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Claire once asked me what is it that I do at work exactly?

This was my answer, lets imagine a picture/slide of  
a living immune cell including all the detailed molecular 

processes (a lot of them) occurring in the cell in order  
to keep it alive and then this picture is covered with millions  

of playing cards so it is completely hidden like so you are 
playing the MEMORY game. Well my job is to try and figure out 

using various molecular biology techniques to be able  
to turn over one or a few cards to see what it is hiding  

and then publish what I discover in peer reviewed scientific 
journals. However the major problem is I don’t believe that 
anybody will ever be able to discover what all the cards are 

hiding so that we can see the entire picture.
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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 
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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 



17

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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abstract
Plasmacytoid dendritic cells (pDCs) selectively express Toll-like receptor 
(TLR)-7 and TLR-9, which allow them to rapidly secrete massive amounts 
of type I interferons (IFNs) after sensing nucleic acids derived from viruses 
or bacteria. It remains incompletely understood how development and 
function of pDCs is controlled at the transcriptional level. One of the main 
factors driving pDC development is the ETS factor Spi-B, but little is known 
about its target genes. Here we demonstrate that Spi-B is crucial for the 
differentiation of hematopoietic progenitor cells into pDCs by controlling 
survival of pDCs and its progenitors. In search for Spi-B target genes, we 
identified the anti-apoptotic gene Bcl2-A1 as a specific and direct target 
gene, thereby consolidating the critical role of Spi-B in cell survival. 
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introduction
Plasmacytoid dendritic cells (pDCs) form a unique subset within the DC lineage. In contrast 
to conventional (c)DCs, pDCs express Toll-like-receptor (TLR)-7 and TLR-9, which 
recognize viral and microbial single-stranded RNA or double-stranded DNA, respectively 
(reviewed in Liu1). TLR activation in pDCs leads to rapid secretion of high amounts of 
type I interferons (IFNs), which initiate antiviral immune responses. In addition, pDCs 
mature in response to autocrine production of pro-inflammatory cytokines such as 
interleukin-6 (IL-6) and TNF-α. Collectively, this contributes to activation of T, B and NK 
cells (reviewed in Lande and Gilliet2). PDCs originate from hematopoietic progenitor cells 
(HPCs) in the bone marrow, but can also develop in the thymus.3 While both myeloid and 
lymphoid precursors give rise to pDCs, myeloid derivation is predominant (reviewed by 
Naik4) and depends on Fms-like kinase 3 ligand (Flt3L).5 

The ETS family member Spi-B is required for pDC development, since both 
in vitro and in vivo human HPCs failed to give rise to pDCs when inhibiting Spi-B 
expression.6 Spi-B shares with other ETS members a conserved ETS domain that 
mediates DNA binding.7 Spi-B is a hematopoietic cell-specific transcription factor8 
and is expressed, in addition to pDCs, in CD34+ HPCs,9 pro-T cells,10 and mature B 
cells.9 Spi-B potently regulates lineage commitment during human hematopoiesis 
as its overexpression in HPCs blocks T, B, and NK cells development, but promotes 
pDC development.6 Despite the importance of Spi-B in development of immune 
cells, little is known about its direct target genes. In mice, Spi-B may act by 
indirectly promoting the activity of the E-protein E2-2, which both in human and 
mouse is critical for pDC development.11,12 In human B cells, ectopic expression of 
Spi-B blocked memory B cell differentiation into antibody secreting cells by direct 
transcriptional repression of the PRDM1 and XBP1 genes.13

PDCs are fragile cells that when cultured in vitro rapidly undergo apoptosis, which 
can be counteracted by stimulation with TLR-7/9 agonists or cytokines, including 
IL-3, GM-CSF or IFN-α.14 Apoptosis is a highly regulated process that serves to 
remove superfluous, damaged or infected cells and therefore to maintain cellular 
homeostasis (reviewed by Elmore15). Apoptosis and cell survival are intimately 
linked, since their regulation is based on the balance between pro-apoptotic and 
anti-apoptotic (survival) regulators. Members of the Bcl-2 family regulate the 
intrinsic pathway of apoptosis through control of the outer mitochondrial membrane 
(OMM) integrity. Pro-apoptotic members such as Bak, Bax, Bim, and Noxa share a 
so-called Bcl-2 homology domain, which promote OMM permeability leading to the 
release of Cytochrome C in the cytoplasm and apoptosis induction. Anti-apoptotic 
members, including Bcl-2, Bcl-xL, Bcl-w, Bcl2-A1 and Mcl-1, promote cell survival 
through counteracting pro-apoptotic Bcl-2 member activity.

Bcl2-A1 is a hematopoietic specific protein and protects cells from apoptosis 
induced by a variety of apoptotic stimuli such as death-receptor ligation,16 p53 
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overexpression,17 and DNA-damaging agents.18 In mice, Bcl2-A1 is expressed in a 
variety of hematopoietic cell lineages, including T-helper lymphocytes, macrophages, 
and neutrophils.19 In humans, Bcl2-A1 is expressed in various types of hematopoietic 
cells in the bone marrow and fetal liver, and in germinal centres of peripheral lymphoid 
organs.20 The BCL2-A1 gene is induced in response to granulocyte-macrophage-
colony-stimulating-factor (GM-CSF)21 and a direct transcriptional target of NF-κB in 
response to inflammatory mediators.22-24 

To investigate whether Spi-B has a role in regulating pDC survival and/or 
proliferation, we set out to use the leukemic pDC cell line CAL-125 as a model to study 
gene regulation in pDCs. We have studied the gene expression profile of this cell line 
under conditions of overexpression and inhibition of Spi-B. Using this approach, 
we identified Bcl2-A1 as a direct target of Spi-B. We validated and confirmed our 
findings in primary pDCs, which underlined the role of Spi-B in pDC development 
and survival through regulation of the anti-apoptotic gene BCL2-A1.

materials and methods
cell lines
The pDC cell line CAL-125 were cultured in RPMI-1640 medium (Invitrogen) 
supplemented with 8% FCS, and maintained at 37˚C, 5% CO2.

reagents
Cells were activated with 10 ng/mL IL-3 (R&D Systems) in the presence of CD40 
ligand–transfected L cells (10,000/well, irradiated at 7,000 rads) in RPMI-1640 
medium (Invitrogen), 8% FCS. CpG-A (ODN2216), CpG-B (ODN2006) and R848 were 
purchased from Invivogen. HSV-1 (KOS strain; attenuated by γ irradiation; gift from 
R. Chase, Schering-Plough, Kenilworth, NJ) was added at 10 PFU/cell. 

isolation of cd34+ cells from fetal liver
Human fetal livers (FL) were obtained from elective abortions. Gestational age was 
determined by ultrasonic measurement of the skull diameter and ranged from 14 to 
20 weeks. The use of fetal tissue was approved by the Medical Ethical Committee of 
the Academic Medical Center and was contingent on obtaining informed consent, 
in accordance with the Declaration of Helsinki. For purification of CD34+ cells, FL 
cells were isolated from a Ficoll-Hypaque density gradient (Lymphoprep; Nycomed 
Pharma, Oslo, Norway). Subsequently, CD34+ cells were enriched by immunomagnetic 
cell sorting, using a CD34+ separation kit (Miltenyi Biotec, Bergisch, Gladbach, 
Germany). CD34+CD38- FL hematopoietic progenitors were sorted to purity using a 
FACSAria flowcytometer (BD Biosciences) after labeling with fluorescent conjugated 
antibodies.  Purity was ≥ 99% and confirmed by reanalysis of sorted cells.
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isolation of primary human pdc from thymus
Postnatal thymic (PNT) tissue was obtained from surgical specimens removed from 
children up to 3 years of age undergoing open-heart surgery (LUMC, Leiden, The 
Netherlands), approved by the Medical Ethical Committee of the Academic Medical 
Center and in accordance with the Declaration of Helsinki. Thymocytes were isolated 
from a Ficoll-Hypaque density gradient. Subsequently, BDCA4+ cells were enriched 
by immunomagnetic bead selection using a BDCA4-cell separation kit (Miltenyi 
Biotec). CD123+CD45RA+ pDCs were sorted by flow cytometry on a FACSAria (BD 
Biosciences) after labeling with fluorescent conjugated antibodies.

flow cytometry
FL progenitor cells were sorted using CD34-PE, CD38-PE-Cy7, and lineage markers-
APC (CD3, CD14, CD19, CD56) (BD Bioscience), BDCA2 (Miltenyi Biotech)). Thymic 
progenitor cells were sorted using CD34-PE-Cy7 and CD1a-PE (BD Bioscience). 
For analysis, single cell suspensions were stained with FITC, PE, PE-Cy7, APC or 
APC-Cy7 coupled anti-human monoclonal antibodies targeting the following cell 
surface markers: CCR7, CD40, CD45RA, CD56, CD62L, CD80, CD86, CD123, HLA-DR 
(BD Bioscience), and BDCA2 (Miltenyi Biotech). Samples were analyzed on a LSRII 
(BD Bioscience) and analyzed using FlowJo software (TreeStar). Cell proliferation 
was assessed using the CellTrace-violet proliferation kit (Invitrogen) according to 
the manufacturer’s instructions. For apoptosis staining we used Annexin-PE (BD 
Bioscience) and 7-AAD viability staining solution (Ebioscience).

retroviral and lentiviral constructs and transductions
For overexpression of Spi-B we used either the retroviral construct pLZRS-SpiB-
IRES-green fluorescent protein (GFP) or pLZRS-SpiB~ER-IRES-GFP.26 ΔEts and ΔTAD 
truncated version of Spi-B were generated as previously described.13 To knockdown 
Spi-B in CAL-1 cells, Spi-B short hairpin (sh)RNA was cloned from a retroviral 
backbone6 into a lentiviral backbone (pTRIP-H1-Spi-B shRNA/EF1α-GFP). For virus 
production, constructs were transfected into the Phoenix-GalV packaging cells 
(retroviral) or 293T cells (lentiviral).26,27 Control cells were transduced with empty 
pLZRS-IRES-GFP constructs or pTRIP expressing an irrelevant shRNA targeting 
Renilla mRNA (pTRIP-H1-Renilla shRNA/EF1α-GFP).6 For transduction of CAL-1 
cells, 106 cells were transferred to plates coated with retronectin (30 µg/mL, Takara, 
Kyoto, Japan) and incubated with virus supernatants for 6 hours. To induce nuclear 
translocation of ER tagged Spi-B, cells were treated with 0.5 µM 4-hydroxytamoxifen 
(4HT; Sigma-Aldrich, St Louis, MO, USA). De novo protein translation was inhibited 
by pre-incubation with 2.8 µg/mL cycloheximide (CHX; Sigma-Aldrich). For Bcl2-A1 
knock-down experiments, shRNAs specifically targeting the Bcl2-A1 mRNA were 
designed using Ambion’s siRNA Target Finder (http://www.ambion.com) and 
subcloned into pRETRO-pgk-GFP.6  
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Pcr
Total RNA was extracted using Trizol reagent (Invitrogen). RNA concentration and 
quality was determined using the Nanodrop spectrophotometer. Equal amounts of total 
RNA were reverse transcribed into cDNA with first strand buffer, superscript II reverse 
transcriptase (Invitrogen), dNTPs (Roche) and Oligo (dT) (Promega), or using the RNA-to-
cDNA kit (Roche). cDNA was amplified using a PCR machine for conventional RT-PCR and 
separated on a 1,5% agarose gel, or amplified using an iCycler and SYBR green supermix 
(BioRad) for quantitative PCR (QPCR) using specific primer sets (supplementary table 1). 
Each sample was analyzed in triplicates and expression levels were normalized to the 
three housekeeping genes HPRT, GAPDH and 18S RNA.

chromatin immunoprecipitation assay
SpiB~ER-GFP+ cells (1x107) were incubated with or without 4HT for 4 hours. Chromatin 
immunoprecipitation (ChIP) was performed according to an adapted version of the 
Upstate ChIP kit protocol (Upstate Biotechnology, Charlottesville, VA) with either 3 
µg polyclonal anti-ER antibody (Santa Cruz Biotechnology) or 3 µg normal rabbit IgG 
(Invitrogen). Precipitated chromatin was purified with a PCR purification kit (Qiagen) 
and analyzed by QPCR using 5 different primer sets, each of them specific for a 
different DNA sequence located within the BCL2-A1 promoter region up to 3.2 Kb 
upstream of the transcription start (PR1-PR5, supplementary table 1). As a positive 
control, the CD40 promoter was amplified by QPCR using the primer set PR+.

luciferase reporter assays
Reporter constructs were generated using PCR to amplify a 3.2 Kb DNA fragment 
containing the conserved human Bcl2-A1 promoter region (full length) and a 
truncated version of the Bcl2-A1 promoter region (Δ5’) (Figure 4C). Amplified PCR 
fragments were cloned into the pCR2-1TOPO TA vector (Invitrogen). Sequencing 
with the primer sets used for ChIP assays was performed using an ABI sequencer 
(Perkin Elmer) with the dye-terminator cycle-sequencing kit (Perkin Elmer). The 
inserts were subcloned into pGL3 basic vector (Promega) using XhoI-HindIII 
restriction sites. Cotransfection of one of the reporter constructs, the constitutive 
active Renilla reniformis luciferase-producing vector prL-CMV (Promega), and 
pLZRS expressing different variants of Spi-B, or PU.1 as a positive control, in 293T 
cells was done with the Fugene transfection reagent (Roche). Detection of firefly 
and R. reniformis luciferase was done using the Dual Luciferase assay kit (Promega) 
on a Synergy HT microplate reader (Biotek). 

cytometric bead array analysis and elisa
CAL-1 cells were stimulated for 6 hours with CpG-B (ODN2006) (12.5 µg/ml) or 
R848 (10 µg/ml). Cell-free supernatants were collected and analyzed for cytokine 
content using the Cytometric Bead Array (CBA), according to the manufacturer’s 
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protocol (CBA Human Inflammation Kit, BD Biosciences). Quantification of IFN-β 
levels in supernatants was done using an ELISA kit (PBL Interferon source, NJ, USA) 
according to the manufacturer’s instructions.

In vivo growth assay
Briefly, 0.25x106 CAL-1 cells transduced with Spi-B shRNA/EF1α-GFP or Renilla 
shRNA/EF1α-GFP control were subcutaneously injected into the right and left flank 
of RAG-2-/-γc-/- mice.28 To mimic a tumor like growth, cells were mixed with collagen 
(Matrigel, Invitrogen) prior to injection. Twenty days after engraftment mice were 
sacrificed and tumors isolated. Cells were counted and the percentage of GFP+ cells 
was analyzed by flowcytometry. Different organs of the mice were analyzed (blood, 
spleen, liver) for the presence of GFP+ cells.

In vitro differentiation assay
Sorted CD34+CD38- HPC from FL were transduced as described previously.26 Briefly, 
transduced progenitors were cultured on a layer of mouse OP9 stromal cells in 
the presence of 5 ng/ml Flt3L and 5 ng/ml IL-7 (PeproTech). In vitro generated 
GFP+CD123hiBDCA2+ pDCs were analyzed by flow cytometry after 7 days of co-
culture. The fold expansion in absolute cell numbers was calculated on basis of total 
numbers of cells harvested from the cultures, percentages of transduced cells, and 
percentages of each population corrected for the number of input cells. 

statistical analyses
Data were subjected to two-tailed paired Student’s t-test analysis using Graphpad 
Prism 5 for Windows (Graphpad software, San Diego, USA) and considered 
significant when at least p < 0.05.

results
cal-1 cells represent a valid model to study certain aspects of 
primary pdcs
As it is technically challenging to study molecular mechanisms involved in 
differentiation and activation of fresh human pDC, we made use of the previously 
established pDC cell line CAL-1 derived from a patient with CD4+CD56+ hematodermic 
neoplasm.25 To further characterize the CAL-1 cell line we first measured expression 
of genes known to be involved in development and activation of human pDCs by 
semi-quantitative RT-PCR (Figure 1A) and compared expression to that in primary 
pDCs. Both freshly isolated pDCs and CAL-1 cells expressed the ETS transcription 
factor Spi-B, the basis-helix-loop-helix factor E2-2, the interferon response factor 
IRF-7, Toll like receptors TLR-7 and TLR-9, and the pDC restricted C-type lectin 
BDCA2. Except for CD45RA, the surface markers CD123 and BDCA2 as well as CCR7 
and CD62L were detected by FACS analysis (Figure 1B). In accordance with earlier 
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observations, a fraction of CAL-1 cells expressed CD56.25 To validate this cell line as 
an accurate model to investigate pathways involved in pDC maturation and function, 
we evaluated the capacity of CAL-1 cells to respond to various stimuli, including 
the TLR-9 agonist CpG-B ODN, the TLR-7 ligand R848, CD40L plus IL-3, and virus 
(HSV-1) (Figure 1C-D-E and data not shown). Overnight stimulation of CAL-1 cells 
with CpG-B strongly increased the surface expression of maturation markers, 
including CD40, CD80, and to a lesser extent CD86 (Figure 1C). HLA-DR was already 
highly expressed and not further up-regulated after activation. In accordance with 
these results, CD40 mRNA expression was strongly upregulated within 4 hours of 
stimulation (Figure 1D). In addition, CpG-B-induced TLR-9 triggering induced IFN-β 
mRNA (Figure 1D) and protein (Supplementary figure 1) expression. CAL-1 cells 
stimulated with CpG-B either for 4 hours or overnight did not express IFN-α as 
determined by PCR, neither with primers recognizing specific IFN-α mRNA subtypes 
nor with primers recognizing all IFN-α subtypes (Figure 1D, data not shown). As 
reported previously,25 also CpG-A did not induce IFN-α under these conditions. 
CAL-1 cells stimulated with CpG-B for 6 hours produced the pro-inflammatory 
cytokines IL-6 and TNF-α as detected by cytokine-bead-array experiments 
(Figure 1E). Stimulation with the TLR7 agonist R848 similarly induced expression 
of these cytokines, although to lesser degree than CpG-B (supplementary figure 1).  
Notably, CAL-1 cells did not produce any pro-inflammatory cytokines in the absence 
of stimulation. Taken together, these data provide convincing evidence that CAL-1 
cells share common genetic and functional features with primary pDCs. Therefore, 
we consider CAL-1 cells a valid model to study molecular mechanisms involved in 
pDC activation and maturation.

spi-b is required for leukemic pdc growth and survival in vitro 
and in vivo
Spi-B is highly expressed in pDCs, but it remains unresolved which target genes 
are controlled by Spi-B. To gain insight in this, CAL-1 cells were transduced with 
the lentiviral vector pTRIP expressing either shRNA targeting Spi-B mRNA or the 
non expressed Renilla mRNA as a control. The Spi-B shRNAs efficiently reduced the 
levels of Spi-B mRNA as well as protein (6, Supplementary figures 2 and 4). High 
transduction efficiencies (> 95%) were obtained as measured by expression of GFP, 
which was independently driven from the EF1α promoter in the lentiviral construct. 
Upon culture of the transduced cells we noted that the percentage of Spi-B shRNA 
expressing CAL-1 cells decreased over time unlike cells expressing control shRNA, 
where the percentage of GFP+ cells remained constant (Figure 2A). Reducing the 
Spi-B levels in CAL-1 cells led to a significant 1.5-fold reduction in absolute cell 
numbers as compared to control transduced CAL-1 cells 13 days after transduction 
(Figure 2B). To further examine whether Spi-B is important in cell growth and/or 
cell survival we sorted GFP+ Spi-B shRNA transduced cells and cultured them in the 
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figure 1. cal-1 cells closely resemble primary pdc. (A) The leukemic pDC cell line CAL-1 expresses 
transcripts commonly present in freshly isolated primary pDC, including Spi-B, E2-2, IRF-7, TLR-7, 
TLR-9, and BDCA2 as shown by semi-quantitative RT-PCR. The housekeeping genes GAPDH and 
Actin are shown as loading controls. (B) Flow cytometric analysis of CAL-1 cells after staining 
with antibodies directed against the cell surface markers BDCA2, CD123, CCR7, CD45RA, CD62L, 
and CD56 (black lines). Isotype control stainings are shown as grey filled histograms. (C) Surface 
expression of the co-stimulatory molecules CD40, CD80, CD86, and HLA-DR was measured by 
flow cytometry on unstimulated CAL-1 (grey lines) and after 20 hours stimulation with CpG-B 
(black lines) (isotype control stainings are shown as grey filled histograms). (D) CAL-1 cells were 
stimulated for 4 hours with CpG-B or left unstimulated in medium only, and gene expression levels 
of CD40, IFN-α and IFN-β1 were measured in stimulated vs. unstimulated cells by QPCR. (E) CAL-1 
cells were cultured in the presence of CpG-B or medium for 6 hours. Culture supernatants were 
analyzed for the presence of TNF-α and IL-6 by cytokine bead array analysis. ND, not detectable 
(below detection sensitivity of the assay of 4 pg/ml).
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presence of tritiated thymidine (3H-TdR). Reducing Spi-B expression levels impaired 
3H-TdR incorporation in CAL-1 by 2.5-fold after 24 hours (data not shown). Impaired 
thymidine incorporation was not due to decreased cell proliferation, as shown by 
equal loss of CellTrace-violet by Spi-B shRNA and control shRNA transduced cells 
over time (Figure 2C). This prompted us to analyze whether induction of apoptosis 
could explain reduced 3H-TdR incorporation in Spi-B shRNA transduced CAL-1 
cells. Therefore, we sorted transduced GFP+ cells and stained with AnnexinV and 
7-AAD and analyzed percentages of apoptotic cells after 5 days. We observed up 
to 1,5-fold more AnnexinV+7-AAD- early apoptotic cells and AnnexinV+7-AAD+ late 
apoptotic/necrotic cells in cultures with Spi-B shRNA cells compared to control 
shRNA transduced cells (Figure 2D), which was  consistent when we analyzed this 
on consecutive days (Figure 2E). Collectively, these results suggest that Spi-B 
exerts a role in cell survival in the CAL-1 cell line in vitro.

To substantiate the role of Spi-B in cell survival we performed in vivo cell growth 
experiments using an immune-deficient mouse model in which we monitored 
CAL-1 cell growth. We inoculated RAG-2-/-γc-/- mice, lacking mouse T, B and NK 
lymphocytes,28,29 with sorted GFP+ CAL-1 cells. Simultaneously, mice were injected 
subcutaneously in the right and left flank with either 0.25 x 106 CAL-1 cells expressing 
Spi-B shRNA or Renilla shRNA, respectively (Figure 2F). Matrigel was used to mimic 
a solid tumor like structure. Twenty days after inoculation, mice were sacrificed and 
the tumor tissue was removed and analyzed. By flow cytometry, we confirmed that 
the tumor cells were still GFP+CD123+CD4+ CAL-1 cells (supplementary figure 3 and 
data not shown). After counting cell numbers we found that decreased Spi-B levels 
in CAL-1 cells resulted in significantly reduced subcutaneous growth reaching on 
average over 2-fold lower cell numbers than control transduced tumors (Figure 2F). 
Hardly any GFP+ CAL-1 cells were detected in blood or organs such as spleen and 
liver (supplementary figure 3). Formally we cannot exclude the possibility that CAL-1 
cells emigrated from the tumor and migrated to other sites that we did not analyze, 
or migrated and then died. When taken together, however, we conclude that Spi-B 
controls the growth and survival of this pDC cell line.

spi-b regulates expression of bcl2-a1
To elucidate the mechanism by which Spi-B controls cell survival we performed a 
micro-array analysis to identify Spi-B induced target genes. We compared gene 
expression levels in CAL-1 cells with elevated Spi-B levels (after transduction 
with pLZRS-Spi-B-IRES-GFP) or decreased Spi-B levels (after transduction 
with pTRIP-SpiB-shRNA/EF1α-GFP) and their respective controls using Affymetrix 
chips, which cover approximately 21000 known genes of the NCBI database (data 
not shown). Among the presumptive Spi-B targets identified after bio-informatical 
analysis, we focused on genes known to be responsible for cell survival. Interestingly, 
Bcl2-A1 expression correlated with Spi-B levels in CAL-1 cells (data not shown). To 
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figure 2. spi-b is required for cal-1 cell survival and proliferation. A) CAL-1 cells were transduced 
with Spi-B shRNA or control Renilla shRNA and cultured for 14 days. Cell growth was determined 
by flow cytometric analysis to measure the percentages of GFP+ cells every 3 days. B) Mean values 
of 3 experiments in which GFP+ cell percentages were determined at 13 days after transduction. 
Values were normalized to the percentage of GFP+ cells at day 2 after transduction (see A, * P = 
0.026). C) CAL-1 cells transduced with Spi-B shRNA or control Renilla shRNA were stained with the 
CellTrace violet proliferation kit. Mean fluorescence intensity (MFI) was followed for 3 days by flow 
cytometry. D) To assay for apoptosis, AnnexinV-PE and 7-AAD double staining was performed on 
CAL-1 cell transduced with Spi-B shRNA or control Renilla shRNA 5 days after sorting GFP+ cells. 
Numbers represent percentages of early apopotic cells (AnnV+7-AAD-) and late apoptotic/necrotic 
cells (AnnV+7-AAD+) in the indicated gates. One representative experiment out of 3 is displayed. E) 
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2-/-γc-/- immunodeficient mice were injected subcutaneously in the right and left flank with 0.25.106 
Cal-1 cells expressing Spi-B shRNAs or Renilla shRNAs. Tumor growth is shown as absolute cell 
numbers measured 20 days after engraftment (*P = 0.037). Each dot/square represents one mouse.
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validate this micro-array result, we measured expression of Bcl2-A1 in sorted GFP+ 
CAL-1 cells by QPCR 48 hours after transduction with either pLZRS-SpiB-IRES-GFP, 
pTRIP-SpiB-shRNA/EF1α-GFP or appropriate control constructs. Spi-B 
overexpression resulted in a 6-fold increase in Bcl2-A1 levels (P < 0.05), whereas 
Bcl2-A1 levels were reduced 2.5-fold after knocking down Spi-B expression (P < 0.01) 
(Figure 3A). To assess potential off-target effects of the Spi-B shRNA we analyzed 
expression of several proteins including Bcl-2, Bcl-xL, CALCRL and IRF-7, and found 
no significant differences between Spi-B and control shRNAs (supplementary 
figure 4). To gain more insight in the regulation of Bcl2-A1 by Spi-B we used an 
inducible Spi-B-estrogen receptor (ER) fusion construct. Nuclear translocation 
of Spi-B was induced by this construct in the presence, but not in the absence of 
4HT.13 Also we used the protein translation inhibitor cycloheximide (CHX), which 
is indicative for direct regulation of target genes, in combination with short-term 
induction of Spi-B with 4HT. Using this approach a 4-fold upregulation of Bcl2-A1 
was observed by QPCR in Spi-B~ER transduced CAL-1 cells already 4 hours after 
Spi-B induction (Figure 3B), suggesting that Bcl2-A1 may be a direct target gene 
of Spi-B. As a positive control we confirmed direct regulation of CD40 expression by 
Spi-B (Figure 3C).13 Our results support the notion that Spi-B dependent induction 
of Bcl2-A1 is comparable with CD40 induction under the same conditions. Notably, 
expression of other anti-apoptotic genes, including Bcl-2, Mcl-1, and Bcl-xL, was not 
upregulated by overexpression of Spi-B (Figure 3D). Thus, our data provide evidence 
for a specific role of Spi-B to mediate survival of pDCs through Bcl2-A1 induction.

bcl2-a1 is a direct target gene of spi-b
Our results showing that Bcl2-A1 is regulated by Spi-B prompted us to determine 
whether Spi-B directly binds the promoter region of BCL2-A1. Therefore, we 
performed ChIP assays using an anti-ER antibody or unspecific rabbit IgG on lysates 
derived from Spi-B~ER transduced CAL-1 cells that were either incubated in medium 
only or with 4HT for 4 hours. Chromatin abundance was determined by QPCR using 
different primer sets designed to amplify several regions of the promoter sequence 
of BCL2-A1 (Figure 4A). We analyzed Spi-B binding to the BCL2-A1 gene locus up 
to 3.2 kb upstream of the transcriptional start site, and observed direct binding of 
Spi-B~ER to the BCL2-A1 promoter on 2 out of the 5 regions investigated only when 
4HT was added (Figure 4A). The relative quantity of precipitation of these regions with 
Spi-B was comparable to the relative amount of precipitation of the CD40 promoter 
sequence, which was previously reported to be bound by Spi-B13 (Figure 4B).

To test whether binding of Spi-B to the BCL2-A1 promoter is functionally relevant, 
Luciferase reporter assays were performed. We employed a pGL3 vector expressing 
the Firefly luciferase gene controlled by the BCL2-A1 promoter, containing either 
the 2 putative Spi-B binding sites (full length), or only the 3’ Spi-B binding site 
(Δ5’) (Figure 4C). Cotransfection of the full length reporter construct together with 
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a Spi-B expression vector in 293T cells resulted in 4-fold induction of luciferase 
activity (Figure 4D). Deletion of the 5’ Spi-B binding site (Δ5’) resulted in 2-fold lower 
luciferase induction by Spi-B as compared to the full length BCL2-A1 promoter 
reporter construct. We also analyzed two natural splicevariants of Spi-B, ΔEts-Spi-B, 
lacking the DNA binding ETS domain, and ΔTAD-Spi-B, lacking the transactivation 
domain. Notably, the BCL2-A1 promoter reporter construct was completely 
unresponsive to these Spi-B mutants. Introduction of the wild type Spi-B together 
with ΔTAD-Spi-B rescued luciferase activity. Activation of the BCL2-A1 promoter 
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figure 3. expression of bcl2-a1 is regulated by spi-b. A) CAL-1 cells were transduced with 
vectors expressing Spi-B cDNA, Spi-B shRNAs or appropriate control vectors and sorted for 
GFP expression after 48 hours. Bcl2-A1 mRNA expression levels were measured by QPCR in 3 
independent experiments. Values are normalized to control transduced cells. * P < 0,05; ** P < 
0,01. B, C) Short term induction of Spi-B using Spi-B~ER transduced cells incubated with (black 
bar) or without (white bar) 4-hydroxy-tamoxifen (4HT) after pre-treatment with cycloheximide to 
avoid de novo protein synthesis. Bcl2-A1 (B) and CD40 (C) mRNA expression levels were measured 
by QPCR. Values were normalized to control transduced cells incubated without 4HT. D) mRNA 
levels of anti-apoptotic genes of the Bcl2 family were measured by QPCR in Spi-B~ER transduced 
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figure 4. bcl2-a1 is a direct target of spi-b. A) Binding of Spi-B to the BCL2-A1 promoter region 
(3.2 kb) was assessed by Chromatin Immunoprecipitation (ChIP) of the Spi-B~ER fusion protein 
using an anti-ER antibody (ER) or irrelevant IgG control antibody (IgG) in CAL-1 cells incubated with 
or without 4HT. Pulled down DNA was purified and amplified using 5 different primer sets (PR1-
PR5). B) ChIP analysis of the known binding region of Spi-B to the CD40 promoter region was used 
as a positive control using the PR+ primer set. One representative ChIP experiment out of 4 is 
depicted. C) Setup of the dual luciferase assay is shown on top. The full length region of the BCL2-A1 
promoter containing the 2 Spi-B binding sites (black dots) or lacking the 5’ Spi-B binding site (Δ5’) 
were subcloned into the pGL3-firefly luciferase backbone. Full length or Δ5’ reporter constructs were 
cotransfected in 293T cells with vectors expressing the wild type Spi-B cDNA (wtSpi-B) or mutated 
cDNAs of Spi-B, either lacking the transactivation domain (ΔTAD) or the Ets domain (ΔEts). Firefly 
luciferase activity was normalized to Renilla reniformis luciferase activity for transfection efficiency. 
Then, Firefly/Renilla activity was normalized to control (empty vector), which was set to 1. 
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reporter by Spi-B was of similar magnitude as activation by its homologue PU.1, 
which was previously shown to transactivate this promoter.30 These observations, 
together with the ChIP results and lower Bcl2-A1 expression after reducing Spi-B 
levels, strongly suggest that Spi-B directly controls expression of the BCL2-A1 gene.

bcl2-a1 is required for in vitro pdc development
Next, we aimed to decipher the physiological relevance of Bcl2-A1 regulation by 
Spi-B during human pDC development. We designed 3 different shRNAs to target 
Bcl2-A1 mRNA, of which shRNA1 and shRNA3 resulted in 40% knockdown in mRNA 
levels when transduced in Bcl2-A1 expressing CAL-1 cells (supplementary figure 5). 
We used Bcl2-A1 shRNA3 in addition to Renilla control shRNA to transduce FL 
CD34+CD38- HPCs and performed in vitro human pDC differentiation assays as 
reported previously.9 We observed a significant decrease of 25% in absolute 
GFP+CD123+BDCA2+ pDC cell numbers when overexpressing Bcl2-A1 shRNAs in 
HPCs as compared to control shRNAs after 7 days of culture (Figure 5, n = 15, 
P = 0,003; supplementary table 2). It is interesting that this effect was specific 
for pDC development as other cell types (non-pDCs) that differentiated in this 
culture (including monocytic cells, not shown) were not significantly affected. Taken 
together, these data show that development of pDCs from CD34+ HPCs depends 
on Bcl2-A1 expression. In combination with our previous observation that Spi-B 
is a master regulator of pDC development,6 these results lead us to propose that 
Spi-B mediates the survival of pDCs and possibly its progenitor cells by preventing 
apoptosis through induction of the anti-apoptotic gene BCL2-A1.
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figure 5. bcl2-a1 is required for pdc differentiation in 
vitro. CD34+CD38- HPCs from human fetal liver were 
transduced with vectors expressing Bcl2-A1 shRNAs or 
Renilla control shRNAs, and co-cultured with OP9 stromal 
cells with IL-7 and Flt3L for 7 days. Flow cytometric analysis 
was performed to identify BDCA2+CD123+GFP+ in vitro 
generated pDCs or GFP+BDCA2– non-pDCs. Shown are the 
absolute cell numbers normalized to the control culture of 
15 donors, * P = 0.012, *** P = 0.003). Calculations were 
done as described in the Material & Methods section.
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discussion
Here, we identified Bcl2-A1 as a direct transcriptional target of Spi-B in pDCs. 
As predicted by micro-array analysis, overexpression of Spi-B in a pDC cell line 
upregulated Bcl2-A1. In contrast, Spi-B knockdown reduced Bcl2-A1 transcription, 
which had direct consequences for cell survival both in vitro and in vivo. Direct 
binding of Spi-B to the Bcl2-A1 promoter was confirmed by ChIP assays. More 
importantly, in vitro human pDC differentiation from CD34+ HPCs, which crucially 
depends on Spi-B,6 was impaired when inhibiting expression of Bcl2-A1. Taken 
together, these findings support a role for Spi-B as regulator of pDC survival.

Spi-B is involved at distinct steps during normal hematopoiesis, including 
differentiation of pDCs,9 plasma cells,13 and maintenance of follicular B cells.31 It is 
incompletely understood what the critical target genes are in these differentiation 
steps. Several targets were identified previously including CD40,13 Grap2,32 P2Y10,33 
c-rel,34 c-fes/c-fps,7 and Btk.35 Most of these targets were identified in mice, 
except CD40, which is also in human cells controlled by Spi-B.13 We were unable 
to confirm the other reported genes as candidate targets of Spi-B in human cells, 
either using micro-array analysis or QPCR (data not shown). While this may be 
explained by mouse versus human species differences, it may also reflect cellular 
differences as we employed a human pDC cell line, whereas others used microglial 
cells, macrophages, or B cells. Except for c-rel and Btk13,36 none of the other target 
genes mentioned are known to be expressed in human pDCs. It is interesting to 
understand how expression of Btk and c-rel is regulated in pDCs.

Expression of most reported target genes relied on the transactivating potential 
of Spi-B critically depending on both the ETS and TAD domains.13 We recently 
observed that Spi-B has repressor activity as well. Expression of the plasma 
cell genes PRDM1 and XBP-1 in human B cells was impaired by direct binding of 
Spi-B to their promoters.13 This relied on the ETS domain, but not the TAD domain, 
suggesting that DNA binding is requisite for repressor activity. A similar dual role was 
reported for PU.1 (reviewed in Marecki and Fenton37),  which is most homologous to 
Spi-B.8 While the differential role of Spi-B as a transcriptional repressor or activator 
has not been characterized in much detail, for PU.1 it was reported that putative 
acetylation motifs within the ETS domain were crucial for its repressor activity.38 
These motifs may mediate the interplay between PU.1 and other proteins, including 
B-cell lymphoma 6 (BCL-6) or IRF-8, which control the repressor or activator activity 
of PU.1, respectively.37 Interestingly, also Spi-B contains putative acetylation motifs 
in its ETS domain (data not shown). Moreover, Spi-B interacts with BCL-639 and 
IRF members,40 suggesting that the repressor or activator function of Spi-B may 
be regulated similarly to PU.1. Whether regulation of cell survival induced by Spi-B 
involves such heterodimeric protein complexes is unknown. But as Spi-B binds the 
promoter of Bcl2-A1 in pDCs and promotes Bcl2-A1 expression, it seems likely that 
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Spi-B induced cell survival depends on its transactivation properties. In accordance 
with this, we observed that not only the ETS domain, but also the TAD domain of Spi-B 
was essential to induce luciferase activity from the Bcl2-A1 promoter construct.   

Bcl2-A1 and Bcl-xL are also induced after activation of NF-κB.24,41 In line with 
this, we observed that activation of freshly isolated pDCs through engagement of 
TLR-9 with CpG-ODN, which elicits strong activation of NF-κB, induced Bcl2-A1 
expression, as well as other anti-apoptotic proteins such as Mcl-1, Bcl-xL, and Bcl-2 
(data not shown). In mice, the NF-κB subunit c-rel was reported as direct target of 
Spi-B,34 although we were unable to confirm this in human cells. More importantly, 
it is unlikely that Bcl2-A1 induction in our study is the result of Spi-B induced 
c-rel mRNA expression, since Bcl2-A1 induction was observed in the presence of 
cycloheximide blocking de novo protein synthesis (Figure 3B). This, together with 
our finding that Spi-B binds the Bcl2-A1 promoter suggests direct regulation of 
Bcl2-A1 by Spi-B, in the absence of TLR triggering and NF-κB activation.

In vitro, pDC rapidly die by apoptosis induction14. Cell survival can be induced 
by addition of cytokines (GM-CSF, IL-3)14 or TLR agonists,36 mediating upregulation 
of anti-apoptotic genes including Bcl-xL, Bcl-2, BIRC3, cFLAR,42 and Bcl2-A1.43 
In vivo, mouse pDCs are long lived cells.14 Consistent with this, the lifespan of pDCs 
in healthy, non-infected animals was 5-times longer than the lifespan of spleen 
CD8+ DCs.44 It is tempting to speculate that Spi-B controls pDCs homeostasis 
in vivo by upregulation of Bcl2-A1. While the number of pDCs in Bcl2-A1-/- mice is 
undetermined, neutrophil numbers in these mice were reduced due to enhanced 
apoptosis.45 Neutrophils do not express Spi-B, but do express high levels of 
PU.1.46 Since PU.1 and Spi-B are highly homologues,8 and PU.1 binds the Bcl2-A1 
promoter,30 this may explain the loss of neutrophils in Bcl2-A1-/- mice. As pDCs lack 
PU.1 expression,6 but do express high levels of Spi-B,9 we propose that apoptosis 
inhibition in pDC in vivo may be controlled by Spi-B induced expression of Bcl2-A1. 

Impaired pDC differentiation when reducing Bcl2-A1 levels by shRNAs could 
partially be rescued by overexpression of Spi-B (data not shown). It is noteworthy, 
however, that Bcl2-A1 overexpression failed to rescue pDC development when 
HPCs were transduced with Spi-B shRNA (data not shown). This was not entirely 
unexpected, as it highlights the role of Spi-B as master regulator in pDC development. 
Previously, we showed that overexpression of Spi-B in HPCs downregulated 
expression of Inhibitor-of–DNA-binding (Id)2 thereby allowing E2-2 activity to 
promote pDC development.11 Hence, no single factor downstream of Spi-B may fully 
recapitulate the effects of Spi-B itself. 

The leukemic pDC cell line CAL-1 expresses Spi-B, and depended on Spi-B for 
its survival as overexpression of Spi-B shRNAs was toxic for the cells. Our findings 
support the notion that Spi-B has an oncogenic role in pDC leukemic cells by inducing 
Bcl2-A1. Aberrant expression of Spi-B has also been implicated in tumorigenesis in 
human B cells. Spi-B transcripts were detected in several B cell derived malignancies, 
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including multiple myeloma cells and B-chronic lymphocytic leukaemia (B-CLL).47 In 
addition, high levels of Spi-B were detected in activated B-cell-like diffuse large B-cell 
lymphoma (ABC-DLBCL) either due to translocation of Spi-B to the Ig heavy-chain 
locus or to amplification of a chromosomal segment including the Spi-B locus.48 
Interestingly, reducing Spi-B expression levels in an ABC-DLBCL cell line prevented 
cell survival as well.49 While the underlying mechanism was not investigated, it is 
tempting to speculate that Spi-B controls Bcl2-A1 expression in ABC-DLBCL cells 
supporting its poor clinical outcome. Taken together, this illustrates that Spi-B may 
be an attractive candidate gene for drug targeting in diverse types of lymphomas. 
Hence, expanding our knowledge on Spi-B and its target genes not only contributes 
to our general understanding of normal lymphocyte development, but in addition will 
be central to provide detailed insight in its role during oncogenesis.
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supplementary figure 1. cal-1 cell response to tlr stimulation. (A) Surface expression of the 
co-stimulatory molecules CD40, CD80, CD86, and HLA-DR was measured by flow cytometry on 
unstimulated CAL-1 (grey filled histograms) and after 20 hours stimulation with CpG-B (gray 
lines), or  with the TLR7 ligand R848 (black lines). (B) CAL-1 cells were cultured in the presence or 
absence of CpG-B or R848 for 16 hours. Culture supernatants were analyzed for the presence of 
TNF, and IL-6 by cytokine bead array analysis. ND, not detectable (below detection sensitivity of the 
assay of 4 pg/ml). The presence of IFN-β in the culture supernatants was assessed by ELISA. ND, 
not detectable (below detection sensitivity of the assay of 125 pg/ml).
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supplementary figure 2: spi-b overexpression 
and knock-down in cal-1 cells. Cal-1 cells were 
transduced with LZRS Spi-B-GFP, pTRIP-Spi-
B-shRNA or control vectors and sorted for GFP 
expression after 48h. Cell lysates were analyzed 
by immunoblotting for Spi-B levels; the specific 
band is indicated by an arrow. One representative 
experiment out of three is shown.
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supplementary figure 3. transduced cal-1 cells are almost undetectable in the periphery of 
immunodeficient mice, but remain at the injection site. RAG-2-/-γ-/- immunodeficient mice (n = 5) 
were injected subcutaneously in the right and left flank with 0.25 x 106 CAL-1 expressing Spi-B 
shRNAs or Renilla shRNAs, respectively. Tumors, spleen, liver and blood were analyzed for GFP 
expression by flow cytometry 20 days after engraftment.
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supplementary figure 4. effect of spi-b knock-down on gene expression in cal1 cells. CAL-1 
cells were transduced with a construct expressing shRNA against Renilla or with a construct 
expressing Spi-B shRNA. Cells were sorted for GFP expression and effect of down regulation of 
Spi-B on several genes was assessed by QPCR. mRNA expression were normalized to the three 
housekeeping genes HPRT, GAPDH and 18S RNA (** P < 0.01).

supplementary figure 5. Knock-down efficiency of bcl2-a1 shrnas. CAL-1 cells were 
transduced with a control construct targeting an irrelevant gene product (Renilla) or 
with 3 different Bcl2-A1 shRNA/EF1α-GFP lentiviral constructs targeting Bcl2-A1 mRNA.
shRNA1 (5’-GGAGTTTGAAGACGGCATC), shRNA2 (5’-CACAGGAGAATGGATAAGG), and shRNA3 
(5’-ATGCTATCTCTCCTGAAGC). Cells were sorted for GFP expression and Bcl2-A1 mRNA levels were 
assessed by QPCR. One representative experiment out of three is displayed.
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supplementary table 1. Primer sequences. Primer pairs were checked for specificity by melting 
curve analysis and gel electrophoresis. Primer efficiencies were determined by template dilution 
and were highly similar.

Primers for Pcr or QPcr

  forward reverse

Total IFN-α GACTCCATCTTGGCTGTGA TGATTTCTGCTCTGACAACCT

IFN-β1 GAGCTACAACTTGCTTGGATTCC CAAGCCTCCCATTCAATTGC

Bcl2-A1 AATGTTGCGTTCTCAGTCCA TGCCGTCTTGAAACTCCTTT

BDCA2 AAAGAAGCCAATCCCATCCT GCCAAGCCCTTAGATCCTTC

Bcl2 ACGACAACCGGGAGATAGTG CCAGCCTCCGTTATCCTG

Bcl-xL AATGGCAACCCATCCTGGCA TTCTCCTGGATCCAAGGCTC

Mcl-1 AGACCTTACGACGGGTTGG CCAGCTCCTACTCCAGCAAC

β-actin CAAGAGATGGCCACGGCTGCTTCCAGC ATGGAGTTGAAGGTAGTTTCG

CD40 CGGCTTCTTCTCCAATGTGT ACCAAGAGGATGGCAAACAG

Spi-B GCATACCCCACGGAGAACT GGCTGTCCAACGGTAAGTCT

E2-2 ATGGGAGAGAATCAAACTTA CCTCCATGGCACTACTGTGA

CALCRL GCGACCTGAAGGAAAGATTG GCTTCTGAGTTGGAAAAGCTG

TLR-7 TGCTCTGCTCTCTTCAACA ACCATCTAGCCCCAAGGAGT

TLR-9 CCTGTGGGAAGGGACCTC GTAGGAGGCAGGCAAGGTA

IRF7 GCAAGGTGTACTGGGAGGTG CGAAGCCCAGGTAGATGGTA

GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG

HPRT GACCAGTCAACAGGGGACAT CCTGACCAAGGAAAGCAAAG

18S RNA AGACAACAAGCTCCGTGAAGA CAGAAGTGACGCAGCCCTCTA

Primers for chiP

  forward reverse

CD40 (PR+) ATGGATGGGAGTTGAGACG TATCCTGGCAGAACCGAA

Bcl2A1    

PR1 ACCATTTCACATTCCCACCA AAGCCACTTCCTCATCCTGT

PR2 TGGGATTACAGGCACACG GTTGACAGGGGCTGAGAAGA

PR3 TTTGGTAGAGATGGGGTTTCA TGGGTGGCAGAGAACAGG

PR4 GAGAGATTTGGCTGGGACTG TTGGTCTTCACCTTCCACCT

PR5 AGGAGGAAGATGGGGTAGGA GACTGAGCAAAGCAGGAACC
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supplementary table 2. reduced levels of bcl2-a1 impair the in vitro differentiation of fl 
cd34+cd38- hscs into pdc. Numbers represent the fold expansion in absolute cell numbers in 
the GFP+ population. The calculation is described in the Material and Methods section. PDC are 
gated as BDCA2+CD123++ cells; non-pDC are gated as BDCA2- cells.

exp.
shrna/

gfP+ pdc non-pdc exp.
shrna/

gfP+ pdc non-pdc

1 control 41 1366 9 control 58 2137

  Bcl2-A1 23 1043   Bcl2-A1 44 2193

2 control 47 839 10 control 7 375

  Bcl2-A1 47 1037   Bcl2-A1 4 239

3 control 272 3735 11 control 23 833

  Bcl2-A1 234 3376   Bcl2-A1 18 692

4 control 288 3578 12 control 130 2059

  Bcl2-A1 295 4119   Bcl2-A1 103 2082

5 control 81 1013 13 control 137 2417

  Bcl2-A1 71 980   Bcl2-A1 94 1534

6 control 75 1998 14 control 28 1057

  Bcl2-A1 64 1913   Bcl2-A1 7 948

7 control 38 729 15 control 21 658

  Bcl2-A1 26 302   Bcl2-A1 21 713

8 control 14 1234      

  Bcl2-A1 8 1152        
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abstract
During microbial infections, plasmacytoid dendritic cells (pDCs) are a main 
source of type I interferons (IFNs)-α/β. Nucleic acids from microbes are sensed 
by Toll-like-receptor (TLR)-7/9, which are selectively expressed in pDCs. 
Activated pDCs also produce pro-inflammatory cytokines and upregulate co-
stimulatory molecules. Together this equips pDCs with the ability to prime T, 
B, and NK cells and conventional (c)-DCs, thereby initiating adaptive immune 
responses. To avoid deleterious effects to the host, tight regulation of pDC 
activation is required. Despite numerous data linking aberrant activation 
of pDCs with autoimmune diseases, little is known about mechanisms 
controlling pDC activation. Here, we investigated the role of microRNA-
146a (miR-146a) in TLR pathway regulation in human pDCs. We show that 
miR-146a expression was induced upon TLR7/9 signalling. Furthermore, 
ectopic miR-146a expression effectively impaired TLR-mediated signalling 
in pDCs as TLR-induced NF-κB activation was reduced. This consequently 
diminished the production of pro-inflammatory cytokines, and reduced 
pDC survival. Moreover, miR-146a expressing pDCs had decreased ability 
to induce CD4+ T cell proliferation likely due to reduced expression levels 
of MHCII and co-stimulatory molecules. Taken together, these data unravel 
the crucial immunomodulatory role of miR-146a in pDCs and may add to our 
understanding of aberrant responses in autoimmune diseases. 
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introduction
Plasmacytoid dendritic cells (pDCs) form a unique subset within the DC lineage. 
In contrast to conventional (c)-DCs, pDCs selectively express Toll-like-receptor 
(TLR)-7 and TLR9, which recognize microbial single-stranded RNA or double-
stranded DNA, respectively (reviewed in Liu1). TLR activation in pDCs leads to 
rapid secretion of high amounts of type I Interferons (IFNs), which prevent viral 
replication and are involved in regulating antigen specific immune responses. In 
addition, TLR-activated pDCs secrete interleukin-6 (IL-6) and mature in response 
to autocrine production of the pro-inflammatory cytokine tumor necrosis factor 
(TNF)-α thereby upregulating the expression of co-stimulatory molecules, such as 
CD40, CD80 and CD86, and MHC class II.2 Collectively, this contributes to activation 
of T, B and NK cells (reviewed in Lande and Gilliet3). 

Signal transduction via TLR7 and TLR9 depends on recruitment of the myeloid 
differentiation primary response gene 88 (MyD88) adaptor molecule in complex with 
IL-1 receptor-associated kinase (IRAK)-1 and IRAK-4, tumor necrosis factor receptor-
associated 6 (TRAF6) and TRAF3, and the transcription factors interferon response 
factor (IRF)-7 and IRF-5 (reviewed in Gilliet et al.4). Furthermore, all TLR signalling 
pathways culminate in activation of the transcription factor nuclear factor-κB 
(NF-κB), which requires the phosphorylation and degradation of inhibitory κB (IκB) 
proteins triggered by two kinases, IκB kinase alpha (IKK-α) and IKK-β. Several NF-κB 
members have been identified, including RelA (also known as p65), RelB, c-Rel, p52 
and p50. Rel proteins can form homo- or heterodimers, of which the most frequently 
activated form after TLR signalling is the RelA/p50 heterodimer.5 RelA/p50 dimers 
are directly responsible for the expression of co-stimulatory molecules, while IRF-5 
nuclear translocation, together with NF-κB and MAPK activation, is crucial for the 
production of inflammatory cytokines.6 Conversely, the phosphorylation of IRF-7 leads 
to its translocation into the nucleus where it initiates type I IFN gene transcription.7,8

Uncontrolled or unwanted production of IFN-α has been shown to be involved in 
the pathogenesis of several human autoimmune diseases, such as systemic lupus 
erythematosus (SLE),9,10 Sjögren’s syndrome,11,12 and psoriasis.13 In SLE, one of the 
driving mechanisms of the disease involves uncontrolled and chronic IFN-α and 
IL-6 production by activated pDCs, which promote survival and differentiation of 
auto-reactive B cells into autoantibody-secreting plasma cells.14 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, pDC activation needs to be tightly 
controlled. Therefore, pDCs express an array of surface receptors, such as the 
C-type lectin blood dendritic cell antigen 2 (BDCA2), dendritic cell immunoreceptor 
(DCIR), immunoglobulin-like transcript 7 (ILT7), high-affinity immunoglobulin E 
receptor (FcεRI), and natural killer partner 44 (NKp44), which counter-regulate the 
prominent TLR signalling pathway.15-18
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A more recently discovered and novel layer of gene regulation is mediated by 
microRNAs (miRNAs), which are an evolutionary conserved class of endogenous 
~19 to 23-nucleotides long non-coding RNAs (reviewed in Hussein19). They act 
by repressing gene expression through targeting of the 3’-untranslated region 
(UTR) of mRNAs resulting in either mRNA degradation or translation inhibition, or a 
combination of both (reviewed by Pasquinelli20). This mode of post-transcriptional 
regulation of gene expression has recently been shown to play a role in modulating 
the TLR response in a broad range of human immune cells, including monocytes, 
macrophages and T cells (reviewed in O’Neill, Sheedy and McCoy21). Of these 
miRNAs, miR-146a emerged as a negative master regulator of TLR activation. 
MiR-146a is a member of the miR-146 miRNA family consisting of two evolutionary 
conserved miRNA genes; miR-146a and miR-146b. Increased expression of 
miR-146a has been observed in human monocytes in response to TLR4 stimulation 
by lipopolysaccharides (LPS) through direct NF-κB mediated induction.22 Moreover, 
miR-146a was shown to act as a key regulator of the TLR-MyD88 pathway by directly 
targeting IRAK1 and TRAF6 mRNAs, suggesting its role as a “brake on immunity”. 
In line with this, miR-146a-/- mice suffered from myeloproliferative disorders and 
LPS hypersensitivity.23,24 Furthermore, it has been demonstrated that stimulation 
of peripheral blood mononuclear cells (PBMC) from healthy donors with TLR7 and 
TLR9 agonists induced miR-146a expression and negatively affected type I IFN 
production, via downregulation of IRF-5 and STAT1.25 Interestingly, in SLE patients, 
miR-146a was found to be expressed at lower levels as compared to healthy donors, 
which might well explain the exacerbated type I IFN production by PBMCs of these 
patients.25 Based on the notion that in human blood only pDCs express TLR7 and 
TLR9 and secrete type I IFNs after stimulation, these data may suggest that the 
function of pDCs is altered by miR-146a, but this has not been formally addressed. 
It is also not known whether miR-146a controls other functions of pDCs, such 
as expression of co-stimulatory molecules and production of pro-inflammatory 
cytokines as well as their survival. 

Despite the growing evidence involving microRNA in the regulation of TLR 
functioning, no extensive studies have been performed on purified human pDCs. 
Therefore, we aimed at clarifying the role of miR-146a in regulating TLR-induced 
pDC activation and maturation. We made use of both primary pDCs as well as the 
pDC cell line CAL-1,22 which we previously validated as a model to study human 
pDC activation and maturation.26,27 We observed strong induction of miR-146a 
expression upon activation of primary pDCs using either TLR7 or TLR9 agonists. In 
addition, we investigated the role of miR-146a using overexpression studies in the 
CAL-1 pDC cell line. Our results suggest that miR-146a is crucially involved in the 
survival and TLR-induced maturation of pDCs, which has direct consequences for 
their ability to induce the proliferation of CD4+ T cells.
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methods
cells and reagents for functional assay
The pDC cell line CAL-126 was cultured in RPMI-1640 medium (Invitrogen) 
supplemented with 8% FCS, and maintained at 37˚C, 5% CO2. For activation and 
maturation of pDCs, cells were cultured in Yssel’s medium,28 supplemented with 2% 
human serum (Invitrogen). Oligodeoxynucleotides CpG-A (ODN2216), and CpG-B 
(ODN2006), and R848 were purchased from Invivogen and used at 10µg/mL.

lentiviral constructs and transductions
To overexpress the miR-146a in human cells we made use of the vector-based 
miRNA expression system previously described.29 Briefly, the ~500 bp fragment 
corresponding to the miR-146a-genomic region or the control human telomerase 
(hTR)-genomic region were cut out from the pMSCV-Blasticidin vector (kind gifts 
from R. Agami, Division of Tumour Biology, The Netherlands Cancer Institute, 
Amsterdam, The Netherlands) using BamHI-EcoRI restriction sites, and subcloned 
into the lentiviral vector using the copepod Pontellina plumata GFP as a reporter 
gene (copGFP), pCDH1-copGFP (System Biosciences).

Pcr
Total RNA was extracted using Trizol reagent (Invitrogen). RNA concentration and 
quality were determined using the Nanodrop spectrophotometer (Thermo Fisher 
Scientific). MiRNA quantitative real-time RT-PCR (QPCR) was performed using the 
TaqMan MicroRNA Reverse Transcription Kit with TaqMan MicroRNA Assay primers 
for human miR-146a according to manufacturer’s protocols (Applied Biosystems, 
Foster City, CA, USA). Total mRNA was reverse transcribed using the RNA-to-cDNA 
kit (Roche). cDNA was amplified using an iCycler and SYBRgreen supermix (BioRad) 
for QPCR, using specific primer sets (supplemental table 1). The levels of miRNA 
were normalized to RNA U6 controls, whereas mRNA levels were normalized to the 3 
housekeeping genes β-Actin, GAPDH, and HPRT. 

flow cytometry
For analysis, single cell suspensions were stained with fluorescein isothiocyanate 
(FITC), phycoerythrin (PE), PE-Cy7, allophycocyanin APC, APC-cyanine (Cy)-7 
coupled anti-human monoclonal antibodies (Abs) targeting the following cell 
surface markers: CD40, CD86, HLA-DR, CCR7 or isotype controls (BD Bioscience). 
For detection of phosphorylated p65 (phospho-S529; phospho-p65) protein, cells 
were fixed using cytofix/cytoperm buffer, permeabilized in ice-cold methanol and 
washed with Perm/Wash buffer (BD PharMingen) before incubation with APC-
conjugated phospho-p65 Ab (BD biosciences). Cell proliferation was assessed using 
the CellTrace-violet proliferation kit (Invitrogen) according to the manufacturer’s 
instructions. For apoptosis staining we used AnnexinV-PE, or AnnexinV-APC 

PDC SURVIVAL AND FUNCTION ARE CONTROLLED BY MIR-146A

3



70

(BD Bioscience) and 7-AAD viability staining solution (eBioscience). Samples 
were analyzed on a LSRII fluorescence-activated cell sorter (FACS) analyzer (BD 
Bioscience) and analyzed using FlowJo software (TreeStar).

isolation of primary human pdc from tissues
Peripheral blood of healthy volunteers was used for isolation of pDCs (Sanquin 
Bloodbank, Amsterdam, The Netherlands). Postnatal thymic (PNT) tissue was 
obtained from surgical specimens removed from children up to 3 years of age 
undergoing open-heart surgery (LUMC, Leiden, The Netherlands), approved by 
the Medical Ethical Committee of the Academic Medical Center. Thymocytes were 
isolated from a Ficoll-Hypaque density gradient. Subsequently, BDCA4+ cells were 
enriched by immunomagnetic bead selection using a BDCA4-cell separation kit 
(Miltenyi Biotec). CD123+CD45RA+ pDCs were sorted by flow cytometry on a FACSAria 
(BD Biosciences) after labeling with fluorescent conjugated antibodies. Purity was 
≥ 99% and confirmed by reanalysis of sorted cells.

allogeneic t cell stimulation
Peripheral blood CD4+ T cells were enriched by immunomagnetic bead selection 
using a CD4-cell separation kit (Miltenyi Biotec). Purity of the CD4+ T cell population 
was higher than 95% as determined by flow cytometry. CAL-1 cells transduced with 
miR-146a or with hTR control (a nontranslated-RNA coding for human telomerase 
RNA30) were incubated with or without the TLR7 ligand R848 for 48h, irradiated 
(2 x 45 min) and subsequently co-cultured with T cells at a 1:1 ratio for 6 days 
in Yssel’s medium supplemented with 2% human serum. T cell proliferation was 
assessed using the CellTrace-violet proliferation kit (Invitrogen) according to the 
manufacturer’s instructions. T cells activated with Human T-expander CD3/CD28 
beads (Dynabeads, Dynal, Invitrogen) were used as a positive control.

statistical analyses
Data were subjected to two-tailed paired Student’s t-test analysis using Graphpad 
Prism 5 for Windows (Graphpad software, San Diego, USA) and considered 
significant when at least P < 0.05.

results
mir-146a expression is induced in human pdcs in response to tlr7 
and tlr9 activation.
To study whether miR-146a has a role in pDCs, we first set out to analyze whether 
ex vivo pDCs expressed miR-146a after stimulation with the TLR9 agonists CpG-A 
and CpG-B, or the TLR7 agonist R848. After 16h miR-146a levels were measured 
by QPCR using the Taqman Human MicroRNA kit (Figure 1). We observed that 
both TLR7 and TLR9 engagement prominently induced miR-146a expression 
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as compared to medium cultured pDCs, suggesting that this miRNA may have 
physiological relevance. 

mir-146a impairs expression of components in the nf-κb signaling 
pathway 
Previously, we established that the leukemic pDC cell line CAL-1 is a valid model to 
study certain aspects of pDC biology.27 To further characterize the role of miR-146a in 
pDCs, we transduced CAL-1 cells with a lentiviral vector expressing either miR-146a 
or hTR as a control. The vector also allows expression of GFP, which is used to trace 
transduced cells by flow cytometry. GFP+ cells were sorted and western blot analysis 
was performed to assess the protein levels of IRAK1, which together with TRAF6 
were previously shown to be direct targets of miR-146a.22 MiR-146a overexpression 
resulted in 25 % decreased levels of IRAK1 protein, as compared to hTR control 
transduced cells (Supplementary Figure 1). In line with these results, we observed 
reduced nuclear phospho-p65 (RelA) levels in miR-146a transduced CAL-1 cells as 
compared to hTR transduced cells after stimulation with CpG-B (n = 4, * P = 0.014), 
or with R848 (n = 4, ** P = 0.004) (Figure 2). This shows that miR-146a inhibits 
NF-κB activation in response to TLR7 and TLR9 engagement in pDCs through direct 
targeting of components in the NF-κB pathway.

mir-146a overexpression induces apoptosis in cal-1 cells
Recently, we reported that the anti-apoptotic gene BCL2-A1 is a direct target gene 
of Spi-B and a key player in human pDC development and survival.27 In addition, it has 
been shown that NF-κB can directly induce BCL2-A1 expression.31 This prompted 
us to investigate the role of miR-146a in pDC survival. CAL-1 cells, which depend 
on constitutive NF-κB activity for their survival (Supplementary Figure 2), were 
transduced with lentiviral vectors marked with GFP as a reporter gene to overexpress 
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figure 1: mir-146a is upregulated upon activation 
of pdcs. (A) Freshly isolated pDCs were activated 
with the TLR9 agonists CpG-A or CpG-B, or with the 
TLR7 agonist R848 (each 10μg/mL) or cultured 
in medium alone for 16 h. The relative expression 
of the mature form of miR-146a was assessed by 
QPCR using specific TaqMan primers and the QPCR 
TaqMan kit. MiR-146a levels were normalized to 
the level of the small nuclear RNA U6, and the 
medium control condition was set to 1. Data are 
shown as means ± SD of a triplo QPCR analysis. 
This is a representative experiment out of 4.
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figure 2: overexpression of mir-146a in cal-1 cells blocks tlr-induced nf-κb activation. (A) 
Flow cytometric analysis of phospho-p65 levels after intracellular staining of CAL-1 cells. CAL-1 
cells were transduced with miRNA-146a or with control hTR expressing vectors, which also drive 
expression of the marker GFP. Levels of phosphorylation of the NF-κB subunit p65 were measured 
in GFP-sorted transduced cells after activation for 15 min with 10μg/ml CpG-B (dark grey line), 
or with 10μg/ml R848 (black line), or with medium as control (light grey line). RCN, relative cell 
number. (B) Statistical analysis of phospo-p65 levels was assessed by plotting the difference 
in mean flourescent intensity (∆MFI) between activated cells and medium-cultured cells of 4 
different experiments. Data are normalized to phopho-p65 levels in activated hTR transduced 
cells, which was set to 1. * P = 0.014, ** P = 0.004.

miR-146a or hTR as a control. The percentages of apoptotic cells were assessed by 
flow cytometry after AnnexinV and 7-AAD staining. We observed on average 1,8-fold 
more apoptotic cells when CAL-1 cells were transduced with miR-146a as compared 
to hTR control transduced CAL-1 cells (Figure 3A-B; n = 3, * P < 0.05). Consistent with 
these findings we observed using QPCR that BCL2-A1 mRNA levels were significantly 
lower in GFP-sorted CAL-1 cells in which miR-146a was overexpressed as compared 
with cells overexpressing hTR control (Figure 3C; n = 4, ** P < 0.01). Thus, our data 
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provide evidence for a specific role of miR-146a in the induction of apoptosis in 
pDCs, which may correlate with downregulation of BCL2-A1 levels.

mir-146a impairs pdc activation and maturation after tlr stimulation
To further elucidate the role of miR-146a in the functioning of pDCs, we 
overexpressed miR-146a or a control hTR RNA in CAL-1 cells and activated the 
cells with the TLR7 agonist R848 (Figure 4, n = 4) or with the TLR9 agonist CpG-B 
(not shown) for 16h. After sorting GFP+ cells and activation with the TLR7 agonist 
R848 for 14h, we analyzed mRNA levels for IFN-β and IL-6 by QPCR. Notably, ectopic 
expression of miR-146a resulted in a 4-fold decrease in the expression of IFN-β 
and a 5-fold decrease in IL-6 levels as compared to TLR7 activated hTR-CAL-1 
cells (Figure 4A; n = 2, P < 0.05). It was unexpected that IL-6 and IFN-β levels in 
miR-146a transduced CAL-1 cells cultured in medium are increased as compared to 
hTR-CAL-1 cells, but as yet this remains unexplained. Furthermore, flow cytometric 
analysis revealed that miR-146a transduced cells after electronic gating on GFP+ 
cells were significantly impaired to upregulate CD40, CD86, and HLA-DR after TLR7 
stimulation as compared to control cells (Figure 4B-C, n = 4, * P < 0.05, ** P 0.01). 
While expression of CCR7 was not significantly reduced in miR-146a transduced 
cells compared to hTR control cells, the levels tended to be lower (P = 0.07). Similar 
results were observed after TLR9 stimulation, though the difference in expression 
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of co-stimulatory molecules between miR-146a transduced cells and control cells 
did not reach statistical significance (n = 4; data not shown). Collectively, these 
data support the notion that miR-146a controls the TLR-induced upregulation of 
co-stimulatory molecules, MHCII and pro-inflammatory cytokines in pDCs.

cal-1 cells ectopically expressing mir-146a are impaired in 
inducing alloreactive t cell proliferation
Our results showing impaired maturation of miR-146a transduced CAL-1 after 
TLR7 stimulation, as compared to hTR control transduced cells, prompted us to 
investigate the effect of ectopic expression of miR-146a in CAL-1 cells in their 
ability to activate CD4+ T cells. We performed in vitro allogeneic T cell stimulation 
assays using CAL-1 cells transduced either with miR-146a or with the hTR control 
expressing vector. Sorted GFP+ CAL-1 cells were pre-activated for 48h with the TLR7 
ligand R848 and irradiated to avoid further cell growth. Activated CAL-1 cells were 
then co-cultured with resting allogeneic CD4+ T cells for 6 days. T cell proliferation 
was assessed by measuring the loss of the CellTrace Violet membrane dye upon cell 
division as detected by flow cytometry (Figure 5A). In addition, we included 7-AAD 
in the staining to measure cell death. We observed that TLR7 pre-activated CAL-1 
cells induced T cell proliferation and prevented T cell death as compared to medium 
cultured CAL-1 cells (Figure 5A, upper panels). Allogeneic T cell proliferation induced 
by TLR7-activated CAL-1 cells was reduced compared to polyclonal stimulation using 
anti-CD3/CD28 beads (left panel). Strikingly, miR-146a overexpressing CAL-1 cells 
pre-activated by the TLR7 agonist were less capable to induce T cell proliferation 
(Figure 5A: 7.6%) as compared to activated hTR transduced CAL-1 cells (Figure 5A: 
20%). Like non-activated hTR transduced CAL-1 cells, also non-activated miR-146a 
transduced CAL-1 cells were unable to induce T cell proliferation. When analyzing 
several independent donors (n = 3) we observed a low, but significant reduction in 
T cell stimulatory capacity of miR-146a expressing CAL-1 cells as compared to hTR 
CAL-1 cells (Figure 5B; n = 3, * P < 0.05). Taken together, these results suggest that 
ectopic expression of miR-146 impairs efficient TLR-induced maturation of pDCs 
resulting in compromised ability to activate T cells.

discussion
In the present study, we highlight the immunomodulatory role of miR-146a during 
human pDC activation and maturation induced by TLR engagement. We show that 
miR-146a expression was induced in primary pDCs upon TLR7 and TLR9 triggering. 
Furthermore, ectopic expression of miR-146a in the CAL-1 pDC model cell line 
downregulated expression of IRAK1 at the protein level, enforcing earlier findings 
that the transcript encoding this protein is a bona fide target of miR-146a.22 We also 
observed that overexpression of miR-146a increased the level of apoptosis induction 
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figure 5: mir-146a inhibits cd4+ t cell proliferation 
induced by tlr7 pre-activated cal-1 cells. (A) Flow 
cytometric analysis of T cell proliferation induced by 
CAL-1 cells transduced with hTR control RNA or with 
miR-146a expressing vectors that were pre-activated 
for 48h with or without TLR7 agonist R848 (10μg/ml). 
Pre-activated CAL-1 cells were co-cultured together 
with freshly isolated allogeneic CD4+ T cells (ratio 
CAL-1:CD4+ T cells = 1:1) after labeling with the 
CellTrace violet membrane dye. After 6 days, T cells 
were analyzed for expression of CellTrace violet and 
7-AAD in CD3+ T cells. Percentages of CellTrace-
violetlo7-AAD-CD3+ cells represent T cells that 
proliferated and are alive (lower left quadrant). CD4+ 
T cells activated with anti-CD3/CD28 beads are 
shown as a positive control for proliferation (grey 
histogram) as compared with CD4+ T cells cultured 
only with medium (white histogram). Shown is one 

representative experiment out of 3. Numbers in plots represent percentage of cells that fall 
within the indicated quadrant. (B) Cells were analyzed as in (A). Statistical analysis of CD4+ T 
cell proliferation of 3 independent experiments. Only the mean percentages ± SD of CellTrace-
violetlo7-AAD-CD3+ T cells are depicted. * P < 0.05.

in CAL-1 cells, which correlated with lower BCL2-A1 mRNA levels, as well as impaired 
the expression of co-stimulatory molecules and pro-inflammatory cytokines in 
response to TLR ligation. Consistent with this, we observed that miR-146a transduced 
CAL-1 after activation with a TLR7 agonists were hampered to induce optimal T cell 
expansion in an allogeneic setting as compared to control transduced cells. 
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The group of D. Baltimore was the first to demonstrate that miR-146a was 
induced upon TLR signalling by stimulating the human acute monocytic leukemia 
cell line THP-1 with agonists for TLR2, TLR4, or TLR5.22 While they observed that 
miR-146a expression was not affected after stimulation of TLR3, TLR7, and TLR9 by 
their respective agonistic ligands in this cell line,22 others reported that miR-146a 
expression was induced in peripheral blood mononuclear cells (PBMCs) upon TLR7 
and TLR9 triggering.25 It is currently unclear how to interpret the differential TLR7/9 
responsiveness, but it may be attributed to the fact that in one study a monocytic cell 
line22 was used and in the other case primary PBMCs.25 Our results here confirm and 
extend the findings in primary cells as we demonstrated that miR-146a expression 
is induced in freshly isolated pDCs both in response to the TLR7 ligand R848 as 
well as the TLR9 ligands CpG-A and B. Our results are consistent with the notion 
that in human peripheral blood only pDCs selectively express TLR7 and TLR9.32 
To more extensively analyze the role of miR-146a in pDCs we used the leukemic 
pDC cell line CAL-1.26 Recently, we reported that this cell line has many overlapping 
phenotypical and functional characteristics compared to primary pDCs, including 
their responsiveness to TLR7 and TLR9 ligation, which validates the use of CAL-1 
cells to study the role of miRNAs in gene regulation in pDCs.27

In line with earlier observations that IRAK1 is a target of miR-146a,22 we show 
here that the level of IRAK1 was reduced when miR-146a was overexpressed in 
CAL-1 cells. IRAK1 is known as key adaptor molecule in the TLR signalling cascade 
required for activation of NF-κB. According to our expectation, that reduced levels 
of IRAK1 should dampen NF-kB activation, we demonstrated by flow cytometry 
that overexpression of miR-146a correlated with decreased levels of phospho-p65 
induced by activation of both TLR7 and TLR9 signalling pathways. These findings 
were further enforced by the observation that the levels of NF-κB regulated genes, 
including BCL2-A1, co-stimulatory molecules and cytokines, in pDCs were reduced 
in miR-146a overexpressing CAL-1 cells.

An important role of miR-146a in regulating myeloid and lymphoid development, 
growth/proliferation, and survival of leukocytes in mice was demonstrated 
in miR-146a-/- mice.23,24 These miR-146a KO mice suffered from severe splenomegaly, 
which was mostly due to increased myeloid proliferation in comparison to wild type 
(WT) animals. Interestingly, several studies in humans reported that the levels of 
miR-146a were reduced in various acute myeloid leukemias (AMLs) as compared 
to healthy CD34+ progenitor cells.33,34 When enforcing expression of miR-146a in 
these AML cell lines, this resulted in a significant block in cell proliferation and in 
the induction of apoptosis, thereby implicating this miRNA in the pathogenesis of 
AML.34 The mechanism underlying these observations remained unaddressed. It 
is interesting that our data here demonstrated that overexpression of miR-146a 
in CAL-1 cells induced apoptosis as well. We correlated this to reduced levels of 
BCL2-A1 in miR-146a expressing CAL-1 cells as compared to control transduced 
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cells. At first, we speculated that miR-146a may control survival of cells through 
direct targeting of this anti-apoptotic gene. However, using the in silico prediction 
software TargetScan (release 6.2, June 2012, www.targetscan.org), we did not find 
miR-146a binding sites in the 3’-UTR of the BCL2-A1 mRNA (data not shown). We 
also studied whether the transcript of Spi-B may be targeted by miR-146a, since 
Spi-B is highly expressed in pDCs and directly regulates BCL2-A1 gene expression. 27 
Despite the fact that the 3’-UTR of Spi-B mRNA is predicted to contain miR-146a 
binding sites, however, we were unable to observe a consistent reduction in Spi-B 
protein levels in miR-146a transduced CAL-1 cells (JJK, unpublished findings). This, 
together with the notion that bona fide targets of miR-146a are TRAF6 and IRAK1,22 
suggests that in pDCs, and possibly also AML, cell survival by miR-146a is more 
likely to be regulated at the level of NF-κB activation instead of its target genes. 

Excessive or inappropriate activation of the immune system can be deleterious 
for the organism, requiring the need for various molecular mechanisms ensuring 
tight control of the immune response. A significant number of studies have linked 
alteration of miR-146a expression with initiation, development, and severity of 
several autoimmune diseases (reviewed in Li et al.35). Studies in mice showed 
that the serum of aged miR-146a-/- mice contained on average a 60-fold higher 
titer of auto-antibodies directed against double-stranded DNA as compared 
to WT animals.23 This, together with the observation that these mice develop a 
pathological condition, including splenomegaly, lymphadenopathy, multi-organ 
inflammation with tissue damage, strongly suggests the involvement of miR-146a 
in preventing autoimmune disease. In humans, miR-146a expression levels in 
PBMCs isolated from SLE patients were found to be decreased as compared to 
healthy control individuals.25 Furthermore, low miRNA-146a levels were correlated 
with increased severity of the disease. Given the accepted role of pDCs in the 
pathogenesis of SLE via production of elevated levels of type I IFNs,9 it has been 
speculated that downregulation of miR-146a in these cells may be one of the 
leading mechanisms driving their uncontrolled activation. This notion is enforced 
by our results showing that miR-146a controls the levels of type I IFNs in pDCs. 
Conversely, contrasting data were reported on patients suffering from SS and 
rheumatoid arthritis (RA), two autoimmune diseases in which pDCs have been 
implicated as well.11,12,36 These studies showed that miR-146a was overexpressed 
in PBMCs37,38 and synovial fluid,39 as compared to healthy control individuals. It is 
noteworthy that the levels of miR-146a in RA and SS patients in these studies have 
only been analyzed in total PBMCs and not in individual cell types, including pDCs. 
As pDCs represent only a minor population of total PBMCs, it can be speculated 
that a putative downregulation of miR-146a specifically in pDCs of these patients 
has remained unnoticed. Moreover, another study showed that miR-146a levels are 
increased in CD4+ T cells from RA patients,40 and since the number of CD4+ T cells 
in blood is much higher compared to pDCs, this more likely reflects the observed 
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difference when analyzing total PBMCs. Moreover, elevated miR-146a levels in total 
PBMCs may be the consequence of chronic inflammation leading to constitutive 
NF-κB activation. Hence, it is important to perform expression profiling of miRNAs, 
but also of mRNAs, in purified leukocyte subsets in order to correlate the level of 
expression to their putative role in a disease setting. 

Previously it was demonstrated that T cells from lupus patients exhibited a 
marked increase in proliferation as assessed by Ki67 staining.41 These findings 
supported the notion that T cells in these patients have received substantial 
activation signals in vivo. The molecular mechanisms underlying excessive T cell 
activation in SLE have not been fully understood, but it has been proposed that this 
may be attributed to abnormal CTLA-4 expression in lupus responder T cells41 or 
aberrant signalling downstream of the T cell receptor.42 Here, we provide evidence 
that miR-146a regulates the maturation status of pDCs, thereby impairing their 
capacity to stimulate proliferation of T cells. Hence, it is reasonable to assume that 
underexpression of miR-146a in pDCs, as observed in lupus,25 leads to increased 
levels of co-stimulatory molecules on pDCs that will enhance T cell proliferation. 
Therefore, we propose that the reduced levels of miR-146a in lupus pDCs may 
not only drive the overproduction of type I IFNs, but in addition may increase 
the expansion of lupus T cells. These T cells may subsequently contribute in the 
generation of auto-antibody producing B cells.

Collectively, our results further clarify the crucial role of miR-146a as a brake of 
the TLR-induced activation and maturation specifically in pDCs. Given the growing 
evidence indicating that pDCs are key players in the initiation and/or maintenance 
of autoimmune diseases, our work enforces that therapies aimed at targeting 
the miR-146a-dependent regulation of immunity and inflammation in pDCs has 
potential for future interventions.
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supplementary figure 1. ectopic expression of mir-146a in cal-1 
cells decreases iraK1 protein levels. Western blot analysis of 
miR-146a transduced CAL-1 or hTR-contror 11 hours. Plotted are 
the percentages of apoptotic cells as measured by flow cytometric 
analysis of AnnexinV+ cells.
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supplementary figure 2. The NF-κB inhibitor Bay 11-7082 induces cell death in CAL-1 cells. CAL-1 
cells were incubated with the NF-κB inhibitor Bay 11-7082 at indicated concentrations for 11 
hours. Plotted are the percentages of apoptotic cells as measured by flow cytometric analysis of 
AnnexinV+ cells.

supplementary table 1. Primer sequences. Primer pairs were tested for specificity by melting 
curve analysis and gel electrophoresis. Primer efficiencies were determined by template dilution 
and were highly similar.

Primers for Pcr or QPcr

  forward reverse

IFN-β1 GAGCTACAACTTGCTTGGATTCC CAAGCCTCCCATTCAATTGC

BCL2-A1 AATGTTGCGTTCTCAGTCCA TGCCGTCTTGAAACTCCTTT

IL-6 TTCGGTCCAGTTGCCTTCT GTGAGTGGCTGTCTGTGTGG

β-actin CAAGAGATGGCCACGGCTGCTTCCAGC ATGGAGTTGAAGGTAGTTTCG

GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG

HPRT GACCAGTCAACAGGGGACAT CCTGACCAAGGAAAGCAAAG
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abstract
Our interest focuses on development and functions of human plasmacytoid 
dendritic cells (pDCs), which play an important role in the innate immune 
response against pathogens and express high amount of type 1 interferons 
in response to viruses and bacterial DNA. We reported that the ETS family 
member Spi-B is a key regulator of pDC development, but little is known 
about how its expression is being regulated. MicroRNAs (miRNAs) represent 
a new layer in the gene regulation process since these are endogenously 
expressed small non-coding RNAs that interact with native coding 
messenger RNAs (mRNAs) to inhibit translation. To address whether miRNAs 
regulate Spi-B expression during pDC lineage differentiation or effector 
functions, we applied an in silico approach and identified several miRNAs 
that may potentially target Spi-B. To confirm whether the miRNAs effectively 
regulate the expression of Spi-B at the protein level we overexpressed these 
in a Spi-B expressing cell line using lentiviral mediated transduction and 
performed western blot analysis. MiRNA-491 reduced the Spi-B protein level 
more than 2 fold. We then exploited a luciferase reporter assay to show that 
these miRNAs directly interact with the 3’ untranslated region of the Spi-B 
mRNAs. In addition, we observe induction of miR-491 expression upon TLR9 
activation in pDCs, which was concomitant with decreased Spi-B protein 
levels. Taken together, these data suggest that miR-491 may regulate pDC 
effector functions through inhibition of Spi-B expression.
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introduction
Plasmacytoid dendritic cells (pDCs) form a unique subset within the DC lineage. 
In contrast to conventional (c)-DCs, pDCs selectively express Toll-like-receptor 
(TLR)-7 and TLR9,1 which recognize viral and microbial single-stranded RNA or 
double-stranded DNA, respectively (reviewed in Liu2). TLR activation in pDCs leads to 
rapid secretion of high amounts of type I interferons (IFNs), which initiate antiviral 
immune responses. In addition, pDCs mature in response to autocrine production 
of pro-inflammatory cytokines such as interleukin-6 (IL-6) and TNF-α. Collectively, 
this contributes to activation of T, B and NK cells (reviewed in Lande and Gilliet3), 
and elicit pDCs as the first line of defence during viral infections.4 PDCs arise from 
hematopoietic progenitor cells (HPCs) residing in the bone marrow, and can develop 
both locally and in the thymus.5 While both myeloid and lymphoid precursors give 
rise to pDCs, myeloid derivation is predominant (reviewed by Naik6) and was shown 
to depend on Fms-like kinase 3 ligand (Flt3L) both in human and in mouse.7,8 

The hematopoietic-specific transcription factor Spi-B belongs to the ETS 
family and shares with other members a conserved ETS domain that mediates 
DNA binding.9 In human and mice, Spi-B was found to be specifically expressed 
in pDCs, as compared to cDCs,10 but is also expressed in CD34+ HPCs,11 pro-T 
cells,12 and mature B cells.11 Spi-B potently regulates lineage commitment during 
human hematopoiesis as its overexpression in HPCs blocks T, B, and NK cells 
development, but promotes pDC development.11 Furthermore, 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 by RNA interference.13  Recently, we highlighted the 
crucial role of Spi-B in pDC survival by identification of the anti-apoptotic gene 
BCL2A1 as a direct target gene regulated by Spi-B.14 In B cells, Spi-B exerted a 
repressor function by directly inhibiting BLIMP1 and XBP1 gene expression,15 
thereby preventing terminal differentiation of B cells into immunoglobulin-secreting 
plasma cells. While these studies gained some insight in how Spi-B may control 
cellular functions, surprisingly little is known about the molecular mechanisms that 
control and regulate Spi-B expression in pDCs and other cell types. Only in mice, 
spib was shown to be a direct target of the E-protein family of transcription E2-2 
in mice,16 consistent with key roles for E2-2 and Spi-B in pDC development.13,16,17 

Since the establishment of the central dogma of molecular biology in 1958 by 
Francis Crick describing the transmission of genetic information from DNA to protein,18 
tremendous progress has been made in unravelling the molecular mechanisms 
that are involved in expression and maintenance of the genetic information within 
cells of vertebrates. Recent research efforts have shed light on the crucial role of 
miRNAs in the regulation of hematopoiesis (reviewed in Havelange & Garzon19) and 
immune cell activation (reviewed in Contreras & Rao20), including development and 
differentiation of monocytes and macrophages, T cells, B cells and cDCs.  MicroRNAs 
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(miRNAs) 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), and lead  to either inhibition of translation or degradation 
of the target mRNAs.21 Therefore, microRNAs are considered to form a new layer of 
post-transcriptional regulation.22 It is of interest to investigate whether Spi-B may 
be controlled by miRNAs to increase our understanding on the role of this factor in 
controlling development and function of immune cells.

In human, more than thousand miRNAs are believed to be encoded.23 
MiRNA binding sites within the 3’UTR of the mRNA actually consist of regions of 
complementarity, bulges and mismatches.24 Hence, it is easy to appreciate that 
prediction of miRNA targets is complex. Recent progress in bioinformatics gave rise 
to powerful web-based miRNA target prediction software, based on algorithms that 
implement several specific features of miRNA/mRNA interactions, including base 
complementarity, thermodynamic properties of binding, and conservation of the 
miRNA binding site through evolution (reviewed in Maziere & Enright25). This allows 
for more accurate in silico predictions of miRNAs that regulate a given mRNA, with 
a low rate in false-positive results.

To gain further insight in the role of Spi-B during pDC development and 
differentiation, we have investigated miRNAs that may control Spi-B expression. We 
used miRNA prediction software to identify miRNAs that putatively target the Spi-B 
mRNA. We revealed miR-491 as an interesting candidate as it has 3 different binding 
sites within Spi-B 3’UTR. Notably, using luciferase reporter gene experiments, we 
not only confirmed that the Spi-B 3’UTR is a direct target of miR-491, but moreover 
showed that ectopic expression of miR-491 in a pDC cell line decreased Spi-B protein 
levels. This, together with our observations that miR-491 expression is induced in 
primary pDC upon TLR activation while Spi-B expression is downregulated, unravels 
a potentially important role for miR-491 in regulating functional properties of pDCs 
during an immune response.     

material and methods
In silico mirna target predictions
The 3’UTR sequence of the human Spi-B mRNA was used to predict recognition by 
miRNAs using five different public web-based prediction tools, including MicroCosm 
(http://microrna.sanger.ac.uk/targets/v5/), TargetScan (http://www.targetscan.
org/), PicTar (http://pictar.mdc-berlin.de/), Miranda (http://www.microrna.org), 
and PITA (http://genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html). When 
available, conservation of the binding site sequences among different species, and 
free energy of binding (ΔG, kcal/mol) were calculated. 
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cells and reagents
The pDC cell line CAL-126 was cultured in RPMI-1640 medium (Invitrogen) 
supplemented with 8% FCS, and maintained at 37˚C, 5% CO2. Primary pDCs 
were isolated from postnatal thymus (PNT) tissue, which was obtained from 
children up to 3 years of age undergoing open-heart surgery (LUMC, Leiden, The 
Netherlands). Briefly, thymocytes were isolated from a Ficoll-Hypaque density 
gradient and BDCA4+ cells were enriched by immunomagnetic bead selection using 
a BDCA4-cell separation kit (Miltenyi Biotec). CD123+CD45RA+ pDCs were sorted 
by flow cytometry on a FACSAria (BD Biosciences) after labelling with fluorescent 
conjugated antibodies. Purity was ≥ 99% and confirmed by reanalysis of sorted 
cells. For activation and maturation of pDCs, cells were cultured in Yssel’s medium,27 
supplemented with 2% human serum (Invitrogen). For TLR9 or TLR7 activation, 
oligodeoxynucleotides CpG-A (ODN2216) and CpG-B (ODN2006), or Imiquimod, 
respectively, were purchased from Invivogen and used at 10µg/mL. In some 
experiments, CD40 ligand (L) transfected mouse fibroblast L cells (10,000/well, 
irradiated at 7,000 rads) together with recombinant IL-3 (R&D Systems, 10ng/mL) 
were used to activate pDCs.

lentiviral constructs, virus production and transductions
To overexpress miRNAs in CAL-1 cells we made use of the vector-based miRNA 
expression system previously described.28 Shortly, ~500 bp fragments corresponding 
to miRNA genomic regions or as a control the human telomerase (hTR) genomic 
region were digested from the pMSCV-Blasticidin vector (kind gifts from R. Agami, 
Division of Tumor Biology, The Netherlands Cancer Institute, Amsterdam, The 
Netherlands) using BamHI-EcoRI restriction sites, and subcloned into the lentiviral 
vector pCDH1-CMV-(miRNA)-EF1α-copGFP (System Biosciences) using the copepod 
Pontellina plumata green fluorescent protein (copGFP) as a reporter gene. To 
overexpress Spi-B we made use of our LZRS retroviral vector previously described.11 
For virus production, constructs were transfected into the Phoenix-GalV packaging 
cells (retroviral) or 293T cells (lentiviral).29 Control cells were transduced with the 
pCDH1-hTR-EF1α-copGFP construct. For transduction of CAL-1 cells, 106 cells were 
transferred to non-tissue culture plates coated with retronectin (30µg/mL, Takara, 
Kyoto, Japan) and incubated with virus supernatants for 6 hours.

Pcr
Total RNA was extracted using Trizol reagent (Invitrogen). RNA concentration and 
quality were determined using the Nanodrop spectrophotometer (Thermo Fisher 
Scientific). MiRNA quantitative RT-PCR (QPCR) was performed using the TaqMan 
MicroRNA Reverse Transcription Kit with TaqMan MicroRNA Assay primers for human 
miR-491 or miR-146a according to manufacturer’s protocols (Applied Biosystems, 
Foster City, CA, USA). The levels of miRNA were normalized to the U6 RNA control.   
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western blot
Cell lysates were prepared in NP-40 lysis buffer plus protease inhibitor (Roche, 
Mannheim, Germany) and equal amounts of protein were analyzed by 12.5 % SDS-PAGE, 
transferred onto nitrocellulose membrane (Millipore) and immunoblotted with rabbit 
polyclonal antibodies against human Spi-B (kindly provided by Lee Ann Sinha, State 
University of New York, Buffalo, USA) and goat polyclonal antibodies against β-Actin 
(I-19, Santa Cruz biotechnology, CA, USA). Bands were visualized by using horseradish 
peroxidase (HRP)-conjugated secondary antibodies (DAKO) and chemiluminescent 
substrate (Pierce). β-Actin levels were measured as loading controls.

luciferase reporter assays
Reporter constructs were generated using PCR to amplify a ~650 base pairs 
DNA fragment containing the conserved human Spi-B 3’UTR region (Figure 2A). 
Amplified PCR fragments were cloned into the pCR2.1TOPO TA vector (Invitrogen). 
Sequencing was performed using an ABI sequencer (Perkin Elmer) with the dye-
terminator cycle-sequencing kit (Perkin Elmer). The insert was subcloned into 
psiCHECK2.1 vector, which expresses both Renilla reniformis luciferase and Firefly 
luciferase under the control of 2 distinct constitutively active promoters (Promega), 
downstream of the Renilla reniformis luciferase gene using XbaI restriction site. 
Transfection of 293T cells with the reporter construct together with the pCDH1 
vector expressing different miRNAs predicted to target Spi-B 3’UTR or hTR control 
RNA was done with the Fugene transfection reagent (Roche). Detection of Firefly 
and Renilla reniformis luciferase was done using the Dual Luciferase assay kit 
(Promega) on a Synergy HT microplate reader (Biotek). 

results
spi-b is a putative target of mir-491
In mammals, miRNAs target mRNAs mainly via binding domains located in the 3’UTR 
of the mRNAs. To investigate whether Spi-B mRNA is a target of miRNAs, we made 
use of in silico miRNA target prediction using web-based software (see Material 
& Methods section). To reduce the number of false positives, we only focused on 
miRNAs that were predicted by more than 2 different algorithms. Following the 
analysis, 7 miRNAs were predicted to bind Spi-B 3’UTR by at least 2 different 
prediction software, including miR-10a, miR-125b, miR-143, miR-296 and miR-491 
(Table 1 and data not shown). Of all the miRNAs predicted to bind the Spi-B 3’UTR 
(data not shown), miR-491-5p was identified by four out of five prediction tools to 
bind the Spi-B 3’UTR (Table 1). Moreover, 3 prediction tools (TargetScan, Miranda, 
PITA) found 3 independent binding sites within the Spi-B 3’UTR, located at position 
80-87 (S1), position 110-117 (S2) and position 183-189 (S3) of the Spi-B 3’UTR 
(Figure 1). Remarkably, binding sites S1, S2, and S3 are located close to each other 



91

figure 1: mir-491 is predicted to have 3 different binding sites within the 3’utr of spi-b mrna. 
Schematic representation of the seed regions corresponding to the 3 binding sites of miR-491-5p 
within Spi-B 3’UTR (S1, S2, and S3), as predicted by the in silico web-based miRNA prediction 
software TargetScan (version 6.2).

table 1. computational analysis of spi-b 3’utr predicts 3 binding sites for mir-491. In silico 
prediction of miRNAs targeting Spi-B mRNA within its 3’UTR, with 5 different web-based miRNA 
prediction software, reveals three miR-491 putative binding sites, which were predicted by at least 
1 out of 5 prediction software. Here are shown for each of the 3 binding sites their conservation 
in mammals, and the energy of binding (∆G, kcal/mol) of miR-491 within Spi-B 3’UTR. NA, non-
available.

 

 

Position 80-87  
of sPib 3’ utr

Position 110-117  
of sPib 3’ utr

Position 169-190  
of sPib 3’ utr

Predicted conserved Δg Predicted conserved Δg Predicted conserved Δg

TargetScan + yes NA + poorly NA + poorly NA

PicTar - NA NA - NA NA - NA NA

Miranda + yes NA + yes NA + yes NA

MicroCosm + yes -22.48 - NA NA + yes -25.67

PITA + NA -13 + NA -6 + NA -7.6

A

Position 111-117 of SpiB 3’UTR 

Position 183-189 of SpiB 3’UTR 
 ...GGGCCUGUCUGGGAU--------UCCCCACU... 

            AGGAGUACCUUCCCAAGGGGUGA 3’ 

5’ 

Position 80-87 of SpiB 3’UTR 
...GGAAGAAAAAGGGCGUCCCCACA... 

AGGAGUACCUUCCCA---AGGGGUGA 

5’ 

3’ 

 ...GAUAGGACUUACGCAUCCCCACC... 

            AGGAGUACCUUCCCA------AGGGGUGA 3’ 

5’ 

5’ - AGGAGUACCUUCCCAAGGGGUGA - 3’
Mature hsa-miR491-5p sequence  

S1

S3

S2

within the first 200 bp of Spi-B 3’UTR. When taken together, these data suggest 
that Spi-B mRNA is a presumed target of miR-491 in human. 

spi-b is a direct target of mir-491
To evaluate the ability of miR-491 to bind to the 3’UTR of Spi-B, we first synthesized 
a reporter plasmid bearing a 650 nucleotides fragment of the human Spi-B 3’UTR 
downstream of the Renilla reniformis luciferase reporter gene, which is constitutively 
expressed under the control of a SV40 promoter (Figure 2A). Additionally, this 
reporter construct constitutively expresses Firefly Luciferase used to normalize 
for the transfection efficiency. Then, we co-transfected this construct with vectors 
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expressing either miR-491 or hTR control RNA into 293T cells. As compared with 
hTR control RNA, miR-491 significantly inhibited the Renilla luciferase activity 
by 20 % (Figure 2B). As miRNAs are considered to fine-tune the levels of protein 
expression and this percentage of reduction in gene expression is commonly found 
when studying miRNAs, our data suggest that Spi-B may be a direct target of 
miR-491 in human cells. 

overexpression of mir-491 reduces spi-b protein expression
Our results obtained in the luciferase reporter assays prompted us to evaluate the 
effect of miR-491 on regulating Spi-B expression. As Spi-B is known to be expressed 
in pDCs, we aimed at demonstrating that miR-491 is able to regulate endogenous 
levels of Spi-B protein in pDCs. To gain insight in this, the leukemic CAL-1 cells 
were used as we previously demonstrated that this cell line closely resembles 
primary pDCs, which express similar levels of Spi-B compared to primary pDCs.14 
CAL-1 cells were transduced with the lentiviral vector pCDH1 expressing either 
miRNAs predicted to target Spi-B mRNA or a fragment of the human telomerase 
(hTR) transcript as a control. High transduction efficiencies (>95%) were obtained 
as measured by expression of GFP, which was independently driven from the EF1α 
promoter in the lentiviral construct. In comparison with hTR control transduced cells 
only overexpression of miR-491-5p efficiently reduced the level of Spi-B protein, 
as shown by western blot analysis (Figure 3A). Downregulation of Spi-B protein 
levels by miR-491, but not miR-146a, in CAL-1 cells was significant as shown by 
the normalization of 4 independent experiments (Figure 3B). Taken together, these 
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data provide convincing evidence that miR-491 negatively regulates the translation 
of Spi-B mRNA resulting in reduced expression of Spi-B protein in pDCs. 

mir-491 is induced upon pdc activation and concomitant with 
reduced spi-b protein levels in activated cells
To gain a better understanding in the physiological relevance of miR-491 mediated 
regulation of Spi-B in pDCs, we set out to quantify the levels of the mature form of 
miR-491 expressed in freshly isolated human pDCs before and after activation with 
TLR agonists. As shown by QPCR, both the TLR7 ligand R848 and TLR9 ligand CpG-A 
increased the levels of miR-491 in pDCs as compared to resting pDCs, which was 
set at 1 (Figure 4A). The miR-491 levels were induced 2.5-fold after 4 h and were 
expressed at similar levels after 18 h. Notably, according to the raw QPCR data, 
miR-491 was not expressed in non-activated fresh cells (data not shown). In order 
to investigate whether upregulation of miR-491 may correlate with downregulation 
of Spi-B protein levels we analyzed the effect of TLR stimulation on Spi-B expression 
in pDCs. PDCs were isolated from postnatal thymus and cultured for 5 or 24h in the 
presence of CpG-A, CpG-B, or the TLR7 agonist Imiquimod or without stimulus as 
a control (Figure 4B). As shown by western blot analysis, Spi-B protein levels did 
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not change when comparing fresh pDCs and pDCs stimulated for 5h. In contrast, 
Spi-B protein levels were strongly reduced in TLR7 and TLR9-activated pDCs 
after 24h as compared to freshly isolated pDCs. Taken together, we conclude that 
downregulation of Spi-B protein levels upon TLR activation of pDCs correlates with 
the upregulation of miR-491. This suggests that Spi-B expression levels may be 
post-transcriptionally regulated by TLR-induced miR-491 expression.  

discussion
In this study we used web-based miRNA predictions software to search for putative 
miRNAs that could target the Spi-B transcript. We identified miR-491, which is 
predicted to have 3 different binding sites within Spi-B 3’UTR. We experimentally 
confirmed that the Spi-B 3’UTR is targeted by miR-491 using a Luciferase based 
reporter system. We extended our observation that miR-491 binds the Spi-B 
transcript by showing that overexpression of miR-491 in the pDC cell line CAL-1 
downregulated Spi-B protein levels. Finally, we observed that miR-491 was 
upregulated upon TLR triggering in pDCs, which occured concomitant with the 
dowregulation of Spi-B protein. Collectively, our data suggest that miR-491 may 
be involved in fine-tuning the levels of Spi-B, which may potentially affect the 
functional properties of pDCs during an immune response.

Nevertheless, only miR-491 effectively reduced Spi-B protein expression in 
CAL-1 cells. These results underline the limitations of miRNA prediction algorithms, 
which give rise to numerous false positives, but also the importance of experimental 
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validation of in silico data. Our results are in line with the data obtained in the reporter 
assay showing reduced luciferase activity when miR-491, but not other  miRNAs 
tested, was co-transfected with the construct that contained the coding sequence 
of luciferase fused to the Spi-B 3’UTR. It should be mentioned, however, that further 
investigation is required to confirm whether all 3 binding sites S1, S2, and S3 in 
the Spi-B 3’UTR are effective in binding miR-491. For this, deletion mutants of the 
binding sites S1, S2, and S3 should be generated and validated in the reporter assay. 

In attempt to assign a physiological role to miR-491-mediated regulation of 
Spi-B levels we have employed an in vitro culture system, which we have previously 
established to generate pDCs from human hematopoietic progenitor cells 
(HPCs).7,14,30 We reported that pDC development in this model crucially depends on 
Spi-B,13 but to our surprise we did not observe any effect on pDC development after 
overexpression of miR-491 in HPCs using lentiviral transduction (data not shown). 
A possible explanation may be that miR-491 transduced cells only showed a minor 
decrease in Spi-B protein levels, which may not be sufficient to significantly block 
pDC differentiation in this in vitro culture system. Another less likely possibility 
that we cannot exclude is that HPCs may be delayed in synthesizing the mature 
form of miR-491, as we overexpress a genomic region that contains the immature 
form of miR-491 that still is dependent on the miRNA biosynthesis machinery to 
generate the effective mature miR product. Finally, as it is known that miRNAs 
target multiple mRNAs, it is not unlikely that other, as yet unidentified, miR-491 
targets are regulated that may obscure our result. 

MicroRNA genes can be found as independent genes under control of their 
own promoter. Alternatively, miRNAs can be located in introns and exons of both 
protein-coding and noncoding genes, and then they are believed to be transcribed 
from the same promoter as their host genes.31 While it is unresolved how miR-491 
is transcribed, it was recently reported that TGF-β induced miR-491 expression in 
mice.32 TGF-β1 is a pleiotropic cytokine involved in a variety of biological processes, 
such as development, differentiation, apoptosis, and cell survival,33 and was shown 
to be crucial for development of Langerhans cells in the skin.33-35 More recently, 
TGF-β1 was found to facilitate DC differentiation from common DC progenitors 
(CDPs) and to direct subset specification toward conventional (c)-DCs.36 As cDCs 
lack Spi-B expression, in contrast to pDCs,10 it is interesting to speculate that TGF-β 
induced miR-491 expression may contribute, at least in part, in controlling the 
cDC versus pDC subset specification. Genetic ablation of miR-491 in mice should 
address whether this is a valid hypothesis. 

In our hands, pDC activation through TLR7 and TLR9 engagement led to 
significant decrease in Spi-B protein levels, which correlated with induction of 
the mature form of miR-491. It should be noted that miR-491 levels were already 
induced after 4 h, when Spi-B protein levels were still unaffected, but this may be 
due to the stability of Spi-B protein. While little is known about the turn-over of 
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Spi-B, it has been reported that serine residue phosphorylation of Spi-B by casein 
kinase II increased the stability of Spi-B.37 The reason for downregulation of Spi-B 
after TLR activation of pDCs has not been resolved. In B cells, we recently showed 
that Spi-B directly blocked expression of the transcription factor X-box-binding 
protein 1 (XBP1).15 Interestingly, XBP1 is constitutively expressed in pDCs and is 
involved in their high secretory capabilities through its role in the endoplasmic 
reticulum (ER) stress response.38 This, together with our data showing TLR-induced 
downregulation of Spi-B, may suggest that miR-491 indirectly contributes to 
release the Spi-B-induced repression of XBP1, thereby allowing XBP1 levels to 
increase and to induce optimal IFN-α production by pDCs.

One of the target genes of Spi-B that we recently described is the anti-apoptotic 
gene BCL2A1, which contributed to survival and development of human pDCs.14 
Interestingly, miR-491 has recently been shown to effectively induce apoptosis 
in cancer cells by targeting the anti-apoptotic protein BCL-XL.

39 Overexpression 
of miR-491 in CAL-1 cells did not induce cell death (data not shown), which may 
suggest that BCL-XL is not expressed in this cell line. Alternatively, BCL2A1 may be 
more crucial to rescue CAL-1 cells from apoptosis. Taken together, our data support 
the notion that miR-491 may act as an immunomodulatory miRNA during pDC 
activation by contributing to Spi-B downregulation. While direct evidence is currently 
lacking, miR-491 may have an impact on the development or function of pDCs. 
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abstract
Selective expression of toll like receptor (TLR)-7 and TLR9 enables 
plasmacytoid dendritic cells (pDCs) to sense viruses and bacteria. Ligation of 
these receptors results in the production of high amounts of type I interferons 
(IFN)-α/β. This, together with the production of the pro-inflammatory 
cytokines IL-6 and TNF-α, facilitates the priming of conventional (c)-DCs, 
T, B, and NK cells, thereby bridging innate and adaptive immune responses. 
This is further enforced by the notion that activated pDCs can mature and 
acquire antigen-presenting capacity to activate antigen-specific T cells. In 
pDCs, TLR7 and TLR9 signal mainly through activation of interferon response 
factor (IRF)-7 and the NF-κB pathway. While the crucial function of the Ets 
transcription factor Spi-B during pDC development is well established, its role 
in the course of pDC activation and maturation is poorly understood. Here 
we demonstrate that ectopic expression of Spi-B in human progenitor cells 
generated pDCs with a more mature phenotype as shown by high expression 
of CD40, CD80, and CD86 compared to control pDCs. Accordingly, decreasing 
Spi-B levels by shRNA impaired the TLR induced expression of CD40, CD80, 
and CCR7. Furthermore, we observed that Spi-B interfered with the NF-κB 
pathway. Interestingly, Spi-B did not only act as a co-activator of NF-κB 
induced genes, but also demonstrated co-repressor activity in the regulation 
of NF-κB response genes. We show that this was likely attributed to direct 
interaction of Spi-B and the NF-κB subunit RelA. Collectively, our data reveal 
an extended role for Spi-B in the regulation of pDC phenotype and function.
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introduction
Human plasmacytoid dendritic cells (pDCs) form a rare subtype of immune cells that 
selectively express Toll like receptor (TLR)-7 and TLR9.1 TLR-induced activation is 
mediated by engagement of viral single strand RNA and bacterial DNA, respectively. This 
leads to rapid secretion of high amounts of type I Interferons α and -β (IFN-α/β), which 
are directly involved in inhibition of viral replication and in controlling innate and adaptive 
immune responses. Following activation, pDCs also secrete pro-inflammatory cytokines, 
such as IL-6 and TNF-α, and differentiate into so-called pDC-derived mature DCs. These 
mature pDCs express high levels of the co-stimulatory molecules CD40, CD80, and CD86 
together with MHC class I and II and have upregulated the expression of the chemokine 
receptor CCR7, thereby promoting the localization to the lymph node where pDCs can 
induce antigen-specific T cell responses.2 

PDCs differentiate from CD34+ hematopoietic progenitor cells (HPCs) in the 
bone-marrow. We previously showed that pDC development depends on the Ets 
transcription factor (TF) family member Spi-B,3 partially through direct induction of 
the anti-apoptotic gene BCL2A1.4 Spi-B shares with the other members of the Ets 
family an 85 amino acids conserved DNA-binding Ets domain, which is required to 
regulate expression of a variety of genes by binding to a purine-rich GGAA/T core DNA 
sequence.5 Ets family members can act in cooperation with other transcriptional 
factors such as AP1,6 but also with transcriptional cofactors including the TATA-
binding protein (TBP)6 and CREB-binding Protein (CBP).7 Despite the key role of 
Spi-B in pDC development and survival, little is known about its role during TLR-
induced activation and maturation of pDCs.

Signaling downstream of TLR7 and TLR9 involves the recruitment of the myeloid 
differentiation primary response gene 88 (MyD88) adaptor molecule 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 
interferon response factor (IRF)-7 and IRF-5 (reviewed in Gilliet et al.8).Activation 
of this multi-protein complex, which was previously described as the cytoplasmic 
transductional-transcriptional processor,9 promotes nuclear translocation of IRF-7 
and IRF-5, which are responsible for the induction of type I IFNs gene expression. 
In addition, the complex activates transcription factor nuclear factor-kappaB 
(NF-κB), which controls the expression of genes encoding inflammatory cytokines, 
co-stimulatory molecules and chemokine receptors, and supports pDC survival 
via induction of anti-apoptotic genes.4 Structurally, NF-κB members share the rel 
homology domain (RHD), and the family includes RelA (also known as p65), RelB, 
c-Rel, p52 and p50. Rel proteins can form homo- or heterodimers, of which the 
most frequently activated form after TLR signaling is the RelA/p50 heterodimer.10 
The RelA–p50 heterodimer is sequestered in the cytoplasm as a latent and inactive 
form by interaction with inhibitory kappaB (IκB) proteins in unstimulated cells. 

SPI-B AND NF-κB CO-REGULATE TLR INDUCED GENE EXPRESSION
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TLR activation triggers the rapid phosphorylation of specific serine residues of 
IκB proteins mediated by two kinases, IkappaB kinase alpha (IKKα) and IKKβ, 
leading to ubiquitin-dependent degradation of IκB proteins. This unmasks the 
nuclear localization signal of RelA/p50 allowing its nuclear translocation. Upon 
phosphorylation, RelA (phospo-p65) is able to bind DNA and induce gene expression. 

Here we investigated the contribution of Spi-B to activation, maturation and survival 
of pDCs. We observed that ectopic expression of Spi-B by retroviral transduction 
in human CD34+ HPC-derived pDCs resulted in a more mature pDC phenotype 
demonstrated by higher levels of co-stimulatory and MHC class II molecules. When 
these in vitro generated pDCs were stimulated with the TLR9 agonist CpG-B this 
further upregulated expression of these proteins. We confirmed these results in the 
pDC cell line CAL-1, and enforced our findings by demonstrating that decreasing Spi-B 
levels by shRNAs in CAL-1 cells inhibited TLR induced upregulation of CD40, CD80 and 
CCR7. We further observed that CAL-1 cells depend on NF-κB activity for their survival 
as the selective IKK inhibitor Bay 11-7082 induced apoptosis. Notably, cell death was 
rescued by overexpression of Spi-B, which was most likely attributed to increased 
expression of the anti-apoptotic gene BCL2A1. Further insight into selective genes 
co-regulated by Spi-B and NF-κB was gained by employing a tamoxifen inducible 
Spi-B~ER system in combination with TLR triggering of CAL-1 cells. Interestingly, we 
identified 2 distinct groups of “TLR-induced genes” of which expression was either 
synergistically upregulated or inhibited by co-expression of Spi-B. This, together with 
our results obtained by immunoprecipitation and Proximity Ligation Assays (PLA) 
revealing physical binding between Spi-B and RelA, provide evidence that Spi-B may 
act as an activator or as a repressor of the NF-κB signaling pathway. 

material and methods
cell culture and reagents
The pDC cell line CAL-1 was kindly provided by Prof. Dr. T. Maeda (Department of 
Laboratory Medicine, Nagasaki University Graduate School of Biomedical Sciences, 
Nagasaki, Japan).4,11 Cells were cultured in RPMI-1640 medium (Invitrogen) 
supplemented with penicillin (50 U/ml) and streptomycin (50 μg/ml) (P/S), and 8 % 
fetal calf serum (FCS). Cells were maintained at 37˚C, 5% CO2. To induce nuclear 
translocation of ER tagged Spi-B, cells were treated with 0.5µM 4-hydroxytamoxifen 
(4HT; Sigma-Aldrich, St Louis, MO, USA). The NF-κB inhibitor Bay 11-7082 
(Calbiochem, San Diego, CA) and 4HT were reconstituted in dimethylsulfoxide 
(DMSO) as a 100 mM stock solution and stored at -20°C. 

antibodies
For analysis, single cell suspensions were stained with fluorescein isothiocyanate 
(FITC), phycoerythrin (PE), PE-Cy7, allophycocyanin APC, APC-cyanine (Cy)7 coupled 
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anti-human monoclonal antibodies (Abs) targeting the following cell surface 
markers: CD123, BDCA2, CD45RA, CD14, CD19, CD1a, CD3, CD40, CD80, CD86, 
CCR7, HLA-DR, or isotype controls (BD Bioscience). For detection of phosphorylated 
P65 (phospho-S529; pP65) protein, cells were fixed using cytofix/cytoperm buffer, 
permeabilized in ice-cold methanol and washed with Perm/Wash buffer (BD 
PharMingen) before incubation with APC-conjugated pP65 Ab (BD biosciences). 
Samples were analyzed on a LSRII fluorescence-activated cell sorter (FACS) 
analyzer (BD Bioscience) and analyzed using FlowJo software (TreeStar).

human cell isolation
Postnatal thymus tissue was obtained from surgical specimens removed from 
children up to 3 years of age undergoing open heart surgery (LUMC, Leiden, The 
Netherlands), and its use was approved by the medical ethical committee of the AMC. 
Thymocytes were isolated from a Ficoll-Hypaque density gradient (Lymphoprep; 
Nycomed Pharma, Oslo, Norway). For pDCs isolation, BDCA4+ cells were enriched 
by immunomagnetic bead selection, using the BDCA4 cell separation kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany). CD123+CD45RA+ pDCs were sorted by flow 
cytometry on a FACSAria (BD Biosciences). For HPCs isolation, CD34+ cells were 
enriched using the CD34 cell separation kit (Miltenyi Biotec) and Lin-(CD3-CD11c-

CD14-CD19-CD56-BDCA2-)-CD34+CD1a- were sorted by flow cytometry (FACSAria, 
BD Biosciences). Purity was ≥ 99% and confirmed by reanalysis of sorted cells.

retroviral and lentiviral transductions
For overexpression of Spi-B we used either the retroviral construct pLZRS-
SpiB-IRES-green fluorescent protein (GFP)12 or pLZRS-SpiB~ER-IRES-GFP.13 To 
knockdown Spi-B under the control of the the polymerase III H1-RNA promoter 
(pol3) in CAL-1 cells, we used the Spi-B short hairpin (sh)RNA expressing lentiviral 
vector pTRIP-H1-Spi-B shRNA/EF1α-GFP,4 in which GFP is driven independently 
by the EF1α promoter. For virus production, constructs were transfected into the 
Phoenix-GalV packaging cells (retroviral)14 or 293T cells (lentiviral).15 Control cells 
were transduced with empty pLZRS-IRES-GFP constructs or pTRIP expressing an 
irrelevant shRNA targeting Renilla mRNA (pTRIP-H1-Renilla shRNA/EF1α-GFP).3 For 
transduction of CD34+ HPCs or CAL-1 cells, 3 x 105 or 106 cells, respectively, were 
transferred to non-tissue treated culture plates coated with 30 µg/mL retronectin 
(Takara, Kyoto, Japan) and incubated with virus supernatants for 6 hours. 

In vitro differentiation assay
Sorted CD34+CD1a- HPCs from postnatal thymus were transduced as described 
previously.16 To differentiate HPCs into pDCs, transduced progenitors were cultured 
on a layer of mouse OP9 stromal cells in the presence of 5ng/ml Flt3L and 5ng/ml 
IL-7 (PeproTech). In vitro generated GFP+CD123hiBDCA2+ pDCs were analyzed by 
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flow cytometry on a fluorescence-activated cell sorter (FACS) analyzer (Becton 
Dickinson) after 7 days of co-culture. 

Pcr
For quantitative (Q)PCR, total RNA was extracted using Trizol reagent 
(Invitrogen). RNA concentration and quality was determined using the Nanodrop 
spectrophotometer (Thermo Fisher Scientific). Equal amounts of total RNA were 
reverse transcribed into cDNA using the RNA-to-cDNA kit (Roche) according to the 
manufacturer’s instructions. cDNA was amplified with an iCycler using SYBR green 
supermix (BioRad) and specific primer sets (supplementary table 1). Each sample 
was analyzed in triplicates and expression levels were normalized to the three 
housekeeping genes β-Actin, GAPDH and HPRT.

immuneprecipitation and western blot
For co-immunoprecipitation, 20 x 106 Spi-B~ER transduced CAL-1 cells were 
cultured 3h in the presence or absence of CpG-B and 4HT. Cells were then lysed 
with NP-40 lysis buffer. Protein supernatants were pre-cleared by incubation 
with an anti-IgG rabbit Ab (Dakocytomation) and 40 μL protein A agarose solution 
(Millipore). Unspecific immune-complexes were eluted by centrifugation. An aliquot 
of the supernatants (100μL) were taken as the input control. Supernatants were 
subsequently incubated overnight with an anti-ER Ab or with an anti-RelA Ab 
crosslinked to protein A agarose beads. Immuno-complexes bound to the beads 
were collected by centrifugation, washed in cold PBS and analyzed by western blot 
as described below.

For western blotting, cell lysates were prepared in NP-40 lysis buffer plus 
protease inhibitor (Roche, Mannheim, Germany) and equal amounts of protein 
was analyzed by 12.5 % SDS-PAGE, transferred onto nitrocellulose membrane 
(Millipore) and immunoblotted with rabbit polyclonal antibody against RelA (Santa 
Cruz biotechnology, CA) or Spi-B (kindly provided by Lee Ann Sinha, State University 
of New York, Buffalo, USA), and a goat polyclonal Ab against actin (Santa Cruz 
biotechnology, CA). Blots were incubated with secondary antibodies: 800nm labeled 
donkey anti-rabbit or 800nm labeled donkey anti-goat (Li-cor, Lincoln, NE, USA). 
Proteins were visualized using the Odyssey infrared imaging system (Li-cor). 

cell survival and apoptosis assays
Transduced cells (2 x 105) were seeded in 6-well plates and incubated under normal 
growth condition in medium for 5h. Cells were first treated with or without 4HT (0.5μM) 
for 4h and cultured in the presence of Bay 11-7082 as indicated. Cells were washed 
with Annexin binding buffer and stained with PE-conjugated AnnexinV in a buffer 
containing 7-amino-actinomycin-D (7-AAD) (BD pharmingen) and analyzed by flow 
cytometry on a fluorescence-activated cell sorter (FACS) analyzer (Becton Dickinson).
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Proximity ligation assay
PLA detection was performed according to the manufacturer’s protocol (Olink 
Bioscience, Uppsala, Sweden). In short, 2 x 106 Spi-B~ER transduced GFP+ CAL-1 
cells were stained with 7-AAD, and transferred on coverslips using a cytocentrifuge 
for 1 min at 200 rpm (Cytospin2, Shandon). Cells were subsequently fixed using 3% 
paraformaldehyde for 10 min at 22°C. Cells were washed three times with PBS and 
blocked for 30 min at 22°C in PBS containing 10% normal donkey serum, 0.5% bovine 
serum albumin (BSA, Sigma Aldrich), and 0.5% saponin. After blocking, cells were 
incubated for 60 min at 22°C with rabbit anti-ER and mouse anti-RelA antibodies 
in PBS containing 10% normal donkey serum, 0.5% BSA, and 0.5% saponin. Cells 
were washed three times with PBST (0.05% Tween in PBS) and incubated with the 
secondary mouse PLUS and rabbit MINUS antibodies for 1.5 hours at 37°C in the 
dark. Cells were washed three times in PBST before detection of the probe using 
the in situ PLA detection kit (Abnova, Walnut, USA). Cells were analyzed with a 63x 
objective on a Zeiss LSM 710 fluorescence microscope. The PLA signal, which is 
represented by the number of 633 nm dots per cell and directly proportional to the 
number of protein-protein interaction per cell, was quantified by analysis of the 
confocal images using the Java-based ImageJ open-source freeware (version 1.46).

results
spi-b is required for pdc activation and maturation
We previously showed that ectopic expression of Spi-B by retroviral transduction in CD34+ 
progenitor cells promotes commitment to the pDC lineage, leading to the development 
of higher percentages and absolute numbers of pDCs in Flt3L supplemented cultures 
compared to control transduced cell cultures.12 In order to further investigate the role 
of Spi-B on the phenotype of pDCs, human HPCs were retrovirally transduced with the 
Spi-B overexpression LZRS construct expressing GFP as a marker gene for transduced 
cells and cultured in Flt3L containing culture medium on OP9 stromal cells. After 7 
days of culture, GFP+BDCA2+CD123hi pDCs were phenotypically characterized by flow 
cytometry. Consistent with our previous findings, ectopic Spi-B expression increased the 
percentage of BDCA2+CD123+ pDCs 2-10 fold (data not shown). As compared to in vitro 
generated pDCs transduced with the control LZRS vector, Spi-B-overexpressing pDCs 
showed a significant increase in surface expression of the co-stimulatory molecules 
CD40 and CD80, and of MHC class II, while expression levels of CD86 were similar in 
both conditions (Figure 1A-B). When Spi-B transduced pDCs were activated with the 
TLR9 agonist CpG-A, this resulted in significantly higher up-regulation of CD40 and 
CD80 as compared with control transduced cells (Figure 1B). After CpG-A activation, 
CD86 expression levels were now also higher on Spi-B transduced pDCs as compared to 
control transduced pDCs (Figure 1B). However, a significant difference in expression of 
HLA-DR between Spi-B and control TLR9 activated pDCs was not detectable.
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To enforce our data, we also wanted to analyze the effect on pDC phenotype 
after impairing Spi-B expression. However, the development of HPCs into pDCs is 
severely hampered when knocking down Spi-B,3 which precluded us to test this in 
this setting. Therefore, we employed the leukemic pDC cell line CAL-1, which we 
previously validated as a useful model to study molecular mechanisms in pDCs,4 
to address the role of Spi-B on pDC phenotype. Consistent with the data obtained 
using CD34-derived pDCs, overexpression of Spi-B in CAL-1 cells increased surface 
expression of CD40 and CD80 as compared to control transduced CAL-1 cells, both 
in medium and TLR9 ligand (CpG-B) activated conditions (Figure 1C, upper panels). 
When knocking down Spi-B expression in CAL-1 cells using retroviral mediated 
transfer of Spi-B shRNAs that effectively decrease Spi-B protein levels in CAL-1 
upon transduction,4 we observed that CD40 and CD80 expression were not efficiently 
upregulated after CpG-B induced activation as compared to control shRNA (targeting 
Renilla luciferase) transduced CAL-1 cells (Figure 1C, lower panels). Also steady 
state levels of these receptors were reduced in medium cultured cells that express 
Spi-B shRNAs, which is in accordance with previous studies showing CD40 as a direct 
target of Spi-B.13,17 Furthermore, it is noteworthy that CCR7 expression levels were 
only affected by Spi-B overexpression or knockdown after TLR activation, but not in 
medium cultured CAL-1 cells (Figure 1C, lower panels). This suggests that additional 
signals downstream of TLR9 are required to regulate CCR7 levels, which can be co-
regulated by Spi-B. Collectively, our observations indicate that Spi-B is critically 
involved in the maturation and possibly the homing of pDCs after TLR ligation.

the cal-1 cell line depends on nf-κb activity and spi-b for its survival
TLR9 mediated signal transduction is known to depend on NF-κB activity leading 
to nuclear translocation and phosphorylation of RelA/p65 and consecutive 
transcription of NF-κB dependent target genes.8 In agreement with this, we observed 
that TLR mediated activation of CAL-1 cells using either CpG-B or the TLR7 ligand 
R848 increased the levels of phosphorylated RelA/p65 as detected by phospho-flow 
cytometry (Figure 2A). Strikingly, we observed that addition of the NF-κB inhibitor 
Bay 11-7082, which selectively and irreversibly inhibits the phosphorylation of IκB 
thereby decreasing the nuclear translocation of active NF-κB dimers,18 to CAL-1 
cells induced apoptosis in a dose-dependent manner as shown by the appearance 
of AnnexinV+ cells (Figure 2B). As apoptosis induction by Bay 11-7082 occurred in 
the absence of TLR ligation this most likely reflects that CAL-1 cell survival critically 
depends on constitutive NF-κB activity. To gain more insight in the role of Spi-B in 
the context of NF-κB activation we used an inducible Spi-B~estrogen receptor (ER) 
fusion construct that concomitantly expresses GFP to trace transduced cells by 
flow cytometry. Nuclear translocation of Spi-B~ER can be induced in the presence, 
but not in the absence of 4HT.13 Spi-B~ER transduced CAL-1 cells were cultured 
either in the absence or presence of 0.5μM 4HT and with different concentrations 
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of Bay 11-7082. Interestingly, apoptosis induction was significantly inhibited 
when Spi-B~ER transduced CAL-1 cells were cultured in the presence of 4HT at all 
concentrations of Bay 11-7082 tested as compared to cells cultured in the absence 
of 4HT (Figure 2C-D). This strongly suggests that Spi-B is able to rescue CAL-1 cells 
from apoptosis induced by blocking constitutive NF-κB activity. Based on the our 
previous findings that Spi-B directly targets the anti-apoptotic gene BCL2A1,4 we 
were interested to analyze the levels of the BCL2A1 transcript in Bay/4HT treated 
CAL-1 cells. Interestingly, the levels of BCL2A1 mRNA were significantly higher in all 
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figure 1. spi-b is required for the induction of phenotypic maturation upon stimulation. (A-B) 
CD34+CD1a- progenitors from postnatal thymus were transduced with Spi-B LZRS GFP or control 
LZRS GFP and cultured on OP9 cells for 7 days. (A) Surface expression of CD40, CD80, CD86 and 
MHC class II on GFP+CD123hi cells transduced with control virus (filled gray histograms) or Spi-B 
virus (black line histograms) are depicted. One representative experiment out of seven is shown. 
(B) Bulk cultures were stimulated overnight as indicated. Expression of CD40, CD80, CD86, and 
MHC class II on GFP+CD123hi were measured and mean fluorescence intensities (MFI) relative to 
unstimulated control transduced cells were calculated. Average relative MFIs of seven independent 
experiments are depicted (* P < 0.05, ** P < 0.01, ns: not significant). (C) CAL-1 cells were 
transduced with Spi-B LZRS GFP (Spi-B), Spi-B shRNA GFP (SpiB-i) or control constructs (ctrl, 
Renilla-i) and stimulated with CpG-B after transduction. CD40, CD80 and CCR7 surface expression 
on transduced GFP+ cells are shown (RCN, relative cell numbers).
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and in the absence of 4HT, which was set to 1. * P < 0,05. ND, not determined.



111

conditions in which CAL-1 cells were cultured in the presence of 4HT independent of 
the dose of Bay 11-7082 used (Figure 2E). Taken together, these results demonstrate 
that CAL-1 cells depend on NF-κB and Spi-B-induced activities for their survival, 
which are likely attributed to regulation of BCL2A1 mRNA levels.

spi-b and nf-κb synergize to regulate bcl2a1 gene expression
In addition to Spi-B,4 also NF-κB directly targets the BCL2A1 gene.19,20 Consistent 
with this, ligation of TLR9 in freshly isolated pDCs by either CpG-A or CpG-B induced 
BCL2A1 gene transcription as determined by QPCR (Figure 3A). To gain more insight 
in the relative contribution of Spi-B and TLR induced NF-κB activity to upregulate 
BCL2A1 mRNA levels, we stimulated Spi-B~ER transduced CAL-1 cells with either 
4HT alone or CpG-B alone or 4HT and CpG-B together. As expected from our earlier 
findings,4 we observed that BCL2A1 mRNA levels were upregulated 6-fold in Spi-B~ER 
transduced CAL-1 cells in the presence of 4HT after 4h, as compared to medium 
cultured cells (Figure 3B). Activation of the cells with CpG-B alone resulted in a more 
pronounced 10-fold upregulation in BCL2A1 mRNA levels. Strikingly, concomitant 
activation of the NF-κB pathway with CpG-B together with 4HT to induce Spi-B 
nuclear translocation further increased BCL2A1 mRNA levels (150-fold) as compared 
to medium cultured cells (Figure 3B). These findings suggest that NF-κB and Spi-B 
synergistically regulate BCL2A1 mRNA levels during pDC activation. 

spi-b co-regulates expression of other nf-κb-dependent genes 
induced by tlr activation in cal-1 cells 
These results prompted us to investigate whether Spi-B may play a role in the 
regulation of other NF-κB-dependent genes as well. We evaluated expression of 
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figure 3: spi-b and nf-κb participates to regulate bcl2a1 mrna in cal-1 cells. (A) Freshly isolated 
pDCs were cultured for 6h in medium or with 10μg/ml CpG–A or 10μg/ml CpG-B B, and expression 
of BCL2A1 mRNA in stimulated vs. unstimulated cells was assessed by QPCR. (B) BCL2A1 mRNA 
levels were measured by QPCR in Spi-B~ER transduced CAL-1 cells stimulated with 0.5μM 4HT for 
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cells cultured in medium only, which was set to 1.
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genes, which have been previously described to be under the control of NF-κB and/
or Spi-B, including CD40, the cytokines IL-6, TNF-α, and IFN-β, and the chemokine 
receptor CCR7. In addition, we analyzed expression of the calcitonin receptor-like 
receptor (CALCRL), which we identified in a micro-array analysis as a potential Spi-B 
regulated gene (data not shown, 4). Therefore, we activated Spi-B~ER transduced 
CAL-1 cells with CpG-B in the presence or absence of 4HT. In addition, as we were 
interested to understand the relative contributions of Spi-B and NF-κB to induction 
of gene expression, we either added 4HT first and 2 hours later CpG-B or CpG-B first 
and 2 hours later 4HT. After a total incubation time of 6 hours we performed QPCR 
analysis (Figure 4). It was notable that regulation of gene expression could be divided 
into two groups. The first group included CD40, TNF-α and IFN-β, which genes were 
upregulated by Spi-B alone, but more pronounced by CpG-B alone. However, when 
Spi-B and CpG were combined, gene expression was increased to even higher levels 
as compared to either stimulus alone independent of whether cells were incubated 
firtst with 4HT or with CpG-B (Figure 4A). The second group of genes, which included 
IL-6, CCR7 and CALCRL, were induced by CpG-B alone, but not by 4HT alone. More 
strikingly, when CAL-1 cells were stimulated with CpG-B followed after 2 hours by 4HT 
we observed strong inhibition in CpG-B induced gene expression (Figure 4B). Even 
when 4HT was added first, followed 2 hours later by CpG-B, expression of IL-6, CCR7 
and CALCRL was not upregulated to the levels observed when cells were stimulated 
with CpG-B alone. While the CCR7 results here appear in contrast to the CCR7 levels 
we detected on activated Spi-B transduced CAL-1 cells (Figure 1C), this may reflect 
differences in regulation of CCR7 at the mRNA and protein level, which we currently 
are unable to explain. Taken together, these results suggest a bimodal role of Spi-B 
in CAL-1 cells, either acting in synergy with NF-κB to enhance gene expression, or 
conversely acting to repress NF-κB induced gene expression.

spi-b physically interacts with the nf-κb subunit rela
To increase our understanding on the interplay between Spi-B and NF-κB we took 
advantage of the notion that physical interactions between RHD and Ets domains 
have been documented.21 We hypothesized that Spi-B and RelA may physically 
interact to regulate gene expression in pDCs. Therefore, we performed co-
immunoprecipitation (IP) experiments using cell lysates of Spi-B~ER transduced 
CAL-1 cells that were either left unstimulated, or stimulated with CpG-B and 4HT 
for 4 hours. When IP was performed on lysates with an anti-RelA/p65 antibody 
we clearly detected the Spi-B protein, both in unstimulated as well as in CpG-B 
plus 4HT stimulated cells, as visualized by immunoblotting using an anti-Spi-B 
Ab, suggesting that RelA and Spi-B interact (Figure 5A). CAL-1 cells in which we 
overexpressed Spi-B or knocked down Spi-B using shRNAs served as positive 
and negative controls, respectively, for detection of the Spi-B protein using our 
anti-Spi-B Ab. In addition, we analyzed CAL-1 cell lysates obtained before the IP 
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(input) as a control. Notably, we did not detect binding of Spi-B~ER with one of the 
other NF-κB subunits c-Rel or RelB (data not shown). 

Validation of the RelA and Spi-B interaction in primary pDCs is important, but 
large cell numbers are required for these experiments precluding such analysis. 
However, to further substantiate our findings that RelA and Spi-B in CAL-1 cells 
physically interact, we performed in situ proximity ligation (PLA) assays, which 
allow immunocytochemical visualization, localization, and quantification of 
protein-protein interactions. Unstimulated or CpG-B/4HT activated CAL-1 cells 
were first incubated with both anti-RelA and anti-ER antibodies. Species specific 
secondary antibodies labeled with unique short DNA strands (PLA probes) were 
then added. Only when the bound probes are in close proximity they can serve 
to generate circular DNA strands, which in turn serve as a template for a rolling 
circle amplification reaction. The amplification product is then detected using 
fluorescently labeled complementary oligonucleotides. The maximum distance 
between epitopes required for the formation of amplifiable ligation products is 
estimated to be about 30–40 nm, based on known antibody and oligonucleotide 
sizes.22 The results of the PLA show abundant small bright fluorescent foci in CAL-1 
cells double-stained using anti-RelA and anti-ER only when cells were stimulated 
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figure 4: spi-b participates to nf-κb-mediated gene regulation in activated cal-1. mRNA levels 
of (A) CD40, TNF-α, IFN-β, and (B) IL-6, CCR7, CALCRL mRNA were measured by QPCR in Spi-B~ER 
transduced CAL-1 cells stimulated quantified in Spi-B~ER transduced CAL-1 cells after stimulation 
with 0.5μM 4HT, in the presence or absence of 10μg/ml CpG-B. Values were normalized to Spi-B~ER 
transduced cells cultured only with medium, which was set to 1.
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figure 5: spi-b~er physically interacts 
with the nf-κb subunit rela. (A) Spi-B~ER 
transduced CAL-1 cells were cultured 4h 
in the presence of 4HT and CpG-B or left 
unstimulated. Analysis of Spi-B~ER immune 
complexes pulled down using anti-RelA Ab 
cross-linked to protein A agarose beads 
were analyzed by western blot using anti-
Spi-B Ab. Protein lysates of CAL-1 cells 
transduced with Spi-B or with Spi-B shRNA 
were analyzed as visual control for detection 
of the Spi-B protein band. Input is shown as 
positive control before immunoprecipitation. 
(B-C) Spi-B~ER GFP+ (green) CAL-1 cells 
pre-incubated in the presence or absence of 

CpG-B and 4HT were fixed and permeabilized, and stained with DAPI (blue). Physical interactions 
between RelA and Spi-B~ER were investigated by Proximity Ligation Assay (PLA), and detected 
by confocal microscopy analysis (GFP, green channel, 488nm; DAPI, blue channel, 405nm; PLA 
probes, red channel, 633nm). (B) PLA signal (red dots) was analyzed in GFP+DAPI+ CAL-1 incubated 
in the absence (left, unstimulated) or in the presence of CpG-B and 4HT (right, CpG-B + 4HT). (C) 
100μm stack confocal picture of stimulated DAPI+GFP+ CAL-1 cells stimulated with CpG-B and 4HT.
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with CpG-B plus 4HT, but not in unstimulated cells (Figure 5B). When the PLA was 
carried out using cells double-stained with either anti-RelA, or with control rabbit 
IgG (the control for the anti-ER antibody) or with anti-ER and control donkey IgG 
(the control for the anti-RelA antibody), hardly any fluorescence was detected 
(data not shown). Cells incubated with PLA probes alone also failed to show any 
fluorescence (data not shown). In Figure 5C a stack of 96 images is shown. These 
results suggest that RelA and Spi-B~ER are in close proximity with 40 nm maximum 
separation and are consistent with the data obtained in our IP experiments.

discussion
Here we extend our earlier findings that the Ets family member Spi-B is crucial 
for the development of human pDCs,3 by demonstrating that Spi-B has a key role 
during TLR-induced maturation of pDCs as well. Ectopic expression of Spi-B in 
in vitro generated pDCs showed significantly higher expression levels of markers 
associated with a mature pDC phenotype, including CD40, CD80, CD86, and CCR7, as 
compared to control transduced cells. Consistent with these findings we show that 
expression of Spi-B shRNAs in the pDC model cell line CAL-1 impaired TLR-induced 
maturation, as shown by reduced expression of these markers. As it is generally 
accepted that the NF-κB signaling pathway downstream of TLRs is activated upon 
engagement by ligand we hypothesized that Spi-B interferes with this pathway. We 
enforced this notion by demonstrating that known NF-κB regulated target genes, 
including BCL2A1, CD40, TNF-α and IFN-β, were synergistically upregulated by 
co-expression of ectopic Spi-B. Conversely, we also observed that transcription 
of a different set of genes, including IL-6, CCR7 and CALCRL, were inhibited when 
both NF-κB and Spi-B were co-expressed. This, together with our data showing 
direct interaction between the NF-κB subunit RelA/p65 and Spi-B, provides further 
evidence that Spi-B has potential to act either as a co-activator or a repressor of 
NF-κB controlled gene expression.

We show here for the first time that Spi-B has a regulatory role during TLR-
induced maturation of pDCs besides its key role in orchestrating pDC lineage 
commitment in HPCs.3 Numerous studies have indicated that the NF-κB pathway 
activated downstream of TLRs can be regulated by different mechanisms, including 
protein-protein interaction, conformational changes, phosphorylation, miRNAs, 
ubiquitylation and proteasome-mediated degradation.23 Our results show that 
in CAL-1 cells Spi-B and RelA physically interact. These data are in accordance 
with previous studies describing physical interaction between the RHD of NF-κB 
subunits and proteins containing an Ets domain,21 which is present in Spi-B. Due 
to limited availability of ex vivo human pDCs, however, we were unable to confirm 
these observations in human primary pDCs. Nevertheless, the data obtained in the 
CAL-1 cells strongly suggest that interplay between Spi-B and the NF-κB pathway 
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impacts on pDC activation, maturation and cell survival. In line with this, it is notable 
that Spi-B and NF-κB have been reported to share several common target genes, 
including PRDM1 coding for Blimp-1,13,24 CD40,13,17 the Bruton’s tyrosine kinase 
(BTK),25,26 and BCL2A1.4,19,20 Biochemical studies have revealed that for binding of 
RHD and Ets domains DNA is required.21 Consensus binding sites for both NF-κB and 
Spi-B have been identified in the BCL2-A1 promoter region.4,27 

Previously, we and others have convincingly demonstrated that Spi-B can act 
as transactivator but also as repressor of gene expression.4,13,25 In line with this, the 
results collected in this study show that Spi-B can transactivate or repress NF-κB 
regulated genes. It remains to be resolved how Spi-B exerts such diametrically 
opposite functions. In human B cells we showed that inhibition of BLIMP1 and 
XBP-1 gene expression was dependent on the Ets domain of Spi-B,13 indicating 
that DNA binding of Spi-B is required for its repressor capability. In contrast, the 
transactivation domain of Spi-B could be omitted for BLIMP1 driven plasma cell 
differentiation, but not for proper expression of CD40. These collective findings 
strongly suggest that other proteins are recruited to determine Spi-B activity. A 
key determinant of gene activation versus repression by DNA-binding factors is 
co-activator versus co-repressor recruitment. Based on the known homology of 
Spi-B with PU.1 it is reasonable to speculate that similar mechanisms are exploited. 
PU.1 has been shown to interact with either CREB binding protein (CBP) or histone 
deacetylases (HDACs), which mediate synergistic or antagonistic interactions 
between other transcription factors, respectively.28-30 Spi-B has been reported 
to bind to CBP, and when co-transfected increased reporter gene activity.7 This 
enforces the idea that CBP may increase Spi-B transactivation activity in pDCs, 
although this requires confirmation.

We show here that the pDC model cell line CAL-1 depends on NF-κB for its 
survival as inhibition of the NF-κB pathway using the selective and irreversible IKK 
inhibitor Bay 11-7082 rapidly and dose-dependently induced apoptosis. Notably, 
ectopic expression of Spi-B could to a certain extent prevent apoptosis of CAL-1, 
and this coincided with increased expression levels of BCL2A1. In agreement 
with this, we showed earlier that BCL2A1 is a direct target of Spi-B in pDCs.4 It 
is noteworthy that Staudt and colleagues showed the importance of NF-κB as a 
critical cancer-associated survival factor in the activated B-cell-like (ABC) form of 
diffuse large B-cell lymphoma (DLBCL).31 Comparable to our results obtained using 
the CAL-1 cell line, inhibition of NF-κB in the ABC-DLBCL cell line OCI-Ly3 lead to 
the induction of cell death. This was attributed to down-regulated expression of 
Bcl-xL, Bcl-2, XIAP, and Survivin.31 Interestingly, the same group showed using a 
shRNA virus library screeen that reduced Spi-B expression in OCI-Ly3, but not in a 
germinal center (GC)-DLBCL cell line, induced cell death.32 Taking into account our 
results collected here, we propose that it will be of significant interest to examine 
whether Spi-B regulates BCL2A1 expression in ABC-DLBCL as well. Once confirmed, 
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BCL2A1 may be considered as an attractive candidate for the development of 
small molecule inhibitors to sensitize ABC-DLBCL, but also pDC-derived leukemic 
cells, for apoptosis and thus improve the efficiency of anti-cancer therapy. Taken 
together, these findings provide new insights in molecular mechanisms controlling 
the survival, activation and maturation of pDCs mediated by Spi-B and NF-κB 
interactions that either cooperatively or antagonistically regulate gene expression.

SPI-B AND NF-κB CO-REGULATE TLR INDUCED GENE EXPRESSION

5



118

1. Jarrossay D, Napolitani G, Colonna M, 
Sallusto F, Lanzavecchia A. Specialization 
and complementarity in microbial molecule 
recognition by human myeloid and 
plasmacytoid dendritic cells. Eur J Immunol. 
2001;31(11):3388-3393.

2. Cella M, Facchetti F, Lanzavecchia A, Colonna 
M. Plasmacytoid dendritic cells activated by 
influenza virus and CD40L drive a potent TH1 
polarization. Nat Immunol. 2000;1(4):305-
310.

3. Schotte R, Nagasawa M, Weijer K, Spits H, 
Blom B. The ETS transcription factor Spi-B is 
required for human plasmacytoid dendritic cell 
development. J Exp Med. 2004;200(11):1503-
1509.

4. Karrich JJ, Balzarolo M, Schmidlin H, et al. The 
transcription factor Spi-B regulates human 
plasmacytoid dendritic cell survival through 
direct induction of the anti-apoptotic gene 
BCL2-A1. Blood. 2012.

5. Ray D, Bosselut R, Ghysdael J, Mattei MG, 
Tavitian A, Moreau-Gachelin F. Characterization 
of Spi-B, a transcription factor related to the 
putative oncoprotein Spi-1/PU.1. Mol Cell Biol. 
1992;12(10):4297-4304.

6. Rao S, Matsumura A, Yoon J, Simon MC. SPI-
B activates transcription via a unique proline, 
serine, and threonine domain and exhibits DNA 
binding affinity differences from PU.1. J Biol 
Chem. 1999;274(16):11115-11124.

7. Yamamoto H, Kihara-Negishi F, Yamada T, Suzuki 
M, Nakano T, Oikawa T. Interaction between the 
hematopoietic Ets transcription factor Spi-B and 
the coactivator CREB-binding protein associated 
with negative cross-talk with c-Myb. Cell Growth 
Differ. 2002;13(2):69-75.

8. Gilliet M, Cao W, Liu YJ. Plasmacytoid dendritic 
cells: sensing nucleic acids in viral infection 
and autoimmune diseases. Nat Rev Immunol. 
2008;8(8):594-606.

9. Honda K, Yanai H, Mizutani T, et al. Role of a 
transductional-transcriptional processor 
complex involving MyD88 and IRF-7 in Toll-like 
receptor signaling. Proc Natl Acad Sci U S A. 
2004;101(43):15416-15421.

10. Hayden MS, West AP, Ghosh S. NF-kappaB 
and the immune response. Oncogene. 
2006;25(51):6758-6780.

11. Maeda T, Murata K, Fukushima T, et al. A 
novel plasmacytoid dendritic cell line, CAL-
1, established from a patient with blastic 
natural killer cell lymphoma. Int J Hematol. 
2005;81(2):148-154.

12. Schotte R, Rissoan MC, Bendriss-Vermare 
N, et al. The transcription factor Spi-B is 
expressed in plasmacytoid DC precursors 
and inhibits T-, B-, and NK-cell development. 
Blood. 2003;101(3):1015-1023.

13. Schmidlin H, Diehl SA, Nagasawa M, et al. Spi-
B inhibits human plasma cell differentiation 
by repressing BLIMP1 and XBP-1 expression. 
Blood. 2008;112(5):1804-1812.

14. Scheeren FA, Naspetti M, Diehl S, et al. STAT5 
regulates the self-renewal capacity and 
differentiation of human memory B cells and 
controls Bcl-6 expression. Nat Immunol. 
2005;6(3):303-313.

15. ter Brake O, Berkhout B. Lentiviral vectors 
that carry anti-HIV shRNAs: problems and 
solutions. J Gene Med. 2007;9(9):743-750.

16. Schotte R, Schmidlin H, Nagasawa M, et al. 
Isolation and in vitro generation of gene-
manipulated human plasmacytoid and 
conventional dendritic cells. Methods Mol Biol. 
2010;595:67-85.

17. Nguyen VT, Benveniste EN. Involvement of 
STAT-1 and ets family members in interferon-
gamma induction of CD40 transcription 
in microglia/macrophages. J Biol Chem. 
2000;275(31):23674-23684.

18. Pierce JW, Schoenleber R, Jesmok G, et 
al. Novel inhibitors of cytokine-induced 
IkappaBalpha phosphorylation and endothelial 
cell adhesion molecule expression show anti-
inflammatory effects in vivo. J Biol Chem. 
1997;272(34):21096-21103.

19. Lee HH, Dadgostar H, Cheng Q, Shu J, Cheng 
G. NF-kappaB-mediated up-regulation of Bcl-
x and Bfl-1/A1 is required for CD40 survival 
signaling in B lymphocytes. Proc Natl Acad Sci 
U S A. 1999;96(16):9136-9141.

20. Zong WX, Edelstein LC, Chen C, Bash J, Gelinas 
C. The prosurvival Bcl-2 homolog Bfl-1/A1 is 
a direct transcriptional target of NF-kappaB 
that blocks TNFalpha-induced apoptosis. 
Genes Dev. 1999;13(4):382-387.

21. Bassuk AG, Anandappa RT, Leiden JM. Physical 
interactions between Ets and NF-kappaB/
NFAT proteins play an important role in 
their cooperative activation of the human 
immunodeficiency virus enhancer in T cells. J 
Virol. 1997;71(5):3563-3573.

22. Soderberg O, Leuchowius KJ, Gullberg M, et al. 
Characterizing proteins and their interactions 
in cells and tissues using the in situ proximity 
ligation assay. Methods. 2008;45(3):227-232.

references



119

23. Caamano J, Hunter CA. NF-kappaB family of 
transcription factors: central regulators of 
innate and adaptive immune functions. Clin 
Microbiol Rev. 2002;15(3):414-429.

24. Calame K. Activation-dependent induction of 
Blimp-1. Curr Opin Immunol. 2008;20(3):259-
264.

25. Muller S, Sideras P, Smith CI, Xanthopoulos 
KG. Cell specific expression of human Bruton’s 
agammaglobulinemia tyrosine kinase gene 
(Btk) is regulated by Sp1- and Spi-1/PU.1-family 
members. Oncogene. 1996;13(9):1955-1964.

26. Yu L, Mohamed AJ, Simonson OE, et al. 
Proteasome-dependent autoregulation of 
Bruton tyrosine kinase (Btk) promoter via NF-
kappaB. Blood. 2008;111(9):4617-4626.

27. Edelstein LC, Lagos L, Simmons M, Tirumalai 
H, Gelinas C. NF-kappa B-dependent assembly 
of an enhanceosome-like complex on the 
promoter region of apoptosis inhibitor Bfl-1/
A1. Mol Cell Biol. 2003;23(8):2749-2761.

28. Kihara-Negishi F, Yamamoto H, Suzuki M, et al. 
In vivo complex formation of PU.1 with HDAC1 

associated with PU.1-mediated transcriptional 
repression. Oncogene. 2001;20(42):6039-6047.

29. Suzuki M, Yamada T, Kihara-Negishi F, Sakurai T, 
Oikawa T. Direct association between PU.1 and 
MeCP2 that recruits mSin3A-HDAC complex 
for PU.1-mediated transcriptional repression. 
Oncogene. 2003;22(54):8688-8698.

30. Yamamoto H, Kihara-Negishi F, Yamada T, 
Hashimoto Y, Oikawa T. Physical and functional 
interactions between the transcription factor 
PU.1 and the coactivator CBP. Oncogene. 
1999;18(7):1495-1501.

31. Davis RE, Brown KD, Siebenlist U, Staudt LM. 
Constitutive nuclear factor kappaB activity is 
required for survival of activated B cell-like 
diffuse large B cell lymphoma cells. J Exp Med. 
2001;194(12):1861-1874.

32. Lenz G, Wright GW, Emre NC, et al. Molecular 
subtypes of diffuse large B-cell lymphoma 
arise by distinct genetic pathways. Proc Natl 
Acad Sci U S A. 2008;105(36):13520-13525.

SPI-B AND NF-κB CO-REGULATE TLR INDUCED GENE EXPRESSION

5





6the transcriPtional regulator nab2 
reveals a two-steP induction of trail 

in activated Plasmacytoid dcs

melania balzarolo,1,2 Julien J. Karrich,3 sander engels,2 
bianca blom,3 Jan Paul medema,*1 

and monika c. wolkers*1,2

1 Laboratory of Experimental Oncology and Radiobiology (LEXOR), 
Center for Experimental Molecular Medicine (CEMM), Academic 

Medical Center (AMC), University of Amsterdam, the Netherlands 
2 Department of Hematopoiesis, Sanquin Research-AMC Landsteiner 

Laboratory, Amsterdam, the Netherlands  
3 Department of Cell Biology & Histology, Academic Medical Center 

(AMC), University of Amsterdam, the Netherlands 
* shared senior authorship



122

summary
Plasmacytoid dendritic cells (pDCs) are key players in antiviral immunity. In 
addition to massive type I interferon production, activated pDCs express the 
apoptosis-inducing molecule TRAIL, which enables them to clear infected 
cells that express the TRAIL receptors TRAIL-R1 and TRAIL-R2. In this study, 
we examined the molecular mechanisms that govern TRAIL expression 
in human pDCs. We identify NGFI-A-binding protein 2 (NAB2) as a novel 
transcriptional regulator that governs TRAIL induction in stimulated pDCs. 
We show with the pDC-like cell line CAL-1 that NAB2 is exclusively induced 
downstream of TLR7 and TLR9 signaling, and not upon type I IFN-R signaling. 
Furthermore, PI3K signaling is required for NAB2-mediated TRAIL expression. 
Finally, we show that TRAIL induction in CpG-activated human pDCs occurs 
through two independent signaling pathways: the first is initiated through 
TLR9 signaling upon recognition of nucleic acids, followed by type I IFN-R-
mediated signaling. In conclusion, our data suggest that these two pathways 
are downstream of different activation signals, but act in concert to allow for 
full TRAIL expression in pDCs.
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introduction
Plasmacytoid DCs (pDCs) play an important role in host defense against viral 
pathogens. Recognition of nucleic acids through TLR7 and TLR9 results in the rapid 
activation of pDCs with massive production of type I IFNs that, among other functions, 
direct pro-inflammatory responses1-3 and induce cytolytic activity of pDCs. 4

Interestingly, TLR7/9 stimulation of pDCs leads not only to production of type I 
IFNs and other cytokines such as IL-6 and TNF-α, but also mediates the expression of 
TNF-related apoptosis inducing ligand (TRAIL/Apo-2L).5,6 TRAIL-expressing pDCs can 
induce cell death in tumor cells and virally infected cells that express its receptors 
TRAIL-R1 or TRAIL-R2.7 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.5,8 Similarly, TRAIL-expressing pDCs accumulate in lymph nodes of HIV-
infected individuals where they colocalize with HIV-infected CD4+ T cells.9,10

How activated pDCs acquire TRAIL expression is not fully understood. Type 
I IFN-R engagement was suggested as the sole mediator of TRAIL expression in 
TLR7-stimulated pDCs.10 In support of this, an IFN-stimulated response element 
was identified within the TRAIL promoter region.11,12 Conversely, recent data show 
that TLR7 triggering can initiate TRAIL expression also independently of type I IFN 
stimulation, that is, by engaging the PI3K-p38MAPK pathway.13 To further dissect 
the molecular pathways that mediate TRAIL expression upon TLR7/9 stimulation, we 
addressed two specific questions. First, we aimed to identify molecular regulators 
of TRAIL expression. Second, we assessed whether type I IFN-R signaling was the 
sole mediator of TRAIL induction upon pDC activation, or whether TLR7/9 triggering 
by itself could also lead to TRAIL induction. 

To identify molecules that mediate TRAIL expression in pDCs, we focused on the 
transcriptional regulator NGFI-A-binding protein 2 (NAB2).14 NAB2 is a regulator 
of the early growth response genes (EGR)-1, 2 and 3; transcription factors that 
mediate the expression of pro-apoptotic molecules as well as other genes.15-18 
NAB2 is rapidly induced upon a variety of extracellular stimuli, and it modulates in 
activated T-cell lines the expression of apoptotic molecules.19,20 We have recently 
shown that Nab2 blocks TRAIL induction in primary CD8+ T cells upon reactivation.21 
Furthermore, its homologous family member Nab1 inhibits TRAIL expression in 
intestinal epithelial cells upon bacterial infection by regulating the transcriptional 
activity of EGR-1, 2 and 3.14,15 In light of these findings, we set out to address 
whether NAB2 also regulates TRAIL in pDCs. 

Here, we show that NAB2 acts as a co-activator of TRAIL expression in TLR7/9-
activated human pDCs. NAB2-mediated TRAIL expression depends on PI3K signaling, 
and is independent of type I IFN-R engagement. Furthermore, our data provide 
evidence that optimal TRAIL induction in CpG-activated pDCs results from at least 
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two distinct signaling pathways: (i) downstream of TLR9 signaling and regulated at 
least in part by NAB2, and (ii) through type I IFN-R signaling, independent of NAB2.

materials and methods
isolation of primary pdcs and cell culture 
Primary pDCs from healthy donors were isolated with a ficoll gradient from peripheral 
blood (Ficoll-Paque, StemCell Technologies), followed by BDCA-4 positive selection 
(Miltenyi Biotec), and cell sorting of CD45RA+CD123+ cells on the FACSAria (BD 
Biosciences). Local ethical committee approval was received for the studies and 
informed consent of all participating subjects was obtained.

CAL-1 cells,22 kindly provided by Dr. T. Maeda, Nagasaki University, Japan, and 
Jurkat cells were cultured in complete medium (RPMI supplemented with 2 mM 
L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 8% FCS) and 
maintained at 37°C in 5% CO2.

generation of cal-1-nab2, cal-1-nab2e51K, and cal-1-ev cells 
and rna interference
The human NAB2 cDNA (Clone ID: 6157017, Open Biosystems) was cloned into 
EcoRV and NotI of a modified pCDH1 self-inactivating lentiviral vector (System 
Biosciences) containing IRES-GFP for bicistronic gene expression23 driven under 
the EF1α promoter. NAB2E51K

24 was generated with the primer 5’-GTGAGGAGGAGTTTC
TGAAGATCATGGCACTTGTG-3’ by targeted mutagenesis of 622-G→A with QuikChange 
Multi Site-Directed Mutagenesis Kit (Stratagene), and subcloned into the same vector. 
The empty vector was used to generate CAL-1-EV cells. 

Lentiviral particles were produced in 293T cells by calcium phosphate 
transfection. Spin transduction of CAL-1 cells with 8 μg/mL Polybrene was 
performed at 1800 rpm for 90 min. GFP-positive CAL-1 cells were sorted under low-
pressure conditions on the FACSAria.

For RNA interference, CAL-1 cells were transfected with 75 nM siRNA directed 
against NAB2 (siRNA ID: s9248; Ambion/Applied Biosystems) or the Silencer Selected 
Negative Control (siRNA #1; Ambion/Applied Biosystems) together with 25 nM 
siGLO Transfection Indicator (Dharmacon) with transfection reagent DharmaFECT 
4 (Dharmacon) according to the manufacturer’s protocol. Transfection efficiency 
was determined by flow cytometry (Supporting Information Fig. 3A), and silencing 
was confirmed at protein levels by western blot (Supporting Information Figure 3B). 

pdc activation 
A total of 105 primary human pDCs were stimulated with 12.5 μg/mL CpG A 
(Invivogen) or left untreated for 4 h or overnight in complete medium in a 96-well 
plate for RT-PCR and flow cytometry or western blot analysis, respectively. CAL-1 



125

cells (7 x 105) were seeded overnight in a 24-well plate in 2 mL medium. A total 
of 1.1 mL medium was replaced with 100 μL FBS-free RPMI medium containing 
12.5 μg/mL CpG B or Ctrl CpG B, 5 μg/mL Imiquimod (Invivogen), or 100-200 ng/mL 
IFN-β (PBL Medical Laboratories) to prevent FBS-mediated NAB2 induction (14, data 
not shown). A total of 50 μM SB203580, 2.5 μM BAY11-7082, 5 μM PI-103 (Tocris 
Bioscience), 200 mM Rapamycin (Calbiochem) or DMSO alone, or 0.1 μg/mL B18R 
(eBioscience) were added to cells 30 min prior to CpG stimulation. After stimulation, 
supernatant was harvested for cytokine analysis and cells were washed once with 
PBS before further analysis. 

flow cytometry, imagestream analysis, and antibodies 
pDC cell sorting was performed with anti-CD45RA-FITC (BD Biosciences) and anti-
CD123-PE (Miltenyi Biotec). Cell surface staining was performed with anti-CD40-PE 
(Beckman Coulter) or isotype control IgG1-PE (BD Biosciences), and anti-TRAIL 
(2E5; Enzo Life Sciences), or control mouse IgG1 (BD Biosciences), followed by 
anti-mouse IgG1-Biotin (Enzo Life Sciences) and Steptavidin-allophycocyanin (BD 
Pharmingen). Dead cell exclusion was performed with propidium iodide. Intracellular 
IRF-7 staining was performed by fixation and permeabilization with Cytofix/
cytoperm Solution (BD Biosciences) and PBS containing 0.5% saponin and 2% FCS, 
followed by staining with IRF-7 (H-246; Santa Cruz Biotechnologies) or isotype 
control (Imgenex) and anti-rabbit IgG Alexa 568 (Invitrogen). Flow cytometry was 
performed with FACS Calibur or LSRII (BD Biosciences). Analysis was performed 
with FlowJo software (Tristar). For analysis of nuclear translocation of IRF-7, CpG 
stimulated and unstimulated cells were fixed and permeabilized, stained with anti-
IRF-7 together with nuclei staining Hoechst 33258 (Invitrogen) and acquired on the 
ImageStreamX (Amnis). Analysis was performed with IDEAS software (Amnis).

apoptosis assay
Jurkat cells were labeled with DDAO (Life Technologies) according to the 
manufacturer’s instruction, treated with 2.5 μg/mL Cycloheximide (Sigma-Aldrich) 
for 2 h, and added to CpG-activated (6 h) or resting CAL-1-NAB2, CAL-1-NAB2E51K 
or CAL-1-EV in a ratio 25:1. For TRAIL blocking, 10 μg/mL anti-TRAIL (2E5; Enzo 
Life Sciences) was added to CAL-1 cells 30 min prior to cocolture with Jurkat cells. 
After 20 h, apoptosis was measured with AnnexinV-PE staining (BD Biosciences) 
or with CaspGLOW Red Active Caspase-3 Staining Kit (BioVision) according to the 
manufacturers’ protocols.

rna extraction and real-time Pcr
Total RNA was isolated with TRIZOL (Invitrogen). cDNA was generated with 
SuperScript RT II (Invitrogen) using Random Primers (Promega). Real-time 
RT-PCR was performed with ABsolute QPCR SYBR Green mix (Abgene) or SyBR 
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Green Master Mix (Applied Biosystems) using the CFX96 (Bio-Rad) or Step One 
Plus (Applied Biosystems). The following primers were used for analysis: TRAIL  
(5’-ATGGCTATGATGGAGGTCCAG-3’; 5’-TTGTCCTGCATCTGCTTCAGC-3’), NAB2 (5’-CCC 
GAGAGAGCACCTACTTG-3’; 5’-GGGTGACTCTGTTCTCCAACC-3’), CD40 (5’-CGGCTTCTTC 
TCCAATGTGT-3’; 5’-ACCAAGAGGATGGCAAACAG-3’), IFN-β (5’-GAGCTACAACTTGCTTG
GATTCC-3’; 5’- CAAGCCTCCCATTCAATTGC-3’), MXA (5’-TCCAGCCACCATTCCAAG-3’; 
5’-CAACAAGTTAAATGGTATCACAGAGC-3’). 18s (5’-AGACAACAAGCTCCGTGAAGA-3’; 5’- 
CAGAAGTGACGCAGCCCTCTA-3’) was used as reference gene. The relative mRNA 
expression was calculated with the comparative CT (DDCT) method. 

western blot analysis and cytokine detection
Cell pellets were resuspended in 5x sample buffer or NP-40 lysis buffer containing 
protease inhibitors, and denaturated at 95°C. For NAB2 detection, cells were 
sonicated for 20 s prior to denaturation. SDS gels were transferred to nitrocellulose 
(Amersham Biosciences) or PVDF (Invitrogen) membranes, blocked with 5% non-fat 
milk or 4% BSA. Membranes were incubated with anti-NAB2 (1C4; Santa Cruz 
Biotechnologies), or anti-Actin (I-19; Santa Cruz Biotechnologies), anti-Akt, anti-
phospo-Akt, p38MAPK, anti-phospo-p38MAPK (Cell Signaling Technology), anti-
NF-κB p65 (Santa Cruz Biotechnologies), anti-phospo-NF-κB p65 (Cell Signaling 
Technology) or anti-RhoGDI (BD Transduction Laboratories). Protein expression was 
revealed with HRP-conjugated secondary antibodies and assessed with ECL Plus 
Western Blot Detection Reagents (Amersham Biosciences or Thermo Scientific).

TNF-α and IL-6 expression was measured in supernatants with the Cytometric 
Bead Array, according to the manufacturer’s protocol (CBA, Human Inflammation 
Kit, BD Biosciences).

statistical analysis
Data are represented as mean ± standard deviation (SD), and evaluated using a two-
tailed, paired Student’s t-test (Geo MFI expression data), or a two-tailed, unpaired 
Student’s t-test (RT-PCR data and Apoptosis assay) unless stated otherwise. A 
probability value of P < 0.05 was considered statistically significant.

results
nab2 is induced in activated pdcs and precedes trail expression
The transcriptional regulator NAB2 is constitutively expressed in neuronal and 
hematopoietic cells, and its expression levels increase upon activation.19,20 Here, we have 
analyzed NAB2 expression levels in primary human pDCs that were activated with the 
TLR9 agonist CpG A.25 Interestingly, NAB2 mRNA and protein expression was increased 
by a -two- to sevenfold (Fig. 1A, P < 0.05 and Supporting Information Fig. 1A) and was 
accompanied by the induction of TRAIL mRNA and protein (Fig. 1B; P = 0.02; 5).
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In concordance with primary pDCs, the pDC-like cell line CAL-122 also displayed 
increased NAB2 and TRAIL mRNA and protein levels in response to CpG B (Fig. 1 C 
and D). Like primary pDCs, CAL-1 cells express TLR7 and TLR9, and upon CpG triggering 
rapidly produce IFN-β, IL-6 and TNF-α, and express CD40 and the IFN responsive 
protein MXA (26; Supporting Information Fig. 1B-E). Moreover, comparable to primary 
pDCs, CpG-activated CAL-1 cells effectively induced apoptosis in Jurkat cells in a 
TRAIL-dependent manner, as determined by AnnexinV and by activated Caspase-3 
staining (27; Supporting Information Fig. 1F). This prompted us to use CAL-1 cells as a 
model system to further dissect the molecular regulation of TRAIL expression in pDCs.

Not only TLR9 stimulation, but also TLR7 triggering with Imiquimod increased 
NAB2 levels in CAL-1 cells (Fig. 1E). In sharp contrast, type I IFN-R engagement 
with recombinant type I IFN completely failed to augment NAB2 levels in CAL-1 
cells and in primary pDCs (Fig. 1E and Supporting Information Fig. 1A), while TRAIL 
expression was induced (Fig. 1F). 

We next assessed the kinetics of NAB2 and TRAIL expression. NAB2 mRNA was 
maximally induced at 2-4 h after CpG activation, and preceded TRAIL induction 
by ~3 h, with the latter reaching its maximum expression levels at 6-8 h post 
activation (Fig. 2A and B). As expected, IFN-β mRNA peaked at 2 h post activation 
and rapidly declined back to basal levels (Fig. 2A). NAB2 expression also preceded 
TRAIL induction upon TLR7 triggering with Imiquimod, albeit with slower overall 
kinetics (data not shown). Again, recombinant IFN-β did not induce increased NAB2 
levels at any time point measured, indicating that NAB2 expression is regulated 
independently of IFN-R signaling (Fig. 2C). 

blocking nab2 diminishes trail expression on activated pdcs
Because TLR7/9 triggering resulted in elevated NAB2 levels in pDCs, and because 
NAB2/EGR molecules mediate the expression of proapoptotic molecules,15-18 
we hypothesized that NAB2 may directly modulate TRAIL expression in pDCs. To 
investigate this, we generated CAL-1-NAB2E51K cells expressing a dominant negative 
form of NAB2 that interferes with the interaction of endogenous NAB2 with its EGR 
binding partners.20,24,28 We also generated CAL-1-NAB2 cells expressing wild type 
NAB2, and CAL-1-EV cells containing the empty vector. 

Exogenous NAB2 or NAB2E51K expression did not affect IFN-β, TRAIL, or CD40 
expression levels in resting CAL-1 cells (Fig. 3 and Supporting Information Fig. 2A). Upon 
CpG stimulation, however, NAB2E51K significantly reduced the induction of TRAIL mRNA 
(Fig. 3A) and protein (Fig. 3C-D) as compared with CAL-1-EV (P = 0.011 and P = 0.005; 
for mRNA and protein), or with CAL-1-NAB2 cells (P = 0.003 and P = 0.006; resp.). TRAIL 
levels in CAL-1-NAB2 cells were similar to CAL-1-EV cells (Fig. 3A; P = 0.26), suggesting 
that the -two- to sevenfold induction of endogenous NAB2 upon CpG activation (Fig. 1A 
and C) already sufficed for optimal TRAIL induction. We also observed reduced TRAIL 
expression in CAL-1-NAB2E51K cells upon TLR7 triggering with Imiquimod (Fig. 3C and E). 
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C

%
 o

f 
M

a
x

TRAIL

10
0

10
1

10
2

10
3

10
40

20

40

60

80

100
Ctrl

IgG1

CpG

0

2

4

6

8

N
A

B
2
 m

R
N

A
 (

A
U

)

**

NAB2

Actin

Ctrl CpG-

D
T

R
A

IL
 m

R
N

A
 (

A
U

)

***

0

20

40

60

80

Ctrl CpG-

A
*

T
R

A
IL

 m
R

N
A

 (
A

U
)

0

200

400

600

800

Ctrl   CpGCtrl    CpG

N
A

B
2
 m

R
N

A
 (

A
U

)

0

1

2

3

4

5

6

*
B

0 10
2

10
3

10
4

10
50

20

40

60

80

100

TRAIL

%
 o

f 
M

a
x

Ctrl

IgG1

CpG

E F

N
A

B
2
 m

R
N

A
 (

A
U

)

0

1

2

3
**

ns

IFNβCtrl Imiq-

T
R

A
IL

 m
R

N
A

 (
A

U
)

0

20

40

60
***

***

IFNβCtrl Imiq-

IgG1

IFNβ
Imiq

Ctrl

10
0

10
1

10
2

10
3

10
40

20

40

60

80

100

%
 o

f 
M

a
x

TRAIL

figure 1. tlr9 and tlr7 stimulation, but not type i ifn-r engagement induces nab2 in pdcs. 
(A, B) Primary human pDCs were activated for 4 h with 12.5 μg/mL CpG A, and mRNA levels of 
(A) NAB2 and (B) TRAIL were measured. (B) TRAIL protein expression was determined by flow 
cytometry after overnight stimulation with CpG (right). (C, D) CAL-1 cells were activated for 4 h 
with 12.5 μg/mL Control CpG B (Ctrl), CpG B, or left untreated (0 h; (-)). (C) NAB2 mRNA and 
protein expression and (D) TRAIL mRNA and protein expression was determined. Isotype control 
IgG1 staining was performed on activated CAL-1 cells. (E, F) CAL-1 cells were activated for 4 h 
with 5 μg/mL Imiquimod, 100 ng/mL IFN-β control CpG (Ctrl) or left untreated (-), and (E) NAB2 
and (F) TRAIL mRNA (left) and protein expression (right) were determined. Data were pooled 
from four independently performed experiments (A, B), or data are shown as mean + SD of three 
experimental replicates that are representative of at least eight (C, D) or three (E-F) independently 
performed experiments. (*P < 0.05, **P < 0.005; ***P < 0.001). Data are analyzed with a two-
tailed, paired (A, B) or unpaired (D-F) Student’s t-test. AU = arbitrary unit.
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figure 2. nab2 induction precedes trail expression in cpg-activated cal-1 cells. cal-1 cells 
were activated with cpg or left untreated. (A) NAB2, TRAIL, and IFN-β mRNA levels, and (B) TRAIL 
protein expression levels were determined at indicated time points. (C) CAL-1 cells were activated 
with CpG, IFN-β or left untreated and NAB2 and TRAIL mRNA levels were measured. (A, C) Data are 
shown as mean + SD of three experimental replicates. Experiments are representative of three 
(A-B) and two (C) independent experiments.

Importantly, NAB2E51K did not affect IFN-β expression in CpG stimulated CAL-1 
cells (Fig. 3B; P = 0.59 and P = 0.73), indicating that NAB2 and type I IFN do not 
modulate each other. Moreover, interfering with NAB2 did not modulate the overall 
activation of CAL-1 cells but regulated specific genes, as the expression of CD40 and 
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the production of TNF-α upon CpG stimulation were not affected by the presence of 
exogenous NAB2 or NAB2E51K (Supporting Information Fig. 2A and B). Likewise, we 
detected similar protein induction and nuclear translocation of IRF-7 in all three 
CAL-1 cell variants (Supporting Information Fig. 2C-F). Only IL-6 production was 
found slightly increased in CAL-1-NAB2 cells and modestly decreased in CAL-1-
NAB2E51K cells (Supporting Information Fig. 2B), suggesting that also this cytokine 
gene is directly or indirectly targeted by NAB2.

To validate our findings that exogenous NAB2E51K diminishes TRAIL induction, 
we transfected CAL-1 cells with siRNA against NAB2. We achieved a mere 30% 
reduction in NAB2 expression with siRNA, possibly due to the high basal expression 
levels of NAB2 (Supporting Information Fig. 3B). Nonetheless, we observed a slight 
reduction of CpG-mediated TRAIL induction, while the induction of CD40 remained 
unaffected (Supporting Information Fig. 3A and C). 

We next determined whether the reduced TRAIL expression in CAL-1-NAB2E51K 
cells affected their capacity to induce cell death. Compared with CAL-1-NAB2 or 
CAL-1-EV, CpG-activated CAL-1-NAB2E51K cells were indeed less potent in inducing 
apoptosis of TRAIL-sensitive Jurkat cells as assessed by AnnexinV expression 
of the target cells (Fig. 3F; P = 0.020 and P = 0.009). Similar results were found 
when Caspase-3 activation was measured in Jurkat cells (Supporting Information 
Fig. 4). Together, these results demonstrate that NAB2 is directly involved in TRAIL 
induction upon TLR9/7-mediated pDC activation, and that blocking its activity 
diminishes pDC cytotoxicity.

nab2 regulates trail expression through Pi3K 
We next assessed which molecules mediate NAB2-dependent TRAIL induction in 
pDCs. Therefore, we blocked PI3K, p38MAPK, or NF-κB signaling in CpG-activated 
CAL-1 cells with inhibitors chosen based on their activity without compromising the 
cell viability (Supporting Information Fig. 5A and B). Interestingly, PI3K signaling 
was essential for NAB2 induction upon CpG stimulation of pDCs as determined by 
pretreating CAL-1 cells with the inhibitor PI-103 (Fig. 4A; P < 0.0001). PI-103-treated 
CAL-1 cells also failed to express TRAIL (Fig. 4C and E), supporting our hypothesis that 
NAB2 induces TRAIL expression in pDCs. Importantly, the induction of NAB2 and TRAIL 
mRNA was also significantly blocked by PI-103 in primary pDCs upon CpG stimulation 
(Fig. 4B and D; P < 0.01 and P < 0.05). Of note, the PI3K-mediated NAB2 induction 
was independent of mTOR as treatment with Rapamycin did not significantly block 
the increase of NAB2 mRNA upon CpG stimulation (Supporting Information Fig. 5C).

Blocking p38MAPK with SB203580, or blocking NF-κB with BAY11-7082 had 
no effect on NAB2 induction (Fig 4A; P = 0.38 and P = 0.09). However, p38MAPK 
inhibition significantly blocked TRAIL expression (Fig. 4C and E; P < 0.01), suggesting 
that (i) p38MAPK acts independently of PI3K/NAB2 signaling to induce TRAIL, or 
that (ii) p38MAPK feeds into the same signaling pathway, but downstream of NAB2 
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figure 3. nab2 mediates trail expression in tlr9/7-stimulated cal-1 cells. cal-1 cells 
expressing dominant negative nab2 (nab2e51K), wild type nab2 (nab2), or the empty control 
vector (ev) were stimulated for 6 h with (a-d) control cpg, or cpg, (c, e) imiquimod, or (c, e, f) left 
untreated. (A) TRAIL and (B) IFN-β mRNA and (C-E) TRAIL protein levels were measured. (B) IFN-β 
mRNA expression was assessed after 2 h CpG stimulation. (A, B) Data are shown as mean + SD 
of three experimental replicates, and are representative of three independent experiments. TRAIL 
staining in (C) is a representative of six (D) and three (E) independently performed experiments 
compiled as mean of TRAIL Geo MFI + SD. Geo MFI = geometric mean fluorescence intensity. (F) 
DDAO-labeled Jurkat cells were cultured for 20 h with CpG-stimulated or resting (Ctrl) CAL1-EV, 
-NAB2 or -NAB2E51K cells. The percentage of AnnexinV+ Jurkat cells was measured. Data are shown 
as mean + SD of two (F) independent experiments. *P < 0.05, **P < 0.005, as assessed by two-tail 
unpaired (A, B, F) or paired (D, E) Student’s t-test.
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activity. In conclusion, we show that PI3K signaling is required for CpG-mediated 
NAB2 expression and its downstream target TRAIL. 

trail is induced by nab2 and ifn-β via independent signaling 
pathways
We observed that NAB2E51K only partially blocked TRAIL induction. Interestingly, CAL-
1-NAB2E51K cells displayed two peaks of TRAIL expression rather than a uniform 
decrease (Fig. 3C). The differential TRAIL levels were not correlated with NAB2E51K 
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figure 4. nab2-mediated trail expression is Pi3K-dependent. (A, C, E) CAL-1 cells or (B, D) 
primary pDCs were pre-incubated for 30 min with 5 μM PI-103 (PI), 50 μM SB203580 (SB), 2.5 μM 
BAY11-7082 (Bay), or left untreated (Ctrl), before being activated with CpG for 4 h. mRNA levels of 
(A, B) NAB2 and (C, D) TRAIL and (E) TRAIL protein levels were determined. mRNA levels were shown 
as mean + SD of three experimental replicates, representative of three independent experiments. 
*P < 0.05, **P < 0.01, ***P < 0.001. Data are analyzed with a two-tailed unpaired Student’s t-test. 
ND = not detectable. 
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expression levels, as we found comparable levels of TRAIL with CAL-1-NAB2E51K cells 
expressing high or low levels of the GFP reporter gene (Supporting Information 
Fig. 6A). Alternatively, differential TRAIL expression could result from stochastic 
cell activation, and only continuous or additional triggering allows for optimal 
TRAIL expression of the whole pDC population. In support of this, unmanipulated 
CAL-1 cells also displayed a broad spectrum of TRAIL expression at 4 h post CpG 
activation and 6 h post Imiquimod triggering, when the cells were not fully activated 
yet (Fig. 2B and Supporting Information Fig. 6B). As TRAIL expression in pDCs results 
both from type I IFN-R signaling and from TLR signaling (Fig.1; 13), we addressed 
whether these two signaling pathways act separately and/or cooperate to induce 
optimal TRAIL expression. CpG triggering – that elicits both TLR signaling and IFN-R 
signaling – results in lower TRAIL levels in CAL-1-NAB2E51K cells than in CAL-1-NAB2, 
or CAL-1-EV cells (Fig. 5; top panel). To dissect the contribution of TLR signaling 
versus IFN-R signaling, we activated CAL-1 cell variants with CpG, while blocking type 
I IFN-R signaling with the vaccinia virus-encoded type I IFN decoy receptor B18R.29-31 
Blocking type I IFN-R signaling resulted in reduced TRAIL levels in CAL-1-EV and CAL-
1-NAB2 cells (Fig. 5; middle panel) that were comparable to suboptimal activation 
conditions (i.e., at 4 h post CpG activation, Fig. 3C). Remarkably, addition of B18R 
completely abolished TRAIL expression in CpG-activated CAL-1-NAB2E51K cells 
(Fig. 5; middle panel), indicating that both TLR signaling through PI3K/NAB2 and 
type I IFN-R signaling contribute to optimal TRAIL expression. Of note, all three cell 
variants expressed high levels of TRAIL when stimulated solely via type I IFN-R with 
recombinant IFN-β (Fig. 5; bottom panel). Together, these data imply that (i) NAB2-
dependent TRAIL induction occurs downstream of TLR engagement, independently 
of type I IFN-R signaling, and that (ii) the remaining TRAIL expression upon CpG 
stimulation in CAL-1-NAB2E51K cells possibly resulted from type I IFN-R signaling. 

discussion
Here, we have identified NAB2 as a novel transcriptional regulator of TRAIL in pDCs. 
We show that NAB2-mediated TRAIL expression is dependent on TLR-mediated 
PI3K signaling, and independent of type I IFN-R signaling. In addition, our results 
reveal that TRAIL induction in pDCs can occur at least via two independent signaling 
pathways: (i) downstream of TLR signaling and at least in part mediated by NAB2, 
and (ii) downstream of type I IFN-R signaling, independently of NAB2. As both 
pathways must be blocked to completely abolish TRAIL induction in pDCs (Fig. 5), 
our data show that these two signaling pathways independently induce TRAIL, and 
suggest that they act in concert to achieve full TRAIL expression.

Recent data have indicated that TRAIL induction upon TLR7 triggering can occur 
independently of type I IFN stimulation.5,13,32 Here we provide further insights in 
the molecular mechanisms that govern TRAIL expression upon TLR7/9-triggering 
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figure 5. two signaling pathways collaborate to allow for full trail expression.  cal-1-ev, cal-1-
nab2, and cal-1-nab2e51K cells were stimulated for 6 h with cpg (top), with cpg after 30-min pre-
incubation with 0.1 μg/ml b18r (middle), with 200 ng/ml ifn-β (bottom), or left untreated (filled 
histograms). TRAIL protein levels were measured. The percentage of TRAIL+ cells upon activation is 
depicted in the upper right corner. Data are representative of two to three independent experiments. 

involving the transcriptional regulator NAB2 (Fig. 3). Whether other previously 
designated IFN-inducible genes of pDCs like MXA and CXCL10 also require NAB2 
induction for their type I IFN-independent expression13 remains to be determined.

While TLR-mediated signaling and IFN-R signaling can independently induce 
TRAIL expression, also crosstalk of these signaling pathways is found. This is 
evidenced by p38MAPK–mediated type I IFN production (33,34, data not shown), which 
may explain our findings that p38MAPK induces TRAIL independently of NAB2. In 
addition, PI3K signaling induces IRF-7 translocation to the nucleus in activated 
pre-pDCs,35 a process required for type I IFN production. However, we found a 
mere 50% reduction of the IFN-β burst in CAL-1 cells upon PI3K block, while TRAIL 
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induction was fully abrogated (Fig. 4B and E and Supporting Information Fig. 5D). 
Therefore, our data point to PI3K-NAB2 activation being the dominant regulatory 
pathway for TRAIL induction directly downstream of TLR triggering. Whether IRF-7 
translocation regulates also the induction of NAB2 in addition to type I IFN, or 
whether their induction occurs independently but in parallel downstream of PI3K 
signaling, remains to be determined.

We found that PI3K signaling induces NAB2 upon TLR triggering, but does so 
independently of mTOR. Which downstream targets of PI3K govern NAB2 induction 
is to date unresolved. Potential targets of PI3K activity are the NAB2 binding 
partners EGR-1, 2, and 3 that mediate NAB2 transcription as part of their feedback 
loop.28 We are currently investigating this possibility. 

Interestingly, NAB2 induces TRAIL expression in human pDCs, but suppresses 
TRAIL induction in murine CD8+ T cells.21 This apparent divergence of NAB2 activity 
was also found in other cell types and has been attributed to different cell lineages.19 It 
is therefore of interest to compare NAB2 activity in pDCs with lymphoid cells such as B 
cells and NK cells. Our preliminary studies indeed point to such cell lineage specificity, 
and indicate that basal mRNA levels of EGR-1, 2, and 3 - the binding partners of NAB2 
- vary between different cell lineages (M. Balzarolo and M. C. Wolkers, unpublished 
observations). Provided that the EGR proteins can have both stimulatory (EGR-1) 
and pro-apoptotic (EGR-2/3) functions,19,20 this differential expression profile of EGR 
genes could result in the differential transcription activity of NAB2. 

Alternatively, it has been shown that the co-activatory versus corepressive 
action of NAB2 is dictated by the affinity of the EGR target genes to the promoter 
region, which depends on conserved (= high affinity and co-repressive) versus 
nonconserved (= low affinity and co-activatory) EGR-binding sites.36 Interestingly, 
we have identified only one conserved putative EGR-binding site in the proximal 
3-kb region of the human TRAIL promoter, as opposed to four conserved putative 
EGR-binding sites within the murine TRAIL promoter. As a result, the differential 
action of NAB2 on TRAIL in human pDCs or mouse CD8+ T cells could also be dictated 
by EGR-binding sites with different affinities. In addition, it has been described that 
the corepressive function of NAB2 is at least in part mediated through its interaction 
with CHD4, a subunit of the NuRD deacetylase complex.37 Therefore, it is tempting 
to speculate that the differential affinity of the NAB2/EGR complex to the DNA may 
also lead to changes in the recruitment of CHD4. 

Here, we show that optimal TRAIL expression in pDCs depends on two signaling 
pathways. This finding corroborates with previous data demonstrating that type I 
IFN production by pDCs relies on both TLR-mediated and IFN-R mediated signaling.38 
Similarly, optimal IL-12p70 production by monocyte-derived DCs depends on 
both TLR signaling and type I IFN-R engagement.39 Combined, the cooperation of 
two signaling pathways may allow for fine-tuning of expression levels of effector 
molecules, depending on the signals a pDC receives. That TLR-mediated and 
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IFN-R mediated signaling induce a different activation status of pDCs may also 
be reflected by the expression levels of CD40, which was solely induced upon TLR 
signaling in CAL-1 cells, and not by type I IFN-R signaling (Supporting Information 
Fig. 1B). Therefore, activation of pDCs via these two signaling pathways may dictate 
the proper timing of TRAIL expression at the site of infection to the moment when 
TLR ligands are present, while late pDC immigrants may display limited killing 
activity at a time when the pathogen is already cleared. This would ensure that pDC 
activation is proportionate to the level of pathogen present at the site of infection 
and avoid unnecessary side effects.

In conclusion, our data presented here provide further insights in the molecular 
mechanisms that trigger pDCs and help define the requirements for optimal pDC 
activation and functionality.
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Supporting Information Figure 1. (A) NAB2 is induced in human pDCs upon CpG, but not upon type I 

IFN stimulation. Primary human pDCs were activated for 4h with 12.5 µg/ml CpG A or 200 ng/ml IFNα, 
and NAB2 protein levels were assessed. (B-F) CpG activated CAL-1 cells express CD40, IFNβ and MXA, 

and kill target cells in a TRAIL-dependent manner. CAL-1 cells were left untreated (-) or activated with 

Control CpG (Ctrl), CpG or IFNβ for 4h, and CD40 protein levels were measured by flow cytometry and 

compared with isotype control staining of CpG treated CAL-1 cells (B). mRNA levels of CD40 (C), IFNβ 

(D) and MXA (E) were assessed by RT-PCR. (F) CAL-1-EV cells were left untreated  or CpG-activated for 

6h prior to co-culture with DDAO-labeled Jurkat cells for 20h in a ratio 25:1. TRAIL-dependent killing was 

assessed by adding 10 µg/ml anti-TRAIL antibody to CAL-1 cells 30 min prior to the co-culture 

(CpG+αTRAIL). Apoptosis induction of DDAO+ Jurkat cells was assessed by Annexin V or Active 

Caspase-3 stainings. Numbers represent the percentage of Annexin V or Active Caspase-3 positive cells. 

Data are representative of at least 8 (B-D) or 2 (E-F) independent experiments (**p<0.005, ***p<0.001). 
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supporting information figure 1. (A) NAB2 is induced in human pDCs upon CpG, but not upon type 
I IFN stimulation. Primary human pDCs were activated for 4h with 12.5 µg/ml CpG A or 200 ng/ml 
IFNα and NAB2 protein levels were assessed. (B-F) CpG activated CAL-1 cells express CD40, IFNβ 
and MXA, and kill target cells in a TRAIL-dependent manner. CAL-1 cells were left untreated (-) or 
activated with Control CpG (Ctrl), CpG or IFNβ for 4h, andCD40 protein levels were measured by flow 
cytometry and compared with isotype control staining of CpG treated CAL-1 cells (B). mRNA levels 
of CD40 (C), IFNβ  (D) and MXA (E) were assessed by RT-PCR. (F) CAL-1-EV cells were left untreated  
or CpG-activated for 6h prior to co-culture with DDAO-labeled Jurkat cells for 20h in a ratio 25:1. 
TRAIL-dependent killing was assessed by adding 10 µg/ml anti-TRAIL antibody to CAL-1 cells 30 min 
prior to the co-culture (CpG+α TRAIL). Apoptosis induction of DDAO+ Jurkat cells was assessed 
by Annexin V or Active Caspase-3 stainings. Numbers represent the percentage of Annexin V or 
Active Caspase-3 positive cells. Data are representative of at least 8 (B-D) or 2 (E-F) independent 
experiments (**p<0.005, ***p<0.001). 
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Supporting Information Figure 2. Activation of CAL1 cell variants with CpG results in comparable 

induction of CD40, TNF-α and IRF-7. CAL-1 cell variants were left untreated (Ctrl) or activated for 6h 

with CpG. (A) CD40 levels were assessed by flow cytometry. Left panel: one representative analysis of 

CD40 expression of one of 3 independently performed experiments combined in the right panel. (B) TNF-α 

and IL-6 cytokine expression were measured in the supernatant of 6h untreated or CpG-stimulated CAL-1 

cell variants. (C) IRF-7 expression was measured by intracellular flow cytometry staining in CAL-1-EV, 

-NAB2, -NAB2E51K untreated or stimulated for o/n with CpG. The mean of GeoMFI of IRF-7 minus isotype 

control are shown. Data are representative of 3 independent experiments (*p<0.05, ***p<0.001). ND: not 

detectable.
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Supporting Information Figure 2

supporting information figure 2. Activation of CAL1 cell variants with CpG results in comparable 
induction of CD40, TNF-α and IRF-7. CAL-1 cell variants were left untreated (Ctrl) or activated for 6h 
with CpG. (A) CD40 levels were assessed by flow cytometry. Left panel: one representative analysis 
of CD40 expression of one of 3 independently performed experiments combined in the right panel. 
(B) TNF-α  and IL-6 cytokine expression were measured in the supernatant of 6h untreated or CpG-
stimulated CAL-1 cell variants. (C) IRF-7 expression was measured by intracellular flow cytometry 
staining in CAL-1-EV, -NAB2, -NAB2E51K untreated or stimulated for o/n with CpG. The mean 
of GeoMFI of IRF-7 minus isotype control are shown. Data are representative of 3 independent 
experiments (*p<0.05, ***p<0.001). ND: not detectable.
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Supporting Information Figure 2. IRF-7 nuclear translocation in CAL-1 cells is not affected by 

exogenous expression of NAB2 or NAB2E51K. (D-F) CAL-2-EV, -NAB2, or -NAB2E51K were left untreated 

(Ctrl) or stimulated with CpG for 6h, and IRF-7 translocation was measured with ImageStream technology. 

Left panel: representative images of Bright field, Hoechst 33258 (Blue), IRF-7 (Orange), and Hoechst 

33258/IRF-7 of translocated or non-translocated IRF-7 staining in CAL-1 cells variants. Right panel: 

Similarity analysis between Hoechst 33258 and IRF-7 in untreated or CpG-stimulated CAL-1 cell variants. 

Values depicted in the histograms represent the percentage of cells with similarity values above an arbitrary 

value of 1.7 over a total of approximately 20.000 cells.
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Supporting Information Figure 2 continued

supporting information figure 2. IRF-7 nuclear translocation in CAL-1 cells is not affected by 
exogenous expression of NAB2 or NAB2E51K. (D-F) CAL-2-EV, -NAB2, or -NAB2E51K were left 
untreated (Ctrl) or stimulated with CpG for 6h, and IRF-7 translocation was measured with 
ImageStream technology. Left panel: representative images of Bright field, Hoechst 33258 (Blue), 
IRF-7 (Orange), and Hoechst 33258/IRF-7 of translocated or non-translocated IRF-7 staining in 
CAL-1 cells variants. Right panel: Similarity analysis between Hoechst 33258 and IRF-7 in untreated 
or CpG-stimulated CAL-1 cell variants. Values depicted in the histograms represent the percentage of 
cells with similarity values above an arbitrary value of 1.7 over a total of approximately 20.000 cells.
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Supporting Information Figure 3. NAB2 knowdown by siRNA reduces TRAIL induction in CpG treated 

CAL1 cells but does not affect CD40 expression. CAL-1 cells were transfected with siGLO transfection 

indicator together with Ctrl siRNA or siRNA targeting NAB2 in a ratio of 1:3. (A) 48h post-transfection 

TRAIL expression of unstimulated, or CpG-stimulated CAL-1 cells was measured by flow cytrometry in 

the siGLO+ and total transfected cell populations. Numbers in the upper right corner represent TRAIL 

GeoMFI of CpG stimulated cells. (B) The knock-down of NAB2 protein of the total transfected cell 

population was assessed by Western blot analysis. (C) CD40 expression was measured by flow cytometry 

in siGLO+ (left panel) or in the total cell population (right panel). Numbers depict the percentage of CD40+ 

cells. Data are representative of 2 independent experiments.
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supporting information figure 3. NAB2 knowdown by siRNA reduces TRAIL induction in CpG treated 
CAL1 cells but does not affect CD40 expression. CAL-1 cells were transfected with siGLO transfection 
indicator together with Ctrl siRNA or siRNA targeting NAB2 in a ratio of 1:3. (A) 48h post-transfection 
TRAIL expression of unstimulated, or CpG-stimulated CAL-1 cells was measured by flow cytrometry 
in the siGLO+ and total transfected cell populations. Numbers in the upper right corner represent 
TRAIL GeoMFI of CpG stimulated cells. (B) The knock-down of NAB2 protein of the total transfected 
cell population was assessed by Western blot analysis. (C) CD40 expression was measured by flow 
cytometry in siGLO+ (left panel) or in the total cell population (right panel). Numbers depict the 
percentage of CD40+ cells. Data are representative of 2 independent experiments.
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Supporting Information Figure 4. Activated CAL-1 NAB2E51K cells are less potent in inducing apoptosis 

in Jurkat cells. (A) DDAO-labeled Jurkat cells were co-cultured for 20h with unstimulated or CpG 

stimulated CAL-1-EV, -NAB2, or -NAB2E51K cells. Active Caspase-3 was measured in Jurkat cells by 

CaspGLOW Red Active Caspase-3 Staining Kit. Data are representative of 2 independent experiments.

Supporting Information Figure 4

supporting information figure 4. Activated CAL-1 NAB2E51K cells are less potent in inducing apoptosis 
in Jurkat cells. (A) DDAO-labeled Jurkat cells were co-cultured for 20h with unstimulated or CpG 
stimulated CAL-1-EV, -NAB2, or -NAB2E51K cells. Active Caspase-3 was measured in Jurkat cells by 
CaspGLOW Red Active Caspase-3 Staining Kit. Data are representative of 2 independent experiments.
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Supporting Information Figure 5. Analysis of the specificity of inhibition of PI3K [7], p38MAPK, NF-

kB and effects of mTOR and PI3K pathways. (A-B) CAL-1 cells were pre-incubated for 30 min with PI-

103 (PI), SB203580 (SB), and BAY11-7082 (Bay), DMSO (Ctrl) or left untreated (-), before being 

activated with CpG for 30min (A) or 1h (B). Protein expression of Akt, p38MAPK, NF-kB p65 and the 

respective phosphorylated forms (p-) were assessed by Western blot analysis. NAB2 induction is 

independent on mTOR. (C) CAL-1 cells were incubated for 30 min with PI-103 (PI) or Rapamycin (Rap) 

followed by 4h activation with CpG. NAB2 mRNA levels were measured by RT-PCR. (D) CAL-1 cells 

were stimulated for 4h with CpG in the absence or presence of PI-103, and IFNβ mRNA levels were 

measured.
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Supporting Information Figure 5

supporting information figure 5. Analysis of the specificity of inhibition of PI3K [7], p38MAPK, 
NF-kB and effects of mTOR and PI3K pathways. (A-B) CAL-1 cells were pre-incubated for 30 min 
with PI-103 (PI), SB203580 (SB), and BAY11-7082 (Bay), DMSO (Ctrl) or left untreated (-), before 
being activated with CpG for 30min (A) or 1h (B). Protein expression of Akt, p38MAPK, NF-kB p65 
and the respective phosphorylated forms (p-) were assessed by Western blot analysis. NAB2 
induction is independent on mTOR. (C) CAL-1 cells were incubated for 30 min with PI-103 (PI) or 
Rapamycin (Rap) followed by 4h activation with CpG. NAB2 mRNA levels were measured by RT-PCR. 
(D) CAL-1 cells were stimulated for 4h with CpG in the absence or presence of PI-103, and IFNβ  
mRNA levels were measured.



145

  

Supporting Information Figure 6. Differential TRAIL levels in CAL-1-NAB2E51K cells are not correlated 

with NAB2E51K expression levels, but rather a consequence of not fully activated CAL-1 cells. (A) CAL-1-

NAB2E51K cells were activated for 6h with CpG, and TRAIL expression levels were assessed by flow 

cytometry of the top GFP-expressing cells (GFP high) the bottom GFP-expressing cells (GFP low). Shaded 

plots represent unstimulated CAL-1-NAB2E51K cells. Numbers in the upper right corner represent the 

percentage of TRAIL+ cells upon activation. (B) CAL-1 cells were activated with 5µg/ml of Imiquimod for 

indicated time points and TRAIL protein levels were assessed by flow cytometry. Data shown display 

gating strategy (top row) and time course is representative of 3 independently performed experiments. 

B

0h

0

20

40

60

80

100

10
0

10
1

10
2

10
3

10
4

2h

0

20

40

60

80

100

10
0

10
1

10
2

10
3

10
4

4h

0

20

40

60

80

100

10
0

10
1

10
2

10
3

10
4

6h

0

20

40

60

80

100

10
0

10
1

10
2

10
3

10
4

Imiq

Ctrl
8h

0

20

40

60

80

100

10
0

10
1

10
2

10
3

10
4

FSC

S
S

C

 0 200 400 600 800 1000
0

1000

200

400

600

800

P
I

 0 200 400 600 800 1000

10

10

10

10

10

0

1

2

3

4

FSC

TRAIL

%
 o

f 
M

a
x

A

10

10

10

10

0 50K 100K 150K 200K 250K

0

2

3

4

5

FSC

G
F

P

TRAIL

%
 o

f 
M

a
x

GFP high GFP low

2 3 4
0 10 10 10 10

5

0

20

40

60

80

100
56

0 10
2

10
3

10
4

10
5

0

20

40

60

80

100
47.5

Supporting Information Figure 6

supporting information figure 6. Differential TRAIL levels in CAL-1-NAB2E51K cells are not 
correlated with NAB2E51K expression levels, but rather a consequence of not fully activated 
CAL-1 cells. (A) CAL-1-NAB2E51K cells were activated for 6h with CpG, and TRAIL expression levels 
were assessed by flow cytometry of the top GFP-expressing cells (GFP high) the bottom GFP-
expressing cells (GFP low). Shaded plots represent unstimulated CAL-1-NAB2E51K cells. Numbers 
in the upper right corner represent the percentage of TRAIL+ cells upon activation. (B) CAL-1 cells 
were activated with 5µg/ml of Imiquimod for indicated time points and TRAIL protein levels were 
assessed by flow cytometry. Data shown display gating strategy (top row) and time course is 
representative of 3 independently performed experiments. 
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abstract
Plasmacytoid dendritic cells (pDCs) not only play a crucial role during innate 
immunity by secreting bulk amounts of type I Interferons (IFNs) in response 
to Toll-like-receptor (TLR)-mediated pathogen recognition, but can also 
contribute to adaptive immunity by activation of antigen-specific T cells. 
Furthermore, it is well-established that pDCs contribute to the pathogenesis 
of autoimmune diseases, including lupus. IL-21 is a cytokine produced by 
activated CD4+ T and NKT cells and has a pleiotropic role in immunity by 
controlling myeloid DC, NK(T), T and B cell functions. It has remained elusive 
whether IL-21 affects pDCs. Here we investigated the role of IL-21 in human 
pDC activation and function and observed that IL-21 activated STAT3 in line 
with the finding that pDCs express the IL-21 receptor. While IL-21 did not 
affect TLR-induced type I IFNs, IL-6 and TNF-α nor expression of major-
histocompatibilty-complex-class-II (MHC-II) or co-stimulatory molecules, 
IL-21 markedly increased expression of the serine protease Granzyme B (GrB). 
We demonstrate that GrB induction was in part responsible for IL-21-mediated 
downmodulation of CD4+ T cell proliferation induced by TLR pre-activated 
pDCs. Collectively, our data provide evidence that pDCs are important cells to 
consider when investigating the role of IL-21 in immunity or pathogenesis.
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introduction
Plasmacytoid dendritic cells (pDCs) constitute a separate subset within the DC lineage 
and have been shown to exert both immunostimulatory and immunosuppressive 
functions. PDCs express the Toll like receptors (TLR)-7 and TLR9,1 which upon 
sensing viral RNA or bacterial DNA, respectively, are able to produce large amounts 
of the type I Interferons (IFN)-α and IFN-β.2 These are pleiotropic cytokines that 
can activate multiple arms of the immune system, including T cells, B cells, NK 
cells, and conventional (c)-DCs,3 and also have a direct anti-replicative effect on 
the virus.4 Further, TLR triggering induces secretion of additional cytokines such 
as IL-6 and TNF-α that mediate maturation of pDCs into antigen presenting cells 
(APCs) that can prime both CD4 and CD8 T cell responses.5 Conversely, pDCs have 
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.6 In addition, pDCs constitutively express the serine protease granzyme 
B (GrB),7,8 which is upregulated and secreted in response to IL-3, either alone or in 
combination with IL-10.9 PDC-derived GrB is active, as it was shown in cytotoxicity 
experiments using the erythroleukemic cell line K562.7 In addition, it yields 
suppression of T-cell proliferation in a perforin-independent manner, although the 
mechanism underlying this effect remained elusive.9 

Following activation and polarization of T cells by APCs, T cells produce cytokines 
that impact on the immune response. In a classical division, T helper (Th)-1 cells 
produce IFN-γ, while IL-4, IL-5 and IL-13 are the signature cytokines produced by 
Th2 cells.10 In addition, other Th subsets have been defined, including Th17 cells, 
which predominantly make IL-17.11 Another cytokine that more recently attracted 
attention is IL-21, which is a member of the common γ-chain family of cytokines, to 
which IL-2, IL-4, IL-7, IL-9, and IL-15 belong as well.12,13 Production of this cytokine 
was originally documented to be restricted to CD4+ T cells in particular to T-follicular 
helper cells found in or near the B-cell areas of secondary lymphoid tissue. In mice it 
is clear that IL-21 is produced also by other types of T cells, including Th17 cells and 
natural killer T (NKT) cells.14 The functional receptor for IL-21 exists as a heterodimer 
that comprises the IL-21R and the common γ chain (γc; CD132).15 In the absence 
of the γc, IL-21 can bind the IL-21R, but does not transduce intracellular signaling. 
Expression of the IL-21R complex is detected in lymphoid tissues, including spleen, 
thymus, and peripheral blood cells, indicating that IL-21 has regulatory functions on 
many cell types. While the IL-21R is shown to be expressed on resting and activated 
B cells, T cells, NK cells, dendritic cells (DCs), macrophages and keratinocytes,16,17 it 
has remained elusive whether pDCs express this cytokine receptor. 

Here we have investigated the role of IL-21 on the phenotype and function of 
human pDCs. We observed that pDCs expressed a functional IL-21R as STAT3 was 
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rapidly phosphorylated in response to IL-21. IL-21 did not impact on TLR-induced 
production of type I IFNs, IL-6 or TNF-α by pDCs. IL-21 also did not interfere with TLR 
induced maturation of pDCs, since expression of co-stimulatory molecules, such 
as CD40, CD80 and CD86, and MHC molecules were upregulated to a similar level 
either in the absence or presence of IL-21. Notably, we observed that IL-21 induced 
the expression and secretion of GrB in pDCs. Moreover, GrB secreted from TLR/
IL-21 pre-activated pDCs inhibited proliferation of T cells. Our findings demonstrate 
a novel role for IL-21 to control pDCs. We hypothesize that activated T cells in a 
negative feedback loop may be controlled by pDCs through production of GrB, which 
impairs the expansion of the T cell pool. 

material and methods
human pdc isolation
Peripheral blood of healthy volunteers was used for isolation of pDCs upon donor 
consent (Sanquin Bloodbank, Amsterdam, The Netherlands). Postnatal thymus 
tissue was obtained from surgical specimens removed from children up to 3 years 
of age undergoing open heart surgery (LUMC, Leiden, The Netherlands). Tonsils 
were obtained from routine tonsillectomies (department of Otolaryngology, AMC, 
Amsterdam, The Netherlands). Use of these tissues was approved by the medical 
ethical committee of the AMC. Thymocytes and lymphocytes from peripheral 
blood and from tonsils were isolated from a Ficoll-Hypaque density gradient 
(Lymphoprep; Nycomed Pharma, Oslo, Norway). Subsequently, BDCA4+ cells were 
enriched by immunomagnetic bead selection, using the BDCA4 cell separation kit 
(Miltenyi Biotec, Bergisch Gladbach, Germany). CD123+CD45RA+ cells were sorted 
by flow cytometry on a FACSAria (BD Biosciences). Purity was ≥ 99% and confirmed 
by reanalysis of sorted cells.

reagents for functional assay
To test activation and maturation of pDCs, cells were cultured in Yssel’s medium,18 
supplemented with 2% human serum (Invitrogen). Oligodeoxynucleotides CpG-A 
(ODN2216) and CpG-B (ODN2006), and R848 were purchased from Invivogen. 
Mouse Recombinant IL-21 was obtained from R&D Systems, and is cross-reactive 
between mouse and human. The Z-AAD-CMK specific inhibitor of GrB was purchased 
from Enzo Life Sciences (NY, USA).

flow cytometry
For flow cytometric analysis, single cell suspensions were stained with fluorescein 
isothiocyanate (FITC), phycoerythrin (PE), PE-Cy7, allophycocyanin (APC), APC-Cy7, 
or Peridinin chlorophyll (PerCP) coupled anti-human monoclonal antibodies (Abs) 
targeting the following cell surface markers: CCR7, CD40, CD45RA, CD80, CD86, 
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CD123, HLA-DR, or isotype controls (BD Bioscience), and BDCA2 (Miltenyi Biotech). 
Human IL-21R was detected on the cell surface using an APC-mouse-anti-human-
IL-21R Ab (R&D systems). For detection of phosphorylated STAT3 (pSTAT3) protein, 
cells were fixed using cytofix/cytoperm buffer, permeabilized in ice-cold methanol 
and washed with Perm/Wash buffer (BD PharMingen) before incubation with 
APC-conjugated pSTAT3 Ab (BD PharMingen). For intracellular detection of IFN-α 
protein, and GrB protein, cells were cultured 4 hours with GolgiPlug prior to fixation 
and permeabilization using the Fixation/Permeabilization kit from BD, according 
to manufacturer’s protocol. Fixed cells were stained either with a PE-conjugated 
IFN-α[2b] Ab (BD Pharmingen), or with a PE or APC conjugated GrB Ab (Sanquin, 
Amsterdam, The Netherlands). Samples were analyzed on a LSRII fluorescence-
activated cell sorter (FACS) analyzer (BD Bioscience) and analyzed using FlowJo 
software (TreeStar).

elisa and cba assays 
PDCs were activated overnight with CpG-A (10 µg/mL), CpG-B (10 µg/mL) or R848 
(10 µg/mL), in the presence or absence of recombinant mouse IL-21 (25 ng/mL). 
Cell-free culture supernatants were collected and analyzed for the presence of 
cytokines IL-6 and TNF-α using ELISA (IL-6, U-CyTech biosciences, Utrecht, The 
Netherlands; TNF-α, eBioseciences, CA, USA), or using the Cytometric Bead Array 
(CBA), according to the manufacturer’s protocol (CBA Human Inflammation kit, 
BD Biosciences). GrB present in the culture medium was quantified using the 
PeliKine Compact human Granzyme B ELISA kit (M1936, Sanquin), according to the 
manufacturer’s protocol.

Pcr
For PCRs, total RNA was extracted using Trizol reagent (Invitrogen). RNA 
concentration and quality was determined using the Nanodrop spectrophotometer 
(Thermo Fisher Scientific). Equal amounts of total RNA were reverse transcribed 
into cDNA using the RNA-to-cDNA kit (Roche) according to the manufacturer’s 
instructions. cDNA was amplified using a PCR machine for conventional RT-PCR 
and separated on a 1,5% agarose gel, or amplified using an iCycler and SYBR 
green supermix (BioRad) for quantitative PCR (QPCR) using specific primer sets 
(supplementary table 1). Each sample was analyzed in triplicates and expression 
levels were normalized to the three housekeeping genes β-Actin, GAPDH and HPRT.

allogeneic t cell stimulation
Lymphocytes from peripheral blood were isolated by Ficoll gradient centrifugation 
as described in the “human pDC isolation” section. CD4+ T cells were sorted as 
lineage (CD11c-CD14-CD19-CD56-BDCA2-) negative cells using a FACS ARIA (BD 
Biosciences). Sorted pDCs from peripheral blood were incubated with or without 
the TLR7 ligand R848 for 48h in the absence or presence of IL-21 (25ng/mL). 
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Subsequently, pDCs were co-cultured with T cells at a 1:5 ratio for 6 days in 
Yssel’s medium18 supplemented with 2% human serum. Cell proliferation was 
assessed using the CellTrace-violet proliferation kit (Invitrogen) according to the 
manufacturer’s instructions. T cells activated with human T-expander CD3/CD28 
beads (Dynabeads, Dynal, Invitrogen) were used as a positive control.

statistical analyses
Data were subjected to two-tailed paired Student’s t-test analysis using Graphpad 
Prism 5 for Windows (Graphpad software, San Diego, USA) and considered 
significant when at least P < 0.05.

results
pdcs express a functional il-21r
The IL-21R was shown to be expressed by several immune cell types, including B 
cells and T cells.19 Evidence that pDCs express this receptor is lacking. We therefore 
analyzed human pDCs from 2 independent donors for expression of the IL-21R 
transcript by RT-PCR (Figure 1A) and compared expression to that in primary B 
cells (CD19 MACS-enriched) and T cells (CD3 MACS-enriched or sorted total CD4+ 
T cells). We observed that pDCs, B cells, and T cells all expressed the IL-21RA 
chain. Furthermore, protein expression of the IL-21Rα chain was detected by flow 
cytometry at the cell surface of freshly isolated pDCs from peripheral blood, thymus 
and tonsil (Figure 1B and data not shown). The expression level of the IL-21R on 
peripheral blood pDCs was comparable to the levels detected on T and B cells and 
other (non-pDC/T/B) cells from the same donor (Figure 1B). To further characterize 
whether the IL-21R expressed on pDCs was functional, we stimulated human pDCs 
from blood, thymus and tonsils with IL-21 and evaluated the phosphorylation of 
STAT3, which is a key component of the IL-21R downstream signalling pathway.19 As 
shown by flow cytometric analysis, IL-21 upregulated pSTAT3 levels as compared to 
unstimulated cells independent of their source of origin (Figure 1C). Taken together, 
these data show that human pDCs not only express the IL-21R chain, but in addition 
that the receptor is functional when engaged by its physiological ligand.

 il-21 does not affect pdc survival and cytokine production
To unravel the putative role of the IL-21R on pDCs, we first investigated the effect 
of IL-21 on pDC survival, both in the presence and absence of TLR stimulation. We 
observed no significant differences of IL-21 on cell survival after 4 days, neither in 
TLR unstimulated cells, nor after stimulation with the TLR7 ligand R848, as shown 
by apoptosis staining using AnnexinV and 7-AAD (Figure 2A). To determine the role 
of IL-21 in combination with TLR9 engagement, pDCs were activated using the TLR9 
agonist CpG-A in the presence or absence of IL-21 (Figure 2B). Equal percentages of 
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figure 1: il-21r is expressed by human pdcs and is functional. (A) Expression of IL-21 receptor 
was measured by RT-PCR on RNA extracted from human sorted pDCs from thymus (2 different 
donors) and compared to peripheral blood human T cells (sorted or MACS-enriched for CD3) and 
human B cells (sorted or MACS-enriched for CD19). Amplification of actin was done as a loading 
control. (B) Total human PBMCs were analysed for expression of IL-21R by flow cytometry. IL-21R 
surface expression levels on pDCs, T cells (CD4+ MACS), B cells (CD19+ MACS) and other cells 
(other) are shown (black lines) (isotype control stainings are shown as grey filled histograms). 
IL-21R expression on total B cells is shown as positive control. (C) Flow cytometric analysis of 
phosphorylated (p)-STAT3 protein in primary pDCs from peripheral blood, thymus, and tonsils 
stimulated in the presence (black lines) or absence (grey filled histograms) of IL-21 (25 ng/mL) 
for 20 min. RCN, relative cell number. One representative experiment out of 3 is depicted.
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IFN-α expressing cells were found in response to CpG-A either with or without IL-21, 
as shown by intracellular cytokine staining. Furthermore, the presence of IL-21 during 
TLR triggering did not influence the ability of pDC to secrete the pro-inflammatory 
cytokines IL-6 and TNF-α in response to stimulation with CpG-B or R848 as detected 
by cytokine bead array analysis (Figure 2C-D) or ELISA (data not shown).

il-21 does not interfere with tlr-induced maturation of pdcs
Engagement of TLR induces differentiation of pDCs into mature DCs that 
have upregulated expression levels of MHC-II, chemokine receptor CCR7, and 
co-stimulatory molecules, including CD40, CD80, and CD86.3 We interested to 
analyze whether IL-21 affects this process. We observed that the maturation of 
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figure 2: il-21 stimulation does not affect survival nor alter cytokine production and secretion in 
pdcs upon tlr activation. (A) Freshly isolated human thymic pDCs were cultured with or without 
TLR7 agonist R848 (10 μg/mL), in the presence or absence of IL-21 (25 ng/mL) for 4 days, and 
subsequently stained with an AnnexinV conjugated APC antibody and 7-AAD. The percentages 
of AnnexinV+7-AAD-/+ early and late apoptotic cells were analyzed by flow cytometry. Numbers 
represent percentages of cells in the indicated gates. (B)  Freshly isolated pDCs were cultured 
overnight with or without CpG–A (10 μg/mL), in the presence or absence of IL-21 as indicated. Cells 
were incubated with GolgiPlug for the last 4h, and analyzed by flow cytometry after intracellular 
staining using a PE-conjugated antibody directed against IFN-α[2b] protein. CD45RA expression 
was analyzed to confirm the presence of pDCs. Numbers represent percentages of cells in the 
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experiment out of 2 is depicted.
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pDCs upon CpG-B or R848 stimulation was not changed by IL-21, as equal levels of 
the co-stimulatory molecules CD40, CD80, CD86 were detected by flow cytometry 
(Figure 3). Similarly, no effect of IL-21 on expression of HLA-DR and CCR7 was 
observed. Taken together, these results indicate that IL-21 does not interfere with 
the TLR induced functionality of pDCs in terms of activation and maturation.

il-21 induces grb expression in pdcs and is modulated by tlr 
stimulation
PDCs, unlike conventional DCs, constitutively express GrB, although conflicting data 
have been reported in literature.7-9 To further elucidate this and to address whether 
IL-21 affects GrB expression, we cultured pDCs in the presence or absence of 
IL-21. We confirmed earlier observations7,8 that freshly isolated pDCs constitutively 
express GrB independent of their source of origin (tonsil, thymus, peripheral blood) 
(Figure 4A). Notably, IL-21 had a major impact on GrB levels in pDCs as IL-21 
induced GrB expression both at the transcriptional (Figure 4B) and at the protein 
(Figure 4C) level. Already 4h after stimulation of pDCs, IL-21 induced the level of GrB 
mRNA 3.2-fold as measured by QPCR analysis, while after 6h this was even higher 
7.5-fold as compared to medium cultured pDCs (Figure 4B). Secretion of active 
GrB from pDCs was measured in two independent tonsil donors after culture in the 
presence or absence of IL-21 in serum-free medium for 16h by ELISA (Figure 4C). 
In both donors, IL-21 induced secretion of GrB by pDCs as compared to medium 
cultured cells. Notably, significant levels of GrB could also be detected when cells 
were cultured in the absence of IL-21, which is in line with our findings that pDCs 
constitutively express GrB (Figure 4C). 

To investigate the effect of IL-21 on GrB production upon pDC activation, ex vivo 
pDCs were stimulated with the TLR9 agonist CpG-B or with the TLR7 agonist R848 
in the presence or absence of IL-21. GrB expression was assessed by flow cytometry 
after intracellular staining (Figure 4D). We observed that stimulation of pDCs with 
either CpG-B or R848 reduced GrB levels as compared to medium cultured pDCs. 
This is in contrast to pDCs incubated with IL-21 alone in the absence of TLR ligands, 
where GrB expression increased as compared to the medium control cultured pDCs. 
Notably, TLR-induced GrB inhibition in the concomitant presence of IL-21 was 
only partial. In this condition, GrB levels were comparable to the levels that were 
expressed in medium cultured cells (Figure 4D). Collectively these results show that 
pDCs constitutively express and secrete GrB and that IL-21 potently induces GrB, 
which can be partially antagonized by TLR co-ligation. 

il-21-induced grb production by pdcs inhibits t cell proliferation
During a viral or bacterial infection, CD4+ T cells and NKT cells are the main producers 
of IL-21.12 To investigate the role of IL-21 in the interactions between pDCs and T 
cells during an immune response, we performed in vitro allogeneic T cell stimulation 
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figure 3: il-21 stimulation does not affect tlr-induced pdc maturation. (A) Surface expression 
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measured by flow cytometry on unstimulated pDCs (grey lines) and after stimulation (black lines) 
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assays using pre-activated pDCs. First, pDCs were activated with the TLR7 ligand 
R848, or with the TLR9 ligand CpG-B, in the presence or absence of IL-21 for 48h 
(Figure 5 and data not shown). After extensive washing, pre-activated pDCs were 
co-cultured with resting allogenenic CD4+ T cells for 6 days. T cell proliferation was 
assessed by measuring the loss of the dye CellTrace-violet upon cell division using 
flow cytometry. In addition, we included 7-AAD in our analyses to measure cell death. 
Both TLR7 as well as TLR9 activated pDCs were able to induce T cell proliferation 
(Figure 5A and data not shown). Allogenenic T cell proliferation induced by activated 
pDCs was reduced compared to polyclonal stimulation using anti-CD3/CD28 beads. 
IL-21 pre-activated pDCs did not induce the proliferation of T cells as compared to 
medium cultured pDCs. Notably, when pDCs were pre-activated by the TLR agonists 
in the presence of IL-21 they were less capable to induce T cell proliferation as 
compared to TLR-activated pDCs in the absence of IL-21 (R848: 40% versus 
R848+IL-21: 15%). This decrease in the percentage of expanded T cells was not 
due to increased cell death, since the percentage of 7-AAD+ T cells were similar in 
both conditions (Figure 5A). To demonstrate that GrB could be involved in blocking 
T cell proliferation we added a GrB inhibitor during the pDC-T cell co-culture. Indeed, 
T cell proliferation was restored at least in part by impairing the activity of GrB. 
In all conditions statistically significant differences were observed when analyzing 
multiple donors (n = 4) (Figure 5B). Hence, our data support the notion that GrB, 
which is increased in pDCs upon stimulation with IL-21, affects the level of T cell 
proliferation induced by TLR-activated pDCs.

discussion
To our knowledge, this study is the first to show constitutive expression of the IL-21R 
on human pDCs. We show that the IL-21R is functionally expressed, since IL-21 
stimulation of pDCs resulted in activation of the downstream signaling molecule STAT3. 
IL-21 by itself did not affect pDC activation nor maturation or cytokine production in 
response to TLR ligation. However, IL-21 induced the level of GrB expression in pDCs. 
Moreover, we demonstrate that IL-21-induced GrB was secreted by pDCs, which 
contributes to impairing CD4+ T cell proliferation in an allogeneic setting.

Despite the pleiotropic effect of IL-21 on a wide range of immune cells, its 
role on pDCs has previously not been investigated. In mice, bone marrow-derived 
conventional DCs (BMDCs) generated in the presence of IL-21 (IL-21-DCs) showed 
an impaired activation and maturation capacity.20 Consistent with this, IL-21 
pretreated BMDCs when adoptively transferred failed to induce T cell activation 
in vivo.21 Human monocyte-derived DCs, when pretreated with IL-21 also failed 
to upregulate CD86 and MHCII expression in response to LPS, although the 
consequence of this with respect to T cell stimulatory capacity was not analyzed.22 
In our studies using human pDCs, we did not observe any significant differences 
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figure 5: il-21-induced grb production in pdcs inhibits allogeneic cd4+ t cell proliferation. 
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histogram). The GrB inhibitor Z-AAD-CMK (5 ug/mL) was added during the pDC/T cell co-culture. 
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in expression of maturation markers, including CD40, CD80, CD86, MHCII, or CCR7, 
in response to TLR agonists either in the presence or absence of IL-21. Therefore, 
this cannot explain the impaired T cell proliferation we observed in the presence of 
TLR/IL-21 stimulated pDCs as compared to TLR only stimulated pDCs. Moreover, 
the impaired ability of TLR/IL21-pDCs to activate T cells could also not be due to 
increased apoptosis induction of the pDCs themselves, since IL-21 did not affect 
pDCs survival. As our results did not reveal increased apoptosis induction of 
proliferating T cells either, it is more likely that GrB secreted by IL-21 stimulated 
pDCs hampered T cell proliferation. This is underscored by our finding that addition 
of a GrB inhibitor could partially restore T cell expansion.

It is generally accepted that differentiation, expansion and survival of T cells is 
enforced in response to cues delivered by DCs. While antigen presentation is key to 
DCs functioning, additional signals will polarize T cells to induce a tailored immune 
response against microbial infections. In return, T cell responses are required 
to be downmodulated in order to avoid overactivation of the immune system. In 
physiological conditions, activated T cells and pDCs may meet in the lymph node 
where follicular helper CD4+ T (Tfh) cells produce its primary cytokine IL-21, which 
provide B cells with signals that are important for the generation of high-affinity 
antibodies and immunological memory.23 It is reasonable to assume that IL-21 
reversely may serve to dampen Tfh responses through induction of GrB in pDCs 
and thereby help to return to homeostasis at the stage where antibodies have been 
formed and there is resolution of infection.

Previously, GrB was shown to enter T cells and via an as yet unknown mechanism 
to impair proliferation.9 One of the molecules that are known to steer T cell responses 
is Notch. The Notch pathway is an evolutionarily conserved signaling pathway in 
multi-cellular eukaryotes that plays a broad and important role during embryonic 
development and in adult tissue homeostasis.24 Notch proteins coordinate cell-cell 
communication through receptor-ligand (i.e. Delta, Jagged) interactions between 
adjacent cells. Pathway activation results in the cleavage of the Notch intracellular 
domain and its translocation into the nucleus, where it binds the transcription factor 
CSL (CBF1/suppressor of Hairless/Lag-1) in human or RBP-Jκ (recombination 
signal-binding protein 1 for Jκ) in mice, participating in a complex that activates 
Notch target genes.25 Evidence has accumulated that Notch activity is tightly 
controlled by proteases that activate (i.e. γ–secretase) Notch receptor signaling. 
Within the CD4+ T cell lineage Notch can skew T cell responses towards a Th2 
phenotype by controlling expression of the lineage specific factor GATA-3.26-28 More 
recently it was demonstrated that Notch can also control T cell proliferation29 and 
longevity.30 Interestingly, NOTCH1 has been described as a substrate of GrB,31 and 
GrB-mediated cleavage of NOTCH1 results in loss of its transcriptional activity.32 
Hence, we speculate that impaired T cell proliferation when co-cultured with 
IL-21 pretreated pDCs is the result of GrB-mediated NOTCH1 degradation. Taken 
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together, a model is emerging that CD4+ T cells after activation will inhibit their own 
expansion via production of IL-21, and induction of GrB by pDCs, forming a negative 
feedback loop in the regulation of an adaptive immune response.

In primary human B cells, we33 and others34 have demonstrated robust activation 
of STAT3 by IL-21. Here, we show that IL-21 also activated STAT3 in human primary 
pDCs leading to increased levels of GrB. Other cytokines, including IL-3 and IL-10, 
were previously reported to induce expression of GrB in pDCs.9 As these cytokines 
act through activation of the JAK/STAT3 as well, it is likely that this is a common 
pathway for induction of GrB in pDCs. Interestingly, in mice it was shown that 
targeting Stat3 in CD11c+ myeloid cells by CpG-siRNA improved key effector 
functions and proliferation of adoptively transferred T cells.35 While direct evidence 
is lacking, it is attractive to consider that this may partially be due to reduced levels 
of GrB expressed in Stat3-/- DCs, thereby allowing more extensive T cell proliferation.

PDCs form the first line of defence against viruses and bacteria by rapid 
production of IFN-α.36 Conversely, uncontrolled or unwanted pDC-derived 
production of IFN-α has been shown to play a key role in human autoimmune 
pathogenesis, such as systemic lupus erythematosus (SLE),37 Sjögren’s syndrome 
(SS),38 and psoriasis.39 In addition to IFN-α, also elevated serum levels of IL-21 
have been detected in patients suffering from SS, SLE, and RA as compared to 
healthy controls.40,41 Furthermore, Sawalha et al. found that SLE is associated 
with two single nucleotide polymorphisms of the IL-21 gene.42 In agreement with 
these data, elevated IL-21 levels were found in SLE mouse models.43 While IL-21 is 
known to enhance the anti-CD3 induced proliferation of T cells,44 it also controls the 
functional activity of effector T helper (Th) cells, the differentiation of Th17 cells, and 
counteracts the suppressive effects of regulatory T cells.45 Moreover, IL-21 either 
alone or in synergy with BAFF is capable of promoting B cell expansion and plasma 
B cell differentiation.44,46 Adding to this list, we here show that IL-21 induced the 
production of GrB in pDCs. It is of interest that GrB has been found to play a role in 
autoimmunity, as GrB-mediated cleavages of intracellular auto-antigens is thought 
to enhance their immunogenicity via the generation of new antigenic epitopes 
(reviewed in Darrah & Rosen47). Also CD5+ SLE B cells constitutively express GrB,48 
and IL-21 was previously shown to induce GrB in B cells.49 This, together with our 
findings that IL-21 induced the production of GrB in pDCs, enforces its crucial role 
in the pathogenesis of autoimmune diseases. 

Our study highlights the dichotomic role of IL-21 in the activation of pDCs: on 
one hand, IL-21 induced GrB may drive or accelerate autoimmunity by cleavage of 
autoantigenic epitopes,50 and on the other hand IL-21 induced GrB may be causal for 
the termination of immune responses by inhibiting T cell expansion. These findings 
open new perspectives in the development of therapies specifically targeting the 
IL-21/IL-21R pathway in autoimmunity and inflammation. 
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supplementary table 1. Primer sequences. Primer pairs were checked for specificity by melting 
curve analysis and gel electrophoresis. Primer efficiencies were determined by template dilution 
and were highly similar.

Primers for Pcr or QPcr

  forward reverse

Bcl2-A1 AATGTTGCGTTCTCAGTCCA TGCCGTCTTGAAACTCCTTT

IL-21R TCACATGCTGAAGGGCAAG TCACTCCATTCACTCCAGGT

Granzyme B GGGGGACCCAGAGATTAAAA ATTACAGCGGGGGCTTAGTT

Bcl-xL AATGGCAACCCATCCTGGCA TTCTCCTGGATCCAAGGCTC

Mcl-1 AGACCTTACGACGGGTTGG CCAGCTCCTACTCCAGCAAC

β-actin CAAGAGATGGCCACGGCTGCTTCCAGC ATGGAGTTGAAGGTAGTTTCG

GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG

HPRT GACCAGTCAACAGGGGACAT CCTGACCAAGGAAAGCAAAG

suPPlementary table
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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.   

GENERAL DISCUSSION

8



170

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 



175

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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summary
The work described in this thesis has been aimed at unravelling the network of 
transcription factors that controls the development and effector functions of human 
plasmacytoid dendritic cells (pDCs). For this purpose, we made use of different 
cellular models, including primary human pDCs isolated from various tissues, the 
pDC cell line CAL-1 derived from a patient suffering from a CD4+CD56+ neoplasm, 
and pDCs in vitro generated from hematopoietic stem cells (HSCs).

chapter 1 is a general introduction, which summarizes the existing knowledge about 
pDCs, derived from human and mouse studies, including the ontogeny of pDCs from 
hematopoietic stem cells (HSCs), the factors important for their development, the 
molecular pathway that leads to their activation and formation of effector cells, 
but also their involvement in autoimmune diseases and tumorogenesis. In addition, 
for proper understanding of the work decribed in this thesis, we detail the recently 
discovered pathway of gene regulation controlled by microRNAs (miRNAs), which is 
involved in the control but also the deregulation of immune cell functions.

The study presented in chapter 2, which builds on previous findings in the 
laboratorium that the transcription factor Spi-B has a key role in the development 
of pDCs from HSCs, reveals the anti-apoptotic factor BCL2A1 is a direct target of 
Spi-B. Spi-B-mediated cell survival via Bcl2-A1 was investigated using the pDC cell 
line CAL-1. First, we validated CAL-1 cells as a model to study several aspects of pDC 
development and function. By showing the oncogenic character of Spi-B in CAL-1 
cells, and the requirement of BCL2A1 in in vitro generation of pDCs from HSCs, this 
work convincingly shows the requirement of Spi-B induced BCL2A1 expression for 
pDC survival during development.

In chapter 3 we investigate the involvement of Spi-B in regulation of pDC activation 
and maturation. Overexpression and knockdown of Spi-B by viral transduction 
reveal its requirement for establishing a mature phenotype of pDCs. We also 
describe interplay between Spi-B and the NF-κB pathway in the control of TLR-
induced gene expression, that appears to be mediated by physical interaction of the 
NF-κB subunit RelA and Spi-B.

chapter 4 addresses the putative post-transcriptional regulation of Spi-B by 
microRNAs in pDCs. Experimental validation of in silico predicted miRNAs to target 
Spi-B demonstrated that miR-491 effectively regulates Spi-B expression in CAL-1 
cells. This miR-491 is upregulated in Toll-like receptor (TLR)-7/9 activated pDCs 
and may contribute to the downregulation of Spi-B protein expression that we 
observed in pDCs upon activation.
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In chapter 5 we point out the crucial role of miR-146a in controlling pDC activation 
and maturation. We observed that miR-146a expression is induced upon TLR7/9 
activation, and that miR-146a negatively regulates TLR-induced cytokine production 
and co-stimulatory molecules surface expressions. Together, this impaired the 
ability of miR-146a overexpressing pDCs to induce CD4+ T cell proliferation.

The work presented in chapter 6 unravels the molecular mechanisms that govern 
TRAIL expression in human pDCs, contributing to clearance of infected cells during 
viral infection. We identify NAB2 as a novel transcriptional regulator that governs 
TRAIL induction in stimulated pDCs. In addition, we describe 2 different pathways 
involved in regulation of TRAIL expression, one mediated by directly by NAB2 and the 
other controlled indirectly through type I interferons.

chapter 7 presents our findings regarding the regulation of pDC effector functions 
by the cytokine IL-21. We show that immature as well as activated pDCs express 
enhanced levels of granzyme B in response to IL-21 stimulation. We demonstrate 
that granzyme B is responsible for the impaired CD4+ T cell stimulation capacity of 
pDCs. Based on the notion that activated CD4+ T cells are the main producers of 
IL-21, our data uncover a new negative feedback loop of regulation by pDCs, thereby 
controlling the adaptive immune response.

In chapter 8 we discuss our results collected in this thesis within the view of the 
existing knowledge relating to pDCs. While we address the technical limitations 
encountered in these studies, we also, in the light of our findings, provide new 
conceptual models describing the contribution of pDCs in initiation, maintenance 
and resolution of human immune responses. Finally, we provide additive insights 
in the role of pDCs in autoimmune diseases and tumorogenesis that may aid in 
opening new paths in the generation of novel therapies.   
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samenvatting
Het werk dat beschreven is in dit proefschrift is erop gericht om het netwerk van 
transcriptie factoren, die de ontwikkeling en de effector functies van humane 
plasmacytoïde dendritische cellen (pDC) reguleert, te ontrafelen. Hiervoor hebben 
we gebruik gemaakt van verschillende cellulaire modellen, waaronder primaire 
humane pDC geïsoleerd uit verschillende weefsels, de pDC cellijn CAL-1 afkomstig 
van een patiënt met een CD4+CD56+ maligniteit, en pDC  die in vitro gegenereerd 
werden uit hematopoietische stamcellen (HSC).

hoofdstuk 1 geeft een algemene inleiding over onze huidige kennis van pDC in de 
mens en de muis. We beschrijven hier zowel de ontogenie van pDC vanuit HSC, de 
factoren die nodig zijn voor hun ontwikkeling, de moleculaire mechanismes die leiden 
tot hun aktivatie en differentiatie tot effector cellen, als ook hun betrokkenheid bij 
auto-immuunziekten en kanker. Voor een beter begrip van het werk beschreven in 
dit proefschrift geven we een uitvoerige inleiding over microRNAs (miRNA), die een 
nieuwe laag verzorgen in de regulatie van genen. MiRNA zijn niet alleen betrokken bij 
de controle maar ook de deregulatie van het immuunsysteem.

De resultaten beschreven in hoofdstuk 2 bouwen voort op vroegere bevindingen 
in het laboratorium dat de transcriptiefactor Spi-B een belangrijke rol speelt in de 
ontwikkeling van pDCs vanuit HSC. Na validatie van de pDC cellijn CAL-1 als een 
model om pDC functie te bestuderen, laten we zien dat de anti-apoptotische factor 
BCL2-A1 een direct doelwit is van de transcriptie factor Spi-B. Spi-B reguleert de 
overleving van de CAL-1 cellen via inductie van BCL2-A1 genexpressie. Tenslotte 
tonen we aan dat BCL2-A1 nodig is voor de in vitro generatie van pDCs vanuit HSCs. 
Dit werk levert bewijs dat Spi-B geïnduceerde expressie van BCL2-A1 nodig is voor 
pDC overleving tijdens hun ontwikkeling.

In hoofdstuk 3 onderzoeken we de rol van Spi-B bij de regulatie van pDC activatie en 
maturatie. Experimenten waarin we de effecten van Spi-B overexpressie of  knock-
down in CAL-1 cellen of in in vitro gegenereerde pDC bestuderen, tonen aan dat 
Spi-B een belangrijke bijdrage levert bij het induceren van een rijp pDC fenotype. 
Ook beschrijven we de interactie tussen Spi-B en componenten van de NF-kB route 
in de regulatie van Toll-like receptor (TLR) geïnduceerde genexpressie. We laten 
zien dat Spi-B en de NF-κB subunit RelA een fysieke interactie aangaan, waarbij 
Spi-B waarschijnlijk als co-activator van genexpressie optreedt.

hoofdstuk 4 gaat in op de post-transcriptionele regulatie van Spi-B door microRNA’s 
in pDC. We laten zien dat miR-491, welke met behulp van in silico predictie software 
is geselecteerd om de 3’-onvertaalde regio van de Spi-B mRNA te binden, effectief 
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de expressie van Spi-B in CAL-1 cellen reguleert. Expressie van miR-491 wordt 
opgereguleerd na stimulatie van pDC via TLR7 of TLR9. We concluderen dat miR-491 
kan bijdragen aan de downregulatie van Spi-B eiwit expressie, welke we zien na 
activatie van pDC met TLR liganden.

In hoofdstuk 5 laten we de cruciale rol van miR-146a zien in de regulatie van pDC 
activatie en rijping. Expressie van miR-146a wordt niet alleeen geïnduceerd na 
TLR7/9 activatie, maar heeft vervolgens een negatief effect op TLR geïnduceerde 
cytokine productie en expressie van co-stimulatie moleculen. Overexpressie van 
miR-146a in pDC zorgt ervoor dat de cellen een verminderde capaciteit hebben om 
de proliferatie van CD4+ T cellen te induceren.

Het werk gepresenteerd in hoofdstuk 6 ontrafelt moleculaire mechanismen die 
de expressie van de receptor TRAIL controleren in humane pDC. TRAIL levert een 
bijdrage bij het verwijderen van geïnfecteerde cellen na een virus infectie. We 
identificeren NAB2 als een nieuwe transcriptionele regulator van TRAIL expressie 
in gestimuleerde pDC. Daarnaast beschrijven we twee verschillende routes die 
betrokken zijn bij de regulatie van de expressie van TRAIL, de een rechtstreeks 
gemedieerd door NAB2 en de andere indirect door type I interferonen.

hoofdstuk 7 beschrijft onze bevindingen met betrekking tot de regulatie van pDC 
effector functies door het cytokine IL-21. We tonen aan dat IL-21 de expressie van 
granzyme B verhoogt in zowel rustende alsook TLR geactiveerde pDC. Granzyme B is 
verantwoordelijk voor de verminderde CD4+ T cel stimulatie geinduceerd door pDC. 
Gezien het feit dat geactiveerde CD4+ T cellen de belangrijkste producenten zijn van 
IL-21, speculeren we dat onze resultaten duiden op een nieuwe negatieve feedback 
loop in de regulatie van de adaptieve immuunrespons door pDC.

In hoofdstuk 8 bediscussieren we onze resultaten die we verzameld hebben in dit 
proefschrift in de context van de huidige kennis over pDC. We gaan in op technische 
beperkingen die we tijdens onze studies tegenkwamen. Ook presenteren we nieuwe 
conceptuele modellen, waarin pDC bijdragen aan de initiatie, het onderhoud en 
het beëindigen van de humane immuunrespons. Tenslotte geven we inzicht in de 
rol van pDC in auto-immuunziekten en kanker, die mogelijk kunnen helpen bij het 
ontwerpen van nieuwe therapieën.
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