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1.1 introduction
The immune system consists of a broad range of specific white blood cell 
subsets, which all derive from hematopoietic stem cell progenitors located in the 
bone marrow. These leukocytes are subdivided in a lymphoid branch, including 
natural killer (NK) cells and T and B lymphocytes, and a myeloid branch involving 
macrophages, granulocytes and mast cells. On the other hand, dendritic cells (DCs), 
which have a central role in orchestrating immune responses, can be of lymphoid 
or myeloid origin. The immune system protects the host against infections by 
pathogens, including viruses, bacteria, pathogenic fungi and parasites. In a non-
pathological state, immune cells continually circulate in the blood and in the 
lymphatic system, guarding the peripheral tissues. Antigen challenge of immune 
cells leads to their differentiation from “resting cells” into effector cells, in order to 
provide immunity to the host. Cells of the innate immune system, including NK cells 
and macrophages, form the first line of defence as they have the ability to initiate 
a quick, but unspecific response against pathogens. The aptitude to specifically 
recognize pathogens is only shared by the cells of the adaptive immune system. 
Following an adaptive immune response, T and B cells have the potency to establish 
immunological memory, offering enhanced protection against secondary infection.

An essential link between innate and adaptive immunity is provided by DCs. DCs 
can induce such contrasting states as immunity and tolerance. The recent years 
have brought a wealth of information on the biology of DCs revealing the complexity 
of this cell system. Indeed, DC plasticity and subsets are prominent determinants 
of the type and quality of elicited immune responses. One of the DC subsets that 
is critically involved in sensing viruses or bacteria are the plasmacytoid dendritic 
cells (pDCs). These cells hold the unique ability to produce vast amounts of type I 
interferons (IFNs)-α and β, which have profound antiviral and immunomodulatory 
properties. In addition to type I IFNs, pDCs also secrete pro-inflammatory cytokines 
that can prime cells of the adaptive immune system. Conversely, pDCs can exert 
tolerance inducing properties when differently stimulated by for example cytokines. 
It remains incompletely understood, however, how pDCs balance between inducing 
immunity versus tolerance. The purpose of the work presented in this thesis is 
to provide better understanding of the molecular mechanisms that control pDC 
development, activation, and maturation.

1.2 dendritic cell subsets
Dendritic cells (DCs) were first discovered in 1973 by Ralph Steinman and Zanvil 
Cohn, as “large stellate cells” located in the mouse spleen.1,2 Forty years of intensive 
research revealed DCs as a diverse family of antigen presenting cell (APC) subsets 
that share the common biological ability to sense pathogens, and initiate the adaptive 
immune response through production of cytokines and presentation of antigens 

GENERAL INTRODUCTION

1



12

to T cells.3,4 Defects in DC development, and other immune cells, result in severe 
immune-deficiencies in human and mouse,5-7 including increased susceptibility 
to viruses, fungi, and bacteria. DCs form a heterogeneous network within tissues, 
and differ phenotypically, genetically, and functionally. Scientists have struggled to 
establish a comprehensive classification of the different DC subsets, based on their 
different surface-marker expression patterns, hematological origins, localizations 
within tissues, and functional properties.8 To date, it is commonly accepted that 
both mice and humans have two major types of DCs, including conventional DCs 
(cDCs, also called myeloid DCs, mDCs), and plasmacytoid DCs (pDCs). CDCs are 
found in the thymus, spleen, and in lymphoid and peripheral tissues. They are 
specialized in processing and presenting antigens to naïve T cells, and can be 
subdivided in migratory DCs and lymphoid-resident DCs, according to their “way 
of life” in the steady state and during immune response. In human skin, CD11c+ 
DCs include CD1a+ Langerhans cells in the epidermis and CD14+ dermal DCs in 
the dermis. These skin DCs constantly sample their extracellular environment for 
self and non-self-molecules, and migrate from the peripheral tissues through 
the lymph circulatory system and present antigens to T cells in the lymph nodes, 
thereby inducing tolerance or immune responses when activated. Furthermore, 
human blood-derived cDCs are characterized by surface expression of either blood 
dendritic cell antigen (BDCA)-1 or BDCA3.9 BDCA1+ cDCs were found to be the main 
producers of Interleukin (IL)-12, the cytokine required for Th1 cell development, in 
response to microbial stimuli.10 BDCA3+ cDCs, which show analogy to murine CD8α+ 
DCs, are well-equiped to cross-present exogenous antigens.11 BDCA2+BDCA4+ pDCs 
were first described as “plasmacytoid T cells” as they expressed CD4 albeit in the 
absence of CD3,12,13 and have now been accepted as the second major DC subset 
in human.14 They can be found in peripheral blood and in the liver, as well as in 
lymphoid organs (thymus, spleen, tonsils, peyer’s patches). In the resting state, 
pDCs are round shaped cells bearing abundant endoplasmic reticulum (hence the 
name “plasmacytoid”).15 Further phenotypical identification of pDCs in human is 
based on expression of CD123 (IL-3Rα) and CD45RA, but lack of CD11c and CD14, 
which distinguishes them from cDCs or monocytes, respectively. Mouse pDCs, 
on the other hand, express CD11c, B220, BST-2 (mPDCA) and Siglec-H and are 
negative for CD11b.16-18 Functionally, pDCs differ from cDCs by one of their main 
features, which is their ability to rapidly produce high amounts of type I IFN-α/β 
in response to single stranded RNA or double stranded DNA, through engagement 
of Toll like receptor (TLR)-7 or TLR9, respectively. In addition to IFN-α/β, activated 
pDCs produce other pro-inflammatory cytokines such as IL-6 and TNF-α, but unlike 
murine pDCs do not secrete IL-12.19,20 Upon TLR triggering, pDCs can further acquire 
a mature “cDC-like” phenotype including overexpression of MHC class I and II and 
co-stimulatory molecules such as CD40, CD80 and CD86,21 leading to activation of 
T, B and NK cells, ultimately involved in clearing invading pathogens or infected cells. 
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1.3 ontogeny of pdcs 
Like all the cells of the immune system, pDCs derive from CD34+ hematopoietic 
progenitor cells (HPCs) residing in the bone marrow, fetal liver and cord blood. Culture 
of CD34+ HPCs isolated from these organs gave rise to CD34-CD45RAhiCD4+IL-3Rα+ 
immature pDCs.22 Differentiation of these cells was shown to depend on the cytokine 
Fms-like kinase 3 ligand (Flt3L) both in human and in mice.22-24 In steady state 
conditions, pDCs are constantly generated in the adult bone marrow and migrate to 
lymph nodes, spleen, and mucosa-associated lymphoid tissues (MALTs).25 However, 
the observation that human pDCs could be derived from human CD34+CD38- fetal 
liver HPCs both in the thymus when injected into a human thymus graft, and in the 
periphery when injected intravenously in a humanized mouse model,26 suggested 
that thymic and peripheral pDCs may develop independently. Studies on the 
developmental origin of the different DC subsets revealed that mouse pDCs hold 
D-J rearrangements of the immunoglobulin (Ig)-H locus, supporting the notion that 
pDCs are of lymphoid origin. Consistent with such notion was the observation that 
several lymphoid restricted genes such as the pre-T-cell receptor (pT)-α, the light 
chain λ5, and the transcription factor Spi-B are expressed in pDCs.27,28 Nevertheless, 
both in human29 and in mice, pDCs could also be derived from myeloid progenitors,30 
even though the lymphoid associated transcripts for IgH, pTα and RAG1 were found 
in both lymphoid and myeloid-derived pDCs.31 More recent investigations in mice 
revealed a Flt3+ common DC precursor (CDP) for cDCs and pDCs, which gave rise 
at the single cell level to cDCs and pDCs, but not other immune cell lineage,32,33 
supporting the notion that restriction of the developmental program of DC 
progenitors to cDC and pDC lineages occurs at the CDP stage.

1.4 transcriptional control of pdc development
In mammals, a unique hematopoietic stem cell (HSC) can give rise to all the cells 
of the immune system, including T-, B-, NK cells, macrophages, cDCs and pDCs. 
Each cell type has a specific genetic program. It is therefore easy to appreciate 
that transcriptional regulation, which takes place during hematopoiesis, is highly 
complex. Many of these pathways remain elusive. Nevertheless, significant progress 
has been made in unraveling the molecular mechanisms and the transcriptions 
factor networks that drive pDC development. Most of our knowledge derives from 
studies in the mouse, although some key findings have been elucidated in humans. 

1.4.1 Interferon Regulatory Factors
In addition to Interferon Regulatory Factor (IRF)-7, pDCs also constitutively express 
IRF-4, -5 and -8.34 Both IRF-4 and IRF-8 are important for DC development, but 
differential requirements have been found for the various DC subsets. While IRF-4 
deficient mice lack CD4+CD8α- DCs,35 which express IRF-4 to high levels, IRF-8 
deficient animals lack LCs, CD8α+ DCs as well as pDCs.36-38 Consistent with these 
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findings, IRF-4/IRF-8 double KO mice lack both pDCs and cDCs, except for some 
CD4-CD8α- DCs,39 suggesting a non-redundant role of IRFs in development of certain 
DC subsets. A recent report described a specific IRF-8 mutation in human causing 
disruption of IRF-8 DNA binding properties, which led to DC depletion, including 
both cDC and pDC subsets, but normal LCs.7 The differential activities of IRF-4 and 
IRF-8 in DC development and functions is, in addition to their diverse pattern of 
expression in DCs,39 related to their ability to form protein complexes with the ETS 
transcription factors PU-1 and Spi-B,40,41 which bind with different affinities Ets/
IRF composite elements (EICEs) on the DNA, regulating specific genes.41 In contrast 
to IRF-4 and IRF-8, mice deficient for IRF-7, and for IRF-5 do not show altered DC 
development, but IRF-7-/- and IRF-5-/- murine pDCs fail to produce IFN-α, and pro-
inflammatory cytokines, respectively.42,43

1.4.2 ETS transcription factors
1.4.2.1 Spi-B

The hematopietic specific transcription factor Spi-B belongs to the ETS family and 
is highly homologous to PU.144 (extensively described in the Transcription Factor 
Encyclopedia,45 http://www.cisreg.ca/cgi-bin/tfe/home.pl). In human and mice, 
Spi-B was found to be specifically expressed in pDCs, as compared to cDCs.46 In 
addition, Spi-B is highly expressed in B cells where it was shown to regulate plasma 
cell differentiation in human,47 and in mouse to direct germinal center formation.48 
Spi-B is required for pDC development, since both in vitro and in vivo, in a humanized 
mouse model, human HPCs failed to give rise to pDCs when Spi-B expression was 
inhibited.49 Furthermore, Spi-B efficiently regulates lineage commitment during 
hematopoiesis, since its overexpression in HPCs, block T, B, and NK cells development, 
while promoting pDC development.50 In contrast, mice lacking SpiB gene do not show 
any abnormal myeloid nor lymphoid development,48 most likely due to redundancy 
between Spi-B and PU.1, the latter being crucial for hematopoiesis.51 

Despite the importance of Spi-B in pDC development, little is known about its 
target genes. We recently found the anti-apoptotic gene BCL2A1 to be a direct 
target of Spi-B in pDCs and to be important 

1.4.2.2 PU.1

The ETS-transcription factor PU.1 shares with Spi-B 43% overall protein sequence 
identity in human.44 PU.1 is required for the development of multiple hematopoietic 
lineages including DCs. Mice with germline deletion of Sfpi1 (the gene coding for 
PU.1) die in late gestation or shortly after birth, because of a severe deficiency 
in fetal lymphomyelopoiesis.51,52 Conditional inactivation of Sfpi1 or reduced 
expression of PU.1 in mice result in significant reduction in pDCs, CD8α+, and 
CD8α- DCs, as well as enhanced granulopoiesis.53 In line with the results observed 
in mice, downregulation of PU.1 in human HSCs blocks development of both pDCs 
and cDCs in vitro. PU.1 is highly expressed in hematopoietic progenitors, including 
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CDPs, and its expression is maintained during cDC differentiation, while being 
downregulated during pDC development. Interestingly, PU.1 was shown to directly 
regulate Flt3 expression,53 confirming a critical role of PU.1 in the generation of 
Flt3+ DC precursors. Collectively, it has been proposed that PU.1 has a role in the 
Flt3-dependent development of HSCs to CDPs and cDCs, while Spi-B is required for 
pDC development only from CDPs.50,53

1.4.3 E2-2
E proteins are a family of transcription factors that share a basic helix-loop-helix 
(bHLH) structure. They bind a conserved consensus sequence called E-boxes 
(CANNTG). Transcriptional activity of bHLH proteins can be repressed by proteins 
of the Inhibitor of DNA binding (Id) family (Id1-4), which lack the basic motif and 
sequester bHLH factors thereby preventing their DNA binding.54 E proteins are 
known to regulate lymphocyte development,55 and have been implicated in pDC 
development. Initial in vitro experiments showed that development of lymphocytes 
and pDCs (but not that of cDCs) was blocked by Id protein overexpression in 
HSCs.56 In line with these findings, mice lacking Id2 expression showed increased 
percentages of pDCs.57 Later it was observed that among the four mammalian E 
proteins (E12, E47, HEB, and E2-2), E2-2 is primarily expressed in pDCs, and crucial 
for pDC development both in human58 and in mice.59 E2-2 was shown to directly bind 
to several pDC-specific promoter genes, including Irf7, Irf8 and Spi-b.59 Consistent 
with the notion that IRF-7 is required for type I IFN production, pDCs isolated 
from patients suffering of E2-2 haplo-insufficiency (Pitt-Hopkins syndrome) and 
E2-2 heterozygous mice showed strong reduced IFN-α production in response 
to TLR stimulation in vitro and in vivo, respectively.59 Furthermore, continuous 
expression of E2-2 in immature and mature pDCs has been shown to be required 
for maintenance of their phenotype, since pDCs in mice with a conditional deletion 
of E2-2 in vivo spontaneously acquired a cDC-like phenotype, morphology and 
functional properties.60 Taken together, these findings suggest that pDCs and cDCs 
are closely related and that pDCs may only be “a few genes away” from cDCs. 

1.4.4 Cytokines and STATs
GM-CSF was the first cytokine shown to efficiently promote DC development in 
vitro61 and has been used to induce DC differentiation from human monocytes62 
as well as human and mouse hematopoietic progenitor cells.61,63,64 Under steady-
state conditions, GM-CSF supports migratory DC development, whereas its effect on 
other subtypes is either redundant or even detrimental. Indeed, pDC development is 
impaired in the presence of GM-CSF.65 This is different from the actions of fms-related 
tyrosine kinase 3 ligand (Flt3L), a cytokine that supports the development of most 
DC subsets, with a relatively tolerogenic functionality.66,67 Flt3L has a non-redundant 
role in vivo during steady-state lymphoid-organ DC maintenance68 and was shown to 
be crucial for the development of pDCs from HSCs in humans and mice.22,69-71,72 More 
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recently, a Flt3+ common DC progenitor was identified in mice that has the capacity 
to develop into both pDCs and cDCs, but lacks the potential to develop into any other 
immune cell lineage.32,33 In line with the notion that engagement of Flt3 by its ligand 
activates the STAT3 signaling pathway, it was observed that stat3 deficient mice lack 
DCs.73 In contrast to this, GM-CSF activates STAT5 and thereby blocks Flt3L-driven 
DC development, possibly mediated by inhibition of IRF-8 expression.74

1.5 Pdc tumorigenesis
Hematopoiesis is a biological process of a rare complexity, involving a high number of 
factors and requiring the integration of many intra- and extracellular signals. Failure 
in the control of these developmental mechanisms can affect any of the immune 
cell lineage and lead to tumorigenesis and hematological malignancies. A particular 
type of leukemia initially described as a CD4+CD56+ blastic NK-cell lymphoma was 
considered to be of pDC origin, because of its high expression of the IL3Rα chain 
(CD123), HLA-DR and CD45RA,75 and is now known as CD4+CD56+ hematodermic 
neoplasm (HN). Clinically, most cases of CD4+CD56+ HN show initial cutaneous 
infiltrates, while pDCs are generally absent from normal skin. The disease is often 
associated with poor prognosis. Tumor cells from CD4+CD56+ HN patients express 
CD45, CD45RA, CD68, CD123, BDCA2, and BDCA4 and are negative for the main T, B, 
NK, and myeloid cell differentiation markers.75 Furthermore, extensive studies of the 
CD4+CD56+ HN tumor cells resulted in the establishment of stable pDC cell lines such 
as the Gen2.2 cell line75 and the CAL-1 cell line.76 Interestingly, in response to influenza 
virus Gen2.2 cells produced IFN-α as well as the pro-inflammatory cytokines TNF-α 
and IL-6. Concomitantly, Gen2.2 cells upregulated the pDC-associated co-stimulatory 
molecules CD40, CD80, CD86, and HLA-DR upon IL-3 stimulation, leading to Th2 
polarization of T cells. The CAL-1 cell line similarly shares many pDC features.76 In 
chapter 2 of this thesis, we further characterized the CAL-1 cell line, and validate it as 
a model to study regulatory aspects of pDC activation and maturation. 

1.6 pdcs in immunity
Under steady-state conditions, pDCs are hardly found in peripheral tissues. Following 
inflammation, while most other DC subsets enter secondary lymphoid organs via 
the lymph vessels, pDCs leave the bloodstream and accumulate in the infectious 
site, via high endothelial venules, to take up antigens, followed by migration to 
lymph nodes to present the encountered antigens.77 

1.6.1 TLR7/TLR9 pathway in pDCs
Within the immune system, antigen-presenting cells such as macrophages and 
DCs are able to recognize a broad range of pathogens, from bacteria to viruses, 
largely through the type I transmembrane Toll-like receptors (TLRs).78 These 
molecules were first described in drosophila melanogaster and emerged as major 
pattern-recognition receptors (PRRs) for diverse pathogen-associated molecular 
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patterns (PAMPs), such as lipids, proteins, lipoproteins, and nucleic acids.79 Cells 
of the innate immune system express a defined set of TLRs, thereby shaping their 
specific immune responses upon the type of microbial infection. To date, 10 human 
TLRs have been identified, and each TLR has a specific set of ligands that it can 
detect.80,81 While cDCs express TLR1, TLR2, TLR3, TLR4, TLR6, and TLR8, pDCs 
only express the endosome-anchored TLR7 and TLR9, which recognize bacterial 
and viral double stranded CpG-rich DNA,82,83 and single stranded RNA (ssRNA),84,85 
respectively. Mouse pDCs that lack TLR9 fail to induce IFN-α in response to 
synthetic CpG oligodeoxynucleotides (ODNs), and as a consequence TLR9 deficient 
mice are highly susceptible to DNA viruses, such as herpes simplex virus (HSV)-1 
and HSV-2, and murine cytomegalovirus.86-89 Furthermore, pDCs are dependent on 
TLR7 to sense ssRNA viruses, including influenza virus and vesicular stomatitis 
virus.90 Engagement of TLR7 or TLR9 in pDCs leads to production of IFN-α and pro-
inflammatory cytokines through recruitment of the myeloid differentiation primary 
response gene 88 (MyD88) adaptor molecule, which is common to most TLRs, except 
TLR3. The critical role of MyD88 upon TLR signaling is supported by the finding that 
mice lacking functional MyD88 show increased susceptibility to virus infections, 
which is due to a defect in pro-inflammatory cytokine production and impaired 
maturation/activation of virus-specific CD8+ T cells.91-93 In the cytoplasm, MyD88 
is present in a complex together with IL-1 receptor-associated kinase (IRAK)-1 
and IRAK-4, tumor necrosis factor receptor-associated 6 (TRAF6) and TRAF3, 
and the transcription factors IRF-7 and IRF-5, which was previously described as 
the cytoplasmic transductional-transcriptional processor (Figure 1).94 In pDCs, 
TLR downstream signaling relies on two pathways: while nuclear translocation of 
interferon regulatory factor (IRF)-7 and IRF-5, together with PI3K activation,95 are 
responsible for the induction of IFN-α and IFN response genes, NF-κB activation, 
together with MAPK pathway activation, initiate production of the pro-inflammatory 
cytokines IL-6 and TNF-α, support pDC maturation via direct induction of CD40, 
CD80, CD86, and CCR7, and promote pDC survival via induction of anti-apoptotic 
genes (Figure 1). Even though the duality of signaling involved in pDC activation 
and maturation appears clear, recent work showed the importance of the NF-κB 
signaling pathway for IFN-α production, since blocking the NF-κB pathway through 
inhibition of IκB kinase activity by Bay 11-7082 altered IRF-7-mediated IFN-α 
expression in human pDCs.96

1.6.2 pDCs, professional interferon producing cells
pDC can sense viral infection through the endosomal TLR7 and TLR9 (Figure 1). Their 
“plasmacytoid” secretory morphology resembles antibody-secreting plasma cells. 
High constitutive expression of the master regulator IRF-734 allow pDCs to induce 
rapid and robust production of type I IFNs, as well as other cytokines and chemokines 
in response to TLR ligation. During the first 6 hours following activation, pDCs devote 
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up to 60% of their transcriptome to type I IFN genes,19 including IFN-α, -β, -λ, -ω and 
–τ subtypes. Notably, human thymic pDCs and mouse pDCs residing in the peyer’s 
patches are thought to constitutively produce basal levels of IFN-α in the absence of 
viral or bacterial infection.97,98 This may be mediated by sensing self nucleic acids in 
complex with, which are small cationic antimicrobial peptides that are part of host 
defense, such as human cathelicidin LL-37 (discussed in details later).99,100

1.6.3 pDCs link the innate and adaptive immunity
Upon TLR activation, pDCs produce high amounts of IFN-α and other pro-
inflammatory cytokines, which have an influence on a diverse population of cells 
both of the innate and adaptive immune system (Figure 1). While most cell types 
only have the ability to produce IFN-α when infected by viruses, pDC can sense 
inactivated viruses and induce IFN-α production even in the absence of intracellular 
virus replication. First, in vitro studies suggest an autocrine positive effect of IFN-α 
on pDC survival,101 through upregulation of IRF-7, which might enhance IFN-α 
production.102 In contrast, recent studies in mice show that IFN-α produced during 
chronic viral infections leads to splenic pDC deletion via induction of apoptosis in 
an IFN-α-dependent manner.103 This study nicely support other findings showing 
pDC cell number decrease in patients infected with Hepatitis B and C viruses,104,105 
but also the loss of pDCs during HIV infection, which was correlated with high 
viral load and decreased CD4+ T cell counts.106-108 As shown in mice lacking IFNs 
receptors, which were unable to resolve viral infections,109 IFN-α is essential for the 
survival of higher vertebrates, because it provides an early line of defense against 
viral infections, via IFN-α receptors (IFNaR)-1 and IFNaR2, which are ubiquitously 
expressed on every cell types. Activation of the IFN-α-induced signaling pathway 

figure 1. tlr activation pathway in plasmacytoid dendritic cells (adapted from gilliet et al., 
nat. rev. immunol., 2008;8:594) PDCs selectively express Toll-like receptor 7 (TLR7) and TLR9, 
which reside in the endosomal compartment. TLR activation is mediated by engagement of 
viral single strand RNA and bacterial DNA, respectively (non-self-recognition). Self-nucleic 
acids in complex with the small cationic antimicrobial peptide LL-37 are able to trigger TLR7/9 
in pDCs. Entry of self-DNA/LL-37 complexes can also be facilitated by plasma-cell-derived 
autoantibodies that engage FcγRIIA. In addition, TLR7 can be activated by synthetic compounds 
such as Imiquimod or R848, while TLR9 recognizes synthetic CpG oligodeoxynucleotides (ODNs), 
including CpG-A and CpG-B. TLR7/9 triggering leads to activation of the myeloid differentiation 
primary-response gene 88 (MyD88) and its further association with tumour-necrosis factor (TNF) 
receptor-associated factor 6 (TRAF6), Bruton’s tyrosine kinase (BTK) and Interleukin-1-receptor-
associated kinase 4 (IRAK4). This complex then activates Interferon-regulatory factor 7 (IRF-7), 
IRF-5, nuclear factor-κB (NF-κB), and mitogen-activated protein kinases (MAPKs). Subsequently, 
IRF-7 is activated via TRAF3, IRAK1, (inhibitor of NF-κB kinase α) IKKα, osteopontin (OPN) and 
phosphoinositide 3-kinase (PI3K). Following ubiquitylation and phosphorylation, IRF7 translocates 
to the nucleus and initiates the transcription of type I interferons (such as IFNα, IFNβ, IFNλ and 
IFNω). NF-κB and MAPKs, together with IRF-5, are responsible for induction of pro-inflammatory 
cytokines IL-6 and TNF-α as well as co-stimulatory molecule expressions (CD40, CD80, CD86). 
IRF4 inhibits the function of IRF-5 through direct competition.

∑
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initiates several antiviral mechanisms blocking intra-cellular viral replication, 
including dsRNA-dependent protein kinase (PKR)-induced viral RNA degradation, 
and MxA-mediated inhibition of viral protein activity.110,111 In addition, pDC-derived 
IFN-α regulates the innate immune response also via stimulation of NK cells and 
their subsequent cytotolytic activity against viral infected cells.112 Supporting the 
notion that pDCs also affect the adaptive arm of the immune response, IFN-α has 
also been shown, together with IL-6, to stimulate B cell differentiation into mature 
antibody-secreting plasma cells.113 Furthermore, TLR-induced IFN-α by pDCs 
induces maturation of cDCs, and thereby their ability to promote the differentiation 
of naïve T cells into T helper 1 (Th1) cells,114 and to promote clonal expansion of 
CD8+ T cells via cross-presentation of exogenous antigens.115,116 

1.6.4 PDCs, antigen presenting cells
It is still not well established whether pDCs have the capacity to present antigen and 
prime naïve T cells in vivo. Several studies with human and mouse pDC tend to prove 
that, at least in vitro, activated pDC are able to induce expansion of memory CD8+ T cells 
and Th1 CD4+ T cells specific for endogenous antigens117 and influenza virus,118 present 
pulsed peptides to naive T cells and induce a potent Th1 polarization,119,120 and expand 
naive CD8+ T cell populations in vivo in response to endogenous and exogenous antigens, 
respectively.121,122 In addition, in vivo studies revealed the potential of unmanipulated 
pDCs to prime naïve T cells show that 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 responses.123 To which extend pDC contribute to first line 
antigen presentation in a cDC-competent host is not clear. 

1.6.5 Regulation of pDC activation
Given the potency of type I IFNs and pro-inflammatory cytokines to activate a 
wide range of cells of the innate and adaptive immune system, pDCs activation 
needs to be tightly controlled. Indeed, pDCs express an array of surface receptors, 
such as the C-type lectins blood dendritic cell antigen 2 (BDCA2), dendritic cell 
immunoreceptor (DCIR), immunoglobulin-like transcript 7 (ILT7), high-affinity 
immunoglobulin (Ig)-E receptor (FcεRI), and natural killer partner 44 (NKp44) as 
well as adenosine diphosphate (ADP) P2Y receptors, which counter-regulate the 
prominent TLR signaling pathway.124-128 While natural ligands for BDCA2, DCIR, 
and NKp44 remain elusive, ILT7 binds to the IFN-induced protein bone marrow 
stromal cell antigen 2 (BST2).129 Interestingly, in a tumor environment where BST2 
is endogenously expressed, infiltrating pDCs may be functionally suppressed to 
elicit normal IFN response to TLR ligands as a result of the interaction between 
BST2 and ILT7.130 Another exogenous agent that can regulate pDC activation is nitric 
oxide, which has been shown to suppress IFN-α through a guanosine 3’,5’-cyclic 
monophosphate (cGMP)-dependent pathway.131 In addition, glucocorticoids (GC), 
such as dexamethasone, are able to block IL3/CD40L-induced pDC differentiation and 
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can induce apoptosis.132 Glucocorticoid-mediated cell death can be counteracted 
by autocrine TNF-α and IFN-α production by pDCs.133

1.7 uncontrolled pdc activation and autoimmunity
Despite the very low frequency of pDCs in human peripheral blood and lymphoid 
tissue (pDCs account for 0.2-0.5% of human peripheral blood mononuclear cells 
(PBMCs)),134 their high potential to produce IFN-α in response to foreign RNA and 
DNA, but also to self-nucleic acids, raised questions about their putative role in 
autoimmunity. Uncontrolled or unwanted production of IFN-α by pDCs has been 
shown to be involved in human autoimmune pathogenesis such as systemic lupus 
erythematosus (SLE),135,136 Sjögren’s syndrome,137,138 and psoriasis.139 In psoriasis, 
a disease characterized by chronic inflammation of the skin, IFN-α secretion by 
activated pDCs was found in the skin lesions of the patients.139,140 Keratinocytes of 
psoriatic skin lesions are continuously activated to produce cathelicidin peptides, 
which are part of a family of cationic antimicrobial peptides, including LL-37.100 These 
peptides have the ability to break innate tolerance to extracellular nucleic acids 
released by dying cells by forming complexes with the released self-DNA and self-RNA. 
Such complexes are transported into intracellular compartments containing TLR7 
and TLR9, leading to chronic pDC activation and IFN-α/β production (Figure 1).99,100 
Many SLE patients have elevated IFN-α levels in their circulation and express type I 
IFN inducible genes (IFN signature) that correlate with disease activity and severity 
as well as with levels of class switched auto-antibodies to nucleic acid-associated 
auto-antigens.136,141,142 During the onset of the disease, in addition to self-nucleic acid 
induced IFN-α, activated pDCs also produce IL-6, which together with IFN-α promote 
survival and differentiation of auto-reactive B cells into auto-antibody-secreting 
plasma cells.113 In turn, self-DNA specific auto-antibodies produced by auto-reactive 
B cells bind self-DNA-LL37 complexes and increase their translocation to TLR9 
endosomal compartment by direct binding to FcγRIIA, suggesting a self-sustained 
activation loop, which participitates to the chronic inflammation.143

Despite the pathological role of pDCs in autoimmune skin diseases, recent 
studies revealed the physiological importance of pDCs in initiating skin wound 
healing. Following skin injury, human and mouse pDCs were shown to be rapidly 
recruited at the site of tissue damage, to sense self-nucleic acids released by dying 
cells, in combination with cathelicidins, and to initiate tissue repair via TLR-induced 
IFN-α production.144 

1.8 activated pdcs, potential killers?
TLR7/9 stimulation of pDCs leads not only to production of inflammatory 
cytokines, but also mediates the expression of TNF-related apoptosis inducing 
ligand (TRAIL/Apo-2L).145,146 TRAIL-expressing pDCs can induce cell death in tumor 
cells and virally infected cells that express its receptors TRAIL-R1 or TRAIL-R2.147 
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Specifically, TLR7/9-activated pDCs were shown to kill melanoma and lung tumor 
cells through TRAIL, and TRAIL-expressing pDC infiltrates have been found in human 
Basal Cell Carcinoma islets treated with the TLR7 agonist Imiquimod.145,148 Similarly, 
TRAIL-expressing pDCs accumulate in lymph nodes of HIV-infected individuals where 
they co-localize with HIV-infected CD4+ T cells, which they were able to kill.149,150 In 
chapter 6 of this thesis we analyzed the molecular mechanisms that govern TRAIL 
expression in human pDCs. We identified NGFI-A-binding protein 2 (NAB2) as a novel 
transcriptional regulator, which is induced downstream of TLR7/9, and governs 
TRAIL induction in pDCs. Furthermore, human pDCs constitutively express the serine 
protease granzyme B (GrB), although this was not be detected in mice.46 Despite the 
fact that pDC express GrB in the absence of perforin,46 pDC-derived GrB production 
was shown to be involved in killing of the erythroleukemic cell line K562.151 

1.9 Pdcs and induction of tolerance
In addition to orchestrating immune responses, pDCs have also been implicated 
in dampening of immune responses. TLR7/9 engagement induces expression 
of the immunosuppressive enzyme indoleamine-2,3-dioxygenase (IDO), which 
degrades the essential amino acid tryptophan, thereby suppressing T cell 
responses.152,153 Also, the expression of GrB in pDCs, which is further upregulated 
and secreted in response to IL-3, either alone or in combination with IL-10, has been 
demonstrated to suppress T-cell proliferation in a perforin-independent manner.154 
The mechanism, however, underlying this effect remained elusive. Our own results 
shown in chapter 7 of this thesis demonstrate that IL-21 has the capacity to induce 
GrB in mature pDCs, leading to impaired CD4+ T cell proliferation. Moreover, matured 
human pDCs have the capacity to prompt differentiation and maturation of CD11c+ 
DCs, in turn capable of inducing interleukin-10 (IL-10) producing regulatory T 
cells (Tregs).155 Furthermore, high expression of the inducible costimulator ligand 
(ICOS-L) expression gives maturing pDCs the ability to induce the differentiation 
of naive CD4+ T cells to produce IL-10 but not the T helper (Th)2 cytokines IL-4, -5, 
and -13.156 Several studies highlighted the tolerogenic character of pDCs in the 
thymus. Indeed thymic pDCs activated with CD40L in the presence of IL-3 induce 
differentiation of CD4+CD8+ double positive T cells into natural IL-10 producing 
Tregs.157 Recent works shed light on the contribution to T cell tolerance of a 
“tolerogenic pDC” subset characterized by expression of the chemokine receptor 
CCR9,158 responsible for gut and thymus homing. Indeed, in mice, CCR9+ mouse 
pDCs in the gut and in the thymus were found to promote tolerance, since Ag-loaded 
pDCs injected in mice effectively suppressed Ag-specific thymocytes.159,160

1.10 micrornas, regulators of gene expression
In silico analysis of the human genome predicted not less than hundred thousand 
coding sequences that could potentially be transcribed into proteins. Nevertheless, 
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sequencing of the complete human genome161 confirmed the presence of only 
twenty thousand genes. The remaining 98% was initially regarded as non-coding 
DNA or so called “junk DNA”. Further investigations, however, revealed that a major 
part of the non-protein-coding DNA was in fact expressed as non-transcribed, 
functional, small non-coding RNA. Several different classes of small RNAs have 
been identified, including small interference RNAs (siRNAs), microRNAs (miRNAs), 
repeat-associated siRNAs (rasiRNAs) and piwi (P-element induced wimpy testis) 
interacting RNAs (piRNAs). . Small RNAs act like repressors of gene expression 
in plants, animals and many fungi. They function by guiding sequence-specific 
gene silencing at the transcriptional and/or post-transcriptional level, through a 
mechanism known as RNA interference (RNAi). MicroRNAs (miRNAs) belong to the 
most abundant class of small RNAs in animals.162

The first miRNAs were characterized in the early 1990s in Caenorhabditis 
elegans.163 However, miRNAs were not recognized as a distinct class of biological 
regulators with conserved functions until the early 2000s. MiRNAs exist in animals,164 
plants,165 and viruses,166 where they play a role in many cellular processes, including 
stem cell differentiation, organ development, signaling, disease, cancer, and 
response to environmental stress (reviewed in Bushati and Cohen167). MicroRNAs 
are endogenously produced, small non-coding RNAs (22-24 bases), which form 
an active ribonucleoprotein complex and can interact through imperfect base 
complementarity mostly with the 3’ untranslated region (3’UTR) of its target 
messenger RNAs (mRNAs) in human. While this may lead to either inhibition of 
translation or degradation of the target mRNAs, reduced mRNA levels account 
for most (> 84%) of the decreased protein production.168 Therefore microRNAs 
are considered to form a new layer of post-transcriptional regulations. Given the 
imperfect match between miRNAs and their target mRNAs, one unique miRNA is 
thought to target multiple mRNAs. This, together with the notion that the human 
genome encodes over 1000 miRNAs,169 has added to the believe that miRNAs may 
regulate 60% of mammalian genes.170,171 

1.10.1 MicroRNA biogenesis
In human and in mice, miRNA genomic organization is rather heterogeneous.172 
MicroRNA genes can be found as independent genes under control of their own 
promoter. In addition, miRNAs can be located in introns and exons of both protein-
coding and noncoding genes. In this case, they are thought to be transcribed 
from the same promoter as their host genes (Figure 2). MiRNA genes are usually 
transcribed by RNA polymerase II into long primary (pri)-miRNA short-hairpin 
structured transcripts.173 These are subsequently processed by a specific RNase 
III DROSHA, thereby giving rise to approximately 70 nucleotides precursor 
(pre)-miRNAs174 that bear a stem-loop folding motif. After the initial cleavage by 
Drosha in the nucleus, pre-miRNAs are exported into the cytoplasm by Exportin 5 
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figure 2. micrornas biogenesis and mode of action. MiRNA genes or introns are transcribed from 
miRNA genes or introns as a pri-miRNA bearing characteristic hairpin structures. Pri-miRNAs are 
further processed by DROSHA to form pre-miRNA having 2-nucleotides 3’-overhang. Transcription 
of pri-miRNA by polymerase II and processing into pre-miRNA occur in the nucleus. The pre-miRNA 
is actively exported into the cytolplasm by an Exportin-5/Ran-GTP complex. In the cytoplasm, the 
pre-miRNA undergoes further maturation by the DICER enzyme to give rise to double-stranded 
miRNA (miRNA duplex). One strand of the miRNA duplex is in commonly degraded (miRNA*). The other 
miRNA strand, the mature miRNA, is loaded onto a protein complex called RNA-inducing silencing 
complex (RISC). The complex miRNA/RISC binds to the 3’-untranslated region (UTR) of specific 
mRNAs with imperfect complementarity base pairing. This results in either mRNA degradation or 
translational repression. A decrease in steady-state mRNA levels explains most of the reduction 
(> 80%) in protein production. By contrast, the mRNA fraction that is not degraded is translated less 
efficiently (Huntzinger Nature Reviews Genetics 12, 99-110). ORF, open reading frame. 

(Exp5), a Ran-GTP dependent nucleo/cytoplasmic cargo transporter, which is also 
important for stabilizing pre-miRNAs in the nucleus.175,176 When Exp-5 is knocked 
down by siRNAs, the levels of pre-miRNAs are reduced not only in the cytoplasm, but 
also in the nucleus, suggesting that binding of pre-miRNAs to Exp-5 protects them 
from degradation.176 Subsequently, the pre-miRNAs will undergo further maturation 
steps by the RNase III endonuclease DICER.177 In mice, disruption of Dicer1 gene, 
lead to lethality early in development, with Dicer1-null embryos depleted of stem 
cells.178 In addition, loss of DICER expression in mouse embryonic stem cells bearing 
conditional DicerI knock-out resulted in inhibition of miRNA maturation, inhibition 
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of cell proliferation, and defect in epigenetic silencing of centromeric repeat 
sequences,179,180 supporting the crucial role of miRNAs in mammalian development. 
During maturation of miRNAs, DICER activity leads to a double-stranded mature 
miRNA of which one strand will associate with the RNA-induced silencing complex 
(RISC) (Figure 2).181 The RNA strand of the miRNA duplex that is complementary to 
the mature miRNA is shown with a star symbol (miRNA*), which is commonly (but 
not always) degraded.182 The ribonucleoprotein complex permits pairing between 
the miRNA and its target mRNA, essentially involving the nucleotides 2-7 of the 
5’end of the mature miRNA (miRNA seed sequence).170,183 

1.10.2 mirna in silico target prediction
Since its discovery more than 15 years ago in by the Ambros group,163 consequent 
progress has been made in finding genes that are actively regulated by microRNAs. 
MiRNA binding sites within the 3’UTR of the mRNA actually consist of regions of 
complementarity, bulges and mismatches. Nevertheless, recently, position 2–7 
of miRNAs, the seed region has been described as a key specificity determinant 
of binding, and requires perfect complementarity. This property of miRNA/mRNA 
interaction can therefore be used to predict effective miRNA target genes with more 
stringency.170,184 In addition, there are increasing evidence that contextual features 
such as RNA accessibility may also govern miRNA/mRNA interactions. For example, 
majority of a given 3’UTR mRNA sequence is highly structured and only certain 
single-stranded regions may be accessible for binding with miRNAs. Thus, complex 
RNA secondary structures may prevent miRNA/mRNA interactions. Recently, 
several studies demonstrated that a common feature of most validated targets is 
that miRNAs preferentially target 3’UTR sites that do not have complex secondary 
structures and are located in accessible regions of the RNA based on favorable 
thermodynamics.185,186 Thus, accessibility of the miRNA to its potential target site is 
dependent on the free energy (ΔG kcal/mol) of binding, since a thermodynamically 
favorable (ΔG < 0) formation of a miRNA/mRNA duplex has more chance to occur 
in vivo.187 Furthermore, conservation of the miRNA binding site sequences within 
mRNA 3’UTRs across species suggest a relevant regulation, and therefore increase 
the probability of predicting an effective miRNA regulation.188 The challenge of 
predicting miRNA targets has resulted in the development of bioinformatical tools 
based on complex algorithms implementing these different miRNA/mRNA interaction 
properties,189 increasing the specificity and the stringency of the predictions,190 
thereby decreasing the number of false positives. Despite the increasing refinement 
of in silico miRNA target predictions, experimental validation of the putative mRNA 
targets of a given miRNA is required, to show concomitant expression of the miRNA 
together with its target, as well as effective miRNA binding to the 3’UTR, and effective 
protein level decrease when miRNA is overexpressed in vivo or in vivo.191 In chapter 4 
of this thesis, we made use of computational miRNA target predictions to identify 
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miRNAs that regulate the pDC-associated transcription factor Spi-B in order to 
investigate how development and function of pDCs is regulated by microRNAs.

1.10.3 MicroRNAs as a “brake” of innate immunity
Given the ubiquitous role of miRNAs in regulating many cellular processes in 
mammals, it is not surprising that miRNAs were found to be crucially involved in the 
development and differentiation of the immune system. Supported by numerous 
reports, miRNAs emerged as master regulators of TLR signaling pathways 
(reviewed in O’Neill et al.192), essentially by targeting the downstream signaling 
molecules of almost all TLRs. Among all miRNAs, miR-146a, miR-155, and miR-21 
have been extensively described to be induced upon TLR activation in various cell 
types. Mir-146a was shown to be induced by TLR2, TLR4, TLR5 ligation, but not by 
TLR7 or TLR9 agonists in the human THP1 cell line.193 In addition, it was shown that 
miR-146a downregulated IRAK1 and TRAF6 protein expression, leading to a block 
of the MYD88-dependent activation of NF-κB pathway and inhibition of the TLR 
mediated response. 193 Consistent with this, miR-146a deficient animals developed 
myeloproliferative as well as lymphoproliferative disorders, and showed hyper-
responsiveness to TLR4 activation, as compared to WT animals.194,195 In addition, 
miR-146a was found to be overexpressed in PBMCs of SLE patients, and to play 
a crucial role in their aberrant type I IFN pathway by directly targeting STAT1 and 
IRF-5,196 suggesting a role of miR-146a in the control of pDC activation. Although 
little is known about microRNA regulations of pDC development and activation, 
recent investigations revealed complex control of pDC-derived IFN-α production.197 
MiR-155 and miR-155* were shown to have positive and negative effects, 
respectively, on the kinetic and intensity of the IFN-α expression in response to TLR7 
activation.197 The role of miR-155 in immune regulations was confirmed in miR-155 
null mice, which showed severe malfunctions in B cell, T cell and DC mediated 
immune responses, as well as defects in immune tolerance to self-antigens and 
germinal center formation.198,199 In chapter 4 of this thesis, we set out to clarify the 
role of miR-146a in pDCs, confirming its suggested role in control of activation and 
maturation, but also in the survival of pDCs upon activation.
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