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Pdcs, the good, the bad, and the ugly
Like all cells of the immune system, plasmacytoid dendritic cells (pDCs) derive 
from hematopoietic stem cells in the bone marrow. PDCs are key mediators of the 
innate immune response against viruses and bacteria. PDCs can sense nucleic 
acids derived from pathogens by TLR7 and TLR9. Following TLR7/9 triggering, pDCs 
produce type I IFN-α/β and the pro-inflammatory cytokines IL-6 and TNF-α, which 
in turn can regulate T, B, NK cell and conventional (c)-DC responses. Therefore, 
pDCs have been put forward as the link between innate and adaptive immunity. 
TLR ligation will also induce maturation of pDCs into so-called “pDC-derived DCs”, 
which exhibit DC morphology, antigen-presentation capacity, and ability to induce 
antigen-specific T cell activation. Due to their potency to produce high amounts of 
IFN-α/β, pro-inflammatory cytokines and to initiate adaptive immunity it is clear 
that aberrant development or uncontrolled activation of pDCs can be deleterious 
leading to tumorigenesis or chronic inflammation. Despite tremendous efforts, 
many of the biological processes involved in pDC development and activation are 
still incompletely understood. Hence, the research described in this thesis was 
performed with the aim to decipher the molecular mechanisms involved in the 
control of pDC development and functions (summarized in Figure 1). This will 
contribute to increase our understanding of the role that this rare subset has during 
immune responses and in disease.

the right Pdc to answer the right Question
Years of intensive research have already uncovered many features involved in 
the development and functioning of pDCs. Recent studies in mice and in human 
have also revealed the heterogeneity of pDCs according to their localization. For 
example, human thymic pDCs have been found to constitutively express IFN-α, 
most likely through recognition of self-nucleic acids mediated through binding to 
the microbial peptide LL-37.1,2 In addition, two pDC subsets in human blood can 
be distinguished by differential expression of CD2 that have distinct phenotype 
and functions.3 In mice, a specific “tolerogenic” pDC subset characterized by 
expression of the thymus-homing chemokine receptor CCR9 has been discovered.4 
Furthermore, mouse pDCs, which were discovered ten years ago,5-7 differ from their 
human equivalent by their ability to produce the cytokine IL-12 upon activation. 
These findings raise questions about the validity of different studies using different 
sources of pDCs. However, as pDCs are a rare cell type this limits experimental 
approaches particularly to unravel molecular mechanisms. In this thesis, we have 
used ex vivo pDCs isolated from human thymus, tonsils, and peripheral blood. In 
addition, we have performed experiments using pDC-derived leukemic cell lines, 
which we8 and others9  have validated as valuable models to investigate certain 
aspects of pDC functioning at the molecular level.   
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sPi-b, a new Player in regulation of Pdc 
effector functions 
pDCs are professional type I IFN-producing cells of the immune system, capable 
of rapidly secreting 100–1000-fold higher levels of IFN-α than other blood cell 
types following infection.10 This unique property of pDCs is due to their constitutive 
expression of IRF7, which translocates to the nucleus upon TLR7 and TLR9 triggering, 
thereby mediating activation of the cytoplasmic transductional-transcriptional 
processor.11 In addition, pDCs have highly developed endoplasmic reticulum 
structures conferring their high secretory capacities. Subsequent to activation 
and IFN-α secretion, pDCs undergo maturation and adopt antigen presentation 
function.10,12 It is remarkable how pDCs after activation are able to modify their 
phenotype, from specialized protein secretory cells to “dendritic cell like” antigen 
presenting cells. Recent studies in mice uncovered the key role of the basic helix-
loop-helix transcription factor E2-2 in the dual personality of activated pDCs.13 
Indeed, silencing of Tcf4 (the gene coding for E2-2) in mature peripheral pDCs 
caused their spontaneous differentiation into cells with cDC properties, including 
loss of pDC markers, increase in MHC class II expression and T cell priming capacity, 
acquisition of dendritic morphology, and induction of cDC signature genes.13 Notably, 
E2-2 has been shown to directly bind the SpiB promoter region in mice,14 suggesting 
direct regulation of Spi-B expression by E2-2. Our data described in chapter 3 of 
this thesis clearly show that ectopic expression of Spi-B in in vitro generated pDCs 
induced a more mature phenotype, while Spi-B knock down in CAL-1 cells impaired 
their maturation capacities, as shown by down regulation of costimulatory molecule 
surface expressions. While these data are in contrast with the data reported 
in E2-2 deficient mice, it suggest that, at least in human, Spi-B is required for 
proper functioning of pDCs upon activation. Furthermore, it may imply that other 
regulators control Spi-B expression upon maturation in addition to E2-2. Another 
regulator of Spi-B expression that we described in chapter 4 is miR-491, which 
post-transcriptionally regulates Spi-B levels. We demonstrated that pDC activation 
ultimately results in loss of Spi-B expression and concomitant increase in miR-491. 
Taken together, these data strongly suggest that regulation of Spi-B expression 
in pDCs is either transcriptionally regulated by E2-2, or post-transcriptionally via 
miR-491 targeting, may be required for the “double pDC phenotype” in humans.

It remains to be established whether Spi-B is important for the secretory 
capacities of pDC. In human B cells, we have convincingly demonstrated that Spi-B 
blocks human plasma cell differentiation from mature B cells via direct repression 
of Blimp-1 and XBP-1 expression.15 Blimp-1 and XBP-1 are key components of the 
unfolded protein response (UPR) mechanism, which aims at limiting the deleterious 
effects of high protein synthesis induced by endoplasmic reticulum (ER) stress.16 We 
can reasonably assume that TLR-activated pDCs undergo ER stress as well during 
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their massive IFN-α/β burst, which is comparable to antibodies being produced by 
plasma cells. Spi-B may be needed to repress Blimp-1 and XBP-1 expression to 
control proper secretory functions. In line with this notion, preliminary data shows 
that in vitro generated pDCs overexpressing Spi-B exhibited impaired cytokine 
secretory abilities upon activation (data not shown). 

Human pDCs depend on Spi-B for their development17 and survival.8 This, together 
with the notion that Spi-B represses XBP-1,15 is in contrast, however, to results obtained 
in Xbp-1 deficient mice. It was shown that DC subsets, and especially pDCs, display 
high levels of Xbp-1 and that their development and survival is crucially dependent on 
the Xbp-1-mediated unstranslated protein response machinery.18 Although the role of 
Spi-B in mouse pDCs awaits confirmation, it is difficult to reconcile the data on Spi-B 
and XBP-1 in human pDCs and B cells. Discrepancies may be attributed to epigenetic 
modifications of the Xbp-1 locus in pDCs, which may render the gene unresponsive 
to Spi-B regulation. Another possibility that may be considered is spatial or temporal 
separation of pDCs ability to secrete cytokines versus their capacity to prime T cells 
as antigen-presenting cells. Indeed, it has been suggested that the IFN-α producing 
pDCs form a separate subset, as pDCs exhibiting T-cell-priming capacities are unable 
to efficiently produce cytokines.19 Moreover, it was reported that during the first 6 
hours following TLR activation, pDCs dedicate 60% of their transcriptome to cytokine 
production, confirming that pDCs induce cytokine production prior to maturation that 
only occurs later.20 Our data in chapter 4 of this thesis show that the Spi-B protein is 
downregulated after 24h upon TLR triggering, but not yet after 5h. This may contribute 
to tight regulation of XBP-1 expression and hence well-controlled cytokine secretion. 
Clearly, further investigations are needed to elucidate whether cytokine-producing 
pDCs and T-cell-priming cells are consecutive differentiation stages or alternative 
fates of activated pDCs, and how Spi-B contributes to this.

ets family of transcriPtion factors, master 
regulators of immune cell survival 
The E26 transformation-specific (Ets) family of transcription factors is one of the 
largest families of transcription factors comprising of 29 and 28 members in humans 
and mice, respectively. Ets members are known to regulate many different biological 
processes, including cell proliferation, cell differentiation, embryonic development, 
neoplasia, hematopoiesis, angiogenesis, and inflammation. With respect to cell 
survival it has been shown by Sevilla et al.21 that PU.1 together with another Ets-
family member, Ets2, increased macrophage survival by transactivation of the Bcl-xL 
promoter. In addition, PU.1 has recently been shown to induce survival in acute myeloid 
lymphoma cells by directly promoting BCL2-A1 expression.22 We demonstrated earlier 
that PU.1 is required for the development of human hematopoietic progenitor cells 
into myeloid cells, pDCs and B cells.17 While the mechanism was not investigated in 
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this study it is reasonable to speculate, based on the notion that other members of the 
Ets transcription factors seem to be responsible for inhibition of apoptosis in immune 
cells, that PU.1 at this stage in development acts by regulation of anti-apoptotic 
gene expression. Further, the Ets transcription factor Spi-B has a crucial role in 
development of human pDCs, but not myeloid cells or B cells.17 Recently, we elucidated 
that Spi-B controls pDC development at least in part via direct induction of the anti-
apoptotic gene BCL2-A1.8 It is of interest that Spi-B may have oncogenic potential as 
the presence of a SPIB gene translocation to the Ig heavy-chain locus was reported in 
activated B-cell-like diffuse large B cell lymphomas (ABC-DLBCLs).23 This notion was 
further enforced by the finding that knocking down Spi-B using shRNAs in ABC-DLBCL 
cells led to cell death.24 As DLBCL cells have been shown to express high levels of 
BCL2-A1, at least when compared to peripheral T-cell lymphomas or normal lymph 
node cells,25 this may suggest that knockdown of Spi-B in DLBCL cells results in lower 
BCL2-A1 expression thereby increasing the level of cell death. In blastic plasmacytoid 
dendritic cell neoplasms, formerly called blastic natural killer cell lymphoma or CD4/
CD56 hematodermic neoplasm, Spi-B may contribute to carcinogenesis as well, since 
Spi-B is highly expressed in the cell lines CAL-1 and Gen2.2, which are derived from 
such patients.8,26 Notably, like in DLBCL cells, knockdown of Spi-B in CAL-1 or Gen2.2 
cells induced apoptosis by downregulation of BCL2-A1 expression (8 and data not 
shown). Taken together, it is clear that the Ets family members share a common 
feature to regulate the balance between cell death and survival.

“ets dePendence” of the nf-κb Pathway in Pdc 
survival
Like Spi-B, NF-κB activation is essential for pDC activation and maturation, but also 
for pDC development, since inhibition of the NF-κB pathway using the chemical 
inhibitor Bay 11-7082 in our in vitro differentiation assays with HSCs led to decreased 
pDC number (data not shown). Furthermore, knock down of either Spi-B or inhibition 
of the NF-κB pathway in DLBCL cells induced apoptosis.27 This strongly suggested 
that Spi-B and NF-κB subunits contributed to regulating the expression of similar 
genes. Consistent with this we describe in chapter 5 of this thesis that both Spi-B 
and NF-κB control pDC survival via concomitant regulation of Bcl2A1 expression. 
As previously predicted by biochemical studies,28 we collected convincing evidence 
demonstrating direct protein-protein interaction between Spi-B and the NF-κB 
subunit RelA in pDCs. Taken from the observation that both Ets transcription factors 
and NF-κB subunits appear to regulate the expression of similar anti-apoptotic 
genes (Chapter 3), their role during inflammatory responses and immune cell 
tumorigenesis should be investigated in parallel and not individually. Furthermore, 
with recent advances in drug discovery, the identification and/or development of 
small molecule inhibitors of subfamilies of Ets factors may be possible in the future 
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by taking advantage of structural similarities among the subfamilies in the DNA 
binding domain or other functionally conserved regions of the proteins. Although 
transcription factors have historically been poor drug targets, the advances in 
computational chemistry may ultimately lead to the identification of selective 
inhibitors of Ets transcription factors. These may either replace NF-κB inhibitors 
as therapeutic agent or be used in combination treatment at lower concentrations 
possibly displaying fewer undesired side effects.

the il-21r Pathway, a new Key to control 
tolerance induction in Pdcs
In the immature state, pDCs have poor capacity to support T cell proliferation5 and 
can even suppress T cell responses indirectly through the induction of regulatory T 
cells.29,30 PDCs have been shown to contribute to peripheral T cell tolerance including 
transplantation tolerance,31 tumor escape,32 oral tolerance,33 and mucosal tolerance 
in an animal model of asthma.34 Also, in recent years a specific mouse “tolerogenic” 
pDC subset in the gut and the thymus was discovered that were equipped with 
the ability to induce tolerance.4,35,36 These cells are characterized by expression of 
the chemokine receptor CCR9, which is a known gut and thymus homing marker. 
Interestingly, CCR9+ pDCs were shown to loose CCR9 expression upon TLR triggering,35 
which correlated with reduced ability to prime tolerance in these organs. In humans, 
a specific subset of pDCs that is prone to induce tolerance has not been identified. 
However, in chapter 7 of this thesis, we show that the cytokine IL-21 has the potential 
to induce the serine protease Granzyme B (GrB) in pDCs. Like IL-21, also IL-3 and 
IL-10 induced GrB in pDCs as reported before.37 We observed that IL-21-induced GrB 
was responsible for impaired CD4+ T cell proliferation mediated by TLR-activated 
pDCs. This notion is enforced by the finding that addition of a GrB inhibitor in the 
pDC-T cell co-culture at least in part released the inhibitory effect on proliferation. 
Moreover, as IL-21 did not affect TLR-induced cytokine production or maturation of 
pDCs, this could not explain the reduction in proliferation. Further, we noted that 
TLR engagement impaired GrB levels in pDCs. This could be reversed by the addition 
of IL-21 as this together with TLR ligands increased GrB levels (although still lower 
compared to IL-21 alone). Given the fact that, during viral or bacterial infections, 
CD4+ activated T cells and natural-killer (NK)-T cells are the main producers of IL-21 
in human,38 we can speculate that IL-21 may be involved in mediating a negative 
feed-back loop that will terminate adaptive immune responses. It is also interesting 
to speculate about the role of constitutive GrB expression in non-activated pDCs. 
Although direct evidence is lacking, it is reasonable to assume that GrB-expressing 
pDCs in the absence of pathogens may contribute to maintaining T cell homeostasis. 

Solid tumors, such as melanomas, are infiltrated by immature pDCs, which lack the 
ability to induce T-cell activation.39 Tumor-infiltrating pDCs do, however present tumor 
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antigens and induce IL-10-producing CD4+CD25+ regulatory T cells that contribute to 
inhibition of anti-tumor immunity. When applying an anti-IL-10 monoclonal antibody 
(Ab), in combination with TLR activation via CpG oligodeoxynucleotides, mouse cDCs 
and pDCs were able to induce a robust anti-tumor response and to reject the tumor in 
vivo by activation of CD8+ cytotoxic T cells.40 Our results on IL-21-induced GrB suggest 
that it may be valuable to consider the use of an anti-IL-21R antibody as therapeutic 
to treat tumor patients in order to enhance the pDC-mediated anti-tumor response 
by CD8+ activated T cells. Although it should be kept in mind that IL-21 has also been 
shown to act directly on CD8+ T cells and induce anti-tumor responses in patients 
with melanoma.41 Furthermore, growing evidence suggests that IL-21 participates 
in the initiation or maintenance of chronic inflammatory diseases, such as SLE 
and rheumatoid arthritis.42,43 While pDCs have been shown to contribute to chronic 
inflammation via IFN-α production, their potential to produce GrB in response to IL-21 
has never been investigated. Aberrant production of GrB has been detected in plasma 
and in synovial fluid of rheumatoid arthritis patients,44 although it remains unresolved 
whether this derives from pDCs or alternatively from cytotoxic T cells or NK cells. 

micrornas, more than “fine tuners” of the 
immune resPonse
First described in C. elegans almost 20 years ago,45 post-transcriptional regulations 
of protein expression by miRNAs has since been shown to be involved in almost all 
the biological processes, including cell development, differentiation and survival. In 
the immune system, miRNAs are regarded as “fine tuners of the immune response”. 
Based on a study showing the role of miR-146a as “brake of the immune response” in 
monocytes through down-regulation of the TLR2-induced NF-κB activation,46 chapter 
5 of this thesis provides new insights in the regulation of pDC activation by this miRNA. 
Despite previous studies that failed to detect miR-146 expression in response to 
either TLR7 or TLR9 mediated activation,46 we have demonstrated that expression 
of miR-146a is significantly induced in pDCs. Our data also clearly show the crucial 
role of miR-146a in controlling pDC activation and survival, and suggest that rather 
than being “fine tuners of the immune response” miRNAs more likely act as master 
regulators of inflammation in pDCs. This is in agreement with the concept that miRNAs 
regulate expression of entire networks of genes instead of acting only at the single 
gene level.47 Consequently, deregulation of miR-146a expression has been linked to 
autoimmune pathologies, including systemic lupus erythematosus,48 and psoriasis.49 
What remains to be established, however, is whether the aberrant levels of miR-146a 
observed in these patients are the cause or the consequence of the disease.

Our results in chapter 5 define miR-146a as a potential therapeutic target to 
regulate pDC activation. Recent research aimed at inhibiting miRNAs confirmed the 
possibility of targeting miRNAs in vivo. Antagomirs, which is a class of antisense 
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oligonucleotides specifically engineered to withstand degradation by extra- and 
intracellular nucleases, can effectively inhibit the action of miRNAs in human cells,50 
Using this tool, inhibition of miR-132 prevented angiogenesis in an orthotopic 
mouse model of ovarian and breast carcinoma, while inhibition of miR-21, a 
miRNA that promotes oncogenesis, led to regression of malignant pre-B-lymphoid 
tumors.51-53 Despite these encouraging results, translation of these findings into 
clinical applications in humans still remains a challenge. First, one given miRNA is 
thought to target several different mRNAs,47 and therefore unwanted side-effects 
may be anticipated when a miRNA is functionally disabled. In addition, efficacy of 
anti-miRNA-mediated therapy strongly depends on delivery of antagomirs to the 
right cell type to reach a beneficial outcome for patients. Progress in this area of 
research, for example using antibody mediated targeting, is being made.

mir-491, a Key comPonent of anti-viral defence 
in Pdcs
In chapter 4 of this thesis, we show the role of miR-491 in regulating Spi-B expression 
in activated pDCs. Interestingly miR-491 has been described to be involved in 
resistance to intracellular viral replication. Indeed, miR-491 has recently been shown 
to block H1N1 influenza viral replication in human cells through direct regulation of 
the PB1 viral gene.54 In addition, miR-491 alterations in miR-491 expression profile 
in HCV-infected hepatoma cells were shown, and suppression of HCV replication 
by miR-491 was dependent on the PI3 kinase/Akt pathway.55 Notably, during HIV 
infection, loss of pDCs has been correlated with high viral loads, decreased numbers 
of CD4+ T cells, and the onset of opportunistic infections.56-58 Furthermore, pDC-
derived type I IFN has been shown to limit HIV replication in CD4+ T cells, as well as 
stimulate CTLs to mount an antiviral response, suggesting that pDCs may be capable 
of intiating a protective immune response against HIV.57-59 Together with our findings, 
these data provide new insights in the mechanisms regulating viral infection in pDCs, 
and this would be of great interest to investigate putative deregulation of miR-491 
expression in HIV-infected pDCs. Remarkably, in human, the MIR491 gene is located 
on the chromosome 9, only ~340 kb upstream the IFN gene locus (http://www.
genecards.weizmann.ac.il/, GeneLoc). This supports our observations described in 
chapter 4, showing TLR-induced miR-491 in pDCs, and suggest concomitant control 
of IFN gene expression, together with miR-491 expression.

the bright clinical future of Pdcs
Initially only considered as Interferon-producing cells, pDCs appear to be more “skilled” 
than we originally suspected. Several decades of intensive research have provided 
cumulative evidences that pDCs play a role not only in initiation of innate immune 
responses, but also in establishment of tolerance and induction of adaptive immune 
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responses. The position of pDCs as professional antigen presenting cells (APCs) to 
prime T cells has for a long time been controversial as pDCs appeared to be inferior 
to cDCs with respect to antigen presentation. A growing body of evidence suggests, 
however, that pDCs could be exploited as APCs, for example in the fight against 
cancer.60 Potent anti-tumor responses require both helper CD4+ T cell and cytotoxic 
CD8+ T cell (CTL) responses. Prerequisite for priming of CTL responses is the capacity 
of DCs to cross-present antigen, meaning that uptake of tumor-derived antigens 
from the extracellular environment will end up in the MHCI route of presentation. 
While at first, pDCs were considered to be ineffective in uptake of apoptotic (tumor) 
cells, particularly in the mouse,61 more recent data demonstrated that human pDCs 
were capable of inducing robust CTL responses after internalization of exogenous 
antigens.62-64 As for the capture of antigens, known mechanisms are phagocytosis 
or receptor-mediated endocytosis. The latter is more specific and efficient and 
requires expression of antigen-uptake receptors on the cell surface. PDCs express a 
broad repertoire of these endocytic receptors, including Fc receptors65-67 and C-type 
lectins.68-71 However, it will require more intensive research, particularly in humans, 
to gain a better understanding of which targeting receptor(s) on pDCs should be 
aimed for to elicit the most effective immune response. Moreover, before we can fully 
exploit the therapeutic potential of pDCs we should broaden our knowledge on the 
underlying mechanisms that prime pDCs not only to exert their function as APCs, but 
also to induce tolerance or to produce type I IFNs and other inflammatory cytokines. 
Our research described in this thesis has lifted another tip of the pDC veil, which 
has certainly increased our insight in the molecular mechanisms that regulate the 
development and function of pDCs. This knowledge will help to better take advantage 
of pDCs as targets in vaccination, to understand their role in infectious diseases, and 
to design novel strategies to treat autoimmune diseases as well as cancer. 

figure 1. schematic overview of the data presented in this thesis. Depicted here are the stages 
of differentiation of plasmacytoid dendritic cells (pDCs), including early development from 
hematopoietic stem cells (HSCs) and acquisition of effector functions. The latter stage can be 
further sub-categorized in 3 distinct phases; activation, maturation, and antigen-presenting 
function to activate cells of the adaptive immune system, such as T cells. PDCs arise from HSCs 
through a Flt3+ common DC progenitor (CDP). The transcription factor Spi-B is required to direct 
differentiation toward the pDC lineage, partially through direct induction of the anti-apoptotic 
protein BCL2-A1. Activated pDCs respond to Toll-like receptor (TLR)-7 or TLR9 stimulation by 
production of type I interferons (IFN)-α/β and the pro-inflammatory cytokines IL-6 and TNF-α. 
Activated pDCs also acquire a mature phenotype (mature pDC-derived DC), as shown by induction 
of CD40, CD80, CD86 and MHC class II molecules that allow them to induce antigen-specific T 
cell proliferation. IL-21 secreted from activated T cells induces Granzyme B (GrB) production 
in pDCs. GrB will conversely decrease the ability of pDCs to further activate T cells. Activation 
and maturation of pDCs depend on Spi-B and activation of the NF-κB pathway. Direct protein 
interaction between NF-κB subunits and Spi-B controls TLR-induced gene expression. In addition, 
NF-kB activity induces microRNA (miR)-146a expression in pDCs that reversely downregulates 
NF-κB activation,ultimately blocking TLR-induced signalling. 

∑
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