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Chapter 8

GENERAL DISCUSSION
The objective of this thesis is to describe the transcriptional requirements and characterization of 
human immune cells with respect to their development and functionality with a particular focus 
on innate lymphocytes, including plasmacytoid dendritic cells (pDCs) and innate lymphoid cells 
(ILCs). In this chapter, I discuss several aspects of ILC and pDC biology that have gained new insights 
as a result of the research enclosed in this thesis. First, I provide support for my suggestion that 
pDCs are in fact innate lymphocytes. Second, I provide evidence that ILCs may play a key role in 
thymic functioning. Third, I summarize and clarify the current view of human ILC development and 
plasticity. Finally, I state the significance of the results I obtained over the last years as described 
in this thesis.   

1. ARE PDCS INNATE LYMPHOCY TES? 
The ontogeny and precise classification of pDCs within the myeloid or lymphoid immune cell 
compartments has been an ongoing debate for many years, as pDCs show features of both 
lymphocytes and myeloid cells. In addition, pDCs can be generated from both myeloid and lymphoid 
progenitors through a pathway distinct from that of conventional myeloid or lymphoid cells1,2. 

Based on previous data from our and other research groups, and the research presented in 
this thesis, I propose that pDCs should be classified as lymphoid cells and actually can even be 
considered the innate counterpart of B cells. 

The family of lymphoid cells consists of T cells, B cells and ILCs including NK cells, which share an 
oligo-potent progenitor cell called the common lymphoid progenitor (CLP) for their ontogeny. T 
cells and B cells are categorized as adaptive immune cells, which express antigen specific rearranged 
receptors and contribute to long-lasting, highly effective immunity, while ILCs are innate immune 
cells as they lack pathogen specificity, and can immediately respond to environmental signals, 
including cytokines. Although ILCs lack antigen specific receptors, the transcriptional requirements 
for their development and functioning and cytokine production profiles mirror that of CD8+ killer T 
cells and CD4+ Helper T (Th) cell subsets3,4 (Chapter 1).  Based on the fact that ILCs are considered 
as the innate counterparts of T cells, it is tempting to speculate that also B cells may have an innate 
counterpart. A likely candidate within the immune cell compartment is the pDC. Although originally 
proposed to be part of the myeloid DC lineage, pDCs lack the myeloid antigens (e.g. CD11b/c, CD33) 
and display features of lymphocytes, such as a lymphoid cell specific gene expression pattern (e.g. 
Dntt, PTCRA, BTK, SPIB, TCF4) and the morphology of secretory lymphocytes5. The notion that 
pDCs are more related to lymphocytes is further supported by the latest discovery of heterogeneity 
within the pDC population. Examination of the single cell transcriptome and advanced phenotypic 
analysis revealed that the traditionally defined pDC population consists actually of a mixture of 
bona fide pDCs and cDC precursor (pre-DCs) 6,7. This study also showed that these bona fide pDCs 
produced high amount of the signature cytokine IFN-α but were not capable of producing IL-12 
after TLR stimulation. In contrast, pre-DC, like cDC1 and cDC2, produced high amounts of IL-12, 
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but no IFN-α.  These observations provide evidence that the myeloid characteristics of the pDC 
population are merely the result of such pre-DC contamination and not a characteristic of bona 
fide pDCs. Consequently, it can be argued that the reported differentiation capacity of pDC to DC 
8-11  may in fact be the result of pre-DC contamination.   Our data in chapter 2 of this thesis further 
support that pDCs have lymphoid features as we showed that the E-protein E2-2 is crucial for pDC 
development. E-proteins, especially E2A, are known to be essential for B cells and other lymphocytes 
by activating the transcriptional network necessary for lymphocyte development.  E2a‒/‒ mice 
showed a tenfold reduction in numbers of lymphoid primed multipotent progenitors (LMPPs), with 
increased tendency to differentiate towards the granulocyte and macrophage lineages, and failure 
to appropriately express lymphoid related genes including Rag1, Dntt and Ccr9, which are lymphoid 
genes expressed in pDCs as well12. Mice in which pre-B cells/CLPs were selectively depleted had no 
defect in pDC development13-15. Therefore, the common DC progenitors (CDPs), i.e. the progenitors 
of pDCs, may already have branched off before the T/B/NK/ILC progenitors. Nevertheless, these 
results suggest that CDPs, and hence pDCs, depend on the lymphoid progenitors within the pool of 
LMPPs, which in turn rely on E2A for their generation. Subsequently, CDPs separate from the B/T/
ILC/NK cell progenitors and after upregulation of E2-2 together with the ETS factor SPIB differentiate 
into pDCs (Chapter 2).  Support for the crucial role of E2-2 and E2A in pDC development also 
derives from the observation that ectopic expression of ID2 or ID3, which sequester E-proteins and 
antagonize their transcriptional activity, in CD34+ progenitor cells inhibits the development of pDCs, 
as well as T cells and B cells16.  Taken together, substantial evidence supports the concept that pDCs 
are more likely linked to the lymphoid lineage instead of the myeloid lineage. 

In addition to developmental similarities also structurally and functionally pDCs resemble B cells.  
Terminally differentiated B cells ―plasma cells― and pDCs both have the potential to secrete 
large amounts of proteins; plasma cells secrete immunoglobulins (Igs) and pDCs secrete type I 
interferons (e.g. IFN-α).  This protein secretory capacity is morphologically linked to the presence of 
a prominent endoplasmic reticulum and Golgi complex. Further, B cells and pDCs share expression 
of TLR7 and TLR9, which enables both cell types to produce the pro-inflammatory cytokines TNF 
and IL-6 upon TLR stimulation17-21.  In addition to expression of many genes involved in early 
lymphocyte development (e.g. Dntt, VpreB, PTCRA, Rag1/2), pDCs also conceal D-J rearranged IgH 
loci, although VDJ rearrangements of the IgH chain are undetectable22-24.  Furthermore, unlike cDCs 
or macrophages, in which the pI promoter is activated to drive expression of the transactivator 
of MHC class II (CIITA), B cells and pDCs specifically activate the pIII promoter of CIITA25. In B 
cells this pIII promoter is regulated by a combination of the ETS transcription factor family PU.1, 
interferon regulatory factor (IRF) 4 and E-protein E4726. In pDCs, the pIII promoter is controlled 
by the signature E-protein E2-2, IRF7 and SPIB, a PU.1 homologue, suggesting that CIITA activation 
in pDCs resembles that in B cells27. Notably, among leukocytes SPIB is exclusively expressed in B 
cells and pDCs regardless of their activation status.  It has a different function in B cells and pDCs, 
however, since in pDCs SPIB is a positive regulator of development and maturation, whereas SPIB 
inhibits B cell differentiation towards plasma cells28-31. This is in line with the finding that SPIB can act 
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both as a transcriptional activator and – repressor28,32. The gene expression profile shared by B cells 
and pDCs is not limited to SPIB and the genes mentioned above, as other factors are also confirmed 
to be expressed in these two cell types, such as BCL11A, BLNK, BTK and IRF833. It is notable that 
in pDCs expression of these genes are all directly regulated by E2-227. BCL11A is a transcription 
factor critical for the development of lymphoid cells as well as for pDCs, whereas its critical role in 
regulating B cell fate by activating RAG expression and V(D)J rearrangement  has only more recently 
been reported34-38. BLNK and BTK together with Lyn, PLCγ2 and Syk are signaling molecules involved 
in the B cell receptor (BCR) signaling pathway leading to activation of NF-κB. The same signaling 
pathway in pDCs is used by a complex consisting of the transmembrane adapter protein FϲεRIγ and 
the blood dendritic cell antigen 2 (BDCA2), which is a C-type lectin uniquely expressed on resting 
human pDCs to negatively regulate TLR induced cytokine production39,40. 

Given all this evidence indicating similarities exist not only in developmental pathways, but also in 
morphology and gene expression profiles between pDCs and lymphocytes, and in particular with B 
lymphocytes, it is not overstated to proclaim that pDCs are likely the innate counterparts of B cells. 

2. WHAT IS THE ROLE OF INNATE LYMPHOID CELLS IN THE 
THYMUS?

We have shown that the human thymus contains all subsets of ILCs (Chapter 4). Given that ILCs play 
an important role in tissue repair and maintenance in addition to their role in the first line of defense 
against pathogens at mucosal tissues, these cells may also be involved in thymic homeostasis, tissue 
repair as well as T cell development and maturation. Below my view is summarized on the potential 
roles of ILC subsets and their developmental process within the thymus based on previous and 
current research results.

The thymus is a primary lymphoid organ specialized in T cell development and maturation in which 
more than 95% of the cells are developing T cells41.  The remaining 5 % of cells comprises many types 
of cells including thymic epithelial cells (TEC) and fibroblasts, as well as hematopoietic cells, such as 
NK cells/ILCs, pDCs and cDCs, B cells, macrophages, granulocytes and mature re-circulating T-cells.  
The thymus can be a site of infection by several pathogens, such as human immunodeficiency virus 
(HIV), mycobacterium tuberculosis and toxoplasma gondii42, suggesting that the thymus should 
be actively surveyed by the immune system. Many studies have focused on the role of thymic 
innate lymphocytes in T cell development and maintenance of the architecture of the thymus. For 
instance, thymic pDCs have been suggested to have multiple functions, including the generation 
of regulatory T cells upon stimulation by TSLP, derived from medullary epithelial cells, or CD40L 
and IL-343,44, inhibition of early T cell development through production of  IFN-α45, induction of cell 
death mediated by TRAIL and MxA46-48, and regulation of T cell egress from the thymus through 
the regulation of CD69 and S1PR1 (Jachimowski et al., thesis 2015).  
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2.1 The role of thymic NK cells/ILC1s
Some studies have suggested that thymic NK cells have an immunosurveillance function in the 
thymus, as highly proliferating thymocytes present during T cell development can be targets of 
cytolytic NK cells, hence influencing the T cell selection process49,50.    In addition, it has been 
reported that NK cells are involved in DC maturation51-54, suggesting a role for thymic NK cells in 
negative selection of T cells. Compared to bone marrow derived NK cells, mouse thymic NK cells have 
been shown to display a distinct phenotype, developmental requirement and function55,56. Thymic 
NK cells express the IL-7 receptor α chain (IL-7Rα, also known as CD127) and GATA3, lack activating 
and inhibitory C-type lectin receptor Ly49 family expression and have been shown to develop from 
thymic progenitors within the thymus55,57,58. These thymic NK cells displayed reduced cytotoxicity, 
but substantial capacity to produce cytokines, and therefore it was proposed that bone marrow 
and thymic NK cell developmental pathways resulted in cytotoxic and cytokine producing NK cells, 
respectively. Such mouse NK cell subtypes are representative of the counterparts of the two human 
NK subsets, CD56dimCD16+ and CD56highCD16‒ NK cells55. Recently, a detailed characterization of 
human thymic NK cells has been reported, which demonstrated that the distribution of thymic NK 
cells is different from those in peripheral blood (PB) based on the expression of CD56 and CD1659. 
Unlike PB, the thymus lacked the CD56highCD16‒ NK cell subset, whereas CD56dimCD16‒ NK cells 
and a low frequency of CD56dim CD16+ NK cells were present.  Moreover, in contrast to the mouse 
thymus and a previous observation in human thymus55 in the study by Gerstner et al., the frequency 
of CD127 expressing thymic NK cells was very low, although the few cells found to express CD127 
were indeed restricted to the CD56dimCD16‒ population55,59 (Dontje et al., thesis 2008). In addition, 
the NK cell signature transcription factors EOMES and T-bet as well as the Killer Ig-related receptors 
(KIR) were expressed at very low levels in CD56dim CD16‒ population compared to the CD56dim 

CD16+ population. Both thymic CD56dim NK cell populations revealed lower cytotoxic activity than 
the PB CD16+ NK cell subset, yet acquired cytolytic activity following prolonged in vitro activation 
in the presence of IL-2, and increased their cytokine production capacity upon conditioning by 
inflammatory cytokines 59.  Given that CD56high CD16‒ NK cells are proposed to be precursors of 
CD56dimCD16+ NK cells60,61  and that the thymus lacks the CD56highCD16‒ NK population, this raises 
the question whether thymic CD56dimCD16+ NK cells immigrated the thymus from the periphery 
or whether an alternative NK cell developmental pathway may exist. Consistent with mouse data, 
which show that thymic progenitors are able to differentiate into NK cells55,57,58, we have shown that 
ectopic expression of ID2 together with IL-15 synergistically induced NK cell development in vitro 
(Chapter 3). Upon addition of IL-15 in these cultures, ID2 expressing progenitor cells upregulated 
CD56 and simultaneously downregulated CD127, and part of them acquired cytotoxic activity 
(Dontje and Nagasawa, unpublished observation).  Although further analysis is required for these 
in vitro generated thymic progenitor derived NK cells, particularly regarding CD16 expression, gene 
expression patterns and cytokine production profiles, our observation might suggest that the thymic 
CD56dim CD16+ NK cells develop independently of CD56highCD16‒ NK cells. It is important to realize, 
however, that most of these studies were published before the discovery of ILC subsets and it is 
clear that the conclusions of those studies need to be revisited. Among others this is exemplified 
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by the fact that CD56 expression is not unique for NK cells, since part of the IL-22 producing ILC3s 
also express CD5662 (Chapter 5). Furthermore, a distinct ILC1 population was found in the gut 
intraepithelial of mice and humans that also expressed CD5663. One of our more recent observations 
indicated that NK cells and ILCs can be distinguished, however, by differential expression of the cell 
surface glycoprotein CD200R, as shown before for mouse ILC1s64. CD200R is not expressed on NK 
cells, but is expressed on all human ILCs, including CD56+ ILCs65 (Chapter 5).

Collectively, the function, phenotype and developmental pathway of thymic NK cells seem to be 
distinct compared to that of the highly cytotoxic BM derived conventional NK cells. Moreover, based 
on the cell surface molecules and gene expression pattern described above, thymic CD127+ CD56dim 

CD16‒ cells may be considered as ILC1 or ILC3 rather than NK cells.   Clustering analysis based on 
RNAseq and the expression of cell surface antigens such as CD200R should provide better insight 
into the characteristics of NK cells and ILC subsets in the thymus and may provide more insight in 
the exact role of NK cells in the thymus.      

2.2 Thymic ILC3s
Although the number of publications is limited, thymic ILCs, particularly ILC3s/Lymphoid tissue 
inducer (LTi) cells, have been shown to play a role in thymic organogenesis.   Mediated by the 
lymphtoxin and the RANK signaling pathway, group 3 ILCs contributed to maintain the integrity of 
medullary thymic epithelial cells (mTEC), which are required for induction of self-tolerance66-69.   In 
addition, the recovery of the thymic epithelial cells after damage induced by irradiation relied on 
IL-22 produced by radio-resistant LTi cells70. In line with this, impaired thymus regeneration was also 
observed in mice that suffered from graft-versus- host-disease (GVHD) and lacked IL-22 producing 
ILC3s71.  Not only in the thymus, but also in the lung, intestine and skin it has been reported that 
IL-22, likely derived from ILC3, contributed to tissue repair and homeostasis72,73. Production of IL-22 
was induced by IL-23 derived from DCs and macrophages following cell damage and pathogen 
recognition74-77. Whether ILC3s are involved in the maintenance of the thymus in the steady state 
is still unknown.

2.3 Thymic ILC development
As mentioned above, the thymus contains all ILC subsets and it is possible that, similar to thymic 
NK cells, helper ILCs may also develop in the thymus, even though the thymus does not seem to 
be essential for development of ILCs that are found outside the thymus78. 

2.3.1 CD5 expression on ILCs may reveal their thymic origin
We have demonstrated that ID2 regulates differentiation of human CD34+ thymic progenitors into 
ILCs (Chapter 4). Interestingly, these in vitro generated ILCs co-expressed CD5 and CD5-expressing 
ILCs were also found in the tissues and circulation. CD5 is a scavenger-like receptor, which is one 
of the first cell surface molecules found to be expressed on mouse and human T cells. Later it was 
also found to be highly expressed on regulatory T cells and on a subset of regulatory B cells79. Its 
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natural ligands remain  enigmatic, although several potential ligands were reported including CD72 
expressed on B cells, β-D-glucans expressed on the cell wall of fungi, and CD5 itself. CD5 when 
ligated negatively regulated T- and B- cell activation, positively regulated cell survival, induced 
tolerance, and had a role in pathogen recognition. It is notable that ILCs expressing CD5 appeared 
to be functionally immature and acquired the capacity to produce cytokines concomitant with the 
downregulation of CD5. This may suggest that CD5 negatively regulates ILC function as well. Given 
that the majority of human thymic CD34+ progenitors express CD5,  while CD34+ progenitors in 
blood and tonsils do not express this receptor (Nagasawa, unpublished observation), may imply 
that CD5+ ILCs developed in the thymus instead of in the bone marrow or other peripheral organs. 
Interestingly, thymic pDCs express CD5 as well11, which supports the correlation between CD5 
expression and the thymus.  While it is unclear how expression of CD5 is regulated, we observed 
that NK cells derived from thymic progenitors in vitro downregulated CD5 in the presence of 
IL-15, whereas CD5 expression on ILCs in culture conditions without IL-15 was stable (chapter 
4 and unpublished data). Consistent with this, ex-vivo isolated CD5+ ILCs downregulated CD5 in 
inflammatory conditions, which may suggest that ILC maturation from the CD5+ stage requires 
additional signals, similar to IL-15 in NK cell maturation.  

2.3.2 The role of Notch and IL-7 in thymic ILC development
Notch signaling as mimicked by overexpression of the intracellular domain of Notch1 (NICD1) 
induced ILC2 development from human thymic progenitors in a dose-dependent manner80. 
High NICD1 expression preferentially induced ILC2 development, whereas low NICD1 expression 
induced T cell development, suggesting that the strength of Notch signaling may control terminal 
ILC differentiation. This notion is confirmed in mice by a recent report demonstrating coordination 
between the concentration of IL-7 and the strength and duration of Notch signaling in determining 
lymphocyte development from common lymphoid progenitors (CLPs)81. This study showed that 
ILC2s required a high dose of IL-7 and an intermediate strength of Notch signaling for a short period 
of time (peak at 2-3 days), whereas T cells preferentially develop in lower doses of IL-7 with strong 
Notch signaling for a longer period of time (8-9 days).  The requirements for ILC3 development, 
on the other hand, were similar to that of T cells, although the appearance of ILC3 in culture 
peaked earlier after 5-6 days.  Given that Notch2 is expressed on CLPs until the mature ILC2 stage, 
whereas Notch1 expression decreased starting from the common helper ILC progenitor (CHILP) 
stage, may indicate that Notch2 is a preferential Notch receptor in ILC development82.  Also for ILC3 
development it was shown that Notch2 is required83.   

The site of ILC development remains unclear. In mice, thymic-specific induced expression of ID1, or 
deletion of E-protein E2A and HEB, resulted in increased ILC2 numbers in peripheral organs, and 
especially in the thymus84. One explanation may be that due to the block in T cell development, the 
available niche permitted ILC development.  For human, we observed that the Notch ligand Jagged1, 
rather than other Notch ligands tested, most pronouncedly supported ID2 induced ILC expansion 
(Chapter4, supplemental information). Indeed it is accepted that distinct Notch ligands mediate 
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differential effects during lymphocyte differentiation, for instance, Delta-like1 inhibited B cell and 
pDC development, but supported the development of T and NK cells45,81. Conversely, Jagged1 did 
not affect T, NK, B cell and pDC development in humans45,85.  Human cortical and medullary thymic 
epithelial cells (cTECs and mTECs) differentially express Notch ligands86.  While both cTECs and mTECs 
express Delta-like 1 and Jagged 2 at similar levels, Delta-like 4 was predominantly expressed on 
cTECs whereas expression of Jagged 1 was only observed on mTECs. Mouse thymic NK cells have 
been shown to localize to both the cortex and medulla56, however it remains to be investigated 
to which compartment the other ILCs preferentially localize.  Based on the observations noted 
above one can speculate that ILCs, particularly ILC2s, may develop in the medullary compartment 
of thymus, receiving sufficient amounts of IL-7 and Jagged1 induced Notch signaling, resulting in a 
high frequency of this subset within the thymus.

3. WHAT ARE CHARACTERISTICS OF ILC PRECURSORS AND 
MATURE ILCS?

Emerging evidence over the last ten years has recognized the ILC family as a distinct group of innate 
immune cells. Numerous research papers have been published that add to our understanding of 
the biology of ILCs, although many questions remain unaddressed.  In this section, several points 
in human ILC development and plasticity are discussed.   

3.1 What is the phenotype of human ILC progenitors?
Over the last decade, studies using mouse models have progressed our knowledge in depicting the 
latest stages of ILC development. In contrast, the process of ILC development in humans is largely 
unresolved (Chapter 1). In humans, all hematopoietic progenitors lack specific lineage markers and 
express the hematopoietic stem cell marker CD34. Progressive differentiation stages are defined 
by expression of additional markers such as CD45RA and CD10. In mice CD34 is not used as a 
progenitor-defining marker but mainly relies on a lack of lineage markers combined with expression 
of stem cell antigen 1 (Sca-1) and stem cell growth factor receptor c-Kit to define the progenitor 
stages. However, unlike CD34, Sca-1 and c-Kit can be expressed on terminally differentiated 
mature cells as well87,88. This difference in phenotypical definition and the limited information on 
the kinetics of ILC progenitor related gene expression during human ILC development creates an 
additional challenge in translating mouse data to the human situation. In human, it was reported 
that patients suffering from severe combined immunodeficiency (SCID), who have a mutation in 
the gene encoding either the IL-2 receptor (IL-2R) common γ chain or the tyrosine kinase JAK3, 
lacked ILCs89.  Since these mutations also resulted in a complete block in T and NK cell development, 
this may indicate that ILCs share a common progenitor cell with T and NK cells90. Interestingly, 
two research groups have identified a population of lineage restricted CD34+ ILC progenitors in 
secondary lymphoid tissues (SLTs) and lamina propria, which gave rise to all ILC subsets including 
NK cells or to only  ILC3s depending on the culture conditions91,92.   This progenitor population, 
which expressed the IL-1β receptor IL-1R1 and high levels of RORγt, had however lost the capacity 
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to develop into T cells and DCs91, suggesting that this population may represent a committed human 
ILC progenitor.  Contradictory to this, a recently identified human ILC precursor (ILCP) in the blood 
of RORC deficient patients was found that was able to differentiate into all ILC subsets, including 
NK cells, except into IL-17 producing ILCs. While this confirms that RORγt is essential to drive IL-17 
gene expression93,94, it also suggests that RORγt is dispensable for development of NK cells and ILCs. 
Additionally, RORC deficient patients lacked peripheral lymph nodes93, which is in line with earlier 
data reporting that in mice RORγt is essential for LTi cell development95-97. We have shown that 
ID2 is important to regulate commitment of human thymic progenitors into ILCs at the expense 
of T cells by antagonizing activity of the E-protein HEB (Chapter 3, 4). The earliest common ILC 
progenitors found in mouse that express ID2 are α-lymphoid progenitors (αLPs)98 and the early 
innate lymphoid progenitors (EILPs)99. These progenitors gave rise to all ILCs including NK cells 
and LTi cells.  Given that ILCs share a common progenitor cell with T and NK cells, and since RORγt 
expression may not define ILC progenitors, it is most likely upregulation of ID2 in the T/NK/ILC 
progenitor that represents a bona fide ILC progenitor. An unbiased and combined transcriptome 
and protein analysis of lymphoid committed CD34+ progenitors at the single cell level should support 
the further identification of these CD34+ID2+ ILC progenitors.     

3.2 When and where do human ILCs develop?
The timing of ILC development and their migratory capacity were assessed by using parabiotic 
mice, which demonstrated that ILCs are mainly tissue resident cells and that ILCs and ILCPs do not 
circulate between tissues in the steady state, suggesting that ILCs were already present in the tissues 
before these mice underwent parabiosis surgery100. However, a later study showed that resting 
ILC2s residing in the lamina propria of mice after IL-25 injection or helminth infection developed 
into inflammatory ILC2s that could migrate to diverse tissues101. This indicated that ILCs are able to 
circulate and migrate, but only upon infection or in inflammatory conditions. 

As mentioned earlier in paragraph 3.1, SCID patients lack T cells and all ILCs, and while T cells 
are reconstituted after an allogenic hematopoietic stem cell transplantation (HSCT) even without 
myeloablation, an ILC deficiency persisted in these patients. Conversely, ILC reconstitution did occur 
in patients that received a myeloablative treatment before HSCT89. These observations suggest 
three possibilities; first, the availability of the niche in the host restricts the donor HSC engraftment; 
second, donor CD34+ HSC can reconstitute ILC in the host postnatally; third, the presence of ILC 
progenitors or even mature ILCs in the HSC graft used for transplantation are responsible for ILCs 
recovery after HSCT. Further, it remains enigmatic at which location ILC development preferentially 
takes place. The presence of ILC committed progenitors in the SLTs and intestinal tissues may 
suggest that peripheral tissues are potential sites for ILC development91,92.  We have shown that 
ILC precursors are present in human peripheral blood and can fully differentiate into mature ILC 
subsets in the presence of IL-7 and Notch signaling at least in vitro (Chapter 4, 5). This adds to 
the notion that ILC development is not restricted to a specific location and that differentiation 
and maturation can take place in different locations depending on the availability of the right 
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microenvironmental factors. Collectively, human ILCs may develop from hematopoietic stem cells 
also during adulthood, and unlike T cells, ILC development and maturation do not necessarily take 
a place at a specific location.           

3.3 How is ILC plasticity defined?
ILCs show remarkable similarities with respect to transcriptional requirements and cytokine 
production profiles compared to polarized T helper (Th) cells. Also, ILCs have the power to rapidly 
adapt to environmental ques by changing their functional capacity concomitant with phenotypical 
changes. In contrast to Th cells, ILCs do not likely develop in one particular location. T cells develop 
in the thymus from the thymus seeding progenitors (TSPs) through CD34+ pre-T cells followed by 
immature stages of T cells during which T cell receptor (TCR) rearrangements, positive and negative 
selection occur and finally mature T cells leave the thymus and circulate as naïve T cells until these 
cells are activated by encountering MHC/peptide complexes. Such developmental stages do not 
apply for ILCs as they do not have rearranged receptors. In addition, a naïve stage of ILCs, which 
may be comparable to naïve T cells, has not been identified. Furthermore, in order to polarize 
naïve Th cells at least 3 signals are required, i.e. in addition to TCR engagement by MHC/pepetide 
also co-stimulation through CD28 and a polarizing signal such as IL-12. The requirements for ILC 
lineage specification and polarization are less clear. We did show that polarizing cytokines, such 
as IL-12 and IL-4, were dispensable for ILC lineage specification as IL-7 and Notch signaling alone 
already supported their full differentiation and maturation81 (Chapter 5). The precursors of ILC2s 
(pre-ILC2s) and ILC3s (pre-ILC3s) in blood were already committed to their lineage, and are likely 
comparable to the transitional stage of Th cells during the polarization process.  Depending on the 
activation signals these precursors receive, pre-ILCs are highly plastic and can also differentiate 
to other ILC subsets (Chapter 5). This is supported by analysis of the chromatin landscape created 
by epigenetic modification, which regulates gene expression (the so-called regulome) in mouse 
ILC2p102, as regulatory elements that are specifically accessible only in ILC2p were enriched for 
motifs of both T-box and GATA families. This suggests that a plastic ILC stage exists prior to final 
lineage determination.  Thus, directly after lineage commitment, ILCs reveal their plastic nature, 
which is characterized as an intermediate stage that has more functional flexibility than once ILCs 
are fully matured. The mechanism underlying the ability to promptly respond to environmental 
signals and the plasticity of ILCs can also be explained epigenetically.  The enhancer landscape of 
ILCs is poised prior to cytokine stimulation and there is broad accessibility of loci encoding lineage-
determining transcription factors across ILCs even in the absence of their expression102,103. 

Plasticity of ILCs has the advantage to rapidly customize an immune response when the 
microenvironmental conditions are changing (Chapter 1). Fetal gut and mesenteric lymph node 
(MLN) contain all ILC subsets including ILC2s, although ILC1s are present at very low frequency 
in the gut.  This composition changes in adult as the ILC2 population is reduced and ILC1s are 
increased in the gut. These differences in tissue ILC distribution before and after birth, could 
also be a result of plasticity due to the introduction of microbes after birth, which modulates 
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the microenvironment (Chapter 6). On the other side of the coin, however, plasticity may be a 
disadvantage as an uncontrolled inflammatory environment could provoke the transformation 
of ILCs into pathological mediators. We have observed that inflammatory cytokines such as IL-12 
and IL-4 can induce changes in ILC composition most likely because of their plasticity. Continuous 
production of cytokines derived from activated ILCs present in inflamed tissues could contribute to 
chronic inflammation as observed in COPD or allergic rhinosinusitis (Chapter 6)104-106. Whether all ILC 
subsets display plasticity to differentiate into each of the other ILC subsets or whether only part of 
each ILC subset possess higher flexibility in vivo is still incompletely resolved. Also, it remains to be 
further elucidated which other inflammatory cytokines or extracellular cues could induce plasticity.       

4. CONCLUDING REMARKS
This thesis is a collection of studies focused on understanding the requirements for development 
and function of human pDCs and ILCs. Application of state-of-the-art flow cytometry allowed us 
to isolate, culture and perform a detailed analysis of these small cell populations at the single 
cell level. Retro- and lentivirus mediated gene transfer either to overexpress genes of interest 
or to knockdown gene expression by RNA interference enabled us to investigate some of the 
mechanisms that underlie development of human pDCs and ILCs. Key findings in this thesis include 
the demonstration that the expression and balance of E-proteins and ID-proteins are essential 
for development of pDCs, NK cells, ILCs and T cells. Our findings also provide a framework for 
understanding the development and functional diversity of human ILCs. Although ILCs have been 
associated with a variety of inflammatory diseases, we do not yet understand the mechanisms 
by which ILCs either protect against inflammation or exacerbate inflammation.   With the advent 
of new technologies and analytical tools, we should now apply the principles of systems biology 
to translate the functions of pDCs and ILCs in health and disease. This will help us to gain more 
knowledge of these mechanisms, which in turn give the incentives to develop novel therapeutic 
strategies to target diseases that are caused by pDCs or ILCs.

Finally, our experimental set up that we have applied to understand the development and function 
of ILCs has also demonstrated that ILCs can conveniently be expanded in vitro even when starting 
from single cell cultures.  These techniques will allow us to explore the use of in vitro expanded 
ILCs for cell transfer therapies. Expanded NK cells are already being investigated in trial settings 
for cancer therapy. Along this line, we might conceptualize ILCs for use in therapy as for instance 
expanded ILC3s producing IL-22 may be used as prophylaxis to avert graft versus host reactions 
following allogeneic hematopoietic stem cell transplantation or to ameliorate symptoms in 
inflammatory bowel disease.  
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