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The immUne SySTem

innate immune system

The immune system in mammals consists of multiple lines of defense. The first 
line of defense, natural immunity, is present in all body surfaces. It blocks most 
potential threats and consists of a physical and a chemical barrier. The thick layer of 
keratinocytes of the skin and the mucosal layers in the respiratory, gastrointestinal, 
and reproductive tracks together form the physical barrier. The chemical barrier 
combines the low stomach pH and proteins/enzymes produced by the endothelial 
cells. The commensal flora, colonizing the mucosal layers and the skin, is also an 
important part of the first line of defense, competing with pathogens for potential 
entry sites. The first line of defense is very effective, but easily weaken by dehydration 
or wounds.1

figure 1. An overview of mouse and human PRRs, its location and ligands. C-type lectins are located 
on the surface membrane. NOD-like receptors and RIG-like receptors are found in the cytoplasm. Toll-like 
receptors (TLRs) can be located on the surface membrane of in endosomes. hTLR10 is human specific, 
whereas mTLR11, -12, -13 are only present in mice.

Once pathogens break through the first line of defense, they encounter the second 
line of defense or the innate immune system. The innate immune system responds 
very fast. It builds up within hours after encountering the pathogen and consists 
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of proteins (e.g. the complement system) and cells (granulocytes, natural killer 
(NK) cells, mast cells, macrophages and monocytes). These cells express pattern 
recognition receptors (PRR) through which they recognize a broad spectrum of highly 
conserved structural motifs present in pathogens, i.e. pathogen associated molecular 
patterns (PAMPs). PRRs can be classified in, C-type lectin receptors (CLRs), NOD-like 
receptors (NLRs) and RIG-like receptors (RLRs) and Toll-like receptors (TLRs). Every 
PRR recognizes a specific pattern and all together they recognize a broad spectrum 
of pathogens.1-3 CLRs mainly recognize carbohydrates, through their carbohydrate 
recognition domain (CRD).4 NLRs are found in the cytoplasm and are categorized 
in different families (there are approximately 23 NLR members in human and 34 
in mice).5 NOD1 and NOD2 are the best characterized members and recognize 
peptidoglycan fragments.3 RLRs, like RIG-1, MDA5, and LGP2 recognize viral RNA, 
which they can distinguish from self-RNA.6-8

TLRs are type I transmembrane proteins, found both on the cell-surface as well as on 
endosomal membranes. So far, 10 different TLRs have been identified in human and 
12 in mouse.2 TLR1, -2, -4 -5, -6, and -10 are expressed on the surface, whereas 
TLR3, -7, -8, -9, -11, 12, and 13 are found in endosomes and phagosomes.3,9-19 
TLR5 recognizes bacterial flagellin,9,10 whereas the other membrane TLRs mainly 
recognize lipid-containing PAMPs.11 The ligand for human TLR10 (not present 
in mice) is still unknown. Similar to TLR1 and TLR6, TLR10 was found to form a 
heterodimer with TLR212 and, in contrast to TLR2/1 and TLR2/6, it may inhibit the 
TLR2 immune response.13 The endosomal TLRs recognize nucleic acids such as single 
and double-stranded RNA or unmethylated CpG DNA motifs which are uncommon 
in the mammalian genome.16-19 TLR11 and -12 are mouse-specific endosomal TLRs 
and recognize profilin14,15 (fig. 1).

adaptive immune system

When a pathogen escapes the innate immune system, it encounters the third line 
of defense or the adaptive immune system. The adaptive immune system is a slow 
responder, starting 3 to 4 days after the initial infection and is triggered by signals of 
the innate immune response. In contrast to the innate immune response, the adaptive 
response is highly specific for the invading pathogen. In addition, the adaptive 
immune system creates a life-time memory to the newly encountered pathogen. 
Therefore, the pathogen is quickly and effectively targeted upon re-infecting. The 
adaptive immune response is executed by effector T and B lymphocytes.1
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B lymphocytes 

B lymphocytes (B cells) differentiate and mature in the bone marrow. Each cell 
expresses a unique membrane bound antibody molecule (B cell receptor) on its 
membrane due to V(D)J recombination and produces antigen-specific antibodies.20 
When naïve B cells encounter the matching antigen to their unique B cell receptor, 
they rapidly start dividing; called clonal expansion. Most of these clonally expanded 
B cells become effector B cells or plasma cells, while some B cells differentiate 
into memory B cells. Plasma cells live only for a few days, in which they produce 
enormous amounts of antibodies similar to their B cell receptor. These antibodies 
are secreted and specifically recognize and bind to the invading pathogen. Binding 
the pathogen opsonizes it, which enhances phagocytosis by macrophages and 
neutrophils, activates the complement system, and induces antibody-dependent cell 
mediated cytotoxicity (ADCC) by NK cells. In contrast, memory B cells are long-lived 
cells expressing the specific B cell receptor on its surface. When the same pathogen 
breaks through all defenses again, memory B cells quickly respond by expansion 
and the production of enormous amounts antigen-specific antibodies.1,21

T lymphocytes

The common lymphoid progenitors (CLPs) that are committed to differentiate into T 
lymphocytes (T cells). T cells derive from the bone marrow, just like B cells, however 
T cells migrate towards the thymus for maturation. In the thymus, T cells undergo 
different stages of differentiation and maturation. Mature T cells express the T cell 
receptor (TcR) on their surface, which is a unique antigen-binding molecule or antigen 
receptor that is dependent, just like B lymphocytes, on V(D)J recombination of the 
alpha-beta TcR chains in over 90% of T cells (and the gamma-delta TcR chains in a 
minor fraction of cells), for its specificity.20 In the thymus, mature T cells are selected 
for those that are able to recognize antigens, but with intermediate affinity.22 
Two well distinguished subpopulations of T cells are described: CD4+ T helper cells 
(TH cells) and CD8+ cytotoxic T cells (TC cells). A third type of T cells are the regulatory 
T cells (Treg cells), which derive from both TH and TC cells. Unlike B cells, T cells cannot 
recognize free antigens, but only antigens bound to the major histocompatibility 
complex (MHC). There are two types of MHC molecules; class I, expressed on 
all cells and recognized by TC cells, and class II, expressed specifically on APCs 
and recognized by TH cells. Upon antigen recognition, T cells under go, just like 
B cells, clonal expansion and start secreting cytokines.1 TH cells promote B cell 
maturation and differentiation into plasma cells or memory B cells.23 In addition, TH  
cells contribute to proper activation of TC cells.24 Activated TC cells recognize virus-
infected cells and tumor cells by the antigen presentation on MHC-I and attack the 
cell directly upon recognition by secreting cytotoxins, like perforins and granzymes.1
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Antigen-presenting cells

T The innate and adaptive immune systems are bridged by antigen-presenting cells 
(APCs). Whereas all cell types can present antigens on MHC-I molecules, APCs also 
express MHC-II molecules. MHC-I is loaded with the antigen in the endoplasmic 
reticulum (ER). Tc cells scan all MHC-I bound antigens for virus or tumor associated 
proteins.1,25,26 Professional APCs, like macrophages and dendritic cells (DCs) sample 
their environment constantly for possible threats. When they have taken up an 
antigen from the environment they present it to the T cells on MHC-II molecules, 
which are loaded in late endosomes.26 APCs can distinguish between self- and non-
self-antigens and thereby induce either an immune response or tolerance. DCs are 
the most potent type of APCs. 

DenDriTic cellS

Differentiation

DCs, like all other leukocytes, develop in the bone marrow from hematopoietic 
stem cells (HSCs). HSCs differentiate into common myeloid progenitors (CMPs) and 
common lymphoid progenitors (CLPs). CLPs differentiate into B, T, and NK cells. 
CMPs give rise to monocytes, macrophages, granulocytes, megakaryocytes, and 
erythrocytes. Both CLPs and CMPs can differentiate into common DC precursors 
(CDPs) and thereby both lineages give rise to DCs. Both routes of differentiation have 
equal potential to differentiate into DCs.27,28 The newly differentiated monocytes and 
DCs migrate through the blood stream towards both lymphoid and non-lymphoid 
organs, where they start to sample the environment for possible threats (Fig. 2). In 
addition, the spleen also contains a reservoir of DC precursor cells, representing 
approximately 0.05% of all splenocytes. These pre-DCs are characterized as 
CD45lowCD11cintSIRPaint CD4-CD8-MHC-II- cells and are uniquely committed to the 
DC lineage.29

Dc subsets

Two major DC subsets can be identified in the steady state in both human and 
mice; conventional DC (cDCs) and plasmacytoid DCs (pDCs). Under inflammatory 
conditions, a third subset is found, so-called inflammatory DCs, which differentiate 
from circulating monocytes.30-32 In addition to the conventional DC subtypes, there 
are tissue-specialized DC such as Langerhans cells (LCs) of the skin.33 
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figure 2. An overview of the differentiation and localization of DC subsets. DCs develop in the bone 
marrow and after which the travel through the bloodstream towards the different organs, both lymphoid 
and non-lymphoid, to sample their environment for possible threats. HSC - hematopoietic stem cells; 
CMP – common myeloid precursors; MDP – macrophage and DCs progenitors; CDP – common DC 
progenitors. Figure adapted with permission from Belz and Nutt.27

Conventional DCs

cDCs are potent bacterial responders and are present as tissue-resident DCs in all 
human and mouse lymphoid and non-lymphoid tissues. Murine cDCs can be further 
subdivided in CD11b-CD8+CD24+ CD205+Xcr1+ cDCs (also called cDC1 or CD8+ 
cDCs) and CD11b+CD8-CD205lowSIRPa+ cDCs (also called cDC2 or CD11b+ cDCs). 
These two subsets have been functionally assigned to BDCA3+ and BDCA1+ cDCs 
respectively in human.28,34-39 Human DCs do not express CD8 at all, whereas some of 
the BDCA1+ cDCs were found to be positive for CD11b, like its mouse homologue.40 
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Plasmacytoid DCs

pDCs are mainly present in the blood stream and characterized by PDCA1 and 
B220 expression in mice. Human pDCs are positive for BDCA2 and BDCA4.41 
pDCs are potent detectors of viruses, as they mainly express TLR7 and TLR9 and 
therefore, are specialized recognizing single stranded RNA or unmethylated DNA 
in the endosomes.42 Upon viral recognition, pDCs immediately produce a massive 
amount of type I interferon (IFN), which activates NK cells and virus-specific CD8+ T 
cells.43 pDCs may also function as antigen-presenting cells, but are far less efficient 
than cDCs.42

Inflammatory DCs

Inflammatory DCs are absent in homeostatic conditions, however, they develop 
rapidly from circulating monocytes upon inflammation. They are characterized by 
MHC-II+CD11b+CD11c+F4/80+Ly6C+ expression in mice. Human inflammatory 
DCs express HLA-DR, CD11c, BDCA1, CD1a, FcgRI, CD206, SIRPa, CD14 and 
CD11b on their surface. Inflammatory DCs produce large amounts of inflammatory 
cytokines, like IL-12. In addition to the activation of CD4+ T cells through MHC-
II antigen presentation, inflammatory DCs can cross-present antigens on MHC-I 
molecules and thereby activate CD8+ T cells.44

Langerhans cells

LCs belong to the DC family and can therefore be classified as a subset of DCs. They 
are found in the epidermis of the skin, as well as in the epithelia of the respiratory, 
gastrointestinal, and reproductive tracks, and are most closely related to migratory 
cDCs.33 Just like migratory cDCs, LCs are professional APCs, migrating towards 
the draining lymph nodes, where they can activate T and B cells, both mounting 
the immune response as well as inducing tolerance.33,45 In contrast to DCs, LCs 
differentiate from embryonic yolk sac macrophages and fetal liver macrophages. 
Just after birth they proliferate rapidly, making a dense network of cells including 
their precursor cells.33

Dc activation

DCs are constantly sampling their environment for possible threats in both lymphoid 
and non-lymphoid tissues. They express a wide repertoire of PRRs by which they 
can recognize a broad range of PAMPs. Upon activation, DCs migrate towards 
the lymph nodes to present the captured processed antigen. Migratory DCs can be 
distinguished from lymph node resident cDCs by an increased MHC-II expression.28,32 
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Endogenous antigens (such as viral proteins) can be cleaved by the proteasome in 
the cytosol. The produced peptides are then transported to the endoplasmic reticulum 
(ER) via TAP transporters. In the ER, the antigens are loaded on the MHC-I molecule 
and presented on the cell surface.46,47 Exogenous antigens are taken up through the 
endocytic pathway. In the late endosome, captured antigens are degraded due to 
the low pH. The peptides are loaded on the MHC-II molecule, which is transported 
to the cell surface.38,48 Both CD8+ and CD11b+ DCs are capable to activate CD4+ T 
cells through MHC-II after external uptake of an antigen, although the CD11b+ DCs 
are specialized in the antigen presentation on MCH-II.35 Murine CD8+ cDCs and 
inflammatory DCs on the other hand, are able to cross-present exogenous antigens 
in MHC-I molecules.35,38,44,49-51 This cross-presentation pathway is poorly understood. 
It is believed that early endosomes and phagosomes play an important role in cross-
presentation. They contain a high pH and therefore a low protein degradation 
environment. Antigens might be able to escape these compartments towards the 

figure 3. Antigen presentation pathways of DCs. Endogenous antigens degraded by proteasomes in 
the cytosol and transferred to MHC-I molecules. Exogenous antigens enter the endocytic route where 
they are degraded and loaded on MHC-II. CD8+ DCs, however, have the unique ability to cross present 
exogenous antigens on MHC-I. Figure adapted with permission from Villadangos and Schnorrer.38
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cytosol.52-54 (fig. 3). This cross-presentation is also found for human BDCA3+ DCs, 
which are suggested to be homologous to murine CD8+ cDCs.51 In addition, DCs are 
capable to distinguish between self- and non-self-antigens. Upon antigen recognition, 
DCs enter the irreversible activation process (often called maturation process) and 
become either immunogenic or tolerogenic DCs.38,55,56

Immunogenic DCs

Immunogenic DCs upregulate activation markers, like MHC-II, CD40 and CD86, and 
migrate towards the lymph nodes to present the captured antigen to activate T and B 
cells.38 In addition, they secrete high amount of cytokines, CD8+ cDCs especially IL-12 
skewing a TH2 response,31,57 and CD11b+ cDCs secrete predominantly chemokines, 
like CCL3, CCL4, and CCL5,58 thereby attracting multiple cell types to the site of 
infection, among other, NK-cells, macrophages and TH1 cells.59

Tolerogenic DCs

Tolerogenic DCs express lower levels of MHC-II, CD86 and CD40 compared to 
immunogenic DCs.60,61 In addition, they express inhibitor receptors, like Fcg receptor 
IIb and ILTs (Ig-like inhibitory receptors)62 as well as immunomodulatory molecules, 
such as PD-L1.63 The lack of costimulatory signals and the secretion of IL-10 and 
TGF-b by tolerogenic DCs induces T cell anergy, T cell depletion and expansion of 
regulatory T cells.64

Tolerogenic DCs differentiate in the presence of IL-10 or TGF-b, regulating the 
expression of PD-L1, ILTs and reducing IL-12 secretion.65-67 In vitro, dexamethasone 
(DEX), rapamycin and vitamin D3 can be used to induce tolerogenic DCs, all 
resulting in a decreased expression of costimulatory molecules and reduced T cell 
proliferation.68,69

Tolerogenic DCs present self-antigens, for example, cytosolic proteins that are 
constantly degraded by the proteasome and are transferred to endosomes by 
autophagy, thereby preventing attack of host cells.38 Intestinal mucosal DCs capture 
many non-self-antigens from bacteria present in the gut flora or food-derived antigens. 
Due to the interaction with the intestinal epithelial cells, the inflammatory signals are 
actively downregulated to maintain tolerance to the gut flora and food.70 
In the thymus, a special subset of tolerogenic DCs can be found. They play a crucial 
role in the negative selection of autoreactive T cells, thereby maintaining central 
tolerance.55,71
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Dc lifespan

The lifespan of murine DCs in vivo is very short. Splenic DCs, thymic DCs and DCs 
of the mesenteric lymph nodes have been completely replenished in approximately 
9 days. DCs in the skin live slightly longer, up to 21 days.72 In contrast, LCs live very 
long (approximately 53-78 days).33 In vitro, DCs die after 3 days if left unstimulated. 
However, the lifespan of DCs can be extended with 4 days with activation signals, 
like stimulation with inflammatory cytokines or PAMPs. The short lifespan of DCs 
limits the exposure time of antigen and T cells, thereby auto-regulating potential 
exacerbated immune responses.73 Indeed, DCs of patients suffering from autoimmune 
lymphoproliferative syndrome type II, characterized by disturbed lymphocyte and 
DC homeostasis and autoimmune disorders, due to mutations in the Caspase 10 
gene, were found to be more resistant to induced apoptosis.74

Dc migration

Upon activation, several proteins are upregulated, among others the C-C chemokine 
receptor 7 (CCR7). The expression of CCR7 is induced both in tolerogenic DCs, for 
example after sensing apoptotic cells, as in PAMP activated immunogenic DCs.75 
CCR7 expression guides DCs towards the draining lymph nodes, where they can 
present their antigen to the naïve T cells.75-77 DCs deficient for CCR7 expression are 
unable to migrate to the lymph nodes, indicating the importance of this receptor 
for DC migration. Up to date, only two ligands are known to interact with CCR7, 
namely C-C chemokine 19 (CCL19) and CCL21.78 CCL21, but not CCL19, was 
shown to the critical factor for DC migration to the lymph nodes.79 Although the 
two ligands are highly similar, some small differences are present. CCL21 contains, 
in contrast to CCL19, a highly basic C-terminal 32 amino acid tail.78,80,81 This 
C-terminal tail blocks the binding domain for CCR7, thereby preventing recognition 
by CCR7 and block the DC migration to the lymph nodes.82 For proper recognition 
and binding of CCR7 to CCL21, the C-terminal tail of CCL21 must be removed 
from the binding domain. Polysialic acid (PSA), a sugar molecule expressed on the 
surface of eukaryotic cells and highly upregulated upon DC activation, 80-83 can 
bind the C-terminal binding-site obstructing tail of CCL21 and thereby exposes the 
CCR7 recognition site and facilitates the CCL21-CCR7 interaction that is required for 
migration.80,82 Neuraminidase can cleave off the PSA from the surface and thereby 
impairs the migration of DCs selectively towards CCL21, but not towards CCL19.80-82

Polysialic acid

PSA consists of a large family of negatively charged nine-carbon monosaccharides, 
normally found in glycan terminal positions. It plays an important role in cellular and 
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molecular recognition as well as communication between cells.84,85 The biosynthesis 
of PSA is a complex process, involving multiple sialyltransferases (STs).83 Eukaryotic 
STs can be divided into four families, e.g. ST3Gal, ST6Gal, ST6GalNAc, and 
ST8Sia, based on the type of linkage formed between the sugars and the nature of 
the sugar acceptors. The ST3Gal family consists of six proteins (ST6Gal-I to -VI) and 
catalyzes the addition of a sialic acid to a terminal galactose residue of O-linked 
glycans and glycolipids in an a2,3-linkage. The ST6Gal family contains of only two 
members, ST6Gal-I and -II, which catalyzes sialic acid binding to galactose residues 
of N-glycans in an a2,6-linkage. The six members of the ST6GalNAc family catalyze 
the a2,6-linkage of sialic acid as well, but to N-acetylgalactosamine (GalNAc) 
residues. This is found on O-glycosyl-proteins, catalyzed by ST6GalNAc-I, -II, and 
-IV, or on glycolipids, catalyzed by ST6GalNAc-III, -V, and -VI. ST8Sia-I to -VI are 
the only known STs catalyzing an a2,8-linkage to other sialic acid residues in N- or 
O-glycans.84,85

DCs can be discriminated from monocytes by the upregulation of ST3Gal-I and 
ST6Gal-I expression.86 DC activation results in changes in sialylation with a decrease 
in a2,6-sialylation and an increase of a2,3-linkage.87 DCs also express ST8Sia-II 
and -IV. However, ST8Sia-II is not required for PSA formation on DCs, whereas 
depletion of ST8Sia-IV completely depleted PSA from the DC surface.88 
Taken together, the PSA expression on DCs is regulated by ST3Gal-I, ST6Gal-I and 
ST8Sia-IV. Proper PSA expression on DCs is essential for DC migration to the lymph 
nodes.80-82 In addition, DCs express several sialic acid-binding Ig-like lectins (Siglecs) 
which recognize and bind with very low affinity terminal sialic acid residues on 
endothelium or other leukocytes. Siclec-9 has been shown to induce granulocyte 
binding and rolling on endothelial cells.89 However, there is no evidence so far that 
Siglecs participate in DC migration. 

Use of Dcs in therapy

Due to their key role in the immune response, imbalance on DC homeostasis can 
result in devastating health effects. For this reason, DCs are widely studied for their 
possible role in immunotherapy. DCs are already used in many clinical trials against 
cancer and autoimmune diseases already, with tremendous results, increasing 
lifespan or quality of life of many patients.90-96 Many studies have been done with 
inflammatory DC, e.g. monocyte derived DCs (mo-DCs). The main advantage is 
that monocytes are widely accessible and easily cultured to obtain enough cells for 
therapy.90,92,93,95,96 Tolerogenic DCs are used to dampen the immune system and 
treat autoimmune diseases92-95, while for anti-tumor therapy, DCs are activated and 
loaded with tumor antigens to obtain a strong anti-tumor immune response.90,91,97-101 
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Activated mo-DCs are cultured in the presence of GM-CSF and IL-4 and they can 
be loaded with the desired antigen before use.91 Tolerogenic DCs are induced 
by dexamethasone or vitamin D3 addition to GM-CSF and IL-4 during mo-DCs 
culture,92-95 or the addition of immunosuppressive cytokines, such as IL-10, TGF-b, 
prostaglandin E2 or immunosuppressive drugs, such as rapamycin or cyclosporine.94

Large numbers of DCs have to be injected intravenously, in order to allow enough 
DCs to survive and end up in the lymph nodes. Some studies tested the possibility 
to inject DCs intranodally, i.e. directly in the draining lymph nodes. Although less 
DCs are needed to get similar number of DCs in the lymph nodes compared to 
intravenous injection, still many DCs will not survive long enough to be effective.91 
Altogether, DCs have a great potential to be used as a powerful immunotherapy 
tool. However, many steps still have to be taken to generate the correct DCs for 
a specific disease since the imbalance of DCs can result in many unwanted side 
effects. Understanding DC differentiation, induction of the immune response and 
function at the molecular level (i.e. transcriptome, transcription regulation) might 
enlighten the search for ways to efficiently manipulate DCs for therapeutic use.

imbalance in Dc maturation contributes to disease

DCs have a pivotal role in the balance between peripheral tolerance and immune 
activation. This makes them key players of the immune system. However, it makes 
them also a potential cause of disease. Immune activation or tolerance at the 
wrong time or for the wrong antigen can induce serious problems, like autoimmune 
diseases, recurrent infections or cancer. For autoimmune diseases to develop, the 
self-tolerance is broken and chronic inflammation is induced, which results in (severe) 
tissue destruction. 
Systemic erythematosus (SLE), Is an example of a chronic and heterogeneous 
autoimmune disease, characterized by excessive inflammation, autoantibodies, 
and complement activation leading to multisystem tissue damage.102 DCs of patients 
with active SLE episodes have an increased expression of CD40, CD80, CD86 
and Fcg-receptors on their surface,103,104 while the inducible programmed death 
ligand (PD-L1), crucial for T cell suppression,104 and the immune regulatory receptor 
Mer, involved in recognizing and removing apoptotic cells,105 are downregulated. 
In addition, an enhanced IRF3 and IRF5 expression was reported in SLE patients, 
which is associated with increased IFNa serum levels.106 
Other examples of autoimmune diseases are multiple sclerosis (MS) and rheumatoid 
arthritis (RA). MS is characterized by the autoimmune targeting of myelin in the central 
nervous system (CNS),107 whereas patients with RA suffer from chronic synovial 
tissue inflammation.108 Although the disease symptoms and affected organs of MS 
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and RA are very different, many similarities have been found for the involvement of 
DCs in the onset and progression of both diseases. An accumulation of both cDCs 
and pDCs have been found in inflamed CNS lesions in MS,109,110 as well as in the 
synovial fluid of RA patients.111-114 During disease, cDCs decrease, whereas pDCs 
further increase in time in the inflamed regions in both MS115,116 and RA.112,113 Just 
like SLE, the proinflammatory phenotype of DCs is disturbed throughout the different 
stages of disease107,112,114

In contrast to autoimmune diseases, recurrent infections and cancer can develop, 
if the immune response cannot be properly built. DCML deficiency for example 
– also known as MonoMAC – is characterized by deficit of DCs, monocytes, B 
and NK lymphocytes.117-119 Patients are typically infected in young adulthood 
with mycobacterial or viral microbes including herpes simplex or papilloma virus 
infections. In addition, they often suffer from myelodysplastic syndrome (MDS) 
or acute myeloid leukemia (AML).118,120 MonoMAC is caused by mutations in the 
GATA2 gene. Several mutations found, result in a truncated protein due to an early 
stop codon or a frameshift mutation. Other mutations affect the C-terminal zinc finger 
domain, resulting in a non-functional or dominant-negative protein.118-121 Patients 
carrying mutation in the IRF8 gene were characterized by disseminated infection of 
the mitigated mycobacterial strain of the BCG vaccine.122 IRF8 is expressed in CD8+ 
DCs and is essential for proper development of this subset.123 Two mutations have 
been identified; K108E, an autosomal recessive missense mutation, causing loss of 
function of IRF8, and T80A, an autosomal dominant missense mutation, causing a 
dominant negative IRF8 protein. Both mutations disrupt the ability of IRF8 to interact 
with DNA. The K108E mutation results in a complete lack of circulating monocytes 
and DCs, causing severe immunodeficiency, whereas T80A was associated with 
a selective CD11c+CD1c+ (CD11b+ DCs).122 In the discussion, the authors mention 
as well that this is in contrast with IRF8 knockout mouse, however they have no 
explanation. It might be that instead of a dominant negative protein, the T80A 
mutation causes IRF8 to be constantly active, however, this should be studied in 
more depth.

TranScriPTion facTorS imPorTanT in DcS

DCs are complex, but very powerful, short lived cells with a high turnover rate. The 
development of DCs from hematopoietic progenitor cells and the commitment to the 
different DC subtypes is tightly regulated by transcriptional programs.27,124,125 Using 
genetically modified mice and reconstitution assays, as well as the two aforementioned 
primary immunodeficiencies in humans, the role of several transcription factors have 
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been shown to be important for DC differentiation or in the regulation of DC subset 
differentiation (fig. 4).125,126

eTS-family 

A well-known and highly expressed transcription factor of the ETS- family in DCs 
is PU.1 (SPI1), encoded by the Sfpi1 gene.125,127 PU.1 regulates a broad range 
of genes required for the development of many hematopoietic lineages, including 
Flt3 expression.27,125,127 Mice lacking Flt3 or Flt3 ligand (Flt3L), have a reduced 
number of DCs, which indicates that Flt3, and therefore PU.1, are essential for DC 
development.127,128 Indeed, loss of PU.1 results in a general cDC decrease127,129 
which is dose-dependent, e.g. the lower the PU.1 expression, the more severe 
the cDC reduction.127 In addition, PU.1 is also involved in the lineage bifurcation 
between cDC and pDC differentiation. Whereas it is highly expressed in cDCs, PU.1 
expression is low in pDCs.129 Besides its important role in cDC development, PU.1 
is also important for DC function. It has been shown to serve as a direct regulator 
of the costimulatory molecules CD80 and CD86, by binding their promotor regions. 
Loss of PU.1 results in lower expression of these costimulatory molecules.130 Also 
the expression of MHC-II, CD11b, and CD11c is directly enhanced by PU.1 due to 
direct binding to their promotor region.131-134 
A second member of the ETS-family is SPIB which is closely related to PU.1. SPIB is 
expressed in CD34+ precursor cells, B cells and pDCs, but, in contrast to PU.1, not in 
monocytes, mo-DCs and neutrophils. Inhibition of SPIB CD34+ progenitors, strongly 
inhibited pDC development, whereas B cell and CD14+ myeloid cell development 
was stimulated.135 SPIB directly binds to BCL2-A1, regulating pDC survival in vitro 
and in vivo.136

Zinc-finger transcription factors

The krüpple-like factor 4 (KLF4), a zinc finger transcription factor, belongs to the 
krüpple-like family of transcription factors. KLF4 is expressed in CD11b+ DCs and 
is required for the TH2 cell response. Conditional deletion of KLF4 in cDCs resulted 
in an impaired TH2 response, without affecting TH1 or TH17 responses. In addition, 
deletion of KLF4 in pre-cDCs leads to a reduced IRF4 expression and a selective loss 
of CD11b+ cDCs.137 
Ikaros, another zinc finger transcription factor, regulates a broad range of genes 
necessary for many hematopoietic lineages, similar to the ETS transcription factor 
PU.1.125 Ikaros activates or represses Sfpi1 (PU.1) transcription, depending on 
binding of the different cis-elements. Therefore, Ikaros regulates lineage specific 
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PU.1 expression by binding a lineage specific cis-element.138 Mice expressing a 
dominant-negative form of Ikaros, which also impairs the function of other Ikaros 
family members, lack all cells of the lymphoid lineages, including all thymic and 
splenic DCs.27,139 However, complete loss of the Ikaros transcription factor results 
in a selective CD11b+ DC loss but with normal development of the CD8+ DC 
subset.27 Low Ikaros expression in hematopoietic cells results in decreased pDC 
numbers  which indicates that high Ikaros expression is essential for the terminal 
pDC differentiation.140 
The zinc finger transcription factor Gfi1 represses the Spfi1 gene expression by direct 
binding to its promotor and the distal upstream regulatory element (URE).141 Gfi1 
knockout mice have reduced myeloid and lymphoid DCs in the lymphoid organs, but 
enhanced Langerhans cells in the epidermis. In vitro, Gfi1-/- cells differentiated into 
macrophages instead off into dendritic cells, indicating an important role for Gfi1 in 
the bifurcation of macrophages and dendritic cells.142

Zbtfb46, a recently described zinc finger transcription factor, is specifically expressed 
in cDCs and not in monocytes, pDCs, NK-cells, and macrophages.143 Zbtb46 is not 
required for cDC differentiation, but prevents unwanted DC activation in steady 
state. Zbtb46 is rapidly downregulated upon TLR stimulation, which allows DCs 
to become properly activated. Indeed, depletion of Zbtb46 causes a spontaneous 
upregulation of activation pathways in unstimulated DCs.144

figure 4. Transcriptions factors required for the different stages of DC differentiation. Figure adapted 
with permission from Belz and Nutt.27
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nf-kb/rel family

RelB is highly expressed in CD11b+ DC subset. Depletion of RelB results in a specific 
loss of the CD11b+ DC subset, whereas CD8+ DCs and Langerhans cells in the skin 
developed normally in these mutant mice.145 In addition, c-Rel is important for the 
antigen-specific T cell response, since c-Rel-/- bone marrow-derived DCs (BMDCs) are 
normally activated with LPS, while the T cell response and secreted cytokines, like 
IL12p70, upon LPS stimulation were impaired.146

baTf family

Batf3 is expressed in both CD11b+ and CD8+ DCs.147 However, Batf3 knockout mice 
suffered from a specific loss of CD8+ cDCs, but had normal CD11b+ DC and pDC 
populations and other hematopoietic cell types.148 In line with the specific loss of 
CD8+ cDCs, these mice were impaired in the cross-presentation capabilities and in 
addition suffered from a lack of early IL-12 production. Altogether, this indicates an 
important role for Batf3 in the development of CD8+ DCs.147 

e2-2 and id2

The E protein E2-2, activates multiple genes required for pDC differentiation as 
well as genes important for pDC function.149 E2-2 has an antagonistic relation 
with the transcription factor Id2. Depletion of Id2 results in a decrease of cDCs, 
whereas depletion of E2-2 results in a reduction of pDCs.125,150 However, depletion 
of E2-2 from mature pDCs results in differentiation of pDCs into cells with a cDC 
phenotype.150

interferon regulatory transcription factor family

The interferon regulatory transcription factor (IRF) family of transcription factors have 
been shown to be important for DC differentiation as well. Mice deficient for IRF2 or 
IRF4 have a CD11b+ cDC specific defect,137,145,151,152 whereas, IRF8 knockout results 
in a severe CD8a+ cDC reduction.123,148 IRF4/IRF8 double knockout mice have a 
severe reduction of all DC subsets, including pDCs. Reconstitution assays in these 
double knockout DCs showed that both IRF8 and, in lesser extent, IRF4 are important 
for the differentiation and function of pDCs. In addition, IRF4 is essential for GM-CSF 
BMDC cultures, whereas IRF8 was required in Flt3L BMDCs cultures.123 Interestingly, 
a patient suffering from a mutation in the IRF8 gene, which is thought to result in 
a dominant negative IRF8 protein, has a selective defect of CD11c+CD1c+ DCs 
(corresponding to the mouse CD11b+ DCs), which is contradicting with the finding 
in the mouse studies.122
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GaTa family of TranScriPTion facTorS

The GATA family of transcription factors consists of 6 family members (Gata1-6). 
They all contain two zinc finger domains that recognize the (T/A)GATA(A/G) (or 
WGATAR) binding motif on DNA. The C-terminal zinc finger domain mediates, 
besides DNA binding, protein-protein interactions in order to form transcriptional 
complexes.153 Gata1-3 are expressed in the hematopoietic system, whereas Gata4-
6 are expressed in tissues derived from the endoderm or mesoderm. In addition, 
they are involved in the development of the heart, lungs, and intestinal tract.154,155 
However, it seems the family is not as compartmentalized as thought, since Gata6 
has been recently shown to be expressed in mouse peritoneal macrophages,156 
where it regulates cell proliferation.157 
Gata1 is a key regulator of erythropoiesis and megakaryopoiesis, but also found 
to be expressed in mast cells, eosinophils, sertoli cells of the testis,154,158 and in 
DCs.159-163 Gata2 is required for the maintenance of hematopoietic multipotent 
stem cells, erythroid precursors, megakaryocytes, eosinophils, mast cells,154 and 
for the differentiation of DCs.164 In addition, Gata2 is expressed in differentiated 
endothelial cells and in specific neurons.154 As aforementioned, mutations in the 
GATA2 gene can cause the monoMAC syndrome in patients, characterized by 
deficit of DCs, monocytes, B and NK lymphocytes.117-119 Gata3 is also present in 
the hematopoietic stem cells,154 but is mainly found in the T cell lineage, especially 
in the TH2 cells.165 Gata2 negatively regulates Gata3 expression in DCs by binding 
to the Gata3 enhancer element.164 PU.1 can negatively regulate Gata3 in DCs as 
well,166 supporting the notion that Gata3 levels should be low in DCs for proper 
development. 

focus on Gata1

The murine Gata1 gene, located on the X-chromosome, contains two non-coding 
exons, i.e. IT (first exon transcribed in the testis167) and IE (first exon transcribed in 
erythroid cells168), followed by five coding exons.169 The promoter region of Gata1 
itself contains a CACC box and two palindromic GATA (Pal-GATA) sites (fig. 5), 
suggesting autoregulation of Gata1 or regulation by its family members.170 Due 
to alternative splicing of Gata1 mRNA, two isoforms can be found; Gata1 full 
length and Gata1 short (GATA1s). Gata1s is 83 amino acids shorter than the full 
length protein, lacking the N-terminal part of the protein.171 This N-terminal domain 
contains, among others, the binding site for the retinoblastoma protein (Rb), which 
is required for the terminal erythroid maturation step.172
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figure 5. GATA binding motifs of double stranded DNA. Arrows indicate 5’ to 3’ direction.

Gata1 can bind in different forms to the different binding motifs shown in fig. 5. If 
a single GATA motif is present (single-GATA), Gata1 binds in a monovalent way. 
However, Gata1 binds monomeric or heterodimeric to Pal-GATA or direct repeat 
(Tandem-GATA) motifs. The C- and N-terminal zinc fingers can individually bind to 
the Pal-GATA domain. However, the N-terminal zinc finger facilitates the bivalent 
binding and has been shown to be indispensable for proper binding to the Pal-GATA 
motif. In addition, the N-terminal zinc finger is essential for homodimerization of 
Gata1.173

Gata1 can form transcriptional complexes when binding to Single-GATAPal-GATA or 
Tandem-GATA motifs. For example, Friend of Gata1 (Fog1) can bind to the N-terminal 
zinc finger of Gata1,174 stabilizing the binding of Gata1 to the DNA.175 However, 
Fog1 does not influence activation or repression of this target genes by itself.176 In 
order to repress genes in erythroid cells, Fog1 recruits the nucleosome remodeling 
and deacetylase (NuRD) repressor complex to the Fog1/Gata1 complex.177

Gata1 is essential in lineage commitment and differentiation during hematopoiesis. 
Genes regulated by Gata1 are involved in cell survival pathways. In mice, Gata1 
directly regulates, by binding to the promoter regions, transcription of the anti-
apoptotic proteins Bcl-2 and Bcl-XL.

178-180 In addition, Gata1 induces the expression 
of DICER1 in in human DCs in a direct manner. Increased expression of DICER1 
induces cell proliferation and inhibits apoptosis, which results in a bad prognosis in 
acute myeloid leukemia (AML) patients.181 
Depletion of Gata1 in mice has only minimal effect on mast cell differentiation,182 
however, it completely results in defective erythropoiesis due to cell cycle arrest at 
the pro-erythroblast stage,183 indicating that the maturation of erythrocytes, but not of 
mast cells, fully depends on Gata1. Loss of Gata1 in adult mice, pancellular or cell-
specific, such as in early hematopoietic precursors, or in megakaryocytes, severely 
reduces the platelet counts and results in an excess of immature megakaryocytes. 
183,184 Natural mutations, causing deletion, insertions, or premature truncations of 
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GATA1 have been described in many patients, causing of a number of hematological 
disorders, such as dyserythropoietic anemia, Diamond-Blackfan anemia, (macro)
thrombocytopenia, and Down syndrome-related acute (megakaryo-blastic) 
leukemia.153,158,185

Gata1 in Dcs

GATA1 has an antagonistic function to the high-abundant transcription factor PU.1 
and is, low-abundantly, expressed in both cDCs and pDCs.160,163,180 Human mo-DCs 
are culture by adding both GM-CSF and IL-4 to monocytes. IL-4 was shown to induce 
the GATA1 expression in mo-DCs. In the absence of IL-4, monocytes differentiate 
towards monocyte-derived macrophages, no GATA1 expression is induced. This 
indicates that GATA1 is important in human mo-DC differentiation.159 Gata1low 
mice, with a one enhancer region of the Gata1 gene deleted, express much lower 
levels of Gata1 in blood and splenic cDCs. However, the Gata1 expression in 
hematopoietic precursors was normal. This supports the notion of different enhancer 
sites are required for distinct hematopoietic commitment/ differentiation stages.161 
Gata1 is strongly upregulated upon LPS activation of murine BMDCs, where it 
directly activates the transcription and production of IFNg.160 In addition, Gata1 
regulates the transcription of chemokine decoy receptor D6 in murine BMDCs.161,186 
D6 binds and mediates the uptake of inflammatory chemokines from the site of 
inflammation and eventually degrades the internalized chemokines to control the 
immune response.186 Lastly, Gata1 plays an important role in mouse DC survival as 
Gata1 knockout in DCs is accompanied by a decrease in the expression levels of 
anti-apoptotic proteins such as Bcl-XL.

160,161

GATA switch

GATA transcription factors are often expressed in an overlapping manner and, as 
they all contain GATA motifs in their promoter regions, they can regulate each other. 
This process is known as the GATA switch.154,170,187 The GATA switch between Gata1 
and Gata2 is well studied. Gata2, expressed in multipotent stem cells and progenitor 
cells,154 binds the Gata1 promoter region and induces initial expression of Gata1 
in progenitor cells. Gata1 starts a positive autoregulation loop, increasing its own 
expression.153,154,188,189 This higher levels of Gata1 can represses the expression 
of PU.1 by protein-protein interaction and by direct transcriptional repression.190 
All these events skew the progenitor cells towards the erythroid/megakaryocyte 
progenitor cells.153,154,190 On the other hand, Gata1 can replace Gata2 at the 
upstream region of the Gata2 gene, thereby repressing Gata2 expression. 
Progenitor cells with Gata1, but no Gata2, enter erythropoiesis and become mature 
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erythrocytes.153,154,189,191 If Gata1 is not able to block Gata2 expression and Gata2 
remains expressed alongside Gata1, the progenitor cells enter megakarypoiesis.154 
A critical role in this GATA switch, and thereby, in the regulation of the cell fate, is 
Fog1. Fog1 binds both Gata1 and Gata2 and facilitates the switch between the two, 
thereby determining the cell fate to erythrocytes or megakaryocytes.154,187 When 
Gata2 promotes PU.1 expression before Gata1 expression is induced in progenitor 
cells, PU.1 will repress Gata1 expression and the cells enter the granulocyte/
macrophage cell lineage.188,191

GATA switches between other GATA factors are less well studied. A Gata2/Gata3 
switch has been described during placental development. In undifferentiated 
trophoblasts, Gata2 repressed Gata3 to remain undifferentiated. When Gata3 
expression is induced, it represses the Gata2 expression, which results in trophoblast 
differentiation. This Gata2/Gata3 GATA switch is regulated by the Fog1 replacement 
by the cofactor Mediator1/TRAP220.192 Recently, a Gata2/Gata3 switch was 
also described in DCs. Gata2, required for DC differentiation, represses Gata3 
expression by binding to a downstream enhancer region of Gata3. Depletion of 
Gata2 resulted in an increased Gata3 expression and an increase in T cell related 
genes.164

Scope of this thesis

The studies described in this thesis gain more insight in the expression and function 
of the transcription factors Gata1 and PU.1 in DC biology, with the long-term 
goal of finding a tool to improve DCs in the use for immunotherapy. In chapter 
2, we characterized the expression of GATA1 in different mouse and human DC 
subtypes. In chapter 3, we focus on Gata1 and its function in mouse DCs by a loss 
of function approach using a DC specific Gata1 KO mouse model. In addition, we 
identified the transcriptome alterations in DCs due to Gata1 loss. The identification 
of genes directly regulated by Gata1 and PU.1 in mouse DCs upon activation was 
studied in chapter 4, using a combination of high throughput RNA-Seq and ChIP-
Seq technology. Finally, we focused on genes regulated by PU.1 in chapter 5, and 
identified the PU.1 transcriptome and its binding partners in both human and mouse 
DCs. 
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abSTracT

Dendritic cells (DCs) are key initiators and regulators of the immune response. 
The development DCs and their subsets requires an orchestrated regulation of 
their transcriptional program. Gata1, a transcription factor expressed in several 
hematopoietic cell lineages, has recently been reported to be required for mouse 
DC development and function. In human DCs, GATA1 is involved in the lineage 
separation between the closely related DCs and macrophages. The hematopoietic 
GATA family of transcription factors (i.e. Gata1, Gata2, Gata3) are known to regulate 
each other’s expression and function consecutively throughout lineage commitment 
(so-called GATA switch). However, a proper characterization is missing in the DC 
lineage. In human, mutations of GATA2 are causative for the MonoMAC syndrome, 
a human immunodeficiency syndrome characterized by loss of DCs, monocytes, B 
and NK cells. However, additional data on the expression of hematopoietic GATA 
factors in the DC lineage is missing.
In this study, we characterized the expression of hematopoietic GATA factors in 
murine and human DCs and their expression dynamics upon TLR stimulation. We 
found that all hematopoietic GATA factors are expressed in DCs, but identified 
species-specific differences in the relative expression of each GATA factor, and how 
their expression fluctuates upon stimulation. 

abbreviations

DC, dendritic cell; PAMP, pathogen-associated molecular pattern; TLR, Toll-like 
receptor, cDC, conventional dendritic cell; pDC, plasmacytoid dendritic cell; ssRNA, 
single stranded RNA; LPS, lipopolysaccharide; BMDC, bone marrow derived 
dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; Flt3L, 
FMS-like tyrosine kinase 3 ligand; PBMC, peripheral blood mononuclear cell; mo-
DC, monocyte derived dendritic cell;
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inTroDUcTion

Dendritic cells (DCs) are key initiators and regulators of the immune system, both 
priming the immune response and inducing tolerance.1 They locate in both lymphoid 
and non-lymphoid tissues, where they sample their environment continuously for self- 
and non-self-antigens.2,3 These “sampling” DCs are so-called immature DCs, and 
express a series of receptors that recognize pathogen-associated molecular patterns 
(PAMPs), including Toll-like receptors (TLRs). Upon PAMP recognition, DCs become 
activated, upregulate co-stimulatory molecule expression, migrate to the lymph 
nodes and present antigen-derived peptides to T-cells via MHC-I/II molecules.4

Two major types of DCs can be distinguished, namely conventional DC (cDC) and 
plasmacytoid DC (pDC).5 pDC are mainly found in the blood stream. They are 
important mediators in the antiviral immunity by the large amounts of type-I interferon 
they produce upon TLR7 (ssRNA) or TLR9 (CpG-containing DNA) stimulation.6,7 cDCs 
are mainly tissue-resident or migratory-DCs and express TLR2 (Lipopeptides), TLR4 
(lipopolysaccharide (LPS)), TLR5 (flagellin), TLR6 (heterodimerizes with TLR2), and 
TLR9 (CpG-containing DNA), although they recognize many different pathogens, 
they are mainly described as potent bacterial responders.8,9 Under inflammatory 
conditions, yet another type of DC, so-called inflammatory DC, derives from 
circulating monocytes.5

cDCs can be further subdivided in CD8a+ cDCs and CD4+CD11b+ cDCs in the 
mouse, which are comparable to human cDCs recently subdivided as BDCA3+ and 
BDCA1+ respectively.10,11 CD8a+ cDCs highly express DEC205 and CD24, whereas 
CD11b+ cDCs are DEC205low and express high levels of Sirp-a.12-16 Migratory cDCs 
can be distinguished from resident DCs in the lymph nodes by a higher MHC-II 
expression.4,5,14

The development of DCs from hematopoietic progenitors is tightly regulated by 
transcriptional programs. Many transcription factors have been studied in depth 
by using genetically modified mice and reconstitution assays.17 PU.1,17-19 IRF4,20-24 
IRF8,20-23 Batf3,20 RelB,21,22,24 and E2-225,26 where all shown to be important in DCs 
development, while some of them being required for a specific DCs subsets. Recently, 
Gata1 was described to be expressed in both cDCs and pDCs, and required for DC 
differentiation, survival and function.27 Furthermore, previous studies showed that 
GATA1 is also essential for human monocyte-derived DC differentiation and thereby 
crucial for the macrophage-DC lineage bifurcation from monocytes.28

Gata1 belongs to the GATA family of transcription factors, consisting of Gata1-
6. Of these, Gata1, Gata2, and Gata3 are expressed in the hematopoietic 
system. All the GATA transcription factors are very similar to each other. They 
contain two conserved multifunctional zinc finger domains and have a common 
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DNA binding motif WGATAR. The two zinc finger domains are involved in DNA-
binding and protein-protein interactions. Gata1 is essential for the differentiation 
of erythrocytes, eosinophils and megakaryocytes,29 but seems to be dispensable 
for mast cell differentiation.30 In human, two isoforms of GATA1 can be found, i.e. 
full length GATA1 (GATA1-FL) and a short isoform (also known as GATA1s), due 
to alternative splicing and translation.31 Mutations in exon 2 of the GATA1 gene 
leads to only GATA1s expression, found in Diamond-Blackfan anemia patients.31-33 
Gata1 regulates genes related to cell differentiation, cell cycle and survival, like the 
anti-apoptotic protein Bcl-XL.

28,34-37 Importantly, it has been shown that Gata1 and 
PU.1 antagonize each other during erythroid (Gata1 dependent) or macrophage 
(PU.1 dependent) differentiation, while in other lineages they can co-exist.28 Gata2 
is important throughout the hematopoietic system. It regulates the self-renewal of 
multipotent progenitor cells and is involved in erythro- and megakaryopoiesis.29,38 
Gata2 binds and regulates the PU.1 promoter directly.39 Conditional expression 
of Gata2 in mouse embryonic stem cells resulted in a decrease of PU.1 and an 
increase of Gata1, which blocked macrophage differentiation.39 In human, 
heterozygous mutations in the GATA2 gene are linked to the MonoMAC syndrome, 
which is characterized by the loss of DCs, monocytes, B and NK cells.40 Gata3 is a 
critical regulator of cells that orchestrate both the innate and adaptive immunity. It 
regulates hematopoietic stem cell maintenance41 and plays an essential role in the 
development and function of T cells42 and NK cells.43

GATA transcription factors are often expressed in an overlapping manner or 
replace each other during differentiation, the GATA switch.44,45 This is important for 
example in the erythrocyte/megakaryocyte lineage bifurcation. Gata2 is expressed 
in common megakaryocyte/erythroid progenitor. Repression of Gata2 by Gata1 
facilitates terminal differentiation of erythrocytes. However, if both Gata1 and 
Gata2 remain expressed, it leads to the differentiation of megakaryocytes.44,46-48 
Until now, the expression of GATA factors other than Gata1 in DCs has not been 
explored. Considering the expression and need of Gata1 for DC differentiation, 
survival and activation, and taking into account the existence of GATA switches in 
other hematopoietic lineages, and the role of GATA2 in the development of MonoMAC 
disease, we decided to characterize in depth the expression of hematopoietic GATA 
factors in mouse and human DC, either prospectively isolated or in vitro generated, 
and upon stimulation. 
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maTerialS anD meThoDS

mice

All mice were kept under pathogen-free conditions with free access to food and water, 
under the guidelines for animal experimentation approved by the Animal Ethical 
Committee of the Netherlands Cancer Institute (NKI, Amsterdam, The Netherlands).

human samples

Blood was taken from healthy donors after informed consent was obtained as 
approved by our institution medical ethics committee and in accordance with the 
1964 Declaration of Helsinki.

mouse dendritic cell culture 

Bone marrow derived dendritic cells (BMDCs) were generated by culturing femoral 
and tibial bone marrow cells of male wild-type C57BL/6 mice (Jackson Laboratory, 
Bar Harbor, Main, USA). 

GM-CSF cultures

BMDCs were cultured at a density of 0.5x106/ml in Gibco® RPMI 1640 (Life 
Technologies, Carlsbad, CA, USA) supplemented with 5% heat inactivated fetal 
calf serum (FCS), 1% Penicillin/Streptomycin (P/S), 5 µM 2-mercaptoethanol and 
20 ng/ml murine recombinant GM-CSF (Peprotech, Rocky Hill, NJ, USA); when 
indicated, 25 ng/ml murine recombinant IL4 (eBioscience, San Diego, CA, USA) 
was added. 500 ng/ml LPS (Santa Cruz Biotechnology, Dallas, Texas, USA) was 
added to the cells at day 7, and harvested for analysis at day 10.

Flt3L cultures

Red blood cells of the bone marrow were lysed with an isotonic ammoniumchloride 
buffer before culture. All cells of one femur and tibia were resuspended in 12 ml 
Gibco® RPMI 1640 supplemented with 10% FCS, 1% P/S, 5 µM 2-mercaptoethanol 
and 200 ng/ml Flt3L (kind gift of prof. B.N. Lambrecht, Ghent University) and cultured 
in a 6-well plate with 4 ml per well. 500 ng/ml LPS (Santa Cruz Biotechnology) or 
2 µg/ml CpG-B ODN 1668 (Invivogen, Toulouse, France) was added at day 8 and 
the cells were harvested 24 hours after stimulation for further analysis.

human dendritic cell culture

After isolating the peripheral blood mononuclear cell fraction by percoll gradient 
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Table 1. List of Antibodies

reactivity antibody conjugate clone manufacturer Use

Mouse CD11c PE HL3 BD-Pharmingen FACS

Mouse CD24 Pacific blue M1/69 eBioscience FACS

Mouse MHC-II FITC M5/114.15.2 eBioscience FACS

Mouse CD40 FITC 3/23 BD-Pharmingen FACS

Mouse CD86 PerCP GL-1 BioLegend FACS

Mouse Sirpa PerCP-eFluor710 P84 eBioscience FACS

Mouse B220 Pacific blue RA3-6B2 eBioscience FACS

Mouse CD8a PE-Cy7 53-6.7 BD-Pharmingen FACS

Mouse CD11b APC-Cy7 M1/70 BD-Pharmingen FACS

Human CD11c PE S-HCL-3 BD-Pharmingen FACS

Human CD11b APC-Cy7 ICRF44 BD-Pharmingen FACS

Human HLA-DR FITC G46-6 BD-Pharmingen FACS

Human CD40 FITC 5C3 BD-Pharmingen FACS

Human CD86 PerCP 2331 (FUN-1) BD-Pharmingen FACS

Mouse/Human Gata1 - N6 Santa Cruz FACS/WB

Mouse/Human Gata1 - M20 Santa Cruz WB

Mouse/Human
Gata1 
(N-terminus)

- Ab11963 Abcam WB

Mouse/Human
Gata1 
(C-terminus)

- Ab11852 Abcam WB

Mouse/Human Gata2 - H-116 Santa Cruz FACS/WB

Mouse/Human Gata3 - 14A9
Gift from Dr. D 
Kurek

FACS/WB

Mouse/Human PU.1 - T-21 Santa Cruz FACS/WB

Mouse/Human GAPDH - 6C5 Merck Millipore WB

- aRat IgG AF488 - LifeTechnologies FACS

- aGoat IgG AF488 - LifeTechnologies FACS

- aMouse IgG AF488 - LifeTechnologies FACS

- aRabbit IgG AF488 - LifeTechnologies FACS

- aRat IgG HRP - Dako WB

- aGoat IgG HRP - ThermoFisher WB

- aMouse IgG HRP - Amersham WB

- aRabbit IgG HRP - Amersham WB

aMouse IgG IRDye 800CW Li-Cor WB
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by centrifugation at 2070 RPM during 20 minutes, monocytes were positively 
selected with CD14+ MACS beads (Miltenyi Biotech, Auburn, CA, USA), following 
the manufacturer’s guidelines. CD14+ cells were cultured in Gibco® RPMI 1640 
supplemented with 10% FCS, 1% P/S, 10 ng/ml human recombinant GM-CSF 
(Peprotech) and 10 ng/ml human recombinant IL4 (Peprotech). Cells were stimulated 
with 500 ng/ml LPS (Santa Cruz Biotechnology) at day 7 and collected at day 8. 

flow cytometry 

After harvesting cultured DCs either from mouse or human origin, cells were stained 
(used antibodies are listed in Table 1), measured on a BD FACSCanto II flow 
cytometer (BD Bioscience, San Jose, CA, USA) and analyzed with FlowJo software 
(Ashland, OR, USA). For intracellular FACS, cells were fixed and permeabilized with 
the BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit (BD-Bioscience) 
and stained according to manufacturer’s guidelines (antibodies are listed in Table 1). 

Prospective isolation of mouse splenic dendritic cells subtypes

Spleen tissue was digested in Gibco® RPMI 1640 (Life Technologies), supplemented 
with 1.5 WU/ml Liberase TL (Roche diagnostics, Lewes, United Kingdom), 200 
U/ml DNAse (Sigma Aldrich, Dorset United Kingdom), and 500 ng/ml Aggrestat 
(Merck Sharp and Dohme, Haarlem, The Netherlands) for 45 minutes after which 
single cell suspensions were creased by passing suspensions through a 40 µm filter 
(BD bioscience). Red blood cells were lysed with an isotonic ammoniumchloride 
buffer. CD11c+ cells were selected using CD11c-MACS beads (Miltenyi biotech). 
cDCs were then labeled (Table 1) and sorted by flow cytometry (BD FACSAria III, BD 
bioscience) into CD11c+,MHC-II+,CD11b+ and CD11c+,MHC-II+,CD8+ splenic DC 
subsets. Purity of 93.2%-98.7% was confirmed by analyzing the sorted fraction by 
flow cytometry. Sorted cells were further processed to isolate mRNA. 

rna isolation and quantitative q-Pcr

Total RNA was extracted from cultured DCs with Trizol (Life Technologies), or with 
QIAamp RNA blood Mini kit (Quiagen, Venlo, The Netherlands) from ex vivo isolated 
DCs. cDNA was synthesized with Superscript® III RT (Life Technologies). Custom-
made primers were used to amplify desired transcripts with SYBR green as a detection 
method with the StepOnePlusTM Real time PCR system (Life Technologies). Custom 
made primers were used (Table 2). Input was normalized using housekeeping genes 
(mouse: Hprt, Ubc, and Gapdh; human: 18S and GAPDH) and relative expression 
was calculated using the cycle threshold value method (Ct), (relative expression=2-ΔCt 
where ΔCt = Cttarget gene – average Cthousekeeping genes).49 
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Table 2. Custom made primers

Gene fW 5’-3’ rev 5’-5’

Mouse Gata1 CAGTCCTTTCTTCTCTCCCAC GCTCCACAGTTCACACACT

Mouse Gata2 CCTGCGAGTCGAGATGGTTG CACCCCGCCGTATTGAATG

Mouse Gata3 GTCATCCCTGAGCCACATCT AGGGCTCTGCCTCTCTAACC

Mouse PU.1 TCTTCACCTCGCCTGTCTT TCCAGTTCTCGTCCAAGCA

Mouse Gapdh CCTGCCAAGTATGATGACAT GTCCTCAGTGTAGCCCAAG

Mouse Ubc AGGTCAAACAGGAAGACAGACGTA TCACACCCAAGAACAAGCACA

Mouse Hprt AGCCTAAGATGAGCGCAAGT ATGGCGACAGGACTAGAACA

Human GATA1 AGATGAATGGGCAGAACAGG AGCGGAGCCACCACAGTA

Human GATA1 ex I-II CACACTGAGCTTGCCACATC TCCCTGTAGTAGGCCAGTGC

Human GATA1 ex I-III CACACTGAGCTTGCCACATC CAGTTGAGGCAGGGTAGAGC

Human GATA1 ex II-II TGTCCTCCACACCAGAATCA TCCCTGTAGTAGGCCAGTGC

Human GATA1 ex III-IV CCAAGCTTCGTGGAACTCTC AGGCGTTGCATAGGTAGTGG

Human GATA1 ex IV-VI AGATGAATGGGCAGAACAGG AGCGGAGCCACCACAGTA

Human GATA2 CCCACCTACCCCTCCTATGT GCCTTCTGAACAGGAACGAG

Human GATA3 CTGGCCACAGTTGTTTGATG TGCCCAGAACTGGTATTTCC

Human PU.1 CACCTTCCAGTTCTCGTCCAA CTTCTTCTTCACTTCTTGACCTC

Human GAPDH CTCTCTGCTCCTCCTGTTC TGACTCCGACCTTCACCTTC

Human 18S GGAGAGGGAGCCTGAGAAAC GGGCCTCGAAAGAGTCCT

Protein extraction and Western blotting

Cells were lysed with RIPA buffer (10mM Tris-HCL pH8, 1mM EDTA, 0.5mM EGTA, 
140mM NaCl, 1% TritonX100, 0.1% NaDOC, 0.1% SDS) for whole cell extracts 
and protein concentrations were measured with BCA Protein Assay Reagent 
(Thermo Scientific, Rockford, IL, USA). Equal protein levels were separated on a 
10-12,5% SDS-polyacrylamide gel and transferred to a PDVF membrane (Millipore, 
Billerica, MA, USA) (fig. 1e) or nitrocellulose membrane (fig. 5c). Membranes were 
first incubated with primary unlabeled antibodies and thereafter with secondary 
antibodies labeled with HRP (Table 1). HRP was activated with Amersham ECL Prime 
Western blotting detection reagent (GE Healthcare, Little Chalfont, United Kingdom), 
exposed to Super RX films (Fujifilm, Tokyo, Japan) and developed in the medical 
film processor SRX-101A (Konic Minolta, Tokyo, Japan). GAPDH (Merck Millipore, 
Darmstadt, Germany) was used as a loading control. Secondary antibodies with a 
fluorescent label (Licor, Lincoln, Nebraska, USA) were used, which were visualized 
with the Li-cor Odyssey Western Blot detection system (Westburg, Leusden, The 
Netherlands). 
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Statistical analysis

Results are presented as the mean (+/- standard error of the mean (SEM)), unless 
otherwise stated. Statistical significance was assessed with a two-sided student’s 
t-test. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 as calculated with GraphPad prism 
software, version 6.02 (San Diego, USA). 

reSUlTS

Expression levels of GATA transcription factors in mouse BM-derived 
DCs in vitro.

To study the expression levels of the different GATA transcription factors in mouse 
DCs, two different culture methods were used. GM-CSF BM-derived DCs resemble 
inflammatory DCs, which derive from monocytes upon inflammation. Flt3L BM-
derived DC cultures give rise to three DC subsets, pDCs, CD11b+ DCs and CD11b- 
DCs (equivalent to the CD8a+ DCs)11 and therefore, resemble more closely the 
resident DC subtypes found in vivo. 
Mouse BMDCs cultured with GM-CSF (GM-CSF-DCs) resulted in a homogenous 
population of CD11chighCD24+ cells with a purity above 90% in all cultures (fig. 1a). 
Cells were stimulated with LPS at day 7, and collected at day 10. To analyze whether 
the GM-CSF-DCs were properly activated, expression levels of MHC-II and their co-
stimulatory molecules CD40 and CD86 were analyzed. All three markers showed 
a significant and substantial increase after LPS stimulation (fig. 1a). Therefore we 
concluded that we had a representative culture of GM-CSF-DCs at steady state and 
upon stimulation for further analysis. 
Next, we analyzed the mRNA expression levels of the GATA factors and PU.1 in 
steady state. PU.1 showed the highest expression levels. Amongst GATA factors, 
Gata1 and Gata3 had similar expression levels, whereas the expression of Gata2 
was 4-fold higher (fig. 1b). This was confirmed at the protein level by flow cytometry 
analysis of intracellular protein staining (fig. 1c). As previously reported,18,27 the 
expression levels of Gata1 increase upon LPS stimulation, whereas PU.1 levels 
decrease (fig. 1D). We did not observe significant changes in the expression levels 
of Gata2 and Gata3 after stimulation (fig. 1D). We confirmed these findings at 
the protein level by Western blotting, and showed that Gata1 increased with LPS 
stimulation and PU.1 decreased, while Gata2 and Gata3 remained unchanged (fig. 
1e).
Mouse BMDCs cultured with Flt3L (Flt3L-DCs), resulted in three DC subtypes; pDCs, 
gated as B220+CD11cint, and cDCs, gated as CD11c+ (fig. 2a). cDCs were further 
subdivided into CD24+ or Sirp-a+ subsets (equivalents to CD8a+ and CD11b+ subsets 
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figure 1. Expression levels of GATA transcription factors in mouse GM-CSF-DCs. (A) Percentage of 
CD11c+,CD24+ GM-CSF-DCs in culture and the expression of activation markers MHC-II, CD40, and 
CD86, measured by flow cytometry. (B) mRNA RT-qPCR analysis of transcription factor expression in 
steady state. (C) Intracellular flow cytometry analysis of transcription factor expression in steady state. (D) 
Fold induction of mRNA levels of Gata1, Gata2, Gata3, and PU.1 upon LPS activation is represented. 
(E) Expression profile of Gata1, Gata2, Gata3, and PU.1 at protein levels in steady state and upon LPS 
activation as determined by western blotting.
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respectively)15 (fig. 2b). pDCs express TLR7 and TLR9,6,7 whereas cDCs express 
multiple TLRs, like TLR2, -4, -5, -6, and -9.8,9 The cultures were activated with either 
LPS (TLR4 ligand) or CpG-B (TLR9 ligand) and activation was confirmed by the up-
regulation of the surface expression of MHC-II. Both pDCs and cDCs increased 
MHC-II expression upon either stimulation, although cDCs displayed a stronger 
reaction upon LPS, whereas pDCs reacted stronger to CpG (fig. 2c). 
RNA was isolated from the Flt3L cultures in the steady state condition and upon 
stimulation to analyze the expression of transcription factors. First, we compared 
the relative expression between the different transcription factors in the steady state 
condition. The expression level of PU.1 was the highest, as occurred with GM-CSF-
DCs. Amongst GATA factors, Gata1 was expressed at higher level than Gata2 

figure 2. Expression levels of GATA transcription factors in mouse Flt3L-DCs. (A) Percentage of 
B220+,CD11cmid (pDCs) and B220neg,CD11c+ (cDCs) as analyzed by flow cytometry. (B) Percentages 
of cDCs subtypes, CD24+ or Sirp-a+. (C) Expression of MHC-II in steady state and upon TLR4 (LPS) or 
TLR9 (CpG-B) stimulation of both pDCs and cDCs. (D) mRNA RT-qPCR analysis of transcription factor 
expression in steady state condition. (E-H) Effect of TLR4 (LPS) or TLR9 (CpG-B) stimulation on transcription 
factors.
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and Gata3 (fig. 2D). We next analyzed the effect of the two different stimuli, LPS 
and CpG-B on the expression levels of these factors. Gata1, Gata2, and Gata3 
displayed the same pattern and the expression levels decreased with both stimuli 
compared to the steady state condition (fig. 2e, f, and G). In contrast, the levels 
of PU.1 increased after stimulation, especially after TLR9 stimulation that primarily 
targets pDCs (fig. 2h). 
This suggests essential differences in the expression and dynamics of the transcription 
factors analyzed, not only due to the steady state or activated status of DCs, but 
also due to the culture method employed, (i.e. mimicking cDCs -Flt3L culture- or 
inflammatory DCs -GM-CSF culture-).

expression levels in mouse ex vivo Dcs

Because the Flt3L culture system remains debatable as to how the cultured DCs 
compare to in vivo DCs, we also directly analyzed ex vivo DCs isolated from the 
mouse spleen in steady state condition. DCs were selected by the simultaneous 
expression of MHC-II+ and CD11c+, and subsequently sorted into two subtypes, 
CD8a+ cDCs and CD11b+ cDCs (fig. 3a). The sorted fractions had a purity above 
90% for each subset (fig. 3b). The expression levels of the GATA transcription factors 
and PU.1 were analyzed at mRNA levels. Gata1 and PU.1 are expressed at similar 
levels in both subtypes. Gata2 and Gata3 showed higher expression levels in CD11b+ 
DCs compared to CD8a+ cDCs (fig. 3c). Then we questioned what the relative 
expression to each other would be in ex vivo DCs and whether this was different 
between CD8a+ cDCs (fig. 3D) and CD11b+ cDCs (fig. 3e). PU.1 is expressed at the 
highest levels in both CD8+ and CD11b+ cDC subsets. Gata1, Gata2, and Gata3 
did not differ significantly from each other in the CD8+ subset. In the CD11b+ subset 
there was a statistical difference in expression levels. Gata2 expression was higher 
compared to Gata1, but lower than Gata3, which showed the highest expression 
levels of the GATA factors in CD11b+ DC (fig. 3h). The expression level of Gata1 in 
higher compared to Gata2 and Gata3 in the Flt3L cultured cells compared to both 
ex vivo isolated splenic subsets. However, we cannot exclude the influence of pDCs 
on the Gata1 expression in the Flt3L cultures.

human monocytes and monocyte-derived dendritic cells

The similarities and differences between mouse and human DCs, for example in 
surface marker expression and cytokine production, are many,7 but relatively little is 
known about the expression of GATA factors in human DCs. Monocytes were cultured 
with GM-CSF and IL-4 to generate monocyte derived DCs (mo-DCs), activated with 
LPS at day 7 and harvested at day 8. The culture status and DC activation upon LPS 
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figure 3. Expression levels of GATA transcription factors in isolated mouse splenic cDC subsets.(A) 
Splenic cDC were sorted for MHC-II+CD11c+CD11b+ (CD11b cDCs) or MHC-II+CD11c+CD8a+ (CD8a 
cDCs) subptypes. (B) Cytospins of the sorted subtypes were prepared and stained with May-Grünwald-
Giesma. (C-F) mRNA RT-qPCR of transcription factors expression in the two subtypes. (G) mRNA 
expression pattern of transcription factors in CD8a+ cDCs. (H) mRNA expression pattern of transcription 
factors in CD11b+ cDCs.
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was confirmed by flow cytometry. The culture was very homogenous, with a purity of 
CD11c+ CD11b+ cells above 95% in all cultures. Activation of mo-DCs was analyzed 
by the expression of HLA-DR, and the co-stimulatory molecules CD40 and CD86 
(fig. 4a-c). All three markers increased significantly after LPS activation. 
Since it has been recently shown that GATA1 expression was upregulated in mo-
DCs compared to monocytes,28 we included monocytes in our characterization. In 
monocytes, PU.1 was the highest in expression compared to either of the three GATA 
factors analyzed. The three GATA factors were expressed at similar levels amongst 
themselves. The relative RNA-levels in steady state mo-DCs (fig. 4e) displayed a 
different pattern compared to monocytes. GATA1 levels strongly increased, as 
expected.28 GATA2 had the lowest expression levels of all these transcription factors 
tested. GATA3 and PU.1 were expressed at similar levels, but still lower compared 
to GATA1. 
Next, we analyzed the influence of differentiation and LPS activation on the 
expression of the single factors. GATA1 (fig. 4f) was significantly increased during 
the differentiation towards mo-DCs, however, LPS activation did not influence its 
expression further. The levels of GATA2 (fig. 4G) and PU.1 (fig. 4i) decreased 
during mo-DC differentiation, and LPS activation did not influence the expression 
further. The levels of GATA3 (fig. 4h) remained stable during the differentiation 
from monocytes, to mo-DCs and also after LPS stimulation. This suggests a different 
behavior of the transcription factor dynamics upon stimulation between mouse and 
human GM-CSF-DC (inflammatory DCs).
In human, there are two isoforms of GATA1, the full-length isoform which starts from 
the coding exon 2 (GATA1-FL), and GATA1s, which starts from the coding exon 
3, skipping exon 2.31 Therefore, we analyzed the expression of the two GATA1 
isoforms in monocytes and mo-DCs in steady state or with LPS stimulation. We used 
cDNA from DAMI cell line, a megakaryoblastic leukemia cell line, as control,50 that 
co-expresses both GATA1 isoforms. We designed primers for RT-PCR on exon 1 and 
2, which is only present if GATA1-FL is expressed, and primers located on exon 4 
and 6, which is present on both GATA1-FL and GATA1s. Both isoforms are expressed 
in human mo-DCs (fig. 5a). We also used primers located at exon 1 and 3 that give 
two PCR products corresponding to the long and short isoform (fig. 5a). However, 
analyzing quantitatively the relative expression of the two isoforms, we found that 
GATA1-FL is only 10-20% of GATA1-FL and GATA1s combined. This indicates that at 
mRNA level, mo-DCs contain higher levels of GATA1s (fig. 5b). This led us to examine 
GATA1 isoform expression at the protein level, and for that we used antibodies that 
recognize either both isoforms (targeted against a C-terminus peptide of GATA1), or 
otherwise the long isoform only (targeted against an N-terminus peptide of GATA1). 
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We could detect the long isoform of GATA1 in monocytes, and mo-DCs in steady 
state or cultured with LPS stimulation. GATA1 is a low-abundance transcription factor 
in these cells as compared to DAMI cell line (used as control), and long exposure 
allowed us to detect also GATA1s in monocytes and mo-DC stimulated with LPS (fig. 
5c), which does not correlate to the quantification of the GATA1 isoforms at the 
mRNA level. 

il-4 influences the balance of GaTa factors in mouse Dc

To culture human monocyte-derived DCs, IL-4 is required in addition to GM-CSF, 
whereas GM-CSF alone gives rise to monocyte derived macrophages. IL-4 induces 
GATA1 expression in mo-DCs, which is required for monocytes to differentiate into 
mo-DCs instead of differentiating into macrophages28 Therefore, we wondered 
whether we could further induce Gata1 expression in mouse GM-CSF-DCs when IL-4 
was added to the culture. For this purpose, murine BMDCs were cultured with GM-
CSF alone or with the addition of IL-4. The culture phenotype and activation upon 
stimulation were analyzed by flow cytometry. Addition of IL-4 resulted in the same 
percentage of CD11chigh CD24+ cells as in the culture with only GM-CSF (fig. 6a). 
Expression of the activation markers in GM-CSF/IL-4-DCs, MHC-II, CD86 and CD40 

figure 4. Expression levels of GATA transcription factors in human monocytes and mo-DCs. (A) Analysis 
by flow cytometry of human monocyte derived DCs (CD11b+CD11c+) of activation markers HLA-DR, 
CD40, and CD86. (B) mRNA RT-qPCR analysis of transcription factor expression in monocytes. (C) 
mRNA RT-qPCR analysis of transcription factor expression in monocyte-derived DCs in steady state 
condition. (D-G) Effect of LPS activation on transcription factors.
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(fig. 6b-D) were much higher in steady state condition and only CD40 increased 
further after LPS activation. The levels of CD86 and MHC-II remained similar or 
decreased respectively after activation. The transcript levels of Gata1 and PU.1 
were not affected by IL-4 addition, and increased and decreased respectively after 
activation in both culture conditions (fig. 6e and h). However, Gata2 and Gata3 
were affected by IL-4. Levels of Gata2 decreased significantly in steady state and 
increased slightly after LPS stimulation, but remained repressed by IL-4 (fig. 6f). 
Gata3 on the other hand was induced by IL-4, and increased even more after LPS 
stimulation (fig. 6G).

DiScUSSion

This study provides, for the first time, a systematic description of GATA transcription 
factor expression in mouse and human DCs. We found all three hematopoietic GATA 
transcription factors present in all DCs types analyzed, of both murine and human 
origin. PU.1, a well-known transcription factor in DCs and antagonist of Gata1, 
was expressed a ten-fold higher in murine DCs, both cultured and freshly isolated, 
but expressed as similar levels in human mo-DCs. Major differences between the 
analyzed DCs were the expression levels and pattern of the three GATA transcription 
factors, especially of Gata3. GATA transcription factors play distinct yet essential roles 
in the hematopoietic system.51 In addition to erythropoiesis and megakaryopoiesis,29 
Gata1 was found to be important in the development of dendritic cells in mouse27 
and human.28 Loss of function mutations of GATA2 resulted in loss of dendritic 
cells, monocytes, B-cells and NK-cells.40 However, additional data regarding the 
expression of Gata3 in DCs was missing.
We characterized different mouse in vitro DC culture protocols and compared it to 
freshly isolated murine splenic DC subtypes and human mo-DC culture. In both mouse 
BM-derived DC cultures (GM-CSF or Flt3L) the expression levels of PU.1 was about 
a tenfold higher compared to the GATA transcription factors, which is comparable 

figure 5. Expression of both GATA1 isoforms in human monocytes and mo-DCs.(a) RT-PCR analysis of 
GATA1 isoform expression in human monocytes and mo-DCs in steady state and upon LPS stimulation, 
using DAMI cell line as control. Primer location is indicated in the scheme, and allowed us to discern 
between full length (GATA1-FL) and GATA1s isoforms. Gel pictures are included of amplification products. 
(b) Bar graph representing the relative fold enrichment (RFE) of GATA1-FL (FL) alone compared to GATA1-
FL and GATA1s together (FL+S) as measured by qRT-PCR. Gel pictures are included of amplification 
products. FL+S was set to 100%. (c) Western blotting analysis of GATA1 isoform expression in monocytes 
and mo-DCs in steady state and upon LPS stimulation, using DAMI cell line as control. Ab11852 
recognizes both GATA1-FL and GATA1s isoforms, while ab11963 and N6 recognize only GATA1-FL. 
VINCULIN or GAPDH were used as loading controls.
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to the findings in freshly isolated splenic DC subtypes. However, major differences 
between the two culture protocols and ex vivo DCs, were found with respect to the 
three GATA transcription factors. 
Expression of Gata3 was the highest of the GATA factors in freshly isolated murine 
splenic DCs, especially in the CD11b+ (CD4+) cDC subset. However, in neither of 
the two murine DC culture methods, nor in the human mo-DCs, induction of Gata3 
was observed. Until now, Gata3 is mainly described in T-cells, were it induces CD4 
expression through Runx3.52 Gata3 was not described in DCs before, however, 
ablation of Runx3 was shown to result in a decrease of the splenic CD4+CD11b+ 

figure 6. IL4 induces Gata3 and inhibits Gata2 in mouse GM-CSF-DCs.(A) Percentage of CD11c+CD24+ 
GM-CSF-DCs (black bars) and GM-CSF/IL4-DCs (grey bars) in culture and the expression of activation 
markers MHC-II, CD40, and CD86, measured by flow cytometry. (B) mRNA RT-qPCR analysis of 
transcription factor expression in GM-CSF-DCs (black bars) and GM-CSF/IL4-DCs (grey bars) and after 
activation with LPS. (C) mRNA expression pattern in steady state of GM-CSF-DCs (black bars) and GM-
CSF/IL4-DCs (grey bars). (D) Fold induction of mRNA levels after LPS stimulation of GM-CSF-DCs (black 
bars) and GM-CSF/IL4-DCs (grey bars).
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cDC subset.53 Therefore, we hypothesize that Gata3 is required for the induction of 
Runx3 in dendritic cells and thereby for the differentiation of the splenic CD4+CD11b+ 
cDC subset. Because it was previously reported that IL4 induces Gata3 expression in 
T-cells,52 and because IL4 is required for human mo-DCs,28 we wanted to see if we 
could induce Gata3 expression in murine GM-CSF-DCs by adding IL4. Confirming 
our hypothesis, expression of Gata3 was induced in the cultures supplemented with 
IL4, however not to the expression levels which that were observed in freshly isolated 
splenic DCs. Therefore, we hypothesize that in vitro cultured DCs might be more 
comparable to the in vivo situation if we can find a way to properly induce Gata3 
expression levels in DCs.
In human, there are two isoforms of GATA1, i.e. GATA1-FL and GATA1s, depending 
on translation starting on exon 2 or 3.31 Both isoforms are equally expressed in 
eosinophils, but previous studies pointed out the undetectable levels of GATA1 in 
mo-DC and GATA1s detected only in mature mo-DCs.54 Diamond-Blackfan anemia 
patients have a mutated GATA1 gene, resulting in loss of GATA1-FL, although 
GATA1s is normally expressed. The expression of only GATA1s was insufficient for 
proper erythropoiesis.31-33 In addition, mutations in exon 2 of GATA1 of patients 
with Down syndrome are causative of transient myeloproliferative disorder (TMD).55 
Therefore, we analyzed the expression of both GATA1-FL and GATA1s in mo-DCs. 
We found that the expression of GATA1s mRNA is more abundant in monocytes and 
mo-DCs, both in steady state and after LPS stimulation. However, when analyzing 
isoform expression at the protein level, we readily detected GATA1-FL (although 
being a low-abundance transcription factor when compared to DAMI cell line), 
while GATA1s was only detected in monocytes and LPS-stimulated DC after long 
exposure of the Western blot developing film. However, it would be interesting to 
analyze the expression of GATA1-FL and GATA1s not only in monocytes and mo-
DCs, but also in prospectively isolated DC subtypes, and in the context of GATA1 
exon2 mutations. We cannot discard that expression of only GATA1s would be 
sufficient for the mononcyte/DC lineage to develop and function properly in the 
context of GATA1 mutations affecting the expression of the GATA1-FL isoform, i.e. 
Diamond-Blackfan anemia and Down Syndrome. 
Mutations in the GATA2 gene have been recently linked to the human immunodeficiency 
syndrome MonoMAC, which is characterized by loss of dendritic cells, monocytes, 
B-cells and NK-cells.40 We found expression of GATA2 in both monocytes as in 
monocyte-derived DCs. Although the GATA2 expression levels in monocytes are 
more variable amongst donors, in all cases expression levels decreased upon DC 
differentiation. In addition, in murine GM-CSF-DCs, in which DC differentiation is 
assumed to go through the monocytic pathway, Gata2 is the highest in expression 
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among the GATA factors. This suggests an important, and yet unanticipated, role 
for GATA2 in the development of monocytes towards inflammatory dendritic cells.
Lastly, we questioned whether a GATA switch was present in DC differentiation or 
activation, as was observed to play a determinant role in other lineages, like the 
erythroid or megakaryocytic.44,47,48 In human we observed a clear GATA switch 
between GATA1 and GATA2 in the differentiation from monocytes towards mo-
DCs. Levels of GATA1 were strongly induced, and GATA2, although not significant 
due to the donor-dependent variation noted in monocytes, decreased in all cases 
in monocyte-derived DCs. Taken together with the MonoMAC syndrome, this might 
indicate that GATA2 expression is required to induce GATA1 expression for the 
DC differentiation. In both of the mouse DC culture protocols, we did not observe 
a clear GATA switch. However, there still might be a GATA switch present during 
differentiation of DCs from their precursors.
Here we studied the expression of GATA factors and PU.1 comparing mouse and 
human DCs. In both species, two subsets of cDCs have been described. CD8+ 
and CD11b+ in mouse and CD141+ (BDCA3+) and CD1c+ (BDCA1+) in human 
respectively.10,11 However, the in vivo cDC development of human DC is less well 
understood than that of mouse cDC development. In vitro human cDCs are often 
cultured from monocytes in the presence of GM-CSF/IL4, however, these monocyte-
derived DCs, or inflammatory DCs, also relate to activated monocytes.56 Recently, 
a new culture method was described using human CD34+ hematopoietic stem cells 
cultured with Flt3L, SCF and GM-CSF on stromal cells, which gave rise to, among 
other cell types, the two major DC types (which include pDCs and both subsets of 
cDCs),57 which were closely related to the in vivo subsets.57,58 Therefore, it might be 
interesting to study the expression of GATA1-3 and PU.1 also from freshly isolated 
human DCs and compare these to the mouse ex vivo DC subsets.
In conclusion, we found PU.1 expression to be the highest in all mouse DC culture 
methods and also in the freshly isolated splenic DC subsets. The main difference in 
expression levels of the GATA factors between freshly isolated splenic DC subsets 
and cultured BM derived DCs is the “failed” induction of Gata3 in culture. We found 
that IL4 slightly induced Gata3 expression in culture, although not to comparable 
levels as ex vivo. In human monocyte derived DC culture, we observed a potential 
GATA1/GATA2 GATA switch in the differentiation from monocytes towards mo-DCs, 
although not after activation. However, the specific function and/or redundancy of 
GATA factors (especially of GATA2 and GATA3) in human ex vivo DCs remains to 
be elucidated. 
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abSTracT

Dendritic cells (DCs) play a pivotal role in the regulation of the immune response. 
DC development and activation is finely orchestrated through transcriptional 
programs. Gata1 transcription factor is required for murine DC development and 
data suggests that it might be involved in the fine-tuning of the life span and function 
of activated DCs. We generated DC-specific Gata1 knockout mice (Gata1-KODC), 
which presented a 20% reduction of splenic DCs, partially explained by enhanced 
apoptosis. RNA-Seq analysis revealed a number of deregulated genes involved in 
cell survival, migration and function. DC migration towards peripheral lymph nodes 
was impaired in Gata1-KODC mice. Migration assays performed in vitro showed 
that this defect was selective for CCL21, but not CCL19. Interestingly, we show that 
Gata1-KODC DCs have reduced polysialic acid levels on their surface, which is a 
known determinant for the proper migration of DCs towards CCL21. 
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inTroDUcTion

Dendritic cells (DCs) are key initiators and regulators of the immune response.1 Two 
major types of DCs have been defined in mouse and human in the steady state, i.e. 
conventional DC (cDC) and plasmacytoid DC (pDC). Under inflammatory conditions, 
yet another type of DC, so-called inflammatory DC, derives from circulating 
monocytes.2 In mice, cDCs can be further subdivided into CD8a+CD24+Xcr1+ cDCs 
(also called cDC1) and CD11b+Sirp-α+ cDCs (also called cDC2).3-8 Immature DCs 
express several receptors for pathogen-associated molecular patterns (PAMPs), such 
as Toll-like receptors (TLRs), which can induce the activation of DCs when recognizing 
their ligand. Activated DCs migrate to the lymph nodes to activate T and B cells by 
antigen presentation on MHC-I or MHC-II.9 Migratory DCs in the lymph nodes can 
be distinguished from resident cDCs by their higher MHC-II expression.2,5,9 Both 
cDC subtypes can activate CD4+ T cells through MHC-II in the lymphoid organs. 
In addition, CD8a+ cDCs are specialized to cross-present antigen on the MHC-I 
molecule and thereby are capable of priming CD8+ cytotoxic T cells.3,5,9-11

The development of DCs from hematopoietic progenitors is tightly regulated 
by transcriptional programs.12,13 The role of several transcription factors in DC 
development has been studied using genetically modified mice and by reconstitution 
assays.14 Several transcription factors have been found to regulate DC subset 
differentiation. Mice deficient for IRF2, IRF4, KLF4 or RelB have a strong reduction 
in the CD11b+ cDC subset,15-18 whereas IRF8 and Batf3 deficiency results in a strong 
reduction in the CD8a+ cDC subset.19,20 IRF4 and IRF8 are important for the in 
vitro generation of bone marrow-derived DCs (BMDCs), either in the presence of 
GM-CSF or Flt3L.20 Other transcription factors, such as SPI1 (also known as PU.1), 
are involved in the development and differentiation of both cDC subsets. PU.1 
regulates Flt3 expression, which is essential for DC development. 21 Loss of PU.1 in 
the DC lineage results in a general cDC defect, with the CD8+ cDC subtype being 
more severely affected than the CD11b+ cDC subtype.14,21,22 Gata1 transcription 
factor, which exerts functions antagonistic to PU.1, is expressed in both cDCs 
and pDCs23 and required for proper differentiation.24 Gata1 belongs to the GATA 
family of transcription factors, characterized by two zinc finger domains for DNA 
binding to the GATA consensus sequence (WGATAR), as well as motifs for protein-
protein interactions.25 Gata1 is essential for differentiation of erythrocytes and 
megakaryocytes.25-27 In these lineages, Gata1 regulates the transcription of cell-
specific and anti-apoptotic genes.26,28-31

Not much is known yet about the role of Gata1 in DCs. Gata1 was found to 
be important for the lineage separation between DCs and macrophages, being 
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indispensable for DC commitment and differentiation from progenitors.24 It was also 
observed that Gata1 is required for DC survival and function, in particular upon LPS 
stimulation of GM-CSF-cultured BMDCs. In human, DC differentiation from blood 
monocytes was reported to coincide with the upregulation of GATA1 expression 
as a crucial cell fate factor for the dichotomy between Langerhans cells and DC 
lineage development.26 The closely related GATA2 transcription factor has been 
recently linked to DC differentiation. Patients carrying mutations in the GATA2 gene 
present with MonoMac disease (an autosomal dominant immunodeficiency caused 
by the lack of monocytes, DCs, B cells and NK cells) and are prone to develop 
myelodysplasia/leukemia.32 In addition, conditional Gata2 loss in mice results in 
severely reduced DC numbers.33

In this study, we dissect the role of Gata1 in DCs using a DC-specific Gata1 knockout 
mouse model (Gata1-KODC). We found that Gata1-KODC mice display a decrease 
in the splenic DC compartment. RNA-Seq revealed a number of deregulated genes 
involved in cell survival, migration and function in Gata1-KODC DCs. Interestingly, 
we observed impaired DC migration towards the lymph nodes in Gata1-KODC mice 
upon LPS treatment and in aging mice. The migration defect was CCL21-dependent. 
This phenomenon could be explained by reduced polysialic acid (PSA) surface 
expression levels in LPS-stimulated Gata1-KODC DCs. 

maTerialS anD meThoDS

animals

Mice bearing a modified Gata1 allele flanked with loxP sites34 were crossed with 
mice expressing a constitutively active Cre recombinase under the CD11c promoter 
(CD11cCre -[BAC] mice) from the Jackson laboratory (B6.Cg-Tg(Itgax-cre)1-1Reiz/J, 
strain 008068).35 Since the Gata1 gene is X-linked, only Gata1-lox|CD11cCre (BAC) 
males were used in order to obtain DC-specific pancellular Gata1 recombination 
and we named them Gata1-KODC. Gata1-lox male littermates (WTlox) were used as 
controls. Additionally, and to be able to sort an enriched population of recombined 
DCs for RNA-Seq, we used the R26R-RG reporter strain (provided by S. Aizawa). 
These mice bear a conditional reporter transgene at the Rosa26 locus and upon 
Cre recombination they express nuclear-mCherry and surface-EGFP.36 We crossed 
R26R-RG mice with Gata1-lox|CD11cCre (BAC) mice, and used R26R-RG|Gata1-
lox|CD11cCre (R26R-RG|Gata1-KODC) and R26R-RG|CD11cCre (R26R-RG|WTCre) 
mice for the generation of DCs in culture as specified below.
Mice were used between 8 and 16 weeks of age, unless stated otherwise. When 
indicated, lipopolysaccharide (LPS, Sigma, UK) was administered (5 µg/mouse) via 
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intravenous injection and mice were sacrificed after 24 hours for further analysis. 
Mice were kept specified pathogen-free with free access to food and water at all 
times, under the guidelines for animal experimentation approved by the animal 
ethical comity of the Netherlands Cancer Institute (NKI, Amsterdam, the Netherlands), 
Erasmus MC (Rotterdam, the Netherlands) and VIB (Ghent, Belgium).

mouse bone marrow-derived dendritic cell (bmDc) culture

Bone marrow was obtained by crushing the femur and tibia of both legs, after which 
the cells were filtered through a 40 µm filter (BD-bioscience, CA, USA) to obtain a 
single cell suspension. Cells were cultured at a density of 0.5x106/ml in Gibco RPMI 
1640 (Life Technologies, CA, USA) supplemented with 5% heat inactivated fetal calf 
serum (FCS), 1% Penicillin/Streptomycin (P/S), 5 µM 2-mercaptoethanol and 20 
ng/ml murine recombinant GM-CSF (Peprotech, NJ, USA). 500 ng/ml LPS (Santa 
Cruz, CA, USA) was added to the cells at day 7 and the cells were harvested for 
further analysis at day 8 and 10.

cell purification and flow cytometry

Blood was drawn by heart puncture and collected in heparin-coated vials (Sarstedt, 
Nümbrecht, Germany). The scil Vet abc Plus+ automated hemocytometer was used 
to determine standard blood parameters. Spleen and lymph nodes were taken from 
the mice and digested in Gibco RPMI 1640 (Life Technologies), supplemented with 
1.5 WU/ml liberase TL grade (Roche, UK), 0.5 µg/ml Aggrastat (MSD) and 2 
KUnits/ml DNAse (Sigma) for 30 minutes at 37°C. Single cell suspensions were 
made using a 40 µm filter (BD-bioscience) and the cells were washed with PBS/0.5 
mM EDTA. Blood and spleen samples were treated with an isotonic ammonium 
chloride buffer for 5 minutes at 4°C to lyse the erythrocytes, after which lysis buffer 
was washed away with PBS. 
Cells (from organs and cultured BMDCs) were stained for different markers (for 
antibodies used see Table 1). Additionally, cells were incubated in a HEPES buffer 
containing 2.5 mM CaCl2 for AnnexinV and PI staining. Samples were measured 
on a BD FACSCanto II or BD FACSFortessa flow cytometer (BD Bioscience) and 
analyzed with FlowJo software (Ashland, OR, USA). 
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Table 1. List of antibodies

antigen label clone Supplier

AnnexinV FITC BD-Pharmingen

CCL21 - R&D systems

CCR7 PE 4B12 eBioscience

CD3e eFluor780 17A2 eBioscience

CD4 APC RM4-5 BD-Pharmingen

CD4 PE GK1.5 eBioscience

CD8a PE-Cy7 / PerCP-Cy5.5 53-6.7 BD-Pharmingen

CD11b APC-Cy7 M1/70 BD-Pharmingen

CD11c PE HL3 BD-Pharmingen

CD19 PE-Cy7 eBio1D3 eBioscience

CD24 Pacific blue M1/69 eBioscience

CD40 FITC 3/23 BD-Pharmingen

CD44 PerCP-Cy5.5 / eV450-Pacific blue IM7 eBioscience

CD86 PerCP GL-1 BioLegend

GATA1 - M-20 Santa Cruz

GATA1 N6 Santa Cruz

GAPDH - 6C5 Merck Millipore

MHC-II FITC M5/114.15.2 eBioscience

PI - BD-Pharmingen

PSA-NCAMa PE 2-2B Miltenyi Biotec

aGoat IgG AF488 LifeTechnologies

aGoat IgG HRP ThermoFisher

aRat IgG HRP Dako

aMouse IgG IRDye 800CW Li-Cor

aFrom supplier datasheet (http://www.miltenyibiotec.com/; order no. 130-093-274; date last accessed: 
October 2016): “The Anti-PSA-NCAM antibody recognizes an epitope on human, mouse, and rat PSA, 
which, in vertebrates, is found linked to the extracellular domain of the neural cell adhesion molecule 
(NCAM, CD56).” However, it must be clarified that it recognizes PSA on protein acceptors other than 
NCAM. (NCAM, neural cell adhesion molecule.)

rna extraction

For RNA-Seq analysis, GM-CSF BMDC from R26R-RG|Gata1-KODC and R26R-
RG|WTCre mice were used unstimulated and stimulated with LPS at day 7 as described 
above. At day 10, steady state DCs and LPS-stimulated DCs were harvested and 
sorted for GFP+/mCherry+ cells. This strategy allowed enriching for DC that had 
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undergone Cre mediated recombination for both the WTCre and R26R-RG|Gata1-
KODC cultures. Total RNA was extracted from the sorted DCs using the RNeasy-plus 
mini kit (Qiagen). 

rna sequencing

RNA-Seq was performed according to manufacturer’s instructions (Illumina) using 
the TruSeq RNA sample prep kit. Briefly, polyA-containing mRNA molecules were 
purified using oligo-dT attached to magnetic beads. Following purification, the mRNA 
was fragmented into ~200 bp fragments using divalent cations under elevated 
temperature. The cleaved RNA fragments were copied into first strand cDNA using 
reverse transcriptase and random primers. This was followed by second strand 
synthesis using DNA polymerase I and RNaseH treatment. These cDNA fragments 
were end repaired, a single A base was added and Illumina adaptors were ligated. 
The products were purified and size selected on gel and enriched by PCR. The PCR 
products were purified by Qiaquick PCR purification and used for cluster generation 
according to the Illumina cluster generation protocols. The samples (N=2 for every 
condition) were sequenced for 36 bp on a HiSeq2000 and demultiplexed using 
Narwhal.37 The reads were aligned using Tophat version 2.0.838 against the UCSC 
mm10 reference genome, using Ensemblgenes.gtf version 73.39 For RNA of R26R-
RG|Gata1-KODC DCs, we obtained an average of 17.1 million reads for steady state 
condition and 13.1 million reads for LPS stimulated condition, of which 93.7% and 
91.3% aligned back respectively to the reference genome. For WTCre DC samples, 
we obtained an average of 17.3 million reads for steady state condition and 
18.9 million reads for LPS stimulated condition, with 93.2% and 93.3% alignment 
respectively (fig. S2b). The data was submitted to GEO; GSE69969.

rna-Seq data analysis

For all 23,420 UCSC mm10 annotated genes the reads were counted that aligned 
to the exonic regions using “feature Counts” from Subread (version 1.4.340). 
Differential gene expression assessment was done in the R environment (version 
3.1.1) with edgeR (version 3.6.841), as earlier described.42 The following group 
comparisons were made: R26R-RG|Gata1-KODC versus WTCre under steady state 
condition; and R26R-RG|Gata1-KODC versus WTCre under LPS condition. P-values 
were adjusted for multiple testing using FDR control,43 and adjusted P-values <0.05 
were considered significant. Two-dimensional hierarchical clustering was done with 
significant genes only using default settings of the “heatmap.2” function from the 
gplots (version 2.16) R package, using log2-transformed reads per kilobase per 
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figure 1. GATA1 loss in DCs results in a reduction of the splenic DC compartment. (A) Blood parameters 
of Gata1-KODC and WTlox mice in the steady state were determined using a Scil Vet abc Plus⁺ TM 
Hematology analyzer (Gurnee, IL). Absolute numbers of erythrocytes, platelets and white blood cells 
were counted per Liter. Further subdivision of lymphocytes, granulocytes and monocytes are depicted 
as percentage of white blood cells (WBC). (B) Flow cytometry analysis of the lymphocytes in the 
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bloodstream. T cells were selected for CD3 expression and further subdivided into CD4+ and CD8+ T 
cells. (C) DC gating strategy from splenic tissue. First, all nucleated cells were selected, from which the 
non-B cells (CD19neg cells) were selected. Next, the CD11c+MHC-II+ cells were selected as cDCs, which 
were further subdivided into CD8+ or CD11b+ subsets. (D) The percentage of DCs is shown in different 
tissues, depicted as percentage of all nucleated cells. Splenic cDCs were further subdivided into CD8+ or 
CD11b+ subsets, depicted as percentage of all nucleated cells, setting values obtained for WTlox animals 
to 100%. At least three independent experiments each including three mice per genotype were used for 
the analysis.

million (RPKM) data. The normalized gene expression data were scaled by row  
(Z score). Gene Ontology (GO) gene set enrichment analyses were carried out with 
the GOseq R package (version 1.16.244). Enrichment of GO terms was assessed in 
each list of differentially expressed genes per contrast separately, taking length bias 
into account. The derived P-values were adjusted for multiple testing using Bonferroni 
correction, and adjusted P-values <0.05 were considered significant.  
HOMER software suite was used, with default settings, to identify enrichment of 
known motifs in promoters of differentially regulated genes.45 Principal Component 
Analysis (PCA) was performed using Fastq files that were equally processed with 
fastqc version 0.11.246 and trimmomatic v0.33.47 Mapping to the reference 
genome was done using tophat2 v2.0.1038 and filtering was done with samtools 
v0.1.19.48 Counting reads in features was done with htseq-count.49 PCA analysis 
was performed in R. ComBat was used to correct for batch-effects.50 Datasets used 
are publicly available: cultured BM-derived M-CSF macrophages (GSM1520422 
and GSM1520423), cultured BM-derived GM-CSF DC, treated or not with LPS 
(GSM1620172, GSM624287 and GSM722533). 

Quantitative rT-Pcr

Total RNA was extracted from cultured WTlox and KODC cultured DCs with the 
RNeasy-plus mini kit (Qiagen, the Netherlands) used according to the manufacturer’s 
instructions. cDNA was synthesized with Superscript III RT (Invitrogen, CA, USA). 
Custom-made primers were used to amplify desired transcripts with SYBR green as a 
detection method with the StepOnePlus Real time PCR system (Applied Biosystems, CA, 
USA). Gata1: fw 5’-cagtcctttcttctctcccac-3’ and rev 5’-gctccacagttcacacact-3’. Input 
was normalized using housekeeping genes (Hprt (fw 5’-agcctaagatgagcgcaagt-3’ 
and rev 5’-atggcgacaggactagaaca-3’), Ubc (fw 5’-aggtcaaacaggaagacagacgta-3’ 
and rev 5’-tcacacccaagaacaagcaca-3’), and Gapdh (fw 5’-cctgccaagtatgatgacat-3’ 
and rev 5’-gtcctcagtgtagcccaag-3’) and relative expression was calculated using 
the cycle threshold value method (ΔΔCt); i.e. relative expression=2-ΔCt where ΔCt = 
Cttarget gene – average Cthousekeeping genes.

51
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Protein extraction and Western blotting

Naïve (CD44low) CD4+ and CD8+ T cells were sorted from WT mouse spleens and 
5x106 cells were lysed in 100 µl sample lysis buffer. BMDCs from WTlox and KODC 
mice were lysed with RIPA buffer (10 mM Tris-HCL pH8, 1 mM EDTA, 0.5 mM EGTA, 
140 mM NaCl, 1% TritonX100, 0.1% NaDOC, 0.1% SDS) containing protease 
inhibitors. As control for Gata1 expression we used I/11 mouse erythroid cell line; 
for protein extraction, 1x106 cells were lysed in 100 µl sample lysis buffer. Protein 
concentrations were measured with BCA Protein Assay Reagent (Thermo Scientific, 
Rockford, IL, USA). Protein samples were separated using a 10% SDS-polyacrylamide 
gel after which they were transferred to a PVDF membrane (Millipore, Billerica, MA, 
USA). Membranes were labeled with Gata1 (M20 or N6) antibodies and thereafter 
with αGoat or αRat IgG-HRP. PIERCE ECL western blotting substrate was used to 
visualize HRP. Super RX films were developed in the medical film processor SRX-
101A (Konic Minolta, Tokyo, Japan). As loading control, GAPDH (Merck Millipore, 
Darmstadt, Germany) was used, followed by α-Mouse-IgG-IRDye 800CW conjugated 
antibody (LI-COR, Lincoln, Nebraska, USA) and visualized using LI-COR Odyssey 
Western Blot detection system (Westburg, Leusden, the Netherlands). Protein levels 
were quantified using ImageJ.

Trans-well migration

2x106 cultured WTlox or KODC DCs were labeled with calcein-AM (Invitrogen) for 
30 minutes at 37°C in HEPES-buffered saline solution (134 mM NaCl, 0.34 mM 
Na2HPO4, 2.9 mM KCl, 12 mM NaHCO3, 20 mM HEPES, 5 mM glucose, 1 
mM MgCl2, pH 7.3). 4x105 cells were added in the upper well of Transwell on a 
FluoroBlock filter (8.0 µm pores (Corning, the Netherlands)). The filters were placed 
in a 24-well plate, which contained 200 ng/ml CCL19 or CCL21 (Biolegend, CA, 
USA). The plates were placed in the F200-pro plate reader (Tecan, Mannedorf, 
Switzerland), which was set to 37°C. Fluorescence was measured every 10 minutes 
for 3 hours with an excitation wavelength of 485 nm and an emission wavelength 
of 535 nm.

ccl21 binding assay

1x105 cultured WTlox or KODC BMDCs were resuspended in HEPES-buffer saline 
solution, as decribed above, and placed in a 96-wells plate. Cells were incubated 
for 30 minutes with 20 ng/ml CCL21 on ice, after which the cells were fixed and 
permeabilized, using the fix/perm kit from BD-bioscience. Cells were incubated with 
CCL21 antibody (R&D systems) for 30 minutes on ice in perm/wash buffer, after 
which cells were incubated with a FITC labeled anti-goat antibody (LifeTechnologies). 
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Samples were measured on a BD FACSCanto II and analyzed with FlowJo software.

Statistical analysis

Results are presented as the mean ± standard error of the mean (SEM). Statistical 
significance was assessed with two sided Student’s t-tests. *P≤0.05, **P≤0.01 and 
***P≤0.001 as calculated with GraphPad prism software, version 6.02.

reSUlTS

Gata1 loss in Dcs results in a reduction of the splenic Dc compartment

Gata1-lox mice34 were crossed with CD11c-Cre mice35 to generate DC-specific Gata1 
knockout mice (Gata1-KODC). CD11c-Cre mice have been previously characterized 
by Caton, et al,35 and from this study it was reported that the recombination efficiency 
in DCs is 96% using a R26-EYFP reporter mouse. In addition, ‘leaky’ recombination 
in other lineages was also reported, e.g. 0.3% in granulocytes, 6% in T cells, 5% 
in B cells and 12% in NK cells. Of these, Gata1 is only expressed in a subset of 
granulocytes, i.e. in eosinophils, while it is undetectable in lymphocytes.24 
We measured the complete blood counts (CBC) of Gata1-KODC mice and WT 
littermates (WTlox) on a Scil Vet abc Plus+TM Hematology analyzer. Red blood cell 
and platelet counts, lineages that require Gata1 expression,25 were in the normal 
range in both WTlox and Gata1-KODC mice (fig. 1a), indicating no recombination 
leakage in the megakaryocyte/erythroid lineages. 
Gata1-KODC mice presented with a mild reduction in white blood cell counts, 
which was caused by a reduction in lymphocytes, as there were no differences in 
granulocyte numbers, and only a mild significant increase in monocytes in Gata1-
KODC mice (fig. 1a). By flow cytometry, we dissected the lymphocyte populations 
in the blood and identified a reduction in T cells, which was specifically due to a 
decrease in CD4+ T cells and not CD8+ T cells (fig. 1b). The T cell lineage in other 
organs was not affected, nor was the B-cell lineage (data not shown). Since the 
majority of blood lymphocytes are B cells, we sorted splenic CD4+ and CD8+ T cells 
from WT animals to analyze Gata1 expression (fig. S1a). We were unable to detect 
full-length Gata1, and observed very low levels of the short Gata1 isoform in both 
T cell subsets. All together, these results suggest that the specific reduction of CD4+ 
T cells in the blood is probably not due to leaky recombination in the T cell lineage. 
We next analyzed the cDC subtypes in different lymphoid organs. First, we selected 
non-B cells after which DCs were gated based on CD11c and MHC-II expression 
(fig. 1c). We found a significant reduction of cDCs in the spleen of Gata1-KODC 
mice, whereas no differences were found in the blood and the lymph nodes (fig. 
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figure 2. increased apoptosis in Gm-cSf cultured Gata1-KoDC Dcs. (A) Flow cytometry 
analysis of GM-CSF cultures of WTlox and Gata1-KODC DCs in steady state and upon LPS stimulation. 
DCs are gated as MHC-IIhighCD11c+. (B) Gated DCs were analyzed by flow cytometry for expression 
of the activation markers CD86, MHC-II, and CD40, which are depicted as mean fluorescence intensity 
(MFI). WT steady state is set to 100. (C) Relative expression of Gata1 mRNA in GM-CSF cultured DCs. 
(D) Cultured DCs treated or left untreated with LPS at day 7 were harvested at day 8 or 10 of culture. 
Cells were stained for Annexin V and PI and analyzed by flow cytometry. Cells were gated for live cells 
(Annexin Vneg, PIneg), early apoptotic cells (Annexin V+, PIneg), apoptotic cells (Annexin V+, PI+), or dead 
cells (Annexin Vneg, PI+). Bar graphs depicting all four populations at both days are shown. Representative 
dot plots are shown on the right. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. RFE, relative fold enrichment.

1D). The splenic cDCs were further subdivided into CD11b+ and CD8+ subsets (fig. 
1c) and we found that the reduction of cDCs in the spleen was due to a decrease of 
both subsets in Gata1-KODC mice although CD11b+ DCs were more strongly reduced 
(fig. 1D). 

increased apoptosis in Gm-cSf cultured Gata1-KoDC Dcs

The reduction in the splenic DC compartment in Gata1-KODC mice could be due 
to either a block in DC differentiation, aberrant migration from the spleen, or by 
enhanced apoptosis. The intrinsic role of Gata1 in differentiation and survival has 
been well established in erythroid progenitor cells.26,28-31 Furthermore, we previously 
showed that induced ubiquitous deletion of Gata1 (ER-Cre under the Rosa26 
promoter) affects megakaryopoiesis and erythropoiesis,52 as well as DC survival, 
while M-CSF BM-derived macrophages are not affected by Gata1 recombination.24 
To examine whether DC-specific Gata1 loss in committed DCs would result in 
enhanced apoptosis and/or defective differentiation, bone marrow cells from WTlox 
and Gata1-KODC mice were cultured in the presence of GM-CSF to generate BMDCs. 
The GM-CSF bone marrow culture system is widely used for DC studies. These GM-
CSF derived BMDC do not resemble cDCs but an inflammatory DC type, and the 
cultures also support the differentiation of monocyte-derived macrophages to some 
extent.53 We characterize the cultures by flow cytometry using CD11b, CD11c and 
MHC-II. The cultures were very homogeneous based on expression of these markers, 
and contained less than 20% of macrophage-like cells based on lower CD11c and 
higher CD11b expression, or by using F4/80 as a macrophage marker (fig. 2a 
and fig. S1D-e). 
Cells were stimulated with LPS or left unstimulated at day 7 and harvested after 
60 hours for RNA extraction, protein isolation and flow cytometry analysis. Both 
WTlox and Gata1-KODC cultured DCs were equally activated shown by increased 
expression of MHC-II and co-stimulatory molecules CD86 and CD40 (fig. 2b). 
We found a 2-fold reduction of Gata1 mRNA in Gata1-KODC cultures in steady 
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state. WTlox DCs upregulated Gata1 expression upon LPS stimulation, as previously 
described,23 however, Gata1-KODC DCs failed to do so. These results were confirmed 
at the protein level, although to a lesser extent, probably due to the half-life of 
GATA1 protein (fig. S1b). 
To study the cell survival of WTlox and Gata1-KODC cultures, we used AnnexinV and 
PI staining. Gata1-KODC cells cultured for 8 days, and stimulated for 24 hours with 
LPS, showed a small decrease in live cells (AnnexinV / PI double negative cells) and 
an increase in apoptotic cells (AnnexinV / PI double positive cells) in comparison 
to WTlox DC cultures (fig. 2e). Analysis on day 10, i.e. 60 hours in the presence of 
LPS, showed that while the cells were maintained in WTlox DC cultures, there was a 
clear reduction of live cells and a strong increase in the percentage of apoptotic and 
dead cells in Gata1-KODC cultures (fig. 2e).
These results corroborate previous data24 and highlight the requirement of Gata1 in 
the regulation of the life span of differentiated and activated DCs. 

rna-Seq analysis of Gata1-KoDC Dcs in steady state and upon lPS stimulation

We next analyzed the changes in the transcriptome of Gata1-KODC BM DCs by RNA-
Seq analysis. Gata1-KODC mice were crossed with R26R-RG reporter mice,36 which 
express EGFP on the outer membrane and mCherry on the nuclear membrane upon 
recombination. BMDCs from R26R-RG|WTCre and R26R-RG|Gata1-KODC mice were 
stimulated at day 7 and FACS-sorted for EGFP-mCherry double positive cells 60 
hours thereafter (fig. 3a), after which mRNA was extracted. This allowed us to enrich 
for DCs that underwent recombination, since Gata1 levels were downregulated 8- 
to 18-fold in R26R-RG|Gata1-KODC DC compared to WTCre (fig. 3b). Furthermore, 
Principal Component Analysis (PCA) of our data sets in comparison with publicly 
available RNA-Seq data sets of cultured GM-CSF DCs and G-CSF macrophages, 
show that all DC data sets separate clearly from macrophages, corroborating the 
DC identity of our samples (fig. S1f).
RNA-Seq analysis revealed minor changes between R26R-RG|Gata1-KODC and 
WTCre DC in steady state cultures, i.e. 15 genes were significantly upregulated and 
15 genes significantly downregulated. However, upon LPS stimulation, 289 genes 
were significantly upregulated and 609 genes were significantly downregulated in 
R26R-RG|Gata1-KODC DC compared to WTCre (fig. 3c-D, fig. S1e and Table S1). 
These results suggest a major role for GATA1 in transcriptional regulation of DC 
upon activation. 
HOMER transcription factor motif analysis revealed CEBP motif enrichment in 
the differentially expressed genes in steady state conditions (fig. 3c). Upon LPS 
stimulation, we identified ETS and CEBP motifs significantly enriched in the 
set of upregulated genes (fig. 3D). Cooperation of CEBPα/ETS and Gata1 has 
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figure 3. RNA-Seq analysis of Gata1-KODC DCs in steady state and upon LPS stimulation. (A) Graphic 
overview of the experiment. Mouse BM cells were cultured in the presence of GM-CSF. At day 7, half of 
the cells were stimulated with LPS, and the other half was left in steady state condition (ST). At day 10, 
cells were harvested and sorted for RNA extraction. DCs from R26R-RG|WTCre and R26R-RG|KODC DC 
cultures were sorted for GFP+/mCherry+ cells. Dot plots of the sorting strategy are shown. (B) quantitative 
RT-PCR analysis of Gata1 expression levels are depicted for sorted GFP+/mCherry+ WTCre DCs, KODC 
cultures (before sorting), and sorted R26R-RG|KODC DCs. Gata1 levels were further reduced in the sorted 
R26R-RG|KODC cells, and these were used for RNA-Seq analysis. (C) Heat map (Z-scores) of significantly 
deregulated genes in R26R-RG|KODC DCs in steady state, including HOMER motif enrichment analysis 
for downregulated and upregulated genes. (D) Heat map (Z-scores) of significantly deregulated genes in 
R26R-RG|KODC DCs upon LPS stimulation, including HOMER motif enrichment analysis for downregulated 
and upregulated genes. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. RFE, relative fold enrichment.
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been previously reported in eosinophils.54 A different set of enriched motifs was 
identified when taking downregulated genes, which included motifs for TAL1, bZIP, 
Maz (ZF), ETS and TBP. Transcription factors recognizing these motifs have been 
reported to interact directly or to co-operate with Gata1 or other GATA transcription 
factors.55-64 GO term enrichment analyses revealed a number of specific processes 
that were affected in R26R-RG|Gata1-KODC DCs upon LPS stimulation. An increased 
representation of metabolic processes was observed in the set of upregulated genes, 
and in the set of downregulated genes we observed migration, proliferation and DC 
differentiation but also T cell activation and CD4+ T cell activation to be affected 
(Table S2).
Ingenuity Pathway Analysis (IPA) allowed us to assign the differentially expressed genes 
into functional categories (fig. S2a). Interestingly, we observed 58 transcriptional 
regulators that were affected upon LPS stimulation, of which 7 were upregulated and 
51 were downregulated (Table 2). These include Gata2, Ikaros3 and Ikaros4, Irf8, 
Nfkb, Bach2, Vdr, Runx1 and Runx3, all with known roles in DC development and 
function, which could on their own explain the DC deficiency observed in steady 
state conditions in vivo, and the apoptosis observed in vitro. Not appearing in the 
IPA analysis, but shown to be relevant for DC specification, Zbtb4653,65 was also 
downregulated significantly in Gata1-KODC DCs upon LPS stimulation.
This finding together with the HOMER motif enrichment analysis, in which the GATA 
motif was not found to be enriched, supports the notion that transcriptional differences 
identified in R26R-RG|Gata1-KODC DCs include many indirect Gata1 targets. 

Dc migration towards the lymph nodes upon lPS stimulation is impaired in Gata1-
KoDCmice

The effect of Gata1 loss on the DC transcriptome was major in LPS stimulated DCs, 
as shown by RNA-Seq analysis. Therefore, we studied the impact of DC-specific 
Gata1 loss in vivo in a sterile sepsis model, 24 hours after intravenous injection of 
LPS into WTlox and Gata1-KODC mice. After LPS treatment, both WTlox and Gata1-
KODC splenic DCs were significantly lower compared to PBS controls. Interestingly, 
we observed that while LPS induces an increase in DC numbers in the peripheral 
lymph nodes (PLN) (e.g. axillary and inguinal LNs) of WTlox mice, this increase 
was not observed in the PLNs from Gata1-KODC mice (fig. 4a). This might be due 
to increased apoptosis in Gata1-KODC mice or reduced DC migration. As shown 
in fig. 2e, there were slightly more apoptotic cells in the Gata1-KODC DC cultures 
compared to WTlox and no differences were observed in early-apoptotic cells or 
dead cells 24hr upon LPS stimulation.
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figure 4. Impaired migration capacity of Gata1-KODC DCs towards the lymph nodes is selective for 
CCL21. (A) Percentages of DCs in different tissues 24 h after PBS or LPS injection, depicted as percentage 
of all nucleated cells. Samples were normalized to WT-PBS. (B) DCs were subdivided in LN-resident DCs 
and migratory DCs based on MHC-II expression. (C) Expression of CCR7 on the surface of GM-CSF 
cultured DCs from WTlox or Gata1-KODC mice. (D) Migration of GM-CSF cultured DCs toward CCL19 or 
CCL21 expressed in relative fluorescence units (RFU). (E) Expression of PSA on the surface of GM-CSF 
cultured DCs from WTlox or Gata1-KODC mice. (F) CCL21 binding assay. The percentage of cells binding 
CCL21 and the mean fluorescence intensity (MFI) of CCL21 binding are depicted in respective bar 
graphs. Representative histograms are shown. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Therefore we next studied whether the reduced number of DCs in the PLN could 
be due to a reduction in migratory DCs. Based on MHC-II expression, we further 
categorized the DCs in the PLN into migratory DCs (CD11c+MHC-IIhigh) and resident 
DCs (CD11c+MHC-IImid) and identified a reduction in migratory DCs (fig. 4b). This 
indicates that Gata1 regulated genes are not only involved in cell survival but also 
in migration of DCs after activation. This is in agreement with our RNA-Seq GO term 
enrichment analysis.

Gata1-KoDC Dcs display normal ccr7 expression, but have impaired migration 
towards ccl21

DC migration to the lymph nodes is dependent on the C-C chemokine receptor 
7 (CCR7),66 and upregulation of Ccr7 is correlated with the activation of DCs. 
Furthermore, RNA-Seq analysis showed a reduction of mRNA expression of Ccr7 
in Gata1-KODC DCs. We therefore cultured DCs with GM-CSF and analyzed the 
expression of CCR7 upon LPS stimulation on the cell surface. Surprisingly, both WTlox 
and Gata1-KODC DCs showed an equally strong upregulation of CCR7 after LPS 
stimulation (fig. 4c). In order to gain insight in the migration defect observed in vivo, 
we performed in vitro migration assays using different chemoattractants. 
We tested the response of WTlox and Gata1-KODC BM DCs towards C-C chemokine 
19 (CCL19) and CCL21, which are the only known ligands for CCR7.67 As expected, 
steady state DC migration towards CCL19 and CCL21 was minimal. Gata1-KODC 
DCs appeared to be even less responsive than WTlox DCs, as corroborated by the 
random migration observed in the absence of chemoattractant (fig. S1c). Upon 
LPS stimulation, DCs upregulate the CCR7 receptor and become responsive to 
CCL19 and CCL21. The migration towards CCL19 was increased in both WTlox and 
Gata1-KODC DCs to similar levels. However, migration towards CCL21 was strongly 
impaired in Gata1-KODC DCs (fig. 4D).
CCL19 and CCL21 are very similar to each other, however, unlike CCL19, CCL21 
contains a highly basic C-terminal tail which inhibits binding to CCR7.68 After LPS 
stimulation, DCs highly upregulate polysialic acid (PSA) decoration of their surface 
proteins. PSA groups immobilize the tail of CCL21 thus enabling its binding to 
CCR7.69,70 Supporting this notion, it has been shown that enzymatic depletion of 
PSA affects migration towards CCL21 but not to CCL19.68-70 We next measured 
PSA expression in our cultures and observed that, as expected, PSA expression was 
highly induced upon LPS activation on WTlox DCs. Although we observed some PSA 
induction in Gata1-KODC DCs upon LPS activation, it was significantly lower than in 
WTlox DCs (fig. 4e). To ensure that the decreased PSA levels indeed affected CCL21 
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binding, we performed a CCL21 binding assay. We found that Gata1-KODC DCs 
capacity to bind CCL21 was significantly reduced, although moderately (fig. 4f). 
This data explains the selective defective migration of Gata1-KODC DCs towards 
CCL21, while leaving DC migration towards CCL19 intact. This is in agreement 
with the glycosylation-specific effects on ligand binding to CCR7.68-70 Interestingly, 
the RNA-Seq data revealed that St3Gal3, a sialyltransferase, was significantly 
downregulated in Gata1-KODC DCs upon LPS stimulation when compared to WTCre 
DCs. A deficiency in sialic acid transfer further supports the lower surface expression 
of PSA displayed by Gata1-KODC DCs upon LPS stimulation and the consequent 
reduction in CCL21 binding capacity (although moderate), which results in impaired 
(but not abolished) migration towards CCL21.

Steady state Dc influx to lymph nodes is defective in aging Gata1-KoDC mice

Adequate migration of DCs towards the lymph nodes is essential for maintaining the 
balance of the mounted immune response, and it is essential that the steady state 
flux of DC towards lymph nodes is kept in balance throughout life. Since we have 
observed defective migration of Gata1-KODC DCs towards lymph nodes as a result 
of an acute response towards LPS stimulation, and we have identified that this defect 
is CCL21-selective, we hypothesized that the steady state influx of DC migration 
towards lymph nodes would be impaired. In order to test this hypothesis, we allowed 
Gata1-KODC mice and WTlox littermates to age and sacrificed them to analyze the DC 
compartment at around 40 weeks of age. We did not observe notable differences in 
organ sizes (data not shown) nor in organ absolute cell numbers (fig. 5c).
Flow cytometry analysis of the DC compartment in the spleen revealed, in contrast 
to young mice, no significant differences in Gata1-KODC versus WTlox aged mice 
both in percentage and absolute numbers. DCs were significantly reduced in lymph 
nodes of Gata1-KODC aged mice compared to WTlox aged mice, this was not found 
in young mice (fig. 5a-b, gating similar as in fig. 1c). Further subdivision into 
CD11b+ and CD8+ subsets revealed that the decrease of total cDCs in the PLN was 
due to a decrease in both subsets, with CD11b+ DCs stronger affected (fig. 5D-e).
Taken together, Gata1 loss in DC affects DC survival and migration capacity in 
homeostatic conditions and upon activation. We identified a selective impairment 
of Gata1-KODC DCs to migrate towards CCL21, which could be explained by lower 
expression of PSA upon DC activation. In young mice, this defect is reflected by 
the initial DC reduction in spleen in homeostatic conditions, followed by impaired 
influx of DC in lymph nodes upon sterile inflammation. In aged mice, we observe 
abnormal DC homeostasis in the PLN, whereas the DC numbers in the spleen are 
within the normal range. The reason for this shift in DC homeostasis from spleen to 
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PLN in aging mice, might be due to the prolonged (or chronic) pressure of the net 
effect of migration and survival defects caused by Gata1 loss. However, no strong 
evidence for this is provided.

Table 2. Ingenuity Pathway Analysis of Transcriptional Regulators

Symbol log ratio entrez Gene name / Description

Prdm8 -6.3770 PR domain containing 8

Ikzf3 -6.0240 IKAROS family zinc finger 3 (Aiolos)

Insm1 -5.7090 insulinoma-associated 1

Nrarp -5.1290 NOTCH-regulated ankyrin repeat protein

Myb -4.4890 v-myb avian myeloblastosis viral oncogene homolog

Meis1 -4.0850 Meis homeobox 1

Pou4f1 -3.8220 POU class 4 homeobox 1

Bach2 -3.5780 BTB and CNC homology 1, basic leucine zipper transcription factor 2

Ptrf -3.2420 polymerase I and transcript release factor

Vdr -3.1090 vitamin D (1,25- dihydroxyvitamin D3) receptor

Zfp366 -3.0920 zinc finger protein 366

Tcf7 -3.0860 transcription factor 7, T cell specific

Stat4 -2.8500 signal transducer and activator of transcription 4

Aff3 -2.7920 AF4/FMR2 family, member 3

Satb1 -2.7570 SATB homeobox 1

Sp6 -2.7230 Sp6 transcription factor

Cbfa2t3 -2.6880 core-binding factor, runt domain, alpha subunit 2; translocated to, 3

Ssbp3 -2.5000 single stranded DNA binding protein 3

Zeb1 -2.4930 zinc finger E-box binding homeobox 1

Jdp2 -2.4870 Jun dimerization protein 2

Kdm4a -2.4290 lysine (K)-specific demethylase 4A

Gata2 -2.4120 GATA binding protein 2

Irf8 -2.3680 interferon regulatory factor 8

Ncoa7 -2.2690 nuclear receptor coactivator 7

Ikzf4 -2.2400 IKAROS family zinc finger 4 (Eos)

Hdac11 -2.1510 histone deacetylase 11

Batf3 -2.1360 basic leucine zipper transcription factor, ATF-like 3

Ciita -2.1350 class II, major histocompatibility complex, transactivator

Crem -2.0510 cAMP responsive element modulator

Uhrf1 -2.0260 ubiquitin-like with PHD and ring finger domains 1
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Rel -1.9660 v-rel avian reticuloendotheliosis viral oncogene homolog

Ezh2 -1.9430 enhancer of zeste 2 polycomb repressive complex 2 subunit

Stat5a -1.9260 signal transducer and activator of transcription 5A

Phc1 -1.9140 polyhomeotic homolog 1 (Drosophila)

Smarce1 -1.8770 SWI/SNF related

Aebp2 -1.7660 AE binding protein 2

Mkl1 -1.7020 megakaryoblastic leukemia (translocation) 1

Tcf4 -1.6210 transcription factor 4

Psmg4 -1.5950 proteasome (prosome, macropain) assembly chaperone 4

Nfil3 -1.5780 nuclear factor, interleukin 3 regulated

Runx3 -1.5250 runt-related transcription factor 3

Zbtb42 -1.5050 zinc finger and BTB domain containing 42

Sp140 -1.4530 SP140 nuclear body protein

Tfdp2 -1.4530 transcription factor Dp-2 (E2F dimerization partner 2)

Ets2 -1.4010 v-ets avian erythroblastosis virus E26 oncogene homolog 2

Hsf2 -1.3970 heat shock transcription factor 2

Nfkb1 -1.3630 nuclear factor of kappa light polypeptide gene enhancer in B-cells 1

Foxp1 -1.3350 forkhead box P1

Runx2 -1.2910 runt-related transcription factor 2

Zkscan17 -1.2790 zinc finger protein 496

Jazf1 -1.2380 JAZF zinc finger 1

Trim29 2.1090 tripartite motif containing 29

Maged1 1.9030 melanoma antigen family D, 1

St18 1.6580 suppression of tumorigenicity 18, zinc finger

Creg1 1.5720 cellular repressor of E1A-stimulated genes 1

Tanc2 1.3270 tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 2

Tfeb 1.3060 transcription factor EB

Lmo4 1.2520 LIM domain only 4

LPS KO vs WT: transcriptional regulators of significant differentially expressed genes.

DiScUSSion

Transcription factor Gata1 is essential in the erythroid, eosinophilic and 
megakaryocytic lineages.25-27,29 It is also expressed in mast cells, although Gata1 
is dispensable in this lineage.71 We previously reported that Gata1 is important 
for the development of murine DCs.24,27 Similarly, the role of GATA1 during human 
DC differentiation from monocytes was reported by another group.26 In the present 
study, we further dissected the role of Gata1 in DCs with the use of a DC-specific 
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figure 5. Defective steady state influx of DC towards lymph nodes as seen in aging Gata1-KODC mice. 
(A) The absolute number of DCs found in different tissues of aged mice (around 40 wk of age). (B) 
The percentage of DCs in different tissues of aged mice, depicted as percentage of all nucleated cells. 
(C) Total number of cells isolated from different tissues of aged mice. (D) cDCs from PLNs were further 
subdivided into CD8+ or CD11b+ subsets. Absolute cell numbers were depicted. (E) CD8+ or CD11b+ 
subsets from the PLNs were depicted as percentage of all nucleated cells. Values obtained for WTlox 
animals are set to 100%. **p ≤ 0.01, ***p ≤ 0.001.
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Gata1 KO mouse model, a necessary step in order to understand the role of Gata1 
in DCs since previous studies utilized inducible ubiquitous deletion of Gata1. 
Gata1-KODC mice displayed reduced numbers of DC in the spleen in the steady 
state. Since Gata1 is linked to the positive regulation of cell survival in several cell 
types,28,30 we hypothesized this might also be a crucial function regulated by Gata1 
in DCs. Indeed we found increased apoptosis in Gata1-KODC BMDCs. 
RNA-Seq analysis of Gata1 KO DCs compared to WTCre DCs in the steady state and 
upon LPS stimulation revealed major changes in the transcriptome in LPS-stimulated 
DCs, including deregulation of a plethora of other transcription regulators that are 
known to be essential in the DC lineage. GO term enrichment analysis revealed 
pathways related to cell survival, cell migration and DC function. This led us to 
investigate the DC compartment in vivo upon induction of sterile sepsis by intravenous 
injection of LPS.
Interestingly, when we challenged the mice with LPS, we found a migration defect 
of Gata1-KODC DCs towards the PLNs. DC migration towards the PLN is dependent 
on CCR7 receptor expression, which is strongly upregulated on the DC surface after 
activation.66,72,73 DCs deficient for CCR7 expression are not able to migrate to the 
lymph nodes.66,72,73 The expression of CCR7 is typically correlated to upregulation 
of DC activation markers (e.g. MHC-II, CD86, and CD40), but can also be induced 
in an activation-independent manner, for example after uptake of apoptotic cells.72 
CCR7 protein expression on the surface of Gata1-KODC DCs was normal compared 
to WTlox DCs as shown by flow cytometry analysis. This suggested that there must 
be another mechanism interfering with the proper migration of Gata1-KODC DCs 
towards the PLNs. 
Since CCL19 and CCL21 are the known ligands for CCR7 receptor,67 we assayed 
in vitro the migration capacity of Gata1-KODC DCs towards these chemoattractants. 
Steady state DCs migration towards CCL19 and CCL21 was as expected minimal, with 
Gata1-KODC DCs apparently even less responsive than WTlox DCs, as corroborated 
by the random migration observed in the absence of chemoattractant. GO-Term 
analysis of our RNA-Seq data revealed alterations in “motility pathways”. One of 
the genes important for migration is myosin light chain kinase (Mylk) and it is 4.1-
fold downregulated in Gata1-KODC DCs RNA-seq, which might explain this reduced 
motility.  When we stimulated DC with LPS we observed a specific migration defect 
of Gata1-KODC DCs towards CCL21. The two ligands are highly similar, however, 
unlike CCL19, CCL21 contains a highly basic C-terminal tail of 32 amino acids.67,68 
This C-terminal tail of CCL21 auto-inhibits binding to CCR7.69 PSA, highly expressed 
on activated DCs, fixes the C-terminal tail of CCL21 thereby facilitating its binding to 
CCR7.69,70 Depletion of PSA from the cell surface by neuraminidase endoN treatment 
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or siRNA against St8sia4 sialyltransferase impairs migration towards CCL21, but not 
towards CCL19.68-70 Indeed we found a reduced expression of PSA on the surface of 
Gata1-KODC DCs that could explain the defective migration towards CCL21, while 
retaining normal migration towards CCL19. Of note, the reduction of PSA surface 
levels in GATA1-KODC DCs had only a moderate reduction effect on CCL21 binding. 
This suggests that there might be other determinants regulating CCL21-binding and 
selective DC migration, and we cannot exclude that they behave differently between 
Gata1-KODC and WT DCs. Such determinants might include a potential transient 
character of the interaction between PSA and the CCL21 tail, receptor trafficking 
and downstream signaling74 autocrine DC mechanisms that block DC cell migration 
(and potentially CCL21 binding) or DC survival.75,76 CCL21, and not CCL19, was 
found to be the critical factor for DC homing to lymph nodes.77 The fact that proper 
DC migration towards CCL21 is dependent on the PSA surface levels led several 
groups to identify the receptors that need to be polysialylated in order to allow 
CCL21 to be recognized by CCR7. It has been suggested that PSA acceptor molecule 
Neuropilin-2 is the relevant factor involved in this process,68 although downregulation 
in human mo-DCs did not completely abrogate the capacity to migrate towards 
CCL21. Recently, it has been shown that CCR7 itself carries PSA modifications;78 
however, we do not know at what extent PSA downregulation affects either of the 
two PSA acceptors in Gata1-KODC DCs compared to WT. Our study shows that 
proper sialylation depends on transcriptional programs, in particular downstream of 
Gata1, which are induced upon DC activation (i.e. LPS stimulation). Defects in this 
regulatory process lead to defective migration of DC towards lymph nodes, not only 
upon an acute stimulus (i.e. LPS stimulation in vitro or in vivo) but also affecting the 
steady state influx of DC towards lymph nodes, as shown by the reduced number of 
DC in lymph nodes in aging Gata1-KODC mice. 
PSA is a sugar molecule expressed on the cell surface of eukaryotic cells, with a 
complex biosynthesis involving multiple sialyltransferases.79 For example, a group 
of sialyltransferases adds sialic acid with an alpha-2,3 linkage to galactose (i.e. 
St3gal’s, including St3gal3, which uses O-glycans as well as N-glycans as substrate), 
while other sialyltransferases add sialic acid with an alpha-2,6 linkage to galactose 
or N-acetylgalactosamine (i.e. St6gal’s and St6galnac’s including St6gal1, which 
uses N-glycans as substrate). A peculiar type of sialyltransferases add sialic acid to 
other sialic acid units with an alpha-2,8 linkage, forming structures referred to as 
polysialic acid (i.e. St8sia’s including St8sia4, which uses N-glycans as substrate).80 
Mice deficient for St8sia4 completely lose PSA on the surface of DCs.81 RNA-Seq 
analysis revealed a number of sialyltransferases to be downregulated in Gata1-KODC 
DCs, although only St3gal3 reached statistical significance. St3gal3 is not directly 
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involved in PSA modification, however it is involved in the generation of carbohydrate 
antigen sialyl-Lewis. As opposed to models in which St8sia4 is depleted, in our 
mice PSA upregulation was partially abrogated, yet, this is sufficient to negatively 
influence proper DC migration towards lymph nodes. Mice deficient for St3gal3 are 
more sensitive to allergic eosinophilic airway inflammation, indicating an important 
role of St3gal3 in the immune response,82 although the phenotype was explained 
as the result of lower Lewis group presence in the lung epithelium. However, the 
impact of loss of St3gal3 on DC polysialylation or migration has not been studied so 
far. Because the biosynthesis and transfer of PSA groups is a complex process, we 
suggest that the combinatorial deregulation of multiple sialyltransferases underlies 
reduced PSA surface expression of Gata1-KODC DCs upon activation. The notion that 
low-abundance transcription factors such as Gata1 influence the fine-tuning of such 
relevant processes for proper DC function is of importance, since their manipulation 
might open new possibilities for the improvement of DC-based immunotherapy by 
targeting specific transcriptional programs.
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Supplemental figure 1. Gata1 expression, random migration and GM-CSF BM-derived DC cultures. 
(A) Western Blot analysis of GATA1 expression in sorted splenic CD4+ and CD8+ T cells. GATA1 is barely 
detectable, while GATA1s is present in both T cell subsets, although at a lower amount compared to I/11 
erythroid cell line. (B) Western Blot analysis of Gata1 expression in BM-derived GM-CSF cultures. Gata1 
is not detectable in steady state Gata1-KODC, while visible upon LPS, although at the same level than in 
ST WT cultures. Gata1s is detected in all samples, it is upregulated upon LPS, and quantitation show a 
reduction in KO samples (average of 3 KO samples and 2 WT samples is depicted, representative gel is 
shown).  (C) Bar graph representing random migration of WTlox and Gata1-KODC DCs without stimulus. 
Percentage is depicted. Although not significant, Gata1-KODC DCs display a tendency to reduction on 
random migration. (D) GM-CSF BM-derived cultures analysis, using F4/80 as a macrophage (MF) marker. 
The percentage of F4/80 cells (MF-like cells) of CD11chigh cells is equal amongst WTlox and Gata1-KODC 
DCs, and lower than 20% on average. (E) GM-CSF BM-derived cultures analysis. The percentage of 
MF-like cells within the CD11chigh population, measured as CD11b|MHC-IIlow is equal amongst WTlox 
and Gata1-KODC DCs, and lower than 20% on average. (F) Principal Component Analysis (PCA) of our 
RNA-Seq data, and publicly available RNA-Seq data of cultured BM-derived M-CSF MFs (GSM1520423, 
GSM1520422) and GM-CSF DCs (GSM624287, GSM 722533 and GSM1620172). Analysis shows 
that BM-derived GM-CSF DCs (including our dataset) separate from BM-derived MFs.
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Supplemental figure 2. RNA-Seq analysis. (A) Ingenuity Pathway Analysis (IPA) of functional 
categories of differentially expressed genes in R26R-RG|KODC DCs upon LPS stimulation. Downregulated 
genes (upper pie charts) and upregulated genes (lower pie charts) are depicted. (B) The RNA-Seq reads 
summary is depicted, including the number of differentially expressed genes comparing R26R-RG|Gata1-
KODC and WTCre DCs in Steady State and upon LPS stimulation. (C) MA Plots of RNA-Seq comparing 
R26R-RG|Gata1-KODC vs. WTCre DCs in Steady State and upon LPS stimulation. Red dots are significant 
differentially expressed genes.
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abSTracT

Dendritic cells (DCs) are key regulators of the immune system and actively participate 
in mounting the immune response and tolerance to self-antigens. Misregulation in 
these processes may lead to undesired immune responses or unwanted tolerance 
with deleterious consequences, such as the emergence of autoimmune disease or 
inefficient anti-tumor response and metastasis in case of malignancy. DC differentiation 
and activation is tightly regulated by transcriptional programs. PU.1 is a well-known 
and high-abundant transcription factor in DCs, required for proper differentiation, 
survival and activation of DCs. In contrast, Gata1 is a low-abundant transcription 
factor in DCs, but has been shown to be important in DC differentiation, survival, 
activation and migration, both in human and mice. To determine the genes that are 
dynamically regulated by PU.1 and Gata1 in DCs upon activation, we identified 
by ChIP-Seq analysis the PU.1 and Gata1 DNA binding sites in murine DCs in the 
steady state and upon LPS stimulation. The ChIP-Seq results were compared with 
the RNA-Seq data from mouse DCs in steady state and upon LPS stimulation. In this 
way, we could dissect which genes were activated or repressed by either Gata1 or 
PU.1 or by both simultaneously, which genes were regulated through Gata1/PU.1 
switching, not regulated by Gata1 or PU.1 at all. 
Altogether, this study shows a dynamic transcriptional regulation by PU.1 and 
Gata1 upon LPS stimulation of DCs. We could show that in steady state, Gata1 
binds the promoter and inhibits the expression of CD80, interferon induced genes 
and complement C3 expression, whereas it binds the HLA-I, IL-12b, IL-18 and IL-27 
promoter and enhances the transcription in LPS activated cells. Additionally, we 
show a Gata1/PU.1 switch on the promoter region of multiple genes.
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inTroDUcTion

Dendritic cells (DCs) play a pivotal role in the activation and regulation of the immune 
system.1 In their ‘immature’ state, DCs constantly sample their environment for 
possible danger. They are able to distinguish between pathogens and self-antigens 
and therefore can instruct the proper cells of the immune system to respond.2 DC 
differentiation from hematopoietic progenitors into all known DC subtypes and their 
activation is tightly regulated by complex transcriptional programs.3,4 Irf2, Irf4, 
Klf4 and RelB, for example, play a pivotal role in the development of CD11b+ 
DCs,5-8 whereas Irf8 and Batf3 are important for CD8+ DC development.9,10 PU.1 is 
indispensable for differentiation of all DC subtypes.11,12 
PU.1 is important for the commitment and differentiation of hematopoietic myeloid 
lineages13 and is a highly expressed transcription factor in DCs.14 PU.1 regulates 
Flt3 expression during DC differentiation11 and binds to the proximal promoter of 
CD11c.15 Gata1, a member of the GATA family of transcription factors, was shown 
to be expressed in mouse16,17 and human DCs.18,19 In contrast to PU.1, Gata1 is 
a low-abundant transcription factor in mouse DCs,17 still, Gata1 is required for 
differentiation, survival and proper function of DCs.16,19,20 DC specific Gata1 
ablation results in a reduction of both DC subtypes.20

When encountering pathogens, DCs become activated and upregulate so-called 
activation markers to their surface, i.e. MHC-II, CD40, CD86 and the C-C chemokine 
receptor 7 (CCR7). The latter is essential for migration towards the lymph nodes 
and therefore for proper activation of T-cells.21-23 It was thought that DC activation 
was merely dependent on post-transcriptional events, however, the role of active 
transcription in this process has been put forward recently.24-26 The activation process 
is, like DC differentiation, tightly regulated by transcription factors, including some 
that are also found essential for proper DC differentiation. Irf4 and, in a lesser 
extent, Irf8 are involved in the regulation of MHC-II and CCR7, and, similarly to 
PU.1, regulate the proper expression of CD80 and CD86.27,28 Gata1 expression is 
required DC survival16 as well as for proper DC migration as Gata1-KO DCs display 
reduced polysialylation and a selective defect to migrate towards chemokine (C-C 
motif) ligand 21 (CCL21).20

Antagonism between transcription factors drive transcriptional program switches 
and thereby often determine or condition lineage bifurcation. The antagonistic 
interplay between PU.1 and Gata1 plays a pivotal role in the bifurcation between 
myelo-erythroid and myelo-lymphoid early progenitors.29,30 They antagonize each 
other in a dose-dependent manner through either protein-protein interactions or 
through direct competition at the DNA binding site.30-32 However, it has not been 
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studied in DC how these transcription factors interplay, given the fact that in the 
DC lineage, Gata1 is a low-abundant transcription factor whereas PU.1 is highly 
expressed. Therefore, we set out to study the transcriptional dynamics of PU.1 and 
Gata1 transcription factors in DC upon LPS stimulation using bone marrow derived 
GM-CSF DCs as a model system. 
Mouse DCs can be differentiated from bone marrow cells with Flt3L, resulting in 
cDC- and pDC-like DCs, or with GM-CSF, resembling more inflammatory DCs. 
However, both cultures still have differences from their physiological DC subtypes 
counterpart.17 Until now, human DCs are mostly being cultured from monocytes 
using GM-CSF/IL-4, because, to date, there is no efficient method to generate 
other subtypes such as cDCs and/or pDCs in vitro. Therefore, this GM-CSF/IL-4-
derived DC subtype are commonly used in human for immunotherapeutic purposes 
to elicit immune responses. Although not being the most appropriate or efficient 
(probably) physiological DC subtype to be used clinically, the main advantage of 
this culture system is that monocytes are widely accessible, easily cultured and can 
be manipulated to obtain enough cells for therapy.33-37

We identified in this study the genes that are expressed in mouse GM-CSF cultured 
DCs in steady state and upon LPS stimulation by RNA-Seq, and from these data sets 
we identified the differentially expressed genes upon LPS stimulation. We performed 
in both conditions PU.1 and Gata1 Chromatin immunoprecipitation followed by high 
throughput sequencing (ChIP-Seq) and combined analysis of all datasets allowed 
us to filter the genes that are directly regulated by PU.1 or Gata1 in a mutually 
exclusive manner, synergistically, or not regulated by the transcription factors of 
study. We were also able to infer the nature of the transcriptional regulation when 
studying the differentially expressed genes upon LPS stimulation (i.e. activation, 
repression, and switch) and observed a distinct pathway regulatory profile on the 
different subgroups of differentially expressed genes upon LPS stimulation. 
Our data suggest a dynamic transcription regulation by these antagonistic factors 
upon LPS stimulation of DC and highlights the importance of their interplay in the 
DC activation process, highlighting the notion that low-abundance transcription 
factors, and what was known as “residual” transcriptional activity, might be crucial 
for lineage differentiation.
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maTerial anD meThoDS

mice

C57BL/6j mice from the Jackson laboratory (strain 000664) were used for BMDC 
culture and ChIP-Seq experiments. R26R-RG|CD11cCre males were used between 
8 and 16 weeks of age for RNA-Seq, as described previously.20

Mice were kept by the guidelines for animal experimentation approved by the 
animal ethical comity of the Netherlands Cancer Institute (NKI, Amsterdam, the 
Netherlands) and Erasmus MC (Rotterdam, the Netherlands) under specified 
pathogen-free conditions with free access to food and water at all times.

mouse Dc culture

BMDCs were cultured as described before.20 In short, 0.5x10^6/ml bone marrow 
cells were cultured in RPMI-1640 (Life Technologies, USA) supplemented with 5% 
heat inactivated fetal calf serum (FCS) (Life Technologies), 1% Penicilin/Streptomycin 
(P/S) (Life Technologies), 5 µM 2-mercaptoethanol (Sigma, USA) and 20 ng/ml 
murine recombinant GM-CSF (Peprotech, USA). BMDCs were activated at day 7 
with 500 ng/ml LPS (Santa Cruz Biotechnology) for 60 hours before they were 
harvested for further analysis.

rna sequencing (rna-Seq) 

The RNA-Seq dataset was already published and the analysis was done as earlier 
described by Scheenstra et al.20 In short, the reads were first aligned to mm10 
genome using topHat. In edgeR, only the genes were used in the linear model that 
had at least 1 count per million (cpm) in at least 3 samples. A comparison was made 
between the wild type steady state group and the wild type LPS stimulated group. 
FDR corrected P-values < 0.05 were considered significant. KEGG pathway analysis 
was done with goseq, again with FDR corrected p-values < 0.05 being significant.

chromatin immunoprecipitation and sequencing (chiP-Seq)

Chromatin immunoprecipitation was performed as described by Follows et al.38 In 
short, 1x108 BMDCs were used and the proteins were cross-linked to the chromatin 
with 11% formaldehyde, after which samples were sonicated to shear the chromatin 
in pieces of approximately 200 bp. Antibodies against Gata1 (abcam) or PU.1 
(T-21, Santa Cruz) were used to immunoprecipitate bound DNA with protein-A 
sepharose beads (Thermo Scientific) and rabbit IgG (Invitrogen) immunoprecipitation 
was used as control. After precipitation, the antibodies were eluted and the proteins 
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decrosslinked and degraded with proteinase K (10 mg/ml) (invitrogen). The 
chromatin was collected and a high throughout indexed sequencing library was 
prepared and sequenced for 36bp single read using the Illumina GAIIx sequencer 
as described previously by Soler et al.39

Data analysis

Raw reads were mapped to version mm9 of the Mus musculus genome using bowtie.40 
After mapping, reads were sorted and converted from SAM to BAM format using 
SAMtools.41 Peak identification of binding sites of PU.1 was done using the MACS 
program (v1.4.1).42 Enriched motifs within the peak regions were determined using 
the MEME program (v4.9.0).43

Genes regulated by these binding sites were predicted using the ‘refgene_
getnearestgene’ tool from CisGenome44 in combination with the ‘mm9_refFlat_sorted.
txt’ gene annotation file, downloaded from the CisGenome website.  Peaks were 
associated with differentially expressed genes, and differential motif enrichment was 
determined using BETA.45 Peaks associated with differentially regulated genes were 
also analyzed for motif enrichment using HOMER.46

Table 1. Summary of RNA-Seq alignment to the mouse genome

ST #1 ST #2 lPS #1 lPS #2

Assigned reads 9,855,387 12,536,554 8,488,443 15,495,249

% assigned reads 50.8 % 53.2% 45.1 % 54.2 %

Unassigned 
reads

Ambiguity 123,772 140,923 126,992 216,786

Multi-mapping 7,491,962 7,953,007 7,521,578 9,966,567

No features 1,936,252 2,913,305 2,675,559 2,888,774

Unmapped 0 0 0 0

Mapping quality 0 0 0 0

Fragment length 0 0 0 0

Chimera 0 0 0 0

Quality control of the single RNA-Seq samples. The number of reads that were aligned to the mouse 
genome and the number of reads that were unassigned for different reasons.
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reSUlTS

Transcriptomic profiles of steady-state and lPS-stimulated Dcs

Differentiation of DCs is tightly regulated by complex transcriptional programs.3,4 
In addition, despite previous assumptions that DC activation was based on post-
transcriptional events, it has become clear that activation is tightly regulated by 
transcriptional programs.20,27,28 In order to study the genes that are important for 
DC upon LPS activation, we characterized the transcriptome of steady state and LPS 
stimulated DCs in an unbiased manner by RNA-Seq. 
BMDCs were cultured as described and cells were harvested at day 10 either in 
steady state condition or 60 hours after LPS stimulation, because we have previously 
shown that Gata1 expression levels were low, however increased approximately 
6-fold at that time point.16 Total RNA was isolated and sequenced using an Illumina 
platform pipeline as described in the Materials and Methods section. With this 
technique, sequence reads are obtained which allow qualitative and quantitative 
analysis of the transcriptome. The reads were aligned against the UCSC mm10 
reference genome and the results are summarized in Table 1. In the RNA-Seq, Gata1 
appears to be expressed in too low levels to be detected. PU.1 was detected by 
RNA-Seq, however just not significant different in the LPS-ST comparison. 
Upon DC activation, DCs switch from sensing and sampling their environment to 
very prone antigen presenting cells. Our RNA-Seq analysis revealed 1,830 genes 
significantly differentially expressed in DCs, from which 999 genes (8.3%) were 
downregulated and 831 (6.7%) were upregulated upon LPS stimulation (Table S1). 
Similar up- and down regulated genes were reported before.47 Of all differentially 
up- or downregulated genes, 39 genes (3.9%) were at least 64-fold downregulated 
and 57 genes (6.9%) or upregulated (e.g. at least 6-log fold change up- or 
downregulated). These genes are displayed in Table 2.
Kyoto Encyclopedia of Genes and Genomes (KEGG) gene set enrichment analyses 
were performed, which allowed the categorization of genes into different functional 
groups or pathways. 36 pathways were found to be significantly enriched by the 
differentially expressed genes, with a coverage of 11.2% to 34.5%. The differentially 
expressed genes were related to cytokine-cytokine receptor interaction, phagosome, 
cell adhesion molecules, MAPK signaling pathway and to (auto)immune disorders, 
as summarized in Table 3. 
Ingenuity Pathway Analysis (IPA) allowed us to study the up- and downregulated genes 
from an alternative pathway enrichment tool. Analyzing the downregulated genes, 
we found enriched pathways involved in the inhibition of matrix metalloproteinases 
and axonal guidance signaling. In addition, the downregulated genes were related 
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Table 2. RNA-Seq; differentially expressed genes DCs LPS vs ST (at least 64-fold 
change)
Extracted from Supplementary Table 1

Gene names Symbols logfc*

at least 64-fold downregulated (39/999 genes, 3.9%)

Plexin A4 Plxna4 -9.50

CD300 Ig-like domain Cd300lg -9.02

DC-SIGN Cd209a -9.00

C-C chemokine receptor type 2 Ccr2 -8.73

Complement Factor H Cfh -8.71

DC-SIGN Cd209c -8.66

Eosinophil cationic protein 2 Ear2 -8.56

Neuropeptide Y receptor Y1 Npy1r -8.39

Fc receptor-like S, scavenger receptor Fcrls -8.28

MAM domain-containing protein 2 Mamdc2 -8.11

Calcium Channel, Voltage-Dependent, Alpha 2/Delta 2 Cacna2d2 -8.07

neurexophilin and PC-esterase domain family, member 5 Nxpe5 -8.00

resistin like alpha Retnla -7.75

Mannose Receptor, C Type 1 Mrc1 -7.72

DC-SIGN Cd209d -7.59

acyl-CoA thioesterase 1 Acot1 -7.45

Keratin 20 Krt20 -7.37

SCO-spondin Sspo -7.30

T-Complex-Associated-Testis-Expressed 1 Tcte1 -7.25

ATP-binding cassette, sub-family A-6 Abca6 -7.18

C-type lectin domain family 4-b1 Clec4b1 -6.88

AMP deaminase 1 Ampd1 -6.85

Solute Carrier Family 36 Member 2 Slc36a2 -6.81

Sarcosine Dehydrogenase Sardh -6.75

Matrilin 1, Cartilage Matrix Protein Matn1 -6.69

zinc finger protein 618 Zfp618 -6.64

G-protein coupled receptor 34 Gpr34 -6.63

murine retrovirus integration site 1 Mrvi1 -6.63

Apolipoprotein E Apoe -6.61

C-type lectin domain family 9-a9 Slc9a9 -6.53

asialoglycoprotein receptor 2 Asgr2 -6.41

Kinesin-like protein 14 Kif14 -6.37
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PHD finger protein 24 N28178 -6.32

Regulator of G-protein signaling 7-binding protein Rgs7bp -6.21

Inactive dipeptidyl peptidase 10 Dpp10 -6.20

Kallikrein-15 Klk15 -6.20

RNA-binding protein MEX3A Mex3a -6.17

SH3 domain GRB2 like endophilin interacting protein 1 Sgip1 -6.14

Protein S 1 Pros1 -6.12

Upregulated

Hepcidin Antimicrobial Peptide Hamp 12.76

Nitric oxide synthase 2 Nos2 11.43

apolipoprotein L 9b Apol9b 10.64

EF-hand calcium-binding domain-containing protein 6  Efcab6 10.13

Interleukin 12a Il12a 10.03

RIKEN cDNA 4933432I03 4933432I03Rik 9.56

apolipoprotein L 9a Apol9a 9.56

inhibin beta A subunit Inhba 9.50

Prostaglandin-endoperoxide synthase 2 Ptgs2 9.37

Autotaxin Enpp2 9.34

Somatostatin Receptor 5 Sstr5 8.74

cDNA sequence U90926 U90926 8.54

Sushi Domain Containing 2 Susd2 8.52

at least 64-fold upregulated (57/831 genes, 6.9%)

Aquaporin-8 Aqp8 8.51

myocardial infraction associated transcript 2 Gm10872 8.10

Astrotactin 2 Astn2 7.93

interferon induced transmembrane protein 10 Ifitm10 7.85

Potassium voltage-gated channel subfamily F - 1 Kcnf1 7.85

RIKEN cDNA 1600014C23 1600014C23Rik 7.76

Alcohol dehydrogenase class 4 mu/sigma chain Adh7 7.76

gastric inhibitory polypeptide receptor Gipr 7.70

lymphocyte antigen 6 complex, locus I Ly6i 7.62

interferon activated gene 205 Ifi205 7.56

dopamine receptor D1 Drd1a 7.56

tripartite motif containing 43B Trim43b 7.54

WAP, follistatin/kazal, im-munoglobulin, kunitz and netrin domain 
containing 2

Wfikkn2 7.40

Fibroblast growth factor receptor 2 Fgfr2 7.27

Guanylate cyclase 2G Gucy2g 7.18

Gene names Symbols logfc*
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EF-Hand And Coiled-Coil Domain Containing 1 Efcc1 7.16

Chloride intracellular channel protein 5 Clic5 7.14

Orosomucoid 1 Orm1 7.10

schlafen-4 Slfn4 7.03

Serum amyloid A 3 Saa3 7.02

TNF superfamily member 15 Tnfsf15 6.88

trophoblast specific protein alpha Tpbpa 6.82

glycoprotein 6 Gp6 6.76

immune responsive gene 1 Irg1 6.76

Heat Shock Protein Family A (Hsp70) Member 1A Hspa1a 6.72

Heat Shock Protein Family A (Hsp70) Member 1B Hspa1b 6.69

Chemokine (C-X-C motif) ligand 2 Cxcl2 6.55

lymphocyte antigen 6 complex, locus C2 Ly6c2 6.54

Lipocalin-2 Lcn2 6.48

radical SAM domain-containing 2 Rsad2 6.40

thyroglobulin Tg 6.40

Chemokine (C-X-C motif) ligand 9 Cxcl9 6.36

carbonic anhydrase 4 Car4 6.35

Solute Carrier Family 6a-15 Slc6a15 6.30

Potassium Channel Tetramerization Domain Containing 14 Kctd14 6.25

Prostaglandin E synthase Ptges 6.18

Mitochondria-localized glutamic acid-rich protein Mgarp 6.15

Vanin 3 Vnn3 6.14

Hypoxia-inducible lipid droplet-associated protein Hilpda 6.10

2’-5’ oligoadenylate synthetase-like 1 Oasl1 6.08

RIKEN cDNA A530013C23 A530013C23Rik 6.06

interferon regulatory factor 7 Irf7 6.04

chemokine (C-X-C motif) ligand 1 Cxcl1 6.04

predicted gene 13580 Gm13580 6.01

*logFC of 6 is a 64-fold change (2^6)

Gene names Symbols logfc*
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Table 3. RNA-Seq; KEGG pathways of differentially expressed genes in DCs LPS vs ST

Description Differential 
expressed genes 
in category

number of 
genes in 
category

% genes in 
category

fDr*

Cytokine-cytokine receptor interaction 56 243 23.0% 9.58E-12

Type I diabetes mellitus 20 58 34.5% 8.40E-08

Phagosome 37 168 22.0% 6.69E-07

Graft-versus-host disease 17 53 32.1% 1.01E-06

Allograft rejection 16 51 31.4% 3.84E-06

Cell adhesion molecules (CAMs) 33 146 22.6% 6.53E-06

Toll-like receptor signaling pathway 24 101 23.8% 5.92E-05

Malaria 15 46 32.6% 6.72E-05

Hematopoietic cell lineage 21 82 25.6% 6.72E-05

Chemokine signaling pathway 35 178 19.7% 8.30E-05

Chagas disease (American trypanosomiasis) 24 100 24.0% 0.000133967

Amoebiasis 26 115 22.6% 0.000197068

Autoimmune thyroid disease 14 66 21.2% 0.000500696

MAPK signaling pathway 45 266 16.9% 0.000526095

Cytosolic DNA-sensing pathway 13 55 23.6% 0.001290545

Staphylococcus aureus infection 13 50 26.0% 0.001550923

NOD-like receptor signaling pathway 15 57 26.3% 0.001550923

Antigen processing and presentation 16 77 20.8% 0.001550923

Glutathione metabolism 12 54 22.2% 0.002666897

Leishmaniasis 15 64 23.4% 0.002666897

Metabolic pathways 128 1143 11.2% 0.00334151

Rheumatoid arthritis 16 81 19.8% 0.00334151

Pathways in cancer 49 320 15.3% 0.005505073

African trypanosomiasis 9 32 28.1% 0.006660392

ECM-receptor interaction 19 86 22.1% 0.006848157

Calcium signaling pathway 30 178 16.9% 0.011838457

Viral myocarditis 16 87 18.4% 0.014542419

Lysosome 21 122 17.2% 0.019847615

RIG-I-like receptor signaling pathway 13 69 18.8% 0.020382885

Complement and coagulation cascades 14 76 18.4% 0.030379975

Osteoclast differentiation 20 116 17.2% 0.030379975

Nicotinate and nicotinamide metabolism 7 26 26.9% 0.031461078

Glycerophospholipid metabolism 15 80 18.8% 0.031939057

p53 signaling pathway 13 67 19.4% 0.035764318

Jak-STAT signaling pathway 22 153 14.4% 0.043375901

Prion diseases 8 35 22.9% 0.043907745

*FDR; false discovery rate
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to cell homeostasis, such as microtubule motor protein KIF14,48 cytoskeleton protein 
Keratin20,49 and lipid or amino acid transporter SLC36A2.50 Other downregulated 
genes are mostly required for steady state DC function, like PAMP-receptor DC-
SIGN, proteins involved in endocytosis, such as Sgip or Pros, and Apoe, which 
can be secreted by DCs to capture lipid-antigens or to transfer bacterial lipids from 
infected cells to bystander DCs.51 Pathways identified for the upregulated genes 

figure 1. Characterization of Gata1 binding sites and consensus sequence in DCs. (A) Venn diagrams 
of genes that are differentially expressed in the Gata1 ChIP-Seq only in steady state DCs (blue circle), 
only in LPS stimulated DCs (red circle), or both in steady state and LPS stimulated DCs (overlapping parts 
of both circles). (B) Genomic location of the peaks found by Gata1 ChIP-Seq. (C) Potential binding sites 
of Gata1 determined by MEME analysis.
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were involved in the communication between innate and adaptive immune cells 
and dendritic cell maturation. The upregulated genes encode for, among others, 
cytokines and chemokines (IL-12a, Cxcl2, and Cxcl9) and proteins involved in 
cytokine expression regulation, such as interferon activated gene (Ifi205) and 
interferon induced transmembrane protein 10 (Ifitm10). In addition, acute phase 

figure 2. Identification of PU.1 binding site in DCs. (A) Venn diagrams of genes that are differentially 
expressed in the PU.1 ChIP-Seq only in steady state DCs (blue circle), only in LPS stimulated DCs (red 
circle), or both in steady state and LPS stimulated DCs (overlapping parts of both circles). (B) Genomic 
location of the peaks found by PU.1 ChIP-Seq. (C) Potential binding sites of PU.1 determined by MEME 
analysis.
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proteins were upregulated, like Orm152 and Saa3,53 as well as prostaglandin E, 
which is among other things important in the CCR7 driven DC migration.54 
Altogether, KEGG and IPA analysis, in combination with previously published 
datasets, confirmed that our RNA-Seq data of DC in steady state and LPS stimulation 
represented with fidelity the transcriptomic changes due to DC activation. This 
dataset can be therefore used to analyze in combination with respective ChIP-Seq 
datasets, the Gata1/PU.1 actively regulated gene-sets upon LPS stimulation and 
their dynamic interactions.  

characterization of Gata1 binding sites in Dcs in steady state and upon lPS 
stimulation

We have shown previously that the expression level of Gata1 is upregulated in 
BMDCs upon LPS stimulation.17 In addition, we have shown that Gata1 is important 
for DC differentiation16 as well as for proper migration of DCs upon stimulation.20 
To determine which of the differentially expressed genes found by RNA-Seq, are 
directly regulated by Gata1, we performed Gata1 Chromatin Immunoprecipitation 
followed by high throughput sequencing (ChIP-Seq) in murine BMDCs in the steady 
state and upon LPS stimulation. After sequencing the precipitated DNA fragments, 
peak calling (i.e. transcription factor binding site) was performed using MACS 
normalization. Peaks found in LPS stimulated samples were compared to the peaks 
found in steady state condition. 2,640 peaks were identified specifically in steady 
state DC and 6,161 peaks were specifically identified in DC after LPS stimulation. 
1,143 peaks were found to be bound by Gata1 in both conditions (fig. 1a and 
Table S2). 
Next, we analyzed at what specific location in the genome the peaks were located 
and to which genes should they be assigned. Promoter and enhancer regions are 
located upstream of a given gene, but there are also other distal regulatory regions 
that can be found upstream and downstream a given gene. Upon transcription, 
chromatin forms loops that join to close proximity distal and promoter regions of 
actively transcribed or repressed genes; therefore, peaks can locate in close proximity 
or distal to the promoter region of the induced gene. For this reason, transcription 
factor can bind to multiple sites (peaks) when regulating the transcription (activation 
or repression) of a given gene. However, peaks located in intergenic regions might 
be assigned to the up- or downstream gene wrongly. 
Peak location was found similar in both steady state and LPS condition (fig. 1b). 
Most of the peaks (60 – 80% in total) were found either within a gene (intronic) or 
between genes on non-coding parts of the genome (intergenic). Around 10% of the 
peaks were located upstream of a gene and about the same amount downstream. 
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Only 1% of the peaks were found on an untranslated region (UTR) or on a coding 
sequence (CDS).
Next, we determined the consensus sequence bound by Gata1 in DCs in both 
conditions. The known binding site for Gata1 in erythrocytes and megakaryocytes 

figure 3. Differential expressed genes regulated by Gata1 and/or PU.1. (A) Differential expressed 
genes in RNA-Seq in a pie diagram, with green representing the downregulated genes and pink the 
upregulated genes. (B) Downregulated (left) and upregulated (right) genes of RNA-Seq are divided into 
two pie diagrams represented by the outer circle. The middle circle represents differential genes regulated 
by Gata1 only in steady state condition (yellow), only in LPS stimulated condition (red) or both in steady 
state and LPS stimulated condition (orange). The inner circle represents differential genes regulated by 
PU.1 only in steady state condition (gray), only in LPS stimulated condition (dark gray) or both in steady 
state and LPS stimulated condition (brown).
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is WGATAR.55 MEME analysis, however, could not identify this consensus binding 
site (fig. 1c and S1a). One explanation can be that Gata1 functions as a cofactor in 
a transcriptional complex, were adjacent sequence motifs may vary, such as CACC 
boxes,56 or GATT binding site.57 Another explanation can be that in addition to 
the WGATAR canonical binding site, Gata1 can also recognizes the non-canonical 
binding site with GATC in the core.58 This non-canonical binding site resembles 
closely the MEME motif that is found in DCs, e.g. GTAG in ST and CTAC in LPS 
stimulated samples. 

characterization of PU.1 binding sites in Dcs in steady state and upon lPS 
stimulation

We next performed PU.1 ChIP-Seq on the same material. The sequencing and peak 
calling was performed identical as for Gata1. For PU.1 we found, in contrast to 
Gata1, more peaks specific for the steady state (55,493) than for LPS stimulated 
cells (19,916). In addition, we found more peaks overlapping in both conditions 
(46,326) (fig. 2a). The specific part of the genome where the peaks were located 
was comparable to the distribution of Gata1 binding sites, except that there are 
relatively more peaks located to the UTR and CDS region (fig. 2b). 
The consensus sequence for PU.1 is GAGGAA.59 MEME analysis found this back in 
the top three MEME motifs (fig. 2c and S1b) in both steady state condition as upon 
LPS stimulation. Interestingly, another enriched sequence motif was identified, e.g. 
TTCC, which was most prevalent in the steady state condition and second upon LPS 
stimulation. 

Dynamics of Gata1 and PU.1 in the transcriptional regulation of Dc activation

With ChIP-Seq analysis genes that are potentially regulated by Gata1 or PU.1 in 
steady state and in LPS-stimulated DCs have been identified. RNA-Seq analysis 
allowed us to identify genes that are up- or down regulated in LPS stimulated DCs 
compared to its steady state condition. In order to find out direct transcriptional 
regulation and dynamics during DC activation, we compared all datasets. Our aim 
was to assess how relevant a low-abundant transcription factor, such as Gata1, can 
be for DC activation, in comparison with a high-abundant and well-characterized 
relevant transcription factor in DC biology. 
With that purpose, we overlaid the ChIP-Seq datasets (Gata1 and PU.1 both in 
steady state and upon LPS stimulation) with significantly differentially expressed 
genes significantly up- or downregulated upon LPS stimulation (fig. 3a and Table 
S4). The different gene group sets are represented in respective graphics, one for 
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downregulated genes and the other for upregulated genes (fig. 3b). The inner pie-
chart of both graphics represents the number of differentially expressed genes that 
are regulated by Gata1 only in the steady state condition (yellow), only upon LPS 
stimulation (red), regulated in both conditions (orange) or not regulated by Gata1 
(empty). The inner circle divides those genes in 4 new subgroups. Genes that are 
also regulated by PU.1 but only in steady state condition (gray), only upon LPS 
stimulation (dark gray), in both conditions (brown) or not regulated by PU.1 (black 
line). A large group of genes is not regulated by either Gata1 or PU.1. However, 
many genes are regulated by both. The number in the pie diagrams represents the 
number of genes in the specific group. 
Using Homer analysis, we were able to define known binding sites enriched at the 
promoter of genes contained in all the different sub groups (Table 4). In the groups of 
genes regulated by PU.1 we found ETS or CCAAT box motifs, supporting the notion 
that PU.1 binds directly to the promoter region of those genes. We found CACCC 
boxes in groups of genes regulated putatively by Gata1, which has been also shown 
to be occupied by Gata1 as part of a complex.56 Other binding domains assigned 
to other transcription factors were found as well. This suggests that PU.1 or Gata1 
can also act as a cofactor in the regulation of DC activation or is binding to a non-
canonical binding site.
Next, we set out to infer whether the genes dynamically regulated by PU.1 or Gata1 
upon LPS stimulation were either activated or repressed, based on DNA occupancy 
and gene expression down- or upregulation upon LPS stimulation. For example, if 
a gene is downregulated upon LPS stimulation and Gata1 occupancy to this gene 
happens only in LPS condition, Gata1 functions as a repressor in LPS condition. On 
the other hand, if Gata1 occupancy to this downregulated gene occurs only in the 
steady state, Gata1 acts as an activator in the steady state. Gata1 would still be 
solely responsible for the gene expression dynamics if PU.1 is also bound to the 
same gene, but both in steady state and upon LPS activation. 
First, we analyzed those genes uniquely regulated by Gata1 (Table S4a). We 
identified 63 genes that became upregulated upon LPS stimulation and by the loss 
of Gata1 chromatin occupancy (i.e. they are repressed in steady state by Gata1) 
and 175 genes that were directly activated through gain of chromatin occupancy by 
Gata1 in LPS stimulated DCs. This results in the upregulation of a total of 238 through 
Gata1 transcription regulation. IPA analysis showed that these genes are involved 
in antimicrobial response, inflammatory response and cellular movement. Gata1 
represses CD80, interferon induced genes (Ifi27l1, Ifih1, Isg20) and complement C3 
expression in the steady state, but not upon LPS activation, suggesting that Gata1 acts 
as a fine modulator to restrict undesired DC activation. In addition, Gata1 directly 
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Table 4a. Homer known binding sequences of downregulated genes bound by 
Gata1 and/or PU.1

bound by Gata1 bound by PU.1 name motif motif

None

None MYB(HTH)

ST only
EKLF(Zf)

NFY(CCAAT)

ST & LPS Nkx2.1(Homeobox)

LPS only MyoD(HLH)

ST only

None - -

ST only - -

ST & LPS
HNF6(Homeobox)

Pax8(Paired/Homeobox)

LPS only - -

ST & LPS

None - -

ST only Lhx3(Homeobox)

ST & LPS

Ets1-distal(ETS)

EWS:ERG-fusion(ETS)

Nr5a2(NR)

MafK(bZIP)

TEAD4(TEA)

HRE(HSF)

Nr5a2(NR)

LPS only - -

LPS only

None - -

ST only - -

ST & LPS

Ets1-distal(ETS)

NFY(CCAAT)

Sox6(HMG)

EWS:ERG-fusion(ETS)

Fli1(ETS)

LPS only NF1-halfsite(CTF)
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Table 4b. Homer known binding sequences of upregulated genes bound by Gata1 
and/or PU.1

bound by Gata1 bound by PU.1 name motif motif

None

None

RFX(HTH)

Rfx2(HTH)

MafK(bZIP)

ST only - -

ST & LPS

ISRE(IRF)

NFkB-p65-Rel(RHD)

T1ISRE(IRF)

LPS only - -

ST only

None - -

ST only - -

ST & LPS RARg(NR)

LPS only - -

ST & LPS

None - -

ST only
STAT6(Stat)

STAT6(Stat)

ST & LPS

ISRE(IRF)

IRF2(IRF)

IRF1(IRF)

NFkB-p65-Rel(RHD)

IRF4(IRF)

NFkB-p65(RHD)

Max(HLH)

Klf4(Zf)

PU.1-IRF(ETS:IRF)

NFkB-p50,p52(RHD)

PU.1(ETS)

c-Myc

n-Myc(HLH)

LPS only - -

LPS only

None ISRE(IRF)

ST only NF1(CTF)

ST & LPS
T1ISRE(IRF)

Jun-AP1(bZIP)

LPS only - -
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activates HLA-I (H2-Q1 and H2-M3), IL12b, IL18, and IL27 upon LPS stimulation. 
In addition, other genes important for cellular movement are upregulated upon LPS 
stimulation and regulated by Gata1, like the cell adhesion molecule, ICAM. 
When looking at downregulated genes upon LPS stimulation, 231 genes are actively 
repressed by Gata1 through gain of chromatin occupancy and 61 genes are 
downregulated by Gata1 through loss of chromatin occupancy (i.e. Gata1 activates 
the expression of these genes in the steady state), resulting in downregulation of 
292 genes upon LPS stimulation directly regulated by Gata1. Downregulated genes 
include apolipoproteins and matrix metallopeptidases. 
Next, we looked at genes uniquely regulated by PU.1 (Table S4a). PU.1 regulates the 
upregulation of 48 genes, either by repressing the genes in steady state (23 genes, 
loss of chromatin occupancy, most of them involved in cell metabolism) or directly 
activating them (gain of chromatin occupancy, most of them related to molecular 
transport and cell to cell signaling (e.g. IL6)) upon LPS activation (25). Downregulated 
genes uniquely regulated by PU.1 include 35 genes that are actively expressed 
in the steady state get downregulated through loss of PU.1 chromatin occupancy 
and 18 genes that are directly repressed (gain of chromatin occupancy) upon LPS 
stimulation, all important in cell-to-cell signaling, cell function and maintenance and 
cell assembly and organization. 
In total, 56 genes were found to be synergistically regulated by both Gata1 and 
PU.1 (Table S4b). Of these, 27 genes are upregulated upon LPS stimulation: 3 of 
them are repressed in the steady state (and loss of chromatin occupancy upon LPS 
stimulation of both Gata1 and PU.1 results in upregulation) and 24 genes are directly 
upregulated by Gata1 and PU.1 (gain of chromatin occupancy of both factors) upon 
LPS stimulation. On the other hand, 29 genes regulated synergistically by the two 
transcription factors are downregulated, as a result of loss of chromatin occupancy 
(10 genes actively expressed in the steady state) or directly repressed upon LPS 
stimulation (24 genes on which there is gain of chromatin occupancy) (Table 5a). 
One of the upregulated genes induced synergistically upon LPS stimulation is Lox, 
which promotes humoral responses and induces the upregulation of CCR7, thereby 
promoting migration.60 Surprisingly, a number of the synergistically downregulated 
genes are required to be shut down for proper DC differentiation and maturation. DC-
SIGN recognizes a broad range of pathogen-derived ligands and mediates antigen 
uptake and signaling.61 Irak4 has been shown to be essential in the TLR-dependent 
LPS-mediated DC activation,62 by regulating DC surface marker expression and 
cytokine release,63 as well as Adam23, which is important for proper antigen-
presentation.64 P2rx7 activation promotes Asc/Nlrp3 inflammasome activation.65 In 
addition, the inhibitory receptor LAIR-1 is inhibited in LPS activated cells by Gata1 
and PU.1, thereby facilitating proper immune activation.66 
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Besides the fact that PU.1 and Gata1 can regulate different genes solely or 
synergistically, we also found a clear Gata1/PU.1 switch upon LPS activation 
present in the regulation of expression of 34 genes (Table 5b). These genes were 
regulated by Gata1 in steady state and by PU.1 upon LPS stimulation, or vice versa. 
Among these genes, RhoB and Stat1 are both important for DC activation. They are 
involved in the upregulation and surface localization of MHC and costimulatory 
molecules.67,68 The effector molecule of Rap1, Rapl, upregulates Lfa-1 and is crucial 
for the trafficking of immune cells during immunosurveillance,69 the main function of 
DCs in steady state condition. 
Lastly, 1,109 of the differentially expressed genes upon LPS stimulation of DC 
identified by RNA-Seq, are not regulated by neither Gata1 nor PU.1; of these, 499 

Table 5a. Gata1 and PU.1 synergistically regulated genes 

Upregulated Downregulated

Repression Activation Repression Activation
Igfbp4 1500012F01Rik A130077B15Rik Adam23
Pde7b 2310069B03Rik Arglu1 Cd209c
Psrc1 Aqp8 Arhgef4 Cd209d

Car13 Aven Hsd11b2
Cenpq Efnb2 Irak4
Dgcr6 Fmo5 Pard6g
Gfi1 Lair1 Ppap2c
Herc6 Lpcat4 Steap3
Hsph1 Mgst3 Strbp
Kctd14 Npas2 Thbs4
Lox P2rx7
Nrg1 Pam
Pcgf5 Pik3r3
Prrg4 Pla2g15
Selm Psd3
Sgms2 Rad54l
Sil1 Sept1
Slco4a1 Sigmar1
Snhg5 Zfp949
Snhg8
Srfbp1
Ttyh1
Usp15
Xaf1
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are upregulated and 610 are downregulated in LPS stimulated DCs (Table S4C), 
and are therefore dynamically regulated by other transcription factors. Pathway 
analysis of downregulated genes relates the function of these genes to cell-to-cell 
signaling and interaction, immune cell trafficking and lipid metabolism. Upregulated 
genes were found to be involved in the regulation of the cytokine production, PRR 
signaling and recognition and HIF1a signaling.

DiScUSSion

Dendritic cells are key initiators of the immune system; however, they also facilitate 
tolerance to self-antigens and food antigens. When DCs become activated, they 
stop sampling their environment for antigens and become optimally equipped for 
antigen presentation by increasing surface expression of MHC-II and costimulatory 
molecules, such as CD40 and CD86, and migrate to the lymph nodes in order to 
mount the immune response.22,23 When this process does not function properly, it 
may lead to unwanted tolerance, as it occurs during metastatic processes, or to 
autoimmune diseases. Therefore, the differentiation and function of DCs must be 
tightly regulated. It is known that DC differentiation and maturation is regulated by 

Table 5b. Genes regulated by a Gata1/PU.1 switch

Upregulated Downregulated

B2m Creb5 Aldh16a1 Adamts10

Ccdc155 Dusp10 Igf1 Cd28

Hrc Msi2 Rap1gap D630045J12Rik

P4ha1 Oas1b Rtkn Ptprs

Sowahc Oas1c Tead2 Rhob

Sbds Sbk1

Slc7a2 Slc22a17

Stat1 Tmem71

Stk39 Wdr62

Traf3ip2 Zfp395

Trim30d

Twsg1

Ugt1a6b

Zfp827
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a very complex transcriptional program.3,4 PU.1 is one of the transcription factors 
known to be abundantly expressed in DCs14 and is indispensable for proper DC 
differentiation,11,12 and activation by regulating the expression of CD80 and CD86.27

Previously, we and others have reported the importance of the transcription factor 
Gata1 for mouse and human DC development, activation and survival.16-20 Despite 
the fact that Gata1 is a low-abundant transcription factor in DCs,17 in contrast to 
PU.1 which is highly expressed,14,17 a DC-specific Gata1-KO mouse model showed 
an important role for Gata1 in the life cycle of DCs and for proper migration 
towards the lymph nodes upon stimulation.20 In addition, Gata1 and PU.1 have 
been shown to have an antagonistic role in lineage separation between myelo-
erythroid and myelo-lymphoid lineages. They can inhibit each other function by 
protein-protein interaction depending on the cell type and differentiation stage.31,32 
However, Gata1 can  also directly bind to the PU.1 locus and inhibit its expression 
and induces erythromegakaryocytic differentiation.30

In order to study the genes regulated by only Gata1 or PU.1 or regulated by both, 
we performed ChIP-Seq analysis of the two transcription factors. PU.1 ChIP-Seq 
analysis resulted in 120,000 peaks, with up to 50-fold peak enrichment compared 
to background noise. ChIP-Seq analysis of Gata1 results in around 10,000 peaks, 
showing only up to 11-fold peak enrichment compared to background noise. Gata1 
is a low-abundant transcription factor in DCs,17 which might explain why peaks 
found were closer to background noise.
In order to filter out relevant chromatin occupancy sites at genes expressed in DC, 
we also performed RNA-Seq analysis. Combining these two datasets, we were able 
to characterize in an unbiased manner which genes are directly regulated by Gata1 
or PU.1 in steady state or LPS stimulated DCs in mouse. 20% of the expressed genes 
were differentially expressed when comparing LPS stimulated DCs to DCs in steady 
state conditions. Genes that are downregulated are all involved in cell homeostasis, 
metabolic pathways and PAMP-recognition, which is also described by Dalod et 
al.47 Genes that are upregulated include costimulatory molecules, cytokines and 
chemokines, acute phase proteins and genes involved in DC migration.
Among the genes that were regulated by PU.1, we were able to identify the 
consensus sequences GAGGAA with MEME analysis in both steady state and LPS 
conditions. Interestingly, we also found a TTCC motif, which was most prevalent in 
the steady state condition and second in the LPS stimulated DCs. It has been very 
recently reported that PU.1 binds to this sequence and it is critical in the regulation 
of the OX40L/TNFSF4 promoter in DCs.70

We could not identify by Homer enrichment the canonical sequence WGATAR at the 
promoter region of the subgroup of genes regulated by Gata1. This can be due to 
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the fact that Gata1 can also bind to non-canonical GATA sites or that it binds to other 
preferred sequences as part of a transcription complex. The non-canonical binding 
site GATT57 or GATC58 resembles closely the MEME motif that is found in DCs, e.g. 
GTAG in ST and CTAC in LPS samples. However, maybe a selection of peaks around 
the promoter region would give a better canonical binding site enrichment. We were 
able to identify CACCC sequences, to which it has been previously described that 
Gata1 binds as part of a complex.56 Supporting this notion, we identified c-Jun and 
AP-1 sites to be enriched at the promoter region of genes putatively regulated by 
Gata1, and it has been reported previously that Gata2, another Gata transcription 
factor, co-occupies in the chromatin c-Jun and AP-1 sites.71 However, another 
explanation for not identifying WGATAR in DCs, can be because Gata1 is a low-
abundant transcription factor in DCs. Therefore, it might be interesting to search for 
the WGATAR sequence in the promoter region of Gata1 regulated genes.
We separated genes that were dynamically regulated by Gata1 or PU.1 uniquely 
from genes that were regulated by both Gata1 and PU.1 synergistically, or genes that 
were regulated by a clear Gata1/PU.1 switch, which means that Gata1 replaces 
PU.1 in the regulation of a certain genes, or vice versa, upon LPS activation of DCs.  
As expected, most of the genes were not regulated by either Gata1 or PU.1 at all. 
One of the genes solely regulated by PU.1 was CD80, as described.27 whereas 
CD86 was not regulated only by PU.1 but also by Gata1, as shown in our study 
(Table S4). 
We have seen that both Gata1 and PU.1 influence the expression of other 
transcription factors relevant for DC differentiation and maintenance, such as 
Gata2 and Gfi1. The transcriptional repressor Gfi1 was shown to be required 
for proper DC differentiation in mice. In addition Gfi1 is involved in the induction 
of Stat3 during DC activation and thereby essential for proper DC maturation.72 
Gata2 is downregulated upon LPS stimulation in a Gata1/PU.1 synergistic manner. 
Gata2 is, just like Gata1, expressed at low levels in DCs.17 Gata1 and Gata2 are 
known to regulate each other’s expression, for example during erythropoiesis and 
megakaryopoiesis.73 However, if PU.1 is expressed before Gata1 and Gata2, the 
cells differentiate towards the granulocyte/macrophage lineage.74,75 In addition, 
mutations in the human GATA2 gene have been linked to the MonoMAC syndrome, 
an immunodeficiency syndrome characterized by the loss of monocytes, B cells, NK 
cells and DCs.76-80 Altogether, this indicates an interaction between Gata1, Gata2 
and PU.1 during DC differentiation and activation.  
Given the previous results with a DC-specific Gata1-KO mouse model, depletion 
of Gata1 can have a big influence.20 This indicates that the low-abundance Gata1 
might regulate the transcription of genes that can fine-tune DC function. Gata1 
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directly reduces the Indoleamine 2,3-dioxygenase-1 (Ido1). Inhibition of IDO1 in 
human DCs, results in increased number of activated DCs, increased T and NK cell 
growth and increased IFNg production, whereas IDO1 induction results in increased 
apoptosis.81 In addition, increased IDO1 expression has been found in tumor cells 
as well as in dendritic cells of tumor-draining lymph nodes, which correlates with a 
more invasive disease.82,83

Genes that are regulated synergistically by Gata1 and PU.1 are mainly involved in 
the proper maturation and function of DCs, i.e. ligand recognition, TLR-dependent 
activation, inflammasome activation and antigen-presentation.61-65 Genes regulated 
by the Gata1/PU.1 switch were found to be involved in cell trafficking and proper 
DC activation,67-69 as well as necessary to prevent spontaneous activation of DC in 
the steady state condition.84,85

Taken together, these results show an important role for the low-abundance 
transcription factor Gata1. Gata1 regulates many pathways involved in cell 
homeostasis and metabolism in steady-state DCs, while it may help to regulate 
proper DC activation and cell survival upon LPS stimulation. In steady state, Gata1 
binds the promoter and inhibits the expression of CD80, interferon induced genes 
and complement C3 expression, whereas it binds the HLA-I, IL-12b, IL-18 and IL-
27 promoter and enhances the transcription in LPS stimulated cells. Additionally, 
we show a Gata1/PU.1 switch on the promoter region of multiple genes. Lastly, 
Gata1, and in lesser extent PU.1, actively regulate the expression of many genes, 
including other transcription factors, like Gfi1, by which the influence of the low 
abundant transcription factor can increase. Manipulation of transcription factors of 
low-abundance may be a key tool for fine-tuning cell function without disturbing cell 
type integrity which could be clinically relevant for therapeutic DC applications in 
the future. 
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Supplementary figure 1: Consensus sequences of binding sites for Gata1 and PU.1 in DCs
Top three of potential binding sites of Gata1 (A) and PU.1 (B) determined by MEME analysis.
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abSTracT

Dendritic cells (DCs) are key regulators of the immune response. When pathogens are 
recognized, DCs become activated, resulting in a wide range of cellular changes. 
PU.1 is an important and highly expressed transcription factor in DCs. It regulates 
many processes during DC differentiation and activation. For example, PU.1 directly 
regulates the expression of CD80 and CD86, as well as HLA class II upregulation, 
two major features of its classical antigen-presenting cell activity, by binding to the 
GAGGAA motif on their respective promoter sequences. 
In this study, we expanded the knowledge of the PU.1 interactome and transcriptome 
in DCs by identifying similarities and differences between human and mouse DCs. 
We identified genes regulated by PU.1 in unstimulated and LPS-stimulated human 
and mouse DCs in an unbiased manner using ChIP-Seq analysis. The number of 
genes regulated by PU.1 was 2-fold higher in mouse DCs compared to human DCs. 
Of all identified genes, approximately 200 genes were found in both unstimulated 
and stimulated human and mouse DCs. Analysis revealed that these core regulated 
genes were important in cellular homeostasis as well as for immune-specific functions 
of DCs. 
Studying the PU.1 interactome by immunoprecipitation and subsequent mass 
spectrometry analysis, allowed us to describe the dynamics and to build a model of 
the PU.1 interactome for human and mouse in both unstimulated and stimulated DCs. 
We have identified several known and new transcriptional cofactors and possible 
candidates for DC manipulation, such as, DEK and PHB, both known to be involved 
in cell survival and apoptosis pathways of many different cells. Manipulation of 
these cofactors might increase the survival of DCs to increase the duration and 
efficacy of DC-based immunotherapy.  
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inTroDUcTion

Dendritic cells (DCs) are key regulators of the immune response.1 In homeostatic conditions 
(steady state), two major types of DCs can be defined in both human and mouse, namely 
plasmacytoid DCs (pDCs) and conventional DCs (cDCs). Under inflammatory conditions, 
a third type of so-called inflammatory DCs, derives from circulating monocytes.2 Upon 
pathogen recognition, DCs enter the irreversible activation process. This process includes 
secretion of cytokines as well as the upregulation of activation markers, like MHC-II, CD40, 
CD86 and the C-C chemokine receptor 7 (CCR7).2-4 
DC differentiation and activation is tightly regulated by transcriptional programs 
which are executed by transcription factor complexes.5,6 One of these transcription 
factors is PU.1, encoded by the Sfpi1 gene, which belongs to the ETS-family of 
transcription factors.7,8 PU.1 is important for the differentiation of hematopoietic 
myeloid lineages as well as for the proper differentiation and activation of DCs.5,7-9 
During DC differentiation PU.1 has been found to regulate Flt3 expression, which 
is essential for DC development.7 Mice lacking Flt3 or Flt3 ligand (Flt3L) found to 
have a reduced number of DCs.7,8,10 Indeed, loss of PU.1 results in a general cDC 
defect,7,9,11 which is dose-dependent, e.g. the lower PU.1 expression, the more severe 
the cDC reduction.7 In addition, PU.1 is also involved in the lineage bifurcation 
between cDC and pDC differentiation. Whereas PU.1 is highly expressed in cDCs, 
the expression is low in pDCs.9  
PU.1 plays an important role in the differentiation process of DCs by regulating gene 
expression. It can directly regulate the expression of CD80, CD86 and MHC-II by 
directly binding their promoter regions,12,13 recognizing the GAGGAA consensus 
sequence.14 In addition, PU.1 is known to interact with several cofactors, either 
activators or repressors of transcription. The cofactors can influence the transcription 
of several genes driven by PU.1 in either direction; activation or inhibition.15-22 
For example, PU.1 can form a complex with the coactivator c-Jun and enhance 
the expression of the M-CSF receptor in macrophages.15 However, when c-Jun is 
replaced by Gata1, the expression of the M-CSF receptor is repressed.22 A similar 
observation was done with the PU.1-Runx1 complex, which normally induces M-CSF 
receptor expression; when Runx1 is replaced by the corepressor Eto2, it results in 
M-CSF repression.21

Most studies on transcriptional regulation, and therefore studies on PU.1, have been 
performed in mouse models. Since DCs are a promising tool for immunotherapy 
in human, it is important to study transcriptional program changes in human DCs 
in more depth. The generation of human DCs in vitro for immunotherapy purposes 
is still focused on monocyte-derived DCs (mo-DCs).23-27 In mouse DCs are routinely 
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cultured from bone marrow cells (BMDCs). 
In this study, the PU.1 transcriptome (PU.1 ChIP-Seq) and interactome 
(Immunoprecipitation of PU.1 containing transcription cofactor complexes) were 
analyzed and compared between human and mouse cultured DCs either left 
unstimulated or stimulated with LPS. We were able to dissect both differences and 
similarities between human and mouse DC. We found around 200 genes to be 
regulated by PU.1 in both human and mouse DCs in both unstimulated and LPS-
stimulated cells. These core regulated genes were involved in cellular homeostasis 
and required for the immune specific functions of DCs. Studying PU.1 cofactors, we 
found several known PU.1 binding partners, like STAT5 and NF-kB2, as well as new 
binding partners, like NMP1, OSTF1 and RBM39, in both human and mouse DCs. 
A model of PU.1 transcription factor complex and transcriptome in unstimulated and 
LPS-stimulated human and mouse DC is proposed. 

maTerial anD meThoDS

human monocyte-derived dendritic cell (mo-Dc) culture 

Human monocyte-derived dendritic cells (mo-DCs) were cultured as described 
before.28 In short, monocytes were isolated with CD14+ magnetic beads (Miltenyi 
Biotech) from the PBMC fraction of the blood from healthy donors. Informed 
consent was obtained as approved by our institute medical ethics committee and 
in accordance with the 1964 Declaration of Helsinki. 0.5x106 monocytes/ml were 
cultured for 7 days in RPMI-1640 supplemented with 10% FCS, 1% Penicillin and 
Streptomycin (all from Life Technologies), 10 ng/ml GM-CSF and 10 ng/ml IL-4 
(both Peprotech) after which half of the cells were stimulated with 500 ng/ml LPS 
(Santa Cruz Biotechnology) and the cells were harvested at day 10.

mouse bone marrow-derived dendritic cell (bmDc) culture 

Bone marrow cells were isolated from C57Bl/6 mice, containing a reporter gene 
under the CD11c promoter (R26R-RG|CD11cCre) and cultured as described before.28 
In short, bone marrow cells were isolated from the femora and tibiae by crushing 
the bones and filtering the cell suspension through a cell strainer. 0.5x106 cells/ml 
were cultured for 7 days in RPMI-1640, supplemented with 5% FCS, 1% Penicillin/
Streptomycin (all from Life Technologies, CA, USA), 5 µM 2-mercaptoethanol (Sigma) 
and 20 ng/ml GM-CSF (Peprotech, NJ, USA) after which half of the cells were 
stimulated with 500 ng/ml LPS (Santa Cruz Biotechnology) and were harvested on 
day 10, after which the reporter positive cells (CD11c+ cells, e.g. DCs) were sorted.
All mice were kept under specific pathogen-free conditions with free access to food 
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and water, under the guidelines for animal experimentation approved by the Animal 
Ethical Committee (nr. 10.018).

chromatin immunoprecipitation and sequencing (chiP-Seq) 

ChIP-Seq experiments were performed as described previously (chapter 4 of this 
thesis). In short, after cross-linking the chromatin of 2x108 mo-DCs or BMDCs was 
sonicated into pieces of approximately 200 bp. PU.1 (T-21, Santa Cruz) and rabbit 
IgG (Invitrogen) antibodies were used for immunoprecipitation. After elution of the 
antibody and digestion of the proteins, the DNA was sequenced using the Illumina 
GAIIx sequencer as described previously.29

The data analysis was performed as described before (chapter 4 of this thesis). For 
the mo-DCs, the raw reads were mapped to version GRCh37 (hg19) of the Homo 
sapiens genome and genes regulated were predicted using “refFlat_sorted(hg19).
txt”, downloaded from the CisGenome website. 

immunoprecipitation (iP)

Protein isolation and PU.1 IP

Approximately 4x107 cells were lysed in 1ml of RIPA Buffer (10mM Tris-HCL pH 
8, 1mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% TritonX100, 0.1% NaDOC, 
0.1% SDS) with fresh protease inhibitors (ROCHE). Protein concentrations were 
measured with BCA Protein Assay Reagent (Thermo Scientific, Rockford, IL, USA), 
used according manufacturer’s instructions. 500 mg of lysate was used per IP. First, 
lysates were pre-cleared with 50 ml Dynabeads Protein A that had been previously 
washed with PBS and equilibrated in RIPA buffer. 10 ml Anti-PU.1 (Santa Cruz, 
Rabbit) antibody was added and samples were incubated for 16 hours at 4°C 
with rotation. After this, 50 ml of washed and equilibrated Dynabeads Protein A 
was added and left incubating for an extra hour at room temperature (RT) with 
rotation. Dynabeads were collected by placing the tubes on a magnet holder, and 
resuspended in 100 ml PBS for further processing. As IP antibody control, we used 
Rabbit IgG (Invitrogen).

In-solution digestion for mass spectrometry analysis:

Samples were digested for 16 hours at 37°C with MS-grade trypsin (Promega, 
Fitchburg, Wisconsin, United States) in a ratio of 1:20 trypsin:protein to a maximum 
of 1.2 mg Trypsin after standard disulfide bond reduction and alkylation procedure. 
Tryptic peptides were desalted and concentrated using 3M Empore-C18 StageTips 
(Sigma Aldrich, St. Louis, MO, USA) that were made following a described 



Chapter 5 PU.1 interactome and transcriptome in DCs

138

procedure30 and eluted with 0.5% (v/v) acetic acid (Sigma Aldrich), 80% (v/v) 
acetonitrile (acetonitrile and water are from Biosolve Chimie, Dieuze, France). 
Sample volume was reduced by SpeedVac and supplemented with 2% acetonitrile, 
0.1% trifluoroacetic acid (TFA) (Thermo Fisher Scientific) to a final volume of 7 μl, of 
which 2 ml was injected for MS analysis.

figure 1. Characterization of PU.1 binding sites and consensus sequence in human mo-DCs. (A) Venn 
diagrams of genes of significant peaks. Blue circle: genes that are only differentially expressed in steady 
state mo-DCs. Red circle: genes that are only differentially expressed in LPS stimulated mo-DCs. Genes in 
the overlapping circles are found to be differentially expressed in both steady state and LPS stimulated 
mo-DCs. (B)The genomic location of the identified peaks. (C) Relative enrichment (in percentage) of 
the promoter regions and bidirectional promoter regions in the ChIP-Seq analysis compared to whole 
genome. (D) MEME analysis of the enriched binding sequence motifs of PU.1.
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Mass spectrometry analysis

Tryptic peptides were separated by nanoscale C18 reverse phase chromatography 
coupled on line to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher 
Scientific) via a nanoelectrospray ion source (Nanospray Flex Ion Source, Thermo 
Scientific), following standard procedures and settings. All data were acquired with 
Xcalibur software.

figure 2. Characterization of PU.1 binding sites and consensus sequence in mouse BMDCs. (A) Venn 
diagrams of genes of significant peaks. Blue circle: genes that are only differentially expressed in steady 
state BMDCs. Red circle: genes that are only differentially expressed in LPS stimulated BMDCs. Genes in 
the overlapping circles are found to be differentially expressed in both steady state and LPS stimulated 
BMDCs. (B) The genomic location of the identified peaks. (C) Relative enrichment (in percentage) of 
the promoter regions and bidirectional promoter regions in the ChIP-Seq analysis compared to whole 
genome. (D) MEME analysis of the enriched binding sequence motifs of PU.1.
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Proteomics data analysis 

The raw mass spectrometry data were analyzed with MaxQuant software version 
1.5.0.0 using default settings and Label Free Quantification (LFQ). The peptides were 
identified searching against the UniProt KB human or mouse taxonomy database.31-33

The output Protein Groups table generated by MaxQuant was used as input for 
Perseus software paired version for further analysis. Reverse hits and potential 
contaminants were removed. A generalized logarithm transformation [log2(x)] 
was applied to all LFQ intensity values to stabilize the variance across the full 
intensity range. Missing values in the data were imputed using normal distribution. 
Subsequently, we removed background/unspecific binding by subtracting IgG LFQ 
Log2 values from PU.1 IP LFQ Log2 values. The filtered lists of identified proteins 
were used for further analysis (GO Term enrichment, Ingenuity, Biomart).

reSUlTS
characterization of PU.1 binding sites and consensus sequence in human mo-Dcs

Transcription factor PU.1 is essential for DC differentiation by regulating the 
expression of genes that are required for DCs.7,9 PU.1 regulates the gene expression 
directly by binding the GAGGAA consensus sequence on the promoter,14 or indirectly 
by the regulation of other transcription factors or by serving as a cofactor in a 
transcriptional complex, as it occurs for example, with the expression regulation of 
MHC-II.13 We performed chromatin immunoprecipitation of PU.1, followed by high 
throughput sequencing (ChIP-Seq) on human unstimulated or LPS-stimulated mo-DCs. 
After sequencing the isolated chromatin fragments, peak calling was performed 
using MACS normalization. 
All significantly enriched peaks found in unstimulated and LPS-stimulated samples 
were compared. 3,101 peaks were found only in unstimulated samples, whereas 
85,729 peaks were found solely in LPS-stimulated samples. 6,751 peaks were found 
to be enriched in both conditions (fig. 1a). 
Subsequently, we analyzed the specific locations of the peaks in the genome. Most 
of the peaks, about 75-80%, were found within a gene (intronic) or regions between 
genes (intergenic). Around 10% of the peaks were located on upstream regulatory 
sequences (promoter and enhancers), and slightly less (8-9%) on downstream 
regulatory sequences (enhancers). Only 2% of all identified peaks were found either 
on an untranslated region (UTR) or on a coding sequence (CDS) (fig. 1b). To dissect 
the location of the peaks further, we analyzed the enrichment of the peaks on known 
promoter sites or bidirectional promoter sites of maximum 5000 bp upstream of the 
gene (fig. 1c). 
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In unstimulated human mo-DCs, we found all promoter sites (1000, 2000, and 3000 
bp upstream of the gene) significantly enriched in the ChIP-Seq samples compared 
to the genome. A relatively new promoter category, besides the unidirectional 
promoters, are the bidirectional promoters. These are located between two genes 
and regulates the transcription of both genes in sense and antisense direction.34 
Of the human genome, more than 10% of the 23,752 annotated genes shared a 
bidirectional promoter region.35 Another member of the ETS-family of transcription 
factors, GAPB, was shown to bind to the bidirectional promoter regions and 
regulates genes in both sense and antisense direction.36 This makes it interesting to 
study whether PU.1 is able to regulate genes in both directions as well and for the 
regulation of which genes. In unstimulated cells, PU.1 is not binding any bidirectional 
promoters, since no enrichment was observed. Upon LPS stimulation, all promoter 
sites were highly enriched compared to the genome, including the bidirectional 
promoters. No significant differences were found for peaks downstream of the genes 
or within genes (results not shown). The known consensus sequence for PU.1 is 
GAGGAA,14 which we found as well using MEME analysis, indicating a preferential 
direct binding of PU.1 to the DNA on target genes in mo-DCs. 
PU.1-regulated genes identified in steady state (1,577) and LPS condition (1,519) 
were selected for further analysis (Table S1). Ingenuity Pathways Analysis (IPA) 
allowed us identify several canonical pathways regulated by PU.1 in human mo-
DCs, like molecular mechanisms of cancer and CXCR4 signaling for steady state 
condition. Instead, upon LPS activation, pathways involved in endocytosis or 
connected to infection became most regulated by PU.1 (Table 1a). In addition, 
genes regulated by PU.1 appeared to be involved in cellular movement, cell death 
and survival, development, growth and cell-to-cell signaling for steady state samples. 
Upon LPS activation, PU.1 was found to be involved in cellular function (autophagy, 
phagocytosis, endocytosis) and post-translational modification by regulation of 
genes that are involved in the phosphorylation of proteins (Table 1b).

characterization of PU.1 binding sites and consensus sequence in mouse bmDcs

Human mo-DCs are the major subtype used for immunotherapy against cancer or 
autoimmune diseases as they are easy to obtain by culture and in sufficient numbers. 
However, most DC studies so far have been performed in mouse cells,23-27,37 assuming 
that the findings can be extrapolated to human. Therefore, we performed ChIP-
Seq for PU.1 on mouse BMDCs as well, to identify the similarities and differences 
between the PU.1-regulated genes in human and mouse DCs. Culture of human 
mo-DCs require the addition of IL-4 to GM-CSF to culture proper mo-DCs. Lack of 
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IL-4 will drive the monocytes to differentiate into macrophages.38 Mouse BMDCs are 
routinely cultured from bone marrow cells using GM-CSF only. Although these cultures 
are widely used, about 20% macrophage contamination is found in these murine 
BMDC cultures.39 Addition of IL-4 to the cultures did not reduce the macrophages 
contamination of the BMDC cultures, but the BMDCs expressed higher levels of 
MHC-II, CD86 and CD40 that could not further be induced with LPS stimulation.28 
For this reason, IL-4 is not further used in mouse BMDCs. 
More peaks were identified uniquely in steady state mouse BMDCs (55,493) than 
peaks unique for LPS-stimulated BMDCs (11,916). 46,326 peaks were identified 
in both steady state and LPS condition (fig. 2a). 65-75% of the peaks were found 
on intronic or intergenic locations. 10-15% of the peaks were located upstream 
regulatory regions and 10% on downstream regulatory regions. 4.5-7.5% of the 
peaks were found on an UTR or CDS (fig. 2b). Both unidirectional and bidirectional 

Table 1a. Canonical pathways regulated by PU.1

canonical pathways p-value overlap

Human ST

GNRH signaling 4.50E-08 23.6% (30/127)

Molecular mechanisms of cancer 6.52E-08 16.4% (59/359)

CXCR4 signaling 7.28E-08 21.9% (33/151)

HGF signaling 1.53E-06 23.1% (24/104)

Synaptic long term depression 2.45E-05 20.6% (28/136)

Human LPS

Axonal guidance signaling 1.39E-06 14.3% (61/427)

Virus entry via endocytic pathways 9.33E-06 22.5% (20/89)

GNRH signaling 9.39E-06 19.7% (25/127)

Tec kinase signaling 1.55E-05 18.1% (28/155)

Caveolar-mediated endocytosis signaling 1.78E-05 23.9% (17/71)

Mouse ST

Protein kinase A signaling 3.57E-10 26.5% (97/366)

P70S6K signaling 4.02E-07 32.5% (38/117)

B cell receptor signaling 1.67E-06 28.3% (47/166)

Role of NFAT in cardiac hypertrophy 2.92E-06 27.6% (48/174)

Cardiac b-adrenergic signaling 3.85E-06 29.9% (38/127)

Mouse LPS

B cell receptor signaling 1.69E-12 39.8% (66/166)

Protein kinase A signaling 4.16E-11 30.6% (112/366)

PI3K signaling in B lymphocytes 2.11E-09 39.2% (49/125)

GNRH signaling 4.99E-09 38.7% (48/124)

Fcg receptor-mediated phagocytosis in macrophages 
and monocytes

1.22E-08 42.2% (38/90)
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promoter sites were highly enriched in the ChIP-Seq samples of BMDCs in both 
conditions, indicating regulation of these promoters in both conditions (fig. 2c). 
Although the ETS-family member is shown to bind to 80% of the bidirectional 
promoters,36 this is not known for PU.1. A small enrichment was found for peaks 
on downstream regulatory regions, as well as in the 5’UTR, but not in the 3’UTR or 
introns (data not shown). Using MEME analysis, we found the TTCC motif (reverse 
complementary to GGAA) for steady state samples, whereas GAGGAA was found 
for the LPS samples (fig. 1D). 
Although levels of PU.1 in mouse BMDCs strongly decreases upon LPS stimulation,28 
as well as the number of identified peaks in PU.1 ChIP-Seq analysis, the number of 
regulated genes by PU.1 in mouse BMDCs slightly increased upon LPS stimulation. 
2,931 genes were regulated in steady state condition whereas 3,520 genes 
were identified in LPS-stimulated BMDCs (Table S2). In unstimulated BMDCs, PU.1-
regulated genes were involved in protein kinase A signaling and B-cell receptor 

Table 1b. Molecular and cellular functions regulated by PU.1

molecular and cellular functions p-value range # molecules

Human ST

Cellular movement 6.30E-03 – 3.06E-12 235

Cell death and survival 6.30E-03 – 6.67E-11 223

Cellular development 6.30E-03 – 2.96E-08 290

Cellular growth and proliferation 6.30E-03 – 2.96E-08 336

Cell-to-cell signaling and interaction 6.30E-03 – 8.51E-08 232

Human LPS

Cellular assembly and organization 1.20E-02 – 4.19E-07 136

Cellular function and maintenance 1.20E-02 – 4.19E-07 212

Cellular movement 1.08E-02 – 6.98E-07 193

Post-translational modification 1.20E-02 – 8.14E-06 87

Amino acid metabolism 7.42E-03 – 1.89E-05 28

Mouse ST

Cellular assembly and organization 4.35E-03 – 2.21E-14 324

Cellular function and maintenance 4.81E-03 – 2.21E-14 550

Cell morphology 4.81E-03 – 1.77E-11 555

Cellular growth and proliferation 3.48E-03 – 1.24E-10 577

Cellular development 4.51E-03 – 6.57E-09 616

Mouse LPS

Cellular assembly and organization 1.98E-03 – 2.42E-20 404

Cellular function and maintenance 1.98E-03 – 2.42E-20 667

Cell morphology 1.97E-03 – 4.44E-16 617

Post-translational modification 1.65E-03 – 1.43E-13 228

Cellular growth and proliferation 2.10E-03 – 2.13E-13 683
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signaling. For LPS-stimulated BMDCs, the same pathways were identified as well as 
pathways related to PI3K signaling and IgG-receptor (FcgR)-mediated phagocytosis 
(Table 1a). This was comparable to a previous PU.1 ChIP-Seq study performed on 
mouse BMDCs.37 In addition, PU.1-regulated genes during steady state condition 
were involved in cellular development, whereas upon LPS stimulation PU.1-regulated 
genes were involved in the post-translational modification by regulating genes 
involved in the phosphorylation of proteins (Table 1b). 

comparison of PU.1 regulated genes in human and mouse Dcs

PU.1 is expressed and required for both human and mouse DCs.7,28,40 In mouse BMDCs, 
PU.1 is about 10-fold downregulated upon LPS stimulation, whereas in human mo-
DCs, PU.1 increases 3-fold upon LPS stimulation.28 This correlates with the number of 
peaks found in unstimulated and LPS-stimulated DCs. Whereas in human mo-DCs more 
peaks were found upon LPS stimulation, less peaks were found in mouse BMDCs upon 
LPS stimulation compared to the unstimulated DCs (fig. 1a and 2a). Whereas the total 
number of peaks identified in mouse and human DCs was similar, approximately two 
to three times more regulated genes were identified in mouse BMDCs compared to 
human mo-DCs. The Human and Mouse Orthologous Gene Nomenclature (HUMOT) 
was used to directly compare PU.1-regulated genes in human and mouse DCs. This 
conversion results in a 12% loss of genes because an orthologue could not be assigned 
due to paralogues or duplication of genes (fig. 3a). 
In unstimulated DCs, 489 orthologous PU.1-regulated genes were identified in 
both human and mouse DCs, whereas 2094 genes were uniquely regulated in 
mouse BMDCs and 946 uniquely in human mo-DCs (fig. 3b and Table S3). IPA 
showed that overlapping genes in human and mouse DCs were involved in protein 
kinase A signaling, nutrient sensing, cAMP signaling, and cell maintenance, like 
lipid metabolism and energy production. In addition, many genes important for 
the immune functions were regulated by PU.1 in human and mouse DCs, like 
CD80, IL-4 receptor, Mtor, Mylk, TLR4 and MAVS. Genes uniquely regulated in 

figure 3. Overlay of PU.1 ChiP-Seq of human mo-DCs and mouse BMDCs. (A) Number of genes 
regulated by PU.1 found for human and mouse DCs, number of orthologues found for human genes to 
mouse genes and mouse for human genes and the number of genes for which no orthologue could be 
found. (B) Overlay of ChIP-Seq results for human and mouse DCs in steady state condition. The canonical 
pathways found with IPA represented for the genes regulated only in human or mouse or in both. (C) 
Overlay of ChIP-Seq results for human and mouse of LPS stimulated DCs. The canonical pathways found 
with IPA represented for the genes regulated only in human or mouse or in both. (D) Overlay of ChIP-
Seq results found both in steady state and LPS stimulated DCs of both human and mouse, presenting the 
number of genes overlapping between the different groups.
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mouse unstimulated BMDCs were involved in migration pathways, posttranslational 
modification, like histone deacetylase, phosphorylation and ubiquitination. Uniquely 
regulated genes in human unstimulated mo-DCs were involved in many different 
signaling pathways, like RAC1, ROCK2, RHOG, WNT5b and BCL-2, as well as in 
the immune functions of DCs, like CD86, CIITA, VCAM, CCL4, IRF-4 and several 
interleukins. In contrast to mouse, PU.1 is not involved in the regulations of the 
posttranslational modification in human mo-DCs. 
For LPS-stimulated DCs, 507 orthologous PU.1-regulated genes were identified in 
both human and mouse DCs, 2562 uniquely in mouse BMDCs and 879 uniquely 
in human mo-DCs (fig. 3c and Table S3). The overlapping genes are important 
in general signaling pathways, like Nf-kB1, JAK1, mTOR, TRIO, TIAM, MAP 
kinases, and MYLK. Genes uniquely regulated in mouse BMDCs were involved in 
posttranslational modifications. Whereas uniquely regulates genes in human mo-
DCs, are involved in several uptake mechanisms, like clathrin- and caveolar mediated 
endocytosis and micropinocytosis, by the regulation of clathrin heavy chain, integrin 
subunits, dynamin-2 (producing microtubule bundles).
To identify evolutionary core PU.1-regulated genes, human and mouse in both 
unstimulated and LPS stimulated DCs were compared (fig. 3D and Table 2). 196 
PU.1-regulated core genes were identified, that are important for general cell function 
and signaling, such as different phospholipases, protein kinase C subunits, MAP 
kinases, calcium voltage channels. In addition, genes required for the DC immune 
functions were regulated in all conditions in both human and mouse DCs, like IL4RA, 
JAK1, mTOR, TLR4, and ST8SiaIV. The latter is involved in the sialylation of the cell 
membrane receptors and thereby important for cellular migration in response to 
CCL21.41-44 

Table 2. Genes regulated by PU.1 in human and mouse, steady state and LPS 
stimulated DCs

Gene full name location Type(s)

Aak1 AP2 associated kinase 1 Cytoplasm kinase

Abca1 ATP binding cassette subfamily A 
member 1

Plasma Membrane transporter

Actr2 ARP2 actin related protein 2 homolog Plasma Membrane other

Aff3 AF4/FMR2 family member 3 Nucleus transcription regulator

Ahcyl2 adenosylhomocysteinase like 2 Other enzyme

Akap13 A-kinase anchoring protein 13 Cytoplasm other

Ank3 ankyrin 3 Plasma Membrane other

Ankrd44 ankyrin repeat domain 44 Other other
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Ap1s3 adaptor related protein complex 1 
sigma 3 subunit

Cytoplasm transporter

Arhgap15 Rho GTPase activating protein 15 Cytoplasm other

Arhgap18 Rho GTPase activating protein 18 Cytoplasm other

Arhgap22 Rho GTPase activating protein 22 Cytoplasm other

Arhgap24 Rho GTPase activating protein 24 Cytoplasm other

Arhgap26 Rho GTPase activating protein 26 Cytoplasm other

Armc9 armadillo repeat containing 9 Cytoplasm other

Arnt2 aryl hydrocarbon receptor nuclear 
translocator 2

Nucleus transcription regulator

Asap2 ArfGAP with SH3 domain, ankyrin 
repeat and PH domain 2

Nucleus other

Atad2 ATPase family, AAA domain containing 
2

Nucleus enzyme

Atg4c autophagy related 4C cysteine 
peptidase

Cytoplasm peptidase

Atg7 autophagy related 7 Cytoplasm enzyme

Atp2b2 ATPase plasma membrane Ca2+ 
transporting 2

Plasma Membrane transporter

Bach2 BTB domain and CNC homolog 2 Nucleus transcription regulator

Bbx BBX, HMG-box containing Nucleus other

Bre brain and reproductive organ-expressed 
(TNFRSF1A modulator)

Cytoplasm other

1700024P16Rik chromosome 1 open reading frame 168 Other other

Cacna1d calcium voltage-gated channel subunit 
alpha1 D

Plasma Membrane ion channel

Cacna1g calcium voltage-gated channel subunit 
alpha1 G

Plasma Membrane ion channel

Camta1 calmodulin binding transcription 
activator 1

Other other

Ccdc146 coiled-coil domain containing 146 Cytoplasm other

Ccdc57 coiled-coil domain containing 57 Other other

Ccdc88c coiled-coil domain containing 88C Cytoplasm other

Cd5l CD5 molecule like Plasma Membrane transmembrane 
receptor

Cdh23 cadherin related 23 Plasma Membrane transporter

Cdkal1 CDK5 regulatory subunit associated 
protein 1 like 1

Cytoplasm enzyme

Chn2 chimerin 2 Cytoplasm other

Clmn calmin Cytoplasm other

Cntnap2 contactin associated protein-like 2 Plasma Membrane other

Gene full name location Type(s)
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Col25a1 collagen type XXV alpha 1 chain Cytoplasm other

Csnk1g3 casein kinase 1 gamma 3 Cytoplasm kinase

Cttnbp2nl CTTNBP2 N-terminal like Cytoplasm other

Cux2 cut like homeobox 2 Nucleus transcription regulator

Ddx59 DEAD-box helicase 59 Other enzyme

Dgat2 diacylglycerol O-acyltransferase 2 Cytoplasm enzyme

Dip2b disco interacting protein 2 homolog B Cytoplasm other

Dlg2 discs large MAGUK scaffold protein 2 Plasma Membrane kinase

Dlgap1 DLG associated protein 1 Plasma Membrane other

Dock1 dedicator of cytokinesis 1 Cytoplasm other

Dtnb dystrobrevin beta Plasma Membrane other

Eepd1 endonuclease/exonuclease/
phosphatase family domain containing 
1

Other other

Elf1 E74 like ETS transcription factor 1 Nucleus transcription regulator

Elmo1 engulfment and cell motility 1 Cytoplasm other

Entpd7 ectonucleoside triphosphate 
diphosphohydrolase 7

Cytoplasm enzyme

Exoc4 exocyst complex component 4 Cytoplasm transporter

Ext2 exostosin glycosyltransferase 2 Cytoplasm enzyme

Fam35a family with sequence similarity 35 
member A

Extracellular Space other

Fam49a family with sequence similarity 49 
member A

Other other

Fam53b family with sequence similarity 53 
member B

Other other

Fars2 phenylalanyl-tRNA synthetase 2, 
mitochondrial

Cytoplasm enzyme

Fggy FGGY carbohydrate kinase domain 
containing

Other other

Flnb filamin B Cytoplasm other

Fmn1 formin 1 Nucleus other

Fnbp1 formin binding protein 1 Nucleus enzyme

Frmd4a FERM domain containing 4A Plasma Membrane other

Fto FTO, alpha-ketoglutarate dependent 
dioxygenase

Nucleus enzyme

Fyco1 FYVE and coiled-coil domain containing 
1

Cytoplasm other

Gab2 GRB2 associated binding protein 2 Cytoplasm other

Gab3 GRB2 associated binding protein 3 Other other

Gene full name location Type(s)
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Galnt10 polypeptide 
N-acetylgalactosaminyltransferase 10

Cytoplasm enzyme

Garnl3 GTPase activating Rap/RanGAP domain 
like 3

Other other

Glg1 golgi glycoprotein 1 Cytoplasm other

Gnaq G protein subunit alpha q Plasma Membrane enzyme

Gtdc1 glycosyltransferase like domain 
containing 1

Other other

Hecw2 HECT, C2 and WW domain containing 
E3 ubiquitin protein ligase 2

Extracellular Space enzyme

Hipk2 homeodomain interacting protein kinase 
2

Nucleus kinase

Ide insulin degrading enzyme Extracellular Space peptidase

Il4ra interleukin 4 receptor Plasma Membrane transmembrane 
receptor

Ipcef1 interaction protein for cytohesin 
exchange factors 1

Cytoplasm enzyme

Iqgap2 IQ motif containing GTPase activating 
protein 2

Cytoplasm other

Itpr1 inositol 1,4,5-trisphosphate receptor 
type 1

Cytoplasm ion channel

Jak1 Janus kinase 1 Cytoplasm kinase

Jarid2 jumonji and AT-rich interaction domain 
containing 2

Nucleus transcription regulator

Kalrn kalirin, RhoGEF kinase Cytoplasm kinase

Kdm4c lysine demethylase 4C Nucleus enzyme

D5Ertd579e KIAA0232 Extracellular Space other

6430548M08Rik KIAA0513 Other other

Kif5c kinesin family member 5C Cytoplasm other

Limch1 LIM and calponin homology domains 1 Other other

Lmbr1 limb development membrane protein 1 Plasma Membrane transmembrane 
receptor

Lpcat2 lysophosphatidylcholine acyltransferase 
2

Cytoplasm enzyme

Lpp LIM domain containing preferred 
translocation partner in lipoma

Nucleus other

Lrrk1 leucine rich repeat kinase 1 Cytoplasm kinase

Ltbp1 latent transforming growth factor beta 
binding protein 1

Extracellular Space other

Ly75 lymphocyte antigen 75 Plasma Membrane transmembrane 
receptor

Macf1 microtubule-actin crosslinking factor 1 Cytoplasm enzyme

Gene full name location Type(s)
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Magi2 membrane associated guanylate kinase, 
WW and PDZ domain containing 2

Plasma Membrane kinase

Maml3 mastermind like transcriptional 
coactivator 3

Nucleus transcription regulator

Map3k3 mitogen-activated protein kinase kinase 
kinase 3

Cytoplasm kinase

Map3k5 mitogen-activated protein kinase kinase 
kinase 5

Cytoplasm kinase

Mef2c myocyte enhancer factor 2C Nucleus transcription regulator

Mertk MER proto-oncogene, tyrosine kinase Plasma Membrane kinase

Mitf melanogenesis associated transcription 
factor

Nucleus transcription regulator

Mkl1 megakaryoblastic leukemia 
(translocation) 1

Nucleus transcription regulator

Ms4a15 membrane spanning 4-domains A15 Other other

Msrb3 methionine sulfoxide reductase B3 Cytoplasm enzyme

Mthfd2l methylenetetrahydrofolate 
dehydrogenase (NADP+ dependent) 
2-like

Cytoplasm enzyme

Mtor mechanistic target of rapamycin Nucleus kinase

Mylk myosin light chain kinase Cytoplasm kinase

Myo5a myosin VA Cytoplasm enzyme

Nars2 asparaginyl-tRNA synthetase 2, 
mitochondrial (putative)

Cytoplasm enzyme

Nbea neurobeachin Cytoplasm other

Ncald neurocalcin delta Cytoplasm transporter

Ncam2 neural cell adhesion molecule 2 Plasma Membrane other

Nckap1 NCK associated protein 1 Plasma Membrane other

Ncoa1 nuclear receptor coactivator 1 Nucleus transcription regulator

Nrxn3 neurexin III Plasma Membrane other

Olfm2 olfactomedin 2 Cytoplasm other

Onecut1 one cut homeobox 1 Nucleus transcription regulator

Ostn osteocrin Extracellular Space other

Palld palladin, cytoskeletal associated protein Plasma Membrane other

Pard3 par-3 family cell polarity regulator Plasma Membrane other

Park2 parkin RBR E3 ubiquitin protein ligase Cytoplasm enzyme

Pde4dip phosphodiesterase 4D interacting 
protein

Cytoplasm enzyme

Phactr1 phosphatase and actin regulator 1 Cytoplasm other

Pitpnc1 phosphatidylinositol transfer protein, 
cytoplasmic 1

Cytoplasm transporter

Gene full name location Type(s)
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Pkib cAMP-dependent protein kinase 
inhibitor beta

Other other

Plcb1 phospholipase C beta 1 Cytoplasm enzyme

Plcl2 phospholipase C like 2 Cytoplasm enzyme

Plekha2 pleckstrin homology domain containing 
A2

Cytoplasm other

Plekho2 pleckstrin homology domain containing 
O2

Cytoplasm other

Plxdc2 plexin domain containing 2 Extracellular Space other

Plxna2 plexin A2 Plasma Membrane transmembrane 
receptor

Ppfibp2 PPFIA binding protein 2 Nucleus phosphatase

Ppp2r2b protein phosphatase 2 regulatory 
subunit Bbeta

Cytoplasm phosphatase

Prkag2 protein kinase AMP-activated non-
catalytic subunit gamma 2

Cytoplasm kinase

Prkca protein kinase C alpha Cytoplasm kinase

Prkce protein kinase C epsilon Cytoplasm kinase

Prkch protein kinase C eta Cytoplasm kinase

Rabgap1 RAB GTPase activating protein 1 Cytoplasm other

Rap1a RAP1A, member of RAS oncogene 
family

Cytoplasm enzyme

Rap1gap2 RAP1 GTPase activating protein 2 Cytoplasm other

Rapgef1 Rap guanine nucleotide exchange 
factor 1

Cytoplasm other

Rapgef6 Rap guanine nucleotide exchange 
factor 6

Plasma Membrane other

Rbl1 RB transcriptional corepressor like 1 Nucleus transcription regulator

Rbm20 RNA binding motif protein 20 Nucleus other

Rbm47 RNA binding motif protein 47 Nucleus other

Reep1 receptor accessory protein 1 Cytoplasm other

Rere arginine-glutamic acid dipeptide 
repeats

Nucleus transcription regulator

Rmi1 RecQ mediated genome instability 1 Nucleus other

Rptor regulatory associated protein of MTOR 
complex 1

Cytoplasm other

Rttn rotatin Cytoplasm other

Sbf2 SET binding factor 2 Cytoplasm other

Scmh1 sex comb on midleg homolog 1 
(Drosophila)

Nucleus transcription regulator

Sept6 septin 6 Cytoplasm other

Gene full name location Type(s)
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Setbp1 SET binding protein 1 Nucleus other

Sgms1 sphingomyelin synthase 1 Cytoplasm enzyme

Sh3pxd2a SH3 and PX domains 2A Cytoplasm other

Sil1 SIL1 nucleotide exchange factor Cytoplasm transporter

Sipa1l3 signal induced proliferation associated 
1 like 3

Extracellular Space other

Skap1 src kinase associated phosphoprotein 1 Cytoplasm kinase

Slc8a1 solute carrier family 8 member A1 Plasma Membrane transporter

Slc9a9 solute carrier family 9 member A9 Cytoplasm transporter

Smpdl3b sphingomyelin phosphodiesterase acid 
like 3B

Extracellular Space enzyme

Snd1 staphylococcal nuclease and tudor 
domain containing 1

Nucleus enzyme

Snx29 sorting nexin 29 Cytoplasm other

Srgap2 SLIT-ROBO Rho GTPase activating 
protein 2

Cytoplasm other

Ssh2 slingshot protein phosphatase 2 Cytoplasm phosphatase

St8sia4 ST8 alpha-N-acetyl-neuraminide alpha-
2,8-sialyltransferase 4

Cytoplasm enzyme

Stim2 stromal interaction molecule 2 Plasma Membrane transporter

Tbc1d14 TBC1 domain family member 14 Extracellular Space other

Tbc1d8 TBC1 domain family member 8 Plasma Membrane other

Tbxas1 thromboxane A synthase 1 Plasma Membrane enzyme

Tcf12 transcription factor 12 Nucleus transcription regulator

Tcf7l2 transcription factor 7 like 2 Nucleus transcription regulator

Tcof1 treacle ribosome biogenesis factor 1 Nucleus transporter

Tiam1 T-cell lymphoma invasion and metastasis 
1

Cytoplasm other

Tlr4 toll like receptor 4 Plasma Membrane transmembrane 
receptor

Tmem144 transmembrane protein 144 Other other

Tpcn1 two pore segment channel 1 Plasma Membrane ion channel

Trappc9 trafficking protein particle complex 9 Plasma Membrane other

Tssc1 tumor suppressing subtransferable 
candidate 1

Other other

Ttc28 tetratricopeptide repeat domain 28 Cytoplasm other

Tubgcp3 tubulin gamma complex associated 
protein 3

Cytoplasm other

Uba6 ubiquitin like modifier activating 
enzyme 6

Cytoplasm enzyme

Gene full name location Type(s)
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Ubac2 UBA domain containing 2 Cytoplasm enzyme

Ube2e1 ubiquitin conjugating enzyme E2 E1 Cytoplasm enzyme

Usp32 ubiquitin specific peptidase 32 Cytoplasm other

Utrn utrophin Plasma Membrane transmembrane 
receptor

Uvrag UV radiation resistance associated Nucleus other

Vps13d vacuolar protein sorting 13 homolog D Cytoplasm other

Wdfy3 WD repeat and FYVE domain 
containing 3

Cytoplasm enzyme

Wwc2 WW and C2 domain containing 2 Cytoplasm other

Wwox WW domain containing oxidoreductase Cytoplasm enzyme

Zc3h7a zinc finger CCCH-type containing 7A Extracellular Space other

Zdhhc14 zinc finger DHHC-type containing 14 Cytoplasm enzyme

Zfp445 zinc finger protein 445 Nucleus transcription regulator

Zzef1 zinc finger ZZ-type and EF-hand domain 
containing 1

Other other

characterization of PU.1 binding partners in human and mouse Dcs

Using ChIP-Seq analysis, we found that PU.1 regulates many important genes for 
general cell functions (signaling pathways, posttranslational modifications) as well 
as specific for the immune function of DCs. However, transcription factors can form 
a complex with many proteins (interactome). These cofactors can greatly influence 
the transcriptome. Depending on the cofactors the transcription of specific genes is 
enhanced or inhibited. To further characterize the interactome of PU.1 in DCs, we 
performed immunoprecipitation (IP) followed by mass-spectrometry analysis of PU.1 
binding partners in human and mouse DCs, with or without LPS stimulation.
In the pull-down samples of human mo-DCs, 54 proteins were identified uniquely 
in unstimulated mo-DCs and 256 uniquely in LPS-stimulated mo-DCs. 254 proteins 
were identified in both unstimulated and LPS-stimulated mo-DCs (fig. 4a and Table 
S4). From the mouse pull-down samples, 470 and 337 proteins were identified 
uniquely for unstimulated and LPS-stimulated BMDCs respectively. 346 proteins were 
identified in both conditions (fig. 4b and Table S5). In all samples, we were able 
to identify Spi1 (PU.1) itself. In addition, we found more proteins in LPS-stimulated 
human mo-DCs compared to the ST, whereas for mouse a decreased amount of 
proteins was found in LPS-stimulated BMDCs. This corresponds with the decrease of 
PU.1 levels in mouse LPS-stimulated BMDCs.28

Gene full name location Type(s)
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figure 4. PU.1 cofactors in human mo-DCs and mouse BMDCs. The number of cofactors found for PU.1 
in human (A) and mouse DCs (B). The blue circle represents the cofactors found in steady state condition, 
whereas the red circle represents cofactors in LPS condition. The cofactors were classified using IPA for 
their cellular location as found in human (C) and mouse DCs (D). Proteins were located in the nucleus 
(red), on the plasma membrane (blue), in the cytoplasm (green), in the extracellular space (orange), or 
other (gray).
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Using IPA, we were able to identify the cellular location of the proteins. Most of 
the proteins were located in the cytoplasm. PU.1 is known to bind RNA and to 
play a role in the splicing process,45 explaining the presence of ribosomal proteins, 
chaperonins and other translation related proteins identified by mass spectrometry 
in our samples, located in the cytoplasm. Because the main interest of this study was 
to identify the PU.1 transcription factor complex in human and mouse DCs, only the 
nuclear proteins were selected, being about 20% of all identified proteins (fig 4c 
and 4D). Of these nuclear proteins, 21 (human) and 49 (mouse) were transcriptional 
regulators, including PU.1 itself (Table 3). 
In mouse, many potential PU.1 cofactors were found, of which only a few were 
described before. The Hdac1/PU.1 complex repressed Myc expression,16 whereas 
Hmgb1/PU.1 activates the IL-1b promoter.46 IRF5, was not shown to bind PU.1 
directly, however it binds, together with RelA, the PU.1 motif, indicating a possible 
binding between PU.1 and IRF5 during transcription.47 Lastly, the Vav1/PU.1 
complex was shown to bind to the CD11b promoter in neutrophils and thereby 
enhance the CD11b expression.48 
In human mo-DCs, none of the 21 nuclear transcriptional regulators found were specifically 
identified in unstimulated mo-DCs. Eight transcriptional regulators, and thereby possible 
PU.1-cofactors, were found in both unstimulated and LPS-stimulated mo-DCs, of which 3 
cofactors have been previously described in the literature to interact with PU.1: STAT1,49,50 
STAT5B,51,52 and DEK.53 An additional 11 transcriptional regulators were uniquely found in 
human LPS-stimulated mo-DCs. Of these, 6 were already previously described in literature: 
STAT5A,51,52 a family member of HNRNPD,54 IRF4,55 REL,47 and NF-kB.56 In total, 10 new 
possible cofactors of PU.1 in human mo-DCs have been identified; PHB, RAI14, RPL7, 
SRSF2 and THRAP3 in both unstimulated and LPS-stimulated mo-DCs and IFI116, NPM1, 
OSTF1, RBM39, and SUPT16H specifically in LPS-stimulated DCs. Interestingly, of all the 
overlapping cofactors between mouse and human we identified, NPM1, IFI16, NF-kb2, 
RAI14, REL, STAT5b, OSTF1, RBM39, many of these proteins have not yet been described 
to interact with PU.1 in literature, leaving many newly identified possible PU.1 binding 
partners to be further studied.

model for PU.1 transcription complexes in dendritic cells

Next, “upstream regulator” analysis on the genes regulated by PU.1 (ChIP-Seq) was 
performed to study the overlap between upstream regulators PU.1-regulated genes 
and all the identified PU.1-cofactors in our protein immunoprecipitation experiments. 
This analysis allows us to draw a model of the core PU.1-transcription complex. 
The upstream regulators of the PU.1-regulated genes were identified using IPA. The 
overlapping upstream regulators and PU.1-cofactors were analyzed with STRING 
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figure 5. Preliminary model of the PU.1 interactome. Overlapping genes of the cofactors of PU.1 and 
the upstream regulators of the PU.1 regulated genes. Using STRING analysis, protein-protein interactions 
were found and presented in the model. The function of the proteins, found using IPA, is presented.

software (version 10.5), which is a database of known and predicted protein-
protein interactions. All this information was used to build a model of the core PU.1 
transcription complex (with partners) in mouse and human DCs, either unstimulated 
or LPS-stimulated (fig. 5).
This analysis emphasizes the difficulty to translate results found in the murine model 
system to human cells. Although overlap between human and mouse DCs was found, 
we were unable to identify or predict a core PU.1 transcription factor complex. 
However, this study identified several new cofactors for PU.1 in human DCs, which 
should be further studied for possible candidates for manipulation and improvement 
of DC function when used as immunotherapy tool. 
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DiScUSSion

In this study, the transcriptome and interactome of PU.1 in DCs was compared 
between human and mouse DCs. In human mo-DCs, PU.1 regulates many genes 
directly, indicated by binding to its consensus sequence GAGGAA.14 Upon LPS 
stimulation, PU.1-regulated genes are involved in cellular movement, cell death 
and survival, and uptake mechanisms (autophagy, phagocytosis, endocytosis). The 
PU.1 interactome contained several cofactors of PU.1, of which some are already 
described and some are still unknown. 
Human mo-DCs are the major subtype used for immunotherapy against cancer or 
autoimmune diseases as they are easily cultured in sufficient numbers.23-27 PU.1 is 
an important transcription factor for the differentiation and activation of DCs5,7-9 
and loss of PU.1 results in a dose-dependent DC defect.7,9,11 On the other hand, 
cofactors of PU.1 might only slightly modify the DC function or lifespan and are 
therefore more interesting candidates for DC manipulation. However, most studies of 
DC transcription factors have been done in mouse models so far. Therefore, human 
and mouse DCs have been compared in this study. 
When comparing these DCs, we should realize the differences the in the culture 
system of human and mouse DCs. Human mo-DCs are derived from monocytes 
isolated from the blood. In addition, IL-4 together with GM-CSF are essential to 
culture mo-DCs instead of monocyte-derived macrophages.38 In contrast, mouse 
BMDCs are generally cultured from bone marrow cells with only GM-CSF. Addition 
of IL-4 does not result in more BMDCs, although they are more activated and are 
unable to respond to LPS.28 For this reason, human mo-DCs derived from monocytes 
using both GM-CSF and IL-4, whereas murine BMDCs derive from bone marrow cells 
with only GM-CSF. 
As we described previously28, another important difference is the difference in 
dynamics of PU.1 expression between human and mouse DCs. In human mo-DCs, 
the expression of PU.1 increased about 3-fold upon LPS activation, whereas it 
decreased about 10-fold in mouse BMDCs. These findings corresponds with the 
number of identified peaks with ChIP-Seq analysis. However, the number of PU.1-
regulated genes predicted from the peak-calling did not correlate with more or less 
expression of PU.1. In addition, about 3-fold more genes were predicted to be 
regulated in mouse DCs compared to human DCs. This suggests that PU.1 binds 
multiple promoter and enhancer sites of the same regulated gene. In addition, the 
enhancer regions of mice might be better mapped than that of human, as indicated 
by a higher percentage of peaks mapped on intergenic regions instead of up- or 
downstream regulatory regions. One limitation of our study is the fact that we do not 
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have the transcriptome data to compare and check whether ChIP-Seq data would 
correspond with the more global transcriptional activity under the same conditions. 
In addition, we can predict genes to be regulated by PU.1, but not whether 
transcription of genes is enhanced or inhibited. 
Many overlapping genes have been found in human and mouse DCs. In unstimulated 
DCs, these overlapping PU.1-regulated genes were involved in general cell functions, 
like nutrient sensing, lipid metabolism and energy production, which indicates the 
crucial function of PU.1 in DC survival. The core PU.1-regulated genes found both 
in human and mouse DCs and both in unstimulated or LPS-stimulated DCs, included 
general genes, like several phospholipases, protein kinase C subunits, MAP kinases, 
calcium voltage cannels, as well as genes important for the immune function of DCs, 
like IL4RA, JAK1, mTOR, and TLR4. Interestingly, PU.1 directly regulates ST8SiaIV, 
which is an important regulator of the polysialic acid (PSA) coating of the cell 
membrane glycoproteins of DCs. Depletion of PSA from the cell surface of DCs, 
drastically decrease the migration capacity towards the draining lymph nodes.41-44 
In our previous study, we found that DCs deficient for Gata1, had an impaired 
migration towards CCL21 caused by reduced PSA on the cell surface.41 This might be 
another direct indication of the interplay between Gata1 and PU.1 in dendritic cells. 
PU.1 has been reported to bind the proximal CD11c promoter directly.57 Although 
we found many integrin genes being regulated by PU.1 both in human and mouse 
DCs, we did not find the ITGAX gene encoding CD11c to be regulated similarly in 
our dataset. On the other hand, we did confirm previous findings that PU.1 binds 
directly to the promoter region of CD80, CD86,12 and CIITA (MHC-II).13  In addition, 
our PU.1 ChIP-Seq for mouse BMDCs was largely overlapping with PU.1 ChIP-Seq 
from a previous study, although different timepoints after activation were taken.37

To further identify the transcriptional complex of PU.1 in DCs, co-IP was used to 
identify transcription cofactors for PU.1. Because cofactors can greatly influence 
whether a gene is transcribed or that transcription is inhibited by a transcription 
factor, transcription regulatory cofactors of PU.1 located in the nucleus were studied. 
The number of transcription regulatory cofactors of PU.1 differed between human 
and mouse DCs. The 21 cofactors identified in human, included PU.1.  Several of 
the identified cofactors were previously described or suggested in literature: i.e. 
STAT1,49,50 STAT5A and STAT5B,51,52 DEK,53 a family member of HNRNPD,54 IRF4,55 
REL,47 and NF-kB.56

STAT1 induces, together with PU.1, the FGL2 expression,49 as well as FcgRI50 in 
macrophages. FGL2 contains immune regulatory functions in many infections 
and has potential as an immunotherapeutic target for glioblastoma.58 STAT5 is 
actually referring to two highly homologous proteins (94% similar), STAT5A and 
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STAT5B, transcribed from different genes. The IL-4 promoter of mast cells contains 
a GATA, PU.1 and STAT5 binding motif,51 suggesting a close interplay between 
these transcription factors. IL-4 is a polyfunctional cytokine, required for proper 
TH2 differentiation, however, blocking of IL-4 helps the treatment of asthma and 
atopic dermatitis.59 However, the JAK/STAT pathway is regulating over 50 different 
cytokines and growth factors,60 therefore manipulation would greatly affect the 
whole cell, which is undesirable for DC manipulation.
IRF4 is a well-known binding partner of PU.1, actually the former name was: PU.1 
interaction partner (PIP). IRF4 can serve both as a transcriptional activator and 
repressor. The IRF4/PU.1 complex activates among other the IL-1b expression.61 
However, IRF4 itself has been shown to be important for the development of DCs62 
and is therefore not a proper candidate for gene manipulation in DC therapies. RelA 
binds together with IRF5 the PU.1 motif, indicating a possible interaction between 
PU.1 and IRF5.47 NF-kB, which is thought bind together with PU.1 the promoter and 
regulate the expression of IL-1ra.56 However, also REL and NF-kB are too important 
for a large number of cells to be a target to manipulate. 
Nuclear oncoprotein DEK is also possible cofactor of PU.1 in human DCs. DEK can 
directly bind to the DNA and regulates proliferation and survival of cells. Altered 
expression (both increased as decreased levels) of DEK has been found in acute 
myeloid leukemia (AML). Although the precise function is still unclear, DEK depletion 
in non-small lung cancer cells reduces cell proliferation, whereas overexpression 
induces proliferation.63 Previously, DEK was shown to bind to the PU.1 binding motif 
in a DEK ChIP-Seq study, although no direct interaction was shown.53 This, together 
with our results, strongly suggests an interaction between DEK and PU.1, with DEK 
as the cofactor of PU.1 in DCs, regulating genes involved in the cell survival.  
Last of the already known or predicted binding partners of PU.1 is heterogenous 
ribonucleoprotein D (hnRNPD). hnRNP proteins constitute a family of RNA-binding 
proteins involved in the transport of mRNAs from the nucleus to the cytoplasm, 
splicing, translation and mRNA stability, as well as for 3’-end processing and 
transcriptional regulation of mRNA.64 Although no connection of hnRNPD with PU.1 
is known so far, hnRNPK is described to form a complex with PU.1 on the CD11b 
promoter in granulocytes and monocytes.54 
Besides the already known or predicted binding partners of PU.1, 10 new PU.1-
cofactors have been identified; PHB, RAI14, RPL7, SRSF2 and THRAP3 in both 
unstimulated and LPS-stimulated DCs and IFI16, NPM1, OSTF1, RBM39, and 
SUPT16H specifically in LPS-stimulated DCs. Two of the newly identified cofactors of 
PU.1, NPM1 and SUPT16H are involved in chromatin remodeling by recognizing 
histones and facilitates chromatin remodeling, transcription and DNA repair.65,66 
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Three of them, RPL7, SRSF2, and THRAP3, are involved in RNA translation, splicing 
and stability.67-69 Also PU.1 is known to be involved in the RNA splicing, by binding to 
RNA-splicing proteins and thereby altering the splicing process.45 IFI16 is identified 
as an intracellular DNA sensor, involved in the IFNb induction by activation of IRF3 
and NF-kB.70 In addition, IFI16 correlated with several transcription factors during 
B-cell differentiation, among others REL, SPIB, STAT5b, and directly correlated with 
NF-kB activation.71 However, for DC manipulation, these are not suitable candidates, 
since RNA splicing and DNA repair is a general feature of all cells, and thereby the 
effect of the manipulation will most likely be too large. 
Only very little is known for OSTF1. It is involved in the osteoclast formation, however, 
the function and expression in other cell types is not known.72 RAI14 (Norpeg) is 
highly expressed in the human placenta and testis, but also found in other cancer 
cell lines.73 It is found both in the nucleus and in the cytoplasm and function as an 
actin-binding protein.74 It might be interesting to study OSTF1 and RAI14 in more 
detail, since not much is known. RBM39 (CAPERa) act as a coactivator of AP-1 and 
in hormone dependent transcriptional activation by the estrogen receptor ERa.75,76 
This can an interesting candidate to further study, since the AP-1 complex is involved 
in DC function and shown to be involved in the CD11c expression.77 Lastly, PHB 
or prohibin, is ubiquitously expressed in many cell types. It has many function, 
including energy metabolism in the mitochondria and is involved in cell survival 
and apoptosis when located in the nucleus.78 It would be an interesting candidate 
to further study to increase cell survival and energy metabolism. This might improve 
the performance of DCs during immunotherapy. 
Taken together, we improved the knowledge of the PU.1 interactome and 
transcriptome in DCs by identifying similarities and differences between human and 
mouse DCs. In addition, we identified new transcriptional cofactors for PU.1, and 
thereby possible new targets for DC manipulation. PU.1 itself is a highly important 
transcription factor in both human and mouse DCs. It regulates many genes important 
for the maintenance of the cell, like lipid metabolism and energy production, as well 
as for the immune response. Therefore, manipulation of PU.1 will most likely result 
in lack of development and dysfunction of DCs. It might be effective to manipulate a 
cofactor of PU.1 to obtain less dramatic and possibly more specific changes in DC 
function without affecting DC development and  integrity. We have identified several 
known and new cofactors and possible candidates for DC manipulation, of which 
DEK and PHB could be most relevant to further investigate with respect tocellular 
DC therapy. Manipulation of these cofactors might increase the survival of DCs to 
improve efficacy of DC therapy.  
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Table 3a. Nuclear transcriptional regulators in human DCs

Symbol full name

Common DEK DEK proto-oncogene

Common PHB prohibitin

Common PML promyelocytic leukemia

Common RAI14 retinoic acid induced 14

Common RPL7 ribosomal protein L7

Common SPI1 Spi-1 proto-oncogene

Common SRSF2 serine/arginine-rich splicing factor 2

Common STAT1 signal transducer and activator of transcription 1, 91kDa

Common STAT5B signal transducer and activator of transcription 5B

Common THRAP3 thyroid hormone receptor associated protein 3

LPS BCLAF1 BCL2-associated transcription factor 1

LPS HNRNPD heterogeneous nuclear ribonucleoprotein D (AU-rich element RNA binding 
protein 1, 37kDa)

LPS IFI16 interferon, gamma-inducible protein 16

LPS IRF4 interferon regulatory factor 4

LPS NFKB2 nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/
p100)

LPS NPM1 nucleophosmin (nucleolar phosphoprotein B23, numatrin)

LPS OSTF1 osteoclast stimulating factor 1

LPS RBM39 RNA binding motif protein 39

LPS REL v-rel avian reticuloendotheliosis viral oncogene homolog

LPS STAT5A signal transducer and activator of transcription 5A

LPS SUPT16H suppressor of Ty 16 homolog (S. cerevisiae)
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Table 3b. Nuclear transcriptional regulators in mouse DCs

Symbol full name

ST Bud31 BUD31 homolog

ST Cbfb core-binding factor beta subunit

ST Cbx3 chromobox 3

ST Creg1 cellular repressor of E1A stimulated genes 1

ST Ctbp2 C-terminal binding protein 2

ST Hcfc1 host cell factor C1

ST Hdac1 histone deacetylase 1

ST Hmgb1 high mobility group box 1

ST Ifi204 interferon gamma inducible protein 16

ST Ikzf4 IKAROS family zinc finger 4

ST Mybbp1a MYB binding protein 1a

ST Npm1 nucleophosmin

ST Preb prolactin regulatory element binding

ST Prpf6 pre-mRNA processing factor 6

ST Raly RALY heterogeneous nuclear ribonucleoprotein

ST Rbpj recombination signal binding protein for immunoglobulin kappa J region

ST Smarcc2 SWI/SNF related, matrix associated, actin dependent regulator of chromatin 
subfamily c member 2

ST Tceb2 transcription elongation factor B (SIII), polypeptide 2

ST Trim28 tripartite motif containing 28

ST Ube2v1 ubiquitin conjugating enzyme E2 V1

ST Ybx1 Y-box binding protein 1

ST Zeb2 zinc finger E-box binding homeobox 2

Common Hic1 HIC ZBTB transcriptional repressor 1

Common Irf5 interferon regulatory factor 5

Common Nfkb2 nuclear factor kappa B subunit 2

Common Psmc5 proteasome 26S subunit, ATPase 5

Common Rai14 retinoic acid induced 14

Common Rel REL proto-oncogene, NF-kB subunit

Common Spi1 Spi-1 proto-oncogene

Common Srsf2 serine and arginine rich splicing factor 2

Common Stat5b signal transducer and activator of transcription 5B

Common Vav1 vav guanine nucleotide exchange factor 1

LPS Basp1 brain abundant membrane attached signal protein 1

LPS Cers2 ceramide synthase 2
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LPS Helz2 helicase with zinc finger 2

LPS Mta2 metastasis associated 1 family member 2

LPS Mtpn myotrophin

LPS Naa15 N(alpha)-acetyltransferase 15, NatA auxiliary subunit

LPS Nfkb1 nuclear factor kappa B subunit 1

LPS Ostf1 osteoclast stimulating factor 1

LPS Pa2g4 proliferation-associated 2G4

LPS Psmc3 proteasome 26S subunit, ATPase 3

LPS Purb purine rich element binding protein B

LPS Rbm14 RNA binding motif protein 14

LPS Rbm39 RNA binding motif protein 39

LPS Smarca5 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily a, member 5

LPS Stat2 signal transducer and activator of transcription 2

LPS Stat3 signal transducer and activator of transcription 3

LPS Stat4 signal transducer and activator of transcription 4
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The immune system is a complex system that takes care of defending the host from 
different threats. The innate immune system is the first to respond if a possible threat 
breaks through the natural barriers, like the skin and mucosal tissues. When the 
innate immune response is unable to fight off the pathogen, the adaptive immune 
system is activated, starting 3 to 4 days after the initial infection. These two systems 
are connected by antigen presenting cells (APCs), like dendritic cells (DCs). DCs 
are constantly sampling their environment to detect possible threats. The captured 
pathogens are digested into antigens and antigenic fragments thereof, which they 
can present on the cell surface to naïve B and T cells while migrating to the lymph 
nodes to present the antigen-derived peptide determinants. In addition, DCs can 
distinguish between self- and non-self-antigens and, thereby, they either mount an 
immune response or teach the immune system to tolerate self-antigens. 
Due to this dual role in directing the immune system towards tolerance or immune 
activation, DCs are key players of the immune system. When the immune activation 
or tolerance is induced at a wrong moment or against a wrong antigen, this can 
lead to serious problems, like autoimmune diseases, recurrent or persistent infections, 
allergies or cancer. Therefore, understanding DC biology is crucial in order to try 
to prevent or cure such diseases. DCs can be subdivided in different subtypes 
depending on their origin and functional capacities, however, some aspects of DC 
differentiation are still not understood or under development, as not all subtypes can 
be generated in vitro and they are present in low numbers in vivo, which limits their 
study.
DCs can be used to induce a strong immune response or to induce tolerance, and 
have therefore become valuable tools for immune therapy. Tolerogenic DCs are used 
to dampen the immune response to treat autoimmune diseases,1-4 whereas activated 
DCs, loaded in vitro with specific antigens or immunogenic peptides, are mostly used 
to induce or enhance an anti-tumor immune response.5-11 Mostly, the inflammatory 
DC subset, i.e. monocyte-derived DCs (moDCs), are used in these studies.1,2,4,5,12 
Monocytes are easily accessible and can be cultured from blood in large quantities to 
obtain enough cells to re-administer for immune therapy. Activated DCs are derived 
from peripheral blood monocytes and cultured in the presence of GM-CSF and IL-
4. Before use, they can be loaded with the desired antigen.6 Tolerogenic DCs are 
mostly established by addition of dexamethasone and vitamin D3 to GM-CSF and 
IL-4 during the culture of DCs.1-4 However, other immunosuppressive cytokines, such 
as IL-10, TGF-b, prostaglandin E2 or immunosuppressive drugs, such as rapamycin 
or cyclosporine, are also used.3 Up to now, large number of DCs have to be injected 
intravenously to allow enough DCs to survive and reach the lymph nodes, where 
they interact with the B and T lymphocytes to mount the immune response or induce 
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tolerance. Although less DCs are needed when directly injected in the draining 
lymph nodes,6 still many DCs will not survive long enough to be effective. 
In conclusion, DCs can be a powerful cellular product for directed immunotherapy, 
however, DC-based immunotherapy is not yet fully efficient (DC survival vs 
immunogenicity) or specific enough, which implies a risk to engage into undesired 
immune reactions. In vivo, DCs are short-lived cells with a high turnover rate.13 
The short lifespan is a drawback for the efficacy of the DCs for immunotherapy. 
The differentiation of DC subtypes from hematopoietic progenitor cells is tightly 
regulated by transcriptional programs.14-16 The role of some transcription factors in 
the differentiation and regulation of the different DC subsets have been studied in 
genetically modified mice and reconstitution assays.16,17 However, there are major 
differences amongst human and mouse DCs which makes the interpretation of such 
data, and subsequent extrapolation to humans, difficult. Ultimately, we need to learn 
about human DC biology to understand DC-related diseases and how to improve 
the efficiency of DCs as immunotherapy tool in human. In addition, low-abundant 
transcription factors or cofactors of transcription factors are most interesting for DC 
manipulation, to induce only subtle changes in DC function. Therefore, understanding 
DC differentiation and function at the molecular level (i.e. regulation of transcription 
and the transcriptome) might enable the manipulation of DCs to improve them for 
the use in immunotherapy. 
The scope of this thesis is to study the role of the transcription factors Gata1 and PU.1 
in more depth. In chapter 2, we analyzed the expression level of GATA transcription 
factors and PU.1 in different subtypes of human and mouse DCs. In chapter 3 we 
focused on the role of Gata1 in mouse DCs by a DC-specific Gata1 KO mouse 
model. Loss of Gata1 results in an impaired migration capacity towards the lymph 
nodes upon LPS activation. In chapter 4 we compared the genes regulated by Gata1 
and PU.1 in mouse BMDCs. We showed that many genes that are regulated by 
Gata1 and/or PU.1 are important for the immunological function of BMDCs. Lastly, 
we focused on the transcription factor PU.1 in chapter 5, in which we studied the 
differences and similarities between human and mouse DCs during the activation 
process. In addition, the cofactors of PU.1 were studied in both human and mouse 
DCs.

GaTa transcription factors in dendritic cells

GATA1, located on the X-chromosome, is a key regulator of erythropoiesis and 
megakaryopoiesis. Mice lacking Gata1 die during gestation,18 and loss of 
Gata1 in adult mice results in severe defects of the red blood cell and platelet 
production.18,19 In addition, GATA1 has been described to be expressed in both 
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human and mouse DCs.20-24 Gata1 is involved in cell survival, by directly regulating 
transcription of the anti-apoptotic proteins Bcl-2 and Bcl-XL

25-27 and by inducing the 
expression of Dicer1, which favors cell proliferation and inhibits apoptosis.28 In 
human, mutations of GATA1 have been described to cause a number of different 
hematological disorders, such as dyserythropoietic anemia, Diamond-Blackfan 
anemia, (macro)thrombocytopenia, and Down syndrome-related acute (megakaryo-
blastic) leukemia.29-31 Besides GATA1, GATA2 was shown to be important for human 
DCs. GATA2 is essential for DC development, since mutations in the GATA2 gene 
resulted in a loss of DCs, monocytes, NK cells and B cells.32  GATA2 is required 
for the maintenance of hematopoietic multipotent stem cells and is involved in 
erythropoiesis and megakaryopoiesis. Recently, Gata2 was shown to be important 
in murine DC differentiation as well.33 PU.1, a high-abundant transcription factor in 
DCs, has an antagonistic function to Gata1. PU.1 regulates many genes required 
for the DC development, such as Flt3 expression.14,16,34 In addition, PU.1 also has 
an important in the DC function, by regulating the expression of the costimulatory 
molecules CD80 and CD86,35 as well as the expression of MHC-II, CD11b, and 
CD11c.36-39

Up to now, the knowledge about the expression and regulation of the GATA family 
of transcription factors in DCs remains limited. All GATA transcription factors contain 
GATA binding motifs in their promotor regions, by which they can regulate each 
other’s expression. This process is known as the GATA switch.40-42 Recently, it was 
shown that Gata2 represses the expression of Gata3 by binding its downstream 
enhancer region.33 However, it is not known whether Gata1 is influenced by this 
nor is it known what role PU.1 has (if any at all) in the expression regulation of the 
GATA transcription factors. Therefore, we have studied in chapter 2 the expression 
of GATA1, 2 and 3 and PU.1 in human and mouse DCs, cultured in vitro as well as 
different DC subtypes isolated from mouse spleen. We showed that GATA transcription 
factors and PU.1 are expressed in both human and mouse DCs. The expression of 
PU.1 in murine DCs was about 10-fold higher than the GATA transcription factors, 
both in bone marrow-derived DCs (BMDCs) as well as in the freshly isolated DC 
subtypes from the spleen. In human monocyte-derived DCs (moDCs), the expression 
level of PU.1 was similar to the GATA transcription factors. 
Two GATA1 isoforms are found in human, i.e. the full-length protein (GATA1-FL) and 
a shorter isoform (GATA1s).43 We detected both GATA1s and GATA1-FL in moDCs, 
although the expression of GATA1s was much higher (about 80% of the GATA-FL 
and GATA1s combined). This contradicts a previous study stating that GATA1s is the 
only isoform detected in mature moDCs.44 Mutations of the GATA1 gene causing 
loss of GATA1-FL but not GATA1s, has been found in Diamond-Blackfan anemia 
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(DBA) patients as well as in patients with Down syndrome. In addition, mutations in 
the GATA1 gene, affecting the translation of GATA1-FL but not GATA1s, can cause 
transient myeloproliferative disorder (TMD) in Down syndrome patients.45 Reasoning 
from the DBA cases, it can be concluded that GATA1s alone is insufficient for proper 
erythropoiesis.43,46,47 More than 50% of DBA cases are caused by mutations in 
the ribosomal proteins. So far, only four cases have been identified with a G>C 
substitution (L74V), causing the splicing defect and the absence of GATA1-FL,48 and 
one patient have a T>C mutation in the start codon of exon 2, leading to only 
GATA1s transcription.43 In addition, mutations in the ribosomal protein S19 (RPS19) 
also causes a decrease of GATA1 activity as the GATA1 target genes were reduced 
in these patients.46 Because the clinically relevant complications in DBA patients 
are the severe anemia (and some variable accompanying cardiac, urogenital and 
other developmental defects) but no apparent immunodeficiency, the effect of the 
GATA1 mutations on DC subtypes in these patients has not been studied. It would be 
interesting to analyze whether GATA1s would still be sufficient for the development 
and function of DCs.
Gata2 was expressed at the highest level in murine BMDC in our study. However, 
in freshly isolated DCs, especially in the CD11b+ cDCs, Gata3 was expressed at 
even higher levels than Gata2. Since IL-4 had previously been reported to induce 
the expression of Gata3 in T cells,49 as well as the GATA1 expression in human 
mo-DCs,20 we added IL-4 to the BMDC cultures. Although we were able to induce 
a small increase in Gata3 expression with IL-4, Gata3 levels remained lower than 
in freshly isolated DCs. Addition of IL-4 also slightly induced Gata1, but strongly 
inhibited Gata2 expression.
MonoMAC syndrome, characterized by the loss of monocytes and DCs, carry loss-
of-function mutations of the GATA2 gene. These patients suffer from a wide variety 
of infections including (myco)bacterial, viral and fungal infections and carry a high 
risk of acute myeloid leukemia at young age. However, these patients not only 
have a defect in the monocyte and DC development but also have low numbers of 
B cells and NK cells, making it difficult to pinpoint certain aspects of the disease to 
a specific cell type.32 In contrast, a mutation in the IRF8 gene (K108E) is causing a 
more DC-specific defect in humans. Patients with this mutation suffer from a Bacille 
Calmette-Guérin (BCG) infection after vaccination and are vulnerable for many 
different mycobacterial infections later in life. The mutation causes an autosomal 
recessive disorder with a complete lack of monocytes, cDCs and pDCs in the blood, 
and very low CD1a DCs in the dermal tissue. However, normal numbers of tissue 
macrophages and Langerhans’ cells were found.50 
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The GaTa switch: a gate keeping mechanism in lineage decisions?

Because all GATA transcription factors contain the GATA binding motif in their 
promotor regions, they can regulate each other’s expression, a process that is 
known as the GATA switch.40-42 During erythropoiesis, Gata1 replaces Gata2 by 
repressing Gata2 expression, facilitating the maturation of erythrocytes.29,40,51,52 On 
the other hand, when Gata1 and Gata2 both are expressed, progenitor cells enter 
megakaryopoiesis.40 Gata2 can also induce the expression of PU.1, which will 
repress the expression of Gata1, skewing the progenitor cells into the granulocyte/
macrophage cell lineage.52,53 Gata2 and PU.1 can both repress Gata3 expression 
during DC differentiation.33,54

Although, we were unable to identify a GATA switch upon activation in murine 
BMDC cultured with GM-CSF, a clear antagonistic action between Gata1 and PU.1, 
previously reported in other cell lineages, was observed in these cells. Upon LPS 
stimulation, levels of Gata1 increased, whereas levels of PU.1 strongly decreased. 
In contrast, LPS activation of BMDCs induced by Flt3L caused a strong decrease of 
all GATA transcription factors, whereas levels of PU.1 increased. Since the latter 
cultures contain both pDCs and two cDC subtypes, it would be interesting to sort the 
BMDCs cultured with Flt3L, to study the levels of transcription factors in the cultured 
cells separately. Opposite to mouse BMDCs, the levels of the GATA transcription 
factors remained unchanged in human moDCs upon LPS stimulation, whereas levels 
of PU.1 increased. 
During human moDC differentiation, a GATA1/GATA2 switch was observed during 
the differentiation from monocytes to moDCs. GATA1 was strongly induced, whereas 
GATA2 decreased during moDCs differentiation, suggesting that GATA2 to be 
required for moDC progenitors, but not in moDCs itself. This finding is supported 
by the fact that the MonoMAC syndrome, characterized by the loss of monocytes 
and DCs, carry mutations in the GATA2 gene. Several mutations in the GATA2 gene 
have been identified, resulting in a truncated protein, a non-functional or a dominant 
negative protein.32,55-57

Although the GATA switch during DC differentiation of mouse BMDCs was not 
analyzed, Gata2 deletion in mice phenocopied to some extent human MonoMAC 
syndrome, resulted in drastically reduced numbers of DCs, monocytes, NK cells and 
B cells, yet included reduced numbers of neutrophils and T cells in mouse. On the 
other hand, when Gata2 was specifically deleted in DCs by the use of CD11c-Cre 
mice, no differences were found in the frequencies of DCs compared to the WT mice. 
However, when exposed to LPS, the serum IL-6 was significantly lower compared to 
WT mice.33 Because CD11c is expressed at a later stage of the differentiation, 
it suggests that Gata2 may be required for DC differentiation at an early stage, 
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but not for the differentiation of mature DCs. Although they were unable to detect 
differences in the RNA between WT and KO mice using microarray, they found an 
upregulation of Gata3 in the Gata2 KO mice. In addition, a downregulation of 
MafB was observed.33 Previously, it has been shown that silencing of MafB using 
siRNA increased the Gata1 expression in mice.58 Although they did not pick-up 
Gata1 expression, it would be very interesting to analyze the levels of Gata1 in 
these mice, since detecting Gata1 at RNA levels, requires directed analysis because 
of the low-abundancy
Taken together, these results about the expression of the GATA family members show 
the difference amongst species and different types of cultures to generate DC. None 
of the culture systems was able to induce Gata3 levels similarly as it was found in 
the ex vivo murine DC subtypes. The in vivo cDC development of human CD141+ 
(BDCA3+) and CD1c+ (BDCA1+) DC subtypes is less well understood than the 
corresponding murine CD8+ and CD11b+ DC cell subtypes, respectively.59,60 Recently, 
a new culture method for human DCs was described, using CD34+ hematopoietic 
stem cells which were cultured on stromal cells to differentiate to the different pDC 
and cDC subtypes using FLT3L, SCF and GM-CSF.61 Since this culture method starts 
from stem cells, just like the murine DC culture using bone marrow cells, it would 
be interesting to analyze the expression of the GATA transcription factors and PU.1 
in these cells. It might be that some of the differences we observed between human 
and mouse DCs are caused by the culture methods used. Comparing these human 
BMDCs with isolated DCs (human and mouse) and Flt3L murine cultured cDCs and 
pDCs, might show whether this new culture system produces DCs closer related 
to the physiological basal DCs conditions. In addition, if the differences between 
mouse and human indeed are less than now expected, results found in murine cells 
can be extrapolated to human to improve the use of DCs for immunotherapy. 

function of Gata1 in dendritic cells

Gata1 is expressed in human and mouse DCs. The Gata1 expression increased 
upon murine BMDC activation, but not upon activation of human moDCs. In human, 
GATA1 levels are strongly induced during differentiation from monocytes to moDCs. 
In murine BMDCs, Gata1 directly activates the transcription of IFNg21 as well as the 
chemokine decoy receptor D6.22,62 Although Gata1 is expressed at low levels in 
murine BMDCs, it regulates the survival by inducing the anti-apoptotic proteins Bcl-2 
and Bcl-XL.21,22,25-27 The fact that Gata1 is low-abundant, but increases upon activation 
and is involved in DC survival, makes it an interesting candidate to manipulate to 
improve the use of DCs for therapeutic purposes. Therefore, we dissected the role of 
Gata1 in murine BMDCs in chapter 3. 
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Complete Gata1 KO mice die during gestation. Therefore, we used a DC-specific 
Gata1 KO (Gata1-KODC) mouse model. Gata1-KODC mice display a decrease of 
both CD11b+ and CD8+ cDCs in the spleen without differences in their activation 
markers. In vitro, Gata1-KODC BMDCs have a decreased survival rate, which 
becomes clearer after prolonged cell culture. This decreased survival of Gata1-KODC 
BMDC might explain the reduced number of DCs in the spleen, although this was 
not determined in our studies. Prolongation of survival could improve the effectivity 
of DCs for therapeutic use.
To better define the role of Gata1 in DCs, we performed RNA-Seq on WT and 
Gata1-KODC BMDCs. This way, we were able to define the role of Gata1 in an 
unbiased manner. By analyzing changes in the transcriptome between WT and 
Gata1-KODC BMDCs, we defined Gata1-regulated genes. The genes that were 
differentially expressed in Gata1-KODC BMDC compared to WT BMDCs were 
directly or indirectly regulated by Gata1. These genes were involved in survival and 
migration pathways, which could both explain the reduction of DCs in the spleen of 
the DC-specific Gata1 KO mice. 
Migration is an important function for DCs. Upon encountering an antigen, 
potentially dangerous or not, DCs process the antigen, become in a (semi)activated 
state and migrate towards the lymph nodes to present the antigen loaded on the 
MHC-II molecule to naïve T cells.63,64 Due to the upregulation of MHC-II on the cell 
surface by migratory DCs, they can be distinguished from resident DCs that express 
MHC-II at a lower level.65,66 Gata1-KODC DCs responded less well to intravenous LPS 
injection, because less DCs of the Gata1-KODC mice were able to migrated to the 
lymph nodes compared to DCs of WT mice. The expression of activation markers, 
like MHC-II, CD80 and CD86, did not differ between WT and Gata1-KODC BMDCs, 
nor was there any difference in expression of CCR7, which strongly upregulated 
upon activation and is responsible for DC migration towards the lymph nodes.67-69 
To exclude the possibility that less migratory DC was the result of decreased DC 
survival, the migration capacity against CCL19 and CCL21, two known ligands 
for CCR7, was tested in vitro.70 Gata1-KODC BMDCs had an impaired migration 
capacity in vitro compared to WT BMDCs. This migration defect was specific for 
CCL21-induced migration, whereas the migration towards CCL19 was equal in 
Gata1-KODC BMDCs and WT BMDCs. 
CCL19 and CCL21 are two very homologous proteins, although CCL21 contains 
an additional, highly basic and motile, 32 amino acid C-terminal tail.70,71 This 
C-terminal tail of CCL21 inhibits the binding to CCR7,72 thereby blocking the 
recognition. However, when the tail is bound by polysialic acid (PSA), the binding 
site for CCR7 is exposed and recognized.72,73 Depletion of PSA of the membrane 
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selectively impairs DC migration towards CCL21, but does not affect the migration 
towards CCL19.71-73 The in vitro Cre-lox recombination is not complete and thereby 
also the reduction of Gata1 mRNA is only partial. This partial reduction corresponds 
with the approximately 50% reduced PSA levels on the cell surface as well as the 
migration defect of Gata1-KODC BMDCs towards CCL21. 
PSA is a sugar molecule, which is expressed in the surface of many different 
eukaryotic cells. It has a very complex biosynthesis involving many enzymes called 
sialyltransferases.74 These sialyltransferases can be classified in different groups, all 
being responsible for the connection of different sugars, like galactose and glycans, 
and the different linkages, like alpha-2,3 or alpha 2,6 linkages. Together, all the 
sialyltransferases are responsible for the specificity and folding of the sugars on 
the cell surface.75 Mice deficient for St8siaIV were shown to completely lose PSA 
expression on the surface of DCs.76 In our Gata1-KODC mouse model, transcriptome 
analysis with RNA-Seq revealed a decrease of multiple sialyltransferases, of which 
St3gal3 reached statistical significance. ST3gal3 is not directly involved in the 
modification of PSA, but is involved in the generation of carbohydrate antigen sialyl-
Lewis,77 However, the influence of St3gal3 on polysialylation or migration of DCs 
has not been studied so far. 
In chapter 5 we have studied the genes regulated by PU.1 in both mouse and 
human DCs. We found that PU.1 bound to the St8SiaIV promoter in both mouse 
and human DCs, both in unstimulated and LPS-stimulated DCs. This indicates an 
important interplay between Gata1 and PU.1 in the activation process of DCs. 

interplay between Gata1 and PU.1 in dendritic cells

The antagonistic interplay between Gata1 and PU.1 plays an important role in 
the bifurcation between erythromegakaryocytic and myelolymphoid progenitor 
cells.78-80 Silencing of PU.1 in human monocytes results in GATA1overexpression 
and a conversion of monocytes into erythrocytes.81 The antagonistic function 
between Gata1 and PU.1 is dose-dependent and occurs by protein-protein 
interaction or through direct competition at the DNA binding site.79,82-84 In murine 
erythromegakaryocytic progenitors, Gata2 is replaced by Gata1 on key regulatory 
elements of PU.1, causing a reduction of PU.1 by direct transcriptional repression, 
which is required for the terminal differentiation of these cells.79 
In chapter 4, the transcriptional dynamics between the low-abundant transcription 
factor Gata1 and the high-abundant transcription factor PU.1 in murine BMDCs 
has been studied. Most of the genes were neither regulated by Gata1 nor by PU.1. 
Genes that were dynamically regulated by Gata1 and/or PU.1 were separated in 
genes that were regulated by Gata1 and PU.1 synergistically or the regulation of 
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genes that switched between Gata1 and PU.1 upon stimulation.
Gata1 and PU.1 function in a dynamic manner during the differentiation and activation 
of BMDCs. After LPS stimulation of murine BMDCs, Gata1 and PU.1 synergistically 
downregulate genes actively transcribed during steady state condition, i.e. ligand 
recognition, TLR-dependent activation, inflammasome activation and antigen-
presentation. One of this downregulated genes is DC-SIGN, which recognizes 
a broad range of pathogen-derived ligands and mediates antigen uptake and 
signaling.85 Irak4 is also inhibited by Gata1 and PU.1 together, which is involved in 
TLR-dependent LPS-mediated DC activation.86 Adam23, important for proper antigen-
presentation,87 and P2rx7, promoting Asc/Nlrp3 inflammasome activation,88 are 
also inhibited by Gata1 and PU.1 together. Importantly, also the expression of Gata2 
is regulated by Gata1 and PU.1 in a synergistic manner. Although Gata2 is, just 
like Gata1, a low-abundant transcription factor in murine DCs,24 it has been shown 
to be important at an early stage of murine BMDC differentiation.33 This strongly 
suggests an interaction between Gata1, Gata2 and PU.1 during DC differentiation 
and activation.
For 34 genes, a clear PU.1/Gata1 switch was found. Genes affected by this switch 
were involved in cell trafficking and DC activation.89-93 The regulation of Rap1gap 
switched from Gata1 in steady state to PU.1 upon LPS stimulation, which results 
in a downregulation of Rap1gap mRNA. The effector molecule Rap1 upregulates 
Lfa-1 and is crucial for the trafficking of immune cells during immunosurveillance,91 
which is a main function of unstimulated DCs. On the other hand, CD28 and Prprs 
are bound by PU.1 in unstimulated BMDCs, which switches to Gata1 binding upon 
LPS stimulation and a strong downregulation. Ptprs is expressed specifically on 
pDCs and has been found to prevent spontaneous IFN production in pDCs. Lack of 
Ptprs is associated with an enhanced IFN response and mild colitis.92 CD28, on the 
other hand, is only known to be expressed in T lymphocytes and is not described 
in DCs. CD28 is important in the costimulatory signal by recognizing CD80 and 
CD86 on DCs.94 Analysis RNA-Seq should always been done with great care. It 
allows analysis of the complete transcriptome of cells, however, the results should 
always be confirmed at protein levels using different techniques, like western blot 
and immunostainings.  
In chapter 3, using a DC-specific Gata1-KO mouse model, we showed that depletion 
of the low-abundant transcription factor Gata1 influenced both DC survival and 
migration.23 Manipulation of such low-abundant transcription factors like Gata1 
might be a key tool for fine-tuning DC function without affecting DC integrity, which 
would be clinically relevant for the use of DCs as immunotherapy in the future. For 
example, Gata1-KO DCs migrate less towards the lymph nodes, due to reduced 
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PSA on the cell surface. PSA expression is regulated by series of gene-encoded 
glycosylation enzymes, one of which is ST8SiaIV. PU.1 was shown to bind the 
ST8SiaIV promotor by ChIP-Seq. In addition, PU.1 was reduced upon LPS activation 
with a log-fold change -1, whereas ST8SiaIV is induced by a log-fold change of 0.4. 
This suggests that PU.1 represses ST8SiaIV in unstimulated cells. Therefore, we might 
be able to improve DC migration by enhancing Gata1 expression, thereby reducing 
PU.1 expression, which could result in higher ST8SiaIV expression, more PSA on the 
cell surface and thereby better migration. So, low-abundant transcription factors are 
interesting for DC manipulation, although still many steps should be taken to prove 
this hypothesis.

PU.1 and PU.1 cofactors in mouse and human dendritic cells

PU.1 is encoded by the Sfpi1 gene and belongs to the ETS-family of transcription 
factors16,34 and binds to GAGGAA in the promoter region of genes.95 This high-
abundant transcription factor is important for the differentiation of hematopoietic 
myeloid lineages as well as for the proper differentiation and activation of 
DCs.14,16,34,96 Loss of PU.1 results in a general cDC defect.34,96,97 This cDC defect 
is dose-dependent, e.g. the lower PU.1 expression, the more severe the cDC 
reduction.34

So far, most studies on the role of PU.1 in DC biology have been performed in 
mice41,42,98 and only a few studies were directed at clarifying its role in human 
DCs.99 In chapter 2 we had shown that the expression levels of PU.1 differed greatly 
between human and mouse DCs. Whereas in mouse BMDCs, PU.1 decreases 
approximately a 10-fold upon LPS activation, PU.1 increases about 3-fold in human 
activated moDCs.24 Although the number of peaks found in human and mouse 
DCs as a measure of transcriptional regulation were comparable to the expression 
levels of PU.1 (e.g. increased number of peaks in human LPS stimulated DCs 
and a decreased number of peaks in mouse LPS stimulated DCs compared to the 
unstimulated DCs). Surprisingly, the number of regulated genes did not follow this 
pattern, equal number of genes were found to be regulated in unstimulated and 
LPS-stimulated DCs. In mouse BMDCs, approximately 3-fold more genes were found 
to be directly or indirectly regulated by PU.1 when compared to human moDCs. To 
further improve our understanding of DC activation and to study the similarities and 
differences between human and mouse DCs, we studied the cofactors of PU.1 in 
human and mouse DCs in an unbiased manner in chapter 5. This knowledge might 
be used for manipulation of DCs to enable their use in immunotherapy (without 
major impact on developmental processes and their initial survival).
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PU.1 regulates many orthologous genes (genes that can be traced back to the same 
ancestor gene in evolution) in human and mouse DCs. These overlapping genes in 
unstimulated DCs were involved in nutrient sensing, lipid metabolism and energy 
production, as well as genes that are important for DC activation, like TLR-4, Mtor, 
CD80 and MAVS. Upon DC activation, PU.1 regulates genes essential for multiple 
signaling pathways, like Nf-kB, Jak1 and Map kinases. However, many differences 
between genes regulated by PU.1 in human and mouse DCs were found as well. 
In mouse, PU.1 regulates genes involved in posttranslational modifications, like 
phosphorylation and ubiquitination in both unstimulated and LPS-stimulated BMDCs. 
In human moDCs, PU.1 regulated genes important for proper immune activation, 
like several interleukins, the activation markers CD86 and CIITA, and endocytosis 
through clathrin and caveolin-coated pits and micropinocytosis.
To further identify the PU1 transcription complex(es) in DCs, we employed co-
immunoprecipitation (co-IP) followed by mass spectrometry analysis. There was a 
remarkable difference between the PU.1 cofactors in human and mouse DCs: about 
twice as many cofactors were found in mouse BMDCs compared to human moDCs. 
In human moDCs, 21 cofactors were identified, of which STAT1,100,101 STAT5A and 
STAT5B,102,103 DEK,104 a family member of HNRNPD,38 IRF4,105 REL,106 and NF-kB,107 
were already previously described. The JAK/STAT pathway, regulating over 50 
different cytokines and growth factors,108 IRF4, important for DC development,109 
REL and NFkB are too important for the general cell function to manipulate. DEK 
might be a possible candidate for manipulation, although the function of DEK in DCs 
is unknown so far.  
Several new PU.1-cofactor candidates have been identified by co-IP and mass 
spectrometry as well. Several of these new identified cofactors are known to be 
involved in chromatin remodeling, transcription and DNA repair.110,111 Other proteins 
are involved in the translation, splicing or  stability of RNA,112-114 which has also been 
described for PU.1.115 However, since RNA splicing and DNA repair is a general 
and important feature for general cell function, manipulation of proteins involved in 
these processes is undesired. RBM39 (CAPERa) act as a AP-1 coactivator.116,117 The 
AP-1 complex is involved in DC function and has been shown to be involved in the 
CD11c expression,118 which makes it an interesting candidate. CD11c (integrin aX) 
forms together with CD18 (integrin b2), integrin ax  b2. ax  b2 interacts with molecules 
of the extracellular matrix119 and to cellular and vascular adhesion molecule.120 In 
addition, ax  b2 has an important role in the antigen uptake by binding negatively 
charged amino acids of denatured proteins,121 and antigen presentation to generate 
a CD4 and CD8 T cell-mediated response.122

Also, PHB or Prohibin might be interesting. PHB is involved in cell survival and 
apoptosis when located in the nucleus.123 Therefore, manipulation of PHB might 
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prolong the DC lifespan, which enhances the efficacy of the DC therapy. Lastly, 
DEK, although the precise function is still unclear, can directly bind to the DNA and 
regulates proliferation and survival of cells.124 This suggests that manipulation of 
DEK as the cofactor of PU.1 in DCs, might enhance cell survival of DCs.  

immunotherapy

Besides DCs, also other cell types, such as T cells and NK cells are used for 
cellular immunotherapy. Tumor-inflitrating lymphocytes (TILs), a heterogenous group 
of lymphocytes consisting of not only of effector T cells, but also Treg cells and 
functionally exhausted T cells, can be isolated from the tumor. The effector T cells 
are isolated and used as immunotherapy responding to tumor-specific antigens or 
tumor-associated antigens of many different tumors, including breast cancer and 
melanoma’s. However, in some cases, the tumor can shield itself from cytotoxic TILs 
by expressing coinhibitory molecules, such as CTLA-4 or PD-1, they can induce T cell 
unresponsiveness or enhance Treg cell immunosuppression.125 Several monoclonal 
antibodies against CTLA-4 or PD-1 has been tested in clinical trials. Atezolizuman, 
monoclonal antibodies against PD-L1, has shown promising results for triple negative 
breast cancer patients in a phase I clinical trial.126,127 Blocking of CTLA-4 with 
ipilimumab resulted in significant increasement of survival in a phase III randomized 
study in melanoma patients.127 However, inhibition of immune check points can also 
lead to autoimmune complications since the blockade is not specific for only the 
tumor-specific T cells, but also binds to autoreactive T cells. Indeed, immune-related 
adverse events, including colitis and dermatitis, were found in clinical trials using 
check point inhibitors.127,106 
The immune effector populations of a mixture of such tumor-derived TILs can also be 
expanded ex vivo, called adoptive cell therapy (ACT), by which only tumor antigen-
specific T cells are expanded and given to the patient. Although, the good reponses 
to ACT have been observed for hematologic malignancies and melanomas, the 
efficacy is only of short duration. In addition, the malignant cells can down-modulate 
the tumor-specific antigen, which limits the ACT therapeutic efficacy.125,128 Another 
approach can be the genetic engineering of anti-tumor reactive T cells, expressing 
chimeric antigen receptors (CARs), constructed of an antigen-binding domain, 
an intracellular T cell signalling domain and one or two co-stimulatory domains. 
Remarkable results have been obtained by targeting CD19 in patients with B cell 
malignancies, however, CAR T cell therapies have been associated with significant 
toxicity.106 Anti-tumor immunity can also be boosted by non-specific immune 
enhancers, like IL-2 and IFN-a. IL-2 causes expansion of tumor-specific T cells and 
thereby enhances CTL-mediated tumor cell killing, which results in clinical anti-tumor 
responses in approximately 5-25% if melanoma patients. IFN-a treatment increased 



Chapter 6 Summary and general discussion

184

the TIL infiltration in melanoma lesions. However, systemic cytokine therapy has an 
expanding effect on both effector and regulatory T cells, which is an difficult side 
effect of this therapy to overcome.125

DCs have been tested over twenty years in many phase I and II trials. It has been well 
established that DCs as immunotherapy induced minimal toxicity, with some small 
rash at the injection site and occasionally minor systemic effects like fever. Only very 
rarely, severe immunotoxicity reactions like autoimmune complications have been 
observed.106 The human moDC is the main DC subtype used for immunotherapy in 
cancer or autoimmune diseases. Monocytes are widely available and results in a 
homogeneous culture of moDCs.1,2,4,5,12,128 DCs derived from CD34+ hematopoietic 
precursors can also be used. CD34+ cells are differentiated with GM-CSF, Fl3L and 
TNFa, which results in a mixture of cDCs, pDCs, DCs that resemble Langerhans cells 
and a large proportion of myeloid cells at different stages of differentiation.128 
The use of DCs can be further improved though, for instance in their directed 
motililty. Many DCs will not reach the lymph nodes because of their poor migratory 
capacity. In addition, DCs must be loaded with the proper antigen, activated in 
the proper way to induce the desired immune response. One way to modulated 
DCs is to target DCs  with plasmonic nano vectors (PNVs). These PNVs carry tumor 
antigens and can be phagocytosed in vitro by a murine DC cell-line. PNVs have low 
toxicity and induce DC maturation by inducing the upregulation of CD40, CD86 
and MHC-II.129 Although increased activation was observed, this technique is early 
in its development. The migration capacity of these cells was not studied, nor has it 
been studied in ex vivo isolated DCs yet. However, targeting DCs with fixed antigens 
result in the same problem as with ACT therapy. If the tumor cells downregulate the 
recognized antigen, the efficacy of the therapy is only of short duration. 
In this thesis, the expression and function of the low-abundant transcription factor 
Gata1 was extensivly studied in mouse DCs. We found that loss of Gata1 in DCs, 
results in an impaired migration and an impaired survival of DCs. Therefore, Gata1 
might be a target for manipulation in DCs using them for immunotherapy. Finding 
a way to induce the Gata1 expression, might induce the migration capacity and 
survival of DCs in vivo. However, comparison between human and mouse remains 
difficult. We have performed a comparative study of the PU.1 transcriptome was 
performed between human and mouse DCs. Although some similarities were found, 
also many differences were observed. Many functional studies have been done to 
many different transcription factors in murine DCs. Although the translation from 
mouse to human is difficult, results from murine studies can give a hint were to look 
in human DCs to improve them for immunotherapy.
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future perspectives

DCs are widely and succesfully used as immunotherapeutic tools. Tolerogenic DCs 
are used to damp the immune response to treat autoimmune diseases, like rheumatoid 
arthritis,1 asthma hyperresponsiveness,2 systemic lupus erythematosus,3 and multiple 
sclerosis.4 Activated DCs loaded with tumor specific antigens are succesfully used 
against melanoma’s,9,10 but also against malignant mesothelioma,7 and lung cancer.8 
However, the use of DCs is far from optimal yet. By studying the transcriptome of 
DCs in more detail, we will be able to better predict and recognize possible targets 
within different stages of DCs that can be manipulated to increase their efficiency 
in the use as therapy. In this thesis, the expression and function of high- and low-
abundant transcription factors were studied in more detail. The transcriptome was 
analysed as well as specific PU.1 cofactors in the transcriptional complex in human 
and mouse DCs. 
In summary, we found all GATA factors and PU.1 present in all DC subtypes, although 
the expression levels differs between cultured BMDCs and freshly isolated mouse 
DCs. This indicates, that further optimalization of DC culture is required for better 
comparision with the in vivo DC subsets. In addition, we showed large differences in 
expression levels between human and mouse DCs. This emphasizes the importance 
to study the molecular DC biology in human DCs to improve the current DC-based 
therapy strategies. 
In this thesis, we have shown that loss of Gata1 in DCs leads to reduced DC survial and 
impaired CCL21-dependent migration towards lymph nodes. While the consequences of 
Gata1 loss in mouse DCs are not severe, this phenotype is very relevant for the knowledge 
in the improvement of DC-based immunotherapy. It is therefore important to evaluate 
whether the function of GATA1 is similar in human DCs. Using traditional GM-CSF/IL-4 
cultures, it was demonstrated that GATA1 loss results in a moDC differentiation blockade 
from human monocytes.20 However, GATA1 has not been studied in the more physiological, 
newly developed culture system using human CD34+ hematopoietic stem cells and stromal 
cells,61 neither has it been studied in DCs from patients carrying a GATA1 mutation, 
suffering from anemia and thrombocytopenia. 
Since the expression level of GATA1 differs between human and mouse DCs, 
functional assays would be interesting to perform, like migration and activation 
of cultured DCs. Patients carrying a GATA1 mutation would be very interesting to 
study, although these patients are havely treated with corticosteroids, red blood cell 
transfusions or even hematopoietic stem cell transplantation,130 which could interfere 
with the DC study. It would be very difficult to almost impossible, however very 
intersting, to study the presence of DCs in the different organs of these patients. 
Since it will be very difficult to obtain tissues from these patients, a first step would be 
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to study the expression level of GATA1 of human moDCs and moDCs from patients 
carrying different GATA1 mutation.
Also the Gata1-KODC mouse model can still be used for additional assays. We found 
a DC migration defect in these mice, however, we did not analye the T cell response 
yet. We could analyse the effect of Gata1 KO in murine DCs in the development 
of different diseases in different mouse models, like the development of asthma, 
rheumatoid arthritis or different tumors. Next we could make the first steps in Gata1 
manipulation in DCs to (hopefully) improve DC function. Increasing Gata1 levels in 
DCs, might result in an improved DC survival and migration. 
PU.1 is highly expressed in both human and mouse DCs. Mouse studies have shown 
that depletion of PU.1 in DCs causes a depletion of all DCs in a dose dependent 
manner. In addition, PU.1 regulates many genes important for the general cell 
function. Manipulation of PU.1 most likely causes enormous, and probably unwanted, 
changes in DCs. Therefore, PU.1 is not a good candidate to induce small changes 
in DCs to emeliorate their function during immunotherapy. However, the interplay 
of Gata1 and PU1, being a low-abundant and a high-abundant transcription 
factor pair, shows that low-abundant transcription factors might be decisive targets 
for manipulation, when subtle alterations are required, and without affecting the 
integrity of the cell.
Cofactors are proteins that interact with and influence the function of transcription 
factors. In this thesis, several known and unknown cofactors of PU.1 have been 
identified. Since direct manipulation of PU.1 most likely caused enormous changes 
in DCs, manipulation of its cofactors migth induce subtile changes leading to a 
more powerful DC for immunotherapy purposes. Studying the effect of the cofactors 
of PU.1 in more detail would require many loss- and gain-of-function studies are 
required. However, before performing the loss- and gain-of-function assay, the newly 
identified proteins should be studied in more detail, using IP followed by western 
blot.
Overall the low-abundant transcription factor Gata1 has an important function in 
DCs. It is expressed in both human and mouse DCs, although the expression differs 
between the two species. Gata1 has an important function in murine DCs. Gata1-
KODC BMDCs have reduced survival in vitro. When Gata1-KODC mice are injected 
with LPS, a reduced number of DCs are capable to migrate towards the lymph nodes 
compared to DCs of WT mice. This migration defect is specific for the migration 
towards CCL21 and is caused by a reduced PSA expression on the surface of 
Gata1-KODC BMDCs. 
Gata1 has an antagonistic interplay with the high-abundant transciption factor 
PU.1. These transcription factors can regulate many genes in a synergistic manner 
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of by a Gata1/PU.1 switch of the promoter regions of genens. PU.1 binds to the 
promoter region of ST8SiaIV and inhibits the expression in unstimulated DCs. Upon 
stimulation, PU.1 releases the ST8SiaIV promoter region and the expression is 
increased. ST8SiaIV is important for the PSA expression on the cell surface and 
therefore for the DC migration capacity.
Lastly, we have shown in this thesis, that although there are many similarities between 
human and mouse DCs, there are many differences as well. PU.1 regulates many 
orthologous genes in human and mouse DCs, however, we were unable to identify 
identival cofactors of PU.1 in human and mouse DCs. In addition, the expression 
levels of Gata1 and PU.1 differs between human and mouse DCs. This should be 
taken into account when results of murine studies are extrapolated to human cells. 
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het afweersysteem

Er is een constante druk om ziektekiemen (bacteriën, schimmels, virussen, parasieten) 
af te weren. De huid en de slijmvliezen vormen een eerste belangrijke barrière, 
die het grootste deel van alle aanvallen tegenhoudt. Wanneer een ziektekiem 
toch weet door te dringen, wordt het afweersysteem geactiveerd. Het aangeboren 
afweersysteem reageert snel (binnen enkele uren) en bestaat uit eiwitten en cellen, 
zoals het complement systeem, macrofagen en neutrofielen. Vooral algemene 
kenmerken van een ziektekiem wordt herkend (bijvoorbeeld of het een bacterie, 
schimmel of parasiet is), waarna de ziektekiem direct gedood kan worden. 
Wanneer een ziektekiem het aangeboren afweersysteem weet te ontwijken, wordt 
het aangeleerde afweersysteem geactiveerd, dat bestaat uit B- en T-cellen. Het kan 
3 tot 4 dagen duren voordat het aangeleerde afweersysteem echt geactiveerd is, 
maar vervolgens is het een krachtige afweer die de ziektekiemen op zeer specifiek 
kenmerken herkent. De T-cellen kunnen de ziektekiem of geïnfecteerde cellen direct 
herkennen en doden of andere cellen aanzetten tot een adequate en ziektekiem-
specifieke afweerreactie. De B-cellen produceren antilichamen die aan de 
ziektekiem kunnen binden en helpen daarmee het aangeboren afweersysteem om 
de ziektekiemen op te ruimen. Daarnaast is het aangeleerde afweersysteem in staat 
om een geheugen op te bouwen, zodat het direct in actie kan komen als dezelfde 
ziektekiem opnieuw in het lichaam gevonden wordt. 
Antigeen-presenterende cellen vormen een brug tussen het aangeboren en 
aangeleerde afweersysteem. Deze cellen eten een ziektekiem op (fagocytose) en 
presenteren stukjes van dit ziektekiem (antigenen) op het celoppervlak. T- en B-cellen 
die dit specifieke antigeen herkennen komen in actie, gaan zichzelf vermenigvuldigen 
en vallen de bewuste ziektekiem aan. Dendritische cellen zijn de meest krachtige 
antigeen-presenterende cellen. 

Dendritische cellen

Dendritische cellen zijn aanwezig in alle weefsels en zijn herkenbaar aan de lange 
uitlopers (dendrieten) die tussen alle cellen door kunnen komen met hun lange 
voelsprieten om de omgeving goed op te nemen. Dendritische cellen zijn constant 
bezig met monsters nemen van de omgeving op mogelijke ziektekiemen of eiwitten 
afkomstig van zulke ziektekiemen. Wanneer een dendritische cel een ziektekiem 
herkent, komt de cel in een geactiveerde status en migreert de cel naar de lymfe-
knopen, waar het antigeen gepresenteerd wordt aan T- en B-cellen. Daarnaast 
zijn dendritische cellen in staat om een verschil te maken tussen antigenen van 
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gevaarlijke ziektekiemen, ongevaarlijke ziektekiemen en lichaamseigen antigenen. 
Voor de laatste twee categorieën van pools van antigenen wordt geen afweer 
opgebouwd maar zorgt de dendritische cel juist voor tolerantie. Hierdoor worden de 
onschuldige darmflora en de eigen organen niet aangevallen door de eigen afweer. 
Echter, wanneer de dendritische cel een fout signaal doorgeeft aan het aangeleerde 
afweersysteem, kan dit tot desastreuze gevolgen leiden door de gerichte en krachtige 
specificiteit en het ‘geheugen’ van het aangeleerde afweersysteem voor bepaalde 
antigene structuren. Ongewenste tolerantie kan leiden tot tumoren en ongewenste 
afweer tot het aanvallen van het eigen cellen of weefsels (auto-immuunziekten) of 
allergieën. Aan de andere kant, juist door deze sleutelrol in de afweerrespons, 
worden dendritische cellen veel gebruikt als immunotherapie, bijvoorbeeld om een 
afweerreactie tegen tumoren te starten of juist een afweerreactie tegen het eigen 
lichaam te remmen.
Hoewel er al goede resultaten zijn geboekt in het gebruik van dendritische cellen 
als immunotherapie, is er nog een lange weg te gaan. Door een beter begrip te 
hebben van het kweken van dendritische cellen in het laboratorium en beter te 
begrijpen hoe de dendritische cellen geactiveerd worden, kunnen we deze cellen in 
de toekomst wellicht nog preciezer en veiliger inzetten als immuuntherapie. In deze 
studie hebben we twee transcriptiefactoren, Gata1 en PU.1, uitgebreid bestudeerd 
om beter te begrijpen hoe een dendritische cel wordt geactiveerd.

Transcriptiefactor

Een transcriptiefactor is een eiwit dat direct specifieke sequenties in het DNA kan 
binden. Door het binden aan het DNA kan een transcriptiefactor voor transcriptie 
van een gen zorgen, ofwel het vertalen van de genetische informatie die door het 
DNA wordt gecodeerd wordt naar mRNA. mRNA kan weer door speciale andere 
eiwitten worden herkend, die ervoor zorgen dat dit mRNA wordt omgezet naar 
een eiwit dat zijn functie kan gaan uitoefenen. Een transcriptiefactor zorgt nooit 
alleen voor transcriptie, maar vormt eerst een complex met verschillende eiwitten 
(transcriptie complex). Afhankelijk van de eiwitten, of cofactoren, in dit complex 
zitten, wordt de transcriptie van een bepaald gen geactiveerd of juist geremd. 

Doel van het onderzoek

In dit onderzoek hebben we meer inzicht willen verschaffen in de expressie 
van de transcriptiefactoren Gata1 en PU.1. We hebben de expressie van deze 
transcriptiefactoren bestudeerd, maar ook welke genen door deze transcriptiefactoren 
worden gereguleerd en welke andere eiwitten hiervoor nodig zijn. Door een beter 
inzicht te krijgen de werking van deze transcriptie factoren in dendritische cellen 
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komen we een stap dichterbij de mogelijkheid om dendritische cellen te manipuleren. 
Hierdoor zouden ze nog efficiënter ingezet kunnen worden bij verschillende 
immuuntherapieën. 

overzicht van de hoofdstukken

hoofdstuk 1 bevat de algemene introductie van deze thesis. In dit hoofdstuk wordt een 
globaal overzicht van het aangeboren en aangeleerde afweersysteem beschreven. 
De ontwikkeling van de dendritische cel wordt beschreven en de verschillende 
subtypes die in de organen gevonden kunnen worden. De transcriptie factoren die 
belangrijk zijn voor de dendritische cel worden beschreven, omdat deze belangrijk 
zijn voor de ontwikkeling van dendritische cellen als ook voor de activatie ervan. 
De aanwezigheid en functie van Gata1 in dendritische cellen is, voor zover bekend, 
beschreven. Mutaties in verschillende transcriptiefactoren van dendritische cellen 
kunnen echter ook immuunziekten tot gevolg hebben, welke worden behandeld. Als 
laatste wordt ingegaan op de mogelijkheid om dendritische cellen te gebruiken bij 
immuuntherapieën. 

De expressie van PU.1, Gata1 en twee familieleden van Gata1, Gata2 en Gata3 
in dendritische cellen, hebben we in hoofdstuk 2 beschreven. Hiervoor hebben 
we dendritische cellen van menselijke cellen en muizen cellen gekweekt, maar 
ook gekeken naar verschillende subtypes die direct uit de milt van muizen zijn 
geïsoleerd. Daarnaast hebben we gekeken hoe de expressie van deze eiwitten 
veranderd wanneer de cellen worden geactiveerd met algemene bacteriële 
component (lipopolysaccharide, LPS). We hebben verschillen gevonden tussen 
mensen en muizen dendritische cellen. Deze resultaten onderstrepen de noodzaak 
om human dendritische cellen te bestuderen wanneer we ze willen inzetten als 
immuuntherapie. 

In hoofdstuk 3, zijn we dieper ingegaan op de functie van Gata1 in muizen 
dendritische cellen. In een muis model hebben we de expressie van Gata1 
specifiek in dendritische cellen voorkomen, waardoor we de functie van Gata1 
konden bestuderen. We hebben laten zien dat Gata1 belangrijk is in de migratie 
van dendritische cellen naar de lymfe knopen na activatie. Daarnaast hebben we 
bestudeerd welke genen door specifiek Gata1 worden gereguleerd door het RNA 
van een dendritische cel met of zonder Gata1 te bestuderen voor en na stimulatie 
met LPS. 
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Gata1 en PU.1 zijn twee transcriptiefactoren die elkaar kunnen beïnvloeden 
en reguleren. Daarom hebben we in hoofdstuk 4 de genen die door deze twee 
transcriptiefactoren worden gereguleerd bestudeerd in muizen dendritische cellen 
voor en na activatie met LPS. Met antilichamen tegen Gata1 en PU.1 hebben we 
de stukjes DNA waaraan PU.1 of Gata1 was gebonden naar beneden getrokken 
(chromosoom immunoprecipitatie, ChIP), zodat we konden zien welke genen werden 
gereguleerd door Gata1 en/of PU.1. Deze gereguleerde genen hebben we naast 
het aanwezige RNA voor en na activatie van dendritische cellen gelegd. Hierdoor 
konden we voorspellen welke genen werden geactiveerd of geremd door Gata1 
en/of PU.1.

In hoofdstuk 5 zijn we dieper ingegaan op het gehele transcriptie complex van PU.1 
in mensen en muizen dendritische cellen. We hebben de genen die gereguleerd 
worden door PU.1 en de eiwitten die aan PU.1 binden voor en na LPS-stimulatie 
geanalyseerd. Met deze bevindingen hebben we een model gemaakt voor het 
transcriptie complex van PU.1 in mensen en muizen dendritische cellen.

conclusie

In dit proefschrift is de rol van de transcriptiefactor Gata1 en PU.1 verder uitgediept. 
We hebben laten zien dat Gata1 tot expressie komt in de verschillende subtypen 
van zowel dendritische cellen van muizen en mensen. Verlies van Gata1 in 
dendritische cellen zorgt ervoor dat deze cellen niet goed meer naar de lymfe 
knopen kunnen migreren als ze geactiveerd worden. Gata1 en PU.1 reguleren 
veel genen die belangrijk zijn voor de immunologische functie van de dendritische 
cel in een samenspel, maar ze kunnen ook elkaar plek innemen om een gen te 
reguleren. PU.1 reguleert verschillende genen en daarnaast hebben we een model 
kunnen opstellen van de belangrijkste cofactoren van PU.1 voor zowel menselijke 
als muizen dendritische cellen.
Als laatste kunnen we concluderen dan de expressie van Gata1 en PU.1 anders is 
in menselijke of muizen dendritische cellen tijdens de ontwikkeling van dendritische 
cellen en tijdens het activatie proces. Hierdoor is het moeilijk om resultaten die in 
muizencellen worden gevonden te gebruiken voor menselijke cellen.
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The immune system

There is a constant pressure to fight off germs (bacteria, fungi, viruses, and parasites). 
Together, the skin and mucosal tissues form an important first line of defense, which 
prevents most of potential infections by all known pathogenic threats. If a germ 
trespasses the first line of defense, the immune system will be activated. The innate 
immune system is a fast responder (within hours) and consists of proteins, like the 
complement system, and cells such as macrophages and neutrophils. The innate 
immune system recognizes general pathogenic characteristics (e.g. bacterial, fungal 
or a parasitic), after which germs are killed. 
When a germ avoids the innate immune system, the adaptive immune system, 
consisting of T and B cells, will be activated. It can take up to 3-4 days until the 
adaptive immune system is fully activated, however, it is very powerful and able 
to recognize specific characteristics of germs. T cells can recognize and kill the 
germs or infected cells directly. B cells produce antibodies that can bind to the 
germs, helping the innate immune system to clear the germ. In addition, the adaptive 
immune system is able to build up memory, by which it can be activated directly 
upon reinfection by the same germ. 
Antigen presenting cells connect the innate and adaptive immune system. These cells 
eat the germ (phagocytosis) and present small parts of the germ (antigens) on the 
surface. The naïve T and B cells that are able to recognize the presented antigen, 
are activated. They start cloning themselves and attack the germ. Dendritic cells are 
the most powerful antigen presenting cells. 

Dendritic cells

Dendritic cells are present in all tissues and can be recognized to their long twigs 
(dendrites) that can reach between the cells. Dendritic cells are constantly sampling 
their environment for possible threats. Upon recognition of a germ, the cell becomes 
activated and migrates towards the lymph nodes, where it will present the captured 
antigen to the T and B cells. Dendritic cells are able to distinguish between antigens 
of dangerous threats, harmless germs and host cells. For the last two, no immune 
response will be built, but tolerance is induced. For this reason, the gut flora and 
own tissues are not attacked. However, if the dendritic cell gives a wrong signal 
to the adaptive immune system, there will be tremendous consequences due to 
specificity and memory of the adaptive immune system. Undesired tolerance can 
result in tumors, whereas undesired immune responses can result in the attack of host 
cells or tissues (autoimmune diseases) or allergies. On the other hand, due to this 
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key role in the immune response, dendritic cells are used as immunotherapy tool, 
for example to build an immune response against tumors or to induce tolerance to 
host cells. 
Although there are already some promising results for the use of dendritic cells as 
immunotherapy, there is still a long way to go. By better understanding mechanisms for 
dendritic cells differentiation and activation, we will be able to use dendritic cells in a 
safer and more precise manner for immunotherapy. In this thesis, we have studied the 
transcription factors Gata1 and PU.1 in more depth to improve our understanding of 
dendritic cell biology. 
 

Transcription factor

A transcription factor is a protein that can directly bind to specific sequences on 
the DNA. By binding to the DNA, a transcription factor can induce or repress the 
transcription of a gene, or transcribe the genetic information encoded by the DNA 
into RNA. RNA is recognized by special proteins, which translate the RNA into 
a protein that can start its function. A transcription factor does not regulate the 
transcription alone, but forms a complex with other transcription factors and co-
factors (transcription complex). Depending on the proteins, or co-factors, that are 
included in transcription complex, the transcription of a specific gene is activated 
of inhibited. 

aim of the study

In this study we aimed at characterizing the expression and function of the 
transcription factors Gata1 and PU.1 in dendritic cells. We have studied the 
expression of these transcription factors as well as the genes that are regulated 
by them. By better understanding the mechanisms regulated by these transcription 
factors in dendritic cells, we will be one step closer to improve engineering and 
dendritic cell manipulation with the purpose of generating more efficient or longer-
lived dendritic cells for immunotherapy. 

overview of the chapters

chapter 1 contains the general introduction of the thesis, including a general 
overview of the innate and adaptive immune system, followed by the development 
of dendritic cells and their different subtypes and locations. The role of transcription 
factors for dendritic cell biology is introduced, since the transcriptional programs are 
important for cell differentiation as well as activation. The expression of Gata1 in 
dendritic cell is described in more depth. Lastly, the implications of dendritic cells in 
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diseases and the application of dendritic cells for immunotherapy purposes. 

The expression of the transcription factors Gata-1, -2, -3 and PU1 in dendritic 
cells was studied in chapter 2. We cultured mouse and human dendritic cells and 
isolated dendritic cells from the murine spleen. In addition, we studied the changes 
upon stimulation with the bacterial antigen lipopolysaccharide (LPS). We observed 
interspecies differences. This finding supports the general notion that it is necessary 
to study human dendritic cell biology in order to better understand human disease 
and to improve the use of dendritic cells as immunotherapy. 

In chapter 3 we zoom in on the function of Gata1 in murine dendritic cells. We used 
a mouse model that specifically lacked the expression of Gata1 in dendritic cells, 
which enabled us to study the effect of loss of function of Gata1 in dendritic cells. 
We showed that dendritic cells lacking Gata1 did not migrate properly towards 
the lymph nodes upon activation. In addition, by analyzing all the RNA present in 
dendritic cells with or without Gata1 present, we were able to distinguish the genes 
regulated by Gata1.

Gata1 and PU.1 transcription factors are known to regulate and interact with each 
other, and have been described as an example of antagonizing transcription factor 
regulation. In chapter 4, we have studied their target genes in murine dendritic cells 
with or without LPS stimulation by chromatin immunoprecipitation (ChIP) technique. 
The identified target genes before and after activation. These genes were overlaid 
with the expressed mRNA before and after activation, which allowed us to predict 
whether Gata1 and/or PU.1 activates or inhibits the transcription of given genes. 

In chapter 5 we aimed at comparing mouse and human dendritic cells from the 
perspective of the PU.1. We analyzed the genes regulated by PU.1 using ChIP and 
the protein bound to PU.1 by immunoprecipitation followed by mass spectrometry 
analysis. This allowed us to build a model of the PU.1 transcription complex in 
human and mouse dendritic cells.

conclusion

In this thesis, the role of the transcription factor Gata1 and PU.1 in dendritic cells 
were studied in depth. We showed that Gata1 is expressed in different subtypes 
of human and mouse dendritic cells. Loss of Gata1 in dendritic cells results in 
an impaired migration capacity of dendritic cells towards the lymph nodes upon 
activation. Gata1 and PU.1 are known to interact with each other and both Gata1 
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and PU.1 regulate many genes together or separately that are important for the 
immunological function of dendritic cells. PU.1 regulates many different genes in 
both human and mouse DCs. In addition, we built a model of the most important 
cofactors of PU.1 in both human and mouse DCs. 
Lastly, we conclude that the expression of Gata1 and PU.1 is different in human 
and mouse dendritic cells both during the cell differentiation and well as during the 
activation process. Therefore, it is difficult to translate results obtained using mouse 
models to human cell systems.
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Addendum

7

206 207  

PhD Portfolio

Symposium NVB (Dutch Society for Blood transfusions) – 
Ede, the Netherlands

Poster 2011 0.5
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Interactive Infection and Immunology retreat (triple I) – 
Kameryck, the Netherlands

Oral 2013 0.5
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Aan het begin van mijn PhD project leek vier jaar een lange tijd. Nu ik er meer 
dan zeven (!) jaar later op terugkijk is het omgevlogen. Het is een zeer bewogen 
tijd geweest, waar ik enorm veel van heb geleerd. Ik ben dan ook erg trots op het 
eindresultaat en met name trots op het feit dat het uiteindelijk toch nog afgekomen is! 
Dit boekje was er echter nooit gekomen zonder de hulp en steun van vele mensen. 
Allereerst, laura, bedankt voor de begeleiding, raad en adviezen tijdens dit 
promotietraject. Je deur stond altijd open voor vragen of resultaten, waardoor we 
altijd snel konden schakelen. Ook je hulp met het organiseren en visualiseren van de 
enorme hoeveelheid RNA-Seq and ChIP-Seq data was heel fijn. Zelfs toen we allebei 
weg waren bij Sanquin, ik naar Utrecht en jij naar Spanje, bleef je betrokken en 
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Taco, hoewel je vele promovendi onder je hebt, weet je toch altijd waar iedereen 
mee bezig is, waarvoor alle respect! Bedankt dat je ook mijn promotor wilde zijn. 
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om het project te brengen waar het nu is. 
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voor alle input tijdens de werkbesprekingen. Ook wil ik alle leden van mijn 
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Mijn paranimfen, iris en bo, wat fijn dat jullie naast me willen staan op deze 
bijzondere dag. iris, bedankt voor alle samples die je door de CASY hebt gehaald 
tijdens de muizenexperimenten. Zonder jou waren de sectiedagen nog veel drukker 
en hectischer geweest. Daarnaast bleef je, wat er ook gebeurde, altijd positief. 
Dank voor alle opbeurende gesprekken. bo, Bowie, Deborah, bedankt voor alle 
ontspanningsdagjes of weekendjes weg, waar we eindeloos ((veel) te veel) wijntjes 
dronken, lange wandelingen maakten, verschillende sauna’s keurden en vooral 
eindeloze gesprekken hadden over van alles en nog wat. Daarnaast onwijs bedankt 
voor het ontwerpen van de voorkant van mijn boekje! Ik ben er echt onwijs blij mee!
Alle collega’s van bcr, heel erg bedankt voor alle gezelligheid, borrels, labuitjes, 
survivalruns, taartenbakwedstrijden en alle andere leuke, gekke dingen! marjolein, 
ik was een paar maanden na jou begonnen en het was erg fijn om vier jaar met 
jou samen te werken. Ik zal de koffieuurtjes, ijsjes eten, survivalruns, borrels, en 
feestjes niet snel meer vergeten. Ook de rest van mijn kamergenoten eric, richard 
en mya wil ik bedanken, het was niet altijd makkelijk om de kamer met twee oio’s 
te delen, toch bleef het altijd gezellig op de kamer. Vaak genoeg een bakkie doen, 
of meegenieten als jullie weer een plateau met haring cadeau kregen. Radio wel of 
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niet aan, gelukkig kon het altijd in goed overleg. Bedankt voor alle gezelligheid! 
ida, christine en Dieke, bedankt voor alle koffie-uurtjes. Altijd waren jullie een 
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natuurlijk niet te vergeten, bedankt hanke voor de onwijs lieve, gekke, eigenwijze 
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in Utrecht die me hebben ingehaald, Weidong, Soledad, maarten, viktoria, en 
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iris, esther en Diahann, DIEM al sinds de middelbare school. We kennen elkaar al 
zo lang en nog altijd hebben we DIEM-dates. En de croeselaners, erwin, maarten 
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bedankt voor alle leuke uren en sorry voor alle keren dat ik weer eens geen tijd had 
om te studeren thuis of me weer afmeldde voor de voorspeelavond. 
elco, marleen, alexander, en annika. Wat ooit is begonnen met een vaste groep 
om de creakampen bij Vinea te draaien, is uitgegroeid tot een vriendengroep 
om veel uiteenlopende spellen te spelen, te ontsnappen bij verschillende escape 
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nu draaien we zelfs met zijn allen diabeteskampen via de YMCA. We kunnen onze 
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te gek vast medisch team, rosaline en Sylvia, die voor alles in zijn en me dit jaar 
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pogingen daartoe), en nog veel meer. Altijd kon ik mijn verhaal, frustraties of wat 
dan ook bij jullie kwijt. Bedankt voor al het geduld en alle steun.
Als laatste mijn familie, die er altijd voor me is en zal zijn. Lieve papa en mama, 
bedankt voor al het vertrouwen dat jullie altijd in me hebben gehad en de 
onvoorwaardelijke steun die jullie altijd geven. Als ergens een deur dichtgaat, 
gaat er ergens anders wel een raampje open. Ik ben zo blij met ouders zoals 
jullie! Lieve opa, bedankt voor alle steun en interesse. Ook al begreep u lang niet 
altijd waar ik nou precies onderzoek naar heb gedaan, u wilde altijd meer weten. 
Mijn schoonouders, corrie en andré, bedankt voor het warme welkom binnen jullie 
familie. Mijn oudere zussen, renske en alize, die alles toch net iets eerder doen 
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leuk om met zijn allen thuis te zijn in Gouda of spelletjes te doen, Risk bijvoorbeeld.
Natuurlijk kan ik mijn neefjes en nichtje niet vergeten, antonio, lotte, alessandro en 
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