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General introduction 
 
The immune system comprises a wide range of specialized white blood cell subsets, which develop from 
a common hematopoietic precursor (HSC) in the bone marrow. These leukocytes can be classified in a 
lymphoid branch, including natural killer (NK) cells and B and T lymphocytes, and a myeloid branch, 
which comprises macrophages, granulocytes and mast cells. Dendritic cells (DCs) can be of lymphoid or 
myeloid origin. Immune cells constantly circulate in the blood and in the lymphatic system, guarding the 
peripheral tissues. Upon antigen challenge immune cells differentiate from a steady-state phenotype 
into effector cells, in order to provide immunity to the host. Cells of the innate immune system quickly 
provide a first line of defence, but this response is unspecific and can be overcome by many pathogens. 
The ability to specifically recognize pathogens is the unique feature of the adaptive immune system. 
Cells of the adaptive immune system have the capacity to subsequently form immunological memory 
and provide enhanced protection against reinfection.  
 
Upon stimulation by viruses or bacteria, plasmacytoid dendritic cells (pDCs) produce large amounts of 
type I interferons (IFNs), a cytokine with strong immunomodulatory and antiviral properties. PDCs are 
therefore crucially involved in providing first line defence during viral infections and subsequently 
regulating adaptive immunity.  
 
B cells provide humoral immunity to the host. Upon recognition of their cognate antigen B cells 
differentiate during the germinal center reaction into plasma cells, which secrete antigen-specific 
antibodies that bind and neutralize evading pathogens. Concomitantly memory B cells are formed, 
which ensure immunity against reinfection. 
 
The studies described in this thesis investigate transcriptional regulation and aim to clarify underlying 
pathways of human pDC and B cell differentiation and function. 
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Transcriptional control 
 
The molecular regulation of cell development 
and differentiation in response to extracellular 
signals is accomplished by transcription factors, 
which bind to specific parts of DNA and control 
expression of effector target genes. For 
example, transcription factors promote 
commitment to a cell lineage by activating 
lineage specific genes and suppressing genes of 
other cell lineages. Transcription factors can act 
both as transactivators, which increase the 
transcription level of the target gene, or as 
repressors, which reduce the transcription level. 
Transcription factors can perform their function 
alone or in conjunction with co-factors in a 
complex. The activity of transcription factors is 
regulated at several levels (reviewed by 
Latchman1). Often a negative feedback loop 
controls expression and many transcription 
factors can regulate themselves to maintain low 
levels in the cell. The activity can also be 
regulated at the level of nuclear translocation, 
activation via chemical modification or ligand 
binding, accessibility of the DNA binding site, 
and availability of co-factors. Transcription 
factors contain a DNA binding domain (DBD), 
which attaches to a specific sequence of DNA, 
usually in the enhancer or promoter region of 
the regulated gene and a transactivation 
domain (TAD), which may contain binding sites 
for co-factors. Transcription factors are often 
classified based on the similarity of their DBDs 
including leucin zipper factors, basic helix-loop-
helix (bHLH) factors, factors with zinc finger 
DBDs, helix-turn-helix factors and beta-scaffold 
factors. 
E proteins (HEB, E2-2, and the E2A splice 
variants E12 and E47) belong to the class of 
bHLH factors and activate transcription by 
binding DNA at the E-box (consensus sequence: 
CANNTG) motifs as homodimers or 
heterodimers with other HLH proteins. The 
naturally occurring inhibitors of DNA binding 
(Id1-4) bHLH factors function as dominant-
negative inhibitors of E proteins by inhibiting 
their ability to bind DNA. E proteins are crucial 
for commitment of lymphoid progenitors to the 
B- and T-cell lineages (reviewed by Engel and 
Murre2). In E2A-deficient mice B-cell 
development is arrested at a very early stage3,4 
and thymocyte numbers are typically ten-fold 
lower than those found in wild-type 

littermates5. The T-/NK-cell fate decision is 
highly influenced by the levels of E-protein 
activity as indicated by the findings that 
overexpression of Id3 in uncommitted human 
lymphoid progenitors blocks the development 
of T cells and promotes NK-cell development6 
and that NK-cell development and function are 
markedly reduced in Id2-deficient mice7.  
Signal transduction of many cytokine receptors 
is mediated through activation of members of 
Janus kinase (JAK1-3, Tyk2) and signal 
transducers and activators of transcription 
(STAT) families (reviewed in8,9). STATs become 
activated from a latent state through 
phosphorylation of a tyrosine residue, leading 
to homo- or heterodimer formation and 
translocation to the nucleus. Activated STATs 
bind to specific DNA sequences, named GAS (γ-
IFN-activated sequences, consensus sequence: 
TTCCNGGAA) and initiate transcription of target 
genes. Suppressor of cytokine signaling (SOCS) 
proteins are the best understood negative 
regulators of the JAK-STAT pathway. Studies in 
mice have shown that individual STAT proteins 
have important roles in the immune response 
(reviewed by Reich and Liu10). Animals lacking 
STAT1 or STAT2 are highly susceptible to viral 
infections due to an impaired response to 
IFNs11-13. STAT4-deficient mice have impaired T 
helper 1 (TH1)-cell development due to loss of 
IL-12-induced responses14,15, whereas STAT6-
null mice have impaired development of TH2 
cells due to the lack of IL-4-receptor signaling16. 
STAT5A and STAT5B, which are closely related 
and encoded by different but chromosomally 
linked genes, have crucial roles in development, 
particularly in hematopoiesis17. The lack of IL-2- 
and erythropoietin-induced responses in 
Stat5a- and Stat5b-double-knockout mice 
results in impaired T-cell proliferation18, a lack 
of NK cells and severe anemia19.  
The mammalian family of IFN regulatory factors 
(IRFs) comprises nine members, IRF-1 to IRF-9 
(reviewed by Honda20 and Tamura21). Each IRF 
contains a well conserved DBD of ~120 amino 
acids that forms a helix-turn-helix motif. It 
recognizes a consensus DNA sequence that is 
known as the IFN-stimulated response element 
(ISRE), because it was first identified in the 
promoters of genes that are induced by 
signalling mediated by type I IFNs. IRFs are 
essential regulators of the activation of immune 
cells by pattern recognition receptors (PRRs)20, 
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that comprise the transmembrane Toll-like 
receptors (TLRs) and cytosolic PRRs. 
Members of the Ets family of transcription 
factors are characterized by a highly conserved 
Ets domain that mediates binding to the purine-
rich element GGA(A/T). PU.1 and Spi-B are 
closely related Ets-factors and expressed 
exclusively in hematopoietic cells. PU.1 
deficient mice die in utero and exhibit defects in 
the development B and T lymphocytes, 
macrophages, and granulocytes22,23, whereas 
Spi-B deficient mice are viable and possess 
mature B and T lymphocytes but exhibit severe 
abnormalities in B cell function24. PU.1 and Spi-
B can form protein complexes with IRF factors 
and bind to Ets-IRF composite DNA elements 
(EICE)25.  
 
 
 

Plasmacytoid dendritic cells  
 
Dendritic cells (DCs) are a heterogeneous 
population of rare hematopoietic cells that are 
present in most tissues. They provide a critical 
link between innate and adaptive immune 
systems by sensing foreign- and host-derived 
antigens and inducing lymphocyte activation 
and tolerance. Multiple DC subsets have been 
identified on the basis of their phenotype, 
location, maturation state, and functional 
properties, such as antigen-presentation 
capabilities and cytokine-secretion patterns 
(reviewed in26), and two main categories of DCs 
can be distinguished, i.e. plasmacytoid DCs 
(pDCs) and conventional DCs (cDCs). cDCs are 
present in the thymus, spleen and lymph nodes 
can be further subdivided in migratory (i.e. 
Langerhans cells (LCs) and interstitial DCs) and 
lymph node resident DCs (reviewed in27). 
Migratory DCs have an immature phenotype in 
peripheral tissues, where they are dedicated to 
survey their environment and to endocytose 
extracellular material. Upon migration through 
the afferent lymph to the local lymph nodes 
they acquire a mature phenotype. Resident DCs 
are also found in the spleen and thymus and 
develop within the lymphoid organs 
themselves, where they spend their entire 
lifespan in an immature state unless they 
encounter pathogen products or inflammatory 
signals, which cause their maturation in situ. 
Human blood-derived cDCs are CD11c+, carry 

the blood dendritic cell antigen-1 (BDCA1)28 and 
represent the major source of IL-12, the 
cytokine critical for Th1 cell development29. 
BDCA2+CD11c�IL-3R�+ pDCs, which form the 
second major human DC subset, circulate 
through the blood and primary and secondary 
lymphoid tissues and only acquire the typical DC 
morphology after activation. The murine 
equivalents of human pDCs are CD11cloB220+Gr-
1+ cells30,31, and are distinct from the murine 
CD11c+CD4+/−CD8α+/− cDC populations. pDCs 
display a plasma cell morphology and selectively 
express TLR7 and TLR9. pDCs secrete large 
amounts of type I IFNs following viral 
stimulation and have therefore also been 
termed natural IFN-producing cells31-33. By 
secreting type I IFNs, pDCs regulate the function 
of other immune cells, including NK, T, B cells 
and cDCs and have important role in 
establishing antiviral immunity.  
 
 
Origin and development of pDCs  
 
pDCs, like all hematopoietic cells, derive from 
CD34-expressing HSCs (reviewed in34). Upon 
differentiation of HSCs, CD34 expression is 
gradually lost. CD34loCD4+CD45RA+CD123hiHLA-
DRint pDC precursors are identified in human 
cord blood, fetal liver, and fetal bone marrow, 
suggesting that pDCs develop from HSC within 
these primary lymphoid tissues35. During adult 
life, pDCs are produced continuously in the 
bone marrow and migrate from there to lymph 
nodes, mucosal-associated lymphoid tissues 
and spleen in steady-state conditions. Flt3L is 
the main cytokine for the development of pDCs 
from hematopoietic stem cells in humans and 
mice35-38. Thymic pDCs can develop 
independently from peripheral pDCs as the 
thymic microenvironment is able to support the 
development of pDCs from CD34+ precursors39. 
Given the presence of multiple DC subsets with 
distinct and overlapping functions, a challenging 
question has been the developmental origin 
and the lineage relationships between distinct 
subsets. Half of all murine pDCs have IgH D-J 
rearrangements40,41, indicating that they 
undergo lymphoid related DNA-rearrangement 
process during their development. The notion 
that pDCs are of lymphoid origin was supported 
by findings that genes originally found to be 
expressed only in developing T and B cells, such 
as pre-T-cell receptor � (pT�), a partially 
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rearranged immunoglobulin heavy chain (IgH), 
the surrogate light chain �5, and the Ets factor 
Spi-B are expressed in pDCs as well, but not in 
myeloid cells42,43. Notably, overexpression of 
the naturally occurring Id2 or Id3, which inhibit 
the transcriptional activity of bHLH transcription 
factors, blocks pDC development44, like that of T 
cells and B cells, but not myeloid DC 
development, providing further support to the 
notion that pDCs are more closely related to T 
and B cells than to myeloid cells. 
More recently it was found that all DC subsets 
can be generated from a separate 
developmental pathway that can originate the 
common lymphoid progenitors (CLPs) or the 
common myeloid precursors (CMPs), in mice as 
well as in humans45-49. CLPs and CMPs can be 
segregated further by the expression of Flt3, 
and almost all cells with the potential to form 
DCs have been found to be concentrated in the 
Flt3+ subgroup of the precursors. The lymphoid 
associated transcripts for IgH, RAG and pTα 
were found in lymphoid and myeloid-derived 
pDCs41. Recently a common precursor for pDCs 
and cDCs has been described50,51. This common 
DC precursor (CDP), alternatively termed pre-
DC, is found in the mouse bone marrow and at 
the single cell level gives raise to cDCs and 
pDCs, but not to other cell lineages. Collectively 
these findings indicate that the development of 
pDCs and cDCs is independent of the 
conventional lymphoid and myeloid pathways 
and may not be coherent with the classical 
binary model of hematopoiesis (discussed in52). 
 
 
Transcriptional control of pDC development 
 
It is not clear yet at what point in DC 
development the commitment to a particular 
subpopulation of DCs is made. Studies on the 
roles of transcription factors in DC development 
indicated that distinct DC subpopulations 
require different transcriptional regulation 
during ontogeny. Several transcription factors 
have been attributed a role in the development 
of DCs from precursor cells. Interestingly, some 
of the factors are only involved in the 
development of cDCs or pDCs, respectively, 
while the deficiency in others simultaneously 
affects the generation of these DC subsets. An 
issue that complicates the study of transcription 
factors in DC development it that there seem to 

be different transcription factors involved in the 
development of murine and human pDCs. 
 
Spi-B. The immune cell specific Ets transcription 
factor Spi-B is crucially involved in human pDC 
development as decreased expression of Spi-B 
by means of RNA interference strongly inhibits 
the development of pDCs both in vitro and in 
vivo53. As expected from factors that control 
lineage specification, Spi-B inhibits the 
development of other lineages; forced 
expression of Spi-B in CD34+ progenitor cells 
impairs the development of B, T, and, natural 
killer (NK) cells54. Importantly, Spi-B, like its 
close homologue PU.1, forms protein 
complexes with IRF factors that bind to Ets-IRF 
composite DNA elements (EICE).  
 
IRFs. Among the IRF family members, IRF-4 and 
IRF-8 are structurally most similar to each other. 
They are expressed preferentially in 
hematopoietic cells of both myeloid and 
lymphoid origin, and interact with the same 
partner transcription factors such as PU.1, 
although the two factors associate with distinct 
factors as well55. IRF-8 and IRF-4 are 
differentially expressed in distinct human and 
mouse DC subsets56,57. IRF-8 deficient mice are 
largely devoid of pDCs, LCs and CD8�+ DCs, the 
cells in which IRF-8 is expressed at high levels58-

60, resulting in impaired production of IFN-� and 
IL-12p4061. Conversely, IRF-4 is expressed at 
high levels especially in CD4+CD8�� DCs, and its 
expression is low in pDCs. Consequently, the 
CD4+ DC population is absent in IRF-4 deficient 
mice62,63. In support of the complementary 
control of cDCs and pDCs by IRF-8 and IRF-4, 
IRF-8/IRF-4-double KO mice are missing all 
splenic DC subset except for few CD4�CD8�� 
DCs63 suggesting a nonredundant role of each of 
the factors in the development of specific DC 
subsets. Therefore, splenic DCs from double KO 
mice are also defective in IFN-� and IL-12p40 
production in response to CpG, poly(I:C) or LPS. 
Although these studies demonstrate the 
importance of these IRFs in DC development, 
further investigation is required to elucidate the 
molecular mechanisms. The role of IRFs in 
human DC development is not described. 
 
Cytokines and STATs. Flt3L is the non-
redundant cytokine for in vivo steady-state 
lymphoid-organ DC maintenance64 and is the 
crucial cytokine for the development of pDCs 
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from hematopoietic stem cells in humans and 
mice35-38. M-CSF enhances both in vitro pDC and 
cDC differentiation from mouse progenitors51,65. 
On the other hand, GM-CSF, which is an 
important growth factor for cDCs66, potently 
inhibits pDC production in mouse and human 
Flt3L progenitor cultures35,36. Recently it was 
shown that GM-CSF selectively utilizes its signal 
transducer STAT5 to block Flt3L-dependent pDC 
development from Flt3+ precursors67. STAT5 
may directly inhibit transcription of IRF-8, 
providing an explanation for abolished pDC 
development by GM-CSF. STAT3 is required for 
Flt3L-dependent DC differentiation, as deletion 
of STAT3 in hematopoietic cells abolishes the 
effects of Flt3L on DC development and leads to 
a profound deficiency in the DC compartment in 
murine lymphoid tissues68. Moreover, the 
transcriptional repressor Gfi1 has been shown 
to control DC development through regulating 
STAT3 activation69.  
 
E proteins. There is evidence for a role for E-
proteins in pDC development, deducted from 
experiments in which inhibition of E-protein 
action by forced expression of Id2 or Id3 in 
human CD34+ progenitor cells inhibits the 
development of pDCs, but not that of 
conventional DCs44. Conversely mice lacking Id2 
have increased percentages of pDCs70. In 
chapter 2 of this thesis our recent findings 
identifying E2-2 as a crucial factor in human 
thymic pDC development are described.  
 
 
pDCs in immunity 
 
Immature pDCs are present in the blood, bone 
marrow and lymphoid organs and can be 
recruited under stimulatory conditions to 
diverse areas in the body, including the skin, the 
cerebrospinal fluid, the synovium, the gut, the 
vaginal mucosa, and the lung (reviewed by 
Fitzgerald-Bocarsly71). Human blood pDCs 
express L-selectin32 and migrate into the T cell-
rich areas of the secondary lymphoid tissues 
through high endothelial venules (HEV), like 
naïve T lymphocytes72. pDCs express the 
chemokine receptor CXCR3, which is required 
for most pDC migration into inflamed lymph 
nodes73. Furthermore, CCR1, CCR2, CCR5, 
CXCR4 and (after activation) CCR7 are 
expressed by pDCs.  

 
pDCs as professional type I IFN-producing cells. 
PDCs are important players in antiviral 
immunity. The selective expression of TLR7 and 
TLR9, which are located in the endosomes, 
render pDCs responsive to bacterial DNA and 
viral ssRNA. Upon triggering of these TLRs, pDCs 
secrete cytokines, particularly type I IFNs. For 
several reasons pDCs are considered the 
‘natural’ source of type I IFN (reviewed by 
Haeryfar74). First, pDCs secrete enormous 
amounts of type I IFNs on a ‘per cell’ basis, 
which is probably linked to their plasmacytoid 
morphology and well developed rough 
endoplasmatic reticulum (ER). IFNs account for 
60% of the genes expressed in activated pDCs57 
and pDCs can produce 100-1000 times more 
type I IFNs that other cell types, and a wider 
array of IFN-α subtypes. Second, pDCs produce 
IFN-α/β even in the absence of intracellular 
virus gene expression, i.e. without the 
requirement for infection, which makes them 
‘professional’ IFN producers. Third, the high 
capacity of pDCs to produce IFN-α/β is partly 
related to their expression of distinct IRFs. IRF-
7, the master regulator of type I IFN 
production75, is constitutively expressed at very 
high levels in pDCs57,76,77. Human pDCs 
moreover produce the pro-inflammatory 
cytokines IL-6 and TNF-α, but, unlike murine 
pDCs, do not secrete IL-1272,78.  
 
pDCs link innate and adaptive immunity. One 
obvious function of IFN-α production by pDCs is 
the induction of an antiviral state in 
neighbouring cells. Signalling through the IFN-
receptor induces the transcription of IFN-
stimulated genes (ISG), such as dsRNA-
dependent protein kinase (PKR), the GTPase 
MxA, and 2’-5’-oligoadenylate synthetase (OAS) 
that have direct antiviral effects in IFN-
responsive cells. Furthermore type I IFNs 
released by pDCs regulate other cells of the 
innate and adaptive responses (Figure 1), as 
they increase natural killer (NK) cell mediated 
cytotoxicity and IFN-γ production79,80 and affect 
T cell functions, inducing activation, long-term T 
cell survival, IFN-γ production and Th1 
differentiation, thus promoting antiviral CTL 
responses81.  
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Figure 1. pDCs at the interface of innate and adaptive immunity. pDCs respond to stimulation with viruses, CpG 
and DNA or RNA-containing immune complexes (IC) with the production of type I IFNs and pro-inflammatory 
cytokines. pDCs then, either directly in a cell-contact dependent manner or via their soluble products, activate 
components of the innate responses (NK cells, monocytes, cDCs). Activated pDCs migrate to the lymph node, 
upregulate co-stimulatory molecules and present (or cross-present) antigen to CD4+ or CD8+ T cells or regulatory T 
cells (Treg). Depending on the nature of the stimulus, pDCs may activate Th1 responses (typically in response to 
viruses) or Th2 (in non-IFN-α stimulating conditions). pDCs have also been implicated in the development of B cell 
maturation to antibody-secreting plasma cells and in establishment of immunological memory. 
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Moreover, type I IFNs promote differentiation, 
maturation and immune stimulatory functions 
of cDCs82. pDC-derived IFN-α is also important 
in regulating the pDCs themselves, as IFN-α is a 
survival factor and upregulates IRF-7, an 
autocrine loop that may be required for the 
optimal production of IFN-α83. A important 
aspect of pDC-mediated regulation of adaptive 
immunity is the ability, through the production 
of both type I IFNs and IL-6, to induce human B 
cells to differentiate into plasma cells and 
produce immunoglobulin84,85. Type I IFNs are 
involved in class-switching and development of 
immunological memory86. As pDCs are activated 
by virus infections, they may be particularly 
important in inducing antiviral antibodies.  
 
Antigen-presentation by pDCs. Freshly isolated 
human and mouse pDCs are very poor inducers 
of T lymphocyte proliferation. pDCs may 
present antigens inefficiently because they do 
not capture, process and load antigens onto 
MHC molecules as effectively as cDCs. 
Supporting this, studies have shown that pDCs 
do not endocytose antigens as well as cDCs87. 
Most importantly, pDCs have minimal 
expression of costimulatory molecules and low 
MHC class II expression compared with 
DCs31,87,88. In contrast to freshly isolated pDCs, 
activated pDCs augment cell surface expression 
of MHC class II and costimulatory molecules, 
increasing their T cell stimulatory ability31,87,89. 
In in vitro experiments, activated pDCs were 
found capable of initiating T cell proliferation, 
but the capacity of pDCs in priming naïve T cell 
responses in vivo is still a controversial issue. 
pDCs however promote efficient proliferation of 
previously antigen-experienced T cells, including 
virus specific memory T cells90 and Th1 CD4+ T 
cells91. pDCs are able to present pulsed 
peptides, endogenous and exogenous 
antigens92,93, though clearly antigen 
presentation and T cell expansion by activated 
pDCs is less efficient than by cDCs. Accordingly, 
during viral infection in vivo, only classical 
CD8α+ DCs expand virus-specific T cells94,95, 
suggesting that antigen presentation by pDCs 
may be redundant in controlling viral infections. 
In a cDC-deficient host unmanipulated pDCs can 
initiate productive naive CD4+ T cell responses 
in lymph nodes, but not in the spleen, and 
without concomitant CD8+ T cell priming, unlike 
in cDC-driven responses96. 

pDCs may also cooperate with cDCs, inducing 
the differentiation of unpolarized antigen-
experienced T cell populations that have been 
expanded by cDCs91,97. Like cDCs, pDCs display 
functional plasticity in terms of priming 
different effector T cell responses: Virus 
activated pDCs have been shown to elicit a 
potent Th1 polarization, depending on type I 
IFNs, inducing T cells to produce large amounts 
of IFN-γ or both IFN-γ and IL-1098. pDCs 
activated in non-IFN-α-inducing conditions with 
IL-3 and CD40L prime T helper responses, and 
either induce Th189 or Th299 polarization, the 
latter involving signaling through OX40L100. Also 
immune repressive functions have been 
assigned to human pDCs (induction of 
CD4+CD25+ T regulatory cells (Treg)101, the 
generation of human CD8+ Treg by CD40L-
activated pDCs102 and priming of IL-10 
producing regulatory T cells by ICOSL103), as well 
as mouse pDCs104,105. In line with this, pDCs 
seem to play a critical role in preventing 
asthmatic reactions106 and inducing tolerance to 
vascularized grafts107.  
 
TLR-mediated signalling and regulation of 
cytokine production. Different DC subsets 
express different sets of TLRs generating 
distinct and shared repertoires to recognize 
diverse sets of pathogens. Human pDCs 
specifically express TLR7 and TLR9, and are 
therefore responsive to bacterial double-
stranded CpG-rich DNA, and viral DNA and 
single stranded RNA (ssRNA). TLR9 expression 
also accounts for pDC response to CpG 
oligonucleotides (ODNs), which mimic bacterial 
DNA108. Unlike cDCs, pDCs do not express TLR2, 
TLR3, TLR4, TLR5 or TLR6 which explains why 
pDCs do not respond to other bacterial 
products. All TLRs expressed by pDCs signal 
through the adapter molecule MyD88, which 
recruits signalling mediators to activate the 
transcription factor NF-kB109. The signalling 
complex includes members of the IL-1 receptor-
associated kinase (IRAK1 and IRAK4), TRAF6 and 
IRF-7. TRAF-6 activates a canonical IKK-
mediated pathway which cooperate in inducing 
pro-inflammatory cytokines such as TNF-α, IL-6, 
IL-1� and IL-12p40110. Alternatively, following 
phosphorylation by IRAK1 and activation by 
TRAF-dependent ubiquitination, IRF-7 dimerizes 
and translocates into the nucleus where 
together with NF-�B and AP-1 it regulates 
expression of type I IFNs111. IRF-7 knock-out 



Chapter 1 

16 

(KO) pDCs are unable to produce type I IFNs in 
response to TLR7 and TLR9 ligands75. Thus, the 
MyD88-dependent, robust IFN gene induction 
in pDCs is critically dependent on IRF-7. The 
ability of pDCs to produce inflammatory 
cytokines was intact in IRF-7-KO mice, indicating 
the IFN specificity of the IRF-7 pathway. Next to 
the phosphorylation and nuclear translocation 
of IRF7, TLR ligation in the early endosomal 
compartments112,113 is key for the induction of 
large quantities of type I IFN in pDCs. Ligand-
bound TLR9 together with the MyD88–IRF-7 
complex remain in the endosomal vesicles in 
pDCs for a long period of time, leading to 
increased IFN induction. Previous studies in 
non-DC cell types have shown that IFN 
production involves two steps, an initial 
induction of IFN-� and IFN-�4 though IRF-3 and 
IRF-7 activation, leading to the second phase 
where additional IFN-� genes and IRF-7 are 
induced in a IFN-dependent manner114,115. Not 
only IRF-3/7 but also IRF-8 plays a critical role in 
the production of type I IFNs both in pDCs and 
cDCs. IRF-8 KO DCs, while capable of inducing 
IFNs in an early, IRF-3/7-dependent phase, fail 
to activate the second phase of IFN 
transcription that is followed by high levels of 
IFN protein in pDCs and cDCs116. IRF-5 nuclear 
translocation, together with NF-kB and MAPK 
activation, is crucial for the production of 
inflammatory cytokines and probably also for 
the expression of costimulatory molecules117. 
IFN-α production is normal in IRF5−/− mice in 
response to CpG, but inflammatory cytokine 
production is decreased118. The protein 
osteopontin (Opn) also affects IFN-α gene 
expression and Opn−/− mice are deficient in 
TLR9 dependent IFN-α production119. In 
addition, pDCs are competent to produce high 
levels of type I IFNs in a TLR/MyD88-
independent manner120. These properties relate 
to the fact that DCs express RNA helicases, 
retinoic acid-inducible gene-I (RIG-I) and the 
melanoma differentiation-associated gene-5 
(MDA-5), cytoplasmic PRRs capable of detecting 
actively replicating viruses that enter the 
cytoplasm. 
Given the significance of type I IFN in activating 
a wide range of innate and adaptive immune 
cells, the IFN response has to be under tight 
control. Multiple surface receptors have been 
described to be involved in regulating the TLR-
mediated responses: The DAP12-associated pDC 
receptors Siglec-H and NKp44, P2Y receptors, 

the C-type lectins BDCA2 and DCIR as well as 
the pDC-specific Ig-like receptor ILT7 suppress 
the ability of pDCs to generate IFN responses to 
TLR ligands121-128. In chapters 3 and 4 we 
describe that the pDC specific transcription 
factor Spi-B is involved in the regulation of 
several target genes that establish and regulate 
pDC effector functions. 
 
 
Thymic pDCs 
 
In the thymus T cells develop from CD34+ 
progenitor cells via sequential stages involving 
rearrangement of T-cell receptor (TCR) genes 
and selection for expression of a functional 
TCR129,130. cDCs are found in T cell rich regions of 
most lymphoid organs and in many other 
tissues and organs. In the periphery, DCs 
sample and present antigen, thereby 
stimulating antigen-specific naïve and resting T 
cells. In the thymus, cDCs have an expanded 
role: They interact closely with developing 
thymocytes and drive deletion of autoreactive T 
cell clones. These thymic DCs may also be 
involved in induction of regulatory T cells 
(reviewed in131). pDCs represent the most 
abundant population of DCs in the thymus42,132, 
and are predominantly located at the 
corticomedullary junction (CMJ) and in the 
medulla43,132, however the role of thymic pDCs 
is elusive. Thymic pDCs share some common 
features with peripheral blood (PB) pDCs, such 
as the plasmacytoid morphology and expression 
of CD45RA, but are different from PB pDCs in 
expression of CD2, CD5 and CD743. It is 
unknown if thymic pDCs also contribute to 
negative selection of thymocytes and to the 
generation of regulatory T cells, as shown for 
peripheral pDCs101,103,104,106. A role for pDCs in 
positive selection was proposed through IFN-
induced upregulation of MHC class I at the 
surface of thymocytes133. Thymic pDCs 
probably, similar to pDCs in peripheral organs, 
play a role in protection against virus as they 
also produce large amounts of type I IFNs42,134. 
In chapter 5 we describe that pDCs upon 
stimulation negatively impact T cell 
development through secretion of type I IFNs.  
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B cells 
 
B cells are part of the adaptive immune system 
and provide humoral immunity against 
pathogens. Their main function is to produce 
and secrete large amounts of antigen-specific 
antibodies. During their development in murine 
and human bone marrow B cells pass several 
stages, including pro-B, pre-B and immature B 
cell stages, and undergo V(D)J rearrangement of 
the immunoglobulin (Ig) heavy (H) and light (L) 
chains to form a broad repertoire of B cell 
antigen receptors (BCR) and recognize various 
antigens (reviewed by Blom34 and Busslinger135). 
Proper rearrangement of the H chain and 
surface expression of a pre-BCR (consisting of 
the H chain and a surrogate light chain VpreB or 
λ5) are prerequisite for selection and 
progression from the pro- to the pre-B cell 
stage. Subsequent to the rearrangement of the 
L chain, immature B cells are positively and 
negatively selected for the expression of a 
functional and not autoreactive BCR and leave 
into the periphery as mature B cells.  
Upon binding of cognate antigen in secondary 
lymphoid tissues, B cell upregulate expression 
of CCR7 and are attracted by a gradient of 
CCL21 to the outer T-cell zones, where they 
elicit T cell help, form dynamic conjugates with 
T cells and become fully activated. Activated B 
cells can either directly develop into antibody-
secreting cells in specialized extrafollicular sites 
and produce low-affinity natural antibodies, or 
seed the follicles as germinal center (GC) 
founder cells. 
 
 
Germinal center reaction 
 
During T-cell-dependent antibody responses to 
exogenous antigen, GC are formed by 
proliferating B cells in the follicles of peripheral 
lymphoid tissues (reviewed by Klein136). Here, 
memory B cells and high-affinity antibody-

secreting plasma cells (PCs) associated with T 
dependent antibody responses are generated137 
(Figure 2). The response is initiated by 
engagement of antigen specific T and B cells at 
the boundary between B cell follicle and T cell 
zone. This interaction depends on binding of 
CD40, which is expressed on B cells, to CD40L, 
expressed on helper T cells. The mature GC 
consists of two compartments, termed dark and 
light zones. A dense network of stromal cells, 
the follicular dendritic cells (FDCs), is located in 
the light zone, whereas in the dark zone 
lymphocytes are closely packed. GC B cells in 
dark and light zones are defined as centroblasts 
and centrocytes, respectively. Centroblasts 
undergo a rapid process of proliferation and 
somatic hypermutation (SHM) of the antibody 
variable-region genes. Upon moving to the light 
zone, the smaller centrocytes re-express Ig and 
exit the cell cycle. By class switch recombination 
(CSR), which in humans likely is initiated in 
centroblasts and completed during the 
transition to centrocytes, the IgH isotype is 
changed. In a process termed affinity 
maturation centrocytes with a wide range of 
affinities compete for binding to cognate 
antigen that is deposited in the form of immune 
complexes on the surface of FDCs138. Bound 
antigen is processed and presented to follicular 
helper T cells (TFH), which provide survival and 
differentiation signals, including CD40-, ICOSL- 
and IL-21R-ligation139, to B cells with a highly 
specific BCR. This leads to the formation of 
memory B cells and PCs, which subsequently 
leave the GCs. Recently published 
observations140-142 provide new insights in GC 
dynamics that both support and challenge the 
classical views. In vivo imaging studies suggest a 
model in which dark and light zone cells are 
morphologically similar, cell division occurs in 
both compartments and cells transit between 
the zones in both directions (reviewed by 
Allen137).  
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Figure 2. The germinal center reaction. Upon engagement of antigen specific T cells, activated antigen specific B 
cells move into follicles and form germinal centers (GCs). Centroblasts in the dark zone of the germinal center 
highly proliferate and undergo somatic hypermutation (SHM) of their antibody variable-region genes. During class 
switch recombination (CSR) the isotype of the antibody constant-region is altered. Affinity maturation occurs in the 
light zone: centrocytes compete for binding cognate antigen presented by follicular dendritic cells (FDC). B cells 
with high affinity BCRs are positively selected by receiving a survival or differentiation signal from follicular helper 
T cells (TFH) and leave the GCs as differentiated memory cells or as antibody-producing plasma cells.  
 
 
 
Class switch recombination, somatic 
hypermutation and AID 
 
Vertebrates are able to produce a vast 
repertoire of antibody molecules to combat 
infection. The number of antibody specificities 
available during a human lifetime is estimated 
to exceed 109, far greater than the coding 
capacity of the genome. V(D)J recombination of 
the Ig locus that occurs during B cell 
development to produce the primary repertoire 
of antibody specificities results in about 105–106 
different specificities. However, this repertoire 
is neither large enough nor specific enough to 
include high-affinity antibodies against the full 
range of antigens an animal might encounter. 
Thus, the generation of antibody diversity 
depends largely on processes that follow V(D)J 
recombination: SHM and CSR.  
SHM is a process that modifies the Ig variable 
region of the rearranged antibody genes in B 
cells during an immune response. SHM inserts 

mainly point mutations in Ig V(D)J DNA at a rate 
of approximate 10–3 changes per base per cell 
division, which is about a million times higher 
than the spontaneous somatic mutation rate of 
the genome at large. CSR replaces the 
expressed IgH constant region, as juxtaposed to 
the VHDJH region, from the initial Cμ  to a 
downstream Cγ, Cα, or Cε. The intervening DNA 
between the switch μ  (Sμ) region, lying 
upstream of Cμ, and a downstream S region, 
lying upstream of the Cγ, Cα, or Cε exon cluster, 
is looped out as a switch (Sx-Sμ) circle. While 
SHM depends on Ig V(D)J DNA transcription, 
CSR is dependent on the germline IH-CH 
transcription initiated by the IH promoter that 
lies upstream of each S region143,144. CSR allows 
the expression of antibodies that have the same 
antigen specificity but with a secondary IgH 
isotype, thereby comprising a different effector 
function145,146.  
Both SHM and CSR depend on the activity of 
activation-induced cytidine deaminase 
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(AID)147,148. AID shares significant sequence 
similarities with the RNA cytidine deaminase 
apolipoprotein-B editing complex catalytic 
subunit 1 (Apobec1)149. It is now generally 
accepted that AID acts as a DNA deaminase, 
deaminating dC residues to dU in single-
stranded DNA, as existing transiently in the non-
template DNA strand during V(D)J transcription 
or as the R-loop structure within transcribed S 
region repeats150,151. Then, error-prone repair 
that involves different DNA repair factors leads 
to the introduction of somatic mutations 
(reviewed in152). CSR requires non-homologous 
end-joining processes, but the mechanism by 
which the corresponding switch regions 
recombine is unknown.  
AID is specifically expressed in a subset of 
germinal center B lymphoytes149,153. The highly 
mutagenic nature of AID requires stringent 
regulation of its activity. In both human and 
mouse B cells CD40 engagement and IL-4R 
signaling synergize to induce AID expression 
(reviewed in154). AID induction may be further 
enhanced by BCR cross-linking or by microbial 
LPS and/or DNA containing multiple 
unmethylated CpG motifs (CpG DNA), which 
activate TLR4 and TLR9 signalling transduction 
pathways, respectively. In vivo signalling by 
these pathogen-associated molecules probably 
crosstalks with pathways activated by host 
immune system generated B cell stimuli, CD40L 
and IL-4, to induce optimal AID expression. 
Further, BAFF and APRIL, two B cell factors that 
induce CSR in vitro and in vivo, induce 
expression of AID155,156. ICOS was shown to be 
essential for CD40-mediated CSR157. At the 
transcriptional level, several factors are 
described to be directly or indirectly involved in 
positive or negative regulation of AID, including 
Pax5, IRF8, IRF4, E47, Id2, BLIMP1, Bach2, NF-kB 
and STAT6158-164. AID activity is furthermore 
regulated by intracellular compartmentalization 
and trafficking, by posttranslational 
modification and by interaction with specific 
cofactors (reviewed by Xu154). Very recently, it 
was shown that AID is also subject to 
posttranscriptional regulation by a specific 
microRNA, miR-155165. In chapter 6 of this 
thesis we describe how STAT5 activation 
controls AID expression and consequently 
CD40L/IL-4-mediated CSR in vitro in human 
naïve B cells.  
 
 

Transcriptional control of PC differentiation 
 
During the GC reaction B cells differentiate into 
PCs, which secrete high-affinity antibodies and 
home to the bone marrow to form long-lived 
PCs, or memory B cells, which have the capacity 
to quickly form antibody-producing cells upon 
re-challenge with same pathogen. These post-
GC cells may develop through a single pathway 
that leads from memory B cells to PCs, or, 
alternatively, memory B cells and PCs are two 
separate fates of B cells that leave the GC166. 
The molecular mechanisms that govern the 
formation of post-GC cells have been studied in 
depth but several aspects are still unclear. An 
important factor is B cell lymphoma protein 6 
(BCL-6), which is required for GC formation and 
probably also for GC persistence167. BCL-6 has at 
least two functions within established GCs: 
promoting cell cycle progression and inhibiting 
differentiation. BCL6 represses the cell’s 
intrinsic response to DNA damage, allowing the 
GC B cells to sustain the DNA modifications 
associated with AID function, CSR and SHM. The 
generation of PCs is associated with the 
extinction of the transcriptional program that 
establishes the B cell phenotype, and this 
transition is mediated by a network of 
interacting transcriptional repressors166. 
Terminal differentiation of B cells requires by 
the functional inactivation of paired-box-
protein 5 (PAX-5), which is essential for 
commitment of lymphoid progenitors to the B 
cell lineage and thereafter, by an unknown 
mechanism, actively maintains B cell 
identity168,169. PAX-5 downregulation represents 
the first step toward PC differentiation170. 
Subsequently the downregulation of BCL-6 is 
required to proceed the differentiation, as this 
will release the repression of the transcription 
factor BLIMP1171. BLIMP1 has been assigned the 
master regulator of PC differentiation, because 
of its capacity to induce plasmablastic features 
in transfected B cell lines in vitro172. Ablation of 
PRDM1, the gene encoding BLIMP1, in mouse B 
cells prevents the development of PCs in vivo173. 
In addition to inducing PC differentiation, it has 
been suggested that BLIMP1 has a major role in 
erasing the preplasma cell phenotypes by 
suppressing the transcriptional repressors PAX-
5 and BCL-6166,174. BLIMP1 is thought to act 
upstream of XBP-1, a transcription factor 
required for the establishment of the secretory 
phenotype of PCs175,176. Recently IRF-4, a 
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transcription factor expressed in immature B 
cells and re-expressed in GC centrocytes, has 
been identified as a second master gene in PC 
differentiation162,163. IRF-4 expression is likely to 
be required upstream of XBP-1, but its 
relationship with BLIMP1 expression is unclear, 
as it has been reported to act upstream of163 or 
in parallel to162 BLIMP1. PC differentiation is 
regulated by negative feedback loops as the key 
transcription factors, which are mutually 
exclusively expressed in the B cells stage (BCL-6, 

PAX-5) or the PC stage (BLIMP1, XBP-1, IRF-4), 
repress each others transcription. In chapter 7 
of this thesis BLIMP1 regulation by IL-21-
mediated STAT3 activation and the requirement 
for concomitant down-regulation of BCL-6 in 
human PC differentiation is elucidated. 
Furthermore we describe in chapter 8 the 
identification of Spi-B as a novel player in the 
transcriptional repressor network underlying 
human PC generation. 
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Aim of this thesis 
 
A complex regulatory network of transcription 
factors is required to develop the different cell 
subsets that form the immune system from a 
common precursor. Also the differentiation of 
resting immune cells into adequate effector 
cells in response to environmental challenges 
requires precise regulation. It is thereby crucial 
to keep the balance of a strong immune 
response to pathogenic antigen without leading 
to harmful autoreactive effects. As aberrant 
expression of transcription factors in immune 
cells can lead to immune deficiencies, 
autoimmune diseases and hematologic 
malignancies, it is important to unravel the 
transcriptional control of immune cell 
development and differentiation.  
This thesis aims to investigate transcription 
factor networks involved in the regulation of 
human pDC and B cell development, 
differentiation and function.  
We investigated the involvement of E proteins 
in pDC development and describe in chapter 2 
the specific role of the E-protein E2-2 in the 
development of pDCs from human precursors. 
The Ets factors Spi-B collaborates in this process 
by repressing E-protein antagonists, the 
inhibitors of DNA binding (Id). The finding that 
Spi-B is involved in the regulation of pDC 

effector functions, including cytokine secretion 
and expression of costimulatory and MHC 
molecules, is described in chapter 3. The 
microarray studies outlined in chapter 4 aim to 
identify targets of Spi-B that exert its effects in 
human pDC development and differentiation.  
Human pDCs also originate in the thymus, 
though it is not clear if thymic pDCs are a 
specialized pDC subset. We studied the role of 
pDCs in the thymus and observed that type I 
IFNs produced by stimulated pDCs negatively 
affect T cell development, as outlined in 
chapter 5.  
During the germinal center reaction B cells 
switch the isotype of the BCR constant region 
during a process called CSR, and subsequently 
differentiate into memory B cells or PCs. We 
aimed to investigate how ‘repertoire freezing’ is 
established in post-GC B cells and describe in 
chapter 6 how the signal transducer STAT5 
counteracts CSR in human B cell cultures by 
regulating the expression of AID. Furthermore it 
is shown that the differentiation of human B 
cells into antigen-producing PCs is regulated by 
STAT3-mediated upregulation of BLIMP1 and is 
dependent on concomitant downregulation of 
BCL-6 (chapter 7). Finally, we unravel a novel 
function of Spi-B in human B cells, which acts as 
a repressor of BLIMP1 and XBP-1 and therefore 
controls human PC differentiation (chapter 8). 
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