
Aus der Klinik für Hämatologie, Hämostaseologie,  

Onkologie und Stammzelltransplantation 

des Zentrums Innere Medizin  

der Medizinischen Hochschule Hannover 

 

 

 

Angefertigt im Rahmen der strukturierten Doktorandenausbildung  

StrucMed 

der Hannover Biomedical Research School (HBRS) 

 

 

 

Dendritic Cell dysfunctions in AML patients  

with FLT3 ITD mutations 

 

 

 

Kumulative Dissertation 

zur Erlangung des Doktorgrades der Medizin 

in der 

Medizinischen Hochschule Hannover 

 

 

 

vorgelegt von 

Mareike Carolin Rickmann 

aus Braunschweig 

 

 

 

Hannover 2013 



Angenommen vom Senat der Medizinischen Hochschule Hannover am 15.07.2014. 

 

 

Gedruckt mit Genehmigung der Medizinischen Hochschule Hannover. 

 

Präsident:   Prof. Dr. med. Christopher Baum 

Betreuerin:  Prof. Dr. rer. nat. Renata Stripecke 

Referent:  Prof. Dr. med. Martin Sauer 

Korreferent:  PD Dr. rer. nat. Andreas Krueger 

 

 

Tag der mündlichen Prüfung: 15.07.2014 

 

 

Promotionsausschussmitglieder: 

Prof. Dr. med. Reinhold Ernst Schmidt 

Prof. Dr. med. Anke Schwarz 

Prof. Dr. med. Bettina Wedi 

 

 

 

 

 



Diese Dissertationsschrft basiert gemäß §3 Absatz 3 der Promotionsordnung der Medizinischen 
Hochschule Hannover auf folgenden Publikationen. 
 

1. Rickmann M, Krauter J, Stamer K, Heuser M, Salguero G, Mischak-Weissinger E, Ganser A, 

Stripecke R. Elevated frequencies of leukemic myeloid and plasmacytoid dendritic cells in acute myeloid 

leukemia with the FLT3 internal tandem duplication. Annals of Hematology, 2011 

 
2. Rickmann M, Macke L, Sundarasetty B, Stamer K, Figueiredo C, Blasczyk R, Heuser M, Krauter J, 

Ganser A and Stripecke R. Monitoring dendritic cell and cytokine biomarkers during remission prior to 

relapse in patients with FLT3-ITD acute myeloid leukaemia. Annals of Hematology, 2013  

 

Des Weiteren erfolgte eine Präsentation von Auszügen der Ergebnisse dieser Arbeit in Form von 

Postern/Talks auf folgenden internationalen Kongressen: 

 

1. Rickmann M, Krauter J, Salguero G, Mischak-Weissinger E, Hahn N, Ganser A, Stripecke R. Elevated 

frequencies of cells with myeloid and plasmacytoid dendritic cell immunophenotype in Flt3 ITD positive 

AML patients. European Congress of Immunology (ECI), Berlin, 2009 

 

2. Stripecke R, Rickmann M, Sundarasetty B, Ganser A. FLT3-ITD-Associated Accumulation of 

Dendritic Cell Precursors, Depletion of Mature Dendritic Cells and Abnormal Cytokine Production in 

Acute Myeloid Leukemia: Analyses at Diagnosis, Remission and Relapse. American Society of 

Hematology (ASH), Annual Meeting and Exposition, 2011 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Rickmann%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21520003
http://www.ncbi.nlm.nih.gov/pubmed?term=Krauter%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21520003
http://www.ncbi.nlm.nih.gov/pubmed?term=Stamer%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21520003
http://www.ncbi.nlm.nih.gov/pubmed?term=Heuser%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21520003
http://www.ncbi.nlm.nih.gov/pubmed?term=Salguero%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21520003
http://www.ncbi.nlm.nih.gov/pubmed?term=Mischak-Weissinger%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21520003
http://www.ncbi.nlm.nih.gov/pubmed?term=Ganser%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21520003
http://www.ncbi.nlm.nih.gov/pubmed?term=Stripecke%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21520003


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The aim of art is to represent not the outward 

appearance of things, but their inward significance. 

- Aristotle-   

 

 

http://www.quotationspage.com/quote/41502.html
http://www.quotationspage.com/quote/41502.html


Table of Contents 

 
Abbreviations ........................................................................................................................................ 
1 Introduction......................................................................................................................................1 

1.1 Immune Dysfunctions in Cancer .................................................................................................1 
1.2 Dendritic Cells ...........................................................................................................................3 
1.3 DC Dysfunction in Cancer and Myeloid Derived Suppressor Cells.................................................7 
1.4 Acute Myeloid Leukemia............................................................................................................8 
1.5 The FLT3 ITD mutation in AML...................................................................................................9 
1.6 Surveillance of MRD in ITD-AML ..............................................................................................10 
1.7 Immunotherapy in AML ...........................................................................................................11 

2 Objectives.......................................................................................................................................12 
3 Results ...........................................................................................................................................15 

3.1 Manuscript I ............................................................................................................................15 
3.2 Manuscript II ...........................................................................................................................28 

4 Discussion ......................................................................................................................................41 
4.1.1 Accumulation of immature myeloid cells, capable of differentiating into Dendritic Cells ..........41 
4.1.2 Leukemic DCs show impaired immunologic response towards stimuli in in vitro experiments..42 
4.2.1 Confirmation that ITD-AML show hindered expression of terminal DC markers ......................43 
4.2.2 Defective immune reconstitution of ITD-AML DCs in first diagnosis and remission ..................43 
4.2.3 Secretion of immunosuppressive cytokines is linked with clinical performance and outcome      
of ITD-AML patients ......................................................................................................................44 

5 Summary and Outlook ....................................................................................................................46 
6 Acknowledgements ........................................................................................................................50 
7 References......................................................................................................................................51 
8 Curriculum Vitae.............................................................................................................................58 
9 Supplement ....................................................................................................................................60 

9.1 Erklärung nach § 2 Abs. 2 Nrn. 6 und 7 ...................................................................................60 
 

 

 
 
 
 
 

 

 



Abbreviations 
 

Abbreviation  Description 

AML   Acute Myeloid Leukemia  

APC   Antigen Presenting Cell 

APC   Allophycocyanin 

BD   Becton Dickinson 

BDCA   Blood Dendritic Cell Antigen (e.g. BDCA-1, -2) 

BM   Bone Marrow 

CD   Cluster of Differentiation (e.g. CD11c, CD123) 

cDC   classic/conventional Dendritic Cell 

CDP   Committed Dendritic Cell Progenitor 

CEPBA   CCAAT/enhancer binding protein alpha gene 

CLP   Common Lymphoid Progenitor 

CML   Chronic Myeloid Leukemia 

CMP   Common Myeloid Progenitor 

CpG   Cytosine Phosphate Guanine – Oligodeoxynucleotide  

CR   Complete Remission  

CTL   Cytotoxic T Lymphocyte 

CTLA   Cytotoxic T Lymphocyte Associated Antigen 

DC   Dendritic Cell 

DFS   Disease Free Survival 

DLI   Donor Lymphocyte Infusion 

FACS®   Fluorescence Activated Cell Sorting 

FD   First Diagnosis 

FITC   Fluorescein 

FL   FMS-like Tyrosine Kinase Type III (FLT3) Ligand 

FLT3   FMS-like Tyrosine Kinase Type III 

FSC   Forward Scatter 

GM-CSF  Granulocyte-Macrophage – Colony-Stimulating-Factor 

GvHD   Graft versus Host Disease 

GvL   Graft versus Leukemia  

HCC   Hepatocellular Carcinoma  

 



HD   Healthy Donor 

HLA-DR   Human Leukocyte Antigen-DR 

HNSCC   Head and Neck Squamous Cell Cancer 

HSCT   Hematopoietic Stem Cell Transplantation 

HSPC   Hematopoietic Stem and Progenitor Cell 

IDO   Indoleamine 2,3-dioxygenase  

Ig   Immunoglobulin 

IL   Interleukin 

IL-3R   Interleukin 3 Receptor 

IFN   Interferon 

ILT3   Immunoglobulin-like Transcript 3 

ITD   Internal Tandem Duplication  

LC   Langerhans Cell 

lin   Lineage Antibody Cocktail (CD3, CD14, CD19, CD20, CD56) 

LN   Lymph Node 

LPS   Lipopolysaccharides 

mAB   Monoclonal Antibody 

mDC   Myeloid Dendritic Cell 

MDP   Monocyte and Dendritic Cell Progenitor 

MDS   Myelodysplastic Syndrome 

MDSC   Myeloid Derived Suppressor Cell 

MHC II   Major Histocompatibility Complex II 

miRNA   Micro RNA 

MLL Myeloid-lymphoid or mixed-lineage leukemia gene  

MRD   Minimal Residual Disease 

NGS   Next Generation Sequencing 

NK    Natural Killer (Cell)   

NPM1   Nucleophosmin Gene 1   

NR   Non responders/No response (to induction chemotherapy) 

NRAS   Neuroblastoma RAS (viral oncogene homolog) 

OS   Overall Survival 

PB   Peripheral Blood 

PBMC  Peripheral Blood Mononuclear Cell    

 



 

PCR   Polymerase Chain Reaction  

PD-L1   Programmed Cell Death 1 Ligand 1 

pDC   Plasmacytoid Dendritic Cell 

PE   Phycoerythrin 

PerCp   Peridinin Chlorophyll Protein 

PFS   Progression Free Survival 

PML-RARA  PML-Retinoic Acid Receptor Alpha  

PTD  Partial Tandem Duplication 

qRT-PCR   Quantitative Real Time PCR 

REL   Relapse  

REM   Remission 

RNA   Ribonucleic Acid 

SCT   Stem Cell Transplantation 

SLO   Secondary Lymphoid Organs 

SSC   Side Scatter 

STAT   Signal Transducers and Activators of Transcription 

TGF   Transforming Growth Factor 

Th   T-helper (Cell) 

TKI   Tyrosine Kinase Inhibitor 

TNF   Tumor Necrosis Factor 

TPO   Thrombopoetin 

VEGF   Vascular Endothelial Growth Factor 

WBC   White Blood Cell 

WT1   Wilm’s Tumor Gene 1 

wt   Wild Type



1 Introduction  
 
 

1.1 Immune Dysfunctions in Cancer 

 

The immune system is a highly complex interplay of various cells and soluble factors in tissues 

and blood. The dynamic orchestration of its participants allows the body to selectively defend against 

outward intruders as well as inward villains. Several mechanistic questions still remain uncovered by the 

immunologists and biologists fighting to explore a system deeply intertwined and yet promising for 

future application in the treatment of patients.  

In the last decades, comprehension of the interplay between the immune system and cancer 

has become a promising tool to actually treat tumors immunologically. 

The growing understanding of how the immune system is triggered to evoke specific immunity 

against a certain antigen – exogenous (i.e. bacterial or viral antigens) or autologous (i.e. self antigens in 

autoimmune diseases, or tumor antigens) – is serving as the baseline for the development of tumor 

specific immune therapy. In the course of basic research on this topic, the relevance of the mechanisms 

of immune escape undertaken by tumor cells and tissues was becoming more and more clear. 

The concept of “Immune Dysfunction in Cancer” is not a new one, yet the urgency to 

understand the mechanisms of immune suppression in cancer bearing patients is a challenge for our 

generation, since the older we get, higher gets the risk of developing cancer.  

We now know that cancer is the product of a variety of mutations happening on genomic basis, 

of false transcription, wrongly expressed proteins, over-stimulation of cells. Yet, the tumor cells 

themselves can also teach us a lot about the underlying causes of immune dysfunction in cancer. 

In the last forty years, the search to understand immune dysfunction in cancerous diseases has 

seen many faces of the same enemy: impaired function of immune cells such as B-cells, Natural Killer 

(NK) cells and defective lymphocyte stimulation. As early as in the 1980s the impact of cytokines upon 

effector T-cells has been moved to the center of interest (1).  

Various soluble factors in the sera of cancer patients have already been detected decades ago, 

apparently contributing to immune escape – meaning the evasion of cancer cells from immunologic 

control. Immunologists started to explore the hindered maturation of immune cells in the peripheral 

blood (PB), which allows the tumor to grow unhindered (1-3).  

What was not new was the concept of the immune system as a guardian, keeping the cells 

from acquiring new genomic patterns which would allow them to reach immortality – and to form a 
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cancer. The concept of immune surveillance was opening a whole new field of research and possible 

mechanisms to defeat cancer.  

The underlying hypothesis is that of a protective immunologic system, containing the immune 

cells, cytokines and complex cellular pathways, which constantly suppress tumor outgrowth. This 

hypothesis is based on clinical findings of spontaneously regressing tumors (4-6). Aspects of tumor 

immunology research thus comprise of the various mechanisms of immune suppression in the context of 

tumor cells and tissues, which allows the uncontrolled progression of cancer, leading to the eventual 

death of the tumor host. Yet, the growing interest and hope of tumor immunologists is also reflected in 

the various projects dealing with immune therapy in cancer patients. 

Yet, to defend the cancer immunologically the mechanisms leading to immune failure have to 

be more profoundly understood in the first place. 

Basic understanding of the so called tumor immunoediting is divided into 3 steps: elimination, 

equilibrium and escape (7), meaning that the immune system can initially control a growing tumor and 

eliminate tumor cells, yet cannot control the whole tumor, resulting in the eventual outgrowth of cancer. 

This might be due to immune suppression (e.g. triggered by stress or medication) (8), or the selection of 

tumor cell variants, which are refractory against immunologic control, or able to suppress the antitumor 

immune response.  

To date, several mechanisms of immune dysfunction have been and are still being intensively 

investigated, in order to therapeutically influence their effect upon tumor growth and progression as 

well as metastasis. Hallmarks in the understanding of cancer immunology are reflected in the following 

findings:   

i) The loss of major histocompatibility complex (MHC) expression: the presentation of cell-

antigens to T cells is restricted to the MHC expression on antigen presenting cells (APC), since the 

activation of immune effector cells crucially needs antigen expression via MHC. 

ii) The lack of T-cell co-stimulation by the cancer cells: the activation of T cells without the 

synchronous co-stimulatory signaling via cluster of differentiation (CD) antigens, e.g. CD80, CD 86, is 

leading to T cell anergy/peripheral T cell tolerance. 

iii) The expression of inhibitory receptors, i.e. by lymphocytes in the tumor microenvironment 

and the consecutive expansion of regulatory T-cells.  

iiii) The tumor-mediated secretion of immunosuppressive cytokines and enzymes: programmed 

cell death 1 ligand 1 (PD-L1), transforming growth factor (TGF)-beta, and indoleamine 2,3-dioxygenase 

(IDO) are mediating the suppression of an immunologic response in the tumor microenvironment, e.g.  
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via induction of apoptosis. (9-11) 

Factors contributing to pro- and anti-tumor immunity, such as regulatory T-cells expressing 

cytotoxic T lymphocyte associated antigen (CTLA) 4 are already being successfully addressed in the 

clinics with specific antibodies for years (12) The blockage of the PD-1/PD-L1 interaction has been 

clinically addressed in recent years with specific antibodies, and was recently shown to induce durable 

tumor regression or prolonged stabilization in cancer patients (13). 

Though, one of the most promising tools for cancer immunotherapy in current translational 

research is the adoption of cellular vaccines loaded with the appropriate antigens to trigger a specific 

immune response against a known tumor.  

This approach is based on the presumably most important immunological finding of the last 

century: the immunologic bridge between the specific immune response and the underlying antigen: the 

so-called dendritic cell (DC). 

 

1.2 Dendritic Cells 

 

 DCs, now known to be the front-players of the immune system with a unique ability to 

stimulate innate and adaptive T and B cell immune responses, have first been described in the late 

nineteenth century (namely one of their subsets, the Langerhans Cells (LC)), yet were only named and 

further characterized in the 1970s by the 2011 Nobel Prize winner Steinman, and colleagues (14, 15).  

Initially isolated from mouse spleen, it was their typical morphology resembling a tree which   

conferred the name “dendritic”. This highly plastic structure allows the DCs to interact with other cells, 

and optimizes the uptake of self- and foreign antigens. In the last decades, their diverse functional 

properties have been intensively investigated, underlining the immense impact on the mammal immune 

system. 

Indeed, DCs represent the most potent antigen presenting cells (APC) which enable the immune 

system to work in a highly specified and concrete way, orchestrating the activation, suppression, and 

survival of immune cells such as T cells and B cells, but also “teaching” the immune cells to tolerate 

auto-antigens in order to prevent auto-immune diseases (16, 17).  

Of note, our knowledge of DC development and distribution in the body was initially based on 

findings in mice. There are distinct differences, yet also major parallels between DC development in 

mice and human beings, such as the way DC precursors and DCs undergoing differentiation leave the 

bone marrow (BM) in an immature state and start migrating and/or residing the secondary lymphoid 

organs (SLO) in order to detect self and foreign antigens (18, 19).   
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In mice, ancestry of DCs has been intensively investigated thus far. Already a decade ago two 

distinct subsets of myeloid and lymphoid DCs had been identified (16), yet only in recent years the 

monocyte and dendritic cell progenitor (MDP) has been identified as the common progenitor of DCs and 

monocytes in mice. MDPs give rise to the so-called committed DC progenitor (CDP), which further 

differentiates into pre-DCs migrating from the BM to the target tissues. In the thymus, the residing DCs 

play a major role in the priming of T cells, negatively selecting T cells with a high potential of self-

reactivity in order to prevent auto-immunity (20, 21). 

Due to the high diversity of DC subsets both in human and mice, the concrete identification of 

their ancestry still holds unanswered questions. Today, there is a vast panel of cellular antigens 

accessible, which serves as a commonly used tool to identify the specific DC subsets in mouse and 

human beings, for detailed review see e.g. van de Laar et al. (22), and Collin et al. (23). 

Common understanding of human DC ancestry is that they are derived from two different types 

of progenitor cells: the common myeloid progenitor (CMP) and the common lymphoid progenitor (CLP) 

cells, which give rise to the various subsets of hematologic cells. It had been assumed that DCs 

originated only from CMPs, but recent evidences show that they can be generated from both, CMP and 

CLP (24, 25). 

In both, mice and humans, there is consensus about two major subsets of DCs: the myeloid or 

classic/conventional dendritic cells (mDCs/cDCs), and the plasmacytoid dendritic cells (pDC) (see above). 

According to recent knowledge mDCs represent the majority of circulating DCs (frequencies are around 

0.8% of all peripheral blood mononuclear cells (PBMC) in human beings) and are divided into two 

subtypes, namely, mDC1 and mDC2. Whereas pDCs (constitute approximately 0.2% of all PBMCs in 

human beings) are major players in the adaption of tolerance against self-antigens in the thymus, and 

their natural high production of interferon type 1 is a potent weapon against viral intruders (26). 

Recently, consensus was reached on the homology between human CD1c+ myeloid DCs (mDCs) 

and mouse CD11b+ classical DCs (cDCs), as well as for human CD123/CD303+ plasmacytoid DCs (pDCs) 

and mouse B220 pDCs (27). Besides, there is recent accordance about the homology of cross-

presenting CD8+ DCs in mice and the CD141+ mDCs in human beings (see below) (28, 29). 

According to recent knowledge, DCs in human beings originate from early hematopoietic 

progenitor cells in the BM which are stimulated to proliferate by growth factors such as the FMS-like 

tyrosine kinase type III (FLT3) Ligand (FL), IL-3, IL-4 and granulocyte-macrophage – colony-stimulating-

factor (GM-CSF) (see Figure 1). The FLT3 receptor is mediating major steps in hematopoietic stem and 

progenitor cell (HSPC) development, both in mice and human beings. In mice FLT3 does occupy a key 

function in the development but also homeostasis of pre-DCs in the BM and peripheral tissues (21, 30).  
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In the in vitro setting human hematopoietic stem cells maintained in the presence of FL can be 

driven towards DC differentiation (31), whereas FL and thrombopoetin (TPO) are direct mediators 

inducing pDC development (32, 33). Of note, in contrast to all other hematopoietic lineages DCs do not 

lose expression of FLT3 during differentiation, which correlates with their high susceptibility to 

stimulation with FL (34).    

Immature DCs from the BM follow specific homing signals to the SLOs, where they reside in 

order to await their activation e.g. upon antigen uptake. Most knowledge about the migratory behavior 

of DCs is derived from the mouse system, yet results from the human setting are constantly revealing 

new insights into the involved chemokine signaling pathways (35).  

In general, DCs are supposed to reside or patrol the periphery in order to take up and process 

antigens. In the context of stimuli (i.e. bacterial lipopolysaccharides (LPS), bacterial and self DNA and/or 

double stranded RNA), or due to changes in the cytokine milieu (e.g. TNF, IL-1, IL-6, IL-10, TGF-beta 

and prostaglandins), as well as after signaling via other immune cells (e.g. T-cells) DCs can be activated 

(16). Of note, recent findings introduced a crucial influence of immunoglobulins on the activation of 

splenic DCs in a B-cell-sufficient mouse model (36), thus underlining the complexity of the immune 

system in mammals. 

Antigens are processed in the DC to be expressed in the context of specialized surface 

structures i.e. the MHC classes I and  II. Due to their high expression of MHC II, DCs play a major role in 

CD4+ T cell activation. Internally originated antigens are conventionally presented in the context of MHC 

I. Of note, the DC is also capable of eliciting an antigen-specific response in cytotoxic CD8+ T cells via 

presentation of extracellular antigens in the context of MHC I, which is known as cross-presentation 

(37). 

Upon activation upregulation of distinct surface structures is initialized, e.g. CD40, and 

CD80/83/86, serving as co-stimulatory molecules (see Figure 1). These molecules deliver the activation 

signals to the immune effector cells.  

The matured DCs migrate to the LNs where they present the processed antigens to the cells of 

the adaptive immune system in order to elicit a specific type of T cell-mediated immune response. This 

interaction is mainly mediated by the surface expression of MHC molecules classes I and II (16, 17, 38). 

In the course of interaction with immune effector cells in the SLOs, the DCs also secrete 

immunoregulatory cytokines such as IL-10, IL-12 (mDC), interferon (IFN)-alpha, and proinflammatory 

cytokines such as tumor necrosis factor (TNF)-alpha, and IL-8 (pDC), which define the character of 

activation and/or anergy conducted to the T cells (see Figure 1) (38-40).  
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Figure 1: Scheme of physiologic DC development 
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Both mDC and pDC are capable of promoting the polarization of naïve T cells. It is generally 

postulated that mDC mainly induce proinflammatory Th1 responses wheras pDC have an affinity 

towards triggering anti-inflammatory/atopical Th2 responses. Of note, the induction of effective 

immunological response towards stimuli (such as bacterial, yet also tumor and self-antigens) is highly 

dependent on the cytokine milieu in which the activation of the DC takes place, thus reflecting the 

immune modulating capacities of the tumor microenvironment upon DCs (see below) (41, 42).  

Recent trials have shown that DCs harbour another valuable function: the induction of specific 

antitumor cytotoxic effector T cells in cancer (43, 44). In mice, the CD8+ DCs represent a subset of non-

migrating resident DCs derived from BM precursors, with the ability to cross-present exogenous 

antigens in the context of MHC class I (45). Depending on the cytokine milieu these DCs can exert CD8+ 

T cell responses (against exogenous antigens) or induce tolerance (towards self-antigens). In the human 

setting a homologue could have been identified recently with promising capacities in the induction of 

antitumor-immunity (see below) (46). 
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1.3 DC Dysfunction in Cancer and Myeloid Derived Suppressor Cells  

 

Yet, reports about DC dysfunction and failure of immune surveillance conducted by the tumor 

itself and its immunosuppressive microenvironment are dominating the scientific scene of tumor 

immunology. In cancer, DCs have been described previously as suffering from defective differentiation 

due to systemic changes in the microenvironment, leading to lower expression of HLA-DR (i.e. MHC II) 

as well as other co-stimulatory molecules. For instance, CD40, CD80 and CD86 expression is commonly 

downregulated on monocytic leukemic blasts in comparison to monocytes of healthy volunteers. These 

results could be obtained in both, human and mice, indicating ineffective immune responses of DCs in 

the presence of cancerous cells, suspecting these cells to hinder the differentiation of the APC in the 

patients (47-51).  

Already a decade ago, Geissman et al. found human LCs draining from chronically inflamed 

skin showing an immature phenotype and lacking costimulatory molecules (52). The disturbances in the 

immune response caused by inflammation and/or cancer might be the two sides of the same coin.  

To fully understand the mechanisms of failing tumor-immunosurveillance and the role of the DC 

in this setting remains an important task to be concluded. This might be especially troublesome since 

the variety of cancerous diseases and their underlying genetic aberrations are quite diverse. Indeed, 

reports about dendritic cell dysfunction in non-haematologic cancers are widespread, outlining the 

importance of a functional DC compartment for competent tumor-surveillance (48). In some types of 

cancer there is evidence that the mDC compartment is more severely affected than the pDC 

compartment (53, 54). Evidence is growing that DC subsets in vivo are directly affected by 

leukemogenesis and thus contribute to leukemic immune escape (55).  

Of note, the downregulation of HLA-molecules in leukemia, and the disability of acute myeloid 

leukemia (AML) blasts to trigger cytokine secretion in mature DC further promotes this hypothesis (56-

58). 

During the past decade, Gabrilovich and others outlined possible mechanisms of DC failure in 

cancer patients, i.e. decreased production of fully differentiated DCs, and the accumulation of immature 

DCs and immature myeloid cells, the so-called myeloid-derived suppressor cells (MDSC) (24). MDSCs 

represent a heterogeneous population of immature granulocytes, macrophages, and DCs with the 

capacity to suppress (cytotoxic) CD8+ T-cell mediated anti-tumor immune response (59), and to induce 

regulatory T cells e.g. via secretion of immunomodulatory cytokines such as IL-10 (60).  

The immunophenotype of human MDSCs has been described variably as e.g. lineage (lin)-, 

human leukocyte antigen (HLA)-DR- in head and neck squamous cell carcinoma (HNSCC), as well as in 
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lung and breast cancer (48), or CD14+, HLA-DR low/- in multiple myeloma (61), melanoma (62), and 

hepatocellular carcinoma (HCC) (63), yet there are several other marker settings to be found in the 

literature (64). 

MDSCs are considered potential targets for prognostic evaluation of patient outcome, since 

their increased frequency at the tumor site or in the peripheral circulation could be shown to correlate 

with poor overall survival (OS) (65).  

Although well described in solid tumors, MDSCs in hematologic malignancies such as leukemia 

have not been intensively investigated thus far (66). 

Recent publications describe the accumulation of regulatory T cells (67) as well as functional 

impairments in the DC compartment in acute myeloid leukemia (AML) patients (55). These findings 

might be of greater importance, since the MDSCs are directly derived from BM precursors, and an 

evaluation of DC dysfunction in haematologic malignancies might thus serve as a valuable tool to 

outline possible mechanisms of immune suppression, delivered via the leukemic blasts.  

  

1.4 Acute Myeloid Leukemia  

 
The acute myeloid leukemia (AML) represents an acquired clonal stem cell disorder, where an 

early myeloid progenitor cell gains anti-apoptotic and proliferative capacities, resulting in the 

uncontrolled spread of immature myeloid cells (i.e. blasts) in the PB, which lost their ability to terminally 

differentiate (68). 

In the elderly, AML is one of the most common hematologic malignancies, its clinical 

presentation dominated by the density of leukemic blasts in the BM, the impaired hematopoietic 

differentiation and/or resulting quantitative changes in the number of peripheral blood cells 

(erythrocytes, granulocytes and thrombocytes) which contribute to functional failures of oxygen 

transportation, native immune response, and blood clotting (68). 

Although 60-80% of AML patients achieve remission after chemotherapy and/or hematopoietic 

stem cell transplantation (HSCT), relapse occurs in most cases, reducing the overall 5-year survival rate 

to approximately 30% (69). The standard treatment consists of combined cycles of chemotherapeutic 

treatment plus supportive elements, such as transfusions of erythrocytes/thrombocytes, cytokine 

supplementation, but also HSCT as a potential curative treatment option, mostly applicable though for 

patients younger than 60 years (70-72). Clinical trials are constantly recruiting volunteers in national 

and international cancer centers, various study groups, and leukemia networks in order to improve the 

clinical outcome of the patients (73).  
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A risk-orientated classification of AML, which was traditionally based on white blood cell count 

(WBC), histopathological and cytogenetic analyses of blasts at diagnosis, has been supplemented by the 

detection of molecular mutations, which are considered to be decisive prognostic markers (74). They 

include e.g. the nucleophosmin gene 1 (NPM1), the CCAAT/enhancer binding protein alpha gene 

(CEPBA), the myeloid–lymphoid or mixed-lineage leukemia gene (MLL), the neuroblastoma RAS viral 

oncogene homolog (NRAS), the Wilm´s tumor gene 1 (WT1), and the  FLT3 gene (75-77).  Also, the 

level of expression of several micro RNAs (miRNAs) is supposed to confer to the outcome of AML 

patients: i.e. an inhibition of overexpressed miRNAs might serve as a potential tool for future therapy 

(78). 

 

1.5 The FLT3 ITD mutation in AML 

 

The FMS-like tyrosine kinase receptor 3 (FLT3), a transmembrane receptor tyrosine kinase, is 

expressed on hematopoietic stem and progenitor cells (HSPC) such as CD34+ cells in the BM and is 

activated via its specific ligand, the growth-factor FLT3 ligand (FL). In normal BM, the activation of the 

receptor via its ligand leads to cell cycle progression, inhibition of apoptosis and differentiation of HSPC. 

In the course of further differentiation and maturation of BM-derived cells, FLT3 is down regulated. Yet 

this specific hallmark of differentiation seems to be hindered in AML patients with a mutated form of 

the FLT3 receptor (34, 79). 

The FLT3 ITD mutation in the juxtamembrane domain coding region has first been described by 

Nakao et al. in 1996 (80) and can be found in about 30% of adult AML patients, contributing to fast 

progression of the disease as well as poor outcome (75). Standard chemotherapeutic treatment of FLT3-

ITD patients generally shows poor responses with a long-term disease-free survival (DFS) of 20-30% 

(81). 

Therefore, novel alternative treatment options are warranted to increase patient survival. 

Promising results could be obtained i.e. by down regulation of FLT3 in AML blasts in order to induce 

cell-death and increase sensitivity towards chemotherapy. As mentioned above, during leukemogenesis 

increased expression of the FLT3 receptor and its ligand FL are common events. The understanding of 

the mutation and its implications is increasing, e.g. regarding the mechanisms which promote the 

development of “high risk” leukemic clones. Experimental studies could prove that the presence of the 

mutation confers to constitutive activation of the tyrosine kinase, triggering downstream signaling 

which leads to cell cycle progression, inhibition of apoptosis, as well as hindered differentiation of HSPC. 
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As expected, inhibition of the FLT3 receptor in FLT3 ITD expressing AML blasts, resulted in their terminal 

differentiation (82). 

The targeted inhibition of tyrosine kinase receptors in the field of hemato-oncology has been 

intensively pursued in the past two decades. Tyrosine kinase inhibitors (TKI) are already well established 

in the treatment of several hematologic and non-hematologic malignancies, such as chronic myeloid 

leukemia (CML), breast cancer, colorectal cancer, and other solid tumors. In recent years, clinical studies 

treating AML patients with the ITD mutation with targeted therapies were initiated, yet the clinical 

performance was not as evidentiary as expected. Treatment responses to FLT3 inhibitors such as 

Sorafenib, Lestaurtinib (CEP-701), Midostaurin (PKC412) and second-generation FLT3 inhibitors such as 

Quizartinib (AC220) (81, 83, 84) were showing complete remission rates of 44% to 54% in relapsed 

and chemotherapy-resistant ITD-AML patients (Levis et al., and Cortes et al. in (85)). 

Though, reports about secondary resistances against the TKIs were accumulating (86, 87), 

correlating with supplementary point mutations within the ITD allele, e.g. F621L, A627P, F691L and 

Y842C mutations (88). 

In response to this clinical observation, new and more effective FLT3 inhibitors, such as 

Ponatinib (AP24534) (85) as well as combined strategies consisting of application of TKIs (e.g. AC220) 

i) in combination with small molecules like JAK2-inhibitors (SAR302503) (89), ii) in addition to 

chemotherapy, or iii) after stem cell transplantation are subject to current investigations (81). 

The importance of a profound clinical evaluation of each patient’s individual disease according 

to WHO classifications including the specific detection of molecular markers such as the FLT3 ITD 

mutation is reflected in recent studies. In 2011, a single institution study at John Hopkins University 

revealed significant differences in the OS comparing FLT3-ITD patients receiving early hematopoietic 

stem cell transplantation (HSCT) (median survival 54,1 months) and those who did not undergo HSCT 

(median survival 8,6 months) (90). 

 

1.6 Surveillance of MRD in ITD-AML 

 

One of the proposed mechanisms of poor outcome in AML-patients is the inability of the 

immune system to detect and eliminate residual leukemia cells, the so called minimal residual disease 

(MRD), which subsequently serves as a source of leukemic relapse. MRD in AML patients after 

chemotherapeutic treatment and/or HSCT can be monitored e.g. via PCR-based detection of leukemia 

fusion genes (e.g. inv 16, t(8;21), or t(15;17)), expression of leukemogenic genes (such as WT1) or 

common genomic aberrations such as PML-Retinoic Acid Receptor Alpha (-RARA), NPM1, MLL-partial 
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tandem duplication (PTD), and FLT3 ITD mutations. Highly specified approaches, i.e. patient-specific 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) assays or next-

generation sequencing (NGS) have been established to date, which offer a more precise detection of 

MRD and thus promise to confer to better patient outcome (91). 

One possible pitfall in the detection of MRD in the special cases of ITD-AML is the dynamic 

fluctuation of the FLT3-ITD mutation in the course of disease. In fact, the mutation status of the 

leukemia might differ between first diagnosis (FD) and relapse. Either due to a loss or gain of mutation, 

or caused by the appearance of different leukemic clones (ITD+ and ITD-) at initial diagnosis, thus 

hampering the predictive value of MRD detection and relapse diagnosis (91).  

 

1.7 Immunotherapy in AML 

 

Allogeneic HSCT for leukemia patients at high risk or after relapse had been performed even 

years before the immunologic concept of the anti-leukemia effect in HSCT-patients was discovered: the 

so-called graft-versus-leukemia (GvL) effect. Lymphocytes from the donor were shown to illicit an anti-

leukemic immune response in the patient, leading to the clinical application of donor lymphocyte 

infusions (DLI) after HSCT. Major drawbacks of this stratagem are the high incidence of graft-versus-

host disease (GvHD) and BM aplasia (92, 93) 

The concept of immunologically treating the leukemia was opening a whole new field of 

immunotherapeutic approaches in cancer treatment. E.g. use of ex vivo generated “conventional DCs” 

as “DC-vaccine” has been evaluated vastly in clinical trials, but with low to moderate performance (94-

96).  

DC-vaccines can be variably designed according to complex protocols, some of them requiring 

weeks of ex vivo culture. Notably, their quality control regarding viability after administration and 

migration to LN to stimulate immune responses has not been fully addressed.  

The concept of immunotherapy is starting to evolve fast in the last years with highly promising in vitro 

results on the one hand, yet high requirements in pre-clinical development, establishment as commonly 

accessible option, and mere modest results in the clinical setting on the other hand. Nevertheless, the 

concept of replacing defective DCs by ex vivo manipulated DC requires the knowledge of why the DC of 

the patient did fail in the first place.  
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2 Objectives 
 

The rationale for our studies was to characterize the dendritic cells in FLT3-ITD positive and 

negative leukemia patients, since DC dysfunctions in malignant diseases had been described before and 

were used as baseline for the design of an immunologically targeted therapy in cancer patients, short 

immunotherapy. 

DC dysfunction is considered a major promoter of the failure of immune surveillance in cancer 

patients. As described above, DCs are important inducers of anti-cancer immune responses, but in an 

immunosupressive environment they induce tumor-specific tolerance. 

To evaluate further implications of cancer-derived immune dysfunction on the functional 

properties of DCs we tested the hypothesis whether or not the DC compartment would be affected 

directly, or indirectly, by the leukemia. 

 It is hard to define which factors are major contributors of immune failure in cancer patients. 

Several mechanisms are being discussed in the literature: the immunosuppressive microenvironment of 

the tumor, and/or the hindered maturation of the immune effector cells such as DCs and lymphocytes. 

Yet there might still be other factors which could not have been recognized in cancer immunology 

research so far. 

As mentioned above, an abnormal DC compartment in AML patients, without a special 

selection of mutational status, has been described before by Mohty et al. (55).  This thesis focuses on a 

comparative analysis of AML patients with and without the FLT3 ITD mutation.  

DC precursors in the BM are dependent on growth factors such as GM-CSF, IL-3 and IL-4, and 

they rely on the expression of the FLT3 receptor and the stimulation via its ligand FL, which interaction 

is crucial for the development of both, mDC and pDC (Figure 1). In mice it could be shown that FL 

added to HSPCs could expand both myeloid- and lymphoid-derived DCs (97). 

Since a direct influence of the ITD mutant on the development and maturation of DCs could 

have been shown in animal experiments as well as in human cell cultures, we wanted to evaluate the 

status quo of DCs in FLT3 ITD-AML patients compared to patients with a FLT3 wild type (wt) receptor. 

Since DC subsets in AML patients might be derived from the same HSPC in the BM which also give rise 

to the leukemia, we wanted to test our hypothesis whether the DCs would be functionally impaired by 

the leukemia itself and /or the ITD mutant.   
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 We collected AML and healthy donors (HD) patient samples after informed consent and positive 

ethic vote from MHH ethics committee, accordingly to the declaration of Helsinki. Healthy donors (HD) 

PBMC samples were included in all steps of the analysis as a control group. 

To assess the DCs in our study cohorts we performed fluorescence activated cell sorting (FACS®) 

analyses using specific antibody panels designed for the detection of peripheral blood DCs.  

In our first publication (51) we defined the frequency of DCs according to commonly used 

marker panels to detect PB-DCs in healthy individuals by flow cytometry. Measurements of DC 

frequency were based on a four step analysis including negative selection of target cells using a lineage 

marker cocktail containing antibodies against CD3, CD14, CD16, CD19, CD20, and CD56, positive 

selection for HLA-DR (i.e. MHC-II), and positive selection of CD11c for mDC, and/or positive selection of 

CD123 for pDC. CD83 and CD86 expression was measured in the FD samples by FACS® (see Table 1). 

The selected cells of ITD-AML patients at first diagnosis (FD) were further analyzed in the context of 

morphologic as well as functional studies.  

In the second manuscript (98) we augmented our analysis with blood dendritic cell antigens 

(BDCA), which characterize mature mDCs and pDCs, in order to assess the status quo of the DC 

compartment in the FLT3 ITD and FLT3 wt patients in FD, remission (REM), and relapse (REL) (see Table 

1). Cells were quantified after exclusion of dead cells as well as CD14/CD19+ cells in the PBMC samples, 

whereas BDCA-1 and -3 define mDC, and BDCA-2 classifies pDC.  

In order to evaluate the state of immune impairment we analyzed cytokines (namely IL-6, IL-10, 

IL-1 beta and TNF-alpha) produced by the patient samples in order to quantify and select those which 

might be responsible for DC suppression. 
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Table 1: Commonly used markers for detection and quantification of DCs, and their possible functions. 

 

Common Name Other Names Cells expressing Possible 

functions 

References 

CD11c Integrin alpha DC, leukemic stem 

cells 

Adhesion molecule (99) 

CD123 IL3-receptor alpha 

chain 

DC, leukemic stem 

cells 

Cytokine receptor (99) 

HLA-DR MHC-II DC, other APC presentation of 

antigenic class II 

peptides to T-cells 

(37) 

CD83 Glycoprotein/ 

Immunoglobulin 

(Ig) 

DC, other APC T-/B-cell regulation 

/ activation 

(16) 

CD86 B7-2 DC, other APC T-cell regulation / 

activation 

(16) 

BDCA-1 CD1c DC, other APC Presentation of 

lipid antigens 

(100) 

BDCA-2 CD303 Resting pDC Inhibition of IFN-

alpha production 

(101) 

BDCA-3 CD141, 

Thrombomodulin 

DC, endothelial 

cells 

Cross presentation (101) 
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Abstract Some 30% of acute myeloid leukemia (AML)

patients display an internal tandem duplication (ITD)

mutation in the FMS-like tyrosine kinase 3 (FLT3) gene.

FLT3-ITDs are known to drive hematopoietic stem cells

towards FLT3 ligand independent growth, but the effects on

dendritic cell (DC) differentiation during leukemogenesis

are not clear. We compared the frequency of cells with

immunophenotype of myeloid DC (mDC: Lin−, HLA-DR+,

CD11c+, CD86+) and plasmacytoid DC (pDC: Lin−, HLA-

DR+, CD123+, CD86+) in diagnostic samples of 47 FLT3-

ITD− and 40 FLT3-ITD+ AML patients. The majority of

ITD+ AML samples showed high frequencies of mDCs or

pDCs, with significantly decreased HLA-DR expression

compared with DCs detectable in ITD− AML samples.

Interestingly, mDCs and pDCs sorted out from ITD+ AML

samples contained the ITD insert revealing their leukemic

origin and, upon ex vivo culture with cytokines, they

acquired DC morphology. Notably, mDC/pDCs were

detectable concurrently with single lineage mDCs and

pDCs in all ITD+ AML (n=11) and ITD− AML (n=12)

samples analyzed for mixed lineage DCs (Lin−, HLA-DR+,

CD11c+, CD123+). ITD+ AML mDCs/pDCs could be only

partially activated with CD40L and CpG for production of

IFN-α, TNF-α, and IL-1α, which may affect the anti-

leukemia immune surveillance in the course of disease

progression.

Keywords Acute myeloid leukemia . Dendritic cells . Flt3

ITD (FMS like tyrosine kinase internal tandem duplication)

Introduction

Dendritic cells (DCs) are professional antigen-presenting

cells (APCs) derived from bone marrow precursors. DCs

internalize and process antigens for presentation to T and B

cells in the lymphatic tissue for induction of adaptive

cellular and humoral responses. There are two major

subpopulations of DCs in the human peripheral blood,

CD11c+CD123− (mDC, also known as myeloid DC or

DC1) and CD11c−CD123+ DC (known as plasmacytoid

DC, pDC, or also DC2). DCs occur in very low frequency

in the peripheral blood of both humans and mice (<1%) [1],

and the homeostatic mechanism regulating DC frequency

has not been fully elucidated. It is established that DC

progenitors require factors such as granulocyte–macro-

phage colony-stimulating factor (GM-CSF: mDC) and

FMS-like tyrosine kinase 3 ligand (FL: mDC, pDC) to

expand and differentiate [2, 3]. FL is proposed to be a key

regulator of the DC compartment as it is expressed on early

hematopoietic stem and progenitor cells, particularly DC

precursors [4, 5]. Therefore, the exposure of myeloid and

lymphoid committed precursors to soluble FL can dramat-

ically increase mDC and pDC frequencies in mice and

humans [4, 6].

FLT3, the cognate FL receptor, is a frequent target for

mutations in leukemia. An internal tandem duplication

(ITD) mutation within FLT3 is found in approximately 30%

of acute myeloid leukemia (AML) cases with normal
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cytogenetics. The leukemic population is commonly mono-

clonal and its occurrence is linked with a particularly poor

prognosis and increased incidence of relapse [2, 7–10]. A

hallmark of FLT3-ITD+ AML blasts is a constitutive

activation of the tyrosine kinase, leading to prolonged

survival and promoted proliferation of hematopoietic stem/

progenitor cells (independent of FL), as well as a partially

blocked differentiation along the granulocytic/monocytic

lineages [2, 5, 7, 11]. FLT3-ITD seems to be preferentially

associated with myelomonocytic and monocytic leukemia

(M4, M5) [12]. Although some DC markers have been

detected in FLT3-ITD+ AML cells (HLA-DR, CD123,

CD4) [9], the association of FLT3-ITD+ with abnormal

frequencies of mDCs or pDCs has not been described

previously in humans. Attempts to generate AML-DCs

using in vitro culture systems with cytokines have

previously indicated that FLT3-ITD would hamper the

differentiation of AML blasts towards dendritic cells [13],

but these studies did not specifically address the presence of

ITD+ AML-DCs in the original diagnostic samples.

Incidentally, results obtained from murine bone marrow

transplantation assays demonstrated that a knock-in of an

ITD into murine FLT3 conferred myeloproliferative disease

with increment in the frequency of circulating and spleen

mDCs (CD11c+, CD86+) [14].

Since the characterization of DC frequencies in

clinical ITD+ AML samples were not described before,

we examined whether the presence of the FLT3-ITD

mutation in diagnostic peripheral blood samples obtained

from AML patients would affect the occurrence of mDCs

and pDCs. Samples obtained from healthy donors and

ITD− AML patients were used as a comparative parameter.

Here, we demonstrate that at leukemia presentation, FLT3-

ITD+ AML patients and FLT3-ITD− AML patients have a

conspicuously high frequency of circulating mDCs, pDCs,

and also mixed lineage mDCs/pDCs. Mixed lineage

mDCs/pDCs detected in FLT3-ITD+ AML samples could

only be partially activated in vitro to produce inflamma-

tory cytokines.

Materials and methods

Patient samples

The collection of peripheral blood samples from healthy

volunteers (n=10) and AML patients was approved by the

local ethics committee of the Hannover Medical School

(MHH) and were obtained after an informed consent. A

total of 40 FLT3-ITD+ and 47 FLT3-ITD− AML patients

were included in the study (Table 1). Due to limitations on

the number of viable cells present in diagnostic leukemia

samples required for more complex flow cytometry

analyses (detection of mixed lineage DCs and analyses of

cytokine production), an additional second cohort was

included in the study, corresponding to 11 FLT3-ITD+

patients and 12 FLT3-ITD− patients (Table 1).

Cytogenetics and FLT3-ITD analyses

Cytogenetic and molecular genetic studies were performed

by the German–Austrian Acute Myeloid Leukemia Study

Group at Hannover Medical School or at the University of

Ulm. Blood diagnostic samples were analyzed for the

presence of ITD mutations in the FLT3 gene by polymerase

chain reaction as described previously [15]. For FLT3-ITD

molecular analyses, DNA was extracted from approximate-

ly 5×106 cells using Qiagen Blood Mini Columns accord-

ing to the protocol of the manufacturer. Polymerase chain

reaction (PCR) was performed with genomic DNA using

primer molecules FLT3-14f-6F 5′-GCA ATT TAG GTA

TGA AAG CCA GC-3′ and FLT3-E15R 5′-CTT TCA

GCA TTT TGA CGG CAA CC. A 5-ng DNA was

amplified in a total volume of 50 μl containing 50 mM

KCl, 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl2 and 0.001%

(w/v) gelatine, 200 μM dNTPs, primer oligonucleotides

(FLT3-E14-6F [5-prime labeled with 6-FAM] and FLT3-

E5R; 0.5 μM each), and 1 unit of AmpliTaq Gold DNA

polymerase (Perkin-Elmer, Norwalk, CO, USA). The PCR

consisted of an initial incubation step at 95°C for 11 min

followed by 27 cycles at 94°C for 30 s, 57°C for 60 s, and

72°C for 120 s, and a final elongation step at 94°C for 30 s,

and 60°C for 45 min in ABI 9700 PCR machines. The PCR

products were resolved on a 2% agarose gels stained with

ethidium bromide. DNA of fluorescence-activated cell

sorting (FACS)-sorted cells with DC immunophenotype

was amplified by PCR and sequencing was performed on

an Applied Biosystems 3130 sequencer and analysed with

GeneMapper 4.0 (Applied Biosystems, Delaware/US).

Immunophenotypic analyses and sorting of mDCs

and pDCs

Peripheral blood mononuclear cells (PBMCs) obtained

from patients and healthy volunteers were isolated by

standard density gradient centrifugation using Ficoll (Bio-

coll separating solution, Greiner, Bio-One, Germany)

separation and cryopreserved in 90% FBS and 10% DMSO.

The mDCs and pDCs were identified using a commercially

available kit (“peripheral blood dendritic cell detection by

flow cytometry”, Becton Dickinson BD, San Jose, CA,

USA). The protocol is based on a four color staining. For

detection of myeloid DCs, we used lineage cocktail 1

(FITC) containing monoclonal antibodies (mABs) against

CD3, CD14, CD16, CD19, CD20, and CD56 as a negative

selection, a mAB against CD11c (APC, clone S-HCL-3), a
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mAB against HLA-DR (PerCp, clone L243), and a mAB

against CD86 (clone FUN-1) or CD83 (clone HB15e) (both

PE). Detection of plasmacytoid DCs was similar, except that

instead CD11c, CD123 detection (PE, clone 9F5) was

performed. Stained cells were analyzed on a FACSCalibur

cytometer using CellQuest software (BD, San Jose, CA, USA).

Fifty thousand viable cells gated on the FSC/SSC scatter

were negatively selected using the lineage markers. The

resulting lin− population was analyzed for HLA-DR/CD11c-

(mDCs) or HLA-DR/CD123- (pDCs) expressing cells. The

activation/maturation status of DCs was evaluated by

analyses of CD86 and CD83 expression.

Eleven additional ITD+ AML samples for which we

could obtain higher viable cell numbers were further

characterized as mixed lineage mDCs and pDCs upon

analyses of lin−/HLA-DR+/CD11c+/CD123+ cells. Four of

the 11 patients were analyzed with an analysis based on

lin−/HLA-DR+/CD4+/CD11c+/CD123+. The samples were

incubated for 2 h with Golgi Plug (BD, Heidelberg) to

inhibit cytokine secretion. Cells were prepared following a

BD cytofix/cytoperm protocol for intracellular staining.

The cells were harvested on ice, washed, and stained for

the expression of cell surface lineage markers (FITC),

HLA-DR (V450, BD), CD11c (APC, BD), CD123 (PerCp

Cy-5.5, BD), and CD4 (Alexa700, BD). The cells were

subsequently stained intracellularly for tumor necrosis

factor (TNF)-α (PE-Cy 7) and INF-α (PE-Green A, BD)

or IL-1α (PE-Green A, BD), respectively. After staining,

cells were acquired at a minimum of 100,000 events. Five

color flow cytometry analysis was performed using an

LSR II apparatus. Analyses were made with BD FACS

DIVA.

Morphological analyses of thawed/sorted and ex vivo

cultured samples

In order to analyze the morphology of cells with mDC

or pDC immunophenotypes, diagnostic samples from six

Table 1 Patients’ characteristics for the first cohort (mDCs or pDCs analyses) and second cohort (mDCs or pDCs or mDC/pDC analyses)

(p≤0.05)

First cohort FLT3

ITD positive (N=33)

First cohort FLT3

ITD negative (N=42)

p value Second cohort FLT3

ITD positive (n=11)a
Second cohort FLT3

ITD negative (n=12)b

Age, median (range) years 62 (32–84) 56.5 (18–82) 0.17 60.38 (44–83) 56.8 (35–79)

Sex (no./%)

Male 18 (55) 25 (60) 0.67 6 (54) 6 (60)

Female 15 (45) 17 (40) 5 (46) 4 (40)

WBC median (×109/L) 95.19 65.69 0.1 67.7 63.52

FAB (no./%) N=18 N=21 0.29 N=10 N=8

M0 2 (11) 2 (10) 1 (9) 0 (0)

M1 1 (6) 5 (24) 2 (18) 2 (16)

M2 4 (22) 3 (14) 1 (9) 0 (10)

M3 3 (17) 0 (0) 0 (0) 0 (0)

M4 3 (17) 5 (24) 3 (27) 3 (25)

M5 5 (27) 6 (28) 5 (45) 3 (25)

Not FAB classified (15) (21) (1) (4)

Cytogenetics (no./%)

Favorable 3 (9) 3 (7) 0.13 0 (0) 0 (0)

Intermediate 26 (79) 28 (67) 7 (63) 7 (58)

Adverse 2 (6) 10 (24) 2 (18) 4 (33)

Missing 2 (6) 1 (2) 2 (15) 1 (10)

Probability of relapse (%) 15 24 0.51 N.A. N.A.

Allo-transplantation (%) 21 31 0.33 36 33

Complete remission

to date (CR) (no./%)

15 (45) 22 (54) 0.48 4 (36) 9 (75)

FAB French–American–British classification, FLT3 FMS-like tyrosine kinase 3, ITD internal tandem duplication, WBC white blood cells, N.A. not

applicable
a
Four of the patients in this cohort were previously included in FLT3-ITD + cohort 1

b
Seven of the patients in this cohort were previously included in FLT3-ITD- cohort 1
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ITD+ patients were thawed and sorted for lin−CD11-

c+HLA-DR+ (mDCs) and lin−CD123+HLA-DR+ (pDCs)

on a FACSAria (BD). Cells were analyzed directly after

sorting by cytospin, Giemsa staining, and microscopy

(Olympus CKX 41) or were further cultivated under DC

differentiation/ maturation conditions. ITD+ mDC-sorted

cells were cultured in 12-well culture plates in an X-vivo

medium (Lonza, Basel, Switzerland) in the presence of

recombinant human (rh) GM-CSF (20 ng/μl, Cell Genix

GmbH, Freiburg, Germany) and recombinant human (rh)

interleukin (IL)-4 (20 ng/μl, Cell Genix GmbH, Freiburg,

Germany). ITD+ pDC-sorted cells were cultured in the

presence of rhIL-3 (10 ng/ml, R&D systems, Cologne,

Germany). After 5 to 7 days in culture, mDCs and pDCs

were stimulated with rhCD40-ligand (CD40L) (50 ng/ml,

R&D Systems, Cologne, Germany).

Results and discussion

ITD negative and positive AML samples show elevated

frequencies of mDCs and pDCs

We used a commercially available analytical procedure for

quantification of DC subsets in whole blood PBMC. CD3−,

CD14−, CD16−, CD19−, CD20−, and CD56- cells were

analyzed for expression of HLA-DR/CD11c (mDCs) or

HLA-DR/CD123 (pDCs) (Fig. 1a). Activated and matured

DCs were further characterized through analyses of CD86

and CD83 expression, respectively [1]. In order to validate

the methodology for DC frequency analyses in a healthy

control group, we initially analyzed the frequency of mDCs

and pDCs in fresh and cryopreserved samples obtained

from ten healthy volunteers (Fig. 1b). The fresh samples

were analyzed on the day of blood draw, whereas the

cryopreserved samples were maintained frozen for at

least 1 week prior to analysis. Although the numbers of

detectable mDCs (lin−/CD11c+/HLA-DR+) and pDCs

(lin−/CD123+/HLA-DR+) in cryopreserved samples were

lower than fresh samples, the difference was found not to

be statistically significant (Fig. 1b). Cryopreserved mDCs

of healthy volunteers (0.82±0.23% of PBMC) contained

mainly activated (CD86+) and mature (CD83+) cells. In

contrast, in pDCs (0.44±0.19 of PBMC), only approxi-

mately half of the cells were activated and mature

(Fig. 1c). In contrast to the homogeneous frequencies of

the mDCs (in the range between 0.4% and 1.2%) and

pDCs (0.3–0.8%) in the PBMC obtained from healthy

volunteers, extremely variable frequencies of mDCs (0.3–

60%) and pDCs (0.2–70%) were observed in AML

Fig. 1 Experimental design and

validation of methods. a Schema

of the flow cytometry analyses

for detection of mDCs and

pDCs. b Frequencies of DCs

detectable in fresh (black)

versus thawed (grey) PBMCs

obtained from healthy donors

(n=10) do not differ signifi-

cantly (p values of mDCs,

0.15; pDCs, 0.44.). c Frequen-

cies of cells with mDC and pDC

immunophenotypes as total cells

or with additional expression of

the activation marker CD86 and

maturation marker CD83

(numbers indicate the average

and standard deviation for each

analyses; n=10)
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diagnostic samples of both ITD+ and ITD− patients

(Fig. 2a, b).

Due to the high variability in the frequencies of cells

with mDC immunophenotype, we considered an “aber-

rant” mDC frequency for those samples showing mDC

frequencies equal or greater than 10% of the total viable

cells included in the analyses (thus, roughly

corresponding to tenfold higher than the normal mDC

frequency observed in healthy controls). A remarkable

proportion of AML samples had an “aberrant” mDC

frequency (42% for ITD+ and 38% for ITD−). We did not

observe significant differences between the distributions

of activated and matured mDCs in ITD+ and ITD−

samples (Fig. 2a). Nevertheless, what was noticeable in

these AML samples in comparison to the samples of

healthy volunteers, was that a much smaller fraction of

the AML-mDCs co-expressed CD86 or CD83, indicating

a lower activation and maturation status, respectively.

The average frequency of cells with pDC immunophe-

notype was also dramatically increased in AML diagnostic

samples compared to healthy controls (Fig. 2b). To

facilitate the analyses of the highly variable pDC frequen-

Fig. 2 Flow cytometry analyses

of cells with DC immunophe-

notype in AML diagnostic sam-

ples. a Frequencies of mDCs,

and b pDCs detected in

FLT3-ITD+ (upper graphs)

and FLT3-ITD- AML samples

(lower graphs). All analyses

indicated significantly higher

frequencies of mDCs and pDCs

in ITD+ and ITD− AML samples

in comparison with DCs analy-

ses in healthy subjects (p<0.05).

The panels on the right side

show representative FACS

analyses samples with the gating

strategy
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cies, we considered “aberrant” the samples with equal or

greater than 2% frequency of pDCs (thus, more than

fivefold higher than healthy controls). Approximately,

40% of the samples analyzed in the ITD+ group and

26% in the ITD− group were classified as “aberrant”,

indicating an overall trend for high accumulation of pDCs.

Mohty et al. previously reported the aberrant fre-

quencies of DCs in cryopreserved AML samples [16].

In their work, however, samples were not stratified

according to the presence of FLT3-ITD and they used

immunoglobulin-like transcript 3 instead of HLA-DR as

co-expressed DC marker. In view of our current results,

ITD+ AML samples seem to demonstrate an even more

pronounced pattern of aberrant DC frequencies than ITD−

AML samples.

ITD negative and positive DCs detected in AML samples

show downregulation of HLA-DR

Expression of HLA-DR (corresponding to the major

histocompatibility complex II) in DCs detected in AML

diagnostic samples was expressed at significantly lower

levels than for DCs analyzed in the samples of healthy

controls (Fig. 3), a finding that correlates with previous

observations regarding the downregulation of HLA-DR in

AML samples obtained from ITD+ patients [17, 18].

Notably, within the AML groups, the expression of

HLA-DR in DC populations detectable in ITD+ AML

was significantly lower than in DCs detectable in ITD−

samples (Fig. 3). The profound downregulation of HLA-

DR in ITD+ DC subsets might be implicated in defective

class II antigen presentation leading to dysregulation of

these APCs. This could potentially affect presentation of

leukemia antigens to CD4+ T helper cells, hampering

development of a stimulatory cytokine environment for

anti-leukemia immune responses.

mDCs and pDCs detectable in ITD+ AML samples

are derived from leukemia and can be driven

to further differentiate morphologically with cytokines

in vitro

An important observation by Mohty et al. [16], who had

previously reported high frequencies of mDC and pDC

subsets in diagnostic AML samples, was that these cells

were likely of leukemic origin since they carried the same

translocations as the original leukemia. In order to extend

this observation to ITD+ leukemia, DCs obtained from

three different ITD+ AML samples were sorted and

examined for the presence of the ITD by PCR. DCs sorted

from the ITD+ AML samples contained the ITD mutation,

demonstrating that they originated from leukemic blasts

(Fig. 4).

These ITD+-sorted DCs were then used for cytospin/

Giemsa preparations and morphological analyses (Fig. 5).

Sorted mDCs (Lin−, HLA-DR+, CD11c+) corresponded to

cells with appearance of monocytic blasts with high

nuclear-to-cytoplasmic ratio (Fig. 5a). Sorted pDCs

demonstrated blast-like morphology with some cells

resembling the normal pDC morphology originally de-

scribed by Siegal et al. [19] and some presenting the

“AML-cuplike” description of Kussick et al. [18], who

previously described FLT3-ITD+ blasts with prominent

nuclear invagination and decreased HLA-DR expression

(Fig. 5b). Sorted ITD+ DCs that could be cultured ex vivo

in the presence of cytokines commonly used for terminal

differentiation of mDCs (GM-CSF, IL-4, CD40L) or

pDCs (IL-3, CD40L) were analyzed. ITD+ mDCs main-

tained in the presence of GM-CSF/IL-4 for 5 days

resulted in a population of large cells with dendrites,

and upon subsequent 24-h treatment with CD40L,

abundant veils on the cell surface typical of mDCs were

observed (Fig. 5c). Sorted ITD+ pDCs cultured in the

presence of IL-3 for 5 days resulted in conspicuously

large cells, and subsequent 24-h treatment with CD40L

resulted in cells with high granularity (Fig. 5d). Put

together, these results demonstrated that circulating ITD+

DCs have characteristics of leukemic blasts, which upon

ex vivo, supra-physiological stimulation with cytokines

Fig. 3 Flow cytometry analyses of HLA-DR expression in AML

cells. a Mean fluorescence intensity (M.F.I.) of HLA-DR expression

on mDCs showing significant (asterisk) differences in the expression

level comparing healthy (n=10), ITD− (n=42) and ITD+ (n=33)

PBMC. b M.F.I. of HLA-DR expression on pDCs
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Fig. 4 Sequencing of PCR-ITD

mutational insert product from

ITD+ patients. In addition to the

w.t. FLT3 amplification product,

the ITD mutational insert is

detectable in the original AML

patient samples and in the sorted

DCs

Fig. 5 Morphological analyses of cytospin/Giemsa preparations of

FLT3-ITD+ AML diagnostic samples prior and post-sorting of mDCs

and pDCs. AML samples obtained from three patients and containing

high frequencies of mDCs (a) or pDCs (b) before and after sorting

resemble leukemia blasts. c ITD+ AML-mDCs after sorting and culture

with GM-CSF/IL-4 and maturation with CD40L show cell enlargement

and veils. d ITD+ AML pDCs after sorting and culture with IL-3 and

maturation with CD40L show cell enlargement and high granularity
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and maturation factors could drive the cells to acquire

more differentiated characteristics.

General occurrence of a mixed lineage population of mDCs

(CD11c+)/pDCs (CD123+) in ITD+ and ITD− AML samples

Previous work describing the occurrence of high frequencies

of DCs in AML samples considered the CD11c+ mDC and

CD123+ pDC populations as mutually exclusive events [16].

Since we had observed that some AML samples had high

frequencies of both mDCs and pDCs and since the

expression of markers of various hematopoietic lineages is

common in leukemogenesis, we evaluated whether mixed

mDCs/pDCs lineages could also be found in ITD+ and/or

ITD− AML samples. The subsequent flow cytometry

analyses consisted in the negative selection of non-DC

lineage markers, positive selection of HLA-DR+ DCs and,

within this defined DC population, we analyzed the

frequencies of single or double CD11c+ and CD123+ cells

(Fig. 6a). For a subset of ITD+ patients, we also included the

selection of CD4+ cells for a more stringent characterization

of DCs (three representative examples are shown in Fig. 7).

Surprisingly, double positive mDC/pDC populations

were observed in all ITD+ and ITD− AML samples

analyzed, and the frequency of double positive DCs

corresponded to an average of 58% for ITD+ and 67% of

ITD−, indicating their preponderance (Fig. 6b, Tables 2

and 3). In addition to the double positive mDCs/pDCs,

single mDCs and pDCs cell populations were also

detectable in the samples in different distributions

(Tables 2 and 3 A–C). Of note, CD11c+/CD123+ cells

have recently been described as early precursors of

myelocytic DCs derived from CD34+ progenitors [20–

22]. In fact, CD123 is the IL-3 receptor (IL-3R) alpha

chain, which is a well-established stem cell marker in

healthy and leukemic CD34+ stem cells, and is known to

be downregulated only late in myeloid differentiation.[23–

25]. IL-3R/ CD123 expression in ITD+ AML blasts has

been described as a frequent event [26, 27], which here

seems to be associated with the accumulation of DC

precursors that are not terminally differentiated towards

mDC or pDC. Of note, in this study, we also observed that

a subset of ITD+ AML samples showed a significantly

higher expression of CD123 when compared with ITD−

AML samples (data not shown).

Analogous to our findings, Ma et al. [28] have also

demonstrated clonal involvement in circulating myeloid

and lymphoid precursors of dendritic cells in peripheral

blood of patients with myelodysplastic syndromes. Alto-

gether, these observations provide evidence that ITD+ and

also ITD− leukemic or progenitor stem cells differentiate

towards common CD11c+/CD123+ mDC/pDC precursors

which are accumulated prior to subsequent split between

differentiated mDCs and pDCs.

Stimulation of mDCs/pDCs with CD40L or CpG results

into partial activation of the cells for production

of inflammatory cytokines

ITD+ AML samples were further analyzed for mDC/pDC

frequencies based on detection of the surface markers Lin−/

HLA-DR+/CD4+. Using these more stringent analyses, 5.2–

20.5% of the DCs present in the ITD+ AML samples

corresponded to mDC/pDCs (Fig. 7a).

In order to correlate the immunophenotypic character-

istics of the mDC/pDC mixed lineage population with DC

function, we performed intracellular staining of inflamma-

tory cytokines [interferon (IFN)-α, TNF-α, IL-1α] after

stimulation of the AML blasts with CD40L or CpG

(Fig. 7b). We used healthy donors as controls for these

analyses, which confirmed upregulation of IFN-α produc-

tion by pDCs after CpG stimulation (Fig. 7). IFN-α and IL-

1α were detectable in all mDC/pDC populations, but their

regulation through CpG and CD40L was extremely

variable. Production of TNF-α by mDCs/pDCs was hardly

detectable in comparison to healthy mDCs and pDCs

Fig. 6 Immunophenotypic detection of mDCs/pDCs’ mixed lineages.

a Schematic presentation of flow cytometry analyses. b Average

frequency of mixed lineage mDCs/pDCs, single mDCs and pDCs

obtained for ITD+ and ITD− patients
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(Fig. 7). Thus, these functional analyses indicated a

deregulated baseline cytokine production and stimulatory

responses in mDCs/pDCs.

Based on long-standing clinical expertise that graft

versus leukemia (GVL) effect is an immunologic factor

positively influencing leukemia eradication, immunothera-

peutic approaches to enhance GVL have been sought.

During past years, several groups have pointed to the fact

that AML cells can express antigens and can be “corrected”

as antigen-presenting cells through cytokine stimulation

leading to their terminal differentiation [29]. This approach

was however not shown practical for ITD+ AML cultures

maintained in vitro, which failed to generate ITD+ AML-

DCs in the presence of GM-CSF, IL-4, and TNF-α [13]. In

our work, we did obtain a partial correction of the DC

morphology and cytokine production, but this was mainly

noticeable in the presence of CD40L or CpG, which drive

terminal maturation of DCs.

In summary, our work demonstrates that both ITD+

and ITD− AML samples contain a high proportion of cells

with DC progenitor characteristics, hindered in terminal

differentiation, partially blocked for maturation, and with

deregulated cytokine production characteristics. Thus, our

study indicates immunosuppressive mechanisms of an

immature mDC/pDC leukemic lineage, which might be

operative during leukemogenesis and can potentially

Fig. 7 Functional analyses of double positive CD11c/CD123 mDCs/pDCs in ITD+ AML samples of three patients. a Gating approach for

detection of mDCs/pDCs. b Frequency of mDC/pDCs with detectable intracellular cytokines after stimulation with CD40L or CpG
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promote anergy induction, tolerance, and ultimately

immune escape of leukemia cells.

These results suggest that by hindering the “AML-DC”

differentiation and maturation, the occurrence of FLT3-ITD

can potentially undermine anti-leukemia immune responses,

which calls for more effective adjuvant immunotherapeutic

strategies in ITD+ leukemia in order to rebound the immune

regeneration for ultimate leukemia elimination.

Table 3 Frequency of double positive mDCs/pDCs and single mDCs and pDCs in 12 ITD− AML samples

AML sample WBC FAB % DCs in PBMC % mDC/pDC in DCs % mDC in DCs % pDC in DCs

A: High mDC/pDC and high mDC frequencies

1 4.7 M1 58.26 36.09 57.57 6.32

2 182 N.A. 9.9 87.36 10.20 2.41

3 76 M4 9.15 59.22 34.09 6.67

B: High mDC/pDC and high pDC frequencies

4 5.2 N.A. 8.11 81.37 3.33 15.29

5 34 M5b 53.71 71.37 0.36 28.23

6 6.8 M4 27.44 58.71 1.75 39.54

7 129.5 N.A. 52.79 61.53 1.52 36.94

C: High mDC/pDC and high mDCs or pDCs

8 0.7 M4eo 23.97 60.52 18.22 21.23

9 69 N.A. 31.8 62.33 18.21 19.47

10 18.4 M5 21.97 61.63 15.66 22.70

11 23.2 M1 8.08 77.60 13.24 9.16

12 115.7 M5 1.57 82.17 7.01 10.83

The samples varied relative to the majority of mDCs (A), pDCs (B), but for most of the cases comparable frequencies of mDCs and pDCs were

observed (C)

AML acute myeloid leukemia, FAB French–American–British classification, WBC white blood cells, N.A. not applicable, DCs dendritic cells,

PBMC peripheral blood mononuclear cell, pDC plasmacytoid dendritic cell, mDC myeloid dendritic cell

Table 2 Frequency of double positive mDCs/pDCs and single mDCs and pDCs in 11 ITD+ AML samples

AML sample WBC FAB % DCs in PBMC % mDC/pDC in DCs % mDC in DCs % pDC in DCs

A: High mDC/pDC and high mDC frequencies

5 6.3 M4 23.28 79.30 18.17 2.53

6 56.2 M5a 39.2 34.95 64.79 0.25

7 30.3 M4/5 34.7 64.54 30.84 4.61

8 216 M0 34.1 39.00 60.41 0.59

9 107 M5a 39.1 69.80 29.92 0.25

10 1.5 M1 3.57 27.74 60.50 11.76

B: High mDC/pDC and high pDC frequencies

1 69.9 M2 39.04 35.00 0.48 64.52

2 46.3 M5 52.02 64.28 6.62 29.10

11 65.5 M5 11.00 73.09 8.09 18.82

4 79.0 N.A. 11.55 55.16 10.32 34.52

C: High mDC/pDC and low mDCs or pDCs

3 66.7 M5 45.97 90.12 5.21 4.67

Despite the fact that mDCs/ pDCs were observed in all AML samples, most of the samples showed high frequency of mDCs (A), and some

samples showed also high frequencies of pDCs (B) or comparable frequencies of mDCs and pDCs (C)

AML acute myeloid leukemia, FAB French–American–British classification, FLT3 FMS-like tyrosine kinase 3, ITD internal tandem duplication,

WBC white blood cells, N.A. not applicable, PBMC peripheral blood mononuclear cell, DCs dendritic cells, pDC plasmacytoid dendritic cell,

mDC myeloid dendritic cell
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Abstract Relapse occurs frequently after treatment of acute

myeloid leukemia (AML) patients with the FMS-like tyrosine

kinase 3-internal tandem duplication (ITD) mutation. The

availability of immunologic biomarkers to predict patients at

high risk could allow clinicians to accelerate alternative treat-

ments such as stem cell transplantation, immunotherapy, or

novel drugs. We have previously reported that first diagnostic

(FD) ITD+ AML showed immunophenotypic and functional

characteristics of arrested dendritic cell (DC) precursors. In this

study, we show that the high frequency of precursor DCs in 16

FD ITD+ AML samples (Lin−/HLA-DR+/CD11c+/CD123+)

was associated with a lack of terminal DCs (myeloid DCs:

BDCA-1+ or BDCA-3+; plasmacytoid DC: BDCA-2+). We

further evaluated prospectively the peripheral blood complete

remission (CR) samples obtained from 11 ITD+ AML patients

after chemotherapy regarding the frequency of DCs and their

pattern of cytokine production. Whereas the aberrant frequen-

cies of precursor and terminal plasmacytoid DCs resolved

during remission, the myeloid DC compartment did not fully

recover. For an available cohort of patients (n=4) who could

be monitored over a period of >15 months after FD, we

identified IL-10, TNF-α, IL-6, and IL-1β as cytokines pro-

duced by the CR samples at high levels a few months prior to

relapse. Cell-free supernatant of an FD ITD+ AML sample

stimulated monocytes obtained from two healthy donors to

secrete IL-10, TNF-α, IL-6, and IL-1β. Thus, we hypothesize

that ITD+ AML minimal residual disease can act directly as

dysfunctional antigen-presenting cells or indirectly by produc-

tion of factors that convert monocytes into myeloid-derived

suppressor cells secreting cytokines that promote immune

evasion. Monitoring these immunologic biomarkers could

improve prediction of relapse.

Keywords Leukemia .Dendriticcell . Immune monitoring .

Myeloid-derived suppressor cells . Risk of relapse .

Inflammatory cytokines

Introduction

Acute myeloid leukemia (AML) is a very heterogeneous

disease and risk stratification has recently been improved by

detection of genetic mutations in samples collected at first

diagnosis (FD) and complete remission (CR) [1]. One of the

most common mutations in AML occurs in the open reading

frame of FMS-like tyrosine kinase 3 (FLT3), which is the

receptor for FLT3-ligand, a cytokine with pivotal function in

dendritic cell (DC) differentiation and in stem cell renewal

[2, 3]. The mutations in the FLT3 receptor occur by point

mutations in the kinase domain or by internal tandem
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duplications (ITD) of the juxtamembrane or tyrosine kinase

domain. These mutations afflict approximately 30 % of the

newly diagnosed AML cases corresponding to a group of

patients at high risk [4, 5]. Once FLT3-ITD is identified,

mutations in other loci can be used to aid in the outcome

prediction (such as NPM1, MLL, N-RAS, and WT1) [5–7].

Novel sensitive approaches to detect leukemia relapse through

next-generation sequencing of mutated hotspots such as

FLT3-ITD and NPM1 are currently in development [8].

Clinical evidence indicates that allogeneic stem cell

transplantation (SCT) of ITD+ AML patients results in the

best survival outcome and is the routine clinical practice for

eligible patients [9]. The mechanistic effects of allo-SCT are

believed to be largely immunological, due to the capacity of

T cells from the donor to mount a curative and long-term

graft-versus-leukemia effect against minimal residual dis-

ease (MRD) [10]. Unfortunately, older patients and patients

without suitable donors are not eligible for allo-SCT and

conventional chemotherapy is the standard of care. For these

patients, novel therapies in clinical development such as

immunotherapy or novel drugs are certainly warranted. In

addition, novel diagnostic approaches such as immune mon-

itoring would potentially impact in the prediction of MRD

immune evasion and relapse.

Dendritic cells play a key role in immune regulation and

function [11, 12]. The DC compartment in cancer patients is

often deregulated, resulting in the accumulation of immature

and/or dysfunctional DCs [13]. We have recently shown that

FD samples of adult ITD+ AML patients contain an aberrant

accumulation of cells with immunophenotypic and functional

characteristics of arrested DCs [14]. Thus, we hypothesize that

residual leukemic ITD+ DCs could potentially affect the dif-

ferentiation of normal DCs of patients during disease recovery

through paracrine mechanisms. In that regard, we evaluated if

cytokines (IL-10, TNF-α, IL-6, and IL-1β) proposed by sev-

eral groups as indicators of a broad range of immunopatho-

logical conditions affecting cancer [15–20] could also serve as

potential biomarkers to predict ITD+ leukemia relapse.

In this study, we prospectively collected samples from 11

ITD+ AML patients treated with standard chemotherapy. Co-

horts of nonresponders, patients who entered remission and

then relapsed or patients with relapse-free survival for

>15 months, were identified. Peripheral blood samples of

ITD− AML patients and healthy donors (HD) were used as

control groups. Kinetic analyses of four ITD+ AML patients

who entered CR but then relapsed between 16 and 24 months

after FD showed a consistent pattern of arrested terminal

differentiation of myeloid DCs and upregulation of IL-10

(an anti-inflammatory cytokine), TNF-α, IL-6, and IL-1β

(pro-inflammatory cytokines) months prior to leukemia re-

lapse. We provided experimental evidence that soluble factors

produced by ITD+ AML stimulated monocytes from healthy

donors to produce IL-10, TNF-α, IL-6, and IL-1β.

Materials and methods

Patient samples

This study was performed in accordance with the declaration

of Helsinki and was approved by the local ethics committee of

the Hannover Medical School. Peripheral blood samples from

adult (18–83 years) AML patients were collected after written

informed consent. Twenty-six ITD+ and 28 ITD− patients, for

whom FD samples were available, were included in this study

(Suppl. Table 1). Peripheral blood mononuclear cells

(PBMCs) were collected from 26 ITD+ patients for up to

24 months after FD and they were grouped according to the

clinical outcome (Suppl. Fig. 1b and Table 1): nonresponders

(NR, no CR after induction therapy, i.e., >5 % blasts in the

BM) and CR. CR patients were split between those who

eventually relapsed >15 months after FD (CR/REL) and those

patients with disease-free survival (CR/DFS, no relapse up to

2 years after FD).

Cytogenetics, FLT3-ITD, and WT1 analyses

Cytogenetic and molecular genetic studies (Table 1 and Suppl.

Table 1) were performed by the German–Austrian Acute

Myeloid Leukemia Study Group at Hannover Medical School

or at the University of Ulm. Blood diagnostic samples were

analyzed for the presence of the ITD mutations in the FLT3

gene by polymerase chain reaction as described previously

[21]. The upregulation of WT1 mRNA levels was used as a

putative approach to predict relapse as previously described

[22]. RNAwas extracted from approximately 5×106 PBMCs

using the Qiagen RNeasy kit according to the protocol of the

manufacturer (Qiagen, Hilden, Germany). Real-time quanti-

tative polymerase chain reaction (RQ-PCR) was performed

with extracted RNA using theWT1 ProfileQuant®-Kit (ELN)

(Ref: PQPP-02-CE) from Ipsogen (Luminy Biotech Enter-

prises, Marseille, France). The RQ-PCR consists of two hold-

ing stages of 1 cycle each at 50 °C for 2 min followed by 95 °C

for 10 min and a cycling stage at 95 °C for 15 s and 60 °C for

1 min (50 cycles) in a StepOnePlus Real-Time PCR system

(Applied Biosystems, Darmstadt, Germany). Standard curves

and fluorescence calculation were performed using the

StepOnePlus Real-Time PCR system and Microsoft Excel

(Microsoft, Germany).

Immunophenotypic analyses of precursor and terminal DCs

PBMCs obtained from patients and healthy volunteers were

isolated by standard density gradient centrifugation using

Ficoll (Biocoll separating solution, Greiner, Bio-One, Germa-

ny) separation and cryopreserved in 90 % FBS and 10 %

DMSO. Progenitor DCs were identified using a commer-

cially available kit (“Peripheral Blood Dendritic Cell
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Detection,” Becton Dickinson BD, San Jose, CA, USA).

The protocol is based on a four-color staining. For the

detection of myeloid and plasmacytoid progenitor DCs, we

used lineage cocktail 1 (FITC) containing monoclonal

antibodies (mABs) against CD3, CD14, CD16, CD19,

CD20, and CD56 as a negative selection, a mAB against

HLA-DR (PerCp, clone L243), a mAB against the CD11c

myeloid DC marker (APC, clone S-HCL-3), and a mAB

against the CD123 plasmacytoid DC marker (PE, clone

95F). Fifty thousand viable cells gated on the forward

scatter (FSC)/side scatter (SSC) were negatively selected

using the lineage markers. The resulting Lin− population

was analyzed for HLA-DR/CD11c (“precursor myeloid

dendritic cells (mDCs)”) or HLA-DR/CD123 (“precursor

plasmacytoid dendritic cells (pDCs)”). Terminal DCs were

identified using a commercially available kit (“Blood

Dendritic Cell Enumeration,” Miltenyi Biotec, Bergisch-

Gladbach, Germany). The protocol is based on a four-

color staining: for mDC1-, a mAB against BDCA-1

(CD1c, PE); for pDC-, a mAB against BDCA-2

(CD303, FITC); and for mDC2 detection, a mAB against

BDCA-3 (CD141, APC). We used a photoaffinity fluores-

cent “dead cell discriminator” (PE-Cy5) and mABs against

CD19 and CD14 to (PE-Cy5) to exclude B cells, mono-

cytes, granulocytes, and dead cells. Fifty thousand viable

cells gated on the FSC/SSC scatter and excluding dead

cells and CD19+/CD14+ cells were analyzed for expression

of BDCA-1 (mDC1), BDCA-2 (pDC), and BDCA-3

(mDC2). Stained cells were analyzed with a FACSCalibur

using CellQuest software (BD, San Jose, CA, USA).

Analyses of cytokine secretion

Cell-free supernatants of PBMC samples obtained from

leukemia patients were obtained by seeding of 1×106 viable

cells in 1 ml of X-vivo medium (Lonza, Belgium) in 12-well

Table 1 Patient characteristics

of ITD+ patient groups NR, CR/

REL, and CR/DFS

NR nonresponders, CR/REL

complete remission followed by

relapse (within 2 years from first

diagnosis), CR/DFS complete

remission and disease-free sur-

vival (for >2 years from first di-

agnosis), FAB French American

British Classification, WBC

white blood cells ×1,000/μl,

NPM1 mutation exon 12

nucleophosmin mutation, WT1

Wilm's tumor 1 gene mutation,

REL relapse, n/a not available
aPatients analyzed for kinetics of

late leukemia relapse and corre-

lation with DC and cytokine

profile

ID Sex FAB WBC Age Karyotype Mutations REL (month)

FLT3 ITD NPM1 WT1

NR

#1 F M4 1.4 57 46, XX + − + −

#2 M M5 n/a 45 Complex + − + −

#3 M M5 119.2 57 n/a + − − −

#4 M sAML 259 67 n/a + − n/a −

#5 M n/a 97 83 n/a + + + −

CR/ REL

#6a M M4 110.1 40 46, XY + + + 18

#7 a F M4 98.1 53 46, XX + + + 16

#8 a F M5 66.7 48 Complex + − + 20

#9 a F M2 69.9 52 46, XX + + + 24

#10 M M5a 56.2 44 46, XY + + n/a 10

#11 M M4 9 24 46, XY + − + 3

#12 F M4 0.4 78 Complex + − + 3

#13 F M5a 107 53 46, XX + + n/a 8

CR/ DFS

#14 F M4 6.3 64 46, XX + + + No REL

#15 F M1 n/a 66 46, XX + + + No REL

#16 M M4 3.1 77 46, XY + + + No REL

#17 M n/a n/a 32 n/a + − n/a No REL

#18 F M2 243 70 46, XX + + n/a No REL

#19 M n/a n/a 40 n/a + + n/a No REL

#20 F M4 45.2 63 46, XX + + + No REL

#21 F M1 3.6 50 46, XX + + + No REL

#22 M n/a 12 40 46, XY + − + No REL

#23 F M3 n/a 65 APL + − n/a No REL

#24 F M5 n/a 61 46, XX + − n/a No REL

#25 M M6 5.9 18 46, XY + + n/a No REL

#26 M M5b n/a 67 46, XY + + n/a No REL
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plates (TPP, Switzerland), incubated for 24 h at 37 °C and

5 % CO2, collected, centrifuged to remove cells and debris,

and cryopreserved at −80 °C. Luminex® analyses were

performed with a Cytokine Human 14-Plex Panel

(Millipore, Schwalbach, Germany) for analyses of IL-10,

TNF-α, IL-6, and IL-1β. As controls, supernatants obtained

from PB samples obtained from four healthy donors were

included in the analyses. Cytokine standards supplied by the

manufacturer were run on each plate together with the test

samples. Samples were treated accordingly to manufac-

turer's instructions. For cytokine detection, data were ac-

quired on a Luminex-200 System and analyzed with the

Xponent software v.3.0 (Invitrogen).

Treatment of CD14+ monocytes with AML supernatant

The cell culture supernatant collected from one of the FD

samples in the study (CR/REL patient #6) as described

above was filtered with 0.2 μM and diluted with X-vivo

medium at dilutions of 1:3 and 1:9. CD14+ monocytes were

isolated from the leukapheresis of healthy donors using

CD14 microbeads (Miltenyi, Germany). The isolated

CD14+ monocytes were seeded at a density of 5×106 cells

per well and were cultured in X-vivo medium or with

diluted 2-ml AML supernatants in a six-well plate. The

plates were incubated at 37 °C for 3 days. At the end of

the incubation period, the cell viability and monocyte purity

were assessed by flow cytometric analyses of 7AAD and

CD14. The cell supernatants were collected and the cytokine

profile was analyzed by Luminex® as described above.

Results

FD samples of ITD+ AML patients showed a more

pronounced alteration of the dendritic cell pattern

in comparison to FD samples of ITD− AML patients

We had previously reported that FD samples of ITD+ pa-

tients presented with an accumulation of Lin−/HLA-DR+

cells that co-expressed the DC markers CD11c and/or

CD123. These leukemic DCs contained ITD mutations and

could be driven to differentiate into mature mDCs or pDCs

in vitro upon culture with cytokines, but they were not fully

capable of secreting several cytokines [14]. We therefore

deduced that CD11c+, CD123+, and CD11c+/CD123+ leu-

kemic DCs were arrested in the dendritic cell differentiation

pathway and that CD11c+ and CD123+ should be rather

considered as DC precursor markers. In order to assess the

frequencies of mature DCs in leukemia samples, we there-

fore used a second immunophenotypic panel. Here, terminal

DCs were defined as mDC1 (BDCA-1+), pDC (BDCA-2+),

or mDC2 (BDCA-3+). Validation of the immunophenotypic

analyses was performed with cryopreserved/thawed PBMC

B) Analyses of terminally differentiated DCs at FD

* **

** **

*

A) Analyses of DC precursors at FD

ns p <0,05 p <0,05

nsnsns

Fig. 1 FD samples of ITD+

AML patients (n=16) showed a

more pronounced alteration of

the dendritic cell pattern in

comparison with the FD

samples of ITD− AML patients

(n=22). a Frequencies of

precursor DCs. b Frequencies

of terminal DCs. Single

asterisk: significantly higher

than HD (p<0.05). Double

asterisk: significantly lower

than HD (p<0.05). [The dotted

line is showing the average

values for HD]

Ann Hematol

32

3 Results - Manuscript II



obtained from nine healthy control donors. For both types of

immunophenotypic analyses, we observed a higher frequen-

cy of mDCs (approximately 0.4 %) compared to pDCs

(approximately 0.2 %) (Suppl. Fig. 1a). The frequencies of

mixed lineage mDC/pDCs (CD123+/CD11c+) and of mDC2

were quite low (below 0.1 %). Using the same staining

procedures, we examined FD-cryopreserved samples of

ITD+ and ITD− patients who were diagnosed and treated at

the Hannover Medical School. We compared the FD sam-

ples of 16 ITD+ and 22 ITD− patients, who eventually

entered CR. The cohorts were reasonably similar in terms

of gender distribution, age, WBC counts, NPM1 mutation

frequency, FAB types, and cytogenetics (Suppl. Table 1). In

contrast to the homogeneous frequencies of DCs in PBMC

samples obtained from HD (0−0.83 %), FD samples from

ITD+ and ITD− patients showed a high variability in the

frequencies of precursor DCs, ranging from 0 to 71 %

(Fig. 1a and Suppl. Figs. 1a and 2a). We observed the

previously reported accumulation of mDC/pDC precursors

(CD123+/CD11c+) in FD obtained from ITD+ patients

(Fig. 1a and Suppl. Fig. 2a). The frequencies of mDC/pDC

precursors were significantly increased in both ITD+ (p=

0.0065) and ITD− (p=0.0077) FD patient samples compared

to HD PBMCs. Notably, the accumulation of mDC/pDC

precursors was significantly higher in the FD of ITD+ pa-

tients compared to the FD of ITD− patients (mDC: p=0.046;

pDC: p=0.049). The same samples demonstrated almost

complete lack of terminal mDC1s (BDCA-1+) and pDCs

(BDCA-2+) (Fig. 1b and Suppl. Fig. 2b). Of note, signifi-

cantly lower frequencies of terminal mDC1 (p<0.0001) and

pDC (p<0.0001) were found in FD samples of ITD+ pa-

tients compared to HD, whereas the frequencies of terminal

DCs in FD samples of ITD− were not significantly affected

(Fig. 1b). Thus, these results fully corroborated with our

previous findings using another AML cohort, showing that

the ITD mutation in AML is correlated with the accumula-

tion of mDC/pDC precursors. Furthermore, these leukemic

ITD+ DC precursors did not display the terminally differen-

tiated DC immunophenotype. These findings combined un-

derscore the notation that ITD+ AML corresponds to an

arrested DC lineage malignancy.

FD samples obtained from ITD+ NR patients secreted higher

levels of IL-10 and stress cytokines in vitro in comparison

to CR patients

IL-10 is produced mostly by macrophages and myeloid DCs

and is generally regarded as an anti-inflammatory cytokine

exerting several effects in immunomodulation of the cancer

microenvironment and cancer progression [17]. Direct inhi-

bition of myeloid DC differentiation mediated through IL-

10 and IL-6 was proposed to induce a potentially

immunocompromising microenvironment in cancer patients

[23]. IL-6, TNF-α, and IL-1β are predominantly secreted by

activated monocytes and macrophages and play a central

role in innate inflammatory events. Remarkably, the neuro-

endocrine stress system in human beings is also triggered

via soluble factors such as IL-6, TNF-α, and IL-1β, hereto-

fore named “stress cytokines” [17, 24]. Therefore, we pro-

posed to evaluate whether FD containing ITD+ leukemic

cells would show particular patterns of expression of IL-10

and/or stress cytokines. FD samples obtained from NR

patients showed higher levels of production of all stress

cytokines compared with PBMC of HD, whereas IL-10

levels were similar (Fig. 2). On the other hand, FD samples

obtained from ITD+ CR patients (CR/REL and CR/DFS)

showed lower levels of secreted IL-10, TNF-α, IL-6, and

IL-1β than PBMCs of HD controls (Fig. 2). Thus, compared

with the DC immunophenotypic analyses of ITD+ AML

showing a more uniform pattern, the cytokine secretion

pattern was more heterogeneous. These findings suggested

that either the ITD+ leukemic cells from NR patients secret-

ed cytokines in a different pattern than cells obtained from

CR/REL and CR/DFS, or that bystander cells contained in

FD samples of NR patients could be responsible for the

secretion of the cytokines.

CR samples obtained from ITD+ AML patients showed

lower recovery of myeloid DCs compared with samples

obtained from ITD-AML patients

Low DC frequencies in leukemia patients after initial treat-

ment and/or HSCT have been associated with relapse and a

poor outcome [25, 26]. Therefore, we compared the fre-

quencies of precursor and terminal DCs in samples obtained

from ITD+ (n=11) and ITD− (n=13) patients in CR (Suppl.

Fig. 1b and Table 1). During CR, the mDC/pDC precursor

population disappeared in both the ITD+ and ITD− cohorts

(Fig. 3a). ITD+ CR patients showed a trend towards lower

frequencies of terminal myeloid DCs (mDC1, p=0.057;

mDC2, p=0.0912) in comparison to HD (Fig. 3b). These

findings suggested that the aberrant DC patterns observed at

ITD+ AML diagnosis tended to normalize during CR, but

did not return to the normal situation observed in healthy

individuals. Thus, despite of this modest alteration in DC

frequency, we could not identify a major aberration in CR

samples of ITD+ AML patients as a whole.

Kinetic analyses of CR samples of ITD+ patients showed

persistent accumulation of mDC/pDC precursors

and a decline in the levels of terminal mDCs who relapsed

after 15 months

We chose four patients who experienced leukemia relapse

within 2 years after FD (see Table 1, CR/REL patients 6, 7,

8, and 9) for performing kinetic analyses. PBMC samples
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were collected five times sequentially after FD (every

3 months and up for 15 months). The frequencies of pre-

cursor mDCs and pDCs normalized during the first 6 months

of CR (although always lower than healthy controls), but

then decreased continuously until 15 months (Fig. 4a). The

mixed lineage mDC/pDC population drastically decreased

**
*

* *

Fig. 2 FD samples obtained

from NR ITD+ AML patients

(n=4) secreted higher levels of

stress cytokines in vitro in

comparison with patients who

entered CR (n=7). NR

nonresponders (n=4), CR/REL

complete remission followed by

relapse (<2 years; n=4),

CR/DFS complete remission

and disease-free survival

(>2 years) (n=3), HD healthy

donors (n=4). Single asterisk:

significantly lower than HD

p<0.05. [Detection level for

cytokines is 3.2 pg/ml]

P-value 0.057 

(ITD+ vs. HD)

P-value 0.0603

(ITD- vs. HD)

P-value 0.0912

(ITD+ vs. HD)

A) Analyses of DC precursors at CR

B) Analyses of terminally differentiated DCs at CR

Fig. 3 CR samples obtained

from ITD+ AML patients (n=

11) showed suboptimal

recovery of myeloid DCs

compared with samples

obtained from ITD− AML

patients (n=13). a

Normalization in the

frequencies of precursor DCs. b

Trend for lower frequencies of

terminal mDCs. [The dotted

line is showing the average

values for HD]
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during CR, but was nevertheless still detectable throughout

the observation period (Fig. 4a). The frequencies of terminal

mDC1s were always lower compared to HD controls,

whereas terminal mDC2s returned to normal levels at

15 months (Fig. 4b). The frequencies of terminal pDCs did

not reveal significant fluctuations during CR (Fig. 4b). Al-

together, these results showed that for patients who relapsed,

alterations in mDC frequency persisted throughout the re-

mission period. Notably, both precursor and terminally dif-

ferentiated mDC tended to disappear prior to relapse.

IL-10 and stress cytokines secreted by CR/REL samples

were observed as a later event, preceding relapse

We had observed that secretion of IL-10, TNF-α, IL-6, and

IL-1β cytokines in FD samples of ITD+ nonresponder pa-

tients was higher than for patients who entered CR (Fig. 2),

but we could not discern if the leukemic cells or possible

bystander cells were producing the cytokines. IL-10 and

stress cytokines have been linked with the occurrence of

myeloid-derived suppressor cells (MDSCs), which can hin-

der DC development from myeloid precursor cells [27–29].

Since CR leukemic cells were not detectable in PBMC

samples by morphology, we investigated if non-leukemic

cells contained in the PBMC samples might lead to aberrant

cytokine production. We used samples from the same four

CR/REL patients described above for the cytokine secretion

patterns at earlier (6 months, Fig. 5a) and later time points

(12 months, Fig. 5b) after FD. As controls, we included

samples obtained from three CR/DFS patients and four HD

in the analyses. At 6 months after FD, IL-10 secretion by

PBMCs of CR/REL samples was significantly lower than

for samples from CR/DFS patients and HD, but the levels of

the stress cytokines were comparable (Fig. 5a). Yet, at

12 months after FD, there was a trend for higher production

of all stress cytokines in CR/REL samples in comparison

with CR/DFS patients and HD samples (Fig. 5b). Neverthe-

less, results correlated with the lower frequencies of mDCs

observed in CR/REL patients 12 months after FD (Fig. 4)

suggesting that increased production of stress cytokines by

cells contained in the PBMC samples was linked to de-

creased mDC differentiation. Since the PBMC samples at

12 months did not show detectable leukemic blasts, this

finding underscored our hypothesis that other cells, such

as myeloid precursor cells or myeloid-derived suppressor

cells, could be implicated in the secretion of the cytokines.

Soluble factors produced by the ITD+ FD samples can

increase viability and stimulate monocytes to secrete

IL-10 and stress cytokines

It was previously shown that cell supernatants obtained

from leukemic cells inhibited DC differentiation ex vivo,

promoted by recombinant cytokines [30]. We set up similar

assays with cell culture supernatants obtained from an ITD+

FD sample and from a leukemic cell line. However, we did

B) Analyses of terminally differentiated DCs prior to relapse

A) Analyses of DC precursors prior to relapse

**

*

**
** **

Fig. 4 Kinetic analyses of DC

patterns during CR of ITD+

AML patients (n=4) showed

persistent accumulation of

mDC/pDC precursors and a

decline in the levels of terminal

mDC1 prior to relapse. a

Frequencies of precursor DCs at

0, 3, 6, 9, 12, and 15 months. b

Frequencies of terminal DCs at

0, 3, 6, 9, 12, and 15 months.

Single asterisk: significantly

higher than HD (p<0.05).

Double asterisk: significantly

lower than HD (p<0.05). [The

dotted line is showing the

average values for HD]
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not observe inhibition of DC differentiation (data not

shown). We thus evaluated the effects of leukemic cell

supernatants on CD14+ monocytes, which are myeloid pre-

cursors of mDC. Cell supernatant collected from an ITD+

FD sample (obtained from CR/REL patient #6 (Table 1))

was used as conditioned media for the culture of CD14+

monocytes obtained from two healthy donors (enriched to

90–95 % purity with immunoconjugated magnetic beads).

The experiments were performed using 1:3 and 1:9 leuke-

mic supernatant dilutions in order to evaluate a possible

dose-dependent effect. A mock baseline control was run in

parallel. The monocytes were collected after 3 days of

culture and analyzed for viability and purity, while the

supernatants were analyzed for cytokine production. For

the two independent experiments, FD leukemia supernatant

at 1:3 dilution doubled the viability of monocytes compared

to the 1:9 dilution or the mock control (Fig. 6a). Correlating

with the increased monocyte viability, the leukemia super-

natant (1:3 dilution) induced the secretion of IL-10, TNF-α,

IL-6, and IL-1β in both experiments (Fig. 6b).

Discussion

Deregulated dendropoiesis and DC dysfunction have been

acknowledged in recent years to trigger immune evasion

A) 6 months after FD B) 12 months after FD

* #

Fig. 5 Secretion of stress

cytokines by PBMC samples of

CR/REL samples (n=4) was

observed as a later event

(12 months after FD), yet

several months prior to relapse.

CR/DFS patients (n=3) were

not significantly different to

healthy donors (HD, n=4). a

Cytokines secreted at 6 months

after FD, comparing CR/REL,

CR/DFS and HD. b Cytokines

secreted at 12 months after FD,

comparing CR/REL, CR/DFS,

and HD. Single asterisk:

significantly lower than

CR/DFS (p<0.05). Number

sign: trend for lower secretion

compared to HD (p=0.0988).

[Detection level for cytokines is

3.2 pg/ml]
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and tolerance induction against cancer [13, 31, 32]. Incom-

plete regeneration of DC populations in leukemia patients

after stem cell transplantation has also been described in the

literature as a negative prognostic factor [25, 26]. We have

previously demonstrated that the presence of the ITD muta-

tion in AML was correlated with an aberrant accumulation

of cells with hallmarks of arrested dendritic cells [14]. We

hypothesized that constitutive signaling through FLT3-ITD

could arrest MRD leukemic dendritic cell precursors in an

immature stage. In this study, we confirmed and extended

our previous observation and hypothesis, as leukemic ITD+

DC did not show expression of molecules used routinely as

markers for quantification of differentiated myeloid or

plasmacytoid DC in peripheral blood (BDCA-1, BDCA-2,

and BDCA-3).

Furthermore, we proposed to evaluate the patterns of

dendritic cell lineages and of a subset of immunomodulatory

cytokines (IL-10, TNF-α, IL-6, and IL-1β) during the

course of ITD+ leukemia. We obtained samples from pa-

tients treated with conventional induction/consolidation

chemotherapy, from the first diagnosis to eventual relapse.

Our results indicated an incomplete regeneration of the

myeloid dendritic cell compartment in ITD+ leukemia pa-

tients, which was aggravated prior to relapse (Suppl. Fig. 3).

Notably, the decreased frequencies of mDCs in PBMC sam-

ples obtained prior to relapse were correlated with increased

secretion of IL-10 and stress cytokines (TNF-α, IL-6, and

IL-1β) in comparison to samples obtained from patients who

did not relapse. The fact that leukemic cells could not be

detected in these pre-relapse PBMC samples indicated that
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Effects of ITD+ AML supernatant on monocyte viability and             

purity

Effects of ITD+ AML supernatant on secretion of 

cytokines by monocytes

Fig. 6 Soluble factors

produced by ITD+ AML

PBMCs (patient #6) can

increase viability and stimulate

monocytes to secrete stress

cytokines. a ITD+ AML

supernatant increases the

viability of monocytes in vitro,

as shown on day 3 of culture,

and preserves the expression of

CD14. b ITD+ AML

supernatant stimulates

monocytes to produce stress

cytokines after 3 days of

co-culture. [Detection level for

cytokines is 3.2 pg/ml]
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non-leukemic cells were involved with secretion of these

cytokines. In order to experimentally test this, we demonstrat-

ed in a 3-day assay that cell-free supernatants obtained from

an ITD+ diagnostic sample could activate monocytes obtained

from healthy donors to secrete IL-10, TNF-α, IL-6, and IL-

1β. Based on these observations, we hypothesize that sup-

pression of dendropoiesis during remission of ITD+ leukemia

is mediated by soluble factors (produced by minimal residual

leukemia or by the leukemia microenvironment) that activate

myeloid cells (such as monocytes) to produce IL-10, IL-6,

TNF-α, and IL-1β. These cytokines in turn could deregulate

the differentiation and maturation of myeloid DC (Fig. 7).

IL-6 was defined as a crucial factor for tumor survival

and immune evasion, i.e., via induced secretion of IL-10 by

regulatory T cells, which effectively suppresses adaptive

immune responses towards tumor antigens [33] and induces

proliferation of immature myeloid cells [34]. The combina-

tion of IL-6 and its inducers TNF-α and IL-1β [35] pro-

motes tumor growth and survival in cancer patients through

maintenance of chronic inflammation and induction of a

tumor-supporting microenvironment [19, 36].

Prior to our work, supernatants of FD leukemia samples

containing IL-6 and IL-10, TNF-α, and IL-1β were shown

to trigger a block in DC differentiation in vitro [30]. These

results corroborate in part with ours, as we observed high

levels of these cytokines only in FD samples of patients who

did not enter remission. In our experimental setting, the FD

leukemia supernatants did not block ex vivo differentiation

of conventional myeloid DC (grown in the presence of GM-

CSF and IL-4, results not shown). Nevertheless, we were

able to show an effect of the FD leukemia supernatants on

monocyte viability as a feedback loop for production of

these same cytokines. It is important to note that IL-6 and

IL-10, TNF-α, and IL-1β have been implied in the genera-

tion of the MDSCs, which are commonly found in cancer

patients [27–29, 37, 38]. MDSCs are a heterogeneous group

of immature myeloid cells arrested in an early differentiation

step towards becoming a DC and defined by their immuno-

suppressive capacities [38–40], which include direct

inhibition of tumor-reactive T cells [27, 41]. Interestingly,

the ITD mutation itself was shown to be implied in certain

regulatory mechanisms, i.e., by induction of increased reac-

tive oxygen species production [42], which is regulating a

major mechanism of immune suppression in cancer as in-

duced by MDSCs [37].

Noteworthy, a previous study evaluated serum levels of

TNF-α, IL-6, and IL-10, in diagnostic samples obtained

from patients with AML or high-risk myelodysplastic syn-

dromes. Lower TNF-α levels were found to significantly

correlate with better performance status, whereas the other

cytokines were not found to be predictive of clinical out-

comes [43]. Blockage of TNF-α is already used as standard

treatment in various autoimmune diseases [35], whereas

clinical trials to evaluate blockage of IL-6 and IL-1β in

inflammatory diseases and cancer are ongoing [35, 44–46].

Thus, evaluation of novel immunomodulatory approaches

like these may be also warranted for improving survival of

ITD+ AML patients.

In conclusion, lack of mature mDCs in ITD+ FD

patient samples in combination with the incomplete re-

generation of mDCs during remission and higher secre-

tion of IL-10 and stress cytokines (TNF-α, IL-6, and IL-

1β) in patients who relapsed strengthen the hypothesis of

immunomodulatory changes during the course of ITD+

AML relapse. These events are likely to be linked with a

“subverted dendropoiesis” and induction of MDSC in these

leukemia patients (Fig. 7). Thus, clinical monitoring of PBMC

samples of ITD+ patients during remission in order to enu-

merate the DC profile and to detect the secretion of IL-10 and

stress cytokine levels as well as the occurrence of MDSCs

might serve as immunologic biomarkers to provide additional

approaches for disease staging.
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4 Discussion  

 
 
4.1.1 Accumulation of immature myeloid cells, capable of differentiating into Dendritic Cells  

(Rickmann et al. 2011, Annals of Hematology) 

 

 An abnormal DC compartment in the PB is a common observation in cancer patients with 

hematologic malignancies as well as solid tumors, and it could be a major promoter of immune-

surveillance failure, resulting in the progression of the disease. Especially in advanced stages of cancer 

and metastatic disease, the frequencies of mature DCs in the PB were shown to be reduced, indicating 

the strong correlation between the functioning of the immune system and tumor outgrowth (54, 59).  

In AML, detection of DCs in the peripheral blood has been hampered to a certain extent due to 

the fact that the leukemic blasts represent a large cohort of immature cells caught between the 

immunophenotype of a leukemic stem cell and that of a differentiated myeloid cell. Thus, several 

markers might be elevated without indicating a “real” lineage-commitment of the cells, i.e. 

overexpression of markers such as CD11c and CD123 are a common event in leukemia (102, 103). We 

thus combined different surface markers in the analyses to reliably detect DCs/DC precursors in the AML 

patients: a lineage cocktail (containing antibodies against CD3, CD14, CD16, CD19, CD20, and CD56) 

for negative selection, which excluded the vast majority of the blast population, HLA-DR as marker of 

further differentiated immunocompetent cells, and CD11c and CD123 as common DC markers.  

 In our first study, we reproduced findings of accumulated immature myeloid cells in AML 

patients (51, 55), which could be characterized as lin-/HLA-DR+/CD11c+ (mDC) or lin-/HLA-DR+/CD123+ 

(pDC). Of note, the accumulation of CD123+ pDC was higher in ITD-AML patients. CD123, the IL-3 

receptor (IL-3R) alpha chain, was found to be over-expressed in about 45% of AML patients, alongside 

with a constitutive IL-3R signaling and immature myeloid phenotype (i.e. cells overexpressing early stem 

cell markers CD34, CD117, HLA-DR and FLT3 and early myeloid markers), which could have been 

associated with poor prognosis (104-106). 

HLA-DR expression was significantly lower in ITD-AML patients compared to ITD negative 

patients and healthy donors (HD). This finding confirms data from Kussick et al. who found a statistically 

significant correlation between the loss of HLA-DR expression and presence of the FLT3 ITD mutation in 

AML blasts (50).  

The immature state of the lin-/HLA-DR+/CD11c+ and/or lin-/HLA-DR+/CD123+ cells in the AML 

samples could be confirmed after sorting leukemic mDC and pDC. In the morphologic analyses the 

sorted cells did show a blast-like phenotype. Genomic analyses revealed the presence of the FLT3 ITD 
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mutation in the sorted cells. Of note, the ITD+ leukemic mDC and pDC did show the capability to 

differentiate into morphologically mature DCs after in vitro culture (in the presence of high 

concentrations of cytokines), but also demonstrated the ability to secrete immunomodulatory cytokines. 

We thus concluded that the lin-/HLA-DR+/CD11c+ and/or lin-/HLA-DR+/CD123+ cells might correspond to 

immature DCs incapable of further differentiation due to the immunosuppressive environment of the 

leukemia surrounding them. 

The capability of leukemia-derived monocytic cells to differentiate in vitro into dendritic cells, 

thus called “AML-DCs”, is frequently used in the experimental setting in order to generate DCs 

expressing leukemia-associated antigens. Commonly used protocols to induce DC differentiation from 

AML blasts utilize cytokine mixtures including GM-CSF, FLT3, IL-3, and IL-4 (26). These AML-DCs are 

then used to stimulate an anti-leukemia T-cell response both in vitro and in vivo (96, 107).  

 

4.1.2 Leukemic DCs show impaired immunologic response towards stimuli in in vitro experiments 

(Rickmann et al. 2011, Annals of Hematology) 

 

We were puzzled by the finding that primary diagnostic samples of ITD-AML patients frequently 

contained a population of cells expressing both myeloid (CD11c) and plasmacytoid (CD123) markers, 

henceforth named mDC/pDC. Since we had already found that leukemic mDC and pDC did show 

immature phenotype, we assumed that those cells might actually represent immature myeloid DC 

precursor cells. Of note, in in vitro culture systems promoting the differentiation of mDCs from myeloid 

progenitors, co-expression of both, CD11c and CD123, is a commonly observed phenomenon. 

Concurrently, consecutive loss of CD123 expression is going along with further 

differentiation/maturation of myeloid derived cells (108).  

We could show that secretion of inflammatory cytokines IL-1 alpha, IFN-alpha, and TNF-alpha 

in ITD-AML patient samples was hampered, when stimulating the cells with CD40 ligand and cytosine 

phosphate guanine (CpG) oligodeoxynucleotide. In fact, secretion of IFN-alpha, IL-1 alpha, and TNF-

alpha by DCs is considered a major factor of immune activation in the HD setting (109).  

A similar observation had been made by Mohty et al., who did show that leukemic pDCs 

(characterized as lin-/CD11c+/immunoglobulin-like transcript 3 (ILT3)+) but not mDCs (characterized as 

lin-/CD11c+/ILT3-) displayed impaired capacity for maturation, decreased allostimulatory activity, and 

decreased secretion of IFN alpha (55).  
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 Both, diminished cytokine secretion and loss of HLA-DR expression probably affect the 

stimulation of effector T cells in the ITD-AML patients, due to hindered antigen-processing and lack of 

allo-stimulatory capacities.  

 

4.2.1 Confirmation that ITD-AML show hindered expression of terminal DC markers 

(Rickmann et al. 2013, Annals of Hematology) 

 

Although DC markers CD11c and CD123 are established in the detection of DCs in healthy 

human beings, they could not be used in distinguishing terminally differentiated DCs from immature 

myeloid cells in the AML patients. We thus introduced a second FACS®-panel for the DC analyses in our 

second publication. In 2000 Dzionek et al. established the blood dendritic cell antigens (BDCAs) for the 

detection of DCs in human PB samples, which characterize mature mDCs (mDC1: BDCA-1; mDC2:  

BDCA-3) and pDCs (BDCA-2) (101).  

Of note, the ITD-AML patients did show a significant reduction in the frequency of mDC1 and 

pDC as compared to HD controls, coinciding with an increased occurrence of immature myeloid cells, i.e. 

mDC/pDC progenitors, in FD samples.   

BDCA-2 and -4 (representing pDC) have been described to be expressed in a subset of 

leukemia, the plasmacytoid DC leukemia, yet not in other types of leukemia. (110) In our panel, we 

found the lack of BDCA-2 expression only in patients displaying the FLT3 ITD mutation, possibly 

indicating a direct influence of the ITD mutation on pDC development. 

 

4.2.2 Defective immune reconstitution of ITD-AML DCs in first diagnosis and remission 

(Rickmann et al. 2013, Annals of Hematology) 

 

Based on our finding of immunocompromized ITD-AML DC precursors, bearing the capacity to 

further differentiate in the in vitro setting, we wanted to test the hypothesis whether the DC 

compartment might reconstitute in patients receiving standard chemotherapy and entering remission 

(REM) .  

Although we observed a certain degree of regenerative capacity in the DC compartment of AML 

patients in remission, there was a clear trend towards an insufficient reconstitution of the mDC 

compartment in the ITD-AML patients. Since the ITD-AML DCs seemed to be more gravely affected by 

the leukemia, we did perform retrospective follow-up studies in four ITD-AML patients for whom we 

could obtain suitable samples throughout the course of the disease. Of note, all patients did relapse 16-
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24 months after FD, and about 1-9 months after last follow-up analysis, accordingly to our classification 

this patient group was named complete remission/relapse (CR/REL). We were able to detect 

spontaneous recovery of the mDC1, pDC and mDC2 compartment, as well as normalization in the 

expression of early DC markers CD11c and CD123 in the remission samples. Yet the frequencies of 

mature DCs (mDC1 and pDC) decreased approximately 9 months after FD. 12 months after FD the 

mDC1 count was significantly reduced compared to HD controls, possibly indicating an 

immunosuppressive environment.  

Several clinical studies have used BDCA markers to measure recovery of the DC compartment in 

hematologic malignancies. The results are quite consistently stating that all DC subtypes (mDC1, pDC, 

mDC2) are absent during first diagnosis, yet recovering in remission and/or after HSCT, with a trend to 

decrease constantly until relapse (111). Similar results have been published by Boissel et al. in 2004 

(112), showing loss of BDCA-expression at diagnosis, as well as an incomplete up-regulation of the 

BDCA markers in remission samples of chronic myeloid leukemia (CML) patients, which might indicate 

immunosuppressive activity of MRD cells.   

 

4.2.3 Secretion of immunosuppressive cytokines is linked with clinical performance and outcome of ITD-

AML patients 

(Rickmann et al. 2013, Annals of Hematology) 

 

One of the pitfalls of DCs in hematologic malignancies might be the constant secretion of tumor 

derived cytokines by the malignant cells, e.g. transforming growth factor (TGF)-beta, IL-6, IL-10, and 

vascular endothelial growth factor (VEGF), which create a milieu hampering normal immune function 

and DC development (112). Especially IL-6 and IL-10 have been linked with the occurrence of MDSCs, a 

subset of BM-derived immature myeloid cells possibly undermining tumor surveillance and anti-tumor 

immunity in cancer patients. They are also presumed to act as direct inhibitors of the differentiation of 

myeloid DCs in the microenvironment of cancer, whereas TNF-alpha and IL-1 beta, but also IL-6, are 

considered major triggers of inflammatory reactions in human beings, with immunosuppressive 

capacities (113). 

We wanted to test the hypothesis whether the cytokine profile in remission samples of ITD-AML 

patients might serve as immunologic biomarkers, and /or is predictive of relapse.  

IL-10, IL-6, IL-1 beta, and TNF-alpha did show a relevant elevation in FD patients who did not 

enter remission (NR) after induction therapy but died early with a high blasts load.  Of note, patients 

who did respond to chemotherapy did not show elevated cytokines. We assumed that this finding might 
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be linked to the immunosuppressive capacity of the above mentioned cytokines, and that there might 

be a population of cells capable of producing them in a higher amount, e.g. leukemic MDSCs.  

When analyzing cytokine secretion in 6- and 12-months` REM samples we were able to define 

two different patient populations: patients who achieved complete remission (CR) after induction but 

relapsed ≤2 years after FD (CR/REL, n=4), and those who achieved remission and disease free survival 

(DFS) for > 2 years after FD (CR/DFS, n=3). The cytokine production varied between the two groups, 

showing a trend towards increased secretion when advancing relapse in the CR/REL group, whereas the 

secretion for the CR/DFS group remained stable. 

We thus postulated that the increased production of cytokines IL-10, TNF-alpha, IL-6 and IL-1 

beta in PBMC might reflect an immunosuppressive pattern promoting relapse. An alternating hypothesis 

is that of cells producing these cytokines (either MRD cells or MDSCs) , which might be outgrowing in 

the course of upcoming relapse due to cancer-related immunedysfunction. 

Remarkably, in an in vitro experiment we could show that cell supernatants of ITD-AML blasts 

suppressed the differentiation of non-leukemic immature myeloid cells, augmented the viability of 

CD14+ monocytes, and stimulated monocytes to secrete the cytokines IL-10, TNF-alpha, IL-6, and IL-1 

beta.  
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 5 Summary and Outlook 

 

The aim of this work was to evaluate further implications of cancer-derived immune dysfunction 

upon the functional properties of DCs in AML patients with the FLT3 ITD mutation.   

We were able to show that the DC population in ITD-AML patients is profoundly affected, and 

that mDC/pDC progenitor cells, defined by standard DC markers, show the ITD-mutational insert. There 

is evidence that the affection of the myeloid DC compartment in ITD-AML patients is actually more 

pronounced and correlated with worse outcome. Based on our findings we presume that the original 

leukemic mutation might trigger immunosuppressive activity in myeloid derived immature cells. These 

cells are probably progenitors of dendritic cells and might be correlated with the afore-described 

myeloid derived suppressor cells.  

Summarizing data from the literature and our findings, the DCs in leukemia patients are as 

severely affected as could have been shown for other malignancies. The overt dysfunction of the DC 

compartment is presumed to conduct immune escape and tumor outgrowth in leukemia (114).  

The significance of a biomarker follow-up during remission as a relevant tool for outcome 

prognostics will have to be further explored in leukemia and other cancers. In a small patient cohort we 

experimentally evaluated the potential use of DCs and cytokines as biomarkers for relapse prediction as 

linked with an immunosuppressive tumor microenvironment. 

We used two different sets of antibodies suitable for DC detection in the peripheral blood (PB). 

Myeloid DCs (mDCs) were defined as either lin-/HLA-DR+/CD11c+ (mDC (progenitors)) and/or 

CD14/CD19-/BDCA-1+ (mDC1), and CD14/CD19-/BDCA-3+ (mDC2). pDCs were defined as lin-/HLA-

DR+/CD123+ (pDC (progenitors)) and/or CD14/CD19-/BDCA-2+  (pDC). One of the pitfalls of DC 

detection in cancer patients, especially in hematologic malignancies, is the variable expression of cell 

surface markers, which is tumor-bound rather than linked with a functionally intact cell. Antibodies 

claimed to be suitable for the detection of DCs in body fluids have been used in leukemia and other 

malignancies before. In the early 1990s CD11c was regularly used to characterize different types of 

leukemia (103, 115). Expression of markers such as CD11c and CD11b as well as HLA-DR was 

frequently used in analyses of FD AML, underlining that they are common features in AML (116). 

CD123 is a well established marker for stem cells in healthy individuals but also in leukemia and 

myelodysplastic syndrome (MDS) (117, 118), and could be shown to be down-regulated only late in 

myeloid differentiation (108).  In AML, expression of HLA-DR and co-stimulatory molecules such as 

CD40 and CD86 is a common phenotype (49), biasing the detection of functional DC subsets in the 

patients.  
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Since most commonly used DC-markers have revealed major drawbacks due to the aberrantly 

occurring expression on the malignant clones, more precise markers like the blood dendritic cell 

antigens (BDCA) are necessary and should enter the clinical setting. 

We and others could show that ITD-AML patients express CD123, the IL-3 receptor, in a 

significantly higher range than patients without the mutation (119). Therapeutic trials using IL-3 

conjugated toxins aiming at CD123 expressing malignant cells could be shown to effectively kill 

leukemic blasts (120). This might be of special interest for the rare cases of pDC-leukemia, which were 

shown to express pDC markers (lin-/HLA-DR+/CD123+) and in some cases also BDCA-2+ (121, 122). 

An intriguing finding from our lab and others was that of a profoundly disturbed myeloid 

department, which especially affected the development of mDC in the leukemia patients. Since mDCs 

are known to be potent stimulators of Th1 responses and cytotoxicity against tumor cells, the affliction 

of this subset of DCs might be a potent conductor of worse outcome in the patients. In our second 

manuscript, we discussed possible mechanisms of anti-tumor immunefailure in the ITD-AML setting. The 

lack of functional mDC in AML patients probably entails two different mechanisms leading to tumor 

immune escape: 1) Dysfunctional mDC supporting tumor growth due to lacking immune activation (like 

Th1 polarization), and/or 2) immature monocytic cells present in the MRD population, i.e. MDSCs, 

triggering a suppressive environment via cytokine secretion. MDSCs are proposed to drive a 

deregulation in the myeloid department and to support tumor growth by inhibiting the immune system 

via cytokine secretion (see Figure 2). 

Hope lies in promising findings such as the CD8α+-mDCs in mice, which could be shown to 

promote tumor immunity (see above). Recent publications introduce the human CD141+ (BDCA-3) 

mDC2 subset as the equivalent of mouse CD8α+-DCs with the capacity to cross-present tumor antigens 

and induce cytotoxic T cell responses against cancer cells (28, 29). Results from our lab showed that 

BDCA-3 is expressed at a higher range in ITD-AML patients during first diagnosis and relapse than 

compared to healthy and FLT3 wild type AML. During remission BDCA-3 expression decreased, possibly 

indicating hampered activation of tumor-reactive mDC2 subsets. These findings may imply that there 

are mDC2 subsets with a potential impact on tumor control, and capability to proliferate in the tumor 

patient. A more profound analysis of the immunostimulatory capacities of these cells might serve as an 

interesting tool to provide more specific insight into the field of tumor-immunity in leukemia.  

Monitoring the dendritic cell compartment and the cytokines produced in PBMC of ITD-AML 

patients during remission and/or after HSCT could thus help predict prognosis and outcome of these 

patients.  
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Figure 2:  Concept of MDSC-derived immunosuppression in ITD-AML 
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The clinical use of immune monitoring in cancer patients remains to be proven or refuted in 

future studies and trials. The prognostic benetfit of monitoring the effectors of the immune system such 

as DCs or cytokines (like IL-1 beta, IL-6, IL-10 (see Figure 2)) remains unclear. Methods to detect them 

are still too expensive for every-day clinical application.  

In our group we were able to show that a DC-vaccine loaded with WT1 could raise cytotoxic T 

lymphocyte (CTL) immune responses against the ITD-AML leukemic clone in vitro and in a xenogeneic 

mouse  tumor model (123). Vaccination against lethal diseases is one of the great successes of mankind, 

saving lifes and diminishing illness and suffering. The concept of immunotherapy in cancer is aiming at 

the very same goal: to make the immune system of the host straighten up against the enemy, a 

malignant cell which genetic programme was changed in order to make it long lived or even immortal. 

The quest of our time is to reconstitute what has been troubled. 

In order to understand the deregulative mechanisms in hematologic but also other malignancies, 

a more profound and long-term detection and follow-up of DC phenotype and function might be crucial 

to gain the knowledge needed to finally treat and heal cancer patients once and for all. 
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As Steinman once stated in one of his publications “Dendritic cells, as key orchestrators of the 

immune responses in vivo, should help in the quest to bring new vaccines into medicine” (124).  

Let us take this statement literally! 
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