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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)
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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 
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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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SUMMARY
Plasmacytoid dendritic cells (pDC) are central players in the innate and adaptive immune response 
against viral infections. The molecular mechanism that underlies pDC development from progenitor 
cells is only beginning to be elucidated. Previously we reported that the Ets-factor Spi-B and the 
inhibitors of DNA binding protein 2 (Id2) or Id3, which antagonize E-protein activity, are crucially 
involved in promoting or impairing pDC development, respectively. Here we show that the 
basic-helix-loop-helix (bHLH) protein E2-2 is predominantly expressed in pDC, but not in their 
progenitor cells or conventional DC (cDC). Forced expression of E2-2 in progenitor cells stimulated 
pDC development. Conversely, inhibition of E2-2 expression by RNA interference impaired the 
generation of pDC suggesting a key role for E2-2 in development of these cells. Notably, Spi-B was 
unable to overcome the Id2 enforced block in pDC development and moreover Spi-B transduced 
pDC expressed reduced Id2 levels. This might indicate that Spi-B contributes to pDC development 
by promoting E2-2 activity. Consistent with notion, simultaneous overexpression of E2-2 and Spi-B 
in progenitor cells further stimulated pDC development. Together our results provide additional 
insight into the transcriptional network controlling pDC development as evidenced by the joint 
venture of E2-2 and Spi-B. 
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INTRODUCTION
The ability of dendritic cells (DC) to capture and present antigenic peptides, has established a 
function in both the adaptive and innate branches of the immune system. Extensive characterization 
of DC has revealed the existence of many different DC subsets with distinct cell surface phenotype, 
cytokine expression profile, and anatomical localisation1. One member of the DC family is the 
plasmacytoid DC (pDC), which is hallmarked by their capacity to produce high levels of type I 
interferons (IFN) and hence are also known as natural type I IFN producing cells2

pDC are detected in blood and most tissues, including spleen, lymph nodes and thymus2,3. 
Previously, we described that at least two developmental pathways exist for pDC, an extrathymic 
and an intrathymic pathway4. The requirements for the development of DC subsets are not fully 
understood. In mice it has been shown that conventional DC (cDC) and pDC can develop from 
minor Flt3+ subpopulations within the common myeloid and the common lymphoid progenitor 
pools.5-7. Recently, this pool was narrowed down to a DC committed precursor (pro-DC) that can 
only develop into cells of the DC lineages8,9. It is not clear yet at what point in DC development 
the commitment to a subpopulation is accomplished. Also human pDC can be derived from both 
myeloid and lymphoid progenitor cells10,11. A better understanding of the molecular mechanisms that 
control pDC development may contribute to the elucidation whether one or more developmental 
pathways of pDC exist. Studies with gene targeted mice have revealed several transcription factors 
implicated in pDC development, including STAT3, which is involved Flt3L-dependent dendritic cell 
differentiation12, Ikaros13, interferon regulatory factor (IRF)-4 and IRF-814-16, Gfi117  and XBP118. 
Interestingly, deficiency in some of these factors results in specific ablation of just the pDC subset, 
whereas others additionally affect the development of other lymphoid-tissue resident or skin DC. In 
addition to these transcription factors our lab has implicated a crucial role for the Ets transcription 
factor Spi-B in human pDC development19,20. Forced expression of Spi-B in CD34+ progenitor cells 
favoured pDC development but impaired the development of B, T, and, natural killer (NK) cells20. 
More importantly, reducing expression of Spi-B by means of RNA interference19 or triggering of the 
Notch1 pathway21 strongly inhibited the development of pDC both in vitro and in vivo. Furthermore 
we have provided evidence for a role for E-proteins in pDC development. E-proteins are a class of 
four proteins (TCF12/HEB, TCF4/E2-2, and the E2A splice variants E12 and E47), which are members 
of the bHLH superfamily of transcription factors. The involvement of E-proteins in pDC development 
was deduced from experiments with inhibitors of DNA binding (Id) proteins22. Like E-proteins the 
Id-factors also harbour a helix-loop-helix domain for protein-protein interactions but lack the basic 
DNA binding domain, thereby restraining E-protein activity upon complex formation23,24. Inhibition 
of E-protein activity by forced expression of Id2 or Id3 in CD34+ progenitor cells inhibited the 
development of pDC, but not that of cDC 22. Consistent with this, mice lacking Id2 have increased 
percentages of pDC25. Together this suggests that one or more E-proteins are required for the 
development of pDC.
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Here we identified E2-2 as a crucial factor in human pDC development. E2-2 is highly expressed in 
pDC, but not in their progenitor cells or in cDC. Overexpression of E2-2 stimulated the differentiation 
of thymic CD34+CD1a- progenitor cells into pDC. Conversely, inhibition of E2-2 expression by RNA 
interference impaired pDC development. This identifies E2-2 as another key player in development 
of this cell lineage. Interestingly, Spi-B is unable to overcome the block in pDC development imposed 
by Id2. Furthermore, Spi-B transduced pDC express reduced levels of Id2. This together with the 
observation that E2-2 and Spi-B, when overexpressed, simultaneously further enhanced pDC 
development suggests that the concurrent action of Spi-B and E2-2 controls the development of 
progenitor cells into the pDC lineage.

RESULTS
The bHLH factor E2-2 is highly expressed in pDC
Mice lacking expression of the inhibitor of DNA binding Id2 have increased percentages of pDC25. 
In line with this, forced expression of Id2 and Id3 in human progenitor cells specifically inhibits pDC 
differentiation, while leaving the development of cDC unaffected22. Id factors are known for their 
ability to directly restrain the transcriptional activity of E-proteins (HEB, E2-2, and, the E2A splice-
variants E12 and E47) by protein-protein interaction26. Consequently, this suggests the involvement 
of one or more E-proteins in pDC development. We set out to reveal the E-protein(s) involved in 
human pDC development. To determine the E-proteins expressed in pDC, CD123hiCD45RA+ cells were 
sorted from human postnatal thymus tissue (Supporting Information Fig. 1A). CD34+CD1a- thymic 
progenitors, known to have pDC potential19-22,27  and T cell committed CD34+CD1a+   progenitors28 
were sorted concomitantly for comparison (Supporting Information Fig. 1B). At the mRNA level 
the E2A splice variants E12 and E47 were detected in all subsets, the CD34+CD1a- and CD34+CD1a+ 

progenitor cells and pDC (Fig. 1A). However, while E12 and E47 protein was detected in the Jurkat 
T cell line, these were absent from the sorted thymocyte subsets (Fig. 1B). In line with its role in 
human T cell development (unpublished data R.S. and B.B.), HEB was expressed at higher mRNA and 
protein levels in the CD34+CD1a+  than in the CD34+CD1a- thymic progenitor population. However, 
HEB levels were reduced in pDC (Fig. 1A and B). In sharp contrast, E2-2 was highly expressed in pDC 
both at the transcriptional and protein level, while only low levels were present in CD34+CD1a- or 
CD34+CD1a+ thymic progenitors (Fig. 1A and B). E2-2 expression is not limited to pDC in the thymus, 
since also pDC isolated from peripheral blood expressed E2-2 (Fig. 1C). In CD11c+HLA-DR+ cDC either 
isolated from the thymus or peripheral blood E2-2 was not detectable. PDC and CD11c+HLA-DR+ cDC 
can also be generated in vitro from progenitor cells after culture on OP9 cells in the presence of 
Flt3L (21 and H.S. unpublished observations). In line with expression in the ex vivo DC subsets from 
thymus and peripheral blood we observed that the in vitro generated pDC, but not cDC, expressed 
E2-2 (Fig. 1C). Expression levels of the other E-proteins, E12, E47, and HEB, in cDC were even lower 
compared to pDC (data not shown).

In summary, E2-2, but not any of the other E-proteins, is highly expressed in pDC as compared to 
their progenitor cells. Notably, E2-2 expression is restricted to pDC as it is not expressed in cDC. 
Furthermore E2-2 expression is independent of the pDC localization (thymus or periphery). 
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Figure 1. Ex vivo isolated and in vitro generated pDC, but not cDC, express high E2-2 levels. 
Freshly isolated CD34+CD1a- and CD34+CD1a+ progenitor cells and CD123+CD45RA+ pDC from human 
postnatal thymus were analyzed for the expression of E-proteins by (A) real time RT-PCR and (B) 
immunoblotting. Lysates from Jurkat cells were analyzed as positive control for E12 and E47 protein 
detection. Actin levels were determined as loading control. (C) E2-2 expression was determined 
in ex vivo (from postnatal thymocytes and peripheral blood) and in vitro generated pDC and cDC 
by real-time RT-PCR. The error bars represent SD of triplicate samples. All experiments shown are 
one representative of three.
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E2-2 is required for the development of pDC 
The high expression of E2-2 in pDC relative to their progenitor cells prompted us to address whether 
E2-2 has a role in the development of these cells. To investigate this we generated a retroviral 
construct to overexpress the E2-2 cDNA together with green fluorescent protein (GFP) as a marker 
gene. E2-2 overexpression was confirmed by immunoblotting on a total lysate of 293T cells that were 
transfected with the E2-2 construct (Fig. 2A). To establish the role for E2-2 in pDC development E2-2 
was forced in CD34+CD1a- thymic progenitor cells by retroviral transduction. Both transduced and 
non-transduced CD34+CD1a- postnatal thymocytes were co-cultured with the murine stromal cell 
line OP9 and the cytokines IL-7 and Flt3L, a condition regiment known to support the development 
of pDC in vitro21. After 7 days the cultures were analyzed by flow cytometry for the presence 
of transduced BDCA2+CD123hi pDC. The percentages of transduced cells in this representative 
experiment were 4% and 3%, while the total cell numbers were 1.6 x 106 and 2.3 x 106 for control 
and E2-2 transduced cultures, respectively. Increased E2-2 expression significantly enhanced the 
development of pDC from progenitors, as demonstrated in both percentages and absolute cell 
numbers (Fig. 2B-D), indicating that E2-2 promotes pDC differentiation.

Knockdown of E2-2 expression by RNA interference impairs pDC development
To more firmly establish the role of E2-2 in pDC development we employed a RNA interference 
approach to knockdown E2-2 expression. Retroviral pRETROSUPER vectors 29 were constructed 
to express the E2-2 or Renilla control RNA-i sequences together with the marker gene yellow 
fluorescent protein (YFP) driven by an independent PGK promoter. One of the three probes that we 
designed to target the E2-2 mRNA (E2-2i #3) for degradation resulted in an almost 60% inhibition of 
E2-2 protein expression in the 293T cells in comparison to control Renilla RNA-i transfected 293T 
cells (Fig. 3A). Then, to determine whether pDC development is dependent on E2-2 expression, 
CD34+CD1a- thymic progenitor cells were transduced with either the E2-2 RNA-i/pgk YFP or Renilla 
RNA-i/pgk YFP20  knockdown constructs and cultured under pDC promoting conditions on OP9 
cells with IL-7 and Flt3L21. After 7 days of co-culture, the percentages of transduced cells in this 
representative experiment were 10% and 9%, while the total cell numbers were 1.6 x 106 and 1.2 
x 106 for Renilla i and E2-2 i transduced cultures, respectively. We observed a reduction in the 
percentage as well as in the absolute cell number of pDC when E2-2 levels were decreased by 
means of RNA interference (Fig. 3B-D). This, together with the enhanced development when E2-2 
expression is increased, argues for an important role of E2-2 in human pDC development. 

Spi-B cannot stimulate pDC development in absence of E2-2 activity 
Forced expression of Id2 and Id3 in human progenitor cells inhibits pDC differentiation22. Blocking 
pDC development by forced expression of Id2 could be relieved to control transduced levels by 
concomitant expression of E2-2 (Supporting Information Fig. 2), confirming the reciprocal functions 
of these factors in our system. Previously, we have reported that the Ets transcription factor Spi-B 
is crucial for the development of pDC from progenitor cells19,20. We aimed to determine the relative 
contribution of E2-2 and Spi-B in progenitor cells developing into the pDC lineage. To this end we 
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assessed the effect of overexpressing Spi-B while concomitantly knocking down E2-2 expression in 
thymic progenitor cells and observed that the enhanced pDC development induced by Spi-B was 
diminished when also E2-2i#3 was overexpressed (data not shown). This reduction was comparable 
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Figure 2. E2-2 stimulates pDC development in vitro. 
(A) E2-2 protein levels in 293T cells transfected with the LZRS E2-2 IRES GFP or empty control vector. 
Total cell lysates were analyzed by immunoblotting. Actin staining was used as loading control. 
(B-D) CD34+CD1a- thymic progenitor cells were retrovirally transduced with the LZRS E2-2 IRES 
GFP or control LZRS IRES GFP vector. After 7 days of co-culture with OP9 cells and IL-7 plus Flt3L, 
the cultures were analyzed by flow cytometry using antibodies directed against the pDC markers 
CD123 and BDCA2. (B) Percentages of E2-2 and control transduced pDC obtained in a representative 
experiment are shown after electronic gating on GFP+ cells. (C) Normalized percentages of GFP+ pDC 
obtained after E2-2 or control transductions. The percentage of pDC in the control cultures is set to 
100%. (D) Normalized absolute numbers of GFP+ pDC, calculated based on the input of progenitor 
cells and expansion rate of GFP+ pDC. Values are normalized to control transduced pDC, which is 
set as 1. Averages ± SD of 9 experiments are shown. **p<0.01; *p <0.05.
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Figure 3. pDC development is impaired by knocking down E2-2 expression. 
(A) E2-2 protein levels in 293T cells transfected with either E2-2 RNA-i probes or as control 
Renilla RNA-i probe as determined by immunoblot analysis. Actin was used as a loading control. 
Ratios (E2-2:Actin) are normalized to control Renilla-i, which is set as 1. (B-D) CD34+CD1a- thymic 
progenitor cells were retrovirally transduced with pRETROSUPER E2-2 RNA-i/pgk YFP (E2-2 i #3) or 
pRETROSUPER Renilla RNA-i/pgk YFP (Renilla i) vectors and co-cultured with OP9 cells plus IL-7 and 
Flt3L. After 7 days the cultures were analyzed by flow cytometry using antibodies directed against 
the pDC markers CD123 and BDCA2. (B) A representative experiment showing percentages of E2-2 
RNA-i (E2-2- #3) and control Renilla RNA-i (Renilla-i) transduced pDC after electronic gating on YFP+ 
cells. (C) Normalized percentages of YFP+ pDC obtained after E2-2-i or control Renilla-i transductions. 
The percentage of pDC in the control cultures is set to 100%. (D) Normalized absolute numbers of 
YFP+ pDC, calculated based on the input of progenitor cells and expansion rate of YFP+ pDC. Values 
are normalized to control transduced pDC, which are set as 1. Averages ± SD of 6 experiments are 
shown. **p<0.01; *p<0.05.
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to the condition where we only knocked down E2-2 expression. Since it was difficult to correctly 
interpret these data, due to the fact that knocking down E2-2 expression by RNA interference is 
incomplete, we decided to inhibit E-protein activity by expression of Id2 in conjunction with Spi-B. 
Progenitor cells were double transduced with Id2/GFP and Spi-B/YFP constructs and co-cultured 
with OP9 cells. After one week of culture the GFP+YFP+ double transduced cells were analyzed for 
the presence of BDCA2+CD123hi pDC (Fig. 4). As expected, when only Spi-B was overexpressed in 
the progenitor cells we observed an increase in both the percentage and absolute cell number 
of pDC (Fig. 4A-C). Conversely, Id2 overexpression significantly inhibited pDC development as 
compared to control transduced cells. Notably, when both Spi-B and Id2 were overexpressed 
simultaneously neither the percentage nor the absolute pDC numbers increased compared to 
the Id2 only transduced cultures (Fig. 4A-C). Taken together this indicates that Spi-B is unable 
to direcprogenitor cells into the pDC lineage in the presence of the E-protein inhibitor Id2. The 
functional activity of bHLH factors, most likely E2-2, is an absolute requirement for development 
of pDC. This further emphasizes the importance of E2-2 in pDC development.

E2-2 cannot stimulate pDC development in absence of Spi-B activity 
To further establish the notion that both E2-2 and Spi-B are required for pDC development, we 
assessed the effect of E2-2 overexpression in progenitor cells in which Spi-B levels were reduced. 
Previously we have reported that pDC development is inhibited when expression of Spi-B is 
abrogated by RNA interference in progenitor cells20. We employed the knockdown construct to 
impair Spi-B expression simultaneous with E2-2 overexpression in thymic progenitor cells and 
analyzed the effect on pDC development after co-culture with OP9 cells. As expected, after one 
week we observed that E2-2 overexpression increased pDC development, while knocking down 
Spi-B expression reduced both the percentage and absolute pDC numbers (Fig. 5A-C). Notably, in 
the condition that E2-2 was overexpressed but Spi-B expression was reduced we observed that pDC 
development was impaired compared to E2-2 overexpression only. The percentages and absolute 
cell numbers, respectively, of pDC in this experiment were as follows: Control GFP + Renilla i YFP 
(24%, 2738 pDC), Spi-B GFP + Renilla i YFP (56%, 3796 pDC), Control GFP + E2-2 i YFP (15%, 1006 
pDC) and Spi-B GFP + E2-2 i YFP (34%, 2924 pDC). Together these data suggest that E2-2 is unable 
to stimulate pDC development in the absence of Spi-B and confirms that both proteins are required 
for proper pDC differentiation.

Spi-B regulates the expression of Id2 
The finding that Spi-B overexpression did not overcome the Id2 enforced block in pDC development 
(Fig. 4) let us to speculate that the regulation of Id proteins may be a mechanism of Spi-B in 
promoting pDC lineage development. This notion would be in line with the data presented in Fig. 5 
that show requirement for adequate Spi-B protein levels in the cells to allow for E2-2-mediated pDC 
development. To investigate whether Spi-B may be involved in regulating the expression of Id2, pDC 
were generated in vitro from Spi-B transduced CD34+CD1a- precursors and Id2 levels were assessed 
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Figure 4. Spi-B does not overcome the block in pDC development induced by Id2. 
CD34+CD1a- thymic progenitor cells were retrovirally transduced with LZRS Id2 IRES GFP (Id2), 
LZRS Spi-B IRES YFP (Spi-B), empty vector LZRS IRES GFP (control) or empty vector LZRS IRES YFP 
(control). After 7 days of co-culture with OP9 cells in the presence of IL-7 and Flt3L, the cultures were 
analyzed by flow cytometry using antibodies directed against the pDC markers BDCA2 and CD123. 
(A) Shown are the percentages of pDC after electronic gating on double transduced GFP+YFP+ cells 
from a representative experiment. The percentages of double transduced cells in this experiment 
were as follows: 0.13% control-GFP/control-YFP, 0.24% control-GFP/Spi-B YFP, 0.65% Id2 GFP/control 
YFP, 0.92% Id2 GFP/Spi-B YFP. (B) Normalized percentages of GFP+YFP+ pDC in the OP9 cultures. 
The percentage of pDC in the control cultures is set to 100%. (C) Normalized absolute numbers of 
GFP+YFP+ pDC, calculated based on the number of GFP+YFP+ transduced input progenitor cells and 
the number of GFP+YFP+ BDCA2+CD123hi pDC after 7 days of co-culture. Values are normalized to 
control transduced pDC, which is set as 1. Averages ± SD of 3 experiments are shown. **p<0.01; 
*p<0.05. ns: not significant
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Figure 5. Reducing Spi-B levels impairs E2-2 induced pDC development. 
CD34+CD1a- thymic progenitor cells were retrovirally transduced with Spi-B RNA-i/GFP (Spi-B-i), 
E2-2 IRES YFP (E2-2) and/or the appropriate control vectors, including Renilla RNA-i/GFP (Renilla-i) 
or empty vector IRES YFP (control). After 7 days co-culture with OP9 cells in the presence of IL-7 
and Flt3L, cultures were analyzed by flow cytometry by using antibodies directed against the pDC 
marker BDCA2 and CD123. (A) Shown are the percentages of pDC after electronic gating on double 
transduced GFP+YFP+ cells from a representative experiment. The percentages of double transduced 
cells in this representative experiment were as follows: 1% control-GFP/control-YFP, 0.6% Spi-Bi 
GFP/control-YFP, 0.2% control GFP/E2-2 YFP, 0.2% Spi-Bi GFP/E2-2 YFP. (B) Normalized percentages 
of GFP+YFP+ pDC in the OP9 cultures. The percentage of pDC in the control cultures is set to 100%. 
(C) Normalized absolute numbers of GFP+YFP+ pDC, calculated based on the number of GFP+YFP+ 
transduced input progenitor cells and the number of GFP+YFP+ BDCA2+CD123hi pDC after 7 days of 
co-culture. Values are normalized to control transduced pDC, which is set as 1. Averages ± SD of 4 
experiments are shown. **p<0.01; *p<0.05.
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(Fig. 6). We observed that Spi-B transduced pDC expressed 2-fold lower levels of Id2 as compared to 
control transduced pDC. An effect on E2-2 expression by Spi-B was not observed (data not shown). 

These data may suggest that Spi-B is involved in the regulation of Id transcription and thereby may 
indirectly enhance E2-2 activity and promote pDC development.

Co-expression of E2-2 and Spi-B stimulates pDC development
If Spi-B controls pDC development by downregulating the expression of Id factors and thereby 
releases the antagonistic effect on E2-2 activity we might expect that overexpression of both Spi-B 
and E2-2 will further enhance the pDC differentiation compared to cells overexpressing either one 
of the two transcription factors individually. To test this hypothesis CD34+CD1a- progenitor cells 
were double transduced with constructs expressing Spi-B and E2-2 and co-cultured with OP9 cells. 
As shown in Fig. 7, after one week of culture a significantly higher percentage and absolute number 
of E2-2/Spi-B double transduced cells had developed into pDC compared to control transduced 
or E2-2 only transduced cultures. From this we conclude that E2-2 and Spi-B act in a cooperative 
manner to stimulate the development of human pDC.

Fig. 6

Nagasawa M. et al

1.2

Control

Id2

R
el

at
iv

e 
E

xp
re

ss
io

n

Spi-B

0.8

0.4

0

Figure 6. Expression of Id2 is reduced when Spi-B is overexpressed. 
Expression levels of Id2 were assessed by real time RT-PCR in sorted GFP+ pDC derived in vitro 
from CD34+CD1a- progenitors transduced with Spi-B or control vectors. Values are normalized to 
expression in control transduced cells, which is set as 1. Averages ± SD of PCR duplicates are shown. 
One representative experiment out of two is shown.



55

Human pDC development depends on E2-2Fig.7

A.

0

5

10

0

200

400

600

B. C.

R
el

at
iv

e 
pD

C
 %

Fo
ld

 E
xp

an
si

on

C
on

tr
ol

 +
 C

on
tr

ol
 

C
on

tr
ol

 +
 C

on
tr

ol
 

C
on

tr
ol

 +
 E

2-
2 

C
on

tr
ol

 +
 E

2-
2 

Sp
i-B

 +
 C

on
tr

ol
 

Sp
i-B

 +
 C

on
tr

ol
 

Sp
i-B

 +
 E

2-
2 

Sp
i-B

 +
 E

2-
2 

**
**

*

*

*

*

Nagasawa M. et.al.

Control + Control Control + E2-2 Spi-B + Control Spi-B + E2-2
18% 31% 28% 49%

BDCA2

C
D

12
3

Figure 7. Co-expression of E2-2 and Spi-B stimulates pDC development. 
CD34+CD1a- thymic progenitor cells were retrovirally transduced with E2-2/YFP (E2-2) and/or Spi-B/
GFP (Spi-B) and/or the appropriate control vectors, including empty vector IRES GFP (control) and 
empty vector IRES YFP (control). After 7 days co-culturing with OP9 in the presence of IL-7 and 
Flt3L, the cells were analyzed by flow cytometry by using antibodies directed against the pDC 
marker CD123 and BDCA2. (A) Shown are the percentages of pDC after electronic gating on double 
transduced GFP+YFP+ cells from a representative experiment. The percentages of double transduced 
cells were as follows: 1.8% control-GFP/control-YFP, 0.6% Spi-B GFP/control YFP, 0.4% control GFP/
E2-2 YFP, 0.2% Spi-B GFP/E2-2 YFP. (B) Normalized percentages of GFP+YFP+ pDC in the OP9 cultures. 
The percentage of pDC in the control cultures is set to 100%. (C) Normalized absolute numbers of 
GFP+YFP+ pDC, calculated based on the number of GFP+YFP+ transduced input progenitor cells and 
the number of GFP+YFP+ BDCA2+CD123hi pDC after 7 days of co-culture. Values are normalized to 
control transduced pDC, which is set as 1. Averages ± SD of 4 experiments are shown. **p<0.01; 
*p<0.05.
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DISCUSSION
In this report we identify the E-protein E2-2 as a crucial regulator of human pDC development. By 
real time RT-PCR and immunoblotting high levels of E2-2 were detected in ex vivo isolated pDC 
when compared to progenitor cells or cDC from human blood or thymus. Overexpression of E2-2 
in CD34+CD1a- progenitor cells strongly promoted pDC development in Flt3L supplemented cell 
cultures whereas its knockdown effectively reduced the ability of human progenitors to develop 
into pDC. An important result emanating from our studies was the observation that Spi-B, an 
Ets-factor that we previously identified as the key factor required in pDC development19,20, was 
incapable to overcome the Id2 enforced block in pDC development. This together with the finding 
that Id2 expression levels were reduced in Spi-B transduced pDC, may suggest that Spi-B acts to 
promote E2-2 activity. In line with this, we observed that E2-2 and Spi-B when co-expressed further 
enhanced the development of pDC. 

E-proteins are essential factors in lymphocyte development and function. In particular, E-proteins 
are crucial for development of lymphoid progenitors to the B and T cell lineages26. In the 
development of T cells, both E2A and HEB have been implicated30-32. E12 and E47 are essential 
for B cell development by controlling either directly or indirectly the expression of Pax-5, a factor 
essential for B cell lineage fate decision and securing of the B cell identity until the mature stages 
of development33-37. In contrast, HEB is dispensable for B cell development38. E2-2–/– mice die 
around birth, precluding the analysis of loss-of-function effects at later stages of postnatal life. In 
conditional E2-2-deficient mice39 E2-2 deficiency leads to a partial block in both B and T lymphocyte 
development38,40,41. The development of DC subsets was not assessed in these mice. The findings 
described in this manuscript reveal a crucial role for E2-2 in human pDC development. Together 
with the observations that E-proteins are important regulators of lymphoid development suggest 
a close lineage relationship of pDC with the T and B cell lineages. 

Overexpression of the dominant negative transcription factor Id2 or Id3 blocked development 
of pDC, but not of cDC22. In line with this, pDC development is enhanced in Id2 deficient mice25. 
Recently a GeneChip analysis on mouse and human leukocytes showed that E2-2 is expressed at 
high levels in pDC, while Id2 was high in cDC42. Here we not only confirmed prominent mRNA and 
protein expression of E2-2 in pDC, but in addition provide evidence to suggest that Id factors when 
overexpressed most likely antagonize E2-2 activity in progenitor cells, thereby blocking development 
into the pDC lineage. Of notice, we and others42 did not detect high expression of the other 
E-proteins HEB, E12, or E47 in pDC. To our surprise we observed, however, that overexpression of 
the other E-proteins in human progenitor cells promoted in vitro pDC development to some extent 
(data not shown). While we cannot exclude a role for the other E-proteins in pDC development, our 
findings may also be attributed to the fact that high levels of HEB, E12, or, E47 bind to endogenously 
expressed Id proteins. This then may relieve the negative regulation on E2-2, thereby indirectly 
promoting pDC development. A similar model was proposed for B cell-lineage commitment and 
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expansion, where E2A is the central player and E2-2 and HEB could modulate the pool size of E2A 
homodimers through a competitive dimerization with Id factors38.

Currently, the target genes that are regulated by E2-2 and account for the effect on pDC 
development are elusive. Transcription factors often exert their function by forming protein 
complexes for enhanced DNA binding. E-proteins bind to E-box DNA elements either as homodimers 
or heterodimers with other bHLH proteins26. The consensus E-box sequence (CANNTG) has been 
identified in a number of regulatory elements of lymphoid lineage specific genes, including the T 
cell receptor α and β enhancers, the CD4 silencer and enhancer, and the promoters of mb-1, λ5, 
and pTα, which are involved in either B or T cell development26,43-48. Furthermore, it is possible that 
complexes consisting of Ets factors and IRF bind to ETS-IRF composite DNA elements (EICE) 49. In 
addition, it has been reported that a ternary complex of PU.1, IRF-4, and E47, by binding to an E-box 
and EICE element, transactivated expression of the CIITA gene, which was required for expression 
of MHC class II on B cells50. Here we describe that E2-2 and Spi-B cooperate in pDC development. Of 
notice, both IRF-4 and IRF-8 are highly expressed in human pDC42,51,52, and unpublished results H.S., 
B.B.) and crucially involved in murine pDC development14,16. It is therefore tempting to speculate 
that Spi-B, in addition to contributing to the downregulation of Id2 expression, may in complex 
with E2-2 and IRF-4 and/or IRF-8 bind to a juxtaposed E-box and EICE element to promote pDC 
development. In the in vitro assay that we employed here we did not observe further stimulation 
of pDC development when IRF-8, E2-2, and Spi-B were co-expressed compared to E2-2 and Spi-B 
overexpression. Also, we did not observe a reduction in pDC development when knocking down 
IRF-8 expression by RNA interference (unpublished observation H.S., B.B.). This, however, does 
not exclude a role for IRF-8 in human pDC development as the protein may already be present at 
high level, whereas Spi-B and E2-2 may be the limiting factors in commitment to the pDC lineage. 
Alternatively, IRF-4 which is highly expressed in pDC42 may exhibit a redundant role. This notion is 
supported by the fact that IRF4/IRF8 double deficient mice have even less pDCs compared to the 
single knockout mice53.

In conclusion, our study provides important insight in the complex network of transcription factors 
that controls progenitor cell differentiation and furthers our understanding on the regulation of 
human pDC development.

MATERIALS AND METHODS
Monoclonal antibodies
Monoclonal antibodies to CD3, CD4, CD34, CD45RA, CD56, CD123 and HLA-DR conjugated to PE, 
PerCP, PeCy7, APC or APCCy7 were purchased from Becton Dickinson (BD, San Jose, CA), CD1a-
PE from Beckman Coulter (Fullerton, CA), BDCA2-APC from Miltenyi Biotech (Bergisch Gladbach, 
Germany), and CD56-APC from Beckman Coulter (BC, Marseille, France).
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Constructs, cell lines and retrovirus production
The retroviral constructs, LZRS Spi-B IRES GFP[19] and LZRS Id2 IRES GFP[22] were described 
previously. Spi-B and Id2 were subcloned into LZRS IRES YFP by using restriction enzymes 
XhoI-NotI and NotI (Roche, Germany) respectively. PCR was performed to obtain human 
E2-2 cDNA from thymic pDC by using 2 primer sets (set1: 5’-GTGTCTGCGGATCTGTAGTGG-3’ 
and 5’-CAGGAGGCGTACAGGAAGAG-3’, set2: 5’-CTTGCGTCTGCGATTCATAAC-3’ and 
5’-GCCTGGCTATGCAGGAATGT-3’). TOPO TA Cloning kit (Invitrogen, CA) was used to ligate the 
PCR products into pCR2.1-TOPO vector. The inserts were then liberated by EcoRI and BstXI and 
subcloned into the EcoRI site of LZRS ires GFP. Control and Spi-B RNA-i constructs were described 
previously19. The RNA-i sequence (5’- TCGCAGACGCAAGAGGTTT-3’) specifically targeting human 
E2-2 mRNA was designed using Ambion’s siRNA Target Finder (http://www.ambion.com). Using those 
constructs, GALV-pseudotyped retroviruses were produced using the Phoenix packaging cell line. 

Isolation of CD34+ cells, pDC, and cDC from postnatal thymus and buffy coat
Buffy coats for isolation of pDC and cDC were obtained from Sanquin Bloodbank, Amsterdam, the 
Netherlands. Thymocytes were obtained from surgical specimens removed from children up to 3 
years of age undergoing open heart surgery, with informed consent from patients in accordance 
with the Declaration of Helsinki and approved by the Medical Ethical Committee of the Academic 
Medical Center. Thymocytes and peripheral blood lymphocytes were isolated from a Ficoll-Hypaque 
density gradient (Lymphoprep; Nycomed Pharma, Oslo, Norway). Subsequently, CD34+ cells were 
enriched by immunomagnetic cell sorting, using a CD34 cell separation kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany). CD34+CD1a-CD56-BDCA2- cells, further referred to CD34+CD1a-, were sorted 
to purity on a FACSAria (BD), purity of the sorted cells in all experiments was >97%. Thymic and 
peripheral blood BDCA4+ and HLA-DR+ cells were isolated by MACS cell separation. CD123+CD45RA+ 
pDC and CD3—CD56—CD19—HLA-DR+CD11c+ cDC were further separated by cell sorting.

Retroviral transduction and differentiation assays
For transduction experiments CD34+CD1a- postnatal thymocytes were cultured overnight with 
20 ng/mL SCF (R&D Systems), and 10ng/mL IL-7 (PeproTech) and subsequently incubated for 6 
hours with virus supernatant in retronectin coated plates (30µ/mL; Takara Biomedicals, Otsu, 
Shiga, Japan). 1 × 105 CD34+CD1a- progenitor cells were co-cultered with 5 × 104 OP9 cells in MEMa 
(Invitrogen) with 20% FBS (Hyclone), 5ng/mL IL-7 and 5ng/mL Flt3L (PeproTech). Differentiation 
assays were analyzed after 1 week of co-culture. Flow cytometric analysis was performed on an 
LSRII FACS analyzer (BD). To obtain in vitro generated pDC and cDC, CD123hiBDCA2+ pDC and  CD3-

CD56-CD19- HLA-DRhiCD123+CD11c+ cDC were isolated from co-culture after 10 days by FACS sorting.

Quantitative real-time PCR
Quantitative real-time PCR was performed with an iCycler (Bio-Rad, Hercules, CA), using specific 
primers. Expression levels relative to actin expression were calculated.
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Actin, forward 5’-ATGGAGTTGAAGGTAGTTTCG
Actin, reverse 5’-CAAGAGATGGCCACGGCTGCTTCAGC
E12, forward 5’-ACAGCGAGAAGCCCCAGA 
E12, reverse 5’-CTGCTTTGGGATTCAGGTTC 
E47, forward 5’-GTCGGACAAAGCGCAGAC 
E47, reverse 5’-ACAGGCTGCTTTGGGATTC 
HEB, forward 5’-CCGTGGCAGTCATCCTTAGT 
HEB, reverse 5’-GCCGATACGGCAGAAACTT 
E2-2, forward 5’- ATGGGAGAGAATCAAACTTA
E2-2, reverse 5’-CCTCCATGGCACTACTGTGA
Id2, forward 5’- CGGATATCAGCATCCTGTCC
Id2, reverse 5’- CTGAATAAGCGGTGTTCATGA

Immunoblotting
E-protein expression in human thymocytes was assessed by immunoblot analysis using mouse 
monoclonal E2-2 antibody (ab32873, Abcam, CA), rabbit polyclonal HEB antibody (sc-357, Santa 
Cruz Biotechnology, CA) and mouse monoclonal E2A antibody (sc-416, Santa Cruz Biotechnology, 
CA), respectively.
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Supplemental Figure 1.  Cell sorting strategy and purity of thymic subsets. 
(A) Thymocytes were enriched for pDC by positive selection of BDCA4 expressing cells by MACS cell 
separation followed by cell sorting of CD123+CD45RA+pDCs on a FACSAria. (B) Thymocytes were 
enriched for progenitor cells using the CD34+ MACS kit followed by cell sorting of CD34+CD1a‒and 
CD34+CD1a+ cells on a FACSAria. Purity of the sorted cells in all experiments was >97%. Supplemental 
Figure 1.  Cell sorting strategy and purity of thymic subsets. (A) Thymocytes were enriched for pDC 
by positive selection of BDCA4 expressing cells by MACS cell separation followed by cell sorting of 
CD123+CD45RA+pDCs on a FACSAria. (B) Thymocytes were enriched for progenitor cells using the 
CD34+ MACS kit followed by cell sorting of CD34+CD1a‒and CD34+CD1a+ cells on a FACSAria. Purity 
of the sorted cells in all experiments was >97%.  
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Supplemental Figure 2. Id2 induced block in pDC development can be overcome by E2-2. 
CD34+CD1a‒thymic progenitor cells were retrovirally transduced with LZRS E2-2 IRES YFP, LZRS 
Id2 IRES GFP, control LZRS IRES GFP, and/or LZRS IRES YFP vectors. After 7 days of co-culture with 
OP9 cells in the presence of IL-7 and Flt3L, the cultures were analyzed by flow cytometry using 
antibodies directed against the pDC markers CD123 and BDCA2. (A) Shown are the percentages of 
pDC after electronic gating on double transduced GFP+YFP+cells from a representative experiment. 
The percentages of double transduced cells were as follows: 1.8% control-GFP/control-YFP, 0.8% 
Id2 GFP/control YFP, 0.4% control GFP/E2-2 YFP, 0.4% Id2 GFP/E2-2 YFP. (B) Normalized percentages 
of GFP+YFP+pDCs in the OP9 cultures. The percentage of pDC in the control cultures is set to 
100%.(C) Normalized absolute numbers of GFP+YFP+pDCs, calculated based on the number of 
GFP+YFP+transduced input progenitor cells and the number of GFP+YFP+BDCA2+CD123hipDCs after 
7 days of co-culture. Values are normalized to control GFP+YFP+transduced pDC, which is set as 1. 
Averages ± SD of 3 experiments are shown. **p-value<0.01; *p-value <0.05
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ABSTRACT
The cytokine IL-15 and the inhibitor of DNA binding (Id)2, which negatively regulates the activity 
of basic helix-loop-helix transcription factors, have been shown to play key roles in NK cell 
development. Consistent with this, exogenous IL-15 added to human thymic progenitor cells 
stimulated their development into NK cells at the expense of T cells both in fetal thymic organ 
culture and in coculture with stromal cells expressing the Notch ligand Delta-like 1. Overexpression 
of Id2 in thymic progenitor cells stimulated NK cell development and blocked T cell development. 
This, in part, is attributed to inhibition of the transcriptional activity of the E protein HEB, which we 
show in this study is the only E protein that enhanced T cell development. Notably, Id2 increased 
a pool of lineage CD1a–CD5+ progenitor cells that in synergy with IL-15 furthered expansion and 
differentiation into NK cells. Taken together, our findings point to a dualistic function of Id2 in 
controlling T/NK cell lineage decisions; T cell development is impaired by Id2, most likely by 
sequestering HEB, whereas NK cell development is promoted by increasing a pool of CD1a–CD5+ 
NK cell progenitors, which together with IL-15 differentiate into mature NK cells. 
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INTRODUCTION
T cells and NK cells are closely related cell types and share many cell surface Ags. In addition, there 
are many functional similarities in particular between NK cells, TCR- γδ+ T cells and CD8+TCR- αβ T 
cells. The existence of NKT cells, a specialized T cell with features of both T and NK cells, further 
underscores the close relationship between these two cell lineages. It is therefore not surprising 
that T and NK cells originate from a common precursor. Bipotential T/NK precursor cells have 
been found in the thymus of both humans 1 and mice 2,3. Yet the thymus produces predominantly 
T cells and relatively very few NK cells, suggesting that the thymus microenvironment favors the 
development of T cells over NK cells. Although early cellular stages in T cell development have 
been defined reasonably well, the early stages of thymic NK cell development and the mechanisms 
regulating these steps remain poorly understood. Freud et al.4 described the characterization of the 
different stages of NK cell differentiation in human secondary lymphoid organs, whereas Sanchez 
et al.5 identified several stages of committed and uncommitted NK cell precursors in the thymus. 
In the human thymus CD34+CD1a–, cells mark an uncommitted stage in development, which can be 
subdivided in an early CD5– and a later CD5+ stage 6,7. Both the CD34+CD1a–CD5– and CD34+CD1a–

CD5+ precursor cells have T cell as well as NK cell potential. Upregulation of the cell surface marker 
CD1a on CD34+ progenitor cells is strongly, but not absolutely, associated with commitment to the 
T cell lineage (8) as the CD1a+CD5+ subset still has little NK cell, but no conventional or plasmacytoid 
dendritic cell (pDC) precursor activity8,9. It has been well established that E proteins, which are 
members of the basic helix-loop-helix (bHLH) family of transcription factors, play crucial roles in 
development of T cells, B cells, and pDCs7,10. Members of the bHLH family are characterized by two 
conserved domains, a HLH domain mediating homo- and/or heterodimerization and a basic domain 
allowing DNA binding of the protein dimers. Four E proteins, including E12, E47, HEB, and E2-2, have 
been identified 11. Mice deficient for the E2A splice variants E12 and E47 lack B cells and exhibit 
disturbed T cell development12 . In addition, T cell development is compromised in mice lacking E2-2 
or HEB13,14 . The transcriptional activities of E proteins are controlled by inhibitor of DNA binding (Id) 
proteins. Id factors also contain a HLH domain, allowing dimerization with E proteins. However, Id 
proteins lack the basic DNA binding domain and as a consequence complexes of E and Id proteins are 
transcriptionally inactive. In line with impaired T cell development in E protein knock-out mice we 
have reported that the forced expression of Id3 in human progenitor cells inhibits their development 
into T cells and at the same time promotes NK cell development6,15 . These findings are consistent 
with the observation that the number of NK cell precursors (NKPs) is severely reduced in mice 
deficient for the Id3-related protein Id2 16,17. However, a more extensive analysis revealed that the 
number of NK precursors was not affected by Id2 deletion, but that development of these precursors 
into mature NK cells was blocked18. No gross defects on lymphoid development were reported in 
Id3-deficient mice19. Therefore, it is conceivable that Id2 is the physiological factor for NK cell 
development, not only in mice but also in humans. The role of Id2 on human NK cell development, 
however, has not been examined. The cytokine IL-15 has been shown to play an important role 
in NK cell development. SCID patients who have a defect in IL-15 signaling have impaired NK cell 
development 20. Consistent with this, human NK cell development in an in vivo humanized mouse 
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model is strongly augmented when recombinant IL-15/IL-15Ra–Fc complexes were injected21. 
Similarly, mouse NK cell development depends on IL-15 as mice deficient for IL-1522 or components 
of the IL-15R complex 23 have strongly reduced numbers of NK cells. In addition, murine progenitor 
cells cultured in fetal thymic organ culture (FTOC) with high concentrations of IL-15 are potently 
blocked in their TCR- αβ+ T cell development and instead differentiate into NK cells 24. Recently, it 
was shown that the generation of NKPs does not depend on IL-15 signaling as common γ chain ( 
γc)-deficient mice have normal numbers of NKPs 25. However, this leaves unresolved whether IL-15 
affects NK cell development at the progenitor stage by inducing differentiation or by stimulating 
survival and/or expansion at the mature NK cell stage. In this study, we provide evidence that Id2 
is as potent as Id3 in blocking human T cell development and stimulating NK cell development in 
FTOC or in a coculture system using OP9 stromal cells expressing the Notch ligand Delta-like 1 
(OP9-DL1). Thymic progenitor cells ectopically expressing Id2 gave rise to increased numbers of 
CD1a–CD5+ early progenitor cells, that with IL-15 further expanded and differentiated into mature 
NK cells. The Id2- induced progenitor cell expansion could be counteracted by coexpression of HEB. 
This, together with the finding that HEB is the only bHLH factor that stimulated T cell development, 
suggests that the balance between Id2 and HEB regulates the T/NK cell bifurcation: high levels of 
HEB promote T and inhibit NK cell development, whereas high Id2 levels block T cell development 
and prepare a pool of IL-15 responsive NK cell progenitor cells.

MATERIALS AND METHODS
MAbs and cytokines
MAbs to CD1a, CD3, CD4, CD5, CD7, CD8, CD16, CD56, CD94, CD122, CD127, NKG2D, NKP30, 
NKP46, conjugated to PE, PerCP, PeCy7, APC, or APCCy7 were purchased from Becton Dickinson 
(BD Biosciences, San Jose, CA) or Biolegend (San Diego, CA). CD1a-PE and CD56-APC were obtained 
from Beckman Coulter (Marseille, France). The human cytokines IL-15 and stem cell factor were 
obtained from R&D Systems (Abingdon, U.K.). IL-7 and FLT3L were a kind gift from Dr. J. Cornelissen 
(Erasmus University, Rotterdam, The Netherlands).

Cell lines, constructs, and retrovirus production
The naive OP9 murine stromal cell line was kindly provided by Dr. T. Nakano (Osaka University, 
Osaka, Japan). The OP9-DL1/neo cell line was previously established 26. Human cDNA sequences 
for Id2, Id3, E2-2 (10), Id2 DHLH 27, HEB (obtained from Dr. D. Littman, New York University School of 
Medicine, New York, NY) 28 , E12, and E47 (both obtained from Dr. C. Murre, University of California 
at San Diego, La Jolla, CA) were ligated into the retroviral vector LZRS-internal ribosome entry 
site (IRES)-GPF or LZRS-IRES-yellow fluorescent protein (YFP) 26. The empty constructs were used 
in control transductions. Retroviral supernatants were obtained from transfected Phoenix-GALV 
packaging cells 29.

Isolation of CD34+ cells from postnatal thymus
The use of postnatal thymus tissue was approved by the Medical Ethical Committee of the Academic 
Medical Center. Thymocytes were obtained from surgical specimens removed from children up to 
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3 y of age undergoing open heart surgery, with informed consent from patients in accordance with 
the Declaration of Helsinki. The tissue was disrupted by mechanical means and pressed through a 
stainless steel mesh to obtain a single-cell suspension, which was left overnight at 4˚C. The next day, 
thymocytes were isolated from a Ficoll-Hypaque density gradient (Lymphoprep; Nycomed Pharma, 
Oslo, Norway). Subsequently, CD34+ cells were enriched by immunomagnetic cell sorting, using 
a CD34 cell separation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The CD34+ thymocytes 
were stained with Abs against CD34, CD1a, CD56, and BDCA2. CD34+CD1a–CD56–BDCA2– cells, 
further referred to as CD34+CD1a–, were sorted to purity on a FACSAria (BD Biosciences), purity of 
the sorted cells in all experiments was .99%.

Retroviral transduction and differentiation assays
For transduction experiments, CD34+CD1a– postnatal thymocytes were cultured overnight in Yssel’s 
medium30 with 5% hormal human serum, 20 ng/ml stem cell factor, and 10 ng/ml IL-7. The following 
day cells were incubated for 6–7 h with virus supernatant in retronectin-coated plates (30 mg/ml; 
Takara Biomedicals, Shiga, Japan). The development of T and NK cells was assessed by coculturing 
the mixture of transduced and nontransduced CD34+CD1a– progenitor cells in the hybrid murine/
human FTOC as has been described previously31. IL- 15 was added at the onset of the culture, the 
medium containing IL-15 was refreshed every week. Alternatively the mixture of transduced and 
nontransduced CD34+CD1a– progenitor cells were cocultured with OP9-DL1 cells in MEM a medium 
(Life Technologies, Carlsbad, CA) with 20% FCS (Hyclone Laboratories, Logan, UT), 5 ng/ml IL-7, and 5 
ng/ml FLT3L. Flow cytometric analyses were performed on an LSRII FACS analyzer (BD Biosciences); 
electronic gating was performed using FlowJo (Tree Star, Ashland, OR). Numbers in each dot plot 
represent the percentages of cells in the quadrants. The fold expansion in absolute cell numbers 
was calculated using Microsoft Excel 2007 (Microsoft, Redmond, WA) on basis of total numbers 
of cells harvested from the cultures, percentages of transduced cells, and percentages of each 
population corrected for the number of input cells. One representative experiment of two is shown.

STAT5 phosphorylation
The CD1a–CD5–, CD1a–CD5+, and CD1a+CD5+ thymic subsets were sorted from the CD34+ MACS-
enriched postnatal thymocytes. To exclude contaminating T and NK cells, the populations were 
sorted negative for CD3 and CD56. The flow through of the CD34+ MACS was enriched for CD56 
positive cells by a second round of MACS selection using the CD56 separation kit (Miltenyi Biotec) 
and subsequently sorted for NK cells on the basis of CD56+CD3–. Sorted cells were starved for 1 
h at 37˚C and subsequently stimulated with 20 ng/ml IL-15. After methanol fixation, cells were 
analyzed for the presence of phosphorylated STAT5 using a STAT5 (Y694) Alexa 647-conjugated 
Ab (BD Biosciences).

RT-PCR
Real-time PCR using human specific primers was performed on an iCycler PCR (Bio-Rad, 
Hercules, CA). Primers were as follows: b-actin (FW) 5’- ATGGAGTTGAAGGTAGTTTCG-3’; b-actin 
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(REV) 5’-CAAGAGATGGCCACGGCTGCTTCAGC-3’; Id2 (FW) 5’-CGGATATCAGCATCCTGTCC-3’; 
Id2 (REV) 5’-TCATGAACACCGCTTATTCAG-3’; Id3 (FW) 5’-CTTCCCATCCAGACAGCC-3’; Id3 
(REV) 5’-CTGCGTTCTGGAGGTGTCA-3’; E12 (FW) 5’ -ACAGCGAGAAGCCCCAGA-3’ ; E12 (REV) 
5’ -CTGCTTTGGGATTCAGGTTC-3’ ; E47 (FW) 5’ -GTCGGACAAAGCGCAGAC-3’ ; E47 (REV) 5’ 
-ACAGGCTGCTTTGGGATTC-3’ ; HEB (FW) 5’ -CCGTGGCAGTCATCCTTAGT-3’ ; HEB (REV) 5’ 
-GCCGATACGGCAGAAACTT-3’ ; E2-2 (FW) 5’ -ATGGGAGAGAATCAAACTTA- 3’ ; E2-2 (REV) 5’ 
-CCTCCATGGCACTACTGTGA-3’ ; CD161 (FW) 5’ - TCTTCCTCGGGATGTCTGTC-3’ ; CD161 (REV) 5’ 
-CCTGCTCTGTTGAATGTCCA-3’.

RESULTS
IL-15 stimulates NK cell and inhibits T cell development
A role for IL-15 in mouse and human NK cell development is well documented4,21-23,25,32,33. In mice, 
IL-15 blocks T cell development24, suggesting that IL-15 can alter the developmental potential 
of bipotential T/NK cell precursors. In this study, we investigated the role of IL-15 in the T/NK 
cell diversification in human. The data in Fig. 1A show that IL-15 can promote human NK cell 
development and inhibit T cell development in a hybrid human/mouse FTOC from CD34+CD1a– 
thymic progenitor cells in a dose-dependent manner. In this experiment, the percentage of 
CD56+CD3– NK cells increased from 1.4% in the absence of IL-15 and 94% in the presence of 32 
ng/ml IL-15. The percentages of CD56–CD3+ T cells in these culture conditions decreased from 
78% (no IL-15) to 0.1% (with 32 ng/ml IL-15). Consistent with this, the percentages of CD4+CD8+ 
double positive (DP) T cells were reduced from 87% to 1%. The total cell recoveries per lobe were 
comparable, with the exception of the FTOC supplemented with 32 ng/ml IL-15, which yielded 
twice the number of cells compared with 0, 2, or 8 ng/ml IL-15 (data not shown). Thus, the total 
numbers of T cells decreased and that of NK cells increased with mounting concentrations of 
IL-15, indicating that IL-15 promotes NK cell development and at the same time inhibits T cell 
development in FTOC. Similar results were obtained when thymic progenitor cells were cultured on 
OP9 stromal cells expressing the OP9-DL1, which have been shown to support T cell development 
in vitro in the presence of IL-7 and FLT3L 26. Increasing the dose of IL-15 to 10 ng/ml blocked T cell 
development, as a 20-fold reduction in absolute CD56–CD3+ T cell numbers was observed compared 
with the condition in which no IL-15 was added (Fig. 1B). Concurrently, 10- fold reduced numbers of 
CD4+CD8+ DP T cells were recovered in the presence of the highest dose of IL-15 tested (10 ng/ml) 
when compared with the condition in which no IL-15 was added. In contrast, the absolute numbers 
of CD3–CD56+ NK cells increased up to 100-fold in the presence of 10 ng/ml IL-15 compared with 
cultures without IL-15 (Fig. 1B). These data add further support to the notion that IL-15 stimulates 
NK cell development at the expense of T cell development.

Id2 inhibits T cell development and stimulates NK cell development similar to Id3
In addition to IL-15, it is known that the balance of Id and E proteins plays an important role in the 
T/NK lineage decision. Consistent with a role for Id proteins in this lineage decision, Id2‒/‒ mice have 
impaired NK cell development17. In addition, we previously observed that Id3 promotes human NK 
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cell development in FTOC 15. However, because no gross defects in lymphoid development were 
reported in Id3-deficient mice 19, it is more likely to assume that Id2 is the physiological factor 
involved in NK cell development. To obtain further insight in the role of Id2 as the central factor 
involved in human NK cell development, we determined mRNA expression levels of Id2 and Id3 in 
freshly isolated human thymic NK cells. Using real-time RT-PCR we observed that mature thymic NK 
cells expressed Id2 at 35-fold higher levels and Id3 at 3-fold higher levels compared with expression 
levels in thymic CD34+CD1a– progenitor cells (Fig. 2A). This supports the notion that high Id levels, 
in particular Id2, may be favorable for human NK cell development.

Chapter3 Figure 1

FIGURE 1. IL-15 stimulates development of NK cells and inhibits development of T cell. 
(A) Sorted human CD34+CD1a– thymocytes were cultured in a FTOC in the absence or presence of 
the indicated amounts of IL-15. After 3 wk, single-cell suspensions were prepared and analyzed by 
flow cytometry. Numbers in each dot plot represent the percentages of cells in each quadrant. This 
experiment has been repeated twice with similar results. (B) Sorted human CD34+CD1a– thymocytes 
were cocultured with OP9- DL1 stromal cells in the absence or presence of the indicated amounts 
of IL-15. After 3 wk, cells were counted and analyzed by flow cytometry. Shown is the fold expansion 
of CD3+CD56– T cells, CD3–CD56+ NK cells, CD4–CD8– DN cells, and CD4+CD8+ DP T cells calculated as 
described in the Materials and Methods. One representative experiment of two is shown.
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To determine whether Id2 inhibits human T cell development in a manner similar to Id3, we 
overexpressed Id2 by retroviral gene transfer in CD34+CD1a– thymic precursor cells and cultured 
the cells in FTOC (Fig. 2B). Ectopic expression of Id2 in CD34+CD1a– thymic precursors inhibited 
their ability to develop into T cells, as reduced percentages of CD4+CD8+ DP (near 6- fold) and 
CD56–CD3+ T cells (near 3-fold) were observed compared with the control transduced culture (Fig. 
2B). In contrast, NK cell development was enhanced by overexpression of Id2, as the percentage 
of CD56+CD3– NK cells increased by 45-fold compared with the control culture (Fig. 2B). Because 
Id2 can affect apoptosis of certain cell types independent of its ability to dimerize with E proteins 
27, it was important to exclude that Id2 specifically induced apoptosis in T cells. We therefore 
tested a mutant form of Id2 ( DId2) that is unable to dimerize with E proteins, but is able to induce 
apoptosis 27. Notably, DId2 did not affect lymphoid development in a FTOC (Fig. 2B) as compared 
with the control transduced culture reinforcing the notion that Id2 inhibits T cell development by 
sequestering essential E proteins. To rule out that Id2 transduced progenitor cells indirectly induced 
the development of NK cells, we analyzed the phenotype of the untransduced cells in the same 
culture. The phenotype of these untransduced cells resembled the phenotype of cells obtained in 
the GFP control transduced culture providing evidence that Id2 affects differentiation of the T and 
NK cell lineages in a cell-intrinsic manner (Supplemental Fig. 1).

To further confirm our results obtained in FTOC, we cocultured Id2, Id3, or control transduced 
thymic progenitor cells with OP9- DL1 cells in the presence of IL-7 and FLT3L. Both Id2 and Id3 
inhibited T cell development, as we observed reduced percentages and absolute numbers of 
CD4+CD8+ DP (3- to 4-fold in percentage, near 10-fold in absolute numbers, Fig. 2C, 2D) and CD56–

CD3+ T cells (5- to 7-fold in percentage, near 10-fold in absolute numbers, Fig. 2E, 2F) after culture 
compared with control transduced cells. Development of CD56+CD3– NK cells from Id2 and Id3 
transduced thymic progenitor cells after coculture with OP9-DL1 cells, however, was hardly affected, 
neither in percentages nor in absolute numbers (Figs. 2E, 2F, 3). Collectively, these data are in 
agreement with the results previously obtained in FTOC 15, and support the notion that Id2 and Id3 
affect human T cell development in a comparable manner.

Id2 and IL-15 synergize in NK cell development
It was unexpected that NK cell development from Id2- or Id3- transduced progenitor cells on OP9-
DL1 cells was not increased, and not when analyzing the cultures over time (Fig. 2E, 2F; data not 
shown). It is possible that NK cells do not survive or that development of progenitor cells is impaired 
in this in vitro system. Because we and others established that IL-15 plays an important role in NK 
cell development (Fig. 1) 21-24, we assessed the effect of IL-15 on Id2 transduced thymic progenitor 
cells. We transduced thymic CD34+CD1a– progenitor cells with a control– IRES-GFP or Id2–IRES-
GFP construct and cultured the cells with or without IL-15 on OP9-DL1 cells. Because we wanted 
to minimize the effect of IL-15 in stimulating the proliferation of mature NK cells, we added a 
suboptimal concentration of IL-15 (0.5 ng/ ml; data not shown) in these experiments, which was 
10-fold less than the lowest concentration used in the experiments described in Fig. 1B. Even this 
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FIGURE 2. Id2 and Id3 block T cell development and stimulate NK cell development.
(A) Quantitative RT-PCR analysis for Id2 and Id3 mRNA expression levels in freshly isolated postnatal 
thymic CD34+CD1a– progenitors and CD56+CD3– thymic NK cells. The value for the CD34+CD1a– 
sample was set to 1 and is indicated by the dashed line. The error bars represent SDs of triplicate 
samples. One representative experiment of two is shown. (B) CD34+CD1a– thymic progenitor cells 
were transduced with retroviral vectors expressing Id2-IRES-GFP, DId2-IRES-GFP, or control IRES-
GFP and cultured in FTOC. After 3 wk, the cultures were analyzed for expression of CD4/CD8 and 
CD3/CD56. Plots shown are electronically gated on GFP+ cells. (C–F) CD34+CD1a– thymic progenitor 
cells were transduced with Id2-IRES-YFP, Id3-IRES-YFP, or control IRES-YFP viruses and cocultured 
with OP9- DL1 cells in the presence of IL-7 and FLT3L. After 14 d, cultures were analyzed by flow 
cytometry. One representative experiment of two is shown. (C) Dot plots showing the expression 
of CD4 and CD8 (gated CD56– to exclude NK cells) on YFP+ cells. (D) Fold expansion in absolute cell 
numbers of the CD4/ CD8 (gated CD56– to exclude NK cells) in the YFP+ cells. (E) Dot plots showing 
the expression of CD3 and CD56 on YFP+ cells. (F) The fold expansion in absolute cell numbers of 
CD3+CD56– T cells and CD3-CD56+ NK cells in the YFP+ population was calculated as described in 
the Materials and Methods.
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trace amount of IL-15 enhanced NK cell development from control transduced progenitor cells both 
in proportion and absolute numbers (Fig. 3A, 3B, Supplemental Table I; 4/4 donors). As expected, 
CD3+ T cell development was blocked in the presence of IL-15 (Fig. 3A, Supplemental Table I; 3/4 
donors). More importantly, the increase in NK cell numbers was most pronounced when IL-15 was 
added to Id2 transduced progenitor cells as compared with either Id2 alone or IL-15 only (Fig. 3, 
Supplemental Table I; 4/4 donors). Taken together, these results indicate that Id2 and IL-15 act 
synergistically in stimulating NK cell development.

All mouse thymic NK cells expressed CD127 (IL-7R a), and were independent of Id2 for their 
development18,34. These data are seemingly in contrast with the role of Id2 that we observed in 
this study for development of thymic progenitor cells into human NK cells. In contrast to the mouse, 
however, we observed that the majority of human NK cells in the postnatal thymus are negative 
for CD127 expression (Supplemental Fig. 2). Similarly, the Id2-transduced NK cells lacked CD127 
expression, whereas T cells generated in parallel control cultures did express CD127 (Supplemental 
Fig. 2). This suggests that different pathways for thymic NK cell development exist in human and 
mouse.

Id2 controls proliferative expansion of an IL-15 responsive CD1a‒CD5+ progenitor pool 
The observation that low concentrations of IL-15 induced a robust increase in NK cell numbers from 
Id2-transduced progenitor cells (Fig. 3) raises the possibility that Id2 is involved in the expansion of 
IL-15 responsive progenitor cells. To address this, we first tested whether freshly isolated, non-T cell 
committed CD34+ thymic progenitor subsets, including CD1a–CD5– and CD1a–CD5+ cells, responded 

FIGURE 3. IL-15 induces Id2-transduced thymic progenitors to develop into NK cells. 
Id2-IRES-YFP or control-IRES-YFP transduced CD34+CD1a– progenitors were cocultured with OP9-
DL1 cells supplemented with IL-7 and FLT3L in the absence or presence of minimal amounts of 
IL-15 (0.5 ng/ml). After 3 wk, the cultures were analyzed by flow cytometry for expression of CD3 
or CD56. (A) Percentages of CD3+CD56– T cells and CD56+CD3– NK cells gated on YFP+ cells. (B) Fold 
expansion of CD56+CD3– NK cells, either control or Id2 transduced, was calculated as described in 
the Materials and Methods. One representative experiment of four is shown.

Chapter3 Figure 3
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to IL-15. It is known that primary human T and NK cells in response to IL-15 phosphorylate STAT5 35. 
Therefore, freshly isolated CD34+CD1a–CD5– and CD34+CD1a–CD5+ thymic subsets were stimulated 
with IL-15 in vitro and analyzed for the levels of phosphorylated STAT5 (pSTAT5) by flow cytometry 
(Fig. 4A). In comparison with mature thymic CD56+CD3– NK cells (pSTAT5; mean fluorescence 
intensity [MFI 452]), the CD34+CD1a–CD5– cells responded weakly to IL-15, because relatively low 
pSTAT5 levels (MFI 144) were detected (Fig. 4A). In contrast, the CD34+CD1a–CD5+ subset was as 
susceptible to IL-15 stimulation (pSTAT5; MFI 459) as the mature thymic NK cells. As this finding 
might suggest that (part of) the CD34+CD1a–CD5+ cells are already committed to the NK cell lineage, 
flow cytometric analysis and quantitative PCR were performed to analyze the phenotype of the 
CD34+CD1a‒CD5+ and CD34+CD1a+CD5+ subsets in more depth. Expression of the NK cell specific 
or associated markers, NKp46, NKp30, NKG2D, CD94, CD16, or CD161, was undetectable on CD34+ 
progenitor cells, but prominently expressed on thymic NK cells (Fig. 4B, Supplemental Fig. 3). As 
expected, CD7 was expressed on all CD34+ subsets and mature NK cells (Supplemental Fig. 3A). 
Together, these results indicate that (subsets of) CD34+ thymic progenitor cells are not yet NK cell 
committed.

Then, we wanted to gain insight in the CD1/CD5 progenitor subsets, which lack expression of CD56/
CD4/CD8, that were generated from Id2-transduced CD34+ progenitor cells in coculture with OP9-
DL1 cells. This revealed that Id2 preferentially induced the development of CD1a–CD5+ cells both in 
percentage and absolute cell numbers (Fig. 4C, 4D, Supplemental Table II; 3/3 donors). The addition 
of IL-15 to Id2-transduced progenitor cells generated even higher (35-fold) absolute numbers 
of CD1a–CD5+ cells as compared with cultures without IL-15 after 21 d (Fig. 4D, Supplemental 
Table II; 3/3 donors). Although we observed that IL- 15 also stimulated STAT5 phosphorylation 
in freshly isolated CD34+CD1a+CD5+ cells (MFI 469, Fig. 4A), cells with a similar phenotype were 
underrepresented in cultures of Id2 transduced cells (Fig. 4C, 4D, Supplemental Table II; 2/3 donors). 
Together these observations support the notion that Id2 allows expansion of CD1a–CD5+ progenitor 
cells, but not CD1a+CD5+ progenitor cells, particularly when cultured in the presence of IL-15.

T cell development is stimulated by HEB, but not E12, E47, or E2-2
Id proteins are the natural antagonists of E proteins 36. Consistent with the blocking effect of Id2 
and Id3 on T cell development and the stimulatory effect on NK cell development, the following 
can be hypothesized: either the levels of E protein expression are lower in NK cells compared with 
T cells or the E protein levels are constant, but their function is impaired in NK cells by elevated 
levels Id protein. In addition, elevating the levels of E protein expression in thymic progenitor cells 
might have a positive effect on T cell development, but not on NK cell development. To address 
these issues, we first analyzed E protein expression in freshly isolated thymic NK cells and their 
progenitor cells. In line with our hypothesis, we observed that NK cells expressed lower levels of 
all E protein transcripts, E12, E47, HEB, and E2-2, as compared with the levels in CD34+CD1a‒ T/NK 
progenitor cells (Fig. 5A). Further, we evaluated the contribution of the different E proteins to human 
thymic development. Knock-out studies in mice have implicated a role for all four E proteins in T 
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FIGURE 4. Id2 controls expansion of an IL-15 responsive CD1a–CD5+ population. 
(A) Freshly isolated early thymic subsets were analyzed by flow cytometry for their ability to pSTAT5 
after stimulation with IL-15. As positive control for pSTAT5 staining, CD56+CD3– thymic NK cells 
were stimulated with IL-15 and as negative control, unstimulated NK cells were analyzed. Open 
histograms represent pSTAT5 stained cells after IL-15 stimulation, filled histograms represent 
medium cultured NK cells stained for pSTAT5. Numbers represent the MFI of the pSTAT5 stained 
cells. Unstimulated NK cells had a MFI of 42. One representative experiment of three is shown. (B) 
CD34-MACS and CD56-MACS enriched postnatal thymocytes were stained for indicated NK cells 
markers. (C) CD34+CD1a– thymic progenitor cells were transduced with Id2–IRES-YFP or control–
IRES-YFP viruses and cocultured on OP9-DL1 cells with IL-7 and FLT3L in the absence or presence of 
low amounts of IL-15 (0.5 ng/ml). The cultures were analyzed for the presence of cells expressing 
CD1a and/or CD5 by flow cytometry at 21 d of culture. Dot plots shown are electronically gated 
on YFP+CD56–CD4–CD8– cells. Numbers in each dot plot represent the percentages of cells in the 
quadrants. (D) Fold expansion of CD1/CD5 expressing subsets after gating on YFP+CD56–CD4–CD8– 
cells were calculated as described in the Materials and Methods. One representative experiment 
of three is shown.
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FIGURE 5. HEB, but not E12, E47, or E2-2, promotes T cell development. 
(A) Quantitative RT-PCR analysis for E protein mRNA expression levels in freshly isolated postnatal 
thymic CD56+CD3– NK cells compared with CD34+CD1a– thymic progenitor cells. The values for the 
CD34+CD1a– sample were set to 1 and are indicated by the dashed lines. The error bars represent 
SDs of triplicate samples. One representative experiment of two is shown. (B–E) CD34+CD1a– thymic 
progenitor cells were transduced with HEB–IRES-GFP, E47–IRES-GFP, E12–IRES-GFP, E2-2–IRES-
GFP, or control–IRES-GFP viruses and cocultured on OP9-DL1 cells with IL-7 and FLT3L. (B,C) At 
indicated time points, cultures were analyzed for the presence of CD1a/CD5 positive cells (gated on 
GFP+CD56–CD4–CD8– cells). Fold expansion of CD1/CD5 expressing subsets after gating on YFP+CD56–

CD4–CD8– cells was calculated as described in the Materials and Methods. One representative 
experiment of three is shown. (D, E) Analysis of HEB/GFP-transduced cells for the expression of 
CD4/CD8 (gated on GFP+CD56–). Fold expansion of CD4/CD8 expressing subsets after gating on 
YFP+CD56– cells was calculated as described in the Materials and Methods. One representative 
experiment of three is shown.

Chapter3 Figure 5
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cell development 12-14. Therefore, we transduced HEB, E47, E12, or E2-2 in CD34+ progenitor cells 
and cocultured these under T cell permissive conditions using OP9-DL1 cells. None of the E proteins 
dramatically affected the relative proportions of the early T cell subsets based on expression 
of CD1a and CD5 as compared with control transduced cells (Fig. 5B). However, calculating the 
absolute cell numbers revealed that HEB modestly stimulated T cell development as indicated by an 
increase in the pool of CD1a+CD5+ T cell committed cells when compared with control transduced 
progenitor cells (Fig. 5C). In contrast, ectopic expression of E47, E12, or E2-2 slightly inhibited the 
number of developing T cells as compared with the GFP control transduced population. Analyzing 
later stages of T cell development revealed that HEB stimulated the generation of CD4+CD8+ DP 
T cells particularly in absolute cell numbers after 21 d of culture (Fig. 5D, 5E). Similarly, when HEB 
transduced thymic progenitor cells were allowed to differentiate in FTOC, T cell development was 
stimulated compared with control transduced cells (Supplemental Fig. 4). Cells transduced with a 
mutant form of HEB (DHEB, which lacks the DNA binding domain and as a consequence is deficient 
in transcription activation) resulted in similar percentages of T cell subsets compared with control 
FTOCs (Supplemental Fig. 4). This not only suggests that HEB is likely the most critical E protein that 
contributes to T cell development, but in addition implies that HEB may be the E protein antagonized 
by Id2/3 overexpression in our experiments described in our earlier report15 (Fig. 2).

FIGURE 6. HEB inhibits Id2-induced expansion of NK cell progenitors. 
CD34+CD1a– thymic progenitor cells were double transduced with Id2–IRES-YFP and HEB–IRES-
GFP. The cells were cocultured on OP9- DL1 cells with IL-7 and FLT3L. After 14 d, the cultures were 
analyzed for the presence of cells expressing ( A) CD4 and CD8 (gated on CD56– cells) and ( B) CD1a 
and CD5 (gated on CD56–CD4–CD8– cells). C, The fold expansion of the CD1a/CD5 subsets in the 
CD56–CD4–CD8– transduced populations was calculated as described in the Materials and Methods. 
One representative experiment of four is shown.
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HEB inhibits Id2-induced expansion of NK cell progenitors
Our study shows that Id2 affected the T/NK lineage decision on one hand by stimulating the 
expansion of IL-15 responsive NK cell progenitors and on the other hand by inhibiting T cell 
development. Vice versa, we observed that HEB stimulated T cell development, whereas HEB was 
expressed at relatively low levels in thymic NK cells. This makes it tempting to speculate that the 
balance between HEB and Id2 determines the outcome of the T/NK lineage decision. To test this 
hypothesis, we cotransduced CD34+CD1a– progenitors with HEB and Id2 or the appropriate control 
constructs. In line with our earlier observations (Fig. 2C, 2D), the single Id2-transduced progenitor 
cells gave rise to an increase in the number of CD4–CD8– double negative cells (Fig. 6A, Supplemental 
Table III; 4/4 donors) of which the vast majority were CD1a–CD5+ progenitor cells (Fig. 6B, 6C, 
Supplemental Table IV; 4/4 donors) as compared with the control transduced cells. In addition, 
HEB alone stimulated T cell development (Fig. 6, Supplemental Tables III and IV; 4/4 donors and 3/4 
donors, respectively), which confirms the results obtained in Fig. 5. Notably, forcing both HEB and 
Id2 expression reduced the number of Id2- expanded CD1a–CD5+ (CD4–CD8–) cells to background 
levels (Fig. 6B, 6C, Supplemental Tables III and IV; 4/4 donors and 4/4 donors, respectively). This 
suggests that the transcriptional inactivation of HEB through dimerization with Id2 is required for 
proper induction of the NK cell lineage program. HEB when overexpressed in thymic progenitor cells 
also inhibited the development of NK cells in FTOC supplemented with IL-15, suggesting that HEB 
prevents the IL-15 driven transition of progenitor cells into mature NK cell (Supplemental Fig. 4). 
Furthermore, we observed that the Id2-induced block in T cell development could not be rescued 
by HEB overexpression (Fig. 6), which makes it likely to assume that Id2 affects T cell development 
not only by inhibiting the transcriptional activity of HEB, but possibly also by repressing the function 
of other E proteins.

DISCUSSION
In this study, we show that the inhibitor of DNA-binding protein, Id2, has a dualistic function in 
regulating human thymic T and NK cell differentiation. On one hand, Id2 impaired T cell development, 
which is consistent with previous observations using Id3 transductions in human progenitors 15, 
and Id2 overexpression in mice both in vivo37  and in vitro38. On the other hand, Id, particularly in 
synergy with IL-15, increased the number of CD1a–CD5+ early human progenitor cells as well as 
mature NK cells. In agreement with these findings, NK cell development in mice deficient for Id2, 
IL-15, or IL-15 signaling components is impaired16,17,25. Interestingly, the Id2-induced expansion of 
the NK progenitor cell pool could be counteracted by cotransduction of the bHLH factor HEB. This 
reflects our findings that expression of HEB, but also other E proteins, is lower in mature NK cells 
compared with T cell progenitor cells. Finally, we show in this study for the first time by direct 
comparison that HEB, in contrast to E12, E47, or E2-2, has a positive effect on the development of 
early human T cells.

Our results indicated that Id2 promoted the expansion of an early CD1a–CD5+ NK cell progenitor 
pool in the thymus. This is in line with other reports showing that Id2 has a role in promoting 
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cell proliferation through direct regulation of the cell cycle39-41. Because Id factors are known to 
sequester E proteins, we speculate that the Id2-induced expansion of CD1a–CD5+ progenitor cells 
is likely the result of inhibiting E protein activity Contrary to what would be expected from our 
data shown in this report, thymic NK cell development was not inhibited in Id2- deficient mice 18. 
Likely this may be explained by differences between mouse and human thymic NK cells. In mice all 
thymic NK cells expressed the IL-7R a chain/CD12718,34, whereas, in contrast, only a minor fraction 
of NK cells in the human thymus expresses CD127. In line with this, we show in this study that 
the in vitro generated NK cells derived from Id2-transduced thymic progenitor cells and cultured 
in the presence of IL-15 did not express CD127. This could suggest that thymic NK cells that lack 
CD127 rely on Id2 for development and that the CD127-positive NK cells are a separate lineage, 
which develop independent of Id2. Although Id2 deficiency in mice did not abrogate thymic NK cell 
development, it did impair the development of mature bone marrow NK cells, which is rescued by 
simultaneous deletion of the E2A locus18. In contrast, the numbers of mature NK cells in the blood 
or spleen were not restored in the Id2/E2a doubledeficient mice18. Therefore, it was proposed 
that not E2A (i.e., E12 or E47), but alternative E proteins were suppressed by Id2 to allow NK cell 
development in the thymus. Based on our observation that HEB when overexpressed together 
with Id2 was able to counteract the expansion of human CD1a–CD5+ progenitor cells raises the 
possibility that downmodulation of HEB activity, but not E2A activity, by Id2 is required to permit NK 
cell development. Analysis of Id2/Heb double-deficient mice will be instrumental to confirm these 
findings in the mouse. Previously, we reported that Id3, when overexpressed in human progenitor 
cells and cultured in FTOC blocked T cell development, whereas strongly stimulating that of NK 
cells15. In this study, we show that Id2 similarly affected T and NK cell development in FTOC. Using 
OP9-DL1 feeder cells to analyze T cell development in vitro 26,42, we directly compared Id2 and Id3 
and showed that both inhibited T cell development to a similar extent. These findings, together 
with the observation that Id2 is expressed at higher levels in thymic NK cells compared with Id3, 
and in addition that Id3-deficient mice did not have obvious defects in lymphoid development19 
, add weight to the notion that Id2 may be more physiologically relevant as an NK cell promoting 
factor. Interestingly, however, Id2-transduced cells cocultured with OP9- DL1 cells hardly affected 
the NK cell numbers relative to control transduced cells. At first, these findings seemed to contradict 
the results found when Id2- or Id3-transduced progenitor cells were cultured in FTOC15 (Fig. 2). An 
explanation to reconcile this discrepancy is the lack of IL-15 in the OP9 stromal cell cocultures. This 
is underscored by the finding that the addition of exogenous IL-15 to these cultures significantly 
induced the appearance of mature NK cells. Consistent with this, a crucial role for IL-15 in both 
human and murine NK cell development has been well documented20-23,43. The exact stage in human 
NK cell development in which IL-15 exerts its effect has remained largely unclear. Attempts to isolate 
NKPs in humans on the basis of IL-15 responsiveness have been proven difficult as this approach 
reveals both NKPs and mature NK cells43,44. Studies in mice genetically deficient for the expression 
of IL-15 revealed that IL-15 was required for the generation of mature NK cells, but not for the 
development of NKP cells25. In agreement, we and others showed that IL-15 was able to stimulate 
mature human NK cell development (this study and21). In contrast, however, we observed that 
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IL-15 in synergy with Id2 was capable of promoting the expansion of CD1a–CD5+ NKP cells. These in 
vitro-generated cells are phenotypically similar to CD34+CD1a–CD5+ progenitor cells found in the 
thymus, and that, when isolated ex vivo, are responsive to IL-15. This, together with the observation 
that thymic stromal cells express IL-15 transcripts24, underscores the notion that IL-15 may be 
involved in expanding human NKP cells also in vivo. Collectively, our findings impose a novel role 
for IL-15 in human NK cell differentiation in addition to its known role in survival and expansion 
of mature NK cells. It is well accepted that engagement of IL-15 to its receptor, consisting of the 
common IL-2/15Rb and gc subunits in addition to a unique IL-15Ra chain, results in activation 
of several pathways, including the JAK/STAT pathway45. It was unexpected, however, to observe 
that not only the thymic CD34+CD1a–CD5+ progenitor cells, but also CD34+CD1a+CD5+ thymocytes 
phosphorylated STAT5 after IL-15 stimulation. The CD34+CD1a+CD5+ thymocytes are considered to 
be T cell committed and have largely lost the capacity to differentiate into NK cells as they have 
initiated rearrangement of TCR-b genes1,6. In the mouse, it was shown that low doses of IL-15 
stimulated T cell development, particularly the TCR-gd lineage24. Also in humans, we observed that 
IL-15 at relatively low concentrations (,10 ng/ml) favored TCR-γδ+ T cell development over TCR-αβ+ T 
cell development in FTOC, although absolute T cell numbers were reduced (Y. Yasuda and H. Spits, 
unpublished observation). These data suggest that CD34+CD1a+CD5+ thymocytes, when exposed 
to IL-15 in the thymic microenvironment, might differentiate into TCR-γδ+ T cells. This would also 
imply that epithelial cells in the deep cortical region of the thymus, where the CD34+CD1a+CD5+ 
thymocytes reside, express IL-15. It will be of interest to investigate whether all cortical epithelial 
cells express IL-15 or that specific niches exist where TCR- γδlineage commitment is enforced.

Taken together, we propose a two-step model for NK cell lineage development: 1) Id2 expands the 
NKP pool and functionally impairs E proteins by sequestration, which results in a block in T cell 
development, and 2) further expansion of the NKP progenitor pool and subsequent differentiation 
into mature NK cells is driven by IL-15. In contrast, for T cell development to be released it is essential 
that Id2 levels are reduced, which then allows transcriptional activity of E proteins, in particular HEB.
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Supplemental figure 1. Id2 blocks T cell development and stimulate NK cell development in a 
cell intrinsic manner.
CD34+CD1a– thymic progenitor cells were transduced with retroviral vectors expressing Id2-IRES-
GFP, ΔId2-IRES-GFP, or control IRES-GFP and cultured in FTOC. After 3 weeks the cultures were 
analyzed for expression of CD4/CD8 and CD3/CD56. Plots shown are electronically gated on 
transduced (GFP+) and non-transduced (GFP-) cells.

Chapter3 supplemental Figure 1 
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Chapter3 supplemental fig2 

Supplemental figure 2. In vitro generated NK cells do not express CD127.
 Id2-IRES-YFP or control-IRES-YFP transduced CD34+CD1a– progenitors were co-cultured with 
OP9-DL1 cells supplemented with IL-7 and FLT3L in the absence or presence of 0.5 ng/ml of IL-15. 
YFP+CD3+ T and YFP+CD56+ NK cells were analysed for expression of CD127 at 3 weeks of culture.



89

Id2 and IL-15 synergize in human NK cell development

Chapter3 supplemental fig3 

Supplemental figure 3. Freshly isolated CD1a-CD5+ thymic progenitor cells do not express NK 
cell markers. 
CD34-MACS and CD56-MACS enriched postnatal thymocytes were stained for indicated cell surface 
markers.
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Chapter3 supplemental fig4 

Supplemental figure 4. HEB inhibits IL-15 induced NK cell development.
CD34+CD1a– thymic progenitor cells were transduced with retroviral vectors expressing HEB-IRES-
GFP, ∆HEB-IRES-GFP, or control IRES-GFP and cultured in FTOC in the presence of 10 ng/nl IL-15. 
After 3 weeks the cultures were analyzed for expression of CD4/CD8 and CD3/CD56. Plots shown 
are electronically gated on GFP+ cells.
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Supplemental table 1. IL-15 induces Id2 transduced progenitors to develop into NK cells

  2 weeks 3 weeks

  without IL-15 with IL-15 without IL-15 with IL-15

Exp  
CD3+ 

CD56- T
CD3-

CD56+ NK
CD3+ 

CD56- T
CD3-

CD56+ NK
CD3+ 

CD56- T
CD3-

CD56+ NK
CD3+ 

CD56- T
CD3-

CD56+ NK

1
GFP 3.2 0.7 3.2 8.3

n.d. n.d.
Id2 0.4 10.0 1.0 189.0

2
GFP 2.3 0.7 0.6 10.0 10.0 0.5 0.6 23.0

Id2 0.2 2.1 0.6 30.0 0.2 1.0 0.5 75.0

3
GFP 7.0 0.0 2.0 12.0   1.3 22.0

Id2 0.0 0.0 2.0 73.0   1.6 110.0

4
GFP

n.d. n.d.
5.1 0.4 9.6 10.0

Id2 1.1 0.7 2.3 33.0

The fold expression in absolute cell numbers in the GFP+ population (gated CD56-) were calculated 
as described in the Materials and methods section. 

n.d. = not determined

Supplemental table 2. Id2 expands an IL-15 responsive CD1a‒CD5+ progenitor subset

  2 weeks 3 weeks

  without IL-15 with IL-15 without IL-15 with IL-15

Exp  
CD1a-
CD5-

CD1a-
CD5+

CD1a+ 
CD5+

CD1a-
CD5-

CD1a-
CD5+

CD1a+ 
CD5+

CD1a-
CD5-

CD1a-
CD5+

CD1a+ 
CD5+

CD1a-
CD5-

CD1a-
CD5+

CD1a+ 
CD5+

1
GFP 4.6 15 106 9 11 94 0.4 1.5 19

n.d.
Id2 6.4 200 17 93 664 36 0.4 10 0.9

2
GFP 2.2 7.1 0.3 2.7 10 1 7.9 39 1.4 2.3 19 1.4

Id2 2.5 51 2 7.9 110 2.9 4.3 126 6.4 17 256 3.9

3
GFP 1.2 3.1 6.7 3.8 7.1 2.8 1.7 7 15 7 18 1.2

Id2 0.3 8.2 0.2 16 84 1.6 0.2 11 0.4 32 163 6.7

The fold expression in absolute cell numbers in the GFP+ population (gated CD56-CD4-CD8-) were 
calculated as described in the Materials and methods section. 

n.d. = not determined
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Supplemental table 3. HEB does not rescue Id2 induced block on T cell development

  2 weeks 3 weeks

Exp.  CD4-CD8- CD4+CD8- CD4+CD8+ CD4-CD8- CD4+CD8- CD4+CD8+

1

not 2.6 0.5 9.1 0.8 0.1 1.4

HEB/GFP 3 1.4 26 1.5 0.2 2.4

Id2/YFP 35 0.1 0.4 51 1 0

HEB/GFP x Id2/YFP 4.2 0 1.2 0 0 0

2

not 1.2 0.6 2.3 1.1 0.7 5.7

HEB/GFP 0.3 0.3 1.9 0.1 3.5 7

Id2/YFP 12.5 0.1 0.2 1.7 0.2 0.5

HEB/GFP x Id2/YFP 1.7 0 0.1 2.5 0.3 0.9

3

not 2.2 0.7 1.8 0.9 0.1 0.8

HEB/GFP 1.4 0.4 2.2 0.8 0 1.3

Id2/YFP 4.4 0.2 0.1 5.2 0 0

HEB/GFP x Id2/YFP 1.9 0.1 0.1 0.2 0 0

4

not 0.8 0.8 0.9

n.d.
HEB/GFP 1.4 0.9 1.2

Id2/YFP 2.2 0.4 0.1

HEB/GFP x Id2/YFP 2.1 0.7 0.3

The fold expression in absolute cell numbers in the different transduced populations (gated CD56-) 
were calculated as described in the Materials and methods section. 

n.d. = not determined
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Supplemental table 4. HEB inhibits Id2 induced expansion of CD1a‒CD5+ subset

  2 weeks 3 weeks

Exp.  CD1a-CD5- CD1a-CD5+ CD1a+CD5+ CD1a-CD5- CD1a-CD5+ CD1a+CD5+

1

not 0.0 3.0 10.0 1.0 1.0 1.0

HEB/GFP 3.0 10.0 17.0 1.0 3.0 2.0

Id2/YFP 0.0 35.0 0.0 0.0 52.0 0.0

HEB/GFP x Id2/YFP 0.0 6.0 1.0 0.0 0.0 0.0

2

not 0.8 1.6 1.7 0.2 0.4 9.3

HEB/GFP 0.6 0.8 0.9 0.6 3.0 8.8

Id2/YFP 0.2 12.5 0.2 0.3 2.1 0.3

HEB/GFP x Id2/YFP 0.1 1.8 0.1 0.0 0.0 0.0

3

not 0.3 1.8 3.3 1.1 0.6 0.2

HEB/GFP 0.1 2.0 2.4 0.3 1.7 0.4

Id2/YFP 0.0 1.5 0.1 0.1 5.3 0.0

HEB/GFP x Id2/YFP 0.0 2.0 0.1 0.1 0.1 0.0

4

not 0.5 1.2 0.9

n.d.
HEB/GFP 2.3 0.6 0.6

Id2/YFP 0.3 2.4 0.1

HEB/GFP x Id2/YFP 0.7 1.1 0.4

The fold expression in absolute cell numbers in the different transduced populations (gated CD56-
CD4-CD8-) were calculated as described in the Materials and methods section. 

n.d. = not determined
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ABSTRACT
Innate lymphoid cells (ILCs) have emerged as a key cell type involved in surveillance and maintenance 
of mucosal tissues. Mouse ILCs rely on the transcriptional regulator Inhibitor of DNA binding protein 
2 (Id2) for their development. Here we show that Id2 also drives development of human ILC because 
forced expression of Id2 in human thymic progenitors blocked T cell commitment, upregulated 
CD161 and promyelocytic leukemia zinc finger (PLZF), and maintained CD127 expression, markers 
that are characteristic for human ILCs. Surprisingly CD5 was also expressed on these in vitro 
generated ILCs. This was not an in vitro artifact because CD5 was also found on ex vivo isolated 
ILCs from thymus and from umbilical cord blood (UCB). CD5 was also expressed on small proportions 
of ILC2 and ILC3. CD5+ ILCs were functionally immature, but could further differentiate into mature 
CD5‒ cytokine-secreting ILCs. Our data show that Id2 governs human ILC development from thymic 
progenitor cells towards immature CD5+ ILCs. 
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INTRODUCTION
Innate lymphoid cells (ILCs) belong to a novel lymphoid cell subfamily. ILCs can be found throughout 
the body, particularly enriched in mucosal tissues and secondary lymphoid structures where they 
have been implicated as important regulators of mucosal homeostasis, host-microbiota interactions, 
initiation of protective immunity, inflammation and tissue repair1-3. ILCs have been categorized into 
3 groups; ILC1 and NK cells, ILC2 and ILC3, based on their expression of typical transcription factors, 
cell surface markers and their cytokine production profile4 

Recent papers have provided insight into the mechanisms of ILC development and the intermediate 
stages in mice and also in humans although our understanding of human ILC development lags that 
of mice.  It has been suggested that human ILC development can occur not only in bone marrow, 
but also in secondary lymphoid tissues and the intestinal lamina propria5,6. ILC have also been found 
in the thymus which might imply that ILC also develop in the thymus. This notion is supported by 
the observation in mouse and human that the thymus contains bipotential T/NK progenitors7-9, 
and it is plausible that such precursors may also develop into ILCs. Previously we documented that 
lineage commitment of the bipotential thymic T/NK progenitors is dependent on the balanced 
expression levels of E-proteins, which are members of the basic helix-loop-helix transcription factor 
family, and their antagonist Id proteins10,11. Id2 is a member of a family of Helix-loop-helix factors 
consisting of four members, Id1, Id2, Id3 and Id4, which share the capacity of sequestering basic 
helix-loop-helix (bHLH) transcription factors including E2A and HEB, which are needed for T and B 
cell development, and E2-2, required for development of plasmacytoid dendritic cells (pDC)12-15. As 
a consequence, Id proteins can inhibit T and B cell and pDC development10,11,16,17. High levels of Id2 
results in NK cell development by suppressing E2A and HEB activity, whereas a high ratio of E2A 
and HEB to Id2 favors T cell development13. Id proteins inhibit T and B cell development at an early 
stage by blocking upregulation of RAG1 and RAG2 genes thereby prohibiting T cell receptor and B 
cell receptor rearrangements10,11,17. This may set the stage for development of the precursors to 
ILCs. Indeed ILCs require expression of Id2 for their development, as its deficiency resulted in the 
complete absence of all ILCs in mice18.

In addition to Id2, several other transcription factors have been identified that are required for 
mouse ILC development. Nuclear factor interleukin 3 (Nfil3) and thymocyte selection associated 
high mobility group box protein (TOX) are required for differentiation of the common lymphoid 
progenitor (CLP) into the integrin α4β7-expressing ILC progenitor α lymphoid precursor (αLP)19-23. 
αLPs further differentiate into common helper ILC progenitors (CHILP), which are progenitors of 
ILC1, ILC2, ILC3 and LTi cells, and PLZF expressing ILC precursors (ILCp), which have lost the ability 
to develop into LTi cells, but retain potential to develop into the remaining ILC subsets 24,25. The 
intermediate stages between stem cells and mature ILC in humans are less well defined. Recent 
studies in humans identified a potential ILC precursor displaying a RORγt+CD34+ phenotype in 
tonsils and intestinal lamina propria that differentiated into IL-22 producing ILC36. Another group 
identified a population of progenitor cells expressing RORγt and IL-1R1, the receptor for IL-1β, in 
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secondary lymphoid tissues that differentiated into all ILCs including NK cells, but not into T cells 
or DCs5. More recently a c-kit+ ILC precursor was identified in peripheral blood of humans that in 
vitro could develop into all mature ILC subsets26. As these cells were also found in various organs 
it was proposed that these circulating c-kit+ ILC are able to home in the tissues and to develop into 
mature ILC in those tissues. 

In the present study, we examined the capacity of Id2 to promote development of human ILC. 
We demonstrate that ectopic expression of Id2 blocked T cell differentiation, resulting in ILCs 
that expressed CD5 and intracellular (ic) CD3. In vitro generated ILCs expressing CD5 and icCD3 
phenocopied ILCs that can be found in vivo in thymus and cord blood. Ex vivo isolated CD5+ non-T 
cells showed typical features of ILCs and displayed a functionally immature phenotype based 
on their inability to produce cytokines upon activation. CD5+ immature ILCs could be induced to 
differentiate into cytokine-producing CD5‒ ILCs in vitro. 

MATERIALS AND METHODS
Monoclonal antibodies and cytokines
The following antibodies to human proteins were used. From BioLegend: fluorescein isothiocyanate 
(FITC)-conjugated anti-CD1a (HI149), anti-CD3 (OKT3), anti-CD4 (RPA-T4) anti-CD14 (HCD14), anti-
CD16 (3G8), anti-CD19 (HIB19), anti-CD34 (581), anti-CD94 (DX22), anti-CD123 (6H6), anti-FcER1α 
(AER-37); phycoerythrin (PE)-conjugated anti-CD161 (HP-3G10), anti-NKp44 (P44-8), anti-IL-5 (JES1-
39D10); Alexa Fluor 647–conjugated anti-NKp44 (P44-8); Alexa Fluor (AF) 700–conjugated anti-
CD3 (UCHT1), anti-IL-17A (BL168); Allophycocyanin (APC)-conjugated anti-CD3 (OKT3), anti-CD56 
(HCD56), anti-CD94 (DX22), anti-IL-13 (JES10-5A2); APC Cy7 conjugated anti-CD4 (OKT4); APC/Fire 
750 conjugated anti-CD161 (HP-3G10); brilliant violet (BV) 421-conjugated anti-CD161 (HP-3G10), 
anti-CD3 (OKT3), anti-CD5 (UCHT2); BV510 conjugated anti-IFN-γ (4S.B3); BV650 streptavidin. 
From Becton Dickinson: FITC-conjugated anti-CD34 (581), anti-TCRαβ (IP26), ant-TCRγδ (B1), 
anti-CD8 (SK1); PE-CF594-conjugated anti-CD3 (UCHT1), anti-CRTH2 (BM16); AF647–conjugated 
anti-CRTH2 (CD294; BM16). From Beckman Coulter: PE-Cy7-conjugated anti-CD127 (R34.34); PE 
Cy5.5-conjugated anti-CD117 (104D2D1); PE conjugated anti-CD1a (SFCI19Thy1A8). From Miltenyi:  
FITC-conjugated anti-BDCA2 (CD303; AC144); APC-Vio770 conjugated anti-CD5 (UCHT2). From 
eBiosciences: PE Cy7 conjugated anti-IL-22 (22URT1). From invitorogen: PE Cy5.5 conjugated anti-
CD5 (CD5-5D7). From NIH AIDS research program: purified anti-α4β7. Human cytokines: IL-2 was 
obtained from Novartis, IL-15, stem cell factor (SCF), IL-1β, IL-6 and TNF-α were obtained from R&D 
systems (Abingdon, U.K.).  IL-7 and Flt3L were obtained from Pepro Tech, Inc. (Rocky Hill, NJ, USA). 

Cell lines, constructs and retrovirus production
The naïve OP9 murine stromal cell line was kindly provided by Dr. T. Nakano (Osaka University, 
Osaka, Japan) OP9-Jag1, OP9-Jag2 and OP9-DL1 were generated as previously described27. Id2 was 
isolated from the retroviral construct LZRS Id2 IRES GFP previously described16 and subcloned into 
LZRS IRES mCherry by using restriction enzyme NotI (Roche, Germany).  The empty construct was 
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used in control transductions. Retroviral supernatant was obtained from transfected Phoenix-GALV 
packaging cells28. 

Isolation of CD34+ cells and ILCs from postnatal thymus and umbilical cord blood  
The use of postnatal thymus (PNT) tissue and umbilical cord blood (UCB) was approved by the 
Medical Ethical Committee of the Academic Medical Center. Thymocytes were obtained from 
surgical specimens removed from children up to 3 years of age undergoing open heart surgery 
and UCB was collected with informed consent of the patients in accordance with the Declaration of 
Helsinki. The tissue was disrupted by mechanical means and pressed through a stainless steel mesh 
to obtain a single-cell suspension, which was left overnight at 4˚C. The next day, thymocytes were 
isolated from a Ficoll-Hypaque density gradient (Lymphoprep; Axis-Shield). Subsequently, CD34+ 
cells were enriched by immunomagnetic cell sorting, using a CD34 cell separation kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany). The CD34+ thymocytes were stained with Abs against CD34, 
CD1a, CD56, and BDCA2. CD34+CD1a–CD56–BDCA2– cells, further referred to as CD34+CD1a–, 
were sorted to purity on a FACSAria (BD Biosciences). For the isolation of ILCs from PNT and UCB, 
mononuclear cells isolated from a Ficoll-Hypaque density gradient (Lymphoprep; Axis-Shield) 
were  positively selected by labeling with PE-conjugated anti-CD161 (described above) plus anti-PE 
microbeads (Miltenyi).The CD161+ cells were stained with Abs against Lineage (CD1a, CD3, CD4, CD8, 
CD14, CD19, CD16, CD34, CD94, CD123,TCRαβ, TCRγδ, FcER1α), CD161, CD127, CD117, CRTH2, NKp44 
and CD5.  Cells were sorted on a FACSAria, purity of the sorted cells in all experiments was >99%.

Retroviral transduction and differentiation assay
For transduction experiments, CD34+CD1a– postnatal thymocytes were cultured overnight in Yssel’s 
medium29 with 5% normal human serum, 20 ng/ml SCF and 10 ng/ml IL-7. The following day cells 
were incubated for 6–7 h with virus supernatant in retronectin-coated plates (30μg/ml; Takara 
Biomedicals, Shiga, Japan). The development of ILCs and NK cells was assessed by co-culturing the 
mixture of transduced and non-transduced CD34+CD1a– progenitor cells with OP9 cells in MEMα 
medium (Life Technologies, Carlsbad, CA) with 20% FCS (Hyclone Laboratories, Logan, UT), 5 ng/
ml SCF, 5 ng/ml IL-7 and 5 ng/ml FLT3L. 0.5 ng/ml IL-15 was added at the onset of the culture, the 
medium containing IL-15 was refreshed every week. Flow cytometric analyses were performed on 
a LSRII FACS analyzer (BD Biosciences); electronic gating was performed using FlowJo (Tree Star, 
Ashland, OR). Numbers in each dot plot represent the percentage of cells in each quadrant. The fold 
expansion in absolute cell numbers was calculated using Microsoft Excel 2007 (Microsoft, Redmond, 
WA) on the basis of total numbers of cells harvested from the cultures, percentages of transduced 
cells, and percentages of each population corrected for the number of input cells.

Quantitative real-time PCR
Total RNA was extracted with a NucleoSpin RNA XS kit (Macherey-Nagel) according to the 
manufacturer’s instructions. cDNA was synthesized with a High-Capacity cDNA Archive kit (Applied 
Biosystems). PCRs were performed in a Bio-Rad iCycler (Bio-Rad, France) with IQ SYBR Green Supermix 
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(Bio-Rad, France) using the following primer sets or otherwise as previously described30 Id2 forward 
5’- TTGTCAGCCTGCATCACCAGAG-3’; Id2 reverse 5’- AGCCACACAGTGCTTTGCTGTC-3’; PLZF forward 
5’- GAGCTTCCTGATAACGAGGCTG-3’; PLZF reverse 5’- AGCCGCAAACTATCCAGGAACC-3’; Nfil3 
forward 5’- TGGAGAAGACGAGCAACAGGTC-3’; Nfil3 reverse 5’- CTTGTGTGGCAAGGCAGAGGAA-3’; 
TOX forward 5’-CGCTACCTTTGGCGAAGTCTCT-3’; TOX reverse 5’-CTGGCTCTGTATGCTGCGAGTT 
-3’. Bio-Rad CFX Manager 3.1 software was used for quantification of expression. All samples were 
normalized to the expression of GAPDH and results are presented in arbitrary units.

ILC differentiation, single cell cloning and expansion.
For differentiation assays, isolated ILCs were cultured in Yssel’s medium supplemented with 1% 
(vol/vol) human AB serum (Invitrogen) for 5 to 7 days. Cytokines used in these assays were IL-2 
(10U/ml), IL-7 (10ng/ml), IL-1β (50ng/ml), IL-6 (50ng/ml) and TNF-α (50ng/ml). Single cell or bulk 
ILCs were expanded in vitro by culturing with 2x106/ml irradiated (25 Gy) allogenic peripheral 
blood mononuclear cells, 2x105 /ml irradiated (50 Gy) JY Epstein-Barr virus (EBV)-transformed B 
cells, phytohemagglutinin (1μg/ml; Oxoid), IL-2 (100 U/ml) and IL-7 (10 ng/ml) in Yssel’s medium.

RESULTS 
ILCs are present in thymus and express Id2
We and others have demonstrated that the thymus contains bispecific T/NK cell progenitors7-9,13. 
In humans these cells are contained within CD34+CD1a‒CD5+ cells 7. We expected that thymic T/
NK cell progenitors would also be able to develop into ILC within the thymus. Therefore, we first 
investigated the presence of ILC subsets in the human thymus.  We observed that human thymus 
contained ILCs at a frequency of approximately 1 in 100,000 total thymocytes.  All ILC subsets, 
ILC1, ILC2 and ILC3 (both NKp44+ and NKp44‒) were present (Fig. 1A and 1B) and that all subsets 
expressed higher levels of Id2 as compared to CD34+CD1a‒ thymic progenitor cells (Fig. 1C). 

Id2 induces differentiation of CD161-expressing ILCs
Previously we have demonstrated that thymic progenitors that overexpress Id2 develop into NK 
cells in response to IL-1513. Here we investigated the effect of forced expression of Id2 in thymic 
precursors on ILC development. Id2-transduced CD34+CD1a‒cells were co-cultured with OP9 
mouse stromal cells in the presence of IL-7, SCF and FLT3L. We observed that Id2 increased the 
development of ILC-like cells that expressed CD127, CD161 and integrin α4β7 (Fig. 2A and 2B), 
both in proportion as well as in absolute cell numbers.  Consistent with our previous report13, Id2 
inhibited differentiation into T cells and pDC, showing that the balance between E-proteins and Id2 
is important for the cell lineage decision between T cells, pDC, and NK/ILC cells12,13,16. Like CD127, 
CD5 was expressed on virtually all thymic progenitor cells and no difference in expression of these 
antigens was observed between control and Id2 conditions (Fig. 2A). Thus, Id2 transduction resulted 
in the expansion of a lineage (CD1a, CD3, CD4, CD8, CD94, BDCA2) negative CD5+CD161+CD127+ 
cell population resembling ILCs (Fig. 2A and supplemental Fig. 1A). While all control transduced 
ILCs expressed c-Kit, only a fraction of the in vitro generated Id2+ ILCs expressed c-Kit, whereas 
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no CRTH2+ ILC2 or NKp44+ ILC3 were detected (Supplemental Fig. 1A). This CD5+ ILC-like cell 
population was also generated on OP9 cells expressing the Notch ligands Jagged1 (Jag1), Jagged2 
(Jag2) or Delta-like 1(DL1), with the highest expansion rate when cells were cultured on OP9-Jag1 
(supplemental Fig. 1A and 1B) indicating that the Notch ligand Jag2 can affect in vitro expansion of 
Id2+ ILCs, but Notch ligands have little effect on their phenotype. Id2+(mCherry+)Lin‒CD127+CD161+ 
cells can be divided into 3 populations based on their CD5 and α4β7 expression (Fig. 2C). The Id2+Lin‒

CD127+CD161+ cells expressing both CD5 and α4β7 lacked cell surface (s) expression of CD3, but 
expressed high intracellular (ic) CD3 staining, while the cells with CD5, but no α4β7 showed lower 
icCD3 staining. Our data indicate that whereas Id2 inhibits TCR rearrangement and expression, 

Figure 1. Human postnatal thymus contains all ILC subsets. 
(A) Gating strategy by flow cytometry of thymic ILC subsets. CD161 MACS-enriched thymocytes 
were stained with Lineage (CD1a, CD3, CD4, CD8, CD14, CD16, CD19, CD34, CD94, BDCA2, TCRαβ, 
TCRγδ, FcεRI), CD127, CD161, CRTH2, c-Kit and NKp44. (B) Frequency (%) of ILC subsets in Lin‒

CD127+CD161+ ILC population. The data shown are average of 5 donors. (C) qPCR analysis of Id2 
mRNA expression in thymic ILC subsets. The data shown are average of 2 donors. CD34+CD1a‒ 
progenitor cells and NK cells were isolated from PNT and used for negative and positive controls, 
respectively.
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Figure 2. Id2 induces development of Lin‒CD127+CD161+CD5+ cells from PNT CD34+CD1a‒ cells. 
(A) Cell surface molecule expression on control or Id2 transduced cells after 7 days cultured on OP9 
cells. (B) Fold expansion of control or Id2-transduced Lin‒CD127+CD161+CD5+ and NK cells with or 
without IL-15.  The cell number of control transduced Lin‒CD127+CD161+ CD5+ cells in the culture 
without IL-15 was set as 1. NK cells were determined by their cell surface expression of CD56 and low 
CD127. The data shown are an average of 3 independent experiments at day 13 of OP9 co-culture.  
(C) Intracellular CD3 (clone OKT3) staining of Id2+Lin‒CD127+CD161+ cells generated on OP9-Jag1 
after 7 days.  The population is further divided based on the expression of surface CD5 and α4β7.  
icCD3 histogram indicated in red: CD5+α4β7+, blue: CD5+α4β7‒, black: CD5‒α4β7‒, gray filled: isotype 
control.  (D) qPCR analysis of PLZF, Nfil3 and TOX mRNA expression in Id2+Lin‒CD127+CD161+CD5+ 
cells generated on OP9-Jag1 and sorted at day 7 of co-culturing.  PNT CD34+CD1a‒ cells and NK cells 
were used as negative and positive controls, respectively. All qPCR values presented are relative 
to GAPDH expression. 
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induction of intracellular expression of CD3 is not prevented by Id2. As ectopic expression of Id2 
completely blocks development of T cells by preventing TCR rearrangements 10,11, sCD3‒icCD3+CD5+ 
should be non-T cells. CD4, which is expressed on immature single positive (ISP) T cell progenitors 31, 
was not detected on Id2+CD5+ILC (supplemental Fig. 1D). Id2-induced ILCs expressed higher levels 
of PLZF, Nfil3 and TOX transcripts when compared with CD34+CD1a‒ progenitor cells, especially 
the CD5+ α4β7‒ ILC population, which had slightly higher expression of PLZF and Nfil3 compared to 
the CD5+ α4β7+ population (Fig. 2D). Nfil3 and TOX expression were not restricted to ILCs as high 
expression was also detected in both NK and T cells, but PLZF expression was hardly detected in T 
cells, consistent with the notion that PLZF expressing Id2+Lin‒CD127+CD161+CD5+ cells are indeed 
ILCs.   

The expansion of NK cells by Id2 is strongly increased in the presence of IL-15 (Fig. 2B). In contrast, 
no effect of IL-15 was observed on the expansion of the Lin‒CD1a‒CD5+CD161+CD127+ ILC-like cell 
population (Fig. 2B) indicating that differentiation and expansion of Lin‒CD1a‒CD5+CD161+CD127+ 
cells are independent of IL-15.  To substantiate this finding we investigated whether the in vitro 
generated CD5+ ILCs have the capacity to develop further into NK cells. We purified the Id2+ Lin‒

CD5+CD127+CD161+ cells generated on OP9-Jag1 and cultured these cells with OP9 cells with or 
without IL-15. We observed no upregulation of the NK cell markers CD94 or CD56. Furthermore, 
CD127 was not downregulated by IL-15 (Supplemental Fig. 1C). These results indicate that Id2+Lin‒

CD5+CD161+CD127+ cells are not precursors of NK cells. 

CD5+ ILCs are present in the postnatal thymus and umbilical cord blood 
We next investigated the expression of CD5 on ex vivo isolated ILC subsets. We observed that on 
average 17% of the total thymic ILC population (Lin‒CD127+CD161+) expressed CD5 (Fig. 3A). Similar 
percentages of CD5+ ILCs were detected in umbilical cord blood (UCB) (Fig. 3B). The CD5 expression 
level on ILCs was lower compared to T cells (supplemental Fig. 2B). In contrast to in vitro generated 
Id2+CD5+ ILCs, a small proportion of ex vivo CD5+ ILCs expressed CRTH2 and NKp44 in addition to 
c-Kit, which indicates that CD5 can be expressed on all ILC subsets (Fig. 3B). In addition, we observed 
a minor population of α4β7+ cells among CD5+ ILCs (supplemental Fig. 2A). We tested CD5+ ILCs 
from thymus and UCB for ILC related gene expression by qPCR.  Similar to CD5‒ ILCs, CD5+ ILCs 
expressed Id2 and PLZF (Fig. 3C and 3D). In addition, representative transcription factors for each 
ILC subset, namely T-bet (ILC1), GATA3 (ILC2) and RORγt (ILC3), were expressed at similar levels in 
the UCB CD5‒ and CD5+ ILCs (Fig. 3D). In contrast to CD5+ ILCs, CD5+CD1a+ thymic T cell progenitors 
lacked Id2 and PLZF (supplemental Fig. 2C) consistent with the notion that CD5+ ILCs are not T cell 
precursors. We next considered the possibility that CD5+ ILCs are in fact mature T cells, which have 
downregulated their T cell receptor as CD5 is commonly known to be expressed on mature T cells32. 
We found, however, that although part, but not all, of CD5+ ILCs from UCB expressed icCD3, no 
icTCRαβ or icTCRγδ expression was detected (Fig. 3E), enforcing the notion that CD5+CD127+CD161+ 
cells that also express Id2 and PLZF (which was not expressed in UCB T cells) are ILCs and not T cells.  
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Figure 3. CD5+ ILCs are present in the postnatal thymus and umbilical cord blood.
(A) Flow cytometry of PNT Lin‒CD127+ showing CD5+ ILCs (B) Percentage of CD5+ cells within total 
ILC population (Lin‒CD127+CD161+) in PNT and UCB. Pie chart indicates the proportion of ILC subsets 
in the CD5+ or CD5‒ fraction of PNT and UCB. Summary of PNT n=4 and UCB n=5 (C) Id2 and PLZF 
mRNA expression levels CD5+ ILCs and CD5‒ ILC subsets isolated from PNT were determined by 
qPCR. CD34+CD1a‒ progenitors, NK cells and T cells were isolated from the thymus and used as a 
reference. The data shown are average of 3 donors. (D) Id2, PLZF, T-bet, Gata3 and RORγt mRNA 
expression levels in CD5+ ILCs and CD5‒ILC subsets isolated from UCB were determined by qPCR. 
CLP, NK cells and T cells isolated from UCB were used as a reference. The data shown are average of 
3 donors. All qPCR values presented are relative to GAPDH expression. (E) UCB CD5+ and CD5‒ ILCs 
were intracellularly stained with anti-CD3 (clone OKT3), anti-TCRαβ and anti-TCRγδ antibodies.  T 
cells isolated from UCB were used as positive control. icTCRγδ histogram shown is gated on icTCRγδ 
positive fraction of control T cells.
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Thymic and cord blood CD5+ ILCs are functionally immature
To assess their ability to produce cytokines, CD5+ ILCs from thymus were sorted and stimulated 
with PMA/Ionomycin and analyzed for cytokine gene expression by qPCR (Fig. 4A).  CD5‒ ILC subsets 
were also isolated from the thymus and used as a reference. Notably, CD5+ ILCs did not express any 
of the ILC signature cytokine genes after stimulation, whereas CD5‒ ILC1 expressed IFN-γ, CD5‒ ILC2 
expressed IL-5 and CD5‒ ILC3 expressed IL-17A and IL-22.  All ILCs, including CD5+ ILCs, expressed 
IL-2, but at lower levels compared to T cells isolated from tonsils (supplemental Fig. 3A). We further 
investigated the expression of cytokine-encoded genes by UCB CD5+ ILCs. Similarly to thymic CD5+ 
ILCs, UCB CD5+ ILC either did not respond to stimulation or expressed lower levels of cytokine genes 
than CD5‒ ILC (Fig. 4B). ILC3 related cytokine gene expression was low in both CD5+ and CD5‒ ILC, 
which is in line with our observation that adult peripheral blood ILC3s lack the ability to produce 
significant amounts of IL-17A and IL-22 upon activation with PMA and ionomycin (supplemental Fig. 
3B). IL-2 expression was also low in all UCB ILCs compared to T cells from tonsil (supplemental Fig. 
3A). Hence, CD5+ ILCs appear to be functionally immature as compared to CD5‒ ILCs.

UCB CD5+ ILCs differentiate into CD5‒ ILCs 
Given that CD5+ ILCs presented as functionally immature ILCs upon stimulation, we asked whether 
CD5+ ILCs may be precursors of CD5‒ ILCs. To test the differentiation capacity of CD5+ ILCs, total 
CD5+ ILCs were highly purified from cord blood and cultured for 7 days in the presence of IL-2 and 
IL-7. We observed that part of CD5+ ILCs lost CD5 expression (Fig. 5A). This differentiation was also 
induced when the cells were cultured with IL-1β, TNFα and IL-6, cytokines typically elevated in 
the inflammatory state. Even though the cells were isolated at high purity, we still cannot exclude 
the possibility that CD5‒ILCs appearing in those culture conditions are derived from a minor 
contamination of CD5‒ ILCs. Thus, we deposited single CD5+ ILCs in wells of a microtiter culture 
plate and generated clones in the presence of irradiated allogenic peripheral blood mononuclear 
cells and JY cells (feeder cells), IL-2 and IL-7.  After 3 weeks of culturing, 65 out of 360 wells showed 
cell growth equivalent to 17% plating efficiency, making it highly likely that the starting cell 
number was indeed 1 cell per well as previously demonstrated33. Among those 65 clones, 5 clones 
exhibited sCD3 expression (data not shown) and were excluded from further analysis. There were 
3 types of CD5+ ILC-derived clones observed; those which remained CD5+, those which gave rise 
to both CD5+ and CD5‒ ILCs and those which became CD5‒ ILCs (Fig. 5B). The frequency of those 3 
phenotypes was equally distributed among the clones. This result strongly indicates that CD5+ ILCs 
can indeed differentiate into CD5‒ ILCs, and confirmed that CD5‒ ILCs appearing in differentiation 
and proliferation assays were derived from CD5+ ILCs. 

UCB CD5‒ ILC2s are functionally competent and derive from CD5+ ILC2s
To assess the functionality of CD5‒ ILCs derived from CD5+ precursors, we cultured highly purified 
cord blood CD5+ ILC2 with feeder cells in the presence of IL-2 and IL-7 (Fig. 6A) and after 2 weeks 
determined the production of cytokines and expression of cytokine transcripts by CD5+ and CD5‒ 
ILC2s following PMA/ionomycin stimulation.  A higher frequency of cytokine producing cells in the 
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Figure 4. CD5+ ILCs display a functionally immature phenotype.
(A) qPCR analysis of cytokine mRNA expression levels of total PNT CD5+ ILC compared to CD5‒ 
ILCs after 6 hours PMA/ionomycin (P/I) stimulation.  Tonsil T cells were used as stimulated and 
unstimulated references. The data shown are average of 2 independent experiments. (B) qPCR 
analysis of cytokine mRNA expression levels of UCB CD5+ ILC subsets compared to CD5‒ ILC subsets 
after 6 hours P/I stimulation. Tonsil T cells were used as stimulated and unstimulated references. 
The data shown are average of 2 independent experiments. All qPCR values presented are relative 
to GAPDH expression.
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CD5‒ fraction compare to the CD5+ fraction was observed and cytokine gene expression levels of 
CD5+ ILC2s and CD5‒ ILC2s, derived from CD5+ ILC2s, were significantly different (Fig. 6A and 6B). 
To further corroborate that CD5+ ILC2 can differentiate into mature CD5‒ ILC2 we performed single 
cell cloning experiments starting from ILCs that expressed CRTH2+ (Fig. 6C). Consistent with the 
previous experiments, most of the clones had lost CD5 and were able to produce type 2 cytokines 

Figure 5. UCB CD5+ ILCs differentiate into CD5‒ ILCs 
(A) Flow cytometry analysis of CD5+ ILC phenotype after 7 days in culture with indicated cytokines. 
The plots showed here is pre-gated for CD3‒CD94‒ cells. CD5+ ILCs were isolated from UCB and 
cultured with IL-2 (10U/ml) and IL-7(10ng/ml) or IL-2, IL-7, IL-1β (50ng/ml), IL-6 (50ng/ml) and TNFα 
(50ng/ml). The data shown is a representative of 4 independent experiments. (B) Flow cytometry 
analysis of 3 representative CD5+ ILC clones (top), frequency of CD5 expression (bottom).
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Figure 6. UCB CD5‒ ILC2s are functionally competent and derive from CD5+ ILC2s
(A) Cytokine production of bulk CD5+ILC2 after 2 weeks of co-culturing with the irradiated allogenic 
peripheral blood mononuclear cells and JY cell (feeder cells) with IL-2 (100U/ml) and IL-7 (10ng/ml).  
Total cells were stimulated with P/I for 6 hours.  (B) qPCR analysis of cytokine expression level of 
CD5+ ILC2 derived  CD5+ ILC2s and CD5‒ ILC2s.  Cells were sorted from the feeder cells co-culture 
with IL-2 (100U/ml) and IL-7 (10ng/ml) after 2 weeks and unstimulated or stimulated with P/I for 
6 hours.  (n=5) *P< 0.05 (Student’s t-test) (C) Single CD5+CRTH2+ILC2 cell was sorted and cultured 
in feeder cells with IL-2 (100U/ml) and IL-7 (10ng/ml) for 2 weeks and cytokine production was 
evaluated after stimulated with P/I for 6 hours. Counter plot (left top): CD5+CRTH2+ILC2 (red), CD5‒

CRTH2+ILC2 (blue) and CD5‒ CRTH2‒ ILC1 (black). Dotplot (right top): CD5 and CD161 expression 
on one representative clone (4G11). Histogram: clone (red), isotype control (grey filled) and IFN-γ 
positive control (black dashed).  Pie chart indicate the frequency of clones producing IL-5 and IL-13 
or IL-5 and IL-13 and IL-22.  
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upon stimulation with PMA and ionomycin. In addition to type 2 cytokines, we have also tested type 
1 (IFN-γ) and type 3 (IL-17A and IL-22) cytokines. There were no IFN-γ nor IL-17A producing clones 
observed, suggesting that CD5+ ILC2s are ILC2 committed precursors.  We observed that many 
clones produced IL-22 consistent with earlier observations on cultured ILC2 from peripheral blood34. 
These results together indicate that CD5+ ILC2s can differentiate into functionally competent CD5‒

ILC2. 

DISCUSSION
Our data show that expression of Id2 in human progenitor cells favors development of ILCs while 
inhibiting T cell and pDC development10-13,16. One of the mechanisms by which Id2 inhibits T cell 
development is preventing TCR gene rearrangements10. As CD5 was described to be a marker that 
distinguishes T cells from ILCs35 it was unexpected to observe that under conditions in which TCR 
gene rearrangements and thus T cell development is blocked, CD5+ ILCs are generated. These CD5+ 
ILCs cannot be T cells that have downregulated the expression of TCR, because Id2 prevents TCR 
gene rearrangements10. CD5 expression on ILCs that express ectopic Id2 is not an in vitro artifact, 
because CD5+ ILCs were also found when isolated ex vivo from thymus and UCB. These cells are 
distinct from CD5+ T-cell progenitors as they express Id2, which precludes T-cell development, 
and lack expression of CD1a14. Moreover, CD5+ ILC expressed markers that are characteristic of 
ILCs including CD127, CD161, Id2 and PLZF. As it was shown that Id2 promoted expression of PLZF 
during invariant NKT cell development in the mouse36, our findings support the notion that Id2 may 
regulate the expression of PLZF to drive human ILC lineage development, but it should be noted 
that PLZF may be differentially regulated in mouse and human ILC, because unlike mouse ILCs25 
PLZF is also expressed in mature ILCs in humans37.  A proportion of CD5+ ILCs express icCD3, similar 
to the CD5+ ILC generated from Id2 overexpressing progenitor cells, but did not express TCRαβ or 
TCRγδ proteins in the cytoplasm consistent with the fact that Id2 inhibits TCR gene rearrangement. 
Together with our data of Id2 overexpression, we conclude that CD5+ ILCs are not T cells in disguise, 
but rather are bona fide ILCs. Further confirmation is provided by the observation that almost all 
clones derived from CD5+ ILCs did not express the TCR/CD3 complex on their cell surface. In vitro 
generated Id2+CD5+ ILCs did not further differentiate into NK cells in the presence of IL-15, a cytokine 
known to be essential for NK cell development38,39, suggesting that Id2+CD5+ ILCs are downstream 
of bipotent NK/ILC precursors. About half of the in vitro generated CD5+Id2+ ILC expressed α4β7 
that is also expressed on mouse common ILC precursors21 suggesting that CD5 is induced early in 
ILC development.

Close inspection of CD5 expression on thymic and UCB ILCs revealed that CD5 is also expressed 
on a minority of ILCs that have hallmarks of ILC2 and ILC3. Ex vivo CD5+ ILC1, ILC2 and ILC3 were 
unable to produce cytokines after stimulation with PMA and ionomycin, suggesting that they are 
functionally immature. Indeed, functional studies and cloning experiments clearly demonstrate 
that CD5+CRTH2+ ILC2, which produced very low amounts of type 2 cytokines can differentiate into 
CD5‒ILC2 capable of producing high amounts of cytokines. Together our data indicate that CD5 is 
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expressed on early ILC progenitor cells and on immature ILC1, ILC2 and ILC3. Functional maturation 
is accompanied by downregulation of CD5. A recent report presented evidence for the existence of 
c-Kit+ multipotent ILC precursors in peripheral blood, which differentiate into all cytokine producing 
ILC subsets26.  These cells were selected for absence of CD5.  However, because CD5+ ILCs express 
one log less CD5 than T cells (supplemental figure 2B), it might be possible that Lim et al by adding 
anti-CD5 to their antibody cocktail to remove non-ILCs, depleted CD5+ T cells, but not CD5+ ILC.

CD5+ ILCs are present in the adult peripheral blood, spleen, lung and bone marrow (data not 
shown) indicating that immature CD5+ ILCs are not restricted to infants. We observed that CD5+ 
ILCs were not present in inflamed nasal polyps (data not shown) of patients suffering chronic 
rhinosinusitis with nasal polyps in which ILC2 accumulate30,34, suggesting that Immature CD5+ ILCs 
fully differentiate into mature CD5‒ ILCs under inflammatory conditions. This notion is supported 
by our observation that, pro-inflammatory cytokines IL-1β, IL-6 and TNF-α promoted differentiation 
of CD5+ ILCs into CD5‒ ILCs in vitro.

It has been reported that SCID patients with IL-2 receptor gamma (IL-2RG) or JAK3 deficiency not only 
lack T cells, B cells and NK cells, but also ILC subsets. After hematopoietic stem cell transplantation 
(HSCT) in these patients, T cells, B cells and ILC1 - but no other ILC subsets including NK cells - were 
reconstituted40.  Interestingly these reconstituted ILC1 expressed CD5. Given our suggestion that 
CD5 expression represents an immature stage of ILCs, this may indicate that the CD5+ ILC1s in these 
patients are arrested from further differentiation into mature ILCs. Recently CD4+ ILC1 were found in 
peripheral blood41. We confirmed those findings and found that those CD4+ ILC1 also expressed CD5 
(42 and M. Nagasawa, unpublished observation). However, in contrast, the cord blood and thymic 
CD5+ ILCs described here, which express CD161, lacked CD4. The relationship between the immature 
CD5+ ILCs described here and the CD4+CD5+ ILC1 described previously has yet to be fully established. 
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Supplemental figure 1
(A) Control or Id2+ (mCherry+) cells cultured on OP9, OP9-Jag1, OP9-Jag2 and OP9-DL1 were gated 
as CD1a‒CD3‒CD4‒CD8‒CD94‒BDCA2‒ and further analyzed for their expression of CD127, CD161, 
CD5.  c-Kit, CRTH2 and NKp44 expression were analyzed on Id2+Lin‒CD127+CD161+CD5+ cultured 
on OP9 cells. The data shown here are representative of 2 independent experiments at day 14. (B) 
Fold cell expansion rate of mCherry+Lin‒CD127+CD161+CD5+ cells. Control (CTRL) or Id2 transduced 
PNT CD34+CD1a‒ progenitor cells were co-cultured with OP9 cells expressing/not expressing Notch 
ligands (Jagged1 (Jag1) or Jagged2 (Jag2) or Deltalike1 (DL1)) for 2 weeks, the expansion rate was 
determined at day 7 and day 14 after start of the culture. (C) Id2+Lin‒CD127+CD161+CD5+ cells 
generated on OP9-Jag1 were sorted at day7 and cultured for a further 7 days on OP9 cells with 
IL-7, SCF and Flt3L, with or without IL-15, and analyzed for their NK cell markers.  Data shown is one 
representative of 2 independent experiments. (D) CD4 staining of Id2+Lin‒CD127+CD161+ cells. Data 
shown is one representative of 2 independent experiments.
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Supplemental figure 2
(A) Flow cytometry of thymic ILCs showing the expression of CD5 and α4β7. (B) Flow cytometry of 
CD161 MACS enriched cord blood ILCs (red) and T cells (black) showing the expression of CD5. (C) 
qPCR analysis of Id2 and PLZF mRNA expression levels in thymic CD34+CD1a+ cells.  NK cells and T 
cells isolated from the thymus were used as a reference. The data shown are average of 3 donors.
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Supplemental figure 3
(A) qPCR analysis of IL-2 gene expression level of total PNT CD5+ ILC compared to CD5‒ ILCs after P/I 
stimulation.  Tonsil T cells were used as stimulated and unstimulated references. (B) qPCR analysis of 
cytokine mRNA expression levels in adult peripheral blood CD5+ ILCs compared to CD5‒ ILC subsets 
after P/I stimulation. The data shown are average of 4 donors. All the qPCR values presented are 
relative to GAPDH expression.
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ABSTRACT
Recently, circulating multi- and uni-potential human ILC precursors have been found in a lymphocyte 
population that expresses CD117 and CD127 but lack CRTH2. However, these precursors have 
not been extensively characterized. We performed an unbiased Hierarchical Stochastic Neighbor 
Embedding (HSNE) analysis of the phenotype of peripheral blood CD117+ ILCs which revealed the 
presence of three major subsets; the first expressed NKp46, the second expressed both NKp46 and 
CD56 and the third expressed KLRG1. Analysis of the differentiation potential of these cells on bulk 
and clonal levels, cytokine production and the transcriptome revealed that the NKp46+ and KLRG1+ 
populations are precursors biased to ILC3 and ILC2 lineages, respectively, but are highly plastic 
and can also differentiate to other ILC subsets depending on the activation signals they receive.  
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INTRODUCTION
Innate lymphoid cells (ILCs) exert their effector functions most prominently in tissues, particularly 
at mucosal sites. ILCs are rapidly activated by various stimuli produced by other immune and 
non-immune cells, this allows for an efficient response to the acute phase of infections and tissue 
damage 1,2. Consequently, ILCs are considered important in the maintenance and surveillance of 
the mucosal integrity. ILCs have been categorized into five subsets based on their developmental 
trajectory, transcription factor requirements and cytokine production profiles 3: these are NK cells, 
ILC1s, ILC2s and ILC3s and lymphoid tissue inducer cells (LTi cells). The three ILC subsets derive from 
a common precursor and express CD127 (IL-7Rα) 4; ILC1s are CD117‒ cells that produce IFN-γ and 
depend on the transcription factor T-bet, ILC2s express CRTH2, are capable of producing IL-5 and 
IL-13 and depend on GATA3 whereas ILC3s are CD117+ cells that can express natural cytotoxicity 
receptors, secrete IL-17 and IL-22 and require RORγt. 

In addition to being present at mucosal surfaces, ILCs can also be found in peripheral blood (PB). 
In PB from healthy individuals NKp44-expressing ILC3s are rare and the CD117+ CRTH2‒ ILCs are 
proposed to contain cells that express the IL-1β receptor (IL1R1) and can differentiate into all 
helper ILC subsets and NK cells 5. This population expresses high levels of transcription factors (TF) 
that are essential for ILC development, such as inhibitor of DNA binding protein 2 (ID2), GATA3, 
thymocyte selection-associated high mobility group box protein (TOX), and transcription factor 7 
(TCF7). In contrast, moderate to low levels of RAR-related orphan receptor C (RORC), TBX21, EOMES, 
cytokine receptors, and signature cytokines were found. However, this CD117+ population is still 
heterogeneous and detailed phenotypical analysis of possible multipotent and subset committed 
ILC precursors present within this population has not yet been performed. A recent study provided 
additional information on ILC subsets by broad analysis of ILC surface antigen expression across 
several tissues and PB 6. ILC2s and ILC3s were characterized by a high expression of CD127 and 
CD161, whereas additionally CRTH2 and KLRG1 expression identifies ILC2s, and NKp44, NKp46 
and CD56 discriminate ILC3s 6. A detailed analysis of PB ILCs based on the expression profiles 
reported in these studies may provide additional information on ILC heterogeneity and unravel 
their developmental process. 

Here we report that CD117+ CRTH2‒ NKp44‒ ILC is clearly segregated by the expression of KLRG1 
and NKp46. The KLRG1-expressing cells represent a developmentally transitional stage of ILC2s 
(pre-ILC2), whereas NKp46 defines an ILC3 committed precursor (pre-ILC3) that can differentiate 
into IL-22-producing NKp44+ ILC3s as found in tonsils. Similar to CRTH2+ ILC2, pre-ILC2s express 
high levels of CD127 and CD161, are able to develop into CRTH2-expressing cells and produce type 
2 cytokines. However, they were also able to produce IFN-γ, IL-22 as well as IL-17A in response to 
IL-1β and IL-23. Our data indicate that the previously reported multipotent CD117+ ILC population 
contains a functionally flexible pre-ILC2 and lineage restricted pre-ILC3.
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RESULTS
Hierarchical Stochastic Neighbor Embedding (HSNE) analysis of peripheral blood ILCs 
depicts heterogeneity of ILC2s and ILC3s
Recently, CD117+ peripheral blood ILCs were shown to contain multi- and uni-potent ILC precursors 
5. To investigate whether we can identify these subsets, we analyzed blood lymphocytes from 8 
healthy donors by 13-color flow cytometry. A single cell suspension was stained with a lineage 
antibody cocktail (Lin, see material and methods) and multiple antibodies against ILC associated 
molecules. The Lin‒ CD94‒ CD127+ total ILC population was then analyzed by HSNE 7. This unbiased 
approach identified 2 major clusters (A and B), of which cluster B could be subdivided further into 
3 clusters (B1, B2 and B3), also in an unbiased matter. The sub-clusters could be defined by the 
expression of CD117, NKp46, CD56 and IL1R1, all ILC3 associated proteins 4,8-10 (Fig. 1A, B, C and 
Fig. S1A). Cells within cluster A uniformly expressed high levels of CD127 and CD161, additionally 
they exclusively expressed CRTH2 and KLRG1 (Fig.1A, C). Based on this analysis we conclude that 
cluster A represents PB ILC2s, and cluster B contains PB ILC3s. Interestingly, although CRTH2 is 
reported to be the ILC2-defining marker, the HSNE analysis suggested the presence of a CRTH2‒ 
ILC2 population that expresses KLRG1 and has similar CD117 expression as CRTH2+ ILC2s (Fig.1C). 
Cluster B1 differed from B2 and B3 by lower CD117 expression whereas expressing high CD56 and 
NKp46. However, these cells are clearly distinct from CD56+ CD127‒ NK cells as they have similar 
expression of CD117 and CD200R as CD56‒ CD127+ ILCs (Fig. S1B). As shown before for ILC1s 11, 
CD200R clearly distinguishes all human ILC subsets from NK cells.

CRTH2‒ CD117+ ILCs encloses a KLRG1+ population
As HSNE analysis identified 4 different ILC populations in PB, we wanted to confirm this by classical 
flow cytometry analysis to better visualize low frequency cell populations. Cluster A clearly contains 
KLRG1-expressing cells that lack CRTH2 (Fig 1C). After segregating the major ILC subsets by CD117 
and CRTH2, CD117+ CRTH2‒ ILCs were further analyzed for expression of NKp46, KLRG1, and CD56, 
which separated them into 4 populations (Fig. 1D). Those 4 populations were KLRG1+ NKp46‒ CD56‒, 
KLRG1‒ NKp46‒ CD56‒, KLRG1‒ NKp46+ CD56‒ and KLRG1‒ NKp46+ CD56+ ILCs. The KLRG1+ cells did 
not express IL1R1 whereas the NKp46+ populations and part of the KLRG1‒NKp46‒ cells expressed 
this receptor, confirming the HSNE analysis (Fig.1D, E). CRTH2‒ KLRG1+ ILCs and ILC2s showed similar 
expression of CD127, CD161, and CCR6, supporting the notion that these cells are more related to 
ILC2s rather than to ILC3s (Fig. 1E). Interestingly, similar to ILC2s, the CD117 expression on CRTH2‒ 
KLRG1+ ILCs was half a log lower as compared to NKp46+ ILCs. Analysis of ILC subset frequency 
showed that NKp46+ ILCs were most prevalent (38% of all PB ILCs), followed by CD56+ ILCs (24%), 
ILC2 (19%), and CRTH2‒ KLRG1+ILCs (3%). All populations could be detected in all donors with minor 
variations (Fig. 1F). 

These ILC populations were not only present in PB, but could also be detected in inflamed tonsils 
and nasal polyp (NP) tissue from patients with chronic rhinosinusitis (CRS) (Fig. 1G), tissues that are 
respectively enriched for ILC3s and ILC2s 12. Unlike PB, these tissues contain NKp44-expressing ILC3s, 
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which were most frequent in the tonsils, and co-expressed NKp46 and partly also CD56 (Fig. 1G, 
Fig. S1C). CRTH2‒ KLRG1+ ILCs were present exclusively in the NKp44‒ NKp46‒ population, although 
the frequency was clearly higher in NPs as compared to tonsils, which may reflect the frequency 
of ILC2 in these tissues (Fig. 1G, Fig. S1D). 

The expression pattern of CRTH2, KLRG1, NKp46 and NKp44 defines different 
developmental stages of ILC2s and ILC3s.
To characterize the CRTH2‒ KLRG1+ ILCs and NKp44‒ NKp46+ ILCs in more detail, we evaluated the 
expression of ILC2 and ILC3 signature TFs by quantitative (q)PCR. As expected CRTH2‒ KLRG1+ 

ILCs expressed GATA3, however, the expression level was uniformly lower than that of ILC2s 
(Fig. 2A). In contrast, NKp44‒ NKp46+ ILCs expressed high level of GATA3, whereas all the PB ILC 
populations expressed low levels of RORC (Fig. 2A). Both NKp44‒ NKp46+ ILC3s and NKp44+ NKp46+ 
ILC3s from tonsil hardly express GATA3, but expressed high levels of RORC (Fig. 2A). To assess the 
differentiation capacity of CRTH2‒ KLRG1+ ILCs and NKp44‒ NKp46+ ILCs, we used a stromal cell-based 
culture system that supports ILC expansion and differentiation 4,5,13. Isolated CRTH2‒ KLRG1+ ILCs 
and NKp44‒ NKp46+ ILCs were cultured on OP9 cells which either did or did not express the Notch 
ligand delta-like 1 (DL1). To evaluate their unbiased developmental capacity, only IL-2 and IL-7 were 
added without additional inflammatory cytokines. GATA3 was induced on CRTH2‒ KLRG1+ ILCs in 
a Notch-independent manner after 5 days of culture, whereas RORγt was strongly upregulated 
in NKp44‒ NKp46+ ILC in a Notch signaling-dependent way (Fig. 2B, C, D). Further cultures were 
performed on OP9 DL1 cells as these cells promoted the differentiation of both ILC2s and ILC3s. In 
this setting we observed that besides the signature TFs, CRTH2‒ KLRG1+ ILCs from PB and NP were 
able to upregulate CRTH2, whereas NKp44‒ NKp46+ ILCs did not (Fig. 2E, F, G, Fig. S2A). CRTH2 
expression was not consistently upregulated on CRTH2‒ KLRG1+ ILCs in each donor. The reason for 
the heterogeneity is unclear, but we noted that in those donors from whom the CRTH2‒ KLRG1+ 

ILCs failed to upregulate CRTH2, this antigen was downregulated when CRTH2+ ILC2s were cultured 
under the same conditions (Fig. 2F). We also observed that the expression level of CRTH2, induced 
on CRTH2‒ KLRG1+ ILCs, cultured with IL-2 and IL-7 was lower than that of ILC2s (Fig. 2F), suggesting 
that the experimental conditions may not be optimal to support full CRTH2 induction. 

 NKp44‒ NKp46+ ILCs from PB and from tonsil differentiated into NKp44-expressing ILC3s (Fig. 2E, F, 
G, Fig. S2B). In line with the previous observation showing NK cell differentiation from CD117+ CRTH2‒ 
PB ILCs in the absence of OP9 cells5, NKp44‒ NKp46+ ILCs cultured under this condition maintained 
NKp46 expression and upregulated CD56, and a part of them gave rise to EOMES-expressing cells, 
but they did not co-express RORγt, T-bet, CD94 nor CD16 (Fig. S2C, data not shown). Freshly isolated 
PB NKp46+CD56+ILCs express EOMES but very low TBX21 (T-bet), GZMB (Granzyme B) and PRF1 
(Perforin), and significantly higher RORC as compare to NK cells (Fig, S2D). These observations 
suggest that NKp44‒ NKp46+ ILCs can differentiate into NKp46+CD56+ ILCs and a part of them may 
possess a potential further differentiate into NK cells. Taken together, our data strongly suggest 
that KLRG1+ CRTH2‒ ILCs and NKp46+ ILCs represent transitional stages that are biased to develop 
into ILC2s and ILC3s, respectively. 
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The gene expression signature of pre-ILC2s and pre-ILC3s is consistent with their 
transitional stage
Based on the tissue culture data we refer to KLRG1+CRTH2‒ ILCs and the NKp44‒NKp46+ ILCs as 
pre-ILC2 and pre-ILC3, respectively, from hereon. We further characterized the transcriptomes 
of these pre-ILC subsets by microarray analysis. Multidimensional scaling (MDS) showed a clear 
separation of pre-ILC2s, pre-ILC3s and ILC2s, although pre-ILC2s showed more variation among 
donors. The pre-ILC2 cluster was not close to the ILC2 cluster despite their similar phenotype (Fig. 
3A). The log2 expressions of these 3 populations (3 donors each) were analyzed for several ILC 
related genes (Fig. 3B,C). Besides KLRG1, both pre-ILC2s and ILC2s expressed high levels of RAR-
related orphan receptor alpha (RORα), one of the TFs known to be essential for ILC2 development 
in mice 14. Consistent with our qPCR analysis, the signature ILC2 TF GATA3 was highly expressed in 
all populations, but at slightly lower levels in pre-ILC2s as compared to ILC2 (Fig. 3B). The expression 
of several genes involved in ILC2 functionality, such as CRLF2 (TSLP receptor), IL9R (IL-9 receptor), 
IFNAR1 (Interferon alpha/beta receptor alpha chain), IL17RB (IL-25 receptor) and IL18R1 (IL-18 
receptor) was lower in pre-ILC2s as compared to ILC2s. Expression of IL1RL1 (IL-33 receptor), a 
well-established ILC2 cytokine receptor, was very low in both populations. Furthermore, compared 
to ILC2s, pre-ILC2s had significantly higher expression of inhibitor of DNA binding protein (ID)2 and 
ID3, which are crucial genes involved in ILC development. Moreover, pre-ILC2s expressed slightly 
higher levels of BCL11B and GFI1, which were reported to be involved in mouse ILC2 development 
15,16. Genes that were previously identified to be highly expressed in tonsil ILC2s, hematopoietic 

Figure 1. Characterization of PB ILCs
(A) HSNE analysis of the ILC population in peripheral blood (PB) (n=8). Total PB lymphocytes were 
stained with antibodies against Lineage (Lin) (CD1a, CD3, CD4, CD5, CD14, CD19, CD16, CD34, CD94, 
CD123, BDCA2, TCRαβ, TCRγδ, FcER1α), and ILC related molecules as indicated. The Lin‒ CD127+ 
population (ILCs) was further analyzed to identify clusters based on the expression of different 
cell surface molecules. Two clusters are indicated as A and B, and cluster B is subdivided into 
3 sub-clusters (B1, B2 and B3). (B) Heat map of expression intensity of cell surface molecules 
on different ILC clusters. (C) Zoom-in of cluster A by HSNE. The circle indicates a population 
that expresses KLRG1 but lacks CRTH2.  (D) Gating strategy for flow cytometric analysis of PB 
ILC subsets (three upper plots) and histogram of IL1R1 expression on ILC subsets (bottom). (E) 
KLRG1, CD56 and IL1R1 expression pattern on ILC subsets (three upper plots), and histogram of 
several ILC2 associated cell surface molecules on CRTH2‒KLRG1+ cells, ILC2s and NKp46+ ILC3 
cells (bottom). NKp46‒CD56‒; CD117+CRTH2‒NKp46‒CD56‒ILC, CD117+NKp46+; CD117+CRTH2‒

NKp46+ILC, NKp46+ILC; CD117+CRTH2‒NKp46+CD56‒ILC, CRTH2‒KLRG1+ILC; CD117+CRTH2‒NKp46‒

CD56‒KLRG1+ILC, Filled histogram represents isotype control (CTRL). (F) Frequency of each subset 
indicated within ILC population from PB. NKp46+ILC; CD117+CRTH2‒NKp46+CD56‒ILC, CD56+ILC; 
CD117+CRTH2‒NKp46+CD56+ILC, NKp46‒ILC; CD117+CRTH2‒NKp46‒CD56‒KLRG1‒ILC, CRTH2‒

KLRG1+ILC; CD117+CRTH2‒NKp46‒CD56‒KLRG1+ILC (n=9). (G) Gating strategy used for flow cytometric 
analysis of ILC subsets in nasal polyps and tonsils. Data in D, E, G are representative of at least 3 
donors from at least 3 independent experiments.
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prostaglandin D synthase (HPGDS) and Fc receptor-like protein 3 (FCRL3), were almost absent in 
pre-ILC2s, whereas their expression was significantly higher in ILC2 17. This could be a consequence 
of the lower GATA3 expression in pre-ILC2s since these genes were suggested to be targets of 
GATA3 17. Consistent with the absence of CRTH2 expression on a protein level, PTGDR2 (CRTH2) 
expression was indeed low on pre-ILC2s as compared to ILC2s (Fig. 3B). Furthermore, whereas 
CRTH2 protein is downregulated on PB ILC2 stimulated with type 2 cytokines, PTGDR2 expression 
was increased as compared to unstimulated ILC2s (Fig. S3A). In addition, pre-ILC2s express CD45RA 
that is present on quiescent ILCs18,19 (Fig. S3B). Together with the difference between pre-ILC2s 
and ILC2s observed in this transcriptome analysis making it unlikely that the absence of CRTH2 
protein on the pre-ILC2s is a consequence of activation-induced downregulation of CRTH2 20.  Taken 
together, these data are consistent with the notion that KLRG1+ CRTH2‒ ILCs are a transitional cell 
type biased to become ILC2. 

As reported before 5 expression of the signature ILC3 TF RORC was low in pre-ILC3s, and none of 
the subsets expressed TBX21 or EOMES (Fig. 3C). All three PB ILC subsets expressed AHR. pre-ILC3s 
expressed several cytokine receptors such as moderate levels of IL1R1, confirming the protein 
expression, however, the typical ILC3 cytokine receptor IL23R (IL-23 receptor) was hardly expressed. 
Similar to pre-ILC2s, pre-ILC3s also had high ID2 expression, but they additionally expressed TOX 
and RUNX3, which respectively are involved in early stages of development of all ILCs and in a later 
stage of ILC3 development in mice 21,22. Moreover, ILC3s expressed high levels of S1PR1, which is 
involved in migration 17,23. None of the ILC2 and ILC3 signature cytokine genes were detected in 
either population (data not shown). This indicates that blood ILCs are in an inactive state similar as 
has been observed with ILC3s present in non-inflamed lymph nodes in humans 23.

Figure 2. Differentiation capacity of CRTH2‒KLRG1+ILCs and NKp44‒NKp46+ILCs.
(A) Quantification of relative GATA3 and RORC expression as compared to GAPDH in different ILC 
subsets isolated from tonsil and PB. (B) Representative histograms of GATA3 and RORγt expression 
on CRTH2‒KLRG1+ILCs and NKp44‒NKp46+ILCs respectively after culture for 5 days on OP9 or OP9-
DL1 in the presence of IL-2 (20 U/ml) and IL-7 (20 ng/ml). (C) Quantification of GATA3 expression 
on CRTH2‒KLRG1+ILCs after culture as in (B) Expression is relative as compared to that in pre-ILC3s. 
(D) Quantification of RORγt expression on NKp44‒NKp46+ILCs after culture as in (B). Expression is 
relative as compared to that in ILC2s. (E) Representative histograms of CRTH2, NKp44, GATA3 and 
RORγt expression on CRTH2‒KLRG1+ILCs, ILC2s and NKp44‒NKp46+ILCs after culture for 5 days on 
OP9-DL1 in the presence of IL-2 (20 U/ml) and IL-7 (20 ng/ml). (F) Quantification of the percentage 
of CRTH2‒and NKp44‒expressing cells upon culture as in (E). Each dot represents one individual 
donor. (G) Representative flow cytometry analysis of GATA3, CRTH2, RORγt and NKp44 expression 
on CRTH2‒KLRG1+ILCs and NKp44‒NKp46+ILCs upon culture as in (E). **p<0.001; ***p<0.0001; 
****p<0.00001 (one-way ANOVA). Data in B, E, G are representative of at least 3 donors from at 
least 3 independent experiments. 
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Figure 3. Microarray analysis of pre-ILC2s, pre-ILC3s and ILC2s.
(A) Multidimensional scaling (MDS) plot of gene expression microarray samples (pre-ILC2s, ILC2s 
and pre-ILC3s, 3 donors each). (B, C) Heat map of expression of genes associated with ILC2s (B) and 
ILC3s (C). Log2 expression showing the values valid for the whole microarray. Genes with significantly 
different expression between ILC subsets (adjusted p value <0.1) are marked in bold. 
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pre-ILCs can produce multiple ILC signature cytokines depending on the stimulus 
To further characterize the pre-ILC2s and pre-ILC3s, we evaluated their cytokine production 
capacity. Isolated ILC subsets from PB were co-cultured for 7 days on OP9-DL1 cells in the presence 
of different cytokines. Both pre-ILC2s and ILC2s produced IL-5 and IL-13 upon culture in the presence 
of TSLP and IL-33 or IL-1β and IL-23, although TSLP plus IL-33 was a more potent inducer of these 
cytokines (Fig. 4A, B). The expression levels of GATA3, as well as CD25, which defines activated ILC2s 
12, were comparable in activated pre-ILC2s and ILC2s, indicating that TSLP and IL-33 induced the 
complete maturation of pre-ILC2s to ILC2s (Fig. 4C). The combination of IL-2, IL-7, IL-1β and IL-23 was 
reported to support the generation of ILC1s, ILC2s, ILC3s, and NK cells from the CD117+ population 
in PB 5. We observed that only pre-ILC2s present within this population secreted IFN-γ, IL-22 and 
IL-17A in response to IL-1β and IL-23 (Fig. 4A, B). Moreover, in line with the cytokine production 
profile, pre-ILC2s also expressed RORγt and T-bet in cultures with IL-1β and IL-23 (Fig. 4C, Fig. S4A). 
ILC2s can also produce IL-17A, but not IL-22 when stimulated with IL-1β and IL-23 in the presence 
of TGF-β (Golebski and all, manuscript submitted).

pre-ILC3s did not respond to IL-33 and TSLP, but produced IFN-γ and IL-22 upon IL-1β and IL-23 
stimulation (Fig. 4A, B). CD56-expressing ILCs from PB responded to IL-1β and IL-23 in a similar 
manner as pre-ILC3s (Fig. S4B, C). Activated pre-ILC3s did not secrete IL-17A, indicating that these 
cells differentiate into IL-22-producing ILC3s. It should be noted that freshly isolated NKp44+ ILC3s 
from tonsil produce IL-22 but also failed to produce IL-17A (Fig. S4D, E). IL-17 production by pre-
ILC2s did not coincide with NKp44 expression (Fig. S4F), that IL-17 producing ILCs do not express 
NKp44, consistent with earlier observations24. Although both pre-ILC subsets produced IFN-γ, this 
was boosted upon culture with IL-1β and IL-12 (Fig. 4D, E). This was accompanied by downregulation 
of CD117, indicating that these cells transdifferentiated into ILC1s as we have previously shown for 
CRTH2+ ILC2s and NKp44+ ILC3s (Fig. 4F) 20,25. It has been reported that cells from the CD117+ CRTH2‒ 
PB ILC fraction can also develop into NK cells 5. Consistently, there was EOMES induction in pre-ILC3s 
when cultured with IL-2 and IL-7 with IL-1β and IL-23, and very minor T-bet expression (Fig. S4G). 
However, both EOMES and T-bet as well as CD94 were strongly upregulated in all PB ILC populations 
upon culture with IL-1β and IL-12, suggesting that this condition stimulates differentiation into both 
ILC1s and NK-like cells (Fig. 4D, F).

pre-ILC2s are highly plastic 
The observation that pre-ILC2s produced both type 2 and type 3 cytokines following stimulation 
with IL-1β and IL-23 raised the question whether the KLRG1+ CRTH2‒ population is a mix of uni-
potent precursors or contains multipotent precursors. We single cell sorted pre-ILC2s, ILC2s 
and pre-ILC3s and cultured them on OP9-DL1 in the presence of IL-2, IL-7, IL-1β and IL-23, as this 
culture condition promoted differentiation of all three ILC populations into cytokine producing ILC 
subsets. After 2 weeks, with a cloning efficiency of approximately 13% all three subsets gave rise 
to cytokine producing ILCs. From the 110 pre-ILC2 clones, 81 were evaluated for their cytokine 
production, surface protein and transcription factor expression. The cytokine production pattern 
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Figure 4. pre-ILC2s show multipotent cytokine production and transcription factor profile.
(A) Representative flow cytometric analysis of intracellular IL-5, IL-13, IFN-γ and IL-17A in pre-ILC2s, 
ILC2s and pre-ILC3s, cultured on OP9-DL1 cells in the presence of IL-2 and IL-7 with or without TSLP 
and IL-33 or IL-1β and IL-23 for 7 days and subsequently stimulated by PMA/ionomycin for 3 hours. 
(B) Quantification of cytokine production by ELISA in culture supernatants from cells stimulated 
as in (A). The concentration is adjusted to 5,000 cells. (C) Representative flow cytometric analysis 
of expression of GATA3 and CD25 or RORγt and NKp44 in pre-ILC2, ILC2 and pre-ILC3 after 7 days 
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culture as in (A). (D) Representative flow cytometric analysis of intracellular IL-13, IFN-γ, IL-22 and 
IL-17A in pre-ILC2s, ILC2s and pre-ILC3s, cultured on OP9-DL1 cells in the presence of IL-2 and IL-7 
with IL-1β and IL-12 for 7 days and subsequently stimulated by PMA/ionomycin for 3 hours; and 
intracellular expression of EOMES and T-bet after the same culture conditions. (E) Quantification 
of IFN-γ production by ELISA of ILC subsets cultured on OP9-DL1 cells in the presence of IL-2 and 
IL-7 with IL-1β and IL-23 or IL-1β and IL-12 for 7 days. (F) Representative flow cytometry of the 
expression of CD117, NKp44 and CD94 on pre-ILC2, ILC2 and pre-ILC3 after culture for 7 days on 
OP9-DL1 in the presence of IL-2 and IL-7 with IL-1β and IL-12 or IL-1β and IL-23. Data in A, C, D and F 
are representative of at least 4 donors from more than 3 independent experiments. Cytokines used 
in all experiments are IL-2 (20 U/ml), IL-7, TSLP, IL-33, IL-1β, IL-23 and IL-12 (all 20 ng/ml). **p<0.001; 
***p<0.0001; ****p<0.00001 (one-way ANOVA).
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Figure 5. single pre-ILC2s are multipotent
(A, B) Single pre-ILC2s, ILC2s or pre-ILC3s from PB were index sorted by FACS into 96-well round 
bottom plates pre-seeded with OP9-DL1 and stimulated with IL-2 (20 U/mL), IL-7, IL-1β and IL-23 
(20 ng/ml each). (A) After 14-21 days, pre-ILC2 cultures were analyzed for intracellular cytokine 
production (IL-5, IL-13, IFN-γ, IL-17A and IL-22) after PMA/ionomycin stimulation. Representative 
flow cytometric analysis of clones producing various combinations of cytokines as indicated. (B) 
Summary of numbers and type of cytokines produced by clones obtained from pre-ILC2s, ILC2s 
and pre-ILC3s. Data in A are representative of 4 donors.
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differed among clones and clones could be divided into uni-, bi-, or multi-cytokine producers (Fig. 
5A). The majority of clones produced IL-5 and IL-13, most of which did not produce other signature 
cytokines, indicating that most of the pre-ILC2s developed into ILC2s upon culture with IL-1β and 
IL-23. However, we also found IL-17A as well as IFN-γ and IL-22-producing clones, some of which co-
produced IL-5 and/or IL-13 (Fig. 5A, B). Contrarily, 96% of CRTH2+ ILC2s produced IL-13 and IL-5 and 
only 2-4% co-produced IL-17 or IFN-y whereas no IL-22-producing clones were obtained. pre-ILC3 
clones only produced IFN-y (68%) and IL-22 (30%) confirming the results obtained in bulk cultures. 
GATA3 and RORγt expression correlated with the cytokine production pattern of pre-ILC2s (Fig. 
S5). Collectively, our data indicate that pre-ILC2s are biased to the ILC2 lineage, but a proportion 
of these cells have the capacity of differentiating into ILC3-like cells upon stimulation with IL-1β 
and IL-23 in the presence of OP9-DL1. 

Functionality of CD117+ pre-ILC2s in tissues
As we identified these pre-ILC2s and pre-ILC3s to be present also in different tissues we wanted 
to confirm the cytokine potential of these tissue-derived transitional ILCs. Culture of pre-ILC2s 
and ILC2s from NP on OP9-DL1 cells resulted in IL-13 production (Fig. 6A). In response to IL-1β and 
IL-23 only pre-ILC2s became potent IL-22 and IFN-γ producers, whereas NP ILC2s did not (Fig. 6B). 
In contrast to pre-ILC2s from blood, NP pre-ILC2s did not produce IL-17. pre-ILC3s from this tissue 
were not able to produce IL-13 nor IL-17, but were limited to differentiate into IL-22 and IFN-γ 
producing ILC3s (Fig. 6A, B).

Figure 6. Functionality of CD117+ pre-ILC2s in tissues
(A, B) Representative flow cytometric analysis of intracellular IL-13 and IL-17A (A) and IFN-γ and 
IL-22 (B) in pre-ILC2s, ILC2s and pre-ILC3s isolated from nasal polyp, cultured on OP9-DL1 cells in 
the presence of IL-2 (20 U/mL) and IL-7 (20 ng/ml) with or without IL-1β and IL-23 (20 ng/ml each) 
for 7 days and subsequently stimulated by PMA/ionomycin for 3 hours. Data are representative of 
4 donors from 3 independent experiments.
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DISCUSSION 
Our understanding of human ILC development is currently limited. It has been described that CD34+ 
common lymphoid progenitor (CLP) cells can give rise to ILC2s, ILC3s and NK cells 26,27 and a more 
committed CD117+ RORyt+ precursor was identified to be present that depending on Notch signaling 
could differentiate into all ILC subsets or more selectively into ILC3s 4,28. Recently, PB CD34+ CD117+ 
ILCs were described to enclose cells which have the capacity to develop into multiple ILC subsets 
5. It is unclear how these CD34– multipotent precursors relate to the CD34+ precursors described 
previously 4,28. Our data indicate that the CD117+ ILC population contains precursors mostly biased 
to ILC2 and ILC3 lineages. HSNE analysis revealed the presence of PB ILCs that express KLRG1, known 
to be present both on mouse 29 and human ILC2s 6,30, but lack the human ILC2 marker CRTH2. We 
propose that these CRTH2– KLRG1+ ILCs are pre-ILC2s because they express high levels of CD127 and 
CD161, similar to CRTH2+ ILC2s and relatively low levels of cytokine receptors and genes involved in 
ILC2 functionality. Importantly these cells can differentiate into cytokine producing CRTH2+ ILC2s 
in vitro. pre-ILC2s express less GATA3 and its putative targets HPGDS and FCRL3 as compared to 
ILC2s. In contrast there is higher expression of genes involved in ILC2 development such as ID2, 
ID3, TCF7, BCL11B, and GFI1 15,16,31-34 in pre-ILC2s as compared to ILC2s. 

Whereas pre-ILC2s and ILC2s produce similar amounts of IL-5 and IL-13 upon activation with TSLP 
and IL-33, pre-ILC2s could differentiate into IL-17A, IL-22 and IFN-γ-producing cells when cultured 
with IL-1β and IL-23. This is similar to the ILC progenitors described by Lim et al 5. These researchers 
demonstrated that CD117+ PB ILCs contain clones that are able to produce multiple cytokines upon 
culture with IL-2, IL-7, IL-1β and IL-23. We showed that amongst those CD117+ PB ILCs only the KLRG1+ 
pre-ILC2s acquire this capacity. The other subset, NKp46+ CD117+ ILCs produced IL-22 and IFN-γ but 
not type 2 cytokines upon stimulation with IL-1β and IL-23 in the presence of OP9-DL1 cells. As the 
pre-ILC2s produced type 2 cytokines but not type 3 cytokines upon culture with IL-33 and TSLP 
the differentiation capacity of this subset depends on the kind of stimulus. Our findings therefore 
strongly suggest that the pre-ILC2s are transitional cells that are highly plastic.

KLRG1 is also expressed by mouse ILC2s, although high expression was only observed after 
stimulation with IL-25 or upon Nippostrongylus brasiliensis infection. These KLRG1hi ILC2s were 
called inflammatory (iILC2s) and appeared to play an important role in the host defense during 
infection. iILC2s were shown to be highly migratory cells as compared to IL-33-responsive KLRG1dim 
natural ILC2s. Interestingly, iILC2s were multipotential and are able to differentiate into IL-17 
producing ILC3-like cells and natural ILC2s 35,36. The pre-ILC2 described here bear similarities with 
mouse iILC2s as they express KLRG1 and can acquire the capacity of producing IL-17. 

We also observed that the PB ILC3 population can be further segregated into 3 populations based 
on their expression of NKp46 and CD56. PB NKp44‒ NKp46+ ILC3s were able to differentiate into 
IL-22-producing ILC3s upon culture with OP9-DL1, IL-1β and IL-23. These PB ILC3s-biased cells do 
not express cytokines when isolated ex vivo and are similar to NKp44‒ ILC3s isolated from resting 
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secondary lymphoid organs (SLOs) 23. Both PB pre-ILC3s and NKp44‒ SLO ILC3s expressed higher 
migratory related genes such as S1PR1 23. However, NKp44‒ ILC3s from SLO are capable of producing 
cytokines upon IL-1β and IL-23 stimulation without Notch signaling 23. The notion that RORγt was 
only induced in pre-ILC3s upon Notch signaling, suggests that peripheral NKp44‒ NKp46+ pre-ILC3s 
may migrate into tissues and require signals from the tissue microenvironment to become functional 
ILC3s. Upon differentiation the pre-ILC3s expressed NKp44 which correlates with ILC3 activation 
17,23. Freshly isolated PB pre-ILC3s expressed high level of GATA3 and although this TF is associated 
with ILC2 development and function, it is also required for ILC3 development 37,38. The high GATA3 
may be responsible for the low RORC expression in pre-ILC3s as compared to NKp44+ ILC3s as it 
is known that RORγt is negatively regulated by GATA3 at an early stage of development 38. As pre-
ILC3s were unable to respond to TSLP and IL-33 and did not produce type 2 cytokines, we conclude 
that they represent an ILC3 lineage restricted precursor for IL-22- but not for IL-17-producing ILC3s. 
These in vitro differentiated ILC3s are therefore very similar to the mouse CCR6‒ NKp46+ ILC3s that 
in response to IL-23 are potent IL-22 and IFN-γ producing ILC3s, but lack IL-17 potential 39. 

Part of the NKp46+ILCs in PB co-expressed CD56. These cells are most likely not NK cells because 
they do express CD127 and CD117 and lack CD16 and CD94 expression. Moreover, the CD56+ cells 
expressed CD200R, which was recently found to be expressed on mouse ILC1s, but not on NK 
cells 11. Human ILC2s also express CD200R 40 and here we show that this marker is expressed on 
all ILC subsets. The CD56+ NKp46+ ILCs are most likely derived from pre-ILC3s because these ILCs 
upregulated CD56 in the differentiation cultures and CD56+ ILC3s could also give rise to IL-22 and 
IFN-γ-producing cells. These findings indicate that the CD56+ CD117+ CD127+ CD200R+ cells belong 
to the ILC3 lineage, consistent with previous reports on CD56 expression on IL-22-producing ILC3s 
41. As reported earlier 5 however there is a link between pre-ILC3s and NK cells because the pre-ILC3 
seem to possess the potential to differentiate into NK cells particularly when cultured in IL-12 or 
IL-15 42. Whether this means that these pre-ILC3s represent an obligatory transitional cell type in 
NK cell development remains unclear. The pre-ILC3s described here are most likely absent in RORC-
deficient patients 43, whereas NK cell numbers in these patients are in the normal range strongly 
suggesting that NK cell development can proceed in the absence of pre-ILC3s. It is however possible 
that NK cell development via pre-ILC3s is an alternative pathway. It is in this context noteworthy 
that pre-ILC2s and ILC2s also differentiated into EOMES and CD94- expressing NK-like cells and 
ILC1s in the presence of IL-1β and IL-12 20,44.  

pre-ILC3s express the highest level of CD117, which is consistent with the finding that CD117high 

cells are absent in patients with deficiencies in RORC 43. Although we were unable to verify this, we 
speculate that the CD117dim cells which are still present in RORC-deficient patients are identical to 
the KLRG1+ CD117+ pre-ILC2s identified here, since Lim at al. observed that the CD117dim cells from 
RORC-deficient patients can develop into ILCs that can produce both type 2 and the type 3 cytokine 
IL-22 (but not IL-17 which requires RORγt) when cultured on OP9-DL with IL-2, IL-7, IL-1β and IL-23 5. 
These data are consistent with our observation that pre-ILC2s while preferentially developing into 
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ILC2s, can also differentiate into ILCs with broad cytokine secretion profiles in response to the same 
stimuli. We consider it unlikely that the remaining CD117+ NKp46‒ KLRG1‒ IL1R1+/‒ population, that 
represents ~5% of the CD117+ ILC population in PB, contains multipotent ILC progenitors, because 
these cells lack CD34. CD34 is expressed on hematopoietic stem cells and on multi- to bi- lineage 
potent precursors. For instance, human pre-T cells, (pre-)pro-B cells and myeloid precursors all 
express CD34. Indeed, committed ILC3 precursors and common ILC/NK precursors identified in 
human SLOs and intestinal lamina propria express CD34, next to RORγt, IL1R1 and CD117 4,28. 

Collectively, our results indicate that KLRG1+ CRTH2‒ ILCs are transitional cells that are biased to 
differentiate into ILC2s, but highly plastic and able to produce multiple ILC signature cytokines, 
whereas NKp46 clearly defines ILC3 lineage committed cells that can develop into ILC1 in the 
presence of IL12 like KLRG1+ pre-ILC2 but is unable to develop into ILC2. 
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MATERIALS AND METHODS
Key resources used are listed in table S1.

Isolation of ILCs from blood and tissues.
Buffy coats were provided by the blood bank (Sanquin, Amsterdam). Tonsils were obtained from 
routine tonsillectomies and tissue collection was done at the Academic Medical Center (AMC), Onze 
Lieve Vrouwe Gasthuis (OLVG) hospital (Amsterdam, The Netherlands). Inflamed nasal polyps were 
obtained from chronic rhinosinusitis patients during surgery and umbilical cord blood was collected 
at the AMC. The collection and use of all human samples was approved by the Medical Ethical 
Committee of the AMC and with informed consent. Peripheral blood and umbilical cord blood 
mononuclear cells were isolated by Ficoll-Hypaque density gradient (Lymphoprep; Axis-Shield). 
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Tonsil tissue was cut in fine pieces and mechanically disrupted using the Stomacher 80 Biomaster. 
Cell suspensions were filtered through a 70- µm cell strainer. Nasal tissues were manually cut into 
fine pieces and digested for 45 min at 37°C with Liberase TM (125 µg/mL) and DNase I (50 U/mL). 
Cell suspensions were filtered through a 70 µm cell strainer. Mononuclear cells were then isolated 
by Ficoll-Hypaque density gradient. Subsequently, ILCs were isolated as described previously 45. 
Briefly, PB and cord blood was enriched for ILCs by immunomagnetic cell sorting, using a negative 
selection of CD3, CD14, CD16 and CD19 with Mojosort magnetic cell separation system (BioLegend, 
San Diego, CA, USA) Tonsillar mononuclear cells were depleted of CD3 and CD19 cells by MACS 
depletion. The cells suspensions were stained with antibodies against Lineage (CD1a, CD3, CD4, 
CD5, CD14, CD19, CD16, CD34, CD94, CD123, BDCA2, TCRαβ, TCRγδ, FcER1α), CD45, CD161, CD127, 
CD117, CRTH2, KLRG1, NKp44, NKp46, CD56 and IL-1R1. Cells were sorted on a FACSAria, purity of 
the sorted cells in all experiments was >99%.

Flow cytometry analysis
For experiments involving intracellular cytokine staining, cells were stimulated with PMA (10 ng/
ml; Sigma) plus Ionomycin (500 nM; Merck) in the presence of Golgi Plug (BD) for 3 h at 37°C. 
For FACS analysis, cultured cells were washed with phosphate buffered saline (PBS) and stained 
with fixable viability dye eFluor 455UV (eBioscience) for 30 minutes at 4°C in PBS, followed by cell 
surface antigen staining with antibodies for 20 minutes at 4°C in PBS. Then cells were fixed and 
permeabilized using the Foxp3/Transcription Factor Staining Buffer Kit (ThermoFisher Scientific) 
and intracellular cytokines were stained with antibodies for 30 minutes at room temperature in 
permeabilization buffer. Samples were acquired on LSRFortessa or FACSCanto II (BD Biosciences) 
and analyzed with FlowJo software (Flowjo LLC, Ashland, OR) and Cytosplore +HSNE 7.

Cell lines, ILC bulk and single cell co-culture with OP9 cells
The naïve OP9 murine stromal cell line was kindly provided by Dr. T. Nakano (Osaka University, 
Osaka, Japan), OP9-DL1 were generated as previously described 46 . Ex-vivo isolated ILCs were 
co-cultured with OP9 or OP9-DL1 in Yssel’s medium (IMDM supplemented with 4% (v/v) Yssel’s 
supplement (made ‘in house’, Academic Medical Center, Amsterdam) and 2% (v/v) human AB 
serum (Invitrogen)). OP9 or OP9-DL1 cells (3,000 cells in 100μl Yssel’s medium per well in 96-well 
round bottom plate) were plated one day prior to co-culture. For bulk cultures (100-1.000 cells 
per condition), ILCs were cultured for 5-10 days with IL-2 (20 U/ml), IL-7 (20 ng/ml), with or without 
combinations of IL-33 and TSLP or IL-1β and IL-23 (all at a concentration of 20 ng/ml) and cytokines 
were supplemented on day 5. For single cell cloning experiments, cytokines and medium were 
replenished once per week and cells were analyzed after 2-3 weeks. 

Microarray analysis 
To isolate total RNA, sorted cells were flash frozen in PBS immediately after sorting and stored 
at −80°C prior to RNA extraction. QIAzol Lysis Reagent (Qiagen) was added to the cells, and RNA 
was isolated and purified using the RNeasy kit (Qiagen). The concentration was measured on a 
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NanoDrop ND-2000 (Thermo Scientific) and RNA integrity was examined using the 2200 TapeStation 
System with Agilent RNA ScreenTapes (Agilent Technologies). Total RNA was amplified using the 
GeneChip WT Pico Kit (Thermo Fisher Scientific) generating biotinylated sense-strand DNA targets. 
The labeled samples were hybridized to human Clariom S pico arrays (Thermo Fisher Scientific). 
Washing and staining was performed by the GeneChip Fluidics Station 450 and the scanning was 
performed using the GeneChip Scanner 3000 (both Thermo Fisher Scientific). All cell populations 
were generated in triplicate. All data analysis was performed in RStudio. Raw data were normalized 
using the RMA algorithm implemented in the limma Bioconductor R-package 47 . Adjusted p-values 
were calculated using the Benjamini-Hochberg method. Data were visualized using glimma and 
pheatmap R-packages 48.The R package UpsetR was used to visualize cloning experiments 49.

Quantitative real-time PCR
Total RNA was extracted with a NucleoSpin RNA XS kit (Macherey-Nagel) according to the 
manufacturer’s instructions. cDNA was synthesized with a High-Capacity cDNA Archive kit (Applied 
Biosystems). PCRs were performed in a Bio-Rad iCycler (Bio-Rad, France) with IQ SYBR Green 
Supermix (Bio-Rad, France). The primer sets used are listed in the table S2. Bio-Rad CFX Manager 3.1 
software was used for quantification of expression. All samples were normalized to the expression 
of GAPDH and results are presented in arbitrary units.
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Figure S1 related to Figure 1. Characterization of ILCs in PB, tonsil and nasal polyp
(A) HSNE analysis of zoom-in of ILC cluster B (from Fig. 1A) (n=8). (B) Representative flow cytometry 
analysis of the expression of CD127 and CD56 in PB Lin‒ CD94‒ CD16‒ cells and expression of CD117 
and CD200R in CD127+ CD56‒

, CD127+ CD56+ and CD127‒ CD56+ cells (n = 6). (C) Frequency of each 
ILC subset within tonsil and nasal polyp. (D) Frequency of CRTH2‒ KLRG1+ ILCs within tonsil and 
nasal polyp.
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Figure S2 related to Figure 2. Differentiation capacity of CRTH2‒KLRG1+ILCs and NKp44‒

NKp46+ILCs.
(A, B) Representative flow cytometry of the expression of CRTH2 and GATA3 in CRTH2‒KLRG1+ILCs 
and ILC2s isolated from nasal polyp (A) or NKp44 and RORγt on NKp44‒ILC3s and NKp44+ILC3s 
isolated from tonsils (B) after culture for 7 days on OP9-DL1 in the presence of IL-2 (20 U/ml) and IL-7 
(20 ng/ml) (n = 3). (C) Representative flow cytometry of the expression of CD56, NKp44, RORγt and 
EOMES in ILC subsets after culture for 5 days on OP9-DL1 in the presence of IL-2 (20 U/ml) and IL-7 
(20 ng/ml) (n = 6). (D) Quantification of relative RORC, EOMES, TBX21, GZMB and PRF1 expression 
as compared to GAPDH in different ILC subsets isolated from tonsil and PB. Each dot represents 1 
donor.  *p< 0.05; **p<0.001; ***p<0.0001 (one-way ANOVA). 
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Figure S3 related to Figure 3. Alteration of PTGDR2 and KLRG1 expression in ILC2 and CD45RA 
expression on PB ILCs.
(A)The gene expression profile of freshly isolated blood ILC2s or ILC2s activated with IL-2 (10 U/ml), 
TSLP and IL-33 (both 50 ng/ml) for 7 days were analyzed by microarray. The values indicated are 
in Log2 expression (n = 3). (B) Representative histograms of CD45RA expression on freshly isolated 
blood pre-ILC2s, ILC2s and pre-ILC3s (n=3). 

Figure S4 related to Figure 4. Cytokine production pattern and TF expression in ILC subsets.
(A) T-bet expression in pre-ILC2s, ILC2s and pre-ILC3s after culture for 7 days on OP9-DL1 cells in 
the presence of IL-2 and IL-7 with IL-1β and IL-23 (n=3). (B) Representative flow cytometry plots 
of IL-13, IL-5, IFN-γ and IL-22 production by PB NKp46+ CD56+ cells upon culture as in Fig. 4A. (C) 
Quantification of IL-22 production by ELISA upon culture as in Fig. 4A. (D) IFN-γ and IL-22 production 
by freshly isolated NKp44‒ILC3s and NKp44+ILC3 from tonsils were evaluated by intracellular 
cytokine staining after stimulation with PMA/ionomycin for 6 hours. NK cells were used as a 
reference. Each dot represents an individual donor. (E) Representative flow cytometry plot of IL-17A 
and IL-22 production by freshly isolated NKp44+ ILC3s after stimulation with PMA/ionomycin for 6 
hours (n = 6). (F) Representative flow cytometry analysis of the expression of NKp44 and IL-17A in 
pre-ILC2s and pre-ILC3s  after culture for 5 days on OP9-DL1 in the presence of IL-2 (20 U/ml) and 
IL-7, IL-1β and IL-23 (20 ng/ml) and subsequently stimulation by PMA/ionomycin for 3 hours (n = 
17).(G) Representative flow cytometric analysis of intracellular expression of EOMES and T-bet in 
pre-ILC2s, ILC2s and pre-ILC3s, cultured on OP9-DL1 cells in the presence of IL-2 and IL-7 with IL-1β 
and IL-12 for 7 days. (n=5) 
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Figure S4 related to Figure 4
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Figure S5 related to Figure 5. Transcription factor expression of pre-ILC2 single cell clones.
Representative flow cytometric analysis of intracellular GATA3 and RORγt expression of clones 
obtained from pre-ILC2s cultured for 14-21 days on OP9-DL1 and stimulated with IL-2 (20 U/mL), 
IL-7, IL-1β and IL-23 (20 ng/ml each). 

GATA3 

R
O

R
γt

 

IFN-γ IL-5/IL-13 IFN-γ/IL-13 IFN-γ/IL-22 IL-5/IL-13 
IL-17A 

IL-5/IL-13 
IL-22 

IFN-γ/IL-13 
IL-17A/IL-22 

Cytokine production by clones 

Figure S5 related to Figure 5 

5 4 

51 

1 0 

2 

6 6 

41 

20 16 

25 

63 1 

1 

41 7 

6 

21 1 

1 



145

KLRG1 and NKp46 define human ILC2 and ILC3 precursors

KEY RESOURCES TABLE S1

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-human CD1a FITC (HI149) BioLegend Cat#300104
anti-human CD3 FITC (OKT3) BioLegend Cat#317306

anti-human CD4 FITC (RPA-T4) BioLegend Cat#300506
anti-human CD5 FITC (UCHT2) BioLegend Cat#300606
anti-human CD14 FITC (HCD14) BioLegend Cat#325604

anti-human CD16 FITC (3G8) BioLegend Cat#555406
anti-human CD19 FITC (HIB19) BioLegend Cat#302206
anti-human CD34 FITC (581) BioLegend Cat#2317520

anti-human CD94 FITC (DX22) BioLegend Cat#305504
anti-human CD123 FITC (6H6) BioLegend Cat#306014

anti-human FcER1α FITC (AER37) BioLegend Cat#2273040
anti-human TCRαβ FITC (IP26) BioLegend Cat#306706
anti-human TCRγδ FITC (B1) BioLegend Cat#331208

anti-human BDCA2 FITC (201A) BioLegend Cat#354208
anti-human CD161 PE (HP-3G10) BioLegend Cat#339904

anti-human NKp44 PE (P448) BioLegend Cat#325108
anti-human IL-5 PE (JES1-39D107) BioLegend Cat#500904

anti-human CD45 AF700 (HI30) BioLegend Cat#304024
anti-human CD3 AF700 (UCHT1) BioLegend Cat#300424
anti-human IL-17A AF700 (BL168) BioLegend Cat#512318

anti-human CD161 BV421 (HP-3G10) BioLegend Cat#339914
anti-human IL-5 BV421 (JES1-39D10) BioLegend Cat#504311

anti-human IFNγ BV510 (4S.B3) BioLegend Cat#502544
anti-human CRTH2 PE-CF594 (BM16) BioLegend Cat#350126

anti-human IL-13 APC (JES10-5A2) BioLegend Cat#501903
Anti-human CD5 APC Cy7(L17F12) BioLegend Cat#364010

Anti-human CD161 APC/Fire 750 (HP-3G10) BioLegend Cat#339944
Anti-human NKp46 BV421 (9E2) BioLegend Cat#331914
Anti-human T-bet BV605 (4B10) BioLegend Cat#644817

Anti-human CCR6 BV605(G034E3) BioLegend Cat#353420
Anti-human CD56 BV650 (HCD56) BioLegend Cat#318344

Anti-human CD3 Biotin (OKT3) BioLegend Cat#317320
Anti-human CD19 Biotin (HIB19) BioLegend Cat#302204
Anti-human CD14 Biotin (62D3) BioLegend Cat#367106
Anti-human CD16 Biotin (3G8) BioLegend Cat#302004

anti-human T-bet PE-Cy7 (4B10) eBioscience Cat#12582582
anti-human GATA3 PE (TWAJ) eBioscience Cat#12996642

anti-human KLRG1 APC (13F12F2) eBioscience Cat#17948842
Anti-human IL-22 PE Cy7(22URT1) eBioscience Cat#25-722-42
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KEY RESOURCES TABLE S1 (continued)

REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-human IL1R1 PE eBioscience Cat#FAB269p

Anti-human EOMES PE-eFluor610(WD1928) eBioscience Cat#61-4877-42
anti-human CD127 PE-Cy7 (R34.34) Beckman Coulter Cat#A64618

anti-human CD117 PE-Cy5 (104D2D1) Beckman Coulter Cat#B96754
anti-human CRTH2 AF647 (BM16) Beckman Dickinson Cat#558042
anti-human CD45 APC-Cy7 (2D1) Beckman Dickinson Cat#368518

anti-human RoRγT AF647 (Q21-559) Beckman Dickinson Cat#563620
Bacterial and Virus Strains 

N/A
Biological Samples

Healthy human peripheral blood
Sanquin Bloodbank 

Amsterdam
N/A

Human nasal tissue Amsterdam UMC N/A

Human tonsil tissue
Amsterdam UMC/

OLVG hospital 
Amsterdam

N/A

Human AB serum Merck Cat#H4522
Chemicals, Peptides, and Recombinant Proteins

Recombinant human IL-1b R&D Systems Cat#201-LB
Recombinant human IL-2 R&D Systems Cat#202-IL-500
Recombinant human IL-7 Peprotech Cat# 200-07

Recombinant human IL-23 R&D Systems Cat#1290-IL-010
Recombinant human IL-33 R&D Systems Cat#3625-IL-010
Recombinant human TSLP R&D Systems Cat#1398-TS-010

Phorbol 12-Myristate 13-acetate (PMA) Sigma-Aldrich Cat#P8139
Ionomycin Merck Cat#407950

BD Golgiplug Protein Transport Inhibitor BD Biosciences Cat#555029
Iscove’s Modified Dulbeco’s Medium Gibco Cat#21980-065

Roswell Park Memorial Institute (RPMI)1640 Gibco Cat#52400-041
Anti-PE microbeads Miltenyi Cat#130-048-801

Anti-FITC microbeads Miltenyi Cat#130-048-701
AutoMACS Running Buffer – MACS Separation 

Buffer
Miltenyi Cat#130-091-221

MACS separation columns LS Miltenyi Cat#130-042-401
MACS separation columns LD Miltenyi Cat#130-042-901
Pre-Separation Filters (30 µm) Miltenyi Cat#130-041-407

MojoSort streptavidin Nanobeads BioLegend Cat#480016
Lymphoprep Stemcell 

Technologies
Cat#07861

Liberase TM Roche Cat#5401127001
DNAse I Roche Cat#11284932001
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KEY RESOURCES TABLE S1 (continued)

REAGENT or RESOURCE SOURCE IDENTIFIER
Penicillin-Streptomycin Roche Cat#11074440001

HyClone™ FetalClone™ I Serum
ThermoFisher 

Scientific
Cat#SH30080.03

Critical Commercial Assays
Foxp3/Transcription Factor Staining Buffer Set ThermoFisher 

Scientific
Cat#00-5523-00

Ready-Set-Go IL-5 ELISA kit ThermoFisher 
Scientific

Cat#88-7056-77

Ready-Set-Go IL-13 ELISA kit ThermoFisher 
Scientific

Cat#88-7439-88

Ready-Set-Go IL-17A ELISA kit ThermoFisher 
Scientific

Cat#88-7176-76

Ready-Set-Go IL-22 ELISA kit ThermoFisher 
Scientific

Cat#88-7522-88

Human IFN Gamma uncoated ELISA kit ThermoFisher 
Scientific

Cat#88-7316-88

NucleoSpin RNA XS kit Macherey-Nagel Cat#740902.250
High-Capacity cDNA Reverse Transcription Kit ThermoFisher 

Scientific
Cat#4368813

Clariom S pico Human HT 24-array plate
ThermoFisher 

Scientific
Cat#902963

QIAzol Lysis Reagent Qiagen Cat#79306
RNeasy kit Qiagen Cat#73404

GeneTitan™ Hybridization, Wash, and Stain Kit Thermo Fisher Cat#901622
iQTMSYBR®Green supermix BioRad Cat#64084532

Deposited Data

Micro-array data

This paper/MAD 
Dutch Genomics 

Service & Support 
Provider

N/A

Experimental Models: Cell Lines
Mouse: OP9 stromal cell line Nakano, T. Osaka, 

Japan
N/A

Mouse: OP9-DL1 stromal cell line
Dontje et al, 2006 N/A

Experimental Models: Organisms/Strains
N/A

Oligonucleotides
Primer: GATA3 forward: 

ACCACAACCACACTCTGGAGGA
This paper N/A

Primer: GATA3 reverse: 
TCGGTTTCTGGTCTGGATGCCT

This paper N/A

Primer: RORC forward: AATCTGGAGCTGGCCTTTCA This paper N/A
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KEY RESOURCES TABLE S1 (continued)

REAGENT or RESOURCE SOURCE IDENTIFIER
Primer: RORC reverse: CTGGAAGATCTGCAGCCTTT This paper N/A

Primer: TBX21 forward: 
ATTGCCGTGACTGCCTACCAGA

This paper N/A

Primer: TBX21 reverse: 
GGAATTGACAGTTGGGTCCAGG

This paper N/A

Primer: EOMES forward: 
AAATGGGTGACCTGTGGCAAAGC

This paper N/A

Primer: EOMES reverse: 
CTCCTGTCTCATCCAGTGGGAA

This paper N/A

Primer: GZMB forward: 
CGACAGTACCATTGAGTTGTGCG

This paper N/A

Primer: GZMB reverse: 
TTCGTCCATAGGAGACAATGCCC

This paper N/A

Primer: PRF1 forward: 
ACTCACAGGCAGCCAACTTTGC

This paper N/A

Primer: PRF1 reverse: 
CTCTTGAAGTCAGGGTGCAGCG

This paper N/A

Primer: GAPDH forward: 
GTCTCCTCTGACTTCAACAGCG

This paper N/A

Primer: GAPDH reverse: 
ACCACCCTGTTGCTGTAGCCAA

This paper N/A

Recombinant DNA
N/A

Software and Algorithms

GraphPad Prism 7.0 GraphPad
www.graphpad.

com
FlowJo V10 FlowJo www.flowjo.com

RStudio RStudio www.rstudio.com

Cytosplore +HSNE Cytosplore
www.cytosplore.

org
BioRad CFX Manager BioRad www.biorad.com

Other
Yssel’s Medium In house N/A
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IL-1β, IL-4 and IL-12 control the fate of group 
2 innate lymphoid cells in human airway 

inflammation  in the lungs
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ABSTRACT 
Group 2 innate lymphoid cells (ILC2s) secrete type 2 cytokines, which protect against parasites but 
can also contribute to a variety of inflammatory airway diseases. We report here that interleukin 
1β (IL-1β) directly activated human ILC2s and that IL-12 induced the conversion of these activated 
ILC2s into interferon-γ (IFN-γ)-producing ILC1s, which was reversed by IL-4. The plasticity of ILCs 
was manifested in diseased tissues of patients with severe chronic obstructive pulmonary disease 
(COPD) or chronic rhinosinusitis with nasal polyps (CRSwNP), which displayed IL-12 or IL-4 signatures 
and the accumulation of ILC1s or ILC2s, respectively. Eosinophils were a major cellular source of 
IL-4, which revealed cross-talk between IL-5-producing ILC2s and IL-4-producing eosinophils. We 
propose that IL-12 and IL-4 govern ILC2 functional identity and that their imbalance results in the 
perpetuation of type 1 or type 2 inflammation.
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INTRODUCTION
At steady state, the human respiratory tract is protected against airborne pathogens, pollutants 
and other challenges from the environment through crosstalk between epithelial cells and tissue-
resident immune cells. However, perpetual exposure to certain microbial pathogens, toxins or other 
environmental agents often results in respiratory diseases, such as asthma, CRS, COPD and cancer1,2. 

Whereas CRSwNP and allergic asthma are type 2 inflammatory diseases3,4, COPD is a heterogeneous 
airway disease with elements of type 1 inflammation, including elevated production of IL-12, IL-18 
and IFN-γ5,6. Although airway epithelial cells and innate immune cells are essential components in 
the process that drives chronic airway inflammatory diseases7, the mechanisms by which these cells 
contribute to disease development remain poorly understood. 

ILCs are a family of effector cells that are important for protection against infiltrating pathogens 
and restoration of tissue integrity8. Three major subsets have been defined on the basis of their 
phenotype and functional similarities to helper T cells: group 1 ILCs, which include the prototypical 
natural killer cell and IFN-γ-secreting ILC1 subsets; ILC2s, which are endowed with the ability to 
secrete the type 2 helper T cell (TH2 cell) associated cytokines (IL-4, IL-5, IL-9 and IL-13); and group 
3 ILCs, which include lymphoid-tissue-inducer cells and ILC3s able to produce IL-22, IL-17 and the 
cytokine GM-CSF9. 

At steady state, ILC1s are present only at a low frequency within tissues, whereas ILC2s and ILC3s 
represent the most prominent subsets that contribute to protective innate immune responses, 
tissue homeostasis and repair. However, when dysregulated, ILCs can promote inflammation-driven 
pathology10,11. ILC1s accumulate in the lamina propria of patients with Crohn’s disease12; patients 
with type 2 diseases show enrichment for ILC2s, such as in blood, sputum and bronchoalveolar 
lavage (BAL) samples of allergic asthmatic patients13,14, in polyps from patients with CRS15, and in 
the skin of patients with atopic dermatitis16; and NKp44+ ILC3s are higher in frequency in psoriatic 
skin lesions and obesity induced asthma17,18. 

The composition of ILCs might be altered in diseased tissues by the recruitment of ILC subsets from 
the periphery. However, it has been reported that ILCs are tissue-sessile cells, with limited migration 
of hematogenic ILCs into tissue19. Another mechanism by which the ILC composition might change 
is the transdifferentiation of one ILC subset into another. Indeed, bidirectional transdifferentiation 
between ILC1s and ILC3s in the intestinal lamina propria has been reported12,20,21: ILC3s differentiate 
into IFN-γ-secreting CD127+ ILC1s under the influence of the type 1 cytokine IL-12, whereas ILC1s 
are reverted by IL-23, IL-1β and retinoic acid into IL-22-secreting ILC3s. 

Here we observed that IFN-γ-producing ILC1s accumulated in lung tissue from patients with the 
inflammatory disease severe COPD. Investigating the possible origin of these ILC1s, we found that 
ILC2s had the ability to transdifferentiate into ILC1s in an IL-12 dependent manner. The conversion 
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of ILC2s into ILC1s was reversed by IL-4. The importance of IL-4 in maintaining ILC2 phenotype 
and function was emphasized by the observation that both the expression of IL4 mRNA and the 
frequency of ILC2s were greater in nasal polyps from patients with CRS than in control turbinates 
of healthy subjects. Eosinophils were an important source of IL-4 in nasal polyps from patients with 
CRS. Overall, our data reveal considerable plasticity of ILC2s.

RESULTS
Altered ILC tissue composition in chronic airway inflammation
Human ILC2s are characterized by expression of the marker CRTH2. To explore whether additional 
markers could help to further define human ILC2s, we performed a comprehensive phenotypic 
analysis of all ILC subsets using a previously established gating strategy22 (Fig. 1a and Supplementary 
Fig. 1a,b). All human ILC subsets in peripheral blood and lung tissue expressed the cytokine receptor 
subunit IL-7Rα (CD127) and the natural killer cell receptor CD161, although this expression was 
highest on ILC2s (Fig. 1b). ILC2s also expressed the costimulatory receptor ICOS, the cytokine 
receptor subunit IL-2Rα (CD25)23, the cytokine receptors IL-4R and IL-9R, the senescence marker 
KLRG1 and the IL-25 receptor IL-17RB, but expression of these was not specific (Fig. 1b). Furthermore, 
and in contrast to findings published elsewhere24, expression of the cytokine receptor IL-33R (ST2) 
and the receptor for thymic stromal lymphopoietin (TSLP) was undetectable on the cell-surface 
membrane of freshly isolated ILCs from blood or lung tissues (Fig. 1b), although transcripts encoding 
these have been detected in published studies15,25. Thus, the only surface marker tested that in our 
analyses uniquely identified human ILC2s among CD161+ CD127+ ILCs was CRTH2. 

Although ILCs are found in many organs throughout the human body, their composition varies 
considerably among tissues22. Side-by-side comparison of ILC ratios in peripheral blood, skin, tonsil, 
lungs, intestine and mesenteric lymph nodes revealed that ILC3s were the predominant population 
in all tissues analyzed, whereas CD127+ ILC1s were present only at a low frequency (Fig. 1c). Adult 
mucosa-associated tissues showed selective enrichment for NKp44+ ILC3s, relative to the abundance 
of these cells in peripheral blood and fetal tissues. ILC2s represented approximately 10% of the 
total ILC population in fetal lungs, and this value rose to a frequency of greater than 25% in adult 
lungs. In contrast, the frequency of ILC2s was diminished in adult mesenteric lymph nodes and 
intestinal tissues. Thus, lungs were the only tissue investigated in which both ILC2s and NKp44+ 
ILC3s coexisted at a substantial frequency at steady state. 

The frequency of ILC2s was lower in lung tissue from patients with severe COPD (The Global 
Initiative for Chronic Obstructive Lung Disease (GOLD) stage IV) than in that from healthy subjects 
or from patients with less-severe COPD (GOLD stages I and II) (Fig. 1d,f; patient characteristics, 
Supplementary Table 1), whereas the total frequency of CD45+ lymphocytes was unaltered (Fig. 
1e). In parallel, we observed marked enrichment for ILC1s and NKp44− ILC3s in lung tissue from 
patients with severe COPD (GOLD stage IV) relative to their abundance in lung tissue from healthy 
subjects and from patients with less-severe COPD (GOLD stages I and II) (Fig. 1f). The nasal polyps 



155

IL-1β, IL-4 and IL-12 control ILC2 fate in human airway inflammation

of patients with CRS show enrichment for ILC2s relative to their abundance in healthy turbinate 
tissue15. Here we observed that whereas the total frequency of CD45+ lymphocytes was unchanged 
in nasal polyps of patients with CRS relative to their frequency in healthy turbinate tissue (Fig. 1g), 
the frequency of both ILC1s and ILC3s was diminished in parallel with an increased frequency of 
ILC2s in the nasal polyps (Fig. 1h). Together these data suggested that an inflammatory environment 
altered ILC composition.

Change in ILC2 phenotype in vivo
To evaluate whether the microenvironment determines the stability of the ILC2 phenotype, we 
employed a mouse model of the human immune system. At 8 weeks after injection of human 
hematopoietic stem cells into sublethally irradiated newborn mice of the non-obese diabetic (NOD)–
severe combined immunodeficiency (SCID) strain that were deficient in the common γ-chain of 
the IL-2 receptor (Il2rg−/−)26 , 80% of the immune cells of these mice were of human origin (Fig. 2a 
and Supplementary Fig. 2a), and the blood, spleen and lungs were repopulated with human ILCs, 
including ILC2s (Fig. 2b). These observations indicated that these host mice were able to support 
the development and maintenance of human ILC2s. 

Next we expanded populations of purified blood CRTH2+ ILC2s and subsequently resorted the 
resultant cells to a purity of >98% (ref.15 ) (Supplementary Fig. 2b). We labeled the purified ILC2s 
with a cell-tracer dye and injected them intravenously into mice of the human immune system 
model described above (Il2rg−/− NOD-SCID mice engrafted with human hematopoietic stem cells) to 
monitor the fate of the ILC2s in vivo. Analysis of blood, lungs and spleen 4 d after injection revealed 
a small but distinct population of labeled cells that ‘preferentially’ homed to the lungs (Fig. 2c). 
Whereas labeled cells cultured in vitro remained CRTH2+ (Supplementary Fig. 2c), we observed 
partial loss of CRTH2 expression in all tissues in our in vivo model (Fig. 2d), which mimicked the 
phenotype of NKp44− ILC3s and ILC1s. Transcriptional analysis of the labeled cells revealed that 
although c-Kit−CRTH2− ILC2s and CRTH2+ ILC2s had similar expression of GATA3, which encodes 
the transcription factor GATA3, the former had higher expression of TBX21, which encodes the 
transcription factor T-bet (Fig. 2e). No cytokine-encoding transcripts were detectable (data not 
shown). These results suggested that a proportion of ILC2s might convert to other subsets under 
the influence of an altered microenvironment.

Control of the fate of IL-1β activated ILC2s by IL-12
IL-1β activates ILC3s, particularly in the presence of IL-23 (refs. 12,27,28). IL-1β also acts together with 
IL-23 and retinoic acid to transdifferentiate ILC1s into ILC3s20. As ILC2s also express the receptor for 
IL-1β15, we assessed the effect of IL-1β on ILC2s. We observed that IL-1β in combination with low 
concentrations of IL-2 (which by itself does not activate ILC2s) strongly stimulated the production 
of IL-5 and IL-13 by ILC2s (Fig. 3a). The IL-5 production induced by IL-2 and IL-1β was even greater 
than that induced by the combination of IL-2 and IL-33 or IL-2 and TSLP and was boosted by the 
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combination of IL-1β with either IL-2 and IL-33 or IL-2 and TSLP (Fig. 3b). These data indicated that 
IL-1β was a strong ILC2- stimulating cytokine. 

People with COPD exhibit elevated titers of the inflammatory cytokines IL-1β, IL-12 and IFN-γ5,29, 
which raises the possibility that these cytokines contribute to the transdifferentiation of ILC3s into 
ILC1s12. As ILC2 frequency, like that of NKp44+ ILC3s, was diminished in patients with COPD (Fig. 1e), 
we sought to determine whether IL-12 was also able to drive differentiation of ILC2s into ILC1s. We 
cultured freshly isolated human peripheral blood ILC2s, with or without IL-12, in combination with 
IL-33 plus TSLP or with IL-1β (Fig. 4a). The combination of IL-33 plus TSLP induced ILC2s to secrete 
IL-5 and IL-13 (Fig. 4a,b), and this was accompanied by some downregulation of CRTH2 expression 
(Supplementary Fig. 3a). The decrease in CRTH2 expression did not affect the capacity of these cells 
to produce IL-5 and IL-13 upon subsequent activation with IL-33 plus TSLP (Supplementary Fig. 3a). 

Figure 1. Phenotype and tissue distribution of human ILCs, and changes in ILC ratios in COPD 
and nasal polyps. 
(a) Gating strategy for the detection, by flow cytometry, of ILCs in human blood, with ILCs defined 
as negative for lineage markers (Lin−: CD1a−CD3−CD14−CD16− CD19−CD34−CD94−CD123−BDCA2−

FcεR1α− TCRαβ−TCRγδ−) and CD45+CD127+CD161 +. Numbers adjacent to outlined areas (left half) 
indicate percent lymphocytes (far left), CD3−CD45+ cells (middle left) or Lin−CD127+ cells (left); 
number above bracketed line (middle) indicates percent CD161+ cells; and numbers in outlined 
areas (right) indicate percent CRTH2− (ILC1 or ILC3) cells (left half) and CRTH2+ (ILC2) cells (right half) 
(middle right plot), and c-Kit+NKp44− (ILC3) cells (top) or c-Kit−NKp44− (ILC1) cells (bottom) (far right 
plot) among the CRTH2− cells at left. SSC, side scatter; FSC< forward scatter. (b) Flow cytometry 
characterization of ILC1, ILC2 and ILC3 subsets in blood (top row) and non-inflamed lungs (bottom 
row). Iso, isotypematched control antibody. (c) Quantification of ILC1, ILC2, and NKp44− and NKp44+ 

ILC3 cells (defined as in a) in adult skin (n = 5 donors), blood (n = 20 donors), lungs (n = 6 donors), 
tonsils (n = 3 donors), gut (n = 6 donors) and mesenteric lymph nodes (MLN) (n = 4 donors) (left), 
and in fetal lungs (n = 6 donors), mesenteric lymph nodes (n = 5 donors) and gut (n = 6 donors) 
(right). (d) Flow cytometry analyzing CRTH2 expression in total ILCs (CD45+Lin−CD127+CD161 −) from 
lungs of patients with COPD at GOLD stage IV (COPD) and those of healthy subjects and patients 
with COPD at GOLD stage I and II (Control) (left) or in nasal polyps from patients with CRS (Polyp) 
and nasal tissue from healthy control subjects (Turbinate) (right). (e) Frequency of total ILCs in lungs 
from control subjects and patients with COPD as in d, left (key). (f) Frequency of ILC subsets in lungs 
from healthy control subjects and patients with COPD, collectively (left) and separately (right). 
Each symbol (right) represents an individual donor; small horizontal lines indicate the mean. (g) 
Frequency of total ILCs in healthy nasal tissue and nasal polyps as in d, right (key). (h) Frequency of 
ILC subsets in turbinate and nasal polyps as in g (presented as in f). *P < 0.05, **P < 0.01 and ***P 
< 0.001 (t-test). Data are from one experiment representative of three (a,b) or six (d) experiments 
with similar results, one experiment with three to twenty donors (c), or one experiment with six 
(e–g) or seven (h) donors (mean + s.e.m. in e,g).
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The addition of IL-12 to IL-33 and TSLP caused substantial downregulation of CRTH2 expression and 
cell-surface-marker c-Kit (CD117) expression; this resulted in cells with a c-Kit–CRTH2– phenotype 
(Fig. 4a,b), which is a phenocopy of ILC1s12. We observed a similar change in phenotype after 
stimulation with IL-1β plus IL-12, whereas IL-12 alone did not induce this change (Fig. 4a,b), even 
though all human ILC subtypes expressed transcripts encoding both subunits of the IL-12 receptor12 
(Supplementary Fig. 3b). In agreement with those findings, we observed robust production of IFN-γ 
in ILC2s stimulated with IL-1β plus IL-12 or IL-33, and TSLP plus IL-12 (Fig. 4a,b). Stimulation of ILC2s 
in the presence of IL-12 resulted in a substantial reduction in expression of GATA3 transcripts and 
GATA-3 protein and upregulation of T-bet expression relative to that of cells stimulated without 
IL-12 (Fig. 4c,d). Moreover, ILC2s stimulated in the presence of IL-12 were no longer responsive to 
IL-33 and TSLP but became responsive to IL-12 and IL-18, in a manner similar to that of true ILC1s 
(Supplementary Fig. 3c,d). 

Blood-derived ILC2s from healthy subjects had high expression of the adhesion molecule L-selectin 
(CD62L), which was absent in ILC2s from nasal polyps of patients with CRS (Fig. 4e); this indicated 
that ILC2s in nasal polyps were more mature than those in blood. Both polyp-derived ILC2s and 
human fetal-lung-derived ILC2s downregulated their expression of CRTH2 and c-Kit in response 
to ILC1-inducing cytokines and produced IFN-γ but not IL-5 (Fig. 4f and Supplementary Fig. 3e,f). 

Figure 2. Transferred ILC2s alter their phenotype and transcription-factor profile in Il2rg−/− NOD-
SCID mice engrafted with human immune cells. 
(a) Gating strategy for the detection, by flow cytometry, of human ILCs in the spleen of humanized 
Il2rg−/− NOD-SCID mice. Numbers adjacent to outlined areas indicate percent lymphocytes (far 
left), cells positive for human (h) CD45 and negative for mouse (m) CD45 (hCD45 +mCD45−) or vice 
versa (hCD45−mCD45+) (middle), or Lin−CD161 + cells among the hCD45+ cells at left (human ILCs) 
(right). (b) Reconstituted human ILC subsets (defined as in Fig. 1a) in the blood, lungs and spleen 
of humanized mice (as in a), categorized as ILC1, ILC2 and ILC3 (outlined areas, far left; key, above) 
on the basis of expression of c-Kit and CRTH2. Numbers in quadrants indicate percent cells in each 
throughout. (c) Flow cytometry of cell-tracer-labeled human ILC2s from an Il2rg−/− NOD-SCID mice 
4 d after retro-orbital inoculation (1 × 105 to 1 × 106 donor cells per host mouse) (left), and the 
frequency of cell-tracer-positive ILCs among total hCD45+ cells in the blood, lungs and spleen of 
such mice (right). Number adjacent to outlined area (left) indicates cell-tracer-positive ILCs. (d) Flow 
cytometry analyzing transferred human ILC subsets in the blood, lungs and spleen of mice as in c 
(defined and presented as in b) (left), and frequency of c-Kit+CRTH2−, CRTH2+ or c-Kit−CRTH2+ ILC2s 
(key) in the blood, lungs and spleen of those mice (right). (e) Expression of GATA3 and TBX21 in 
CRTH2+ or c-Kit−CRTH2− ILC2s pooled from various organs and in reconstituted (r) ILC1s and ILC2s 
(key), presented (in relative units (RU)) relative to expression of the control gene ACTB. *P < 0.05 
(t-test). Data are from one experiment representative of five experiments with one to two mice in 
each (one to three donors per reconstitution; a–d; mean + s.e.m. in c,d) or are pooled from three 
experiments with four mice (e; mean + s.e.m.).

06



160

Chapter 6

These results indicated that ILC2s had the potential to transdifferentiate into ILC1s when exposed 
to a type 1 inflammatory environment, such as that present in the lungs of patients with COPD. 

To rule out the possibility that the phenotypic and functional changes observed in ILC2s were a 
consequence of the ‘preferential’ outgrowth of a few contaminating ILC1s, we performed clonal 
analyses of ILC2s isolated from the peripheral blood of healthy subjects and from the nasal polyps 
of patients with CRS. We cultured single ILC2s with irradiated allogeneic lymphocytes25, which 
provided a source of IL-12 and IL-1β (Supplementary Table 2). The cloning efficiencies (number of 
positive wells relative to total wells seeded, for samples from two different donors) were 23% and 
8% (peripheral blood) and 21% and 17% (nasal polyps). In all experiments, we observed clones that 
maintained CRTH2 expression, clones that partly maintained CRTH2 expression, and clones with 
undetectable CRTH2 expression (Fig. 5a,b). The proportion of clones that retained their CRTH2 
expression was highest among those isolated from nasal polyps (Fig. 5b). From selected clones we Figure  3
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Figure 3. IL-1β activates ILC2s. 
(a) Flow cytometry analyzing intracellular IL-5 and production of IFN-γ in Lin−CD127+CD161 + CRTH2+ 
ILC2s isolated from peripheral blood and cultured for 6 d with IL-2 alone, IL-2 plus IL-1β, or IL-2 plus 
IL-33 plus TSLP (left), and frequency of IL-5-producing cells among those ILC2s (middle right) and 
ELISA of IL-13 in those ILC2s (far right). (b) IL-5 production by ILC2s stimulated for 6 d with various 
combinations of cytokines (below plot). *P < 0.05, **P < 0.01 and ***P < 0.001 (one-way analysis 
of variance (ANOVA)). Data are from one experiment with four biological replicates (a, left) or four 
pooled biological replicates (a (right), b; mean + s.e.m).
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isolated CRTH2+ cells and c-Kit−CRTH2− cells and analyzed their expression of transcription factors 
and production of cytokines after stimulation. We observed that the CRTH2+ fraction of peripheral-
blood-derived ILC2 clones had higher expression of GATA3 mRNA than that of the CRTH2− ILC2 
clones (Fig. 5c). Conversely, both c-Kit+CRTH2− cells and c-Kit−CRTH2− cells isolated from the same 
heterogeneous clone had high expression ofTBX21 mRNA, and the c-Kit+CRTH2− ILC2s had higher 
expression of RORC mRNA (which encodes the transcription factor RORγt) than that of the c-Kit−

CRTH2− cells (Fig. 5c). The CRTH2+ ILC2s responded to IL-33 plus TSLP by secreting IL-5 and IL-13, 
whereas the c-Kit−CRTH2− cells responded only modestly to these cytokines (Fig. 5d). The c-Kit−

CRTH2− progeny of clones from peripheral blood and nasal polyps were much more responsive to 
type 1 stimuli than were CRTH2+ ILC2s, and they secreted IFN-γ in response to IL-12 and IL-18 (Fig. 
5d,e). Together these data indicated that ILC2s isolated from either peripheral blood or nasal polyps 
were able to acquire features of IFN-γ-producing ILC1s.

IL-4 promotes ILC2 maintenance and proliferation
Although CRSwNP and COPD are both inflammatory airway diseases3,4,6, ILC2s were present at an 
increased frequency only in nasal polyps from patients with CRS (Fig. 1h). As the opposing roles of 
IL-4 and IL-12 in helper T cell differentiation are well documented30, we compared the expression 
of transcripts encoding these cytokines in nasal polyps with that in healthy turbinate tissue and 
observed that the amount of IL4 mRNA was elevated in polyp tissues relative to that in healthy 
turbinate tissue, while IL12 mRNA was undetectable in polyp tissues (Fig. 6a and data not shown). 
We did not detect differences between nasal polyps and healthy turbinate tissue in their expression 
of IL33 transcripts31, but expression of TSLP mRNA was higher in total polyp tissue from patients 
with CRS than in healthy, non-inflamed turbinate tissue (Fig. 6a). 

To investigate whether IL-4 was involved in inducing or maintaining CRTH2 expression, we first 
cultured peripheral-blood-derived ILC2s under ILC1-polarizing conditions. We then re-stimulated 
these cells in the presence of IL-4 and observed that the expression of CRTH2 and that of c-Kit 
was partly restored and completely restored, respectively (Fig. 6b,c). Of note, stimulation of true 
CD127+ ILC1s or ILC3s from peripheral blood with IL-4 did not result in the upregulation of CRTH2 
expression (Supplementary Fig. 4a), which indicated that the transdifferentiating influence of 
IL-4 was restricted to ILC2- derived ILC1s (former (‘ex-’) ILC2s). IL-4 acted in synergy with IL-33 to 
induce ILC2 proliferation, along with the production of IL-5 and IL-13, to a level comparable to that 
induced by IL-33 plus TSLP (Fig. 6d,e). IL-4 by itself, however, was insufficient to induce production 
of IL-5 and IL-13 (Fig. 6d,e). 

In cells from patients undergoing bronchoscopy for diagnostic purposes for various indications, 
including asthma (patient characteristics, Supplementary Table 3), we found that the total ILC pool 
in BAL fluid lacked CRTH2+ ILC2s (Supplementary Fig. 4b). To test the hypothesis that the BAL-fluid 
ILC populations included ex-ILC2s, we expanded those populations in vitro in the presence of IL-4 
and observed a distinct increase in CRTH2 expression and upregulation of GATA-3 expression (Fig. 
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6f,g). This suggested that a considerable proportion of the BAL-fluid ILCs were derived from ILC2s 
that had lost CRTH2 expression. In line with those findings, BAL-fluid ILCs stimulated with IL-33 and 
TSLP in the presence of IL-4 produced much larger amounts of IL-5 and IL-13 than the amounts 
produced after stimulation without IL-4 (Fig. 6h). Together these data indicated that the functional 
identity of ILC2s was restored by IL-4.

Targeting of IL-12p70 and IL-4 regulates ILC2 transdifferentiation
Next we sought to determine whether the neutralization of IL-12 or the addition of IL-4 would 
prevent the transdifferentiation of ILC2s into ILC1s. After exposure of blood-derived ILC2s and ILC3s 
to the supernatant of a mixed-lymphocyte reaction (MLR) that contained IL-12 (Supplementary 
Table 2), both ILC subsets downregulated their c-Kit expression, while ILC2s also downregulated 
their CRTH2 expression (Fig. 7a). Both ILC subsets secreted large amounts of IFN-γ after being 
cultured with the MLR supernatant followed by re-stimulation with the phorbol ester PMA and 
ionomycin (Fig. 7b). These findings suggested that factors in the MLR supernatant contributed to 
the differentiation of both ILC subsets into ILC1s. Neutralization of IL-12 mediated by antibody to-
IL-12p70 (anti-IL-12p70) in this setting inhibited the transdifferentiation of ILC2s, and also of ILC3s, 
into ILC1s (Fig. 7c,d). IL-4 dampened the polarization of ILC2s toward ILC1s to an extent similar to 
that achieved by neutralization of IL-12p70 but did not affect the transdifferentiation of ILC3s into 
ILC1s (Fig. 7e,f). The combined administration of anti-IL-12p70 and IL-4 did not result in a greater 
reduction in IFN-γ or an enhanced IL-13 response by ILC2s (Fig. 7g–i). 

To investigate whether the administration of neutralizing antibodies and recombinant cytokines was 
also effective in a pathophysiological setting, we obtained polyp cells from patients with CRS and 
cultured total polyp cells in the presence of IL-4 and anti-IL-12p70 and observed that the CRTH2+ 
population was maintained (Fig. 7j). In contrast, culture of ILC2s in the presence of IL-12 and anti-

Figure 4. IL-12 governs the transdifferentiation of ILC2s into IFN-γ-producing cells. 
(a) Expression of c-Kit and CRTH2 (top) and intracellular IL-5 and secreted IFN-γ (bottom) of ILC2s 
purified from blood (gating strategy, Fig. 1a) and activated for 6 d with IL-2 alone (far left) or with IL-2 
and various combinations (above plots) of IL-1β, IL-12, IL-33 and TSLP. (b) Frequency of c-Kit−CRTH2− 
ILC2s (‘ex-ILC2’) (left) and IFN-γ-producing cells (right) generated in the activation conditions in a 
(key). (c) Expression of GATA3 and TBX21 mRNA by ILC2s and ILC1s or by c-Kit−CRTH2− ILC2s sorted 
after stimulation with IL-2, IL-33, TSLP and IL-12 or with IL-2, IL-1β and IL-12 (key) (presented as in 
Fig. 2e). (d) Intracellular staining of T-bet and GATA-3 in ILC2s (red) and ILC1s (black) (left) and in 
ILC2s stimulated as in c (right). (e) Expression of CD62L on ILC2s in the peripheral blood of healthy 
subjects and nasal polyps from patients with CRS. Light gray shading, isotype-matched control 
antibody. (f) Expression of c-Kit and CRTH2 (top row) and of intracellular IL-5 and secreted IFN-γ 
(bottom row) of Lin−CD127+CD161 +CRTH2+ ILC2 sorted from nasal polyp tissue and stimulated for 6 
d as in a. *P < 0.01 and **P < 0.001 (oneway ANOVA). Data are from one experiment representative 
of four (a,f) or three (d,e) independent experiments, are pooled from three experiments (b; mean 
+ s.e.m.) or are from one experiment with four donors (c; mean + s.e.m.).
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IL-4 resulted in substantially downregulated CRTH2 expression (Fig. 7j). These findings confirmed 
critical roles for IL-12 and IL-4 in determining the ratio of ILC2s to ILC1s in inflamed tissues.

Cross-talk between eosinophils and ILC2 in nasal polyps
The observation of increased transcripts encoding IL-4 in nasal polyps of patients with CRS (Fig. 6a) 
raised the question of which cell type was the source of this cytokine. IL-4 production has been 
ascribed to mast cells, basophils and eosinophils32. As expected, we found a much greater abundance 
of eosinophils in nasal polyps of patients with CRS than in healthy turbinate tissue (Fig. 8a and 
Supplementary Fig. 5), whereas we detected a lower and only slightly greater number of basophils 
and mast cells, respectively, in nasal polyps than in healthy turbinate tissue (Supplementary Table 4). 
To study the spatial relationship between ILC2s and eosinophils, we subjected nasal polyp tissues to 
an immunohistochemistry protocol that allowssimultaneous visualization of ILC2s and eosinophils. 
We visualized eosinophils as positive for eosinophil cationic protein (EG2+) and visualized ILC2s as 
lineage-marker-negative, CD25+GATA3+ cells (Fig. 8b, left). We categorized polyps as having tissue 
eosinophilia or no or a few scattered eosinophils. No ILC2s were present in the polyps with no or a 
few scattered eosinophils (data not shown). In contrast, we were able to identify ILC2s in 12 of the 
14 polyps with eosinophilia (86%), and in these cases they had an average tissue density ranging 
between 0.03 ILC2s per mm2 and 0.6 ILC2s per mm2 (data not shown). Within the individual tissue 
sections, the eosinophilia had a patchy and heterogeneous distribution that co-localized spatially 
with presence of ILC2s (Fig. 8b, right). In such eosinophil-rich foci, the ILC2 density was greater 
than 2 ILC2s per mm2 (data not shown). The spatial link between ILC2s and eosinophils was further 
illustrated by computerized Monte-Carlo-simulation-based methodology (Supplementary Fig. 6), 
which confirmed the proposal that ILC2s did not follow a pattern of random distribution but were 
instead embedded in eosinophilic areas. 

Figure 5. ILC2 clones differentiate into IFN-γ-producing ILC1s. 
(a) Frequency of CRTH2+ (ILC2), c-Kit+CRTH2− (c-Kit+ ex-ILC2) or c-Kit−CRTH2− (c-Kit− ex-ILC2) subsets among 
ILC2 clones (23 (left) or 8 (right); numbered along horizontal axes) from the peripheral blood of healthy 
subjects (n = 2 donors; left), and flow cytometry analyzing CRTH2 expression on two of those ILC2 clones 
(1 and 4; bold at left) after 3 weeks of culture (right). (b) Frequency of ILC2 subsets (as in a) among ILC2 
clones (numbered as in a) from nasal polyps of patients with CRS (n = 2 donors; left), and flow cytometry 
analyzing the expression of c-Kit and CRTH2 on clone 8 (bold at left) (right). (c) Expression of GATA3, TBX21 
and RORC mRNA by ILC2 subsets (as in a; sorted by expression of CRTH2 and c-Kit) derived from ILC2 
clones (presented as in Fig. 2e). (d) Flow cytometry (left) of intracellular IL-5 in and production of IFN-γ 
by CRTH2+ ILC2s (left) and c Kit−CRTH2− ILC2s (c-Kit+ ex-ILC2; right) sorted from peripheral blood clones 
and activated for 2–3 d with IL-2, IL-33 and TSLP (top row) or with IL-2, IL-12 and IL-18 (bottom row). Right, 
frequency of IL-5+ cells (top) or IFN-γ+ cells (bottom) among those subsets (key). (e) Production of IFN-γ 
and IL-5 by CRTH2+ and c-Kit−CRTH2− ILC2 fractions (as in d) sorted from nasal polyp clones and activated 
for 4 d with IL-2, IL-33 and TSLP (left) or with IL-2, IL-12 and IL-18 (right). *P < 0.05 and **P < 0.01 (one-
way ANOVA). Data are from two experiments representative of at least three independent experiments 
with one donor in each (a,b), or are pooled from three independent experiments (c–e; mean + s.e.m.).
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Intracellular staining of freshly isolated polyp cells confirmed that in an inflammatory setting, 
eosinophils produced IL-4 (Fig. 8c). Eosinophils were not the only source of IL-4, as ILC2s themselves 
also produced IL-4 upon stimulation with IL-33 and TSLP, and this production was enhanced in 
the presence of exogenous IL-4 (Fig. 8d). Co-culture of eosinophils with ILC2s led to activation 
of the eosinophils, as indicated by the downregulation of CD62L expression and upregulation of 
CD69 expression on the eosinophils (Fig. 8e,f). Thisstimulation resulted in prolonged survival of 
eosinophils (Fig. 8g). In contrast, ILC1s were unable to stimulate eosinophils and did not promote 
their survival (Fig. 8f,g). The eosinophil-ILC2 interplay resulted in the activation of not only the 
eosinophils but also the ILC2s, as co-culture of ILC2s with pre-activated eosinophils enhanced the 
IL-5 production of the ILC2s in an IL-4-dependent manner (Fig. 8h). Together these data suggested 
that in a type 2 inflammatory setting, eosinophil-produced IL-4 was able to act as a mediator for 
continued crosstalk between ILC2s and eosinophils.

Figure 6. IL-4 is essential for maintenance of CRTH2 expression and expansion of ILC2 
populations. 
(a) Expression of IL4, TSLP and IL33 mRNA in healthy turbinate tissue and nasal polyps (presented 
as in Fig. 2e). (b,c) Flow cytometry of blood ILC2s stimulated for 5 d with IL-2, IL-33, TSLP and IL-12 
(b, left) or with IL-2, IL-1β, and IL-12 (c, left) and then successively re-stimulated for 5 d with IL-2 
plus IL-4 (right). Numbers in outlined areas indicate percent c-Kit+CRTH2− (ILC3) cells (top left), 
c-Kit−CRTH2− (ILC1) cells (bottom left) or CRTH2+ (ILC2) cells (right). (d) Flow cytometry (left) of 
blood ILC2s labeled with Cell Trace Violet (CTV) and stimulated for 5 d with various combinations 
of cytokines (left margin), and frequency of proliferating cells among those cells (right). Numbers 
above bracketed lines (left) indicate percent proliferating cells. (e) Production of IL-5 and IL-13 by 
blood ILC2s stimulated for 5 d with IL-2 in the presence (+) or absence (−) of IL-33, TSLP or IL-4 (below 
plot); results are normalized per 5 × 10 3 cells. (f) Flow cytometry (left) analyzing the expression 
of CRTH2 on total BAL-fluid ILCs after 2 weeks of population expansion with feeder cells in the 
presence of IL-2 alone or IL-2 plus IL-4 (key), and frequency of CRTH2+ cells among those cells (right). 
(g) GATA3 expression in the CRTH2+ and CRTH2− fractions (key) of BAL-fluid ILCs after population 
expansion. Light gray shading, isotype-matched control antibody. (h) Production of IL-13 by (left) 
and frequency of IL-5+ cells among (right) total BAL-fluid ILCs after population expansion and 6 
d of stimulation with various combinations of cytokines (below plot). *P < 0.05, **P < 0.01 and 
***P < 0.001 (t-test (a,f) or one-way ANOVA (d,e,h)). Data are from one experiment with at least 
four donors (a; mean + s.e.m.) or one experiment representative of three (b,c,g), five (f) or six (d) 
independent experiments (mean + s.e.m. in d,f) or are from four (e,h), five (f) or six (d) independent 
experiments (mean + s.e.m. in e,h).
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Figure  8
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Figure 8. Eosinophils and ILC2s activate each other and perpetuate type 2 inflammation in nasal 
polyps from patients with CRS. 
(a) Quantification of eosinophils (as MBP+ cells) in healthy turbinate tissue and nasal polyp tissue. 
Each symbol represents an individual donor; small horizontal lines indicate the mean. (b) Brightfield 
microscopy (left) of a nasal polyp with eosinophilia, stained by multi-immunohistochemistry, with 
ILC2s (arrowhead) defined as CD25+ (green) and GATA3+ (brown) after physical immunohistochemistry 
blockade and exclusion of tryptase-positive CD3+CD20+CD68+CD56+ cells (black), and eosinophils 
(red ‘E’) identified by their characteristic granule structure. Right, heat map of eosinophil density 
in a cross-sectioned nasal polyp, together with x,y coordinates for confirmed ILC2s (blue symbols) 
in the same section. Scale bars, 30 µm (main image, left), 10 µm (inset, left) or 2 mm (right). (c) 
Gating strategy for nasal-polyp eosinophils (left three plots) and intracellular staining of IL-4 (red 
line) in the eosinophils gated as at left (far right). Numbers adjacent to outlined areas (left) indicate 
percent CD3−CD45+ cells (far left), SSC+FSC− cells among those cells (middle left), and Sigl8+CCR3+ 
cells among those gated in middle plot (left). Gray shaded curve (far right), isotype-matched control 
antibody. (d) Flow cytometry analyzing intracellular IL-4 production in blood ILC2s stimulated for 5 
d with IL-2 alone (far left), IL-2, IL-33 and TSLP (middle) or IL-2, IL-33, TSLP and IL-4 (right) (left three 
plots), and frequency of IL-4+ cells among those cells (far right). Numbers adjacent to outlined areas 
(left) indicate percent IL-4+ cells. (e) Flow cytometry analyzing the expression of CD62L and CD69 
on peripheral blood eosinophils (Eos) cultured overnight alone (far left) or with pre-activated ILC2s 
(IL-2 plus IL-33 plus TSLP) (middle) or ILC1s (IL-2 plus IL-12 plus IL-18) (right). (f) Frequency of activated 
(CD62L− and/or CD69+) eosinophils cultured as in e. (g) Apoptosis of eosinophils (assessed as positive 
staining with annexin V) after co-culture as in e, presented relative to that of eosinophils cultured 
alone. (h) Quantification of intracellular IL-5 production by ILC2s cultured for 5 d alone (ILC2) or 
with eosinophils (ILC2 + Eos) with no pre-activation (No act) or pre-activated in the presence (Act 
+ α-IL-4) or absence (Act) of anti-IL-4, presented as frequency of IL-5+ ILC2 cells. *P < 0.05 and **P 
< 0.001 (one-way ANOVA). Data are from at least 28 independent experiments with one donor 
in each (a) or are representative of three (c), four (d), at least five (e–g) or at least fourteen (b) 
independent experiments (mean + s.e.m. in d–g) or two independent experiments with three 
donors each (h; mean + s.e.m.).
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DISCUSSION
COPD is a heterogeneous disease associated with elevated production of IL-1β, IL-12, IL-33, IL-17 
and IFN-γ in the inflamed lung tissue5,6. Similarly, elevated concentrations of IL-12, IFN-γ and IL-33 
have been measured in a COPD mouse model and were associated with a TH1-like inflammatory 
response6. We observed in lung specimens of patients with severe COPD that the frequency of ILC2s 
and NKp44+ ILC3s was diminished, whereas the frequency of ILC1s was increased, relative to their 
frequency in lung samples from healthy (control) subjects. The overall ILC frequency was unaltered 
in patients with severe COPD relative to that of healthy (control) subjects, which suggested that 
the change in the ratio of ILC2s to ILC1s resulted from transdifferentiation rather than from the 
recruitment of ILC1s from peripheral blood. This would be consistent with published data showing 
that ILC2s, like other ILC subsets, are tissue-resident cells19,33. Here we found that stimulation of 
ILC2 with IL-1β or IL-33 plus TSLP in the presence of IL-12 induced a substantial increase in the 
expression of T-bet, which was associated with a reciprocal downregulation in the expression 
of GATA3 and of its target, CRTH2 (ref. 25). The acquisition of T-bet expression resulted in the 
ability to produce high titers of IFN-γ andthe loss of production of IL-5 and IL-13. These findings 
indicated that IL-12 mediated the transdifferentiation of not only ILC3s but also ILC2s into ILC1s. The 
concentration of IL-1β protein is elevated in sputum from patients with COPD5. Although IL-1β has 
been thus far associated mostly with the activation of ILC3s, our studies presented here indicated 
that IL-1β was also a major stimulator of ILC2s, being even more potent than IL-33. IL-12 was found 
to substantially modulate the effect of IL-1β on ILC2s, changing IL-1β from an activator of ILC2s into 
an inducer of ILC1s. Therefore, it is likely that chronic exposure to pro-inflammatory cytokines such 
as IL-12, in combination with IL-1β and IL-33, contributes to the pathology of COPD by perpetuating 
type 1 immune responses. A related study showing that mouse ILC2s can transdifferentiate into 
IFN-γ+ ILC1s following infection with influenza virus suggests that acquisition of IFN-γ production 
by ILC2s is of relevance to tailoring an optimal immune response to viral pathogens or intracellular 
bacteria34. Of note, COPD is a heterogeneous disease, and therefore phenotypes may exist that are 
not characterized by an enhanced ILC1 frequency35. 

Loss of ILC2 identity as a consequence of activation in the presence of IL-12 raised the question of 
how ILC2 identity might be maintained. We observed that activation of ILC2s in the presence of IL-4 
resulted in robust proliferation, which was accompanied by secretion of the type 2 cytokines IL-5 
and IL-13. Moreover, freshly isolated ILCs in BAL fluid lacked phenotypic ILC2 markers, but culturing 
these ILCs in the presence of IL-4 resulted in the expression of GATA3 and CRTH2, along with the 
ability to secrete large amounts of type 2 cytokines. In addition, IL-4 inhibited the IL-12-induced 
transdifferentiation of ILC2s. These findings indicated that IL-4 favored the maintenance of ILC2 
function and phenotype. Given that IL-4 is expressed in nasal polyps of patients with CRSwNP, our 
findings suggest that this cytokine is responsible for the enhanced frequency of ILC2s in the inflamed 
nasal tissue in this disease. That hypothesis is supported by the finding that antibody-mediated 
neutralization of IL-4 in the presence of IL-12 decreased the frequency of ILC2s in homogenates of 
polyps from patients with CRS. As has been reported, ILC2s are important regulators of eosinophil 
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recruitment36,37. We found that ILC2s co-localized with the accumulated eosinophils in nasal polyps. 
We identified eosinophils as a cellular source of IL-4, and when activated, the eosinophils were 
able to induce the secretion of IL-5 by ILC2s. Co-culture of IL-4-secreting eosinophils with IL-5-
secreting ILC2s conferred a survival advantage to the eosinophils, most probably as result of the 
IL-5 secretion by the ILC2s37. As ILC2s in nasal polyp tissues also produce IL-4, cross-talk between 
ILC2s and eosinophils might be critical for the amplification of type 2 inflammation in CRSwNP. 

The identification of modulators of ILC function might be of interest for future therapeutic 
interventions. Specific targeting of IL-12 might result in a reduction in IFN-γ-mediated pathology 
in the lungs, such as the progressive emphysema in patients with COPD38,39. This could be achieved 
by the therapeutic monoclonal antibodies (mAbs) ustekinumab and briakinumab, directed against IL-
12p40, although these antibodies target both IL-12 and IL-23. No specific anti-IL-12 drugs have been 
developed for clinical application. Dupilumab, a mAb directed against the IL-4Rα chain that is shared 
by IL-4 and IL-13, has shown promising results in reducing pathology in patients with CRSwNP40, 
persistent moderate-to-severe asthma41 and atopic dermatitis, and this treatment might target 
several groups of type 2 effector cells, including ILC2s42. Treatment with mepolizumab or reslizumab, 
two mAbs directed against IL-5, was able to reduce polyp size in half of the patients with CRSwNP 
in clinical studies, which would suggest that targeting eosinophils might be a promising treatment 
strategy43,44. Given our data revealing an ILC2-eosinophil activation loop, it might be possible that 
simultaneous targeting of ILC2s with anti-IL-4 or anti-IL-4R might increase the therapeutic efficacy 
of anti-IL-5 in CRSwNP. In addition, lebrikizumab, a mAb directed against IL-13 that can improve 
lung function in asthma45, might diminish the pathological function of ILC2s in CRSwNP and act in 
synergy with anti-IL-5 to improve its therapeutic action. 

In summary, our data here and the results of published studies12,20,46 indicate that a high degree 
of plasticity is common to all ILC populations. This allows ILCs to quickly adapt to changes in their 
microenvironment without the need for the recruitment of circulating ILCs. As a result, upon 
mucosal infection, ILC plasticity could help in the prompt control of pathogens and could induce 
the rapid regeneration of damaged tissue. Once dysregulated, this ILC plasticity could contribute 
to the worsening of chronic diseases. Our findings provide an impetus for the generation of drugs 
that target ILC2s, which could be relevant for the treatment of chronic airway diseases such as 
asthma, CRSwNP and COPD.

METHODS
Tissue collection. 
All tissues were collected after subjects provided informed consent, with the approval of tissue-
specific protocols by the Medical Ethical Committee of the Academic Medical Centre, Amsterdam. 
Uninflamed nose turbinate tissue was obtained from healthy adults. Inflamed nasal polyps were 
from patients with chronic rhinosinusitis. Lung tissues were obtained from adult patients undergoing 
lung tumor surgery or lung transplantation surgery; tissues were obtained at an appropriate 
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distance from the tumor. Bronchoalveolar lavage samples were obtained from patients undergoing 
a bronchoscopy for diagnostic purposes. Human fetal tissues were obtained from elective abortions 
at the Stichting Bloemenhove clinic in Heemstede, the Netherlands, after receipt of informed 
consent. The use of human abortion tissues was approved by the Medical Ethical Commission of the 
Academic Medical Center, Amsterdam. Gestational age was determined by ultrasonic measurement 
of the diameter of the skull or femur and ranged from 14 to 17 weeks. Buffy coats were provided 
by the blood bank at Sanquin, Amsterdam.

Isolation of cells. 
All solid tissues were rinsed of connective tissue, fat and muscle. Tissues were cut into fine pieces 
and digested for 30–45 min at 37 °C with Liberase TM (125 µg/ml). Lung cells were isolated by 
incubation of tissues with DNase I (50 U/ml; Sigma-Aldrich) and collagenase type 1 (300 U/ml; 
Worthington). Cell suspensions were filtered through a 70-µm nylon mesh or steel strainer, and 
mononuclear cells were isolated with Lymphoprep (Axis-Shield). Peripheral blood mononuclear 
cells were isolated on Lymphoprep (Axis-Shield).

Flow cytometry analysis and sorting. 
The following antibodies to human proteins were used at the concentrations recommended by the 
manufacturers. From BioLegend: fluorescein isothiocyanate (FITC)-conjugated anti-CD1a (HI149), 
anti-CD3 (OKT3), anti-CD14 (HCD14), Anti-CD16 (3G8), AntiCD19 (HIB19), Anti-CD34 (581), anti-CD94 
(DX22), anti-CD123 (6H6), antiFcER1α (AER-37); phycoerythrin (PE)-conjugated anti-CD161 (HP-
3G10), anti-NKp44 (P44-8), anti-TSLPR (1B4), anti-IL4rα (CD124, G077F6), antiIL9R (CD129, AH9R7), 
anti-KLRG1 (2F1/KLRG1), anti-CD25 (BC96), antiICOS (CD278, C398.4A), anti-Siglec-8 (7C9); Alexa 
Fluor 647 conjugated anti-CCR3 (5E8), anti-NKp44 (P44-8); allophycocyanin (APC)-conjugated anti-
GATA3 (16E10A23); Alexa Fluor (AF) 700–conjugated anti-CD3 (UCHT1), anti-CD45 (HI30); brilliant 
violet (BV) 421-conjugated anti-CD161 (HP-3G10). From Beckman Dickinson: FITC-conjugated anti-
CD34 (581), anti-TCRαβ (IP26), TCRγδ (B1); PE-CF594-conjugated anti-CD3 (UCHT1), anti-CRTH2 
(BM16); AF647 or PE-CF594–conjugated anti-CRTH2 (CD294; BM16); APC indotricarbocyanine 
(Cy7)–conjugated anti-CD45 (2D1); peridinin chlorophyll protein–cyanine 5.5–conjugated (PerCP-
Cy5.5) antiCD94 (HP-3D9). From other manufacturers: phycoerythrin-Cy7-conjugated anti-CD127 
(R34.34; Beckman Coulter), anti-T-bet (4B10; eBioscience); PE-conjugated anti-RORγt (AFKJS-9; 
eBioscience), anti-IL17RB (170220; R&D systems), anti-GATA3 (TWAJ; eBioscience); FITC-conjugated 
anti-BDCA2 (CD303; AC144; Miltenyi), anti-ST2L (B4E6); and PE Cy5.5- conjugated anti-CD117 
(104D2D1; Beckman Coulter). The cell proliferation dye was CellTrace Violet (c34557; Life Sciences). 
For phenotypic analysis by flow cytometry, data were acquired on an LSRFortessa or FACSCanto 
II instrument (BD Biosciences) and analyzed with FlowJo software (TreeStar). For sorting by flow 
cytometry, lung, nasal polyp and peripheral blood mononuclear cell samples were depleted of T 
cells, B cells and monocytes by labeling with FITC-conjugated anti-CD3, anti-CD14 and anti-CD19 
(described above) plus anti-FITC microbeads (Miltenyi) or positively selected by labeling with PE-
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conjugated anti-CD161 (described above) plus anti-PE microbeads. Cells were sorted on a FACSAria 
(BD). 

Establishment of CD127+CRTH2+ cell lines and analysis of cytokine production. 
Lin−CD127+CD161 +CRTH2+ ILC populations were expanded with irradiated allogeneic peripheral 
blood mononuclear cells (25 Gy), irradiated Epstein-Barr virus–transformed JY human B cells (50 Gy), 
phytohemagglutinin (1 µg/ml; Oxoid) and IL-2 (100 U/ml; Novartis) in Yssel’s medium (AMC; made 
‘in-house’) supplemented with 1% (vol/vol) human AB serum. Fresh and expanded Lin−CD127+CD161 
+ ILC populations were stimulated for 5–6 d with IL-2 (10 U/ml; Novartis), IL-33, TSLP, IL-4, IL-12, 
IL-18, IL-1β (all at a concentration of 50 ng/ml; R&D Systems) or combinations of these cytokines. 
In some experiments, anti-IL-4 (5 µg/ml; BioLegend), anti-IL-12p70 (5 µg/ml; R&D systems), or 
anti-IL-1β (5 µg/ml; BioLegend) were added to block the respective cytokines. IL-5, IL-13 and IFN-γ 
were measured in supernatants by enzyme-linked immunosorbent assay (eBioscience). Multiple 
cytokines were detected in some experiments by Luminex technology (Millipore). 

Intracellular cytokine staining. 
Fresh or expanded ILC populations were stimulated for 6 h with PMA (10 ng/ml; Sigma) and 
ionomycin (500 nM; Merck) in the presence of GolgiPlug (BD) for the final 4 h of culture. A Cytofix/
Cytoperm kit (BD) was used for cell permeabilization, staining and subsequent washing. The 
following antibodies were used at the concentrations recommended by the manufacturers: AF488-
conjugated IL-4 (8D4-8; eBioscience); APC conjugated anti-IL-13 (JES10-5A2; BioLegend), anti-IL-5 
(JES1-39D10; BioLegend), PE-conjugated anti-IL-5 (JES1-39D10; BioLegend); PE-Cy7-conjugated anti-
IFN-γ (B27; BD Bioscience); BV421-conjugated anti-IL-4 (MP4-25D2; BioLegend). Data were acquired 
on an LSRFortessa or FACSCanto II instrument and were analyzed with FlowJo software. 

Quantitative real-time PCR. 
Total RNA was extracted with a NucleoSpin RNA XS kit (Macherey-Nagel) according to the 
manufacturer’s instructions. cDNA was synthesized with a High-Capacity cDNA Archive kit (Applied 
Biosystems). PCRs were performed in BioRad iCycler (BioRad, France) with a mRNA-specific TaqMan 
gene expression assay (Applied Biosystems, USA) for IL-4 (HS00174122_m1) or with IQ SYBR Green 
Supermix (Bio-Rad, France) using the primers described in Supplementary Table 5. Bio-Rad CFX 
Manager 3.1 software was used for quantification of expression. All samples were normalized to 
the expression of control genes encoding GAPDH and β-actin and results are presented in arbitrary 
units. 

Human immune system mice. 
CD34+CD38− HSCs isolated from human fetal liver (0.2 × 105 – 2 × 105 cells) were transplanted 
intrahepatically into eight sublethally irradiated (1.0 Gy) newborn Il2rg−/− NOD-SCID female mice 
(younger than 1 week of age). Peripheral blood was collected from a facial vein every 3–4 weeks 
after transplantation to determine the kinetics of human cell engraftment. At 2 months of age, mice 
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were given retro-orbital inoculation of approximately 1 × 105 to 5 × 105 expanded and cell-tracker-
labeled CRTH2+ ILC2 populations20. After 4 d, mice were sacrificed and organs were harvested for 
analysis. 

Histological analysis. 
Snap-frozen biopsies from 28 healthy patients and 47 patients with nasal polyposis were cut into 
6-µm-thick serial sections and transferred to amino-phosphate-ethylsilane coated slides (Starfrost, 
MarketLab, Caledonia, MI, USA). Slides were stained for eosinophils by detecting major basic protein 
(Clone BMK13 at 0.02 µg/ml, Monosan) using Brightvision (Immunologic) as per manufacturer’s 
instructions. All sections were examined by two independent observers blinded to the experimental 
conditions. The numbers of positively stained cells were counted in the epithelium (per mm) 
and adjacent lamina propria (per mm2) at a final magnification of 200×. Results are expressed 
as the median number of positive cells per mm or mm2. In separate experiments, tissue ILCs in 
histological sections were identified by immunohistochemistry as cells double-positive for CD25 
(Vina green HRP chromogen) and GATA3 (DAB HRP chromogen) after physical chromogen exclusion 
(deep space black chromogen) of cells positive of CD3, CD20, tryptase, CD68 or CD56. In the same 
section, the eosinophils were identified by positive immunohistochemistry staining for eosinophil 
cationic protein (using the monoclonal antibody EG2 (PharmaciaUpjohn Diagnostics AB, Sweden; 
concentration 1:1,000) and Permanent red chromogen). The multi-stained slides were digitalized 
in an Olympus VS120 slide scanner. The x,y coordinates for individual ILCs and eosinophils were 
generated in ImageJ (v 1.47v, NIH, USA). The hypothesis that the ILC2 cells tend to occur in regions 
with a high density of eosinophils was tested using Monte Carlo simulations. A small circular 
neighborhood of radius 300 pixels was defined around each of the 20 ILC2 locations (Fig. 8b). The 
eosinophilsin each of these neighborhoods were counted and added to produce a count for the 
entire group of cells. The distribution of the group eosinophil counts under the null hypothesis of 
random placement was determined by simulation of 106 groups of 20 locations randomly placed 
within the study area and calculation of the group eosinophil count measure for each simulated 
group. A simple proportional edge correction was applied to neighborhood counts when part of 
the circular neighborhood fell outside the study area. The null hypothesis could be rejected with 
a significance level ofP < 0.001 showing that the density of eosinophils around the ILC2 locations 
is indeed significantly higher than would be expected by chance. The simulations were repeated 
for ten neighborhood search radii between 50 and 500 pixels, and the results were found to be 
consistent across all the radii. All simulations were performed using MATLAB and Statistics Toolbox 
Release R2015b (MathWorks). 

Statistical analysis. 
Statistical significance was determined with ANOVA, Student’s t-test, or Mann-Whitney U-test. 
Prism GraphPad software was used.
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Supplemental figure 1. Gating strategy for the detection of ILCs in human lung and nasal polyps 
and the expression of cell surface proteins on nasal polyp ILCs.
(a) Flow cytometry analysis of human lung and nasal polyp tissue of CD45, Lin (CD1a, CD3, CD14, 
CD16, CD19, CD34, CD123, BDCA2, FcεR1α, TCRαβ, TCRγδ), CD127, CD161, c-Kit, CRTH2, and NKp44 
to detect ILC1 (CRTH2- c-Kit- NKp44-), ILC2 (CRTH2+ c-Kit+/- ), and ILC3 (CRTH2- c-Kit+ NKp44+/-). 
(b) Flow cytometry analyzing the expression of CRTH2, IL7Rα, CD161, ST2, TSLPR, IL17RB, CD25, 
KLRG1, IL4R, IL9R and ICOS in ILC1 (black), ILC2 (red) and ILC3 (grey line) from nasal polyp tissue. 
Isotype-matched control antibody is shown as grey shaded curve. Data are representative of at 
least three different donors (a,b). 
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Supplemental figure 2. Repopulation of NSG mice with human hematopoietic stem cells and 
purity of expanded ILC2.
(a) Flow cytometry analysis of human and murine CD45 expression in blood, lung and spleen of 
NSG mice eight weeks after engraftment with human hematopoietic stem cells. (b) c-Kit and CRTH2 
expression after resorting of ILC2 that were expanded for four weeks with irradiated allogeneic 
peripheral blood mononuclear cells, irradiated Epstein-Barr virus–transformed JY human B cells, 
phytohemagglutinin and IL-2. (c) CRTH2 expression after culturing CTV labeled ILC2 for 4 days with 
IL-2. Data are representative of six mice (a) or five different experiments (b). 
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Supplemental figure 3. Reactivation of ILC2 with IL-33 and TSLP and transdifferentiation of 
lung ILC2
(a) Flow cytometry analysis of c-Kit and CRTH2 expression on blood ILC2 (left panel) and IL-5 and 
IL-13 production (right panel) upon stimulation for five days with IL-2, IL-2 + IL-33 + TSLP. Cells were 
washed and stimulated for another four days with IL-2 + IL-33 + TSLP. (b) Expression of IL12RB2 on 
ILC1, ILC2, ILC3 and NK cells as measured by qPCR. (c,d) IL-5 and IL-13 production and intracellular 
(c) IL-5 and IFN-γ production by blood ILC2, ILC1, and ILC2 expanded with IL-2, IL-1β and IL-12 after 
culture for 4 days with IL-2, IL33, and TSLP. (e) Flow cytometry analysis of c-Kit and CRTH2 expression 
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on lung ILC2 directly after isolation and upon stimulation with IL-2, IL-33, and IL-12 for seven days 
and IFN-γ production of lung c-Kit- ex-ILC2 obtained upon stimulation with IL-2, IL-33, and IL-12 for 
seven days. (f) Isolated ILC2 from lung cultured for 6 days either with IL-2, or IL-2, IL-33, and TSLP, 
or with IL-2, IL-33, TSLP, and IL-12. Cells were analyzed for c-Kit and CRTH2 expression (left panels), 
percentage of c-Kit- ex-ILC2 generated in above mentioned activation conditions (right panel). Data 
are representative of three (a,c,d,e,f)  or four (b) different donors. 

Supplemental figure 4. Stimulation of ILC1 and ILC3 with IL-4 and gating strategy for BAL ILC .
(a) Flow cytometry analysis of c-Kit and CRTH2 expression on blood ILC1 and ILC3 upon stimulation 
for five days with IL-2 or IL-2 and IL-4. (b) Gating strategy for ILC detection and ILC distribution in 
bronchoalveolar lavage (BAL) fluid. Data are representative of three individual experiments (a) or 
five different samples (b).
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Supplemental figure 5. Gating strategy for basophils, mast cells,and eosinophils in nasal polyp 
and conchae tissue. 
Polyp and conchae tissue was analyzed by flow cytometry for CD45, CD3, CD123, FcεRI, c-Kit, 
CD203c and Siglec8. Basophils were gated as CD3- CD123+ FcεRI+ CD203c+, mast cells as c-Kit+ 
FcεRI+ CD203c+, and eosinophils as SSChigh Siglec8+. Data are representative of five polyp and two 
conchae samples.

Suppl. Figure 5 belongs to Figure 8 
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Supplemental figure 6. ILC2 spatial distribution graph . 
Using the known x,y coordinates for each eosinophil, the true observed accumulated eosinophil 
counts within a fixed close space surrounding each ILC2 cell were calculated and compared to 
computer simulations of random ILC distributions. The true accumulated eosinophils count within 
a 300 um radius around each of the 20 ILC in figure 8b (n=668 ILC-associated eosinophils) was 
compared to the combined eosinophil counts calculated for simulated 250 000 cases of computer-
generated random distributions of the same number of fictive ILCs (mean combined eosinophil 
count = 139, range 35-452).

Suppl. Figure 6 belongs to Figure 8 
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Supplementary table1: Sequences of real-time PCR primers designed in-house

mRNA Primer Sequence (5’-3’)

GAPDH Forward primer GTC TCC TCT GAC TTC AAC AGC G

Reverse primer ACC ACC CTG TTG CTG TAG CCA A

Beta Actin Forward primer CAC CAT TGG CAA TGA GCG GTT C

Reverse primer AGG TCT TTG CGG ATG TCC ACG T

GATA3 Forward primer ACC ACA ACC ACA CTC TGG AGG A

Reverse primer TCG GTT TCT GGT CTG GAT GCC T

RORC Forward primer AAT CTG GAG CTG GCC TTT CA

Reverse primer CTG GAA GAT CTG CAG CCT TT

TBX21 (T-bet) Forward primer ATT GCC GTG ACT GCC TAC CAG A

Reverse primer GGA ATT GAC AGT TGG GTC CAG G

TSLP Forward primer TAT CTG GTG CCC AGG CTA TTC G

Reverse primer TGA AGC GAC GCC ACA ATC CTT G

IL-12p35 Forward primer TGC CTT CAC CAC TCC CAA AAC C

Reverse primer CAA TCT CTT CAG AAG TGC AAG GG

IL-33 Forward primer GCC TGT CAA CAG CAG TCT ACT G

Reverse primer TGT GCT TAG AGA AGC AAG ATA CTC

IL-5 Forward primer AGC TGC CTA CGT GTA TGC CA

Reverse primer CAG GAA CAG GAA TCC TCA GA

IL-22 Forward primer CCC ATC AGC TCC CAC TGC

Reverse primer GGC ACC ACC TCC TGC ATA TA

IL-13 Forward primer ATT GCT CTC ACT TGC CTT GG

Reverse primer GTC AGG TTG ATG CTC CAT ACC

CRTH2 Forward primer AAT CCT GTG CTC CCT CTG TG

Reverse primer ATG TAG CGG ATG CTG GTG TT

IL1RL1 (IL33R) Forward primer ATG TTC TGG ATT GAG GCC AC

Reverse primer GAC TAC ATC TTC TCC AGG TAG CAT

IL17RB(IL25R) Forward primer CCA ACA CAG CAC TAT CAT CG

Reverse primer ATA TGG AGT CAG CTG CAC CG

TSLPR Forward primer GAG TGG CAG TCC AAA CAG GAA

Reverse primer ACA TCC TCC ATA GCC TTC ACC

IL-12Rb2 Forward primer AGA CCT CAG TGG TGT AGC AGA G

Reverse primer TAG ATG ACC AGC GGT TCA GGA TC

IL-4Ra Forward primer GAC CTG GAG CAA CCC GTA TC

Reverse primer GAT GCG GAG GGA GGG TTC TA



187

IL-1β, IL-4 and IL-12 control ILC2 fate in human airway inflammation

Supplementary table 2: Clinical characteristics of COPD patients.

Patient Source Smoke status

COPD

Female, 58 yrs Lung transplant (GOLD stage IV) Ex

Female, 63 yrs Lung transplant (GOLD stage IV) Ex

Male, 60 yrs Lung transplant (GOLD stage IV) Ex

Female, 60 yrs Lung transplant (GOLD stage IV) Ex

Male, 58 yrs Lung transplant (GOLD stage IV) Ex

Male, 58 yrs Lung transplant (GOLD stage IV) Ex

Male, 60 yrs Lung transplant (GOLD stage IV) Ex

Control

Male, 74 yrs Lung resection Ex

Male, 68 yrs Lung resection (GOLD stage I) Ex

Male, 63 yrs Lung resection (GOLD stage II) Current

Female, 63 yrs Lung resection No

Male, 46 yrs Lung resection Current

Female, 54 yrs Cancelled donor lung Current

Supplementary table 3: Cytokines present in supernatant of mixed lymphocyte reaction 
measured by multiplex.

Cytokine Concentration

IL-12p70 31 ± 12 pg/ml

IL-1β 332 ± 175 pg/ml

TNF-α 4 ± 0.5 ng/ml

IFN-ϒ 629 ± 44 pg/ml

IL-8 29 ± 2 ng/ml

IL-6 2 ± 1 ng/ml

IL-13 715 ± 181 pg/ml

IL-33, TSLP and IL-23 were undetectable

Supplementary table 4: Clinical characteristics of BAL patients.

Patient Diagnosis

Male, 70 yrs Atypic pneunomia

Male, 71 yrs Extrinsic allergic alveolitis

Male, 65 yrs Non-specific interstitial pneumonia

Male, 42 yrs Sarcoidosis

Female, 39 yrs Corticosteroid resistant asthma
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Supplementary table 5: Cellular composition of nasal polyps and turbinate tissue.

T cells Eosinophils Basophils Mast cells

Nasal polyp
(% CD45

+
 cells ± SEM) n=6

44.5 ± 4.7 3.7 ± 2.1 0.3 ± 0.07 0.9 ± 0.1

Turbinate
(% CD45

+
 cells ± SEM) n=2

56.1 ± 6.4 0.4 ± 0.2 0.1 ± 0.00 0.7 ± 0.6
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SIGNIFICANCE STATEMENT
Innate lymphoid cells (ILCs) represent a relatively small group of cells that are the innate counterpart 
of the adaptive T cells. They contribute to the protective immune response against acute infections, 
regulation of homeostasis and tissue (re)modelling. ILCs are enriched at mucosal and barrier sites, 
but are also found in secondary lymphoid organs and the general circulation. Dysregulation of 
ILCs can result in immune pathology as observed in e.g. asthma, inflammatory bowel disease, and 
psoriasis. Their low frequency makes the detection and isolation challenging. Furthermore, distinct 
tissues need to be processed differently to obtain maximum cell yield. Therefore, it is important to 
use correct and uniform methods for ILC isolation and characterization.

ABSTRACT
Innate lymphoid cells (ILCs) are innate immune cells of lymphoid origin that have important effector 
and regulatory functions in the first line of defense against pathogens, but also regulate tissue 
homeostasis, remodeling, and repair. Their function mirrors T helper cells and cytotoxic CD8+ T 
lymphocytes, but they lack expression of rearranged antigen specific receptors. Distinct ILC subsets 
are classified in group 1 ILCs (ILC1s), group 2 ILCs (ILC2s), and group 3 ILCs (ILC3s and lymphoid tissue 
inducer cells), based on the expression of transcription factors and the cytokines they produce. As 
the frequency of ILCs is low, their isolation requires extensive depletion of other cell types. The lack 
of unique cell surface antigens further complicates the identification of these cells. Here we describe 
methods for ILC isolation and characterization from human peripheral blood and different tissues.

KEYWORDS:
Human innate lymphoid cells (ILCs), peripheral blood, tonsil, intestine, nasal polyp, flow cytometry
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INTRODUCTION
Innate lymphoid cells (ILCs) represent a relatively small group of cells that are the innate 
counterpart of adaptive T cells and are particularly enriched at mucosal and barrier sites, but 
also found in secondary lymphoid organs and the circulation 1. They contribute to the protective 
immune response against acute infections, regulation of homeostasis and tissue repair, however, 
dysregulation of ILCs can result in immune pathology as observed in e.g. asthma, inflammatory 
bowel disease, and psoriasis 2. ILCs are classified into three subsets: group 1 ILCs (ILC1s and NK cells), 
group 2 ILCs (ILC2s) and group 3 ILCs (ILC3s) 3,4. ILC1s are non-cytotoxic IFN-γ expressing cells that 
depend on the transcription factor T-bet, whereas NK cells can display cytotoxicity as well as IFN-γ 
production, are not strictly dependent on T-bet for their development and express Eomes. ILC2s 
are potent producers of the type 2 cytokines IL-5 and IL-13 and require GATA3. Different subsets of 
ILC3s have been defined that express RORγt and are potent IL-22 and/or IL-17 producers. ILC3s also 
encompass lymphoid tissue inducer cells (LTi cells) that function in the development of lymphoid 
organs by interacting with stromal cells via lymphotoxins.

In contrast to other lymphocytes, ILCs are present at low frequencies and they lack specific cell 
surface antigens. Consequently, their detection and particularly their isolation requires extra 
attention in order to study pure populations. Furthermore, distinct tissues need to be processed 
differently to obtain maximum cell yield. Therefore, it is important to use uniform methods for ILC 
isolation and characterization. This unit presents general methods for the isolation of mononuclear 
cells and enrichment for ILCs by either negative or positive selection from human blood (Basic 
Protocol 1), tonsil (Basic Protocol 2), intestine (Basic Protocol 3), and nasal polyp (Basic Protocol 4). 
Finally, Basic Protocol 5 describes a method to identify and sort the different ILC subpopulations by 
flow cytometry. Critical steps are discussed as well as the cell yields to expect from different tissues.
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BASIC PROTOCOL 1: ISOL ATION OF HUMAN INNATE 
LYMPHOID CELLS FROM BLOOD

This protocol describes the procedures used for preparation and isolation of human peripheral 
blood mononuclear cells (PBMCs), followed by enrichment and purification of ILC subsets.

Materials
For isolation of PBMCs 

• Heparinized blood (after extraction of plasma, generally 10% of original volume) 
• Phosphate buffered saline (PBS)
• Ficoll-HyPaque solution
• Pipets
• Plastic pasteur pipette
• 50 ml conical centrifuge tubes
• Centrifuge

For ILC enrichment by CD3, CD14, CD16 and CD19 negative selection  
• Ammonium Chloride Potassium (ACK) lysis buffer (see recipe)
• Wash buffer: PBS + 2 mM EDTA + 0.5% BSA 
• Flow cytometry buffer (FC buffer): PBS with 5% FCS
• MojoSort streptavidin Nanobeads (Biolegend, cat nr 480016)
• Biotin anti-human CD3 (clone OKT3) 
• Biotin anti-human CD19 (clone HIB19) 
• Biotin anti-human CD14 (clone 62D3) 
• Biotin anti-human CD16 (clone 3G8) 
• MojoSort Magnet (5 ml) 
• 5 ml polypropylene tube

Protocol steps—Step annotations
Isolation of peripheral blood mononuclear cells (PBMCs):

1. Dilute blood 3x with PBS. Add 20 ml of diluted blood per 50 ml tube using a pipette.
2. Slowly add 13 ml of Ficoll-Hypaque underneath the blood using a pipette. 
3. Centrifuge 30 min at 340 x g, 18-20°C, slow acceleration, no brake.
4. Transfer the mononuclear lymphocyte cell layer to a new 50 ml tube with a plastic Pasteur 

pipette, wash cells by adding PBS up to 50 ml and centrifuge for 8 min at 470 x g, 18-20°C.
• After centrifugation the tube will contain from bottom to top: A red pellet containing 

erythrocytes and granulocytes, transparent Ficoll-Hypaque solution, a white ring 
containing the mononuclear lymphocyte layer to be collected and on top of that a 
suspension consisting of plasma and platelets. 

5. Remove supernatant and collect all the cells in one 50 ml tube, add PBS up to 50 ml.
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ILC enrichment by CD3, CD14, CD16, and CD19 negative selection: 
6. Centrifuge the cell suspension for 5 min at 470 x g, 8°C, remove supernatant by using a 

pipette. Remove contaminating red blood cells by adding 5 ml ACK lysis buffer to the cell 
pellet, resuspend the cells and incubate for 10 min on ice.

7. Wash the cells by adding 45 ml PBS, centrifuge for 5 min at 470 x g, 8°C, remove 
supernatant and resuspend the cells in 50 ml PBS and count the cells.

8. Centrifuge the cell suspension for 5 min at 470 x g, 8°C, remove supernatant and 
resuspend cells in cold PBS to obtain a concentration of 1x109 cells / 5 ml. Add 30 μg 
biotin anti-CD3, 30 μg biotin anti-CD19, 15 μg biotin anti-CD14 and 15 μg biotin anti-CD16 
per 1x109 cells, mix well and incubate 15 min at 8°C.

9. Wash with PBS, centrifuge the cell suspension for 5 min at 470 x g, 8°C and remove 
supernatant by using a pipette, resuspend the cells in cold wash buffer to obtain a 
concentration of 1x108 cells/ml.

10. Vortex MojoSort streptavidin nanobeads for 5 seconds, add 200 μl / 1x109 cells to the 
cell suspension, mix well and incubate 15 min at 4°C.

11. Wash with PBS, centrifuge the cell suspension for 5 min at 470 x g, 8°C and remove 
supernatant by using a pipette and add cold wash buffer to obtain a concentration of 
1x108 cells / ml, and mix well.  Place 4 ml of the cell/beads suspension in a 5 ml tube 
(polypropylene) and insert to MojoSort magnet, incubate for 3 min at 18-20°C.

12. Without removing the tube from the magnet, pour cell suspension into a collection tube, 
repeat step 6 for the rest of the cell suspension. 

13. Wash the negatively selected cell suspension in the collection tube once again with PBS, 
centrifuge the cell suspension for 5 min at 470 x g, 8°C, resuspend the cell pellet in 10 
ml FC buffer, and count the cells. 

• If cell numbers are above 1x108 cells, add 1 μl beads per 1x107 cells, and repeat 
the procedure from step 5.

• Remove debris and remaining beads as much as possible by washing the cell pellet 
well, as they influence the cell purity.

14. The cells are ready for staining with antibodies for analysis or sorting by flow cytometry 
(Basic protocol 5).   
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ALTERNATE PROTOCOL 1: ILC2 ENRICHMENT FROM PBMC BY 
CD161 SELECTION 

Type 2 ILCs express very high levels of CD161 and if only these cells are to be obtained from 
peripheral blood (or other tissues), positive selection based on this marker can be used as an 
alternative method. ILC1s and ILC3s express lower levels of CD161 and therefore this method results 
in loss of some of these cell populations.

Materials
• PE anti-human CD161 (HP-3G10) 
• Anti-PE microbeads (Miltenyi, cat 130-048-801)
• Wash buffer (PBS + 2 mM EDTA + 0.5% BSA)
• Flow cytometry buffer (FC buffer): PBS with 5% FCS
• Pre-separation filters (130-041-407, Miltenyi)
• LS MACS columns (130-042-401, Miltenyi)
• MACS separator magnet
• 15 ml conical centrifuge tubes

Protocol steps—Step annotations
1. After PBMC isolation (Basic Protocol 1, steps 1-5), count the cells, centrifuge the cell 

suspension for 5 min at 470 x g, 8°C, and resuspend the cells in 200-500 µl PBS. 
2. Add 7.5 µg PE anti-CD161 antibody per 1x109 cells, mix well and incubate for 20 min at 

4°C with mild agitation. 
3. Wash with PBS, centrifuge the cell suspension for 5 min at 470 x g, 8°C and remove 

supernatant. 
4. Resuspend the cell pellet in 200-500 µl PBS and add 0.33 µl anti-PE beads per 1x106 cells, 

mix well and incubate for 20 min at 4°C with mild agitation.
5. Place MACS LS column in the MACS separator magnet, equilibrate the column with 2 

ml wash buffer. 
6. Wash the cell suspension with PBS, centrifuge for 5 min at 470 x g, 8°C, and remove 

supernatant. Resuspend the cell pellet in 2 ml wash buffer per 5x108 cells.  
7. Apply the cell suspension to the column (max 2x109 cells per column). Wait until the 

suspension has completely run through the column.
8. Wash the column three times with 3 ml wash buffer.
9. Remove the LS column from the magnet, place on a new 15 ml tube. Add 5 ml of wash 

buffer and push the cells with a plunger from the column into the tube.
10. Centrifuge the cell suspension for 5 min at 470 x g, 8°C, resuspend the cells in FC buffer 

and count the cells. The cells are ready for staining with antibodies for analysis or sorting 
by flow cytometry (Basic protocol 5).   
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BASIC PROTOCOL 2: ISOL ATION OF LEUKOCY TES 
CONTAINING ILC SUBSETS FROM TONSIL

This protocol describes the preparation and isolation of human mononuclear cells from tonsil, 
followed by enrichment and purification of ILC subsets.

Materials
For Isolation of mononuclear cells from tonsil

• Tonsils
• Phosphate buffered saline (PBS)
• Ficoll-Hypaque 
• Scissors 
• Optional: ACK lysis buffer (see recipe)
• Forceps
• Metal sieve
• Plunger
• Small spoon
• Pipette
• Stomacher
• Plastic stomacher bag
• Plastic Pasteur pipette
• 50 ml conical centrifuge tubes
• Centrifuge
• Ice

For ILC enrichment by CD3 and CD19 negative selection  
• FITC anti-human CD3 (HP-3G10) 
• FITC anti-human CD19 (okt-03) 
• Anti-FITC microbeads (Miltenyi, cat 130-048-701)
• Wash buffer (PBS + 2 mM EDTA + 0.5% BSA)
• Flow cytometry buffer (FC buffer): PBS with 5% FCS
• Pre-separation filters (130-041-407, Miltenyi)
• LD MACS columns (130-042-901, Miltenyi)
• MACS separator magnet
• 15 ml conical centrifuge tubes
• Centrifuge

Protocol steps—Step annotations
Isolation of mononuclear cells from tonsil:

1. Put tonsils in a petri dish and cut into very small pieces with scissors.
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2. Use spoon to transfer pieces into a plastic stomacher bag, add 10 ml PBS and seal the 
bag after removing air bubbles.

3. Homogenize the sample in the plastic bag for 120 seconds at high speed.
4. Transfer the cell suspension into a metal sieve and grind the tissue with a plunger.
5. Add 20 ml of the obtained cell suspension in a 50 ml tube using a pipette.
6. Slowly add 13 ml of Ficoll-Hypaque underneath the cell suspension using a pipette.
7. Centrifuge 30 min at 340 x g, 18-20°, slow acceleration, no brake.
8. Transfer the mononuclear lymphocyte cell layer to a new 50 ml tube with a plastic Pasteur 

pipette, wash cells by adding PBS up to 50 ml and centrifuge for 8 min at 470 x g, 18-20°C.
9. Remove supernatant.

• Optional (depending on whether or not red blood contamination is present): remove 
contaminating red blood cells by adding 5 ml ACK lysis buffer to the cell pellet, 
resuspend the cells and incubate for 10 min on ice.

10. Wash the cells by adding 45 ml PBS, centrifuge for 5 min at 470 x g, 8°C, remove 
supernatant, resuspend the cells in 50 ml PBS and count the cells.

11. Centrifuge for 5 min at 470 x g, 8°C, remove supernatant, and resuspend the cells in 
200-500 µl PBS, and proceed with ILC enrichment by negative selection of CD3 and CD19.

ILC enrichment by CD3 and CD19 negative selection (continue from isolation of mononuclear cells 
from tonsil step 10):

12. Add 10 µg FITC anti-CD3 and 12.5 µg FITC anti-CD19 per 1x109 cells, mix well and incubate 
for 30 min at 4°C with mild agitation. 

13. Wash with PBS, centrifuge the cell suspension for 5 min at 470 x g, 8°C, and remove 
supernatant.

14. Resuspend the cell pellet in 200-500 µl PBS and add 0.33 µl anti-FITC beads per 1 x 106 

cells, mix well, and incubate for 20 min at 4°C with mild agitation.
15. Place MACS LD column in the MACS separator magnet, equilibrate the column with 2 

ml wash buffer.
• Do not exceed 5x108 cells per column as this will result in less efficient depletion.

16. Wash the cell suspension with PBS, centrifuge for 5 min at 470 x g, 8°C, and remove 
supernatant. Resuspend the cell pellet in 2 ml wash buffer per 5 x 108 cells.  

17. Apply the cell suspension to the column (max 5x108 cells per column). Wait until the 
suspension has completely run through the column.

18. Wash the column twice with 1 ml wash buffer. 
19. The flow through contains ILCs, DCs, NK cells, and granulocytes, which are ready for 

analysis or sorting by flow cytometry (Basic protocol 5).
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BASIC PROTOCOL 3: ISOL ATION OF LEUKOCY TES 
CONTAINING ILC SUBSETS FROM INTESTINE:

This protocol describes the preparation of a single cell suspension from human intestinal tissue by 
enzymatic digestion to be used for the analysis and isolation of ILCs subsets. 

Materials
• Fresh colon or ileum (± 12 cm2 when cut open longitudinally)
• Phosphate buffered saline (PBS)
• 500 mM EDTA
• Heat inactivated FCS 
• Digestion medium (see recipe)
• ACK lysis buffer (see recipe)
• Flow cytometry buffer (FC buffer): PBS with 5% FCS
• Scissors 
• Long forceps (long enough to reach the bottom of a 50 ml tube)
• Rotator or shaker
• Small magnets
• Magnetic stirrer
• Plunger
• 70 µm and 40 µm sieves
• 50 ml conical centrifuge tubes
• Centrifuge
• Ice

Protocol steps—Step annotations
Isolation of single cell suspension from intestine:

1. Cut mucosa from underlying muscle tissue and collect mucosa in 50 ml tube.
• Mucosa can be collected as several stranded pieces. ± 12 cm2 mucosa will generally 

result in a cell yield of ± 1,5*10^8 cells. However, inflamed mucosa generally results 
in a lower cell yield. 

2. Add 40 ml of PBS to mucosa and shake the tube. Transfer mucosa to a clean 50 ml tube 
and add 40 ml of PBS again, shake. Repeat until mucosa is completely clean.

• Shaking will remove residual feces and mucus.
3. Add 20 ml of PBS + 2% EDTA + 1% FCS to mucosa and incubate on a rotator or shaker at 

4°C for 30 min.
• This separates the epithelial layer from the lamina propria.

4. Wash lamina propria as in step 2. 
• This removes the remaining epithelial cells to improve the purity.

5. Dry lamina propria on a gauze bandage.
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• This makes cutting easier. The use of a bandage instead of regular paper tissues 
prevents fluff formation.

6. Cut lamina propria into very small pieces and transfer to clean 50 ml tube.
7. Add 5 ml of digestion medium. Add a small magnet and place the tube on a magnetic 

stirrer at 37°C for 45-60 min. 
8. Add 45 ml PBS and filter suspension through a 70 µm sieve and subsequently through a 

40 µm sieve. Use a plunger if needed
9. Centrifuge the cell suspension for 5 min at 470 x g, 8°C and remove supernatant.
10. Remove contaminating red blood cells by adding 5 ml ACK lysis buffer to the cell pellet, 

then resuspend the cells and incubate for 10 min on ice.
11. Wash the cells by adding 45 ml PBS, centrifuge for 5 min at 470 x g, 8°C, remove 

supernatant, resuspend the cells in 50 ml PBS, and count the cells.
12. Centrifuge the cell suspension for 5 min at 470 x g, 8°C, remove supernatant, and 

resuspend the cells in FC buffer. The cells are ready for staining with antibodies for 
analysis or sorting by flow cytometry (Basic protocol 5).  

BASIC PROTOCOL 4: ISOL ATION OF LEUKOCY TES 
CONTAINING ILC SUBSETS FROM NASAL POLYP(S):

This protocol describes the preparation of a single cell suspension from human nasal polyp tissue 
by enzymatic digestion to be used for the analysis and isolation of ILCs subsets. 

Materials
• Fresh nasal polyp tissue (5-10 grams)
• Phosphate buffered saline (PBS)
• Digestion medium (see recipe)
• ACK lysis buffer (see recipe)
• Flow cytometry buffer (FC buffer): PBS with 5% FCS
• Scissors
• Forceps
• Plunger
• Rotator or shaker
• Small magnets
• Magnetic stirrer
• Plunger
• 70 µm and 40 µm sieves
• 50 ml conical centrifuge tubes
• Centrifuge
• Ice
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Protocol steps—Step annotations
Isolation of single cell suspension from nasal polyp tissue:

1. Put nasal polyps in petri dish and cut into very small pieces with scissors.
• 5-10 grams of nasal polyp tissue will generally result in a cell yield of ± 5*10^7 cells. 

However, this can vary considerably among different donors. 
2. Use a spoon to transfer pieces into a 50 ml tube and centrifuge for 5 min at 470 x g, 8°C, 

remove supernatant.
3. Add 5 ml of digestion medium. Add a small magnet and place the tube on a magnetic 

stirrer at 37°C for 45-60 min. 
4. Add 45 ml PBS, centrifuge for 5 min at 470 x g, 8°C, remove supernatant, resuspend in 

50 ml of PBS and filter suspension through a 70 µm sieve and subsequently through a 40 
µm sieve. Use a plunger if needed.

5. Centrifuge the cell suspension for 5 min at 470 x g, 8°C and remove supernatant.
6. Remove contaminating red blood cells by adding 5 ml ACK lysis buffer to the cell pellet, 

resuspend the cells and incubate for 10 min on ice.
7. Wash the cells by adding 45 ml PBS, centrifuge for 5 min at 470 x g, 8°C, remove 

supernatant, resuspend the cells in 50 ml PBS, and count the cells.
8. Centrifuge the cell suspension for 5 min at 470 x g, 8°C, remove supernatant, and 

resuspend the cells in FC buffer. The cells are ready for staining with antibodies for 
analysis or sorting by flow cytometry (Basic protocol 5).

BASIC PROTOCOL 5:  ILC SUBSET ANALYSIS AND/OR 
ISOL ATION BY FLOW CY TOMETRY 

This protocol describes the analysis of a single-cell suspension of leukocytes prepared in Basic 
Protocol 1-4 for the presence of all ILC populations by multicolor flow cytometry. Figure 1 provides 
examples of the recommended gating strategy for each tissue. ILCs can express a lot of different 
markers as described in commentary section. Antibodies to detect these markers can be added. 
Here, we describe a staining strategy with the minimal number of required antibodies to detect 
all ILC subsets.

Materials
• Single cell suspension containing ILCs (Basic Protocol 1-4)
• Flow cytometry buffer (FC buffer): PBS with 5% FCS
• PBS
• Flow cytometer with at least 6 fluorescent channels for ILC analysis
• Fluorescence-activated cell sorter with at least 6 fluorescent channels for sorting of ILCs
• 5 ml polypropylene filter-cap test tubes
• Centrifuge
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• Collection medium for sorted cells
• No special medium is needed, as after sorting the cells can be transferred to a 

different medium. It is advisable to add at least 5% of FCS or 1% of NHS to the 
collection medium.

• Lineage antibodies (all in the same fluorescent color):
• anti-human CD3 (OKT3 and UCHT1)
• anti-human CD1a (HI149)
• anti-human CD4 (RPA-T4)
• anti-human CD14 (HCD14)
• anti-human CD16 (3G8)
• anti-human CD19 (HIB19)
• anti-human CD34 (581)
• anti-human CD94 (DX22)
• anti-human BDCA2 (201A)
• anti-human FceRI (AER-37)

• Other antibodies in different fluorescent colors:
• anti-human CD45 (2D1) (only for tissues)
• anti-human CD127 (R34.34)
• anti-human CD161 (HP-3G10)
• anti-human CD117 (104D2D1)
• anti-human CRTH2 (BM16)
• anti-human NKp44 (P44-8) (only for tissues)

Viability stain (optional, e.g. Fixable viability dyes for flow cytometry from Thermo Fisher)

Protocol steps—Step annotations
1. Centrifuge single cell suspension obtained in Basic Protocol 1-4 for 5 min at 470 x g, 8°C, 

discard supernatant, and resuspend the cells in 100-200 µl FC buffer. Add all the lineage 
and other antibodies described in material list above to the cell suspension. Appropriate 
amounts of antibodies to be used should be determined after titration. 

• The total cell suspension will be stained with all the antibodies described in the 
material list. This allows multicolor flow cytometry to identify all ILC subsets within 
the cell suspension. A recommended staining strategy including fluorochromes is 
shown in Table 1.  

2. Incubate for 30 min at 4°C with mild agitation. 
• Incubation can also be done at room temperature, in that case the incubation time 

can be shortened to 15 min.
• Individual titration of the antibodies is highly recommended for the best results.

3. For sorting, prepare one collection tube (500 µl culture medium in polypropylene tube) 
per ILC subset to be sorted. 
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4. Add 1 ml of PBS per stained sample and wash stained cells with PBS, centrifuge for 5 min 
at 470 x g, 8°C, and resuspend cells in 1 ml PBS per 30x106 cells. 

5. Filter cells through a filter-capped 5 ml test tube before flow cytometry analysis. Keep 
cell suspension at 4°C in the dark. 

• Staining with a viability dye is highly recommended, especially for cell suspensions 
obtained from tissue.

6. Analyze or sort ILC subsets on the flow cytometer by using the gating strategies as shown 
in Figure 1. 

REAGENTS AND SOLUTIONS
Use deionized, distilled water in all recipes and rotocol steps.

ACK lysis buffer (10x concentration)
• 1.5 M ammonium chloride (NH4Cl), 82.9 g per liter
• 0.1 M potassium bicarbonate (KHCO3), 10.01 g per liter
• 1 mM EDTA, 0.372 g per liter
• Dissolve in 1 l deionized, distilled water and set pH to 7.4.
• Can be stored for 6 years at 2-8°C.
• Dilute 10x in deionized, distilled water before use.

Digestion medium
• IMDM medium containing:
• 600 µg/ml collagenase IV
• 500 µg/ml DNase I
• Prepare fresh

COMMENTARY
Background Information
In contrast to other immune cells, the identification of helper ILCs by flow cytometry is more difficult 
due to the lack of a single ILC-specific surface marker. As such, the current best method to detect 
ILCs is the exclusion of other immune cells by using an antibody cocktail containing markers specific 
for monocytes, T cells, B cells, NK cells (cytotoxic ILCs) and granulocytes (lineage); in combination 
with markers expressed by one or more ILC subsets. Although all helper ILCs express IL7Rα (CD127), 
it is important to note that the expression is not restricted to ILCs, but ILCs can be identified as 
CD45+ lymphoid cells that are lineage-CD127+ cells. In addition, the lymphocyte antigen CD7 is 
reported to be useful to discriminate ILC population from other cell populations 5,6.

Further identification of ILC subsets is based on subset defining markers. ILC2s express high levels 
of CD161 and are identified as CRTH2-expressing cells in humans, whereas in mice the main ILC2 
surface marker is the IL-33R (ST2) 7. Although human ILC2s are also responsive to IL-33 and express 
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transcripts for ST2, surface staining for this receptor is difficult with the few antibodies currently 
available that are specific for this receptor. ILC2s express the transcription factor GATA3 and 
produce IL-5 and IL-13 in response to stimulation with primarily IL-33, IL-25, TSLP, and IL-1b. CRTH2 
is the receptor for prostaglandin D2, which induces migration of and amplifies cytokine production 
by ILC2s. Human ILC3s are characterized by the lack of CRTH2 and expression of c-Kit and are 
subdivided into NKp44- and NKp44+ ILC3s. Although all ILC3s depend on RORgt and are responsive 
to IL-1b and IL-23, considerable differences have been reported for these subsets. NKp44-expressing 
ILC3s are only found in tissues and are the main producer of IL-22. The c-Kit+

 cells that lack both 
NKp44 and CRTH2 are a more heterogeneous population and in blood this population was reported 
to contain a precursor for all ILC subsets 5. Besides the ILC-identifying markers and activating 
cytokines mentioned here, ILC2s and ILC3s are regulated by many more soluble factors and interact 
with other immune cells 3. ILC1s are CD127+ ILCs that lack the expression of markers generally 
associated with ILC2s and ILC3s. No ILC1-specific surface markers have been identified. This is 
further complicated by reports of different ILC1 subsets with heterogeneous expression of the 
transcription factors T-bet and Eomes. One example is the intra-epithelial ILC1 that lacks CD127 
expression, but expresses CD103 and NKp44 8. All ILC1 populations produce IFN-g in response to 
IL-12 and can be distinguished from NK cells by their lack of cytotoxicity 4.

Although the surface markers provided in this unit are sufficient to detect and isolate the different 
ILC subsets, intracellular staining for cytokines and transcription factors specific for each subset 
can confirm correct isolation and provide more information on their functionality. Moreover, no 
uniform consensus has been reached on the best identification strategy for human ILCs, which 
hinders comparisons between different research groups. Here we describe a general protocol to 
characterize the main human ILC subsets currently identified. The ILC field is still rapidly evolving 
and novel markers to better identify ILC (subsets) are constantly being found.

Critical Parameters and Troubleshooting
a. Applicable to all tissues described in this unit:

1. If you are isolating ILCs for setting up cultures it is important to work in a biosafety cabinet 
to prevent contaminations of your samples.

2. It is of critical importance to filter cells before running through the flow cytometer as 
contaminations with clumps and debris are common in cell suspensions obtained from 
digested tissues. 

3. During flow cytometry analysis and sorting adjust the concentration of the cell suspension 
so as to allow a flow rate not exceeding 15000 events/s. Large amounts of debris might 
require lower flow rates.

4. The use of two different anti-CD3 clones during staining for flow cytometry sorting is 
highly recommended to prevent T cell contamination.
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5. CD56 is expressed by part of the ILC3s in all tissues and an antibody against this surface 
marker should therefore not be included in the antibody mix used to exclude lineage+ 
cells.

6. CD5+ and CD4+ ILCs represent respectively immature ILCs 9 and a subset of ILC1s 
10; however, extra caution is required to ensure these populations are free of T cell 
contamination. Note: the expression of CD5 on immature ILCs is one log less than on 
T cells.   

b. Blood specific: 
1. It is critical to realize that after positive ILC selection the cells are labeled with CD161-PE 

and can therefore not be stained in that color for another marker.
2. Take into account that CD161-PE stays on the cell surface for quite some time during 

cell culture (positive signal observed 5-7 days after CD161-PE isolation), to avoid 
misinterpretation of the assay result (e.g. determination of phenotype or intracellular 
cytokine production using PE-conjugated antibodies).

3. CD45 staining is not necessary in PBMCs as after the Ficoll-Hypaque step almost all cells 
within the lymphocyte gate are CD45-expressing cells. 

4. NKp44-expressing ILC3s are absent in peripheral blood of healthy individuals and thus 
the NKp44 antibody is not used for cells obtained from this source.

5. The c-Kit+CRTH2- fraction was reported to contain circulating ILC-precursors 5.

c. Tonsil specific:
1. Do not exceed the maximum amount of cells per column during negative selection. This 

will reduce selection efficiency and necessitate a longer sorting time. 
2. The use of ACK lysis buffer is optional as there are not always many erythrocytes in the 

obtained cell suspension after the Ficoll-Hypaque step.

d. Intestine specific:
1. Further purification of the single-cell suspension by positive/negative selection with a 

column is not possible, due to the slimy state of the cell suspension.
2. Enzymatic digestion can delete surface markers (especially by using LiberaseTM 11), which 

is why it is highly recommended to use a less aggressive enzyme during the cell collection 
procedure (Collagenase IV). 

3. The use of ACK Lysis buffer removes debris from the cell suspension, besides removing 
red blood cells. 

4. ILC2s are virtually absent in the (adult) intestine. Therefore, CRTH2 can be added in the 
lineage to save a fluorescent channel for analysis of another marker. 
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e. Nasal polyp specific:
1. Further purification of the single-cell suspension by positive/negative selection is not 

necessary due to a relatively high frequency of ILC(2)s in the nasal polyp tissue.
2. The use of ACK Lysis buffer is required, as the single-cell suspension contains a significant 

amount of red blood cells. 
3. The use of donors with co-morbidities (i.e., allergy or cystic fibrosis) may interfere with 

ILC subsets distribution.

UNDERSTANDING RESULTS
Expected ILC frequencies:
This section describes average ILC frequencies per tissue when processed as described above. 

If buffy coats (concentrated leukocyte suspensions, usually from 500 ml of blood) are used, after 
PBMC isolation between 1.0 - 1.5x109 cells are obtained. ILCs represent 0.14 ± 0.10% of lymphocytes 
in blood (Table 2). Depletion or selection results in increased ILC frequencies and makes sorting of 
the cells more feasible. After enrichment by depletion of CD3, CD14, CD16, and CD19-expressing 
cells between 20 - 100x106 cells should remain. CD161-enrichment of ILC2s from PB results in a 
yield between 20 - 70x106 cells.

From a tonsil between 1.0 and 2.0x109 mononuclear cells are obtained after the Ficoll-Hypaque 
step of which ILCs represent 0.52 ± 0.16% (Table 2). After depletion of CD3-, and CD19-expressing 
cells between 12 and 20x106 cells remain which are enriched for ILCs.

The ILC subset distribution in blood and the mentioned tissues are shown in Table 3.

ILC frequencies are altered in disease
As ILCs are highly responsive to changes in their environment, e.g. changing cytokine milieu, in 
many inflammatory diseases the ILC frequency is altered. The feature of ILC plasticity further adds 
to the shift in ILC subset distribution. Below we mention some examples.

1. Enhanced frequencies of ILC1s are found in the gut of patients with inflammatory bowel 
disease 6,12. ILC1s are also enriched in the blood and lungs of patients with chronic 
obstructive pulmonary disease 13,14. This can at least partly be explained by the induction 
of ILC2s and ILC3s transdifferentiation into ILC1s in response to IL-12.

2. Enhanced frequencies of ILC2s are found in blood of asthma patients 15. Nasal polyps are 
enriched for ILC2s as compared to healthy nasal turbinate tissue. This is a result of the 
high TSLP and IL-4 levels that were found in these polyps 13.

3. Whereas NKp44-expressing ILC3s are not found in the blood of healthy donors, they are 
present in the blood of psoriasis patients 16.
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Time Considerations
This section summarizes the time frames to complete full protocols for ILC isolation from different 
tissues. However, indicated times frames depend on processing experience and donor to donor 
variations. 

Blood 
• The isolation of mononuclear cells from blood (buffy coat): 1.5-2 hrs
• ILC enrichment by negative selection: 1.5-2 hrs
• ILC enrichment by positive selection: 1.5-2 hrs
• ILC purification by cell sorting: 0.5-2 hrs (per buffy coat, smaller volumes of blood can 

be sorted considerably faster).

With sufficient practice, ILCs can be purified from 3 buffy coats within one day. If this is not 
manageable, a convenient point to store cells is after negative or positive selection, before cell 
staining for FACS analysis or sorting. Cells can be kept overnight in the fridge in medium with FCS. 
However, this will negatively influence the final ILC yield. 

Tonsil
• Isolation of mononuclear cells from tonsil: 1-2 hrs
• ILC enrichment by negative selection: 1.5-2.5 hrs
• ILC purification by cell sorting: 0.5-2 hrs

With sufficient practice, ILCs can be purified from 2 tonsils within one day. If this is not manageable, a 
convenient point to store cells would be after the Ficoll-Hypaque step, before negative selection; or 
after negative selection, but before cell staining for analysis or sorting. However, this will negatively 
influence the final ILC yield. 

Intestine
• Isolation of mononuclear cells from intestine: 3-4 hrs
• ILC purification by cell sorting: 2-3 hrs

Indicated time frames are highly dependent on the size of the intestinal resection specimen and 
are here described for ± 12 cm2 mucosal tissue. A convenient stopping point for this protocol would 
be after isolation of mononuclear cells from intestine with enzymatic digestion and before staining 
for cell sorting or analysis. It is crucial to wash away all enzymes from the cell suspension. However, 
this will negatively influence the final ILC yield. 

Nasal Polyp
• Isolation of mononuclear cells from nasal polyp: 1-2 hrs
• ILC purification by cell sorting: 1-2 hrs
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Indicated time frames are highly dependent on the size of the nasal polyp specimen and are here 
described for 5-10 grams of the nasal mucosa tissue. A convenient stopping point for this protocol 
would be after isolation of mononuclear cells from nasal polyps with enzymatic digestion and before 
staining for cell sorting or analysis. It is crucial to wash away all enzymes from the cell suspension. 
However, this will negatively influence the final ILC yield.
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Figure 1. Gating strategy to identify all ILC subpopulations in peripheral blood (A), tonsil (B), 
intestine (C), and nasal polyp (D). 
ILCs are identified as CD45+ lymphocytes that are CD3-Lin-CD127+ cells. Within this population a 
further distinction between ILC2s (CD161+ CRTH2+), ILC1s (CD161+/- c-Kit-), and ILC3s (CD161+/- c-Kit+ 

NKp44+/-) can be made. Numbers in plots represent percentage of gated cells.
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TABLES
Fluorochome Recommended antibody Note 

FITC

Lineage
anti-human CD3 (OKT3 and UCHT1)

anti-human CD1a (HI149)
anti-human CD4 (RPA-T4)
anti-human CD14 (HCD14)

anti-human CD16 (3G8)
anti-human CD19 (HIB19)
anti-human CD34 (581)

anti-human CD94 (DX22)
anti-human BDCA2 (201A)
anti-human FceRI (AER-37)

AF700 CD45 (2D1) Only for tissue

PE-CY7 CD127 (R34.34)

PE-CY5 CD117 (104D2D1)

PE-CF594 CRTH2 (BM16) 

PE CD161 (HP-3G10)

APC NKp44 (P44-8) Only for tissue

Table 1. A recommended staining strategy to identify all ILC subsets within a cell suspension. 
All antibodies are added to the cell suspension to allow multicolor flow cytometric analysis. 
Individual titration of each antibody is recommended for the best results. Listed fluorochromes 
are an example and can be adjusted to suit the instrument used. 

ILCs (% CD45+ lymphocytes)

Before enrichment
CD3/CD14/CD16/CD19 

depletion*
CD161 selection

Peripheral blood 0.14 ± 0.10 1.33 ± 0.98 0.47 ± 0.25

Tonsil 0.52 ± 0.16 12.10 ± 5.05 N.A.

Intestine 0.86 ± 0.24 N.A. N.A.

Nasal polyp 2.08 ± 0.94 N.A. N.A.

Table 2. Average frequencies with standard deviation of total helper ILCs within total CD45+ 
lymphocytes calculated as Lin-CD127+ cells. 
*For tonsil only CD3 and CD19 are used for depletion. 
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Blood Tonsil Intestine Polyp

ILC1 21.03 ± 11.87  5.62 ± 4.67 3.11 ± 1.39 10.54 ± 4.14

ILC2 17.48 ± 10.43 3.53 ± 2.87 0 56.24 ± 7.07

NKp44- ILC3 56.38 ± 11.77 37.4 ± 12.82 22.63 ± 13.0 20.12 ± 6.44

NKp44+ ILC3 0 52.64 ± 15.96 74.26 ± 13.4 13.10 ± 4.13

Table 3. Average frequencies with standard deviation of helper ILC subsets in blood and tissues 
calculated as percentage of total CD45+CD3-Lin-CD127+ population.
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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 

08



224

Chapter 8

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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SUMMARY
Innate immune cells play a crucial role in the front line of defense against pathogens and harmful 
substances to protect the human body.  One particular subtype of innate immune cells are innate 
lymphocytes, which are characterized by the absence of rearranged antigen specific receptors 
typically expressed on adaptive lymphocytes. Innate lymphocytes have the ability to either 
directly eliminate infected cells or to efficiently coordinate the advanced immune response during 
infections. In steady state innate lymphocytes are important for immune tolerance, immune 
surveillance, maintenance and repair of damaged tissues. Dysregulation of their function leads to 
chronic inflammation, autoimmune disease as well as cancer. It is therefore important to investigate 
the essential factors that orchestrate innate lymphocyte development and functionality. Ultimately 
this will provide clues on how to treat or prevent the aforementioned diseases.  In this thesis we 
described the transcription factors involved in the development of human innate lymphocytes, 
including natural killer (NK) cells, innate lymphoid cells (ILCs) and, plasmacytoid dendritic cells 
(pDCs).  Furthermore, the cytokines that control ILCs plasticity and hence alter their function are 
investigated.  

Chapter 1. General introduction of the current state of the field regarding; hematopoiesis, 
innate lymphocytes (NK cells, ILCs and pDCs) and crucial factors involved in innate lymphocyte 
development, functionality and plasticity.

Chapter 2. pDCs are specialized in immune responses against viral infections. In particular their 
ability to rapidly produce high amounts of type I interferon (IFN) contribute efficiently to the 
activation of antiviral mechanisms.  Human pDC development is negatively regulated by the 
inhibitor of DNA binding protein 2 (ID2) and ID3, which antagonize the transcriptional activity 
of basic helix-loop-helix transcription factor E-proteins.  We observed that one of the E-protein 
family members E2-2 is predominantly expressed in pDCs. Ectopic expression of E2-2 in CD34+ 
hematopoietic progenitor cells stimulated pDC development, whereas knockdown of E2-2 
expression by RNA interference resulted in impaired pDC development.  Previously, we identified 
the ETS transcription factor SpiB as a crucial player in pDC development. Forced expression of SpiB 
alone was not sufficient to overcome the ID2 induced inhibition of pDC development indicating 
the essential role of E2-2 in pDCs.  As expected the combined action of E2-2 and the ETS factor 
Spi-B enhanced pDC development over the two factors alone. Collectively, our results provide an 
additional understanding of the transcriptional network that controls pDC development coordinated 
by the combined action of E2-2 and Spi-B.

Chapter 3. NK cells are cytotoxic innate lymphocytes that are able to rapidly eliminate viral-
infected cells and tumor cells.  ID2 and interleukin (IL-)15 have been shown to play a critical role 
in NK-cell development from bone marrow progenitors. In this study we demonstrated that this 
also applies for NK-cell development from thymic progenitors. Ectopic expression of ID2 in thymic 
progenitors together with the addition of IL-15 induced the development of NK cells, whereas T 
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cell development was blocked in these conditions.  This implies that E-proteins are required for T 
-cell differentiation. Indeed, one of the E-protein family members HEB, but not other E-proteins, 
when overexpressed efficiently promoted T-cell development.  Interestingly, forced expression of 
ID2 in thymic progenitors in the absence of IL-15 resulted in expansion of progenitors that were not 
committed to either the T or NK cell lineage. Addition of a small amount of IL-15 did differentiate 
these progenitors into mature NK cells., This shows that the combined action of ID2 and IL-15 
is important for development of mature NK cells. Collectively, these data demonstrate that the 
balance of HEB/ID2 determines the T/NK cell lineage decision in thymic progenitors. In addition, it 
shows that IL-15 plays a key role in the maturation of NK cells from ID2+ NK-cell progenitors.

Chapter 4. ILCs are innate counterparts of T cells and have emerged as a key cell types involved in 
innate immunity, surveillance and maintenance of (mucosal) tissues.  Like NK cells, which are now 
considered members of the ILC family, also development of ILCs depends on the transcriptional 
regulator ID2. We describe that the thymic progenitors induced by ID2 (described in chapter3) 
showed many phenotypical characteristics of ILCs, and in addition expressed CD5. Notably, CD5+ 

ILC cells were found in the thymus and umbilical cord blood and while functionally immature 
could develop into functional CD5‒ ILCs that produced cytokines.  These data show that ID2 drives 
thymic progenitors toward immature ILCs that are identified by expression of CD5. These CD5+ ILC 
progenitors are present both in the blood stream and the tissues, which may suggest that immature 
stage of ILCs circulate in the body. 

Chapter 5. ILCs reside in tissues in particular at mucosal sites where they play an important role 
in host defense against pathogens and maintain tissue integrity. The exact developmental process 
and the location where ILCs mature remain unclear.  Unbiased Hierarchical Stochastic Neighbor 
Embedding (HSNE) analysis of the phenotype of human peripheral blood ILCs revealed a CD117+ 

ILC population, previously proposed as ILC precursors (ILCPs) that could be further subdivided 
into precursors of ILC2s (pre-ILC2s) and ILC3s (pre-ILC3s). These transitional stages of ILCs were 
present in inflamed tissues, such as tonsils and nasal polyps.  pre-ILC2s expressed Killer cell lectin-
like receptor subfamily G member 1 (KLRG1), displayed several phenotypical similarities to ILC2, 
but lacked the expression of CRTH2, a signature cell surface molecule for mature ILC2s. pre-ILC2s 
upregulated CRTH2 in the presence of IL-2 and IL-7 and produced IL-5 and IL-13 upon TSLP and IL-33 
stimulation at levels similar to mature ILC2s. Interestingly, after IL-1β and IL-23 stimulation immature 
ILC2s were also capable of producing IFN-γ, IL-22 as well as IL-17A reflecting their plastic nature.  pre-
ILC3s, on the other hand, expressed natural cytotoxicity receptor NKp46 and low levels of the ILC3 
signature transcription factor RORγt. Notch induced signaling differentiated pre-ILC3s into RORγt+ 
NKp44+ ILC3s that gained the ability to produce IL-22 and IFN-γ upon IL-1β and IL-23 stimulation 
resembling mature tissue ILC3s. In line with this pre-ILC3s did not respond to TSLP and IL-33 like 
mature ILC2s.  Both pre-ILC2s and pre-ILC3s were able to differentiate into ILC1s and NK-like cells 
in the presence of IL-1β and IL-12. Taken together, we have identified transitional stages of lineage 
committed ILCs present in the circulation and tissues. Pre-ILC2s are highly plastic and differentiate 
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into all ILCs. Conversely, pre-ILC3s are more committed and only differentiate into ILC3s, ILC1s and 
NK-like cells, but have lost the potential to become ILC2s.  

Chapter 6. Unlike T cells, ILCs lack rearranged antigen specific receptors. Activation of ILCs relies 
on sensing myeloid- or epithelial- cell-derived cytokines and inflammatory mediators, such as 
prostagladins.  Each subtype of ILC produces subset specific signature cytokines upon stimulation 
with inflammatory cytokines. Some inflammatory cytokines induce changes in the phenotype and 
cytokine production patterns of ILCs, known as plasticity. Group2 ILCs produce type 2 cytokines, 
such as IL-5 and IL-13, which are involved in immunity against parasites. Dysregulation of these 
cytokines, however, can lead to a variety of inflammatory airway conditions.  In this report we 
have investigated the plasticity of ILC2s in the lung tissue of patients with sever chronic obstructive 
pulmonary disease (COPD) and in the nasal polyps of patient with chronic rhinosinusitis. These 
tissues are characterized by a cytokine milieu dominated by IL-12 and IL-4, respectively. We showed 
that IL-12 together with IL-1β induced plasticity of ILC2s toward interferon (IFN)-γ producing ILC1s, 
which could be reversed by IL-4 indicating that IL-12 and IL-4 control the functional identity of 
ILC2s. The imbalance of these two cytokines may underlie chronic type 1 or type 2 inflammation.    

Chapter 7. ILC subsets are enriched at mucosal sites, albeit that the frequency and cell numbers 
are remarkably low in comparison to other cell types, such as T cells. Hence, isolation of ILCs from 
human samples requires careful handling to avoid inadvertent contamination of other cell types.  In 
this report we describe the methods to isolate human ILCs from peripheral blood, tonsil, intestine 
and nasal polyps. Also our current view of ILC phenotypes and characterization strategies have 
been included. 

Chapter 8. The studies described in this thesis add to our cognition how human immune cell 
differentiation and function is controlled and which are the important factors involved in these 
processes.  Our results are discussed at different angles in the light of our current understanding 
of human ILC and pDC biology. 
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SAMENVAT TING
Innate immuuncellen behoren tot het aangeboren deel van het menselijk afweersysteem en spelen 
een cruciale rol bij de eerstelijns verdediging tegen pathogenen en schadelijke stoffen. Eén bepaald 
type innate immuuncellen zijn de innate lymfocyten welke worden gekenmerkt door afwezigheid 
van herschikte antigeen specifieke receptoren. Innate lymfocyten hebben het vermogen om 
geïnfecteerde cellen op te ruimen of om immuunreacties tijdens infecties te coördineren. In 
gezonde toestand zijn de innate lymfocyten belangrijk voor onder andere immuuntolerantie en 
onderhoud- en reparatie van beschadigde weefsels.

Ontregeling van de normale functie van innate lymfocyten kan leiden tot chronische ontstekingen, 
autoimmuunziekten en kanker. Identificatie en karakterisatie van de factoren, die essentieel zijn 
voor ontwikkeling en functie van deze cellen geeft inzicht in de wijze waarop innate lymfocyt 
gerelateerde ziekten behandeld en/of voorkomen kunnen worden.

In dit proefschrift worden een aantal transcriptie factoren beschreven, die de ontwikkeling van 
humane lymfocyten, te weten natural killer (NK) cellen, innate lymfoïde cellen (ILC) en plasmacytoÏde 
dendritische cellen (pDC), reguleren. Bovendien hebben we de rol van cytokines in de plasticiteit 
van ILCs onderzocht. 

Hoofdstuk 1. Algemene introductie over de huidige kennis omtrent hematopoëse, innate lymfoide 
cellen (NK, ILC en pDC) en de cruciale factoren in ontwikkeling, functionaliteit en plasticiteit van 
deze cellen. 

Hoofdstuk 2. Plasmacytoïde dendritische cellen (pDC) zijn gespecialiseerd in immuunreacties 
tegen virale infecties. Met name het vermogen om in korte tijd grote hoeveelheden type I 
interferonen uit te scheiden draagt bij aan de efficiënte activatie van antivirale mechanismen.  
Het was al bekend dat humane pDC ontwikkeling negatief wordt gereguleerd door de eiwitten 
inhibitor of DNA-binding 2 (ID2) en ID3 wat antagonisten zijn van de basic helix-loop-helix 
transcriptie factor E-eiwitten.

We hebben gevonden dat een van de leden van de E-eiwit familie, namelijk E2-2, hoofdzakelijk 
tot expressie komt in pDC. Ectopische expressieve van E2-2 in CD34+ hematopoëtische voorloper 
cellen stimuleerde pDC ontwikkeling en  verlaging van E2-2 eiwit expressie door middel van RNA 
interferentie remde de ontwikkeling van deze cellen. De ETS transcriptie factor SpiB was eerder 
door ons geïdentificeerd als een cruciale factor voor de ontwikkeling van pDC. Hier beschrijven we 
dat SpiB alleen echter niet in de staat was om de remmende werking van ID2 op pDC ontwikkeling 
op te heffen. Als verwacht had de combinatie E2-2 en SpiB overexpressie een additief stimulerende 
werking op de ontwikkeling van pDC. Samengenomen geeft deze data inzicht in het transcriptionele 
netwerk dat ten grondslag ligt aan de ontwikkeling van humane pDC.
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Hoofdstuk 3. Natural Killer (NK) cellen zijn cytotoxische innate lymfoïde cellen welke in staat zijn 
om virus geïnfecteerde cellen en tumorcellen te elimineren. ID2 en Interleukine (IL)-15 spelen een 
essentiële rol in de ontwikkeling van NK-cellen vanuit beenmerg stamcellen. We demonstreren 
in deze studie dat ID2 en IL-15 ook cruciaal zijn voor de ontwikkeling van NK-cellen in de thymus. 
Ectopische expressie van ID2 in thymus voorloper cellen in aanwezigheid van IL-15 stimuleerde e 
ontwikkeling van NK-cellen. Daarentegen werd de  uitgroei van T-cellen door ID2 en IL-15 geremd 
. We vonden dat het E-eiwit HEB, maar niet andere E-eiwit familieleden, de eerste stadia van T-cel 
ontwikkeling stimuleerde. Opmerkelijk was dat expressie van ID2 zorgde voor expansie van een 
ongecommitteerde voorloper cel. Toevoeging van een kleine hoeveelheid IL-15 aan deze cellen was 
voldoende om ze naar NK-cellen te laten uitrijpen. 

Dit suggereerde dat de balans HEB/ID2 belangrijk is om de keus te maken tussen ontwikkeling van 
thymus voorloper naar T-cellen of NK-cellen cellen. Daarnaast speelt IL-15 een sleutelrol in uitrijping 
naar rijpe NK-cellen vanuit ID2 positieve NK- voorloper cellen.

Hoofdstuk 4. Innate lymfoïde cellen (ILC) zijn de tegenhangers van T cellen, maar dan zonder 
antigeen specifieke receptor, en spelen een belangrijke rol bij innate immuniteit, surveillantie 
en onderhoud van (mucosale) weefsels. Net als NK-cellen, welke nu horen bij de ILC familie, is 
de ontwikkeling van ILC afhankelijk van de transcriptie regulator ID2. In deze studie hebben we 
gevonden dat de ID2 geïnduceerde NK-cel voorlopers uit hoofdstuk 3 vele karakteristieken van 
ILC bezitten en tevens CD5 tot expressie brengen. Deze functioneel onrijpe CD5+ ILC zijn aanwezig 
is zowel de thymus als navelstrengbloed en kunnen verder differentiëren naar CD5- cytokine 
producerende ILC. Onze data laten zien dat de thymus voorloper cellen onder invloed van ID2 
differentiëren in ILC. Deze differentiatie verloopt via een CD5 positief stadium wat bewijs toevoegd 
dat onrijpe ILC in de periferie circuleren en naar weefsels kunnen migreren. 

Hoofdstuk 5. ILC bevinden zich bij voorkeur in mucosale weefsels en spelen een belangrijke rol 
in de bescherming tegen pathogenen en het bewaren van de integriteit van deze weefsels. De 
processen die aan ILC ontwikkeling ten grondslag liggen en de locatie waar de cellen uitrijpen is 
vooralsnog onduidelijk. Fenotypische analyse van humane perifere bloed ILCs door middel van 
Unbiased Hierarchical Stochastic Neighbor Embedding (HSNE) liet zien dat binnen de CD117+  ILC-
populatie nog niet eerder beschreven voorloper stadia van ILC2 (pre-ILC2) en ILC3 (pre-ILC3) te 
vindenzijn. Deze transitie stadia van ILC2 en ILC3 zijn aanwezig in ontstoken weefsels zoals tonsillen 
en neuspoliepen. Pre-ILC2 en uitgerijpte ILC2 hebben fenotypisch overeenkomstige eigenschappen. 
Beide brengen Killer cell lectin-like receptor subfamily G member 1 (KLRG1) tot expressie. Echter 
pre-ILC2 zijn negatief voor expressie van CRTH2, dat in het algemeen wordt beschouwd als een 
oppervlakte marker eiwit voor rijpe ILC2. In aanwezigheid van IL-2 en IL-7 werd CRTH2 door onrijpe 
ILC2 opgereguleerd, waarna de CRTH2+ ILC2 onder invloed van TSLP en IL-33 de cytokines IL-5 
en IL-13 uitscheidden in hoeveelheden die vergelijkbaar waren met rijpe ILC2. Na stimulatie met 
IL-1β en IL-23 werd ook IFN-γ, IL-22 en IL-17A geproduceerd, dat een reflectie is van het plastische 
karakter van de ILC. 
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Pre-ILC3 brengen de Natural Killer cytotoxicity receptor NKp46 tot expressie. De voor ILC3 
kenmerkende transcriptie factor RORγt kwam slechts laag tot expressie in deze voorloper cellen. 
Echter na signalering via de Notch receptor differentieerden de voorloper cellen in RORγt+ NKp44+ 
ILC3, die na stimulatie met IL-1β en IL-23 vergelijkbare hoeveelheden IL-22 en IFN-γ produceerden 
als rijpe ILC3. Pre-ILC3 reageerden echter niet op TSLP en IL-33 om tot ILC2 te ontwikkelen.  

Onze conclusie is dat we nieuwe voorloper stadia van ILC in de circulatie en weefsel hebben 
geïdentificeerd, waarvan de ILC2 een hoge mate van plasticiteit bezitten.

Hoofdstuk 6. In tegenstelling tot T cellen hebben de ILC geen herschikking van antigeen specifieke 
receptoren ondergaan. Voor activatie van ILC zijn cytokines gemaakt door myeloïde- en epitheliale 
cellen, en ontstekingsfactoren zoals prostagladinen nodig. Na stimulatie produceert elke ILC subset 
zijn eigen specifieke set aan cytokines. Sommige van deze cytokines en ontstekingsfactoren 
veranderen het fenotype van de ILC alsmede het panel van cytokines dat door de ILC wordt 
uitscheiden. Group2 ILC produceren type 2 cytokines, zoals IL-5 en IL-13, welke betrokken zijn 
bij afweerreacties tegen parasieten. Ontregeling van de productie van deze cytokines leidt tot 
een verscheidenheid aan aandoeningen aan de luchtwegen. In dit hoofdstuk beschrijven we 
de plasticiteit van ILC2 in het longweefsel van patiënten met de ernstige chronische longziekte 
COPD (chronic obstructive pulmonary disease) en in de neuspoliepen van patiënt met chronische 
bijholteontsteking (rhinosinusitis). Deze weefsels hebben respectievelijk een milieu dat gedomineerd 
wordt door de aanwezigheid van IL-12 of van IL-4. We laten zien dat de combinatie van IL-12 en 
IL-1β plasticiteit van ILC2 naar IFNγ producerende ILC1s induceert. Dit proces verloop omgekeerd 
in aanwezigheid van IL-4 wat een aanwijzing is dat IL-12 en IL-4 de functionele identiteit van ILC2s 
controleert. Als de productie van deze twee cytokinen in onbalans raken, leidt dit tot chronische 
type 1 of type 2 ontstekingen.   

Hoofdstuk 7. ILC zijn relatief verrijkt in de slijmvliezen, maar de frequentie en absolute aantallen 
cellen is vele maler lager dan bijvoorbeeld voor T-cellen. Het gevolg hiervan is dat de isolatie van 
ILC uit humaan bloed en weefsels met grote behoedzaamheid moet gebeuren om verontreiniging 
met andere celtypen te voorkomen. We beschrijven in dit hoofdstuk gedetailleerde methoden 
om ILC te isoleren uit perifeer bloed, tonsillen, darmweefsel en neuspoliepen. Tevens is onze 
beschouwing opgenomen van de verschillende fenotypen van ILC subsets en strategieën om ILC 
te karakteriseren-.

Hoofdstuk 8. De studies beschreven in dit proefschrift verschaffen inzicht in de wijze waarop 
humane immuun cel differentiatie en functionaliteit is gereguleerd en wat de belangrijkste 
factoren zijn die invloed hebben opdeze processen. In hoofdstuk 8 worden onze resultaten vanuit 
verschillende invalshoeken bediscussieerd in het licht van de huidige kennis van humane ILC en 
pDC biologie.
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