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General discussion 

 
 
pDCs, a dendritic cell subset? 
 
Protection against different types of pathogens, 
priming of different cell types and induction of 
immunity or tolerance require a specialized 
system of dendritic cell subsets1. Based on their 
origin, anatomical localization, cell surface 
phenotype and function, the cells of the DC 
lineage can be classified into Langerhans cells 
(LCs) and interstitial DCs, that are located in the 
tissues, and into several types of so called 
blood-derived DC in lymphoid organs2. pDCs 
form a developmentally and functionally 
distinct subset of DCs; in fact due to several 
profound differences between pDCs and cDCs 
their categorization as DC may be questioned.  
 
pDCs and DC development. While both pDCs 
and cDCs can be derived from a common 
hematopoietic precursor, the precise 
relationship between pDCs and cDCs is unclear. 
Studies of the requirement for common or 
different transcription factors for their 
development provide further insight into the 
relationship between pDCs and cDCs. As 
outlined in the ‘general introduction’ of this 
thesis, some transcription factors are only 
involved in the development of either cDCs or 
pDCs, while the deficiency in others affects the 
generation of several DC subsets. 
Initially pDCs and cDCs have been assigned to 
be progeny of lymphoid and myeloid 
precursors, respectively. In chapter 2 of this 
thesis we identify the E-protein E2-2 as a 
transcription factor that selectively regulates 
the development of pDCs. E2-2 is specifically 
expressed in pDCs isolated from peripheral 
blood and thymus and is induced upon 
differentiation of hematopoietic precursors 
along the pDC lineage. The involvement of E-
proteins in the development of pDCs was 
previously suggested by the finding that the 
ectopic expression of Id3 or Id2, which 
sequester E-proteins, in CD34+ progenitor cells 
inhibits the generation of pDCs3. As Id2 or Id3 
overexpression also inhibits the development of 
T cells and B cells, this study provided evidence 
that pDCs belong to the lymphoid lineage. 
Others studies have also proposed a lymphoid 

origin of pDCs based on their expression of gene 
products associated with the lymphoid lineage 
including the pre-T cell receptor-� (pT�), a 
partially rearranged immunoglobulin heavy 
chain (IgH), V-pre B, and Spi-B4. However, it 
seems that there is considerable plasticity 
among DC lineages since all DC subsets, 
including pDCs, can be derived from both 
myeloid and lymphoid Flt3+ precursors, both in 
human and in mouse5-9. In addition lymphoid 
associated transcripts for IgH, RAG and pT� can 
be detected in both lymphoid and myeloid-
derived mouse pDCs10. Also each human DC 
subset of common myeloid progenitor (CMP) or 
common lymphoid progenitor (CLP) origin has 
identical gene-expression profiles suggesting 
that the DC program can operate in cells 
independently of their myeloid or lymphoid 
developmental origin9. Of note, the classical 
binary model of hematopoiesis, that describes 
blood-cell formation in terms of discrete 
developmental branch points with a single 
route given for each major cell type and strictly 
mutually exclusive lymphoid and myeloid 
developmental lineages, is not beyond doubt11, 
and is challenged again by two recently recent 
reports that identify a T-cell/myeloid progenitor 
that lacks B-cell potential in the thymus12,13. 
Consequently, if the classical model for lineage 
commitment during hematopoiesis must be 
revised, the debate on the lymphoid or myeloid 
origin of pDCs may be superfluous.  
Matching the need for an alternative model for 
DC development, a common DC precursor 
(CDP), alternatively called pre-DC, that can give 
rise to pDCs as well as cDCs has recently been 
identified in the mouse14,15, indicating a much 
closer relationship between pDCs and cDCs than 
previously acknowledged. The human 
equivalent of the mouse CDP has not been 
described. In humans a CD34dimCD123hi pDC 
precursor is found in fetal liver, fetal bone 
marrow and cord blood16 and may represent 
such a CDP; however, the potential of this 
precursor to differentiate into cDCs or other cell 
lineages remains to be investigated.  
Our group reported that Spi-B is critical for the 
development of pDCs from human 
hematopoietic progenitors17,18. In addition to 
increased percentages and absolute numbers of 
BDCA2+CD123hi pDCs derived from Spi-B-
transduced hematopoietic progenitor cells we 
observed increased development of cells 
expressing intermediate levels of CD123 in Flt3L 
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cultures (Chapter 2, figures 4 and 7). Although 
we did not extensively characterize this 
population, the expression of high levels of HLA-
DR and intermediate levels of CD123 suggests 
the development of a cDC precursor or an 
immature cDC. Notably a proportion of the 
CD123int cell population acquires CD11c surface 
expression within 14 days of culture (data not 
shown). However, since Spi-B is only expressed 
at background levels in cDCs isolated from 
peripheral blood or thymus or derived in vitro 
from monocytes or hematopoietic precursors 
(17 and chapter 3) it is unlikely that this factors is 
involved in the development of cDCs. As Spi-B is 
expressed in hematopoietic precursors17, it is 
possible that Spi-B is required for the early DC 
development, i.e. for the generation of CDPs, 
and subsequently is retained during pDC 
differentiation but downregulated upon 
differentiation into cDCs. Alternatively, as the 
development of cDCs depends on PU.119,20, a 
close homologue of Spi-B that binds to several 
common target genes, overexpression of Spi-B 
in progenitor cells may lead to non-specific 
induction of PU.1 target genes and 
consequently cDC development. 
 
pDCs and DC function. In chapter 3 we propose 
a role for Spi-B in pDC maturation and function, 
as Spi-B seems to be involved in the regulation 
of cytokine production by pDCs as well as 
expression of surface molecules on pDCs that 
are required for migration and T cell activation.  
pDCs and cDCs appear to take different routes 
to enter secondary lymphoid organs21. pDCs 
directly migrate into the inflamed secondary 
lymphoid tissues through high endothelial 
venules (HEV)22, while cDCs first migrate to the 
inflammatory site and then migrate into the 
secondary lymphoid tissues through the 
afferent lymph. The unique migration property 
of pDCs is associated with their expression of 
CD62L (L-selectin) and CCR7, which interact 
sequentially with the L-selectin ligand expressed 
by HEV and chemokines CCL19 and CCL21 
expressed by HEV and stromal cells within T 
cell-rich areas21. We show in chapters 3 and 4 of 
this thesis that Spi-B induced CD62L expression 
and is crucial for the upregulation of CCR7 on 
the surface of pDCs upon stimulation. Therefore 
Spi-B may be directly involved in the regulation 
of pDC-specific migration patterns. Of note, if 
Spi-B is involved in the regulation of CCR7 also 
in hematopoietic precursors, it may regulate 

the population of the thymus, as CCR7 
expression is required for thymus colonization23 
and intrathymic migration of early 
progenitors24. In line with this hypothesis we 
observed that human hematopoietic progenitor 
cells transduced with Spi-B shRNA repopulate 
the bone marrow, liver and spleen but not, 
unlike progenitors transduced with a control 
construct, the thymus of RAG-2−/−γc−/− mice (R. 
Schotte, data not shown).  
The biological importance of the regulation of 
costimulatory and MHC molecules by Spi-B on 
pDCs is yet unclear as the ability of pDCs to 
fulfill the ‘classical’ role of DCs and prime naïve 
T cells is not unambiguously established. 
Numerous in vitro studies have demonstrated 
the ability of pDCs to function as APCs for 
antigen-experienced T cells, as summarized in 
the ‘general introduction’, however the 
question remains to what extent pDCs 
contribute in vivo to antigen-presentation in a 
professional-APC-competent immune system, 
as 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 
cells25,26, suggesting that antigen presentation 
by pDCs may be redundant in controlling viral 
infections. pDCs may be more important in 
cross-presenting lipopeptides and viral peptides 
on MHC class I antigen, which they can present 
rapidly and efficiently to CD8+ T cells27,28. pDCs 
are probably less potent APCs than cDCs 
because they do not endocytose antigens as 
well as cDCs29. More importantly pDCs express 
low levels of costimulatory and MHC class II 
molecules compared with cDCs29-31. The 
transcription factor MHC class II transactivator 
(CIITA) is driven by different promoters in pDCs 
(C2ta pIII) than in cDCs (C2ta pI)32, but it 
remains to be explored whether this accounts 
for low cell surface expression of MHC class II in 
pDCs. In B cells, where CIITA expression is also 
driven by the pIII promoter, E47 and PU.1/IRF-4 
interact with the E-box motifs and the EICE 
element, respectively, and act synergistically in 
the activation of C2ta pIII33. E47, PU.1 and IRF-4 
are also expressed at low levels in pDCs (34 and 
data not shown). Much higher levels, however, 
of the closely related family members E2-2, Spi-
B and IRF-8 are expressed in pDCs (Chapter 2, 3 
and data not shown). It is therefore tempting to 
speculate that in pDCs the induction of CIITA via 
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the pIII promoter is regulated by a complex of 
these factors. 
Similar to expression of TLRs, distinct DC 
subsets express different CLRs, i.e. BDCA2 
specific for pDCs35, Langerin/CD207 specific for 
LCs36, and DC-SIGN/CD209 specific for 
interstitial DCs37. CLRs bind the carbohydrate 
moiety of glycoproteins38,39. The differential 
expression of CLRs in vivo indicates that the DC 
subsets process pathogens and induce immune 
responses in different ways. Indeed, it was 
recently demonstrated that the expression of 
Langerin and DC-SIGN, respectively, underlie 
the opposite functions of LCs and cDCs in HIV-1 
transmission40. Similarly, the expression of 
specific CLRs on pDCs may form the basis for 
their specialized functions; CLRs may recognize 
viral glycoproteins leading to virion recruitment 
into TLR-expressing compartments, required for 
professional IFN-α production by pDCs. pDCs 
specifically express BDCA241 and possibly 
DCIR42, but not dectin-1, mannose receptor or 
DC-SIGN. Antibody directed to BDCA2 or DCIR 
are delivered to endosomes and processed and 
presented by pDCs35 and can be used to target 
antigen to pDCs42,43. To understand the 
physiological relevance to this finding it will be 
necessary to identify the natural ligands of 
these C-type lectins. Interestingly, cross-linking 
of BDCA2 or DCIR by antibodies delivers 
inhibitory signals to pDCs, preventing 
production of type I IFN35,42, as does 
overexpression of Spi-B (Chapter 3). In chapter 
4 of this thesis it is shown that Spi-B is involved 
in the transcriptional regulation of BDCA2, but 
Spi-B does not regulate other CLRs (data not 
shown). Several other cell surface receptors are 
involved in the regulation of IFN-α production 
by pDCs, including ILT7. ILT7 expression, which 
can also be induced by Spi-B as shown in 
chapter 4, strongly decreases in pDCs upon 
stimulation with IL-3 and CD40 or CpG44,45, as do 
Spi-B protein levels (Chapter 3). These findings 
indicate that the inhibition of IFN-α secretion by 
Spi-B may be correlated to its regulation of 
BDCA2 or ILT7 surface expression. BDCA2 
regulates IFN-α secretion upon pDC stimulation 
by signaling via a B-cell receptor (BCR) 
signalosome like pathway46,47. Also ILT7 signals 
via an ITAM motif and Src/Syk 
phosphorylation48. Therefore, given the overlap 
in the signaling pathways of BDCA2 and ILT7 
with that of the BCR and the requirement of 
Spi-B in proper BCR signaling49 Spi-B may 

alternatively be involved in the downstream 
signaling of BDCA2 and ILT7. 
In conclusion, in addition to the requirements in 
Spi-B in pDC development, our findings 
underline the specificity of Spi-B for pDCs in 
regulating expression of cell surface receptors 
that are associated with the function of pDCs 
but not other subpopulations of the DC lineage. 
However, other molecules, such as CD40, are 
induced on both pDCs and cDCs upon 
stimulation. Spi-B, which is required for the 
upregulation of CD40 upon stimulation in pDCs 
(Chapter 3) is not expressed in cDCs, implicating 
that the induction of at least some of the cell 
surface markers required for DC function are 
regulated by distinct pathways in pDCs and 
cDCs.  
 
 
pDC subsets 
 
In mice as well as humans pDCs are present in 
several anatomical locations, including bone 
marrow, thymus, liver secondary lymphoid 
organs, and peripheral blood. In general DCs 
present in different organs have different 
properties, suggesting that there may also be 
pDC subsets with specialized functions. This 
specialization may be intrinsic to the pDC subset 
or enforced by the specific microenvironment 
of the respective organ. pDCs from murine 
Peyer’s patches are incapable of producing 
significant amounts of type I IFN upon 
stimulation with CpG or influenza virus, while 
they are fully capable of producing IL-1250. The 
mucosal microenvironment may condition pDCs 
for poor type I IFN production, driving a tissue-
specific immune response. Also pDCs from 
human newborns, isolated from cord blood, 
produce less IFN-α upon stimulation than pDCs 
from adult blood51. Furthermore it was shown 
that pDCs in cDC-depleted mice can prime CD4+ 
T cells in the lymph nodes, but not in spleens52. 
Also in this study it is unclear if this discrepancy 
results from the distinct organ architectures or 
reflects an inherent difference between splenic 
and LN pDCs, a question that may be addressed 
by transferring LN pDCs to the spleen and vice 
versa. 
 
pDCs in the thymus. DCs in the thymus are 
localized in close proximity to developing T 
cells, which generates the potential for thymic 
DCs to regulate T cell function at the 
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developmental level. Indeed it is reported that 
cDCs in the thymus play a crucial role in the 
process of negative selection and induction of 
regulatory T cells (reviewed in53). It is not known 
whether thymic pDCs also contribute to 
negative selection of thymocytes or to the 
generation of regulatory T cells, as it was shown 
for peripheral pDCs54-57. A role for pDCs in 
positive selection of CD8+ T cells was proposed 
through IFN-induced upregulation of MHC class 
I molecules at the surface of thymocytes58. 
A major proportion of thymic cDCs are 
generated within the thymus (reviewed in53). 
Likewise, thymic pDCs can develop 
intrathymically from HSCs59. pDCs represent a 
minor DC subset in the periphery but are the 
most abundant DC population in the 
thymus60,61. Like their counterparts in the 
periphery, thymic pDCs have a plasmacytoid 
rather than dendritic morphology, but can 
transform to a dendritic morphology following 
activation in vitro. Thymic and blood pDCs 
express BDCA2, CD123 and CD45RA, but in 
contrast to peripheral pDCs, thymic pDCs 
consistently express CD2, CD5 and CD762. To 
date it is unclear whether this phenotypic 
difference is secondary to the localization of 
pDCs in the thymus and/or is related to a 
specific function of thymic pDCs. 
In addition, thymic pDCs, but not pDCs from 
other lymphoid tissue or peripheral blood, 
constitutively produce IFN-α, which may be 
induced by factors present in the thymic 
microenvironment, such as apoptotic self DNA 
and/or CD40L (A. Colantonio and C. 
Uittenbogaart, manuscript in preparation). It is 
possible that the presence of the recently 
described IFN-α-inducing endogenous 
antimicrobial peptide LL3763 in the thymus plays 
a role in the constitutive expression of IFN-α by 
thymic pDCs. In line with the predominant 
localization of thymic pDCs in the medulla, the 
highest percentages of IFN-α positive 
thymocytes are detected in this area of the 
thymus, where mature thymocytes reside64 and 
where autoreactive thymocytes are negatively 
selected and are removed by apoptosis 
(reviewed in65). The role of constitutive IFN-α 
secretion in a non-pathogenic situation in the 
thymus is currently elusive; it may play a role in 
regulating the rate of steady-state T cell 
development. It is known that IFN-α regulates 
the expression of pro-apoptotic genes and can 

induce apoptosis by upregulation of TRAIL on T 
cells66. Also the expression of the IFN-
stimulated gene (ISG) MxA increases the 
susceptibility to cell death67,68. Therefore, 
elevated levels of MxA or other ISGs in mature 
thymocytes due to local IFN-α secretion may 
aid in reducing the threshold needed to 
eliminate thymocytes by negative selection. 
Type I IFN stimulates cross-priming69 and may 
enhance the uptake and cross-presentation of 
self-peptides released by apoptotic cells in the 
thymus, thereby contributing to negative 
selection. The finding that mice deficient for 
type I IFN receptor show normal T cell 
development70 suggests that the constitutive 
IFN-α production in the thymus is not essential 
for normal T cell development.  
Consistent with a role of pDCs in antiviral 
immunity it is likely to assume that thymic pDCs 
protect the thymus from viral infections. In line 
with this, thymic pDCs also produce type I IFN 
upon stimulation with influenza virus, HIV-1 or 
CpG60,64 and suppress HIV-1 replication in the 
thymus64. However, IFN production by pDCs in 
the infected thymus does not only have 
beneficial effects, as it is devastating for the 
early development of T cells (Chapter 5). It is 
presently unknown whether inhibition of the 
normal T cell generation by IFN-α is a unspecific 
side effect of organ protection against viruses 
or whether type I IFNs may play an active 
regulatory function in the thymus, for example 
by controlling the rate of T cell generation 
during an acute phase of infection in order to 
restrict the battering of newly produced naïve T 
cells by infection. In line with the latter 
hypothesis is the fact that suppression of T cell 
development by type I IFNs is reversible 
(Chapter 5), permitting restoration of normal T 
cell development immediately upon clearance 
of the virus. Type I IFNs also inhibit lymphocyte 
responses to type 1 sphingosine 1-phosphate 
receptor-1 (S1P1), which has been shown to be 
involved lymphocyte egress from lymphoid 
organs including the thymus, further affecting 
the generation of an efficient naïve T cell pool 
during71,72.  
The impact of IFN-α on T cell development was 
recently also shown in murine fetal thymic 
organ cultures (FTOCs) treated with TLR3 or 
TLR7 ligands which resulted in an IFN-
dependent early developmental blockade, 
increased frequencies of apoptotic cells, and 
decreased proliferation of murine thymocytes73. 
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In line with our results this study showed 
decreased thymocyte proliferation upon TLR 
triggering or IFN-α treatment. Furthermore it 
was reported that apoptosis of T cell precursors 
is induced by IFN-α, which most likely involves 
signaling by TRAIL. We showed that human T 
cell progenitors do not undergo apoptosis when 
exposed to IFN-α since IFN-α did not alter the 
percentage of apoptotic AnnexinV+ cells, the 
levels of the anti-apoptosis factor Bcl-2 or the 
expression of 35 other regulators of apoptosis, 
simultaneously quantified by a multiplex 

ligation-dependent probe amplification method 
(RT-MLPA74), although we did not investigate 
TRAIL induction in our experiments. In human 
thymocytes IFN-α interfered with IL-7 signaling, 
which could not be attributed to interference 
with either IL-7R proximal (STAT5, Akt/PKB, 
Erk1/2) or distal (p27kip1, pRb) events (Chapter 
5). Baron et al. linked the observed effects of 
IFN-α on murine T cell development to down-
regulation of the IL-7Rα (CD127) chain 
expression in IFN treated FTOCs, together with 
an increased expression of suppressor of 
cytokine signaling-1 (SOCS-1) and decreased 
expression of growth factor independence 1 
(Gfi1)73. SOCS-1 overexpression prevents the 
progression of thymic progenitors beyond the 
earliest stages of T cell development75. We did 
not detect alterations in CD127 surface 
expression on thymocytes upon IFN-α 
treatment (data not shown). The reasons for 
the discrepancies between the two studies with 
mouse and human thymocytes are currently 
unknown. It is necessary to assess the levels of 
SOCS-1 and Gfi1 in our IFN-α treated human 
thymocytes to further compare the results of 
the two studies. Of note, SOCS proteins are 
induced by IFN-α signaling in human PBMCs76 
and dephosphorylate Jak and STAT family 
members, thereby downregulating IL-7R 
signaling.  
To gain more insight into whether pDCs from 
different anatomical locations are intrinsically 
different subsets we investigated the 
differences in expression of transcription 
factors between ex vivo isolated human pDCs 
from PB and thymus. Although the transcription 
levels of Spi-B, E2-2, IRF-4, IRF-7 and IRF-8 are 
significantly higher in pDCs compared to their 
conventional counterparts, the levels of these 
factors were not different between pDCs from 
different anatomical locations, suggesting that 

the pDC populations from peripheral blood and 
thymus are intrinsically homogeneous. IRF-7 is 
already highly expressed in resting pDCs and its 
translocation to the nucleus is critically required 
to initiate type I IFN transcription. Consequently 
defective IRF-7 translocation in cord blood pDCs 
leads to decreased IFN-α production by pDCs of 
newborns upon stimulation77. This together 
with the notion that thymic pDCs constitutively 
secrete IFN-α makes it tempting to speculate 
that IRF-7 is continuously translocated in thymic 
pDCs. Further research is required to determine 
whether pDCs from different anatomical 
locations have intrinsically distinct functional 
properties and to elucidate the underlying 
molecular mechanisms. 
 
 
Of mice and men 
 
Immunological research is strongly based on 
mouse models as experimental tool. Although 
research using mouse models resulted in 
fundamental knowledge on the murine as well 
as the human immune system, there are several 
crucial differences between mice and men in 
both the adaptive and innate immunity, as 
reviewed by Mestas and Hughes78.  
Murine pDCs share many characteristics with 
human pDCs, including morphology and 
function, but there are notable phenotypic as 
well as functional differences. In mice both cDCs 
and pDCs express TLR979,80 while in humans only 
pDCs express TLR981, which has crucial 
consequences as to which DC subsets are 
responsive to viral and bacterial DNA. Murine 
pDCs produce significant amounts of IL-12, 
while human pDCs do not produce IL-1282,83. 
Human and mouse pDCs depend on Flt3L for 
their development from HSC84, which is blocked 
by GM-CSF. But unlike human pDCs, murine 
pDCs hardly respond to IL-3, which correlates 
with a lack of high levels of expression of IL-3Rα 
(CD123)85. Murine pDCs express low levels of 
IRF-486 and do not depend on IRF-4 for their 
development86,87. Mice lacking the IRF-4 gene 
have selective defects in splenic CD11bhiCD8α− 
cDC, a cDC subset that expresses IRF-4. In 
contrast human pDCs express high levels of IRF-
4 compared to monocytes and monocyte-
derived DCs34 and also compared to ex vivo 
isolated peripheral blood and thymic CD11c+ 
cDC (our own unpublished observations and83). 
IRF-4 is furthermore upregulated in HSV-
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stimulated human pDCs34. The role of IRF-4 in 
human pDC development or differentiation has 
not yet been investigated. Interestingly, IRF-4 
interacts with PU.1 which is essential for the 
development of CD8α− DCs in the mouse19,88. In 
contrast to IRF-4, IRF-8 plays crucial roles in the 
development and function of murine 
CD4�CD8α+ cDCs, pDCs, and LCs89-91. Studies in 
mice with double deficiencies of IRF-4 and IRF-8 
show defects in these development of all DC 
populations, suggesting a nonredundant role of 
each of the factors in the development of 
specific DC subsets86. In humans IRF-8 is highly 
expressed in pDCs but not in cDCs34. We 
confirmed this differential IRF-8 expression in 
CD123+CD45RA+ pDCs and CD11c+HLA-DR+ cDCs 
isolated from peripheral blood and thymus or 
generated in vitro from CD34+ precursors (data 
not shown). As IRF-8 forms protein complexes 
with Spi-B, we assessed the effect of IRF-8 
overexpression and knock-down on 
development of pDCs from CD34+CD1a− human 
hematopoietic progenitors by retroviral 
transduction of IRF-8 cDNA or shRNA, 
respectively. To our surprise, altering IRF-8 
expression levels did not affect the capacity of 
human progenitors to develop into the pDC 
lineage (data not shown). Thus despite similar 
expression patterns of IRF-8 in murine and 
human DC subsets the requirements for this 
factor in the development of human DC subsets 
remains to be determined.  
Spi-B functions as a key regulator of human pDC 
development17,18. Knockdown of Spi-B 
expression in human hematopoietic progenitors 
abrogated the development of pDCs in vitro in 
Flt3L cultures and in vivo. We analyzed Spi-B−/− 
and PU.1+/−Spi-B−/− mice, that were described 
previously49,92, for the presence of pDCs in 
spleen and bone marrow using the pDC specific 
labeled antibody 120G893. pDC percentages 
were slightly (30-40%) reduced in the bone 
marrow of Spi-B−/− and PU.1+/−Spi-B−/− mice, but 
present in normal numbers in the spleen (data 
not shown). Thus in contrast to human 
hematopoietic progenitors, where a partial 
knock-down of Spi-B protein by shRNA almost 
completely abrogated the pDC development 
potential18, the complete ablation of the Spi-B 
gene in mice only results in a mild reduction of 
pDC numbers. Interestingly, the mean 
fluorescence intensity (MFI) of 120G8 on splenic 
and bone marrow pDCs from Spi-B−/− and 

PU.1+/−Spi-B−/− mice was clearly reduced by 
approximately 2-fold compared to wild type or 
PU.1+/− mice. The monoclonal 120G8 antibody 
recognizes the bone marrow stromal cell Ag 2 
(BST2)94. The function of BST2, which is specific 
for pDCs in naïve mice, but is upregulated on 
most cell types following stimulation with type I 
IFNs and IFN-γ, is unknown. BST2 may be 
important in sorting membrane and secreted 
proteins in the Golgi apparatus, the trans-Golgi 
vesicles and the cell membrane and constitutive 
high levels of BST2 expression in pDCs may play 
a role the secretion of large amounts of IFN-α. 
It is tempting to speculate that Spi-B is involved 
in the regulation of this pDC-specific surface 
antigen recognized by 120G8, although the 
biological link is currently entirely unclear. 
The seemingly contradictory results of the role 
of some transcription factors in mice and 
humans may be a reflection of differences in 
transcriptional control of pDC development and 
function between the species. Alternatively 
these differences may be the consequence of 
different experimental systems that were used 
to assess the function of these transcription 
factors. In vitro culturing assays to study human 
cell development can never fully mimic an in 
vivo situation, where the development of cells 
critically depends for example on the availability 
of the required niches and on access to 
cytokines and other factors. In order to 
investigate if human and mouse pDCs really 
differ in their development in terms of 
requirement of IRF-8 and Spi-B, these factors 
should be studied in comparable systems. Also 
although mouse and human pDCs are similar in 
producing high levels of type I IFNs, the fact that 
certain cell surface receptors like BDCA2 and 
ILT7 are expressed on human but not on mouse 
pDCs may result in functional differences in 
pDCs from these species. 
 
 
pDCs in health and disease 
 
pDCs in viral infections. The role of pDCs in 
response to viral infections in the mouse is well 
established and there is ample, albeit indirect, 
evidence that these cells are also involved in 
control of viral infections in humans (reviewed 
in95). The role of human pDCs in chronic viral 
infections has been extensively studied in HIV 
infected individuals. Human pDCs express HIV 
(co-)receptors CD4, CXCR4 and CCR5 and can be 
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productively infected by HIV64,96. As a 
consequence peripheral blood pDC numbers are 
decreased in HIV infection97-99. pDCs are 
activated by various strains of HIV through 
receptor-mediated endocytosis followed by 
TLR7 engagement to produce type I IFN and 
other cytokines and to express surface 
maturation markers100. This innate response 
provides a key mechanism to control the HIV 
infection, because a decline in pDCs in chronic 
HIV-1 infection is associated with high viral 
loads and opportunistic infections98, and 
recovery of pDC function correlates with the 
efficacy of antiviral drug therapy101,102.  
The hallmark of HIV-1 disease progression is the 
gradual decline of CD4+ T cells and perturbed 
CD4+ T cell homeostasis. HIV-infection of the 
thymus has been implicated in the defective 
regeneration of the CD4+ T cell pool. Thymic DCs 
are permissive to infection by HIV-1 and 
produce type I IFN in response to HIV-1 
infection64. As discussed above, IFN-α 
production by thymic pDCs affects the 
generation of naïve T cells in several aspects. It 
is not known exactly to which extend thymic 
pDCs are involved in HIV-1 pathogenicity but 
thymic pDCs activated by HIV may contribute to 
the aberrant regeneration of the naïve CD4+ T 
cell pool in HIV-1 patients. 
 
pDCs in autoimmune diseases. The presence of 
IFN-α and massive infiltration of pDCs have 
been associated with the pathogenesis of a 
group of autoimmune diseases including 
systemic lupus erythematosus (SLE)103, in which 
autoantibodies to self-nucleic acid and self-
nuclear components are produced. The high 
concentrations of IFN-α in the sera of a large 
proportion of SLE patients were found to 
activate DCs to trigger T-cell mediated 
autoimmunity104 as well as to promote the 
differentiation of B cells into antibody-secreting 
plasma cells105. pDCs can innately respond to 
autoantibody complexes with self DNA or self 
small nuclear ribonucleoprotein that can enter 
pDCs through interaction with Fc�RII (CD32)106 
and then stimulate TLR7 or TLR9, 
respectively107. The mechanisms leading to the 
increased production of type I IFN in SLE 
patients has been intensely studied and may 
involve alterations in TLR7 or SOCS 
expression108,109. 
Type I IFN and pDCs are also proposed to be 
pathogenic in other autoimmune diseases, 

including psoriasis, insulin-dependent diabetes 
mellitus, dermatomyositis, and Sjögren’s 
syndrome110. In psoriasis, pDCs accumulate in 
the inflamed skin at an early stage of the 
disease and secrete type I IFN111. Blocking type I 
IFN inhibits the development of the disease. 
The antimicrobial peptide LL37 was recently 
identified as the key factor that mediates pDC 
activation in psoriasis63. LL37 converts inert self-
DNA into a potent trigger of IFN production by 
binding DNA to form aggregated and condensed 
structures that are delivered to and retained 
within early endocytic compartments in pDCs 
thereby triggering TLR9.  
 
pDCs in cancer. Both immature DCs and pDCs 
infiltrating solid tumors are incapable of 
inducing antitumor immune responses, but 
instead may induce regulatory T cells that 
inhibit immunity (reviewed in21). TLR 
antagonists like CpG-ODN may be used to 
activate pDCs to produce type I IFN and TNF-α, 
which then activate tumor-infiltrating immature 
cDCs to induce antitumor T cell responses. Next 
to cancer treatment the therapeutic potential 
of TLR9 agonists is being assessed in infectious 
diseases and allergy/asthma (reviewed in112). 
Similar to IFN-α therapy, a potential risk of 
chronically stimulating pDCs by CpG is the 
development of autoimmune diseases, like SLE, 
in the patients. Also, as we describe in chapter 
5, activation of pDCs in the thymus may affect 
de novo generation of naïve T cells.  
The rare CD4+CD56+ hematodermic neoplasms, 
previously termed blastic natural killer cell 
lymphoma, have been identified as the 
leukemic counterparts of pDCs113,114. Clinically, 
these cases are characterized by a rapid 
aggressive course, and extranodal and notable 
skin involvement. The tumor cells retain many 
phenotypic and functional properties of their 
normal pDC counterparts, expressing high levels 
of IL-3Rα (CD123), HLA-DR, BDCA2, BDCA4 and 
CD45RA, but not CD11c or other lineage 
markers113. In a recent study the expression of 
pDC markers in neoplastic pDCs was confirmed 
and extended115. pDC tumor cells produce IFN-α 
in response to influenza virus, while upon 
maturation with IL-3 they become a powerful 
inducer of naïve CD4+ T cell proliferation and 
promote Th2 polarization. Leukemic pDCs 
(LPDC), like normal pDCs, express high levels of 
lymphoid-related transcripts113. Several cell 
lines have been produced from patient tissue so 
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far116,117 and provide a valuable tool for pDC 
research. For example for the investigations 
described in chapter 3 and 4 of this thesis we 
make use of the pDC cell line CAL-1, which 
displays several common features with their 
primary counterparts and can easily be 
manipulated and genetically modified. 
 
The assessment of pDC function in experimental 
models of cancer, allergy and autoimmunity has 
just begun. Adoptive transfer of pDCs activated 
with various stimuli and depletion of pDCs in 
these models will further improve the 
understanding of pDC function in the 
pathogenesis of human diseases and their 
potential as targets for therapeutic 
intervention. An experimental model to study 
the human immune system, the "human 
immune system" (HIS) RAG-2−/−γc−/− mice 
mouse model118, may be of use to further 
investigate the role of pDCs in human diseases, 
including tumors and HIV infection. Importantly, 
the development of pDCs in this experimental 
system can be specifically prevented by 
transducing the human progenitor cells with 
shRNA against Spi-B18, which may provide a tool 
to evaluate the role of these cells in human 
diseases. 
 
 
The relationship between pDCs and PCs 
 
Previous studies have shown remarkable 
similarities between B lineage cells and pDCs. As 
can be understood from their name, pDCs and 
terminally differentiated B cells, i.e. PCs, have a 
plasmacytoid morphology with a well-
developed rough endoplasmatic reticulum, 
enabling them to secrete large amounts of 
protein, i.e. cytokines or immunoglobulins (Igs), 
respectively (Cover figure). pDCs and B cells 
share expression of several classes of genes. For 
example, they express a similar sets of TLRs 
(TLR7 and TLR9)81,119,120, possess germ-line Ig 
transcripts and Ig recombinase10,45, and use the 
same CIITA promoter for the controlling of MHC 
Class II expression32. In addition the pDC 
receptor BDCA2/FcεRI� and the BCR share the 
same membrane-proximal signaling cascade 
and pathway leading to NF-�B activation46,47. 
The striking overlap of factors expressed by 
pDCs and B cells has been recently confirmed 
and extended by Marafioti et al.115, who 
document a range of transcription factors and 

signaling molecules expressed in normal and 
neoplastic pDCs and B lymphocytes, including 
BCL11A, E12/E47, IRF-8, PU.1, BLNK, BTK, Lyn, 
PLCγ2, and Syk. Conversely, other classical B 
cell-associated factors, such as Pax5 and Oct2, 
are not expressed by pDCs, leaving the cellular 
origin of pDCs and their relationship to B cells a 
subject of controversy.  
 
Spi-B. Spi-B is a crucial regulator of pDC and PC 
differentiation. Among mature leukocytes, 
expression of Spi-B is restricted to pDCs and B 
cells17,45,121. But whereas Spi-B positively 
stimulates the development of pDC from 
precursors17,18 and the maturation of pDCs 
(Chapter 3), it negatively regulates cytokine 
secretion by pDCs and the formation of plasma 
cells from activated B cells (Chapter 8). Several 
reports describe Spi-B as a transcriptional 
activator, amongst others of CD40122, the 
adaptor protein Grap2123, the heptahelical 
receptor P2Y10124, the Rel/NF-kappa B family 
member c-rel125 and the tyrosine kinases c-
fes/c-fps126 and Btk127. In chapter 8 we suggest a 
previously unappreciated function of Spi-B as a 
repressor of gene transcription. Although 
several targets of Spi-B have been described 
and more are identified by us (Chapter 4), it is 
not clear whether the ‘positive’ effect of Spi-B 
on pDC development and maturation can be 
attributed to its transactivation or repression 
properties. In chapter 2 we propose that 
transcriptional inhibition of the E-protein 
antagonist Id2 by Spi-B may be involved in Spi-
B- and E2-2-mediated promotion of pDC 
generation. We hypothesize that Spi-B 
furthermore induces the expression of ‘pDC 
factors’ that build the genetic program of these 
cells. Transactivation probably underlies the 
mechanism by which Spi-B establishes a 
hyperactive state in pDCs as indicated by high 
levels of CD40, CD80, CD86 and MHC 
expression. At least for CD40 expression it 
seems clear that it is directly and positively 
regulated by Spi-B.  
 
BLIMP1 and XBP-1. Regulation of PC formation 
by Spi-B involves direct repression of the PC 
factors BLIMP1 and XBP-1 (Chapter 8). It will be 
interesting to investigate if Spi-B represses 
these factors also in pDCs and the consequence 
of this regulation. It became clear only recently 
that BLIMP1 has a broad spectrum of activity 
within different lymphocyte subsets (reviewed 
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in128). Although the various functions of BLIMP1 
are not yet fully explored it seems unlikely to 
play a role in pDCs, since BLIMP1 is not 
expressed in human pDCs from tissues115. 
XBP-1 on the other hand, which directly 
regulates the expression of H chain 
transcription factor OBF-1129, which again is a 
direct regulator of Spi-B130, has been described 
to participate in DC generation and function. 
Lymphoid chimeras lacking XBP-1 have 
decreased numbers of both cDCs and, more 
profoundly, pDCs, with reduced survival rates 
before and after stimulation131. XBP-1−/− pDCs 
are hyperactivated, express increased levels of 
MHC class II and CD86, have a poorly developed 
ER, and produce markedly reduced amounts of 
IFN-α. XBP-1 is activated by IRE1α during the 
unfolded protein response (UPR) and is 
required for the differentiation of highly 
secretory cells, including embryonic 
hepatocytes, exocrine pancreatic β cells, and 
PCs132-134. It is therefore not surprising, that 
XBP-1 plays a crucial role in the regulation of 
the differentiation of pDCs, which also function 
as secretory cells. PDCs constitutively express 
high levels of both the unspliced and spliced 
versions of XBP-1131. The constitutive activation 
of UPR in pDCs, as indicated by the presence of 
abundant spliced XBP-1, may account for the 
rapid secretion of IFN-α upon viral infection. 
The strikingly similar phenotype of XBP1−/− pDCs 
and Spi-B overexpressing pDCs which we 
describe in chapter 3 makes it tempting to 
speculate that Spi-B regulates hyperactivation 
and cytokine secretion in pDCs by repressing 
XBP-1. We will experimentally address this 
hypothesis by concomitant overexpression of 
Spi-B and XBP-1 proteins in pDCs. Preliminary 
qPCR results suggest downregulation of XBP-1 
by Spi-B in primary pDCs and CAL-1 cells. 
 
IRFs and STATs. IRF-4 is expressed by human 
pDCs and PCs. Whereas IRF-4 is not required for 
the development of pDCs in mice86,87, and 
probably is not expressed in murine pDCs, it is 
highly expressed in human pDCs (34,83 and own 
observations), but the function is presently 
unknown. IRF-4 is essential for PC 
formation135,136: IRF-4 deficient B cells fail to 
induce the BLIMP-1-dependent plasma cell 
program.  
The balance between STAT3 and STAT5 
signaling determines the development of pDCs 
from precursors137 and the differentiation into 

post-GC B cells (Chapter 7). As we have shown 
before138 and describe here, the differentiation 
of GC B cells involves the regulation of BCL-6 
and BLIMP1 expression by STAT5 and STAT3, 
respectively. STAT5 signaling may lead to the 
formation of memory B cells by inducing BCL-6, 
whereas STAT3 activation induces BLIMP1 
expression and consequently PC formation 
(Chapter 7 and139). In contrast, repression of 
BCL-6 by STAT5140 and induction of BCL-6 
expression by STAT3141 have also been 
reported. pDC development depends on STAT3 
activation by Flt3L signaling142 and is inhibited 
upon STAT5 activation by GM-CSF137. GM-CSF 
mediated STAT5 activation leads to the 
inhibition of IRF-7, IRF-8 and Spi-B, pDC 
associated transcription factors that are 
induced by Flt3L signaling137. IRF-8, which 
contains STAT consensus sites in its promoter, is 
directly regulated by STAT5, whereas Spi-B lacks 
a STAT consensus site within its proximal 2kb 
region and is therefore probably not a direct 
STAT target. IRF-8 again is also highly expressed 
in centroblasts and an important player in the 
GC reaction, by directly inducing the expression 
of BCL-6 and AID143. In B cells it has not yet been 
investigated whether STAT5 also regulates the 
GC reaction via repression of IRF-8. If so it 
would counteract the direct positive regulation 
of BCL-6 by active STAT5, that was described by 
our group138. We did not observe regulation of 
Spi-B by STAT5 overexpression in human B cells 
and therefore have no indication that Spi-B is 
involved in the regulation of PC formation by 
regulation via the STAT3-STAT5 balance, 
although further experiments are required to 
investigate this notion more thoroughly.  
 
 
Regulation of PC and memory B cell 
differentiation 
 
Although recent studies have substantially 
increased our knowledge on the regulatory 
mechanisms in GC reactions, several questions 
remain. For example is not well established 
which signals are required to terminate the GC 
differentiation program and initiate the 
differentiation of GC B cells into PCs or memory 
B cells. Also the factors that determine the 
commitment to either of these two potential 
post-GC fates are elusive.  
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PC differentiation. In vitro experiments have 
suggested that plasma cell differentiation in the 
GC is regulated by stochastic or nonselective 
mechanisms144. More recently it was shown 
that only GC B cells which have acquired high 
affinity for the immunizing antigen form PCs145. 
PC differentiation is also dependent on follicular 
helper T cells (TFH) that provide CD40 signaling 
and cytokines such as IL-21 (reviewed by 
King146). Signaling via the IL-21 receptor is 
involved in PC formation by inducing BLIMP1 
expression in a STAT3 dependent manner 
(Chapter 7 and139). In line with this, deficiency in 
STAT3 expression has been associated with a 
defect in the generation of IgG-antibody 
producing PCs147. Although BLIMP1 is the 
master regulator of the PC genetic program, the 
initiation of PC differentiation is independent of 
BLIMP1 induction148 and rather depends on the 
downregulation of several repressors. PAX-5, 
which is essential for maintaining B cell identity, 
needs to be functionally inactivated and 
represents the first step towards PC 
differentiation148. In line with this, experimental 
downregulation of PAX-5 in mature B cells leads 
to the initiation of the PC program149,150. 
Furthermore decreasing BCL-6, Mitf and Bach2 
levels in B cells is a prerequisite for 
differentiation into post-GC B cells (chapter 7 
and reviewed by Shapiro-Shelef and Calame151). 
Our work described in chapter 8 suggests that 
downregulation of Spi-B is also required in GC B 
cells to undergo terminal differentiation. It is 
still not clear how signaling through the high 
affinity BCR, CD40 and cytokine receptors is 
translated to the downregulation of the 
repressors of PC differentiation once the affinity 
maturation is successfully accomplished and the 
B cells are ‘ready’ to leave the GC. The 
suppression of PAX-5 activity occurs by 
inhibition of its function rather than 
downregulation of protein expression148. 
Candidates for the initial PAX-5 repression 
suggested by Klein152 include BCL-6, NFATc1.2, 
STAT3, ORF-1 and Bach2, but the effects of 
these factors on PAX-5 have not been 
conclusively investigated. The combined BCR- 
and CD40-triggering, which occurs in immune 
cells of the light zone, extinguishes the 
expression of BCL-6 in centrocytes. This 
degradation of BCL-6 by BCR is MAP kinase-
mediated153. BCL-6 is also directly repressed by 
the PC factors BLIMP1154 and IRF-4136,155, a 
mechanism that is required for the 

maintenance of low BCL-6 levels in PCs but 
likely not for the induction of PC differentiation, 
as BCL-6 mRNA levels decrease in 
differentiating human B cells before significant 
induction of BLIMP1 mRNA (Chapter 8 and156). 
Interestingly some CD138+ Ig-secreting PCs 
develop in BCL-6 transgenic mice, suggesting 
that PC differentiation is possible in B cells that 
remain highly BCL6 positive157. Our data suggest 
that BCL-6 expression nearly completely blocks 
in vitro PC differentiation (chapters 7 and 8), 
and that BCL-6 transduced cells do not 
terminally differentiate despite the fact that 
BLIMP1 expression can be induced in these cells 
(Chapter 7). This discrepancy may be explained 
by the different signals that induce PC 
differentiation in vitro and in vivo experimental 
systems. In vitro no exogenous antigen is 
present and therefore no specific signaling via a 
high affinity BCR can occur. In vitro PC 
differentiation probably depends on initial 
activation of the PB B cells with CD40L and on 
high cytokine levels.  
Factors that downregulate Spi-B and relieve the 
suppression of PC formation by Spi-B are 
unknown. Spi-B is a direct target gene of OBF-
1130, a factor that is critical for the completion of 
the final stages of PC development, as loss of 
OBF-1 blocks the genetic program of PC 
differentiation158. OBF-1 is furthermore a direct 
target of the PC factor XBP-1129. Another factor 
that may regulate Spi-B is Notch as we have 
described that Notch signaling regulates Spi-B in 
thymic progenitors159, however, we have no 
indications that this may occur during B cell 
differentiation. It is also possible that Spi-B 
downregulation is an effect of increased BLIMP1 
levels upon downregulation of PAX-5 and BCL-6, 
as Spi-B is a direct target of BLIMP1154. Although 
this mechanism may contribute to 
downregulation of Spi-B our observation that 
Spi-B levels decrease prior to the increase of 
BLIMP1 levels in differentiating memory B cells 
suggests that Spi-B downregulation is already 
initiated before BLIMP1 is increased.  
The genetic program of PC differentiation is 
controlled by the simultaneous action of several 
transcription factors that all act by repressing 
the expression of PC factors BLIMP1, XBP-1 and 
IRF-4. The repressors are in turn regulated by a 
negative feedback loop thereby ‘sealing’ the 
terminally differentiated stage of the B cell. 
Why did such a complex and seemingly 
excessive regulatory network evolve? Due to 
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restricted niche space in the bone marrow the 
hematopoietic system can sustain only limited 
numbers of PCs, therefore a ‘quality control’ is 
included that allows only B cells with the 
potential to produce the most effective 
antibody to terminally differentiate145. The 
differentiation of B cells carrying an 
autoreactive BCR into Ig-producing PCs must be 
carefully avoided to maintain tolerance. Finally, 
memory cells need to be able to differentiate 
rapidly to PCs upon secondary antigen 
encounter, but not before. It is plausible that B 
cell differentiation relies on several ‘check 
points’ consisting of distinct signals from the GC 
microenvironment that lead to the 
downregulation of individual repressors. It is 
not clear whether the simultaneous absence of 
all repressors is required to allow for PC 
differentiation (discussed in160). Complete 
elimination of repressors like PAX-5, Bach2 and 
Mitf obtained by genetic deletions does de-
repress BLIMP1 and enhance PC formation. We 
found that experimentally decreasing only Spi-B 
levels does not relieve the repression of BLIMP1 
and XBP-1 and induce PC formation, suggesting 
that Spi-B and other factors need to be 
inactivated simultaneously. An alternative 
explanation could be that the knock-down of 
Spi-B protein by shRNA is insufficient or that 
there is redundancy with another factor, for 
example PU.1. As mentioned above, human B 
cells rapidly downregulate Spi-B, PAX-5, Bcl-6, 
and Bach2 mRNAs upon stimulation towards PC 
differentiation but before the induction of 
Blimp-1 mRNA (Chapter 8 and156). This 
observation supports two conclusions. First, 
removal of transcriptional repressors, while 
apparently required, is not sufficient for 
transcription of BLIMP1. Second, although 
BLIMP1 is known to repress Spi-B, PAX-5 and 
BCL-6, BLIMP1-dependent repression is unlikely 
to explain the downregulation of these factors 
before BLIMP1 induction. Activators of BLIMP1 
transcription appear to be important for 

plasmacytic differentiation and several 
activators have been identified (reviewed by 
Calame160). 
 
Memory B cells. The steps that lead to the 
differentiation of centrocytes into memory B 
cells are less well established. The common 
requirement for BLIMP1 in the formation of PCs 
and pre-plasma memory cells suggest that post-
GC cells may develop through a single pathway 
that leads from memory B cells to PCs161. 
Alternatively, memory B cells and PC are two 
separate fates of B cells that leave the GC. Data 
from in vitro experiments suggest that CD40-
signaling plays a role in this ‘decision’: GC B cells 
cultured on CD40L expressing fibroblasts (with 
IL-2 and IL-10) eventually acquire a memory B-
cell phenotype, whereas removal of CD40L from 
the system initiates PC differentiation162.  
Interestingly we observed high levels of Spi-B 
protein in human tonsil and PB memory B cells 
compared to naïve B cells and therefore 
propose that Spi-B may contribute to the 
regulation of memory B cells. Similarly, it has 
been suggested that inactivation of PAX-5 is 
responsible for the differentiation of antigen-
selected centrocytes into PCs as opposed to 
memory B cells because memory B cells, unlike 
PCs, continue to express PAX-5. The role of BCL-
6 in memory B cells is under debate. It has been 
proposed by our group and others that BCL-6, 
as a direct target of STAT5 signaling, is involved 
in establishing and maintaining a memory B cell 
phenotype138,163. However, BCL-6−/− mice have 
normal memory B cell functions164. Moreover, 
results of a recent study suggest that BCL-6 
expression decreases to low levels in in vitro 
generated human memory B cells and that BCL-
6 expression blocks memory differentiation156. 
Thus, although we detected BCL-6 protein in the 
nuclei of human PB memory B cells (data not 
shown), BCL-6 may not play a crucial role in 
generating and maintaining memory B cells.  
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