened. 

Each dot is representative of one mouse in that genetic cohort. Statistical 

analysis by student’s t-test, *** p<0.001. Groups compared WT vs. Loco, WT 

vs. BCL2-TgLoco, BCL-2Tg vs. Loco, BCL-2Tg  vs. BCL2-TgLoco, 
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Figure 4.3 Phenotypic analysis of lymphocyte populations in loco mice. 

4.3.1 Representative FACS profiles of CD4+ and Foxp3 vs CD25 populations 

from organs indicated in WT or loco mice gated on total lymphocytes. Numbers 

indicate percentages of cells gated.  

4.3.2 Bar graphs comparing mean percentage (+/- SEM)  of CD4+ lymphocytes 

and Tregs across organs indicated. N=5 per group. *** p<0.001,****p<0.0001 

student’s t-test. 
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Figure 4.4 Loco mice do not have an early wave of Tregs. 

4.4 Representative FACS profiles of CD4+ vs Foxp3 on populations from organs 

indicated in WT or loco mice gated on total lymphocytes. Numbers indicate 

percentages of cells gated. N=5 per group. 
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Figure 4.5 Impaired thymic Treg development in the thymus of Loco mice 

4.5 Representative FACS profiles of thymocyte populations indicated in WT and 

Loco mice. Numbers indicate percentages of cells gated. Bar graph comparing 

mean percentage (+/- SEM) of GITR and CD25 expression on CD4SP 

thymocytes. N= 3 per group. Two way ANOVA, *** p<0.001,****p<0.0001 

student’s t-test. 
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Figure 4.6 Phenotypic analysis of lymphocyte populations in loco mice 

4.6.1 Representative FACS profiles comparing surface receptor expression of 

activation markers on CD4+ SP and Tregs from organs indicated in WT ( solid 

gray) and loco mice. Activation status of WT and Loco mice in respective 

organs, numbers on graphs denote the percentage of cells within respective 

gates.

4.6.2 Expression of activation surface receptor ICOS on T cells. Numbers 

denote the percentage of positive cells as per bar. 

4.6.3 Representative FACS profiles of proliferation marker Ki67 on CD4+ T 

conventional cells and Tregs from organs indicated. 2 way ANOVA statistical 

test performed ****p<0.000, n.s denotes no significant difference.
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Figure 4.7 Phenotype associated with Loco mice 

4.7.1 B cell expression in the spleen of Loco mice. Representative FACS profiles 

of B cell populations from organs indicated in WT and Loco mice. N= 5 per 

group. 

4.7.2 Development of atopic dermatitis in Loco mice, displaying tissue erosion, 

mouse aged 162 days. 



Spleen

WT LOCO
105

104

102

103

0

105

104

102

103

0

1051041031020 1051041031020Ig
D

IgM

31
34 60

5.4

1213

mm

Figure (4.7.1)

Figure (4.7.2)

130



131 

Figure 4.8 Phenotypic analysis of Treg population in loco mice 

4.8.1 Representative histogram profiles comparing surface receptor expression 

of Treg markers on CD4+ Foxp3+ populations from organs indicated in WT (solid 

gray) and loco mice. Numbers indicate percentages of cells gated.  

4.8.2 Representative FACS profiles comparing surface receptor expression of 

activation markers on CD4+ Foxp3+ Treg populations from organs indicated in 

WT and Loco mice. 
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Figure 4.9 Treg defect in Loco mice is not due to cell extrinsic mechanisms 

4.9.1 Experiment rationale for competitive bone marrow reconstitution of Loco 

mice. 

1:1 ratio of WT:Loco bone marrow was injected into lethally irradiated congenially 

marked recipients. Mice were IV injected with bone marrow cells and sacrificed 8 

weeks post reconstitution.  
4.9.2 Representative FACS profiles of Foxp3+ proportions from WT (top panels) 

or Loco (bottom panels) cells from organs indicated.  

4.9.3 Bar graphs showing percentage chimerism of WT (black bars) and Loco 

(grey bars) across T cell subsets in organs indicated. 
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Figure 4.10. qPCR reveals mutations in gene Cyp2w1. 

4.10.1 Schematic representation of a SNP based Taqman assay was conducted 

for the gene Cyp2w1 variant.  

4.10.2 Screenshot of the mouse genome highlighting the location of the Cyp2w1 

gene, and Card11 genes as denoted by black arrows. 
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Figure 4.11 Loco mice do not express Card11 protein 

4.11 Western blot analysis of splenocytes and thymocytes isolated from WT or 

Loco mice. The blot was probed for anti-Card11 and Tubulin as control. 
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Figure 4.12 Formal confirmation Loco contain mutation in the Card11 gene 

4.12 Flow cytometric analysis of Treg population within the thymus of 

reconstituted mice. Competitive reconstitution with bone marrow cells from either 

WT, Unmodulated+/-, Loco+/- or a 1:1 ratio of bone marrow from both 

heterozygous unmodulated and Loco mice.  
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Figure 4.13 Whole genome sequencing reveals 3 SNPs within intronic 
regions within the Card11 gene. 

4.13.1 Schematic representation for locations of 3 individual SNPs stating 

position, alternate base and nature of the mutation.  

4.13.2 Schematic representation of the locations of the 3 SNPs in the Card11 

gene. Red Diamond denotes the 3 mutations throughout the gene. (Not to scale) 
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Figure 4.14 Loco mice produce Card11 transcript 

4.14.1 Bar graphs of mRNA transcript levels of Card11 in WT and Loco mice 

across organs indicated.  

4.14.2 Bar graphs of mRNA transcript levels of Card11 in WT and Loco mice 

across exonic regions of the Card11 gene. Representative of 3 experiments, 

one mouse per group per experiment. *** p<0.001,****p<0.0001 student’s t-test. 
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Figure 4.15 In vivo expansion of Tregs in Loco mice. 

4.15.1 Representative FACS profiles of Treg proportions in WT(top) or 

Loco(bottom) that received PBS or IL-2:α-IL-2 complexes from organs indicated. 

N=3 per group.  

4.15.2 Bar graphs of percentage and total Treg numbers across treatment 

groups indicated in the spleen.

4.15.3 Bar graph of fold change between PBS:IL-2 treatment in WT (Weng et al.) 

and Loco(Webster et al.) mice from organs indicated.  

4.15.4 Representative FACS profiles of Treg surface receptors in WT IL-2 

injected (Weng et al.), WT PBS injected (black dotted line) and Loco IL-2 injected 

(Webster et al.) mice. *<0.05,**<0.01,*** p<0.001, student’s t-test. 
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Figure 4.16 Suppressive ability of IL-2 expanded Loco Tregs. 

4.16.1 Representative FACS profiles of proliferation of WT CD4+ as measured by 

dilution of Cell trace violet (CTV) in culture WT or loco IL-2 expanded Tregs. N=1 

per group. Representative of 3 experiments. Cells were incubated for 72 hours at 

37 degrees with 10% oxygen. WT CD4+ T conventional cells were incubated 

with limiting dilutions of Tregs from either WT or loco IL-2 expanded Tregs. Bar 

denotes the percentage of divided cells.

4.16.2 Representative graph of Treg suppression across indicated genotypes of 

conventional CD4+ T cells across diluting concentrations of Tregs. 
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Table 1 Various characterised Card11 mutations in mice and humans 
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Chapter Five: Investigating the role of 

Apoptosis in progenitor cell competition within 

the thymus 

 
5.1 Introduction 
 
5.1.1 Thymic T cell Differentiation Depends on Continual Input of 
Haematopoietic Precursors. 

 
For many years, thymic T cell differentiation was thought to depend on the 

continual import of bone marrow-derived progenitors because thymic progenitors 

lacked self-renewal capacity (Conlon and Raff, 1999). The replacement of thymic 

progenitors by new incoming bone marrow derived progenitors has been shown 

to occur every 4 weeks, a brief time in which the ‘gates’ open to allow entry of BM 

progenitors, followed by a longer refractory period (Foss et al., 2001). The concept 

that thymic progenitors lacked self-renewal capacity were derived from thymus 

transplant studies. The transplantation of thymic tissue from WT mice into 

recipients with defects TCR gene rearrangement and developmentally arrested 

thymic progenitors (i.e. RAG-/- or SCID mice), resulted in complete replacement of 

the donor thymus with host cells blocked at the DN3 stage of differentiation. The 

finding that the thymus could be replaced by donor progenitors incapable of 

completing differentiation led to the dogma that thymocyte progenitors were short 

lived cells that were continuously replaced by bone marrow progenitors. Thus, it 

was held that thymus function and the differentiation of T cells was dependent on 

continual input from extra-thymic compartments. 

 

5.1.2 Thymus progenitor replenishment is a gated phenomenon 

 
Bone marrow progenitors repopulate the thymus in a manner which is referred to 

as ‘gated’ (Foss et al., 2001). This phenomenon is defined by brief periods of 

receptivity interspersed by longer refractory periods, and has been shown to occur 
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across a four-week period in mice. Thymus chimera experiments have shown that 

the gates are ‘open’ for one week to allow entry of progenitors to fill thymic 

progenitor cell niches; followed by the ‘closed’ period which lasts for approximately 

3 weeks and involves the progressive emptying of these niches as cells 

differentiate. Furthermore, it has been shown that this phenomenon is regulated 

by a feedback loop which regulates the periodic release of waves of progenitors 

from the bone marrow, ensuring that saturating levels of progenitors seed the 

thymus at the time of receptivity (Foss et al., 2001). 

5.1.3 Regulation of thymus size 

Thymic T cell production is punctuated by waves of bone marrow derived 

progenitors; however, the factors governing new progenitor recruitment, 

intrathymic precursor expansion and thymic size remained undefined for many 

years. It is estimated that each newly recruited progenitor undergoes 20 rounds of 

division to generate the large pool of immature thymocytes that will audition for 

TCR mediated selection processes, with approximately 12 of these occurring over 

a 14-day period spanning the DN stages of development (Shortman et al., 1990) 

(Prockop and Petrie, 2004). Studies have shown that this progenitor compartment 

controls the size of the thymus by competing for stromal niche availability. Given 

that the overall size of the thymus is determined by predominantly by the size of 

the DN pool, and more specifically by cells at the DN3 stage (Prockop and Petrie, 

2004), this competition comprises a critical parameter in thymic function. 

Whilst it has been accepted that new progenitor homing to the thymus is controlled 

by specific stromal niches (Foss et al., 2001); once in the thymus, competition for 

intrathymic stromal niches by DN cells regulates intrathymic expansion and size, 

and places intrinsic limits on proliferation expansion of each DN progenitor 

transitioning  to  the  DP  stage  (Prockop  and  Petrie,  2004).  In contrast, the 

proliferation of early DP cells which compromises an estimated 98% of total 

thymocytes, appears to be in intrinsically limited by the DP cells themselves, and 

not does appear to correlate with the availability of niches or to any measure of 

thymic cellularity (Prockop and Petrie, 2004). 
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5.1.4 Molecular Drivers of Thymic Progenitor Expansion 
 
The T cell development pathway relies on an organised, co-operative cellular 

network of thymic stromal cells composed of dendritic cells (DCs), fibroblasts, and 

specialised sets of thymic epithelial cells (TECs); the cortical TECs (cTECs) and 

medullary TECs (mTECs). The thymic microenvironment provides a unique array 

of growth factors, chemokines, and receptor ligands that sustain thymocyte 

survival, proliferation, migration and differentiation (Rothenberg et al., 2008). 

cTECs have been shown to support early T cell development, whereas mTECs 

and DCs are critical at later stages governing negative selection and supporting 

mature SP thymocytes (Taghon et al., 2007). The earliest stages of thymic T cell 

differentiation depend on growth factor receptors KIT and IL-7 receptor on 

thymocytes, and their ligands which are secreted by TECs. IL-7R is expressed 

from the DN2 stage (Sambandam et al., 2005) and stimulates the proliferation of 

DN cells and promotes successful rearrangement of the TCRβ chain (Alves et al., 

2009). These signals are mediated through the IL-7R, which consists of the IL-

7Rα and the common receptor ɣ chains (ɣc)(Malek et al., 1999). Murine knockout 

of cytokine receptors that use the ɣc suggest that IL-7R is the most influential in 

early T cell development (Cao et al., 1995; DiSanto et al., 1995; Ohbo et al., 

1996). Similar to ɣc deficient mice, IL-7 and IL-7Rα deficient mice present with 

markedly reduced B and T cells; however, the defect is most severe in IL-7Rα-

deficient mouse (Peschon et al., 1994) suggesting that this receptor may 

participate in the development signals distinct from the IL-7Rα/ɣc complex. 

Mutations in this receptor family present as severe combined immunodeficiency 

(SCID) in humans and underpin the critical role this signalling pathway plays in 

the development of a functional immune system(Kohn et al., 2014). 

 

Notch is another critical signal provided by the thymic environment that is involved 

in various lineage fate decisions throughout T cell development (Li and von 

Boehmer, 2011). The requirement for Notch signalling begins from the earliest 

intrathymic T cell precursors (ETPs) through to the DN stages until successful 

rearrangement of TCR gene enables the expression of TCRβ or TCRɣδ 
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(Rothenberg et al., 2008). Notch signalling is required for various critical 

checkpoints during T cell development that rescues cells from programmed cell 

death and progress throughout development. The first of these checkpoints is 

commitment to the T cell lineage; deficiency of this transcription factor in 

hematopoietic progenitors induces a block in T cell development and subsequent 

accumulation of ectopic B cells within the thymus(Han et al., 2002; Radtke et al., 

1999). In addition to the inhibiting B cell fate potential, Notch also inhibits fates of 

thymus-seeding cells including myeloid cells, and conventional and plasmacytoid 

dendritic cells, highlighting that Notch is the key receptor expressed on thymus- 

seeding cells responsible for T-cell lineage commitment (Bell and Bhandoola, 

2008; Feyerabend et al., 2009; Wada et al., 2008). 

Once T cell lineage specification has occurred, developing thymocytes must 

choose between the αβ and ɣδ lineage. Whilst specification to the ɣδ lineage 

appears to be Notch independent (Ciofani et al., 2006), αβ T cell development 

requires continuous Notch signalling for beta selection, a process involving 

successful TCR gene rearrangement enables them to express the TCRβ chain 

(Wolfer et al., 2002) (Li et al., 2010; Rothenberg et al., 2008). The importance of 

proper regulation of Notch is highlighted by the finding that activating mutations in 

this gene that have been found in over sixty percent of human T-ALL (Weng et al., 

2004). Studies have shown that common human gain-of-function NOTCH1 mutant 

alleles that are more commonly found in human T-ALL patients induce relatively 

weak Notch signalling and failed to induced T-ALL in a murine model. Moreover, 

only uncommon gain-of-function NOTCH1 mutants which correlated with strong 

downstream signalling were able to induce T-ALL. Acceleration of T- ALL 

development was however seen when the common gain-of-function mutants were 

tested in combination with constitutive expression of oncogene K-Ras. This finding 

highlights the requirement for additional events that co-operate with oncogenic hits 

and thereby influence tumour development (Chiang et al., 2008; Radtke et al., 

2010). 
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5.1.5 Cell competition among thymic progenitors as a tumour suppression 
mechanism 

 
Two landmark studies conducted by Martins et al and Peaudecerf et al have 

upended the paradigm that the thymus contains no cells capable of self-renewal, 

and must be constantly reseeded to sustain function. These groups found that 

under situations of deprivation of bone marrow derived progenitors, thymic 

progenitors can undergo self-renewal and sustain thymic T cell differentiation for 

many months (Martins et al., 2014; Martins et al., 2012; Peaudecerf et al., 2012). 

These experiments involved grafting the thymus from normal mice into profoundly 

immunodeficient mice, such as the Rag2-/-yc
-/- mouse model. These mice differ 

from the Rag-/- or SCID mice used in previous studies, in that they have a severe 

reduction in HSCs and are devoid of T cell progenitors, therefore impaired in their 

capacity to populate the thymus. WT thymic lobes grafted into these mice could 

support continued thymic T cell differentiation, without input from host progenitor 

cells, demonstrating that graft-derived progenitors could undergo some level of 

self-renewal ((Martins et al., 2012)). Similar grafting experiments into IL-7Rα-

deficient mice yielded similar outcomes, directly implicating impaired IL-7 

signalling as a mechanism facilitating autonomous T cell development in the 

thymus. Mice with mutations impairing IL-7 signalling arrested early in T cell 

development at the DN2 stage (Peaudecerf et al., 2012). When bone-marrow 

derived progenitor input was blocked by deficiency of IL-7, or when progenitors 

arrest before the DN3 stage of differentiation, donor-derived thymocytes switch to 

an autonomous mode where they continue to generate T cells within the thymus. 

These findings firmly contradicted the view that thymic function required continual 

progenitor input for its function. 

 

A follow-up study showed that a consequence of prolonged thymic progenitor 

self-renewal was the development of T-acute lymphoblastic leukemia (T-ALL). 

Upon analysis of Rag2-/-yc
-/- that received WT thymus grafts and succumbed to 

leukemia, many of the hallmarks of human T-ALL were found, including genomic 

lesions, leukemia-associated transcription, and activating mutations in 
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Notch1(Martins et al., 2014). This study revealed that the turnover of the thymic 

progenitor pool is mediated by cell competition, whereby ‘young’ bone marrow- 

derived progenitors outcompete ‘old’ thymic-resident progenitors and highlight the 

importance of this cell competition as a tumour suppressor mechanism within the 

thymus. These two studies established that non-cell intrinsic mechanism of cell 

competition can contribute to the development of cancer. 

5.1.6 Cell competition 

Cell competition is a process that favours the survival of fit cells over weaker cells 

to maintain tissue homeostasis. This process was initially described in Drosphilia 

mutants, and is integral to tissue function and the maintenance of immune 

homeostasis, with its dysregulation linked to the development of various disease 

states (Moreno and Basler, 2004; Wong et al., 2015). More recently, a role for cell 

competition has been described in mammalian hematopoiesis. A study found a 

role for p53-dependent cell competition, whereby cells expressing lower levels of 

p53 were favoured (Bondar and Medzhitov, 2010). Further studies have also 

shown a role for the selection of ‘supercompetitor’ clones with mutant p53 that act 

as a critical factor in the relapse of human cancer (Wong et al., 2015). 

5.1.7 The role of the intrinsic pathway of apoptosis in the hematopoietic 
system 

The intrinsic pathway of apoptosis is involved in the survival of various 

hematopoietic lineages and is often dysregulated in malignancies (Hanahan and 

Weinberg, 2000). The intrinsic pathway of apoptosis can be activated by various 

stimuli including DNA damage, cytokine deprivation or endoplasmic stress 

(ER)that induce the pro-apoptotic BH3-only proteins (Adams and Cory, 1998). 

These BH3-only proteins inhibit the BCL-2 pro-survival proteins that can lead to 

the activation of the key effector proteins, BAX and/or BAK (Adams and Cory, 

2007). The activation of BAX/BAK disrupts the outer mitochondrial membrane, 

facilitating the release of cytochrome C and the consequent activation of Caspase 

9. This sets off a caspase activation cascade that culminates in the demolition of

the cell in a non-inflammatory manner (Cory and Adams, 2002).



161  

 
Pro-survival members of the Bcl-2 family, including Bcl-2, Bcl-xl, Mcl-1, Bcl-w and 

A1 are known to have major roles in the inhibition of apoptosis via the mitochondrial 

pathway, thereby contributing to the normal development and various tissues and 

organs. During hematopoiesis, they are critical to the regulation of hematopoietic 

cell survival, maintaining an appropriate balance between survival of progenitors 

and the elimination of damaged cells. 

 

5.1.8 BCL-2 
 
BCL-2 was originally identified as a gene involved in the chromosomal t[14;18 

]translocation that caused acute pre-B-cell leukemia (Tsujimoto et al., 1984a; 

Tsujimoto et al., 1984b). BCL-2 was shown to promote cell survival, and has been 

found to be overexpressed in many other types of cancer (Vaux et al., 1988). 

Genetic ablation of BCL-2 viable mice; however, they exhibit growth retardation 

with dramatic  apoptosis  of  B  and T lymphocytes and melanocytes,  and  impaired  

nephron  development during embryogenic that manifests as fatal kidney 

disease(Nakayama et al.,  1994; Nakayama et al., 1993; Veis et al., 1993). 

 

5.1.9 MCL-1 
 
MCL-1 is a relative of BCL-2, part of the pro-survival protein group that was 

characterised as an early induction gene in a ML-1 human myeloid leukemia cell 

line (Kozopas et al., 1993). MCL-1 was classified as an oncogene due to its ability 

to maintain cell viability by the inhibition of apoptosis, and has a relatively short 

half-life of approximately three hours (Yang et al., 1995). Germline deletion of 

MCL-1 resulted in pre-implantation lethality of mice at E3.5-4.0 stage of embryonic 

development (Rinkenberger et al., 2000). Conditional deletion of this gene reveals 

a range of cell types including lymphocytes (Opferman et al., 2003{Pierson, 2013 

#246; Pierson et al., 2013), hematopoetic stem cells (Opferman et al., 2005) rely 

on this pro-survival protein. The enhanced survival facilitated by mutations 

affecting MCL-1 has also been implicated in the development of several cancers 

(Beroukhim et al., 2010) (Aichberger et al., 2005; Glaser et al., 2012; Grabow et 

al., 2014; Kelly et al., 2014). 
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5.1.10 BCL-X 
 
BCL-xL was discovered from screens that were intended to define new BCL-2 

homologues. Two isoforms of the gene exist in humans as a result of alternate 

splicing, the longer and shorter forms referred to as BCL-xL and BCL-xS, 

respectively (Boise et al., 1993). Germline deficiency of BCL-xL resulted in 

embryonic lethality in mice around embryonic stage E13 due to excessive 

apoptosis of hematopoietic cells in the liver, post-mitotic neurons and defective 

maturation of erythrocytes(Motoyama et al., 1999; Motoyama et al., 1995). 

Overexpression of BCL-xL in conjunction with oncogenic MYC has been described 

in the progression of carcinogenesis (Glaser et al., 2012; Swanson et al., 2004). 

 
The interesting finding that T-ALL develops due to the loss of competition found 

when Rag2-/- ɣc
-/- mice are transplanted with ‘fitter’ WT thymus progenitors led us 

to hypothesise that apoptosis may be an essential mechanism for cell competition. 

We tested this hypothesis by assessing whether dysregulation of the intrinsic 

pathway of apoptosis in thymic progenitors altered cell competition and, therefore, 

the development of T-ALL. We hypothesised that the reduction of cell survival 

induced by the loss of pro-survival proteins such as BCL2, MCL-1 or BCL-xL may 

reduce progenitor fitness, therefore affecting development of T-ALL. 

 

5.2 Results: 

5.2.1 Loss of Bcl-2 accelerates T-ALL development 

The interesting result that loss of competition in vivo can result in T-ALL led us to 

test potential mechanisms that might govern this process. Analysis of the RNA 

sequencing data obtained from Martins et al, revealed that BCL-2 was more highly 

expressed in new bone marrow derived progenitors that have entered the thymus 

than the resident “older” progenitors. This finding led us to hypothesise that the 

intrinsic pathway of apoptosis may play a role in mediating cell competition. As 

BCL-2 is a pro-survival protein, we tested whether loss of this protein would lower 

the fitness of donor cells in comparison to WT and therefore delay the onset of T- 
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ALL. To test this, we used the same thymic graft configuration as previously 

published, with thymic lobes from neonatal WT and Bcl2-/-  mice placed under the 

renal capsule of Rag2-/- ɣc
-/- recipient mice and monitored these mice for 

development of disease (Figure 5.1.1).  

Surprisingly, loss of BCL2 in the graft accelerated T-ALL development in Rag2-/-

ɣc
-/- mice as compared to WT grafts into the same mice (Figure 5.1.2). The average 

latency for T-ALL development in Rag2-/- ɣc
-/- mice with Bcl2-/- grafts was 150 days, 

compared to 300 days with WT thymic grafts (Figure 5.1.2). Post-mortem analysis 

of these revealed large tumour growth on the kidney that had been transplanted 

with thymic lobes (Figure 5.2.1). Flow cytometric analysis of the graft revealed a 

predominantly DP phenotype with a CD8SP bias, which is characteristic of T-ALL. 

Analysis of the spleen revealed the most cells had the same phenotype, indicating 

these unusual cells were recirculating into peripheral organs of these mice (Figure 

5.2.2). The latency of T-ALL development in Rag2-/-  ɣc
-/- grafted with WT thymic 

lobes was similar to    the findings in Martins et al. As a negative control, we grafted 

WT (Ly5.2) thymic grafts into congenically distinct recipient WT hosts (Ly5.1) 

where we did not expect T- ALL, as cell competition is normal in this setting. As 

Notch1 has been described to be mutated in more than 60% of human T-ALL, we 

analysed expression of surface protein CD25 (its expression has been correlated 

with overactivation/dysregulation of Notch1)(Weng et al. 2004, Tan et al 2005). 

CD25 was more highly expressed in the DN progenitor compartment of the T-ALL 

samples analysed, indicating that improper Notch1 activation is likely to drive the 

phenotype we observe, in accord with Martins et al (Martins et al., 2014) (Figure 

5.3.1). 

To formally confirm that the T-ALL seen in these mice was indeed malignant, we 

transferred tumour cells from these mice into immuno-sufficient secondary 

recipient mice (Ly5.1). The transfer of cells from sick Rag2-/- ɣc
-/- mice grafted with 

either WT or Bcl2-/- mice were able to cause disease into these mice, confirming 

that the T-ALL had malignant properties (Figure 5.3.2). 
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5.2.2 BCL-2 deficient thymocytes proliferate at a higher rate than WT 

The finding that the loss of BCL-2 accelerated disease in these mice prompted us 

to investigate whether we could find any phenotypic changes in early thymocyte 

differentiation in the thymus from Bcl2-/- mice that would correlate with this finding. 

We therefore analysed the thymic compartment of these mice at two weeks of 

age, at the earliest signs of runting at this age that is normally associated with 

these mice. Mice deficient in BCL2 displayed normal proportions of major thymic 

subsets (CD4SP, CD8SP, DN, DP) as compared to WT mice of the same age 

(Figure 5.4.1) Investigation of the DN compartment in Bcl2-/- mice revealed a 

developmental block within the early DN3 (DN3a) population which correlates 

with the induction of beta-selection in the thymus. We also investigated the 

proliferative capacity of the DN subsets in both WT and BCL2- deficient mice, and 

found that the DN3 thymocytes were undergoing enhanced proliferation in the 

absence of BCL-2 (Figure 5.4.2). 

 

 
5.2.3 Haplo-insufficiency of Mcl-1 or Bcl-x is sufficient to cause T-ALL 

 
The intrinsic pathway of apoptosis is a vital component of various processes 

including normal cell turnover, and its dysregulation in humans causes 

autoimmune diseases and cancer. In light of the finding that loss of pro-survival 

protein BCL2 accelerated the development of T-ALL in mice with severely 

defective lymphoid progenitors, and the fact that redundancy exists between the 

members of the ‘pro-survival proteins’ within the intrinsic pathway of apoptosis, 

we hypothesised that other members of the pathway may also have an effect on 

the development of disease in these mice. We therefore grafted thymi from Mcl1 

heterozygous (null mice are embryonic lethal (Rinkenberger et al., 2000)) or Bcl-

xl heterozygous (null mice are embryonic lethal (Motoyama et al., 1995)) mice 

into Rag2-/- ɣc
-/- recipients and assayed for development of T-ALL. Loss of one 

allele of either Bcl-xl or Mcl1 was sufficient to cause T-ALL, with latency similar 

to that seen in mice grafted with BCL-2-deficient grafts (Figure 5.5). 
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5.2.4 Phenotypic panel associated with ‘winning’ and ‘losing’ cells 

To better resolve the process and phenotypic characteristics of thymic progenitors 

undergoing cell competition, we mined the gene expression signatures found in 

competing thymic progenitors published by Martins et al (Martins et al., 2014) to 

create a phenotypic panel that might distinguish ‘new’ from ‘old’ progenitors. We 

grafted congenically labelled (Ly5.1) thymic lobes under the renal capsule of 

congenic Ly5.2 recipient mice (Figure 5.6.1). We harvested the thymic grafts 12 

days post-transplant, as we had established that the switch from “old” to “new” 

progenitors occurs during this period (data not shown). (Figure 5.6.2). We 

analysed the progenitor compartment of the graft and were able to distinguish the 

‘old’ Ly5.2 thymic resident progenitors from the ‘new’ Ly5.1 that had entered the 

graft from the bone marrow within the CD25+ DN2-3 population. Using a panel of 

both surface and intracellular determinants selected from the RNA sequencing 

data, we could clearly determine differences in expression of Neuropilin-1 (Nrp1), 

Sca-1, the pro-survival protein BCL-2, and adhesion receptor CD62L between 

“old” and “new” progenitor cells in the thymus (Figure 5.6.3). 

 
 

We can therefore conclude that the intrinsic pathway of apoptosis plays a critical 

role in cell-competition within the thymus, and dysregulation of this pathway 

results in an acceleration of T-ALL in this mouse model. 

 

5.3 Discussion: 
 
We initially found it surprising that loss of a pro-survival protein acceleration of T- 

All development. We reasoned that loss of Bcl2-/- in the thymus would impart 

reduced fitness to the enhanced cell death compared to a WT thymus that might 

in turn enable the poor bone marrow progenitors from the Rag2-/- ɣc
-/- recipients to 

restore competition and prevent or delay T-ALL. The acceleration in T-ALL 

observed in this setting rejects this notion. Instead, the loss of BCL-2’s pro- 

survival activity appears to impair the survival of thymic resident progenitors that 

leads to higher proliferation (as measured by Ki67), allowing us to infer that the 
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increased cell division may be necessary to fill the thymic progenitor niche. This 

increased proliferative stress induced by this change may result in an increased 

propensity to acquire the DNA lesions that can activate oncogenic pathways that 

result in T-ALL development. 

The finding that loss of one allele of the pro-survival proteins Mcl-1 or Bcl-x 

provides further evidence that the intrinsic pathway of apoptosis is involved in 

mediating cell competition between progenitors within the thymus. Analysis of the 

thymic compartment in both these mice may shed light of pre-existing 

developmental defects as seen in the Bcl2-/- deficient thymus. As Bcl-x mice are 

embryonic lethal late in development at around E13, it would be interesting to graft 

thymic lobes at E12.5 from Bcl-x-/- to determine if there is a further acceleration in 

T-ALL development. This would also provide a better comparison to the T-ALL that

develops in mice that have been grafted with BCL-2-/- thymic progenitors.

It would be important to address whether increased expression of Bcl-2, and 

therefore increasing survival capacity of progenitor cells, can improve competitive 

fitness and therefore is able to restore competitive fitness in progenitors. This could 

be achieved by conducting thymic transplants from VAV-BCL2 transgenic mice 

that have a survival advantage as compared to WT recipient progenitors (Strasser 

et al., 1991). The rationale for this experiment would be that the VAV- BCL2 

transgenic thymic progenitors are engendered enhanced competitive fitness and 

therefore the development of T-ALL or lack thereof would tell us if there is a ‘fitness 

threshold’ for autonomy to occur in the graft. If T-ALL was to develop in this model, 

it would infer that the normal function of the intrinsic pathway of apoptosis is 

important for competition based tumour suppression. 

The pro-apoptotic BH3-only proteins are critical to the activation of the intrinsic 

pathway of apoptosis, therefore it would be interesting to test the contribution of 

these proteins in mediating cell competition within the thymus. Bim is a pro- 

apoptotic family member that mediates apoptosis in a range of cell types, and is 

important for the deletion of thymocytes during T cell differentiation (Strasser et 



167 

al., 2011{Gray, 2012 #107)(Gray, 2007 #283)}. Similar to Bim, Puma is another 

BH3-pro-apoptotic protein that has been previously described to have a role in 

competition during ɣ-irradiation-induced thymic lymphoma development, therefore 

may similarly have a role in cell-competition within the thymus (Michalak et al., 

2010). Cooperation between Bim and Puma has been previously described in the 

negative selection of thymocytes during development, therefore transplants from 

mice lacking both Bim and Puma could also be used to determine whether a broad 

inhibition of apoptosis is able to overcome fitness from the bone-marrow derived 

progenitors from WT mice. 

The development of our phenotypic panel that is associated with both an ‘old’ and 

‘new’ phenotype of progenitors within the thymus will investigations of the rate of 

‘changeover’ between these populations when normal competition exists. We will 

analyse congenically distinct ‘old’ and ‘new’ populations at various time points 

(early(2 weeks), mid(4 weeks), long(12 weeks)) to map out the kinetics of thymic 

autonomy transplanted into Rag2-/- ɣc
-/- recipient mice. This assay would also 

provide a kinetic test of our hypothesis that loss of BCL-2 changes the rate of 

autonomy compared to WT. 

5.4 Conclusions 

The landmark findings that thymocytes can undergo self-renewal and operate 

under autonomy under certain conditions has clarified important aspects of T-cell 

differentiation, highlighting the importance of cellular competition in preventing 

disease. The finding that loss of pro-survival family members (BCL-2-/- Bcl-xl or 

Mcl-1) accelerates T-ALL in this model is an important finding that will hopefully 

allow further elucidation into the exact mechanisms ie DNA replicative stress etc 

by which this mechanism is exerted. Determining the mechanism in which can 

overcome cell competition and the key molecules that play a role in this process 

is an important step in understanding the evolution of cancer. Generating a 

phenotypic panel to detect ‘loss of competition’ may assist in defining early 

detection techniques that precedes tumour formation and/or metastasis. 
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Figure 5.1 Loss of pro-survival protein BCL-2 accelerates T-ALL 
development 

5.1.1 Experimental set up. Neonatal thymic lobes from congenically labelled mice 

were transplanted under the renal capsule of Rag2-/-ɣc-/- recipient mice. Mice 

were monitored for signs of T-ALL including enlarged kindey mass and labored. 

breathing

5.1.2 Survival curve comparing T-All development in both WT and Bcl2-/- induced 

T-ALL. The average latency of WT grafted T-ALLs was 300 days compared to

150 days for BCL-2 deficient grafted T-ALLs. Mantel-cox test was used to

determine the statistical significance between WT and BCL-2 deficient thymic

transplants. p=0.0023
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Figure 5.2 T-ALLs are malignant, and resemble human disease traits 

5.2.1 Microscope images of WT kidney, Kidney 5 days post thymic transplant, 

Kidney 6 months post graft, infiltration of thymus tumour into the kidney. 

5.2.2 Flow cytometric analysis of the T cell compartment in the spleen and 

thymus of WT graft into WT mouse, WT graft into Rag2-/-ɣc-/- recipient mouse or 

Bcl2-/- graft into Rag2-/-ɣc-/- recipient mouse. 
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Figure 5.3 T-ALLs display Notch activation, a hallmark of human disease 

5.3.1 Flow cytometric analysis of DN progenitor compartment in the thymus of 

WT and T-ALL mice comparing CD25, a commonly used marker of Notch 

activation. 
5.3.2 Survival curve of immune-sufficient mice that were injected with tumour 

kidney mass cells from mice with WT induced or Bcl2-/- induced T-ALL. 
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Figure 5.4 Bcl2-/- deficiency results in altered differentiation 

5.4.1 Flow cytometric analysis outlining the progenitor compartment of thymus 

from Bcl2-/- or littermate controls at 2 weeks of age.  

5.4.2 Proliferation of thymic progenitor populations (DN2,DN3) in Bcl2-/- and WT 

littermate control at 2 weeks of age using proliferation marker Ki67.
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Figure 5.5 The pro-survival proteins accelerate T-ALL development 

5.5 Survival curve comparing thymic transplants of various pro-survival 

family members into Rag2-/-ɣc-/- recipient mice. Two neonatal thymic lobes 

from the genotypes indicated were grafted under the renal capsule of Rag2-/-

ɣc-/- recipient or WT control mice and were monitored for signs of lethargy 

and laboured breathing; indicative of T-ALL. Mantel-Cox statistical analysis 

was conducted. N.S = not significant; P<0.001 ****  
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Figure 5.6 Phenotype associated with ‘new’ and ‘old’ progenitors 

5.6.1 Experimental/transplant model. Congenically labelled WT neonatal thymic 

lobes were transplanted under the renal capsule of congenically distinct WT 

recipient mice. The thymic transplant was analysed at various time points. 

5.6.2 Flow cytometric gating strategy for isolating the progenitor contribution from 

both donor and recipient.  

5.6.3 Flow cytometric analysis of DN2-DN3 progenitors from thymus transplants. 

Red lines denote ‘new’ progenitors in the transplanted thymus, blue lines denote 

‘old’ progenitors that have entered the transplanted thymus from the bone 

marrow originating from the host (Ly5.2) 
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Chapter Six: Using Immune checkpoints for the 

treatment of breast cancer 

6.1 Introduction 
Under normal physiological conditions, homeostasis is maintained by balancing 

immune responses to protect tissues from pathogen-induced damage versus 

simultaneously inducing self-tolerance by inhibiting immune responses (Goodnow, 

2007). This duality of the immune system is also evident in the responses to 

cancer. Although the immune system plays a critical role in the prevention of 

cancers, it can also enable or promote tumour development. Immune checkpoint 

therapies have emerged as a means to promote cancer immunity by shifting the 

balance toward immune activation and away from tolerance or suppression, and 

have emerged as a potent new class of anti-cancer therapies. This new class has 

revolutionised the treatment of certain solid cancers (that tend to have a high 

mutational load), such as lung cancer and melanoma (Garon, 2015; Garon et al., 

2015; Pardoll, 2012; Topalian et al., 2012). Through the development of 

monoclonal antibodies that block the immune checkpoint receptors PD-1, its ligand 

PD-L1 or CTLA4, it has become possible to stimulate a patient’s endogenous 

immune response to cancer cells (Larkin et al., 2015). 

 
The concept of cancer immunotherapy first emerged in 1891 when tumour 

shrinkage was observed in patients with sarcoma after intra-tumoral injection with 

bacterial products (Iwai et al., 2017; Mellman et al., 2011). However due to the 

sporadic nature of success and lack of reproducibility (Coley’s toxin), oncologists 

continued to rely on conventional surgery and ultimately chemotherapy (Coley et 

al. 1909., Mellman et al., 2011). A century later, the role of dendritic cells (DCs) 

and their receptors in sensing microorganisms in the innate system was 

discovered. The subsequent identification of certain cancer antigens opened new 

avenues for the development of effective immunotherapies and stimulated 

research into inducing  anti-tumour 
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responses, including cytokine therapy, peptide vaccine, DC-vaccine and adoptive 

T cell therapy (Pardoll, 2012; van der Bruggen et al., 1991). Despite these efforts, 

many of these therapies were rendered ineffective, with the primary reason being 

the lack of understanding into the immune checkpoints and tolerance (Iwai et al., 

2017; Mellman et al., 2011). 

 
Most successful immunotherapies employ distinct mechanisms which have been 

exploited by cancers for immune evasion. These treatments are based on our 

understanding of how an anti-cancer immune response is elicited, and how it can 

be inhibited. The initiation of immunity against a tumour involves DCs that sample 

antigens derived from the tumour. Upon this antigen encounter, DCs must receive 

maturation/activation signals allow their differentiation, homing and provision of co- 

stimulatory inputs to T cells for immunogenic presentation of tumour antigen- 

derived peptides. Conversely, the presentation of antigen by DCs in the steady 

state (with no activation) promotes tolerance by the production of Treg cells, 

opposing anti-tumour responses. Once activated, cancer-specific T cells must 

enter the tumour to execute their effector function on the cancer cells and this is 

another site where immune suppression can come into play. 

 
Tumours can escape immune attack through various mechanisms of 

immunosuppression (Jadus et al., 2012; Pardoll, 2012). Mechanisms employed by 

tumours to escape T cell recognition include the down regulation of MHC class I 

or disabling antigen-processing machinery in DCs. In addition, tumour cells can 

upregulate surface ligands that mediate immune suppression (e.g. PD-L1, PD-L2) 

and other ligands that engage inhibitory receptors on the surface of activated T 

cells (e.g. PD-1) that induce anergy or exhaustion (Jadus et al., 2012; Topalian et 

al., 2012; Zou and Chen, 2008). The major axis of cancer-related immune 

suppression involves inhibition of effector T cell activation while simultaneously 

enhancing the function of Treg cells in the tumour. The infiltration of Treg cells 

correlates with poor prognosis (Jadus et al., 2012). 
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Immune checkpoint therapies involve targeting inhibitory signaling pathways to re- 

awaken the immune system to efficiently recognize and eliminate cancerous cells. 

Thus, the term “immune checkpoint” refers to the inhibitory pathways that exist 

within the immune system that modulate immune responses in peripheral tissues. 

These were originally discovered (and remain) as immune tolerance genes to 

prevent autoimmunity or collateral damage from responses to chronic infections. 

As many of these checkpoints are initiated by ligand-receptor interactions, they 

can be targeted by antibodies. Cytotoxic T-lymphocyte-associated antigen 4 

(CTLA4) was the first checkpoint that was successfully targeted in this manner 

(Wei et al., 2017). Along with anti-PD-1 therapies, these are now used in the clinic 

to enhance antitumor immunity in patients with certain solid cancers (Pardoll, 2012; 

Phan et al., 2003). CTLA4 and PD-1 antagonise T cell activation and effector 

function. Antibody blockade of these inhibitors can reactivate effective anti-tumour 

T cell responses. CTLA4 is expressed selectively on T cells where it primarily 

regulates the amplitude of signal in the early stages of T cell activation. In contrast, 

PD-1 primarily suppresses T cell function in the tumour microenvironment 

(Buchbinder and Desai, 2016; Pardoll, 2012). CTLA4 counteracts the activity of 

co-stimulatory receptor CD28, thereby dampening the activation of naïve T cells. 

Therefore, the blocking antibody Ipilimumab acts by relieving the inhibition exerted 

by CTLA4 to allow for unopposed T cell activation (Hodi et al., 2010; Leach et al., 

1996). The critical role that CTLA4 plays in limiting T cell activation is highlighted 

by the lethal wasting system autoimmune disease that develops in mice deficient 

in this gene (Chambers et al., 1997). The partial blockade of CTLA4 has been 

successfully used to enhance endogenous anti-tumour immunity and tumour 

regression of melanoma (Larkin et al., 2015; Phan et al., 2003). Yet, due to the 

important role CTLA4 plays in immune tolerance, immune related toxicities were 

also observed, with colitis being the most prevalent (Buchbinder and Desai, 2016; 

Harvey, 2014). 

Preclinical studies indicate that strategies that combine immune checkpoint 

blockade with methods of optimising antigen presentation (termed immune- 
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adjuvant therapies), such as radiation, tumour ablation or chemotherapy, may 

overcome the modest immunogenicity of some cancers (such as breast cancer) 

that blunts the effectiveness of immunotherapy (McArthur and Page, 2016). 

Combinations of immune checkpoint immunotherapy and conventional 

chemotherapy have been shown to act synergistically across multiple tumour 

types, including melanoma and lung cancer (Lynch et al., 2012; Reck et al., 2013; 

Robert et al., 2011). The rationale is that chemotherapy may induce favourable 

immunologic effects, such as the release of tumour associated antigens, depletion 

of immune suppressive populations, and the release of cytokine mediators such 

as IFN-g McArthur and Page, 2016). In triple negative breast cancer pre clinical 

models, radiation appeared to synergise with anti-CTLA4 and anti-PD1, and has 

been well tolerated in patients with melanoma and prostate cancer (Barker et al., 

2013; Slovin et al., 2013; Twyman-Saint Victor et al., 2015). 

 
BRCA-1 mutated breast tumours are typically characterised as high-grade basal- 

like cancers with poor patient prognosis (Foulkes et al., 2010).These tend to be 

“triple negative” tumours, which do not express estrogen receptor (ER), 

progesterone receptor (PR) and human epidermal growth factor receptor 2 

(HER2); therefore, conventional use of endocrine or anti-HER2 therapies are 

redundant. The standard treatment regime for patients with BRCA-1 mutated 

breast cancer is chemotherapy. Advances into better treatment options for BRCA- 

1 mutated cancers have been made with the use of platinum agents and PARP 

inhibitors; however, these have been associated with high relapse rates, 

highlighting the need to identify new therapies. 

 
Immunotherapy based treatments have had modest results in the treatment of 

breast cancer to date. As BRCA-associated breast cancers commonly have a triple 

negative phenotype and are accompanied with extensive lymphocytic infiltration, 

we investigated their response to checkpoint immunotherapy in BRCA-deficient 

tumour model. We hypothesised that combination immunotherapy (PD-1 and 

CTLA4 pathway blockade) delivered with conventional therapy (platinum based 



 

chemotherapy) could lead to tumour regression in BRCA1-deficient mammary 

tumours; therefore we treated patient derived xenografts with combination 

immunotherapy and anaylsed the immune compartment for evidence of active anti-

tumour responses within the tumour site. 

 

6.2 Results: 
Triple negative breast cancers (TNBCs) display evidence of lymphocytic infiltration 

and increased lymphocyte numbers which is associated  with improved survival, 

suggesting the presence of an active anti-tumour immune response. Therefore 

primary TNBCs from either BRCA1-mutation carriers or WT patients were 

analysed for the presence of local tumour infiltrating lymphocytes (TILs)(Figure 1A) 

(Nolan et al., 2017). BRCA-1 mutated breast cancer contained a substantially 

larger number of TILs as compared to WT TNBCs. Further analysis revealed these 

stromal TILs had higher expression of critical immune regulatory genes including 

CD8, PDCD1 (PD-1) and CTLA4, revealing a significant correlation (p<0.05). 

Further analysis into the mutational burden by BRCA1 mutated breast cancers 

revealed a higher  number of mutations as compared to non BRCA1 mutated 

samples. To investigate the composition of immune cell populations, 

immunofluorescence staining was conducted, and revealed an increase in the 

presence of CD4, CD8, Foxp3+ and PD-L1 cells within the tumours (Figure 2, Nolan 

et al., 2017). The increase in PD-L1 expression in the tumour microenvironment 

has been shown to limit antitumour immune responses by restraining the activation 

of effector T cells, however this has been overcome with the use of blocking 

antibodies for immunotherapy based treatments. This finding along with the higher 

mutational burden in BRCA1 mutated breast cancers provides a rationale for 

exploring checkpoint inhibitors to re-activate the ability of effector T cells in the 

treatment of this subtype of breast cancer. 

To determine the efficacy of immune checkpoint therapy of BRCA1-mutated 

cancers in vivo, we performed studies with the MMTV-cre/Brca1fl/flp53+/- mouse 

model, which develops triple-negative mammary tumours that recapitulate 

hallmark features  of  human  BRCA1-m
18

u
1
tated  breast  cancers(Xu  et  al.,  1999)
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Preclinical studies were performed by generation of single-cell suspensions from 

freshly harvested MMTV-cre/Brca1fl/flp53+/- tumours and transplantation of the cells 

into the mammary fat pads of syngeneic F1 (BALB/c x FVB/N) recipient mice (Figure 

3A(Nolan et al., 2017)). Treatment was commenced 3 weeks post- transplant, with 

mice divided into 6 randomised treatment groups: (i) vehicle, (ii)anti-PD-1 + anti-

CTLA4 (iii) chemotherapy alone (cisplatin), (iv) cisplatin + anti-PD- 1, (v) cisplatin + 

anti-CTLA4, (vi) cisplatin + anti-PD-1 + anti-CTLA4. Checkpoint inhibitor therapy 

was administered 3 times with a 21-day cycle. 

We found that treatment alone with conventional chemotherapy (cisplatin) initially 

induced tumour regression but the tumours did not disappear and eventually regrew 

(Figure 3D,E, Nolan et al., 2017). Treatment with conventional chemotherapy and 

single agent checkpoint blockade (i.e. cisplatin + anti-PD-1 or cisplatin + anti-

CTLA4) did not yield any better tumour regression as compared with cisplatin alone. 

Treatment with dual checkpoint blockade alone (anti-PD-1 and anti-CTLA4) did not 

result in attenuation of tumour growth, which is consistent with reports suggesting 

that chemotherapy acts as an adjuvant in the tumour microenvironment. However, 

when chemotherapy and dual checkpoint blockade (cisplatin + anti-PD-1 + anti-

CTLA4) was administered, marked tumour regression was evident, and no increase 

in toxicity was associated with dual treatment as compared to single blockade 

treatment during the course of the experiment (Figure 3C, D,Nolan et al., 2017)). 

To investigate the mechanism by which the immune system was able to promote 

tumour regression in response to combination therapy, short term in vivo transplants 

were conducted using the method described above; however, these mice were 

analysed 14 days post checkpoint administration (Figure 4A, Nolan et al., 2017). 

Flow cytometric analysis was performed to assay the activation status of immune 

cell populations in the infiltrating tumour microenvironment or peripheral lymphoid 

organs. Combination therapy (cisplatin + anti-PD-1 + anti-CTLA4) resulted in a 

substantial increase in the proportion of tumour-infiltrating cytotoxic 
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CD8+ T cells, and a simultaneous decrease in the proportion of FOXP3+ Treg cells, 

with a fold increase in Foxp3+ Tregs as compared to CD8+cells in this treatment 

group. In contrast, single combination treatment elicited a more modest increase 

in tumour-infiltrating cytotoxic CD8+ T cells and concomitant decrease in Treg cells 

(Figure 6.1.1, 6.1.2)(Figure 3B,C Nolan at al., 2016). Combination therapy 

(cisplatin + anti-PD-1 + anti-CTLA4) resulted in an increase of cytotoxic T cells 

within the tumour capable of killing the tumour, and a proportional decrease of Treg 

cells, presumably relieving the suppression of T cell activation and ultimately 

increasing immunity to the tumour. This finding allows us to conclude that 

combination therapy (Cis+ anti-PD-1+ anti-CTLA4) induces a cytotoxic 

environment, reduces the suppressive environment and promotes tumour 

clearance in vivo (Figure 6.1.1, 6.1.2)(Figure 3B,C Nolan at al., 2016). 

To investigate the activation status of the conventional T cell compartment in the 

transplanted mice after treatment, we assayed the expression of ICOS, CD44, 

Nrp1 and PD-1 on infiltrating T cells by flow cytometry. Tumour infiltrating CD8+ T 

cells and CD4+ helper T cells displayed higher expression of activation markers 

ICOS and Nrp1 in the combination therapy relative to cisplatin alone (Figure 6.1.3) 

)(Figure 4D Nolan at al., 2016). The proportion of activated PD-1+CD8+ T cells 

infiltrating the tumours was also markedly increased in mice treated with the 

combination of chemotherapy and dual checkpoint blockade, compared to cisplatin 

alone or in combination with a single checkpoint inhibitor. As PD-1 functions 

through ligation of PD-L1 to inhibit effector function and co-stimulation of T cells, 

the dramatic increase of PD-1 expression in over 90% of cells within the tumours 

of both CD4+ and CD8+ TILs provided strong evidence that combination therapy 

inhibits PD-1 mediated negative regulation of the T cell response and subsequently 

enhances the immune response within the tumour microenvironment (Figure 6.1.4, 

6.1.5)(Figure 4E,F Nolan at al., 2016). We also noticed the most significant 

increase in proliferation of CD8 + TILs that received combination therapy (cisplatin + 

anti-PD-1 + anti-CTLA4) (Figure 6.1.6). 
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To discern the location of the immune changes induced by treatment, we analysed 

the immune populations residing in the tumour draining lymph nodes (axillary 

node) and the spleen. Combination therapy caused an increase in Foxp3+ Tregs 

in the peripheral organs, however the dramatic concominant decrease of CD8+ T 

cells was not seen as in the tumour microenvironment (Figure 6.2.1, 6.2.2). The 

increase in CD8+ PD-1+ T cells was also seen in the spleen and lymph nodes of 

mice that received chemotherapy and dual checkpoint blockade (Figure 6.2.1, 

6.2.2). The increase in PD-1+ CD4+ T cells with combination treatment was also 

evident in the draining lymph (axillary node) closest to the tumour site, and in both 

the CD4+ and CD8+ T cells in peripheral lymphoid organs (spleen) (Figure 6.3.1, 

6.3.2)(Figure S8D Nolan at al., 2016).. No obvious activation was seen in immune 

cell populations residing in the spleen and the draining lymph node, revealing that 

the activation is localised to the tumour site (Figure 6.4). The percentage of CTLA4 

positive cells was increased on splenic CD4+ and CD8+ T cells, further emphasizing 

the increase in T cell activation induced by combination checkpoint inhibition (as 

opposed to single checkpoint treatment) locally within the tumour and in peripheral 

lymphoid organs (Figure 6.5). Taken together, chemotherapy + combination 

checkpoint therapy resulted in an increase in PD-1 and CTLA4 on both  T  cell 

populations,  which reflected the enhancement of immunity. 

Dendritic cells are a key player that links innate and adaptive immunity. DCs act 

as sensors of the immune system, continuously sampling their environment and 

transmitting ‘danger’ signals to naïve T cells in lymphoid organs. Upon DC 

interaction, naïve CD8+ T cells can differentiate into cytotoxic effector lymphocytes 

(CTLs). CTLs have been shown to initiate tumour rejection by infiltrating the 

tumour, followed by recognition and subsequent killing of tumour cells. Dual 

checkpoint treatment with chemotherapy induced an increase in 

CD11chigh/MHCIIhigh DCs infiltrating the tumour, relative to cisplatin treatment 

alone. These DC also expressed higher levels of co-stimulatory receptor CD80, 

indicating these intratumoral DCs were more activated as measured 10 days post 

treatment administration (Figure 6.6.1)(Figure S7A Nolan at al., 2016).. 
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When T cells are activated and infiltrate tumours they can release the cytokine 

IFN-ɣ, which in turn upregulates PD-L1 expression by the tumour cells (Knutson 

and Disis, 2005). As PD-1 binds to PD-L1, which is expressed by activated T cells, 

chronic activation and PD-1 ligation usually induces T cell exhaustion (McArthur 

and Page, 2016). Thus, administration of PD-1 antibody is thought to impede this 

exhaustion signal, and therefore reinvigorate tumour-specific T cells that will have 

cytotoxic effects on the tumour. We therefore analysed production of cytokines 

IFN-ɣ and tumour necrosis factor (TNF) by tumour-infiltrating CD4+ T cells. CD4+ T 

helper cells (Th) cells are central to the immune response by activating antigen- 

specific effector cells and enlisting innate immune cells, such as macrophages, 

into responses. Furthermore, Th1 cells secrete both IFN ɣ and TNF which are 

primarily responsible for activating and regulating CTL responses. Combination 

therapy of cisplatin and dual checkpoint inhibitors induced an increase of both IFN 

ɣ and TNF in CD4+ T cells within the tumour, allowing us to conclude that the 

increase in Th1 type of response may cause an increase in release of   cytokines 

that directly kill tumour cells as previously shown (Figure 6.6.3-4)(Figure S7,8 

Nolan at al., 2016)(Knutson and Disis, 2005). 

Collectively these data position combination of dual checkpoint inhibition with 

chemotherapy treatment promotes superior tumour responses in this model of 

BRCA1-mutated breast cancer. 

6.3 Discussion: 

Immune checkpoints control the balance of co-stimulatory and co-inhibitory signals 

in T cells that governs the development of both autoimmunity and cancer. These 

checkpoints can be exploited in some cancers to inhibit anti-cancer immune 

responses and promote tumour growth. Tumour recurrence is a major challenge 

faced in the treatment of breast cancer. While patients that bear BRCA1 mutations 

have shown tumour regression in response to platinum based chemotherapy, 

resistance often develops and patients relapse. Increasing evidence from other 
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cancer settings has indicated that harnessing of the immune system to kill tumour 

cells is a successful means for inducing tumour regression of solid cancers, such 

as lung, and melanoma(Borghaei et al., 2015; Garon, 2015; Garon et al., 2015; 

Robert et al., 2015a; Robert et al., 2015b). We therefore treated a preclinical model 

of BRCA1-mutated breast cancer with a combination of both immune checkpoint 

inhibitors (anti-PD-1 and anti-CTLA4) alongside chemotherapy and found some 

success in engaging the immune system to attenuate tumour growth and improve 

survival. Our results show that administration of antibodies to PD-1 and CTLA4 

releases  inhibition  on  the  T  cells  and,  as  a  consequence,  induced  a potent 

intratumoral and systemic immune responses. The increase in CD8+ cytotoxic   T 

cells within the BRCA-1 deficient tumours, accompanied by DC activation, 

indicates re-invigoration of the immune cell compartment that has switched from a 

suppressive environment to one that is cytotoxic and promotes the killing of tumour 

cells. The increase observed in IFN-ɣ-producing cells is indicative of the enhanced 

activation of T cells that have infiltrated the tumours. We speculate that the anti- 

PD-1 component of this combination treatment in this model blocks the PD-1:PD- 

L1 receptor/ligand interactions in the tumour microenvironment to promote tumour- 

specific effector T cell function to destroy the cancer. 

Dual checkpoint inhibition of PD-1 and CTLA4 with chemotherapy has been 

successfully used in the treatment of non-small lung cancer (NSLC) and advanced 

melanoma (Larkin et al., 2015), where patients had longer progression-free 

survival as compared to single checkpoint inhibition with either PD-1 or CTLA4. 

Dual checkpoint immunotherapy has shown greater success with tumours that 

bear a higher mutational load as they have lower immunosuppressive function 

(Zhao et al 2017). Whilst dual checkpoint treatment has shown success, there has 

also been an increase in the incidence of immune adverse events of severe grade 

3 or 4 types, due to strong, non-specific immune activation. Combination therapy 

with Ipilimumab (CTLA4) + nivolumab ((Wei et al., 2017)PD1) in the treatment of 

metastatic melanoma provided significant efficacy benefits (11.5 months 

progression-free survival) as compared to single treatment alone (2.9 months 
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progression-free survival); however, over 90% of patients receiving dual 

checkpoint immunotherapy experienced an immune related adverse events (iRAE) 

of any grade. Furthermore, 55% of patients experienced grade 3-4 adverse 

immune reactions, resulting in 36.4% of patients discontinuing the study (Larkin et 

al., 2015). Whilst topical and immune modulatory agents were used to manage 

adverse events, most endocrine events could not be resolved. The most common 

toxicities reported include diarrhoea, gastrointestinal disorders (colitis), whilst less 

common adverse effects include pruritus, uveitis and nephritis. Whilst we did not 

observe any worsening in adverse events in our preclinical study, it did not extend 

beyond 40 days post treatment regime. Therefore, we would conclude that any 

clinical trial of this combination therapy in BRCA-mutated breast cancer would 

likely provoke iRAE development, and that this would be a significant safety 

indication for any such trial. The development of adverse events results from the 

consequence of using antibodies that have systemic effects and are not tumour 

site specific, and emphasizes the need to better understand role of PD-1 and 

CTLA4 in the immune system. 

6.4 Conclusions: 

Combined checkpoint therapy has shown increased patient prognosis in the 

treatment of advanced melanoma and lung cancer. Similarly, the increase in 

tumour infiltrating lymphocytes and activation of the immune response with dual 

checkpoint therapy in the treatment of BRCA1 negative breast cancer, provides 

strong evidence that patients with mutations in BRCA1 may be superior 

responders to this therapy. Whilst we did not observe any worsening of iRAEs in 

our study, the development of iRAEs in response to dual immune checkpoint 

therapy in the treatment of metastatic melanoma highlights a major drawback of 

this therapeutic intervention. These findings highlight the central role that tolerance 

genes play in controlling the balance of immune reactivity. The superior response 

of tumour reduction in combined checkpoint therapy highlight the notion that 

multiple tolerance checkpoints must be overcome to promote effective antitumor 

immunity. 
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Figure 6.1 Combination immune checkpoint therapy induces a potent 
immune response within the tumour 

6.1.1 Representative flow cytometric plots depicting Foxp3+ vs. CD8 expression 

on 

TCRβ+ tumour infiltrating cells in mice receiving the treatments indicated.  

6.1.2 Bar graph showing proportions of CD8+ T cells within the tumour, and the 

relative ratio of CD8+:Foxp3+ cells within the tumour of mice receiving the 

indicated treatments. 

6.1.3 Representative histograms revealing the expression of activation markers 

(ICOS, CD44, NRP1) on CD8+ (left panel) and CD4+ (right panel) T cells after the 

indicated treatments (grey shaded – untreated, grey solid-cisplatin alone, black 

line- combination treatment). 

6.1.4 Representative flow cytometric plots depicting surface expression of CD8 

and PD-1 on TCRβ+ tumour infiltrating cells in mice that received the treatments 

indicated. 

6.1.5 Bar graph showing proportions of CD8+PD-1+ T cells within the tumour. 

Representative histograms showing expression of PD-1 on CD8+ (left panel) and 

CD4+ (right panel) T cells after the indicated treatments (grey shaded – 

untreated, grey solid-cisplatin alone, black line- combination treatment). 

6.1.6 Representative histograms showing proliferation of CD8+ T cells in TCRβ+ 

tumour infiltrating cells in mice receiving the treatments indicated. Bar graph 

showing the percentage of CD8+ T cells undergoing proliferation in the tumours. 

Flow cytometric analysis is representative of 2 experiments with n= 5 mice per 

group. Mean +/-S.E.M are shown with one-way ANOVA and Tukey’s post-test. 

*<0.05, **<0.001, ***<0.0001, ****<0.00001 
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Figure 6.2 Combination immune checkpoint therapy induces an immune 
response in peripheral organs 

6.2.1 Representative flow cytometric plots depicting Foxp3+ vs. CD8 expression 

on TCRβ+ T cells in the spleen of mice receiving the treatments indicated.  

Bar graph showing proportions of CD8+ T cells within the spleen, and the relative 

ratio of CD8+:Foxp3+ cells within the spleen of mice receiving the indicated 

treatments. 

6.2.2 Representative flow cytometric plots depicting Foxp3+ vs. CD8 expression 

on TCRβ+ T cells in the draining lymph node (DLN) of mice receiving the 

treatments indicated. Bar graph showing proportions of CD8+ T cells within the 

DLN, and the relative ratio of CD8+:Foxp3+ cells within the DLN of mice receiving 

the indicated treatments. 

Flow cytometric analysis is representative of 2 experiments with n= 5 mice per 

group. Mean +/-S.E.M are shown with one-way ANOVA and Tukey’s post-test. 

*<0.05, **<0.001, ***<0.0001, ****<0.00001 
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Figure 6.3 Combination immune checkpoint therapy induces enhanced 
expression of PD-1 in peripheral organs 

6.3.1 Representative flow cytometric plots depicting PD-1 vs. CD8 and PD-1 vs. 

CD4 expression on TCRβ+ T cells in the spleen of mice receiving the treatments 

indicated. Bar graph showing proportions of CD8+ PD-1+ and CD4+ PD-1+ T cells 

within the spleen of mice receiving the indicated treatments. 

6.3.2 Representative flow cytometric plots depicting PD-1 vs. CD8 and PD-1 vs. 

CD4 expression on TCRβ+ T cells in the DLN of mice receiving the treatments 

indicated. Bar graph showing proportions of CD8+ PD-1+ and CD4+ PD-1+ T cells 

within the DLN of mice receiving the indicated treatments. 

Flow cytometric analysis is representative of 2 experiments with n= 5 mice per 

group. Mean +/-S.E.M are shown with one-way ANOVA and Tukey’s post-test. 

*<0.05, **<0.001, ***<0.0001, ****<0.00001 
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Figure 6.4 Combination immune checkpoint therapy does not induce 
activation of lymphocyte populations in peripheral organs 

6.4.1 Representative histograms revealing the expression of activation markers 

(ICOS, CD44, NRP1) on CD8+ (left panel) and CD4+ (right panel) T cells in the 

spleen after the indicated treatments (grey shaded – untreated, grey solid-

cisplatin alone, black line- combination treatment). 

6.4.2. Representative histograms revealing the expression of activation markers 

(ICOS, CD44, NRP1) on CD8+ (left panel) and CD4+ (right panel) T cells in the 

DLN after the indicated treatments (grey shaded – untreated, grey solid-cisplatin 

alone, black line- combination treatment). 

Figure 6.5 Combination immune checkpoint therapy induces enhanced 
expression of CTLA4 in the tumour. 

 6.5 Bar graphs showing expression of CTLA4 on indicated cell types within the 

tumour. 
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Figure 6.6 Combination immune checkpoint therapy induces activation of 
dendritic cells within the tumour microenvironment  

6.6.1 Representative flow cytometry plots of MHCII, CD11c dendritic cells gated 

on CD45+TCRβ- tumour-infiltrating cells 10 days post treatment with 

combinations stated. Quantification of tumour infiltrating dendritic cells 10 days 

post treatment with combinations stated. 

6.6.2 Representative histogram of CD80 expression gated on MHCII +CD11c+

dendritic cells within the tumour. 

6.6.3 Representative flow cytometry plots of IFNɣ vs. TNF expression gated on 

CD45+CD4+TCRβ+ cells in mice that received indicated treatment. 

6.6.4 Quantification of proportion of CD4+ cells expressing IFNɣ, TNF, IFNɣ+TNF+

within the tumour. 

Plots are representative of 3-4 mice per experiment. Mean +/-S.E.M are shown 

with one-way ANOVA and Tukey’s post-test. *<0.05, **<0.001, ***<0.0001, 

****<0.00001 
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Chapter Seven: Conclusions and Perspectives 

This thesis investigated the stepwise progression to the development of autoimmune 

disease and cancer. Whilst these diseases are distinct, the development of both requires 

the collusion of multiple defects in different cellular pathways to occur. 

The potent synergy observed between PD-1 and AIRE highlights the importance of 

cooperation between different mechanisms that impose immunological tolerance, for 

example in central vs peripheral tolerance, respectively. Deficiency of either PD-1 or Aire 

on its own caused only relatively mild autoimmune phenotypes but very severe disease 

was seen in the compound mutant animals. Potent synergy has also been described for 

loss of other combinations of two immune tolerance checkpoints, such as in Cblb-/-Aire-

/- mice (Teh et al). Whilst our PD1/Aire double deficient mice, at least on a C57BL/6 

background, did not display the same severity of autoimmune disease seen in the Cbl-b-

/-Aire-/- mice, these findings collectively highlight the overlapping functions of different 

immune tolerance mechanisms. The different severities of autoimmune disease may also 

be due in part to differences in genetic background and the identification of modifier loci 

be of relevance to human autoimmune diseases. 

The synergy between defects in central and peripheral immune tolerance mechanisms 

highlights the overlapping roles that these processes have to prevent autoimmune 

disease. The specific synergy seen with combined loss of PD-1 and AIRE, but not with 

combined loss of AIRE and BIM, demonstrates that not all combinations of defects in two 

mediators of immune tolerance will cause severe autoimmune disease. This finding also 

suggests that loss of two mediators that are both involved in central tolerance do not 

synergise to cause autoimmune disease. It will be interesting to generate further mice 

lacking other combinations of tolerance mediators to test which combinations will lead to 

severe disease. Such approaches inform the mechanisms of disease that are most 

relevant to disease and provides mechanistic insight into ongoing human genetic 

analyses. Collectively, these experiments identify a new axis essential for tolerance, and 

align with the view that our immune system contains several layers of tolerance 



 

checkpoints that work in an overlapping manner to maintain immune homeostasis and 

prevent autoimmune disease. 

 
Advances in understanding of basic immunology and autoimmunity, as well as tumour 

immunity, have recently led to remarkable improvements in cancer immunotherapy. It is 

now widely accepted that effective tumour immunity can be induced by activating the type 

of immune responses that cause autoimmune disease. Therefore, it can be expected that 

as we manipulate the immune system to treat cancer, we will inevitably perturb the 

mechanisms that maintain immunological tolerance and prevent autoimmune tissue 

damage. Immunotherapy regimes that target common immune tolerance processes 

inevitably will elicit not only desirable, cancer immunity, but also undesirable immune 

pathology. Indeed, autoimmune manifestations are a major side-effect and limiting factor 

in cancer immune-therapy. 

 

Immunotherapeutic regimes all target regulators of peripheral immune tolerance 

mechanisms, such as PD-1, its ligand PD-L1, or CTLA4. The success of this strategy 

suggests that many cancers acquire attributes during their transformation that allow them 

to manipulate peripheral immune checkpoints. It is possible that subtle defects in central 

immune tolerance mechanisms may affect cancer immune-therapy. For example, it is 

possible that subtle defects in AIRE- dependent presentation of self-antigens or BIM 

mediated deletion of autoreactive T cells in the thymus will make it more likely that a 

patient might have substantial numbers of T cells specific for self, tissue-specific antigens 

on cancer cells in solid tumours. This property would make it more likely that a potent anti-

cancer immune response could be unleashed during treatment with immune checkpoint 

inhibitors. Conversely, it is possible that such defects in central immune tolerance could 

also increase the risk that immune-therapy could unleash deleterious autoimmune 

responses against healthy tissues in a patient. It would be interesting to investigate 

whether polymorphisms in Aire, Bim or other genes involved in central immune tolerance 

correlate with the response of cancer patients to immune-therapy. 

 

From the immunotherapy studies conducted in breast cancer models in this thesis, and 

recent literature, it is becoming increasingly evident that therapies combining drugs that 

target two or possibly even more immune tolerance checkpoint regulators will provide 

superior outcomes in the treatment of cancers. The identification of additional regulators 



of peripheral immune tolerance will help to identify novel targets for cancer 

immunotherapy. Such approaches may further ‘release the breaks of the immune 

system’ to kill the cancer cells. Ideally, this can be achieved without causing 

unacceptable immune response related damage to healthy tissues. Although our data 

suggest a new, combination immunotherapeutic approach for BRCA-mutated triple 

negative breast cancers, the design of any clinical trial must take into account safety 

indications due to adverse immune events. More generally, the findings from this study 

highlights the need to identify where the most potent synergies lie in tolerance 

mechanisms so that optimal immunotherapy strategies that target multiple immune 

tolerance checkpoints can be developed. 

The ENU mutagenesis screen that identified the novel loco mutant was based on the 

concept that several defects in immune tolerance mechanism must come together to 

unleash autoimmune disease. The VAV-BCL2 transgenic mice were used in this screen, 

because they have a substantial defect in the deletion of autoreactive T cells in the 

thymus and the periphery. It was assumed that certain mutations caused by ENU, such 

as loss of PD1 (see above), would cooperate with BCL-2 over-expression to cause 

autoimmune disease. However, no mice with severe autoimmune disease were found in 

our screen, suggesting the Vav-BCL-2 transgene did not act as a “sensitiser”, as was 

expected. A possible explanation is that other, non-deletional tolerance mechanisms 

were enhanced in these mice that insulated tolerance from ENU-induced “hits”. Support 

for this view is provided by the phenotype of Pd1-/-Bim-/- mice which, in contrast to the 

Pd1-/-Aire-/- model, do not develop autoimmune disease. A distinguishing feature in 

these models was the expansion of functional FOXP3+ Treg cells in the Pd1-/-Bim-/- 

mice, a phenotype also observed in Vav-BCL2 transgenic mice. 

The notion that non-cell intrinsic defects can result in the development in T-ALL expands 

on the concept that several genetic lesions must cooperate for malignant transformation 

in a step-wise progression model. Abnormalities in the normal competition among early 

thymic progenitors, followed by the aberrant activation of the T-ALL hallmark transcription 

factor Notch1i results in the development of this haematological cancer. Whilst we cannot 

rule out other mechanisms by which resident cells become less competitive, such as 

alterations to cell adhesive properties, our studies reveal a key role for apoptosis in T cell 

leukaemia development driven by defects in progenitor cell competition. These findings 



align with data from cell competition in morphogenesis in Drosophila and suggest that 

further studies of this pathway in mammals may uncover key insights that inform 

therapeutic strategies. 

In summary, this thesis highlights the complexity of the immune system and identifies key 

processes that safeguard against the development of autoimmune pathology of malignant 

transformation of lymphoid cells. 



 

Figure 7.1 
Schematic 1 representation of the various immune checkpoints that maintain 

immunological tolerance. Genes that act as immune checkpoints are highlighted in 

red for which mutations or deficiency results in pathogenesis of autoimmune 

disease or cancer. Circles represent thymocytes, red circles represent those with 

self-reactive TCRs that are restrained from entering in the periphery under the 

regulation of AIRE; and green circles represent thymocytes that are not deemed 

self-reactive and therefore are exported into the periphery. Schematic 2 represents 

mutations/deficiency in immune checkpoint enforcing genes are coloured in grey. 

Deficiency of Aire results in escape of thymocytes with self-reactive TCRs (red) into 

the periphery, coupled with deficiency of PD-1 which normally acts in the periphery 

to restrain activation of T cells results in severe autoimmune disease, highlighting 

the step wise progression that occurs for autoimmune disease. 
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Immune checkpoint inhibitors have emerged as a potent new class of anticancer therapy. They have changed 
the treatment landscape for a range of tumors, particularly those with a high mutational load. To date, however, 
modest results have been observed in breast cancer, where tumors are rarely hypermutated. Because BRCA1- 
associated tumors frequently exhibit a triple-negative phenotype with extensive lymphocyte infiltration, we 
explored their mutational load, immune profile, and response to checkpoint inhibition in a Brca1-deficient tumor 
model. BRCA1-mutated triple-negative breast cancers (TNBCs) exhibited an increased somatic mutational load and 
greater numbers of tumor-infiltrating lymphocytes, with increased expression of immunomodulatory genes includ- 
ing PDCD1 (PD-1) and CTLA4, when compared to TNBCs from BRCA1–wild-type patients. Cisplatin treatment com- 
bined with dual anti–programmed death-1 and anti–cytotoxic T lymphocyte–associated antigen 4 therapy 
substantially augmented antitumor immunity in Brca1-deficient mice, resulting in an avid systemic and intratumoral 

immune response. This response involved enhanced dendritic cell activation, reduced suppressive FOXP3+ regulatory 

T cells, and concomitant increase in the activation of tumor-infiltrating cytotoxic CD8+ and CD4+ T cells, characterized 
by the induction of polyfunctional cytokine-producing T cells. Dual (but not single) checkpoint blockade together with 
cisplatin profoundly attenuated the growth of Brca1-deficient tumors in vivo and improved survival. These find- ings 
provide a rationale for clinical studies of combined immune checkpoint blockade in BRCA1-associated TNBC. 
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INTRODUCTION 
Breast tumors that arise in BRCA1 mutation carriers typically manifest 
as high-grade basal-like breast cancers that carry a poor prognosis (1). 
Because these tumors frequently exhibit a “triple-negative” phenotype 
with respect to expression of estrogen receptor (ER), progesterone re- 
ceptor (PR), and human epidermal growth factor receptor 2 (HER2), 
the use of endocrine or anti-HER2 therapies is precluded. Chemo- 
therapy remains the mainstay of systemic treatment for breast cancer 
patients harboring a BRCA1 mutation. Platinum agents (such as cisplatin 
and carboplatin) and poly(adenosine diphosphate–ribose)polymerase 
(PARP) inhibitors (such as olaparib and veliparib) have demonstrated 
efficacy for the treatment of BRCA1-mutated breast cancers in clinical 
trials (2). However, only a subset of patients responds to these agents, 
and a high rate of relapse and drug resistance upon prolonged treatment 
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has been observed in preclinical studies (3). Identification of addi- 
tional therapeutic targets and drug combinations for the effective 
treatment of BRCA1-mutated breast cancers therefore remains a 
pressing area of need. 

The critical role of the immune system in limiting cancer progres- 
sion has been recognized for some time (4). The myriad of genetic al- 
terations found in many human cancers likely produces an array 
of tumor-specific neoantigens with the potential to be recognized by 
the immune system. Inhibition of the anticancer immune response 
has emerged as an important mechanism of tumor resistance to 
treatment. Through the development of monoclonal antibodies that 
block the im- mune checkpoint receptors cytotoxic T lymphocyte–
associated antigen 4 (CTLA4) and programmed death-1 (PD-1) or its 
ligand PD-L1, it has become possible to stimulate and/or magnify a 
patient’s endogenous antitumor immune response (5). These 
pathways may have distinct roles in immunomodulation, with 
CTLA4 believed to primarily regulate T cell proliferation in lymph 
nodes, whereas PD-1 primarily suppresses T cells in the tumor 
microenvironment (6). Immune checkpoint block- ade has recently 
demonstrated remarkable efficacy across a range of tu- mor types, 
particularly melanoma and lung carcinoma, where it has swiftly 
become a standard-of-care therapy for patients (7, 8). The clin- ical 
responses observed to date with checkpoint blockade in advanced 
breast cancer, however, have been modest in comparison (9, 10). Nota- 
bly, combination immunotherapy (including PD-1 and CTLA4 
pathway blockade), delivered with conventional therapy, has recently 
emerged as a promising strategy (11) but has yet to be evaluated in 
breast cancer. 

Checkpoint blockade appears to be most effective against 
hypermu- tated tumors, suggesting that clinical responses correlate 
with an in- creased propensity to produce neoantigens for immune 
activation (12). Given the central role of BRCA1 in homologous 
recombination– mediated DNA repair and the maintenance of genomic 
integrity (2), we hypothesized that BRCA1-mutated breast tumors 
(where   lymphocyte 
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infiltration is a hallmark feature) (13) would exhibit a greater mutational 
burden compared to non-BRCA1 tumors and thus may be particularly 
responsive to checkpoint blockade. Certain subtypes of breast cancers, 
particularly triple-negative breast cancer (TNBC), display evidence of 
lymphocytic infiltration, and increased lymphocyte numbers are strong- 
ly associated with improved survival, suggestive of an antitumor im- 
mune response (14). However, this response may be exhausted or 
inhibited, as evidenced by the presence of high amounts of checkpoint 
and inhibitory molecules (15). The tumor-intrinsic factors underlying 
the immune response in breast cancer remain unclear (16). Here, we 
have examined the somatic mutational diversity and composition of 
tumor-infiltrating lymphocytes (TILs) within TNBCs from BRCA1 
mutation carriers and wild-type (WT) patients. Furthermore, we have 
assessed the in vivo efficacy of immune checkpoint inhibitors, as an 
adjunct to platinum-based chemotherapy, in the treatment of Brca1- 
deficient mammary tumors. 

RESULTS 
BRCA1-mutated TNBCs are associated with a prominent 
lymphocytic  infiltrate  and  high  mutational  burden 
A TNBC cohort was identified from The Cancer Genome Atlas 
(TCGA) data set, and the germline mutation status for BRCA1 was 
determined. The presence of TILs within the stroma of primary TNBCs 
from either BRCA1 mutation carriers or WT patients was scored using 
our previously published method on diagnostic full-face hematoxylin 
and eosin (H&E)–stained slides (17). Notably, BRCA1-mutated TNBCs 
(n = 29) contained a markedly higher number of TILs compared to WT 
TNBCs (n = 64) (Fig. 1A). This finding is compatible with previous re- 
ports of prominent lymphocytic infiltrate in BRCA1-mutated breast 
cancer (13). The number of stromal TILs and the expression of critical 
immune genes including CD8, PDCD1 (PD-1), and CTLA4 were next 
determined, revealing a significant correlation for BRCA1-mutated tu- 
mors (Fig. 1, B and C; P < 0.05). We next examined the mutational bur- 
den within the two TNBC groups and detected a marked enrichment 
for nonsilent mutations (missense mutations and indels) in BRCA1- 
mutated tumors compared to WT TNBCs (Fig. 1D). Together, these 
findings are consistent with the requirement for BRCA1 function in 
high-fidelity DNA repair, and suggest a robust T cell response in 
BRCA1-mutated TNBCs that is associated with increased expression 
of checkpoint molecules and higher TIL infiltrate, when compared to 
WT TNBCs. 

To further characterize the composition of the immune cell popula- 
tion, we performed multiplexed immunofluorescence staining on archi- 
val specimens of TNBCs from BRCA1 mutation carriers using the 
OPAL method (see Materials and Methods), scoring the expression 
of CD3, CD4, CD8, FOXP3, and PD-L1. Stromal TILs observed in 
H&E sections from BRCA1-mutated TNBCs correlated with the high 
frequency of TILs identified using OPAL (Fig. 2, A to C). These were 
predominantly FOXP3−CD3+ T cells that included CD4+ and CD8+ 

T cells, with a low frequency of FOXP3+ regulatory T (Treg) cells (Fig. 
2, D and E, and fig. S1, A and B). 

Abundant PD-L1 expression was frequently observed on tumor- 
associated stromal immune cells (Fig. 2, B, C, E, and F). Notably, PD- 
L1 was also expressed on tumor cells (Fig. 2, C, E, and F). Consistent 
with the engagement of this immune checkpoint pathway, flow cyto- 
metric analysis of fresh TILs extracted from a newly diagnosed primary 
TNBC in a BRCA1 germline mutation carrier confirmed the presence of 
CD3+  TILs that comprised a large fraction of PD-1–positive   CD8+

 

(67%) and CD4+ (50%) cells (Fig. 2G and fig. S1C). A similar high 
frequency of stromal TILs was also observed in TNBCs from BRCA2 
mutation carriers, where a small percentage of tumor and stromal cells 
also expressed PD-L1 (fig. S1, D and E). 

Collectively, these findings raise the possibility that BRCA1-mutated 
tumors have a higher burden of tumor-specific neoantigens that stim- 
ulate recruitment of large numbers of effector T cells to the tumor mi- 
croenvironment. The efficacy of the antitumor immune response, 
however, may be offset by the expression of PD-L1 and activation of 
immune checkpoints that restrain T cell activity. These features provide 
a rationale for exploring the utility of checkpoint inhibitors in activating 
effector T cells in BRCA1-mutated breast tumors. 

Checkpoint blockade attenuates tumor growth in 
Brca1-deficient mice 
To examine the efficacy of immune checkpoint inhibitors in vivo, we 
performed studies using the MMTV-cre/Brca1fl/flp53+/− mouse model, 
which develops triple-negative mammary tumors that recapitulate hall- 
mark features of human BRCA1-mutated breast cancers (18). Notably, 
flow cytometry revealed that MMTV-cre/Brca1fl/flp53+/− tumors were 
substantially enriched for PD-L1 expression (analogous to human 
BRCA1-associated TNBC), with about 29% of tumor cells expressing 
PD-L1 compared to <5% of tumor cells from MMTV-Neu and 
MMTV-PyMT tumors, and about 15% of tumor cells from MMTV- 
Wnt1 and p53+/− tumor models (Fig. 3A). Similar to human BRCA1- 
mutated breast cancer, MMTV-cre/Brca1fl/flp53+/− tumors also contained 
PD-L1–expressing stromal immune cells (Fig. 3B). Whole-exome se- 
quencing of two mammary tumors revealed more than 200 missense 
mutations and a large number of frameshift indels, in keeping with a 
high tumor neoantigen load. Their mutational signature was similar 
to that previously reported for BRCA1-related tumors (fig. S2, A to C) 
(19). Thus, the MMTV-cre/Brca1fl/flp53+/− model appears to be a suit- 
able preclinical model to study the efficacy of immune checkpoint in- 
hibitor therapy. 

To perform preclinical studies, we generated a single-cell suspension 
from freshly harvested MMTV-cre/Brca1fl/flp53+/− tumors and trans- 
planted those cells into the mammary fat pads of syngeneic F1 (BALB/ 
c x FVB/N) recipient mice (Fig. 3C). The tumors reached a sufficient size 
to commence treatment about 3 weeks later, at which point the mice 
were randomized to one of six treatment arms: (i) vehicle, (ii) anti– 
PD-1 and anti-CTLA4, (iii) chemotherapy (cisplatin), (iv) cisplatin + 
anti–PD-1, (v) cisplatin + anti-CTLA4, or (vi) cisplatin + anti–PD-1 + 
anti-CTLA4 (Fig. 3C). Checkpoint inhibitor treatment was delivered 
three times per 21-day cycle. Although cisplatin alone initially induced 
tumor regression, tumors were not completely eradicated and eventually 
regrew (Fig. 3, D and E), consistent with previous reports using Brca1- 
deficient mice (20). Single-agent checkpoint inhibition with either anti– 
PD-1 or anti-CTLA4 failed to improve the tumor response to cisplatin. 
By contrast, a marked attenuation in tumor growth was observed in mice 
treated with anti–PD-1 and anti-CTLA4 in combination with cisplatin 
(Fig. 3D). Most of the tumors regressed, and tumor growth was negligible 
throughout the treatment period. Significant improvement in survival 
was observed compared to all other groups (P = 0.008; Fig. 3, D and 
E). No increase in toxicity was observed in mice treated with the combi- 
nation compared to chemotherapy alone, as determined by parameters 
that included mouse weight, condition, full blood analysis, and serum cre- 
atinine and liver enzymes (fig. S3, A and B). 

Cisplatin was required for a treatment response to checkpoint 
blockade, because no attenuation in tumor growth was observed  with 
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Combination therapy induces 
an avid immune response in 
Brca1-deficient tumors 
To elucidate the mechanism underlying 
the superior response of Brca1-deficient 
tumors to combination therapy, we per- 
formed short-term in vivo experiments. 
MMTV-cre/Brca1fl/f lp53+/− tumor cells 
were transplanted into the mammary fat 
pads of syngeneic recipients, and mice 
were sacrificed at baseline (untreated) 
and 14 days after treatment with cisplatin 
alone or cisplatin with anti–PD-1 and/or 
anti-CTLA4 (Fig. 4A). We used flow cy- 
tometry to characterize the composition 
and activation status of immune cell pop- 
ulations in lymphoid tissues or infiltrating 
the tumor microenvironment. Compared 
to chemotherapy alone, checkpoint inhibi- 
tion and chemotherapy together provoked 
a marked increase in the proportion of 
tumor-infiltrating cytotoxic CD8+ T cells, 
coincident with a decrease in the propor- 
tion of FOXP3+ Treg cells (Fig. 4, B and C, 
and fig. S5, A to C). This effect was most 
pronounced in tumors from mice receiving 
dual checkpoint inhibitor therapy (cisplatin, 
anti–PD-1, and anti-CTLA4), with a seven- 
fold increase in the mean CD8+/FOXP3+ 

cell ratio compared to cisplatin treatment 
alone (Fig. 4, B and C, fig. S5A). These data 

Fig. 1. BRCA1-mutated TNBCs are enriched for TILs and have a high mutational burden. (A) Stromal TILs in 

BRCA1-mutated (n = 29) versus WT primary TNBC (n = 64). P = 0.037 (Mann-Whitney U test). The combined cohort 

was from TCGA (n = 71) and a kConFab series of BRCA1-mutant tumors (n = 22). (B) Correlogram of stromal TILs and 

expression of key immune genes in BRCA1-mutant primary TNBC (n = 7). Stars indicate P < 0.05. Gene expression 

measured in transcripts per million (TPM). Pearson product-moment correlation coefficient is displayed. (C) Scatter 

plots of TILs versus TPM (logarithmic scale) for key immune genes [same data as (B)]. (D) Nonsilent mutation (missense/ 

nonsense mutations and indels) burden in BRCA1-mutant (n = 7) versus WT primary TNBC from TCGA cohort (n = 64). 

P = 0.05 (Mann-Whitney U test). Refer to Materials and Methods for details on box plots. 

suggest that the combination of chemo- 
therapy and checkpoint blockade induced 
changes in the tumor microenvironment 
that favor a cytotoxic, rather than suppres- 
sive, immune response. Notably, a high 
CD8+/FOXP3+ ratio in breast cancer pa- 
tients has previously been shown to corre- 
late with an improved tumor response, 
progression-free survival, and overall sur- 

combined anti–PD-1 and anti-CTLA4 therapy alone (Fig. 3, D and E). 
This finding is consistent with reports suggesting that chemotherapy 
can act as an immunological adjuvant in the tumor microenvironment 
by promoting the release of tumor antigens via immunogenic cell 
death, thus priming de novo T cell responses and improving the effi- 
cacy of checkpoint blockade (21). Cisplatin treatment increased the 
expression of human leukocyte antigen (HLA) antigens and calreticu- 
lin on BRCA1-deficient HCC1937 breast cancer cells [which were fur- 
ther augmented by interferon-g (IFN-g)], as well as the checkpoint 

ligands PD-L1 (for PD-1) and both CD80 and CD86 (for CTLA4) (fig. S4). 
These findings are consistent with the notion that cisplatin may prime breast 
tumors and synergize with immunotherapy through up-regulation of 
immunogenic signals (22). Collectively, these findings 
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vival in patients receiving neoadjuvant chemotherapy (23). To 
confirm the T cell dependence of the augmented tumor 
response, MMTV-cre/ Brca1fl/flp53+/− tumors were 
transplanted into immunodeficient RAG mice. As expected, 
the addition of dual anti–PD-1/anti-CTLA4 therapy failed to 
improve tumor response to cisplatin (fig. S6, A and B). 

We next determined the conventional T cell activation 
status after treatment by assaying the expression of the 
activation markers ICOS, CD44, NRP1, and PD-1. ICOS, 
CD44, and NRP1 were substantially up-regulated on CD8+ 

cytotoxic T cells and CD4+ T helper (TH) cells within tumors 
treated with the combination therapy compared to cis- platin 
alone (Fig. 4D). PD-1 expression is induced upon activation 
of T cells and inhibits their effector function upon ligation 
(such as by PD-L1) concomitant with T cell receptor 
(TCR) and costimulatory 
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Fig. 2. BRCA1-mutated TNBCs 

exhibit prominent lymphocytic 

infiltrate and PD-L1  expression. 

(A) Representative H&E image of

a BRCA1-mutated TNBC. Scale

bar, 100 mm. (B) Analysis of matched 

BRCA1-positive TNBC patient stro- 

mal TIL populations for H&E, OPAL 

staining, stromal, and intratumoral 

PD-L1 expression (n = 16). (C) BRCA1- 

mutated TNBC. H&E and accom- 

panying section immunostained for 

PD-L1. Scale bars, 100 mm. (D) Repre- 

sentative BRCA1-mutated TNBC

patient sample with high stromal 

TILs. The inset indicates an area

with a high number of CD3+ (*),

CD4+ (**), and CD8+ (***) cells. Iso, 

isotype-matched control antibody. 

Additional images are shown in

fig. S1 (A and B). Scale bars, 100 mm

(main image) and 20 mm (inset).

(E) BRCA1-mutated TNBCs. The

OPAL staining panel includes tu- 

mor marker CK18 (yellow), CD3

(red), CD4 (white), CD8 (green),

FOXP3 (orange), PD-L1 (cyan), and 

4′,6-diamidino-2-phenylindole

(DAPI) (blue). Scale bars, 100 mm. 

(F) OPAL staining for PD-L1 and

CK18, revealing high intratumoral 

PD-L1 expression. Scale bar, 100  mm. 

(G) Sankey plot of a fluorescence- 

activated cell sorting (FACS) profile 

of CD3+ TILs from a BRCA1-mutated 

tumor, showing percentages of 

CD8+ and CD4+ cells and PD-1 ex- 

pression within these subsets (see 

fig. S1C). 

A B 

100 

75 

50 

25 

0 

D 

E 

C 
Patient cell populations 

signals (24). The proportion     F G 
of activated PD-1+CD8+  T 
cells infiltrating tumors was 
markedly increased by cis- 
platin and dual checkpoint 
blockade, when compared 
to cisplatin alone or together 
with individual checkpoint 
blockade (Fig. 4, E to G). 
The overall increase in TILs 
(fig. S5C), coupled with the 
up-regulation  of  PD-1 on 
nearly all CD4+ and CD8+ 

TILs in mice treated  with 
cisplatin, anti-CTLA4, and 
anti–PD-1, provides strong evidence of an enhanced immune response 
within  the tumor microenvironment. 

Dual anti–PD-1/anti-CTLA4 therapy with cisplatin also resulted in 
an increase in intratumoral MHCII+CD11c+ dendritic cells, compared 
to cisplatin alone (fig. S7, A and B). These dendritic cells exhibited 

increased expression of the costimulatory molecule, CD80, consistent 
with their activation (fig. S7C). Flow cytometric analysis of cytokine 
production by tumor-infiltrating CD4+ T cells revealed that checkpoint 
inhibitor therapy augmented the production of IFN-g and tumor necro- 
sis factor (TNF). This TH1-type response was most notable in  tumors 

DAPI  CD3 CD4 CD8 FOXP3 CK18 PD-L1 

DAPI  CD3 CD4 CD8 FOXP3 CK18 PD-L1 
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Fig. 3. Combination therapy with checkpoint inhibitors curtails the growth of Brca1-deficient tumors. Graph depicting the percentages of PD-L1+ (A) tumor cells 

and (B) stromal cells (Lin+) within mammary tumors harvested from MMTV-cre/Brca1fl/fl/p53+/−, MMTV-Neu, MMTV-PyMT, MMTV-Wnt1, and p53+/− mice. PD-L1 expression 

was determined by flow cytometry on freshly harvested tumors, and the percentage of positive cells was determined by comparing PD-L1 expression to an isotype- 

matched control antibody. Data are means ± SEM; each data point depicts an individual tumor. *P < 0.05, **P < 0.01. (C) Overview of treatment strategy: Freshly 

harvested MMTV-cre/Brca1fl/fl/p53+/− tumor cells were injected into the mammary fat pads of syngeneic (F1 FVB x BALB/c) mice. Three weeks after transplantation, 

mice were randomized to one of six treatment arms: (i) vehicle (PBS), (ii) anti–PD-1 and anti-CTLA4, (iii) cisplatin, (iv) cisplatin and anti–PD-1, (v) cisplatin and anti-CTLA4, 

and (vi) cisplatin, anti-CTLA4, and anti–PD-1. Mice received cisplatin on day 1 of each treatment cycle (days 1, 21, 42, and 63) and anti–PD-1 and anti-CTLA4 on days 2, 5, 

and 8 of each cycle. (D) Tumor growth curves for individual mice (n = 58). Arrows depict day 1 of a treatment cycle (treatment with cisplatin or vehicle control). (E) Kaplan- 

Meier survival curves depicting the augmented response of MMTV-cre/Brca1fl/fl/p53+/− tumors to combination therapy. Log-rank (Mantel-Cox) P value is shown for combination 

cisplatin, anti–PD-1, and anti-CTLA4 therapy versus cisplatin alone. 

treated with dual anti–PD-1/anti-CTLA4 therapy, which appeared to 
trigger the activation of effector T cells that produced both IFN-g and 
TNF (fig. S7, D and E). This polyfunctional effector T cell phenotype 
has previously been shown to elicit a potent antitumor response (25). 

To examine the impact of the checkpoint inhibitors beyond the tu- 

mor microenvironment, we assayed the immune cells residing in the tumor-
draining (sentinel) lymph nodes and spleens of recipient mice. The tumor-
adjacent axillary lymph node was identified as the draining node after the
injection of Evans blue dye directly into the tumor injection site to track the
lymphatic drainage patterns (fig. S8A).  We 

Downloaded from
 http://stm

.sciencem
ag.org/ by guest on August 24, 2017 

+

20 40 60 80 100 120 20 40 60 80 100 120
Days 



Nolan et al., Sci. Transl. Med. 9, eaal4922 (2017) 7 June 2017 8 of 12 
 

observed an increase in the percentage of activated PD-
1+CD8+ T cells in the draining lymph node after combination 
immune checkpoint in- hibitor therapy compared to mice 
receiving either blocking antibody with cisplatin (Fig. 4H). 
Similar effects were seen in the CD4+ compart- ment (fig. S8, 
B and C) and in the spleen (fig. S8, D and E). Combination 
therapy also resulted in augmented CTLA4 expression on 
CD4+ cells in the spleen (fig. S8F). Together, these findings 
indicate that the combined use of both anti–PD-1 and anti-
CTLA4 checkpoint blockade provoked increased activation 
of both tumor infiltrating and lymphoid CD8+ and CD4+ T 
cells, evidence of a potent antitumor immune response. 
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Fig.  4. Combination therapy A Day 0 Day 1 Day 14 

induces an avid immune re- 

sponse in Brca1-deficient tu- 

mors. (A) Schematic diagram 

of the experimental protocol. 
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DISCUSSION 

Tumor recurrence and resistance to therapy remains a challenging 
problem in breast cancer. For patients with TNBC, disease-free survival 
and overall survival are much worse than for patients with ER-positive 
tumors due to a high relapse rate (1). Patients with advanced TNBC, 
including those harboring germline BRCA1 mutations, often respond 
well to chemotherapy initially, but the duration of the response can 
be short-lived and followed by recurrence and death (26). Patients with 
germline BRCA1 (and BRCA2) mutations exhibit high response rates to 
PARP inhibitors and platinum agents; however, resistance invariably 
occurs (2, 3, 9). New therapies or drug combinations that achieve an 
effective and durable treatment response are needed. Increasing evi- 
dence suggests that it may be necessary to efficiently kill tumor cells with 
an optimal chemotherapy regimen as well as to stimulate an immune 
response to keep residual tumor cells in check, with immune checkpoint 
blockade recently demonstrating impressive and durable tumor control 
in many tumor types (21). Here, we report that BRCA1-mutated 
TNBCs are immunogenic and actively engaged by the immune system; 
however, antitumor immunity is likely to be restrained by tumor/ 
stromal cell up-regulation of PD-L1 and other ligands for checkpoint 
receptors expressed by TILs. Through the combined use of the im- 
mune checkpoint inhibitors anti–PD-1 and anti-CTLA4, together 
with platinum-based chemotherapy, we demonstrated a marked at- 
tenuation in growth of Brca1-deficient mammary tumors and a sub- 
stantial improvement in survival. Combined checkpoint inhibitors 
and cisplatin induced an avid intratumoral and systemic immune 
response, with evidence for dendritic cell activation and a switch from 
a suppressive to a cytotoxic immune phenotype in TILs. The  marked 
increase in activated tumor-infiltrating cytotoxic CD8+ T cells and 
CD4+ T cells was accompanied by the induction of polyfunctional ef- 
fector CD4+ T cells. 

Our results indicate that BRCA1-mutated TNBCs may be particu- 
larly sensitive to combined checkpoint blockade with chemotherapy. 
Although previous studies have reported a high incidence of TILs with- 
in primary TNBCs and HER2-positive breast cancers and strong corre- 
lations with decreased distant recurrence and improved overall survival 
(14), two recent trials of checkpoint blockade have demonstrated only 
modest efficacy of either anti–PD-1 or anti–PD-L1 antibodies in pa- 
tients with metastatic TNBC (10, 27). These outcomes suggest that com- 
bined treatment with chemotherapy (which could have pleiotropic roles 
in modulating the immune system) or other immunotherapy agents 
may be required for patients with TNBC to effectively stimulate an ef- 
fective antitumor immune response. There are many clinical trials un- 
der way to establish the efficacy of checkpoint inhibitors either alone or 
as an adjunct to chemotherapy or PARP inhibitors in patients with 
TNBC unselected for BRCA1 status (9). 

The concept of double checkpoint blockade has already been 
established in patients with advanced melanoma and non–small cell 
lung cancer (NSCLC), where a longer progression-free survival and 
higher objective response rates were reported in patients receiving dual 
anti–PD-1 and anti-CTLA4 therapy compared to monotherapy (28, 29). 
This may also be highly relevant for breast cancer patients, because, 
in general, breast cancer is considered a less immunogenic solid tu- 
mor type, where on average the mutational load and the extent of 
immune infiltrates are far lower than for melanoma and NSCLC. As 
a drawback, however, an increase in the incidence of grade ≥3 
immune adverse events was observed with the combination treat- 
ment, although many side effects could be managed. Even for single- 
agent therapy, toxicity may be higher with CTLA4 blockade   than 

PD-1 blockade, likely due to the differing distribution of ligands on im- 
mune cell subsets. Although we targeted PD-1, PD-L1 inhibitors may 
produce a similar response but have a more favorable toxicity profile 
than PD-1 inhibitors, because the latter prevent binding of both PD-L1 
and PD-L2 ligands (6, 11). 

We have provided evidence that BRCA1-mutated tumors harbor an 
increased number of TILs and a higher mutational burden than TNBCs 
from WT patients, suggesting that they produce more neoantigens to 
incite a T cell response within the tumor microenvironment. Moreover, 
prominent PD-L1 expression was observed on BRCA1-mutated tumor 
cells and in tumors from Brca1-deficient mice compared to other mam- 
mary tumor models. PD-L1 up-regulation is frequently observed in hu- 
man tumors associated with a prominent immune infiltrate (30), and 
likely arises as an adaptive resistance mechanism by tumor cells under 
immune pressure and/or as an intrinsic resistance mechanism resulting 
from the activation of signaling pathways that normally regulate PD-L1 
expression within tumor cells (5). 

Although we have not directly demonstrated a causal link between a 
high mutational burden, neoantigens, and TILs, our observations are 
consistent with those recently reported for high-grade serous ovarian 
cancer, where a higher neoantigen load, TILs, and increased expression 
of PD-1 and PD-L1 on tumor-associated immune cells were observed in 
BRCA1/2-mutated tumors compared to DNA repair–proficient tumors 
(31). A similar phenotype has also been observed in microsatellite- 
unstable colorectal cancer (32, 33). It may be possible to delineate the 
relationship between neoantigens and their corresponding reactive 
T cells in BRCA1-mutated TNBC in future studies, although this is 
currently limited by existing neoantigen prediction algorithms and low 
sensitivity of in vitro assays to determine the corresponding reactive 
T cells. Such studies could provide important mechanistic insights 
relevant for targeted immunotherapy (34). 

Our study focused on BRCA1-mutated tumors, where lymphocytic 
infiltrates and basal-like TNBCs are hallmark features. One limitation of 
our study is the lack of information for BRCA2-mutated tumors, where 
genomic instability is also an important feature. Notably, increased 
numbers of TILs were present in all the BRCA2-mutated TNBCs 
examined in our study. Further work will be required to establish 
whether dual checkpoint inhibitor blockade with chemotherapy could 
be effective for this subset of patients, who are primarily predisposed to 
ER-positive breast cancer. 

Our results reveal that BRCA1-mutated tumors represent a sub- 
group of TNBC that could achieve enhanced response rates with 
checkpoint inhibitors in the clinic and suggest that BRCA1 status in cur- 
rent immunotherapy clinical trials for TNBC could be an important 
biomarker of tumor response. We speculate that clinical trials that select 
for breast cancer patients with germline (and possibly somatic) muta- 
tions in BRCA1 using combined immune checkpoint blockade will pro- 
duce superior tumor response rates compared to studies in unselected 
patients. In conclusion, our proof-of-principle findings provide a ratio- 
nale for clinical studies to assess the efficacy of dual checkpoint blockade 
with chemotherapy for the treatment of BRCA1-mutated TNBCs and 
possibly other hypermutated breast  tumors. 

 
 

MATERIALS  AND METHODS 
Study design 
The overall study was designed to compare the mutational load, im- 
mune profile, and response to checkpoint inhibition in a Brca1-deficient 
mouse mammary tumor model. Further experiments were designed to 
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evaluate mechanisms of tumor response to cisplatin with dual 
checkpoint inhibitor therapy. As outlined below, all mouse studies in- 
cluded randomization and blinding. The numbers of replicates per- 
formed for each experiment are included in the figure legends. 

TIL quantification and profiling 
Tumor samples were obtained from kConFab with approval from the 
Peter MacCallum Cancer Centre and Walter and Eliza Hall Institute 
Institutional Review Boards. Quantification of stromal TILs was per- 
formed via light microscopy on H&E slides according to our published 
method (17). Reported value represents the fractional area of stroma 
infiltrated with lymphocytes, expressed as a percentage. For TCGA 
samples, slides were obtained from the Cancer Digital Slide Archive 
(http://cancer.digitalslidearchive.net). A mixture of H&E slides 
prepared from frozen and formalin-fixed paraffin-embedded (FFPE) 
tissue was available. 

Somatic mutation analysis and gene expression analyses of 
the TCGA data set 

Variants from whole-exome sequencing, RNA sequencing quanti- 
fication, and clinical data for TCGA cases were obtained from gdac. 
broadinstitute.org. Curated variants supplied by TCGA pipeline 
were used to generate mutation burden (these are prefiltered to 
have an allele frequency of >0.1). The “scaled_estimate” values in 
the RNASeqV2 data were used for gene expression analyses, repre- 
senting TPM calculated by RSEM (35). Cases were characterized as 
triple negative based on negative ER status on immunohisto- 
chemistry and nonamplification of HER2, according to American Society of 
Clinical Oncology/College of American Pathologists (ASCO-CAP) 
guidelines. The tumors were from untreated primary breast cancers. 
BRCA1 germline mutational status was obtained from the data released 
with the TCGA breast cancer primary publication (https://tcga-data. 
nci.nih.gov/docs/publications/brca_2012/). For the institutional co- 
hort, BRCA1 carrier status was determined using Sanger sequencing 
and multiplex ligation–dependent probe amplification, with results 
reviewed by a clinical geneticist. All statistical tests were two-sided. 
Box plots were constructed with the unmodified default plotting 
routine in the ggplot2 R package (36), with a cross bar at the median 
and upper and lower margins of the box at first and third quartiles. 
Whiskers extend from the respective quartile to the highest value within 
1.5 times the interquartile range (the distance between first and third 
quartiles). Data beyond the whiskers are plotted as points. 

Gene expression correlations between TILs and various immune 
markers and checkpoints were performed. We have previously charac- 
terized TILs on the TCGA data set using our published method using 
publicly available H&E-stained slides (16). 

Somatic mutational analysis of mouse mammary tumors 
Whole-exome sequencing was performed on two MMTV-cre/ 
Brca1fl/flp53+/− tumors harvested at the ethical end point (600 mm3). 
Exome capture was performed using the Agilent SureSelectXT Mouse 
All Exon, and libraries passing quality control were sequenced on an Il- 
lumina HiSeq 4000, to a mean fold coverage of 97. After alignment to the 
mouse reference genome GRCm38 with Burrows-Wheeler Aligner 
(BWA) (37), variants were called with VarDict in unpaired mode 
(38). Only variants passing VarDict filters were analyzed. Variants 
were annotated with the Ensembl Variant Effect Predictor (39). Because 
the tumor model has been developed in several mouse backgrounds, 
there is no true matched normal sample, and the following strategy 

was used to remove germline variants: (i) removal of all known germ- 
line mouse variants using the current single-nucleotide polymorphism 
and indel calls provided by the Mouse Genomes Project (40) [to avoid 
missing germline variants due to inconsistent representation  between 
call sets, RTG Tools “vcfeval” was used (Real Time Genomics)], (ii) re- 
moval of variants that occur in the Ensembl databases, and (iii) variants 
with an allele frequency of <0.15 or >0.85 were filtered out after exam- 
ination of allele frequency histograms. Missense mutations were used to 
determine mutation burden. Mutation rate was calculated with the size   of 
the Agilent capture as the denominator (about 51.5 Mb). Because the 
appropriate denominator depends on various aspects of the variant 
filtering pipeline, to calculate mutation rate for TCGA data, we used a 
capture size of 28.8 Mb, as suggested by the mutation rate analysis avail- 
able at gdac.broadinstitute.org. TCGA used earlier versions of human 
exome capture kits with smaller capture regions than more modern hu- 
man and mouse kits. Mutational signature detection was performed with 
the R package deconstructSigs (41) on missense mutations from the two 
MMTV-cre/Brca1fl/flp53+/− tumors, using the COSMIC signatures avail- 
able at http://cancer.sanger.ac.uk/cosmic/signatures (19). 

OPAL immunohistochemistry studies 
TILs were interrogated to visualize the expression of CD3, CD4, CD8, 
FOXP3, PD-L1, and CK18 in TNBC patient biopsy samples, using the 
OPAL serial immunostaining protocol (42). Briefly, FFPE tissue sec- 
tions were cut at a thickness of 4 mm and melted at 60°C for 45 min, 
followed by dewaxing in three changes of histolene for 11 min and three 
changes of 100% ethanol for 1 min each and 70% alcohol for 1 min. 
Heat-induced antigen retrieval was achieved using a microwave. Tissue 
sections were placed in a plastic Hellendahl jar (Trajan Scientific Aus- 
tralia) in EDTA (pH 8) antigen retrieval buffer for CD4, CD8, CK18, 
FOXP3, and PD-L1 and in citrate (pH 6) antigen retrieval buffer for 
CD3 staining and brought to a boil at 100% power followed by 10% 
power for 15 min. Tissue sections were then left to cool for 30 min 
and washed in 0.02% tris-buffered saline–Tween 20 (TBST) three times 
at 7 min each with gentle agitation. Sections were blocked in blocking 
buffer (Dako, X0909) for 10 min at room temperature before incubation 
with primary antibodies or isotype controls. Sections were incubated for 
30 min at room temperature with rabbit anti-human CD4 (clone SP35, 
1:100), rabbit anti-human FOXP3 (polyclonal, 1:200), rabbit anti- 
human PD-L1 (clone SP142, 1:1000), and rabbit anti-human CD3 (clone 
SP7, 1:1000) obtained from Spring Bioscience; mouse anti-human 
CD8 (clone 4B11, 1:500) obtained from Thermo Fisher; and mouse 
anti-human CK18 (clone DC10, 1:1000) obtained from Dako. Isotype 
controls were used on serial tissue sections for CD4 [rabbit immuno- 
globulin G (IgG), 1:1000], CD3 (rabbit IgG, 1:20,000), PD-L1 (rabbit 
IgG, 1:6500), FOXP3 (rabbit IgG, 1:400), CD8 (mouse IgG2b, 1:80), 
and CK18 (mouse IgG1, 1:740) obtained from Thermo Fisher. After 
primary incubation, sections were washed in 0.02% TBST five times 
for 5 min each, followed by a 10-min incubation in 0.3% H2O2. All 
sections were then washed in 0.02% TBST three times for 3 min 
and incubated with secondary horseradish peroxidase–conjugated 
antibodies at a dilution of 1:1000 for 10 min at room temperature. 
Sections were washed three times for 5 min each in 0.02% TBST 
followed by signal amplification using 100 ml of TSA Plus working 
solution per slide at a dilution of 1:50 in 1× amplification diluent, 
incubated at room temperature for 10 min as specified by the man- 
ufacturer (PerkinElmer). All sections were washed in 0.02% TBST five 
times for 5 min each followed by DAPI staining (Life Technologies) for 
2 min at room temperature. Sections were mounted in Vectashield hard 
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set medium (Vector) and left to dry flat for 20 min in the absence of 
light. Multispectral imaging of sections was undertaken using the Vectra 
3.0 (PerkinElmer) at ×20 magnification. Image analysis and phenotyp- 
ing was undertaken using the inForm Advanced Image Analysis 
Software (PerkinElmer), and cell quantitation was undertaken using 
Spotfire (TIBCO). For PD-L1 immunohistochemistry, anti–PD-L1 
rabbit monoclonal antibody was used (Ventana, SP263). 

 
Mouse                                                                       strains All 
mouse strains were maintained in the Walter and Eliza Hall Institute 
animal facility according to institutional guidelines. MMTV-cre mice 
(Cre-A strain) were provided by K. U. Wagner, Brca1f l/f l mice were 
from the U.S. National Cancer Institute (NCI), and BALB/c-p53+/− 

(BALB/c background) and RAG1 knockout mice (B6.129S7-Rag1tm1Mom) 
were from the Jackson Laboratory. MMTV-cre;Brca1fl/fl mice were on a 
FVB/N background. All experiments were performed with Animal Ethics 
Approval and conformed to regulatory standards set by the Walter and 
Eliza Hall Institute Animal Ethics Committee. 

 
Preparations of mouse cell suspensions 

Mice bearing mammary tumors up to 600 mm3 were euthanized, and 
the tumor was excised. Tumors were minced with a razor blade and 
digested at 37°C for 1 hour with collagenase (300 U/ml) (Sigma), hyal- 
uronidase (100 U/ml) (Sigma), and deoxyribonuclease (DNase) (100 U/ml) 
(Worthington) in Dulbecco’s modified Eagle’s medium/F-12 + Glutamax 
(Gibco) supplemented with 1% fetal calf serum (FCS), hydrocortisone 
(250 ng/ml), insulin (5 mg/ml), and epidermal growth factor (10 ng/ml). 
A single-cell suspension was generated after filtration through a 100-mm 
cell strainer (BD Falcon). Dissected spleens or lymph nodes were ground 
between frosted glass slides, suspensions were filtered through 100-mm 
mesh, and samples were taken for flow cytometry. 

 
Flow cytometry 
To assess PD-L1 expression on mammary tumors, cells were blocked in 
phosphate-buffered saline (PBS) containing 2% FCS, 10% DNase, rat 
immunoglobulin (Jackson Immunolabs), and an antibody to CD16 
and CD32 Fcg II and III receptors (WEHI Monoclonal Antibody Facil- 
ity) for 10 min at 4°C. Cells were then incubated with the following 
primary antibodies (from BioLegend unless otherwise stated) for 25 
min at 4°C: allophycocyanin (APC)–conjugated anti-mouse CD31 
(clone MEC13.3), APC anti-mouse CD45 (clone 30-F11), APC anti- 
mouse Ter119 (clone Ter-119), Pacific Blue–conjugated anti-mouse 
CD24 (clone M1/69), fluorescein isothiocyanate–conjugated anti- 
mouse CD29 (clone HMb1-1), and biotin-conjugated anti-mouse 
CD274 (PD-L1, eBioscience). Cells were then washed with PBS/2% FCS 
and incubated with APC-Cy7–conjugated streptavidin (BD Pharmingen) 
to detect biotin for 15 min at 4°C and then resuspended in propidium 
iodide (0.5 mg/ml) for live-cell discrimination. Cells were analyzed on 
an LSRFortessa X-20 (BD Biosciences). The lineage-negative popula- 
tion was defined as CD31−CD45−Ter119−. Analysis of immune cells 
involved staining single-cell suspensions with antibody conjugates to 
detect the cell surface and intracellular proteins. Conjugates were pur- 
chased from BioLegend unless otherwise stated: CD4 (clone GK1.5), 
CD8 (clone 53-6.7), CD25 (PC61.5), TCRb (clone H57-597), CD44 
(clone IM7), CD62L (clone MEL-14), CD45 (clone 30-FII), CTLA4 
(clone UCIO-4B9), PD-1 (clone 29F.1A12), CD80 (clone 16-1OA1), 
CD11c (clone N418), and FOXP3 (eBioscience, clone FJK-16). All sur- 
face stains were incubated for 20 min at 4°C. Intracellular staining for 
FOXP3 and Ki67 was performed after fixation and permeabilization 

using the FOXP3 staining kit (eBioscience). Staining for TNF and IFNg 
was performed on single-cell suspensions that were stimulated with 
ionomycin (1 mg/ml) and phorbol 12-myristate 13-acetate (50 ng/ml) 
for 4 hours at 37°C. Unstimulated cells incubated at 37°C for 4 hours 
were used as a negative control. Sample data were acquired on a Fortessa 
flow cytometer (BD Biosciences) and analyzed using FlowJo software 
(TreeStar). 

 
In vivo transplantation of mammary tumor cells 
Single-cell suspensions from freshly harvested MMTV-cre/Brca1fl/fl/ 
p53+/− mammary tumors were counted and resuspended in transplan- 
tation buffer containing 25% growth factor–reduced Matrigel (BD 
Pharmingen). Cells (40,000 per gland) were injected into the right in- 
guinal fat pad (unilateral transplantation) of 4-week-old F1 (FVB/N x 
BALB/c) recipients, as described previously (43). 

 
In vivo drug studies 
At 3 weeks after transplantation, when mammary tumors had reached 
a size of about 100 mm3, mice were randomly assigned to treatment 
groups and injected with combinations of the following drugs: cisplatin 
(4 mg/kg, intravenous), anti–PD-1 (200 mg/mouse, intraperitoneal), 
anti-CTLA4 (150 mg/mouse, intraperitoneal), or a vehicle control 
(PBS, intravenous or intraperitoneal). Cisplatin was injected on day 1, 
followed by anti–PD-1/anti-CTLA4 injections on days 2, 5, and 8. This 
treatment regime was repeated every 21 days, for a total of four treat- 
ments. Tumors were measured three times per week, and mice were 
euthanized once the ethical end point was reached [tumor volume of 600 
mm3, as determined by measuring the minimum and maximum tumor 
diameters using the following formula: [(minimum diameter)2 

(maximum diameter)/2)]. For short-term in vivo studies, tumors were 
harvested either the day before treatment initiation (day 0) or at days 10 
to 14, as indicated. All mouse studies were blinded: Animal research 
technicians performed the injections,  and investigators  were unaware 
of the group allocation when measuring tumor   size. 

 
Cell                                                                              lines For 
in vitro analysis of tumor and immunogenic cell death markers, the 
BRCA1-mutated (insertion C at nucleotide 5382) triple-negative human 
cell line HCC1937 was used. The cell line was maintained in RPMI 
(0.6% human insulin, 10% fetal bovine serum) and authenticated using 
short tandem repeat profiling. Cells were treated with vehicle control 
(PBS), cisplatin (2 mM), recombinant human IFN-g (BD; 5 ng/ml), or 
a combination of IFN-g (5 ng/ml) and cisplatin (2 mM) for 72 hours. 
After this, FACS analysis was undertaken for several markers: human 
HLA-ABC (BD; clone G46-2.6), HLA-DR (BioLegend; clone L243), 
CD80 (BD; clone L307.4), CD86 (BioLegend; clone IT2.2), PD-L1 
(BioLegend; clone 29E.2A3), calreticulin (Abcam; clone EPR3924), 
and MICA/B (BioLegend; clone 6D4). All experiments were con- 
ducted in triplicate, and three independent experiments were underta- 
ken. All cell surface stains were incubated for 30 min at 4°C. Sample data 
were acquired on a Fortessa flow cytometer (BD Biosciences) and ana- 
lyzed using FlowJo software (TreeStar). Data are presented as mean flu- 
orescence index. 

 
Toxicity data 
Blood was collected by cardiac puncture 10 days after the start of 
treatment in Microcuvette (Sarstedt) and Microtainer tubes (BD 
Pharmingen). Full blood examination was carried out on an Advia 
2120 blood analysis machine (Siemens), and serum analysis was carried 
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out on an Architect auto-analyzer (Abbott) after serum separation 
according  to the manufacturer’s  instructions. 

Lymph node mapping 
We identified the mammary tumor–draining lymph node using a 
protocol adapted from Harrell et al. (44). Mice were anesthetized, and 
20 ml of Evans blue dye (Sigma, 5% diluted in PBS) was injected into the 
inguinal fat pad of 8-week-old FVB/N female mice (n = 3) using a 
27-gauge needle. We then visually assessed the lymphoid drainage
pattern and identified the tumor-adjacent axillary node as the primary
drainage site.

Statistical analysis 
The statistical analysis used for determining the mutational load is 
described in a separate section. Significance was determined by the 
Mann-Whitney U test. All statistical tests were two-sided. For the in vivo 
tumor studies, statistical analyses were performed using the GraphPad 
Prism software version 5.0a. Kaplan-Meier (log-rank test) was used to 
test for significant differences in the survival of mice (using the ethical 
end point for tumor size as a surrogate for death). Unpaired t tests 
were used to test the significance of differences in column means 
between treatments. 

SUPPLEMENTARY MATERIALS 
www.sciencetranslationalmedicine.org/cgi/content/full/9/393/eaal4922/DC1 

Fig. S1. Characterization of TILs in BRCA1- and BRCA2-mutant tumors by OPAL imaging. Fig. 

S2. Output from deconstructSigs for a representative MMTV-cre/Brca1fl/flp53+/−  tumor. 

Fig. S3. Effect of combination therapy with checkpoint inhibitors on mice body weight, blood 

count, and biochemistry. 

Fig. S4. Cisplatin treatment and induction of immunogenicity markers on human TNBC 

BRCA1-mutated HCC1937 tumors in vitro. 

Fig. S5. Characterization of lymphocyte subsets in response to immune checkpoint inhibitor 

therapy. 

Fig. S6. Effect of combination therapy with checkpoint inhibitors on the growth of 

Brca1-deficient tumors in RAG1 mice. 

Fig. S7. Dual checkpoint inhibitor blockade and activation of dendritic cells and polyfunctional 

effector T cells. 

Fig. S8. Characterization of lymphocyte subsets in response to immune checkpoint inhibitor 

therapy. 

REFERENCES  AND NOTES 
1. W. D. Foulkes, I. E. Smith, J. S. Reis-Filho, Triple-negative breast cancer. N. Engl. J. Med.

363, 1938–1948 (2010). 

2. C. J. Lord, A. Ashworth, BRCAness revisited. Nat. Rev. Cancer 16, 110–120 (2016).

3. P. Bouwman, J. Jonkers, Molecular pathways: How can BRCA-mutated tumors become 

resistant to PARP inhibitors? Clin. Cancer Res. 20, 540–547 (2014). 

4. R. D. Schreiber, L. J. Old, M. J. Smyth, Cancer immunoediting: Integrating immunity’s roles

in cancer suppression and promotion. Science 331, 1565–1570 (2011). 

5. S. L. Topalian, C. G. Drake, D. M. Pardoll, Immune checkpoint blockade: A common 

denominator approach to cancer therapy. Cancer Cell 27, 450–461 (2015). 

6. E. I. Buchbinder, A. Desai, CTLA-4 and PD-1 pathways: Similarities, differences, and 

implications of their inhibition. Am. J. Clin. Oncol. 39, 98–106 (2016). 

7. F. S. Hodi, S. J. O’Day, D. F. McDermott, R. W. Weber, J. A. Sosman, J. B. Haanen,

R. Gonzalez, C. Robert, D. Schadendorf, J. C. Hassel, W. Akerley, A. J. M. van den Eertwegh,

J. Lutzky, P. Lorigan, J. M. Vaubel, G. P. Linette, D. Hogg, C. H. Ottensmeier, C. Lebbé,

C. Peschel, I. Quirt, J. I. Clark, J. D. Wolchok, J. S. Weber, J. Tian, M. J. Yellin, G. M. Nichol,

A. Hoos, W. J. Urba, Improved survival with ipilimumab in patients with metastatic

melanoma. N. Engl. J. Med. 363, 711–723 (2010). 

8. M. Reck, D. Rodríguez-Abreu, A. G. Robinson, R. Hui, T. Csőszi, A. Fülöp, M. Gottfried,

N. Peled, A. Tafreshi, S. Cuffe, M. O’Brien, S. Rao, K. Hotta, M. A. Leiby, G. M. Lubiniecki,

Y. Shentu, R. Rangwala, J. R. Brahmer; KEYNOTE-024 Investigators, Pembrolizumab 

versus chemotherapy for PD-L1–positive non–small-cell lung cancer. N. Engl. J. Med. 375,

1823–1833 (2016). 

9. G. Bianchini, J. M. Balko, I. A. Mayer, M. E. Sanders, L. Gianni, Triple-negative breast cancer: 

Challenges and opportunities of a heterogeneous disease. Nat. Rev. Clin. Oncol. 13,

674–690 (2016). 

10. R. Nanda, L. Q. M. Chow, E. C. Dees, R. Berger, S. Gupta, R. Geva, L. Pusztai, K. Pathiraja,

G. Aktan, J. D. Cheng, V. Karantza, L. Buisseret, Pembrolizumab in patients with 

advanced triple-negative breast cancer: Phase Ib KEYNOTE-012 study. J. Clin. Oncol.
34, 2460–2467 (2016). 

11. I. Melero, D. M. Berman, M. A. Aznar, A. J. Korman, J. L. P. Gracia, J. Haanen, 

Evolving synergistic combinations of targeted immunotherapies to combat cancer.

Nat. Rev. Cancer 15, 457–472 (2015). 

12. R. M. Chabanon, M. Pedrero, C. Lefebvre, A. Marabelle, J.-C. Soria, S. Postel-Vinay,

Mutational landscape and sensitivity to immune checkpoint blockers. Clin. Cancer Res. 22,

4309–4321 (2016). 

13. S. R. Lakhani, J. Jacquemier, J. P. Sloane, B. A. Gusterson, T. J. Anderson, M. J. van de Vijver,

L. M. Farid, D. Venter, A. Antoniou, A. Storfer-Isser, E. Smyth, C. M. Steel, N. Haites, 

R. J. Scott, D. Goldgar, S. Neuhausen, P. A. Daly, W. Ormiston, R. McManus, S. Scherneck, 

B. A. Ponder, D. Ford, J. Peto, D. Stoppa-Lyonnet, Y.-J. Bignon, J. P. Struewing, 

N. K. Spurr, D. T. Bishop, J. G. M. Klijn, P. Devilee, C. J. Cornelisse, C. Lasset, G. Lenoir,

R. B. Barkardottir, V. Egilsson, U. Hamann, J. Chang-Claude, H. Sobol, B. Weber, 

M. R. Stratton, D. F. Easton, Multifactorial analysis of differences between sporadic 

breast cancers and cancers involving BRCA1 and BRCA2 mutations. J. Natl. Cancer Inst.
90, 1138–1145 (1998). 

14. P. Savas, R. Salgado, C. Denkert, C. Sotiriou, P. K. Darcy, M. J. Smyth, S. Loi, Clinical

relevance of host immunity in breast cancer: From TILs to the clinic. Nat. Rev. Clin. Oncol.
13, 228–241 (2016). 

15. C. Denkert, G. von Minckwitz, J. C. Brase, B. V. Sinn, S. Gade, R. Kronenwett,

B. M. Pfitzner, C. Salat, S. Loi, W. D. Schmitt, C. Schem, K. Fisch, S. Darb-Esfahani,

K. Mehta, C. Sotiriou, S. Wienert, P. Klare, F. André, F. Klauschen, J.-U. Blohmer,

K. Krappmann, M. Schmidt, H. Tesch, S. Kummel, P. Sinn, C. Jackisch, M. Dietel,

T. Reimer, M. Untch, S. Loibl, Tumor-infiltrating lymphocytes and response to

neoadjuvant chemotherapy with or without carboplatin in human epidermal growth 

factor receptor 2–positive and triple-negative primary breast cancers. J. Clin. Oncol.
33, 983–991 (2015). 

16. S. Luen, B. Virassamy, P. Savas, R. Salgado, S. Loi, The genomic landscape of breast cancer

and its interaction with host immunity. Breast 29, 241–250 (2016). 

17. R. Salgado, C. Denkert, S. Demaria, N. Sirtaine, F. Klauschen, G. Pruneri, S. Wienert,

G. Van den Eynden, F. L. Baehner, F. Penault-Llorca, E. A. Perez, E. A. Thompson,

W. F. Symmans, A. L. Richardson, J. Brock, C. Criscitiello, H. Bailey, M. Ignatiadis, 

G. Floris, J. Sparano, Z. Kos, T. Nielsen, D. L. Rimm, K. H. Allison, J. S. Reis-Filho, S. Loibl,

C. Sotiriou, G. Viale, S. Badve, S. Adams, K. Willard-Gallo, S. Loi, The evaluation of

tumor-infiltrating lymphocytes (TILs) in breast cancer: Recommendations by an 

International TILs Working Group 2014. Ann. Oncol. 26, 259–271  (2015). 

18. X. Xu, K.-U. Wagner, D. Larson, Z. Weaver, C. Li, T. Ried, L. Hennighausen,

A. Wynshaw-Boris, C.-X. Deng, Conditional mutation of Brca1 in mammary epithelial cells 

results in blunted ductal morphogenesis and tumour formation. Nat. Genet. 22, 37–43 (1999). 

19. L. B. Alexandrov, S. Nik-Zainal, D. C. Wedge, S. A. J. R. Aparicio, S. Behjati, A. V. Biankin, 

G. R. Bignell, N. Bolli, A. Borg, A.-L. Børresen-Dale, S. Boyault, B. Burkhardt, A. P. Butler,

C. Caldas, H. R. Davies, C. Desmedt, R. Eils, J. E. Eyfjörd, J. A. Foekens, M. Greaves,

F. Hosoda, B. Hutter, T. Ilicic, S. Imbeaud, M. Imielinski, N. Jäger, D. T. W. Jones,

D. Jones, S. Knappskog, M. Kool, S. R. Lakhani, C. López-Otín, S. Martin, N. C. Munshi,

H. Nakamura, P. A. Northcott, M. Pajic, E. Papaemmanuil, A. Paradiso, J. V. Pearson,

X. S. Puente, K. Raine, M. Ramakrishna, A. L. Richardson, J. Richter, P. Rosenstiel,

M. Schlesner, T. N. Schumacher, P. N. Span, J. W. Teague, Y. Totoki, A. N. J. Tutt,

R. Valdés-Mas, M. M. van Buuren, L. van ‘t Veer, A. Vincent-Salomon, N. Waddell, 

L. R. Yates; Australian Pancreatic Cancer Genome Initiative; ICGC Breast Cancer

Consortium; ICGC MMML-Seq Consortium; ICGC PedBrain, J. Zucman-Rossi, 

P. A. Futreal, U. McDermott, P. Lichter, M. Meyerson, S. M. Grimmond, R. Siebert, 

E. Campo, T. Shibata, S. M. Pfister, P. J. Campbell, M. R. Stratton, Signatures of

mutational processes in human cancer. Nature 500, 415–421 (2013). 

20. S. Rottenberg, A. O. H. Nygren, M. Pajic, F. W. B. van Leeuwen, I. van der Heijden,

K. van de Wetering, X. Liu, K. E. de Visser, K. G. Gilhuijs, O. van Tellingen, J. P. Schouten,

J. Jonkers, P. Borst, Selective induction of chemotherapy resistance of mammary

tumors in a conditional mouse model for hereditary breast cancer. Proc. Natl. Acad.
Sci. U.S.A. 104, 12117–12122 (2007). 

21. L. Zitvogel, L. Apetoh, F. Ghiringhelli, G. Kroemer, Immunological aspects of cancer

chemotherapy. Nat. Rev. Immunol. 8, 59–73 (2008). 

22. L. Galluzzi, A. Buqué, O. Kepp, L. Zitvogel, G. Kroemer, Immunogenic cell death in cancer

and infectious disease. Nat. Rev. Immunol. 17, 97–111 (2017). 

23. S. Ladoire, L. Arnould, L. Apetoh, B. Coudert, F. Martin, B. Chauffert, P. Fumoleau,

F. Ghiringhelli, Pathologic complete response to neoadjuvant chemotherapy of breast

carcinoma is associated with the disappearance of tumor-infiltrating foxp3+ 

regulatory T cells. Clin. Cancer Res. 14, 2413–2420 (2008). 

Downloaded from
 http://stm

.sciencem
ag.org/ by guest on August 24, 2017 



Nolan et al., Sci. Transl. Med. 9, eaal4922 (2017) 7 June 2017 11 of 12  

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R  CH A R T I C L E   

 

24. M. E. Keir, M. J. Butte, G. J. Freeman, A. H. Sharpe, PD-1 and its ligands in tolerance and 

immunity. Annu. Rev. Immunol. 26, 677–704 (2008). 

25. N. Malandro, S. Budhu, N. F. Kuhn, C. Liu, J. T. Murphy, C. Cortez, H. Zhong, X. Yang, 

G. Rizzuto, G. Altan-Bonnet, T. Merghoub, J. D. Wolchok, Clonal abundance of 

tumor-specific CD4+ T cells potentiates efficacy and alters susceptibility to 

exhaustion. Immunity 44, 179–193 (2016). 

26. C. Liedtke, C. Mazouni, K. R. Hess, F. André, A. Tordai, J. A. Mejia, W. F. Symmans, 

A. M. Gonzalez-Angulo, B. Hennessy, M. Green, M. Cristofanilli, G. N. Hortobagyi, 

L. Pusztai, Response to neoadjuvant therapy and long-term survival in patients with 

triple-negative breast cancer. J. Clin. Oncol. 26, 1275–1281 (2008). 

27. L. A. Emens, F. S. Braiteh, P. Cassier, J.-P. DeLord, J. P. Eder, X. Shen, Y. Xiao, Y. Wang, 

P. S. Hegde, D. S. Chen, Abstract PD1-6: Inhibition of PD-L1 by mpdl3280a leads to 

clinical activity in patients with metastatic triple-negative breast cancer. 

Cancer Res. 75, PD1-6 (2015). 

28. J. Larkin, V. Chiarion-Sileni, R. Gonzalez, J. J. Grob, C. L. Cowey, C. D. Lao, D. Schadendorf, 

R. Dummer, M. Smylie, P. Rutkowski, P. F. Ferrucci, A. Hill, J. Wagstaff, M. S. Carlino, 

J. B. Haanen, M. Maio, I. Marquez-Rodas, G. A. McArthur, P. A. Ascierto, G. V. Long, 

M. K. Callahan, M. A. Postow, K. Grossmann, M. Sznol, B. Dreno, L. Bastholt, A. Yang, 

L. M. Rollin, C. Horak, F. S. Hodi, J. D. Wolchok, Combined nivolumab and ipilimumab or 

monotherapy in untreated melanoma. N. Engl. J. Med. 373, 23–34 (2015). 

29. S. Antonia, S. B. Goldberg, A. Balmanoukian, J. E. Chaft, R. E. Sanborn, A. Gupta, 

R. Narwal, K. Steele, Y. Gu, J. J. Karakunnel, N. A. Rizvi, Safety and antitumour 

activity of durvalumab plus tremelimumab in non-small cell lung cancer: A 

multicentre, phase 1b study. Lancet Oncol. 17, 299–308 (2016). 

30. H. Dong, S. E. Strome, D. R. Salomao, H. Tamura, F. Hirano, D. B. Flies, P. C. Roche, J. Lu, 

G. Zhu, K. Tamada, V. A. Lennon, E. Celis, L. Chen, Tumor-associated B7-H1 

promotes T-cell apoptosis: A potential mechanism of immune evasion. Nat. Med. 8, 

793–800 (2002). 

31. K. C. Strickland, B. E. Howitt, S. A. Shukla, S. Rodig, L. L. Ritterhouse, J. F. Liu, J. E. Garber, 

D. Chowdhury, C. J. Wu, A. D. D’Andrea, U. A. Matulonis, P. A. Konstantinopoulos, 

Association and prognostic significance of BRCA1/2-mutation status with neoantigen 

load, number of tumor-infiltrating lymphocytes and expression of PD-1/PD-L1 in high 

grade serous ovarian cancer. Oncotarget 7, 13587–13598 (2016). 

32. Y. Schwitalle, M. Kloor, S. Eiermann, M. Linnebacher, P. Kienle, H. P. Knaebel, 

M. Tariverdian, A. Benner, M. von Knebel Doeberitz, Immune response against 

frameshift-induced neopeptides in HNPCC patients and healthy HNPCC mutation 

carriers. Gastroenterology 134, 988–997 (2008). 

33. H. Westdorp, F. L. Fennemann, R. D. A. Weren, T. M. Bisseling, M. J. L. Ligtenberg, 

C. G. Figdor, G. Schreibelt, N. Hoogerbrugge, F. Wimmers, I. J. de Vries, Opportunities 

for immunotherapy in microsatellite instable colorectal cancer. Cancer Immunol. 
Immunother. 65, 1249–1259 (2016). 

34. T. N. Schumacher, R. D. Schreiber, Neoantigens in cancer immunotherapy. Science 348, 

69–74 (2015). 

35. B. Li, C. N. Dewey, RSEM: Accurate transcript quantification from RNA-Seq data with or 

without a reference genome. BMC Bioinformatics 12, 323 (2011). 

36. H. Wickham, ggplot2: Elegant Graphics for Data Analysis (Springer, 2009). 

37. H. Li, R. Durbin, Fast and accurate short read alignment with Burrows–Wheeler transform. 

Bioinformatics 25, 1754–1760 (2009). 

38. Z. Lai, A. Markovets, M. Ahdesmaki, B. Chapman, O. Hofmann, R. McEwen, J. Johnson, 

B. Dougherty, J. C. Barrett, J. R. Dry, VarDict: A novel and versatile variant caller for next- 

generation sequencing in cancer research. Nucleic Acids Res. 44, e108 (2016). 

39. X. Jian, E. Boerwinkle, X. Liu, In silico prediction of splice-altering single nucleotide 

variants in the human genome. Nucleic Acids Res. 42, 13534–13544 (2014). 

40. T. M. Keane, L. Goodstadt, P. Danecek, M. A. White, K. Wong, B. Yalcin, A. Heger, 

A. Agam, G. Slater, M. Goodson, N. A. Furlotte, E. Eskin, C. Nellåker, H. Whitley, J. Cleak, 

D. Janowitz, P. Hernandez-Pliego, A. Edwards, T. G. Belgard, P. L. Oliver, R. E. McIntyre, 

A. Bhomra, J. Nicod, X. Gan, W. Yuan, L. van der Weyden, C. A. Steward, S. Bala, 

J. Stalker, R. Mott, R. Durbin, I. J. Jackson, A. Czechanski, J. A. Guerra-Assunção, 

L. R. Donahue, L. G. Reinholdt, B. A. Payseur, C. P. Ponting, E. Birney, J. Flint, 

D. J. Adams, Mouse genomic variation and its effect on phenotypes and gene 

regulation. Nature 477, 289–294 (2011). 

41. R. Rosenthal, N. McGranahan, J. Herrero, B. S. Taylor, C. Swanton, deconstructSigs: 

Delineating mutational processes in single tumors distinguishes DNA repair deficiencies 

and patterns of carcinoma evolution. Genome Biol. 17, 31 (2016). 

42. E. C. Stack, C. Wang, K. A. Roman, C. C. Hoyt, Multiplexed immunohistochemistry, 

imaging, and quantitation: A review, with an assessment of Tyramide signal amplification, 

multispectral imaging and multiplex analysis. Methods 70, 46–58 (2014). 

43. E. Nolan, F. Vaillant, D. Branstetter, B. Pal, G. Giner, L. Whitehead, S. W. Lok, G. B. Mann; 

Kathleen Cuningham Foundation Consortium for Research into Familial Breast 

Cancer (kConFab), K. Rohrbach, L.-Y. Huang, R. Soriano, G. K. Smyth, W. C. Dougall, 

J. E. Visvader, G. J. Lindeman, RANK ligand as a potential target for breast cancer 

prevention in BRCA1-mutation carriers. Nat. Med. 22, 933–939 (2016). 

44. M. I. Harrell, B. M. Iritani, A. Ruddell, Lymph node mapping in the mouse. 

J. Immunol. Methods 332, 170–174 (2008). 

 

Acknowledgments: We are grateful to H. Thorne and all kConFab staff, members, and 

families for their contributions to this resource, which provided coded breast tumors and 

data; to J. Corbin and J. McManus for blood analysis; and to K.-U. Wagner for providing 

MMTV-cre mice. Funding: This work was supported by the Australian National Health 

and Medical Research Council (NHMRC) (grants 1016701, 1040978, and 1078763), the 

NHMRC Independent Research Institute Infrastructure Support Scheme (IRIISS), the 

Victorian State Government through the Victorian Cancer Agency and Operational Infrastructure 

Support, the Breast Cancer Research Foundation (New York), the Qualtrough Cancer Research 

Fund, the Joan Marshall Breast Cancer Research Fund, and the Australian Cancer Research 

Foundation. E.N. was supported by a Cancer Council Victoria Scholarship and a Cancer 

Therapeutics CRC Top-Up Scholarship. A.N.P. was supported by a Cancer Council Victoria 

Scholarship. P.K.D. was supported by NHMRC Fellowship 1041828. S.B.F. was supported by NHMRC 

Fellowship 1079329. C.M.P. was supported by funds from the NCI Breast SPORE program 

(P50-CA58223-09A1 and RO1-CA195740-01). J.E.V. was supported by NHMRC Australia Fellowship 

1037230 and is currently supported by NHMRC Elizabeth Blackburn Research Fellowship 1102742. 

D.H.D.G. was supported by NHMRC Career Development Fellowship-2 (1090236). S.L. was 

supported by a John Colebatch Cancer Council Victoria Clinical Fellowship. G.J.L. was supported by 

NHMRC Fellowship 1078730. Author contributions: E.N., P.S., A.N.P., F.V., C.P.M., S.D., M.M., 

J.-M.B.P., and S.B.F. designed and performed the experiments and analyzed the data. E.N., P.K.D., 

J.E.V., D.H.D.G., S.L., and G.J.L. planned the project, designed the experiments, and analyzed the 

data. kConFab and C.M.P. contributed expertise and experimental reagents; and E.N., P.K.D., 

J.E.V., D.H.D.G., S.L., and G.J.L. wrote the paper. Competing interests: P.K.D. receives research 

funding from Biotie and Corvus. S.L. receives research funding from Merck, Roche-Genentech, 

Novartis, AstraZeneca, and Bristol-Myers Squibb. C.M.P. is an equity stock holder and Board 

of Directors member of BioClassifier LLC. C.M.P is also listed as an inventor on patent 

applications on the Breast PAM50 assay. J.E.V. has received commercial research support 

from Amgen and Servier. G.J.L. has received commercial research support from AbbVie, Amgen, 

and Servier and has served on the advisory boards for Amgen, AbbVie, and Genentech. 

S.B.F. has served on advisory boards for Merck Sharp Dohme, Bristol-Myers Squibb, and 

AstraZeneca. No potential conflicts of interest were disclosed by the other authors. Data 

and materials availability: Mouse tumor whole-exome sequencing data have been 

deposited into the National Center for Biotechnology Information (Sequence Read Archive 

accession number SRP102862). 

 

Members of kConFab: David Amor,1 Leslie Andrews,2 Yoland Antill,3 Rosemary Balleine,4 

Jonathan Beesley,5 Anneke Blackburn,6 Michael Bogwitz,7 Melissa Brown,8 Matthew Burgess,9 

Jo Burke,10 Phyllis Butow,11 Ian Campbell,12 Alice Christian,13 Christine Clarke,14
 

Paul Cohen,15 Ashley Crook,16 Margaret Cummings,17 Sarah-Jane Dawson,12 Martin Delatycki,1 

Pascal Duijf,18 Edward Edkins,19 Stacey Edwards,5 Gelareh Farshid,20 Anna De Fazio,21 

Andrew Fellows,12 Michael Field,22 James Flanagan,23 Peter Fong,24 Stephen Fox,12
 

Michael Friedlander,25 John Forbes,26 Juliet French,27 Michael Gattas,28 Graham Giles,29 

Grantley Gill,30 Margaret Gleeson,31 Jack Goldblatt,32 Sian Greening,33 Eric Haan,34 

Marion Harris,35 Nick Hayward,5 Ian Hickie,36 Clare Hunt,37 John Hopper,38 Paul James,39
 

Mark Jenkins,38 Rick Kefford,4 Maira Kentwell,7 Judy Kirk,40 James Kollias,41 Sunil Lakhani,42 

Geoffrey Lindeman,43 Lara Lipton,44 Lizz Lobb,45 Sheau Lok,46 Finlay Macrae,7
 

Graham Mann,47 Deb Marsh,48 Sue-Anne McLachlan,49 Bettina Meiser,50 Roger Milne,29 

Eveline Neidermayr,12 Sophie Nightingale,12 Shona O’Connell,37 Nick Pachter,51
 

Briony Patterson,52 Kelly Phillips,53 Melanie Price,54 Mona Saleh,55 Elizabeth Salisbury,56 

Christobel Saunders,57 Jodi Saunus,58 Adrienne Sexton,7 Clare Scott,43 Rodney Scott,59 

Andrew Shelling,60 Pete Simpson,61 Melissa Southey,62 Allan Spigelman,63 Mandy Spurdle,5 

Jennifer Stone,64 Jessica Taylor,65 Susan Thomas,66 Heather Thorne,12 Alison Trainer,12 

Georgia Chenevix-Trench,5 Kathy Tucker,2 Jane Visvader,43 Logan  Walker,67
 

Mathew Wallis,68 Rachael Williams,63 Ingrid Winship,69 Kathy Wu,63 Mary Anne Young70
 

 
1Genetic Health Services Victoria, Royal Children’s Hospital, Parkville, Victoria 3050, 

Australia. 2Hereditary Cancer Clinic, Prince of Wales Hospital, Randwick, New South Wales 

2031, Australia. 3The Family Cancer Clinic, Cabrini Hospital, Malvern, Victoria 3144, 

Australia. 4Department of Medical Oncology, Westmead Hospital, Westmead, New South 

Wales 2145, Australia. 5Queensland Institute of Medical Research, Herston, Queensland 

4002, Australia. 6Australian National University, Canberra, Australian Capital Territory 2601, 

Australia. 7Familial Cancer Centre, Royal Melbourne Hospital, Parkville, Victoria 3050, 

Australia. 8University of Queensland, Saint Lucia, Queensland 4072, Australia. 9Clinical 

Genetics Service, Austin Health, Heidelberg, Victoria 3084, Australia. 10Royal Hobart 

Hospital, Hobart, Tasmania 7001, Australia. 11Medical Psychology Unit, Royal Prince Alfred 

Hospital, Camperdown, New South Wales 2204, Australia. 12Peter MacCallum Cancer 

Centre, Melbourne, Victoria 3000, Australia. 13Genetics Department, Central Region 

Genetics Service, Wellington Hospital, Wellington 6021, New Zealand. 14Westmead 

Institute for Cancer Research, University of Sydney, Westmead Hospital, Westmead, 

New South Wales 2145, Australia. 15Gynaecological Cancer Research, St John of God 

Downloaded from
 http://stm

.sciencem
ag.org/ by guest on August 24, 2017 



Nolan et al., Sci. Transl. Med. 9, eaal4922 (2017) 7 June 2017 12 of 12  

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R  CH A R T I C L E   
 

Subiaco Hospital, Subiaco, Western Australia 6008, Australia. 16Department of Clinical 

Genetics, Royal North Shore Hospital, St Leonards, New South Wales 2065, Australia. 
17Department of Pathology, University of Queensland Medical School, Herston, 

Queensland 4006, Australia. 18University of Queensland Diamantina Institute, Brisbane, 

Queensland 4102, Australia. 19Clinical Chemistry Department, Princess Margaret Hospital 

for Children, Perth, Western Australia 6001, Australia. 20SA Tissue Pathology, Institute of 

Medical and Veterinary Science, Adelaide, South Australia 5000, Australia. 21Department of 

Gynaecological Oncology, Westmead Institute for Cancer Research, Westmead Hospital, 

Westmead, New South Wales 2145, Australia. 22Royal North Shore Hospital, Vindin House, 

St Leonards, New South Wales 2065, Australia. 23Epigenetics Unit, Department of Surgery 

and Oncology, Imperial College London, London W12 0NN, UK. 24Regional Cancer and 

Blood Services, Auckland City Hospital, Grafton, Auckland 1023, New Zealand. 
25Department of Medical Oncology, Prince of Wales Hospital, Randwick, New South Wales 

2031, Australia. 26Department of Surgical Oncology, University of Newcastle, Newcastle 

Mater Hospital, Waratah, New South Wales 2298, Australia. 27School of Molecular and 

Microbial Sciences, University of Queensland, St Lucia, Queensland 4072, Australia. 
28Queensland Clinical Genetic Service, Royal Children’s Hospital, Bramston Terrace, 

Herston, Queensland 4020, Australia. 29Cancer Council of Victoria, Melbourne, Victoria 

3004, Australia. 30Department of Surgery, Royal Adelaide Hospital, Adelaide, South 

Australia 5000, Australia. 31Hunter Family Cancer Service, Waratah, New South Wales 2298, 

Australia, 32Genetic Services of WA, King Edward Memorial Hospital, Subiaco, Western 

Australia 6008, Australia. 33Illawarra Cancer Centre, Wollongong Hospital, Wollongong, 

New South Wales 2521, Australia. 34Department of Medical Genetics, Women’s and 

Children’s Hospital, North Adelaide, South Australia 5006, Australia. 35Family Cancer Clinic, 

Monash Medical Centre, Clayton, Victoria 3168, Australia. 36Brain and Mind Centre, 

Camperdown, New South Wales 2050, Australia. 37Southern Health Familial Cancer Centre, 

Monash Medical Centre, Special Medicine Building, Clayton, Victoria 3168, Australia. 
38Centre for MEGA Epidemiology, University of Melbourne, Carlton, Victoria 3010, Australia. 
39Family Cancer Clinic, Peter MacCallum Cancer Centre, Melbourne, Victoria 3000, 

Australia. 40Familial Cancer Service, Department of Medicine, Westmead Hospital, 

Westmead, New South Wales 2145, Australia. 41Breast Endocrine and Surgical Unit, Royal 

Adelaide Hospital, North Terrace, South Australia 5000, Australia. 42UQ Centre for Clinical 

Research, University of Queensland, Royal Brisbane and Women’s Hospital, Herston, 

Queensland 4029, Australia. 43Stem Cells and Cancer Division, Walter and Eliza Hall 

Institute of Medical Research, Parkville, Victoria 3052, Australia. 44Medical Oncology and 

Clinical Haematology Unit, Western Hospital, Footscray, Victoria 3011, Australia. 45School 

of Medicine, University of Notre Dame, Kogarah, New South Wales 2217, Australia. 
46Department of Medical Oncology, Royal Melbourne Hospital, Parkville, Victoria 3050, 

Australia. 47Westmead Institute for Cancer Research, Westmead Millennium  Institute, 

Westmead, New South Wales 2145, Australia. 48Kolling Institute of Medical Research, Royal 

North Shore Hospital, St Leonards, New South Wales 2065, Australia. 49Department of 

Oncology, St Vincent’s Hospital, Fitzroy, Victoria 3065, Australia. 50Prince of Wales Hospital, 

University of New South Wales, Sydney, New South Wales 2052, Australia. 51Genetic 

Services of WA, King Edward Memorial Hospital, Subiaco, Western Australia 6008, Australia. 
52Clinical Genetics Service, Royal Hobart Hospital, Hobart, Tasmania 7001,  Australia. 
53Department of Medical Oncology, Peter MacCallum Cancer Centre, Melbourne, Victoria 

3000, Australia. 54Medical Psychology, University of Sydney, Sydney, New South Wales 

2006, Australia. 55Centre for Genetic Education, Prince of Wales Hospital, Randwick, 

New South Wales 2031, Australia. 56Anatomical Pathology, Prince of Wales Hospital, 

Randwick, New South Wales 2031, Australia. 57School of Surgery and Pathology, QE11 

Medical Centre, Nedlands, Western Australia 6907, Australia. 58Breast Pathology, University of 

Queensland Centre for Clinical Research, Royal Brisbane and Women’s Hospital, Herston, 

Queensland 4029, Australia. 59Hunter Area Pathology Service, John Hunter Hospital, New 

South Wales 2310, Australia. 60Department of Obstetrics and Gynaecology, University of 

Auckland, Auckland 1142, New Zealand. 61University of Queensland, 

RBWH Campus, Herston, Queensland 4029, Australia. 62Genetic Epidemiology Laboratory 

Department of Pathology, University of Melbourne, Carlton, Victoria 3010, Australia. 
63Family Cancer Clinic, St Vincent’s Hospital, Darlinghurst, New South Wales 2010, 

Australia. 64Centre for Genetic Origins of Health and Disease, University of Western 

Australia, Crawley, Western Australia 6009, Australia. 65Familial Cancer and Genetics 

Medicine, Royal Melbourne Hospital, Parkville, Victoria 3050, Australia. 66Breast/Ovarian 

Cancer Risk Management Clinic, Royal Melbourne Hospital, Parkville, Victoria 3050, 

Australia. 67Department of Pathology, University of Otago, Christchurch, New Zealand. 
68The Family Cancer Clinic, Austin Health, Heidelberg, Victoria 3084, Australia. 69Department 

of Genetics Medicine, Royal Melbourne Hospital, Parkville, Victoria 3050, Australia. 
70Garvan Institute of Medical Research, Kinghorn Cancer Centre, Darlinghurst, New South 

Wales 2010, Australia. 

 
Submitted 29 November 2016 

Resubmitted 31 March 2017 

Accepted 17 May 2017 

Published 7 June 2017 

10.1126/scitranslmed.aal4922 

 
Citation: E. Nolan, P. Savas, A. N. Policheni, P. K. Darcy, F. Vaillant, C. P. Mintoff, S. Dushyanthen, 

M. Mansour, J.-M. B. Pang, S. B. Fox, kConFab, C. M. Perou, J. E. Visvader, D. H. D. Gray, S. Loi, 

G. J. Lindeman, Combined immune checkpoint blockade as a therapeutic strategy for 

BRCA1-mutated breast cancer. Sci. Transl. Med. 9, eaal4922 (2017). 

Downloaded from
 http://stm

.sciencem
ag.org/ by guest on August 24, 2017 



Combined immune checkpoint blockade as a therapeutic strategy for BRCA1-mutated 
breast cancer 
Emma Nolan, Peter Savas, Antonia N. Policheni, Phillip K. Darcy, François Vaillant, Christopher P. Mintoff, Sathana 
Dushyanthen, Mariam Mansour, Jia-Min B. Pang, Stephen B. Fox, Kathleen Cuningham Foundation Consortium for 
Research into Familial Breast Cancer (kConFab), Charles M. Perou, Jane E. Visvader, Daniel H. D. Gray, Sherene Loi 
and Geoffrey J. Lindeman 

Sci Transl Med 9, eaal4922. 
DOI: 10.1126/scitranslmed.aal4922 

Bringing out the neoantigens 
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that a similar approach may also work for patients. 
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