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Chapter 1

1. GENERAL INTRODUCTION
The immune system is a defense mechanism or an interconnecting defense network in organisms 
operated by a set of immune cells.  These immune cells can be classified into two groups based 
on their type of immune responses, innate and adaptive. Innate immune cells provide immediate 
response to battle a wide range of pathogens, although it is not antigen-specific and their reactivity 
is mostly transient.  In contrast, adaptive immune cells provide long lasting immunity to specific 
pathogens, and immunity develops by adaptation to infections during life. Although innate and 
adaptive immune cells have many distinct phenotypes and functions, they all originate from 
cells called hematopoietic stem cells (HSCs).  In this introduction, I have summarized the current 
knowledge of hematopoiesis, control of immune cell lineage commitment and functionality with 
particular focus on human innate lymphocytes.  

2. HUMAN HEMATOPOIESIS
All hematopoietic cells are derived from HSCs that reside in the bone marrow. Our current 
understanding of hematopoiesis can be visualized in the hematopoietic tree, which describes the 
developmental pathways of HSCs to mature hematopoietic cells through various intermediate 
progenitor stages, as defined by their expression pattern of cell surface molecules and genes. 
Recent studies, however, proposed a new shape of this tree, which is quite different compared to 
the traditional dichotomous lineage separation.  This section provides an update of the current 
view of human hematopoiesis. 

2.1 Early hematopoietic progenitor populations
Generally, HSCs are defined by their multi-potent and self-renewal properties, whereas progenitors 
are defined by the lack of self-renewal and restricted lineage differentiation capacity. In the classical 
model, the earliest diversification of myeloid and lymphoid lineages is specified as the common 
myeloid progenitor (CMP)1  and common lymphoid progenitor (CLP)2 that were initially identified 
in the mouse bone marrow (BM) (Figure 1A).  CMP further differentiate into megakaryocytes 
(Mk) and erythrocytes (E) via megakaryocyte erythroid progenitors (MEP), while granulocytes 
(G) and monocytes (M) develop via granulocyte monocyte progenitors (GMP). Conversely, CLP 
differentiate into T-cells, B-cells, and innate lymphoid cells (ILCs), including natural killer (NK) cells. 
This relatively simple HSCs-to-CMP/CLP model was first challenged by the evidence that T-cell and 
B-cell progenitors could be generated from a common myelo-lymphoid progenitor (CMLP) through 
myeloid/T and myeloid/B- cell bipotential progenitors, respectively, rather than through a CLP or T/B 
progenitor3.  A few years later, another group identified a lymphoid primed multipotent progenitor 
cell (LMPP) that had reduced potential to differentiate into E/Mk, but retained granulocyte/
monocyte (GM) and lymphoid potential4. Both models suggest that GM and lymphocytes continue 
to share common progenitor cell stages after loss of E/Mk potential, which explains why dendritic 
cells (DCs) may exhibit dual myeloid and lymphoid features.   
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Purification of HSCs requires a combination of several characteristic cell surface markers.  CD34 
was the first marker found on human HSCs and progenitors5, followed by the identification of 
CD90 (Thy1) as a stem cell marker 6.  Further studies brought forward CD45RA, CD38 and integrin 
α6 (CD49f) as markers to classify more differentiated progenitors7-10. Hence, human HSCs are 
currently defined as T-, B-, NK-, myeloid- and erythroid- cell lineage negative (Lin‒) CD34+CD38‒

CD90+CD47f+CD45RA‒ cells.  Directly downstream of HSCs are the so-called multipotent progenitors 
(MPP), which have lost self-renewal capacity and are defined as Lin‒CD34+CD38‒CD90‒CD49f‒

CD45RA‒ cells.  Further downstream are myeloid progenitors that are characterized based on 
the expression of IL-3 receptor α chain (CD123) or fms like tyrosine kinase 3 (FLT3, also known 
as CD135) and CD45RA11,12, and defined as follows; CMPs are Lin‒CD34+CD38+CD123+CD45RA‒ 
cells, GMPs are Lin‒CD34+CD38+CD123+CD45RA+ cells, MEPs are Lin‒CD34+CD38+CD123‒CD45RA‒ 
cells.   Consistent with mouse studies, the latest studies in humans showed that LMPPs are at the 
apex of all myeloid and lymphoid lineages13,14.  The differentiation towards lymphocyte lineages 
is characterized by expression of the earliest T cell marker CD7 or CD10, which is found on the 
earliest B cell progenitors15-17. Here, both CD7 and/or CD10 expression on CD34+ cells indicates the 
inability to differentiate into the myeloid or erythroid progeny. CD7 expression may indicate a cell 
fate toward T cells as CD34+CD7+ cells have robust T cell potential and are abundant in umbilical 
cord blood (CB), suggesting that those cells correspond to thymus seeding progenitors (TSPs)17,18. 
BM CD34+CD10+ cells appeared to be inclined towards B cell differentiation based on the presence 
of partial DJH rearrangements and gene expression profile analysis19-21. However, when depleted 
of CD24+ pro-B cells these CD34+CD10+ cells, both in CB and BM, had enriched potential to develop 
into lymphoid cells as well as DC . In addition, throughout life CD34+CD10+CD24‒ cells were found in 
the circulation and also in the thymus22.  This suggests that CD34+CD10+CD24‒ cells may represent 
circulating multi-lymphoid progenitors (MLPs) with TSPs potential.  Based on these reports, LMPPs 
can be defined as Lin‒CD34+CD38‒CD90neg-loCD45RA+CD10‒ cells, whereas MLPs are Lin‒CD34+CD38‒

CD90neg-loCD45RA+CD10+ cells.  

The latest studies using highly improved advanced technologies, such as high throughput single-
cell mRNA sequencing (RNA-seq) and multiplex analysis with as many as 40 antigens per sample 
using cytometry by time-of-flight (CyTOF), contributed significantly to unravelling the complexity of 
mouse and human hematopoiesis, which has now resulted in the transformation of hematopoietic 
tree23 (Figure 1A and B).  The classical hematopoietic differentiation hierarchy depicted by each 
progenitor cell group in separate circles and simply connected by rigid arrows appears somewhat 
outdated. Instead, now the hematological tree is rather visualized as a continuum of differentiation 
at the single cell level (Figure 1A and B).

2.2 Early thymic progenitors 
The thymus is a primary lymphatic organ specialized to orchestrate the development of T cells. 
Thymopoiesis depends on a continuous supply of TSPs from BM to the thymus. As mentioned in 
the previous section, some studies indicated that CD34+CD45RA+CD7+ cells, which are found in CB, 
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have TSP potential, and possess T, B, NK and some GM precursor activity16,18. In addition, however, 
CD34+CD45RA+CD10+CD7‒ cells found in CB, BM and adult blood, which have lymphoid and DC 
potential, have also been proposed to possess TSP potential22. 

The most immature progenitors found in the thymus are called early thymic progenitors (ETPs), and 
phenotypically are very similar to that of MLPs and TSPs based on cell surface markers. However, 
in contrast to MLPs isolated from BM or cord blood, transcriptome analysis revealed that ETPs 
hardly expressed B cell specific genes such PAX5, EBF1 and Vpre-B, but instead displayed increased 
expression of T cell related genes such as CD3ε, GATA3 and pre-TCR α chain (pTa)22. These signature 
genes correspond to signals triggered by the thymic niche, Notch signaling for instance, which 
may program ETPs towards T cell lineage commitment25,26. The Notch signaling pathway is highly 
conserved among species and plays key roles in the regulation of development and differentiation in 
multicellular organisms27. Four Notch receptors (Notch1-4) have been identified in mammals, which 
are able to interact with their ligands Jagged (Jag1 and 2) and Delta-like (DL1, 3 and 4) expressed 
on surrounding cells 28. Indeed, Notch1 signaling after interaction with its ligand DL4 in the thymus 
is considered to be crucial for T cell lineage commitment 29,30, while preventing induction of B cell 

Chapter 1 Fig 1

A B

Figure 1. Classical and revised model of hematopoiesis.
(A) In the classical hematopoiesis model, each stage of differentiation is represented as a 
homogeneous cell population. The first lineage bifurcation separates the myeloid and lymphoid 
lineages via the common myeloid progenitor (CMP) and common lymphoid progenitor (CLP). HSC, 
hematopoietic stem cells; MEP, megakaryocyte‒erythrocyte progenitors; GMP, granulocyte‒
monocyte progenitors. (B) Single cell transcriptomic data supports a new model in which 
hematopoiesis is visualized as a continuum of cell differentiation.  MPP, multipotent progenitors; 
LMPP, lymphoid primed multi-potential progenitors; MLP, multi-lymphoid progenitors; CDP, 
common DC progenitors. (Figures are adapted from Laurenti, E. and Gottgens, B. 201823, Collin, 
M.  and Bigley, V. 201824)
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associated genes 31. This is consistent with the T/non-B cell related gene expression pattern found 
in ETPs22. In addition, decreased CD10 expression on ETPs coincides with increased expression 
of CD7 and CD1a, a T cell commitment marker, suggesting that a continuum from CD10+CD7‒ to 
CD10‒CD7+CD1a+ cells constitutes the development of early thymic progenitors towards T cells 32,33. 
Nevertheless, ETPs are not uni-potent to develop into T cells, but still possess B, NK cells and DC 
precursor activities 22,33. 

3. BASIC HELIX-LOOP-HELIX TRANSCRIPTION FACTOR 
FAMILY: E-PROTEINS AND INHIBITOR OF DNA BINDING (ID) 
PROTEINS
Transcription factors are a group of proteins essential for regulating gene expression by binding to 
a specific DNA sequence associated with the target genes. Among these, E-proteins are members 
of the basic helix-loop-helix (bHLH) protein family, which includes large numbers of transcription 
factors implicated in the regulation of cell differentiation, growth and survival, and tissue-specific 
gene expression34. E-proteins, together with their negative regulators inhibitor of DNA binding (ID) 
proteins, are shown to have important roles in the development of many lymphoid cells (Figure 2A).   
E-proteins consist of a bHLH domain, of which the HLH domain mediates protein dimerization and 
the basic domain enables DNA binding, and an activation domain, which confers transcriptional 
activity. Functional complexes of E-proteins are homo- or hetero-dimers that bind the canonical 
DNA sequence CANNTG, in which N indicates any nucleotide, and are referred to as an E-box (Figure 
2B). Four E-proteins have been identified in mammals: E12 and E47, which are alternatively spliced 
products of the E2A gene (also known as TCFE2A and TCF3); E2-2 (also known as TCF4) and the 
HeLa E-box binding protein (HEB) (also known as TCF12) 35-39. Both HEB and E2-2 genes have two 
transcription start sites, which are responsible for generating the long forms named canonical HEB 
and E2-2 (HEBCan and E2-2Can), and the short forms named alternative HEB and E2-2 (HEBAlt and 
E2-2Alt)35,36,38-40 (Figure 2A). E-proteins are also able to dimerize with any of the four ID proteins 
(ID1-ID4), which are HLH proteins that lack a basic region. Upon dimerization, ID proteins prevent 
E-proteins from binding to DNA and as a consequence impair transcriptional activity 41 (Figure 2, A 
and B). Both E-proteins and ID proteins are broadly expressed throughout hematopoiesis and are 
known to have essential roles in cell lineage decisions, differentiation and proliferation42,43.

3.1 E-proteins in lymphocyte development
The functional activity of E-proteins has been firmly established in B cells as E12 and E47 were initially 
identified by their ability to bind as homodimers to E-box sites located within the gene enhancers of 
the Ig heavy chain (Igh) and Ig light chain (Igl). Moreover, E2a-/- mice have a complete deficiency in 
B cells37,43,46-48 (Figure2, A and C). E2A deficient mice also displayed an arrest in T cell development 
at the CD4‒CD8‒ double negative (DN) stage and a reduction in total thymocyte numbers46.  Later 
this finding was supported by the observation that E2a-/- mice have severely reduced numbers of 
ETPs and CD44+CD25+ DN2 cells, which is consistent with a reduction in LMPP and CLP numbers as 
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well as with their failure to express the thymus-homing chemokine receptor CCR949,50. In contrast 
to E2a deficient mice, HEB and E2-2 deficient mice show only a partial block in B cell development, 
indicating that neither gene is essential for B-cell development (Figure 2C). Given the notion that 
the defect of E2A could be complemented by overexpression of HEB or E2-2, this suggested that 
these E-proteins have a common role in B-cell development51. Similar to E2A deficiency, a defect 
to express HEB and E2-2 resulted in a partial block in T cell development. Different stages of T cell 
maturation were affected, however, as HEB deficiency blocked the transition from the immature 
single positive (ISP) stage to the double positive (DP) stage, whereas E2-2 deficiency blocked the 
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Figure 2. Structure of helix ‒ loop ‒ helix (HLH) proteins and their transcriptional properties.
(A) Schematic diagram of E proteins and ID proteins, and the function of E proteins in hematopoiesis. 
AD, activation domain; bHLH, basic helix‒loop‒helix domain; HLH, helix‒loop‒helix domain.  HEB 
and E2-2 give rise to either canonical (Can) or alternative (Alt) forms depending on the transcription 
start site that is used. (B) The DNA binding domains (DBD) of E protein homodimers bind to the E-box 
sequence (CANNTG; N indicates any nucleotides) in target genes and initiates transcription (top), 
whereas the lack of a DBD in ID proteins, and heterodimerization to E proteins prevent binding to 
DNA and gene transcription activation (bottom). (C) E protein dimerization partner characteristics 
for the cell type indicated and their target genes in mouse and human.  (*) indicates the genes 
expressed prior to lineage restriction. (Figures are adapted from Kee, B. 200944, Reizis, B. 201045,  
Braunstein, M. and Anderson M. 201242)



15

General introduction

development already at or before the DN stage 52,53. In line with these observation in the mouse, 
ectopic expression of ID2 or ID3 in human progenitor cells resulted in a strong inhibition of T and 
B cell development54,55 (Chapter 3).  Hence, T cell development is clearly disrupted by the loss of 
E-protein activity, which is likely the result of HEB, but not E12 or E47, as only overexpression of 
HEB in human progenitor cells improved T cell development (Chapter 3).  

3.2 E-proteins in plasmacytoid dendritic cell (pDC) development
Plasmacytoid dendritic cells (pDCs) are present in primary and secondary lymphoid organs as well 
as blood and liver. These cells are specialized in direct recognition of viruses through the endosomal 
Toll-like receptor TLR7 (which senses single-stranded RNA) and TLR9 (which senses double-stranded 
DNA) followed by rapid production of an extraordinarily high amount of type I interferons (IFN)56. In 
2005, J.Y. Liu coined the name of pDCs as the professional type I IFN-producing cells57. Type I IFNs, 
IFN-α and IFN-β, mediate antiviral activity  in IFN-responsive cells by initiating the transcription of 
IFN-stimulated genes (ISGs), which results in the activation of effective antiviral pathways, such as 
the Mx GTPase and the protein kinase R (PKR) pathways58.  Type I IFNs produced by pDCs also induce 
antiviral functions in innate- and adaptive immune cells. For instance, type I IFNs enhance NK cell 
mediated cytotoxicity and IFN-γ production; induce differentiation and maturation of conventional 
DCs (cDCs); promote antiviral cytotoxic T cell responses; and, together with IL-6, induce plasma 
cell differentiation and production of immunoglobulins59-65. pDCs when activated after TLR ligation 
differentiate into antigen presenting cells (APCs) as they are able to trigger T cell activation in the 
context of both major histocompatibility complex (MHC) I and II 66-70. However, as compared to 
cDCs, the capacity of pDCs to activate naïve T cells is rather limited, which may be due to minimal 
expression of the co-stimulatory molecules CD80 and CD86, lower expression of MHC I and II, rapid 
turnover of MHC-antigen complexes and poor endocytosis activity71-74. These characteristics of 
pDCs, on the other hand, may play a role in inducing peripheral T cell tolerance resulting in tumor 
escape, transplantation-, oral- and mucosal- tolerance via a mechanism of inducing anergy and/or 
depletion of antigen specific T cells by absence of co-stimulatory molecules on pDCs or expression 
of the immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO)75-78. Moreover, activated 
pDCs are capable of promoting regulatory T cell (Treg) generation, through ligation of inducible 
co-stimulatory ligand (ICOS-L) to inducible T cell co-stimulator (ICOS) expressed on naïve CD4+ T 
cells79-81. Further, pDCs stimulated by IL-21 induce production of the serine protease Granzyme B 
(GrB), which was involved in suppression of proliferation of CD4+ T cells82.

Like development of conventional DCs (cDCs), pDCs develop from common DC progenitors 
(CDPs) and depends on Flt3 ligand (Flt3L) and its receptor Flt383-89. Although pDCs were shown to 
differentiate into cDC like cells, more recent studies revealed that a pre-DC population in human 
blood, which directly derived from CDPs and differentiated into conventional DCs (cDCs), shared 
some cell surface molecules characteristic with pDCs, such as CD123 and CD45RA 73,88,90,91.   These 
observations suggest that the differentiation capacity of pDCs toward cDCs is more likely the result 
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of pre-DC that contaminated the pDC population, and further investigations using pure pDCs are 
warranted.

pDC precursors, which are currently considered to be contained within the pool of CDPs, are 
found in human umbilical cord blood, fetal liver and fetal bone marrow, and adult BM88,92. Their 
development depends on the combined action of several transcription factors including GATA2, 
IRF8, Ikaros, SpiB and Bcl11a. Patients with a heterozygous GATA2 mutation, biallelic IRF8 mutation 
or heterozygous Ikaros family zinc finger 1 gene (IKZF1) mutation display an abrogation in pDC 
development93-95. In addition, ETS factor SpiB and zinc-finger protein Bcl11a are critically involved 
in pDC development, survival and functionality 96-102. Furthermore, our seminal publication together 
with that of Cisse and co-workers showed a critical role for E2-2 in pDC development103,104 (Chapter 
2). Initially, the involvement of E-proteins in pDC development was implied by the finding that 
ectopic expression of ID2 or ID3 in hematopoietic progenitors, impaired human pDC development, 
whereas cDC development was unaffected105. Indeed, E2-2 is expressed abundantly in mouse and 
human pDC, yet barely in cDC and other cell types.  While E2-2 deficiency in mouse fetal liver cells 
resulted in a complete block in the emergence of pDC, pDC numbers and functionality were already 
strongly reduced in E2-2+/- animals demonstrating a dose dependent effect of E2-2. Consistent with 
mouse data, we have shown that ectopic expression of E2-2 in human hematopoietic progenitors 
induced pDC development, whereas knock-down of E2-2 using short hairpin (sh) RNAs resulted in 
the reduction of their development. Previously, we reported that also knockdown of SpiB results in 
a clear defect in pDC development 101.  Given our observations that overexpression of E2-2 together 
with SpiB further enhanced pDC development, while SpiB alone could not rescue pDC development 
blocked by ID2, suggests that the combined action of these transcription factors is important.  It has 
been reported that E2-2 targets many genes expressed in pDCs, such as runt-related transcription 
factor 2 (RUNX2), which mediates CCR2 and CCR5 expression; CIITA, a transactivator of MHC class II 
expression; the C-type lectin BDCA2, the hallmark protein of pDC; the Ig-superfamily member ILT7; 
sialic acid-binding immunoglobulin-type lectins H (SIGLEC-H); TLR7 and TLR9; protein kinase C and 
casein kinase substrate in neurons protein 1 (PACSIN1), an endocytic adopter specifically expressed 
in mouse and human pDC that is essential for TLR9 induced type I IFN secretion. As expression of all 
these genes is controlled by E2-2 activity, it is not overstated to term E2-2 as a master transcription 
factor in the development, homeostasis and function of pDCs 103,106-109(Chapter 2). In line with the 
results in vivo in the mouse and in vitro in human is the observation that pDC cell numbers and 
functionality are reduced in patients with Pitt-Hopkins syndrome, a rare autosomal- dominant 
genetic disorder characterized by abnormal craniofacial and neural development, severe mental 
retardation, and motor dysfunction, which is caused by the monoalleic loss-of-function mutation 
or deletion of E2-2 resulting in E2-2 haploinsufficiency103.

In contrast to high E2-2 expression in pDCs, cDC markedly express higher levels of ID2, which 
instead supports CD8α+ DC development from CDPs103,110, indicating that the balance between 
E- and ID- proteins is crucial during DC development.  Consistent with this, the FLT3L-dependent 
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STAT3 signaling and the GM-CSF-dependent STAT5 signaling stimulate E2-2 and ID2 expression, 
respectively, thereby regulating either pDC or cDC development111. 

3.3 ID-proteins in NK cell development
NK cells are cytotoxic lymphocytes representing the first member of the innate lymphoid cell 
(ILC) family and playing a crucial role in immune responses to intracellular pathogens, such as 
viruses and intracellular bacteria, as well as supporting tumor immune-surveillance112-114. Mature 
NK cells are morphologically characterized as large granular lymphocytes.  These granules contain 
perforin (a membrane disrupting protein) and granzymes (a family of proteolytic enzymes), 
which are responsible for NK cell-mediated lysis of target cells115,116. NK cells are phenotypically 
characterized as CD3‒NK1.1+ lymphocytes in mice, CD3‒CD56+ lymphocytes in human or as CD3‒

NKp46+ lymphocytes in both species113. Human peripheral blood NK cells can be further divided into 
two distinct populations based on their expression of CD16 (also known as FcγRIII) and intensity of 
CD56 expression. CD56dimCD16+ NK cells represent at least 90% of all peripheral blood NK cells and 
possess higher cytolytic activity, whereas CD56highCD16‒NK cells are abundant cytokine producers 
and weakly cytotoxic before activation, although upon stimulation with cytokines such as IL-2 
and IL-12 can acquire cytotoxic activity117-119. Based on the length of their telomeres and their 
differentiation capacity, CD56highCD16‒ NK cells are considered to be immature precursors to 
CD56dimCD16+ mature NK cells120-122. Unlike B  and T cells, NK cell development and maturation do 
not seem to occur entirely in the BM or in the thymus, since this immature CD56highCD16‒ NK cell 
subset could also be isolated from secondary lymphoid tissues (SLT)123 . In addition to CD56highCD16‒ 

NK cells, a unique population of CD34+CD45RA+ pre-NK cells was highly and selectively enriched in 
SLT when compared to BM or blood124. This selective enrichment of both CD34+CD45RA+ pre-NK 
cells and CD56highCD16‒ NK cells was explained by their accessibility to membrane bound IL-15, 
which is required for NK cell maturation, and expressed by DCs and other antigen presenting 
cells125-128. Together with the observation that NK cells are present in patients suffering from 
DiGeorge syndrome, who do not develop a thymus129, suggested that SLT may be a site for NK 
cell development in vivo. However, given the observations that T/NK bi-potential progenitors are 
present in the thymus of both human and mouse and the human thymus is able to accommodate 
the development of NK cells from CD34+ progenitors, this indicates that NK cell development can 
occur in primary lymphoid tissue as well54,130-133.

Several transcription factors were reported to be involved in NK cell development and maturation, 
including ID2, nuclear factor interleukin-3 (NFIL3, also known as E4BP4), thymocyte selection-
associated high mobility group box protein (TOX), GATA-binding factor 3 (GATA3), T-box containing 
protein in T cells (T-bet) and Eomesodermin (Eomes)114,134-140. Deletion of Id2 and Nfil3 resulted 
in a severe reduction in NK cells 134,135,141-143. NFIL3 was proposed to be a regulator of ID2, since 
Nfil3-deficient NK progenitors exhibited reduced ID2 expression and ectopic expression of ID2 
in these mice partially rescued NK cell development, although this notion is not fully supported 
as contradictory reports showed that Nfil3-deficient NK cells actually expressed normal levels 
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of ID2136,141,144. Two T-box factors, T-bet and Eomes, act in NK cell maturation and function138. 
This is based on the result that T-bet instructed immature NK cells (iNK cells) and stabilized the 
immature phenotype, while also directly regulating expression of the IL-2Rβ chain, which is part 
of the IL-15R complex138,145. In addition, Eomes, which expression is directly regulated by Nfil3, 
induced the expression of a diverse repertoire of Ly49 receptors in NK cells and acted to maintain 
the mature phenotype136,138,146. Furthermore, thymic NK cell development is dependent on GATA3, 
although deletion of Gata3 did not interfere with the development of NK cells, but did influence 
their maturation and cytokine production capacity 140,147,148. In the absence of Tox, mice lacked 
mature NK cell populations, whereas NK precursor (NKp) and iNK cells were still present137.  Thus, 
the differentiation of NK cells depends on sequential and combined action of multiple transcription 
factors, but it is incompletely understood how they cooperate.

The crucial involvement of ID2 was reported as the null mutant of ID2 showed a greatly reduced 
population of NK cells135. In line with this, ID2 was shown to be essential for commitment to the 
NK cell lineage from progenitor cells in the embryonic thymus143. As mentioned above, ID proteins 
inhibit the activity of E-proteins, suggesting that the balance between ID- and E- protein is crucial 
for T/B and NK cell lineage commitment. NK cells share a common progenitor with T and B cells, 
which suggests that induction of ID2 expression in this progenitor prevents E-protein-dependent 
T and B cell development, while allowing NK cell development131-133,149. Consistent with results 
in the mouse, ectopic expression of either ID2 or ID3 in human CD34+ progenitors isolated from 
fetal liver or postnatal thymus resulted in induction of NK cell development at the expense of T 
cell development54,150. Deletion of E2a in Id2-/- mice at least partially restored the development of 
mature NK cells in the BM142. However, although there is a major reduction in NK cell numbers, 
the lineage restricted NK cell progenitors (NKPs) were still present in the BM of Id2-/- mice, which 
suggests that ID2 is not essential for commitment to the NK cell lineage142,143. Nevertheless, even 
though NKPs are present in Id2-/- mice, the requirement of Id-proteins in NK cell specification may 
still be intact, since it was observed that ID3 expression was increased in Id2-/- NKPs142. Together 
these findings suggest some degree of redundancy between ID2 and ID3 in NK cell development.

4. THE FAMILY OF INNATE LYMPHOID CELLS (ILCS)
Innate lymphoid cells (ILCs) are innate lymphocytes that play important roles in the immune 
defense against microbes, regulation of adaptive immunity, tissue remodelling and repair and 
homeostasis of hematopoietic and non-hematopoietic cell types. ILCs are present in all tissues, 
but are particularly enriched at mucosal surfaces. Unlike adaptive lymphocytes, ILCs do not possess 
rearranged antigen-specific cell receptors (T-cell receptor [TCR] or B-cell receptor [BCR]), but do 
mirror T helper cell subsets regarding the secretion of signature cytokines and key transcription 
factors that regulate their differentiation and functions151. ILCs develop from CLP early in life and 
seed various tissues to become tissue-resident lymphocytes152-154. ILCs crosstalk with the resident-
tissue by sensing cytokines present in the microenvironment resulting in the secretion of a plethora 
of signature cytokines, which regulate innate immunity and homeostasis of hematopoietic and 
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non-hematopoietic cells within such tissues155. Notably, ILC dysregulation contributes to several 
pathological conditions, such as inflammatory bowel disease (IBD), chronic obstructive pulmonary 
disease (COPD), asthma, psoriasis and atopic dermatitis155,156. 

4.1 ILC family members 
ILCs are divided into 3 groups based on the expression of specific transcription factors and cell 
surface molecules, as well as their ability to secrete key cytokines (Table 1). Group 1 ILCs comprising 
NK cells and ILC1s produce interferon (IFN)-γ in response to IL-12 and are dependent on T-bet; group 
2 ILCs (ILC2s) preferentially produce type 2 cytokines (IL-5, IL-4, IL-9, and IL-13) in response to IL-33, 
IL-25 and thymic stromal lymphopoietin (TSLP) and rely on GATA3 as their key transcription factor; 
group 3 ILCs include ILC3s and lymphoid Tissue inducer (LTi) cells endowed with the ability to secrete 
IL-17 and IL-22 in response to IL-1β and IL-23, and are functionally dependent on the transcription 
factor retinoic acid receptor (RAR)-related orphan receptor γt (RORγt). All ILCs express the common 
cytokine receptor gamma chain (γϲ) together with interleukin (IL)-7 receptor-α (IL-7Rα, also called 
CD127). In contrast, killer ILCs, i.e. NK cells, and intraepithelial (ie) ILC1s lack the expression of IL-7R, 
but instead express IL-2Rβ (also known as CD122)155,156.

Table 1. Mouse and human ILC phenotypes.
Abbreviations used: ICOS, inducible T cell costimulator; KLRG1, killer cell lectin-like receptor 
subfamily G member 1; NCR, natural cytotoxicity receptor ; RORγt, RAR-related orphan receptor 
γ; GATA3, GATA-binding factor 3; EOMES, Eomesodermin; TSLPR, thymic stromal lymphopoietin 
receptor;TFs, transcription factors; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin.

Mouse Human
Cell surface molecules TFs Cell surface molecules TFs cytokines

Group1 cNK CD122, CD49b,NK1.1,
NKG2A,NKp46, IL-12RB1, CD25, 
KLRG1

EOMES
T-bet

CD122, NKG2A, NKp46, NKp44+/-, 
IL-12RB1, CD25, KLRG1

EOMES
T-bet

IFN-γ, TNF

ieILC1 CD122, CD90,NK1.1, NKG2A, 
NKp46, IL-12RB1

EOMES
T-bet

CD122, NKG2A, NKp46, NKp44, IL-
12RB1

EOMES
T-bet

IFN-γ

ILC1 CD127, CD122, CD90, CD49a,  
NK1.1, NKp46, IL-12RB1

T-bet CD127, CD161, IL-12RB1, KLRG1, 
ICOS, CD4+/-

T-bet IFN-γ, TNF

Group2 ILC2 CD127, CD90, CRTH2, CD117+/-, 
CD25, ST2, TSLPR, IL-17RB, KLRG1, 
ICOS, MHCII

GATA3 CD127,CD161,CRTH2, CD117+/-,
CD25,ST2, TSLPR, IL17RB, KLRG1, 
ICOS, CCR6, MHCII

GATA3 IL-4, IL-5, IL-
9,IL-13,

Group3 ILC3 NCR+ CD127, CD90, CD117, 
NKp46,CD25, ICOS, IL-23R, IL-1R1

RORγt
AHR
T-bet

CD127, CD161,CD117, NKp46, 
NKp44, IL-12RB1, CD25, ICOS, 
CCR6, IL-23R, IL-1R1, MHCII

RORγt
AHR

IL-22

ILC3 NCR- CD127, CD90,CD25, ICOS, IL-23R, 
IL-1R1, MHCII,

RORγt
AHR
T-bet

CD127, CD161, CD117, IL-12RB1, 
CD25, ICOS, CCR6, IL-23R, IL-1R1

RORγt
AHR

IL-17A

LTi CD127, CD90, CD117, CD25, CCR6, 
IL-23R, IL-1R1, MHCII, CD4+/-, 
NRP1

RORγt
AHR

CD127, CD161, CD117, CD25, 
CCR6, IL-23R, IL-1R1, NRP1

RORγt
AHR

IL-17A, IL-22

Table 1
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4.2 Cytokines and transcription factors required for ILC development and maintenance 
ILC ontogeny has been intensively studied, particularly in mice (Figure 3). ILCs differentiate from 
the CLPs, which reside in the bone marrow157,158. CLPs further develop into progenitors expressing 
the α4β7 integrin (called α lymphoid progenitors [α-LPs]) and the early innate lymphoid progenitors 
(EILPs) that are able to develop into NK cells and all ILCs, but have lost the potential to differentiate 
into B and T cells159,160.  EILPs subsequently develop into the common helper-like ILC progenitors 
(CHILPs) able to differentiate into all helper ILC subsets including LTi cells, but not into NK cells154. 
The CHILP population contains a subset of cells expressing promyelocytic leukaemia zinc-finger 
protein (PLZF), so-called ILC progenitors (ILCPs), which have lost the potential to develop into 
LTi cells, but retain the ability to generate helper ILCs161. ILC development is dependent on the 
expression of the common cytokine receptor γ-chain (γϲ), which is shared by the IL-2, IL-4, IL-7, 
IL-9, IL-15, and IL-21 receptors162. IL-7 and IL-15 are the γc family cytokines, which are important for 
ILC development. NK cells express IL-2/IL-15 receptor β chain (IL-2Rβ or CD122) and IL-15Rα, but 
not IL-7Rα chain (or CD127) and their development and/or maintenance is dependent on IL-15125. 
Conversely, all helper ILCs express IL-7Rα and particularly ILC2s and ILC3s require IL-7 for their 
development and/or maintenance157,163-165. Recently, however it was reported that functional ILC2s 
and ILC3s are present in the lamina propria of Il7rα-/- mice, although not in other organs, indicating 
that the requirement for IL-7R is incomplete. Further, it was shown that IL-15 could sustain these 
IL-7R-independent ILC2s and ILC3s166.  ILC1s express both IL-7Rα and IL-2Rβ, but IL-7 signalling is not 
required for their development and maintenance, since mice lacking IL-7Rα displayed normal ILC1 
development. In contrast, ILC1 cell numbers were significantly reduced in IL-15-deficient mice - but 
not absent,- suggesting that ILC1 development partially relies on additional factor(s) besides IL-15154.  

Transcriptionally, development of all ILCs depends on ID2135,142,163. ID2 expression in CHILPs is 
controlled by the basic leucine zipper transcription factor NFIL3, promoting CHILP commitment 
toward ILCP and facilitating the development of ILC1s, ILC2s and ILC3s160,167. NFIL3 expression 
is controlled by IL-7/signal transducers and activators of transcription (STAT) 5 signalling. IL-7 is 
indirectly required for ID2 expression in CHILPs as well as ILCPs that give rise to various helper 
ILC subsets, whereas NK cells develop from Id2 negative CLPs and require IL-15 signalling152,154,168.

In human, the intermediate cellular stages of ILC development are less clear than those reported 
in mice (Figure 3). IL-1R1+CD34+ RORγt+ hematopoietic progenitor cells (HPCs) were found in tonsil 
and intestinal lamina propria and give rise to ILC3s169. In contrast, another study demonstrated 
that a similar population of Lin‒CD34+CD45RA+CD117+IL-1R1+ in secondary lymphoid tissues could 
develop into all ILC subsets including NK cells170. In line with this, Lin‒CD127+CD117+IL-1R1+ ILC 
precursors found in the peripheral tissues and circulation generated all ILC subsets171. These ILC 
precursors may represent the innate version of naïve T cells, which can develop into all T helper 
cell subsets when polarized by APC derived cytokines or cell surface molecules. Also in humans, 
ILC development depends on γc as patients who are deficient for this receptor (i.e., patients with 
X-linked severe combined immunodeficiency [XSCID]) lack helper ILC and NK cells172. In one study, 
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it was demonstrated that IL7R-deficient SCID patients lack ILC3s165, indicating that, like in mice, 
human ILC3s require IL-7 for development. It is expected that these patients also have diminished 
ILC1s and ILC2s, but this has yet to be reported. 

4.3 Cytokines: the ins and outs of ILCs 
4.3.1 Group 1 ILCs
Group 1 ILCs, including NK cells and ILC1s (Table 1), can be distinguished based on the differences 
between their developmental trajectories and functional capacities154,161. Whereas NK cells are 

Figure 3

CLP

α-LPs

CHILP

EILP

ILCP

NKp

PLZF+

IL-7

IL-7

IL-7

IL-7

cNK

ILC1

ILC2

ILC3

LTiCLP

IL-15

IL-15

IL-7Rα

IL-2Rβ

IL-1R1

ILC3

LTi

ILC2

ILC1cNK

ILCP

IL-7
IL-1β

Human

Mouse

IL-7?

IL-7
IL-1β

IL-7
IL-1β

IL-15
IL-1β?

?

Figure 3. Cytokines involved in mouse and human innate lymphoid cell (ILC) development. 
All ILCs are derived from a common lymphoid progenitor (CLP). In the mouse, interleukin (IL)-7 
is essential for the development of ILC2, ILC3 and lymphoid tissue inducer (LTi) cells, and IL-15 is 
required for development of NK cells. IL-15 is important for ILC1 development, but some ILC1 can 
develop independent of IL-15. For humans, IL-7 and IL-15 also play an important role in ILC and 
NK cell development, and some studies indicated the involvement of IL-1β, of which the receptor 
has been found to be expressed on ILC progenitors (ILCPs). α-LPs, α-lymphoid progenitors; EILPs, 
early innate lymphoid progenitors; CHILP, common helper-like ILC progenitor; PLZF promyelocytic 
leukaemia zinc finger protein; NKp, NK progenitor; cNK, Conventional NK. 
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dedicated cytotoxic cells expressing cytotoxic molecules like perforin and granzymes, ILC1s are in 
general noncytotoxic, although ILC1 subsets with weak cytotoxic activity have been described173. 
This might be comparable with Th1 cells that under certain conditions mediate cytotoxic activity 
as well174. In naïve mice, ILC1s express CD127, CD49a and the transcription factor T-bet, but not 
the related factor Eomes, whereas NK cells lack CD127 and express Eomes and CD49b. However, 
particularly in mice with ongoing immune responses, it is difficult to unambiguously distinguish 
ILC1s from NK cells175.

Activated ILC1s produce IFN-γ and tumor necrosis factor (TNF) (Figure 4)154,165,173,176,177 . Like NK cells, 
ILC1s are activated by IL-12, IL-18, and IL-15173,178. IL-12 and IL-18 are produced by monocytes and DCs 
upon activation during infections179, whereas IL-15 is expressed not only by activated monocytes 
and macrophages, but also by a wide variety of tissues including placenta, skeletal muscle, kidney, 
epithelial and fibroblasts180. IFN-γ plays a crucial role in innate and adaptive immunity against 
viral and intracellular bacterial infections by inhibiting viral replication directly and by promoting 
macrophage activity, including increased phagocytosis and antigen presentation due to upregulated 
levels of MHC class I and class II 181. ILC1s accumulate in a variety of inflammatory diseases, including 
Crohn’s disease, and the resulting increased levels of IFN-γ production may contribute to chronic 
intestinal inflammation as observed in inflammatory bowel disease (IBD)173,176. 

4.3.2 Group2 ILCs
Both in human and mouse, ILC2s are characterized by their high expression of the transcription 
factor GATA3, which is crucial for their ability to produce the Th2-type cytokines IL-4, IL-5, and 
IL-13157,182. Mouse ILC2s can be identified by the combined expression of IL-7Rα, IL-2Ra (CD25), 
CD90, SCA-1, ICOS, and KLRG1, and the lack of the lineage markers CD3, B220, CD11b, Ter119 and 
Gr-1163,164,183 and lack of NK1.1 and NKp46, which are expressed on part of the ILC3s and ILC1s.  In 
humans, ILC2s uniformly express IL-7Rα, CD161, CRTH2, and CD25 182,184,185, but not lineage markers 
such as CD3, CD19, CD14, CD11c, and BDCA2 (Table 1).  

ILC2s produce IL-5 and IL-13 in response to IL-33, IL-25, or both IL-33 and IL-25163,164,183, while thymic 
stromal lymphopoietin (TSLP) enhances the production of type 2 cytokines (Figure 4) 186. ILC2-
activating cytokines are produced by many cell types. IL-33 is constitutively expressed in airway 
epithelial cells and its expression can be induced in keratinocytes, endothelial cells, fibroblast, 
smooth muscle cells, macrophages and DCs187,188. TSLP is primarily expressed by epithelial cells 
and keratinocytes in the skin, gut, thymus and lungs 189, and is involved in the regulation of type 
2 cytokine-driven inflammatory processes occurring at barrier surfaces190,191. IL-25 is produced by 
activated Th2 cells, macrophages, mast cells, eosinophils, basophils, lung-, intestinal-, and skin- 
epithelial cells, endothelial cells and fibroblasts192-194. More recently, a specialized cell type projecting 
many microvilli within the epithelial layer of the intestine, called Tuft cells, were found to produce 
IL-25195.
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Recently, the existence of a second ILC2 subtype was reported, which was called an inflammatory 
ILC2 (iILC2). iILC2s appeared in vivo upon injection of IL-25 into mice and were distinct from IL-
33-responsive natural ILC2 (nILC2)196. Like nILC2s, iILC2s contribute to expulsion of the parasite 
Nippostrongylus brasiliensis by producing IL-13, but also partially protect mice against the fungus 
Candida albicans by producing IL-17. As iILC2s can develop into nILC2s in vivo and in vitro, it was 
speculated that iILC2s may be a transient precursor that arises upon inflammation. However, it is 
yet unknown from which precursor iILC2s develop. 

IL-5, produced by ILC2s, plays a crucial role in the development, activation and survival of 
eosinophils197-200. Eosinophils are implicated in the pathogenesis of various inflammatory processes 
including helminth-, bacterial- and viral infections, but also in tissue injury, tumor immunity 
and allergic diseases201. IL-13 has both pro- and anti-inflammatory effects, depending on the 
target cells202. The role of IL-13 in mucosal immunology is particularly well appreciated as IL-13 
induces hyperplasia and mucus production by goblet cells and the production of the eosinophil 
chemoattractant eotaxin by epithelial cells203-206. 

Cytokines produced by ILC2s, including IL-4 and IL-9, also activate ILC2s in an autocrine or paracrine 
manner.  It is notable that although ILC2s are able to produce IL-4 in vitro 163,182,207,208, there is 
little evidence that IL-4 is secreted in vivo during steady state or helminth infection183,209,210. It also 
suggests that production of IL-4, IL-5 and IL-13 are regulated differentially. This notion is consistent 
with the observations that Leukotriene D4 and prostaglandin D2 (PGD2), which interacts with 
CRTH2, triggers NFAT activation and IL-4 secretion211 212. These findings indicate that IL-4 requires 
an additional NFAT activating signal to be efficiently produced. IL-4 by itself was insufficient to 
induce production of IL-5 and IL-13 by ILC2s, but in synergy with IL-33 induced ILC2 proliferation and 
production of IL-5 and IL-13. Basophils and eosinophils, which produce IL-4 as well, cross-talk with 
ILC2s as we recently demonstrated the existence of a positive feedback loop in the interaction of 
ILC2s and eosinophils; IL-4 produced by eosinophils co-activated ILC2s to produce IL-5, which in turn 
activated eosinophils (Chapter 6). This positive feedback loop may play a role in the inflammatory 
airway disease chronic rhinosinusitis (CRS) in which eosinophils co-localized with ILC2s in the 
inflamed nasal polyps of CRS patients (Chapter 6).

ILC2s are predominant producers of IL-9 as well213,214. IL-9 fate reporter mice infected with 
Nippostrongylus brasiliensis displayed a higher IL-9 expression in lung ILC2s when compared to 
T cells. Interestingly, IL-9R, a member of the γc receptor family, is expressed by ILC2s at a much 
higher levels than by T cells183. Turner et al. (2013) reported that Il9r-deficient mice infected with 
N. brasiliensis showed a reduced number of ILC2s and impaired production of IL-13, IL-5 and 
amphiregulin (AREG; a member of the epidermal growth factor (EGF) family), resulting in a reduction 
of eosinophil recruitment, delay in worm expulsion and diminished tissue repair215. In line with this 
study, it has been shown that IL-9 acts in an autocrine fashion on ILC2s, enhancing the production 
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of IL-5 and IL-13 in papain-induced airway inflammation214. Furthermore, IL-9 signalling was crucial 
for the survival of activated ILC2s, mediated by the anti-apoptotic protein BCL2215. 

Dampening of cytokine secretion by ILC2s may be mediated by type I and II interferons, which 
depended on the ISGF3 complex (STAT1, STAT2, and IRF9) for type I IFNs or STAT1 activation for type 
II IFN (IFN-γ)216-218. Consistent with this notion, IFN-α produced by pDC was able to downregulate 
ILC2 activity, in the context of allergic pulmonary inflammation219. Furthermore, IL-27, which is a 
member of the IL-12/23 family of cytokines and produced by DCs, can inhibit ILC2 cytokine secretion 
and ILC2-mediated pathology via STAT1216,218.

4.3.3 Group 3 ILCs
Group 3 ILCs are dependent for their development on the transcription factor RORγt and comprise 
a heterogeneous population of ILC3s and LTi cells155,220,221 . In the mouse, three subsets of ILC3s can 
be distinguished based on the cell surface expression of the natural cytotoxicity receptor (NCR) 
NKp46 and chemokine receptor CCR6.  CCR6+ ILC3s comprise CD4+ and CD4- LTi cells222-225, and 
CCR6- ILC3s can be divided into two subsets based on the presence or absence of NKp46 (Table 
1)155. Human ILC3s express CD117 (also known as c-Kit) and two subsets can be defined based on 
expression of NKp44, NKp44+ ILC3s and NKp44- ILC3s 226,227. As almost all human ILC subsets express 
CCR6184,226,228, this expression does not define human LTi cells. However, expression of neuropilin 
1 (NRP1, also known as CD304 or BDCA4) was exclusively found on ILC3s isolated from lymphoid 
tissues, but not from peripheral blood or skin, and NRP1+ ILC3 revealed LTi activity in vitro 228. In 
line with this, Nrp1 transcripts were also found in mouse LTi cells isolated from adult intestine 229. 
Together these findings indicate that NRP1 may be a conserved marker for LTi cells. 

While IL-2 and IL-7 maintain cell survival and proliferation of ILC3 subsets, ILC3s are activated by 
IL-1α, IL-1β and IL-23 resulting in the secretion of IL-22, IL-17A, IL-17F and granulocyte macrophage 
colony-stimulating factor (GM-CSF) (Figure 4). The combination of IL-1β and IL-23 is particularly 
efficient in inducing cytokine production by ILC3s220,230-236. IL-1β and IL-23 are produced by DCs 
and macrophages in response to exogenous or endogenous signals, such as pathogen associated 
molecular patterns (PAMPs) and danger associated molecular patterns (DAMPs)199,237. In humans, 
IL-17 is predominantly produced by NKp44- ILC3s, whereas IL-22 is mainly produced by NKp44+ 
ILC3s221,227. IL-17 and IL-22 are known to have distinct roles in inducing aresponse in epithelial cells, 
since IL-17 is responsible for inflammatory tissue responses and involved in several autoimmune 
diseases, while IL-22 is involved in tissue protection and repair 238,239. Some reports suggested that 
IL-22 can also be involved in inflammatory diseases, such as IBD and psoriasis, and in intestinal 
tumor formation240-242.

4.4 Cytokines that modulate ILC plasticity 
T helper cell subsets often display plasticity, for example under certain conditions a Th17 cell can 
adopt features of Th1 cells243. Although ILCs were initially classified as stable phenotypes (ILC1s, 
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ILC2s and ILC3s), it is now clear that these cells also show considerable plasticity (Figure 5). Each 
ILC subset senses inductive cytokines (e.g., IL-25/TSLP/IL-33 activate ILC2s) that trigger their core 
transcriptional program resulting in the secretion of signature cytokines (e.g., IL-5 secreted by 
ILC2s) tailored to combat specific microbial pathogens. However, ILCs are particularly sensitive for 
cell reprogramming by other cytokines (“switching cytokines”), which enable the cell to acquire 
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Figure 4. Innate lymphoid cell (ILC) subsets and cytokines.
ILC1s depend on the transcription factor T-bet for their function, and produce interferon (IFN)-
γ and tumor necrosis factor (TNF)-α in response to interleukin (IL)-12, IL-15, and IL-18, which 
are derived from dendritic cells (DCs). ILC2s require GATA3 and are endowed with the ability to 
secrete IL-4, IL-5, IL-9, IL-13, and amphiregulin (Areg) in response to IL-25, IL-33, and thymic stromal 
lymphopoietin (TSLP) derived from epithelial cells and tissue-resident immune cells. ILC3s depend 
on the transcription factor RAR-related orphan receptor γt (RORγt) and secrete IL-17, IL-22, and 
granulocyte macrophage colony-stimulating factor (GM-CSF) in response to IL-23, IL-1β, and IL-1α 
derived from macrophages and DCs. ILC immune responses are shaped to cope with different types 
of pathogens, although their dysregulation might lead to chronic inflammation. SC, Stromal cell; 
EC, epithelial cell; Eos, eosinophils; GC, goblet cell.
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alternative functions to better cope with changes in their microenvironment that require a different 
ILC response (Figure 5A). 

Early studies by Colonna and Cella provided the first indication of ILC plasticity, showing that IL-
22-secreting NKp44+ ILC3 activated with IL-1β and IL-23 could be induced to produce either IL-22 
or IFN-γ depending on whether these cells were cultured in IL-7 or IL-2 plus IL-7, respectively230. 
Moreover, NKp44+ ILC3s cultured with IL-2 plus IL-7 became responsive to IL-12, which might further 
promote IFN-γ secretion and immunopathology.  In addition, human IL-22 producing ILC3s could 
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Figure 5. Innate lymphoid cell (ILC) plasticity is governed by the cytokine milieu.
ILCs can switch between fully polarized subsets to rapidly adapt to changes occurring in their 
environment. (A) Interleukin (IL)-12 and IL-18 drive the transdifferentiation of ILC3s into ILC1s. This 
process is reversible as ILC1s convert into ILC3s in the presence of IL-23 and IL-1β. ILC2s undergo 
cell plasticity in the presence of IL-1β and IL-12 to convert into interferon (IFN)-γ-secreting ILC1s. 
IL-4 can revert this transdifferentiation process and convert ILC1s into ILC2s. (B) The double hit 
model of ILC2s plasticity. ILC2s require two types of signals to undergo transdifferentiation. Signal 
1, secreted by epithelial cells upon stress or damage, is induced by IL-1 family members and triggers 
modifications in the chromatin architecture. DNA reprogramming will be orchestrated by signal 
2 or “driving cytokines.” IL-12 drives ILC2 plasticity toward ILC1s to better cope with intracellular 
bacteria or virus, whereas IL-4 enhances type 2 immune responses against helminths.
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produce IL-2, IL-5, and IL-13 and IL-22 after activation by Toll-like receptor (TLR) 2 ligands244. Together 
these studies on human ILCs suggested that differential activation signals can change the cytokine 
production pattern of ILC3s. Using mouse models, Vonarbourg et al. (2010) showed that IL-7 
stabilized RORγt expression by IL-22-producing NKp44+ ILC3s, whereas IL-12 and IL-15 accelerated 
RORγt loss of expression accompanied by acquisition of T-bet and the capacity to produce IFN-γ. 
This was enhanced in the presence of IL-18 and/or IL-1β165. Consistent with this, human ILC3s were 
shown to convert into ILC1s under the influence of IL-1β and IL-12, which was reversible as ILC1s 
converted to ILC3s in the presence of IL-23 and IL-1β, a process accelerated by retinoic acid176,245 
. These effects could be mediated by IL-12-producing CD14+ intestinal DCs and retinoic acid and 
IL-23-producing CD14−DCs, respectively. ILC3 to ILC1 conversion may likely occur in inflammatory 
conditions in vivo as an increased frequency of inflammatory ILC1s inversely correlated with the 
frequency of ILC3s in inflamed intestinal resection specimens from Crohn’s disease patients176. 
A study using immunodeficient BALB/c mice reconstituted with a human immune system (HIS) 
confirmed that intestinal inflammation resulted in a shift of ILC3s into ILC1s. Overall, these data 
support the idea that bidirectional ILC3-to-ILC1 plasticity is involved in the regulation of innate 
immunity in the gut mucosa.

ILC2s also exhibit plasticity and IL-1β plays a key role in ILC2 transdifferentiation. IL-1β is a potent 
activator of ILC2s246-248 (Chapter 6) enhancing the expression of the receptors for the epithelial 
cytokines IL-33, IL-25 and TSLP, and triggering IL-5 and IL-13 secretion. IL-1β also induced 
transcriptome changes resulting in an induction of transcription of TBX1 and IL12RB2 in ILC2s, 
setting the stage for conversion into IFN-γ-secreting ILC1s in response to IL-12. IL-12RB1 is critical 
for the transdifferentiation, because ILC2s from patients with biallelic mutations in the IL12RB1 
gene did not acquire the capacity to produce IFN-γ and lacked ILC1s246. The combination of IL-1β 
and IL-12 favoured epigenetic modifications (an increase in H3K9ac and a decrease in H3K27me3 at 
the IL12RB2 locus), which enhanced IL12Rβ2 expression in ILC2s and perpetuates the acquisition of 
the ILC1 phenotype247. Interestingly, whereas IL-1β increased accessibility at the TBX1 and IFNG loci, 
the IL5 and IL13 loci remained accessible as well, which suggested that ILC2-derived ILC1s could 
transdifferentiate back to ILC2s. Indeed, when ILC2-derived ILC1s were cultured with IL-4, these 
cells reverted into ILC2s247.  ILC2 plasticity may play a role in the inflamed lung of COPD patients 
who have increased numbers of ILC1s, while ILC3 and ILC2 numbers decreased (Chapter 6). It is 
notable that the proportion of ILC1s increased in the peripheral blood of COPD patients, which 
correlated with disease severity248. 

The high degree of ILC plasticity raises the question as to the physiological relevance of this 
phenomenon. A plausible answer may be the following: ILCs are mostly tissue resident cells with 
limited influx of cells from the periphery, hence plasticity enables ILCs to quickly adapt to changing 
environments. For example, IL-22-producing ILC3s, representing most ILCs in the non-inflamed gut, 
can rapidly change into IFN-γ-producing ILC1s upon inflammation to help neutralizing pathogenic 
bacteria such as Salmonella enterica249. After resolution of the infection, these ILC1s may revert 
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to IL-22-producing ILC3s, restoring the homeostatic balance. ILC plasticity might be induced by 
IL-1β or equivalent factors (signal 1), whereas cytokines such as IL-12 determine the final outcome 
(signal 2) (Figure 5B). In this way, ILCs effectively tailor their immune response against pathogens. 
The downside of this plasticity is evident as well and may contribute to chronic inflammatory 
diseases and cancer. 

5. OUTLINE OF THIS THESIS
The studies in this thesis focus on the factors involved in the control of human innate lymphocyte 
differentiation, functionality and plasticity.  In the study described in Chapter 2, we identified a 
predominant expression of E-protein family member E2-2 in human pDCs. The critical role of E2-2 
in pDC development was assessed by forced expression and knock down of E2-2 in human CD34+ 
progenitor cells isolated from the postnatal thymus. We also showed that the combined action of 
E2-2 and the ETS family SpiB was important for their development. In Chapter 3, we demonstrated 
that Id2 and IL-15 promoted NK cell development, but inhibited T cell development, from postnatal 
thymic progenitors.  In this study we observed an expansion of a non-T cell committed population 
induced by overexpression of Id2, which we proposed as a NK cell precursor. We further investigated 
this population and as described in Chapter 4, we found that the population previously assumed to 
be a NK cell precursor was at an immature stage of ILCs that expressed CD5 and further differentiated 
into cytokine-producing ILCs coinciding with the loss of CD5 expression.  Moreover, Chapter 5 
describes our findings of novel precursors to ILC2s and ILC3s within the CD117+ ILC population that 
are present both in the circulation and tissues. ILC2 precursors express KLRG1 yet lack expression of 
the ILC2 hallmark receptor CRTH2. These KLRG1+CD117+ ILC precursors were biased to differentiate 
into ILC2s, but were also highly plastic in response to different cytokine stimulations. ILC3 precursors 
within the CD117+ ILC population, on the other hand, could be defined by the expression of NKp46 
and were more committed precursors to differentiate into IL-22 producing ILC3s. In Chapter 6, we 
demonstrated that ILC2 plasticity is governed by IL-12 and IL-4 and that their balance resulted in the 
perpetuation of type 1 or type 2 inflammation in the lung. Chapter 7 describes the most current 
human innate lymphoid cell isolation and identification strategy.  Finally, the significance of our 
findings is discussed in Chapter 8. 
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