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General introduction 
 
The immune system comprises a wide range of specialized white blood cell subsets, which develop from 
a common hematopoietic precursor (HSC) in the bone marrow. These leukocytes can be classified in a 
lymphoid branch, including natural killer (NK) cells and B and T lymphocytes, and a myeloid branch, 
which comprises macrophages, granulocytes and mast cells. Dendritic cells (DCs) can be of lymphoid or 
myeloid origin. Immune cells constantly circulate in the blood and in the lymphatic system, guarding the 
peripheral tissues. Upon antigen challenge immune cells differentiate from a steady-state phenotype 
into effector cells, in order to provide immunity to the host. Cells of the innate immune system quickly 
provide a first line of defence, but this response is unspecific and can be overcome by many pathogens. 
The ability to specifically recognize pathogens is the unique feature of the adaptive immune system. 
Cells of the adaptive immune system have the capacity to subsequently form immunological memory 
and provide enhanced protection against reinfection.  
 
Upon stimulation by viruses or bacteria, plasmacytoid dendritic cells (pDCs) produce large amounts of 
type I interferons (IFNs), a cytokine with strong immunomodulatory and antiviral properties. PDCs are 
therefore crucially involved in providing first line defence during viral infections and subsequently 
regulating adaptive immunity.  
 
B cells provide humoral immunity to the host. Upon recognition of their cognate antigen B cells 
differentiate during the germinal center reaction into plasma cells, which secrete antigen-specific 
antibodies that bind and neutralize evading pathogens. Concomitantly memory B cells are formed, 
which ensure immunity against reinfection. 
 
The studies described in this thesis investigate transcriptional regulation and aim to clarify underlying 
pathways of human pDC and B cell differentiation and function. 
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Transcriptional control 
 
The molecular regulation of cell development 
and differentiation in response to extracellular 
signals is accomplished by transcription factors, 
which bind to specific parts of DNA and control 
expression of effector target genes. For 
example, transcription factors promote 
commitment to a cell lineage by activating 
lineage specific genes and suppressing genes of 
other cell lineages. Transcription factors can act 
both as transactivators, which increase the 
transcription level of the target gene, or as 
repressors, which reduce the transcription level. 
Transcription factors can perform their function 
alone or in conjunction with co-factors in a 
complex. The activity of transcription factors is 
regulated at several levels (reviewed by 
Latchman1). Often a negative feedback loop 
controls expression and many transcription 
factors can regulate themselves to maintain low 
levels in the cell. The activity can also be 
regulated at the level of nuclear translocation, 
activation via chemical modification or ligand 
binding, accessibility of the DNA binding site, 
and availability of co-factors. Transcription 
factors contain a DNA binding domain (DBD), 
which attaches to a specific sequence of DNA, 
usually in the enhancer or promoter region of 
the regulated gene and a transactivation 
domain (TAD), which may contain binding sites 
for co-factors. Transcription factors are often 
classified based on the similarity of their DBDs 
including leucin zipper factors, basic helix-loop-
helix (bHLH) factors, factors with zinc finger 
DBDs, helix-turn-helix factors and beta-scaffold 
factors. 
E proteins (HEB, E2-2, and the E2A splice 
variants E12 and E47) belong to the class of 
bHLH factors and activate transcription by 
binding DNA at the E-box (consensus sequence: 
CANNTG) motifs as homodimers or 
heterodimers with other HLH proteins. The 
naturally occurring inhibitors of DNA binding 
(Id1-4) bHLH factors function as dominant-
negative inhibitors of E proteins by inhibiting 
their ability to bind DNA. E proteins are crucial 
for commitment of lymphoid progenitors to the 
B- and T-cell lineages (reviewed by Engel and 
Murre2). In E2A-deficient mice B-cell 
development is arrested at a very early stage3,4 
and thymocyte numbers are typically ten-fold 
lower than those found in wild-type 

littermates5. The T-/NK-cell fate decision is 
highly influenced by the levels of E-protein 
activity as indicated by the findings that 
overexpression of Id3 in uncommitted human 
lymphoid progenitors blocks the development 
of T cells and promotes NK-cell development6 
and that NK-cell development and function are 
markedly reduced in Id2-deficient mice7.  
Signal transduction of many cytokine receptors 
is mediated through activation of members of 
Janus kinase (JAK1-3, Tyk2) and signal 
transducers and activators of transcription 
(STAT) families (reviewed in8,9). STATs become 
activated from a latent state through 
phosphorylation of a tyrosine residue, leading 
to homo- or heterodimer formation and 
translocation to the nucleus. Activated STATs 
bind to specific DNA sequences, named GAS (γ-
IFN-activated sequences, consensus sequence: 
TTCCNGGAA) and initiate transcription of target 
genes. Suppressor of cytokine signaling (SOCS) 
proteins are the best understood negative 
regulators of the JAK-STAT pathway. Studies in 
mice have shown that individual STAT proteins 
have important roles in the immune response 
(reviewed by Reich and Liu10). Animals lacking 
STAT1 or STAT2 are highly susceptible to viral 
infections due to an impaired response to 
IFNs11-13. STAT4-deficient mice have impaired T 
helper 1 (TH1)-cell development due to loss of 
IL-12-induced responses14,15, whereas STAT6-
null mice have impaired development of TH2 
cells due to the lack of IL-4-receptor signaling16. 
STAT5A and STAT5B, which are closely related 
and encoded by different but chromosomally 
linked genes, have crucial roles in development, 
particularly in hematopoiesis17. The lack of IL-2- 
and erythropoietin-induced responses in 
Stat5a- and Stat5b-double-knockout mice 
results in impaired T-cell proliferation18, a lack 
of NK cells and severe anemia19.  
The mammalian family of IFN regulatory factors 
(IRFs) comprises nine members, IRF-1 to IRF-9 
(reviewed by Honda20 and Tamura21). Each IRF 
contains a well conserved DBD of ~120 amino 
acids that forms a helix-turn-helix motif. It 
recognizes a consensus DNA sequence that is 
known as the IFN-stimulated response element 
(ISRE), because it was first identified in the 
promoters of genes that are induced by 
signalling mediated by type I IFNs. IRFs are 
essential regulators of the activation of immune 
cells by pattern recognition receptors (PRRs)20, 
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that comprise the transmembrane Toll-like 
receptors (TLRs) and cytosolic PRRs. 
Members of the Ets family of transcription 
factors are characterized by a highly conserved 
Ets domain that mediates binding to the purine-
rich element GGA(A/T). PU.1 and Spi-B are 
closely related Ets-factors and expressed 
exclusively in hematopoietic cells. PU.1 
deficient mice die in utero and exhibit defects in 
the development B and T lymphocytes, 
macrophages, and granulocytes22,23, whereas 
Spi-B deficient mice are viable and possess 
mature B and T lymphocytes but exhibit severe 
abnormalities in B cell function24. PU.1 and Spi-
B can form protein complexes with IRF factors 
and bind to Ets-IRF composite DNA elements 
(EICE)25.  
 
 
 

Plasmacytoid dendritic cells  
 
Dendritic cells (DCs) are a heterogeneous 
population of rare hematopoietic cells that are 
present in most tissues. They provide a critical 
link between innate and adaptive immune 
systems by sensing foreign- and host-derived 
antigens and inducing lymphocyte activation 
and tolerance. Multiple DC subsets have been 
identified on the basis of their phenotype, 
location, maturation state, and functional 
properties, such as antigen-presentation 
capabilities and cytokine-secretion patterns 
(reviewed in26), and two main categories of DCs 
can be distinguished, i.e. plasmacytoid DCs 
(pDCs) and conventional DCs (cDCs). cDCs are 
present in the thymus, spleen and lymph nodes 
can be further subdivided in migratory (i.e. 
Langerhans cells (LCs) and interstitial DCs) and 
lymph node resident DCs (reviewed in27). 
Migratory DCs have an immature phenotype in 
peripheral tissues, where they are dedicated to 
survey their environment and to endocytose 
extracellular material. Upon migration through 
the afferent lymph to the local lymph nodes 
they acquire a mature phenotype. Resident DCs 
are also found in the spleen and thymus and 
develop within the lymphoid organs 
themselves, where they spend their entire 
lifespan in an immature state unless they 
encounter pathogen products or inflammatory 
signals, which cause their maturation in situ. 
Human blood-derived cDCs are CD11c+, carry 

the blood dendritic cell antigen-1 (BDCA1)28 and 
represent the major source of IL-12, the 
cytokine critical for Th1 cell development29. 
BDCA2+CD11c−IL-3Rα+ pDCs, which form the 
second major human DC subset, circulate 
through the blood and primary and secondary 
lymphoid tissues and only acquire the typical DC 
morphology after activation. The murine 
equivalents of human pDCs are CD11cloB220+Gr-
1+ cells30,31, and are distinct from the murine 
CD11c+CD4+/−CD8α+/− cDC populations. pDCs 
display a plasma cell morphology and selectively 
express TLR7 and TLR9. pDCs secrete large 
amounts of type I IFNs following viral 
stimulation and have therefore also been 
termed natural IFN-producing cells31-33. By 
secreting type I IFNs, pDCs regulate the function 
of other immune cells, including NK, T, B cells 
and cDCs and have important role in 
establishing antiviral immunity.  
 
 
Origin and development of pDCs  
 
pDCs, like all hematopoietic cells, derive from 
CD34-expressing HSCs (reviewed in34). Upon 
differentiation of HSCs, CD34 expression is 
gradually lost. CD34loCD4+CD45RA+CD123hiHLA-
DRint pDC precursors are identified in human 
cord blood, fetal liver, and fetal bone marrow, 
suggesting that pDCs develop from HSC within 
these primary lymphoid tissues35. During adult 
life, pDCs are produced continuously in the 
bone marrow and migrate from there to lymph 
nodes, mucosal-associated lymphoid tissues 
and spleen in steady-state conditions. Flt3L is 
the main cytokine for the development of pDCs 
from hematopoietic stem cells in humans and 
mice35-38. Thymic pDCs can develop 
independently from peripheral pDCs as the 
thymic microenvironment is able to support the 
development of pDCs from CD34+ precursors39. 
Given the presence of multiple DC subsets with 
distinct and overlapping functions, a challenging 
question has been the developmental origin 
and the lineage relationships between distinct 
subsets. Half of all murine pDCs have IgH D-J 
rearrangements40,41, indicating that they 
undergo lymphoid related DNA-rearrangement 
process during their development. The notion 
that pDCs are of lymphoid origin was supported 
by findings that genes originally found to be 
expressed only in developing T and B cells, such 
as pre-T-cell receptor α (pTα), a partially 
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rearranged immunoglobulin heavy chain (IgH), 
the surrogate light chain λ5, and the Ets factor 
Spi-B are expressed in pDCs as well, but not in 
myeloid cells42,43. Notably, overexpression of 
the naturally occurring Id2 or Id3, which inhibit 
the transcriptional activity of bHLH transcription 
factors, blocks pDC development44, like that of T 
cells and B cells, but not myeloid DC 
development, providing further support to the 
notion that pDCs are more closely related to T 
and B cells than to myeloid cells. 
More recently it was found that all DC subsets 
can be generated from a separate 
developmental pathway that can originate the 
common lymphoid progenitors (CLPs) or the 
common myeloid precursors (CMPs), in mice as 
well as in humans45-49. CLPs and CMPs can be 
segregated further by the expression of Flt3, 
and almost all cells with the potential to form 
DCs have been found to be concentrated in the 
Flt3+ subgroup of the precursors. The lymphoid 
associated transcripts for IgH, RAG and pTα 
were found in lymphoid and myeloid-derived 
pDCs41. Recently a common precursor for pDCs 
and cDCs has been described50,51. This common 
DC precursor (CDP), alternatively termed pre-
DC, is found in the mouse bone marrow and at 
the single cell level gives raise to cDCs and 
pDCs, but not to other cell lineages. Collectively 
these findings indicate that the development of 
pDCs and cDCs is independent of the 
conventional lymphoid and myeloid pathways 
and may not be coherent with the classical 
binary model of hematopoiesis (discussed in52). 
 
 
Transcriptional control of pDC development 
 
It is not clear yet at what point in DC 
development the commitment to a particular 
subpopulation of DCs is made. Studies on the 
roles of transcription factors in DC development 
indicated that distinct DC subpopulations 
require different transcriptional regulation 
during ontogeny. Several transcription factors 
have been attributed a role in the development 
of DCs from precursor cells. Interestingly, some 
of the factors are only involved in the 
development of cDCs or pDCs, respectively, 
while the deficiency in others simultaneously 
affects the generation of these DC subsets. An 
issue that complicates the study of transcription 
factors in DC development it that there seem to 

be different transcription factors involved in the 
development of murine and human pDCs. 
 
Spi-B. The immune cell specific Ets transcription 
factor Spi-B is crucially involved in human pDC 
development as decreased expression of Spi-B 
by means of RNA interference strongly inhibits 
the development of pDCs both in vitro and in 
vivo53. As expected from factors that control 
lineage specification, Spi-B inhibits the 
development of other lineages; forced 
expression of Spi-B in CD34+ progenitor cells 
impairs the development of B, T, and, natural 
killer (NK) cells54. Importantly, Spi-B, like its 
close homologue PU.1, forms protein 
complexes with IRF factors that bind to Ets-IRF 
composite DNA elements (EICE).  
 
IRFs. Among the IRF family members, IRF-4 and 
IRF-8 are structurally most similar to each other. 
They are expressed preferentially in 
hematopoietic cells of both myeloid and 
lymphoid origin, and interact with the same 
partner transcription factors such as PU.1, 
although the two factors associate with distinct 
factors as well55. IRF-8 and IRF-4 are 
differentially expressed in distinct human and 
mouse DC subsets56,57. IRF-8 deficient mice are 
largely devoid of pDCs, LCs and CD8α+ DCs, the 
cells in which IRF-8 is expressed at high levels58-

60, resulting in impaired production of IFN-α and 
IL-12p4061. Conversely, IRF-4 is expressed at 
high levels especially in CD4+CD8α− DCs, and its 
expression is low in pDCs. Consequently, the 
CD4+ DC population is absent in IRF-4 deficient 
mice62,63. In support of the complementary 
control of cDCs and pDCs by IRF-8 and IRF-4, 
IRF-8/IRF-4-double KO mice are missing all 
splenic DC subset except for few CD4−CD8α− 
DCs63 suggesting a nonredundant role of each of 
the factors in the development of specific DC 
subsets. Therefore, splenic DCs from double KO 
mice are also defective in IFN-α and IL-12p40 
production in response to CpG, poly(I:C) or LPS. 
Although these studies demonstrate the 
importance of these IRFs in DC development, 
further investigation is required to elucidate the 
molecular mechanisms. The role of IRFs in 
human DC development is not described. 
 
Cytokines and STATs. Flt3L is the non-
redundant cytokine for in vivo steady-state 
lymphoid-organ DC maintenance64 and is the 
crucial cytokine for the development of pDCs 



General introduction 

13 

from hematopoietic stem cells in humans and 
mice35-38. M-CSF enhances both in vitro pDC and 
cDC differentiation from mouse progenitors51,65. 
On the other hand, GM-CSF, which is an 
important growth factor for cDCs66, potently 
inhibits pDC production in mouse and human 
Flt3L progenitor cultures35,36. Recently it was 
shown that GM-CSF selectively utilizes its signal 
transducer STAT5 to block Flt3L-dependent pDC 
development from Flt3+ precursors67. STAT5 
may directly inhibit transcription of IRF-8, 
providing an explanation for abolished pDC 
development by GM-CSF. STAT3 is required for 
Flt3L-dependent DC differentiation, as deletion 
of STAT3 in hematopoietic cells abolishes the 
effects of Flt3L on DC development and leads to 
a profound deficiency in the DC compartment in 
murine lymphoid tissues68. Moreover, the 
transcriptional repressor Gfi1 has been shown 
to control DC development through regulating 
STAT3 activation69.  
 
E proteins. There is evidence for a role for E-
proteins in pDC development, deducted from 
experiments in which inhibition of E-protein 
action by forced expression of Id2 or Id3 in 
human CD34+ progenitor cells inhibits the 
development of pDCs, but not that of 
conventional DCs44. Conversely mice lacking Id2 
have increased percentages of pDCs70. In 
chapter 2 of this thesis our recent findings 
identifying E2-2 as a crucial factor in human 
thymic pDC development are described.  
 
 
pDCs in immunity 
 
Immature pDCs are present in the blood, bone 
marrow and lymphoid organs and can be 
recruited under stimulatory conditions to 
diverse areas in the body, including the skin, the 
cerebrospinal fluid, the synovium, the gut, the 
vaginal mucosa, and the lung (reviewed by 
Fitzgerald-Bocarsly71). Human blood pDCs 
express L-selectin32 and migrate into the T cell-
rich areas of the secondary lymphoid tissues 
through high endothelial venules (HEV), like 
naïve T lymphocytes72. pDCs express the 
chemokine receptor CXCR3, which is required 
for most pDC migration into inflamed lymph 
nodes73. Furthermore, CCR1, CCR2, CCR5, 
CXCR4 and (after activation) CCR7 are 
expressed by pDCs.  

 
pDCs as professional type I IFN-producing cells. 
PDCs are important players in antiviral 
immunity. The selective expression of TLR7 and 
TLR9, which are located in the endosomes, 
render pDCs responsive to bacterial DNA and 
viral ssRNA. Upon triggering of these TLRs, pDCs 
secrete cytokines, particularly type I IFNs. For 
several reasons pDCs are considered the 
‘natural’ source of type I IFN (reviewed by 
Haeryfar74). First, pDCs secrete enormous 
amounts of type I IFNs on a ‘per cell’ basis, 
which is probably linked to their plasmacytoid 
morphology and well developed rough 
endoplasmatic reticulum (ER). IFNs account for 
60% of the genes expressed in activated pDCs57 
and pDCs can produce 100-1000 times more 
type I IFNs that other cell types, and a wider 
array of IFN-α subtypes. Second, pDCs produce 
IFN-α/β even in the absence of intracellular 
virus gene expression, i.e. without the 
requirement for infection, which makes them 
‘professional’ IFN producers. Third, the high 
capacity of pDCs to produce IFN-α/β is partly 
related to their expression of distinct IRFs. IRF-
7, the master regulator of type I IFN 
production75, is constitutively expressed at very 
high levels in pDCs57,76,77. Human pDCs 
moreover produce the pro-inflammatory 
cytokines IL-6 and TNF-α, but, unlike murine 
pDCs, do not secrete IL-1272,78.  
 
pDCs link innate and adaptive immunity. One 
obvious function of IFN-α production by pDCs is 
the induction of an antiviral state in 
neighbouring cells. Signalling through the IFN-
receptor induces the transcription of IFN-
stimulated genes (ISG), such as dsRNA-
dependent protein kinase (PKR), the GTPase 
MxA, and 2’-5’-oligoadenylate synthetase (OAS) 
that have direct antiviral effects in IFN-
responsive cells. Furthermore type I IFNs 
released by pDCs regulate other cells of the 
innate and adaptive responses (Figure 1), as 
they increase natural killer (NK) cell mediated 
cytotoxicity and IFN-γ production79,80 and affect 
T cell functions, inducing activation, long-term T 
cell survival, IFN-γ production and Th1 
differentiation, thus promoting antiviral CTL 
responses81.  
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Figure 1. pDCs at the interface of innate and adaptive immunity. pDCs respond to stimulation with viruses, CpG 
and DNA or RNA-containing immune complexes (IC) with the production of type I IFNs and pro-inflammatory 
cytokines. pDCs then, either directly in a cell-contact dependent manner or via their soluble products, activate 
components of the innate responses (NK cells, monocytes, cDCs). Activated pDCs migrate to the lymph node, 
upregulate co-stimulatory molecules and present (or cross-present) antigen to CD4+ or CD8+ T cells or regulatory T 
cells (Treg). Depending on the nature of the stimulus, pDCs may activate Th1 responses (typically in response to 
viruses) or Th2 (in non-IFN-α stimulating conditions). pDCs have also been implicated in the development of B cell 
maturation to antibody-secreting plasma cells and in establishment of immunological memory. 
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Moreover, type I IFNs promote differentiation, 
maturation and immune stimulatory functions 
of cDCs82. pDC-derived IFN-α is also important 
in regulating the pDCs themselves, as IFN-α is a 
survival factor and upregulates IRF-7, an 
autocrine loop that may be required for the 
optimal production of IFN-α83. A important 
aspect of pDC-mediated regulation of adaptive 
immunity is the ability, through the production 
of both type I IFNs and IL-6, to induce human B 
cells to differentiate into plasma cells and 
produce immunoglobulin84,85. Type I IFNs are 
involved in class-switching and development of 
immunological memory86. As pDCs are activated 
by virus infections, they may be particularly 
important in inducing antiviral antibodies.  
 
Antigen-presentation by pDCs. Freshly isolated 
human and mouse pDCs are very poor inducers 
of T lymphocyte proliferation. pDCs may 
present antigens inefficiently because they do 
not capture, process and load antigens onto 
MHC molecules as effectively as cDCs. 
Supporting this, studies have shown that pDCs 
do not endocytose antigens as well as cDCs87. 
Most importantly, pDCs have minimal 
expression of costimulatory molecules and low 
MHC class II expression compared with 
DCs31,87,88. In contrast to freshly isolated pDCs, 
activated pDCs augment cell surface expression 
of MHC class II and costimulatory molecules, 
increasing their T cell stimulatory ability31,87,89. 
In in vitro experiments, activated pDCs were 
found capable of initiating T cell proliferation, 
but the capacity of pDCs in priming naïve T cell 
responses in vivo is still a controversial issue. 
pDCs however promote efficient proliferation of 
previously antigen-experienced T cells, including 
virus specific memory T cells90 and Th1 CD4+ T 
cells91. pDCs are able to present pulsed 
peptides, endogenous and exogenous 
antigens92,93, though clearly antigen 
presentation and T cell expansion by activated 
pDCs is less efficient than by cDCs. Accordingly, 
during viral infection in vivo, only classical 
CD8α+ DCs expand virus-specific T cells94,95, 
suggesting that antigen presentation by pDCs 
may be redundant in controlling viral infections. 
In a cDC-deficient host unmanipulated 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 responses96. 

pDCs may also cooperate with cDCs, inducing 
the differentiation of unpolarized antigen-
experienced T cell populations that have been 
expanded by cDCs91,97. Like cDCs, pDCs display 
functional plasticity in terms of priming 
different effector T cell responses: Virus 
activated pDCs have been shown to elicit a 
potent Th1 polarization, depending on type I 
IFNs, inducing T cells to produce large amounts 
of IFN-γ or both IFN-γ and IL-1098. pDCs 
activated in non-IFN-α-inducing conditions with 
IL-3 and CD40L prime T helper responses, and 
either induce Th189 or Th299 polarization, the 
latter involving signaling through OX40L100. Also 
immune repressive functions have been 
assigned to human pDCs (induction of 
CD4+CD25+ T regulatory cells (Treg)101, the 
generation of human CD8+ Treg by CD40L-
activated pDCs102 and priming of IL-10 
producing regulatory T cells by ICOSL103), as well 
as mouse pDCs104,105. In line with this, pDCs 
seem to play a critical role in preventing 
asthmatic reactions106 and inducing tolerance to 
vascularized grafts107.  
 
TLR-mediated signalling and regulation of 
cytokine production. Different DC subsets 
express different sets of TLRs generating 
distinct and shared repertoires to recognize 
diverse sets of pathogens. Human pDCs 
specifically express TLR7 and TLR9, and are 
therefore responsive to bacterial double-
stranded CpG-rich DNA, and viral DNA and 
single stranded RNA (ssRNA). TLR9 expression 
also accounts for pDC response to CpG 
oligonucleotides (ODNs), which mimic bacterial 
DNA108. Unlike cDCs, pDCs do not express TLR2, 
TLR3, TLR4, TLR5 or TLR6 which explains why 
pDCs do not respond to other bacterial 
products. All TLRs expressed by pDCs signal 
through the adapter molecule MyD88, which 
recruits signalling mediators to activate the 
transcription factor NF-kB109. The signalling 
complex includes members of the IL-1 receptor-
associated kinase (IRAK1 and IRAK4), TRAF6 and 
IRF-7. TRAF-6 activates a canonical IKK-
mediated pathway which cooperate in inducing 
pro-inflammatory cytokines such as TNF-α, IL-6, 
IL-1β and IL-12p40110. Alternatively, following 
phosphorylation by IRAK1 and activation by 
TRAF-dependent ubiquitination, IRF-7 dimerizes 
and translocates into the nucleus where 
together with NF-κB and AP-1 it regulates 
expression of type I IFNs111. IRF-7 knock-out 
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(KO) pDCs are unable to produce type I IFNs in 
response to TLR7 and TLR9 ligands75. Thus, the 
MyD88-dependent, robust IFN gene induction 
in pDCs is critically dependent on IRF-7. The 
ability of pDCs to produce inflammatory 
cytokines was intact in IRF-7-KO mice, indicating 
the IFN specificity of the IRF-7 pathway. Next to 
the phosphorylation and nuclear translocation 
of IRF7, TLR ligation in the early endosomal 
compartments112,113 is key for the induction of 
large quantities of type I IFN in pDCs. Ligand-
bound TLR9 together with the MyD88–IRF-7 
complex remain in the endosomal vesicles in 
pDCs for a long period of time, leading to 
increased IFN induction. Previous studies in 
non-DC cell types have shown that IFN 
production involves two steps, an initial 
induction of IFN-β and IFN-α4 though IRF-3 and 
IRF-7 activation, leading to the second phase 
where additional IFN-α genes and IRF-7 are 
induced in a IFN-dependent manner114,115. Not 
only IRF-3/7 but also IRF-8 plays a critical role in 
the production of type I IFNs both in pDCs and 
cDCs. IRF-8 KO DCs, while capable of inducing 
IFNs in an early, IRF-3/7-dependent phase, fail 
to activate the second phase of IFN 
transcription that is followed by high levels of 
IFN protein in pDCs and cDCs116. IRF-5 nuclear 
translocation, together with NF-kB and MAPK 
activation, is crucial for the production of 
inflammatory cytokines and probably also for 
the expression of costimulatory molecules117. 
IFN-α production is normal in IRF5−/− mice in 
response to CpG, but inflammatory cytokine 
production is decreased118. The protein 
osteopontin (Opn) also affects IFN-α gene 
expression and Opn−/− mice are deficient in 
TLR9 dependent IFN-α production119. In 
addition, pDCs are competent to produce high 
levels of type I IFNs in a TLR/MyD88-
independent manner120. These properties relate 
to the fact that DCs express RNA helicases, 
retinoic acid-inducible gene-I (RIG-I) and the 
melanoma differentiation-associated gene-5 
(MDA-5), cytoplasmic PRRs capable of detecting 
actively replicating viruses that enter the 
cytoplasm. 
Given the significance of type I IFN in activating 
a wide range of innate and adaptive immune 
cells, the IFN response has to be under tight 
control. Multiple surface receptors have been 
described to be involved in regulating the TLR-
mediated responses: The DAP12-associated pDC 
receptors Siglec-H and NKp44, P2Y receptors, 

the C-type lectins BDCA2 and DCIR as well as 
the pDC-specific Ig-like receptor ILT7 suppress 
the ability of pDCs to generate IFN responses to 
TLR ligands121-128. In chapters 3 and 4 we 
describe that the pDC specific transcription 
factor Spi-B is involved in the regulation of 
several target genes that establish and regulate 
pDC effector functions. 
 
 
Thymic pDCs 
 
In the thymus T cells develop from CD34+ 
progenitor cells via sequential stages involving 
rearrangement of T-cell receptor (TCR) genes 
and selection for expression of a functional 
TCR129,130. cDCs are found in T cell rich regions of 
most lymphoid organs and in many other 
tissues and organs. In the periphery, DCs 
sample and present antigen, thereby 
stimulating antigen-specific naïve and resting T 
cells. In the thymus, cDCs have an expanded 
role: They interact closely with developing 
thymocytes and drive deletion of autoreactive T 
cell clones. These thymic DCs may also be 
involved in induction of regulatory T cells 
(reviewed in131). pDCs represent the most 
abundant population of DCs in the thymus42,132, 
and are predominantly located at the 
corticomedullary junction (CMJ) and in the 
medulla43,132, however the role of thymic pDCs 
is elusive. Thymic pDCs share some common 
features with peripheral blood (PB) pDCs, such 
as the plasmacytoid morphology and expression 
of CD45RA, but are different from PB pDCs in 
expression of CD2, CD5 and CD743. It is 
unknown if thymic pDCs also contribute to 
negative selection of thymocytes and to the 
generation of regulatory T cells, as shown for 
peripheral pDCs101,103,104,106. A role for pDCs in 
positive selection was proposed through IFN-
induced upregulation of MHC class I at the 
surface of thymocytes133. Thymic pDCs 
probably, similar to pDCs in peripheral organs, 
play a role in protection against virus as they 
also produce large amounts of type I IFNs42,134. 
In chapter 5 we describe that pDCs upon 
stimulation negatively impact T cell 
development through secretion of type I IFNs.  
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B cells 
 
B cells are part of the adaptive immune system 
and provide humoral immunity against 
pathogens. Their main function is to produce 
and secrete large amounts of antigen-specific 
antibodies. During their development in murine 
and human bone marrow B cells pass several 
stages, including pro-B, pre-B and immature B 
cell stages, and undergo V(D)J rearrangement of 
the immunoglobulin (Ig) heavy (H) and light (L) 
chains to form a broad repertoire of B cell 
antigen receptors (BCR) and recognize various 
antigens (reviewed by Blom34 and Busslinger135). 
Proper rearrangement of the H chain and 
surface expression of a pre-BCR (consisting of 
the H chain and a surrogate light chain VpreB or 
λ5) are prerequisite for selection and 
progression from the pro- to the pre-B cell 
stage. Subsequent to the rearrangement of the 
L chain, immature B cells are positively and 
negatively selected for the expression of a 
functional and not autoreactive BCR and leave 
into the periphery as mature B cells.  
Upon binding of cognate antigen in secondary 
lymphoid tissues, B cell upregulate expression 
of CCR7 and are attracted by a gradient of 
CCL21 to the outer T-cell zones, where they 
elicit T cell help, form dynamic conjugates with 
T cells and become fully activated. Activated B 
cells can either directly develop into antibody-
secreting cells in specialized extrafollicular sites 
and produce low-affinity natural antibodies, or 
seed the follicles as germinal center (GC) 
founder cells. 
 
 
Germinal center reaction 
 
During T-cell-dependent antibody responses to 
exogenous antigen, GC are formed by 
proliferating B cells in the follicles of peripheral 
lymphoid tissues (reviewed by Klein136). Here, 
memory B cells and high-affinity antibody-

secreting plasma cells (PCs) associated with T 
dependent antibody responses are generated137 
(Figure 2). The response is initiated by 
engagement of antigen specific T and B cells at 
the boundary between B cell follicle and T cell 
zone. This interaction depends on binding of 
CD40, which is expressed on B cells, to CD40L, 
expressed on helper T cells. The mature GC 
consists of two compartments, termed dark and 
light zones. A dense network of stromal cells, 
the follicular dendritic cells (FDCs), is located in 
the light zone, whereas in the dark zone 
lymphocytes are closely packed. GC B cells in 
dark and light zones are defined as centroblasts 
and centrocytes, respectively. Centroblasts 
undergo a rapid process of proliferation and 
somatic hypermutation (SHM) of the antibody 
variable-region genes. Upon moving to the light 
zone, the smaller centrocytes re-express Ig and 
exit the cell cycle. By class switch recombination 
(CSR), which in humans likely is initiated in 
centroblasts and completed during the 
transition to centrocytes, the IgH isotype is 
changed. In a process termed affinity 
maturation centrocytes with a wide range of 
affinities compete for binding to cognate 
antigen that is deposited in the form of immune 
complexes on the surface of FDCs138. Bound 
antigen is processed and presented to follicular 
helper T cells (TFH), which provide survival and 
differentiation signals, including CD40-, ICOSL- 
and IL-21R-ligation139, to B cells with a highly 
specific BCR. This leads to the formation of 
memory B cells and PCs, which subsequently 
leave the GCs. Recently published 
observations140-142 provide new insights in GC 
dynamics that both support and challenge the 
classical views. In vivo imaging studies suggest a 
model in which dark and light zone cells are 
morphologically similar, cell division occurs in 
both compartments and cells transit between 
the zones in both directions (reviewed by 
Allen137).  
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Figure 2. The germinal center reaction. Upon engagement of antigen specific T cells, activated antigen specific B 
cells move into follicles and form germinal centers (GCs). Centroblasts in the dark zone of the germinal center 
highly proliferate and undergo somatic hypermutation (SHM) of their antibody variable-region genes. During class 
switch recombination (CSR) the isotype of the antibody constant-region is altered. Affinity maturation occurs in the 
light zone: centrocytes compete for binding cognate antigen presented by follicular dendritic cells (FDC). B cells 
with high affinity BCRs are positively selected by receiving a survival or differentiation signal from follicular helper 
T cells (TFH) and leave the GCs as differentiated memory cells or as antibody-producing plasma cells.  
 
 
 
Class switch recombination, somatic 
hypermutation and AID 
 
Vertebrates are able to produce a vast 
repertoire of antibody molecules to combat 
infection. The number of antibody specificities 
available during a human lifetime is estimated 
to exceed 109, far greater than the coding 
capacity of the genome. V(D)J recombination of 
the Ig locus that occurs during B cell 
development to produce the primary repertoire 
of antibody specificities results in about 105–106 
different specificities. However, this repertoire 
is neither large enough nor specific enough to 
include high-affinity antibodies against the full 
range of antigens an animal might encounter. 
Thus, the generation of antibody diversity 
depends largely on processes that follow V(D)J 
recombination: SHM and CSR.  
SHM is a process that modifies the Ig variable 
region of the rearranged antibody genes in B 
cells during an immune response. SHM inserts 

mainly point mutations in Ig V(D)J DNA at a rate 
of approximate 10–3 changes per base per cell 
division, which is about a million times higher 
than the spontaneous somatic mutation rate of 
the genome at large. CSR replaces the 
expressed IgH constant region, as juxtaposed to 
the VHDJH region, from the initial Cμ  to a 
downstream Cγ, Cα, or Cε. The intervening DNA 
between the switch μ  (Sμ) region, lying 
upstream of Cμ, and a downstream S region, 
lying upstream of the Cγ, Cα, or Cε exon cluster, 
is looped out as a switch (Sx-Sμ) circle. While 
SHM depends on Ig V(D)J DNA transcription, 
CSR is dependent on the germline IH-CH 
transcription initiated by the IH promoter that 
lies upstream of each S region143,144. CSR allows 
the expression of antibodies that have the same 
antigen specificity but with a secondary IgH 
isotype, thereby comprising a different effector 
function145,146.  
Both SHM and CSR depend on the activity of 
activation-induced cytidine deaminase 
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(AID)147,148. AID shares significant sequence 
similarities with the RNA cytidine deaminase 
apolipoprotein-B editing complex catalytic 
subunit 1 (Apobec1)149. It is now generally 
accepted that AID acts as a DNA deaminase, 
deaminating dC residues to dU in single-
stranded DNA, as existing transiently in the non-
template DNA strand during V(D)J transcription 
or as the R-loop structure within transcribed S 
region repeats150,151. Then, error-prone repair 
that involves different DNA repair factors leads 
to the introduction of somatic mutations 
(reviewed in152). CSR requires non-homologous 
end-joining processes, but the mechanism by 
which the corresponding switch regions 
recombine is unknown.  
AID is specifically expressed in a subset of 
germinal center B lymphoytes149,153. The highly 
mutagenic nature of AID requires stringent 
regulation of its activity. In both human and 
mouse B cells CD40 engagement and IL-4R 
signaling synergize to induce AID expression 
(reviewed in154). AID induction may be further 
enhanced by BCR cross-linking or by microbial 
LPS and/or DNA containing multiple 
unmethylated CpG motifs (CpG DNA), which 
activate TLR4 and TLR9 signalling transduction 
pathways, respectively. In vivo signalling by 
these pathogen-associated molecules probably 
crosstalks with pathways activated by host 
immune system generated B cell stimuli, CD40L 
and IL-4, to induce optimal AID expression. 
Further, BAFF and APRIL, two B cell factors that 
induce CSR in vitro and in vivo, induce 
expression of AID155,156. ICOS was shown to be 
essential for CD40-mediated CSR157. At the 
transcriptional level, several factors are 
described to be directly or indirectly involved in 
positive or negative regulation of AID, including 
Pax5, IRF8, IRF4, E47, Id2, BLIMP1, Bach2, NF-kB 
and STAT6158-164. AID activity is furthermore 
regulated by intracellular compartmentalization 
and trafficking, by posttranslational 
modification and by interaction with specific 
cofactors (reviewed by Xu154). Very recently, it 
was shown that AID is also subject to 
posttranscriptional regulation by a specific 
microRNA, miR-155165. In chapter 6 of this 
thesis we describe how STAT5 activation 
controls AID expression and consequently 
CD40L/IL-4-mediated CSR in vitro in human 
naïve B cells.  
 
 

Transcriptional control of PC differentiation 
 
During the GC reaction B cells differentiate into 
PCs, which secrete high-affinity antibodies and 
home to the bone marrow to form long-lived 
PCs, or memory B cells, which have the capacity 
to quickly form antibody-producing cells upon 
re-challenge with same pathogen. These post-
GC cells may develop through a single pathway 
that leads from memory B cells to PCs, or, 
alternatively, memory B cells and PCs are two 
separate fates of B cells that leave the GC166. 
The molecular mechanisms that govern the 
formation of post-GC cells have been studied in 
depth but several aspects are still unclear. An 
important factor is B cell lymphoma protein 6 
(BCL-6), which is required for GC formation and 
probably also for GC persistence167. BCL-6 has at 
least two functions within established GCs: 
promoting cell cycle progression and inhibiting 
differentiation. BCL6 represses the cell’s 
intrinsic response to DNA damage, allowing the 
GC B cells to sustain the DNA modifications 
associated with AID function, CSR and SHM. The 
generation of PCs is associated with the 
extinction of the transcriptional program that 
establishes the B cell phenotype, and this 
transition is mediated by a network of 
interacting transcriptional repressors166. 
Terminal differentiation of B cells requires by 
the functional inactivation of paired-box-
protein 5 (PAX-5), which is essential for 
commitment of lymphoid progenitors to the B 
cell lineage and thereafter, by an unknown 
mechanism, actively maintains B cell 
identity168,169. PAX-5 downregulation represents 
the first step toward PC differentiation170. 
Subsequently the downregulation of BCL-6 is 
required to proceed the differentiation, as this 
will release the repression of the transcription 
factor BLIMP1171. BLIMP1 has been assigned the 
master regulator of PC differentiation, because 
of its capacity to induce plasmablastic features 
in transfected B cell lines in vitro172. Ablation of 
PRDM1, the gene encoding BLIMP1, in mouse B 
cells prevents the development of PCs in vivo173. 
In addition to inducing PC differentiation, it has 
been suggested that BLIMP1 has a major role in 
erasing the preplasma cell phenotypes by 
suppressing the transcriptional repressors PAX-
5 and BCL-6166,174. BLIMP1 is thought to act 
upstream of XBP-1, a transcription factor 
required for the establishment of the secretory 
phenotype of PCs175,176. Recently IRF-4, a 
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transcription factor expressed in immature B 
cells and re-expressed in GC centrocytes, has 
been identified as a second master gene in PC 
differentiation162,163. IRF-4 expression is likely to 
be required upstream of XBP-1, but its 
relationship with BLIMP1 expression is unclear, 
as it has been reported to act upstream of163 or 
in parallel to162 BLIMP1. PC differentiation is 
regulated by negative feedback loops as the key 
transcription factors, which are mutually 
exclusively expressed in the B cells stage (BCL-6, 

PAX-5) or the PC stage (BLIMP1, XBP-1, IRF-4), 
repress each others transcription. In chapter 7 
of this thesis BLIMP1 regulation by IL-21-
mediated STAT3 activation and the requirement 
for concomitant down-regulation of BCL-6 in 
human PC differentiation is elucidated. 
Furthermore we describe in chapter 8 the 
identification of Spi-B as a novel player in the 
transcriptional repressor network underlying 
human PC generation. 
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Aim of this thesis 
 
A complex regulatory network of transcription 
factors is required to develop the different cell 
subsets that form the immune system from a 
common precursor. Also the differentiation of 
resting immune cells into adequate effector 
cells in response to environmental challenges 
requires precise regulation. It is thereby crucial 
to keep the balance of a strong immune 
response to pathogenic antigen without leading 
to harmful autoreactive effects. As aberrant 
expression of transcription factors in immune 
cells can lead to immune deficiencies, 
autoimmune diseases and hematologic 
malignancies, it is important to unravel the 
transcriptional control of immune cell 
development and differentiation.  
This thesis aims to investigate transcription 
factor networks involved in the regulation of 
human pDC and B cell development, 
differentiation and function.  
We investigated the involvement of E proteins 
in pDC development and describe in chapter 2 
the specific role of the E-protein E2-2 in the 
development of pDCs from human precursors. 
The Ets factors Spi-B collaborates in this process 
by repressing E-protein antagonists, the 
inhibitors of DNA binding (Id). The finding that 
Spi-B is involved in the regulation of pDC 

effector functions, including cytokine secretion 
and expression of costimulatory and MHC 
molecules, is described in chapter 3. The 
microarray studies outlined in chapter 4 aim to 
identify targets of Spi-B that exert its effects in 
human pDC development and differentiation.  
Human pDCs also originate in the thymus, 
though it is not clear if thymic pDCs are a 
specialized pDC subset. We studied the role of 
pDCs in the thymus and observed that type I 
IFNs produced by stimulated pDCs negatively 
affect T cell development, as outlined in 
chapter 5.  
During the germinal center reaction B cells 
switch the isotype of the BCR constant region 
during a process called CSR, and subsequently 
differentiate into memory B cells or PCs. We 
aimed to investigate how ‘repertoire freezing’ is 
established in post-GC B cells and describe in 
chapter 6 how the signal transducer STAT5 
counteracts CSR in human B cell cultures by 
regulating the expression of AID. Furthermore it 
is shown that the differentiation of human B 
cells into antigen-producing PCs is regulated by 
STAT3-mediated upregulation of BLIMP1 and is 
dependent on concomitant downregulation of 
BCL-6 (chapter 7). Finally, we unravel a novel 
function of Spi-B in human B cells, which acts as 
a repressor of BLIMP1 and XBP-1 and therefore 
controls human PC differentiation (chapter 8). 
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Abstract 
 
Plasmacytoid dendritic cells (pDCs) are central players in the innate and adaptive immune response 
against viral infections. The molecular mechanism that underlies pDC development from progenitor cells 
is only beginning to be elucidated. Previously we reported that the Ets-factor Spi-B and the inhibitors of 
DNA binding protein 2 (Id2) or Id3, which antagonize E-protein activity, are crucially involved in 
promoting or impairing pDC development, respectively. Here we show that the basic-helix-loop-helix 
(bHLH) protein E2-2 is predominantly expressed in pDCs, but not in their progenitor cells or conventional 
DC (cDC). Forced expression of E2-2 in progenitor cells stimulated pDC development. Conversely, 
inhibition of E2-2 expression by RNA interference impaired the generation of pDCs suggesting a key role 
for E2-2 in development of these cells. Notably, Spi-B was unable to overcome the Id2 enforced block in 
pDC development and moreover Spi-B transduced pDCs expressed reduced Id2 levels. This might 
indicate that Spi-B contributes to pDC development by promoting E2-2 activity. Consistent with this 
notion simultaneous overexpression of E2-2 and Spi-B in progenitor cells further stimulated pDC 
development. Together our results provide additional insight into the transcriptional network 
controlling pDC development as evidenced by the joint venture of E2-2 and Spi-B.  
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Introduction 
 
The ability of dendritic cells (DCs) to capture 
and present antigenic peptides, has established 
a function in both the adaptive and innate 
branches of the immune system. Extensive 
characterisation of DCs has revealed the 
existence of many different DC subsets with 
distinct cell surface phenotype, cytokine 
expression profile, and anatomical localisation1. 
One member of the DC family is the 
plasmacytoid DC (pDCs), which is hallmarked by 
their capacity to produce high levels of type I 
interferons (IFN) and hence are also known as 
natural type I IFN producing cells2. 
pDCs are detected in blood and most tissues, 
including spleen, lymph nodes and thymus2,3. 
Previously, we described that at least two 
developmental pathways exist for pDCs, an 
extrathymic and an intrathymic pathway4. The 
requirements for the development of DC 
subsets are not fully understood. In mice it has 
been shown that conventional DCs (cDC) and 
pDCs can develop from minor Flt3+ 
subpopulations within the common myeloid 
and the common lymphoid progenitor pools5-7. 
Recently, this pool was narrowed down to a DC 
committed precursor (pro-DC) that can only 
develop into cells of the DC lineages8,9. It is not 
clear yet at what point in DC development the 
commitment to a subpopulation is 
accomplished. Also human pDCs can be derived 
from both myeloid and lymphoid progenitor 
cells10,11. A better understanding of the 
molecular mechanisms that control pDC 
development may contribute to the elucidation 
whether one or more developmental pathways 
of pDCs exist. Studies with gene targeted mice 
have revealed several transcription factors 
implicated in pDC development, including 
STAT3, which is involved Flt3L-dependent 
dendritic cell differentiation12, Ikaros13, 
interferon regulatory factor (IRF)-4 and IRF-814-

16, Gfi117 and XBP118. Deficiency in some of 
these factors results in specific ablation of just 
the pDC subset, whereas others additionally 
affect the development of lymphoid-tissue 
resident or skin DCs. Our lab has implicated a 
crucial role for the Ets transcription factor Spi-B 
in human pDC development19,20. Forced 

expression of Spi-B in CD34+ progenitor cells 
favoured pDC development but impaired the 
development of B, T, and, natural killer (NK) 
cells19. More importantly, reducing expression 
of Spi-B by means of RNA interference20 or 
triggering of the Notch1 pathway21 strongly 
inhibited the development of pDCs both in vitro 
and in vivo. Furthermore we have provided 
evidence for a role for E-proteins in pDC 
development. E-proteins are a class of four 
proteins (TCF12/HEB, TCF4/E2-2, and the E2A 
splice variants E12 and E47), which are 
members of the bHLH superfamily of 
transcription factors. The involvement of E-
proteins in pDC development was deduced 
from experiments with inhibitors of DNA 
binding (Id) proteins22. Like E-proteins the Id-
factors also harbour a helix-loop-helix domain 
for protein-protein interactions but lack the 
basic DNA binding domain, thereby restraining 
E-protein activity upon complex formation23,24. 
Inhibition of E-protein activity by forced 
expression of Id2 or Id3 in CD34+ progenitor 
cells inhibited the development of pDCs, but 
not that of cDCs22. Consistent with this, mice 
lacking Id2 have increased percentages of 
pDCs25. Together this suggests that one or more 
E-proteins are required for the development of 
pDCs. 
Here we identified E2-2 as a crucial factor in 
human pDC development. E2-2 is highly 
expressed in pDCs, but not in their progenitor 
cells or in cDCs. Overexpression of E2-2 
stimulated the differentiation of thymic 
CD34+CD1a− progenitor cells into pDCs. 
Conversely, inhibition of E2-2 expression by 
RNA interference impaired pDC development. 
This identifies E2-2 as another key player in 
development of this cell lineage. Spi-B is unable 
to overcome the block in pDC development 
imposed by Id2. Furthermore, Spi-B transduced 
pDCs express reduced levels of Id2. This 
together with the observation that E2-2 and 
Spi-B, when overexpressed, simultaneously 
further enhanced pDC development suggests 
that the concurrent action of Spi-B and E2-2 
controls the development of progenitor cells 
into the pDC lineage. 
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Materials and methods 
 
Monoclonal antibodies. Monoclonal antibodies to 
CD3, CD4, CD34, CD45RA, CD56, CD123 and HLA-DR 
conjugated to PE, PerCP, PeCy7, APC or APCCy7 were 
purchased from Becton Dickinson (BD, San Jose, CA), 
CD1a-PE from Beckman Coulter (Fullerton, CA), 
BDCA2-APC from Miltenyi Biotech (Bergisch 
Gladbach, Germany), and CD56-APC from Beckman 
Coulter (BC, Marseille, France). 
  
Constructs, cell lines and retrovirus production. The 
retroviral constructs, LZRS Spi-B IRES GFP19 and LZRS 
Id2 IRES GFP22 were described previously. Spi-B and 
Id2 were subcloned into LZRS IRES YFP by using 
restriction enzymes XhoI-NotI and NotI (Roche, 
Germany) respectively. PCR was performed to obtain 
human E2-2 cDNA from thymic pDCs by using 2 
primer sets  
set 1:  
GTGTCTGCGGATCTGTAGTGG 
CAGGAGGCGTACAGGAAGAG  
set 2:  
CTTGCGTCTGCGATTCATAAC 
GCCTGGCTATGCAGGAATGT 
TOPO TA Cloning kit (Invitrogen, CA) was used to 
ligate the PCR products into pCR2.1-TOPO vector. 
The inserts were then liberated by EcoRI and BstXI 
and subcloned into the EcoRI site of LZRS ires GFP. 
Control and Spi-B RNA-i constructs were described 
previously20. The RNA-i sequence (5’- 
TCGCAGACGCAAGAGGTTT-3’) specifically targeting 
human E2-2 mRNA was designed using Ambion’s 
siRNA Target Finder (http://www.ambion.com). 
Using those constructs, GALV-pseudotyped 
retroviruses were produced using the Phoenix 
packaging cell line.  
 
Isolation of CD34+ cells, pDCs, and cDCs from 
postnatal thymus and buffy coat. Buffy coats for 
isolation of pDCs and cDCs were obtained from 
Sanquin Bloodbank, Amsterdam, the Netherlands. 
Thymocytes were obtained from surgical specimens 
removed from children up to 3 years of age 
undergoing open heart surgery, with informed 
consent from patients in accordance with the 
Declaration of Helsinki and approved by the Medical 
Ethical Committee of the Academic Medical Center. 
Thymocytes and peripheral blood lymphocytes 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 cell 

separation kit (Miltenyi Biotec, Bergisch Gladbach, 
Germany). CD34+CD1a−CD56−BDCA2− cells, further 
referred to CD34+CD1a−, were sorted to purity on a 
FACSAria (BD), purity of the sorted cells in all 
experiments was >97%. Thymic and peripheral blood 
BDCA4+ and HLA-DR+ cells were isolated by MACS 
cell separation. CD123+CD45RA+ pDCs and 

CD3−CD56−CD19−HLA-DR+CD11c+ cDCs were further 
separated by cell sorting. 
 
Retroviral transduction and differentiation assays. 
For transduction experiments CD34+CD1a− postnatal 
thymocytes were cultured overnight with 20 ng/mL 
SCF (R&D Systems), and 10ng/mL IL-7 (PeproTech) 
and subsequently incubated for 6 hours with virus 
supernatant in retronectin coated plates (30µ/mL; 
Takara Biomedicals, Otsu, Shiga, Japan). 1×105 
CD34+CD1a— progenitor cells were co-cultered with 
5×104 OP9 cells in MEMα (Invitrogen) with 20% FCS 
(Hyclone), 5ng/mL IL-7 and 5ng/mL Flt3L 
(PeproTech). Differentiation assays were analyzed 
after 1 week of co-culture. Flow cytometric analysis 
was performed on an LSRII FACS analyzer (BD). To 
obtain in vitro generated pDCs and cDCs, 
CD123hiBDCA2+ pDCs and CD3−CD56−CD19− HLA-
DRhiCD123+CD11c+ cDCs were isolated from co-
culture after 10 days by FACS sorting. 
 
Quantitative real-time PCR. Quantitative real-time 
PCR was performed with an iCycler (Bio-Rad, 
Hercules, CA), using specific primers. Expression 
levels relative to actin expression were calculated. 
Actin, forward ATGGAGTTGAAGGTAGTTTCG 
Actin, reverse CAAGAGATGGCCACGGCTGCTTCAGC 
E12, forward ACAGCGAGAAGCCCCAGA  
E12, reverse CTGCTTTGGGATTCAGGTTC  
E47, forward GTCGGACAAAGCGCAGAC  
E47, reverse ACAGGCTGCTTTGGGATTC  
HEB, forward CCGTGGCAGTCATCCTTAGT  
HEB, reverse GCCGATACGGCAGAAACTT  
E2-2, forward ATGGGAGAGAATCAAACTTA 
E2-2, reverse CCTCCATGGCACTACTGTGA 
Id2, forward CGGATATCAGCATCCTGTCC 
Id2, reverse CTGAATAAGCGGTGTTCATGA 
 
Immunoblotting. E-protein expression in human 
thymocytes was assessed by immunoblot analysis 
using mouse monoclonal E2-2 antibody (ab32873, 
Abcam, CA), rabbit polyclonal HEB antibody (sc-357, 
Santa Cruz Biotechnology, CA) and mouse 
monoclonal E2A antibody (sc-416, Santa Cruz 
Biotechnology, CA), respectively. 
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Results 
 
The bHLH factor E2-2 is highly expressed in 
pDCs.  
Mice lacking expression of the inhibitor of DNA 
binding Id2 have increased percentages of 
pDCs25. In line with this, forced expression of 
Id2 and Id3 in human progenitor cells 
specifically inhibits pDC differentiation, while 
leaving the development of cDCs unaffected22. 
Id factors are known for their ability to directly 
restrain the transcriptional activity of E-proteins 
(HEB, E2-2, and, the E2A splice-variants E12 and 
E47) by protein-protein interaction26. 
Consequently, this suggests the involvement of 
one or more E-proteins in pDC development. 
We set out to reveal the E-protein(s) involved in 
human pDC development. To determine the E-
proteins expressed in pDCs, CD123hiCD45RA+ 

cells were sorted from human postnatal thymus 
tissue (Supplementary Figure 1A). CD34+CD1a− 
thymic progenitors, known to have pDC 
potential19-22,27 and T cell committed 

CD34+CD1a+ progenitors28 were sorted 
concomitantly for comparison (Supplementary 
Figure 1B). At the mRNA level the E2A splice 
variants E12 and E47 were detected in all 
subsets, the CD34+CD1a− and CD34+CD1a+ 

progenitor cells and pDCs (Figure 1A). However, 
while E12 and E47 protein was detected in the 
Jurkat T cell line, these were absent from the 
sorted thymocyte subsets (Figure 1B). In line 
with its role in human T cell development 
(unpublished data R.S. and B.B.), HEB was 
expressed at higher mRNA and protein levels in 
the CD34+CD1a+  than in the CD34+CD1a− thymic 
progenitor population. However, HEB levels 
were reduced in pDCs (Figure 1A and 1B). In 
sharp contrast, E2-2 was highly expressed in 
pDCs both at the transcriptional and protein 
level, while only low levels were present in 
CD34+CD1a− or CD34+CD1a+ thymic progenitors 
(Figure 1A and 1B). E2-2 expression is not 
limited to pDCs in the thymus, since also pDCs 
isolated from peripheral blood expressed E2-2 
(Figure 1C).  
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Figure 1. Ex vivo isolated and in vitro generated pDCs, but not cDCs, express high E2-2 levels. (A+B) Freshly 
isolated CD34+CD1a− and CD34+CD1a+ progenitor cells and CD123+CD45RA+ pDCs from human postnatal thymus 
were analyzed for the expression of E-proteins by (A) real time RT-PCR and (B) immunoblotting. Lysates from 
Jurkat cells were analyzed as positive control for E12 and E47 protein detection. Actin levels were determined as 
loading control. (C) E2-2 expression was determined in ex vivo (from postnatal thymus and peripheral blood) and in 
vitro generated pDCs and cDCs by real-time RT-PCR. Values are normalized to expression (A) in CD34+CD1a− cells or 
(C) in cDCs. The error bars represent SDs of triplicate PCR samples. All experiments shown are one representative 
of three. 
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In CD11c+HLA-DR+ cDCs either isolated from the 
thymus or peripheral blood E2-2 was not 
detectable. PDCs and CD11c+HLA-DR+ cDCs can 
also be generated in vitro from progenitor cells 
after culture on OP9 cells in the presence of 
Flt3L (21 and H.S. unpublished observations). In 
line with expression in the ex vivo DC subsets 
from thymus and peripheral blood we observed 
that the in vitro generated pDCs, but not cDCs, 
expressed E2-2 (Figure 1C). Expression levels of 
the other E-proteins, E12, E47, and HEB, in cDCs 
were even lower compared to pDCs (data not 
shown). 
In summary, E2-2, but not any of the other E-
proteins, is highly expressed in pDCs as 
compared to their progenitor cells. Notably, E2-
2 expression is restricted to pDCs as it is not 
expressed in cDCs. Furthermore E2-2 expression 
is independent of the pDC localization (thymus 
or periphery).  
 
 
 

E2-2 is required for the development of pDCs.  
The high expression of E2-2 in pDCs relative to 
their progenitor cells prompted us to address 
whether E2-2 has a role in the development of 
these cells. To investigate this we generated a 
retroviral construct to overexpress the E2-2 
cDNA together with green fluorescent protein 
(GFP) as a marker gene. E2-2 overexpression 
was confirmed by immunoblotting on a total 
lysate of 293T cells that were transfected with 
the E2-2 construct (Figure 2A). To establish the 
role for E2-2 in pDC development E2-2 was 
forced in CD34+CD1a− thymic progenitor cells by 
retroviral transduction. Both transduced and 
non-transduced CD34+CD1a− postnatal 
thymocytes were co-cultured with the murine 
stromal cell line OP9 and the cytokines IL-7 and 
Flt3L, a condition regiment known to support 
the development of pDCs in vitro21. After 7 days 
the cultures were analyzed by flow cytometry 
for the presence of transduced BDCA2+CD123hi 
pDCs.  
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Figure 2. E2-2 stimulates pDC development in vitro. (A) E2-2 protein levels in 293T cells transfected with the LZRS 
E2-2 IRES GFP or empty control vector. Total cell lysates were analyzed by immunoblotting. Actin staining was used 
as loading control. (B-D) CD34+CD1a− thymic progenitor cells were retrovirally transduced with the LZRS E2-2 IRES 
GFP or control LZRS IRES GFP vector. After 7 days of co-culture with OP9 cells and IL-7 plus Flt3L, the cultures were 
analyzed by flow cytometry using antibodies directed against the pDC markers CD123 and BDCA2. (B) Percentages 
of E2-2 and control transduced pDCs obtained in a representative experiment are shown after electronic gating on 
GFP+ cells. (C) Normalized percentages of GFP+ pDCs obtained after E2-2 or control transductions. The percentage 
of pDCs in the control cultures is set to 100%. (D) Normalized absolute numbers of GFP+ pDCs, calculated based on 
the input of progenitor cells and expansion rate of GFP+ pDCs. Values are normalized to control transduced pDCs, 
which is set as 1. Averages ± SD of 9 experiments are shown. **p-value<0.01; *p-value <0.05. 
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The percentages of transduced cells in this 
representative experiment were 4% and 3%, 
while the total cell numbers were 1.6x106 and 
2.3x106 for control and E2-2 transduced 
cultures, respectively. Increased E2-2 
expression significantly enhanced the 
development of pDCs from progenitors, as 
demonstrated in both percentages and absolute 
cell numbers (Figure 2B-D), indicating that E2-2 
promotes pDC differentiation. 
 
 
 
 
 

Knockdown of E2-2 expression by RNA 
interference impairs pDC development. 
To more firmly establish the role of E2-2 in pDC 
development we employed a RNA interference 
approach to knockdown E2-2 expression. 
Retroviral pRetrosuper vectors29 were 
constructed to express the E2-2 or Renilla 
control RNA-i sequences together with the 
marker gene yellow fluorescent protein (YFP) 
driven by an independent PGK promoter. One 
of the three probes that we designed to target 
the E2-2 mRNA (E2-2i #3) for degradation 
resulted in an almost 60% inhibition of E2-2 
protein expression in the 293T cells in 
comparison to control Renilla RNA-i transfected 
293T cells (Figure 3A).  
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Figure 3. pDC development is impaired by knocking down E2-2 expression. (A) E2-2 protein levels in 293T cells 
transfected with either E2-2 RNA-i probes or as control Renilla RNA-i probe as determined by immunoblot analysis. 
Actin was used as a loading control. Ratios (E2-2:Actin) are normalized to control Renilla-i. (B-D) CD34+CD1a− 
thymic progenitor cells were retrovirally transduced with pRetrosuper (E2-2 RNA-i/pgk YFP) or pRetrosuper 
(Renilla RNA-i/pgk YFP) vectors and co-cultured with OP9 cells plus IL-7 and Flt3L. After 7 days the cultures were 
analyzed by flow cytometry using antibodies directed against the pDC markers CD123 and BDCA2. (B) A 
representative experiment showing percentages of E2-2 RNA-i (E2-2-i) and control Renilla RNA-i (Renilla-i) 
transduced pDCs after electronic gating on YFP+ cells. (C) Normalized percentages of YFP+ pDCs obtained after E2-2-
i or control Renilla-i transductions. The percentage of pDCs in the control cultures is set to 100%. (D) Normalized 
absolute numbers of YFP+ pDCs, calculated based on the input of progenitor cells and expansion rate of YFP+ pDCs. 
Values are normalized to control transduced pDCs. Averages ± SD of 6 experiments are shown. **p-value<0.01; *p-
value <0.05. 
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Then, to determine whether pDC development 
is dependent on E2-2 expression, CD34+CD1a− 
thymic progenitor cells were transduced with 
either the E2-2 RNA-i/pgk YFP or Renilla RNA-
i/pgk YFP20 knockdown constructs and cultured 
under pDC promoting conditions on OP9 cells 
with IL-7 and Flt3L21. After 7 days of co-culture, 
the percentages of transduced cells in this 
representative experiment were 10% and 9 %, 
while the total cell numbers were 1.6x106 and 
1.2x106 for Renilla-i and E2-2-i transduced 
cultures, respectively. We observed a reduction 
in the percentage as well as in the absolute cell 
number of pDCs when E2-2 levels were 
decreased by means of RNA interference 
(Figure 3B-D). This, together with the enhanced 
development when E2-2 expression is increased, 
argues for an important role of E2-2 in human 
pDC development. 
 

Spi-B cannot stimulate pDC development in 
absence of E2-2 activity.  
Forced expression of Id2 and Id3 in human 
progenitor cells inhibits pDC differentiation22. 
Blocking pDC development by forced expression 
of Id2 could be relieved to control transduced 
levels by concomitant expression of E2-2 
(Supplemental figure 2), confirming the 
reciprocal functions of these factors in our 
system. Previously, we have reported that the 
Ets transcription factor Spi-B is crucial for the 
development of pDCs from progenitor cells19,20. 
We aimed to determine the relative 
contribution of E2-2 and Spi-B in progenitor 
cells developing into the pDC lineage. To this 
end we assessed the effect of overexpressing 
Spi-B while concomitantly knocking down E2-2 
expression in thymic progenitor cells and 
observed that the enhanced pDC development 
induced by Spi-B was diminished when also E2-
2i#3 was overexpressed (data not shown).  
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Figure 4. Spi-B does not overcome the block in pDC development induced by Id2. CD34+CD1a− thymic progenitor 
cells were retrovirally transduced with Id2/GFP, Spi-B/YFP, or control transduced with GFP and/or YFP only vectors. 
After 7 days of co-culture with OP9 cells in the presence of IL-7 and Flt3L, the cultures were analyzed by flow 
cytometry using antibodies directed against the pDC markers BDCA2 and CD123. (A) Shown are the percentages of 
pDCs after gating on double transduced GFP+YFP+ cells from a representative experiment. The percentages of 
double transduced cells in this experiment were as follows: 0.13% control-GFP/control-YFP, 0.24% control-
GFP/Spi-B YFP, 0.65% Id2 GFP/control YFP, 0.92% Id2 GFP/Spi-B YFP. (B) Normalized percentages of GFP+YFP+ pDCs 
in the OP9 cultures. The percentage of pDCs in the control cultures is set to 100%. (C) Normalized absolute 
numbers of GFP+YFP+ pDCs, calculated based on the number of GFP+YFP+ transduced input progenitor cells and the 
number of GFP+YFP+ BDCA2+CD123hi pDCs after 7 days of co-culture. Values are normalized to control transduced 
pDCs. Averages ± SD of 3 experiments are shown. **p-value<0.01; *p-value <0.05. ns: not significant. 
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This reduction was comparable to the condition 
where we only knocked down E2-2 expression. 
Since it was difficult to correctly interpret these 
data, due to the fact that knocking down E2-2 
expression by RNA interference is incomplete, 
we decided to inhibit E-protein activity by 
expression of Id2 in conjunction with Spi-B. 
Progenitor cells were double transduced with 
Id2/GFP and Spi-B/YFP constructs and co-
cultured with OP9 cells. After one week of 
culture the GFP+YFP+ double transduced cells 
were analyzed for the presence of 
BDCA2+CD123hi pDCs (Figure 4). As expected, 
when only Spi-B was overexpressed in the 
progenitor cells we observed an increase in 
both the percentage and absolute cell number 
of pDCs (Figure 4A-C). Conversely, Id2 
overexpression significantly inhibited pDC 
development as compared to control 
transduced cells. Notably, when both Spi-B and 
Id2 were overexpressed simultaneously neither 
the percentage nor the absolute pDC numbers 
increased compared to the Id2 only transduced 
cultures (Figure 4A-C). Taken together this 
indicates that Spi-B is unable to direct 
progenitor cells into the pDC lineage in the 
presence of the E-protein inhibitor Id2. The 
functional activity of bHLH factors, most likely 
E2-2, is an absolute requirement for 
development of pDCs. This further emphasizes 
the importance of E2-2 in pDC development. 
 
E2-2 cannot stimulate pDC development in 
absence of Spi-B activity.  
To further establish the notion that both E2-2 
and Spi-B are required for pDC development, 
we assessed the effect of E2-2 overexpression 
in progenitor cells in which Spi-B levels were 
reduced. Previously we have reported that pDC 
development is inhibited when expression of 
Spi-B is abrogated by RNA interference in 
progenitor cells20. We employed the knockdown 
construct to impair Spi-B expression 
simultaneous with E2-2 overexpression in 
thymic progenitor cells and analyzed the effect 

on pDC development after co-culture with OP9 
cells. As expected, after one week we observed 
that E2-2 overexpression increased pDC 
development, while knocking down Spi-B 
expression reduced both the percentage and 
absolute pDC numbers (Figure 5A-C). Notably, 
in the condition that E2-2 was overexpressed 
but Spi-B expression was reduced we observed 
that pDC development was impaired compared 
to E2-2 overexpression only. The percentages 
and absolute cell numbers, respectively, of 
pDCs in this experiment were as follows: 
Control GFP + Renilla-i YFP (24%, 2738 pDCs, 
Spi-B GFP + Renilla-i YFP (56%, 3796 pDCs), 
Control GFP + E2-2-i YFP (15%, 1006 pDCs) and 
Spi-B GFP + E2-2-i YFP (34%, 2924 pDCs). 
Together these data suggest that E2-2 is unable 
to stimulate pDC development in the absence of 
Spi-B and confirms that both proteins are 
required for proper pDC differentiation. 
 
Spi-B regulates the expression of Id2.  
The finding that Spi-B overexpression did not 
overcome the Id2 enforced block in pDC 
development (Figure 4) let us to speculate that 
the regulation of Id proteins may be a 
mechanism of Spi-B in promoting pDC lineage 
development. This notion would be in line with 
the data presented in Figure 5 that show 
requirement for adequate Spi-B protein levels in 
the cells to allow for E2-2-mediated pDC 
development. To investigate whether Spi-B may 
be involved in regulating the expression of Id2, 
pDCs were generated in vitro from Spi-B 
transduced CD34+CD1a— precursors and Id2 
levels were assessed (Figure 6). We observed 
that Spi-B transduced pDCs expressed 2-fold 
lower levels of Id2 as compared to control 
transduced pDCs. An effect on E2-2 expression 
by Spi-B was not observed (data not shown).  
These data may suggest that Spi-B is involved in 
the regulation of Id transcription and thereby 
may indirectly enhance E2-2 activity and 
promote pDC development. 
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Figure 5. Reducing Spi-B levels impairs E2-2 induced pDC development. CD34+CD1a− thymic progenitor cells were 
retrovirally transduced with Spi-B RNA-i/GFP (Spi-B-i), E2-2 IRES YFP and/or the appropriate control vectors. After 7 
days co-culture with OP9 cells in the presence of IL-7 and Flt3L, cultures were analyzed by flow cytometry by using 
antibodies directed against the pDC marker BDCA2 and CD123. (A) Shown are the percentages of pDCs after 
electronic gating on double transduced GFP+YFP+ cells from a representative experiment. The percentages of 
double transduced cells in this representative experiment were as follows: 1% control-GFP/control-YFP, 0.6% Spi-Bi 
GFP/control-YFP, 0.2% control GFP/E2-2 YFP, 0.2% Spi-Bi GFP/E2-2 YFP. (B) Normalized percentages of GFP+YFP+ 

pDCs in the OP9 cultures. The percentage of pDCs in the control cultures is set to 100%. (C) Normalized absolute 
numbers of GFP+YFP+ pDCs, calculated based on the number of GFP+YFP+ transduced input progenitor cells and the 
number of GFP+YFP+ BDCA2+CD123hi pDCs after 7 days of co-culture. Values are normalized to control transduced 
pDCs, which is set as 1. Averages ± SD of 4 experiments are shown. **p-value<0.01; *p-value <0.05.  
 
 
 

 
 

 
 
Figure 6. Expression of Id2 is reduced when Spi-B is overexpressed. 
Expression levels of Id2 were assessed by real time RT-PCR in sorted GFP+ 
pDCs derived in vitro from CD34+CD1a− progenitors transduced with Spi-B 
or control vectors. Values are normalized to expression in control 
transduced cells. Averages ± SD of PCR duplicates are shown. One 
representative experiment out of two is shown. 
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Co-expression of E2-2 and Spi-B stimulates pDC 
development.  
If Spi-B controls pDC development by 
downregulating the expression of Id factors and 
thereby releases the antagonistic effect on E2-2 
activity we might expect that overexpression of 
both Spi-B and E2-2 will further enhance the 
pDC differentiation compared to cells 
overexpressing either one of the two 
transcription factors individually. To test this 
hypothesis CD34+CD1a− progenitor cells were 

double transduced with constructs expressing 
Spi-B and E2-2 and co-cultured with OP9 cells. 
As shown in Figure 7, after one week of culture 
a significantly higher percentage and absolute 
number of E2-2/Spi-B double transduced cells 
had developed into pDCs compared to control 
transduced or E2-2 only transduced cultures. 
From this we conclude that E2-2 and Spi-B act in 
a cooperative manner to stimulate the 
development of human pDCs. 
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Figure 7. Co-expression of E2-2 and Spi-B stimulates pDC development. CD34+CD1a− thymic progenitor cells were 
retrovirally transduced with E2-2/YFP and/or Spi-B/GFP and/or the appropriate control vectors. After 7 days co-
culturing with OP9 in the presence of IL-7 and Flt3L, the cells were analyzed by flow cytometry by using antibodies 
directed against the pDC marker CD123 and BDCA2. (A) Shown are the percentages of pDCs after electronic gating 
on double transduced GFP+YFP+ cells from a representative experiment. The percentages of double transduced 
cells were as follows: 1.8% control-GFP/control-YFP, 0.6% Spi-B GFP/control YFP, 0.4% control GFP/E2-2 YFP, 0.2% 
Spi-B GFP/E2-2 YFP. (B) Normalized percentages of GFP+YFP+ pDCs in the OP9 cultures. The percentage of pDCs in 
the control cultures is set to 100%. (C) Normalized absolute numbers of GFP+YFP+ pDCs, calculated based on the 
number of GFP+YFP+ transduced input progenitor cells and the number of GFP+YFP+ BDCA2+CD123hi pDCs after 7 
days of co-culture. Values are normalized to control transduced pDCs. Averages ± SD of 4 experiments are shown. 
**p-value<0.01; *p-value <0.05. 
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Discussion 
 
In this report we identify the E-protein E2-2 as a 
crucial regulator of human pDC development. 
By real time RT-PCR and immunoblotting high 
levels of E2-2 were detected in ex vivo isolated 
pDCs when compared to progenitor cells or 
cDCs from human blood or thymus. 
Overexpression of E2-2 in CD34+CD1a− 
progenitor cells strongly promoted pDC 
development in Flt3L supplemented cell 
cultures whereas its knockdown effectively 
reduced the ability of human progenitors to 
develop into pDCs. An important result 
emanating from our studies was the 
observation that Spi-B, an Ets-factor that we 
previously identified as the key factor required 
in pDC development19,20, was incapable to 
overcome the Id2 enforced block in pDC 
development. This together with the finding 
that Id2 expression levels were reduced in Spi-B 
transduced pDCs, may suggest that Spi-B acts to 
promote E2-2 activity. In line with this, we 
observed that E2-2 and Spi-B when co-
expressed further enhanced the development 
of pDCs.  
E-proteins are essential factors in lymphocyte 
development and function. In particular, E-
proteins are crucial for development of 
lymphoid progenitors to the B and T cell 
lineages26. In the development of T cells, both 
E2A and HEB have been implicated30-32. E12 and 
E47 are essential for B cell development by 
controlling either directly or indirectly the 
expression of Pax-5, a factor essential for B cell 
lineage fate decision and securing of the B cell 
identity until the mature stages of 
development33-37. In contrast, HEB is 
dispensable for B cell development38. E2-2–/– 
mice die around birth, precluding the analysis of 
loss-of-function effects at later stages of 
postnatal life. In conditional E2-2-deficient 
mice39 E2-2 deficiency leads to a partial block in 
both B and T lymphocyte development38,40,41. 
The development of DC subsets was not 
assessed in these mice. The findings described 
in this manuscript reveal a crucial role for E2-2 
in human pDC development. Together with the 
observations that E-proteins are important 
regulators of lymphoid development suggest a 
close lineage relationship of pDCs with the T 
and B cell lineages.  
Overexpression of the dominant negative 
transcription factor Id2 or Id3 blocked 

development of pDCs, but not of cDCs22. In line 
with this, pDC development is enhanced in Id2 
deficient mice25. Recently a GeneChip analysis 
on mouse and human leukocytes showed that 
E2-2 is expressed at high levels in pDCs, while 
Id2 was high in cDC42. Here we not only 
confirmed prominent mRNA and protein 
expression of E2-2 in pDCs, but in addition 
provide evidence to suggest that Id factors 
when overexpressed most likely antagonize E2-
2 activity in progenitor cells, thereby blocking 
development into the pDC lineage. Of notice, 
we and others42 did not detect high expression 
of the other E-proteins HEB, E12, or E47 in pDCs. 
To our surprise we observed, however, that 
overexpression of the other E-proteins in 
human progenitor cells promoted in vitro pDC 
development to some extent (data not shown). 
While we cannot exclude a role for the other E-
proteins in pDC development, our findings may 
also be attributed to the fact that high levels of 
HEB, E12, or, E47 bind to endogenously 
expressed Id proteins. This then may relieve the 
negative regulation on E2-2, thereby indirectly 
promoting pDC development. A similar model 
was proposed for B cell-lineage commitment 
and expansion, where E2A is the central player 
and E2-2 and HEB could modulate the pool size 
of E2A homodimers through a competitive 
dimerization with Id factors38. 
Currently, the target genes that are regulated 
by E2-2 and account for the effect on pDC 
development are elusive. Transcription factors 
often exert their function by forming protein 
complexes for enhanced DNA binding. E-
proteins bind to E-box DNA elements either as 
homodimers or heterodimers with other bHLH 
proteins26. The consensus E-box sequence 
(CANNTG) has been identified in a number of 
regulatory elements of lymphoid lineage 
specific genes, including the T cell receptor α 
and β enhancers, the CD4 silencer and enhancer, 
and the promoters of mb-1, λ5, and pTα, which 
are involved in either B or T cell 
development26,43-48. Furthermore, it is possible 
that complexes consisting of Ets factors and IRF 
bind to ETS-IRF composite DNA elements 
(EICE)49. In addition, it has been reported that a 
ternary complex of PU.1, IRF-4, and E47, by 
binding to an E-box and EICE element, 
transactivated expression of the CIITA gene, 
which was required for expression of MHC class 
II on B cells50. Here we describe that E2-2 and 
Spi-B cooperate in pDC development. Of notice, 
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both IRF-4 and IRF-8 are highly expressed in 
human pDCs (42,51,52, and unpublished results 
H.S., B.B.) and crucially involved in murine pDC 
development14,16. It is therefore tempting to 
speculate that Spi-B, in addition to contributing 
to the downregulation of Id2 expression, may in 
complex with E2-2 and IRF-4 and/or IRF-8 bind 
to a juxtaposed E-box and EICE element to 
promote pDC development. In the in vitro assay 
that we employed here we did not observe 
further stimulation of pDC development when 
IRF-8, E2-2, and Spi-B were co-expressed 
compared to E2-2 and Spi-B overexpression. 
Also did we not observe a reduction in pDC 
development when knocking down IRF-8 
expression by RNA interference (unpublished 
observation H.S., B.B.). This, however, does not 
exclude a role for IRF-8 in human pDC 
development as the protein may already be 
present at high level, whereas Spi-B and E2-2 
may be the limiting factors in commitment to 
the pDC lineage. Alternatively, IRF-4 which is 
highly expressed in pDCs42 may exhibit a 

redundant role. This notion is supported by the 
fact that IRF4/IRF8 double deficient mice have 
even less pDCs compared to the single knockout 
mice53. 
In conclusion, our study provides important 
insight in the complex network of transcription 
factors that controls progenitor cell 
differentiation and furthers our understanding 
on the regulation of human pDC development. 
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Figure S1. Cell sorting strategy and purity of thymic subsets. (A) Thymocytes were enriched for pDCs by positive 
selection of BDCA4 expressing cells by MACS cell separation followed by cell sorting of CD123+CD45RA+ pDCs on a 
FACSAria. (B) Thymocytes were enriched for progenitor cells using the CD34+ MACS kit followed by cell sorting of 
CD34+CD1a— and CD34+CD1a+ cells on a FACSAria. Purity of the sorted cells in all experiments was >97%.  
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Figure S2. Id2 induced block in pDC development can be overcome by E2-2. CD34+CD1a— thymic progenitor cells 
were retrovirally transduced with LZRS E2-2 IRES YFP, LZRS Id2 IRES GFP, control LZRS IRES GFP, and/or LZRS IRES 
YFP vectors. After 7 days of co-culture with OP9 cells in the presence of IL-7 and Flt3L, the cultures were analyzed 
by flow cytometry using antibodies directed against the pDC markers CD123 and BDCA2. (A) Shown are the 
percentages of pDCs after electronic gating on double transduced GFP+YFP+ cells from a representative experiment. 
The percentages of double transduced cells were as follows: 1.8% control-GFP/control-YFP, 0.8% Id2 GFP/control 
YFP, 0.4% control GFP/E2-2 YFP, 0.4% Id2 GFP/E2-2 YFP. (B) Normalized percentages of GFP+YFP+ pDCs in the OP9 
cultures. The percentage of pDCs in the control cultures is set to 100%. (C) Normalized absolute numbers of 
GFP+YFP+ pDCs, calculated based on the number of GFP+YFP+ transduced input progenitor cells and the number of 
GFP+YFP+ BDCA2+CD123hi pDCs after 7 days of co-culture. Values are normalized to control GFP+YFP+ transduced 
pDCs. Averages ± SD of 3 experiments are shown. **p-value<0.01; *p-value <0.05. 
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Abstract 
 
Plasmacytoid dendritic cells (pDCs) act as professional, i.e. highly specialized effector cells at two 
different stages of differentiation: immature pDCs produce high levels of type I IFNs upon stimulation by 
viruses or bacteria, whereas upon maturation, pDC-derived DCs present antigen, induce T cell priming 
and lose the capacity to produce IFN. It is not known how the cellular machinery enables the dramatic 
morphological and functional changes accompanying this transition. Here we investigated the role of 
the Ets factor Spi-B which, amongst cells of the DC lineage, is exclusively expressed in pDCs. Spi-B 
protein was strongly decreased upon stimulation of ex vivo isolated pDCs. Ectopic expression of Spi-B by 
retroviral transduction in pDCs generated from human progenitors resulted in increased maturation: 
Spi-B overexpressing pDCs were hyperactivated and expressed higher levels of co-stimulatory and MHC 
class II molecules on the surface, before, as well as after stimulation. In contrast, decreased Spi-B levels 
by short hairpin (sh) RNA in a pDC cell line abrogated CD40, CD80 and CCR7 upregulation upon 
stimulation. Furthermore, high Spi-B levels inhibited production of IFN-α and the pro-inflammatory 
cytokines TNF-α and IL-6 upon TLR ligation. We conclude that Spi-B is involved in regulating the 
differentiation of pDCs, which upon stimulation can secrete cytokines and prime T cells.  
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Introduction 
 
During viral infection, plasmacytoid dendritic 
cells (pDCs) are crucially involved in linking 
innate and adaptive immunity. By secreting 
large amounts of type I interferons (IFNs) and 
other cytokines1,2 and by cell-contact 
dependent mechanisms as antigen 
presentation, pDCs modulate the strength, 
duration and quality of cDC, NK, B and T cell 
responses. The transition of naïve pDCs into 
mature antigen presenting or cytokine 
producing pDCs is accompanied by major 
morphological, structural and functional 
changes3.  
pDCs selectively express Toll-like receptor 
(TLR)7 and TLR9, but are devoid of expression of 
other TLRs which are otherwise found in cDCs. 
pDCs are therefore specialized in sensing 
microbial and viral nucleic acid: TLR7 ligands 
include viral ssRNA as from HIV or influenza 
virus, whereas unmethylated CpG 
oligonucleotides, which are abundant in 
bacterial DNA, potently activate TLR9. After 
being taken up through an endocytic pathway, 
CpG DNA or viral ssRNA bind to endosome-
anchored TLR9 or TLR7; this binding triggers the 
recruitment of the myeloid differentiation 
primary response gene 88 (MyD88) adaptor 
molecule4. MyD88 complexes with members of 
the IL-1 receptor-associated kinase (IRAK) 
family, IRAK1 and IRAK4, and they further 
associate with interferon regulatory factor (IRF) 
transcription factors IRF7 and IRF5, tumor 
necrosis factor receptor-associated factors 
TRAF6 and TRAF3, and IκB kinase-α (IKKα). After 
being phosphorylated by IRAK1 and activated 
by TRAF6, IRF7 translocates into the nucleus to 
initiate type I IFN transcription, and thus serves 
as a master mediator for IFN responses5. IRF5 
nuclear translocation, together with NF-κB and 
MAPK activation, is crucial for the production of 
inflammatory cytokines6. 
Immature pDCs express low levels of MHC class 
II and low to undetectable levels of co-
stimulatory molecules (CD40, CD80, CD86) and 
are therefore incapable of inducing significant 
antigen-specific T cell proliferation (reviewed 
in7). Stimulation of pDCs results in their 
maturation by upregulation of MHC class I and II 
as well as co-stimulatory molecules8. In vitro 
studies suggest that pDCs can differentiate into 
mature DCs by two distinct pathways a) by 
triggering IL-3R, which is highly expressed on 

pDCs, in cultures with IL-3 or IL-3 and CD40L or 
b) by triggering TLR7/9 by viruses or by 
synthetic CpG ODN. pDCs matured by IL-3 and 
CD40L preferentially induce Th2 priming9, 
whereas pDCs matured by virus can prime T 
cells to produce IFN-γ and IL-1010. As TLR 
triggering on pDCs also leads to production of 
IFN-α, as well as TNF-α, IL-6 and several 
chemokines11 it can be stated that pDCs act as 
professional effector cells at two different 
levels3: As cytokine producing cells and as T cell 
priming antigen-presenting cells. It is currently 
unclear if these are consecutive differentiation 
stages or alternative fates of activated pDCs3,12 
and how the differentiation of pDCs is 
established by molecular regulation. 
Understanding this process could have 
important clinical implications, considering the 
link between a dysregulated TLR-induced IFN 
response and autoimmune diseases13,14. 
Here we investigated the role of the Ets factor 
Spi-B in pDC maturation. We previously 
reported that Spi-B is highly expressed in pDCs 
and absent from other DC subtypes15. Ectopic 
expression of Spi-B in human hematopoietic 
progenitors inhibits their development into T, B 
or NK cells, but supports their development into 
pDCs. Spi-B is required for the development of 
pDCs from human progenitors, as this is 
strongly prevented by decreasing Spi-B levels by 
shRNA16.  
Spi-B protein, unlike Spi-B mRNA, was strongly 
decreased upon stimulation of ex vivo isolated 
pDCs by TLR, CD40 and/or IL-3 receptor 
triggering. Ectopic expression of Spi-B by 
retroviral transduction in pDCs generated from 
human progenitors induced a hyperactivated 
phenotype: Spi-B overexpressing pDCs 
expressed higher levels of co-stimulatory and 
MHC class II molecules on the surface than 
control pDCs, before, as well as after 
stimulation. In contrast, decreasing Spi-B levels 
by shRNA in a pDC cell line abrogated CD40, 
CD80 and CCR7 upregulation upon stimulation. 
Furthermore, Spi-B overexpression prevented 
optimal production of IFN-α and the 
inflammatory cytokines TNF-α and IL-6 upon 
stimulation of pDCs. We therefore conclude 
that Spi-B, next to its crucial requirement for 
development, is involved in the functional 
differentiation of pDCs. High Spi-B levels 
promote the antigen-presenting pDC fate while 
preventing cytokine production by pDCs. 
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Materials and methods 
 
Isolation CD34+CD1a− progenitors, pDCs and cDC 
from postnatal thymus and peripheral blood. Buffy 
coats for isolation of pDCs and cDCs were obtained 
from Sanquin Bloodbank, Amsterdam, The 
Netherlands. Human thymocytes were obtained 
from postnatal thymus as described before17. 
Peripheral blood and thymic cell suspensions were 
separated by ficoll gradient and CD34+, BDCA4+ and 
CD11c+ cells were isolated by MACS cell separation. 
Highly pure populations of CD34+CD1a– progenitors, 
Lin–CD123+CD45RA+ pDCs and Lin–HLA-DR+CD11c+ 
cDCs were obtained by FACS cell sorting. 
 
OP9 cultures. pDCs and cDCs were generated in vitro 
from CD34+CD1a– hematopoietic precursors isolated 
from PNT in OP9 co-cultures as described before17. 
Briefly, CD34+CD1a– progenitors were cultured on a 
layer of OP9 stromal cells in the presence of 5ng/ml 
Flt3L and 5ng/ml IL-7. pDCs were analyzed after 7 
days of co-culture. In vitro generated DCs, 
CD123hiBDCA2+HLA-DR+ pDCs and HLA-DRhiCD123+ 
cDCs were isolated after 10 days of co-culture by 
FACS sorting. 

 
Flow cytometry. Monoclonal antibodies against 
human CD80, CD86, HLA-DR, CD123, CD45RA directly 
conjugated with FITC, PE, APC, PE-Cy7 or APC-Cy7 
were purchased from BD Pharmingen, CD40-PE from 
Immunotech, BDCA2-APC from Miltenyi Biotec. 
Samples were analyzed by flow cytometry on a LSRII 
(BD) and analyzed using FlowJo software (TreeStar). 
 
Cell lines. The OP9 murine bone marrow stromal cell 
line was used as described before17. Cells were 
maintained in culture with MEMα medium 
(Invitrogen, Carlsbad, CA) with 20% FCS (Hyclone, 
Logan, UT). CAL-1 cells were kindly provided by T. 
Maeda18, Department of Laboratory Medicine, 
Nagasaki University Graduate School of Biomedical 

Sciences, Nagasaki, Japan, and cultured in RPMI 
supplied with 8% FCS. 

 
Constructs and retroviral transductions. The 
retroviral constructs LZRS-IRES-GFP and pTRIP-GFP 
used to overexpress or knock down Spi-B were 
described previously15,16. Retroviral transductions of 
hematopoietic stem cells were performed as 
described before17. 
 
Immunoblot analysis. Western blotting was 
performed as described15. Briefly, whole cell lysates 
were separated by SDS-PAGE and transferred to 
nitrocellulose membrane. After blocking with TBST 
containing 5% milk, membranes were incubated with 
antibodies against human Spi-B19 (kindly provided by 
Lee Ann Sinha, State University of New York, Buffalo, 
USA) or Actin (I-19, Santa Cruz Biotechnology). Bands 
were visualized by using secondary horseradish 
peroxidase (HRP)-conjugated secondary antibodies 
(DAKO) and chemiluminescent substrate (Pierce). 

 
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). Primer 
sequences for actin20, Spi-B17 and CD4021 are as 
published.  

 
Cytokine detection by ELISA. INF-α concentrations 
were assessed with an IFN-α ELISA kit according the 
manufacturers protocol (Biosource International). 
Measurements of IL-6 and TNF-α was performed by 
ELISA using pairs of specific mAbs and recombinant 
standards. IL-6 mAbs were obtained from Biosource 
International, rIL-6 was from R&D. TNF-α mAbs and 
standard were purchased from eBioscience. 
Biotinylated antibodies were detected with Strep-
HRP obtained from Sanquin.  
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Results 
 
Spi-B protein is degraded upon stimulation of 
pDCs. 
We have shown previously that Spi-B is 
expressed at the mRNA and protein level in 
pDCs isolated from human tonsils but not in 
monocyte-derived DCs (Mo-DC)15. Consistently, 
the expression of Spi-B is required for human 
pDC, but not for cDC development16. To extend 
the finding that Spi-B expression is restricted to 
pDCs within the various DC subsets, we 
analyzed Spi-B expression by real-time PCR in 
pDCs and cDCs isolated from peripheral blood 
(PB) or post-natal thymus (PNT), as well as pDCs 
and cDCs generated in vitro from CD34+CD1a– 
progenitors isolated from PNT in the presence 
of Flt3L cytokine22 (Figure S1). Our results show 
that Spi-B mRNA levels are more than 100-fold 
higher in pDCs isolated from PB or PNT 
compared to CD11c+ cDCs, and that in vitro 
generated pDCs express approximately 30-fold 
higher Spi-B levels as their conventional in vitro 
generated counterparts.  
pDCs express IL-3 receptor (CD123), CD40 and 
TLR7/9 and can therefore be activated with IL-3, 
IL-3 and CD40L, and also with TLR-ligands such 
as CpG, virus or imiquimod. We previously 
reported that Spi-B mRNA levels are unchanged 
in pDCs after stimulation with IL-3 or IL-3 plus 
CD40L for 12 to 48 hours15. In order to 
investigate the effect of TLR stimulation on Spi-
B expression in pDCs, pDCs isolated from PNT 
were cultured for 5h, 24h or 48h in the 
presence of CpG 2216 (CpG-A) or CpG 2006 

(CpG-B), imiquimod, IL-3, IL-3 and CD40L or 
without stimulus as control. While activation of 
pDCs induced upregulation of surface 
expression of CD40 and CD86 (Supplemental 
figure 2), as described previously by Cella et al.8, 
Spi-B expression by quantitative PCR revealed 
that none of the stimuli tested affected Spi-B 
mRNA levels after 5h or 24h of culture (data not 
shown). As our previous studies indicated that 
Spi-B may be post-translationally regulated, we 
assessed protein levels of Spi-B before and after 
activation of pDCs. Same numbers of pDCs were 
either collected directly after sorting or cultured 
5h, 24h or 48h in the presence of CpG, 
imiquimod, or IL-3 and CD40L (Figure 1). 
Stimulation for 5h did not affect Spi-B protein 
levels. On the contrary, Spi-B protein was 
strongly diminished in pDCs stimulated for 24h 
or 48h, respectively. The decrease in Spi-B 
protein was independent of the mode of 
stimulation. Culturing in medium without 
stimulation led to massive cell death, as 
confirmed by FACS analysis (data not shown) 
and resulted in low levels of actin (the loading 
control) hampering comparison of protein levels 
between freshly isolated and pDCs cultured 24h 
in medium only. Addition of IFN-α, which is a 
survival factor but does not activate pDCs23 to 
the culture medium largely prevented cell death 
and decrease in actin protein. Spi-B protein 
levels in pDCs treated with IFN-α also decreased 
to almost undetectable levels after 24h or 48h 
of culture.  

 
 
 
 

 
 
Figure 1. Spi-B protein is degraded upon stimulation of pDCs. CD123hiCD45RA+ pDCs were isolated from postnatal 
thymus and equal numbers of cells were collected directly or stimulated with various stimuli for 5h, 24h or 48h as 
indicated. Cell lysates were analyzed by immunoblotting for Spi-B and actin protein. Lysates from CAL-1 cells 
transduced with LZRS Spi-B served as positive control for Spi-B protein detection. One representative experiment 
out of three is depicted. 
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Collectively we confirmed that Spi-B expression 
is restricted to pDCs within DC subpopulations 
and conclude that activation of pDCs, 
independent of the signaling pathway, leads to 
a strong decrease of Spi-B protein levels, which 
is not due to reduction of Spi-B transcription 
but possibly to post-translational regulation of 
Spi-B.  
 
Ectopic Spi-B expression results in a 
hyperactivated pDC phenotype. 
We previously described that ectopic 
expression of Spi-B by retroviral transduction in 
CD34+CD1a– progenitors promotes pDC 
development, leading to the generation of 
higher numbers of pDCs in Flt3L containing 
cultures compared to controls15. To assess how 
Spi-B overexpression affects the pDC 
phenotype, we transduced progenitors with the 
Spi-B overexpression construct and cultured the 
cells in Flt3L containing cultures. GFP+CD123hi 
pDCs were phenotypically analyzed at 7 days 
after transduction. Consistent with our previous 
findings, ectopic Spi-B expression increased the 
percentage of BDCA2+CD123hi pDCs 2-10 fold 
(data not shown). Increasing Spi-B levels 
resulted in significantly increased surface 
expression of CD40, the co-stimulatory 
molecule CD80 and MHC class II (HLA-DR) 
(Figure 2 and 3). Higher levels of CD86 were 
measured on Spi-B transduced pDCs, but the 
increase was not statistically significant. Thus, 

Spi-B protein levels affect the phenotypic 
maturation state of pDCs. 
 
Enhanced upregulation of co-stimulatory and 
MHC molecules by Spi-B after stimulation.  
As Spi-B protein is degraded upon stimulation 
we were interested to assess the effect of 
increased Spi-B levels on the maturation of 
pDCs upon activation. Similar to ex vivo isolated 
pDCs (8 and figure S2), activation of in vitro 
generated pDCs by CpG or IL-3R/CD40 triggering 
lead to an increase in surface level expressions 
of maturation markers (Figures 3 and S3).  
Upon stimulation of pDCs with CpG 2216 or 
CD40L/IL-3, the mean fluorescence intensity 
(MFI) of CD40 surface expression increased 15-
fold, of CD80 10-fold, of CD86 4- to 5-fold and 
of MHC class II (HLA-DR) 1.5- to 2-fold 
compared to unstimulated pDCs. Ectopic Spi-B 
expression steadily and significantly further 
elevated expression levels of these maturation 
markers (Figure 3). CD40 MFI was further 
increased by ectopic Spi-B by 2-fold, CD80 and 
CD86 MFI by >1.5-fold and HLA-DR by >1.3-fold. 
In conclusion, the surface expression of markers 
characteristic for a mature pDC phenotype are 
induced by overexpression of Spi-B. This Spi-B-
mediated hyperactivated pDC phenotype is 
retained after stimulation of pDCs by TLR or 
CD40/IL-3R triggering. 
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Figure 2. Ectopic Spi-B expression induces a more mature pDC phenotype. CD34+CD1a– progenitors from PNT 
were transduced with Spi-B LZRS GFP or control LZRS GFP and cultured on OP9 cells for 7 days. Surface expression 
of CD40, CD80, CD86 and MHC class II on GFP+CD123hi cells transduced with control virus (solid grey histograms) or 
Spi-B virus (black line histograms) are depicted. One representative experiment out of seven is shown.  
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Figure 3. Upregulation of co-stimulatory and MHC molecules after stimulation is enhanced by ectopic Spi-B. 
CD34+CD1a- progenitors isolated from PNT were with LZRS Spi-B GFP or control GFP vector and cultured on OP9 
cells for 7 days. Bulk cultures were stimulated overnight with the stimuli indicated. Expression of CD40, CD80, 
CD86 and MHC class II on GFP+CD123hi cells was measured and mean fluorescence intensities (MFI) relative to 
unstimulated control transduced cells were calculated. Average relative MFIs of seven independent experiments 
are depicted. Student’s t-test, * p < 0.05, ** p < 0.01, ns: not significant.  
 
 
 
Spi-B is required for the induction of 
maturation markers on pDCs. 
In order to asses whether Spi-B is crucial for 
upregulation of co-stimulatory and MHC class II 
molecules after simulation, we investigated 
reduction of Spi-B levels in pDCs on their 
maturation stage. Since pDCs are non-cycling 
cells retroviral transduction of mature ex vivo 
isolated pDCs is not possible. Therefore, to 
answer this question, we made use of the pDC 
cell line CAL-1, which was established from 
CD4+CD56+ hematodermic neoplasm cells of a 
76-year old male patient18. The pDC origin of 
this tumor has previously been confirmed24. 
Upon overnight stimulation with CpG 2006 CAL-
1 cells strongly upregulate the co-stimulatory 
molecules CD40 and CD80 as wells as the 
chemokine receptor CCR7 on their surface 
(Figure 4). Unlike their primary counterparts, 
CAL-1 cells express high baseline surface levels 
of CD86 and MHC class II that are only weakly 
increased upon stimulation (18 and data not 
shown); therefore these maturation markers 
were not assessed in this experiment. Like in 
primary cells, overexpression of Spi-B in CAL-1 
cells increased surface expression of CD40 and 
CD80 compared to control transduced cells, 
which was persistent upon stimulation of the 
cells (Figure 4A). To reduce Spi-B protein levels 
we made use of a retroviral shRNA construct 
described previously16, and observed efficient 
decreases in Spi-B protein levels in CAL-1 upon 
transduction (Figure S4). Decreased Spi-B levels 

in CAL-1 prevented TLR9-mediated upregulation 
of CD40, CD80 and CCR7 (Figure 4A). For 
example, activation of control-transduced cells 
increased CD40 levels approx. 30- fold after 
transduction, activation of CAL-1 cells 
transduced with Spi-B shRNA only increased 
CD40 levels approx. 4-fold. This data indicates a 
role of Spi-B in TLR9-mediated upregulation of 
maturation markers on pDCs.  
The impact of Spi-B on CD40 surface protein 
levels was due to regulation of CD40 gene 
expression by Spi-B (Figure 4B) since Spi-B 
overexpression in CAL-1 cells resulted in approx 
30-fold increase in CD40 transcription in 
unstimulated cells compared to controls. 
Moreover CD40 gene expression, which was 
strongly induced by TLR9 triggering, was still 10-
fold higher after stimulation in Spi-B 
overexpressing cells as in control transduced 
cells (Figure 4B). Induction of CD40 gene 
expression upon TLR9 triggering was 2-fold 
lower in CAL-1 cells transduced in which Spi-B 
levels were decreased by shRNA. We and others 
previously described that CD40 gene expression 
is directly regulated by Spi-B in macrophages 
and B cells21,25. Most likely, Spi-B also directly 
regulates CD40 expression in pDCs. From this 
observation we conclude that Spi-B is required 
for the activation-induced upregulation of CD40 
and possibly other maturation surface 
molecules such as CD80 and CCR7 upon 
stimulation of pDCs. 
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Figure 4. Spi-B is required for the induction of phenotypic maturation upon stimulation. 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 2006 at day 6 after transduction. (A) CD40, CD80 and CCR7 surface expression on transduced 
GFP+ cells are shown. (B) Transduced cell were sorted and CD40 gene expression was analyzed by quantitative PCR. 
Values are normalized to expression in control transduced, unstimulated cells. Averages ± SD of PCR duplicates are 
shown. One representative experiment out of three is displayed. RCN, relative cell numbers.  
 
 
 
Ectopic Spi-B expression reduces cytokine 
production after pDC stimulation. 
The main cytokine produced by pDCs is type I 
IFN, which is secreted upon simulation of TLR7 
or TLR9. Moreover, human pDCs are able to 
produce IL-6 and TNF-α but not IL-12, upon 
TLR7 or TLR9 triggering7,26. As pDCs mature, 
they upregulate MHC and co-stimulatory 
molecules, which enables antigen presentation, 
while losing their ability to produce IFN-α8,27. 
Given the role of Spi-B in activation of pDCs we 
investigated the effects of Spi-B overexpression 
in pDCs to produce and secrete cytokines after 
stimulation. For this purpose, Spi-B and control 
transduced GFP+CD123hi pDCs were sorted from 

OP9 cultures on day 6 and stimulated overnight 
with TLR9 ligand CpG 2216, and IFN-α, IL-6 and 
TNF-α concentrations were measured in the 
supernatants by ELISA. Spi-B transduced pDCs 
produced 2- to 3-fold less IFN-α than control 
pDCs (Figure 5). Also IL-6 and TNF-α production 
was strongly impaired in Spi-B overexpressing 
pDCs. Cytokine concentrations in supernatant of 
unstimulated cells were below detection levels. 
This data suggests that high Spi-B levels prevent 
secretion of IFN-α, IL-6 and TNF-α upon 
stimulation.  
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Figure 5. Spi-B overexpression prevents IFN-α and pro-inflammatory cytokine production of pDCs after 
stimulation. CD34+CD1a- progenitors isolated from PNT were transduced with Spi-B LZRS GFP or control virus and 
cultured on OP9 cells for 6 days. GFP+CD123hi pDCs were sorted and stimulated with CpG 2216 for 24h. 
Concentrations of the indicated cytokines in the supernatant were assessed by ELISA. One representative 
experiment out of three is shown. nd, not detected.  
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Discussion 
 
The data presented in this report indicate that 
the Ets factor Spi-B plays a role in the functional 
differentiation of pDCs (Figure 6). Among DCs, 
Spi-B transcription was restricted to the 
plasmacytoid subset, as investigated in DCs 
from peripheral blood, thymus and generated 
from hematopoietic progenitors in Flt3L 
cultures. Overexpression of Spi-B levels 
enhanced the expression levels of co-
stimulatory and MHC class II molecules on 
immature but also on stimulated pDCs relative 
to controls. Concomitantly, high Spi-B levels 
decreased secretion of IFN-α and inflammatory 
cytokines upon TLR9 triggering. Knock-down of 
Spi-B protein affected the surface expression 
levels of maturation markers on the pDC cell 
line CAL-1 and reduced their upregulation upon 
stimulation.  
Supposedly, the previously reported effect of 
Spi-B on pDC development15,16 and the here 
described effect of Spi-B on pDC maturation and 
function may be accounted to potential survival 
properties of Spi-B in pDCs, i.e. high Spi-B levels 
may prolong the survival of pDCs in bulk 
progenitor Flt3L cultures, leading to increased 
pDC percentages and a hyperactivated 
phenotype. To assess the effect of increased 
survival of pDCs on their phenotype we 
transduced CD34+ progenitors with the well 
known anti-apoptotic factors Bcl-2 and Bcl-xL 
(reviewed by Reed28) and investigated their 
effect in Flt3L pDC cultures (data not shown). 
Overexpression of Bcl-2 and Bcl-xL lead to 
increased absolute cell numbers within the 
transduced population of the bulk culture, 
confirming the functionality of the constructs, 
but ectopic expression of Bcl-2 of Bcl-xL, unlike 
Spi-B transduction, did not specifically increase 
pDC numbers. Also, Bcl-2 or Bcl-xL did not affect 
CD40, CD80, CD86 or HLA-DR expression levels 
on pDCs before and after stimulation as 
compared to control transduced cells. This data 
shows that that increased cell survival by 
ectopic expression of anti-apoptotic proteins 
does not account for the observed effects of 
Spi-B on pDC development, maturation and 
function. 
Given the significance of type I IFNs in activating 
a wide range of innate and adaptive immune 
cells and the involvement of IFN-α in several 
autoimmune diseases, it is clear that IFN-α 
secretion needs be under tight control. Multiple 

surface receptors have been described to be 
involved in regulating the TLR-mediated 
responses in pDCs: Siglec-H and NKp44, P2Y 
receptors, C-type lectins BDCA2 and DCIR as 
well as the pDC-specific receptor ILT7 suppress 
the ability of pDCs to secrete IFNs upon TLR 
ligation29-36. Next to reducing type I IFN 
secretion cross-linking of BDCA2 or ILT7 also 
regulates secretion of the pro-inflammatory 
cytokines IL-6 and TNF-α29,30. This is interesting, 
as the transcription of the IFN-α and the TNF-
α/IL-6 loci depend on different TLR downstream 
signalling. Upon TLR ligation IRF-7, which is 
constitutively expressed by resting pDCs, 
translocates into the nucleus to initiate type I 
IFN transcription5. On the other hand, IRF-5 
nuclear translocation together with NF-κB and 
MAPK activation, is crucial for the production of 
inflammatory cytokines6.  
Upon crosslinking, BDCA2 signals via a signaling 
pathway resembling that of the B cell receptor 
(BCR) inducing tyrosine phosphorylation and Src 
kinase dependent calcium influx31 and 
phosphorylation of Syk, Slp65, PLCγ2 and 
cytoskeletal proteins30,33. Also crosslinking of 
ILT7 results in ITAM-mediated signaling and 
phosphorylation of Src family kinases and Syk 
kinases and induces calcium influx in pDCs29. 
Interestingly Spi-B has been implicated in the 
regulation of genes important for BCR 
signaling37. It is therefore possible that Spi-B 
enhances signaling through BDCA2 or ILT7 
which may provide an explanation how high 
Spi-B levels prevent IFN-α, IL-6 and TNF-α 
production. Still, another mechanism of action 
for Spi-B in pDCs must be proposed that 
accounts for the effect of Spi-B on the 
expression of maturation markers, as the 
induction of CD80 and CD86 expression upon 
pDC stimulation is not affected by cross-linking 
BDCA2 or ILT7. Like the secretion of IL-6 and 
TNF-α, expression of co-stimulatory molecules 
probably also depends on IRF-5 nuclear 
translocation and NF-κB and MAPK activation6. 
Further research is required to reveal if and 
how Spi-B interferes with TLR downstream 
signaling.  
Upon stimulation pDCs produce type I IFNs and 
proinflammatory cytokines and differentiate 
into antigen-presenting mature pDCs (Figure 6). 
In experimental systems, the effector 
phenotype of pDCs can be controlled by the 
type of stimulation. Triggering of CD40/IL-3R on 
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pDCs leads to the induction of mature pDCs that 
produce relatively low levels of type I IFN. TLR9 
stimulation by CpG selectively induces type I IFN 
production and differentiation into a mature 
pDCs38, depending on the structure and 
intracellular location of CpG. Activation of TLR9 
by the multimeric CpG-A (CpG 2216) occurs in 
endosomes and leads exclusively to type I IFN 
production, whereas the monomeric CpG-B 
(CpG 2006) localizes to the lysosome and 
promotes CD80 and CD86 expression of pDCs39. 
In the current view of pDC differentiation in 
response to microbial or viral stimulation the 
two effector stages occur sequentially. Under 
physiological conditions pDCs have a 
plasmacytoid morphology with a well 
developed ER, i.e. already in steady state pDCs 
are fully mature effector cells of the innate 
immune system, corresponding to the 
professional type I IFN-producing cells40. After 
producing large amounts of type I IFN in 
response to microbial or viral stimulation pDCs 
undergo morphological changes to form 
dendrites and upregulate the surface 
expression of co-stimulatory and MHC 
molecules3. A recent report introduces the 
model of alternative pathways in pDC 
differentiation12, i.e. dependent on stimulation, 
pDCs either differentiate into cells that produce 
large amounts of type I IFN or differentiate into 
cells that produce little of no IFN-α but 
efficiently process and present antigen. After 
pDCs have been induced to produce IFN-α by 
CpG-A stimulation, they hardly can be induced 
to upregulate CD86 expression by subsequent 

CpG-B stimulation and vice versa. This strongly 
suggests that both events are induced mutually 
exclusively rather than consecutively. 
Changes of expression levels of factors involved 
in pDC differentiation could give important 
clues to justify one of the models. Currently, our 
data on how Spi-B regulates functional 
differentiation of pDCs by Spi-B does not 
preferentially support one of the two models. 
We observed that Spi-B protein levels were 
decreased within 24h upon activation of ex vivo 
isolated pDCs independent of the mode of 
stimulation (Figure 1). We did not observe 
different expression of Spi-B after stimulation of 
pDCs with CpG 2216 or CpG 2006, respectively. 
This finding is not consistent with our model in 
which Spi-B plays a crucial role in determining 
the effector fate of pDCs, as it implies that 
various stimuli inducing alternative effector 
fates would differentially alter Spi-B protein 
levels. We speculate that the observed 
downregulation of Spi-B protein is required for 
optimal cytokine production, for example upon 
stimulation with CpG 2216. However the 
hyperactivated pDC phenotype we have 
observed upon Spi-B overexpression cannot be 
linked to endogenous Spi-B downregulation 
upon stimulation. We only assessed Spi-B levels 
within the total pDC population and not in 
single cells. As intracellular IFN-α stainings 
suggest that only a portion of pDCs produce 
cytokines upon stimulation26, it would be 
interesting to assess Spi-B levels in IFN-α 
producers versus non-producers.  

 

pDC / IPC

type I IFN
inf lammatory cytokines

CD40
CD80/CD86
HLA-DR
CCR7

T

stimulation

HSC

Spi-B
Spi-B

mature pDC  
 
 
Figure 6. Spi-B regulates the functional differentiation of pDCs. Spi-B is required for the development of pDCs 
from progenitors15,16. Upon microbial or viral stimulation pDCs produce IFN-α  and pro-inflammatory cytokines, 
and differentiate into antigen-presenting mature pDCs by changing morphologically and upregulating migratory, 
co-stimulatory and MHC molecules. Our data suggest a role for Spi-B in pDC maturation towards a mature 
phenotype while preventing the ability of pDCs to produce IFN-α, TNF-α and IL-6. HSC: Hematopoietic stem cell, 
IPC: IFN-producing cell.  
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The physiological relevance of the regulation of 
the expression of surface molecules in pDCs 
required for antigen presentation remains to be 
determined as it is not well established if pDCs 
have the capacity to prime naïve T cells in vivo. 
Several studies with human and mouse pDCs 
show that in vitro activated pDCs are able to 
induce expansion of memory CD8+ T cells and 
TH1 CD4+ T cells specific for endogenous 
antigens41 and influenza virus42, present pulsed 
peptides to naive T cells and induce a potent 
TH1 polarization43,44, and expand naive CD8+ T 

cell populations in vivo in response to 
endogenous and exogenous antigens, 
respectively45,46. More recent data in mice 
addressing the in vivo 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, without concomitant CD8+ T cell 
priming unlike in cDC-driven responses47. To 
which extend pDCs contribute to first line 
antigen presentation in a cDC-competent host 
has not yet been established.  
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Supplementary figures 
 
 

 
Figure S1. Spi-B is exclusively expressed in pDCs, not 
in cDCs. pDCs and cDCs were isolated by flow 
cytometry from PNT or PB, or generated from 
CD34+CD1a– progenitors in OP9-cocultures. The cells 
were analyzed for Spi-B expression by quantitative 
PCR. Values are normalized to expression in cDCs. 
Averages ± SD of PCR duplicates are shown. One 
representative experiment out of three is shown. 
 
 
 

 
 
 

 
Figure S2. Upregulation of CD40 and CD86 expression 
upon stimulation of pDCs. CD123hiCD45RA+ pDCs were 
isolated from PNT and analyzed directly or stimulated 
overnight as indicated. Surface expression levels of CD40 
and CD86 were assessed by flow cytometry. Mean 
fluorescence intensities (MFI) are shown. One 
representative experiment out of three is depicted. 
 
 
 
 

 
 
 
 

 
Figure S3. Stimulation of pDCs generated in vitro. CD34+CD1a− 
progenitors isolated from PNT were cultured on OP9 cells for 7 
days. Bulk cultures were stimulated overnight with CpG 2216 
and analyzed for expression of CD123 and CD40 by FACS. Gates 
indicate the CD123hi pDC population. One representative 
experiment out of seven is shown. 
 

 
 

 
 
Figure S4. Knock-down of Spi-B by shRNA. CAL-1 cells were transduced with Spi-
B shRNA GFP or control construct targeting an irrelevant gene product (Renilla) 
and sorted for GFP expression. Lysates were analyzed for Spi-B protein and, as 
loading control, actin. 
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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.  



Identification of Spi-B targets by microarray 

67 

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-α 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-α 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 γ 
chain of Fc receptor (FcRγ) (e.g., ILT1, ILT7, ILT8, 
LIR6α) 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 α 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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Abstract 
 
Thymic plasmacytoid dendritic cells (pDCs) are located predominantly in the medulla and at the cortical-
medullary junction, the entry site of bone marrow derived multipotential precursor cells into the 
thymus, allowing for interactions between thymic pDCs and precursor cells. We demonstrate that in 
vitro generated pDCs stimulated with CpG or virus impaired the development of human autologous 
CD34+CD1a— thymic progenitor cells into the T cell lineage. Rescue by addition of neutralizing type I 
interferon (IFN) antibodies strongly implies that endogenously produced IFN-α/β is responsible for this 
inhibitory effect. Consistent with this notion we show that exogenously added IFN-α had a similar 
impact on IL-7 and Notch-ligand induced development of thymic CD34+CD1a— progenitor cells into T 
cells, since induction of CD1a, CD4, CD8 and TCR/CD3 surface expression and rearrangements of TCRβ V-
DJ gene segments were severely impaired. In addition, IL-7 induced proliferation, but not survival of the 
developing thymic progenitor cells was strongly inhibited by IFN-α. It is evident from our data that IFN-α 
inhibits the IL-7R signal transduction pathway, although this could not be attributed to interference with 
either IL-7R proximal (STAT5, Akt/PKB, Erk1/2) or distal (p27kip1, pRb) events. 
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Introduction 
 
In the thymus, T lymphocytes develop from 
bone-marrow derived multipotential precursor 
cells. These early thymic precursors, which 
enter the thymus at the cortico-medullary 
junction1, are also able to develop into NK cells, 
conventional dendritic cells (cDC) and 
plasmacytoid DC (pDCs)2, reviewed in3. Human 
thymic precursors express CD34 and lack 
surface expression of CD1a, which is initiated 
upon commitment to the T cell lineage4. Next to 
a small portion of TCRγδ+ T cells mostly TCRαβ+ 
T cells develop, which sequentially rearrange T-
cell receptor (TCR) β genes followed by TCRα 
genes, upregulate expression of CD4 and CD8, 
undergo positive and negative selection, before 
leaving the thymus as CD3+/hi/TCR-expressing, 
CD4 or CD8 single positive T cells (reviewed 
in3,5).  
The thymic microenvironment consists of a 
network of various cell types, including 
epithelial cells and dendritic cells, which play 
essential roles in T cell development. Thymic 
epithelial cells produce IL-7, the key cytokine for 
survival, proliferation and development of T 
cells in the thymus6-8, and are involved in 
positive selection of T lymphocytes. Thymic 
CD11c+ cDCs, predominantly located in the 
medulla9,10, are involved in negative selection 
(reviewed in11). CD11c— pDCs are present in the 
thymic medulla and at the cortical-medullary 
junction9,10,12, but their contribution to T cell 
development remains to be defined.  
While the function of thymic pDCs remains 
elusive11, much insight has been obtained on 
the role of peripheral pDCs. Human pDCs, which 
are characterized by high surface expression of 
CD123 (IL-3Rα chain)13 and BDCA-2 and -414, are 
present in cord- and peripheral blood as well as 
the T cell areas of lymph nodes. pDCs express 
toll-like receptors 7 (TLR7) and 9 (TLR9)15, which 
can be engaged by enveloped RNA or DNA 
viruses and distinct CpG oligonucleotides, which 
mimic bacterial DNA16,17. Consequently, pDCs 
produce large amounts of type I interferons 
(IFN-α/β)18,19 that exert a broad array of 
biological functions in innate and adaptive 
immunity18,20-22. Type I interferons modulate 
various aspects of the immune response such as 
macrophage function, CTL and NK cell activity, 
Th1 polarization of naïve human T cells, and 

differentiation and maturation of cDCs 
(reviewed in22-24). Also, IFN-α displays potent 
antiviral and growth inhibitory functions and is 
therefore used in the treatment of viral 
infections, including Hepatitis C, and 
hematological and malignancies (rewieved 
in25,26). 
Thymic pDCs phenotypically resemble 
peripheral pDCs, and are able to produce IFN-α 
upon stimulation with virus or bacterial DNA in 
humans10,27 and in mice (reviewed in11). In the 
mouse, high concentrations of exogenous IFN-α 
interfered with T cell development in vivo, 
resulting in a reduction of thymic cellularity by 
>80% and a 50% decrease in CD4+CD8+ cells28. In 
murine fetal thymus organ cultures IFN-α/β 
inhibited the IL-7 driven expansion of CD4—

CD8—CD44+CD25+ pro T-cells29. Whether IFN-α 
influences human T cell development has not 
been addressed, but as all thymocytes express 
the IFN-α receptor β chain (CD118), each 
thymocyte subset is potentially responsive to 
type I IFNs30. In addition it was shown that IFN-
α mediates terminal differentiation and 
subsequent apoptosis of human thymic 
epithelial cells which may contribute to thymic 
atrophy31.  
Because activated pDCs are known to produce 
high amounts of IFN-α, the activation of thymic 
pDCs could potentially adversely affect T cell 
development. Here we examined whether pDCs 
have an impact on early IL-7 induced human T 
cell development. We build on our recent 
observations that human CD34+CD1a— thymic 
progenitor cells develop into CD4+CD8+TCRαβ+ 
and TCRγδ+ T cells as well as BDCA2+CD123hi 
pDCs upon co-culture with the OP9 bone 
marrow stromal cell line expressing the human 
Notch-ligand Jagged1 (OP9-Jag1) in the 
presence of IL-7 and Flt3L32. We observed that 
after stimulation with either CpG or virus pDCs 
impair the development of autologous 
progenitor cells to T cells. This is reversed by 
the addition of neutralizing antibodies against 
type I interferons, implying that T cell 
development is impeded by endogenous 
production of IFN-α/β. Subsequent experiments 
show that the addition of exogenous IFN-α to 
cell cultures counteracts IL-7 mediated T cell 
development.
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Material and methods 
 
Cell lines. The generation of OP9 murine bone 
marrow stromal cell line expressing human Notch-
ligands Delta-Like1 (OP9-DL1) or Jagged1 (OP9-Jag1) 
was described before32. Cells were maintained in 
culture with MEMα medium (Invitrogen, Carlsbad, 
CA) with 20% FCS (Hyclone, Logan, UT). PM1 cells 
were maintained in RPMI 1640 medium (Invitrogen) 
supplemented with 10% FCS. 
 
Isolation of CD34+ cells from postnatal thymus. The 
use of postnatal thymus tissue was approved by the 
Medical Ethical Committee of the Academic Medical 
Center. From surgical specimens removed from 
children undergoing open-heart surgery, thymocytes 
were isolated from a Ficoll-Hypaque density gradient 
(Lymphoprep; Nycomed Pharma, Oslo, Norway). 
Subsequently, CD34+ cells were isolated by 
immunomagnetic cell sorting, using a MACS direct 
CD34 progenitor cell isolation kit (Miltenyi Biotec, 
Bergisch Gladbach, Germany) resulting in purity of 
>93%. For further purification the CD34+CD1a—

CD56—BDCA2— (further referred to as CD34+CD1a—) 
population was sorted to a purity of >99% using a 
FACSAria (Becton Dickenson).  
 
Generation of virus supernatants. PM1 T cells33 
were transfected by electroporation with 5μg of the 
molecular clone of CXCR4-using HIV-1LAI. The virus 
containing supernatant was harvested 5 days post-
transfection, filtered and stored at –80°C. The 
concentration of virus was determined by p24 ELISA.  
 
Differentiation and stimulation assays. The 
development of pDCs and T cells was assessed by co-
culturing 30’000 CD34+CD1a— progenitor cells with 
25’000 OP-9-Jag1 (generating pDCs and T cells) or 
OP9-DL1 (generating T cells only) cells in MEMα 
medium with 20% FCS, 5ng/ml IL-7 (R&D Systems, 
Abingdon, United Kingdom) and 5 ng/ml Flt3L (gift 
from Dr. G. Wagemaker, Erasmus University, 
Rotterdam, Netherlands) without or with 10-
10’000U/ml of interferon alpha-2a (IFN-α) (Roferon-
A, Hoffmann La Roche, Switzerland) in 24-well plates 
at 37°C with 5% CO2. pDCs were stimulated by 
adding 1μg/ml CpG oligodeoxynucleotide (CpG) 2216 
(ggGGGACGATCGTCgggggG; Sigma-Aldrich, St Louis, 
MO) or supernatant of HIV-1LAI infected PM1 T cells 
(2 – 150ng p24/ml) to CD34+CD1a— cells cultured on 
OP9-Jag1 cells for 5 days. CpG 2243 
(ggGGGAGCATGCTCgggggG) or supernatant of 
uninfected PM1 T cells served as negative control. 
The produced type I IFN was blocked by adding 
10μl/ml of neutralizing sheep antibodies to human 
type I IFN (gift of Dr. I. Julkunen, National Public 
Health Institute, Helsinki, Finland34,35) to the culture 
2-3h before addition of CpG or 1’000U IFN-α as 
positive control for MxA induction.  

The hybrid murine/human fetal thymic organ culture 
(FTOC) has been decribed previously36. Medium was 
changed weekly and IFN-α was added to the culture 
medium at the following concentrations: day 0: 3000 
U/ml; day 3: 2000 U/ml; day 5, 7 and 10: 1000 U/ml. 
Cells were analyzed by flow cytometry. 
 
Proliferation and apoptosis assays. Cell proliferation 
was measured by CFSE (Invitrogen) dilution. 
CD34+CD1a— cells were labeled with CFSE and 
cultured as described. Apoptotic cells were detected 
by AnnexinV-FITC and 7-amino-actino mycin D (7-
AAD) labeling in AnnexinV binding buffer (BD 
PharMingen). Cells were analyzed by flow cytometry. 
 
IL-7 assays. For detection of phosphorylation of 
STAT5, Akt or Erk1/2, MACS-sorted CD34+ postnatal 
thymoytes were cultured overnight before 
incubation for 15-30 min at 37°C in PBS with 5ng/ml 
IL-7 and 1’000U/ml IFN-α. For analysis of p27kip1 
protein and Rb phosphorylation levels, MACS-sorted 
CD34+ postnatal thymocytes were cultured 48-72h 
without or with 0.5, 1 or 10ng/ml IL-7 and 5’000U/ml 
IFN-α.  
 
Flow cytometry. Flow cytometric analyses were 
performed on an LSRII FACS analyzer (Becton 
Dickenson) using monoclonal antibodies to CD1a, 
CD3, CD4, CD8, CD34, CD123, TCRαβ, TCRγδ, 
streptavidin and isotype controls conjugated to FITC, 
PE, PerCP, PE-Cy7, APC or APC-Cy7 (BD Pharmingen, 
San Jose, CA) and BDCA2-APC (Miltenyi Biotec). 
For detection of intracellular expression of Bcl-2 
protein, cells were fixed in cytofix/cytoperm buffer, 
washed with Perm/Wash buffer (BD PharMingen) 
and incubated with FITC-conjugated antibody 
against Bcl-2 (DakoCytomation, Glostrup, Denmark). 
For detection of phosphorylated proteins, cells were 
fixed in 1% formaldehyde and permeabilized in ice-
cold 90% methanol before incubating with rabbit 
mAb to phospho-p44/42 MAPK (Thr202/Tyr204, 
Erk1/2) or phospho-Akt (Ser473) (Cell Signaling 
Technology, Danvers, MA). As secondary antibody 
APC-conjugated donkey anti-rabbit IgG (Jackson 
ImmunoResearch, Cambridgeshire, UK) was used. 
Phosphorylated STAT-5 was detected by Alexa-
conjugated pSTAT-5 antibody (BD Pharmingen). For 
intracellular MxA and IFN-α protein, cells were fixed 
in 1% formaldehyde, permeabilized in 0.2% Tween 
20 and resuspended in human AB serum (Cambrex). 
Cells were incubated with mouse mAb (M143) 
directed against human MxA that was obtained from 
Dr. Georg Kochs (Universitaetsklinikum Freiburg)37 or 
with mouse anti-human IFN-αA (Clone MMHA-2; 
Biosource, Camarillo, CA). Goat-anti mouse FITC (BD) 
was used as secondary antibody. Irrelevant isotype-
matched antibody was used as negative control. 
Samples were analyzed by flow cytometry. 
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Immunoblotting. After culturing the cells as 
described above, cell lysates were prepared and 
equal amounts of protein were analyzed by 15% (for 
p27kip1) or 7.5% (for Rb) SDS-PAGE, transferred onto 
nitrocellulose membranes, and immunoblotted with 
the mAbs specific for p27kip1 or Rb (BD Pharmingen). 
Actin levels were measured as loading controls (I19; 
Santa Cruz Biotechnology, Santa Cruz, CA). 
 
 

GeneScan analysis of TCRB and TCRG gene 
rearrangement. Genomic DNA was isolated from 
CD34+CD1a— postnatal thymocytes using a DNA 
isolation kit (Qiagen) directly after sorting or after 
culturing for 3, 7, 15 and 21 days on OP9-DL1 bone 
marrow stromal cells with 10-10’000U/ml IFN-α as 
described above. Multiplex PCR followed by 
GeneScan for analysis of TCRβ (Vβ-DJβ and Dβ-Jβ) 
and TCRγ (Vγ-Jγ) gene rearrangements was 
performed as described by the BIOMED-2 Concerted 
Action38.  
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Results  
 
Notch ligand Jagged1 supports simultaneous 
development of functional pDCs and T cells 
from thymic CD34+CD1a— progenitor cells.  
Previously, we demonstrated that both TCRαβ+ 
and TCRγδ+ T cells and BDCA2+CD123hi pDCs can 
develop from progenitor cells upon co-culture 
with the OP9 stromal cell line expressing the 
Notch-ligand Jagged1 (OP9-Jag1)32. Here we 
extend our previous findings. CD34+CD1a— 
human thymic precursor cells were purified and 
co-cultured with the OP9-Jag1 cell line. We 
found that BDCA-2+CD123hi pDCs first appeared 
after 3 days, reaching a maximum after 5-7 
days, and disappeared completely after 18-20 
days (Figure 1). Expression of CD7 (not 
shown;32) and CD1a, indicative of T cell 
commitment4 (reviewed in3), was upregulated 
gradually from the beginning of the co-culture. 
An increasing CD4+ population, consisting of 
immature CD4+ cells and pDCs, was detected as 
early as day 5 of culture. Developing T cells 
progressed to CD4+CD8+ stage by gradual 
upregulation of CD8. After 24 days, 75% of the 
cells had obtained a CD4+CD8+ double positive 
phenotype. After 10 days of culture CD3+ T cells 
emerged (not shown) and the percentage of 
CD3+ cells gradually increased. After 3 weeks of 
co-culture, about 70% of the cells expressed 
either high or intermediate levels of CD3. The 
arising CD3+ cells first mainly expressed 
TCRγδ,  but TCRαβ+  T cells were detected after 
14 days of co-culture.  
Thymic pDCs have been shown to produce large 
amounts of IFN-α upon stimulation with viruses 
or the TLR9 ligand CpG in vitro27,30. To assess the 
capacity of pDCs cultured on OP9-Jag1 cells to 
produce endogenous IFN-α, we stimulated 
cultures at the peak of pDC development (5-6 
days) with CpG or virus (HIV-1LAI) and analyzed 
IFN-α production (Figure 2). Sixteen hours after 
stimulation with CpG, intracellular IFN-α was 
detected solely in CD123+ pDCs (Figure 2a), 
indicating that pDCs generated on OP9-Jag1 
cells have the capability to produce IFN-α. 
Furthermore, we confirmed the secretion of the 
produced IFN-α by intracellular flow cytometric 
analysis of MxA, an IFN response protein 
(reviewed in39). All human cells in the OP9-Jag1 
culture expressed MxA three days after the 

addition of either CpG (2216), recombinant IFN-
α (Figure 2b) or HIV-1LAI (Figure 2c). This is 
consistent with the finding, that all cells in the 
OP9-Jag1 culture expressed the type I 
interferon (CD118) receptor (data not shown) 
and are therefore potentially responsive to type 
I IFN. MxA was not detected when cells were 
not stimulated or following the addition of 
either control CpG (2243) or control 
supernatant from PM1 T cells (Figure 2b). 
Induction of MxA expression could be blocked 
completely with neutralizing antibodies to type 
I interferons. These results indicate that pDCs 
derived from thymic progenitors cultured on 
OP9-Jag1 are competent to produce IFN-α after 
CpG or HIV-1LAI stimulation. 
 
Stimulated pDCs hamper T cell development 
from thymic progenitors. 
Previously, we demonstrated that both T cells 
and pDCs develop from progenitor cells within 
the thymus micro-environment in vivo2. We also 
demonstrated that thymic pDC produce IFN-� 
after stimulation with the TLR9 ligand CpG or 
HIV-1 virus27. To date, it remains unclear 
whether stimulated pDCs contribute to T cell 
development. Our observations described 
above allowed us to address this question. 
Therefore, five days after co-culture of 
CD34+CD1a— thymic progenitor cells on OP9-
Jag1 cells, cells were stimulated with either CpG 
or virus for 3 days. Upregulation of CD1a was 
used as read-out for T cell commitment and 
development on day 8. Addition of either CpG 
(2216) (Figure 3a) or HIV-1LAI (Figure 3b) to the 
co-culture completely prevented the 
upregulation of CD1a expression on the 
developing thymocytes. In fact, CD1a 
expression levels did not increase any further 
than the level observed on day 5. As expected, 
expression of CD1a on cells treated with either 
control CpG (2243) or control PM1 supernatant 
did not differ from untreated control cultures. 
The absolute cell number or percentage of living 
cells did not change following 3 days of 
stimulation with CpG, and was only slightly 
reduced after HIV-1LAI stimulation, indicating 
that the impaired T cell development was not 
due to preferential death of CD1a+ cells (data 
not shown).  
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Figure 1. The OP9 cell line expressing the human Notch-ligand Jagged1 (OP9-Jag1) supports development of 
CD34+CD1a— human thymic precursor cells into TCRαβ+ or TCRγδ+ T cells and BDCA2+CD123hi plasmacytoid 
dendritic cells (pDCs). CD34+CD1a— thymic precursors were cultured for up to 24 days on OP9-Jag1 stromal cells 
and analyzed by flow cytometry for surface expression of CD123, BDCA2, CD1a, CD4, CD8, TCRαβ and TCRγδ on 
the days indicated. Numbers represent the percentages of cells that fall within the electronic gate. In the 
histograms, shaded curves show isotype controls, open curves show specific stainings. CD1a mean fluorescence 
intensities (MFIs): 17.4 (day 3), 44.6 (day 5), 90 (day 10), 244 (day 14), 400 (day 19), 411 (day 24). Results are 
representative of three independent experiments. RCN, relative cell number. 
 

 
 

Figure 2. In vitro generated pDCs produce IFN-α upon stimulation with either stimulatory CpG or virus. 
CD34+CD1a— thymic progenitors were cultured on OP9-Jag1 cells. (A) After six days of co-culture cells were 
stimulated with CpG (2216) (10 μg/ml) for 16h or left unstimulated. Flow cytometric analysis was performed after 
intracellular staining of IFN-α and surface staining of CD123. (B and C) After five days of co-culture cells were 
stimulated for 72h with (B) CpG (2216) (1μg/ml) or (C) supernatant of HIV-1LAI infected PM1 cells (2 ng or 10ng 
p24/ml) in the presence or absence of neutralizing antibodies against type I IFNs (10μl/ml). Control CpG (2243) and 
supernatant of uninfected PM1 cells served as controls. Flow cytometry was performed after intracellular staining 
of MxA. (B) Left histogram: MxA protein expression of cultures treated with CpG (2216) (MFI 114), exogenously 
added IFN-α (1’000 U/ml; MFI 148) (positive control), control CpG (2243) (MFI 11) or unstimulated cells (MFI 12) 
(negative controls). Right histogram: MxA levels after preincubation with neutralizing antibody to type I IFNs. (C) 
MxA protein expression in cultures stimulated with 10μl or 2μl of control virus supernatant (MFIs 10 and 10) or 
HIV-1LAI supernatant, in the absence (MFIs 146 and 169) or presence of neutralizing antibodies (MFIs 85 and 75). 
Results are representative of three independent experiments. MFI, mean fluorescence intensity.  
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Upregulation of CD1a expression on cells 
treated with CpG or HIV-1LAI was observed when 
neutralizing antibodies to type I interferons 
were added at the time of stimulation, strongly 
suggesting that the observed block in T cell 
development in the presence of activated pDCs 
was induced by endogenous production of type 
I interferon. To further confirm these results, 
recombinant IFN-α was added at day five of co-
culture. Exogenously added IFN-α prevented 
the upregulation of CD1a expression to a similar 
extent as in cultures in which pDCs were 
stimulated with CpG or virus. This effect of 
recombinant IFN-α on T cell development could 
be counteracted by the addition of the 
neutralizing IFN-α/β antibodies (Figure 3a).  
Thus, we show that in the OP9-Jag1 culture 
system stimulated pDCs inhibit T cell 
development, as determined by the reduced 
upregulation of CD1a expression on developing 
T cells. Our results suggest that the inhibition is 
solely due to endogenous production of type I 
interferons. 
 
Stimulated pDCs hamper T cell development 
from thymic progenitors. 
Previously, we demonstrated that both T cells 
and pDCs develop from progenitor cells within 
the thymus micro-environment in vivo2. We also 
demonstrated that thymic pDC produce IFN-
α after stimulation with the TLR9 ligand CpG or 
HIV-1 virus27. To date, it remains unclear 
whether stimulated pDCs contribute to T cell 
development. Our observations described 
above allowed us to address this question. 
Therefore, five days after co-culture of 
CD34+CD1a— thymic progenitor cells on OP9-
Jag1 cells, cells were stimulated with either CpG 
or virus for 3 days. Upregulation of CD1a was 
used as read-out for T cell commitment and 

development on day 8. Addition of either CpG 
(2216) (Figure 3a) or HIV-1LAI (Figure 3b) to the 
co-culture completely prevented the 
upregulation of CD1a expression on the 
developing thymocytes. In fact, CD1a 
expression levels did not increase any further 
than the level observed on day 5. As expected, 
expression of CD1a on cells treated with either 
control CpG (2243) or control PM1 supernatant 
did not differ from untreated control cultures. 
The absolute cell number or percentage of living 
cells did not change following 3 days of 
stimulation with CpG, and was only slightly 
reduced after HIV-1LAI stimulation, indicating 
that the impaired T cell development was not 
due to preferential death of CD1a+ cells (data 
not shown). Upregulation of CD1a expression 
on cells treated with CpG or HIV-1LAI was 
observed when neutralizing antibodies to type I 
interferons were added at the time of 
stimulation, strongly suggesting that the 
observed block in T cell development in the 
presence of activated pDCs was induced by 
endogenous production of type I interferon. To 
further confirm these results, recombinant IFN-
α was added at day five of co-culture. 
Exogenously added IFN-α prevented the 
upregulation of CD1a expression to a similar 
extent as in cultures in which pDCs were 
stimulated with CpG or virus. This effect of 
recombinant IFN-α on T cell development could 
be counteracted by the addition of the 
neutralizing IFN-α/β antibodies (Figure 3a).  
Thus, we show that in the OP9-Jag1 culture 
system stimulated pDCs inhibit T cell 
development, as determined by the reduced 
upregulation of CD1a expression on developing 
T cells. Our results suggest that the inhibition is 
solely due to endogenous production of type I 
interferons. 
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Figure 3. CD1a expression on developing CD34+CD1a— thymic precursors is impaired by type I IFNs endogenously 
produced by pDCs after stimulation with CpG or HIV-1LAI. Five-day co-cultures of CD34+CD1a— thymic progenitors 
on OP9-Jag1 cells, were stimulated with (A) CpG (2216), CpG (2243) (both at 1 μg/ml), recombinant IFN-α (1’000 
U/ml) or left untreated, or with (B) HIV-1LAI (range of 2 – 150ng p24/ml) or control PM1 supernatant. Stimulations 
were performed in the presence or absence of neutralizing antibodies against type I IFNs. Three days after 
stimulation cells were analyzed by flow cytometry for CD1a surface expression. CD1a expression levels of 
stimulated cells are shown relative to corresponding controls on day 8, which were set as 1. Average MFI values of 
at least three independent experiments are shown. Statistical analysis was performed using a paired 2-tailed 
Student t test, * p < 0.05, ** p < 0.01. MFI, mean fluorescence intensity. 
 
 
Exogenous IFN-α  impairs thymic T cell 
development. 
To examine the effect of exogenous IFN-α on 
human T cell development in more detail, we 
employed the co-culture system of OP9 cells 
expressing the human Notch ligand Delta-Like1 
(DL1) with thymic CD34+CD1a— progenitor cells, 
as previously described32. This OP9-DL1 culture 
system supports T cell development from 
thymic progenitor cells while pDC development 
is strongly inhibited. Increasing concentrations 
of recombinant IFN-α were added to the co-
culture and over time cells were analyzed cells 
for expression of T cell associated surface 
markers. We observed that addition of IFN-α 
dose-dependently impaired upregulation of 
expression of several markers involved in T cell 
development including CD1a, CD4, CD8, TCRαβ, 
TCRγδ and CD3 (Figure 4a-4e and 
supplementary table). Furthermore, down-
regulation of the progenitor-associated marker 
CD34 was delayed (not shown), strongly 
suggesting that IFN-α impedes the 
differentiation of progenitor cells. Upon 
withdrawal of IFN-α from the cultures 
differentiation of progenitor cells progressed 
normally, demonstrating that the inhibitory 
effect of IFN-α on T cell development was 
reversible (Figure 4f). 

These results did not specify whether IFN-α 
interfered with T cell development at genomic 
DNA levels, i.e. with TCR rearrangements. To 
investigate this, a qualitative multiplex PCR 
method was used38. Thymic progenitor cells 
from the OP9-DL1 co-culture were analyzed for 
the status of rearrangement of the TCRγ and 
TCRβ genes at various times after addition of 
different concentrations of IFN-α. In line with 
our previous findings4, TCRγ rearrangements 
were already detected in freshly isolated 
CD34+CD1a— thymocytes (data not shown) and 
IFN-α did not affect progression of these 
already initiated TCRγ rearrangements. In two 
out of three donors we detected D to J 
rearrangements of the TCRβ locus in freshly 
isolated CD34+CD1a— postnatal thymocytes 
(data not shown), which is consistent with 
earlier findings4,40. In the absence of IFN-α, V-
DJβ rearrangements initiated between day 7 
and 15 of co-culture in this system. Consistent 
with the phenotypical findings described above, 
V-DJβ rearrangements were impaired by IFN-α 
in a dose dependent manner (Figure 4g). At day 
15 of the culture, levels of V-DJβ 
rearrangements were strongly reduced in the 
presence of as little as 10 U/ml IFN-α. At 21 
days of culture, V-DJβ rearrangements in the 
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presence of low amounts of IFN-α were 
comparable to those observed in the absence of 
IFN-α after 15 days, suggesting that IFN-α did 
not prevent but rather delayed TCRβ 
rearrangements. Higher concentrations of IFN-α 
dramatically reduced the level of TCRβ V-DJ 
rearrangements, even after 3 weeks. 
To address whether the effect of IFN-α on T cell 
development was due to differential regulation 
of transcription factors known to be important 
for proper T cell development, we analyzed 
transcript levels of GATA-3, the bHLH family 
members E12, E47, and HEB, and the Id family 
members Id2 and Id3 by quantitative RT-PCR. 

but no differences between IFN-α treated and 
untreated cells were observed (data not 
shown).  
In conclusion, these results demonstrate that 
IFN-α has a strong negative impact on the 
transition of developing T cells from CD1a—

CD4—CD8— to CD1a+CD4+CD8+ cells. Similarly, 
surface expression of either the TCRαβ or TCRγδ 
complex and rearrangements of the TCRβ chain 
were affected by IFN-α. IFN-α, however, did not 
abrogate but rather delays T cell development, 
which could be reversed upon withdrawal of 
IFN-α.  
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Figure 4. Exogenously added IFN-α reversibly interferes with the development of thymic CD34+CD1a— precursors 
into T cells. Sorted CD34+CD1a— thymic precursors were cultured on OP9-DL1 cells in the presence of IL-7 (5ng/ml) 
and increasing concentrations of exogenously added IFN-α. At the time points indicated percentages of cells 
expressing (A) CD1a, (B) CD4 and CD8 (i.e. double positive cells), (C) T cell receptor (TCR)αβ, (D) TCRγδ and (E) CD3 
(numbers indicate the percentages of cells in high and intermediate CD3 expression gates on day 18, respectively) 
were determined by flow cytometry. (F) Inhibitory effects of IFN-α on T cell development are reversible. Seven 
days after co-culture in the presence of IFN-α (1’000 U/ml), cells were washed, split and cultured in the presence 
or absence of IFN-α. No IFN treatment was used as control. (G) V-DJ rearrangement of the TCRβ chain. Genomic 
DNA was isolated from CD34+CD1a— thymocytes cultured for the indicated time periods in the presence or 
absence of IFN-α and analyzed for V to DJ rearrangement by multiplex PCR and GeneScan analysis. Results of ‘tube 
A’ containing 23 different Vβ primers and nine different Jβ primers are shown. Black lines represent Vβ-Jβ1 
rearrangements, grey lines represent Vβ-Jβ2 rearrangements. Genomic DNA of peripheral blood mononucleated 
cells (PBMC) served as control for polyclonal V-DJ rearrangement. Results are representative of at least four 
independent experiments. 
 
 
IL-7 mediated proliferation, but not survival, of 
developing T cells is affected by IFN-α.  
IFN-α has been used effectively in the 
treatment of a number of malignancies 
(reviewed in25) because of its ability to inhibit 
proliferation and/or induce apoptosis in various 
cell types. Therefore, we examined whether 
exogenous IFN-α played a role in the 
proliferation and survival of thymic progenitor 
cells in the OP9-DL1 co-culture system. 
CD34+CD1a- thymocytes co-cultured on OP9-
DL1 cells in the presence of IL-7 for one week 
dramatically increased in cell numbers (85 ± 24 
fold; n=9, Figure 5a). Addition of 100U/ml of 
IFN-α or more consistently and significantly (p < 
0.05 for 100U/ml, p < 0.001 for 1’000 and 
10’000U/ml) decreased the expansion rate 
(Figure 5a). Absolute cell numbers remained 
lower in the presence of IFN-α during at least 
28 days. Of note, the addition of 10 U/ml IFN-
α did not affect absolute cell numbers, although 

T cell differentiation was impaired (Figures 4a-
e).  
The reduced cell numbers obtained in the 
presence of IFN-α could be due to either 
increased apoptosis or reduced cell expansion. 
To determine whether IFN-α induced apoptosis, 
flow cytometric analysis was performed after 
AnnexinV/7-AAD staining on days 1, 2, 3, 6 and 
10 of co-culture (data not shown). The 
percentage of apoptotic cells was not increased 
at any of the IFN-α concentrations tested (4 ± 
2.1% Annexin-V+; 4.1 ± 1% 7-AAD+). Consistent 
with these findings, no change in expression of 
the anti-apoptotic protein Bcl-2 was detected 
after 3, 6 or 10 days of co-culture in the 
presence of IFN-α (Figure 5b and data not 
shown). Furthermore, the expression of 35 
other regulators of apoptosis, simultaneously 
quantified by a multiplex ligation-dependent 
amplification method (RT-MLPA)41, in thymic 
precursors did not significantly change in cells 
cultured in the presence or absence of IFN-α for 
1, 2, 3 or 6 days on OP9-DL1 cells, (data not 
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shown). These findings suggest that in this 
culture system IFN-α did not impinge on 
pathways involved in either cell survival or cell 
death. 
To address whether IFN-α affected cell 
proliferation sorted CD34+CD1a— thymic 
progenitor cells were labeled with CFSE and co-
cultured for 6 days on OP9-DL1 cells. Higher 
CFSE levels were observed when cells were 
cultured in the presence of increasing 
concentrations of IFN-α, indicating that IFN-α 
inhibited cell proliferation (Figure 5c).  
To gain insight whether IFN-α specifically 
reduces the IL-7 or Notch mediated 

proliferation rate, thymic progenitor cells were 
cultured with either IL-7 (1 ng/ml) or OP9-DL1 in 
the presence or absence of IFN-α (Figure 5d and 
data not shown). We observed that the IL-7 
induced proliferation rates were lower in the 
presence of IFN-α, both after 96 and 120 hours. 
Culture of thymic progenitor cells on OP9-DL1 
cells in the absence of exogenous IL-7 led to 
massive cell death (> 90%) which prevented 
conclusive assessment (data not shown). 
Collectively, we conclude that IFN-α  (≥ 100 
U/ml) reduces the IL-7 induced expansion, but 
not survival, of thymic precursors. 

 
 

 
 
Figure 5. Reduced absolute cell counts after culture of thymic precursors on OP9-DL1 in the presence of IFN-α is 
due to reduced IL-7-mediated proliferation, but not to increased apoptosis. CD34+CD1a— thymic precursors were 
cultured on OP9-DL1 with IL-7 and different concentrations of exogenously added IFN-α. (A) Absolute cell numbers 
were determined after one week of co-culture by counting live cells using trypan blue exclusion. Shown are the 
fold-expansions in cell number compared to the number of cells at the start of the culture of eight independent 
experiments. Average values are indicated by a black bar; statistical analysis was performed using a paired 2-tailed 
Student t test, * p < 0.05, ** p < 0.001. (B) Three days after culture without or with IFN-α (1’000 U/ml), flow 
cytometric analysis was performed after intracellular staining with anti-Bcl-2 antibody (open curve). Shaded curves 
represent isotype controls. Numbers indicate mean fluorescence intensity of the specific stainings. (C) Directly 
after sorting, CD34+CD1a— thymic precursors were labeled with CFSE, followed by co-culture on OP9-DL1 cells with 
IL-7 in the presence or absence of different concentrations of IFN-α. On day 6 of co-culture CFSE levels were 
determined by flow cytometric analysis. (D) Thymic progenitor cells were labeled with CFSE and cultured in cell 
suspension with recombinant IL-7 (1 ng/ml) in the presence or absence of 100 U/ml IFN-α. After 96 (upper panel) 
and 120 h (lower panel) CFSE levels were determined by flow cytometry. Results are representative of five 
independent experiments. RCN, relative cell numbers. MFI, mean fluorescence intensity.  
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Involvement of IL-7R proximal or distal events 
in the IFN-α induced inhibition of T cell 
development. 
To elucidate the molecular mechanism of IFN-α 
induced impairment of IL-7 dependent T cell 
development, we analyzed several known 
downstream targets of IL-7R signaling, including 
signal transducer and activator of transcription 
5 (STAT5), PI3K and MEK-Erk pathways7,42. 
Sorted CD34+CD1a— thymocytes were 
stimulated with IL-7 in the presence or absence 
of IFN-α and the phosphorylation status of 
STAT5, extracellular-regulated kinase 1 and 2 
(Erk1/2) and Akt (PKB) proteins were 
determined by flow cytometry. As expected, IL-
7 induced phosphorylation of STAT5, Erk1/2, 
and Akt (PKB) (Figure 6a and data not shown). 
However, no reduction in the level of 
phosphorylation of any of these proteins was 
observed when both IL-7 and IFN-α were 
added. Consistent with observations in cell 
lines43, IFN-α alone induced the 
phosphorylation of STAT5 in CD34+CD1a— 
thymocytes. To exclude indirect effects of IFN-α 
on IL-7R mediated phosphorylation, we also 
preincubated CD34+CD1a— thymocytes were 
preincubated with IFN-α, before IL-7 
stimulation. This did not affect the IL-7 induced 
phosphorylation of STAT5, Erk1/2, or Akt (PKB), 
although STAT5 phosphorylation upon repeated 
stimulation with IFN-α alone was prevented 
(Figure 6a, and data not shown). Together these 
findings strongly support the notion that the 

IFN-α induced block in T cell development was 
not imposed by obstruction of IL-7R proximal 
signaling events.  
We further evaluated whether IFN-α inhibit on 
IL-7R distal events. It has been reported that 
activation of PI3K-PKB inhibits forkhead 
transcription factor FKHR-L1 activity, 
consequently downregulating transcription of 
the cyclin-dependent kinase inhibitor (CKI) 
p27kip1 44. In addition, IL-7 induces 
hyperphosphorylation of the retinoblastoma 
(Rb) protein, eventually leading to cell cycle 
progression45. Using immunoblotting we 
addressed whether IFN-α interfered with the IL-
7 induced p27kip1 down-regulation or pRb 
hyperphophorylation in CD34+ thymocytes 
(Figure 6b). As expected, IL-7 reduced the levels 
of p27kip1 protein and increased the level of pRb 
phosphorylation. No significant impact of IFN-α 
on these IL-7 mediated events was observed at 
48h (Figure 6b) or 72h (data not shown). 
Consistent with these findings, no changes in 
the IL-7 induced increase in cell size were 
detected by flow cytometric analysis after 
addition of IFN-α (data not shown). 
In conclusion, while IFN-α clearly impeded IL-7 
induced T cell development and proliferation 
this could not be attributed to inhibition of 
either IL-7R proximal events, including the 
phosphorylation of STAT5, PI3K or Erk1/2, or IL-
7R distal events, such as downregulation of 
p27kip1 or hyperphosphorylation of pRb.  
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Figure 6. Influence of IFN-α on IL-7 receptor proximal and distal signal transduction events. (A) IFN-α has no 
effect on IL-7 induced phosphorylation of STAT5. MACS-enriched CD34+ thymocytes were pre-incubated overnight 
in culture medium only or in culture medium with IFN-α (1’000 U/ml). The following day, cells were stimulated for 
15 min with IL-7 (1ng/ml), IFN-α (1’000U/ml) or both, stained for intracellular phospho-STAT5 and analyzed by 
flow cytometry. Shaded curves represent isotype controls, open curves represent specific staining. Numbers 
indicate mean fluorescence intensity of specific stainings. (B) IFN-α does not prevent IL-7-mediated down-
regulation of p27kip1 protein or hyperphosphorylation of pRb. MACS-enriched CD34+ thymocytes were cultured for 
48h with IL-7 in the absence or presence of IFN-α (5’000 U/ml). Total cell lysates were analyzed by Western blot 
analysis using antibodies against either p27kip1 or pRb. Actin blotting was performed to ensure equal protein 
loading. Results are representative of two independent experiments.  
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Discussion 
 
We show that IFN-α, when produced 
endogenously by pDCs upon stimulation by 
either bacterial or viral compounds or added 
exogenously as recombinant protein, has a 
deleterious effect on early T cell development. 
IFN-α interfered with IL-7 mediated T cell 
differentiation of progenitor cells resulting in a 
delay in the transition from CD4−CD8− to 
CD4+CD8+  stage and inhibited rearrangement of 
the TCRβ chain and upregulation of the T cell 
associated surface proteins CD1a, CD3, TCRαβ 
and TCRγδ. In addition, IFN-α affected 
proliferation, but not survival, of the developing 
precursors. This inhibitory effect was reversible, 
as withdrawal of IFN-α restored normal T cell 
differentiation.  
For the present study we made use of a recently 
described in vitro assay for T cell 
development46. In the presence of the cytokines 
IL-7 and Flt-3L, the OP9 cell line expressing the 
human Notch-ligand DeltaLike1 (DL1) supports 
the development of CD4+CD8+TCRαβ+ and 
TCRγδ+ T cells from CD34+CD1a− human thymic 
progenitor cells, while inhibiting pDC 
development32. Previously, we reported that 
human thymic precursors cultured in the 
presence of only IL-7 develop into early 
CD4+CD8+ thymocytes which lack TCR 
expression47. We show here that thymic 
progenitors cultured on OP9-DL1 undergo TCR 
rearrangements leading to complete, diverse 
TCR rearrangements of the β and γ loci. 
Continuous Notch signaling of at least one to 
two weeks was required to induce a polyclonal 
TCRβ repertoire, which is consistent with 
findings in the mouse48. 
In contrast to OP9-DL1 cells, the OP9-Jag1 
culture system supports both T cell and pDCs 
development from the same progenitor cells (32 
and Figure 1). This allowed us to directly assess 
the impact of stimulated pDCs on early T cell 
commitment and differentiation. In the thymic 
environment, pDCs are located at the cortico-
medullary junction and in the medulla12. It has 
been reported that in mice thymic precursors 
enter the thymus at the cortico-medullary 
junction1, which allows for interactions of 
progenitor cells with pDCs. Here we show that 
stimulation of pDCs by either CpG or virus 
arrested early T cell development of thymic 
progenitor cells co-cultured with OP9-Jag1 cells. 

The effect was mainly due to endogenous 
production of type I IFNs since T cell 
development could be rescued completely by 
the addition of blocking antibodies against type 
I IFNs. Moreover, addition of exogenous IFN-α 
to developing thymic precursors on OP9-DL1 
cells or in mouse FTOC also impaired T cell 
development (Figure 4 and supplementary 
figure). These findings further supported our 
notion that stimulated pDC hamper T cell 
development by endogenous production of IFN-
α. 
Since IL-7 is critical for survival, proliferation 
and development of T cells in the thymus6-8, we 
anticipated that IFN-α counteracted IL-7 
induced signal transduction. In mice, a negative 
correlation between IL-7 and IFN-α signaling 
was suggested previously as IFN-α inhibited IL-7 
driven proliferation of CD3-CD4-CD8- 
thymocytes in vitro29. In addition, treatment of 
newborn mice with high doses of IFN-α resulted 
in a reduction of thymic cellularity by >80% and 
a 50% decrease in CD4+CD8+ cells28. 
Importantly, the window of sensitivity of the 
developing thymocytes to IFN-α corresponded 
closely to the stages during which IL-7 signaling 
is essential. While here we describe the effects 
of IFN-a on early human T cell development, we 
also observed that IFN-α interfered with IL-7 
induced maturation at later stages of thymocyte 
development, at the transition of CD3+CD1a+ to 
CD3+/hiCD1a− (data not shown). This indicates 
that IFN-α also in humans affects those stages 
of T cell development in the thymus that are 
dependent on the presence of IL-749. Unraveling 
the molecular mechanisms of IFN-α mediated 
effects on early T cell development is 
complicated. Phosphorylation of known 
downstream effector molecules of the IL-7R 
signal transduction pathway, including Akt/PKB, 
STAT5, and Erk1/27,42, was not affected by 
addition of IFN-α, suggesting that the negative 
effects of IFN-α were not due to IL-7 receptor 
proximal signaling events. Further downstream 
signaling events induced by IL-7 include Bcl-2 
upregulation, which is critical for survival of 
immature thymocytes 6, and downregulation of 
the cyclin-dependent kinase inhibitor p27kip1 
followed by phosphorylation of the 
retinoblastoma protein Rb and E2F driven 
transcription, which mediate cell cycle 
progression45. In the primary human 
thymocytes analyzed here we observed that 
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Bcl-2 was expressed in IL-7 treated cells. In 
addition, we observed that IL-7 destabilized 
p27kip1 protein and phosphorylated pRb. These 
events, however, were either not or only 
weakly affected by IFN-α. Therefore, we 
consider it unlikely that IFN-α interferes with 
these IL-7 receptor induced distal events. 
Almost all leukocytes can produce IFN-α, but 
pDCs secrete the highest amounts of IFN-α. In 
vivo IFN-α is produced locally after stimulation 
by bacterial or viral infections and elevated 
levels are found in peripheral blood during 
chronic immune activation, as observed in 
chronic viral infections and autoimmune 
diseases such as systemic lupus erythematosus. 
As primary producers of IFN-α, pDCs likely play 
an important role in the immune response 
against viruses. In this respect, we have shown 
recently that if stimulated to produce IFN-α, 
pDCs can slow HIV-1 replication27. The IFN-α 
response generated by HIV-1 alone, however, 
was insufficient to completely control virus 
replication and therefore failed to prevent HIV-
1 pathogenesis in the thymus. Our data indicate 
that despite its favorable short term anti-viral 
effects, continual virus induced production of 
IFN-α by pDCs in the thymus can be harmful. 
HIV-1 induced IFN-α may up-regulate MHC class 
I on thymic epithelial cells30 and result in 
preferential selection of dysfunctional CD4—

CD8+ thymocytes50. We show here that pDC-
derived endogenous IFN-α directly impedes 
early T-cell lymphopoiesis. The presence of high 
levels of IFN-α may prevent T cell regeneration 

in HIV-1 infection and contribute to the 
depletion of developing T cells by HIV-151.  
IFN-α is widely used for treatment of 
hematological and solid malignancies and viral 
infections, in particular chronic Hepatitis C25,26. 
Exogenous IFN-α as a therapy may enhance the 
impact of locally produced IFN-α by pDCs in the 
thymus. In fact, leukopenia is a common side 
effect of IFN-α treatment (reviewed in52). The 
effects of exogenous IFN-α on early T cell 
development that we describe here may 
portray the side effects of IFN-α treatments and 
therefore needs to be considered when 
applying IFN-α therapy to patients, especially in 
children, where peripheral T cells are 
predominately maintained through the 
production of naïve T cells by the thymus53.  
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Supplementary table and figure 
 

 
 
Supplementary table. Exogenously added IFN-α interferes with the development of thymic CD34+CD1a— 
precursors into T cells. Statistical analysis of the percentages of CD1a+ cells (analyzed between days 6 to 8), 
CD4+CD8+ and CD3+ (analyzed between days 14 to 18) developing from thymic precursors on OP9-DL1 cells with IL-
7 and increasing concentrations of exogenously added IFN-α was performed using a paired 2-tailed Student t test. 
p values indicated were calculated for the percentage of positive cells at the respective concentration versus 
percentage of positive cells at 0 U/ml (p-value 1), 10 U/ml (p-value 2) or 1’000U/ml (p-value 3) of IFN-α. 

 

 
 
Supplementary figure. Exogenously added IFN-α hampers the development of human thymic CD34+ precursors in 
a hybrid human/mouse fetal thymic organ culture. Sorted human thymic CD34+ progenitor cells were co-cultured 
with fetal thymic lobes dissected from embryos of RAG1 deficient mice in the absence or presence of IFN-α. Flow 
cytometric analysis was performed on days 7 and 10 after staining with antibodies against CD4, CD8 and CD1a. 
Numbers indicate the percentages of cells within the electronic gate. Shaded curves represent isotype controls, 
open curves represent specific stainings. MFI, mean fluorescence intensity. RCN, relative cell numbers. Results are 
representative of two independent experiments. 
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Abstract 
 
In order to mount the appropriate antibody response to an invaded pathogen, activated antigen-specific 
B cells undergo class switch recombination (CSR) during germinal center (GC) reactions. CSR allows the 
expression of antibodies that have the same antigen specificity but with a secondary IgH isotype, 
thereby comprising a different effector function. This process critically depends on the activity of the GC 
factor activation-induced cytidine deaminase (AID), which is under tight control because of its 
mutagenic potential. A CD77−CD25+pSTAT5+ GC B cell subpopulation that we previously described 
expressed lower levels of AID than bulk CD77− centrocytes, which prompted us to investigate the effect 
of active STAT5 on CSR. Using in vitro culture and retroviral transduction systems, we demonstrate that 
STAT5 regulates the generation of surface IgG+ cells from IgD+CD27− naïve human peripheral blood (PB) 
B cells. STAT5 critically acted on the switch machinery by repressing AID gene expression. Restoring AID 
levels in STAT5 transduced B cells rescued CSR. Furthermore we show that STAT5 mediates its effect 
through upregulation of Inhibitor of DNA binding (Id)2, thereby antagonizing the transcriptional activity 
of E proteins, which are fundamental to induce AID expression. Collectively, these results demonstrate 
that STAT5 activation in human B cells has a critical role in the prevention of CSR. Correspondingly, 
human PB memory B cells expressed higher levels of STAT5 protein as non-switched naïve B cells. 
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Introduction 
 
During T-cell-dependent antibody responses to 
exogenous antigen, germinal centers (GCs) are 
formed by proliferating B cells in the follicles of 
peripheral lymphoid organs. Here, naïve B cells 
undergo a series of molecular adaptations that 
result in antibodies with desired affinities and 
isotypes. Centroblasts, located in the dark zone 
of the germinal center undergo somatic 
hypermutations (SHM)1, which potentially 
improves the affinity for the antigen. 
Centrocytes, located in the light zone of the 
germinal center undergo class switch 
recombination (CSR), which changes the isotype 
of the immunoglobulin heavy chain1. Both 
processes genetically alter the immunoglobulin 
locus. During SHM mutations of nucleotides in 
the variable regions of immunoglobulin genes 
are induced, whereas CSR depends on excision 
of intervening heavy chain sequences. After the 
positive selection B cells differentiate into 
plasma cells or memory B cells and leave the 
germinal center. Once a B cells has undergone 
positive selection additional changes to the Ig 
genes encoding the B cell receptor (BCR) are 
undesirable. The process that ensures that SHM 
and CSR are turned off once B cells are selected 
is also known as repertoire freezing.  
SHM and CSR of immunoglobulin genes are 
dependent on expression of the gene AID 
encoding activation-induced deaminase (AID)2-4, 
which is highly expressed in a subset of 
germinal center B cells5,6. The phenotype of AID 
deficient mice is identical to that of the human 
AID deficiency known as type II hyper IgM 
(HGMII) syndrome7. The three main features of 
HGMII are defective CSR and SHM induction 
and the presence of giant germinal centers in 
secondary lymphoid organs.  

At the transcriptional level, several factors are 
described to be directly or indirectly involved in 
positive or negative regulation of AID, including 
IRF8, IRF4, BLIMP1, Bach2, NF-κB and STAT68-15. 
Furthermore E-proteins, members of the basic 
helix-loop-helix family, and their dominant 
negative inhibitors, the inhibitor of DNA binding 
(Id) factors, have been implied in regulation 
AID. The E-protein E47 is highly expressed in 
germinal center B cells and directly activates 
AID transcription16,17. Id2 and Id3 proteins are 
known to have a negative effect on CSR. This 
occurs at least partly via inhibition of 
transcriptional activity of E47, thereby inhibiting 
AID expression17,18 or, alternatively, by 
decreasing the DNA-binding activity of PAX-5, 
an inducer of AID transcription19.  
Signal transducers and activators of 
transcription (STAT) proteins comprise a family 
of seven transcription factors that are activated 
by cytokines, hormones and growth factors. 
STAT5 comprises two forms, STAT5a and 
STAT5b, which are encoded by two different 
highly homologous tandem linked genes. It has 
been shown in mice that STAT5 is essential for 
normal lymphoid lineage development20. We 
have reported that STAT5b directly regulates 
BCL-6 and is important in the differentiation 
towards memory B cells21.  
Here we test the hypothesis that STAT5 plays an 
important role in preventing CSR or SHM of 
memory B cells, thereby maintaining the 
specificity and the isotype of the BCR. In this 
present study we show that high pSTAT5 levels 
in a CD25+ centrocyte population correlated 
with low AID levels. Furthermore, we provide 
evidence that STAT5 controls CSR by regulation 
of AID expression through induction of Id2. 
Taken together, our data strongly support the 
notion that STAT5 plays a role in repertoire 
freezing of memory B cells. 

  



Active STAT5 blocks CSR 

107 

Material and methods 
 
B cell isolation. Tonsillectomies were performed at 
the Department of Otolaryngology at the Academic 
Medical Center, Amsterdam, The Netherlands. The 
use of this tissue was approved by the medical 
ethical committees of the institution and was 
contingent on informed consent. Buffy coats were 
obtained from Sanquin bloodbank, Amsterdam, The 
Netherlands. B cells were isolated using anti-CD19 
conjugated microbeads (Miltenyi Biotec). Next, the 
cells were incubated with CD77-PE, CD25-PECy7, 
CD38-APC, CD19-APCCy7, CD3-PECy7, IgD-Fitc and 
CD27-PE (BD Pharmingen) antibodies and sorted by 
FACS Aria (BD). The resulting B cell populations were 
>99.5% pure upon reanalysis.  
 
Retroviral constructs and production of 
recombinant retrovirus. Retroviral constructs 
expressing caSTAT5, wtSTAT5, Id2 cDNA and shRNA 
against STAT5 and Renilla been previously 
described21. Human AID cDNA was amplified by PCR 
and cloned into the pCR2-1-TOPO-TA vector 
(Invitrogen), according to the manufacturer's 
instructions. The insert was subcloned in LZRS 
upstream of the IRES-GFP or IRES-GFP using BamHI 
and XhoI. Production of recombinant retrovirus was 
done as described21 using the producer cell line Phnx 
GALV.  
 
Retroviral Transduction and cell culturing. The 
recombinant human fibronectin fragments CH-296 
transduction procedure (RetroNectinTM; Takara, 
Otsu, Japan) was performed as previously described 
with minor modifications21. In order to transduce the 
B cells with optimal transduction efficiency, sorted 
naïve CD19+CD27−IgD+ PB B cells were cultured on L-
cells expressing CD40L (CD40L-L cells) plus IL-21 
(R&D Systems) for two days. After the transduction B 
cells were cultured on CD40L-L cells plus IL-4 
(30ng/ml) to induce CSR. To track proliferation, cells 
were labeled with CFSE. Sorted 6 days after 
retroviral transduction the percentage of sIgG on the 

GFP+ cells was determined by FACS analysis by a 
monoclonal anti-IgG antibody (BD Pharmingen). 
 
Quantitative RT-PCR. Total RNA was isolated from 
cell pellets with the RNeasy mini kit (Qiagen). RNA 
was reverse transcribed in a volume of 20 μL, 
containing 5X first strand buffer, 500 μM dNTP's, 25 
μg/L Oligo (dT), 200 U superscript II RT (Life 
Technologies). Quantitative real-time PCR analysis 
was performed by iCycler PCR (BioRad, Hercules, CA, 
USA). SYBR Green Supermix (BioRad) was used for 
amplification. After incubation at 95 °C for 6 min, 40 
cycles of amplification were run. Each cycle 
consisted of 30s at 95°C, 30s at 60°C and 30s at 72°C. 
For each sample serial dilutions were made to 
determine the PCR efficiency. Primers used for real 
time RT-PCR were as follows:  
β-actin forward 5'-
CAAGAGATGGCCACGGCTGCTTCCAGC-3' 
β-actin reverse 5'-ATGGAGTTGAAGGTAGTTTCG-3'  
AID forward 5'-AGAGGCGTGACAGTGCTACA-3'  
AID reverse 5'-TGTAGCGGAGGAAGAGCAAT-3'  
Id2 forward 5'-CGGATATCAGCATCCTGTCC-3'  
Id2 reverse 5'-TCATGAACACCGCTTATTCAG-3'  
Id3 forward 5'-CTTCCCATCCAGACAGCC-3'  
Id3 reverse 5'-CTGCGTTCTGGAGGTGTCA-3'  
E-47 forward 5'-GTCGGACAAAGCGCAGAC-3' 
E-47 reverse 5'-ACAGGCTGCTTTGGGATTC-3' 
E-12 forward 5’-ACAGCGAGAAGCCCCAGA-3' 
E-12 reverse 5’-CTGCTTTGGGATTCAGGTTC-3' 
 
Immunoblotting. Immunoblotting was performed as 
described before21. The following Abs were used: 
anti-STAT5b (C-17, Santa Cruz Biotechnology,  CA), 
anti-actin (I-19, Santa Cruz Biotechnology, Santa 
Cruz, CA), anti-GFP (Rabbit, IgG fraction, molecular 
probes Biotechnology, Breda, The Netherlands) and 
anti-AID (L7E7, Cell Signaling Technology, Danvers, 
MA, USA). Detection of proteins was done using 
enhanced chemiluminescence (Pierce, Rockford, IL, 
USA). 
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Results 
 
AID is expressed at low levels in centrocytes 
with activated STAT5. CD25 is a direct target of 
STAT522, and we previously showed high levels 
of active STAT5 in CD25+ germinal center B cells, 
which have the phenotype of centrocytes21. 
Activation of STAT5 by phosphorylation 
(pSTAT5) in GC B cells leads to their 
differentiation into memory B cells21. As BCR 
affinity and isotype need to be maintained in 
memory B cells, we hypothesized that pSTAT5+ 
GC cells may have downregulated the 
machinery that induces SHM and CSR, including 
expression of AID. Gene expression in human 
tonsil CD3−CD19+ B cells was analyzed and 
expression levels in CD38+CD77−CD25+ B cells 
was compared with CD38− non-GC B cells, 
CD38+CD77+CD25− centroblasts and 
CD38+CD77−CD25− centrocytes by real-time RT-
PCR (Figure 1A). AID expression was 4- to 5-fold 
decreased in CD25+ centrocytes as compared to 
bulk centroblast or centrocytes and was 
expressed at levels comparable to levels in 
unactivated CD38− B cells.  
To investigate the mechanism of AID regulation 
we assessed the expression of factors involved 
in AID regulation in the tonsil B cell subsets. It 
has been shown that AID is a direct target of the 
E-protein E4717, whereas another report 
described regulation of AID expression by Id2-
mediated regulation of Pax5 activity19. 
Therefore we determined the expression levels 
of E proteins and Id proteins in the tonsil B cell 
populations (Figure 1B and data not shown). Id2 
and Id3 expression was lower in CD38+ than in 

CD38− B cells. While CD25+ B cells expressed 
similar levels of Id3 compared to other germinal 
center B cells, Id2 levels were 2-fold increased 
in CD25+ B cells (Figure 1B). We did not observe 
a correlation between CD25 expression and E47 
levels (data not shown). Consistent with 
previous reports that reported a largely 
common gene expression profile in centrocytes 
and centroblast separated by CD77 
expression23,24 we did not detected differences 
in AID, Id protein or E protein expression levels 
between the CD77+ and CD77− GC B cell 
subsets. 
These data show that CD25+ B cells in the GC, 
which highly express pSTAT521, have low levels 
of AID expression and concomitantly higher Id2 
expression than bulk centroblasts or 
centrocytes. 
 
Forced STAT5 expression blocks CSR of naïve 
PB B cells in vitro. Our finding that AID levels 
are low in pSTAT5+CD25+ B cells prompted us to 
investigate the role of STAT5 in CSR. AID 
induction and consequently CSR can be induced 
in vitro by activating mature B cells with CD40-
Ligand (CD40L) in the presence of appropriate 
cytokines like IL-425. To assess the role of STAT5 
in CSR we retrovirally transduced purified 
CD19+CD27−IgD+ naïve peripheral blood (PB) B 
cells with GFP-marked constructs expressing 
constitutively active STAT5b (caSTAT5), which 
does not require phosphorylation for its 
transcriptional activity, or wild-type STAT5b 
(wtSTAT5), which still depends on cytokine 
induced phosphorylation for activation.  

 

 
 
Figure 1. Low AID expression in CD25+pSTAT5+ centrocytes. Sorted subsets of human tonsil CD3−CD19+ B cells 
were analyzed by real-time RT-PCR for gene expression of (A) AID and (B) Id2 and Id3 factors. Values are 
normalized to expression levels in CD38− cells. Averages ± SD of PCR triplicates are shown. One representative 
experiment out of three is displayed.  



Active STAT5 blocks CSR 

109 

 

0

0.2

0.4

0.6

0.8

1.0
**

**

C
trl

ca
S

TA
T5

w
tS

TA
T5

0

4

8

12

16

20

0 5 10 15

B

%
sI

gG
+ 

ce
lls

R
el

at
iv

e 
%

 s
Ig

G
+ 

ce
lls

 
 

Figure 2. STAT5 overexpression represses CSR in naïve PB B cells. Sorted human CD19+CD27−IgD+ naïve PB B cells 
were transduced and cultured with CD40L expressing L-cells and IL-4. The percentage of sIgG+ B cells within the 
transduced population was assessed by flow cytometry. (A) Cells were transduced with LZRS caSTAT5b-IRES-GFP 
(caSTAT5), wtSTAT5b-IRES-GFP (wtSTAT5) or with an empty vector control-IRES-GFP (Ctrl) and analyzed after 6 
days. One representative experiment out of five is shown as dot plot. Left dot plot indicates gating for GFP+ cells. 
The bargraph represents collected data from the five independent experiments. sIgG+ percentages from caSTAT5 
and wtSTAT5 transduced cells are normalized to control transduced cells per experiment. Averages ± SD are 
shown. Student’s t test, **p < 0.01. (B) B cells were transduced with pRetrosuper STAT5 shRNA (STAT5-i) or Renilla 
shRNA (Renilla-i) and analyzed in time as indicated. One representative experiment out of two is shown.  
 
 
As expected we observed by flowcytometric 
analysis that 15-20% of the control transduced 
B cells expressed IgG on the cell surface (sIgG) 
after 6 days (Figure 2A) in culture with IL-4 and 
CD40L-expressing fibroblasts (L-cells). 
Expression of caSTAT5 or wtSTAT5 in naïve PB B 
cells resulted in a significant, 3-fold and 2-fold 
lower percentage of sIgG+ B cells, respectively, 
after 6 days of culture (Figure 2A). This reduced 
percentage of IgG+ cells compared to control 
cultures was due to reduced CSR and not due to 
downregulation of BCR surface expression as 
IgG− caSTAT5 and wtSTAT5 transduced B were 
positive for sIgD and either the Ig light chains κ 
or λ (data not shown). We also analyzed the 
expression of IgA and IgE and observed no 
switching towards these downstream isotypes 
(data not shown).  
Next we assessed the effect of STAT5 
deprivation on CSR of naïve PB B cells. 
Therefore we made use of a previously 
described small-hairpin (sh) RNA construct 
efficiently targeting STAT5 expression (STAT5-
i)21. Percentages of sIgG+ cells among naïve PB 
B cells transduced with the STAT5-i construct or 
a shRNA construct targeting an irrelevant gene 

(Renilla-i) and cultured with L-cells and IL-4 
were assessed in time. We observed that STAT5 
knockdown did not instantly decrease the CSR 
rate (Figure 2B) compared to the control 
transduced cells. After 10-14 days of culture, 
however, we observed a higher percentage of 
sIgG+ cells among the STAT5-i transduced B cells 
compared to the Renilla-i transduced B cells. 
This result suggests that class switching is 
persistent after 10-14 days of culture in STAT5-i 
transduced B cells, but not in control B cells.  
CSR has been shown to be linked to cell 
division26. To determine whether STAT5 affects 
proliferation of naïve B cells, which may 
account for decreased CSR, we performed a cell 
tracker experiment using CFSE. PB 
CD19+CD27−IgD+ naïve B cells were transduced 
with caSTAT5 using NGFR as marker or a control 
NGFR construct, and after labeling with CFSE 
the cells were cultured on CD40L-L cells plus IL-
4 for 10 days. Dilution of CFSE was similar in 
cells transduced with caSTAT5 or control virus 
within the measured time frame (Figure S1), 
indicating that caSTAT5 does not affect the 
proliferation of naïve PB B cells in L-cells/IL-4 
cultures. We conclude that repression of CSR by 
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caSTAT5 is not caused by reduction of cell 
division rates. 
Collectively, our results demonstrate that 
ectopic expression of active STAT5 or wild-type 
STAT5 in PB naïve B cells reduces the level of 
CSR induced in vitro by CD40 and IL-4 signaling, 
which was not the result of a decreased cell 
division rate. In naïve B cells with 
experimentally reduced STAT5 protein levels 
CSR was extended in time compared to control 
conditions, ultimately leading to higher 
percentages of sIgG+ B cells after 10-14 days. 
 
caSTAT5 downregulates AID levels and induces 
Id2 expression. AID has been shown to be the 
crucial factor for CSR and SHM2-4. We therefore 
assessed whether forced expression of STAT5 in 
naïve PB B cells affected AID expression levels, 
which may account for the partial block in CSR. 
Naïve PB B cells were transduced with caSTAT5-
IRES-GFP, wtSTAT5-IRES-GFP or the empty 

control IRES-GFP vector and five days after 
culture with CD40L L-cells and IL-4 GFP+ cells 
were sorted and analyzed for expression of AID 
by real-time PCR. In line with our hypothesis, 
AID levels were significantly lower (2-fold) in B 
cells expressing active (ca) STAT5 than control B 
cells (Figure 3A). Overexpression of wtSTAT5, on 
the other hand, did not affect AID levels (data 
not shown). 
To determine whether caSTAT5b may control 
AID expression via regulation of E proteins or Id 
factors, we analyzed expression levels in 
caSTAT5 transduced B cells by real-time PCR. 
Id2 expression was significantly increased (2.5-
fold) in caSTAT5 transduced B cells (Figure 3A), 
whereas levels of E47, E12 and Id3 were not 
altered compared to control transduced B cells 
(Figure S2). wtSTAT5 overexpression did not 
affect expression levels of any of these factors 
(data not shown). 
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Figure 3. caSTAT5 induces expression of Id2 and represses AID expression in B cells. Sorted human 
CD19+CD27−IgD+ naïve PB B cells were transduced and cultured with CD40L and IL-4. (A) Five days after 
transduction, caSTAT5b-IRES-GFP (caSTAT5) or empty control IRES-GFP (Ctrl) transduced B cells were sorted for 
GFP expression, and AID and Id2 expression levels were assessed by quantitative RT-PCR. Values were normalized 
to control transduced B cells. Averages ± SD of four independent experiments are shown. Student’s t test, **p < 
0.01. (B+C) Six days after transduction with Id2-IRES-GFP (Id2) or empty control IRES-GFP (Ctrl) constructs (B) sIgG 
levels on transduced B cells were assessed by flow cytometry and (C) transduced GFP+ B cells were sorted and 
analyzed for AID expression by quantitative RT-PCR. Averages ± SD of PCR duplicates are shown. One 
representative experiment out of two is shown.  
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To assess the role of E47 and Id2 in CSR and AID 
regulation in human B cells and in our in vitro 
culture system we retrovirally transduced PB 
naïve B cells with Id2-IRES-GFP, E47-IRES-GFP or 
control IRES-GFP vectors. After 6 days in culture 
with CD40L-L cells and IL-4, sIgG expression was 
determined by flow cytometric analysis. In B 
cells transduced with Id2 a more than 5-fold 
lower percentage of sIgG+ B cells was observed 
compared to control transduced B cells (Figure 
3B). Retroviral transduction of E47 in naïve B 
cells did not alter the percentage of sIgG+ cells 
compared to control transduced B cells (data 
not shown). Furthermore, overexpression of Id2 
in naïve B cells reduced AID expression levels by 
5-fold compared to control transduced B cells 
(Figure 3C). This is consistent with the observed 
reduction in CSR and with observations in 
mice19. 
Collectively, these data show that forced 
expression of caSTAT5, but not wtSTAT5, 

induced expression of Id2 and prevented AID 
upregulation in naïve PB B cells. Id2 
overexpression in our culture system prevents 
CSR and AID expression, which suggests that the 
block of CSR by introducing activated STAT5 in 
naïve PB B cells may be mediated by induction 
of Id2 transcription and consequent regulation 
of AID expression. 
 
Exogenous AID expression rescues STAT5-
mediated block in CSR. The caSTAT5 induced 
decrease in AID expression prompted us to 
address whether reintroduction of AID by 
retroviral expression could bypass the block in 
CSR induced by caSTAT5. The human AID cDNA 
was cloned upstream of IRES-GFP in a retroviral 
vector. Western blot analysis of 293T cells 
transfected with the retroviral construct 
showed that AID protein was expressed (Figure 
S3).  

 
 
 
 
 

 
 
 
Figure 4. Restoring of AID levels overcomes STAT5 induced block in CSR in B cells. Sorted human CD19+CD27−IgD+ 
naïve PB B cells were double transduced with NGFR- and GFP-marked constructs, cultured with CD40L L-cells and 
IL-4 and the percentage of sIgG+ B cells within the double transduced population was assessed by flow cytometry 
after 3, 6 and 10 days. B cells were double transduced with LZRS caSTAT5-IRES-NGFR (caSTAT5 NGFR) and AID-
IRES-GFP (AID GFP) or with empty vector control constructs (Ctrl GFP, Ctrl NGFR). Left dot plot indicates gating for 
GFP+NGFR+ cells, right dot plots indicate staining for sIgG+ B cells gated on GFP+NGFR+ cells on day 3. Diagram 
shows percentages of sIgG+ B cells among double transduced cells at the indicated time points. One representative 
experiment out of three is shown. 
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PB naïve B cells were double transduced with 
both caSTAT5b-IRES-NGFR and AID-IRES-GFP or 
the appropriate empty vector control constructs 
and sIgG levels were assessed by flow 
cytometric analysis on double transduced 
GFP+NGFR+ B cells after 3, 6 and 10 days of 
culture on CD40L L-cells and IL-4 (Figure 4A). A 
small but consistent percentage (4-9%) of 
control transduced B cells (Ctrl GFP x Ctrl NGFR) 
had undergone CSR within three days after 
transduction, and the percentage of sIgG+ B 
cells in this culture increased in time. At all time 
points analyzed, forced expression of AID only 
(AID GFP x Ctrl NGFR) consistently increased the 
level of CSR indicated by the 1.3- to 1.5-fold 
higher percentages of sIgG+ B cells compared to 
control transduced B cells. As expected from 
the results already shown in figure 2, double 
transduction with caSTAT5 and control virus 
(caSTAT5 NGFR x Ctrl GFP) reduced CSR levels 2- 
to 4-fold compared to control transduced B 
cells. When AID and caSTAT5 were 
overexpressed simultaneously in naïve B cells 
(AID GFP x caSTAT5 NGFR), the caSTAT5 
mediated block in CSR was almost completely 
restored at day 3 after transduction and 
partially restored at day 6 and day 10 after 
transduction (Figure 4).  
Collectively, these data show that reduction of 
AID expression by caSTAT5 partially accounts 
for the observed block in CSR, as reintroduction 
of AID by retroviral transduction into caSTAT5+ 

B cells partially rescued CSR. The data 
furthermore suggests that activation of STAT5 
regulates other parameters than AID 
transcription which are crucial for CSR.  
 
High STAT5 protein levels in human PB 
memory B cells, but not naïve B cells. It was 
recently described that STAT5 levels are 
elevated in memory B cells generated in vitro27. 
Previously we have shown that STAT5 plays a 
role in the differentiation towards memory B 
cells within the germinal center, which occurs at 
least partly via upregulation of BCL-621. To gain 
further insight in the role of STAT5 in human B 
cell differentiation, we determined whether 
there are differences in the level of STAT5 
protein expression in the different peripheral 
blood (PB) B cell subsets. PB naïve B cells 
(CD19+IgD+CD27−), non-switched memory B 
cells (CD19+IgD+CD27+) and switched memory B 
cells (CD19+IgD−CD27+) were sorted and STAT5 
protein levels were determined by Immunoblot 
analysis (Figure 5). Both naïve B cells and non-
switched memory B cells expressed lower levels 
of STAT5 protein as compared to switched 
memory B cells.  
These data indicate that STAT5 protein levels 
are higher in switched B cells as compared to 
non-switched B cells. We propose that STAT5 
may play a role in repertoire freezing in human 
PB memory cells. 

 
 
 

 
Figure 5. Immunoblot analysis of STAT5 expression in 
human peripheral blood B cell subsets. PB naïve B cells 
(CD19+IgD+CD27−), non-switched memory B cells 
(CD19+IgD+CD27+) and switched memory B cells 
(CD19+IgD−CD27+) were analyzed for STAT5 protein 
expression by immunoblotting. Equivalent amounts of 
total protein extracts from purified cells were analyzed; 
actin levels were determined to ensure equal protein 
loading. One representative experiment out of three is 
shown. 
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Discussion 
 
Within the germinal center (GC) B cells undergo 
SHM and CSR and leave the GC as positively 
selected memory B cells or plasma cells. In post-
GC B cells additional alterations at the Ig locus 
are undesirable as the specificity and the 
isotype of the BCR need to be sustained in order 
for the system to appropriately respond to 
rechallenge with the same antigen. Here we 
provide evidence which suggests that STAT5 is 
actively involved in preventing CSR in post-GC 
memory B cells by regulating AID expression via 
upregulation of Id2.  
Compared to non-switched B cells, switched 
memory B cells have a longer lifespan and enter 
a proliferative stage in a more rapid way28-30. It 
was recently described that STAT5 expression 
levels are elevated in memory B cells generated 
in vitro27. In line with this we show here that 
switched B cells ex vivo from human peripheral 
blood have a higher STAT5 protein level as non-
switched B cells. STAT5 has multiple functions in 
mature B cells, as illustrated by several studies 
which demonstrate that STAT5 plays a role in 
proliferation and cell survival21,31,32. In addition, 
we documented that STAT5 activation resulted 
in inhibition of differentiation of activated B 
cells into plasma cells in vitro21. We have 
identified in the GCs of human tonsils a novel B 
cell population that expressed pSTAT5, the 
STAT5 target gene CD2522, and high levels CD27 
and low levels of CD10 and CD20, indicating a 
memory B cell phenotype21. Notably these 
CD25+ GC B cells expressed high levels of BCL-6 
and low levels of BLIMP1. Since BCL-6 is a 
known inhibitor of plasma cell differentiation 
and BLIMP1 a master gene for plasma cell 
differentiation33 ,we concluded that CD25+ GC B 
cells represent cells that are biased to a 
memory cell fate. Here we extend these 
findings by showing that AID expression levels 
in ex vivo CD25+pSTAT5+ GC B cells are much 
lower than in bulk centrocytes. The low AID 
expression in CD25+ GC B cells makes it likely to 
assume that SHM and CSR are arrested in these 
cells adding value to the notion that these cells 
are recently activated cells directed into a 
memory cell type. 
Differentiation of plasma cells is driven by 
BLIMP1 by extinguishing the B cell-specific gene 
program. The E protein antagonist Id2 is one of 
the targets that is induced by BLIMP115. Murre 
and colleagues suggested that the regulation of 

Id2 by BLIMP1 potentially down regulates AID 
expression due to decreased transcriptional 
activity of the E-protein E4717. An alternative 
mechanism is proposed by Gonda et al. who 
show that high Id2 levels decrease PAX-5 
activity and thereby the transcription of the 
direct PAX-5 target AID19. Both papers 
potentially provide a molecular mechanism by 
which AID expression is down regulated once 
CSR and/or SHM have been completed, leading 
to repertoire freezing in plasma cells. Consistent 
with this it was shown that BLIMP1 
overexpression arrests CSR in IL-4 treated 
cultures34. Notably, BLIMP1 is only expressed 
during plasma cell differentiation and therefore 
does explain on how repertoire freezing is 
established during memory B cell 
differentiation. 
Repertoire freezing is essential, since sequential 
CSR would eventually lead to IgE as this is the 
most downstream isotype. Serum 
concentrations of IgE under normal 
circumstances are kept much lower than those 
of other isotypes to avoid allergic reactions. In 
line with our previous findings19 a crucial role in 
CSR regulation is dedicated to Id2, since Id2 
knock out mice elevated levels of serum IgE 
were detected35. The results presented in this 
report may answer the question how ongoing 
CSR is prevented in memory B cells, since 
overexpression of STAT5 in naïve B cells inhibits 
CSR, most likely by increasing Id2 expression. 
This together with the observation that 
increasing Id2 levels in B cells profoundly 
reduced AID levels, argues that in memory B 
cells AID levels are kept under control by STAT5-
mediated Id2 induction.  
Down-modulation of AID expression may not be 
the only mechanism by which STAT5 prevents 
CSR, because ectopic expression of AID did not 
completely overcome the inhibition of CSR by 
caSTAT5 in particular at later time points after 
transduction. There are several possible 
explanations to these findings. First, germ line 
transcription (GLT) of the Ig locus, which is a 
prerequisite for CSR may be affected by STAT5 
overexpression, although we did not investigate 
this. Second, STAT5 may be involved in 
regulating AID activity, which due to its 
mutagenic properties is regulated very tight. 
AID activity does not only depend on the 
transcription of the gene locus but in addition is 
regulated at a posttranslational level, including 
AID dimerization / oligomerization, nuclear / 
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cytoplasmic AID translocation, and 
phosphorylation of the AID Ser38 residue by 
protein kinase A (PKA)36-38. The importance of 
AID posttranslational modifications is 
emphasized by the failure of forced AID 
expression to induce SHM or CSR in transgenic 
mice39. Thus STAT5 may be involved in 
posttranslational modifications of AID, similar to 
what was proposed for PI3K-mediated 
inhibition of CSR13,20, which could also not fully 
be overcome by ectopic expression of AID. It is 
noteworthy that the CSR block induced by 
wtSTAT5, which did not regulate the expression 
of AID, could be counteracted by AID 
overexpression (data not shown). Further 
research is required to explain this finding, but 
it may be the result of excessive AID levels 
caused by retroviral overexpression that could 
overcome the weak regulation of AID activity by 
wtSTAT5 and thereby rescue of the wtSTAT5-
mediated CSR block.  
Our observations raise the question which 
signal activates STAT5 in germinal center B cell 
to prevent CSR in vivo in memory B cells. 
Activation of STAT5 can occur through a wide 
range of receptors and its cytokines, including 
IL-2, IL-4 and IL-740. As CD25, the high affinity 
component of the IL-2 receptor is expressed on 

the pSTAT5+ germinal center B cells21, IL-2 is an 
important candidate. However detailed analysis 
of the pSTAT5+ germinal center B cells for 
cytokine receptors expression could provide 
more insight in the cytokine(s) involved in this 
process. 
Due to a broad spectrum of hematopoietic 
cytokines and growth factors that induce the 
activation of STAT5, a complex phenotype of 
STAT5 deficient mice, including impaired 
lymphoid development and differentiation was 
observed20,41. A recent study in mice in which 
STAT5A/5B expression was deleted in CD19 
expressing B cells revealed that STAT5 was not 
essential for B cell maturation and function42. 
Since normal CSR toward IgG1 and slightly 
increased level of IgG2a were detected, this 
suggested that the lack of STAT5A/5B in B cells 
has little effect on CSR and Ig production. Our 
data are in contrast to this finding in the mouse. 
The discrepancy may be explained by the 
differences between species. In particular 
STAT5-dependent processes are differentially 
regulated between human and mouse as 
exemplified by the observation that murine, but 
not human B cell development depends on IL-7 
induced signaling mediated by STAT5. 
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Supplementary figures 
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Figure S1. Ectopic expression of caSTAT5 does not affect proliferation of naïve PB B cells. Sorted human 
CD19+CD27−IgD+ naïve PB B cells were transduced with LZRS caSTAT5b-IRES-NGFR (caSTAT5) or with an empty 
vector control IRES-NGFR construct (Ctrl), labeled with CFSE and cultured with CD40L and IL-4. After 3, 6, and 10 
days CFSE labeling was assessed on ctrl-NGFR+ (solid line) and caSTAT5b-NGFR+ (dotted line) cells. One 
representative experiment out of two is shown. RCN, relative cell number. 
 
 
 

 
 
Figure S2. caSTAT5 does not regulate E47, E12 or Id3 expression In B cells. Sorted human CD19+CD27−IgD+ naïve 
PB B cells were transduced and cultured with CD40L and IL-4. Five days after transduction, caSTAT5b-IRES-GFP 
(caSTAT5) or empty control IRES-GFP (Ctrl) transduced B cells were sorted for GFP expression and gene expression 
levels were assessed by quantitative PCR. Values were normalized to control transduced cells. Averages ± SD of 
four independent experiments are shown. 
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Figure S3. Ectopic expression of human AID by LZRS AID-IRES-GFP. 293T cells were transfected with AID-IRES-GFP 
or empty vector control IRES-GFP construct and analyzed for AID expression by immunoblotting. GFP levels were 
assessed as loading control. 
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Abstract 
 
STAT family members have been implicated in regulating the balance between B cell lymphoma (BCL)6 
and B lymphocyte induced maturation protein (BLIMP)1 to control plasma cell differentiation. We 
previously showed that STAT5 induces BCL6 to block plasma cell differentiation and extend the life span 
of human B cells. The heterogeneity in STAT activation by cytokines and their effects on B cell 
differentiation prompted us to investigate the effect of STAT3 activation in plasma cell differentiation. 
First stimulation with IL-21, which promotes plasma cell differentiation, induced robust and prolonged 
STAT3 activation in primary human B cells. We then investigated effects of direct STAT3 activation on 
regulation of plasma cell genes, cellular phenotype, and Ig production. Activation of a tamoxifen- 
regulated STAT3- estrogen receptor (ER) fusion protein triggered BLIMP1 mRNA and protein 
upregulation, plasma cell phenotypic features, and Ig secretion. When STAT3 was activated by IL-21 in B 
cells ectopically expressing BCL6, BLIMP1 was upregulated, but only partial plasma cell differentiation 
was achieved. Lastly, through co-expression of BCL6 and STAT3~ER we verified that STAT3 activation 
functionally mimicked IL-21 treatment and that STAT3-mediated BLIMP1 upregulation occurred despite 
high BCL6 expression levels indicating that BCL6 is not the dominant repressor of BLIMP1. Thus, 
upregulation of BLIMP1 alone is not sufficient for differentiation of primary human B cells into plasma 
cells; concomitant downregulation of BCL6 is absolutely required for completion of the plasma cell 
differentiation program.  
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Introduction 
 
In the germinal center (GC), B and T cells 
communicate via cytokines and cell surface 
molecules. The GC reaction involves activation 
of CD4+ T cells leading to upregulation of 
surface molecules and cytokine production, 
which help activated B cells to grow and 
differentiate. CD40L is expressed on the surface 
of activated T cells and binds to CD40 expressed 
on B cells to promote B cell activation1. 
Following migration of GC B cells from the dark 
into the light zone they differentiate either into 
memory or Ig-secreting plasma cells in order to 
establish humoral immunity2. Several factors 
are thought to play a role in the development of 
memory or plasma cells from the GC. 
Interaction of B cells with cell surface molecules 
such as OX40 or ICOS on T cells have been 
shown to regulate memory B cell formation3,4. 
The strength of initial B cell receptor (BCR) 
signaling has also been implicated in 
differentiation of GC B cells into plasma cells5 
where high affinity BCR or high antigen load 
favor plasma cell differentiation6.  
It is appreciated that cytokines produced by 
activated T cells promote proliferation and/or 
differentiation of B cells into plasma cells. 
Interleukin (IL)-2 and IL-4 promote B cell 
proliferation7-9, while IL-10 and IL-21 drive 
proliferation and differentiation of B cells into 
plasma cells10,11. These cytokines signal through 
Janus kinase (Jak)-signal transducer and 
activator of transcription (STAT) pathways12. 
There are four Jaks (Jak1, Jak2, Jak3, and Tyk2) 
and seven STATs (STAT1, STAT2, STAT3, STAT4, 
STAT5a, STAT5b, and STAT6). Many groups have 
shown in various cell types that a given cytokine 
can activate multiple STATs. IL-2 activates 
STAT5 and STAT313, IL-4 activates STAT6 and 
STAT514, IL-10 activates STAT3 and STAT115, and 
IL-21 has been shown to activate mainly STAT3, 
and to a lesser extent, STAT5 and STAT116. We 
have recently shown that activation of STAT5 in 
human B cells blocks plasma cell differentiation 
and promotes proliferative self-renewal17.  

Transcriptional regulation plays an important 
role in plasma cell differentiation. B cell 
lymphoma (BCL)6 is a transcriptional repressor 
expressed in GC B cells18 and has been shown to 
be required for GC formation in mice19-21. It has 
been proposed that BCL6 blocks plasma cell 
differentiation due the fact that it negatively 
regulates expression of B lymphocyte induced 
maturation protein (BLIMP)122. Gene targeting 
has shown that BLIMP1 is necessary for plasma 
cell differentiation in vivo23 and is sufficient to 
drive plasma cell differentiation in B cell 
lines24,25. BLIMP1 expression has been 
correlated with plasma cell commitment in mice 
and humans26-28. BLIMP1 initiates plasma cell 
differentiation by extinguishing MHC class II 
transactivator (CIITA), Pax5, and c-myc 
expression29-31, and by inducing increased X-
box-binding protein (XBP)-1 expression32. These 
genetic events result in decreased MHC class II 
expression, loss of B cell identity, cessation of 
proliferation, and an increase in the cellular 
machinery required for high-level protein 
production, respectively. Recent data have also 
shown that interferon regulatory factor (IRF)4 
plays a crucial role in plasma cell 
differentiation33,34. 
Although the molecules involved in regulating 
commitment to the plasma cell fate have been 
well studied (for review see35, the initiating 
stimuli which affect these regulatory circuits are 
less clear. We showed previously that STAT5 
signaling upregulated BCL6 expression to inhibit 
plasma cell differentiation in primary human B 
cells17. STAT3, in contrast, has been shown to 
upregulate BLIMP1 gene expression and 
promote plasma cell differentiation of murine B 
cell lines36. Here we show in primary human B 
cells that inducible activation of STAT3 triggered 
BLIMP1 expression, and promoted plasma cell 
differentiation and Ig production. With these 
findings we expand the BCL6/BLIMP1 axis 
model of plasma cell differentiation to 
incorporate the influence of STAT3 activation 
on BLIMP1 regulation and initiation of plasma 
cell differentiation.  
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Materials and Methods 
 
B cell isolation. B cells were obtained from buffy 
coats prepared from the peripheral blood of adults 
(Sanguin Bloodbank, Amsterdam, Netherlands) by 
Ficoll-Paque separation and CD19 MACS microbeads 
(Miltenyi Biotech, Utrecht, Netherlands). Tonsils 
were obtained from routine tonsillectomies (AMC 
Department of Otolaryngology). Use of these tissues 
was approved by the medical ethical committee of 
the AMC and was contingent upon informed 
consent. Purity was ≥97% as determined by flow 
cytometry. For long-term culture (more than two 
weeks) CD19-MACS-selected B cells were sorted to 
99.9% purity for CD19+CD3– cells on a FACSAria 
(Becton Dickinson Immunocytometry Systems). 
Purity was confirmed by reanalysis of sorted cells.  
 
B cell phenotyping. The following mAbs against the 
human molecules CD3 (SK7), CD19 (4G7, SJ25C1, 
ID3, or HIB19), CD20 (2H7), CD25 (2A3), CD27 (L128), 
CD38 (HB7), CD86 (It2.2), HLA-DR (L243); Igκ (TB28-
2, JDC-12); and Igλ (G20-193) were directly 
conjugated to fluoroscein isothiocyanate (FITC), 
phycoerythrin (PE), peridinine chlorophyll protein 
(PerCP), allophycocyanin (APC), phycoerythrin-
indotricarbocyanine (PE-Cy7), allophycocyanin-
indotricarbocyanine (APC-Cy7), or to biotin and were 
purchased from BD-Pharmingen. Streptavidin-PE-Cy7 
conjugate (BD Pharmingen) was used to detect 
biotin staining. From DAKO (Heverlee, Belgium) we 
purchased PE-labeled anti-CD138 (MI15), FITC- and 
PE-conjugated anti-κ light chain (polyclonal rabbit 
F[ab’]2), and PE-conjugated anti-λ light chain 
(polyclonal rabbit F[ab’]2; Dako). Stained cells were 
analyzed on an LSR II (BD) and flow cytometry data 
were processed using FlowJo software version 6 
(TreeStar) on Apple computers. Histograms and dot 
plots use log10 fluorescence intervals. 
 
Cell Culture. B cells (5x105) were co-cultured on γ-
irradiated (100Gy) mouse L cell fibroblasts stably 
expressing CD40L (CD40L-L cells, 105 cells/ml). 
Cytokines used were IL-2 (40U/ml), IL-4 (10ng/ml 
R&D Systems, Abdington, England), or rmIL-21 
(50ng/ml; R&D). 4-hydroxytamoxifen (4-HT, 1μM) 
was from Sigma. Optimal cytokine concentrations 
were determined empirically by [3H] thymidine 
incorporation assay. Cells were routinely tested for 
mycoplasma and were found to be negative by PCR. 
EBV-mediated growth was also excluded by routine 
testing for LMP1, EBNA1, and EBNA2 gene 
expression, and culture without cytokines or CD40L-
L cells. 
 
Induction and determination of STAT 
phosphorylation. For acute cytokine stimulations (15 
or 60 min) CD19+ B cells (freshly isolated or CD40L-
activated) were rested 2 h at 37°C. Cells were then 

stimulated with medium alone or with rmIL-21 (200 
ng/ml) for 15 or 60 minutes at 37°C. For long term 
phospho (p)-STAT analysis (24-144h) cells were 
cultured with CD40L stimulation in the presence of 
50 ng/ml rmIL-21 and directly assayed. Cells were 
fixed with ice-cold methanol and permeabilized with 
the CytoPerm/Fix kit (BD) and stained intracellularly 
with mAb against phospho-STAT1 (Y701) conjugated 
to Alexa-Fluor 488, phospho-STAT3 (Y705) 
conjugated to Alexa-Fluor 647, and phospho-STAT5 
(Y694) conjugated to Alexa-Fluor 647 (all from BD). 
 
Retroviral constructs. We obtained wild-type (WT) 
human STAT3 from E. Caldenhoven (Erasmus 
University, Rotterdam, The Netherlands) and 
generated Lazarus (LZRS)-WT-STAT3-IRES-GFP. To 
fuse the WT STAT3 with C-terminus of estrogen 
receptor (ER), we performed PCR to amplify the C-
terminus of STAT3 and modify the stop codon to 
introduce a BglII site using the primer set 5’-
CGGCCGATGCTGGAGGAGAGAA-3’ and 5’-
CGAGATCTATGGGGGAGGTAGCGCACTC-3’. This PCR 
product was digested with BamHI-BglII and ligated 
into BamHI-linearized pBlueScript ER-C-terminal 
(provided by H. Kurata, DNAX Institute, Palo Alto, 
California). The C-terminus STAT3~ER fragment was 
released with BamHI/EcoRV and ligated into BamHI-
SnaBI-digested LZRS-WT-STAT3-IRES-GFP to generate 
full length LZRS-STAT3ER-IRES-GFP. LZRS-BCL6-IRES-
YFP (yellow fluorescent protein) and LZRS-BCL6-IRES-
ΔNGFR (signaling-incompetent version of the nerve 
growth factor receptor) were made by isolating BCL6 
from LZRS-BCL6-IRES-GFP17. Generated vectors were 
verified by sequencing. LZRS-STAT5bER-IRES-GFP and 
LZRS-BCL6-IRES-GFP were previously described17. 
 
Retroviral transduction. Transductions and virus 
production by Phoenix GalV packaging cells were 
performed essentially as described17 except that B 
cells were activated on CD40L-L cells in the presence 
of rmIL-21 (50ng/ml) for 36 hours prior to 
transduction.  
 
Confocal Microscopy. STAT3ER-transduced B cells 
were cultured overnight with or without 1μM 4-HT 
and were plated onto poly-L-lysine-coated cover 
slips, fixed with 4% paraformaldehyde for 15 min at 
room temperature and permeabilized with 0.1% 
triton X-100 for 45 sec at room temperature. 
Blocking and Ab incubations were carried out in 2% 
BSA. Anti-ERa (MC-20, Santa Cruz, 1:100) and 
TexasRed-conjugated donkey anti-Rabbit (Molecular 
Probes, 1:400) was used for detection. DAPI was 
used at 300nM. Images were captured with a Leica 
TCS-SP2 confocal microscope. Localization results 
were similar over multiple fields. Staining with 
secondary Ab alone did not display any signal in the 
TexasRed channel.  
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RT-PCR. Total RNA was isolated with the RNeasy kit 
(Qiagen) and reverse transcribed using oligo (dT) 
(Promega) and SuperscriptIII reverse transcriptase 
(Invitrogen). Primer sequences for BCL6, BLIMP1, 
and ACTB17 are published. Other primers used were:  
PAX-5: forward GGAGGAGTGAATCAGCTTGG, reverse 
GGCTTGATGCTTCCTGTCTC;  
IRF-4 forward ACCGAAGCTGGAGGGACTAC, reverse 
GTGGGGCACAAGCATAAAAG;  
XBP-1 forward TCACCCCTCCAGAAC ATCTC, reverse 
AAAGGGAGGCTGGTAAGGAA.  
Quantitative RT-PCR was carried out with a BioRad 
iCycler and relative mRNA expression levels were 
normalized to HPRT and calculated using the 2-
(ΔΔCT) method.  
 
Immunoblotting. Whole cell extracts were isolated 
using Triton Lysis Buffer (20mM Tris [pH 7.4], 
137mM NaCl, 25mM β-glycerolphosphate, 2mM 
EDTA [pH 7.4], 1% Triton X-100, 10% Glycerol) 
supplemented with HALT® protease inhibitor cocktail 
(Roche) and 1mM Na3VO4. 15-30 µg of lysate was 
separated on acrylamide gels and transferred to 
nitrocellulose (Schleicher-Schuell). Anti-ERα (MC-
20), STAT3 (C-20), BCL6 (C-19), and IRF4 (M-17) 
antibodies were purchased from Santa Cruz 
Biotechnology and rabbit anti-tubulin was purchased 
from Cell Signaling Technologies, Beverly, MA, 
U.S.A.). Anti-BLIMP137 was a kind gift of Dr. R. Tooze, 
(Leeds Institute for Molecular Medicine, Leeds, UK). 
Anti-PAX5 Ab38 was a kind gift of Dr. Stephen Nutt 
(WEHI, Australia). HRP-conjugated anti-rabbit 
secondary Ab was from Pierce and anti-goat–, anti-
mouse–, and anti-rat–HRP Abs were from Dako. 
Blots were developed by enhanced 

chemiluminescence (Pierce) and exposed to x-ray 
film (Amersham Hyperfilm).  
 
Enzyme-linked Immunosorbent Assay. Plates were 
coated with capture Abs anti-human IgG, IgM, or IgA 
(Dako) at 5 μg/ml in 0.1 M NaHCO3 pH 9.6 for 2 hr at 
37oC and washed in ELISA wash buffer (PBS, 0.5% 
Tween-20). 10% FCS in PBS was used as blocking 
agent and diluent for cell supernatants and for 
enzyme-conjugated detection Abs (Dilutions: 1:5000 
for horseradish peroxidase (HRP)-conjugated anti-
IgG, 1:1000 for HRP-anti-IgM, and 1:1000 for alkaline 
phosphatase (AP) conjugated anti-IgA. TMB 
substrate/stop solution (Biosource) was used for 
development of IgG and IgM ELISAs, while alkaline 
phosphatase Substrate (Sigma) was used for anti-IgA 
ELISA. 
 
ELIspot for total IgG- and IgM- secreting cells. 
Immobilon-P membrane filter plates (Millipore) were 
coated overnight with either 5 μg/ml anti-human IgG 
monoclonal antibody (Sanquin Reagents) or 5 μg/ml 
anti-human IgM monoclonal antibody (Bethyl labs, 
inc.) in PBS. Plates were blocked using IMDM 
containing 10% FCS. Cells were washed in IMDM 
with 10% FCS and incubated on the filter plates for 5 
hours at 37°C for the anti-IgG ELIspot and 7.5 hours 
for the anti-IgM ELIspot. Bound IgG was detected 
with a mix of HRP-labelled IgG1(1:1000), IgG2 
(1:2000), IgG3 (1:2000) and IgG4 (1:1000)(Sanquin 
Reagents). Bound IgM was detected with HRP-
labelled anti-human IgM polyclonal antibody 
(1:1000) (Bethyl labs, inc.). Spots were developed 
using TMB-substrate for PELIspot (Sanquin Reagents) 
and analyzed using an AELvis reader (A.EL.VIS GmbH) 
and eli.analyse software version 4.0 
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Results 
 
STAT3 activation is sufficient to promote 
plasma cell differentiation. 
To investigate the role of STAT3 in control of 
plasma cell differentiation we first chose to 
examine the STAT activation spectrum elicited 
by IL-21, a potent promoter of plasma cell 
differentiation. We exposed resting human 
peripheral blood CD19+ B cells to IL-21 and 
assessed activation of STAT3, STAT5, and STAT1 
by flow cytometry with phospho-STAT (pSTAT)-
specific antibodies. In resting cells, IL-21 
induced STAT3 activation, but failed to induce 
STAT1 or STAT5 activation (Figure 1A). The 
positive controls IFNγ and IL-4 induced pSTAT1 
and pSTAT5, respectively (data not shown). 
Since B cells generally receive cytokine signals in 
the context of T cell help we examined STAT 
activation in CD40L- stimulated B cells. Acute 
(15 min) exposure to IL-21 induced STAT3 and 
STAT5 activation but not STAT1 in CD40L-
stimulated B cells (Figure 1B). After 60 min 

pSTAT5 signal returned to baseline while 
pSTAT3 remained elevated (Figure 1B). This 
prompted us to examine STAT activation during 
the period in which IL-21 induces plasma cell 
differentiation. B cells were cultured with 
CD40L and in the presence or absence of 
continuous IL-21 and pSTAT3, pSTAT5, and 
pSTAT1 were determined in time. STAT3 
activation was apparent at 24 hours, peaking at 
36 hours and still present at 96 hours (Figure 
1C). Activation of STAT5 and STAT1 above 
baseline was not observed at any time during 
the culture period (Figure 1C). Note that B cells 
activated for 36 hours did not lose their 
capacity to activate STAT5 as they did activate 
STAT5 after acute exposure to IL-21 (Figure 1B). 
These results showed that STAT3 signaling was 
more sustained than the brief STAT5 signal 
induced upon IL-21 triggering of primary human 
B cells. Given the ability of IL-21 to induce 
plasma cell differentiation, these results 
suggested that STAT3 may mediate this process.  

 

 
 
Figure 1. Sustained STAT3 after IL-21 activation in primary human B cells. (A) Peripheral Blood (PB) CD19+ B cells 
were freshly isolated and rested at 37oC for 2 hours. Cells were then stimulated for 15 minutes with either medium 
alone (–, thin histogram), or rmIL-21 (200 ng/ml, shaded histogram). Levels of phospho-STAT3 (Y705), phospho-
STAT1 (Y701), or phospho-STAT5 (Y694) were determined by FACS. Isotype control staining is depicted by a dashed 
line. (B) CD19+ B cells were activated for 36 hours on CD40L-transfected mouse L cell fibroblasts (CD40L-L cells). 
Cells were then rested followed by stimulation with medium alone (thin line) or IL-21 (shaded) for 15 or 60 min 
and levels of phospho-STAT3, STAT1, and STAT5 were determined by flow cytometry. (C) CD19+ B cells were 
cultured with CD40L stimulation with medium alone (thin line) or with IL-21 (shaded) and STAT activation was 
measured at the indicated times. 
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To test the hypothesis that STAT3 activation 
could promote plasma cell differentiation we 
generated an inducible system to specifically 
activate STAT3. We fused the mutated 
hormone-binding domain of the estrogen 
receptor (ER)α39 to the C-terminus of full-length 
human STAT3. STAT3~ER was cloned into the 
Lazarus (LZRS)-internal ribosomal entry site 
(IRES)-green fluorescent protein (GFP) retroviral 
vector40 for overexpression in human cells. 
Proper synthesis of STAT3~ER fusion protein 
was verified by immunoblotting in 293T cells 
transfected with LZRS-IRES-STAT3ER. An anti-
STAT3 Ab revealed two bands; the lower band 
representing endogenous STAT3 and the upper 
band representing STAT3~ER (Figure 2A), which 
was confirmed by blotting with an anti-ERα Ab, 
which showed only the upper band (Figure 2A). 
Upon administration of 4-hydroxytamoxifen (4-
HT), STAT-ER proteins translocate from the 
cytosol to the nucleus to activate target 
genes17,41. 4-HT–dependent nuclear 
translocation of STAT3~ER was verified in 
transduced primary B cells by confocal 
microscopy (data not shown). 
In mice, expression of STAT3 in B cells is 
important for T cell-dependent plasma cell 
differentiation42. STAT3 activating cytokines 
such as IL-10, and IL-21 also promote this 
process in human B cells10,11,43. In contrast 
STAT5 activation leads to long-term self-
renewal of human B cells which are blocked in 
plasma cell differentiation17. For this reason we 
directly compared the effect of STAT3 and 
STAT5 activation on long-term proliferative 
capacity of B cells. Total CD19+ cells were 
transduced with LZRS-IRES-control GFP, LZRS-

STAT3ER-IRES-GFP, or LZRS-STAT5bER-IRES-GFP 
and cultured on CD40L-L cells in the presence of 
IL-2, IL-4, and with or without 4-HT as 
described17. The frequency and number (Figure 
2B) of STAT3ER-GFP+ cells peaked at week two 
and then progressively declined by the end of 
the culture period. In sharp contrast, STAT5bER-
transduced cells exhibited an increase in 
frequency and in absolute number (Figure 2B), 
apparent after approximately three weeks in 
culture, consistent with previous findings17.  
As activation of STAT3~ER did not lead to long-
term self-renewal of B cells we questioned 
whether these cells were differentiating into 
plasma cells. During plasma cell differentiation 
expression of CD38 and CD138 (Syndecan-1) 
increase, while expression of CD20, HLA-DR, 
and CD19 are decreased on plasma cells2. 
Compared with GFP+ control cells and with 
STAT3ER-transduced B cells cultured without 4-
HT, STAT3~ER cells cultured with 4-HT exhibited 
an increase in cells that were CD38hiCD20− 
CD19loHLA-DRlo and CD138+ (Figure 2C). This 
phenotype is consistent with plasma cell 
differentiation. STAT5b~ER cells cultured with 
4HT did not exhibit phenotypic changes 
associated with plasma cell differentiation 
(Figure 2C) in accordance with previous 
observations17. We observed the same effect of 
STAT3 activation in tonsil CD19+ B cells: lack of 
long-term growth, upregulation of CD38, and 
downregulation of CD19 (Figs. 2D and 2E). Thus 
STAT3 activation, in contrast to STAT5, did not 
confer a long-term growth advantage to 
primary human B cells, but rather, induced a 
phenotype consistent with plasma cell 
differentiation.  
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Figure 2. STAT3 activation leads to acquisition of plasma cell phenotype in vitro. (A) Immunoblot analysis of 293T 
cells transfected with LZRS-IRES-STAT3ER probed with anti-ERα or anti-STAT3 Abs. (B) Total PB CD19+ B cells were 
transduced with LZRS-control-IRES-GFP (Control GFP, ), LZRS-STAT3ER-IRES-GFP (STAT3ER, ), or LZRS-
STAT5b~ER-IRES-GFP (STAT5b~ER , ). Transduced cells were cultured on CD40L-L cells in the presence of IL-2 
(40U/ml) and IL-4 (10 ng/ml) and in the presence (closed symbols) or absence (open symbols) of 1 μM 4-HT. Upper 
panel, Percentages of transduced cells were determined over time and the relative increase in GFP since the start 
of the culture is expressed. Lower panel, Absolute numbers of GFP+ cells were determined and the cumulative 
expansion is shown. (C) At day 17 GFP+ cells were gated and analyzed for CD38, CD20, CD19, HLA-DR, and CD138 
expression. Data are representative of three independent experiments using different donors. (D) Tonsil CD19+ B 
cells were transduced with LZRS-control-IRES-GFP or LZRS-STAT3ER-IRES-GFP and cultured on CD40L-L cells with IL-
2+IL-4 in the presence of 4-HT (1µM). The percentage of GFP+ cells was determined continuously throughout the 
culture period. Data are means ± s.d. of two individual donors. (E) At day 17 after transduction tonsil STAT3~ER-B 
cells exhibited increased CD38 and decreased CD19 expression.  
 
 
Prdm1, the gene encoding murine Blimp-1, is 
indispensable for plasma cell differentiation23. 
Its homolog, BLIMP1, is highly expressed in 
human plasma cells27. In murine B cell lines 
STAT3 has been shown to regulate prdm136. 
Because the phenotypic changes brought on by 
STAT3 activation were consistent with plasma 
cell differentiation, we tested the effect of 
STAT3 activation on expression of genes 

involved in control of plasma cell 
differentiation. CD19+ B cells were transduced 
with STAT3~ER or control virus. GFP+ cells were 
then sorted and cultured in the presence or 
absence of 4HT and expression of PRDM1, IRF4, 
and XBP1 were determined by quantitative 
(q)RT-PCR. For comparison, we also examined 
gene expression levels in in vitro-derived 
plasma cells (ivPC), which were generated by 
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culture of peripheral blood B cells for 3 days on 
CD40L-L cells with IL-2 and IL-21, followed by 4 
days of culture in the absence of CD40L-L cells, 
but with IL-2 and IL-21. Similar culture 
conditions have been shown to drive 
proliferation and differentiation of human B 
cells into antibody-secreting PCs10,44. As 
expected, BLIMP1, XBP1, and IRF4 mRNA levels 
were high and BCL6 and PAX5 levels were low in 
ivPC (Figure 3A). BLIMP1 levels were strongly 
induced by IL-21 while IRF4 and XBP1 
expression were also induced, but to a lesser 
extent (Figure 3A). Consistent with the principal 
activation of STAT3 by IL-21 (Figure 1C), we 
found that specific STAT3 activation induced 
BLIMP1 to a similar extent as IL-21 (Figure 3A). 
Moreover, IRF4 and XBP1 mRNA expression 
were increased by STAT3~ER activation (Figure 
3A). IL-21 induced BCL6 gene expression (Figure 
3A), but specific STAT3 activation did not 
significantly increase BCL6 mRNA levels (Figure 
3A). IL-21-mediated upregulation of BCL6 has 
been also seen by others10,45, but the 
significance of this effect is not clear. Except for 
the IL-21-stimulated cells, BCL6 mRNA levels 
were uniformly low in agreement with 
downmodulation of BCL6 gene expression by 
CD40L46 and were not further decreased by 
STAT3~ER activation. PAX5 also inhibits plasma 
cell differentiation47,48, but neither IL-21 nor 
activation of STAT3~ER affected PAX5 mRNA 
levels (Figure 3A).  
We also determined protein expression of 
BLIMP1, IRF4, BCL6, and PAX5 in response to 
specific STAT3 activation. In agreement with the 
mRNA profile, IL-21 induced expression of 
BLIMP1, IRF4, and BCL6 protein, while 
STAT3~ER activation induced BLIMP1 and IRF4, 
but not BCL6 (Figure 3B). PAX5 protein was 
decreased by IL-21 stimulation, but not 
appreciably affected by STAT3~ER activation. 
Our results suggest that specific STAT3 
activation was sufficient to initiate the plasma 
cell gene expression program by inducing 
BLIMP1. 
Plasma cell differentiation leads to secretion of 
Ig. To determine the effect of STAT3~ER 
activation on Ig production, naïve 
(CD19+IgM+CD27−) and switched memory B cells 
(CD19+IgM−CD27+) cells were transduced with 
control-IRES-GFP or STAT3ER-IRES-GFP. GFP+ 
cells were sorted and cultured in the presence 
or absence of 4HT. For comparison non-

transduced cells were also cultured in the 
presence or absence of IL-21. Five days later 
IgM and IgG secretion were measured by ELISA. 
We found that activation of STAT3~ER with 4HT 
in naïve B cells resulted in enhanced IgM 
secretion (Figure 3C). Low amounts of IgG were 
detected in IL-21-treated naïve cells (not 
shown), consistent with a role for IL-21 in 
isotype switching49, but no IgG was detected in 
supernatants of control- or STAT3~ER-
transduced cultures cultured with 4-HT (data 
not shown), suggesting that specific STAT3 
activation did not induce isotype switching. In 
switched memory cells IgG secretion was 
strongly induced upon STAT3~ER activation as 
well as by as IL-21 treatment (Figure 3D). 
Increased Ig secretion in response to STAT3~ER 
activation was not due to increased cell number 
(Figure 3E). To confirm these results we 
performed ELIspot analysis for total IgM and IgG 
in IL-21-treated and STAT3ER-activated B cells. 
Naïve (CD19+IgM+CD27−) and switched memory 
B cells (CD19+IgM−CD27+) expressing control-
IRES-GFP or STAT3ER-IRES-GFP were stimulated 
for 7 days and IgM and IgG production were 
determined. IL-21 induced strong increases in 
the frequency (8±1% for IL-2 versus 32±8% for 
IL-21) and intensity (100±10 arbitrary units 
[A.U.] for IL-2 versus 715±23 A.U. for IL-21) of 
IgM-secretion in naïve B cells, while STAT3~ER 
activation more mildly increased the frequency 
(3±1% for –4-HT versus 7±1% for +4-HT) and 
spot intensity (48±5 A.U. for –4-HT versus 
103±25 A.U. for +4-HT) of IgM-producing cells 
(Figure 3F). Of note specific STAT3 activation, 
unlike IL-21 stimulation did not induce IgG 
secretion in naïve B cells (not shown), in 
support of results obtained by ELISA. In 
switched memory B cells IL-21 increased the 
frequency (7±1% for IL-2 versus 18±2% for IL-
21) and intensity (372±50 A.U. for IL-2 versus 
824±54 A.U. for IL-21) of IgG-secretion in 
switched memory B cells, while STAT3~ER 
activation more mildly increased the frequency 
(9±1% for –4-HT versus 15±2% for +4-HT) and 
spot intensity (288±21 A.U. for –4-HT versus 
740±120 A.U. for +4-HT) of IgG-producing cells 
(Figure 3G). Taken together these results 
demonstrate that specific activation of STAT3 in 
primary human B cells resulted in BLIMP1 
upregulation and enhanced Ig secretion but not 
to isotype switching. 
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Figure 3. STAT3 activation leads to BLIMP1 upregulation and Ig secretion. (A) PB CD19+ B cells were transduced 
with either LZRS-control-IRES-GFP (Control, white bars) or LZRS-STAT3ER-IRES-GFP (STAT3ER, black bars). GFP+ 
cells were sorted and cultured on CD40L-L cells in the presence of IL-2 (40U/ml) and in the presence (+) or absence 
(–) of 1 µM 4-HT for five days. In vitro-derived plasma cells (ivPC) made from total PB CD19+ B cells (see Results) 
and non-transduced CD19+ cells (None, gray bars) cultured in the presence of IL-2 or rmIL-21 (50ng/ml) for five 
days were included for comparison. mRNA expression of BLIMP1, IRF4, XBP1, BCL6, and PAX5 were determined by 
quantitative (q)RT-PCR. Results represent means ± s.d. * p<0.05 vs. STAT3~ER –4-HT or vs. control +4-HT by 
Student’s t-test (n=4). n.s. denotes ‘not significant’ (B) GFP+ sorted control– or STAT3ER–transduced CD19+ B cells 
were cultured on CD40L and with IL-2 or IL-21, or with IL-2 in the presence (+) or absence (–) of 4-HT for 5 days. 
Whole cell extracts were analyzed for BLIMP1, IRF4, BCL6, PAX5, and tubulin expression by immunoblotting. (C) 
Non-switched CD19+IgM+CD27– and (D) switched CD19+IgM–CD27+ B cells were isolated by FACS from PB and 
transduced with LZRS-control-IRES-GFP (white bars) or LZRS-STAT3ER-IRES-GFP (black bars) virus. Sorted GFP+ cells 
were cultured with CD40L stimulation in the presence of IL-2 and with (+) or without (–) of 1 µM 4-HT for 5 days. 
Non-transduced cells of the corresponding phenotype (gray bars) were cultured in the presence of IL-2 or IL-21. 
IgM (left panel) and IgG (right panel) were then measured in culture supernatants by ELISA. * p<0.05 vs. STAT3~ER 
–4-HT or control +4-HT. Results represent means ± s.d. * p<0.05 vs. STAT3~ER –4-HT or vs. control +4-HT by 
Student’s t-test (n=4) (E) Absolute cell numbers of cells from B and C. (F) Non-switched PB CD19+IgM+CD27– and 
(G) switched CD19+IgM–CD27+ were transduced with control- or STAT3~ER virus, GFP-sorted, and cultured with IL-
2, IL-21, or IL-2 in the presence or absence of 4HT. After 7 days equal numbers of cells were plated onto 
membranes in serial dilutions and in triplicate and IgM (F) and IgG (G) secretion were determined by ELIspot. 
Representative individual wells are shown. 
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BCL6 expression prevents IL-21-induced plasma 
cell differentiation. 
BCL6 is expressed in GC B cells and functions to 
repress BLIMP1 and plasma cell differentiation. 
It has been suggested that BCL6 and STAT3 
compete for binding at the murine prdm1 
promoter36, which may imply that BLIMP1 
expression could not be induced by STAT3 
signaling in GC B cells expressing high BCL6. We 
then asked whether BLIMP1 could be induced 
by STAT3 signaling if BCL6 expression was 
already established and, if so, what would be 
the consequences in terms of cellular 
differentiation, function, and growth. To 
address this we made use of the known 
induction of BLIMP1 expression by treatment 
with IL-21 in combination with BCL6 
overexpression. CD19+ B cells were transduced 
with an LZRS-BCL6-IRES-YFP (yellow fluorescent 
protein) vector, which was verified by culturing 
all cells with CD40L stimulation in the presence 
of IL-2 and IL-4 until the transduced cells 
reached 100% of the culture (data not shown) 
as previously shown for BCL6-IRES-GFP17,50. 
These BCL6+ cells were then cultured in the 
presence of IL-2 and IL-4 or IL-21 alone and 
BLIMP1 levels were measured by qRT-PCR. We 
observed that BLIMP1 mRNA levels were rapidly 
increased and maintained by IL-21 in BCL6+ cells 
over a three day period (Figure 4A) and for 
more prolonged periods (up to 21 days, data 
not shown). Identical results were obtained 
with cells transduced with other BCL6-IRES 
overexpression vectors with either GFP50, or 
signaling incompetent nerve growth factor 
receptor (ΔNGFR) as transduction markers. 
BCL6 can undergo post-translational 
modifications that result in degradation51, so it 
was possible that BLIMP1 induction by IL-21 in 
BCL6-transduced cells was due to decreased 
functional BCL6 protein. We assessed BCL6 and 
BLIMP1 protein expression in these cells and 
found that IL-21 strongly induced BLIMP1 
protein and even a slight increase in BCL6 
protein after 7 days in culture (Figure 4B). 
We next determined whether the IL-21-
mediated BLIMP1 increase in BCL6-transduced 
cells had an effect on their cell surface 
phenotype. CD19+ B cells were transduced with 
BCL6-IRES-ΔNGFR and cultured in the presence 
of IL-2 and IL-4 or with IL-21 alone. In the 
presence of IL-21 a proportion of the ΔNGFR− 
cells were CD38hiCD20+ and CD38hiCD20− (Figure 
4C), which correspond to in vitro-derived 

plasmablasts and plasma cells, respectively44,52. 
Compared to ΔNGFR− cells in either IL-2 and IL-4 
or IL 21 cultures, the frequency of CD38hi cells 
among BCL6-ΔNGFR+ cells was reduced (Figure 
4C), Despite the presence of high BCL6 
expression, IL-21 elicited an increase in the 
proportion of CD38hiCD20+ cells among 
BCL6−ΔNFGR+ cells (Figure 4C). However, these 
BCL6+ cells cultured with IL-21 did not 
differentiate to the CD38hiCD20– stage (Figure 
4C). Similar results were obtained when using 
control ΔNGFR-transduced cells instead of 
BCL6-ΔNGFR– cells. The percentage of 
CD38hiCD20+ cells reached a plateau of around 
30% in the prolonged presence of IL-21 (Figure 
4D). Surface B cell receptor (BCR) expression 
was equivalent with similar distribution of Igκ 
and Igλ on IL-21-cultured cells compared with 
those cultured with IL-2 and IL-4 (Figure 4E). IL-
21 culture led to higher expression of CD27 and 
CD25, slightly higher CD138 and HLA-DR 
expression, and slightly decreased CD86 
expression (Figure 4F). These cells, therefore, 
have an activated (elevated CD25 expression), 
but partially differentiated phenotype (elevated 
CD38, CD27 expression with maintained 
expression of CD20, HLA-DR, BCR, and 
costimulatory molecules). BCL6+ B cells cultured 
with IL-21 increased 30 ± 5-fold in number after 
18 days while IL-2 and IL-4-cultured cells 
increased 9 ± 3-fold in number over the same 
period (Figure 4G), further supporting the 
notion that functional BCL6 protein persisted in 
IL-21-treated BCL6-transduced cells. Given the 
BLIMP1 upregulation and phenotypic changes 
induced by IL-21 we expected that IL-21 
treatment would lead to increased Ig 
production in BCL6+ B cell cultures. Indeed in 
CD19+ B cells expressing BCL6 IgM and IgG 
production were increased on a per cell basis 
after culture with IL-21 as measured by ELISA 
(Fig 4H) and in frequency as measured by 
ELIspot (Fig 4I). In total CD19+ cells transduced 
with BCL6, IL-21 increased the frequency of IgG 
and IgM-producing cells (IgG: 4±1% for IL-2 and 
IL-4 versus 10±1% for IL-21; IgM: 17±4% for IL-
2+IL-4 versus 30±4% for IL-21). Also, IL-21 
increased the intensity of both IgG (157±17 A.U. 
for IL-2 and IL-4 versus 364±90 A.U. for IL-21) 
and IgM (28±5 A.U. for IL-2 and IL-4 versus 
540±60 A.U. for IL-21) secretion in BCL6-
transduced B cells. These results show that IL-
21 promotes BLIMP1 expression, an 
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intermediate plasma cell phenotype, and 
increased Ig production even in cells expressing 

high levels of the differentiation inhibitor BCL6. 

 

 
 
Figure 4. IL-21 drives partial plasma cell differentiation in BCL6-transduced B cells. (A) PB CD19+ B cells expressing 
BCL6-IRES-YFP were cultured in the presence of IL-2 and IL-4 or with IL-21 alone. At the indicated timepoints 
expression of BLIMP1 and ACTB were measured by qRT-PCR. BLIMP1 expression was normalized to ACTB 
expression within each sample and the means ± s.d. of triplicate measurements in two different donors is plotted. 
(B) BCL6-YFP expressing B cells were cultured with CD40L in the presence of IL-2 and IL-4 or with IL-21 and BLIMP1, 
BCL6, and tubulin protein expression were determined by immunoblotting 3 or 7 days after IL-21 treatment. (C) 
CD19+ B cells were transduced with LZRS-BCL6-IRES-ΔNGFR and cultured for 10 days on CD40L in the presence of 
IL-2 and IL-4 or with IL-21 alone. Cells were stained with anti-CD19, anti-NGFR, anti-CD38, and anti-CD20 and 
analyzed by flow cytometry. The rightmost four plots show CD38/CD20 expression on CD19+BCL6-ΔNGFR– and 
CD19+BCL6-ΔNGFR+ cells. (D) CD38/CD20 expression on BCL6-IRES-YFP-transduced B cells after 21 days of culture 
with IL-2 and IL-4 or with IL-21 alone. (E) Surface Igλ and Igκ BCR expression on cells cultured as in (C). (F) 
Expression of CD138, HLA-DR, CD86, CD27, CD25, and CD3 on BCL6+ B cells cultured as in (C). Dotted histogram is 
isotype control. (G) CD19+ BCL6-overexpressing B cells maintained on CD40L with either IL-2 and IL-4 (open circles) 
or with IL-21 (closed circles). Cumulative expansion was calculated based on absolute cell numbers over a 17-day 
period. Data shown are means ± s.d. of three independent experiments involving different donors and constructs 
(BCL6-IRES-ΔNGFR or BCL6-IRES-GFP). (H) BCL6-IRES-ΔNGFR+ cells were cultured for 6 days on CD40L-L cells in the 
presence of IL-2 and IL-4 or with IL-21. Cell numbers were counted and IgM and IgG in culture supernatants were 
measured by ELISA to obtain per cell values of IgM and IgG. Data are representative of three independent 
experiments. (I) Total PB CD19+ BCL6-GFP+ cells were cultured with CD40L in the presence of IL-2 and IL-4 or with 
IL-21. After 7 days equal numbers of cells were plated in serial dilutions and in triplicate and IgG and IgM 
production were determined by ELIspot. 
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Functional mimicry of IL-21 by STAT3 
activation. 
To further establish the link between the effects 
of IL-21 and STAT3 activation we tested 
whether STAT3 activation could functionally 
substitute for the effects of IL-21 in BCL6-
overexpressing cells. To address this BCL6-YFP+ 
cells were transduced with LZRS-STAT3ER-IRES-
GFP or LZRS-control-IRES-GFP. Double 
transduced cells were then sorted and cultured 
in the presence of either medium alone, IL-2 
and IL-4, or only 4-HT. First, we observed that 
activation of STAT3~ER in BCL6-transduced 
resulted in a cumulative increase in cell number 
over a three-week period (Figure 5A). This is in 
agreement with the proliferative effect of IL-21 
in BCL6-transduced B cells (Figure 4G). Next we 
found a robust increase in IgG (Figure 5B, left 
panel) and IgA secretion (Figure 5B, right panel) 
in BCL6/STAT3ER+ cells treated with 4-HT for 
four days compared to those cultured in the 
absence of 4-HT. Although the STAT3ER-
mediated proliferative increase was modest 
after four days we also verified an increase in Ig 

production at the per cell level. Finally, we 
examined whether STAT3~ER activation itself 
was sufficient to induce BLIMP1 in GC-like BCL6- 
expressing cells. This was indeed the case, as 
addition of 4-HT to BCL6/STAT3ER+ cells 
cultured on CD40L-L cells alone induced a clear 
increase in BLIMP1 mRNA levels while, without 
4-HT, BLIMP1 expression was undetectable 
(Figure 5C). At the protein level 4-HT induced 
BLIMP1 expression, while not substantially 
affecting BCL6 protein expression in 
BCL6/STAT3ER-double transduced cells (Figure 
5D). We confirmed these findings in Raji B cells 
that were stably transduced with STAT3ER, and 
induced with 4-HT. Also in these lymphoma 
cells which express high levels of endogenous 
BCL6, activation of STAT3~ER was sufficient to 
upregulate BLIMP1 (Figure 5E), but did not 
significantly affect BCL6 levels (Figure 5F). Taken 
together these results demonstrate that STAT3 
activation alone is sufficient to induce BLIMP1 
expression in both primary and transformed 
human B cells, even in the presence of high 
BCL6 expression.  
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Figure 5. Specific activation of STAT3 in BCL6-transduced B cells. PB CD19+ BCL6-IRES-YFP+ B cells were transduced 
with LZRS-STAT3ER-IRES-GFP and expanded on CD40L-L cells with IL-2 and IL-4. Double positive GFP+YFP+ cells 
were sorted by FACS. (A) Cumulative expansion of BCL6/STAT3~ER cells cultured with medium only, with IL-2 and 
IL-4, or with only 1 µM 4-HT for 22 days. (B) IgG and IgA production in BCL6-YFP+/STAT3ER-GFP+ cells treated for 4 
days in the presence or absence of 4-HT. IgM was not detected in these cultures. (C) Semi-quantitative RT-PCR for 
BLIMP1 and HPRT1 mRNA expression in BCL6-YFP+/STAT3ER-GFP+ cells cultured for 4 days in the presence or 
absence of 4-HT. Triangles represent 5-fold dilutions of cDNA in the PCR reaction. Data are representative of two 
independent experiments. (D) PB CD19+ B cells co-expressing BCL6 and STAT3~ER were cultured in the presence or 
absence of 4-HT and at different time points after 4-HT addition, BLIMP1, BCL6, and tubulin protein levels were 
determined by Immunoblot analysis. (E,F) Raji cells expressing control-IRES-GFP or STAT3ER-IRES-GFP were 
cultured for 4 days in the presence of 1μM 4-HT. (E) BLIMP1 and (F) BCL6 mRNA levels were determined by qRT-
PCR and normalized to ACTB expression. 
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Discussion 
 
In this study we report two principal findings: 1) 
Activation of STAT3 in human B cells induced 
BLIMP1 upregulation and drove plasma cell 
differentiation and 2) STAT3 activation was 
sufficient to induce BLIMP1 even in the 
presence of BCL6. STAT3 activation in these 
cells led to increased Ig production but not full 
plasma cell differentiation. Thus, while STAT3 
induction by cytokines such as IL-21 may be an 
initiating step in plasma cell differentiation in 
GC B cells, BCL6 downregulation is also required 
for completion of this process.  
Cytokines that have been shown to activate 
STAT3 in various cell types (such as IL-6, IL-10, 
and IL-21) have all been implicated in plasma 
cell differentiation10,11,43,53. IL-21 which is 
exclusively T cell-derived, is particularly potent 
in driving this process10,45,49,54. IL-21 activates 
STAT3 in human splenic B cells55, both STAT1 
and STAT3 in EBV+ B cell lines56 and in multiple 
myeloma cells57, and STAT3, STAT1, and STAT5 
in activated chronic lymphocytic leukemia B 
cells58. In addition to JAK-STAT signaling, IL-21 
also utilizes MAP kinase and PI-3 kinase 
pathways in murine T and B cells59. Our present 
findings show that IL-21 predominantly 
activated STAT3, although brief activation of 
STAT5 was observed in CD40L-stimulated B 
cells. This finding was not expected given the 
potency of IL-21 in promoting plasma cell 
differentiation and our previous findings that 
STAT5 activation blocked differentiation17. 
However, the IL-21-induced STAT5 response 
waned after just 15 min after cytokine 
exposure, while STAT3 activation remained 
even after several days in culture. In agreement 
with this, STAT3 phosphorylation persisted 
longer than STAT5 or STAT1 phosphorylation 
after IL-21 treatment of murine CD8+ T cells59. 
Recent work from the Th17 field has also 
addressed the differential effects of STAT3 and 
STAT5 activation. IL-21 activates both STAT3 
and STAT5 in T cells59 and has also been shown 
to play a role in Th17 development60. However, 
while STAT3 is essential for Th17 cell 
development61, STAT5 activation itself has been 
shown to be inhibitory for Th17 development62. 
Thus, although IL-21 activates both STAT3 and 
STAT5 in both mouse and human lymphocytes 
the STAT3-mediated effects of IL-21 
downstream signaling are more prominently 
manifested. Additionally since we showed that 

BCL6 is positively regulated by STAT517, this 
result may also explain why BCL6 levels 
increased after IL-21 treatment, but not by 
STAT3 activation10,45.  
To further explore this dichotomy in 
STAT3/STAT5 signaling we directly compared 
the effects of their individual activation on self-
renewal capacity and differentiation in vitro. As 
we did for STAT517 we generated a tamoxifen-
inducible STAT3~ER construct. While STAT5ER 
activation led to long-term proliferation, 
STAT3~ER activation did not. STAT3 activation 
alone was sufficient to promote plasma cell 
differentiation as determined by phenotype, 
plasma cell gene upregulation, and Ig secretion. 
In line with our results, inhibition of STAT3 using 
a dominant negative mutant in murine B cell 
lines resulted in loss of cytokine-induced 
terminal differentiation36. Mice harboring a B 
cell–specific STAT3 deficiency exhibit a selective 
defect in development of IgG-secreting plasma 
cells42. STAT3 activation is also essential for 
survival of multiple myeloma cells, a tumor 
derived from plasma cells63. Wang et al. found 
that strong BCR activation led to activation of 
STAT364, a finding which correlates with recent 
studies showing that high affinity BCR signaling 
promotes plasma cell differentiation6. Our data 
directly show a positive role for STAT3 in human 
plasma cell differentiation.  
BCL6 and BLIMP1 form a regulatory circuit due 
to their repression of each other at the level of 
gene expression to control plasma cell 
differentiation22,31. Mice lacking Bcl6 contain 
elevated numbers of Blimp-1+ plasma cells65. 
This also applies to human B cells as reducing 
BCL6 expression by RNA interference results in 
increased BLIMP1 (S.A.D, unpublished data), 
and BLIMP1 levels are very low in B cells 
overexpressing BCL617. While important for 
controlling plasma cell differentiation, this 
model does not take in to account other inputs 
such as cytokine signaling that can affect this 
balance. From this and our previous work17 we 
hypothesize that the Jak/STAT pathway may 
play a role in establishing the BCL6/BLIMP1 
balance in B cells.  
STAT3 activation has been implicated in positive 
regulation of pdrm1 in the mouse36 and we 
show here that this holds true in human. BCL6 
inhibits BLIMP1 expression17,22,66, but not 
absolutely because we show elevated BLIMP1 in 
BCL6+ cells exposed to STAT3 activation. 
Cumulatively these findings suggested that 
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BCL6 and STAT3 exert opposing functions at the 
BLIMP1 locus to control plasma cell 
differentiation. The DNA consensus binding 
sites for BCL6 (TTC[C/T][T/A][G/A]GAA) and for 
STATs are similar (TTCTC[A/T]GAA). For this 
reason, Reljic and co-workers proposed that 
BCL6 represses BLIMP1 expression by 
competing with STAT3 binding at the promoter 
of PRDM1, the gene encoding BLIMP136. 
However, it was subsequently shown that BCL6 
and STAT3 do not compete for binding at key 
intronic regulatory sites of the PRDM1 locus65. 
To discern between these two possibilities we 
forced expression of BCL6 and asked whether 
STAT3 activation could turn on BLIMP1 
expression. We demonstrate here that even in 
the presence of high BCL6 expression, BLIMP1 
expression could be increased by STAT3, either 
directly or via IL-21 stimulation. These results, 
therefore, show that BCL6 and STAT3 are not 
mutually exclusive in their activities, but rather 
they can be integrated to generate long-lived B 
cells that maintain BLIMP1 expression and Ig-
producing capacity. Our results do not formally 
exclude the possibility that BCL6 and STAT3 
compete for binding at the PRDM1 promoter, 
but our results strongly indicate that this is not 
the dominant mechanism for control of this 
locus since intronic binding of BCL6 in the 
PRDM1 gene also plays a crucial role in the 
repression of this locus65,66. We also observed 
an increase in IRF4 and XBP-1 after STAT3 
activation. XBP-1 has been shown to be 
downstream of BLIMP132, but can also be 
induced in the absence of BLIMP138. IRF4 plays 
an important role in maintenance of the plasma 
cell phenotype33,34, but whether IRF4 is up- or 
downstream of BLIMP1 is not entirely clear. 
Due to the unresolved relationships between 
BLIMP1 and IRF4 or XBP-1, we cannot say 
whether STAT3-mediated upregulation of XBP-1 
and IRF4 are dependent upon BLIMP1. We do 
propose, however, that STAT3 strongly 
promoted a genetic program consistent with 
plasma cell differentiation.  
Here, and in our earlier work17, we show that 
STAT5 activation promotes self-renewal of 
proliferating B cells which are blocked in their 
terminal differentiation through upregulation of 
the repressor BCL6. In contrast to our results, a 
recent study has shown a negative role for 
STAT5 in regulating BCL6 expression in various 
hematopoietic tumor cell lines including BCL1, 
NKL, 32D, and Ba/f3 cells67. BCL6 is a repressor 

of differentiation in B cells and our results 
clearly demonstrated that direct activation of 
STAT5 activation blocks plasma cell 
differentiation, supporting a positive 
relationship between STAT5 and BCL6. In fact, 
withdrawal of 4-HT from STAT5b~ER B cells 
resulted in spontaneous appearance of plasma 
cells. Thus, it is possible that the regulatory 
relationship between STAT5 and BCL6 in these 
transformed cell lines is different than that of 
primary human B cells. Another study proposed 
that, via AP-1 and STAT3 activation, IL-21 
positively regulated BCL6 expression in mouse B 
cells68. Though we and others have also found 
that IL-21 increased BCL6 expression10,45, we did 
not find that specific STAT3 activation affected 
BCL6 mRNA or protein levels. STAT3 activation, 
however, did increase BLIMP1 expression and 
might therefore be an initiating stimulus to 
push the BCL6/BLIMP balance in favor of 
BLIMP1, leading to human plasma cell 
differentiation. 
The current model of transcriptional regulation 
of GC-based plasma cell differentiation states 
that BCL6 expression is high in GC centroblasts 
and centrocytes. The mechanism by which this 
occurs is still unknown. It is well known, 
however, that BCL6 expression is absent in 
plasma cells27 due to a repressive regulatory 
circuit with BLIMP131, which is high in plasma 
cells27. Thus the question arises, how can 
BLIMP1-dependent plasma cell differentiation 
be initiated in GC B cells expressing BCL6? Two 
possibilities are 1) that either BCL6 needs to 
first decrease in order to allow BLIMP1 to 
increase or 2) that BLIMP1 can be increased in 
BCL6hi GC B cells until BLIMP1 levels reach a 
critical threshold to tip the balance towards 
plasma cell differentiation. Our results do not 
exclude the possibility that first mechanism may 
occur, for example, through CD40L ligation46 
with GC T cells. On the other hand, we provide 
evidence that the latter mechanism is also 
feasible. We show that STAT3 activation 
initiated plasma cell differentiation by triggering 
expression of BLIMP1, and that this occurred in 
cells expressing high levels of BCL6, suggesting 
that this factor is not the dominant repressor of 
BLIMP1 expression. Using a BCL6 transgenic 
mouse model, Cattoretti et al.69 showed that 
high BCL6 expression occurred in a subset (15%) 
of Ig-secreting, CD138+ plasma cells, suggesting 
that forced BCL6 expression could not 
completely block plasma cell formation in vivo. 
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It is possible that in this system a selection of 
plasma cells exhibiting weak BCL6 expression 
occurred. Our data suggest that BCL6 
expression nearly completely blocks in vitro 
plasma cell differentiation. In light of the data 
of Cattoretti et al. it is possible that in our hands 
forced BCL6 expression negatively affects the 
survival of human plasma cells in vitro, while 
promoting survival of non-differentiated cells. 
In addition to BCL6, downregulation of the 
repressive activity of other factors such as PAX5 
can lead to plasma cell differentiation47,48. 
Indeed such a mechanism of “alleviated 
repression” was recently identified as a 
mechanism underlying PAX5-mediated 
blockade of plasma cell differentiation38. 
However, we were unable to detect significant 
changes in PAX5 expression through 
manipulation of STAT3 activity.  
Thus, by induction of STAT3 signaling, either 
directly or with IL-21, we demonstrate BLIMP1 
upregulation under conditions that may 
resemble the GC B cell environment–high BCL6 
expression by GC B cells, CD40 triggering, and 
exposure to cytokines. Furthermore we show 
that while BCL6 did not inhibit initiation of 
plasma cell differentiation, its downregulation 
was required for completion of this process. 

Considering our previous data showing that 
STAT5 positively controls BCL6 expression 
together with the results presented here, 
finding the source of STAT5 or STAT3- activating 
cytokines may be of interest. CXCR5+ CD4+ 
Follicular helper T cells (TFH) are a possible 
candidate as subsets of these cells have been 
shown an array of cytokines such as IL-21, IL-4, 
and IL-270,71. We propose that the balance of 
activated STAT3 and STAT5 is an important 
factor in determining whether GC B cells 
differentiate into self-renewing B cells (STAT5 
activation) or into plasma cells (STAT3 
activation) in the GC.  
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Abstract 
 
The terminal differentiation of B cells into antibody-secreting plasma cells is tightly regulated by a 
complex network of transcription factors. Here we evaluated the role of the Ets factor Spi-B during 
terminal differentiation of human B cells. All mature tonsil and peripheral blood B cell subsets expressed 
Spi-B, with the exception of plasma cells. Overexpression of Spi-B in CD19+ B cells inhibited, similar to 
the known inhibitor BCL-6, the expression of plasma cell-associated surface markers and transcription 
factors as well as immunoglobulin production, i.e. in vitro plasma cell differentiation. The arrest in B cell 
differentiation enforced by Spi-B was independent of the transactivation domain, but dependent on the 
Ets-domain. By chromatin immunoprecipitation and assays utilizing an inducible Spi-B construct BLIMP1 
and XBP-1 were identified as direct target genes of Spi-B mediated repression. We propose a novel role 
for Spi-B in maintenance of germinal center and memory B cells by direct repression of major plasma 
cell factors and thereby plasma cell differentiation. 
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Introduction 
 
Germinal centers (GC) are specialized areas in 
the follicles of lymphoid organs, where B cells 
upon antigen challenge undergo multiple 
rounds of proliferation, accompanied by 
somatic hypermutation (SHM) and Ig class-
switch recombination (CSR)1, generating 
memory B cells, or, alternatively, plasma cells 
(PC). Memory B cells retain a high-affinity B cell 
receptor (BCR) at their cell surface, do not 
secrete antibody and have the intrinsic ability to 
respond rapidly and proliferate strongly on 
secondary encounter with antigen2. The 
formation of non-dividing antibody-producing 
PCs is controlled by a complex network of 
transcription factors3. BLIMP1, encoded by the 
PRDM1 gene, is essential for PC formation and 
Ig secretion4 by initiating a gene regulation 
cascade which leads to cessation of the cell 
cycle, repression of genes that are required for 
the identity of mature and GC B cells, and 
induction of the Ig secretory program5. 
Furthermore XBP-1, that is controlling the 
secretory machinery of PCs6,7, and IRF-4 play an 
essential role in PC differentiation8,9. Induction 
of PC differentiation requires an active 
suppression of the B cell phenotype, i.e. of 
factors that are expressed in GC B cells, most 
importantly BCL-6 and PAX-53,10. These factors 
have been shown to inhibit differentiation of 
activated B cells, allowing sufficient time for 
affinity maturation and class switch 
recombination to occur in response to antigen 
and T cell signals. The proteins act 
predominantly by repression of the factors 

required for PC differentiation11-16 resulting in a 
double-negative feedback mechanism that 
ensures maintenance of different 
developmental states in a mutually exclusive 
manner3.  
In addition to BCL-6 and PAX-5 the Ets factor 
Spi-B is directly repressed by BLIMP1 in murine 
B cells5, suggesting that the regulation of Spi-B 
is important in PC differentiation. Spi-B 
deficient mice17, which have normal B cell 
numbers, show a defect in GC formation and 
maintenance, precluding the assessment of the 
role of Spi-B during later stages of B cell 
differentiation. Other cells that express Spi-B 
include early T lineage cells and plasmacytoid 
dendritic cells (pDCs)18-20. Spi-B is crucial for 
development of human pDCs19,21 but not for 
human B cell development21, consistent with 
data from Spi-B deficient mice17. Furthermore, 
it was recently shown that the Spi-B locus is 
translocated in the activated B cell-like (ABC) 
diffuse large B cell lymphoma (DLBCL) cell line 
OCI-Ly322, leading to increased expression of 
the transcription factor. To determine whether 
the overexpression of Spi-B is linked to the 
pathophysiology of this lymphoma subtype it is 
required to understand the function of Spi-B in 
human B cell differentiation.  
Our data suggest a role for Spi-B in controlling 
differentiation of human B cells by repressing 
the induction of the plasma cell gene expression 
program. Spi-B bound the regulatory elements 
of PRDM1 and XBP1, encoding BLIMP1 and XBP-
1, respectively, and directly repressed 
expression of these two factors. 



Spi-B inhibits plasma cell differentiation 

143 

Materials and Methods 
 
B cell isolation. Tonsillectomies were performed at 
the Department of Otolaryngology at the Academic 
Medical Center, Amsterdam. The use of this tissue 
was approved by the medical ethical committees of 
the institution and was contingent on informed 
consent. Buffy coats were obtained from Sanquin 
bloodbank, Amsterdam. CD19+ B cells were isolated 
by positive selection using MACS CD19-coupled 
microbeads (Mitenyi Biotec) resulting in purities of 
>98%. Tonsil and peripheral blood subpopulations 
were separated by FACSAria sorting. 
 
Flow cytometry. Monoclonal antibodies against 
human CD3, CD19, CD20, CD27, CD38, CD40, CD123, 
IgD, IgG and NGFR directly conjugated with FITC, PE, 
APC, PE-Cy7 or APC-Cy7 were purchased from BD 
Pharmingen, CD138-PE from Dako, BDCA2-APC from 
Miltenyi Biotec, CD40-PE from Immunotech. Samples 
were analyzed by flow cytometry on a LSRII (BD) and 
analyzed using FlowJo software (TreeStar). 
 
B cell cultures. For PC differentiation assay, B cells 
were co-cultured on irradiated CD40L expressing, 
stably transfected L cells, together with IL-2 (40 
U/ml, R&D Systems) and murine (m) IL-21 (50 ng/ml, 
R&D Systems) in IMDM with 8% FCS. After 72h, L 
cells were withdrawn and B cells were cultured with 
cytokines only.  
 
pDC cultures. CD34+CD1a- human postnatal thymus 
progenitors were cultured on a layer of OP9 stromal 
cells in the presence of 5ng/ml IL-7 (PeproTech) and 
Flt3L (PeproTech)23 and analyzed after 7 days.  
 
Constructs and retroviral transductions. Retroviral 
constructs Spi-B and BCL-6 LZRS-IRES-GFP were 
described previously19,24. Spi-B/fl~ER and Spi-
B/ΔEts~ER fusion protein vectors were constructed 
by fusing the C-terminus of full length or ΔEts Spi-B, 
respectively, to a truncated murine estrogen 
receptor24. Spi-B/ΔTAD was obtained from Spi-B PCR 
amplification of cDNA generated from CD34+CD38+ 
fetal liver cells. By sequencing the location and 
length of the truncation (215bp) of Spi-B/ΔTAD was 
determined. For virus production, the constructs 
were transfected into the Phoenix-GalV packaging 
cells24. Control cells were transduced with empty 
LZRS-IRES-GFP constructs. Before transduction, 
isolated CD19+ B cells were co-cultured with L cells 
and mIL-21 (50ng/ml) for minimal duration of 36h. 

Cells were transferred to plates coated with 
fibronectin (30μg/ml, Takara Biomedicals) and 
incubated with virus for 6 to 8h. To induce 
translocation of ER fusion proteins, cells were 
treated with 0.5uM 4HT (Sigma). De novo protein 
translation was inhibited by pre-incubation with 
2.8μg/ml of CHX (Sigma). 
 
Immunoblot analysis. Western blotting was 
performed as described19. Membranes were 
incubated with antibodies against human Spi-B20,25 
(kindly provided by Lee Ann Sinha, State University 
of New York, Buffalo, USA and F. Moreau-Gachelin, 
Institute Curie, France), BLIMP126 (kindly provided by 
R. Tooze, Leeds Institute of Molecular Medicine, UK), 
PAX-527 (kindly provided by Stephen Nutt, WEHI, 
Australia), BCL-6 (C-19), IRF-4 (M-17), estrogen 
receptor (ER) (MC-20) or Actin (I-19, all Santa Cruz 
Biotechnology).  
 
Quantitative real time 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 and expression levels were normalized to 
β-actin expression. Primer sequences for BCL-6, 
BLIMP1 and β-Actin24 and Spi-B23 are published, 
other primers are listed in supplemental data.  
 
Chromatin immunoprecipitation (ChIP). 8 x 106 
SpiB~ER-GFP+ RAJI cells were incubated with or 
without 4HT for 4h. ChIP was performed according 
to an adapted version of the Upstate ChIP kit 
protocol (Upstate, Charlottesville, USA). IP was 
performed with either 3μg of polyclonal anti-ER 
antibody (Santa Cruz) or 3μg of normal rabbit IgG 
(Caltag). Precipitated chromatin was purified with 
QIAmp DNA mini kit (Qiagen) analyzed by icycler 
PCR. Primers are listed as supplemental data. Each 
ChIP was performed in triplicates and each PCR 
reaction in duplicates. 
 
ELISA. Plates were coated with capture Abs anti-
human IgG or IgM (Dako) at 10μg/ml washed in 
ELISA wash buffer. 10% FCS in PBS was used as 
blocking agent and diluent for cell supernatants and 
for enzyme-conjugated detection antibodies. TMB 
substrate/stop solution (Biosource) was used for 
development of IgG and IgM ELISAs. 
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Results 
 
Spi-B is expressed in all human B cell subsets 
but not in PCs. 
Human B cells express Spi-B19, but its role 
during terminal B cell differentiation has not 
been investigated. Analysis of the role of Spi-B 
in terminal differentiation of Spi-B deficient B 
cells was precluded due to impaired BCR 
signaling leading to defects in maturation and 
maintenance of GCs17. Here we analyzed Spi-B 
protein expression in various mature B cell 
subsets from blood and tonsil representing 
different stages in B cell development. 
Peripheral blood (PB) CD19+CD3– B cells, 
including naïve (IgD+CD27−) and switched 
memory (IgD–CD27+) B cells, were analyzed by 
immunoblotting. Spi-B protein was expressed 
both in naïve and memory B cells, but with 
higher expression in memory B cells (Figure 1A). 
In line with our earlier observation, Spi-B was 
not detected in CD3+ T cells from the same 
blood donor19. Human CD19+CD3– tonsil B cells 
were discriminated as described previously28 
into naïve B cells (IgD+CD38–), class-switched 
memory cells (IgD–CD38–), early non-switched 
germinal center (GC) B cells (IgD+CD38+), GC B 
cells (IgD–CD38+), and PCs (PC, IgD–CD38++). Spi-
B protein was expressed in all tonsil subsets 
except in PCs (Figure 1B). Higher expression 
levels were observed in GC B cells and resting 
memory cells than in naïve cells. The same 
lysates were also analyzed for expression of 
BCL-6 and BLIMP1 protein. As expected, BCL-6 
protein was highly expressed in early and late 
GC B cell subsets and only weakly in PCs (Figure 
1B and ref. 29), while BLIMP1 was highly 
expressed in IgD–CD38++ PCs only (Figure 1B and 
ref. 30).  
Next we analyzed Spi-B expression levels during 
in vitro PC generation. We adapted previously 
described culture conditions that drive 
proliferation and differentiation of human B 
cells into antibody-secreting PCs31,32, 
accompanied by downregulation of cell surface 
BCR, CD19 and CD20 expression and 
upregulation of the activation marker CD38 as 
well as the PC marker Syndecan-1 (CD138) on B 

cells33. Naïve and memory PB B cells were 
cultured for 3 days on CD40-ligand transfected 
(CD40L)-L cells in the presence of IL-2 and IL-21, 
followed by 4 days of culture only in the 
presence IL-2 and IL-21. In line with previous 
findings34,35, we observed that the generation of 
CD38+CD20– PCs from memory B cells was much 
faster than from naïve B cells (Figure 1C). Less 
than 15% of naïve B cells differentiated into PCs 
within 7 days, and consistent with this we 
observed only low levels of BLIMP1 protein. 
Within two days naïve B cells strongly increased 
Spi-B protein levels after activation in vitro with 
CD40L and cytokines (Figure 1C). When starting 
from memory B cells, BLIMP1 was readily and 
strongly induced, consistent with the 
observation that the majority of B cells acquired 
a CD38+CD20– PC phenotype within 7 days of 
culture. Notably, Spi-B protein levels rapidly 
decreased during PC differentiation.  
During PC differentiation B cells completely and 
irreversibly switch their gene expression profile. 
To get further insight in Spi-B regulation during 
PC differentiation, cultured memory PB cells 
were analyzed at consecutive days for Spi-B 
mRNA levels by quantitative PCR. In addition, 
we analyzed expression of factors known to be 
regulated during B cell differentiation, including 
PAX-5 and BCL-6, which are downregulated, and 
BLIMP1, IRF-4 and XBP-1, which are induced 
and mediate PC formation3. Consistent with 
results obtained by immunoblotting, in vitro PC 
differentiation of PB memory B cells was 
associated with a decrease in Spi-B transcript 
levels (Figure 1D). Interestingly, the kinetics in 
reduction of Spi-B expression levels paralleled 
that of the repressors PAX-5 and BCL-6. As 
expected, BLIMP1, XBP-1 and IRF-4 expression 
levels increased during in vitro PC 
differentiation. Taken together these results 
show that Spi-B is expressed in all human PB 
and tonsil B cell subsets but not in PCs. Spi-B 
mRNA and protein levels decreased during in 
vitro differentiation of PB memory B cells into 
PCs. The differential expression of this 
transcription factor in memory and plasma cells 
suggests an active regulation and a role for Spi-
B during human B cell differentiation.  
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Figure 1. Spi-B is expressed in human B cell subsets, but not in plasma cells. Equal numbers of CD19+ B cells of (A) 
peripheral blood or (B) tonsil were sorted into subpopulations as indicated by gating and analyzed by 
immunoblotting. Actin levels were determined as loading control. One representative experiment of three is 
shown. (C+D) CD19+ B cells purified from peripheral blood were co-cultured under plasma cell promoting 
conditions. (C) Naïve (left panel) or memory (right panel) B cells were cultured for 7 days and analyzed for CD20 
and CD38 expression by flow cytometry. Numbers in the quadrants indicate percentages of cells. For 
immunoblotting, cells were collected at the indicated time points and analyzed for Spi-B and BLIMP1 expression. 
Actin levels were determined to ensure equal loading of the samples. (D) Memory B cells were cultured for the 
time periods indicated and expression levels were assessed by quantitative real-time PCR. Averages ± SD of PCR 
duplicates are shown. One representative experiment of two is shown. 
 
 
Ectopic overexpression of Spi-B arrests 
differentiation of PB B cells into 
immunoglobulin-secreting PCs. 
To elucidate the reason for downregulation of 
Spi-B in PCs, Spi-B was constitutively expressed 
in human B cells, using the LZRS retroviral 
vector harboring the Spi-B coding sequence 
upstream of the IRES-GFP cassette (Figure S1 
and ref. 19), and cultured under plasma cell 
inducing conditions. In parallel we transduced B 
cells with BCL-6, which arrests human PC 
differentiation in vitro as previously reported24. 
Seven days after transduction a vast proportion 

of control transduced cells had differentiated 
into PCs (Figure 2A) of which a proportion 
expressed CD138. Strikingly, ectopic expression 
of Spi-B prevented PC differentiation, as we 
observed significantly less formation of 
CD38+CD20– and CD19–CD138+ cells compared 
to control cultures (Figure 2A and 2B). As 
expected, also BCL-6-GFP+ cells were blocked in 
PC differentiation. AnnexinV / 7-AAD labeling of 
transduced cells showed that Spi-B did not 
affect cell survival (data not shown). 
Transduction of sorted naïve as well as memory 
B cells with Spi-B revealed that Spi-B abrogates 
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PC differentiation of both B cell subsets (data 
not shown). Also, we observed that Spi-B was 
not only able to arrest in vitro plasma cell 
differentiation induced by IL-21, but also by IL-
1031(data not shown).  
Terminal differentiation of B cells is intimately 
associated with increased Ig secretion. Based on 
the strong inhibitory effect of Spi-B on 
phenotypically-defined PC differentiation, we 
speculated that ectopic expression of Spi-B 
would inhibit antibody secretion under PC 
permissive conditions. Conform to this 
hypothesis, PB B cells transduced with Spi-B 
secreted 4-6 fold less IgM and IgG than controls 
as determined by ELISA in the supernatant of 
transduced cell cultures (Figure 2C). As 
expected, also BCL-6 transduced B cells were 
impaired in Ig production, similar to Spi-B 
transduced B cells.  
To exclude that our observations are merely 
due to high levels of Spi-B overexpression we 

used a Spi-B~ER fusion construct, which allows 
nuclear transport of the ER-fusion protein in a 
4-hydroxytamoxifen (4HT) concentration-
dependent manner36. Immunoblot analysis 
confirmed the presence of the fusion protein, 
which was detectable by antibodies directed 
against Spi-B and ER (Figure S2 and data not 
shown). While PB B cells transduced with a 
control vector were not affected by 4HT, in Spi-
B~ER transduced cell cultures the percentage of 
CD38+CD20– PCs generated correlated with the 
4HT concentration, indicating a Spi-B dose-
dependent regulation of PC formation. Thus, 
forced expression of Spi-B during in vitro PC 
generation inhibited the differentiation of PB B 
cells into PCs in a dose-dependent manner. Spi-
B blocked PC formation as efficient as BCL-6, a 
known PC repressor. Consequently, antibody 
production of the pre-GC isotype IgM as well as 
the switched isotype IgG was strongly reduced 
after forced expression of Spi-B in PB B cells.  

 

 
 

Figure 2. Impaired human B cell differentiation into Ig-secreting plasma cells by ectopic expression of Spi-B. 
CD19+ B cells isolated from peripheral blood were transduced with Spi-B, BCL-6, Spi-B~ER or control vectors and 
cultured in conditions promoting plasma cell differentiation (as in Figure 1). (A+B) After 7 days of culture GFP+ cells 
were analyzed for CD19, CD20, CD38 and CD138 surface expression by flow cytometry. (A) Contour plots of one 
representative experiment out of ten are shown. Numbers in the quadrants indicate percentages of cells. (B) 
Percentages of CD38+CD20– and CD19–CD138+ cells in Spi-B and BLC-6 transduced cultures were normalized to 
control cultures. Averages ± SD of ten independent experiments are shown. Student’s t-test, ** p < 0.01. (C) Five 
days after transduction, GFP+ cells were sorted and equal numbers of cells (50.000) were cultured with IL-2 and IL-
21 for an additional 48h. The supernatants were collected and IgM and IgG protein levels were analyzed by ELISA. 
Averages ± SD of ELISA triplicates are shown. One representative experiment out of three is displayed. (D) After 7 
days of culture the percentages of CD38+CD20− cells within the GFP+ population in Spi-B~ER and control 
transduced cultures supplemented with the indicated concentrations of 4HT were assessed. One representative 
experiment out of two is shown.  
 



Spi-B inhibits plasma cell differentiation 

147 

Spi-B represses the induction of the PC gene 
expression program. 
To gain insight into the mechanism of the Spi-B 
enforced PC differentiation block, we assessed 
the gene expression levels of BCL-6, BLIMP1, 
XBP-1, IRF-4 and PAX-5 in B cells following 
ectopic Spi-B expression (Figure 3A). In parallel 
we analyzed the expression levels of these 
genes in BCL-6-transduced B cells. Five days 
after culture in PC inducing conditions, which 
induced the expression of PC genes (Figure 1D), 
GFP+ cells were sorted and analyzed by real 
time PCR. Notably, forced expression of Spi-B 
did not affect BCL-6 levels in PB B cells and vice 
versa overexpression of BCL-6 had no effect on 
Spi-B expression levels (Figure 3A), which 
suggests that these genes do not act in a 
sequential pathways. However, 6-10 fold lower 
levels of BLIMP1, IRF-4 and XBP-1 mRNA were 
detected both in Spi-B and BCL-6 transduced 
cells compared to controls (Figure 3A). As 
assessed by conventional RT-PCR, the reduction 

of XBP-1 expression resulted in decreased levels 
of the spliced form of XBP-1 mRNA that gives 
rise to the transcriptionally active XBP-1(s) 
protein (Figure S3). Expression levels of PAX-5 
did not significantly change in cells 
overexpressing Spi-B or BCL-6 compared to 
controls. Protein levels in transduced cells 
reflected mRNA levels of the analyzed 
transcription factors as forced expression of Spi-
B inhibited expression of BLIMP1 and IRF-4 
protein to a similar extend as forced expression 
of BCL-6, while Spi-B did not affect BCL-6 or 
PAX-5 protein levels (Figure 3B). Decreasing Spi-
B expression levels by shRNA21 did not increase 
PC formation or affect expression levels of the 
PC transcription factors, leaving open the 
possibility that multiple transcriptional 
repressors have to be downregulated in parallel 
(data not shown). Thus, forced expression of 
Spi-B prevents the induction of the PC gene 
program under culture conditions that permit 
PC differentiation.  
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Figure 3. Repression of the plasma cell gene expression program by Spi-B. CD19+ B cells were retrovirally 
transduced with constructs expressing Spi-B, BCL-6 or control-GFP. Five days after transduction and culturing in 
conditions promoting plasma cell differentiation (as in Figure 1), GFP+ cells were sorted. (A) Gene expression levels 
of Spi-B, BCL-6, BLIMP-1, XBP-1, IRF-4 and PAX-5 were analyzed by quantitative RT-PCR. Expression levels in Spi-B 
and BCL-6 transduced cells were normalized to expression levels in control transduced cells. Averages ± SD of four 
independent experiments are shown. Student’s t test, **p < 0.01. (B) Cell lysates from sorted GFP+ cells were 
subjected to immunoblot analysis using antibodies directed against Spi-B, BCL-6, BLIMP-1, IRF-4 or PAX-5. Actin 
levels were determined as loading control. Representative results of two independent experiments are shown. 
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The Spi-B transactivation domain is not 
required to arrest PC differentiation. 
It has been well accepted that Spi-B is able to 
act as a transcriptional activator37-42. We were, 
therefore, intrigued by the findings described 
above suggesting a repressor role for Spi-B. 
Structurally, Spi-B possesses an amino-terminal 
transactivation domain (TAD), which is required 
for activating transcription39. Next we aimed to 
assess the contribution of this domain to the 
regulatory activity of Spi-B by transducing cells 
with a truncated Spi-B protein lacking TAD (Spi-
B/ΔTAD) (Figure S1). As a positive control we 
determined the expression level of CD40, a 
direct target of Spi-B transactivation activity37. 
Overexpression of Spi-B full length (fl) in 
hematopoietic precursors cultured on OP9 cells 
with Flt3L, which drives development of 
plasmacytoid DCs (pDCs)19, resulted in higher 
surface expression levels of CD40 on pDCs 

(Figure 4A), whereas Spi-B/ΔTAD did not alter 
CD40 levels compared to controls. This indicates 
that the TAD domain of Spi-B is crucial for the 
induction of CD40 gene transcription. 
Interestingly, both Spi-B/fl as well as Spi-
B/ΔTAD transduced B cells were arrested in 
differentiation into CD38+CD20– and CD19–

CD138+ PCs (Figure 4B) when analyzed at day 5 
of a PC differentiation assay. These data 
support the notion that transactivation activity 
by TAD is largely dispensable for the repression 
of PC differentiation by Spi-B. Collectively, these 
data suggest that Spi-B employs distinct 
mechanisms to promote expression of CD40 on 
one hand and to regulate expression of PC 
genes on the other, and that different Spi-B 
domains are required to either exert 
transactivation or repression, respectively.  

 
 
 

 
 
Figure 4. The transactivation domain of Spi-B is not required for regulation of plasma cell differentiation. (A) 
CD34+CD1a– progenitors isolated from human postnatal thymus were transduced with control, Spi-B/full-length (fl) 
or Spi-B/ΔTAD constructs and cultured on OP9 with Flt3L and IL-7. The histogram shows surface expression level of 
CD40 on CD123+BDCA2+ pDCs transduced with control (shaded histogram), Spi-B/fl (solid line) and Spi-B/ΔTAD 
(dashed line) constructs. (B) Peripheral blood CD19+ B cells were transduced with control, Spi-B/fl or Spi-B/ΔTAD 
constructs and cultured in conditions promoting plasma cell differentiation (as in Figure 1). After 7 days of culture 
GFP+ cells were analyzed for CD19, CD20, CD38 and CD138 surface expression. Contour plots of one representative 
experiment out of two are shown. Numbers in the quadrants indicate percentages of cells. 
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Spi-B binds to the promoter of human PRDM1 
and XBP-1. 
Spi-B transduced B cells expressed lower levels 
of the plasma cell genes BLIMP1, XBP-1, and 
IRF-4 (Figure 3), but whether these were direct 
target genes was not resolved. Therefore we 
investigated whether Spi-B directly binds to the 
promoter regions of these genes by using 
chromatin immunoprecipitation (ChIP) assays. 
IP was performed using an antibody directed 
against ER (α-ER) or unspecific rabbit Ig on 
lysates derived from Spi-B~ER transduced Raji 
cells that were either left untreated or 
incubated with 4HT for 4 hours. Chromatin 
abundance was measured by quantitative PCR 
using primer pairs in the promoter regions of 
BLIMP1, XBP-1, and IRF-4. Primers were 
designed to randomly amplify several regions 
within the potential regulatory elements of 
PRDM1, XBP1 and IRF4 (Figure 5A and not 
shown). Based on previous reports15,43,44 we 
assessed Spi-B binding to the human PRDM1 

locus upstream of the transcription start as well 
as in intron 4, which corresponds to intron 5 of 
the murine PRDM1 locus. Furthermore, we 
analyzed Spi-B binding to a region up to 3 kb 
upstream of the transcription start and the 
proximal -200 to -700 region of the human XBP1 
and IRF4 loci, respectively, which have been 
reported to control promoter activity12,45,46. As a 
positive and negative control we analyzed 
binding of Spi-B to the CD40 promoter37 and the 
open reading frame (ORF) of Spi-B, respectively 
(Figure 5B). Notably, we observed binding of 
Spi-B to the PRDM1 promoter at two out of the 
three regions investigated (Figure 5C). For these 
regions, termed region a (-1660 to -1467 
relative to the BLIMP1 transcription start) and 
region c (-388 to -234), chromatin levels after 
ChIP with α-ER were 10-fold and 6-fold 
increased, respectively, upon treatment with 
4HT, and 40-fold and 20-fold higher compared 
to nonspecific Ig precipitation. 
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Figure 5. Binding of Spi-B to the promoter regions of the human PRDM1 and the XBP-1 locus. (A) Schematic 
representation of the 5’ region of the human PRDM1 and XBP1 locus. Binding sites of primers used for analysis of 
chromatin immunoprecipitation (ChIP) are indicated relative to the transcription start site. (B-D) ChIP analysis for 
Spi-B binding. SpiB~ER-GFP+ RAJI cells were cultured in the presence or absence of 4HT for 4h and subjected to 
ChIP using α-ER antibody or, as control, normal rabbit IgG (Ctrl Ig). (B) As positive control for Spi-B binding, 
precipitated chromatin was analyzed by real time PCR for abundance of CD40 promoter DNA. The Spi-B open 
reading frame (ORF) served as irrelevant gene control for Spi-B binding. (C) Precipitated chromatin was analyzed 
for abundance of three different regions (regions a, b, c) of the PRDM1 promoter. (D) Precipitated chromatin was 
analyzed with primers binding to regions b and locus c upstream of the transcription start in the XBP1 gene. Values 
are normalized to chromatin levels in control Ig samples. Averages ± SD of precipitation triplicates are shown. One 
representative experiment out of two is shown. 
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No binding of Spi-B to any of the regions tested 
for intron 4 of the PRDM1 locus was detected 
(Figure 5A and data not shown). Furthermore, 
binding of Spi-B was observed at two out of five 
regions analyzed within the XBP1 promoter 
(Figure 5D and data not shown). Using primers 
amplifying region b (-1897 to -1737) and region 
c (-1475 to -1332), chromatin abundance was 
15-fold and 10-fold increased in IP samples with 
α-ER versus unspecific Ig, respectively. Binding 
to the IRF-4 promoter was analyzed with three 
primer sets (region a (-103 to -330), region b (-
834 to -1064) and region c (-1212 to -1350), 
however no binding of Spi-B was detected (data 
not shown). 
 
Spi-B directly represses expression of BLIMP1 
and XBP-1. 
We employed a 4HT inducible Spi-B/fl~ER fusion 
construct to further investigate whether binding 
of Spi-B to the promoters of BLIMP1 and XBP-1 
also directly controls expression of these genes. 
As an additional negative control we made use 
of a truncated Spi-B protein lacking the DNA 
binding domain (ΔEts)19,25, which we also fused 
to ER (Spi-B/ΔEts~ER, Figure S2) and which did 
not affect PC differentiation upon induction by 
4HT addition (data not shown). Spi-B/fl~ER, Spi-
B/ΔEts~ER and control transduced B cells were 
cultured under conditions permitting PC 
development and sorted on day 4 after 
transduction for GFP expression. Cells were 
cultured for an additional 48h, after which the 
cells were first preincubated with cycloheximide 
(CHX), impeding de novo protein translation, 
before treatment with 4HT for 4h. As expected, 
we detected higher levels of CD40 expression in 
Spi-B/fl~ER transduced cells cultured with 4HT 
compared to untreated cells as measured by 
qPCR, while 4HT treatment alone did not affect 
CD40 levels in cells transduced with a control or 
Spi-B/ΔEts~ER vector (Figure 6). Within 4 hours 
after 4HT addition, Spi-B/fl~ER reduced the 
expression levels of both BLIMP1 and XBP-1 
mRNA, which were 2.5- to 3-fold lower 

compared to control cells, whereas induction of 
the mutated Spi-B/ΔEts~ER by 4HT did not 
affect the expression of these PC factors (Figure 
6). This suggests direct regulation of BLIMP1 
and XBP-1 by Spi-B that is dependent on the Ets 
domain of Spi-B. In contrast, IRF-4 levels were 
similar in all conditions, indicating that IRF-4 
expression is indirectly controlled by Spi-B 
(Figure 3). Importantly, treatment of cells with 
4HT for 4h did not affect the number or 
percentages of living cells in control, Spi-B/fl~ER 
or Spi-B/ΔEts~ER transduced cultures, including 
GFP+ cells, CD38+CD20– cells or CD138+ cells 
(data not shown), excluding the possibility that 
4HT had a toxic effect on Spi-B/fl~ER 
transduced cells. 
Direct binding and repression of the BLIMP1 
promoter by Spi-B was confirmed by a 
luciferase reporter assay (Figure S4). We 
employed a pGL3 vector containing a 2kb 
fragment of the PRDM1 locus upstream of the 
transcription start43, which was co-transfected 
with pcDNA3.1 control or Spi-B expression 
vectors into NIH3T3 cells. As expected, 
treatment of the cells with PMA/Ionomycin for 
6 hours induced luciferase expression43. 
Concomitant expression of Spi-B reduced 
luciferase expression by 30%, indicating that 
Spi-B directly repressed BLIMP1 promoter 
activity. A restrictive DNA consensus sequence 
for Spi-B binding is not known; Spi-B binds to 
the short GGAA/T motif47,48 as well as the non-
canonical AGAA motif41, with a rule for flanking 
nucleotides41. Within the 2kb BLIMP1 promoter 
region used in our experiments we found 
numerous (58) GGAA and AGAA motifs, which 
precluded assessment of the exact Spi-B binding 
site(s).  
Taken together, our results show that Spi-B 
directly binds to the promoters of two 
important plasma cells factors BLIMP1 and XBP-
1 and favor the concept that Spi-B directly 
represses the transcription of these PC inducing 
genes. 
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Figure 6. Direct repression of BLIMP1 and XBP-1 by Spi-B. Peripheral blood CD19+ B cells transduced with Spi-
B/fl~ER-GFP, Spi-B/ΔEts~ER or control GFP vector were cultured in conditions allowing for plasma cell 
differentiation (as in Figure 1) and sorted for GFP expression. After sorting, the cells were preincubated with 
cycloheximide (CHX) before addition of 4-hydroxytamoxifen (4HT) for 4h. Gene expression levels were analyzed by 
quantitative RT-PCR. Values are normalized to expression in samples without 4HT treatment. Averages ± SD of PCR 
duplicates are shown. One representative experiment out of two is shown. 
 



Chapter 8 

152 

Discussion 
 
This report reveals a novel role of Spi-B in late 
stages of human B cell differentiation. Primary 
naïve and memory B cells from tonsil and 
peripheral blood expressed Spi-B at the mRNA 
and protein levels. In contrast, CD38++CD20- 
PCs isolated from tonsils or generated in vitro 
from PB B cells lacked expression of Spi-B. We 
demonstrated that downregulation of Spi-B is 
required for efficient differentiation of human 
PB B cells into PCs, as enforced expression of 
Spi-B completely blocked PC differentiation and 
Ig secretion.  
Several factors have been reported to regulate 
PC differentiation, including PAX-5, BCL-6, 
Bach2, and Mitf (reviewed in ref. 3). PAX-5 
represses a number of genes involved in PC 
differentiation, including BLIMP1 and possibly 
XBP-111,13,49. Similarly, BLIMP1 gene expression 
is further repressed by BCL-6 and Bach214,16. It is 
not likely that Spi-B inhibits PC differentiation 
through induction of PAX-5, BCL-6, or Bach2 
expression, since transcript and protein levels of 
these genes did not significantly increase upon 
forced expression of Spi-B (Figure 3 and data 
not shown). In contrast, expression levels of 
both BLIMP1 and XBP-1 were reduced shortly 
after nuclear translocation of Spi-B in the 
presence of the protein synthesis blocker CHX. 
This, together with the observation that Spi-B 
bound to the regulatory elements of PRDM1 
and XBP1 as revealed by ChIP analysis, argue in 
favor of a role for Spi-B in directly repressing 
transcription of BLIMP-1 and XBP-1 providing an 
explanation for the observed block in PC 
formation and Ig secretion in Spi-B transduced B 
cells.  
To date, Spi-B has only been implicated in 
transactivation of gene expression. Target 
genes include, in addition to CD4037, the 
adaptor protein Grap238, the heptahelical 
receptor P2Y1039, the Rel/NF-kappa B family 
member c-rel40 and the tyrosine kinases c-fes/c-
fps41 and Btk42. To our knowledge this is the first 
report that attributes repressor activity to Spi-B. 
Other Ets family members, including PU.1, 
which is a close homolog of Spi-B50, have been 
reported to display repressor activity 
previously51,52. PU.1 negatively regulates 
expression of its targets by recruiting several 
proteins, including a histone deacetylase 
(HDAC)51. Repressor activity of PU.1 depends on 
the Ets domain53 and was pinpointed to two 

lysine-rich acetylation motifs, which when 
mutated strongly affected the repressor, but 
not the activator function of PU.154. 
Interestingly, a similar acetylation motif as in 
PU.1 can be identified in the Ets domain of Spi-B 
(data not shown). In line with a role for the Ets 
domain of Spi-B in conferring repressor activity 
we show here that this domain is required to 
arrest PC formation, while the TAD domain can 
be omitted. In contrast, however, the TAD 
domain of Spi-B is required to positively 
regulate CD40 expression. Taken together, it is 
tempting to speculate that a similar mechanism 
as employed by PU.1, mediating an activator as 
well as a repressor function, controls the dual 
role of Spi-B.  
All our studies investigating the effects of Spi-B 
and its DNA binding were done using 
overexpression of Spi-B. We have conclusively 
shown that Spi-B can repress BLIMP1 and XBP-1 
expression and consequently PC differentiation 
when ectopically expressed. These expression 
levels are likely at higher than endogenous 
levels in B cells. We did observe, however, a 
block in plasma cell formation already when 
Spi-B~ER expression was induced at very low 
concentrations of 4HT, suggesting that even low 
nuclear levels of Spi-B are sufficient to repress 
plasma cell formation. Still we cannot exclude 
the possibility that ectopically expressed Spi-B is 
binding to low affinity sites, thereby blocking 
the ability of adjacent activators to bind or 
induce transcription. Whether these putative 
low affinity sites are recognized by endogenous 
levels of Spi-B remains elusive.  
It is evident from our results that Spi-B needs to 
be downregulated for proper PC formation, but 
it is unclear what regulates Spi-B expression. 
We exclude the possibility that BCL-6 controls 
Spi-B levels, since overexpression of BCL-6 did 
not increase mRNA or protein expression levels 
of Spi-B. It was reported that in mice Spi-B is a 
direct target of BLIMP1 suggesting that Spi-B 
expression is repressed by this factor5. Our data, 
however, do not support the notion that 
BLIMP1 is the factor that initiates 
downregulation of Spi-B during PC 
differentiation since we observed that Spi-B 
levels had already decreased before induction 
of BLIMP1 (Figure 1D). This is in line with recent 
findings in the mouse indicating that BLIMP1 is 
not required for the initiation of PC 
differentiation and that the initial decrease of 
PAX-5 levels occurs prior to BLIMP1 
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expression27. These new findings challenge the 
current model in which the silencing of the B 
cell transcription program and the induction of 
the plasma cell program is initiated by 
BLIMP155. It is yet unclear which factor(s) is 
(are) responsible for the initial decrease of PAX-
5 and Spi-B.  
We observed that shRNA-mediated 
downregulation of Spi-B did not promote 
spontaneous Ig secretion or PC formation. This 
is in line with a previous report in Spi-B deficient 
mice, which do not have increased numbers of 
plasma cells or elevated serum Ig titers17. It 
suggests that Spi-B may not be required to 
inhibit the spontaneous differentiation of naïve 
B cells, but rather to inhibit premature 
differentiation of proliferating B cells in the GC. 
If true, then GC B cells deficient in Spi-B 
expression might prematurely differentiate, 
which would be consistent with the kinetics of 
GC reactions seen in the Spi-B knockout 
mouse17. Such early termination of the GC 
reaction may be the cause of decreased 
antigen-specific antibodies produced in Spi-B 
deficient mice, especially if loss of Spi-B actually 
promotes plasma cell formation from GC B cells. 
These data are especially intriguing given the 
potential role of another Ets family member, 
Ets-1, in regulating spontaneous Ig secretion 
from naïve B cells56. Thus, it is possible that Ets-
1 may play a dominant role in controlling the 
premature differentiation of naïve B cells, 
whereas Spi-B plays a dominant role in 
regulating the premature differentiation of GC B 
cells. This hypothesis is supported by the 
observation that expression of Ets-1 is low in GC 
B cells57 whereas expression of Spi-B is high (ref. 
57 and present study). Alternatively, our 
observations raise the possibility that Spi-B is 
required for maintenance of the memory B cell 
fate, consistent with the high expression levels 
of Spi-B protein in human tonsil and PB memory 
B cells compared to naïve B cells. 
Aberrant expression of Spi-B has been 
implicated in tumorgenesis. It has been shown 
recently that Spi-B is expressed at higher levels 

in activated B-cell like (ABC) DLBCL than in 
germinal center B cell-like (GCB) DLBCL58. The 
gene profile of ABC DLBCL suggests that this 
lymphoma subgroup is derived from B cells that 
are blocked in the process of differentiating 
from GC B cells to PCs59. In one of these cell 
lines the Spi-B locus was translocated and 
inserted in proximity to the Ig 3’α enhancer, 
resulting in relatively high Spi-B transcription 
levels22. Therefore, it was suggested that Spi-B 
might play a role in the pathophysiology of the 
ABC DLBCL subtype. In line with this notion, we 
observed here that forced Spi-B expression in 
primary human B cells prevented plasmacytic 
differentiation. Thus aberrantly expressed, Spi-B 
may contribute to the formation of B cell 
lymphomas by blocking terminal differentiation 
and in this context represent a valuable marker 
for diagnosis of this tumor type.  
In summary, in this paper we describe two 
novel findings: First, that Spi-B may function as 
a transcriptional repressor via a mechanism 
independent of the protein’s transactivation 
domain, and second, that Spi-B prevents 
transcription of two of the main PC factors 
BLIMP1 and XBP-1, which ultimately results in 
preserving human B cells in an undifferentiated 
state and thus preventing PC differentiation.  
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Figure S1. Detection of ectopic Spi-B/full length and Spi-B/ΔTAD expression in PB B cells. PB B cells transduced 
with LZRS-Spi-B/full-length, LZRS-Spi-B/ΔTAD or control virus were sorted for GFP expression three days after 
transduction and Spi-B expression was assessed by immunoblotting relative to actin levels. Asterisk indicates 
unspecific band. One representative experiment of two is shown. 
 
 
 

72

Spi-B

actin

 
 
Figure S2. Detection of Spi-B/full length~ER and Spi-B/ΔEts~ER fusion protein expression in PB B cells. PB B cells 
transduced with LZRS-Spi-B/full-length~ER, LZRS-Spi-B/ΔEts~ER or control virus were sorted for GFP expression 
three days after transduction and Spi-B expression was assessed by immunoblotting relative to actin levels. One 
representative experiment of two is shown 
 
 
 

C
trl

BC
L-

6

Sp
i-B

XBP-1

actin

442bp
416bp

 
 
 
Figure S3. Decreased levels of spliced XBP-1 upon Spi-B overexpression. CD19+ B cells were retrovirally 
transduced with constructs expressing Spi-B, BCL-6 or control-GFP. Five days after transduction and culturing in 
conditions promoting plasma cell differentiation (as in Figure 1), GFP+ cells were sorted. XBP-1 gene expression 
levels were analyzed by ‘classical’ RT-PCR with primers spanning over the splicing region {Davies, 2003 434 /id}. 
One representative experiment of two is shown. 
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Figure S4. The human BLIMP1 promoter is regulated by Spi-B. The BLIMP1 promoter-luciferase construct 
containing 2kb of the human PRDM1 locus upstream of the transcription start was kindly provided by A. Dent 
{Vasanwala, 2002 21 /id}. NIH3T3 cells were transfected with 0.1ng pCMV Renilla, 0.9μg LUC reporters and 1μg of 
control or Spi-B overexpression vectors (pcDNA3.1). Cells were harvested after 24h, after addition of PMA 
(20ng/ml) and Ionomycin (0.3μM) for the last 6h. Lysates were analyzed with the dual-luciferase reporter assay 
(Promega). Values are normalized to relative luciferase activity in control transfected cells. Averages ± SD of two 
experiments are shown.  
 
 
Primers 
 
Primers for icycler PCR 
 forward  reverse
PAX-5 GGAGGAGTGAATCAGCTTGG GGCTTGATGCTTCCTGTCTC 
IRF-4 ACCGAAGCTGGAGGGACTAC GTGGGGCACAAGCATAAAAG 
XBP-1* TCACCCCTCCAGAACATCTC AAAGGGAGGCTGGTAAGGAA 
CD40 CGGCTTCTTCTCCAATGTGT ACCAAGAGGATGGCAAACAG 
*primers recognize unspliced and spliced forms of XBP-1. 
 
Primers for ChIP 
 forward  reverse
CD40 ATGGATGGGAAGTTGAGACG TATCCTGGCAGAACCGAAA 
PRDM1 
locus ‘a’ TTAGCACACACTCGCTGCTT TGAGCAGGCTGGATTTCTCT 
locus ‘b’ CTTCCATTTTTCCTGCTTGC GTGTGTGGGTGGATGTGTGT 
locus ‘c’ TCAACGCTTACTTGGGCTCT TCCGCCTACAGCCATTTAAG 
XBP1 
locus ‘a’ CCCTGTAATCCCAGCACTTT CACCATGTCCGGCTAATTTT 
locus ‘b’ GTCCTGTGGGTTGGAAAAGA CGGCTAGAAGACACCTCCAG 
locus ‘c’ ACCCCCGTAAATATGCCTGT GCACCCCTAGAACCTGGAAT 
locus ‘d’ TCTGGGTTGGAGGGGAATAC GAAGCGGGAGGTTCACTTG 
locus ‘e’  GTTTCAGGACCGTGGCTATG AATCCGTTTGTGGAGGACAC 
Primer pairs were checked for specificity by melting curve analysis and gel electrophoresis. Primer efficiencies 
were determined by template dilution and were highly similar. 
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General discussion 

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

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

the population of the thymus, as CCR7 
expression is required for thymus colonization23 
and intrathymic migration of early 
progenitors24. In line with this hypothesis we 
observed that human hematopoietic progenitor 
cells transduced with Spi-B shRNA repopulate 
the bone marrow, liver and spleen but not, 
unlike progenitors transduced with a control 
construct, the thymus of RAG-2−/−γc−/− mice (R. 
Schotte, data not shown).  
The biological importance of the regulation of 
costimulatory and MHC molecules by Spi-B on 
pDCs is yet unclear as the ability of pDCs to 
fulfill the ‘classical’ role of DCs and prime naïve 
T cells is not unambiguously established. 
Numerous in vitro studies have demonstrated 
the ability of pDCs to function as APCs for 
antigen-experienced T cells, as summarized in 
the ‘general introduction’, however the 
question remains to what extent pDCs 
contribute in vivo to antigen-presentation in a 
professional-APC-competent immune system, 
as antigen presentation and T cell expansion by 
activated pDCs is less efficient than by cDCs. 
Accordingly, during viral infection in vivo, only 
classical CD8α+ DCs expand virus-specific T 
cells25,26, suggesting that antigen presentation 
by pDCs may be redundant in controlling viral 
infections. pDCs may be more important in 
cross-presenting lipopeptides and viral peptides 
on MHC class I antigen, which they can present 
rapidly and efficiently to CD8+ T cells27,28. pDCs 
are probably less potent APCs than cDCs 
because they do not endocytose antigens as 
well as cDCs29. More importantly pDCs express 
low levels of costimulatory and MHC class II 
molecules compared with cDCs29-31. The 
transcription factor MHC class II transactivator 
(CIITA) is driven by different promoters in pDCs 
(C2ta pIII) than in cDCs (C2ta pI)32, but it 
remains to be explored whether this accounts 
for low cell surface expression of MHC class II in 
pDCs. In B cells, where CIITA expression is also 
driven by the pIII promoter, E47 and PU.1/IRF-4 
interact with the E-box motifs and the EICE 
element, respectively, and act synergistically in 
the activation of C2ta pIII33. E47, PU.1 and IRF-4 
are also expressed at low levels in pDCs (34 and 
data not shown). Much higher levels, however, 
of the closely related family members E2-2, Spi-
B and IRF-8 are expressed in pDCs (Chapter 2, 3 
and data not shown). It is therefore tempting to 
speculate that in pDCs the induction of CIITA via 
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the pIII promoter is regulated by a complex of 
these factors. 
Similar to expression of TLRs, distinct DC 
subsets express different CLRs, i.e. BDCA2 
specific for pDCs35, Langerin/CD207 specific for 
LCs36, and DC-SIGN/CD209 specific for 
interstitial DCs37. CLRs bind the carbohydrate 
moiety of glycoproteins38,39. The differential 
expression of CLRs in vivo indicates that the DC 
subsets process pathogens and induce immune 
responses in different ways. Indeed, it was 
recently demonstrated that the expression of 
Langerin and DC-SIGN, respectively, underlie 
the opposite functions of LCs and cDCs in HIV-1 
transmission40. Similarly, the expression of 
specific CLRs on pDCs may form the basis for 
their specialized functions; CLRs may recognize 
viral glycoproteins leading to virion recruitment 
into TLR-expressing compartments, required for 
professional IFN-α production by pDCs. pDCs 
specifically express BDCA241 and possibly 
DCIR42, but not dectin-1, mannose receptor or 
DC-SIGN. Antibody directed to BDCA2 or DCIR 
are delivered to endosomes and processed and 
presented by pDCs35 and can be used to target 
antigen to pDCs42,43. To understand the 
physiological relevance to this finding it will be 
necessary to identify the natural ligands of 
these C-type lectins. Interestingly, cross-linking 
of BDCA2 or DCIR by antibodies delivers 
inhibitory signals to pDCs, preventing 
production of type I IFN35,42, as does 
overexpression of Spi-B (Chapter 3). In chapter 
4 of this thesis it is shown that Spi-B is involved 
in the transcriptional regulation of BDCA2, but 
Spi-B does not regulate other CLRs (data not 
shown). Several other cell surface receptors are 
involved in the regulation of IFN-α production 
by pDCs, including ILT7. ILT7 expression, which 
can also be induced by Spi-B as shown in 
chapter 4, strongly decreases in pDCs upon 
stimulation with IL-3 and CD40 or CpG44,45, as do 
Spi-B protein levels (Chapter 3). These findings 
indicate that the inhibition of IFN-α secretion by 
Spi-B may be correlated to its regulation of 
BDCA2 or ILT7 surface expression. BDCA2 
regulates IFN-α secretion upon pDC stimulation 
by signaling via a B-cell receptor (BCR) 
signalosome like pathway46,47. Also ILT7 signals 
via an ITAM motif and Src/Syk 
phosphorylation48. Therefore, given the overlap 
in the signaling pathways of BDCA2 and ILT7 
with that of the BCR and the requirement of 
Spi-B in proper BCR signaling49 Spi-B may 

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

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

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

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

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

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

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

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

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

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

 
The work described in this thesis investigates 
some aspects of the transcriptional regulation 
that underlies the development, differentiation 
and function of human plasmacytoid dendritic 
cells (pDCs) and B cells. The role of specific 
transcription factors in these processes was 
studied by experimentally increasing or 
decreasing expression levels of the factors in 
human hematopoietic cells by retroviral 
transduction. Subsequently pDCs and B cells 
were studied in in vitro development and 
differentiation assays. 
 
Chapter 1 gives a general introduction on 
transcriptional control mechanisms and 
important aspects of pDC and B cell biology: the 
regulation of their development from 
hematopoietic precursor (HSC) cells, molecular 
pathways that lead to pDC and B cell activation 
and formation of effector cells, the control of 
their function during immune responses and 
interactions with other immune cells.  
 
Chapter 2 describes the E-protein E2-2 as the E-
protein predominantly expressed in pDCs and 
as a critical factor involved in the development 
of pDCs from human progenitor cells. The pDC 
factor Spi-B regulates the expression of Id2, a 
factor antagonizing E-protein activity. Results 
from simultaneous overexpression of both 
factors suggest that the concurrent action of 
Spi-B and E2-2 controls the development of 
progenitor cells into the pDC lineage. 
 
Chapter 3 focuses on pDC activation and 
maturation and identifies a role for the Ets 
factor Spi-B in this process, regulating surface 
expression of co-stimulatory and MHC 
molecules and secretion of pDC-specific 
cytokines. Decreasing Spi-B levels in pDCs 
abrogates the upregulation of maturation 
markers upon stimulation, which indicates that 
Spi-B is required in this process.  
 
Chapter 4 aims to identify novel target genes 
that accomplish the function of Spi-B in pDC 
development and differentiation. Using a pDC 
cell line, microarray studies were performed 
comparing gene expression levels in cells with 
increased or decreased levels of Spi-B. Several 
potential Spi-B targets relevant to pDC biology 

could be confirmed by quantitative icycler PCR 
and were extracted for further research. 
 
Chapter 5 shows a particular role for pDCs in 
the thymus. The secretion of type I interferons 
(IFNs) by stimulated pDCs drastically effected 
human T cell development in vitro, as indicated 
by the delayed induction of T cell surface 
markers and rearrangement of TCRβ V-DJ gene 
segments through type I IFNs. IFN-α also 
inhibited IL-7-induced proliferation, but not 
survival, of developing thymic progenitor cells.  
 
The work presented in Chapter 6 suggests a 
function of STAT5 in freezing the repertoire of 
human peripheral memory B cells. Class switch 
recombination (CSR) of naïve B cells was 
repressed by active STAT5 in an in vitro system 
and high levels of STAT5 are detected in 
memory B cells. Forced expression of active 
STAT5 repressed expression of activation-
induced cytidine deaminase (AID), the GC factor 
crucially required for rearrangements of 
immunoglobulin genes during a germinal center 
reaction. Repression of AID may be 
accomplished by induction of Id2 expression by 
STAT5, antagonizing the E protein activity that is 
fundamental to AID expression.  
 
The studies shown in Chapter 7 investigate the 
molecular consequences of IL-21 signaling on 
plasma cell differentiation in human B cell. IL-21 
stimulation of primary human B cells results in 
robust and prolonged activation of STAT3, 
which leads to induction of the plasma cell 
factor BLIMP1. STAT3-mediated BLIMP1 
upregulation occurred despite high levels of the 
germinal center factor BCL-6, indicating the 
BCL-6 is not the dominant repressor of BCL-6, 
but BLIMP1 transcription does not lead to 
differentiation of B cells unless BCL-6 is 
concomitantly downregulated.  
 
Chapter 8 describes the identification of Spi-B 
as a player in preventing human plasma cell 
differentiation from activated germinal center B 
cells. Spi-B protein is detected in B cells from 
peripheral blood and tonsils but is absent from 
plasma cells, and overexpression of Spi-B 
prevents plasma cell differentiation. Studies 
with an inducible Spi-B construct and chromatin 
immunoprecipitation (ChIP) indicate direct 
regulation of the plasma cell factors BLIMP1 
and XBP-1 by Spi-B, which provides molecular 
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evidence for the regulation of human B cell 
differentiation by Spi-B. 
 
Chapter 9 places the studies described in this 
thesis in the context of the work published by 
other groups. Our results obtained by 
investigation of human pDCs and B cells are 
compared to the research performed on these 
cells in mice. The debatable categorization of 

pDCs into the lymphoid cell or dendritic cell 
lineage is discussed and similarities between 
pDCs and PCs are pointed out. Furthermore the 
crucial involvement of pDCs in several human 
diseases is listed as we aim to emphasize the 
potential relevance of our data for future 
medical research and the implications for 
therapeutic interventions.  
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Samenvatting 
 
Het immuunsysteem (afweersysteem) van het 
menselijk lichaam wordt gevormd door de witte 
bloedcellen en de lymfoïde organen (daarbij 
horen het beenmerg, de thymus, de 
lymfeklieren en de milt). Witte bloedcellen 
bewegen via de bloed- en de lymfebanen 
constant door het lichaam op zoek naar 
pathogenen (ziekteverwekkers) en zorgen 
daarmee voor een ideale bescherming van alle 
weefsels. In zoogdieren bestaat het 
afweersysteem uit twee delen. De cellen van 
het aangeboren afweersysteem vormen de 
eerste lijn van verdediging en reageren snel op 
een infectie, maar dit is niet specifiek gericht 
tegen de ziekteverwekker. Het aangeleerde, 
adaptieve afweersysteem daarentegen komt 
pas enkele dagen na infectie op gang, reageert 
op een heel efficiënte en specifieke manier en is 
bovendien in staat de aard van de indringer te 
onthouden, wat ‘immunologisch geheugen’ 
wordt genoemd. De cellen van het aangeleerde 
immuunsysteem zijn daarom in staat bij een 
herhaalde infectie met dezelfde 
ziekteverwekker snel en effectief te reageren, 
waardoor er zich minder symptomen 
ontwikkelen.  
Alle bloedcellen ontwikkelen zich vanuit 
hematopoietische stamcellen (HSC) welke zich 
in het beenmerg bevinden. Deze stamcellen 
kunnen onder de juiste condities uitrijpen tot 
alle verschillende typen van bloedcellen, een 
proces dat over meerdere voorloperstadia 
verloopt. De verschillende typen van witte 
bloedcellen hebben specifieke functies. B cellen 
differentiëren tijdens een infectie naar plasma 
cellen en produceren antilichamen, die 
bijvoorbeeld aan bacteriën binden en deze 
onschadelijk maken door ze te neutraliseren. T 
cellen hebben onder meer de functie om virus 
geïnfecteerde lichaamscellen te vernietigen 
(cytotoxische T cellen) of ze kunnen bijdragen 
aan het activeren van B cellen (helper T cellen). 
Ook natural killer (NK) cellen kunnen abnormale 
cellen, dus tumor cellen of virus geïnfecteerde 
cellen herkennen en elimineren. Dendritische 
cellen (DCs) bevinden zich in alle organen, 
bijvoorbeeld in de huid, en transporteren bij 
een infectie eiwit (antigen), afkomstig van het 
pathogeen, naar de lymfeklieren, waar T en B 
cellen geactiveerd worden. Plasmacytoide DCs 
(pDCs) zijn belangrijke producenten van de stof 

interferon (IFN), een factor (cytokine) dat voor 
de strijd tegen virale infecties essentieel is, 
omdat het directe antivirale effecten heeft, 
maar ook omdat interferon andere 
immuuncellen tot een reactie tegen het virus 
stimuleert.  
Hoewel van het immuunsysteem aan de ene 
kant een snelle en effectieve immuunreactie 
tegen pathogenen (bacteriën, virus, fungi 
enzovoort) en tegen tumor cellen wordt 
verwacht, mag het immuunsysteem aan de 
andere kant niet de gezonde lichaamseigen 
cellen vernietigen. Daarom moet de aanmaak 
van immuuncellen en de uitrijping van de cellen 
tot actieve effector cellen, welke op 
ziekteverwekkers kunnen reageren, nauwkeurig 
worden gereguleerd. Deze regulatie wordt op 
moleculair niveau uitgevoerd door transcriptie 
factoren, dat zijn eiwitten, die in de cel aan het 
DNA binden en daardoor de afschrijving 
(expressie) van genen kunnen sturen. Welke 
genen tot expressie worden gebracht bepaald 
het lot en de functie van de cel. 
 
In hoofdstuk 2 van dit proefschrift beschrijven 
we dat de transcriptie factor E2-2, een lid van 
de familie van E-factoren, belangrijk is voor de 
ontwikkeling van pDCs uit de menselijke 
(humane) HSC. Dit hebben we onderzocht door 
HSC uit menselijk weefsel te isoleren en die 
onder de juiste kweek condities tot pDC te laten 
uitgroeien. We hebben daarbij de genetische 
opmaak dusdanig veranderd, dat de cellen of 
heel veel of juist heel weinig E2-2 tot expressie 
brengen. We vonden dat expressie van veel E2-
2 eiwit in de HSC leidde tot meer uitgroei van 
pDCs, terwijl er zich na vermindering van de 
hoeveelheid E2-2 eiwit minder pDC 
ontwikkelden.  
Met een soortgelijk systeem hebben we in 
hoofdstuk 3 onderzocht hoe de transcriptie 
factor Spi-B, een lid van de Ets familie, de 
functie van pDCs reguleert. Verhoging van de 
hoeveelheid Spi-B in een pDC verhoogt het 
expressieniveau van eiwitten die belangrijk zijn 
voor de activatie van voornamelijk T cellen door 
pDCs tijdens een infectie. Ook remt hoge 
expressie van Spi-B in de cel de secretie van IFN 
en andere ontstekingsfactoren, zoals het 
cytokine TNF-α. Dus de hoeveelheid Spi-B in 
pDCs beïnvloedt de functie van deze cel. Het is 
nog onbekend hoe Spi-B dit uitvoert, dat wil 
zeggen welke genen door Spi-B gereguleerd 
worden om uiteindelijk deze effecten in de cel 
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te krijgen. Om dit te onderzoeken hebben we 
de micro-array techniek toegepast (hoofdstuk 
4), wat inhoudt dat met behulp van een chip de 
relatieve expressie van meer dan 21.000 
bekende genen in cellen met hoge of lage Spi-B 
levels is bepaald. Dit onderzoek leverde enkele 
interessante ‘target’ genen op die nader 
geanalyseerd zullen gaan worden.  
Hoofdstuk 5 beschrijft het onderzoek dat we 
hebben uitgevoerd om de vraag te 
beantwoorden waarom pDCs ook in de thymus 
te vinden zijn. Dit is van belang omdat de 
thymus een belangrijk lymfatisch orgaan is waar 
de T cellen uitrijpen en leren om 
lichaamsvreemde pathogenen van 
lichaamseigen eiwitten te onderscheiden. We 
hebben aangetoond dat de pDCs in de thymus 
in het geval van infectie door de secretie van 
IFN de ontwikkeling van T cellen afremmen. Het 
is op dit moment nog niet duidelijk of dit een 
‘positief’ effect van IFN is om de besmetting van 
‘nieuwe’ T cellen te voorkomen of dat dit het 
gevolg is van geactiveerde pDCs die de thymus 
van verdere besmetting door een virus 
proberen te beschermen.  
In de hoofdstukken 6, 7 en 8 hebben we een 
ander type witte bloedcellen, de B cellen, 
bestudeerd. Tijdens de immuunreactie 
vermeerderen door celdeling zich alleen die B 
cellen welke specifiek het pathogeen 
herkennen. Hierbij vormen ze in de lymfeklieren 
zogenaamde kiem centra (germinal centers 
(GCs)). Hier worden de specificiteit van de B cel 
receptor (het eiwit dat het pathogeen herkent) 
en de functie van het antilichaam (de 
uitgescheiden B cel receptor) geoptimaliseerd 
door onder meer het proces van ‘class switch 
recombination’ (CSR). De transcriptie factor 
STAT5, lid van de Signaal Transductie en 
Aktivator van Transcriptie (STAT) familie, is een 
belangrijke factor die dit CSR proces 

controleert. Na beëindiging van de 
immuunreactie onderdrukt STAT5 de CSR, zodat 
de antilichamen hun optimale functie tegen een 
specifiek pathogeen kunnen behouden 
(hoofdstuk 6) wat van belang is voor het 
immunologische geheugen. Het is belangrijk dat 
alleen B cellen met een B cel receptor die 
specifiek het antigeen herkent tot plasma cellen 
uitrijpen en niet de B cellen die lichaamseigen 
eiwitten herkennen. In de hoofdstukken 7 en 8 
beschrijven we een aantal factoren die bij het 
uitrijpen van B cellen tot antilichaam-
producerende plasma cellen in de mens een 
belangrijke rol spelen. Het cytokine IL-21 
activeert STAT3, wat de expressie van de 
plasma cel transcriptie factor BLIMP1 aanzet. 
De differentiatie van de B cellen in plasma 
cellen vindt echter alleen plaats als tegelijkertijd 
de expressie van BCL-6, een remmer van plasma 
cel differentiatie, wordt verlaagd in de cel. 
Verder tonen we aan dat ook de expressie van 
Spi-B moet worden verlaagd in de B cellen 
voordat ze tot plasma cellen kunnen uitrijpen. 
Onze resultaten laten zien dat Spi-B de plasma 
cel uitrijping remt door de expressie van zowel 
BLIMP1 als ook XBP-1, een andere belangrijke 
plasma cel factor, te voorkomen.  
De discussie in hoofdstuk 9 plaatst het 
onderzoek in de context van het gepubliceerde 
werk van andere onderzoekgroepen. Onder 
andere vergelijken we de resultaten van 
onderzoek in muizen met onze data van 
humane pDCs en B cellen. Ook wordt het 
potentiële belang van onze resultaten voor de 
medische ontwikkelingen in de toekomst 
besproken. pDCs spelen een belangrijke rol in 
vele ziektebeelden, met name bij 
infectieziekten zoals HIV besmetting en auto-
immuun ziektes zoals systemic lupus 
erythematosus (SLE) en psoriasis. 
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