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ABSTRACT 

 

Lymphoid Tissue inducer (LTi) cells are part of the Innate Lymphoid Cell (ILC) family 

and have been implicated in the development of thymic microenvironments and 

support their recovery following damage. However, a detailed characterisation of 

other ILC subsets within the thymus is lacking. This study aimed to characterise the 

ILC composition of the thymus across ontogeny and investigate their function. 

Inhibitor of DNA-binding 2 (Id2) is a transcriptional regulator required for the 

development of ILC subsets. Several in vivo models, including Id2 fate mapping and 

Id2 reporter mice, were used to dissect ILC populations within the thymus. LTi cells, 

a subset of ILC3, were prominent in the embryo, but numbers reduced in the neonate 

and continued to decline in the adult, where ILC2 became the dominant population. 

ILC2 were capable of producing IL-5 and IL-13 ex vivo, and through confocal imaging 

we discovered ILC2 within the thymic medulla. Surprisingly, the majority of Id2 

expressing cells in the thymus were not ILC but developing thymocytes, which are 

present in much greater numbers compared to the number of ILC2. Collectively, we 

have revealed changes in the ILC compartment of the thymus across ontogeny and 

started to characterise Id2 expression amongst other lymphocytes.  
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CHAPTER 1: GENERAL INTRODUCTION 
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1.1 Overview of the immune system 

The general function of the immune system is to provide the host with essential 

protection against invading pathogens that would otherwise cause damage. Host 

organisms are constantly under threat from invading pathogens that are inhaled, 

swallowed or inhabit the skin and mucous membranes.(1) The success of these 

pathogens to enter a host is dependent on both the pathogenicity of the invading 

pathogen and the robustness of host defences.(1) The integrity of these host 

defences relies on a highly structured network of lymphoid tissues, immune cells, 

cytokines and humoral factors that is reflective of the complex nature of foreign 

invaders. The importance, of which, is highlighted in cases of immune dysfunction. 

While immunodeficiency, and the absence or compromise of immune components, 

leaves the host susceptible to attack, the over activity of these defences can result in 

the development of autoimmune diseases.(2) Therefore, the regulation and 

maintenance of immune homeostasis is fundamental for successful host protection.  

1.1.1 The innate and adaptive immune system 

The immune system has evolved into two distinct arms to ensure sufficient and 

effective protection against a range of invading pathogens, such as bacteria, viruses, 

fungi and parasites.(1) These two arms of protection are defined by the speed and 

specificity of their reactions and are referred to as innate and adaptive immunity.(1) 

Following breach of physical barriers that act as a first line of defence, mechanisms 

of immediate innate immunity occur and localised cells act quickly to clear the 

infection through cell mediators. This is followed by the detection of invading 

microorganisms based on their expression of pathogen-associated molecular 

patterns (PAMPs).(3) PAMPs are conserved amongst classes of microorganisms and 
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enable broad recognition by pathogen recognition receptors (PRRs) in the early 

innate immune response that occurs between 4-96 hours following infection. In this 

time, sentinels of the innate immune system, such as macrophages and other 

phagocytes, express PRRs and their activation leads to inflammation and the 

recruitment of other immune cells.(3) The non-specific and highly conserved nature 

of the innate immune system enables fast acting and broad recognition of invading 

pathogens that supplements their removal. However, cells of the innate immune 

system are sometimes unable to clear the host of the infection and require input from 

the adaptive immune response.(4)  

The adaptive immune system is a function of higher organisms and enables a 

specialised and highly specific immune response that requires involvement from both 

B and T lymphocytes.(4) This side of the immune system initiates following 

proliferation of the invading pathogen and accumulation of its antigen. This antigen is 

detected and processed by specialised cells, known as antigen-presenting cells 

(APC), and presented on surface as part of a class I or class II a major 

histocompatibility complex (MHC). Naïve B and T cells circulate the blood and 

lymphatic systems until they encounter a cognate antigen for which they have 

specificity.(4) The interaction between naïve lymphocytes and antigen occurs within 

secondary lymphoid structures, such as the spleen or lymph nodes, and results in 

clonal expansion of lymphocytes with specificity for the encountered antigen. While 

these actions support an antigen specific immune response, the process takes 

several days to develop, which is much greater than it takes for the innate immune 

system to respond. However, the adaptive immune system encompasses 

immunological memory and enables an immediate response following exposure to 
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the same antigen.(4) Although innate and adaptive immunity are described as 

separate entities due their discrete functions, it is the interplay between these two 

sides that provide complete protection for the host.  

The adaptive immune system has the advantage of generating effector populations 

towards a specific pathogen and the ability to generate immunological memory. 

However, its action relies on signals from the innate immune system to initiate and 

direct its response.(5) Dendritic cells are a prime example of how signals from the 

innate immune system dictate the effector response of the adaptive immune system. 

Following antigen processing, these cells are capable of loading antigenic peptides 

onto their surface in either MHC class I or MHC class II molecules. The ability of 

dendritic cells to present antigen in either of these molecules enables them to interact 

with both CD8+ and CD4+ T cells.(5) Innate lymphoid cells (ILC) represent a recently 

emerged class of lymphocytes that, in addition to dendritic cells, have been shown to 

influence the adaptive immune response. Specifically, a subclass of these cells has 

been shown to express MHC class II and present antigen to CD4+ T cells. However, 

instead of promoting the proliferation of CD4+ T cells and initiating an adaptive 

immune response, the interaction between ILC and T cells limited the activity of T 

cells in response to commensal bacteria.(6)   

Since the recent discovery of ILC it has become apparent that these cells have 

greater diversity than first anticipated.(7) This is reflected in the tissue specificity of 

these cells where they have varied functions that are influenced by their surrounding 

microenvironments. This thesis seeks a greater understanding of ILC in the thymus; 

therefore we will first provide an overview of the thymus itself. This will be followed by 

a review of ILC, including how these cells develop, the functional plasticity that exists 



	
	

5	
	

between subsets and the functions of these cells at different peripheral sites. Finally, 

we will acknowledge the current evidence that supports a role for these cells within 

the thymus that lead into our own investigations.  

1.2 T cell development 

1.2.1 Overview 

The thymus is a primary lymphoid organ with a fundamental role in generating a 

diverse repertoire of functional T cells.(8) Situated in the upper anterior thorax, just 

above the heart, the thymus consists of two lobes and comprises a unique 

microenvironment that consists predominantly of thymic epithelial cells (TEC).(8) 

These cells orchestrate the development of T cells from T cell progenitors following 

their migration from the bone marrow to the thymus.(8) This well coordinated process 

allows for the development of T cells of multiple lineages, including αβ-T cells, γδ-T 

cells, Natural Killer T (NKT) cells and Mucosal Associated Invariant T (MAIT) cells, 

which are categorised based on their specialist functions and differential expression 

of surface markers, cytokines and transcription factors. (9) Of these lineages, the αβ-

T cells, which bear the αβ-T Cell Receptor (TCR), are the best studied and are often 

compared to Innate Lymphoid Cells (ILC) given their developmental and phenotypic 

similarities with the T-helper (Th) subsets.(10) Therefore, this section will focus on 

the development of αβ-T cells.  

This process of αβ-T cell development involves key checkpoints that ensure T cells 

are tolerant of self-antigens prior to their emigration into the periphery.(8) Broadly, 

these checkpoints are mediated by interactions between thymocytes and epithelial 

cells of two distinct regions within the thymus, known as the cortex and the medulla, 
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and are responsible for positive and negative selection, respectively.(8,11) Given that 

this thesis will explore ILC within the thymus, it is important to understand the key 

aspects of T cell development, with particular interest in cell markers that will later be 

used to discriminate between ILCs and T cells. An overview of αβ-T cell development 

in the thymus is shown in Figure 1.1.  

1.2.2 The thymic microenvironment 

As previously touched upon, the thymus has an important role in the development of 

a vast repertoire of functional T cells. This process relies on strict interactions 

between developing thymocytes and the thymic stroma, which itself consists of a 

variety of cell types, including mesenchymal cells, vascular endothelium, 

macrophages, dendritic cells, and specialised epithelial cells that provide structural 

and functional support to the tissue.(11) Of these, cortical thymic epithelial cells 

(cTEC) and medullary thymic epithelial cells (mTEC) which comprise the thymic 

cortex and medulla, respectively, are responsible for positive and negative selection 

processes. Therefore, the correct establishment of the thymic architecture is 

essential for the development of functionally diverse T cells.(11,12) 

The thymic epithelium arises early in embryonic development from the endodermal 

cells of the third pharyngeal pouch and, together, these epithelial tissues form the 

thymic anlage.(8,13) Of importance to the thymic fate of the pharyngeal epithelium is 

expression of the gene encoding the forkhead box protein N1 (FOXN1), which is 

required for terminal differentiation of these epithelial cells.(11) Studies utilising nude 

(nu/nu) mice have been key in understanding the role of the FOXN1 transcription 

factor in this context. The nude phenotype is caused by a null mutation in the FOXN1 

gene and causes an arrest of initial primordial organ formation. This, in turn, prevents 
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Figure 1.1 Overview of αβ T cell development in the thymus 

Haematopoietic precursors arise in the bone marrow and migrate in circulation to the 

thymus where they enter at the corticomedullary junction (CMJ). This Early Thymic 

Progenitor (ETP) population lacks the expression of CD4, CD8 and a T-cell Receptor 

(TCR), and is termed Double Negative (DN) cells. These DN cells are subdivided into 

4 groups, DN1-DN4, based on the expression of CD25 and CD44. Development 

through the DN2 to DN4 stages requires the expression of a pre-TCR that consists of 

the non-rearranging pre-α chain and rearranged TCRβ chain. Pre-TCRα expression 

enables the successful transition from DN4 to CD4+ CD8+ (Double Positive; DP) 

thymocytes where the pre-TCRα is replaced with a newly rearranged TCRα chain; 

forming a complete TCRαβ. DP cells undergo positive selection through interactions 

with cortical thymic epithelial cells (cTEC) where strength of TCRαβ binding with 

peptide MHC molecules determines whether these cells transition to the Single 

Positive (SP) stage or die by apoptosis. Upregulation of C-C chemokine receptor 

type-7 (CCR7) by positively selected thymocytes supports their migration to the 

medulla where they undergo negative selection through interactions with medullary 

thymic epithelial cells (mTEC). Tissue Restricted Antigen (TRA) expression by mTEC 

is regulated by autoimmune regulator (Aire) and Fezf2. Positively selected 

thymocytes that successfully undergo tolerance induction are immunocompetenct 

and migrate out of the thymus into the periphery while cells that fail are eliminated by 

apoptosis. Figure adapted from Germain (2002).(1) 
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the colonisation of the tissue with haematopoietic precursors; resulting in athymia 

and severe immunodeficiency due to the lack of functional T cells in these 

mice(11,14) Thus, demonstrating the requirement of input from the surrounding 

microenvironment for T cell development.(15)  

1.2.3 Development through the cortex 

The importance of interleukin (IL)-7 in the development and survival of immune 

populations is widely accepted. Within the bone marrow, IL-7 acts to support the 

development of B and T cells from precursors within the bone marrow.(16). Initial 

attraction of these Thymic Seeding Progenitors (TSPs), or Early Thymic Progenitors 

(ETPs), from the bone marrow to the thymus is a fundamental first step for T cell 

development.(17,18) This movement is facilitated through the action of adhesion 

molecules and chemokines.(15,19–21) Adhesion molecules, such as P-selectin, are 

expressed by endothelial cells, while chemokines, such as chemokine C-C ligand 

(CCL) 21 and CCL25, and chemokine CXC ligand (CXCL) 12, are expressed by 

TECs; aiding entry through the corticomedullary junction (CMJ) and progenitor 

seeding.(15,19–21) IL-7 is an essential cytokine for T cell development with its action 

required during stages of thymocyte development, and promotes the survival and 

differentiation of these cells.(22,23) At this stage, cTEC provide IL-7, along with 

Delta-like 4 (DL4) ligands, to thymic progenitors where they induce cell proliferation 

and differentiation.(15)  

The transition of Double Negative (DN) thymocytes is illustrated in Figure 1.1 where 

each DN stage is defined by the cellular expression of CD25 and CD44.(24) These 

actions require binding of IL-7 to its heterodimeric receptor interleukin-7 receptor-α 

(IL-7Rα) and the common gamma chain, γc, which cascades activation of the 
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tyrosine kinases, Jak1 and Jak3, and subsequent activation of STAT5-induced gene 

expression.(22,25,26) Further studies evidenced the importance of IL-7 using mice 

deficient in IL-7 (IL-7-/-) and IL-7Rα (IL-7Rα-/-).(22) Researchers observed the thymus 

to be smaller in these mice and quantification of T cells in the periphery 

demonstrated a reduction in the number of these cells. It was later shown that this 

was due to a blockage of thymocyte differentiation between the DN1 and DN2 stages 

of development.(22) Signalling through IL-7Rα is also important for ILC where it is 

required for the development and maintenance of these cells.(27) IL-7 and DL4 

expression by cTEC is therefore absolutely pivotal to support the development of 

CD25+ DN cells that are found in the subcapsular region of the cortex and 

orchestrate the initial stages of T-cell development.(15,18) The transition from the 

DN2 to DN3 stage of thymocyte development is where these cells become fully 

committed to the T cell lineage.(17,28) At this stage, DN3 cells, defined as CD44- 

CD25+, that have successfully rearranged their TCRβ chain associate with the pre-

TCRα chain and CD3 signalling molecules.(17) Signalling through IL-7 is key in this 

process and ultimately supports the survival of these cells and their progression to 

the next developmental stage.(23) Collectively, this cascade of events is responsible 

for enforcing β-selection, saving cells from apoptosis and orchestrating continued 

development through the αβ lineage.(17,29)  

1.2.4 Positive selection 

The generation of a diverse repertoire of immunocompetent T cells relies on a series 

of checkpoints within the thymus to ensure T cells entering the periphery do not 

respond to self-antigens and thus cause harm.(8) The first of these selection 

processes occurs within the cortex where, following transition through the DN stages, 
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TCR-mediated positive selection of TCRαβlow CD4+ CD8+ cells takes place.(15) Initial 

activation of genetic programs in T cell progenitors induces the expression of TCRβ, 

which provides the signals required for the up regulation of the co-receptors CD4 and 

CD8, and rearrangement of the TCRα, which does not require ligand 

engagement.(30) The specificity of the TCRαβ complex is a result of variable, 

diversity and joining (VDJ) gene rearrangements of the β-chain, or for the α-chain, V 

and J only undergo rearrangements. This process is orchestrated by the 

recombination-activating genes, RAG1 and RAG2.(15,30) This results in a process of 

random gene segment rearrangements ultimately allowing for the generation of a 

broad repertoire of thymocytes, each with an antigen-specific αβ-TCR.(31)  

Given the diversity of these cells and the random nature in which they are generated, 

it is important that only functional and self-tolerant thymocytes are selected to move 

forward through the developmental program.(15) At the checkpoint of positive 

selection, CD4+ CD8+ TCRαβlow T cells are exposed to self-peptide Major 

Histocompatibility Complex (MHC) complexes that are presented by cTEC in the 

microenvironment.(15,30,32) Overall, positive selection examines the affinity of 

individual TCRs for self-peptide and only those with low engagement of the TCR are 

able to progress to the subsequent stages of T cell development; accounting for 1-

5% of developing thymocytes.(15,30,32) The remaining thymocytes are broadly 

divided into two categories: cells that bind with high affinity TCR engagement and 

those with no, or very low, TCR engagement. These cells undergo programmed cell 

death or die as a result of neglect, respectively.(15,32)  

Efforts have been made to determine intracellular mechanisms that support the 

presentation of peptides by cTEC. It has been established that the capability of cTEC 



	
	

11	
	

to present MHC-associated peptides in this manner requires the action of intracellular 

proteolytic enzymes that are found in these epithelial cells.(15) Researchers have 

termed this uniquely expressed set of enzymes as the thymoproteosome, where the 

proteasome subunit, β5t, in a complex with subunits β1i and β2i, is involved in 

proteolytic breakdown of intracellular proteins prior to the presentation of resulting 

peptides.(33) Interestingly, it is the β5t subunit itself that has a pivotal role in this 

process and not its β5 or β5i counterparts.(33) The importance of β5t has been 

further demonstrated in β5t-deficient mice where the proportion of CD8+ T cells was 

shown to be just 20% of that found in a wild type (WT) mouse.(34) Moreover, the 

TCR specificities in these mice were incompetent in supporting both allogeneic and 

antiviral immune responses.(15,35) As such, the evidence in this study supports the 

concept of thymoproteosome-dependent production of immunocompetent CD8+ T 

cells.(15,34)  

The mechanisms that govern the presentation of peptide-MHC class II complexes 

required for CD4+ T cell development differs to those described above for peptide-

MHC class I and subsequent CD8+ T cell commitment.(15) In this context, it is the 

function of the lysosomal proteases, thymic-specific serine protease (Tssp) and 

cathepsin L, which support peptide presentation by MHC class II molecules.(15) 

While these proteases are not exclusively expressed by cTEC, studies utilising mice 

deficient in these enzymes have concluded that both Tssp and cathepsin L are 

required for the positive selection of CD4+ T cells in the cortex.(36,37) Collectively, 

these studies support the requirement for specific proteolytic enzymes in peptide 

presentation by MHC class I and class II molecules, and subsequent development of 
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CD4+ or CD8+ restricted T cells, respectively. However, lineage commitment amongst 

developing thymocytes is not as straightforward as it first appears.  

1.2.5 CD4 CD8 lineage commitment 

Following the discovery that CD4+ and CD8+ single-positive (SP) T cells arise from 

CD4+ CD8+ TCRlow double-positive (DP) cells, it was hypothesised that the 

expression of single receptor, either CD4 or CD8, is a result of transcriptional 

silencing.(24) This notion suggested that the gene locus of the irrelevant receptor is 

silenced and is followed by gradual loss of the corresponding surface protein.(24) 

While this concept was widely accepted in the field of thymus biology, it also added 

confusion to whether the commitment of developing thymocytes to the CD4 or CD8 

lineage resulted from instruction or stochastic choice.(24) Moreover, it was thought 

that disappearance of either CD4 or CD8 cells was a steady and uninterrupted 

process.(24) However, evidence has shown that this process is not as straight 

forward as first assumed. It is now understood that commitment to CD4 or CD8 T cell 

lineages involves a complex program of down regulation and asymmetric up 

regulation of CD4 and CD8, followed by selective loss of the unwanted 

receptor.(24,38) This concept is illustrated in Figure 1.2 and also highlights changes 

in TCR expression during this process.  

1.2.6 Development through the medulla 

The proceeding stage of T cell development following CD4 or CD8 lineage 

commitment is negative selection and first requires thymocyte migration from the 

cortex into the medulla. C-C chemokine receptor type 7 (CCR7) expression is 

important in this process and is induced on positively selected thymocytes following 

peptide-MHC complex engagement with the TCR.(39) Interestingly, some cortical 
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Figure 1.2 Pattern of CD4, CD8 and TCR expression during thymocyte 

development 

The transition of DP cells to either CD4+ or CD8+ SP is a complex developmental 

program. Initial signalling through the positively selected TCR of DP cells results in 

partial loss of both CD4 and CD8 expression; yielding CD4low CD8low cells. This is 

followed by the re-expression of CD4 and then CD8 where CD4low CD8intermediate cells 

result. These initial processes occur no matter the strength of TCR engagement with 

MHC class I or MHC class II. Instead, the strength of TCR signalling determines the 

extent of CD4 and CD8 down-regulation in the initial phase. Eventually, cells that are 

commited to the CD4 SP lineage lose all expression of CD8. The process of CD8 SP 

lineage commitment varies slightly whereby these cells upregulate CD8 expression 

and lose expression of CD4. However, these cells upregulate CD4 once again to 

become DP cells but with higher levels of TCR expression than the previously 

immature DP cells. The final stage demonstrates the loss of all CD4 and the 

emergence of CD8+ cells. Figure adapted from Germain (2002).(1) 
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thymocytes that have not been positively selected also express CCR7 even though 

these cells will undergo apoptosis.(15) Specifically, the expression of CCR7 

promotes the migration of positively selected thymocytes to the medulla, which has 

rich expression of CCR7 ligands, C-C chemokine ligand 19 and 20 (CCL19 and 

CCL20, respectively) by medullary thymic epithelial cells (mTEC).(15,39) Thus 

demonstrating the importance of CCR7 and associated ligands in the migration of 

positively selected thymocytes into the thymic medulla so that screening for tolerant 

TCR expressing thymocytes can take place.(39,40)  

The expression of CCR7 on positively selected thymocytes is beneficial to their own 

development as it directs their migration to the medulla where subsequent selection 

processes take place.(15) However, these developing thymocytes are also of benefit 

to the medullary microenvironment. Positive selection of thymocytes in the cortex 

leads to the provision of several cytokines of the Tumour Necrosis Factor (TNF) 

superfamily, including Receptor Activator of Nuclear factor-κB Ligand (RANKL).(15) 

Interestingly, expression of the receptor for RANKL, termed RANK, is expressed on 

mTEC but not cTEC. Studies using RANKL-deficient mice demonstrated the 

interaction between RANKL and RANK in this context to support growth and 

maturation of mTEC.(15) Therefore contributing to the establishment of the 

microenvironment fundamental to the tolerising function of the thymic medulla.(15) In 

addition, positively selected thymocytes express another member of the TNF 

superfamily, known as CD40, which also supports medullary development.(15)  

The strict architecture of the thymic medulla is fundamental to its role in negative 

selection procedures that acts to eliminate self-reactive T cells.(15,30) It is within this 

location that positively selected CD4 and CD8 T cells further encounter self-peptide-
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MHC complexes that are presented by antigen-presenting cells (APC), such as 

mTEC but also dendritic cells (DC). Engagement of positively selected thymocytes 

with peptide-MHC complexes leads to clonal deletion of these reactive T cells. 

mTEC, in particular, have impressive capabilities whereby they present tissue-

restricted antigens (TRA) that would otherwise be found in the in specific tissues in 

the periphery. Moreover, it is possible for mTEC to transfer TRA to dendritic cells to 

increase the frequency of self-antigens being presented to developing thymocytes 

and the chance of correct selection.(41) The autoimmune regulator (Aire) has a key 

role in the expression of TRA and is, itself, expressed by approximately 30% of 

mTEC yet absent from cTEC.(41) Studies using Aire-deficient mice have helped gain 

further understanding of the importance of this transcription factor. It was in Aire-

deficient mice that a reduction in TRA resulted in an autoimmune 

phenotype.(15,30,42) This was characterised by autoantibody production and the 

infiltration of inflammatory cells to a multitude of tissues, such as the retina, pancreas 

and lacrimal gland.(30,42,43) Interestingly, the regulatory role of Aire exceeds that of 

TRA presentation and, most recently, has been described in the regulation of mTEC-

derived IL-7 expression during the neonatal period of γδ-T cell development.(44) In 

the context of this study, a pool of γδ T cells with the Vγ6+Vγ1+ TCR expanded in 

Aire-deficient mice due increased expression of IL-7 by mTEC.(44)  

While the literature is predominantly focussed on the role of Aire in this process, 

there is also evidence to support a role for another transcriptional regulator, known 

as Fezf2, in the presentation of TRA by mTEC.(45) Analysis of GeneChip data on 

mRNA isolated from mTEC revealed Fezf2 to be expressed at a similar level to Aire 

and prompted its further investigation. Although, much like Aire, Fezf2 is responsible 
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for the presentation of TRA by mTEC yet it acts independently of Aire.(44) Unlike 

Aire, which functions through a RANK/CD40 axis, Fezf2 was initially suggested to act 

through the lymphotoxin beta receptor (LTβR) pathway.(45) However, other 

researchers discovered that Fezf2 was in fact similarly induced by RANK signalling 

through stimulation experiments using embryonic mouse thymus lobes.(46) 

Nonetheless, the resulting phenotype of Fezf2-deficient mTEC is comparable to that 

in Aire-deficient mice.(45,46) On both accounts, mice deficient in either 

transcriptional regulator have a severe autoimmune phenotype characterised by 

autoantibody production and the infiltration of immune cells at peripheral sites.(45,46) 

While the pancreas and retina are common sites of inflammatory cell infiltration in 

Aire-deficient mice, these sites are largely unaffected in Fezf2-deficient mice.(45) 

Instead, inflammatory cells have been shown to infiltrate the lung, liver, kidney and 

small intestine.(45) Therefore it is thought that Aire and Fezf2 work together to 

present distinct TRA to developing thymocytes to guide development of a self-

tolerant thymocyte repertoire and prevent development of autoimmunity.(30,45)  

While the majority of CD4 T cells that demonstrate reactivity to self-antigens 

expressed in the context of a MHCII molecule by mTEC or DC are eliminated through 

negative selection, some of these cells go on to survive.(30,47) Under these 

circumstances, these cells are induced to develop into T regulatory (Treg) cells that 

are characterised by the expression of forkhead box P3 (FoxP3) and have a specific 

role in maintaining tolerance in the periphery.(30,47) Treg develop from two 

progenitor populations within the thymus either CD25+Foxp3- or Foxp3+CD25- but 

both develop into the Foxp3+CD25+ thymically derived natural Treg cells.(48) In the 

periphery they have multiple mechanisms that allow them to control any escapee 
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non-tolerant T-cells such as by inhibiting the production of IL-2 that is needed for 

effector T-cell expansion, therefore preventing their ability to proliferate and 

potentially damage the host(49) While Treg cells are not studied in the context of this 

thesis it is important to have an appreciation for the existence of these cells. 

As discussed, the process of T cell development within the thymus is complex and is 

followed by the emigration of these cells into the periphery. It is important that these 

cells are maintained throughout the lifespan of the organism to prevent the loss of 

unique antigen receptor specificities.(50) It is those cells which have recently arrived 

in the periphery that have the greatest capacity for proliferation. Given that the 

thymus begins to involute during puberty, and the capacity of this tissue to produce 

functional T cells reduces, it is important that existing T cells in the periphery are 

maintained. This process of is also reliant on IL-7.(50) Although ILC are the 

predominant focus of this thesis, it is important to appreciate the microenvironment in 

which these cells will be investigated. The knowledge shown here will be used to 

justify our robust methodology aimed at identifying ILC amongst thymocytes where 

defining marker expression changes across the landscape of development.   

1.3 Unconventional T Cells 

1.3.1 Overview 

It is apparent from the descriptions so far presented within this thesis that T cell 

lineages are defined by their combination of surface antigen expression, capability to 

produce specific cytokines and the transcription factors they express.(9) This 

ultimately leads to functionally diverse cells with their own identifiable characteristics. 

While T cells of the αβ lineage are the best studied, there is a growing appreciation 
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for T cells of other lineages. These cells include NKT cells, Mucosal Associated 

Invariant T (MAIT) cells and γδ T cells, and are commonly referred to as 

unconventional T cells.(9) Together, it is estimated that these unconventional T cells 

make up approximately 10% of all circulating T cells.(9) The importance of these 

cells is demonstrated by their absence or defects in unconventional T cells that are 

associated with autoimmunity, chronic inflammation and cancer.(9) While the 

importance of MAIT cells should not be understated, these cells are not a focus of 

our own investigations and will not be introduced in this section. However, both NKT 

cells and γδ T cells are focal points within this thesis and will therefore be introduced 

here.  

1.3.2 Invariant Natural Killer T (iNKT) cells 

NKT cells are defined by their ability to recognise lipid antigens in the context of 

CD1d.(9) Two broad classes of NKT cells exist and are termed type 1 and type 2 

NKT cells.(9) Type 1 NKT cells, also termed invariant Natural Killer T (iNKT) cells, 

recognise the lipid antigen, α-Galactosylceramide (α-GalCer), and are the focus of 

our own investigations. Structurally, these cells express a CD1d-restricted semi-

invariant αβ TCR that consists of an invariant α-chain (Vα14-Jα18 in mice) and a 

limited choice of β-chains; namely Vβ8, Vβ7 and Vβ2 in mice.(9) This has been taken 

advantage of by researchers who have manufactured CD1d-α-GalCer tetramers for 

the study of the development, phenotype and function of these cells, and will later be 

used to aid our own investigations(9)  

The iNKT lineage ascends from a small fraction of αβ-T cells and relies on the 

expression of CD1d by DP thymocytes in the cortex.(9,51) However, it was later 

discovered that the expression of CD1d alone is not sufficient for the survival of these 
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cells.(9,52) This is illustrated in mice whereby intracellular trafficking and antigen 

presentation in the context of CD1d was impaired.(52) Recent findings are consistent 

with this theory whereby mice lacking the Adapter Protein Complex-3 (AP3) have 

problems with iNKT cell development.(9,53) These findings provide evidence to 

support the idea that iNKT cells require endogenous lipid antigens by CD1d to 

continue through the developmental program.(9) Further insight into the development 

of iNKT cells was provided by studies in mice with a nude phenotype, where iNKT 

cell development was absent.(54) A similar effect was also observed in neonatal 

mice that underwent thymectomy following birth.(55) Collectively, these findings 

illustrated iNKT cell development to be thymus dependent and also occurred after 

birth.(9)   

Historically, subclasses of iNKT cells were defined by their developmental stage, 

stages 0-3.(56) This classification model resulted from work in C57BL/6 mice and 

relies heavily on NK1.1, which is absent in many other mouse strains, such as 

BALB/c mice. The staging of iNKT cell maturation in this capacity is defined as 

follows: stage 0 (CD24+ CD44lo NK1.1lo), stage 1 (CD24lo CD44lo NK1.1lo), stage 2 

(CD24lo CD44hi NK1.1lo) and stage 3 (CD24lo CD44hi NK1.1hi). Stages 0-2 of iNKT 

cell development occur within the thymus where stage 2 iNKT cells follow one of two 

routes. The majority of stage 2 iNKT cells migrate into the periphery where they 

rapidly up regulate NK1.1, but a small population of stage 2 iNKT cells remain in the 

thymus where they undergo terminal maturation.(56) Mature iNKT cells were later 

sub-divided into 3 main subsets based on the expression of PLZF, Tbet and RORγt 

and follow the Th1, Th2 and Th17 paradigm. Using this nomenclature, iNKT subsets 
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can be classified as follows: iNKT1 (PLZFlo Tbet+ RORγt-), iNKT2 (PLZFhi Tbet- 

RORγt-) and iNKT17 (PLZFlo Tbet- RORγt+).(57) 

Further to the characterisation of iNKT subsets based on their transcription factor 

profile, iNKT subsets are associated with cytokine expression patterns.(58) This is 

demonstrated by iNKT1, iNKT2 and iNKT17 subsets that are associated with IFNγ, 

IL-4 and IL-17 production, respectively. However, recent studies have highlighted 

some of the overlap that exists in the cytokine producing capabilities of these 

cells.(58) Investigations at a molecular level have demonstrated IFNγ mRNA to be 

strongly expressed in iNKT1 cells and IL-17A mRNA to be expressed solely in 

iNKT17 cells, acting in concordance with our previous understanding. IL-4 mRNA, 

however, was shown to be expressed in both iNKT2 and iNKT17 cells.(58) The 

cytokine expression profile of these cells has also been assessed in vitro in the 

presence of PMA, ionomycin and BFA. While iNKT1 cells are mainly IFNγ- producing, 

cells capable of producing both IFNγ and IL-4 were also present. Concerning iNKT2 

cells, greater than half of these cells were shown to produce IL-4 with some of the 

cells capable of producing both IL-4 and IL-17 or IL-4 and IFNγ. Further overlap was 

demonstrated by iNKT17 cells, which were a main source of IL-17 with some of these 

cells expressing both IL-4 and IL-17.(58)  

Although these cells are coined invariant, they exhibit a wide range of functional 

capabilities.(58) This is perhaps due to the diversity amongst these cells, as 

demonstrated by their transcription factor and cytokine expression profiles. This is 

illustrated in the capability of these cells in activating both NK cells and B cells.(58–

60) In addition to this, iNKT cells have been shown to influence T cell bias and 

actions of DC.(58,61) Furthermore, the importance of iNKT cells has been 
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demonstrated by their role in influencing disease outcomes, such as supporting the 

immune response in both bacterial and viral infections.(58,62,63) However, their role 

extends from basic immune functions and these cells have also been described in 

the context of autoimmune disease, allergy and cancer.(64) Therefore, 

understanding more about these cells in immune homeostasis and disease states is 

of great interest.  

1.3.3 γδ T cells 

Much like αβ T cells, γδ T cells develop in the thymus where they arise from a CD4- 

CD8- DN precursor.(65) In contrast to αβ Tcells, which are involved solely in the 

adaptive immune response, γδ T cells have functions in both the innate and adaptive 

arm of the immune system.(66) While γδ T cells are capable of responding rapidly 

following stimulation, indicative of the innate immune system, they also express 

variable TCRs as a result of γδ TCR rearrangement, which is a feature of the 

adaptive immune system.(66) Moreover, αβ T cells exit the thymus in a naïve state 

and obtain their effector function in the periphery. However, many γδ T cells acquire 

their effector fate during development in the thymus and have limited plasticity 

following emigration from the thymus into the periphery.(65)  

Minimally, γδ T cells can be categorised into three main subsets based on their 

effector function. These are IL-17A-producing γδ T cells, IFNγ-producing γδ T cells 

and γδ T cells of an innate-like phenotype.(65) The function of these cells is thought 

to influence the anatomical location of these cells with the spleen containing a 

majority of IFNγ-producing γδ T cells. While, on the other hand, IL-17A-producing γδ 

T cells are predominantly found within the lymph nodes.(65) Furthermore, the 

effector fate of these cells is dictated by their use of different γ-chains. There is an 
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enrichment of IL-17A producing cells amongst γδ T cells expressing the Vγ2 chain. 

IFNγ-producing cells, in contrast, consist mainly of γδ T cells using the Vγ1 chain.(65) 

The literature has documented a number of factors that contribute to the 

development of γδ T cells in the thymus. It has been established that the 

development of γδ T cells occurs in waves that are characterised by Vγ segment 

usage.(67,68) According to the Garman nomenclature, Vγ1.1, Vγ3 or Vγ5 segment 

usage is associated with the development of IFNγ-producing γδ T cells while Vγ4 

usage is linked to IL-17A-producing cells.(69) Vγ2 segment usage, however, is 

capable to develop into either IFNγ-producing or IL-17A-producing cells. The 

development of these subsets is also dictated by the strength of signaling at the 

TCR. For example, IFNγ-producing γδ T cells result from a strong level of TCR 

signaling while IL-17A-producing γδ T cells arise when TCR signaling is weak or non-

existent.(68) Other factors determining γδ T cell development include signaling 

through co-stimulatory receptors and signals from cytokines in the surrounding 

microenvironments. Signaling through CD27, for example, has been implicated in the 

development of IFNγ-producing cells while development of γδ T cell in the absence 

of CD27 results in IL-17A-producing cells.(68,70) Instead, IL-17A-producing γδ T 

cells develop in response to TGFβ, IL-1, IL-6 and IL-23 signals.(68,71) The 

importance of how γδ T cells develop will become important in our final chapter of 

work where we investigate the role of Id2 amongst these developmental programs. 
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1.4 Innate Lymphoid Cells (ILC) 

1.4.1 Overview 

ILC are a recently emerged class of lymphocytes that are considered the innate 

counterparts of helper T cell subsets.(72) This comparison results from the shared 

phenotypic and functional qualities observed between these cells, as demonstrated 

in Figure 1.3. The most distinctive feature of these cells, and what makes them 

unique to T cells, is the absence of rearranged antigen receptors.(27) Furthermore, 

ILC have a lymphoid morphology and lack markers associated with cells of the 

myeloid lineage or dendritic cells; thus confirming the requirement of these cells to be 

classified on their own.(27) 

There are several distinct subsets of ILC, which include the cytotoxic Natural Killer 

(NK) cells and the non-cytotoxic group 1 ILC (ILC1), group 2 ILC (ILC2) and the 

group 3 ILC (ILC3) that also encompass lymphoid tissue inducer (LTi) cells. Broadly 

speaking, ILC1 are defined by their expression of the T-box transcription factor (Tbet) 

and production of IFNγ, ILC2 are defined by their expression of GATA-3 and 

production of interleukin (IL)-5 and IL-13, and ILC3 are defined by their expression of 

the nuclear receptor retinoic acid receptor-related orphan receptor gamma (RORγt) 

and production of IL-17A and IL-22.(27) Owing to the variation in the phenotype of 

these cells across subsets, each group of ILC have distinct functions and are 

associated with at least some level of tissue specificity. Despite the diverse 

phenotypes of ILC subsets across tissues, each of these has a role to play in the 

maintenance of immune homoeostasis.(27) This is demonstrated by the role of ILC at 

barrier surfaces, which provide first line defence to bacteria, viruses, fungi and 

parasites. Damage at these sites is detected by epithelial cells and cells of the  
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Figure 1.3 Phenotypic and functional similarities of T helper subsets and ILC 

Subsets of ILC have been described as innate-counterparts to T-helper (Th) subsets 

of the adaptive immune system. While ILC develop independent of the 

Recombination-Activating Genes (RAG) and thus do not express a TCR, they are 

otherwise functionally and phenotypically similar to Th cells. Th1 cells and ILC1 

express Tbet and secrete the signature cytokine IFNγ. Th2 cells and ILC2 express 

GATA-3 and secrete the type-2 cytokines IL-4, IL-5 and IL-13. Th17 cells and ILC3, 

alike, express RORγt and secrete IL-22 and variants of IL-17. Regulatory T cells 

(Tregs) express the FoxP3 transcription factor and secrete IL-10 and TGFβ. The 

shared functions of Th cells and ILC are also shown. Figure adapted from Zhu, 

Yamane and Paul (2010), and Fang and Zhu (2017).(73,74) 
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myeloid lineage, and results in the secretion of cytokines and alarmins that are 

detected by ILC and activate a signal specific response.(27) 

1.4.2 Overview of ILC Development 

The common lymphoid progenitor (CLP) is part of a discrete lineage that gives rise to 

T and B lymphocytes during haematopoiesis.(75) Until very recently, it was thought 

that only two other lymphocytes arose from CLP and these lacked antigen 

receptors.(75) These were the NK cells and LTi cells, which were functionally distinct 

from one another and when first discovered they were not known to be part of the 

much wider ILC family. NK cells are considered the cytotoxic cells of the ILC family 

and mediate early immune responses against viruses and have involvement in the 

elimination of cancerous cells. LTi cells, on the other hand, are important in the 

generation of lymphoid tissues during embryogenesis.(72)  

It is now appreciated that these cells are developmentally related and both require 

the action of the common gamma chain (γc) and the transcriptional regulator, inhibitor 

of DNA-binding 2 (Id2). It was later discovered that several other subsets of ILC 

depend on these modulators for their development.(74,76) ILC develop from the CLP 

that also give rise to B and T lymphocytes. This requires the action of several 

transcription factors that enable the differentiation of CLP to either a Natural Killer cell 

Precursor (NKP) or Common helper ILC precursor (chILP).(74,75) NKP can give rise 

to NK cells only while ChILP is able to give rise to all ILC subsets but not NK cells. In 

addition, the development of ILC subsets is influenced by the variable expression of 

the Promyelocytic Leukaemia Zinc Finger (PLZF) following differentiation from ChILP. 

Precursors of ILC that express PLZF are capable of developing into ILC1, ILC2 and 
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ILC3, but not LTi cells. Given that PLZF is expressed following commitment to a 

ChILP rather than NKP, PLZF+ cells are unable to develop into NK cells.(74,75) 

Other transcription factors required for the development of ILC include GATA-3 and 

Nfil3. Together with Id2, these transcription factors have been described as critical in 

the development of CLP to either a NKP or ChILP that are restricted to ILC 

development.(74,75) However, our current understanding of how these transcription 

factors control cell fate is incomplete. Here, we review our understanding of Id2, 

which is a focal point of our investigations, in the context of transcriptional 

enhancement and repression. 

1.4.3 Transcriptional Control in the Context of Id2 

Basic Helix-Loop-Helix (bHLH) proteins represent a widely understood category of 

transcriptional regulators that are known to form heterodimers with many of the 

ubiquitously expressed E Proteins.(77,78) The term E protein originated during 

studies that demonstrated the bHLH domain to bind Ephrussi box (E box) sequences 

and regulate the IgG enhancer in B cells.(78,79) However, it is now understood that 

E box sequences have a much more general function.(78) E box sequences are 

short sequences of DNA found within the gene promoter or enhancer region and 

binding of the bHLH domain to this region regulates transcription of the gene. The 

Inhibitor of DNA-binding (Id) binding proteins are another class of bHLH proteins that 

act competitively to oppose the action of E proteins.(78) In contrast to other bHLH 

proteins, Id proteins do not contain a DNA binding domain and therefore act to inhibit 

the transcriptional activity of E proteins in a dominant manner.(77) As such, 

heterodimers of Id proteins with E proteins are unable to bind DNA and activate 

transcription.(78) Acting as a negative regulator of transcription, Id2 binds to and 
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inhibits the activity the E Proteins, E2A, E2-2 and HEB, which are critical for the 

development of B and T cells. Therefore, the increased activity of Id2 in this context 

forces CLP towards an ILC restricted lineage at the expense of B and T cell 

development.(75)  

Similarly, GATA-3 restricts the development of B cells through the inhibition of Early 

B-cell Factor 1 (EBF). Together, these transcription factors facilitate the development 

of ILC by blocking the fundamental pathways required for development of B and T 

cells from CLP. Id2 is an important feature of this thesis whereby it is later used as a 

tool to identify ILC amongst T cell populations within the thymus. However, there is 

an incomplete understanding of how Id2 expression is controlled. It has previously 

been shown that Id2 is regulated by environmental cues, such as Bone 

Morphogenetic Protein (BMP) and Notch ligands, and therefore it is thought that Id2 

might be controlled similarly in this context.(74) Moreover, Nfil3 is another 

transcription factors involved in the development of CLP to an ILC restricted fate and 

is modulated by soluble factors in the surrounding microenvironment, such as 

cytokines.(74) Figure 1.4 summarises this understanding of ILC development from 

the CLP.  

While ILC precursors develop in the foetal liver and adult bone marrow, it is thought 

that these precursors mature in peripheral sites, much like the development of T 

helper subsets, and respond to tissue specific cues in the surrounding 

microenvironment. As previously mentioned, these ILC subsets share phenotypic 

and functional similarities to that of helper T cells. However, unlike T cells, which are 

activated following stimulation of their antigen receptors, ILC are activated by signals 

from the surrounding microenvironment. These signals are very similar to those that 
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activate innate T cell populations, such as iNKT cells and γδ T cells, including signals 

from stress, microbial products, and the cytokine milieu.(75) Furthermore, the 

mechanism by which ILC are activated enable a rapid response and secretion of 

effector cytokines that had previously been associated with T helper cells.(75). 

The discrete differences in the development of these cells result in subsets with 

widespread functions. ILC have been implicated in immunity, tissue development and 

remodelling, the early immune response against microorganisms, and the 

maintenance of epithelial layer integrity at barrier surfaces.(27) In addition to their 

valid contribution to immune homeostasis, these cells have also been shown to 

contribute to pathogenesis.(27)  

1.4.4 Plasticity of ILC 

Despite being classified as distinct subsets, there is evidence to suggest functional 

plasticity amongst ILC populations.(7) It has been suggested that it is this plasticity 

that enables ILC populations to adapt in different tissue microenvironments.(7) 

Heterogeneity amongst ILC1 has been widely reported where these cells arise 

through the canonical developmental pathway from ILC progenitors but also as a 

result of plasticity. For example, following the exposure of ILC2 to IL-12 and IL-1β, 

these cells down regulate their expression of GATA-3 and up regulate Tbet, adopting 

an ILC1-like phenotype.(7) Additionally, is has been shown that ILC3 down regulate 

RORγt and up regulate Tbet in response to IL-2, IL-15 and IL-23. RORγt is encoded 

by the Rorc gene and studies utilised Rorc reporter mice have illustrated the 

conversion of CCR6- NKp46+ ILC3 into IFNγ-producing ILC1; termed “ex-ILC3”.(7,80) 
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Figure 1.4 Development of ILC 

Much like B cells and T cells, ILC develop from the Common Lymphoid Progenitor 

(CLP). This occurs in the liver of the foetus and bone marrow in the adult. 

Suppression of the transcription factors E2A, E2-2, HEB and EBF-1 by Id2 is 

required to restrict the CLP to an ILC fate. Two distinct precursors, the Natural Killer 

cell Precursor (NKP) and Common helper ILC Precursor (ChILP), determine an 

Natural Killer (NK) cell or Innate Lymphoid Cell (ILC) fate. The expression of Eomes 

enables the differentiation of NKP cells into mature NK cells. The ILC pathway is 

further divided by PLZF into PLZF-dependent ILC1, ILC2 and ILC3, which require 

Tbet, GATA-3 or RORγt, respectively, for their maturation. LTi cells also require 

RORγt for their maturation and are encompassed within the ILC3 family but develop 

independently of PLZF. The development of mature ILC from ILC precursors is 

supported by signals in the microenvironment, such as notch ligands, cytokines, 

bone morphogenetic proteins (BMP) and changes that result from the circadian 

rhythm. Figure adapted from Eberl, Colonna, Di Santo and McKenzie (2015).(75) 
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Proceeding investigations demonstrated the inhibition of this conversion in Txb21-/- 

mice.(7,17) Furthermore, the conversion of ILC3 to ILC1 phenotype requires the 

action of the Notch signalling pathway. This was demonstrated in mice that lack 

Notch2 receptors or the downstream Notch signalling protein, RBPj.(82,83) 

Interestingly, the reverse conversion of ILC1 to ILC3 has not yet been identified.(7) 

As mentioned above, ILC2 have the potential to adopt an ILC1 phenotype in 

response to signals from the surrounding microenvironment. There is also evidence 

to suggest ILC2 have the capability of adopting an inflammatory phenotype. In these 

studies, mice were injected with IL-25 and this resulted in the presence of ILC2 

capable of producing IL-17 in addition to the associated type-2 cytokines.(7,84) It has 

also been shown that exposure of ILC2 to Notch ligands results in the up regulation 

of RORγt and secretion of both IL-17 and IL-13.(7,85) Together, these data highlight 

the functional plasticity of amongst ILC subsets. However, studies using single cell 

RNA-sequencing (RNA-seq) technologies have proposed that the heterogeneity of 

ILCs exceeds the strict definitions of these cells that we currently use.(7,86) 

1.5 Functions of ILC at Peripheral Sites 

Since the characterisation of ILC as their own family of immune cells, there has been 

growing evidence to support functional diversity amongst subsets. Studies in both 

mouse and human cohorts have demonstrated a non-redundant role for these cells in 

maintaining tissue homeostasis as well as driving pathology in disease.(10,27,87) 

The diversity of cell function amongst ILC subsets is owing to their presence at 

barrier sites and within lymphoid organs, where they can respond rapidly to signals in 

the surrounding microenvironment.(6) However, the proportion of specific subsets of 

ILC varies greatly amongst tissues.(88) Although our investigations are focussed on 
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understanding more about these cells within the thymus, it is important to have an 

appreciation of their function at peripheral sites. This understanding will be used 

when determining appropriate tissue for control samples in our own studies and also 

provide context to ILC in supporting tissue homeostasis. As such, we will provide an 

overview of ILC function in secondary lymphoid tissue, lung and small intestine.  

1.5.1 Secondary Lymphoid Tissue 

Lymph nodes are important secondary lymphoid structures that provide a unique 

environment where antigen specific lymphocytes are able to engage with their 

cognate antigen.(89) The efficiency of this immune response is aided by the network 

of lymphatic vessels that enable the drainage of immune cells and antigen away from 

the site of infection.(89) The importance of ILC function in lymph nodes was first 

demonstrated by LTi cells where they were shown to provide key lyphotoxin signals 

to the developing cells of the stroma.(89,90) More recently studies from have sought 

to characterise ILC populations in different lymph nodes, comparing those that drain 

mucosal tissues with those that drain peripheral sites.(89) These investigations 

identified ILC3, known to be CCR6+ LTi cells, to be enriched in the mesenteric lymph 

node (mLN) that drained mucosal tissues. Furthermore, it was demonstrated that 

these cells require CCR7 for their migration from the intestine to the mesenteric 

lymph node that drains this site.(89) Interestingly, these ILC3 were discovered in a 

specific location within the lymph node, known as the interfollicular space, where 

initial stages of the adaptive immune response occur.(89) This is highlighted by the 

migration of antigen-specific T and B cells into this space prior to movement into the 

follicle.(89,91) Interestingly, this microenvironment was not present in the brachial, 

inguinal or popliteal lymph nodes.(89) Although ILC3 express MHCII, they do not 
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express CD80 or CD86, and therefore it is unlikely that ILC3 initiate T cell 

proliferation.(6) However, it is suggested that ILC3 interact with effector T cells 

following priming, or engage with regulatory or memory CD4 T cells as they 

recirculate through the tissue.(89) Although ILC1 and ILC2 subsets have also been 

identified in the mLN, this is to a lesser extent.(88,89) As will become apparent 

further on in this thesis, the clear ILC populations present in the mLN are of interest 

in our own studies, providing a suitable control tissue for comparing ILC populations 

in the thymus. 

1.5.2 Lung 

Evidence from our own laboratory has provided evidence that demonstrated few 

ILC3 to exist following isolation of ILC from lung tissue.(88) Instead, this tissue is 

enriched with ILC2.(88,89) It is well established that mouse ILC lack the PRRs that 

are broadly expressed by other immune cells and are therefore unable to respond to 

pathogens through the recognition of PAMPs.(87) Instead, these cells respond to 

environmental cues secreted by other cells, such as cytokines, alarmins and other 

inflammatory mediators.(87) ILC2 are able to respond to a variety of these signals, 

such as IL-33, IL-25, thymic stromal lymphopoietin (TSLP), IL-2 and IL-7, amongst 

others.(72,87) The action of ILC in response to these signals is held in a fine balance 

as chronic exposure to these signals result in a tissue protective response becoming 

an immune pathology.(87,92) This is highlighted in the genes associated with ILC2 

responses, such as the genes encoding TSLP, IL-4. IL-5 and IL-13, which are also 

linked to susceptibility to atopic disease.(87,92) Detrimental ILC2 responses are of 

relevance to the lung where data obtained in mouse models has illustrated their role 

in asthma.(93) Papain and house dust mite are examples of protease allergens that 
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are commonly used to investigate non-infectious lung inflammation.(87,93) It has 

been shown in the literature than papain induced symptoms associated with asthma 

in Rag-/-. However, these effects were not observed in Rag-/- IL2rg-/- or Rag-/- that 

have undergone depletion of ILC2. Moreover, ILC-deficient mice that were 

reconstituted with ILC2 and challenged with allergen resulted in asthma-like 

symptoms.(87,93) Taken together, it is clear than ILC2 are an abundant population in 

the lung. While these cells are capable of supporting a protective immune function, 

they are also associated with immune pathology. 

1.5.3 Small intestine 

The small intestine is an important site of interest in ILC biology due to the 

importance of ILC at this site in maintaining immune homeostasis. In this context, ILC 

have been shown to regulate CD4+ T cell responses to commensal bacteria that are 

naturally found within this tissue.(6) In the context of the study, the loss of RORγt+ 

ILC resulted in dysregulation of the adaptive immune response to commensal 

bacteria and low-grade systemic inflammation.(6) Much like all ILC subsets, ILC3 

become activated by signals in their surrounding microenvironment, such as IL-23, 

and become activated to produce IL-17 or IL-22.(87) However, in the action of ILC3 

in this study was shown to be independent to these processes.(6) It was discovered 

using genome-wide association studies (GWAS) that RORγt+ ILC express MHCII 

and, in keeping with this, were capable of processing and presenting antigen.(6) 

Interestingly, this action limited the CD4+ T cell response to commensal bacteria 

rather than inducing a response.(6) This role is supported by the ability of ILC3 to 

outcompete CD4+ T cells for IL-2, and thus limit some of the signals required for T 

cell proliferation; resulting in apoptosis of these cells.(94) Further to this, ILC3 in the 
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small intestine are considered key sources of IL-22 that supports epithelial barrier 

integrity.(89,95) However, overproduction of this cytokine is associated with driving 

inflammation in the intestine.(95) Other supportive functions of ILC3 have been 

demonstrated in the adult where LTi cells have been shown to express co-stimulatory 

molecules, CD30L and OX40L, which are associated with the survival of T 

cells.(89,96,97) This supports a role for these cells in the developed immune system 

in addition to supporting early lymphoid tissue development. Collectively, the 

evidence described where supports a role of ILC, namely ILC3, in maintaining tissue 

homeostasis in the small intestine.   

1.6 ILC within the thymus 

Until recently, investigations concerning the function of ILC within the immune system 

have predominantly focussed on their role at peripheral locations, while our 

knowledge of ILC in primary lymphoid tissues is lacking. Although it is important to 

appreciate the bone marrow as a primary lymphoid organ that has a vital role in ILC 

production in the adult, this body research focuses solely on the characterisation of 

these cells within the thymus.  

The earliest description of ILC within the thymus relays back to the work of Rossi et 

al. (2007) which identified a subset of CD4+ CD3- inducer cells within the embryonic 

thymus.(98) It is now understood that these cells are LTi cells and categorised within 

a much wider family of ILC. In this context, LTi cells were shown to contribute to the 

establishment of the thymic microenvironment through the provision of Receptor 

Activator of Nuclear factor Kappa-B Ligand (RANKL) to the surrounding stroma. 

Specifically, the contribution of RANKL from LTi cells enables the maturation of 

CD80- Aire- medullary Thymic Epithelial Cells (mTEC) progenitors to CD80+ Aire+ 
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mTEC. The expression of Autoimmune regulator (Aire) is crucial in the development 

of lifelong immune tolerance by presenting self-antigen to developing thymocytes in 

the thymic medulla and eliminating T cells whose T cell receptor (TCR) interacts with 

self-antigen. Furthermore, it has been reported that these RANKL signals are jointly 

provided by invariant Vγ5+ dendritic epidermal T cell (DETC) progenitors.(99)  

The normal function of lymphoid tissue relies on mechanisms that govern the 

establishment, maintenance and recovery of these sites. In the adult thymus ILC3 

have been implicated in the recovery of the thymic architecture following damage by 

providing key IL-22 signals.(100) In this model, it was proposed that the depletion of 

double-positive (DP) thymocytes following damage triggered the production of IL-23 

by thymic dendritic cells (tDC) that acted upon LTi cells via the IL-23 receptor (IL-

23R). Following activation by IL-23, LTi cells provided a key source of IL-22 and that 

signals through thymic epithelial cells (TEC) and promotes their proliferation and 

survival.(100) Together, this process stimulates the regeneration of the thymic 

microenvironment and recovery of thymopoiesis. This was later studied in the context 

of Graft versus Host Disease (GVHD) where the absence of ILC3 resulted in the 

depletion of IL-22. The absence of IL-22 in this context impaired the protection of the 

thymic stroma through interactions and resulted in impairment of thymic 

recover.(101) 

In addition to ILC3, there has also been evidence to illustrate the presence of ILC2 

within the thymus. With much of this work being published in the last couple of years, 

and importantly, later than the commencement of the work presented within this 

thesis. Following a review of the currently literature it was clear that ILC2 had been 

implicated in both the mouse and human thymus, however the location of function of 
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these cells within this tissue are not entirely clear.(102) Initially, uncommitted thymic 

progenitors of human donors demonstrated potential for developing into ILC2 and 

this was dependent on the strength of Notch signalling. This in vitro study 

demonstrated T cells to develop in response to low strength Notch signalling while 

high strength signalling resulted in the development of ILC2.(102)  

More recent studies illustrated the potential for ILC2 to develop within the thymus 

whereby ILC precursors had an inverse relationship with the activity of the E proteins, 

E2A and HEB.(103) Moreover, E2A activity amongst ILC precursors derived from 

CLP was reduced while the expression of Id2 in these cells was greatly increased. 

The 4 E proteins expressed in lymphoid cells are E12m E47, HEB and E2-2. Of 

these, E12 and E47 are encoded by the E2A gene locus, Tcf3, while Tcf12 encodes 

HEB. H2A and HEB proteins were deleted using Tcf3-/- and Tcf12-/- mice and resulted 

in the blockage of ETP in both the foetal and adult thymus. Moreover, this blockage 

was accompanied by the aberrant development of ILC2.(103) It was established 

through these investigations that the development of ILC2 did not require the action 

of Id2, thus indicating the sole function of Id2 in ILC development is to inhibit the 

action of E proteins.(103)  

Similar studies have also shown a drastic increase in ILC2 in the thymus following 

deletion of 2 E proteins.(104) In the same context, it was shown that aberrant 

expression of inhibitor of DNA-binding 1 (Id1), which is not normally found in 

lymphocytes, had the same effect.(104) Interest in ILC2 of a thymic origin has gained 

significant momentum over recent years. Further to the potential of these cells to 

arise from multipotent progenitors in the thymus, more current research has 

suggested these cells also have the potential to arise from T cell precursors.(105) In 
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this context, the authors labelled the plck transgene, which is specifically turned on in 

the thymus at the DN3 stage, with tdTomato.(105,106) This approach identified 

~30% of thymic ILC2 to express tdTomato while labelling was absent from either B or 

myeloid cells, or ILC progenitors in the bone marrow.(105) These data indicate that a 

proportion of ILC2 in the thymus are derived from thymic progenitors.(105) Overall, 

this evidence proposes the idea that ILC2 are capable of developing within the 

thymus but their potential to do so is restricted due to E protein activity. While these 

studies provide insight into the origin of ILC2 within the thymus, little development 

has been made in understanding the location or function of these cells within this 

tissue.  

Taken together, the evidence reviewed here demonstrates our understanding of ILC 

within primary lymphoid structures, such as the thymus, to be lacking. While there is 

evidence to support the premise that ILC3 support the establishment of the thymic 

microenvironment, much work is required to fully understand the ILC composition 

within this tissue. As such, this thesis will seek to characterise ILC in thymus and 

attempt to gain further understanding of its function in this tissue.  

1.7 Experimental Approaches for Studying ILC in the Thymus 

The study of ILC within the thymus is no simple task given the complexity of this 

primary lymphoid organ. However, over the years, researchers have established a 

variety of methods to gain a further understanding of this tissue and the cells that 

reside within it. Characterisation of ILC across ontogeny, including the embryonic 

stages of development, and the role of ILC in the recovery of the thymus following 

damage are just two examples where we have referred to established methods to 

gain a further understanding. Our investigations utilised Foetal Thymic Organ 
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Cultures (FTOC) to study ILC within the embryonic thymus while models of sub-

lethal, total body irradiation were used to study the role of ILC in thymic recovery 

following damage. Here, we review these methods to provide context to our 

investigations.  

1.7.1 Foetal Thymic Organ Culture 

FTOC were initially developed as a means for studying intrathymic T cell 

development in vitro.(107) This provided a system where progenitors from an early 

embryonic timepoint could be tracked and followed through T cell development.(107) 

Ultimately, this technique demonstrated that immunocompetent T cells could be 

generated from thymic tissue explant in vitro under controlled conditions, giving 

greater insight into how T cells develop in the thymus and through which 

stages.(107,108) Early investigations using thymic lobes dissected from an 

embryonic mouse at days 14 and 15 of gestation identified large, blast-like cells that 

were hypothesised to be lymphoid cell progenitors.(107,108) Furthermore, it was 

observed within these experiments that FTOC resulted in a significant increase in the 

size of the thymic lobes that correlated within increasing lymphocyte number.(108) It 

was soon demonstrated that FTOC supported the emergence of lymphocytes of a 

size comparable to those in the periphery. Moreover, these cells expressed Thy-1, 

which is largely associated with mouse thymocytes and peripheral T cells.(109) 

Importantly, B cells were not identified in these FTOC; providing evidence to support 

the specialised function of the thymus in generating the production of T cells could be 

mimicked in vitro.(107,108) 

These early investigations documented the use of FTOC in studying intrathymic 

mechanisms of T cell development and have been widely used since their 
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introduction. One such example includes the use of FTOC in determining the role of 

peptide-MHC complexes in negative and positive selection processes.(108,110) In 

these investigations, FTOC provided the means by which the effects of individual 

peptides on thymocytes selection could be studies.(2,4) In addition to their use in 

understanding thymocyte development, FTOC have been adapted to study the 

supporting role of the thymic microenvironment, particularly the function of thymic 

epithelial cells. In this context, FTOC enable recombinant proteins, such as 

cytokines, to be added in a closed system where it is possible to study the effects on 

the thymus only without having systemic consequences.(108) However, this has its 

caveats, as there may be circumstances when understanding the systemic effects 

important. Examples of this include the study of therapeutic agents and in this case in 

vivo studies may be more appropriate.  

The addition of 2-deoxyguanosine is a useful model for understanding the factors 

controlling epithelial cell development.(111) As an agent toxic to haematopoietic 

cells, it is used to deplete the thymic lobes of these endogenous cells while 

maintaining the core of the thymus.(111) Additional reagents can subsequently be 

added to the culture to determine its effect on epithelial cell development. One 

example of this is the addition of RANKL that demonstrated an increase in mTEC 

and Aire+ mTEC.(98) Furthermore, it was through the use of FTOC that CD4+ CD3- 

lymphoid inducer cells, which we now know belong to the ILC family were identified 

in the embryonic thymus at E14 and E16.(98) Overall, demonstrating that FTOC can 

be used to study the development and function of a whole host of cells within the 

thymus without too much difficulty. However, the very nature of in vivo experiments 

means that the surrounding environment is artificial and cannot replicate in vivo 
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conditions entirely. Despite this, FTOC is deemed an appropriate model for studying 

the thymus during the embryonic stages of development and will later be used to 

characterise ILC populations in this context.  

1.7.2 Sub-lethal Irradiation 

Recent evidence has emerged that suggests ILC3, defined as RORγt+ CCR6+ 

NKp46- lymphoid inducer cells, have a role in restoring the thymic microenvironment 

in a model of damage.(100) In the context of these investigations, the authors induce 

thymic damage using total body irradiation and, in turn, this leads to the production of 

IL-22 by ILC3 that acts upon thymic epithelial cells, resulting in restoration of the 

thymic microenvironment.(100) While the specific details of these investigations are 

discussed elsewhere within this thesis, it does introduce the idea of using irradiation 

models to investigate tissue recovery.  

The involution of the thymus is associated with the natural ageing process but, 

interestingly, the reason for this involution is under constant debate.(112,113) Some 

immunologists argue that this is a result of limited recruitment of ETP into the thymus 

to sustain the thymocyte pool. However, it is also believed that it is a result of a 

decline in TEC populations that are required to support thymocyte 

development.(112,113) While it is likely that both are contributing factors, this is 

difficult to pull apart due to the interdependence between TEC and thymocyte 

populations in maintaining thymus homeostasis and function. In addition to involution 

with age, the thymus is sensitive to acute insult where circumstances of treatment 

toxicity, such as chemotherapy, or infection have been shown to damage the 

thymus.(114) While the thymus is unable to self-renew as part of the ageing process, 

it is capable of some level of repair following injury.(113–115) Therefore, 
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understanding the mechanisms that govern tissue recovery in the thymus are of 

great interest and may provide insight into how these mechanisms can be 

manipulated for therapeutic gain.  

Total body irradiation is a commonly used approach to investigate the recovery of the 

thymus in mice.(56) Cell DNA is targeted in total body irradiation and prevents cells 

from dividing and proliferating as they would under normal conditions.(116) Under 

this consensus, it is thought that actively proliferating cells, including haematopoietic 

cells such as thymocytes and peripheral lymphocytes, are sensitive to the effects of 

radiation while primitive haematopoietic precursors in the bone marrow are largely 

unaffected.(116,117) Exposure to sub-lethal, total body irradiation in mice has shown 

to cause immediate damage to most lymphoid progenitors and thymocytes, with DN 

and DP cells being most susceptible. This initiates apoptosis amongst these cells in 

rapid rates and, as a result, a relative increase in the number of CD4 and CD8 single 

positive cells is observed in the days following radiation.(116) More recently, a study 

investigating the long-term effects of irradiation on total thymocytes in mice 

demonstrated sex and irradiation dose to be influential factors in thymic 

recovery.(116) The authors illustrated that following an immediate, irradiation-

induced loss of thymocytes, there is a transient increase in the total number of 

thymocytes by day 10, which is thought to be mediated by progenitors that are 

already in the thymus.(116) This transient increase is followed by another reduction 

in total thymocyte number that takes much longer to recovery. It is presumed that this 

second phase of recovery takes longer due to the requirement of the thymic to recruit 

new progenitors.(116,118) Interestingly, this research demonstrated that female mice 

reached this second peak of recovery at a much quicker rate than males. 
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Furthermore, male mice were much more sensitive to lower irradiation doses and 

exhibited more severe defects at a lower threshold.(116)  

Overall, studies involving total body irradiation are widely accepted to understand 

more about thymic recovery following damage. Using this approach, it is possible to 

identify surviving populations following irradiation and interrogate the signals that 

they produce. In the context of this thesis, a model of sub-lethal irradiation will be 

used to investigate the role that ILC play in recovery of the thymus following damage.  

1.8 Aims of this investigation 

The overall aim of this research was to investigate the role of ILCs in supporting 

thymic function, given the critical role of the thymus in controlling the generation of 

self-reactive T cells and the role of ILC in supporting tissue homeostasis. 

Furthermore, the initial description of LTi cells within the thymus preceded the 

identification of the ILC family and the formal definition of these cells. It is evident 

from the literature that ILC are involved in supporting epithelial barriers, such as the 

lung or gut. As such we sought to revisit the thymus, which has a rich epithelial 

network, in search of potential roles of ILCs in this microenvironment and whether 

this affected thymic epithelial populations and thus tolerance. We will test the 

hypothesis that LTi cells are the main population of cells amongst the ILC family 

within the thymus where they have a role in supporting tissue architecture.  

In this investigation we aimed to:  

1. Undertake a detailed characterisation of ILC populations in the thymus using 

different in vivo models and across ontogeny 
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2. Interrogate the potential role of ILC in normal thymic function and recovery 

post-injury.  

3. Investigate similarities between ILC and iNKT populations in the thymus and 

the periphery   
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CHAPTER 2: MATERIALS AND METHODS 
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2.1 Mice 

Mice were obtained from the University of Birmingham Biomedical Services Unit 

(BMSU) and were used in accordance with Home Office regulations. Both wild type 

(WT) and transgenic mice were bred and maintained in the BMSU. Efforts were 

made to ensure mice were age and sex matched within each experiment. Adult mice 

between the ages of 6-12 weeks were used. Where embryonic or neonatal tissue 

was used, a timed mating was set up and a successful mating was indicated by the 

presence of a vaginal plug, noted as day 0 of gestation (embryonic day 0, E0).  All 

transgenic mice used within this investigation were on a C57BL/6 background and 

are detailed in Table 2.1. A schematic illustrating frequently used conditional mouse 

strains in these investigations is shown in Figure 2.1. The intracellular mechanisms of 

two complex mouse strains used within our studies are shown in Figure 2.2 and 

Figure 2.3.  

Table 2.1 Mouse strains used in this investigation 

Mouse strain Phenotype Source 

 
C57BL/6 

 
Wild type BMSU 

 
B6.SJL-

Ptprca Pepcb/BoyJ 
 

(BoyJ) 

Congenic wild type mouse strain 
carrying the pan leukocyte marker, 
CD45.1 

BMSU 

 
BALB/c 

 
Wild type BMSU 

B6.129S2-Tcratm1Mom/J 
 

(TCRα-/-) 

Mice deficient for the α and β T cell 
receptor. As a result, these mice 
lack CD4-CD8+ and CD4+CD8- T 
cells. CD4+CD8+ and CD4-CD8- 
numbers are normal.(119) 

 
The Jackson 
Laboratory 
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B6.129P2-Rorctm1Litt/J 
 

(Rorc-/-) 

Immature CD4+CD8+ require 
RORγt for survival leading to 
impaired T cell development in 
mice lacking RORγt. LTi cells, 
RORγt+ T cells and other cell types 
requiring this transcription factor 
are absent in these mice. Lymph 
nodes and Peyer’s patches are 
also lacking.(120) 

 
A kind gift from 
Daniela Finke. 
Originally donated 
by Dan Littman 

B6.129S(Cg)-
Id2tm1.1(cre/ERT2)Blh/ZhuJ x 
Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J 
 

(Id2creERT2 x 
ROSA26mT/mG) 

Tamoxifen inducible fate-mapping 
mouse model whereby mT is 
expressed ubiquitously in all 
tissues. Administration of 
tamoxifen causes recombination in 
Id2-expressing cells where a cre-
recombinase is present. mT gene 
is excised and allows for the 
expression of mG through the 
action of the promoter.(121,122) 

The Jackson 
Laboratory 
 

B6.129S(Cg)-
Id2tm1.1(cre/ERT2)Blh/ZhuJ x 

Gt(ROSA)26Sortm1Hjf 
 

(Id2CreERT2 x ROSA26RFP) 

Tamoxifen inducible fate-mapping 
mouse model whereby cre-
recombinase is present in cells 
expressing Id2. A floxed stop 
codon is present upstream of RFP 
under the control of the ROSA26 
promoter.(121,123) 

A kind gift from 
Joerg Fehling 

 

Id2tm1Gtbz 

(Id2-eGFP) 

Id2gfp/gfp reporter mouse strain 
whereby GFP is expressed in cells 
expressing Id2.(124) 

Professor 
Gabrielle Belz, 
Walter and Eliza 
Hall, Institute of 
Medical Research 

B6.FVB-Tg(Rorc-
cre)1Litt/J 

 
(RorcCre x ROSA26mT/mG) 

Tamoxifen inducible fate-mapping 
mouse model whereby mT is 
expressed ubiquitously in all 
tissues. Administration of 
tamoxifen causes recombination in 
RORγt-expressing cells where a 
cre-recombinase is present. mT 
gene is excised and allows for the 
expression of mG through the 
action of the promoter.(122,125) 

The Jackson 
Laboratory 

B6.129-Tbx21tm2Srnr/J 
 

(Id2CreERT2 

Tbx21F/FxROSA26RFP) 
 

Exons 2-6 of the T-box 21 (Tbx21) 
gene, that encodes Tbet, are 
flanked due to loxp sites on either 
side. 

The Jackson 
Laboratory 
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Figure 2.1 Schematic of frequently used tamoxifen-inducible Cre mouse 

models in our investigations. 

A) Id2CreERT2xROSA26RFP. Administration of tamoxifen, by either oral gavage or in 

diet, induces to the expression of RFP in cells that express Cre under the action of 

the Id2 promoter. Cells that express Cre during, or just before, the window period of 

tamoxifen administration can be identified using flow cytometry based on expression 

of RFP. B) Id2CreERT2xROSA26mT/mG. The membrane Tomato “mT” protein is 

ubiquitously expressed in all tissues. Administration of tamoxifen, by either oral 

gavage or in diet, induces site-specific deletion of “mT” and expression of membrane 

Green “mG” in cells that express Cre under the action of the Id2 promoter. Cells that 

express Cre during, or just before, the window period of tamoxifen administration can 

be identified using flow cytometry based on expression of “mG”.(121–123) 
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Figure 2.2 Mechanism of Cre induction following administration of tamoxifen in 

Id2CreERT2 x ROSA26mT/mG mice. 

Id2CreERT2 x ROSA26mT/mG is a tamoxifen-inducible fate-mapping model that enables 

specific labelling of cells that express Id2 during, and just before, the administration 

period when Cre is expressed. 1) “mT” is ubiquitously expressed in all tissues. In 

cells where Id2 is expressed, a transgene containing a mutated oestrogen receptor 

fused to a Cre-recombinase (Cre-ER) sits under the action of the Id2 promoter. When 

“switched on”, the transgene is undergoes transcription and translation to create the 

Cre-ER protein that sits in the cytoplasm of these cells bound to Heat Shock Protein 

(HSP) 90. 2) Binding of the active tamoxifen metabolite, 4-hydroxytamoxifen (4-

OHT), mutates the Cre-ER so that HSP90 is displaced and Cre-ER translocates to 

the nucleus where Cre recognises a specific DNA fragment, known as locus of x-over 

P1 (LoxP), and enables site specific deletion of the “mT” gene and stop codon. 3) 

This results in the expression of “mG” in these cells. Both “mT” and “mG” can be 

identified using flow cytometry without the need for additional 

antibodies.(122,126,127) 
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Figure 2.3 Mechanism of Cre induction following administration of tamoxifen in 

Id2CreERT2 Tbx21F/F x ROSA26RFP mice. 

Id2CreERT2 Tbx21F/F x ROSA26RFP is a tamoxifen-inducible fate-mapping model that 

enables specific deletion of Tbx21 and expression of Red Fluorescent Protein (RFP) 

in cells that express Id2 during, and just before, the administration period when Cre is 

expressed. 1) In cells where Id2 is expressed, a transgene containing a mutated 

oestrogen receptor fused to a Cre-ER sits under the action of the Id2 promoter. 

When “switched on”, the transgene is undergoes transcription and translation to 

create the Cre-ER protein that sits in the cytoplasm of these cells bound to HSP90. 

2) Binding of the active tamoxifen metabolite, 4-OHT, mutates the Cre-ER so that 

HSP90 is displaced and Cre-ER translocates to the nucleus where Cre recognises a 

specific DNA fragment, LoxP, and enables site specific deletion of the Tbx21 gene 

and stop codon. 3) This results in the loss of Tbet and expression of RFP in these 

cells. RFP can be identified using flow cytometry without the need for additional 

antibodies.(123) 
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2.2 Medium and reagents 

2.2.1 Medium 

Table 2.2 Components used in staining buffer 

Medium and reagents 
Volume 

required 

Final 

concentration 
Supplier 

D-PBS 500 ml / Sigma-Aldrich 

Heat inactivated 

Foetal Calf Serum 

(FCS) 

10 ml 2% Sigma-Aldrich 

EDTA 2.5 ml 2.5mM Sigma-Aldrich 

    

Table 2.3 Components used in culture media 

Medium and reagents 
Volume 

required 

Final 

concentration 
Supplier 

RPMI 1640 with L-

glutamine 
500 ml / Gibco 

Penicillin/Streptomycin 5 ml 1% Sigma-Aldrich 

L-glutamine 5 ml 1% Sigma-Aldrich 

Heat inactivated FCS 50 ml 10% Sigma-Aldrich 

    

Table 2.4 Components used in staining solution for immunofluorescence 
microscopy 

Medium and reagents 
Volume 

required 

Final 

concentration 
Supplier 

PBS 500 ml / Sigma-Aldrich 

Bovine Serum 

Albumin (BSA) 
5 ml 1% Sigma-Aldrich 
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2.2.2 Gey’s red blood cell lysis buffer  

Gey’s red blood cell lysis buffer was made within the laboratory by combining 10 ml 

of Solution A, and 2.5 ml of Solution B and C. The components of solutions A-C are 

shown in Table 2.5 with each solution being made to a final volume of 1 L with 

distilled water and autoclaved prior to mixing.  The final solution was transferred to a 

Falcon tube (Corning®, Sigma-Aldrich) in 50 ml aliquots and stored at 4oC until 

required.  

Table 2.5 Components of Gey’s red blood cell lysis buffer 

Solution Component Amount 

 

A 

1% Phenol red 1.5 ml 

Gelatin 25 g 

Glucose 5 g 

KCl 1.85 g 

KH2PO4.12H2O 1.5 g 

NH4Cl 35 g 

 

B 

CaCl2 3.4 g 

MgCl2.6H2O 4.2 g 

MgSO4.7H2O 1.4 g 

C NaHCO5 22.5 g 
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2.3 Preparation of single cell suspensions 

Whole tissue for single cell suspensions was dissected within the BMSU and 

transported back to the laboratory in a 12-well plate (Thermo Scientific) with each 

well containing 1 ml of Roswell Park Memorial Institute (RPMI). Except for small 

intestine, this is described in 2.3.4. Efforts were maintained to keep tissue and cells 

on ice throughout all processes.  

2.3.1 Lymph nodes 

Lymph nodes (LNs) were transferred to a small petri dish (Thermo Fisher Scientific) 

containing 3 ml of RPMI and cleaned of fat under a light microscope using fine 

forceps. Following the removal of fat, LNs were transferred to a new petri dish 

containing 3 ml of fresh RPMI. 0.025 mg/ml DNase I (Roche Diagnostics) and 0.25 

mg/ml collagenase dispase (Roche Life Sciences) was added and samples were 

incubated for 20 minutes at 37°C/5% CO2. The reaction was stopped with the 

addition of 10 mM EDTA (Sigma-Aldrich). Samples were passed through a 70 µM 

nylon strainer (Falcon®, Fisher Scientific) and tissue was crushed through the 

membrane using the rubber end of a syringe plunger. Each petri dish was washed 

twice more with RPMI to maximise cell yield. Cells were pelleted by centrifugation 

and supernatant was removed prior to cell re-suspension in appropriate media. 

Samples were centrifuged for 5 minutes at 4oC and 394 rcf unless otherwise started. 

2.3.2 Spleen 

Fat was first removed from the spleen by eye using fine forceps and transferred to 

the top of a 70 µM nylon strainer where it was crushed using the rubber end of a 
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syringe plunger. Three washes using 5 ml of RPMI was performed to flush the cells 

into a Falcon tube.  Following centrifugation and removal of the supernatant, cells 

were re-suspended in 5 ml of Gey’s red blood cell lysis buffer and incubated on ice 

for 5 minutes. 30 ml of RPMI was added and cells were centrifuged once more and 

the supernatant was removed. Cells were re-suspended in appropriate media.  

2.3.3 Thymus 

Care was taken during dissection to minimise the amount of fat attached to the 

thymus with any remaining fat removed by eye using fine forceps in the laboratory. 

Each thymus was transferred to a small petri dish containing 5 ml of RPMI and 

thymus tissue was mechanically disaggregated between two glass slides. Each side 

of the glass slides was washed with an additional 1 ml of RPMI prior to disposal. The 

sample solution was passed through a 70 µM nylon strainer into a 50 ml Falcon tube. 

Any tissue caught on the strainer was crushed through using the rubber end of a 

syringe plunger and the petri dish was washed three more times using 5 ml of RPMI. 

Samples were centrifuged and the supernatant was removed prior to cell re-

suspension in appropriate media.  

2.3.4 Small intestine 

Preparation of single cells from small intestine required additional care from within 

the BMSU to preserve the viability of cells. The small intestine was removed by 

cutting from the bottom of the stomach down to the cecum and the tissue was placed 

in a large petri dish containing Hank’s Balanced Salt Solution (HBSS) and 2% FCS. 

All HBSS used in small intestine preparation is calcium and magnesium free. The fat 

and Peyer’s Patches (PP) were removed, and a longitudinal incision was performed 

to remove the contents of the small intestine. The tissue was washed once more in 
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HBSS containing 2% FCS and cut into 0.5 cm segments. These segments were 

transferred to a 50 ml Falcon tube containing 20 ml HBSS 2% FCS and shaken 

vigorously before transporting back to the laboratory on ice.  

Pieces of small intestine were retrieved from solution by filtering through nylon mesh. 

Small intestine was transferred to a Falcon tube containing 20 ml pre-warmed HBSS 

2 mM EDTA and shaken vigorously by hand for 20 seconds prior to incubation at 

37°C/5% CO2 in a shaking incubator. Sample was filtered as described above and 

added to 20 ml HBSS (no EDTA). This process was repeated twice. Pieces of small 

intestine were added to 15 ml pre-warmed culture media containing 1mg/ ml 

collagenase VIII (Sigma-Aldrich) and incubated for a total of 15 minutes at 37°C/5% 

CO2 in a shaking incubator; removing intermittently to shake vigorously by hand. 

Following incubation, sample was placed on ice and filtered using a 100 µM nylon 

strainer Falcon®, Fisher Scientific). The sample was washed through the strainer 

twice with 5 ml staining buffer and filtered one final time through a 70 µM nylon 

strainer. Samples were centrifuged and the supernatant removed prior to re-

suspension in staining buffer (Table 2.2). 

2.3.5 Lung 

Additional care was required for dissection of the lung. Following exposure of the 

lung and heart by opening the chest cavity, a syringe was used to pierce the right 

atrium of the heart. The left ventricle was pierced using the same syringe and 10 ml 

of Phosphate Buffered Saline (PBS; Sigma-Aldrich) was flushed through the 

circulatory system to clear the lung tissue of red blood cells. The lung was dissected 

and transferred to a 12-well plate containing 1 ml of RPMI for transportation to the 

laboratory.  
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Lung was transferred to a small petri dish containing 1 ml culture media (Table 2.3) 

and broken into small pieces by pulling apart with fine forceps. Lung tissue along, 

with the culture media, was transferred to a 50 ml Falcon tube. The petri dish was 

washed with an additional 1 ml culture media that was also transferred to the Falcon 

tube.  3 ml culture media containing 424 µg/ml Liberase TM Research Grade (Sigma-

Alrich) and 0.025 mg/ml DNase I was added and samples were incubated for 45 

minutes at 37°C/5% CO2, shaking intermittently. The sample was transferred into a 

new 50 ml Falcon by passing through a 70µM nylon strainer. The original Falcon tube 

was washed three times with 5 ml culture media and any tissue present on the 

strainer was crushed through using the rubber end of a syringe plunger. Sample was 

centrifuged and supernatant was removed prior to adding 3 ml Gey’s red blood cell 

lysis buffer and incubating on ice for 2 minutes. 5 ml culture media was added and 

samples were centrifuged once more. The supernatant was removed and sample 

was re-suspended in an appropriate volume of staining buffer and filtered for a final 

time.  

2.4 Flow cytometry 

A list of all antibodies and tetramers used throughout this investigation is shown in 

Table 2.6 and Table 2.7, respectively. Cells were stained in a 96-well plate (Thermo 

Scientific) unless otherwise stated. Cells from non-lymphoid tissue, such as the lung 

and small intestine, and those which have been used in cell culture, were incubated 

with APC efluor 780 (1:1000, eBioscience) in PBS for 20 minutes at 4oC to identify 

viable cells. Following incubation, 100 µl of PBS was added to each sample and 

centrifuged at 394 rcf for 3 minutes. All cells undergoing incubation with antibodies 

were washed under these conditions unless otherwise stated. The supernatant was 
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removed and cells were washed twice in 200 µl of staining buffer and centrifuged, 

removing the supernatant between each wash.  

All samples were incubated with surface antibodies or tetramers in staining buffer on 

ice for 30 minutes. Except for CXCR5 and 2W1S:I-Ab tetramer, where cells were 

incubated at room temperature for one hour, and CCR7 where cells were incubated 

for 30 minutes at 37oC. Antibodies used in a lineage gate were conjugated to the 

same fluorochrome to enable identification of multiple cells types in one flow 

cytometry channel. Following incubation, 100 µl staining buffer was added and cells 

were centrifuged. Cells were washed twice more and centrifuged in 200µl µl staining 

buffer to remove the unbound antibody prior to the next staining step. Where 

biotinylated antibodies were used, an additional staining step was incorporated 

before staining for all other surface antibodies; including a fluorochrome-conjugated 

streptavidin.  

Intracellular staining was performed in experiments where transcription factor 

expression or cytokine production was assessed and required cell fixation and 

permeabilisation prior to antibody staining. Transcription factor analysis was 

performed using the FoxP3/Transcription Factor Fixation and Permeabilisation 

buffers (eBioscience). Evaluation of cytokine production was performed using the 

Cytofix/Cytoperm Plus Fixation and Permeabilisation buffers (BD Biosciences). Both 

kits were used in accordance with the manufacturer’s instructions. Cells were fixed 

on ice for 30 minutes using 100µl µl fixative before 100µl µl permeabilisation buffer 

was added and cells were centrifuged. Cells were washed and centrifuged twice 

more using 200 µl permeabilisation buffer before incubation with antibodies against 

intracellular markers. Antibodies for analysis of intracellular markers were diluted 
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using permeabilisation buffer and 100 µl of antibody cocktail was incubated with cells 

for 45 minutes at room temperature. Following incubation, 100 µl permeabilisation 

buffer was added to each sample and cells were centrifuged. Cells were washed 

twice more and centrifuged in 200 µl staining buffer to remove the unbound antibody 

and cells were re-suspended in staining buffer for analysis by flow cytometry. 

Where intracellular reporter dyes were present, such as GFP or RFP, cells were fixed 

using the FoxP3/Transcription Factor Fixation buffer (eBioscience) and 

permeabilised using the Cytofix/Cytoperm Plus (BD Biosciences) permeabilisation 

buffer. Antibodies against intracellular targets were diluted in Cytofix/Cytoperm Plus 

(BD Biosciences) permeabilisation buffer and incubation was extended to overnight 

at room temperature to enhance antibody signal strength.  

Appropriate isotype, knockout (-/-) or fluorescence minus one (FMO) controls were 

used when necessary to identify negative populations. Splenocytes were typically 

used for single fluorochrome controls to adjust compensation values on the flow 

cytometer. Thymocytes were used for single fluorochrome controls where cells within 

the thymus were being assessed. The number of cells labelled with antibody varied 

depending on the tissue and cell-type under investigation. A greater number of cells 

were labelled in experiments where rare cell populations were being investigated.  

Accucount blank particles (Spherotech) were added to samples to enable calculation 

of cell frequency and were acquired using the LSR Fortessa X-20 (BD Biosciences). 

Data was previewed and recorded using FACSDiva (BD Biosciences). Analysis of 

primary data from flow cytometry was performed using FlowJo (FlowJo, LLC) with 

GraphPad Prism version 6 (GraphPad) used for statistical analysis.  
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Table 2.6 List of antibodies  

Specificity  

(anti-) 

Clone Conjugate Working 

dilution 

Manufacturer 

B220 RA3-6B2 

RA3-6B2 

RA3-6B2 

FITC 

PE-Cy7 

APC-Fire 

1:300 

1:200 

1:100 

eBioscience 

eBioscience 

eBioscience 

CCR6 29-2L17 BV605 1:300 BioLegend 

CCR7 4B12 PE 1:100 eBioscience 

CD11b M1/70 

M1/70 

M1/70 

FITC 

PE-Cy7 

APC-Fire 

1:300 

1:200 

1:100 

eBioscience 

eBioscience 

BioLegend 

CD11c N418 

N418 

N418 

FITC 

PE-Cy7 

APC-Fire 

1:300 

1:200 

1:100 

eBioscience 

eBioscience 

BioLegend 

CD123 5B11 FITC 1:500 Invitrogen 

CD19 eBio1D3 FITC 1:100 eBioscience 

CD24 M1/69 PerCP/Cy5.5 1:1000 eBioscience 

CD25 PC61 

PC61 

BV605 

BV650 

1:200 

1:200 

BioLegend 

CD3ε 145-2C11 

145-2C11 

17A2 

145-2C11 

145-2C11 

A700 

APC-Fire 

BV650 

FITC 

PE-Cy7 

1:50 

1:100 

1:200 

1:100 

 

eBioscience 

BioLegend 

BioLegend 

BioLegend 

eBioscience 

CD4 RM4-5 

RM4-5 

A700 

BV510 

1:100 

1:300 

BioLegend 

BioLegend 

CD44 IM7 

IM7 

A700 

BV785 

1:200 

1:200 

eBioscience 

BioLegend 

CD45 30-F11 BV785 1:200 BioLegend 

CD49b DX5 FITC 1:200 Invitrogen 
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CD5 5.3-7.3 

5.3-7.3 

FITC 

PE-Cy7 

1:100 eBioscience 

BioLegend 

CD62L MEL-14 APC 1:1500 eBioscience 

CD8α 53-6.7 

53-6.7 

BV510 

BV711 

1:200 

1:200 

BioLegend 

CXCR5 2G8 PE-Cy7 1:50 BD Pharmingen 

F4/80 BM8 FITC 1:200 eBioscience 

FcεR1 MAR-1 FITC 1:200 Invitrogen 

GATA3 TWAJ 

TWAJ 

eFluor 660 

PerCP-710 

1:50 

1:100 

eBioscience 

eBioscience 

Gr1 RB68C5 Alexa Fluor 488 1:2000 BioLegend 

ICOS C398.4A PE-Cy7 1:200 BioLegend 

IFNγ XMG1.2 BV510 1:200 BioLegend 

IL-13 eBio13A PerCP-eFluor 710 1:100 eBioscience 

IL-22 1H8PWSR PerCP-eFluor 710 1:50 eBioscience 

IL-5 TRFK5 BV421 1:200 BioLegend 

IL-7Rα A7R34 

A7R34 

BV421 

BV711 

1:50 

1:50 

BioLegend 

BioLegend 

KLRG-1 2F1 BV421 1:200 BD Horizon 

MHCII M5/114.15.2 BV510 1:200 BioLegend 

NK1.1 PK136 BV650 1:100 BD Horizon 

NKp46 29A1.4 PE-Cy7 1:100 eBioscience 

PD-1 29F.1A12 BV421 1:100 BioLegend 

CD254 (RANK 

Ligand) 

IK22/5 Biotin 1:50 eBioscience 

RORγt AFKJS-9 APC 

PE 

1:50 

1:50 

eBioscience 

ST2 RMST2-2 PerCP-eFluor 710 1:50 eBioscience 

Tbet eBio4B10 eFluor 660 1:50 Invitrogen 



	
	

60	
	

eBio4B10 PerCP/Cy-5.5 1:50 eBioscience 

TCRβ H57-597 A700 1:100 BioLegend 

TCRγδ GL3 BV711 1:100 BD Horizon 

Ter119 TER-199 FITC 1:100 Invitrogen 

Vγ1.1 TCR 2.11 BV421 1:200 BD Horizon 

Vγ.2 TCR UC3-10A6 PE-Cy7 1:200 eBioscience 

CD45RB C363-16A PE 1:200 BioLegend 

 

Table 2.7 List of tetramers 

Tetramer Conjugate Working dilution Source 

2W1S APC 

BV421 

1:200 

1:200 

NIH Tetramer Core 

Facility 

CD1d APC 

BV421 

1:200 

1:200 

NIH Tetramer Core 

Facility 

 

2.5 Cell culture 

2.5.1 In vitro 

Cells were incubated for 4 hours or overnight in 1 ml culture media at 37°C/5% CO2. 

For analysis of IL-5 and IL-13 production, cells were incubated for a total of 4 hours 

in 1 ml culture media containing 20 ng/ml PMA and 1121 ng/ml ionomycin. 10 µg/ml 

Brefeldin A (BFA) was added after 1 hour to inhibit activity of the golgi apparatus and 

prevent export of cytokines outside of the cell.  Where IL-22 production was being 

assessed, IL-1β, IL-2, IL-6 and IL-23, all at 20 ng/ml, were used in combination with 

PMA, Ionomycin and BFA, as described above. Thymocytes from neonatal thymus 
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were incubated overnight in 1 ml culture media only to assess RANKL expression. 

Typically, 1/3rd spleen, ½ mLN and ~6x106 thymocytes were set-up per 1 ml culture 

media. Samples investigating thymic ILC populations were set-up in duplicate and 

pooled following culture to ensure sufficient cell numbers were available for analysis.  

2.5.2 Foetal Thymic Organ Culture (FTOC) 

The embryonic sack containing stage E16 mouse embryos was removed from a 

pregnant mouse following cervical dislocation. Each embryo was decapitated and cut 

along the breastbone to expose two thymic lobes, which were dissected under a light 

microscope in sterile conditions. Foetal thymic organ cultures were set up in optimal 

conditions as previously described by Jenkinson and Anderson (128). Thymic lobes 

were placed on an IsoporeTM Membrane Filter (0.8 µm, Millipore) and positioned on 

top of a 1cm2 artiwrap sponge within a small petri dish containing 2 ml DMEM 

(Sigma–Aldrich). Each petri dish was encapsulated within a sealed container 

containing 10 ml of H2O and incubated for 7 days at 37°C/5% CO2.  

2.6 Immunofluorescence microscopy 

2.6.1 Preparation of frozen tissue 

Thymus tissue required for immunofluorescence microscopy was cleaned using 

forceps, mounted in optimal cutting temperature (OCT) and rapidly frozen using dry 

ice prior to freezing at -80°C until required. 6µm thymus sections were cut using a 

cryostat and mounted onto superfrost plus glass slides (Thermo Fisher Scientific) 

and were stored at -20°C before use in immunofluorescent labelling. 

2.6.2 Immunolabelling of thymus sections 

Thymus sections were removed from storage at -20oC and rehydrated by placing in a 
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bath of PBS for 10 minutes. 1% bovine serum albumin (BSA) was used to prepare a 

staining solution, as detailed in Table 2.4. 75 µl 10% horse serum in 1% BSA was 

added to samples to prevent non-specific binding at protein binding sites and 

incubated for 15 minutes. Excess solution was aspirated from slides prior to 

incubation. Staining solution was used to prepare primary antibody mixes and 75 µl 

was added to each sample. Slides were incubated for 40 minutes in the dark inside a 

humidified chamber to prevent evaporation of staining solution and the drying out of 

tissue sections. Subsequent staining for all samples was performed using a 30-

minute incubation time. A PBS bath was used to wash each slide for 10 minutes in 

between staining steps.  

Multiple amplification steps were required for the detection of the transcription factor, 

GATA-3. Following incubation with a purified anti-rat antibody against GATA-3 

(primary), tissue sections were incubated with donkey anti-rat-IgG conjugated to 

FITC (secondary), followed by rabbit anti-FITC conjugated to Alexa Fluor488 

(tertiary), and finally donkey anti-rabbit-IgG conjugated to Alexa Fluor488. Details of 

the antibodies used for immunolabelling of thymus tissue sections are shown in 

Table 2.8 and Table 2.9.  

With the exception of GATA-3, antibodies purified from rat were included after 

incubation with donkey anti-rat-IgG FITC to prevent non-specific binding of 

secondary anti-rat antibodies. This was aided by an additional step involving 15-

minute incubation using 10% rat serum. Sections were incubated for 30 minutes in 

100 µl 10% mouse serum, diluted in staining solution to achieve the desired 

concentration, to cross-absorb secondary, tertiary antibodies. Antibodies that were 

biotinylated were detected using fluorochromes conjugated to streptavidin. A final 
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step involved the counterstaining of sample sections with 4’,6-diamidino-2-

phenylindole (DAPI) and mounting each section with ProLong Gold (Invitrogen) was 

performed.  Slides were sealed using clear nail varnish and were stored in the dark 

overnight to allow for drying. A Zeiss 780 Zen microscope (Zen) was used to analyse 

slides.  

Table 2.8 Primary antibodies used for immunofluorescence microscopy 

Specificity 

(anti-) 
Clone Conjugate 

Working 

dilution 
Manufacturer 

CD3 eBio500A2 Biotin 1:100 eBioscience 

GATA-3 TWAJ / 1:20 eBioscience 

ICOS C398.4A Alexa Fluor 647 1:25 BioLegend 

IL-7Rα A7R34 eFluor660 1:25 eBioscience 

 

Table 2.9 Additional antibodies and streptavidin for immunofluorescence 

microscopy  

Antibody Conjugate Type 
Working 

dilution 
Manufacturer 

Donkey anti-

rat-IgG 
FITC Secondary 1:150 

Jackson 

ImmunoResearch 

Rabbit anti-

FITC 
Alexa-Fluor488 Tertiary 1:200 Life Technologies 

Donkey anti-

rabbit-IgG 
Alexa-Fluor488 Quatenary 1:200 Life Techbologies 

Streptavidin Alexa-Fluor555 Quaternary 1:500 Life Technologies 
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2.7 In vivo experiments 

2.7.1 Sub-lethal irradiation 

Sub-lethal irradiations were required to investigate the radio-resistance of ILCs in the 

adult thymus. Mice were placed on Baytril 7 days prior to sub-lethal irradiation with 

1x425 rad on day 1 of the protocol, and Baytril treatment continued for the first 7 

days post-irradiation. Mice were culled at day 7 and 14 post-irradiation to investigate 

changes in thymic ILC populations at these time points.  

2.7.2 Tamoxifen preparation and administration 

A 20 mg/ml stock solution of tamoxifen was prepared for administration by oral 

gavage. 200mg of tamoxifen was added to a 15 ml Universal tube containing 200µl µl 

absolute ethanol and made up to 10 ml with the addition of 9.8 ml of corn oil. The 

tube was wrapped in foil, vortexed and incubated in a 37oC water bath for 

approximately 4 hours until the tamoxifen was dissolved: identified by a translucent, 

yellow solution. The stock solution was stored at 4oC. When required, 200 µl of 20 

mg/ml tamoxifen was given to mice by oral gavage for up to five consecutive days 

before analysis. Alternative experiments incorporated tamoxifen within the diet for a 

minimum of three weeks before analysis.  

2.7.3 Immunisation with Lm-2W1S  

A model utilising ActA-deficient Listeria monocytogenes-expressing 2W1S peptide 

(Lm-2W1S) (sequence: EAWGALANWAVDSA) was used to investigate the role of 

Id2 in effector T cell function. Plates containing Lennox Luria-Bertani (LB) broth with 

agar (Sigma-Aldrich) and supplemented with 20 µg/ml chloramphenicol were used to 

culture Lm-2W1S overnight at 37oC. A single colony was selected and incubated at 
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37oC in LB broth supplemented with 20 µg/ml chloramphenicol overnight in a shaking 

incubator. Following overnight culture, bacteria were diluted 1/10, 1/20 and 1/50 in 

LB broth until an optical density (OD)600 = 0.1 was obtained. A spectrophotometer 

(Jenway 6405) was used to measure OD and was calibrated using LB as a blank 

measurement. Bacteria was washed twice in sterile PBS and centrifuged at 394 rcf 

for 10 minutes in between washes to remove dead bacteria. A final dilution was 

performed to ensure 107 bacteria were present in 200µl µl sterile PBS. 107 Lm-2W1S 

in 200µl µl sterile PBS was administered to each mouse via intravenous injection of 

the tail vein on day 1 of the protocol. 

2.8 Identification of 2W1S-specific T cells 

Mice were culled at day 4, 7 and 21 post immunisation and 2W1S-specific T cells 

within secondary lymphoid tissues were assessed. In order to identify T cells specific 

to 2W1S, 2W1S: I-Ab MHC class II tetramers conjugated to PE were incubated with 

cells, as described in 2.6. Tetramers were obtained from the National Health Institute 

(NIH) Tetramer Core Facility.  

2.9 Tissue preparation for CD4+ enrichment 

Enrichment of CD4+ T cells was required for assessment of 2W1S+ T cells 21 days 

after immunisation with Lm-2W1S, where 2W1S+ numbers are reduced. Spleen and 

peripheral lymph nodes (axillary, brachial, inguinal and mesenteric) were excised 

from mouse and placed in 1 ml of RPMI for transportation to the laboratory. The 

spleen and lymph nodes from each mouse were transferred to a small petri-dish 

containing 5 ml of RPMI prior to cleaning of tissue. Additional fat attached to the 

spleen was removed by eye whereas lymph nodes were cleaned and teased apart 

using a light microscope. Fat removal for all tissues was performed using fine 
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forceps. Samples were crushed through a 70µM nylon strainer into a 50 ml Falcon 

tube using the rubber end of a syringe plunger. 5 ml of fresh RPMI was passed twice 

through the nylon strainer to wash through any remaining cells. Cells were pelleted 

by centrifugation at 394 rcf for 5 minutes. Supernatant was removed and 5 ml Gey’s 

red lysis buffer was added to each sample and incubated on ice for 5 minutes. 

Following incubation, samples were washed with 30 ml RPMI, centrifuged and 

supernatant removed. Cells were re-suspended in 5 ml of RPMI and transferred to 

new 50 ml Falcon tube through a 70µM nylon strainer. 5 ml of fresh RPMI was 

passed twice through the nylon strainer and cells were centrifuged once again. The 

supernatant was removed and cells were re-suspended in staining buffer until 

required for antibody staining. 

Following incubation with surface antibodies, including anti-CD4 conjugated to APC, 

and 2W1S: I-Ab (as described in 2.6), cells were re-suspended in 250µL staining 

buffer and 25µL of MACS anti-APC magnetic beads were added. Sample was 

vortexed and incubated on ice for 15 minutes. 2 ml staining buffer was added and the 

sample was centrifuged. Following removal of supernatant, the sample was re-

suspended in 500 µL of staining buffer and positive selection of CD4+ T cells was 

achieved using MACS LS-Columns (Miltenyi Biotech). Analysis of 2W1S-specific 

cells amongst the enriched CD4+ T cell pool was performed using flow cytometry.  

2.10 Statistical analysis 

Data from flow cytometry was analysed and enumerated using FlowJo (v10.2) and 

GraphPad Prism 6 (v6 Mac OS X). An unpaired, nonparametric Mann-Whitney U 

statistical test was used where applicable. Where more than 2 data sets were 

compared a Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used. For 
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each test, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. No bar present 

represents non-significant results.    
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CHAPTER 3: CHARACTERISING ILC POPULATIONS 

WITHIN THE THYMUS   
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3.1 Introduction 

Much has been discovered about ILC since the recent emergence of this family of 

cells. While these cells are present at multiple sites, their exact phenotype and 

function is highly tissue specific.(129) Interestingly, the roles of ILC are diverse and 

vary across tissues where they can act to promote homeostasis or contribute to 

pathology.(129) In the lung, for example, ILC2 have involvement in tissue repair 

following acute viral infection but have also been implicated in inflammation in a 

model of allergic asthma.(130,131) Concerning ILC3, studies have demonstrated 

these cells to maintain intestinal homeostasis and limit the adaptive immune 

responses to commensal bacteria, demonstrating a role for these cells in peripheral 

immune tolerance.(6) While other research has demonstrated ILC3 to have a 

pathological role in a mouse model of inflammatory bowel disease where they 

mediate colitis. In addition to the specificity of ILC subsets within certain tissues, the 

precise composition of these cells at specific sites is regulated throughout 

development. 

Encompassed within the RORγt-dependent ILC3 family are LTi cells that have 

reported roles in the development of primary and secondary lymphoid structures. In 

primary lymphoid tissue development, LTi cells have been described in the 

embryonic thymus where they influence the establishment of the microenvironment 

through stromal interactions. Specifically, LTi cells aid maturation of mTECs through 

the provision of RANKL signals.(98) At peripheral sites, LTi cells orchestrate the 

development of secondary lymphoid tissues, such as lymph nodes and Peyer’s 

patches.(129,132,133) The development of these tissues is a result of interactions 

between LTi cells and the stroma, which initiates the recruitment of lymphocytes to 



	
	

70	
	

the site of the developing anlagen.(129,132,133) Therefore, ILC3 have an 

established role in the development of important primary and secondary lymphoid 

tissues that support the maturation of lymphocytes and subsequent immune 

responses. Moreover, ILC3 have been implicated in the recovery of tissue 

microenvironments following situations of tissue damage. In the spleen, for example, 

tissue recovery was impaired in Rorc-/- mice following viral infection.(134) However, 

in the thymus, LTi cells are an endogenous source of IL-22 that promotes the 

recovery of thymic architecture following damage caused by radiation.  

While ILC3 within the thymus has been the focal point of several studies over the last 

ten years, an interest in ILC2 within the thymus in only just gaining momentum. In 

fact, much of the progress concerning thymic ILC2 has been published in the last two 

years and provides evidence to support the idea of ILC2 with a thymic origin (Wang, 

2017 and Qian, 2019). It is widely accepted that all ILC originate from a CLP in the 

bone marrow where Id2, an inhibitor of E protein transcription factors, is essential for 

the differentiation of all ILC subsets.(104) However, whether the development of ILC 

follow a single lineage or whether multi-potent progenitors outside of the bone 

marrow are able to produce ILC has yet to be elucidated.(104) It has been long 

established that CLP travel to the thymus where they have the potential to form early 

T cell progenitors (ETP).(104) Wang et al. (2017) hypothesised CLP within the 

thymus may also be a source of thymic ILC2. This idea is supported by the thymus 

being a rich source of IL-7 and Notch signals, which are essential for ILC2 

differentiation.(104)  

The authors demonstrated ILC2, defined as Lin- (FcεR- B220- CD19- Mac-1- Gr-1- 

CD11c- NK1.1- Ter-119- CD3- CD8α- TCRβ- and γδTCR-) ST2+ Thy1+, to be present 
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in the thymus of a WT mouse. Furthermore, the deletion of H2A and HEB genes in 

the thymus resulted in an increase in ILC2 number. This was true for not only the 

thymus, but also ILC2 of the lung, mLN and spleen.(104) Later experiments 

demonstrated a similar outcome in transgenic mice with ectopic expression of Id1. 

While Id1 is not commonly expressed in lymphoid cells, T cell development is 

blocked at the DN stage in transgenic mice that are homozygous for Id1. Re-

assessment of ILC2 in these mice identified, again, an increase in ILC2 number in 

the thymus, lung, mLN and spleen.(104) Collectively, the data presented within this 

study demonstrated the potential for ILC2 to be produced in the thymus following 

down regulation of the E proteins.  

It was later discovered that DN1 and DN3 T cells were able to give rise to ILC2.(105) 

While this is unsurprising for DN1 cells given their multi-potent potential, cells other 

than T cells had not previously been shown to arise from DN3 cells. Moreover, 

previous in vitro studies have shown ILC2 were unable to develop from DN3 cells 

following culture with IL-7 and IL-33.(105) As such, this evidence postulates the idea 

that the ILC and T cell lineages are closer than first thought.(105) 

While the ILC compartment in secondary lymphoid tissues has been extensively 

studied, a complete understanding of the composition of ILC within primary lymphoid 

structures, such as the thymus, is lacking. This is perhaps due to the phenotypic 

similarities between ILC and developing thymocytes that hinders the accurate 

identification of these cells. Furthermore, whether the ILC composition in the thymus 

changes across ontogeny has not been assessed. As such, we sought to undertake 

a detailed characterisation of ILC populations within the thymus, from the embryo 

through to adulthood, using a combination of robust in vivo models to aid the 
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accurate identification of these cells amongst developing thymocytes. An in depth 

understanding of the ILC composition in the thymus would support a function for 

these cells in supporting the thymic architecture. Based on the current literature, we 

hypothesise LTi cells to be the main ILC population in the thymus. This hypothesis 

will be addressed in 2 distinct aims: 

1. Examine the ILC composition in the embryonic thymus 

2. Characterise ILC populations from the neonatal thymus through to the adult 

thymus 

3.2 Results 

3.2.1 Identification of ILCs within the developing thymus 

The presence of LTi cells within the embryonic thymus was first described more than 

10 years ago, where their role in providing RANKL to immature mTEC progenitors 

was identified.(98,129) Much has changed since this early work by Rossi et al. 

(2007), including the discovery of a whole family of ILCs, of which LTi cells are 

encompassed. Furthermore, our knowledge and understanding of the thymus itself 

has changed. For example, recent studies have shown tuft cells, which were 

originally thought to reside only at peripheral locations, to be present within the 

thymus.(135,136) Amongst our understanding of ILC biology are clear definitions of 

both phenotype and function of ILCs, including LTi cells.(27) However, studies have 

predominantly focussed on descriptors of these cells within secondary lymphoid 

tissue while interest in primary lymphoid tissues, such as the thymus, has been 

lacking. Given the advances in our understanding of ILCs, including that of LTi cells, 
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we sought examine ILC populations within the embryonic thymus while incorporating 

the previously described LTi cells.  

The early work by Rossi et al. (2007) identified LTi cells within the embryonic thymus 

using FTOCs that were cultured for a total of 7 days.(98) Small populations of cells 

expanded in these FTOCs and resulted in a greater number of cells available for 

analysis using flow cytometry. Within our investigation, this method was utilised to 

increase the number of ILCs, including the previously described LTi cells, within the 

embryonic thymus and aid their identification using flow cytometry.(98) To achieve 

this, thymic lobes from an E16 embryo were used to set up a FTOC and cultured for 

a total of 7 days. Cells isolated from 5 individual thymic lobes were pooled to ensure 

a sufficient number of cells for analysis by flow cytometry. Given that ILC1, ILC2 and 

ILC3, including LTi cells, have been described within the mLN of an adult mouse, 

cells isolated from this tissue were used as a positive control (Figure 

3.1A).(88,89,137)  

The phenotype of ILC and effector T cell populations is highly comparable due to 

their similar transcription factor usage.(27,74,138,139) Concerning the thymus, the 

ability to separate ILC and T cells populations has added complexity given the 

expression of GATA-3 and RORγt at various stages of T cell development.(140,141) 

GATA-3, for example, is required for the development of early thymic progenitors 

(ETPs), the differentiation from double-negative (DN) stage 3 to DN4 T cells, and the 

development of T-helper 2 (Th2) cells. While RORγt is expressed by immature CD4+ 

CD8+ double-positive (DP) thymocytes where it has a role in the maintenance of T 

cell survival.(142,143) As such, a robust method to discriminate between ILC and T 

cells is essential for accurate identification of ILC within the thymus, where vast 
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numbers of developing and mature T cells are present. This was achieved by 

adapting a well-defined gating strategy previously established within our laboratory 

for identification of ILC at peripheral sites. 

Following identification of lymphocytes, cells lacking both CD8α and CD3ε-

intracellular (CD3i) were selected (Figure 3.1A). The use of CD8α and CD3i in 

combination eliminated a vast number of mature and developing T cells from 

subsequent FACS plots. Expression of CD8α is specific to cytotoxic T cells and those 

at the double-positive stage of T cell development. All T cells, however, express 

CD3ε, either intracellularly or surface bound, in association with the TCR, depending 

on their stage of maturation. Incorporation of CD3ε into the intracellular panel of 

antibodies targets cytoplasmic CD3ε and helps identify T cells with weak expression 

of surface CD3ε. Furthermore, the introduction of CD3i was a simple addition to our 

flow cytometry panel considering there were already plans to permeabilise the cells 

for transcription factor staining. Importantly, CD8α and CD3ε are absent on ILC and 

therefore these cell markers are a suitable first step for the discrimination ILC from T 

cells in the thymus.  

The use of CD8α and CD3i removed approximately 60% of lymphocytes from 

analysis but further efforts were required to successfully identify ILC amongst the 

remaining cells (Figure 3.1A). ILC express IL-7Rα but lack many cell surface 

receptors associated with other lineages, such as CD3ε, CD5, B220, CD11b and 

CD11c. As such, antibodies against extracellular CD3ε, CD5, B220, CD11b and 

CD11c, and conjugated to the same fluorochrome, were used. Within this analysis, 

the channel containing antibodies conjugated to the same fluorochrome is termed the 

“lineage” channel. This approach has been well defined within our laboratory and 
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seeks IL-7Rα+ Lineage- cells for the preliminary identification of total ILC (Figure 

3.1A).  

Finally, antibodies against transcription factors were used to identify individual 

subsets of ILC (27). GATA-3 and RORγt are lineage defining transcription factors for 

ILC2 and ILC3, respectively, while ILC1 lack the expression of both transcription 

factors (27). Therefore, inclusion of antibodies against these transcription factors 

enables the identification of ILC2 and ILC3 amongst total ILC (Figure 3.1A). Unlike 

ILC2 and ILC3, ILC1 express the transcription factor Tbet, which can be used for 

discrimination of ILC1 from other subsets of ILC. However, due to restrictions in 

antibody availability, Tbet was not used in this analysis. Instead, cells lacking 

expression of GATA-3 and RORγt were termed G-R- and require further analysis to 

confirm their identity (Figure 3.1A).  

The gating strategy described above successfully identifies individual subsets of ILC 

amongst cells isolated from the adult mLN. As such, the gating strategy was applied 

to cells isolated from the E16 FTOC (Figure 3.1A). Consistent with populations 

observed in the adult mLN, this technique identified three distinct populations of ILC: 

GATA-3- RORγt- (G-R- ILC), GATA-3+ (ILC2) and RORγt+ (ILC3). Interestingly, in 

addition to ILC3, of which LTi cells are incorporated, ILC2 and G-R- ILC were 

identified. It is possible for G-R- ILC to be ILC1, which express Tbet, or a subset of 

ILC that lack Tbet, GATA-3 and RORγt, termed “Triple Negative” ILC that have been 

reported in other tissues.(88)  

Enumeration of total thymic cellularity and total ILC, identified as CD8α- CD3i- IL-7Rα+ 

Lineage-, demonstrated ILC populations make up almost 1% of total thymocytes at 
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E16 (Figure 3.1B-D). Analysis of ILC subsets by GATA-3 and RORγt expression 

show ILC2 and ILC3 to be present in the E16 FTOC in similar proportions while G-R- 

ILC were the least abundant, and was also true of the total cell numbers (Figure 

3.1E). Reports of ILC3 at peripheral sites, such as the small intestine, have shown 

that ILC3 can be sub-divided into LTi cells, defined as CCR6+ CD4+/-, and CCR6- 

CD4- NKp46+ ILC3.(144) Therefore, we sought to define ILC3 subsets in the thymus 

where currently only LTi cells have been identified. Additional gating by flow 

cytometry demonstrated that approximately 70% of embryonic ILC3 were LTi cells 

(Figure 3.1F). However, enumeration of LTi cells and CCR6- CD4- ILC3 show a 

similar proportion and total number of these cells at E16 (Figure 3.1G). Overall, we 

have demonstrated ILC2 and ILC3, or at least their progenitors, account for the 

majority of ILC in the embryonic thymus under conditions of an ex vivo culture.(129) 

Other putative ILC are also present at this stage but further analysis including Tbet 

would be required to confirm the identity of these cells.  

Owing to the advancement in knowledge and experimental tools available for ILC 

identification, we have added to our understanding of the ILC composition within the 

embryonic thymus. In addition to the role of LTi cells at this age, these cells have 

been described within the adult thymus where they provide an endogenous source of 

IL-22 for thymic regeneration.(98,100) As such, we sought to discover whether 

thymic ILC populations were maintained after birth. To address this question, ILC 

populations from the thymus at different stages post-birth were investigated using the 

gating strategy identified within the FTOCs.  

Initial enumeration of the thymus was performed at day 1, 7 and 14 post-birth, and in 

adulthood; demonstrating a rapid increase in total thymic cellularity between day 1   
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Figure 3.1 Identification of ILC populations in foetal thymic organ cultures 

Foetal thymic organ cultures (FTOC) using thymic lobes taken at embryonic day 16 (E16) 
were set up to investigate ILC populations in the embryonic thymus. Cells from an adult 
C57BL/6 mLN was used as a positive control for ILC staining. Cells from 5 E16 thymic lobes 
were combined to provide a sufficient number of cells for analysis by flow cytometry. Total 
numbers shown correspond to 5 E16 thymic lobes. Data in grey, orange and purple 
correspond to G-R- ILC, ILC2 and ILC3, respectively. Additional data in red and blue 
correspond to CCR6-CD4- ILC3 and LTi cells, respectively. 

A) Representative flow cytometry plots for the identification of ILC populations in the 
adult mLN and E16 FTOCs. ILCs are defined as CD8α- intracellular CD3-(CD3i-) IL-
7Rα+ Lineage- GATA-3- RORγt- (G-R-), GATA-3+ (ILC2) and RORγt+ (ILC3). Lineage 
channel consists of antibodies against CD3, CD5, CD11b, CD11c and B220.  

B) Total cellularity of 5 E16 thymic lobes following 7 days in culture. 

C) Total number of ILCs (CD8α- CD3i- IL-7Rα+ Lineage-) in 5 E16 thymic lobes following 
7 days in culture. 

D) The percentage of ILC (CD8α- CD3i- IL-7Rα+ Lineage-) as a proportion of total thymic 
cellularity.  

E) The proportion and total number of G-R- ILC, ILC2 (GATA-3+) and ILC3 (RORγt+) 

within the ILC pool (CD8α- CD3i- IL-7Rα+ Lineage-) of 5 E16 thymic lobes.  

F) Representative flow cytometry plots for the identification of LTi-like (RORγt+ CCR6+ 
CD4+/-) and CCR6- CD4- ILC3 in the E16 thymus following 7 days in culture.  

G) Proportion and total number of LTi-like (RORγt+ CCR6+ CD4+/-) and CCR6-CD4- ILC3 
cells in 5 E16 thymus following 7 days in culture.  

Mann-Whitney U (non-parametric, two-tailed) test was used (comparing two data sets) and a 
Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=7 from two independent 
experiments. 
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and 14, which plateaued into adulthood (Figure 3.2A). As described within our early 

investigations, total ILC were identified as CD8α- CD3i- IL-7Rα+ Lineage- and were 

present at all ages investigated; with the greatest proportion of ILC observed by flow 

cytometry present at day 1 (Figure 3.2B). Enumeration of ILC as a proportion of total 

thymocytes indicated ILC at day 1 to be significantly higher than at day 14 and in 

adulthood (Figure 3.2C). However, analysis of total ILC number at all ages identified 

the number of these cells to be greatest at day 14 with no significant reduction into 

adulthood (Figure 3.2D). Overall, these data demonstrate that ILC number is 

increased between day 7 and 14 post-birth, and the number observed at day 14 is 

maintained in adulthood. However, the number of ILC as a proportion of total thymic 

cellularity is reduced due to the substantial increase in T cells during development.  

CD4+ CD8+ (double-positive) thymocytes are the most abundant population of T cells 

during development and can be used as an indicator of thymic growth.(145) As such, 

we sought to strengthen our claims in Figure 3.2 and confirm the expansion of thymic 

cellularity at D14 is a result of CD4 CD8 T cells. This was achieved through analysis 

of CD4+ CD8+ DP thymocytes in the thymus at day 1, 7, and 14 post-birth, and in 

adulthood. Early observations by flow cytometry indicated no change in the 

proportion of CD4+ CD8+ thymocytes throughout development, which was consistent 

across all experiments (Figure 3.3A-B). However, enumeration of CD4+ CD8+ 

thymocytes demonstrated a significant increase between day 1 and day 14 post-birth 

and the maintenance of CD4+ CD8+ cells from day 14 into adulthood (Figure 3.3C). 

The pattern of change observed in total CD4+ CD8+ number (Figure 3.3C) is 

comparable to the change in total thymus cellularity (Figure 3.2A). Thus, confirming  
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Figure 3.2 The proportion of ILC in the thymus rapidly declines during neonatal 
development 

To understand whether ILC populations were maintained after birth, ILC populations in 
thymus at different ages were characterised. Cells were isolated from WT thymus at day 1, 7 
and 14 post-birth, and in adulthood (6-12 weeks). All cells were analysed using flow 
cytometry and total numbers calculated per whole thymus.  

A) Total cellularity of WT thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 
weeks).  

B) Representative flow cytometry plots of thymic ILCs (CD8α- CD3i- IL-7Rα+ Lineage-) in 
WT thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 weeks). Lineage 
channel consists of antibodies against CD3, CD5, CD11b, CD11c and B220.  

C) The proportion of ILC (CD8α- CD3i- IL-7Rα+ Lineage-) as a percentage of total thymic 
cellularity in WT thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 weeks).  

D) Total number of ILCs (CD8α- CD3i- IL-7Rα+ Lineage-) in WT thymus at day 1, 7 and 
14 post-birth, and in adulthood (6-12 weeks).  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=9, 9, 7 and 7 for day 1, 7 and 
14 post-birth, and adulthood (6-12 weeks), respectively (A) or n=9, 7, 7 and 7 for day 1, 7 
and 14 post-birth, and adulthood (6-12 weeks), respectively (B-D). Data shown from two 
independent experiments. 
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Figure 3.3 The decline in the proportion of ILC coincides with an increase in T cell 
number 

To determine whether the decline in ILC number coincides with changes in T cell 
populations, double-positive (CD4+CD8+) thymocytes at different ages were assessed.  Cells 
were isolated from WT thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 weeks). 
All cells were analysed using flow cytometry and total numbers calculated per whole thymus.  

A) Representative flow cytometry plots of CD4+ CD8+ thymocytes (pre-gated on 
lymphocytes) in WT thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 
weeks).  

B) The proportion and of CD4+ CD8+ thymocytes (pre-gated on lymphocytes) in WT 
thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 weeks).  

C) The total number of CD4+ CD8+ thymocytes (pre-gated on lymphocytes) in WT 
thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 weeks).  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=9, 7, 7 and 7 for day 1, 7 and 
14 post-birth, and in adulthood, respectively. Data from two independent experiments (day 1, 
7 and 14 post-birth) and four independent experiments (adulthood).  
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CD4+ CD8+ T cells to be responsible for the increase in thymic cellularity observed 

through development.    

Thus far, these data have identified changes in total ILC numbers during neonatal 

development that are maintained into adulthood. However, changes in individual ILC 

subsets were yet to be determined. To address this, we enumerated ILC2 and ILC3 

subsets in the thymus at day 1, 7, and 14 post-birth, and in adulthood. Cells isolated 

from the thymus at these time points were assessed by flow cytometry and ILC 

populations were defined according to their expression of GATA-3 (ILC2) and RORyt 

(ILC3), as previously described (Figure 3.4A). Initial observations identified a similar 

proportion of ILC2 and ILC3 at day 1 and 7 post-birth (Figure 3.4A), consistent with 

the FTOC data shown in Figure 3.1. However, the proportion of ILC3 declined rapidly 

by day 14 and remained low into adulthood (Figure 3.4A). Upon enumeration, the 

proportion of ILC2 was maintained until day 14 but reduced into adulthood (Figure 

3.4B). In comparison, the proportion of ILC3 was maintained only until day 7 and 

followed by a sudden decrease (Figure 3.4C). Interestingly, a similar number of ILC2 

and ILC3 are observed up to day 7 (Figure 3.4D-E). However, from day 7 onwards 

the total numbers of ILC2 increase while the total number of ILC3 decline (Figure 

3.4D-E).   

Our early investigations identified a population of ILC within the thymus that lacked 

both GATA-3 and RORyt, likely to be ILC1, which express Tbet.(27) To investigate 

whether ILC1 reside in the neonatal thymus, ILC populations from the thymus at day   
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Figure 3.4 Tracking of ILC2 and ILC3 populations through neonatal development 
reveals a dramatic decline in ILC3 over time 

To assess changes in ILC2 and ILC3 populations during development, ILC2 and ILC3 in the 
thymus at different ages were assessed. ILC2 and ILC3 were isolated from the thymus at 
day 1, 7 and 14 post-birth, and in adulthood (6-12 weeks). All cells were analysed using flow 
cytometry and total numbers calculated per whole thymus. Data corresponding to ILC2 and 
ILC3 is shown in orange and purple, respectively.  

A) Representative flow cytometry plots of thymic ILC2s (GATA-3+) and ILC3 (RORγt+) in 
WT thymus at day 1, 7 and 14 post-birth, and in adulthood (6-12 weeks). ILC2 and 
ILC3 pre-gated on CD8α- CD3i- IL-7Rα+ Lineage- cells where the lineage channel 
consists of antibodies against CD3, CD5, CD11b, CD11c and B220.  

B) The proportion of thymic ILC2 (GATA-3+) at day 1, 7 and 14 post-birth, and in 
adulthood (6-12 weeks). 

C) The proportion of thymic ILC3 (RORγt+) at day 1, 7 and 14 post-birth, and in 
adulthood (6-12 weeks). 

D) The total number of thymic ILC2 (GATA-3+) at day 1, 7 and 14 post-birth, and in 
adulthood (6-12 weeks). 

E) The total number of thymic ILC3 (RORγt+) at day 1, 7 and 14 post-birth, and in 
adulthood (6-12 weeks). 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=9, 7, 7 and 7 for day 1, 7 and 
14 post-birth, and in adulthood, respectively. Data shown two independent experiments (day 
1, 7 and 14) and three independent experiments (adulthood).   
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7 and 14 post-birth were assessed with the addition of antibodies against Tbet in the 

flow cytometry panel. Representative flow cytometry plots demonstrate a distinct 

population of ILC1 in the thymus at day 7, identified as CD8α- CD3i- IL-7Rα+ extended 

Lineage- (Figure 3.5A). The inclusion of an antibody against CD49b within this 

extended lineage panel enabled the exclusion of NK cells that also express Tbet; 

preventing the misidentification of ILC1.(146) Interestingly, a population lacking Tbet, 

GATA-3 and RORyt, which we have termed “Triple Negative” (TrN) ILC, was also 

observed (Figure 3.5A). TrN ILC has previously been reported in multiple other 

tissues where prolonged enzymatic digestion has been linked to their 

increase.(88,129) However, thymus tissue in this investigation is disaggregated by 

mechanical means.(129) Both ILC1 and TrN were observed in the thymus at day 7 

and day 14 post-birth. The proportion and total number of TrN ILC was shown to 

increase between day 7 and day 14 while there was no significant change in the 

proportion or total number of ILC1 between day 7 and 14 post-birth (Figure 3.5B).  

3.2.2 Using fate-mapping of Id2 to track bona fide ILC populations in the 

thymus  

The surface phenotype of ILCs is highly comparable to T cells with the exclusion of 

its TCR and its associated signalling molecules.(74,138,139) Furthermore, the 

expression of the TCR varies throughout different stages of T cell development, 

increasing the difficulty of separating ILCs from T cells.(129) As a result, we 

anticipated correct identification of thymic ILC might prove difficult using surface 

markers alone and thus sought an additional model to help identify ILC populations 

within the thymus. Moreover, published data by Dudakov et al. (2012) described a 

substantial population of ILC3 present in the adult thymus. This population of ILC3   
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Figure 3.5 ILC1 and ILCs lacking GATA-3, RORγt and Tbet are found within the 
neonatal thymus 

Our previous data identified ILC2 and ILC3 in the thymus during development. Additional 
staining using Tbet was performed to expand our assessment of ILCs within the thymus to 
ILC1. Cells were isolated from WT thymus at day 7 and 14 post-birth. All cells were analysed 
using flow cytometry and total numbers calculated per whole thymus. Data in purple, red, 
orange and blue correspond to ILC3, TrN ILC, ILC2 and ILC1, respectively. 

A) Representative flow cytometry plots showing gating strategy for thymic ILCs identified 
as CD8α−CD3i−IL-7Rα+extended-Lin− cells with ILC1 (Tbet+), ILC2 (GATA-3+), ILC3 
(RORγt+), and “triple negative” ILC (‘TrN’; GATA-3−RORγt−Tbet−) gated in the 
neonatal thymus at 7 days post-birth. Extended lineage channel consists of 
antibodies against B220, CD3, CD5, CD11b, CD11c, CD19, CD49b, CD123, F4/80, 
FcεR1, Gr-1, and Ter119.  

B) The proportion and total number of ‘TrN’ ILC and ILC1 in the neonatal thymus at 7 
and 14 days post-birth.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was performed (comparing three 
or more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=8 for day 7 and n=6 for day 14. 
Data shown from three independent experiments.  
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was not observed within our data and created a discrepancy between our data and 

that of Dudakov et al. (2012).(100) To strengthen the findings in our initial 

investigations, we anticipated that Id2 could be used as an aid for ILC identification 

using an in vivo model that enabled cell “fate-mapping” of Id2 expression. The Id2 

transcription factor is a requirement of all ILC progenitors to enable differentiation 

from the common lymphoid progenitor (CLP) to the common helper ILC progenitor 

(CHILP), which is restricted to ILCs. Importantly, Id2 is largely absent, and not 

required, by developing thymocytes.(147–149) 

To address this, ILC populations were first assessed in the mLN of Id2CreERT2 x 

ROSAmT/mG mice after five consecutive days of tamoxifen administration by oral 

gavage with a three day gap between the last tamoxifen dose and mouse sacrifice. 

The administration of tamoxifen in these mice results in a switch from membrane 

tagged tomato-fluorescence (‘mT’) to expression of a membrane tagged green 

fluorescent protein (‘mG’ or ‘mGreen’ in Figures) in cells that express Id2 during, and 

just before, the window period of tamoxifen administration when Cre is expressed. 

Thus, providing a method to identify cells by their expression of Id2. Total cells 

(upper panel) were compared with cells that only expressed Id2 (lower panel) (Figure 

3.6A).  

Pre-gating on mGreen+ cells indicated a substantial enrichment of ILC; demonstrated 

by an increase in the proportion IL-7Rα+ Lineage- cells compared to ILC amongst 

total lymphocytes (Figure 3.6A). Furthermore, the proportion of ILC2 and ILC3 

subsets from enrichment was comparable to those arising from total lymphocytes 

(Figure 3.6A). Comparison of mGreen+ ILCs with total ILCs highlighted a significant 

enrichment of ~30-fold when compared with total lymphocytes in the same tissue  
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Figure 3.6 Analysis of thymic ILC populations through fate-mapping Id2 expression 

To aid identification of thymic ILC populations, Id2creERT2 x ROSAmT/mG mice were used to ‘fate 
map’ Id2 expression. Administration of tamoxifen by oral gavage on five consecutive days 
was performed and ILC populations in the thymus and mLN were analysed 3 days later. 
Samples were analysed using flow cytometry and total numbers calculated per whole thymus 
or mLN. Data shown in green, orange and purple correspond to mGreen, ILC2 and ILC3, 
respectively.  

A) Full gating strategy for flow cytometry data showing analysis of IL-7Rα+Lin-

CD3i−GATA-3+ (ILC2) and IL-7Rα+Lin-CD3i−RORγt+ (ILC3) cells gated on all 
lymphocytes (upper panels) versus pre-gating on mGreen+ Id2 ‘fate-mapped’ cells 
(lower panels) among mLN cells. Lineage channel consists of antibodies against 
CD3, CD5, CD11b, CD11c and B220.  

B) The proportion of ‘fate mapped’ ILC (IL-7Rα+Lin-CD3i−mGreen+) and total ILC (IL-
7Rα+Lin-CD3i−) in the mLN of Id2creERT2 x ROSAmT/mG mice.  

C) Full gating strategy for flow cytometry data showing analysis of IL-7Rα+Lin-

CD3i−GATA-3+ (ILC2) and IL-7Rα+Lin-CD3i−RORγt+ (ILC3) cells gated on all 
lymphocytes (upper panels) versus pre-gating on mGreen+ Id2 ‘fate-mapped’ cells 
(lower panels) among thymus cells. Lineage channel consists of antibodies against 
CD3, CD5, CD11b, CD11c and B220.  

D) The proportion of ‘fate mapped’ ILC (IL-7Rα+Lin-CD3i−mGreen+) and total ILC (IL-
7Rα+Lin-CD3i−) in the thymus of Id2creERT2 x ROSAmT/mG mice.  

E) The proportion and total number of mGreen+ ILC2 (mGreen+ IL-7Rα+ Lin- CD3i− 

GATA-3+) in the mLN and thymus of Id2creERT2 x ROSAmT/mG mice.  

F) The total number of mGreen+ ILC2 (IL-7Rα+Lin-CD3i−GATA-3+) and ILC3 (and IL-
7Rα+Lin-CD3i−RORγt+) in the mLN and thymus of Id2creERT2 x ROSAmT/mG mice.  

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=5. Data shown from two independent experiments. 
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(Figure 3.6B). This approach was then applied to cells from the thymus to aid 

identification of ILCs (Figure 3.6C). Pre-gating on mGreen+ cells compared to total 

thymocytes did not enrich for IL-7Rα+ Lineage- but instead enabled more accurate 

gating on those cells for the identification of ILCs (Figure 3.6C-D). To enumerate ILC 

populations from the thymus, the efficiency of “fate-mapping” ILCs in the mLN was 

calculated and applied to data from the thymus; assuming a comparable induction of 

cre in both tissues. Comparison of % mGreen+ ILC2 identified a greater proportion of 

ILC2 in the thymus than the mLN; however, when total ILC2 number within each 

tissue was calculated the final values were comparable (Figure 3.6E). Interestingly, a 

significant reduction in the proportion of mGreen+ ILC3 and total ILC3 was observed 

in the thymus compared to the mLN (Figure 3.6F). These data is consistent with our 

earlier studies whereby very few ILC3 were detected in the adult thymus.(129)  

The frequency of mGreen+ cells is influenced by the method and duration of 

tamoxifen administration. As such, we sought to determine whether prolonged 

exposure to tamoxifen altered the identification of mGreen+ ILC. This involved 

assessment of thymic ILC populations in Id2CreERT2 x ROSAmT/mG mice that have been 

exposed to a tamoxifen diet for five weeks. The mLN was used a positive control for 

the identification of mGreen+ ILC populations, identified as CD8α- CD3i- IL-7Rα+ 

Lineage- mGreen+, and the gating strategy applied to cells isolated from thymus 

tissue (Figure 3.7A).  Unlike in earlier ‘fate-mapping’ experiments (Figure 3.6) 

whereby cells were initially identified as mGreen+, here the gating strategy has been 

optimised by first gating on CD8α+ CD3i- populations and enabled identification of 

thymic ILC populations without the prior need of gating on mGreen+ cells.  
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Figure 3.7 Analysis of thymic ILC populations through fate-mapping Id2 expression 
induced by a tamoxifen diet 

Administration of tamoxifen in the diet was used as an alternative approach to enable 
prolonged tamoxifen exposure in Id2creERT2 x ROSA26mT/mG mice. Mice consumed a tamoxifen 
diet for 3 weeks before cells were isolated from the mLN and thymus for analysis. Cells were 
analysed using flow cytometry and total numbers were calculated per whole tissue.  Data 
shown in green, orange and purple corresponds with mGreen, ILC2 and ILC3, respectively. 

A) Full gating strategy for flow cytometry used to identify mGreen+ ILC2 (mGreen+ 

GATA-3+) and ILC3 (mGreen+ RORγt+) isolated from mLN (upper panel) and thymus 
lower panel). Lineage channel consists of antibodies against CD3, CD5, CD11b, 
CD11c and B220.  

B) Gating controls for mGreen+ cells were based upon cells from WT mLN (upper panel) 
and thymus (lower panel). Controls were pre-gated on CD8α-CD3i- Lin-IL-7Rα+ cells.  

C) Proportion and total number of mGreen+ ILC (CD8α- CD3i- Lin- IL-7Rα+  mGreen+) in 
the mLN and thymus.  

D) Proportion and total number of mGreen+ ILC2 (mGreen+ GATA-3+) in the mLN and 
thymus.  

E) Proportion and total number of mGreen+ ILC3 (mGreen+ RORγt+) in the mLN and 
thymus.  

F) Proportion of mGreen expression by ILC (CD8α- CD3i- Lin- IL-7Rα+  mGreen+) within 
the mLN of Id2creERT2 x ROSA26mT/mG mice following administration of tamoxifen by 
oral gavage.  

G) Representative flow cytometry plots for the identification of total ILC2 (GATA-3+) and 
ILC3 (RORγt+) in the mLN (left FACS plot) and thymus (right FACS plot) of Id2creERT2 x 
ROSA26mT/mG mice.  

H) Enumeration of total ILC2 (GATA-3+) and ILC3 (RORγt+) in the mLN and thymus of 
Id2creERT2 x ROSA26mT/mG mice.  

Mann-Whitney U (non-parametric, two-tailed) test was used (comparing two data sets) and a 
Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=6. Data shown from two 
independent experiments. 
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Observations from the FACS plots demonstrated a similar proportion of mGreen+ 

ILCs in both mLN and thymus, with appropriate gating for mGreen expression set 

using cells from WT tissues (Figure 3.7A-B). Prior gating on CD8α- CD3i- in Figure 

3.7 removes the enrichment effect of mGreen expression seen in Figure 3.6A-B. 

However, this approach builds on our earlier data that successfully identifies ILC 

populations in the thymus by first gating on CD8α- CD3i- cells whilst using mGreen to 

correctly identify ILC. Importantly, the proportions of ILC2 and ILC3 subsets arising 

from mGreen+ ILC in Figure 3.7A were consistent with the proportion of ILCs fate-

mapped to Id2 by oral gavage, despite alterations in the gating strategy and manner 

of dosing (Figure 3.6A and C).  

Upon enumeration of these data, the proportion of mGreen+ ILC was greater in the 

mLN than in the thymus, which was also true when comparing total mGreen+ ILC 

number (Figure 3.7C). Additional gating of mGreen+ ILC populations enabled 

characterisation of these cells based on their GATA-3 (ILC2) and RORγt+ (ILC3) 

expression. While the proportion of mGreen+ ILC2 was significantly lower in the mLN 

compared to the thymus, the total numbers of these cells were significantly greater in 

the mLN. In contrast, the proportion of mGreen+ ILC3 was significantly higher in the 

mLN than the thymus, and proved consistent when comparing total mGreen+ ILC3 

between these tissues. Interestingly, fewer than 50 mGreen+ ILC3 were identified, 

consistent with our earlier studies. Moreover, method of tamoxifen administration did 

not affect the proportion of mGreen+ ILCs within these investigations (Figure 3.7F). 

As previously mentioned, pre-gating on CD8α- CD3i- cells was used as an alternative 

approach to address the same aim of robustly identifying ILC populations within the 

thymus. First gating on CD8α- CD3i- cells enabled the identification of total ILC in the 
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thymus without pre-gating on mGreen+ cells, again utilising cells from the mLN as a 

positive control (Figure 3.7G). Observations from these FACS plots identified 

proportions of ILC2 and ILC3 comparable to those when gating on mGreen+ ILC only 

(Figure 3.7A). Enumeration of these populations discovered a similar number of total 

ILC2 between mLN and thymus. Total ILC3, however, was significantly lower in the 

thymus than in the mLN, whereby very few ILC3 were again detected in the adult 

thymus (Figure 3.7H). Thus far, a number of different experimental models have 

been used to identify ILC populations within the adult thymus, each with the same 

conclusion. Whilst ILC are present within the adult thymus their numbers are few and 

consist mainly of ILC2 rather than ILC3, as previously described. 

Early reports have indicated thymic cellularity is impacted by treatment with 

tamoxifen.(150) To assess the effect of acute tamoxifen administration on 

populations within the thymus, cells from the thymus of WT mice treated with 

tamoxifen were compared to non-treated mice. Comparison of total cellularity 

between these mice demonstrated a reduction in the number of cells in the thymus of 

mice that had received tamoxifen (Figure 3.8A). Analysis by flow cytometry indicated 

CD4+ CD8+ populations were largely accountable for this change (Figure 3.8B). 

Moreover, a significant reduction in the proportion and total number of CD8α+ CD4+ 

was observed in mice that had received tamoxifen in this manner (Figure 3.8C-D). To 

determine whether ILC populations were sensitive to the effects of tamoxifen, ILC3 

populations were compared in the mLN of treated and non-treated mice. The 

proportions of ILC3 identified by flow cytometry were comparable between these 

mice, while a significant, but modest reduction in ILC3 number was observed (Figure 

3.8E-F). These data demonstrate a reduction in thymocyte populations within the  
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Figure 3.8 Administration of tamoxifen by oral gavage results in reduction of double 
positive thymocytes 

To assess the effect of acute tamoxifen administration on thymocyte populations, WT mice 
were gavaged for 5 consecutive days with tamoxifen and then analysed 3 days later 
alongside untreated age-matched litter mates. Cells were analysed using flow cytometry and 
total numbers calculated per whole tissue. Data shown in purple corresponds with ILC3. 

A) Enumeration of total thymic cellularity in non-treated and treated mice. 

B) Representative flow cytometry plots identifying CD4+CD8+ cells amongst thymocytes 
in the thymus of non-treated and treated mice. Cells were pre-gated on lymphocytes.  

C) Proportion of CD4+CD8+ cells amongst thymocytes in the thymus of non-treated and 
treated mice. 

D) Total number of CD4+CD8+ cells amongst thymocytes in the thymus of non-treated 
and treated mice. 

E) Gating strategy used for the identification of ILC3 (CD8α- CD3- IL-7Rα+ Lin- RORγt+) in 
the mLN of non-treated (upper panel) and treated (lower panel) mice.  

F) The proportion and total number of ILC3 (CD8α-CD3-IL-7Rα+Lin-RORγt+) in the mLN 
of non-treated and treated mice.  

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=4. Data shown one independent experiments. 
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thymus that were largely accountable to CD4+ CD8+ cells in response to acute 

tamoxifen administration. Although administration of tamoxifen resulted in a modest 

reduction in total ILC3 number within the mLN, the effect was limited and it is very 

unlikely that the inability to detect ILC3 in the thymus of Id2 cre fate mapping mice 

reflected a tamoxifen-induced loss of these cells.(129) 

So far within this chapter, investigations have used the fate mapping of Id2 to better 

identify ILC populations within the adult thymus. However, as observed in our earlier 

data, tamoxifen has a detrimental effect on T cell populations within the thymus and a 

modest impact on ILC3 number in secondary lymphoid tissue. To further assess the 

ILC compartment of the adult thymus, whilst continuing to use Id2-expression as a 

tool but in the absence of tamoxifen, ILC populations were investigated in the mLN 

and thymus of Id2-eGFP reporter mice. In comparison to Id2creERT2 x ROSAmT/mG 

mice, where cells that express Id2 during, and just before, the window period of 

tamoxifen administration when Cre is present express mGreen, GFP is only 

expressed in Id2-eGFP mice by cells currently expressing Id2. Therefore, Id2-eGFP 

mice are useful in identifying cells by live expression of Id2 without the requirement of 

tamoxifen.  

In the mLN, subsets of GFP+ ILCs were defined by first gating on GFP+ Lin- IL-7Rα+ 

cells followed by GATA-3 and RORγt; identifying proportions of ILC subsets 

comparable to those previously reported in the mLN of WT mice (Figure 3.9A).(89) 

Application of this gating strategy to cells isolated from the thymus identified a very 

small population of GFP+ Lin- cells that, upon subsequent gating on IL-7Rα+ cells, 

were comparable to ILC2 and ILC3 populations observed in our earlier investigations 

(Figure 3.9A). Cells isolated from the mLN and thymus of a WT mouse, and thus 
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GFP-, were used as gating controls for GFP expression (Figure 3.9B). Unsurprising, 

comparison of total cellularity between the thymus and mLN identified a significantly 

higher number of cells within the thymus (Figure 3.9C). Characterisation of these 

cells by flow cytometry, as gated in Figure 3.9A, identified a population of GFP+ Lin- 

cells that expressed IL-7Rα, identifying GFP+, and thus Id2-expressing, ILC. The 

proportion of which was greater in the mLN when compared to the thymus. However, 

comparison of total number of these cells revealed no significant difference between 

tissues (Figure 3.9D). Total number of GFP+ ILC was used to calculate the proportion 

of GFP+ ILC as a percentage of total tissue cellularity (Figure 3.9E). This shows the 

proportion of ILC as a percentage of total cells to be greater in the mLN than the 

thymus (Figure 3.9E). Characterisation of GFP+ ILC using antibodies against GATA-3 

and RORγt identified cells lacking both transcription factors in addition to ILC2 and 

ILC3. A greater proportion of GFP+ G-R- cells were shown to be present in the 

thymus compared to the mLN, however no significant difference was observed 

between the total numbers of these cells (Figure 3.9F).  

Our earlier data identified ILC2 to be the predominant population in the thymus of 

Id2creERT2 x ROSAmT/mG mice following induction with tamoxifen. This was true of data 

in Id2-eGFP mice where GFP+
 ILC2 are accountable for ~40% of all GFP+ ILC 

(Figure 3.9G). GFP+ ILC2 are significantly greater in both proportion and total cell 

number in the thymus when compared to the mLN (Figure 3.9G). These data 

contrast that observed for GFP+ ILC3, whereby the proportion and total number of 

these cells is much greater in the mLN when compared to the thymus (Figure 3.9H). 

Therefore, very few ILC3 are present within the adult thymus while clearly detectable 

within the mLN.  
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Figure 3.9 Analysis of ILC populations in the thymus of adult Id2-eGFP reporter mice 

To directly assess Id2-expressing ILC populations in the mLN and thymus in the absence of 
tamoxifen, cells from these tissues were isolated from Id2-eGFP reporter mice. Cells were 
analysed using flow cytometry and total numbers were calculated per whole tissue. Data 
shown in green, grey, orange and purple correspond to GFP, G-R- ILC,  ILC2 and ILC3, 
respectively. 

A) Full gating strategy for flow cytometry used to identify GATA-3+ (ILC2) and RORγt+ 
(ILC3) amongst the GFP+ ILC pool (identified as CD8α- CD3i- GFP+ Lin- IL-7Rα+) in the 
mLN and thymus of Id2-eGFP reporter mice. Lineage channel consists of antibodies 
against CD3, CD5, CD11b, CD11c and B220.  

B) Gating controls for eGFP+ cells were based upon eGFP- cells from WT mLN and 
thymus.  

C) Total cellularity of the mLN and thymus in Id2-eGFP reporter mice. 

D) Proportion and total number of GFP+ cells amongst ILCs (CD8α+ CD3i- Lin- IL-7Rα+) in 
the thymus and mLN of Id2-eGFP reporter mice. 

E) The percentage of eGFP+ ILC (CD8α-CD3i-Lin-IL-7Rα+) as a proportion of total cells 
isolated from thymus and mLN. 

F) The proportion and total number of GATA-3-RORγt- (G-R- ILC) amongst the eGFP+ 
ILC pool (CD8α- CD3i- eGFP+ Lin- IL-7Rα+) in the mLN and thymus of Id2-eGFP 
reporter mice. 

G) The proportion and total number of GATA+ (ILC2) amongst the eGFP+ ILC pool 
(CD8α- CD3i- eGFP+ Lin- IL-7Rα+) in the mLN and thymus of Id2-eGFP reporter mice. 

H) The proportion and total number of RORγt+ (ILC3) amongst the eGFP+ ILC pool 
(CD8α- CD3i- eGFP+ Lin- IL-7Rα+) in the mLN and thymus of Id2-eGFP reporter mice. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=7. Data shown from three independent experiments.   
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Observations surrounding ILC3 from Id2-eGFP mice are consistent with all our 

previous findings and describe very few ILC3 present in the thymus of an adult 

mouse. Importantly, these data argue that our descriptions of Id2-expressing thymic 

ILC populations are not an artefact of tamoxifen administration. Collectively, we can 

conclude that thymic ILC populations in mice change over time; altering in both 

proportion and total cell number through neonatal development into adulthood. 

Initially, ILC3, specifically LTi-cells, and ILC2 are present in similar capacities within 

the embryonic thymus. This is continued post-birth with little difference between the 

number of ILC2 and ILC3 observed up to day 7. By day 14, the number of ILC2 was 

shown to increase while the number of ILC3 demonstrated a decrease. Moreover, 

ILC2 are maintained into adulthood while ILC3 continue to decline with very few of 

these cells present in the adult thymus.  

3.2.3 Assessing plasticity amongst thymic ILC populations 

Multiple reports have described plasticity amongst ILC populations.(80,81,151,152) 

In particular, ILC3 have been shown to down regulate expression of RORγt and up 

regulate the expression of Tbet; adopting an ex-ILC3 phenotype similar to that of 

IFNγ+ Tbet+ ILC1.(81,151) Therefore, we asked whether the loss of ILC3 observed in 

adulthood is a result of plasticity amongst ILC populations within the thymus. To test 

this, the expression of RORγt was fate-mapped using Rorccre x ROSAmT/mG mice, 

thus enabling the differentiation of ILC3 into another cell fate to be identified. mGreen 

expression within these mice identifies cells that are currently expressing or have 

previously expressed RORγt. Therefore, GATA-3- RORγt- ILC or ILC2 that have 

previously expressed RORγt can be identified by mGreen expression in flow 



	
	

96	
	

cytometry. As with our earlier investigations, Id2CreERT2 x ROSAmT/mG mice were 

administered tamoxifen by oral gavage for five consecutive days and followed by 

analysis of mLN and thymus.  

Data obtained from flow cytometry demonstrated the majority of ILC within the mLN 

were mGreen+ (identified as CD8α- CD3i- IL-7Rα+ Lin- mGreen+), reflecting the high 

number of ILC3 in this tissue (Figure 3.10A). In comparison, only a minority (~20%) 

of ILC in the thymus were mGreen+ (Figure 3.10A-B). Furthermore, RORγt 

expression at a protein level was assessed using intracellular flow cytometry and 

revealed a clear population of “ex-ILC3” (identified as CD8α- CD3i- IL-7Rα+ Lin- 

mGreen+ RORγt-) in both the mLN and thymus (Figure 3.10A). Total ILC populations 

within the thymus, identified as G-R- ILC, ILC2 (GATA-3+) and ILC3 (RORγt) 

amongst the total ILC pool (CD8α- CD3i- IL-7Rα+ Lin-) were comparable to previous 

data (Figure 3.10D). Comparison of total and mGreen+ ILC within the thymus allowed 

for identification ILC of an “ex-ILC3” phenotype (Figure 3.10E). Since the vast 

majority of thymic ILC show no evidence of previous RORγt expression, these data 

argue against the loss of ILC3 during thymic development due to plasticity and 

differentiation to an alternative phenotype (Figure 3.10E).  

3.2.4 ILC2 increase in mice lacking ILC3 

So far, we have shown the composition of ILCs in the adult thymus to be very 

different to an embryonic thymus. While the majority of ILC within the embryonic 

thymus are ILC3, this is superseded by ILC2 following birth where ILC2 outnumber 

ILC3 by day 14. Furthermore, the number of ILC2 is maintained into adulthood 

whereas the number of ILC3 continues to decline. Interestingly, earlier publications 

have described ILC3 in vast quantities in the adult thymus, which differs greatly from  
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Figure 3.10 ILC3 plasticity does not account for the changes amongst ILC subsets 
post-birth 

To test whether the loss of thymic ILC3 after birth could be attributed to differentiation to 
another ILC type, RORγt expression was fate-mapped using Rorccre x ROSAmT/mG mice. 
Isolated cells were analysed using flow cytometry and total numbers calculated per whole 
thymus or mLN. Gates and triangles shown in green, grey, orange and purple correspond to 
mGreen, G-R- ILC, ILC2 and ILC3, respectively. 

A) Full gating strategy for flow cytometry data identifying mGreen+ (‘fate-mapped’) and 
mGreen- populations among ILC (CD8α-CD3i-IL-7Rα+Lin-) in the mLN (upper panel) 
and thymus (lower panel). Lineage channel consists of antibodies against CD3, CD5, 
CD11b, CD11c and B220.  

B) The proportion of mGreen expression by ILCs (CD8α-CD3i-IL-7Rα+Lin-) in the thymus.  

C) The proportion of G-R- ILC, ILC2 (GATA-3+) and ILC3 (RORγt+) amongst the mGreen+ 
ILC (CD8α-CD3i-IL-7Rα+Lin-mGreen+) pool in the thymus 

D) The proportion of G-R- ILC, ILC2 (GATA-3+) and ILC3 (RORγt+) amongst the total ILC 
pool (CD8α-CD3i-IL-7Rα+Lin-) in the thymus. 

E) Enumeration of thymic ILC showing G-R- ILC, ILC2 (GATA-3+) and ILC3 (RORγt+) 
comparing numbers of each population among total ILC versus mGreen+ ILC. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=8 (total) and n=7 (fate-mapped). Data shown from three independent 
experiments.   
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our findings.(100) To verify our claims, we sought use of alternative mouse models 

where ILCs may be more numerous. 

Collectively, we have described an increase in ILC2 number that coincided with the 

loss of ILC3 during neonatal development.(129) From this, we postulated that ILC2 

number might be enhanced in a thymus lacking ILC3.(129) To test this, ILC2 and 

ILC3 populations from the thymus of a Rorc-/- mouse, where ILC3 are absent, were 

compared to cells within a WT thymus.(129) ILC2 and ILC3 populations were easily 

identifiable within the WT thymus in proportions comparable to those seen in 

previous experiments (figure 3.11A). Application of this gating strategy to the Rorc-/-
 

thymus revealed a number of differences in comparison to the WT thymus (figure 

3.11A). The proportion of ILC2 in the Rorc-/- thymus was slightly elevated compared 

to the WT thymus while the proportion of ILC3 dropped to below 1% (Figure 3.11A). 

Rorc-/- mice were genotyped prior to their use and lymph nodes were absent upon 

visual inspection. Therefore, the minor proportion of RORγt+ cells observed in Figure 

3.11A is a result of background fluorescence. Despite a rise in the proportion of total 

ILC within the Rorc-/- thymus, the total cellularity of this tissue was significantly 

reduced compared to the WT (figure 3.11B). Enumeration of total ILC identified an 

increase in Rorc-/- thymus compared to the WT and, owing to the reduced thymic 

cellularity in Rorc-/- mice, made up a greater proportion of total thymocytes (figure 

3.11C-D). Subsequent gating on total ILC within these mice enabled comparison of 

the ILC2 and ILC3 subsets using GATA-3 and RORγt. Interestingly, ILC2 were 

significantly increased in both proportion and total number in Rorc-/- thymus 

compared to the WT (figure 3.11E). Analysis of the proportion and total number of 

ILC3 between WT and Rorc-/- mice compared very few ILC3 in the WT thymus with a 
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Figure 3.11 Analysis of ILC populations in the thymus of adult mice deficient in RORγt 
reveal an increase in ILC2 

To determine the effect of ILC3 loss on ILC2 number, ILC populations were assessed in the 
thymus of WT and Rorc-/- mice, where ILC3 are absent. Total numbers were calculated per 
whole thymus. Data shown in orange and purple identify ILC2 and ILC3, respectively.  

A) Gating strategy for the identification of total ILC (CD8α- CD3i- IL-7Rα+ Lin-), ILC2 
(GATA-3+) and ILC3 (RORγt+) in WT (upper panel) and Rorc-/- (lower panel) mice. 
Lineage channel consists of antibodies against CD3, CD5, CD11b, CD11c and B220. 

B) Total thymic cellularity in WT and Rorc-/- mice.  

C) Enumeration of total ILC in the thymus of in WT and Rorc-/- mice. 

D) Total number of ILC as a proportion of total cellularity in the thymus of WT and Rorc-/- 
mice. 

E) Proportion and total number of ILC2 (GATA-3+) amongst the ILC pool (CD8α- CD3i- 

IL-7Rα+ Lin-) in the thymus of WT and Rorc-/- mice. 

F) Proportion and total number of ILC3 (RORγt+) amongst the ILC pool (CD8α-CD3i- IL-
7Rα+ Lin-) in the thymus of WT and Rorc-/- mice. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=7 for WT and n=10 for Rorc-/-. Data shown from two or four independent 
experiments for WT and Rorc-/- mice, respectively. 
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tissue that lacks ILC3.  As such, no difference was observed between the proportions 

of ILC3 in these mice while the total number of these cells was reduced in the Rorc-/- 

thymus (figure 3.11F). 

Given ILC2 were shown to increase in the absence of ILC3 in the adult thymus 

(figure 3.11), we sought to determine the impact of no ILC3 within the neonatal 

thymus, where ILC3 dominate. To test this, a comparison of ILC2 and ILC3 in the 

thymus of WT and Rorc-/- was performed. While putative ILC were observed in both 

mouse strains, identified as IL-7Rα+ Lineage- cells, this population was enriched in 

Rorc-/- thymus (figure 3.12A). Populations of ILC2 and ILC3 were identified in WT 

thymus in proportions similar to those reported in earlier experiments (figure 3.12A). 

Of ILC2 and ILC3, only ILC2 were identified within the Rorc-/-, as expected. 

Consistent with our reports in their adult counterparts, initial observations from the 

FACS plots revealed the proportion of ILC2 to be greater in the Rorc-/- thymus 

compared to the WT (figure 3.12A).  

While the total cellularity of the thymus across tissues is similar, there appears to be 

an increase in the number of total ILC in the Rorc-/- thymus compared to the WT 

(figure 3.12B-C). This is demonstrated by the rise in median total ILC in the WT 

thymus compared to the Rorc-/- thymus (figure 3.12C). As such, the proportion of ILC 

as a percentage of total thymocytes was greater in the Rorc-/- thymus (figure 3.12D). 

Subsequent analysis identified an upward trend in the proportion and total number of 

ILC2 in the Rorc-/- thymus (figure 3.12E).  As expected, the proportion and total 

number of ILC3 was greater in the WT thymus compared to the Rorc-/- (figure 3.12F). 

A very small number of ILC3 were calculated to be present in this thymus, however,
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this is also a result of background fluorescence given these mice lack ILC3 (figure 

3.12F).  

The presence of ILC2 within the neonatal thymus is a recent discovery from our 

laboratory.(129) Prior to our work, ILC2 within this context had not been described. 

Therefore, little is known about the function of ILC2 of in the neonatal thymus and 

warrants further investigation. In order to find out more about these cells, we sought 

to characterise the phenotype of these cells using known markers of ILC2, based on 

our knowledge of these cells at peripheral sites. Previous work from within our group 

has shown KLRG-1, ST2 and ICOS to be expressed by ILC2 isolated from the lung 

and mLN.(88) While ILC in the small and large intestine, and mLN, can be divided by 

their expression of c-Kit, termed c-Kitlo or c-kit+.(153) This work identified c-kitlo cells 

to be Lin- IL-7Rα+ CD25+ CCR6- RORγt-; fitting with the ILC2 profile.(153) The 

expression of these markers is closely linked to the function of these cells at various 

sites but their expression in the neonatal thymus has not yet been determined. As 

such, identifying the expression of these markers by ILC2 from the neonatal thymus 

would provide insight into the function of these cells. 

In the periphery, ST2, also termed IL-33 receptor (IL-33R), has been shown to bind 

IL-33 and stimulate the production of the type 2 cytokines IL-5, IL-13 and 

amphiregulin .(154) In addition, IL-33/IL-33R binding promotes upregulation of killer 

cell lectin-like receptor G1 (KLRG-1), where it acts as an inhibitory receptor. For 

example, the binding of E-cadherin by KLRG-1 inhibits the expression of ILC2-

mediated type 2 cytokines in the inflammatory response. However, when tissue 

expression of E-cadherin is reduced, such as in atopic dermatitis (AD), there is 

uncontrolled production of type 2 cytokines by ILC2. Concerning ICOS, the binding of  



	
	

102	
	

Figure 3.12 The absence of ILC3 in neonatal mice leads to an increase in thymic ILC2 
number 

To determine the effect of ILC3 loss on ILC2 populations in the neonate, ILC2 and ILC3 
populations in the thymus of WT and Rorc-/- mice 7 days post-birth were compared. Isolated 
cells were analysed using flow cytometry and total numbers calculated per thymus. Data 
shown in orange and purple correspond to ILC2 and ILC3, respectively.  

A) Gating strategy for the identification of total ILC (CD8α- CD3i- IL-7Rα+ Lin-), ILC2 
(GATA-3+) and ILC3 (RORγt+) in WT (upper panel) and Rorc-/- (lower panel) mice. 
Lineage channel consists of antibodies against CD3, CD5, CD11b, CD11c and B220. 

B) Total thymic cellularity in WT and Rorc-/- mice 7 days post-birth.  

C) Enumeration of total ILC in the thymus of in WT and Rorc-/- mice 7 days post-birth. 

D) Total number of ILC as a proportion of total cellularity in the thymus of WT and Rorc-/- 
mice 7 days post-birth. 

E) Proportion and total number of ILC2 (GATA-3+) in the thymus of WT and Rorc-/- mice 
7 days post-birth. 

F) Proportion and total number of ILC3 (RORγt+) in the thymus of WT and Rorc-/- mice 7 
days post-birth. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=4 for WT (B), n=3 for WT (C-F) and n=10 for RORc-/-. Data shown from one 
independent experiments.   
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IL-33 to IL-33R (ST2) has been shown to promote the expression of ICOS on ILC2 

and is implicated in ILC2 proliferation in the lungs.(154) As such, evidence of ST2 

expression by ILC2 in the neonatal thymus would indicate their capability of 

responding to IL-33 and stimulating the production type 2 cytokines, or up regulating 

the expression of KLRG-1 and ICOS. Therefore, our gating strategy for identifying 

ILC within the thymus was adapted to include these ILC2-associated markers.  

As aforementioned, the abundance of ILC2 in the lung, as well as the expression of 

ST2, KLRG-1 and ICOS, has previously been published from members of our 

research group.(88) As such, the lung was identified as an appropriate positive 

control for identifying ILC2 in the neonatal thymus (Figure 3.13A). However, the 

composition of the lung differs from that of the thymus and consists of cells of both 

hematopoietic and non-hematopoietic origin. Further to this, the preparation of a 

single cell suspension from lung tissue requires both mechanical dissociation and 

enzymatic digestion while the thymus requires mechanical disaggregation only. As 

such, our gating strategy was adapted to optimise the identification of ILC2 in this 

tissue. This included the addition of a viability dye to identify live cells to identify live 

cells and the inclusion of CD45 to identify cells of the lymphoid lineage.  

Live lymphocytes were identified amongst cells isolated from both lung and neonatal 

thymus, and further gating found distinct populations of ILC2 to be present in 

comparable proportions (Figure 3.13A). Assessment of ILC2-associated markers by 

thymic ILC2 in the neonate showed that these cells did not express KLRG-1 (Figure 

3.13B). Interestingly, two distinct populations of ICOS+ and ICOS- ILC2 were 

identified while the expression of ST2 by these cells was variable (Figure 3.13B). The 

expression of these markers was further assessed by comparison of the MFI 
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between the neonatal thymus and the adult lung. Consistent with observations in the 

histograms, very little expression of KLRG-1 was expressed by neonatal ILC2 in the 

thymus and was significantly lower than the MFI of KLRG-1 in the adult lung (Figure 

3.13C).  Assessment of MFI identified all ILC2 in the thymus to express ICOS (Figure 

3.13C). However, two clusters of ICOS+ cells were observed and reflect the two 

peaks shown in the histogram (Figure 3.13B-C). All ICOS+ ILC2 in the thymus had 

greater expression than ILC2 in the lung (Figure 3.13C).  Furthermore, the 

expression of ST2 by ILC2 was greater in the neonatal thymus compared to the adult 

lung. A significantly higher MFI of ST2 by ILC2 was demonstrated in the neonatal 

thymus (Figure 3.13C).  

To aid identification of c-kit expression amongst thymic ILC2 in the neonate, cells 

isolated from the mLN of an adult mouse were used. In the mLN, ILC3 demonstrate a 

high level of c-kit expression while ILC2 are c-Kitlo and, therefore, these cells make 

for appropriate controls (Figure 3.13D). These populations were used to set the gate 

to assess c-kit expression by ILC2 within the neonatal thymus; identifying greater 

than three quarters of these cells positive for c-kit (Figure 3.13D). Enumeration of 

ILC2 in the neonatal thymus was consistent with observations in the histogram 

(Figure 3.13E). This equated to greater than 1000 c-kit+ ILC2 within the neonatal 

thymus (Figure 3.13E). 

Data from our initial experiments revisited the work described by Rossi et al. (2007) 

and confirmed the presence of LTi cells within the embryonic thymus (Figure 

3.1).(98) Our early investigations built upon this data and discovered ILC3, of which 

LTi cells are part of, in the neonatal thymus prior to their rapid decline 14 days post-

birth (Figure 3.4). As such, we aimed to determine whether the ILC3 present in the  
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Figure 3.13 Phenotyping ILC2 populations within the neonatal thymus 

In order to determine the phenotype of thymic ILC2 within the neonate, cells isolated from the 
thymus of a WT neonate 7 days post-birth were incubated with antibodies specific for 
markers of ILC2. Cells isolated adult TCRα-/- lung were used as a positive control for ILC 
staining. Cells from both tissues were analysed using flow cytometry and total numbers 
calculated per thymus or lung. 

A) Gating strategy for the identification of ILC2 (CD45+ Live/dead- CD8α- CD3i- IL-7Rα+ 

Lineage- GATA-3+) in the lung (upper panel) and neonatal thymus (lower panel). 
Lineage channel consists of antibodies against CD3, CD5, CD11b, CD11c, B220, 
CD19, Ter119, FcεR1, F4/80, CD49b, CD123 and Gr-1 Gata in orange corresponds 
to ILC2.  

B) Representative histograms comparing the expression of KLRG-1, ICOS and ST2 in 
the adult lung and neonatal thymus.  

C) Comparison of the MFI of KLRG-1, ICOS and ST2 by ILC2 in the TCRα-/- lung and 
neonatal thymus. 

D) Representative histograms showing the expression of c-kit by ILC2 in the neonatal 
thymus (solid black line). ILC2 and ILC3 isolated from the mLN of TCRα-/- mice were 
used as positive (black dashed line) and negative (grey dashed line) controls for the 
detection of c-kit expression.  

E) Proportion and total number of c-kit+ ILC2 in the neonatal thymus. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=8 (B-C) and n=9 (D-E). Data shown from two independent experiments.  
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neonate were phenotypically similar to those within the embryonic thymus and 

consisted of LTi cells. Returning to our methods that were previously established to 

identify ILC populations within the neonatal thymus, we utilised cells isolated from an 

adult mLN to provide a positive control for our analysis. Additional markers, such as 

CCR6 and CD4, were incorporated within the analysis so that LTi cells could be 

clearly identified.  

ILC3 were first identified within the mLN control by gating on CD8α- CD3i- IL-7Rα+ 

Extended Lineage- RORγt+ cells (Figure 3.14A). As demonstrated in our earlier 

investigations, LTi cells were identified amongst the ILC3 pool by expression of 

CCR6, and presence or absence of CD4. Using this approach, LTi cells were 

successfully identified within these experiments where two distinct populations of LTi 

cells, identified as CCR6+ CD4+ and CCR6+ CD4-, were identified (Figure 3.14A). A 

third, small proportion of cells, identified as CCR6- CD4-, are also present within this 

plot and are expected to be NKp46+ ILC3 that are known to lack CCR6 (Figure 

3.14A). This gating strategy was applied to cells isolated from the neonatal thymus 

and identified ILC3 and LTi cells present in similar proportions to those seen in the 

mLN (Figure 3.14A).  The proportion of ILC3 observed from the FACS plots 

appeared consistent across experiments and enumeration of these cells identified 

~700 ILC3 to be present (Figure 3.14B). As demonstrated within the FACS plots, the 

number of ILC3 present in the neonatal thymus was sufficient for identification of LTi 

cells within this tissue (Figure 3.14A). From enumeration of these cells, it was clear 

LTi cells dominated the ILC3 compartment within the neonatal thymus and were 

significantly higher in both proportion and number than CCR6- ILC3 (Figure 3.14C). It 
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could be speculated that this may be attributed to their function in lymphoid tissue 

development at this early stage.  

Mounting evidence has described the expression of MHCII by ILC3 in multiple 

tissues, including the small and large intestine, lymph nodes and spleen.(6) In 

particular, descriptions within the literature have reported the expression of MHCII to 

be by LTi cells.(6,139) Therefore, we sought to determine whether ILC3 in the 

neonatal thymus, where the majority of these cells are LTi cells, expressed MHCII. 

First gating on ILC3, MHCII was plotted against CCR6 so that both CD4+ and CD4- 

LTi cells could be accounted for (Figure 3.14D).  ILC3 from the mLN were first used 

as a positive control and initial assessment from the FACS plot demonstrated 

approximately one quarter of ILC3 to express MHCII (Figure 3.14D). Interestingly, all 

MHCII+ ILC3 in this tissue were LTi cells. This gating strategy was applied to ILC3 

isolated from the neonatal thymus and revealed a proportion of MHCII+ similar to that 

observed in the mLN, albeit slightly elevated (Figure 3.14D). Again, all MHCII+ ILC3 

cells present in the neonatal thymus are LTi cells. Enumeration of MHCII+ LTi cells in 

the neonatal thymus demonstrate the proportion of these cells observed in the FACS 

plot were consistent across all mice and accounted for a third of LTi cells; ~200 cells 

(Figure 3.14E).  In addition to investigating MHCII expression by ILC3, we extended 

our assessment to include c-kit, which reports have described to be present on LTi 

cells (155). As shown in figure 3.17, LTi cells isolated from the mLN were utilised for 

positive and negative controls of c-kit; with positive expression demonstrated by ILC3 

and negative expression demonstrated by ILC2 (Figure 3.14F). This gating could be 

applied to LTi cells isolated from the neonatal thymus and identified more than half 

these cells to express c-kit. Enumeration of c-kit+ LTi cells in the neonatal thymus 



	
	

108	
	

Figure 3.14 Phenotyping ILC3 populations within the neonatal thymus 

In order to determine the phenotype of thymic ILC3 within the neonate, cells isolated from the 
thymus of a WT neonate 7 days post-birth were incubated with antibodies specific for 
markers of ILC3. Cells isolated from adult TCRα-/- mLN were used as a positive control for 
ILC staining. Cells from both tissues were analysed by flow cytometry and total numbers 
calculated per whole thymus. Gates, triangles and histograms in purple, blue and red 
represent ILC3, LTi cells and CCR6- CD4- ILC3, respectively. 

A) Gating strategy used for the identification of LTi cells (CCR6+ CD4+/-) and CCR6- CD4- 
ILC3 amongst the ILC3 pool (CD8α- CD3i- IL-7Rα+ Lin- RORγt+) in the mLN (upper 
panel) and neonatal thymus (lower panel). Lineage channel consists of antibodies 
against CD3, CD5, CD11b, CD11c, B220, CD19, Ter119, FcεR1, F4/80, CD49b, 
CD123 and Gr-1.  

B) Proportion and total number of ILC3 (RORγt+) amongst the ILC pool (CD8α- CD3i- IL-
7Rα+ Lin-) in the neonatal thymus. 

C) Proportion and total number of LTi cells (CCR6+ CD4+/-) and CCR6- CD4- ILC3 
amongst the ILC3 pool (CD8α- CD3i- IL-7Rα+ Lin- RORγt+) in the neonatal thymus. 

D) Representative flow cytometry plots showing MHCII expression by ILC3 in the mLN 
and neonatal thymus. Pre-gated on ILC3 as identified in A. 

E) Proportion and total number of CCR6+ MHCII+ ILC3 in the neonatal thymus. 

F) Representative flow cytometry plots showing the expression of c-kit by LTi cells 
(CD8α- CD3i- IL-7Rα+ Lin- RORγt+ CCR6+ CD4+/-) in the mLN and neonatal thymus. 
Expression of c-kit by ILC2 in the TCRα-/- mLN used as a negative control.  

G) Proportion and total number of c-kit+ LTi-like cells (CD8α- CD3i- IL-7Rα+ Lin-RORγt+ 

CCR6+ CD4+/-) in the neonatal thymus.  

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=9. Data shown from two independent experiments. 
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identified the proportion of these cells to be consistent to that observed in the FACS 

across all mice and accounted for two third of LTi cells, ~300 cells (Figure 3.14G).  

3.2.5 Characterisation of ILC populations in alternative transgenic mouse 

models 

Our ability to identify ILC populations within the adult thymus is made difficult by the 

vast number of T cells that are phenotypically similar to ILC. To address this, we 

sought to utilise alternative mouse strains that would aid identification of ILC 

populations either through a reduction in T cells or an increase in ILCs, such as 

TCRα-/- and BALB/c mice, respectively. BALB/c mice have an enhanced response in 

type 2 immunity, of which ILC2 are involved.(156,157) As such, we hypothesised 

ILC2 would be more numerous in these mice and provide a sufficient number of cells 

to assess their phenotype. 

To address this, ILC populations were compared in the thymus of C57BL/6 and 

BALB/c background. ILC2 and ILC3 populations were first identified in the C57BL/6 

thymus as CD8α- CD3i-, IL-7Rα+ Lineage-, GATA-3+ and RORγt+, respectively (figure 

3.15A). This gating strategy was applied to cells isolated from the thymus of BALB/c 

mice and a similar proportion of ILC2 and ILC3 were observed in these mice (Figure 

3.15A). Enumeration in these mice demonstrated the total cellularity of the thymus to 

be reduced in BALB/c mice when compared to a C57BL/6 (Figure 3.15B). However, 

total ILC were increased in BALB/c mice compared to C57BL/6 (Figure 3.15C). As a 

result of a lower total thymic cellularity but greater number of total ILC, ILC make up 

a greater proportion of total thymocytes in the BALB/c thymus compared to C57BL/6 

(Figure 3.15D).   
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Figure 3.15 Assessment of ILC2 and ILC3 in the thymus of C57BL/6 and BALB/c mice 
identified a similar number of these cells in both mouse strains 

 To determine whether ILC populations are altered in mice of different genetic backgrounds, 
ILC2 and ILC3 populations were compared in the thymus of C57BL/6 and BALB/c mice. 
Cells were analysed by flow cytometry and total numbers calculated per whole thymus. Data 
shown in orange and purple correspond to ILC2 and ILC3, respectively. 

A) Gating strategy for the identification of total ILC (CD8α- CD3i- IL-7Rα+ Lin-), ILC2 
(GATA-3+) and ILC3 (RORγt+) in the thymus of C57BL/6 and BALB/c mice. 

B) Enumeration of total thymic cellularity in C57BL/6 and BALB/c mice.  

C) Enumeration of total ILC (CD8α- CD3i- IL-7Rα+ Lin-) in the thymus of C57BL/6 and 
BALB/c mice. 

D) Total number of ILC (CD8α- CD3i- IL-7Rα+ Lin-) as a proportion of total thymic 
cellularity in C57BL/6 and BALB/c mice. 

E) Proportion and total number of ILC2 (GATA-3+) amongst the ILC pool (CD8α-CD3i-IL-
7Rα+Lin-) in TCRα-/-, C57BL/6 and BALB/c mice. 

F) Proportion and total number of ILC3 (RORγt+) amongst the ILC pool (CD8α-CD3i-IL-
7Rα+Lin-) in TCRα-/-, C57BL/6 and BALB/c mice. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=4 for C57BL/6 and n=5 for BALB/c. Data shown from two independent 
experiments. 
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Despite our early hypothesis, no difference in the proportion and total number of ILC2 

was observed in the thymus of BALB/c mice compared to C57BL/6 (Figure 3.15E). 

Furthermore, no difference in the proportion and total number of ILC3 was identified 

between these mice (Figure 3.15F). The absence of the αβ Tcell receptor (TCR) in 

TCRα-/- mice is a result of a targeted mutation and has a direct impact on the 

development of T cells within these mice. Under normal conditions, the generation of 

a complete αβ-TCR requires re-arrangement of the α-chain at the double-positive 

stage. This enables the subsequent process of positive selection, which is required 

for CD4+ or CD8+ single-positive T cell development, to occur through interactions 

with cTEC.(158–160) As a result, TCRα-/- mice display normal numbers of CD4- CD8- 

double-negative (DN) and CD4+ CD8+ double-positive (DP) thymocytes, however 

subsequent development of SP thymocytes is halted.(161) Therefore, we anticipated 

ILC populations in these mice would be more easily identified given the absence of 

single positive thymocytes in these mice that are phenotypically similar to ILC.  

This was determined by comparing ILC2 and ILC3 populations in the thymus of WT 

mice to the thymus of TCRα-/- mice (Figure 3.16). ILC2 and ILC3 populations were 

first identified in the WT thymus as CD8α- CD3i- IL-7Rα+ Lin- GATA-3+ or RORγt+, 

respectively. This gating strategy was applied to cells isolated from the TCRα-/- 

thymus where total ILC, defined as CD8α- CD3i- IL-7Rα+ Lin-, and ILC2 appeared 

enriched (Figure 3.16A). While the total cellularity of the thymus was reduced in 

TCRα-/- mice, the total number of ILC appeared increased (Figure 3.16B-C). This 

resulted in a 10-fold increase in the proportion of ILC as a percentage of total 

cellularity in the thymus of TCRα-/- mice when compared to the WT thymus (Figure 

3.16D). ILC2 were identified amongst total ILC by their expression of GATA-3 and an  
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Figure 3.16 Comparison of ILC2 and ILC3 in thymus of C57BL/6 and TCRα-/-identified 
an increase in these cells in TCRα-/- mice 

 It was anticipated the abundance of T cells within the adult thymus may hinder the 
identification of ILC given the phenotypic similarities between these cells. To test this, ILC2 
and ILC3 populations were compared in the thymus of TCRα-/- and WT mice. Cells were 
analysed by flow cytometry and total numbers calculated per whole thymus. Data shown in 
orange and purple correspond to ILC2 and ILC3, respectively. 

A) Gating strategy for the identification of total ILC (CD8α- CD3i- IL-7Rα+ extended-Lin-), 
ILC2 (GATA-3+) and ILC3 (RORγt+) in the thymus of C57BL/6  and TCRα-/- mice. 
Extended lineage channel consists of antibodies against B220, CD3, CD5, CD11b, 
CD11c, CD19, CD49b, CD123, F4/80, FcεR1, Gr-1, and Ter119. 

B) Enumeration of total thymic cellularity in C57BL/6  and TCRα-/- mice. 

C) Enumeration of total ILC (CD8α- CD3i- IL-7Rα+ Lin-) the thymus of C57BL/6  and 
TCRα-/- mice. 

D) Total number of ILC (CD8α- CD3i- IL-7Rα+ Lin-) as a proportion of total thymic 
cellularity in in C57BL/6  and TCRα-/- mice. 

E) Proportion and total number of ILC2 (GATA-3+) amongst the ILC pool (CD8α-CD3i-IL-
7Rα+Lin-) in the thymus of C57BL/6  and TCRα-/- mice. 

F) Proportion and total number of ILC3 (RORγt+) amongst the ILC pool (CD8α-CD3i-IL-
7Rα+Lin-) in the thymus of C57BL/6  and TCRα-/- mice. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=4 for C57BL/6 and n=5 for TCRα-/-. Data shown from two independent 
experiments. 
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increase in both the proportion and total number of these cells was observed in the 

TCRα-/- thymus (Figure 3.16E). ILC3, however, were identified according to their 

expression of RORγt+. While there was no difference in the proportion of ILC3 in the 

thymus between these mice, there was an increase in total ILC3 number in the 

TCRα-/- thymus (Figure 3.16F). Overall, these demonstrate total ILC, and ILC2 and 

ILC3 subsets, to be increased in the thymus of TCRα-/- mice.  

As described above, total ILC, including ILC2 and ILC3 subsets, were shown to be 

present in greater numbers in the thymus of TCRα-/- mice compared to a WT. As 

such, we sought to better understand the phenotype of ILC2 and ILC3 in the adult 

thymus of TCRα-/- mice where these cells are more numerous. We have previously 

shown ILC2 within the neonatal thymus to express ICOS and ST2, while KLRG-1 is 

absent. In order to determine whether ILC2 of the adult thymus share this phenotype, 

cells isolated from the thymus of TCRα-/- mice were compared with cells isolated from 

the mLN and lung of the same strain. As detailed in 3.12, the expression of ILC2-

associated markers varies depending on their location and the use of tissue from the 

lung and mLN would control for differences in KLRG-1, ICOS and ST2 expression 

across these tissues. In addition, recently emerged evidence has shown that 

prolonged enzymatic digestion of lung tissue using enzymes at a higher 

concentration results in a reduction in GATA-3+ and an increase in cells lacking Tbet, 

GATA-3 and RORγt.(88) While our methods also use enzymes to isolate ILC 

populations from the mLN, this is only a mild procedure and TrN ILCs have not been 

described as a result. 	

ILC2, identified as live CD45+ CD8α- CD3i- IL-7Rα+ Lin- GATA-3+, were identified in all 

three tissues (Figure 3.17A). As with our investigations into ILC2 phenotype within 
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the neonatal thymus, CD45 and a viability dye were included to separate live cells of 

the lymphoid lineage from cells of non-hematopoietic origin. Adaptation of our 

established gating strategy to include CD45 and a viability dye enabled successful 

identification of ILC2 in all three tissues; defined as live CD45+ CD8α- CD3i- IL-7Rα+ 

Lineage- GATA-3+ cells (figure 3.17A). While there appears to be contamination in 

the CD8α versus CD3i FACS plot in the lung, this does not hinder our identification of 

ILC2 in this tissue. Through this strategy, ILC2 were shown to be the main ILC 

subset within these tissues, making up >50% of all ILCs in each tissue (figure 3.17A).  

KLRG-1, ST2 and ICOS are expressed by the majority of ILC2 within the lung; 

however, the median fluorescence intensity (MFI) of these surface markers is 

variable depending on the tissue investigated.(88) Here, the MFI of KLRG-1, ICOS 

and ST2 are compared amongst TCRα-/- lung, mLN and thymus. From these data, 

KLRG-1, ICOS and ST2 expression varies across tissues (figure 3.17B). In particular, 

ILC2 of the thymus have a unique pattern of expression that does not match that of 

the other tissues investigated (figure 3.17B). Within the thymus, very little expression 

of KLRG-1 is expressed by ILC2 (figure 3.17B). This contrasts the expression of 

ICOS and ST2 by ILC2 within the thymus, which is expressed at a level higher than 

in the lung and mLN (figure 3.17B).  

THE MFI of these markers was used to assess their expression across tissues (figure 

3.17C). Consistent with the histogram shown in 3.17B, the lowest level of KLRG-1 

expression is by ILC2 of the thymus, and is significantly lower than KLRG-1 

expression by ILC2 of the mLN (figure 3.17C). Interestingly, thymic ILC2 demonstrate 

the highest level of expression of both ICOS and ST2 across all tissues assessed   
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Figure 3.17 Phenotyping ILC2 in non-lymphoid and lymphoid tissues in TCRα-/- mice.  

 The phenotype of ILC2 is well defined in both non-lymphoid and lymphoid tissues within the 
periphery but the phenotype of thymic ILC2 has yet to be established. To investigate the 
phenoytpe of ILC2 in the thymus, cells were isolated from the thymus of TCRα-/- mice, where 
we have shown ILC2 number is increased, and compared with ILC2-associated markers in 
the lung and mLN. Cells were analysed using flow cytometry and total numbers were 
calculated per whole tissue. The gate shown in orange corresponds to ILC2.  

A) Gating strategy for the identification of ILC2 (CD45+ Live/dead- CD8α- CD3i- IL-7Rα+ 

Lin- GATA-3+) in the lung (upper panel), mLN (middle panel) and thymus (lower panel) 
of TCRα-/- mice. Lineage channel consists of antibodies against CD3, CD5, CD11b, 
CD11c and B220.  

B) Representative histograms comparing the expression of KLRG-1, ICOS and ST2 by 
ILC2 in the lung, mLN and thymus of TCRα-/- mice. Histograms pre-gated on ILC2 (as 
defined in 3.14A).  

C) Comparison of the MFI of KLRG-1, ICOS and ST2 by ILC2 in the lung, mLN and 
thymus of TCRα-/- mice. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=8. Data shown from two 
independent experiments.  
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(figure 3.17C). Furthermore, the expression of ICOS and ST2 by thymic ILC2 is 

significantly greater than ILC2 originating from the lung (figure 3.17C). Our earlier 

investigations revealed a third of LTi cells within the neonatal thymus expressed 

MHCII. This evidence demonstrates the capability of LTi cells in the thymus to 

express MHCII and, as such, we wanted to explore whether this was also true in the 

adult thymus.  

As shown in Figure 3.16, the total numbers of ILC3 were increased in the TCRα-/- 

thymus. This is much greater than the number of ILC3 present in the thymus of a WT 

mouse, where our earlier investigations have identified few ILC3 to be present within 

this tissue. Therefore, we identified TCRα-/- mice as an appropriate model for further 

phenotyping ILC3 in the adult thymus, where a sufficient number of cells are 

required. Furthermore, data in Figure 3.17 has shown these mice to be useful in 

phenotyping ILC2.  As in previous experiments, cells isolated from the thymus were 

compared to those from the mLN, which acts as an appropriate positive control. 

As with our earlier investigations, cells isolated from the mLN were used as a positive 

control for ILC3, including LTi cells. Although ILC3 are increased in the thymus of 

TCRα-/- mice, ILC3 are still a rare population in comparison to other cell types.  As 

such, a viability dye was included to reduce the presence of dead cells that may 

interfere with our identification of ILC3. Firstly, ILC3, defined as live CD8α- CD3i- IL-

7Rα+ Lin- RORγt+, were identified in the mLN of TCRα-/- mice (Figure 3.18A). 

Subsequent gating identified clear populations of total ILC and ILC3 within this tissue 

(figure 3.18A). Further analysis based on the expression of CCR6 and CD4 identified 

LTi cells (CCR6+ CD4+/-) and non-LTi cells (CCR6- CD4-) amongst total ILC3 in the 

mLN (Figure 3.18A). This gating strategy was applied to cells isolated from the 
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thymus of TCRα-/- mice where ILC3, LTi cells and non-LTi cells could also be 

identified (Figure 3.18A).  

Enumeration of these cells identified a significantly lower proportion and total number 

of LTi cells present in the TCRα-/- thymus compared to the mLN (figure 3.18B). 

However, LTi cells compose greater than half of all ILC3 in both tissues (figure 

3.18B).  Further gating on LTi cells was performed to assess their expression of 

MHCII. Gating on thymic LTi cells alone proved difficult given the few LTi cells 

present in this tissue to allow for accurate gating. As such, MHCII expression was 

applied to LTi cells of the mLN and subsequently applied to LTi cells of the thymus, 

where similar proportions of MHCII expression were observed (figure 3.18C). Further 

analysis of MHCII+ LTi cells across tissues identified a significantly lower proportion 

and number of these cells in the thymus compared to the mLN (figure 3.18D).  

Although low in number, the expression of MHCII by thymic LTi cells indicates a role 

for MHCII in their function.  
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Figure 3.18 Phenotyping of ILC3 in the mLN and thymus of TCRα-/- mice 

The presence of ILC3 within the thymus is a recent discovery and their phenotype has yet to 
be fully elucidated. To investigate the phenotype of thymic ILC3, cells were isolated from the 
thymus of TCRα-/- mice, where we have shown ILC3 number to be increased, and compared 
with ILC3-associated markers in the mLN from the same mouse. Cells were analysed using 
flow cytometry and total numbers were calculated per whole tissue. Data shown in purple, 
blue and red correspond to ILC3, LTi cells and CCR6- ILC3. 

A) Gating strategy for the identification of LTi cells (CCR6+ CD4+/-) and CCR6- CD4- ILC3 
amongst the ILC3 pool (Live/dead- CD8α- CD3i- IL-7Rα+ Lin- RORγt+) in the mLN 
(upper panel) and thymus (lower panel) of TCRα-/- mice. Lineage channel consists of 
antibodies against CD3, CD5, CD11b, CD11c and B220.  

B) Proportion and total number of LTi cells (RORγt+ CCR6+ CD4+/-) amongst the ILC pool 
(Live/dead- CD8α- CD3i- IL-7Rα+ Lin-) in the mLN and thymus of TCRα-/- mice. 

C) Representative flow cytometry plots showing MHCII+ LTi cells in the mLN (left) and 
thymus (right) of TCRα-/- mice. Cells pre-gated on LTi cells (identified as Live/dead- 

CD8α- CD3i- IL-7Rα+ Lin- RORγt+ CCR6+ CD4+/-). 

D) Proportion and total number of MHCII+ LTi cells in the mLN and thymus of TCRα-/- 
mice. Cells pre-gated on LTi cells (identified as Live/dead- CD8α- CD3i- IL-7Rα+ Lin- 

RORγt+ CCR6+ CD4+/-). 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=8. Data shown from two independent experiments.  
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3.3 Discussion 

Overall, these data provide a detailed characterisation of ILC populations within the 

thymus across ontogeny. The evidence presented within this body of research 

demonstrates ILC3 to be the most abundant ILC subset in the embryonic thymus and 

numbers of these cells persist in the neonate. Interestingly, similar numbers of ILC2 

and ILC3 were present in the neonatal thymus at one week post-birth. However, the 

number of ILC3 were shown to decline at two weeks post-birth and continued to 

decline into adulthood where very few ILC3 were observed, while we demonstrate 

the number of ILC2 to increase by two weeks post-birth and maintained into 

adulthood.  

ILC are often described as innate counterparts to T-helper subsets due to their 

phenotypic similarities. This makes their identification within the thymus, where there 

are vast numbers of developing thymocytes with varying levels of TCR expression, 

incredibly challenging. This was overcome within our investigations using a 

combination of ex vivo and in vivo approaches. For example, FTOC were used to 

enrich ILC populations within the embryonic thymus and enabled their identification 

using flow cytometry. Using this approach, we not only identified ILC3, or at least 

their progenitors, that had previously been observed by Rossi et al. (2007), but also 

ILC2.(98)  

Following birth, the identification of ILC within the thymus becomes increasingly 

difficult as the number of T cells within this tissue rapidly expands with development. 

Id2 was used as a tool to resolve this issue where it is known to be indispensable in 

ILC differentiation yet redundant in αβ T cell development.(149) Using this approach, 

Id2 expression was assessed in both fate-mapping and reporting approaches and 
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clearly identified thymic ILC. However, these cells account for less than 0.05% of the 

haematopoietic compartment of the thymus following birth and less than 0.001% in 

the adult thymus.(129)  

These findings differ to those previously published by Dudakov et al. (2012) where 

LTi cells were described in their abundance within the adult thymus.(100) Moreover, 

the authors describe LTi cells as a key source of IL-22 and promote regeneration of 

the thymic microenvironment that was triggered by the depletion of CD4+ CD8+ DP 

thymocytes.(100) While the differences between our observations and that of 

Dudakov et al. (2012) are not entirely clear, our investigations used a range of robust 

in vivo models; each demonstrating very few ILC3 to be present within the adult 

thymus.(100) Whether these few ILC3 are capable of producing IL-22 or rapidly 

expand in response to thymic damage will be answered in the proceeding chapter.   

The increase in ILC2 and substantial decline in ILC3 populations post-birth was a 

striking find in our investigations. As such, we sought to determine a reason for the 

loss in ILC3 in neonatal development. It has been demonstrated in recent fate-

mapping studies that some ILC3 lose the expression of RORγt and adopt an “ex-

ILC3” phenotype that is similar to Tbet+ IFNγ+.(81) Therefore, it was not unreasonable 

to propose that the loss in ILC3 within the thymus could be accounted for by plasticity 

amongst these cells. However, our studies revealed that the majority of ILC within the 

thymus had no previous expression of the Rorc locus, indicating that the plasticity of 

ILC3 did not account for the rise in ILC2 and loss of ILC3 in this tissue. 

Amongst the data presented within this chapter, we had sought to quantify the true 

number of ILC within the adult thymus. This was investigated using a variety of 
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mouse models, each with their own strengths and weaknesses that were taken into 

consideration when interpreting the data. It was evident through our findings that the 

total number of ILC recovered from the adult thymus was variable amongst these 

different mouse models. For example, our earlier experiments characterised ILC in 

the adult thymus of a WT mouse where approximately 3000 of these cells were 

discovered. This value was higher than our proceeding investigations, which used 

both Id2CreERT2xROSA26mT/mG and Id2-eGFP mice, where approximately 1300 and 

2000 ILC were identified, respectively.  

First concerning the use of WT mouse in characterising ILC in the adult thymus 

(Figure 3.2), which has suitable advantages. These mice represent a natural model 

and it is expected that the results obtained in this model reflect the true numbers of 

ILC in the wild. However, in the context of our investigations, the nature of the 

thymus in WT mice added difficulty in isolating ILC from the large of numbers of 

thymocytes, given the phenotypic similarities between ILC and T cells, as commonly 

discussed within this thesis. Although best efforts were made in our investigations to 

separate ILC from T cells using a intricate gating strategy, the very nature of our 

analysis meant that overestimation of ILC number may be possible.  

This caveat was not overlooked within our studies and therefore we used other in 

vivo tools to aid identification ILC in the thymus. Figure 3.7 characterised the number 

of ILC in the adult thymus of Id2CreERT2xROSA26mT/mG mice following administration of 

tamoxifen within the diet. This model enabled the identification of mGreen+ ILC, and 

therefore ILC that expressed Id2 during, or just before tamoxifen administration, 

when Cre was expressed. However, as aforementioned, approximately 1300 ILC 

were identified in this model, which relates to mGreen+ ILC only. We understand that 
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the induction of Cre using tamoxifen is not 100%, and is influenced by the method, 

duration and dose of tamoxifen administration. Therefore, it is unlikely that the 

mGreen+ ILC that we have identified account for all ILC in this tissue and thus 

underestimating the true number of these cells. As stated above, the method of 

tamoxifen administration can also have an affect. Administration of tamoxifen within 

the diet, as discussed here, has greater variability than administration by oral gavage 

due to mice having greater control over tamoxifen intake.  

Future analysis could look to quantify mGreen+ ILC and total ILC in the mLN where 

ILC are easily identifiable without the need of a reporter strain. This would enable us 

to calculate the efficiency of Cre induction in our mouse model. However this is not 

without its disadvantages, as induction of Cre with tamoxifen is not always consistent 

across tissues and may well vary between the mLN and thymus.(162) Furthermore, 

our own data demonstrated a modest reduction in ILC3 number in secondary 

lymphoid tissue as a result of tamoxifen administration. Although we were unable to 

determine the effect of tamoxifen administration on ILC in the thymus, it is possible 

that tamoxifen may have resulted in a further reduction in total ILC number. We have 

previously shown that the thymus is affected by the administration of thymus where a 

reduction in the number of DP thymocytes was observed.    

To overcome the challenges of using a tamoxifen-inducible Cre, we pursued 

investigations using Id2-eGFP reporter mice.(124) One of the main advantages of 

using Id2-eGFP reporter mice is that they do not require the administration of an 

exogenous substance in order to activate the fluorescent molecule.(163) In 

comparison, this mouse reports live expression of Id2 and does not require 

administration of tamoxifen. As such, these mice are not subject to the variability that 
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would be introduced by tamoxifen and it is possible to suggest that the number of ILC 

identified in these mice is closer to the true number of cells. However, during our 

analysis of these cells using flow cytometry, it was discovered that the brightness of 

GFP on GFP+ cells was often difficult to pull apart from GFP- cells, hindering our 

interpretation of these cells. Although we used suitable GFP- controls in these 

investigations, it is still possible that the low brightness of GFP may have impacted 

on our identification of GFP+ cells and subsequent quantification of ILC.  

While it may not be possible to fully elucidate the true number of ILC in the thymus, 

our investigations have used a variety of mouse models to provide evidence to 

support an approximate value of these cells. Moreover, in the context of the thymus, 

a difference of 2000 cells, if we compare data obtained from the WT thymus and 

mice administered tamoxifen, is only minor in comparison to the millions of 

thymoyctes that are present. Ultimately highlighting ILC as a rare population of 

immune cells that exist in the thymus.   

Although our investigations used a variety of in vivo models to study the ILC 

composition of the thymus, this was, in part, limited by the availability of certain mice 

within the university. The RAG genes, for example, have a fundamental role in T cell 

development and exert their function in two distinct waves. The absence of either 

RAG-1 or RAG-2 genes result in mice lacking mature B and T lymphocytes due to 

blockages in cell development. As such, RAG-deficient mice would have been an 

appropriate model of choice given the main challenge of identifying ILC in a tissue 

that is heavily dominated by T cells. However, the thymic microenvironment is 

perturbed in RAG-deficient and effect of this on ILC populations is largely unknown. 

Given the reduced competition for ILC stimulating cytokines, such as IL-7, in the 
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thymus of RAG-deficient mice, it is not unreasonable to suggest ILC numbers may 

also increase within these mice compared to WT tissues.(164)  

Our data demonstrated the decline in ILC3 post-birth to coincide with the increase in 

ILC2. Given that ILC3 have previously been described within the thymic medulla, we 

hypothesised that ILC2 might be elevated in the absence of ILC3. Indeed, a rise in 

the number of ILC2 was observed in the thymus of both adult and neonatal RORγt-

deficient mice, consistent with the idea of a competitive niche within the thymic 

medulla. Whether the changes in ILC composition observed within these mice are a 

result of the intrinsic effects of ILC or the abnormal T-cell development is yet to be 

determined.  

It is well established that ILC require signalling through IL-7Rα for their development 

and maintenance.(27) Given that the thymus is a rich source of IL-7 where it is 

required for several stages of T cell development, it not unreasonable to suggest that 

ILC2 and ILC3 may compete for these signals. Furthermore, this idea is supported by 

the variations in ILC number observed in TCRα-deficient and RORγt-deficient mice. 

In addition to our observations in the RORγt-deficient thymus, described above, we 

also demonstrate an increase in total ILC number in the thymus of TCRα-deficient 

mice. In the context of these perturbed environments, the competition for IL-7 is 

reduced, which may account for ILC expansion.  

It was clear through our investigations that ILC account for only a small percentage of 

total cells within the thymus where they were heavily outnumbered by the expansion 

of thymocytes during postnatal development.(129,165) However, the absolute 

number of ILC2 continued to increase by 2 weeks post-birth where numbers were 
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maintained into adulthood. Our current understanding of ILC development states that 

all ILC arise from the CLP in the bone marrow that also gives rise to T and B 

lymphocytes.(104,138) Id2 is indispensible in ILC differentiation where it is required 

for the differentiation of CLP to ILCP that is no longer able to differentiate into other 

cells of the adaptive immune system.(138) Therefore, these data suggest that ILC2 

are recruited to the thymus following birth and do not appear to increase relative to 

the decline in ILC3.(129,165) However, it is currently unclear to whether ILC 

differentiation follows a single route or if ILC can arise from multipotent progenitors 

that are found outside of the bone marrow.(104) This is not unreasonable to suggest 

given that progenitors that lie upstream of the CLP in the haematopoietic lineage 

have been shown to migrate to the thymus where they exhibit potential to 

differentiate into the earliest T cell progenitors.(166–168) Whether these progenitors 

can also give rise to ILC2 is yet to be fully determined.  

It is quite possible that ILC2 have the potential to develop in the thymus from these 

ETP given that the microenvironment is rich in IL-7 and Notch signals that are 

required for ILC2 differentiation.(102,104) Moreover, progenitors of the T cell lineage 

also possess the transcription factors required for ILC2 differentiation, such as B cell 

leukaemia 11b (bcl11b), GATA-3 and T cell Factor-1 (TCF-1).(169) Furthermore, in 

vitro studies demonstrated ILC2 to arise from DN1 and DN2 cells when cultured with 

IL-33 and IL-7.(104)  

Recently, evidence has emerged to support a thymic origin of ILC2 using in vivo 

models.(104) The E proteins, E2A and HEB, have redundant roles within the thymus 

whereby the absence of one is compensated by the action of the other. Meanwhile 

deletion of both E proteins results in blocking T cell development at the DN3 
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stage.(104) Researchers have manipulated the expression of inhibitor of DNA-

binding 1 (Id1), which is not usually expressed in lymphocytes, to inhibit the action of 

E proteins and investigate ILC2 development in the thymus.(104) In this study, mice 

that were homozygous for the ectopic expression of Id1 off the proximal promoter of 

the lck gene (plck) had T cell development blocked at the DN stage and were absent 

of any T cell lineage committed cells.(104) Interestingly, analysis of the ILC2 

compartment in these mice revealed a substantial number of these cells in the 

thymus and at peripheral sites, such as the lung, mLN and spleen.(104) Furthermore, 

the use of a plck-Cre transgene to delete the genes for E2A and HEB resulted in a 

similar phenotype to the mice utilising ectopic expression of Id1.(104,170) 

Collectively, these data highlight the potential for ILC2 to arise in the thymus 

following downregulation of the E proteins required for T cell development. However, 

further work is required to determine whether downregulation of E proteins in the 

postnatal thymus is responsible for the increase in ILC2 number post-birth.  

Throughout our investigations we sought to determine the phenotype of thymic ILC to 

provide some indication of the function of these cells. Amongst our data, we 

demonstrated approximately 30% of LTi cells within the thymus of WT neonatal and 

TCRα-/- adult mice to express MHCII. Our current understanding of MHCII expression 

by ILC3 is predominantly focussed on the action of these cells at peripheral sites. 

But, the impact of MHCII expression in the context of the thymus has yet to be fully 

understood.  

At peripheral sites, MHCII expression by ILC3 has been shown to regulate CD4+ T 

cell responses to commensal bacteria by MHCII-mediated antigen presentation.(6) 

This was illustrated through the conditional deletion of MHCII on ILC3 and resulted in 
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moderate colitis in mice due to the inability to control T cell responses to the 

commensal bacteria.(6) This highlights a role for ILC3 in maintaining tissue 

homeostasis in the gastrointestinal tract where they regulate CD4+ T cell activity.(6) 

The effects of which were, in part, due to ILC3 outcompeting T cells for IL-2 and 

therefore limiting the growth factors required for T cell differentiation and survival, 

leading to the induction of apoptosis in these cells.(94,171) Additionally, it is 

anticipated that ILC3 are capable of regulating the T cell pool by limiting other key 

cytokines, such as IL-7.(171) Whether ILC3 have a similar role within the thymus 

requires further investigation. Interestingly, interactions between ILC3 and other 

immune populations is not limited to CD4+ T cells. Other studies have demonstrated 

that LTi cells are capable of presenting lipid antigens to iNKT cells mediated by 

CD1d.(171) Taken together, these data highlight a role for ILC in regulating other 

immune populations through the presentation of surface antigens, either in the 

context of MHCII or CD1d. Given that the primary role of the thymus is to generate a 

vast repertoire of immunocompetent T cells and the ability of LTi cells to express 

MHCII in this tissue, it is not unreasonable to propose a role for LTi cells in regulating 

thymocyte development through antigen presentation. However, further work is 

required to provide evidence for this role.  

Earlier in this chapter we sought to characterise the phenotype of ILC2 in the 

neonatal thymus to aid our understanding about the function of these cells. To 

approach this, we compared the expression of markers associated with ILC2, 

particularly KLRG-1, ICOS and ST2, in the neonatal thymus with those isolated from 

the lung. The lung was an appropriate control for this investigation given that our 

laboratory had previously published findings on the phenotype of lung ILC2 and we 
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already knew much about their expression by these cells.(88) During our analysis, it 

was first considered appropriate for these markers to be compared to ILC2 in the 

lung by comparing MFI. However, the resulting data highlighted bimodal distribution 

of ICOS by ILC2 in the neonatal thymus prompting us to consider whether MFI is an 

appropriate method of analysis for this marker.  

In the context of our investigation, MFI was used to compare the intensity of 

fluorescence of KLRG-1, ICOS and ST2 on the surface of ILC2 in the neonatal 

thymus with those found in the lung. In principal, the greater the expression of these 

markers on the cell surface, then the amount of antibody binding, and thus 

fluorescence, will be greater. Therefore, observing the shift in MFI could provide 

insight on the positive expression by ILC2 in the lung and neonatal thymus. However, 

this method of analysis is only appropriate when analysing normally distributed data. 

This is not true of ICOS expression by ILC2 in the neonatal thymus where two 

distinct populations are identified, adding limited value to our interpretation. Future 

analysis of this data would seek to present this data as a dot plot where the 

proportions and total number of the two populations could be quantified.  

While there were some limitations to our method of analysis, it was still possible to 

identify ICOS and ST2 expression amongst the ILC2 population. ILC2 are frequently 

associated with ICOS, which belongs to the CD28 superfamily, where it has been 

shown to regulate effector T cell function and also influence humoral immunity.(172) 

Furthermore, it has been demonstrated in the lung and intestine that ICOS signalling 

in mice regulates homeostasis independently of T and B cells in a manner that 

promotes proliferation and accumulation of mature ILC2.(172) Additionally, ICOS has 

been implicated in ILC2 activation and eosinophil infiltration in the lung in a model of 
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IL-33 airway inflammation.(172) Together, this evidence highlights a role for ICOS in 

controlling the ILC2 pool. Unlike secondary lymphoid sites in the periphery, the 

thymus does not have a role in the initiation of the adaptive immune response and 

ILC2 in this tissue are not required to control effector CD4+ T cell populations. 

However, it is quite possible that ILC2 have a function in maintaining tissue 

homeostasis in this tissue. Finally, our data demonstrated thymic ILC2 to express 

some level of ST2. Given that ST2 is a receptor for IL-33, a cytokine of the IL-1 

superfamily, it is plausible to suggest that these cells respond to IL-33, which initiates 

the signalling cascade for IL-5 and IL-13 production.(172) This will be investigated 

further in the proceeding chapter.  

Collectively, these data strengthen our knowledge of ILC composition within the 

thymus across ontogeny. Whilst previous studies have supported the role of ILC3 

within the embryonic and adult thymus, our work was the first to demonstrate the 

composition of ILC to alter from the embryonic stages through to adult. Furthermore, 

little work had been performed previously to characterise ILC2 within this tissue. 

Using a range of in vivo models, we describe an increase in ILC2 during 

development that is maintained in the adult thymus. Continuing with the use of robust 

in vivo models, the subsequent body of work will focus on exploring the function of 

these cells in the neonatal and adult thymus. Furthermore, thymus tissue will be used 

to investigate the location of these cells using immunofluorescence microscopy. 
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CHAPTER 4: INVESTIGATING THE FUNCTION OF 

THYMIC ILC  
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4.1 Introduction 

Our findings within Chapter 3 add significant knowledge to the field of ILC biology 

with regard to their presence within the thymus. While the function of these cells has 

been well defined at peripheral sites, our understanding of the role of these cells 

within the thymus is limited. As such, the overall aim of this chapter sought to identify 

the function of ILCs within the thymus.  

Current research surrounding the role of ILCs within the thymus has predominantly 

focussed on the presence of ILC3 and their associated function while the function of 

other ILC subsets within this tissue are less well known. LTi cells, of the ILC3 family, 

are of particular interest and have been described within both embryonic and adult 

thymus.(98,100) While the age of the thymus may differ within these studies, the role 

of LTi cells within this tissue is somewhat similar where they have been implicated in 

the establishment of the thymic microenvironment.(98,100)  

Beginning with the adult thymus, work published by Dudakov et al. (2012) suggested 

a role for LTi cells, defined as RORγt+ CCR6+ NKp46+ ILC3, in regeneration of the 

thymus following injury. It was shown that the depletion of CD4+ CD8+ double-positive 

(DP) thymocytes initiated the production of IL-23 by thymic dendritic cells 

(tDCs).(100) Subsequent binding of IL-23 to the IL-23 receptor (IL-23R) present on 

LTi cells stimulated the upregulation of IL-22 from these cells which had beneficial 

effects on the thymic microenvironment.(100) Thymic epithelial cells (TECs) 

responded to IL-22, which promoted their proliferation and enhanced their survival. 

Furthermore, LTi cells were shown to up regulate their expression of the IL-23R in 

response to injury and thus strengthen their ability to act within this signalling 

cascade.(100) Overall, the endogenous production of IL-22 by LTi cells was defined 
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as fundamental in the recovery of thymopoiesis and ultimate restoration of the thymic 

tissue.(100)  

The conclusions founded by Dudakov et al. (2012) were summative of a number of 

key investigations performed within their research group.(100) While similar 

quantities of IL-22 were produced within the thymus of untreated WT and Rorc-/- 

mice, the production of IL-22 in the WT thymus significantly increased compared with 

the Rorc-/- thymus 3 days post sub-lethal irradiation (SLI). Moreover, an increase in 

the proportion of IL-22+ ILC within the WT thymus was observed following lethal total 

body irradiation (L-TBI). Interestingly, Dudakov at al. (2012) identified near 80 000 

LTi cells within the WT thymus in the steady state, with half of these cells still present 

following three days recovery post-irradiation. These numbers differ from our findings 

presented within Chapter 3, however an alternative gating strategy was used within 

this study compared to that established within our research group. 

Additional investigations by Dudakov et al. (2012) sought to determine the trigger for 

IL-22 production. These investigations identified an increase in IL-22 production by 

LTi cells as a result of blocking T cell development at the DP thymocyte stage using 

Dexamethasone.(100) Furthermore, the addition of exogenous murine IL-22 was 

shown to enhance thymopoiesis by improving the viability of TECs and promoting 

their proliferation.(100) More recently, the depletion of thymic ILC3 in a model of 

Graft versus House Disease (GvHD) resulted in impaired recovery of the thymus due 

to a deficiency in intrathymic IL-22.(100,101) As such, it was inferred that 

endogenous IL-22 production by LTi cells influenced thymic regeneration in a similar 

manner. While the data presented in these investigations provide logical evidence for 

the presence of ILC3 within the adult thymus, discrepancies remain between this 
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work and that described in Chapter 3. Therefore, this chapter looked to characterise 

ILC populations within the adult thymus in response to thymic injury. 

In addition to the presence of LTi cells within the adult thymus, these cells are 

described within the embryonic thymus where they have been implicated in the 

development of a functional thymic medulla. Early investigations by Rossi et al. 

(2007) utilised FTOCs at embryonic stages E14 and E16 and identified CD4+ CD3- 

LTi cells by flow cytometry. Moreover, these cells were present at a time that 

correlates with the appearance of Aire+ CD80+ mTECs, suggesting LTi cells may 

have a role in their maturation from Aire- CD80- mTECs. These findings were 

consistent with confocal imaging, which identified LTi cells to be in close association 

to Aire+ mTECs.(98)  

Strikingly, Rossi et al. (2007) identified LTi cells within the adult thymus of Rag1-/- 

where they were phenotypically identical to LTi cells found at peripheral sites. 

Furthermore, assessment by flow cytometry of LTi cells isolated from the adult 

thymus revealed the expression of the TNF ligands OX40L and CD30L, as well as 

RANKL and IL-7Rα. RANK, along with CD40 and lymphotoxin-β receptor, regulate 

the development and function of mTECs through NF-kB signalling as demonstrated 

in mice deficient in RelB, Traf6 and NF-kB inducing kinase (Nik) which exhibited 

abnormalities within the medulla.(99)  

Given the capability of LTi cells to express RANKL, it was anticipated that RANK-

RANKL interactions in the embryonic thymus were responsible for mTEC 

development and this was later confirmed using in vitro and in vivo methods.(98) 

However, more recent studies have demonstrated normal medullary formation occurs 
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in Rorc-/- mice, which lack LTi cells. Moreover, Aire+ mTECs were shown to exist in 

the thymus of these mice, albeit reduced in number.(173) αβ+ T cells did not account 

for the emergence of of Aire+ mTECs in the thymus of Rorc-/- given the existence of 

mature mTECs prior to αβ T cell selection.(99) It was later discovered that Vγ5+ 

dendritic epidermal T cells (DETC) were a source of RANKL within the embryonic 

thymus. As such, it was concluded that the development of the first cohort of Aire+ 

mTECs at E16 was a result or RANK-RANKL interactions where RANKL was jointly 

provided by LTi cells and DETCs.(99)  

The evidence reviewed so far has focussed solely on the role of ILC3 within the 

thymus. This is due, in part, to limited discussion in the literature of other ILC subsets 

within this thymus. Recently published data from our laboratory characterised other 

ILC subsets within the thymus and identified ILC2 to be present within the neonatal 

and adult thymus.(129) Other studies have also described ILC2 within the adult 

thymus where they are thought to have a thymic origin. However, the function of cells 

in this context is yet to be understood.(103,104)  

Collectively, this chapter sought to review the functions of ILC3 and investigate the 

potential roles of ILC2 within the thymus. While T cells are considered to be the likely 

source of RANKL post birth, we hypothesised that ILC3 are capable of expressing 

RANKL in neonatal thymus prior to their decline. Furthermore, ILC3 have been 

reported to be a key provider of IL-22 in the thymus following injury. Together, these 

data implicate ILC3 in the maintenance of microenvironments that support central 

tolerance in the embryonic thymus and repair of this tissue in the adult, however the 

role of other ILC subsets following birth is largely unknown. As such, we wanted to 

better understand the function of ILC populations in the thymus in the context of 
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homeostasis, and as a way of testing this, their involvement in thymic repair following 

damage. Therefore, we hypothesise that ILC have a role in tissue repair following 

damage to the thymic microenvironment. 

To address this hypothesis, we had 2 distinct aims: 

1. Examine the effects of sub-lethal irradiation on ILC populations within the 

thymus 

2. Investigate the potential functions of ILC within the thymus 

4.2 Results 

4.2.1 Early evidence suggests recovery of the thymus is impaired in the 

absence of RORγt following injury  

As previously stated, published data has predominantly focused on the function of 

LTi cells within the thymus, while other subsets have been overlooked (98,100,101). 

Concerning the adult thymus, one study describes a model of thymic regeneration 

driven by endogenous effects of IL-22 following thymic injury.(100) Within this 

proposal, LTi cells, defined as RORγt+ CCR6+ NKp46+ ILC3, were identified as a key 

provider of IL-22 in response to depletion of CD4 CD8+ DP thymocytes.(100) This 

data contradicts our findings within chapter 3 where very few ILC3 were identified 

within the thymus. Moreover, the very few ILC3 that do exist are lost following a short 

period of neonatal development.(129) One possibility is the expansion of ILC3 in 

response to damage leading to the increased production of IL-22 by these cells. As 

such, we sought to investigate these claims within our laboratory and test the 

requirement for ILC3 in the regeneration of the thymus following damage.  
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To investigate this, adult WT and Rorc-/- mice were sub-lethally irradiated and the 

total cellularity of the thymus was assessed following 7 or 14 days recovery. The 

thymus of non-irradiated WT and Rorc-/- mice was used for controls (Figure 4.1A). It 

was anticipated that thymic recovery would be impaired in Rorc-/- mice given the 

requirement of RORγt in LTi cell development.(143,153) Within the literature, the 

production of IL-22 within the thymus has been shown to be significantly reduced in 

thymus of Rorc-/- mice compared to a WT thymus following sub-lethal 

irradiation.(100) However, this data did not attribute IL-22 production directly to LTi 

cells. Therefore, it is possible the reduction in IL-22 observed here is due to the 

absence of other RORγt-dependent lymphocytes that are also capable of producing 

IL-22, such as T-helper 17 (Th17) cells.(100,174) 

To confirm the impact of irradiation on the thymus, the depletion of thymocytes was 

assessed by comparing the total cellularity of the thymus of non-irradiated WT and 

Rorc-/- mice with the thymus of sub-lethally irradiated WT and Rorc-/- mice following 

either 7 or 14 days recovery (Figure 4.1B). In non-irradiated mice, the total thymic 

cellularity in WT mice was significantly greater than the total thymic cellularity of Rorc-

/- mice (Figure 4.1B). Comparison across WT mice demonstrated a reduction in 

cellularity 7 days after sub-lethal irradiation, which recovered by day 14 (Figure 

4.1B).  While no significant changes were observed across Rorc-/- mice, there was a 

reduction in the median cellularity at day 7 and 14 after sub-lethal irradiation 

compared to non-irradiated mice (Figure 4.1B). While this early evidence suggests 

the recovery of the thymus in Rorc-/- may be impaired, further investigations following 

longer periods of recovery are required.  
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Figure 4.1 Recovery of thymus tissue following sub-lethal irradiation is impaired in 
mice lacking ILC3 

To determine whether recovery of total thymic cellularity would be impaired in mice lacking 
Rorc-/-, adult WT and Rorc-/- mice were sub-lethally irradiated and total cellularity of the 
thymus was assessed following 7 or 14 days recovery. Where possible, WT littermates were 
matched with Rorc-/- littermates for age and sex. All cells were analysed using flow cytometry 
and total numbers calculated per whole thymus. Data shown in grey and white corresponds 
to WT and Rorc-/- mice, respectively.  

A) Illustration of the experimental model used. WT and Rorc-/- mice were sub-lethally 
irradiated at baseline (day 0) and allowed to recover for either 7 (D7) or 14 (D14) 
days. Sub-lethally irradiated mice were culled at either day 7 or day 14 and cells 
isolated from the thymus were used for analysis. Thymus tissue from sub-lethally 
irradiated mice was compared to the thymus of non-irradiated controls.  

B) Enumeration of total thymic cellularity in non-irradiated, and sub-lethally irradiated WT 
and Rorc-/- mice following 7 or 14 days recovery.  

C) Percentage thymic recovery at day 7 and 14 following sub-lethal irradiation. Thymic 
recovery determined by comparing the mean thymic cellularity of sub-lethally 
irradiated mice as a proportion of the mean thymic cellularity of non-irradiated mice of 
the same strain within the same experiment.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median. For experiments involving 7 days 
recovery, n=6 (non-irradiated) and n=5 (irradiated) for WT and n= 4 (non-irradiated) and n=5 
(irradiated) for Rorc-/- with data shown from two independent experiments. For experiments 
involving 14 days recovery, n=10 (non-irradiated) and n=12 (irradiated) for WT and n= 6 
(non-irradiated) and n=11 (irradiated) for Rorc-/- with data shown from four independent 
experiments. 

  



WT -/- WT -/-
0

20

40

60

80

100

WT D0WT D7WT D14KO D0KO D7KO D14
0.0

5.0×107

1.0×108

1.5×108

**

****

***

**

**

B 

NI D7 D14 

%
 re

co
ve

ry
 o

f t
hy

m
ic

 
ce

llu
la

rit
y 

C 

WT Rorc-/- 

Sub-lethal irradiation 
 at day 0 

recovery 

7 or 14 days 

Non-irradiated (NI) 
controls 

WT Rorc-/- WT Rorc-/- 

A 
To

ta
l c

el
lu

la
rit

y 

NI D7 D14 

NI = Non-irradiated 

WT 

Rorc-/- 

WT 

Rorc-/- 

D7 D14 

29.6 

37.0 

58.5 

36.4 



	
	

138	
	

Our ability to repeat these experiments with later time points was hindered by the 

reduced survival rates amongst Rorc-/- as a result of increased incidence of thymoma 

and reduced immune competence. Therefore, we sought an additional method to 

analyse our existing data to determine whether recovery of the thymus was impaired 

in mice lacking Rorc. To achieve this, the percentage thymic recovery was defined by 

calculating the mean thymic cellularity of the sub-lethally irradiated mice as a 

proportion of the mean thymic cellularity of non-irradiated mice within each 

experiment (Figure 4.1C). This was calculated across both WT and Rorc-/- mice at 

day 7 and day 14 following sub-lethal irradiation. From these data, the median 

percentage recovery of thymic cellularity 7 days after sub-lethal irradiation is lower in 

WT mice compared to Rorc-/- (Figure 4.1C). However, fewer cells are present in the 

thymus of non-irradiated Rorc-/- mice compared to the thymus of non-irradiated WT 

mice. Therefore, the expansion of cells in a Rorc-/- mouse would lead to a greater 

percentage recovery than would be observed if there were an increase in the same 

number of cells within the WT thymus. Analysis of thymic recovery 14 days after sub-

lethal irradiation shows the median percentage recovery for WT mice is greater than 

the value shown for Rorc-/- mice at this time (Figure 4.1C). Moreover, the median 

percentage recovery of thymic cellularity for Rorc-/- mice is similar at day 14 to the 

value shown at day 7; indicating there may be some impairment in the recovery of 

the thymus of Rorc-/- mice.  

Overall, these data suggest the recovery of thymus may be impaired in Rorc-/- mice 

compared to WT mice following sub-lethal irradiation. While statistical analysis in 

Figure 4.1C identified no significant differences across results, this may be due to the 

limited data points in this data comparison. Furthermore, only a short period of 
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recovery was investigated. While longer periods of recovery were attempted, these 

were halted due to the reduced survival amongst Rorc-/- mice as a result of increased 

thymoma incidence. 

4.2.2 ILC3 are not involved in thymic regeneration following thymic damage 

Data described within the literature pre-empted DP thymocyte depletion as trigger for 

IL-22 production by LTi cells.(100) Dudakov et al. (2012) proposed the production of 

IL-23 by thymic dendritic cells (DCs) was triggered by the depletion or absence of DP 

thymocytes. Furthermore, the binding of this IL-23 to the IL-23 receptor (IL-23R) on 

the surface of LTi cells stimulated their production of IL-22, which acted upon 

medullary thymic epithelial cells (mTEC). This proposal indicated the up regulation of 

IL-23R by LTi cells in response to thymic injury would enhance the binding capacity 

of these cells for IL-23 and, ultimately, increase the production of IL-22 in response. 

In turn, IL-22 acts on mTECs and leads to their enhanced proliferation and survival. It 

is hypothesised that it is this series of events which leads to restoration of the thymic 

microenvironment and recovery of the DP thymocyte pool.(100)	

Given that DP thymocytes are described as the trigger for thymic regeneration, it was 

important to determine the effect of sub-lethal irradiation on DP thymocytes in our 

experimental model. This required investigation of the proportion and total number of 

DP thymocyte populations in the thymus of non-irradiated WT and Rorc-/- mice with 

sub-lethally irradiated mice following 7 or 14 days recovery (Figure 4.2). 

Representative flow cytometry plots displaying DP thymocyte populations, defined as 

CD4+ CD8+, demonstrate a distinct population of these cells in both non-irradiated 

and sub-lethally irradiated WT mice (Figure 4.2A). Comparison of DP thymocytes in 
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Figure 4.2 Double-positive thymocytes are depleted following sub-lethal irradiation 

To determine whether sub-lethal irradiation affected DP thymocytes, these cells were 
quantified in the thymus of non-irradiated WT and Rorc-/- mice and to mice that have been 
sub-lethally irradiated followed by 7 or 14 days recovery. All cells were analysed using flow 
cytometry and total numbers calculated per whole thymus. Data shown in grey and white 
corresponds to WT and Rorc-/- mice, respectively. 

A) Representative flow cytometry plots of CD4+ CD8+ (double-positive) thymocytes in 
non-irradiated, and sub-lethally irradiated WT mice following 7 (D7) or 14 (D14) days 
recovery. 

B) Proportion of double-positive (DP) thymocytes amongst total cells in the thymus of 
non-irradiated, and sub-lethally irradiated WT mice following 7 or 14 days recovery. 

C) Enumeration of DP thymocytes amongst total cells in the thymus of non-irradiated, 
and sub-lethally WT irradiated mice following 7 or 14 days recovery. 

D) Proportion of DP thymocytes amongst total cells in the thymus of non-irradiated, and 
sub-lethally irradiated Rorc-/- mice following 7 or 14 days recovery. 

E) Enumeration of DP thymocytes amongst total cells in the thymus of non-irradiated, 
and sub-lethally Rorc-/- irradiated mice following 7 or 14 days recovery. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where  *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median. For experiments involving 7 days 
recovery, n=6 (non-irradiated) and n=6 (irradiated) for WT and n= 4 (non-irradiated) and n=5 
(irradiated) for Rorc-/- with data shown from two independent experiments. For experiments 
involving 14 days recovery, n=7 (non-irradiated) and n=9 (irradiated) for WT and n= 4 (non-
irradiated) and n=7 (irradiated) for Rorc-/- with data shown from three independent 
experiments. 
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the WT thymus across independent experiments demonstrated the proportion of 

CD4+ CD8+ cells to be greater at day 7 following sub-lethal irradiation compared to 

both non-irradiated mice and sub-lethally irradiated mice following 14 days recovery 

(Figure 4.2B). However, subsequent analysis of total DP thymocyte number identified 

a significant reduction in the number of these cells at both 7 and 14 days following 

sub-lethal irradiation when compared to a non-irradiated thymus in WT mice (Figure 

4.2C). Thus, confirming DP thymocytes are successfully depleted in our model of 

sub-lethal irradiation in WT mice.  

Our initial investigations aimed to determine whether thymic recovery in Rorc-/- mice 

was impaired compared to WT mice. In addition to ILC3, RORγt is critical for the 

development of the Th17 effector T cell lineage, which are also a source of IL-

22.(175,176) As such, it was appropriate to also assess DP thymocyte populations in 

the thymus of Rorc-/- mice and investigate the effect of sub-lethal irradiation on these 

cells. However, this is met with additional challenges given the critical involvement of 

RORγt in thymocyte development and enhanced survival.(176) Furthermore, severe 

immunodeficiency is associated in mice due to mutations in their Rorc 

gene.(120,175,176)  

Comparison of the proportion of DP thymocytes in both non-irradiated and sub-

lethally irradiated Rorc-/- mice following 7 or 14 days recovery identified a significant 

increase in the proportion of these cells after 14 days recovery compared to the non-

irradiated thymus, suggesting the expansion of these cells or loss of other cells 

during this time (Figure 4.2D). Comparison of total DP thymus, however, 

demonstrated no significant difference in the number of cells following sub-lethal 

irradiation at either day 7 or 14 recovery compared to the non-irradiated thymus 
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(Figure 4.2E).  Furthermore, both the proportion and total number of DP thymocytes 

is lower in cells isolated from the thymus of Rorc-/- mice compared to those from the 

thymus of WT mice in both non-irradiated and sub-lethally irradiated following both 7 

and 14 days recovery (Figure 4.2B-E). Therefore the effect of irradiation on DP 

thymocytes is less clear given that there are fewer of these cells to start with in the 

Rorc-/- thymus.   

Based on previous findings, the depletion of DP thymocytes within our model of 

thymic injury is thought to trigger the production of IL-22 by LTi cells.(100) However, 

we have not yet characterised ILC3 within the thymus of mice following sub-lethal 

irradiation. To overcome this, we characterised ILC3 populations within the adult 

thymus using our functional model of sub-lethal irradiation whilst incorporating 

markers of ILC2, which we have previously demonstrated to be the most abundant 

ILC population within the adult thymus.  

The total number of ILC, and indeed ILC2, are greater in the thymus of Rorc-/- mice, 

as described previously in Figure 3.11. As such, the flow cytometry gate for ILC2 was 

set using cells from the non-irradiated Rorc-/- thymus where these cells are easily 

identified (Figure 4.3A). Furthermore, ILC3 are absent in the thymus of Rorc-/- mice 

and cells isolated from this tissue were used to set the flow cytometry gate for ILC3 

(Figure 4.3A). These gates were applied to all other samples for consistent analysis 

(Figure 4.3A). Representative flow cytometry plots for cells isolated from the thymus 

of non-irradiated and sub-lethally irradiated mice following 7 or 14 days recovery is 

shown in the upper panel (Figure 4.3A). Representative flow cytometry plots for the 

corresponding time points in Rorc-/- mice is shown in the lower panel (Figure 4.3A). 
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Figure 4.3 ILC populations within the thymus of WT and Rorc-/- mice are depleted 
following sub-lethal irradiation 

To determine the effect of sub-lethal irradiation on ILCs within the adult thymus, ILC3 were 
characterised following sub-lethal irradiation whilst incorporating markers of ILC2, which we 
have previously demonstrated to be the main ILC population within the adult thymus. All cells 
were analysed using flow cytometry and total numbers calculated per whole thymus. Data 
shown in grey and white corresponds to WT and Rorc-/- mice, respectively. 

A) Representative FACS plots of ILC2 (GATA-3+) and ILC3 (RORγt+) in the adult thymus 
of non-irradiated (NI), and irradiated mice following 7 (D7) or 14 (D14) days recovery 
in WT (upper panel) and Rorc-/- (lower panel) mice. Cells were pre-gated on CD8α- 
CD3i- IL-7Rα+ Lineage- (Lin-) cells. Lineage channel consists of antibodies against 
CD3, CD5, CD11b, CD11c and B220.  

B) Representative FACS plot for the identification of cells isolated from the non-
irradiated mLN of a WT mouse. Cells were pre-gated on CD8α- CD3i- IL-7Rα+ 
Lineage- (Lin-) cells. Lineage channel consists of antibodies against CD3, CD5, 
CD11b, CD11c and B220.  

C) Enumeration of total ILC (identified as CD8- CD3i- IL-7Rα+ Lin- cells) in the WT 
thymus of non-irradiated (NI), and irradiated mice following 7 or 14 days recovery. 

D) Enumeration of ILC2 (identified as CD8- CD3i- IL-7Rα+ Lin- GATA-3+ cells) in the WT 
thymus of non-irradiated (NI), and irradiated mice following 7 or 14 days recovery. 

E) Enumeration of ILC3 (identified as CD8- CD3i- IL-7Rα+ Lin- RORγt+ cells) in the WT 
thymus of non-irradiated (NI), and irradiated mice following 7 or 14 days recovery. 

F) Enumeration of total ILC (identified as CD8- CD3i- IL-7Rα+ Lin- cells) in the Rorc-/ 
thymus of non-irradiated (NI), and irradiated mice following 7 or 14 days recovery. 

G) Enumeration of ILC2 (identified as CD8- CD3i- IL-7Rα+ Lin- GATA-3+ cells) in the Rorc-

/ thymus of non-irradiated (NI), and irradiated mice following 7 or 14 days recovery. 

H) Enumeration of ILC3 (identified as CD8- CD3i- IL-7Rα+ Lin- RORγt+ cells) in the Rorc-/ 
thymus of non-irradiated (NI), and irradiated mice following 7 or 14 days recovery. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median. For experiments involving 7 days 
recovery, n=6 (non-irradiated) and n=5 (irradiated) for WT and n= 4 (non-irradiated) and n=5 
(irradiated) for Rorc-/- with data shown from two independent experiments. For experiments 
involving 14 days recovery, n=10 (non-irradiated) and n=9 (irradiated) for WT and n= 6 (non-
irradiated) and n=11 (irradiated) for Rorc-/- with data shown from four independent 
experiments. 
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Much like our earlier work, cells isolated from the mLN of a non-irradiated WT mouse 

were used as a positive control for the identification of ILC3 (Figure 4.3B). 

Enumeration of total ILC (identified as CD8α- CD3i- IL-7Rα+ Lin-) demonstrated a 

depletion in these cells at day 7 following sub-lethal irradiation. Furthermore, the 

number of total ILC was not fully recovered at day 14 (Figure 4.3C). ILC2 and ILC3 

were identified amongst total ILC by their expression of GATA-3 and RORγt, 

respectively, and the total number of these cells was calculated (Figure 4.3D-E). A 

significant reduction in the total number of ILC2 in the WT thymus at day 7 and 14 

following sub-lethal irradiation was observed (Figure 4.3D). No significant reduction 

in ILC3 was identified within the thymus of non-irradiated and sub-lethally irradiated. 

However, this is due to very few ILC3 to be present within the non-irradiated thymus 

and these low numbers persist after sub-lethal irradiation. Previously, a population of 

~80 000 LTi cells were described within the adult thymus of WT mice in the steady 

state. Despite a reduction following irradiation, ~40 000 of radio-resistant cells have 

been thought to persist.(100) Overall, our data argues against this these findings, 

demonstrating very few ILC3 are present within the thymus of an adult WT mouse 

with the low numbers of these cells persisting following sub-lethal irradiation.  

Consistent with our earlier experiments, the number of total ILC and ILC2 within the 

non-irradiated Rorc-/- is raised in comparison to a WT thymus (Figure 4.3C, D, F and 

G).  Moreover, a significant reduction in total ILC is observed at day 7 following sub-

lethal irradiation in the Rorc-/- thymus (Figure 4.3F). Much like our observations in the 

WT thymus, the number of total ILC in the Rorc-/- was not recovered at day 14 

(Figure 4.3F). These findings are also true when comparing the number of ILC2 
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where a reduction in the number of these cells is observed at day 7 and 14 following 

sub-lethal irradiation in comparison to non-irradiated mice (Figure 4.3G). ILC3 were 

expected to be non-existent in the thymus of non-irradiated and sub-lethally 

irradiated Rorc-/- mice, given the requirement for RORγt in their development.(143) 

However, a median of 5 for total ILC3 was observed in the non-irradiated thymus of 

Rorc-/- mice (Figure 4.3H). Given that the Rorc-/- mice are genotyped prior to their 

use, it is unlikely for these cells to be true. Instead, the presence of background noise 

within the flow cytometer could be one explanation for their presence. Overall, these 

data demonstrate ILC populations within the thymus to be depleted within our model 

of sub-lethal irradiation. Interestingly, the depletion of ILC3 demonstrated these cells 

not to be radio-resistant as previously described.  

The data described in Figure 4.2 demonstrates the depletion of DP thymocytes in the 

WT thymus as a result of sub-lethal irradiation. Previously published work has 

reported the production of IL-22 by LTi cells as a result of DP depletion. Within this 

proposed mechanism, depletion of DP thymocytes initiates the release of IL-23 from 

thymic DCs and binds to the IL-23R on LTi cells and stimulates the production of IL-

22 from these cells (100). However, data shown in Figure 4.3 demonstrates very few 

LTi cells to be present in the non-irradiated thymus of WT mice and maintained 

following sub-lethal irradiation. As such, there is no evidence of the enrichment or 

expansion of these cells following sub-lethal irradiation. Therefore arguing against a 

role for LTi cells in regeneration of the thymus following damage.  

Despite these findings, we sought to determine whether LTi cells were capable of 

producing IL-22 in the thymus of non-irradiated and sub-lethally irradiated mice. 

Given the differences observed between our work and the data of that previously 
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published, we looked back at the primary article to aid direct comparison of the data. 

Within the literature, cells were identified as CD45+ IL-7Rα+ CD3- CD8- IL-22+ 

RORγt+, which varies from the strategy established within our laboratory. 

Furthermore, radio-resistant LTi cells were identified following 3 days recovery after 

irradiation. Whilst total thymic cellularity was shown to be at its lowest at this time 

point, the frequency of LTi cells per 107 cells was shown to increase. Thus, we 

anticipated that LTi cells, if present, would be easier to identify under these 

conditions.  

The sparsity of ILC3 in the thymus, inclusive of LTi cells, is evident throughout our 

studies. Therefore, cells isolated from the mLN of WT mice were included as a 

positive control to provide confidence in our flow cytometry gating. Overall, this model 

assessed tissue from WT mice three days after sub-lethal irradiation. As with our 

earlier investigations, cells isolated from sub-lethally irradiated mice were compared 

to cells isolated from non-irradiated controls. All cells underwent ex vivo culture with 

for a total of 4 hours to stimulate the production of IL-22. IL-1β, IL-2, IL-6, IL-23, PMA 

and Ionomycin were added at 0 hours while BFA was added after 1 hour. 

At this point in our investigations, methods established within our laboratory were 

limited by the ability to identify cells by their cytokine expression or transcription 

factor expression only, but not a combination of both. Therefore, we identified LTi 

cells within the thymus based on their expression of CCR6 in the absence of RORγt+. 

ILC3 can be subdivided into two main subsets based on their expression of the 

natural cytotoxicity receptor (NCR), NKp46. While it is acknowledged that both 

NKp46+ and NKp46- ILC3 are capable of providing IL-22, only LTi cells express 
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CCR6+.(72) As such, identifying IL-22+ LTi cells using CCR6 is appropriate strategy 

in the absence of RORγt+.(100)  

This method enabled the identification IL-22- and IL-22+ LTi cells within the non-

irradiated mLN and was defined as live IL-7Rα+ CD45+ CD3- CD8α- CCR6+ IL-22+/- 

cells (Figure 4.4A; upper panel). While LTi cells could be identified using this gating 

strategy, demonstrated by their expression of CCR6, only a small proportion of these 

cells were shown to produce IL-22 (Figure 4.4A; upper panel). This gating strategy 

was applied to cells isolated from the mLN of sub-lethally irradiated mice following 3 

days recovery (Figure 4.4A; lower panel). Whilst it was still possible to identify CCR6+ 

LTi cells in these mice, the proportion of CCR6+ IL-22- cells was greatly reduced with 

CCR6+ IL-22+ near absent (Figure 4.3A; lower panel).  

The gating strategy in Figure 4.4A was applied to cells isolated from the thymus of 

non-irradiated and sub-lethally irradiated WT mice following 3 days recovery to 

characterise IL-22-producing LTi cells in this tissue (Figure 4.4B).  Whilst live IL-7Rα+ 

CD45+ CD3- CD8- cells could be identified in the non-irradiated thymus, the staining 

of CCR6 and IL-22 is less convincing and representative of all samples (Figure 4.4B; 

upper panel). Furthermore, application of this gating strategy to cells isolated from 

sub-lethally irradiated mice following 3 days recovery demonstrated few CCR6+ cells 

to be present (Figure 4.4B). Enumeration of CCR6+ and CCR6+ IL-22+ cells identified 

their presence in the mLN of a non-irradiated mouse but numbers of these were 

depleted following sub-lethal irradiation (Figure 4.4C).  The total number of CCR6+ 

cells present in the thymus of non-irradiated mice was comparable to those present 

in the mLN. Although approximately half of CCR6+ cells were shown to express IL-22 
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Figure 4.4 Assessment of IL-22 production by ILC3 in the adult thymus following sub-
lethal irradiation using an alternative gating strategy 

To assess the production of IL-22 by LTi cells in the thymus, cells isolated from the adult WT 
thymus were assessed for IL-22 production following ex-vivo culture while adapting our 
gating strategy to match that of previously published work. All cells were analysed using flow 
cytometry and total numbers calculated per whole thymus. 

A) Representative flow cytometry plots for the identification of IL-22-producing ILC3, 
defined as live CD45+ IL-7Rα+ CD8α+ CD3i- CCR6+ IL-22+ cells, in the mLN of a non-
irradiated (upper panel), and sub-lethally irradiated (lower panel) WT mice following 3 
days recovery. 

B) Representative flow cytometry plots for the identification of IL-22-producing ILC3, 
defined as live CD45+ IL-7Rα+ CD8α+ CD3i- CCR6+ IL-22+ cells, in the thymus of a 
non-irradiated (upper panel), and sub-lethally irradiated (lower panel) WT mice 
following 3 days recovery. 

C) Enumeration of CCR6+ and CCR6+ IL-22+ amongst total ILC, defined as as live CD45+ 
IL-7Rα+ CD8α+ CD3i- cells, in the mLN of non-irradiated, and sub-lethally irradiated 
WT mice following 3 days recovery.  

D) Enumeration of CCR6+ and CCR6+ IL-22+ amongst total ILC, defined as as live CD45+ 
IL-7Rα+ CD8α+ CD3i- cells, in the thymus of non-irradiated, and sub-lethally irradiated 
WT mice following 3 days recovery.  

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=3. Data shown from one independent experiment. 
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in the non-irradiated thymus, the primary data, shown in the flow cytometry plots, was 

unconvincing (Figure 4.4D).  

In summary, the data described within this section of work is consistent with our 

observations in chapter 3. Very few ILC3 were detected within the adult thymus of 

both non-irradiated and sub-lethally irradiated mice following various lengths of 

recovery.  Our model of sub-lethal irradiation successfully depleted DP thymocytes 

but additionally depleted the few ILC3 that were also present, arguing against the 

radio-resistance of these cells. Interestingly, IL-22 production by LTi in the mLN was 

not increased in response to sub-lethal irradiation. However, it was not possible to 

comment on the effect of sub-lethal irradiation on IL-22 production by LTi cells in the 

thymus given the unconvincing antibody staining shown in our data. Nonetheless, it 

is not unreasonable to suggest a similar effect in the thymus given the reduction in 

LTi cells following sub-lethal irradiation; however, repeat analysis is required to 

provide evidence of this.   

4.2.3 LTi cells of the neonatal thymus are capable of producing IL-22 

The data described thus far argues against the production of IL-22 by LTi cells being 

critical for thymic recovery since very few of these cells exist and the total number of 

LTi cells does not increase in response to sub-lethal irradiation. Our previous findings 

have demonstrated ILC3 to be present in greater numbers within the embryonic and 

neonatal thymus until numbers of these cells decline at two weeks post-birth 

onwards. Moreover, earlier research by others has demonstrated LTi cells have the 

capability of producing important signals within the thymic microenvironment while 

more recent studies have demonstrated their role in providing IL-22 in the periphery 

(98,177,178). Combining these findings, we sought to determine whether neonatal 
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ILC3, which were detectable within the neonatal thymus, to be capable of producing 

IL-22.  

To approach this, cells were isolated from the thymus of WT neonatal mice at day 7 

and day 14 post-birth and stimulated with IL-1β, IL-2, IL-6, IL-23, PMA, Ionomycin 

and BFA in an ex vivo culture. Given our understanding of the few ILC3 present in 

this tissue compared to the periphery, cells isolated from the mLN of an adult WT 

mouse were used to provide confidence when positioning the flow cytometry gates.  

Using the cells isolated from the adult mLN, a population of IL-22 producing ILC3, 

defined as live CD45+ CD8α- CD3i- IL-7Rα+ RORγt+ IL-22+ cells, were identified 

(Figure 4.5A; upper panel). This gating strategy was applied to cells isolated from the 

neonatal thymus at day 7 post-birth (Figure 4.5A; lower panel). This strategy was 

successful in identifying IL-22-producing ILC3 in the thymus at this stage of neonatal 

development and is representative of all samples.  

Further analysis applied this gating strategy to cells isolated from the neonatal 

thymus at day 14 to determine whether ILC3 at stage in development demonstrated 

the same capability (Figure 4.5B). In comparison to cells at day 7, flow cytometry 

identified fewer IL-22+ ILC3 were present at day 14 (Figure 4.5B). For all samples, 

the position of the IL-22+ RORγt+ gate was confirmed using an unstimulated control 

using cells isolated from the neonatal thymus (Figure 4.5C). In this sample, cells 

were cultured in an ex vivo culture for the same duration as all other samples but 

excluded the addition of IL-1β, IL-2, IL-6, IL-23, PMA and Ionomycin. Enumeration of 

proportion and total number of IL-22+ ILC3 at day 7 and 14 of neonatal development 

revealed a reduction in these cells by day 14 (Figure 4.5D). However, given the 

limited availability of neonatal mice at these ages there are an insufficient number of  
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Figure 4.5 ILC3 isolated from the neonatal thymus are capable of producing IL-22 
following ex vivo stimulation at 7 days post-birth 

The ability of ILC3 within the neonatal thymus to provide IL-22 was assessed following ex 
vivo culture. Data shown in purple corresponds to ILC3. Cells isolated from the mLN  of an 
adult WT mouse were used as a positive control. All cells were analysed using flow 
cytometry and total numbers calculated per whole thymus. 

A) Representative flow cytometry plots for the identification of IL-22 producing ILC3, 
defined as live CD45+ CD8α- CD3i- IL-7Rα+ Extended Lineage- IL-22+ RORγt+ cells, in 
the adult mLN (upper panel) and neonatal thymus (lower panel) at day 7 post-birth 
following ex vivo stimulation. Cells isolated from the adult mLN were used as a 
positive control. Extended lineage channel consisted of antibodies against B220, 
CD3, CD5, CD11b, CD11c, CD19, CD49b, CD123, F4/80, FcεR1, Gr-1, and Ter119.  

B) Representative flow cytometry plot for the identification of IL-22 producing ILC3 in the 
neonatal thymus at day 14 post-birth following ex vivo stimulation.  

C) Representative flow cytometry plot for the identification of IL-22 producing ILC3 in an 
unstimulated control using cells isolated from a neonatal thymus at day 14 post-birth 
following ex vivo culture with BFA only. 

D) Proportion and total number of ILC3, defined as live CD45+ CD8α- CD3i- IL-7Rα+ 

Extended Lineage- RORγt+, expressing IL-22 in the neonatal thymus at day 7 and 14 
post-birth.  

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=2 and n=5 for day 7 and day 14 post-birth, respectively. Data shown from one 
independent experiment. 
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samples for statistical analysis. In addition, these results are representative of one 

independent experiment and would require repeating before valid conclusions could 

be made.  

4.2.4 ILC3 is a source of RANKL within the neonatal thymus 

The development and maturation of the thymic epithelial compartment is modulated 

by several factors that act by regulating the NF-ᴋβ pathway.(35,179,180) Signalling 

through this pathway is mediated by four receptors of the Tumour Necrosis Factor 

(TNF) family, of which Receptor activator of NF-ᴋβ (RANK) is one, along with 

osteoprotegerin (OPG), CD40 and lymphotoxin-β receptor.(35,179,180) Action 

through these receptors, along with cross talk between thymocytes and TECs, 

modulates the development of the thymic microenvironment.(35,179,180) There are 

multiple sources of RANKL within the thymus that has been shown to alter 

throughout ontogeny. Within the embryonic thymus this signal is provided by LTi cells 

and Vγ5+ invariant dendritic epidermal T cell (DETC) progenitors, which contributes 

to the establishment of central tolerance through maturation of Aire- mTECs to Aire+ 

mTECs.(98,179) Moreover, LTi cells of the adult thymus have been shown to 

increase RANKL expression in response to total body irradiation.(100) While T cells 

are considered to be the likely source of RANKL post birth, we wanted to identify 

whether ILC3 are able to express RANKL in neonatal thymus prior to their decline.  

To determine whether ILC3 are able to express RANKL in the neonatal thymus, cells 

were isolated from the thymus of neonatal mice 14 days post-birth and cultured 

overnight under ex vivo conditions with no additional stimulants. Cells isolated from 

the adult mLN were used as a positive control and were subject to the same 

conditions as those isolated from the thymus. Representative flow cytometry plots for 
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cells isolated from the adult mLN are shown in Figure 4.6A (upper panel) and 

populations of ILC2 and ILC3 were identified as live CD8α- CD3i- IL-7Rα+ Lin- GATA-

3+ (ILC2) and RORγt+ (ILC3). This gating strategy was applied to cells isolated from 

the neonatal thymus and proportions of ILC2 and ILC3 consistent with previous data 

were identified by their expression of GATA-3 and RORγt+, respectively (Figure 4.6A; 

lower panel).  

Subsequent analysis investigated the expression of RANKL by ILC3 in the adult mLN 

(Figure 4.6B). As shown, ILC3 in the adult mLN were used as a positive control and 

demonstrated expression of RANKL by these cells (Figure 4.6B). Moreover, an 

additional control using a streptavidin-conjugate in the absence of biotin was used as 

a negative control (Figure 4.6C). The absence of RANKL expression in Figure 4.6C 

argues the expression of RANKL by ILC3 in Figure 4.6 B is true and not reflective of 

the secondary reagent binding to cells. The RANKL+ gate shown in Figure 4.6B and 

C was applied to cells isolated from the neonatal thymus and demonstrated little 

expression of RANKL by ILC2 (Figure 4.6D) but clear expression of RANKL by ILC3 

(Figure 4.6E). Enumeration of the proportion and total number of RANKL+ ILC2 and 

ILC3 demonstrates more than half of ILC3 in the neonatal thymus were capable of 

providing RANKL (Figure 4.6F). Furthermore, the total number of ILC3 expressing 

RANKL was significantly higher than that of ILC2, where little RANKL expression was 

observed (Figure 4.6F).  Thus, RANKL expression by ILC persists after birth but it is 

restricted to the ILC3 subset. 

Our earlier data demonstrated expansion of ILC2 in the thymus of Rorc-/- mice, which 

lack ILC3. We next investigated whether absence of ILC3 would alter the function of 

ILC2. To investigate this, we compared the expression of RANKL by ILC2 in the 
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Figure 4.6 ILC3 are a source of RANKL in the neonatal thymus 

To add to our knowledge of the function of ILC post-birth, cells isolated from the thymus of 
WT neonatal mice 7 days post-birth were cultured ex vivo and assessed for their expression 
of RANKL. Samples were cultured in duplicate wells and pooled for analysis. All cells were 
analysed using flow cytometry and total numbers calculated per whole thymus. Data shown 
in orange and purple corresponds to ILC2 and ILC3, respectively. 

A) Gating strategy used for the identification of ILC2, defined as as CD8- CD3i- IL-7Rα+ 
Lin- GATA-3+ cells, and ILC3, defined as CD8- CD3i- IL-7Rα+ Lin- RORγt+ cells, in the 
mLN (upper panel) and neonatal thymus (lower panel) of WT mice. Lineage channel 
consists of antibodies against CD3, CD5, CD11b, CD11c and B220.  

B) Representative FACS plot showing RANKL expression by ILC3 (RORγt+) in the adult 
mLN.  

C) Representative FACS plot showing RANKL expression by ILC3 in the adult mLN in a 
streptavidin only control in the absence of biotin.  

D) Representative FACS plot showing RANKL expression by ILC2 (GATA-3+) in the 
neonatal thymus.  

E) Representative FACS plot showing RANKL expression by ILC3 (RORγt+) in the 
neonatal thymus.  

F) Proportion and total number of ILC2 and ILC3 expressing RANKL in the neonatal 
thymus. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=7. Data shown from two independent experiments. 
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neonatal thymus of WT and Rorc-/- mice following an overnight ex vivo culture in the 

absence of additional stimulants. As with earlier investigations, cells isolated from the 

mLN of a WT adult mouse were used for positive and streptavidin only 

controls.Representative flow cytometry plots displaying the identification of RANKL 

by ILC2 in the neonatal thymus of WT (upper panel) mice and Rorc-/- (lower panel) 

mice are shown in Figure 4.7A. ILC2 populations were pre-gated on CD8α- CD3i- IL-

7Rα+ Lin- cells, as demonstrated in Figure 4.5A. RANKL expression was successfully 

identified in cells isolated from the mLN of a WT mouse (Figure 4.7B) while no 

RANKL expression was observed in the streptavidin only control (Figure 4.7C). 

Enumeration of the proportion and total number of RANKL+ ILC2 demonstrated a 

significant increase in RANKL expression in Rorc-/- mice, demonstrating the provision 

of RANKL by ILC2 when the thymic microenvironment is perturbed.(129)  

4.2.5 ILC2 are capable of producing IL-5 following ex vivo culture 

The abundance of ILC2 within the adult thymus is a consistent finding and is 

demonstrated by data both throughout chapter 3 and chapter 4 so far. However, little 

is known about the function of these cells within the thymus. To determine whether 

ILC2 within the adult thymus were capable of producing cytokines associated with 

ILC2 function, ILC2 isolated from the thymus of TCRα-/- mice were cultured ex vivo 

and the expression of IL-5 and IL-13 was assessed. Characterisation of ILC 

populations by flow cytometry in chapter 3 (Figure 3.16) confirmed the majority of ILC 

in the TCRα-/- to be ILC2. Thus, normal development of the thymic medulla, which is 

impaired in the absence of CD4 single-positive (SP) T cells, is not required for the 

predominance of ILC2 amongst ILC populations within the thymus.(129) Moreover, a 

greater number of ILC2 are present in the thymus of TCRα-/- mice when compared to 
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Figure 4.7 RANKL expression by ILC2 is elevated in the thymus of Rorc-/- mice 

To investigate whether RANKL production by ILC2 changes in the absence of ILC3, cells 
isolated from thymus of neonatal WT and Rorc-/- 14 days post-birth were cultured ex vivo and 
their expression of RANKL was assessed. Samples were cultured in duplicate wells and 
pooled for analysis. All cells were analysed using flow cytometry and total numbers 
calculated per whole thymus. Data shown in orange and purple corresponds to ILC2 and 
ILC3, respectively. 

A) Representative flow cytometry plots for the identification RANKL expression  by ILC2 
(identified as CD8- CD3i- IL-7Rα+ Lin- GATA-3+ RANKL+ cells) in the neonatal thymus 
of WT (upper panel) and Rorc-/- (lower panel) mice. Lineage channel consists of 
antibodies against CD3, CD5, CD11b, CD11c and B220.  

B) Representative flow cytometry plot for the identification of RANKL expression by ILC3 
in the adult mLN.  

C) Representative flow cytometry plot for the identification of RANKL by ILC3 in the adult 
mLN of a streptavidin only control in the absence of biotin. 

D) Proportion and total number of ILC2 (GATA-3+) expressing RANKL in the neonatal 
thymus of WT and Rorc-/- mice. 

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=8. Data shown from one independent experiment. 
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the WT. Furthermore, experience within the laboratory has shown the number of 

viable cells to be reduced following cell culture. As such, analysis of ILC2 in the 

thymus of TCRα-/- mice would provide a sufficient number of cells for 

characterisationand enhance the sensitivity of our experiment. The variation in the 

expression of ILC2-associated cytokines across peripheral sites are well documented 

within the literature.(181–185) Therefore, cells isolated from the lung and mLN of 

TCRα-/- mice were included to control for the expression of IL-5 and IL-13. 

Furthermore, comparison of cytokine production following ex vivo culture with BFA 

only (unstimulated) was compared with cytokine production by cells following ex vivo 

culture with PMA, Ionomycin and BFA (stimulated). Representative flow cytometry 

plots cells for the expression of IL-5 and IL-13 by unstimulated (upper panel) and 

stimulated (lower panel) ILC2 isolated from the lung, mLN and thymus is shown in 

Figure 4.8A. While the majority of ILC2 in all three tissues expressed IL-13 following 

culture with BFA only, only a small proportion of these cells were shown to express 

IL-5 under these conditions (Figure 4.8A; upper panel). The expression of IL-5 by 

ILC2 appeared vastly increased following ex vivo stimulation (Figure 4.8A; lower 

panel). The position of flow cytometry gates for IL-5 and IL-13 were positioned using 

ILC2 of the TCRα-/- thymus in the absence of antibodies against IL-5 and IL-13 

(Figure 4.8B). The discovery that ILC2 in all 3 tissues demonstrated constitutive 

expression of IL-13 was a surprising find. As such, we examined the expression of 

IL-5 and IL-13 by CD45+ CD3+ CD4+ cells to determine whether our IL-13 staining 

was true or an artefact of our experiment (Figure 4.8C). These data demonstrated 

100% of CD45+ CD3+ CD4+ cells to express IL-13; indicating that this staining was an 
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Figure 4.8 ILC2 from the thymus of TCRα-/- mice are capable of producing IL-5 
following ex-vivo stimulation 

To determine whether ILC2 within the thymus were capable of producing cytokines 
associated with ILC2 function, ILC2 from the thymus of TCRα-/- mice were cultured ex-vivo 
and the expression of IL-5 and IL-13 was assessed. ILC2 isolated from the TCRα-/- lung and 
mLN are capable of producing IL-5 and IL-13 and were used as positive controls. ILC2 
isolated from the TCRα-/- thymus, stimulated ex-vivo and analysed by flow cytometry in the 
absence of anti-IL-5 and anti-IL-13 antibodies were used as negative controls. All cells were 
analysed using flow cytometry and total numbers calculated per whole tissue. Data shown in 
white and blue corresponds to unstimulated and stimulated samples, respectively.  

A) Representative flow cytometry plots for IL-5 and IL-13 production by ILC2 in the lung, 
mLN and thymus of TCRα-/- mice following an ex-vivo culture with BFA only 
(unstimulated; upper panel) or BFA, PMA and Ionomycin (stimulated; lower panel).  

B) Flow cytometry plot demonstrating IL-5 and IL-13 expression in the thymus of a 
TCRα-/- mouse with anti-IL-5 and anti-IL-13 antibodies absent from the flow cytometry 
panel. The position of the IL-5 and IL-13 gates were set using the position of the 
negative population in this control. 

C) Representative flow cytometry plot for IL-5 and IL-13 production by live CD45+ CD3+ 

CD4+ T cells in the mLN following ex-vivo culture with BFA only (unstimulated). 

D) Proportion of ILC2 in the lung of TCRα-/- mice expressing IL-5 following ex-vivo culture 
in unstimulated and stimulated samples. White and blue triangles correspond with 
unstimulated and stimulated samples, respectively.  

E) Proportion of ILC2 in the mLN of TCRα-/- mice expressing IL-5 following ex-vivo 
culture in unstimulated and stimulated samples. White and blue triangles correspond 
with unstimulated and stimulated samples, respectively.  

F) Proportion of ILC2 in the thymus of TCRα-/- mice expressing IL-5 following ex-vivo 
culture in unstimulated and stimulated samples. White and blue triangles correspond 
with unstimulated and stimulated samples, respectively.  

G) Enumeration of ILC2 capable of expressing IL-5 in the lung, mLN and thymus of 
TCRα-/- mice following ex-vivo stimulation.  

Mann-Whitney U (non-parametric, two-tailed) test was used (comparing two data sets) and 
Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where  *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=6. Data shown from three 
independent experiments. 
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artefact of our experiment. Therefore, quantification of IL-13 was excluded from 

subsequent analysis.      

Comparison of the proportion of ILC2 expressing IL-5 in unstimulated and stimulated 

samples demonstrated no significant difference in the expression of IL-5 in the lung 

(Figure 4.8D). However, the proportion of ILC2 from the mLN and thymus expressing 

IL-5 was significantly increased following ex vivo stimulation (Figure 4.8E-F). Further 

analysis of the total number of ILC2 expressing IL-5 and following ex vivo stimulation 

revealed a greater number of these cells to be present within the thymus compared 

to the lung and mLN (Figure 4.8G).  

Overall, these data demonstrate ILC2 isolated from the thymus of TCRα-/- mice to be 

capable of producing cytokines associated with the function of ILC2 at peripheral 

sites. However, further investigations are required to verify IL-13 production in this 

context. 

4.2.6 ILC2 reside in the thymic medulla 

So far, our data has predominantly focussed on the characterisation of ILC within the 

thymus and the signals they produce. As such, we sought to better understand the 

function of these cells by investigating their location within the thymus. The analysis 

of ILC in lymphoid tissue sections is challenging given the presence of T cells, which 

dominate the tissue and hinder the identification of other cell types (129). Therefore, 

we hypothesised ILC identification within the thymus would be easier in a TCRα-/- 

thymus where fewer T cells are present (129).  

Given the abundance of ILC2 within the adult thymus, we aimed to determine the 

location of these cells by immunofluorescence. Using this technique, putative ILC2 
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(identified as CD3- IL-7Rα+ GATA-3+) were found scattered within the medulla of the 

thymus (Figure 4.9A). Additional frozen sections of TCRα-/- thymus was assessed for 

the expression of ICOS; confirming these cells to be ILC2 (identified as CD3- IL-7Rα+ 

ICOS+) (Figure 4.9B). Overall, the data shown in Figure 4.8 and Figure 4.9 

demonstrate thymic ILC to be capable of producing signature cytokines associated 

with ILC2 while residing in the medulla of the thymus.   

4.2.7 ILC2 within the neonatal thymus share functional similarities to those 

isolated from adult tissue   

Our previous work assessed ILC2 cytokine production and the location of these cells 

in the thymus of TCRα-/-. Therefore, we wanted to confirm these observations in a 

WT thymus. To make this challenge technically easier, we chose to assess the 

neonatal thymus. While the number of ILC2 in the thymus of neonatal mice at day 14 

is similar to the number present in the thymus of a WT adult, the total cellularity of the 

thymus within the neonate is much less. Therefore, the frequency of ILC amongst T 

cells is greater in the neonatal thymus and may be easier to identify.  

From our earlier investigations, we demonstrated ILC2 isolated from the thymus of 

adult TCRα-/- mice to be capable of producing IL-5 following ex vivo stimulation. 

While our data concerning the production of IL-13 in these mice requires further 

validation in the adult thymus, we sought to determine whether ILC2 in the neonatal 

thymus of WT mice were capable of producing type-2 cytokines. To address this, 

cells isolated from the thymus of neonatal WT mice were stimulated ex vivo with PMA 

and Ionomycin in the presence of BFA. Cells isolated from the lung of an adult WT 

were used as a positive control for IL-5 and IL-13 expression by ILC2. 

Representative flow cytometry plots for the identification of IL-5 and IL-13 expression 
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Figure 4.9 ILC2 are located in the thymic medulla of TCRa-/- mice 

To better understand the location of thymic ILC2, frozen tissue sections from the thymus of 
adult TCRα-/- mice were assessed for the presence of ILC2 using confocal microscopy.  

Data representative of 3 mice. Scale bar represents 100µm. Sections were counterstained 
using 4’,6-diamidoino-2-phenylindole (DAPI). Regions of interest are shown within a white 
square.  

A) Tile scanned image (left) showing areas of the thymic medulla and cortex in the thymus of 
an adult TCRα-/- mice. Frozen tissue sections were stained for the expression of CD3, IL-7Rα 
and GATA-3. Zoomed in image (right) showing region of interest manually zoomed in post-
capture. Putative ILC2 are surrounded by a white circle.  

B) Tile scanned image (left) showing areas of the thymic medulla and cortex in the thymus of 
an adult TCRα-/- mice. Frozen tissue sections were stained for the expression of CD3, GATA-
3 and ICOS. Zoomed in image (right) showing region of interest manually zoomed in post-
capture. Putative ILC2 are surrounded by a white circle.  
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by ILC2 (identified as CD45+ CD8α- CD3i- IL-7Rα+ GATA-3+ IL-5+/IL-13+ in the lung 

(upper panel) and neonatal thymus (lower panel) is shown in Figure 4.10A. 

Fluorescent Minus One (FMO) controls for IL-5 (upper panel) and IL-13 (lower panel) 

expression using cells isolated from the neonatal thymus following ex vivo stimulation 

is shown in Figure 4.10B.  

Initial observations from these flow cytometry plots show clear expression of IL-5 and 

IL-13 expression by ILC2 in both tissues (Figure 4.10A). Enumeration of the 

proportion of cytokine-expressing cells in the neonatal cells demonstrates a greater 

proportion of ILC2 expressing IL-13 compared to IL-5 (figure 4.10C). However, 

comparison of total numbers of these cells reveals no significant difference (Figure 

4.10D). These findings are consistent with the functionality of cells isolated from the 

thymus of adult TCRα-/- mice. Furthermore, previous immunofluorescent analysis of 

the TCR-/- thymus demonstrated ILC2 to be present within the medulla. We 

anticipated ILC2 in the neonatal thymus to also be present within this location. To 

investigate the location of ILC2 within the neonatal thymus, frozen tissue sections 

from WT mice at day 14 post-birth were assessed by immunofluorescence. These 

data revealed putative ILC2, identified as CD3- IL-7Rα+ GATA-3+ cells, were present 

in the medullary area.  
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Figure 4.10 ILC2 isolated from the neonatal thymus are capable of producing IL-5 and 
IL-13 following ex vivo stimulation 

Our previous data has shown ILC2 to reside in the thymic medulla of TCRα-/- mice where 
they are capable of producing IL-5 and IL-13. To better understand the function of ILC2 in the 
thymus of WT mice, cells isolated from the thymus of WT neonatal mice, where many ILC2 
are present, and the capability of ILC2 to produce IL-5 and IL-13 was assessed following 
stimulation ex vivo. In addition, frozen tissue sections from the WT thymus 14 days post-birth 
were assessed for the presence of ILC2 using confocal microscopy. Data shown in orange 
corresponds to ILC2. 

A) Representative flow cytometry plots for the identification of IL-5 and IL-13 producing 
ILC2, defined as live CD45+ CD8α- CD3i- IL-7Rα+ GATA-3+  cells, in the adult lung 
(upper panel) and neonatal thymus (lower panel) at day 14 post-birth. The cells 
isolated from the adult lung were used as a positive control. 

B) Representative flow cytometry plots for FMO controls for IL-5 (upper panel) and IL-13 
(lower panel) using cells isolated from the neonatal thymus at day 14 post-birth. The 
gates for IL-5 and IL-13 in A) were positioned using these controls.  

C) Proportion of ILC2 expressing IL-5 and IL-13 in the neonatal thymus at day 14 post-
birth.  

D) Enumeration of ILC2 expressing IL-5 and IL-13 in the neonatal thymus at day 14 
post-birth.  

E) Tile scanned image (left) showing areas of the thymic medulla and cortex in the 
thymus of a neonatal WT mouse at 14 days post-birth. Frozen tissue sections were 
stained for the expression of CD3, IL-7Rα and GATA-3. Zoomed in image (right) 
showing region of interest (white square) manually zoomed in post-capture. Putative 
ILC2 are surrounded by a white circle. Data representative of 3 mice. Scale bar 
represents 100µm. Sections were counterstained using DAPI.  

Mann-Whitney U (non-parametric, two-tailed) test was used for statistical analysis where 
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all graphs the bar represents the 
median, n=10. Data shown from two independent experiments.  
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4.3 Discussion 

Overall, this study aimed to investigate the function of ILCs within the thymus. Firstly, 

we investigated the role of ILC3 in the regeneration of the thymus following injury, 

which was addressed using an in vivo approach of sub-lethal irradiation. However, 

contrary to previously published findings, we did not discover a role for ILC3. While 

our evidence suggested the recovery of the thymus might be impaired in mice lacking 

RORγt when compared to a WT, very few ILC3 were detected in the thymus of non-

irradiated WT mice. Furthermore, the numbers of ILC3 were further depleted 

following sub-lethal irradiation; arguing against the radio-resistant nature of these 

cells. As such, it is unlikely these cells are a main source of IL-22 given the very few 

ILC3 that exist within the thymus at steady state and following injury.  

Given the stark differences in the conclusions within the literature compared to our 

own findings, we returned to dissect the approach of Dudakov et al. (2012).(100) 

However, the gating strategy was not included within the primary data and was 

inferred from their description of cell markers used. Nonetheless, our observations 

were not consistent with those published. While LTi cells, including IL-22-producing 

LTi cells, were observed in the mLN, very few of these cells were identified in the 

adult thymus. Furthermore, these results were observed 3 days after sub-lethal 

irradiation where thymic cellularity is described at its lowest following injury. 

Therefore, the presence of LTi cells within this tissue should be easily identifiable at 

this time.  Whereas, T cells vastly outnumber ILC in the steady-state and complicate 

ILC identification due to the phenotypic similarities between T cells and ILC.(138)    
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Of note, there were some differences between the methods used within our 

investigations compared to evidence in the literature. Firstly, Dudakov et al. (2012) 

digested the thymus using enzymes prior to analysis whereas we used mechanical 

means to disaggregate the thymus tissue.(100) In addition, an increase in the 

proportion of IL-22+ ILC was observed in the thymus of L-TBI mice and cells isolated 

from this tissue were cultured ex vivo in BFA only. Experience within our laboratory 

has shown the production of IL-22 by T cells and ILC3 to require additional signals. 

Finally, the gating strategy described by Dudakov et al. (2012) is not as extensive as 

the strategy established within our laboratory.(100) Therefore, it is not unreasonable 

to suggest some level of misidentification within the published literature. As our 

findings demonstrate within Chapter 3, the identification of ILC3 within the adult 

thymus requires a well-defined gating strategy, which was confirmed using a series 

of robust in vivo models.  

These data argue that, while LTi cells do not have a role in the recovery of the 

thymus following injury, there is still a requirement for an endogenous source of IL-

22. Th17 are amongst other cells within the thymus with the capability of producing 

IL-22. Moreover, CD4+ T cells differentiate into IL-22-producing Th17 cells as a result 

of signals from IL-23. This Th17 axis of IL-23 and IL-22 is comparable to that 

suggested for IL-22 production by LTi cells. Furthermore, CD4+ SP T cells were 

present in the adult thymus following depletion of DP thymocytes with 

Dexamethasone.(100) As such, it is possible the production of IL-23 by thymic 

dendritic cells in response to depletion of DP thymocytes could act on pre-existing 

CD4+ T cells and promote their differentiation into IL-22-producing Th17 cells. 

Moreover, IL-22 production is driven by the expression of RORγt. Therefore, the loss 
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of IL-22 production in Rorc-/- mice following irradiation could be explained by the 

reduction in IL-22-producing T cells and not LTi cells, which exist in very few 

numbers.  

Until recently, thymic populations of ILC subsets other than ILC3 have been 

neglected. In Chapter 3 we demonstrate ILC2 to be a prominent population within the 

adult thymus where its function is largely unknown. As such, we also assessed the 

effect of thymic damage on ILC2. The idea that ILC2 may have a role in the repair of 

thymus tissue is not unreasonable given that ILC2 has been implicated in tissue 

repair at peripheral sites.(186–188) However, much like ILC3, the numbers of ILC2 in 

the WT thymus were depleted by day 7 following sub-lethal irradiation. Arguing 

against a role for either subset in the re-establishment of thymus tissue following 

damage.  

However, there are challenges associated with irradiation experiments, including 

what determines recovery. This is evident in Figure 4.1B whereby there is a 

statistically significant difference in total cellularity between the NI control and day 7 

in WT mice, however, there is no significant difference between the NI control and 

D14 even though the median total cellularity at day 14 is lower than in the NI control. 

We tried to overcome this within our investigations by calculating the percentage 

recovery of thymic cellularity in each experiment, as shown in Figure 4.1C. To 

achieve this, the median cellularity of the thymus from NI controls and irradiated mice 

were calculated. The median total cellularity of the irradiated thymus was then 

calculated as a percentage of median total cellularity of the NI control. This method 
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accounts for only 2 data points for day 7 in Figure 4.1C as the data point represents 

the median for the experiment and not individual mice.  

Following our characterisation of ILC populations within the thymus, we sought to 

better understand the location of these cells to provide insight into what their function 

might be. However, analysis of ILC populations in thymus tissue is challenging given 

the vast number of T cells that likely surround ILC. This was addressed within our 

investigations by analysing thymus tissue from TCRα-/- mice and identified putative 

ILC2, defined as GATA-3+ CD3- IL-7Rα+, which was present in the medullary region. 

Analysis of ICOS expression in this tissue identified a similar population of GATA-3+ 

CD3- IL-7Rα+. Given that our earlier data identified ICOS expression amongst thymic 

ILC2 this provided further evidence to support the identification of these cells. 

Although the separation of the cortex and medulla is clear by the densely packed 

CD3 staining which is apparent in the cortex, these images could be strengthened 

with the addition of appropriate controls. One example of this is the use of keratin 

staining to clearly identify the separate regions of the cortex and medulla. For 

example, keratin-5 is exclusively expressed by medullary subsets and has been used 

by other groups to identify the medullary region.(173,189) 

The prominence of ILC2 throughout neonatal development and adulthood prompted 

further investigation into the signals these cells can produce. It has been well 

established that ILC2 act as a source of type 2 cytokines at peripheral sites.(27) As 

such, it was not unreasonable to hypothesise that ILC2 are a local source of these 

cytokines within the thymus. While we sought to determine the expression of IL-13 by 

ILC2 in the adult TCRα-/- thymus, we identified an artefact in our experiment that 
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limited the value of our interpretation. However, ILC2 isolated from the neonatal 

thymus were later demonstrated to produce IL-5 and IL-13 upon ex vivo stimulation.  

In addition to our own studies, there has been a growing appreciation for ILC2 within 

the thymus. Much of the recent work has focussed on the effect of E protein deletion 

on ILC2 development in the thymus.(104) However, much like our own 

investigations, other groups have also sought to assess the potential of ILC2 to 

produce type 2 cytokines in vitro. Studies in vitro have previously identified the 

requirement of IL-2, IL-7 and IL-33 for thymic ILC2 differentiation, survival and 

expansion.(105) Recently, Qian et al. (2019) demonstrated cytokine production by 

ILC2 in response to known ILC activators. The authors first assessed cytokine 

production in the presence of IL-2 and IL-7 only, and demonstrated little IL-5 and IL-

13 to be produced by these cells.(105) However, culturing ILC2 in the presence of IL-

2, IL-7 and IL-33 demonstrated the capability of ILC2 to produce IL-5 and IL-13.(105) 

While a similar effect was observed in the presence of IL-2, IL-7 and IL-25, the level 

of IL-5 and IL-13 production was to a lesser extent.(105) Although our own data 

requires further work to provide firm conclusions on the production of IL-13, the data 

shown in this study supports the idea that ILC2 from the thymus can produce these 

cytokines if provided with the correct signals, namely IL-25 or IL-33. Interestingly, 

single-cell mapping of the thymic stroma has identified a mTEC IV population with 

characteristics similar to epithelial tuft cells that are known to the gut.(136) This is of 

relevance here given that we have identified ILC2 to be present within the medulla 

and where others have shown ILC2 capable of responding to IL-25. The relevance of 

this in the wider context of thymic function has yet to be determined. However, it is 
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possible to hypothesise the role of ILC2 in the thymus given our current 

understanding of the thymic microenvironment.  

The production of type 2 cytokines, such as these, have been implicated in T cell 

development within the thymus (129,165). In particular, signalling through the IL-4/IL-

13 receptor complex on developing haematopoietic progenitors directly influence 

early decisions of cell fate; favouring myeloid differentiation over T cell 

differentiation.(190) Furthermore, IL-4 and IL-13 have been shown to have an 

influential effect on thymic epithelial cells. Within these studies, IL-4 and IL-13 signals 

from iNKT cells regulated mature T cell egression.(191) Given that we have identified 

ILC2 to be present in the thymic medulla, it is not unreasonable to suggest that ILC2-

derived IL-13 supports the migration of mature T cells out of the thymus. However, 

whether these signals are redundant to iNKT cells requires further study. 

Overall, evidence described within this thesis supports a role for ILC2 in providing a 

local source of type 2 cytokines within the thymus. Whether the functions of ILC2 are 

unique or redundant to other innate populations, such as iNKT cells, would require an 

in vivo model with specific deletion of ILC2, which is not an easy feat.(129,165) The 

phenotypic similarity between T cell and ILC populations has been repeatedly 

discussed within this thesis. Amongst the ILC population, ILC2 are distinguished by 

their expression of GATA-3 and ability to produce type-2 cytokines. However, ILC2 

share components of the developmental pathway with ILC1 and ILC3 subsets, and 

mature ILC express many of the same surface antigens, such as IL-7Rα.(147) While 

specific deletion of ILC2 in mice would aid our understanding of these cells, both the 

developmental and phenotypic similarities between ILC2 and other cell types make 

this objective difficult to achieve.  
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Over recent years, progress has been made in the field ILC biology owing thanks to 

the development of multiple mouse models. Of interest here, it is possible to use of 

conditional knock out mice to gain a greater understanding of ILC2 in the thymus. 

Using this method, researchers have developed IL-7RαCre Rorαflox mice that 

conditionally delete RORα, a key regulator of ILC2 differentiation and function, from 

IL-7Rα+ cells.(192,193) The role of this transcriptional regulator in ILC2 development 

has been reaffirmed using “staggerer’ mice that have a spontaneous deletion in the 

Rorα gene and thus limiting their development.(153,194) However, such mice are not 

without their caveats. Studies at the mRNA level have shown Rorα to be broadly 

expressed by all ILC subsets.(193) While the greatest expression is amongst ILC2, 

this identifies an issue whereby other ILC subsets may be affected.(195) Moreover, a 

similar issue may be encountered in mice where GATA3 is the subject of conditional 

targeting, given the early role of GATA3 in restricting the CLP to NKP or ChILP 

subsets prior to their commitment to NK cell, ILC1, ILC2 and ILC3 lineages.(75) 

While there is no perfect model to study the function of ILC2, or indeed other ILC 

subsets, in isolation, the availability of different strains may be used in combination to 

enhance our understanding of these cells. Together, these types of experiments are 

important in understanding the role of ILC2 cells and, subsequently, whether ILC2 

are redundant against cells with parallel functions.  

Since completion of my investigations, researchers at the University of Birmingham 

have obtained a unique mouse model that changes the way in which ILC2 can be 

studied. The novel mouse strain, known as Red5 x RAGGFP, combines the 

expression of tdTomato under the IL-5 promoter with GFP under the RAG genes. 

This mouse is particularly useful when investigating ILC2 in the thymus as it enables 
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discrimination of T cells using GFP; aiding identification of ILCs, from which ILC2 can 

be isolated and the expression of IL-5 by these cells determined. This has the 

additional advantage of assessing IL-5 production in vivo, which is advantageous 

over our ex vivo techniques.  

Concerning the embryonic thymus, ILC3 have been implicated in the provision of 

RANKL where they aid the maturation of the first cohort of mTECs at E16. It was 

later discovered that this signal was jointly provided with Vγ5+ DETCs.(99) While 

CD4+ T cells are the likely source of RANKL post-birth, we investigated whether ILC3 

were able to produce RANKL in the neonatal thymus prior to their decline. Moreover, 

we assessed the provision of ILC2 to express RANKL in this tissue. Results from this 

investigation demonstrated that ILC3 were capable of expressing RANKL in the 

neonatal thymus but little RANKL was expressed by ILC2. Thus demonstrating the 

expanding population of ILC2 within the neonatal thymus do not take over the 

provision of RANKL from ILC3 following their decline. While we have identified ILC2 

to reside within the thymic medulla, these data would argue ILC2 and ILC3 within the 

thymus to be functionally distinct.(129,165) Strikingly, ILC2 within the neonatal 

thymus of Rorc-/- mice express RANKL. This suggests ILC2 are capable of 

expressing RANKL when the thymic microenvironment is perturbed.(129)  

To conclude, the data described within this chapter is consistent with our earlier 

characterisation of thymic ILC subsets. Despite published findings indicating a role 

for ILC3 in the regeneration of the adult thymus following injury, very few ILC3 were 

observed within this tissue. Importantly, numbers of ILC3, along with ILC2, were 

depleted following sub-lethal irradiation, demonstrating these cells not to be radio-

resistant as first thought. While further research is required concerning the role of 
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ILC3 within the adult thymus, the role of these cells within the embryonic and 

neonatal thymus is much clearer, where they act to provide RANKL and aid mTEC 

maturation. Unless in otherwise perturbed environments, ILC2 are unable to provide 

RANKL signals and instead have a distinct function. Evidence supports a role for 

ILC2 in providing a local source of type 2 cytokines within this tissue. However, 

whether these signals are redundant to less rare populations within this tissue 

requires the specific deletion of ILC2. 

  



	
	

173	
	

 

 

 
 
	

CHAPTER 5: ASSESSMENT OF ID2 EXPRESSION 

AMONGST INNATE AND EFFECTOR POPULATIONS  



	
	

174	
	

5.1 Introduction 

Thus far, this thesis has used several in vivo tools in an attempt to better identify and 

characterise ILC populations within the thymus. The expression of Id2 was used in a 

number of these models to definitively identify ILC populations within this tissue. 

From these investigations, it was evident that a surprising number of other cells 

expressed, or had previously expressed, Id2. Therefore, these data indicated that the 

Id2 transcription factor was much broader than we had anticipated amongst T cells 

populations, including αβ T cells and their innate-like counterparts. This chapter 

follows on from this interesting observation and aimed to characterise lymphocytes 

expressing Id2.  

Recently, publications have started to identify roles for Id2 in αβ T cell populations. 

Shaw et al. (2016) reports a clear role for Id2 in the differentiation of CD4+ T cells into 

effector T cell populations while its expression is largely absent in follicular helper T 

cells.(196) Previous studies in CD8+ T cells have highlighted a similar function for this 

transcription factor where Id2 was up regulated during the effector response. Further 

to this, the loss of Id2 resulted in uncontrolled E protein activity and subsequent loss 

of effector CD8+ T cells.(197,198) More recently, the authors have developed our 

understanding of Id2 in CD8+ T cells using a murine model of lymphocytic 

choriomeningitis virus infection.(199) Here, Omilusik et al. (2018) showed that distinct 

CD8+ T cell subsets require regulation of Id2 for their maintenance.(199) Novel 

discoveries have also identified a tissue-specific association between Id2 and 

adipose regulatory Tregs (aTregs).  Expression of Id2 mRNA was 4-fold greater in 

aTregs in Viseral Adipose Tissue (VAT) compared to splenic aTregs. Moreover, the 

loss of Id2 resulted in a substantial decline in aTreg number in VAT while these cells 
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were unaffected in the lymphoid tissue.(200) The studies highlighted above 

demonstrate some advancement in our understanding of Id2 in lymphocyte 

populations over the last few years. However, it is important to note that much of this 

work was published following completion of our own work that will be described 

within this chapter. 

Whilst Id2 has attracted a surge of interest towards investigating its functional role in 

αβ T cells, the role of Id2 in the development of these cells is not well understood. 

This can also be said for innate-like populations, such as iNKT cells and γδ T cells, 

which also arise from the thymus. This is perhaps owing to the lethality of Id2 

knockout models that would otherwise be useful for deciphering the role of this 

transcription factor during development and the immune response. Furthermore, Id2-

deficient mice that do make it to term are poorly developed with a host of defects; 

again arguing against these mice as an ideal model for such investigations. 

D’Cruz et al. (2014) investigated Id2 and Id3 expression at the mRNA level in iNKT 

cells as they entered different stages of maturation in the thymus.(77) This study 

found Id3 mRNA to be most prominently expressed at stages 1 and 2 (identified as 

CD24lo CD44lo NK1.1lo and CD24lo CD44hi NK1.1lo cells, respectively) while Id2 was 

expressed amongst stage 3, representing mature iNKT cells. These investigations 

were continued using flow cytometry whereby CD1d-tetramer+ TCRβ+ cells were 

sorted from the thymus of Id2-YFP reporter mice based on their expression of Tbet, 

PLZF and RORγt to identify iNKT1, iNKT2 and iNKT17 subsets, respectively. Of 

these, all three subsets were shown to express Id2 with iNKT1 cells demonstrating 

the highest level of expression defined by Median Fluorescence Intensity (MFI).  
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Until recently, our understanding of Id2 expression amongst αβ T cells was 

predominantly focussed on CD8+ T cells where Id2 has been shown to promote 

effector T cell differentiation. This is mediated by inhibition of the E2A transcription 

factor that would otherwise activate several genes involved in the development and 

function of CD8+ memory T cells.(201) This was identified using a conditional 

knockout model that enabled the specific deletion of Id2 in T cells to assess its 

function in CD8+ T cells.(201) However, there has been growing interest in Id2 as an 

important regulator of CD4 T cell differentiation. This has led to a greater 

understanding the role of Id2 in these cells where it has been implicated in the 

differentiation of specific effector subsets; much like its action in CD8 T cells.   

Effective host protection requires the differentiation of T cells into effector subsets 

that are able to mount a suitable response.(196) Shaw et al. (2016) investigated the 

role of the Id family of inhibitors in the differentiation of CD4 T cells into type 1 T-

helper cell (Th1) and T follicular helper cell (Tfh) subsets, which had not previously 

been defined.(196) This study demonstrated Id2 to be expressed in Th1 cells while 

Id2 expression in Tfh cells was largely absent. Using RNA-interference to deplete Id2 

in CD4 T cells, the authors demonstrated an increase the frequency of Tfh cells. 

Moreover, the generation of Th1 cells was impaired in Id2-deficient mice following 

infection with Toxoplana gondii, which is known for polarizing CD4 T cells towards a 

Th1 response.(196,202) Overall, these investigations demonstrated Id2 to be a key 

regulator of Th1 cell differentiation in the context of this response.  

In addition, Id2 has been implicated in the effector function of Th17 cells. One study 

demonstrated a role for Id2 in the development of Th17 driven Experimental 

Autoimmune Encephalomyelitis (EAE) using an Id2 knockout mouse model. The 
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absence of Id2 highlighted a decrease in CD4 T cell numbers at peripheral sites, 

owing to reduced proliferation and increased cell death.(203) More recently, Id2 has 

been further implicated in exacerbating the Th17 response required to drive EAE by 

influencing regulatory T cell (Treg) plasticity. In these studies, the authors 

demonstrated an increase in Id2 expression in response to pro-inflammatory 

cytokines, IL-1β and IL-6. This, in turn, reduced Forkhead box P3 (FoxP3) expression 

in Tregs whereby these cells were converted to an “ex-FoxP3” Th17 phenotype 

capable of producing the Th17-associated cytokine, IL-17A.(204)   

While there appear to be a number of factors that influence the development of γδ T 

cells in the thymus, our understanding of E proteins and their transcriptional 

regulators, the Id proteins, is less well documented. One publication demonstrated 

Id2 and Id3 act together to regulate the development and population size of innate-

like γδ T cells that express the Vγ1.1 and Vγ6.3 segments.(66) Concerning Id2 only, 

this paper demonstrated Id2 to be absent in developing cells and Id2 expression to 

be restricted to mature γδ T cells (TCRγδ+ CD24- CD44high).(66) Moreover, Id2 

expression is higher in Vγ1.1+ and Vγ6.3+ subsets compared to cells negative for 

Vγ1.1 Vγ1.1 and Vγ6.3 segments. Furthermore, Id2 was deleted using a conditional 

knock out model and this enabled the moderate expansion of γδ T cells, 

demonstrating a role for Id2 in restricting expansion of these cells. Much like our 

investigations, the authors understood the value of Id2-eGFP reporter mice for 

investigating cellular expression of Id2. GFP- γδ T cells were sorted from these mice 

and cultured with OP9-DL1 cells, which is known to support differentiation of 

progenitors to T-lymphocytes, and IL-7. Interestingly, GFP expression was up 
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regulated following stimulation with an anti-γδTCR antibody, proposing Id2 

expression may be controlled by stimulation of the TCR.(66) 

Together, the evidence discussed here suggests a role for Id2 in multiple lymphocyte 

populations. However, much of this work, including that published after our own 

investigations, describes the expression of Id2 at peripheral locations. Therefore 

neglecting the expression of Id2 expression during lymphocyte development. There 

has been some attempt to characterise Id2 expression amongst iNKT cells, and to 

some extent, γδ T cells, in the thymus. However, little is known about the influence of 

Id2 throughout development on the effector fates of these cells. As such, we sought 

to exploit our Id2 reporter and fate-mapping models to address 3 distinct aims: 

1. Characterise the expression of Id2 amongst iNKT1, iNKT2 and iNKT17 

subsets in the thymus and peripheral lymphoid tissues 

2. Examine the expression of Id2 in γδ T cells associated with different effector 

fates in the thymus and peripheral lymphoid tissues of adult and neonatal mice 

3. Investigate the expression of Id2 in CD4+ T cells following initiation of a type-1 

immune response 

5.2 Results 

5.2.1 Characterisation of Id2 expression amongst iNKT cells, αβ T cells and γδ 

T cells 

To examine the expression of Id2 amongst innate and effector populations, Id2creERT2 

x ROSA26RFP mice were administered tamoxifen by oral gavage for 5 consecutive 

days and cells isolated from the mLN and thymus were assessed. As with our earlier 

investigations, this model enables the identification of cells that are expressing Id2 
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during the window of tamoxifen administration, and just before. The extent of fate-

mapping cells to Id2 in this manner is dependent on the efficiency of Cre induction 

following tamoxifen administration. Using a combination of markers specific for iNKT 

cells, αβ T cells, γδ T cells and ILCs, these cells were characterised amongst cells 

fate-mapped to Id2 (RFP+) using flow cytometry. First gating on cells isolated from 

the mLN, RFP+ iNKT cells (CD1d-tetramer+ TCRβ+), αβ T cells (CD1d-tetramer- 

TCRβ+), γδ T cells (CD1d-tetramer- TCRβ- TCRγδ+) and ILCs (CD1d-tetramer- TCRβ- 

TCRγδ  IL-7Rα+ Lineage-) were identified (Figure 5.1A; upper panels). Subsequent 

analysis applied this gating strategy to cells isolated from the thymus and, once 

again, each of these subsets could be observed (Figure 5.1A; lower panels). Gating 

controls used cells isolated from the mLN (left) and thymus (right) of WT mice (Figure 

5.1B) while gating controls for CD1d-tetramer were based on CD1d-tetramer in the 

absence of α-GalCer in the mLN (left) and thymus (right) of Id2creERT2 x 

ROSA26RFP mice (Figure 5.1C). Enumeration of these subsets in the mLN identified 

the majority of cells fate-mapped to Id2 to be αβ T cells (Figure 5.1D). While this was 

also true of cells isolated from the thymus, the number of iNKT cells fate-mapped to 

Id2 was comparable to αβ T cells. The fact αβ T cells are the most abundant cells 

arising from cells that fate-map to Id2 is unsurprising given the thymus is home to 

many developing αβ T cells. This was illustrated using a graphical representation of 

iNKT cells, αβ T cells, γδ T cells and ILCs amongst RFP+ cells whereby αβ T cells 

(shown in green) are the most abundant population in both tissues (Figure 5.1F). 

Furthermore, comparison of the number of αβ T cells that fate-map to Id2 as a 

proportion of total thymocytes with the number of ILCs that fate-map to Id2 as a 

proportion of total thymocytes revealed the proportion of αβ T cells to be significantly 
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Figure 5.1 αβ T cells are the most abundant cells fate-mapped to Id2 in the thymus and 
mLN 

To identify other Id2 expressing populations within the thymus and mLN, Id2creERT2 x 
ROSA26RFP mice were used to ‘fate map’ Id2 expression. Administration of tamoxifen by oral 
gavage on five consecutive days was performed and cells isolated from the thymus and mLN 
were analysed 3 days later. Samples were analysed using flow cytometry and total numbers 
calculated per whole thymus or mLN. Data shown in red identifies RFP+ cells while data for 
individual populations is shown in orange, blue, purple and green correspond with ILCs, iNKT 
cells, γδ T cells and αβ T cells, respectively.  

A) Full gating strategy for flow cytometry data showing identification of fate-mapped 
iNKT cells (RFP+ CD1d-tetramer+ TCRβ+), αβ T cells (RFP+ CD1d-tetramer- TCRβ+), 
γδ T cells (RFP+ CD1d-tetramer- TCRβ- TCRγδ+) and ILC (RFP+ CD1d-tetramer- 

TCRβ- TCRγδ- IL-7Rα+ Lineage-) in the mLN (upper panel) and thymus (lower panel). 
Lineage channel consists of antibodies against CD3, CD5, Gr-1, CD11c and B220. 

B) Gating controls for RFP+ cells were based on RFP expression in mLN (left) and 
thymus (right) of Id2ERT2 x ROSA26RFP mice that were absent of cre.  

C) Gating controls for CD1d-tetramer+ cells were based on CD1d-tetramer in the 
absence of α-GalCer (unloaded control) in the mLN (left) and thymus (right) of 
Id2creERT2 x ROSA26RFP mice. 

D) Total number of ILC, iNKT cells, αβ T cells, and γδ T cells amongst RFP+ cells in the 
mLN. Each population was identified using the strategy described in A).  

E) Total number of ILC, iNKT cells, αβ T cells, and γδ T cells amongst RFP+ cells in the 
thymus. Each population was identified using the strategy described in A).  

F) The percentage of RFP+ ILC and αβ T cells as a proportion of the total number of 
cells in the thymus.  

G) Graphical representation of the mean proportion of ILC, iNKT cells, αβ T cells, and γδ 
T cells amongst RFP+ cells in the mLN (left) and thymus (right). Cells outside of these 
phenotypes are defined as “other” and are shown in dark blue.  

Mann-Whitney U (nonparametric, two-tailed) test (comparing two data sets) and Kruskal-
Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or more data 
sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all 
graphs the bar represents the median, n=6. Data shown from two independent experiments. 
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greater (Figure 5.1G). Collectively, these data demonstrate αβ T cells to be the most 

abundant lymphocyte that fate-map to Id2 in both the mLN and thymus.  

While Figure 5.1 clearly indicates αβ T cells to be the most abundant lymphocyte 

amongst RFP+ cells, we sought to determine the proportion of RFP expressed by 

iNKT cells, αβ T cells, γδ T cells and ILCs (Figure 5.2). This approach would help us 

better understand the proportion of cells that fate-map to Id2. To achieve this, the 

gating strategy in Figure 5.1 was adapted so that each population was identified 

priorto gating on RFP+ cells. This was first illustrated using cells isolated from the 

mLN where iNKT cells (CD1d-tetramer+ TCRβ+), αβ T cells (CD1d-tetramer- TCRβ+), 

γδ T cells (CD1d-tetramer- TCRβ- TCRγδ+) and ILCs (CD1d-tetramer- TCRβ- TCRγδ- 

IL-7Rα+ Lineage-) were shown and expression of RFP amongst these cells was 

identified (Figure 5.2A).  This gating strategy was applied to cells isolated from the 

thymus where RFP expression amongst each of the corresponding subsets was 

easily identified (Figure 5.2B). Gating controls for RFP expression used cells isolated 

from the mLN (Figure 5.2C) and thymus (Figure 5.2D) of a WT mouse. Enumeration 

of the proportion of cells expressing RFP demonstrated this to be greatest amongst 

ILC and iNKT cells where RFP expression amongst these subsets was significantly 

greater than the proportion of RFP expressed by αβ T cells in the mLN (Figure 5.2E). 

Moreover, these findings were consistent when assessing RFP expression amongst 

cells isolated from the thymus with both iNKT cells and ILC expressing the greatest 

proportion of RFP (Figure 5.2F). In addition, the expression of RFP amongst iNKT 

cells and ILC in the thymus was greater than that expressed by αβ T cells (Figure 

5.2F).  
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Figure 5.2 The proportion of iNKT cells fate-mapped to Id2 is comparable to that of ILC 

To compare the proportion of ILCs, iNKT cells, γδ T cells and αβ T cells that fate-map to Id2, 
tamoxifen was administered to Id2creERT2 x ROSA26RFP mice by oral gavage for five 
consecutive days and cells isolated from the thymus and mLN were assessed 3 days later. 
Samples were analysed using flow cytometry and total numbers calculated per whole thymus 
or mLN. Flow cytometry gates shown in blue, green, purple and orange correspond with 
iNKT cells, αβ T cells, γδ T cells and ILCs, respectively. Data shown in red corresponds with 
RFP+ cells.  

A) Representative flow cytometry plots for the identification of RFP+ cells amongst iNKT 
cells (CD1d-tetramer+ TCRβ+), αβ T cells (CD1d-tetramer- TCRβ+), γδ T cells (CD1d-
tetramer- TCRβ- TCRγδ+) and ILCs (CD1d-tetramer- TCRβ- TCRγδ  IL-7Rα+ Lineage-) 
in the mLN. Lineage channel consists of antibodies against CD3, CD5, Gr-1, CD11c 
and B220. 

B) Representative flow cytometry plots for the identification of RFP+ cells amongst iNKT 
cells, αβ T cells, γδ T cells and ILCs in the thymus. Lineage channel consists of 
antibodies against CD3, CD5, Gr-1, CD11c and B220. 

C) Gating controls for RFP+ cells in the mLN were based on RFP expression in mLN of 
Id2ERT2 x ROSA26RFP mice that are absent of cre.  

D) Gating controls for RFP+ cells in the thymus were based on RFP expression in 
thymus of Id2ERT2 x ROSA26RFP mice that are absent of cre.  

E) Proportion of RFP+ cells amongst iNKT cells, αβ T cells, γδ T cells and ILCs in the 
mLN.  

F) Proportion of RFP+ cells amongst iNKT cells, αβ T cells, γδ T cells and ILCs in the 
thymus.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, In all graphs the 
bar represents the median, n=6. Data shown from two independent experiments. 
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In order to interpret these findings it is important to appreciate the efficiency of cre 

induction in these cells. While the proportion of iNKT cells that fate-map to Id2 is 

~50% in both the mLN and thymus, this is comparable to the proportion of ILC that 

fate-map to Id2 in the mLN. Given that all ILC require Id2, it is possible to suggest the 

labelling efficiency within our model to be ~50%; indicating all iNKT cells also express 

Id2 and not just the proportion that were shown to fate-map to Id2. Together, these 

data demonstrate the proportion of cells that fate-map to Id2 varies in different 

lymphocyte populations. The greatest proportion of cells that fate-map to Id2 is 

shown amongst iNKT cells and ILC, while only a small percentage of αβ T cells and 

γδ T cells were shown to fate-map to this transcription factor. The reason for these 

differences is poorly understood and our subsequent investigation will explore the 

expression of Id2 in iNKT cell, αβ T cell and γδ T cell populations. However, no 

further investigation of ILC will be made given these cells are the focus of Chapter 3 

and Chapter 4. 

5.2.2 Id2 is expressed by iNKT1, iNKT2 and iNKT17 cells in the thymus and is 

maintained in the periphery 

The developing thymus encompasses a subpopulation of innate lymphocytes known 

as iNKT cells and, while NKT cells in their entirety can be subdivided into several 

classes, iNKT cells are the most commonly studied.(58) This is owing to the highly 

restricted TCRαβ chains amongst iNKT cells. In mice, these are Vα14, Jα18, Vβ2 

Vβ7 and Vβ8, and are easily detected using CD1d-tetramers loaded with α-GalCer, 

such as that used within our investigations.(58)  

Whilst iNKT cells share some functional similarities to NK cells and conventional, 

naïve T cells, they also have immune functions distinct of both these cells. These 
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include the ability to activate naïve NK cells and B cells, and influence the bias of T 

cell responses and activity of DCs.(58–61,205) Moreover, these actions have been 

implicated in multiple disease states, such as bacterial and viral infections, cancer, 

autoimmune disease and allergy syndromes.(58) As aforementioned, the TCR 

repertoire of iNKT is highly restricted, differing greatly from that of naïve T cells. 

Furthermore, iNKT cells demonstrate an immediate TCR-mediated or cytokine 

stimulated immune reaction compared to a much slower response demonstrated by 

naïve T cells following initialT cell priming.(58) Most interestingly, immature iNKT 

cells are able to migrate into the periphery where they complete their final steps of 

maturation.(58)  

As mentioned within the chapter introduction, the developmental stage of iNKT cells 

can be defined based on the expression of the cell surface markers CD44, CD24 and 

NK1.1. In addition, mature iNKT cells can be sub-divided into iNKT1, iNKT2 and 

iNKT17 cells defined by the expression of Tbet, PLZF and RORγt. Previously 

published research has demonstrated Id2 expression to be greater in mature iNKT1 

cells, which are Tbet+.(77) As such, we sought to confirm these findings using our in 

vivo models and question whether Id2 influences the function of these cells. Given 

that mature iNKT cells are present within the thymus and at peripheral sites, cells 

isolated from the thymus and peripheral sites will be investigated.  

Although iNKT1, iNKT2 and iNKT17 cells have previously been defined in the thymus 

and at peripheral sites, we wanted to demonstrate that we were capable of identifying 

these populations in our investigations (Figure 5.3). To achieve this, cells were 

isolated from the thymus, mLN and pLN of WT mice, and total iNKT cells were 

identified using a CD1d-tetramer (CD1d+ TCRβ+). Total iNKT cells were first shown in 
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Figure 5.3 Identification of iNKT1, iNKT2 and iNKT17 cells in the thymus and 
peripheral lymph nodes 

iNKT1, iNKT2 and iNKT17 cells were identified in the thymus, mLN and pooled peripheral 
lymph nodes (pLN) of WT mice. Samples were analysed using flow cytometry and total 
numbers calculated per whole tissue. Pooled peripheral lymph nodes consisted of cells 
isolated from the axillary, cervical and inguinal lymph nodes to provide a sufficient number of 
cells for analysis. Data shown in orange, blue and purple corresponds with cells isolated from 
the thymus, mLN and pLN, respectively.  

A) Representative flow cytometry plots showing the identification of iNKT1 (PLZF- 
RORγt-), iNKT2 (PLZF+RORγt-) and iNKT17 (PLZF- RORγt+) subsets amongst total 
iNKT (CD1d-tetramer+ TCRβ+) cells in the thymus, mLN and pLN. 

B) Comparison of the proportion and total number of iNKT1 amongst total iNKT in the 
thymus, mLN and pLN. 

C) Comparison of the proportion and total number of iNKT2 amongst total iNKT in the 
thymus, mLN and pLN. 

D) Comparison of the proportion and total number of iNKT17 amongst total iNKT in the 
thymus, mLN and pLN. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=4 (thymus) and 5 (mLN and 
pLN). Data shown from two independent experiments. 
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cells isolated from the thymus, where a greater number of cells aid their identification 

(Figure 5.3A). INKT1, iNKT2 and iNKT17 subsets were identified amongst total iNKT 

cells using antibodies against PLZF and RORγt (Figure 5.3A). As aforementioned, 

these transcription factors are commonly used to pull apart iNKT1 (PLZFlo RORγt-), 

iNKT2 (PLZFhi RORγt-) and iNKT17 (PLZFlo RORγt+). This gating strategy was 

applied to cells isolated from the mLN and pLN. Interestingly, a cluster PLZFhi 

RORγt+ and PLZFlo RORγt+ cells were observed amongst iNKT17 cells isolated from 

the thymus that was not observed in the mLN or pLN.  

INKT1, iNKT2 and iNKT17 subsets were enumerated and compared within each 

tissue (Figure 5.3B-D). Comparison of these subsets within the thymus demonstrated 

iNKT1 to the most abundant subset as demonstrated by the greatest proportion and 

total number of these cells when compared iNKT2 and iNKT17. These findings were 

also true of cells from the mLN where the greatest proportion and total number of 

cells was demonstrated by iNKT1 (Figure 5.3C). While the proportion of iNKT1 cells 

was significantly higher in the pLN than iNKT2 and iNKT 17, this was not true when 

comparing total numbers of iNKT1, iNKT2 and iNKT 17 where total numbers of these 

subsets were comparable (Figure 5.3D).  

Figures 5.1 and 5.2 demonstrated almost half of all iNKT cells in the thymus and 

mLN expressed RFP; indicating the current or previous expression of Id2 amongst 

these cells. This is consistent with previously published data from other research 

groups that have described a role for both Id2 and Id3 in the development of iNKT 

subsets. While our data is not entirely novel, the consistency of our findings with 

published data provides further confidence in our experimental model in identifying 

cells that fate-map to Id2. Within the literature, Id2 is expressed in the greatest extent 
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by stage 3, mature iNKT cells (defined by CD24lo CD44hi NK1.1hi cells). Amongst 

these, the expression of Id2 in the thymus is significantly elevated in iNKT1 cells but 

expression was observed in all three subsets.(77) While these data described the 

influence of Id2 within the thymus, the role of this transcription factor at peripheral 

sites requires further work.  

Building upon our previous data, we sought to examine iNKT subsets amongst GFP- 

and GFP+ cells and thus indicating whether these cells express Id2. To achieve this, 

iNKT1, iNKT2 and iNKT17 subsets were characterised amongst cells isolated 

fromthymus, mLN and pLN of Id2-eGFP mice, where the live reporting of Id2 might 

overcome the limits of cre induction. Total iNKT cells were first shown in the thymus 

using the CD1d-tetramer (CD1d+ TCRβ+) and subsequent gating identified the GFP 

expression of these cells (Figure 5.4A; upper panel). Gating controls used cells 

isolated from the corresponding tissue of a WT mouse (shown in grey). Once again, 

iNKT subsets were defined amongst GFP- and GFP+ cells using PLZF and RORγt 

(Figure 5.4A; upper panel). This gating strategy was applied to cells isolated from the 

mLN (middle panel) and pLN (lower panel) (Figure 5.4A). Observations from these 

FACS plots demonstrate all three subsets of iNKT could be identified in these tissues 

amongst both GFP- and GFP+ populations. However, it should be noted that the 

expression of GFP in these mice is low and therefore gating on GFP+ is not clear. 

Furthermore, the GFP- and GFP+ cells are not distinct and suggest homogenous low 

expression of GFP by all cells. Based on previously published research it is likely that 

all iNKT cells are GFP+ and not just a proportion.(77)  

The proportions of iNKT1, iNKT2 and iNKT17 subsets amongst GFP- and GFP+ cells 

were enumerated and compared within each tissue (Figure 5.4B-D). Consistent with 
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Figure 5.4 Id2 is expressed by iNKT1, iNKT2 and iNKT17 cells in the thymus and is 
maintained in peripheral lymph nodes 

To directly assess the expression of Id2 by iNKT subsets in the thymus, mLN and pLN, cells 
isolated from these tissues were assessed in Id2-eGFP reporter mice. Samples were 
analysed using flow cytometry and total numbers calculated per whole tissue. Pooled 
peripheral lymph nodes consisted of cells isolated from the axillary, cervical and inguinal 
lymph nodes to provide a sufficient number of cells for analysis. Data shown in white and 
green corresponds with GFP- and GFP+ cells, respectively. 

A) Full gating strategy for the identification of iNKT1 (PLZF- RORγt-), iNKT2 
(PLZF+RORγt-) and iNKT17 (PLZF- RORγt+) amongst GFP- (CD1d-tetramer+ TCRβ+ 

GFP-) and GFP+ (CD1d-tetramer+ TCRβ+ GFP+) iNKT cells in the thymus (upper 
panel), mLN (middle panel) and pLN (lower panel) of Id2-eGFP mice.  

B) Proportion of iNKT1, iNKT2 and iNKT17 subsets amongst GFP- and GFP+ iNKT cells 
in the thymus. 

C) Proportion of iNKT1, iNKT2 and iNKT17 subsets amongst GFP- and GFP+ iNKT cells 
in the mLN. 

D) Proportion of iNKT1, iNKT2 and iNKT17 subsets amongst GFP- and GFP+ iNKT cells 
in the pLN. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=5. Data shown from two 
independent experiments. 
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our findings in Figure 5.3, iNKT1 were the most abundant cells amongst iNKT cells in 

the thymus. Importantly, we observed no difference between the proportion of iNKT1 

amongst GFP- and GFP+ cells (Figure 5.4B). Concerning iNKT cells of the mLN, 

iNKT1 cells were the most abundant subset amongst GFP- cells while iNKT subsets 

arising for GFP+ cells indicate no significant difference in their proportion (Figure 

5.4C). The results regarding the pLN prove most interesting. While the proportions of 

iNKT1 are the most abundant amongst GFP- cells, the proportions of these subsets 

appears the opposite amongst GFP+ cells where iNKT17 cells have the greater 

proportion (Figure 5.4D). Overall, our investigations show Id2 to be expressed by all 

iNKT cells at peripheral sites while Id2 expression in the thymus was largely 

restricted to iNKT1 cells. Whether Id2 influences the function of these cells will be 

explored next.  

To widen our understanding of the link between Id2 and cytokine production amongst 

iNKT cell subsets, Id2creERT2 x ROSA26RFP mice were administered tamoxifen by oral 

gavage for 5 consecutive days and cells isolated from the thymus, mLN and spleen 

were used for analysis. Total iNKT cells were assessed for the production of IL-4 and 

IFNγ following cell culture in the presence of PMA, ionomycin and BFA (Figure 5.5). 

In keeping with our previous approach, total iNKT cells were identified as CD1d- 

tetramer+ TCRβ+ cells in the thymus and subsequent gating defined these cells by 

their expression of RFP and their capability of producing IL-4 and IFNγ (Figure 5.5A). 

This gating strategy was applied to cells of the mLN and pLN (Figure 5.5A). The 

proportion of IL-4 and IFNγ production was enumerated and compared within each 

tissue (Figure 5.5B-D). These data demonstrated cells that produced both IL-4 and 
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IFNγ (IL-4+ IFNγ+) to be the most abundant amongst RFP- and RFP+ cells in all three 

tissues (Figure 5.5B-D).  Moreover, no significant difference between the proportions 

of cells producing only IL-4 or IFNγ was observed within each tissue (Figure 5.5B-D). 

Figure 5.4 demonstrated the proportion of iNKT17 cells to increase in GFP+ iNKT 

cells compared to those that were GFP-. However, IL-17A, a key cytokine produced 

by iNKT17 cells, was not assessed within Figure 5.5. Future work would aim to 

investigate whether the production of IL-17A amongst iNKT17 cells differed between 

GFP- and GFP+ cells. Overall, these data highlight no clear difference in the function 

of cells that fate-map or do not fate-map to Id2. As previously discussed, it is likely 

that all iNKT cells express Id2 and the efficiency of cre induction is the reason for the 

split in iNKT populations that either fate-map or do not-fate map to Id2. This idea is 

supported by this data where no differences are observed between iNKT cells that 

fate map to Id2 and those that do not.  

5.2.3 γδ T cells of multiple developmental lineages express Id2 

The data described within Figure 5.1 demonstrate γδ T cells to arise from RFP+ cells 

in both the mLN and thymus; thus indicating their current or previous expression of 

Id2. However, the proportion of γδ T cells amongst RFP+ cells is greater in the 

thymus than the mLN. It is possible this change could reflect a requirement for Id2 in 

the thymus during γδ T cell development or RFP+ γδ T cells exiting the thymus and 

migrating to tissues other than the mLN. This section of work aims to examine the 

expression of Id2 amongst γδ T cells in the thymus and at peripheral sites. Moreover, 

this work aims to determine whether γδ T cells of a certain developmental lineage 

require Id2.  
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Figure 5.5 The fate-mapping of iNKT cells to Id2 does not affect the ability of these 
cells to produce IL-4 or IFNγ 

To investigate the correlation between Id2 and the capability of iNKT cells to produce IFNγ 
and IL-4, iNKT cells from the thymus, mLN and spleen of Id2creERT2 x ROSA26RFP mice were 
assessed. Administration of tamoxifen by oral gavage on five consecutive days was 
performed and tissues were analysed 3 days later. Samples were analysed using flow 
cytometry and total numbers calculated per whole tissue. Data shown in red corresponds 
with RFP+ cells.  

A) Full gating strategy for the identification of RFP- and RFP+ cells amongst IFNγ+ and 
IL-4+ iNKT cells (CD1d-tetramer+ TCRβ+) in the thymus (upper panel), mLN (middle 
panel) and spleen (lower panel) of Id2creERT2 x ROSA26RFP mice.  

B) Proportion of IFNγ and IL-4 expression amongst RFP- and RFP+ iNKT cells in the 
thymus. 

C) Proportion of IFNγ and IL-4 expression amongst RFP- and RFP+ iNKT cells in the 
mLN. 

D) Proportion of IFNγ and IL-4 expression amongst RFP- and RFP+ iNKT cells in the 
spleen. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001. In all graphs the bar represents the median, n=6. Data shown from two 
independent experiments.   
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γδ T cells can be divided into three main classes based on their effector function.(65) 

The proceeding investigations will focus on two of these subclasses that are defined 

by their ability to produce IL-17 or IFNγ.(68) It is well established that γδ T cells 

emigrate the thymus in a naïve state and obtain their effector function following 

priming in peripheral lymph nodes. However, programming of γδ T cell effector fate is 

predominantly performed within the thymus prior to their migration into the 

periphery.(68) Moreover, this commitment of γδ T cells to IFNγ or IL-17 lineages 

results from developmental waves based on different Vγ segment usage.(67,68) 

Based on the Garman nomenclature, γδ T cells that express either Vγ1.1, Vγ3 or Vγ5 

segments primarily develop towards the IFNγ producing lineage while γδ T cells that 

express the Vγ4 segment developing into IL-17 producing cells. Interestingly, those 

γδ T cells that expression the Vγ2 segment are capable of developing into either 

IFNγ or IL-17 producing cells.(68,69) 	

Data published by Sumira et al. (2017) demonstrated TCRγδ signal strength as 

another factor that influenced the developmental pathways of γδ T cells and, 

ultimately, the functional capabilities of these cells.(206) This research illustrated 

strong TCRγδ signaling chracterised the development of IFNγ-producing γδ T cells 

and the inhibition of the development of cells capable of IL-17A. In contrast, IL-17A-

producing γδ T cells result from weak TCRγδ signaling. Furthermore, CD44 and 

CD45RB can be used to pull apart these subsets amongst mature γδ T cells (TCRγδ+ 

CD24-). γδ T cells restricted to an IFNγ-producing lineage are defined as CD44hi 

CD45RB+ while those restricted to an IL-17A-producing phenotype are described as 

CD44hi CD45RB-. Studies that have investigated the involvement of Id2 in γδ T cell 

development are limited and therefore warrant further research.(66) 
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Prior to exploring the expression of Id2 amongst IFNγ and IL-17A producing γδ T 

cells, we first sought to mimic the gating strategy previously published by Sumira et 

al. (2017) to identify these cells within our laboratory using WT mice (Figure 

5.6).(206) To perform this, cells were isolated from the thymus, spleen, mLN and pLN 

of WT mice and mature γδ T cells (TCRγδ+ CD3ε+ CD24-) were assessed for their 

expression of CD44 and CD45RB. The study undertaken by Sumira et al. (2017) 

utilized cells of the thymus and peripheral lymph and, as such, we decided to isolate 

cells from these tissues within our investigation.(206) Using cells isolated from the 

thymus, mature γδ T cells were identified as TCRγδ+ CD3ε+ CD24- (Figure 5.6). 

Arising from these cells, four subsets were identified based on their expression of 

CD44 and CD45RB: CD44lo CD45RB- (a), CD44lo CD45RB+ (b), CD44hi CD45RB+ (c) 

and CD44hi CD45RB- (d). This gating strategy was later applied to cells isolated from 

the spleen, mLN and pLN, respectively (Figure 5.6). Each of these populations, ‘a’, 

‘b’, ‘c’ and ‘d’, were enumerated and the proportions of each were compared within 

their tissue of origin (Figures 5.6B-E). Evidence from the thymus demonstrated all 

four subsets of mature γδ T cells to be present with CD44lo CD45RB+ (b) cells being 

the most abundant (Figure 5.6B). These findings were also true at peripheral sites 

where CD44lo CD45RB+ (b) cells were the most abundant in the spleen, mLN and 

pLN (Figure 5.6C-E). These findings are consistent with the work previously 

published by Sumira et al. (2017).(206) Figure 5.6 demonstrated CD44lo CD45RB- 

(a), CD44lo CD45RB+ (b), CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) subsets 

could be identified amongst mature γδ T cells in the thymus and at peripheral sites.   
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Figure 5.6 γδ T cells can be classified based on their commitment to IL-17A-producing 
or IFNγ-producing lineages  

Total γδ T cells associated with an IL-17A or IFNγ restricted phenotype were characterised in 
the thymus, spleen, mLN and pLN of Id2-eGFP mice prior to determining the GFP 
expression amongst these cells. Samples were analysed using flow cytometry with total 
numbers calculated per whole tissue. Pooled peripheral lymph nodes consisted of cells 
isolated from the axillary, cervical and inguinal lymph nodes to provide a sufficient number of 
cells for analysis. Data shown in green corresponds with GFP+ cells.  

A) Representative flow cytometry plots for the identification of CD44- CD45RB- (a), 
CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and CD44+ CD45RB-

 (d) cells amongst total 
γδ T cells (TCRγδ+ CD24-) in the thymus, spleen, mLN and pLN.  

B) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst total γδ T cells (TCRγδ+ CD24-) in the thymus.  

C) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst total γδ T cells (TCRγδ+ CD24-) in the spleen.  

D) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst total γδ T cells (TCRγδ+ CD24-) in the mLN.  

E) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst total γδ T cells (TCRγδ+ CD24-) in the pLN.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where **p<0.01. In all graphs the bar represents the 
median, n=4. Data for all time points shown from one independent experiment.   



a b c d
0
20
40
60
80
100

**

A 

TC
R
γδ

 
Thymus 

Spleen 

mLN 

pLN 

TCRγδ+ CD24- 

CD3ε 

C
D

24
 

CD3ε 

C
D

44
 

CD45RB 

a b c d
0
20
40
60
80
100

**

a b c d
0
20
40
60
80
100 **

a b c d
0
20
40
60
80
100 **

B 

%
 o

f T
C

R
γδ

+  
 

C
D

24
-  c

el
ls

 

%
 o

f T
C

R
γδ

+  
 

C
D

24
-  c

el
ls

 

Thymus 

a b c d a b c d

C 

a b c d a b c d

mLN pLN D E 

%
 o

f T
C

R
γδ

+  
 

C
D

24
-  c

el
ls

 

0.2 

70.5 

a 23.9 b 41.2 

d 14.2 c 7.7 

0.3 

64.7 

a 10.3 b 43.2  

d 19.9 c 18.2 

0.5 

84.9 

a 12.2 b 64.5  

d 2.5 c 15.2 

0.4 

83.9 

a 11.9 b 53.4  

d 8.2 c 21.4 

22.4 

42.0 

6.8 
13.8 9.9 

39.2 

15.6 

23.8 

12.6 

65.3 

6.8 
2.5 

13.2 11.6 

57.2 

6.6 
19.9 

Spleen 

%
 o

f T
C

R
γδ

+  
 

C
D

24
-  c

el
ls

 



	
	

195	
	

Following from this, we sought to identify whether the proportions of these subsets 

differed when gating on GFP+ γδ T cells only. To achieve this, CD44lo CD45RB- (a), 

CD44lo CD45RB+ (b), CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) subsets were 

assessed amongst GFP+ γδ T cells isolated from the thymus, spleen, mLN and pLN 

of Id2-eGFP reporter mice. The gating strategy utilised in Figure 5.6 was adapted so 

that Id2 expression could be assessed. Mature, GFP+ γδ T cells were identified in all 

tissues as TCRγδ+ CD3ε+ GFP+ CD24- cells and subsets ‘a’, ‘b’, ‘c’ and ‘d’ were 

identified based on their expression of CD44 and CD45RB (Figure 5.7A). Gating 

controls for GFP expression used cells isolated from the thymus of a WT mouse 

(Figure 5.7B).  

Following enumeration, the proportion of GFP expressed by γδ T cells was compared 

across tissues (Figure 5.7C). This revealed the expression of GFP by γδ T cells in 

the spleen to be much greater than other tissues (Figure 5.7C). To address our 

original question of whether the proportion of CD44lo CD45RB- (a), CD44lo CD45RB+ 

(b), CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) subsets changed following prior 

gating on GFP+ cells, these subsets were compared within each tissue. In the 

thymus, CD44hi CD45RB- (d) cells account for approximately half GFP+ γδ T cells. 

Furthermore, CD44hi CD45RB- (d) cells are significantly higher compared to CD44lo 

CD45RB- (a), which were negligible (Figure 5.7D). Interestingly, CD44hi CD45RB+ (c) 

cells account for approximately one quarter of GFP+ γδ T cells (Figure 5.7D) while 

this population were the least abundant when looking at total γδ T cells (Figure 5.6A-

B). Concerning the spleen, the proportions of CD44lo CD45RB- (a),   
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Figure 5.7 Id2 is expressed in γδ T cells of both the IL-17A-producing and IFNγ-
producing lineage 

γδ T cells associated with an IL-17A or IFNγ restricted phenotype were characterised in the 
thymus, spleen, mLN and pLN of Id2-eGFP mice to identify cells that express Id2. Samples 
were analysed using flow cytometry with total numbers calculated per whole tissue. Pooled 
peripheral lymph nodes consisted of cells isolated from the axillary, cervical and inguinal 
lymph nodes to provide a sufficient number of cells for analysis. Data shown in green 
corresponds with GFP+ cells.  

A) Representative flow cytometry plots for the identification of CD44- CD45RB- (a), 
CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and CD44+ CD45RB-

 (d) cells amongst 
GFP+ γδ T cells (TCRγδ+ GFP+ CD24-) in the thymus, spleen, mLN and pLN. Cells 
were pre-gated on TCRγδ+ CD3ε+cells.  

B) Gating controls for GFP expression were based on cells isolated from the thymus of a 
WT mouse. 

C) Comparison of the proportion of GFP+ γδ T cells in the thymus, spleen, mLN and pLN. 

D) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst GFP+ γδ T cells (TCRγδ+ GFP+ CD24-) in the 
thymus.  

E) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst GFP+ γδ T cells (TCRγδ+ GFP+ CD24-) in the 
spleen.  

F) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amonamongst GFP+ γδ T cells (TCRγδ+ GFP+ CD24-) in the 
mLN. 

G) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst GFP+ γδ T cells (TCRγδ+ GFP+ CD24-) in the pLN.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where **p<0.01. In all graphs the bar represents the 
median, n=4. Data for all time points shown from one independent experiment.  
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CD44lo CD45RB+ (b), CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) subsets amongst 

GFP+ γδ T cells appeared similar to that of the thymus with CD44hi CD45RB- (d) and 

CD44hi CD45RB+ (c) cells being most abundant, respectively (Figure 5.7D-E). 

Analysis of these populations within the mLN demonstrated CD44hi CD45RB+ (c) to 

be the most abundant subset (Figure 5.7F) and was also true in cells isolated form 

the spleen (Figure 5.7G). In all tissues, CD44lo CD45RB- (a) cells accounted for the 

smallest proportion of γδ T cells (Figure 5.7D-G). 

Either CD44hi CD45RB+ (c) or CD44hi CD45RB- (d) γδ T cells were the largest 

populations arising from GFP+ γδ T cells in the thymus, spleen, mLN and pLN. 

Interestingly, it is these two subsets that have been associated with an IFNγ or IL-

17A-producing restricted phenotype. To investigate the usage of Vγ1 and Vγ2 

expression amongst CD44hi CD45RB+ (c) or CD44hi CD45RB- (d) GFP+ γδ T cells, 

the expression of these γ-chains was assessed amongst these subsets in Id2-eGFP 

reporter mice (Figure 5.8).  Representative flow cytometry plots illustrating Vγ1+, Vγ1- 

Vγ2- and Vγ2+ cells amongst either CD44hi CD45RB+ (c) or CD44hi CD45RB- (d) GFP+ 

γδ T cells in the thymus, spleen, mLN and pLN is shown in Figure 5.8A. First 

assessing the expression of these γ-chains in the thymus, Vγ1+ cells are the most 

abundant amongst CD44hi CD45RB+ (c) cells while the greatest proportion of cells 

amongst the CD44hi CD45RB- (d) lacked expression of both Vγ1 and Vγ2. However, 

the proportion of these Vγ1- Vγ2- cells was not significantly greater than Vγ2+ cells, 

which accounted for approximately one third of the CD44hi CD45RB- (d) subset.  

At peripheral lymphoid sites, γ-chain usage was much more variable amongst CD44hi 

CD45RB+ (c) and CD44hi CD45RB- (d) subsets. Of the CD44hi CD45RB+ (c) cells in 

the spleen, the proportion of Vγ2+ cells was significantly greater than Vγ1- Vγ2- cells 
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but comparable to Vγ1+ cells (Figure 5.8C). However, analysis γ-chain usage 

amongst CD44hi CD45RB- (d) cells from the same tissue demonstrated the majority 

of these cells to lack the expression of both Vγ1 and Vγ2 (Figure 5.8C). Amongst the 

cells isolated from the mLN, Vγ1+ cells were predominant amongst CD44hi CD45RB+ 

(c) cells while CD44hi CD45RB- (d) cells consisted of mainly Vγ1- Vγ2- cells (Figure 

5.8D). The results for γ-chain usage amongst CD44hi CD45RB+ (c) cells in the pLN 

were comparable to those of the mLN with the majority of these cells expressing Vγ1 

(Figure 5.8E). Amongst CD44hi CD45RB- (d) cells in the pLN, comparable proportions 

of Vγ1- Vγ2- and Vγ2+ were identified while the proportion of Vγ1+ cells was negligible 

(Figure 5.8E). Interestingly, the highest proportion of cells amongst the CD44hi 

CD45RB- (d) subset expressing Vγ2 only was identified in the pLN (Figure 5.8E).  

Collectively, these data demonstrate γδ T cells restricted to either an IL-17A-

producing or IFNγ-producing lineage to be present in the thymus, spleen and 

peripheral lymph nodes of an adult WT mouse. Using Id2-eGFP reporter mice, we 

revealed Id2 expression in both CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) 

populations, representing the IL-17A-producing and IFNγ-producing cells 

respectively. In addition, we demonstrated the majority of the GFP+ cells amongst the 

CD44hi CD45RB+ (c) population to be Vγ1+. While in the spleen there were 

comparable proportions of GFP+ cells that were Vγ1+, Vγ1- Vγ2- and Vγ2+. The 

majority of GFP+ cells amongst the CD44hi CD45RB- (d) population were negative for 

both Vγ1 and Vγ2 in all tissues, suggesting the use of other Vγ segments by these 

cells.  
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Figure 5.8 Vγ-segment usage amongst Id2+ γδ T cells varies depending on location 
and effector function 

To investigate Vγ1 and Vγ2 segment usage amongst GFP+ CD44+ CD45RB+ and CD44+ 
CD45RB-

  δ-T cells, cells isolated from the thymus, spleen, mLN and pLN of Id2-eGFP mice 
were assessed. Samples were analysed using flow cytometry with total numbers calculated 
per whole tissue. Pooled peripheral lymph nodes consisted of cells isolated from the axillary, 
cervical and inguinal lymph nodes to provide a sufficient number of cells for analysis. Data 
shown in green corresponds with GFP+ cells.  

A) Representative flow cytometry plots for the identification of Vγ1 and Vγ2 expression 
amongst CD44+ CD45RB+ (c) and CD44+ CD45RB-

 (d) GFP+ γδ T cells (TCRγδ+ 

GFP+ CD24-) in the thymus, spleen, mLN and pLN. Cells were pre-gated on TCRγδ+ 

GFP+ CD24- cells.  

B) Proportion of Vγ1+, Vγ1- Vγ2- and Vγ2+ cells amongst  GFP+ CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) γδ T cells (TCRγδ+ GFP+ CD24-) in the thymus.  

C) Proportion of Vγ1+, Vγ1- Vγ2- and Vγ2+ cells amongst  GFP+ CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) γδ T cells (TCRγδ+ GFP+ CD24-) in the spleen.  

D) Proportion of Vγ1+, Vγ1- Vγ2- and Vγ2+ cells amongst  GFP+ CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) γδ T cells (TCRγδ+ GFP+ CD24-) in the mLN.  

E) Proportion of Vγ1+, Vγ1- Vγ2- and Vγ2+ cells amongst  GFP+ CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) γδ T cells (TCRγδ+ GFP+ CD24-) in the pLN.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05 and **p<0.01. In all graphs the bar 
represents the median, n=4. Data for all time points shown from one independent 
experiment.   
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5.2.4 Id2 expression is restricted to an IL-17A-producing lineage in the neonatal 

thymus 

Following our investigations within adult tissue, we sought to assess the expression 

of Id2 amongst γδ T cells in neonatal mice. Supplementary data presented by Sumira 

et al. (2017) described CD44 and CD45RB expression amongst neonatal mice at day 

3 and 5 post-birth.(206) At both of these stages, CD44hi CD45RB- (d) cells were the 

most abundant, closely followed by CD44hi CD45RB+ (c) cells. Additionally, this work 

characterised IL-17A and IFNγ production by these cells at day 5. Consistent with 

their previous work in adult tissue, CD44hi CD45RB- (d) cells produced IL-17A while 

CD44hi CD45RB+ (c) cells produced IFNγ. To address this, CD44lo CD45RB- (a), 

CD44lo CD45RB+ (b), CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) subsets amongst 

GFP- and GFP+ γδ T cells in neonatal Id2-eGFP reporter mice were assessed. 

Mature γδ T cells (TCRγδ+ CD24-) were first identified amongst total cells and the 

gates for CD44lo CD45RB- (a), CD44lo CD45RB+ (b), CD44hi CD45RB+ (c) and CD44hi 

CD45RB- (d) subsets were set based on CD44 and CD45RB expression (Figure 5.9; 

upper panels). This gating strategy was adapted to include GFP so that CD44lo 

CD45RB- (a), CD44lo CD45RB+ (b), CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) 

subsets amongst GFP- and GFP+ cells were identified (Figure 5.9; middle and lower 

panels, respectively). Comparison of the proportion of CD44lo CD45RB- (a), CD44lo 

CD45RB+ (b), CD44hi CD45RB+ (c) and CD44hi CD45RB- (d) cells amongst GFP- γδ T 

cells demonstrated the CD44hi CD45RB- (d) subset to be the most abundant amongst 

these cells (Figure 5.9B). Interestingly, the proportion of the CD44hi CD45RB- (d) 

subset increased amongst GFP+ γδ T cells, demonstrating the importance of Id2 in 

the development of these cells (Figure 5.9C). The CD44lo CD45RB- (a), CD44lo 
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CD45RB+ (b), CD44hi CD45RB+ (c) subsets, however, comprised of less than 10% of 

the GFP+ γδ T cells (Figure 5.9C).  Given the abundance of the CD44hi CD45RB- (d) 

subset amongst GFP+ γδ T cells, we sought to determine the usage of Vγ1 and Vγ2 

amongst these cells (Figure 5.9D-E). Using the same gating strategy demonstrated 

in adult tissue, Vγ1 and Vγ2 expression amongst CD44hi CD45RB- (d) cells was 

assessed (Figure 5.9D). This data demonstrated the majority of GFP+ γδ T cells 

amongst the CD44hi CD45RB- (d) to lack the expression of both Vγ1 and Vγ2 (Figure 

5.9E). The availability of Id2-eGFP mice at this time resulted in the few data points 

within this experiment. Future research would aim to repeat this investigation with a 

greater number of mice.  

5.2.5 Id2 expression is greater in T effector memory (Tem) cells when 

compared to their naïve counterparts  

We have previously illustrated αβ T cells to be numerically the most abundant cells 

arising from RFP+ cells in both the mLN and thymus (Figure 5.1).  Despite this, only a 

small fraction of these αβ T cells were shown to fate-map to Id2 (Figure 5.2). 

Therefore, we aimed to discover more about the expression of Id2 amongst αβ T 

cells and how Id2 influenced the function of these cells.   

It has previously been shown that Id2 is up regulated in CD4 effector T cells and is 

required for their differentiation into Th1 cells.(196) As such, we hypothesised the 

expression of Id2 might be greater in T effector memory (Tem) cells compared to 

naïve T cells due to the transient activation Tem cells. To test this, CD4 T cells 

isolated from the mLN of Id2-eGFP mice were assessed for their expression of CD44 

and CD62L. These markers were used to separate naïve T cells (CD44lo CD62L+) 

from Tem cells (CD44hi CD62L-) in the mLN of these mice and expression of GFP  
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Figure 5.9 γδ T cells expressing Id2 in the neonatal thymus are predominantly of the 
IL-17A-producing lineage 

To investigate the expression of Id2 amongst γδ T cells associated with IL-17A or IFNγ 
production in the thymus, cells were isolated from this tissue in 4 day old neonatal Id2-eGFP 
reporter mice.  Samples were analysed using flow cytometry with total numbers calculated 
per whole thymus. Data shown in green corresponds with GFP+ cells.  

A) Representative flow cytometry plots for the identification of CD44- CD45RB- (a), 
CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and CD44+ CD45RB-

 (d) cells amongst total 
(upper panels, GFP- (middle panels), and GFP+ (lower panels) γδ T cells (TCRγδ+ 

CD24-) in the thymus.  

B) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst GFP- γδ T cells in the thymus. 

C) Proportion of CD44- CD45RB- (a), CD44- CD45RB+ (b), CD44+ CD45RB+ (c) and 
CD44+ CD45RB-

 (d) cells amongst GFP+ γδ T cells in the thymus. 

D) Representative flow cytometry plots showing Vγ1 and Vγ2 expression amongst 
TCRγδ+ GFP+ CD24- CD44+ CD45RB-

 (d) cells in the thymus. 

E) Proportion of Vγ1+, Vγ1- Vγ2- and Vγ2+ cells amongst amongst TCRγδ+ GFP+ CD24- 
CD44+ CD45RB-

 (d) cells in the thymus. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis. In all graphs the bar represents the median, n=2. Data 
for all time points shown from one independent experiments.   
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from each subset was assessed (Figure 5.10A). Gating controls for GFP expression 

was based on cells isolated from the mLN of a WT mouse (Figure 5.10B). This study 

illustrated proportion of GFP expressed, and therefore Id2 expression, to be greater 

in Tem cells compared to naïve T cells (Figure 5.10C).  

5.2.6 Id2 is expressed by αβ and γδ T cells in effector tissue 

Our investigations so far have focused on the expression of Id2 amongst T cell 

populations in lymphoid tissue. However, evidence has shown αβ T cells to up 

regulate Id2 while completing effector functions during a Th1 immune response.(196) 

As such, we investigated the expression of Id2 amongst αβ and γδ T cells in the 

small intestine of Id2-eGFP mice. The small intestine is encompassed within the gut 

where immune cells are constantly exposed to antigens from the surrounding 

microbiome. As such, immune cells have a crucial role in maintaining immune 

homoeostasis within this tissue. Furthermore, our previous figure identified some 

Tem cells as expressers of Id2. Given that Tem spend most of their time in tissue, we 

hypothesised that the small intestine would be an appropriate effector tissue to 

investigate Id2 expression amongst αβ and γδ T cells. 

As shown within the representative FACS plots, both αβ and γδ T cells could be 

clearly identified within the small intestine using antibodies against TCRβ and 

TCRγδ, respectively, prior to assessing GFP expression amongst these cells (Figure 

5.11A). TCRβ and TCRγδ subsets were pre-gated on live CD45+ cells to identify 

lymphocyte populations in this non-lymphoid tissue. Gating controls for GFP utilised 

cells isolated from the small intestine of a WT mouse (Figure 5.11B). Upon 

enumeration, the proportion and total number of αβ T cells were significantly greater 

than that of γδ T cells in this tissue. However, comparison of GFP expression  
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Figure 5.10 Id2 expression is greater in T effector memory cells compared to naïve T 
cells in peripheral lymphoid tissue 

To examine the expression of Id2 in naïve and T effector memory (Tem) cells in peripheral 
lymphoid tissue, CD4 T cells isolated from the mLN of Id2-eGFP were assessed based on 
their expression of CD44 and CD62L. Samples were analysed by flow cytometry and total 
numbers were calculated per whole mLN. Data shown in green corresponds with GFP+ cells. 

A) Representative FACS plots illustrating the level of GFP expressed by naïve (CD44lo 
CD62L+) and Tem cells (CD44hi CD62L-) in the mLN.  

B) Gating controls for GFP expressed used cells isolated from the mLN of a WT mouse. 

C) Comparison of the proportion of GFP expressed by naïve and Tem cell in the mLN. 

Mann-Whitney U (nonparametric, two-tailed) test was used for statistical analysis where 
*p<0.05. In all graphs the bar represents the median, n=4. Data for all time points shown 
from two independent experiments.   
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amongst these two subsets revealed GFP expression to be greater amongst γδ T 

cells when compared to the proportion of GFP expressed by αβ T cells (Figure 

5.11F). While the proportion of GFP expressed by γδ T cells was greater than that of 

αβ T cells, we sought to pursue a greater understanding of αβ T cells where there 

was already a growing interest in the expression of Id2 in these cells within the 

literature.(196,200,201) 

The expression of GFP was successfully identified amongst both CD4+ and CD8+ αβ 

T cell populations, as demonstrated by the representative FACS plots in Figure 

5.11E. Gating controls for GFP expression utilised cells isolated from the thymus of a 

WT mouse (Figure 5.11F). Enumeration of these subsets demonstrated the majority 

of αβ T cells in this tissue to be CD4+ (Figure 5.11G). Furthermore, the expression of 

GFP amongst CD4+ αβ T cells was significantly greater than that of CD8+ αβ T cells 

(Figure 5.11H).  

5.2.7 Investigation of Id2 expression following immunsisation with Lm-2W1S 

Previously, we have illustrated Id2 to be expressed amongst effector T cell 

populations in lymphoid tissue (Figure 5.11). Moreover, our studies in the small 

intestine have demonstrated the expression of Id2 by CD4+ T cells to be increased at 

effector sites. Following on from these findings, we wanted to examine the 

expression of Id2 amongst specific CD4+ effector T cell subsets. Therefore, we 

sought to investigate the expression of Id2 in these cells using a well-established 

model of a Th1 immune response. 

Immunisation of mice with Listeria monocytogenes (L. monocytogenes) provides a 

highly reproducible model for studying the adaptive immune response. This uses an  
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Figure 5.11 Id2 is expressed by both αβ and γδ T cells in the small intestine 

To investigate the expression of Id2 amongst αβ T cells and γδ T cells in effector tissue, cells 
were isolated from small intestine in Id2-eGFP reporter mice.  Samples were analysed using 
flow cytometry with total numbers calculated per whole small intestine. Data shown in green 
corresponds with GFP+ cells.  

A) Representative flow cytometry plots for the identification of GFP+ cells amongst αβ T 
cell  (TCRβ+) and  γδ T cells (TCRγδ+) in the small intestine. All cells were pre-gated 
on live CD45+ cells. 

B) Gating control for GFP based on the expression of GFP in a WT mouse. 

C) Proportion and total number of αβ T cells and γδ T cells amongst all T cells in the 
small intestine.  

D) Proportion of GFP+ cells amongst αβ T cells and γδ T cells in the small intestine. 

E) Representative flow cytometry plots for the identification of GFP+ cells amongst CD4+ 

and CD8+ αβ T cells in the small intestine. All cells were pre-gated on live CD45+ 
TCRβ+ cells. 

F) Gating control for GFP based on the expression of GFP in a WT mouse. 

G) Proportion of CD4+ and CD8+ cells amongst αβ T cells (TCRβ+) in the small intestine. 

H) Proportion of GFP+ cells amongst CD4+ and CD8+ αβ T cells in the small intestine. 

Mann-Whitney U (nonparametric, two-tailed) test was used for statistical analysis where 
**p<0.01 and ***p<0.001. In all graphs the bar represents the median, n=7. Data for all time 
points shown from two independent experiments.  
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attenuated strain of L. monocytogenes that has been engineered so that a fusion 

protein containing a region of Ovalbumin (OVA) and the 2W1S peptide under the hly 

promoter is secreted.(207) The availability of MHC class II tetramers has enabled the 

tracking of a population of CD4+ T cells that are specific for 2W1S from initiation of 

the primary response through to the memory response.(208) The 2W1S peptide is 

highly immunogenic and following immunisation undergoes processing by antigen 

presenting cells and is presented on MHC class II molecules. These tetramers make 

it possible to identify CD4+ T cell populations that have a TCR specific for 2W1S. We 

sought to track the expression of Id2 in effector T cell populations as they undergo 

clonal expansion in response to Listeria monocytogenes (L. monocytogenes). Within 

the proceeding investigations, CD4+ T cells with a TCR specific for 2W1S were 

identified in the spleen or peripheral lymph nodes using a 2W1S:I-Ab MHC class II 

tetramer that was conjugated to either APC or PE.   

Our initial experiments assessed 2W1S-specific T cells in the spleen of Id2-eGFP 

mice 7 days post-immunisation with Lm-2W1S. 2W1S-specific CD4+ effector T cells 

were identified as CD3+ B220- CD11b- CD11c CD4+ CD44hi 2W1S:I-Ab+ (Figure 

5.12A). Gating controls for 2W1S-specific T cells used cells isolated from the spleen 

of an Id2-eGFP mouse 7 days post-immunisation with Lm-2W1S that was incubated 

with class II-associated invariant peptide (CLIP) (Figure 5.9B). Enumeration of these 

cells demonstrated 2W1S-specific T cells to account for less than 1% of CD4+ T cells, 

which equated to approximately 5000 cells (Figure 5.12C). To determine the 

expression of Id2 amongst these cells, 2W1S-specific T cells were assessed for their 

expression of GFP (Figure 5.12D). Gating controls for GFP expression used cells 

isolated from the spleen of a WT mouse (Figure 5.12E). Although the expression of 
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Figure 5.12 Analysis of Id2 expression by effector CD4+ T cell subsets following 
immunisation with Lm-2W1S 

To investigate Id2-expression following the induction of a Th1 immune response, CD4+ 
effector T cells were assessed in the spleen of Id2-eGFP mice 7 days post-immunisation with 
Lm-2W1S. Samples were analysed using flow cytometry and total numbers calculated per 
whole spleen. Data shown in green corresponds with GFP+ cells. 

A) Gating strategy for the identification of 2W1S-specific CD4+ effector T cells, defined 
as CD3- Lineage- CD4+ CD44hi 2W1S:I-Ab+, in the spleen of Id2-eGFP mice 7 days 
post-immunsation with Lm-2W1S.  

B) Representative FACs plot for class II-associated invariant peptide (CLIP) control in 
the spleen of Id2-eGFP mice 7 days post-immunisation with Lm-2W1S. 

C) Proportion and total number of 2W1S-specific T cells amongst the CD4+ effector T 
cell population. 

D) Representative FACS plots showing the expression of GFP amongst the 2W1S-
specific CD4+ effector T cell population.  

E) GFP expression amongst the 2W1S-specific CD4+ effector T cell population was 
controlled using cells isolated from the spleen of WT mice.  

F) Proportion of GFP+ cells amongst the 2W1S-specific CD4+ effector T cell population. 

Mann-Whitney U (non-parametric, two-tailed) test was used (comparing two data sets) was 
used for statistical analysis where *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all 
graphs the bar represents the median, n=9. Data shown from two independent experiments.  
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GFP was varied amongst 2W1S-specific T cells, as demonstrated by the range of 

data points, a median proportion of GFP+ cells of almost 50% was identified (Figure 

5.12F).  

Responding T cell populations can be divided into three subsets based on their 

expression of CXCR5 and PD-1: CXCR5- PD-1- (Tem), CXCR5+ PD-1- (Tcm) and 

CXCR5+ PD-1+ (Tfh).(209) To investigate the expression of Id2 amongst CXCR5- PD-

1-, CXCR5+ PD-1- and CXCR5+ PD-1+ subsets, Id2-eGFP mice were immunised with 

Lm-2W1S and cells isolated from the spleen 7 days post-immunisation were 

assessed. Representative FACS plots for the identification of CXCR5- PD-1-, 

CXCR5+ PD-1- and CXCR5+ PD-1+ subsets amongst total 2W1S-specific T cells is 

shown in Figure 5.13A. Of these cells, CXCR5- PD-1- and CXCR5+ PD-1- cells were 

the most abundant with both the proportion and total number of these cells being 

significantly greater than CXCR5+ PD-1+ cells (Figure 5.13B-C). The GFP expression 

amongst these cells was later assessed. Representative FACS plots for the 

expression of GFP amongst CXCR5- PD-1-, CXCR5+ PD-1- and CXCR5+ PD-1+ cells 

is shown in Figure 5.9D. Enumeration of GFP expression amongst these subsets 

demonstrates Id2 to be restricted to the CXCR5- PD-1- subset whereby GFP is 

expressed by almost 70% of these cells (Figure 5.13E).  

Overall, these data demonstrate Id2 to be expressed amongst CD4+ effector T cells 

as they respond to Lm-2W1S. Building upon this data, we sought to investigate 

whether the expression of Id2 varied at different stages of the immune response. To 

achieve this, 2W1S-specific T cells from the spleen of Id2-eGFP reporter mice were 

assessed 4, 7, 11 and 21 days post-immunisation with Lm-2W1S. Representative 

FACS plots illustrating the identification of CD44+ 2W1S-specific T cells and their 
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Figure 5.13 Id2 expression is restricted to CXCR5- Th1 effector CD4+ T cells 7 days 
post-immunisation with Lm-2W1S 

Responding T cell populations can be divided into three subsets based on their expression of 
CXCR5 and PD-1. To investigate whether Id2 expression was restricted to CXCR5- cells, 
Id2-eGFP mice were immunised with Lm-2W1S and cells isolated from the spleen 7 days 
later were chracterised based on their expression of CXCR5 and PD-1. Samples were 
analysed by flow cytometry and total numbers calculated per whole spleen. Data shown in 
orange, blue and grey corresponds to CXCR5- PD-1-, CXCR5+ PD-1- and CXCR5+ PD-1+ 
cells, respectively.  Data shown in green corresponds with GFP+ cells. 

A) Representative FACs plots for the identification of CXCR5- PD-1-, CXCR5+ PD-1- and 
CXCR5+ PD-1+ cells amongst 2W1S-specific CD4+ effector T cell populations, 
identified as CD3- Lineage- CD4+ CD44hi 2W1S:I-Ab+ cells. Lineage channel consists 
of antibodies against B220, CD3, CD5, CD11b and CD11c. 

B) Proportion of CXCR5- PD-1-, CXCR5+ PD-1- and CXCR5+ PD-1+ cells amongst 
2W1S-specific CD4+ effector T cell populations. 

C) Total number of CXCR5- PD-1-, CXCR5+ PD-1- and CXCR5+ PD-1+ cells amongst 
2W1S-specific CD4+ effector T cell populations. 

D) Representative FACs plots showing the expression of GFP by CXCR5- PD-1- (left 
panel), CXCR5+ PD-1- (middle panel) and CXCR5+ PD-1+ (right panel) cells amongst 
2W1S-specific CD4+ effector T cell populations. 

E) Proportion of GFP+ cells amongst CXCR5- PD-1-, CXCR5+ PD-1- and CXCR5+ PD-1+  
subsets.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. In all 
graphs the bar represents the median, n=9. Data shown from two independent experiments. 

  



P
D

-1
 

CXCR5 

63.6 

22.4 

8.7 

A 
2W

1S
 

CD44 

82.0 

0.3 

CD44hi 2W1S:I-Ab+ 

CXCR5- 
PD1-

CXCR5+
 PD1-

CXCR5+
 PD1+

0

20

40

60

80

100 ***
*

%
 o

f 2
W

1S
-s

pe
cf

ic
 

ce
lls

 

CXCR5- 
PD1-

CXCR5+
 PD1-

CXCR5+
 PD1+

0

1000

2000

3000

4000

5000 **
*

To
ta

l n
um

be
r o

f 
2W

1S
-s

pe
ci

fic
 c

el
ls

 

CXCR5- PD-1- 

CXCR5+ PD-1- 

CXCR5+ PD-1+ 

B C 

53.3 

33.3 

9.6 

2620 
1623 

475 

CXCR5- 
PD1-

CXCR5+
 PD1-

CXCR5+
 PD1+

0

20

40

60

80

100

***
*

%
 G

FP
+  

ce
lls

 o
f 

to
ta

l c
el

ls
 

69.7 

2.6 0 

S
S

C
-A

 

GFP 

PD-1- 
CXCR5- 

PD-1- 
CXCR5+ 

PD-1+ 
CXCR5+ 

70.0 2.8 

D E 

0 

2W1S:I-Ab+ 



	
	

211	
	

expression of GFP at day 4, 7, 11 and 21 post-immunisation with Lm-2W1S is shown 

in Figure 5.14A and were pre-gated on CD3+ Lineage- CD4+ cells. Gating controls for 

2W1S expression used cells isolated from the spleen of Id2-eGFP mice at 4, 7 and 

11 days post-immunisation with Lm-2W1S following incubation with a CLIP control 

(Figure 5.14B). Gating controls for GFP expression used cells isolated from the 

spleen of WT mice at 4, 7, 11 and 21 days post-immunisation with Lm-2W1S (Figure 

5.14C). Enumeration of the proportion and total number of 2W1S-specific T cells at 

these time points demonstrated 2W1S-specific T cells to be most abundant between 

days 7 and 11 (Figure 5.14D-E). However, the proportion of GFP expressed amongst 

2W1S-specific T cells was comparable on all days investigated (Figure 5.14F).  

The data described thus far provides evidence to support the expression of Id2 by 

CD4+ effector T cells in response to immunization with Lm-2W1S immunisation. 

However, this data does not indicate the function of Id2 amongst these cells. 

Previous studies have shown Id2 to be up regulated in Th1 cells that express Tbet 

(Shaw 2016). Therefore, we sought to determine the effect of Tbet deletion amongst 

CD4+ effector T cell function using our model of a Th1 immune response. To achieve 

this, we first established pilot experiments combining our techniques of immunisation 

with Lm-2W1S and tamoxifen administration by oral gavage in 

Id2creERT2xROSA26RFP, Id2creERT2Tbx21F/FxROSA26RFP and 

CD4creERT2Tbx21F/FxROSA26RFP mice. Immunisation of mice with Lm-2W1S initiated 

a Th1 immune response by CD4+ effector T cells while the administration of 

tamoxifen induced the expression of the Cre recombinase transgene within our 

transgenic mouse models and enable identification of cells that fate map to either Id2 

or CD4 by expression of RFP.  
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Figure 5.14 Increasing Id2 expression corresponds with the increasing number of 
2W1S-specific CD4+ T cells in response to Lm-2W1S immunisation 

To investigate Id2 expression at different stages of the immune response, cells from the from 
the spleen of Id2-eGFP mice were assessed at 4, 7, 11 and 21 days post-immunisation with 
Lm-2W1S. Samples were analysed using flow cytometry with total numbers calculated per 
whole spleen. Data shown in green corresponds with GFP+ cells.  

A) Representative FACs plots for the identification of GFP+ cells amongst 2W1S-specific 
CD4+ T cells, identified as CD3- Lineage- CD4+ CD44hi 2W1S:I-Ab+ cells, in the spleen 
of Id2-eGFP mice at day 4 (D4), day 7 (D7), day 11 (D11) and day 21 (D21) post-
immunisation with Lm-2W1S.  

B) CLIP control staining for 2W1S+ cells amongst CD4+ T cells at day 4, 7 and 11 post-
immunisation with Lm-2W1S. All cells isolated from the spleen at D21 were used for 
staining with the 2W1S:I-Ab tetramer given their low numbers at this time point. 

C) Gating controls for GFP expression based on cells isolated from the spleen of WT 
mice.  

D) Proportion of 2W1S-specific cells amongst CD4+ T cells at day 4, 7, 11 and 21 post-
immunisation with Lm-2W1S. 

E) Total number of 2W1S-specific cells amongst CD4+ T cells at day 4, 7, 11 and 21 
post-immunisation with Lm-2W1S.  

F) Proportion of GFP+ cells amongst 2W1S-specific CD4+ T cells at day 4, 7, 11 and 21 
post-immunisation with Lm-2W1S.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis where *p<0.05 and **p<0.01. In all graphs the bar 
represents the median, n=5 (D4, D11 and D21) and n=9 (D7). Data for all time points shown 
from two independent experiments. 
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The evidence presented in Figure 5.14 demonstrated Id2 to be expressed amongst 

CD4+ effector T cells at 4, 7, 11 and 21 days following immunisation with Lm-2W1S. 

However, these data did not inform us of which stage of the immune response the 

gene for Id2 is switched on. Furthermore, our earlier investigations used Id2-eGFP 

mice that enabled identification of current Id2 expression. In contrast, the proportion 

of Id2 expressed in our fate-mapping model is influenced by the efficiency of labeling 

these cells following tamoxifen administration (as previously described in Chapter 3). 

Therefore, we designed two pilot approaches to capture the expression of Id2 

amongst CD4+ effector T cells in response to Lm-2W1S, termed method 1, were 

immunised with Lm-2W1S on day 0 and administered tamoxifen by oral gavage on 

days 1, 2, and 3. The mice were culled on day 9 and cells isolated from the spleen 

were assessed (Figure 5.15A). It was hypothesised that administering tamoxifen at 

these time points would capture CD4+ T cells as they initiate an immune response 

against Lm-2W1S. In our second approach, termed method 2, mice were immunised 

with Lm-2W1S on day 0 and were administered tamoxifen by oral gavage on days 6, 

7 and 8. The mice were culled on day 12 and cells isolated from the spleen were 

assessed (Figure 5.15B). Data shown in Figure 5.14 demonstrated the expansion of 

2W1S-specific CD4+ effector T cells between day 7 and day 11 following 

immunization with Lm-2W1S. As such, it was hypothesised that administration of 

tamoxifen at days 6, 7 and 8 would capture these cells as they undergo clonal 

expansion. These results of these approaches are illustrated in Figure 5.16.  

Representative FACS plots demonstrate 2W1S-specific T cells to be identified in the 

spleen of CD4creERT2Tbx21F/FxROSA26RFP, Id2creERT2xROSA26RFP and 

Id2creERT2Tbx21F/Fx ROSA26RFP mice following the experimental approach described 
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5.15 Experimental design for investigating Id2 expression amongst CD4+ effector T 
cells during a Th1 response 

To compare the expression of Id2 amongst CD4+ effector T cells during a Th1 immune 
response, Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/FxROSA26RFP mice were immunised 
with Lm-2W1S and subsequently administered tamoxifen by oral gavage using two different 
approaches. A) Method 1. Mice were immunised with Lm-2W1S on day 0 and administered 
tamoxifen by oral gavage on days 1, 2 and 3 before culling on day 9 and the spleen 
dissected for analysis. B) Method 2 Mice were immunised with Lm-2W1S on day 0 and 
administered tamoxifen by oral gavage on days 6, 7, and 8 before culling on day 12 and the 
spleen dissected for analysis. 
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in method 1 (Figure 5.16A). A proportion of RFP+ cells corresponding to Id2 

expression can also be observed amongst the 2W1S-specific cells identified in these 

mice (Figure 5.16A). The CD4creERT2Tbx21F/FxROSA26RFP mouse was included to 

provide evidence of our model working. Cells shown in these FACS plots were pre-

gated on CD3+ B220- CD11b- CD11c- cells. Gating controls for 2W1S-specific cells 

were based on cells isolated from the spleen of Id2creERT2xROSA26RFP mouse and 

incubated with a CLIP control (Figure 5.16B). Gating controls for RFP expression 

were based on cells isolated from the spleen of Id2creERT2xROSA26RFP mice in the 

absence of the gene for Cre recombinase (Figure 5.16C). 

Representative FACS plots demonstrate 2W1S-specific cells to be identified in the 

spleen of Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/Fx ROSA26RFP mice following 

the experimental approach described in method 2 (Figure 5.16D). A proportion of 

RFP+ cells corresponding to Id2 expression can also be observed amongst the 

2W1S-specific cells identified in these mice (Figure 5.16D). 

CD4creERT2Tbx21F/FxROSA26RFP mice were absent from this methodology due to the 

availability of these mice. Control gating for 2W1S-specific cells and RFP expression 

were determined using the methods described above and their FACS plots shown in 

Figure 5.16E and 5.16F, respectively. Statistical comparison of the total number of 

2W1S-specific cells in the spleen of Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/Fx 

ROSA26RFP mice following either method 1 or method 2 demonstrate no significant 

difference amongst these mice (Figure 5.16F). However, comparison of the median 

of the total number of cells between these two methods identify elevated numbers in 

both mouse strains following treatment as described in method 2 (Figure 5.16G).  

While, statistically, there is no significant difference between the proportion of RFP 
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5.16 Id2 expression can be detected amongst CD4+ effector T cells in the spleen 
following immunisation with Lm-2W1S 

To compare the expression of Id2 amongst CD4+ effector T cells during a Th1 immune 
response, Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/FxROSA26RFP mice were immunised 
with Lm-2W1S and subsequently administered tamoxifen by oral gavage using two different 
approaches. In method 1, mice were immunised with Lm-2W1S on day 0 and administered 
tamoxifen on days 1, 2 and 3 before culling on day 9. In method 2, mice were immunised 
with Lm-2W1S on day 0 and administered tamoxifen on days 6, 7, and 8 before culling on 
day 12. Cells isolated from the spleen were assessed in both methods. Cells were analysed 
by flow cytometry and total numbers calculated per whole spleen. Data shown in red 
corresponds with RFP expression.  

A) Representative FACS plots for the identification of 2W1S-specific RFP+ T cells in the 
spleen following treatment as described in method 1. Cells were pre-gated on CD3+ 
B220- CD11b- CD11c- CD4+ cells. CD4creERT2 Tbx21F/F x ROSA26RFP mice were used 
as a positive control RFP expression amongst total CD4+ T cells.  

B) Representative FACs plot for the CLIP control in the spleen of 
Id2creERT2xROSA26RFPmice following treatment as described in method 1.  

C) Gating controls for RFP+ cells were based on RFP expression in mLN (left) and 
thymus (right) of Id2ERT2 x ROSA26RFP mice that are absent of the gene for Cre 
recombinase following treatment as described in method 1. 

D) Representative FACS plots for the identification of 2W1S-specific RFP+ T cells in the 
spleen following treatment as described in method 2. Cells were pre-gated on CD3+ 
B220- CD11b- CD11c- CD4+ cells.  

E) Representative FACs plot for the CLIP control in the spleen of 
Id2creERT2xROSA26RFPmice following treatment as described in method 2.  

F) Gating controls for RFP+ cells were based on RFP expression in mLN (left) and 
thymus (right) of Id2ERT2 x ROSA26RFP mice that are absent of cre following treatment 
as described in method 2. 

G) Comparison of the total number of 2W1S-specific T cells in the spleen of 
Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/FxROSA26RFP mice following treatment as 
per method 1 or method 2.  

H) Comparison of the proportion of RFP+ cells amongst 2W1S-specific T cells in the 
spleen of Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/FxROSA26RFP mice following 
treatment as per method 1 or method 2. 

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis. In all graphs the bar represents the median, n=5 
(method 1) and n=3 (method 2). Data for all time points shown from one independent 
experiment. 
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expressed amongst these cells in both mouse strains and across methods, 

comparison of the median values amongst these mice show a rise in RFP expression 

in the spleen of Id2creERT2Tbx21F/Fx ROSA26RFP in comparison to 

Id2creERT2xROSA26RFP (Figure 5.16H). Of course, these experiments were preliminary 

to future work and the availability of mice limited the sample sizes used. Overall, 

these data demonstrate that Id2 expression can be assessed amongst CD4+ effector 

T cells that are specific for Lm-2W1S.   

Given the progress of these pilot experiments, we next attempted to optimise our 

methodology and expand our staining panel so that Tbet expression amongst Th1 

effector T cells could be identified. Building upon the approach described in method 

2, CD4creERT2Tbx21F/FxROSA26RFP, Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/Fx 

ROSA26RFP mice were immunised with Lm-2W1S on day 0 and administered 

tamoxifen for a prolonged period on days 4, 5, 6 and 7. Mice were culled on day 14 

and cells pooled from the spleen and the axillary, cervical and inguinal lymph nodes 

(peripheral lymph nodes; pLN) were assessed. Firstly, cells were identified as per the 

gating strategy used in Figure 5.16 and RFP expression amongst 2W1S-specific T 

cells in Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/Fx ROSA26RFP mice was shown 

(Figure 5.17A) Enumeration of the proportion of RFP expressed was identified to be 

greater than 10% in both mice (Figure 5.17B).  These findings were consistent with 

our preliminary experiments whereby RFP expression could be identified amongst 

CD4+ effector T cells that were specific for 2W1S. Following from this, we assessed 

the expression of CXCR5 and Tbet expression in relation to RFP (Figure 5.17C-E).  
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5.17 Tbet can be deleted amongst CD4+ effector T cells in the spleen and pLN 
following Cre induction with tamoxifen 

To determine whether Tbet can be deleted amongst 2W1S-specific CD4+ effector T cells that 
fate-map to Id2, Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/FxROSA26RFP mice were 
immunised with Lm-2W1S and subsequently administered tamoxifen by oral gavage. Cells 
isolated from the spleen and pLN were analysed by flow cytometry. Total numbers calculated 
from pooling the cells isolated from the spleen and peripheral lymph nodes. Data shown in 
red corresponds with RFP expression.  

A) Representative FACS plots for the identification of 2W1S-specific RFP+ T cells in the 
spleen of Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/FxROSA26RFP mice. Mice were 
immunised with Lm-2W1S on day 0, administered tamoxifen on days 4, 5, 6 and 7, 
and culled on day 14. Cells were pre-gated on CD3+ B220- CD11b- CD11c- CD4+ 
cells.  

B) Proportion of RFP+ cells amongst 2W1S-specific T cells in the spleen and pLN. 

C) Representative FACS plots for the identification of RFP, CXCR5 and Tbet expression 
amongst 2W1S-specific T cells in the spleen and pLN of Id2creERT2xROSA26RFP and 
Id2creERT2Tbx21F/FxROSA26RFP mice. CD4creERT2 Tbx21F/F x ROSA26RFP mice were 
used as a positive control for Tbet deletion amongst total CD4+ T cells.  

D) Comparison of the proportion of RFP expressed by CXCR5+ and CXCR5- cells 
amongst 2W1S-specific T cells. 

E) Comparison of the proportion of RFP expressed by Tbet+ and Tbet- cells amongst 
2W1S-specific T cells.  

Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test was used (comparing three or 
more data sets) for statistical analysis. In all graphs the bar represents the median, n=4 and 
n=2 for Id2creERT2xROSA26RFP and Id2creERT2Tbx21F/FxROSA26RFP, respectively. Data for all 
time points shown from one independent experiment.  
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Using cells pooled from the spleen and pLN of CD4creERT2Tbx21F/FxROSA26RFP mice, 

RFP+ cells were shown to be CXCR5- and Tbet- (Figure 5.17C). This demonstrates 

the majority of Tbet deleted on cells fate-mapped to CD4. This gating strategy was 

applied to cells pooled from the spleen and pLN of Id2creERT2xROSA26RFP and 

Id2creERT2Tbx21F/Fx ROSA26RFP mice (Figure 5.17C). Here, the majority of RFP+ cells 

amongst the 2W1S+ population in Id2creERT2xROSA26RFP express Tbet. However, in 

Id2creERT2Tbx21F/Fx ROSA26RFP mice, the majority of RFP+ cells arising from the 

2W1S+ are Tbet-; demonstrating the successful deletion of Tbet from this subset 

(Figure 5.17C). Enumeration of these data demonstrates the proportion of RFP 

expressed by 2W1S-specific T cells to be greatest amongst CXCR5- cells (Figure 

5.17D). Moreover, these data illustrate the proportion of RFP expressed by 2W1S-

specific T cells to be greater amongst Tbet- cells of Id2creERT2Tbx21F/Fx ROSA26RFP 

mice (Figure 5.17E). However, repeat analysis is required to determine whether 

these data to be statistically significant.   
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5.3 Discussion 

Throughout our earlier investigations it was observed that the majority of cells in the 

thymus that expressed Id2 were not ILC. Therefore, we aimed to characterise the 

expression of Id2 amongst cells other than ILC, both in the thymus and at peripheral 

sites. Early on within our fate-mapping investigations it was apparent that while αβ T 

cells were the most abundant cells arising from RFP+ cells, only a small proportion of 

total αβ T cells expressed Id2. Notably, the greatest proportion of RFP+ cells arose 

from iNKT cells and was true of both the thymus and mLN. Moreover, the proportion 

of RFP+ cells amongst the iNKT cell population was comparable to that of ILC. Given 

that all ILC express Id2 due to the indispensable requirement for this transcription 

factor during development, it was inferred that all iNKT cells also expressed Id2. The 

ability to label all cells in a tamoxifen inducible Cre-LoxP system is technically 

challenging and is affected by the efficiency of our model. Therefore, the efficiency of 

Cre induction can account for the fewer than 100% of ILC, and ultimately iNKT cells, 

which express RFP in our model.  

Continuing with our study of iNKT cells, we were able to identify iNKT1, iNKT2 and 

iNKT17 subsets in the thymus of WT mice in proportions similar to those previously 

described.(57) We later demonstrated Id2 expression amongst all iNKT subsets 

using reporter mice that was maintained in peripheral lymph nodes. Although all iNKT 

subsets, to at least some extent, were shown to arise from Id2-expressing cells in the 

thymus, the majority of these were iNKT1 cells. However, this is reflective of the 

composition of iNKT cells within this tissue as shown in the WT data.  Moreover, in 

both WT and Id2 reporter experiments it was not possible to include an antibody 

against Tbet within our antibody panel due to the limited choice of conjugate 
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fluorochrome. Instead, we relied on PLZF and RORγt to separate these populations 

from total iNKT cells. To strengthen our findings, these iNKT subsets could be further 

characterised by their expression of NK1.1. While NK1.1 is not a substitute for Tbet, 

its inclusion would provide further evidence to support the identification of iNKT1 cells 

given NK1.1 is not expressed by either iNKT2 or iNKT17 cells.(57) Overall, we 

concluded in Id2 reporter mice that all iNKT subsets expressed Id2. However, this 

does not explain why some of these cells were arising from the Id2-negative 

proportion of iNKT cells. We propose this difference is due to the brightness of GFP 

on the cell surface. In our investigations, there was weak expression of GFP that was 

difficult to pull apart from the non-Id2 expressing cells despite including a suitable 

control. Furthermore, if the cells present were truly GFP- then they are likely to show 

as a distinct population. While there were some limitations to our experiments, our 

findings were consistent with other studies.(77) 	

Our data demonstrated Id2 expression by iNKT1, iNKT2 and iNKT17 subsets was 

maintained in peripheral lymph nodes. Until now, the expression of Id2 by iNKT cells 

in the periphery had been assessed predominantly in the liver and spleen. These 

investigations illustrated a drastic reduction in absolute numbers of iNKT cells within 

the liver in the absence of Id2, while numbers of these cells in the spleen and thymus 

were normal.(56) We sought to examine the effect of Id2 on the function of iNKT 

cells, again using mice that fate mapped to Id2. These data illustrated no difference 

in the capability of iNKT cells to produce IL-4 or IFNγ whether regardless of their Id2 

expression. As previously mentioned, the ability to identify all cells that fate map to 

Id2 is reliant on the efficiency of the Cre-LoxP system. The fact no difference is 

observed between non-fate mapped and fate mapped cells in our experiment support 
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the idea that these are all the same cells. Previously, our data in Id2 reporter mice 

had shown the greatest proportion of Id2 to be expressed by iNKT17 cells in the 

pooled peripheral lymph nodes. While it would be interesting to assess the 

association between Id2 expression and the capability of these cells to produce IL-

17, we would hypothesise that no difference would be observed between cells that 

fate map or do not fate map to Id2 in our model.  

It had previously been reported that strength of TCRγδ signalling restricted the 

development of IL-17A producing γδ T cells and instead influenced the development 

of IFNγ producing cells.(206) It was evident in the prenatal thymus that these two 

pathways could be segregated base on the expression of either Vγ5 or Vγ6.(206) 

The expression of Vγ5 at the prenatal stage generated IFNγ producing γδ T cells 

while cells of the IL-17A pathway expressed Vγ6. However, following birth, the 

expression of Vγ1, Vγ2/3 and Vγ4 was detected in both pathways in the postnatal 

and adult thymus.(206)  

Building upon our previous data where we demonstrated Id2 to be expressed by a 

small proportion of γδ T cells in the thymus, we sought to examine the expression of 

Id2 amongst the IFNγ and IL-17 pathways.(206) Using the same strategy as Sumaria 

et al. (2017), we successfully identified cells akin to IFNγ (CD44+ CD45RB+) and IL-

17A (CD44+ CD45RB-) producing cells in the thymus and at peripheral sites. This 

was followed by the assessment of these populations arising from GFP+ cells in Id2-

eGFP reporter mice. However, we revealed Id2 to be expressed by all γδ T cells 

investigated and its expression was not restricted to either IFNγ or IL-17A lineage.  
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We later illustrated the expression of Id2 based on Vγ1 or Vγ2 segment usage 

amongst CD44+ CD45RB+ and CD44+ CD45RB- populations. While it would have 

been interesting to examine the expression of all γ-chains associated with these 

cells, such as Vγ4, Vγ5 and Vγ6, we were limited by the availability of antibodies that 

fit with our existing antibody panel. We demonstrated the majority GFP+ CD44+ 

CD45RB+ cells in peripheral tissues to be either Vγ1+ or Vγ2+ cells. However, GFP+ 

CD44+ CD45RB- cells were either Vγ2+ or Vγ1- Vγ2-. Although this indicates 

differences in γ-chain usage amongst these cells, these data does not demonstrate a 

restriction between Id2 and specific γ-chain usage. Instead, the differences in γ-chain 

usage between CD44+ CD45RB+ and CD44+ CD45RB- cells are likely to be 

associated to the functions of these cells and not Id2 itself. This could be assessed in 

future experiments by comparing γ-chain usage amongst CD44+ CD45RB+ and 

CD44+ CD45RB- populations in WT and Id2-eGFP reporter mice. 

Our data in the neonatal thymus revealed the majority of GFP+ γδ T cells to be 

CD44+ CD45RB- cells, representing those restricted to the IL-17A lineage. Moreover, 

it was identified that these cells were Vγ1- Vγ2-. However, the sight variation in the 

CD24- gate in the neonatal thymus compared to our adult data must be 

acknowledged here. Cells isolated form the adult tissues comprised of CD24+, 

CD24lo and CD24- cells and therefore it was not entirely clear where to position the 

CD24- gate, whilst in the neonatal thymus the CD24- and CD24+ cells were much 

more distinct. However, our data in the neonatal thymus was limited by the 

availability of Id2-eGFP mice. Future investigations would seek to repeat this 

experiment to provide greater reliability in our findings. 	
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Further ideas to strengthen these data include examining the expression of Vγ4, Vγ5 

and Vγ6 amongst Id2-expressing populations. Moreover, γδ T cells were shown to 

segregate in the prenatal thymus based on their expression of Vγ5 and Vγ6. It would 

be interesting to determine the expression of Id2 in these cells during the prenatal 

window. Collectively, our data demonstrated Id2 to be expressed by mature γδ T 

cells regardless of lineage restriction. Returning to what is known about other innate-

populations, such as iNKT cells, where Id2 expression is increased with maturation, it 

would be interesting to explore the stage at which Id2 is switched on in γδ T cells.  

Moving away from innate populations, we later explored the expression of Id2 in 

effector T cell populations where previous work had shown Id2 to reinforce Th1 

differentiation and restriction of a Tfh cell fate.(196) Fitting with these reports, our 

initial findings demonstrated Id2 to be negligible among naïve CD4+ T cells while Id2 

expression was elevated amongst CD4+ T cells at effector sites, such as the small 

intestine, using Id2-eGFP reporter mice. Id2 expression was also identified in CD8+ T 

cells in the small intestine, although to a lesser extent than CD4+ T cells. Due to 

restrictions in time during our investigations it was not possible to explore either of 

these subsets in this tissue further. However, if time had permitted it would have 

been interesting to further characterise Id2 expression amongst both CD4+ and CD8+ 

cells in the small intestine. Firstly, it would be interesting to see whether Id2 was 

associated with a specialised group of CD8+ T cells in the small intestine, termed 

intraepithelial lymphocytes. Further investigations could use CD8α, CD69 and 

CD103, which are commonly used to identify this homogenous cell population.(210) 

In addition, Treg are a population of CD4+ T cells that are fundamental in ensuring 

immune homeostasis.(204,211) These cells are characterised by their expression of 
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FoxP3, which is fundamental in maintaining their suppressive properties.(204,212) 

Moreover, the expression of FoxP3 enables discrimination of these cells from other T 

cell subsets.(204) Recently, it was shown that Id2 expression mediates the plasticity 

of Treg whereby increased Id2 expression in an inflammatory environment favours 

an ex-FoxP3 Th17 cell phenotype.(204) As such, further investigating the relationship 

between Id2 and the phenotype and function of Treg in the small intestine would be 

an interesting avenue to pursue. Interestingly, the majority of γδ T cells isolated from 

the small intestine also expressed Id2. Further to this, the expression of Id2 amongst 

γδ T cells at this effector site was greater than that previously observed in lymphoid 

tissues. While these data indicates a role for Id2 in the effector response of γδ T 

cells, this was not explored within this thesis. 

We successfully identified Id2 expression amongst antigen-specific CD4+ T cells in 

the spleen. Moreover, the expression of Id2 was restricted to Th1 effector T cells, 

agreeing with previously published work by Shaw et al. (2016).(196) However, we 

used an alternative approach compared to this work by Shaw et al. (2016). We next 

used our model to assess changes in Id2 expression across this antigen-specific 

immune response between day 4 and day 21 post-immunisation. We examined the 

expression of Id2 a several time points post-immunisation with Lm-2W1S and 

demonstrated GFP expression to be greatest at day 7. Previous studies by Pepper et 

al. (2011) have demonstrated the number of antigen-specific T cells to peak at day 7, 

illustrating the increase in Id2 expression coincides with the clonal expansion of 

antigen-specific T cells.(213) Collectively, these data demonstrated Id2 to be 

upregulated in antigen-specific CD4+ T cells and orchestrated the differentiation of 

the Th1 effector subsets. While these data are not entirely novel, our findings are 
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consistent with the published literature and provide us with confidence in our own 

findings. 

The final, and likely the most experimental part of our studies, attempted to delete 

Tbet amongst antigen-specific T cells that expressed Id2 to determine the effect on 

Th1 cell function. While these experiments were limited by the time available, we 

successfully deleted Tbet in this context as shown by the absence of this 

transcription factor amongst the majority of RFP+ cells in our final experiments. 

However, our data demonstrated a small proportion of RFP+ cells that were Tbet+, 

illustrating the technical challenges faced within our investigations. It is clear from our 

data that the fluorochrome conjugated to the anti-Tbet antibody is not very bright and 

is owing to the limited availability of anti-Tbet antibodies that would fit within our 

antibody panel. As a result of this, the Tbet+ and Tbet- cells are not highly distinct. An 

attempt to improve Tbet staining in this context could be made in future experiments 

by incubating cells with the intracellular antibodies for a longer period of time. In 

addition to this caveat, he ability to target antigen-specific cells in this context is also 

technically challenging. While our previous experiments had demonstrated Id2 

expression to be greater at day 7, these experiments were performed in reporter 

mice, which illustrate the live expression of Id2. Our fate-mapping model, however, 

identifies cells that are currently or have previously expressed Id2, during or just 

before the window of tamoxifen administration. Therefore, it is more difficult to label 

the target cells. Initially, we administered tamoxifen to these mice by oral gavage on 

days 1, 2 and 3 post-immunisation with Lm-2W1S prior to the rapid proliferation of 

antigen-specific T cells between days 3 and 7.(213) However, this only labelled ~5% 

of antigen-specific T cells that expressed Id2. Adapting our methodology slightly, we 
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administered tamoxifen by oral gavage on days 6, 7 and 8, where we have previously 

observed the greater proportion of Id2 expression in reporter mice. Given that the 

time taken for Id2 to exert its effect is not known, it was not unreasonable for us to 

attempt to target the antigen-specific T cells across these time points. However, this 

also resulted in only ~5% of Id2 expressing antigen-specific cells to be labelled. 

Interestingly, for reasons unknown, the proportion of Id2 expressing antigen specific 

cells of Id2CreERT2 Tbx21F/FxROSA26RFP mice was greater than that observed in 

Id2CreERT2xROSA26RFP. 

Our final investigations attempted to target these cells by extending the duration at 

which mice were administered tamoxifen. While labelling efficiency did not meet the 

level observed in reporter mice, this was increased to ~11% and ~15% in Id2CreERT2 

Tbx21F/FxROSA26RFP and Id2CreERT2xROSA26RFP mice, respectively. It was within 

these mice that we also assessed Tbet expression and observed successful deletion 

of this transcription factor. Unfortunately, giving time restraints, we were unable to 

take these investigations further. Subsequent work hoped to explore the effect of 

Tbet deletion on the function of antigen-specific Th1 cells by assessing IFNγ in these 

cells. Within the literature, it was shown that deletion of Id2 amongst effector T cells 

inhibited the differentiation of Th1 cells and instead restricted cells to a Tfh effector 

lineage. Based on these findings we would anticipate the absence of Tbet to reduce 

the ability of these cells to produce IFNγ. Moreover, it would be interesting to 

reassess the CXCR5 PD-1 phenotype of the antigen-specific T cells. Based on 

published literature, it would not be unreasonable to suggest these cells to have a 

Tfh phenotype and upregulate Bcl-6.(196,213) 	
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Collectively, the data presented within this chapter illustrated Id2 to be expressed by 

γδ T cells and iNKT cells following their maturation in the thymus and this expression 

was maintained in peripheral sites. However, Id2 is largely absent from naïve CD4+ T 

cells but is rapidly upregulated following initiation of the adaptive immune response. 

In this context, we were able to track the expression of Id2 amongst antigen-specific 

CD4+ T cells by immunising Id2-eGFP reporter mice with Lm-2W1S with GFP+ 

expression peaking at day 7. Finally, we demonstrated Id2 expression to be 

restricted to restricted to Th1 effector T cells and established a model whereby Tbet 

could be conditionally deleted in Id2-expressing cells. Whether the deletion of Tbet in 

this context affects the function of these requires further investigation. Together, 

these data illustrated the differences in Id2 expression between innate and effector 

populations. However, further work is required to define the roles of Id2 in either 

context.  
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CHAPTER 6: GENERAL DISCUSSION  
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6.1 Overview 

The thymus is responsible for the establishment of self-tolerant T cells with the ability 

to respond to a variety of antigens and initiate the adaptive immune response. Failure 

to eliminate self-reactive T cells during this process can lead to the development of 

autoimmune diseases, such as rheumatoid arthritis, and therefore the establishment 

of immune tolerance is of utmost importance.(214) The capability to complete this 

function is a result of the unique microenvironments within the thymus, which is split 

into two main components: the parenchyma and the stroma. While the parenchyma 

consists mainly of T lymphocytes, the thymic stroma consists of specialist thymic 

epithelial cells (TEC). Although these are discussed as two entities, the development 

of multiple T cell populations within this tissue is a result of bidirectional signalling 

between cells of the stroma, such as the cortical and medullary TEC, and developing 

thymocytes.(215) Thus, there is a requirement for cells to interact with each other 

within the thymus in order to support their own development.  

Indeed, this bidirectional relationship between developing thymocytes and the thymic 

stroma is important across the life span of the thymus. This is highlighted in the 

involution of the ageing thymus, which is characterised by a reduction in thymic 

tissue mass and cellularity, in addition to a loss in tissue organisation.(113) Together, 

this results in reduced naïve T cell output with a decline in T cell diversity that is 

thought to contribute to the increased susceptibility of older individuals to infection 

and autoimmune disease, as well as cancer.(113) Although it is widely appreciated 

that the thymus involutes with age, the mechanisms that contribute to this process 

are less well understood. However, there is evidence to support the idea that thymic 
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involution is a result of defects in both developing thymocytes and the thymic stroma; 

both having an effect on the bidirectional relationship.(112)  

The complex mechanisms that govern thymopoiesis have been described in earlier 

chapters of this thesis. However, it is important to acknowledge the important role of 

the bone marrow that provides the continual supply of progenitors required by the 

thymus.(113) Therefore, any changes in the bone marrow as a result of ageing will 

also impact on the functioning of the thymus. Evidence has shown that 

haematopoietic stems cells in the ageing bone marrow have increased bias towards 

the myeloid lineage compared to the lymphoid lineage.(216) This is thought to 

contribute to involution of the thymus during ageing due to the reduced influx of 

thymic progenitors to this tissue.(113)  

To examine the significance of ILC populations in the thymus it is important to review 

our findings in the context of the thymus at different stages of life. As previously 

mentioned, the stromal compartment has a crucial role in thymopoiesis where it 

promotes the proliferation and differentiation of developing thymocytes through the 

provision of key signals. This is largely influenced by cTEC and mTEC that comprise 

the majority of the thymic stroma.(217) Therefore, any changes amongst the niches 

that exist within the thymus will impact the on the function of the thymus. This raises 

the question of what the importance of ILC is throughout development. It was 

demonstrated from our own investigations that ILC3, namely LTi cells, are the main 

population of ILC in the embryonic thymus and persist following birth. These cells are 

known to support the maturation of mTEC in the embryonic thymus through the 

provision of RANKL.(98) However, ILC2 soon became the main population of ILC 

within the neonatal thymus and this persisted into adulthood. We identified ILC2 in 
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the medulla of the neonatal and adult thymus, where others have previously 

identified ILC3 in the embryonic thymus. Moreover, ILC2 isolated from the WT 

thymus were unable to provide RANKL and instead were capable of producing type-2 

cytokines associated with these cells at peripheral sites; indicating distinct functions 

amongst ILC in the thymus. However, the relevance of these findings in the wider 

field has yet to be discussed. Here, we review our findings in the context of current 

literature to determine the significance of ILC within the thymus across ontogeny.  

It has become evident over recent years that that functional diversity exists amongst 

ILC populations. This includes, but is not restricted to, their role in the maintenance of 

immune homeostasis, particularly at barrier sites and within lymphoid organs.(72) 

These barrier sites comprise of epithelia that have an underappreciated function in 

the maintenance of immunity where they provide first line defence to invading 

pathogens.(218) In addition, there is extensive evidence to support ILC function at 

these sites, particularly in the lung, where ILC2 are numerous and play a key role in 

maintain epithelial function.(130) The role of ILC3 in the maintenance of immune 

homeostasis has also been extensively studied. Recently, ILC3 have been proposed 

to act as “communication hubs” in the small intestine where they are capable of 

responding to a number of different signals from their surrounding 

microenvironment.(219) These signals are integrated into complex intracellular 

mechanisms that result in different immune outputs. Therefore, how ILC3 respond to 

the signals influences the maintenance of immune homeostasis at these sites.(219)  

Within this thesis, we hypothesised that ILC populations would also support the 

epithelial niches in the thymus. Previously, published research described the 

communication between LTi cells and TEC that supported the development and 
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maintenance of the thymic microenvironment in the embryo.(98) Therefore, it was not 

unreasonable for us to explore the idea that ILC could have other supportive roles 

within the thymus, which consists of vast epithelial networks. However, the work of 

Rossi et al. (2007) was published greater than 10 years ago and preceded our 

realisation of multiple ILC populations. As a result, we built upon our extensive 

understanding of ILC populations and their function within the periphery to undertake 

a detailed assessment of ILC populations within the thymus. In addition, we 

interrogated the function of these cells to understand how they might support 

homeostasis within the thymus. 

6.2 ILC3 support epithelial development in the embryonic and neonatal thymus 

Building on the initial studies by Rossi et al. (2007), we observed ILC3 within the 

embryonic thymus and later identified these cells within the neonatal thymus. Our 

data also demonstrated other ILC subsets to be evident in the embryonic thymus. 

This is owing to the advancement of our understanding of how to identify these cells 

since the preceding work. The number of ILC3 within the neonatal thymus of WT 

mice was sufficient for assessment of their function ex vivo and it was identified in 

these studies that ILC3 were capable of expressing RANKL. Based on the previous 

work by Rossi et al. (2007) we inferred that ILC3 provided RANKL to immature mTEC 

to support their maturation, however this was not assessed directly within our 

investigations. One solution includes the use of advanced imaging techniques, such 

as multiphoton laser scanning microscopy, which enables live imaging of cell-to-cell 

interactions. However, this would not be without its technical challenges. Throughout 

our investigations it was essential for the rib cage to be pulled apart so that the 

thymus could be accessed, and given the close proximity of the thymus to the heart, 
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risked damaged to the cardiovascular system. This is not an ideal scenario for 

multiphoton laser scanning microscopy where a live animal is required. Furthermore, 

the thymus is a dense cellular network and given ILC are a rare population in 

comparison to T cells it would be difficult to identify them in this context. More so 

because of the similarity between ILC and developing T cells, which was one of the 

main challenges faced throughout our studies.  

Furthermore, ILC3 are not the sole providers of RANKL within the developing thymus 

as published literature has shown this signal to be jointly provided by invariant Vγ5+ 

DETC.(99) This raises the question to whether the role of LTi cells in providing 

RANKL is redundant. This could be addressed by assessing these cells in Rag-/- 

Rorc-/- mice. Moreover, primitive lymphoid anlagen comprise LTi cells where they 

provide lymphotoxin and TNF signals that stimulate the chemokines and adhesion 

molecules required for lymphoid tissue development. Together, these data support a 

role for LTi cells in the embryonic and neonatal thymus prior to the decline of ILC3 in 

the adult thymus. While these data support a role for ILC3 in the embryonic and early 

neonatal thymus, the number and proportion of these cells then rapidly and 

substantially fall. As such, it is hard to ascribe a function to ILC3 in the adult thymus 

where there are so few cells that they are almost absent.  

6.3 Postnatal changes in thymic ILC3 populations 

Evidence with the literature has identified ILC3 within the adult thymus where they 

are indicated as key provider of IL-22 and support the regeneration of the thymus 

following injury.  We utilised several in vivo models to characterise the ILC 

composition in the adult thymus and all of these demonstrated that very few ILC3 

were present in this tissue. We enumerated these cells and discovered less than 50 
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to exist within the adult thymus. Therefore, it is difficult for us to understand how 

these cells contribute to homeostasis in the adult. Moreover, the numbers of ILC3 we 

observed were several orders of magnitude lower than those described by Dudakov 

et al. (2012).(100) Therefore, it is possible that the authors misidentified these cells, 

particularly as their gating strategy was not entirely clear. One example of this is 

evident in the literature concerning the discovery of a regulatory ILC population that 

was present in the mouse and human intestine.(220) This study used IL-10 reporter 

mice to identify a novel subset of ILC that suppressed the action of ILC1 and ILC3 

through the provision of IL-10.(220) However, this was later disproved. In a 

subsequent study, the production of IL-10 by regulatory ILC was assessed in mice 

from three independent mouse vendors and discovered these cells to be absent. 

Furthermore, regulatory ILC were absent in two models of inflammation. Interestingly, 

a minute population of ILC2 within this tissue were demonstrated to be the provider 

of IL-10.(221)  

To provide further confidence in our own data we assessed the ILC composition of 

the thymus following sub-lethal irradiation. While Dudakov et al. (2012) suggested 

radio-resistance amongst the ILC population, we observed completed depletion of all 

ILC.(100) Further to this, published data reported an increase in IL-22 production in 

irradiated mice that was attributed to ILC3. We were unable to detect either ILC3 or 

IL-22 producing ILC3 in the irradiated thymus and, given the number detected in the 

non-irradiated thymus, this was unsurprising. Moreover, we adapted our gating 

strategy within this investigation to match that of the publication, rather than use the 

established gating strategy from our own laboratory. In addition, investigations using 

Rorc-/- mice are not without their limitations. We had made several attempts to extend 
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the thymic recovery period following sub-lethal irradiation. However, Rorc-/- are 

severely immunocompromised and have a greater incidence of thymic tumours 

making this difficult. 

6.4 ILC2 is the dominant ILC population post-birth 

Our identification of ILC2 within the thymus is likely the most interesting aspect of our 

investigations. We demonstrated ILC2 to be present at all stages of thymic 

development with their number gradually increasing up to 2 weeks post-birth where 

the numbers are maintained in the adult thymus. Furthermore, we demonstrated 

ILC2 isolated from the neonatal thymus to be capable of producing IL-5 and IL-13 

following ex vivo culture. While it is likely that ILC2 in the adult thymus are capable of 

producing IL-13, an artefact in our investigations limited our analysis and further 

investigation is required. Finally, the use of confocal microscopy illustrated the 

presence of these cells in the thymic medulla. Here, we discuss the potential roles of 

ILC2 in the thymus based on the results described within this thesis. Some of these 

roles have previously been described within chapter 4 and include the direct effects 

of IL-13 on thymocytes, the influence of the IL-4/IL-13 receptor complex on the fate of 

early haematopoietic progenitors, and the activation of medullary epithelium by IL-4 

or IL-13 and its influence on T cell egress and will not be discussed again 

here.(165,190,191) 

Our current understanding of ILC2 proposes that these cells are capable of 

monitoring surrounding tissues and can become activated in response to 

perturbations in immune homeostasis.(218) IL-25 and IL-33 are some of the key 

molecules involved in ILC2 activation and cause subsequent IL-5, IL-9 and IL-13 

production. Tuft cells are a source of IL-25 and frequent epithelial sites where they 
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support others cells. Previous evidence has shown Tuft cell-derived IL-25 is sufficient 

to activate ILC2 in the small intestine. More recently, cells of similar morphology to 

Tuft cells have been identified in the thymic medulla and it was later confirmed 

through RNA-sequencing and strict phenotyping that these cells comprised a bona 

fide population of Tuft cells. Moreover, these cells made up to 10% of cells in the 

thymic medulla.(135,136,222) Single cell sequencing technology has demonstrated 

thymic Tuft to be a distinct subset of mTEC, known as mTEC Group IV, which are 

functionally distinct to other mTECs yet closely related to Tuft cells of the intestinal 

tract. Given Tuft cells in the small intestine are capable of activating ILC2 through the 

provision of IL-25, we hypothesis these Tuft cells support the type-2 immune 

environment that supports the function of ILC2.(135,136,222)   

The use of single-cell sequencing is becoming more commonplace within 

immunology and is capable of providing a greater understanding of the molecular 

mechanisms that govern immune cells. In the example above, this method identified 

a close relationship of the novel thymic Tuft cells with those described within the 

small intestine. However, other studies have now used these methods to study other 

immune cells where a distinct phenotype and function is already described. Classical 

dendritic cells, for example, can be divided into two distinct subsets, cDC1 and cDC2, 

based on their phenotype and ability to prime CD4 or CD8 T cells, respectively. 

Using single-cell sequencing, it has now been discovered that cDC1 populations 

consist of two populations that arose from two distinct developmental pathways. The 

cDC2A population is Tbet+ and has a role in the anti-inflammatory response while 

cDC2B are RORγt+ and have pro-inflammatory capabilities.(223) Moreover, single 

cell sequencing technologies have been used to compare the transcriptomic and 
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epigenetic landscape of ILCs from the small intestine.(86) These methods could be 

applied to ILC of the thymus to provide a greater understanding of their molecular 

identity.	

ILC3 are not the only subset of ILC that have been implicated in the restoration of 

damaged tissues. While the restorative function of ILC2 have not been described 

within the thymus, there is evidence to suggest a role for ILC2 in this context at 

peripheral sites, including the lung, skin and small intestine.(131,187,188) Given that 

ILC2 are the main ILC subset within the adult thymus it is not unreasonable to 

suggest they are involved in tissue repair. While ILC2 are not a producer of IL-22 

they are producers of amphiregulin.(87) Whether ILC2 in the thymus have the 

potential to produce amphiregulin has yet to be determined.   

Since undertaking our research there have been several studies that demonstrate 

ILC2 have the potential to arise from within the thymus.(102,104,105) This is 

unsurprising given the thymus is a rich source of IL-7 and Notch signals that are 

required for ILC2 differentiation.(104) This has been addressed in vivo through the 

manipulation of E protein activity.(104) As previously discussed, Id2 is essential for 

ILC development where it inhibits the activity of E proteins that are critical in the 

development of B and T lymphocytes.(75) In the context of these investigations, 

inhibition of E protein activity in the thymus resulted in a substantial increase in 

ILC2.(104) Together, these findings support the biological significance of Id2 in 

inhibiting E protein activity and supporting ILC development. These findings have 

opened an interesting avenue for ILC research in the thymus. It would be important 

to discover whether the increase in ILC2 we describe post-birth is a result of reduced 
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E protein activity and whether these cells are of a thymic origin. There is also scope 

for determining whether ILC3 also have the potential to develop intrathymically. 

We have previously described the important bidirectional relationship that exists 

between the developing thymocytes and the thymic stroma. Moreover, ILC3 have 

been shown to support the maturation of the stromal compartment by providing 

important RANKL signals to developing mTEC populations.(98) Involution of the 

thymus is widely reported as a feature of ageing and is thought to be a result of 

defects in both the developing thymocytes and the surrounding stromal 

compartment.(113) However, whether ILC3, which support the stromal compartment, 

have a role in this breakdown has yet to be determined. It is quite possible that the 

decline in ILC3 post-birth and into the adult contribute to involution of the thymus by 

removing the supportive signals required by mTEC. However, it is thought that CD4+ 

T cells become a key provider of RANKL in the adult thymus. More recently, iNKT 

cells have also been implicated in the provision of RANKL in this context.(210) 

Therefore, it is more likely that ILC3 function becomes redundant in this tissue in the 

adult.  

The evidence shown within our research supports a role for either ILC3 or ILC2 

during different stages of thymic development. However, there are still arguments in 

the literature to support the redundancy of these cells, particularly when translated 

into humans. One study observed the effect of ILC deficiency in a cohort of patients 

with Severe Combined Immunodeficiency (SCID). ILC were shown to be absent in a 

cohort of patients with SCID who had a mutation in the gene encoding either the γ-

chain cytokine receptor subunit, IL-2Rα, or tyrosine kinase, JAK3. Treatment of these 

patients with haematopoietic stem cell transplantation (HSCT) resulted in the 
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reconstitution of T cells but ILC number remained lower than that of healthy controls. 

Patients with ILC deficiency were not associated with increased susceptibility to 

disease therefore redundancy of ILC was suggested when the function of T and B 

lymphocytes is preserved.(224)   

6.5 Other lymphocytes 

It was apparent from our studies that the majority of cells that expressed Id2 within 

the thymus were not ILC. Therefore, we sought to determine the biological 

significance of this transcriptional regulator amongst other subsets. Following further 

assessment we revealed αβ T cells to be the most abundant cells expression Id2. 

However, this observation was unsurprising given the thymus contains a vast number 

of αβ T cells in the developing thymus. Therefore, it was more useful to assess the 

proportion of Id2 expressed, which revealed that only a small proportion of αβ T cells 

in the thymus expressed Id2. It had previously been shown that Id2 was upregulated 

by effector CD4+ T cells where it was required for the differentiation into Th1 

cells.(196) This was consistent with our own data and provides insight into the 

biological significance of Id2 in these cells. Id2 is a transcriptional regulator of the E 

proteins where it acts to limit their activity.(75) E protein activity, namely E2A and 

HEB, is required for development down a T cell lineage; therefore it is unsurprisingly 

that αβ T cells in the thymus express little Id2.(225) However, our data, and that of 

others, illustrate an important role for Id2 in αβ T cells in the periphery where it acts to 

reinforce T cell differentiation into Th1 cells and support their effector immune 

response.(196)  

The developmental stage at which Id2 is expressed in cells is an important factor 

when considering the biological significance of Id2 expression amongst lymphocyte 
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populations. It is understood that iNKT cells diverge from the DP stage of T cell 

development following successful positive selection.(226) Moreover, up until this 

stage, these cells follow the same developmental pathway of similar T cell lineages 

that arise from the CLP under the action of E proteins.(227) Therefore, it would not 

beneficial for these cells to express Id2 early in T cell development. Our findings, 

much like that of others, identified Id2 expression by all mature iNKT subsets in the 

thymus and this expression was maintained in peripheral lymph nodes.(77) While we 

observed two distinct populations of iNKT cells that fate-mapped to Id2 and those 

that did not, there was no difference in the function of these cells and is likely a result 

the efficiency of our inducible Cre to label cells. Interestingly, the role of Id2 has been 

explored in hepatic iNKT cells where it functioned to support the survival of these 

lymphocytes.(228) In the context of our own findings, it is likely the significance of Id2 

in iNKT cells is to support the maintenance and survival of these cells.  

We also identified a small fraction of γδ T cells that expressed Id2 in the thymus of 

Id2 reporter mice. However, this was not restricted to a specific lineage associated 

with effector function.(206) Further work is required to determine when Id2 is 

switched on during γδ T cell development. This includes the assessment of Id2 

expression amongst Vγ5+ and Vγ6+ γδ T cells in the thymus where the IL-17A and 

IFNγ-associated lineages have been reported to segregate.(206) Together, we have 

shown Id2 to be expressed amongst multiple innate-like populations. While further 

work is required to determine whether Id2 has a unique function in these cells that 

otherwise have similar effector functions. 	
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6.6 Further limitations 

One drawback of our investigations included the technically challenging aspect of 

identifying Id2 expression using both reporter and fate mapping models. The difficulty 

in identifying all Id2-expressing cells was evident within our investigations where we 

did not observe 100% Id2 expression amongst ILC. This is a result of combined low 

reporter gene expression with a weak fluorochrome. Furthermore, expression will 

always be less than 100% when using an inducible Cre system. Furthermore, these 

challenges could be extended to the study of other lymphocyte populations. 

Recently, a novel Id2RFP reporter mouse was developed for the study of ILC 

progenitors and improved the way ILC could be interrogated in vivo.(229) As 

expected, these data illustrated Id2 expression amongst all ILC subsets, including 

splenic NK cells, liver NK cells and ILC1, lung ILC2 and ILC3 in the small intestine. 

Furthermore, this evidence demonstrated near to 100% of these cells to express Id2. 

Importantly, the authors observed poor expression of Id2 in CD4+ and CD8+ T cells in 

the spleen and its complete absence in B cells. The strength of this model was 

confirmed through comparison of Id2 expression with endogenous Id2 mRNA, which 

mirrored the results.(229) 	

6.6 Concluding remarks 

Throughout this study we have used several in vivo models to illustrate the ILC 

composition of the thymus. While, as first hypothesised, LTi cells that comprise the 

ILC3 subset were present in the embryonic and neonatal thymus, the number of ILC3 

decreased in the adult thymus. Within these investigations, we were the first to 

identify ILC2 within the embryonic thymus, albeit in a smaller proportion than ILC3. 

Interestingly, the number of ILC2 increased in the neonatal thymus where they were 
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present in comparable numbers to ILC3. However, while the number of ILC3 rapidly 

declined in the adult thymus, this coincided with an increase in ILC2, which become 

the dominant ILC population within this tissue. Our subsequent investigations 

provided evidence to support the provision of RANKL by thymic ILC3 in the neonatal 

stage. However, our findings indicated a role for ILC3 in the adult thymus is unlikely 

given the very few cells observed in this tissue. It was evident through our ex vivo 

studies that ILC2 of the neonatal and adult thymus were capable of producing type-2 

cytokines. Moreover, the use of confocal imaging supported the idea of thymic ILC2 

to be located in the thymic medulla. Together, our data provided evidence of ILC2 

and ILC3 within the thymus where they have similar roles in supporting the thymic 

epithelium. Within our final body of work we characterised the expression of Id2 

amongst other lymphocyte populations. These data illustrated similarities between 

ILC and other innate-like populations, such as iNKT cells, where all mature cells 

constitutively expressed Id2. Further to this, we identified Id2 amongst γδ T cells, 

however this was not attributed to particular effector function. Finally, we 

demonstrated Id2 to be absent in naïve T cells but its expression was upregulated at 

effector sites. Moreover, our evidence indicates Id2 expression to be restricted to Th1 

effector T cells and supported the requirement of Id2 during differentiation of these 

cells.  
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changes in intrathymic ILC populations during murine neonatal development. Eur J 
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Members of the innate lymphoid cell (ILC) family have been implicated in the develop-
ment of thymic microenvironments and the recovery of this architecture after damage.
However, a detailed characterization of this family in the thymus is lacking. To bet-
ter understand the thymic ILC compartment, we have utilized multiple in vivo models
including the fate mapping of inhibitor of DNA binding-2 (Id2) expression and the use of
Id2 reporter mice. Our data demonstrate that ILCs are more prominent immediately after
birth, but were rapidly diluted as the T-cell development program increased. As observed
in the embryonic thymus, CCR6+NKp46− lymphoid tissue inducer (LTi) cells were the
main ILC3 population present, but numbers of these cells swiftly declined in the neonate
and ILC3 were barely detectable in adult thymus. This loss of ILC3 means ILC2 are the
dominant ILC population in the thymus. Thymic ILC2 were able to produce IL-5 and IL-13,
were located within the medulla, and did not result from ILC3 plasticity. Furthermore, in
WT mice, thymic ILC2 express little RANKL (receptor activator of nuclear factor kappa-B
ligand) arguing that functionally, these cells provide different signals to LTi cells in the
thymus. Collectively, these data reveal a dynamic switch in the ILC populations of the
thymus during neonatal development.

Keywords: Innate lymphoid cells ! Lymphoid tissue ! Neonate ! RORγt ! Thymus

! Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Innate lymphoid cells (ILC) have been described in many tis-
sues [1, 2] and it seems likely that this family of cells is present
essentially throughout the body. However, it is clear that the pre-
cise composition of these cells is often highly tissue specific and
also developmentally regulated. Within the embryo, lymphoid tis-
sue inducer (LTi) cells comprise the RORγt-dependent group 3 ILC

Correspondence: Dr. David R. Withers
e-mail: d.withers@bham.ac.uk

(ILC3) population and these cells appear, required for the estab-
lishment of secondary lymphoid tissues such as lymph nodes and
Peyer’s patches [3], through orchestrating recruitment of lympho-
cytes to the developing anlagen after LTi cell:stromal cell interac-
tions [4]. Notably, LTi cells were also identified within the embry-
onic thymus where they again interact with stroma to establish a
lymphoid microenvironment, in this case providing receptor acti-
vator of nuclear factor kappa-B ligand (RANKL) to developing
medullary thymic epithelial cells (mTEC) [5]. Thus in both pri-
mary and secondary lymphoid tissues, members of the ILC3 family
play a key role in the generation of tissue microenvironments that
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support lymphocyte maturation and subsequent responses. Given
the importance of lymphoid tissue microenvironments to normal
function, recovery of such architecture is rapidly induced follow-
ing damage and ILC3 have also been implicated in this process in
both primary and secondary lymphoid tissue [6, 7]. Recovery of
splenic architecture after viral infection was impaired in Rorc−/−

mice [6], while ILC3 have been identified as a key source of IL-22
after radiation induced thymic damage [7]. While the ILC com-
partment of secondary lymphoid tissues has been described in
several studies [8, 9], characterization of ILC populations in the
thymus has not been performed in detail, perhaps impeded by the
phenotypic similarities between ILC and developing thymocytes.
In addition to the descriptions of ILC3, ILC2 have also been iden-
tified in both mouse and human thymus [10–13], although their
location within the tissue and their function remain unclear. Fur-
thermore, whether the ILC populations in the thymus change over
time has not been addressed. Here we have undertaken a detailed
characterization of thymic ILC from birth through to adulthood
using several in vivo models to ensure discrimination of ILC from
developing thymocytes. While we could clearly detect ILC3 with
an LTi cell phenotype in embryonic and neonatal thymus, surpris-
ingly we found that ILC3 rapidly declined in number after birth.
In contrast, ILC2 gradually increased in the thymus over time.
These cells were located within the medulla of the thymus, were
functional in terms of their capacity to make IL5 and IL-13, and
lacked expression of RANKL, a molecule thought to be critical for
LTi cell function in the developing thymus. Collectively, our data
reveal that while ILC3 function to establish the thymic medulla,
ILC2 become the dominant ILC population within the thymus after
birth and likely support normal thymic function through type 2
cytokine release.

Results

ILC populations in the neonatal thymus

LTi cells were originally identified within the embryonic thymus
more than 10 years ago [5]. Since the discovery of LTi cells, it
is now understood that these cells belong to the ILC family, with
inclusion in this family dependent upon a clearly described pheno-
type and function [2]. Given these advances, we wanted to reex-
amine the ILC populations within the embryonic thymus and asked
whether any other ILC populations beyond LTi cells were present.
To do this, we established fetal thymic organ cultures using embry-
onic day 16 thymi. After 7 days in culture, fetal thymic organ cul-
tures were disaggregated and ILC populations were assessed by
flow cytometry. ILC were defined as IL-7Rα+Lin−CD8α− intracel-
lular CD3− (CD3i−) cells with ILC2 and ILC3 identified on the
basis of expression of the transcription factors GATA-3 and RORγt
(Supporting Information Fig. 1). In addition to a clear LTi cell
population (RORγt+CCR6+NKp46−CD4+/−), a smaller, but dis-
tinct population of RORγt−GATA-3+ ILC2 was evident, indicating
that multiple ILC populations or at least their progenitors exist
within the embryonic thymus after ex vivo culture condition.

To understand whether these embryonic ILC populations were
maintained after birth, we characterized ILC populations in the
thymus at different ages (Fig. 1A). The neonatal thymus con-
tained a mixture of ILC3 and ILC2 populations in similar propor-
tions during the first week of life; however, by 2 weeks of age, the
proportion of ILC that expressed RORγt had decreased sharply
and very few ILC3 (<5% ILC population) were detected from this
age onwards (Fig. 1A and B). The proportion of ILC among total
thymocytes was highest at birth (!0.05% of total thymocytes) but
then rapidly declined, such that by 2 weeks of age, ILC formed
a tiny (<0.001%) proportion of all thymocytes (Fig. 1C). Total
numbers of ILC had actually increased between birth and 2 weeks
of age (Fig. 1D), largely due to an increase in the total number
of ILC2 (Fig. 1E). Total numbers of ILC3 had declined by 2 weeks
of age and we could detect <50 ILC3 within an entire adult thy-
mus (Fig. 1E). Having identified ILC2 and ILC3 populations, we
additionally stained for expression of T-bet to identify ILC1 in the
thymus. At 7 and 14 days postbirth, a distinct ILC1 population
was evident (Fig. 1F–H), demonstrating that the neonatal thymus
contains all the ILC subsets. Notably, a population of ILC based on
IL-7Rα expression in the absence of expression of an extensive
panel of lineage markers was also observed (Fig. 1F–H), con-
sistent with a recent report identifying such cells in multiple
tissues [14]. In this report, prolonged enzymatic digestion was
shown to increase the frequency of these cells prompting concerns
as to their exact nature; however, here the thymus was disaggre-
gated using only mechanical means. Combined these data indi-
cate that after birth, the ILC3 compartment is gradually lost while
a small ILC2 population is maintained through to adult hood.
Phenotypically, the ILC2 in the neonatal thymus expressed little
KLRG-1, but did express ICOS and ST2, while the majority of the
ILC3 compartment phenotypically resembled the CCR6+NKp46−

LTi cells observed in the embryo (Fig. 1I and J and Supporting
Information Fig. 2).

Identification of ILCs in the adult thymus

ILC have a surface phenotype highly similar to T cells with the
key exception of the TCR and associated signaling molecules.
Given the variable expression of the TCR at different stages of
thymocyte development, we considered that correct identification
of ILC within adult thymus might be challenging using surface
markers alone. Thus, we sought to confirm our initial data on
ILC populations within the adult thymus and hypothesized that
identification of cells that were fate mapped for inhibitor of
DNA binding-2 (Id2) expression would facilitate identification
of ILC, since Id2 is a key transcription factor expressed by ILC
progenitors [15, 16] but largely absent in, and not required by,
developing thymocytes [17]. To test this, we first assessed the
ILC population detectable in the mesenteric lymph node (mLN)
of Id2creERT2 × ROSAmT/mG mice after tamoxifen administration
by oral gavage (Fig. 2A). Comparing the ILC populations among
total lymphocytes and those fate mapping for expression of Id2
(mGreen+), it was evident that prior gating on cells that were fate

C⃝ 2018 The Authors. European Journal of Immunology published by
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Figure 1. Characterization of thymic neonatal ILC populations. To assess the nature of ILC populations in the neonatal thymus, these cells were
characterized at 1, 7, and 14 days postbirth and in adulthood (6–12 weeks) by flow cytometry. (A) Representative flow cytometry plots showing
analysis of thymic ILC identified as CD8α−CD3i−IL-7Rα+Lin− (B220, CD3, CD5, CD11b, and CD11c) cells with ILC2 (GATA-3+) and ILC3 (RORγt+)
gated. (B) The proportion of ILC2 and ILC3 as a percentage of the total thymic ILC population. (C) The proportion of ILC as a percentage of total
thymocytes. The total number of ILC (D) and the total number of ILC2 and ILC3 (E) in the thymus at different ages. (F) Representative flow cytometry
plots showing analysis of thymic ILCs identified as CD8α−CD3i−IL-7Rα+extended-Lin− (B220, CD3, CD5, CD11b, CD11c, CD19, CD49b, CD123, F4/80,
FcεR1, Gr-1, and Ter119) cells with ILC1 (Tbet+), ILC2 (GATA-3+), ILC3 (RORγt+), and “triple negative” ILC (‘TrN’; GATA-3−RORγt−Tbet−) gated in
the neonatal thymus at 7 days postbirth. The proportion (G) and total number (H) of ‘TrN’ ILC and ILC1 in the neonatal thymus at 7and 14 days
postbirth. (I) The median fluorescence intensity (MFI) of KLRG-1, ICOS, and ST2 expression by ILC2 isolated from neonatal thymus and adult lung.
(J) The proportion and total number of CCR6+NKp46− and CCR6−NKp46+ ILC3 subsets in the neonatal thymus at 7 days postbirth. Mann–Whitney
U-test (comparing two samples) or a one-way ANOVA (comparing three or more samples) was used for statistical analysis where *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. In all graphs, the bar represents the median, n = 9 for day 1, n = 7 for day 7, n = 7 for day 14, and n = 7 for adulthood
(apart from in F–H, where n = 8 for day 7 and n = 6 for day 14), with data (in panels B, C, D, E, G, H, I, and J) pooled from at least two independent
experiments at each age. Full gating strategy for all flow cytometry data identifying thymic ILC populations is shown in Supporting Information
Fig. 1A.
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Figure 2. Analysis of thymic ILC populations through fate mapping Id2 expression. To aid identification of thymic ILC populations, Id2creERT2 ×
ROSAmT/mG mice were used to fate map Id2 expression. Administration of tamoxifen by oral gavage on five consecutive days was performed and
ILC populations in the thymus and mLN analyzed 3 days later by flow cytometry. (A) Full gating strategy for flow cytometry data showing analysis
of IL-7Rα+Lin−CD3i− cells gated on all lymphocytes (upper panels) versus pregating on mGreen+ Id2 fate-mapped cells (lower panels) among mLN
cells. (B) The proportion of ILC in the mLN with and without gating on Id2 fate-mapped (mGreen+) cells. (C) Representative flow cytometry plots
showing analysis of IL-7Rα+Lin− CD3i− cells from total cells (upper panels) versus pregating on mGreen+ Id2 fate-mapped cells (lower panels)
among thymus cells. (D) The proportion of ILC in the thymus with and without gating on Id2 fate-mapped (mGreen+) cells. The proportion (E) and
total number (F) of ILC2 and ILC3 in the mLN and thymus of Id2creERT2 × ROSAmT/mG mice. Mann–Whitney U-test was used for statistical analysis,
where *p < 0.05 and **p < 0.01. In all graphs, the bar represents the median, n = 5, data (in panels B, D, E, and F) were pooled from two independent
experiments.

mapped for Id2 expression increased the proportion of IL-7Rα+

Lin− cells approximately 30-fold (Fig. 2B), indicating that this
approach could indeed facilitate identification of ILC. Impor-
tantly, the proportions of ILC2 and ILC3 identified through these
gating strategies remained highly comparable. We then applied
this gating approach to the identification of thymic ILC, which
revealed a small fate-mapped IL-7Rα+Lin− population in the thy-
mus (Fig. 2C). While pregating on Id2-fate-mapped cells did not
increase the proportion of ILC we identified, it did enable a more

clear demarcation of a distinct IL-7Rα+Lin− population (Fig. 2C
and D). Analysis of the adult thymus in Id2creERT2 × ROSAmT/mG

mice after tamoxifen showed that ILC3 were indeed a tiny propor-
tion (<5%) of the ILC population in the thymus (Fig. 2D and E). To
enumerate these ILC populations, the efficiency of ILC fate map-
ping in the mLN was first calculated and then used to generate total
numbers in the thymus assuming comparable cre induction. Using
this quantitation, we could again detect a median of <50 ILC3 per
adult thymus, while the total number of ILC2 in the thymus was

C⃝ 2018 The Authors. European Journal of Immunology published by
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Figure 3. Analysis of thymic ILC in Id2-eGFP reporter mice. To directly assess Id2 expressing ILC populations in the thymus and mLN, these tissues
from Id2-eGFP mice were analyzed by flow cytometry. (A) Full gating strategy for flow cytometry used to identify GATA3+ ILC2 and RORγt+ ILC3
among eGFP+ cells isolated from the mLN and thymus. (B) Gating controls for eGFP+ cells were based upon thymocytes from C57BL/6 WT mLN
and thymus. (C) The percentage of eGFP+ ILC (CD8α−CD3i−IL-7Rα+Lin− cells) as a proportion of total cells isolated from thymus and mLN. (D)
The percentage of eGFP+ ILC2 and ILC3 as a proportion of total ILC isolated from thymus and mLN. Mann–Whitney U-test was used for statistical
analysis, where ***p < 0.001, bars show medians, n = 7 for thymus and mLN. Data were pooled from two independent experiments.

comparable to that detected in the mLN (Fig. 2F). An alternative
approach administering tamoxifen for a longer period of time via
the diet enabled an increased proportion of ILC to be fate mapped,
however, the data was comparable in terms of the ILC subsets
identified within the thymus (Supporting Information Fig. 3).
Collectively, these experiments reveal that fate mapping Id2
expression does enhance our ability to identify ILC and within
the adult thymus, the majority of ILC are not ILC3, but rather
GATA-3+ ILC2.

While assessing the cells in the thymus that fate mapped for Id2
expression, it was evident that the vast majority of these cells were
not ILC. Using Id2creERT2 × ROSA26tdRFP mice given tamoxifen by
oral gavage for 5 days, we identified that the majority of thymic
cells that were fate mapped (RFP+) expressed TCRβ+ (Supporting
Information Fig. 4). Furthermore, it was observed that oral gav-
age with tamoxifen resulted in a substantial decline in thymocyte
cellularity and double-positive thymocytes were found to be par-
ticularly sensitive to administration of tamoxifen in this manner
(Supporting Information Fig. 5). Analysis of ILC within the mLN
revealed only a modest decrease in these cells indicating that the
very low numbers of ILC detected in the thymus of Id2creERT2 ×
ROSAmT/mG mice were not solely due to the effects of tamoxifen
treatment (Supporting Information Fig. 4).

To further analyze ILC populations using Id2 expression, but in
the absence of tamoxifen administration, the ILC compartment in
the mLN and thymus of Id2-eGFP reporters was assessed (Fig. 3A).

Cells isolated from WT mice (and thus eGFP−) were used to enable
gating on eGFP+ populations (Fig. 3B). In the mLN, gating on
eGFP+ cells enabled clear identification of ILC populations com-
parable to those described in the adult mLN [8]. Consistent with
the data from Id2creERT2 × ROSAmT/mG mice, only a very small pop-
ulation of eGFP+Lin− cells was detected in the thymus (Fig. 3A
and C) and after gating on IL-7Rα+ cells, ILC populations compa-
rable to previous experiments were detected and arguing against
an artefact of tamoxifen administration (Fig. 3A and D). Thus,
using prior or current expression of Id2 to aid ILC identification,
the data show that the adult thymus contains a small population
of ILC in which ILC2 are far more numerous than ILC3.

ILC2 are located in the thymic medulla

Having characterized the ILC populations of the thymus, we
wanted to better understand the location of these cells and what
signals within the thymic microenvironment impacted on their
development and persistence. Analysis of ILC in sections of lym-
phoid tissue is challenging given the abundance of T cells, which
likely surround ILC populations and hinder identification of non-T
cells. Thus, we reasoned that it would be easier to identify ILC
populations in the thymus using TCRα−/− mice and here we could
clearly identify putative ILC2 (GATA-3+CD3−IL-7Rα+) scattered
within the medulla using immunofluorescence (Fig. 4A). Analysis
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Figure 4. ILC2 reside within the medulla in the TCRα−/− thymus. To investigate the location of ILC2 within the thymus, frozen sections of TCRα−/−

thymus were assessed for expression of (A) GATA-3, CD3, and IL-7Rα and (B) GATA-3, CD3, and ICOS using immunofluorescence. Sections were
counterstained with DAPI, data representative of tissue from three mice, putative ILC2 encircled in white. Scale bar: 50µm. (C) Sections of WT
neonatal thymus assessed for expression of GATA-3, CD3, and IL-7Rα. Sections were counterstained with DAPI, data representative of tissue
from three mice, scale bar represents putative ILC2 encircled in white. Scale bar: 100µm. (D) Total numbers of ILC2 and ILC3 isolated from
TCRα−/− thymus, TCRα−/- mLN, and WT mLN. (E) Representative flow cytometry plots showing expression of IL-5 versus IL-13 by ILC2 after ex vivo
stimulation, alongside FMO control. Cells isolated from TCRα−/− thymus, mLN, and lung were compared. (F) The proportion of ILC2 isolated from
the thymus, mLN, or lung expressing IL-13 and IL-5 after ex vivo stimulation. Bars show medians, n = 9 for TCRα−/− thymus and TCRα−/− mLN,
and n = 6 for WT mLN (C). n = 6 for thymus, mLN, and lung (D, E, and F). Mann–Whitney U-test (comparing two samples) or a one-way ANOVA
(comparing three or more samples) was used for statistical analysis, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data were pooled
from two independent experiments. Full gating strategy for all the flow cytometry data used to identify ILC in TCRα−/− mice shown in Supporting
Information Fig. 6A.

of ICOS expression identified a similar population (this time
GATA-3+CD3−ICOS+ cells) within the thymic medulla (Fig. 4B)
providing further evidence that these cells were indeed ILC2.
Staining of 7 day old WT thymus for expression of GATA-3+,
CD3− and IL-7Rα+ again identified putative ILC2 in the medulla
indicating that this location was true of both TCRα−/− and WT
thymi (Fig. 4C). Flow cytometric analysis of the ILC populations
within the TCRα−/− thymus confirmed that the majority of ILC
belonged to the ILC2 group (Fig. 4D). Thus, normal medullary
development, which is impaired in the absence of single positive
CD4 T cells, is not required for the predominance of ILC2 among
ILC populations in the thymus. To confirm that thymic ILC2
were able to express the signature cytokines associated with ILC2
function, ex vivo stimulations were performed and expression
of both IL-5 and IL-13 detected (Fig. 4E and F). As observed

in the mLN previously [8], ILC numbers were elevated within
the TCRα−/− thymus, but the vast majority remained ILC2 and
the surface phenotype was consistent with that observed in the
neonate (Supporting Information Fig. 6). The few thymic ILC
that expressed RORγt also expressed CCR6 and were a mixture
of CD4+/− cells, consistent with the LTi-like subset.

ILC2 expansion in the thymus is not due to ILC3
plasticity

Recent studies have identified plasticity among ILC populations,
particularly within the ILC3 subset, where in vivo fate mapping
studies have revealed that some ILC3 lose expression of RORγt
to become “ex-ILC3,” a population very similar to IFNγ+Tbet+
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Figure 5. ILC3 plasticity does not account for increase in thymic ILC populations post birth. To test whether the loss of thymic ILC3 after birth
could be attributed to differentiation to another ILC type, RORγt expression was fate mapped using Rorccre × ROSAmT/mG mice and cells analyzed
by flow cytometry. (A) Full gating strategy for flow cytometry data identifying mGreen+ (fate mapped) and mGreen− populations among ILC
(CD8−CD3i−IL-7Rα+Lin−) in the mLN and thymus. (B) Enumeration of thymic ILC showing putative ILC1 (GATA3−RORγt−), ILC2 (GATA3+), and ILC3
(RORγt+) comparing numbers of each population among total ILC versus mGreen+ ILC. Mann–Whitney U-test was used for statistical analysis,
where *p < 0.05. Bars show medians, n = 8, pooled from two independent experiments.

ILC1 [18]. Thus, it was conceivable that the loss of ILC3 in the
thymus reflected plasticity during neonatal development with the
RORγt-expressing ILC population switching to another fate. To
test whether ILC3 populations in the thymus show evidence of
plasticity, we fate mapped RORγt expression in thymic ILC using
Rorccre × ROSAmT/mG mice and looked at mGreen expression in
the thymus and mLN. While the majority of ILC in the mLN were
mGreen+, reflecting the large number of ILC3 in this tissue [8],
only a minority of ILC (!20%) in the thymus were mGreen+

(Fig. 5A). Analysis of RORγt expression at the protein level using
intracellular flow cytometry revealed a clear “ex-ILC3” population
in both the mLN and the thymus (mGreen+ but RORγt−). Enumer-
ation of the number of total versus mGreen+ ILC populations made
it clear that the vast majority of thymic ILC showed no evidence
of previous expression at the Rorc locus, arguing against ILC3
plasticity accounting for the loss of ILC3 and the increase in ILC2
(Fig. 5B).

ILC expression of RANKL in the neonatal thymus

The data described here reveal that the ILC compartment of the
thymus changes after birth with a substantial decline in ILC3 num-

ber and increased numbers of ILC2. Given the increase in ILC2
numbers that coincided with the loss of ILC3 and the evidence that
ILC3 exist in the medulla [5], we postulated that ILC2 numbers
might be enhanced in the absence of ILC3. To test this, we analyzed
ILC populations in the thymus of WT and Rorc−/− mice. Within
the adult thymus, ILC2 numbers were significantly enhanced (>2-
fold) compared to WT controls (Fig. 6A). This increase in number
was also evident in the neonate (Fig. 6B). While these data are
consistent with competition for a medullary niche, the perturba-
tions to T-cell development in Rorc−/− mice mean that ILC intrinsic
versus T-cell-dependent effects cannot be distinguished. The ILC3
population in the thymus prebirth has been implicated in mTEC
maturation through provision of RANKL. While after birth T cells
are considered likely cellular providers of RANKL to mTEC, we
assessed RANKL expression among neonatal thymic ILC3 and ILC2
to test whether ILC2 might provide RANKL after the decline in ILC3
numbers. Using adult mLN cells as a positive control for RANKL
expression, robust RANKL expression was detected on neonatal
ILC3, however there was very little detected on ILC2 (Fig. 6C–F).
These data indicate that the expanding ILC2 population in the
thymus do not take over the provision of RANKL to mTEC as ILC3
decline. Surprisingly, however, significantly enhanced expression
of RANKL was detected on ILC2 in the neonatal thymi of Rorc−/−
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Figure 6. Neonatal ILC3, but not ILC2
express RANKL. To investigate the effect
of Rorc−/− deletion on thymic ILC popula-
tions, ILC2 and ILC3 were enumerated in
WT and Rorc−/− thymi. Numbers of ILC
(IL-7Rα+Lin−CD8−CD3i−), ILC2 (GATA-3+), and
ILC3 (RORγt+) detected in adult (A) and 7-
day-old neonatal (B) thymus. n = 7 adult
WT, 10 adult Rorc−/−, four neonatal WT, and
five neonatal Rorc−/−. Expression of RANKL
versus RORγt (C) and GATA-3 (D) by ILC
(IL-7Rα+Lin−CD8−CD3i−) from adult mLN
(upper panel) and neonatal thymus (lower
panel) assessed by flow cytometry. (E) Stain-
ing control of SA-PECy7 only with ILC2 and
ILC3 from adult mLN. (F) The percentage of
ILC2 and ILC3 expressing RANKL in the neona-
tal thymus, n = 7. (G) Expression of RANKL
by GATA-3+ ILC2 from WT (upper panels)
and Rorc−/− (lower panels) 14-day-old neona-
tal thymus. (H) Controls for RANKL showing
positive staining of RANKL by ILC from the
mLN and the negative control (SA-PECy7 only)
for neonatal thymus. (I) The percentage of
ILC2 isolated from WT and Rorc−/− neonatal
thymus that express RANKL, n = 8. Mann–
Whitney U-test was used for statistical analy-
sis, where **p < 0.01, bars show medians. Data
were pooled from two (A, C, D, and F) and one
(B and G) independent experiments. Full gat-
ing strategy for all flow cytometry identifying
thymic ILC populations is shown in Support-
ing Information Fig. 1A.
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mice, suggesting that ILC2 can express RANKL when the thymic
microenvironment is perturbed.

Discussion

Here we provide the first detailed characterization of ILC in the
thymus, utilizing several in vivo models to facilitate accurate iden-
tification of these cells. Building on the earlier observation that LTi
cells populate the embryonic thymus and orchestrate mTEC mat-
uration through RANK:RANKL interactions, we demonstrate that
after birth, LTi cells decline during neonatal development while
ILC2 increase in number and become the main ILC population
present within the thymus. We provide evidence that thymic ILC2
are able to produce the signature cytokines IL-5 and IL-13 and
reside in the medulla where they may compete for an environ-
mental niche with ILC3. Finally, we show that thymic ILC2 do not
express RANKL under normal conditions, and thus appear to have
distinct functions to thymic LTi cells during embryonic develop-
ment.

ILC have been characterized within most tissues; however, to
date a clear description of the thymic ILC compartment has been
lacking. Discrimination between ILC and developing thymocytes
where TCR expression is reduced is technically challenging, but
this problem was resolved through analyzing expression of Id2
given its fundamental role in ILC development and redundant
role in αβ TCR+ T cell development [17]. Using both fate map-
ping and reporting of Id2 expression, our data clearly identify
thymic ILC, but reveal that these cells account for less than 0.05%
of the hematopoietic compartment of the thymus after birth and
less than 0.001% in the adult thymus. Thus, ILC are certainly a rare
population in the thymus. Functionally, LTi cells in the embryonic
thymus provide the RANKL signals required for mTEC maturation.
It is now evident that RANKL can be provided by other cells in the
developing embryonic thymus [19] and after birth, single-positive
thymocytes alongside other T cell populations contribute to a com-
plex network of signals governing mTEC development [20–22].
Thus, the loss of LTi cells in the neonatal thymus is consistent
with changes in the cellular interactions that govern mTEC mat-
uration. Our data would argue that while ILC2 reside within the
medulla, they are unlikely to contribute to mTEC maturation via
RANKL provision. Thus, the role for ILC in establishing thymic
microenvironments is restricted to early embryonic development.

What then do ILC2 contribute to thymic function? Based on
the array of studies in other tissues, it is reasonable to hypothesize
that ILC2 in the thymus are a local source of type 2 cytokines. Type
2 cytokines from iNKT cells were recently shown to control thymic
emigration of conventional thymocytes [23], and it is possible that
ILC2 may also contribute to this cytokine milieu. Whether ILC2
have unique functions within the thymus, or redundancy with
other innate populations also able to produce similar cytokines
such as iNKT cells requires further study, including the specific
deletion of ILC2 [24]. Since mice lacking ILC3 had increased
numbers of ILC2 within the thymus, there may be intrathymic
competition among ILC for residency within the tissue. However,

it is possible that the impaired T cell development caused by Rorc
deficiency may also contribute to enhanced ILC2 numbers, partic-
ularly since a similar increase in thymic ILC2 was observed in the
TCRα−/− thymus, where numbers of single-positive thymocytes
are obviously greatly reduced.

In summary, this study provides new insight into the changes
that occur in ILC populations within the thymus during neonatal
development. The challenge remains to determine unique in vivo
roles for these cells, particularly within nonmucosal tissues.

Materials and methods

Mice

Mice were obtained from the University of Birmingham Biomed-
ical Services Unit (BMSU) and were maintained in accordance
with Home Office regulations. All mice were on a C57BL/6 back-
ground and strains included: WT, Id2creERT2 [25] × ROSAmT/mG

[26], Id2creERT2 × ROSA26RFP [27], Id2-eGFP [28], Rorc−/- [29],
Rorccre [30] × ROSAmT/mG, and TCRα–/– [31]. Neonatal mice were
culled at day 1, 7, and 14 postbirth, and adult mice were culled
between 6 and 12 weeks of age.

In vivo procedures

Tamoxifen was administered to Id2CreERT2 × ROSAmT/mG mice
either by oral gavage (20mg/mL) once a day for five consecu-
tive days and mice culled 3 days later or within diet for 3-week
duration. Tamoxifen was administered to Id2creERT2 × ROSA26RFP

mice by oral gavage (20mg/mL) once a day for three consecutive
days and mice analyzed the following day.

Cell preparation

Thymus tissue was mechanically disaggregated between two glass
slides. mLNs were cleaned of all fat, teased apart using fine forceps,
and DNase I (0.025mg/mL, Roche Diagnostics) and collagenase
dispase (0.25mg/mL, Roche Life Sciences) were used to digest
tissue in Roswell Park Memorial Institute (RPMI). All cell sus-
pensions were passed through a 70-µm nylon strainer (Falcon R⃝,
Fisher scientific) using a syringe plunger.

Fetal thymic organ cultures

The embryonic sack containing stage E16 mouse embryos was
removed from a pregnant mouse following cervical dislocation.
Each embryo was decapitated and cut along the breastbone to
expose two thymic lobes, which were dissected under a light
microscope in sterile conditions. Fetal thymic organ cultures were
set up in optimal conditions as previously described by Jenkinson

C⃝ 2018 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu



	
	

254	
	

  

10 Rhys Jones et al. Eur. J. Immunol. 2018. 00: 1–11

and Anderson [32]. Thymic lobes were placed on an IsoporeTM

Membrane Filter (0.8µm, Millipore) and positioned on top of a
1cm2 artiwrap sponge within a small petri dish containing 2 mL
DMEM (Sigma–Aldrich). Each petri dish was encapsulated within
a sealed container containing 10 mL of H2O and incubated for 7
days at 37°C/5% CO2. Single cell suspension from thymus tissue
was prepared as previously described.

In vitro culture for RANKL expression

Thymocytes prepared from neonatal thymi were cultured in 1
mL of culture media (RPMI, 10% FBS, L-Glutamine, 100 IU/mL
penicillin and 100 µg/mL streptomycin) overnight at 37°C/5%
CO2. Wells were set up in duplicate for each sample with each well
containing !6 million cells. Duplicate wells were pooled following
culture to provide a sufficient number of ILC for analysis.

Flow cytometry

Cell surface staining was performed at 4°C for 30 min in FACS
buffer (10% FBS, 2.5mM EDTA in PBS). ILC were identified among
CD8α− (clone 5.3–6.7, Biolegend), CD3i− (clone 17A2, Biole-
gend), IL-7Rα+ (clone A7R34, Biolegend), B220− (clone RA3-
6B2, eBioscience), CD11b− (clone M1/70, eBioscience), CD11c−

(clone N418, eBioscience), CD3− (clone 145-2C11, eBioscience),
and CD5− (clone 53–7.3, eBioscience). Thymic iNKT cells were
identified as mCD1d/PBS57+ and TCRβ+ (clone H57-597, eBio-
science). Intracellular cell staining was performed at room temper-
ature for 1 h in permeabilization buffer (eBioscience). ILC2 and
ILC3 subsets were identified using Abs against GATA3+ (clone
TWAJ, eBioscience) and RORγt+ (clone AFKJS-9, eBioscience).
Staining for RANKL expression was performed in two steps using
biotinylated RANKL (clone: IK22/5, eBioscience) and streptavidin-
PECy7 (Molecular Probes) at 4°C for 30 min in FACS buffer.
Samples included Spherotech Accucount blank particles to enable
calculation of cell frequency and were acquired using a Fortessa
(BD). Samples were analyzed using FlowJo (FlowJo, LLC). Full
gating strategy for all flow cytometry data identifying thymic ILC
populations is shown in Supporting Information Fig. 1A.

Statistics

Flow cytometry data were analyzed and enumerated using FlowJo
(v10.2) and Graphpad Prism 6 (v6 Mac OS X). An unpaired,
nonparametric Mann–Whitney U statistical test was used where
applicable. Where more than 2 data sets are compared a one-way
ANOVA, nonparametric test was used. For each test, *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001. No bar present
represents nonsignificant result.
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