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Abstract 

Thymic epithelial cells (TECs) are vital for the formation of the thymic 

microenvironment and the differentiation of T cells. This process involves a series 

of interactions between TECs and thymocytes that govern T cell commitment, 

progenitor T cell proliferation and differentiation and TCR specificity-based 

selection of immature T cells to finally allow the release of mature T cells capable 

of mounting an immune response against foreign antigens (e.g. from pathogens), 

whilst remaining tolerant of self. Although the role of TECs in mediating these 

processes is well established, major gaps in our understanding of the molecular 

mechanisms involved in TEC development, maintenance and function remain. In 

this thesis we seek to address this knowledge gap and define: (a) the molecular 

mechanisms underlying TEC survival and death during injury; and (b) the 

molecular mechanisms that control the expression of peripheral tissue self-

antigens (PTAs) in TEC which is required to mediate self-tolerance.  

Atrophy of the thymus following irradiation or high-dose chemotherapy impairs 

immune recovery in patients, which is a significant cause of morbidity and 

mortality. Despite the importance of TECs for immunity, there is little 

understanding of the mechanisms that control TEC survival and death in the 

context of treatments that damage the immune system. By using different 

genetically modified mouse models targeting the intrinsic pathway of apoptosis 

in both TECs and thymocytes, we found that: (a) TECs die via the intrinsic 

apoptotic pathway after irradiation; (b) the pro-survival proteins BCL-2 and BCL-

XL are crucial for TEC regeneration; and (c) blocking thymocyte death can 

partially rescue TECs following irradiation. These data provide new insights into 
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the molecular control of TEC survival and regeneration that could be used to 

inform new treatments that maintain or restore thymic function in 

immunosuppressed patients. 

A unique property of TECs is their capacity to express thousands of PTAs to 

mediate immune tolerance of non-lymphoid self-antigens. The autoimmune 

regulator, AIRE, is required for the transcription of the majority of these PTAs, 

and defects in AIRE’s function lead to autoimmune disease in mice and humans. 

The precise molecular mechanisms by which AIRE orchestrates such broad, 

tolerogenic transcription of PTAs in TECs remain only partially understood. We 

here show that the acetyltransferase, KAT7, which mediates the majority of 

histone 3 lysine 14 acetylation (H3K14ac), is essential for AIRE-mediated 

expression of PTAs, the establishment of a normal thymic microenvironment and 

self-tolerance. This study reveals an important role for histone acetylation in 

AIRE’s function in TEC and immunological tolerance. 

In conclusion, these studies highlight essential molecular mechanisms underlying 

TEC survival, regeneration and function that are crucial for immune function and 

tolerance. This newly gained knowledge will further aid the design of treatment 

strategies for immune recovery after cytoablative and cancer treatment as well 

as autoimmune diseases.  
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This PhD thesis examines the molecular mechanisms that control the 

development, survival and death of a population of cells essential to adaptive 

immunity, called thymic epithelial cells (TECs). It will additionally examine the 

molecular mechanisms that drive the unique mechanism of “promiscuous gene 

expression” (aka peripheral tissue antigen (PTA) expression) in TECs, which is 

essential for immunological tolerance. 

This introduction will give a general overview about the structure and function of 

the thymus, including thymic T lymphocyte differentiation and the selection 

processes necessary to produce naïve yet self-tolerant T cells. We will then 

explore thymic organogenesis, with a focus on different TEC progenitors and the 

molecular and cellular cues that are important for their differentiation. Next, we 

will investigate a unique feature of TEC to “promiscuously” express thousands of 

genes normally restricted to only a few tissues in the body. This section will 

examine the autoimmune regulator (AIRE) and the molecular mechanisms by 

which this protein drives promiscuous gene expression. Chromatin modifications 

can greatly influence this process and we will explore the role of histone 

acetylation in transcriptional regulation. The functions of the histone 

acetyltransferase KAT7 will be reviewed, since the role of this enzyme in TEC 

development and promiscuous gene expression will be examined in this thesis.  

We will then explore the mechanisms that underlie thymic involution and 

regeneration, with a focus on approaches that have been suggested to enhance 

thymic regeneration. Lastly, this review will give an overview on the apoptotic cell 

death pathways with a focus on the major players of the intrinsic apoptotic 

pathway, whose role will be studied in TEC survival or death following thymic 
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injury and during thymic regeneration. 

1.1 The thymus and T cell differentiation 
The two primary lymphoid organs, the bone marrow and the thymus, provide 

specialised microenvironments that are crucial for the differentiation of 

haematopoietic cells into mature leukocytes. While most haematopoietic cells 

arise and mature in the bone marrow, T cells are the exception, maturing (largely) 

in the thymus. This organ is exclusively dedicated to generating functionally 

competent T cells that are able to mediate a strong adaptive immune response 

against pathogens or cancerous cells, while remaining tolerant to self-tissues. T 

cell differentiation is a complex process that involves a series of steps including 

T cell commitment, T cell receptor (TCR) gene rearrangement, proliferation, 

migration, selection and maturation [1].  

Spatially, the thymus can be separated into three major zones; the inner medulla, 

the outer cortex and the subcapsular region, which all have distinct roles in 

mediating T cell development. The thymus itself is mainly composed of 

developing thymocytes but also contains a small, but very important, fraction of 

non-haematopoietic stromal cells. These include mesenchymal, endothelial and 

epithelial cells that direct the various stages of T cell differentiation [2, 3]. TECs 

comprise the largest fraction of these stromal cells and are crucial for the creation 

of a unique microenvironment within the thymus. Based on their location, 

expression of key markers and other molecular features, TECs can be divided 

into two main subsets: the cortical TECs (cTECs; Ly51+, cytokeratin-8/-18+) and 

medullary TECs (mTECs; UEA-1+, cytokeratin-5/-14+). Cortical TECs support 

early thymic T lymphocyte differentiation and are responsible for the positive 
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selection of DP thymocytes [4-6] (see section 1.1.1). Medullary TECs, together 

with dendritic cells (DCs), mediate negative selection of developing thymocytes 

and thereby establish immunological self-tolerance; they also induce regulatory 

T (Treg) cell development [6-8] (Figure 1.1) (see section 1.1.2). 

1.1.1 Cortex – early T cell development and positive 
selection 

The differentiation of mainstream abTCR thymocytes commences when early 

lymphoid progenitors from the bone marrow migrate into the thymus via large 

blood vessels at the cortico-medullary junction [9]. These progenitors are not yet 

committed to the T cell lineage but retain potential to differentiate into B cells, 

natural killer (NK) cells, DCs and certain myeloid cell types [10, 11]. These early 

thymic progenitors (ETPs) are negative for the TCR co-receptors CD3, CD4 and 

CD8 (triple negative, TN) but express the growth factor receptor, c-KIT and 

adhesion receptor, CD44 [12, 13]. Further differentiation of TN thymocytes can 

be distinguished based on the expression of CD44 and CD25 (the interleukin 2 

receptor a chain): TN1 - CD44+CD25-; TN2 - CD44+CD25+; TN3 - CD44-CD25+; 

TN4 - CD44-CD25- [14].  

Even though the exact mechanism of progenitor cell entry into the adult thymus 

is not very well established, it is believed that it is partially induced by different 

chemokines, such as CXCL12, CCL19/CCL21 and CCL25. These are expressed 

on thymic stromal cells in key locations and interact with the respective receptors, 

CXCR4, CCR7 and CCR9, on the progenitor cells [15]. Additionally, it has been 

shown that interaction between platelet-selectin glycoprotein ligand 1 (PSGL1), 

expressed on progenitor cells, and P-selectin, expressed on thymic endothelial 

cells, plays an important role in homing of progenitor cells [16, 17]. After entering 
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the thymus, TN thymocytes start migrating towards the sub-capsular region of 

the thymic cortex [9]. These cues bring thymocyte progenitors in proximity to the 

Notch ligand, delta-like ligand 4 (DLL-4), which is expressed by cTEC near blood 

vessels [18-20]. Notch ligation is essential for commitment to the T cell lineage. 

Signalling via Notch remains important until the TN3 stage of thymocyte 

development [21], while interleukin-7 (IL-7) and stem cell factor (SCF) provided 

by cTECs drive massive proliferative expansion within the TN compartment [22, 

23] . 

While migrating towards the sub-capsular region of the thymic cortex, TN cells 

undergo commitment to the T cell lineage, proliferate and rearrange the gene 

segments encoding the β-chain of the TCR. Only the product of a successful 

rearrangement can pair with the surrogate pre-TCRα chain to form the pre-TCR 

complex [24, 25]. During a process called β-selection, only thymocytes that 

express a functional TCR β-chain will receive a survival and proliferation inducing 

signal and continue the differentiation process to become CD4+CD8+ double 

positive (DP) thymocytes [6, 26]. Further development through the DP stage is 

marked by the rearrangement of the gene segments encoding the TCRα chain, 

which then allows expression of a functional abTCR expressed at the cell 

surface. Progression beyond the DP stage depends on the capacity of this new 

TCR to interact with self-peptides presented on major histocompatibility complex 

(MHC) molecules expressed on cTECs [3, 27]. The process of positive selection 

rescues DP thymocytes capable of interacting with a low to intermediate affinity 

with self-peptide:MHC complexes from “death-by-neglect”, an apoptotic program 

activated in DP thymocytes expressing a “useless” TCR (i.e. a TCR that is unable 

to interact with self-peptide:MHC complexes) [28, 29]. Positively selected DP 
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thymocytes differentiate further into mature single positive (SP; CD4+CD8- or 

CD4-CD8+) thymocytes. CD4SP thymocytes are MHC class II restricted while 

CD8SP thymocytes are MHC class I restricted [30, 31]. 

The mechanisms by which cTECs are able to support positive selection are only 

partially understood. While it is believed that the three-dimensional organisation 

of cTECs is important for this process [32], it has also been shown that cTECs 

express a specialised proteasome subunit called b5t (Psmb11). This feature 

enables cTECs to process protein antigens via a specialised proteasome, called 

the thymoproteasome. This enzyme has been implicated in the positive selection 

of CD8+ thymocytes via MHC class I [33]. Additionally, the lysosomal proteases 

cathepsin-L and thymus specific serine protease (TSSP) are only expressed in 

cTECs but not in other antigen presenting cells (APCs) in the thymus and are 

crucial for the presentation of self-peptides on MHC class II molecules to the 

developing CD4+ thymocytes [34-36]. Therefore, the antigen processing 

machinery of cTECs appears to be specialised for the production of peptides that 

drive the process of positive selection in the thymic cortex. 

1.1.2 Medulla – negative selection and FOXP3+ regulatory 
T cell development 

Once positively selected, DP thymocytes differentiate into CD4SP or CD8SP 

thymocytes and will migrate from the cortex into the medulla. This migration is 

mediated by an upregulation of the receptor CCR7 on DP thymocytes [37-39] 

which pulls cells towards a higher gradient of CCL19 and CCL21, chemokines 

that are predominantly expressed by mTECs [38]. In the medulla, SP thymocytes 

undergo further maturation which can be identified by expression changes in 

CD69 and CD62L. CD62Llow CD69high cells are functionally immature T cells 
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which undergo further maturation into functional SP cells that are CD62Lhigh 

CD69low [25]. Although this maturation process and the thymic medulla are not 

essential for the production of functional SP thymocytes per se [40], there is 

another essential feature of the medulla. SP thymocytes undergo another 

selection process, called negative selection. During this process self-reactive 

thymocytes that express a TCR that binds to self-peptide/MHC-complexes with a 

too high affinity are deleted from the system via apoptosis [27] (see section 1.6). 

Negative selection is partly mediated by mTECs which are known to 

“promiscuously” express thousands of PTA genes that are usually only found in 

fully differentiated organs in the periphery (e.g. insulin or thyroglobulin) [7, 41]. 

This promiscuous gene expression is largely driven by a transcriptional regulator 

called the autoimmune regulator, AIRE (see section 1.3.2) [7, 42]. Additionally, 

it has been shown that DCs also play an important role in mediating negative 

selection [43]. Due to intercellular antigen transfer between mTECs and DCs, 

either through shedding of the antigens or due to the death of mTECs, DCs are 

able to present mTEC-derived self-antigens to maturing thymocytes [44, 45].  

While negative selection of thymocytes has been shown to lead to the clonal 

deletion of self-reactive cells, it can also induce tolerance to self-antigens by the 

induction of regulatory FOXP3+ regulatory T (Treg) cells [46]. Tregs are selected 

on mTECs as well as thymic DCs in response to recognising self-antigens with 

very high affinity [47-50]. Hereby, thymocytes that express TCRs that interact with 

self-antigen with strong affinity will become FOXP3-CD25+ Treg-precursors. The 

cytokines IL-2 and IL-15 are further needed to induce expression of the 

transcription factor FOXP3 [51]. The transcriptional program induced by FOXP3 

expression imparts Tregs with their unique function and response to antigens, 
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which allows these cells to act in an immunosuppressive manner, maintain self-

tolerance and prevent autoimmune disease once they enter the periphery [29].  

1.2 Thymus organogenesis 
The unique thymic microenvironment promotes the survival, proliferation and 

differentiation of a self-tolerant but functional repertoire of T cells. Developmental 

defects or damage of the epithelium or architecture can result in the onset of a 

variety of diseases, such as immunodeficiency syndromes or autoimmune 

diseases. In this section I will review the development of the thymus with a focus 

on TEC progenitors and the molecular mechanisms that drive their differentiation. 

The mammalian thymus arises from the third pharyngeal pouches that develop 

as specialised pockets from the endodermal tube of the foregut. Each pouch 

forms a common thymus-parathyroid anlage which will develop into one thymus 

lobe and one parathyroid gland [52]. On embryonic day 9.5, patterning of the 

early pouches into thymus-anlage and parathyroid-anlage starts with the 

expression of Gcm2 (glial cells missing homolog 2) which is required for the 

differentiation and survival of cells of the parathyroid gland [53]. However, the 

earliest known TEC specification factor, FoxN1 (also known as winged-helix 

nude, whn), is not expressed until day E11. FoxN1-expressing TEC are crucial 

for the outgrowth of the thymus-anlage from the third pharyngeal pouch [54, 55]. 

After budding and outgrowth of the primordial thymus by E11.5, the primordia 

detach from the endodermal basis (which will give rise to the pharynx) by E12.5 

[56]. This process is followed by patterning and differentiation of the primordial 

thymic lobes which will then undergo further patterning and differentiation before 

they migrate to their final anatomical location in the chest cavity. This is where 
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the two lobes will meet to form the thymus [57].  

Additionally, each primordium is surrounded by a mesenchymal cell layer derived 

from neural crest cells (NCCs) that are of neuroectodermal origin. This 

mesenchymal layer will eventually form the mesenchymal thymic capsule that is 

associated with the thymic vasculature [58, 59]. It has been shown that 

interactions between the mesenchymal NCCs and the endodermal primordium 

are important for the development and growth of the organ as the ablation of the 

NCCs leads to growth retardation of the thymus [60, 61]. Further studies showed 

that mouse models that had few or no NCCs were athymic [62, 63]. It has also 

been shown that the initial development of the thymic endoderm until E11.5 is 

independent of NCC signals. If the primordial endoderm was transplanted 

ectopically before the migration of NCC, the thymus developed normally [56, 58]. 

However, although it is clear that mesenchyme/endoderm interactions are 

required after E11.5 for thymic development, the exact molecular mechanisms 

are still not understood. Factors, such as Sonic hedgehog (SHH) [64, 65], bone 

morphogenetic protein 2 (BMP2) and BMP4 [66-68], fibroblast growth factor 

(FGF) [69], wingless/integrated (WNT) [70] and ephrin B2 [71], have been 

implicated in patterning the thymus primordium and organogenesis. However, 

how these factors influence the emergence of a TEC progenitor remains to be 

defined.  

1.2.1 TEC progenitors 

During mouse embryonic day E9.5, the pharyngeal pouch, which is made up of 

an endodermal cellular layer, and the pharyngeal cleft, which is made up of an 

ectodermal cellular layer, come into close contact. Due to strong proliferation of 
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the ectodermal cells, these cells will eventually cover the pharyngeal pouch 

endoderm by E11 [72]. These observations have led to the ‘dual-origin’ model of 

thymus organogenesis, which hypothesised that different TECs arise from two 

different germ layers, with the ectoderm giving rise to cTECs and the endoderm 

giving rise to mTECs [72, 73]. However, experiments that included dye-labelling 

of the outer cell layer of the pharyngeal pouches [74] and the transplantation of 

pharyngeal endoderm from quail into chicken embryos or from E9 wild-type 

mouse endoderm into athymic nude mice, showed that the endoderm alone was 

sufficient to generate a functional thymus with cortical and medullary areas in an 

ectopic location [56, 75]. Additionally, it was shown that while the endoderm of 

the third pouch and the ectoderm of the third cleft make contact, they ultimately 

separate due to apoptosis of the cells in the contact area. These observations led 

to the rejection of the ‘dual-origin’ model favouring a ‘single-origin’ model, which 

postulates that both mTECs and cTECs arise from a common endodermal origin 

[56]. 

1.2.1.1  Bipotent TEC progenitors 

While the aforementioned studies demonstrated that mTECs and cTECs shared 

a common endodermal origin, the identity and phenotypic characteristics of the 

TEC progenitor remained unclear for some time. In an attempt to isolate putative 

TEC progenitors, various studies have focused on understanding the molecular 

properties of these cells. The use of the monoclonal antibodies MTS20 and/or 

MTS24 to prospectively isolate a population of embryonic TECs revealed that 

these cells were able to develop into a fully functional thymus in ectopic grafting 

experiments [76, 77]. Gill et al. observed that the progenitor potential was 

exclusively restricted to the MTS24+ TEC in the E15.5 embryonic thymus [77]. 
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However, a later study by Rossi et al. demonstrated that progenitor activity could 

be found in both MTS24+ TEC and MTS24- TEC when using larger numbers of 

cells [78]. This indicates that MTS24 was not an exclusive marker of TEC 

progenitors. An alternative approach to this problem involved the transplantation 

of single, genetically labelled TECs (CD45-EpCAM+eYFP+) isolated from E12 

embryos into wild-type thymi. Using this approach, it was found that these cells 

were able to give rise to both cTECs and mTECs [79]. Additionally, in vivo lineage 

tracing of postnatal TEC progenitors showed that these cells were also able to 

give rise to cTECs and mTECs [80]. Together these studies established that 

TECs arise from a bipotent progenitor in the embryo. However, they did not 

address whether this bipotent progenitor had the capacity to self-renew or if such 

a progenitor also existed in the adult thymus.  

More recent studies have proposed that a bipotent progenitor exists in the adult 

thymus [80-83]. Ucar et al. reported that FoxN1−EpCAM−MHCII−SCA-1+ cells 

isolated from the thymus of 4-6-week old mice were able to form so-called 

“thymospheres”, described to give rise to spheroid progenitor colonies in other 

organ systems, when cultured under certain conditions [82]. These thymospheres 

were reported to be clonal in origin and were able to give rise to both cTEC and 

mTEC. However, contrary to other studies, this postnatal progenitor cell was 

described to be an EpCAM- FoxN1- TEC [82]. This finding was controversial, as 

previous studies have shown that TECs arise from FoxN1+ endoderm of the third 

pharyngeal pouch [54, 55]. Moreover, an earlier study by Corbeaux et al. showed 

that FoxN1- TECs were generated from FoxN1+ TECs in the postnatal thymus 

[84]. Subsequent to the study by Ucar et al. [82], Sheridan et al. reported that 

FoxN1- thymosphere-forming cells were not TEC stem cells but, rather, were non-
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epithelial stromal cells that resembled mesenchymal stem cells [85]. These 

findings were in line with an earlier study showing that postnatal label-retaining 

EpCamloSCA-1+ thymic cells were able to form thymospheres and also exhibited 

mesenchymal stem cell-like characteristics [86]. Therefore, while culture methods 

designed to support progenitor cells in other organ systems remain a promising 

approach to understanding TEC differentiation, the precise conditions required 

for organoids that can give rise to TECs will have to be defined in the future. 

Other studies have used alternative approaches to prospectively isolate TEC 

progenitors from the adult thymus. Wong et al. identified a subset of CD45-

EpCAM+MHCIIlowa6-integrinhighSCA-1high TECs in the postnatal thymus, which 

were shown to have self-renewal potential in culture and were able to generate 

both cTECs and mTECs in reaggregate thymic organ culture (RTOC) [81]. In 

another study, Ulyanchenko et al. identified rare Plet-1+EpCAM+MHCIIhighUEA-1-

Ly51+ TECs close to the cortico-medullary junction, which were also able to 

generate cTECs and mTECs in RTOC [87]. Although these studies provide 

evidence that a bipotent TEC progenitor exists in the adult thymus, a consensus 

on the precise phenotype of these cells remains to be established (Figure 1.2). 

Future studies are therefore necessary to identify a definitive TEC progenitor that 

is able to give rise to cTECs and mTECs in the adult thymus. This knowledge 

could be useful for the design of treatments of diseases associated with impaired 

thymic function, including the improvement of thymic recovery after “injuries” such 

as after high dose chemotherapy.  

However, even though these studies have shown that a bipotent TEC progenitor 

exists in the adult thymus they did not address how mTECs and cTECs emerge 
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from this progenitor. Two models exist that have tried to explain this differentiation 

process into mTECs and cTECs [88]. The “synchronous model” proposes that 

the lineage restricted cortical and medullary progenitors emerge simultaneously 

from the bipotent TEC progenitor, while the “serial progression model” proposes 

that cortical and medullary progenitors emerge after they transverse through a 

transitional TEC progenitor stage which is characterised by markers that are 

associated with cTECs (b5t, CD205) [89, 90]. These cTEC-like progenitors can 

then either by default differentiate into a mature cTEC or by an unidentified 

mechanism differentiate into a mature mTEC [88]. However, further studies 

especially on the molecular mechanism(s) are needed to try and understand how 

mTECs and cTECs emerge from a bipotent TEC progenitor.  

1.2.1.2  Lineage committed TEC progenitors 

Although there is evidence for a bipotent TEC progenitor that gives rise to both 

mTECs and cTECs, evidence also exists for lineage-committed mTEC [91] and 

cTEC progenitors [92]. That is, immature TEC that can only differentiate into 

either cTEC or mTEC. Relatively little is known about lineage-committed cTEC 

progenitors. It was proposed that embryonic CD205+ TECs were committed to 

the cTEC-lineage [92]; however, it was later shown that this cell population could 

give rise to cTECs and AIRE+ mTECs [89]. Ulyanchenko et al. have shown in a 

recent study that adult Plet-1+Ly51+ TECs have short term-potential to 

differentiate into cTECs [87]. 

A few studies have also tried to shed on light on a committed mTEC-progenitor. 

The first evidence was provided by Rodewald et al. and showed that the thymus 

medulla was formed from individual clonal islet [91]. While this study did not 
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explore the phenotypic characteristics of these committed mTEC progenitors, 

further studies focused on this question. The expression of the tight junction 

proteins claudin-3 and claudin-4 have been shown to be enriched on embryonic 

committed mTEC-progenitor cells [93]. Based on RTOC experiments it was found 

that cells that expressed both claudin-3 and claudin-4 were able to differentiate 

into mTECs but not cTECs [93]. Other studies used RTOC to assess the potential 

of the mTEClow (MHCIIlow CD80low UEA-1+) population and found that they were 

able to give rise to CD80+ mTEChigh cells (MHCIIhigh CD80high UEA-1+) [78, 94]. 

Furthermore, embryonic TECs positive for claudin-3, claudin-4 and SSEA1 were 

able to generate mTECs but not cTECs in vivo and over a prolonged amount of 

time [95]. Adult SSEA-1+Cld3,4high TECs retained mTEC progenitor potential 

even though their activity significantly decreased [95].  

A recent study by Bornstein et al. has utilised single cell RNA-sequencing in order 

to further shed light on the medullary compartment and its molecular and 

functional characteristics during development and in the adult mouse. It was 

shown that the mTEC I compartment, which is CD45-EpCAM+MHCIIlowL1CAM-

CD104+, expresses high levels of factors that are associated with progenitor 

function, such as Itga6 and SCA-1 [96]. These findings suggest that some of the 

adult progenitor function might lie within this subset and is able to give rise to the 

mTEC II (similar to the mTEChigh) subset. This theory will need to be further 

evaluated in the future. In the adult thymus it has further been shown that the 

mTEC compartment, while originally derived from perinatal b5t+ progenitors, is 

maintained by lineage-restricted cells rather than bipotent progenitors [97]. 
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1.2.2 TEC development and differentiation 

What drives the differentiation of TECs? The earliest definitive marker that is 

expressed and defines the thymic primordium in the third pharyngeal pouch is 

the forkhead box transcription factor, FoxN1, which can be detected at low 

expression levels at E9.5 but is highly expressed from E11.5 [54, 55]. Foxn1 was 

first identified as being the gene that is mutated in nude mice [54, 98]. The 

absence of functional FoxN1 leads to the athymia in nude mice which is 

accompanied by hairlessness [99, 100]. Mouse genetic studies showed that a 

single base pair deletion in exon 3 results in the expression of a truncated protein 

that renders it functionally inactive [54]. Furthermore, it was also shown that 

FoxN1 is primarily expressed in the thymus and rare cells within the hair bulb [54, 

101]. However, transplantation experiments revealed that FoxN1 itself is not 

needed for TEC progenitor specification. The ectopic transplantation of the third 

pharyngeal pouch endoderm from E9 embryos, which is before FoxN1 

expression can be detected in these cells, under the kidney capsule of syngeneic 

wild-type recipient mice, revealed that these cells are able to develop into a 

functional thymus [56]. This shows that some pharyngeal endoderm cells are 

specified to become TEC progenitors before or at E9, which is before FoxN1 

expression can be detected [56]. This suggests that TEC fate might be specified 

through factors upstream of FoxN1. Nevertheless, FoxN1 plays a role in TEC 

proliferation and is important for attracting endothelial and haematopoietic 

progenitors during thymus organogenesis [102, 103]. 

Although FoxN1 is crucial for early patterning of the thymus anlage, it also plays 

a major role in the maintenance of the adult thymus [80, 104]. All TEC express 

FoxN1 at some point during development; however, with time and as early as 
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one week after birth, FoxN1-expressing cells progressively decline and plateau 

at ~50% of FoxN1- TECs by 10 weeks of age [105]. Additionally, it has been 

shown that thymic involution is associated with a decrease in the level of FoxN1 

expression [106] and the onset of FoxN1- TECs [107]. Furthermore, the deletion 

of FoxN1+ TECs in the postnatal thymus leads to thymic atrophy, mainly caused 

by apoptosis of mTECs [104]. Interestingly, the overexpression of FoxN1 

throughout development or in aged mice leads to an initial increase in thymus 

size [108, 109]. These studies identify FoxN1 as a potential target for strategies 

to enhance thymic regeneration.  

However, in order to utilise FoxN1 as a potential therapeutic target it is important 

to understand which factors drive FoxN1 expression and to also understand the 

downstream targets of FoxN1. Different factors have been implicated in driving 

FoxN1 expression. WNT signalling has been shown to be important for Foxn1 

expression and subsequent TEC development [70]. Overexpression of WNT 

antagonists, such as Kremen1 and Dkk1 or deletion of b-catenin (an important 

intracellular signalling transducer of the WNT pathway), leads to severe thymic 

atrophy [110-112]. Furthermore, BMP4, a member of the bone morphogenetic 

protein family, has been implicated to be important for Foxn1 expression and 

early TEC progenitor differentiation [66, 68, 113-115]. A recent study by Zuklys 

et al. has shed light on downstream targets of FoxN1 by performing ChIP-

sequencing on isolated TECs. They identified more than 400 FoxN1 target genes, 

which included genes that have been shown to be important for TEC 

development, differentiation and function (e.g. Psmb11, Cd83, Dll4, Cxcl12, 

Ccl25) [116]. Although FoxN1 is proposed to be the master regulator of TEC 

differentiation, other factors have also been shown to play a crucial role in this 
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process such as p63 [117], Cbx4 [118], and SHH [119].  

Whilst these factors are important for overall TEC differentiation, some pathways 

have been described to only influence either mTEC or cTEC differentiation. NFkB 

signals are a major player in mTEC differentiation. Multiple members of the TNF 

receptor superfamily, such as RANK [120, 121], CD40 [122] and LTbR [123], 

engage the NFkB pathway to drive the differentiation and expansion of mTECs 

(see section 1.2.3). This pathway also involves TRAF6 [124], NIK [125] and 

RELB [126], as well components of the LUBAC complex (Reema Jain and Daniel 

Gray – unpublished data); deficiency in any of these causes major mTEC defects. 

Additionally, the histone deacetylase HDAC3 has been shown to mediate the 

transcriptional programming of mTEC differentiation [127]. This study also 

identified mTEC-specific transcription factors, such as Ascl1, Fezf2, Pou2f3, Spib 

and Ehf, and implied a negative regulatory role of HDAC3 on Notch signalling. A 

recent study by Handel et al. identified additional candidate transcription factors 

that are enriched in different TEC populations: Klf5, Spib, Zbtb7c and Egr3 are 

enriched in mTEClow, while Cdx1, Runx3, Tbx21 and Tcf7 show enrichment in the 

mTEChigh [128]. Of particular interest are the transcription factors Klf5, Spib and 

Zbtb7c, which are enriched in the mTEClow over the cTEC compartment, since 

these might be critical drivers in distinguishing mTEC versus cTEC fate. 

However, it still needs to be assessed whether these transcription factors play a 

role in TEC differentiation in vivo.  

It is believed that mTECs progressively differentiate from the immature mTEClow 

(MHCIIlow CD80low UEA-1+) via the immature mTEChigh (MHCIIhigh CD80low UEA-

1+ AIRE-) to the mature mTEChigh (MHCIIhigh CD80high UEA-1+ AIRE+) stage [94, 
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129]. Evidence first suggested that the expression of the transcriptional activator, 

AIRE, would only drive PTA gene expression in mature fully differentiated 

mTECs. This stage would mark the postmitotic-end stage of mTEC differentiation 

and would lead to the death of the cell by apoptosis (terminal differentiation 

model) [94]. However, it has now been shown that at least some mature mTEChigh 

move into a post-AIRE mTEClow (MHCIIlow CD80low UEA-1+ AIRE- Keratinhigh 

Involucrinhigh) state and may eventually be incorporated into Hassal’s corpuscles 

[130-132]. 

An interesting question in the field of TEC differentiation is whether AIRE only 

plays a role in the transcription of PTAs (section 1.3) or might also be involved 

in the differentiation of mTECs (developmental model) [133]. The developmental 

model of AIRE function proposes that it is expressed early on in multipotent 

immature mTECs and drives distinct differentiation and maturation programs in 

mTECs to give rise to a variety of epithelial cell types that collectively drive 

“promiscuous” gene expression. Reports that show deletion of Aire causes a 

block in late mTEC differentiation and the expression of markers, such as 

involucrin and keratin 6 and 10, support this notion [134]. However, AIRE 

expression seems to be restricted to the mature mTEChigh subset, which is 

considered to be a postmitotic and terminal population [93, 129, 135]. 

Furthermore, the molecular mechanisms by which AIRE has been shown to drive 

PTA expression, which is in a stochastic and probabilistic manner, has provided 

evidence that AIRE does not drive lineage specification [136-138]. This therefore 

suggests that AIRE primarily drives the expression of PTAs and is not a major 

driver of mTEC differentiation. 
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The molecular mechanisms that define cTEC differentiation remain poorly 

understood. It has been proposed that the bipotent TEC progenitor differentiates 

into cTECs in the absence of NFkB signalling [88]. Additionally, Goldfarb et al. 

observed an enrichment of numerous transcription factors in the cTEC 

compartment, such as Pax1 [127]. These observations will have to be further 

assessed in the future Additionally, cTEC markers such as b5t (cTEC 

proteasome subunit) [33], the expression of CD205 [92] and expression of DLL-

4, which is important for thymic T cell differentiation [19], might be further used to 

shed light on the molecular mechanisms involved in cTEC differentiation. While 

the above-mentioned factors have been described to drive the differentiation of 

TECs, signals from thymocytes have also been shown to be important for TEC 

differentiation.   

1.2.3 Thymic crosstalk 

Thymocytes first enter the thymic anlage at around E11.5. This immigration is 

mediated by the chemokines CCL25 and CCL1 [139, 140]. Early stages of TEC 

differentiation (until around E15) are not dependent on the presence of 

thymocytes, as shown by studies that Rag2/cg-chain- or Ikaros-deficient mice, 

which have early blocks in thymocyte differentiation [141]. However, it has been 

demonstrated that from around E15.5 TEC organisation and TEC differentiation, 

especially the differentiation of the mTEC compartment, are heavily reliant on 

signals from thymocytes. Additionally, and as discussed earlier (section 1.1), 

thymocyte survival and differentiation is dependent on the thymic 

microenvironment. This phenomenon of reciprocal reliance for survival and 

differentiation of thymocytes and TECs has been named thymic “crosstalk” [142]. 
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The first hint of thymic crosstalk was given by a study where SCID mice lacking 

TCR+ cells showed a severe defect in medullary areas in the thymus. This defect 

was able to be overcome by the transplantation of wild-type bone marrow, which 

restored mTEC differentiation and medulla formation [143]. This concept was 

extended by studies of mice deficient for the TCRa-chain or the intracellular TCR 

signalling molecule, ZAP-70. Both of these models have an early developmental 

arrest in DP thymocytes attended by severe defects in medullary architecture and 

a loss of mTECs [144, 145]. This suggests that mature thymocytes are needed 

for medulla formation. Furthermore, the deletion of the chemokine receptor 

CCR7, which is expressed by SP thymocytes, or its two ligands CCL19 or CCL21, 

which are expressed by mTECs, leads to an arrest of migration of SP thymocytes 

from the cortex into the medulla and subsequent abnormal formation of the 

medulla [38, 146]. It is now known that the factors important for mTEC 

differentiation are ligands of the TNF family, such as RANKL, CD40L and LTa/b, 

that are expressed on thymocytes in response to positive selection [121-123, 

135, 147, 148]. These ligands bind to their corresponding receptors, RANK, 

CD40 and LTbR, on mTECs and activate the canonical and noncanonical NFkB 

pathway to subsequently drive the mTEC differentiation program.  

RANK plays an important role in the embryonic as well as in the adult thymus and 

is primarily expressed on mTECs [121]. Rossi et al. demonstrated that the 

expression of RANKL by lymphoid tissue inducer (LTi) cells was crucial for the 

differentiation of the first AIRE+ mTEC in the embryonic thymus [120]. This finding 

was supported by Akiyama et al. who showed that RANK signalling was crucial 

for mTEC differentiation during development [122]. In the adult thymus, RANKL 

is expressed on both CD4+ and CD8+ thymocytes [149]. The absence of RANK 
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or RANKL in the adult thymus causes a decrease in mTEC numbers and a 

smaller medullary area, whereas overexpression of RANKL in thymi that cannot 

normally support positive selection results in restoration of AIRE+ mTEC [121, 

122]. The non-signalling decoy receptor for RANKL, osteoprotegerin (OPG), is 

also expressed by mTECs [121]. The loss of OPG has been shown to result in 

an increase in mTEC numbers and thymic hyper-cellularity [121]. This indicates 

that OPG and RANK are needed to fine tune both the differentiation and 

proliferation of mTECs. 

Another member of the TNF family, CD40L, is also produced by positively 

selected thymocytes, with a preferential expression on CD4SP [121, 149]. Early 

studies showed that the overexpression of CD40L by thymocytes led to a 

disruption of TEC organisation with an increase in mTECs and decrease in 

cTECs [148]. However, compared to RANK-/- or RANKL-/- the absence of CD40 

or CD40L resulted in more modest medullary defects [122, 150]. Nevertheless, 

the deletion of RANK and CD40 together led to a significantly more severe 

phenotype of the mTEC compartment and reduction in AIRE+ mTECs than the 

deletion RANK alone [122]. This suggests that while some redundancy exists 

between the two members of the TNF family, they individually promote distinct 

stages of mTEC differentiation. 

A third member of the TNF family, lymphotoxina1b2, is primarily expressed by 

SP thymocytes and binds to its respective receptor, LTbR, expressed by mTECs. 

The deletion of LTbR leads to defects in the organisation of the medulla, 

developmental defects in mTECs and autoimmunity in mice [123, 151]. It had 

been proposed that the autoimmune phenotype is partly due to an effect on the 
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expression of AIRE-dependent PTA genes [152]. However, other studies showed 

that neither the deletion of LTbR nor the LTa-chain affects AIRE expression and 

the frequency of AIRE+ mTECs [153], but instead has some impact on mTEClow 

and AIRE-independent PTA expression [154, 155]. Furthermore, signalling via 

LTbR is also important for the expression of the chemokines CCL19 and CCL21 

and thereby for the migration of positively selected thymocytes into the medulla 

[154, 156].  

Overall these data show that TNF ligands expressed by SP thymocytes are 

crucial for the induction of a normal thymic medullary environment, the 

expression of AIRE+ mTECs and subsequently for the establishment of self-

tolerance [157, 158].  

Even though the crosstalk between mTECs and thymocytes is well described, 

not much is known about the crosstalk between cTECs and thymocytes. A study 

by Shakib et al. showed while initial steps of cTEC development can occur in the 

absence of thymocytes and thymocyte-derived signals, later stages are 

dependent on the presence of DN1-3 thymocytes [92], suggesting that 

thymocytes do play a role in shaping the cTEC environment. Nevertheless, the 

exact molecular mechanisms by which thymocytes induce cTEC differentiation 

remain undefined. 

1.3 Promiscuous gene expression in the thymus 
One of the most puzzling questions in the immunology field has been how the 

thymus induces T cell tolerance to non-lymphoid self-antigens. It has been known 

since the 1980’s that certain peripheral tissue antigens (PTAs), such as insulin, 

neurophysin, oxytocin, acetylcholine receptor and somatostatin, were expressed 
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in the thymus [159-163]. Additionally, it was proposed around the same time that 

certain cells in the thymus were able to ectopically express these PTAs and 

present peptides to developing T cells [164]. Over the years it was then 

established that PTAs from other organs, such as the thyroid, pancreas and 

brain, were also expressed in the thymus [165-168]. In 2001, Derbinski et al. 

greatly expanded the scope of PTA expression detected in the thymus and were 

then able to show that so-called “promiscuous” gene expression was 

predominantly a property of mTECs in the thymus [7]. However, at that time it 

was still unknown how mTECs were able to drive the promiscuous expression of 

PTAs. 

1.3.1 APECED 

The rare human monogenic autosomal recessive autoimmune disease 

autoimmune polyendocrinopathy–candidiasis ectodermal dystrophy (APECED), 

or autoimmune polyendocrine syndrome type 1 (APS-1), is characterised by the 

development of two out of the three cardinal symptoms: chronic mucocutaneous 

candidiasis, hypoparathyroidism, and primary adrenal insufficiency [169]. While 

these are the most common symptoms, each individual patient will show other 

autoimmune manifestations, such as type 1 diabetes, thyroiditis or primary 

ovarian/ testicular insufficiency. However, these secondary manifestations show 

a broad variety and can be different even among affected members within the 

same family [170]. In 1997, two groups independently cloned the gene underlying 

APECED and named the protein that it encodes the autoimmune regulator or 

AIRE [171, 172]. This finding would lead to a greatly enhanced understanding of 

promiscuous gene expression in the thymus.  
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1.3.2 The autoimmune regulator – AIRE 

The human AIRE gene is located on chromosome 21, in region 22q.3 [171, 172] 

whereas the murine counterpart can be found on chromosome 10, region 21q22 

[173, 174]. AIRE is predominantly expressed in thymic epithelial cells, specifically 

the mTEChigh compartment [42, 175] where the protein is primarily localised in 

the nucleus. In the nucleus, AIRE staining appears in a characteristic punctate or 

speckled organisation [175, 176]. Due to the location of AIRE in the nucleus and 

its restricted expression mainly in mTECs, which had been implied to drive 

negative selection of thymocytes, and which had been shown to express PTAs, 

the hypothesis evolved that AIRE was involved in the expression of PTAs in 

mTEC [170]. In 2002, Anderson et al. showed experimentally that Aire-deficient 

mice displayed an impaired expression of hundreds of PTAs in mTECs and had 

defects in central tolerance induction [42]. These Aire-deficient mice showed 

lymphocytic infiltrations in various organs, increased proportions of activated T 

cells (CD44highCD62Llow), leading to autoimmunity in these mice. Additionally, this 

study revealed that AIRE function was limited to the thymic stroma as the 

transplantation of Aire-deficient thymi led to autoimmunity in recipient nude mice, 

as shown by lymphocytic infiltrations in certain organs and by the production of 

autoantibodies. Furthermore, this study also demonstrated that AIRE primarily 

promotes the transcription of PTAs [42]. A follow-up study by Derbinski et al. 

revealed that not all PTA expression is AIRE-dependent [7, 177].  

Even though AIRE was discovered over 20 years ago, not much is known about 

the transcriptional regulation of Aire expression itself. Early studies from Peterson 

and colleagues suggested that AIRE expression was positively regulated by 

acetylation and negatively regulated by methylation of the chromatin [178, 179]. 
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AIRE expression could be induced in methyltransferase-deficient cells [180] or 

by treatment of TEC derived cell lines with a demethylating agent 5-aza-2′-

deoxycytidine [178]. Additionally, it was found that the Aire promoter is rich of 

hypermethylated CpG islands in AIRE-negative cells, presumably keeping the 

gene in a silenced state in these cells [178]. A recent study by Herzig et al. 

revealed further important insights into the molecular features of the Aire 

promoter and the transcription factors involved in the regulation of AIRE 

expression. Like previous studies, Herzig et al. confirmed that the Aire promoter 

was hypermethylated in cells that did not express AIRE [181]. Additionally, it was 

shown that the Aire locus was insulated by the global chromatin organiser, CTCF, 

especially around the TSS and 3’ end in these AIRE-negative cells. During 

expression of AIRE, CTCF was evicted from the Aire locus, followed by 

demethylation of exon 2 allowing a range of transcription factors (Ctcfl, Irf4, Irf8, 

Hfg4, Tbx21 and Tcf7) to drive the transcription of Aire both in vitro and in vivo 

[181]. Additionally, some studies suggest that NFkB signalling plays a pivotal role 

in driving the expression of Aire [121, 182, 183]. Therefore, some of the main 

drivers of mTEC differentiation may also be linked to AIRE expression (section 

1.2.2 and 1.2.3). 

AIRE is a multi-domain protein that contains structural motifs that are similar to 

known transcription factors, supporting its role as a transcriptional regulator [184]. 

AIRE is composed of an HSR/CARD (homogenously staining region/caspase 

activation and recruitment domain) domain (amino acids 0-100), a conserved 

nuclear localisation signal (NLS), a SAND domain (amino acids 180-280) and two 

PHD (plant homeodomain) fingers (amino acids 299-340 and 434-475), as well 

as four LXXLL motifs or nuclear receptor interaction domains [185]. The 
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HSR/CARD domain, which is found at the N terminus, has been shown to 

mediate multimerisation of AIRE proteins [186, 187]. The NLS domain is 

important for accurate shuttling of AIRE from the cytoplasm into the nucleus and 

back [188]. Furthermore, the SAND domain has been implicated in recognising 

phosphate groups of DNA and to mediate protein-protein interactions with the 

transcriptional machinery (see section 1.3.3) [189]. The two PHD fingers are 

located at the C terminus and are separated by a proline rich region.  

PHD fingers are cysteine rich domains characterised by a ‘Cys4-His-Cys3’ motif 

which coordinates two zinc ions [190] and are generally known to read the 

“histone code”. It was initially shown that AIRE lacks a clear DNA binding motif 

but instead is able to interact with chromatin, particularly in a silenced state [191-

193]. The PHD1-finger in particular has been found to interact with a range of 

histone marks on the histone 3 (H3) tail. For example, AIRE’s PHD1 finger mainly 

recognises unmethylated histone 3 lysine 4 (H3K4me0) [192, 194], a chromatin 

mark known to be associated with silenced chromatin. Additionally, binding of 

AIRE to target genes is abrogated by post-translational modifications of the first 

10 amino acid residues of H3 and is especially sensitive to H3R2me2 [195]. In 

vitro studies have further analysed binding specificities of AIRE’s PHD1 finger 

[193] but in vivo studies have yet to confirm the significance of these 

observations. AIRE target genes have also been shown to be enriched in other 

silenced chromatin marks, such as trimethylation of H3K9 (H3K9me3) [128] and 

H3K27me3 [191], and to be depleted in various active chromatin marks, such as 

H3K4me3 [196] and H3K79me2 [128], and acetylation of H3K9 (H3K9ac) [128, 

193] and H3K27ac [128, 197]. However, Handel et al. have recently found that 

AIRE binding sites are enriched for promoter and enhancer associated histone 
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modifications, such as H3K4ac, H3K9ac and H3K4me3, but are depleted in 

repressive chromatin marks (H3K27me3 and H3K9me3) [128]. Interestingly, 

AIRE-independent PTAs are also enriched in repressive chromatin marks but are 

more permissive to activation marks than AIRE-dependent PTAs [191, 196]. 

There is still a lot of confusion in the field trying to understand the true chromatin 

state around AIRE-dependent PTA genes and the chromatin marks AIRE needs 

in order to be recruited to the transcriptional start sites (TSSs) to initiate the 

transcription of PTAs. Future studies will need to address these questions by 

making use of newly developed single-cell methods, such as ATACseq. 

While the PHD1 finger is crucial for interacting with the histone 3 tail, the PHD2 

finger is not able to bind to chromatin due to its positively charged surface [190] 

but is crucial for the interaction with the transcriptional machinery (see section 

1.3.3) and therefore the expression of PTAs and the induction of self-tolerance 

[198].  

The CARD, NLS and SAND domains are rich in lysine residues which have been 

shown to be targeted by acetylation and therefore play a role in AIRE’s subcellular 

localisation and transactivation ability [199]. Overall little is known about the post-

translational control of AIRE. One study has suggested that acetylation of specific 

lysine residues is involved in mediating the correct subcellular localisation of 

AIRE to the nucleus. Additionally, acetylation of AIRE was reported to increase 

its stability in the nucleus [199]. AIRE itself has been shown to be acetylated by 

the transcriptional coactivator and acetyltransferase CBP/p300 at the NLS and 

SAND domain and overexpression of CBP/p300 was demonstrated to stabilise 

AIRE [200]. Recently, the deacetylase Sirtuin 1 (Sirt1) was described to be able 
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to remove acetylation marks that had been introduced by CBP/p300 and that this 

deacetylation is required for AIRE-induced PTA gene expression [201]. However, 

the deletion of Sirt1 did not affect the subcellular localisation of AIRE [201].  

Once in the nucleus, AIRE localises into unique nuclear bodies that are 

reminiscent of promyelocytic leukemia protein containing bodies [176]. This 

organisation into speckles gives AIRE its characteristic punctate staining in the 

nucleus. It is believed that AIRE’s CARD domain mediates this organisation as 

the deletion of the CARD domain results in a diffuse nuclear localisation and loss 

of transcriptional activity [202]. Additionally, it has been shown that these 

speckles interact with the nuclear matrix [203]. It has been proposed that the 

nuclear matrix provides a very dynamic scaffold and is able to mediate chromatin 

looping which has been suggested to play a role in PTA expression [204]. The 

exact role of this specific nuclear organisation remains elusive and needs to be 

further investigated in the future.  

1.3.3 Molecular mechanisms of AIRE-regulated PTA 
expression 

The mTEChigh population expresses the highest amount of protein coding-genes 

of any cell type, with estimates of ~18,000-19,000 genes transcribed; this covers 

roughly 85% of the coding genome [191, 205]. Other tissues, with the exception 

of the lung, brain and testis, usually express only 12,000 -14,000 genes [205]. 

Around 3,000-4,000 PTA genes have been shown to be induced by AIRE [177, 

191, 205]. Even AIRE-deficient mTECs showed a higher expression of protein-

coding genes (~75%) than other peripheral tissues [205]. Additionally, not all 

genes are represented equally in AIRE-positive mTECs. While most peripheral 

tissues show coverage of ~70-100%, the immuno-privileged organs brain (55%) 
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and testis (31%) are significantly underrepresented [205]. 

Looking at individual mTECs, only a small subset of PTAs is expressed in each 

cell [137, 191, 206]. Furthermore, it is estimated that only 1-3% of mTECs will 

express a specific PTA at any given time [136]. Interestingly, it has been shown 

that the expression of PTAs follows a probabilistic, stochastic pattern [136-138, 

207]. This means that on an individual cell level, each AIRE-positive mTEC has 

a likelihood of expressing a given PTA gene that reflects the overall abundance 

in the population. However, it has been observed that particular PTA genes are 

often co-expressed with a particular set of other PTAs [138, 207]. These co-

expressed genes can either be clustered on the same chromosome [206] or 

between different chromosomes [138]. Furthermore, these clusters seem to vary 

between individual mice [138]. Additionally, it is known that PTAs are only 

expressed at a very low level [138]. Collectively, these features of PTA 

expression in mTECs suggest that unique molecular mechanisms mediate this 

process in the thymus. 

Given the large effect that AIRE has on the expression of PTAs, it is not surprising 

that the molecular mechanisms of AIRE’s function have been the subject of 

intensive research. As mentioned above, AIRE primarily recognises genes that 

possess a silenced chromatin state (section 1.3.2). In line with this finding, it was 

shown that AIRE directly interacts with ATF7ip/MBD1 complexes [208]. These 

complexes are associated with gene repression and transcriptional silencing due 

to their targeting of methylated CpG dinucleotides in gene promoter regions [208]. 

The deletion of MBD1 from mice was shown to lead to the onset of autoimmunity 

[208]. However, Meredith et al. showed that the methylation of CpG dinucleotides 
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did not show major differences in the methylation status between AIRE-

dependent or -independent genes. This feature was also observed for known 

binding sites of ATF7ip/MBD1 [138]. This suggests that ATF7ip/MBD1 has only 

a limited role in AIRE-dependent PTA gene expression.  

An interesting feature of AIRE-dependent genes is that they tend to already be 

bound by RNA-polymerase II (RNA-Pol II), which initiates transcription of the first 

4-50bp before pausing [209, 210]. In this context, it has been shown that AIRE is 

able to directly bind to RNA-Pol II and releases its pause [211] via the recruitment 

of the positive transcription elongation factor b (P-TEFb). P-TEFb enables 

transcriptional elongation and pre-mRNA splicing [212, 213]. The binding of AIRE 

to P-TEFb and subsequent release of RNA-Pol II is thought to be mediated by 

bromodomain-containing protein 4 (BRD4) [214]. However, deletion of Brd4 did 

not lead to an abrogation of binding of AIRE to P-TEFb and did not change the 

transcriptional activity of AIRE [215]. This suggests that BRD4 is either not 

involved or redundant in AIRE-mediated transcription. The heterogenous nuclear 

ribonucleoprotein L (HnRNPL) has been identified as another AIRE binding 

partner and enhances RNA elongation [216] (Figure 1.3). 

Although AIRE interacts with proteins that are involved in the DNA transcription 

and RNA elongation, AIRE has also been shown associate with the DNA damage 

response machinery. One of the direct binding partners is DNA-dependent 

protein kinase (DNA-PK) [217, 218]. DNA-PK has been described to directly 

phosphorylate AIRE, yet the effects of this phosphorylation are controversial 

[217, 218]. Furthermore, DNA-PK seems to target AIRE to histone H2AX 

phosphorylated at Ser139 (gH2AX) [218, 219]. Interestingly, transient DNA single 
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or double strand breaks (SSB or DSB) have been associated with transcriptional 

initiation and have been implicated in activating the transcription of PTA genes 

[219]. It is therefore possible that AIRE’s activity is directed to PTAs by transient 

DNA DSB through DNA-PK. Furthermore, AIRE has also been shown to interact 

with DNA-topoisomerase I and IIa [220, 221]. DNA-TOPs are isomerases 

(enzymes) that generate transient DNA-breaks in order to relieve DNA supercoils 

that otherwise apply damaging physical tension on the DNA. These transient 

breaks lead to local chromatin relaxation and initiate early events in DNA 

transcription [222]. Abramson et al. previously suggested that TOPIIa induces 

DSBs at and downstream of TSSs [220], which in turn leads to the recruitment of 

other factors that are important in the DNA damage response, such as Ku80, 

PARP1 and DNA-PK [220]. However, a recent study by Bansal et al. provided 

experimental evidence that TOPI, which had previously been suggested to play 

a role in AIRE-mediated PTA transcription [219], was an early player in AIRE’s 

function, through the recruitment of the DNA damage response [221]. This study 

also implied that TOPIIa only plays a role in subsequent events of RNA 

elongation [221]. Additionally, it was shown that AIRE mainly localises to 

stretches of chromatin that are known as super-enhancers, which serve as 

transcription factor depots and are enriched in H3K27ac and H3K4me1 and 

depleted of H3K27me3 [221]. AIRE thereby activates the transcription of PTA 

genes potentially through looping of the DNA [221].  

The above studies have demonstrated that AIRE mainly works as a 

transcriptional activator of PTA expression; however, questions remain about the 

nature of AIRE’s recruitment to chromatin and potential influence on these marks. 

A recent study by Koh et al. claimed that AIRE additionally also works as a 
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repressor of chromatin accessibility to provide negative feedback on PTA 

transcription [197]. This activity was reported to be mediated by key regions of 

AIRE, such as the CARD domain (multimerisation of AIRE) and PHD1 finger 

(histone binding), which seem to have a bifunctional role in being able to activate 

as well as repress PTA expression [197]. This study also identified another factor, 

called Brg1 (also known as Smarca4), that plays a role in AIRE-regulated PTA 

gene expression. It was shown that Brg1 promotes the accessibility of loci that 

encode for a PTA by inducing activating chromatin marks, which subsequently 

allows AIRE to bind and drive PTA expression [197]. This interesting dynamic 

between Brg1 and AIRE warrants further investigation to better understand the 

nature of AIRE’s recruitment to and impact on the chromatin state of PTA gene 

loci. 

As mentioned above, AIRE drives the expression of ~3.000-4.000 PTA genes, 

leaving a large number of genes, including many PTA genes, to be AIRE-

independent. Recently, a study by Takaba et al. identified an AIRE-like protein, 

called Fezf2, which has been shown to drive the expression of some AIRE-

independent PTA genes. This report demonstrated that the deletion of Fezf2 

leads to the onset of autoimmune disease in organs that are distinct from the 

classic target organs of autoimmune pathology in Aire-/- mice [223]. Additionally, 

the expression of Fezf2 was shown to be regulated by the LTbR pathway [223], 

and not by RANK or CD40, which are implicated in initiating AIRE expression in 

mTECs. Even though Fezf2 has a distinct DNA binding domain, the exact 

molecular mechanism of Fezf2-mediated expression of PTA genes remains to be 

determined.  
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Overall, these studies show that while AIRE drives a majority of PTA gene 

expression in mTECs, there are still a lot of unknowns that will have to be 

addressed in the future. For example, further studies are required to tie together 

the different molecular mechanisms that have been evoked to be involved in 

AIRE-mediated PTA gene expression. Additionally, further studies are required 

to shed light on factors or mechanisms that are involved in driving AIRE- and 

Fezf2-independent PTA expression.  

1.4 Chromatin - Epigenetic modifications 
The genomic DNA of all eukaryotic cells is highly organised into dynamic, highly 

structured chromatin by histone and non-histone proteins [224]. The basic 

functional unit of chromatin is referred to as nucleosome which consists of 147 

base pairs of DNA wrapped around a histone octamer, consisting of H2A, H2B, 

H3 and H4 proteins [225]. Histones are small, basic proteins with a globular 

domain and a charged NH2-tail that protrudes from the nucleosome [224]. 

Chromatin can be found in two major states: (1) heterochromatin is highly 

condensed and in general does not allow the transcription of genes (inactive) and 

predominates during DNA replication; and (2) euchromatin which is relatively 

loosely packed chromatin that allows for the transcription of genes (active). The 

degree of DNA compaction in chromatin is known to affect DNA-based 

processes, such as DNA replication, repair and transcription [225].  

Chromatin packaging is highly regulated and can dynamically switch between an 

active and inactive state. This switch is mediated by a range of post-translational 

modifications to the DNA and histone tails, and these changes are catalysed by 

many different enzymes that are highly specific for a particular amino acid 
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position. At least 16 different classes of covalent histone modifications (including 

methylation, acetylation, phosphorylation, ubiquitylation, sumoylation) and four 

different DNA modifications (such as 5-methylcytosine) have been described 

[225]. These modifications have either been shown to alter chromatin 

accessibility by changing the electrostatic interaction of the histone tail and the 

DNA or by serving as binding sites for specialised proteins. In general, 

heterochromatin has overall been associated with enrichment for methylated 

DNA and histone proteins, whereas euchromatin has been shown to be enriched 

in acetylation marks (Figure 1.4). 

1.4.1 Histone acetylation and transcriptional regulation 

More than 50 years ago, Allfrey and colleagues hypothesised that histone 

acetylation, which occurs at the N-terminal tails of histone proteins, might play an 

essential role in the regulation of gene expression [226]. Later studies confirmed 

that the acetylation of histone proteins was associated with transcriptionally 

active chromatin [227-229]. For example, it was found that acetylation at a 

majority of lysine residues of the H3 and H4 tails correlated with enhanced 

transcriptional activity in yeast [230-232]. Additionally, it was shown that 

acetylation of H3 and H4 tails and trimethylation of H3K4 in promoter regions was 

associated with active genes [231, 233]. These findings have also been 

confirmed for promoter and enhancer regions in human cells [234, 235].  

It is believed that lysine residues that are acetylated at the N-terminal tail of 

histone proteins lead to the neutralisation of the positive charge of the tail and 

subsequently decrease the affinity for negatively charged DNA, thereby positively 

regulating gene transcription [229]. However, whether this positive effect on 
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transcription is due to the weakening of electrostatic interaction between the 

histone tail and the DNA is controversial. For example, even though 

phosphorylation of histone proteins adds a negative charge to the histone tail, 

phosphorylation of H3 has been shown to be crucial for chromatin condensation 

during mitosis [236]. Additionally, H3K4ac has been shown to be important in 

heterochromatin assembly [237]. It is therefore more likely that acetylation of 

histone proteins does not only change the electrostatic charge but also provides 

a code that is “read” by other proteins involved in transcription. In accord with this 

notion it has been shown that acetylated lysine residues can also serve as 

docking sites for proteins, such as chromatin modifiers or transcriptional 

regulators [228]. For example, bromodomain-containing proteins and PHD finger-

containing proteins are able to recognise acetylation marks [238]. 

Nuclear histone acetylation is highly dynamic and is mediated by histone 

acetyltransferases (HATs) and removed by histone deacetylases (HDACs). 

Nuclear HATs can be broadly categorised into three families; the GNAT family 

(GCN5-related N-acetyltransferases); the closely related pair of CBP and P300; 

and the MYST family (MOZ, Ybf2/Sas3, Sas3 and Tip60) [229]. By contrast, 

HDACs remove acetylation marks on lysine residues, thereby restoring the 

positive charge of the histone tail. These enzymes can be broadly clustered into 

four major families based on sequence homology. Class I (HDAC 1-3, -8), class 

II (HDAC 4-7, -9-10), and class IV (HDAC 11) all require a zinc ion for their 

catalytic activity whereas class III (sirtuin 1-7) require the cofactor NAD. It is 

believed that HATs and HDACs work very closely together to dynamically 

regulate the expression of genes. For example, it has been shown that the 

deletion of the histone deacetylase RPD3 leads to hyper-acetylation of the 
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chromatin, thereby enabling the ectopic expression of otherwise repressed genes 

[239]. This shows that the deletion of a histone deacetylase, which normally 

removes acetylation marks, thereby supporting a “closing” of the chromatin 

structure, leads to aberrant gene expression due to the chromatin remaining 

“open” because of an excess in histone acetylation marks. Furthermore, this 

suggests that the balance between acetylation and deacetylation is important for 

transcriptional regulation.  

1.4.2 The histone acetyltransferase KAT7 

In mammals, the MYST family of proteins include MOZ (MYST3/KAT6A), MORF 

(QKZ/MYST4/KAT6B), TIP60 (KAT5), MOF (MYST1/KAT8) and HBO1 (MYST2/ 

KAT7) [229]. Based on sequence homology and similarities in their domains 

these proteins can be subdivided into three sub-groups: (1) MOZ and MORF, (2) 

Tip60 and MOF, and (3) HBO1. HBO1 (histone acetyltransferase binding to 

ORC1; also known as KAT7) is the only member that does not show homology 

to any of the other members, suggesting an essential and non-redundant cellular 

function. KAT7 possesses an N-terminal serine rich domain as well as a zing-

finger and HAT-domain [240]. All members of the MYST family are part of large, 

multi-subunit protein complexes which are important for targeting the prospective 

HAT to its target.  

KAT7 was first identified by Iizuka and Stillman in an assay looking for novel 

proteins bound to the human origin of replication complex (ORC), especially 

subunit ORC1 [240]. This complex plays a crucial role in forming the pre-

replication complex required for the initiation of DNA replication and ensuring that 

DNA is replicated only once per cell cycle [241]. The zinc-finger of KAT7 has 
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been shown to be essential for the binding to the pre-replication-complex and 

specifically interacts with the MCM2 (minichromosome maintenance 2) protein 

[242]. Additionally, KAT7 has been shown to be able to acetylate proteins that it 

directly interacts with, such as proteins of the pre-RC complex (MCM2, CDC6, 

ORC) as well as JADE1 [243, 244]. The above findings and additional studies by 

other groups have led to the conclusion that KAT7 is crucial for DNA replication 

and DNA replication licensing [243, 245-248].  

While these studies implicated roles for KAT7 in DNA replication, recent in vitro 

studies have extended its function to the DNA damage response. It was shown 

that KAT7 underwent proteasomal degradation in response to DNA damage 

induced by UV radiation in order to inhibit cell proliferation [249, 250]. 

Additionally, KAT7 was proposed to be essential for nucleotide excision repair 

after UV damage [250].  

However, all of the above-mentioned studies were conducted either in cell lines 

or cell-free assays and it was not until Kueh et al. generated a Kat7-deficient 

mouse that the role of KAT7 was evaluated in vivo [251]. First, they demonstrated 

that the deletion of KAT7 was embryonic lethal. While embryos developed 

normally until day E7.5, they showed signs of growth retardation by E8.5 and did 

not develop past the 10- to 11-somite stage resulting in embryonic lethality at 

E10.5 [251]. Since Kat7-deficient embryos survived past the peri-implantation 

stage, it was suggested that KAT7 was not a major driver of DNA replication. 

Kueh et al. went on to show that KAT7 was not essential for mediating the 

initiation of DNA replication. By using different cell proliferation and DNA 

replication assays, they were able to show that the deletion of Kat7 in vitro and 
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in vivo did not lead to defects in DNA replication or cell proliferation [251]. This 

conclusion is further supported by a study in Chameau (Drosophila homologue 

to Kat7)-deficient Drosophila which revealed that growth of larvae was only mildly 

affected to the pupal stage [252]. Additionally, Mishima et al. studied the role of 

KAT7 within the BRPF2 complex during erythroid differentiation and showed that 

KAT7 itself was not essential for cell proliferation [253].  

Which histone residues does KAT7 acetylate? An early study by Iizuka et al. 

revealed that recombinant KAT7 was part of a multi-subunit protein complex that 

possesses H3 and H4 acetyltransferase specificities in cell-free assays [240]. It 

has since been shown that KAT7 is able to acetylate H4K5, K8 and K12 in 293T 

cells [245]. Another study by Miotto and Struhl revealed that the knockdown of 

KAT7 in HeLa cells lead to a significant decrease in the acetylation of H4K5, K8 

and K12 [246]. Furthermore, KAT7 has also been implied to have some specificity 

towards H3 acetylation [253, 254], and this was confirmed by the study from Kueh 

et al. that revealed that KAT7 is responsible for mediating more than 90% of all 

H3K14ac in vivo [251]. Other previously described acetylation targets of KAT7 

were either unchanged (H4K8ac and K12ac) or significantly increased (H4K5ac) 

in the absence of KAT7. This suggests that H3K14ac is the primary target of 

KAT7 [251]. This finding is in line with studies showing that KAT7, together with 

BRPF2 or BRPF3, are essential for global H3K14ac [248, 253]. Additionally, 

Kueh et al. showed that H3K14ac was reduced in gene coding regions, which led 

to a general depression of transcriptional activity of these genes, especially in 

genes that are involved in tissue patterning and are required for normal 

development and the post-gastrulation state. These findings indicate that KAT7 

functions as a transcriptional activator and not as a transcriptional repressor as 
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proposed by other studies [252, 255]. This conclusion is also in accord with a 

study showing that H3K14ac is enriched at poised and transcriptionally active 

genes [256]. Additionally, KAT7 has been shown to be located at the 5’ region of 

transcribed genes and that the amount of KAT7 was positively correlated with 

level of gene expression [257]. However, it should be noted that only a limited 

number of genes were analysed in the study from Kueh et al. [251].  

Although KAT7 is the major driver of H3K14ac in vivo [251], other histone 

acetyltransferases have been implicated in mediating H4K14ac, such as GCN5 

[258] and TIP60 [259]. However, it should be noted that H3K14ac mediated by 

these HATs was so far only described in highly non-physiological conditions, 

such as shRNA knockdown in cell lines or cell free assays.  

Several studies have revealed the major binding partners of KAT7. KAT7 has 

been shown to interact with proteins of the inhibitor of growth family (ING), 

especially ING4 or ING5 [245]. Other proteins that are part of this multiprotein 

complex are JADE1, 2 or 3, BRPF1, 2 or 3 and hEAF6 (Esa1-associated factor 

6 ortholog) [253, 257, 260, 261]. The two PHD fingers of JADE1, 2 or 3 and 

BRPF1, 2 or 3, as well as the single PHD finger found in ING4 or ING5, interact 

with histone tails and are thought to mediate the substrate binding specificity of 

the multiprotein complex [244, 257]. Therefore, it has been proposed that ING4 

mediates binding to H3K4me3 and is important in mediating the activity of KAT7 

to acetylate H3K14 in the region of TSS of active genes [244, 254]. ING5 on the 

other hand has been shown to be important for mediating KAT7’s activity to 

acetylate H4K5, K8 and K12 throughout the gene [244].  

As deletion of Kat7 causes embryonic lethality, not many studies have evaluated 
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the role of KAT7 in vivo. One study by Newman et al. showed by using a 

conditional deletion mouse model, that although KAT7 was not essential for 

normal T cell development in the thymus, KAT7-mediated H3K14ac was crucial 

for NKT cell development [262]. Furthermore, KAT7-deficient T cells in the 

periphery did not show a defect in DNA replication but displayed a survival defect. 

This suggests again that KAT7 is not crucial for DNA replication but rather the 

regulation of gene expression [262]. The critical role of KAT7 as a transcriptional 

activator by acetylation of key histone residues, along with the association of 

AIRE with inactive but also active chromatin, poses the question of the role of 

KAT7 in regulating the development of TECs and its role in promiscuous PTA 

gene expression which will be assessed as part of this thesis. 

1.5 Thymic involution and regeneration 
Throughout life, the thymus produces and ‘educates’ naïve T cells that respond 

to foreign antigens while remaining tolerant to self. However, one of the intriguing 

features of the thymus is that it atrophies with age (called thymic involution). 

Thymic involution leads to a decline in the production of naïve T cells, which 

subsequently leads to an impaired response to new pathogens and vaccines. 

This decline of immune responsiveness with age is also referred to as immune-

senescence [263]. Age-related thymic involution does not have a profound effect 

in healthy individuals but becomes problematic when there is a need to 

regenerate the T cell pool, for example, after haematopoietic stem/progenitor cell 

transplantation. The thymus can also atrophy in a range of other scenarios, such 

as pregnancy, chronic stress, severe infection and treatment with cytoablative 

agents. Although the thymus is very sensitive to damage-induced atrophy it also 

has remarkable capacity to regenerate, at least in younger individuals. This 
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regenerative capacity has provoked research into enhancing thymic recovery 

after damage, especially of the aged thymus, in order to restore a functional 

immune system. 

1.5.1 Age-related thymic involution 

Long before the function of the thymus was known it had already been reported 

that the size of the thymus was declining with age [263]. Age-related thymic 

atrophy involves a reduction in organ size and cellularity, loss of tissue structure 

and architecture. TEC number is also significantly reduced in the aged thymus, 

accompanied by an increase in adipocytes and fibroblasts [135, 263, 264]. These 

phenotypic and molecular changes in turn lead to a decrease in the production 

of naïve T cells. Due to this, peripheral T cells show a homeostatic expansion 

which in turn leads to a proportional increase in memory T cells and a reduction 

in the TCR diversity [265], leading to a reduced activity against newly 

encountered antigens [266]. These immune changes and others render elderly 

people more prone to infections and also perhaps cancer [267]. Additionally, 

older people have been shown to have an increased incidence of autoimmune 

disease [268]. As discussed above, the thymus is crucial in mediating self-

tolerance due to the presentation of self-antigens on TECs (section 1.1.2 and 

1.3). However, as TECs are progressively lost during age-related thymic 

involution, the likelihood that a self-reactive T cells escapes from the thymus 

might increase [269], although direct experimental evidence for this concept has 

yet to be reported. The production of IL-7 by TECs, which is crucial for thymic T 

cell differentiation, declines with age and this has been linked to thymic involution 

[106, 270]. Interestingly, exogenous administration of IL-7 has been shown to 

increase thymic cellularity [271]. 
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What is the cause for age-related thymic involution? One of the major drivers 

proposed is the production of sex-steroid hormones (estrogens, progesterone 

and androgens), as the greatest rate of thymic involution has been described to 

be in puberty (even though atrophy already starts in early childhood before the 

onset of puberty [264, 272]). For example, it has been shown that the exogenous 

administration of sex steroids in young mice leads to increased thymic atrophy 

[273]. Additionally, the rate of involution is greater in males compared to females, 

perhaps due to the more potently inhibitory effects of testosterone compared to 

estrogen [274]. Furthermore, the ablation of sex steroids due to castration has 

been reported to rejuvenate the thymus and to restore thymic function [275, 276], 

although this rejuvenation is only transient [277]. As sex steroid receptors are 

expressed on both stromal cells and thymocytes [278, 279] it is plausible that sex 

steroid inhibition acts on of both subsets. However, it has been shown that 

chimeric mice with androgen-deficient thymic stromal cells and androgen-positive 

thymocytes did not show signs of thymic involution [278]. This suggests that the 

major target of the inhibitory effects of testosterone are the thymic stromal cells. 

Counter arguments to the notion that sex steroids are a primary cause of thymic 

involution include the transient nature of thymic recovery induced by 

orchidectomy and the fact that sex steroids do no accumulate with age, while 

thymic involution involves progressive degeneration. 

Mechanisms for age-related atrophy could involve downregulation of genes that 

are known to play a pivotal role in TEC maintenance and homeostasis. For 

example, the expression of Foxn1 has been demonstrated to decline with age 

[105] and, consequently may lead to thymic degeneration [280]. Slight changes 

in the level of FoxN1 have been shown to have large effects on the thymus 
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phenotype. It is therefore of no surprise that current studies are trying to utilise 

Foxn1 to enhance thymic regeneration, for example, by enforced expression of 

Foxn1 [108].  

Is there a physiological reason for the thymic involution? First, it should be noted 

that thymic involution is a highly conserved event [281] and several theories have 

been offered over the years trying to explain why the thymus involutes with age. 

For instance, it has been shown that the bone marrow produces less progenitor 

cells with age, which leads to a reduced influx of such cells into the thymus. A 

study by Martins et al. showed that constant refreshing of thymocyte progenitors 

with bone-marrow derived cells is essential to prevent engagement of a self-

renewal program in old progenitors that can lead to T cell leukemia [282, 283]. 

Therefore, thymic involution may be a necessary adjustment to the reduction in 

bone-marrow-derived progenitors to prevent the emergence of T cell leukemia. 

Another theory that has emerged over the years is that the thymus involutes to 

conserve energy. Since most thymocytes that arise in the thymus are destined to 

die, it could be an energy-intensive process. Given that most of the TCR 

repertoire is established during childhood and can maintain adaptive immunity, it 

may be worth redistributing energy expenditure away from thymic T cell 

production [284]. Another interesting hypothesis by Dowling and Hodgkin 

suggests that the thymus involutes to allow for the peripheral selection of a well-

adapted T cell repertoire that is best suited to the pathogens in the surroundings 

of an individual. This means that the thymus has to involute in order to allow for 

the homeostatic expansion of those T cells in the periphery that are most useful 

to the individual [285].  
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1.5.2 Acute thymic damage 

The thymus does not only involute due to aging but is also very sensitive to acute 

damage and stress. Although the thymus has limited ability to spontaneously 

recover from age-related involution, it shows quite remarkable ability to recover 

from acute damage, at least in younger individuals. However, this ability 

diminishes with age. Another interesting feature of acute thymic damage is that 

it is mainly caused by a loss of thymocytes. This section will briefly explore the 

thymic response to four different insults, namely cytoablative treatment, 

glucocorticosteroids, pregnancy and infection and its effects on TECs.  

Cytoablative treatments, such as cyclophosphamide or irradiation, also have 

detrimental effects on thymocytes and TECs, even though the primary target of 

these treatments are cancer cells [286, 287]. Medullary TECs that express high 

levels of MHCII and AIRE have been shown to be particularly sensitive to 

chemotherapy [287]. This sensitivity may be problematic as these cells are crucial 

for the establishment of self-tolerance and their loss may consequently lead to 

the onset of autoimmune disease. It should be noted that the underlying 

molecular mechanisms and pathways that mediate TEC death and recovery in 

response to cytoablative treatment remain poorly defined. 

Glucocorticosteroids are widely used for treatment of autoimmune disease, 

inflammatory diseases, certain leukemias and lymphomas, graft-versus-host 

disease and allograft rejection due to their immunosuppressive and anti-

inflammatory effects [288]. Stress, both physical (excessive exercise, starvation, 

alcoholism) and psychological, has also been described to cause thymic atrophy 

due to an increase in glucocorticoids [289-292]. Glucocorticoids induce 
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thymocyte apoptosis via activation of the apoptosis effectors BAX and BAK (see 

section 1.6) especially of the DP population [293]. Blocking of glucocorticoid 

signalling either by surgically removing the adrenal gland or deletion or blockage 

of glucocorticoid receptors leads to complete or partial block of thymic atrophy 

[291]. Interestingly, glucocorticoids are also expressed by TECs, albeit at low 

levels, and were implicated in regulating thymocyte selection by antagonising 

TCR-mediated death signals to allow survival of thymocytes and their further 

differentiation [294, 295]. However, these results were later superseded by the 

demonstration that deletion of glucocorticoid receptor signalling from thymocytes 

did not impair their differentiation [293, 296]. 

Pregnancy is another situation where the overall cellularity of the thymus is 

reduced. The thymic cortex is extensively affected during mid-pregnancy, while 

the medulla shows signs of expansion. Nevertheless, the thymus remains active 

during pregnancy [297]. Pregnancy-induced thymic atrophy is mainly caused by 

an increase in progesterone which acts on the stromal cells, which in turn impair 

thymic T cell development at the DN2 stage [298]. Furthermore, a decrease in 

gonadotropin-releasing hormone (GnRH) has been implicated in leading to 

thymic atrophy during pregnancy, as treatment with a GnRH agonist partially 

inhibited atrophy, especially of the cortex [299]. 

The thymus had been thought to be an immune privileged organ for many years. 

However, it is now widely accepted that the thymus can be targeted by a range 

of pathogens, such as bacteria (Mycobacterium tuberculosis), viruses (HIV, 

CMV), fungi (Cryptococcus neoformans) and parasites (Plasmodium berghei) 

[300]. It is believed that pathogens that cause chronic infections directly invade 
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the thymus to interfere with the generation of naïve T cells that could fight them, 

thereby possibly inducing tolerance to the invader and impairing the host’s 

immune response. Yet, little is known about the direct mechanisms of thymus 

atrophy during infection. One prominent mechanism is that the infection leads to 

a loss of thymocytes, which subsequently leads to thymic atrophy [301]. This may 

be indirect, in that the infection induces release of glucocorticosteroids which 

cause apoptosis of DP thymocytes. Another proposed mechanism involves direct 

infection of TECs by pathogens, such as HIV or CMV [302, 303]. Furthermore, it 

has been shown that the administration of poly(I:C), which resembles the 

structure of double stranded RNA viruses, leads to thymic atrophy by signalling 

via the MDA-5 receptor (melanoma differentiation-associated gene 5) and 

secretion of interferon a (IFN-a) [304]. IFN-a then binds to its cognate receptor, 

which is expressed on TECs and consequently triggers thymic involution [305]. 

Interestingly, IFN-a is constantly expressed in the thymus [306]. So how does the 

thymus know when it has been infected? The expression of the IFN-a receptor is 

under tight control of the microRNA cluster, mir-29a/b-1, which normally 

antagonises IFN-a signalling [305]. During infection the level of INF-a may cross 

a threshold that consequently leads to thymic involution [305].  

Overall, these studies show that thymic function is negatively influenced by a 

broad variety of insults. It is also important to mention that these insults should 

not be considered in isolation but that several insults together might lead to thymic 

atrophy at the same time. For example, during an infection, glucocorticoids might 

be released at the same time thereby additionally triggering thymic atrophy. 
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1.5.3 Approaches for thymic regeneration 

Age-related thymic involution is not thought to be detrimental to healthy 

individuals but can certainly become problematic when the immune system is 

compromised (e.g. after chemotherapy treatment or bone marrow 

transplantation) [307]. The lack of thymic function after these treatments impairs 

T cell reconstitution in these patients, which causes a heightened risk and 

severity of opportunistic infections associated with increased morbidity and 

mortality [308, 309]. After cancer therapy, adults may require two years or more 

to recover T cell competence and even then, the naïve T cell pool remains very 

low [308, 310-312]. Due to these clinical implications many studies have been 

performed looking at ways and mechanisms to enhance thymic recovery and 

thymic T cell production in order to re-establish immune competence. Some of 

these treatment strategies are currently being tested in preclinical and clinical 

settings and mainly focus on the enhancement of thymic T cell production by 

exogenous administration of different factors, such as IL-7. 

One of the first factors described to be important for the endogenous recovery of 

the thymus was keratinocyte growth factor (KGF or FGF7). KGF is a member of 

the fibroblast growth factor family and is crucial for epithelial cell differentiation 

and survival in various tissues [313, 314]. It was shown that KGF was redundant 

for steady-state T cell development; however, the deletion of Fgf7 led to a 

significantly delayed recovery of the thymus after whole body irradiation. This 

suggests that KGF is crucial for thymic recovery [315]. Subsequent studies have 

shown that KGF mainly targets TECs and promotes their proliferation and 

differentiation [316-318]. Further studies elucidated the effect of exogenous 

administration of KGF in mice. It was shown that thymic cellularity was increased 
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in both young and aged mice after KGF administration [315]. Furthermore, 

exogenous KGF administration was able to enhance thymic T cell production and 

thymic recovery after lethal whole-body irradiation followed by haematopoietic 

transplantation, as well as after cyclophosphamide or dexamethasone treatment 

[315, 319]. A study by Rossi et al. also shed light on the molecular mechanism 

by which KGF exerts its positive effect on TECs. It was shown that KGF signals 

via the receptor FgfR2IIIb, which is expressed by cTECs and mTECs, and 

activates both the p53 and NFkB pathway [317]. As mentioned previously, NFkB 

signalling is important for mTEC development (section 1.2.2 and 1.2.3). The 

activation of this pathway leads to the transcription of genes that have been 

described to be important for TEC differentiation and T cell development, such 

as BMP2/4, WNT5b and 10b [317]. Although KGF has been approved by the FDA 

for treatment of mucositis in patients that receive high dose chemotherapy, it still 

remains unclear whether the administration of KGF could enhance thymic 

recovery or survival in humans. 

Interleukin-7 (IL-7) is a cytokine that has various critical roles in lymphopoiesis. 

In the thymus, IL-7 is mainly expressed by cTECs and acts to drive proliferation 

and survival of DN thymocytes [271]. Defects in the IL-7a chain of the IL-7 

receptor lead to severe combined immunodeficiency syndrome (SCID) [320]. Due 

to its positive effect on thymocyte survival and proliferation and the survival of 

mature peripheral T cells it has been proposed that the exogenous administration 

of IL-7 could enhance T cell survival after insult and has therefore been 

extensively studied for its therapeutic potential. Although it has been shown that 

the exogenous administration of IL-7 enhances recovery after bone marrow 

transplantation in mice [321-323], follow-up studies in humans were less 
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conclusive [324]. 

Another factor that has been shown to play a role in endogenous thymic 

regeneration is interleukin-22 (IL-22) [309]. A study by Dudakov et al. revealed 

that the depletion of DP thymocytes causes dendritic cells to upregulate IL-23, 

which in turn induces the production of IL-22 by thymic lymphoid tissue inducer 

(LTi) cells [309]. IL-22 is able to directly act on TECs and promotes their 

proliferation and survival. This consequently leads to the regeneration of the 

thymic microenvironment which restores thymic T cell production. Additionally, 

the exogenous administration of IL-22 was able to accelerate thymic recovery 

after sub-lethal irradiation [309]. A follow-up study by Pan et al. showed that the 

depletion of DP thymocytes did not only lead to an increase in the expression of 

IL-22 but also of FoxN1 [325]. However, a direct link between the two is still 

missing. 

Moreover, IL-21 is able to enhance thymic T cell production in aged, but not 

young, mice when administered as a recombinant protein. Administration of this 

cytokine led to an increase in the absolute numbers of mTECs and cTECs [326]. 

However, this increase in TECs cannot be mediated directly by the action of IL-

21 as TECs do not express the IL-21 receptor [327]. One explanation could be 

that the expansion of thymic T cell progenitors by IL-21 subsequently induces an 

expansion of TECs due to the cross-talk between the two populations. A follow 

up study revealed that IL-21 is able to enhance thymic T cell production after 

bone marrow transplantation [328]. 

Recently, bone morphogenetic factor-4 (BMP4), has been described to be crucial 

for endogenous thymic recovery [329]. BMP4 is produced by irradiation-resistant 
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endothelial cells in response to sublethal irradiation and acts on TECs, especially 

cTECs, which have the highest expression of the cognate receptor, BMPR2. 

BMP4 has also been shown to be important for thymic recovery via the 

upregulation of FoxN1 and some of its downstream targets, again by mainly 

acting on cTECs [329]. Additionally, this study proposed the usage of ex vivo 

propagated endothelial cells isolated from the thymus to enhance thymic 

recovery [329]. Given the knowledge that TEC progenitors have been identified 

that show a cTEC phenotype [87, 89] it remains to be evaluated if BMP4 acts 

specifically to stimulate these progenitors during thymic recovery. Nevertheless, 

this study identifies yet another potential strategy to enhance thymic 

regeneration. 

As described previously, sex hormones are proposed to be a cause of age-

related thymic involution and that castration of mice (either surgically or 

chemically) leads to thymic rejuvenation in young and old mice. Several groups 

have explored this thymic regeneration and shown that sex steroid ablation 

promotes thymic recovery after chemotherapy and bone marrow transplantation 

[275, 330, 331]. It is noteworthy, that Sutherland et al. provided first insights into 

treating patients with a luteinizing hormone–releasing hormone agonist prior to 

stem cell transplantation thereby leading to enhanced overall T cell regeneration 

[331]. However, this approach can be seen as quite controversial due to various 

reasons. Firstly, it is well demonstrated that thymic involution starts early in 

childhood and before the onset of puberty [264]. Secondly, sex steroid hormones 

do not consistently increase with age but decline [332]. And lastly, sex steroid 

ablation only leads to a transient rejuvenation of the thymus [277, 333]. This 

suggests that thymic involution might not be directly caused by sex steroids but 
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that other factors might play an additional role. Nevertheless, sex steroid ablation 

might still transiently enhance thymic regeneration and support T cell 

reconstitution if combined with other therapies. 

Signalling via transforming growth factor-b (TGF-b) and its cognate receptor 

TGFbRII, which is expressed on TECs, has been implicated as another strategy 

to enhance early thymopoiesis after irradiation. Hauri-Hohl et al. demonstrated 

that mice deficient for TGFbRII expression on TECs show normal T cell 

development but delayed thymic involution. Furthermore, they found that 

inhibition of TGF-b signalling led to an enhanced thymic recovery following lethal 

irradiation and bone marrow transplantation due to protection from irradiation-

induced cell death [334]. These results therefore suggest that early inhibition of 

TGF-b receptor signalling after insult might be used to enhance thymic recovery. 

As described earlier, RANKL produced by SP thymocytes, is an important 

regulator of TEC differentiation, especially of the AIRE-positive mTEChigh. Lopes 

et al. demonstrated in a recent study, that RANKL is specifically upregulated on 

CD4SP T cells and LTi after sub-lethal irradiation [335]. Furthermore, they went 

on to show that exogenous administration of RANKL over three days enhances 

TEC recovery. This was due to the production of lymphotoxin-a (LTa) in LTi which 

in turn drives TEC regeneration [335]. LTa-deficient mice have relatively normal 

TEC subsets under homeostatic conditions but delayed recovery after bone 

marrow transplantation. This study also found that exogenous administration of 

RANKL enhanced thymic recovery in young and aged mice [335] and therefore 

reveals a novel therapeutic strategy that might enhance thymic recovery also in 

elderly patients. 
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Might there be a common molecular mechanism by which these various 

treatments drive thymic regeneration? As described earlier, the transcription 

factor FoxN1 is crucial for thymus organogenesis [54] but has also been 

proposed to play a role in age-related thymic involution due to declining 

expression of FoxN1 with age [280]. Forced overexpression of Foxn1 in aged 

mice induced proliferation of TECs that express high levels of MHCII and 

diminished some of the effects of thymic involution [108, 109]. Another study 

demonstrated that inactivation of the tumour suppressor retinoblastoma (Rb) 

protein, increased the activity of E2F transcription factors, which resulted in an 

increase of FoxN1 expression and thereby prevented thymic involution [336]. 

Additionally, Bredenkamp et al. revealed that overexpression of FoxN1 in mouse 

embryonic fibroblasts is sufficient to reprogram these cells into functional TECs. 

These induced TECs (iTECs) express genes associated with TECs, such as Dll4 

and Ccl25, and are able to support the differentiation of thymocytes [109]. These 

iTECS were even shown, with support of thymic mesenchymal cells and 

immature thymocytes, to differentiate into a fully functional thymus when 

transplanted under the kidney capsule of nude mice [109]. This suggests that 

FoxN1 could be utilised to enhance thymic regeneration and rejuvenation.  

Another approach that has been explored to support thymic regeneration is the 

induction of thymic epithelial progenitor cells from mouse and human embryonic/ 

pluripotent stem cells using factors such as activin, retinoic acid, FoxN1, TGF-b, 

BMP4, SHH and FGF [337-340]. It should be mentioned that when transplanted 

into mice, these ex vivo generated TEC progenitors were able to differentiate into 

TECs and were able to support thymic T cell production [338-340]. These studies 

are promising and may have broad implications for approaches using the 
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patient’s own cells in restoring thymic function. 

However, even though remarkable advances have been made in trying to 

enhance thymic rejuvenation and recovery in pre-clinical models, none of these 

have yet shown success in promoting thymic recovery in large cohorts of patients. 

As mentioned earlier, TECs and thymocytes rely on each other for survival due 

to a constant cross-talk between these cell populations (see section 1.2.3). It 

might therefore be beneficial to design a treatment strategy that enhances both 

thymic T lymphoid cell survival and recovery as well as TEC survival and 

recovery. A better understanding of the cell death and survival processes induced 

in each following thymic injury would aid in this endeavour. 

1.6 Apoptosis  
The word apoptosis (from the Greek word meaning “falling off”) was first used in 

a publication by Kerr et al. to a describe a morphologically very characteristic 

form of cell death [341]. Apoptosis is an evolutionarily highly conserved 

programmed cell death pathway and is crucial for normal development, tissue 

homeostasis and maintenance of multicellular organisms and for a functional 

immune system [342]. Defects in this cell death pathway have been implicated in 

the development of many diseases, including cancer, autoimmunity and 

degenerative disorders [343]. Apoptotic cells show characteristic morphological 

changes, such as chromatin condensation, cytoplasmic shrinkage and plasma 

membrane blebbing. This controlled demolition of the cell by apoptosis is an 

usually immunological silent process and therefore usually does not induce 

inflammation [344].  

Apoptotic cell death is a highly complex but very coordinated event that results in 



 74 

the activation of aspartate-specific cysteine proteases, called caspases. These 

caspases can be broadly classified into initiator caspases (caspase-8 and -9), 

executioner caspases (caspase-3, -6 and -7) and into inflammatory caspases 

(mouse caspase-1 and -11) [345]. Caspases are synthesised as inactive 

zymogens. Upon a death stimulus, initiator caspases are recruited into platforms 

that cause them to dimerise which results in their activation. Their autocatalytic 

cleavage can then lead to their processing. Cleavage by the active initiator 

caspases also drives the downstream activation cascade of executioner 

caspases. Once active, executioner caspases cleave hundreds of vital 

intracellular substrates, which leads to the demolition of the cell [343].  

In mammals, apoptosis can be induced via two distinct pathways, that eventually 

converge at the step of executioner caspase activation. The origin of the cytotoxic 

stimulus defines whether the intrinsic (aka mitochondrial, stress-induced or BCL-

2 regulated) or the extrinsic (aka death receptor) pathway is activated [343]. The 

intrinsic apoptotic pathway can be activated in response to intracellular stressors, 

such as growth factor deprivation, DNA damage, accumulation of unfolded 

proteins, endoplasmatic reticulum stress or cytoskeletal disruption. These signals 

perturb the regulation amongst members of the BCL-2 family of proteins, which 

act to control the permeabilisation of the mitochondrial outer membrane (MOM) 

[346]. Activation of the pathway leads to MOM permeabilisation and the release 

of cytochrome c and other apoptogenic proteins. Cytochrome c initiates the 

formation of the apoptosome which consists of the adaptor protein APAF-1 

(apoptotic protease activating factor-1) and pro-caspacse-9 which leads to the 

subsequent activation of the initiator caspase, caspase-9, in an ATP-dependent 

manner. Active caspase-9 in turn proteolytically activates the executioner 



 75 

caspases [347].  

The extrinsic apoptotic pathway is triggered by extracellular signals/ligands that 

activate the receptors FAS, TNF-R1, TRAIL-R1 or -R2, which are part of the TNF 

receptor superfamily. The ligands are part of the TNF family and include FAS-L 

(CD95-L), tumour necrosis factor (TNF) and TNF-related apoptosis inducing 

ligand (TRAIL). Upon binding to their respective receptors, the intracellular 

adaptor proteins FADD and/or TRADD are recruited to the cytoplasmic tail of the 

receptors and form the death-inducing signalling complex (DISC), which recruits 

the initiator caspase-8. Activation of caspase-8 leads to downstream proteolytic 

activation of the executioner caspases. Additionally, caspase-8 can cleave the 

BH3-only protein BID to generate tBID, which then is able to activate the 

mitochondrial apoptotic pathway to amplify apoptosis signalling [345] (Figure 

1.5). This thesis focuses on the role of the intrinsic apoptotic pathway in TECs 

during injury as it has previously been shown that the extrinsic apoptotic pathway 

is not important for thymic homeostasis [348]. Therefore, I will review the major 

players of the intrinsic apoptotic pathway that are analysed in this thesis in more 

depth below.   

1.6.1 The BCL-2 protein family 

The BCL-2 family consists of at least 20 members in mammals [346]. All 

members share sequence homology in at least one of four BCL-2 Homology (BH) 

domains and can be divided into three main groups [343]. The pro-survival 

members of the family include: BCL-2, BCL-XL, BCL-W, MCL-1 and A1 (called 

BFL1 in humans). These proteins are important for maintaining the survival of 

cells by blocking apoptosis through binding and inhibiting the so-called “effector” 
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proteins of the family, BAX and BAK [349]. The other pro-apoptotic group, called 

the BH3-only proteins (due to the fact that they only possess a BH3 domain), 

contains eight members; BIM, BID, BAD, PUMA, NOXA, BIK, HRK and BMF. 

These proteins differ from each other in their binding affinity to the pro-survival 

BCL-2 proteins and their expression profiles in different cell types. BIM, tBID (i.e. 

caspase cleaved activated BID) and PUMA are able to bind with high affinity to 

all pro-survival proteins, whereas NOXA is only able to bind MCL-1 and A1 and 

BAD binds to BCL-2, BCL-XL and BCL-W [342, 346]. Different cytotoxic stimuli 

induce the transcriptional and/or post-transcriptional upregulation and/or 

activation of different BH3-only proteins. 

Interactions among each of these three main factions of BCL-2 family proteins 

creates complexity within the pathway that has been the topic of intensive 

research, due to the importance of cell death processes in cancer therapy.  

1.6.1.1  Pro-apoptotic executioner proteins 

The apoptotic executioner proteins BAX, BAK and BOK, structurally share four 

BH domains (BH1, BH2, BH3 and BH4). The BH3 domains of BAX and BAK show 

preferences in binding by pro-survival BCL-2 proteins. BAK is mainly bound by 

MCL-1, BCL-XL and A1 [350], while BAX is kept in check by binding to all pro-

survival BCL-2 members [351].  

In healthy cells, BAX is primarily located in the cytosol with the transmembrane 

domain (which is needed to permeabilise the mitochondrial membrane) folded 

away in a canonical hydrophobic grove [352]. Intracellular stress signals lead to 

conformational changes in BAX that expose the transmembrane domain and 
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thereby lead to the relocation of monomeric BAX to the mitochondria. It has also 

been shown that BAX frequently shuttles between the cytosol and mitochondria 

due to interactions with the pro-survival protein BCL-XL [353]. Once at the MOM, 

VDAC-2 (voltage dependent anion channel-2) acts a receptor for BAX (as well as 

BAK) [354]. By contrast, BAK has been found to reside at mitochondria with its 

transmembrane domain already integrated into the MOM [355]. 

During activation of the intracellular apoptotic pathway, BAX and BAK undergo 

conformational changes that allow homo-oligomerisation that leads to the 

permeabilisation of the MOM. One way this activation can be induced is when 

the concentration of the pro-apoptotic BH3-only proteins reaches a threshold that 

is able to neutralise the pro-survival BCL-2 protein family members or to directly 

activate BAX or BAK. The conformational changes induced, expose the BH3-

domain of BAX and BAK which is important for these proteins to form homo-

dimers [349]. Once pores have formed in the MOM, it is regarded as ‘point of no 

return’ of the intracellular apoptotic pathway. How these proteins oligomerise and 

how these oligomers initiate MOMP formation however remains poorly 

understood. 

The deletion of BAX or BAK revealed that these widely expressed proteins are 

functionally redundant in activating the intracellular apoptotic pathway [356]. Only 

mild defects were observed in Bax-/- males, with mild lymphoid hyperplasia, 

testicular atrophy and infertility [356]. The deletion of Bak caused no major 

abnormalities. However, deletion of BAX and BAK together leads to severe 

perinatal developmental defects in C57BL/6 mice with only 10% of mice surviving 

to weaning [357]. Nevertheless, the surviving mice showed abnormalities 
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characteristic of defective apoptosis, such as persistent interdigital webbing and 

imperforate vaginas [357]. Additionally, it has been shown that haematopoietic 

reconstitution using bone marrow from Bax-/- Bak-/- mice led to lymphadenopathy 

and systemic autoimmune disease due to severe disruption of thymic T cell 

development and survival plus aberrant B cell survival in recipient mice [358, 

359]. Furthermore, Bax-/- Bak-/- lymphoid cells were markedly resistant to different 

apoptotic stimuli [357, 359, 360]. 

The fact that fewer than 10% of Bax/Bak double-deficient mice survived to 

adulthood [357] raised the question if there were other pro-apoptotic proteins that 

were able to induce apoptosis via the intrinsic apoptotic pathway. BOK (Bcl-2-

related ovarian killer) is a ubiquitously expressed protein that shows very high 

homology to BAX and BAK (73% or 87%, respectively) and was therefore 

proposed to induce apoptosis [361]. However, Bok-/-, Bok-/- Bak-/- and Bok-/- Bax-

/- mice were largely normal [362, 363], suggesting that BAX, BAK and BOK have 

overlapping functions. In a more recent study, Ke et al. showed that the deletion 

of Bax, Bak and Bok together led to severe developmental defects, with less than 

2% of mice surviving to weaning [364]. These defects were more frequent and 

more severe than the defects seen in the BAX/BAK double deficient mice. This 

demonstrated that BOK has overlapping function with BAX and BAK, at least 

during embryonic development. The molecular mechanism by which BOK is able 

to induce cell death still remains to be defined; however, studies have suggested 

that BOK is able to induce MOPM in the absence of BAX and BAK [365-367]. 

Nevertheless, it is clear that BAX and BAK together are responsible for the 

majority of cell death induced by the intrinsic pathway or apoptosis. 
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1.6.1.2  Pro-survival BCL-2 family proteins 

The first member of the BCL-2 family of proteins to be identified was BCL-2 itself. 

The importance of the gene encoding BCL-2 was discovered in follicular B cell 

lymphoma, where it can be linked to the immunoglobulin heavy chain gene locus 

by the t(14:18) chromosomal translocation in this disease [368]. This 

translocation leads to an aberrantly high amount of BCL-2 protein expression in 

B cells. Subsequent studies by Vaux et al. showed that BCL-2 overexpressing 

growth factor dependent haematopoietic cell lines failed to undergo cell death 

when deprived of their requisite growth factors [369]. This discovery revealed that 

BCL-2 was an oncogene; however, it did not affect cell proliferation as initially 

thought but instead promoted cell survival. Subsequent studies using Bcl-2 

transgenic mice supported these findings by showing an abnormal accumulation 

of lymphocytes that failed to die in response to death stimuli, such as growth 

factor deprivation, but also diverse cytotoxic stimuli, such as treatment with 

glucocorticoids and radiation [370-372].  

BCL-2 is expressed in a variety of different tissues. As described above, it is 

expressed in a variety of lymphocytes, such as B and T cells [371-373]. In the 

thymus, expression of BCL-2 is mainly confined to the medulla as SP thymocytes 

have been shown to express high levels of BCL-2 [374]. DP thymocytes do not 

express much BCL-2, which is in line with their high sensitivity to cytoablative 

treatments, such as irradiation and dexamethasone treatment. Accordingly, 

overexpression of BCL-2 protects DP thymocytes from these death stimuli [371, 

375]. Hockenbery et al. noted that BCL-2 expression was especially confined to 

rapidly dividing and differentiating cells but not long-lived tissues, such as muscle 

[376]. Additionally, BCL-2 has been shown to be important for the survival of 
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neurons in the mouse nervous system during development [377]. Factors that 

drive or influence the expression of BCL-2 are only poorly defined. TNF has been 

suggested to induce both Bcl-2 and Bcl-xl expression through NFkB signalling in 

neurons [378]. A study by Kurland et al. also placed NFkB signalling driven by 

the MEK/ERK pathway upstream of Bcl-2 expression in B cell lymphoma [379, 

380].  

Genetic ablation of Bcl-2 in mice revealed that these mice could complete 

embryogenesis. However, these mice exhibit signs of growth retardation, 

severely defective kidney development and early postnatal mortality [381-383]. 

Additionally, these mice have defects in pigmentation and develop grey hair 

possibly due to a defective melanin synthesis, suggesting that BCL-2 is essential 

for melanocyte survival [384]. Furthermore, these mice also exhibited a loss of T 

and B cells due to their excessive apoptosis, accompanied by atrophy of the 

thymus and spleen [385]. Recently, it was demonstrated that even though BCL-

2 is expressed in thymic epithelial cells, TEC-specific deletion of Bcl-2 throughout 

development leads to no obvious phenotypic impact [386].  

BCL-XL is a pro-survival relative of BCL-2 and was discovered by screening a 

cDNA library from chicken lymphoid cells for genes that showed homology to the 

BCL-2 gene. It was found that the open reading frame of Bcl-xl showed 44% 

sequence homology to mouse and human Bcl-2 [387]. The Bcl-xI gene encodes 

for two isoforms owing to alternative splicing. While the longer splicing variant, 

BCL-XL, is able to inhibit apoptosis as efficiently as BCL-2, the shorter splicing 

variant, BCL-XS, has been proposed to act as an inducer of apoptosis but there 

is no evidence for this form in physiological settings. This difference in action is 
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likely due to the loss of the BH1 and BH2 domains in the BCL-XS protein [387]. 

BCL-XL is highly expressed in DP thymocytes but subsequently gets 

downregulated in SP thymocytes [388], suggesting that BCL-XL and BCL-2 have 

differential roles in the survival of thymocytes [388] [374].  

Genetic deletion of Bcl-xl results in embryonic lethality at around E13 due to 

apoptosis of haematopoietic cells in the liver and post-mitotic immature neurons 

[389]. Furthermore, it has been shown that megakaryocytes and platelets are 

heavily reliant on BCL-XL for their survival. Even the loss of one allele of Bcl-xl 

results in the reduction of platelet numbers [390]. Additionally, it has been 

demonstrated that loss of one allele of Bcl-xl can lead to defects in 

spermatogenesis [391]. In the thymus, it was demonstrated that conditional 

deletion of Bcl-xl in TECs leads to no obvious phenotypic alterations [386]. 

Several factors have been described to induce BCL-X expression in certain cell 

types. For example, IL-33 and IL-4 have been shown to influence BCL-X 

expression in mast cells [392, 393]. Additionally, thrombopoietin influences BCL-

XL expression in megakaryocytes [394]. CD40, a member of the TNFR family, 

has also been revealed to increase BCL-XL expression via NFkB signalling in B 

cells [395, 396]. Furthermore, exogenous RANKL administration has been shown 

to increase Bcl-xl mRNA in cTECs after sublethal irradiation [335]. This suggests 

that NFkB signalling is involved in regulating Bcl-xl expression.  

A third major pro-survival BCL-2 family protein is MCL-1 (myeloid cell leukemia 

1), which was first described as an early induced gene in the human myeloid 

leukemia cell line ML-1 during phorbol ester induced differentiation [397]. 

Comparing MCL-1 to other pro-survival proteins, it has been shown that MCL-1 
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only has a very short half-life of 30-90 minutes [398]. This is due to tight regulation 

of MCL-1 expression on multiple levels, such as a transcriptional, translational 

and degradational level [399]. The two N-terminal PEST (proline/glutamic 

acid/serine/threonine) domains of MCL-1 have been implied in playing a crucial 

role in these tight regulatory mechanisms [400]. The deletion of Mcl-1 has the 

biggest phenotypic effect on development as it results in pre-implantation 

embryonic lethality [401]. Tissue restricted deletion of Mcl-1 leads to severe 

defects in multiple tissues and organs, such as haematopoietic stem and 

progenitor cells as well as lymphocytes [402, 403], cardiomyocytes [404], the 

central nervous system [405], synovial fibroblasts [406] and TECs [386]. 

Conversely, amplification of the genomic locus containing the MCL-1 gene has 

been associated with a range of different cancers [407, 408]. 

Numerous factors that are able to induce the transcription of Mcl-1 have been 

described. For example, IL-3 [409] and IL-5 [410] and granulocyte–macrophage 

colony-stimulating factor (GM-CSF) [411] drive upregulation of MCL-1 in myeloid 

cells. Additionally, epidermal growth factor (EGF) [412] and vascular endothelial 

growth factor (VEGF) [413] have also been described to lead to an upregulation 

of Mcl-1.  

Together these studies reveal some important insights into the major players of 

the intrinsic apoptotic pathway, their roles in survival and which factors are able 

to regulate their expression. These insights are crucial for the design of this 

thesis.  

 



 83 

1.7 Project rationale 
TECs create a unique microenvironment that induces T cell commitment, guides 

their differentiation and imposes immune tolerance. Atrophy of the thymus 

following cytoablative treatment impairs immune recovery in cancer patients, 

which is a significant cause of morbidity and mortality. These problems are 

particularly pronounced in adults due to the additional age-related involution of 

the thymus. Despite recent advances in elucidating the molecular mechanisms 

of TEC survival under homeostatic conditions and the recent advances in 

identifying factors that enhance thymocyte or TEC regeneration after insult, there 

is little understanding of the molecular mechanisms that control TEC survival and 

death in the context of cytoablative treatments.  

The aims of the first project are to elucidate: (1) the mechanisms of TEC 

death in response to lethal whole body g-irradiation followed by 

haematopoietic reconstitution and; (2) which pro-survival BCL-2 family 

proteins are necessary for TEC survival and thymus regeneration.  

Furthermore, this thesis will explore the molecular mechanisms in TECs that are 

important for the induction of self-tolerance. AIRE induces the transcription of 

thousands of PTAs in TECs, an activity that is essential for self-tolerance. Even 

though AIRE was discovered more than 20 years ago, the molecular mechanisms 

by which AIRE orchestrates such broad, tolerogenic transcription of PTAs in 

TECs remain incompletely understood. Post-translational modifications of 

histone proteins, such as acetylation, play an important role in the transcriptional 

regulation of genes. KAT7 is a histone acetyltransferase that is important for 

embryonic development and can promote transcription at a range of gene loci by 
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mediating H3K14 acetylation.  

This prompted us to examine the role of the histone acetyltransferase 

KAT7: (1) in TEC development; (2) and the molecular mechanisms that 

guide AIRE-mediated PTA expression in TECs. 

The overall aim of this PhD is to develop a better understanding of the molecular 

mechanisms that control survival and developmental cues, as well as PTA 

expression in TECs. This will enable the better design of rational approaches to 

protect and restore thymic function in situations of immunodeficiency, such as 

after cancer treatment, or autoimmune disease.  
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Figure 1.1 – Migration of thymocytes through the thymus for T cell 
maturation and selection 

The thymus can be divided into two main zones, the outer cortex and the inner 

medulla. Early thymocyte progenitors (ETP, grey) enter the thymus through blood 

vessels at the cortico-medullary junction (CMJ). CD4-CD8- double negative (DN, 

light orange) thymocytes then migrate outwards towards the sub-capsular zone 

of the cortex where they undergo multiple differentiation steps and multiple 

rounds of proliferation. Cortical thymic epithelial cells (cTECs, green) mediate the 

positive selection of CD4+CD8+ double positive (DP, orange) thymocytes which 

then further differentiate into either CD4+ or CD8+ single positive (SP, dark 

orange) thymocytes and migrate into the medulla. Here they encounter medullary 

thymic epithelial cells (mTECs, red) which mediate the negative selection of SP 

thymocytes. These selection processes create naïve T cells with useful T cell 

receptors that are tolerant to self which will be released into the periphery. The 

main cell types found in the thymus are depicted in the schematic overview. 

(image has been adapted from Kyewski and Klein, ARI, 2006) 
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Figure 1.2 – The multiple facets of TEC progenitor cells – the parable of 
blind men and an elephant 
This image of blind men groping an elephant is to illustrate the confusion that 

currently exists in regard to the phenotype and molecular characteristics of a 

potential TEC progenitors in the embryonic and/or adult thymus. Even though 

advances have been made trying to understand the characteristics of TEC 

progenitor cells, no consensus has been found. 

(image has been adapted from Abramson and Anderson, ARI 218) 
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Figure 1.3 – Molecular mechanisms of AIRE-mediated PTA expression in 
TECs 

Schematic representation of AIRE and its known binding partners that have been 

shown to be involved in AIRE-mediated transcription of peripheral tissue antigens 

(PTAs). AIRE is attracted to silenced chromatin (dark blue), such as H3K4me0, 

H3K9me3 and H3K27me3 and methylated CpG dinucleotides through 

ATF7/MBD1 and localises at super-enhancers (red) that are rich of H3K4me1 

and H3K27ac. AIRE interacts with TOP1 at DNA double strand breaks which 

leads to the recruitment of the DNA damage machinery (lilac), including DNA-PK, 

KU-80, PARP1 and phosphorylation of H2AXS139 (gH2AX). Additionally, the 

transcriptional machinery (light blue) which includes RNA Polymerase II, P-TEFb, 

BRD4 and HNRNPL are drawn into the complex at transcriptional start sites 

(TSS) and will drive the transcription of PTAs. Furthermore, AIRE undergoes 

posttranslational modification (purple). Acetylation of AIRE by CBP/p300 renders 

AIRE in an inactive state whereas deacetylation by Sirtuin1 (Sirt1) leads to 

activation of AIRE.  
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Figure 1.4 – Mechanisms of chromatin regulation through histone 
modifications 

Tightly packed, inactive heterochromatin is associated with histone marks such 

as DNA-methylation (5-methylcytosin, 5mC) and trimethylation of histone 3 lysine 

9 and 27 (H3K9me3, H3K27me3). However, open, actively transcribed 

euchromatin is associated with acetylation of histone 3 lysine 9 and 14 (H3K9ac, 

H3K14ac) and acetylation of histone 4 (H4ac) as well as trimethylation of histone 

3 lysine 4 (H3K4me3). These modifications are attached by chromatin modifying 

enzymes such as DNA methyltransferases (DNMTs), histone methyl transferases 

(HMTs) or histone acetyltransferases (HATs) and removed by enzymes such as 

histone deacetylases (HDACs) or histone demethylases (HDMs). 

 

  



 92 

 

  



 93 

Figure 1.5 – The intrinsic and extrinsic pathways of apoptosis 

There are two major pathways through which a cell dies, the intrinsic and the 

extrinsic apoptotic pathway. The intrinsic pathway is activated by cellular stresses 

(cytokine deprivation, irradiation) and leads to the upregulation and activation of 

the BH3-only proteins which are either able to activate the executioners BAX and 

BAK directly or indirectly through inhibition of the pro-survival BCL-2-like proteins. 

This leads to the permeabilisation of the mitochondrial outer membrane, the 

release of cytochrome c and formation of the apoptosome to activate downstream 

caspases. The extrinsic pathway is activated through the engagement of 

extracellular ligands to their respective receptors. This leads to the downstream 

activation of the caspase cascade and the death of the cell. Under certain 

conditions the BH3-only protein BID can also activate the intrinsic apoptotic 

pathway when cleaved by caspace-8 (is a member of the extrinsic pathway), 

allowing a crosstalk between the two pathways of apoptosis. 
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2.1 Materials 

2.1.1 Experimental mice 

Kat7flox/flox [251], Aire-/- [42], Bcl-2flox/flox [414], Bcl-xlflox/flox [415] , Baxflox/flox [360], 

Bak-/- [357], Foxn1Cre [416], CD4Cre [417], Rag1-/- and CD45.1 mice were all 

generated and maintained on a C57BL/6 background. Congenic CD45.1 mice 

had been backcrossed over 10 times onto a C57BL/6 background. Foxn1Cre 

Kat7flox/flox mice were generated by crossing Kat7flox/flox females with Foxn1Cre/+ 

males. 

All mice were raised and housed under specific pathogen-free conditions at the 

Walter and Eliza Hall Institute of Medical Research. All experiments involving 

animals were performed in accordance to the ethical guidelines of the Australian 

code of practice for the care and use of animals for scientific purposes. Ethics 

approval was given by the Walter and Eliza Hall Institute of Medical Research 

Animal Ethics Committee. Animals were age matched within experiments but not 

sex matched unless stated.  

2.1.2 Antibodies 

The following immunoconjugates for flow cytometry were purchased from 

Biolegend, unless otherwise indicated: Anti-mouse CD16/32 FcRg-block (clone 

2.4G2, WEHI), anti-mouse CD45 PerCP/Cy5.5 (clone 30-F11), anti-mouse 

TER119 PerCP/Cy5.5 (clone TER119), anti-mouse CD31 PerCP/Cy5.5 (clone 

390), anti-mouse CD326 (EPCAM) APC/Cy7 (clone G8.8), anti-H2-A/E 

fluorescein isothiocyanate (FITC) or allophycocyanin (APC) (clone M5/114.15.2, 

WEHI), anti-H2-A/E BV421 (clone M5/114.15.2), anti-H2-A/E BV711 (clone 
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M5/114.15.2), biotinylated UEA-1 lectin (Vector labs, USA), anti-mouse Ly51 

phycoerythrin (PE) (clone 6C3), anti-mouse CD80 BV421 (clone 16-10A1), anti-

mouse CD40 Alexa Fluor 647 (clone 3/23), anti-mouse L1CAM PE (clone 555, 

R&D systems), anti-mouse CD104 Alexa Fluor 647 (clone 346-11A), anti-mouse 

Ly6d eFluor450 (clone 49-H4, eBioscience), anti-mouse alpha6-integrin PE/Cy7 

(clone G0H3), anti-mouse SCA-1 Alexa 594 (clone E13-161.7, WEHI), anti-

mouse CD4 PerCP/Cy5.5 (GK1.5), anti-mouse TCRβ PE/Cy7 (H57.59.1), anti-

mouse CD3 PE/Cy7 (clone 17A2), anti-mouse CD8 Brilliant Violet 650 (clone 53-

6.7), anti-mouse CD25 BV510 (clone PC61), anti-mouse CD44 PE or FITC (clone 

IM781, WEHI), anti-mouse CD44 Alexa700 (clone IM7), anti-mouse CD62L 

APC/Cy7 (clone MEL-14), anti-mouse CD45R/B220 Brilliant Violet 605 (clone 

RA3-6B2), anti-mouse CCR7/CD197 APC (clone 4B12), anti-mouse PD1/CD279 

Brilliant Violet 605 (clone 29F.1a12), anti-mouse CD24 PE/Cy5 (clone M1/69), 

anti-mouse c-KIT APC/eFluor780 (clone 2B8), anti-mouse CD69 Alexa Fluor 647 

(clone H1.2F3) and anti-mouse CD5 PE (clone 53-7.3). Biotinylated conjugates 

were detected with streptavidin PE/Cy7 (BD Biosciences) or streptavidin BV786 

(Biolegend). 

For staining of intracellular determinants the following antibodies were used: anti-

mouse Ki67 BV786 (clone B56, BD Biosciences), anti-mouse AIRE FITC (clone 

5H12, WEHI), rabbit anti-Acetyl-Histone H3 (Lys14) (clone D4B9, Cell 

Signalling), anti-mouse FOXP3 eFluor-450 (clone FJK-165, eBioscience), anti-

mouse Helios FITC (clone 22F6), anti-mouse MCL-1 Alexa 647 (clone AA3), anti-

mouse BCL-2 PE (clone BCL/10C4, Biolegend), anti-mouse BCL-XL (clone E18, 

Abcam), anti-mouse cleaved (i.e. active) caspase-3 BV786 (clone C92-605 BD 

Bioscience) and anti-rabbit Ig Alexa 647 (Life Technologies). 
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2.1.3 Common solutions and buffers 

EDTA: Ethylenediaminetetraacetic acid (Sigma), prepared at 0.5 M, pH 8. 

Digestion Buffer: RPMI-HEPES (WEHI) supplemented with DNAseI (Sigma-

Aldrich) at 0.1% (w/v) and Liberase TM (Roche) at 0.5 Wunsch units (U) per mL. 

The enzymes were solubilised in PBS to make up a 10x stock concentration, 

aliquoted and stored at -20 °C for a maximum of 1 year prior to use.  

FCS: Foetal calf serum, purchased from SA-FC and heat-inactivated at 56°C for 

one hour in a water bath. 

FACS Buffer: PBS supplemented with 1% (v/v) heat inactivated FCS and 1 mM 

EDTA. 

PBS: Phosphate buffered saline (Gibco). 

2.2 Methods 

2.2.1 Genotyping 

In order to assess the genotype of a mouse, a tail clip was taken at weaning (3 

weeks) and genomic DNA was isolated by digesting the tail in 200 μL DirectPCR 

Lysis Reagent (Mouse Tail) (Viagen Biotech) with 0.4 mg/mL Proteinase K 

(Sigma-Aldrich). Tails were incubated at 56°C overnight in a bench top shaker. 

The next day, Proteinase K was heat-inactivated at 85°C for 30 min. DNA (1 μL) 

was used for PCR reactions with 19 μL of GoTaq Green Master Mix (Promega) 

containing the PCR primers (Integrated DNA Technologies or Geneworks) at 0.5 

μM. Where 3 primers were used, the common primer was added at 1 μM. Primer 

sequences and PCR programmes can be found in Table 2.1 and Table 2.2. DNA 
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bands were separated on a 2 % (w/v) agarose gel with 0.002% (v/v) ethidium 

bromide and analysed on a Molecular Imager® Gel DocTM XR+ System (Bio-Rad). 

Gene PCR Primer sequences (5’ – 3’) Fragment size 
(bp) 

Aire ACCTCAGCCAAAACCCATACTA 

ACTGGTTTAGGTCCACATCTGC 

210 (ko) 

650 (wt) 

Bak GAGCCATGAAGATGTTTAGC (common) 

GCCCGGTTCTTTTTGTCAAGACCGA  

CCAACCAATCCTTTGTAATG  

580 (wt) 

1000 (ko) 

Bax GAATGCCAAAAGCAAACAGACC 

ACTAGGCCCGGTCCAAGAAC 

CCACTCCCACTGTCCTTTCC 

242 (wt) 

300 (del) 

350 (floxed) 

Bcl-2 GCCCACCATCTAAAGAGCAA 

GCATTTTCCCACCACTGTCT 

296 (wt) 

350 (floxed) 

Bcl-xl CTGCTCGCCAACCTCATCAGTC  

GTCTCAGAAGCCGCAATATCC 

135 (wt) 

175 (floxed) 

Cre GGACATGTTCAGGGATCGCCAGGCG 

GCATAACCAGTGAAACAGCATTGCTG 

No band (wt) 

250 (mutant) 

Foxn1Cre CATACGATTTAGGTGACACTATAG 

AATCTCATTCCGTTACGCAG 

No band (wt) 

300 (mutant) 

Kat7 TAAGAGCTATTCCGTGTTCCGG 

AACTGGAAATTCTTTGGCGCTCC 

ATCAATTCTGCCTGGCTTAACCC 

190 (wt) 

283 (floxed) 

358 (deleted) 

Mcl-1 GCCGCAGTACAGGTTCAAG 

GCACAATCCGTCCGCGAGCCAA 

327 (wt) 

360 (floxed) 

Table 2.1 – Genotyping primer sequences 
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Applicable for PCR programme 

Aire 

Bax 

Bcl-2 

Bcl-xl 

Cre 

Foxn1Cre 

Mcl-1 

1. 94° C for 4 min 
2. 94° C for 40 sec 
3. 55° C for 30 sec 
4. 72° C for 60 sec 
5. Repeat steps 2-4 for 30 cycles 
6. 72° C for 5 min 
7. 4° C hold  

Bak 1. 94° C for 2 min 
2. 94° C for 1 min 
3. 55° C for 2 min 
4. 72° C for 1 min 
5. Repeat steps 2-4 for 35 cycles 
6. 72° C for 10 min 
7. 4° C hold 

Kat7 1. 94° C for 2 min 
2. 94° C for 30 sec 
3. 68° C for 30 sec 
4. Repeat steps 2-3 for 5 cycles 
5. 94° C for 30 sec 
6. 60° C for 30 sec 
7. 72° C for 30 sec 
8. Repeat steps 5-8 for 30 cycles 
9. 72° C for 5 min 
10. 4° C hold 

Table 2.2 – PCR programmes used for genotyping 

2.2.2 Irradiation and haematopoietic reconstitution 

Mice were lethally irradiated with 2 x 5.5 Gy 3h apart, using a Best Theratronics 

Phoenix irradiator containing a 60Cobalt source at a dose rate of approximately 

5.5 Gy per minute. 

Donor (CD45.1) mice were euthanised and bone marrow was flushed from 
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femurs using RPMI-HEPES in a 23G needle under sterile conditions. Cells were 

filtered through a 100 µm nylon mesh to obtain single cell suspensions and 

cellularity was determined using the CASY automated cell counter (Schärfe 

GmbH). Cells were spun at 1500 rpm for 5 min, resuspended in sterile PBS and 

set to a final concentration of 2.5 x 107 cells/mL and 5 x 106 cells were injected 

i.v. into recipient mice approximately 3 h after the second dose of g-irradiation. 

Recipient mice were euthanised at the indicated time points.  

2.2.3 Thymus digestion for TEC analysis  

Mice were euthanised using CO2, thymi were dissected, connective tissue was 

removed, and the two thymic lobes were gently separated. Approximately 10-15 

snips were made into each lobe using surgical scissors and lobes were agitated 

using a wide-bore pipette tip in 5 mL of RPMI-HEPES to release thymocytes. The 

supernatant was recovered and replaced with 1 mL of a pre-warmed enzymatic 

digestion buffer (RPMI-HEPES supplemented with DNase I at 0.1 % w/v (Sigma-

Aldrich) and Liberase TM at 0.5 Wunsch Units [U] (Roche)). Thymic fragments 

were digested for 15 min at 37°C with gentle agitation through a wide-bore pipette 

tip every 5 min. After the first digestion, the cells accumulated in the supernatant 

were recovered and 0.5 mL of fresh pre-warmed digestion buffer was added. The 

second digestion was performed for 15 min at 37°C with gentle agitation every 5 

min and the cells released were recovered by filtration through a 100 µM nylon 

mesh. 
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2.2.4 Flow cytometry – staining protocol  

Approximately, 5 x 106 cells were used for FACS analysis of thymic or 

lymphocytic subsets. Cells were seeded in round-bottom 96 well plates and spun 

down at 1500 rpm for 5 min. Plates were flicked to remove the supernatant and 

cells were resuspended and incubated with the respective antibodies for surface 

markers (either for thymocyte, TEC or splenocyte populations) for 30 min at 4°C 

the dark. Antibody cocktails were prepared in FACS buffer (PBS with 1% (v/v) 

FCS and 5 mM EDTA). For staining of lymphocytic populations 2.4G2 anti-FcγRII 

blocking antibody was added (10 % v/v) to prevent non-specific binding of 

antibodies to the Fcγ receptors. Cells were washed in FACS buffer and biotin 

conjugates were detected with streptavidin PE/Cy7 (BD Biosciences) or 

streptavidin BV786. Propidium iodide or 4′,6-diamidino-2-phenylindole (DAPI) at 

a final concentration of 2.5 μg/mL was added to samples just prior to data 

acquisition to label dead cells.  

For staining of intracellular determinants, cells were fixed and permeabilised 

using the eBioscience FOXP3 kit. Cells were fixed in 100 µl FOXP3 fixation buffer 

(1:4 dilution of fixation concentrate: fixation diluent) for 30min on ice. After 

fixation, 100 µl FOXP3 permeabilisation buffer were directly added to the fixed 

cells. Cells were spun at 1500 rpm for 5 min. Antibody conjugates were diluted in 

the eBioscience FOXP3 permeabilisation buffer, added to the fixed and 

permeabilised cells and staining was performed for 30 min at 4°C the dark. Cells 

were then washed in permeabilisation buffer and spun at 1500 rpm for 5 min. 

Lastly, cells were resuspended in FACS buffer prior to acquisition on either a 

Fortessa X20 (BD Biosciences) or Fortessa 1 (BD Biosciences) and analysed 
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using the FlowJo software 10.2 (TreeStar). Total cell numbers were calculated 

based on the total organ cellularity as determined by the CASY counter multiplied 

by the percentage of live cells as determined on the FACS machines. 

2.2.5 Purification of TEC subsets  

Thymi (2-6 per genotype) of sex- and age-matched mice were pooled, connective 

tissue was removed, the lobes gently separated, and several snips were made. 

Thymic tissue was gently agitated in 10 mL RPMI-HEPES using a wide-bore 

pipette tip to release thymocytes, followed by recovery of the supernatant. This 

step was repeated three times. Next, 3 mL of pre-warmed digestion buffer was 

added and thymic fragments were digested for 15 min at 37°C with gentle 

agitation through a wide-bore pipette tip every 5 min. The supernatant was 

recovered and replaced with 2 mL of fresh digestion buffer. The second digestion 

was again performed for 15 min at 37°C with gentle agitation every 5 min. 

Supernatant was again recovered and a third digestion was performed with 1 mL 

of fresh digestion buffer. The different fractions were filtered through a 100  µM 

nylon mesh. Cell counts were determined on a CASY cell counter (Schärfe 

GmbH). The final digestion fractions were pooled to a total number of ~ 2x108 

cells. These cells were incubated with anti-mouse CD45 MicroBeads (Miltenyi 

Biotec) for depletion of CD45+ cells using LS columns (Miltenyi Biotec) according 

to manufacturer’s instructions. Negatively selected cells were stained with 

appropriate antibody conjugates and cells were sorted on FACSAriaW (BD 

Biosciences) or MoFlo Legacy (Beckman Coulter) machines. Sorted TECs were 

collected in 200 µl of sterile PBS (for further RNA-sequencing) or Direct PCR lysis 

reagent (for further genomic PCR analysis). 
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2.2.6 Genomic PCR anlaysis of Kat7 

Purified thymic cell subsets were lysed in Direct PCR Lysis reagent (Viagen 

Biotech) and digested overnight with Proteinase K (Sigma) at 56°C with agitation. 

PCR was performed to detect the wildtype, floxed and deleted Kat7 alleles with 

the following primers: 5’-TAAGAGCTATTCCGTGTTCCGG-3’;                                      

5’-AACTGGAAATTCTTTGGCGCTCC-3’;                                                                              

5’-ATCAATTCTGCCTGGCTTAACCC-3’ using the program as described in 

Table 2.2. Products were separated on a 2 % (w/v) agarose gel with ethidium 

bromide and analysed on a Molecular Imager® Gel DocTM XR+ System (Bio-Rad). 

2.2.7 RNA-sequencing analysis of TEC subsets from Kat7ΔFoxn1 
mice 

Three biological replicates were prepared of cTEC, mTEChi and mTEClow cell 

populations from control and Kat7ΔFoxn1 mice. RNA from sorted TEC subsets was 

isolated using the microRNeasy Micro Kit (Qiagen) with on column DNase 

digestion according to manufacturer’s instructions. First strand cDNA synthesis 

and cDNA amplification were performed using the SMART-Seq® v4 Ultra® Low 

Input RNA Kit for Sequencing (Clontech Laboratories) according to 

manufacturer’s instructions. Complementary DNA (cDNA) libraries were 

prepared and indexed separately using the Nextera® XT DNA Library 

Preparation Kit (Illumina) following manufacturer’s instructions. Each indexed 

sample library was quantified using the Agilent Tapestation and the Qubit™ DNA 

BR assay kit for Qubit 3.0® Fluorometer (Life technologies). The indexed sample 

libraries were pooled and diluted to 1.5pM for 75 base paired-end sequencing on 

a NextSeq 500 instrument using the v2 150 cycle High Output kit (Illumina) as 

per manufacturer’s instructions. 
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RNA-sequencing analysis was performed by Luke C Gandolfo and Gordon K 

Smyth (for detailed methods see Chapter 4). 

2.2.8 Immunofluorescence microscopy 

Thymi were dissected and immediately embedded in Tissue-Tek O.C.T 

compound (Sakura Finetek) and snap frozen in a liquid nitrogen/isopentane 

slurry. Cryosections of 8 µm were cut using the Microm HM550 Cryostat (Thermo 

Scientific) and air-dried for 20 min then stored at -20°C until further processing. 

Sections were thawed at room temperature (RT), washed in PBS and blocked 

with 5% (v/v) horse serum in PBS with 1% (v/v) Triton X100 for 30 min. Primary 

antibody staining was performed for 30 min at RT, including biotinylated anti-

mouse pan-keratin (clone Lu5, LifeSpan BioSciences), rat anti-mouse AIRE 

(clone 5H12, WEHI) and rabbit monoclonal antibody Acetyl-Histone H3 (Lys14) 

(clone D4B9, Cell Signalling). Sections were washed with 0.01% (v/v) Triton X100 

in PBS 3 times for 5 min each, then incubated with secondary reagents: anti-

rabbit Ig Alexa 647 (Life Technologies), anti-rat Ig Alexa 555 (Life Technologies) 

and streptavidin Alexa 488 (Life Technologies) for 30 min in the dark. Slides were 

washed again, counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 

min at RT then mounted with Dako Fluorescent Mounting Medium (Dako). 

Images were acquired on the LSM780 confocal with Zen 2012 SP2 (black) 

software v11.0 (Zeiss). Single optical sections and maximal intensity projection 

images were processed for presentation using FIJI (Version 2.0.0) [418].  

2.2.9 Immunofluorescence microscopy for the detection of 
auto-antibodies 

Tissues from Rag1-/- were harvested and embedded in Tissue-Tek O.C.T 
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compound (Sakura Finetek) and frozen using the PrestoCHILL system (Milestone 

Medical). Organs were stored at -80°C until sectioning. Sections of 8 µm were 

cut using the Microm HM550 Cryostat (Thermo Scientific), air-dried for 20 min 

and then fixed in ice-cold 100% acetone for 10 min. Sections were again air-dried 

for 10 min before storing at -20°C for further processing. Sections were thawed 

at RT and washed 3 times in PBS for 5 min each. Staining was performed using 

sera from ~1-year-old mice of different genotypes, diluted in PBS (1/10; 1/30; 

1/100) and incubated for 30 min at RT. This was followed by 3 washes in PBS for 

5 min each. Secondary staining was performed with a goat anti-mouse IgM/A/G 

antibody conjugated to FITC (Cappel Laboratories) for 30 min at RT in the dark. 

Sections were washed in PBS 3 times for 5 min each, counterstained with DAPI 

for 5 min at RT. Slides were mounted with Dako Fluorescent Mounting Medium 

(Dako). Images were acquired on the AxioObserver (Zeiss) wide-field 

fluorescence microscope. Single optical sections were processed for 

presentation using FIJI (Version 2.0.0) [418].  

2.2.10 Adoptive T cell transfer 

Splenocytes from 5-month-old mice were incubated with biotinylated anti-mouse 

Thy1.1 antibody (clone T3.24.1, WEHI) for 15 min, washed and incubated with 

streptavidin MicroBeads (Miltenyi Biotec). T cells were enriched on an AutoMACS 

(Miltenyi Biotec) using the positive depletion_sensitive program following 

manufacturer’s instructions. After washing, cells were spun and resuspended in 

sterile PBS and 2 x 106 T cells were injected i.v. into Rag1-/- mice. Eight weeks 

after the adoptive T cell transfer, recipients were euthanised and organs were 

histologically assessed for lymphocytic infiltration. 
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2.2.11 Histology and scoring 

Organs from 1-year-old mice or Rag1-/- recipient mice transplanted with T cells 

(see section 2.2.10) were fixed in 10% buffered formalin for at least 24 h, 

embedded in paraffin and processed, sectioned and stained with haematoxylin 

plus eosin (H&E). Analysis of the tissue sections and scoring of immune infiltrates 

were performed blinded. The following scheme was used to score severity of 

lymphocytic infiltrations. Lung, liver, salivary gland, pancreas, lacrimal gland, 

kidney: (0) lymphocyte infiltration detected <5% of tissue. (1) small patches of 

lymphocyte infiltration detected in 5-10% of the tissue. (2) multiple small patches 

of lymphocyte infiltration detected in 10-15% of the tissue. (3) multiple patches of 

lymphocyte infiltration detected in >15% of the tissue. Stomach: (0) lymphocyte 

infiltration detected in <5% of tissue. (1) lymphocyte infiltration detected in >5% 

of tissue. Eye: (0) normal eye, retinal layers well-ordered and preserved. (1) 

retinal architecture disorganised. (2) extensive destruction of the photoreceptor 

layers. 

2.2.12 Statistical analysis 

Statistical analyses were performed using Prism version 7. No outliers were 

excluded. Experiments with 2 groups were analysed using Mann Whitney U tests 

(unpaired, no Gaussian distribution, two-tailed) or Student’s t-test (unpaired, two-

tailed) and the threshold for statistical significance was P £ 0.05. 
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3.1 Introduction 
Thymic epithelial cells (TECs) create a unique microenvironment that induces the 

commitment of haematopoietic progenitors to the T cell lineage, guides their 

differentiation into mature T lymphocytes and imposes immune tolerance [32]. 

TECs have been shown to be a highly dynamic cell population and undergo a 

rapid turnover [94, 129]. During development, TEC numbers increase with overall 

thymic cellularity, but then decrease during age-related thymic involution, as do 

the numbers of lymphoid cells in the thymus [94, 135]. 

Age-related thymic involution involves the loss of approximately 95% of thymic 

cellularity which is mainly replaced by adipose tissue [264]. Thymic output is 

directly proportional to the number of thymocytes [419]; therefore the shrinkage 

of the thymus in adulthood reduces the production of naïve T cells. This 

diminished thymic output is accompanied by a compensatory homeostatic 

increase in the memory T cell pool in peripheral lymphoid tissues, which may 

have the net effect of reducing immune responsiveness to new pathogens [312, 

420]. These observations have led to the suggestion that thymic involution may 

be a major cause of age-related immune senescence. 

Thymic involution is believed to be induced (at least in part) by an increase in 

sex-steroid hormones at the onset of puberty [421]. It has been shown that 

castration of aged male mice or ovariectomy of aged female mice induces thymic 

rejuvenation that restores normal “young” levels of TECs and T cell production 

[135, 275]. However, this regeneration is transient, such that within two months, 

the thymus has atrophied once more. This suggests that additional factors must 

also be involved in the process of thymic involution. Nevertheless, these studies 
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have also shown that the thymus, at least in young individuals, has a remarkable 

capacity to regenerate not just from age related involution but also from other 

acute stresses. 

Thymic atrophy is not only caused by age, but also by acute stressors, such as 

malnutrition or physical stress [422], prolonged infections (e.g. with HIV) [423, 

424] and genotoxic stress, for example cancer chemotherapy [287] and ionizing 

radiation. While age-related thymic involution is not thought to be detrimental to 

healthy individuals, it can become problematic when the immune system is 

compromised. For example, in order to perform an allogeneic bone marrow 

transplant that is used to treat certain haematopoietic malignancies (e.g. acute 

myeloid leukaemia, AML) or severe immune disorders, patients undergo severe 

cytoablative regimens with high doses of chemotherapy (sometimes 

accompanied by whole body irradiation) to deplete haematopoietic stem cells and 

their mature descendants [307]. This treatment not only ablates haematopoietic 

cells but also has lasting impact on the thymic micro-environment. Compromised 

thymic function impairs T cell reconstitution in these patients, causing an 

increased risk and severity of opportunistic infections which, in turn, increases 

morbidity and mortality among these patients [267, 425]. After cancer therapy, 

adults may take two years or more to recover T cell immunity, with many 

remaining immunodeficient even after this period [308, 310, 311]. 

Despite the importance of TECs for thymic T cell differentiation, an understanding 

of the molecular mechanisms controlling their survival after cytoablative 

treatment and the impact of these mechanisms on thymic regeneration is lacking. 

Understanding these processes during acute thymic injury and regeneration may 
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allow the design of new treatments to protect or promote thymus function in 

patients undergoing cytoablative therapies.  

Apoptosis is a programmed cell death pathway that has been highly conserved 

throughout evolution. This form of cell death is important in normal embryonic 

development, tissue homeostasis and immune function in mammals and other 

animals [342]. Defects in this cell death pathway have been shown to be involved 

in the development of several diseases, including cancer, autoimmunity and 

degenerative disorders [343]. In mammals, apoptosis can be induced via two 

distinct, but ultimately converging pathways: the extrinsic (also called death 

receptor induced) or the intrinsic (also called mitochondrial or BCL-2-regulated) 

apoptotic pathways. Both converge upon the activation of a family of aspartate-

specific cysteine proteases, called caspases, which by cleaving hundreds of 

proteins precipitate cell demolition. 

The extrinsic pathway is initiated by ligation of certain members of the TNF 

receptor superfamily (e.g. FAS, TNFR1) on the surface of the cell. Recruitment 

of adaptor proteins, such as FADD, leads to the aggregation and activation of the 

initiator caspase, caspase-8, which in turn leads to the proteolytic activation of 

executioner caspases, caspase-3, -6 and -7. 

The intrinsic apoptotic pathway is tightly regulated by the interactions between 

anti-apoptotic (i.e. pro-survival) BCL-2 family members with the pro-apoptotic 

BAX/BAK proteins and/or the pro-apoptotic BH3-only proteins. Cytotoxic stimuli, 

such as DNA damage, cytokine deprivation or endoplasmatic reticulum stress, 

lead to the transcriptional or post-transcriptional activation of pro-apoptotic BH3-

only proteins (BIM BID, BAD, PUMA, NOXA, BIK, HRK and BMF). These proteins 
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can carry out their pro-apoptotic function in two ways: either by binding to and 

neutralizing the pro-survival BCL-2 family member proteins (BCL-2, BCL-XL, 

BCL-W, MCL-1 and A1 (called BFL1 in humans)) or by direct binding and 

consequent activation of the pro-apoptotic effector proteins BAX and BAK [346]. 

Activation of these effector proteins leads to their oligomerisation and the 

disruption of the mitochondrial outer membrane, allowing the release of 

cytochrome c (and other apoptogenic proteins, such as SMAC/DIABLO), the 

formation of the apoptosome and subsequent activation of the initiator caspase, 

caspase-9. Caspase-9 then proteolytically activates the executioner caspases to 

cleave cellular substrates and cause a non-inflammatory death of the cell [342].  

Recent studies using TEC-specific ablation of key pro-apoptotic (BAX and BAK) 

[348] or anti-apoptotic (MCL-1, BCL-2, BCL-XL) proteins using the Foxn1Cre 

transgenic mouse strain defined the major apoptotic control mechanisms that 

maintain TEC homeostasis under steady-state conditions. The deletion of BAX 

and BAK in TECs caused the aberrant accumulation of medullary TECs (mTECs) 

and subtle differences in the cortical TECs (cTECs) [386], demonstrating a role 

for the intrinsic apoptotic pathway in constraining TEC number. Surprisingly, the 

pro-survival proteins BCL-2 and BCL-XL were dispensable for TEC survival. By 

contrast, MCL-1 was found to be essential for TEC survival; without it, almost all 

TECs spontaneously died, leading to severe thymic atrophy and T cell deficiency 

[386]. However, although BCL-2 and BCL-XL do not appear to have a crucial role 

in TEC homeostasis under steady state conditions, indications from other tissues 

suggest that they might still be required for TEC survival during injury and tissue 

regeneration [426]. 
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Despite the critical roles of TECs in thymic function, surprisingly little is known 

about the impact of cytoablative treatments on their survival, function and 

capacity to mediate thymic regeneration. In this study we sought to determine the 

impact of cytoablative treatments on the various TEC subpopulations, the 

molecular mechanisms by which TECs die in response to g-irradiation and sought 

to identify the pro-survival BCL-2 family proteins that are required for TEC survival 

during injury and regeneration. 

3.2 Results 

3.2.1 Kinetics of thymic injury and regeneration following g- 
irradiation 

In order to assess the impact of cytoablative treatment on thymic function and 

regeneration, we opted to use whole-body g-irradiation in young adult C57BL/6 

mice and haematopoietic reconstitution with bone marrow cells from syngeneic 

donors. This protocol provides a clearly demarcated time point when thymic injury 

is induced, providing an amenable protocol for systematic assessment of the 

impact of injury on TECs. Thymi were harvested and analysed by flow cytometry 

at the indicated time points, spanning early atrophy (3 and 7 days), regeneration 

(14 days) and restoration of steady-state thymopoiesis (28 days) [287, 309].  

Mice showed severe thymic atrophy 3 days after lethal g-irradiation with salvage 

bone marrow transplantation, which persisted over the first week after g-

irradiation (Fig 3.1A). At day 14 post g-irradiation, thymic cellularity had recovered 

and was restored to homeostatic numbers 28 days after g-irradiation. Analysis of 

the different thymocyte subsets, namely DN, DP, CD4SP and CD8SP, revealed 



 114 

that DP, as well as DN and CD8SP thymocytes demonstrated the biggest decline 

in cell numbers at day 3 post g-irradiation (Fig 3.1B-C). This is consistent with 

other studies showing that especially DP thymocytes are very prone to 

cytoablative treatments [375, 427]. Additionally, while CD4SP thymocytes also 

showed a severe reduction in numbers at day 3 post g-irradiation, this thymocyte 

subset declined further in number, reaching its lowest cell number at day 7 after 

g-irradiation (Fig 3.1B-C). Nevertheless, all thymocyte subsets recovered to near 

homeostatic conditions or above by day 28 (Fig 3.1B-C). These results revealed 

that even though thymocytes are highly sensitive to g-irradiation, they recovered 

swiftly and were restored to homeostatic conditions within 28 days of lethal g-

irradiation. 

TECs exhibited some resistance to g-irradiation, relative to thymocytes. 

Compared to the 1.5 log decrease in thymocyte number observed 3 days after 2 

x 5.5 Gy g-irradiation, the number of TECs were reduced by ~40% (Fig 3.1D-F). 

Nevertheless, TECs continued to decline in number over the first 14 days post g-

irradiation and only showed minor recovery at day 28 post treatment (Fig 3.1D-

F). TECs did not recover to homeostatic numbers, therefore lagging behind the 

recovery of thymocytes. Due to the severe effect of g-irradiation on thymocytes 

(Fig 3.1B-C), TEC proportions significantly increased at day 3 post g-irradiation 

but dropped below normal from 14 days (Fig 3.1G), which coincided with a 

recovery of thymocytes (Fig 3.1A-C). 
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3.2.2 TEC subsets of young adult wild-type mice show 

differential recovery after lethal g-irradiation 

Various subpopulations of TEC can be distinguished on the basis of phenotype, 

location and function. To determine how g-irradiation-induced thymic damage led 

to the loss and recovery of TECs, we examined the various major TEC 

subpopulations using several approaches. In the first, three major TEC subsets 

can be discriminated on the basis of staining with antibodies against MHC class 

II (MHCII) and the lectin UEA-1 [135] or Ly51: mTEClow (MHCIIlow UEA-1+ or 

MHCIIlow Ly51-), the mTEChigh (MHCIIhigh UEA-1+ or MHCIIhigh Ly51+), and cTEC 

(MHCII+ UEA-1- or MHCIIl+ Ly51+). The immature mTEClow subset is believed to 

give rise to the immature mTEChigh subset, which then differentiates further into 

the mature mTEChigh AIRE+ subset, which is crucial for the induction of self-

tolerance [129, 135]. We observed that these TEC subsets responded differently 

to g-irradiation: the treatment induced early loss of mTEChigh cells until day 7 (Fig 

3.2A-C). The first signs of recovery were detected at day 14 post g-irradiation (Fig 

3.2A-C). However, the mTEChigh subset did not fully recover by day 28 (Fig 3.2B-

C). The mTEClow subset also swiftly declined in number and proportion, but unlike 

the mTEChigh, this population only showed subtle signs of recovery over the time 

period analysed (Fig 3.2A, D-E). Cortical TECs (cTECs) were different again. 

The cTEC population significantly increased in total number and proportion at 

days 3 and 7 after g-irradiation but then dropped below normal numbers by days 

14 and 28 (Fig 3.2A, F-G). 

Given the severe impact of g-irradiation on the mTEChigh subset, we next 

examined the specific impact on the AIRE+ mTEChigh subset, which has essential 
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roles in immunological tolerance (Fig 3.3). The proportion of mTEChigh cells that 

were AIRE+ did not change over the time course analysed (Fig 3.3A, B). 

Therefore, AIRE+ mTEChigh cells showed a similar response to g-irradiation as the 

whole mTEChigh subset (Fig 3.2A-B), declining significantly in number during the 

first week after treatment (Fig 3.3A-B) and recovering from 14 days post g-

irradiation. Overall, these data describe markedly different responses to g-

irradiation among the major TEC subpopulations. 

Recently, Bornstein et al. reclassified the medullary TEC compartment into four 

distinct groups, called mTEC I – IV, on the basis of single-cell RNA sequencing 

analysis [96]. This classification includes a previously undescribed population of 

tuft cells (mTEC IV), whose function remains unclear [96, 428]. By analogy to 

other tissues, such as the gut or lung, these cells may have a prominent role in 

the response to thymic injury. The mTEC I subset is somewhat analogous to the 

mTEClow subset described above and is believed to harbour progenitor activity 

due to the expression of markers associated with progenitor activity, such as 

SCA-1 and Ly6d [96]. Over the time course analysed, we observed a consistent 

decline in the proportion of this subset after g-irradiation (Fig 3.4C). Cell numbers 

declined significantly over the first 2 weeks after g-irradiation and showed no 

signs of recovery at day 28 (Fig 3.4C). The mTEC II subset was described to 

consist mainly of mature mTECs, which includes AIRE+ cells, and largely 

corresponds to the mTEChigh compartment [96]. The proportion and number of 

this subset significantly declined for a week after g-irradiation but then recovered 

to nearly homeostatic levels (Fig 3.4D). The mTEC III population is a 

heterogenous population that comprises cells that had previously expressed 
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AIRE [96]. The response to g-irradiation observed in this population resembled 

that of mTEChigh or mTEC II (Fig 3.4E). This indicates that the relationship with 

AIRE+ cells was maintained following thymic injury. The mTEC IV subset is 

composed of thymic tuft cells, with a distinctive cell morphology and expression 

of canonical tuft cell markers [96]. Although their numbers remained constant for 

the first week after g-irradiation, their proportion increased significantly during this 

period due to the comparatively greater loss of other cell types (Fig 3.4F). These 

data indicate that tuft cells are relatively resistant to g-irradiation induced cell 

death. However, at day 14 post g-irradiation, tuft cell numbers and proportions 

significantly declined and showed no signs of recovery during the time course 

analysed (Fig 3.4F). This interesting kinetic response was not observed in any 

other TEC subpopulation examined. 

A previous report characterised TECs with the capacity to give rise to both mature 

mTECs and cTECs within the adult thymus [81]. Contained within the UEA-1- 

MHCIIlow population, this putative progenitor population expresses high amounts 

of the cell surface markers SCA-1 and a6-integrin [81]. Shortly after g-irradiation 

(day 3), the a6-integrinhigh SCA-1high subset was relatively resistant to irradiation-

induced death, significantly increasing in proportion (Fig 3.5A-B). However, by 

day 7 after g-irradiation, we observed a significant drop in the numbers of these 

cells. This population was not able to recover within one month after this 

treatment (Fig 3.5B). The more differentiated a6-integrinintermediate SCA-1high 

subset is composed largely of mTEClow cells [81] and, accordingly, followed a very 

similar pattern with cell numbers declining throughout the first 2 weeks post g-

irradiation and not being able to recover over the time course analysed (Fig 
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3.5C). The a6-integrinlow SCA-1low subset (analogous to the mTEChigh cells [81]) 

were highly sensitive to g-irradiation but recovered to near homeostatic conditions 

between days 14 and 28 following treatment (Fig 3.5D). Furthermore, the a6-

integrinhigh SCA-1low subset significantly increased in proportion over the first 

week after g-irradiation but dropped to homeostatic levels at day 28 (Fig 3.5E). 

However, the total cell numbers of this population remained fairly stable over the 

period analysed.  

Collectively, these data indicate that the different TEC subsets demonstrated a 

differential response to lethal g-irradiation. While mTEChigh cells were highly 

sensitive to g-irradiation-induced death over the first week, these cells were able 

to recover to near homeostatic levels. The mTEClow subset was the most 

susceptible subset to g-irradiation induced death and was not able to recover in 

number despite complete thymic regeneration by 28 days. The cTEC 

compartment was resistant to g-irradiation-induced cell death and even showed 

an increase in numbers early after g-irradiation. However, they then declined 

below homeostatic numbers by day 28 post irradiation. Tuft cells again behaved 

differently, showing resistance to g-irradiation induced death over the first week, 

but then decreased significantly in number and proportion and showed no signs 

of recovery. Additionally, we showed that the a6-integrinhigh SCA-1high 

compartment which harbours some of the progenitor potential for TECs in the 

adult mouse [81] was resistant to g-irradiation but then declined in number, 

perhaps because their further differentiation contributed to the recovery of other 

TEC subsets. Collectively, these data show a surprisingly dynamic and varied 

response among TEC subsets during g-irradiation-induced thymic atrophy and 



 119 

regeneration. 

3.2.3 Proliferation of TECs after injury  

To probe the nature of TEC response and recovery after lethal g-irradiation, we 

analysed the level of KI67, a marker for actively proliferating cells [429]. To our 

surprise, early after g-irradiation, the proportion of KI67+ TECs declined 

significantly (Fig 3.6A-B). At day 7 post g-irradiation the proportion of KI67+ TECs 

slightly increased and a major increase was detected at day 14 after treatment 

(Fig 3.6A-B). This suggested that TECs were starting to recover at this time (Fig 

3.1E).  

Further analysis of the three major TEC subsets showed that the proportion of 

KI67+ cells was the lowest in all subsets at day 3 after g-irradiation (Fig 3.6A, C-

E), probably because the irradiation-induced DNA damage caused p53 activation 

which subsequently caused cell cycle arrest in some of these cells. All TEC 

subsets showed a significant proportional increase in KI67+ cells by day 14 post 

g-irradiation, suggesting that all subsets were actively proliferating during thymic 

recovery (Fig 3.6C-E). Interestingly, we observed that the cTEC subset with high 

expression of MHCII exhibited particularly high levels of proliferation, well in 

excess of the rates of proliferation observed at steady-state in this population (Fig 

3.6A, bottom panels). 

Analysis of the proliferation kinetics of the mTEC IV or tuft cells showed, that even 

though the proportions of KI67+ cells recovered to homeostatic conditions at day 

28 post g-irradiation, the numbers of KI67+ cells only revealed a minor increase 

(Fig 3.7A). 
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Analysing the proliferation of the a6-integrinhigh SCA-1high progenitor TEC subset, 

we again observed the proportional and numerical loss of KI67+ cells over the first 

week after g-irradiation (Fig 3.8A). At day 14 post g-irradiation the a6-integrinhigh 

SCA-1high population started to proliferate as shown by an increase in the 

proportions and numbers of the KI67+ cells (Fig 3.8A). The proportions of KI67+ 

cells kept increasing in this putative TEC progenitor subset even at day 28 post 

g-irradiation (Fig 3.8A). 

In conclusion, at day 14 post g-irradiation all TEC subsets showed a similar or 

higher proportion of KI67+ cells than under homeostatic conditions. This suggests 

that all populations were undergoing active proliferation to restore the TEC 

compartment. This proliferation of TECs might be driven by the recovery of 

thymocytes which start recovering between day 7 and day 14 after g-irradiation 

(Fig 3.1A-C) due to progenitors that enter the thymus from the bone marrow.  

3.2.4 TECs die via the intrinsic apoptotic pathway after 

g-irradiation 

Previous studies from our lab examined the roles of various cell death pathways 

in TEC homeostasis and thymus function. It was found that, although the death 

receptor induced, necroptotic and autophagic cell death pathways were not 

required for TEC death under steady-state, the intrinsic apoptotic pathway was 

[348]. TEC-specific ablation of both BAX and BAK, the two executioner proteins 

essential for the intrinsic apoptotic pathway with extensive functional overlap, in 

BaxDFoxn1 Bak-/- mice did not cause major changes in thymic cellularity but did 

induce a modest increase in the numbers in the mTEClow compartment [348]. For 
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this reason, and because g-irradiation typically induces cell death via the intrinsic 

(BAX/BAK dependent) apoptotic pathway [357, 371], we investigated whether 

BAX and BAK mediate the TEC loss observed following this insult. 

Thymic atrophy induced by g-irradiation in BaxDFoxn1 Bak-/- mice was comparable 

to that seen in Foxn1+/+ Baxflox/flox Bak-/- control animals (hereafter termed 

controls). The recovery of thymic cellularity was slightly quicker in the BaxDFoxn1 

Bak-/- mice, with greater numbers observed at 4 weeks post g-irradiation (Fig 

3.9A-B). 

Examining the overall response of TECs lacking both Bax and Bak showed that 

the deletion of these essential executioners of the intrinsic apoptotic pathway was 

able to inhibit the loss of TECs observed between 3-28 days after g-irradiation 

(Fig 3.9D). Indeed, total TEC numbers and proportions significantly increased 

during the first week after g-irradiation (Fig 3.9D). This suggests that blocking the 

intrinsic apoptotic pathway was not only able to rescue TECs from g-irradiation-

induced death early on, but also enabled the expansion of these cells. It should 

also be mentioned that even though Bak was absent in control mice, no obvious 

phenotypic differences in TECs were detected compared to wild-type controls, 

suggesting that the deletion of Bak alone was not sufficient to rescue TEC from 

g-irradiation-induced death.  

Consistent with the previous report [348], untreated BaxDFoxn1 Bak-/- had increased 

TEC numbers (Fig 3.9D). Therefore, we also calculated the percentage changes 

of TEC numbers compared to untreated mice of the same genotype at each time 

point to account for this initial increase. Even using this way of examining the 
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data, TEC numbers significantly increased over the first week after g-irradiation 

(Fig 3.9E). Whereas TECs from control mice had not recovered 8 weeks after 

irradiation, mice deficient for Bax and Bak in their TECs showed similar numbers 

of TECs as under homeostatic conditions (Fig 3.9D-E). Additionally, we observed 

a significant increase in the proportion of TECs compared to control mice at all 

time points (Fig 3.9F). In conclusion, we here show that the deletion of BAX and 

BAK can efficiently protect TECs from γ-irradiation-induced death in mice, at least 

when analysed over a period of 8 weeks. 

The deletion of both Bax and Bak had a differential impact on the different TEC 

subsets (Fig 3.10A). The mTEChigh subset in BaxDFoxn1 Bak-/- mice was initially 

(after 3 days) protected from g-irradiation induced death (Fig 3.10B-C). However, 

by week 2 post g-irradiation, mTEChigh numbers significantly declined and were 

comparable to those of control animals (Fig 3.10B-C). Nevertheless, mTEChigh 

numbers recovered to levels comparable to homeostasis in BaxDFoxn1 Bak-/- mice 

by 4 weeks after g-irradiation but then again declined by 8 weeks. However, those 

from control animals remained low at 4 and 8 weeks after g-irradiation (Fig 3.10B-

C), consistent with our earlier observations. The loss of the intrinsic pathway of 

apoptosis in TECs did not impact on the response of AIRE+ mTEChigh cells to g-

irradiation (Fig 3.10D). As observed earlier, this subset overall followed the same 

response kinetics as the mTEChigh subset. By contrast, the mTEClow subset 

initially increased in cellularity in BaxDFoxn1 Bak-/- mice over the first week after g-

irradiation before gradually falling below homeostatic levels (Fig 3.10E-F). 

However, even though cell numbers declined, overall the mTEClow subset 

showed protection from g-irradiation induced death when both BAX and BAK 
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were deleted (Fig 3.10E-F). The cTEC subset in BaxDFoxn1 Bak-/- mice increased 

in cellularity throughout the first week after g-irradiation, exceeding the expansion 

observed in controls (Fig 3.10G-H). Additionally, the cTEC compartment showed 

a subtle increase in numbers compared to homeostatic conditions 8 weeks post 

g-irradiation (Fig 3.10G-H). Collectively, these data establish a role of BAX and 

BAK mediated apoptosis across all TEC subsets during g-irradiation induced 

thymic involution. 

In order to understand whether the increase in the mTEClow and cTEC 

compartments observed in g-irradiated BaxDFoxn1 Bak-/- mice was due to increased 

proliferation of the cells, we next analysed expression of the cell division marker, 

KI67. Consistent with our earlier data, the proportions of KI67+ TECs dropped 

across all TEC subsets at day 3 post g-irradiation (Fig 3.11A-E). From day 7 post 

g-irradiation the proportions of KI67+ cells steadily increased across all TEC 

subsets (Fig 3.11A-E). Interestingly, the proportions of KI67+ cells were generally 

lower in TECs from BaxDFoxn1 Bak-/- mice compared to control animals (Fig 3.11A-

E). This suggests that the proliferative response provoked by thymic atrophy was 

dampened when significant numbers of TECs were rescued from apoptosis. 

Furthermore, increased cell division could not explain the apparent expansion of 

TEC subsets within the first week following g-irradiation. It should also be 

mentioned, that the thymus might behave differently during the stepwise 

enzymatic digestion, leading to a better recovery of TECs due to the loss of 

thymocytes, which may result in an apparent increase in TEC numbers due to 

this better recovery rather than an actual expansion of these cells.  

Studies from our lab have shown that TECs are highly dependent on anti-
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apoptotic MCL-1 for their survival as the conditional deletion of Mcl-1 from TECs 

led to thymic atrophy and T cell lymphopenia by 2 months of age [386]. We 

therefore sought to determine whether TECs showed differential regulation of 

pro-survival BCL-2 family members following g-irradiation that might explain the 

varying impact on the different TEC subsets. Furthermore, we determined the 

levels of these proteins in TECs from the BaxDFoxn1 Bak-/- mice to examine whether 

the combined loss of BAX and BAK could somehow alter the expression of other 

BCL-2 family members (Fig 3.12A-C). MCL-1 levels were comparable between 

untreated TECs of both control and BaxDFoxn1 Bak-/- (Fig 3.12A). Perhaps 

surprisingly, MCL-1 levels showed no major changes in expression in any of the 

major TEC subsets over the time course analysed in either experimental group 

(Fig3.12D), despite being the most important pro-survival protein for TECs under 

steady-state conditions. The amounts of the related pro-survival protein, BCL-XL, 

were slightly reduced in TECs from BaxDFoxn1 Bak-/- mice compared to controls 

under homeostatic conditions (Fig 3.12B). Nevertheless, irradiation induced a 

drop in the amounts of BCL-XL by day 7 in both groups. This drop was 

predominantly observed in the mTEC subsets (Fig 3.12E). The levels of BCL-XL 

had recovered to normal within 14 days after g-irradiation. BCL-2 levels were 

slightly lower in TECs from BaxDFoxn1 Bak-/- mice at steady-state, but both groups 

exhibited a drop in this pro-survival protein in mTEChigh cells 7 days after g-

irradiation (Fig 3.12C, F). Of note, the levels of BCL-2 increased in cTECs across 

the first week after g-irradiation (Fig 3.12F). Overall, these data provide evidence 

of dynamic regulation of BCL-XL and BCL-2 expression in TECs following g-

irradiation.  
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Lastly, we wanted to understand if the protection of TECs from g-irradiation-

induced death due to the combined deletion of Bax and Bak would improve 

thymocyte recovery. As shown earlier for overall thymic cellularity (Fig 3.9A-B), 

thymocyte numbers from the BaxDFoxn1 Bak-/- mice recovered slightly quicker 

compared to control mice by week 4 post g-irradiation (Fig 3.13A). This swifter 

recovery was reflected by modest increases in all major thymocyte subsets in 

BaxDFoxn1 Bak-/- mice compared to the control animals (Fig 3.13B-E). These data 

suggest that the protection of TECs from g-irradiation induced death was able to 

slightly enhance thymocyte recovery.  

Collectively, our findings establish that in response to g-irradiation TECs die via 

the intrinsic apoptotic pathway as the deletion of Bax and Bak from TECs was 

able to rescue these cells from g-irradiation-induced death. 

3.2.5 Rescuing thymocytes from g-irradiation induced death has 
only limited impact on TECs 

The differentiation and survival of thymocytes and TECs is intimately linked by 

the provision of reciprocal growth, survival or differentiation promoting signals, a 

phenomenon known as thymic cross-talk [32]. Given this cross-talk, we next 

examined whether TEC death was directly induced by g-irradiation or whether it 

was indirectly induced by the loss of thymocytes and their provision of factors that 

promote TEC survival. 

To address this question, we generated and examined CD4Cre/+ Baxflox/flox Bak-/- 

(BaxDCd4 Bak-/-) mice. These mice constitutively lack the pro-apoptotic effector 

BAK in all cells and sustain homozygous deletion of floxed Bax alleles upon Cre 
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recombinase expression driven by the Cd4 promoter. Therefore, all thymocytes 

from the DP stage onwards would be expected to lack both BAX and BAK, and 

consequently, are protected from intrinsic apoptosis.  

We observed that only at day 3 and 7 after g-irradiation thymic cellularity was 

significantly increased in the BaxDCd4 Bak-/- mice but not in control (CD4+/+ 

Baxflox/flox Bak-/-) mice even though these mice were lacking one of the executioner 

proteins, BAK. However, during later stages thymic recovery lagged behind in 

BaxDCd4 Bak-/-mice (Fig 3.14A-B). The same was observed for total thymocyte 

numbers (Fig 3.14C). Irradiation-induced thymocyte death was only partially 

blocked in BaxDCd4 Bak-/- mice, with rescue predominantly restricted to mature 

CD4SP and CD8SP subsets, and some DP thymocytes (Fig 3.14D-F). BaxDCd4 

Bak-/- mice only delete the Bax gene from the DP stage onwards. Furthermore, 

BAX is a relatively long-lived protein; therefore, the substantial g-irradiation-

induced death of DP thymocytes observed in BaxDCd4 Bak-/- mice may be due to 

residual BAX protein present at this stage of T cell development. Nevertheless, 

there was substantial protection of the mature thymocyte subsets that are known 

to be critical for providing survival and differentiation signals to mTECs [32]. 

We found that γ-irradiation-induced TEC loss was rescued to some extent in 

BaxDCd4 Bak-/- mice at early stages after injury (3 and 7 days post g-irradiation) 

(Fig 3.15A-C). This advantage was lost during regeneration, indicating that some 

level of TEC death early during thymic injury is caused by the loss of thymocytes. 

The proportional increase of TECs early after g-irradiation was not as profound in 

the BaxDCd4 Bak-/- mice compared to control mice due to the increased survival of 

the thymocytes (Fig 3.15D). 
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To identify which TEC subset was primarily protected from the effects of g-

irradiation by inhibition of thymocyte death, we next assessed the response of 

the three main TEC subsets (Fig 3.16). In contrast to the clear protection of the 

mTEChigh cells observed in BaxDFoxn1 Bak-/- mice, the apoptotic death of these cells 

was not reduced 3 days after g-irradiation in BaxDCd4 Bak-/- mice (Fig 3.16B-C). A 

modest increase of the mTEChigh cells was observed at day 7 post g-irradiation 

but no differences compared to control animals were seen thereafter (Fig 3.16C). 

The AIRE+ mTEChigh subset again showed the same response to g-irradiation as 

the entire mTEChigh subset (Fig 3.16D). The mTEClow and cTEC compartment 

showed an initial protection from g-irradiation-induced apoptosis at day 3 and 7 

in the BaxDCd4 Bak-/- mice, which then waned over the following 7 weeks of 

analysis (Fig 3.16E-H). The expression of the proliferative marker, KI67, across 

all TEC subsets did not show any major differences in proportions or numbers 

between the two groups of mice (Fig 3.17A-D). This suggests that the rescue of 

TECs was not due to an increase in proliferation. Overall, these data reveal that 

protection of mature thymocytes from g-irradiation-induced apoptosis failed to 

rescue mTEChigh cells from cell death but engendered some protection upon 

mTEClow cells early after insult. 

We next hypothesised that the rescue of mature thymocytes might provide 

signals to mTEClow and cTEC cells that increase the expression of pro-survival 

proteins. Overall, under homeostatic conditions, the levels of MCL-1, BCL-2 and 

BCL-XL were comparable between control and BaxDCd4 Bak-/- mice (Fig 3.18A-

C). Early after g-irradiation, none of the three major pro-survival proteins analysed 

showed any substantial changes in amounts among TEC subsets from control or 
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BaxDCd4 Bak-/- that could explain the overall better survival of TECs at day 3 and 

7 post irradiation (Fig 3.18D-F). 

Collectively, these data show that the early protection of thymocytes from g-

irradiation induced death was able to provide a survival benefit (albeit minor) 

upon mTEClow cells and cTECs. It still remains elusive which factors provided by 

thymocytes mediate this pro-survival effect for TECs and will need to be 

investigated in the future. 

3.2.6 BCL-2 and BCL-XL are required for TEC survival and 

thymic recovery following lethal g-irradiation 

To establish the survival requirements for TECs during lethal g-irradiation, we 

examined the pro-survival members of the BCL-2 family, BCL-2 and BCL-XL but 

decided to not include MCL-1 as it has already been shown that MCL-1 is the key 

pro-survival protein for TECs under homeostatic condition and because the 

conditional deletion of Mcl-1 leads to severe thymic atrophy by 2-months of age 

[386]. 

We first sought to establish how BCL-2 and BCL-XL levels were changing in 

TECs after lethal g-irradiation. As published previously, we observed that the 

mTEChigh cells showed the highest level of BCL-XL expression under 

homeostatic conditions compared to the mTEClow and cTEC compartment (Fig 

3.19A-B) [386]. Additionally, we found that the levels of BCL-2 in the mTEChigh 

subset were slightly lower under homeostatic conditions compared to the levels 

of BCL-2 in the mTEClow and cTEC subsets (Fig 3.19C-D). This suggests that 

there might be a differential requirement for these pro-survival proteins in the 
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different TEC subsets. 

We observed that after an initial decline of BCL-XL over the first week after g-

irradiation, BCL-XL levels started to increase significantly over the next 3 weeks 

in all TEC subsets (Fig 3.19A-B). Contrary to the levels of BCL-XL, the levels of 

BCL-2 initially increased in the mTEChigh and cTEC subset over the first week 

after g-irradiation and then declined to homeostatic conditions over the time 

course analysed (Fig 3.19C-D). This again suggests a differential requirement 

for these two pro-survival proteins in the survival of the different TEC subsets 

after injury. The levels of BCL-2 in the mTEClow compartment stayed fairly 

consistent over the time course analysed (Fig 3.19C-D). Overall, these data show 

evidence of dynamic regulation of BCL-XL and BCL-2 in TEC following g-

irradiation and during recovery. 

In order to analyse whether there was a differential requirement for these two pro-

survival proteins during injury and regeneration, we used Foxn1Cre/+ Bcl-2flox/flox 

(Bcl-2DFoxn1) and Foxn1Cre/+ Bcl-xlflox/flox (Bcl-xlDFoxn1) mice to specifically delete 

either Bcl-2 or Bcl-xl in TECs. Recent studies from the lab found that BCL-2 and 

BCL-XL were not critical for TEC survival under steady-state conditions [386]. 

Interestingly, deletion of BCL-2 from TECs led to a significantly slower recovery 

of thymic cellularity over the time course of 8 weeks after g-irradiation (Fig 3.20A-

B). Furthermore, although the deletion of BCL-XL from TECs did not cause an 

alteration in the recovery rate of thymic cellularity compared to control mice early 

after g-irradiation, by week 8 thymic cellularity was significantly reduced 

compared to control animals (Fig 3.20A-B). This suggests that BCL-XL was also 

important for the complete thymic recovery. 
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Analysis of TECs from Bcl-2DFoxn1 or Bcl-xlDFoxn1 mice over the time course of 8 

weeks after lethal g-irradiation revealed that both of these pro-survival proteins 

were crucial for the recovery of TECs (Fig 3.20C-F). TEC numbers from Bcl-

2DFoxn1 mice failed to show any recovery from their nadir at 3 days post g-

irradiation while those from Bcl-xlDFoxn1 mice showed initial signs of recovery but 

were lost by 4-8 weeks after g-irradiation (Fig 3.20D-E).  

To understand if thymocyte recovery was affected by the loss of TECs after g-

irradiation we also analysed the four main thymocyte subsets. Overall, 

thymocytes from the Bcl-2DFoxn1 mice were more severely affected at day 7 post 

g-irradiation than thymocytes from Bcl-xlDFoxn1 or control mice (Fig 3.21A). This 

was due to significant loss of cellularity across all thymocyte subsets (Fig 3.21B-

D). Additionally, thymocytes from Bcl-2DFoxn1 and Bcl-xlDFoxn1 mice showed a subtle 

but significant numerical decrease 8 weeks post g-irradiation (Fig 3.21A). This is 

in line with the earlier shown crippled recovery of TECs in these mice (Fig 3.20D). 

To determine which TEC subsets were affected by the loss of either Bcl-2 or Bcl-

xl, we next examined the three main TEC compartments. Most of the numerical 

deficits observed in Bcl-2DFoxn1 and Bcl-xlDFoxn1 mice were due to decreases in 

mTEChigh or mTEClow cells (Fig 3.22B-E). Although the recovery of the mTEChigh 

subset was significantly delayed in both the Bcl-2DFoxn1 and Bcl-xlDFoxn1 mice 

compared to control mice 8 weeks after g-irradiation, the mTEChigh compartment 

showed subtle signs of numerical recovery (Fig 3.22B-C). 

As shown before, the mTEClow compartment was not able to recover from g-

irradiation induced death in C57BL/6 mice (Fig 3.2D-E). The specific deletion of 
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Bcl-2 or Bcl-xl from TECs exacerbated the inability of the mTEClow compartment 

to recover (Fig 22A, D-E). This outcome suggested that the mTEClow 

compartment was highly sensitive to the loss of either BCL-2 or BCL-XL, which 

presumably tips the balance in favour of apoptotic death and consequent cell 

loss. 

In cTECs, g-irradiation led to a significant numerical increase in control mice 

during the first 7 days after irradiation (Fig 3.22A, F-G). The deletion of Bcl-2 or 

Bcl-xl curtailed this recovery compared to control mice over the same time period 

(Fig 3.22A, F-G). Additionally, the loss of Bcl-2 caused a collapse of the cTEC 

compartment 8 weeks after g-irradiation (Fig 3.22A, F-G). This finding suggests 

that both BCL-2 and BCL-XL contribute to the maintenance of the cTEC 

compartment.  

Assessing the AIRE+ mTEChigh subset revealed that again BCL-XL seemed to be 

important for their survival early after g-irradiation, as proportions declined 

significantly compared to controls and Bcl-2DFoxn1mice (Fig 3.23A). However, 

even though AIRE+ mTEChigh numbers were still significantly reduced in the Bcl-

xlDFoxn1 mice by week 8 post g-irradiation, proportionally the AIRE+ mTEChigh 

subset was able to recover to roughly homeostatic conditions within 8 weeks (Fig 

3.23A-B).  

Investigating differences in the expression of the pro-survival proteins MCL-1, 

BCL-2 and BCL-XL to further understand the differential requirement of these 

proteins during injury and recovery, we observed that the loss of either Bcl-2 or 

Bcl-xl under homeostatic conditions did not lead to changes in the levels of MCL-

1 in TECs (Fig 3.24A). Surprisingly, MCL-1 levels decreased significantly in 
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TECs from Bcl-xlDFoxn1 mice 7 days after g-irradiation, and this was mainly due to 

a reduction in MCL-1 in the mTEChigh and mTEClow subsets (Fig 3.24B). 

Furthermore, cTECs from Bcl-2DFoxn1 mice showed a significant increase in MCL-

1 levels 7 days after g-irradiation (Fig 3.24B). The deletion of Bcl-xl from TECs 

resulted in slightly increased BCL-2 levels in TECs under homeostatic conditions 

(Fig 3.24C). After g-irradiation, this increase of BCL-2 was not as marked in the 

TECs from the Bcl-xlDFoxn1mice compared to control mice (Fig 3.24D) potentially 

due to the already higher levels of BCL-2 in TECs of Bcl-xlDFoxn1mice (Fig 3.24C). 

Furthermore, we observed that the deletion of Bcl-2 from TECs did not lead to a 

change in the levels of BCL-XL (Fig 3.24E). Overall, the deletion of Bcl-2 from 

TECs led to slightly higher levels of BCL-XL across all TEC subsets compared to 

TECs from control animals at day 7 after g-irradiation (Fig 3.24F). Together, these 

data further point towards a differential requirement of the pro-survival proteins 

BCL-2 and BCL-XL in the control of the survival of TECs after g-irradiation. There 

are two theories that try to explain how the survival of a cell is determined. One 

theory suggests that a cell is dependent on a specific pro-survival protein for their 

survival; so, if this pro-survival protein is removed this will lead to the death of this 

cell. The other theory proposes that the overall amount of different pro-survival 

proteins determines whether a cell survives or dies (quantitative model) [430, 

431]. Even though MCL-1 has been shown to be crucial for the survival of TECs 

under homeostatic conditions [386], a finding that favours the first theory 

presented, we show here that TECs additionally require BCL-2 and/or BCL-XL 

for optimal recovery after g-irradiation.  

To conclude, we found that TECs residing in the medulla, which are critical for T 
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lymphocyte tolerance, were particularly affected by the loss of the pro-survival 

proteins BCL-2 and BCL-XL after g-irradiation. These data reveal a differential 

role for these proteins and MCL-1 in TEC survival during homeostasis vs recovery 

after injury. 

3.3 Discussion 
The thymus in young individuals is known to have a remarkable endogenous 

capacity for regeneration after acute stress, such as infections or treatment with 

cytoablative agents (e.g. cyclophosphamide, dexamethasone or g-irradiation). 

This allows for a renewal of the T cell pool after such injury [284]. However, only 

little is known about the molecular mechanisms by which TECs die after exposure 

to such insults and how TECs survive and are able to recover. Understanding 

these mechanisms is important because adults receiving cytoablative treatments 

have evidence of more chronic thymic atrophy and poor T cell recovery, that can 

lead to morbidity and even mortality [310, 311].  

Over the years, multiple studies have tried to develop treatment strategies that 

are able to enhance TEC regeneration and thymic rejuvenation. One factor that 

has been shown to have a positive effect on thymus recovery after cytoablative 

treatments, such as haematopoietic stem cell transplantation and irradiation, is 

keratinocyte growth factor (KGF, also known as FGF7), as Kgf-/- mice showed 

defects in thymic recovery [315]. Furthermore, KGF has been shown to preserve 

normal thymopoiesis and a normal thymic microenvironment during graft-versus 

host disease, which can occur after bone marrow transplantation [432]. 

Additionally, administration of KGF before bone marrow transplantation allowed 

for an increased capacity of the thymus to generate T cells [319]. This appeared 
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to be due to an increase in TEC proliferation as shown by an increase in BrdU 

incorporation as well as the promotion of differentiation of immature TECs [316, 

317]. Another factor that has been identified to be beneficial for thymic recovery 

is interleukin 22 (IL-22) [309]. Dudakov et al. showed that the depletion of DP 

thymocytes caused an upregulation of IL-23 by thymic DCs, which subsequently 

stimulated lymphoid-tissue inducer cells (LTi) to produce IL-22 [309]. This in turn 

promoted the proliferation and survival of TECs. Furthermore, external 

administration of recombinant IL-22 enhanced the recovery of the thymus after 

lethal whole-body irradiation [309]. It was also shown that lethal irradiation and 

subsequent depletion of DP thymocytes caused an increase in the expression of 

FoxN1 [325], the master transcription factor that drives thymus development but 

has also been shown to be important for the maintenance of TECs and 

regeneration of the thymus after injury [105, 109]. Recently, another factor, called 

bone morphogenetic factor 4 (BMP4), which is produced by thymic endothelial 

cells upon thymic injury, has been described to also play an important role in 

thymic regeneration by increasing FoxN1 expression in TECs [329]. Furthermore, 

recombinant FoxN1 protein when fused to cell-penetrating peptides has been 

shown to enhance T cell regeneration after bone marrow transplantation [433]. 

While all of these studies show a beneficial effect on thymic regeneration, the 

molecular mechanisms by which TECs die in response to insult and which 

proteins or molecular mechanisms are important for their survival and 

regeneration still remain to be addressed.  

This study provides an in-depth analysis of the molecular mechanisms by which 

TECs die in response to lethal whole body g-irradiation and identifies the key 

proteins that are important for TEC survival and thymic regeneration. The newly 
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presented knowledge in this thesis shows that (a) TECs die via the intrinsic 

apoptotic pathway in injury settings; (b) TECs show a differential requirement for 

BCL-2 and BCL-XL during injury settings vs survival under homeostatic 

conditions when MCL-1 plays a dominant role [386]; and (c) TECs can be 

protected (albeit to a relatively minor extent) from g-irradiation induced death 

when thymocytes are rescued. This insight will now allow for a more specific and 

targeted approach in rejuvenating the thymus after different insults with the 

intrinsic apoptotic pathway being a potential target for treatment strategies.  

To enhance treatment strategies, it is also important to understand the dynamics 

of TEC death, the response of the different TEC subsets to g-irradiation and the 

dynamics of thymic regeneration. Although thymocytes were able to recover to 

near homeostatic conditions within 2 weeks after lethal g-irradiation, TEC 

numbers were at their lowest at this time point, clearly lagging behind the 

lymphoid cells in recovery. Additionally, TECs were not able to recover to 

homeostatic conditions by week 8 after treatment. In the future it will therefore be 

interesting to determine the time point by when or if at all TECs are be able to 

recover to (near) homeostatic conditions. However, by performing experiments 

over longer periods of time, age-related thymic atrophy will also have to be taken 

into account. It is therefore important to consider the appropriate controls, i.e. 

control mice being appropriately age- and sex-matched.  

Interestingly, we observed that the recovery pattern of the two mTEC subsets 

from lethal g-irradiation was quite different. While the mTEChigh subset was quite 

sensitive to g-irradiation induced death, showing a marked reduction in cellularity 

during the first week after treatment, this subset showed significant capability of 
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regeneration by week 4 after g-irradiation. Furthermore, we found that even 

though the proportions of the mTEChigh subset dropped significantly early on after 

g-irradiation, they increased significantly above the proportions observed during 

homeostatic conditions. While it has previously been described that the treatment 

with cyclosporine A leads to a nearly complete loss of AIRE+ TECs shortly after 

treatment [287], the proportions of the AIRE+ subset within the mTEChigh 

compartment did not change drastically after g-irradiation. However, it needs to 

be mentioned that this observation was not consistent between different 

experiments, as we did observe a proportional decrease in AIRE+ mTEChigh from 

wild-type mice at day 3 after g-irradiation in some instances. One reason for this 

inconsistency could be that time course experiments were broken into smaller 

sub-experiments (for example day 3 and 7 analyses were done together and day 

14 and 28 analyses were done together) due to the number of mice that had to 

be examined. It is therefore possible that subtle variations in the handling of 

samples and the efficiency of enzymatic digestion on different experimental days 

may have contributed to these variations. Using a TEC-specific reporter mouse 

followed by 3-dimensional imaging of thymi that have been g-irradiated and 

harvested at the critical time points might help to overcome these variations in 

the future as this this approach would allow to quantify TECs in situ.  

While the mTEChigh compartment showed signs of recovery after g-irradiation, the 

mTEClow compartment significantly decreased, both numerically and 

proportionally, over the time course analysed and demonstrated no signs of 

recovery. A similar differential response of the mTEC subsets has previously 

been described by Fletcher et al. in regard to other cytoablative treatments, such 
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as dexamethasone, cyclophosphamide and cyclosporine A [287]. While neither 

of these treatments are as harsh as lethal g-irradiation, it was observed that 

although the mTEChigh compartment was able to regenerate after these 

treatments, the mTEClow compartment showed a consistent proportional loss over 

the time course of analysis [287]. This study proposed that the loss of the 

mTEClow compartment was intrinsically linked to the recovery of the mTEChigh 

cells, potentially due to a common progenitor or progenitor-offspring relationship 

which leads to the depletion of the mTEClow and recovery of the mTEChigh cells 

[287]. Additional reports have stated that the mTEClow compartment gives rise to 

the mTEChigh as part of a progressive differentiation of these cells [32, 135]. This 

hypothesis is supported by our findings, showing that the a6-integrinhigh SCA-1high 

subset, which has been shown to possess progenitor potential giving rise to both 

cTECs and mTEClow cells [81], is not able to fully recover in the time frame 

analysed after g-irradiation. This might also explain why TECs overall were not 

able to recover to steady state conditions 4 weeks after g-irradiation. However, 

we observed that 4 weeks post g-irradiation, the proportions of proliferating a6-

integrinhigh SCA-1high cells, as measured by KI67 staining, was significantly higher 

than under homeostatic steady state conditions. This suggests a lasting impact 

of cytoablative treatment on the thymus well after the organ has demonstrated 

regeneration at a gross level. Consistent with the notion that perturbation of 

putative progenitor TECs is long-lasting, we observed a significant increase in 

the proportions of KI67+ cells within the newly classified mTEC compartment, 

called TEC I, which has been shown to express markers that are associated with 

progenitor function, such as Ly6a and SCA-1. In the future it would therefore be 

interesting to test whether the a6-integrinhigh SCA-1high or mTEC I subset is able 
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to give rise to the mTEClow/cTEC and/or the mTEChigh compartment(s), 

respectively. To test this hypothesis, these putative progenitor cells could be 

isolated by FACS sorting after lethal g-irradiation, followed by clonogenic in vitro 

assays or transplantation of these cells (together with foetal thymic stroma) under 

the kidney capsule of recipient mice. 

Furthermore, we observed a very interesting response of the cTEC compartment 

after lethal g-irradiation, as their proportions and numbers significantly increased 

over the first 7 days after injury. It has been described that injury to the thymus 

leads to an upregulation of the master transcription factor FoxN1 [325] and higher 

expression levels of FoxN1 are associated with TEC maintenance [109]. 

Additionally, enforced expression of FoxN1 was reported to reverse age-related 

thymic involution [108]. Recently, Wertheimer et al. have shown that FoxN1 

expression and target genes of FoxN1, such as Dll4, are significantly upregulated 

in cTECs after whole body irradiation [329]. It is therefore possible that the 

increase in cTECs that we observed in our injury model is driven by an increase 

in FoxN1 expression and this should be further investigated in the future.  

A similar response of the cTEC compartment has been described by Fletcher et 

al. in response to cytoablative agents, such as treatment with cyclosporine A or 

cyclophosphamide [287]. While it has been argued that the increase of the cTECs 

could be due arrested DP thymocyte emigration from the cortex into the medulla 

[287], we can rule out an increase of cTECs early after g-irradiation due to higher 

proliferation, as measured by KI67 staining, as the proportions of KI67+ cTECs 

were significantly reduced over the first week after treatment. Another 

explanation could be that due to the severe loss of lymphoid cells, especially the 
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DP thymocytes, the thymus behaves differently during the stepwise enzymatic 

digestion, making the release of cTECs easier and more efficient. It has been 

shown that flow cytometric analysis of the cortical TEC compartment 

underestimates the number of cTECs significantly, as for example compared to 

confocal imaging (data not shown – Julie Sheridan and Daniel Gray, The Walter 

and Eliza Hall Institute) or X-ray computed tomography [434]. It could therefore 

be possible that the loss of thymocytes leads to a more efficient digestion and 

thereby to a better release of cTECs, a cell type that is normally in intimate and 

complex interactions with many thymocytes.  

The proportional as well as numerical drop of KI67+ cells was not only observed 

for the cTEC compartment but across all TEC subsets. It remains elusive whether 

this decline is due to the cells entering a short and relatively quiescent state, as 

suggested by Fletcher et al. [287], or whether this might be a direct impact of g-

irradiation, such as through p53-induced G1/S boundary cell cycle arrest. 

Moreover, proliferating TECs may be more prone to g-irradiation induced death 

and would therefore be expected to be eradicated preferentially. It is known that 

g-irradiation causes extensive DNA damage, either directly due to the energy 

transfer to the DNA or indirectly due to the emergence of free radicals. While 

quiescent cells of certain lineages (e.g. fibroblasts) are not as prone to g-

irradiation induced death, actively cycling and proliferating cells have been 

described to be highly sensitive to such insults [435]. It is therefore possible that 

proliferating, KI67+ TECs undergo cell death more rapidly after g-irradiation 

explaining the loss of these cells during the first week after treatment.  

Interestingly, by week 2 after g-irradiation, the cTEC compartment, especially the 
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cTEChigh (high expression of MHCII) cells, showed signs of increased 

proliferation. While it has been shown that the mTEChigh compartment has a high 

proliferative capacity under homeostatic conditions with a daily turnover of 8-10% 

[94, 129], it appears that after g-irradiation the cTEChigh compartment also 

displays a high proliferative capacity. Interestingly, a bipotent TEC progenitor 

population has been identified in the adult thymus by Ulyanchenko et al.; these 

cells are EpCam+UEA1−Ly-51+PLET1+MHCIIhigh [87]. It is possible that these 

bipotent progenitors are proliferating after injury to restore the TEC compartment. 

Therefore, it should be further investigated by flow cytometric analysis or 

immunofluorescent imaging whether these highly proliferative cTEChigh cells are 

PLET1+ and furthermore are able to give rise to both mTECs and cTECs.  

It has been shown that under steady-state conditions the deletion of the apoptosis 

effectors Bax and Bak specifically from TECs (Foxn1Cre Baxfl/fl Bak-/- mouse 

model) does not lead to any gross abnormalities of the thymus with the only 

phenotype observed being an increase in cellularity of the mTEClow compartment 

[348]. In order to address the question whether TECs die via the intrinsic 

apoptotic pathway we made use of the Foxn1Cre Baxfl/fl Bak-/- mouse model to 

disable the intrinsic apoptotic pathway specifically in TECs. We observed that 

TECs were protected from g-irradiation-induced killing, particularly at early time 

points after treatment. At these early time points we even observed a subtle 

increase in the numbers of these cells. However, while this initial increase was 

due to an increase in cellularity of the mTEClow and cTEC compartment, the 

mTEChigh compartment showed a significant decline in cell number at day 7 after 

g-irradiation even in the combined absence of Bax and Bak. This suggests that 

another cell death pathway might play a pivotal role in mediating the response to 
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lethal g-irradiation early after injury. In the future it would therefore be interesting 

to examine some further possibilities, for example if g-irradiation induced TEC 

death is mediated by the extrinsic apoptotic pathway. One important protein in 

inducing death via the extrinsic apoptotic pathway is caspase-8. It is already 

known that the deletion of caspase-8 from TECs using Foxn1Cre does not lead to 

an obvious thymic phenotype under steady state conditions [348], but the impact 

of loss of caspase-8 on the response of TECs to g-irradiation has not yet been 

examined. It is noteworthy that the deletion of BAX, BAK and caspase-8 from 

TECs in BaxΔFoxn1Bak−/−Casp8ΔFoxn1 mice does not lead to additional phenotypic 

changes of the thymus as compared to thymi from BaxΔFoxn1Bak−/− mice [348]. 

Therefore, and since the extrinsic apoptotic pathway was shown not to play a role 

in the response of lymphoid cells to g-irradiation [436], it appears likely that this 

pathway may not be critical for the killing of TECs induced by this treatment. 

Another possibility would be that dying cells, such as thymocytes, release large 

amounts of TNFa due to the impact of the g-irradiation and that this in turn triggers 

the activation of the necroptotic cell death pathway. This idea could be tested by 

making use of a TNFa antagonist, such as the monoclonal antibody infliximab, to 

block the activation of necroptosis as well as the extrinsic apoptotic pathway and 

reduce inflammation. Of course, another possibility could be that in response to 

injury mTEChigh cells downregulate MHCII on their surface and are therefore 

captured in the mTEClow gate, thereby resembling a loss of the mTEChigh 

population. 

Often direct effects of lethal g-radiation lead to the induction of the intrinsic 

apoptotic pathway early after treatment and this can impact highly proliferative 
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cells, such as progenitors in the colon, but also quiescent lymphoid cells [435]. 

However, it has also been reported that local and systemic inflammatory 

responses are induced shortly after lethal g-irradiation and that this can lead to 

the production of pro-inflammatory cytokines [437, 438]. This inflammatory 

response can be driven by the activation of other cell death pathways, such as 

necroptosis or pyroptosis. While necroptosis can only be activated in response to 

stimuli, such as TNFa, when caspase-8 activity is lost, pyroptosis is induced in 

response to extracellular stimuli, such as danger associated molecular patterns 

(DAMPs) (i.e. free ATP or dsDNA) [345]. These DAMPS are recognised by 

specific pattern recognition receptors and their activation causes activation of the 

inflammasome, which in turn leads to the activation of the pro-inflammatory 

caspases, caspase-1 and caspase-11, with consequent release of IL-1b and IL-

18 Additionally, the  pore-forming protein gasdermin D is activated which causes 

the death of the cell [439-441]. It has been reported that g-irradiation can lead to 

the activation of the inflammasome and pyroptosis in at least certain types of 

cells, such as bone marrow derived macrophages [442], cells from the 

gastrointestinal tract [443], the lung [444], the skin [445] and different immune 

cells, like dendritic cells, NK cells, T cells, and B cells [446]. Consequently, it is 

possible that g-irradiation might also induce pyroptosis in TECs which then might 

have impact on thymocytes or other thymic cell types. It would be interesting to 

test this hypothesis by lethally irradiating mice that lack essential components of 

the inflammasome pathway, such as caspase-1, caspase-11, gasdermin D, the 

dsDNA sensor AIM2 or the ATP sensor NLRP3. 

Interestingly, we observed that a partial inhibition of g-irradiation induced death 
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of thymocytes by deletion of Bax and Bak, only rescued a minor portion of TECs 

from death observed early after g-irradiation. This suggests that the loss of trophic 

factors that are produced by thymic lymphocytes probably only play a minor role 

in TEC death after g-irradiation. It is, however, well established that TECs and 

thymocytes rely on each other for their survival due to a constant exchange of 

growth and survival factors, a concept known as thymic cross-talk [142]. For 

example, a block in thymic T cell development due to a loss of TCRa cause 

defects in thymic medulla formation [144] and bone marrow transplantation from 

wild-type mice into SCID mice leads to a restoration of the medulla [143]. It is 

therefore likely that thymocytes that survive g-irradiation due to the combined loss 

of Bax and Bak are able to provide survival factors to TECs, such as RANKL or 

CD40. We therefore hypothesised that the surviving thymocytes promoted a 

survival benefit of TECs due to an increase in the level of pro-survival proteins. 

Surprisingly, we did not observe any major changes in the levels of the pro-

survival proteins MCL-1, BCL-2 or BCL-XL in TECs shortly after g-irradiation in 

mice that lack BAX and BAK in thymocytes compared to control mice. This 

suggests that up-regulation of the pro-survival proteins examined could not be a 

major driver of the survival benefit provided by the increased survival of 

thymocytes. It remains to be identified if any of the other pro-survival proteins 

such as A1 or BCL-W might play a role in TEC survival after irradiation. Another 

possibility to be examined in the future is if any of the pro-apoptotic proteins, such 

as BIM, NOXA or PUMA, show a decrease in expression, thereby leading to a 

survival benefit of TECs. 

Some of the factors that have already been identified in the past to play an 

important role in the cross-talk between thymocytes and TECs are three 
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members of the TNFR superfamily, called RANK, CD40 and lymphotoxin β 

receptor (LTβR). These receptors are present on mTECs and bind to their 

respective ligands displayed on SP thymocytes and are crucial for the 

differentiation and survival of mTECs [121-123, 151]. These ligands may still be 

presented by BAX/BAK deficient thymocytes rescued from apoptosis and enable 

the increased survival of TECs following g-irradiation. It will be interesting to 

further explore this survival mechanism in the future. While it has already been 

reported that CD40L as well as RANKL do not alter MCL-1 levels in TECs of 2’-

deoxyguoanosine treated thymic lobes in tissue culture [386] another possibility 

could be to treat wild-type mice with agonistic agents of CD40, RANK or LTβR 

prior to or just after lethal g-irradiation to test whether these agonists would also 

have a beneficial effect on the survival of TECs. 

Lastly, we examined whether TECs showed a differential requirement for pro-

survival BCL-2 family members for their sustained survival in injury settings. As 

mentioned earlier, TECs heavily rely on MCL-1 for their survival under 

homeostatic conditions as the conditional deletion of Mcl-1 lead to a severe 

depletion of TECs and early thymic atrophy [386]. Due to the early atrophy of the 

thymus in mice lacking MCL-1 specifically in TECs, we decided to focus on 

determining the role of BCL-2 and BCL-XL in TEC survival after lethal whole-body 

g-irradiation. We observed that the deletion of either of these pro-survival proteins 

substantially impaired thymic recovery 8 weeks post g-irradiation, such that TECs 

were not able to recover. This impaired recovery was mainly due to a sustained 

loss of the mTEClow compartment. It has been described that the levels of BCL-

XL are the highest amongst the mTEChigh subset [386] and that the conditional 

deletion of Bcl-xl leads to a decrease in the mTEClow subset [386]. This suggests 
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that even though BCL-2 and BCL-XL are dispensable for TEC survival under 

steady state conditions, both of these proteins play an important role in the 

survival of TECs during injury settings. It would therefore be interesting to 

investigate in the future whether TEC progenitors, such as  the a6-integrinhigh 

SCA-1high [81] cells or EpCam+UEA1−Ly-51+PLET1+MHCIIhigh cells [87], are lost 

and not able to recover after g-irradiation when either BCL-2 or BCL-XL are 

absent. This would explain the impaired recovery of the thymus in g-irradiated 

mice lacking either BCL-2 or BCKL-XL in their TECs.  

Knowing that TECs die via the intrinsic apoptotic pathway after g-irradiation and 

that the pro-survival proteins BCL-2 and BCL-XL are important for TEC recovery 

it would be interesting to investigate whether some of the potential factors that 

are already known to enhance endogenous or exogenous thymic regeneration 

are able to increase the levels of BCL-2 or BCL-XL when administered before or 

after lethal g-irradiation. A recent study reported that the in vivo administration of 

RANKL-GST protein over the time course of 3 days after sub-lethal whole-body 

g-irradiation (5 Gy) leads to an increase of Bcl-xl expression in cTECs and a 

decrease of Bax expression [335]. Overall, the administration of RANKL led to a 

2-fold increase in TECs in these studies, which also showed higher proliferation 

as measured by KI67 staining [335]. The underlying mechanism is via the 

upregulation of lymphotoxin a by lymphoid tissue inducer cells (LTi) which was 

shown to be crucial for recovery of thymic function [335]. Additionally, 

administration of RANKL to aged mice that had been irradiated also enhanced 

thymic recovery [335]. This suggests that RANKL provides a promising new 

treatment strategy to enhance thymic recovery after injury or in elderly people. 
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Collectively, these findings reveal the molecular mechanisms that govern TEC 

survival and recovery following whole body g-irradiation. This new knowledge can 

be utilised to inform new treatment strategies that might protect TECs from death 

induced by g-irradiation or other cytotoxic stresses and enhance thymic recovery 

and regeneration. This would be expected to lead to better immune regeneration 

and immune competence in cancer patients whose thymus has been damaged 

due to cytoablative treatment. 
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Figure 3.1 – The response of TECs to g-irradiation-induced thymic injury 

A) Thymic cellularity of C57BL/6 mice following lethal g-irradiation and 

haematopoietic reconstitution.  

B) Total numbers (left) and proportions (right) of the 4 main thymocyte 

subsets. DN – CD4-CD8- double negative (blue); DP – CD4+CD8+ double 

positive (violet); CD4SP – CD4+CD8- single positive (green); CD8SP – 

CD4-CD8+ single positive (turquoise). 

C) Percentage change of the numbers from indicated thymocyte subsets at 

the indicated time points after lethal g-irradiation relative to the numbers of 

the respective thymocyte subset of the untreated control animals. 

D) Representative flow cytometry plots show TECs (gated on CD45-TER119-

CD31- EpCAM+). 

E) Total numbers of TECs per thymus following g-irradiation. 

F) Percentage change of TEC numbers at the indicated time points after 

lethal g-irradiation relative to the TEC number of the untreated control 

animals. 

G) Proportion of TECs per thymus following g-irradiation. 

 

Flow cytometric plots are representative of 3 independent experiments. Data are 

pooled from 3 independent experiments with n = 12 mice at each time point where 

n represents the number of mice per group. Symbols indicate the mean±SEM. 

For C and F - the graph bars represent mean ± SEM with each symbol denoting 

one mouse. Mice were age and sex matched (female) and irradiated at 8-11 

weeks of age and analysed at the indicated time points after lethal g-irradiation. 

Groups were compared with Student’s t test (unpaired, two-tailed). **** P < 

0.0001. 
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Figure 3.2 – TEC subsets of young adult C57BL/6 mice show differential 
recovery after lethal g-irradiation 
A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) 

from C57BL/6 mice show staining for MHCII vs UEA-1 (top panels) and 

MHCII vs Ly51 (bottom panels) to identify cTECs (MHCII+ UEA-1- or 

MHCII+ Ly51+), mTEChigh (MHCIIhigh UEA-1+ or MHCIIhigh Ly51-) and 

mTEClow (MHCIIlow UEA-1+ or MHCIIlow Ly51-) cells. Numbers within the 

plots outline the proportions of the indicated TEC subsets. 

B) Proportion (left) and number (right) of the mTEChigh subset. 

C) Percentage change of the numbers of the mTEChigh subset at the indicated 

time points after lethal g-irradiation compared to untreated control animals. 

D) Proportion (left) and number (right) of the mTEClow subset. 

E) Percentage change of the numbers of the mTEClow subset at the indicated 

time points after lethal g-irradiation compared to untreated control animals. 

F) Proportion (left) and number (right) of the cTEC subset. 

G) Percentage change of the numbers of the cTEC subset at the indicated 

time points after lethal g-irradiation compared to untreated control animals. 

 

Flow cytometric plots are representative of 3 independent experiments. Data are 

pooled from 3 independent experiments with n = 12 mice at each time point where 

n represents the number of mice per group. Symbols indicate the mean±SEM. 

For C, E and G - the graph bars represent mean ± SEM with each point denoting 

one mouse. Mice were age and sex matched (female), g-irradiated at 8-11 weeks 

of age and analysed at the indicated time points. Groups were compared with 

Student’s t test (unpaired, two-tailed) or Mann Whitney U test (unpaired, no 

Gaussian distribution, two-tailed). * P < 0.05, ** P < 0.01, **** P < 0.0001. 
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Figure 3.3 – The impact of g-irradiation on AIRE+ TECs 
A) Representative flow cytometry plots gated on mTEChigh (Lin- EpCAM+ 

MHCIIhigh UEA-1+) cells from C57BL/6 mice show staining for MHCII vs 

AIRE to identify AIRE+ mTEChigh cells. Numbers within the plots indicate 

the proportions of the AIRE- and AIRE+ mTEChigh cells. 

B) Proportion of the AIRE+ mTEChigh subset. 

C) Total number of the AIRE+ mTEChigh subset 

 

Flow cytometric plots are representative of 3 independent experiments. Data are 

pooled from 3 independent experiments with n = 12 mice at each time point where 

n represents the number of mice per group. Symbols indicate the mean±SEM. 

Mice were age and sex matched (female) and g-irradiated at 8-11 weeks of age 

and analysed at the indicated time points. Groups were compared with Mann 

Whitney U test (unpaired, no Gaussian distribution, two-tailed). * P < 0.05, **** P 

< 0.0001. 
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Figure 3.4 – Differential recovery of newly classified mTEC subsets after 
lethal g-irradiation 
A) Representative flow cytometry plots gated on mTEChigh (Lin- EpCAM+ 

MHCIIhigh UEA-1+) cells from C57BL/6 mice show staining for MHCII vs 

Ly6d to identify TEC II (MHCIIhigh Ly6d-) and TEC III (MHCIIhigh Ly6d+) cells 

at the indicated time points after lethal g-irradiation. Numbers within the 

plots indicate the proportions of the TEC II and TEC III cells. 

B) Representative flow cytometry plots gated on mTEClow (Lin- EpCAM+ 

MHCIIlow UEA-1+) cells from C57BL/6 mice show staining for L1CAM vs 

CD104 to identify TEC I (L1CAM- CD104high) and TEC IV (L1CAM+ 

CD104interm) cells at the indicated time points after lethal g-irradiation (top 

panels). Numbers within the plots indicate the proportions of the TEC I and 

TEC IV subsets.  

Bottom panels were gated on mTEClow L1CAM- CD104- cells and show 

staining for MHCII vs Ly6d to identify TEC III (MHCIIhigh Ly6d+) cells at the 

indicated time points after lethal g-irradiation. Numbers within the plots 

indicate the proportion of the TEC III cells. 

C) Proportion (left) and number (right) of the TEC I subset. 

D) Proportion (left) and number (right) of the TEC II subset. 

E) Proportion (left) and number (right) of the TEC III subset. 

F) Proportion (left) and number (right) of the TEC IV subset. 

 

Flow cytometric plots are representative of 2 independent experiments. Data are 

pooled from 2 independent experiments with n = 8 mice at each time point where 

n represents the number of mice per group. Symbols indicate the mean±SEM. 

Mice were age and sex matched (female) and g-irradiated at 8-11 weeks of age 

and analysed at the indicated time points. Groups were compared with Student’s 

t test (unpaired, two-tailed) or Mann Whitney U test (unpaired, no Gaussian 

distribution, two-tailed). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 
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Figure 3.5 – a6-integrinhigh SCA-1high TEC progenitors do not recover after 

lethal g-irradiation 

A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) 

from C57BL/6 mice show staining for a6-integrin vs SCA-1 to identify 

different TEC subsets at the indicated time points after lethal g-irradiation. 

Numbers within the plots indicate the proportions of the different subsets. 

B) Proportion (left) and number (right) of the a6-integrinhigh SCA-1high TECs. 

C) Proportion (left) and number (right) of the a6-integrinintermediate SCA-1high 

TECs. 

D) Proportion (left) and number (right) of the a6-integrinlow SCA-1low TECs. 

E) Proportion (left) and number (right) of the a6-integrinhigh SCA-1low TECs. 

 

Flow cytometric plots are representative of 2 independent experiments. Data are 

pooled from 2 independent experiments with n = 8 mice at each time point where 

n represents the number of mice per group. Symbols indicate the mean±SEM. 

Mice were age and sex matched (female) and g-irradiated at 8-11 weeks of age 

and analysed at the indicated time points. Groups were compared with Student’s 

t test (unpaired, two-tailed) or Mann Whitney U test (unpaired, no Gaussian 

distribution, two-tailed). *** P < 0.001. 
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Figure 3.6 – KI67 expression in TEC subsets after lethal g-irradiation 

A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) 

from C57BL/6 mice show staining for MHCII vs KI67 to identify proliferating 

TECs at the indicated time points after lethal g-irradiation. Numbers within 

the plots indicate the proportion of KI67+ TECs. 

B) Proportion of KI67+ TECs. 

C) Proportion of KI67+ mTEChigh. 

D) Proportion of KI67+ mTEClow. 

E) Proportion of KI67+ cTECs. 

 

Flow cytometric plots are representative of 2 independent experiments. Data are 

pooled from 2 independent experiments with n = 8 mice at each time point where 

n represents the number of mice per group. Symbols indicate the mean±SEM. 

Mice were age and sex matched (female) and g-irradiated at 8-11 weeks of age 

and analysed at the indicated time points. Groups were compared with Student’s 

t test (unpaired, two-tailed). * P < 0.05, ** P < 0.01, *** P < 0.001, *** P < 0.001, 

ns = not significant. 
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Figure 3.7 – KI67 expression in tuft cells (mTEC IV) after lethal g-irradiation 
A) Proportion (left) and number (right) of KI67+ TEC IV. 

 

Data are pooled from 2 independent experiments with n = 8 mice at each time 

point where n represents the number of mice per group. Symbols indicate the 

mean±SEM. Mice were age and sex matched (female) and g-irradiated at 8-11 

weeks of age and analysed at the indicated time points. Groups were compared 

with Mann Whitney U test (unpaired, no Gaussian distribution, two-tailed). ** P < 

0.01. 
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Figure 3.8 – a6-integrinhigh SCA-1high TEC progenitors actively proliferate 

during thymic recovery after lethal g-irradiation 

A) Proportion (left) and number (right) of KI67+ a6-integrinhigh SCA-1high 

TECs. 

 

Data are pooled from 2 independent experiments with n = 8 mice at each time 

point where n represents the number of mice per group. Symbols indicate the 

mean±SEM. Mice were age and sex matched and g-irradiated at 8-11 weeks of 

age and analysed at the indicated time points. Groups were compared with 

Student’s t test (unpaired, two-tailed). *** P < 0.001. int – integrin, hi – high, lo – 

low; interm - intermediate 

 

  



 162 

 

  



 163 

Figure 3.9 – TECs die via the intrinsic apoptotic pathway following lethal g-
irradiation 
A) Thymic cellularity of Baxfl/fl Bak-/- (control, black) and BaxDFoxn1 Bak-/- mice 

(magenta). 

B) Percentage change in thymic cellularity of control or BaxDFoxn1 Bak-/- mice 

at various time points after lethal g-irradiation calculated to the appropriate 

untreated control animals. 

C) Representative flow cytometry plots show TECs (gated on Lin- EpCAM+) 

from control (top panels) or BaxDFoxn1 Bak-/- mice (bottom panels). 

D) Total numbers of TECs per thymus analysed in control and BaxDFoxn1 Bak-

/- mice. 

E) Percentage change of TEC numbers in control or BaxDFoxn1 Bak-/- mice at 

various time points after lethal g-irradiation calculated to the appropriate 

untreated control animals. 

F) Proportions of TECs per thymus analysed in control and BaxDFoxn1 Bak-/- 

mice. 

 

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

from one experiment with n ≥ 3 mice/ group for the week 2 and week 8 post g-

irradiation time points. Other time points are pooled from 2 independent 

experiments with n ≥ 7 mice/ group. Symbols indicate the mean±SEM for line 

graphs (A, D, F). Graph bars indicate the mean±SEM (B, E). Mice were age but 

not sex matched, irradiated at 8-12 weeks of age and analysed at the indicated 

time points after lethal g-irradiation. Data from controls vs BaxDFoxn1 Bak-/- mice 

were compared using Student’s t test (unpaired, two-tailed) or Mann Whitney U 

test (unpaired, no Gaussian distribution, two-tailed) at individual time points. ** P 

< 0.01, *** P < 0.001, **** P < 0.001.  
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Figure 3.10 – Swifter TEC recovery after lethal g-irradiation by blocking 
apoptosis 

A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) 

from Baxfl/fl Bak-/- (control, top panels) and BaxDFoxn1 Bak-/- mice (bottom 

panels) show staining for MHCII vs Ly51 to identify cTECs (MHCII+ Ly51+), 

mTEChigh (MHCIIhigh Ly51-) and mTEClow (MHCIIlow Ly51). Numbers within 

the plots outline the proportion of the indicated TEC subset. 

B) Total number of the mTEChigh subset of control (black) and BaxDFoxn1 Bak-

/- mice (magenta). 

C) Percentage change of the number of mTEChigh from control and BaxDFoxn1 

Bak-/- mice at the indicated time points after lethal g-irradiation compared 

to the respective untreated control animals of the same genotype. 

D) Total number of AIRE+ mTEChigh from control and BaxDFoxn1 Bak-/- mice. 

E) Total number of the mTEClow subset in control and BaxDFoxn1 Bak-/- mice  

F) Percentage change of the number of mTEClow cells from control and 

BaxDFoxn1 Bak-/- mice at the indicated time points after lethal g-irradiation 

compared to the respective untreated control animals of the same 

genotype. 

G) Total number of the cTEC subset of control and BaxDFoxn1 Bak-/- mice. 

H) Percentage change of the number of cTECs from control and BaxDFoxn1 

Bak-/- mice at the indicated time points after lethal g-irradiation compared 

to the respective untreated control animals of the same genotype. 

 

Flow cytometric plots are representative of 1-2 experiments. Data shown are from 

one experiment with n ≥ 3 mice/ group for the 2- and 8-week post g-irradiation 

time points. Data from other time points are pooled from 2 independent 

experiments with n ≥ 7 mice/group. Symbols indicate the mean±SEM for line 

graphs (B, D, E, G). Graph bars indicate the mean±SEM (C, F, H). Mice were age 

but not sex matched, g-irradiated at 8-12 weeks of age and analysed at the 

indicated time points. Controls vs BaxDFoxn1 Bak-/- mice were compared using 

Mann Whitney U test (unpaired, no Gaussian distribution, two-tailed) at individual 

time points. *** P < 0.001  
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Figure 3.11 – Blocking the intrinsic apoptotic pathway does not lead to 
higher proliferation of TECs during recovery from lethal g-irradiation. 
A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) 

from Baxfl/fl Bak-/- (control, top panels) and BaxDFoxn1 Bak-/- mice (bottom 

panels) show staining for MHCII vs KI67 to identify proliferating TECs 

under homeostatic conditions and 2 weeks after lethal g-irradiation. The 

FMO is used as a negative control. 

B) Proportion of KI67+ TECs from Baxfl/fl Bak-/- (control; black) and BaxDFoxn1 

Bak-/- mice (magenta). 

C) Proportion of KI67+ mTEChigh cells from control and BaxDFoxn1 Bak-/- mice. 

D) Proportion of KI67+ mTEClow cells from control and BaxDFoxn1 Bak-/- mice. 

E) Proportion of KI67+ cTECs from control and BaxDFoxn1 Bak-/- mice. 

 

Flow cytometric plots are representative of 1-2 experiments. Data shown are from 

one experiment with n ≥ 3 mice/ group for the 2w and 8w post irradiation time 

point. Data from other time points are pooled from 2 independent experiments 

with n ≥ 7 mice/group. Symbols indicate the mean±SEM. Mice were age but not 

sex matched, g-irradiated at 8-12 weeks of age and analysed at the indicated time 

points. FMO – fluorescence minus one 
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Figure 3.12 – Blocking the intrinsic apoptotic pathway in TECs does not 
alter expression of pro-survival BCL-2 family proteins 

A) Representative histograms of flow cytometric analysis show MCL-1 levels 

in TECs of Baxfl/fl Bak-/- (control; black) and BaxDFoxn1 Bak-/- mice (magenta) 

under homeostatic conditions. Dashed histogram (grey) shows FMO. 

Graph shows the gMFI of MCL-1 levels in TECs.  
B) Representative histograms of flow cytometric analysis show BCL-XL 

levels in TECs of Baxfl/fl Bak-/- (control; black) and BaxDFoxn1 Bak-/- mice 

(magenta) under homeostatic conditions. Dashed histogram (grey) shows 

secondary antibody only staining. Graph shows the gMFI of BCL-XL levels 

in TECs.  
C) Representative histograms of flow cytometric analysis show BCL-2 levels 

in TECs of Baxfl/fl Bak-/- (control; black) and BaxDFoxn1 Bak-/- mice (magenta) 

under homeostatic conditions. Dashed histogram (grey) shows FMO. 

Graph shows the gMFI of BCL-2 levels in TECs. 
D) Normalised gMFI of MCL-1 expression levels in TECs (top), mTEChigh cells 

(2nd), mTEClow cells (3rd) and cTECs (bottom) from Baxfl/fl Bak-/- (control; 

black) and BaxDFoxn1 Bak-/- mice (magenta). 
E) Normalised gMFI of BCL-XL expression levels in TECs (top), mTEChigh 

cells (2nd), mTEClow cells (3rd) and cTECs (bottom) from control and 

BaxDFoxn1 Bak-/- mice. 
F) Normalised gMFI of BCL-2 expression levels in TECs (top), mTEChigh cells 

(2nd), mTEClow cells (3rd) and cTECs (bottom) from control and BaxDFoxn1 

Bak-/- mice. 
 

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

from one experiment with n ≥ 3 mice/ group for the 2- and 8-week post g-

irradiation time points. Data from other time points are pooled from 2 independent 

experiments with n ≥ 7 mice/group. Symbols indicate the mean±SEM. Mice were 

age but not sex matched, g-irradiated at 8-12 weeks of age and analysed at the 

indicated time points. gMFI - geometric mean fluorescent intensity  
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Figure 3.13 – Blocking the intrinsic apoptotic pathway in TECs slightly 
improves thymocyte recovery after lethal g-irradiation 
A) Total number of thymocytes from Baxfl/fl Bak-/- (control, black) and 

BaxDFoxn1 Bak-/- mice (magenta). 

B) Total number (left) and proportion (right) of DN (CD4-CD8- double 

negative) thymocytes from control and BaxDFoxn1 Bak-/- mice. 

C) Total number (left) and proportion (right) of DP (CD4+CD8+ double 

positive) thymocytes from control and BaxDFoxn1 Bak-/- mice. 

D) Total number (left) and proportion (right) of CD4SP (CD4+CD8- single 

positive) thymocytes from control and BaxDFoxn1 Bak-/- mice. 

E) Total number (left) and proportion (right) of CD8SP (CD4-CD8+ single 

positive) thymocytes from control and BaxDFoxn1 Bak-/- mice. 

 

Data shown are from one experiment with n ≥ 3 mice/ group for the 2- and 8- 

week post g-irradiation time point. Data from other time points are pooled from 2 

independent experiments with n ≥ 7 mice/group. Symbols indicate the 

mean±SEM. Mice were age but not sex matched, g- irradiated at 8-12 weeks of 

age and analysed at the indicated time points. 
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Figure 3.14 – Blocking the intrinsic apoptotic pathway through combined 
loss of BAX and BAK inhibits the death of mature thymocytes shortly after 
g-irradiation 

A) Thymic cellularity of Baxfl/fl Bak-/- (control, black) and BaxDCd4 Bak-/- mice 

(magenta). 

B) Percentage change of thymic cellularity of control or BaxDCd4 Bak-/- mice at 

various time points after irradiation calculated to the respective untreated 

control animals of the same genotype. 

C) Total thymocyte numbers of control and BaxDCd4 Bak-/- mice. 

D) Representative flow cytometry plots gated on thymocytes from Baxfl/fl Bak-

/- (control, top panels) and BaxDCd4 Bak-/- mice (bottom panels) show 

staining for CD4 vs CD8 to identify the four major thymocyte populations. 

Numbers within the plots indicate the proportions of the thymocyte subset. 

E) Proportions of DN (CD4-CD8- double negative; left), DP (CD4+CD8+ 

double positive), CD4SP (CD4+CD8- single positive) and CD8SP (CD4-

CD8+ single positive; right) thymocytes from control and BaxDCd4 Bak-/- 

mice. 

F) Total numbers of DN (left), DP, CD4SP and CD8SP (right) thymocytes 

from control and BaxDCd4 Bak-/- mice. 

 

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

pooled from 3 independent experiments with n ≥ 11 mice/group at each time point 

and genotype, with the exception for day 14 post g-irradiation for which data were 

pooled from 2 independent experiments with n ≥ 7 mice/group and 8 weeks post 

g-irradiation for which the experiment was performed once with n ≥ 3 mice/group. 

Symbols indicate the mean±SEM for line graphs. Graph bars indicate the 

mean±SEM. Mice were age but not sex matched, g-irradiated at 8-12 weeks of 

age and analysed at the indicated time points. Control vs BaxDFoxn1 Bak-/- mice 

were compared using Mann Whitney U test (unpaired, no Gaussian distribution, 

two-tailed) at individual time points. ** P < 0.01, *** P < 0.001, **** P < 0.0001 

 
  



 174 

 

  



 175 

Figure 3.15 – Preventing mature thymocyte apoptosis provides significant 
albeit relatively minor rescue of TEC death following lethal g-irradiation  
A) Representative flow cytometry plots show TECs (gated on Lin- EpCAM+) 

from Baxfl/fl Bak-/- (control, top panels) and BaxDCd4 Bak-/- mice (bottom 

panels). Numbers within the plots indicate the proportions of TECs. 

B) Total numbers of TECs per thymus analysed from control and BaxDCd4 Bak-

/- mice. 

C) Percentage change of TEC numbers from control or BaxDCd4 Bak-/- mice at 

various time points after g-irradiation calculated to the TEC number of the 

respective untreated control animals of the same genotype. 

D) Proportion of TECs per thymus analysed in control and BaxDCd4 Bak-/- 

mice. 

 

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

pooled from 3 independent experiments with n ≥ 11 mice/group at each time point 

after g-irradiation and genotype, with the exception for day 14 post g-irradiation 

for which data were pooled from 2 independent experiments with n ≥ 7 

mice/group and 8 weeks post g-irradiation for which the experiment was 

performed once with n ≥ 3 mice/group. Symbols indicate the mean±SEM for line 

graphs. Graph bars indicate the mean±SEM. Mice were age but not sex matched, 

irradiated at 8-12 weeks of age and analysed at the indicated time points after 

lethal g-irradiation. Controls vs BaxDCd4 Bak-/- mice were compared using Mann 

Whitney U test (unpaired, no Gaussian distribution, two-tailed) at individual time 

points. ** P < 0.01, *** P < 0.001 
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Figure 3.16 – Blocking thymocyte apoptosis leads to a minor rescue of all TEC 
subsets at 7 days post lethal g-irradiation 
A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) 

from Baxfl/fl Bak-/- (control, top panels) and BaxDCd4 Bak-/- mice (bottom 

panels) mice show staining for MHCII vs Ly51 to identify cTECs (MHCII+ 

Ly51+), mTEChigh (MHCIIhigh Ly51-) and mTEClow (MHCIIlow Ly51-) cells. 

Numbers within the plots outline the proportions of the indicated TEC subset. 

B) Total number of the mTEChigh subset in control (black) and BaxDCd4 Bak-/- mice 

(magenta). 

C) Graph shows the percentage change of the number of mTEChigh from control 

and BaxDCd4 Bak-/- mice at the indicated time points after lethal g-irradiation 

compared to the respective untreated control animals of the same genotype. 

D) Total number of the AIRE+ mTEChigh subset in control and BaxDCd4 Bak-/- mice. 

E) Total number of the mTEClow subset in control and BaxDCd4 Bak-/- mice. 

F) Graph shows the percentage change in the number of mTEClow cells from 

control and BaxDCd4 Bak-/- mice at the indicated time points after lethal g-

irradiation compared to the respective untreated control animals of the same 

genotype. 

G) Total number of the cTEC subset in control and BaxDCd4 Bak-/- mice. 

H) Graph shows the percentage change of the number of cTECs from control 

and BaxDCd4 Bak-/- mice at the indicated time points after lethal g-irradiation 

compared to the respective untreated control animals of the same genotype. 

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

pooled from 3 independent experiments with n ≥ 11 mice/group at each time point 

after g-irradiation and genotype, with the exception for day 14 post g-irradiation for 

which data were pooled from 2 independent experiments with n ≥ 7 mice/group and 

8 weeks post g-irradiation for which the experiment was performed once with n ≥ 3 

mice/group. Symbols indicate the mean±SEM for line graphs (B, D, E, G). Graph 

bars indicate the mean±SEM (C, F, H). Mice were age but not sex matched, g-

irradiated at 8-12 weeks of age and analysed at the indicated time points. Control 

vs BaxDFoxn1 Bak-/- mice were compared using Mann Whitney U test (unpaired, no 

Gaussian distribution, two-tailed) at individual time points. *** P < 0.001, **** P < 

0.0001.  
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Figure 3.17 – TECs show similar proliferation after lethal g-irradiation even 
when thymocyte apoptosis was blocked 
A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) 

from Baxfl/fl Bak-/- (control, top panels) and BaxDCd4 Bak-/- mice (bottom 

panels) show staining for MHCII vs KI67 to identify proliferating TECs 

under homeostatic conditions and 2 weeks after lethal g-irradiation. 

B) Proportion of KI67+ TECs from Baxfl/fl Bak-/- (control; black) and BaxDCd4 

Bak-/- mice (magenta). 

C) Proportion of KI67+ mTEChigh from control and BaxDCd4 Bak-/- mice. 

D) Proportion of KI67+ mTEClow from control and BaxDCd4 Bak-/- mice. 

E) Proportion of KI67+ cTECs from control and BaxDCd4 Bak-/- mice. 

 

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

pooled from 3 independent experiments with n ≥ 11 mice/group at each time point 

post g-irradiation and genotype, with the exception for day 14 post g-irradiation 

for which data were pooled from 2 independent experiments with n ≥ 7 

mice/group. Symbols indicate the mean±SEM for line graphs. Mice were age but 

not sex matched, g-irradiated at 8-12 weeks of age and analysed at the indicated 

time points. 
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Figure 3.18 – Blocking the intrinsic apoptotic pathway through combined loss 
of BAX and BAK in thymocytes does not change the expression of pro-survival 
BCL-2 family members in TECs 
A) Representative histograms of flow cytometric analysis show MCL-1 levels in 

TECs of Baxfl/fl Bak-/- (control; black) and BaxDCd4 Bak-/- mice (magenta) under 

homeostatic conditions. Dashed histogram (grey) shows FMO. Graph shows 

the gMFI of MCL-1 levels in TECs.  
B) Representative histograms of flow cytometric analysis show BCL-2 levels in 

TECs of control and BaxDCd4 Bak-/- mice under homeostatic conditions. Dashed 

histogram (grey) shows FMO. Graph shows the gMFI of BCL-2 levels in TECs. 
C) Representative histograms of flow cytometric analysis show BCL-XL levels in 

TECs of control and BaxDCd4 Bak-/- mice under homeostatic conditions. Dashed 

histogram (grey) shows secondary antibody stain. Graph shows the gMFI of 

BCL-XL levels in TECs.  
D) Graphs show the normalised gMFI of MCL-1 levels in TECs (top), mTEChigh 

cells (2nd), mTEClow cells (3rd) and cTECs (bottom) from Baxfl/fl Bak-/- (control; 

black) and BaxDCd4 Bak-/- mice (magenta). 
E) Graphs show the normalised gMFI of BCL-2 levels in TECs (top), mTEChigh 

cells (2nd), mTEClow cells (3rd) and cTECs (bottom) from control and BaxDCd4 

Bak-/- mice. 
F) Graphs show the normalised gMFI of BCL-XL levels in TECs (top), mTEChigh 

cells (2nd), mTEClow cells (3rd) and cTECs (bottom) from control and BaxDCd4 

Bak-/- mice. 
Flow cytometric plots and data shown in bar graphs (A-C) are representative of at 

least 3 independent experiments. Data shown for line graphs are pooled from 3 

independent experiments with n ≥ 11 mice/group at each time point post g-irradiation 

and genotype, with the exception of 14 days post g-irradiation for which data were 

pooled from 2 independent experiments with n ≥ 7 mice/ group and 8 weeks post g-

irradiation for which the experiment was performed once with n ≥ 3 mice/group. 

Symbols indicate the mean±SEM for line graphs. Graph bars indicate the 

mean±SEM. Mice were age but not sex matched, g-irradiated at 8-12 weeks of age 

and analysed at the indicated time points. FMO - fluorescence minus one; gMFI - 

geometric mean fluorescent intensity.  



 182 

 

  



 183 

Figure 3.19 – Differential requirement for BCL-2 and BCL-XL for TEC 
survival and recovery after lethal g-irradiation 
A) Representative histograms of flow cytometric analysis show BCL-XL 

expression levels in TECs (left), mTEChigh cells (2nd from left), mTEClow 

cells (2nd from right) and cTECs (right). FMO – grey dotted line; untreated 

– dark green; 3 days – light green; 7 days – yellow; 14 days – blue; 28 

days – red. 

B) The graphs show the gMFI of BCL-XL expression levels in TECs (left), 

mTEChigh cells (2nd from left), mTEClow cells (2nd from right) and cTECs 

(right). 

C) Representative overlayed histograms show BCL-2 expression levels in 

TECs (left), mTEChigh cells (2nd from left), mTEClow cells (2nd from right) 

and cTECs (right). Secondary antibody staining (control) – grey dotted 

line; untreated – dark green; 3 days – light green; 7 days – yellow; 14 days 

– blue; 28days – red. 

D) The graphs show the geometric mean fluorescent intensity (gMFI) of BCL-

2 expression levels in TECs (left), mTEChigh cells (2nd from left), mTEClow 

cells (2nd from right) and cTECs (right). 

 

Flow cytometric plots are representative of 2 independent experiments. Data 

shown are from one experiment which is representative of 2 independent 

experiments with n = 8 mice/group at each time point post g-irradiation. Symbols 

indicate the mean±SEM for line graphs. Mice were age and sex matched 

(female), g-irradiated at 8-11 weeks of age and analysed at the indicated time 

points. Groups were compared with Student’s t test (unpaired, two-tailed). * P < 

0.05, ** P < 0.01, *** P < 0.001, *** P < 0.0001. gMFI - geometric mean fluorescent 

intensity; FMO – fluorescence minus one; 2ndary ab – secondary antibody staining 

(negative control). 
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Figure 3.20 – Conditional deletion of Bcl-2 or Bcl-xl from TECs leads to 
impaired thymic recovery after lethal g-irradiation 

A) Thymic cellularity of control (Bcl-2fl/fl or Bcl-xlfl/fl; black), Bcl-2DFoxn1 

(magenta) and Bcl-xlDFoxn1 mice (green). 

B) Percentage change of thymic cellularity of control (grey), Bcl-2DFoxn1 

(magenta) and Bcl-xlDFoxn1 (green) mice at various time points after lethal 

g- irradiation calculated to the respective untreated control animals of the 

same genotype.  

C) Representative flow cytometry plots show TECs (gated on Lin- EpCAM+) 

from control (top panels), Bcl-xlDFoxn1 (middle panels) and Bcl-2DFoxn1 mice 

(bottom panels). 

D) Total numbers of TECs per thymus analysed from control (black), Bcl-

2DFoxn1 (magenta) and Bcl-xlDFoxn1 mice (green). 

E) Percentage change of TEC numbers of control (grey), Bcl-2DFoxn1 

(magenta) and Bcl-xlDFoxn1 mice (green) at various time points after g-

irradiation calculated to the TEC number of the respective untreated 

control animals of the same genotype. 

F) Proportion of TECs per thymus analysed from control (black), Bcl-2DFoxn1 

(magenta) and Bcl-xlDFoxn1 (green) mice. 

 

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

pooled from 3 independent experiments with n ≥ 11 mice/group at each time point 

post g-irradiation and genotype, with the exception for 3 days post g-irradiation for 

which the experiment was performed once with n ≥ 4 mice/group. Symbols 

indicate the mean±SEM for line graphs. Graph bars indicate the mean±SEM. 

Mice were age but not sex matched, g-irradiated at 8-12 weeks of age and 

analysed at the indicated time points. Control vs Bcl-2DFoxn1 mice or control vs 

Bcl-xlDFoxn1 mice were compared using Mann Whitney U test (unpaired, no 

Gaussian distribution, two-tailed) at individual time points. * P < 0.05, ** P < 0.01, 

*** P < 0.001. 
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Figure 3.21 – Thymocyte recovery after lethal g-irradiation is delayed in 
mice missing Bcl-2 or Bcl-xl in their TECs 
A) Total number of thymocytes in control (Bcl-2fl/fl or Bcl-xlfl/fl; black) Bcl-

2DFoxn1 (magenta) and Bcl-xlDFoxn1 (green) mice. 

B) Total number (left) and proportion (right) of DN (CD4-CD8- double 

negative) thymocytes in control (black), Bcl-2DFoxn1 (magenta) and Bcl-

xlDFoxn1 (green) mice. 

C) Total number (left) and proportion (right) of DP (CD4+CD8+ double 

positive) thymocytes in control (black), Bcl-2DFoxn1 (magenta) and Bcl-

xlDFoxn1 (green) mice. 

D) Total number (left) and proportion (right) of CD4SP (CD4+CD8- single 

positive) thymocytes in control (black), Bcl-2DFoxn1 (magenta) and Bcl-

xlDFoxn1 (green) mice. 

E) Total number (left) and proportion (right) of CD8SP (CD4-CD8+ single 

positive) thymocytes in control (black), Bcl-2DFoxn1 (magenta) and Bcl-

xlDFoxn1 (green) mice. 

 

Data shown are pooled from 3 independent experiments with n ≥ 11 mice/group 

at each time point post g-irradiation and genotype, with the exception for 3 days 

post g-irradiation for which the experiment was performed once with n ≥ 4 

mice/group. Symbols indicate the mean±SEM for line graphs. Graph bars 

indicate the mean±SEM. Mice were age but not sex matched, g-irradiated at 8-

12 weeks of age and analysed at the indicated time points. Controls vs Bcl-2DFoxn1 

or controls vs Bcl-xlDFoxn1 were compared using Mann Whitney U test (unpaired, 

no Gaussian distribution, two-tailed) at individual time points. * P < 0.05, ** P < 

0.01, *** P < 0.001, **** P < 0.0001. 
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Figure 3.22 – Lethal g-irradiation induces severe defects in the mTEClow 

compartment with conditional deletion of Bcl-2 or Bcl-xl  
A) Representative flow cytometry plots gated on TECs (Lin- EpCAM+ MHCII+) from 

control (Bcl-2fl/fl or Bcl-xlfl/fl; top panels) or Bcl-xlDFoxn1 (middle panels) or Bcl-

2DFoxn1 mice (bottom panels) show staining for MHCII vs Ly51 to identify cTECs 

(MHCII+ Ly51+), mTEChigh (MHCIIhigh Ly51-) and mTEClow (MHCIIlow Ly51-). 

Numbers within the plots outline the proportions of the indicated TEC subset. 

B) Total number of the mTEChigh subset from control (black), Bcl-2DFoxn1 (magenta) 

and Bcl-xlDFoxn1 mice (green). 

C) Percentage change of the number of mTEChigh cells in control (grey), Bcl-2DFoxn1 

(magenta) and Bcl-xlDFoxn1 mice (green) at various time points after lethal g-

irradiation calculated to the respective untreated control animals of the same 

genotype.  

D) Total number of the mTEClow subset from control (black), Bcl-2DFoxn1 (magenta) 

and Bcl-xlDFoxn1 mice (green). 

E) Percentage change of the number of mTEClow cells in control (grey), Bcl-2DFoxn1 

(magenta) and Bcl-xlDFoxn1 mice (green) at various time points after lethal g-

irradiation calculated to the respective untreated control animals of the same 

genotype.  

F) Total number of the cTEC subset from control (black), Bcl-2DFoxn1 (magenta) and 

Bcl-xlDFoxn1 mice (green). 

G) Percentage change of the number of cTECs in control (grey), Bcl-2DFoxn1 

(magenta) and Bcl-xlDFoxn1 (green) mice at various time points after lethal g-

irradiation calculated to the respective untreated control animals of the same 

genotype.  

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

pooled from 3 independent experiments with n ≥ 11 mice/group at each time point post 

g-irradiation and genotype, with the exception for 3 days post g-irradiation for which the 

experiment was performed once with n ≥ 4 mice/group. Symbols indicate the 

mean±SEM for line graphs. Graph bars indicate the mean±SEM. Mice were age but 

not sex matched, g-irradiated at 8-12 weeks of age and analysed at the indicated time 

points.  
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Figure 3.23 – AIRE+ mTEChigh cells are more sensitive to lethal g-irradiation-
induced apoptosis when Bcl-xl is absent 
A) Proportion of the AIRE+ mTEChigh subset from control (Bcl-2fl/fl or Bcl-xlfl/fl, 

black), Bcl-2DFoxn1 (magenta) and Bcl-xlDFoxn1 mice (green).  

B) Total number of the AIRE+ mTEChigh subset from control (black), Bcl-

2DFoxn1 (magenta) and Bcl-xlDFoxn1 mice (green).  

 

Data shown are pooled from 3 independent experiments with n ≥ 11 mice/group 

at each time point post g-irradiation and genotype, with the exception for 3 days 

post g-irradiation for which the experiment was performed once with n ≥ 4 

mice/group. Symbols indicate the mean±SEM for line graphs. Mice were age but 

not sex matched, g-irradiated at 8-12 weeks of age and analysed at the indicated 

time points. Controls vs Bcl-2DFoxn1 or controls vs Bcl-xlDFoxn1 were compared 

using Mann Whitney U test (unpaired, no Gaussian distribution, two-tailed) at 

individual time points. **** P < 0.0001. 
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Figure 3.24 – Differential expression of BCL-2 and BCL-XL in TECs after lethal 

g-irradiation  
A) Representative histograms of flow cytometric analysis show MCL-1 levels in 

TECs from control (Bcl-2fl/fl or Bcl-xlfl/fl), Bcl-2DFoxn1 and Bcl-xlDFoxn1 mice under 

homeostatic conditions. Dashed histogram (grey) shows FMO. Graph shows 

the gMFI of MCL-1 levels in TECs of the various genotypes.  
B) Normalised gMFI of MCL-1 expression levels in TECs (top), mTEChigh cells 

(2nd), mTEClow cells (3rd) and cTECs (bottom) from control (Bcl-2fl/fl or Bcl-xlfl/fl), 

Bcl-2DFoxn1 and Bcl-xlDFoxn1 mice. 
C) Representative histograms of flow cytometric analysis show BCL-2 levels in 

TECs from control (Bcl-2fl/fl or Bcl-xlfl/fl), Bcl-2DFoxn1 and Bcl-xlDFoxn1 mice under 

homeostatic conditions. Dashed histogram (grey) shows FMO. Graph shows 

the gMFI of BCL-2 levels in TECs of the various genotypes. 
D) Graphs show the normalised gMFI of BCL-2 expression levels in TECs (top), 

mTEChigh cells (2nd), mTEClow cells (3rd) and cTECs (bottom) from control 

(Bcl-2fl/fl or Bcl-xlfl/fl) and Bcl-xlDFoxn1 mice. 
E) Representative histograms of flow cytometric analysis show BCL-XL levels in 

TECs from control (Bcl-2fl/fl or Bc-lxlfl/fl), Bcl2DFoxn1 and Bcl-xlDFoxn1 mice under 

homeostatic conditions. Dashed histogram (grey) shows secondary antibody 

staining (negative control). Graph shows the gMFI of BCL-XL levels in TECs 

of the various genotypes.  
F) Normalised gMFI of BCL-XL expression levels in TECs (top), mTEChigh cells 

(2nd), mTEClow cells (3rd) and cTECs (bottom) from control (Bcl-2fl/fl or Bcl-

xlfl/fl) and Bcl-2DFoxn1 mice at various time points after lethal g-irradiation.  

Flow cytometric plots are representative of at least 1 experiment. Data shown are 

pooled from 3 independent experiments with n ≥ 11 mice/group at each time point 

post at various time points after lethal g-irradiation and genotype, with the exception 

for 3 days post irradiation for which the experiment was performed once with n ≥ 4 

mice/ group. Symbols indicate the mean±SEM for line graphs. Graph bars indicate 

the mean±SEM. Mice were age but not sex matched, g-irradiated at 8-12 weeks of 

age and analysed at the indicated time points. Controls vs Bcl-2DFoxn1 or controls vs 

Bcl-xlDFoxn1 were compared using Mann Whitney U test (unpaired, no Gaussian 

distribution, two-tailed) at individual time points. * P < 0.05, ** P < 0.01. FMO - 

fluorescence minus one; gMFI - geometric mean fluorescent intensity.   
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4.1 Abstract 
The autoimmune regulator, AIRE, induces the transcription of thousands of 

peripheral tissue antigens (PTAs) in thymic epithelial cells (TECs) to mediate 

immunological tolerance. Interactions with distinct chromatin states have been 

implicated in the mechanism by which AIRE orchestrates such broad 

transcriptional effects in TECs; however, the precise chromatin configurations 

required remain unclear. We probed this question in mice with TEC-specific 

ablation of the histone acetyltransferase, KAT7 (also known as HBO1 or MYST2), 

which is essential for acetylation of histone 3 lysine 14 (H3K14). We find that 

Kat7ΔFoxn1 mice have skewed TEC development, with expansion of cortical TEC 

at the expense of mature medullary cells. Although substantial AIRE-expressing 

cells still arise in Kat7-deficient TEC, their expression of PTAs is almost 

completely lacking. Accordingly, Kat7ΔFoxn1 mice develop a range of organ-

specific autoimmune traits that resemble those observed in Aire-deficient mice. 

These findings highlight critical roles for KAT7-mediated acetylation in 

establishing a normal thymic microenvironment, AIRE function and the 

establishment of self-tolerance.  
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4.2 Introduction 
The differentiation of haematopoietic progenitors into T cells occurs in the 

thymus. Thymocytes progress through a series of differentiation and proliferative 

stages that involve the random rearrangement of T cell receptor (TCR) genes 

and stringent selection processes. These include positive and negative selection 

to ensure that the newly formed TCR specificities are potentially useful yet do not 

pose the risk of  potent autoreactivity [447]. Thymocyte differentiation and 

selection are largely governed by thymic epithelial cells (TEC). 

TECs can be divided into cortical and medullary TECs based on their anatomical 

location, function and molecular features [32]. Cortical TECs (cTECs) provide the 

microenvironment for the commitment of haematopoietic precursors to the T cell 

lineage and mediate the positive selection of CD4+CD8+ double positive (DP) 

thymocytes. Medullary TECs (mTECs) facilitate the negative selection of self-

reactive thymocytes and the differentiation of FOXP3+ regulatory T cells (Tregs) 

[32]. Medullary TECs are also distinctive for their “promiscuous” gene expression, 

transcribing thousands of peripheral tissue antigens (PTAs) that are only found 

in peripheral tissues (e.g. insulin and salivary protein) [32, 177]. 

Much of this PTA expression by mTECs is controlled by the autoimmune 

regulator, AIRE [42, 170]. AIRE is a transcriptional regulator discovered over 20 

years ago as the gene defective in the monogenic human autoimmune disorder, 

APECED [170]. AIRE deficiency in humans or mice impairs PTA expression in 

mTEC, enabling the escape of self-reactive T cells from the thymus that cause 

multi-organ autoimmune disease [42, 448]. Since its discovery, AIRE has been 

subject of intensive research to understand how AIRE mediates such broad 
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transcriptional regulation of PTAs in mTECs. The model that is emerging is that 

AIRE interacts with a number of distinct multi-protein complexes to promote PTA 

transcription at several levels [184]. AIRE localizes to super-enhancers where it 

interacts with the topoisomerase TOP1 [221] and has been proposed to stabilize 

DNA double strand breaks (DSBs) and recruit several other mediators of the DNA 

damage response, including DNA-PK, KU80 and PARP-1 [220, 221]. AIRE is 

also able to release the stalled RNA-polymerase II [211] by interacting with BRD4 

[213, 214] which then recruits positive transcription elongation factor b (P-TEFb) 

[212, 213, 216]. 

How is AIRE recruited to the loci encoding PTAs? AIRE-regulated PTAs are 

associated with a silenced chromatin state in TECs, with enrichment of inactive 

marks such as trimethylated histone 3 lysine 27 (H3K27me3) and trimethylated 

histone 3 lysine 9 (H3K9me3) [128, 191, 196, 197]. It has been shown that AIRE’s 

PHD1 finger is able to directly recognise unmethylated histone 3 lysine 14 

(H3K4me0) [192, 193]. In addition, AIRE indirectly interacts with silenced 

chromatin via the ATF7ip-MBD1 complex, which recognises methylated CpG 

dinucleotides [208]. AIRE’s PHD1 finger has been shown to interact with 

acetylated H3K9 and H3K14 in vitro [193], however the impact of histone 

acetylation on AIRE’s function has yet to be directly investigated. 

Acetylation of lysine residues of histone proteins correlates with an open 

chromatin structure and active gene transcription [230, 449, 450]. Additionally, 

histone acetylation is important for DNA repair [451] and influences DNA 

replication [452]. Acetylation of histone 3 at lysine 14 (H3K14ac) is highly 

enriched at transcriptionally active and poised gene loci as well as active 
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enhancers and to lesser extent can also mark inactive inducible promotors [256]. 

The vast majority of H3K14ac in vivo is mediated by the histone acetyltransferase 

KAT7 (also known as HBO1 or MYST2) [251]. KAT7 has been described to be 

part of a nuclear multi-protein complex consisting of JADE1, 2 or 3 or BRPF1, 2 

or 3 proteins, ING4 or ING5 and EAF6 [245, 248, 253, 261]. Depending on the 

presence of ING4 or ING5, KAT7 is believed to acetylate H3K14 in the region of 

transcriptional start sites (TSS) of active genes or H4 throughout the gene, 

respectively [244]. Additionally, KAT7 containing complexes have been 

suggested to play a role in transcriptional elongation [244]. Mice lacking KAT7 

function have substantially reduced H3K14ac (by at least 90%) in their cells [251]. 

This leads to decreased transcription of genes that are important during post-

gastrulation embryonic development (such as brachyury, Sox1, Sox2, Hoxa3 and 

Tie2), causing embryonic lethality, whereas house keeping genes are unaffected 

[251]. Although chromatin state seems to play an important role in AIRE’s 

unconventional transcriptional regulation of PTA expression, there is a paucity of 

studies into modifying factors that promote AIRE’s function. In this study, we 

sought to delineate the physiological role of the histone acetyltransferase KAT7 

in TEC development and AIRE-mediated PTA transcription. 

4.3 Materials and Methods 
Mice 

Foxn1Cre/+ [416], Kat7flox/flox [251], Aire-/- [42] and Rag1-/- mice were generated and 

maintained on a C57BL/6 background. Foxn1Cre Kat7flox/flox mice were generated 

by crossing Kat7flox/flox females with Foxn1Cre/+ males. All mice were raised and 

maintained under specific-pathogen-free housing conditions in accord with the 
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regulations of the Walter and Eliza Hall Institute of Medical Research Animal 

Ethics Committee. 

Thymus digestion for TEC analysis 

Thymi were digested as previously described [453]. Briefly, mice were euthanised 

using CO2, thymi were dissected, connective tissue was removed, and the two 

thymic lobes were gently separated. Approximately 10-15 snips were made into 

each lobe using surgical scissors and lobes were agitated using a wide-bore 

pipette tip in 5mLs of RPMI to release thymocytes. The supernatant was 

recovered and replaced with 1 mL of a pre-warmed enzymatic digestion buffer 

(RPMI-1640 supplemented with DNase I at 0.1 % w/v (Sigma-Aldrich) and 

Liberase TM at 0.5 Wunsch Units [U] (Roche)). Thymic fragments were digested 

for 15 min at 37°C with gentle agitation through a wide-bore pipette tip every 5 

min. After the first digestion, the cells accumulated in the supernatant were 

recovered and 0.5 mL of fresh pre-warmed digestion buffer was added. The 

second digestion was performed for 15 min at 37°C with gentle agitation every 5 

min and the cells released recovered by filtration through a 100 µM nylon mesh. 

Immunoconjugates and flow cytometry 

The following immunoconjugates for flow cytometry were purchased from 

BioLegend, unless otherwise indicated, and were diluted in FACS buffer for 

staining (PBS with 1% (v/v) FCS and 5 mM EDTA): Anti-mouse CD16/32 FcRg-

block (clone 2.4G2, WEHI), anti-mouse CD45 PerCP/Cy5.5 (clone 30-F11), anti-

mouse Ter119 PerCP/Cy5.5 (clone TER119), anti-mouse CD31 PerCP/Cy5.5 

(clone 390), anti-mouse CD326 (EPCAM) APC/Cy7 (clone G8.8), anti-H2-A/E 

fluorescein isothiocyanate (FITC) or allophycocyanin (APC) (clone M5/114.15.2, 
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WEHI), anti-H2-A/E BV421 (clone M5/114.15.2), anti-H2-A/E BV711 (clone 

M5/114.15.2), biotinylated UEA-1 lectin (Vector labs, USA), anti-mouse Ly51 

phycoerythrin (PE) (clone 6C3), anti-mouse CD80 BV421 (clone 16-10A1), anti-

mouse CD40 Alexa Fluor 647 (clone 3/23), anti-mouse L1CAM PE (clone 555, 

R&D systems), anti-mouse CD104 Alexa Fluor 647 (clone 346-11A), anti-mouse 

Ly6d eFluor450 (clone 49-H4, eBioscience), anti-mouse alpha6-integrin PE/Cy7 

(clone G0H3), anti-mouse SCA-1 Alexa 594 (clone E13-161.7, WEHI), anti-

mouse CD4 PerCP/Cy5.5 (GK1.5), anti-mouse TCRβ PE/Cy7 (H57.59.1), anti-

mouse CD3 PE/Cy7 (clone 17A2), anti-mouse CD8 Brilliant Violet 650 (clone 53-

6.7), anti-mouse CD25 BV510 (clone PC61), anti-mouse CD44 PE or FITC (clone 

IM781, WEHI), anti-mouse CD44 Alexa700 (clone IM7), anti-mouse CD62L 

APC/Cy7 (clone MEL-14), anti-mouse CD45R/B220 Brilliant Violet 605 (clone 

RA3-6B2), anti-mouse CCR7/CD197 APC (clone 4B12), anti-mouse PD1/CD279 

Brilliant Violet 605 (clone 29F.1a12), anti-mouse CD24 PE/Cy5 (clone M1/69), 

anti-mouse c-KIT APC/eFluor780 (clone 2B8), anti-mouse CD69 Alexa Fluor 647 

(clone H1.2F3) and anti-mouse CD5 PE (clone 53-7.3). Cells were washed in 

FACS buffer and biotin conjugates were detected with streptavidin PE/Cy7 (BD 

Biosciences) or streptavidin BV786. Propidium iodide or 4′,6-diamidino-2-

phenylindole (DAPI) at a final concentration of 2.5 μg/mL was added to samples 

just prior to data acquisition to label dead cells.  

For staining of intracellular determinants, cells were fixed and permeabilised 

using the eBioscience FOXP3 kit. Conjugates were diluted in the eBioscience 

FOXP3 permeabilisation buffer, including: anti-mouse Ki67 BV786 (clone B56, 

BD Biosciences), anti-mouse AIRE FITC (clone 5H12, WEHI), rabbit anti-Acetyl-

Histone H3 (Lys14) (clone D4B9, Cell Signalling), anti-mouse FOXP3 eFluor-450 
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(clone FJK-165, eBioscience), anti-mouse Helios FITC (clone 22F6), anti-mouse 

MCL-1 Alexa 647 (clone AA3), anti-mouse BCL-2 PE (clone BCL/10C4, 

Biolegend), anti-mouse BCL-XL (clone E18, Abcam), Anti-mouse cleaved (i.e. 

active) caspase-3 BV786 (clone C92-605 BD Bioscience) and anti-rabbit Ig Alexa 

647 (Life Technologies). Cells were resuspended in FACS buffer prior to 

acquisition on either a Fortessa X20 (BD Biosciences) or Fortessa 1 (BD 

Biosciences) and analysed using the FlowJo software 10.2 (TreeStar). 

Purification of TEC subsets 

Thymi (2-6 per genotype) of sex- and age-matched mice were pooled and 

digested as described previously [453]. The final digestion fractions were pooled 

and incubated with anti-mouse CD45 MicroBeads (Miltenyi Biotec) for depletion 

of CD45+ cells using LS columns (Miltenyi Biotec) according to manufacturer’s 

instructions. Negatively selected cells were stained with appropriate antibody 

conjugates and cells sorted on FACSAriaW (BD Biosciences) or MoFlo Legacy 

(Beckman Coulter) machines. 

Genomic PCR anlaysis of Kat7 

Purified thymic cell subsets were lysed (Direct PCR Lysis reagent (Viagen 

Biotech)) and digested overnight with Proteinase K (Sigma) at 56°C overnight 

with agitation. PCR was performed to detect the wildtype, floxed and deleted Kat7 

alleles with the following primers: 5’-TAAGAGCTATTCCGTGTTCCGG-3’;                                                    

5’-AACTGGAAATTCTTTGGCGCTCC-3’;                                                                              

5’-ATCAATTCTGCCTGGCTTAACCC-3’. Products were separated on a 2 % 

(w/v) agarose gel with ethidium bromide and analysed on a Molecular Imager® 

Gel DocTM XR+ System (Bio-Rad). 
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Immunofluorescence microscopy  

Thymi were dissected and immediately embedded in Tissue-Tek O.C.T 

compound (Sakura Finetek) and snap frozen in a liquid nitrogen/isopentane 

slurry. Cryosections of 8 µm were cut using the Microm HM550 Cryostat (Thermo 

Scientific) and air-dried for 20 min then stored at -20°C until further processing. 

Sections were thawed at room temperature (RT), washed in PBS and blocked 

with 5% (v/v) horse serum in PBS with 1% (v/v) Triton X100 for 30 min. Primary 

antibody staining was performed for 30 min at RT, including biotinylated anti-

mouse pan-keratin (clone Lu5, LifeSpan BioSciences), anti-mouse AIRE (clone 

5H12, WEHI) and rabbit monoclonal antibody Acetyl-Histone H3 (Lys14) (clone 

D4B9, Cell Signalling). Sections were washed with 0.01% (v/v) Triton X100 in 

PBS 3 times for 5 min each, then incubated with secondary reagents: anti-rabbit 

Ig Alexa 647 (Life Technologies), anti-rat Ig Alexa 555 (Life Technologies) and 

streptavidin Alexa 488 (Life Technologies) for 30 min in the dark. Slides were 

washed again, counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for 5 

min at RT then mounted with Dako Fluorescent Mounting Medium (Dako). 

Images were acquired on the LSM780 confocal with Zen 2012 SP2 (black) 

software v11.0 (Zeiss). Single optical sections and maximal intensity projection 

images were processed for presentation using FIJI (Version 2.0.0) [418].  

Immunofluorescence microscopy for the detection of auto-antibodies 

Tissues from Rag1-/- were harvested and embedded in Tissue-Tek O.C.T 

compound (Sakura Finetek) and frozen using the PrestoCHILL system (Milestone 

Medical). Organs were stored at -80°C until sectioning. Sections of 8 µm were 

cut using the Microm HM550 Cryostat (Thermo Scientific), air-dried for 20 min 
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and then fixed in ice-cold 100% acetone for 10 min. Sections were again air-dried 

for 10 min before storing at -20°C for further processing. Sections were thawed 

at RT and washed 3 times in PBS for 5 min each. Staining was performed using 

sera from ~1-year-old mice of different genotypes, diluted in PBS (1/10; 1/30; 

1/100) and incubated for 30 min at RT. This was followed by 3 washes in PBS for 

5 min each. Secondary staining was performed with a goat anti-mouse IgM/A/G 

antibody conjugated to FITC (Cappel Laboratories) for 30 min at RT in the dark. 

Sections were washed in PBS 3 times for 5 min each, counterstained with DAPI 

for 5 min at RT. Slides were mounted with Dako Fluorescent Mounting Medium 

(Dako). Images were acquired on the AxioObserver (Zeiss) wide-field 

fluorescence microscope. Single optical sections were processed for 

presentation using FIJI (Version 2.0.0) [418].  

Adoptive T cell transfer 

Splenocytes from 5-month-old mice were incubated with biotinylated anti-mouse 

Thy1.1 antibody (clone T3.24.1, WEHI) for 15 min, washed and incubated with 

streptavidin MicroBeads (Miltenyi Biotec). T cells were enriched on an AutoMACS 

(Miltenyi Biotec) using the positive depletion_sensitive program following 

manufacturer’s instructions. After washing, cells were spun and resuspended in 

sterile PBS and 2 x 106 T cells were injected i.v. into Rag1-/- mice. Eight weeks 

after the adoptive T cell transfer, recipients were euthanised and organs were 

histologically assessed for lymphocytic infiltration. 

Histology and scoring 

Organs from 1-year-old mice or Rag1-/- recipient mice transplanted with T cells 

(see above) were fixed in 10% buffered formalin for at least 24 h, paraffin-
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embedded and processed, sectioned and stained with haematoxylin plus eosin 

(H&E). Analysis of the tissue sections and scoring of immune infiltrates were 

performed blinded. Analysis of the organs was performed blinded. The following 

scheme was used to score severity of lymphocytic infiltrations. Lung, liver, 

salivary gland, pancreas, lacrimal gland, kidney: (0) lymphocyte infiltration 

detected <5% of tissue. (1) small patches of lymphocyte infiltration detected in 5-

10% of the tissue. (2) multiple small patches of lymphocyte infiltration detected in 

10-15% of the tissue. (3) multiple patches of lymphocyte infiltration detected in 

>15% of the tissue. Stomach: (0) lymphocyte infiltration detected in <5% of tissue. 

(1) lymphocyte infiltration detected in >5% of tissue. Eye: (0) normal eye, retinal 

layers well ordered and preserved. (1) retinal architecture disorganised. (2) 

extensive destruction of the photoreceptor layers. 

RNA-seq analysis of TEC subsets 

Three biological replicates were prepared of cTEC, mTEChi and mTEClow cell 

populations from control and Kat7ΔFoxn1 mice. RNA from sorted TEC subsets was 

isolated using the microRNeasy Micro Kit (Qiagen) with on column DNase 

digestion according to manufacturer’s instructions. First strand cDNA synthesis 

and cDNA amplification were performed using the SMART-Seq® v4 Ultra® Low 

Input RNA Kit for Sequencing (Clontech Laboratories) according to 

manufacturer’s instructions. Complementary DNA (cDNA) libraries were 

prepared and indexed separately using the Nextera® XT DNA Library 

Preparation Kit (Illumina) following manufacturer’s instructions. Each indexed 

sample library was quantified using the Agilent Tapestation and the Qubit™ DNA 

BR assay kit for Qubit 3.0® Fluorometer (Life technologies). The indexed sample 

libraries were pooled and diluted to 1.5pM for 75 base paired-end sequencing on 
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a NextSeq 500 instrument using the v2 150 cycle High Output kit (Illumina) as 

per manufacturer’s instructions. 

RNA-seq reads were mapped to the mouse mm10 genome using Rsubread 

version 1.24.1 [454] and were counted for each Entrez Gene using Rsubread’s 

inbuilt RefSeq annotation. Further gene annotation was obtained from NCBI 

(ftp://ftp.ncbi.nlm.nih.gov/gene/DATA/GENE_INFO/). Filtering and normalization 

was undertaken using the edgeR package [455]. Genes were retained for 

downstream analysis if they achieved at least 1.5 counts per million (CPM) in at 

least 3 samples. Effective library sizes were estimated using the Trimmed Mean 

of M-values  method [456] and counts were converted to log2 CPM using edgeR's 

cpm function with a prior count of 3. Reads per kilobase per million (RPKM) 

values were computed for each cell population using edgeR's rpkmByGroup 

function. Statistical analysis used the limma package [457]. Differential 

expression was assessed using robust empirical Bayes moderated t-statistics 

with trended variance [458]. The false discovery rate (FDR) was controlled using 

the Benjamini and Hochberg method. Genes with FDR < 0.05 were considered 

to be differentially expressed (DE). Genes with substantial fold-changes were 

further selected by the Treat method [459], which takes into account both the 

variability of the gene and the size of the fold-change. Genes were considered to 

be strongly differentially expressed (SDE) if their fold-changes were significantly 

greater than 1.5-fold, with Treat FDR < 0.05 relative to this theshold. Almost all 

(99%) of genes that satisfied this criterion had observed fold changes greater 

than 2-fold. 
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RNA-seq analysis of Aire knockout TECs 

RNA-seq data for mTEChigh cells from AIRE-positive and AIRE-knockout 

(AireGFP/GFP) mice was downloaded from Gene Expression Omnibus (GEO) 

Series GSE53110 [191] and was analysed similarly to the Kat7 RNA-seq data 

described above. Two biological replicates were available for each genotype. 

Genes were retained for downstream analysis if they achieved at least 1.5 CPM 

in at least 2 samples. Correlation of Aire targets with the Kat7ΔFoxn1 expression 

profile as assessed using a ROAST gene set test [460]. 

Statistical data analysis 

Statistical analyses were performed using Prism version 7. No outliers were 

excluded. Experiments with 2 groups were analysed using Mann Whitney U tests 

(unpaired, no Gaussian distribution, two-tailed) or Student’s t-test (unpaired, two-

tailed) and the threshold for statistical significance was P £ 0.05. 

4.4 Results 

4.4.1 KAT7 function in TECs is required for a normal thymic 
microenvironment 

To assess the potential role of KAT7 in TEC gene expression in vivo, we 

intercrossed mice bearing Kat7 alleles flanked by loxP sites [251] with a strain 

expressing the Cre recombinase under the control of the Foxn1 promoter to 

generate Foxn1Cre Kat7flox/flox mice (hereafter referred to as Kat7DFoxn1 mice) [416]. 

Deletion of Kat7 in only TECs from Kat7DFoxn1 mice was confirmed by PCR on 

FACS purified TECs (Sup Fig 4.1A). Since KAT7 mediates over 90% of H3K14ac 

[251], we quantified the functional impact of KAT7 deletion on TEC by analysing 

H3K14ac by flow cytometry. This chromatin modification was clearly detectable 
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in TECs from control mice (Kat7flox/flox) but not in TECs from Kat7DFoxn1 mice (Fig 

4.1A). Loss of KAT7 function was specific to TECs as comparable H3K14ac was 

detected in thymocytes from control and Kat7ΔFoxn1 mice (Fig 4.1A). The specific 

loss of H3K14ac from keratin-positive TECs was confirmed in situ by 

immunofluorescence imaging (Sup Fig 4.1B). These data show severely 

impaired H3K14ac, as expected from efficient, TEC-specific deletion of KAT7 in 

Kat7DFoxn1 mice. 

Young adult Kat7ΔFoxn1 mice had thymic hypoplasia (Fig 4.1B), with a significant 

reduction in TEC numbers (Fig 4.1C). This deficiency was primarily in mTECs, 

which were reduced by approximately half compared to controls, whereas cTEC 

were increased in number (Fig 4.1D). Both the immature MHCIIlow mTEC 

(mTEClow) and mature MHCIIhigh (mTEChigh) subsets were reduced by the loss of 

Kat7 (Fig 4.1E). As expected, the loss of mTEC in Kat7ΔFoxn1 mice caused a 

substantial reduction of the medullary area as assessed by immunofluorescent 

staining of histological sections (Fig. 4.1F).  

It has been shown that the in vivo deletion of Kat7 is compatible with normal cell 

replication, but leads to an increase in apoptotic cell death during embryogenesis 

[251]. Therefore, we sought to determine whether KAT7 in the thymus influences 

proliferation and/or apoptosis in a similar manner to cause the alterations 

observed in TECs. The frequency of TECs in cell cycle, assessed by KI67 

expression, was normal in Kat7ΔFoxn1 mice (Fig 4.2A), however we did observe a 

significant increase in proliferation in the mTEClow compartment. Unexpectedly, 

flow cytometric analysis of the distal apoptosis marker, cleaved (i.e active) 

caspase-3, revealed a significant reduction in the proportion of TECs undergoing 
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apoptosis (Fig 4.2B). This decrease was caused by the reduced proportion of 

apoptotic mTEClow and cTEC in the absence of KAT7 (Fig 4.2B). Given that pro-

survival members of the BCL-2 family of proteins are key regulators of apoptosis 

and that MCL-1 is particularly important for TEC survival [386] we determined the 

amounts of these proteins in KAT7-deficient TECs. Several subtle changes in all 

TEC subsets and increased amounts of MCL-1 in the cTEC and mTEClow 

compartments (Sup Fig 4.2A) coincided with the reduced rates of apoptosis. 

Together, these data suggest that the increase in cTECs was due to enhanced 

survival. Thus, the mTEC deficiency likely stems from a defect in differentiation. 

To investigate whether the thymic phenotype observed was due to a 

developmental defect, thymi from neonatal mice (postnatal day 1) were analysed. 

Thymic hypoplasia was apparent in 1-day-old Kat7ΔFoxn1 mice (Sup Fig 4.3A), 

with a severe defect in the expansion of mTEC, compensated by increased cTEC 

(Sup Fig 4.3B, C). This indicates suggesting that KAT7 is required for normal 

development of the thymic medulla.  

In young adult mice, a small population of MHCIIlow, α6-integrinhigh and SCA-1high 

TEC progenitors have been described to have the capacity to differentiate into 

mature cTEC and mTEC [81]. We observed normal numbers and frequencies of 

the α6-integrinhigh and SCA-1high TEC progenitor population in Kat7ΔFoxn1 mice 

(Fig 4.2C). However, a significant skewing was observed in downstream 

populations, with increased α6-integrinhigh SCA-1low cells (mainly consisting of 

cTEChigh cells), and a loss of α6-integrinintermediate SCA-1high subset (mainly 

consisting of mTEClow) (Fig 4.2C). These data further suggested that the deletion 

of Kat7 leads to a defect in TEC differentiation program (Fig 4.2C). 
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Recently, Bornstein et al. reclassified the mTEC compartment into four main 

subsets based on single cell RNA-sequencing, termed mTEC I-IV [96]. To further 

probe the TEC defects induced by Kat7 deletion we analysed the mTEC 

compartment of Kat7ΔFoxn1 mice using this phenotypic scheme. We observed that 

the mTEC I population, which is largely composed of mTEClow cells and 

expresses genes associated with progenitor cells [96], was significantly reduced 

in number and proportion in the absence of Kat7 (Fig 4.2D). Additionally, we 

observed a significant reduction of the mTEC II subset (Fig 4.2D), which is known 

to include fully differentiated mTEChigh cells [96]. By contrast, the mTEC IV or 

recently defined thymic tuft cell population, was significantly increased in 

proportion in Kat7ΔFoxn1 mice (Fig 4.2D). 

Collectively, these data suggest that KAT7 plays an important role in mTEC 

development and might be involved in regulating the transcriptional differentiation 

program of TEC progenitors to differentiate into mTEC. 

4.4.2 Delayed and reduced development of AIRE+ TECs in 
Kat7ΔFoxn1 mice 

The expression of AIRE and most PTAs essential for thymic tolerance occurs in 

the mTEChigh population [177]. These cells differentiate from mTEClow precursors 

[94, 120]. Therefore, given the defects observed in the mTECs of Kat7ΔFoxn1 mice, 

we next assessed whether KAT7 was required for the development of AIRE+ 

mTEChigh population. The proportion and number of AIRE+ mTEChigh was 

diminished in young adult Kat7ΔFoxn1 mice and the numerical defect was apparent 

in neonatal mice (Fig 4.3A and Sup Fig 4.3D).  

These findings were supported by immunohistological analysis of AIRE, with a 
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clear reduction in the frequency of AIRE+ mTECs in the Kat7ΔFoxn1 mice (Fig 

4.3B). As expected, H3K14ac was absent from the nuclei of these AIRE+ 

mTEChigh cells from the Kat7ΔFoxn1 mice, confirming that Kat7 was deleted in this 

subpopulation (Fig 4.3B and Sup Fig 4.3E). Nevertheless, in accord with the flow 

cytometric analysis, cells expressing AIRE were still clearly detectable and 

exhibited the punctate staining of the nucleus characteristic for this protein (Fig 

4.3B bottom panels). Therefore, although KAT7 appears to be required for the 

normal expansion of AIRE+ and mTEChigh cells, these cells can still arise in 

substantial numbers in Kat7ΔFoxn1 mice. 

4.4.3 KAT7 is required for AIRE-mediated PTA expression 

To test the hypothesis that KAT7 was involved in AIRE-mediated expression of 

PTAs, we purified mTEChigh, mTEClow and cTECs from control as well as 

Kat7ΔFoxn1 mice and performed low input RNA-sequencing. After confirming 

specific deletion of Kat7 (Sup Fig 4.4A), the relationships among the cell 

populations were visualised in a multi-dimensional scaling plot (Fig 4.4A). This 

plot showed: 1) low variability, since the biological replicates of each TEC subset 

clustered together tightly, 2) that the first principal coordinate distinguished the 

mTEChigh cells from the other TEC subsets, and 3) the second principal 

coordinate distinguished the Kat7-deficient from control cells (Fig 4.4A). 

Quantification of the numbers of differentially expressed (DE) genes in each 

subset indicated that KAT7 was primarily required for transcriptional activation of 

substantial numbers of genes. Surprisingly, the loss of Kat7 from TECs induced 

the highest number of DE genes within the cTEC subpopulation (Fig 4.4B). We 

considered genes with FDR < 0.05 to be differentially expressed genes and those 
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with fold-changes significantly greater than 1.5-fold to be "strongly" differentially 

expressed (Treat FDR < 0.05). 

We next investigated whether KAT7 played a role in AIRE-regulated PTA 

expression. After validation of sufficient detection of PTAs (measured by RPKM) 

in the mTEChigh of control mice (Sup Fig 4.4B), we observed that a small number 

of previously described AIRE-dependent PTA genes were all found to be reduced 

in mTEChigh cells from Kat7ΔFoxn1 mice (Fig 4.4C). For a broader approach, we 

extracted the top 1000 AIRE regulated genes from a published RNA-seq analysis 

comparing mTEChigh cells purified from Aire-deficient mice with those of control 

animals [191] and assessed whether this gene set was enriched among the DE 

genes in mTEChigh from Kat7ΔFoxn1 mice. Of note, of these 1000 AIRE regulated 

genes, 827 were also downregulated in mTEChigh from Kat7ΔFoxn1 mice (Fig 

4.4D); this reveals a highly significant overlap (ROAST p = 0.0001). Genome-

wide comparison of the transcriptional impact of Kat7-deficiency versus Aire-

deficiency in mTEChigh cells confirmed a very high correlation between the genes 

induced by these proteins (Fig 4.4E). Lastly, we compared the extent to which 

loss of KAT7 or loss of AIRE decreased the expression of representative PTA 

genes. In almost all cases, the KAT7-deficiency reduced the transcription of PTA 

genes by 80-90%, comparable to the impact of loss of AIRE (Fig 4.4F). To 

investigate if KAT7 was involved in Aire expression itself we also measured the 

amount of AIRE protein using flow cytometric analysis. Even though Kat7-

deficient TECs had slightly reduced AIRE protein on single cell level (Fig 4.4G), 

our results suggest that KAT7’s function itself is needed to drive AIRE-mediated 

PTA expression because the extent of downregulation of PTA mRNAs is similar 

to that observed in complete Aire-deficient mice (Fig 4.4F). There are conflicting 
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data suggesting that Aire+/- mice show a downregulation in PTA expression [461, 

462] while others reported that Aire+/- mice have normal PTA expression [181]. In 

our hands Aire+/- mice showed normal AIRE expression in mTEChigh cells (data 

not shown) and therefore the subtly reduced amounts of AIRE observed in the 

Kat7ΔFoxn1 mice are unlikely to account for the near complete loss of PTA 

expression we observed in these animals.  

Collectively, these results identify a major role for KAT7 in the depth and breadth 

of AIRE-mediated PTA expression. 

4.4.4 Normal differentiation but evidence of impaired selection 
of thymocytes in Kat7ΔFoxn1 mice 

Defects in AIRE-mediated PTA expression enable the escape of self-reactive T 

cells from the thymus into the periphery and predispose individuals to 

autoimmune disease [170]. Therefore, we evaluated T cell development in the 

thymus of Kat7ΔFoxn1 mice, confirming that the majority of cells lost in these mice 

were thymocytes (Fig 4.1B and Sup Fig 4.5A). Detailed analysis of early 

thymocyte differentiation revealed a significant increase in the proportion of early 

thymocyte progenitors (ETP, c-KIT+ CD44+ CD25- cells) (Sup Fig 4.5B). The 

differentiation of ETPs through the various triple negative (TN, CD3- CD4- CD8-) 

thymocyte stages based on the expression of CD44 and CD25 showed no major 

block in early thymocyte differentiation, with only a minor increase in the 

proportion of TN2 at the expense of TN4 (Sup Fig 4.5C). Maturation into double 

positive thymocytes (DP, CD4+CD8+) was normal but the frequency of CD4 single 

positive (CD4SP) thymocytes was slightly lower in the absence of Kat7 (Sup Fig 

4.5D). This indicates that the loss of KAT7 might cause a perturbation of positive 
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and/or late negative selection. 

In light of the defects in mTEC and AIRE-mediated PTA expression described 

above, we took a number of approaches to track thymic T cell selection through 

the transition from the DP to the SP stages. Changes in the expression of CD5 

(a surrogate marker for TCR signalling strength) and the levels of TCRb can 

discriminate four thymocyte fractions (I to IV, in increased maturation) [463]. 

Using this scheme, positive selection appeared to proceed normally in Kat7ΔFoxn1 

mice, with only a minor proportional increase of thymocytes in stage II 

(CD5intermediate TCRblow, Fig 4.5A), which identifies thymocytes initiating positive 

selection. Therefore, the proportional decrease observed in the CD4SP (Sup Fig 

4.5D) could be due to enhanced clonal deletion. We next analysed the two major 

waves of negative selection based on the expression of the transcription factor, 

Helios and the chemokine receptor CCR7 [464]. Thymocytes receiving a high 

affinity TCR signal in the cortex co-express Helios and PD1 in the absence of 

CCR7 and FOXP3 expression (“wave 1”) [464]. We found a slightly increased 

proportion of these cells in the Kat7ΔFoxn1 mice (Fig 4.5B). This suggests an 

increased rate of clonal deletion of self-reactive thymocytes in the cortex might 

cause the reduced CD4SP compartment observed. 

The upregulation of the chemokine receptor CCR7 allows positively selected 

thymocytes to migrate into the thymic medulla where they are usually exposed to 

high levels of PTA presented on MHC proteins [38, 39]. Overall, Kat7ΔFoxn1 mice 

had reduced CCR7+ thymocytes (Fig 4.5C), consistent with the smaller medulla 

observed in these mice (Fig 4.1D-F). Those FOXP3-CD4SP and CD8SP in these 

smaller medullae of the Kat7ΔFoxn1 mice appeared to mature normally, based on 
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the downregulation of CD24 expression and increase in CCR7 expression (Sup 

Fig 4.5E). Thymocytes receiving high affinity TCR ligation in the medulla are 

subject to “wave 2” of deletion or further differentiation into FOXP3+ Treg cells 

and can be marked by upregulation of both Helios and CCR7 [464]. Kat7ΔFoxn1 

mice had a decreased proportion of FOXP3- Helios+ CCR7+ CD4SP thymocytes 

(Fig 4.5D), at both the CD24high (immature) and CD24low (mature) stages of 

maturation (Sup Fig 4.5F). By contrast, the proportion of FOXP3+ Tregs was 

increased (Fig 4.5E), suggesting defective induction of “wave 2” thymocyte 

deletion in the medulla of Kat7ΔFoxn1 mice. In accord with this notion, the mean 

cell surface levels of CD5 were significantly increased on CD4SP and CD8SP 

thymocytes, suggesting the survival of mature thymocytes receiving high affinity 

TCR signals (Fig 4.5F). 

These data indicate that, although thymocyte differentiation proceeds normally in 

Kat7ΔFoxn1 mice, there is a defect in the induction of apoptotic deletion of SP 

thymocytes receiving high affinity TCR signals in the medulla, which may allow 

the escape of self-reactive T cells into the periphery. 

4.4.5 Kat7ΔFoxn1 mice develop autoimmune phenotypes 
associated with AIRE-deficiency 

Based on the evidence of defects in thymic tolerance described above, we next 

analysed the peripheral immune compartments of Kat7ΔFoxn1 mice for signs of 

autoimmunity. In line with the early thymic hypoplasia, there were significantly 

fewer CD3+ T cells in the periphery of young adult mice (Sup Fig 4.6A). 

Accordingly, there was a slight decrease in CD4+ and CD8+ T cells (Sup Fig 

4.6B). The deficit was most apparent in the number of CD44- CD62Lhigh naïve T 
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cells (Sup Fig 4.6C). By contrast, there were proportional increases in 

effector/memory T cells, suggesting that there was enhanced autoreactivity 

and/or homeostatic expansion of these T cell populations in Kat7ΔFoxn1 mice. In 

accord with the close relationship between effector and regulatory T cell 

homeostasis [465], we observed a small but significant increase in the proportion 

of regulatory T cells (Sup Fig 4.6D) to maintain a normal ratio of Treg to effector 

T cells (Sup Fig 4.6E). The outgrowth of effector/memory CD4+, effector/memory 

CD8+ and central memory CD8+ T cells in the periphery continued with age, with 

proportional increases in all populations detected in 1-year-old Kat7ΔFoxn1 mice 

compared to control animals (Fig 4.6A). Regulatory T cells were proportionally 

increased (Fig 4.6B), maintaining the normal Treg to effector T cell ratio (Fig 

4.6C). 

Relative to other mouse strains (e.g. NOD or BALB/c), the C57BL/6 genetic 

background is relatively resistant to autoimmunity caused by the loss of, but 

C57BL/6 Aire do develop a number of characteristic organ-specific autoimmune 

features with age [466]. To assess whether these changes in T cell activation 

(see above) might be associated with enhanced autoreactivity, we aged 

Kat7ΔFoxn1 mice to 1 year of age for histological analysis of autoimmunity in organs 

previously shown to be targeted in C57BL/6 Aire-/- mice. Aged Kat7ΔFoxn1 mice 

had increased lymphocytic infiltration of the liver, lung, lacrimal gland and salivary 

gland that resembled the pathology seen in age-matched Aire-/- mice (Fig 4.6D 

and Sup Fig 4.7A). By contrast, the retinopathy typically observed in C57BL/6 

Aire-/- mice [466] was not apparent in Kat7ΔFoxn1 mice. To determine whether the 

infiltrates observed were autoimmune in nature, sera from Kat7ΔFoxn1 mice was 

assessed for the presence of tissue-specific autoantibodies on organ sections 
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from Rag1-/- mice (that have no endogenous Ig). Auto-antibodies against the 

epithelium of bronchioli of the lung were observed in the serum of Kat7ΔFoxn1 and 

Aire-/- mice, but not age-matched control animals (Fig 4.5E). Furthermore, 

Kat7ΔFoxn1 and Aire-/- mice had autoantibodies directed against the lacrimal 

glands, salivary glands and ovaries (Fig 4.6E). To determine whether these 

autoimmune phenotypes reflected a breakdown in T cell tolerance, we adoptively 

transferred T cells purified from Kat7ΔFoxn1 or control mice into Rag1-/- mice. 

Histological analysis of various organs from the recipients 2 months later 

revealed florid lymphocytic infiltration of the lungs induced by T cells from 

Kat7ΔFoxn1 mice (Fig 4.6F and Sup Fig 4.7B). None of the other organs analysed 

showed signs of autoimmunity at this time point. These data show that TEC-

specific Kat7-deficiency induces organ-specific autoimmune features resembling 

those observed in Aire-/- mice on the same genetic background.  

4.5 Discussion 
Our study reveals two critical functions for the histone acetyltransferase KAT7 in 

TECs. Firstly, it is required for the normal balance in cTEC and mTEC 

development. Secondly, KAT7 is essential for AIRE-mediated transcription of 

PTA genes in TECs and induction of immunological tolerance. H3K14ac has 

been described to be enriched at transcriptional start sites of poised and 

transcriptionally active genes [256]. Furthermore, the amount of KAT7 at these 

poised genes has been shown to positively correlate with the level of gene 

expression [257]. Therefore, we hypothesised that this histone mark might be 

involved in directing or recruiting AIRE to PTA gene.  

It has been shown that AIRE preferentially interacts with the histone 3 tail of tightly 
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packed, “closed” chromatin, which is associated with histone marks, such as 

unmethylated histone 3 lysine-4 residues (H3K4me0) [192-195]. However, it is 

not clear whether this association represents recruitment of AIRE to closed 

chromatin domains or is a consequence of AIRE activity. Few studies have 

identified histone marks that are specifically associated with an open and 

activated chromatin in directing AIRE to the PTA gene loci, yet indirect evidence 

for such interactions comes from one study that showed AIRE binding sites were 

enriched for promoter and enhancer associated chromatin modifications and 

depleted in repressive chromatin marks [128]. In addition, biochemical studies 

revealed that AIRE’s PHD1 finger requires the first 9 residues of H3 to interact 

and can tolerate acetylation at H3K14 as well as H3K9 [193] thereby potentially 

recognising an activating motif of histone modifications. Based on our data, we 

propose that H3K14ac mediated by KAT7 is an important driver of AIRE-

regulated PTA expression. It is possible that AIRE itself requires H3K14ac to be 

directly recruited to PTA gene loci. Another possibility is that the acetylation of 

H3K14 leads to an overall relaxation of the chromatin around PTA gene loci and 

thereby enables AIRE to drive the expression of PTAs. These two possibilities 

should be further investigated in the future, for example by AIRE-ChIPseq (to test 

for the requirement of H3K14ac) and ATACseq (to test for chromatin 

accessibility). Single-cell approaches would be most suitable, given the 

stochastic nature of PTAs among individual AIRE+ cells. 

Further to the high similarities between KAT7 and AIRE target genes, mice with 

TEC- specific deletion of Kat7 also developed signs of AIRE-linked autoimmune 

disease. Although we observed an overlap between certain target organs of 

autoimmune attack (e.g. salivary gland), there were also some differences, with 
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organs that were either not affected by lymphocytic infiltrations caused by a loss 

of KAT7 (e.g. retina) or organs that showed evidence of more severe 

autoimmunity (e.g. lung). Interestingly, impaired expression of the AIRE-

dependent lung specific self-antigen BPIFB9 [467, 468] was also observed in 

Kat7ΔFoxn1 mice and is likely associated with the pneumonitis observed. 

We found a role for KAT7 in TEC development as the TEC-specific deletion of 

Kat7 resulted in skewing of proportions and numbers between the mTEC and 

cTEC compartment. When analysing the postnatal thymi at various ages 

(postnatal day 1 up until 1 year of age) we consistently observed a decrease in 

the medullary TEC compartment accompanied by an increase in the cortical TEC 

compartment. Analysis of putative TEC progenitors (MHCIIlow α6-integrinhigh SCA-

1high) [81] showed no differences between Kat7ΔFoxn1 and control mice; however, 

their subsequent differentiation into the cTEChigh or mTEClow subsets was 

skewed, with a significant increase in the cTEChigh and decrease in the mTEClow 

cells seen in the Kat7ΔFoxn1 mice. This finding suggests that KAT7 might be 

involved in directing the transcriptional programs of TEC progenitor differentiation 

into mTECs. The deletion of Kat7 might therefore favor the “default” differentiation 

program towards cTECs. Further studies are needed to address the exact 

molecular mechanism of KAT7’s role in mediating the switch between cTEC and 

mTEC differentiation. 

Collectively, this study has revealed a dual role for KAT7’s function: first, in the 

regulation of AIRE-mediated PTA gene expression and the induction of self-

tolerance and second, in the development of the mTEC lineage and has therefore 

laid the foundation for future studies.  
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Figure 4.1 – The deletion of KAT7 causes disturbances in TEC subsets 
A) Histograms of flow cytometric analysis of H3K14ac in TECs (Lin- EpCam+ 

MHCII+; left panel) or thymocytes (CD45+; right panel) from Kat7fl/fl 

(control) or Kat7DFoxn1 mice. Dashed histogram indicates secondary 

antibody control staining. 

B) Thymic cellularity of Kat7fl/fl (control) and Kat7DFoxn1 mice. 

C) TEC number of Kat7fl/fl (control) and Kat7DFoxn1 mice. 

D) Representative flow cytometry plots of Ly51 vs UEA-1 gated on TECs from 

Kat7fl/fl (control) and Kat7DFoxn1 mice, with the percentages of mTECs 

(Ly51- UEA-1+) and cTECs (Ly51+ UEA-1-) shown. Bar graphs show 

proportions and absolute numbers of mTECs and cTECs. 

E) Representative flow cytometry plots of MHC II vs Ly51 gated on TECs 

from Kat7fl/fl or Kat7DFoxn1 mice, with the percentage of mTEChigh (MHC IIhigh 

Ly51-), mTEClow (MHC IIlow Ly51-) and cTEC (Ly51+) shown. Graphs show 

proportions and absolute numbers of mTEChigh and mTEClow. 

F) Immunofluorescence images of thymic sections from Kat7fl/fl (control) and 

Kat7DFoxn1 mice stained with anti-Keratin (TEC) (left panels; grey) and anti-

H3K14ac (middle panels; red). The right panel is a merge of the two 

markers and DAPI (nuclei; blue). The dashed line represents the junction 

between cortex (C) and medulla (M). Scale bars represent 250µm. 

 

Flow cytometry plots are representative of at least 5 independent experiments. 

Data are pooled from at least 5 independent experiments (with n ≥ 20 mice/ 

genotype, where n represents the number of mice per group with each point 

denoting a mouse). Immunofluorescence images are representative of n ≥ 3 

mice/ genotype. Mice analysed were 7-12-weeks of age. Graph bars represent 

mean ± SD. Groups were compared with Mann-Whitney U test (unpaired, no 

Gaussian distribution, two-tailed). ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
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Figure 4.2 – The loss of KAT7 causes defects in the development of mTECs 

A) Representative flow cytometry plots of MHCII vs KI67 staining gated on 

TECs from Kat7fl/fl (control) and Kat7DFoxn1 mice. Graph shows proportion 

of KI67+ cells amongst the different TEC subsets.  
B) Representative flow cytometry plots of MHC II vs cleaved (i.e. active) 

caspase-3 gated on TECs from Kat7fl/fl (control) and Kat7DFoxn1 mice. 

Graph shows proportions of active caspse-3+ cells amongst the different 

TEC subsets.  

C) Representative flow cytometry plots of  a6-intergrin vs SCA-1 gated on 

TECs from Kat7fl/fl (control) and Kat7DFoxn1 mice. The outlined areas show 

different populations with their proportions indicated. Graph shows 

proportions (left) and total number (right) of the different TEC subsets.  

D) Representative flow cytometry plots (left) gated on mTEClow (Lin- EpCAM+ 

MHCIIlow Uea-1+) from Kat7fl/fl (control) and Kat7DFoxn1 mice show staining 

with L1Cam vs CD104 to identify TEC I (L1Cam- CD104high) and TEC IV 

(L1Cam+ CD104interm) cells. The data in the bottom panels were gated on 

mTEClow L1Cam- CD104- cells and show staining for MHCII vs Ly6d to 

identify TEC III (MHCIIhigh Ly6d+) cells. Numbers within the plots outline 

the proportions of TEC I and TEC IV cells (top) and TEC III cells (bottom). 

Representative flow cytometry plots (right) gated on mTEChigh (Lin- 

EpCAM+ MHCIIhigh Uea-1+) from Kat7fl/fl (control) and Kat7DFoxn1 mice show 

staining for MHCII vs Ly6d to identify TEC II (MHCIIhigh Ly6d-) and TEC III 

(MHCIIhigh Ly6d+) cells. Numbers within the plots indicate the proportions 

of the TEC II and TEC III subsets. Graphs show proportions (left) and total 

numbers (right) of the indicated TEC subsets.  

Flow cytometry plots are representative of 1-2 experiments. Data shown are 

representative of at least 1 experiment or pooled from 2 independent experiments 

(with n ≥ 3 mice/ genotype, where n represents the number of mice per group 

with each point denoting a mouse). Mice analysed were 7-12-weeks of age. 

Graph bars represent mean ± SD. Groups were compared with Student’s t test 

(unpaired, two-tailed) or Mann-Whitney U test (unpaired, no Gaussian 

distribution, two-tailed). * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 

FMO – fluorescence minus one; gMFI – geometric mean fluorescent intensity  
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Figure 4.3 – The deletion of KAT7 leads to a reduction in AIRE+ mTEChigh 
cells 

A) Representative flow cytometry plots of MHC II vs AIRE gated on mTEChigh 

(Lin- EpCam+ MHC Class IIhigh UEA-1+) cells from Kat7fl/fl (control) and 

Kat7DFoxn1 mice. The outlined areas show AIRE+ cells with their 

percentages indicated. Graphs show proportions (left) and total numbers 

(right) of AIRE+ mTEChigh cells. 

B) Immunofluorescence images of frozen thymic sections from Kat7fl/fl 

(control; top panels) and Kat7DFoxn1 mice (bottom panels) stained with anti-

PanK (labels both mTECs and cTECs) (left; grey) and anti-H3K14ac (red), 

DAPI (blue) anti-AIRE (green, right). The right panel is a merge of the four 

images. Scale bars represent 25 µm for the top and bottom panels and 50 

µm for the middle panels. 

 

Flow cytometry plots are representative of 2-5 independent experiments. Data 

are pooled from 2-5 independent experiments (with ≥8 mice/genotype, where n 

represents the number of mice per group with each point denoting a mouse). 

Immunofluorescence images are representative of n ≥3 mice/genotype. Mice 

analysed were 7-12-weeks of age. Graph bars represent mean ± SD. Groups 

were compared with Mann-Whitney U test (unpaired, no Gaussian distribution, 

two-tailed). **** P < 0.0001.  
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Figure 4.4 – KAT7 is required for AIRE-mediated PTA expression 
A) Multidimensional scaling (MDS) plot comparing RNA-seq expression profiles for 

flow cytometry sorted mTEChigh, mTEClow and cTEC subsets from male Kat7fl/fl 

or male Kat7DFoxn1 mice. The libraries are labelled and coloured according to the 

TEC subset and genotype. Distances on the plot correspond to the leading log 

2-fold-changes between each pair of samples.  
B) Number of genes that are strongly differentially expressed (Treat FDR < 0.05) in 

Kat7DFoxn1 mice for each of the three TEC subsets. A total of 17712 genes were 

found to be expressed in TECs. 
C) Selection of strongly differentially expressed genes in mTEChigh cells that have 

previously been described to be direct targets of AIRE in  
D) Barcode plot showing the association of the AIRE expression signature with the 

KAT7 profile in mTEChigh cells. Genes of the KAT7 profile are ordered from left 

to right as most downregulated to most upregulated in the Kat7DFoxn1 relative to 

Kat7fl/fl mTEChigh subset. The x-axis represents the gene-wise t statistics. The 

vertical bars represent the top 1000 differentially expressed genes that are either 

upregulated (red) or downregulated (blue) in AireGFP/GFP vs Aire+/+ mTEChigh. The 

worms show the relative enrichment of the vertical bars in each part of the plot. 

The plot shows positive association (ROAST P-value = 0.0001). 

E) Scatter plot showing log2 expression fold-changes for Kat7DFoxn1 relative to 

Kat7fl/fl compared to the corresponding log2 fold-changes for AireGFP/GFP relative 

to Aire+/+. Each point represents one gene. The trendline shows a highly 

significant positive correlation between the two data sets (P-value < 1e-16). 
F) Barplot showing percent change in gene expression for a representative 

selection of AIRE-dependent tissue self-antigens between the mTEChigh subset 

of Kat7DFoxn1 relative to Kat7fl/fl and AireGFP/GFP relative to Aire+/+.  

G) Representative histograms of flow cytometric analysis show AIRE levels in 

mTEChigh AIRE+ cells. cTECs shown as negative control (dashed histogram). 

AIRE levels presented as normalised gMFI in AIRE+ mTEChigh cells from Kat7fl/fl 

(control) and Kat7DFoxn1 mice. 

Thymi from 2 male mice were pooled per sample and used for RNA-sequencing 

analysis. Flow cytometry plots are representative of 3 independent experiments. Data 

are pooled from 3 independent experiments (with ≥11 mice/genotype, where n 

represents the number of mice per group with each point denoting a mouse). Mice 

analysed were 7-12-weeks of age. Graph bars represent mean ± SD. Groups were 
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compared with Mann-Whitney U test (unpaired, no Gaussian distribution, two-tailed). 

**** P < 0.0001. gMFI – geometric mean fluorescent intensity 
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Figure 4.5 – Kat7-deficient TECs are able to promote T cell development but 
fail to mediate normal negative selection 

A) Representative flow cytometry plots of CD5 vs TCRb gated on all 

thymocytes from Kat7fl/fl (control) or Kat7DFoxn1 mice. Proportions of the 

different stages of thymic T cell differentiation are depicted next to the 

outlined areas. I – CD5low TCRblow; II - CD5intermediate TCRblow; III - CD5high 

TCRbintermediate; IV - CD5high TCRbhigh. Graphs show the proportions of the 

different stages of thymic T cell development based on CD5 and TCRb 

expression. 

B) Representative flow cytometry plots of PD1 vs Helios gated on FOXP3- 

CCR7- thymocytes. The proportions of Helios+PD1+ cells are depicted next 

to the outlined areas. Graphs show the proportions of Helios+PD1+ cells 

gated on FOXP3- CCR7- thymocytes. 

C) Total numbers of FOXP3- CCR7+ cells. 

D) Representative flow cytometry plots of Helios vs CCR7 staining gated on 

FOXP3- thymocytes. Graphs show the proportions of cells in wave 1 

(Helios+ CCR7-) and wave 2 (Helios+ CCR7+) of negative selection. 

E) Representative flow cytometry plots of FOXP3 vs CD25 staining gated on 

CD4+ thymocytes from Kat7fl/fl (control) or Kat7DFoxn1 mice. The proportions 

of FOXP3+CD4+ regulatory T cells are depicted next to the outlined areas. 

Graphs show proportions and numbers of FOXP3+CD4+ regulatory T cells. 

F) Representative histograms of flow cytometric analysis showing CD5 levels 

on different thymocyte subsets from Kat7fl/fl (control) and Kat7DFoxn1 mice. 

CD5 levels are presented as normalised gMFI in CD4+TCRb+FoxP3- and 

CD8+TCRb+ thymocytes.  

 

Flow cytometry plots are representative of 2-5 independent experiments. Data 

are pooled from 2-5 independent experiments (with n ≥11 mice/genotype, where 

n represents the number of mice per group with each point denoting a mouse). 

Mice were 5-months of age, except for E (7-12 weeks of age). Graph bars 

represent mean ± SD. Groups were compared with Mann-Whitney U test 

(unpaired, no Gaussian distribution, two-tailed). * P < 0.05; ** P < 0.01; *** P < 

0.001; **** P < 0.0001. geoMFI – geometric mean fluorescent intensity 
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Figure 4.6 – The loss of KAT7 causes a loss of self-tolerance that resembles 
AIRE-linked autoimmune disease 
A) Representative flow cytometry plots of CD44 vs CD62L gated on splenic 

CD3+CD4+FoxP3- (top panels) or CD3+CD8+ (bottom panels) T cells. The 

proportions of naïve (CD44lowCD62Lhigh), effector memory (EM; 

CD44highCD62Llow) or central memory (CM; CD44highCD62Lhigh) T cells are 

depicted next to the outlined areas. Graphs show the proportions (left) and 

numbers (right) of naïve, EM and CM CD4+ and CD8+ T cells.  

B) Proportions of splenic FOXP3+ CD4+ T cells in Kat7fl/fl (control) or 

Kat7DFoxn1 mice. 

C) Ratios between FOXP3+ CD4+ T cells (Treg) and activated T cells 

(includes EM and CM CD4+ and CD8+ T cells) in the spleens of Kat7fl/fl 

(control) or Kat7DFoxn1 mice. 

D) Representative images of haematoxylin plus eosin stained paraffin 

embedded sections of various organs from ~ 1-year old C57BL/6 (control), 

Kat7DFoxn1 or Aire-/- mice. Arrows are pointing at immune cell infiltrations. 

Scale bars = 200 µm; except retina scale bars = 100 µm.  

E) Representative images of immunofluorescent staining of cryo-sections of 

various organs from Rag1-/- mice that were incubated with sera from ~ 1-

year old C57BL/6, Kat7DFoxn1 or Aire-/- mice (serum dilution 1/10). Scale 

bars represents 100 µm.  

F) Representative images of haematoxylin plus eosin stained paraffin 

embedded sections of various organs from Rag1-/- mice that had been 

reconstituted with splenic T cells from either 5-month-old Kat7fl/fl (control) 

or Kat7DFoxn1 mice 8 weeks earlier. Scale bars = 100 µm 
Flow cytometry plots are representative of 2 independent experiments. Data are 

pooled from 2 independent experiments (with n≥4 mice/ genotype, where n 

represents the number of mice per group with each point denoting a mouse). 

Histological images are representative of n= 3-10 mice/genotype. 

Immunofluorescent images are representative of serum staining from n=3-4 

mice/genotype. Graph bars represent mean ± SD. Groups were compared with 

Mann-Whitney U test (unpaired, no Gaussian distribution, two-tailed). ** P < 0.01.  
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Supplementary Figure 4.1 – Specific deletion of KAT7 from thymic epithelial 
cells 
A) PCR performed on different cells (haematopoietic cells - 

CD45+TER119+CD31+; stromal cells – CD45-EpCam-; TECs – 

EpCam+MHC II+) sorted from thymi of Kat7fl/fl (Cre-; i.e. negative controls) 

or Kat7DFoxn1 (Cre+) mice. Controls are showing mixture of deleted, floxed 

and wildtype bands as a size comparison. 

B) Immunofluorescence images of frozen thymic sections from 7-12-week-

old Kat7fl/fl (control, left) or Kat7DFoxn1 mice (right) stained with anti-PanK 

(stains both mTECs and cTECs) (grey) and anti-H3K14ac (red) and DAPI 

(blue). Arrows pointing towards nuclei of TECs. Scale bars represents 10 

µm. 
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Supplementary Figure 4.2 – Kat7-deficiency leads to changes in the 
expression of pro-survival BCL-2 family members in TECs  
A) Histograms of flow cytometric analysis of MCL-1 (top), BCL-XL (middle) 

and BCL-2 (bottom) in mTEChigh (Lin- EpCam+ MHCIIhigh Uea1+) from 

Kat7fl/fl (control) or Kat7DFoxn1 mice. Dashed histogram indicates secondary 

antibody control staining or FMO. Graphs show the gMFI of the pro-

survival proteins amongst the different TEC subsets. 

 

Histograms are representative of 2 independent experiments. Data shown are 

representative of 2 independent experiments (with ≥5 mice/genotype, where n 

represents the number of mice per group with each point denoting a mouse). 

Mice analysed were 5-months of age. Graph bars represent mean ± SD. Groups 

were compared with Mann-Whitney U test (unpaired, no Gaussian distribution, 

two-tailed). **** P < 0.0001. FMO – fluorescence minus one, gMFI – geometric 

mean fluorescent intensity 
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Supplementary Figure 4.3 – The deletion of KAT7 leads to disturbances in 
TEC subsets in neonatal pups 
A) Total thymic cellularity of neonatal Kat7fl/fl (control) and Kat7DFoxn1 mice. 

B) TEC numbers (Lin- EpCam+ MHCII+) (left) and percentage of TECs per 

thymus (right) from Kat7fl/fl (control) and Kat7DFoxn1 mice. 

C) Representative flow cytometry plots gated on TECs (Lin- EpCam+ MHC 

Class II+ cells) with numbers outlining the percentage of mTECs (Ly51- 

Uea-1+) and cTECs (Ly51+ Uea-1-). Graphs show proportions (left) and 

absolute numbers (right) of mTECs and cTECs. 

D) Number and proportion of AIRE+ mTEChigh cells in Kat7fl/fl (control) and 

Kat7DFoxn1 mice. 

E) Normalised gMFI of H3K14ac level gated on AIRE+ mTEChigh. Dashed graph 

shows secondary antibody stain as negative control.  

 

Flow cytometric plots are representative of 2 independent experiments. Data are 

pooled from 2 independent experiments (with = 9 mice/genotype, where n 

represents the number of mice per group with each point denoting a mouse). 

Mice were analysed at postnatal day 1 (except for E – mice were 7-12 weeks of 

age). Graph bars represent mean ± SD. Groups were compared with Mann-

Whitney U test (unpaired, no Gaussian distribution, two-tailed). ** P < 0.01; *** P 

< 0.001; **** P < 0.0001. gMFI- geometric mean fluorescent intensity 
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Supplementary Figure 4.4 – RNA-sequencing on sorted TECs 

A) Individual RPKM expression values for Kat7 detected by RNA-sequencing 

in the three sorted TEC subsets from 3 Kat7fl/fl (control; 1-3, blue) and 3 

Kat7DFoxn1 mice (4-6, magenta). For each sample 2 thymi were pooled.  

B) FPKM values of direct AIRE target genes (PTA) found by RNA-sequencing 

in mTEChigh, mTEClow and cTEC from Kat7fl/fl mice. 
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Supplementary Figure 4.5 – Normal development of T cells in Kat7-deficient 
thymi 
A) Total number of thymocytes from Kat7fl/fl (control) and Kat7DFoxn1 mice. 

B) Representative flow cytometry plots of CD44 vs c-KIT gated on all thymocytes. 

Graph shows the proportion of CD44+ c-KIT+ thymocytes.  

C) Representative flow cytometry plots of CD25 vs CD44 gated on triple negative 

(TN; CD4-CD8-CD3-) thymocytes from Kat7fl/fl or Kat7DFoxn1 mice. The 

proportions of the different stages of thymic T cell differentiation are depicted 

next to the outlined areas. TN1 – CD44+CD25-; TN2 - CD44+CD25+; TN3 - 

CD44-CD25+; TN4 - CD44-CD25-. Graphs show proportions and numbers of the 

different stages of thymic T cell development based on CD25 and CD44 

expression. 

D) Representative flow cytometry plots of CD4 vs CD8 gated on all thymocytes 

from Kat7fl/fl (control) or Kat7DFoxn1 mice. The proportions of the different stages 

of thymic T cell differentiation are depicted next to the outlined areas. DN – CD4-

CD8-; DP - CD4+CD8+; CD4 - CD4+CD8-; CD8 - CD4-CD8+. Graphs show 

proportions and numbers of the different stages of thymic T cell development 

based on CD4 and CD8 expression. 

E) Representative flow cytometry plots of CD24 vs CCR7 gated on 

CD4+TCRbhighFOXP3- (top panels) or CD8+TCRbhigh cells (bottom panels) from 

Kat7fl/fl (control) or Kat7DFoxn1 mice. The proportions of the different stages of 

thymic T cell development are depicted next to the outlined areas. Graphs show 

the proportions of different developmental stages of CD4+ or CD8+ thymocytes. 

F) Proportions of Helios+ cells within the CD24+CCR7+ or CD24-CCR7+ populations 

of the CD4+TCRb+FOXP3- thymocytes from Kat7fl/fl (control) or Kat7DFoxn1 mice.  

 

Flow cytometric plots are representative of at least 2 independent experiments. Data 

are pooled from 2 - 5 independent experiments (with ≥11 mice/genotype, where n 

represents the number of mice per group with each point denoting a mouse). Mice 

were 7-12 weeks of age, except for B and E-G (5-months of age). Graph bars represent 

mean ± SD. Groups were compared with Mann-Whitney U test (unpaired, no Gaussian 

distribution, two-tailed). ns = not significant; ** P < 0.01; *** P < 0.001; **** P < 0.0001.  
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Supplementary Figure 4.6 – The loss of KAT7 leads to a decrease in naïve 
T cells in the periphery of young adult mice 

A) Total numbers of T cells (CD3+) in the spleen from Kat7fl/fl (control) or 

Kat7DFoxn1 mice. 

B) Proportions and numbers of CD4+ and CD8+ T cells in the spleen from 

Kat7fl/fl (control) or Kat7DFoxn1 mice. 

C) Representative flow cytometry plots of CD44 vs CD62L gated on splenic 

CD3+CD4+FOXP3- (top panels) or CD3+CD8+ (bottom panels) T cells from 

Kat7fl/fl (control) or Kat7DFoxn1 mice. The proportions of naïve 

(CD44lowCD62Lhigh), effector memory (EM; CD44highCD62Llow) or central 

memory (CM; CD44highCD62Lhigh) T cells are depicted next to the outlined 

areas. Graphs show the proportions and numbers of naïve, EM and CM 

CD4+ and CD8+ T cells.  

D) Representative flow cytometry plots of CD4 vs FOXP3 staining on CD4+ T 

cells in the spleen from Kat7fl/fl or Kat7DFoxn1 mice. The proportions of 

FOXP3+CD4+ regulatory T cells are depicted next to the outlined areas. 

Graphs show proportions and numbers of FOXP3+CD4+ regulatory T cells. 

E) Ratios between FOXP3+ CD4+ T cells (Treg) and activated T cells 

(includes EM and CM CD4+ and CD8+ T cells). 

 

Flow cytometric plots are representative of at least 5 independent experiments. 

Data are pooled from at least 5 independent experiments (with ≥20 

mice/genotype, where n represents the number of mice per group with each point 

denoting a mouse). Mice were of 7-12-weeks of age. Graph bars represent mean 

± SD. Groups were compared with Mann-Whitney U test (unpaired, no Gaussian 

distribution, two-tailed). ns = not significant; * P < 0.05; ** P < 0.01; **** P < 

0.0001. 
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Supplementary Figure 4.7 – Kat7-deficient mice develop autoimmune 
phenotypes that are associated with AIRE-deficiency 
A) Graphs show relative scores of the immune cell infiltrations according to 

the infiltrate size and severity in different organs from 1-year-old Kat7fl/fl 

(control), Kat7DFoxn1 or Aire-/- mice.  
B) Graph shows the relative score of the immune cell infiltrations according 

to the infiltrate size and severity in the lung from Rag1-/- mice 2 months 

after the adoptive T cell transfer of T cells from Kat7fl/fl (control) or 

Kat7DFoxn1 mice. 
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This thesis explored three currently unsolved questions in the TEC research field: 

(1) the molecular mechanisms underlying TEC survival and death during injury 

(lethal g-irradiation) and subsequent TEC regeneration; (2) the molecular 

mechanisms that are responsible for TEC development; and (3) the molecular 

mechanisms that drive AIRE-mediated tissue self-antigen expression in order to 

induce self-tolerance.  

Why are we interested in understanding the molecular mechanisms that are 

underlying TEC survival and death in injury settings? The thymus undergoes 

significant age-related involution, and this coincides with a reduced output of 

naïve T cells [264, 469]. Even though this process does not have significant 

consequences in healthy individuals, the reduced thymic function and 

regenerative potential become a problem when there is a need to repopulate the 

peripheral T cell pool, for example after cytoablative treatment. These individuals 

have an increased risk of morbidity due to opportunistic infections, cancer and 

autoimmune disease and a concomitantly increased risk of mortality [308, 470]. 

Therefore, there is a need for the development of novel treatment strategies that 

are able to enhance thymic recovery and rejuvenation especially in elderly 

people, where the thymus has been shown to have a limited ability to recover 

[284]. Even though several studies have reported that targeting TECs would be 

a compelling strategy to regenerate thymic function [284], the molecular 

mechanisms that control the development, survival and function of TECs still 

remain largely unidentified.  

Previous studies in our lab revealed that the essential executioners of the intrinsic 

apoptotic pathway, BAX and BAK, are required for the programmed death of 
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TECs under homeostatic conditions, as the TEC-specific ablation of both BAX 

and BAK in BaxDFoxn1 Bak-/- mice led to a modest increase in mTEClow numbers 

[348]. We therefore hypothesised that the deletion of BAX and BAK might be able 

to rescue TECs from g-irradiation induced killing. Our data reveal that this in 

indeed the case as, BAX/BAK double deficient TECs were protected from g-

irradiation-induced death throughout the time course analysed, making the 

intrinsic apoptotic pathway in TECs a potential target to be inhibited during injury-

induced thymic atrophy. Furthermore, previous studies from the lab have 

revealed that the pro-survival protein MCL-1 is crucial for the survival of TECs 

under steady state conditions as the deletion of Mcl-1 using Foxn1Cre led to 

severe thymic involution by 2 months of age [386]. Due to the importance of MCL-

1 during homeostatic steady-state conditions, we focused on the role of the pro-

survival proteins BCL-2 and BCL-XL after g-irradiation, as their deletion from 

TECs was shown to only lead to a mild thymic phenotype or no phenotype, 

respectively, under steady state conditions [386]. Of note, the deletion of either 

Bcl-2 or Bcl-xl from TECs severely impaired thymic regeneration after whole body 

g-irradiation. This identifies a differential requirement for the pro-survival proteins 

BCL-2 and BCL-XL during injury settings vs steady state homeostasis. BCL-2 

and BCL-XL were previously shown to be critical for the sustained survival of 

diverse cell types in various tissues [381-383, 385, 389-391] but their roles in cell 

survival after injury has not yet been explored in detail. 

Additionally, this thesis has also shown that protecting thymocytes from g-

irradiation induced death affords TECs with a significant (albeit relatively small) 

protection from killing early after g-irradiation. This suggests that thymocytes are 
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able to indirectly protect TECs from g-irradiation induced death, potentially 

through the provision of trophic survival factors, such as CD40 ligand or RANK 

ligand.  

Given the newly presented knowledge in this thesis showing (a) that TECs die 

via the intrinsic apoptotic pathway in injury settings; (b) that TECs show a 

differential requirement for BCL-2 and BCL-XL for their survival during injury 

settings; and (c) that TECs can be protected from g-irradiation induced death if 

thymocytes are rescued, will now allow for more specific and targeted 

approaches to rejuvenate the thymus after sustaining insults, with inhibition of the 

intrinsic apoptotic pathway being a potential strategy for treatment. 

One potential approach for inhibiting the intrinsic apoptotic pathway would be 

through an increase of the pro-survival BCL-2 family members, which would 

restrain the activation of the apoptosis effectors BAX and BAK and enhance the 

survival of the cell. It has been shown that overexpression of BCL-2 [471] or BCL-

XL [472] in keratinocytes of mice rendered these cells resistant to UV-radiation 

induced killing. Since keratinocytes are epithelial cells of the outer layer of the 

skin and show some resemblance to TECs, we might be able to further build on 

knowledge obtained from studies of the skin and extrapolate this knowledge to 

TECs. Additionally, there are several studies that have identified factors that 

could be used in enhancing the regeneration of TECs, such as IL-22 [309], BMP4 

[329] and FGF [316-318]. However, none of these studies have evaluated the 

ability of these factors to increase the levels of BCL-2, BCL-XL or any of their pro-

survival relatives in TECs. Nevertheless, it has been demonstrated that epidermal 

growth factor (EGF), which is produced by the thymic mesenchyme, is able to 
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increase the levels of MCL-1 in TECs when applied exogenously to foetal thymic 

organ cultures (FTOCs) [386]. This suggests that systemic or, perhaps even 

better, intra-thymic administration of EGF in vivo might be able to increase the 

levels of MCL-1 in TECs. Furthermore, administration of RANKL, which is 

normally expressed by CD4SP thymocytes, has been shown to enhance thymic 

recovery via stimulation of lymphotoxin-a production by LTi cells. Such 

administration of RANKL was herewith able to increase the levels of BCL-XL in 

cTECs and decrease the levels of BAX in a lymphotoxin-a-dependent manner 

[335]. Moreover, RANKL treatment also led to a decrease in the expression of 

Bax and Bak in mTECs [335]. This suggests a new and exciting way to enhance 

TEC survival during injury. Factors that are able to increase the levels of BCL-2 

in TECs have not been described yet. However, NFkB signalling via activation of 

the MEK/ERK pathway has been reported to increase Bcl-2 expression in a 

murine B cell lymphoma line [379, 380]. This suggests that induction of this 

pathway might reveal novel targets in enhancing the recovery or survival of TECs.  

Even though strong emphasis should be placed on trying to enhance the survival 

of TECs by targeting the intrinsic apoptotic pathway in these cells themselves, an 

alternative strategy to enhance thymic recovery would be by augmenting the 

survival of thymocytes, which might indirectly lead to a survival benefit of TECs 

as demonstrated by this study. One factor that has been shown to enhance 

thymic T cell production and peripheral T cell reconstitution after allogeneic bone 

marrow transplantation is KGF [319]. KGF was reported to enhance T lymphocyte 

production in the thymus by promoting the proliferation and function of TECs 

[317]. Furthermore, the administration of KGF to rhesus macaques, a non-human 

primate species, was found to improve thymic architecture and the recovery of T 
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cells after an autologous transplant of CD34+ peripheral blood mobilised 

haematopoietic stem/progenitor cells [473]. IL-7 is another factor that has a 

critical role in thymic T cell production and the survival of peripheral mature T 

cells. Several studies have demonstrated that the administration of IL-7 enhances 

thymic T cell production and T cell recovery after allogeneic bone marrow 

transplantation [321, 323, 474]. Thereby, IL-7 was shown to enhance T cell 

survival by causing an increase in the expression of BCL-2 [474, 475]. However, 

IL-7 treatment alone was not sufficient to enhance TEC numbers after stem cell 

transplantation [474]. Nevertheless, treatment with a recombinant hybrid protein 

consisting of IL-7 and the b-chain of hepatocyte growth factor (HGFb) (called rIL-

7/HGFb) was able to enhance thymocyte recovery by increasing the levels of 

BCL-2 in DN thymocytes and the level of BCL-XL in DP thymocytes [474]. 

Additionally, the treatment with rIL-7/HGFb increased TEC numbers after 

allogeneic bone marrow transplantation, however, a mechanism for this was not 

shown [474].  

Another point worth mentioning is that we did not observe a complete recovery 

of TECs 2 months after g-irradiation in young mice. This incomplete recovery of 

TECs is likely to be worse in people or mice that already have a (partially) 

involuted thymus as it has been described that the regenerative capacity of an 

age-related involuted thymus after damage is reduced [476]. However, even 

though TEC numbers did not recover to homeostatic conditions observed before 

the insult, overall thymic cellularity was grossly normal, with thymocytes returning 

to pre-injury numbers. This raises the question whether this discrepancy in the 

ratio between TEC and thymocytes has an impact on the induction of 

immunological tolerance. If there are too few TECs relative to thymocytes 
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undergoing selection based on their TCR specificity, it might be possible, that the 

process of negative selection, which is mediated by mTECs, might not work 

efficiently. This would allow self-reactive thymocytes to escape the thymus and 

potentially become activated by self-antigens in the periphery and thereby cause 

autoimmune disease. Of note, numerous autoimmune diseases have been 

described in post-bone marrow transplant patients, such as hyperthyroidism, 

hypothyroidism and myasthenia gravis [477]. Therefore, this issue should be 

taken into account when solely stimulating thymic T cell production but not TEC 

regeneration after g-irradiation. 

Considering that enhancing the survival of thymocytes alone has relatively limited 

impact on TEC survival and recovery after g-irradiation and, taking into account 

that this treatment alone could lead to autoimmunity, co-administration of factors 

that enhance both thymocyte and TEC survival/recovery might be a more 

promising strategy to induce a more potent and lasting regeneration of the 

thymus (Fig 5.1). Combination treatment with recombinant IL-7 or a hybrid rIL-

7/HGFb protein, which mainly affects thymic T cell production, but might indirectly 

also have a positive effect on TECs [474], plus EGF, which has been shown to 

increase the levels of pro-survival MCL-1 in TECs [386], might lead to 

enhancement of the production of T cells and an increased survival of TECs. This 

strategy would also be interesting to test in aged mice as age-related thymic 

involution decreases the ability of the thymus to regenerate after injury. Such a 

strategy might also extend to other injury settings, such as chemotherapy or 

prolonged infections. 

Cancer cells are known to often rely on one or more of the pro-survival BCL-2 
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family members for their sustained survival and expansion [426]. It is therefore 

not surprising that novel cancer treatments, called BH3-mimetic drugs, have been 

developed over the last 10-20 years that are able to specifically inhibit certain 

pro-survival members of the BCL-2 family. Of note, venetoclax, a highly potent 

and selective inhibitor of BCL-2, has been approved by the FDA for the treatment 

of relapsed and refractory chronic lymphocytic leukemia (CLL) and acute myeloid 

leukaemia (AML) in elderly patients [349]. Furthermore, studies are currently 

underway looking at BH3 mimetic drugs that are able to specifically inhibit MCL-

1 [478]. Future studies will therefore need to evaluate the impact of BH3-mimetic 

drugs on the thymus and especially TECs, knowing that TECs rely on MCL-1 for 

their survival during steady state [386] but also on BCL-2 and BCL-XL which are 

needed for their recovery after injury. Furthermore, studies will have to look at the 

recovery potential of TECs after treatment with any of the BH3-mimetic drugs. 

One way that thymic activity could be evaluated in patients after treatment with 

BH3 mimetic drugs is to quantify the amount of T cell receptor excision circles 

(TRECs) in the blood of these patients. TRECs are formed during T cell 

differentiation and maturation in the thymus as part of the recombination of the 

TCR encoding genes. During this process, DNA segments are excised and form 

small circles called TRECs. These TRECs can be amplified by PCR analysis. 

Hereby it has been shown that the quantity of TRECs in the blood directly relates 

to thymic activity [470, 479, 480].  

Another important question within the field has been which differentiation status 

of TECs should be targeted in order to boost thymic regeneration. Of note, there 

is currently a lot of confusion and controversy about the true nature of the TEC 

progenitor(s) in both the embryonic and the adult thymus with the 
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conceptualisation and identification of TEC progenitors being a major point of 

discrepancy between studies [32]. We have shown that the differentiation of cells 

of the mTEC lineage within the thymus is significantly impaired in the absence of 

KAT7 whereas the cTEC subset shows increased cellularity. We therefore 

hypothesise that the differentiation program of a potential bipotent progenitor has 

been changed in the embryonic thymus when KAT7 is lost. This hypothesis is 

also supported by the identification of a potential bipotent TEC progenitor within 

the MHCIIlowa6-integrinhighSCA-1high TEC subset in the adult mouse [81], which 

showed a significant skewing towards the cTEC subset but a reduction in the 

mTEClow subset. It will therefore be of interest in the future to further analyse the 

molecular pathways that are differentially expressed in already described TEC 

progenitor subsets between control and Kat7-deficient TECs. This could be 

achieved by single-cell RNA-sequencing and such investigations might shed light 

on the question about what drives the differentiation of TECs.  

We have shown that KAT7 is able to regulate AIRE-mediated promiscuous PTA 

expression. However, the molecular mechanisms by which KAT7 regulates this 

process will need to be further evaluated in the future. There are three possible 

ways by which KAT7 might impact on AIRE-mediated PTA expression. One 

possibility is that H3K14ac is needed to relax the otherwise tightly packed 

chromatin to subsequently allow AIRE and the transcriptional machinery to drive 

the expression of PTAs. This hypothesis could be tested with Assay for 

Transposase Accessible Chromatin with high-throughput sequencing (ATACseq) 

which assesses and maps the chromatin accessibility genome-wide [481, 482]. 

This method analyses DNA accessibility with a hyperactive Tn5 transposase, 

which inserts sequencing adapters into accessible regions of the chromatin. The 
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sequencing data obtained can then be used to infer regions of increased 

accessibility, as well as to map regions of transcription factor binding and 

nucleosome position. It would therefore be interesting to compare the chromatin 

state and accessibility on flow cytometry-sorted mTEChigh cells obtained from 

Foxn1Cre Kat7fl/fl and control mice (Kat7fl/fl) with the aim to understand whether 

KAT7 and subsequent H3K14 acetylation is required to loosen chromatin 

structure to enable AIRE-directed peripheral tissue self-antigen expression (Fig 

5.2A).  

The second possibility would be that AIRE requires H4K14 acetylation mediated 

by KAT7 to be recruited to PTA gene loci where AIRE directly binds to H3K14ac. 

An in vitro study by Koh et al. revealed that the PHD1 finger of AIRE is able to 

tolerate binding to H3K14ac [193], however, this finding has not yet been 

confirmed in vivo. As AIRE is not a transcription factor that directly binds to the 

DNA but is a transcriptional regulator that relies on a multi-protein complex to 

elicit its regulatory function, the direct interaction of AIRE with the DNA or 

histones is fairly weak and can therefore be hard to evaluate. However, a recent 

study by Bansal et al. has shown that by using AIRE - chromatin 

immunoprecipitation followed by deep sequencing (ChIPseq) it is possible to 

assess in vivo AIRE-DNA interactions [221]. This approach might be useful to 

address our question whether AIRE can directly bind to H3K14ac (Fig 5.2B).  

The third possibility would be that KAT7 directly interacts and acetylates AIRE 

and thereby modifies its function or sub-cellular localisation. It has been shown 

that KAT7 is able to acetylate certain non-histone proteins, including proteins that 

are associated with the ORC [243, 244]. Furthermore, AIRE itself has been 
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shown to be acetylated by CBP/p300 [200] and to be de-acetylated by SIRT1 

[201]. These processes might regulate AIRE’s transcriptional activity and sub-

cellular localisation. This hypothesis could be tested by performing co-

immunoprecipitation/Western blot experiments or using a novel approach called 

proximity ligation imaging cytometry (PLIC), which allows assessment of protein-

protein interactions and post-translational modifications of proteins in primary 

cells ex vivo [483]. It should be mentioned that AIRE is believed to be kept in an 

inactive state when acetylated; according to this view the deletion of KAT7 would 

activate rather than inactivate AIRE. However, our data indicate that AIRE is 

inactive in KAT7-deficient TECs, as we see a significant decrease in AIRE-

regulated PTA gene expression that is comparable to AIRE-knockout TECs. It 

could also be hypothesised that if KAT7 were to acetylate AIRE thereby 

increasing AIRE’s stability, the deletion of KAT7 would render AIRE more 

unstable due to altering AIRE’s functional dynamics, thus inducing a mis-

localisation and possibly degradation of AIRE in TECs from the Kat7DFoxn1 mice 

(Fig 5.2C). However, our findings indicate that AIRE protein levels are only mildly 

decreased in KAT7-deficient TECs and that the AIRE protein present is normally 

located in the nuclei of these cells where it can be detected in its characteristic 

punctate structure by immunofluorescent staining. 

We tried to test the first two hypotheses by performing ATACseq and AIRE-

ChIPseq analyses comparing mTEChigh cells from Foxn1Cre Kat7fl/fl mice with 

those from control (Kat7fl/fl) mice. However, due to the issue of not being able to 

recover sufficient material (insufficient numbers of these cells) we were not able 

to obtain interpretable data from these experiments. Nevertheless, due to the 

advances in single-cell technologies, the next steps will involve the adaptation of 
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these two techniques for low-input material in order to increase our understanding 

of the molecular mechanisms by which KAT7 impacts AIRE-mediated PTA gene 

expression.  

Enhancing the understanding of the molecular mechanisms by which KAT7 and 

AIRE drive the expression of PTA genes in TECs might enable the design of 

strategies to: (1) treat people with a defect in the induction of immune self-

tolerance in the thymus which causes autoimmune disease or, (2) treat cancer 

patients by enhancing the release of cancer-antigen/self-antigen specific T cells 

from the thymus. Given the significant role that KAT7 plays in AIRE-mediated 

PTA gene expression, there is merit in the idea to utilise a KAT7 inhibitor to 

temporarily block KAT7 activity in TECs in order to facilitate the escape of self-

reactive and cancer cell reactive T cells into the periphery where they can 

become activated to kill malignant cells. A recent study by Baell et al. showed 

that the specific inhibition of the acetyltransferases KAT6A and KAT6B, which are 

also members of the MYST family of histone acetyltransferases, can be utilised 

to treat lymphoma in mice as the inhibition of these HATs leads to cell cycle exit 

and cellular senescence [484]. This finding provides proof-of-concept that the 

specific inhibition of HATs is efficacious and tolerable in tumour bearing mice. 

Currently work is being undertaken to develop a KAT7-specific inhibitor (personal 

communication with Tim Thomas and Anne Voss) that could be tested in various 

disease settings in mice. The hypothesis is that treating patients with a specific 

KAT7 inhibitor would temporarily compromise the negative selection of 

thymocytes thereby allowing the escape of these self-reactive T cells into the 

periphery. Together with already approved approaches in immunotherapy, for 

example using checkpoint blockade inhibitors against  PD1/PDL-1 or CTLA-4 
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[485], such self-reactive T cells might subsequently recognise and kill cancer 

cells. One barrier to the efficacy of current immune checkpoint blockade therapies 

is that some cancer patients do not have T cells that express TCRs that are 

reactive to tumour-antigens [486]. Therefore, transient inhibition of KAT7/AIRE-

mediated immune tolerance might increase the pool of tumour-reactive T cells 

that can then become activated with addition of immune checkpoint blocking 

agents. However, the obvious risk of such a treatment would be the development 

of severe autoimmunity, which has already been described as an adverse event 

in cancer patients treated with immune checkpoint inhibitors [487].  

Moreover, if a KAT7 inhibitor is used, its effect on other organs and cells will also 

need to be evaluated. For example, it has previously been shown that KAT7, 

while not important for T cell differentiation in the thymus, is crucial for the survival 

of mature T cells in the periphery [262]. This suggests that a specific KAT7 

inhibitor might also lead to a poorer survival of T cells in the periphery. 

Nevertheless, it should be mentioned that the knockout of a gene and therefore 

a complete absence of the protein might have a more severe impact on individual 

cells and the organism overall than the treatment with a pharmacological inhibitor, 

which would only inhibit the function of a protein for a limited amount of time and 

possibly not completely. For example, the deletion of Kat6a in mice leads to a 

complete loss of haematopoietic stem cells [488, 489]. However, Baell et al. have 

shown that the use of a specific KAT6A/B inhibitor was overall very well tolerated 

in mice, even when they were bearing lymphoma [484]. This suggests, that a 

KAT7 inhibitor might also be tolerated well.  

One very exciting prospective idea evolving from my PhD studies is the potential 
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use of a specific KAT7 inhibitor to protect TECs from g-irradiation induced 

apoptosis and thereby enhance rejuvenation of the thymus. I have shown that 

the conditional deletion of Kat7 in TECs using Foxn1Cre results in a variable 

increase of various pro-survival proteins, such as MCL-1, BCL-2 and BCL-XL, 

across different TEC subsets and a consequent decrease in TECs undergoing 

apoptosis, as shown by a decrease in active caspase-3 positive TECs. These 

observations suggest that the specific inhibition of KAT7 activity might have 

similar effects. It will therefore be exciting to test whether multiple i.p injections, 

as performed for the KAT6A/B inhibitor [484], or even direct intra-thymic 

injections of a KAT7 inhibitor could lead to an increase in the expression of pro-

survival BCL-2 family proteins in TECs and consequent protection of these cells 

from g-irradiation-induced apoptosis. (Fig 5.3). While such a KAT7 inhibitor is 

being developed, another approach would be to g-irradiate Foxn1Cre Kat7fl/fl mice 

and investigate if the deletion of KAT7 leads to a protection of TECs from 

irradiation induced death.  

Taken together, the present study reveals new molecular mechanisms that 

govern TEC differentiation, survival and function. This more detailed picture 

opens up future possibilities to enhance treatment strategies for thymic 

regeneration after irradiation or other cytotoxic insults. It also raises the possibility 

of using a KAT7 inhibitor to treat cancer by impairing immunological self-

tolerance induction temporarily by allowing the escape of T cells specific for 

tumour-antigen/self-antigen from the thymus into the periphery where they could 

attack malignant cells.  
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Figure 5.1 – Prospective combination treatment to enhance TEC survival 
and thymic recovery after g-irradiation 

This schematic combines findings from this study and presents potential 

treatment options that could be used to enhance TEC survival and thymic 

recovery after g-irradiation (or other cytotoxic insults). This study has shown that 

(1) TECs die via the intrinsic apoptotic pathway after g-irradiation; (2) the pro-

survival proteins BCL-2 and BCL-XL are important for TEC survival and 

regeneration after injury; and (3) the protection of thymocytes leads to a (minor) 

reduction of TEC death early after g-irradiation via a currently unknow 

mechanism. This opens up the possibility for a combination treatment strategy to 

enhance TEC survival and overall thymic regeneration. Exogenous 

administration of recombinant IL-7 (rIL-7) or recombinant hybrid protein rIL-

7/HGFb has been shown to enhance thymic T cell production after allogeneic 

bone marrow transplantation, thereby (potentially) indirectly enhancing TEC 

recovery. Thymocytes express RANKL, which by stimulating lymphotoxin a (LTa) 

production, has been shown to increase the levels of BCL-XL in TECs. CD40L 

has also been shown to increase the levels of BCL-XL (albeit in B-cells but not 

yet in TECs). This suggests that administration of RANKL and/or CD40L might 

be beneficial in increasing BCL-2 and BCL-XL in TECs after g-irradiation (or other 

cytotoxic insults) to enhance their survival. Additionally, epidermal growth factor 

(EGF) has been shown to increase MCL-1 levels in TECs, although this was so 

far only shown under steady state conditions. It remains to be tested whether 

EGF administration is also able to increase the levels of MCL-1 in TECs after g-

irradiation, which in turn has the potential to inhibit the activation of the intrinsic 

apoptotic pathway. 
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Figure 5.2 – Understanding the molecular mechanisms by which KAT7 
regulates AIRE-mediated PTA expression 

This study has shown that KAT7 plays a crucial role in AIRE-mediated PTA gene 

expression. However, the molecular mechanism by which KAT7 elicits its function 

and impacts AIRE function remains to be identified in the future. 

(A) One possibility is that H3K14 acetylation mediated by KAT7 is needed to 

relax the otherwise tightly packed chromatin to subsequently allow AIRE 

and the general transcriptional machinery to drive the expression of PTA 

genes.  

(B) The second possibility would be that AIRE requires H3K14 acetylation 

mediated by KAT7 to be recruited to PTA gene loci where it then directly 

binds to acetylated H3K14.  

(C) The third possibility is that KAT7 directly interacts with and acetylates 

AIRE and thereby modifies its function (e.g. binding to chromatin) and/or 

sub-cellular localisation. 
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Figure 5.3 – Can specific inhibition of KAT7 enhance TEC survival after g-
irradiation? 

This study has revealed that TECs die via the intrinsic apoptotic pathway after g-

irradiation and that they rely on the pro-survival proteins BCL-2 and BCL-XL for 

their survival and for thymic recovery. Furthermore, this study also revealed that 

the deletion of KAT7 from TECs leads to variable increases of various pro-

survival BCL-2 family members, such as MCL-1, BCL-2 and BCL-XL, across 

different TEC subsets. Consequently, we observed a decrease in TECs 

undergoing apoptosis, as shown by a reduction in activated caspase-3 positive 

TECs. This suggests that a specific KAT7 inhibitor might be able to protect TECs 

from g-irradiation induced apoptosis by increasing the levels of pro-survival BCL-

2 family members, thereby blocking the intrinsic apoptotic pathway in TECs and 

enhance rejuvenation of the thymus. 
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