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Abstract  
 
The Ets factor Spi-B is crucial for the development of plasmacytoid dendritic cells (pDCs) from human 
progenitors. Moreover, Spi-B is involved in the regulation of pDC function, such as cytokine secretion 
and surface expression of co-stimulatory and MHC molecules. Molecular pathways engaged by Spi-B to 
exert these functions remain elusive. We therefore performed microarray analysis on the pDC cell line 
CAL-1, in which we enhanced or reduced Spi-B protein levels by retroviral transduction of constructs 
expressing Spi-B cDNA or shRNA, respectively. The array revealed a large panel of genes that are either 
directly or indirectly regulated by Spi-B, including factors involved in antigen processing and 
presentation, C-type lectin (CLR) and leukocyte Ig-like (LIR) surface receptors, TNF-family members and 
pro- and anti-apoptotic factors. Further validation by quantitative PCR identified several factors that are 
described to be involved pDC development and function as targets of Spi-B. Studies with a tamoxifen-
inducible construct suggest direct transcriptional regulation of some of these factors by Spi-B. 
Collectively, the microarray data provides important clues required to further unravel the molecular 
mechanism of transcriptional regulation of pDC development and function by Spi-B.  
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Introduction 
 
pDCs are a subset of dendritic cells specialized 
to secrete large amount of type I interferons 
(IFN) upon viral encounter, thereby regulating 
the function of many other immune cells during 
antiviral immunity: Cytotoxicity and secretion of 
IFNγ by natural killer (NK) and CD8+ T cells, 
differentiation and maturation of Th1 T cells as 
well as conventional DCs (cDCs), and 
differentiation of B cells into plasma cells 
(reviewed in1,2). pDCs also have the potential to 
present antigen and prime naïve T cells3-5. As 
pDCs comprise an important cell type required 
for immunity against viruses, it is important to 
understand which factors determine their 
development from hematopoietic precursors. 
And also, how the activation of pDCs into type I 
IFN producing or T cell priming effector cells, 
respectively, is regulated.  
Our lab described the requirement for the 
transcription factor Spi-B in the development of 
pDC from hematopoietic precursors6,7. Knock 
down of Spi-B mRNA strongly inhibited the 
ability of CD34+ precursor cells to develop into 
pDCs in both in vitro assays as well as in vivo 
upon injection into RAG2−/−γc−/− mice. 
Overexpression of Spi-B in hematopoietic 
progenitor cells results in enhanced pDC 
development and concomitant inhibition of 
their development into T, B and NK cells. The 
results indicate that Spi-B is involved in the 
control of pDC development by limiting the 
capacity of progenitor cells to develop into 
other lymphoid lineages. Furthermore the 
function of mature pDCs is regulated by Spi-B, 
as Spi-B induces surface expression of MHC and 
co-stimulatory molecules and affects cytokine 
production upon stimulation (Chapter 3 of this 
thesis). It is not known which downstream 
pathways are occupied by Spi-B in order to 
accomplish these functions. Aside from pDCs, 
Spi-B gene expression and protein is only 
detected in B cells and developing T cells6,8-10. 
Spi-B deficient mice have normal B cell numbers 
but a defect in BCR signaling, leading to 
aberrant germinal center formation and 
maintenance11. We recently showed regulation 
of human plasma cell development by Spi-B10. 
During T cell development modulation of Spi-B 
expression is important for T lineage 
commitment and differentiation beyond the 
beta-selection checkpoint12.  

Spi-B is described as a transcriptional activator. 
In cells of the macrophage, pDC and B lineage 
Spi-B targets CD4010,13. In B lymphocytes, Spi-B 
has been shown to target the adaptor protein 
Grap214, the heptahelical receptor P2Y1015, the 
Rel/NF-kappa B family member c-rel16 and the 
Bruton's agammaglobulinemia tyrosine kinase 
Btk17. The promoter of the tyrosine kinase c-
fes/c-fps was bound by Spi-B in transfected 
HeLa but not in Raji cells18. Spi-B is closely 
related to another member of the Ets family, 
PU.1. DNA binding site selection has shown that 
recombinant PU.1 and Spi-B bind to very similar 
DNA binding motifs18 and Spi-B can bind to and 
transactivate numerous PU.1 target genes, such 
as P2Y1015 and c-rel16,19. It is therefore likely 
that several other targets of PU.1 that have not 
been investigated for Spi-B binding can also be 
regulated by Spi-B. 
The cell line CAL-1 has been established from 
leukemic cells of a patient with a rare 
CD4+CD56+ hematodermic neoplasm20. This 
malignancy, previously termed blastic natural 
killer cell lymphoma, have been identified as 
the leukemic counterpart of pDCs21,22. The 
genetic and phenotypic features of CAL-1 cells 
bear similarities to primary pDCs, including the 
plasmacytoid morphology, surface expression 
of HLA-DR, CD4, CD45RA and CD123 but no 
expression of CD11c and lineage associated 
markers CD3, CD14, CD19 and CD1620. 
Furthermore, CAL-1 cells change 
morphologically into a mature DC appearance 
with long dendrites after exposure to 
granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and IL-320. CAL-1 cells do not 
secrete IFN-α, but do secrete TNF-α20. 
In this study we aimed to identify new Spi-B 
target genes in pDCs. We approached this by 
comparing gene expression levels in CAL-1 cells 
with exogenously increased or decreased Spi-B 
levels compared to controls, respectively, by 
microarray analysis.  
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Material and Methods 
 
Cell line. The plasmacytoid dendritic cell line CAL-1 
cells was kindly provided by T. Maeda20, Department 
of Laboratory Medicine, Nagasaki University 
Graduate School of Biomedical Sciences, Nagasaki, 
Japan, and cultured in RPMI supplied with 8% FCS. 
 
Affymetrix microarray. Total RNA was extracted 
using Trizol reagent (Invitrogen, Carlsbad, USA) 
according to the manufacturer's protocol. RNA 
concentration and quality was determined using the 
ND-1000 spectrophotometer (NanoDrop). RNA 
purification was performed using the RNeasy mini kit 
(Qiagen). Fragmentation of cRNA, hybridization to 
HG-U133 Plus 2.0 microarrays and scanning was 
carried out according to the manufacturer's protocol 
(Affymetrix) at the Microarray Department (MAD) of 
the Swammerdam Institute of Life Science of the 
University of Amsterdam. Arrays were scanned with 
a GeneChip Scanner 3000 (Affymetrix) 
 
Constructs and retroviral transductions. The 
retroviral constructs LZRS-IRES-GFP used to 
overexpress was described previously6. To knock-
down Spi-B in CAL-1 cells Spi-B shRNA was cloned 
from a retroviral backbone7 into a lentiviral 

backbone (pTRIP), which strongly increased 
transduction efficiencies in CAL-1 cells. For virus 
production, the constructs were transfected into the 
Phoenix-GalV packaging cells as described before23. 
Control cells were transduced with empty LZRS-IRES-
GFP constructs or pTRIP expressing an irrelevant 
shRNA against Renilla.  
 
Immunoblot analysis. Western blotting was 
performed as described10. Membranes were 
incubated with antibodies against human Spi-B9,24 
(kindly provided by Lee Ann Sinha, State University 
of New York, Buffalo, USA) and actin as loading 
control.  

 
Quantitative PCR. Total mRNA was isolated from 
cells using RNeasy mini kit (Qiagen) and reverse 
transcribed into cDNA with first strand buffer, 
superscript II reverse transcriptase (Invitrogen), 
dNTP (Roche) and Oligo(dT) (Promega). For qPCR we 
used an iCycler and SYBR green Supermix (BioRad). 
Each sample was analyzed in duplicates or triplicates 
and expression levels were normalized to actin 
expression. The primers used to detect actin, CD4010, 
and IFN-β125 have been published. Other primers 
used are listed below. 

 
Primers list 
 forward reverse
Total IFN-α GACTCCATCTTGGCTGTGA TGATTTCTGCTCTGACAACCT
Bcl2A1 AATGTTGCGTTCTCAGTCCA TGCCGTCTTGAAACTCCTTT
CALCLR CGTGTTTGCAGAGAAGCAAC CGTGTTTGCAGAGAAGCAAC
BDCA2 AAAGAAGCCAATCCCATCCT GCCAAGCCCTTAGATCCTTC
ILT7 CTGCTCTTCTTTGGGCTGAG GGATGGGTTTGGGTAGGTTT
CD62L AATGTCAGAGCACCCAGAGG TGCCAGGAAATCACAACAGA
TRAIL ATGGCTATGATGGAGGTCCAG TTGTCCTGCATCTGCTTCAGC
GITRL AAGCTGTGGCTCTTTTGCTC CCATACAGGGCTCCTTAGCA
Id3 CTTCCCATCCAGACAGCC TGACACCTCCAGAACGCAG
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Results and Discussion 
 
CAL-1 cells have common functional properties 
with primary pDCs. 
In this study we wanted to identify new Spi-B 
target genes in pDCs and therefore made use of 
the CAL-1 cell line, which was generated from 
leukemic cells from a patient with CD4+CD56+ 
hematodermic neoplasm20. It was described 
that CAL-1 cells change morphologically into a 
mature DC appearance with long dendrites 
after exposure to GM-CSF and IL-320 and that 
CAL-1 cells secrete TNF-α but not IFN-α20. To 
validate the cell line as an accurate model to 
investigate pathways involved in pDC 
maturation and function, we assessed the 
capacity of CAL-1 cells to respond to 
stimulation.  
We stimulated CAL-1 cell with factors that have 
been described to activate pDC, including CpG 
ODN, imiquimod, CD40L and IL-3, and virus and 
detected the strongest response when the cells 
were treated with CpG 2006 (CpG-B). Overnight 
stimulation of CAL-1 cells with CpG increased 
the surface expression of the maturation 
markers CD40, CD80 and CCR7 (Chapter 3 of 
this thesis). Correspondingly, CD40 gene 
expression was strongly upregulated within 4h 
of stimulation (Figure 1). Also we detected a 
strong induction of IFN-β1 gene expression 
upon TLR9 triggering (Figure 1). We did not 
detect expression of IFN-α by PCR, with primers 
specifically recognizing IFN-α1, -α2 or -α4 
mRNA or with primers recognizing all IFN-α 
subtypes either after 4h or overnight 
stimulation of CAL-1 cells (Figure 1 and data not 
shown).  
These data show that CAL-1 cells are able to 
respond at least to some of the same ligands in 

a manner similar to primary pDCs and therefore 
it can be assumed that these cells express 
proteins of the signalling pathways involved in 
pDC maturation and cytokine secretion. This 
makes the CAL-1 cell line a valid model to study 
factors involved in pDC activation and 
maturation. 
 
Efficient overexpression and knock down of 
Spi-B in CAL-1 cells. 
To identify new Spi-B target genes in pDCs we 
set out to compare gene expression levels in 
CAL-1 cells with exogenously increased or 
decreased Spi-B levels compared to controls, 
respectively, by microarray analysis. CAL-1 cells 
were retrovirally transduced with Spi-B-LZRS-
GFP or with an LZRS vector only expressing GFP 
and with lentiviral pTRIP constructs targeting 
Spi-B or the irrelevant gene product Renilla by 
shRNA, and transduced GFP+ cells were sorted 
by FACS sorting. To preferentially identify genes 
directly targeted by Spi-B rather than genes 
regulated subsequently due indirect effects, we 
aimed to sort cells at the earliest timepoint 
after transduction that showed efficient Spi-B 
protein overexpression and knock-down. As it 
was possible to sort sufficient numbers of GFP-
expressing transduced CAL-1 cells after 48h of 
transduction, we assessed by immunoblotting if 
at this timepoint overexpression and knock-
down Spi-B in CAL-1 cells was already optimal. 
Indeed we observed efficient overexpression 
and knock-down of Spi-B after 48h (Figure 2), 
that was not further enhanced at later 
timepoints (data not shown) and microarray 
analysis was performed with CAL-1 cells at 48h 
after transduction.  
 

 
 
Figure 1. Functional properties of the pDC cell 
line CAL-1. CAL-1 cells were stimulated for 4h 
with CpG 2006 (10μg/ml) and gene expression 
levels of CD40, total IFN-α and IFN-β1 were 
compared by qPCR in stimulated vs. unstimulated 
cells. Values are normalized to expression in 
unstimulated cells. Averages ± SD of PCR 
duplicates are shown. One representative 
experiment out of two is depicted.  
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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. Actin 
levels were detected as loading control. One representative 
experiment out of two is shown.  
 
 

 
 
 
 
Spi-B overexpression preferentially induces 
gene upregulation, whereas Spi-B knock down 
results in gene downregulation. 
Using Affymetrix microarrays two datasets were 
generated, one comparing expression levels in 
Spi-B transduced versus control transduced cells 
(hereafter termed ‘overexpression’, Spi-B+) and 
one comparing expression levels in SpiB-shRNA 
versus Renilla-shRNA transduced cells 
(hereafter termed ‘knock-down’, Spi-B−). The 
chip contains approx. 54’500 probesets 
consisting of 11-16 25bp probes that bind 
within a 500bp area on the genome including 
approx 21’000 known genes of the NCBI 
database. The expression cut-off was assigned 
to a present call of 1 and minimal expression of 
100 and had to be reached by at least one 
sample in the dataset. The overexpression 
dataset included 13’432 probesets with a 
minimal expression of 100. For the knock-down 
dataset 13’148 probesets detected a minimal 
expression of 100. Table 1 shows the numbers 
of probesets detected and their minimal log 

fold change (i.e. 1 meaning 2-fold change, 21) 
between the two samples of the dataset. 
Interestingly, upon Spi-B overexpression, the 
majority of genes that were strongly altered 
were upregulated, 87% of the probesets with a 
minimum log fold of 2 and 97% of the probesets 
with a minimum log fold of 3. On the other 
hand, after Spi-B knock down, 75% of the 
probesets that detected a minimal log fold 
expression change of 1, detected a 
downregulation. This is in line with the 
literature, where Spi-B has been described as a 
transcriptional activator. 
 
Detection of Spi-B and Spi-B target gene 
expression to validate microarray data. 
In order to validate the datasets obtained by 
microarray analysis we were interested to see if 
Spi-B and Spi-B target genes described in 
literature were differentially expressed. Spi-B 
target genes include CD4010,13, Grap214, P2Y1015, 
c-rel16, c-fes/c-fps18, and Btk17.  

 
 
 Min. log fold Total Not regulated Upregulated  Downregulated 
Overexpression 0 13’432 831 5982 6619 
 1 2859 - 1525 1334 
 2 502 - 430 72 
 3 191 - 185 6 
 4 78 - 78 0 
 5 33 - 33 0 
Knock-down 0 13’148 2553 5943 4688 
 1 57 - 14 43 
 
Table 1. Changes in gene expression after overexpression or knock-down of Spi-B. Numbers of probesets that 
detect a minimal gene expression of 100 for at least one sample in the dataset are listed. 
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As expected, in the knock down experiment 2 
probesets detected a decrease in Spi-B 
expression of -1.8 and -1.0 log fold, respectively 
(Table 2). Both probesets for Spi-B used in the 
microarray are binding outside of the translated 
region of the Spi-B locus. As only little more 
than the sequence encoding the open-reading 
frame (789 bases) is expressed from the LZRS 
construct the overexpression dataset does not 
reflect the increased expression of Spi-B. 
Overexpression of Spi-B shRNA, on the other 
hand, leads to degradation of the complete 
mRNA, which can be detected by probesets 
binding anywhere within the transcribed region 
(1463 bases). CD40, which is a well described 
direct target of Spi-B10,13 was strongly increased 
(22.0 – 25.3 fold) in the Spi-B overexpression 
dataset. Also, upregulation of REL, the human 
homologue of c-rel, was observed (21.3 fold). 

Known Spi-B targets other than CD40 and REL 
were either expressed below the expression 
cut-off of 100 or did not show regulation by Spi-
B. This is probably explained by the use of 
different cell types in this study compared to 
published reports on Spi-B targets, as the 
regulation of Grap214, P2Y1015, Btk17 and c-rel16 
by Spi-B was observed in murine B cells. Spi-B 
binding to the promoter of c-fes/c-fps18 was 
only studied in transfected HeLa cells. On the 
other hand, CD40, which is described as a target 
of Spi-B in microglia/macrophages13, was 
confirmed as a target of Spi-B in B cells, pDCs 
and the pDC cell line CAL-1 by our group 
(chapter 3 and 8 of this thesis). The detection of 
changes in CD40 expression in the 
overexpression dataset is therefore an 
important validation of the microarray results. 

 
Name probeset Log fold change Spi-B+ Log fold change Spi-B− 
Spi-B 232739_at -0.4 -1.0
 205861_at -1.3 -1.8
Spi-B targets   
CD40 205153_s_at 5.3 nd
 215346_at 3.1 nd
 35150_at 2.0 nd
 222292_at nd nd
REL 206036_s_at 1.3 nd
 206035_at nd nd
Btk 205504_at 0.1 0.3
Grap2 208406_s_at nd nd
P2Y10 1553856_s_at 0 0.4
 214615_at nd nd
FES 205418_at -0.2 -0.4
 
Table 2. Changes in expression of Spi-B and known Spi-B targets. Log fold changes in gene expression in the 
datasets from overexpression and knock-down experiments are indicated. Spi-B+, overexpression dataset, Spi-B−, 
knock down dataset, nd, not detected, indicates expression below 100 in both samples of the dataset. 
 
 
Gene expression reciprocally altered in the 
overexpression versus the knock down dataset. 
We hypothesized that genes that were 
upregulated in one dataset and at the same 
time downregulated in the other or vice versa 
had the highest potential to be real Spi-B 
targets. Therefore the two datasets were 
compared and 13 genes that were changed in 
expression levels by at least log fold 1 and with 
a reciprocal change between the two datasets 
are listed in Table 3. From the list some genes 
were selected for further analysis. 
Bcl2A1 (A1) is an anti-apoptotic member of the 
Bcl-2 family and specifically expressed in cells of 

the hematopoietic lineage26. To confirm 
regulation of Bcl2A1 by Spi-B, expression levels 
in CAL-1 cells transduced for 48h with LZRS Spi-
B, pTRIP SpiB shRNA or control constructs were 
assessed by quantitative PCR (qPCR) (Figure 3A). 
Spi-B overexpression caused a 4-fold increase in 
Bcl2A1 levels, whereas Bcl2A1 levels were 
reduced 1.7-fold after Spi-B knock down. We 
also analyzed Bcl2A1 levels in CAL-1 cells 
transduced with the tamoxifen (4HT) inducible 
SpiB-ER construct10. Short-term induction of Spi-
B (3h) in the presence of the protein translation 
inhibitor cycloheximide (CHX) is indicative for 
direct regulation of the target gene. Using this 
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approach, a 4-fold upregulation of Bcl2A1 was 
also observed within 3h after Spi-B induction, 
suggesting that BclA1 is a direct target gene of 
Spi-B (Figure 4A). As a positive control we 
assessed the regulation of the direct Spi-B 
target gene CD40 and confirmed that Spi-B 
induction for 3h results in CD40 expression 
(Figure 4A). Bcl2A1 is a direct transcription 
target of NF-κB in response to inflammatory 
mediators and its expression is rapidly and 
transiently induced by both GM-CSF and LPS26. 
In line with this we detected 20-fold increased 
Bcl2A1 expression in CAL-1 cells after simulation 
with CpG (data not shown). This suggests a 
cytoprotective function of Bcl2A1 that is 
essential during lymphocyte activation. In 
primary pDCs a strong (more that 500-fold) 
upregulation of Bcl2A1 upon stimulation has 
been reported27. We found that Bcl2A1 levels 
were not different in pDCs isolated from 

peripheral blood or thymus compared to cDCs 
(data not shown). Bcl2A1 may play a role in Spi-
B-mediated survival of pDCs.  
Three probesets detected altered expression of 
the calcitonin receptor-like receptor (CALCRL) 
both in the overexpression and the knock down 
dataset (Table 3). Receptor activity-modifying 
proteins (RAMPs) interact with CALCRL and 
determine its function as calcitonin gene-
related peptide (CGRP) receptor or an 
andrenomedullin (AM) receptor. CGRP and AM 
exert a wide variety of biological effects, 
including potent vasorelaxation28. By qPCR we 
confirmed a strong regulation of CALCRL by Spi-
B, as CALCRL levels are 4-fold elevated upon 
Spi-B overexpression and 3-fold reduced in Spi-
B shRNA transduced CAL-1 cells compared to 
controls (Figure 3B). The role of CALCRL in pDCs 
is elusive.  

 
Name probeset Alternative nomenclature / description Log fold change
   Spi-B+ Spi-B− 
BCL2A1 205681_at Bfl-1, Bcl-2 related protein A1 3.6 -1.1
CALCRL 206331_at calcitonin receptor-like receptor 4.1 -1.5
 210815_s_at  4.4 -1.5
 234996_at  4.2 -1.3
CTBS 218923_at di-N-acetyl-chitobiase 1.9 -1.1
 218924_s_at  1.7 -0.3
EIF5A 201123_s_at eukaryotic translation initiation factor 5A -2.6 1.3
 201122_x_at  -1.2 nd
FSCN1 201564_s_at fascin homolog 1, actin-bundling protein 4.3 -1.5
 210933_s_at  3.8 -0.6
GALNT3 203397_s_at UDP-GalNAc transferase 3 2.0 -1.2
GLT8D4 235371_at glycosyltransferase 8 domain containing 4 -1.0 1.0
GNG7 228831_s_at guanine nucleotide binding protein (G 

protein), gamma 7 
-1.5 1.0

LIMA1 217892_s_at LIM domain and actin binding 1 1.1 -1.0
 222457_s_at  1.4 -1.1
MS4A6E 231335_at member of the membrane-spanning 4A 

gene family 
1.8 -1.5

PKIB 223551_at protein kinase (cAMP-dependent, catalytic) 
inhibitor beta 

2.7 -1.2

 231120_x_at  2.4 -2.1
TMEM106B 222787_s_at transmembrane protein 106B -1.5 1.0
 226529_at  -0.7 nd
USP12 213327_s_at ubiquitin specific peptidase 12 0.9 -1.0
 
Table 3. Genes with minimal log fold 1 and reciprocal changes in expression in the overexpression versus the 
knockdown dataset. Spi-B+, overexpression dataset, Spi-B−, knock down dataset, nd, not detected, indicates 
expression below 100 in both samples of the dataset. 
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Figure 3. Validation of Spi-B targets by quantitative PCR. (A-G) CAL-1 cells were transduced with LZRS Spi-B GFP 
(SpiB), pTRIP Spi-B shRNA (SpiB-i) or control vectors (Ctrl) and sorted for GFP expression after 48h. Values are 
normalized to expression in cells transduced with control constructs. Averages ± SD of PCR duplicates are shown. 
One representative experiment out of two is depicted. 
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Figure 4. Short-term induction of Spi-B activity indicates direct gene targets. CAL-1 were transduced with LZRS 
SpiB-ER or control vector (Ctrl) and sorted for GFP expression. After 0.5h pre-incubation with CHX, the cells were 
treated for 3h with 0.5mM 4HT (+) or left untreated (-). Expression levels were assessed by qPCR. Values are 
normalized to expression in untreated cells transduced with control construct. Averages ± SD of PCR duplicates are 
shown. One representative experiment out of three is depicted. 
 
 
Spi-B upregulates expression of C-type lectins 
(CLR), leukocyte Ig-like receptors (LIR) and 
sialic-acid-binding Ig-like lectins (Siglec). 
Next we focused on the analysis of the 
overexpression data set. Genes with minimal 2 
log fold change after Spi-B overexpression were 
grouped in functional clusters by using the 
Database for Annotation, Visualization and 
Integrated Discovery (DAVID) provided by the 
NIH (http://david.abcc.ncifcrf.gov). Some 
functional groups relevant in pDC biology were 
selected and further analyzed.  
The overexpression dataset indicated that Spi-B 
regulated the expression of several C-type 
lectins (CLR), leukocyte Ig-like receptors (LIR) 
and sialic-acid-binding Ig-like lectins (Siglec) 
(Table 4). Interestingly, some of these surface 
receptors are described to regulate pDC 
function.  
Siglecs are type I transmembrane proteins that 
bind to sialic acids decorating cell-surface 
glycoproteins and regulate functions of innate 
and adaptive immune cells29. A member of the 
siglec family, Siglec-H, has recently been 
identified as a specific surface marker for pDCs 
in mice30,31. Siglec-H is endocytosed and can 
mediate the uptake of antigens for processing 
and presentation. Thus, Siglec-H might have a 
role in the capture of viruses or other 
pathogens for their delivery to intracellular 
TLRs32. Paradoxically, Siglec-H also transmits 
intracellular signals through the associated 
adaptor DAP12, which reduces pDC responses 
(IFN-α production) to TLR ligands. Siglec-H has 

no human ortholog; human pDCs express Siglec-
5 though, which may in involved in 
endocytosis33. We have no indication that Spi-B 
regulates Siglec-5. 
The glycoprotein-binding CLRs are expressed in 
a broad collection by DCs34,35. Since TLR7 and 
TLR9 signal for IFN-� production in pDCs within 
endosomal compartments36, the virus or its 
nucleic acid needs to be delivered to the 
endocytic compartments. If pDCs are truly 
professional IFN-� producing cells, then they 
must have mechanisms to internalize a wide 
variety of viruses even if they lack the virus-
specific receptors found in target tissues. C-type 
lectin receptors are good candidates for 
generalized recognition of viral glycoproteins 
leading to virion internalization into TLR-
expressing compartments.  
pDC specifically express the CLR BDCA2, which 
is an endocytic receptor37. Cross-linking of this 
receptor has been shown to deliver inhibitory 
signals to the pDC, preventing IFN 
production38,39. While the natural ligands for 
BDCA2 have not been determined, antibody 
directed to this receptor was subsequently 
delivered to endosomes and was processed and 
presented by the pDC38. BDCA2 associates with 
the signal adapter protein FcεRIγ and upon 
crosslinking signals via a B-cell receptor (BCR) 
signalosome like pathway40,41. This potently 
suppressed the ability of pDCs to produce type I 
interferon and other cytokines in response to 
TLR ligands and thereby the immune functions 
of pDCs.  
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By qPCR we confirmed that Spi-B regulates 
expression of the CLR BDCA2 (Figure 3C) BDCA2 
transcript levels were about 2-fold higher in Spi-
B transduced CAL-1 cells and more that 2-fold 
lower upon Spi-B knock down. Regulation of 
other CLRs (Dectin, DCIR) by Spi-B, as indicated 
by the microarray data sets, could not be 
confirmed by qPCR (data not shown). This 
further underlines the pDC specificity of Spi-B, 
as human pDCs do not express Dectin-1, 
mannose receptor or DC-SIGN42. There is 
conflictive literature whether or not DCIR, a CLR 
with putative immune-inhibitory function due 
to a cytoplasmic ITIM motif, is expressed on 
human pDCs40,42. The group of Adema showed 
that DCIR triggering results in antigen 
presentation and regulation of IFN-a secretion 
in pDCs42.  
ILT/LIR represent a novel immunoglobulin 
superfamily of inhibitory and stimulatory 
receptors that are involved in immune 
surveillance43-45. ILT/LIR either transduce an 
inhibitory signal (e.g., ILT2, ILT3, ILT4, ILT5, LIR8) 
through an ITIM motif, an activating signal 
through the ITAM of the associated common � 
chain of Fc receptor (FcR�) (e.g., ILT1, ILT7, ILT8, 
LIR6�) or are soluble (ILT6). ILT/LIR are encoded 
by genes on human chromosome 19 at band 
q13.1–13.4, which also contains genes for other 
immunoglobulin-like receptors, such as killer 
cell immunoglobulin-like receptors (KIR), Fc 

receptor for immunoglobulin � and sialic-acid-
binding immunoglobulin-like lectins (Siglec). In 
contrast to KIR, which are expressed on natural 
killer cells and some T cells, ILT/LIR have a more 
broad expression pattern and are found on 
myeloid cells, lymphoid cells and dendritic cells 
(DC). Interaction of ILT2 and ILT4 with MHC 
class I molecules suggests a functional 
relationship of ILT/LIR with proteins involved in 
antigen capture and presentation46,47. Like 
BDCA2, the Ig-like transcript 7 (ILT7) is a specific 
marker for human pDCs25,48,49, which 
furthermore also regulates the amount of IFN-α 
secreted upon TLR triggering25,48. By qPCR we 
confirmed that Spi-B regulates expression of 
ILT7 in CAL-1 cells (Figure 3D). ILT7 expression 
was more than 10-fold increased upon Spi-B 
overexpression but was hardly affected when 
Spi-B levels decreased.ILT7 surface and mRNA 
levels are downregulated upon activation of 
pDCs25,48-50, which may be as consequence of 
the downregulation of Spi-B upon pDC 
activation, as described in chapter 3 of this 
thesis. Like BDCA2, ILT7 associates with the 
signal adapter protein FcεRIγ to form a receptor 
complex, activating an immunoreceptor-based 
tyrosine activation motif (ITAM)-mediated 
signaling pathway, inducing phosphorylation of 
Src family kinases and Syk kinases and calcium 
influx. 

 
 
Name 
HUGO 

Alternative nomenclature / description Log fold change Spi-B+ 

CLEC4C BDCA2 1.2-1.3
CLEC4A DCIR 2.1-2.3
CLEC7A Dectin-1 4.1-7.2
CLEC10A  4.1
CLEC12A MICL 3.7
CLEC2D LLT1 1.9-2.1
  
LILRA2 ILT1 2.3-3.1
LILRA4 ILT7 4.3
LILRB1 ILT2 1.2-2.6
LILRB4 ILT3 1.0
  
SIGLEC1 sialic acid binding Ig-like lectin 4.1-6.7
SIGLEC6 sialic acid binding Ig-like lectin 1.3-1.6
 
Table 4. Regulation of C-type lectin (CLR), leukocyte Ig-like receptor (LIR) and sialic-acid-binding Ig-like lectin 
(Siglec) expression by Spi-B. Spi-B+, overexpression dataset 
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As we describe in chapter 3 of this thesis, the 
overexpression of Spi-B affects pDC maturation 
and cytokine production. pDCs generated in 
Flt3L cell cultures from human CD34+ 
progenitors that were transduced with a Spi-B 
expressing vector produced less IFN-α, TNF-α 
and IL-6 upon CpG stimulation than control 
transduced cell. Here we describe that Spi-B 
increases the expression of pDC surface 
receptors involved in the regulation of pDC 
immune function, including BDCA2 and ILT7. 
The ligands for BDCA2 and ILT7 are not known, 
and there is no indication that the mere 
increased expression of these inhibitory 
receptors could affect the function of pDCs. 
Further research is required to establish a 
possible link between the observation that Spi-B 

as wells as BDCA2/ILT7 signaling regulate 
cytokine secretion by pDCs.  
 
Spi-B regulates the expression of genes 
involved in antigen processing and 
presentation. 
As pDC upon stimulation can acquire the 
capacity to present antigen it is interesting to 
note that Spi-B overexpression increases 
expression levels of a wide range of genes 
involved in antigen presentation and processing 
(Table 5).  
CD62L is expressed at the protein level on blood 
pDCs and cleaved upon pDC entry in secondary 
lymphoid organs through the HEVs51. Regulation 
of CD62L expression by Spi-B was confirmed by 
qPCR (Figure 3E). 

 
Name 
HUGO 

Alternative nomenclature / description Log fold change Spi-B+

HLA-A MHC class I 1.0 
HLA-B MHC class I  1.0-1.1 
HLA-C MHC class I 1.2 
HLA-E MHC class I like 1.0-1.8 
HLA-F MHC class I like 1.2-1.3 
HLA-G MHC class I like 1.3 
B2M B2 microglobulin 0.4-1.7 
LRAP ERAP2, ER aminopeptidase 1.7-2.0 
PSMB9 LMP2, large multifunctional peptidase 2, subunit of proteasome 1.6 
TAP1 ABC transporter 1.1-1.5 
TAP2 ABC transporter 1.2 
TABBP Tapasin, TAP-associated chaperone protein 1.0 
  
HLA-DM DM molecule 1.4-1.6 
HLA-DO DO molecule 2.3-2.5 
HLA-DP MHC class II 1.5-2.7 
HLA-DQ MHC class II 2.1-4.0 
HLA-DR MHC class II 1.2-3.7 
CIITA positive regulator of MHC class II gene transcription 2.6 
  
LAMP3 DC-LAMP, lysosomal-associated membrane protein 3 7.8 
LGMN AEP, cysteine protease, involved in the processing for MHC class 

II presentation in the lysosomal/endosomal systems 
3.5 

CD74 Class II invariant chain 1.1-2.6 
  
CD40 Co-stimulation 2.0-5.3 
CD83 Co-stimulation 2.3 
CD86 Co-stimulation 1.2-2.0 
CCR7 migration 6.8 
SELL CD62L, L-selectin, migration 2.4 
 
Table 5. Regulation of genes involved in antigen processing and presentation by Spi-B. Spi-B+, overexpression 
dataset 
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In line with the microarray results suggesting 
the induction of expression of several 
maturation markers by Spi-B, increased surface 
expression of the protein by Spi-B can be 
detected by FACS (Chapter 3 of this thesis): Spi-
B overexpression increased surface expression 
levels of CD40, CD80, HLA-DR and, after 
stimulation, CCR7 on CAL-1 cells, but also on 
primary in vitro generated pDCs. This finding 
furthermore reinforces the assumption that 
results from studying Spi-B pathways in a pDC 
cell line can be translated to primary pDC, that 
are scarce, difficult to transfect or transduce 
and therefore challenging to study. 
 
TNF family members are regulated by Spi-B. 
The overexpression data set suggests that 
several TNF family members are regulated by 
Spi-B (Table 6). This is interesting as various TNF 
family members are associated with pDC 
function. By qPCR we confirmed that Spi-B 
overexpression in CAL-1 cell increased TRAIL 
levels about 4-fold (Figure 3F), although knock 
down of Spi-B did not affect TRAIL expression 
levels. TRAIL levels were furthermore strongly 
enhanced upon stimulation of CAL-1 cells with 
CpG (data not shown), which is in line with 
findings from another human pDC cell line, 
GEN2.2, in which TRAIL was induced by 
Influenza A virus and TLR ligands52. GEN2.2 cells 
became cytotoxic and induced apoptosis of a 
melanoma cell line52. Also primary human pDC 
express TRAIL. Infectious and non-infectious 
HIV-1 virions induce the activation of pDCs into 
TRAIL-expressing IFN-producing killer pDC 
(IKpDC)53. The induction of TRAIL was mediated 
by IFN-α, which was produced upon TLR-7 
stimulation. pDCs may therefore represent a 
major component of innate immunity that 
could play a role in killing infected and 

transformed cells. It has been shown that CD2 
distinguishes two human pDCs subsets. Both 
CD2� and CD2+ pDC subsets are able to secrete 
type I IFN in response to viral exposure; 
however, CD2+ pDCs, which represent 20–30% 
of blood pDCs, efficiently kill target cells in a 
TRAIL-dependent fashion54. IKDCs have also 
been described also in the mouse55,56. IKDCs 
resemble NK cells as they have the capacity to 
kill NK-sensitive targets, express NK-activating 
receptors and secrete IFN-γ. Like pDCs they 
express low levels of MHC class II and are able 
to produce IFN-α, albeit at lower levels than 
pDC. IKDCs are able to prevent tumor 
outgrowth upon adoptive transfer and use 
TRAIL for cytotoxic activity56. More recently 
though it was suggested that murine IKDCs are 
in fact activated NK cells57-59. Whether CD2+ 
pDCs represent a counterpart of mouse IKDCs is 
yet to be established. 
Other TNF family members that may be target 
genes of Spi-B are B cell activating factor BAFF 
and a proliferation-inducing ligand (APRIL) are 
produced by DCs in response to IFN and LPS60. 
Stimulation of B cells with BAFF and APRIL 
promote B cell survival and differentiation into 
antibody-secreting plasma cells and their class 
switching60,61. It is not known whether pDC can 
produce BAFF and/or APRIL and thereby 
regulate B cell function. It has been shown that 
pDC influence B cells to differentiate into Ig-
secreting plasmablasts by type I IFNs and IL-6 
production62. pDCs activated by virus of CpG 
express the ligand for the glucocorticoid-
induced TNF receptor (GITRL)63, whereas the 
receptor, GITR, is expressed by activated NK 
cells and T cells. Next to type I IFN also GITRL 
expressed by activated pDCs promotes NK cell 
cytotoxicty and IFN-γ production. 

 
 
Name 
HUGO 

Alternative nomenclature / description Log fold change Spi-B+ 

TNFSF10 TRAIL 4.2-5.1
TNFSF12/13 Fusion protein TWEAK / APRIL 2.0-2.2
TNFSF13B BAFF 3.9-4.1
TNFSF18 GITRL 3
FAS  TNFRSF6 1.1-1.6
LTA TNFSF1, lymphotoxin alpha 1.6
TRADD interacts with TNFRSF1A  1.4-1.7
 
Table 6. Induction of expression of TNF family members by Spi-B. Spi-B+, overexpression dataset 
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It was suggested that type I IFN, that are 
produced by pDCs within the first 18h after 
stimulation, may first activate NK cells, whereas 
the GITR/GITRL interaction may further 
potentiate and maintain NK cell activation. By 
qPCR we confirmed the regulation of GITRL 
expression by Spi-B in the pDC cell lineage, 
which is 7-fold increased upon Spi-B 
overexpression and 1.7-fold reduced after 
transduction with Spi-B shRNA (Figure 3G). 
 
Spi-B overexpression results in induction of a 
large panel of viral response genes and IFN-
stimulated genes. 
Several of the genes listed in the tables above 
are induced upon IFN receptor triggering, 
including TRAIL, GITRL, APRIL and BAFF. The 
overexpression dataset revealed more the 30 
other IFN-stimulated genes (ISG), including 
several genes involved in generating an anti-
viral state of the cell, that are induced upon Spi-
B overexpression in CAL-1 cell (data not shown). 
It is well established that IFNs induce the 
expression of hundreds of genes, which 
mediate various biological responses64. Some 
genes are regulated by both type I and type II 
IFNs, whereas others are selectively regulated 
by distinct IFNs. For example, dsRNA-dependent 
protein kinase (PKR) is an ISG that is activated 
by autophosphorylation and consequently 
phosphorylates the translation initiation factor, 
eIF2a, resulting in inhibition of protein 
synthesis, inhibition of viral replication, and the 
growth arrest and apoptosis of host cells. 2’-5’-
Oligoadenylate synthetases (OAS) are ISGs that 
are crucially involved in the innate immune 
response to viral infection. They polymerize ATP 
into 2’-5’ linked oligoadenylates to activate 
endoribonuclease RNase L, resulting in 
degradation of viral RNA and inhibition of 
protein synthesis. IFNs induce the expression of 
GTP-binding proteins or GTPases, which play 
important roles not only in resistance of host to 
viruses, but also resistance to intracellular 
protozoa and bacteria. The DEAD box proteins, 
MDA-5 and RIG-I are cytoplasmic receptors for 
dsRNA leading to IFN-α production upon viral 
infection of a cell. Furthermore, several IFN-
response factors (IRFs) were upregulated in the 
overexpression dataset. Several IRFs are highly 
expressed in pDCs and take important role in 
pDCs, for example regulating development (IRF-
8)65 and type I IFN production (IRF-7)66. 

Other potentially biological relevant Spi-B 
target genes. 
Except for functional groups of genes regulated 
by Spi-B some other target genes identified by 
microarray analysis were of our interest. For 
example, expression of the serine protease 
Granzyme B (GZMB) was reduced 2-fold in the 
knock down data set, and was confirmed by 
qPCR (data not shown), although Spi-B 
overexpression did not increase, but also lower 
GZMB expression levels. Induction of target cell 
death is the central function of GZMB, which 
critically depends on the action of another 
granule component, perforin. pDCs highly 
express GZMB in the absence of perforin and 
GZMB transcription is upregulated upon cell 
activation49. The GZMB inhibitor serpin B9, 
which protects against GZMB-mediated 
apoptosis67, showed a log fold induction of 8.0 
in the overexpression dataset. The role for 
GZMB in pDCs is elusive. Interestingly 
accumulating evidence suggests that granzymes 
have additional non-death-related functions 
(reviewed in68).  
The inhibitor of differentiation (Id) 3 is reduced 
log fold 2.1 in the overexpression data set. By 
qPCR we confirmed that Spi-B regulates this 
factor in primary pDCs (data not shown) and 
CAL-1 cells (Figure 3H). Overexpression of Spi-B 
in CAL-1 cells decreased Id3 levels by 15-fold, 
whereas knock-down of Spi-B increased Id3 
expression by more than 2-fold compared to 
control transduced cells. Experiments with the 
Spi-B-ER inducible construct furthermore 
suggested direct repression of Id3 by Spi-B 
(Figure 4B), as Spi-B induction by 4HT in the 
presence of CHX for 3h decreased Id3 levels by 
2-fold. It needs to be confirmed by other 
techniques that Spi-B directly regulates Id3. If 
so, Spi-B interestingly would be a repressor of 
Id3, like it acts as a repressor of BLIMP1 and 
XBP-1 in differentiating B cells (chapter 8). Id 
proteins regulate the activity of E proteins. As 
Id2 and Id3 overexpression in hematopoietic 
cells prevent their differentiation into pDCs, it is 
tempting to speculate that Spi-B promotes pDC 
development by decreasing Id2 and Id3 levels 
and relieving the suppression of the activity of 
the E protein required for pDC development, 
namely E2-2 (Chapter 2 of this thesis).  
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Concluding remarks 
 
Collectively, the results of this microarray reveal 
a broad spectrum of potential Spi-B target 
genes in the pDC lineage. Interestingly, Spi-B 
seems to regulate the expression of several 
different factors that are important in pDC 
function, including pDC surface receptors such 
as the C-type lectin BDCA2 and the leukocyte Ig-
like receptor ILT7, surface molecules involved in 
antigen presentation such as MHC and co-
stimulatory molecules and genes of the TNF 
family such as TRAIL and GITRL. We made use of 
an inducible Spi-B-ER construct and the 
translation blocker CHX to investigate if genes 
that are induced or repressed by Spi-B may be 
directly regulated. If direct regulation is 
suggested by this experimental approach, 
further confirmation by investigating Spi-B 
binding to the target gene by chromatin 
immunoprecipitation (ChIP) and reporter assays 
is required. We have performed this to confirm 
BLIMP1 and XBP-1 as direct Spi-B target genes 
in human B cells (Chapter 8 of this thesis). 
We were surprised to find an extensive list of 
ISG in the Spi-B overexpression data set. The 

mechanism by which Spi-B could regulate ISG is 
not clear. Interestingly we did not detect 
altered IFN-α, IFN-β or IFN-γ expression levels 
upon Spi-B overexpression or knock down in 
CAL-1 cells (data not shown). Also 4h or 24h 
induction of Spi-B in cells transduced with the 
inducible SpiB-ER construct did not induce IFN 
expression. The strong (10- to 70-fold) increase 
in IFN-β1 expression within 4h of stimulation of 
CAL-1 cells with CpG 2006 (Figure 1) was not 
affected in CAL-1 cells with altered Spi-B protein 
levels (data not shown). Moreover, results from 
studying the effect of Spi-B in the function of 
primary pDC (Chapter 3 of this thesis) actually 
suggest that high Spi-B levels decrease the 
amount of IFN-α produced by pDCs upon 
stimulation. We cannot exclude though that 
Spi-B overexpression leads to spontaneous IFN-
α secretion and a consequent decreased 
production in response to stimulation. To 
establish the role of IFNs as an indirect inducer 
of gene expression identified in this microarray, 
transduced CAL-1 cell have to be cultured in the 
presence of blocking antibodies against IFN-α 
and IFN-β that we used before69.  
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