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General introduction 
 
Transcriptional control of early lymphoid development 
All cells of the immune system arise from a small pool of self-renewing 
multipotent hematopoietic stem cells (HSC) (figure 1), which reside in the 
bone marrow. Asymmetric cell division of the HSCs renders daughter cells 
qualitatively different from the mother cell1. Through a number of successive 
asymmetric divisions the progenitor cells lose their multipotency and gradually 
become restricted to their final differentiation stage. The changes in progenitor 
cell ability to develop into different lineages and cell types with distinct 
phenotype and function are the result of activating cell type specific genes and 
silencing of non-related counterparts. These processes are controlled by 
various (cytokine) receptors, and their downstream signaling pathways and 
transcription factors, directing uncommitted cells to a certain cell fate. 

Lymphoid lineage cells develop from a common lymphoid precursor (CLP) 
and include T, B, natural killer (NK) and plasmacytoid dendritic cells (pDCs) 
(figure 1). Controversially, pDCs have also been suggested to originate from 
myeloid progenitors, this matter is discussed later in this thesis. The 
development of these different cell types takes place in different primary 
hematopoietic organs. Together with erythrocytes and cells of the myeloid 
lineages the development of the early stages of B-cell differentiation primarily 
takes place in the bone marrow (BM), whereas the thymus is the main site for 
T-cell development. NK cells have been suggested to develop in the bone 
marrow and thymus2. PDCs develop inside as well as outside the thymus3. 
These cells are also found in many other sites such as BM, spleen, and lymph 
nodes, but it is unclear which of these organs is the prime site for 
development. By numerous gene disruption experiments and overexpression 
studies many proteins have been identified to play a role in the development of 
hematopoietic cells. This thesis aims to further increase our knowledge on the 
key players involved in the early stages of lymphoid development in humans.  
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Figure 1. 
Model for development of myeloid and lymphoid lineages. (HSC, self-renewing hematopoietic 
stem cell; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; MEP, 
megakaryocyte/erythrocyte progenitor; B, B-cell; cDC, conventional dendritic cell; T, T cell; 
NK, natural killer cell; T/NK, bipotential T/NK progenitor; pDC, plasmacytoid dendritic cell; 
Gran, granulocyte; Mono, monocytes). 
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T cells 
Early stages of T-cell development  

For many years the mouse has been, and still is, the model of choice to 
study the mechanisms of T-cell development. These data are of utmost 
importance, however one has to take into consideration that there is a 
discrepancy with respect to ontogeny and cell-surface markers of T-cell 
development in humans (figure 2). In the human thymus a minor population of 
lymphoid cells, characterized by expression of CD34 and absence of the CD4 
and CD8 receptors, contains the earliest T-cell precursors4. At the earliest 
stages of human thymic T-cell development these CD4—CD8— double negative 
(DN) cells lack expression of CD1a. Upregulation of CD1a is associated with T-
cell commitment as these cells have little capacity to develop into NK cells and 
completely lost their pDC developmental potential5. Newly committed T-cell 
precursors express Recombinase Activating Genes (Rag1-2) and terminal 
deoxynucleotidyl transferase (TdT), which are required for the rearrangements 
of the TCR loci. Precursors rearranging the γ and δ loci differentiate into 
TCRγδ T cells, whereas the generation of an in-frame β gene allows for 
expression of TCRβ. T cells carrying productive, in frame, rearrangements of 
the TCRβ locus are selected for further differentiation, a process known as  
β-selection. The product of the successfully rearranged TCRβ locus pairs with a 
pre-Tα chain and comes to the cell surface as the pre-TCR complex. Beta 
selection in the human thymus is not correlated with expression of CD4 and 
CD8. Blom et al.6 found that CD4 immature single positive (ISP) cells represent 
the earliest stage where V-DJ rearrangements of the TCRβ locus detected. 
Since a subset of these cells express low levels of CD3 on the cell surface these 
data suggested that β-selection takes place at the CD4 ISP cellular stage6. 
More recently by using more sensitive methods investigators have detected 
TCRβ-rearrangements at earlier stages7,8.  These findings together suggest 
that TCRβ-rearrangements and selection for productive rearrangements are 
initiated before CD4 is upregulated and continue through the CD4 ISP stage6 
and even after CD8α is upregulated9.  Precursors expressing a functional pre-
TCR complex progress to the CD4+CD8+TCRαβ+ DP T-cell stage and initiate 
rearrangement of the TCRα locus. After completing TCRα rearrangements, the 
TCRαβ complex is expressed at the cell surface of the developing T cells. 
Engagement of the TCR with self MHC/peptide complexes results in either 
positive or negative selection depending on the avidity of the interaction with 
the relevant MHC-I or MHC-II expressing cell. TCRαβ+ T cells expressing high 
affinity receptors for self peptide/MHC complexes are potentially autoreactive 
and are deleted by negative selection. Selected cells with moderate affinity for 
self antigen subsequently downregulate either CD4 or CD8 and leave the 
thymus as cytotoxic CD8 or helper CD4 single positive T cells, respectively. 
Developing T cells whose TCR is not engaged undergo apoptosis (death by 
neglect). 
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Figure 2 
Models for murine and human thymic T-cell development (TCRα rearrangement is more 
complicated than indicated here. In general TCRα rearrangements occur after β-selection and 
not concomitantly). 

 
Growth factors involved in T-cell development 

The thymic microenvironment which is composed of thymic epithelial 
cells produces a wide variety of soluble growth factors10. So far, only 
Interleukin (IL)-7, stem cell factor (SCF) and Wnt proteins have been 
implicated in T-cell development11. 
 
IL-7 

Interleukin (IL)-7 is produced by thymic stromal cells12 and is implicated 
in both survival13 and differentiation of early T cells14. The receptor for IL-7 
(IL-7R) consists of two chains, IL-7Rα and common gamma (γc). The γc is also 
part of the cytokine receptors for IL-2, IL-4, IL-9, IL-15, and IL-21. Signals 
through the IL-7R are primarily transmitted by the Jak kinases and signal 
transducer and activator of transcription (STAT)5 15. Several mouse models in 
which genes required for IL-7 signaling were disrupted, including IL-7 14,16,  
IL-7Rα 17, γc 

18, or Jak3, have severely reduced thymic cellularity and lack 
TCRγδ T cells. Mice with impaired IL-7 signaling have a normal distribution of 
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the TCRαβ T-cell subsets. This argues that IL-7 at least in mice has a major 
part in the survival/proliferation of early T-cell subsets and is less critical for T-
cell differentiation. 

In contrast to the mouse, IL-7 signaling seems to have an essential role 
in differentiation of human T cells. Severe combined immunodeficient (SCID) 
patients carrying mutations in the IL-7Rα chain19, γc chain20, or Jak3 21 
completely lack T cells. Interestingly, γc deficiency also leads to abrogated NK-
cell development in both mice and humans20,21. In contrast, patients with IL-
7Rα deficiency have normal numbers of peripheral NK cells19, indicating that 
IL-7 does not affect development before commitment to the T-cell lineage. In 
line with this, addition of neutralizing antibodies against IL-7 or the IL-7R 
blocks T-cell development at the CD34+CD1a+ to CD4 ISP transition22,23, 
suggesting an important role for IL-7 in survival and proliferation of early T-cell 
precursors. This effect is mediated through phosphorylation of tyrosine residue 
449 in the cytoplasmic tail of the IL-7R23. This residue in its turn activates 
PI3K, a factor required for survival and proliferation of T-cell precursors23. The 
observation that γc-deficient patients lack V-DJβ rearrangement24 has lead to 
the suggestion that IL-7 signaling may be required for TCRαβ rearrangements 
in humans. This may explain the complete absence of T-cells in IL-7 signaling 
incompetent patients25, however the involvement of IL-7 in TCRβ 
rearrangements needs to be confirmed and the mechanism of action to be 
elucidated.  
 
SCF 
The transmembrane receptor tyrosine kinase c-kit is expressed on HSC and 
very early progenitor cells and plays a crucial role in the development of 
various cell types26. In the murine thymus c-kit is highly expressed on the 
earliest subsets, but strongly downregulated from the DN3 stage onward27. 
Mutations in c-kit or c-kit ligand SCF results in a ten fold decrease in HSCs and 
DN1 thymocytes28. The analysis of the role of c-kit in T-cell development was 
long time hampered since c-kit null mutant mice die neonatally29. However, in 
vitro studies with blocking c-kit antibodies have implicated c-kit in expansion of 
the earliest thymocytes27. More recently, a link between c-kit and Notch (a 
receptor required for T-cell development, discussed below) was suggested30. In 
multipotent Pax5—/— pro-B cells c-kit was rapidly upregulated in response to 
Notch signaling30. The interplay between these factors need to be further 
defined, moreover c-kit function in human development has never been 
addressed. 
 
Wnt 
The Wnt genes encode a family of secreted factors that regulate cell-cell 
interactions in many different cell types31. Wnt proteins binds to the ‘seven 
membrane-spanning’ receptors of the Frizzled (Fz) family. The central player in 
the Wnt-signaling cascade is β-catenin. In the absence of Wnt signaling  
β-catenin is present in the cytoplasm and continuously phosphorylated and 
degraded. Activation of the pathway activates β-catenin and results in 
inhibition of the constitutive activity of GSK-3β32. Consequently β-catenin is no 
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longer degraded and accumulates in the cytoplasm and nucleus where it 
activates Tcf/Lef transcription factors33, in thymocytes mainly T-cell factor 
(Tcf)34,35. Thymocytes are responsive for Wnt proteins and retroviral 
transduction with Wnt stimulates their proliferation36. Furthermore, blocking 
the interaction between Wnt and Fz receptor impairs T-cell development at the 
DN and ISP stages36. In line with this, mice lacking for Wnt 1 or 4 have about 
50% reduced thymic cellularity37. These results have lead to the conclusion 
that Wnt signaling provides proliferative signals to immature T-cell subsets in 
addition to self renewal signals for HSCs11. 
  
Transcriptional control of T-cell development 
Notch 

The highly conserved Notch signaling pathway is a key regulator of 
developmental choices and differentiation in multicellular organisms38. The 
Notch receptor consists of a large extracellular domain containing multiple 
epidermal growth factor (EGF-like) repeats and an intracellular part harboring 
nuclear localization and transactivation domains (reviewed in38). The Notch 
receptor is synthesized as a single precursor molecule, and is during transport 
to the membrane cleaved by a furin-like protease (S1)39. Non-covalent 
association of the subunits creates a heterodimeric transmembrane receptor 
complex. The four Notch (1-4) receptors found in mammals are able to interact 
with one of their ligands, Jagged (Jag1, 2) and Delta-like (DL1, 3, 4) expressed 
on neighboring cells40. Ligand binding induces successively metalloprotease 
(S2) and γ-secretase (S3) proteolytic events to release the intracellular domain 
of the Notch receptor (icNotch) from the membrane41,42. The icNotch domain 
translocates to the nucleus and binds the recombination signal-binding protein 
(RBP-Jκ/CSL) repressor protein and converts it into a transcriptional 
activator43. 

The first evidence for involvement of Notch in lymphoid development 
came from competitive repopulation studies of wild type and Notch1-deficient 
bone marrow in lethally irradiated mice. These experiments showed that T-cell 
development does not occur in the absence of Notch144. Instead Notch1—/— BM 
cells gave rise to B cells with a bone marrow like phenotype in the thymus45. 
Conversely, mice reconstituted with icNotch1 transduced BM showed the 
presence of developing T cells in the bone marrow at the expense of B cells46. 
Similarly human CD34+ cells expressing the icNotch1 domain developed into 
TCRαβ+ T cells when injected into NOD-SCID mice47. In addition, athymic 
nu/nu mice transplanted with DL1 or DL4 overexpressing progenitors 
developed functional CD4+ and CD8+ T cells in the absence of a thymus48. 
Similar observations were made in in vitro culture systems for T cell 
differentiation. Co-culture of CD34+ cord blood cells with the murine bone 
marrow stromal cell line S17 expressing DL1 generates cells resembling T/NK-
cell precursors49. Seminal work from Zúñiga-Pflücker and colleagues showed 
that in a similar culture system using the OP9 stromal cell line expressing DL1 
murine hematopoietic progenitor cells differentiate into TCRγδ+ and TCRαβ+  
T cells50. More recent it was shown that also murine embryonic stem cells51, 
human CD34+ cord blood52 and CD34+ BM cells53 can be differentiated into 
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mature T cells. We extended these findings by showing that CD34+ human 
thymic progenitors develop into TCRγδ+ and TCRαβ+ DP T cells not only in the 
presence of OP9 stromal cells expressing DL1 but also on OP9 cells expressing 
another Notch ligand Jag1 (chapter 2)54. These experiments contradict the 
common belief that developing T cells necessitate intercellular cross-talk with 
the 3D thymic microenvironment55. Interestingly, monolayer cultures from 
freshly isolated thymic stromal cells (TSMC) fail to support T-cell 
lymphopoiesis. This is likely due to a loss of Notch ligand expression by the 
TSMC in vitro as ectopic re-expression of DL1 or DL4 restores the ability of 
these cells to support T-cell development56.  
 
Helix-loop-helix proteins 

Members of the basic helix-loop-helix (bHLH) subfamily of E-box binding 
(E) proteins have been implicated in T-cell development. E-proteins consist of 
two conserved domains; a helix-loop-helix domain mediating homo- and 
heterodimerisation and a basic domain capable of binding E-boxes (CANNTG) 
located in promoter and enhancer sequences57. E-proteins, including HEB, E2-2 
and the E2A splice variants E12 and E47, are broadly expressed and are all 
able to form hetero- and homodimers. Another class of HLH factors consists of 
the Inhibitors of DNA binding (Id1-4) which also harbor a helix-loop-helix 
domain, but lack a basic DNA binding domain. Dimerization of an Id protein 
with an E protein renders a transcriptionally inactive complex and therefore  
Id proteins are considered as natural antagonists of the E-proteins. 

Support for a role of bHLH factors in T-cell development came from the 
finding that the forced expression of Id3 in human CD34+ progenitor cells 
strongly impairs the development of T cells in fetal thymic organ culture 
(FTOC) and instead favors NK cell development58,59. Studies in mice carrying 
targeted disruptions of the E-protein genes already indicated the important 
roles of E-proteins in T-cell development. E2A—/— mice have normal NK cell 
numbers, but 10-fold lower number of thymocytes compared to their wild type 
littermates. This is likely due to a defect early in development as the majority 
of developing E2A—/— thymocytes are stuck at the CD4—CD8— DN stage60. The 
block in T-cell development in the absence of HEB occurs at a later stage 
compared to E2A knock out mice, namely at the transition from the immature 
single positive stage to the double positive (DP) stage61. Also E2-2 has been 
implicated in T-cell development as mice with a conditional null mutation in the 
E2-2 gene display disturbed T-cell development at the DN stage62. Although 
the effects on T-cell development are severe, disrupting expression of a single 
E protein did not completely abrogate T-cell development, suggesting that at 
least some degree of functional redundancy among the E-proteins exists. This 
idea is supported by the fact that both E2A and HEB transcripts are detected in 
early immature T-cell subsets8,63, and that expression of HEB from the E2A 
promoter rescues at least in part E2A—/— induced defects64. To be able to study 
hetero- and/ or homodimerisation of E2A and HEB proteins in T-cell 
development mice producing physiological amounts of a dominant negative 
form of HEB (dnHEB) capable of forming non-functional heterodimers with E2A 
proteins were created65. The dnHEB transgenic mice had a block earlier in  
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T-cell development than homozygous HEB knockout mice, indicating that  
E2A-HEB heterodimers play a crucial role during early T-cell development. 
Interestingly, alternative transcriptional initiation and splicing results in the 
HEB variant protein denoted HEBalt66. HEBalt is expressed in early thymocytes 
and downregulated once the cells become CD4+CD8+DP67. This is different 
from the factor previously described as HEB, now called HEBCan, which peaks 
its expression at the DP stage8,67. Retroviral transduction of HEBalt was able to 
induce T-cell commitment in HEB—/— progenitor cells, whereas HEBCan could 
not67. This suggests that the HEB variants are functionally different and that at 
least some of the studies described above may need to be reevaluated. 
 
GATA3 

GATA3 is a transcription factor that belongs to a group of proteins 
containing a highly related DNA-binding domain composed of two 
evolutionarily conserved zinc fingers68. In mammals the GATA-family consists 
of 6 members (GATA1-6) binding the GATA consensus sequence 
(A/T)GATA(A/G) or related motifs as monomers69. GATA3, 4, 5, and 6 are 
involved in development of the heart, gut and brain70-74 and GATA1, 2, and 3 
are expressed in hematopoietic cells. GATA1 is required for erythrocyte 
development, GATA1—/— ES cells are arrested at the pro-erythroblast stage and 
as a consequence GATA1 deficient mice die at an early age due to anemia75,76. 
GATA2 controls the regulation of hematopoietic progenitor cell 
proliferation77,78.  

Mice carrying a homozygous mutation in the GATA3 gene die 
embryonically due to severe internal bleeding, growth retardation, and 
deformities of the brain and spinal cord79. In hematopoietic cells the 
expression of GATA3 is restricted to T cells80 and a CD16 positive subset of  
NK cells81. The critical importance of GATA3 was shown with anti-sense 
oligonucleotides inhibiting T-cell development from murine fetal liver cells in 
FTOC34. To be able to study the role of GATA3 in lymphoid development in vivo 
Ting and co-workers82 performed a Rag2—/— complementation assay83. 
Homozygous GATA3 deficient embryonic stem cells were injected in a Rag2 
knock-out blastocyst. GATA3—/— cells were shown to contribute to the 
erythroid, myeloid and B-cell lineages, but failed to give rise to thymocytes 
and peripheral T cells82. In addition, deletion of GATA3 by targeted insertion of 
a LacZ reporter showed that GATA3—/— cells did not even contribute to the 
earliest CD44+CD25— DN population in the thymus84. Together these 
experiments implicate a crucial role for GATA3 in development of the earliest 
T-cell progenitors and may suggest that the enforced expression of GATA3 
could enhance T-cell development. However Taghon et al. showed that after an 
initial stimulation of T-cell differentiation GATA3 overexpression strongly 
reduced the numbers of TCRαβ+ T cells85. This phenomenon is possibly 
explained by the observation that GATA3 overexpression deregulated the 
expression of the TCRβ chain85. In line with this GATA3 is highly expressed at 
stages of expansion, but downregulated when TCR gene recombination takes 
place84. Together this strongly indicates that GATA3 expression is tightly 
regulated during the early stages of T-cell development. 
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Natural Killer cells 
Natural Killer (NK) cells can be derived from hematopoietic stem cells in 

the bone marrow86, lymph nodes (T. Cupedo unpublished observations), cord 
blood, and fetal liver87. Studies in patients with DiGeorge syndrome, who do 
not develop a thymus, revealed that the thymus is dispensable for NK-cell 
development88. However, bipotential T/NK precursors are present in both the 
human89 and murine thymus90,91. In addition, the human thymus is permissive 
for development of NK cells from CD34+ progenitors59,92. Together these 
findings strongly indicate that NK-cell development can occur in the human 
thymus. Whether the thymus is a physiologically important anatomical site for 
NK-cell development is presently unclear. 

 
Growth factors involved in NK-cell development 

IL-2 and IL-15 were proposed to be the most relevant cytokines for 
human NK-cell development. However patients deficient for IL-293 or IL-2Rα94 
have normal numbers of NK cells. Instead SCID patients suffering from 
defective IL-15 signaling have severely reduced numbers of NK cells95. These 
findings are supported by the strongly reduced NK-cell numbers in mice 
deficient for IL-1596 or components of the IL-15R complex97. In addition, it was 
found that murine progenitor cells cultured in an FTOC with high 
concentrations IL-15 are potently blocked in their TCRαβ-development and 
instead differentiate towards the NK-cell lineage98. Together this has lead to 
the consensus that IL-15 is the critical factor in NK-cell development.  

Recently it was shown that targeted disruption of IL-15 in mice still 
allows for the development of early NK-cell progenitors99. In these mice the 
percentages of mature NK cells were decreased suggesting that the early 
stages of NK-cell development are IL-15 independent and that IL-15 merely 
acts as a growth and/or survival factor for mature NK cells. It is unclear if this 
observation also holds true for human NK-cell development as it is not known 
whether NK-cell progenitors are present in γc-deficient patients.  

 
Transcriptional control of NK-cell development 

Compared to what we know of T- and B-cell development the molecular 
mechanisms involved in NK-cell development are poorly understood. A few 
transcription factors have been implicated in NK-cell development but factors 
that control NK-cell development in a way similar to what Notch 1 and GATA3 
do for T cells (see above) and E2A, EBF, and Pax5 for B cells (see below) have 
not yet been identified.  

 
Helix-loop-helix proteins 

As stated above forced expression of Id3 in CD34+ progenitor cells 
isolated from fetal liver or postnatal thymus inhibits their differentiation into T 
cells but favors NK-cell development59. Defects in NK-cell development in  
Id3—/— mice have not yet been reported. However, Id2—/— mice have strongly 
reduced numbers of NK cells100 and lack committed NK precursors101. It is 
therefore likely that Id2 is the physiological Id factor in control of NK-cell 
differentiation. As discussed above Id2 is not a transcription factor, but rather 
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an inhibitor of E-protein activity. This suggests that introduction of bHLH 
factors in progenitor cells would negatively regulate NK-cell development. 
Indeed, it was found that E47 deficiency in Id2—/— mice at least in part rescues 
NK-cell development as Id2—/—E47—/— mice do contain NK cells (B. Kee, 
unpublished observations). Taken together, this indicates that Id2 allows NK-
cell development by the inhibition of E-protein activity. 

Although both Id2 and IL-15 signaling have been implicated in NK-cell 
development they were never shown to act in a similar pathway. In chapter 5 
we have analyzed the Id2 and IL-15 effects and show their requirement at 
subsequent stages of human thymic NK-cell development. 

 
Notch 

The role for Notch signaling in NK-cell development remains enigmatic. 
CD34+ progenitor cells cultured in the presence of DL1 gives rise to increased 
numbers of T/NK cell precursors49. In contrast, mice carrying an inducible 
deletion in Notch lack the earliest T-cell committed precursors but have normal 
NK-cell numbers102. Other studies have shown that inhibiting Notch signaling 
by the addition of γ-secretase inhibitors resulted in increased numbers of  
NK cells in vitro experiments51,103,104. Together this may suggest that thymic 
NK cell precursors can develop in the absence of Notch, but that Notch 
negatively impacts NK-cell development at later stages. 

 
GATA3 

Within the NK-cell lineage, GATA3 expression has been documented in 
both immature NK-cell precursors and mature NK cells81,105. Interestingly,  
NK cells106, in contrast to T cells82, can be generated in the absence of GATA3. 
Instead GATA3 is suggested to play a role in promotion of NK-cell maturation 
and found to be involved in the production of IFN-γ and migration of NK cells to 
the liver107. 

 
Ets1 

The only transcription factor found to be required for NK-cell 
development in the mouse is Ets-1108. Ets-1 is expressed in lymphoid cells109 
and is suggested to play a role in survival of mature T and B cells110. Mice 
deficient for Ets-1 undergo normal development of myeloid, T and B cells but 
have strongly reduced numbers of splenic NK cells110. As no additional 
information is available further research is required to establish the 
contribution of Ets-1 as a key regulator of NK-cell development. Also a 
potential role for ETS-1 in human NK-cell development has not yet been 
addressed.  
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Plasmacytoid dendritic cells  
Dendritic cells (DCs) are the professional antigen presenting cells (APC) 

of the immune system. They are able to capture and present antigenic 
peptides to T cells, thereby efficiently inducing adaptive immune responses. 
Several subsets of DCs have been identified, which all have distinct cell surface 
phenotypes, and depending on their anatomical localization can mediate 
different types of immune responses.111. Our interest has mainly focused on 
the plasmacytoid dendritic cell (pDC)112 also named natural interferon-
producing cells113 or type 2 DC precursors114. PDCs are localized in most 
hematopoeitic organs including lymph nodes, spleen and thymus. In addition 
we have shown that human progenitor cells are able to differentiate into pDC 
both intra- and extrathymic3. In humans HLA-DR+ pDC are phenotypically 
defined by expression of BDCA2, BDCA4 and high levels of CD123 (IL-3Rα), 
whereas they lack typical myeloid markers such as CD13, CD33, and 
CD11c112,115,116. Upon activation with IL-3 and CD40L mature pDCs polarize 
naive T cells into Th2 cells producing IL-4 and IL-5114. PDCs also express Toll-
like receptors (TLR) 7 and 9117. Triggering of pDCs by DNA virus or CpG 
oligonucleotides (TLR9 ligands) or single-stranded viral RNA (TLR7 ligand) 
results in the generation of mature pDCs able to polarize naïve T cells into IL-
10 and IFN-γ producing T cells118,119. The main characteristic of pDCs is their 
capacity to produce high levels of type I interferons, which directly inhibits viral 
replication and triggers T-cell mediated responses. Therefore, it has been 
suggested that pDCs link innate and adaptive immunity119. 

 
Developmental origin of pDCs 

The developmental pathway of pDCs is beginning to be elucidated. In 
humans direct progenitors for pDCs are present in the CD34+ compartment of 
cord blood, fetal liver, and bone marrow120. As shown in figure 3 
CD34++CD45RA— early progenitor cells differentiate through late progenitor 
(CD34++CD45RA+) and pro-pDC (CD34+CD45RA++CD123++CD4++) stages into 
type-I interferon producing pDCs120. Interestingly, the pro-pDC subset cannot 
be identified in the human thymus suggesting that developmental pathways for 
peripheral and thymic pDCs are different121. It also remains unclear whether 
pDCs are of myeloid or lymphoid origin. Based on the expression of lymphoid-
related genes such as CD2, CD5, CD7, pTα and Spi-B and the presence of  
D-J rearrangements of the immunoglobin heavy chain locus122-124 together with 
an absence of myeloid markers (mentioned above)112,115,116 it was postulated 
that pDCs are of lymphoid origin. This concept was later challenged by the 
observation that pDCs can be derived from both common lymphoid and 
myeloid (CMP) progenitors125. Controversy concerning this matter still remains 
and is discussed in more detail in the discussion section of this thesis. 
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Figure 3.  
Development of human pDCs from CD34+ progenitor cells. 
  
Growth factors involved in pDC development 

The factors that control pDC development are yet being identified. It is 
well established that the cytokine Flt3L plays a crucial role in hematopoietic 
development in general. The role of Flt3L in the development of different  
DC-lineages became clear from experiments in mice. Mice carrying a targeted 
disruption in the Flt3L gene have a 4-14 fold reduced number of DCs126. Vice 
versa, overexpression of Flt3L in mice127and administration of Flt3L to mice128 
or healthy volunteers129 resulted in considerable expansion of different DC 
subsets. More detailed analysis of DC precursors showed that DCs can only 
develop from progenitor cells expressing the Flt3 receptor130,131. Together 
these observations firmly establish a crucial role for Flt3L in the development 
of DCs. Laouar et al.132 found that, like absence of Flt3L, STAT3 deficiency also 
impairs DC development and describe that this is a crucial mechanism by 
which Flt3L controls DC development from HSC. In contrast, signaling by  
GM-CSF, a cytokine involved in conventional DC (cDC) differentiation133, 
depends less on STAT3132. The fact that GM-CSF has an inhibitory effect on the 
development of both murine and human pDC120,134 indicates that different 
cytokines do play distinct roles in the development of different DC subsets. 
Cytokines that specifically induce pDC development are yet to be identified. 
 
Transcriptional control of pDC development 

Information on transcription factors in control of pDC development is 
limited. It is however clear that human pDC development depends on the 
expression of one or more E-proteins. Forced expression of Id2 or Id3, 
negative regulators of E-proteins, in CD34+ progenitor cells strongly blocks the 
development of pDC but not myeloid DC5. This is in accordance with the 
observation that Id2 is upregulated in cDC135 and that Id2—/— mice have 
increased percentages of pDC135. At this point it is however unclear which  
E-protein(s) is (are) required for pDC development.  

Studies in mice also implicated a role for members of the IFN regulatory 
factors (IRF) family. Mice lacking the interferon consensus sequence binding 
protein (ICSBP)/interferon regulatory factor (IRF)-8 lack pDC but have normal 
numbers of CD11b+ DC136,137. The closely related family member IRF-4 also 
seems to affect murine pDC development albeit to a lesser extent than  
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IRF-8138. Interestingly, GM-CSF signals through IRF-4 whereas Flt3L exerts its 
effect by regulating IRF-8138, which would be in line with an inhibitory effect of 
GM-CSF and the positive effect of Flt3L on pDC development (see above). In 
contrast to the data obtained in knock out mice the important role for IRF-8 
has not been confirmed in the human system as specific degradation of IRF-8 
in human CD34+ progenitor cells does not impair pDC development  
(H. Schmidlin and W. Dontje unpublished observations). This suggests that the 
development of pDCs in humans may be regulated differently from mice. In 
chapter 2 we describe the ETS family member Spi-B to be involved in the 
lymphoid lineage decisions139. Spi-B was initially found to be highly expressed 
in mature B cells140. Spi-B deficient mice were shown to have defective 
antigen-dependent expansion of B cells and a dramatic defect in germinal 
center formation141. We found that Spi-B stimulates (chapter 2) and moreover 
is required for pDC differentiation (chapter 3)142. In addition, we implicated 
Spi-B in the mechanism by which DeltaLike1/Notch1 regulates the T/pDC 
lineage switch (chapter 4)54. 
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B cells 
Early stages of B cell development 

In the bone marrow progenitor cells go through consecutive stages 
during which they orderly rearrange the Ig heavy (IgH) and light (IgL) chains 
eventually resulting in B cells with a broad repertoire of Ag receptors (figure 4 
and reviewed in2,143). Early in differentiation at the pro-B cell stage 
recombination of the V, D, and J gene segments of the BCR heavy chain is 
initiated144. After productive VH-DJH recombination the IgH chain pairs with the 
surrogate light chains (VpreB and λ5) and is expressed as a pre-BCR on the 
cell surface145. The pre-BCR is transiently expressed on pre-B cells and marks 
a key checkpoint in B-cell development to monitor the proper expression and 
functionality of the IgH chain. Signaling through the pre-BCR blocks further 
rearrangement of the heavy chain and induces several cycles of expansion of 
the pre-B cellular stage (reviewed in145). The pre-B stage can be subdivided 
into 3 phases, including pre-B-I, large-pre-B-II and small-pre-B-II cells146. The 
proliferative expansion mainly takes place at the large-pre-B-II cellular stage 
after which small-pre-B-II begin to rearrange their IgL chain. When a 
functional light chain is produced that is able to assemble with the IgH chain 
the cells will express a BCR receptor on the cell surface. The Ig+ immature B 
cells are naïve B cells which are allowed to migrate to the periphery where 
they upon encounter of antigen may become either Ig-secreting plasma cells 
or memory cells. 

 

 
 

Figure 4.  
Model of early stages of human B-cell development. 
 
Growth factors involved in B-cell development 

The cytokines c-kit, fms-like tyrosine kinase (FLT) 3 and interleukin  
(IL)-7R signaling have been implicated in murine B-cell development. Both  
c-kit147 and FLT3126 are required for efficient formation of the common 
lymphoid precursor (CLP) and their progenies. In contrast adult mice carrying 
targeted disruptions in the genes for IL-7148 or components of the IL-7R 
complex17, have normal numbers of CLP. However, these CLP show strongly 
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reduced ability to differentiate into the earliest pre-B cell stage. Recently 
STAT5 was identified as the key player acting downstream of the IL-7R as 
STAT5 activation enhances pre-B cell development and is able to rescue B-cell 
development in IL-7R—/— mice149. 

Interestingly, the vital role for IL-7 signaling in murine B-cell 
development does not hold true for B-cell development in humans. SCID 
patients lacking expression of IL-7Rα chain do not develop T cells19. In 
addition, γc

20 or Jak321 deficiency leads to severe defects in both T- and NK-cell 
development. However, all these patients have normal or even increased levels 
of peripheral B cells. Also the addition of a neutralizing IL-7 antibody to in vitro 
developing human progenitor cells did not abrogate B-cell development150. This 
indicates that data on IL-7 signaling in early B-cell development obtained in 
mice cannot be directly translated to the human situation. The expression and 
functionality of the IL-7R was recently confirmed by showing that early human 
B cells induce STAT5 phosphorylation in the presence of IL-7151. However, a 
role for the IL-7R in human B-cell development was never reported. In chapter 
6 we describe experiments on this issue and show that IL-7/STAT5 activation 
induces selective survival of cells at the large-pre-B-II stage.  

 
Transcriptional control of B-cell development 

The regulation of pre-B cell development and survival critically depends 
on the interplay of transcriptional regulators such as E2A, early B cell factor 
(EBF), and Pax5/BSAP (B-cell-specific activator proteins)143,152. The lack of 
either E2A153,154 or EBF155 inhibits progression of B cell development beyond 
the pre-B cell stage where Ig-rearrangement commences. E2A and EBF have 
been shown to synergistically activate the transcription of Pax5156. In its turn 
mice lacking Pax5 protein show arrested B-cell development at the pre-B cell 
stage157.  
 
PU.1  

PU.1 (Spi-1) is a member of the ETS transcription factor family and is the 
closest relative to Spi-B (see above). PU.1 is expressed in hematopoietic stem 
cells and all differentiating cells except erythroblasts, megakaryocytes, and  
T cells109,158. Mice carrying mutations in both PU.1 alleles die short before birth 
and fail to generate myeloid and B cells and have delayed development of T 
and NK cells. In contrast, the development of erythrocytes and 
megakaryocytes does not seem to be affected in the absence of PU.1159,160. 
Interestingly, the eventual lineage outcome is dependent on graded PU.1 
expression. Retroviral transduction in hematopoietic progenitors showed that 
at low concentrations PU.1 induces a B-cell fate, whereas high concentrations 
stimulate the differentiation of macrophages and block B-cell development161.  
 
Helix-loop-helix proteins 

As described above HLH proteins are involved in the development of 
human T cells, NK cell and pDCs. Like in T-cell and pDC development Id3 also 
blocks development of human B cells162. These findings are consistent with 
earlier reports that demonstrated a critical role of E2A in B cell development in 
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mice153,154. To a lesser extent HEB and E2-2 are also implicated in B-cell 
development as a two-fold reduction in number of B cells was observed in mice 
lacking these proteins163. Together these findings indicate that B-cell 
differentiation critically depends on E-proteins both in mouse and man. 
 
EBF 

Together with the E2A proteins the early B cell factor (EBF) controls pro-
B-cell development and survival. Ablation of EBF leads to a very early block in 
B-cell development, similar to the block observed in E2A deficient mice155. 
Since EBF—/— B cells have normal E2A levels, but EBF is not expressed in  
E2A—/— pro-B cells, it is likely that EBF acts as a downstream target of E2A164. 
Based on analysis of E2Agfp knock-in mice on a EBF—/— background Zhuang and 
co-workers165 proposed a mechanism in which E2A induces EBF and 
consequently EBF elevates E2A expression. In E2A—/— mice this cross 
regulatory mechanism between E2A and EBF can be bypassed by the forced 
expression of EBF, but not Pax5 (see below)164. Recently it was shown that EBF 
is negatively regulated by Notch1166 suggesting a mechanism in which Notch1 
on one hand stimulates T-cell development by inducing T-cell lineage specific 
genes and at the other impairs B-cell development by inhibition of EBF 
function. This matter is further discussed in the discussion section of this 
thesis. 
 
Pax5 

The transcription factor B cell specific activating protein (BSAP) also 
known as paired-box containing gene-5 (Pax5) is regulated by E2A and 
EBF152,156,164. Like mice deficient for either E2A or EBF also mice lacking Pax5 
have an early arrest in B-cell development at the pro-B cell stage167,168. The 
combined effort of the labs of Rolink and Busslinger has lead to numerous 
publications in which the lymphoid-myeloid potential of the Pax5 pro-B cells 
was addressed. Under appropriate conditions isolated Pax5—/— pro-B cells are 
capable of differentiating into functional NK cells, DCs, macrophages, 
granulocytes, and osteoclasts157. Multipotent Pax5—/— pro-B cells injected in 
sublethally irradiated Rag2—/— mice develop into T cells, NK cells, DCs, 
osteoclasts, macrophages, neutrophils and erythrocytes but not B cells169,170. 
Pax5—/— pro-B cells share many features with hematopoietic stem cells such as 
multipotency, self renewal and long term reconstitution capacity169,171. 
Although Pax5—/— pro-B cells are more prone to give rise to lymphoid170 than 
to myeloid cells169 it is clear that they have not yet lost their capacity to 
differentiate into other lineages. This indicates that Pax5 constrains cells to the 
B-lineage and inhibit differentiation into alternative lineages. 
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Outline of this thesis  
In the studies presented in this thesis lineage decisions in the early 

stages of human hematopoietic development are investigated. Chapter 2 
describes a genetic search aimed to identify genes specifically expressed in 
pDC. We found the ETS family member Spi-B exclusively expressed in pDC, 
but not in conventional DCs or their precursors. Forced expression of Spi-B in 
progenitor cells moderately stimulated pDC development while the 
development of T, B, and NK cells was inhibited. Together with the observation 
that pDC development critically depends on Spi-B as determined by RNA 
interference (Chapter 3) identifies Spi-B a key regulator of pDC development. 
Furthermore we show that activation of the Notch1 receptor by DeltaLike1 
inhibits pDC development by negatively regulating the expression of Spi-B. We 
show that Notch1 is in control of the T/pDC lineage decision by regulating 
downstream lineage specific transcription factors (Chapter 4). Chapter 5 
describes that Id2 and IL-15 control subsequent stages of thymic NK-cell 
development. Id2 in involved in expansion of NK-precursor cells, whereas  
IL-15 is required for differentiation to mature NK cells. In contrast to 
observations made in mice B-cell development in humans can take place in the 
absence of IL-7 signaling. In Chapter 6 we describe that activation of the  
IL-7/STAT5 pathway induces strong proliferative expansion of cells at the pre-
B-II cellular stage. This may present itself as a mechanism essential to meet 
the required diversity of the Ig-repertoire. Lastly, the significance of these 
findings is discussed in Chapter 7. 
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The transcription factor Spi-B is expressed in plasmacytoid DC
precursors and inhibits T-, B-, and NK-cell development
Remko Schotte, Marie-Clotilde Rissoan, Nathalie Bendriss-Vermare, Jean-Michel Bridon, Thomas Duhen,
Kees Weijer, Francine Brière, and Hergen Spits

Human plasmacytoid dendritic cells
(pDCs), also called type 2 dendritic cell
precursors or natural interferon (IFN)–
producing cells, represent a cell type with
distinctive phenotypic and functional fea-
tures. They are present in the thymus and
probably share a common precursor with
T and natural killer (NK) cells. In an effort
to identify genes that control pDC devel-
opment we searched for genes of which
the expression is restricted to human
pDC using a cDNA subtraction technique

with activated monocyte-derived DCs (Mo-
DCs) as competitor. We identified the
transcription factor Spi-B to be expressed
in pDCs but not in Mo-DCs. Spi-B expres-
sion in pDCs was maintained on in vitro
maturation of pDCs. Spi-B was expressed
in early CD34 �CD38� hematopoietic pro-
genitors and in CD34 �CD1a� thymic precur-
sors. Spi-B expression is down-regulated
when uncommitted CD34 �CD1a� thymic
precursors differentiate into committed
CD34�CD1a� pre-T cells. Overexpression of

Spi-B in hematopoietic progenitor cells re-
sulted in inhibition of development of T cells
both in vitro and in vivo. In addition, develop-
ment of progenitor cells into B and NK cells
in vitro was also inhibited by Spi-B overex-
pression. Our results indicate that Spi-B is
involved in the control of pDC development
by limiting the capacity of progenitor cells to
develop into other lymphoid lineages.
(Blood. 2003;101:1015-1023)

© 2003 by The American Society of Hematology

Introduction

Dendritic cells (DCs) are specialized antigen-presenting cells that
both initiate primary specific immune responses and delete poten-
tially autoreactive T cells.1 There are different subsets of DCs with
distinct cell surface phenotypes, function, and anatomic localiza-
tion.2,3 A recently identified member of the DC lineage is the
plasmacytoid DC (pDC),4 also referred to as a type 2 DC precursor5

(pre-DC2) or natural interferon (IFN)–producing cell.6 These cells
have been found in the peripheral blood of adults and neonates7,8

and in the T-cell areas of tonsils.4 Interestingly pDCs have the
capacity to produce high levels of type I IFNs that block viral
replication.6,9 Moreover, pDCs express a distinct pattern of Toll-
like receptors suggesting that they might have developed through
different evolutionary pathways to recognize different microbial
antigens.10 On activation with CD40L or with virus, the pDCs
differentiate into mature DCs, which can effectively stimulate T
cells. Depending on the way the pDCs are activated, the mature
DC2s induce T cells, producing distinct sets of cytokines: interleu-
kin 4 (IL-4) and IL-5 after activation of the pDCs with IL-3 and
CD40L11 or IL-10 and IFN-� after activation of the pDCs with
virus.12,13 Importantly pDCs are prominently present in the medulla
of the thymus14,15 and may therefore play a critical role in shaping
the T-cell–receptor repertoire within this organ.

Recent evidence strongly suggests that pDCs are of lymphoid
origin. pDCs lack myeloid-related markers CD13 and CD334,14 and

express pre-T-cell receptor (pT�)14,16 and �-like transcripts,15

which are essential for T- and B-cell development, respectively.
More importantly, we observed recently that inhibitors of DNA-
binding (Id) proteins, Id2 and Id3, which efficiently block the
transcriptional activities of basic helix-loop-helix (bHLH) proteins,
inhibit development of pDCs but not of myeloid DCs.17 These
observations along with the demonstration that these factors also
block B-cell18 and T-cell development19 support a lymphoid origin
of pDCs.

A number of transcription factors involved in lymphoid-
lineage specification in progenitor cells have been identified.
GATA-3 and Pax5 are essential for T- and B-cell development,
respectively.20,21 Notch1 is required for T-cell development and
inhibits B-cell development and therefore determines T/B-cell
diversification22 and the HLH factor Id2 is compulsory for
development of natural killer (NK) cells.23 bHLH factors are
involved in pDC development17 but are also required for T- and
B-cell development (for a review, see Eben Massari and
Murre24), raising the question which transcription factor(s)
might control the diversification of pDCs on one hand and T, B,
and NK cells on the other hand. To this end we searched for
genes that are specifically transcribed in pDCs. One of the genes
identified encodes the transcription factor Spi-B. We show here
that forced expression of Spi-B in hematopoietic precursors
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impairs development of T, B, and NK cells and stimulates
development of pDCs.

Materials and methods

Reagents and mAbs

Monoclonal antibodies (mAbs) to CD3, CD4, CD8, CD38, CD45RA, and
CD123 conjugated with phycoerythrin (PE) or with peridinin chlorophyll
protein (Per-cp) were obtained from Becton Dickinson Immunocytometry
Systems (BDIS; San Jose, CA). CD1-PE was obtained from Coulter/
Immunotech (Luminy, France). CD4-tricolor (TC), CD8-TC, CD34-TC,
and CD45RA-TC were from Dako (Glostrup, Denmark). BDCA-2–
fluorescin isothiocyanate (FITC) and –PE were obtained from Miltenyi
Biotec (Bergisch Gladbach, Germany). Anti–nerve growth factor receptor
(NGFR)–allophycocyanin (APC) was obtained from Chromaprobe (Moun-
tain View, CA). IL-7, stem cell factor (SCF), and thrombopoietin (TPO)
were obtained from R & D Systems (Abingdon, United Kingdom).

Generation of DCs from monocytes in vitro

Monocyte-derived DCs (Mo-DC) were generated from monocytes as
described25 by culturing them 5 days in granulocyte-macrophage colony-
stimulating factor (GM-CSF; 200 ng/mL) and IL-4 (5 ng/mL) (Schering-
Plough, Kenilworth, NJ). After those 5 days cells were activated 24 and 48
hours in the presence of CD40L-transfected L cells (1 L cell for 5 DCs).

Purification of plasmacytoid cells and generation of DC2s
from the CD4�CD1c� pDCs

pDCs were isolated from human tonsils as detailed previously4 and
activated by IL-3 (10 ng/mL) in the presence of CD40L-transfected L cells
(1 L cell for 5 DCs) for 24, 48, and 96 hours.

Purification of blood cells and generation of CD34-derived DCs

CD34-derived DCs were obtained after 6 and 12 days of culture of CD34�

progenitor cells in the presence of tumor necrosis factor � (TNF-�) and
GM-CSF.26 DCs were activated by CD40L-transfected cells. B lympho-
cytes were obtained from CD4-depleted human tonsils. B cells were
activated by CD40 activation using L cells expressing CD40L. Blood
mononuclear cells were obtained from human peripheral blood by Ficoll-
Hypaque centrifugation. T lymphocytes were purified from peripheral
blood mononuclear cells (PBMCs) by negative depletion27 and activated by
CD28-CD3. Granulocytes were isolated by Lympholyte-poly centrifugation
(Cedarlane Laboratories, Hornby, ON, Canada) and activated by phorbol
myristate acetate (PMA; Sigma Chemical, St Louis, MO) and ionomycin
(Calbiochem, San Diego, CA) for 3 hours.

Subtractive hybridization

The subtractive hybridization procedure was performed using the polymer-
ase chain reaction (PCR)–select cDNA subtraction kit (Clontech, Palo Alto,
CA), as per the manufacturer’s protocols. Poly-A� RNAs, selected as
described by Mueller et al27 from pDCs and DC2s, were used as tester, and
activated DC1 Poly-A� RNAs as driver. To clone subtracted pDC cDNA,
10 PCRs (nested) were pooled and resolved on 2% low-melting agarose gel;
12 gel slices in the 0.3- to 1.3-kb size range were cut out and cloned with
pCRII TOPO TA Cloning (Invitrogen, San Diego, CA). The inserts were
sequenced by automatic sequencing. Comparisons against GenBank and
dbest databases as well as protein homology prediction were obtained from
the National Center for Biotechnology Information (NCBI) blast server
(http://ncbi.nlm.nih.gov/BLAST/). The cloned product perfectly matched
with the human Spi-B cDNA sequence (accession no. X66079).

RT-PCR assays

Reversed transcriptase (RT)–PCR assays were performed on RNA samples
from purified T cells, granulocytes, PBMCs, tonsillar B cells, and day 12–

harvested CD34�-derived DCs, before and after specific activation and
CD34� precursor cells isolated from fetal liver or thymus. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was performed on reverse-
transcribed RNA from the different populations. GAPDH primers were
5�-ACCATGCTCGCCCTGGA (upstream) and 5�-GGCTAGCGAAGT-
TCTCC (downstream). In some experiments hypoxanthine phosphoribosyl-
transferase (HPRT) was used as a housekeeping gene. The sequences of the
HPRT primers were 5�-TATGGACAGGACTGAACGTCTTGC (upstream)
and 5�-GACACAAACATGATTCAAATCCCTGA (downstream). The se-
quences of the Spi-B primers were 5�-GGAGTGCTGCCCTGCCATAA
(upstream) and 5�-CCCCCACCCCAGATGAGATT (downstream).

Western blot analysis

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
was performed on total cell lysates, and nuclear extracts obtained from
12 � 106 cells were subjected to 12% SDS-PAGE followed by electrotrans-
fer onto nitrocellulose. Western blotting was performed as described.28 The
membrane (polyvinylidene fluoride [PVDF]) was probed with an affinity-
purified polyclonal antibody (kindly provided by Dr Françoise Moreau-
Gachelin, Institut National de la Santé et de la Recherche Médicale, Institut
Curie, Paris, France). Preimmune serum and anti–Spi-B were added at a
1:200 dilution in triethanolamine-buffered saline (TBS) containing 1%
casein for 1 hour at room temperature. Immunoreactive bands were
visualized by using secondary horseradish peroxidase (HRP)–conjugated
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and enhanced
chemiluminescence (ECL; Boehringer Mannheim, Mannheim, Germany).

Retroviral transductions

Full-length human Spi-B and the natural splice variant lacking the
DNA-binding domain (�Spi-B, kindly provided by Dr Françoise Moreau-
Gachelin)29 cDNA was ligated into the multiple cloning site of retroviral
vector LZRS upstream of an internal ribosomal entry site and enhanced
green fluorescent protein (GFP) as described previously.18,19 Control
viruses were LZRS-IRES-GFP. For some experiments we used as control
virus LZRS-IRES with, downstream placed, a deleted, signaling-
incompetent mutant of the nerve growth factor receptor (�NGFR), kindly
provided by Dr C. Bordignon.30 Helper virus–free recombinant retroviruses
(titer 106/mL, as determined by transduction of mouse 3T3 fibroblast cells)
were produced after transfection of the retroviral constructs into the
293T-based Phoenix (�NX-A) amphotropic packaging cell line and
selection on the selectable marker puromycin.31 Transduction of
CD34�CD38	 fetal liver or CD34�CD1a	 postnatal thymocyte cells was
performed as described previously.32,33 Briefly, the progenitor cells were
cultured overnight in the presence of 20 ng/mL IL-7 (R & D Systems) and
10 ng/mL SCF (R & D Systems) followed by incubation for 7 to 8 hours or
overnight with virus supernatant in plates coated with fibronectin (30

g/mL; Takara Biomedicals, Otsu, Shiga, Japan).

Isolation of CD34� cells from fetal liver and postnatal thymus

The use of fetal liver and postnatal thymus tissue was approved by the
Medical Ethical Committee of the Netherlands Cancer Institute and was
contingent on informed consent. Human fetal tissues were obtained from
elective abortions. Gestational age was determined by ultrasonic measure-
ment of the diameter of the skull and ranged from 14 to 20 weeks. Human
fetal liver cells were isolated by gentle disruption of the tissue by
mechanical means, followed by density gradient centrifugation over
Ficoll-Hypaque (Lymphoprep; Nycomed Pharma, Oslo, Norway). Thymus
was obtained from surgical specimens removed from children undergoing
open heart surgery. Single-cell suspensions were made from postnatal
thymus by mincing tissues and pressing them through a stainless steel mesh.
Large aggregates were removed and the cells were washed once before
separating subpopulations. The CD34� cells were isolated from these
samples by immunomagnetic cell sorting, using a CD34 separation kit
(varioMACS, Miltenyi Biotec). The CD34� fetal liver cells were stained
with anti-CD34 and anti-CD38 mAbs and further purified into CD34�CD38	

cells by sorting with a FACStar plus (Becton Dickinson, San Jose, CA). The
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purity of the CD34�CD38	 cells used in this study was more than 99%. The
CD34� thymocytes were stained with anti-CD34 and anti-CD1a and separated
into CD34�CD1a	 and CD34�CD1a� populations by cell sorting.

Differentiation assays

Development of CD34� cells into pDCs was determined following
coculture with the mouse stromal cell line S17 as described previously.17

The hybrid murine/human fetal thymic organ culture has been described
previously.34 To monitor NK-cell development in a fetal thymic organ
culture (FTOC), 10 ng/mL IL-15 was added at the onset of the culture. The
medium containing IL-15 was changed every week.

To follow differentiation of T cells and pDCs in vivo we used an
immunodeficient mouse strain transplanted with human fetal thymus
fragments. RAG-2	/	 � common receptor (�c)	/	 mice,35 which com-
pletely lack T, B, and NK cells, received a transplant of a human thymus by
grafting small (1-2 mm) human fetal thymus and liver fragments subcutane-
ously in 300 
L Matrigel (Collaborative Biomedical Products, Bedford,
MA) diluted 1:4 in RPMI 1640 (Life Technologies, Paisley, Scotland).
Eight to 12 weeks after grafting, a mixture of CD34�CD38	 fetal liver cells
transduced with Spi-B-IRES-GFP or with control-IRES-�NGFR were
injected directly in the human thymus transplants of these mice. Two to 3
weeks later the mice were killed and the thymus was removed for fur-
ther analysis.

The development of pDCs and B cells was assayed in a coculture of
CD34� progenitors with the murine marrow cell line MS-5 (kindly
provided by Dr J. Plum, University of Ghent, Ghent, Belgium) in Iscove
medium (Life Technologies) with 8% fetal calf serum.

Statistical analysis

To determine whether Spi-B significantly stimulates the development of
pDCs from CD34� progenitor cells, a paired 2-tailed Student t test was
performed using Microsoft Excel 98.

Apoptosis assay

Apoptosis induced by Spi-B was measured in fluorescence-activated cell
sorted (FACS) CD34�CD1	 and CD34�CD1� postnatal thymocytes.
Transduced cells were cultured at 200 000 cells/96-well plate in 200 
L
Yssel medium supplemented with SCF and IL-7 (20 ng/mL each). At day 7
percentages of apoptotic and dead cells were determined by staining with
annexin V–PE (Becton Dickinson, Palo Alto, CA) and 7-amino-actino
mycin D (7-AAD; Becton Dickinson).

Results

Identification of Spi-B in pDCs

We performed a PCR-based subtraction technique on pDCs with
monocyte-derived DC (DC1) as competitor. The subtractive hybrid-
ization technique was applied as described elsewhere.27 A mixture
of freshly isolated pDC and pDC activated by IL-3 and CD40L for
24 hours (5 � 106 cells) was used as a tester, and 108 CD40-
activated MoDC were used as competitor (driver). cDNA tester
was cut with RsaI; the adapters were ligated and amplified after
hybridization in the presence of driver. This technique combines
normalization and subtraction in a single procedure. Thus, the
resulting PCR products are restriction fragments of pDC cDNA,
which are absent, or at least rare, in DC1 cells. pDC cDNA
fragments were cloned and sequenced, and 30% of these clones
contained unknown sequences.

Of interest, we found 8 clones encoding the transcription
factor Spi-B. This factor belongs to the Ets family with a
relatively high degree of homology with PU.1 and was detected
in lymphoid cells but in contrast to PU.1, not in monocytes,
granulocytes, or myeloid cell lines.36 Spi-B transcripts have

been shown to be present in B and in developing T cells but not
in most mature T cells.36-38 To verify the restricted expression of
Spi-B, RT-PCR analysis was first performed on pDC and
Mo-DC cDNAs (Figure 1A). pDCs (line 1) but not Mo-DCs
(lines 7-9) expressed Spi-B mRNA. Importantly, Spi-B mRNA
is maintained in pDCs even after activation (lines 2-5). In
addition, monocytes (line 6), peripheral blood T cells, and
granulocytes did not express Spi-B. As expected, high levels of
Spi-B mRNA were found in resting and activated B cells. Spi-B
is also expressed in CD34�CD38	 fetal liver (FL) cells, a
population highly enriched for pluripotent stem cells (Figure
1B). To obtain insight into the expression of Spi-B in human
T-cell development, we analyzed various subsets of precursor T
cells isolated from postnatal human thymus (PNT). The earliest
precursor in the human thymus expresses the stem cell antigen
CD34 and lacks CD1a.39 CD34�CD1a	 cells have the capacity
to develop into various lineages including T, NK, and pDC.
These cells develop to CD4�CD8� immature T cells through
CD34�CD1a� and CD3	CD4�CD8	 intermediates. RT-PCR
analysis of these subsets revealed that Spi-B is expressed in
CD34�CD1a	 cells and is down-regulated in CD34�CD1a�

cells (Figure 1B).
To determine whether pDCs express Spi-B protein, Western blot

analyses were performed on whole cell lysates and nuclear extracts
from pDCs, Mo-DCs, and mature B cells as positive control
(Figure 2). Comparable levels of the 46-kDa Spi-B protein were
detected, using a polyclonal antiserum raised against the 160
N-terminal amino acids of Spi-B,28 in whole cell lysates from
pDCs, mature tonsillar B cells, and nuclear extracts from pDCs and
mature tonsillar B cells. No Spi-B protein was precipitated with the
preimmune serum. As expected, the Jurkat T-cell line did not
express Spi-B protein (data not shown).

Figure 1. Expression of Spi-B in hematopoietic cells. (A) A 35-cycle RT-PCR for
Spi-B expression was performed on DC2 (lines 1-5), freshly isolated (line 1), after IL-3
activation (for 12 hours, line 2; for 48 hours, line 4), and after IL-3 and CD40L
activation, (for 12 hours, line 3; 48 hours, line 5). Monocytes (line 6), Mo-DCs (line 7),
and CD40-activated DC1 (overnight, line 8; 48 hours, line 9).
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Effects of Spi-B on development of pDCs

To investigate the function of Spi-B, we transduced hematopoietic
CD34�CD38	 fetal liver stem cells with a retroviral vector
harboring Spi-B upstream of IRES-GFP DNA19 and tested the
transduced cells in various differentiation assays for pDC, T-, B-,
and NK-cell development. Stem cells transduced with Spi-B-GFP,
with �Spi-B or control GFP were incubated with the murine
stromal cell line S17.17 Following 5 days of incubation the
phenotypes of the Spi-B-GFP�, �Spi-B-GFP, and control GFP�

cells were analyzed (Figure 3A). In this period of incubation, the
total numbers of cells do not increase and therefore differences in
the percentages of various cell populations reflect those in the
absolute numbers of cells. Whereas the �Spi-B-GFP–transduced
and the control-transduced cells developed into pDCs in a manner
comparable to untransduced cells, we consistently observed that
more pDCs are present in the Spi-B-GFP� population that devel-
oped from CD34�CD38	 fetal liver cells. A similar weak stimula-
tion of pDC development was seen on coculture of Spi-B–
transduced CD34�CD1a	 thymocytes with S17 cells (Figure 3B).

Statistical analysis revealed that this difference in percentages
(and thus numbers) of pDCs between Spi-B–transduced samples as
compared with control- and �Spi-B–transduced samples is signifi-
cant (Table 1). These results confirm that Spi-B modestly stimu-
lates pDC development.

Inhibition of T- and NK-cell development by Spi-B

Because Spi-B stimulated pDC development in the S17 assay, we
investigated the effects of overexpression of Spi-B on development
of other lymphoid lineages. CD34�CD38	 fetal liver cells were
transduced with Spi-B or GFP control vector and incubated in an
FTOC. After incubation for 3 to 4 weeks, we analyzed the
phenotypes of the GFP� cells in both cultures. T-cell differentiation
was inhibited at an early stage because in the Spi-B/GFP gate only
a few CD4�CD8� double-positive (DP) cells could be detected
when analyzed after 3 weeks (Figure 4A). Moreover, the number of
the Spi-B-GFP� cells generated per 1000 transduced CD34�CD38	

cells was strongly reduced compared with that of controls
(Figure 4B). Analysis of the FTOC incubated for 4 weeks
revealed the presence of close to normal proportions of cells
expressing CD3, CD4, or CD8 but the numbers of cells
generated per 1000 input cells remained strongly reduced
compared with the control (Figure 4B). Development of NK
cells was also strongly inhibited (Figure 4).

To better reveal the effect of Spi-B on development of NK cells,
we added IL-15 to the FTOC, which stimulates NK-cell develop-
ment in an FTOC.40 Figure 5A confirms that Spi-B–transduced
CD34� cells have a strongly diminished capacity not only to
develop into T but also to NK cells. The absolute numbers of NK
cells were also strongly reduced by Spi-B (Figure 5B). Although
not shown, ectopic expression of Spi-B also inhibited NK-cell

Figure 3. Effect of Spi-B on development of pDCs. CD34�CD38	 fetal liver (A) or CD34�CD1a	 postnatal thymus (B) were transduced with LZRS Spi-B-IRES-GFP, LZRS
�Spi-B-IRES-GFP, or with control-IRES-GFP and incubated with S17 cells for 5 to 7 days for postnatal thymocytes and fetal liver cells, respectively. The quadrants were placed
to include 99% of the cells stained with control antibodies. The cell recoveries of all samples were the same; thus, the differences in percentages of pDCs indicated in the figure
reflect the differences in absolute numbers of pDCs generated in this system.

Figure 2. pDCs express Spi-B at the protein level. Western blot analysis of Spi-B
protein from pDCs. Cytoplasmic or nuclear protein extracts were prepared from pDCs
as indicated in “Materials and methods.” The extracts were separated by SDS-PAGE
and analyzed by Western blotting using preimmune sera (pI) and anti–Spi-B sera (I).
Blots were visualized by chemoluminescence. The size of molecular mass standard
is indicated on the right. Tonsillar B cells were used as positive controls.

Table 1. Spi-B stimulates pDC development from CD34� CD38� fetal liver cells

Experiment
no.

% BDCA2�HLA-DR� % CD123�45RA�

GPF� Spi-B� �Spi-B� GFP� Spi-B� �Spi-B�

1 6.14 8.23 4.47 5.67 8.05 5.25

2 5.12 9.89 7.51 7.36 11.45 7.46

3 7.15 8.04 5.63 9.24 13.98 10.19

4 10.28 14.54 12.18 14.19 24.03 23.71

5 8.59 17.64 12.31 16.29 21.75 14.88

6 15.22 17.76 14.04 ND ND ND

Statistical analysis on the percentages of pDCs developing from CD34�

progenitors in the S17 assay was performed using a paired 2-tailed Student t test. For
BDCA2�HLA-DR�, P � .021 for GFP versus Spi-B, .554 for GFP versus �Spi-B, and
.001 for Spi-B versus �Spi-B. For CD123�CD45RA�, P � .013 for GFP versus Spi-B,
.427 for GFP versus �Spi-B, and .028 for Spi-B versus �Spi-B.

ND indicates not determined.
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development of CD34�CD38	 fetal liver cells and of CD34�

thymocytes in a mixture of IL-15, SCF, and IL-7.

Spi-B influences T-cell and pDC development in vivo

Our data suggest that Spi-B expression in precursor cells within the
thymus affects the lineage decision of CD34� precursors into T
cells or pDCs. To confirm this point, we examined whether Spi-B
affects T/pDC diversification in a system where differentiation of
both cell types could be followed simultaneously. In the in vitro
FTOC system we do not observe appearance of pDCs. Therefore,
we used a human immunodeficient mouse model in which we can
monitor development of both pDCs and T cells.41 In this model
gene-marked progenitor cells are injected into a human thymus
grafted subcutaneously in RAG2	/	�c

	/	 double-deficient mice.
Such mice lack T, B, and NK cells35 and are therefore excellent
recipients of human fetal thymus and liver (as sources of stem
cells) grafts. Like the thymus in the classical human severe
combined immunodeficient mouse, in which the thymus is grafted
under the kidney capsule,42 the subcutaneously placed human
thymus in the RAG2	/	�c

	/	 mouse has a normal architecture and
contains normal proportions of all thymocyte subsets.41 The
thymus is palpable and therefore easily accessible for intrathymic
injection without the need for surgery.41 We transduced
CD34�CD38	 fetal liver stem cells with Spi-B-GFP and with a

control virus harboring a second marker, a signaling-incompetent
mutant of the NGFR with a deletion in the cytoplasmic domain
(�NGFR30) and injected a mixture of these transduced cells into the
grafted human thymus. The use of 2 different markers, one for the
Spi-B–modified and one for the control, was necessary because a
faithful comparison of development of modified with control
transduced cells can only be made when injected in the same
thymus. The thymic transplants of 2 transplanted mice can be
sufficiently different to make a comparison between these 2
samples unreliable when injected into 2 different thymi. The
transduction efficiencies of the CD34�CD38	 fetal liver cells with
Spi-B-GFP and control-�NGFR in 3 different experiments were
comparable (7% � 2%). Because from both samples the same
number of cells were injected, the input number of Spi-B and
control transduced cells were the same. Two weeks later we
harvested the thymus of each animal and compared the phenotypes
of the Spi-B–transduced (GFP�) and the control-transduced cells
(�NGFR�; Figure 6). The percentages of 2 transduced cell
populations harvested from the thymi were strikingly different
because 0.7% of the thymocytes expressed GFP and 5.7% �NGFR,
indicating a strong effect of Spi-B on the expansion of the cells in
this setting. The percentage of total CD4�CD123� cells that should
include all pDCs in the �NGFR� samples was 2%, but it needs to
be noted that almost no CD123high cells were present in these
samples. The percentage of CD123�CD4� in the Spi-B–transduced
samples was significantly higher (8%) than in the �NGFR�

samples. The CD123�CD4� cells in the Spi-B samples also
expressed CD45RA. Part of these cells also expressed BDCA2.
This was not unexpected because in a normal thymus the percent-
age of BDCA2� is around 50% to 70% of the percentage of all

Figure 5. Effect of Spi-B on development of NK cells in an FTOC with IL-15. The
conditions of the FTOC were the same as indicated in Figure 4 except that IL-15, 10
ng/mL, was added to the FTOC. (A) The cell-surface antigen expression of the cells
harvested from the FTOC. (B) The absolute numbers of output cells of each
subpopulation per 1000 input progenitor cells calculated as indicated in Figure 4B.

Figure 4. Effect of Spi-B overexpression on T-cell development in an FTOC.
CD34�CD38	 fetal liver cells were transduced with LZRS Spi-B-IRES-GFP or with
control-IRES-GFP and incubated with murine fetal lobes as indicated in “Materials
and methods.” The lobes were seeded with 20 000 progenitor cells per lobe. (A)
Expression of CD4, CD8, CD3, and CD56 of the Spi-B– and control-transduced cells.
The quadrants were placed to include 99% of the cells stained with control antibodies.
(B) Number of output cells per 1000 input progenitor cells. The transduction
efficiencies were determined 3 days after the transduction. Based on the percentages
of GFP� cells in the samples, the numbers of input progenitor cells were calculated.
The output numbers of each population were calculated on the basis of the total
numbers of cells harvested from the FTOC, the percentages of transduced cells, and
the percentages of each population.
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CD123� cells (including CD123low cells). Our pair of fluorogen-
labeled antibodies against BDCA2 and NGFR did not permit a
simultaneous staining of BDCA2� cells in the �NGFR-control
samples, but because the percentage of CD123�CD4� cells in the
control is much lower than in the Spi-B–transduced sample we
think it is fair to conclude that ectopic Spi-B expression in
CD34�CD38	 cells results in a higher proportion of pDCs in vivo,
which is consistent with the in vitro data. Importantly, as was also
observed in the in vitro FTOC assay, the proportion of CD4�CD8�

T-cell lineage cells in the Spi-B� samples is lower than in the
control �NGFR-transduced cells. This T cell–inhibiting effect of
Spi-B is more dramatic if one considers the much lower expansion
of the Spi-B–transduced cell samples.

Ectopic expression of Spi-B in early T-cell precursors
increases apoptosis

The observation that pDC development is modestly stimulated,
whereas that of T cells is inhibited, together with the finding that
DP T cells appear at later time points in the FTOC, may be
explained by assuming that Spi-B inhibits proliferation or survival
(or both) of T-cell precursors. To examine this possibility, we
transduced CD34�CD1a	 and CD34�CD1a� cells with Spi-B or
GFP and cultured those cells for 7 days with IL-7 and SCF. The
transduction efficiencies as measured after 2 days were compa-
rable. At 7 days, however, the percentages of the Spi-B–transduced
cells were only half of the control (Figure 7). This suggested
already a reduced survival of the pre-T cells. Inspection of the
annexin V versus 7-AAD expression revealed that the Spi-B–
transduced cells contain many more annexinV�7-AAD	 apoptotic
cells than in the control. This effect was most striking in the
CD34�CD1a	 population although the same pattern could also be
observed in the CD34�CD1a� cells (Figure 7). These findings
strongly suggest that Spi-B inhibits T-cell development by induc-
tion of apoptosis in T-cell precursors rather than inhibiting the
differentiation itself. The effect of Spi-B is specific because it does
not induce apoptosis in pDCs. Furthermore, ectopic Spi-B expres-
sion in 293T human embryonic kidney cells did not induce
apoptosis in the cells (supplemental figure on the Blood website;
see the Supplemental Figure link at the top of the online article).

Spi-B inhibits B-cell development

Having established that Spi-B expression affects pDC versus
T/NK-cell development, we examined whether Spi-B expression
affects B-cell development. We transduced CD34� fetal liver cells
with Spi-B/GFP and control-GFP and cultured these cell samples
with the stromal cell line MS-5. The cells were cocultured on the
murine marrow line MS-5 for 2 weeks and analyzed for their
expression of the B-cell markers CD10 and CD19 at days 7 and 14.
Ectopic expression of Spi-B gives a strong block in the develop-
ment of B cells. At 7 days the percentage of CD10�CD19� is only
6% for the Spi-B–transduced population compared with 31% in the
control cells (Figure 8). Moreover, when analyzed at 14 days the
absolute number of CD10�CD19� cells developing from CD34�

progenitor cells was strongly reduced by the forced expression of
Spi-B (Figure 8). In the same assay at 5 days the percentage of

Figure 6. Effect of Spi-B on T and pDC development in vivo. CD34�CD38	 fetal
liver cells were transduced with control-IRES-�NGFR and Spi-B-IRES-GFP. After
transduction the cells were mixed 1:1 and in total 1 � 106 cells were injected into the
thymus transplanted subcutaneously 8 weeks prior to injection of the transduced
cells. Two weeks later the mice were killed, the thymus was removed, and single-cell
suspensions were made by gently cutting the thymus and pressing the fragments
through a stainless sieve. The cells were stained with antibodies against the NGFR,
CD123, CD4, CD8, CD45RA, BDCA2, and HLA-DR. We excluded the cells
expressing extremely high levels of CD4 and CD123 (CD4�CD123� cells [8%])
because they may represent an artifact.

Figure 7. Effect of Spi-B on cell survival. Spi-B– or
control-transduced CD34�CD1	 and CD34�CD1� post-
natal thymocytes were cultured in the presence of SCF
and IL-7. In this cytokine combination most cells gener-
ated from both CD34� populations express CD4 and
CD8�, indicating that the cytokines induce committed
T-cell precursors in this culture period.52 After 7 days, the
percentage of apoptotic cells was determined by FACS
analysis on annexin V and 7-AAD.
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pDCs was elevated similar to the results shown in Figure 3A (data
not shown).

Discussion

Evidence has been obtained that pDCs are lymphocyte related.
Early CD34�CD1a	 thymic precursors have the capacity to
develop into T cells, NK cells, and pDCs in vitro,17 suggesting that
they are derived from a common precursor. Moreover, thymic
pDCs possess a number of characteristics, including expression of
CD2, CD5, and CD7 and pT� consistent with a common origin
with T and NK cells. This raised the question how lineage
specification of uncommitted CD34�CD1a	 thymocyte precursors
is regulated. Previously we found that Id proteins, which inhibit
transcriptional activities of E proteins, block T-cell and pDC
development but stimulate NK-cell development,17,19,43 indicating
that the ratio of Id versus E proteins regulates specification into the
NK lineage on one hand and pDC and T-cell lineages on the other.
These experiments left unresolved the question on the identity of
the factor(s) that regulate the T/pDC split. Using a subtractive
hybridization approach aimed to identify proteins, including tran-
scription factors, specific for pDC, we found Spi-B as one of the
genes expressed in pDCs and their mature descendants and not in
monocytes and in Mo-DCs. Analysis of the expression of Spi-B
furthermore confirmed earlier reports that this factor is present in
mature and activated B cells and in early T-cell precursors but not
in myeloid cells.36-38 We demonstrate here that overexpression of
Spi-B in CD34� precursor cells strongly interferes with their

capacity to develop in vitro into T and NK cells, whereas, in
contrast, this factor moderately promoted development of pDCs.
The results of these in vitro experiments strongly suggest that
Spi-B is involved in regulation of lymphoid-lineage specification.
This point was strengthened in experiments using the human
RAG2	/	�c

	/	 mouse model in which we could follow develop-
ment of T cells and pDCs in the same system. When control-
transduced and Spi-B–transduced CD34� cells were coinjected in a
human thymus graft we observed a clear reduction of T-lineage
cells and an increase of pDC development by Spi-B. Interestingly,
Spi-B expression in uncommitted CD34�CD1a	 thymocytes is
considerably higher than in the committed CD34�CD1a� popula-
tion, indicating that Spi-B is down-regulated when precursor cells
commit to the T-cell lineage. This finding together with the
inhibition of T-cell development by Spi-B overexpression makes it
plausible that down-regulation of Spi-B is required to ensure
correct execution of the T-cell developmental program.

Inhibition of T-cell development by Spi-B is not absolute
because CD4�CD8� cells are formed in vitro FTOCs and in vivo in
the thymus transplanted into Rag2	/	�c

	/	 mice. These observa-
tions suggest that Spi-B enhances the chance that a given common
precursor will develop along the pDC lineage, but once a precursor
cell has made the choice for the T-cell lineage Spi-B overexpres-
sion does not affect further development into mature T cells. As a
consequence, in an FTOC, close to normal CD4/CD8 ratios can be
observed in Spi-B/GFP� cells at time points beyond 4 weeks,
although the total numbers of developed cells remain much lower
than in the controls. Similarly, in vitro NK-cell development is
strongly reduced by Spi-B in terms of output numbers of mature
NK cells but is not completely blocked. Our findings are consistent
with the idea that Spi-B is directing precursor cells to develop
along the pDC lineage by reducing the numbers of committed T-
and NK-cell precursors. It is likely that this reduction is achieved
by induction of apoptosis of T- and NK-cell precursors because the
results presented in Figure 7 demonstrate that ectopic expression of
Spi-B results in induction of apoptosis of CD34� thymic precursor
cells cultured in IL-7. Overexpression of Spi-B also impairs B-cell
differentiation (Figure 8). Thus, Spi-B may be implicated in
securing pDC commitment. Transcription factors implicated in
commitment of a particular lineage inhibit development of other
lineages. A prominent example is Pax-5, which is required for
progression of B-cell development and inhibits development to
other hematopoietic lineages.21 Another example is Id2 that is
needed for NK-cell development23 and inhibits T-cell, B-cell, and
pDC development.17 Although Spi-B modestly stimulates develop-
ment of pDCs in vitro, this does not necessarily imply that this
protein is required for pDC development. To answer this question
Spi-B	/	 mice have to be analyzed for the presence of the murine
equivalent of pDCs.44,45

It would also be of interest to investigate the presence of pDCs
in PU.1-deficient mice. The Ets domains of PU.1 and Spi-B display
70% homology and the factors bind to similar DNA sites, although
the transactivation domains are very different. The expression
profiles of these 2 transcription factors are widely different because
Spi-B expression appears to be limited to lymphoid cells, whereas
PU.1 is expressed in myeloid cells as well.36-38 PU.1 is essential for
B-cell development and important for T-cell differentiation.46-48

Importantly, PU.1-deficient mice lack myeloid CD8�� DCs, but
the numbers of CD8�� DCs present in the thymus are normal.49 If
pDCs are present in PU.1	/	 mice this may be further evidence for
a lymphoid origin and may help to answer the question whether
there is a relationship between CD8�� lymphoid DCs and pDCs.

Figure 8. Effect of Spi-B on B-cell development. CD34�CD38	 fetal liver cells
were transduced and put into coculture at 50 000 cells with 30 000 MS-5 cells. (A)
B-cell development was determined by the expression of the markers CD10 and
CD19 at 7 and 13 days of culture. (B) The absolute numbers of output cells of
each subpopulation per 1000 input progenitor cells calculated as indicated in the
legend to Figure 4B.
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The mechanism of interference of Spi-B with T-cell develop-
ment is unknown. T cell–specific target genes controlled by Spi-B
have yet to be found. However, the mechanism of inhibition of
erythroid development by PU.1 may provide a clue. Analysis of
PU.1	/	 embryos and of PU.1	/	 ES chimeras revealed that this
factor is required for development of myeloid but not for erythroid
lineages.46,47 Overexpression of PU.1 in precursor cell lines or in
avian hematopoietic precursor cells increases proliferation of
proerythroblasts but inhibits further differentiation due to interfer-
ence with DNA binding of GATA-1,50,51 a transcription factor
essential for terminal differentiation of erythrocytes. The effect of
Spi-B on pDC/T-cell diversification is similar to that of PU.1 on
myeloid and erythroid differentiation. Given the homologies be-
tween PU.1 and Spi-B and between GATA-1 and GATA-3, it is
tempting to speculate that Spi-B interferes with T-cell development
by negatively regulating GATA-3. If true, this may present a
mechanism for the inhibition of T-cell development by Spi-B,

because GATA-3 is required for T-cell development.20 Experiments
to test this possibility are currently underway.
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Supplemental Figure: 
 
293T cells were transfected with either the LZRS Spi-B IRES GFP or GFP-only 
construct. After 8 days in culture, cells were harvested and analyzed for annexin V and 7-AAD 
positivity by FACS. 
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Abstract

 

A number of transcription factors that act as molecular switches for hematopoietic lineage decisions
have been identified. We recently described the ETS transcription factor Spi-B to be exclu-
sively expressed in plasmacytoid dendritic cells (pDCs), but not in myeloid DCs. To assess
whether Spi-B is required for pDC development we used an RNA interference knock down
approach to specifically silence Spi-B protein synthesis in CD34

 

� 

 

precursor cells. We observed
that a knock down of Spi-B mRNA strongly inhibited the ability of CD34

 

� 

 

precursor cells to
develop into pDCs in both in vitro assays as well as in vivo upon injection into recombination
activating gene 2

 

�

 

/

 

� 

 

� 

 

common

 

�

 

/

 

� 

 

mice. The observed effects were restricted to the pDC lineage
as the differentiation of pro–B cells and CD14

 

� 

 

myeloid cells was not inhibited but slightly ele-
vated by Spi-B knock down. Knock down of the related ETS factor PU.1 also inhibited in
vitro development of CD34

 

� 

 

cells into pDCs. However, in contrast to Spi-B, PU.1 knock
down inhibited B cell and myeloid cell development as well. These results identify Spi-B as a
key regulator of human pDC development.

Key words: human plasmacytoid dendritic cells • hematopoiesis • RNA interference • Spi-B

 

Introduction

 

DCs are very efficient in inducing adaptive immune responses,
but these cells can also be involved in tolerance induction
and the regulation of innate immunity. There are different
subsets of DCs with distinct cell surface phenotypes, func-
tions, and anatomical localization (1). One member of the
DC lineage is the plasmacytoid DC (pDC) precursor (2),
also referred to as natural interferon-producing cells (3).
pDCs express Toll-like receptors 7 and 9 and have the ca-
pacity to produce high levels of type I interferons that
block viral replication, indicating that these cells play an
important role in innate immunity (4).

The developmental relationship of pDCs with other DC
types is unclear. It has been proposed that pDCs originate
from lymphoid precursors (5, 6). However, recent findings
indicate that pDCs cannot be simply connected to either
lymphoid or myeloid lineages (7, 8). Previously we have
shown that Flt3L can drive development of human pDCs
and myeloid precursors from CD34

 

� 

 

CD45RA

 

� 

 

precursor

cells in vitro (9). More recently it has been found in mouse
models that the DC precursor activity, including that of
pDCs and myeloid DCs, is contained within Flt3

 

� 

 

lym-
phoid as well as myeloid precursors (7, 8), indicating that a
DC developmental program can be induced in both lym-
phoid and myeloid precursors.

A detailed study of the transcriptional programs that
drive DC development may contribute to an understanding
of the developmental hierarchy of various DC populations.
Various transcription factors have been described to control
development of pDCs and other DC populations. Tran-
scription factors that have been implicated are Rel-B (10),
PU.1 (11), STAT3 (12), and interferon consensus sequence
binding protein (ICSBP)/interferon regulatory factor (IRF)-8
(13). IRF-8 is the only factor identified so far that appears
to selectively control pDC development, as mice deficient
for this factor lack pDCs but have normal numbers of
CD11b

 

� 

 

DCs (13). Recently we have found the ETS fam-
ily member Spi-B in a genetic search aimed to identify
genes specifically expressed in pDCs, but not in CD14

 

�

 

monocytes and monocyte-derived DCs (14). Spi-B is
closely related to PU.1, sharing 67% DNA and 43% over-
all amino acid sequence identity, but these factors differ in

 

Address correspondence to Bianca Blom, Department of Cell Biology
and Histology, AMC, University of Amsterdam, Meibergdreef 15, 1105
AZ Amsterdam, Netherlands. Phone: 31-20-5664966; Fax: 31-20-6974156;
email: b.blom@amc.uva.nl

 on D
ecem

ber 6, 2004 
w

w
w

.jem
.org

D
ow

nloaded from
 

Remko
Rectangle

Remko
Rectangle



Chapter 3 
 
 

52 

 

Spi-B RNAi Inhibits Human pDC Development

 

1504

tissue expression profile and function. Spi-B is expressed in
pDCs, CD34

 

� 

 

precursor cells (14), and in mature B cells,
but in contrast to PU.1, not in myeloid cells as monocytes
and neutrophils (15). The two ETS factors are also func-
tionally different because in contrast to Spi-B (16), PU.1 is
required for development of myeloid cells and B cells (17,
18). We documented that ectopic expression of human Spi-B
in CD34

 

� 

 

progenitor cells moderately stimulated devel-
opment of pDCs in vitro while inhibiting development of
T, B, and NK cells (14), strongly suggesting a role of Spi-B
in pDC differentiation. However, because the effects of
Spi-B inactivation on human pDC development were not
analyzed and no information is available about the status of
pDCs in Spi-B–deficient mice, the question whether Spi-B
is required for pDC development remained unresolved.

In this paper we have applied RNA interference to sta-
bly down-regulate Spi-B in CD34

 

� 

 

progenitor cells. Over-
expression of short interfering RNA (siRNA) was achieved
by retrovirus-mediated transduction using a vector based
on the RETROSUPER vector, which was described by
Brummelkamp et al. (19). Expression of Spi-B siRNA in
CD34

 

� 

 

progenitors resulted in a strong inhibition of pDC
development. In contrast, development of B cells and CD14

 

�

 

myeloid cells was stimulated by Spi-B siRNA.

 

Materials and Methods

 

Reagents and Monoclonal Antibodies.

 

Monoclonal antibodies to
CD10, CD11c, CD14, CD19, and CD123 conjugated to PE,
PerCP, PeCy7, APC, or APCCy7 were purchased from Becton
Dickinson. Anti–BDCA2-PE was obtained from Miltenyi Biotec
and anti–NGFR-PE was obtained from Chromaprobe. The cy-
tokines IL-7, stem cell factor, and trombopoeitin were obtained
from R&D Systems. Flt3L was provided by G. Wagemaker (Er-
asmus University, Rotterdam, Netherlands). HeLa and Phoenix
cells were cultured in Iscove’s medium (GIBCO BRL) with 8%
FCS. OP9 cells were provided by T. Nakano (Osaka University,
Osaka, Japan) and maintained in MEM

 

� 

 

(GIBCO BRL) with
20% FCS (20).

 

Constructs and Retroviral Production.

 

The retroviral construct,
LZRS IRES GFP, used to overexpress Spi-B and PU.1 was de-
scribed previously (14). For knock down experiments, the
pSUPER construct described previously by Brummelkamp et al.
(19) was adapted. To allow for identification of transduced cells by
flow cytometry, a GFP-expressing cassette was added such that
the pol3 promoter for transcription of the RNAi probe and the
pgk promoter driving GFP expression were positioned in oppo-
site directions. The RNAi sequences specifically targeting either
the Spi-B (5

 

�

 

-GATCGCTGTGTGTCTGTAA) or PU.1 (5

 

�

 

-
GTCCGTATGTAAATCAGAT) mRNA were designed using
Ambion’s siRNA Target Finder (http://www.ambion.com). Se-
quences were inserted into the BglII–HindIII sites of pSUPER
GFP. The pol3 RNAi sequence pgk GFP cassette was then sub-
cloned into a self-inactivating derivative of the LZRS retroviral
construct (21). The SIN vector was chosen to prevent promoter
interference by retroviral promoters in the LTR. For in vitro
studies, an RNAi construct targeting the sea pansy (

 

Renilla renifor-
mis

 

) luciferase sequence was used as a control (22). For in vivo
experiments, control LZRS IRES with a downstream signaling-
incompetent mutant of the nerve growth factor receptor (

 

�

 

NGFR)

and Spi-B RNAi/GFP-transduced progenitor cells were coin-
jected in SCID RAG-2

 

�

 

/

 

� 

 

�

 

c

 

�

 

/

 

� 

 

mice. Using these constructs,
GALV-pseudotyped retroviruses were produced using the Phoe-
nix packaging cell line.

 

RT-PCR.

 

To establish degradation of mRNA by the Spi-B
and PU.1 RNAi constructs, an RT-PCR was performed on
transfected HeLa cells. 1 

 

�

 

g of the LZRS Spi-B or PU.1 con-
structs was cotransfected with 10 

 

�

 

g of either the pSIN SUPER
Spi-Bi, PU.1i, or Renilla-i knock down constructs described
above. 5 d after transfection, RT-PCR was performed on total
cDNA. The PCR primers were as follows: Spi-B: 5

 

�

 

-GGAGT-
GCTGCCCTGCCATAA and 3

 

�

 

-CCCCCACCCCAGATGAG-
ATT; PU.1: 5

 

�

 

-TGG AAG GGT TTC CCC TCG TC and 3

 

�

 

-
TGC TGT CCT TCA TGT CGC CG; and HPRT: 5

 

�

 

-TATG-
GACAGGACTGAACGTCTTGC and 3

 

�

 

-GACACAAACAT-
GATTCAAATCCCTGA.

 

Isolation of CD34

 

� 

 

Cells from Fetal Liver.

 

Human fetal tissues
were obtained from elective abortions. The use of fetal tissue was
approved by the Medical Ethical Committee of the Academic
Medical Center and was contingent on informed consent. Gesta-
tional age was determined by ultrasonic measurement of the di-
ameter of the skull and ranged from 14 to 20 wk. Fetal liver
CD34

 

� 

 

cells were isolated as described previously (5).

 

Retroviral Transduction and Differentiation Assays.

 

Retroviral
transductions of CD34

 

� 

 

fetal liver cells were performed as de-
scribed previously (5). The development of pDCs, pro–B cells,
and CD14

 

� 

 

myeloid cells was assessed by coculturing 50,000
CD34

 

� 

 

progenitor cells with 30,000 OP9 cells. Cultures were
performed in Yssels medium (23) with 8% FCS supplemented
with 5 ng/ml IL-7 and 5 ng/ml Flt3L. Stromal cells and cyto-
kines were refreshed at 7 d of culture.

To study lymphoid development in vivo, sublethally irradiated
(350 cGy) neonatal (

 

�

 

1 wk old) RAG-2

 

�

 

/

 

� 

 

�

 

c

 

�

 

/

 

� 

 

mice (24) that
completely lack T, B, and NK lymphocytes were injected intra-
hepatically with 10

 

6 

 

cells containing a 3:2 mixture of Spi-Bi/GFP
and control 

 

�

 

NGFR-transduced CD34

 

� 

 

CD38

 

� 

 

progenitor cells
(the transduction efficiencies for both constructs were 15–25%).
Humanized RAG-2

 

�

 

/

 

� 

 

�

 

c

 

�

 

/

 

� 

 

mice were analyzed at 5–8 wk after
injection for the development of human pDCs, B cells, and my-
eloid cells. Flow cytometric analyses were performed on an
LSRII FACS analyzer (Becton Dickinson). All animal experi-
ments were approved by the Animal Experiment Review Board
of the Academic Medical Center.

 

Results and Discussion

 

Spi-B and PU.1 RNAi Reduce the Amount of Spi-B and
PU.1 mRNA, Respectively, and Impair pDC Development In
Vitro.

 

We have documented that overexpression of Spi-B
in CD34

 

� 

 

precursor cells stimulates differentiation into pDCs
(14). To determine whether Spi-B is required for pDC de-
velopment we used an approach to knock down Spi-B in
CD34

 

� 

 

cells. We designed a retroviral construct directing
the synthesis of siRNAs to specifically target and degrade
the Spi-B mRNA. In parallel we made an RNAi construct
for the related transcription factor PU.1. The RNAi con-
structs were tested for their ability to reduce the amounts of
Spi-B and PU.1 mRNA, respectively (Fig. 1 A). To con-
trol for introduction of siRNA-expressing constructs we
prepared an RNAi construct targeting the nonexpressed
Renilla luciferase RNA (22). HeLa cells transfected with
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the Spi-B overexpression and Spi-B RNAi constructs (Fig.
1 A, lane 2) showed decreased levels of Spi-B mRNA as
compared with cells cotransfected with the Renilla-i (Fig. 1
A, lane 1) or PU.1i (Fig. 1 A, lane 3) vectors. This clearly
indicates that the Spi-Bi construct is capable of blocking
Spi-B protein synthesis. A similar reduction of PU.1 mRNA
was observed for cells containing both the PU.1 and PU.1i
constructs (Fig. 1 A, lane 5), showing that both constructs
are functional.

Having determined the specific down-regulation of Spi-B
and PU.1 mRNAs by the RNAi constructs, we tested
the effects of Spi-B and PU.1 siRNA on pDC develop-
ment using an assay described previously (5, 14). CD34

 

�

 

CD38

 

� 

 

human hematopoietic progenitor cells isolated
from fetal liver were transduced with the Renilla, PU.1, or
Spi-B siRNA expression constructs. To allow differentia-

tion into pDCs, the mixture of transduced and nontrans-
duced progenitor cells was cocultured with the murine
bone marrow stromal cell line OP9 in the presence of IL-7
and Flt3L for 7 d. Within this time frame the cell numbers
in these cultures remained the same and thus relative per-
centages can be considered representative for absolute cell
numbers. Fig. 1 B and Table I clearly show that both the
PU.1i/GFP

 

� 

 

and Spi-Bi/GFP

 

� 

 

progenitor cells are severely
impaired in their differentiation toward CD123

 

hi 

 

BDCA2

 

�

 

pDCs as compared with nontransduced cells or cells trans-
duced with the Renilla-i/GFP control construct.

These experiments show that introduction of RNAi-
inducing DNA fragments in CD34

 

� 

 

cells using a retroviral
vector with the GFP marker allows for expression of
siRNAs, which efficiently knock down the genes of inter-
est. We demonstrate that the expression of Spi-B siRNA or

Figure 1. Knock down of Spi-B and PU.1 impair
pDC development in vitro. (A) RNA degradation by
Spi-B and PU.1 RNAi constructs in transfected
HeLa cells. RT-PCR on Spi-B: lane 1, Spi-B plus
Renilla-i; lane 2, Spi-B plus Spi-Bi; lane 3, Spi-B
plus PU.1i. RT-PCR on PU.1: lane 4, PU.1 plus
Renilla-i; lane 5, PU.1 plus PU.1i; lane 6, PU.1
plus Spi-Bi. RT-PCR on the house keeping en-
zyme HPRT was performed as a loading control.
(B) CD34� CD38� human fetal liver cells were ret-
rovirally transduced with PU.1i/GFP, Spi-Bi/GFP,
or Renilla-i/GFP control virus. Transduced and
nontransduced cells were cultured on OP9 cells with
IL-7 and Flt3L and analyzed for the development of
pDCs by flow cytometry at 7 d of culture. Dot
plots represent the transduced (GFP�) and non-
transduced (GFP�) hematopoietic cell (CD45�)
populations. Numbers represent percentages of
pDCs as CD123hi BDCA2� gated events.

 

Table I.

 

Spi-B RNAi Specifically Impairs pDCs and Stimulates Myeloid and B Cell Differentiation In Vitro

 

% BDCA2

 

� 

 

CD123

 

hi

 

% CD14

 

� 

 

CD11c

 

� 

 

% CD10

 

� 

 

CD19

 

�

 

Experiment no. Renilla-i PU.1i Spi-Bi Renilla-i PU.1i Spi-Bi Renilla-i PU.1i Spi-Bi

1 6.3 1.5 0.9 13.5 4.6 22.5 2.0 0.1 10.1
2 12.7 1.7 7.1 29.9 22.3 41.5 1.2 0.4 7.5
3 19.1 4.7 1.8 35.1 ND 44.0 18.8 16.3 28.1
4 10.4 5.9 2.9 18.5 ND 23.4 1.1 0.6 13.1
5 10.0 ND 1.7 19.0 ND 31.4
6 3.8 ND 0.8 1.8 ND 3.1
Sample vs. Renilla-i

 

� 

 

p-value 0.04 0.01 0.05 0.01 0.05 0.00

Statistical analysis on the percentages of pDCs, B cells, and myeloid cells differentiated from CD34

 

� 

 

CD38

 

� 

 

progenitors in the OP9 assay was
performed using a paired two-tailed Student’s 

 

t

 

 test.
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PU.1 siRNA in CD34

 

� 

 

cells severely compromised their
development into pDCs in vitro. These effects were spe-
cific and not due to possible induction of interferon re-
sponses because expression of an irrelevant siRNA (Re-
nilla) did not affect pDC development.

 

Reduced Spi-B Levels Stimulate Myeloid and B Cell Differen-
tiation In Vitro.

 

In addition to a stimulating effect on pDC
development, forced expression of Spi-B in human he-
matopoietic progenitor cells has a strong inhibitory effect
on their development into B cells (14). Therefore, we ex-
pected that knocking down Spi-B would either not affect
or stimulate B cell development. Furthermore, PU.1 is ab-
solutely required for development of murine B cells and
also of myeloid cells (18). Therefore, it was of interest to
compare the effects of PU.1 and Spi-B siRNAs on devel-
opment of human B and myeloid cells. In the coculture as-
say used for pDC development, CD34

 

� 

 

CD38

 

� 

 

fetal liver
precursor cells also develop into myeloid and pro–B cells.
After 11 d, the coculture assay was analyzed for the pres-
ence of myeloid (CD14 and CD11c) or pro–B (CD19 and
CD10) cells. Consistent with a developmental block by
overexpression of Spi-B, Spi-B knock down led to in-
creased percentages of myeloid and pro–B cells as com-

pared with the nontransduced or Renilla-i/GFP control
cultures (Fig. 2 and Table I). The stimulation of myeloid
and pro–B cell development was observed only after re-
duction of Spi-B protein. Reduced levels of PU.1 not only
blocked pDCs, but also inhibited myeloid and B cell devel-
opment, consistent with findings in mouse models that he-
matopoietic progenitors of PU.1

 

�

 

/

 

� 

 

fetal liver cells failed to
generate B or myeloid cells (18). Our findings indicate that
both Spi-B and PU.1 play a role in human pDC develop-
ment. Because PU.1 also inhibited development of B cells
and myeloid cells, it is likely that the PU.1 knock down in-
hibits pDC development before the split of B cells, myeloid
cells, and pDCs.

 

Reduced Spi-B Levels Block pDCs, but Stimulate Myeloid
and B Cell Differentiation In Vivo.

 

To confirm the in vitro
observations in an in vivo setting, we made use of a human-
ized SCID mouse model (24). We modified this model in
that we injected irradiated newborn RAG-2

 

�

 

/

 

� 

 

�

 

c

 

�

 

/

 

� 

 

mice
directly in the liver with CD34

 

� 

 

CD38

 

� 

 

progenitor cells (25,
26). In this model development of pDCs, B cells and my-
eloid cells are already observed within 5 wk after injection.
To compensate for the experimental variations between in-
dividual mice and to take into account differences in engraft-

Figure 2. Knock down of Spi-B, but not
PU.1, stimulates development of myeloid cells
and pro–B cells in vitro. CD34� CD38� human
fetal liver cells were retrovirally transduced with
PU.1i/GFP, Spi-Bi/GFP, or Renilla-i/GFP
control virus. Transduced and nontransduced
cells were cultured on OP9 cells with IL-7 and
Flt3L and analyzed for the presence of myeloid
cells and pro–B cells by flow cytometry at 11 d
of culture. Dot plots represent the transduced
(GFP�) hematopoietic cell (CD45�) popula-
tions. Numbers represent percentages of B cells
(CD10� CD19�) and myeloid cells (CD11c�

CD14�).

 

Table II.

 

Spi-B RNAi Impairs pDCs and Stimulates Myeloid and B Cell Differentiation In Vivo

 

Bone marrow
BDCA2

 

�

 

Bone marrow
CD14

 

�

 

Bone marrow
CD19

 

�

 

Spleen
BDCA2

 

�

 

Liver
BDCA2

 

�

 

Experiment no.

 

�

 

NGFR Spi-Bi Ratio

 

a

 

�

 

NGFR Spi-Bi Ratio

 

a

 

�

 

NGFR Spi-Bi Ratioa �NGFR Spi-Bi Ratioa �NGFR Spi-Bi Ratioa

1 852 45 5 406 1,270 313 1,461 1,769 121 83 8 10 3,445 0 0
2 4,476 241 5 3,545 3,744 106 496 1,160 234 307 11 3 43 0 0
3 1,750 835 48 770 1,582 206 16 2,054 12,783 309 29 9 97 23 24

a	100%.
The numbers represent absolute numbers of output cells of each subpopulation derived from 1,000 transduced input progenitor cells. The ratios
(	100%) are representative for the relative increase or decrease of the Spi-Bi/GFP� cells compared to the control �NGFR� cells.
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ment of retrovirally transduced (cycling) cells versus non-
transduced (mostly resting) CD34� CD38� cells, Spi-Bi/
GFP-transduced cells were coinjected with CD34� CD38�

cells transduced with a control construct expressing a signal-
ing-incompetent mutant of the NGFR. At 5 wk after injec-
tion of both Spi-Bi/GFP and control �NGFR-transduced
and nontransduced cells, we analyzed bone marrow, liver,
spleen, thymus, and peripheral blood for the presence of hu-
man pDCs, B cells, and myeloid cells. Fig. 3 and Table II
clearly show a strong reduction in the percentages and abso-
lute cell numbers of BDCA2� pDCs in the Spi-Bi/GFP�

population as compared with the control �NGFR� cells in
the bone marrow, spleen, and liver. Importantly, in the bone
marrow we observed a higher percentage and absolute cell
number of myeloid cells (CD14�) and B cells (CD19�) in
the Spi-Bi/GFP� as compared with the control �NGFR�

population, indicating that development of CD14� and
CD19� cells is stimulated by knocking down Spi-B.

Our findings clearly indicate that Spi-B is specifically re-
quired for development of human pDCs. These data add to
observations that mice deficient for ICSBP/IRF-8 lack
pDCs and CD8�� DCs (13). Thus, both the ETS factor
Spi-B and the IRF factor ICSBP/IRF-8 appear to be es-
sential for pDC development. Interestingly, the ETS and
IRF factors can cooperatively assemble on composite ETS-
IRF DNA (EICE) elements, which were initially discov-
ered in the immunoglobulin light chain enhancers but have
later been found in promoters and enhancers of B lym-
phoid and myeloid genes (27). Similar to PU.1 and IRF-4,
Spi-B and ICSBP/IRF-8 assemble in an ETS–IRF ternary
complex of which the crystal structure was resolved re-
cently (27). Given that both ICSBP/IRF-8 and Spi-B are
required for pDC development, the structural data of
Escalante et al. (27) make it very likely that Spi-B and
ICSBP/IRF-8 cooperate in controlling pDC development.

Recent data have made clear that pDCs can develop
both from Flt3� lymphoid as well as myeloid precursors (7,
8) and not solely from lymphoid precursors as we hypothe-
sized earlier (5). More recently, Shigematsu et al. (28) re-
ported that pDCs developing from myeloid precursors are
phenotypically and functionally similar to those developing
from lymphoid precursors. Interestingly, pDCs express
pT� and have IgH D-J rearrangements regardless of their
developmental origin. Importantly, both pDC develop-
mental pathways result in expression of Spi-B (28). These
findings strongly suggest that the pDC program can be in-
duced by the interaction of Spi-B and ICSBP/IRF-8 in
both lymphoid and myeloid precursor cells. It will be of in-
terest to elucidate the mechanisms of induction and opera-
tion of this program.

Id proteins have also been implicated in the control of
pDC development. We have demonstrated that overex-
pression of Id2 and Id3 strongly inhibit development of
pDCs (5). Overexpression of DNA encoding the bHLH
factors HEB and E2A into CD34� CD38� cells stimulated
pDC development in a way comparable to Spi-B (unpub-
lished data), which may suggest that these factors play a role
in pDC development. The involvement of bHLH factors
and Spi-B in pDC development raises the question whether
these factors are collaborating in development of pDCs.
This is possible, however, in contrast to Spi-B knock
down, the forced expression of Id2 and Id3 strongly inhib-
its B cell development (29), which implies that either an-
other yet to be identified bHLH factor cooperates with
Spi-B in controlling pDC development or Spi-B collabo-
rates with factors such as HEB, E12, and E47 in a cell con-
text–dependent way.

The finding that Spi-B is specifically involved in devel-
opment of pDCs suggests that it is a master gene for this
cell type. This idea is supported by our previous findings
that overexpression of Spi-B inhibits development of T
cells, B cells, and NK cells (14), indicating that like with
other master genes, expression of Spi-B in CD34� precur-
sor cells is incompatible with alternative cell fates. Consis-
tent with this notion, down-regulation of Spi-B stimulates
development of “alternative” cell lineages such as B cells

Figure 3. Spi-B knock down hampers pDCs, but not B and myeloid,
development in vivo. 5–7-d-old irradiated neonatal RAG-2�/� �c

�/�

knockout mice were reconstituted with a mixture of Spi-Bi/GFP-trans-
duced, control �NGFR–transduced, and nontransduced CD34� CD38�

progenitor cells. Pictures show the transduced Spi-Bi/GFP� and control
�NGFR� human (CD45�) cell populations present in the bone marrow,
spleen, and liver 5 wk after injection: pDC (BDCA2�), B cells (CD19�)
and myeloid cells (CD14�). The data shown represents one of three ex-
periments with comparable results.
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and CD11c� CD14� myeloid cells. Based on the observa-
tion that overexpression of Spi-B impairs T cell develop-
ment in vitro, it was expected that lowered levels of Spi-B
would also stimulate T cell development. However, after
injection of the mixture of Spi-Bi/GFP-transduced and
control �NGFR–transduced CD34� progenitor cells in
RAG-2�/� �c

�/� mice, we observed high levels of control
�NGFR� cells, but not Spi-Bi/GFP� cells, in the thymus
(not depicted), suggesting that Spi-B is either required for
population of the thymus by precursor cells or Spi-B plays
a crucial role in the early stages of development of T cells
in the thymus. Experiments to investigate the effects of
down-regulation of Spi-B on T cell development in vitro
and in vivo are currently being performed in our lab.

This paper demonstrates the power of the RNAi ap-
proach for the study of human hematopoietic develop-
ment. We have also demonstrated that the combination of
this approach with the human SCID mouse model pro-
vides unique tools to unravel the roles of transcription fac-
tors and other gene products in human hematopoietic de-
velopment in an in vivo setting.
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Delta-like1–induced Notch1 signaling regulates the human plasmacytoid dendritic
cell versus T-cell lineage decision through control of GATA-3 and Spi-B
Wendy Dontje, Remko Schotte, Tom Cupedo, Maho Nagasawa, Ferenc Scheeren, Ramon Gimeno, Hergen Spits, and Bianca Blom

Human early thymic precursors have the
potential to differentiate into multiple cell
lineages, including T cells and plasmacy-
toid dendritic cells (pDCs). This decision is
guided by the induction or silencing of lin-
eage-specific transcription factors. The ETS
family member Spi-B is a key regulator of
pDC development, whereas T-cell develop-
ment is critically dependent on GATA-3. Here
we show that triggering of the Notch1 signal-
ing pathway by Delta-like1 controls the

T/pDC lineage decision by regulating the
balancebetween these factors.CD34�CD1a�

thymic progenitor cells express Notch1, but
down-regulate this receptor when differenti-
ating into pDCs. On coculture with stromal
cell lines expressing either human Delta-
like1 (DL1) or Jagged1 (Jag1) Notch ligands,
thymic precursors express GATA-3 and de-
velop into CD4�CD8�TCR��� T cells. On
the other hand, DL1, but not Jag1, down-
regulates Spi-B expression, resulting in im-

paired development of pDCs. The Notch1-
induced block in pDC development can be
relieved through the ectopic expression of
Spi-B. These data indicate that DL1-induced
activation of the Notch1 pathway controls
the lineage commitment of early thymic pre-
cursors by altering the levels between Spi-B
and GATA-3. (Blood. 2006;107:2446-2452)

© 2006 by The American Society of Hematology

Introduction

Dendritic cells (DCs) are specialized in the capture and subsequent
presentation of antigenic peptides to T cells. Different subsets of
DCs have been characterized, which all have distinct cell surface
phenotypes, functions, and anatomic localizations.1 The most
recent identified member of the DC lineage is the plasmacytoid DC
(pDC),2 also referred to as natural type 1 interferon (IFN)–
producing cell3 or type 2 DC precursors.4 On activation with IL-3
and CD40L or virus mature pDCs induce naive T cells to produce
either interleukin 4 (IL-4) and IL-54 or IL-10 and IFN-�,5,6

respectively. Human pDCs lack expression of typical myeloid
markers CD13, CD33, CD11c, and the mannose receptor, but do
express lymphoid-related genes including SPIB, PTCRA, IGLL1,
and show presence of immunoglobulin heavy-chain D-J rearrange-
ments.2,7-9 This indicates that pDCs may have a lymphoid origin.
Indeed, it was recently documented that common lymphoid
precursors (CLPs) can give rise to pDCs. However, pDCs are not
exclusively of lymphoid origin because pDCs can also develop
from Flt3� common myeloid precursors (CML).10 These data
suggest that a pDC developmental program can be imposed on both
myeloid and lymphoid precursors.11,12 In line with this, Flt3 ligand
induces the development of pDCs from progenitor cells, in both
humans13 and mice.14

We and others have shown that pDCs are present in the
thymus.8,9 Although the function of thymic pDCs in T-cell develop-
ment is still unclear, they are able to suppress HIV-1 replication in
thymocytes.15 In addition, we documented that thymic precursors
can give rise to pDCs in vitro and in vivo and that the thymus is
able to support pDC development.16,17 This indicates that thymic

pDCs develop within the thymus from early thymic progenitors
(ETPs). The fact that multiple hematopoietic lineages can develop
from thymic precursors as shown for both mouse ETP and human
CD34� cells18-20 suggests that the thymic precursor pool contains
multipotent precursors. Indeed, tripotential T/NK/DC precursors
are present in the mouse21-23 and bipotential T/NK precursors have
been found in the human thymus.24

It is clear that transcriptional programs drive development of
hematopoietic cells.25-27 Notch1 and GATA-3 are essential for
T-cell development,26,28 and we recently documented that the ETS
transcription factor Spi-B is a key regulator of pDC develop-
ment.7,29 Forced expression of Spi-B stimulates the development of
pDCs from hematopoietic CD34�CD38� precursors while strongly
inhibiting the development of alternative lineage choices. More-
over, specific degradation of Spi-B mRNA by RNA interference
(RNAi) strongly impairs the ability of hematopoietic progenitor
cells to differentiate into pDCs. Additional transcription factors
involved in pDC development are interferon regulatory factor 8
(IRF-8), also called ICSBP, and one or more members of the basic
helix-loop-helix (bHLH) factor family.16,30,31 pDCs are not present
in IRF-8–deficient mice30,31 and a role of E-proteins in pDC
development can be inferred from our demonstration that the
inhibitors of DNA binding 2 (Id-2) and -3, antagonists of E-
proteins, strongly block pDC but not myeloid DC development.16

Based on the premise that Spi-B can form a complex with IRF-8
and this complex may also contain the E-protein E47,32,33 it is
tempting to speculate that pDC development is driven by Spi-B/IRF-
8/E47 complexes.

From the Department of Cell Biology and Histology of the Academic Medical
Center (AMC) at the University of Amsterdam, The Netherlands.

Submitted May 25, 2005; accepted November 8, 2005. Prepublished online as
Blood First Edition Paper, November 29, 2005; DOI 10.1182/blood-2005-05-2090.

Supported by the Netherlands Organization for Science (NWO), grant ALW
805-17531, and the Landsteiner foundation, grant LSBR 0203.

W.D. and R.S. contributed equally to this work.

The online version of this article contains a data supplement.

Reprints: Bianca Blom, Department of Cell Biology and Histology of the AMC,
Meibergdreef 15, 1105 AZ Amsterdam, The Netherlands; e-mail:
b.blom@amc.uva.nl.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734.

© 2006 by The American Society of Hematology

2446 BLOOD, 15 MARCH 2006 � VOLUME 107, NUMBER 6

Remko
Rectangle



Chapter 4 

62

Notch1 has emerged as a key factor for T-cell development. The
evolutionary conserved Notch signaling pathways have been
described to control T-cell commitment,34 the �� versus ��35 and
Th1 versus Th236 lineage decisions in T-cell development. Four
Notch receptors (Notch1-4) and 5 ligands (Jagged [Jag] 1, 2 and
Delta-like [DL] 1, 3, 4) have been found in mammals.37 Triggering
of Notch by its ligands induces translocation of the intracellular
part of the receptor to the nucleus and subsequent activation of
downstream targets, including HES-1 and pT�.38,39 Notch1 signal-
ing is implicated in the T/B-cell lineages decision because Notch1-
deficient mice lack T cells and instead show dramatically increased
B-cell development in the thymus.40 This prompted us to investi-
gate whether Notch1 signaling also regulates the T-cell versus pDC
switch. In this study we show that differentiation of human thymic
precursors toward pDCs is strongly blocked by DL1/Notch1
signaling via down-modulation of Spi-B, whereas the T lineage-
specific factor GATA-3 is up-regulated. The data presented here
indicate that the DL1/Notch1 signaling pathway directs the T/pDC
lineage decision by controlling the levels of the downstream
lineage-specific factors GATA-3 and Spi-B.

Materials and methods

Reagents and monoclonal antibodies

Monoclonal antibodies to CD1a, CD3, CD4, CD5, CD7, CD8, CD123,
TCR��, and TCR�� conjugated to PE, PerCP, PeCy7, APC, or APCCy7
were purchased from Becton Dickinson (San Jose, CA). Anti-BDCA2-APC
was obtained from Miltenyi Biotec (Bergisch Gladbach, Germany). The
cytokines IL-7 and stem cell factor (SCF) were obtained from R&D
Systems (Abingdon, United Kingdom). Flt3L was a kind gift from Dr G.
Wagemaker (Erasmus University, Rotterdam, The Netherlands). The �-secre-
tase inhibitor IX (DAPT) was purchased from Calbiochem (San Diego, CA)
and used at a concentration of 10 �M.

Constructs, cell lines, and retroviral production

The OP9-control, OP9-DL1, and OP9-Jag1 cell lines were generated by
transduction of the murine bone marrow stromal cell line OP9 (kindly
provided by Dr T. Nakano, Osaka University, Osaka, Japan)41 with,
respectively, the empty LZRS IRES neo retroviral vector or with the LZRS
IRES neo vector engineered to express human Delta-like1 (DL1) or
Jagged1 (Jag1), both provided by Dr L. Parreira (Universidade de Lisboa,
Lisbon, Portugal). Transduced cells were selected based on their resistance
for neomycin by culturing for 2 to 3 weeks in the presence of 1.5 mg/mL
geneticin (G418; Invitrogen, Carlsbad, CA). Cells were maintained in
MEM� (Invitrogen) with 20% FCS (Hyclone, Logan, UT).

cDNA sequences encoding the intracellular domain of Notch1 (icNotch1,
provided by Dr B. Verhasselt, University of Ghent, Belgium) and GATA-3
(provided by P-H. Romeo, Institut Cochin, Paris, France) were subcloned
into LZRS IRES GFP or LZRS IRES YFP. The LZRS Spi-B IRES GFP
construct was described previously.7 Retroviral supernatants were produced
as described42 using the 293T-based Phoenix packaging cell line.43

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 3 years 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 following day
thymocytes were isolated from a Ficoll-Hypaque density gradient (Lym-
phoprep; Nycomed Pharma, Oslo, Norway). Subsequently, CD34� cells
were enriched by immunomagnetic cell sorting, using a CD34 cell

separation kit (varioMACS, Miltenyi Biotec). The CD34� thymocytes were
stained with antibodies against CD34, CD1a, CD56, and BDCA2. CD34�-
CD1a�CD56�BDCA2� and CD34�CD1a�CD56�BDCA2� (further re-
ferred to as CD34�CD1a� and CD34�CD1a�) populations were sorted to
purity. For the isolation of pDCs, BDCA4� cells were enriched by
immunomagnetic cell sorting, using a BDCA4� cell separation kit
(varioMACS, Miltenyi Biotec). The BDCA4� cell fraction was labeled
with anti-CD123 and anti-CD45RA antibodies and CD123hiCD45RA�

cells were sorted to purity. Cells were sorted using a FACSAria (Becton
Dickinson); purity of the sorted cells in all experiments was greater
than 99%.

Isolation of CD34� cells from fetal liver

Human fetal tissues were obtained from elective abortions. The use of fetal
tissue was approved by the Medical Ethical Committee of the Academic
Medical Center and was contingent on obtaining informed consent, in
accordance with the Declaration of Helsinki. Gestational age was deter-
mined by ultrasonic measurement of the diameter of the skull and ranged
from 14 to 20 weeks. Fetal liver CD34� cells were isolated as described
previously.16

Retroviral transduction and differentiation assays

For transduction experiments CD34�CD1a� postnatal thymocytes were
cultured overnight in Yssel medium44 with 5% NHS, 20 ng/mL SCF, and
10 ng/mL IL-7. The following day cells were incubated for 6 to 7 hours with
virus supernatant in retronectin-coated plates (30 �g/mL; Takara Biomedi-
cals, Otsu, Shiga, Japan). The development of pDCs and T cells was
assessed by coculturing 5 � 104 CD34�CD1a� progenitor cells with
5 � 104 OP9 cells in MEM� (Invitrogen) with 20% FCS (Hyclone), 5
ng/mL IL-7, and 5 ng/mL Flt3L. Differentiation assays for pDCs were
analyzed after 1 week of coculture. T-cell cultures were refreshed every 2 to
3 days and progenitor cells were transferred to fresh stromal cells every 4 to
5 days of culture. Flow cytometric analyses were performed on an LSRII
FACS analyzer (Becton Dickinson). To test function of thymic progenitor-
derived pDCs, after 5 to 6 days of culture on OP9 control cells either CpG
oligodeoxynucleotide (CpG-ODN) 2216 (ggGGGACGATCGTCgggggG;
Sigma-Aldrich, St Louis, MO) or �-irradiated HSV-1 (KOS strain; gift
from DNAX Research Institute, Palo Alto, CA) was added to culture for
18 hours. IFN-� produced in the supernatant was measured by
enzyme-linked immunosorbent assay (ELISA; Biosource International,
Camarillo, CA).

Proliferation and apoptosis assays

Cell proliferation was measured by CFSE (Molecular Probes, Eugene, OR)
dilution. CD34�CD1a� cells were incubated for 10 minutes at 37°C and
subsequently labeled with 1 �M CFSE for 10 minutes at 37°C. Cells were
cultured as described (see “Retroviral transduction and differentiation
assays”). Cycling cells were labeled with Ki-67 (Becton Dickinson) using
the Cytofix/Cytoperm Plus Kit (Becton Dickinson). Apoptotic cells were
determined by annexin V-FITC (Becton Dickinson) and 7-amino-
actinomycin D (7-AAD; Becton Dickinson) labeling. Cells were analyzed
by flow cytometry.

Reverse transcription-PCR

Human-specific polymerase chain reaction (PCR) primers were: actin,
forward 5	-ATGGAGTTGAAGGTAGTTTCG, reverse 5	-CAAGAGATGGC-
CACGGCTGCTTCAGC; p0, forward 5	-TCGACAATGGCAGCATCTAC,
reverse 5	-ATCCGTCTCCACAGACAAGG; HES-1, forward 5	-CGGACAT-
TCTGGAAATGACA, reverse 5	-GGTACTTCCCCAGCACACTT; Spi-B,
forward 5	-GCATACCCCACGGAGAACT, reverse 5	-GGCTGTCCAACGG-
TAAGTCT; GATA-3, forward 5	-CTCATTAAGCCCAAGCGAAG, reverse
5	-GCATTCCTCCTCCAGAGTGT; Notch1, forward 5	-CGGGGCTAACAAA-
GATATGC, reverse 5	-CCATATGATCCGTGATGTCC. PCRs for HES-1,
GATA-3, and Spi-B were performed on an iCycler PCR (Bio-Rad, Hercules,
CA). Expression of Notch1 was determined using a PTC-200 Gradient Cycler
(MJ Research, San Francisco, CA).

DL1 DIRECTS THE T/pDC LINEAGE DECISION 2447BLOOD, 15 MARCH 2006 � VOLUME 107, NUMBER 6

Remko
Rectangle



DL1 directs the T/pDC lineage decision

63

Western blot

To test for triggering of the Notch1 receptor 0.5 � 106 CD34�CD1a�

thymic progenitors were cocultured with 1 � 105 OP9 cells for 3 hours.
Precursor cells were recovered from the cultures and analyzed for the
presence of non–membrane-bound cytoplasmic intracellular Notch1 by
Western blot using a Notch1 antibody recognizing the C-terminus of the
receptor (S20; Santa Cruz Biotechnology, Santa Cruz, CA). As loading
controls actin levels were measured (I19; Santa Cruz).

Results

pDC development is blocked by DL1-Notch interactions

The Notch signaling pathway directs the lineage decision between
T and B cells.40 To determine whether Notch also regulates the
switch between T cells and pDCs, we adapted the in vitro assay
previously described by Schmitt and Zúñiga-Pflücker34 by generat-
ing an OP9 cell line expressing human DL1. This novel cell line
supported the development of CD4�CD8�TCR��� and TCR���

T cells from uncommitted CD34�CD1a� human thymic precursor
cells (Figure 1 and Figure S1, which is available on the Blood
website; see the Supplemental Materials link at the top of the online
article). In contrast, mature T cells were not generated on OP9
control cells, but this cell line did support development of
BDCA2�CD123hi pDCs (Figure 2A). The pDCs derived from
thymic progenitor cells were functional because addition of either
the TLR9-specific ligand CpG-ODN (2216) or HSV-1, which both
have been previously recognized to specifically stimulate pDCs,5,45

induced the secretion of IFN-� in the supernatant (Figure 2B).
Interestingly, we found that although development of
BDCA2�CD123hi pDCs was supported by the OP9 control line, it
was strongly blocked in the presence of DL1 (Figure 2A; Table 1).
Addition of the �-secretase inhibitor IX (DAPT), which inhibits the
cleavage and thereby nuclear translocation of the intracellular
domain of the Notch receptor,46 blocked DL1-induced T-cell
development (Figure S1) and could overcome the inhibition in
pDC development (Figure 2A). This confirms that inhibition of
pDC development by DL1 results from Notch signaling. Further-
more, because it was reported recently that Jagged1 (Jag1) inhibits

development of B cells from mouse thymic precursors,47 we also
evaluated the effect of OP9-Jag1 on development of pDCs.
Interestingly, Jag1 was also able to support CD4�CD8�TCR���

T-cell development from CD34�CD1a� human thymic precursor
cells, albeit with slightly delayed kinetics compared with DL1
(Figure 1; Figure S1). More importantly, equal or higher numbers
of pDCs were generated from CD34�CD1a� human thymic
precursor cells in coculture with OP9-Jag1 as compared to the OP9
control cultures (Figure 2A; Table 1). This shows that DL1/Notch
signaling supports T-cell development on the one hand and
specifically blocks the development of thymic precursor cells into
pDCs on the other.

To address whether DL1 would also inhibit development from
extrathymic precursors, we examined the effect of DL1 on pDC
development from fetal liver CD34�CD38� progenitor cells (Table
S1). Although in 4 of 7 experiments a clear inhibition was
observed, in one experiment pDCs were not blocked and in
2 experiments a clear augmentation of pDC development was
found. Thus a considerable donor-to-donor variability was seen and
overall the effects of DL1 on pDC development from CD34�CD38�

progenitors cannot be considered to be statistically significant.

Notch1 activation is incompatible with pDC development

Given the essential function of Notch1 in T-cell development,40 we
examined the expression of Notch1 in uncommitted human thymic
precursors and the downstream, lineage-specified, CD34�CD1a�

pro-T and CD123hiCD45RA� pDC populations. As expected,
Notch1 was expressed in the CD34�CD1a� population and was
maintained in CD34�CD1a� cells, consistent with the fact that
these 2 populations have a high T-cell precursor potential. In
contrast, development of pDCs from the thymic precursor cells
occurred in concert with a down-regulation of the Notch1 receptor
(Figure 3A). Moreover, we found that the amount of non–

Figure 1. DL1 and Jag1 support T-cell development from thymic progenitor
cells in vitro. (A) CD34�CD1a� thymic precursor cells were cocultured with
OP9-DL1 or OP9-Jag1 for 4 weeks. Cells were analyzed for expression of CD4 and
CD8 every week. (B) Analysis after 4 weeks for expression of TCR��, TCR��, and
CD3 (CD3, filled histogram; isotype control, gray line). One representative experi-
ment of 3 is shown.

Figure 2. Notch triggering by DL1, but not Jag1, blocks pDC development from
thymic progenitor cells. (A) CD34�CD1a� cells were cocultured with OP9-DL1,
OP9-Jag1, or control cells in the presence or absence of 10 �M �-secretase inhibitor
DAPT. Cultures were analyzed for the presence of CD123hiBDCA2� pDCs after
1 week of culture. Experiment is representative of 3. (B) At day 5 after culture of
CD34�CD1a� cells on OP9 control cells, either CpG-ODN (2216) was added at
different concentrations (10 or 50 �g/mL), or HSV-1 was added at 1 pfu/cell for
18 hours. Supernatants were analyzed in duplicate for the presence of IFN-� by
ELISA. One representative experiment of 2 is shown.
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membrane-bound intracellular Notch1 (icNotch1) was increased
by DL1 triggering of CD34�CD1a� thymic precursors but not by
Jag1. This provides evidence for the activation of the Notch1
pathway by DL1 in this culture system (Figure 3B). To prove the
inhibitory effect of Notch1 signaling on pDC development we
forced the expression of icNotch1 in CD34�CD1a� cells by
retroviral transduction. The icNotch1-transduced progenitor cells
were strongly inhibited in their ability to differentiate into pDCs
(Figure 3C), similar to effects induced by DL1. In addition,
icNotch1 expression was sufficient to drive T-cell differentiation on
OP9 control cells (Figure 3D). Taken together these data strongly
indicate that the interaction of Notch1 with its ligand DL1 is
incompatible with the development of pDCs.

DL1 does not affect proliferation or apoptosis of pDCs

To exclude that DL1/Notch1 signaling affects pDC proliferation or
apoptosis rather than differentiation, developing pDCs were ana-
lyzed for cell cycle and apoptotic markers. CD34�CD1a� cells
were labeled with CFSE and allowed to differentiate in the
presence of OP9-DL1, OP9-Jag1, or control cells. After 7 days of
coculture, pDC populations were analyzed for CFSE content.
Despite a lower percentage and a lower absolute cell count,
proliferation of pDCs was not inhibited by DL1 as compared with
control cells (Figure 4A). This finding was confirmed in experi-
ments in which cells were labeled with Ki-67 or annexin V, markers
for proliferation and apoptosis, respectively. In DL1 cocultures a
higher percentage of pDCs are Ki-67� and thus in cell cycle as
compared with control and Jag1 cocultures (Figure 4B). Addition-
ally DL1 did not induce apoptosis in pDCs because the percentage
of annexinV�7-AAD� cells was similar compared with the percent-
ages of apoptotic pDCs in control and Jag1 cocultures (Figure 4C).
In conclusion, DL1 does not block the development of pDCs by

inhibiting proliferation or inducing apoptosis in these cells but
instead blocks the differentiation of these cells.

DL1/Notch1 signaling induces up-regulation of GATA-3 and
down-regulation of Spi-B

Previously we described an essential role for Spi-B in the
development of pDCs.29 Therefore we considered the possibility
that Notch1 signaling might negatively regulate the expression of
Spi-B in progenitor cells. Following a 24-hour coculture of
CD34�CD1a� thymic precursors and OP9 control, OP9-DL1, or
OP9-Jag1 cell lines the expression of Spi-B and the Notch1 target
gene HES-139 were determined by reverse transcription (RT)–PCR
(Figure 5). The mRNA levels were normalized to expression in
freshly isolated cells (relative value of 1) using either �-actin or the
ribosomal protein p0 as internal controls with similar results. As
expected Spi-B was expressed in CD34�CD1a� progenitors cul-
tured on the OP9 control line and, consistent with the absence of
Notch1 triggering, low levels of HES-1 mRNA were detected. The
pDCs and T cells codeveloped on OP9-Jag1 and in line with this
both Spi-B and HES-1 mRNA were present at higher levels in the
Jag1-cocultured thymocytes compared with control. However,
HES-1 expression was much stronger in the presence of DL1-
induced signaling (60-fold versus 10-fold for DL1 and Jag1
cocultures, respectively). This observation confirms reported data
by Jaleco et al48 describing a strong induction of HES-1 in DL1, but
not Jag1, cocultured CD34� cord blood progenitor cells and may
be a reflection of a weaker Notch signal delivered by Jag1 as
compared with DL1. This may explain the delayed kinetics of
T-cell development on OP9-Jag1 cells. In agreement with the block
of pDC differentiation DL1 reduced the expression of Spi-B about
2.5-fold compared with control cultured cells. In parallel the
expression of GATA-3, a factor required for T-cell development28

Table 1. DL1, but not Jag1, inhibits pDC development in both percentage and absolute cell number

Experiment
no.

Control OP9-DL1 OP9-Jag1

Percentage Absolute cell no. Percentage Absolute cell no. DL1/control ratio Percentage Absolute cell no. Jag1/control ratio

1 4.6 32 873 0.1 12 180 0.37 1.3 29 900 0.91

2 6.1 50 184 0.8 29 970 0.60 2.3 108 000 2.15

3 22.6 119 833 2.8 47 040 0.39 14.9 143 232 1.20

4 4.1 20 237 0.3 7 194 0.36 2.4 30 114 1.49

5 7.4 109 372 0.4 14 964 0.14 3.4 55 094 0.50

6 11.1 497 941 1.5 165 241 0.33 7.6 657 040 1.32

7 33.0 726 000 1.0 258 000 0.36 — — —

8 19.2 951 328 0.4 41 533 0.04 — — —

9 13.3 29 260 0.2 1 058 0.04 — — —

The absolute cell numbers represent numbers of pDC output cells derived from 50 000 input CD34�CD38� progenitor cells. The ratios are representative for the relative
increase or decrease of pDCs cocultured with DL1 compared with the control cocultured cells.

Figure 3. Notch1 activation is incompatible with pDC
development. (A) Serial dilutions of CD34�CD1a�,
CD34�CD1a�, and CD123hiCD45RA� cells were analyzed
for expression of Notch1 mRNA by RT-PCR. Actin mRNA
levels were measured as loading control (n 
 3). (B)
CD34�CD1a� cells were cocultured for 3 hours with OP9-
DL1, OP9-Jag1, or control cells. The presence of non–
membrane-bound intracellular Notch1 (icNotch1) was ana-
lyzed by Western blot using an antibody recognizing the
intracellular part of the Notch1 receptor.An antibody recogniz-
ing actin was used as loading control (n 
 2). (C)
CD34�CD1a� cells were retrovirally transduced with ic-
Notch1 or GFP control virus, cocultured on OP9 control cells,
and analyzed for the presence of CD123hiBDCA2� pDCs
after 1 week (n 
 4), or (D) analyzed for the presence of
CD4, CD8, and CD3 after 3 weeks (n 
 2). Experiments
representative of at least 2 experiments are shown.
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was determined. Both DL1 and Jag1 maintained the expression of
GATA-3 at higher levels compared with control, consistent with the
findings presented in Figure 1 showing that both OP9-DL1 and
OP9-Jag1 are able to induce T-cell commitment from CD34�CD1a�

thymocytes (Figure 5). These data suggest that the DL1/Notch1
pathway regulates the GATA-3/Spi-B balance. This is specific for
DL1/Notch1 because the GATA-3/Spi-B mRNA ratio is not altered
in the presence of Jag1.

Spi-B rescues the icNotch1- but not GATA-3–induced block
in pDC development

Down-modulation of Spi-B by DL1 and the inverse correlation of
Notch1 and Spi-B expression patterns suggests that the Notch1 and

Spi-B pathways are linked. This may indicate that Spi-B overexpres-
sion could rescue DL1/Notch1-induced inhibition of pDC develop-
ment. To test this hypothesis, icNotch1 and Spi-B were cotrans-
duced in CD34�CD1a� progenitor cells and cultured on OP9
control cells. Consistent with our previously published results,
forced expression of Spi-B induced a 2-fold increase in the
percentage of pDCs as compared with the control transduced cells7

(Figure 6A). Notably, cotransduction of both Spi-B and icNotch1
completely released the icNotch1-induced block of pDC develop-
ment, resulting in percentages of pDCs similar to control trans-
duced progenitors (Figure 6A). Given the observation that DL1
induces expression of GATA-3 it is tempting to speculate that the
balance between GATA-3 and Spi-B expression determines the develop-
mental outcome of a thymic progenitor cell. To test this hypothesis
CD34�CD1a� progenitors were cotransduced with GATA-3 and Spi-B.
Similar to the developmental inhibition induced by icNotch1 transduc-
tion, GATA-3 expression strongly blocked the development of pDCs
(Figure 6B). Unexpectedly Spi-B was unable to overcome the GATA-3–
induced block in pDC development (Figure 6B). Interestingly, and in
contrast to icNotch1, forced expression of GATA-3 did not induce
development of CD4�CD8� double-positive T cells (data not shown)
on OP9 control cells. Taken together, our results indicate that DL1
directs the T/pDC lineage decision by regulation of the downstream
lineage-specific factors GATA-3 and Spi-B. Expression of Spi-B may
inhibit the DL1/Notch1-induced up-regulation of GATA-3. However,
when GATA-3 expression is firmly established, Spi-B is no longer able
to redirect precursors toward the pDC lineage.

Discussion

pDCs can develop within the human thymus from CD34�CD1a�

thymic precursors.17 On induction of CD1a expression, which
correlates with commitment to the T-cell lineage,49 the thymic
precursors lose their capacity to develop into pDCs.16 We recently
identified Spi-B as a key regulator of human pDC development.
Knocking down Spi-B expression by RNAi impairs the develop-
ment of pDCs,29 whereas forcing Spi-B expression in hematopoi-
etic progenitor cells blocks the development of non-pDC lineages.7

Here we addressed the question how early T and pDC development
are regulated in the thymus, using a murine bone marrow stromal
cell line constitutively expressing human DL1, a system previously
shown to support murine and human T-cell development.34,50

We show that DL1 blocks the differentiation of human pDCs,
consistent with findings in the mouse.51 More importantly, we show
that this block is due to triggering of the Notch1 receptor because
the �-secretase inhibitor DAPT rescued pDC development in the

Figure 4. DL1 does not affect pDC proliferation or apoptosis. (A) CD34�CD1a�

cells were labeled with CFSE and cocultured with OP9-DL1, OP9-Jag1, or control cell
lines. CFSE content of BDCA2�CD123hi pDCs was analyzed after 1 week of
coculture (n 
 3). (B) CD34�CD1a� cells were cocultured with OP9-DL1, OP9-Jag1,
or control cell lines and analyzed after 1 week of culture for the percentage of Ki-67�

pDCs. Percentages of Ki-67� CD123hiBDCA2� pDCs above background levels are
indicated next to the histograms (n 
 2) or (C) percentage apoptotic (annexin V�7-AAD�)
pDCs (n 
 2). Experiments representative of at least 2 experiments are shown.

Figure 5. DL1/Notch1 signaling induces up-regulation of GATA-3 and down-
regulation of Spi-B. RT-PCR analysis of HES-1, GATA-3, and Spi-B mRNA was
performed on CD34�CD1a� cells after 24 hours of coculture with OP9-DL1,
OP9-Jag1, or control cell lines. Values were normalized to freshly isolated cells. The
ribosomal protein p0 was used as internal control. The error bars represent SDs of
triplicate samples. One representative experiment of 4 is shown.

Figure 6. Spi-B rescues pDC development blocked by icNotch1 but not by
GATA-3. (A) CD34�CD1a� cells were double transduced with icNotch1 and Spi-B or
control virus and cocultured with OP9-control cells (n 
 4). (B) CD34�CD1a� cells
were double transduced with GATA-3 and Spi-B or control virus and cocultured with
OP9-control cells (n 
 3). Cultures were analyzed after 1 week for the presence of
CD123hiBDCA2� pDC. Dot plots shown are gated on double transduced GFP�YFP�

cells. Experiments representative of at least 3 experiments are shown.
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presence of DL1. Furthermore, Notch1 is down-regulated when
uncommitted CD34�CD1a� thymic precursors differentiate into
pDCs. Moreover, mimicking constitutive DL1/Notch1 signaling by
forcing the expression of the intracellular part of the Notch1
receptor also strongly blocks development of pDCs and is suffi-
cient to support development of CD4�CD8� double-positive
T cells following coculture with OP9 control cells. This shows that
the DL1/Notch1 pathway favors T-cell development at the expense
of pDCs. Strikingly, this effect is specific for DL1 because Jag1
supports development of both T cells and pDCs from CD34�CD1a�

thymic progenitor cells. This indicates that DL1 has a unique
function in the T/pDC lineage decision in the thymus. It is of note
that development of human T cells in the presence of Jag1 contrasts
with previously reported data in which it was shown that murine
T cells are able to develop in the presence of DL1, but not of Jag1.47

The reason for this discrepancy is currently unknown. The DL1-
induced block in pDC development was not an exclusive effect on
thymic progenitor cells because in 4 of 7 experiments fetal liver
precursor cells were also inhibited from developing into pDCs.
However, the inhibitory effect of DL1 on fetal liver precursor cells
was not statistically significant. This is likely due to the observed
donor-to-donor variations because in 2 of 7 experiments we
observed stimulation of pDC development. The explanation for this
variation (which was never observed with thymic precursors) is
unclear, but this may be attributed to differences in up-regulation of
GATA-3. Importantly, ectopic expression of GATA-3 in fetal liver
CD34�CD38� cells always resulted in a complete inhibition of
pDC development (n 
 3; R. S. and H. S., unpublished observa-
tions, September-October 2000). Because evidence in humans and
mice indicates that pDCs can develop from myeloid as well as
lymphoid precursors,10,12 it may also be possible that Notch
signaling differentially affects development from myeloid or
lymphoid precursors, having a much stronger effect on pDC
development from lymphoid precursors. The variability in the
effects of DL1 on pDC development from fetal liver precursors
may be due to variability of myeloid- or lymphoid-biased precur-
sors. It is of note that data in the mouse also indicate that
development of pDCs from extrathymic precursors can be inhibited
by DL1.51 Consistent with our observations Ferrero et al52 showed
that murine Notch1-deficient bone marrow cells are fully capable
of normal pDC development, thereby confirming that pDC develop-
ment is not dependent on Notch1 signaling. Interestingly, the
absolute numbers, pDCs that developed from Notch1-deficient
precursor cells, were slightly (� 2-fold) increased. The authors of
this paper speculate that this may be caused by the initial 2:1
(CD45.2/CD45.1) ratio in which the bone marrow chimeras were
set up.52 It is, however, also possible that removal of Notch1
resulting in a release of Notch-mediated inhibition contributes to
this stimulation.

Within the murine thymus DL1 seems to be expressed on
cortical stromal cells but absent on their medullar counterparts.53

The localization of pDCs in the thymus inversely correlates with
the expression of DL1 because pDCs are present in the medulla but
not in the cortex.8 This supports our finding that Notch1 signaling
directs the T/pDC switch in favor of the T cells; early T-cell
development occurs in the cortex in the presence of DL1, whereas

pDCs develop in the medulla were DL1 is absent. Thus, the
different anatomic localization of pDCs and early T cells may be, at
least in part, controlled by the distribution of DL1 expression in the
thymic microenvironment. The physiologic reason for the physical
separation of early T cells and pDCs remains unclear. It has been
observed that IFNs induce differentiation and subsequent apoptosis
of cortical thymic epithelial.54 A mechanism is proposed in which
virally infected cells or activated leukocytes or both secrete IFNs
and thereby contribute to the thymic atrophy and impaired T-cell
development seen during many infections. On stimulation pDCs
are able to produce vast amounts of IFN-�/�,3,9,55 and if present in
the thymic cortex, activated pDCs could induce disruption of the
cortical epithelium and thereby disturb development of T cells. The
spatial segregation of pDCs and developing T cells imposed by
DL1/Notch1 signaling may prevent such deleterious effects. This
allows for production of IFNs within the thymic medulla, which
may be important for preventing viral infections of thymocytes.15

Gene expression analysis revealed the mechanism by which the
DL1/Notch1 signaling pathway controls the T/pDC lineage deci-
sion. We found that DL1 maintains GATA-3 expression and
induced a 2.5-fold reduction in the expression of Spi-B in thymic
precursors compared with OP9-control cells. This observation is
consistent with our previously published observation that high
Spi-B expression is incompatible with T-cell development.7 More
importantly, these data strongly suggest that DL1 specifically
directs the T/pDC lineage decision in the human thymus by
regulating the balance between GATA-3 and Spi-B. Activation of
the DL1/Notch1 pathway shifts the GATA-3/Spi-B equilibrium
toward GATA-3 and favors T-cell development. In the absence of
DL1/Notch1 signaling, the balance shifts toward Spi-B and sup-
ports pDC development. In addition, our data show that expression
of Spi-B prior to T-cell commitment imposes a pDC developmental
program on thymic precursors, perhaps by preventing GATA-3
induction. However, once expression of GATA-3 is established,
Spi-B is no longer able to redirect precursors toward the pDC
lineage. The identification of a single receptor in control of the
T/pDC lineage decision supports the idea that these 2 cell types, at
least in the thymus, share a common precursor. In conclusion, we
show here that the DL1/Notch1 signaling pathway controls the
T/pDC lineage decision in the thymus by regulation of the
lineage-specific genes GATA-3 and Spi-B either directly or indi-
rectly. DL1 triggering induces T-cell development, whereas pDC
differentiation is impaired through down-modulation of Spi-B.
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Supplemental Table and Figure 
 
Table S1. DL1 inhibits the development of fetal liver CD34+CD38— progenitor cells 
into pDC. Human fetal liver was obtained from elective abortions and was contingent on 
informed consent. Gestational age was determined by ultrasonic measurement of the diameter 
of the skull and ranged from 14 to 20 wk. Fetal liver CD34+CD38— cells were isolated as 
described previously7. The absolute cell numbers represent numbers of pDC output cells 
derived from 50,000 input CD34+CD38— progenitor cells. The ratios are representative for the 
relative increase or decrease of pDC co-cultured with DL1 compared to the control co-cultured 
cells.

    control  OP9-DL1    
Exp. no.  Percentage  Absolute Percentage Absolute ratio pDC  

   (%)   cell number (%)  cell number DL1/control 
1  6.68  179,692 1.21 96,679 0.54 
2  5.22  82,476 3.56 24,920 0.30 
3  8.38  291,624 2.04 269,280 0.92 
4  2.88  27,360 3.98 83,580 3.05 
5  1.91  36,672 0.38 7,600 0.21 
6  2.94  21,756 2.59 47,138 2.17 
7   3.58   37,232  0.94  8,460  0.23 
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Figure S1. OP9-DL1 and OP9-Jag1 support Notch dependent T cell development from 
thymic progenitor cells. (A) CD34+CD1a— cells were co-cultured with OP9-DL1 and OP9-
Jag1 or control cell lines for 4 weeks in the presence or absence of 10 µM secretase inhibitor 
DAPT. Cells were analyzed for expression of CD4 and CD8 every week. (B) Cells were analyzed 
for expression of CD7 and CD1a every week. Experiment is representative of three. 
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Abstract 

Mice lacking the negative transcription regulator Id2, which inhibits the 
activity of basic helix-loop-helix (bHLH) factors, have a natural killer (NK) cell 
deficiency due to an intrinsic defect in natural killer precursor (NKP) cells. In 
line with this the forced expression of Id3 in early human thymic progenitors 
stimulates NK-cell differentiation in fetal thymic organ culture (FTOC) at the 
expense of T-cell development. Here we show that in humans Id2 is the 
physiological Id-factor as it is highly expressed in thymic NK cells. 
Overexpression of Id2 in thymic precursors does not enhance NK-cell 
differentiation in co-cultures with the stromal cell line OP9. Instead Id2 induced 
a strong increase in the number of CD1a—CD5+ progenitors. These cells were 
NK-cell precursors as the addition of IL-15 stimulated the development into 
mature NK cells. Differentiation of NKP into mature NK cells was inhibited by 
Notch signaling. Furthermore, we show that overexpression of HEB but not of 
E12 or E47 in CD34+ progenitor cells stimulated T-cell development. HEB alone 
was not sufficient to overcome the Id2-induced block in T-cell development, 
suggesting that additional E-proteins are required for the proper development 
of T cells. However, HEB was able to inhibit the accumulation of CD1a—CD5+ 
NK-cell precursors. 

Taken together Id2 has a dual function in control of the T/NK-lineage 
decision. On one hand T-cell development is impaired by repressing multiple E-
proteins. On the other hand, Id2 facilitates NK-cell development by increasing 
a pool of CD1a—CD5+ NK-cell progenitors. IL-15 induces the differentiation of 
the Id2-expanded CD1a—CD5+ into mature NK cells. Thus, Id2 and IL-15 
cooperate synergistically in the development of human thymic NK-cells. 
 
Introduction 

T cells and natural killer (NK) cells are closely related cell types and 
share many cell surface antigens. Additionally, there are many functional 
similarities in particular between NK cells, TCRγδ, and CD8+TCRαβ 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 
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precursor. Bi-potential T/NK precursors have been found in both the human1 
and murine2,3 thymus. Yet the thymus produces predominantly T cells and 
relatively very few NK cells, suggesting that the thymus micro-environment 
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. 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+ stage4,5. 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 associated with 
commitment to the T-cell lineage6, as the CD1a+CD5+ subset has almost no 
NK-cell potential and mostly give rise to T-cells1. 

It has been well established that E-proteins, members of the basic helix-
loop-helix (bHLH) family of transcription factors, play a crucial role in both T 
and B cell development. bHLH factors are characterized by two conserved 
domains, a HLH domain mediating homo- and/or hetero-dimerization and a 
basic domain allowing DNA binding of the dimers. There are four E-proteins 
E12, E47, HEB, and E2-27, and mice deficient for the E2A splice variants E12 
and E47 lack B cells and have disturbed development of T-cells8. In addition, 
T-cell development is also compromised in mice lacking for E2-2 or HEB9,10. 
The transcriptional activities of E-proteins are controlled by inhibitors of DNA 
binding (Id). Id factors also contain a helix-loop-helix domain, allowing for 
dimerization with E-proteins. However Id proteins lack the basic DNA-binding 
domain, therefore complexes of E and Id proteins are transcriptionally inactive. 
In line with the 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 cells4,11. However, it remains to be 
determined which of the E-proteins take part in the subsequent stages during 
human T-cell development. Promotion of NK-cell development by Id3 
overexpression4,11 is consistent with the observation that the number of NK-
cell precursors (NKP) are severely reduced in Id2-deficient mice12,13. Defects in 
NK-cell development in Id3 knock out mice have not been reported, thus it is 
conceivable that Id2 is the physiological factor for NK-cell development. 
Whether Id2 is also important for human NK-cell development has not been 
directly tested. 

The cytokine Interleukin (IL)-15 has been implicated in NK-cell 
development. Severe Combined Immune Deficient (SCID) patients suffering 
from a defect in IL-15 signaling lack NK cells14. Similarly mice deficient for  
IL-1515 or components of the IL-15R complex16 have strongly reduced numbers 
of NK-cells. In addition, murine progenitor cells cultured in an FTOC with high 
concentrations of IL-15 are potently blocked in their TCRαβ-development and 
instead differentiate into NK cells17. Recently it was shown that the generation 
of NKPs does not depend on IL-15 signaling as common gamma chain (γc) 
deficient mice have normal numbers of NKPs18. However this leaves unresolved 
whether IL-15 affects NK-cell development at the progenitor stage by inducing 
differentiation or by inducing survival and/or expansion at the mature NK-cell 
stage. 
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Here we addressed the question which Id-protein is required for NK-cell 
development in humans and which E-protein for T-cell development. Our data 
show that like in mice Id2 is the dominant NK-cell driving factor and present 
evidence that HEB is the main E-protein controlling T-cell development.  
 
Material and methods 
Monoclonal antibodies and cytokines 

Monoclonal antibodies to CD1a, CD3, CD4, CD5, CD8, CD56, conjugated 
to PE, PerCP, PeCy7, APC or APCCy7 were purchased from Becton Dickinson 
(BD, San Jose,CA). CD1a-PE was obtained from Beckman Coulter (Fullerton, 
CA). CD56-APC was from Beckman Coulter (BC, Marseille, France). The human 
cytokines interleukin-15 and stem cell factor (SCF) were obtained from R&D 
Systems (Abingdon, United Kingdom). IL-7 and Flt3L were a kind gift from  
dr. J. Cornelissen (Erasmus University, Rotterdam, Netherlands).  
 
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 DeltaLike1/neo (OP9 
DL1) and OP9 Jagged1/neo (OP9 Jag1) cell lines were previously described19. 

Human cDNA sequences for Id2, Id3, HEB (obtained from  
dr. D. Littman20, E12, and E47 (both obtained from Dr. C. Murre (UCSD, San 
Diego, CA) were ligated into our LZRS ires GPF or LZRS ires YFP19 retroviral 
vectors. The empty constructs were used in control transductions. Retroviral 
supernatants were obtained from transfected packaging cells Phoenix-GALV21. 
 
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 3 years 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 following 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 antibodies 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), 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 medium22 with 5% NHS, 20 ng/ml SCF and  
10 ng/ml IL-7. The following day cells were incubated for 6 to 7 hours with 
virus supernatant in retronectin coated plates (30 µg/ml; Takara Biomedicals, 
Otsu, Shiga, Japan). The development of T and NK cells was assessed by co-
culturing the mixture of transduced and non-transduced CD34+CD1a— 



Chapter 5 
 

76 

progenitor cells with OP9 cells in MEMα medium (Gibco) with 20% FCS 
(Hyclone), 5 ng/ml IL-7 and 5 ng/ml Flt3L. Flow cytometric analyses were 
performed on an LSRII FACS analyzer (BD).  
 
STAT5 phosphorylation 
 CD1a—CD5—, CD1a—CD5+ and CD1a+CD5+ thymic subsets were sorted 
from the CD34+ postnatal thymocytes isolated with magnetic bead sorting as 
described above. To exclude contaminating T and NK cells, the populations 
were sorted on the basis of absence of CD3 and CD56. The flowthrough 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 basis of CD56+CD3—. Sorted cells were starved for  
1 hour at 37°C and subsequently stimulated with 20 ng/nl IL-15. After 
methanol fixation cells were analyzed for the presence of phosphorylated 
STAT5 using a STAT5 (Y694) Alexa 647-conjugated antibody (BD). 
 
Reverse transcriptase PCR 

Human-specific polymerase chain reaction (PCR) primers were performed 
on an iCycler PCR (Bio-Rad, Hercules, CA). Primers were  
actin, forward 5'-ATGGAGTTGAAGGTAGTTTCG 
actin, reverse 5'-CAAGAGATGGCCACGGCTGCTTCAGC  

Id2, forward 5'-CGGATATCAGCATCCTGTCC  
Id2, reverse 5'-TCATGAACACCGCTTATTCAG 
Id3, forward 5'-CTTCCCATCCAGACAGCC 
Id3, reverse 5'-CTGCGTTCTGGAGGTGTCA 
E12, forward 5'-ACAGCGAGAAGCCCCAGA 
E12, reverse 5'-CTGCTTTGGGATTCAGGTTC 
E47, forward 5'-GTCGGACAAAGCGCAGAC 
E47, reverse 5'-ACAGGCTGCTTTGGGATTC 
HEB, forward 5'-CCGTGGCAGTCATCCTTAGT 
HEB, reverse 5'-GCCGATACGGCAGAAACTT 
 
Results 
Id2 inhibits human T-cell development similarly to Id3  

Forcing Id3 expressing in human hematopoeitic progenitor cells cultured 
in a fetal thymic organ culture (FTOC) results in stimulated NK-cell 
development at the expense of developing T cells11. Consistent with this,  
Id2—/— mice have impaired NK-cell development12. This indicates that the 
balance of Id and E-proteins plays an important role in the T/NK lineage 
decision, but also raises the question to what extent Id2 and Id3 functionally 
overlap. To resolve this matter we forced the expression of Id2 or Id3 in 
CD34+CD1a— thymic precursors using retroviral mediated gene transfer. The 
mixture of transduced and non-transduced cells was co-cultured with the OP9 
DeltaLike1 (DL1) stromal cell line, which supports human T-cell development 
from thymic progenitor cells as we have shown previously19. We found in direct 
comparison that Id2 and Id3 had a similar inhibitory effect on T-cell 
development, as measured by CD4/CD8 expression, in both percentages 
(figure 1A) and absolute cell numbers (figure 1B). This confirms data 
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previously obtained in FTOC and supports the notion that Id2 and Id3 affect  
T-cell development in a comparable manner.  

 

 
 
Figure 1. Id2 and Id3 block T-cell development. Id2, Id3 or YFP control virus transduced 
CD34+CD1a— cells were co-cultured with OP9 DL1 cells in the presence of IL7 and Flt3L.  
(A) Expression of CD4 versus CD8 for control, Id2, and Id3 transduced cells after 14 days of 
culture (B) Fold expansion in absolute cell numbers of the CD4/CD8 subsets in the transduced 
population were calculated on basis of total numbers of cells harvested from the cultures after 
14 days, percentages of transduced cells, and percentages of each population corrected for the 
number of input cells. Cells were gated CD56— to exclude NK cells. One representative 
experiment of 2 is shown. 
 
HEB, but not E12 and E47, stimulates T-cell development 

The clear inhibition of T-cell development by Id2/3 raises questions on 
the nature of the E-proteins which are functionally silenced. Knock-out studies 
have implicated a role for all four E-proteins in murine T-cell development. 
Since Id-proteins are the natural antagonists of E-proteins it is reasonable to 
assume that the E-protein(s) involved in T-cell commitment is(are) the most 
likely target(s) of Id2 inhibition. However, it is unclear which E-proteins drives 
human T-cell commitment. Therefore HEB, E47, and E12 transduced CD34+ 
progenitor cells were co-cultured with OP9 DL1 cells. None of these E-proteins 
affected the relative proportions of the different CD4/CD8 T-cell subsets (figure 
2A). However, calculation of the absolute cell numbers revealed that early in 
development at day 7 HEB stimulated T-cell development as indicated by an 
increase in the pool of CD1a+CD5+ T-cell progenitors (figure 2B). In contrast, 
ectopic expression of E47 or E12 did not affect T-cell development as 
compared to the GFP control transduced population. The stimulatory effect of 
HEB was also eminent at later stages as at 3 weeks of culture a clear increase 
in the number of CD4+CD8+ DP T cells was observed, while both E12 and E47 
had no effect or slightly inhibited T-cell development (figure 2B). The finding 
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that overexpression of E12 and E47, which have been shown to be involved in 
T-cell development in the mouse 8 do not stimulate T-cell development may be 
explained by assuming that HEB is the limiting factor in controlling T-cell 
commitment. Thus our data indicate that HEB is critical for T-cell commitment 
but do not exclude roles for E12 and E47 in T-cell development. 

 

 
 
Figure 2. HEB, but not E12 and E47, stimulates T-cell development. CD34+CD1a— cells 
were transduced with HEB, E47, E12, or control virus and co-cultured on OP9 DL1 cells with 
IL7 and Flt3L. (A) At indicated time points the cultures were analyzed for the presence of 
thymic progenitor cells based on expression of CD1a and CD5 (gated on CD4—CD8— cells) at  
7 days or CD4 and CD8 at 21 days. (B) Fold expansion of the CD1a/CD5 and CD4/CD8 subsets 
in the transduced populations. Calculations were performed as indicated in figure 1B. One 
representative experiment of 2 is shown. 
 
Id2 overexpression accelerates NK-cell development in vitro under NK 
permissive conditions 

We show here that Id2 and Id3 are functionally similar in their ability to 
block human T-cell development from thymic progenitors when cultured on 
OP9 DL1. Knock-out experiments in mice show that Id2 is important for NK-cell 
development12. This prompted us to determine the relevant Id factor involved 
in human thymic NK-cell development. In comparison to expression levels in 
thymic progenitor cells, mature thymic NK cells expressed Id2 at 35-fold 
higher levels, while Id3 expression was upregulated 3-fold as determined by 
reverse transcription (RT)-PCR (figure 3A). Furthermore, NK cells have lower 
levels of E-protein mRNA including E12, E47, and HEB, as compared to the 
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CD34+CD1a— progenitor cells (figure 3A). This enforces the concept that NK-
cell development is controlled by shifting the Id/E protein balance in favor of 
the Id proteins. The high expression of Id2 levels together with the knowledge 
that Id2 deficient mice have severely reduced numbers of NK cells and NK-cell 
progenitors (NKP) predicts that Id2 is the crucial regulator of NK-cell lineage 
commitment.  

To further support this hypothesis we made use of the co-culture system 
with OP9 cells, which were previously shown to allow development of murine 
NK cells23. We found that using this assay human CD56+CD3— NK cells were 
able to develop (figure 3A), which permitted us to investigate the role for Id2 
in human NK-cell development in more detail. Therefore Id2 expression was 
forced in CD34+ progenitors and the mixture of transduced and  
non-transduced cells was co-cultured with OP9 cells. We found that Id2+ cells 
initially gave rise to somewhat higher percentages of NK cells, but after  
2 weeks a lower percentage of NK cells was observed as compared to the 
control transduced population (figure 3B and table 1). Calculating the absolute 
numbers of NK cells derived from the transduced input progenitor population 
revealed that forced Id2 expression initially accelerated NK-cell development, 
but after 3 weeks did not result in higher absolute NK-cell numbers like we 
previously observed using Id3  in FTOC (>30-fold more absolute numbers of 
NK cells)11 (figure 3C and table 1). 

 

 
 
Figure 3. Id2 is highly expressed in thymic NK cells and accelerates NK-cell 
differentiation. (A) RT-PCR analysis for Id and E-proteins expression levels on freshly 
isolated postnatal thymic CD34+CD1a— progenitors and CD56+CD3— NK 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 2 is shown.  
(B) CD34+CD1a— cells were Id2 or control transduced and co-cultured on parental OP9 cells. At 
indicated time points the cultures were analyzed for the presence of NK cells by flowcytometry. 
(C) Fold expansion of the CD56+ NK (CD3 negative gated) cells in the transduced populations. 
Calculations were performed as indicated in figure 1B. One representative experiment of 2 is 
shown. 
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Table 1. Id2 accelerates NK-cell development 
 
day 7 day 14

Exp. % NK 
cells

Abs. 
cell no.

% NK 
cells

Abs. 
cell no.

Ratio 
Id2/YFP

Exp. % NK 
cells

Abs. cell 
no.

% NK 
cells

Abs. cell 
no.

Ratio 
Id2/YFP

1 14 3 39 13 4.5 1 96 26 87 155 5.9
2 2 109 8 321 2.9 2 25 411 17 1598 3.9

day 21

Exp. % NK 
cells

Abs. 
cell no.

% NK 
cells

Abs. 
cell no.

Ratio 
Id2/YFP

1 - - - - -
2 55 2970 27 3291 1.1

YFP Id2 YFP Id2

YFP Id2

 
 
Fold expansion of absolute CD56+ cell numbers were calculated as described in the legend of 
figure 1B. The ratios Id2/YFP are calculated on bases of absolute cell numbers. 
 
IL-15 stimulates, while Notch signaling inhibits NK-cell development 

Forced Id expression in progenitor cells in FTOC results in a profound 
stimulation in NK-cell development11. However, similar transduced CD34+ cells 
co-cultured with the parental OP9 stromal cells did not enlarge the pool of NK 
cells to an extent as what was expected from the FTOC data. This suggests 
that additional factors required for NK-cell differentiation present in fetal 
thymic lobes may be underrepresented or absent in the OP9 cultures. We 
hypothesized two possible discrepancies between the fetal thymus lobes and 
the OP9 stromal cells.  

First, Notch ligands are abundantly expressed on thymic stroma but 
nearly absent on the OP9 cells23. To determine whether triggering of the Notch 
receptor enhances NK-cell development, Id2-transduced CD34+ progenitors 
were co-cultured with OP9 cells expressing DL1 (T-cell permissive condition) or 
the parental OP9 cell line (non T-cell permissive condition). As depicted in 
figure 4A and B NK-cell development from Id2-transduced CD34+ progenitor 
cells was not stimulated in the presence of DL1, but rather inhibited. This 
suggests that Notch signaling when triggered by DL1 did not contribute to the 
enhanced NK-cell development of Id-transduced precursor cells previously 
observed in FTOC11. As expected, culture of thymic progenitors on OP9 DL1 
resulted in development of CD3+ T cells, which was inhibited by overexpression 
of Id2 (Figure 4A). 
Second, we considered whether IL-15 could be the missing factor in our OP9 
cultures. It is well documented that IL-15 signaling is required for NK-cell 
development14-16 and raises the possibility that while IL-15 is produced by 
thymic stromal cells17, it is not produced to sufficient levels by the OP9 cells. 
Since IL-15 induces proliferation and the selective survival of the mature  
NK-cells24, we analyzed the effect of IL-15 on NK-cell differentiation by adding 
suboptimal IL-15 concentrations to the thymic progenitor cells in co-culture 
with OP9 cells. The addition of low amounts of IL-15 (0,5 ng/ml) to control 
transduced cells did not induce an increase in the number of NK cells 
generated in the OP9 cultures suggesting that the effect on mature NK-cell 
proliferation was reduced to a minimum (figure 4B). The combined effect of 
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Id2-transduction and low levels of exogenous IL-15, however, induced a 
massive increase in the number of NK-cells. Consistent with our previous 
observation, DL1-induced Notch triggering strongly inhibited the induction of 
NK-cell development from the Id2+-cultures supplemented with low amounts of 
IL-15 as compared to the cultures on the parental OP9 cells (data not shown). 
Taken together, these data support the notion that development of Id-
transduced CD34+ progenitor cells into mature NK-cells in FTOC is stimulated 
by IL-15, which may be insufficiently produced by the OP9 cells. Moreover 
these experiments show that both Id2 and IL-15 are required for a stimulation 
of NK-cell development, as neither Id2 nor low amounts of IL-15 alone gave a 
significant increase in NK-cell development. 

 

 
 
Figure 4. IL-15 induces Id2 transduced thymic progenitors to develop into NK-cells, 
which is blocked by Notch triggering. Id2 or YFP control transduced CD34+CD1a— cells 
were co-cultured with OP9 control, in the presence or absence of minimal amounts of IL-15 
(0.5 ng/ml), or on OP9 DL1 stromal cells. All cultures were supplemented with IL7 and Flt3L. 
(A) Expression patterns for CD56 vs. CD3 at 21 days of culture. (B) Fold expansion of the 
CD56+ NK (CD3 negative gated) cells in the transduced populations. Calculations were 
performed as indicated in figure 1B. One representative experiment of 2 is shown. 
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Table 2. IL-15 stimulates, while Notch signaling inhibits NK-cell development 
 

day 14

Exp.
no. YFP Id2 Ratio 

Id2/YFP YFP Id2 Ratio 
Id2/YFP YFP Id2 Ratio 

Id2/YFP
1 3 13 4.5 0 5 9.6 14 51 3.8
2 411 1598 3.9 82 214 2.6 1159 7972 6.9

day 21

Exp.
no. YFP Id2 Ratio 

Id2/YFP YFP Id2 Ratio 
Id2/YFP YFP Id2 Ratio 

Id2/YFP
1 - - - - - - - - -
2 2970 3291 1.1 66 102 1.5 2060 18671 9.1

IL-15DeltaLike1

IL-15DeltaLike1

 
 
Fold expansion of absolute CD56+ cell numbers were calculated as described in the legend of 
figure 1B. The ratios Id2/YFP are calculated on bases of absolute cell numbers. 
 
 
Id2 controls proliferative expansion of an IL-15 responsive CD1a—CD5+ 
progenitor pool 

Our observations show that low concentrations of IL-15 induced a 
massive increase in NK-cell numbers from Id2-transduced progenitor cells. This 
raises the possibility that Id2 is involved in the expansion of IL-15 responsive 
progenitor cells. First we tested whether freshly isolated, non-T-cell committed 
thymic subsets, including CD1a—CD5— and CD1a—CD5+ cells responded to  
IL-15. It is known that primary human T and NK cells respond to IL-15 by 
phosphorylation of STAT525. Therefore, the freshly isolated thymic subsets 
were incubated with IL-15 and analyzed for the levels of phosphorylated STAT5 
(pSTAT5) by flow cytometry. In comparison with mature thymic NK cells the 
CD1a—CD5— cells responded only weakly to IL-15, whereas the CD1a—CD5+ 
subset was highly susceptible for IL-15 stimulation (figure 5A). Subsequent 
analysis of the CD1/CD5 subsets arising from Id2 transduced CD34+ progenitor 
cells revealed that Id2 induced profound expansion of CD1a—CD5+ cells in both 
percentages (figure 5B) and absolute cell numbers (figure 5C). Also freshly 
isolated CD1a+CD5+ T-cell committed cells1 stained positive for pSTAT5 after 
IL-15 stimulation (figure 5A), although phenotypically similar cells did not 
expand after culture of Id2 transduced cells on OP9 cells (figure 5B and 5C).  

We further analyzed the functional consequences of IL-15 stimulation on 
the generation of CD1a and CD5 subsets on OP9 cells and observed that the 
absolute numbers of CD1a—CD5+ cells increased even more when IL-15 was 
present in the cultures (figure 5C and table 2). This was most notable when 
the cultures were analyzed after 21 days. Together these observations support 
the notion that Id2 controls the expansion of IL-15 responsive CD1a—CD5+ 
progenitor cells.  
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Figure 5. Id2 controls proliferative expansion of an IL-15 responsive CD1a—CD5+ 
progenitor pool. (A) Freshly isolated early thymic subsets were analyzed for the presence of 
phosphorylated STAT5 (pSTAT5) by flowcytometry after stimulation with IL-15. As positive 
control for pSTAT5 staining CD56+CD3— thymic NK cells were stimulated with IL-15 and 
unstimulated NK cells stained for pSTAT5 served as negative control (grey histograms). One 
representative experiment of 3 is shown. (B) CD34+CD1a— cells were Id2 or control transduced 
and co-cultured on parental OP9 cells. The cultures were analyzed for the presence of thymic 
progenitor cells based on expression of CD1a and CD5 by flow cytometry. Dotplots are 
electronically gated negative for CD56, CD4 and CD8 (n=2). (C) Fold expansion of the 
CD1/CD5 subsets (gated CD56—CD4—CD8—) in the transduced populations. Calculations were 
performed as indicated in figure 1B. One representative experiment of 2 is shown. 
 
Table 3. Id2 expands an IL-15 responsive CD1a—CD5+ progenitor pool 
 
day 14 day 21

IL-15

Exp. YFP Id2 Ratio 
Id2/YFP YFP Id2 Ratio 

Id2/YFP YFP Id2 Ratio 
Id2/YFP YFP Id2 Ratio 

Id2/YFP
1 16 167 11 31 306 10 - - - - - -
2 7 51 7 10 110 11 39 126 3 19 256 13

IL-15

 
 
Fold expansion of CD1a—CD5+ absolute cell numbers were calculated as described in the 
legend of figure 1B. The ratios Id2/YFP are calculated on bases of absolute cell numbers. 
 
HEB inhibits Id2 induced expansion of NK-cell progenitors 

Our study clearly 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 by inhibition of T-cell development. Vice versa HEB stimulated 
T-cell development from the earliest stages onward, while 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 doubly transduced CD34+CD1a— 
progenitors with HEB and Id2 or control constructs. As expected the single  
Id2-transduced progenitor cells gave rise to an increase in the population of 
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CD4—CD8— DN cells (figure 6A) of which the vast majority were CD1a—CD5+ 
NK-progenitor cells (figure 6B) as compared to the control transductions. 
Furthermore, despite the fact that HEB+Id2+ cells did not develop into T cells, 
forced HEB expression was able to reduce the size of the Id2-expanded CD1a—

CD5+ subset to background levels (figure 6A and B). Together this indicates 
that HEB inactivation by Id2 is required for proper induction of the NK-cell 
lineage program.  
 

 
 
Figure 6. HEB inhibits Id2 induced expansion of NK-cell progenitors. CD34+CD1a— cells 
were doubly transduced with Id2 and HEB or control constructs. The mixture of transduced and 
non-transduced cell was co-cultured on OP9 DL1 cells with IL7 and Flt3L. At 14 days the 
cultures were analyzed for the presence of cells expressing CD4 and CD8 (gated CD56 
negative) and CD1a and CD5 (gated negative for CD56, CD4 and CD8). Shown are the fold 
expansions of the different subsets in the transduced populations. Calculations were performed 
as indicated in figure 1B. One representative experiment of 2 is shown. 

 
Discussion 

Over the past years developmental immunologists have mainly focused 
on the elucidation of transcription factors and cytokines regulating T and B-cell 
development. The developmental stages of NK-cell development and the 
factors involved are less well known. Here we show that the inhibitor of DNA-
binding Id2 has a dual function in the regulation of human thymic T- and NK-
cell differentiation. Id2 impairs T-cell development and at the same time 
permits NK-cell development. Id2 promotes NK-cell development by strongly 
increasing the number of CD1a—CD5+ NK-cell progenitors, but is by itself not 
sufficient for further maturation of NK cells. This latter step requires IL-15. 

We have previously reported that in fetal thymic organ culture (FTOC) 
Id3 blocks human T-cell development, while stimulating that of NK-cells11. 
Here we show that Id2 and Id3 behave similarly in blocking T-cell development 
from thymic progenitors when cultured on OP9 DL1 cells. This is consistent 
with observations in Id2 transgenic mice26. NK-cell development on OP9 DL1 
cells, however, was inhibited compared to parental OP9 cell cultures even 
when Id2 was overexpressed in the thymic progenitor cells. Thus, Id2 alone is 
not sufficient for full NK-cell maturation, but requires IL-15. The difference 
between our previous observations in FTOC and the results presented in this 
report using the OP9 sytem may be attributed to differences in the ability to 
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produce IL-15. In mice it has been shown that IL-15 is produced by thymic 
stromal cells17.  

A recent paper from the Caligiuri group27 described the characterization 
of the different stages of NK-cell differentiation in the secondary human 
organs.  A crucial role for IL-15 signaling in both human and murine NK-cell 
development is well established14-16,28. It was recently shown that IL-15 
deficient mice have normal numbers of NK-cell progenitors but severely 
reduced numbers of mature NK cells18. Attempts to isolate NK-cell progenitors 
in humans on the basis of IL-15 responsiveness have been proven difficult as 
this approach revealed both NKPs and mature NK-cells28,29. The stages of  
NK-cell development in the thymus remain elusive. Here we show that IL-15 
induces both the proliferative expansion of CD1a—CD5+ Id2+ NK-cell precursors 
from thymic progenitors and transition of these NK-cell precursors to mature 
NK cells. Our data are in line with previous findings in Id2—/— mice, in which 
NK-cell development is inhibited due to an intrinsic defect in NK-cell 
progenitors12,13.   

It has been reported that IL-15 negatively regulates T-cell 
development17. CD34+CD1a+CD5+ thymocytes, which have reduced capacity to 
develop into NK cells and are considered to be T-cell committed1, responded to 
IL-15 by phosphorylation of STAT5 similar to CD34+CD1a—CD5+ cells. We 
consider the possibility that, although these cells have a functional IL-15R, in 
vivo they will develop into T cells upon triggering of the Notch signaling 
pathway. It has been reported that Notch signaling is implicated in the 
emergence of T/NK precursor cells30 and stimulation of T-cell development in 
humans19,23,31. In this study we observed that active DL1/Notch signaling 
blocked the IL-15 induced development of mature NK cells. This is in line with 
previous observations that Notch deficient mice do not have defects in NK-cell 
development32 and that inhibition of Notch signaling in in vitro experiments 
results in increased numbers of NK cells33-35. Thus, although IL-15 is present in 
the thymic microenvironment and CD34+CD1a+CD5+ thymocytes have the 
ability to respond to IL-15, these cells develop into T cells and not into NK 
cells, because they are concomitantly triggered by Notch.  

 Thus far the role of E-proteins in T-cell development was mainly 
addressed by loss-of-function studies. Here we show that elevated levels of 
HEB stimulate differentiation into the T-cell lineage, whereas E12 and E47 are 
not capable of stimulation and even slightly inhibit T-cell development. This 
would fit a model in which E12 and E47 are constitutively expressed and that 
HEB is the limiting factor in T-cell commitment. It is known from studies in 
mice that heterodimeric complexes of an E2A protein, possibly E47, and HEB 
are obligatory for T-cell development20,36. In line with this we observed that 
the level of HEB overexpression was not sufficient to overcome the Id2 induced 
block in T-cell development. A likely explanation is that HEB was unable to 
prevent sequestering of other E proteins like E12 and E47 by Id2.  

Here we describe a novel role for Id2 in the development of human 
thymic NK-cells, namely the expansion of an IL-15 responsive NK-cell 
progenitor pool. This raises obvious questions on the mechanism that controls 
Id2 expression. During pancreatic embryogenesis Id2 has been shown to be 
regulated by the bone morphogenetic protein (BMP)-437. Notably, BMP4 is also 
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produced by the thymic epithelial cells (TEC)38,39 and can inhibit thymocyte 
proliferation, enhance thymocyte survival and arrest mouse thymic 
development at the DN1 stage before T-cell commitment40. This together with 
our data can be envisioned in the following model, in which (a subset of) TECs 
produce BMP4, which induces the expression of Id2 in early thymic 
CD34+CD1a—CD5+ NK-cell progenitor cells (figure 7). Consequently, 
differentiation into T-cells is abrogated by impairing HEB and some other  
E-protein. Concurrently, Id2 induces the proliferative expansion of NK-cell 
progenitors, which in the presence of IL-15 levels are allowed to differentiate 
into mature NK cells, but in the presence of Notch signaling and factors that 
release the Id2-induced block develop into T cells.  

 

 
 
Figure 7. A model for the dual role of Id2 at the human thymic T/NK-cell lineage 
decision. TECs produce BMP4, that induces the expression of Id2 in early thymic CD34+CD1a—

CD5+ T/NK progenitor cells. This abrogates differentiation by impairing HEB activity and 
counteracting ETS1 function resulting in blocked T and NK-cell development, respectively. 
Concurrently, Id2 induces the proliferative expansion of T/NK-cell progenitors. In the presence 
of IL-15, ETS1 protein levels increase allowing for differentiation to mature NK cells, but when 
levels of E-protein increase or Id2-protein levels decrease the T/NK-cell progenitors develop 
into T cells. 
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Abstract 

B-cell development in mice critically depends on IL-7 signaling as mice 
deficient for the cytokine IL-7 or its receptor do not produce any mature B cells. 
It has been proposed that STAT5, which is activated upon binding of IL-7 to its 
receptor, mediates this critical role in murine B-cell development. In contrast, 
humans lacking components of the IL-7R complex such as the IL-7Rα chain, 
common gamma chain, or Jak-3 have normal numbers of B cells in the 
periphery, indicating that IL-7 is not critical for B-cell development in humans. 
Nonetheless it remains possible that IL-7 does play a role in B-cell 
development but is redundant with other STAT5-activating cytokines. Here we 
have evaluated the roles of IL-7 and STAT5 in human B-cell development in 
vitro. CD34+ human fetal liver progenitors cultured in the presence of IL-7 
increased the total cell numbers, while the percentages of kappa and lambda 
positive cells were reduced as compared to cultures without IL-7. This may 
indicate that IL-7 induced the selective survival of cells before the immature 
sIg+ B-cell stage. Notably, this correlates with the mutually exclusive 
expression patterns of the IL-7R and IgM on pre-B-II and immature  
sIg+ B-cells respectively. More important, the primary IL-7R+ pre-B-II cells 
responded to IL-7 stimulation by phosphorylation of STAT5. To elucidate the 
role of STAT5 at the pre-B-cell stage we forced the expression of a constitutive 
active STAT5b mutant in progenitor cells. Similar to IL-7, activated STAT5b 
strongly increased proliferative expansion potential of pre-B cells, whereas 
reduced percentages of immature sIg+ B-cells were observed. Taken together 
this indicates that activation of the IL-7/STAT5 pathway acts to expand the 
pre-B-II cells during B-cell development. While this may present itself as a 
mechanism essential to meet the required diversity of the Ig-repertoire, 
continued activation of STAT5 in the pre-B-II cells may also contribute to 
malignant transformation. This may be deducted from our observation that 
freshly isolated primary human precursor B-cell acute lymphoid leukemia  
(B-ALL) constitutively expressed activated STAT5.  
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Introduction 
Self renewing hematopoeitic stem cells differentiate into naive B-cell 

receptor (BCR) expressing cells through a successive number of proliferation 
and differentiation steps. In the earliest stages of B-cell development the V, D, 
and J gene segments of the BCR heavy chains are recombined. After 
productive VH-DJH recombination IgH heavy chains are associated with a 
surrogate light chain (VpreB and λ5) and expressed as a pre-BCR complex on 
the cell surface. The appearance of the pre-BCR marks an important 
checkpoint in the pro-B to pre-B transition. If functional, signaling through the 
pre-BCR results in proliferative expansion of cells at the pre-B stage(reviewed 
in1). The pre-B cellular stage can be subdivided into pre-B-I, large-pre-B-II 
and small-pre-B-II cells1,2 of which the proliferative expansion mainly takes 
place at the large-pre-B-II cells. Also at this point the DNA rearrangement 
machinery is non-active, whereas the in small-pre-B-II cells, the phase directly 
following the large-pre-B-II stage, light chain rearrangement is initiated in 
order to produce a fully functional mature BCR-complex. Recent in vivo 
experiments in mice have suggested that the combined effects of signals 
transduced through the Interleukin 7 receptor (IL-7R) and pre-BCR complex 
are responsible for expansion of the large pre-B-II cells3. It is well established 
that IL-7 signaling is indispensable for the development of murine B-cells. 
Adult mice carrying targeted disruptions in the genes for IL-74 or common 
gamma (γc) and IL-7Rα (components of the IL-7R complex) chains5 have 
normal numbers of common lymphoid precursors, but show strongly reduced 
ability to differentiate into the earliest pre-B cell stage6. This indicates that  
B-cell development in mice critically depends on IL-7 signaling. The signal 
transducer and activator of transcription (STAT)5 is an important downstream 
target of the IL-7R. Also mice lacking STAT5 display a block early in B-cell 
development7 similar to the block observed in IL-7R—/— mice8. In line with this 
the forced expression of STAT5 rescues B-cell development, proliferation and 
Ig-rearrangement in IL-7—/— mice9. This identifies IL-7/STAT5 triggering as an 
indispensable pathway in murine B-cell development. 

IL-7 signaling is, however, not required for B-cell development in 
humans. Severe Combined Immunodeficiency (SCID) patients lacking IL-7Rα 
do not develop T cells, but have normal numbers of B-cells10. In addition, γc11, 
or Jak312 (a downstream factor of the IL-7R) deficient humans have severely 
repressed T-cell and natural killer (NK)-cell development, but have normal or 
even increased levels of peripheral B cells. This shows that the role for IL-7 in 
early B-cell development in humans at least in part is different from that in 
mice. Here we have re-evaluated the possible role of IL-7 in human B-cell 
development. Human pre-B cells have been shown to respond to IL-7 in vitro, 
whereas Flt3L appeared to act synergistically with IL-7 on these cells13. We 
report that the IL-7R is expressed on early CD19+CD20+ B cells and that the 
receptor is downregulated once they mature from pre-B into immature  
sIg+ B cells. A more detailed phenotyping of these cells showed that they 
closely resemble the definition of a large-pre-B-II cell. Furthermore, addition of 
IL-7 to developing B cells induces selective survival of pre-B cell, as 
determined by an increased number of total cells, but decreased BCR 
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expression on the cell surface. Similar to mice STAT5 has also been described 
as an important downstream target of the IL-7R in humans14. However, a role 
for STAT5 in early human B-cell development has not been described. 
Overexpression of a constitutive active STAT5b mutant (caSTAT5b) resulted in 
increased proliferation and extended lifespan of pre-B-II cells in in vitro 
cultures. Together these data describe a mechanism in which IL-7 activated 
STAT5 is responsible for selective expansion of cells of the pre-B-II cellular 
stage. The phenotype of the pre-B-II cells is similar to that of precursor acute 
lymphoid leukemia B cells (B-ALL). In line with this human primary precursor 
B-ALL cells were tested positive for tyrosine phosphorylated STAT5, suggesting 
that deregulated STAT5 expression is sufficient to induce the formation of a  
B-ALL like cell type.  
 
Material and methods 
Reagents and mAbs  

Monoclonal antibodies to CD19, CD20, CD34, CD38, CD45, IgM, lambda, 
kappa, conjugated to PE, PerCP, PeCy7, APC, or APCCy7 were purchased from 
Becton Dickinson (BD, San Jose, CA). The cytokines SCF, TPO, and IL-4 were 
obtained from R&D system (Abingdon, United Kingdom). IL-7 was kindly 
provided by Dr. J. Cornelissen (Erasmus University, Rotterdam, Netherlands). 

 
Isolation of CD34+CD38+ cells from fetal liver 

The use of fetal liver was approved by the Medical Ethical Committee of 
the Academic Medical Center and was contingent on informed consent from 
patients in accordance with the Declaration of Helsinki. Human fetal tissues 
were obtained from elective abortions. Gestational age was determined by 
ultrasonic measurement of the diameter of the skull and ranged from 14 to 
20 weeks. Human fetal liver cells were isolated by gentle disruption of the 
tissue by mechanical means, followed by density gradient centrifugation over 
Ficoll-Hypaque (Lymphoprep; Nycomed Pharma, Oslo, Norway). CD34+ cells 
were isolated using a CD34-MACS separation kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany). The CD34+ cells were stained with anti-CD34 and anti-
CD38 mAbs and further purified into CD34+CD38+ cells using a FACSAria (BD), 
purity of the sorted cells in all experiments was >99%. 

 
Constructs and retroviral transduction 

The STAT5bER retroviral constructs has been described earlier15. 
Retrovirus containing supernatants were produced using the 293T-based 
Phoenix amphotropic packaging cell line and selection on the selectable marker 
puromycin16. 

For transduction sorted CD34+CD38+ fetal liver progenitor cells were 
cultured overnight in the presence of 20 ng/ml SCF, 20 ng/ml TPO and 
10 ng/ml IL-7 followed by 6-7 hours incubation with virus supernatant in plates 
coated with retronectin (Takara Biomedicals, Otsu, Shiga, Japan). 
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Differentiation assays  
Development of CD34+CD38+ cells into CD19+ pre-B cells was assayed in 

a co-culture assay with the murine bone marrow stromal cell line OP9 (kindly 
provided by Dr T. Nakano (Osaka University, Osaka, Japan) and maintained in 
IMDM medium (Invitrogen, Carlsbad, CA) with 8% fetal calf serum. Medium, 
cells and cytokines are refreshed every 7 days. Long term cultures with  
pre-B-II cells were performed on irradiated (80 Gy) CD40 ligand (CD40L, 
CD154) expressing fibroblasts (L-cells) in IMDM medium (Invitrogen) 
supplemented with 8% fetal calf serum 20 ng/ml IL-2 and 5 ng/ml IL-4. 

Flow cytometric analyses were performed on an LSRII FACS analyzer 
(BD), dead cells were excluded from analysis based on electronic gating on 
cells stained negative for 4'-6-Diamidino-2-phenylindole (DAPI, Sigma, 
St.Louis, MO) . 

 
Patient material 

B-cell acute lymphoid leukemia patient material was kindly provided by 
Dr. E. van der Schoot and R. Dee (Sanquin Research, Amsterdam, 
Netherlands).  Cells were thawed and directly analyzed by flowcytometry. 

 
Results 
IL-7R+ CD19+ fetal liver cells are large cycling pre-B cells and lack B-
cell receptor expression 

In contrast to observations made in IL-7 and IL-7Rα deficient in mice B-
cell development in humans does not seem to critically depend on IL-7 
signaling10-12. However these findings do not rule out a role for IL-7 in human 
B-cell development. To address at which stage in development the IL-7Rα 
chain is expressed we analyzed early B-cell subsets in the human fetal liver by 
flowcytometry. Using the cell membrane markers recently described by van 
Zelm et al.2, we found that IL-7Rα was expressed on a subset of the CD19+ 
cells that were CD20dim. The CD19+CD20dimIL-7Rα+ cells were CD10hiCD34dim 
and did not express sIgM (figure 1A). In fetal bone marrow, but not spleen, a 
similar B-cell population was observed (data not shown). Furthermore, based 
on the forward scatter pattern CD19+CD20dimIL-7Rα+ were larger as compared 
to the CD19+IL-7Rα— cells (figure 1A). In addition, approximately 50% of the 
IL-7Rα+ cells were in G2/M phase in comparison to 6-8% of the IL-7Rα— cells 
as determined by measuring of the DNA content after propidiumiodide (PI) 
labeling (figure 1B). Together with an increase in cell size (figure 1A) this 
shows that the IL-7Rα+ B-cells are large cycling cells. As recently shown CD19+ 
B cells tyrosine phosphorylate the transcription factor STAT5 (pSTAT5) in 
response to IL-714. To determine whether the IL-7R is functional on the CD19+ 
subset, we analyzed the cell for the presence of pSTAT5 by flowcytometry after 
incubation with IL-7. As expected the IL-7Rα+, but not IL-7Rα— CD19+ cells 
stained positive for the presence of pSTAT5 (figure 1C). Together these data 
indicate that the IL-7Rα+ cells are large pre-B-II cells based on phenotype and 
cell cycle status. In addition these cells respond to IL-7 by phosphorylation of 
STAT5.  
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Figure 1. Characterization of IL-7Rα+ and IL7Rα— fetal liver B cells.  
(A) MACS-enriched CD19+ fetal liver cells were analyzed for the cell surface expression of IL-
7Rα, and CD20. Expression of CD10, CD34, and sIgM and forward scatter (FSC) was 
determined after electronically gating on IL-7Rα+ or IL-7Rα— B-cells (n=6). IL-7Rα+ or IL-7Rα— 
B cells were sorted from MACS-enriched CD19+ fetal liver cells and tested for (B) DNA content 
after propidiumiodide (PI) staining (n=3) and (C) STAT5 phosphorylation (pSTAT5) after IL-7 
(20 ng/ml) stimulation. Thick line: IL-7Rα+, thin line: IL7Rα—, filled histogram: isotype control 
(n=3). 

 
IL-7 signaling induces selective survival of sIg-light chain negative B 
cells. 

The mutually exclusive expression of a functional IL-7R and sIgM on the 
large pre-B-II cells could suggest a role for IL-7/STAT5 signaling at this stage 
in early B-cell differentiation. To test this hypothesis CD34+ fetal liver 
progenitor cells were co-cultured with the adherent murine bone marrow 
stromal cell line OP9 in the presence or absence of IL-7. Addition of IL-7 
slightly reduced the percentages of cell surface light chain positive cells (figure 
2A), while the numbers of CD19+sIg— cells increased as compared to the 
cultures without IL-7 (figure 2B). Together this indicates that IL-7 induces the 
expansion of IL-7R+ pre-B-II cells.  
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Figure 2. IL-7 signaling induces selective survival of pre-B cells. (A) CD34+CD38+ fetal 
liver cells were co-cultured with OP9 stromal cells with or without 20 ng/ml IL-7. After 2 weeks 
the cultures were analyzed for the presence of λ and κ positive pre-B cells by flow cytometry. 
Dotplots are electronically gated on the living (DAPI—) CD19+ population. (B) Relative cell 
numbers of CD19+sIg— cells were calculated on basis of total numbers of cells harvested from 
the cultures, and number of input cells. One representative experiment of 2 is shown. 

 
 

Active STAT5 induces selective survival of sIg-light chain negative 
cells 

In figure1C we demonstrate that primary IL-7Rα+ pre-B-cells responded 
to IL-7 by STAT5 phosphorylation, which is consistent with previous 
observations14. This raised the question whether the forced expression of a 
constitutive active mutant of STAT5 affects B-cell development in a way similar 
to IL-7. Therefore CD34+ fetal liver progenitor cells were transduced with the 
tamoxifen (4HT) inducible active STAT5bER construct we described earlier15. 
When STAT5bER was activated, by addition of 4HT a 50% reduction in the 
percentages of immature sIg+ B cells was observed as compared to the control 
cultures (figure 3A). In addition increased cell numbers of CD19+sIg— cells 
were detected when STAT5 was active (figure 3B and table 1). Similar results 
were obtained when IL-7 was added to the progenitor cell cultures (figure 2) 
and indicate that constitutive IL-7/STAT5 signaling leads to preferential 
expansion of pre-B-II cells.  
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Figure 3. Active STAT5 selectively expands cells pre-B cells. (A) CD34+CD38+ fetal liver 
cells were transduced with the STAT5bER fusion or a GFP control construct. Transduced and 
non-transduced cells were co-cultured with OP9 stromal cells plus or minus tamoxifen (4HT). 
After 2 weeks the cultures were analyzed for the presence of λ and κ positive pre-B cells by 
flow cytometry. Dotplots are electronically gated on the living (DAPI—) CD19+ population. (B) 
Fold expansion of CD19+ cells were calculated 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 4 is shown.  

 
 

Table 1. Active STAT5 selectively expands cells pre-B cells 

Experiment GFP GFP STAT5bER STAT5bER ratio
no. +4HT +4HT STAT5+4HT/GFP+4HT
1 0.6 0.6 0.6 1.8 2.9
2 1.2 1.1 2.0 2.3 2.1
3 2.0 1.8 1.2 4.0 2.3
4 2.1 2.7 3.3 11.0 4.2

relative cell number

 
 
CD34+CD38+ fetal liver progenitors were STAT5bER or control transduced and cultured on OP9 
in the presence or absence of tamoxifen (4HT). Percentages of CD19+sIg— cells were 
determined after 2 weeks of culture. Relative cell numbers were calculated as indicated in 
figure 3B. 
 
 
STAT5bER+ transduced B cell rapidly expand in response to CD40L and 
cytokine stimulation 

Previously it has been reported that primary B-ALL cells, which have a 
phenotype similar as pre-B-II cells (see below), are able to proliferate in the 
presence of CD40L and cytokines17. The question rises whether these culture 
conditions would also support the long-term survival of our in vitro generated 
STAT5bER+ pre-B cells. Therefore we sorted the CD45+CD19+ B cells from OP9 
cultures after 14 days and co-cultured the cells with CD40L expressing 
fibroblasts supplemented with IL-2 and IL-4. Under these conditions, the 
STAT5bER transduced B-cells grown in the presence of tamoxifen (4HT) had a 
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clear growth advantage over the cells in the control cultures (figure 4A). While 
the total percentage of kappa and lambda positive cells was consistently lower 
in the STAT5bER+4HT culture as compared to the control cultures (figure 4B). 
These data reinforced the notion that continued expression of STAT5 in 
precursor B cells provides a long-term growth advantage to pre-B-II cells.  

 

 
 
Figure 4. STAT5b induces long term expansion of pre-B-II cells. CD34+CD38+ were GFP 
control or STAT5bER transduced and co-cultured with OP9 stromal cells in the presence or 
absence of 4HT. After 2 weeks the CD45+CD19+ cell were sorted from the culture and plated 
on CD40L fibroblasts cells supplemented with 20 ng/ml IL-2 and 5 ng/ml IL-4 in the presence 
or absence of 4HT. Cultures were analyzed regularly for the numbers of transduced (A) CD19+ 
and (B) percentage CD19+kappa/lambda+ cells. Calculations were performed as indicated in 
figure 3B.  
 
 
Precursor B-ALL cells have constitutive active STAT5 signaling 

The data described above shows that cells at the pre-B-II cellular stage 
lack expression of a BCR, but are IL-7 responsive as indicated by 
phosphorylation of STAT5. Both IL-7 and constitutive activation of STAT5 
stimulate survival at the pre-B cellular stage, while reducing the percentage of 
immature B cells. This is a phenotype commonly found in patients suffering 
from precursor B-ALL (pre-B-ALL)17,18. To confirm this and in addition to 
address whether the IL-7/STAT5 pathway has been activated in pre-B-ALL cells 
we analyzed primary pre-B-ALL cells by flowcytometry (figure 5A). Except for 
CD20, the phenotype for the pre-B-ALL cells, in particular with respect to the 
cell surface expression of CD19, IL-7Rα, CD34, CD10, and sIgM was similar to 
that of the large pre-B-II cells described in figure1A. Interestingly, the pre-B-
ALL cells express the IL-7Rα chain to high levels. More importantly, 
constitutive active STAT5 was observed in the primary pre-B-ALL patient cells 
(figure 5B).  
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Figure 5. STAT5b induces long term expansion of pre-B-II cells. (A) Primary human B-
ALL cells were analyzed for cell surface markers (n=2) and (B) the presence of pSTAT5 by flow 
cytometry (n=2).  

 
Discussion 

In mice IL-7 signaling is required for proper B-cell development, since 
both IL-7R—/— 4,5 and STAT5—/— 7 mice lack B cells. Conversely, humans lacking 
IL-7 signaling have normal numbers of peripheral B-cells10-12. It has been 
reported that human CD19+ B cells phosphorylate STAT5 in response to IL-7. 
Based on this observation and the finding that STAT5 is required for B-cell 
development in the mouse we reasoned that STAT5 is also critical for human 
B-cell development. However, a role for STAT5 in human B-cell development 
was never investigated.  

Here we show by flow cytometry that large pre-B-II cells express the  
IL-7Rα chain and respond to IL-7 by phosphorylation of STAT5. Furthermore a 
constitutive active IL-7/STAT5 pathway in CD34+CD38+ fetal liver progenitor 
cells increased the total number of CD19+ cells, while reducing the percentage 
of kappa and lambda positive cells in the culture. This suggests that  
IL-7/STAT5 signaling does not lead to stimulation of maturation of pre-B-II 
cells into immature B cells. Moreover long term cultures with constitutive 
active STAT5 (caSTAT5) expressing B cells undergo strong proliferative 
expansion of CD19+sIg— cells as compared to cells grown under control 
conditions. In this respect the in vitro cultured STAT5+ pre-B-II cells resemble 
the phenotype of precursor B-ALL cells isolated from patients. These patient 
precursor B-ALL cells are also positive for phosphorylated STAT5 indicating a 
correlation of continued expression of active STAT5 with pre-B-ALL formation. 
 
Cytokines in early B-cell development 

Our observations show an important role for STAT5 at the expansion of 
cells at the pre-B-II cellular stage. In these cells STAT5 can be activated by 
triggering of the IL-7R. However, patients deficient for the IL-7R have normal 
B-cell numbers10, suggesting that IL-7 may have functional redundancy with 
another cytokine in the activation of STAT5. The cytokine thymic stromal 
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lymphopoietin (TSLP) is also known to activate STAT5 and promote the 
development of immature IgM+ B cells in the mouse19. TSLP seems to be 
required for mouse fetal B-cell development20. However, like IL-7 TSLP also 
signals via the IL-7Rα chain both in mice and humans21,22, making it an 
unlikely candidate to promote B-cell development in the IL-7R deficient 
patients. 

The cytokine Flt3L has also been implicated in B-cell development.  
Flt3—/— mice have reduced numbers of B-cell progenitors, indicating that Flt3L 
is a crucial factor for early B-cell development 23. In line with this Flt3L is 
capable of expanding the pool of pro-B cells13. However, Flt3 signaling needs to 
be repressed to allow commitment of the precursor cells to the B-cell 
lineage24,25, indicating that Flt3L only positively affects B-cell development at a 
progenitor stage. Moreover we recently found that Flt3L signaling is not able to 
induce phosphorylation of STAT5 (W. Dontje and B. Blom unpublished 
observations). Further investigation on the cytokine in control of STAT5 
activation at the pre-B-II stage is required. 
 
The IL-7/STAT5 pathway inhibits light chain rearrangement 

The ultimate purpose of B-cell differentiation is to produce a broad 
repertoire of antigen specific B-cells. The diversity in the B-cell memory pool is 
accomplished through V(D)J recombination of the Ig heavy chain (IgH) loci. 
Heavy chain rearrangements take place at the pro-B cell stage. A heavy chain 
protein is produced from a successfully rearranged IgH gene and expressed on 
the cell surface in a pre-BCR complex. The pre-BCR complex consists of an IgH 
chain paired with surrogate light chains VpreB and λ51 and promotes 
differentiation to the next stage in which the heavy chain genes are excluded 
from further recombination. The non-expressed IgH allele is silenced by allelic 
exclusion. 

The mechanism regulating Ig-gene recombination is still poorly 
understood. It is however clear that three requirements need to be met before 
rearrangement of the IgH locus is initiated: centromeric localization of the H 
chain, contraction of the IgH locus, and acytelatation of the histones 
surrounding the VH genes. Our data suggest that triggering of the IL-7R or 
forced expression of a constitutive active STAT5 mutant inhibits B-cell 
differentiation at the pre-B-II stage before the immature B-cell stage. In the 
mouse IL-7 has been shown to negatively influence decontraction of the IgH 
locus and relocation to the non-expressed IgH chain to the repressive 
centromeric domains26. Furthermore, IL-7 induces acetylation of histones, 
which need to be deacetylated to allow light chain rearrangement27. This 
suggests that the IL7/STAT5 pathway needs to be downmodulated, before light 
chain rearrangement can be initiated. The implication is that a constitutive 
activated IL7/STAT5 signaling pathway inhibits the transition towards the 
immature B-cell stage by impairing light chain rearrangement. Altogether this 
presents itself as an attractive model in which 
 IL-7/STAT5 slows B-cell differentiation before the immature sIg+ stage. It 
would therefore be interesting to determine the centromeric localization and 
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contraction status of the IgH locus and the level of acetylation of the histones 
in human cells with highly active STAT5b.  

 
Lack of IL-7 signaling may induce a reduced B-cell repertoire 

Large pre-B-II cells respond to IL-7 by inducing proliferation and are 
developmentally arrested before the immature B-cell stage. This appears to 
contrast the observation that IL-7R deficient patients have normal percentages 
of B cells in the peripheral blood. Thus IL-7 receptor signaling is not essential 
for the differentiation of human B cells. In mice is has been shown that a 
reduction in the size of the pre-B-II cell population results in reduced serum Ig 
levels3. This could indicate that in humans proliferative expansion of the large 
pre-B-II stage is required to enlarge the pool of IgH+ B cells. Subsequently, 
pairing of the heavy chains with a great variety of light chains will broaden the 
Ig-repertoire. Conversely, IL-7R deficient patients may have a smaller pool of 
large-pre-B-II cells and may therefore have a decreased B-cell repertoire as 
compared to healthy donors.  

 
Deregulated STAT5 may induce oncogenesis at multiple stages in B-
cell development 

Here we demonstrate that forced expression of an active STAT5 mutant 
in pre-B cells results in an extended lifespan of these cells. Phenotypically the 
STAT5+ pre-B cells resemble that of primary human precursor B-ALL cells. This 
suggests a correlation between STAT5b transduced pre-B cells and precursor 
B-ALL cells. Whether or not STAT5 plays a central role in precursor B-ALL 
oncogenesis remains to be determined. Furthermore we have recently shown 
that STAT5 activation is also involved in the differentiation of memory B cells 
during a germinal center reaction15. Moreover constitutive activation of STAT5 
in mature B cells resulted in an extended life span of cells which strongly 
resembled Hodgkin and Reed-Sternberg (HRS) cells (Scheeren et al., 2006, 
submitted). We concluded that constitutive activation of STAT5 is a crucial 
factor in the formation of classical Hodgkin lymphoma. Together this shows 
that STAT5 activation plays an important role in at least two different stages 
during development of human B cells. First inducing proliferation at the large 
pre-B-II stage, likely required for broadening the Ig-repertoire. We 
hypothesize that deregulated constitutive activation of STAT5 at this stage 
plays a central role in the genesis of precursor B-ALL. Secondly, STAT5 
regulates memory B-cell differentiation in the germinal center. Deregulated 
STAT5 expression in these cells may result in a classical Hodgkin lymphoma. 
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General discussion 
 

The development of blood cells from uncommitted stem cells towards 
mature specialized cells that make up the hematopoeitic system is a complex 
and tightly regulated process. The steps in maturation are under the influence 
of the environment and are marked by changes in the gene expression 
program of the developing cells. Ultimately these programs are controlled by 
transcription factors, therefore new cell fates are induced by changes in the 
expression and/or activity of these factors. The research presented in this 
thesis provides insight in the extracellular signals regulating human lymphoid 
development and the downstream (transcription) factors involved. 

 
Transcription factors in control of lineage diversification 

A specific combination of multiple transcription factors is required to 
specify a given hematopoietic lineage. The transcription factors that prime 
multipotent progenitors for a certain lineage appear to have a similar method 
of action. Not only is the development of a particular lineage stimulated, but at 
the same time alternative lineage choices are inhibited. This idea is supported 
by several studies on both myeloid and lymphoid development. For example, in 
granulopoiesis Id1 strongly inhibits differentiation of eosinophils, while 
modestly stimulating that of neutrophils1. The homeobox protein HOX-A10 is 
also implicated in myeloid lineage decisions as the forced expression in  
CD34+ human progenitor cells induces a 6-fold increase in development of 
monocytic cells while strongly impairing that of T, B, and NK cells2.  

In lymphoid development Notch1 is generally recognized as one of the 
key players and well known to be indispensable for T-cell development3-5. 
Mimicking constitutive signaling by overexpression of the intracellular part of 
the Notch1 (icNotch1) receptor stimulates CD34+ cells to differentiate into  
T-cells, but strongly diminishes their potential to develop into monocytes and  
B-cells6. The ability of Notch1 to inhibit B-cell development has been attributed 
to its capacity to inhibit E47 activity7. However, the E2A gene product is not 
exclusively important for B-cell development, since also developing T-cells rely 
on E478. More relevant in this matter is the observation that EBF function is 
repressed in the presence of icNotch19 and that Notch1 overrules PU.1 activity 
in T-cell precursors10. This shows that Notch1 represses B-cell potential by 
inhibiting the function of B-lineage specific factors. Interestingly, the opposite 
also holds true as Pax5 maintains B-cell commitment by downregulation of 
Notch111 and additionally inhibits myeloid specific genes12,13. 

In chapter 4 we show that a mechanism similar to the T/B lineage switch 
is employed at the T/pDC bifurcation step. Notch1 also controls the T/pDC 
lineage decision in the human thymus in favor of developing T cells (figure 1 
and chapter 4)4. On one hand Notch1 signaling is, at least in part, responsible 
for induction of the T-cell lineage program by stimulation of GATA-3 
expression. On the other hand signaling through the Notch1 pathway actively 
blocks pDC development by repressing the expression of Spi-B. In line with 
this the Notch1 receptor is downregulated once cells commit to the pDC 
lineage, but the expression is maintained in pro-T-cells (chapter 4)4. 
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Conversely, Spi-B is a strong inhibitor of early T-cell development and in 
accordance downregulated once precursor cells commit to the T-cell lineage 
(chapter 2)14. Taken together, this shows that the development of pDCs is not 
allowed in the presence of signaling through the Notch1 receptor. Vice versa 
Spi-B expression is incompatible with commitment to the T-cell lineage.  

 
Maintenance of lineage commitment 

These observations reveal a common mechanism by which lineage 
specific factors control lymphoid development. These lineage specific factors 
have a dualistic function: on one hand instruction of a lineage specific 
developmental program, while on the other the transcriptional program of 
alternative lineages is repressed. It is reasonable to assume that extinguishing 
lineage inappropriate factors is equally important as the induction of lineage 
commitment. The majority of factors described to play a role in early stages of 
development are already expressed at the multipotent stage before 
commitment has taken place15. It is therefore likely that as result of this, 
residual amounts of lineage inappropriate factors are present in the cellular 
stages directly following lineage commitment. In order not to disturb the 
processes initiated after commitment, such as rearrangement of the B- and T-
cell receptor loci, the lineage inappropriate factors need to be inactivated as 
much as possible. This also explains that the Notch1 receptor controls lineage 
commitment at two levels. First the expression of lineage specific genes 
(GATA-3 and Spi-B) is regulated and second the function of lineage 
inappropriate proteins (EBF and PU.1) is actively repressed. To stress the 
importance of these phenomena it was recently shown that Notch signaling 
continues to secure T-lineage commitment up till the point where T-cells 
become TCR-dependent10.  

 
 

Figure 1. A model for the control of T/pDC lineage bifurcation. Signaling through the 
Notch1 receptor upregulates GATA-3 expression, while downmodulating that of Spi-B. Spi-B is 
able to overcome the Notch1 induced block on pDC development, but not in the presence of 
high levels of GATA-3. Furthermore Spi-B and GATA-3 are potentially able to inhibit each 
others function by protein-protein interaction. 
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GATA-3 and Spi-B protein-protein interaction 
Spi-B potently blocks T-cell development (chapter 2)14, whereas GATA-3 

strongly inhibits pDC development (chapter 4)4. It is of interest to consider 
how Spi-B and GATA-3 may affect each others expression. While this may be 
at the transcriptional level we speculate that another, not mutually exclusive, 
mechanism regulates the T/pDC lineage decision.  GATA-3 and Spi-B may 
inhibit each others function through protein-protein interactions (figure 1). 
Based on the high degree of homology the GATA-3/Spi-B interaction likely 
resembles that of their respective family members GATA-1 and PU.1 (encoded 
by Spi-1) in the myeloid versus erythroid lineage decision. Development of the 
myeloid lineage critically depends on PU.116-18, whereas GATA-1 is required for 
the erythroid lineage19. PU.1 inhibits differentiation to fully mature 
erythrocytes due to interference with DNA binding of GATA-1 (figure 2A)20. 
Conversely, GATA-1 blocks myeloid development by preventing the binding of 
PU.1 to c-Jun, a critical co-activator for PU.1 function (figure 2B)21. It is shown 
that GATA-1 does not repress PU.1 gene expression22 suggesting that the 
negative cross-talk of PU.1 and GATA-1 on the myeloid/erythroid lineage 
specification is only regulated through direct protein-protein interaction. Given 
the high homology between the domains involved of the respective ETS and 
GATA-family-members it is fair to assume that Spi-B and GATA-3 employ a 
mechanism similar to that described for PU.1 and GATA-1. In support of this 
we found that forced Spi-B expression rescues the block in pDC development 
from the DL1 induced upregulation of GATA-3. However when GATA-3 levels 
are forced to high levels Spi-B is no longer able to direct a pDC fate in the 
precursor cells (chapter 4)4. This would fit with a model in which GATA-3 and 
Spi-B balance each other in uncommitted precursor cells. Disturbance of this 
balance due to extracellular signals induces the actual lineage decision and 
commitment to one of the lineages takes place.  

 
 

 
Figure 2. GATA-1 and PU.1 protein-protein interaction. (A) PU.1 inhibits erythrocyte 
development through binding of the GATA-1 Zn2-domain and thereby prevents DNA-binding. 
(B) GATA-1 inhibits myeloid development by preventing the binding of c-Jun at the PU.1. TAD-
domain, Zn; zinc-finger domain, TAD; transactivation domain, ETS; ETS-DNA binding domain.  
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Role for Spi-B in pDC function 
Spi-B is involved in commitment of human progenitor cells to the pDC 

lineage. It is however unclear whether Spi-B also has a role in mature pDCs. 
Furthermore, it is not known whether Spi-B has a role in commitment of 
murine pDCs. Spi-B knock out mice have been made23, but are thus far not 
thoroughly analyzed for the presence of pDCs. Instead mice deficient for IRF-8 
have strongly reduced numbers of pDCs, revealing the importance of this 
protein for the development of mouse pDCs24,25. Interestingly, both Spi-B and 
IRF-8 and their closely related family members PU.1 and IRF-4, are able to 
bind DNA in a ternary complex26,27. In addition the PU.1/IRF-4 complex is able 
to synergize with the E-protein E47 in the induction of MHC class II 
expression28. Together with our observation that one or more E-proteins are 
required for pDC development29 makes it tempting to speculate that a complex 
of Spi-B/IRF-8 and an E-protein is required for the development of human 
pDCs. Furthermore, Spi-B expression in human pDCs is maintained even after 
stimulation with IL-3 and CD40L (chapter 2)14. This could suggest that the  
Spi-B/IRF-8/E-protein complex also has a part in the antigen presenting 
abilities of pDCs after maturation. How this transcriptional complex exerts its 
function and what the target genes are has not been elucidated. It has been 
shown that Spi-B promotes B-cell survival by stimulating c-rel expression30. 
Notably, CpG-stimulated NFκB1—/—c-Rel—/— pDCs produce normal levels of 
Interferon (IFN)-α, but fail to acquire a DC morphology or upregulate 
maturation markers, and have diminished ability to produce IL-631. Instead the 
activated NFκB1—/—c-Rel—/— pDCs undergo apoptosis. Together this strongly 
suggests that Spi-B is not only involved in pDC commitment but most likely 
also has a role in maturation and survival of activated pDCs. 
 
Thymic colonization 

All hematopoietic cells can be generated in the bone marrow, with the 
exception of T cells and possibly IL-7R+ NK cells32 which develop in the 
thymus. Although the majority of thymocytes indeed belong to the T-cell 
lineage, other cells types such as B cells, NK cells and DCs are also found in 
the thymus. The thymus manufactures T cells throughout life but does not 
contain cells with self-renewing potential and is instead populated by 
progenitor cells released from the bone marrow33,34. This raises questions on 
the nature of these thymus-colonizing cells; are these cells with unrestricted 
lineage capacity capable of generating multiple lineages or does the thymus 
allow entry of already lineage committed cells?  

By single cell progenitor assays Katsura’s group35 showed, that the 
murine fetal thymus does not contain any multi-lineage progenitor cells, but 
instead harbors a mixture of lineage committed progenitor cells. In line with 
this the adult murine thymus was shown to contain T-cell lineage precursors 
which have only limited B-cell potential36. Together this suggests that 
progenitor cells commit to a certain lineage before they enter the thymus. 

However, contrasting evidence suggests that the thymus is populated by 
uncommitted cells. In both human and mouse bone marrow progenitors with 
the ability to give rise T, B, NK, and dendritic cells, but lacking myeloid 
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potential exist37,38. Moreover, lineage negative multipotent progenitor cells with 
T-cell potential were found circulating in the blood39 and common T/NK cell 
precursors are present in the human fetal thymus40. In addition the 
development of NK cells and DCs in the thymus is linked through a shared 
bipotential progenitor41. The existence of multipotent progenitor cells in the 
human thymus was recently confirmed42 and supports a model in which a 
common lymphoid progenitor (CLP) migrates from the bone marrow to the 
thymus. These CLPs have T-, NK-, and DC-lineage potential, but do not initiate 
lineage commitment before thymic entry. This model fits with experiments in 
which cells isolated from the thymus of adult CCR9/GFP transgenic mice (CCR9 
is a chemokine receptor) were analyzed. Isolated CCR9/GFP+ thymic precursor 
cells were shown on a single cell level to have T-cell, B-cell, NK-cell, and DC 
potential43. Although these data are presented as additional evidence for 
lineage commitment after thymic entry they may also reflect a possible 
dependence of lineage committed cells on CCR9 expression for thymic entry. 
All these experiments provide insight in the nature of thymic immigrants. 
However a definitive conclusion on this matter is hampered by lack of 
functional data as it was never shown which cells can physiologically seed the 
thymus. 

Stronger proof for the idea that multipotent precursors seed the thymus 
is provided by Canque and co-workers who identified a CD34hiCD45RAhiCD7+ 
human cord blood population with T-, B-, NK-, and DC-potential44. 
CD34hiCD45RAhiCD7+ progenitor cells emerge in the bone marrow by gestation 
week 8-9 and are able to infiltrate thymus lobes where they subsequently 
adopt a T-cell lineage fate, although the outgrowth of B cell, NK cells, and DCs 
was not tested44. Additionally, these progenitors were shown to be direct 
precursors of CD34hiCD1a— fetal thymocytes previously proposed to be a 
multipotent non-committed immature subset in the thymus29. These data are 
the first to functionally show that a multipotent pre-thymic population is able 
to colonize the human thymus. However, at this point it is unclear which cells 
enter the thymus in a physiological way. Therefore these data do not exclude 
the possibility that in parallel the thymus is seeded by a heterogeneous 
population of more or less lineage committed progenitor cells. Collectively this 
mixture of multipotent and lineage restricted progenitors cells has the potential 
to develop into the different thymic lineages. Furthermore, it is not unlikely 
that discrepancies in observations arise due to recruitment of different 
progenitor cells to the thymus during fetal and adult life.  

 
Notch signaling in adult and fetal thymic colonization 

Evidence for discrepancies in nature of the thymic seeding cells in adult 
versus fetal life comes from studies in which timing of Notch1 signaling in T-
cell lineage commitment is addressed. As described above the role for Notch1 
in T-cell commitment is well established. In chapter 4 we describe that 
DL1/Notch1 signaling regulates the lineage decision between T-cells and pDCs 
from human CD34+ postnatal thymic progenitor cells4. On one hand this may 
suggest that T-cells and pDCs in thymus derive from a common progenitor, 
although further investigation at a single cell level is required to confirm this 
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hypothesis. On the other hand this result suggests that Notch1 regulates 
lineage decisions after multipotent progenitor cells enter the thymus. This is in 
concert with the observation that B-cells develop in the thymus of adult 
Notch1—/— mice45. In these mice B-cell precursors were not present in the 
blood indicating that committed B-cell precursors do not migrate from the BM 
to the adult thymus, but instead a CLP enters the thymus without the need for 
Notch1 signaling. In line with this Notch1 signaling is turned on only when cells 
enter the thymic microenviroment as assessed by increased expression of the 
Notch1-downstream target Hes-1 in early thymic progenitors15,46,47. 

However Harman et al.48 obtained contrasting data in studies with the 
murine fetal thymus. Cells present in the mesenchyme surrounding the thymus 
are recruited to the thymus, but have not yet encountered the Notch ligands 
expressed on the thymic epithelium. It is shown that progenitors present in the 
mesenchyme have lost their B-cell potential and are T-cell committed, 
suggesting that the T/B lineage decision is made prior to contact with thymic 
epithelial microenvironment. In line with this the fetal liver stroma expresses 
high levels of DL1 and DL448. These observations would fit a model in which T-
cell commitment during fetal life is induced by Notch ligands expressed within 
the fetal liver48. Conversely in adults T-cell commitment would take place in 
the thymus where DL1 is expressed49. Conversely, DL1 is present at relatively 
low levels on murine BM stroma50. However, in this respect one has to take 
into consideration that DL4 may also induce T-cell commitment (see below). 
Thus far DL4 expression has been tested neither in the postnatal thymus nor in 
adult BM. 
 
Specificity of Notch ligands 

The first indication for a role of Notch signaling in hematopoeitic 
development was published in 1994 showing that Notch1 (TAN1) is expressed 
on human CD34+ bone marrow cells51. Later studies showed that Notch is 
involved in the expansion of the progenitor pool52 and that Notch1 is 
indispensable for T-cell development in mice53. Now it is well established that 
the five Notch ligands (Jagged1, Jagged2, Delta-like1, Delta-like3, and Delta-
like4) and five receptors Notch1-4 and the recently discovered Notch2 
homologue N2N54 are widely expressed throughout the lymphoid system55. 
However, little is known about the specificity of the ligand-receptor interactions 
and downstream targets regulating lymphoid development. Recently it was 
found that monolayer cultures with OP9 stromal cells expressing DL1 are 
sufficient to mediate full T-cell development56. This provides a powerful tool 
allowing the investigation of T-cell development at a molecular level and has as 
such greatly advanced the field and renewed the interest in Notch signaling in 
lymphoid development. Surprisingly this has not yet led to a major increase in 
the knowledge concerning the precise regulation of Notch receptor triggering. 

The first pieces of evidence that triggering of the Notch receptor through 
distinct ligands may differentially affect development of lymphocytes came 
from Jaleco et al57. Using a different stromal cell line expressing either DL1 or 
Jagged1 (Jag1) revealed that DL1 promotes the development of T/NK-cell 
precursors, while completely inhibiting that of B cells. Conversely, Jag1 did not 
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disturb the development of B-, T-, or NK-cells. In chapter 4 we extended this 
finding by showing that both OP9 Jag1 and OP9 DL1 cell line support the 
development of T cells from human progenitor cells4, although the 
development-kinetics on OP9 Jag1 is lower as compared to the OP9 DL1 
cultures. Moreover, we found that DL1, but not Jag1, inhibits pDC 
development4,58. Together these studies show that DL1 specifically drives 
lymphoid differentiation toward the T- and NK-cell lineages. However, the 
study described by Jaleco et al.57 did not directly address the question whether 
the Notch-ligands differently affect a common precursor. Our study provides 
evidence for this by showing on the molecular level that in sorted CD34+ 
thymic progenitors DL1 more profoundly triggers the Notch1 receptor when 
compared to Jag14. In agreement with this Hes1 expression was higher in DL1 
than Jag1 stimulated cultures4,57. In addition, we found that in the progenitor 
cells the DL1/Notch1 pathway induces T-cell commitment through upregulation 
of GATA-3 expression, while suppressing non-T-cell associated genes4,59. This 
indicates that DL1 may be more relevant for T-cell lineage commitment than 
Jag1. This is confirmed by the observation that the forced expression of DL1 in 
hematopoeitic cells is sufficient to drive T-cell development even in the 
absence of a thymus60. Analysis of conditional DL1 knock out mice revealed 
that DL1 is necessary for development of marginal zone B cells but is not 
required for T-cell development61. This suggests that another Notch1 ligand, 
probably DL4, is driving T-cell development in vivo. The observation that DL4 
also supports T-cell development in vitro is consistent with this idea60,61. 
However experiments to test the hypothesis that DL4 and not DL1 is required 
for T-cell development in vivo have not yet been performed. DL1 and DL4 may 
have redundant functions in early T cell development. This appears to be the 
case in the later stages of T-cell development, namely the Th1 versus Th2 
lineage decision. Interaction of DL1 with Notch3 induces Th1 differentiation62. 
Similarly the expression of DL4 on in vitro derived DCs instructed a Th1 cell 
fate, whereas Jag1 is responsible for differentiation of Th2 cells63. 
Determination of the physiological DL-family member in T-cell development 
requires mice with inactivated DL4 in thymic stromal cells. Furthermore and in 
addition to statements made in the previous section it is highly likely that the 
geographical expression of the different Notch ligands is of major importance 
for hematopoeitic development. In support of this the thymic expression of 
DL1 mirrors the anatomical site of T-cell development. In the thymus DL1 is 
absent on cells of medullary stromal cells, but present in the cortex, where the 
earliest steps in T-cell development takes place49. As our knowledge of the 
specific signals transduced through the various Notch ligand-Notch receptor 
interactions in lymphoid development is increasing, it is appreciated that the 
role of Notch receptor/ligand interactions are more complex than previously 
suggested64. 
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PDC origin 
Ever since their discovery the developmental pathway of the pDC was 

questioned. It was proposed that the murine counterpart of the human 
pDC65,66 is derived from a common DC precursor which gives rise to all DC 
subsets but does not have any lymphoid or myeloid potential67. However, this 
hypothesis was later questioned by the authors themselves as the isolated 
precursor population turned out to be highly contaminated with cytolytic NK 
cells devoid of DC-reconstitution potential (corrigendum; del Hoyo, Nature, 
2004). To date no convincing evidence for the existence of a common DC 
precursor has been provided. Many groups have addressed the question 
whether pDCs are of myeloid or lymphoid origin. Human pDCs lack the 
expression of typical myeloid markers such as CD13, CD33, CD11c, but 
express lymphoid related genes such as CD2, CD5, pTα, Spi-B, λ5, and contain 
immunoglobulin transcripts14,68-71. Together with the observation that the 
forced expression of Id2 or Id3 in human CD34+ progenitors blocks T-, B- and 
pDC-development but does not affect development of myeloid DCs supports 
the notion of a lymphoid kinship29. Indeed, studies in both mice and humans 
have suggested that pDC are derived from lymphoid precursors70,72. However, 
pDC may not exclusively be of the lymphoid origin as Manz and co-workers 
isolated common lymphoid (CLP), common myeloid (CMP) and 
granulocyte/macrophage progenitors (GMP) from human cord blood that are 
capable of developing into interferon producing pDCs73. By limiting dilution 
assays the authors claim that the CMP and GMP have about five-fold more pDC 
potential than the CLP73. Earlier the same group showed in mice that pDCs can 
develop from both Flt3+ lymphoid and Flt3+ myeloid precursors74. In addition, 
a recent paper describes a novel progenitor cell MDP (macrophage and DC 
progenitor), which gives rise to monocytes, macrophages and several DC 
subsets including pDCs75. In contrast, Harman et al.76 claim that pDCs are 
exclusively myeloid derived as in intravenously injected mice pDCs were more 
effectively generated from CMP than CLP. 

While the majority of papers point to the existence of both myeloid and 
lymphoid pDCs controversy remains. It is obvious that the major cause of 
discrepancies between the various studies is caused by different definitions of 
CMP and CLP used by the different groups. For instance the Manz group73 did 
not purify their CLP population on basis of CD45RA expression, thereby 
including a population of CD45RA— cells which is devoid of NK-cell potential77. 
Thus at least part of their CLP population does not qualify as lymphoid 
precursor, possibly explaining the higher pDC potential in the CMP and GMP 
populations. Instead this can also simply be explained by differences in 
progenitor expansion potential. The difference in pDC potential observed 
between CMP and CLP in the Harman paper76 may alternatively be due to 
different repopulative capacities of the subsets. Additionally, both papers fail to 
show the outgrowth of non-pDC-lineages, making it difficult to asses the true 
nature of the CLP and CMP populations analyzed. Furthermore, it is generally 
assumed that the sorted populations are homogenous, which was clearly not 
the case in the Manz paper73, but even on the most advanced FACS-sorting 
machines there is a potential risk of contaminating cells confounding correct 
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interpretation of the results. For these reasons controversy will remain even 
when clonal assays are performed. Therefore one may question whether at this 
point it is more worthwhile to invest time and energy in resolving the 
differences in function and transcriptional programs amongst the various pDC 
subsets described to date. 

 
Different pDC subsets 

As evidence increases that pDCs may arise through different 
developmental pathways it is not surprising that what has been described as 
pDCs in fact represents a heterogeneous population. In this respect it is of 
interest that even pDCs suggested to originate from myeloid precursors have 
typical lymphoid characteristics like pTα expression and D-J rearranged IgH 
gene segments. This phenomenon was addressed in a mouse study; CMP did 
not express pTα and Rag nor had detectably rearranged the IgH loci, in 
contrast to the CMP-derived pDCs which did have IgH rearrangements and 
expressed pTα78. This led the authors to conclude that the ‘lymphoid’ 
characteristics of pDCs does not reflect their developmental origin, but instead 
is part of the genetic program activated in any developing pDC. However, while 
pTα is expressed in both myeloid and lymphoid pDCs, it is not expressed in all 
pDCs. In thymus, BM, and spleen only 30% of the pDC activate a pTα-GFP 
reporter construct, suggesting that the majority of pDCs do not express pTα78. 
This was confirmed in a study using Rag/GFP knock in mice79. In the BM, based 
on GFP expression, two different pDC subsets were distinguished; Rag+ and 
Rag— pDCs. In addition it was shown that Rag+ pDCs have IgH gene 
rearrangements, whereas pDCs lacking Rag expression had not undergone the 
observed recombination events. These subsets differ in their cytokine synthesis 
and are therefore expected to be functionally different. While these studies 
contribute to our understanding, analysis based on expression of transcripts 
only can be a major pitfall and it will be important to determine proteins levels. 

Further phenotypic differences are found when thymic and peripheral 
pDCs are compared. Thymic pDCs express CD2, CD5, and CD7, whereas these 
markers are not or only partially expressed on their peripheral 
counterparts29,71. Another marker that may discriminate distinct pDC subsets is 
Notch1, as it appears to be differentially expressed on different pDC subsets. 
Our work on human thymic pDCs showed that the Notch1 receptor is absent on 
thymic pDCs and in concert with this forced icNotch1 expression in thymic 
progenitors cells inhibits pDC development4. In contrast, others have found 
that pDCs in mouse BM and spleen do express Notch178,79. It is therefore 
surprising that triggering of the Notch receptor does inhibit development of BM 
derived pDC79. At this point the precise role of DL1/Notch1 signaling on pDC 
development from fetal liver progenitor cells is not clear. Our data on this 
matter were not statistically significant (chapter 4)4, but the forced expression 
of the intracellular Notch1 domain in similar progenitor cells from the human 
fetal liver does not appear to inhibit pDC development (RS, Wendy Dontje, 
Bianca Blom unpublished observations). Olivier et al.80 claimed that DL1 
induced Notch-triggering stimulates the development of pDC from CD34+ 
human cord blood cells. This may suggest that development of pDC from cord 
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blood and thymic progenitor cells differs and thus may give rise to different 
pDC subsets. However, this paper is far from conclusive as the authors show 
stimulation in pDC development under non-T cell permissive culture conditions. 
We found that GATA-3 strongly inhibited pDC development from FL 
progenitors. It is therefore not unlikely that under conditions that do not 
induce T-cell development the progenitor cells fail to upregulate GATA-3, 
allowing development of pDCs in the presence of DL1, as discussed above. The 
implication of Notch1 signaling in expansion of HSCs52 provides an explanation 
for the increase in number of pDCs. DL1 induces proliferative expansion of 
multipotent progenitor cells, which in the absence of an active T-cell program 
leads to an increase in pDCs. Further research is required for identification and 
detailed characterization of the different pDC subsets and their specialized 
functions. In this respect one has to take into consideration that different 
transcription factors and receptors may induce pDC development from distinct 
progenitor cells. 

 
Interferon-producing killer dendritic cells 

Recently two reports from individual research groups81,82 described a 
new type of dendritic cells; interferon-producing killer dendritic cells (IKDCs). 
These cells mimic aspects of both the NK and pDC lineages. IKDCs resemble 
NK cells as they have the capacity to kill NK-sensitive targets. Additionally, 
they express typical NK-cell markers including the NKG2D NK-cell receptor and 
its adaptor molecules DAP10 and DAP12 and have the ability to produce IFN-γ. 
In common with pDCs the IKDCs express low levels of MHC class II and are 
able to produce IFN-α albeit at lower levels than pDCs. The ability to lyse 
target cells is transient, but results in the upregulation of MHC class II 
molecules allowing the IKDCs to induce proliferation of CD4+ T-helper cells81. 
Together this indicates that IKDCs have functional qualifications of both NK-
cells and pDCs. Although the authors of both manuscripts claim they identified 
a new member of the DC family, these findings are not novel. Earlier cells with 
characteristics of both NK cells and DCs were found in humans. NK-cell clones 
with the ability to process and present antigens, that have cytotoxic activity 
and the capacity to stimulate proliferation of T-cell clones were already 
described back in 1991 83. Unfortunately the ability to produce type I IFNs was 
not tested. Nevertheless, based on the ability of murine IKDCs to mediate 
target-cell lysis, produce substantial amounts of IFNs and present antigen 
upon stimulation. This shows that these cells may provide a link between the 
innate and adaptive immune systems. 

At this point the developmental pathway and the transcriptional program 
that enforces IKDC development is completely unknown. It is well established 
that mice with deficiencies in IL-15R signaling (γc, IL-2Rβ, and IL-15Rα) have 
diminished NK-cell development. In chapter 5 we describe that differentiation 
of NK-precursor cells into mature NK-cells requires the cytokine IL-15. This 
indicates that IL-15 is not only required for survival and/or proliferation of NK 
cells, but that it is also an inducer of NK-cell differentiation. In support of this, 
mice lacking for the γc chain, thus lacking a functional IL-15R complex, have 
NK-cell precursors but lack mature NK cells84. Indeed, mice lacking IL2-IL15Rβ 
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expression do not develop IKDCs, but do have normal pDC development81, 
indicating that IKDCs originate from the NK-lineage. In sharp contrast Taieb et 
al.82 showed that IKDCs do not depend on signaling though a γc-cytokine 
receptor as they are able to develop in γc-deficient mice. This then argues 
against the requirement of IL-15 for IKDC differentiation, and is evidence for a 
non-NK cell related developmental pathway of IKDCs. Assuming that both 
these findings are correct they are difficult to match. However, this leaves 
open the possibility that the IKDCs are not of NK but of DC origin. This makes 
it tempting to speculate on a possible overlap in development of IKDCs and 
pDCs. If so it is of interest to test whether or not the IKDCs, like pDCs, rely on 
Spi-B for development. A more detailed phenotypical analysis of the most 
likely candidate of the human homologue83 of the IKDCs will facilitate this 
matter. 

 
Clinical relevance of studies on human lymphoid development 

The majority of factors in control of lymphoid lineage decisions have 
been implicated in leukemogenesis. Even before a role of Notch1 in normal 
lymphopoeisis was described this protein was linked to human T-cell leukemia 
formation85. In several cases of T-cell acute lymphoid leukemia (T-ALL) a 
chromosomal translocation in the Notch1 gene was found, which resulted in 
altered expression of a truncated transcript. Now, it is well established that 
mutations in Notch1 predisposes to T-cell leukemia86,87. Similarly, enforced 
expression of GATA-3 induces formation of thymic lymphomas in mice88. Also, 
HLH-proteins have been associated with various malignancies. Decreased 
expression of E47 or inhibition of transcriptional activity may cause T-cell8,89 or 
B-cell90 leukemia’s. In line with these finding Id2 has also been implicated in 
lymphomagenesis91,92.  

 
In chapter 6 we identify a role for IL-7/STAT5 signaling in early human 

B-cell development and directly link our observations to a clinical outcome. We 
mimicked constitutive activation of the IL-7R pathway by forcing the 
expression of the downstream target STAT5 in B-cell precursors. Constitutive 
activation of STAT5 induced strong proliferative expansion of the large pre-B-II 
cells, while reducing the percentages of immature B cells. These observations 
fit with the phenotype known for precursor acute lymphoid leukemia B cells (B-
ALL)93 and suggest a correlation of continued expression of active STAT5 with 
pre-B-ALL formation. It is known that IL-7 signaling activates STAT5 through 
activation of the Janus kinase (JAK)-394. This is potentially clinically relevant as 
a compound is described that specifically inhibits Jak3 function. This antagonist 
named NC1153 is more effective and specific in blocking signals transduced 
through γc-receptor cytokines than the more commonly used Jak2 inhibitors95. 
In pre-clinical studies NC1153 strongly inhibited human T-cell proliferation and 
prolonged the lifespan of rats transplanted with mismatched kidney 
allografts96. Jak3 is only expressed in macrophages and lymphoid cells such as 
T-, B-, NK-cells. Therefore it is expected that a Jak3 inhibiting compound has 
less side effects then a Jak2 inhibitor. The inhibition of Jak2 would impair the 
activity of bone marrow cells, probably resulting in severe complications, such 
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as anemia. Therefore the Jak3 inhibitor NC1153 is a likely candidate to block 
STAT5 activation in the treatment of precursor B-ALL. 

 
Concluding remarks 

To date our knowledge of the mechanisms that regulate development of 
hematopoeitic cells from stem cells is largely derived from experiments 
performed in mouse models. These studies are of the utmost importance for 
the understanding of lymphocyte development. However, one has to take into 
account that considerable differences between mice and humans exist also 
with regard to development of hematopoeitic progenitor cells. One example is 
that mice deficient for IL-7 signaling lack B-cells, whereas IL-7Rα deficient 
patients have normal numbers of B-cells. This not only underscores the 
existence of crucial differences between the species, but invites for more 
extensive research on fundamental processes in human biology. Fortunately, in 
relatively easy in vitro and in vivo assays we are now able to manipulate the 
differentiation of isolated human progenitors into the different hematopoeitic 
lineages. In addition the amount of information on patients with defined 
deficiencies is increasing. It is without question that the information emanating 
from these studies are of greater medical relevance than data obtained in mice 
and therefore warrants research on the (transcription) factors that control 
lymphoid development. 

This thesis contributes to the understanding of the regulatory networks 
that are involved in human lymphoid development. Studies like these will 
ultimately lead to a complete understanding of the mechanisms involved in 
hematopoeitic development in all its aspects. This will ultimately lead to the 
development of better techniques for diagnosis and treatment of cancers the 
immune system. 
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Summary 
All cells of the immune system are derived from a small pool of hematopoeitic 
stem cells. In the studies described in this thesis we aim to clarify the 
pathways underlying the development of lymphoid lineage cells from the 
uncommitted precursors. 
 
In chapter 1 a general introduction is given on the development of T cells, B 
cells, NK cells, and pDCs. The main focus is on the earliest stages in 
development and the growth factors, receptors and transcription factors 
involved. 
 
In chapter 2 we describe a subtractive hybridization assay in which the ETS 
family member Spi-B was found to be exclusively expressed in pDC, but not in 
CD14+ monocytes and monocyte-derived DC. Forced expression of Spi-B in 
CD34+ progenitor cells moderately stimulated pDC development while the 
development of T, B, and NK cells was inhibited. This identifies Spi-B as an 
important regulator of lymphoid lineage decisions. 
 
In chapter 3 we follow up on these findings by specifically silencing Spi-B 
expression in CD34+ progenitors by means of RNA interference. Both in vitro 
and in vivo reduced Spi-B protein levels result in strongly decreased numbers 
of pDCs, whereas the development of B cells and CD14+ myeloid cells is 
slightly stimulated. Together this identifies Spi-B as a key regulator in human 
pDC differentiation. This is the first description of a transcription factor 
essential for human pDC development 
 
In chapter 4 we present a mechanism that controls Spi-B expression in the 
T/pDC lineage decision.  Triggering of the Notch1 receptor by DeltaLike1 in 
CD34+CD1a— thymocytes stimulates T-cell development, while blocking that of 
pDC. Analysis of downstream factors revealed that activated Notch1 signaling 
on one hand upregulates the T-cell lineage factor GATA-3, but on the other 
downmodulates the expression of Spi-B. This shows that the 
DeltaLike1/Notch1 pathway is in control of the T/pDC lineage decision in the 
human thymus by controlling the expression of the lineage specific 
transcription factors. 
 
In chapter 5 the focus is on development of thymic NK cell development. 
Previously our group showed that in fetal thymic organ cultures (FTOC) Id3 
stimulates NK-cell development at the expense of T-cells. In line with an 
absence of NK-cell development in Id2—/— mice, human thymic NK cells highly 
express Id2. This indicates that Id2 is the physiologically more relevant Id-
factor in NK-cell development. However in contrast to the FTOC data, enforced 
expression of Id2 in CD34+ thymic progenitors co-cultured with the OP9 
stromal cell line does not give rise to increased NK-cell numbers. Instead Id2 
induces strong expansion of a CD1a—CD5+ population. The Id2-expanded 
CD1a—CD5+ cells are precursors to the NK-cell lineage as the addition of low 
amounts of the cytokine IL-15 induces a robust stimulation of NK-cell 
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differentiation. Conclusively, Id2 and IL-15 synergize in the development of 
human thymic NK-cell development. 
 
In chapter 6 we implicate STAT5 mediated IL-7 signaling in the expansion of 
large pre-B-II cells. We show that the IL-7R and B-cell receptor IgM are 
mutually exclusive expressed on human fetal bone marrow cells. Both the 
addition of IL-7 and forced expression of activated STAT5 induces proliferative 
expansion of cells at the pre-B-II cellular stage. We speculate that the 
expansion of pre-B-II cells is essential to meet the required diversity of the B-
cell receptor repertoire. However, STAT5 needs to be downregulated before 
further lineage development can take place. Interestingly, we found that also 
human B-cell acute lymphoid leukemia (B-ALL) cells have high levels of active 
STAT5. This indicates that deregulated expression or activation of STAT5 may 
be involved in the formation of pre-B-ALL. 
 
Finally, in chapter 7 the results described in the different chapters are 
combined and integrated in current knowledge on lymphoid development. A 
major point of the discussion is the common mechanism by which 
hematopoeitic lineage decisions are controlled. The factors involved in lineage 
specification stimulate the development of their own lineage. However, to 
properly secure lineage commitment they also inhibit the developmental 
program of alternative lineage choices. This shows that the factors responsible 
for lineage commitment have a dualistic function; stimulation of one lineage 
and at the same time blocking the alternatives. Furthermore the myeloid or 
lymphoid origin of pDCs is discussed and in addition we speculate on a 
potential link of the newly described Interferon-Producing Killer DCs (IKDC) 
with the pDC lineage. Lastly we propose a potential therapy for pre-B-ALL by 
means of a newly described Jak3 inhibitor. This inhibitor potentially impairs the 
activation of STAT5 which would subsequently lead to reduced survival of the 
pre-B-ALL tumor cells. 
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Samenvatting voor niet ingewijden 
 
Achtergrond van ons onderzoek 

Leukemie is een verzamelnaam voor verschillende soorten kanker van 
het  bloed. Meer specifiek leukemie is een kanker van de witte bloedcellen. 
Omdat bloed zich overal in het hele lichaam bevindt is een kanker van 
bloedcellen per definitie verspreid door het hele lichaam. Dit maakt het 
chirurgisch wegnemen of gericht bestralen van het zieke weefsel onmogelijk, 
met als gevolg dat leukemie een uitermate moeilijke behandelbare vorm van 
kanker is. Met name bij kinderen kan genezing worden bereikt door een 
combinatie van totale lichaamsbestraling en chemotherapie, eventueel gevolgd 
door een beenmergtransplantatie. Dit zijn beide voor de patiënt enorm zware 
behandelingen en daarom is er een grote behoefte aan minder belastbare 
therapieën. Echter de ontwikkeling van nieuwe behandelmethoden blijft veelal 
steken op een gebrek aan precieze kennis omtrent het ontstaan van leukemie. 
Leukemie blijkt veelal te ontstaan doordat er tijdens de ontwikkeling van de 
witte bloedcellen iets mis gaat. Wanneer we begrijpen hoe de normale 
ontwikkeling van witte bloedcellen in zijn werk gaat kunnen we beter inzicht 
krijgen in het ontstaan van leukemie. Een beter begrip van de ontwikkeling 
van witte bloedcellen zal uiteindelijk leiden tot verbetering van de diagnostiek 
en therapie voor leukemie. 

Door jaren van onderzoek is al veel bekend over de ontwikkeling van 
bloedcellen en de mechanismen die dit reguleren. Er is echter nog veel 
onduidelijk en daar komt bij dat de overgrote meerderheid van de kennis is 
vergaard door het doen van experimenten in muizen. Wanneer de ontwikkeling 
van bloedcellen in verschillende diersoorten wordt vergeleken blijkt deze in 
grote lijnen overeen te komen . Echter langzamerhand begint het besef door te 
dringen dat er tussen de muis en de mens wel degelijk verschillen in de 
ontwikkeling zijn.  

 
Dit gegeven vormt de kern van ons onderzoek. We proberen te begrijpen 

hoe witte bloedcellen in de mens zich ontwikkelen en dan toegespitst op de 
factoren (eiwitten) die hierbij een rol spelen. 
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Bloedcellen 
Cellen zijn de bouwstenen waaruit planten en dieren zijn opgebouwd. In 

figuur 1 staat een schematische voorstelling van de dwarsdoorsnede van een 
cel. Binnen in de cel bevindt zich de kern waarin het erfelijke materiaal (het 
DNA) zich bevindt. Het menselijk lichaam is opgebouwd uit miljarden cellen 
met uiteenlopende uiterlijke kenmerken en functies. Er zijn spiercellen, 
zenuwcellen, huidcellen, bloedcellen enzovoort. 

 
 
 
 

 
 
 
 
Figuur 1. Een schematische dwarsdoorsnede van een cel in 3D 
met daarin de kern (grijs) waarin het DNA (gedraaide strengen) 
ligt. 

 
In het bloed bevindt zich een grote verzameling van cellen die samen de 

bloedcellen worden genoemd. We onderscheiden 3 soorten; rode bloedcellen, 
bloedplaatjes en witte bloedcellen (figuur 2). Het meest bekende zijn de rode 
bloedcellen, deze cellen zorgen voor transport van zuurstof van de longen naar 
de rest van het lichaam. De bloedplaatjes (feitelijk geen cellen, maar 
celfragmenten) zijn betrokken bij wondheling en verantwoordelijk voor de 
vorming van het afsluitende korstje (roofje). En tot slot de voor ons onderzoek 
de meest interessante bloedcellen; de witte bloedcellen. De witte bloedcellen 
zijn een grote groep cellen met elke hun eigen functie. Alle tezamen vormen ze 
het afweer- of immuunsysteem wat het lichaam 
beschermt tegen ziekteverwekkers van buitenaf 
zoals virussen en bacteriën. 

 
 
 
 

 
 
 
 
Figuur 2. Microscopische opname van bloedcellen. Van links naar rechts, een rode bloedcel, 
een bloedplaatje en  een witte bloedcel.  
Bron: The National Cancer Institute at Frederick (NCI-Frederick) website, 
http://web.ncifcrf.gov/rtp/ial/eml/rbc.asp 

 
Het immuunsysteem 

Binnen het immuunsysteem worden twee delen onderscheiden. Ten 
eerste het aangeboren of aspecifieke gedeelte. Dit deel van het 
immuunsysteem reageert op elke infectie op exact dezelfde wijze en met 
dezelfde sterkte als alle voorgaande keren, ongeacht wat de aard van de 
infectie is. Het aangeleerde of specifieke gedeelte daarentegen is in staat de 
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kenmerken van de indringers te onthouden. Dit betekent dat bij de tweede en 
daaropvolgende aanvallen van een zelfde indringer het immuunsysteem sneller 
en efficiënter reageert dan bij de eerste aanval het geval was. Op dit principe 
is vaccinatie tegen ziekten gebaseerd. Bij een persoon, vaak een kind, wordt 
bewust een kleine hoeveelheid van een verzwakte of gedode ziekteverwekker 
ingespoten; het inenten. Het specifieke immuunsysteem treedt in werking om 
de infectie op te ruimen en wordt zo getraind in het herkennen van de 
ziekteverwekker. In geval van een echte infectie op een later tijdstip zullen dan  
geen of weinig ziekteverschijnselen optreden.  
 
Ontwikkeling van witte bloedcellen 

Alle bloedcellen ontwikkelen zich vanuit zo geheten stamcellen welke zich 
in het beenmerg bevinden (figuur 3). Deze stamcellen zijn onrijpe cellen, maar 
hebben de mogelijkheid om onder de juiste condities uit te rijpen tot elk type 
volwassen bloedcel, inclusief alle verschillende typen witte bloedcellen. Ook 
hebben de stamcellen de unieke eigenschap om zichzelf te kunnen 
vermenigvuldigen zonder hun onrijpe staat te verliezen. Door de combinatie 
van deze twee eigenschappen blijft er altijd een groep onrijpe stamcellen in 
het lichaam aanwezig. Deze stamcellen vormen zo de bron waaruit gedurende 
het hele leven de bloedcellen ontstaan.  

 
 
Figuur 3. Schematisch overzicht van het menselijk lichaam.  
Het beenmerg bevindt zich in de grotere botten zoals in het bovenbeen en het bekken. 
Bepaalde voorloper cellen migreren van de thymus  

 
 
De ontwikkeling van de beenmerg-stamcellen naar volwassen witte 

bloedcellen verloopt in een aantal opeenvolgende stappen. In figuur 4 staat 
een vereenvoudigde schematische voorstelling van de ontwikkelingstappen van 
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witte bloedcellen waarvan in dit proefschrift de ontwikkeling is onderzocht. De 
eerste stap is de vorming van een voorlopercel. In het beenmerg groeien uit 
deze voorlopercel B-cellen (B) en plasmacytoïde dendritische cellen (pDC). 
Echter, een deel van de voorlopercellen migreert naar de thymus (beter 
bekend als zwezerik, figuur 3 en 4) waar zij hun ontwikkeling voortzetten en 
uitgroeien tot T-cellen (T), natural killer (NK) cellen en wederom pDCs. Het 
blijkt dat de pDCs zich op meerdere plaatsen in het lichaam ontwikkelen, of het 
ook daadwerkelijk exact dezelfde cellen betreft of dat ze mogelijk een andere 
functie hebben is op dit moment nog niet duidelijk. 

 
 

 
 

Figuur 4. Vereenvoudigde schematische voorstelling van de ontwikkeling van verschillende 
typen witte bloedcellen en de plaats waar ze zich ontwikkelen. Stamcellen in het beenmerg 
vormen voorlopercellen waaruit B-cellen (B) en plasmacytoïde dendritische cellen (pDC) 
vormen. Een deel van de voorloper cellen ontwikkelt in de thymus tot T-cellen (T), natural 
killer cellen (NK) en pDC’s. 

 
Regulatie van witte bloedcel ontwikkeling 

De verschillende opeenvolgende stadia in ontwikkeling worden 
gecontroleerd door signalen van buiten de cel. De cel herkent deze signalen en 
reageert hierop door bepaalde eiwitten aan te maken. Deze eiwitten zorgen 
weer voor de aanmaak van nieuwe eiwitten waardoor een soort van domino 
effect ontstaat. Bepaalde combinaties van eiwitten zorgen ervoor dat een 
stamcel zich niet tot een pDC kan ontwikkelen, maar in plaats daarvan een T-
cel, B-cel of een NK-cel wordt afhankelijk het signaal dat de cel van buiten 
heeft ontvangen. 

Ons onderzoek richt zich op de identificatie van de signalen en de 
eiwitten welke uiteindelijk bepalen in welke richting de stamcel ontwikkelt. We 
zijn in staat om onder specifieke condities stamcellen uit de mens te laten 
uitrijpen tot volwassen witte bloedcellen. Ook kunnen we in de stamcellen de 
aanmaak of activiteit van bepaalde eiwitten veranderen. Door de stamcellen 
geforceerd meer of juist minder van een bepaald eiwit te laten maken kunnen 
we een idee krijgen van de rol die dit eiwit speelt bij de ontwikkeling van witte 
bloedcellen. 
 
Resultaten 

In hoofdstuk 2 beschrijven we dat het eiwit Spi-B de ontwikkeling van 
pDC’s in de mens bevordert. Spi-B lijkt een dubbele functie te hebben, want de 
ontwikkeling van andere celtypen zoals B-cellen, T-cellen en NK-cellen wordt 
juist afgeremd.  
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In hoofdstuk 3 wordt deze bevinding opgevolgd. We beschrijven dat Spi-
B niet alleen de ontwikkeling van de pDC’s stimuleert, maar dat Spi-B zelfs 
essentieel is voor pDC’s. Stamcellen die Spi-B missen kunnen niet uitrijpen tot 
pDC’s.  

 
In hoofstuk 4 beschrijven we het mechanisme dat in de thymus de 

ontwikkeling van voorloperscellen naar T-cellen of pDC’s reguleert. Het 
receptor-eiwit Notch1 pikt signalen op van buiten de cel en vertaalt de 
boodschap de cel in. Notch1 blijkt de keuze tussen T-cellen en pDC’s te 
beslissen in het voordeel van de T-cellen door middel van stimulatie van het 
eiwit GATA-3 (figuur 5). Tegelijkertijd remt Notch1 de aanmaak van Spi-B eiwit 
waardoor net als in hoofdstuk 3 de ontwikkeling van pDC’s wordt geremd. 

 

 
Figuur 5. De ontwikkeling van T-cellen en pDC’s in de thymus wordt gereguleerd door Notch1. 
Enerzijds stimuleert Notch1 T-cel ontwikkeling via GATA-3. Anderzijds remt Notch1 pDC 
ontwikkeling door remming van Spi-B. 

 
In hoofdstuk 5 beschrijven we hoe het eiwit Id2 enerzijds een sterk 

remmend effect heeft op T-cel ontwikkeling, terwijl het anderzijds een enorme 
uitgroei veroorzaakt van voorlopercellen die met een kleine extra stimulatie 
van de groei factor IL-15 ontwikkelen tot NK-cellen. 

 

 
 
Figuur 6. Id2 speelt een belangrijke rol bij de ontwikkeling van NK-cellen in de thymus. 
Enerzijds remt het sterk de ontwikkeling van T-cellen, anderzijds stimuleert Id2 de uitgroei van 
voorloper cellen. Met IL-15 groeien deze voorloper cellen uit tot NK-cellen. 
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Tot slot beschrijven we in hoofdstuk 6 de rol van het eiwit STAT5b in de 
ontwikkeling van B-cellen. STAT5b blijkt de ontwikkeling van stamcel naar 
volwassen B-cellen te remmen in een onrijp stadium voordat de B-cellen 
volwassen worden. Echter in dit stadium is er door STAT5b wel een enorme 
toename van het aantal cellen. Tijdens normale ontwikkeling wordt na deze 
vermenigvuldigingsstap de aanmaak van STAT5b eiwit uitgeschakeld zodat de 
B-cel ontwikkeling door kan gaan.  

 
Conclusies 

In dit proefschrift beschrijven voor we voor het eerst een eiwit dat 
cruciaal is voor de ontwikkeling van pDC’s in de mens en aansluitend een 
mechanisme dat de ontwikkeling van pDC’s reguleert. Tevens beschrijven we 
een nieuwe rol voor het eiwit Id2 in de ontwikkeling van NK-cellen in de 
thymus. Deze resultaten dragen bij aan het inzicht in de ontwikkeling van witte 
bloedcellen in de mens. De relevantie van deze bevindingen voor de 
uiteindelijke behandeling van patiënten is op dit moment onduidelijk en zal op 
de langere termijn na verder onderzoek moeten blijken.  

De resultaten in hoofdstuk 6 staan wel toe om te speculeren over 
mogelijke patiënttherapieën. Onze gekweekte cellen met verhoogde 
hoeveelheid STAT5b eiwit vertonen grote gelijkenis met cellen uit patiënten 
(veelal kinderen) die lijden aan ‘precursor B cel acute lymphoïde leukemie’ 
(pre-B-ALL). Ons onderzoek suggereert dat wanneer de aanmaak van STAT5b 
eiwit om wat voor reden dan ook niet wordt uitgezet er de mogelijkheid 
bestaat dat er een pre-B-ALL ontstaat. Deze bevinding is potentieel interessant 
voor toepassing in de kliniek omdat er reeds remmers van STAT5b activiteit 
bekend zijn en ook al getest worden in patiënten. Een van deze remmers is 
mogelijk te gebruiken in een therapie tegen precursor B-ALL. 
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Dankwoord 
In bijna zeven Spits-groep is de groep enorm veranderd. Vele collega’s zijn na mij binnen 
gekomen en eerder weer vertrokken. Feitelijk zitten alleen Kees en Arie langer bij de groep 
dan ik. Dat is toch een teken dat het meer dan de hoogste tijd om eens te promoveren en 
ergens anders te gaan kijken om wat nieuws te leren. Maar natuurlijk niet zonder iedereen te 
bedanken die aan dit boekje heeft meegedacht, gepipetteerd en/of mijn leven anderszins 
veraangenaamd heeft. In het bijzonder; 
 
Hergen. Aansluitend op het werk wat ik tijdens mijn stage in Memphis had gedaan was ik 
eigenlijk op zoek naar een promotieproject in de gentherapie. Uiteindelijk moest ik een keuze 
maken tussen echt gen-therapeutisch onderzoek op het Erasmus of de rol van helix-loop-helix 
factoren in humane T cel ontwikkeling. De eerste vertelde me dat voor een AIO 70-80 uur per 
week werken toch wel het absolute minimum was. Jij vertelde me achterover leunend dat jouw 
onderzoeksgroep goed en degelijk onderzoek doet waar menigeen tegenop kijkt. Maar ik 
moest toch ook vooral niet vergeten dat Amsterdam wel echt een hele leuke stad is waar je 
veel lol kan hebben. De keus was snel gemaakt. Ik heb in de loop der jaren een hoop van je 
geleerd. Je blijft verbazen met je enorme geheugen en de gave om de data net even van de 
andere kant te bekijken dan wel anders uit te leggen. Helaas hebben we in de loop van de 
jaren drie keer een gesprek gehad waarin je vertelde dat je bezig was om je heil elders te 
zoeken. Tot twee keer werden de plannen werkelijkheid. Achteraf gezien zijn we op het AMC 
goed terechtgekomen en nu verwend met de spullen en ruimte die wel hebben. Maar het blijft 
natuurlijk bijzonder jammer dat je naar SF bent verkast, want ondanks dat je het niet wilt 
toegeven is je inbreng in de groep natuurlijk wel degelijk van groot belang. Bedankt voor je 
vertrouwen.  
 
Bianca, je hebt eens gezegd dat ik al iets te lang mee liep om mij nog als jouw AIO te 
beschouwen. Ik ben toch hééééééél erg blij met de tijd en energie die je hebt gestoken in het 
schrijven van dit boekwerk. Heel erg veel succes met je eigen groepje. Ik kan natuurlijk niet 
ontkennen dat het mijn (weliswaar kleine) ego streelt dat het werk aan mijn pet protein wordt 
voortgezet. Anderzijds is het ook wel weer jammer dat ik er niet meer bij betrokken ben.  
 
Ome Kees, ik hoop van harte dat ik over 30 jaar ook nog jouw enthousiasme voor wetenschap 
kan opbrengen. Menigeen kan een voorbeeld aan je nemen. En kan je niet eens wat doen aan 
die hoeveelheid vliegtuigen die over Osdorp vliegen? Het lijken er ondanks je inspanningen 
alleen maar meer te worden.  
 
Mijn twee Obi-Wans. Tom, ondanks je ‘interessante’ muzieksmaak en (onze) eindeloze stroom 
flauwe grappen en slappe woordspelingen had ik het toch prettig gevonden als je wat eerder in 
ons lab was gekomen en langer was gebleven. Eindelijk een post-doc kwam die over mijn data 
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samen een projectje moeten doen, iets met chemokines of zo. Nicky, I am calculating those 
numbers! But more important (sorry Hergen) I actually play guitar, well at least a bit. Thank 
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eindelijk klaar. 
 
Iedereen bedankt. 

Remko 
 
 

 


	Chapter3 SpiBi.pdf
	Untitled




