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Chapter 1

1 General introduction
Cells are basic units of life. Their functional adaptation and division of labor 
in metazoans enabled the evolution of complex organisms like ourselves.

The cells of the immune system are a particularly impressive example of 
such functional diversity: Immune cells range from those responsible 
for the recognition of pathogens and their clearance to cells protecting us 
from repeated infections by providing immunological memory. As their 
lifespan is limited, these cells need to be produced continuously. But how 
does a (progenitor) cell know which type of immune cell to develop into, 
or whether or not to divide? The key to this consists of receptors and 
signaling pathways, systems of proteins which sense environmental signals 
and translate them into (epi)genetic changes, that ultimately determine 
the identity of a cell and its function in the mature state. Cellular signaling 
pathways can be rather simple cascades of proteins that activate one another, 
much like domino stones, but often comprise complex networks involving 
various modulators, second messengers and feedback loops. Most signaling 
pathways are highly conserved throughout the metazoan kingdom and used 
repeatedly for different processes. Mutations of key proteins uncouple these 
pathways from the signals they normally respond to, and thus (in)activate 
them inappropriately. This ‘hijacking’ of cellular signaling pathways causes 
diseases, most notably cancer.  

In this thesis, we studied the role of one such pathway, Notch signaling. 
We investigated how this pathway controls development and function 
of different types of immune cells as well as their leukemic counterparts. 
Furthermore, we examined the mechanisms that allow this seemingly 
straightforward pathway to carry out very different functions. 

The Notch signaling pathway 

Amongst the evolutionarily conserved pathways, Notch signaling is a peculiar 
case: The pathway appears to be strikingly simple, yet regulates a plethora 
of functions both in developing and adult organisms1,2. Notch is well known 
for its involvement in differentiation and cell fate decisions in multiple organ 
systems such as the gastro-intestinal tract3, inner ear4,5, vasculature6–8, liver9, 
brain10–12 and the hematopoietic13–15 system. In some instances, activation of 
Notch can even have opposite effects16–18. Aside from differentiation, Notch 
also regulates basic cellular processes such as metabolism, proliferation and 
survival19–22.

The mammalian genome encodes four Notch homologues (NOTCH 1-
4), of which NOTCH1 has been central in the studies presented here. The 
homologues share high levels of sequence identity and possess similar 
domain architecture (Figure 1). Notch proteins are heterodimeric single-pass 
transmembrane proteins, consisting of an extracellular (Notch extracellular 
domain, NECD) and an intracellular subunit (Notch intracellular domain, 
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1
NICD) which are non-covalently associated through a heterodimerization 
domain (HD)23. The heterodimeric receptor is generated from a large precursor 
protein precursor by Furin-mediated proteolytic cleavage at the so-called S1 
site24. Large parts of the NECD consist of a series of epidermal growth factor 
(EGF)-like repeats25 responsible for ligand binding. In addition, the NECD 
contains LIN-12/Notch repeats (LNR) and the N-terminal portion of the HD 
domain (HD-N). Together, the LNR and HD-N form a negative regulatory 
region (NRR), which prevents ligand independent activation of Notch 
receptors26–28. The C-terminal portion of the HD domain (HD-C) belongs to 
the second part of the heterodimer, which is referred to as transmembrane 
Notch (NTM) and further encompasses the actual transmembrane (TM) 
domain and the NICD. The HD-C and TM domains harbor additional 
proteolytic cleavage sites, annotated S2 and S3, which become accessible to 
their respective proteases upon activation of the pathway, culminating in 
dissociation of the NICD from the plasma membrane. The NICD consists 
of an RBPJ association module (RAM), an Ankyrin repeat containing region 
(ANK) and a transcriptional activation domain (TAD), which is lacking in 
NOTCH4. Together, these domains facilitate the transcription factor function 
of the NICD. A C-terminal PEST domain (for Proline (P), Glutamate (E), 
Serine (S) and Threonine (T) rich region) regulates protein stability. Owing 
to this unique domain structure, Notch proteins function as both receptors 
and nuclear effectors of the pathway. 

NECD

EGF repeats

NICD

LNR HD-N

RAM ANK PEST

NRR

S2 S3

TAD

HD-C
S1

NTM

TM

Figure 1: Protein domain structure of human NOTCH1. Explanations in the text. NECD: 
Notch extracellular domain, NRR: negative regulatory region, LNR: LIN-12/Notch repeats, 
HD: heterodimerization domain, HD-N/C: N/C-terminal HD, NTM: transmembrane 
Notch, TM: transmembrane domain, NICD: Notch intracellular domain, RAM: RBPJ 
association module, ANK: Ankyrin repeats, TAD: transactivation domain, PEST: Proline (P), 
Glutamate (E), Serine (S) and Threonine (T) rich region, S1/2/3: proteolytic cleavage sites. 
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The Notch pathway is activated upon engagement of a Notch receptor 
by a ligand of the Delta-like (Dll) or Jagged (Jag) family (Figure 2). 
Like their receptors, Notch ligands are type I transmembrane proteins, 
enabling direct cell-cell signaling. Five different ligands exist in mammals 
(Dll1, Dll3, Dll4, Jag1 and Jag2)29–31. These ligands have both unique and 
overlapping functions16,18,32–34. One mechanism providing ligand selectivity 
is posttranslational modification of Notch proteins by Fringe glycosyl 
transferases, which selectively enhance binding affinity of Dll ligands35–37. 
Additionally, specific residues in the eighth EGF repeat distinguish between 
the two classes of ligands in a glycosylation independent manner38. Thus, 
ligand-receptor interactions form the first layer of complexity in this 
seemingly simple pathway. Yet, with the exception of Dll3, which might 
function as a modulator of pathway activity39,40, all ligands apparently 
activate the same canonical downstream pathway1. How different ligand-
receptor pairs translate into distinct cellular outcomes is largely unknown. 
Moreover, there is increasing evidence that the pathway can be activated 
or modulated by a number of secreted or membrane bound proteins acting 
as non-canonical ligands, the majority of which contains EGF-like repeats41. 
Although the underlying signaling events are poorly understood, such 
proteins likely facilitate crosstalk with other pathways and thus, increase the 
complexity of the Notch signaling network.  

In the canonical pathway, ligand binding initiates a proteolytic cascade 
that ultimately results in the release of the NICD42. Engagement by a ligand 
‘unlocks’ Notch from its autoinhibited state and renders the S2 cleavage 
site accessible for a metalloproteinase of the ADAM (A Disintegrin and 
Metalloproteinase) family26,27. This first cleavage event causes shedding 
of the extracellular portion of Notch, which remains bound to the ligand 
and is endocytosed by the ligand expressing cell. These processes induce 
conformational changes in the TM region of Notch, which provide access 
of γ-secretase to the S3 cleavage site22. Cleavage by the γ-secretase complex 
liberates the NICD. This rate-limiting step of Notch activation can be mimicked 
by ectopic expression of NICD, and efficiently blocked by small molecules 
known as γ-secretase inhibitors (GSI)43,44. The released NICD translocates to 
the nucleus, where it induces target gene expression by association with the 
DNA binding protein CSL (CBF-1 (mammals), Su(H) (Drosophila) and Lag-1 
(C. elegans), RBPJ (recombination signal binding protein for immunoglobulin 
κ J region) in mice) through the RAM domain. The NICD-CSL complex 
then associates with a member of the Mastermind-like (MAML) family 
of transcriptional co-activators to form the ternary Notch transcriptional 
complex (NTC)45. Mammals have three MAML homologues, all of which 
have been shown to form NTCs and allow transcriptional activation in vitro, 
although their transcriptional potency might differ46. MAML1 and MAML3, 
but not MAML2 were identified as binding partners of NICD1 in a recent 
proteomic approach in T-ALL cells47, indicating that the specific composition 
of the NTC might depend on the cell type. Interestingly, neither NICD nor 
CSL alone bind MAML48–50.
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It is currently thought that initial binding of NICD to CSL via the RAM 
domain allows additional contacts between the ANK domain and CSL, and 
the resultant composite surface enables MAML binding with high affinity51. 
MAML in turn recruits components of the general transcription machinery 
and chromatin modifying enzymes, such as the histone acetyltransferases 
GCN5 and p300, which is associated with active enhancers52, and the co-
activator PCAF53–55.

ADAM
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signal sending
cell

signal
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Figure 2: The Notch signaling pathway. Signaling events are explained in the text. CoR: Co-
repressors. 
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Together, this complex results in modifications of chromatin permissive 
to transcription and aggregation of initiation and elongation complexes. 
Transcriptional activation is terminated when the NTC disassembles as a 
consequence of NICD degradation, which involves MAML, CDK8 and the 
E3 Ubiquitin ligase FBW7 via the PEST domain56–58. 

Thus, NICD functions as a ‘switch’ to induce target gene expression by turning 
CSL from a repressor into a transcriptional activator. The prevalent model is 
that the interaction of NICD with DNA bound CSL induces recruitment of 
co-activators in exchange for previously associated co-repressors. This model 
implies that in the absence of Notch, CSL represses target gene expression 
per default59, which is supported by in vivo evidence in Drosophila60–64, but less 
definitive in mammals22. In contrast, recent studies in both flies and mammals 
demonstrated that CSL binding to DNA is more dynamic, and enhanced 
in the presence of NICD57,65–67, which suggests that CSL is not constantly 
bound. This notion is further supported by thermodynamic measurements 
of CSL-DNA complexes68 and the demonstration that the NTC can indeed 
assemble in the nucleoplasm through the formation of a multimeric pre-
activation complex69. Finally, a recent report identified two distinct sets of 
CSL/RBPJ binding sites in a genome-wide approach in myogenic cells70. 
Static ‘CSL/RBPJ only’ sites, which have also been found by others71,72, are 
constantly occupied by a CSL repressor complex independently of the Notch 
signaling status. On the other hand, CSL exists in an equilibrium of bound 
and unbound complexes at dynamic sites. Notch activation results in the 
formation of activating complexes away from the DNA, which can occupy 
dynamic CSL sites and activate transcription70,73 (see Figure 2). 

(Molecular) mechanisms underlying selective target gene expression by 
Notch
Despite these emerging insights into the core events involved in Notch 
mediated transcriptional activation, the paradox persists: How does a 
seemingly simple pathway yield such diverse and in some cases even 
opposing cellular effects? As described above, the main output of Notch 
activation consists of transcriptional changes in the signal receiving cell 
in response to neighboring cells. Intriguingly, many targets of Notch are 
activated in a spatially or temporally restricted manner, indicating that these 
genes need additional ‘input’ other than Notch activation. Well studied 
examples are the homologues of the Hes and Hey genes in Drosophila74–76, 
zebrafish77 , Xenopus78, C.elegans79 and mammals80. Hence, a major question 
in the field is how Notch differentially regulates target gene expression in a 
context dependent manner. 

One layer of specificity depends on gene accessibility for Notch and the 
transcriptional machinery. Generally, active and repressed chromatin 
states are distinguished based on modifications of the DNA and histones. 
Combinations of repressive and active marks are associated with loci 
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which are susceptible to binding of transcription factors and thus ‘poised’ 
for transcriptional activation81. Depending on the epigenetic modifications 
at their regulatory elements, the accessibility of Notch target genes can 
differ between cells. Interestingly, chromatin remodeling enzymes are also 
directly associated with the NTC and repressive CSL complexes47,73. Their 
composition in turn might vary between cells, suggesting that Notch and 
tissue specific signals both dynamically determine epigenetic modifications 
at target genes. 

Another mechanism is the dependence on tissue specific transcriptional 
activators. Such tissue specific factors can act in a combinatorial fashion 
with Notch, as has been shown for basic helix-loop-helix proteins (bHLH) at 
neurogenic loci in Drosophila and Xenopus62,76,78,82–84. Notch and tissue specific 
factors can independently interact with chromatin modifying complexes and 
the basic transcriptional machinery, and thus jointly modify the activity of 
a certain locus81. However, the NTC can also cooperate with local partners 
by directly binding to them. For instance, a recent report has demonstrated 
that NICD1 directly interacts with a number of lineage-specific transcription 
factors and transcriptional repressors in human T-ALL cells, including 
BCL11B, HEB, RUNX1 and IKAROS47. Direct protein-protein interactions 
also facilitate crosstalk with other signaling pathways. Examples of such 
partner proteins are the guanine exchange factor VAV1 and Smad proteins, 
which directly associate with NICD in T cells47 and allow for crosstalk with 
Rac GTPase85,86 and TGFβ signaling87–89, respectively. 

An important parameter, furthermore, is the strength of the Notch signal2. 
Dosage dependent effects of Notch have been reported in mammary epithelial 
cells90 and the αβ versus γδ T cell lineage choice34,91. Since the pathway lacks 
amplifying second messengers, exactly one cleaved NICD is generated per 
receptor-ligand interaction, which in turn represents one nuclear effector 
unit. Hence, the pathway is uniquely sensitive to fine-tuning, for instance by 
the amount of available ligands. In addition, posttranslational modifications 
regulate turnover of NICD and thus, the NTC. Therefore, the presence 
and activity of modifying enzymes like Fbw7 also significantly influence 
transcriptional output by Notch. 

NOTCH1 homodimerization 
A fundamentally different mechanism for selective target gene expression 
by Notch involves specific compositions of CSL binding sites in regulatory 
elements of Notch targets: A series of structural and biochemical studies 
demonstrated that Notch proteins can homodimerize on properly spaced 
and oriented CSL binding sites found in some genes92–95. 

Already in the 1990s, characteristic motifs of CSL binding sites were 
identified in a number of well-characterized Notch responsive genes, most 
notably the hairy/enhancer of split genes in Drosophila and their mammalian 
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homologues (HES)96,97. Further studies suggested that certain combinations 
of CSL binding elements define a ‘transcriptional code’ which drives 
activation of specific Notch target genes83,98. These motifs consist of two CSL 
binding sites in a head-to-head orientation separated by a spacer of 15-19 
base pair length, and are referred to as sequence-paired sites (SPS)96–98. Notch 
mediated transcription from paired CSL sites is significantly influenced by 
both spacing and orientation, indicating that the specific architecture is 
critical to the function of these sites83,99. The composition of CSL sites suggests 
that two NTCs must contact one another on SPS motifs. However, CSL does 
not dimerize and initial studies failed to show cooperative binding of NICD 
to CSL partners occupying both sides of an SPS motif50,83,99,100. This problem 
was solved along with the crystal structure of the core NTC, which revealed 
that NTCs indeed dimerize on SPS motifs51,92. Dimerization is mediated by 
homotypic interactions between the ANK domains of neighboring NICD 
proteins (Figure 3A). Three highly conserved residues, K1946, E1950 and 
R1985, contribute to the dimerization interface (Figure 3B). Mutation of these 
residues either diminishes (K1946, E1950) or completely abrogates (R1985) 
the capacity of NICD to transactivate SPS containing targets, but does not 
affect activation of genes with (multiple) single CSL binding sites92–94. 

As bioinformatic approaches have proven more complicated than initially 
anticipated, dimerization dependence of Notch targets has to be determined 
experimentally93. Based on several studies, Notch targets can be grouped 
according to their dependence on dimeric signaling: The majority of genes 
appears to be independent of Notch homodimerization, while a specific 
subset of genes strictly depends on dimerization to get activated by Notch. 
Dimerization dependent targets identified to date include the murine  c-myc, 
ptcra and hes5 genes93,94. A third group of Notch targets displays intermediate 
dependence on homodimerization, owing to a combination of single CSL 
binding sites and SPS motifs, which allow for transcriptional input from 
both dimeric and monomeric Notch complexes94. Thus, homodimerization 
provides a mechanism for selective target gene activation by Notch. An 
intriguing possibility is that there are conditions which modify the ability of 
Notch to homodimerize, but evidence for this has not (yet) been found.

Chapter 1

Hematopoiesis – Roadworks to a functional immune system
Healthy humans generate 1011 to 1012 new blood cells every day in a process 
called hematopoiesis101. The site of hematopoiesis changes during vertebrate 
development. Primitive hematopoiesis first occurs in the yolk sac. During 
later embryonic stages, the fetal liver represents the main hematopoietic 
organ. Definitive hematopoiesis in the adult organism occurs in the bone 
marrow, with the notable exception of T cell development, which takes place 
in the thymus102.
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Figure 3: NOTCH1 homodimerization. (A) Crystal structure of a dimeric NTC on a 
DNA sequence derived from the HES1 promoter, PDB accession number 3NBN1. Dark 
blue: CSL, light blue: MAML, purple: NOTCH1 RAM-ANK, grey: DNA. Molecules are 
displayed in cartoon representation and the residues forming the dimerization interface 
(K1946, E1950, R1985) are shown in stick representation. (B) Close-up of the dimerization 
interface. RAM-ANK domains are displayed in cartoon representation. One of the 
RAM-ANK molecules is additionally represented as transparent surface (light purple). 
The interface residues of the other RAM-ANK molecule (purple) are shown as sticks.
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Chapter 1

All blood cells derive from hematopoietic stem cells (HSCs), which reside in 
the bone marrow103. HSCs divide asymmetrically, giving rise to a daughter 
cell which maintains its stem cell capacities, while the other daughter 
cell differentiates101. This way, hematopoiesis instructs development of 
distinct cell types and at the same time maintains a lifelong pool of stem 
cells. Hematopoiesis is a highly hierarchical process: Over the course of 
multiple divisions, HSCs progressively lose multipotency while gradually 
adopting one of many hematopoietic cell fates. According to the dominant 
model, HSCs produce common lymphoid (CLP)104 and common myeloid 
progenitors (CMP)105, which in turn give rise to all cells of the lymphoid or 
myeloid lineage, respectively. 

As evident from the sheer numbers of cells produced daily and the broad 
diversity of blood cells, hematopoiesis needs to be tightly controlled both 
quantitatively and qualitatively in order to ensure appropriate immune 
responses. When deregulated, immunodeficiencies, autoimmune diseases 
or leukemia are the consequences.

A (revised) map of the immune system
Historically, immunologists have embraced a binary classification: As 
described above, immune cells can be classified as myeloid or lymphoid 
depending on their developmental origin. Functionally, the innate and 
adaptive immune systems are distinguished. Innate immune cells form the 
first line of defense against invading pathogens. They recognize pathogens 
through pattern recognition receptors (PRRs), which are activated by 
pathogen-associated molecular patterns (PAMPs), conserved invariant 
characteristics of pathogens106. As such, the cells of the innate immune system 
can distinguish distinct classes of microbes, but they cannot recognize specific 
pathogens. Moreover, innate immune cells cannot form immunological 
memory. To overcome these limitations, an adaptive immune system has 
evolved. Through combinatorial rearrangement of antigen receptor gene 
segments, the cells of the adaptive immune system can recognize individual 
antigens and thus pathogens specifically and also confer long term protection 
through the formation of immune memory.

Originally, it appeared that developmental and functional categories match: 
Myeloid cells (macrophages, granulocytes and dendritic cells (DC)) form 
the innate arm of the immune system, while lymphoid cells (T and B cells) 
comprise the adaptive arm. However, this view was challenged already 
in the 1970s with the discovery of Natural Killer (NK) cells107,108. NK cells 
are cytotoxic lymphocytes, which rapidly respond to virus infections and 
tumors using a limited set of receptors. Although developmentally part of 
the lymphoid family, functionally, these cells therefore belong to the innate 
immune system. The classical view of the cellular immune system was further 
challenged in the 1990s with the first description of lymphoid tissue inducer 
(LTi) cells109,110. Over the course of the last few years, several previously 
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unappreciated lymphocyte subsets with innate functions were identified. 
Collectively, NK cells, LTi cells and these newly described lineages are now 
referred to as innate lymphoid cells (ILC)111. ILC and T cells were studied 
throughout this thesis and will be described in further detail below

Early T cell development
Together with B cells, T lymphocytes are the effector cells of the adaptive 
immune system. Different types of T cells with very diverse functions exist. 
A common feature of T lymphocytes is their T cell receptor (TCR), which is 
responsible for recognition of specific antigens. Engagement of the TCR by 
an antigen bound to a major histocompatibility complex (MHC) molecule 
activates T cells112. The TCR is a heterodimeric complex consisting of an 
alpha and beta chain (αβ T cells) or a combination of a gamma and delta 
chain (γδ T cells). The configuration of the TCR chains is the result of gene 
rearrangements known as V(D)J recombination and the interface formed by 
the two chains confers unique antigen binding specificity to the TCR.

As T cells derive from bone-marrow resident HSCs, but differentiate in the 
thymus, T cell development relies on influx of HSC-derived progenitors. 
The identity of these thymus seeding progenitors has been debated for a 
long time. Despite lingering controversies113, several lines of evidence have 
established that the progenitors migrating to the thymus are not restricted to 
the T lineage, but bear developmental potential for other lymphoid lineage 
like NK and B cells and even myeloid lineages such as dendritic cells114–125. 
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Figure 4: Stages of (early) human T cell development. Explanations see text. DN: CD4-

CD8- double negative stages, ETP: early thymic progenitor, ISP: immature single positive 
cells, DP: CD4+CD8+ double positive stages, EDP: early DP cells, SP: single positive stages. 
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T cell development is a tightly orchestrated process that has been studied 
extensively in mice and humans (Figure 4). Under the influence of the 
thymic microenvironment, developing thymocytes proceed through a series 
of stages and (irreversible) checkpoints, during which they ultimately get 
selected for their capacity to efficiently detect foreign, but not self antigens. 
The discrete stages of T cell development can be separated on the basis of 
surface protein expression and the status of TCR rearrangements. 

Developing murine thymocytes are distinguished according to the 
expression of CD4 and CD8. The first intrathymic progenitors are referred 
to as double negative (DN) cells, as they express neither CD4 nor CD8. DN 
stages are further subdivided based on the expression of CD44 and the IL-2 
receptor alpha chain (CD25)126. DN1 cells express CD44, but not CD25, and 
subsequently progress into DN2 (CD44+CD25+), DN3 (CD44-CD25+) and 
DN4 (CD44-CD25-) cells before reaching the immature CD8+ single positive 
(CD8+ ISP). These eventually give rise to CD4+CD8+ double positive (DP) T 
cells, the direct precursors to CD4+ and CD8+ single positive (SP) T cells. 

In humans, the earliest thymic subset consists of CD34+CD1a- progenitors 
(Figure 4)127. T cell specification is marked by expression of CD1a128,129. The 
resulting CD34+CD1a+ cells then acquire expression of CD4, producing 
immature CD4+ single positive (CD4+ ISP) cells. Subsequently, thymocytes 
first express CD8α, marking the early double positive stage (EDP), before 
they become CD4+CD8β+ double positive (DP) and eventually CD4+ or CD8+ 
SP T cells102. 

The first critical checkpoint during early αβ T cell development is a 
process called β-selection, during which T cells are selected for productive 
rearrangement and expression of a functional TCRβ chain, while cells that 
fail to do so are eliminated by apoptosis. Human TCRβ rearrangement can 
occur as early as the CD34+CD1a+ stage, but mostly takes place at the ISP 
CD4+ stage127. Recently, CD28 has been identified as a marker for successful β-
selection, further dividing the ISP CD4+ subset into pre-selection (CD4+CD28-

) and β-selected (CD4+CD28+) cells130. In mice, DN3 cells rearrange their 
TCRβ chain and subsequently undergo β-selection. Condition to complete β-
selection is the assembly of a functional pre-TCR, which is comprised of the 
TCRβ chain and an invariant substitute α chain, known as the pre-TCR α chain 
(pTα), and associates with CD3. Signaling through this pre-TCR complex 
promotes survival and proliferation of developing thymocytes and initiates 
further development. Upon completion of TCRα rearrangements, β-selected 
thymocytes express TCRαβ antigen receptors on their surface. Expression 
of this mature TCR occurs at a stage when cells are double positive (DP) for 
CD8 and CD4, which serve as coreceptors for binding of MHC class I and II 
molecules, respectively. The ability to bind to MHC is critical to the function 
of the TCR and is tested in a process known as positive selection. Only T 
cells expressing a functional TCRαβ antigen receptor capable of binding to 
MHC receive survival signals through the TCR, while dysfunctional DP T 
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cells undergo apoptosis. Depending on the ability of their TCR to bind class 
I or II MHC, DP T cells commit to either the CD4+ or CD8+ SP lineage. At a 
final checkpoint, referred to as negative selection, potentially hazardous T 
cells which recognize ‘self’ antigens are eliminated. Those mature T cells that 
survive negative selection eventually enter the periphery as naïve T cells, 
which differentiate further into distinct effector cell types, when called into 
action by microbial infection. 

Notch signaling in (early) T cell development 
Notch signaling is necessary for multiple steps of (early) T cell 
development14,127,131,132. 

First, Notch signals are absolutely required for commitment of multipotent 
progenitors to the T cell lineage, as demonstrated by the fact that Notch1 
deficient CLP do not develop into T cells, but instead give rise to B cells in 
the thymus133. Conversely, ectopic expression of constitutively active NICD1 
in hematopoietic stem cells induces development of T cells in the bone 
marrow at the expense of B cells, indicating that Notch actively influences 
the T versus B cell lineage choice134. Similarly, human CD34+ progenitors 
expressing NICD1 develop into αβ T cells upon injection into immuno-
compromised mice135, even in the absence of a thymus136. Finally, activation 
of Notch signaling through ligand expressing OP9 stroma cells directs 
murine137,138 and human139–141 hematopoietic progenitors of different origins 
into the T cell lineage. 

Moreover, Notch influences the αβ versus γδ lineage choice from T cell 
committed progenitors in a signal strength and stage dependent manner34,91,142–

147, although, curiously, the direction of differentiation favored by Notch 
differs between murine and human T cell development.

An important step during αβ T cell development is marked by β-selection, 
and passage through this checkpoint is Notch dependent127,130,132,146. In mice, 
Notch is necessary for proliferation during and differentiation after β-
selection147. In humans however, Notch appears to be dispensable for further 
differentiation at this stage, as pre β-selected CD4+CD28- ISP cells develop into 
DP T cells in the absence of Notch when provided with a rearranged TCRβ 
chain130. Proliferation at the β-selection checkpoint is, however, absolutely 
Notch dependent130. Important direct transcriptional targets mediating 
proliferation at this developmental stage are ptcra, encoding the pre-TCRα 
chain (pTα) and c-myc148,149. Strikingly, activation of both genes and therefore, 
successful β selection, critically require NOTCH1 homodimerization in mice94, 
underscoring the biological relevance of this specific signaling mode.
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T cell activation
Activation of naïve T cells depends on so-called antigen-presenting cells 
(APC), which provide several signals to naïve T cells. Professional APC, 
such as DC and macrophages, present pathogen-derived antigens in MHC 
complexes on their surface. MHC class I molecules mostly present peptides 
derived from intracellular proteins, while peptides from exogenous antigens 
are presented in MHC class II molecules. The primary signal that activates T 
cells is the engagement of the TCR by an antigen-MHC complex150,151. Since 
activation of T cells is potentially harmful (for instance when directed against 
self-antigens or antigens from commensals), several additional check points 
have evolved. Thus, successful activation of naïve T cells requires delivery of 
a second signal, which involves the interaction of CD28 on the T cell with co-
stimulatory molecules like CD80 and CD86, expressed by activated APC152,153. 
These two signals induce the production of IL-2 and upregulation of CD25, 
the rate limiting component of the high affinity IL-2-R. Signaling through 
this IL-2-R induces massive proliferation and ensures survival of activated T 
cells in an autocrine and paracrine fashion154. Finally, a third signal transfers 
information about the type of infection and thus directs the differentiation of 
naïve T cells into distinct lineages in order to induce the appropriate immune 
response155. Third signals originate from a variety of cells and molecules like 
cytokines secreted by bystander cells or APC156, but also surface molecules, 
such as Notch ligands16. Together, these signals ensure that T cell responses 
are only mounted against foreign antigens in the context of infections and 
thereby prevent autoimmune reactions. At the same time, these signals 
serve to elicit the most appropriate response to a given threat. Although the 
importance of these three signals has been recognized for some time, it has 
recently become clear that antigen-specific T cells require additional signals 
to prolong their lifetime in order to achieve full clearance of the infection150,157. 
The nature of such signals has not been identified158, yet, and was subject to 
chapter 5 of this thesis. 

Many paths to choose from - Differentiation of T helper cells
Th cells perform their ‘helper’ function by secreting specific cytokines that 
recruit or activate other immune cells in a paracrine fashion. The specific 
cytokines produced by Th cells and hence, the types of immune responses 
evoked, are tailored to fight distinct classes of pathogens. Aside from their 
specific cytokine profiles, Th lineages differ in the expression of surface 
molecules such as adhesion molecules and chemokine receptors, which 
are responsible for homing into different tissues. Since the first discovery 
of two distinct Th cell subsets in the 1980s159, the spectrum of Th lineages 
has expanded considerably. Currently, at least seven lineages have been 
described (Th1, Th2, Th9, Th17, Th22, regulatory T cells (Treg) and follicular 
T helper (Tfh))159–165. 

1

22



Introduction

As introduced above, Th cells differentiate from naïve precursors under 
the influence of cytokines and additional signals, for instance provided by 
surface molecules. These signals converge on ‘master’ transcription factors, 
which induce lineage specific gene expression programs. It is now emerging 
that these lineage defining transcription factors only partially act through 
direct transactivation of specific genes. Their main function appears to be 
the generation of epigenetic ‘fingerprints’ of chromatin modifications, 
which ultimately allow for the activation of lineage specific enhancers166,167. 
Together, these processes ensure the robust expression of lineage specific 
genes, suppression of alternative fates and stable inheritance of the 
lineage identity. In addition to these lineage defining transcription factors, 
generation and maintenance of different Th subsets is regulated by specific 
signaling transducer and activator (STAT) proteins, which are activated 
by posttranslational modifications in a cytokine-mediated fashion and act 
through transcriptional and epigenetic mechanisms168. 

Th1 cells provide protective immunity against intracellular pathogens such 
as bacteria and viruses by secretion of interferon-γ (IFNγ), which stimulates 
macrophages, activates cytotoxic CD8+ T and NK cells, enhances antigen 
presentation by APC and induces Immunoglobulin isotype class switch. 
Deregulated Th1 responses have been implicated in autoimmune disease 
like type I diabetes and multiple sclerosis. 

Differentiation of Th1 cells is promoted by IL-12 and IFNγ, produced by 
innate immune cells upon viral or bacterial infections. The critical lineage 
defining transcription factor for the Th1 subset is T-bet169. The gene encoding 
T-bet, Tbx21, is a direct transcriptional target of STAT1170 and STAT4171, which 
are activated downstream of IFNγ-R and IL-12-R signaling, respectively. 
STAT4 also induces expression of Ifng and, in a positive feedback loop, 
Il12rb2, the gene encoding the signaling component of the IL-12-R171. T-bet 
itself also promotes expression of Il12rb2, induces remodeling of the Ifng 
locus and directly transactivates the Ifng gene172. In addition, T-bet actively 
represses expression of the Th2 cytokine Il4173. However, its main function in 
Th1 differentiation might be to repress the Th2 defining transcription factor 
GATA3174. The important roles of T-bet in IL-12 and IFNγ mediated Th1 
differentiation is well established, and ectopic expression of T-bet can even 
convert the cytokine profile of established Th2169. Moreover, T-bet deficient 
mice cannot efficiently clear Leishmania major infections, but instead develop 
airway hyper-reactivity, a phenotype associated with Th2 immunity175. 

While IL-12 is considered the main stimulus for Th1 differentiation, 
this cytokine is not required for all Th1 responses176. The question which 
alternative signals drive differentiation into the Th1 lineage has been 
addressed in chapter 6. 

In contrast to the Th1 subset, Th2 cells protect from a broad spectrum of 
extracellular pathogens, including multicellular parasites such as helminths177. 
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They are characterized by secretion of IL-4, IL-5 and IL-13177, which act on 
eosinophils, basophils, mast cells and B cells. Pathophysiologically, Th2 cells 
promote allergic and atopic diseases177.

The lineage defining transcription factor for Th2 cells is GATA3178,179, which 
enables expression of the Il4, Il5 and Il13 genes in the so-called Th2 locus and 
silences Th1 genes. Th2 cell differentiation is induced by stimulation in the 
presence of IL-4, which triggers activation of the transcription factor STAT6180. 
Thus, as is the case for Th1 cells, one of the signature cytokines produced 
by Th cells is also required for their differentiation, comprising a powerful 
positive feedback loop. However, IL-4 independent Th2 differentiation 
has been observed in vivo181, and other signals have been implicated in Th2 
differentiation, including Notch182. 

It should be noted that much that is known about differentiation of the 
various T helper cell lineages was learned from in vitro experiments in which 
high concentrations of cytokines were added. Whether such high cytokine 
concentrations are ever found in vivo is questionable. Furthermore, a model 
in which differentiation of T cells is entirely dependent on soluble factors 
seems at odds with the desired specificity of differentiation. If, for instance, 
two different types of microorganisms simultaneously infect a host, soluble 
factors produced in response to one microbe could interfere with optimal 
differentiation of T cells directed against the other microbe. It has been 
shown that antigen presentation and delivery of differentiation information 
must occur by one and the same APC183. Together, these considerations 
suggest that there is a role for cell bound ligands in instruction of T helper 
cell differentiation. In chapter 6 we examined how Notch serves as a receptor 
for such signals.

Notch induced Th cell differentiation
Notch signaling has been implicated in the differentiation of virtually all 
known Th cell lineages, including Th1, Th2, Th9184, Th17185,186 Th22187, 
regulatory T cells188–193 and Tfh cells194. 

The role of Notch in Th1 differentiation has been studied extensively, 
but these studies yielded somewhat controversial results. Notch ligands 
are upregulated on APC in the presence of stimuli known to induce Th1 
responses16,195–198, and Dll ligands promote Th1 differentiation when 
ectopically expressed by APC or in form of Dll-Fc fusion proteins in cell free 
systems or in vivo16,197–201. Conversely, blockade of Dll ligands led to reduced 
Th1 responses197,199,200. Furthermore, ectopic expression of NICD induces 
Th1 differentiation in naïve CD4+ T cells199,202,203. In contrast, IL-12 induced 
Th1 differentiation was not altered by deletion of Notch1, Notch2, RBPJ or 
the γ-secretase components Presinilin 1 and 216,203,204, but abrogated by GSI 
treatment202. The latter finding could be explained with off target effects, 
since γ-secretase has multiple targets besides Notch. Taking into account that 
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dominant-negative MAML1 and blocking of Dll-Fc proteins do not affect 
IL-12 mediated Th1 differentiation197,205, it is currently thought that Notch is 
responsible for Th1 differentiation under conditions where IL-12 is limiting 
or absent. 

Th2 differentiation by Notch has also been studied in great detail. Ectopic 
expression of all four NICD proteins and pathway activation through Jag2 
induce Th2 differentiation in naïve CD4+ T cells16,203,205, and Jag expression is 
upregulated on DCs by parasitic products, allergens and pro-inflammatory 
mediators16,206,207. Furthermore, deficiency for Notch1 and 2 or RBPJ and 
expression of dominant negative MAML1 diminish Th2 cell responses203,205. 
Interestingly however, deficiency for Notch1 and 2 or Presenilin 1 and 2 did 
not affect Th2 differentiation in the presence of high concentrations of IL-4 
in vitro203–205, suggesting that IL-4 compensates for the inactivation of Notch. 
This is explained by the finding that IL-4 acts downstream of Notch, as the Il-
4 gene and the gene encoding the lineage defining transcription factor Gata3 
were identified as direct targets of Notch203,206,208. 

In addition to Th1 and Th2 cells, Notch signaling has been implicated in 
the differentiation of virtually all other known Th cell lineages, being Th9184, 
Th17185,186 Th22187, regulatory T cells188–193 and Tfh cells194. 

The molecular mechanisms underlying Th cell differentiation by Notch 
are debated heavily. Two opposing models are discussed, proposing that 
Notch either directly instructs one lineage over alternative fates, or drives Th 
differentiation in response to cytokine stimuli. During Th1 differentiation, 
Notch signaling has been suggested to actively inhibit the Th2 program198 
while directly instructing key Th1 factors such as T-bet. Expression of Tbx21, 
the gene encoding T-bet, was proposed to be directly regulated by Notch202, 
which was formally proven recently17. 

Thus, increasing evidence indicates that Notch regulates multiple different 
Th cell fates by directly regulating their lineage specific programs. How this 
pathway can induce such distinct outcomes from the same naive CD4+ T 
cell precursor was addressed in a recent study which suggested that Notch 
functions as an amplifier of Th cell differentiation17. We further investigated 
this mechanism in chapter 6. 

Innate lymphoid cells 
ILC are a recently described family of lymphocytes, which contribute to 
antimicrobial immunity and inflammation, most notably at border surfaces, 
but also in the formation, repair and homeostasis of lymphoid tissues209. 
All ILC lineages are characterized by common phenotypic and functional 
features: They are of lymphoid origin and morphology and express the IL7-
R alpha chain, but lack expression of specific antigen receptors and markers 
associated with any other hematopoietic lineage, characterizing them as 
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‘lineage-‘ (negative) innate cells209. ILC respond to a wide array of microbial 
stimuli by promptly secreting cytokines. According to their phenotypic and 
functional characteristics, ILC can be grouped in three categories: Group 1 
ILC are characterized by production of IFNγ. NK cells are the prototypic 
members of this group. Recently, a population of cells producing IFNγ, but 
not type 2 cytokines or IL-17, has been described, which is distinct from NK 
cells210,211 and is now denoted ILC1111. These cells depend on the transcription 
factor T-bet and also express low levels of RORγ (RORγt in mice)210,211. 
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Figure 5: Analogy of Th cell and ILC lineages. Th: T helper cell(s), ILC: innate lymphoid 
cell(s), NCR: natural cytotoxicity receptor. 
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Group 2 ILC respond to IL-25, IL-33 and TSLP (thymic stromal 
lymphopoietin)212–215 with the secretion of the type 2 cytokines IL-5 and IL-
13212,213,216,217. Additionally, production of IL-6 and IL-9 by group 2 ILC has 
also been described218.

These cells provide immunity against helminth infections214, mediate 
respiratory tissue repair after influenza infections through the production 
of amphiregulin219 and regulate homeostasis of eosinophils220. Conversely, 
these cells have been causally implicated in airway hypersensitivity, chronic 
rhinosinusitis and allergic asthma221–225 and other pathological conditions 
such as goblet cell hyperplasia216 and eosinophilia217. IL-13 producing ILC 
were identified almost simultaneously by several groups in various different 
contexts. These were termed natural helper cells214, nuocytes216 or innate helper 
2 cells217. Given their shared common features, these cells are now collectively 
referred to as ILC2111. Human ILC2 are characterized by expression of 
CRTH2 (Chemoattractant receptor homologous molecule expressed on Th2 
cells, also known as prostaglandin D2 receptor 2, PTGDR2)225. Development 
and function of ILC2 depends on the transcription factors GATA3226–228 and 
RORα229,230. 

Group 3 ILC depend on the transcription factor RORγ(t) and produce IL-17 
and/or IL-22209. The prototypic ILC3 are LTi cells, which regulate formation 
of secondary lymphoid structures during fetal development231,232, but might 
also function as cytokine producing effector cells233. Recently, another type of 
group 3 ILC, phenotypically distinct from LTi cells, has been identified210,234–

237, which are now termed ILC3111. These can be further subdivided based on 
the expression of natural cytotoxicity receptors (NCR, Nkp46 (NCR2) in mice 
and NKp44 (NCR1) in humans) into NCR+ and NCR- ILC3111. ILC3 provide 
mucosal immunity against bacteria and fungi, and their deregulation has 
been implicated in intestinal pathology210,233–241. 

The functional diversity of ILC lineages matches that of Th cells (discussed 
below). Intriguingly, it appears that every Th cell lineage has a matching ILC 
counterpart (Figure 5). Their similarity is evident in the microbial stimuli 
activating the respective lineages and the cytokines they produce, but also 
their dependence on lineage-defining transcription factors and the expression 
of certain surface molecules. Considering this analogy, it is tempting to 
speculate that ILC evolutionarily preceded their adaptive Th counterparts. 

For a long time, effector T helper cells were thought to represent terminally 
differentiated stages. Studies demonstrating redifferentiation or conversion 
into distinct lineages have called this view into question17,167,242–245. Collectively, 
these studies suggest that Th cell lineages are more plastic. Similarly, distinct 
subpopulations exist within several ILC lineages, which differ phenotypically 
and in the cytokines they produce209,246. 

It is currently unclear whether these subsets represent distinct populations 
or different states of the same, plastic lineage. In order to answer these 
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questions, our understanding of lineage commitment, cell fate specification 
and, most importantly, the role of transcription factors in these processes 
need to be improved. 

ILC development and the role of Notch
ILC development is currently thought to be initiated from CLP derived 
progenitors in an Id2 (inhibitor of DNA binding 2) dependent manner. 
Considering the striking parallels between ILC and Th cells, it might not be 
surprising that Notch is involved in ILC development. 

The role of Notch in development of group 1 ILC is not well defined. Initial 
findings on NK cell development were somewhat controversial, as CD34+ 
thymic progenitors co-cultured with OP9 cells expressing Dll1 gave rise to 
increased numbers of NK/T progenitors32, whereas conditional deletion of 
Notch resulted in loss of T cell committed precursors247. Conflictingly, γ-
secretase inhibition in murine ESC and rat fetal thymic organ culture (FTOC) 
yielded increased numbers of NK cells248,249. Later, it was shown that Notch 
activation in human early thymic progenitors by co-culture with OP9 Dll1 
cells indeed inhibits NK cell development250. Collectively, these data suggest 
that Notch signaling may promote early stages of NK cell development, 
while negatively impacting later stages.

Notch signaling has been reported to regulate the development of different 
kinds of group 3 ILC, although the developmental requirements differ 
between distinct members of this group and developmental stages251,252. 
Development and function of LTi cells depend on RORγt expression209,246. 
Interestingly, the generation of fetal α4β7+ LTi precursors requires Notch. 
However, Notch is only transiently activated and must be downregulated 
subsequently in order to allow expression of RORγt and thus, final maturation 
of LTi cells253. 

In addition, development of IL-22 producing NCR+ ILC3 (earlier known 
as ILC22) critically depends on Notch, as demonstrated by the substantial 
reduction of NCR+ ILC3 when RBPJ is deleted in the hematopoietic 
compartment by Vav1-Cre mediated excision of a floxed RBPJ allele251. 
However, the detrimental effect of RBPJ deletion on the numbers of NCR+ 
ILC3 was restricted to the lamina propria of the intestine251, indicating that the 
requirement for Notch is determined by the microenvironment. Interestingly, 
NCR+ ILC3 express the aryl hydrocarbon receptor (AHR), which is activated 
by endogenous metabolites and so-called xenobiotics, chemical compounds 
that are not produced by an organisms itself, but often taken up with the 
diet233,234. Upon activation, AHR translocates to the nucleus and activates 
the expression of genes containing xenobiotic response elements. Strikingly, 
such elements are found in the promotors of NOTCH1 and NOTCH2, and 
Ahr mutant mice phenotypically resemble conditional deletion of RBPJ, 
suggesting that NCR+ ILC3 expansion and survival could be mediated by 
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AHR induced Notch signaling in certain microenvironments251,254,255. Whether 
Notch is also required for the development of IL-17 producing NCR- ILC3 is 
currently unknown. 

Several studies have shown that Notch signaling is required for the 
differentiation of murine ILC2, a group of ILC which are functionally and 
developmentally close to T cells230,256,257. Interestingly, the ILC2 lineage 
defining transcription factor GATA3 is a transcriptional target of Notch in 
CD4+ T cells203,206. It has been demonstrated that ILC2 develop from bone 
marrow derived CLP, and athymic FOXN1 (forkhead box N1) deficient 
nude mice display normal numbers of ILC2230. Yet, intriguingly, DN1 and 
DN2 thymocytes retain the potential to develop into ILC2 in vitro when co-
cultured with OP9 cells expressing Dll1230, raising the possibility that thymic 
ILC2 development can occur. Whether human ILC2 development equally 
depends on Notch has not been addressed. In this thesis, we therefore studied 
the requirement for Notch signaling in the development of human ILC2 and 
further addressed the possibility of thymic ILC2 differentiation (chapter 2).

Thus, collectively, Notch signaling influences the development and/or 
expansion of a variety of ILC subsets. How Notch can control development 
of all these different types of ILC is not known.

Leukemia – hematopoiesis gone awry
Leukemia is defined as malignancy of the blood forming system, which 
is marked by the uncontrolled expansion of immature leukocytes. 
According to the course of the disease, chronic and acute leukemia are 
distinguished. Chronic leukemia is characterized by a gradual increase 
in abnormal, but relatively mature cells. In contrast, acute leukemia 
displays a rapid, massive increase in malignant cells, which prevent the 
production and proper function of the remaining hematopoietic cells 
and thus requires immediate treatment. Although they can occur in any 
age group, chronic leukemia is more prevalent in older people, while 
acute forms are the most common leukemic conditions in children258,259. 

Depending on the affected lineage, chronic and acute forms are divided into 
myeloid (or myelogenous) and lymphoblastic leukemia. The combination of 
these basic groups provides four major categories: Chronic myeloid (CML) 
and chronic lymphoid leukemia (CLL) on the one hand and acute myeloid 
(AML) and acute lymphoid (ALL) leukemia on the other. These can be further 
classified into a variety of subgroups260,261. Initial diagnosis of leukemia is 
based on blood cell counts and morphological inspection of bone marrow 
and/or peripheral blood cells. Cytogenetics and the expression of surface 
antigens are determined to classify the leukemic cells. To date, most forms 
of leukemia are treated with multidrug chemotherapy regimens262,26. In some 
cases, bone marrow transplants and radiation therapy are administered262,263. 
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Treatment choice and prognosis crucially depend on the type of leukemia, 
underlining the importance of an exact classification. Since the initial 
sequencing of the human genome264,265, we have witnessed a marked increase 
in the use of (epi)genetic high-throughput analyses of tumors, including 
leukemia266–273. Although most of these approaches cannot immediately be 
implemented clinically, these studies have provided profound insights into 
the pathobiology of leukemia and offer prognostically relevant knowledge. 
Therefore, such methods might also serve as diagnostic tools in the near 
future274. 

Despite the considerable progress in diagnostic techniques as well as 
our biological understanding of normal and malignant hematopoiesis, 
classification remains problematic in some cases, mostly owing to the 
heterogeneity of leukemic diseases and maturation block at an early, 
immature stage. In fact, some leukemic neoplasms express markers of 
or display features associated with multiple lineages. These are often 
referred to as leukemia of mixed or ambiguous lineage275–278. Hematological 
malignancies in which the same cells or distinct populations within the 
blast exhibit characteristics of two lineages are termed biphenotypic or 
bilineal leukemia, respectively75,279. In rare cases, the phenotype of leukemic 
cells changes from one lineage to another. This lineage-switch is usually a 
conversion from myeloid to lymphoid phenotypes or vice versa and occurs 
between original diagnosis and relapse275,280–285. The underlying mechanisms 
are currently unknown, but they might reflect lineage infidelity or plasticity 
in the transformed hematopoietic progenitors. 

 

Taking the wrong turn – Notch signaling in disease

Aberrant Notch signaling is involved in numerous hereditary and sporadic 
diseases, most notably leukemia.

Loss of function mutations in genes encoding Notch pathway components 
cause different inherited anomalies: Alagille syndrome, an autosomal-
dominant disease marked by developmental abnormalities of the skeleton 
and organs such as the liver, heart and eye, is caused by mutations in 
Jag1286,287. Spondylocostal dysostosis, which is characterized by vertebral 
segmentation defects associated with rib anomalies and dwarfism, is 
caused by mutations in the genes encoding Dll3288 and lunatic Fringe289, 
while NOTCH3 mutations underlie the vascular disorder CADASIL 
(cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy)290. In addition to these syndromes, Notch has also 
been implicated in (non-)hereditary cardiac defects291 as well as the Hajdu-
Cheney and Serpentine fibula polycystic kidney syndromes292,293, which are 
disorders of the connective tissues. Reminiscent of its roles in the activation 
and differentiation of Th cells, Notch malfunction has also been implicated in 
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undesired immune responses towards self-antigens leading to autoimmune 
diseases like multiple sclerosis, type I diabetes and rheumatoid arthritis294–

296.  

Notch signaling in oncogenesis 
Considering that Notch establishes and maintains stem cell populations297–

299, determines cell fate and regulates proliferation, apoptosis and tissue 
homeostasis, it is not surprising that deregulated Notch activity causes 
cancer. Indeed, the pleiotropic physiological functions of the pathway are 
recapitulated in both solid tumors and hematological malignancies, where 
Notch can have oncogenic, but also tumor suppressive effects.

Oncogenic functions of Notch have been reported in non-small cell lung 
carcinoma (NSCLC)300, melanoma301–303, pancreatic ductal adenocarcinoma 
(PDAC)304, colorectal cancer305,306, medullo- and neuroblastoma307–309 and 
breast cancer310–314.

One of the first examples for a tumor suppressor function for Notch was 
described in the skin: Notch activation is normally not found in stem cells 
or transient amplifying cells, but is restricted to the suprabasal layers, where 
Notch signaling induces differentiation and accompanied by cell cycle arrest. 
Inactivation of Notch leads to basal cell carcinomas both spontaneously or 
after chemical sensitization315–318. More recently, tumor suppressive functions 
for Notch were also identified in hepatocellular carcinoma (HCC)319 and head 
and neck squamous cell carcinoma (HNSCC)320,321. 

Notch signaling in leukemia
In agreement with its prominent role in the hematopoietic system, aberrant 
Notch activity is of particular importance for leukemogenesis. 

A tumor suppressor function for Notch has been described recently for 
chronic myelomonocytic leukemia (CMML)322. Inactivating mutations in 
NOTCH1, MAML1 or NCSTN, the gene encoding the γ-secretase component 
Nicastrin, were found in 12% of CMML patients322. Thus, the tumor 
suppressive function of Notch in CMML likely resembles its normal role in 
preventing uncontrolled expansion and terminal differentiation of myeloid 
cells. Similarly, Notch functions as a tumor suppressor in B cell-ALL (B-ALL), 
perhaps reflecting the suppression of B cell differentiation by physiological 
signaling. The pathway is inactivated genetically323 or epigenetically324 in B-
ALL, and re-activation induces growth arrest and apoptosis through HES1 
mediated activation of PARP1 (protein Poly ADP-Ribose Polymerase1)325.

In sharp contrast, mutational activation of NOTCH1 was found to be a 
recurrent event in CLL326–328, which exclusively refers to B-cell neoplasms 
according to the latest WHO definition260. GSI treatment induces apoptosis in 
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CLL cells329, while stroma mediated Notch signaling partakes in chemotherapy 
resistance330,331. Intriguingly, activating mutations affecting the PEST domain 
of NOTCH1 have been found to serve as predictive markers specifically 
in CLL332, and a similar role for NOTCH2 mutations is discussed in this 
disease332–334. The mechanisms underlying their oncogenic function in CLL 
are currently not known, nor is it clear how the discrepancy can be explained 
between these results and earlier findings invoking a tumor suppressive role 
for Notch in B-ALL. 

Given the importance for other hematological malignancies, a role for 
aberrant Notch signaling in AML has been proposed a while ago335, however, 
it was not until recently that a tumor suppressive function was revealed336. 
This study demonstrated that the Notch pathway is silenced in the majority 
of human AML cases and, interestingly, also in the leukemia initiating cell 
(LIC) population in animal models. Re-activation of Notch signaling induces 
differentiation of LIC and causes cell cycle arrest and apoptosis of AML 
cells336. These findings indicate that Notch pathway activation, for instance 
using receptor agonists, provides promising therapeutic opportunities for 
this disease336,337. Notably, however, activating mutations of Notch do also 
occur in AML338–340, although very rarely. 

Notch in T-ALL
The best studied example of the powerful oncogenic function of Notch 
signaling is in T-ALL (T cell acute lymphoblastic leukemia), closely 
resembling its essential role in normal T cell development. T-ALL is a group of 
aggressive neoplasms of T cell precursors that accounts for 15% of childhood 
and 25% of adult ALL260,341,342. Thus, T-ALL is less frequent than B-ALL, but 
treatment outcome is inferior, with approximately 25% of patients displaying 
treatment failure343. Prognosis for these patients remains dismal, and relapse 
is frequently observed344,345. T-ALL neoplasms are stratified according to the 
stage of thymocyte development when transformation occurred, which is 
determined based on the expression of surface antigens, the status of TCR 
rearrangements and gene expression profiling342,346. 

Strikingly, the human NOTCH1 gene was originally identified through its 
involvement in a recurrent chromosomal translocation ((t(7:9)(q34;q34.3)) 
in T-ALL347,348. This translocation juxtaposes the 3’ portion of NOTCH1 to 
the TCRβ locus, which results in aberrant expression of the constitutively 
active NICD1347. However, the full oncogenic potential of NOTCH1 in T-
ALL has long remained elusive, as this translocation is very rare. Its causal 
involvement in T cell leukemogenesis was first demonstrated by bone marrow 
transfer experiments in mice, in which ectopic expression of NICD1 led to 
rapid development of aggressive T-ALL349. Subsequent studies reported 
mutational activation of NOTCH1 in more than 60% of human350 and murine 
T-ALL cases351, identifying NOTCH1 as the major oncogene in this disease. 
Activating mutations in NOTCH1 cluster in two main hot spots involving the 
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NRR/HD and PEST domains (see Figure 1). Mutations in the NRR/HD cause 
ligand independent signaling because the resultant NOTCH1 heterodimer is 
less stable (Type I mutations)352. Less frequently, NRR/HD mutations unveil 
the S2 cleavage site without affecting the stability of the heterodimer (Type 
II mutations)352. Mutations that truncate the PEST domain, on the other 
hand, remove phosphodegron sequences and thus increase its signaling 
activity by stabilizing the NICD1352. More recently, alternative mechanisms 
that oncogenically activate NOTCH1 in T-ALL have been identified, such 
as a 5’ intragenic deletion affecting the NRR353. Finally, loss of the Ikaros 
transcriptional repressor leads to uncovering of cryptic promoter elements 
within the 5’ open reading frame portion of the murine Notch1 gene, which 
results in expression of a truncated constitutively active Notch1 protein354. 
Therefore, evidently, many ways to create oncogenic NOTCH1 proteins 
exist. 

Aside from gain of function mutations of NOTCH1 itself, mutations 
perturbing other pathway components also occur. The most prominent 
example is loss of function of the E3-Ubiquitin ligase FBW7, which targets 
NOTCH1 for degradation through the PEST domain355–357.  

Several studies have implied pre-TCR signaling in Notch mediated T-ALL, but 
the requirement of pre-TCR and the exact signaling events involved remain 
controversial and might depend on the stage when malignant transformation 
occurs358–363. Interestingly, however, PTCRA, the gene encoding the pre-
TCR alpha chain (pTα), is a direct transcriptional target of Notch364,365 and 
aberrant expression of pTα has been observed in T-ALL358,359,366,367. Another 
important direct target of Notch is c-MYC, which is an important mediator 
of the oncogenic function of Notch during onset and maintenance of T-
ALL148,149,361,368,369. 

Indications for the existence of innate lymphoid cell leukemia
Although only described in recent years, ILC have already been implicated 
in a number of pathologies including inflammatory bowel disease, allergy, 
asthma and atopic dermatitis211,223,225,240,370,371. Developing leukocytes are prone 
to malignant transformation, as they often undergo massive expansion and 
genetic changes. Therefore, it is conceivable that aberrant ILC development 
not only causes (auto) immune diseases, but also malignancies. This notion 
is strengthened by the fact that development of ILC is regulated by a number 
of evolutionarily conserved pathways with prominent roles in cancer, among 
which the Notch pathway14. In fact, malignancies caused by transformation of 
NK cells, the oldest known ILC, are reported occasionally372–375. Considering 
their low physiological abundance, ILC neoplasms can generally be expected 
to be rare.

Since the other ILC family members were only identified recently, it is likely 
that their malignant counterparts are currently misclassified as neoplasms 
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of other, closely related lineages. In this regard, immature T-ALL is a 
particularly interesting leukemia group. Within the T-ALL field, the nature 
of the earliest forms of T-ALL, ETP-ALL, is heavily debated (early T cell 
progenitor-ALL)376,377 and some studies claim that ETP-ALL defines a high-
risk subgroup378,379. Based on our finding that strong Notch signaling forces 
differentiation of ILC2 (chapter 2), we predicted the existence of ILC2-like 
leukemia (ILC2-LL), which are generated as a consequence of oncogenic 
NOTCH1. This prediction was tested in chapter 3. 

Therapeutic targeting of Notch – Rocky roads
Despite this knowledge, targeting Notch signaling has proven more 
complicated than initially anticipated380. Soon after the identification of its 
oncogenic potential in T-ALL, clinical trials with GSI were initiated. Such 
inhibitors were originally developed for the treatment of Alzheimer’s 
disease381 and therefore readily available. Unfortunately, GSI displayed 
dose-limiting toxicity in the gut382,383. Although gastro-intestinal toxicity 
is mostly due to on-target effects on Notch causing goblet cell metaplasia 
due to inhibition of NOTCH1 and NOTCH2 in the crypts of the intestine384, 
another concern is that γ-secretase has a number of targets besides Notch385–

387, which could cause additional adverse effects. Thus, although modified 
GSI showed increased efficacy and an improved safety profile388,389, current 
studies aim at increasing the specificity for Notch while further limiting 
toxicity. Examples for such approaches are monoclonal antibodies against 
the ligand binding region or the NRR of selective NOTCH proteins390–392, 
some of which are in early clinical trial phases. Alternatively, antibodies 
against Notch ligands393,394 or soluble forms of ligands395–397, so-called decoys, 
are being developed. Finally, despite the widespread expectation that 
interfaces generated by protein-protein interactions (PPI) are difficult targets 
for drug design, a landmark report has recently demonstrated that the NTC 
can be disrupted by stapled peptides derived from MAML1398, opening new 
avenues for targeting of PPI in general and Notch in particular. 

However, the major pitfall of all these approaches remains that they interfere 
with general Notch signaling, which has many physiological functions that have 
not been monitored in current clinical trials. Therefore, therapeutic targeting 
of Notch would benefit tremendously if the oncogenic Notch functions could 
be disabled selectively. In this regard, a recent seminal study raised hopes: 
Using mutant Notch1 alleles specifically defective for homodimerization, the 
authors showed that induction of T-ALL and maintenance of leukemic cell 
growth absolutely require dimeric Notch signaling in mice94. Interestingly, 
ptcra and c-myc were identified as the responsible dimerization dependent 
targets of Notch94. Exploiting this signaling event therapeutically therefore 
holds the promise to specifically target oncogenic but not the many general 
functions of Notch. As these discoveries were made in a murine setting, 
clinical applicability requires documentation of their validity in human T 
cell development and T-ALL. We have addressed this issue in chapter 4.
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Scope and aims of the thesis

A major research question in the field is the paradox between the apparent 
simplicity of the pathway and the variety of its functions. Throughout 
this thesis, we studied such (molecular) mechanisms of Notch signaling 
in the development and function of T(h) cells, ILC and the corresponding 
malignancies.

Notch has been implicated in the development of the recently described 
ILC. In particular, ILC2 development critically depends on Notch in mice. 
In chapter 2 of this thesis, we analyzed the requirements for Notch signaling 
in human ILC2 development and further addressed the possibility that ILC2 
development can occur in the thymus. Strikingly, we found that the dosage 
of Notch instructs whether progenitors differentiate into the T cell or ILC2 
lineage. 

ILC have been implicated in a variety of (auto) immune conditions, and, 
although rare, NK cell neoplasms have been reported. In chapter 3, we 
propose the identification of hematological malignancies resembling ILC(2) 
based on gene expression profiling. 

A molecular mechanism providing target gene selectivity is homodimerization 
of NOTCH1. This signaling mode is crucial for the T cell development and 
T-ALL in mice, which offers the exciting possibility that dimeric Notch 
signaling can be targeted therapeutically. However, its relevance in humans 
has not been studied to date. With the promising potential as a therapeutic 
target in mind, we investigated the need for NOTCH1 homodimerization in 
human thymocyte differentiation and T-ALL (chapter 4). 

In chapter 5, we investigated how Notch prolongs the lifetime of antigen-
specific T cells, which is relevant for vaccination strategies. We demonstrate 
that Notch activates multiple anti-apoptotic pathways by transcriptional 
mechanisms.

Furthermore, we identified an alternative mechanism by which Notch 
signaling directs Th1 differentiation (described in chapter 6). Although 
we found that Notch directly activates lineage defining genes, our data 
establish that Notch predominantly increases the susceptibility for different 
cytokines. 

Finally, we discuss the identified (molecular) mechanisms of Notch action 
and the significance of our findings in a developmental and evolutionary 
context, allude to possible biomedical and therapeutic implications (chapter 
7). 
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