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Myelodysplastic syndromes (MDS) constitute a heterogeneous group of stem cell disorders 

with a diverse propensity to evolve into acute myeloid leukemia (AML). The underlying 

pathogenesis is considered to be multifactorial with mutational changes on one side and 

aberrant immunological responses on the other side. Often, patients are categorized in 

different risk groups reflecting the risk of progression towards AML. Low-risk patients 

for example can show stable disease for many years, whereas high risk patients can 

progress within a couple of months. To date, many studies have been performed in which 

the immune system was investigated in different MDS risk groups. The current available 

results show that the nature of immune dysfunction is markedly different between these 

MDS risk categories. In low-risk MDS, the immune system is often in an activated, pro-

inflammatory state, which leads to a high apoptosis rate of hematopoietic progenitors, 

whereas in high-risk disease, an immunosuppressive environment enables the dysplastic 

clone to expand and evade immunosurveillance. So far, little is known about the role of 

dendritic cells (DC) in low- and high-risk MDS. In this general introduction a brief overview 

is given on normal DC development and function and subsequently their possible role in 

MDS pathogenesis is discussed leading to the aim and outline of the thesis. 

HEMATOPOIESIS

Hematopoiesis is the process of blood cell formation which under normal circumstances 

occurs in the bone marrow (BM). Hematopoietic stem cells (HSCs) give rise to different 

types of progenitor cells followed by more differentiated cells that will enter the circulation 

to perform their function. Beside erythrocytes and platelets, a range of white blood 

cells originate from the BM. Common lymphoid progenitors produce the lymphocytic 

compartment, which is composed of T cells, B cells and natural killer cells. Myeloid cells, 

such as neutrophils, basophils, eosinophils, monocytes and dendritic cells (DC), are derived 

from a common myeloid progenitor cell. The interaction between HSCs, progenitor cells 

and soluble factors secreted by the surrounding BM tissue ensures this complex process 

of cell development. However, a disturbed micro-environment or genetic alterations in 

HSCs can lead to aberrant hematopoiesis and finally to hematological diseases.

DENDRITIC CELL DEVELOPMENT

The developmental pathway of human DC has recently been defined.1–5 A common 

granulocyte-monocyte-DC progenitor gives rise to a more committed monocyte-

DC progenitor which then develops into the direct human common DC progenitors 

(hCDP).5 The presence of hCDP is restricted to the BM. They develop into migratory 

conventional DC precursors (pre-CDC) which ultimately produces the two major types of 

human myeloid DC: CD1c+ and CD141+ (recently named cDC2 and cDC1, respectively). 

Within the pre-CDC pool, transcriptional heterogeneity revealed the existence of pre-

commitment for cDC2 or cDC1.2,3 Pre-CDC are not only present in BM but can also be 
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found in peripheral tissues, in contrast to the immediate monocyte precursor which is only 

present in BM. The increase in knowledge on sequential development of common and 

early progenitors to committed and more differentiated precursors has led to a better 

understanding of normal and aberrant hematopoiesis. Depletion of selective cell lineages 

(e.g. in patients with GATA2 mutations) can now be explained by a block in differentiation 

at a certain developmental stage.6–8 

NORMAL DENDRITIC CELL BIOLOGY

Once they are formed from their precursor cells, DC will act as regulators of immunity 

against pathogens and tolerance to self-antigens. They function as professional antigen-

presenting cells (APC) and under steady state circumstances they can be found in an 

immature state in which they sample their environment for antigens.9,10 Upon ‘danger’ 

signals or exposure to so-called pathogen-associated molecular patterns (PAMPs), DC will 

capture and process antigens and, subsequently, a maturation process is initiated. This 

complex process includes changes in morphology to allow migration to lymphoid organs, 

expression of essential receptors and co-stimulatory molecules on the cell surface (e.g. 

CD80, CD83 and CD86), and a shift from an Ag-capturing/phagocytic state to a cytokine-

secreting and antigen-presenting profile. DC that have migrated to draining lymph nodes 

will present the processed antigen on major histocompatibility complex (MHC) I and MHC 

II molecules to naive T cells, leading to their differentiation into effector cells and, hence, 

the required immune response (Figure 1).

DENDRITIC CELL SUBSETS

The DC compartment consists of different types of cells and they are present in various 

tissues such as BM, peripheral blood (PB), skin and lymphoid tissue. In PB, four DC 

subsets have been described: plasmacytoid DC (pDC), two types of myeloid DC (cDC1 

and cDC2), also called conventional DC, and ‘slanDC’ (Table 1). To phenotypically 

characterize different DC subsets, a range of markers can be used. In general, all DC 

express HLA-DR and lack defining markers of leukocyte lineages (i.e., CD3, CD14 and 

CD19).11–13 To recognize PAMPs, DC are provided with a broad repertoire of pattern-

recognition receptors, such as Toll-like receptors (TLRs) and C-type lectin receptors. 

The expression pattern of these receptors varies between DC subsets, which implies 

functional differences.14,15 High expression of TLR7 and TLR9 for example distinguishes 

pDC from other DC subsets.16–18 These two receptors are important in the recognition 

of viruses. Engagement by ribonucleotide homologs, such as loxoribine and synthetic 

ssRNA sequences, and unmethylated CpG-rich DNA motifs, respectively, upregulates 

the expression of type I interferon (IFN) genes. In line with this, pDC are the main producers 

of type I IFN-α/β.19,20 pDC are further characterized by the combined expression of the IL-3 

receptor α-chain (CD123) and the type II C-type lectin receptor BDCA2 (CD303).21,22 
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The myeloid DC comprise a group of two different subsets: cDC1 and cDC2. Both 

subsets express high levels of the integrin α-X chain of complement receptor 4 (CD11c). 

This marker is not restricted to DC, but is also expressed by monocytes and granulocytes. 

Therefore, other markers are required to identify and distinguish the myeloid DC subsets. 

They are generally divided in a BDCA1 or CD1c+ subset (cDC2) and a very minor BDCA3 

or CD141+ subset (cDC1).12,21 Regarding TLR-expressing profiles, cDC1 DC express very 

low levels of TLR2 and TLR7 and do not display TLR4 and TLR5. Furthermore, TLR3 and 

TLR10 are higher expressed on cDC1 than on cDC2.15,16 

As a result of a different TLR-expression profile cDC1 and cDC2 have distinctive 

functional capacities. cDC1 show increased upregulation of co-stimulatory molecules 

(CD80 and CD86) upon TLR3 triggering compared to cDC2.15 Furthermore, they mainly 

Figure 1 | Dendritic cell biology. In an immature state, DC sample their environment for foreign 
antigens. After capturing antigens they process them and undergo a process called maturation. 
Environmental cues influence DC priming and thereby the eventual outcome of effector T-cell type. 
During the maturation process, they migrate to lymph nodes where they present the antigens to naive 
CD4+ T cells or in the context of cross-presentation to CD8+ T cells. To instruct naive T cells, three 
signals are required. The first signal is provided by the interaction of the MHC molecule on the DC 
with the TCR on the T cell. Secondly, costimulation is essential to induce effector T cells. Without 
costimulation, T cells become anergic. The last polarizing signal is mediated by factors secreted by 
DC and environmental cells. Different effector outcomes are observed in various MDS risk groups. 
CLR: C-type lectin receptor; CTL: Cytotoxic T lymphocyte; DC: Dendritic cell; IFN: Interferon; MDS: 
Myelodysplastic syndrome; PAMP: Pathogen-associated molecular pattern; TCR: T-cell receptor; TLR: 
Toll-like receptor.
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Table 1. Different human dendritic cell subsets in peripheral blood.

DC subsets Phenotype TLR profile Functions

pDC HLA-DR+

Lin-

CD123+

BDCA2+

(CD303)

TLR6

TRL7

TLR8

TLR9

TLR10

Recognition of viruses and 
production of type I IFN (α/β)

CD1c+ 

myeloid DC

(cDC2)

HLA-DR+

Lin-

CD11c+

BDCA1+

(CD1c)

TLR1

TRL2

TLR3

TLR4

TLR5

TLR6

TLR8

TLR10

Inducing Th1 responses

CD141+ 

myeloid DC

(cDC1)

HLA-DR+

Lin-

CD11c+

BDCA3+

(CD141)

TLR1

TRL2

TLR3

TLR6

TLR8

TLR10

Cross-presentation 
Production of IFN-β

SlanDC HLA-DR+

Lin-

CD11c+

CD16+

M-DC8+

TLR4

TRL7

TLR8

Production of high levels 
of the pro-inflammatory 
cytokine IL-12

DC: Dendritic cell; IFN: Interferon; Lin: Lineage (CD3, CD14 and CD19); pDC: Plasmacytoid dendritic cell; slan: 
6-sulfo LacNAc; TLR: Toll-like receptor.

secrete proinflammatory cytokines and chemokines (i.e., CCL3, CCL4, CCL5, IL-6, CXCL8, 

TNF-α and CXCL10) upon TLR3 stimulation, and, the production of IFN-γ is induced, which 

is associated with an enhanced Th1 response and cross-priming.23,24 In general, myeloid 

DCs are well known for their production of high levels of IL-12p70, thereby creating 

a highly inflammatory environment, skewing towards Th1 responses. The production of 

IL-12p70 highly relies on a synergistic TLR stimulation with lipopolysaccharide (LPS) and 

R848 (TLR4 and TLR7/8 agonist, respectively).25 Despite the proinflammatory profile, 

cDC1 are also associated with tolerance induction. In their immature state, they express 

higher levels of the immune-regulatory enzyme indoleamine 2,3-dioxygenase, which 

inhibits T-cell proliferation.26 

The other human DC subset in peripheral blood is known as slanDC.27 This subset 

expresses a carbohydrate modification of the P-selectin glycoprotein ligand 1 (6-sulfo 

LacNAc or slan), that is recognized by the antibody M-DC8.28 M-DC8+ cells display 
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immunophenotypic and functional features in common with other human blood DC 

subsets and were therefore named slanDC.29 They are associated with inflammatory 

processes since they are able to produce high levels of IL-12 and TNF-a and are recruited 

in chronic inflammatory diseases.30–32 Furthermore, they induce proliferation of and IFN-γ 

production by NK cells and also promote NK cell-mediated tumor-specific cytotoxicity.33,34 

Conflicting results have been published on the cytokine production and T cell-stimulatory 

capacity of slanDC.25,35–37 It has been suggested to allocate them to the monocyte 

compartment rather than to the DC compartment.38,39 

DENDRITIC CELLS IN THE INDUCTION OF T-CELL 
POLARIZATION

Different stimuli induce naive T-cell differentiation and polarization. At least four types 

of CD4+ T cells are known: Th1, Th2, Th17 and T regulatory cells (Tregs).40 DC–T cell 

interaction and subsequent T cell activation has been described as a three-signal 

process (Figure 1). Captured antigens will be processed by DC. The first signal in T-cell 

polarization is provided by the ligation of the T-cell receptor by the peptide presented 

in the MHC class II molecule on the surface of DC. Second, activation is mediated by 

the costimulatory molecules, CD80 and CD86, and their interaction with CD28 on the T 

cell. Without co-stimulation, T cells become anergic or will be skewed to a tolerogenic 

state. Signal three is the main polarizing factor and is mediated by soluble and membrane-

bound factors, such as different complement factors, interleukins and chemokines.41 

These factors are produced by DC or by other cells in the microenvironmental and highly 

depend on the setting and type of PAMP that initially triggered DC priming.42 Key players 

are the Th1-cell skewing factors (i.e., IL-12, IL-23 and IL-27, type 1 IFNs and ICAM1),43–46 

Th2-cell skewing factors (i.e., OX40L and IL-4),47–49 Th17-cell skewing molecules (TGF-β, 

IL-6, IL-21 and IL-23)50–52 and the factors that induce Tregs (i.e., IL-10 and TGF-β).53,54 

Different transcription factors signaling downstream from T-helper-skewing cytokines 

mediate the differentiation into the various T-helper subsets. Upon IFN-γ binding, T-helper 

cells upregulate the transcription factor T-bet via STAT1 signaling, which is crucial for Th1 

differentiation. Together with IL-12, this response is amplified in a STAT4-dependent 

manner.55 For polarization to Th2 effector cells, STAT6 has to be activated via IL-4.56 

This activation results in the induction of the Th2 master regulator gene, GATA-3.57,58 

Further differentiation also requires the activation of STAT5 by IL-2.59,60 The induction of 

a Th17 response is mainly mediated by TGF-β in the presence of IL-6, which leads to 

the expression of RORγt and IL-17.61 The production of IL-17 relies mainly on activation of 

the signal transduction pathway of STAT3. Removal of this transducer results in complete 

loss of IL-17 cells.62 Furthermore, IL-21 is responsible for the amplification of Th17 

differentiation, whereas IL-23 serves as a stabilizer for the development of Th17 cells. 

Treg development requires the presence of TGF-β for the induction of the transcription 
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factor Foxp3.63 Notably, polarization is more plastic than the above-mentioned signaling 

processes imply.64 Transcription factors can be suppressed and re-expressed upon 

environmental changes. In conclusion, the fate of naive T cells and the outcome of 

immune responses are determined by factors responsible for the initial priming of DC 

and subsequent transcription pathways that are activated by either proinflammatory or 

anti-inflammatory cytokines. Aberrant T cell priming due to disturbed DC function is 

potentially involved in multiple diseases such as hematological malignancies (e.g MDS). 

This could probably lead to altered immunological responses and subsequent disease 

development, and, in a later stage disease progression.

MYELODYSPLASTIC SYNDROMES

Different prognostic scoring systems are currently used to predict the overall survival of 

patients with MDS and the risk of transformation toward AML.65–67 Using these scoring 

systems patients are categorized in different risk groups ranging from very low to very 

high risk. As stated above, this risk status reflects the risk of AML development and 

thereby the chance of long-term survival. The underlying pathogenesis of MDS is still 

poorly understood. It is believed that a multistep process results in the development 

of the disease. One of the factors that contributes to this process includes genetic 

alterations, which lead to the activation or inactivation of oncogenes and tumor 

suppressor genes, respectively. Epigenetic changes, such as DNA methylation and 

histone acetylation, might also play a role.68 Besides, gene transcription dysregulation 

can result in genomic instability.69–72 Another aspect of MDS pathogenesis is immune 

dysregulation. This hypothesis is supported by the high incidence of autoimmune 

disorders in MDS patients,73–75 the improvement of hematopoiesis following treatment with 

immunosuppressive therapies, such as anti-thymocyte globulin and cyclosporine in low risk 

MDS,76,77 and the dysfunction of several immune system compartments.78–86 It is believed 

that the nature of this immune dysfunction is markedly different between various MDS 

risk groups. Low risk MDS is often characterized by an increased number and activation 

state of pro-inflammatory immune cells (i.e. Th17, NK-cells and CD8+ cytotoxic T cells) 

whereas in high risk disease an immunosuppressive response is the dominant feature, i.e. 

expansion of Tregs and myeloid-derived suppressor cells which could facilitate immune 

escape and eventually progression to AML.87 Multiple inflammatory molecules have 

been described to be elevated in the low risk MDS BM microenvironment. The damage-

associated molecular pattern (DAMP) molecules S100A8/A9, are actively secreted from 

mesenchymal niche cells.88 Levels of high mobility group box 1 (HMGB1), a mediator 

strongly involved in inflammatory processes and a ligand for TLR4, were found to be 

increased in the BM of MDS patients due to impaired clearance of apoptotic cells causing 

secondary necrosis and leakage of this molecule into the BM environment.89 Although an 

“activated” immune system and associated tumor specific immune responses are crucial 

for an effective immune surveillance and elimination of the malignant clone, in longer term 
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however, chronic immune stimulation may enhance the risk of genomic instability and 

development of MDS/AML.90,91 Smoldering inflammation as a result of aberrant activation 

of inflammatory pathways (e.g. TLR-signaling) can induce malignant transformation and 

disease progression by causing genotoxic cell stress. The exact mechanisms of action and 

the extent to which different cells are involved still need to be elucidated.

DENDRITIC CELLS IN MYELODYSPLASTIC 
SYNDROMES

In diverse cancer types, including myeloid malignancies, it has been revealed that DC are 

affected and may contribute to disturbed immune responses.92–97 Several studies have 

been published on the frequencies and functional capacities of DC derived from MDS 

patients. Rigolin et al. showed that DC obtained from peripheral blood after in vitro culture 

were reduced in number in MDS patients compared with healthy donors.98 Moreover, 

the expression of accessory molecules, such as CD54, CD80 and CD86, was lower on 

MDS DC and their capability to stimulate T cells in a mixed leukocyte reaction (MLR) was 

reduced. Furthermore, the endocytic ability was impaired in MDS DC.98 Other groups 

confirmed decreased frequencies and impaired function of circulating plasmacytoid 

and myeloid DC in MDS.99–101 They exhibited diminished maturation and poor induction 

of T-cell proliferation. In addition, immature DC from MDS patients showed an altered 

cytokine-secretion profile after stimulation with lipopolysaccharide (LPS) / IFN-γ; they 

secreted less IL-12p70, whereas the production of IL-10 was increased. In healthy 

subjects, DC turn from a cytokine-secreting profile into an antigen-presenting mode 

after maturation induction, while MDS DC continued to secrete cytokines (IL-12, TNF-α 

and IL-10).101 In most studies, DC were generated from CD14+ monocytes (monocyte-

derived DCs [MoDC]) from peripheral blood or from bone marrow CD34+ progenitors. 

The latter procedure was less effective in MDS patients.100,102 Of note, MoDC function and 

behave differently than ‘naturally occurring’ DC.103 Saft et al. reported for the first time 

DC frequencies in the bone marrow of MDS patients.104 Both pDC and CD11c+ myeloid 

DC were decreased in MDS patients and lower numbers of DC were associated with 

a higher risk profile. In this study, the myeloid DC subset was not divided into the two 

subpopulations, CD1c+ DC (cDC2) and CD141+ DC (cDC1). 

Thus, DC seem to be widely affected in MDS with respect to frequencies of different 

subsets, maturation status, cytokine secretion and induction of T-cell proliferation 

(Figure 2). Whether this involvement contributes to the pathogenesis of the disease 

itself or whether it is a result of different immunological processes (or both) remains, as  

yet, unclear. 
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OUTLINE OF THE THESIS

We hypothesized that in myeloid diseases, such as MDS, defects in cells that play a crucial 

role in orchestrating immune responses are highly relevant in the pathophysiology of 

the disease. Until now, previous studies in MDS focused on total DC populations without 

discrimination between DC subsets and most functional analyses were performed with 

in vitro generated DC. Furthermore, peripheral blood samples were mainly studied, 

whereas little is known on the DC frequency and function in bone marrow. Since MDS 

is a disease that resides in BM-derived HSC, it is of utmost interest to study cell types in  

this compartment.

Therefore, the aim of this thesis is to investigate whether different (myeloid) DC subsets 

are quantitatively and/or functionally affected in the MDS bone marrow environment. 

One of these DC subsets concerns slanDC. Recent studies had suggested the allocation 

of slanDC to the monocytic compartment rather than to the DC compartment. Therefore, 

we first tried to gain deeper insight into the functional specialization of slanDC in 

healthy human peripheral blood. Chapter 2 provides data on the genomic relationship 

between slanDC and cDC1/cDC2. Genome-wide transcriptional profiling as well as 

functional tests are used to extend our knowledge on DC/monocyte subset biology under  

steady-state conditions. 

Since little is known on DC function and maturation status in the healthy human bone 

marrow compartment, chapter 3 focusses on normal DC biology. Using transcriptional 

profiling, functional assays addressing maturation capacity, cytokine production 

and induction of T cell proliferation, data is provided on differences between healthy 

peripheral blood- and bone marrow-derived DC subsets. 

In chapter 4 we combined our knowledge obtained from the previously described 

chapters to provide data which compared transcriptional profiles of MDS- and healthy 

Figure 2 | Dendritic cells in myelodysplastic syndromes. Different components of DC function are 
impaired in MDS. MDS DC take up antigens less efficiently. They also display impaired maturation 
and an altered cytokine-secretion profile. Rather than producing proinflammatory cytokines, they 
secrete high amounts of anti-inflammatory cytokines (e.g., IL-10). The T-cell-stimulating capacity is 
also diminished, resulting in less T-cell proliferation. CLR: C-type lectin receptor; DC: Dendritic cell; 
PAMP: Pathogen-associated molecular pattern; TLR: Toll-like receptor.



GENERAL INTRODUCTION 21

1
donor-derived DC subsets. Furthermore, frequencies of different DC subsets are evaluated 

in the peripheral blood as well as in the bone marrow compartment of MDS patients and 

healthy donors. Then, functionality of MDS DC is tested and compared with healthy DC. 

As described in the introduction, it is generally thought that chronic inflammation 

could also lead to genomic instability and subsequent MDS development/progression 

rather than to disease protection. As a result of this chronic stat of inflammation, immune-

inhibitory feedback mechanisms that interfere with this excessive inflammatory process 

may appear. A delicate balance between immune activation and inhibition is required 

to maintain an effective immunosurveillance. In chapter 5 we describe a possible new 

mechanism of immune-inhibition in MDS. Thrombomodulin (TM; the dendritic cell marker 

BDCA3/CD141) expression is evaluated on monocyte subsets. Furthermore, a multi-

parameter deep-phenotyping strategy is used to investigate the effect of TM-expressing 

monocytes on T cell skewing. Also, overall survival and leukemia-free survival is described 

for patients with and without circulating TM-expressing monocytes. 

In the last chapter, chapter 6, we summarize the results of this thesis and speculate 

on the possible impact of our findings on our understanding of MDS pathogenesis and 

possible new approaches to its treatment. Furthermore, we discuss future perspectives in 

this highly interesting field and we propose ideas for further research.
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ABSTRACT

Human 6-sulfo LacNac (slan)-positive cells have been subject to a paradigm debate. 

They have previously been classified as a distinct dendritic cell (DC) subset. However, 

evidence has emerged that they may be more related to monocytes than to DC. To gain 

deeper insight into the functional specialization of slan+ cells, we have compared them 

with both conventional myeloid DC subsets (CD1c+ and CD141+) in human peripheral 

blood. Using genome-wide transcriptional profiling as well as functional tests, we clearly 

show that slan+ cells form a distinct, non-DC-like, population. They cluster away from 

both DC subsets and their gene expression profile evidently suggests involvement in 

distinct inflammatory processes. An extensive transcriptional meta-analysis confirmed 

the relationship of slan+ cells with the monocytic compartment rather than with DC. 

From a functional perspective, their ability to prime CD4+ and CD8+ T cells is relatively 

low. Combined with the finding that ‘antigen presentation by MHC class II’ is at the top 

of under-represented pathways in slan+ cells, this points to a minimal role in directing 

adaptive T cell immunity. Rather, the higher expression levels of complement receptors 

on their cell surface, together with their high secretion of IL-1β and IL-6, imply a specific 

role in innate inflammatory processes, which is consistent with their recent identification 

as non-classical monocytes. This study extends our knowledge on DC/monocyte subset 

biology under steady state conditions and contributes to our understanding of their role 

in immune-mediated diseases and their potential use in immunotherapeutic strategies.



SLAN+ NON-CLASSICAL MONOCYTES IN HUMAN PERIPHERAL BLOOD 31

2

INTRODUCTION

Human 6-sulfo LacNac (slan)-positive cells have been described both as part of 

the dendritic cell (DC) compartment and as a member of the CD16+ monocytes. They 

were first described by Schäkel et al as a unique circulating blood DC subset expressing 

a carbohydrate modification of the P-selectin glycoprotein ligand 1 (PSGL-1), 6-sulfo 

LacNac, recognized by the antibody M-DC8.1,2 M-DC8+ cells displayed immunophenotypic 

and functional features in common with other human blood DC subsets and were therefore 

named slanDC.3 In line with their high expression levels of FcγRIII (CD16) and FcγRII 

(CD32), slan+ cells were found to be involved in antibody-dependent cellular cytotoxicity 

(ADCC).4 Furthermore, an important role in anti-tumor responses has been shown, as they 

contribute to the killing of tumor cell lines and the activation of tumor-directed cytotoxic 

natural killer cells.5 Their high pro-inflammatory character is also demonstrated by their 

ability to produce high levels of interleukin-12 (IL-12) and tumor necrosis factor (TNF)-α 

and their recruitment in chronic inflammatory diseases.2,3,6-8

DC subsets form a heterogeneous group of cells with a wide functional diversity.9-15  

The variance in expression of pattern recognition receptors (PRR), like Toll-like receptors 

(TLRs) and C-type lectin receptors, indicate a unique function for each DC subset.6,16,17 

Various studies have compared slan+ cells with conventional myeloid blood DC subsets 

(CD1c+ and CD141+) in order to investigate their DC-like activity.2,3,6,8,18 These reports 

have shown conflicting results regarding the cytokine production and T cell stimulatory 

capacity of slan+ cells.3,18 Recently, Nizzoli et al suggested that these discrepancies 

could be a result of diverse activation stimuli used in these studies.18 They showed 

that the secretion of IL-12 for instance relies on a synergistic TLR stimulation with 

lipopolysaccharides (LPS) and R848. Another factor in this controversy may well be 

the variation in the immunophenotypic definition of slan+ cells. Previous studies have 

compared CD16+ DC to conventional DC subsets without the use of M-DC8 as a specific 

marker for slan+ cells. Transcriptional profiling demonstrated a distinct gene signature 

for these CD16+ DC/monocytes. They clustered together with other monocytes subsets 

indicating a closer relationship to monocytes than to conventional DC.12,14,19-21 Recently, 

Hofer and colleagues showed that the use of slan antibodies allowed for the discrimination 

between two monocyte populations, the intermediate and non-classical monocytes.22 

Based on unsupervised hierarchical clustering, slan+ non-classical monocytes were 

separated from CD1c+ DC confirming previous findings that slan+ cells are more related 

to monocytes than to DC. However, functional correlates with this new nomenclature and 

their relationship with the other conventional DC subset (CD141+ DC) remain unexplored.

The contribution of inflammatory myeloid cell subsets, including that of slan+ cells, 

to the development of various immune-mediated diseases has been described before. 

A deeper insight into normal DC/monocyte biology is essential to eventually increase 

our knowledge on, and offer new therapeutic targets for, these immune-related diseases. 
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Additionally, elucidating DC-like activities of defined cell subsets is of high interest in, for 

example, DC-targeted tumor immunotherapy. 

Thus, considering the variability in experimental setup and the inconsistent results 

in relation to DC-like functionalities of slan+ cells from previous studies, we have now 

performed a comparative study of slan+ cells and both conventional myeloid CD1c+ 

and CD141+ DC subsets in human peripheral blood (PB). A detailed genome-wide 

transcriptional analysis was carried out encompassing all three subsets, based on which 

subsequent functional analyses confirmed a distinct role for slan+ cells. While the myeloid 

DC subsets are able to induce and imprint functionality on primary T cell responses, 

slan+ cells harbor phenotypic and functional traits consistent with the amplification and 

support of innate inflammatory responses. In addition, by comparing our gene expression 

data with the expression profiles of monocyte and DC subsets from existing data sets 

we clearly show that transcriptional profiles of slan+ cells overlap with the CD16+ non-

classical monocytes rather than with CD1c+ DC and we therefore support the designation 

of slan+ cells as non-classical monocytes. 

MATERIALS AND METHODS

Sample preparation and DC isolation and sorting
Buffy coats from healthy donors (HD) were obtained after written informed consent 

from the Sanquin blood supply services (Amsterdam, The Netherlands). Peripheral 

blood mononuclear cells (PBMCs) were isolated by density centrifugation using Ficoll-

Paque medium. For functional assays, slan+ cells were magnetically isolated based on 

M-DC8+ expression (Miltenyi Biotec, Utrecht, The Netherlands, Supplemental Figure 1A).  

Subsequently, the flow-through fraction was incubated with a monoclonal antibody 

(mAb) cocktail consisting of CD1c-PE-Cy7 (eBioscience, San Diego, USA), CD11c-

PerCP-Cy5.5, CD14/CD19-APC-H7 (all, BD Biosciences San Jose, USA), and CD141-APC 

(Miltenyi Biotec) for sorting of CD1c+ and CD141+ DC and CD14+ monocytes on a BD 

FACSAriaTM flow cytometer (BD Biosciences). Both DC populations were identified in 

the CD11c+ and CD14/CD19- cell fraction. Since the CD14-APC-H7 antibody showed 

a brighter fluorescence intensity than the CD19 antibody in the same channel, monocytes 

could easily be identified by the high expression of CD14. Additionally, monocytes and B 

cells were separated based on CD11c, CD45, HLA-DR and FSC/SSC characteristics (not 

shown). The purity of sorted cells was routinely >92%. 

RNA extraction for microarray experiments was performed after FACS sorting of slan+ 

cells, CD1c+ and CD141+ DC (Supplemental Figure 1B). PBMCs were first enriched for 

myeloid cells by magnetic activated cell sorting (MACS)-mediated depletion of CD3+ and 

CD19+ cells using Microbeads (Miltenyi Biotec). Cells were then incubated with M-DC8-

FITC (Miltenyi Biotec), CD16-PE (Beckman Coulter, Brea, USA), CD11c, CD1c, CD141, 

CD14, CD19 and CD45-V450 (BD Biosciences). Slan+ cells were sorted based on the co-

expression of CD16 and M-DC8. DC subsets were obtained by selecting CD1c or CD141 
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Figure 1 | DC enumeration and phenotypic evaluation in human PB. (A) Gating strategy for DC and 
monocyte subsets. CD45+ mononuclear cells (MNC) were gated after debris and doublet exclusion. 
Thereafter, cells were identified based on CD1c (CD1c+ DC), CD141 (CD141+ DC), or M-DC8/CD16 
(slan+ cells). Monocytes were selected based on their high CD14 expression. FSCH, FSC-height; 
FSC-A, FSC-area; SSC-A, SSC-area. (B) Frequencies of slan+ cells, monocytes, and the conventional 
myeloid DC subsets CD1c+ and CD141+ in human PB. Percentages were calculated from the total 
CD45+ mononuclear cell fraction. Mean percentages 6 SEM are shown for 33 HDs. Monocytes 
formed the main myeloid population (16.07%; SEM 6 1.35), followed by CD1c+ DC (0.69%; SEM 
6 0.08) and slan+ cells (0.97%; SEM 6 0.13). CD141+ DCs were only present in low percentages 
(0.05%; SEM 6 0.01). (C) Detailed immunophenotyping of CD1c+ DC, CD141+ DC, slan+ cells, and 
CD14+ classic monocytes. If available, isotype controls are shown in red.
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positive cells. A total of 3.500 – 265.000 cells of each subpopulation was collected from 4 

donors and stored in Trizol (Life Technologies, Carlsbad, USA) until RNA isolation.

Flow cytometric immunophenotyping and DC enumeration
Detailed immunophenotyping was performed on whole blood samples from HD and 

analyzed on a flow cytometer (FACSCanto, BD Biosciences). Data were analyzed using 

FlowJo software (Tree star, Ashland, OR, USA). Cell populations were identified in 

the CD19- and CD45/CD11c/HLA-DR+ compartment. Further subset discrimination was 

based on differential expression of CD1c, CD141, M-DC8, CD16 and CD14 (Figure 1A). 

Frequencies of 33 HD samples were calculated as percentages of all CD45+ mononuclear 

cells. Additional marker expression was assessed by adding different PE-, FITC- or Pe-Cy7 

conjugated mAbs: i.e. CD11b (Beckman Coulter), CD34, CD40, CD56, CD86, CCR7, CR1, 

C3aR (all BD Biosciences), CD80, CD206 (eBioscience), Clec9A, C5aR (Biolegend, San 

Diego, CA, USA), CXCR4 (CD184; R&D systems, Minneapolis, USA) and DC-SIGN (CD209; 

Pharmingen, San Diego, USA). Appropriate isotype controls were used: FITC-labeled 

IgG1 (DAKO, Glostrup, Denmark) and IgG2b (Sanquin), and PE-labeled IgG1 and IgG2a  

(both BD Biosciences).

Preparation of cRNA and gene chip hybridization 
Total RNA isolated from sorted cells was amplified using the Ovation Pico WTA System 

V2 (NuGen, San Carlos, CA) and then labeled with the Encore Biotin Module Kit (NuGEN) 

according to manufacturer’s protocols. Subsequently, 5 µg of the resulting labeled 

cDNA from each sample was hybridized to Human Transcriptome Arrays 2.0 microarrays 

(Affymetrix) and signals were scanned by Affymetrix GeneChip Scanner 3000 7G. 

Microarray data analysis
Microarray signals were normalized using the RMA algorithm in the Affymetrix® Expression 

Console software (Affymetrix®) and quality checks were performed. For the correction 

of background noise, probe sets were excluded if 20% or more of the samples showed 

levels below the median of negative control intensities, unless 4 out of 4 samples from 

one population showed levels above the median of control. Qlucore Omics Explorer 3.2 

(Qlucore AB, Lund, Sweden) was used for transcript filtering and to find differentially 

expressed genes (DEGs) by performing an ANOVA analysis and using q-values of <0.05. 

Pathway and network analyses were performed in MetacoreTM (Thomson Reuters, New 

York, USA) or in STRING v10.0. For heat map visualization Perseus software was used 

and Z-scores were calculated per transcript for each donor, thereby generating relative 

expression levels. 

In order to compare the generated gene expression profiles with an existing data set19, 

a cross-study normalization tool was used23 and data was normalized using the empirical 

Bayes method.24 The combined data set was then uploaded into the Perseus software 
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program. Subsequent data transformation was performed by using Z-scores for each 

transcript. Additionally, a multiple-sample test (ANOVA) was applied and differentially 

expressed transcripts were identified. Using these transcripts, hierarchical clustering was 

performed and cell subsets were further divided into three clusters by K-means clustering. 

The microarray data, including the normalized file from the cross-study analysis, have 

been deposited in the GEO public database under accession number GSE98694.

Overnight maturation and cytokine secretion assay
Baseline expression levels of CD80, CD86 and HLA-DR were evaluated before isolation of 

cell subsets. After isolation cells were pre-incubated for 4 hours in IMDM supplemented 

with 10% FCS, 100 IU/ml penicillin and 100 µg/ml streptomycin (all Gibco, Paisley, UK) in 

a 96-well plate at 1*104 cells per well. Subsequently the cells were either left unstimulated 

or were stimulated overnight with a combination of TLR ligands, i.e. LPS (100 ng/ml, 

Sigma-Aldrich, St. Louis, USA) and R848 (3 µg/ml, Enzo Life Sciences, Farmingdale, USA) 

for slan+ cells, monocytes and CD1c+ DC, or Poly I:C (25 µg/ml, Sigma-Aldrich) and R848 

for CD141+ DC, after which expression levels of CD80, CD86 and HLA-DR were measured 

again. Optimal stimulation with TLR ligands for each individual subset was based on recent 

findings in literature18 and further determined by testing different conditions containing 

LPS, R848 and/or PolyI:C (Supplemental figure 3A). Culture supernatants were collected 

and analyzed for the presence of different cytokines and anaphylatoxins using human 

enhanced sensitivity cytometric bead array (CBA) flex sets or the human anaphylatoxin 

CBA kit (both BD Biosciences).

Allogeneic mixed leukocyte reaction (MLR)
Allogeneic MLRs were performed as described previously.25 HD’s peripheral blood 

lymphocytes (PBL) were obtained and stored in liquid nitrogen until further use. After 

thawing they were labeled with 1 µM carboxyfluorescein succinimidyl ester (CFSE, 

Life Technologies) and plated in a 96-well plate at 1*105 cells per well. Unstimulated 

or stimulated slan+ cells, monocytes and CD1c+ DC were added in a ratio of 1:10. 

After 5 days the percentage of CFSE-diluted CD4+ and CD8+ T cells was measured by  

flow cytometry.

Statistical analysis
For non-microarray data analysis Graphpad Prism 6 software (San Diego, USA) was used. 

Data are expressed as mean values ± SEM. Non-parametric tests were applied in group 

analyses. A Mann-Whitney U test was used for two-group analyses, a Kruskal-Wallis with 

a Dunn’s post-test for three-group comparisons and the Wilcoxon matched-pairs signed 

rank test for paired analyses. P values <0.05 were considered statistically significant.
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RESULTS

Enumeration and immunophenotypic analysis of slan+ cells, 
classical monocytes and myeloid DC subsets
Slan+ cells, classical CD14+ monocytes and conventional myeloid DC were enumerated in 

33 HD-derived PB samples. Slan+ cells were defined according to the recently described 

definition of slan+ non-classical monocytes, i.e. M-DC8+CD16+.22 Classical monocytes 

were characterized by their high expression of CD14, and the two myeloid DC populations 

by expression of CD1c and CD141, respectively (Figure 1A). Percentages of cells were 

calculated within the total CD45+ mononuclear cell fraction. In agreement with previous 

reports, monocytes formed the main myeloid population (16.07%; SEM ± 1.35), followed 

by slan+ cells (0.97%; SEM ± 0.13), CD1c+ DC (0.69%; SEM ± 0.08) and CD141+ DC 

(0.05%; SEM ± 0.01, Figure 1B). To further characterize the different subsets, additional 

marker expression was assessed (Figure 1C). Only slan+ cells concomitantly expressed 

CD16 and M-DC8. Like monocytes, a subpopulation of slan+ cells expressed CD11b, 

albeit at lower levels. The co-stimulatory molecule CD86 was also mainly expressed 

on monocytes and slan+ cells. HLA-DR expression was present on all four populations, 

however, the levels were highest on the conventional myeloid DC. Furthermore, CD141 

was not only expressed by the myeloid CD141+ DC subset, but could also be found at 

intermediate expression levels on the other cell populations. As expected, the lineage 

defining B cell markers CD19 and CD20 as well as CD34, CD56 and DC-SIGN were not 

expressed. Macrophage-related markers, such as CD105, CD163 and CD206, showed low 

expression levels on CD1c+ DC, slan+ cells and monocytes, but not on CD141+ DC. 

Clec9A was exclusively expressed on CD141+ DC. 

Genome-wide transcriptional profiling delineates relationship 
between slan+ cells and myeloid DC subsets
To gain deeper insight in the function of slan+ cells in relation to conventional myeloid 

DC, extensive genome-wide transcriptional profiling was carried out on these three cell 

types. After background correction 58457 genes were found to be expressed. Using 

all expressed transcripts, a principal component analysis (PCA) showed an adequate 

similarity of the defined subsets in the different donors (n=4). Furthermore, minimal 

spanning tree analysis revealed a close relationship of the two conventional CD1c+ 

and CD141+ myeloid DC subsets, but not of the slan+ cells, which clustered away from 

the two DC subsets and formed a distinct segregated population (Figure 2A). To further 

look into differentially expressed genes (DEGs) for all three subsets, an ANOVA analysis 

was performed. This analysis yielded 4611 differentially expressed transcripts that could 

discriminate the subsets and the PCA again showed excellent similarity for each subset 

between different donors (figure 2B). Hierarchical clustering performed on DEGs also 
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Figure 2 | PCA and hierarchical clustering. Relationship between slan+, CD1c+ and CD141+ cells. 
(A) PCA for all and differentially expressed transcripts. Isolated cells of 4 different donors were used 
for each subset. The length of the lines between the dots corresponds to the degree of similarity 
(minimal spanning tree analysis). Percentages shown indicate the degree of total variation within 
each component. (B) Hierarchical clustering of replicate samples.
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showed that CD1c+ and CD141+ DC clustered closer together and slan+ cells formed 

a separate branch (figure 2C).

Unique gene expression profiles for slan+ cells, CD1c+ and 
CD141+ DC
In order to find a unique gene expression profile for slan+ cells, transcripts that were 

differentially expressed in slan+ cells in comparison to CD1c+ and CD141+ were filtered 

and defined as slan-specific transcripts. Furthermore, CD1c-specific and CD141-specific 

transcripts were filtered in a similar manner. The highest number of unique transcripts was 

found for slan+ cells, again indicating that this subset is less similar than the other two DC 

populations. In total 1231 transcripts were found to be differentially expressed in slan+ 

cells, whereas only 7 and 29 genes were unique to CD1c+ and CD141+ DC, respectively 

(Figure 3A). By using the log fold change (FC), relative levels of over- and under-expressed 

genes were discriminated. For slan+ cells 528 genes were significantly over-expressed as 
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compared to the other two subsets, whereas 703 genes were expressed at lower levels. 

In CD1c+ DC, 6 genes showed significantly higher expression levels, and only 1 gene 

was under-expressed. Also for CD141+ DC, only 1 gene was found to be expressed at 

lower levels as compared to the other subsets, whereas twenty-eight genes were over-

expressed. Clustering analysis based on relative expression levels of the differentially 

expressed transcripts are presented in a heat map (Figure 3B). Consistent patterns were 

observed with low inter-donor variability. 

Pathway analysis shows specific immune-related 
functionality for slan+ cells
We next set out to identify exclusive functional features of the slan+ cells as compared 

to the myeloid DC subsets. Genes highly unique to the slan-specific signature were 

identified by creating a list of the top 100 highest logFC values of over-expressed 

coding transcripts for the two separate comparisons (slan+ versus CD1c+ and slan+ 

versus CD141+). Subsequently, genes present in both lists were selected and average 

logFC values were calculated. From this the top 50 genes with highest logFC values are 

presented in Table 1. At the top of this list known slan-discriminating markers were found  

(including CD16a). 

Clear differences in immunological function between slan+ cells and the conventional 

myeloid DC subsets could further be deduced from this list. Transcripts with immune-

related functions were strongly represented such as complement factors, Fc-gamma 

receptors, the colony stimulating factor 1 receptor (CSF1R) and a member of the inhibitory 

leukocyte immunoglobulin-like receptor family (LILRB2).

Further pathway analyses, using the whole data set, were executed to specify enriched 

pathways that were possibly involved in functional variances between the subsets. 

The pathway mostly enriched from the under-expressed gene list was designated 

“Immune response_Antigen presentation by MHC class II”, indicating a lower capacity 

for antigen presentation in slan+ cells as compared to the conventional myeloid DC 

subsets (Table 2), in keeping with their lower surface expression of HLA-DR (Figure 1C). 

Significantly enriched pathways that were produced from the over-expressed gene list 

displayed a strong enrichment of genes involved in the complement cascade. All three 

complement pathways were highly enriched in slan+ cells as compared to CD1c+ and 

Figure 3 | DEGs between slan+ cells and DC subsets. (A) Number of genes that are differentially 
expressed between the subsets based on transcriptional profiling. Only genes that are differentially 
expressed in both comparisons (e.g., slan+ vs. CD1c+ and slan+ vs. CD141+) were considered to be 
subset specific. (B) Cluster analysis of differentially expressed transcripts for each individual myeloid 
subset presented in a heat map. Relative expression levels for 4 different donors per subset are shown. 
Each row represents a single transcript. Z-scores were calculated in 1 row to show the relationship 
of a single expression value to the mean of the entire row (Z-score 22: low expression; Z-score 2:  
high expression).
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Table 1. Top 50 highest log fold change value s for over-expressed coding transcripts in slan+ cells

Probe UniGene Gene Symbol Gene Description
Average 
logFC values

Q-value:
vs CD1c+

Q-value:
vs CD141+

TC01006307.hg.1 Hs.372679 FCGR3A Fc fragment of IgG. low affinity IIIa. receptor (CD16a) 19.775 0.003 0.006
TC19000676.hg.1 Hs.2161 C5AR1 complement component 5a receptor 1 12.665 0.007 0.039
TC04001598.hg.1 Hs.535010 LOC100507639 uncharacterized LOC100507639 10.996 0.008 0.007
TC10000820.hg.1 Hs.593995 TCF7L2 transcription f actor 7-like 2 (T-cell specific. HMG-box) 10.352 0.002 0.001
TC20000401.hg.1 Hs.235484 LOC100506115 uncharacterized LOC100506115 9.904 0.005 0.005
TC08001602.hg.1 Hs.336994 MTSS1 metastasis suppressor 1 8.941 0.002 0.002
TC06000950.hg.1 Hs.486357 SMPDL3A sphingomyelin phosphodiesterase. acid-like 3A 8.772 0.017 0.016
TC19000120.hg.1 Hs.2375 EMR1 egf -like module containing. mucin-like. hormone receptor-like 1 8.683 0.004 0.003
TC15001441.hg.1 Hs.511386 DMXL2 Dmx-like 2 8.076 0.005 0.007
TC11003451.hg.1 Hs.530735 MS4A7 membrane-spanning 4-domains. subfamily A. member 7 7.955 0.006 0.006
TC02000192.hg.1 Hs.122927 CLIP4 CAP-GLY domain containing linker protein family. member 4 7.780 0.010 0.005
TC12001171.hg.1 Hs.591148 C3AR1 complement component 3a receptor 1 7.210 0.005 0.009
TC0X000171.hg.1 Hs.292356 CYBB cytochrome b-245. beta polypeptide 6.372 0.012 0.025
TC03000526.hg.1 Hs.376768 LOC152225 uncharacterized LOC152225 6.357 0.003 0.003
TC02001298.hg.1 --- --- --- 5.985 0.039 0.030
TC01006361.hg.1 Hs.386567 GBP2 guanylate binding protein 2. interferon-inducible 5.937 0.021 0.026
TC17001798.hg.1 Hs.376675 PECAM1 platelet 5.637 0.006 0.003
TC19000677.hg.1 Hs.534412 C5AR2 complement component 5a receptor 2 5.585 0.041 0.031
TC20000660.hg.1 Hs.680747 SNORD17 small nucleolar RNA. C 5.309 0.032 0.043
TC01006308.hg.1 Hs.694258 FCGR3B Fc fragment of IgG. low affinity IIIb. receptor (CD16b) 5.181 0.006 0.007
TC15000021.hg.1 Hs.451294 REREP3 arginine-glutamic acid dipeptide (RE) repeats pseudogene 3 4.888 0.009 0.004
TC14001466.hg.1 Hs.525557 SERPINA1 serpin peptidase inhibitor. clade A  

(alpha-1 antiproteinase. antitrypsin). member 1
4.760 0.004 0.009

TC10000821.hg.1 --- --- --- 4.597 0.049 0.014
TC06001853.hg.1 --- OTTHUMG00000014981 NULL 4.508 0.036 0.025
TC01002850.hg.1 Hs.513726 GBP5 guanylate binding protein 5 4.390 0.006 0.010
TC10000636.hg.1 Hs.437609 IFIT2 interferon-induced protein with tetratricopeptide repeats 2 4.252 0.029 0.041
TC10001725.hg.1 Hs.287537 CHST15 carbohydrate (N-acetylgalactosamine 4-sulf ate 6-O) sulf otransferase 15 4.171 0.005 0.005
TC20000844.hg.1 Hs.169487 MAFB v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian) 4.086 0.022 0.014
TC19001287.hg.1 Hs.332156 LRRC25 leucine rich repeat containing 25 4.039 0.004 0.001
TC08001120.hg.1 Hs.151237 RNF122 ring finger protein 122 3.982 0.005 0.003
TC02002942.hg.1 Hs.647893 LOC200772 uncharacterized LOC200772 3.912 0.007 0.003
TC19000321.hg.1 Hs.744182 KLF2 Kruppel-like f actor 2 (lung) 3.911 0.004 0.006
TC10001669.hg.1 --- OTTHUMG00000019066 NULL 3.890 0.007 0.005
TC07003314.hg.1 Hs.444407 PILRA paired immunoglobin-like type 2 receptor alpha 3.840 0.006 0.004
TC10000621.hg.1 Hs.524491 PAPSS2 3’-phosphoadenosine 5’-phosphosulf ate synthase 2 3.819 0.024 0.008
TC05001932.hg.1 Hs.586219 CSF1R colony stimulating f actor 1 receptor 3.807 0.047 0.006
TC19000180.hg.1 Hs.534560 SLC44A2 solute carrier family 44. member 2 3.759 0.003 0.012
TC11001048.hg.1 Hs.712144 SIDT2 SID1 transmembrane family. member 2 3.758 0.010 0.009
TC12001678.hg.1 Hs.334534 GNS glucosamine (N-acetyl)-6-sulfatase 3.737 0.005 0.001
TC01000834.hg.1 --- OTTHUMG00000010124 NULL 3.698 0.005 0.017
TC15000407.hg.1 --- --- --- 3.694 0.007 0.001
TC07000204.hg.1 Hs.227011 PPP1R17 protein phosphatase 1. regulatory subunit 17 3.655 0.014 0.009
TC03001720.hg.1 Hs.477420 HEG1 heart development protein with EGF-like domains 1 3.636 0.003 0.002
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Table 1. Top 50 highest log fold change value s for over-expressed coding transcripts in slan+ cells

Probe UniGene Gene Symbol Gene Description
Average 
logFC values

Q-value:
vs CD1c+

Q-value:
vs CD141+
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TC20000401.hg.1 Hs.235484 LOC100506115 uncharacterized LOC100506115 9.904 0.005 0.005
TC08001602.hg.1 Hs.336994 MTSS1 metastasis suppressor 1 8.941 0.002 0.002
TC06000950.hg.1 Hs.486357 SMPDL3A sphingomyelin phosphodiesterase. acid-like 3A 8.772 0.017 0.016
TC19000120.hg.1 Hs.2375 EMR1 egf -like module containing. mucin-like. hormone receptor-like 1 8.683 0.004 0.003
TC15001441.hg.1 Hs.511386 DMXL2 Dmx-like 2 8.076 0.005 0.007
TC11003451.hg.1 Hs.530735 MS4A7 membrane-spanning 4-domains. subfamily A. member 7 7.955 0.006 0.006
TC02000192.hg.1 Hs.122927 CLIP4 CAP-GLY domain containing linker protein family. member 4 7.780 0.010 0.005
TC12001171.hg.1 Hs.591148 C3AR1 complement component 3a receptor 1 7.210 0.005 0.009
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TC20000660.hg.1 Hs.680747 SNORD17 small nucleolar RNA. C 5.309 0.032 0.043
TC01006308.hg.1 Hs.694258 FCGR3B Fc fragment of IgG. low affinity IIIb. receptor (CD16b) 5.181 0.006 0.007
TC15000021.hg.1 Hs.451294 REREP3 arginine-glutamic acid dipeptide (RE) repeats pseudogene 3 4.888 0.009 0.004
TC14001466.hg.1 Hs.525557 SERPINA1 serpin peptidase inhibitor. clade A  

(alpha-1 antiproteinase. antitrypsin). member 1
4.760 0.004 0.009

TC10000821.hg.1 --- --- --- 4.597 0.049 0.014
TC06001853.hg.1 --- OTTHUMG00000014981 NULL 4.508 0.036 0.025
TC01002850.hg.1 Hs.513726 GBP5 guanylate binding protein 5 4.390 0.006 0.010
TC10000636.hg.1 Hs.437609 IFIT2 interferon-induced protein with tetratricopeptide repeats 2 4.252 0.029 0.041
TC10001725.hg.1 Hs.287537 CHST15 carbohydrate (N-acetylgalactosamine 4-sulf ate 6-O) sulf otransferase 15 4.171 0.005 0.005
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TC19000180.hg.1 Hs.534560 SLC44A2 solute carrier family 44. member 2 3.759 0.003 0.012
TC11001048.hg.1 Hs.712144 SIDT2 SID1 transmembrane family. member 2 3.758 0.010 0.009
TC12001678.hg.1 Hs.334534 GNS glucosamine (N-acetyl)-6-sulfatase 3.737 0.005 0.001
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CD141+ DC (top 3 of enriched pathways in Table 2). This finding, together with the fact 

that complement-associated transcripts were in the top 50 list with highest logFC values, 

supports the notion that this innate immune process evidently distinguishes slan+ cells 

from the myeloid DC subsets.

The slan-specific gene expression profile overlaps with CD16+ 
non-classical monocyte profiles from existing data sets 
To confirm that slan+ cells showed more overlap with the monocyte compartment than 

with DC subsets, we compared our own transcriptional data with previously published 

data sets which included genome-wide transcriptional profiles of monocyte subsets. 

The list of over-expressed genes in slan+ cells (of which 381/528 could be linked 

to known and coding genes) was compared to gene lists from three different studies, 

all containing CD16+ and CD16- monocyte subsets.19,22,26 From these studies, DEGs 

between the monocyte subsets were listed. In the study of Hofer and colleagues (data 

set was derived from the Blood journal website), 385 DEGs were found (using data from 

their slan-based isolation method) of which 160 DEGs were over-expressed in non-

classical monocytes as compared to intermediate monocytes (Figure 4A). From our set 

of 381 slan+ cell-specific transcripts, 49 were also over-expressed in slan+ non-classical 

monocytes from Hofer et al (12.9%), whereas only 5 transcripts overlapped with their 

slan+ intermediate monocytes (1.3%). The second data set of Ancuta et al (GEO accession 

number GSE16836) was reanalyzed by using the web-based program GEO2R, resulting in 

a total of 54675 expressed transcripts and 4111 DEGs (p<0.05). Of these differentially 

expressed transcripts, 2253 were over-expressed in CD16+ monocytes and 1858 in 

CD16- monocytes. Again, the 381 slan+ cell-specific transcripts showed more overlap 

with CD16+ monocytes (133/381 transcripts, 34.9%) than with CD16- monocytes (5/381 

transcripts, 1.3%). The third data set (of Frankenberger et al, GEO accession number 

GSE34515) consisted of transcriptional data from CD1c+ DC as well as from CD16+ and 

Table 1. (continued)

Probe UniGene Gene Symbol Gene Description
Average 
logFC values

Q-value:
vs CD1c+

Q-value:
vs CD141+

TC12001507.hg.1 Hs.14770 BIN2 bridging integrator 2 3.612 0.008 0.012
TC04002955.hg.1 Hs.479451 ARAP2 Arf GAP with RhoGAP domain. ankyrin repeat and PH domain 2 3.587 0.004 0.004
TC10001444.hg.1 --- --- --- 3.558 0.032 0.017
TC22000259.hg.1 Hs.517581 HMOX1 hemeoxygenase (decycling) 1 3.516 0.011 0.005
TC17001459.hg.1 Hs.592130 NR1D1 nuclear receptor subfamily 1. group D. member 1 3.440 0.043 0.016
TC08000798.hg.1 Hs.744870 PTP4A3 protein tyrosine phosphatase type IVA. member 3 3.432 0.008 0.003
TC19001842.hg.1 Hs.655652 LILRB2 leukocyte immunoglobulin-like  receptor. subfamily B (with TM and 

ITIM domains). member 2
3.407 0.012 0.003

The average log fold change (FC) values in over-expressed transcripts from both comparisons, slan+ vs CD1c+ and slan+ vs CD141+, were calculated and sorted from high to low. Corrected p-values (given as Q-value) are shown for each comparison.
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CD16- monocytes. GEO2R analysis yielded 10158 DEGs (adjusted p<0.05, after duplicate 

removal 7715 DEGs remained) of which 4096 were over-expressed in CD1c+ DC, 1073 

in CD16- monocytes and 2546 in CD16+ monocytes. From the 381 slan+ cell-specific 

transcripts in our data set, 8 were also over-expressed in CD1c+ DC (2.1%), 206 in 

CD16+ monocytes (54.1%) and 7 in CD16- monocytes (1.8%), which again confirmed that 

the gene expression profile of our slan+ cells showed a profound overlap with CD16+ 

non-classical monocytes. To further search for a highly slan-specific signature, genes that 

showed overlap between our slan+ cells and the CD16+ monocytes from the different 

studies were found by generating a Venn-diagram (Figure 4B). In total, 34 genes could be 

found in all studies (Table 3). 

Next, the microarray data set of Frankenberger et al, containing both CD1c+ DC 

as well as monocyte subsets, was used for detailed cross-study comparison with our 

own data set. Since one of the CD16- monocyte replicates from the Frankenberger 

data set was clearly identified as an outlier (see Supplemental figure 2), this replicate 

was excluded from further analysis. Subsequent, both raw data files were merged by 

using ArrayMining,23 a tool that allows to combine microarray data sets by employing 

parametric and non-parametric empirical Bayes methods, and the newly generated 

combined data set was uploaded into Perseus. In total, 19170 transcripts could be 

matched between the data sets. After a multiple-sample ANOVA test and the removal 

of duplicates 8877 DEGs were found. Hierarchical clustering clearly showed co-clustering 

of the slan+ cells with the CD16+ monocytes from the data set of Frankenberger et al. 

Both CD16+ as well as CD16- monocyte populations clustered away from DC subsets. 

Moreover, the two replicates of CD16- monocytes formed a separate branch within 

the monocyte populations. CD1c+ DC from both data sets and CD141+ DC from our own 

set clustered together (Figure 4C). Using the 8877 DEGs, four sets of gene clusters were 

created by K-means clustering. In total, 1969 transcripts were up-regulated in CD16+/

slan+ monocytes as compared to CD16- monocytes, CD1c+ DC and CD141+ DC. From 

Table 1. (continued)

Probe UniGene Gene Symbol Gene Description
Average 
logFC values

Q-value:
vs CD1c+

Q-value:
vs CD141+

TC12001507.hg.1 Hs.14770 BIN2 bridging integrator 2 3.612 0.008 0.012
TC04002955.hg.1 Hs.479451 ARAP2 Arf GAP with RhoGAP domain. ankyrin repeat and PH domain 2 3.587 0.004 0.004
TC10001444.hg.1 --- --- --- 3.558 0.032 0.017
TC22000259.hg.1 Hs.517581 HMOX1 hemeoxygenase (decycling) 1 3.516 0.011 0.005
TC17001459.hg.1 Hs.592130 NR1D1 nuclear receptor subfamily 1. group D. member 1 3.440 0.043 0.016
TC08000798.hg.1 Hs.744870 PTP4A3 protein tyrosine phosphatase type IVA. member 3 3.432 0.008 0.003
TC19001842.hg.1 Hs.655652 LILRB2 leukocyte immunoglobulin-like  receptor. subfamily B (with TM and 

ITIM domains). member 2
3.407 0.012 0.003

The average log fold change (FC) values in over-expressed transcripts from both comparisons, slan+ vs CD1c+ and slan+ vs CD141+, were calculated and sorted from high to low. Corrected p-values (given as Q-value) are shown for each comparison.
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these transcripts, 285 were identical to the 528 transcripts that were already identified 

as specifically over-expressed by comparing slan+ cells to CD1c+ and CD141+ DC in 

our initial microarray analysis, and were therefore considered highly slan/non-classical 

monocyte-specific. Network analysis of these 285 genes in STRING v10.0 showed 

a strong enrichment in pathways involved in immune processes (Figure 4D). Specifically, 

interactions of complement-related proteins as well as proteins involved in endocytosis/

membrane ruffling, (de)activation of G protein-coupled receptors and the type I 

interferon signaling pathway were found, confirming a role for slan+ cells in inflammatory 

processes, potentially involved in innate immune protection against bacterial and viral  

infections, respectively. 

Activation in response to TLR-ligands confirms functional 
differences between slan+ cells and conventional myeloid DC 
Additional functional assays were performed to confirm the gene expression findings and 

further characterize the slan+ cells. To test their maturation capacity, slan+ cells, classical 

monocytes and conventional myeloid DC were stimulated overnight with a combination 

of TLR ligands. Whereas CD80 and CD86 expression levels were higher at baseline on 

slan+ cells compared to myeloid DC, HLA-DR expression levels were lower and similar 

to monocytes. After overnight stimulation, up-regulation of these maturation markers on 

slan+ cells was far less pronounced or even absent as compared to CD1c+ and CD141+ 

DC, in particular for CD86 and HLA-DR expression (Figure 5A). Of note, similar results 

were observed for monocytes. Also, cytokine secretion profiles of slan+ cells, monocytes 

and myeloid DC were evaluated after isolation and overnight stimulation. The Th1-

inducing cytokine IL-12p70 was primarily produced by CD1c+ DC and to a lesser extent 

by CD141+ DC, but only after combinational TLR stimulation (Supplemental Figure 3A). 

Also intracellular staining of IL-12 in CD1c+ DC and monocytes confirmed the need 

for a combination of TLR ligands (Supplemental Figure 3B). Slan+ cells and monocytes 

secreted negligible amounts of IL-12p70, whereas these subsets both released relatively 

high levels of IL-1β and IL-6 (Figure 5B).

To test their ability to prime a T cell response, slan+ cells were compared to the most 

prevalent myeloid DC subset (CD1c+) and monocytes in an allogeneic MLR. Because of 

low cell numbers, we were not able to test CD141+ DC in this regard. As measured by 

the percentage of CFSE-dilution, CD1c+ DC displayed a superior capacity to induce T 

cell proliferation as compared to slan+ cells and monocytes (Figure 5C). This difference in 

induction capacity was most pronounced for CD4+ T cell, in keeping with lower HLA-DR 

levels observed on slan+ cells and monocytes. Altogether these data provide strong 

evidence that slan+ cells are less capable of T cell priming and differentiation induction 

than conventional myeloid DC subsets, and show functional similarity to monocytes.
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Unique role for slan+ cells in the complement cascade
From the genome-wide transcriptional profiling, cellular pathways involving 

the complement cascade were found to be greatly enriched in slan+ cells as compared 

to conventional DC. The presence of different complement receptors was therefore 

evaluated on unstimulated cell subsets in three whole PB samples. The predominant 

presence of CR1, C3aR and C5aR on slan+ cells in comparison to myeloid DC subsets 

indeed confirmed the gene expression data (Figure 6A). Although replicate numbers 

are low and results are near the detection limit of the test (0.45 pg/ml), the presence 

of complement components C3a and C5a in the supernatant of stimulated slan+ cells 

and not in the supernatant of CD1c+ DC supports a unique involvement of this myeloid 

subset in complement-mediated responses (Figure 6B). However, their exact role in 

the complement cascade should be explored in more detail.

DISCUSSION

Functional characterization of different DC and monocyte subsets in steady-state 

and inflammatory conditions has led to contrasting outcomes in literature. Extending 

our knowledge on these different human cell types will help us to understand their 

involvement in specific immune-mediated physiological and pathological processes. 

Therefore, we carried out a detailed transcriptional and functional study in which we 

directly compared conventional myeloid DC (CD1c+ and CD141+), monocytes and 

slan+ cells from PB of healthy donors. Based on the expression of CD1c, CD141, CD14/

CD16 and slan (M-DC8), different DC and monocyte subsets with distinct immunological 

functions can be found within the CD11c+ myeloid cell compartment.13,27 At the time 

of their discovery, slan+ cells were categorized as part of the DC compartment and 

Figure 4 | Gene-expression profile of slan+ cells compared to data sets from literature. 
Overexpressed transcripts in slan+ cells were compared with existing data sets from literature. (A) 
Three different studies were used in the cross-study comparison of gene-expression profiles in slan+ 
and CD16+ non-classical monocytes. The number of DEGs, together with the number of transcripts 
that are overexpressed in CD16+ non-classical monocytes, as well as in CD162 monocytes, is shown 
for each study. Furthermore, the transcriptional overlap, in absolute numbers and in percentages, 
of slan+ cells vs. CD16+ non-classical monocytes, CD162 monocytes, and CD1c+ DCs is shown for 
the different data sets (na, not applicable). Hofer et al.  [22]; Ancuta et al. [26]. (B) Venn diagram of 
genes that were overexpressed in CD16+ monocytes from the different studies. The transcripts used 
from these studies were derived from the overlap found by comparing our own overexpressed gene-
expression profile for slan+ cells with the CD16+ nonclassical monocytes of the indicated study. In 
total, 34 genes were present in all studies. (C) A detailed cross-study comparison between our own 
current data set [N.v.L.-K. (vL)] and the data set from the study of Frankenberger et al. [19] (f). DEGs 
(8877; ANOVA with P , 0.05) were used for clustering analysis. Relative expression levels for a single 
transcript were calculated by using Z-scores (Z-score –2: low expression; Z-score 2: high expression). 
(D) Network analysis of 285 highly slan-specific proteins. The minimum required interaction score was 
set to highest confidence (0.900), and disconnected nodes were hidden. Functional signaling nodes 
are indicated.
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Figure 5 | Functional testing of conventional DCs, slan+ cells, and monocytes. Isolated slan+ 
cells, classical monocytes, and CD1c+ and CD141+ DCs were assessed for different functional 
capacities in in vitro assays. (A) Maturation capacity upon stimulation. Baseline expression levels of 
CD80, CD86, and HLA-DR for all subsets are shown. Furthermore, expression levels after stimulation 
with LPS + R848 (slan+, monocytes, and CD1c+) or poly I:C + R848 (CD141+) of the same maturation 
markers are presented. MFI values are given, and mean percentages 6 SEM of individual experiments 
are shown. Eight different donors were included for slan+ cells, 7 donors were used for CD1c+, 5 
for monocytes, and 4 for CD141+ DCs. In multiple comparison graphs, a Kruskal–Wallis with Dunn’s 
post-test was used to define significant differences. For baseline vs. stimulated conditions, a Mann-
Whitney U test was used within each subset. (B) Cytokine secretion assay. Different pro- and anti-
inflammatory cytokines were measured in culture supernatants of isolated cells by CBA. Cells were 
left unstimulated overnight, or they were stimulated with LPS + R848 (slan+, monocytes, and CD1c+) 
or with poly I:C + R848 (CD141+). (C) MLR. Percentages of proliferated T cells after coculture of 
slan+ cells, monocytes, or CD1c+ DCs with allogeneic CFSE-labeled PBLs are shown. The amount of 
CFSE dilution was measured by flow cytometry. A representative histogram and mean percentages 6 
SEM are shown for 5 (CD1c+ DCs), 6 (monocytes), or 7 (slan+ cells) different experiments. Statistical 
differences were identified using a Kruskal–Wallis with Dunn’s post-test. *P<0.05; **P <0.01; 
***P<0.001; ****P<0.0001.

were shown to harbor DC-like functionalities including antigen presentation and IL-12 

production capacity. In comparative studies slan+ cells sometimes even showed superior 

DC-like functions compared to conventional DC subsets.3,8 However, in these studies 

the different cell populations were stimulated under what we now know to be sub-optimal 

conditions, i.e. with only one TLR ligand. Recently, the concept of slan+ cells being 

a subset more related to monocytes than to DC was proposed. Based on CD14 and CD16 

expression, monocytes were subdivided into three different subsets: CD14++CD16- 

“classical”, CD14++CD16+ “intermediate” and CD14+CD16++ “non-classical” 

monocytes.28 The dissection of intermediate and non-classical monocytes on the basis 

of CD14 and CD16 is rather arbitrary. Hofer et al showed that slan expression allowed 

for the strict discrimination between the two subsets in which intermediate monocytes 

were slan-negative and non-classical monocytes slan-positive.22 In keeping with this 

notion, also other studies have reported slan+ cells to represent most likely a subset 

of monocytes.21,29,30 Cros et al for instance, showed that slan+ cells were closely related 

to mouse GR1- monocytes, already a strong indication that they might resemble non-

classical CD16+ monocytes more than DC. However, a direct transcriptional comparison 

with human DC was not included in their strategy. And whereas Hofer and colleagues 

concentrated on distinguishing features of slan+ cells as non-classical monocytes versus 

the intermediate and classical monocyte subsets, we focused our transcriptional analyses 

on the distinction between slan+ cells and both conventional, i.e. CD1c+ and CD141+, 

DC subsets. Our gene expression data as well as our functional assays firmly support 

the idea that slan+ cells belong to the monocyte compartment rather than to the myeloid 

DC lineage. Immunophenotypically, slan+ cells displayed lower HLA-DR expression, in 

line with the HLA-DR expression level on monocytes, and higher expression levels of 

CD11b. Using transcriptomics we now directly compared both conventional myeloid DC 
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Figure 6 | Complement receptor expression and complement factor secretion. (A) Expression 
levels of 3 complement receptors on different myeloid subsets in PB. MFIs are shown of 3 individual 
experiments (CD1c+ vs. CD141+ vs. slan+ vs. monocytes: MFI CR1, 95 vs. 48 vs. 663 vs. 9754; MFI 
C3aR, 124 vs. 35 vs. 1360 vs. 644; MFI C5aR, 82 vs. 77 vs. 15,926 vs. 7496). A 1-way ANOVA plus 
Tukey’s multiple comparison test was applied for group comparisons. *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001. (B) Complement factor secretion in the supernatant of stimulated cell subsets. C3a 
and C5a levels were measured by CBA. Three different donors were included for CD1c+ DC and 
monocytes, and 2 donors were used for slan+ cells. Means 6 SEM values are shown (CD1c+ vs. slan+ 
vs. monocytes: C3a, 0 pg/ml vs. 0.39 pg/ml vs. 0 pg/ml; C5a 0 pg/ml vs. 0.18 pg/ml vs. 0.01 pg/ml).

subsets and slan+ cells and showed that the DC subsets clustered together based on 

their expression profile whereas slan+ cells formed a separate population. Moreover, after 

combining our gene expression data with published data sets, slan+ cells tightly clustered 

and overlapped with transcriptional profiles of CD16+ monocytes rather than with CD1c+ 

and CD141+ DC. Pathway enrichment analyses indicated a clear immunological difference 

between conventional DC and slan+ cells. Complement-associated factors were highly 

enriched in slan+ cells whereas transcripts related to antigen presentation were under-

represented. Consistent with the transcriptional data complement receptors were all 

present at much higher surface levels on slan+ cells compared to conventional DC. Also, 

the production of the complement factors C3a and C5a by slan+ cells supports their 

unique involvement in complement-associated responses. Generally, the complement 

system is involved in innate immune responses and several immune cells can contribute 

to the local complement pool. Engagement of C3aR or C5aR on DC can lead to up-

regulation of maturation markers and a higher potency to stimulate Th1 responses.31,32 

In contrast, simultaneous stimulation of complement receptors and TLRs results in an 

impaired DC functionality.33-35 The production of complement factors by slan+ cells could 

imply a distinct role in immune reactions compared to conventional DC. The involvement 

in complement-driven immune responses has been described as a common monocytic 

feature that is conserved between several vertebrate species. Different monocyte 
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subsets showed higher gene expression levels of complement-associated receptors as 

compared to DC in human, mouse, sheep and pig, implying a strong preservation of this 

functionality.36 One could hypothesize that slan+ cells enlarge the local complement pool 

and attract innate immune cells for further amplification of the innate immune response. 

Furthermore, their complement components could serve as an essential element in 

adaptive immunity by enhancing T cell expansion and viability and B cell activation.37-41 

Finally, their high FcγRIII and complement receptor levels, allowing for efficient Fc-

mediated IgG binding, single the slan+ cells out as potent mediators of ADCC. Indeed, 

a case in point was recently provided by the finding that (slan+) non-classical monocytes 

in patients with melanoma mediate ADCC dependent elimination of Tregs upon  

ipilimumab administration.42 

Danger signal-induced maturation and the subsequent acquisition of T cell priming 

capacity are regarded as defining features of the myeloid DC lineage. Consistent with 

their predominant monocytic nature, our data showed inferior maturation and antigen 

presentation capacities of slan+ cells (and CD14+ classical monocytes) as compared 

to conventional DC subsets. Despite higher baseline expression levels of CD80 and 

CD86, slan+ cells and classical monocytes did not show an equivalent capability in up-

regulation of these co-stimulatory markers to the conventional DC subsets. Also, their 

expression level of HLA-DR was lower. In allogeneic MLRs, much lower CD4+ and CD8+ 

T cell proliferation was found in cultures with slan+ cells or classical monocytes when 

compared to CD1c+ DC. This is in agreement with a previous report which compared 

CD14dimCD16+ monocytes (substantially overlapping with slan+ cells) to HLA-DR+ 

DC demonstrating that these monocytes indeed had a lower ability to induce T cell 

proliferation than DC.21 Although this monocyte population contained slan+ cells, 

contamination with slan- intermediate monocytes could not be excluded. Based on 

our results, we can now conclude that slan+ cells have a lower capacity to induce T cell 

proliferation as compared to conventional CD1c+ DC upon optimized TLR ligation and 

that they show more functional overlap with classical monocytes in this respect.

We also studied cytokine profiles of the different myeloid cells upon combinatorial 

TLR-mediated stimulation. Cytokines have a polarizing function on T cells and eventually 

determine the functional outcome of an immune response. For instance, IL-12p70 will 

mainly skew naive T cells into a Th1 type direction. DC subsets have a differential ability to 

produce a wide variety of cytokines. CD1c+ DC can produce high levels of IL-12 but only 

after a combinatorial stimulation of TLR4 and TLR7/8.18 The absence of IL-12 production 

in some studies could be explained by the fact that only a single TLR ligand was used. 

Therefore, we explicitly recommend the use of synergistic TLR stimulation in comparative 

DC studies. Using this method conventional DC, slan+ cells and classical monocytes 

displayed different cytokine secretion profiles. In contrast with other reports, in our hands 

slan+ cells were not the main producers of IL-12, but CD1c+ DC clearly exceeded them 

in this capacity. CD1c+ DC were also able to secrete equivalent levels of IL-6, IL-8 and 

TNF as compared to slan+ cells. Only the production of IL-1β was primarily found in slan+ 
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cells and classical monocytes. The simultaneous secretion of high levels of IL-1β and IL-6, 

uniquely observed for monocytic cell subsets (slan+ cells and classical monocytes), could 

affect the fate and stability of lineage committed CD4+ T cells. Published data show that 

these two cytokines are both required for the induction of human Th17 differentiation 

from naive CD4+ T cells, whereas IL-12 blocks the polarization towards Th17 cells.43 Also 

the stability of lineage committed T cells can be affected by these cytokines. It has been 

shown that under certain conditions T cells can be converted from one lineage to another, 

a phenomenon known as T cell plasticity. Tregs for instance can become IL-17-producing 

cells in the presence of IL-1β and IL-6.44-47 The cytokine secretion profile of slan+ cells 

thus identifies them as a possible key population for the induction and support of pro-

inflammatory Th17 immune responses. While consistent with their previous assignation as 

a pro-inflammatory subset, it distinguishes them from conventional myeloid DC.

In summary, our data are consistent with the notion that slan+ cells share more 

functional features with monocytes (and CD16+ non-classical monocytes in particular) 

than with conventional DC subsets. Therefore, we concur with Hofer and colleagues and 

propose to allocate slan+ cells to the monocyte compartment instead of the DC lineage 

and designate them as slan+ non-classical monocytes. Our data further indicate that 

these slan+ non-classical monocytes are pro-inflammatory and may have an essential role 

in driving innate and secondary adaptive immune responses, both to bacteria and viruses. 

These observations may also have implications for mechanisms underlying immune-

mediated diseases and suggest distinct roles for slan+ non-classical monocytes and 

conventional myeloid DC subsets in this respect. Importantly, this functional dichotomy 

between conventional DC and slan+ non-classical monocytes strongly suggests they 

may be selectively targeted for the therapy of different inflammation-related disorders  

or malignancies.
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Figure S2 | Reanalysis of the existing data set of Frankenberger et al. The raw data file was 
used in the web-based GEO2R program resulting in 7715 differentially expressed transcripts with 
an adjusted p<0.05. Clustering of these transcripts showed that one of the three CD16- monocyte 
replicates could be considered as an outlier.
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Figure S3 | Cytokine secretion profile of CD1c+ DC, CD141+ DC, slan+ cells and monocytes. (A) 
Different TLR ligands were used in different combinations to select for optimal cytokine secretion 
induction. Mean ±SEM values are shown. (B) Intracellular cytokine staining. PBMC were added to 
a 96-well plate and were either left unstimulated or were stimulated with the indicated TLR ligands 
for 4 hours. After 1 hour BD GolgiPlug was added. Cell surface staining was used for the identification 
of CD1c+ DC and monocytes and anti-IL-1β, anti-IL-6 and anti-IL-12 antibodies were used for 
the detection of intracellular cytokine production.
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ABSTRACT

The human bone marrow (BM) gives rise to all distinct blood cell lineages, including 

CD1c+ (cDC2) and CD141+ (cDC1) myeloid dendritic cells (DC) and monocytes. These 

cell subsets are also present in peripheral blood (PB) and lymphoid tissues. However, 

the difference between the BM and PB compartment in terms of differentiation state 

and immunological role of DC is not yet known. The BM may represent both a site for 

development as well as a possible effector site and so far, little is known in this light 

with respect to different DC subsets. Using genome-wide transcriptional profiling we 

found clear differences between the BM and PB compartment and a location-dependent 

clustering for cDC2 and cDC1 was demonstrated. DC subsets from BM clustered together 

and separate from the corresponding subsets from PB, which similarly formed a cluster. 

In BM, a common proliferating and immature differentiating state was observed for 

the two DC subsets, whereas DC from the PB showed a more immune-activated mature 

profile. In contrast, BM-derived slan+ non-classical monocytes were closely related to 

their PB counterparts and not to DC subsets, implying a homogenous prolife irrespective 

of anatomical localization. Additional functional tests confirmed these transcriptional 

findings. DC-like functions were prominently exhibited by PB DC. They surpassed BM 

DC in maturation capacity, cytokine production and induction of CD4+ and CD8+ T cell 

proliferation. This first study on myeloid DC in healthy human BM offers new information 

on steady-state DC biology and could potentially serve as a starting point for further 

research on these immune cells in healthy conditions as well as in diseases.
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INTRODUCTION

The human bone marrow (BM) compartment is the main site of hematopoiesis. It harbors 

early progenitor cells as well as more differentiated cells that will enter the circulation in 

a later stage for homing to secondary lymphoid organs or effector sites to mediate their 

immune functions. The developmental pathway of the dendritic cell (DC) lineage in the BM 

has been extensively studied in mice.1–12 Later, human homologs of DC were identified 

and recently the differentiation from human BM precursors into DC was described.13–23 

Increasing knowledge on the sequential development of common and early progenitors 

to committed and more differentiated precursors may support the understanding of 

normal and aberrant hematopoiesis. This is for instance exemplified by selective cell 

lineage depletion in primary immunodeficiencies such as seen in patients with GATA2 

mutations.24–26 These patients clearly show reduced numbers of natural killer (NK) cells, 

B cells and monocytes and in addition a total absence of all DC subsets. In contrast, 

the level of granulocytes is normal, indicating a block in differentiation from progenitor 

to the more developed stages. Only recently, the immediate precursor of human DC 

has been identified which may now explain these DC-restricted depletions. Lee and 

colleagues developed a culture system in which they were able to define the human DC 

developmental pathway.18 From a common human granulocyte-monocyte-DC progenitor 

(hGMDP) to a more committed human monocyte-DC progenitor (hMDP), they finally 

could identify the direct human common DC progenitor (hCDP). The presence of hCDP 

is restricted to the BM compartment where it gives rise to a migratory conventional DC 

precursor (pre-CDC) that then produces the two major types of human myeloid DC, CD1c+ 

and CD141+ (now called cDC2 and cDC1, respectively).19,27 Transcriptional heterogeneity 

within the pre-CDC pool further revealed the existence of pre-commitment for cDC2 or 

cDC1 DC.20 Examination of different human tissues showed that these pre-CDC were not 

only present in the BM, but could also be found in peripheral blood (PB) and tonsils. 

In contrast, the immediate monocyte precursor was only detected in BM. In addition 

to the information on sequential precursor production, data on activation state and 

functional capacities in different stages of cell development may give further insights into 

healthy and altered immune responses. It is assumed that immature/precursor forms of 

DC, including cDC2 and cDC1, leave the BM and circulate through the PB to the lymphoid 

tissues. Previously published data indeed support the fact that these circulating precursors 

are less mature and differentiated than their counterparts in peripheral tissues.15,24,28 

In human, the effect of environmental signals on DC function in different tissues such 

as spleen, thymus, peripheral blood, lung and skin was studied before by Heidkamp  

and colleagues.29  However, information on developmental state and functional differences 

of cDC2 and cDC1 DC between the human BM and PB compartment is not available.

In this study, we focused on myeloid DC in the healthy human BM compartment in 

steady-state conditions and compared them with their PB equivalents. Slan+ non-classical 

monocytes, previously recognized as a DC-like subset and therefore probably more 
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closely linked to conventional DC than classical monocytes, were also included in this 

analysis. Detailed genome-wide transcriptional analysis as well as comparative functional 

validation showed clear compartment-related differences. Hierarchical clustering implied 

a close relationship of BM-derived cDC2 and cDC1 DC. Both subsets clustered away from 

their PB equivalents. Differentiation pathways, cell proliferation and cell cycle control 

genes were most prominent in BM DC, whereas immune effector-related transcripts 

were over-expressed in PB subsets. In contrast, transcriptional profile and immunological 

function of slan+ non-classical monocytes were less dependent on the environment as 

a homogenous profile in both compartments was demonstrated. BM- and PB-derived 

slan+ non-classical monocytes clustered closer together than with the DC subsets from 

their respective compartments. Thus, under steady-state circumstances both myeloid DC 

subsets potentially form a residential BM population that are in an earlier developmental 

phase than their PB equivalents, whereas slan+ non-classical monocytes are possibly PB-

derived and patrol the BM in an effector role.

MATERIALS AND METHODS

Sample processing and cell isolation
Human BM was obtained after written informed consent from patients undergoing 

cardiac surgery in the VU University Medical Center Amsterdam, The Netherlands. 

Peripheral blood (buffy coat) was purchased from the Sanquin blood supply service 

(Amsterdam, The Netherlands). The study was approved by the local ethical committee 

and in accordance with the declaration of Helsinki. Mononuclear cells from both PB as 

well as from BM were isolated by density centrifugation using Ficoll-Paque medium 

(GE Healthcare, Uppsala, Sweden). For functional tests, conventional DC subsets (cDC2 

and cDC1) were sorted from fresh samples with a BD FACSAriaTM flow cytometer (BD 

Biosciences, San Jose, USA), using a monoclonal antibody (mAb) cocktail consisting of 

CD1c-PE-Cy7 (eBioscience, San Diego, USA), CD11c-PerCP-Cy5.5, CD14/CD19-APC-H7 

(all, BD Biosciences), CD141-APC (Miltenyi Biotec, Utrecht, The Netherlands) and HLA-

DR-V450 (BD Biosciences). Both cell subsets were identified in the CD11c+ and HLA-DR+ 

cell fraction. cDC2 cells were also gated as CD14-/CD19- (supplemental figure 1A). 

For better recovery of viable cells, slan+ non-classical monocytes were isolated based 

on M-DC8 expression using a magnetic isolation kit (Miltenyi Biotec). For application in 

microarray experiments, all cell subsets were flowcytometrically sorted from four individual 

PB and four BM donors (non-paired samples). After an enrichment step, comprising 

magnetic depletion of CD3+ and CD19+ cells using microbeads (Miltenyi Biotec), cells 

were incubated with a mAb cocktail consisting of M-DC8-FITC (Miltenyi Biotec), CD16-PE 

(Beckman Coulter, Brea, USA), CD11c, CD1c, CD141, CD14, CD19 and CD45-KO (BD 

Biosciences, supplemental figure 1B). Sorted cells routinely showed >92% purity and were 

stored in Trizol (Life Technologies, Carlsbad, USA) until further use for RNA extraction.
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Cell frequencies
The enumeration of different cell subtypes in BM and PB was performed after lysis of 

erythrocytes (BD Pharm Lyse, BD Biosciences). Samples were incubated with a mix of mAb: 

M-DC8-FITC, CD303-FITC (Miltenyi Biotec), CD16-PE, CD11c-PerCP-Cy5.5, CD1c-Pe-Cy7, 

CD141-APC, CD14-APC-H7, CD19-APC-H7, HLA-DR-V450 and CD45-KO and analyzed 

on a flow cytometer (FACSCanto-II, BD Biosciences). Data analysis was done using FlowJo 

software (Tree star, Ashland, OR, USA). After debris and doublet exclusion, myeloid cell 

subsets were identified in the CD45+ compartment and further gated on CD1c, CD141, 

M-DC8, CD303 or CD14 expression. HLA-DR and CD11c were used for further selection of 

cell populations (Figure 1A). To exclude contamination of B cells in the CD14+ monocyte 

gate, back gating in CD45 vs side scatter plots was used (not shown in figure). Frequencies 

were calculated as percentages of CD45+ mononuclear cells.

Preparation of cRNA and gene chip hybridization 
RNA was isolated from cDC2 (18.000 – 265.000 cells), cDC1 (1.000 – 17.300) and slan+ non-

classical monocytes (9.000 – 150.000) and amplified using the Ovation Pico WTA System V2 

(NuGen, San Carlos, CA). Subsequently, RNA was labeled with the Encore Biotin Module 

Kit (NuGEN) according to manufacturer’s protocols. Five microgram of the resulting labeled 

cDNA from each sample was hybridized to Human Transcriptome Arrays 2.0 microarrays 

(Affymetrix) and signals were scanned by Affymetrix GeneChip Scanner 3000 7G.

Microarray data analysis
Data analysis was performed as previously described.30 Briefly, microarray signals were 

normalized using the RMA algorithm in the Affymetrix® Expression Console software 

(Affymetrix®) and quality checks and background noise correction were performed. 

Qlucore Omics Explorer 3.2 (Qlucore AB, Lund, Sweden) and Perseus were used for 

transcript filtering, identification of differentially expressed genes (DEGs; by performing 

an ANOVA analysis and using q-values of <0.05), heat map visualization, and Gene Set 

Enrichment Analysis (GSEA). Pathway analyses and interaction networks were created 

within the STRING v10.0 database (http://string-db.org/). The microarray data have been 

deposited in the GEO public database under Accession Number GSE112770.

Cell staining, maturation and cytokine secretion
The intracellular expression of the proliferation marker Ki-67 was assessed in different cell 

subsets of the myeloid lineage by using a mAb panel consisting of the surface markers 

CD1c, CD11c, CD14, CD19, CD45, CD141, M-DC8 and HLA-DR, and, a PE-conjugated 

mAb against the intracellular Ki-67 marker (BD Pharmingen). Unstimulated cell subsets 

of eight paired BM and PB samples were analyzed. After erythrocyte lysis, cell surface 

staining was performed. Thereafter, cells were fixed with phosphate-buffered saline (PBS) 

containing 1% paraformaldehyde (PFA) and permeabilized by means of BD FACS Lysing 
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solution (BD FACS Lysing Solution, BD Biosciences). Subsequently, the Ki-67 mAb was 

added and its intracellular expression in the different cell subsets was evaluated by flow 

cytometry (FACSCanto-II, BD Biosciences). 

Baseline expression levels of co-stimulatory (CD80 and CD86) and minor 

histocompatibility (MHC)-class II (HLA-DR) molecules were evaluated before isolation 

of BM and PB cell subsets. Assessment of maturation capacity upon TLR-ligation by DC 

subsets and slan+ non-classical monocytes from both compartments was performed as 

described previously.30 Briefly, cells were isolated and pre-incubated for 4 hours in Iscove’s 

Modified Dulbecco’s Medium (IMDM) supplemented with 10% fetal calf serum (FCS), 

100 IU/ml penicillin and 100 mg/ml streptomycin (all Gibco, Paisley, United Kingdom) at 

37°C in a 5% CO2 incubator. Thereafter, they were left unstimulated or were stimulated 

overnight with a combination of TLR ligands, i.e. LPS (100 ng/ml, Sigma-Aldrich, St. 

Louis, USA) and R848 (3 µg/ml, Enzo Life Sciences, Farmingdale, USA) for cDC2 and 

slan+ non-classical monocytes, or Poly I:C (25 µg/ml, Sigma-Aldrich) and R848 for cDC1. 

The expression of respective markers was again measured by flow cytometry. Supernatants 

of these cultures were used for the detection of different cytokines by human enhanced 

sensitivity cytometric bead array (CBA) flex sets (BD Biosciences).

Figure 1 | Dendritic cell (DC) and monocyte enumeration and baseline expression levels of (co-) 
stimulatory molecules in BM and PB. (A) Gating strategy for DC and monocyte subsets. CD45+ 
MNCs were gated after debris and doublet exclusion. Thereafter, cell subsets were identified based 
on the expression of CD1c (cDC2), CD141 (cDC1), or M-DC8 (slan+ non-classical monocytes). 
Classical monocytes were selected based on their high CD14 expression. (B) Frequencies of slan+ 
cells, monocytes, and the myeloid DC subsets cDC2 and cDC1 in human BM as compared to human 
PB. Percentages were calculated from the total CD45+ mononuclear cell fraction. Individual results 
and median percentages are shown for 17–21 (PB) and 13–20 (BM) healthy donors. Monocytes 
formed the main population in both compartments (PB, 16.0% and BM, 12.5%), followed by cDC2 
(PB, 0.53% and BM, 0.60%) and slan+ non-classical monocytes (PB, 0.92% and BM, 0.39%). In BM 
as well as in PB, cDC1s were only present in low percentages (PB, 0.043% and BM, 0.081%). (C) 
Paired frequencies of PB and BM subsets, derived from one donor. A Wilcoxon matched-pairs 
signed rank test was performed to compare the PB and BM compartment (n = 7 donors, cDC2, and 
monocytes: no significant differences, cDC1 p = 0.03 and slan+ p = 0.02). (D) Baseline expression 
levels of HLA-DR (n = 7) and the co-stimulatory molecules CD80 (n = 6) and CD86 (n = 7) on BM-
derived cell subsets. Individual experiments and median values are shown. (E) A comparison of 
baseline expression levels of three different activation markers between cell subsets from the PB (n = 
14–23) and BM (n = 6–7) compartment. Histograms of the different markers of a representative donor 
and bar graphs of repeated experiments are shown. Median MFI values of individual stainings of 
the different cell subsets are compared between the two compartments. For CD80 and CD86, FMO 
controls are shown as a dotted line. Abbreviations: BM, bone marrow; PB, peripheral blood; WBC, 
white blood cells; MNC, mononuclear cells; MFI, median fluorescence intensity; FMO, fluorescence 
minus one. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Allogeneic mixed leukocyte reaction (MLR)
The capacity of DC subsets and slan+ non-classical monocytes to induce T cell proliferation 

was tested in an allogeneic MLR as described previously.30,31 In brief, carboxyfluorescein 

succinimidyl ester (CFSE, Life Technologies, 1 µM)-labeled peripheral blood lymphocytes 

(PBL, i.e. CD14 depleted cell fraction) were co-cultured for 5 days with isolated and 

stimulated BM- or PB-derived slan+ monocytes or cDC2 in a ratio of 1:10. CFSE-dilution 

in CD4+ and CD8+ T cells was measured by flow cytometry.  

Statistical analysis
Graphpad Prism 6 software (San Diego, USA) was used for non-microarray statistical 

data analysis. For two-group comparisons a non-parametric Mann-Whitney U test was 

performed, whereas for matched sample analyses a Wilcoxon signed rank test was used. 

For statistical differences a p-value of <0.05 was considered significant.

RESULTS

Quantitative differences in subsets between the bone 
marrow and peripheral blood 
DC and monocyte subsets were enumerated in the mononuclear cell fraction of 

fresh PB (n=17-21) and BM (n=13-20) samples from non-paired healthy donors. Cell 

populations were characterized by the expression of the cell-identifying markers CD1c 

and CD141 for the myeloid DC subsets. cDC2 were further defined as CD19-/CD14- and 

HLA-DR+/CD11c+. Slan+ cells, recently identified as the non-classical monocytes,30,32 

were characterized based on their CD11c and M-DC8 expression. Backgating in CD16 

confirmed the expression of this marker on their cell surface (not shown). In contrast, 

classical monocytes did not express CD16, and were identified based on the high 

expression of CD14 (Figure 1A). B cell contamination was ruled out by creating back 

gating plots using discriminative CD45 expression and side scatter position of monocytes 

(not shown). In both compartments, all cell subsets could be found. Among these cells, 

CD14+ classical monocytes accounted for the main population in PB as well as in BM 

(Figure 1B. PB, 16.0%; BM, 12.5%). Slan+ non-classical monocytes showed elevated 

numbers in PB compared to BM (PB, 0.92%. BM, 0.39%, p=0.0095). In contrast, for cDC1, 

the frequency was significantly increased in the BM compared to PB (PB, 0.043%. BM, 

0.081%, p<0.0001). Comparable frequencies were detected for BM- and PB-derived 

cDC2 (PB, 0.53%. BM, 0.60%). In a set of 7 paired frequency analyses (PB and BM derived 

from the same donors), similar results were found for the different cell populations as 

compared to the larger unpaired cohort. For cDC1, increased percentages were seen 

in BM, whereas for slan+ non-classical monocytes all one-to-one comparisons showed 

elevated numbers in the PB compared to the BM (Figure 1C). 
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Extensive immunophenotypic information for DC and monocyte subsets in PB is 

available from previously published research.27,30,33–38 However, for human BM DC and 

monocytes these data are very limited.29 Therefore, the expression levels of important 

co-stimulatory and antigen-presenting molecules were assessed in BM-derived cells and 

compared to the expression levels on their PB counterparts. Similar to our observations for 

PB cell subsets,30 CD86 and HLA-DR were clearly expressed (at baseline, i.e. unstimulated 

expression) on DC and monocyte subsets. The expression of CD86 was higher on BM-

derived monocyte subsets compared to BM-derived DC, whereas HLA-DR showed 

elevated levels on DC subsets (Figure 1D). Baseline expression levels of these markers 

were minimally different between BM and PB (Figure 1E). Only the HLA-DR expression 

on BM cDC2 was significantly higher compared to PB cDC2. For monocytes, CD86 levels 

were significantly higher in PB. 

Transcriptomic-based clustering of DC subsets but not 
of slan+ non-classical monocytes largely depends on the 
compartment they reside in
For a better insight into the function of myeloid DC subsets (cDC2 and cDC1) in the BM 

compartment and to potentially identify compartment-related transcriptomic differences, 

an extensive genome-wide profiling study was performed. Both DC subsets as well as 

slan+ non-classical monocytes were sorted from fresh PB and BM of four individual healthy 

donors. A total of 58036 transcripts were found to be expressed. Principal component 

analysis (PCA), using all expressed transcripts, showed a strong similarity of cell subsets 

between donors (Figure 2A). After applying an ANOVA test, 24191 genes were found to 

be differentially expressed between all subsets in both compartments. Minimal spanning 

tree analysis revealed a compartment-based separation of cDC2 and cDC1. In contrast, 

slan+ non-classical monocytes from both compartments clustered closer together and 

separate from the DC subsets, irrespective of compartment (Figure 2B). Hierarchical 

clustering confirmed the separation for the conventional cDC2 and cDC1 subsets. Slan+ 

non-classical monocytes from PB and from BM grouped together (Figure 2C). Furthermore, 

slan+ non-classical monocytes were more closely related to PB DC than to BM DC 

subsets. The same analysis was repeated for DC only, without using slan+ monocytes. 

PCA and hierarchical clustering of all genes and 10114 differentially expressed genes 

showed similar results (supplemental figure 2). These findings suggest that transcriptional 

expression in myeloid DC subsets is more influenced by their environment (BM or PB) 

than by their intrinsic subset characteristics. In contrast, gene expression in slan+ non-

classical monocytes appeared to be less dependent on environmental factors.  
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DC subsets display a less immune-active transcriptional 
signature than slan+ non-classical monocytes in the BM 
Recent gene expression profile studies mainly focused on PB-derived cell types. For 

human BM-derived monocytes and DC, limited, if any, transcriptional information is 

available. Therefore, detailed gene expression profiles were analyzed in BM-derived 

slan+ non-classical monocytes, cDC2 and cDC1. From all expressed BM genes (58459), 

differentially expressed transcripts between the three subsets were listed. Only if a gene 

was differentially over- or under-expressed in both comparative analyses (e.g. slan+ vs 

cDC2 and slan+ vs cDC1), it was considered to be subset-specific. Similar to our previous 

findings for PB subsets,30 BM-derived slan+ non-classical monocytes showed the highest 

number of unique transcripts. In total, 2142 genes were differentially expressed in slan+ 

non-classical monocytes as compared to both DC subsets. From these DEGs, 965 were 

over-expressed and 1177 were under-expressed. cDC2 showed 31 over-expressed and 14 

under-expressed transcripts compared to the other two subsets. For cDC1 69 genes were 

found to be over-expressed and 54 to be under-expressed. Clustering of these DEGs in 

a heat map identified four gene clusters (Figure 3A, lower panel). Absolute expression 

levels of the identified DEGs offered further details of the possible biologically relevant 

differences between the subsets (Figure 3B). Consistent with our PB data,30 the top 100 

over-expressed genes for slan+ non-classical monocytes contained recognized monocytic 

and immune-related genes, such as FCGR3A/B, TLR4, C5AR1/2, C3AR1, CR1 and 

CX3CR1. For cDC2, 25 genes with highest FC values are shown and for cDC1 60 genes. 

Also for the two BM-derived DC subsets well-known transcripts were found (CD1c, CD163, 

MRC1 and CSF3R for CD1c DC and XCR1, CLEC9A and IRF8 for CD141 DC), indicating 

a consistent expression of subset-defining genes in BM and PB. Due to the limited number 

of over-expressed transcripts in cDC2 and cDC1, further pathway and interaction analyses 

were only performed for slan+ non-classical monocytes in order to find relevant biological 

context for these DEGs. Again, the top 100 highest FC values were used in this approach. 

They were imported in the STRING v10.0 database and a gene ontology (GO) term 

enrichment analysis was executed. The most enriched pathways mainly covered immune-

related biological processes. As found for PB-derived slan+ non-classical monocytes,30 

their BM counterparts also appeared to be highly involved in complement-mediated 

immune responses (Figure 3C-D). Enrichment analysis for under-expressed DEGs pointed 

to a lower involvement in adhesion and antigen processing and presentation (Figure 

3D). Yet again, this shows great overlap with previous PB findings.30 Network interaction 

analysis of over-expressed DEGs showed a strong interaction of complement-related 

proteins as well as TLR-mediated signaling pathways (Figure 3E). For under-expressed 

DEGs a strong network of MHC-class II molecules was found (Figure 3F).
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Gene expression profiles are dependent on their environment
To further delineate the distinct gene expression profiles for cDC2 and cDC1 in relation 

to their compartment (and in a lesser extent for slan+ monocytes), DEGs between PB and 

BM were identified for all three individual subsets. The highest number of differentially 

expressed transcripts between BM and PB was found for cDC2: in total 4019 DEGs, of 

which 2439 DEGs were over-expressed in BM and 1580 over-expressed in PB. For cDC1 

743 genes were over-expressed in BM and 436 in PB. Slan+ non-classical monocytes 

showed 998 genes to be over-expressed in BM and 847 in PB. Clustering of relative 

expression levels in each subset is depicted in Figure 4A. In order to translate these 

identified DEGs into a relevant biological meaning, lists of over- and under-expressed 

genes were loaded onto the STRING v10.0 pathway tool. For all three subsets, but most 

distinctly for cDC2 and cDC1, cell cycle and division processes were highly enriched in 

BM-derived subsets. Also metabolic cellular responses were significantly overrepresented 

in BM-derived cells (Figure 4B). Genes that were over-expressed in PB subsets were 

mainly involved in immune-related pathways, indicating a more differentiated and 

immunologically functional profile for cells circulating in this compartment (Figure 4C). To 

further confirm these findings a Gene Set Enrichment Analysis (GSEA) was performed for 

BM as well as for PB subsets. Using KEGG pathways from the Broad Institute database an 

enrichment of pathways involved in cell cycle and replication was found for BM subsets. 

Figure 3 | Differentially expressed genes (DEGs) between slan+ monocytes and cDC2 and 
cDC1 in the bone marrow (BM) compartment. After identification, DEGs were further analyzed for 
the three cell subsets in the BM compartment. (A) Cluster analysis of transcripts that are differentially 
expressed between the subsets are presented in a heat map. Each row represents a single transcript. 
Relative expression levels for four donors per subset are shown. z-scores were calculated in one row 
to show the relative expression values per donor compared to the mean of the entire row (z-score −2: 
low expression, z-score +2: high expression). Four different clusters were generated. In green, DEGs 
that were over-expressed in cDC2 are shown, whereas DEGs over-expressed in cDC1 are within 
the blue cluster. Under- and over-expressed transcripts for slan+ monocytes are shown in yellow and 
gray, respectively. (B) Coding and over-expressed transcripts, sorted on mean FC values, are shown 
for all cell subsets. For slan+ monocytes the top 100 is used, whereas for the other two cell subsets 
25 and 60 transcripts are shown (cDC2 and cDC1, respectively). For each transcript, the mean 
absolute expression level of four donors (1: low expression, 10: high expression) is color coded in 
the given cell subset. Q-values for both comparisons (i.e., slan+ vs cDC2 and slan+ vs cDC1) are 
shown. (C) Pathway analysis of over-expressed transcripts in slan+ monocytes compared to both 
DC subsets. The top 100 highest FC values from over-expressed coding transcripts were imported 
into the STRING v10.0 bioinformatics tool and significant enriched pathways were identified. From 
this list, the top 10 with lowest FDR (out of 62) of enriched biological processes are shown. (D) 
Enriched KEGG pathways for over- and under-expressed transcripts in slan+ monocytes compared 
to DC subsets. Top 100 highest FC values of coding transcripts were used from the over- and under-
expressed gene lists. An interaction network analysis of involved transcripts is displayed for over-
expressed genes (E) as well as for under-expressed genes (F) in slan+ monocytes. Disconnected 
nodes are hidden and the line thickness indicates the strength of data support. Abbreviations: 
FC, fold change; FDR, false discovery rate; GO, gene ontology; ID, identification; KEGG, Kyoto 
encyclopedia of genes and genomes.
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Figure 4 | Transcriptomic comparison between cell subsets of the bone marrow (BM) vs 
the peripheral blood (PB) compartment. Gene expression profiles were compared between the BM 
and PB for each individual cell subset. (A) Number of differentially expressed transcripts found 
between the two different compartments (e.g., slan+ in BM vs slan+ in PB). Differentially expressed 
genes (DEGs) were clustered per row by using z-scores for each transcript, thereby reflecting relative 
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expression levels. Heat maps for each individual subset are shown. For each cell subset, a pathway 
enrichment analysis was performed in which all DEGs were used that were over-expressed in BM (B) 
or over-expressed in PB (C). Top 10 enriched biological processes for both compartments and each 
individual subset are shown. (D) Gene set enrichment analysis for BM- and PB-derived cell subsets. 
The top 10 of enriched KEGG pathways are shown together with four selected enrichment plots. 
Abbreviations: FDR, false discovery rate; GO, gene ontology; ID, identification; NES, normalized 
enrichment score.
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In contrast, immune related pathways were enriched in PB-derived subsets (Figure 4D). 

Again, confirming a distinct transcriptional profile of cell subsets in BM and PB. 

Generation of a gene signature for DC subsets that is 
environmentally dependent 
To establish a DC signature for BM as well as for PB, over-expressed gene lists (from 

the comparison BM vs PB) from both myeloid DC subsets were used. Since slan+ non-

classical monocytes clearly form a non-DC-like population, they were excluded from this 

analysis. Using gene descriptions and GO biological process terms (e.g. cell cycle and 

immune response), transcripts involved in cellular and immunological processes were first 

selected for cDC2 as well as for cDC1. Relative expression levels of these transcripts are 

shown for BM and PB for both DC subsets (figure 5A). From this selection, it is clear 

that transcripts that are involved in DNA replication, differentiation (i.e. FLT3) and cell 

cycle processes were evidently over-expressed in BM DC compared to PB DC. In contrast, 

cytokine signaling, adhesion and endocytosis are terms that were overrepresented 

in PB DC. For PB cDC2, also co-stimulatory molecules such as CD40, CD80 and CD83 

were expressed in higher levels compared to their BM equivalents. To further search for 

biologically relevant, and compartment-specific, DC gene signatures, Venn diagrams were 

created using gene lists of BM DC and PB DC. This revealed an overlap in over-expressed 

genes of 581 (22.3%) between BM cDC2 and BM cDC1 and 131 (6.9%) between PB cDC2 

and PB cDC1 (Figure 5B-C), indicating a greater similarity between BM DC than between 

PB DC. Next, both overlapping genes lists were used for further pathway and network 

analysis in STRING v10.0. Pathways involved in cell cycle processes and cell division 

represented the overlapping transcripts in BM DC and formed the main biological function 

of these DC in this compartment (Figure 5D). In contrast, the overlapping transcripts in 

PB-derived DC could be found in pathways involving cell activation, differentiation and 

antigen-receptor mediated signaling (Figure 5E). A network of these common PB-derived 

DC transcripts was generated (Figure 5F). Since the number of overlapping transcripts in 

BM DC was too high, a network could not be created.   

Functional analyses confirm transcriptional findings
From the transcriptional profiling as described above it became clear that gene expression 

in myeloid DC subsets, and to a lesser extent in slan+ non-classical monocytes, was 

influenced by the compartment in which they reside. For functional validation of these 

findings, the expression of the Ki-67 protein, an intracellular marker for cell proliferation, 

was evaluated in a paired analysis of eight matched PB and BM samples. Consistent with 

our transcriptional analyses, for all subsets the percentage of Ki-67-positive cells was 

higher in BM than in PB and overall much higher in the DC subsets than in the slan+ non-

classical monocytes. This was consistent for all donors (Figure 6A). Furthermore, DC-like 

functions, such as maturation capacity upon TLR-ligation, were tested for PB- and BM-
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derived cell subsets. Median Fluorescence Intensities (MFI) of the co-stimulatory molecules 

CD80 and CD86, and, of HLA-DR at baseline and after overnight culture in the presence 

or absence of LPS and R848 (a combination of TLR ligands that has synergistic effects 

on cytokine production),30,39 were compared and fold change values were calculated 

(Figure 6B). Due to low cell yield, cDC1 could not be tested. The up-regulation of CD80 

and CD86 was lower in BM-derived cDC2 as compared to their PB equivalents. In contrast, 

slan+ non-classical monocytes from BM and PB displayed a similar ability to enhance 

the expression levels of these molecules. 

Next, the cytokine profile of slan+ non-classical monocytes and myeloid DC from 

the PB and BM compartment was assessed. Cells were stimulated overnight and by using 

CBA kits different cytokines were analyzed in culture supernatants. For stimulated cDC2 

a remarkable difference was found between the PB and BM compartment (Figure 6C). 

Pro-inflammatory cytokines, in particular the Th-1-polarizing cytokine IL-12p70, were 

secreted in very low amounts by BM DC as compared to the corresponding subset in PB. 

A same trend was seen for cDC1 in stimulated conditions. Slan+ non-classical monocytes 

secreted negligible levels of IL-12p70 in PB and BM. In both compartments, they mainly 

produced IL-1β, IL-6, IL-8 and TNF, without significant differences between these two 

sites. Cell survival percentages in these cultures could not be an underlying explanation 

for differences in cytokine secretion, since cultures showed equal live cell percentages 

for PB and BM-derived subsets (supplemental figure 3). To test the T cell priming and 

proliferation induction capacity, stimulated cDC2 and slan+ non-classical monocytes from 

both compartments were used in an allogeneic MLR. Again, cDC1 could not be used 

because of low cell numbers. In agreement with the transcriptional results, PB-derived 

cDC2 showed a superior induction capacity of T cell proliferation in CD4+ T cells as well 

as in CD8+ T cells compared to the BM-derived cDC2 (Figure 6D and supplemental figure 

4). In contrast, but also confirming transcriptional data, slan+ non-classical monocytes did 

not show a significant difference between the compartments.

DISCUSSION

DC subsets arise in the BM and leave this compartment in a more differentiated, 

but immature form, in order to supply the peripheral DC pool. The entire human DC 

development pathway has recently been elucidated and DC progenitors can now be 

immunophenotypically identified.40 The direct progeny of the circulating DC progenitors 

(pre-CDC) consists of the well described CD1c+ (cDC2) and CD141+ (cDC1) myeloid DC 

subsets. These two subsets have been widely studied in a healthy and diseased context, 

in PB and secondary lymphoid organs such as tonsils, lymph nodes and spleen.35,41–44 

Their exact developmental state and immunological role in the human BM compartment, 

however, have not been explored before. Therefore, we carried out a genomic as well as 

a functional study in which we compared both DC subsets and the slan+ non-classical 

monocytes from BM to their PB counterparts.
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Figure 5 | Compartment-specific DC gene signatures for cDC2 and cDC1. Both myeloid DC 
subsets were further analyzed to find compartment-specific DC gene signatures. (A) Transcripts were 
filtered based on gene descriptions and GO biological process terms by using cell cycle- and immune 
response-related terms. Relative expression for cDC2 and cDC1 in both bone marrow (BM) as well as 
peripheral blood (PB) are shown for selected genes. Venn diagrams were used to obtain overlapping 
genes between cDC2 and cDC1 in the BM (B) and PB (C) compartment. (D) The 581 commonly 
over-expressed transcripts in BM-derived DCs were used in a pathway enrichment analysis. (E) 
Similarly, overlapping transcripts (131 in total) of PB cDC2 and cDC21 were used in the STRING 
pathway analysis. (F) An interaction network of the PB transcripts was generated. In total, 85 genes 
could be annotated. The minimum required interaction score was set to medium confidence (0.400), 
disconnected nodes were hidden and the thickness of the lines indicates the strength of data 
support. Abbreviations: FDR, false discovery rate; GO, gene ontology; ID, identification.
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The frequency of different subsets in the BM and PB already showed compartment-

related differences. cDC1 were more frequent in the BM compartment than in the PB, 

whereas slan+ non-classical monocyte levels were clearly higher in PB compared to BM. 

Initially, slan+ non-classical monocytes were considered to belong to the DC lineage,38,45 

but recent insights firmly place them in the monocyte population (also confirmed in our 

previous study).30,32 The immunophenotypic analysis performed in our current study also 

supports this reallocation for BM-derived slan+ non-classical monocytes. They showed 

significantly lower expression levels of HLA-DR as compared to the myeloid DC subsets 

and similar levels as compared to their PB counterparts and CD14+ classical monocytes. 

Additional evidence is provided by our transcriptional findings. BM-derived slan+ 

non-classical monocytes clearly clustered away from the cDC2 and cDC1 and showed 

the most distinct gene signature with the highest number of DEGs. These differentially 

expressed transcripts could be translated into pathways that were related to involvement 

in innate immune responses and a low capacity for DC-like functionalities such as antigen 

processing and presentation, comparable to PB findings.30 For BM DC subsets, over-

expressed genes confirmed their lineage commitment and a consistent subset-specific 

gene expression profile between PB and BM. However, beside these conserved transcripts, 

large differences in gene expression were found between the two compartments. In 

a hierarchical clustering, DC from one compartment clustered closer together than that 

they did with their equivalent in the other compartment, indicating a location-dependent 

transcriptional profile. Both cDC2 and cDC1 showed similar enrichment patterns in BM 

and PB. In BM, a network of cell cycle and differentiation transcripts was found to be 

over-expressed, whereas in PB, immune-related effector genes were over-represented. 

The development of DC is highly dependent on Fms-related tyrosine kinase 3 ligand 

(Flt3L).46–48 Its receptor, Flt3 (CD135), is expressed in all stages, but highest levels can be 

found in the most immature forms. From our transcriptional data, both subsets showed 

Figure 6 | Functional validation of transcriptional findings in myeloid DC and slan+ non-
classical monocytes. (A) Ki-67 expression in peripheral blood (PB) and bone marrow (BM) subsets. 
A representative plot of one donor and percentages of positive cells of eight matched samples 
are shown. A Wilcoxon matched-pairs signed rank test was used to compare the compartments. 
(B) Maturation capacity upon TLR-stimulation. Isolated PB or BM cDC2 and slan+ monocytes were 
either left unstimulated or were stimulated overnight with LPS + R848. Expression levels of CD80, 
CD86, and HLA-DR were assessed by flow cytometry. The fold change (FC) in median fluorescence 
intensity (MFI) values at baseline and after overnight culture (unstimulated or stimulated condition) 
was calculated. Median FC values for 6–10 PB and 3–4 BM (cDC2) or 8–12 PB and 3–4 BM (slan+) 
experiments are shown. (C) Cytokine secretion assay. Culture supernatants of PB-derived cDC1 (n 
= 3), cDC2, and slan+ (n = 6) cells and BM-derived cDC1 (n = 2), cDC2, and slan+ (n = 4) cells, 
unstimulated and stimulated (cDC2 and slan+: LPS + R848, cDC1: Poly I:C + R848), were analyzed 
for the presence of different cytokines by cytometric bead array (CBA, pg, picogram). (D) Allogeneic 
mixed leukocyte reaction (MLR). CFSE-labeled peripheral blood lymphocytes (PBL) were co-
cultured with PB or BM-derived cDC2 or slan+ monocytes. The percentage of CFSE-diluted T cells 
was determined by using flow cytometry. Median values of four different experiments are shown.  
*p < 0.05, **p < 0.01, and ***p < 0.001.
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over-expression of FLT3 in the BM compartment, thereby supporting the hypothesis that 

BM-derived cDC2 and cDC1 are in a more immature and differentiating state than their 

PB equivalents. Validation of the transcriptional findings by evaluating the expression 

levels of the proliferation marker Ki-67, further confirmed the FLT3-responsive and 

proliferative state of BM DC as compared to PB DC. From a functional perspective, 

a similar conclusion can be drawn. DC from the BM compartment showed a lower activity 

in DC-like functionalities as compared to matched DC from PB. Upon TLR-triggering, 

using a known synergistic combination of LPS and R848, BM-derived cDC2 were less able 

to up-regulate co-stimulatory molecules (in particular CD80), which was reflected in their 

low capacity for T cell priming. The induction of CD4+ and CD8+ T cell proliferation was 

substantially lower for BM cDC2 than for PB cDC2. Additionally, the ability of BM DC to 

secrete pro-inflammatory cytokines was inferior to PB DC. In particular, the production 

of IL-12p70, a cytokine specifically secreted by highly specialized DC subsets, was 

nearly absent in BM subsets. For slan+ non-classical monocytes the differences between 

the two compartments was less evident. Their non-DC-like character was confirmed in 

both compartments, suggesting minimal effects of the location and a more stable and 

differentiated state of this cell type. 

In conclusion, this study provides the first transcriptional and functional findings for 

myeloid DC subsets in the human BM. In this compartment, DC harbor more immature 

and less differentiated features and are not equipped yet to fully exert DC-like functions. 

These data reveal the BM primarily as a DC developmental location rather than an 

effector site. Slan+ non-classical monocytes, on the other hand, seem to enter the BM 

as effectors from the PB in accordance to their more differentiated state and patrolling 

immune function. In several bone marrow-derived diseases, such as certain hematological 

malignancies, DC function and frequency is disturbed potentially causing altered immune 

responses that may be involved in the pathogenesis of the disease. However, most of 

these studies focused on PB-derived DC, and only some studied the equivalent forms of 

DC in the BM compartment.49–57 Since disease development in these disorders probably 

arise in the BM compartment itself, it is of high interest to study altered immune processes 

in this compartment rather than only in the PB. Results from this study on healthy BM DC 

may thus serve as a baseline for further immunological research on aberrant DC function 

in such disorders.
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SUPPLEMENTARY DATA

Figure S1 | Sorting strategy of different cell subsets. (A) CD1c+ and CD141+ DC were FACS 
sorted for functional experiments. After debris and dead cell removal, CD1c+ DC and CD141+ 
DC were gated. Using HLA-DR and CD11c, pure populations could be sorted. (B) For microarray 
experiments all cell fractions were FACS sorted, including slan+ non-classical monocytes. First, viable 
cells were gated using propium iodide (PI). Then, different markers were used for subset selection. 
Slan+ monocytes were gated based on CD16 and M-DC8 expression. CD1c+ DC were obtained 
from the CD14/CD19 negative cell fraction and further purified by using HLA-DR and CD11c. High 
expression of CD141 was used for sorting of the CD141+ DC.
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ABSTRACT

In myelodysplastic syndromes (MDS) the immune system is involved in the pathogenesis 

as well as in disease progression. In low-risk disease, the immune system is mainly in 

an activated state whereas in high-risk disease immune suppressive features dominate, 

leading to immune escape and disease progression. Dendritic cells (DC) are key players of 

the immune system by serving as regulators of immune responses. They have been widely 

studied in the context of multiple diseases including haematological malignancies. DC 

function has been scarcely studied in MDS and none of the reported studies investigated 

naturally occurring DC subsets. Therefore, we here examined the frequency and function 

of isolated DC subsets and 6-sulfo-LacNac-expressing (slan+) non-classical monocytes in 

various MDS risk group patients. Frequencies of DC as well as of slan+ monocytes were 

decreased in MDS bone marrow (BM) compared to normal bone marrow (NBM) samples. 

Genome wide transcriptional profiling revealed down-regulation of transcripts related to 

pro-inflammatory pathways in MDS-derived DC and non-classical slan+ monocytes as 

compared to NBM. Additionally, their capacity to induce T cell proliferation was impaired. 

Multidimensional mass cytometry (CyTOF) showed that whereas HD slan+ non-classical 

monocytes supported Th1/Th17/Treg differentiation/expansion, but clearly failed to 

support Th2 cells, their MDS-derived counterparts displayed a mixed T cell differentiation 

and substantial Th2 expansion. Our findings point to a role for an impaired ability of 

DC subsets to adequately respond to cellular stress and DNA damage in the immune 

escape and progression of MDS. As such, they pave the way toward potential novel 

immunotherapeutic interventions.
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INTRODUCTION

Development of human dendritic cells (DC) occurs in the bone marrow (BM), where 

they originate from common precursor cells and differentiate into specialised subsets: 

plasmacytoid DC (pDC) and conventional myeloid DC (cDC).1–3 These cDC are further 

separated in cDC1 (CD141+) and cDC2 (CD1c+) DC.4–6 Initially, a fourth DC subset, 

slanDC, was identified based on the expression of M-DC8 (6-sulfo LacNAc or slan) 

and CD16.7–9 Recent studies by our own group and others, showed that these cells are 

actually more closely related to monocytes than to DC and they were renamed slan+ 

non-classical monocytes.10–12 DC act as antigen presenting cells (APC) and orchestrate 

immune responses. Upon activation DC undergo a maturation process and up-regulate 

co-stimulatory molecules and secrete different types of cytokines, leading to antigen 

presentation and subsequent cellular immune responses.13 In several haematological 

malignancies immune dysregulation affecting the DC compartment has  been reported, 

which might contribute to the pathogenesis of these malignancies and could be an 

important target for therapy.14–16 In MDS different types of immune cells are believed to 

play a role in pathophysiology.17,18 Low-risk disease is often characterized by an activated 

immune system in which pro-inflammatory cells are numerically increased.19,20 In contrast, 

in high-risk disease it has been demonstrated that immunosuppressive cell types, e.g. 

Tregs and myeloid derived suppressor cells (MDSC), are expanded and eventually facilitate 

immune escape and disease progression.20–23 Limited data is available on the role of DC in 

different MDS risk groups. Thus far, the focus of most studies has been on the frequencies 

and function of either in vitro generated monocyte-derived DC (MoDC) or total DC rather 

than functionally distinct DC subsets.24–27

In this study, we have investigated the frequencies of pDC, cDC and slan+ non-classical 

monocytes in the BM and peripheral blood (PB) of different MDS risk group patients and 

compared them to normal BM (NBM) samples. Furthermore, we performed fluorescence 

in situ hybridization (FISH) analysis to demonstrate clonal involvement. A genome wide 

transcriptional analysis was carried out to find differences between healthy donor (HD) 

and MDS-derived subsets. In functional assays, their maturation and cytokine secreting 

capacity as well as their ability to induce T cell proliferation was assessed. Their 

reduced frequencies and a selective functional impairment, related to danger and tissue 

damage responsiveness, provide clues as to the role of these myeloid APC subsets in  

MDS progression.

MATERIALS AND METHODS

Patient and control samples
In this study, 30 NBM samples and 187 BM and 26 PB samples of newly diagnosed 

MDS patients were used. Risk scores according to the International Prognostic Scoring 
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System (IPSS)28 and the Revised IPSS (IPSS-R)29, were available for 150 and 136 patients, 

respectively. The 2016 World Health Organization (WHO) classification was available for 

163 patients (Table 1). NBM samples were obtained after written informed consent from 

patients who were undergoing cardiac surgery and were considered haematologically 

healthy (i.e. no cytopenia, normal morphology and normal flow cytometric profile). 

The study was approved by the local IRB and in accordance with the declaration  

of Helsinki.

Sample processing and isolation
Mononuclear cells were isolated by density centrifugation using Ficoll-Paque medium (GE 

Healthcare, Uppsala, Sweden). For functional experiments, cDC from fresh samples were 

sorted with a BD FACSAriaTM (BD Biosciences, San Jose, USA) as previously described.10,11 

Slan+ monocytes were magnetically isolated using a M-DC8 isolation kit (Miltenyi 

Biotec). For microarray experiments, all cells were flowcytometrically sorted from frozen 

samples. Sorted cells showed >92% purity and were either used directly after sort or, in 

case of microarray experiments, stored in Trizol (Life Technologies, Carlsbad, USA) until  

further use.

Enumeration study
Frequencies of pDC, cDC1, cDC2 and slan+ monocytes were evaluated by flow cytometry. 

First, erythrocytes of BM- or PB-derived samples were lysed (BD Pharm Lyse, BD 

Biosciences). Then cells were incubated with monoclonal antibodies (mAb): M-DC8-FITC, 

CD303-FITC (Miltenyi Biotec, Utrecht, The Netherlands), CD16-PE (Beckman Coulter, 

Brea, USA), CD1c-Pe-Cy7 (eBioscience, San Diego, USA), CD141-APC (Miltenyi Biotec), 

CD11c-PerCP-Cy5.5, CD14-APC-H7, CD19-APC-H7, HLA-DR-V450 and CD45-KO (all, BD 

Biosciences) and analysed on a flow cytometer (FACSCantoTM, BD Biosciences). Data was 

analysed using the FlowJo software program (Tree star, Ashland, OR, USA). After debris 

and doublet exclusion, cell subtypes were identified in the CD45+ compartment. CD141, 

CD1c, CD303 and M-DC8/CD16 were used for the identification of cDC1, cDC2, pDC and 

slan+ monocytes, respectively (Figure 1A). Frequencies of all populations were calculated 

as percentages of CD45+ mononuclear cells.

Fluorescence in situ hybridization (FISH) 
Three MDS samples with a known cytogenetic aberrancy were used for FISH analysis. 

Frozen vials were rapidly thawed and stained with a mAb cocktail as mentioned above 

including CD34. cDC2, slan+ monocytes, CD34+ myeloid progenitor cells and B cells 

were flow cytometrically sorted (BD FACSAriaTM). Cells were fixed with 3:1 methanol/

acetic acid and transferred to a microscopic slide. Interphase FISH was performed on 

each sorted cell subset using probes LSI EGR1(5q31)/D5S23,D5S721(5p15.2) Dual 

Colour Probe Set, LSI D7S486(7q31)/CEP7, and  LSI CEP8 (D8Z2) (all probes from Abbott  
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Table 1. Patient and control characteristics

Characteristics Value

Total # 243
HD 30
MDS 213

Peripheral blood samples
Number

HD -
MDS 26

Bone marrow samples
Number 217

HD 30
MDS 187

Age - mean, y
HD 62
MDS 69

Sex  
HD - male/female 20/10
MDS - male/female 109/44

IPSS
Low risk 53
Intermediate-1 71
Intermediate-2 21
High risk 5

IPSS-R
Very low risk 29
Low risk 48
Intermediate risk 32
High risk 15
Very high risk 12

WHO
MDS-SLD 11
MDS-MLD 65
MDS-RS-SLD 8
MDS-RS-MLD 31
MDS-EB-1 24
MDS-EB-2 24

% Blasts
<5% 116
≥5% 51

Abbreviations: EB, excess blasts; HD, healthy donor; IPSS(-R), (Revised) International Prognostic Scoring 
System; MLD, multilineage dysplasia; RS, ring sideroblasts; SLD, single lineage dysplasia; WHO, World Health 
Organisation; y, years.
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Molecular, Des Plaines, IL). For each probe 100 cells were investigated. In samples with 

less than 100 cells on the slide, all cells were evaluated.  

Functional assays and multidimensional mass cytometry
The maturation capacity of MDS BM- and NBM-derived cDC2 and slan+ non-classical 

monocytes was assessed by comparing the expression levels of co-stimulatory (CD80 

and CD86) and HLA-DR molecules at baseline and after overnight TLR-stimulation with 

a combination of two TLR ligands, i.e. LPS (100 ng/ml, Sigma-Aldrich, St. Louis, USA) 

and R848 (3 µg/ml, Enzo Life Sciences, Farmingdale, USA). Culture supernatants were 

collected for the detection of cytokines using the human enhanced sensitivity cytometric 

bead array (CBA) flex sets (BD Biosciences). An allogeneic mixed leukocyte reaction 

(MLR) was performed to test the T cell proliferation induction capacity of different cell 

subsets.10 In brief, HD-derived peripheral blood lymphocytes were labelled with 1 µM 

carboxyfluorescein succinimidyl ester (CFSE, Life Technologies). Thereafter they were 

co-cultured with isolated cDC1, cDC2 or slan+ monocytes in a 1:10 ratio.  Before co-

Figure 1 | Cell subset enumeration in MDS- and healthy-derived bone marrow and peripheral 
blood. (A) Gating strategy of dendritic cells (DC) and slan+ non-classical monocytes in peripheral 
blood (PB) and bone marrow (BM). After debris and doublet exclusion, CD45+ mononuclear cells 
were gated. Then, plasmacytoid DC (pDC), myeloid DC (cDC1 and cDC2) and slan+ monocytes were 
identified based on the expression of CD303, CD141high, CD1c and M-DC8/CD16, respectively. 
(B) Frequencies of four different cell subsets in normal bone marrow (NBM) compared to MDS 
BM. In total 30 NBM samples and 187 MDS BM samples were used. Percentages were calculated 
from the mononuclear cell fraction. Mean frequencies ± SEM are given (NBM vs MDS BM: pDC 
0.76% SEM ± 0.09 vs 0.91% SEM ± 0.11, cDC1 0.048% SEM ± 0.006 vs 0.030% SEM ± 0.003, 
cDC2 0.67% SEM ± 0.05 vs 0.54% SEM ± 0.04 and slan+ 0.36% SEM ± 0.07 vs 0.24% SEM ± 0.02). 
(C) Cell frequencies in different classification groups according to the WHO2016. Patients having 
a higher blast count-related WHO2016 classification (EB-1/EB-2) show lower percentages of DC 
and slan+ monocytes compared to NBM and lower risk groups (SLD/MLD/RS-SLD/RS-MLD). NBM 
(n=30) vs (RS-)SLD/MLD (n=115) vs EB-1/EB-2 (n=48): pDC 0.76% vs 1.11% vs 0.63%, cDC1 0.048% 
vs 0.038% vs 0.015%, cDC2 0.67% vs 0.59% vs 0.44%, slan+ 0.36% vs 0.24% vs 0.23%. (D) Cell 
frequencies in different risk groups within the IPSS. Both the percentages of myeloid DC subsets 
decrease gradually in higher risk groups. NBM (n=30) vs low risk (n=49) vs intermediate-1 (n=71) vs 
intermediate-2 (n=21) vs high risk (n=5): cDC1 0.048% vs 0.035% vs 0.031% vs 0.010% vs 0.005%, 
cDC2 0.67% vs 0.57% vs 0.52% vs 0.42% vs 0.26%. (E) Cell frequencies in different risk groups 
within the IPSS-R. Again, differences between subgroups are mainly seen in myeloid DC subsets. 
Higher risk groups show lower percentages of DC compared to NBM and lower risk groups. NBM 
(n=30) vs very low/low risk (n=77) vs intermediate risk (n=32) vs high/very high risk (n=27): cDC1 
0.048% vs 0.038% vs 0.019% vs 0.013%, cDC2 0.67% vs 0.62% vs 0.41% vs 0.35%. (F) Correlation 
of cell frequencies in MDS-derived peripheral blood (PB) and BM samples. In total, 26 paired MDS 
samples were included. The nonparametric Spearman’s correlation test was used to find significant 
correlations between frequencies in PB and BM. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
Abbreviations: EB, excess blasts; IPSS(-R), (Revised) International Prognostic Scoring System; MLD, 
multilineage dysplasia; NBM, normal bone marrow; PB, peripheral blood; RS-MLD, ring sideroblasts 
with multilineage dysplasia; RS-SLD, ring sideroblasts with single lineage dysplasia; SLD, single 
lineage dysplasia.
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culture DC were stimulated overnight with a combination of TLR ligands: R848 + Poly 

I:C (25 µg/ml, Sigma-Aldrich) for cDC1 and LPS + R848 for cDC2 and slan+ monocytes. 

The percentage of CFSE-dilution was analysed by flow cytometry and used as a measure 

for CD4+ and CD8+ T cell proliferation. 

A multi-parameter deep-phenotyping strategy, known as cytometry by time-of-flight 

(CyTOF), was used for T cells cultured in the presence of MDS-derived or healthy PB-

derived slan+ monocytes. DC subsets could not be included in this experiment because of 

low cell numbers. These monocytes were obtained from fresh samples of two low-risk MDS 

patients (MDS-RS-MLD) and two HD using magnetic bead isolation. They were incubated 

and stimulated overnight. Next, total HD-derived naive CD4+ T cells were magnetically 

isolated (Miltenyi Biotec, Utrecht, The Netherlands). Thereafter, they were co-cultured 

with slan+ monocytes on a plate pre-coated with CD3 in a ratio of 1:10 for 5 days. T 

cells from day zero or cultured in the presence of slan+ monocytes were stained with an 

antibody panel containing cell surface markers, transcription factors and cytokines. Data 

was acquired on a Helios mass cytometer (Fluidigm) and were analysed using Cytobank.30 

Dimensionality reduction of data was carried out using t-Distributed Stochastic Neighbor 

Embedding (t-SNE)31 on gated CD3+ live T-cells for each experiment. The FlowSOM 

algorithm was applied to the dimensionality reduced data, using Self-Organizing Maps 

(SOMs) to assess marker expression on all cells to identify clusters within the population 

(FlowSOM settings: 100 clusters and 15 metaclusters).32 

Microarray
RNA was isolated from MDS BM- and NBM-derived cDC2 and slan+ monocytes (5.000-

67.000 cells) and amplified using the Ovation Pico WTA System V2 (NuGen, San Carlos, 

CA). RNA was labelled with the Encore Biotin Module Kit (NuGEN) and 5 mg of cDNA from 

each sample was hybridized to Human Transcriptome Arrays 2.0 microarrays (Affymetrix) 

and signals were scanned by Affymetrix GeneChip Scanner 3000 7G. Data analysis was 

performed as previously described.11 Briefly, microarray signals were normalized using 

the RMA algorithm in the Affymetrix® Expression Console software (Affymetrix®). 

Quality checks and background noise correction were performed. The Transcriptome 

Analysis Console (TAC) Software version 4.0 (Affymetrix) was used for transcript filtering, 

identification of differentially expressed genes (DEGs; using fold change [FC] levels of 

<-2.5 or >2.5, a false discovery rate (FDR) <0.05 and a gene level p-value <0.05) and 

hierarchical clustering. Pathway analyses were performed with the STRING v10.5 database 

(http://string-db.org/). Gene Set Enrichment Analysis (GSEA) was carried out using 

the free available GSEA software of the Broad Institute (http://software.broadinstitute.

org) and the GO geneset database from the Molecular Signatures Database-MsigDB.

Statistical analysis
Graphpad Prism 6 software (San Diego, USA) was used for flow cytometry and functional 

data analysis and graphic display. For two-group comparisons, differences were assessed 
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by applying a nonparametric Mann-Whitney U test. Multi-group comparisons were 

analysed with a Kruskal-Wallis with Dunn’s multiple comparisons test. The nonparametric 

Spearman’s correlation test was used for correlations. A p-value of <0.05 was  

considered significant.

RESULTS

Dendritic cell frequencies are reduced in the bone marrow 
of MDS patients
Frequencies of different DC subsets and slan+ monocytes were analysed in BM samples 

of 187 newly diagnosed MDS patients (detailed in Table 1) and compared to 30 NBM 

samples. An 8-colour flow cytometry panel was used for the detection of CD303+ pDC, 

CD141hi cDC1, CD1c+ cDC2 and M-DC8+/CD16+ non-classical monocytes (Figure 1A). 

Except for pDC, all subsets showed lower frequencies in MDS-derived BM compared to 

NBM (Figure 1B. NBM vs. MDS BM: cDC1 0.048% vs. 0.030%, cDC2 0.67% vs. 0.54% 

and slan+ 0.36% vs. 0.24%). pDC rates were increased in MDS BM (NBM, 0.76%; MDS 

BM, 0.91%). This was mainly observed in classification groups that were associated with 

low blast counts (Figure 1C. NBM, 0.76%; (RS-)SLD/MLD, 1.11%; EB-1/EB-2, 0.63%). For 

cDC1 and cDC2, frequencies gradually decreased in classification groups associated with 

higher risk MDS (NBM, 0.048%; (RS-)SLD/MLD, 0.038%; EB-1/EB-2, 0.015% and NBM, 

0.67%; (RS-)SLD/MLD, 0.59%; EB-1/EB-2, 0.44%, respectively). Also, for slan+ monocytes 

lowest frequencies were found in the EB-1/EB-2 classification group (NBM, 0.36%; (RS-)

SLD/MLD, 0.24%; EB-1/EB-2, 0.23%). Using the IPSS and IPSS-R risk stratification, similar 

results were observed. Patients within higher risk groups showed lower frequencies of 

cDC (Figure 1D and 1E). Furthermore, MDS-derived paired BM and PB samples showed 

strong correlations for frequencies of designated subsets, except for cDC1 (Figure 1F). 

In order to assess clonal involvement of isolated cDC2 and slan+ non-classical 

monocytes (due to limited cell availability cDC1 was not tested), three different MDS 

samples with a known cytogenetic aberration (del5q, trisomy 8 and monosomy 7) were 

selected for FISH analysis. In all tested cases, cDC2 were highly involved in the dysplastic 

clone as well as slan+ non-classical monocytes which were del5q. As expected, CD34+ 

progenitor cells were also clonally involved and B cells were not (Figure 2).

Immunological gene sets related to danger response are 
under-represented in MDS-derived APC 
To screen for functional differences between HD- and MDS-derived cDC and slan+ 

monocytes a genome-wide transcriptional profiling study was performed. cDC2 and slan+ 

monocytes were sorted from previously stored HD (n=3) and MDS (n=4) BM samples. 

Because of low cell numbers, cDC1 were not included in this study. Patient samples were 

selected based on their WHO 2016 classification group (all patients were diagnosed with 
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Figure 2 | Clonal involvement of DC subsets and slan+ monocytes. FISH analysis of sorted cells, 
including B cells and CD34+ blast cells, with a known cytogenetic aberrancy. Whole BM samples 
were used to determine the degree of cytogenetic load. In three tested cases (monosomy 7, del 5q 
and trisomy 8), cDC2 and CD34+ blast cells were highly involved in the dysplastic clone, whereas B 
cells were not involved. Slan+ monocytes showed clonal involvement in del5q. Interphase FISH on 
whole bone marrow samples showed both an aberrant and a normal cell line. A representative FISH 
analysis is shown in which interphase cells are hybridized with the chromosome 5q probe. Loss of 5q 
is seen in CD34+ blasts, cDC2 and slan+ monocytes, but not in B cells. 

RS-MLD) in order to create a more homogenous set of samples. In total, 135,750 genes 

were found to be expressed. Using ANOVA testing the number of DEGs between HD 

and MDS was 1,922 for cDC2 and 2,415 for slan+ monocytes. In cDC2 1,075 genes were 

under-expressed in MDS compared to HD and 847 genes were over-expressed. Slan+ 

monocytes showed 1,655 under-expressed and 760 over-expressed genes. Hierarchical 

clustering showed a clear separation between HD- and MDS-derived samples for 

both subsets (Figure 3A). Volcano plots were used to show over- and under-expressed 

genes in HD compared to MDS with fold change levels of <-2.5 or >2.5 and a gene 

level p-value <0.05 (Figure 3B). Next, DEGs were used for further pathway analysis in 

order to find biologically relevant differences between HD and MDS subsets. Transcripts 

that were under-expressed in MDS were imported in the STRING v10.5 database and 

a gene ontology (GO) term enrichment analysis was performed. Six of the most enriched 

pathways are shown for both subsets (Figure 3C). Pathways highly involved in pro-

inflammatory processes and innate immune activation were under-represented in MDS as 

compared to HD. When uploading lists containing over-expressed genes in MDS, hardly 

any immune response-related pathways were enriched (not shown). These pathway lists 

mainly contained metabolic- and general cell biology-related processes. To confirm these 

analyses a GSEA was executed. Twenty gene sets involved in immunological processes 

were selected from the Broad Institute database and tested for enrichment in either HD 

samples or MDS samples. For cDC2 5 gene sets were significantly enriched in HD (with 

a nominal p-value <0.01) and none of them was enriched in MDS. Slan+ monocytes 
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showed 5 significantly enriched gene sets in HD and 2 in MDS (Figure 3D and E). For 

each cell subset an example enrichment plot is shown. Genes that contribute to the core 

enrichment for this specified gene set are displayed in a heatmap (67 genes for cDC2, 

280 of which 75 are shown for slan+ monocytes). For cDC2, a great part of these genes 

consisted of pattern recognition receptors, such as the toll-like receptors (TLR 1, 2, 3, 

5, 7, 8 and 10), C-type lectin receptors (CLEC4A, E, C and CLEC6A) and CD180. For 

slan+ monocytes also Fc-gamma receptors (FCGR1A, FCGR2A/B and FCGR3A) and 

complement receptors (C3AR1) are at the top of this list. Further Leading-Edge Analysis 

using all 5 gene sets was performed to identify the genes that highly account for the gene 

set’s enrichment signal (Figure 4A). There was a great overlap of genes that formed 

the leading-edge subset between all gene sets (Figure 4B). In total, 418 genes were 

found to form the leading-edge subset for cDC2 of which 32 were present in all five 

gene sets. For slan+ monocytes 353 genes formed the leading-edge subset. Of them, 

39 genes were found in all five gene sets. These genes were considered most relevant 

because they form the core of the enrichment (Figure 4C). Again, both lists with lead 

targets consisted of multiple pattern recognition receptors, which suggests an overall 

diminished capacity for sensing pathogen/damage associated molecular patterns (PAMP/

DAMP) by MDS-derived cells. This was further confirmed by the fact that also genes that 

were highly involved in subsequent down-stream cell signalling, such as BTK, CARD9, 

IRAK4, IRF3/7, MyD88, SYK, and usually lead to activation of pro-inflammatory processes, 

were down-regulated in MDS-derived APC. 

MDS-derived cells show reduced T cell priming capacities 
and clear Th1/2-type T cell skewing
Next, the functional capacities of cDC2 and slan+ monocyte were tested. Upon stimulation 

with LPS and R848, a combination of proven synergistically working TLR ligands33, cDC2 

showed up-regulation of co-stimulatory molecules. In contrast, slan+ monocytes were not 

able to up-regulate maturation markers (Figure 5A). cDC1 were not tested because of 

low frequencies. There was no statistical difference in maturation capacity for cDC2 when 

they were compared to NBM-derived cDC2. Slan+ monocytes showed a significantly 

reduced ability to up-regulate CD80 upon stimulation compared to their equivalents in 

NBM (Figure 5B). In order to investigate their cytokine secreting capacity, MDS-derived 

cDC2 and slan+ monocytes were isolated and either left non-stimulated or stimulated 

overnight with TLR ligands. Culture supernatants were tested for the presence of different 

cytokines. Compared to NBM-derived cells, no statistical differences, except for IL-8 in 

cDC2 cultures, were found in the ability to secrete cytokines upon stimulation (Figure 

5C). There was a wide variability between individual experiments indicating that cells 

from some MDS patients were able to secrete high amounts of cytokines, whereas others 

secreted hardly any. Nevertheless, a clear and generalised increase in pro-inflammatory 

cytokine secretion by MDS cDC2 could be observed upon stimulation. Next, isolated 
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NBM- and MDS-derived cDC1, cDC2 and slan+ monocytes were co-cultured with HD-

derived T cells. The capacity to induce CD4+ and CD8+ T cell proliferation was clearly 

reduced for all MDS-derived subsets compared to NBM-derived subsets (Figure 5D). 

To further investigate the T cell skewing capacity of slan+ monocytes, mass cytometry 

(CyTOF) was used. Both healthy PB-derived as well as MDS-derived slan+ monocytes 

were co-cultured with CD4+ T cells. Using the FlowSOM algorithm, 15 metaclusters were 

designated representing cells with similar marker expression profiles. Then, distinct T cell 

subsets were identified and assigned to a specific metacluster using viSNE plots (Figure 6A 

and B). Compared to day 0 T cells co-cultured with HD-derived slan+ monocytes showed 

an increase of Th1, Th17 and Treg cells, whereas growth of Th2 cells was not supported 

(Figure 6B). This was in contrast to MDS-derived slan+ monocytes, which induced a mixed 

T cell response compared to day 0 including a clear Th2 cell differentiation. 

DISCUSSION

DC are important regulators of immune reactions and form a crucial bridge between 

the innate and adaptive immune system by directing T cell responses. Alterations in DC 

frequency and function have been widely reported in the context of several diseases such 

as autoimmunity and cancer.34–38 In haematological malignancies the number of DC is 

often decreased and studies on their function mainly show an impaired induction of type-I 

immune responses.14,15,39–43 Slan+ monocytes have also been investigated in the context 

of disease. They are recruited to the site of inflammation in chronic inflammatory 

conditions.44–51 In cancer, including haematological malignancies, variable functional 

characteristics have been observed for slan+ monocytes.52–55 Enhanced stimulation 

of tumour-specific T cell responses as well as differentiation into a more tolerogenic 

subtype have been described for this particular subset. For MDS, so far only studies 

Figure 3 | Transcriptomic comparison between HD- and MDS-derived cell subsets. Three HD-
derived samples and four MDS-derived samples were used for the isolation of cDC2 and slan+ 
monocytes and subsequent microarray analysis. (A) Hierarchical clustering, based on differentially 
expressed genes, of replicate samples for cDC2 and slan+ monocytes. Heatmap visualization is used 
to show transcript clustering for the two different conditions (HD vs MDS). (B) Volcano plots showing 
over- and under-expressed genes in red and green, respectively, in HD compared to MDS. A cut-off 
of -2.5 / 2.5 for fold change and a p-value < 0.05 were used to show results. (C) Pathway analyses 
for transcripts that are under-expressed in MDS compared to HD for cDC2 and slan+ monocytes. 
Coding differentially expressed genes (774 genes for cDC2 and 987 genes for slan+ monocytes) 
were selected and imported into the STRING v10.5 bioinformatics tool. Six enriched biological 
processes with lowest FDR are shown for cDC2 and slan+ monocytes (in total, 8 enriched pathways 
were found for cDC2 and 383 for slan+ monocytes). (D,E) Gene set enrichment analysis for HD- and 
MDS-derived cDC2 (D) and slan+ monocytes (E). For both subsets five gene sets were enriched 
in HD. An enrichment plot is displayed for each subset. Heatmaps show the core enriched genes 
(67 for cDC2 and the top 75 of 280 for slan+ monocytes) with interesting genes highlighted by 
black stars. Abbreviations: FDR, false discovery rate; GO, gene ontology; HD, healthy donor; MDS, 
myelodysplastic syndromes; NES, normalized enrichment score; Nom p-value, nominal p-value.
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have been published on DC in general, without discriminating between subsets, or on in 

vitro generated MoDC.24–27,56–59 No reports have been published on MDS-derived slan+ 

monocytes. Since the immune system plays an important role in MDS pathogenesis and 

is an attractive target for therapies, this study focussed on in vivo circulating cDC and 

slan+ monocytes. Frequencies of all studied APC subsets, except for pDC, were lower 

in MDS BM compared to NBM. This decrease was most prominent in higher MDS risk 

groups. Rates of cDC and slan+ monocytes strongly correlated between the PB and BM 

compartment in MDS. The finding of lower DC frequencies in MDS is important and may 

partly explain the poor immune responses seen in a subgroup of patients. Especially in 

high-risk groups, in which the dysplastic clone evades immune surveillance, restoration of 

the cDC lineage differentiation could be of benefit. A relevant question in this context is 

whether lower frequencies result from clonal involvement of the DC compartment or not. 

Previously, Ma et al showed clonal involvement of myeloid DC, which were characterized 

by the expression of CD33 and HLA-DR.25 Using the recommended phenotypic sub-

division, we now clearly show that cDC2 are clonally involved. Unfortunately, cDC1 

could not be tested because of low cell counts, but their shared lineage ontogeny 

with cDC2 suggest that they likely would be clonally involved as well.60 Although cell 

numbers were also low for slan+ non-classical monocytes, we were able to confirm mixed 

clonal involvement. Additional reasons for decreased frequencies of DC in MDS, such 

as increased apoptotic rates of haematopoietic stem cells, should be investigated in  

future studies.  

In a transcriptional analysis of cDC2 and slan+ monocytes, innate immunity and 

danger response-related transcripts were prominently under-represented in MDS-derived 

subsets as compared to their HD-derived counterparts. Under-represented transcripts 

included pattern recognition receptors, Fc-gamma receptors and down-stream signalling 

elements. Since these receptors and their signalling pathways form a crucial basis for 

normal DC/monocyte function, disruption of expression can lead to diminished immune 

responsiveness and possibly immune escape of dysplastic myeloid blasts and aberrant stem 

cells in the BM microenvironment. A wide range of TLRs was found to be down-regulated 

in MDS-derived APC. TLRs are important receptors for both PAMP/DAMP-derived danger 

signals, which upon binding of their ligands trigger activation of downstream signalling 

Figure 4 | Leading-Edge Analysis. (A) Leading-Edge Analysis using 5 gene sets for both cell subsets. 
The tables show total number of genes that are present in a specified gene set and the number and 
percentage of genes that were considered to form the leading-edge subset of that gene set. (B) 
A set-to-set analysis for cDC2 and slan+ monocytes. Overlap in leading-edge genes between gene 
sets are displayed using a color intensity graph. A dark green cell indicates that sets have the same 
leading-edge genes. (C) Heatmap of the leading-edge subset for cDC2 and slan+ monocytes. Genes 
displayed are present in the leading-edge subset of all five gene sets. The heatmaps show relative 
expression levels per gene between HD and MDS samples. Abbreviations: FDR, false discovery 
rate; GO, gene ontology; HD, healthy donor; MDS, myelodysplastic syndromes; NES, normalized 
enrichment score; Nom p-value, nominal p-value.
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pathways, involving, amongst others, NF-kB, MyD88 or IRAK1/4 kinases. This normally 

leads to the activation of pro-inflammatory transcriptional programmes. Our transcriptional 

finding of lower PAMP/DAMP-sensing molecules and down-stream signalling genes 

in MDS-derived APC is therefore striking. It suggests a defective DC functionality in 

response to cellular stress. Altered TLR profiles have been observed in MDS CD34+ 

haematopoietic stem cells (HSC) before.16,61–64 Sustained TLR activation and constitutively 

activated downstream molecules as well as a loss of TLR signalling repressors have both 

been described in this context. Furthermore, enhanced TLR-mediated signalling in 

CD14+ MDS BM cells have been shown.65 Together, it was suggested that this would lead 

to chronic immune stimulation and subsequent DNA damage and increased cell death. In 

contrast, in AML it has been shown that TLR stimulation of AML blasts with TLR agonists 

has a positive effect and leads to differentiation.66 Thus, on the one hand, increased TLR 

triggering can lead to excessive immune activation in haematopoietic progenitor cells, 

but on the other hand, decreased TLR function and defective down-stream signalling in 

immune effector cells (such as APC) can possibly lead to inadequate induction of immune 

responses and immune escape. This is important information for future studies that 

investigate the effect of therapeutic inhibition (by for example TLR antagonists) of these 

pathways in the complex MDS environment. 

DC primarily function as APC and for effective DC activity three signals are required 

for the interaction with T cells (1. antigen presentation; 2. co-stimulation; 3. cytokine 

secretion). MDS BM- and NBM-derived APC were tested for their maturation, cytokine 

secretion and induction of T cell priming capacity. cDC2 from MDS patients were able 

to up-regulate HLA-DR and co-stimulatory molecules to approximately the same extent 

as NBM cDC2. In contrast, slan+ monocytes showed impaired maturation capacity. For 

both subsets, the ability for cytokine secretion seemed largely unaffected. Although 

the capacity of up-regulating co-stimulatory molecules and secreting cytokines was intact, 

cDC2 were not able to translate this into effective T cell proliferation induction. Also cDC1 

and slan+ monocytes showed a negatively affected T cell stimulatory function. These 

Figure 5 | Functional capacities of DC subsets and slan+ monocytes. (A) Maturation capacity of 
cDC2 and slan+ monocytes in MDS BM upon TLR-stimulation. Expression levels of CD80, CD86 and 
HLA-DR were assessed by flow cytometry at baseline (T=0) and after overnight stimulation with LPS 
+ R848 (+). MFI values of these three markers were measured. Median values of 4-7 experiments 
are shown. (B) Up-regulation of CD80, CD86 and HLA-DR after overnight TLR-stimulation in NBM- 
(n=4) and MDS-derived (n=4-7) cDC2 and slan+ monocytes. Median values are shown. (C) Cytokine 
secretion assay. Culture supernatants of healthy (n=4) and MDS (n=10) BM-derived unstimulated 
and stimulated cDC2 and slan+ monocytes were analysed for the presence of different cytokines 
by cytometric bead array. Median values are shown. (D) Allogeneic mixed leukocyte reaction (MLR). 
Peripheral blood lymphocytes (PBL) were labelled with CFSE and co-cultured with healthy (n=2-4) or 
MDS-derived (n=1-5) stimulated cDC1, cDC2 or slan+ monocytes. The percentage of CFSE-diluted T 
cells was determined by flow cytometry. Median values of different experiments are shown. * p<0.05, 
** p<0.01, *** p<0.001, **** p<0.0001. Abbreviations: MFI, median fluorescence intensity; NBM, 
normal bone marrow; pg, picogram.
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results are partly in line with previously published data on in vitro generated MoDC from 

MDS patients.26,27,56,57 In these studies, MoDC were already affected in their maturation 

and cytokine secreting capacity, underlining the difference in naturally occurring DC and 

MoDC. Additionally, the effect of slan+ monocytes on T cell polarisation was assessed 

using mass cytometry. A clear induction of pro-inflammatory T cells (Th1 and Th17) as well 

as Tregs, combined with a considerable decrease in Th2 cells was observed in cultures with 

HD-derived slan+ monocytes. In contrast, cultures with MDS-derived slan+ monocytes 

showed similar Th1/Th17 skewing, but failed to expand Tregs and, above all, Th2 cells 

were induced, revealing altered T effector cell induction. As Th17 cells and Tregs share 

a lineage ontology and through their high plasticity can also trans-differentiate into one 

another,67 it is perhaps not surprising that under healthy conditions the slan+ monocytes 

induce a clearly skewed Th1/Th17 response, with collateral Tregs providing negative 

feedback to keep the induced inflammatory response in check. In contrast, the uniquely 

induced Th2 responses by MDS-derived slan+ monocytes, combined with a mixed 

Th1/Th17 response, that apparently are not kept in check by co-induced Tregs, may 

contribute to immune escape. Thus, in addition to lower DC frequencies, we show altered 

functionality of MDS APC, which again can contribute to possibly ineffective immune 

responses. Of note, there is high inter-patient variability and it would be highly interesting 

to correlate intact DC function with clinical parameters (e.g. molecular background, 

transfusion independency, better overall and leukaemia-free survival). Interestingly, Wang 

et al. suggest an inhibitory role for MDS-derived mesenchymal stem cells (MSC) that may 

contribute to altered MoDC function.59 Whether this is also the case for different DC 

subsets has to be confirmed in future research.

Figure 6 | Mass cytometry of T cells co-cultured in the presence of HD- or MDS-derived 
slan+ monocytes. HD-derived CD4+ T cells were co-cultured in the presence of slan+ non-
classical monocytes from healthy donors (n=2) or from MDS patients (n=2). T cells at the start 
of the experiment (named “day 0”) as well as T cells co-cultured for 5 days with slan+ non-
classical monocytes were stained with a panel consisting of surface markers and intracellular 
markers, and markers for transcription factors and cytokines and analysed using mass cytometry 
(CyTOF).  First, viable T cells were identified for each experiment. Then the FlowSOM 
algorithm was used to identify 15 metaclusters containing cells that express the same set of 
markers. (A) T cells are visualised using viSNE plots. The expression of a selection of markers 
are shown in the viSNE plots for cultures containing HD- or MDS-derived slan+ monocytes at 
day 0 and day 5. T cell subsets were identified based on the expression of IFN-γ, Tbet, IL-4, 
GATA3, IL-17, CD25, CD127, IL-10 and FoxP3 (Th1 were considered to be IFN-y and Tbet+, 
IL-17 and GATA3-; Th2 were GATA3+ or IL-4+; Th17 were IL-17+; Tregs were CD127- and 
FoxP3+CD25+). (B) FlowSOM-identified metaclusters were laid over day 0 and day 5 viSNE 
maps. Percentages of identified T cell subsets at the start of the experiment and at day 5 are 
shown. Compared to day 0, HD-derived slan+ non-classical monocytes mainly induced pro-
inflammatory T cells (Th1 and Th17), as well as collateral Tregs. In contrast, T cells cultured in 
the presence of slan+ non-classical monocytes from MDS patients showed Th1, and above all, 
Th2 skewing. In HD-derived cultures Th2 cells disappeared at day 5. 
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In conclusion, this study provides the first data on the frequency and functionality of 

cDC subsets and slan+ monocytes in the context of MDS. It shows a clearly affected pro-

inflammatory status of MDS-derived APC which might contribute to the complex process 

of immune escape. Deeper insight in the immune-pathogenesis of this disease is essential 

and could eventually lead to new therapeutic intervention options.   
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ABSTRACT

The bone marrow of low risk myelodysplastic syndromes is often associated with an 
inflammatory environment and active cellular immune response. An active immune 
response generally contributes to anti-tumor responses and may prevent disease 
progression. However, chronic immune stimulation can also induce cell stress, 
DNA damage and contribute in the pathogenesis of myelodysplastic syndromes. 
Characterizing the protective mechanisms against excessive immune activation is 
therefore an important aspect of the pathophysiology and may help us to better 
understand the fine balance between protective and destabilizing inflammation in 
lower risk disease. In this study we have investigated the role of thrombomodulin 
(CD141/BDCA-3) expression, a molecule with anti-inflammatory properties, on 
monocytes in the bone marrow and peripheral blood of myelodysplastic syndrome 
patients within different risk group. Patient-derived classical monocytes show high 
expression levels of thrombomodulin, whereas monocytes from healthy donors hardly 
expressed any thrombomodulin. The presence of thrombomodulin on monocytes 
from myelodysplastic syndrome patients correlated with lower risk disease groups and 
a better overall and leukemia-free survival. Using multidimensional mass cytometry 
(CyTOF), in an in-vitro setting, we show that thrombomodulin positive monocytes 
could polarize naïve T cells toward cell clusters which are closer to Th2 and Treg 
phenotypes and less likely to contribute in an effective immune-surveillance. In 
conclusion, the expression of thrombomodulin on classical monocytes is a favorable 
and early prognostic marker in patients with low risk myelodysplastic syndromes 
and may represent a new mechanism in the protection against disproportionate  
immune activation. 
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INTRODUCTION

The immune system plays an important role in the pathogenesis and disease course 

of myelodysplastic syndromes (MDS). Between several prognostic MDS risk groups, 

the immune status can be markedly different. Low risk disease is often characterized by 

an increased number and activation state of pro-inflammatory immune cells (i.e. T helper 

(Th)17, natural killer (NK)-cells and CD8+ cytotoxic T cells,1–6) whereas in high risk disease 

an immunosuppressive response is the dominant feature (i.e. expansion of T regulatory 

cells (Tregs,7–10) and myeloid-derived suppressor cells 11 which could facilitate immune 

escape and eventually progression to acute myeloid leukemia (AML). Although an 

“activated” immune system and associated tumor specific immune responses are crucial 

for an effective immune surveillance and elimination of the malignant clone, in longer term 

however, chronic immune stimulation may enhance the risk of genomic instability and 

development of MDS/AML.12 Smoldering inflammation as a result of aberrant activation 

of inflammatory pathways (e.g. Toll-like receptor (TLR) signaling) can induce malignant 

transformation and disease progression by causing genotoxic cell stress. Indeed, in low risk 

MDS elevated levels of several stress-inducing molecules, such as the damage-associated 

molecular pattern (DAMP) molecules S100A8/A9, are actively secreted from mesenchymal 

niche cells in the bone marrow (BM) microenvironment, thereby causing niche-induced 

DNA damage in hematopoietic stem and progenitor cells (HSPCs).13 High S100A9 levels 

in MDS BM also result in inflammasome assembly and subsequent initiation of pyroptosis, 

an immunogenic form of cell death, which could potentially explain the high rate of cell 

death in low risk MDS BM.14–16 These soluble inflammatory molecules are able to bind to 

TLRs on the surface of HSPC and immune cells. Constitutively activated TLR-signaling and 

downstream mitogen-activated protein kinase (MAPK) and NF-κB activation are evident 

and have been implicated in the pathogenesis of MDS.17–24 Besides active secretion of 

stress-inducing molecules, passive release from cells undergoing immunogenic cell 

death has also been described in MDS. Levels of high mobility group box 1 (HMGB1), 

a mediator strongly involved in inflammatory processes and a ligand for TLR4, were found 

to be increased in the BM of MDS patients due to impaired clearance of apoptotic cells 

causing secondary necrosis and leakage of this molecule into the BM environment.25 

As a result of this vicious circle of inflammation and cell death, immune-inhibitory 

mechanisms that interfere with this excessive inflammatory process kick in. While these 

immune-inhibitory pathways may control the inflammatory response to some extent, 

they also facilitate the expansion of immunosuppressive cells such as Tregs and MDSCs 

which further suppress the already weakened immune-surveillance against the malignant 

clone. Therefore, a delicate balance between immune activation and inhibition is required 

to maintain an effective immunosurveillance. Thrombomodulin (TM) is known for its 

anti-coagulant function by serving as a co-factor for thrombin. Notably, the lectin-like 

domain of the TM molecule harbors high anti-inflammatory activities and interferes with 

the complement pathway.26–28 Several studies have shown strong correlations between 
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disease severity and TM levels in, for instance, autoimmune and infectious diseases as well 

as in cancer.29–31 In the immune system, TM, also known as CD141 or BDCA-3, is mainly 

expressed on dendritic cells.32–34 We have previously described elevated expression of 

TM/BDCA-3 on tumor-conditioned and immunosuppressive monocyte-derived dendritic 

cells that acquire a M2-like macrophage phenotype.35,36 The anti-inflammatory potential 

of TM has also been assigned to the fact that TM is able to bind HMGB1, thereby 

inhibiting the high pro-inflammatory function of this molecule. Since high levels of this 

molecule were found in low risk MDS BM, this interactive mechanism may be relevant 

in keeping excessive immune activation to a minimum. The aim of this study was to 

evaluate the possible role and prognostic value of TM in regulating the inflammatory 

immune response in MDS. The expression of TM was evaluated on different monocyte 

subsets (classical, intermediate and non-classical) in the peripheral blood (PB) and BM 

within different MDS risk groups. Multidimensional mass cytometry (CyTOF) was used to 

investigate the putative impact of TM+ monocytes on T cell phenotype. Both in the PB as 

well as in the BM of MDS patients, classical monocytes showed high expression of TM on 

their cell surface compared to healthy donor-derived monocytes. Expression of TM was 

related to a more favorable prognosis and functional skewing of the T cell response to 

a more tolerized state.

MATERIALS AND METHODS

Patient and control samples
Twenty-nine peripheral blood (PB) and 154 bone marrow (BM) samples of newly 

diagnosed MDS patients were collected in this study. Patients were assigned to 

different risk categories using the Revised International Prognostic Scoring System 

(IPSS-R) and the 2016 World Health Organization (WHO) classification (details are given 

in the supplementary methods file and Table 1). A set of 25 age-matched control BM 

samples was obtained after written informed consent from hematologically healthy 

patients that were undergoing cardiac surgery at the Amsterdam UMC. For PB analysis 31 

control samples were collected. The study was approved by the local ethical committee 

and in accordance with the declaration of Helsinki. 

Flow cytometry and fluorescence in situ hybridization (FISH) 
PB and BM cells were analyzed on a flow cytometer (FACSCantoTM, BD Biosciences) 

after incubation with a panel of monoclonal antibodies (see supplementary methods for 

details). Data analysis was performed using FlowJo software (Tree star, Ashland, OR, USA). 

Monocyte subsets were identified based on the differential expression of CD14, CD16 

and M-DC8 (anti-6-Sulfo LacNAc [Slan]), using recent recommendations (Figure S1).37,38 

Classical monocytes were characterized by high CD14 expression, and CD16 and M-DC8 

negativity. Intermediate and non-classical monocytes were both defined as CD16 positive. 
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Table 1. Patient and control characteristics

Characteristics  Value

Total #  
HD 56
MDS 183

Peripheral blood samples
Number 60

HD 31
MDS 29

Age - mean, y
HD -
MDS 67

Sex  
HD - male/female -
MDS - male/female 20/9

Bone marrow samples
Number 179

HD 25
MDS 154

Age - mean, y
HD 62
MDS 69

Sex  
HD - male/female 18/7
MDS - male/female 110/44

IPSS-R
Very low risk 20
Low risk 34
Intermediate risk 22
High risk 8
Very high risk 8

WHO
MDS-SLD 5
MDS-MLD 48
MDS-RS-SLD 8
MDS-RS-MLD 27
MDS-EB-1 22
MDS-EB-2 20
Del5q 12
% Blasts
<5% 97
≥5% 44

Ring sideroblasts  
No 106
Yes 40

Abbreviations: EB, excess blasts; HD, healthy donor; MLD, multilineage dysplasia; RS, ring sideroblasts; SLD, 
single lineage dysplasia; WHO, World Health Organisation; y, years. 
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However, only intermediate monocytes expressed CD14. We used M-DC8 as a marker to 

discriminate between intermediate and non-classical monocytes as suggested by Hofer  

et al (Figure 1A).38 
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Three samples containing monocytes with high TM expression and a known 

cytogenetic aberrancy were used for the isolation of classical monocytes and subsequent 

interphase FISH analysis (details are given in supplementary methods).

T cell cultures and multidimensional mass cytometry
A multi-parameter deep-phenotyping strategy, known as cytometry by time-of-flight 

(CyTOF), was used for T cells cultured in the presence of MDS-derived TM- or TM+ 

monocytes (culture details can be found in the supplementary methods). Data was 

analyzed using a combination of automated dimension reduction and clustering methods 

including t-distributed stochastic neighbor embedding (t-SNE)39 to visually (viSNE) identify 

cell populations.40 This was followed by spanning-tree progression analysis of density-

normalized events (SPADE)41 for the clustering of T cells as published before.42,43 The deep 

immunophenotyping of T cell clusters was performed using our in-house pipeline (publicly 

available here: https://github.com/kordastilab/cytoClustR) followed by Marker Enrichment 

Modelling (MEM) to calculate MEM scores of the identified subpopulations.44

Statistical analysis
Significant differences for two-group comparisons were analyzed by applying a non-

parametric Mann-Whitney U test, whereas for multi-group comparisons a Kruskal-Wallis 

Figure 1 | TM-expressing monocyte subsets in normal and MDS bone marrow and peripheral 
blood samples. (A) Identification of different monocyte subsets in normal bone marrow (NBM) and 
MDS BM. Three markers, CD14, CD16 and M-DC8, were used to identify classical (CD14++CD16-
M-DC8-, in orange), intermediate (CD14+CD16+M-DC8-, in purple) and non-classical monocytes 
(CD14+/-CD16+M-DC8+, in green). The expression levels of thrombomodulin (TM) and HLA-DR 
were assessed on all separate monocyte subsets. The median fluorescence intensity (MFI) value for 
each subset is shown for a representative sample. (B) Frequencies of monocyte subsets in the BM 
of 10 healthy individuals and 24 MDS patients. Percentages were calculated from the total CD45+ 
mononuclear cell fraction. Mean frequencies ± SEM are given (NBM vs MDS BM: classical monocytes 
11.47% SEM ± 1.86 vs 11.11% SEM ± 2.20, intermediate monocytes 0.45% SEM ± 0.12 vs 0.85% 
SEM ± 0.17, non-classical monocytes 0.46% SEM ± 0.11 vs 0.38% SEM ± 0.05). Furthermore, 
the percentage of monocytes that express TM is displayed (NBM vs MDS BM: classical monocytes 
9.94% SEM ± 2.82 vs 37.27% SEM ± 4.00, intermediate monocytes 42.60% SEM ± 7.27 vs 54.90% 
SEM ± 3.48, non-classical monocytes 45.11% SEM ± 3.72 vs 49.46% SEM ± 3.34). Expression levels 
of thrombomodulin and HLA-DR on NBM and MDS BM monocyte subsets are also displayed. Mean 
MFI values ± SEM are shown for 10 NBM and 24 MDS BM samples (TM in NBM vs MDS BM: classical 
monocytes 382 SEM ± 65 vs 1425 SEM ± 367, intermediate monocytes 1414 SEM ± 245 vs 2208 
SEM ± 259, non-classical monocytes 1279 SEM ± 169 vs 1676 SEM ± 144. HLA-DR in NBM vs MDS 
BM: classical monocytes 5426 SEM ± 715 vs 11010 SEM ± 1056, intermediate monocytes 20062 SEM 
± 2529 vs 35639 SEM ± 3989, non-classical monocytes 10117 SEM ± 856 vs 15255 SEM ± 1915). (C) 
Percentage of TM-expressing classical monocytes in peripheral blood (PB) and bone marrow (BM). 
Bars indicate mean frequencies (Normal PB (NPB; n=31) vs MDS PB (n=29): 17.8% vs 33.6%. Normal 
BM (NBM; n=25) vs MDS BM (n=154): 8.6% vs 37.0%). Thrombomodulin expression was correlated 
in peripheral blood- and bone marrow-derived classical monocytes. In total, 25 paired MDS samples 
were included. * p<0.05, ** p<0.01, **** p<0.0001.
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with Dunn’s multiple comparisons test was used. A Spearman correlation was computed 

in peripheral blood and bone marrow comparisons. P-values of <0.05 were considered 

significant. Graphpad Prism 6 software (San Diego, USA) was used for graphic display 

and statistical calculations. A multivariate Cox regression analysis for overall and 

leukemia-free survival was performed by using the IBM SPSS Statistics software version 22  

(New York, USA). 

RESULTS

Classical monocytes express thrombomodulin in MDS patients
Monocyte subsets were identified by flow cytometric analysis based on the expression of 

CD14, CD16 and M-DC8 according to recently published recommendation.38 Classical, 

intermediate and non-classical monocytes were characterized by using the above 

mentioned markers (Figure 1A). Then, the expression of TM and HLA-DR, a major 

histocompatibility complex (MHC) molecule class II, was assessed on all monocyte subsets 

derived from normal bone marrow (NBM) and MDS BM samples. Monocyte subsets from 

MDS patients showed high levels of TM expression on their cell surface, whereas NBM-

derived monocytes showed very low levels of TM. Also, HLA-DR expression was higher 

on all monocyte subsets in MDS BM than it was in NBM (Figure 1A). Quantification of 

these expression levels on different monocyte subsets was performed in a larger cohort of 

patients (n=10 NBM and n=24 MDS BM samples). Total percentages of monocyte subsets 

in MDS BM compared to NBM were not significantly different. However, the percentage 

of monocytes that expressed TM was significantly higher for MDS-derived classical 

monocytes compared to the same monocyte subset in NBM (37.3% vs 9.9%, p<0.0001, 

Figure 1B). The percentage of TM expression on intermediate and non-classical 

monocytes was equally distributed between MDS BM and NBM (Figure 1B). The MFI of 

TM and HLA-DR was evaluated on the three distinct monocyte subsets using the same set 

of samples. Similarly, classical monocytes from MDS BM showed higher expression levels 

of TM compared to NBM classical monocytes (3.7-fold, p<0.0001). HLA-DR expression 

levels were higher for all MDS-derived monocyte subsets (classical monocytes: 2.0-fold, 

p=0.0015; intermediate monocytes: 1.8-fold, p=0.0154; non-classical monocytes: 

1.5-fold, p<0.0001, Figure 1B). TM expression remained unchanged upon overnight 

stimulation with TLR-ligands in a preliminary set of samples (Figure S2).

Classical monocytes were then analyzed in a larger set of samples since this subset 

forms the most prevalent subset in NBM as well as in MDS BM and it revealed the most 

prominent difference in TM expression. Also, the peripheral blood (PB) compartment was 

included in the analysis. The cohort was extended with 130 MDS BM-derived samples and 

15 NBM samples. The PB and BM samples in the extended control and patient cohort 

(n=31 normal PB (NPB), n=29 MDS PB, n=25 NBM and n=154 MDS BM) were screened for 

the presence of TM on classical monocytes (Figure 1C). MDS-derived classical monocytes 
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showed elevated expression of TM in both the PB as well as in the BM compartment 

compared to NPB and NBM samples (PB: 33.6% vs 17.8%, p=0.015; BM: 37.0% vs 8.6%, 

p<0.0001). Furthermore, a strong positive correlation was found for the percentage of 

classical monocytes expressing TM in the two compartments in 25 paired MDS samples 

(r=0.83, p<0.0001. Figure 1C). In order to study TM expression on other cell types present 

in the PB and BM compartment, the same flow cytometric panel was used. We were able 

to identify granulocytes, eosinophils and B cells. TM was exclusively expressed on MDS-

derived monocytes (Figure S3) and none of the other cell types in PB and BM showed 

positivity for TM, including the non-B cell lymphocytic compartment consisting of T and 

NK cells (data not shown).

TM-expressing monocytes are clonally involved and are 
associated with low risk MDS features 
In order to investigate the clonal involvement of TM positive monocytes in MDS, cells from 

three different patients were sorted and screened for the presence of a known cytogenetic 

aberration according to their karyotype. Almost all monocytes of these patients showed 

high expression of TM. One patient had a deletion of chromosome 5q (del5q) in all cells 

(karyotype: 46,XY,del(5)(q22q33)[10]), one showed trisomy for chromosome 8 in 65% of 

the cells (karyotype: 47,XY,+8[13]/46,XY[7]) and one case had a monosomy 7 (karyotype: 

45,XY,-7[10]). In all cases, TM+ monocytes were highly involved in the dysplastic clone 

and showed a high percentage of cells with the respective cytogenetic abnormality, 

suggesting that they do not come from healthy CD34+ cells. The isolated CD34+ 

progenitor cells showed a similar pattern, since the known cytogenetic aberration was 

present in most analyzed cells. As expected, B cells were not involved. Partial involvement 

was found for whole bone marrow samples (Figure 2A). 

To further correlate TM expression with different MDS subgroups, clinical patient data 

were collected and the IPSS-R, reflecting survival and the risk for disease progression, 

was calculated. Furthermore, patients were categorized by using the 2016 WHO 

classification system that incorporates clinical characteristics, peripheral blood and bone 

marrow findings and cytogenetic analysis. The percentage of monocytes displaying TM 

expression was higher for patients that had a very low or low risk score in the IPSS-R 

as compared to patients in higher risk groups and healthy controls (very low/low 40.1% 

vs intermediate 22.7% vs high/very high 28.3% vs NBM 11.3%. Figure 2B). Additionally, 

TM expression was elevated in WHO categories related to lower risk disease such as 

MDS-SLD and MDS-MLD with or without ring sideroblasts (RS) compared to categories 

related to higher risk MDS, i.e. EB-1 and EB-2. Compared to NBM, the percentage of 

monocytes expressing TM was higher in all WHO subgroups (SLD/MLD/RS-SLD/RS-MLD 

40.9% vs EB-1/EB-2 24.2% vs NBM 11.3%. Figure 2B). Using the percentage of BM blast 

cells as a reflection of disease stage, patients with blast percentages below 5% harbored 

higher numbers of TM+ monocytes than patients with 5% or more blast cells (41.3% vs 
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Figure 2 | Classical monocytes are clonally involved and the presence of thrombomodulin 
correlates with disease states. (A) Sorted cells, including B cells and CD34+ blast cells, from patients 
with a known cytogenetic aberrancy were subjected to a FISH analysis. Furthermore, whole BM 
samples were used for degree of cytogenetic load. Representative interphase cells hybridized with 
the chromosome 5q probe, showing loss of 5q in CD34+ blasts and monocytes, and no loss of 5q in 
B-cells are shown. In three tested cases (monosomy 7, del 5q and trisomy 8), classical monocytes and 
CD34+ blast cells were highly involved in the dysplastic clone, whereas B cells were not involved. 
Interphase FISH on whole bone marrow samples showed both an aberrant and a normal cell line. (B) 
TM+ classical monocytes in different risk groups within the IPSS-R and according to the WHO2016 
classification. The highest percentage of classical monocytes that express TM is found in the very 
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25.7%, respectively, p<0.0001. Figure 2C). Finally, a relation between the percentage 

of monocytes expressing TM and the presence of ring sideroblasts (erythroblasts with 

mitochondrial iron accumulation) was found (present 45.4% vs absent 33.2%, p=0.003. 

Figure 2C). As an “indirect” indication of the presence of a SF3B1 mutation, the percentage 

of TM+ monocytes was compared between RS subtypes and other MDS subtypes  

(Figure S4). Significant higher percentages of TM+ monocytes in RS cases was found 

compared to EB-I/II. A trend of higher frequencies was observed for the comparisons with 

other subtypes.

MDS-derived TM+ monocytes polarize CD4+ T cells to an 
immunosuppressive phenotype
The next research question was to study the effect of TM+ monocytes on the phenotype 

of CD4+ T cells and whether they could induce an anti-inflammatory T cell phenotype. 

Healthy donor-derived CD4+ T cells were co-cultured with sorted TM- or TM+ monocytes 

from two MDS patients (Figure S5). After 5 days, T cells were harvested and labelled with 

a comprehensive panel of metal tagged antibodies (Table S1) for mass cytometry (CyTOF). 

Using our data analysis pipeline, T cell subsets were identified (Figure S6) and compared 

between the conditions (i.e. day zero, control stimulated and cultures with TM- or TM+ 

monocytes. Figure 3A). Compared to day zero, all conditions showed expansion of specific 

T cell subsets. To further characterize these cell islands, T cells were clustered by SPADE 

on tSNE (see materials and methods). Using selected T cell markers various subsets could 

be characterized (Figure 3B). Then frequencies of clusters between the conditions were 

compared (Figure 3C). Nodes highlighted with red circles refer to the most frequent T 

cell clusters in the TM- condition whereas black circles indicate a higher percentage in 

the TM+ condition. For both conditions the top 5 of highest frequencies was selected. 

The expression profiles of T cells in the identified clusters were evaluated next, using 

low-low risk groups, whereas in higher risk groups the percentage of TM expression is significantly 
reduced compared to low risk disease (NBM (n=25) 11.3% SEM ± 3.0% vs very low/low (n=54) 40.1% 
SEM ± 2.9% vs intermediate (n=22) 22.7% SEM ± 3.7% vs high/very high (n=16) 28.3% SEM ± 4.9%). 
Patients having a low risk-related WHO2016 classification (SLD/MLD/RS-SLD/RS-MLD) show higher 
percentages of TM expression on monocytes compared to higher risk groups (EB-1/EB-2) and NBM. 
(NBM (n=25) 11.3% SEM ± 3.0% vs SLD/MLD/RS-SLD/RS-MLD (n=87) 40.9% SEM ± 2.3% vs EB-1/
EB-2 (n=42) 24.2% SEM ± 2.7%). (C) The percentage of classical monocytes that is positive for TM 
in patients with low and higher blast counts. In the group of patients that have blast counts below 
5%, the percentage of monocytes expressing TM is significantly higher compared to the group of 
patients with blast counts ≥5% (<5% (n=97) 41.3% SEM ± 2.2% vs ≥5% (n=44) 25.7% SEM ± 2.8%). 
Patients with ring sideroblasts show higher percentages of monocytes positive for TM than patients 
that do not have ring sideroblasts present (Yes (n=40) 45.4% SEM ± 3.7% vs No (n=106) 33.2% SEM 
± 2.0%). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Abbreviations: EB, excess blasts; IPSS-R, 
Revised International Prognostic Scoring System; MLD, multilineage dysplasia; NBM, normal bone 
marrow; RS-MLD, ringed sideroblasts with multilineage dysplasia; RS-SLD, ringed sideroblasts with 
single lineage dysplasia; SLD, single lineage dysplasia. 
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MEM (see materials and methods). T cell clusters were divided into two groups for 

comparison: clusters with highest frequency in the TM+ condition (called “up”) and 

clusters with highest frequency in the TM- condition (called “down”). MEM scores were 

calculated for each marker in each group for further comparison.44 Interestingly, T cells 

that are predominantly present upon culturing with TM+ monocytes (group called “up”) 

show an anti-inflammatory profile (Figure 3C). They are polarized toward Th2, Treg and 

PD-1 expressing clusters of T cells, since they express high levels of FoxP3, GATA3 and 

CD279 (PD-1) and have elevated concentrations of intracellularly measured IL-4 and IL-10. 

In contrast, T cells cultured in the presence of TM- monocytes (group called “down”) are 

mainly positive for IFN-y and hardly for immunosuppressive cytokines. 

Figure 3 | Deep phenotyping of T cells after co-culture with TM- or TM+ MDS monocytes. 
Healthy donor-derived CD4+ T cells were co-cultured with MDS TM- or TM+ monocytes 
(from 2 MDS patients), or in the stimulated control condition with plate-bounded anti-CD3 
antibody only. After a 5-days culture, T cells were stained with an extensive panel of surface 
and intracellular markers as well as transcription factors and cytokines and analyzed using mass 
cytometry (CyTOF). (A) Viable T cells were identified and visualized using viSNE. Different T 
cells subsets were identified based on IFN-γ, GATA3, IL-17, IL-4, FoxP3 and CD127 (Th1 were 
considered to be IFN-y+, IL-17 and GATA3-; Th2 were GATA3+IL-4+; Th17 were IL-17+; Tregs 
were CD127- and FoxP3+CD25+ and IFN-γ-. Figure S6). Overlays were created from condition-
specific biaxial viSNE contour plots and each individual T cell subset. T cell populations at start 
of the experiment (D=0) and after 5 days of culture with anti-CD3 only, TM- monocytes or 
TM+ monocytes are shown for a representative sample. (B) Cells were then further clustered 
with SPADE into 50 nodes using the clustering channels tSNE1 and tSNE2. Different clusters 
of nodes representing various T cell subsets could be identified in the stimulated control 
condition by using selected markers. The color intensity in each node reflects the expression 
level of the indicated marker and the size of the node reveals the number of cells involved. (C) 
Frequencies of all clusters were compared between the TM- and TM+ conditions. T cell clusters 
that were most prevalent in the TM- condition are highlighted in red. Black circles represent 
clusters that show higher percentages in the TM+ condition. The top 5 of highest frequencies 
for both conditions is shown. Using MEM, profiles of T cell clusters with highest frequencies in 
TM- or TM+ cells were characterized. Two subgroups of clusters were generated: 1) five nodes 
with highest frequency in TM+ condition (called “up”), 2) five nodes with highest frequency 
in TM- condition (called “down”). Expression levels of given markers are shown for the TM+ 
as well as the TM- conditions, showing that global expression in the identified set of clusters 
for the different markers is nearly similar in both conditions. MEM scores were calculated for 
the markers and results are presented in a heat map. The group of nodes that are present in 
a higher percentage in cultures with TM+ monocytes compared to cultures with TM- monocytes 
reflect an anti-inflammatory profile. T cells in this group (all within “non-Treg nodes”) express 
higher levels of FoxP3, GATA3, CD279 (PD-1), IL-4 and IL-10, a phenotype which suggests 
they are polarizing toward Treg phenotype. Abbreviations: Ir, iridium; MEM, Marker Enrichment 
Modelling; Rh, rhodium; SPADE, spanning-tree progression analysis of density-normalized 
events; TM, thrombomodulin; tSNE, t-Distributed Stochastic Neighbor Embedding.
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Figure 4 | Overall and leukemia-free survival is related to the presence of TM+ monocytes. 
As a cut-off percentage for the presence of TM on MDS monocytes, expression rates in 
the healthy donor cohort was used. The mean percentage + 2SD was calculated resulting 
in a cut-off of 25.53%. Statistical differences were calculated using the log-rank test. (A) 
Overall survival data for 122 MDS patients and leukemia-free survival data for 102 patients. 
A significant difference in overall survival was found between the presence and absence of 
TM on monocytes in MDS BM (p= 0.006). The median overall survival for patients with TM+ 
monocytes was 58 months and for patients without TM 30 months. The time to development 
of leukemia was significantly longer for patients with TM expression compared to patients 
without TM expression (p= 0.029). (B) Patients were further selected based on their low risk 
status. Survival curves are shown for the presence and absence of TM+ monocytes in low risk 
patients according to the IPSS and IPSS-R. (C) Additionally, the leukemia-free survival for low 
risk patients is shown in the TM+ and TM- group. Abbreviations: IPSS, International Prognostic 
Scoring System; IPSS-R, Revised International Prognostic Scoring System; LFS, leukemia-free 
survival; TM, thrombomodulin.
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The presence of TM+ monocytes is related to a better 
overall and leukemia-free survival 
In order to determine the clinical significance of the presence of TM+ monocytes 

the overall survival (OS) and leukemia-free survival (LFS) were calculated. As a cut-off 

for TM expression monocytes from the healthy donor cohort were used. The mean TM 

percentage plus 2SD was calculated resulting in a cut-off of 25.53%. In total, OS data for 

122 MDS patients and LFS data for 102 patients was available. Interestingly, the presence 

of TM on MDS monocytes was significantly associated with a better OS (p=0.006) as well 

as a better LFS (p=0.029. Figure 4A). The median OS for patients with TM+ monocytes 

was 58 months, whereas the median OS without TM+ monocytes was 30 months. For 

a subgroup of patients, data were available for further risk stratification into IPSS and 

IPSS-R risk groups. Following the hypothesis that TM is mainly present in an inflammatory 

environment, survival and LFS data was also analyzed in low risk MDS groups (i.e. IPSS 

low and intermediate groups or IPSS-R very low, low and intermediate groups). Similarly, 

the presence of TM+ monocytes in this subgroup of patients resulted in a better overall 

survival (Figure 4B). Probably because of low patient numbers a difference in LFS didn’t 

reach significance (Figure 4C). To test if TM as a single marker has an independent 

prognostic value in overall and leukemia-free survival a multivariate Cox regression 

analysis with backward stepwise elimination was performed. Covariates that were included 

in this analysis included hemoglobin levels, absolute neutrophil count, platelet count, 

bone marrow blast percentage, cytogenetic risk group and percentage of TM expression 

on monocytes. For 60 patients information on all variables was available (not shown). 

Covariates with a p-value of >0.10 were removed. Both the cytogenetic risk group as 

well as the percentage of TM expression were predictive markers for OS (p=0.001 and 

p=0.064 respectively). For LFS the percentage of blast and TM expression had predictive 

value (p=0.010 and p=0.077 respectively).

DISCUSSION

The BM microenvironment in MDS, and particularly in low risk groups, is often 

characterized by the presence of pro-inflammatory cells and molecules. While an 

increased inflammation and subsequent cellular immune response is crucial to eliminate 

malignant cells, the continuous immune stimulation could lead to genomic instability and 

inevitable malignant transformation.12 Identifying the factors that could maintain a healthy 

overall immune response in MDS is important and clinically relevant.  In mice, it has been 

shown that lack of the lectin-like domain of TM leads to reduced survival after endotoxin 

exposure, whereas a recombinant form diminished NF-kB and MAPK activation.45 In 

the current study, we therefore investigated the presence of TM on immune cells in MDS-

derived BM and PB samples and its immune-modulatory role in MDS. TM was mainly 

expressed on monocyte subsets and not on granulocytes, lymphocytes or eosinophils. 

The difference in TM expression between monocytes of healthy donors and MDS was 
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most evident for classical monocytes. FISH analysis showed clonal involvement for these 

TM+ monocytes. This subset showed hardly any TM expression on either healthy BM- 

or healthy PB-derived cells. In MDS patients there was a high variation in monocytes 

expressing TM. Some patients showed expression levels similar to healthy donor-derived 

monocytes, whereas for others nearly all monocytes expressed TM. We found that 

the percentage of TM expression was evidently higher in low risk groups as compared 

to higher risk categories, suggesting that the presence of TM may be primarily observed 

in a pro-inflammatory environment (i.e. low risk MDS). Interestingly, Talati et al previously 

described a correlation between the presence of classical monocytosis in MDS and 

favorable prognostic factors such as increased white blood cell counts and absolute 

neutrophil counts.46 Furthermore, an increased percentage of monocytes was associated 

with lower MDS risk groups and good-risk cytogenetics. SF3B1 was present in greater 

frequency in this MDS group and overall survival tended to be better for these patients. In 

this perspective, it would be interesting to investigate the presence of TM in a same set of 

samples in future research.  

Besides active secretion and passive release of inflammatory molecules in the MDS 

BM environment, certain T cell subsets, particularly Th1 and Th17 type T cells, contribute 

to an immune-active state by the secretion of high amounts of interferon (IFN)-g and 

IL-17. In order to investigate the effect of monocytes on T cell skewing, healthy T cells 

were cultured in the presence of TM+ or TM- MDS monocytes. Using mass cytometry, we 

were able to utilize a comprehensive panel of surface and intracellular markers for this 

purpose. Interestingly, T cells cultured in the presence of TM+ monocytes showed an anti-

inflammatory skewed profile. They showed less IFN-g positivity and higher concentrations 

of IL-4 and IL-10 were measured intracellularly compared to T cells cultured with TM- 

monocytes. While the number of patients’ samples are limited and data need to be 

interpreted with caution, these data suggest that TM+ monocytes polarize T cells toward 

Th2 and/or Treg phenotypes. 

Altogether, our data point to an interesting function for TM-expressing monocytes in 

the highly inflammatory environment of low risk MDS patients. They could play an essential 

role in dampening disproportionate immune activation by inducing anti-inflammatory T 

cell subsets. In keeping with this notion, overall and leukemia-free survival was better 

for patients in which the BM contained TM+ monocytes than for patients lacking TM 

expression, supporting a clinically relevant mechanism. Nevertheless, in longer term, this 

mechanism could lead to a profound immunosuppressive state which prevent effective 

immune surveillance; a common condition in higher risk MDS.
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SUPPLEMENTARY METHODS

Patient and control samples
IPSS-R risk groups of 92 patients could be calculated.  In total, 20 patients were considered 

very low risk, 34 low risk, 22 intermediate, 8 high and 8 very high risk. The 2016 World 

Health Organization (WHO) classification was available for 142 patients. Five patients 

could be classified as MDS with single lineage dysplasia (MDS-SLD), 48 as MDS with 

multilineage dysplasia (MDS-MLD), 8 as MDS with ringed sideroblasts with single lineage 

dysplasia (MDS-RS-SLD), 27 as MDS with ringed sideroblasts with multilineage dysplasia 

(MDS-RS-MLD), 22 as MDS with excess blasts-1 (MDS-EB-1) and 20 patients had MDS 

with excess blasts-2 (MDS-EB-2). Furthermore, 12 patients were assigned to the group 

involving isolated deletion of chromosome 5q (Table 1).

Flow cytometric analysis was performed on total white blood cells after erythrocyte 

lysis. Furthermore, BM samples were centrifuged on high speed programs for 

the collection of platelet-poor BM-derived plasma. These samples were stored at -30°C 

until they were used for cytokine analyses.

Flow cytometry
PB and BM cells were analyzed on a flow cytometer (FACSCantoTM, BD Biosciences) after 

incubation with a panel of monoclonal antibodies (mAb) consisting of M-DC8-FITC and 

CD303-FITC (both Miltenyi Biotec, Utrecht, The Netherlands), CD16-PE (Beckman Coulter, 

Brea, USA), CD11c-PerCP-Cy5.5 (BD Biosciences), CD1c-Pe-Cy7 (eBioscience, San Diego, 

USA), CD141-APC (Miltenyi Biotec), CD14/CD19-APC-H7, HLA-DR-V450 and CD45-KO 

(all, BD Biosciences). Frequencies of classical, intermediate and non-classical monocytes 

were calculated as percentage of CD45+ mononuclear cells (MNC). Median fluorescence 

intensity (MFI) levels of TM (CD141/BDCA-3) and HLA-DR were measured on all three 

subsets and percentages of monocytes positive for TM were calculated as percentage of 

total monocytes as well as of CD45+ MNC. Furthermore, TM expression on MDS-derived 

monocytes was evaluated after overnight stimulation and compared to TM expression 

at baseline (Figure S2). For further functional assays, only stimulated monocytes were 

used and no unstimulated condition was included (also because of limited cell numbers). 

Without stimulation co-stimulatory molecules, mainly CD80, were not up-regulated as 

compared to stimulated conditions (Figure S2). 

Fluorescence in situ hybridization (FISH) 
Frozen vials with MNC were rapidly thawed and stained with a monoclonal antibody 

cocktail containing M-DC8, CD1c, CD11c, CD14, CD19, CD34, CD45, CD141 and 

HLA-DR. TM+ monocytes, CD34+ myeloid progenitor cells and CD19+ B cells were flow 

cytometrically sorted (BD FACSAriaTM). Cells were collected in small Eppendorf tubes 

and further processed for interphase FISH analysis. They were fixed with 3:1 methanol/
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acetic acid and transferred to a microscopic slide. FISH was performed on each sorted 

cell sample according to the manufacturer’s protocol using probes LSI EGR1(5q31)/

D5S23,D5S721(5p15.2) Dual Colour Probe Set, LSI D7S486(7q31)/CEP7, and  LSI CEP8 

(D8Z2) (all probes from Abbott  Molecular, Des Plaines, IL). For each probe at least 100 

cells were investigated. In samples with less than 100 cells on the slide, all cells present 

were evaluated.  

T cell cultures and multidimensional mass cytometry
TM- and TM+ monocytes from fresh samples of two MDS patients (MDS-RS-MLD) were 

flow cytometrically sorted (Figure S4). They were incubated and stimulated overnight 

with the TLR-4 ligand LPS (100 ng/ml, Sigma-Aldrich, St. Louis, USA). Next, total CD4+ T 

cells were derived from a healthy donor by magnetic isolation (Miltenyi Biotec, Utrecht, 

The Netherlands). Thereafter, T cells were co-cultured with either TM- or TM+ MDS 

monocytes on a plate pre-coated with anti-CD3 in a ratio of 1:10 for 5 days. T cells from 

day zero, cultured in the presence of monocytes, or cultured alone were stained with 

an extensive antibody panel containing cell surface markers, transcription factors and 

cytokines. Each antibody was tagged to a metal isotope (Table S1) and data was acquired 

on a Helios mass cytometer (Fluidigm). 
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SUPPLEMENTARY DATA

Table S1. Antibody panel for mass cytometry staining protocol with cell surface markers, cytokines 
and transcription factors.

Channel Target

141 CD3
142 CD19
143 CD56
144 CD11b
145 CD4
147 CD20
148 IL-4
149 CCR4
150 CD62L
151 CD123
152 TNF-a
153 CD45RA
154 CD45
156 IL-6
158 IL-2
159 CD154
160 Tbet
162 CD69
164 IL-17
165 IFN-y
166 CD33
166 CD34
166 CD15
167 GATA3
168 CD8
169 CD25
169 CD25
170 IL-10
171 FoxP3
171 FoxP3
171 FoxP3
172 CD38
174 HLA-DR
175 CD279
176 CD127
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Figure S1 | Gating strategy for different monocyte subsets. First, doublets were removed 
and the CD45+ mononuclear cell (MNC) fraction was selected.  Monocytes were gated based 
on CD16/CD14 and CD45/SSC characteristics. Lymphocytes were removed. Then classical 
monocytes were identified using CD11c, HLA-DR and high expression of CD14. Intermediate 
monocytes were gated by using CD16, negative to intermediate expression of CD14 and 
negativity for M-DC8. The population was cleaned up by a HLA-DR/CD11c gate. CD16/M-DC8 
was used for the identification of non-classical monocytes directly from the CD45+ MNC.
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Figure S2 | (A) Expression of thrombomodulin on MDS-derived monocytes at baseline and 
after overnight culture in which monocytes were either left unstimulated or were stimulated 
with TLR-ligands. (B) Expression of the activation markers CD80, CD86 and HLA-DR on MDS-
derived monocytes upon stimulation and without stimulation.
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Figure S3 | Expression of thrombomodulin on different cell types, including classical monocytes 
(orange histogram), in bone marrow and peripheral blood of a healthy individual (HD) and 
a MDS patient. The percentage of TM-positive classical monocytes is shown.
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Figure S4 | Percentages of TM+ monocytes in WHO 2016 subgroups with and without ring 
sideroblasts (RS). SLD, single lineage dysplasia; MLD, multilineage dysplasia; EB, excess blasts.

Figure S5 | (A) Sort layout for CD14+ monocytes further subdivided in TM- and TM+ 
monocytes. Purity of sorted TM- (B) and TM+ (C) monocytes was verified afterwards.
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Figure S6 | Different T cell subsets were identified for further visualisation in biaxial viSNE plots 
(shown in figure 3A).
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Myelodysplastic syndromes (MDS) are a group of hematopoietic stem cell disorders that 

are characterized by a heterogeneous clinical presentation and a complex multi-process 

pathogenesis. More evidence has become available in the last years revealing a great 

contribution of the immune system to MDS development. Immune cells from different 

origin are thought to play a role in low- as well as in high-risk disease in distinct ways. 

Low-risk MDS is often characterized by the invasion of pro-inflammatory cells thereby 

creating sustained inflammation. This could lead to adequate anti-tumor responses on 

the one hand, but on the other hand could also induce cell stress and DNA damage 

which might lead to disease progression. Involvement of anti-inflammatory cell types is 

illustrative for high risk MDS groups. Tregs and myeloid derived suppressor cells enter 

the stage as feedback to inflammatory reactions and allow dysplastic clones to evolve 

and progress into AML. In order to increase our knowledge on the complicated balance 

between pro- and anti-inflammatory processes in MDS, and how this halt or facilitate 

disease progression, several research groups have investigated different types of immune 

cells and their interaction with the bone marrow microenvironment. This research has led 

to a better understanding of MDS pathogenesis and new therapeutic modalities.

Dendritic cells (DC) comprise subsets of specialized antigen-presenting cells. They 

have a unique role in bridging the innate and adaptive immune system by initiating and 

orchestrating T cell responses. Altered DC functions has been implicated in disease 

development and restoration of normal functions is an attractive and promising approach 

to immunotherapeutic intervention.

The aim of this thesis was to investigate the role of DC in MDS-associated 

immunological alterations, both in peripheral blood and in bone marrow. To facilitate 

these studies, we first studied normal DC biology in healthy human bone marrow 

and obtained data on functional differences of DC subsets in the bone marrow versus 

the peripheral blood compartment.

In chapter one we have provided a general introduction regarding normal DC 

development and the exclusive or overlapping functions of (myeloid) DC subsets 

within the immune system. Additionally, the previously published data on DC in MDS  

was summarized.

In chapter two we investigated the position of slan+ cells within the DC classification 

system. Slan+ cells have been proposed to represent a highly inflammatory DC subset 

and have been investigated in multiple inflammatory conditions. However, their actual 

DC assignment has been questioned and a reallocation to the monocytic compartment 

was proposed. We have performed an extensive transcriptional as well as a functional 

validation study on peripheral blood-derived slan+ cells and conventional DC subsets 

(cDC1 and cDC2). Based on gene expression profiles we showed a clear separation 

between slan+ cells and DC subsets. Slan+ cells exhibited a distinct set of immune-related 

transcripts suggesting a different immunological (i.e. more pro-inflammatory) function 

compared to DC. Additional functional assays revealed a minimal role in the induction 

of T cell responses but a specific role in innate inflammatory processes because of their 
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high expression levels of complement receptors and secretion of IL-1β and IL-6. Overall, 

our work indicated that slan+ cells share more functional features with monocytes, in 

particular with CD16+ non-classical monocytes, than with DC and therefore we proposed 

a reallocation of slan+ cells to the monocytic compartment. This is in line with other 

studies that were published around the same time and has led to a recent joint review 

paper outlining the unique functional features of slan+ non-classical monocytes.1 This 

work extends our knowledge on normal DC/monocyte biology and could be of value in 

future research of immune-mediated diseases. 

Not much is known about healthy DC biology in the human bone marrow. And since 

the aim of this thesis was to study DC function in the bone marrow of MDS patients 

we first decided to increase our knowledge on steady state DC in this compartment. In 

chapter three we compared differentiation states and immunological roles of myeloid 

DC (cDC1 and cDC2) and slan+ non-classical monocytes from peripheral blood and 

bone marrow of healthy individuals. Genome-wide transcriptional profiling revealed clear 

differences between the two compartments. Both cDC subsets displayed a location-

dependent clustering: bone marrow subsets clustered together and separated from 

the corresponding subsets in peripheral blood. Moreover, expression profiles pointed to 

a proliferating and immature, differentiating state for bone marrow-derived DC, whereas 

peripheral blood DC showed a mature and immune-activated profile. In contrast, slan+ 

non-classical monocytes clustered away from bone marrow and peripheral blood DC 

subsets. This cell type showed more overlap between the two anatomic compartments 

in terms of gene expression profile. Additionally, functional validation studies were 

performed and transcriptional findings were confirmed. Peripheral blood-derived DC 

had a higher maturation capacity, secreted higher levels of pro-inflammatory cytokines 

and were able to induce T cell proliferation in comparison to bone marrow-derived DC. 

This study presents the first results on profiling of myeloid DC and slan+ non-classical 

monocytes in the healthy human bone marrow compartment. It can serve as the basis 

for further research on these cells in healthy settings as well as in the context of (bone 

marrow) diseases.  

In order to translate our gained knowledge from the previous chapters into novel 

insight in relation to MDS pathogenesis, in chapter four we interrogated cDC subsets and 

slan+ non-classical monocytes in MDS. We hypothesized that altered DC function could 

contribute to disturbed immune responses in MDS patients from different risk groups. Up 

to now, several publications have appeared in which DC were studied in the context of 

MDS.2–6  However, none of them discriminated between the different naturally occurring 

DC subsets but most of them focused on monocyte-derived DC. Therefore, we focused 

on primary DC subsets and included slan+ non-classical monocytes.  

Enumeration of myeloid DC subsets (cDC1 and cDC2), plasmacytoid DC (pDC) and 

slan+ non-classical monocytes in MDS and normal bone marrow showed a decrease of 

all subsets, except of pDC, in MDS bone marrow. This decrease was more prominent in 

higher MDS risk categories. Both cDC2 and slan+ non-classical monocytes showed clonal 
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involvement (of note, due to limited cell numbers, cDC1 were not tested). Although 

the maturation capacity and ability to secrete cytokines was still intact for MDS DC, 

it was not translated into intact stimulation of T cell responses. They failed to induce 

allogeneic CD4+ and CD8+ T cell proliferation. Furthermore, transcriptional profiling 

supported impaired DC and monocyte function in low-risk MDS. In particular their innate 

PAMP/DAMP receptor and down-stream signaling pathways seemed affected. Compared 

to healthy donor-derived cells, a selective down-regulation of transcripts related to 

pro-inflammatory pathways was observed in MDS-derived cells. These data thus reveal 

disturbed development of normal myeloid DC subsets and non-classical monocytes, with 

remaining myeloid APCs apparently (at least in part) deriving from the malignant clone. 

In line with this, pDC, which derive from separate lymphoid precursors,7 were seemingly 

unaffected. Indeed, recent reports suggest pDC to derive from B cell progenitors8 and 

they have now been proposed to be more related to innate lymphoid cells than to 

DC.9 Of note, pDC rates were even slightly, but significantly, upregulated in MDS. This 

disturbed development and apparent leukemic origin of myeloid APC lineages in MDS 

also clearly resulted in their dysfunctional T cell priming capacity, which may be related 

to an inherent tumor-associated immune suppressed state. This in turn may ultimately 

contribute to immune escape and progression to AML. Thus, restoration of normal 

myeloid APC development in MDS may be crucial to avoid disease progression. Also, 

therapeutic strategies aimed at pDC activation and subsequent T and NK cell response 

boosting may be particularly effective in MDS in view of the preserved lymphoid  

pDC compartment. 

As mentioned above, inflammatory processes are generally effective against and may 

prevent disease development and tumor growth. However, chronic immune stimulation 

can also induce cell damage leading to for instance MDS progression. In order to 

maintain the balance between normal immune responses and disproportionate immune 

activation several mechanisms play a role. In chapter five we discovered a possible new 

protective mechanism against excessive immune activation. Thrombomodulin (TM), also 

known as the DC marker CD141/BDCA-3 (which is highly expressed on the cDC1 subset), 

has anti-inflammatory properties and was found to be highly expressed on MDS-derived 

classical monocytes. This in contrast to healthy donor-derived monocytes which showed 

hardly any thrombomodulin expression. Highest levels of thrombomodulin were seen on 

monocytes from MDS patients in low-risk groups. This corresponds with the hypothesis 

that the environment in low-risk groups is more inflammatory than in higher risk groups. 

Indeed, thrombomodulin can be upregulated by pro-inflammatory cytokines such as type-I 

and type-II IFNs. Furthermore, thrombomodulin expression was associated with a better 

overall and leukemia-free survival. Using mass cytometry (CyTOF), we demonstrated that 

thrombomodulin-expressing monocytes were able to polarize naive T cells toward Treg 

and Th2 phenotypes, both associated with anti-inflammatory immune responses. This is 

the first time that thrombomodulin expression is described in the context of MDS and 

with this study we provide an interesting new mechanism in dampening disproportionate 
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immune activation, which may protect against disease progression in MDS. Suggestions 

for further research on this highly interesting and clinically relevant mechanism are 

discussed in the next paragraph. 

FUTURE PERSPECTIVES

In the last decades more evidence has become available that suggests a crucial role 

for immunological processes in the pathogenesis of MDS. It is of utmost importance to 

investigate the exact role of different types of immune cells in the MDS bone marrow 

environment and their interaction with the surrounding tissue and tumor cells. Increasing 

our knowledge in this field can lead to new therapeutic options that intervene in 

the immunological disturbance as seen in MDS patients. While keeping in mind that 

these immunological processes are extremely complex and far from static, i.e. shifting 

in different contexts, we propose new ideas for future research based on our findings in  

this thesis.

Dendritic cells and clinical translation
From the results in this thesis we can conclude that frequencies of DC subsets and their 

functional capacities are rather heterogeneous in our tested cohort of MDS patients. Since 

MDS presents with various clinical parameters it would be interesting to correlate intact/

impaired DC frequency and function with for example MDS risk group (low versus high) 

and the presence of auto-immune phenomena. An extensive immunophenotypic panel 

may be included for high-dimensional and deeper characterization of “tumor-associated 

DC” (TADC). In this way, putatively tolerogenic DC may be identified by for instance 

the expression of TIM3 and PD-L1, and, importantly, the absence of CD80. In AML 

patients for example, Gal9/TIM3 expression is higher in patients who fail chemotherapy.10 

Furthermore, PD-L1 expression is associated with unfavorable recurrent mutations in AML 

and expression predicts worse outcome in patients with concomitant NPM1 and FLT3 

mutations.11–13 The exact role and consequence on disease course of these molecules in 

MDS need to be explored and is highly interesting. 

In this thesis we showed reduced frequencies and functionality of myeloid APC which 

possibly could contribute to inadequate anti-tumor responses. Therefore, another relevant 

proposal for further clinical translation is to study the effect of different immunomodulatory 

agents on DC number and function. Both azacitidine and lenalidomide are extensively 

used in the treatment of MDS. Hypomethylating drugs, such as azacitidine, show recovery 

of hematopoiesis, reduction of BM blast percentages, normalization of karyotypes (which 

in the case of myeloid APC could be highly relevant) and increased overall survival in 

high risk MDS compared to conventional therapies.14–16 Additionally, azacitidine also 

possess immunoregulatory capacities. For example, different genes that play a role in 

cytokine production, T-cell polarization and Treg formation are regulated by epigenetic 
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mechanisms.17,18 It has been demonstrated that azacitidine demethylates the Foxp3 

promoter and induces overexpression of Foxp3.19,20 This was confirmed in vitro by 

expansion of Tregs after exposure to azacitidine.21 Also, the effect of azacitidine on 

DC function has been studied.22 Phenotypically, DC treated with azacitidine display an 

increased upregulation of maturation and co-stimulatory molecules (CD40 and CD86). 

They secrete lower levels of IL-10 and IL-27 and consequently it can be hypothesized 

that treated DC also affect T-cell polarization differently compared with nontreated DC. 

In patients receiving azacitidine treatment, the frequency of IL-4-producing CD4+ T cells 

is reduced, whereas the IL-17A-and IL-21-secreting cells are increased. This suggests 

a Th17-like response in the peripheral blood of patients treated with azacitidine and 

may indicate long-term T-cell activation as a possible mechanism of action. As shown in 

chapter 4, slan+ non-classical monocytes derived from MDS patients showed a reduced 

IL-17-skewing capacity compared to HD-derived slan+ monocytes. One can hypothesize 

that slan+ monocytes can retrieve their IL-17-skewing function upon azacitidine treatment 

which can lead to restoration of their pro-inflammatory function. This could be highly 

relevant in the context of high-risk MDS. 

Another way in which DC could be targeted and modulated by hypomethylating 

agents is via the re-expression of the tumor suppressor gene, p15Ink4b. This gene 

usually controls cell-cycle progression through the G1 phase and is involved in normal 

myelopoiesis.23,24 Silencing of p15Ink4b by hypermethylation of its promoter, has been 

found in 50% of MDS patients and correlates with leukemic transformation and poor 

outcome.25–27 This gene also participates in DC development as it is strongly induced 

during differentiation and activation of DC. In p15Ink4b-knockout mice, conventional DC 

show impaired expression of MHC II and co-stimulatory molecules.28 Furthermore, these 

DC are less efficient in taking up antigens and stimulating T cells. After re-expression of 

p15Ink4b, all defects are restored, indicating a crucial role for this gene in DC function. 

Additionally, reactivation of the gene elevates phosphorylation of Erk1/Erk2 protein kinases 

and subsequently increases the activity of the PU.1 transcription factor. This transcription 

factor is highly involved in DC development and differentiation. It was demonstrated that 

PU.1 expression is often reduced in MDS patients and that hypomethylating agents could 

up-regulate transcription with myeloid differentiation as a result.29 The demethylation of 

p15Ink4b was also induced by decitabine treatment in responding MDS patients and p15 

expression was upregulated to normal levels.30 Therefore, hypomethylating agents could 

also indirectly contribute to restored DC development and function in MDS patients. 

Translating this to our own results, this will mainly be interesting for high-risk patients, for 

which we showed the highest reduction in DC frequency. Restoration of DC development 

and function upon treatment with hypomethylating agents forms an interesting new topic 

for further research. 

For low-risk MDS patients, lenalid omide (an immunomodulatory drug), is widely used 

in treatment regiments. Its use results in pro longed transfusion independency and rever-

sion of cytogenetic abnormalities.31,32 An important part of the working mechanism of 
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lenalidomide is attributed to its function in immunomodulation. Previously, it was thought 

that the main function of this drug relied on anti-TNF-a activity and that the effect was 

pri marily tolerogenic. However, lenalidomide also dis plays inflammatory features that can 

be induced in order to modify immune reactions. Besides its antiangiogenic effect, it also 

triggers CD28 phosphorylation, which enhances co-stimula tory activity.33,34 This may so 

counteract any negative effects of e.g. PD-L1 expression on aberrant blast-derived APC, 

which should be investigated in future studies. Furthermore, Treg func tion is inhibited 

upon lenalidomide treatment due to decreased expression of Foxp3.35 The effect of 

lenalidomide on DC function has also been investigated.36 Upon treatment, DC derived 

from mouse bone marrow showed a more efficient antigen uptake and expressed higher 

levels of the matu ration marker CD86. In cross-priming assays, CD8+ T-cell proliferation 

was increased after prim ing with treated DC and, simultaneously, the intracellular IFN-g 

production by these T cells was augmented. These finding suggest a potential role 

for immunomodulating agents, like lenalidomide, in DC-targeted therapies. Of note, 

the above described results were all obtained from mouse derived-DC. Only recently, 

human natural circulating DC were extensively studied upon lenalidomide treatment.37 

In contrast to the pro-inflammatory effect seen in mice, in human DC the production 

of IL-12 and IL-23 was suppressed and the secretion of IL-10 was enhanced by cDC2. 

Furthermore, the production of IFN-a by cDC1 was suppressed. The CD4+ T cells 

differentiation-inducing capacity of cDC2 was also decreased. In this light, lenalidomide 

has a more immunosuppressive effect rather than an immune-stimulating role. It would be 

highly interesting to translate this to the context of MDS and test the function of MDS-

derived DC after exposure to immunomodulatory drugs. 

The effect of thrombomodulin expression in MDS
In chapter five we described a promising new anti-inflammatory mechanism in MDS. 

Monocytes from mainly low risk patients showed high expression of thrombomodulin, 

a molecule that was known for its anti-coagulant function by serving as a co-factor for 

thrombin. However, it has also been described as a molecule with anti-inflammatory 

activities. Several studies in auto-immune diseases, infectious diseases and in cancer 

have shown better outcomes in patients displaying higher thrombomodulin levels.38–40 As 

stated before, pro-inflammatory processes could halt progression of MDS to a malignant 

state, whereas immune suppression would hinder effective protective immunity leading 

to disease progression. Nevertheless, smoldering inflammation as a result of aberrant 

activation of inflammatory pathways (TLR signaling/MAPK/NF-kB), which have been 

shown to be constitutively activated in low risk MDS, could conceivably induce malignant 

transformation and disease progression by causing genotoxic cell stress.41–48 Indeed, 

elevated levels of stress-inducing molecules (S100A8/A9 and HMBG1) have been 

found in the bone marrow of low risk MDS patients.49–51 These molecules are produced 

by niche-related cell subsets and can be released after immunogenic cell death, 
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a process frequently observed in MDS. Impaired clearance of such molecules will lead to 

a tremendous activation of the pro-inflammatory loop.52 Protective mechanisms that break 

this inflammatory loop may prevent sustained inflammation and evolution to AML and 

may provide opportunities for the development of new, and innovative implementation 

of existing, immunotherapeutic agents. From our findings we hypothesize that TM+ 

monocytes can exert suppressive effects that could be leveraged for the control of 

malignant transformation. The appearance of TM on the cell surface of MDS monocytes 

could possibly be explained by the fact that the high pro-inflammatory environment 

activates a negative feedback response in order to break through the vicious circle of 

continuous immune activation. For future research, it would be very interesting to 

investigate environmental conditions that give rise to this subset and to functionally 

characterize it. The main question is: what is the exact role of TM+ monocytes in low 

risk MDS and do they indeed serve as a protective mechanism in the inflammatory bone 

marrow environment? First, detailed phenotypic characterization of TM+ monocytes 

should be persued. Markers that reflect immune-activation (e.g. CD80, CD83, CD86) and 

immune-suppression (e.g.  TIM3, PD-L1, PD-L2) should be measured. Next, it would be 

interesting to explore the link between the presence of TM+ monocytes and (clinical) 

immune parameters. Do frequencies of other immune cells, such as Tregs and myeloid 

derived suppressor cells or pro-inflammatory subsets, correlate with the frequency 

of TM+ monocytes? Then, would it be possible to generate TM+ monocytes in vitro? 

And if so, which factors are involved and can that be correlated to (pro-inflammatory) 

factors that are present in the MDS bone marrow, such as HMGB1 and S100A8/A9, 

or possibly cytokines like IFNs. As mentioned before, the release of these factors in 

the bone marrow of MDS patients is a result of active secretion by surrounding cells 

upon cellular cell stress. It leads to activation of the STING and TLR signaling pathways 

(by direct binding to TLRs on the cell surface or in endosomal compartments or other 

cytoplasmic receptors), the release of type-I interferons (IFN-I) and induction of NF-kB 

and MAPK activation. IFN-I release resulting from STING and TLR activation could be 

one mechanism that leads to TM upregulation on monocytes that should be further 

investigated. Additionally, healthy monocytes can be cultured in the presence of low-risk 

MDS bone marrow plasma as a reflection of the inflammatory environment. In parallel, 

cultures in the presence of STING-L, TLR-L and IFN-I should be carried out. The effects 

on TM expression, cytokine secretion, and T cell skewing can then be determined. 

Ultimately, a siRNA-mediated knock-down should be included in future experiments as 

well as the addition of TLR/NF-kB pathway inhibitors to monocyte cultures. Results that 

will be obtained from the above described future experiments can yield new ideas for 

therapeutic intervention options. If the appearance of TM-expression indeed leads to 

inhibition of excessive immune responses in low-risk MDS, and, thereby to a better overall 

outcome, recombinant human soluble TM (rhTM) can be tested in a subset of patients 

that shows signs of a highly activated immune system. Currently, rhTM is already tested 

in other inflammatory-associated diseases. In acute exacerbation of idiopathic pulmonary 
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fibrosis, a condition associated with excessive immune activation, several trials have 

been performed in which rhTM was used to dampen inflammatory responses. Although 

the sample sizes in these studies were low, a clear benefit in survival was shown in rhTM-

treated patients.53

For high-risk MDS patients, silencing the effect of TM-expression could be relevant to 

prevent disease progression if TM-expression indeed leads to reduced inflammation and 

consequent escape from immune surveillance.

In conclusion, this thesis provides new information on the development, phenotype 

and function of DC and monocytes in the context of both healthy and MDS bone marrow. 

As such, it opens new possibilities and suggests new therapeutic links for future research. 

Ultimately, understanding the various mechanisms that contribute to the fragile balance 

of anti- and pro-inflammatory responses in different MDS risk groups will reveal new 

therapeutic intervention options. In this regard, our observation of abrogated myeloid DC 

development and a preserved pDC compartment as well as our work on TM-expressing 

monocytes provide exciting new angles on this topic. 
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HEMATOPOËSE

Hematopoëse betekent letterlijk “bloed-maken”. Het wordt omschreven als een proces 

waarbij verschillende bloedcellen in het beenmerg aangemaakt worden. De bloedcellen 

ontstaan uit de stamcel. Deze stamcel zal zich middels celdeling “voortplanten” waarbij 

nieuwe en verschillende soorten bloedcellen ontstaan, te weten: 1. rode bloedcellen 

(erythrocyten), betrokken bij het zuurstoftransport in het lichaam, 2. witte bloedcellen 

(leukocyten), deze vormen het immuunsysteem, 3. bloedplaatjes (trombocyten), van 

belang in de bloedstolling. De witte bloedcellen kunnen verder onderverdeeld worden 

in twee grote groepen: de lymfoïde cellen en de myeloïde cellen. Tot de lymfoïde cellen 

behoren de NK-, B- en T-cellen. Zij vormen een belangrijk onderdeel van het verworven, 

specifieke afweersysteem en dragen bij in de gerichte immuunreactie tegen o.a. bacteriën 

en virussen. De myeloïde cellen bestaan uit granulocyten, monocyten en dendritische 

cellen en vormen tezamen het aangeboren immuunsysteem. Zij spelen een belangrijke 

rol in de bescherming van het lichaam tegen ziekteverwekkers en ze zijn verantwoordelijk 

voor het activeren van het specifieke immuunsysteem. De hematopoëse is een complex 

proces en wordt nauwkeurig gereguleerd. Wanneer een genetische fout optreedt tijdens 

de voortplanting van de stamcel kan dit leiden tot kwaadaardige beenmergziekten. 

Voorbeelden hiervan zijn acute leukemie en het myelodysplastisch syndroom. 

DE ONTWIKKELING VAN DENDRITISCHE CELLEN

Zoals genoemd maken dendritische cellen onderdeel uit van de myeloïde afweercellen. 

Recent is de precieze ontwikkeling van stamcel tot dendritische cel ontdekt. De vroege en 

onrijpe myeloïde voorlopercellen groeien uiteindelijk uit tot twee verschillende soorten 

dendritische cellen: cDC1 en cDC2. Beide soorten komen zowel in het beenmerg voor als 

ook in het bloed en andere weefsels die bij het afweersysteem horen. 

NORMALE DENDRITISCHE CEL BIOLOGIE 

Dendritische cellen zijn betrokken in de vroegste fase van een afweerreactie. Zij herkennen 

ziekteverwekkers (pathogenen) en kunnen onderscheid maken tussen lichaamseigen 

en lichaamsvreemde stoffen (antigenen), waartoe ook kankercellen behoren. In onrijpe 

staat zoeken dendritische cellen continue de omgeving af op zoek naar antigenen. Met 

speciale eiwitten (receptoren) op het celoppervlak zijn ze in staat verschillende moleculaire 

patronen van pathogenen te herkennen. Het contact met zulke ‘gevaarpatronen’, die niet 

voorkomen op lichaamseigen cellen, start een activeringsproces waarin de dendritische 

cel uitrijpt en een uiterlijke en functionele verandering ondergaat (maturatie). Tijdens 

de maturatie verwerkt de dendritische cel het opgenomen ‘gevaarpatroon’ tot antigeen 

en brengt zij belangrijke eiwitten naar het celoppervlak, zogeheten co-stimulatoire 

moleculen. Maturerende dendritische cellen migreren naar gebieden die rijk zijn aan 
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T-cellen, zoals de lymfeklieren. Daar presenteren zij het verwerkte antigeen aan naïeve 

T-cellen. Naïeve T-cellen kunnen door het gepresenteerde antigeen op hun beurt worden 

geactiveerd. Voor een volledige activatie zijn drie signalen van de dendritische cel nodig. 

Het eerste signaal wordt geleverd door de interactie van de receptor op de T-cel met het 

antigeen op het celoppervlak van de dendritische cel. Het tweede signaal is afkomstig 

van de co-stimulatoire moleculen aan het oppervlak van de dendritische cel, waaraan 

specifieke receptoren op de T-cel kunnen binden. Het derde signaal wordt gevormd door 

stoffen (cytokines) die de dendritische cel produceert. Dit laatste signaal zorgt er tevens 

voor dat T-cellen differentiëren tot het gewenste type T-cel (effector T-cel). De T-cellen 

zullen er uiteindelijk voor zorgen dat de ziekteverwekker of de lichaamsvreemde stof 

uitgeschakeld wordt. 

SUBTYPES VAN DENDRITISCHE CELLEN

Om het lichaam te kunnen beschermen tegen een verscheidenheid aan pathogenen 

en tumorcellen is het immuunsysteem uitgerust met verschillende subtypes van 

dendritische cellen. Deze komen voor op diverse locaties in het lichaam, zoals de huid, 

de lymfeklieren, het beenmerg en het perifere bloed. In dit proefschrift onderzoeken we 

de dendritische cellen die in het bloed en het beenmerg voorkomen. Dendritische cellen 

kunnen worden onderscheiden van andere witte bloedcellen door een uniek patroon van 

oppervlakte eiwitten (markers). Kenmerkend is de hoge expressie van HLA-DR en het 

ontbreken van markers die karakteristiek zijn voor andere cellijnen, zoals B- en T-cellen 

en monocyten (CD3, CD14 en CD19). De dendritische cellen die in het beenmerg en 

bloed voorkomen, kunnen worden onderverdeeld in twee grote subtypes, te weten 

een CD11c-negatieve subset, de plasmacytoïde dendritische cel (pDC), en een CD11c-

positieve subset, de myeloïde dendritische cel (mDC). De mDC wordt verder gesplitst 

op basis van de expressie van BDCA-1, ook wel CD1c genoemd (cDC2 dendritische 

cellen), en BDCA-3, ook wel CD141 genoemd (cDC1 dendritische cellen). Door het 

verschil in uiterlijke kenmerken dragen de verschillende subtypes van dendritische 

cellen op een unieke manier bij aan een specifieke afweer tegen een verscheidenheid 

van ziekteverwekkers. Daarnaast zijn zij ook nodig voor een krachtige immuunrespons  

tegen tumorcellen.

DENDRITISCHE CELLEN EN DE INTERACTIE MET 
T-CELLEN

Een van de belangrijkste functies van dendritische cellen is het activeren van T-cellen 

met als gevolg een specifieke immuunreactie tegen ziekteverwekkers en kankercellen. 

Zoals hierboven genoemd zijn voor deze activatie verschillende signalen nodig. Zonder 

de aanwezigheid van alle signalen zullen de T-cellen niet geactiveerd worden. In eerste 
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instantie verkeren de T-cellen in een naïeve staat. Na activatie door dendritische cellen 

zullen de T-cellen zich ontwikkelen tot een specifiek type T-cel, dit proces wordt T-cel 

polarisatie genoemd. De stoffen die door de dendritische cellen worden geproduceerd 

bepalen het ontwikkelingspad van de T-cel. De T-cellen kunnen zich ontwikkelen tot cellen 

die met name een immuunreactie stimuleren of tot cellen die de immuunreactie afremmen. 

Tot de immuunstimulerende T-cellen behoren Th1 en Th17 T-cellen, deze ontwikkelen zich 

na uitscheiding van respectievelijk IL-12 en IL-6/IL-21/IL-23. Regulatoire T-cellen (Tregs) 

en Th2 T-cellen behoren tot de groep van T-cellen met een immuundempende functie 

en ontstaan onder invloed van respectievelijk IL-10/TGF-β en IL-4. Een juiste balans 

van de verschillende typen T-cellen is van belang om een overdadige of een te zwakke 

immuunreactie te voorkomen.

HET MYELODYSPLASTISCH SYNDROOM

Het myelodysplastisch syndroom (MDS) is een kwaadaardige beenmergziekte. De 

ziekte wordt gekenmerkt door een gestoorde aanmaak van bloedcellen door een 

genetische fout in de stamcel. Deze afwijkende bloedcellen zijn kwetsbaar en gaan 

voortijdig dood. Uiteindelijk kan er progressie optreden en kan MDS zich ontwikkelen 

tot acute myeloïde leukemie (AML). Patiënten met MDS kunnen zich op uiteenlopende 

wijze presenteren. Soms wordt de ziekte per toeval ontdekt en soms uit de ziekte zich 

in klachten die gerelateerd zijn aan een tekort van bloedcellen. Een tekort aan rode 

bloedcellen leidt bijvoorbeeld tot vermoeidheid, een tekort aan bloedplaatjes verhoogt 

de kans op bloedingen en lage aantallen witte bloedcellen geeft een verhoogd risico op 

infecties. Het verschil in ziektebeloop geeft aan dat meerdere factoren een rol spelen 

in het ontstaan van MDS. Het is algemeen bekend dat het afweersysteem een grote 

bijdrage kan leveren in het afremmen van de ziekte of juist kan leiden tot progressie. Bij 

een gerichte en effectieve immuunreactie kan in een vroeg stadium van MDS worden 

voorkomen dat progressie optreedt. Echter, wanneer het afweersysteem niet meer in 

staat is de kankercellen onder controle te houden kunnen de cellen verder ontaarden wat 

uiteindelijk kan resulteren in het ontstaan van AML.

DENDRITISCHE CELLEN IN HET 
MYELODYSPLASTISCH SYNDROOM

Zoals eerder beschreven nemen dendritische cellen een belangrijke plaats in binnen het 

afweersysteem. Zij verbinden het snelle aspecifieke afweerapparaat met het gerichte 

afweersysteem door antigenen (bijvoorbeeld van MDS-cellen) te presenteren aan 

T-cellen. Deze T-cellen moeten er uiteindelijk voor zorgen dat de kwaadaardige cellen 

geëlimineerd worden. Tot op heden zijn er weinig publicaties verschenen die gekeken 

hebben naar de rol van dendritische cellen in de ontwikkeling van MDS. Het doel van 
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het onderzoek in dit proefschrift was om de functie van dendritische cellen afkomstig van 

MDS patiënten te testen. Hierbij hebben wij met name gekeken of de maturatiecapaciteit 

intact was, of de dendritische cellen in staat waren cytokines te produceren en of zij 

een T-cel respons op gang konden brengen. Aangezien weinig tot niets bekend is over 

dendritische cel functie in het gezonde beenmerg, zijn wij begonnen met het vergelijken 

van de functie van dendritische cellen uit het bloed en het beenmerg van gezonde 

donoren. De kennis die wij hiermee hebben verkregen konden wij gebruiken voor het 

onderzoek naar dendritische cellen in MDS beenmerg. De resultaten van ons onderzoek 

zijn hieronder uiteengezet.

RESULTATEN

In hoofdstuk 1 geven wij een overzicht van de huidige kennis over dendritische cellen 

in de gezonde situatie en in de context van MDS. Hieruit blijkt dat de publicaties die 

tot dan toe verschenen zijn over dendritische cellen in MDS met name gebaseerd zijn 

op dendritische cellen die buiten het lichaam gecreëerd zijn en de onderzoeken niet 

zijn vervaardigd met de natuurlijk voorkomende dendritische cel subtypes. Daarnaast 

is er weinig literatuur beschikbaar die gericht is op de vergelijking tussen verschillende 

subtypes van dendritische cellen in het gezonde bloed en beenmerg. In hoofdstuk 2 

hebben wij ons daarom eerst gericht op de gezonde situatie. In dit onderzoek hebben wij 

myeloïde dendritische cellen (cDC1 en cDC2) afkomstig uit het bloed vergeleken met een 

subtype dat bekend staat om het immuunstimulerende karakter; de slanDC. Wij tonen 

aan dat slanDC op basis van het genetisch profiel en de functionele kwaliteiten meer 

gelijkenis vertonen met monocyten (een ander type witte bloedcel) dan met dendritische 

cellen. Zij zijn in tegenstelling tot dendritische cellen minder in staat tot het activeren van 

T-cellen, maar lijken juist meer betrokken te zijn in de vroege fase van de afweerreactie. 

Aangezien er nauwelijks gegevens zijn over de kwaliteiten van dendritische cellen in het 

gezonde beenmerg is het onderzoek in hoofdstuk 3 hierop gericht. Dendritische cellen 

en slan-positieve monocyten uit het bloed werden vergeleken met dezelfde subtypes uit 

het beenmerg. Op basis van het genetische profiel vertonen dendritische celtypes (cDC1 

en cDC2) uit het beenmerg meer gelijkenis met elkaar dan dat zij vertonen met hetzelfde 

type uit het bloed. Dit wijst erop dat de omgeving waarin de dendritische cel zich bevindt 

meer invloed heeft op de functie van de cel dan de intrinsieke karakteristieken. Slan-

positieve monocyten uit het bloed en beenmerg zijn daarentegen genetisch meer identiek 

en lijken qua profiel minder op dendritische cellen. Functionele testen tonen aan dat de 

dendritische cellen in het beenmerg in een onrijpere staat verkeren en dat zij minder in 

staat zijn om cytokines te produceren en T-cellen te activeren dan dezelfde dendritische 

cellen in het bloed. De resultaten van dit onderzoek kunnen gebruikt worden als basis 

voor verder onderzoek in andere immuungerelateerde (beenmerg)ziekten zoals MDS. 

In hoofdstuk 4 gebruiken we de eerder verkregen kennis en onderzoeken we de 

functie van dendritische cellen en slan-positieve monocyten in het beenmerg van MDS. 
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We tonen aan dat zowel slan-positieve monocyten als cDC2 dendritische cellen hetzelfde 

genetische defect vertonen als de stamcel van MDS-patiënten. Daarnaast laten we 

zien dat de maturatiecapaciteit en het produceren van cytokines vergelijkbaar is met 

gezonde dendritische cellen, maar dat dit niet resulteert in adequate T-cel reacties. Ook 

het genetische profiel van MDS-cellen is anders dan dat van gezonde cellen. Genen 

die betrokken zijn bij belangrijke immunologische processen zijn verminderd aanwezig 

in de dendritische cellen en slan-positieve monocyten van MDS-patiënten ten opzichte 

van gezonde donoren. Met dit onderzoek tonen wij aan dat de functie van dendritische 

cellen in MDS verminderd is. Wij hypothetiseren dat dit een bijdrage kan leveren aan 

een gestoorde immuunreactie in MDS en dat dit kan leiden tot het ontstaan dan wel 

progressie van de ziekte.

Het afweersysteem is zoals gezegd cruciaal in het onder controle houden van 

kwaadaardige cellen. Echter, het kan ook gebeuren dat de afweerreactie disproportioneel 

is en dat een overdadige immuunreactie schade in gezonde cellen te weeg brengt. In het 

lichaam zijn daarom verschillende mechanismen en moleculen aanwezig die proberen een 

immuunreactie in balans te houden en indien nodig te dempen. Het is bekend dat in het 

beenmerg van sommige laag risico MDS-patiënten ook een overdadige immuunreactie 

optreedt. Dit veroorzaakt schade in de stamcel en leidt tot vervroegde celdood. Hierbij 

komen stoffen vrij in het beenmerg die op zichzelf ook weer schadelijk zijn voor de 

omringende cellen. In hoofdstuk 5 bestuderen we de rol van trombomoduline in MDS als 

beschermingsmechanisme tegen een overdadige immuunreactie. Trombomoduline is een 

molecuul dat van nature betrokken is in de bloedstolling. Het heeft daarnaast ook een 

immuundempende werking en is beschreven in de context van auto-immuunziekten en 

andere soorten kanker. In dit onderzoek laten wij zien dat trombomoduline aanwezig is op 

monocyten van MDS-patiënten en dat het nauwelijks voorkomt op gezonde monocyten. 

Daarnaast is de aanwezigheid van trombomoduline geassocieerd met laag risico MDS 

en komt het minder voor op de monocyten van hoog risico patiënten. Verder tonen we 

aan dat trombomoduline-positieve monocyten in staat zijn om T-cellen te activeren die 

een immuundempende werking hebben, zoals Tregs en Th2-cellen. De patiënten met 

trombomoduline-positieve monocyten hadden een betere overleving en een kleinere 

kans op het ontwikkelen van AML dan de patiënten waarbij deze monocyten niet 

aanwezig waren. Het is de eerste keer dat trombomoduline beschreven wordt in MDS en 

het lijkt erop dat het een mechanisme is om overdadige immuun activatie, met name in 

laag risico MDS, tegen te gaan. 

De resultaten van dit proefschrift hebben geleid tot een beter begrip van de functie 

van dendritische cellen en monocyten in het gezonde beenmerg en bloed alsook in de 

context van MDS. Het doel van deze nieuwe kennis is om uiteindelijk de wijze van het 

ontstaan van de ziekte en de factoren die nodig zijn om progressie af te remmen beter 

te begrijpen. Het opent daarnaast mogelijkheden voor verder onderzoek met uiteraard 

als ultiem doel nieuwe therapieën te ontwikkelen en de genezingskans voor deze groep 

patiënten te verbeteren. 
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Het is zover, het dankwoord mag worden geschreven, het proefschrift is voltooid. Het was 

een bijzondere en zeer leerzame periode waarin ik veel nieuwe mensen heb ontmoet die 
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van het MDS-team. Naast jouw kennis van de klinische en flowcytometrische kant, was je 

ook een inspirerende bron van ideeën voor het fundamentele deel van mijn onderzoek. 

Ook over analysestrategieën voor nieuwe technieken die we gezamenlijk moesten 

ontdekken dacht jij mee. Bedankt dat ik altijd binnen mocht lopen als dat nodig was.
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I could choose from. Secondly, my level of English was the same as it was when I left high 

school. Looking back now, I couldn’t have wished for a better supervisor. Your drive and 

knowledge in MDS immunology is admirable. Thanks for being the “bad cop” during 

these years. I’m sure we will keep on collaborating in the future. 
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hebben mij voorzien van een hele hoop mooie data. Dank daarvoor. Claudia, daarnaast 
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de grote lijn van het onderzoek. En daarnaast alle mensen in het lab van wie ik veel heb 
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kwam. Ik heb mede door jullie een geweldige tijd gehad. 

De AIOs met al zoveel ervaring; Canan, Dave, Costa en Jurjen. Dank voor het warme 

welkom. Direct met Costa en Dave naar de ASH in Atlanta, jullie gaven me het gevoel 
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de eerste werkbesprekingen. En natuurlijk mijn directe AIOs collega’s: Han, Anna, 

Carolien, Rocco, Esther, Wendelien, Denise en Eline. Wat een mooie 4 jaar zijn dat 

geweest. Het was altijd gezellig op dat laatste kamertje van de gang. Twee ramen, 9 

bureaus, een masterbureaustoel van Han, een kast vol kerstversiering en chips, en een 

voorraad bierkratten verhuld onder een gordijn direct achter de deur: dat zijn natuurlijk 

ingrediënten voor succes. Dank voor de fijne sfeer, de borrels met bier ijskoud uit  

de -30, de skiweekenden, de aios-uitjes en de spaarzame stille uurtjes als we echt even 
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geconcentreerd moesten analyseren. Wendelien, Denise en Eline; van collega’s naar 

oud-collega’s naar kennissen en dan nu uiteindelijk naar echte vrienden ;-). We delen 

de passie voor het onderzoek en de hematologie, maar bovenal delen we de passie om 

gezamenlijk leuke dingen te ondernemen, te lunchen of uitgebreid te dineren en tot in 

de late uurtjes te kletsen. Ik ben ontzettend blij dat ik jullie tijdens dit traject heb mogen 

ontmoeten en wat mij betreft huren we nu alvast een huisje (inmiddels is een groter huisje 

wel noodzakelijk) voor 2025 in de sneeuw en zetten we de duikboten alvast koud! 

Voor de “nieuwe” talentvolle AIOs Diana, Noortje, Lisa, Hilma, Laurens, David, Inge, 

Kris, Margot en Carolien uiteraard het allerbeste gewenst. Dank voor de gezellige uurtjes 

op de derde verdieping en de uitgebreide lunches. Luca, mijn opvolgster, ik weet zeker 

dat je er een mooi project van gaat maken en ik zie een mooie samenwerking voor mij!

Dank collega’s van de medische oncologie, Roeland, Rieneke, Famke en Marijne, voor 

de hulp op “jullie” lab en de gezelligheid tijdens congressen en cursussen. Dank Hetty 

voor de goede discussies en je input tijdens de eerste werkbesprekingen.

Then my direct colleagues in London Lab: Thomas, Pilar and Kiki. Many thanks for your 

warm welcome, laughter and nice chats. Thomas, without you I couldn’t have become 

such a good cell sorter. I almost ruined the machine, but your calmness fixed every clog. 

Thanks for the daily lunches at the Portuguese restaurant. Pilar, no day without jokes and 

brightness. Thanks for helping me around in the lab every day. Kiki, one of my laboratory 

roommates. Thank you for your endless interest and the nice chats we had. 

Jess and Giovanni, many thanks for the remote support and analytical help during 

the writing of the last manuscript of this thesis. Would be great to meet you in person ;-). 

My Sweden collaborators Malin and Kristina. It was a great pleasure to work with you 

on the transcriptional profiling part of this thesis. Your experience and knowledge were 

of great value and have led to highly relevant results. Kristina, additionally I would like 

to thank you for a great week in Lund and all the enjoyable skype meetings we had 

afterwards (I stopped counting ;-)). Wish you and your family all the best and I am sure we 

will keep on collaborating in our exciting research field. 

Collega’s van het OLVG. Geen directe rol geleverd aan dit werk, maar er de afgelopen 3 

jaar wel iedere dag voor gezorgd dat de sfeer op de dagelijkse werkvloer top is!

Mijn te lieve vrienden en vriendinnen. Nienke en Elise, dank dat jullie al meer dan 

twintig jaar in mijn leven zijn en dat ik alles met jullie onder het genot van heerlijke 

versnaperingen kan delen. En dank dat alles altijd zo vertrouwd voelt. Zin in de toekomst 
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met al die kleine spruiten! Estelle, Fleur, Judith, Laura, Lotte, Paulette en Reineke, 

dank voor de geweldige ontspanning naast al dat serieuze werk. De vakanties, de lange 

avonden/nachten, de uitgebreide diners, de kerstbrunches in november en volgend 

jaar in juli en zo kan ik nog wel even door gaan, het is altijd gezellig. Dank voor jullie 

eeuwige interesse in dit werk ;-). De kokosnoten: Ingrid, Ilse, Lieneke en Eva (en vooruit 

die mannen horen er ook bij). Inmiddels mooie tradities opgebouwd waarvan ik zeker 

weet dat ze niet meer verloren gaan. Laten we snel weer uren door de Belgische regen 

van het pad verdwalen onder het genot van goede gesprekken. Marijn, een “kopie” met 

precies dezelfde professionele interesses liep daar opeens in Londen rond. Dank voor alle 

brainstormlunches/diners/borrels over de ideale invulling van onze toekomstige ambities 

en dromen. 

Mijn lieve familie en schoonfamilie. Bedankt Wim, Rose, Saskia, Ronald, Sander en 

Patricia voor de interesse die jullie altijd getoond hebben in dit proefschrift en vooral 

dank voor het warme tweede thuis. Sas, je wilde al aan de manuscripten beginnen 

voordat je wist dat er ook een Nederlandse samenvatting kwam! In het bijzonder wil ik 

ook jou bedanken Susan, mijn lieve tante. Het is zo fijn om te horen en voelen hoe trots je 
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Mama en Rob, eindelijk is het einde in zicht van dit grote “werkstuk”. Ik kan in woorden 

niet beschrijven hoeveel jullie voor mij betekenen. Altijd hebben jullie in mij geloofd, altijd 
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