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Summary  
 

Acute myeloid leukemia (AML) is the most frequent hematopoietic malignancy in 

adults, causing death of about 90% of elderly patients. Cytogenetic and molecular 

abnormalities are used to categorize AML in favorable, intermediate and adverse risk 

groups. The classification in one of these groups will directly affect clinical decision-

making. Although molecular criteria have significantly improved prognostication and 

thus AML patient stratification and treatments, they still do not allow full risk prediction. 

AML is a complex disease with a very high heterogeneity which makes it challenging 

to accurately reproduce patient phenotypes in murine models. Patient-derived 

xenografts can reproduce this heterogeneity but display inherent limitations including 

the long-latency until AML develops in those models.  

In this thesis, we aimed to study the variables that determine the in vivo 

leukemogenesis in a xenotransplantation model of human AML samples into 

NOD/SCID/IL2Rgnull (NSG) mice. We aimed to better understand the impact of the 

characteristics of the human AML cells, as well as the effect of modulation of the bone 

marrow (BM) microenvironment of the recipient mice on the homing and engraftment 

of human AML cells.  

Firstly, we could show that the latency of symptomatic AML induction in mice as well 

as the homing of transplanted AML cells into the murine BM depends on the molecular 

risk group established in patients. We also gained insights in the kinetics of disease 

induction by screening for human AML cells in the mice with regular BM biopsies. 

Moreover, correlation between some AML patient characteristics (expression of some 

particular surface markers, remission status and Flt3 (Fms-like tyrosine kinase 3) 

mutational status) and the behavior of the corresponding transplanted AML was 

observed. This suggests that this mouse model accurately depicts the clinical course 

of the disease and reproduces important features of human AML. 

Furthermore, we observed that xenotransplantation performed at night, together with 

disturbance of the circadian rhythm in NSG mice, accelerated engraftment and 

enhanced homing of transplanted human and murine AML cells compared to 

corresponding procedures performed in the late afternoon. Our work suggests that 

observed pro-oncogenic effects are mediated by catecholamines and we could 

prevent them by beta-blocker treatment. Therefore, varying the transplantation time-
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point or inducing a stress response may optimize AML xenograft models and these 

observations might be important for the knowledge about the tumor-initiation 

processes in murine models and could possibliy be transferred to humans.  
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1. INTRODUCTION 
 
1.1. HEALTHY HEMATOPOIESIS  

 

Hematopoiesis is the process of blood production throughout the lifespan of an 

organism. Mature blood cells are short-lived, which explains why it is estimated that 

an adult generates around 4 x 1011 differentiated hematopoietic cells per day, including 

erythrocytes, megakaryocytes, myeloid cells (monocytes, macrophages and 

neutrophils) and lymphocytes (Orkin and Zon, 2008; Stevenson et al., 1988). 

Hematopoiesis is a tightly regulated process, organized hierarchically and dominated 

by hematopoietic stem cells (HSCs) that are characterized by their ability to self-renew 

(Figure 1a). HSCs give rise to a hierarchy from multipotent to more committed 

progenitors that have only limited self-renewal properties and a restricted lineage 

differentiation potential (Figure 1a)(Pinho and Frenette, 2019).  
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Figure 1: Normal and leukemic hematopoiesis (adapted from Khwaja et al.) 
a) Normal hematopoiesis is organized as a hierarchy. At the top, the HSCs have 

extensive self-renewal properties and give rise to more committed hematopoietic 

progenitors cells. These progenitors will produce precursor cells and then mature 

hematopoietic cell types. 

b) In a similar way, AML is also organized as a hierarchy, with leukemic stem cells 

residing at the top of the pyramid. These stem cells will give rise to leukemic 

progenitors and mature myeloid blasts. The lymphoid part of hematopoiesis is 

relatively preserved in comparison to the impaired production of myeloid cells.  

HSCs, hematopoietic stem cells; LSCs, leukemic stem cells; DC, dentritic cells; NK, 

natural killer 

 

In adults, HSCs are primarily found in the BM, but this differs during the distinctive 

stages of development. The sequential sites of hematopoiesis in mammals include the 

yolk sac, the aorta-gonad mesonephros, the fetal liver and finally the BM. The placenta 

has also been described as an additional site for hematopoiesis during development 

(Orkin and Zon, 2008). Interestingly, the properties of HSCs residing in each niche are 

disparate indicating the important role of the microenvironment in the HSCs 

characteristics at each stage of development. For example, HSCs in the fetal liver are 

cycling much more than adult HSCs which are mainly quiescent (Orkin and Zon, 

2008). Within the BM, the regulation between quiescence and self-renewal is also of 

particular importance, in order to balance between dormancy and differentiation of 

blood cells, either for a basal production of blood or in “emergency” situations, as for 

example in the context of an infection or inflammation. Therefore, regulation of HSCs 

can occur either via extrinsic signals of the BM niche or through intrinsic regulation. 

Extrinsic regulation of HSCs through interactions with niche cells will be detailed later 

in this work. 

Beyond the external regulation driven by the niche, HSCs are also regulated by some 

intrinsic factors including transcription factors (TF) or epigenetic mechanisms. 

Transcription factors are key players in the regulation of HSCs development during 

development and embryogenesis as well as for the process of lineage-restricted 

differentiation (Orkin and Zon, 2008). The implication of TF in hematopoiesis has been 

studied using several model organisms including mice but also zebrafish, chicken or 

drosophila (Orkin and Zon, 2008). Interestingly, important TF involved in healthy 
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hematopoiesis are also connected with hematopoietic malignancies upon undergoing 

genetic events such as translocations or somatic mutations. Examples of these TF 

include MLL (Mixed Lineage Leukemia), RUNX1 (Runt-related transcription factor 1), 

TEL/ETV6 (Ets family transcription factor) or LMO2 (Lim Domain only 2) (Orkin and 

Zon, 2008). Epigenetic modulation, defined as all types of modifications of the 

chromatin that are involved in transcriptional activity, is also of particular interest for 

the intrinsic regulation of HSCs, especially given the fact that most of these 

modulations are not permanent and thus can be targeted more easily. DNA 

methylation is one epigenetic mechanism and is driven by DNA methyltransferase 

enzymes. Mutations in methyltransferases are found in hematological diseases with 

DNMT3A (DNA methyltransferase 3A) being frequently targeted. Beyond 

methyltransferases, other genes implicated in DNA methylation have also been 

described both in healthy hematopoiesis and malignant transformation, including 

mutations in TET (ten-eleven translocation protein) and IDH (isocitrate 

dehydrogenase) (Haladyna et al., 2015; Han et al., 2015; Shi et al., 2015). 

 
1.2. ACUTE MYELOID LEUKEMIA  

 

AML is a group of leukemia affecting both children and adults for whom it is described 

as the most common malignant myeloid disorder. The pathophysiology of AML 

consists in genetic abnormalities in healthy hematopoietic progenitors that lead to the 

proliferation of malignant myeloblasts that accumulate in the BM and the peripheral 

blood (PB), but that can also manifest in extramedullary tissues (Khwaja et al., 2016). 

The expansion of malignant immature myeloid cells goes in pair with abnormal 

production of blood and differentiated hematopoietic cells including red blood cells, 

platelets and leukocytes (Khwaja et al., 2016). Consequently, patients with AML 

exhibit typical BM failure symptoms such as frequent infections due to neutropenia, 

uncontrolled bleeding due to thrombocytopenia, as well as fatigue and shortness of 

breath due to anemia (Khwaja et al., 2016; Levine, 2013). Similar to normal 

hematopoiesis, AML has a general hierarchical structure. Leukemic stem cells (LSCs), 

which exhibit self-renewal properties, reside at the top of the pyramid and give rise to 

more differentiated cells, including leukemic progenitors and AML blasts (Figure 1b) 

(Khwaja et al., 2016). 
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1.1.1. Incidence 
 

Age is a very important factor in the development of AML. The median age at diagnosis 

is approximately 70 years, with an incidence of 20.1 per 100.000 persons affected by 

year in adults older than 65 years in comparison to 2.0 per 100.000 persons for those 

younger than 65 years old (Howlader et al., 2019; Khwaja et al., 2016). A partial 

explanation to the age-related difference can be found in a worse tolerance to therapy 

and to aggregation of several poor risk factors. Furthermore, older patients are often 

excluded from clinical trials because of the very strict criteria applied for the inclusion 

of patients in those studies (Khwaja et al., 2016). 

Gender differences also exist, with males over 50 years being 1.2 to 1.6 times more 

likely to get sick from this disease during their lifetime than females (Howlader et al., 

2019; Shallis et al., 2019) 

AML also exhibits important incidence differences regarding the ethnic origin of the 

patients. As such, Asian countries show a lower incidence rate then Western countries 

including Europe and the United States of America (USA) (Khwaja et al., 2016). 

The clinical course of AML is aggressive with an overall five-year survival rate of 

approximately 25% (Narayanan and Weinberg, 2020). Over the last 30 years, survival 

of patients with AML younger than 60 years has significantly improved, but 

unfortunately this does still not hold true for older patients (Khwaja et al., 2016). 

 

1.1.2. Risk factors 
 

For the majority of patients diagnosed with AML, no predisposition risk factor can be 

identified. Nevertheless, clinicians have made a list of factors that could in some cases 

reasonably increase the risk of developing AML. Those include, as already described 

in the previous paragraph of this work, older age and male gender, but also exposure 

to DNA-damaging substances (chemicals, cigarette smoke, irradiation e.g. during 

therapeutic radiotherapy), chemotherapeutic drugs, genetic syndromes (e.g. Fanconi 

anemia, Down syndrome, Bloom syndrome, Diamond-Blackfan anemia, 

Schwachman-Diamond syndrome, severe congenial neutropenia) and family history 

of AML (Khwaja et al., 2016; Narayanan and Weinberg, 2020). 
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De novo AML, that arises in the absence of known exposure to DNA damaging agents, 

is to oppose to secondary AML that occurs either due to exposure to chemotherapy 

or radiotherapy, and is then called therapy-related AML (t-AML), or evolves from 

previous hematological disorders such as myelodysplastic syndrome (MDS), 

myeloproliferative neoplasm (MPN) or aplastic anemia (Kim et al., 2020; Shallis et al., 

2019). 10-30% of all AML are secondary AML, however this proportion might be 

underestimated, as numbers of MDS leading to AML may stay undiagnosed (Leone 

et al., 1999). 

 

1.1.3. Diagnosis of AML 
 

The previously mentioned symptoms of AML are similar to those observed for other 

hematopoietic malignancies like MDS and acute lymphoblastic leukemia (ALL). In 

contrast, chronic myeloid leukemia (CML) does not display the mentioned features of 

BM failure but rather exhibits high levels of circulating differentiated myeloid cells as 

well as splenomegaly (Khwaja et al., 2016). 

In addition to clinical presentation and history of the patients, the diagnosis of AML 

also includes important biological laboratory and pathology studies including 

morphological analysis of BM aspirates or biopsies, immunohistochemistry, flow 

cytometry (FC), cytogenetic tests and molecular mutation analysis (Narayanan and 

Weinberg, 2020). The goal of these studies is not only to diagnose AML over other 

hematological malignancies, but also to identify the AML subtype in order to predict 

prognosis, define the risk group of the patient and formulate the best treatment 

strategy (Narayanan and Weinberg, 2020). 

In order to make the diagnosis of AML, one criterion amongst the two following needs 

to be fulfilled: 

- The detection of myeloid blasts counts superior or equal to 20% in the BM or 

the PB. Blasts are identified based on morphology and enumeration (manual 

counting on slides and/or FC analysis of BM aspirate samples). The 

morphological features of a majority of myeloblasts consist in high 

nuclear/cytoplasmic ratios, round-to-oval nuclei, immature nuclear chromatin, 

presence of nucleoli and of cytoplasmic granules (Narayanan and Weinberg, 

2020) even if this can be different for some AML subtypes. As nicely 

summarized in the work of Narayanan et al., clinicians and pathologists have 
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established a very precise list of morphological features of myeloblasts 

depending on the different AML subtypes.  

- The detection of the following specific cytogenetic abnormalities: 

t(8;21)(q22:q22.1), inv(16)(p13.1q22) or t(15;17)(q24.1;q21.2). Cytogenetic 

studies can be performed with conventional karyotyping and/or fluorescence in 

situ hybridization (Narayanan and Weinberg, 2020). 

 

1.1.4. AML classification and risk stratification 
 

In order to unify the classification of AML and to draw appropriate guidelines in 

treatment strategies, expert panels have worked together to publish 

recommendations.  

Amongst organizations that have worked on the diagnosis and management of AML, 

one can of course cite the World Health Organization (WHO), as well as the European 

LeukemiaNet (ELN), the National Comprehensive Cancer Network (NCCN) and the 

European Society for Medical Oncology (ESMO). Even though differences exist 

between these classifications, the proposed risk-stratification is always based on 

cytogenetic abnormalities and mutations. (Narayanan and Weinberg, 2020)  

 

As described in the previous part of this work, AML can be defined on the basis of 

specific cytogenetic abnormalities, and those, in addition with others can also be used 

for prognosis association as described in table 1.   

Besides cytogenetic rearrangements and abnormalities, a large next generation 

sequencing (NGS) study performed in more than 1540 patients has identified 5234 

mutations in 76 genes (Papaemmanuil et al., 2016). Mutations in genes with different 

functional consequences have been identified to be associated with AML:  

- Modulation of epigenetic mechanisms such as DNA methylation (e.g. DNMT3A, 

TET2, IDH1 and IDH2 (Isocitrate Dehydrogenase 1 and 2) and chromatin 

modification (e.g. ASXL1, ASX transcription regulator 1)  

- Promotion of cell survival and proliferation (e.g. FLT3 , KIT (Tyrosine Protein 

Kinase) and RAS (Rat Sarcoma))  

- Impairment of differentiation and apoptosis of hematopoietic cells (e.g. CEBPA 

(CCAAT enhancer binding protein), RUNX1 and NMP1 (Nucleophosmin)  

- Suppression of tumor (e.g. TP53, tumor protein 53)  
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(Almosailleakh and Schwaller, 2019; Narayanan and Weinberg, 2020; Papaemmanuil 

et al., 2016) 

Most of the time patients with AML display more than one mutation, and certain 

mutations or combinations of mutations are more frequently seen in specific AML 

subtypes. For example, AML patients with mutated NPM1 as well as those with 

biallelic mutations of CEBPA alone can most of the time be classified as favorable 

prognosis AML. Patients with mutations in RUNX1 or ASXL1 alone, however, rather 

have a poor prognosis. Furthermore, mutations in CEBPA together with FLT3 

mutations are also associated with poor prognosis (Narayanan and Weinberg, 2020).  

With emerging technological advances such as NGS, the prognostic relevance of 

some AML-specific mutations and karyotypes has been more and more studied, which 

were amongst others incorporated in the WHO AML classification in their update from 

2016 (Arber et al., 2016). This is the major difference to the French-American-British 

(FAB) classification that is only based on the degree of maturation and differentiation 

of the cells, but is not including immunophenotypic or genetic parameters (Aberger et 

al., 2017). 

In the 2017 ELN publication, AML are classified in favorable, intermediate and adverse 

risk groups according to molecular and cytogenetic criteria (Döhner et al., 2017). 

 

Risk 
Category 

Genetic Abnormality 

Favorable 
prognosis 

t(8;21)(q22;q22.1) ; RUNX1-RUNX1T1 

inv(16)(p13.1q22) or t(16 ;16)(p13.1 ;q22) ; CBFB-MYH11 

Mutated NPM1 without FLT3-ITD (Internal Tandem Duplication) or with FLT3-

ITD low allelic ratio (<0.5) 

Biallelic mutation of CEBPA 

Intermediate 
prognosis 

Normal karyotype 

t(9;11)(p21.3;q23.3);MLLT3-KMT2A 

Mutated NPM1 and FLT3-ITD high allelic ratio (³0.5) 

Wild-type NPM1 without FLT3-ITD or with FLT3-ITD low allelic ratio (<0.5), 

without adverse risk genetic lesion 

Cytogenetic abnormalities not classified as favorable or poor prognosis 

indicators  
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Poor 
prognosis 

Complex* and monosomal karyotype 

t(6:9)(p23;q34.1) ; DEK-NUP-214 

t(v;11q23.3) ; KMT2A rearranged 

t(9;22)(q34.1;q11.2) ; BCR-ABL1 

inv(3)(q21.3;q26.2) or t(3 ;3)(q21.3 ;q26.2) ;GATA2MECOM(EVI1)  

-5 or del(5q);-7;-17/abn(17p) 

Wild-type NPM1 and FLT3-ITDhigh 

Mutated RUNX1 

Mutated ASXL1 

Mutated TP53 

 

Table1: 2017 ELN risk stratification by genetics (adapted from (Döhner et al., 
2017)) 
ITD (internal tandem duplication) 

*Complex karyotype: three or more unrelated chromosome abnormalities in the 

absence of 1 of the WHO-designated recurring translocations or inversions, that is, 

t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23.3), t(6;9), inv(3) or t(3;3); AML with 

BCR-ABL1. 

 

1.1.5. Treatment strategies 
 

Given the heterogeneity of AML patients, treatment strategies include several aspects 

that may be considered when choosing the treatment strategy. For example, the dose 

intensity of chemotherapy or hematopoietic stem cell transplantation (HSCT) is 

adapted to the general health of the patient, thus being directly linked to age. 

Treatment strategies for patients with AML include:  

- Cytotoxic chemotherapy: standard protocols consist in 7 to 10 days of 

cytarabine combined with 3 days of an anthracycline (usually daunorubicin or 

idarubicin), which can be improved/completed by adding other drugs (e.g. 

granulocyte colony-stimulating factor, GCSF) (Narayanan and Weinberg, 

2020). 

- HSCT: in allogeneic HSCT, blood or BM obtained from a donor is infused into 

the patient that received a priori conditioning to allow engraftment and avoid 

host-versus-graft and graft-versus-host reactions. In autologous HSCT, stem 
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cells from the patient itself are harvested and re-infused after chemotherapy, in 

order to favor hematopoietic recovery.  

- Antibody therapy: even though AML seems to be an ideal target for antibody 

therapy, given the localization of malignant cells in the blood, BM, liver and 

spleen that are easily accessible for large antibodies, antibody therapies for 

AML encounter several difficulties due to the high similarities with normal 

hematopoietic cells making it difficult to identify antigens specific for leukemic 

cells (Arnone et al., 2020). Furthermore, to be effective there is a need of an 

effective immune cell being able to kill the target cell, which is not necessary 

the case in de novo AML patients that often present with an impaired immune 

system. Consequently, most of the antibodies used for treating leukemia serve 

as a carrier of chemotherapy or radioimmunotherapy to which they are 

conjugated (Narayanan and Weinberg, 2020). 

- Kinase inhibitors: recent understanding of signaling pathways that are 

dysregulated in AML as well as of kinase mutations promoting the proliferation 

and survival of blasts opened new treatment perspectives. Inhibitors to kinase 

activity of FLT3, RAS, KIT and JAK2 (Janus Kinase 2 gene) are the most 

commonly used, but it is still unknown whether their effect is limited to patients 

with identified mutations in these kinases or if they could also be applied to 

patients with constitutive activation of signaling pathways (Narayanan and 

Weinberg, 2020). 

 

Prognosis factors established as previously described by the ELN or the WHO are 

impacting the choice of the treatment strategy. For example, adverse risk group 

patients will be included into clinical trials rather than receiving standard protocols. 

Allogeneic HSCT during remission phase might also be advised for patients of 

intermediate or adverse risk groups rather than receiving more courses of 

chemotherapy, but is not indicated for favorable-risk AML  (Döhner et al., 2017; 

Narayanan and Weinberg, 2020) 

 

1.1.6. Monitoring disease response and eventual relapse 
 

Monitoring of AML patients is of major importance both during the treatment phase to 

follow therapy response and to prevent disease progression and after remission to 
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prevent relapse. A myeloblast count of 5% is the standard threshold used for 

diagnosing relapse or persistence of the disease. The classical detection method used 

to monitor disease response remains manual enumeration of blasts and FC counting.  

Besides the classical 5% blast threshold, minimal residual disease (MRD) consists in 

identifying residual disease far below this threshold and has shown its importance to 

detect imminent relapse and thus enables early intervention (Schuurhuis et al., 2018). 

For MRD testing more sensitive detection techniques can be used, including reverse 

transcription polymerase quantitative polymerase chain reaction (RT-qPCR) and FC 

(Narayanan and Weinberg, 2020). 

Importantly, chemotherapy can give rise to expansion of cell populations that have 

mutations unrelated to the initial AML. One hypothesis concerning the origin of these 

clones would be that those consist in therapy-resistant subpopulations that were below 

the level of detection during the initial phase of diagnosis. Their expansion increases 

the risk of relapse and are a real challenge in the monitoring of the disease (Arnone 

et al., 2020; Klco et al., 2014; Narayanan and Weinberg, 2020). 

 

1.3. INVESTIGATION OF AML IN LABORATORY SETTINGS 
 

As we can see from the previous chapter, AML is a very complex disease with a very 

high heterogeneity amongst patients both at a mutational level and at the genomic 

landscape.  

Despite improvement in the ex vivo culturing of primary AML cells, there are still some 

major challenges remaining in the expansion of primary AML blasts during a long 

period of time without losing their characteristics at different levels of metabolism, 

mutational and genetic profiles, or stemness properties. Modeling AML in a way that 

recapitulates what clinicians observe in their routine work will bring significant insights 

in a better understanding of the disease pathogenesis, the identification of genetic 

markers and how to link them with prognosis as well as the study of the effectiveness 

of different treatment strategies according to disease characteristics. Complex 

interactions between malignant cells and the BM microenvironment as well as 

regulation mechanism at even an organism-wide level make it currently impossible to 

recapitulate the disease complexity even in the most sophisticated in vitro culture 

systems.  
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1.1.1. Murine models of AML  
 

In vivo murine models are of particular importance to reach a higher level of complexity 

in the study of leukemia. In order to develop currently used mouse leukemia models 

several technics have been used:  

- Carcinogen-induced tumors are generated via exposure of the animals to 

chemicals, viruses or irradiation, thus leading to spontaneous AML 

development 

- Transgenic animals are engineered either in a more classical way by insertion 

of DNA into the genome (in embryonic stem cells or into fertilized oocytes) or 

by the transfer method of modified murine hematopoietic stem and progenitor 

cells (HSPCs) (by retroviral transduction or by genome editing techniques) into 

irradiated recipient.  

- Xenograft models are based on the transplantation of patient-derived primary 

AML blasts or in vitro modified HSPCs into irradiated immune-compromised 

mice. 

 (Almosailleakh and Schwaller, 2019) 
 
All of the above described models display specific advantages and drawbacks, and 

the choice of the one over the others has to be done regarding the purpose of each 

single study. 

For the purpose of the work presented here, we have chosen to mainly focus on 

xenograft models of human AML, since we were particularly interested in the disease 

heterogeneity amongst patients and these models represent an elegant way to 

recapitulate a single patients’ features in murine models. Over the past decades, 

xenograft models have rapidly evolved and have shown effectiveness in the 

engraftment of both primary healthy HSPCs and AML cells. Back in the 90’s, Lapidot 

et al. nicely described engraftment of AML cells from all of the FAB subtypes into 

severe combined immunodeficient (SCID) mice (Lapidot, 1994). These mice have a 

mutation in Prkdcscid and are thus lacking functional B and T lymphocytes (website, 

consulted 30.07.2021). In their work, the authors described many similar 

morphological and dissemination features and characteristics between the AML 

patient and the SCID-leukemia mice. Leukemia cells from the engrafted murine BM 

showed an identical immunophenotype compared to donor leukemia cells and – for 
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some specific AML subgroups – were able to disseminate in the liver, spleen, kidney 

and lungs (Lapidot, 1994). 

Further studies also confirmed the successful use of SCID and non-obese diabetic -

SCID (NOD/SCID) mice to study morphological and biological characteristics of 

human AML  (Ailles et al., 1999; Bonnet and Dick, 1997; Lapidot et al., 1997). Although 

representing a major advance in the study of primary AML material in vivo, these 

models display low levels of engraftment classically ranging from 0.1 to 5% of human 

leukemic cells within the murine BM, as well as a reduced life span upon these low 

levels of engraftment (Ailles et al., 1999). More potent models have consequently been 

developed, which provided an improved microenvironment for the growth and 

development of human AML cells. First, a mouse strain with targeted deletion of the 

beta2-microglobulin gene within the NOD/SCID genetic background (also known as 

NSB mice) was engineered, leading to additional decreased natural killer (NK) cell 

function in comparison to classical NOD/SCID. Transplantation of AML samples in this 

model demonstrated significantly increased engraftment rates (up to 70-fold increase 

8-12 weeks post transplantation) as well as engraftment of samples that failed to 

engraft in the standard NOD/SCID strain (Feuring-Buske et al., 2003). Furthermore, 

adding an IL(Interleukin)-2 receptor gamma chain deficiency in the NOD/SCID 

background gave rise to the NOD/LsSz-scid IL2gc null (NSG) mouse strain, lacking 

mature T, B and functional NK cells and being deficient in cytokine signaling. 

Importantly, these mice have an improved life span and their very high 

immunodeficiency provides a suitable microenvironment for growth and expansion of 

human AML cells with significantly higher levels of engraftment up to 90% of the 

mouse BM. Sanchez and colleagues investigated the engraftment of 35 primary 

human AML samples in NSG mice and were able to conclude that 40% of primary 

leukemia samples transplanted intravenously engrafted to an extend of 10% or more 

in the murine BM 12 weeks after transplantation. Engraftment was maintained in 

secondary and tertiary recipients, thus confirming that this model retains the consistent 

engraftment of leukemia initiating cells over multiple passages (Sanchez et al., 2009). 

A recent study by our group furthermore showed that the use of NSG mice for 

xenotransplantation permitted to engraft a much higher proportion (up to 95%) of AML 

cases, simply by extending the follow-up period until one year. Interestingly, by looking 

at the engraftment rate at the standard end-point of 16 weeks post transplantation via 



 30 

BM puncture could detect human leukemic cells in only a minority (less than 40%) of 

patients used in the study, indicating that leukemia cells can persist at undetectable 

levels without losing their disease-initiating properties (Paczulla et al., 2017). In 

addition, AML samples from all subgroups showed robust engraftment, including those 

from the favorable subgroup that were initially considered as non-engrafters. 

Moreover, a correlation was observed between the risk group of the patient and the 

time for detecting engraftment, with cells from favorable AML patients needing longer 

than those from intermediate and adverse risk groups (Paczulla et al., 2017). All 

together this shows that xenotransplantation of human AML cells in NSG mice could 

nicely recapitulate the human disease, both concerning the conservation of the 

phenotype and functional properties of leukemia-initiating cells, and the maintenance 

of disease kinetics according to the determined risk group of the patient.  

Nevertheless, xenotransplantation models using immunodeficient mice are still limited 

in some aspects. Given that components of the niche in these murine models cannot 

faithfully recapitulate the human niche, these models are not the preferential ones to 

study the interplay between human leukemia blasts and the niche cells or the immune 

system (Almosailleakh and Schwaller, 2019). In addition, cytokines, that are known as 

being key regulators of several process in leukemia initiation and development, differ 

between mouse and human.  

To overcome these limitations and mimic the human BM niche, some humanized 

mouse strains have emerged. For example, transgenic expression of human SCF 

(Stem Cell Factor), GM-CSF (granulocyte-macrophage colony stimulating factor) and 

IL-3 into NOD/SCID or NSG mice significantly improved the expansion of normal 

myeloid cells and the engraftment of patients usually considered as difficult to study 

in vivo (e.g. those harboring AML1 (RUNX1) -ETO (Eight-Twenty-One)  or CBFb (Core 

Binding Factor) -MYH11). However, high levels of human cytokines in these models 

cause the exhaustion of human HSCPs (Abarrategi et al., 2018; Nicolini et al., 2004; 

Wunderlich et al., 2010). To overcome such issues and to obtain more physiological 

levels of human cytokines, knock-in mice were generated, such as MITRG (encoding 

human M-CSF (macrophage colony stimulating factor), IL-6/GM-CSF and TPO 

(thrombopoietin)) in Rag2-/-Il2rg-/- immunodeficient mice or MISTRG (which encode 

in addition human SIRPa (Signal Recognition Particule a), thus reducing phagocytosis 

and allowing better engraftment of xenogeneic cells). Expression of human cytokines 
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in the background of an immunodeficient mouse nicely allows the presence of a 

functional human innate immune system, and hematopoietic engraftment was 

successfully confirmed in these models (Abarrategi et al., 2018; Rongvaux et al., 

2014). Engraftment of HSPCs was higher than in conventional NSG mice and also 

supported robust engraftment of AML patient samples including favorable risk-group 

AML patients (Ellegast et al., 2016). 

In addition, synthetic material was also used to create biological inserts and scaffolds 

in order to create a humanized microenvironment in the mouse that is able to support 

growth and differentiation of transplanted cells without affecting their normal function 

(Almosailleakh and Schwaller, 2019). Many similar models coexist, in which different 

types of human stromal cells can be seeded. For example, coating of a polyurethane 

scaffold with freshly isolated human BM-derived mesenchymal stem cells (MSCs) in 

NOD-SCID mice showed nice engraftment rates (Almosailleakh and Schwaller, 2019; 

Vaiselbuh et al., 2010).  

Of course, none of the models presented in this chapter fully recapitulate the patient 

complexity, but they  were nevertheless particularly useful for the investigation of 

several aspects of AML such as the hierarchy of leukemic stem cells, linking genetic 

aberrations to AML initiation and progression, as well as in the development of many 

drugs used to fight against AML (Almosailleakh and Schwaller, 2019). 

 

Besides these murine models, one powerful and easy-to-handle model to study 

hematopoiesis in vivo consists in using transgenic zebrafish lines, because of the high 

conservation of the hematopoietic organization between zebrafish and mammals. 

Without going into the details of this model organism here, zebrafish are particularly 

valuable because of their high proliferation rates, the external fertilization allowing 

easy embryo study, the small size and transparency of the embryos and the well-

established live-imaging studies. Zebrafish also allow the study of hematopoietic 

malignancies. Similarly to murine models, they can e.g. also serve as recipient for 

xenotransplantation experiments, in which both embryos and adult zebrafish can be 

transplanted with human leukemia cells (Konantz et al., 2019; Zizioli et al., 2019) 

 

1.1.2. Limitations and factors influencing leukemia 
induction in the NSG xenotransplantation model  
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The engraftment of human AML cells in NSG recipient mice is highly depend on factors 

that can be either intrinsic to AML cells that are used, linked to the recipient animal or 

to technical experimental settings.  

First of all, if considering the 16 weeks post transplantation time-point which is 

standardly used as a final analysis endpoint, only a limited proportion of transplanted 

AML samples (66%) were reported to induce leukemia. Amongst them, favorable risk 

group samples were underrepresented and those harboring the ITD in the FLT3 gene 

had an enhanced potential to engraft in recipient mice (Rombouts et al., 2000a; 

Rombouts et al., 2000b; Sanchez et al., 2009).  Several patient parameters were also 

shown to be involved in the engraftment rate. For examples, patient samples derived 

from secondary AML have been reported to engraft better in a NOD/SCID xenograft 

model when compared to primary AML samples (Rombouts et al., 2000b). 

Furthermore, the same study also indicated that the most important clinical parameter 

for correlation with engraftment in xenograft models were the white blood cells (WBC) 

counts at diagnosis (Rombouts et al., 2000b). 

Moreover, recipient animals also play an important role in the engraftment capacity. 

The age and the gender of the recipient mice impact transplantation efficiency. 

Standardly, NSG mice are used between 6 to 10 weeks of age (Paczulla et al., 2017; 

Sanchez et al., 2009), but transplantation into newborn mice (up to 3 days after birth) 

has been shown to be more efficient, even though it is technically more difficult and 

might impact several other parameters such as hormone or cytokines levels, since at 

this time-point mice are not mature yet (Traggiai et al., 2004). Differences were also 

observed in engraftment depending on the gender of recipient mice. These gender-

linked variations have already been described in the context of healthy human HSPCs, 

as well as for human ALL transplantation, and their translation to AML is currently 

under investigation in our group (Konantz et al., 2013; Notta et al., 2010). 

A more technical point affecting the engraftment of transplanted AML cells consists in 

the experimental settings used for mouse transplantations. For example, irradiation of 

the mice before injection of the cells is an important parameter to consider. Standardly, 

mice are sublethally irradiated within the 24 hours preceding the transplantation 

procedure (Paczulla et al., 2017; Sanchez et al., 2009). Nevertheless, one could also 

consider avoiding this irradiation step in order to favor the study of the BM 

microenvironment that would thus be less affected (Klco et al., 2014). Even though 

necessary for more relevant studies of the interaction of AML cells with components 
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of the healthy BM niche, transplantation without prior conditioning of the mice could 

be challenging for some hard-to-transplant samples and could also necessitate a 

longer follow up time until detectable engraftment. The transplantation route can also 

impact engraftment. Indeed, in past and present work, we were able to notice that 

intrafemoral (IF) transplantation was more effective than intravenous (IV) 

transplantation and allowed to either lower the cell dosage or reduce the time-to-

leukemia induction (Paczulla et al., 2017). Nevertheless, the choice of one or the other 

method also impacts several other experimental parameters and should consequently 

be discussed in regard of the experimental purpose. For example, IF transplantation 

is an invasive procedure inside the bone and is thus highly disturbing the BM niche 

organization. It also necessitates an anesthesia step which can also affect the whole 

mouse organism. Furthermore, the homing step of the AML cells from the circulation 

to the BM is occurring mainly when IV transplantation is used and not upon IF 

transplantation, hence rendering useless processing such as chemoattraction or 

intravasation. The time point of analysis is also a very important parameter to consider 

when looking at engraftment. Indeed, many studies consider 16 weeks, or even 12 

weeks as a final analysis endpoint (Eppert et al., 2011; Sanchez et al., 2009). 

Nevertheless, work published by our laboratory in 2017 could show that prolonging 

the observation time for a longer time (up to one year) could lead to engraftment of 

most of the patients tested, even those derived from patients that were considered as 

difficult to engraft (e.g. favorable risk group patients with inv(16)) (Paczulla et al., 

2017). 

Last but not least, the time-point of transplantation of the cells is of particular interest. 

In fact, the BM niche and endogenous HSCs are highly regulated by circadian 

oscillations and the period of the day when transplantation occurs might thus impact 

engraftment rates (Méndez-Ferrer et al., 2009). Correlations between time-point of 

transplantation and AML cells homing and engraftment were indeed investigated in 

this thesis.   

 

1.4. BONE MARROW MICROENVIRONMENT IN HEALTH AND DISEASE  
 

As already described above, the BM naturally harbors HSCs that are responsible for 

blood production by giving rise to all types of mature hematopoietic cells. In order to 

fulfill this function, HSCs alternate between dormancy and self-renewal either for a 
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basal production of blood cells or for an “on demand” production in case of e.g. 

infections or inflammation (Hanns et al., 2019). There is increasing evidence that this 

very finely regulated balance between dormancy and production is highly dependent 

on the interaction between HSCs and the surrounding BM microenvironment (Kumar 

et al., 2018). 

The concept of the niche was first described by R. Schofield back in the 70’s, which 

he described as «the stem cell is seen in association with other cells which determine 

its behavior» (Schofield, 1978). Since then, advances in genetic tools, imaging 

techniques and the knowledge of HSCs markers have enabled better insights into the 

HSCs niche (Pinho and Frenette, 2019). It is now of common knowledge that the niche 

is composed of complex interactions between several different types of cells in order 

to provide molecular signaling as well as physical interactions that are crucial for HSCs 

localization, maintenance and differentiation (Pinho and Frenette, 2019). One reason 

for this complexity lies in the high heterogeneity found among HSCs themselves, 

which offers the possibility that distinct niches could support distinct subsets of stem 

cells (Morrison and Scadden, 2014; Pinho and Frenette, 2019). 

 

1.1.3. The healthy HSCs niche  
 

The various components of the HSC niche have been extensively studied using 

transgenic mouse models, e.g. upon depletion of regulatory factors or certain cell 

types. Both non-hematopoietic cell types and the progeny of HSCs themselves are 

part of the HSC niche (Pinho and Frenette, 2019). 

Among non-hematopoietic cells, osteolineage cells were the first to be implicated in 

HSC regulation, primarily due to their colocalization with HSCs in the endosteal region. 

(Pinho and Frenette, 2019; Schofield, 1978) However, more recent imaging 

techniques have shown that HSPCs, although preferentially localized in endosteal 

zones, are not significantly associated with osteoblasts (Kunisaki et al., 2013; 

Nombela-Arrieta et al., 2013). Nonetheless, more committed hematopoietic 

progenitors could be regulated by cells from the osteolineage (Pinho and Frenette, 

2019). 

In addition to the endosteum, HSCs were also found near sinusoids in a so-called 

perivascular niche. Amongst perivascular cells, MSCs—rare multipotent cells wrapped 

around sinusoids and able to differentiate into bone, fat, muscle and cartilage—have 
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been described as an integral part of the HSCs niche (Méndez-Ferrer et al., 2010b; 

Pittenger et al., 1999). MSCs are indeed spatially associated with HSCs and highly 

express HSCs maintenance genes including vascular cell adhesion molecule 1 

(Vcam1), CXCL12 (C-X-C motif chemokine 12) or osteopontin (Spp1) (Méndez-Ferrer 

et al., 2010b). In addition to MSCs, CXCL12-abundant reticular (CAR) stromal cells 

are also part of the perivascular niche. They consist of adipo-osteogenic progenitors 

and wrap around sinusoids as well as arterioles and also play an important role in the 

HSC niche (Baccin et al., 2020). 

A lot of blood vessels are entering the BM, thus enabling both differentiated blood cells 

and HSCs to enter and leave the bloodstream. This high vascularization goes in pair 

with high numbers of BM endothelial cells that are lining the inner part of the blood 

vessels. Apart from perivascular cells, endothelial cells themselves also produce 

factors involved in the regulation of the activity of HSCs, such as Notch ligands, 

CXCL12 and SCF (Pinho and Frenette, 2019). Amongst endothelial cells arteriolar 

endothelial cells (AECs) and sinusoidal endothelial cells (SECs) can be distinguished 

by their specific surface membrane marker expression. Interestingly, AECs and SECs 

display different roles in the regulation of HSCs and express different levels of SCF 

and CXCL12 (Pinho and Frenette, 2019). For example, endothelial SCF is almost 

exclusively produced by AECs and the genetic depletion of Scf in AECs but not in 

SECs leads to a significant reduction of functional HSCs (Xu et al., 2018). 

Differentiated adipocytes, that are more and more present when people age, also 

affect HSCs, but more negatively, with adipocytes-rich BM containing fewer HSPCs 

than adipocyte-poor BM (Pinho and Frenette, 2019). One more component that is 

playing an important role consists in the nerve fibers that innervate the skeletal system. 

This aspect will be discussed in more details later in this introduction.  

Next to the stromal cells mentioned above that are involved in HSC regulation, some 

HSC-derived hematopoietic cells, such as megakaryocytes, macrophages or 

regulatory T cells, also regulate HSC activity in a feedback loop (Pinho and Frenette, 

2019). 

 

1.1.4. The BM niche in hematological malignancies 
 

The most relevant microenvironment for malignant cells from hematopoietic cancer is 

of course the BM, which is also where healthy HSCs locate. Similar to normal 
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hematopoiesis, leukemia also displays a hierarchical organization. On the top of the 

system, a small population of leukemia-initiating cells (LIC) presents stem-cell like 

functions, repopulation capacity and is thus considered as being the major cause of 

leukemia relapse (Huntly and Gilliland, 2005). LIC have been described to have the 

potential to corrupt the BM niche component in order to hijack the normal homeostatic 

processes and to use niche cells to their advantage, thus supporting their survival and 

proliferation but also maintaining their quiescence and resistance to chemotherapy 

(Backhovens et al., 1987; Lane et al., 2009). Several niche related pathways and cell 

types are involved in leukemia progression and can consequently open therapeutic 

windows (Figure 2).  

 
Figure 2:  Leukemic blast interactions with the perivascular niche. (adapted from 
Behrmann et al.) 
Secreted factors and cell-cell interactions regulate the survival, proliferation and 

resistance of AML cells in the perivascular niche.  

AML, acute myeloid leukemia; EC, endothelial cells; MSC, mesenchymal stromal 

cells; CXCL12, C-X-C motif chemokine 12, C-X-C chemokine receptor 4; VLA-4, very 

late antigen 4; VCAM-1, vascular cell adhesion molecule 1. 

 

First of all, the vasculature has been described to be in close relationship with leukemic 

cells. As such, the proangiogenic factor VEGF (vascular endothelial growth factor) is 

expressed by many leukemia patients, leading to the induction of angiogenesis and 

reduction of apoptosis (Figure 3) (Backhovens et al., 1987). 

oste
opo

ntin

angiopoietin 1

C
XC

L12

SCF

SC
F

pleiotrophin

VCAM1osteopontin

no
ra
dr
en
al
in
e

No
tch

lig
an
dspleio

trop
hin

CXCL12

SCF

VCAM1

CXCL4FGF1

Perivascular MSCs
SNS nerves

Endothelial
cells

Megakaryocytes
Macrophages

Maintenance

Quiscence

Retention

Proliferation

Indirect

Maintenance/Retention

Treg cells

Osteoblasts

Adipolineage
cells
TG

Fbeta

on
co
st
at
in
M

DA
RC

, T
G
Fb
et
a

IL-
10

Non-hematopoietic cells

Hematopoietic cells



 37 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Cellular and molecular constituents of the HSC niche (adapted from 
Pinho et al.) 
Various cells types from both non-hematopoietic cells and hematopoietic cells are 

implicated in the regulation of the HSC activity. The target plot illustrates some of these 

cell types and the niche factors (cell bound or secreted molecules) involved directly or 

indirectly in the processes of maintenance, quiescence, retention, proliferation.  

DARC, duffy antigen receptor for chemokines; FGF1, fibroblast growth factor 1; 

gp130, glycoprotein 130; IL-10, interleukin-10; SCF, stem cell factor; VCAM1, vascular 

cell adhesion molecule 1.  

 

Additionally, MSCs, for which the tight interaction with HSCs has been outlined 

previously, are also important in oncogenic processes. Indeed, their ability to 

differentiate in different types of stromal cells is disturbed by leukemia cells, which 

induce osteoblastic but inhibit adipogenic differentiation, thereby promoting AML 

expansion (Battula et al., 2017). 

The BM microenvironment is also the residence for various immune cell types, e.g. T 

and B cells, dendritic cells and macrophages. One could easily hypothesize that this 

immunological microenvironment is detrimental for leukemic cells that would be 

recognized and eliminated by immune cells. Unfortunately, leukemic cells have the 

capacity to escape immune surveillance e.g. by creating a BM microenvironment in 

which immune responses are dysregulated. It has e.g. been shown that leukemic cells 

express PD-L1 (programmed death ligand 1), the ligand to PD-1 usually expressed on 
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antigen-presenting cells and for which the binding to its receptor leads the reduction 

of the activation of T-cells. PD-L1 expression on leukemic cells thus contributes to 

their immune escape (Zhang et al., 2009). Another interesting mechanism of immune 

evasion has recently been described by our laboratory. NKG2D (Natural Killer Group 

D) ligand expressing cells are usually recognized and cleared by NK cells. We could 

however show that LSCs, in contrast to more differentiated leukemic blasts, lack the 

expression of NKG2D ligands, hence allowing them to escape cell killing by NK cells 

and favoring later relapse of the disease (Paczulla et al., 2019). 

Beyond all the described cells types involved in leukemic processes, many molecules 

and signaling pathways are also of major importance. Among these, adhesion 

molecules such as very late antigen 4 (VLA-4), CD (Cluster of differentiation) 44 and 

E-selectin, are of particular interest since the adhesion of malignant cells to the BM 

niche is necessary for leukemia engraftment and development (Figure 3) (Backhovens 

et al., 1987). VLA-4 is an integrin expressed by both HSPCs and leukemic stem cells 

(LSCs) and serves as a ligand for VCAM-1 that is expressed by BM niche cells, 

including endothelial cells and MSCs (Figure 2 and 3) (Levesque, 2016). Importantly, 

higher VLA-4 expression level have been correlated with poor prognosis in AML 

patients (Matsunaga, 2003). The interaction between the VLA-4 integrin and its 

receptor VCAM-1 has been shown to be beneficial for the survival and the stroma, 

thus leading to chemotherapy resistance (Jacamo et al., 2014). Similarly, CD44 is also 

highly expressed on leukemic cells and is able to bind its receptor, E-selectin, which 

is expressed by endothelial cells. CD44 blockade has been shown to lead to reduced 

leukemic engraftment, mediated by the inhibition of the homing capacity of LSCs, and 

to increased blast differentiation (Figure 3) (Jin et al., 2006). 

Besides these adhesion molecules, BM niche cells secrete soluble factors that directly 

impact leukemic cells. (Backhovens et al., 1987) Amongst them, CXCL12, also known 

as SDF-1 (stromal-cell derived factor 1), is secreted by MSCs and plays a chemotactic 

role to attract CXCR (C-X-C motif receptor) 4-expressing cells, including leukocytes, 

HSCs and leukemic cells (Figure 2 and 3)(Backhovens et al., 1987; Villatoro et al., 

2020). In healthy hematopoiesis, the CXCR4/CXCL12 axis regulates leukocyte 

trafficking in and out of the BM niche. In myeloid malignancies, CXCR4 expression 

has been directly linked to poor prognosis in leukemic patients, and chemotherapy has 

been shown to upregulate CXCR4 expression (Rombouts et al., 2004; Sison et al., 

2013; Spoo et al., 2007). Thus, inhibition of CXCR4 and consequent release of 
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leukemic cells out of the BM protective niche, sensitizes them to chemotherapy via 

anti-apoptotic mechanisms. Several inhibitors of CXCR4, e.g. AMD3100, ulocuplumab 

and BL-8040 are currently studied in clinical trials and may show beneficial for patients 

with leukemia (Backhovens et al., 1987; Villatoro et al., 2020). 

Interestingly, interactions between the CXCL12/CXCR4 axis and both adhesion 

interactions presented above exist. For example, CXCL12 activates VLA-4 expression 

on HSCs and triggers its firm interaction with VCAM-1 expressing cells (Peled, 2000). 

Cooperation between CD44 and CXCL12 has also been observed in human HSPCs 

homing to the BM (Avigdor et al., 2004). 

 

1.1.5. Circadian and adrenergic regulation of the BM 
niche  

 

Most of the literature overview that will be presented in this part is derived from a 

recent review published by our laboratory with me as the first author. Some parts are 

consequently directly derived of this publication (Hanns et al., 2019). 

 

1.1.1.1. Catecholamines and adrenergic signaling 
 

Stress is defined as the relationship between a person and her/his environment when 

latter is perceived as endangering to her/his well-being. While the stimulus-based 

definition understands stress as the sum of effects that emerge after exerting acute or 

a chronic external discomfort on a subject, the response-based definition proposes 

stress as part of the physiological alert reaction activated by the body to better master 

a dangerous situation (King, 1993). On the physiological and biochemical level, stress 

involves the sympathetic nervous system (SNS) and the release of catecholamine 

neurotransmitters (epinephrine (EPI), norepinephrine (NOR), dopamine (DA)) from 

SNS fibers. Catecholamine release may differ in acute compared to chronic stress: 

whereas acute and chronic stress both induce EPI as well as NOR (Moreno-Smith et 

al., 2010; Rupp, 1994; Rupp, 1995; Schmidt, 1996), brain concentrations of DA were 

instead found elevated in acute but however reduced in chronic stress (Imperato, 

1992; Moreno-Smith et al., 2010; Puglisi-Allegra, 1991). The downstream adrenergic 

signaling responses activated by stress are furthermore dependent on the expression 

of specific adrenergic receptors (ARs) on various organs and tissues participating in 
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the alert reaction (Elenkov et al., 2000; Esler et al., 2008). ARs belong to the class of 

G protein-coupled receptors and are subdivided into α- and β-ARs. Activation of α1-

ARs (comprising α1a, α1b, α1d-ARs) increases intracellular calcium levels and 

induces vasoconstriction, while α2-AR (comprising α2a, α2b, α2c-ARs) activation 

inhibits intracellular cAMP (cyclic adenosine monophosphate), insulin, acetylcholine 

and NOR release (Chakroborty et al., 2009). Stimulation of β-ARs (comprising β1, β2, 

β3-ARs) elevates cytosolic cAMP levels and activates PKA (protein kinase A) leading 

to smooth muscle relaxation and lipolysis (Hein and Kobilka, 1995; Hieble et al., 1995; 

Molinoff, 1984). While β3-ARs bind EPI and NOR with the same affinity, α2 and β2-

ARs are more potently stimulated by EPI and α1 and β1-ARs by NOR (Ariëns and 

Simonis, 1983; Orenberg et al., 1983; Rang et al., 2007). ARs can be 

pharmacologically modulated by drugs with selectivity for certain receptors, e.g. 

“selective” blockers targeting α1-ARs (e.g. prazosin), α2-ARs, (e.g. yohimbine), β1-

ARs (e.g. acebutolol) or by so-called “unselective” blockers targeting for example all 

types of α-ARs (e.g. phenoxybenzamine), or all types of β-ARs (e.g. propranolol). AR-

blockers are in routine clinical use especially for the treatment of patients with 

hypertension and cardiovascular disorders. 

 

1.1.1.2. Circadian regulation and catecholamine signaling  
 

Circadian rhythms are used by living organisms to anticipate their daily needs and 

consequently adapt their behavior and physiology to daily changes in light and 

temperature. These adaptations have significant impact on organism’s ability to decide 

when is the appropriate time for them to reproduce, to store food, to hide, or at the 

contrary to hunt. All these aspects are critical for the survival of the organisms and 

thus explain why the regulatory mechanisms of the circadian clock have been 

conserved throughout evolution (Bhadra et al., 2017). 

In mammals, day-night cycling is sensed through light signals detected from the retina 

and will affect important processes including sleep, hormone secretion, cell cycle and 

immunity (Méndez-Ferrer et al., 2009). In a very simplified way, at the molecular level, 

circadian rhythms are sustained by the expression, mostly in the suprachiasmatic 

nucleus (localized in the anterior hypothalamus), of clock genes (Bmal1 (Brain and 

muscle Arnt-like protein-1), Clock (Circadian Locomotor Output Cycles Kaput), Npas2 

(Neuronal PAS domain protein 2). The system operates as a feedback loop, as the 
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expression of these clock genes occurs asynchronously with the transcription of other 

genes of the Cry (Crystal protein), Per (Period circadian protein) and Rev-erb families 

(Méndez-Ferrer et al., 2009). 

Within the SNS, EPI and NOR blood levels have been described to follow diurnal 

patterns, indicating that the activity of the SNS undergoes circadian rhythms (Méndez-

Ferrer et al., 2009). As shown in a murine model, also in the BM microenvironment 

the release of NOR and DA, but not EPI is peaking during the night phase. Higher 

levels of catecholamines in the BM space correlates with the proportion of BM in the 

G2/M and S phase (Maestroni et al., 1998; Méndez-Ferrer et al., 2009). 

 

1.1.1.3. The BM regulation by catecholamines  
 

The BM naturally harbors HSCs responsible for sustaining blood production. In order 

to fulfill this function over the whole life-span of an organism, HSCs balance dormancy 

and self-renewal activity with basal or demand-oriented proliferation and 

differentiation. HSCs reside in so-called BM niches, which are embedded in complex 

cellular networks that intensively communicate via molecular, biophysical (e.g. oxygen 

levels, blood pressure) and structural (e.g. extracellular matrix) signals (Guilak et al., 

2009; Rieger et al., 2009; Zhang and Lodish, 2008). Different BM niches have been 

described and reported to support the unique requirements of HSCs (as elegantly 

reviewed in (Birbrair and Frenette, 2016; Pinho and Frenette, 2019)). Osteoblasts 

producing among others osteopontin (Nilsson et al., 2005) were initially considered 

major regulators of HSCs shown to reside in proximity of the endosteum (Gong, 1978; 

Lord and Hendry, 1975; Nilsson and Coverdale, 2001; Taichman and Emerson, 1996).  

More recent studies have questioned the importance of molecular signals deriving 

from osteoblasts for the regulation of HSCs quiescence and rather pointed out roles 

of osteoblasts in the maintenance of more committed hematopoietic progenitors, 

particularly in B-cell lymphopoiesis (Asada et al., 2017b; Ding and Morrison, 2013; 

Greenbaum et al., 2013; Kunisaki et al., 2013; Nilsson et al., 2005; Nombela-Arrieta 

et al., 2013; Visnjic et al., 2004). More recently there is instead increasing evidence 

for the existence of the so-called vascular HSCs niche. HSCs were shown to localize 

in proximity of sinusoids enriched for MSCs activity (Kiel et al., 2005; Yu et al., 2015) 

and endothelial cells lining the BM vasculature and MSCs to secrete factors sustaining 

the maintenance and activation of HSCs and derived progenitors (Asada et al., 2017a; 
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Ding et al., 2012; Greenbaum et al., 2013; Morrison and Scadden, 2014). The 

influence of the vascular niche on HSCs fate is nicely summarized in (Kunisaki and 

Frenette, 2014; Pinho and Frenette, 2019). 

 

Sympathetic nerve fibers are an additional critical component of the BM niche. Already 

back in 1925, they were described by De Castro to enter the bone with blood vessels 

and branch to form rings around osteoblasts and osteocytes, as described in (Mach 

et al., 2002). Next to a baseline routine secretion, these fibers release catecholamines 

to the BM space (Nadri et al., 2008) in response to circadian rhythm oscillations with 

especially NOR levels peaking during night and EPI release less dependent on 

circadian oscillations (Maestroni et al., 1998). As shown by Heidt et al., chronic stress 

applied to mouse models induces a surplus release of NOR, which then reduces 

CXCL12 levels in the BM through activation of β3-ARs. Chronic stress as a 

consequence activates HSCs and increased their proliferation and differentiation, 

thereby causing increased output of inflammatory cells and inducing a functional 

decline of HSCs  (Heidt et al., 2014). Neural regulation of the BM as well as the 

interplay of the nerve system with the bone, BM and immunity has been recently 

reviewed in (Maryanovich et al., 2018). Several other cell types residing in the BM 

(e.g. immune cells (Cosentino et al., 2013), mast cells (Freeman et al., 2001), HSPCs 

(Kuci et al., 2006)) were also shown to produce catecholamines, which adds another 

layer of complexity to the regulation of adrenergic signaling in the BM. 

 

Various cell types in the BM – among which niche cells as well as HSPCs themselves 

– are known to express ARs and respond to catecholamines as part of their baseline 

regulatory program or of demand reactions (Table 2) (Hoggatt and Scadden, 2012; 

Méndez-Ferrer et al., 2008; Seidel et al., 2007; Spiegel et al., 2007). The circadian 

rhythm influences the release of HSPCs from the BM into circulation (with a maximum 

of mobilized HSPCs at five hours after light onset and another five hours after the 

onset of darkness), partially via catecholamine secretion. This cyclic release of HSPCs 

is in antiphase with the expression of the chemokine CXCL12 responsive for HSPCs 

homing and retention to the BM (Méndez-Ferrer et al., 2008). Interestingly, latter are 

regulated by core genes of the molecular clock through circadian NOR secretion by 

the SNS. Nerve fibers locally deliver these adrenergic signals to the BM where β3-

ARs expressing stromal cells respond with CXCL12 downregulation (Méndez-Ferrer 
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et al., 2008) Furthermore, G-CSF produced in response to systemic bacterial 

infections, mobilizes HSPCs by suppressing CXCL12 secretion from osteoblasts via 

NOR/EPI release (Asada et al., 2017a; Hoggatt and Scadden, 2012; Kropfl et al., 

2014; Méndez-Ferrer et al., 2008). NOR release also reinforces the egress of HSPCs 

from the BM by acting on CAR cells expressing β3-ARs, in which exposure to NOR 

leads to degradation of Sp1 (specificity protein 1), a protein required for CXCL12 

expression (Dar et al., 2011; Méndez-Ferrer et al., 2010a; Méndez-Ferrer et al., 2009). 

Consistently, low catecholamine levels associate with enhanced CXCL12 levels and 

enhanced homing and retention of CXCR4 expressing HSPCs in BM niches (Dar et 

al., 2011). Thus, one major role of catecholamines in the BM is to regulate the HSPCs 

pool via controlling their egress (Dar et al., 2011)(reviewed in more detail in (Asada, 

2018; Costa et al., 2018; Doron et al., 2018; Morrison and Scadden, 2014; Sarkaria et 

al., 2018; Shafat et al., 2017; Wei and Frenette, 2018). Furthermore, adrenergic 

signals were associated with circadian leukocyte recruitment to the BM. Perivascular 

SNS fibers acting on β-ARs that are expressed on non-hematopoietic cells lead to 

differential circadian oscillations in the expression of adhesion cell molecules and 

chemokines, thus governing CXCR4-independent leukocyte recruitment to the BM 

(Scheiermann et al., 2012). The influence of catecholamines on cancer cells and the 

roles of such processes on the BM colonization by cancer cells are still understudied. 

 

BM cell type 

Type of adrenergic receptors expressed 
 

Reference  
a1a-
AR 

 

 
a1b-
AR 

 

 
a1d-
AR 

 

 
a2a-
AR 

 

 
a2b-
AR 

 

 
a2c-
AR 

 

b1-
AR 

 
b2-
AR 

 

b3-
AR 

Adipocytes       + + + 
(Scheller 

et al., 
2018) 

Fibroblast 
like cells  +  +    + + 

(Méndez-
Ferrer et 
al., 2008) 

HSPCs + + + + + +  +  
(Muthu et 
al., 2007) 

Macrophages    + + + + +  
(Shen et 
al., 1994) 
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MSCs + +  +  + + + + 
(Méndez-
Ferrer et 
al., 2008) 

Osteoblasts + 
 + +     +  

(Méndez-
Ferrer et 
al., 2008) 

Osteoclasts + +  + + +  +  
(Méndez-
Ferrer et 
al., 2008) 

T 
lymphocytes 

 
       +  

(Sanders 
and 

Kohm, 
2002) 

 
Table 2: Expression of ARs on the surface of different BM cell type in rodents 
 

1.1.6. Impact of adrenergic regulation in tumorigenesis 
 

1.1.1.1. Epidemiologic studies  
 

The relationships between stress, catecholamine levels, AR-blocker use and cancer 

incidence or outcome were investigated by several epidemiological studies with in part 

controversial results. Enhanced perceived stress (measured by self-assessment via a 

questionnaire) was identified as a risk factor for rectal cancer in a prospective study 

involving 61,563 Japanese men and women followed-up for 21 years (Kikuchi et al., 

2017). Furthermore, elevated intra-tumor NOR levels determined by high performance 

liquid chromatography were associated with advanced stage and high-grade histology 

in ovarian carcinoma (Lutgendorf et al., 2011). Consistently, retrospective studies 

indicated treatment with β-blocker to associate with increased overall and progression-

free survival in patients with prostate (Grytli et al., 2014; Kaapu et al., 2016), breast 

(Barron et al., 2011; Botteri et al., 2013; Choy et al., 2016; Melhem-Bertrandt et al., 

2011; Montoya et al., 2017; Powe et al., 2010) ovarian cancer (Diaz et al., 2012) or 

melanoma (De Giorgi et al., 2011; Lemeshow et al., 2011), and treatment with 

propranolol to reduce the incidence of head and neck, esophagus, stomach, colon, 

and prostate carcinoma in an analysis of 24,000 people followed-up for twelve years 

(Chang et al., 2015). Finally, a meta-analysis of 20,898 patients with cancer (including 

patients from twelve studies published between 1993 and 2013, among which the 

studies mentioned above) indicated that β-blocker usage may associate with 
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prolonged survival in early stage cancer patients undergoing surgical resection (Choi 

et al., 2014). 

 

In contrast, other reports – also involving patients with a variety of different tumors 

(e.g. breast cancer (Cardwell et al., 2013), renal carcinoma (Parker et al., 2017),  AML 

(Chae et al., 2014), melanoma (Livingstone et al., 2013; McCourt et al., 2014) as well 

as a retrospective meta-analysis with more than 88,000 cancer patients from 

approximately thirty studies failed to reproduce these associations (Weberpals et al., 

2016). We hypothesize that these controversial results may derive from the 

heterogeneity among the analyzed patient groups and tumor types, stages and 

therapies, as well as the differences in employed β-blockers. Different types of stress 

may induce different catecholamine compositions (e.g. acute or chronic stress, versus 

exercise-induced, see also below) that influence results. Selected tumor subtypes or 

phases during tumorigenesis might be more or less responsive to pro-tumorigenic 

effects mediated by catecholamines and large meta-analyses may not sufficiently 

capture such effects. Prospective randomized trials focusing on defined patient 

subgroups, disease stages and medications are required to obtain conclusive results. 

Epidemiologic studies investigating β-blocker treatment in patients with cancer were 

recently comprehensively reviewed by Yap et al. (Yap et al., 2018). 

 

1.1.1.2. Pre-clinical studies 
 

Experimental data indicate that stress and catecholamines promote tumor growth and 

metastasis via both cell autonomous and non-autonomous mechanisms (Behrenbruch 

et al., 2018; Chang et al., 2016; Chen et al., 2018; Hulsurkar et al., 2017; Kim et al., 

2016; Kim-Fuchs et al., 2014; Lin et al., 2013; Madden et al., 2013; Magnon et al., 

2013; Partecke et al., 2016; Qin et al., 2015; Sloan et al., 2010; Thaker et al., 2006; 

Zhang et al., 2016) (see also the recent review by Qiao et al. (Qiao et al., 2018)). In 

an ovarian cancer animal model, restraint stress enhanced NOR and EPI levels and 

thereby promoted malignant cell growth by suppressing anoikis and enhancing 

phosphorylation of FAK (focal adhesion kinases) (Sood et al., 2010). Elevated housing 

temperature enhanced NOR levels in an orthotopic pancreatic carcinoma model 

thereby up-regulating the expression of anti-apoptotic BCL-2 (B-cell lymphoma 2), 

BCL-xL (B-cell lymphoma-extra large) and induced myeloid leukemia cell 
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differentiation proteins, suppressing the pro-apoptotic BAD (Bcl-2-associated death 

promoter) protein and inducing apoptosis resistance (Eng et al., 2015). Similarly, in a 

prostate cancer xenograft model, behavioral stress increased EPI levels, induced β2-

AR signaling activation and accelerated tumor progression by enhancing anti-

apoptotic responses in tumor cells (Hassan et al., 2013). Finally, recent work has 

pointed out that catecholamines induce cytoskeleton alterations and expression of 

genes mediating invasive properties thereby enhancing the aggressiveness of tumor 

cells (Kim et al., 2016). Molecularly, β-AR activation by catecholamines activated 

cAMP and downstream PKA signaling, resulting in higher Ca2+ efflux from the 

endoplasmic reticulum and finally in modulation of cadherins and actin (Kim et al., 

2016). 

 

Consistent with this, expression of different ARs has been documented on different 

cancer cell types and linked to cancer progression (β1: (Hu et al., 2008; Rains et al., 

2017), β2: (Chang et al., 2016; Hu et al., 2008; Rains et al., 2017), β3: (Calvani et al., 

2018; Calvani et al., 2015; Perrone et al., 2008; Rains et al., 2017), and targeting of 

catecholamine signaling by treatment with specific β-AR inhibitors has been proposed 

as a potential therapeutic approach for cancer (Cole et al., 2015; Dal Monte et al., 

2013; Rains et al., 2017). In fact, treatment with specific β3-AR antagonists was shown 

to reduce proliferation and activate cell death in tumor cells, thereby inhibiting 

melanoma progression in a mouse model (Dal Monte et al., 2013). 

 

Non-cell autonomous catecholamine-mediated pro-tumorigenic mechanisms include 

effects on blood and lymphatic vessels, fibroblasts, immune cells as well as different 

subtypes of BM cells and are thus even more complex. For example, daily restraint 

stress was shown to activate cancer-associated fibroblasts to produce extracellular 

matrix components favoring ovarian cancer growth (Nagaraja et al., 2017). Chronic 

psychological stress (induced by different types of stressors) furthermore facilitated 

breast cancer cell metastasis to the lung by modulating macrophage responses and 

the pre-metastatic niche (Chen et al., 2018). Additionally, chronic restraint stress 

promoted angio- and lymphangiogenesis (Hulsurkar et al., 2017; Le et al., 2016) and 

the re-organization of lymphatic networks within and around the primary tumor via 

induction of tumor-derived VEGF (vascular endothelial growth factor)-C, which in turn 

was found to depend on COX-2 (cyclooxygenase-2) mediated inflammatory signaling 
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from macrophages (Le et al., 2016). Furthermore, in a prostate cancer mouse model, 

NOR release in the stroma was shown to activate an angiogenic switch fueling tumor 

growth via the endothelial β-AR signaling pathway (Zahalka et al., 2017). Consistently, 

β-adrenergic-mediated chronic restraint stress also enhanced leukemic burden in an 

ALL mouse xenograft model. Interestingly, the pro-leukemogenic effect of 

catecholamines in this setting was not mediated by adrenergic signaling in leukemic 

cells themselves but rather by pro-leukemogenic modulation of host cells that interact 

with human ALL cells. The effects could potentially be mediated by SNS regulation of 

anti-tumor immune response (e.g. involving NK cell-mediated killing of leukemia cells) 

and of BM stromal cells, including osteoblasts that play a key role in the maintenance 

of healthy hematopoietic cells (Lamkin et al., 2012). In response to stress, tumor cells 

furthermore showed increased release of pro-inflammatory prostaglandin E2 

(Nagaraja et al., 2016). Further studies demonstrated that NOR induced activation of 

β3-ARs in both melanoma cells and cells of the tumor microenvironment and 

enhanced the response of stromal macrophages and fibroblasts by inducing pro-

inflammatory cytokine secretion and de novo angiogenesis in the tumor, thus 

sustaining tumor growth and aggressiveness (Calvani et al., 2015). Interestingly, 

pharmaceutical blockade of β3-AR could significantly decrease the tumor vasculature 

by activating apoptosis signaling pathways of endothelial cells in tumor blood vessels, 

thus reducing melanoma malignancy (Dal Monte et al., 2013). 

 

The pro-tumorigenic effects of stress summarized above were obtained in models 

studying the effects of catecholamine release associated with physical or 

psychological stress, or a combination of both. Interestingly, different results were 

observed when catecholamines released upon exercise were analyzed. Mice given 

the voluntary opportunity to run in an environmentally enriched cage also showed 

enhanced catecholamine levels, but these did not promote tumor growth (Westwood 

et al., 2013). Interestingly, suppressive effects on tumor growth were instead observed 

upon such exercise in different murine cancer models (e.g. of breast (Dethlefsen et 

al., 2017), pancreas (Song et al., 2017), lung and melanoma (Pedersen et al., 2016)). 

There is no definitive molecular explanation for the different impact of stress- versus 

exercise-induced catecholamine increase on tumorigenesis. Possible explanations 

include (a) that different types of catecholamines are released in exercise compared 

to stress (e.g. higher induction of NOR and DA in exercise (Devalon et al., 1989) and 
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of EPI in stress conditions, perhaps due to the fact that exercise preferentially induces 

a response of the SNS, while stress primarily triggers an adrenal response (Dimsdale 

and Moss, 2018)), (b) different catecholamine dynamics (intensive peaks upon 

exercise versus more constant enrichment under “chronic” stress with latter perhaps 

being only permissive for modeling of a pro-tumorigenic environment (Hanson et al., 

2018) and (c) confounding non-catecholamine related physiological and biochemical 

processes associated with exercise versus stress. Exercise-induced cancer protection 

could also be linked to the activation of the immune system. For example, high EPI 

levels induced by voluntary wheel running mobilized NK cells to the tumor site thereby 

reducing incidence and growth of melanoma, liver and lung tumors (Pedersen et al., 

2016). The effects of catecholamines on the immune system are reviewed in detail 

elsewhere (Kohm and Sanders, 2000; Qiao et al., 2018; Sanders and Kohm, 2002; 

Scanzano and Cosentino, 2015).  

  

1.1.7. Cancer cells use similar molecular cues than 
HSPCs to colonize the BM niche  

 

Homing and retention of HSPCs to the BM is regulated by the CXCL12/CXCR4 

molecular axis (Campbell et al., 2012; Shiozawa et al., 2015). As discussed above, 

this pathway is regulated by adrenergic signals, which in part are released under the 

influence of circadian rhythms (Asada et al., 2017b; Hoggatt and Scadden, 2012; 

Méndez-Ferrer et al., 2008). While these molecular cues are best characterized for 

healthy HSPCs, some data suggest that they are also co-used by cancer cells. As 

such, cancer cells may also express the CXCR4 receptor and migrate towards BM 

osteoblasts releasing CXCL12 (Figure 4) (Kan et al., 2016). Consistently, BM areas 

showing metastasis also display enhanced CXCL12 expression (Roccaro et al., 2014). 

In experimental mouse models, inhibition of CXCL12 was furthermore shown to 

reduce BM homing of injected multiple myeloma cells and thereby affecting disease 

progression. (Kan et al., 2016; Roccaro et al., 2014) Another molecular axis promoting 

the colonization of bones by cancer cells is the receptor activator of NF-κB 

(RANK)/receptor activator of NF-κB ligand (RANKL) pathway (Jones et al., 2006; Kan 

et al., 2016). RANKL released by osteoblasts was shown to promote BM colonization 

and retention of metastatic cancer cells expressing the RANK receptor. RANK 

expression on tumor cells furthermore promotes their migration to the bones, while 
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inhibition of RANKL/RANK signaling resulted in reduced bone metastasis in an 

experimental breast cancer model (Figure 4) (Jones et al., 2006; Kan et al., 2016). 

Notably, RANKL producing osteoblasts are the main source responsive to sympathetic 

nerves in bones, because of their very high expression of β2-AR. The stimulation of 

these receptors by NOR was indeed shown to induce RANKL synthesis (Elefteriou, 

2016) and thereby promoting BM metastasis (Campbell et al., 2012). Another less-

well studied pathway is the CXCR6/CXCL16 molecular axis, which has recently been 

shown to be involved in the colonization of prostate cancer cells to the bones. While 

mainly expressed by antigen-presenting cells, CXCL16 is also produced by bone 

tissues including osteocytes and was thus shown to be involved in the migration of 

CXCR6 expressing prostate cancer cells to this site (Figure 4) (Hu et al., 2008; Kan et 

al., 2016). Cancer cells may also reach the BM without specific cues, as disseminated 

tumor cells that are part of the circulating blood flow. Enhanced sympathetic activity in 

the bone microenvironment increases the density of blood vessels, which may 

contribute to BM colonization in patients with circulating DTCs (disseminated tumor 

cells)(Mulcrone et al., 2017). In line, EPI and NOR were shown to increase the 

synthesis of pro-angiogenic factors such as VEGF thereby stimulating angiogenesis 

and the formation of abnormal vessels with higher permeability (Figure 4) as reviewed 

by Chakroborty and colleagues (Chakroborty et al., 2009). Mulcrone et al. for example 

recently also showed that stimulation of β2-AR-expressing osteoblasts using the non-

selective β-adrenergic agonist isoproterenol effectively induced VEGF-a expression 

thereby increasing the vascular density in the mouse BM and promoting BM 

metastasis (Figure 4) (Mulcrone et al., 2017). Importantly, specific blockade of the 

VEGF-a/VEGF-R axis abrogated the stimulatory effect of isoproterenol on tumor 

seeding in bones (Mulcrone et al., 2017), which suggests a direct involvement of this 

molecular axis in the pro-metastatic effect of catecholamines at this site. 

 

In addition to the mechanisms discussed above, the retention of cancer cells in BM 

niche structures may be promoted by the expression of specific adhesion molecules 

such as cadherins, integrins or annexins, which promote the binding of tumor cells to 

BM stromal cells and the bone matrix (Roodman, 2004). For example, osteoblasts and 

endothelial cells were shown to produce annexin II, the receptor of which is widely 

expressed in cancer cells (Shiozawa et al., 2015; Zhang et al., 2017). Adhesion can 

also be mediated by E-cadherin, which was found to be expressed by cancer cells and 
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to form adherent junctions with N-cadherin from osteogenic cells. Furthermore, αVβ3 

and αVβ5 integrins expressed by tumor cells mediate binding to bone extracellular 

matrix proteins such as fibronectin, vitronectin or osteopontin as nicely reviewed in 

(Kan et al., 2016). Interestingly, stress behavior and associated increased levels of 

catecholamines have been described to regulate the expression of adhesion 

molecules in cancer cells. For example, high levels of NOR induced a β1-integrin-

mediated increase of the adhesion of human breast carcinoma cells with the vascular 

endothelium in an in vitro model of human breast cancer. Importantly, this effect was 

mediated by β-ARs and could be abrogated by β-blockers (Strell et al., 2012). 

Furthermore, restraint stress and the associated increases in catecholamines induced 

elevated levels of FAK (Focal adhesion kinase) in an orthotopic mouse model of 

human ovarian cancer, thereby affecting adhesion of tumor cells to the extracellular 

matrix, which contributed to cancer progression  (Sood et al., 2010). Very recently, 

Obradovic et al. showed that an increase in stress hormone levels during breast 

cancer progression mediated activation of glucocorticoid receptors in tumor cells and 

promoted breast cancer metastasis through induction of signaling networks and 

protein kinases known to facilitate breast cancer progression (Obradović et al., 2019). 

Whether catecholamines regulate adhesion of disseminated tumor cells to the BM 

matrix is still under-investigated. 
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Figure 4: Adrenergic regulation of the BM niche and how it impacts bone 
metastasis (from (Hanns et al., 2019)) 
EPI and NOR (E/N, blue square) are released in the BM microenvironment from SNS 

fibers entering the bone with blood vessels. EPI and NOR influence interaction of 

tumor cells with AR-expressing BM niche cells, e.g. CAR cells, osteoblasts and 

osteoclasts through different axis. In response to adrenergic signaling, niche cells 

release (1) CXCL16 chemokine (red) that interacts with CXCR6 expressed on the 

surface of several tumor cells types, (2) CXCL12 (orange) that chemoattracts CXCR4 

expressing cancer cells and (3) RANKL (green) protein that binds RANK-expressing 

malignant cells. In addition, adrenergic signaling in osteoblasts and also directly in 
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tumor cells themselves can promote release of angiogenic factors thus promoting BM 

colonization by tumor cells through increased blood vessel density. 

 

As discussed above, healthy HSCs reside in specific BM niches, which however 

neoplastic cells modify to better serve their own requirements. As demonstrated by 

imaging experiments, leukemic cells specifically engraft in microvascular BM domains 

displaying high E-selectin and CXCL12 expression levels, where HSCs are also 

known to localize, indicating a possible competition between malignant and healthy 

cells (Sipkins et al., 2005). Furthermore, transplantation of MLL-AF9 AML cells in 

immunodeficient mice transformed the HSC niche by reducing the density of the SNS 

nerve network and remodeling of the BM microenvironment by depleting niche cells 

required for the maintenance of healthy HSCs (e.g. arteriole associated stromal cells) 

and expanding leukemia-supportive cells (e.g. more differentiated mesenchymal 

progenitors). Thus, manipulation of the adrenergic system could provide a strategy to 

re-install conditions favoring healthy HSCs over LSCs (Hanoun et al., 2014). This 

notion is further supported by the work from Arranz et al. who showed a disturbed 

niche consisting in reduced numbers of sympathetic nerve fibers, supporting nestin+ 

MSCs and Schwann cells in the BM of myeloproliferative neoplasia patients as well 

as in mouse models. Sympathetic regulation of nestin+ MSCs was restored by 

pharmacological treatment with a β3-adrenergic agonist leading to improvement in BM 

fibrosis and restoration of healthy over malignant hematopoiesis (Arranz et al., 2014). 

 

Neoplastic cells from solid tumors may also outcompete healthy HSPCs from niches 

via selected molecular cues. Both the endosteal zone and the perivascular niche, 

known to harbor healthy HSPCs, are also colonization sites for tumor cells (Reagan 

and Rosen, 2016; Zhang et al., 2017). This is perhaps due to the fact that neoplastic 

cells co-use molecular signals regulating healthy homing and retention of HSPCs to 

the BM, as mentioned above. Metastatic prostate cancer cells for example were shown 

to use CXCR4/CXL12 (Sun et al., 2007; Sun et al., 2005), Annexin II/Annexin II 

receptor (Shiozawa et al., 2008) as well as CXCR7 (Asri et al., 2016) pathways to 

establish themselves in the bone (Asri et al., 2016; Jung et al., 2007; Sharma et al., 

2011). Prostate cancer cells, for example, were shown to co-localize with HSCs in the 

BM niche, both with a preferred binding to annexin-2 expressing osteoblasts 

(Shiozawa et al., 2011). However, prostate cancer cells also demonstrated a superior 
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ability to bind to common receptors, giving them an advantage over HSCs (Shiozawa 

et al., 2010). Interestingly, there is no direct link between the size of the primary tumor 

and the prevalence of disseminated tumor cells in the BM of cancer patients. A limited 

number of available niche sites in the BM was discussed as possible cause for this 

phenomenon (Shiozawa et al., 2011). Of note, HSCs derived from animals with 

disseminated prostate carcinoma were found to express lower levels of niche 

adhesion molecules and receptors (e.g. NOTCH, TIE2 (angiopoietin-1 receptor)) and 

TF such as BMI1 (B-cell specific Moloney murine virus integration site 1) and inhibitors 

of CDK4 A (cyclin-dependent kinases 4), regulating HSC self-renewal and proliferation 

(Shiozawa et al., 2011). This again suggests that these aggressive prostate carcinoma 

cells actively alter HSCs to vacate the niche. On the other side, as described above, 

disseminated tumor cells take advantage of the RANKL/RANK signaling pathway 

induced by sympathetic activation to migrate to the BM and liberation of a few niche 

spaces by mechanisms described above would further give the cancer cells an 

advantage to settle in their new microenvironment. 
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2. AIM OF THIS STUDY 
 

The heterogeneity and complexity of AML, regarding molecular and cytogenetic 

characteristics makes this hematopoietic malignancy particularly challenging to study 

in laboratory settings. Even though molecular and genetic criteria have improved 

prognostication, categorization in adequate risk groups and further clinical decision-

making, they still do not allow full risk prediction. Thus, the study of 

xenotransplantation models of human AML samples into immunosuppressed mice are 

particularly valuable since they can very nicely reproduce phenotype heterogeneity of 

patients. However, very little is known about the variables influencing the development 

of transplanted human AML cells in the murine recipient. 

 

In regard to these observation and problematics, the purpose of the projects presented 

in this thesis is to optimize the xenotransplantation model of human AML into NSG 

mice in order to understand the processes regulating leukemia induction in this model 

and to use them to study mechanistic aspects of AML. 

 

We aimed to contribute to the identification of both, variables intrinsic to the 

transplanted primary AML cells, i.e. surface marker expression on leukemic blasts, 

genetic aberrations, as well patient characteristics, i.e. sex, age, outcome, risk group 

classification, and to understand how they may or may not influence the kinetics of 

disease induction, engraftment and homing rates of the murine immunecompromised 

recipient.  

Moreover, the results presented in a second part of this work aimed to identify and 

understand the impact of modulating transplantation conditions. To this end, the role 

of the circadian rhythm and stress molecule levels on AML induction and homing in 

the murine recipient BM, maybe through modulation of the interaction of AML cells 

with the BM environment, was assessed. 

 

The results presented in this thesis promise not only a better understanding and 

improved efficacy of the xenotransplantation model, but might also open new insights 

for the classification and treatment of human AML patients. 
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3. IDENTIFICATION AND STUDY OF HUMAN AML SAMPLE 
CHARACTERISTICS INFLUENCING DISEASE INDUCTION AND 
HOMING IN THE NSG MOUSE MODEL  

 

1.1. BACKGROUND OF THE STUDY  
 

As described in the introduction, cytogenetic and molecular abnormalities are used to 

categorize AML in favorable, intermediate and adverse molecular risk groups. 

Classification in one of these groups will directly affect clinical decision-making. 

Although molecular criteria have significantly improved prognostication and thus AML 

patient stratification and risk-based treatment, they still do not allow full risk prediction.  

In this project, we used a xenotransplantation model of human AML samples into NSG 

mice. This work is based on previous preliminary findings from our lab that have shown 

that favorable risk AML engraft NSG mice after longer latency when compared to 

intermediate or adverse risk AML, suggesting that this mouse model accurately 

depicts important features of human AML. The same paper reports that extending the 

follow-up beyond the standard analysis endpoint of 16 weeks after transplantation 

permits to reach engraftment of about 95% of the xenotransplanted cases of AML. 

Furthermore, the xenogeneic leukemic cells showed conserved immune phenotypes 

and genetic signatures in NGS analysis compared to the corresponding pre-transplant 

cells (Paczulla et al., 2017). The described work has been performed using a relatively 

small cohort of n=19 AML patients (n=2 acute promyelocytic leukemia samples, n= 4 

favorable AML samples, n=10 intermediate AML samples, n=3 adverse AML 

samples). Preliminary findings using n=3 AML samples per group also allowed to show 

a tendency of an inferior homing to the BM for the leukemic cells engrafting after a 

prolonged latency (Paczulla et al., 2017). 

To further investigate the relationship between in vivo leukemia induction in NSG mice 

and AML outcome in patients, we have expanded our analyses to a cohort of n= 34 

favorable, n=34 intermediate and n=15 adverse AML patient samples with diverse 

cytogenetic and molecular features. We hypothesize that the time-to-leukemia 

induction in mice correlates with the capacity of homing to the BM as well as with the 

clinical outcome in patients. One highlight of this study is to determinate whether the 
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rapid homing assay would give us solid prediction of further evolution of the disease 

(kinetics, aggressiveness) both in the mouse model and in patients 

One expectation concerning the investigation of the large set of data generated by the 

analysis of this cohort of patients would reside in gaining more insight into the kinetics 

and mechanisms of engraftment of human AML cells into the NSG 

xenotransplantation model, by taking advantage of several measurements including 

survival time, engraftment at final analysis time-points, engraftment at the time point 

of the bone marrow punction (BMP) as well as homing rates. 

 
1.2. RESULTS 

 
The results presented in this work include transplantations (about 40%) and end 

analyses (about 25%) of mice performed by Marcelle Baer and Anna Paczulla 

Stanger. Marlon Arnone also helped me with some transplantations and end analysis. 

 

1.1.1. Description of the patient cohort 
 

A cohort of a total of 83 AML patients (43 male patients {51.81%}, 34 female patients 

{40.96%}, 6 for which the sex was unknown {7.23%}, median age 62 years {range 21-

83 years}) of various genetic backgrounds was used in this work (see Table 3). The 

percentage of blasts in the PB was highly variable between patients in this cohort 

(median 80% blasts in PB {range 14-100% blasts}). 

 For the classification of AML, we used the 2017 ELN risk stratification, that consists 

in allocating the AML cases into favorable, intermediate and adverse prognosis by 

molecular and cytogenetic criteria (Döhner et al., 2017). 

Amongst the favorable risk group cases, the majority (20/34) were mutated in NPM1 

without FLT3-ITD or with FLT3-ITDlow, 6/34 patients were harboring inv(16) or t(16;16) 

genetic abnormalities and one sample a t(15;17) translocation. Moreover, 10/34 

intermediate samples were mutated in NPM1 and were FLT3-ITDhigh, while 19/34 

samples were wild-type NPM1 without FLT3-ITD or with FLT3-ITDlow. Last, amongst 

adverse risk group samples, 7/15 were considered as patients with a complex 

karyotype, i.e. harboring three or more unrelated chromosome abnormalities in the 

absence of one of the WHO-designated recurring translocations or inversions (Döhner 
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et al., 2017), 4/15 had wild-type NPM1 and FLT3-ITDhigh and 1/15 displayed a -7 

genetic abnormality.  

The cohort also displays mixed cell surface marker expression, also when focusing on 

precursor markers for the diagnosis of AML (90.8% with CD33 expression, 65% with 

CD34 expression and 84.2% with CD117 expression, see Figure 8A). 

 
Table 3: Characteristics of patient samples used in this study.  

Patient 
designation

ENL 2017 
cytogenetic risk 

group

FAB 
classification

% blasts
White blood 
cells counts

Age at first 
diagnosis

Gender

Remission 
status after 

first 
diagnosis

Survival 
after first 
diagnosis 

(days)

CD34 
expression

FLT3
FLT3-ITD 

ratio
NPM1 Other mutation Karyotype

M1 intermediate M1 93% 267,8 50 f CR 264 pos ITD 0,503 MUT / 46,XX 
M3 adverse M2 71% 282,3 70 f RD ALIVE pos WT n.a. WT / 45,XX,-7
M4 intermediate M5 90% 190,9 70 m CRi ALIVE neg WT n.a. WT / 46,XY

M5 adverse M1 100% 81,3 40 m RD 88 pos ITD 0,847 WT /
46,XY,t(6;9)(p23;q34) [14]; 

46,XY,t(6;9)(p23;q34),der(7)t(7;13)(q22;q12)[6] 
M6 adverse M1 72% 81,3 66 m PR 353 neg WT n.a. WT / 46,Y,t(X;17)(p11;p1?1),add(21)(q22) [13]
M7 favorable M5 40% 73,6 70 m n.c. 77 neg WT n.a. MUT / 46,XY 
M8 intermediate M4 29% 24,1 70 m PR 383 pos ITD 0,47 WT / 46,XY [20]
M10 intermediate M2 53% 24,6 30 m CRi 279 pos ITD 0,378 WT / 46,XY
M13 favorable M2 72% 20,6 55 m CRi ALIVE neg WT n.a. MUT / 46,XY [22]
M14 favorable n.c. 67% n.d. n.c. n.c. n.c. n.c. n.c. WT n.a. MUT / n.c.
M15 favorable M5 70% 50,7 26 f CR ALIVE neg WT n.a. MUT / 46,XX [21]
M16 favorable M5 60% 22,8 52 f CRi ALIVE neg iTD 0,296 MUT / 46,XX 
M17 adverse n.c. 84% n.d. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
M18 favorable M4 72% 6,6 61 f CR ALIVE pos WT n.a. WT CBFB/MYH11 inv(16) 50,XX,+8,+14,t(16;16)(p13;q22),+21,+22 [20]

M19 adverse M4 94% 141,9 76 f CR ALIVE neg WT n.a. WT /
46,XX,t(9;11)(q22;q23) [11] Klon1; 

52,XX,+3,+6,+8,t(9;11)(q22;q23),+12,+13,+18 [9] 
Klon2

M22 intermediate M2 83% 5 73 f CRi 108 n.c. WT n.a. MUT / 46,X,inv(X)(p22.3q13)[14]; 46,XX [6]
M24 favorable M4 72% 125 21 m PR ALIVE pos WT n.a. WT / 46,XY,der(2)t(2;11)(q35;q13),t(16;16)(p13.1;q22)
M25 intermediate M5 36% 10 71 f n.c. 8 pos WT n.a. MUT / 46,XX,del(8)(p21p23), 47,XX,+del(8)(p21p23) 
M28 adverse n.c. 78% n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
M29 favorable n.c. 53% n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
M30 favorable M4 86% 63,5 43 f CR ALIVE neg WT n.a. MUT / 46,XX 

M32 intermediate M2 82% 338,5 64 m n.c. 5 pos n.c. n.c. n.c. n.c.
47,XY,+8 [16]; 47,XY,+8,del(9)(q22) [1]; 

46,XY(del(9)(q22) [1]; 46,XY [7]
M34 intermediate M0 74% 191,7 83 m n.c. ALIVE n.c. ITD 0,394 WT / 48,XY,+X,+13
M36 favorable M2 78% 183,3 63 m n.c. 2 neg WT n.a. MUT / 46,XY [25]
M37 favorable M4 49% 8,5 81 f PR ALIVE neg WT n.a. MUT / 46,XX 
M38 intermediate M2 92% 62 58 f PR 401 pos ITD 0,203 WT / 46,XX
M39 intermediate M5 96% 92,3 63 m PR ALIVE pos ITD n.a. NMP1 / 46,XY 
M40 intermediate M4 73% 45,4 35 f PR ALIVE n.c. WT n.a. WT / 46,XX [20]
M41 intermediate M4 85% 448,3 45 f RD ALIVE pos ITD 0,324 WT / 46,XX,t(1;3)(p36;q21)(22)

M42 favorable M4 71% 104,7 62 m CR ALIVE pos WT n.a. WT /
46,XY,t(16;16)(p13.1;q22) [4]; 46,idem,add(12)(q24) 

[17]
M43 favorable M4 85% 53,8 73 f n.c. ALIVE pos ITD 0,289 WT / 46,XX [20]
M44 intermediate M5 73% 161,4 71 m n.c. 46 neg WT n.a. WT / 46,XY,del(20)(q11)[6];47,idem,+11
M45 intermediate M1 86% 84,1 68 m PR 290 pos ITD n.a. MUT / 46,XY

M46 adverse M1 47% 3,5 70 f RD 81 pos WT n.a. WT /

~85~88,XXXX,add(1)(p36),-
3,del(4)(p11),del(5)(q13q33),add(8)(q22),-
9x2,der(10;21)(q10;q10)x2,del(11)(q23)x2,-

12,der(12;17)(q10;q10),-15,-17,+21x2,+1-3mar[8]
M49 adverse M2 92% 239,2 74 m n.c. 17 pos ITD 1,05 WT / 46,XY [20]

M50 adverse M5 47% 169,3 76 m n.c. 10 n.c. WT n.a. WT /
46,XY, 

del(6)(q15q21)[11]/46,idem,t(11;17)(q23;q21)[13]
M51 favorable M0 97% 60,6 46 m CR ALIVE pos WT n.a. MUT / 46,XY [20]
M52 intermediate M2 84% 165,7 68 f PR 79 pos ITD 0,38 WT / 46,XX,+11 [23]
M53 favorable M1 91% 149,7 75 f n.c. 95 neg WT n.a. MUT / 46,XX
M54 favorable M4 45% 76,7 41 m CR ALIVE neg WT n.a. MUT / 46,XY [4]

M55 favorable M4 94% 65,7 33 m CR ALIVE pos WT n.a. WT /
46,XY,t(12;17)(p12;q11),inv(16)(p13.1q22) [18], 

46,XY,inv(16)(p13.1q22) [2]
M56 intermediate M2 97% 110,3 71 f n.c. ALIVE neg ITD 0,667 MUT / 46,XX
M57 intermediate M4 78% 207,4 36 m RD 163 pos ITD 0,424 WT / 46,XY 
M58 intermediate M1 89% 25,8 71 f CR ALIVE pos WT n.a. WT / 46,XX [20]
M59 favorable M2 26% 50,9 50 f n.c. 146 pos ITD 0,372 MUT / 46,XX [20]
M62 favorable M1 98% 21,7 50 m CR ALIVE pos WT n.a. WT / 46,XY

M63 adverse M2 20% 51,3 58 m n.c. 34 pos n.c. n.c. n.c. n.c.
42,XY,-4 or del(4)(q31),-5 or del(5)(q22q33),-7 or 

del(7)(q31),-11,-12,-14,-16,-21,+mar or 
+2~mar,?inc[cp18]

M64 intermediate M1 77% 45,1 62 m RD 34 pos ITD 0,657 MUT / 46,XY
M65 favorable M5 35% 61,3 81 m n.c. 11 neg WT n.a. MUT / 46,XY
M66 favorable n.c. 47% n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
M69 intermediate M1 89% 22,2 62 m n.c. ALIVE pos ITD 0,079 WT / 47,XY,+21; 46,XY
M70 intermediate M5 83% 153,5 23 m RD 143 pos ITD 0,837 WT / 48,XY,+8,+13 [17]; 46,XY [3]
M71 favorable M1 81% 10,7 76 f RD 332 neg WT n.a. MUT / 46,XX 
M72 favorable M1 87% 190,3 72 m n.c. 2 n.c. WT n.a. MUT / 46,XY
M73 intermediate M5 73% 148,7 68 m CR ALIVE neg ITD 0,637 MUT / 46,XY [20]
M74 favorable M5 63% 31 58 f CR 248 pos ITD 0,122 MUT / 46,XX [20]
M75 intermediate M2 99% 56,1 23 f CR ALIVE n.c. WT n.a. WT / 47,XX,+21[2]/46,XX[23]
M76 favorable M2 91% 7,8 61 f CR ALIVE pos WT n.a. WT / 46,XX [20]

M77 adverse M1 92% 24 73 f n.c. ALIVE pos WT n.a. WT /

44-46,XX,der(2)t(2;17)(q12;q24),-3,del(5)(q11q34),-
7,der(12)t(12;13)(p12;q31),r(13),+r(13)x1-3;-16,-

17,der(18)(18qter->18p11::2q?->2q?::3q26-
>3qter),+der(18)(18qter->18p11::2q?->2q?::3p13-

>3pter)[cp10]

M78 adverse M4 14% 3,9 70 f n.c. 256 n.c. WT n.a. WT /
45-47,XX,add(2p),t(6;10)(q2?5;q22),-7,-17,+1-3mar 

[20] komplexer Karyotyp
M79 intermediate M4 75% 64,4 67 m PR 119 pos ITD n.a. NMP1 / 46,XY,?dup(9)(p13p22)c [25]
M80 intermediate M2 49% 21,5 79 f n.c. 29 n.c. ITD 0,245 WT / 46,XX

M82 favorable M4 80% 26,9 45 m CR ALIVE pos WT n.a. WT /
47,XY,t(3;6)(p13or21;q23),del(7)(q32q36),inv(16)(p1

3.1q22),+22 [20]
M84 intermediate M2 92% 164,1 44 m CR 132 n.c. ITD n.c. MUT / 46,XY [20]
M85 intermediate M1 98% 187,5 52 m CR ALIVE pos ITD n.c. MUT / 46,XY [20]
M89 intermediate M1 95% 89 21 f CR ALIVE pos ITD 0,904 WT / 46,XX [9]; 46,XX,del(9)(q13q22) [4]

M90 adverse M5 46% 25,8 77 m ED 5 neg WT n.a. WT /

46,X,-
Y,+iso(8)(q10),add(10)(p11),der(13;15)(q10;q10),+1
9,-22,+mar[9] 46,idem,der(14;22)(q10;q10=[2] 45,X,-
Y,+iso(8)(q10=,-10,der(13;15)(q10;q10),+19,+mar[5] 

45,idem,der(14;22)(q10;10)[2] 46,XY

M91 favorable M1 89% 37,1 64 f ED 2 neg TKD n.a. MUT / 46,XX [21]
M93 favorable M5 76% 248,1 46 f CR ALIVE neg WT n.a. MUT / 46,XX [20]
M94 favorable M2 90% 186,1 82 m n.c. ALIVE neg ITD n.a. MUT / 46,XY [21]
M95 intermediate M0 53% 21,3 53 m n.c. ALIVE pos WT n.a. WT / 46,XY
M96 favorable M1 75% 33,3 34 m CR ALIVE pos WT n.a. WT / 46,XY [20]
M97 adverse M2 60% 19,6 38 f PR ALIVE n.c. ITD 0,602 WT / 46,XX
M98 favorable n.c. 96% n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c. n.c.
M99 adverse M2 60% 105,6 53 m CR ALIVE neg ITD n.a. MUT / 46,XY [20]
M100 intermediate M0 83% 29,3 49 m RD 547 pos WT n.a. WT / 46,XY,t(1;20)(p32;p13)del(12)(p12;p13) [20
M101 favorable M5 14% 27,3 50 m CR ALIVE neg ITD 0,169 MUT / 46,XY [20]
M122 intermediate M5 97% 90,3 72 m CRi 117 pos ITD 0,489 WT / 47,XY,+8 [2]; 46,XY [23]
M123 intermediate M2 81% 70,1 72 m n.c. 154 pos ITD 0,066 WT / 46, XY, del(17)(q11q21); 47,XY,+8; 46, XY 
M124 intermediate M4 90% 17,2 54 f CR ALIVE neg ITD 0,535 MUT / 46,XX 
M125 intermediate n.c. 95% 155,8 83 f n.c. n.c. n.c. n.c. n.c. n.c. n.c. 46,XXadd(14)(p11) [8]; 46,XX [5] 

M126 favorable M5 98% 187,5 32 m CR 36 pos WT n.a. WT CBFB/MYH11 inv(16)
46,XY,inv(16)(p13.1q22) [17]; 

46,XY,inv(16)(p13.1q22),+22[3] 
M127 favorable M3 96% 42,1 58 f n.c. 53 neg ITD n.c. WT PML/RARA t(15;17) 46,XX,t(15;17)(q22;q12)
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Table summarizing the characteristics (risk group classification, % of blasts, white 

blood cell (WBC) counts, age at first diagnosis, gender, remission status after first 

treatment induction, CD34 marker expression, genetic profile) of the patients cohort 

used in this project. Favorable patients are represented in green, intermediate patients 

in yellow and adverse patients in red.  

ELN: European LeukemiaNet; FAB: French American-British; FLT3: Fms related 

receptor tyrosine kinase 3; ITD: internal tandem duplication CR: Complete remission; 

RD: resistant disease; CRi: Complete remission with incomplete hematologic 

recovery; PR: Partial remission; n.c.: data was not collected; WT: wild-type; MUT: 

mutated. 

 
 

1.1.2. Most AML samples lead to disease induction in the 
year following transplantation in mice 

 

Mice transplanted intrafemorally with human AML cells from the patient cohort 

described above were assessed at defined time-points (week 16, week 26 and week 

39) for the engraftment of leukemic cells and were also screened regularly for signs of 

disease (Figure 5). Euthanazation and final analysis was performed after fulfillment of 

the following requirements:  

• Determination of ≧ 80% human CD33+ cells after BMP  

• Evident sign of disease (according to precise scoring, sacrifice after 2 days with 

a score of 5 or immediately with a score of 6). 

If none of the two conditions was fulfilled 52 weeks post transplantation, mice were 

anyway sacrificed at this time-point. 
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Figure 5: Experimental workflow 
Primary AML cells were first depleted for T and B cells when the blast purity was 

inferior to 90%. For long-term experiments, sublethally irradiated female mice were 

intrafemorally transplanted with 500’000 primary AML cells. Mice were then regularly 

screened for signs of disease or for the presence of human AML cells in the murine 

BM. BM biopsies were performed at week 16, 26 and 39. Final analysis was performed 

if the punctured mouse was showing more than 80% blasts, if the animal was showing 

signs of distress necessitating its sacrifice or 52 weeks post transplantation if none of 

the two previously mentioned conditions was achieved. For homing experiments, male 
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mice without irradiation were intravenously transplanted with 1x106 fluorescently 

labeled primary AML cells. 16 hours later, mice were sacrificed and BM and PB were 

analyzed for green fluorescence.  

 

In previous studies, in which mice transplanted with human AML cells were assessed 

at latest at week 16, a considerable proportion of AML cases were considered as non-

engraftable (Sanchez et al., 2009). In our previous studies, we  could already 

demonstrate that late analysis at 1 year after transplantation revealed better 

engraftment than earlier time points (week 8-10, week 12-14 and week 16), and that 

only 37% of transplanted AML cases were showing engraftment in the first 16 weeks 

after transplantation, whereas this proportion raised to 95% when increasing the 

follow-up time to 1 year. In this work, the standard definition of engraftment was used, 

i.e. ≥1% leukemic blasts in the murine BM (Paczulla et al., 2017). 

Here, we first categorized the engraftment of mice transplanted with samples from the 

three different risk groups according to the percentage of human CD33+ cells in the 

BM at final analysis time-point. Note that the “non-engrafted” category consists of mice 

that were analyzed at week 52 (since they did neither show engraftment nor signs of 

disease). Interestingly, a considerable number of mice had very low engraftment 

percentage but still showed evident signs of disease that lead to their sacrifice. Those 

mice were categorized in the “<1%” group. For the rest of the mice, engraftment was 

subdivided into three groups, low engraftment (1-5%), medium engraftment (5-20%) 

and high engraftment (20-100%). First, we note that a vast majority of the mice were 

considered as engrafted at the final analysis time-point, in all three risk groups. Not 

surprisingly, the proportions of non-engrafted mice is higher for the favorable risk 

group (13.8% of the mice, corresponding to 4 favorable AML cases) than for the 

intermediate (12.5% of the mice, corresponding to 4 intermediate AML cases) and for 

the adverse (9.1% of the mice, corresponding to 1 adverse AML case) risk groups 

(Figure 6A and Table 4).  
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Table 4: Engraftment table  
Table summarizing the engraftment in the BM, PB, spleen of mice transplanted with 

the respective patient sample. Splenomegaly and the presence of occurring tumors 

are also indicated in the table. Favorable patients are represented in green, 

Patient
designation

ENL2017
cytogenetic risk

group
BM PB spleen splenomegaly tumor

M1 intermediate +++ +++ +++ no no not engrafted nosymptomsafterone year
M3 adverse ++ ++ low no no low <1%
M4 intermediate +++ + + no no + 1-5%
M5 adverse +++ ++ ++ yes no ++ 5-20%
M6 adverse low low low no no +++ >20%
M7 favorable not engrafted not engrafted not engrafted no no
M8 intermediate low low low no no
M10 intermediate low low low no no
M13 favorable low low low no leg
M14 favorable low low low no no
M15 favorable +++ + + no no
M16 favorable not engrafted not engrafted not engrafted no no
M17 adverse low + low no no
M18 favorable +++ low + no no
M19 adverse +++ n.a. n.a. no no
M22 intermediate +++ low + no leg
M24 favorable ++ n.a. n.a. no no
M25 intermediate + + + no no
M28 adverse low low low no leg
M29 favorable + low low no no
M30 favorable + n.a. n.a. no no
M32 intermediate +++ ++ ++ no no
M34 intermediate ++ n.a. n.a. no no
M36 favorable n.a. n.a. n.a. no no
M37 favorable + + low no no
M38 intermediate not engrafted not engrafted not engrafted no no
M39 intermediate n.a. n.a. n.a. no no
M40 intermediate + + + no no
M41 intermediate +++ ++ + no no
M42 favorable +++ +++ n.a. no no
M43 favorable not engrafted not engrafted not engrafted no no
M44 intermediate ++ ++ + no leg
M45 intermediate ++ low + no no
M46 adverse n.a. n.a. n.a. no no
M49 adverse not engrafted not engrafted not engrafted no no
M50 adverse n.a. n.a. n.a. no no
M51 favorable ++ low low no no
M52 intermediate +++ ++ ++ no no
M53 favorable +++ +++ +++ no no
M54 favorable +++ +++ ++ no no
M55 favorable +++ low low no no
M56 intermediate low + low no no
M57 intermediate +++ ++ ++ no no
M58 intermediate ++ low ++ no no
M59 favorable +++ + + no no
M62 favorable +++ + n.a. no no
M63 adverse +++ ++ + no leg
M64 intermediate +++ + ++ no no
M65 favorable +++ ++ +++ no no
M66 favorable +++ +++ +++ no no
M69 intermediate low + ++ no no
M70 intermediate +++ +++ +++ yes no
M71 favorable low n.a. n.a. no no
M72 favorable +++ +++ +++ no no
M73 intermediate + + ++ no no
M74 favorable +++ +++ ++ no no
M75 intermediate low low low no no
M76 favorable + n.a. n.a. no no
M77 adverse low low + no no
M78 adverse n.a. n.a. n.a. no no
M79 intermediate n.a. n.a. n.a. no no
M80 intermediate not engrafted not engrafted not engrafted no no
M82 favorable not engrafted not engrafted not engrafted no no
M84 intermediate ++ low low no no
M85 intermediate low + low no leg
M89 intermediate +++ n.a. n.a. no no
M90 adverse +++ +++ +++ no leg
M94 favorable + low low no no
M95 intermediate not engrafted not engrafted not engrafted no no
M96 favorable low low low no no
M98 favorable low low low no no
M99 adverse +++ low low no no
M100 intermediate not engrafted not engrafted not engrafted no no
M101 favorable low low low no no
M122 intermediate ++ + + no no
M123 intermediate +++ ++ + no no
M124 intermediate + low + no no
M125 intermediate low low low no no

Legend
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intermediate patients in yellow and adverse patients in red. Please note that a small 

number of mice from this project were reallocated for another project and were 

consequently not analyzed for final engraftment. In this case, the value of the last BMP 

was used to consider them as engrafted. 

 

The high engraftment group represents the majority of the mice in all three risk groups, 

with nonetheless the highest proportion visible in the adverse risk group (41.4% of 

mice transplanted with cells from favorable risk group patients, 34.4% of mice 

transplanted with samples from intermediate risk group patients, 45.5% of mice 

transplanted with cells of adverse risk group patients). Remarkably, the mice 

transplanted with cells from adverse risk group patients displayed a particularly higher 

proportion of mice with very low (<1%) engraftment (Figure 6A).  
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Figure 6: AML engraftment in mice and survival correlate to the risk group 
classification of patients 
(A) Pie charts representing the engraftment of mice transplanted with AML patient 

samples from the different risk groups. Engraftment was categorized into five different 

categories according to the percentage of CD33 positive human AML blasts found in 

the murine femurs at the time point of final analysis. The category defined as “not 

engrafted” consists in the mice in which no blasts were detected in none of the BMP 

performed and for which no signs of disease were visible until the one-year endpoint. 

N.B.: Mice with very low engraftment percentage that were sacrificed because of signs 

of distress are classified into the <1% engraftment category (favorable, n= 81 mice 

from n=29 AML cases; intermediate, n= 103 mice from n= 32 AML cases; adverse, n= 

48 mice from 15 AML cases).  (B) Number of animals engrafted at different time points 
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post transplantation, independently of the AML patient risk groups (n= 232 mice from 

n=76 AML cases). Animals were considered as engrafted as soon as they were either 

showing engraftment after BMP or exhibiting a disease score leading to their sacrifice. 

Indicated in white are the percentages that represent the proportion of non-engrafted 

animals for each time-point. (C) Number of animals engrafted at the different time 

points post transplantation, patients were classified per AML risk group (favorable 

(green), n= 81 mice; intermediate (yellow), n= 103 mice; adverse (red), n= 48 mice). 

Indicated in white are the percentages that represent the proportion of non-engrafted 

animals for each time-point. (D) Kaplan-Meier survival analysis of mice transplanted 

with AML samples. All mice were plotted, independently of the AML patient risk group. 

Highlighted time points (week 16, week 26 and week 39) are the time points of the 

three BMP (n= 232 mice). (E) Kaplan-Meier survival analysis of mice transplanted with 

AML samples per risk group (favorable (green), n= 81 mice; intermediate (yellow), n= 

103 mice; adverse (red), n= 48 mice). Table indicates the p-value of the comparisons 

between the different risk groups. Log-rank (Mantel-Cox) tests for Kaplan-Meier 

analyses were performed. 

 

1.1.3. Time improves the detection rate of human AML 
engraftment in NSG mice 

 

In our previous study published by Paczulla et al., our lab could nicely show that 

analysis at week 16 already improved engraftment when compared to week 10-12 and 

week 14-16, but late analysis at one year revealed higher engraftment rates than any 

these earlier time-points (Paczulla et al., 2017). To gain insights into the kinetics of 

engraftment, we compared  the three intermediate time-points (week 20, week 30 and 

week 40) to each other. As shown in Figure 6B, at week 15 a very small proportion of 

the transplanted mice were engrafted (2.5%). This proportion increased gradually at 

week 20, week 30 and week 40 to reach 78% at one year, thus confirming the 

observation of the previous study, and also reinforcing the finding that follow-up time 

matters and that for some patients a long time is necessary for disease induction 

(Figure 6B). A more detailed analysis of the kinetics of engraftment in the different risk 

groups shows that until week 30, the proportions of engrafted animals are similar in all 

three risk groups whereas at week 40, we can clearly see a significantly higher 

proportion of engrafted animals from the adverse risk group in comparison to both 
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favorable and intermediate risk groups (Figure 6C). This difference is still visible at the 

final analysis time point (week 52), but to a lesser extent, since the proportion of 

engrafted animals of the adverse risk groups did not evolve between week 40 and 

week 52, whereas the proportion of engrafted mice in the favorable and intermediate 

risk groups were still increasing (Figure 6C). 

Consistently, when comparing survival rates, we can clearly see that the vast majority 

of the mice were still alive at week 16 post-transplantation but still developed AML 

progressively within the next months (Figure 6D). Of note, the time-to-leukemia 

induction was also very heterogenous between patients, as we can see from the very 

regular survival curve. Only the week 16 time-point depicts a break in the curve, 

certainly due to the first BMP time-point that takes place at this precise time-point 

(Figure 6D). Time-to-leukemia induction also correlates with the risk group 

stratification, but mice transplanted with favorable and intermediate risk group patient 

samples behave very similarly when considering disease induction upon 

transplantation into NSG mice, whereas mice that obtained patient samples from the 

adverse risk group are significantly different and showed lower survival rates 

especially at the time-point of the third BMP, i.e. week 39 (Figure 6E), indicating an 

effect of the risk group of the patient. 

Importantly, in all described data, engraftment was determined according to the 

percentage of human CD33 positive cells within the BM of the transplanted mice. As 

described in the experimental procedure (Figure 5), we also analyzed the PB and the 

spleen at the designated endpoints. Of note, we also tried to analyze liver cells, 

however, data will not be shown here since after cell preparation, these cells were 

mainly dead when analyzed by FC. This led to hardly interpretable data and we thus 

decided to exclude these data from our analyses. Nevertheless, various degrees of 

leukemic cells within the PB and spleen were observed between patients (Table 4).  

For all analyzed transplanted patient samples, the BM was the organ where most 

engraftment was detected and none of the sample showed engraftment only in the PB 

or the spleen. This indicates that within our cohort, the colonization of the BM by 

human leukemic cells seems to be a prerequisite for the establishment of these cells 

in the spleen or for their detection in the PB. The presence and the proportion of AML 

cells found in those two reservoirs also seems independent of the risk group (Table 

4). Of note, some patient samples also lead to other remarkable phenotypes, such as 

splenomegaly (1 intermediate and 1 adverse AML sample) or tumors (1 favorable, 3 
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intermediate and 3 adverse AML samples) (Table 4). The tumors were all located in 

the legs, close to the femurs, and analysis of cells from these tumors by FC revealed 

for the majority the presence of human CD33 positive cells (data not shown). Notably, 

all mice from the same patient that was likely to cause splenomegaly or tumor 

development had the same phenotype, indicating that this is an intrinsic property of 

the patient sample and not a hazardous event.  

 

1.1.4. High proportions of human AML cells in the BM at 
week 16 correlates with reduced survival of the murine 
recipients 

 

As already mentioned, week 16 was often used as a standard endpoint for analysis of 

mice xenotransplanted with human AML cells. Consequently, we decided to set the 

first BMP at this important intermediate time-point. In order to analyze the different 

engraftment levels, we first classified the mice according to the percentage of human 

CD33 positive cells in the BM into five different categories (<0.1%, 0.1-1%, 1-5%, 5-

20% and 20-100%). Consistently with the observations presented in Figure 6, a very 

high proportion of the analyzed mice had no or very low amounts of detectable human 

AML cells (64.8%, Figure 7A). Notably, the repartition of the transplanted mice in each 

engraftment category was similar in each AML risk group (Figure 7B and 7C). 

Interestingly,  mice showed mainly either very low  (<1%) or high (>20%) proportions 

of human leukemic cells, with only 19.1% of the mice displaying medium (1-20% 

engraftment) levels of human AML cells (Figure 7B and 7C). This might indicate a 

rapid expansion of the leukemic cells once a certain level of colonization of the BM is 

achieved in these mice, an observation that seems to be valid for AML cases from all 

three risk groups. 
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Figure 7: % Engraftment at week 16 correlates with long-term mouse survival  
(A) Pie charts representing the engraftment at week 16 BMP of the mice transplanted 

with AML patient samples, independently of the different risk groups (n=236 mice from 

n=76 AML cases). Engraftment was divided into five different categories according to 

the percentage of CD33 positive human AML blasts detected in murine femurs at the 

time point of the puncture. (B) Pie charts representing the engraftment at week 16 

BMP of the mice transplanted with AML patient samples per risk group (favorable, n= 

85 mice from n= 29 AML cases; intermediate, n= 106 mice from n= 32 AML cases; 

adverse, n= 45 mice from 15 AML cases). Please note that the numbers of AML cases 

and mice here are not exactly the same than in Figure 6 since some animals were 

already sacrificed before week 16. (C) Percentage of engraftment at week 16 of mice 

from all different risk groups (favorable, n= 85 mice from n= 29 AML cases; 

intermediate, n= 106 mice from n= 32 AML cases; adverse, n= 45 mice from 15 AML 

cases). (D) Scatter plot and linear regression analyzing displaying the relationship 

between the percentage of engraftment at week 16 BMP and survival of the mice. One 
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dot represents one AML sample for which the mean of the engraftment and survival 

of all mice transplanted with respective patient cells are used (n= 76 AML patients, 

n=2-6 mice per AML sample). Best fit values for the line: slope -1.376, Y-intercept 

62.60, X-intercept 45.49, R square 0.3923. 

In (C), data are represented as violin plot with the lines representing median and 

quartiles. In (D), linear regression was performed to investigate the correlation 

between both sets of value. P-value defines whether the slope is significantly different 

from zero. 

Shapiro-Wilk test for normality, Student-t-test, Mann-Whitney-U-test.  

 

Moreover, we were interested in correlating the percentage of engraftment at week 16 

with mouse survival after transplantation of the respective patient samples (Figure 

7D). Interestingly, there is a significant negative correlation between high level of 

engraftment of patient samples detected at week 16 and the survival of mice 

transplanted with the same patient sample. Of note, only very few AML samples (2/14) 

induced disease in less than 26 weeks post-transplantation  but displayed low (<5%) 

engraftment levels at week 16. Nevertheless, certain AML cells with very low (<0.1%) 

proportions detected cells at week 16 still engrafted at a later time-point (Figure 7D). 

This leads to the question of what is driving long-latency disease induction in these 

patients. We speculate that…. Of note, two AML samples (in red), for which BMP 

showed elevated engraftment levels at week 16, only showed profound leukemia 

induction after more than 47 weeks after transplantation (Figure 7D). This begs the 

question of wether the 1% threshold used to define engraftment in previous studies 

using leukemia xenotransplantation models, is sufficiently accurate, and highlights 

once again the necessity of long-term observations in these models.   

 

1.1.5. Intermediate and adverse risk group patient 
samples show higher homing rates  

 

In previous studies from our lab we could show that homing was reduced in long-

latency versus standardly engrafting AML, with the lowest percentage of homing cells 

observed in one AML case that did not engraft at all (Paczulla et al., 2017). However, 

this interesting observation was only made with a total of n=6 AML cases leading us 

to repeat this experiment with a much bigger cohort. Importantly, we do not observe a  
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significant difference between long-latency and standardly engrafting AML samples, 

maybe because of the big difference in the number of samples that fall in each group, 

with a vast majority of the samples being long-latency engrafters (Figure 8A, n= xx 

AML samples).  We were thus also interested in exploring the homing rates of mice 

transplanted with samples from the three different risk groups. Interestingly, we found 

that mice transplanted with AML samples from the favorable risk group show homing 

rates that are significantly different from those transplanted with intermediate and 

adverse risk group patients, with the two latter groups behaving very similar (Figure 

8B-C). Remarkably, in all three groups, we were able to observe some mice displaying 

particularly high homing rates (>0.02%) compared to the majority of the animals. 

Importantly, homing rates within each group transplanted with the same AML sample 

(n=2-5 mice per group) were very similar, thus, mice showing high homing rates are 

consequently mice that were transplanted with cells from only a limited number of AML 

cases (n=2 favorable, n=3 intermediate and n=1 adverse risk group patient sample, 

respectively; Figure 8D). We investigated the characteristics of these deviating 

patients, in particular whether they had similar characteristics or differences compared 

to other patient samples from the group, but the reason remains unclear (Figure 8D). 

Since we also observed a clear correlation between risk group classification and the 

homing rate, we were next interested to see whether we could correlate the mean 

homing rate determined for an AML case with the mean survival of the mice 

transplanted with the same AML sample (Figure 8E). It would be a very helpful tool if 

homing rates correlated with mouse survival, since the homing assay is a rapid assay 

with a readout time of less than 24 hours, and would thus allow prediction  for the long-

term behavior of an AML sample in murine recipients. Unfortunately, however, we 

were not able to observe any correlation between the homing rate and the survival for 

the same AML patient (Figure 8E).  
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Figure 8: Homing rates of AML patient cells are higher in intermediate/adverse 
compared to favorable risk groups. 
(A) Percentage of CFSE labeled human leukemic cells found in the murine BM, 16 

hours post transplantation. AML samples were categorized in standard engrafters 

(grey blue, n=30 mice from n=9 AML cases), i.e. end analysis before week 20 post 

transplantation and long-latency engrafters (blue, n=257 mice from n=80 AML cases) 

i.e. end analysis after week 20 post transplantation. (B-C) Percentage of fluorescently 

labeled homed human leukemic cells found in the murine BM, 16 hours post 
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transplantation. Data are plotted per risk group (B, favorable, green, n=114 mice, n= 

35 AML cases; intermediate, yellow, n=119 mice, n= 39 AML cases; adverse, red, 

n=46 mice, n= 15 AML cases), or with intermediate and adverse patients together (C, 

favorable, green, n=114 mice, n= 35 AML cases; intermediate/adverse, orange, n=165 

mice, n= 54 AML cases). (D) Table summarizing the characteristics of the patient 

samples with high homing rates (>0.02%). (E) Scatter plot and linear regression 

analyzing the relationship between the homing rate and the long-term survival of 

transplanted mice. One dot represents one AML patient for which the mean of the 

homing rate and survival of all mice transplanted with the same patient cells are 

depicted (n= 72 AML cases, n=3-5 mice per AML sample). Please note that we did 

not investigate the survival of mice for all AML samples used for homing experiments, 

explaining why we only plotted the data for 72 AML cases. 

Best fit values for the line: slope 8.89 e-5, Y-intercept 0.004137, X-intercept -46.54, R 

square 0.01527. 

In (A-C), data are represented as violin plot with lines representing median and 

quartiles. In (E), linear regression was performed to investigate the correlation 

between both data sets. P-value defines whether the slope is significantly different 

from zero. 

Shapiro-Wilk test for normality, Student-t-test, Mann-Whitney-U-test.  

 

1.1.6. CD34+ surface marker expression on AML samples 
has no influence on the engraftment or the homing in 
murine recipients 

 
We next wanted to investigate if surface marker expression influences homing or 

engraftment of our patient samples. Therefore, the expression of standard cell-surface 

markers used for the diagnosis of AML (precursors markers: CD33, CD34, CD117; 

(Döhner et al., 2017) was analyzed. It is important to point out here, that even though 

the HSPC antigen CD34 is a well-established surface marker for LSCs, about 30% of 

AML cases lack robust CD34 expression in AML blasts (these samples will be termed 

“CD34 non-expressing AML” in the rest of this work) (Arnone et al., 2020; Quek et al., 

2016; Sarry et al., 2011; Taussig et al., 2010).  
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Furthermore, we also explored the expression of markers known to be important for 

AML prognostication and for which the expression in our AML samples has been 

determined (CD56 and CD38; (Keyhani et al., 2000; Raspadori et al., 2001) (Plesa et 

al., 2017)).  

AML samples from the intermediate and adverse risk groups show higher CD34 and 

CD117 surface expression compared to favorable risk group AML samples. Not 

surprisingly, we were able to detect CD33 and CD38 expression on the cell surface 

independently of the risk group in all patient samples, the reason why we chose CD33 

for the determination of engrafted cells in our BMP experiment. In addition, surface 

expression of CD56 is quite similar in all three risk groups (Figure 8A). We then  

compared marker expression (CD34, CD117, CD56, as well as the expression of 

CD117 amongst CD34 non-expressing patient samples) with mouse survival (Figure 

8B) and the homing rate (Figure 8C) after transplantation. We were not able to detect 

differences in the survival rate or the homing capacity between CD34-expressing or -

non-expressing patient samples (Figure 8B-C). Since LSCs can be further enriched 

through the expression of CD117 (Arnone et al., 2020), we wanted to analyze if there 

is a difference between paients that express CD117 (CD34-CD117+) or not (CD34-

CD117-). Here again we were not able not see any significant difference between the 

two groups (Figure 8B-C). Interestingly, however, by only looking at CD117 marker 

expression regardless of CD34, we saw that that CD117-expressing AML patients 

samples were more aggressive upon xenotransplantation in NSG mice, as shown by 

both survival (Figure 8B, right) and homing to the BM (Figure 8C, right).   

Finally, we also wanted to investigate if CD56 surface expression influences homing 

and engraftment. The survival of murine recipients was slightly but not significantly 

increased mice that obtained AML patient blasts expressing CD56 (Figure 8B, right), 

while we surprisingly saw a significantly increased homing capacity for AML samples 

that do not express this marker (Figure 8C). CD56 is also known as neural cell 

adhesion molecule and its expression on leukemic blasts has been correlated to bad 

prognosis for AML patients (Sun et al., 2021; Van Acker et al., 2017; Xu et al., 2015). 

In regard to our results, we speculate that this might be linked to an increased homing 

of AML cells. Moreover, the marker has also been described as involved migration 

processes and consequently to be associated with extramedullary infiltrates of AML 

(Chang et al., 2004).  
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Figure 8: AML samples marker expression is neither correlated with the mouse 
survival, nor the homing rate 
(A) Table summarizing the expression of surface markers in the different AML 

samples. Indicated are the number of positive over the total number of AML samples 

CD34 12/25(48%) 24/30(80%) 8/13(61.5%) 64.7
CD33 25/25(100%) 32/32(100%) 13/13(100%) 100
CD38 24/24(100%) 25/25(100%) 13/13(100%) 100
CD56 14/18(77.8%) 13/22(59.1%) 9/12(75%) 69.2
CD117 17/22(77.3%) 23/24(95.8%) 11/14(78.6%) 85
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for which specific marker expression was investigated, as well as the percentage of 

positive cells. Last column indicates the positive rate in the patient cohort, 

independently of the risk group. (B) Comparison of mouse survival according to 

surface marker expression. Patients with AML blasts positive for CD34, CD117 and 

CD56 expression were compared to those negative for the respective marker. 

Similarly, amongst CD34 non-expressing patients, AML samples expressing CD117 

were compared to those that were not expressing this marker. Each dot represents 

one AML patient for which the mean of the survival time is plotted.  (C) Comparison of 

homing rates according to surface marker expression. Each dot represents one AML 

patient for which the mean of the homing rates is plotted.  

In (B-C) lines represent mean with standard deviation. 

Shapiro-Wilk test for normality, Student-t-test, Mann-Whitney-U-test.  

 

Furthermore, we also analyzed surface expression of CD34, CD38 and CD117 in the  

BM, spleen and PB of transplanted mice at final analysis (Table 5). Marker expression 

was similar in all compartments at final analysis in the majority of transplanted AML 

samples. However, we observed that for some CD34-expressing AML samples we 

could not retrieve this marker in any of the compartments in the transplanted animals. 

This was also the case for CD38 and to a lesser extend for CD117 marker expression  

(Table 5). This is a surprising observation that differs to what was described in several 

previous papers, i.e. that the phenotype of human AML cells was maintained upon 

transplantion into murine recipient, and even remained unaltered after serial 

retransplantations (Ailles et al., 1999; Her et al., 2017; Paczulla et al., 2017; Sanchez 

et al., 2009). We speculate that this might be due the very long time of follow up of the 

mice that contrasts with many of the previous studies and that could induce more 

differentiation of AML cells. Another explanation could be linked to technical issues 

with the multi-color FC analysis of the murine recipients.    
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Table 5: Marker expression pre- and post-transplantation  
Table summarizing the expression of CD34, CD38 and CD117 in the AML samples 

pre-transplantation, in the bone marrow (BM), spleen and peripheral blood (PB).  

Please note that the animals that were not analysis at the final endpoint due to 

reallocation to other experiments (c.f. legend table 4) are not indicated in this table. 

Please note that the CD33 expression is not included in this table since this marker is 

the one used for the definition of the engraftment percentage and the proportions in 

the expression at final analysis time-point is already summarized in table 2. 

Low: <1% marker expression; +: 1-5% marker expression; ++: 5-20% marker 

expression; +++: >20%; n.c.: data was not collected 

 

Patient pre-transplant BM spleen PB pre-transplant BM spleen PB pre-transplant BM spleen PB
M1 neg low low + pos + low low pos ++ low low
M3 pos + ++ +++ pos +++ +++ ++ pos +++ +++ +++
M4 neg low low low pos low low low pos low low low
M5 pos low low low pos +++ ++ low pos +++ +++ low
M6 neg low + + pos + ++ ++ pos low +++ +
M7 neg not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted neg not engrafted not engrafted not engrafted
M8 pos low low low pos low low low pos low low low

M10 pos low low low pos low low low pos low + low
M12 pos + ++ ++ pos +++ +++ +++ pos +++ ++ +++
M13 neg low low low pos low ++ low n.c. low + low
M14 n.c. low low low pos low low low n.c. low low low
M15 neg low low low pos +++ ++ ++ low +++ ++ +
M16 neg not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted neg not engrafted not engrafted not engrafted
M17 n.c. low ++ ++ pos + ++ ++ n.c. low low +
M18 pos +++ + low pos +++ low low pos +++ low low
M22 n.c. low low low pos +++ ++ + n.c. +++ + +
M25 pos low low low pos low low low n.c. low low low
M29 n.c. low ++ low pos low + low pos low ++ +
M32 pos +++ +++ +++ pos +++ +++ ++ n.c. +++ ++ +++
M34 n.c. low low low pos low low low n.c. + low low
M37 neg low low low pos low low + pos low low +
M38 pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted
M40 n.c. low ++ low pos low low low n.c. + low ++
M41 pos + low low pos +++ ++ ++ pos +++ + +
M42 pos low low low pos +++ +++ +++ pos +++ +++ +++
M43 pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted
M44 neg low + low pos ++ ++ low pos low +++ low
M45 pos low low low pos +++ ++ low pos + low low
M46 pos low low low pos low low low pos low low low
M49 pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted neg not engrafted not engrafted not engrafted
M51 pos + + + pos + low + pos ++ + +
M52 pos low low low pos low ++ low pos low + low
M53 neg ++ ++ ++ pos +++ +++ +++ pos +++ +++ +++
M55 pos low ++ + pos +++ +++ + pos ++ low +
M56 neg low low low pos low low low pos n.c. n.c. n.c.
M57 pos low + low pos low low low pos low low low
M58 pos low low low pos ++ + low pos ++ ++ +
M59 pos + low low pos low low low pos +++ low +
M62 pos + + ++ pos +++ ++ ++ pos +++ low ++
M63 pos +++ + + pos +++ low low pos ++ low low
M64 pos +++ + + pos +++ + low pos +++ + low
M65 neg + low low pos + low low pos + low low
M66 n.c. low ++ + pos +++ +++ +++ n.c. ++ + ++
M69 pos + n.c. n.c. pos + n.c. n.c. pos n.c. n.c. n.c.
M70 pos + + +++ pos +++ +++ + pos ++ ++ low
M72 n.c. + + low pos +++ ++ +++ n.c. +++ +++ +++
M73 neg low low low pos ++ ++ + pos + + low
M74 pos + low + pos +++ + ++ pos +++ ++ ++
M75 n.c. low ++ low pos low ++ low n.c. + ++ low
M80 n.c. not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted n.c. not engrafted not engrafted not engrafted
M82 pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted n.c. not engrafted not engrafted not engrafted
M84 n.c. low low low pos low low low n.c. low low low
M85 pos low low low pos + + + n.c. low + +
M90 neg low low low pos +++ +++ +++ pos +++ +++ +++
M94 neg low low low pos low low low pos low low low
M95 pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted
M96 pos low low low pos low low low pos low ++ low
M98 n.c. low low low pos low low low n.c. low low low
M99 neg low low low pos ++ low low pos ++ low low

M100 pos not engrafted not engrafted not engrafted pos not engrafted not engrafted not engrafted neg not engrafted not engrafted not engrafted
M101 neg low ++ low pos low + low low low low low
M122 pos ++ + + pos ++ ++ + pos ++ low low
M123 pos low + low pos +++ + + low n.c. n.c. n.c.
M124 neg low + low pos low low low pos low low low

%CD34+ %CD38+ %CD117+
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1.1.7. Identification of further patient characteristics 
determining the engraftment potential of primary AML 
cells in the murine recipient 

 

In addition to the risk group classification, we also had a look at other known 

characteristics of our cohort and their potential influence on engraftment or homing. 

First, we wanted to investigate if the survival of the patient (survival status, Figure 9A 

and survival time, Figure 9B) correlates with the survival time of the murine recipient 

transplanted with the respective AML sample. In Figure 9A, we classified all AML 

cases according to whether patients died or were still alive two years after the time-

point of first diagnosis. Although the difference is not significant, we were able to 

observe a slightly higher survival rate of mice transplanted with samples for which the 

patient survived longer than two years. Within the group of patients that survived less 

than two years after first diagnosis, we had a closer look at the correlation between 

the survival time of the patient and the corresponding murine recipients, however, we 

were not able to observe a correlation between the two variables (Figure 9B). 

Furthermore, we could also observe a clear, but not significant enhanced survival time 

of the mice transplanted with samples of patients that achieved complete remission in 

response of initial treatment, in comparison to those that did not (Figure 9C). This is 

in accordance with a previous study, in which the authors showed enhanced 

engraftment of the population who failed to achieved a complete remission in a 

NOD/SCID human chimera model of human AML (Rombouts et al., 2000b). Moreover, 

we were not able to observe correlations between the age, sex or WBCs of patients 

and mouse survival after transplantation (data not shown), which was also the case 

for homing rates (data not shown).  

It has furthermore been described before that AML samples from patients with an 

internal tandem duplication in the Flt3 gene (Flt3/ITD) displayed a greatly enhanced 

potential to engraft in immunodeficient mice (Rombouts et al., 2000a). We thus split 

the AML cases from our cohort into three different groups: ITD high: ratio >0.5, ITD 

low: ratio <0.5 and WT. In accordance to this previous study we could observe a 

reduced survival time for the mice transplanted with AML samples with high Flt3/ITD 

ratio versus mice with a low ITD ratio and a significant reduction compared to WT mice 

group. No difference was observed between the ITD low ratio and the WT group. 

(Figure 9D). We next also analyzed homing rates of patient samples from these three 
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groups. Interestingly, we were also able to observe a clear but not significant increase 

in the homing of the cells derived from patients with high Flt3/ITD ratio (Figure 9E). 

Moreover, we were interested if mutations in NPM1, which is also a very frequent 

genetic aberration found in AML patients, might influence disease induction and 

homing in the murine recipients. Unfortunately, we were not able to find any correlation 

between these variables (data not shown).  

 

 
 
Figure 9: Analysis of additional patient characteristics determining the 
engraftment potential of primary AML cells in murine recipients. 
(A) Comparison of mouse survival according to the status of the patient two years after 

first diagnosis (dead, n= 32 AML cases, n=2-5 mice per AML samples, blue; alive, 

n=34 AML cases, n=2-5 mice per AML sample, light blue). Each dot represents one 

AML patient for which the mean of the survival time is plotted.  (B) Scatter plot and 

DEAD ALIVE
0

20

20 30 40 50

40

60

0 0

0.02

0.04

0.06

0.08

0.1

20

40

60

0

20

CR

ITD
high

ITD
low

WT ITD
high

ITD
low

WT

no CR

40

60600

400

200

0

m
ou
se

su
rv
iv
al
(w
ee
ks
)

mouse survival (weeks)

pa
tie
nt
su
rv
iv
al
(d
ay
s)

m
ou
se

su
rv
iv
al
(w
ee
ks
)

m
ou
se

su
rv
iv
al
(w
ee
ks
)

ho
m
in
g
ra
te
s
(%

)

p=0.0672

p=0.0193

p=0.0813

p=0.0676

Patient survival 2 years
after first diagnosis

Flt3 mutational state Flt3 mutational state

remission status

A

D E

B C

p=0.4915

p=0.0528p=0.1639



 79 

linear regression analyzing the relationship between patient and mouse survival. One 

dot represents one AML patient for which the mean of the survival in the murine 

recipient transplanted with the respective patient cells is shown. Only patient samples 

for the “dead” category displayed in Figure 6A are represented in this plot. Best fit 

values for the line: slope 1.410, Y-intercept 108.1, X-intercept -76.67, R square 

0.01591. (C) Comparison of mouse survival according to the remission status of the 

patient (CR, complete remission, n=29 AML cases, n=2-5 mice per AML sample, 

green; no CR, n=18 AML cases, n=2-5 mice per AML sample, red). Each dot 

represents one AML patient for which the mean of the survival time is plotted. (D) 
Comparison of mouse survival according to the Flt3 mutation status (ITDhigh, n=12 

AML samples, n=2-5 mice per AML sample, red; ITDlow, n=17 AML samples, n=2-5 

mice per AML sample, pink; WT, n=40 AML samples, n=2-5 mice per AML sample, 

brown). Each dot represents one AML patient for which the mean of the survival time 

is plotted. (E) Comparison of homing rates according to the Flt3 mutation status 

(ITDhigh, n=38 mice from n=11 AML cases, red; ITDlow, n= 72 mice from n=21 AML 

cases, pink; WT, n=131 mice from n=40 AML cases, brown). 

In (A, C, D and E) lines represent mean with standard deviation. 

In (B), linear regression was performed to investigate the correlation between both 

data sets. P-value defines whether the slope is significantly different from zero. 

Shapiro-Wilk test for normality, Student-t-test, Mann-Whitney-U-test.  
 

1.3. DISCUSSION  
 
The understanding of the basic biology of AML as well as the development of new 

strategies to cure this disease relies on the availability of reliable in vivo models. Over 

the last decades, our lab as well as many others have used xenotransplantation 

models for these purposes and could demonstrate the ability of AML cells to engraft 

in immunodeficient mice, including the NSG mouse strain that we have used in this 

work. However, the main disadvantage described for this model has been the 

complexity to predict engraftment as well as the low and long-lasting engraftment in 

this assay. We aimed to improve the prediction of engraftment in the NSG 

xenotransplantation model by using a large cohort of AML samples from various 

genetic backgrounds. Moreover, we describe some parameters (risk group of the 
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patient, genetic and molecular markers) that can influence the time needed for 

engraftment in this model.  

Our results confirm data previously published by our lab (Paczulla et al, …) by using 

a larger cohort of patient samples that, in contrast to several previous publications 

(Eppert et al., 2011; Sanchez et al., 2009), included samples from favorable risk group 

patients, that routinely engrafted NSG mice as well. Importantly, in this work, we used 

intrafemoral transplantation for any long-term experiments, since we were previously 

able to show that both IV and IF transplantation lead to comparable engraftment when 

starting with a 2-fold reduced cell number for the IF transplantation. This is very 

important since for some rare AML samples only low levels of cells were available, 

which would not allow to achieve a sufficient number of animal replicates in the IV 

transplantation setting. Nevertheless, we cannot completely exclude the possibility of 

a different mechanism of engraftment and disease induction in the two methods, since 

we also show in chapter 4 that circadian rhythm and stress molecule levels strongly 

affect engraftment and homing of transplanted human AML cells via IV transplantation. 

It is not clear if engraftment and homing are similarly affected after IF transplantation, 

when the animals are completely anesthetized upon transplantation.  

Despite previous reports, in which experiments were usually stopped latest at week 

16 we were able to show that at each investigated time point (week 15, week 20, week 

30, week 40, week 52), a substantial proportion of AML samples could be added to 

the list of patients that were capable to engraft and to induce symptomatic leukemia 

in our NSG xenotransplantation model. Importantly, the proportion of engrafted 

adverse AML samples reach the maximum at week 40, in contrast to favorable and 

intermediate AML samples for which the proportion engrafted samples still increases 

between weeks 40 and 52 post transplantation. Consequently, the follow-up time for 

mice transplanted with cells of the adverse risk group of patients could eventually be 

reduced to 40 weeks.  

An important and puzzling observation we made in this work concerns a small 

proportion (around 25%) of mice showing signs of disease that, according to our 

scoring system, lead to their sacrifice, even though further analysis of hematopoietic 

compartments shows only very low proportions (<1%) of engrafted human leukemic 

cells. This is mostly true for mice transplanted with patient samples from the adverse 

risk group. We hypothesize that for some AML cases only a few leukemia cells are 

sufficient to provoke strong symptoms, which could also explain why so many adverse 
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risk group patients, that are known for the particularly high aggressiveness (Paczulla 

et al., 2017)(Döhner et al., 2017), fall into this engraftment category. Nevertheless, the 

reasons why those mice display symptoms is still unknown and could be either 

leukemia dependent or linked to leukemia-independent factors such as age, infections 

or other unrelated diseases.  

Several previous studies demonstrated that the level of engraftment was linked to the 

FAB subtype of the AML patient (Rombouts et al., 2000b) (Ailles et al., 1999) when 

mice were analyzed at a defined time-point (set to respectively 30 days and 8 weeks 

post-transplantation). Here we could confirm results from a previous study by our 

laboratory (Paczulla et al., 2017), indicating that survival rates of transplanted animals 

with samples from the different risk groups nicely recapitulated observations made in 

the patient, such as longer survival for patients from the favorable and intermediate 

risk groups when compared to adverse groups. We also observed high similarities 

between mice transplanted with patient cells from the favorable and intermediate risk 

group. A previous study already described that the engraftment of intermediate-risk 

group samples was difficult to be anticipated (Griessinger et al., 2018). However, we 

were able to show that in our experimental settings, the survival time for mice 

transplanted with patient samples from this group behave similarly to those from the 

favorable risk group which can help anticipating the course of the disease in the 

recipient animal. 

Interestingly, even though the survival curve we draw is very linear over time, we 

observe, independently of the risk group, a rupture corresponding to the week 16 time-

point, when the first BMP is performed. After this first BMP, a high number of mice had 

to be sacrificed since they were harboring more than 80% human AML blast in the BM 

even though they did not show signs of disease. This situation was much less frequent 

for the two subsequent BMP (week 26 and week 39), which is why we could not 

observe large drops of survival rates at these time-points. One hypothesis is that this 

is again due to the aggressiveness of some AML cases, which require more to lead to 

symptomatic disease induction. Another possibility could be that this is linked to the 

young age of the mice that can consequently resist to higher numbers of infiltrated 

blasts in the BM without showing symptoms. In order to prove this assumption, 

transplantations in older mice could be performed to see potential changes.  

As mentioned in the result part of this thesis, we were able to detect human leukemic 

cells not only in the BM, but to a lesser extent also in the PB and spleen, thus indicating 
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that the colonization of the BM seems to be a prerequisite for further infiltration of the 

spleen and retrieval of human cells in the circulation. Importantly, concerning leukemic 

circulating cells, it might be possible that these cells first settle to the BM (or the spleen) 

and enter circulation using the same in and out mechanism than healthy HSPCs 

(Méndez-Ferrer et al., 2008). As we described before, this mechanism of release into 

the circulation involves circadian oscillations and it would be interesting to see if the 

proportions of circulating leukemic cells in the PB would vary if the the final analysis 

of engrafted mice were performed at different times of the day. Noteworthy, in this 

work, mice were all sacrificed and analyzed around the same time of the day, and the 

comparison of the proportion of AML cells in the circulation might thus not be biased 

by circadian oscillations. Nevertheless, the profound differences in the proportions of 

leukemic cell residing in the BM and the PB show that screening of the PB is not 

sufficient to monitor the engraftment reliably.  

Moreover, we show that in most cases, leukemic cells also colonized the spleen of the 

murine recipient. The spleen is a site for extramedullary hematopoiesis in mice and 

humans under hematopoietic stress (Inra et al., 2015) and splenomegaly is observed 

in many AML patients. However, very little is known about the colonization of this 

organ in xenotransplantation models (Her et al., 2017). A few years ago, it was shown 

that AML cells repopulated the BM at greater frequency and absolute counts, followed 

by spleen and PB, when the cells were injected into newborn NSG pups 

intrahepatically (Her et al., 2017). It would be of particular interest to study the kinetics 

of the infiltration of the spleen and for example determine when the colonization of this 

organ starts, which is impossible in our currently used experimental settings but could 

be conducted using methods such as in vivo bioluminescence imaging (Vick et al., 

2015). Of particular interest, two transplanted AML samples led to splenomegaly in 

recipient mice, which has already been described for some AML cases in such 

xenotransplantation models (Her et al., 2017) (Paczulla et al., 2017) (Agliano et al., 

2008).  

In addition, we also observed tumor development in mice transplanted with cells from  

five different AML samples. Notably, in most of these cases, all the mice that were 

transplanted with the same AML sample show tumor development, thus meaning that 

this observation is not due to hazard or to intrinsic properties of the recipient mouse, 

but rather to the material being transplanted. Interestingly, these tumors were all 

located along the animals’ legs. One might suspect that the development of these 
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tumors may have been driven by the BMP procedure, in which some AML cells 

“escaped” from the femur marrow and settled along the bone. Supporting this 

hypothesis, human CD33 positive cells were detected in the tumor of almost all 

analyzed mice. We could unfortunately not find any common characteristics between 

the different patients that developed these leg tumors upon transplantation and 

consequently could not find a molecular or genetic marker that would cause the cells 

of some particular AML samples to survive and emerge from the BM. Similarly, 2-8% 

of patients with AML exhibit myeloid sarcoma, which is an extramedullary proliferation 

of blasts (Avni and Koren-Michowitz, 2011). Unfortunately, we do not have any 

information about a possible myeloid sarcoma in the patients for which we observe 

these murine leg tumors.  

 

Furthermore, our data also show that in a high proportion of the samples (64.8%), the  

BM puncture performed 16 weeks after transplantation showed less then 1% human 

leukemic cells in the BM. We have chosen this time-point for the first puncture because 

this was for a long time widely considered as the final analysis time-point for AML 

xenograft experiments, with all the samples that did not induce leukemia at this time-

point being considered as non-engrafters (Eppert et al., 2011; Sanchez et al., 2009). 

The percentage of colonization of the BM at this 16 week time point was not 

significantly different when comparing the samples according to the risk group 

classification. In all three groups, we were able to observe a similar distribution 

regarding the percentage of engraftment in the analyzed mice, with the majority of the 

mice showing low or very low levels of engraftment ,as well as considerable number 

of animals with high engraftment rates. Interestingly, we could observe medium 

engraftment rates only for very few samples at the week 16 BMP time-point. We 

hypothesize that this is due to the expansion of human AML cells in the murine BM, 

which increases rapidly after reaching a certain threshold. Interestingly, we observed 

differences between the engraftment seen in the mice at the BMP (regardless of the 

time of the puncture) and that seen in the same mouse at the analysis endpoint (which 

is lower in most cases), although final analysis usually occurs within 24 hours after BM 

engraftment higher than 80% was detected.  This observed difference is most likely 

due to the difference in the method, since during the BM puncture, mainly marrow is 

collected, while at final analysis, all bones were crushed, thus leading to a mixture of 

BM with components of the bone structure such as the endosteum, periosteum and 
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cartilage and consequently a greater dilution of human AML cells at the moment of 

analysis. In line with this hypothesis and observation, it is important to carefully 

consider the BMP method, since mice are anesthetized repeatedly but more 

importantly also because of the introduction of the needle into the bone cavity that 

might disturb its structure. It is well known that transplanted AML cells need important 

interactions with their microenvironment (Reinisch et al., 2016) (Ishikawa et al., 2007) 

(Schepers et al., 2015) and this disturbance is certainly not without consequence.  

Moreover, another important point to consider is the impact of the extraction of a 

certain quantity of human AML cells present in the murine bone, especially during 

advanced courses of the disease. The effects might not be the same when cells are 

extracted from a mouse with very low numbers of AML cells in the bone or another 

that is fully engrafted. To optimize the BMP procedure, answering these questions with 

imaging technologies for example, would be of particular interest.  

In this work, we were able to find a correlation between the BMP engraftment rate with 

long-term survival of the transplanted mice, showing that the majority of transplanted 

AML samples detected at high levels during the week 16 BMP had lower survival time. 

This is of particular interest, because the read-out at this time-point allows a prediction 

of the later survival of the mice and could thus be used for certain purposes (e.g. 

therapy development) instead of the “long-term” follow-up of the transplanted animals. 

Nevertheless, the correlation is not perfect and some AML samples behave differently. 

For example, we observed some AML cases where the engraftment rate was low or 

absent at week 16, but the mice that were transplanted with these samples still showed 

signs of disease at early time points, and less frequently vice versa. In view of these 

findings, carefull evaluation of this method is necessary. These exceptions also raise 

questions about the commonly used 0.1 or 1% threshold for the definition of 

engraftment (Sanchez et al., 2009) (Eppert et al., 2011). For each experimental setup, 

it is thus important to carefully consider which threshold shall be used in the 

experimental setup, since we could show that an animal does not necessarily develop 

a symptomatic disease even though 0.1% or 1% of leukemic cells were detected. 

Another intersing finding is the fact, that in our work, we see that the vast majority of 

animals develop leukemia at a later time point after transplantation, even though they 

harbor very low levels of human leukemic cells at week 16. This opens new insights 

in what eventually drives the transplanted AML cells to expand and proliferate at a 

later time point. Answers may reside in the selection of specific clones that require a 
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specific time to expand and drive symptomatic leukemia, or in de novo acquisition of 

permissive mutation. Consequently, it would be particularly interesting to look at 

genetic patterns of the human cells derived from BM of mice at final analysis and 

compare them to those of the matched samples before transplantation.  

 

In addition, homing experiments showed a significant correlation with patient risk 

group stratification, i.e. intermediate and adverse risk group patients showed higher 

homing rates than favorable AML cells.  Of note, while in the long-term experiments  

intermediate risk group AML samples behaved similarly favorable AML, they were 

more similar to adverse AML samples in this homing assay. In contrast  our previously 

published data on a smaller data set (Paczulla et al…), we we were however not able 

see any difference in the homing rates between standard and long-latency engrafters. 

However, Pearce and colleagues showed that homing of AML cells into NOD/SCID 

animals was the same between engrafters and nonengrafters (Pearce et al., 2006). 

Not surprisingly, we were unfortunately also able to not correlate the homing rate for 

a patient sample with the survival of the mouse transplanted with the same AML 

sample, making it impossible to use the homing assay as predictive assay for the later 

behavior of the patient sample in the murine recipient. Also, the homing assay relies 

on the detection of very few (often less then 30) fluorescent cells using FC. In my 

opinion, this makes this assay particularly difficult to interpret and very sensitive to 

small variations that can make a big difference in the read-out. Importantly to mention, 

the number of blasts from our samples were also very different, ranging from 14-100%, 

which may also explain these differences and highlight the necessity of transplanting 

100% blasts to be eventually able to reach consistency in this assay. Even though we 

depleted human T and B cells from the sample before each transplantation, there are 

most probably remaining human healthy hematopoietic cells that may contaminate the 

AML sample. These cells might also home to the BM similar to malignant cells and 

might consequently distort the results. Unfortunately, removing these cells is also 

particularly challenging if not impossible as they share most of the surface markers 

with AML cells (Arnone et al., 2020). 

 

The diversity of the marker expression amongst the different patients of the cohort 

lead us to investigate whether their expression would correlate with the disease course 

in the murine recipient. CD34 is a well-described marker for both HSPC and LSC in 
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AML. In our previously published paper we showed that when CD34+ or CD34- AML 

blasts with inv(16) were transplanted in NSG mice, leukemia initiation was observed 

only from transplanted CD34+ blasts even after prolonged follow-up time (Paczulla et 

al., 2017). Another study demonstrated that only a minority of NSG mice injected with 

CD34- cells showed significant engraftment (Sarry et al., 2011) when samples with 

robust CD34 positivity were sorted based on their CD34 expression. In the work 

presented here, we sorted our AML samples based on their CD34 expression, which 

did not result in worse survival or increased homing rates. A recent work by 

Griessinger et al. also wanted to prove the hypothesis of a lower frequency of leukemia 

initiating cells in the samples that they describe as “nonengrafting”, but could not find 

a difference in the proportion of CD34+ or CD34+CD38- in “engrafter” and 

“nonengrafting” samples (Griessinger et al., 2018). A similar observation was 

described by Sarry et al. who could show that CD34 is not necessary for engraftment 

potential but rather that amongst CD34 expressing samples, only the positive fraction 

is capable of engraftment (Sarry et al., 2011). It would have been particularly 

interesting to investigate both the engraftment potential of the CD34 negative and 

positive fractions and maybe also to use this cohort to investigate if similar 

observations could be made independently of the patient risk group classification. 

Notably, it is also important to mention that in our analysis we do not consider the 

“strength” of CD34 positivity, and some samples might have been classified as CD34 

expressing even though CD34 expression is low in these patients. In fact, in the study 

by Sarry et al. the authors noted that the majority of pecimens show only low CD34 

expression (Sarry et al., 2011). Without considering the percentage of expression of 

the markers used, since they are unknown for the majority of samples, analyzing these 

samples  before transplantation would have cost a lot of material that we did not have, 

this could skew the analysis and has to be kept in mind in the following paragraphs.  

Amongst CD34 non-expressing samples, we could also see a broad heterogeneity, 

both in the murine survival time and the homing rates. We wondered if using the 

CD117 marker, which is well known to be associated with LSCs within the CD34- 

population (Arnone et al., 2020), we could detect differences in engraftment and/or 

homing. Unfortunately, we could not see any significant difference between patients 

that were CD34-CD117+ and those that were negative for both markers. However, 

when studying the impact of CD117 expression in patients, independently of CD34, 

we could see a significant worse prognosis in mice that were transplanted with cells 
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from patients that were expressing CD117. In line with this we could also show 

increased homing of samples from these patients. It was previously shown that high 

expression of CD117 mRNA predicts unfavorable outcome in AML patients (Gao et 

al., 2015), but to our knowledge we are the first to describe CD117 expression 

influences leukemia initiation and kinetics in a xenotransplantation model.  

CD117 is of course not the only marker that was described for LSC enrichment in 

CD34 negative populations such as CD244 or CLL-1 (C-type lectin-like receptor) 

(Arnone et al., 2020). It would be very interesting to similarly investigate these markers 

either alone or in combination in larger cohorts. Lastly, we also investigated the effect 

of CD56 surface expression. Contrarily to the other investigated markers, CD56 is not 

necessarily associated with LSCs, but was identified as an isoform of the neural 

adhesion molecule NCAM (Lanier et al., 1989). CD56 has been found to be expressed 

in several lympho-hematopoietic neoplasms, including AML, and was described as an 

important adverse prognostic factor (Raspadori et al., 2001). In our 

xenotransplantation settings, we could not see any significant correlation between the 

expression of CD56 in patient samples and the survival of the transplanted mice. 

However, surprisingly, homing rates were significantly increased in mice that obtained 

CD56 non-expressing AML cells. Since CD56 belongs to the class of adhesion 

molecules, we assumed that patient samples expressing this marker would have 

home better to the BM, but interestingly almost all patient samples with high homing 

rates in the murine model did not express CD56. These findings might indicate a 

difference between the xenotransplantation model and what has been observed in 

human patients, maybe at the level of NCAM expression and/or regarding interactions 

within the BM.  

Finally, in regard to a recent publication from our group identifying the absence of 

NKG2D ligands as a reliable marker for LSC identification, it would be particularly 

interesting to study a potential correlation between the level of these ligands 

expression – or rather their absence – on the investigated AML samples from our 

cohort regarding outcome and homing in recipient mice. Furthermore, it would also be 

interesting to study the expression of NKG2D ligands (possibly also in combination 

with other markers) in the BM, spleen and PB of engrafted recipient animal at final 

analysis in comparison to the proportion of NKG2D ligand expressing cells in the 

transplanted sample. Including this novel marker could also add one more important 
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variable in patient risk stratification and prognostication according to surface marker 

expression. 

 

Lastly, we also tried to correlate patient characteristics (other than risk group and 

molecular marker expression) with the course of the disease in the murine recipient. 

We were however not able not correlate patient survival with the survival time of mice 

transplanted with the respective patient sample. This is certainly due to the many 

parameters that can influence the survival of the AML patients (age, treatment, 

transplantation etc.). We could also not find any correlation between the age or the 

gender of the patients with neither survival nor homing in the NSG recipient. This is 

similar to what was observed in a recent study in NOD/SCID animals (Rombouts et 

al., 2000b). More elaborated statistical analyses would be necessary to incorporate or 

exclude different variables when studying the correlation between two parameters. 

Another important information that we investigated in our patient cohort was the 

remission status and its impact on homing and engraftment. In line with previously 

published work, we could show a worse survival of the mice transplanted with cells 

from patients that did not achieve complete remission after first therapy. This 

integrates to the observation we previously described, i.e. that the survival of recipient 

mice is worse when transplanted with samples of patients with a bad prognosis. Last 

but not least, we could confirm findings from another study in our settings and show 

that patient samples with an ITD in the Flt3 gene had an enhanced potential to engraft 

(Rombouts et al., 2000a). We can furthermore add to these already described findings 

that patient samples with ITDlow (ratio <0.5) behave very similarly to the ones that are 

Flt3 wildtype. This is of particular importance since Flt3 mutational status is an 

important parameter for the classification of the patient risk group categories. In the 

ELN 2017 classification, FLT3-ITDlow mutational status and FLT3-WT are grouped 

together and opposed to FLT3-ITDhigh. Furthermore, we also made similar findings 

when looking at homing rates, which were higher for AML samples that were FLT3-

ITDhigh. This is particularly interesting since it was previously shown that in comparison 

to FLT3-WT, AML cells with Flt3/ITDs are less proliferative in vitro (Rombouts et al., 

1999)., which cannot explain the higher homing rates observed for samples with an 

ITD in the Flt3 gene in our cohort. A more plausible mechanism that has been 

described and may correlate with our findings is an antiapoptotic effect of mutated Flt3 

(Lisovsky et al., 1996). Additional molecular characterization of both WT and mutant 
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Flt3 would be required to proof, which mechanisms are involved in the observed 

behavior of AML samples with Flt3-ITDhigh.  

 

Taken together, in this work we could confirm that a vast majority of primary AML 

samples transplanted in NSG mice was able to engraft and to induce symptomatic 

disease by using a bigger and more heterogenous patient cohort compared to the 19 

patient samples analyzed in our previous study (Paczulla…). To reach this high 

proportion of engrafted samples, long follow-up time (more than 40 weeks) of the 

transplanted mice, especially for patients samples from favorable and intermediate 

risk groups, is needed. Analyzing the colonization of the BM with human leukemic cells 

at an intermediate time-point (week 16), even though the prediction is not perfectly 

accurate, can already give insights in the subsequent course of the disease, i.e. 

survival time.  

These findings also provide proof-of-principle data for a prospective clinical study 

analyzing correlation of both kinetics of leukemia induction in mice and AML cell 

homing capacity with the molecular risk group classification of the AML samples. 

Some molecular and genetic markers of the used AML samples, including CD117 

expression as well as high ratio of ITD mutations in the Flt3 gene, also influenced 

survival and homing rates of and in the recipient mice. 

The identification of parameters determining the homing, the outgrowth and the 

kinetics of engraftment of AML samples in NSG mice may help to select patient 

samples that are better suited for each individual experimental design as well as for 

therapy development in these immunodeficient mice.  
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4. TRANSPLANTATION AT NIGHT PROMOTES LEUKEMOGENESIS VIA 
ENHANCED ADRENERGIC ACTIVITY 

 
 

1.1. MANUSCRIPT IN PREPARATION 
 
This project was a shared project between Anna Paczulla Stanger (APC) and Pauline 

Hanns (PH). APS performed the majority of day and night transplantations as well as 

EPI and propranolol conditions (long-term and homing) for primary AML cells. She 

also significantly participated in the conception of the project. PH performed all 

experiments (day and night as well as EPI and propranolol) with the syngeneic murine 

model, murine and human healthy HSPCs as well as AML cell lines. She also 

performed homing experiments investigating the role of CXCR4 and VLA-4 as well as 

in vitro experiments. 
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Patient-derived xenografts (PDX) are routinely used for in vivo studies on human acute 

myeloid leukemia (AML). However, a significant proportion of primary AML samples 

require a particularly long time to show detectable engraftment or fails completely to 

show repopulation in this model. Here we report that changing the transplantation 

timepoint from day to night promotes leukemic cell homing to the bone marrow (BM) 

accelerating in vivo leukemogenesis in NOD/SCID/IL2Rgnull (NSG) xenografts as well 

as in a syngeneic MLL-PTD/FLT3-ITD leukemia mouse model. When compared to 

mice receiving leukemic cells at day time, mice transplanted at night showed 

behavioral abnormalities and higher levels of epinephrine, norepinephrine and 

corticosterone in plasma and BM, indicating an enhanced stress response. Blockade 

of beta-adrenergic signaling with the non-selective beta-blocker propranolol prior to 

night transplantation decreased pro-leukemogenic effects, whereas stimulation of 

mice with epinephrine prior to day transplantation enhanced leukemic engraftment, 

mimicking night transplantation. Interestingly, these stress-induced pro-leukemogenic 

effects were molecularly mediated by the VLA-4/VCAM-1 axis and selectively 

observed with leukemic but not with healthy hematopoietic stem and progenitor cells 

(HSPCs). In sum, we identified modulation of transplantation timepoints and 

catecholamine activities as important variables that selectively influence the in vivo 

engraftment of leukemic but not healthy hematopoietic cells.   
 
SUMMARY  
When compared to day times, transplantation at night induces catecholamine activity 

thereby promoting leukemic cell homing and long-term leukemogenesis in xenograft 

and mouse syngeneic acute myeloid leukemia models. Healthy hematopoietic cells 

are not similarly affected by stress conditions. 

 

Introduction 
 
Human acute myeloid leukemia (AML) is a complex disease with a very high intra- and 

inter-patient heterogeneity, which makes it challenging to accurately reproduce patient 

phenotypes in genetic mouse models. Patient-derived xenografts (PDX) can 

reproduce this heterogeneity, but display inherent limitations particularly relevant to 

certain AML subsets (Lapidot, 1994). As such, only ca. 40% of human AML samples 

were shown to engraft as expected within 12-16 weeks after transplantation in 
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NOD/SCID/IL2Rgnull (NSG) mice (Eppert et al., 2011). In contrast, other AML samples, 

specifically those of favorable molecular risk, required up to one year to be detected 

in mice or respectively could not at all repopulate xenograft models (Paczulla et al., 

2017; Rombouts et al., 2000b). The development of methods accelerating leukemia 

induction can facilitate studies with such long-latency engrafters to further enable 

functional studies. 

The proliferation and survival of AML cells is influenced by largely unexplored 

microenvironmental cues. For example, circadian oscillations identified to be important 

for the regulation of the egress of hematopoietic stem and progenitor cells (HSPCs) 

from the bone marrow (BM) (Méndez-Ferrer et al., 2008), have been recently also 

implicated in the biology of hematopoietic neoplasms (He et al., 2018; Puram et al., 

2016). Healthy circulating HSPCs are regulated by core genes of the molecular clock, 

which are guided by activation of stress pathways (Méndez-Ferrer et al., 2008). The 

catecholamine neurotransmitters and stress response molecules epinephrine (EPI) 

and norepinephrine (NOR) were directly linked to circadian oscillations and egress of 

HSPCs through activation of β-2- and β-3-adrenergic receptors with rapid effects on 

the CXCR4/SDF-1 axis, a major player in the homing of HSPCs (Méndez-Ferrer et al., 

2010a; Méndez-Ferrer et al., 2008). The interplay between stress and cancer 

development has been intensively investigated and associations reported in 

epidemiologic studies as well as in experimental data sets (Barron et al., 2011; Botteri 

et al., 2013; Chang et al., 2015; Choi et al., 2014; Choy et al., 2016; Grytli et al., 2014; 

Melhem-Bertrandt et al., 2011; Powe et al., 2010). Moreover, links between adrenergic 

signaling and leukemogenesis have been suggested. (Kim et al., 2016; Lamkin et al., 

2012). In fact, it has been for example   shown that chronic stress can accelerate the 

progression of acute lymphoblastic leukemia via β-adrenergic signaling involving the 

BM microenvironment (Lamkin et al., 2012). 

Here, we observed that xenotransplantations performed at night (with disturbance of 

the circadian rhythm) induced stress responses in NSG mice and accelerated 

engraftment when compared to corresponding procedures performed in the late 

afternoon. Therefore, varying the transplantation timepoint or inducing a stress 

response may optimize AML xenograft models.  

Interestingly, the accelerated leukemia induction observed after night transplantation 

in PDX models could also be reproduced in a syngeneic murine AML model. However, 

effects were only observed with leukemic but not with healthy cells, suggesting 
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important differential regulatory pathways that could be potentially therapeutically 

explored in the future. 

 

Results  
 

Transplantation at night accelerates leukemogenesis in PDX models and a 
syngeneic MLL-PTD/FLT3-ITD leukemia model  
Primary AML blasts (see Table S1 for patient characteristics) were transplanted into 

NSG mice at equal numbers and following identical procedures at “night” (4 am) or 

“day” (5 pm) times, respectively (Figure 1A). Interestingly, transplantation at night 

resulted in a reduced survival of mice when compared transplantations at daytime. 

Mice transplanted at night showed shorter times to leukemia induction and strikingly, 

all of these mice developed leukemia even after receiving low numbers of cells. In 

contrast, mice transplanted at daytimes often failed to develop disease (7/10 engrafted 

mice per transplanted mice for 5x105 cells/mouse and respectively 3/10 for 1x105 

cells/mouse) when transplanted with these low cell numbers (Figure 1B).  

 
Table S1 
Characteristics of the AML patient samples: percentages of leukemic blasts, molecular 

risk group, age, sex, karyotype, leukemia-specific mutations and surface markers. 

 

FLT3 NPM1

Patient #1 95 68 m n.a. 46XY, add (17) und (8) p(11-
2), 46 XY (15) ITD MUT n.a.

Patient #2 71 56 m n.a. n.a. n.a. n.a. CD11b-, CD13+, CD14-,CD15-, CD33+, CD34+, CD38+, CD45-, CD65-, 
36%CD71, CD117+, CD133+, HLA-DR+, MPO-

Patient #3 87 51 f n.a. n.a. ITD WT CD11b-, CD13+, CD14-, CD15-, CD33+, CD34+, CD38+, CD56-, CD65-, 
14%CD71, CD117+, CD133-, HLA-DR+, MPO-

Patient #4 72 83 m M2 
intermediate 46, XXY ITD WT CD11b-, CD13+, CD14-, 23%CD15, CD33+, CD34-, CD38+, CD45+, CD56-, 

CD65-, CD71-, CD117+, CD133-, HLA-DR+, MPO-

Patient #5 96.5 69 f M0 
intermediate 46, XX n.a. n.a. CD11b+, CD13+, CD14+, CD15+, CD34-, CD38+,CD56-, CD65+, CD117-, HLA-

DR+, MPO- 

Patient #6 51 58 f M2 n.a. n.a. n.a. CD11b+, CD13+, CD14+, CD15+, CD34-, CD38+,CD56-, CD65+, CD117-, HLA-
DR+, MPO- 

Patient #7 80.5 66 m M5 n.a. WT WT CD11b+, CD13+, CD14+, CD15+, CD34-, CD38+,CD56-, CD65+, CD117-, HLA-
DR+, MPO- 

Patient #8 67 81 f M7 n.a. WT WT CD11b-, CD13+, CD14-, CD15-, CD33-, CD34+, CD38+, CD56-, CD65-, 20% 
CD71, CD117+, CD133+, HLA-DR+, MPO-

Patient #9 82 72 m M4/M5 n.a. n.a. n.a. CD11b+, CD13+, CD14+, CD33+, CD34-, CD56+, CD71-, CD117-, HLA-DR+, 
MPO-

Patient #10 26 50 f M2 de novo 
favorable 46, XX ITD MUT CD11c+, CD13+, CD14-, CD15+, CD33+, CD34+, CD38+, CD45+, CD56-, 

CDw65+, CD71+, CD117+, CD133+, HLA-DR+, FLT3+, MPO+

Patient #11 86 43 f M4 de novo 
favorable 46, XX WT MUT CD11c+, CD13+, CD14+, CD15+, CD33+, CD34-, CD38+, CD45+, CD56-, 

CDw65+, CD71+, CD117-, CD133-, HLA-DR+, FLT3+, MPO+

Patient #12 92 74 m M5 de novo 
adverse 46, XY ITD WT CD11c+, CD13+, CD14+, CD15+, CD33+, CD34+, CD38+, CD45+, CD56+, 

CDw65+, CD71+, CD117-, CD133-, HLA-DR+, FLT3+, MPOlow

mutations markers Patient % blasts age sex AML type karyotype
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Figure 1: Night transplantation promotes leukemogenesis in human AML 
xenotransplantation models 
(A) Schematic overview of experimental set-up for day/night transplantations. 

Leukemic cells isolated from patients with AML were freshly thawed before each 

transplantation time-point and intravenously injected into sublethally irradiated NSG 

mice at 5.00 pm (“day”) or respectively at 4.00 am (“night”). Of note, mice were 

exposed to light one hour prior to transplantation at night and one hour afterwards as 

well (right panel; ZT20-22 light exposure). (B) Kaplan-Meier survival analysis of mice 

transplanted with 500.000 (full line) vs. 100.000 (dotted line) cells from two patients 

with AML at day (blue) and night (dark blue) (patient #1, left; patient #2, right, n=3-5 

mice per group). (C) All mice transplanted (at day, blue, or at night, red) with cells from 

one patient were analyzed for longterm engraftment when the signs of disease were 
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detected at any mouse in these groups. Engraftment in the BM was quantified as a 

percentage of CD33+ cells amongst BM cells (n=5 different AML cases n=3-6 mice 

per AML case and condition). (D) Representative histopathological images of femurs 

of day (left) and night (right) transplanted mice. 5x magnification was used for upper 

panel sections (left, hematoxylin and eosin staining, H&E; right anti-human CD33 

staining) and 40x magnification was used on bottom panel.  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for long-term analyses and Log-rank (Mantel-

Cox) test for Kaplan-Meier analysis.  

 

When analyzed for engraftment at the same time points after transplantation, mice 

transplanted at night showed significant more robust engraftment than mice that were 

transplanted with the same leukemic blasts at day time (n=20 mice per group from 

n=5 different patients; night: 54.34 ± 40.94% vs. day: 26.92 ± 30.10%, human leukemic 

cells in BM, p=0.0172; Figure 1C). Remarkably, 2 of the 5 transplanted AML patient 

samples engrafted only in mice transplanted at night (5/5 engrafted AML and 20/20 

engrafted mice) but not at day time (3/5 engrafted AML and 14/20 engrafted mice; 

Figure 1C and Table S2). Of note, these findings were confirmed in analyses of spleen 

and peripheral blood (PB) which also showed higher infiltrations with leukemic cells in 

night versus day transplanted mice (Table S2 and Figure S1A-B). 

 

 

Leukemic cells % blasts transplantation 
route

injected cell 
number

tramsplantation 
time-point treatment engrafted/ 

transplanted mice
Analysis 

time-point

% human 
leukemic cells 

in BM

% human 
leukemic cells 

in PB

% human 
leukemic cells 

in spleen

% human 
leukemic cells 

in liver

day none 5/5 week 28 66.42±23.75 13.56±10.74 3.64±1.10 7.18±6.13
night none 5/5 week 28 97.26±0.80 35.80±12.81 5.30±2.60 43.84±11.07
day none 5/5 week 30 40.38±22.61 7.40±6.85 12.14±7.29 38.24±28.19

night none 5/5 week 30 80.86±23.14 21.10±10.23 36.24±19.83 79.72±16.8
day none 5/5 week 22 4.86±4.63 1.8±1.29 1.42±0.92 4.12±2.60

night none 6/6 week 22 35.57±30.86 9.85±11.21 13.03±13.51 19.97±22.14
day none 0/3 week 39 0 0 0 0

night none 2/3 week 39 11.40±18.21 0 0 0.97±0.15
day none 0/2 week 41 0 0 0 0

night none 2/2 week 41 1.50±0.42 0 0 1.55±1.06
night control 4/4 week 24 94.50±4.41 43.73±3.25 28.18±8.15 47.98±3.64
night propranolol 4/4 week 24 42.08±13.30 26.03±8.52 12.87±0.58 20.33±6.88
night control 3/3 week 20 85.73±8.00 14.90±2.81 7.06±0.95 0.57±0.18
night propranolol 4/4 week 20 53.30±5.17 8.97±2.82 3.46±0.61 0.50±0.09
night control 3/3 week 3 19.69±12.04 1.115±0.85 1.727±1.01 n.a.
night propranolol 2/3 week 3 9.685±14.21 0.525±0.26 5.950±8.52 n.a.
day control 4/4 week 12 70.63±14.91 26.03±8.52 17.58±10.80 33.53±8.08
day epinephrine 4/4 week 12 90.33±2.25 43.73±3.26 28.7±4.80 47.98±3.64
day control 4/4 week 3 4.83±3.69 2.39±1.72 0.22±0.20 0.54±0.42
day epinephrine 5/5 week 3 11.99±6.12 7.58±6.28 1.38±2.36 1.70±1.13

1 x 106Patient #8 68.0% i.v.

n.a. i.v.

Patient #5 52.0% i.v. 1 x 106

Patient #8 68.0% i.v. 1 x 106

1 x 106Patient #1 95.0% i.v.

n.a. i.v.

1 x 106Patient #4 80.5% i.v.

Patient #1 95.0% i.v. 1 x 106

EOL-1 (cell line) 5 x 104

EOL-1 (cell line) n.a. i.v. 5 x 104

Patient #2 87.0% i.v. 1 x 106

1 x 106Patient #3
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Table S2 
Transplantation procedures and treatments, analysis time-points and engraftment 

percentages for each AML case. 
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Figure S1 
(A-B) Mice were analyzed at first signs of disease for long-term engraftment after day 

(blue) vs. night (dark blue) transplantation. Shown are percentages of leukemic cells 

in the spleen (A) and PB (B; n=5 different AML cases with n=3-6 mice each per AML 

case and condition). No engraftment was detected in the spleen nor the PB for patients 

#4 and #5. (C) Targeted next generation sequencing of BM samples before 

transplantation into recipient mice (grey), after day (blue) or night (dark blue) 

transplantation. Leukemia-related individual mutations identified are indicated for each 

of the three patients tested (n=3 AML samples).  

(D-E) Mice were analyzed at first signs of disease for long-term engraftment after day 

control (blue) vs. day + epinephrine treatment (purple). Shown are percentages of 

leukemic cells in the spleen (D) and PB (E, n=1 cell line in 3 independent experiments 

and n=1 primary patient sample, n=3-4 mice per AML case and condition).  

(F-G) Mice are analyzed at first signs of disease for long-term engraftment after night 

control (dark blue) vs. night + propranolol treatment (brown). Shown are percentages 

of leukemic cells in the spleen (F) and PB (G, n=1 cell line in 3 independent 

experiments and n=2 primary patient samples, n=3-4 mice per AML case and 

condition).  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for statistical analysis.  

 

Consistently, histopathological analyses showed micro-leukemic infiltrations in the BM 

of mice transplanted during day, while mice transplanted during night analyzed at the 

same time points showed much more aggressive leukemic infiltration (Figure 1D). 

 To analyze whether night and day transplantation favors engraftment from cells with 

specific leukemic mutations we performed targeted Next Generation Sequencing 

(NGS) comparing allele frequencies in samples collected from day and respectively 

night transplanted mice. Similar patterns were revealed except for one patient (patient 

3) for which the mutation in isocitrate dehydrogenase 1 (IDH1) was only present when 

AML cells were transplanted at night (Figure S1C). Latter indicates that cells displaying 

such a mutation might be more permissive for engraftment in the night settings.  
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To further consolidate these data generated in PDX models, we further investigated 

whether findings hold true also in a syngeneic MLL-PTD/FLT3-ITD mouse AML model. 

Similar numbers of MLL-PTD/FLT3-ITD leukemic cells were transplanted at the same 

timepoints as described in Figure 1A and lead indeed to earlier disease induction in 

night compared to day transplanted mice (n=12 mice per group, longer survival time 

observed 38 days for day transplantation vs. 34 days for night transplantation; median 

survival night: 30 days vs. day: 35 days, p= 0.0004, Figure 2A) accompanied by higher 

spleen weight (n=15 mice per group, night: 348.5 ± 173.6 mg vs. day: 196.3 ± 170.5 

mg, p=0.0396, Figure 2B and S2A) and overall more pronounced organ engraftment. 

These results were further confirmed by histopathological analyses where at daytimes 

transplanted animals showed only few malignant amongst healthy hematopoietic cells 

while at night transplanted mice showed high infiltration rates (Figure 2C). 

Consistently, blood counts showed enhanced numbers of white blood cells mice 

(n=14-15 mice per group, night: 42.37 ± 35.64 (x109) cells/L vs. day: 15.01 ± 23.17 

(x109) cells/L, p=0.0019 ; Figure 2D), and decreased numbers of red blood cells (n=13-

15 mice per group, night: 6.683 ± 2.478 (x1012) cells/L vs. day: 8.094 ± 1.428 (x1012) 

cells/L, p=0.0006; Figure 2D) going along with decreased hemoglobin (n=13-15 mice 

per group, night: 103.1 ± 39.92 g/L vs. day: 125.7 ± 19.61 g/L, p=0.0001; Figure 2D) 

but also platelets (n=13 mice per group, night: 396.6 ± 233.1 (x109) cells/L vs. day: 

580.1 ± 182.0 (x109) cells/L, p=0.0019; Figure 2D) and in night vs. day transplanted, 

indicating highly impaired hematopoiesis in these mice.  

Taken together, these data indicate that night transplantation accelerates disease 

induction and increases leukemic burden in both PDX and syngeneic mouse models. 
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Figure 2: Conserved effects in syngeneic mouse models: Night transplantation 
promotes leukemia induction in mice transplanted with MLL-PTD/FLT3-ITD 
leukemic cells. 
(A) Kaplan-Meier survival analysis of day (blue) vs. night (dark blue) mice transplanted 

with 50.000 MLL-PTD/FLT3-ITD cells (n=9 mice in total per condition with n=3 mice 
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each in 3 independent experiments). (B-D) Day and night transplanted mice were 

sacrificed and analyzed for long-term engraftment at first sign of disease (i.e. 27 days 

post transplantation).  (B) Spleen weight taken from day (blue) vs. night (dark blue) 

transplanted mice. (n=9 mice in total per condition with n=3 mice each in 3 

independent replicates). (C) Representative histopathological images of spleens 

(upper panel) and BM (lower panel) of day (blue, left) vs. night (dark blue, right) 

transplanted mice (400x and 630x magnification; H&E staining). (D) Blood counts 

(white blood cells, left; red blood cells, middle left; hemoglobin levels, middle right and 

platelets, right) were analyzed in the PB of mice transplanted at day (blue) vs. night 

(dark blue) time-points (n=9 mice in total per condition with n=3 mice each in 3 

independent replicates).  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for spleen weights and blood counts, and Log-

rank (Mantel-Cox) test for Kaplan-Meier analysis. 
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Figure S2 
(A) Representative picture of the increased spleen sizes observed after night 

transplantation (dark blue) vs. day (blue). Shown are spleens from n=12 mice per 

group in n=3 independent experiments. (B) Representative picture of the increased 

spleen sizes observed after epinephrine treatment during day transplantation (purple) 

vs. day control transplantation (blue). Shown are spleens from n=4 mice per group. 

(C) Spleen weight quantification of mice transplanted at day (blue) or at day after 

epinephrine (purple) treatment (n=10 mice in total, performed in 3 independent 

replicates). (D) Analysis of blood counts (white blood cells, left; red blood cells, middle 

left; hemoglobin, middle right and platelets, right) of mice transplanted at day (blue) or 

at day after epinephrine (purple) treatment (n=10 mice in total, performed in 3 

independent replicates). (E) Representative picture of decreased spleen sizes 

observed after propranolol treatment during night transplantation (brown) vs. night 

control transplantation (dark blue). 

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for statistical analysis.  

 
Higher catecholamine levels during night enhance leukemic burden 
Mice are naturally more active at nighttime and we observed that mice showed more 

distress due to interruption by light exposure for two hours and transplantation during 

night compared to standard procedures performed during day time (Movies S1 and 

S2). To further explore the role of stress behavior in leukemia induction, we measured 

levels of stress hormones in the plasma and femur fluids at these different 

transplantation timepoints and found enhanced levels of epinephrine, nor-epinephrine 

and corticosterone (n=3 mice per group, Figure 3). Of note, amongst other epinephrine 

levels were significantly higher in both plasma and femur extracts derived from mice 

analyzed at night compared to daytime (for epinephrine: night 0.321 ± 0.017 ng/ml vs. 

day 0.102 ± 0.012 ng/ml in plasma, p=0.023 and night 21.080 ± 1.038 ng/ml vs day 

13.15 ± 3.573 ng/ml in femur fluids, p=0.021; Figure 3).  
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Figure 3: Night transplantation associates with enhanced epinephrine, 
norepinephrine and corticosterone levels. 
Epinephrine (left), norepinephrine (middle) and corticosterone (right) levels measured 

in the plasma and femur fluids of NSG mice at day (blue) vs. night (dark blue) time-

points (n=3 mice per group) using an ELISA approach.  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test. 

 

To test if catecholamine and adrenergic signaling pathways are involved in the 

observed “night effect” enhancing leukemia induction, we performed additional in vivo 

experiments with single-dose epinephrine treatment prior to daytime transplantations 

(Figure 4A). Mimicking the stress situation via catecholamine treatment before 

daytime transplantation accelerated disease-related death of mice compared to 

vehicle-treated animals as observed upon transplantation of MLL-PTD/FLT3-ITD cells 

in the syngeneic model (n=12 mice per group; longer survival time observed 28 days 

for day transplantation vs. 25 days for day with catecholamine treatment; median 

survival day untreated 27.5 days vs. day + epinephrine 24 days, p=0.0035; figure 4B) 

and even more pronounced in the xeno-setting upon transplantation of the human 

AML EOL-1 cell line in NSG mice (n=11-15 mice per group; longer survival time 

observed 38 days for day transplantation vs. 32 days for day with catecholamine 

treatment; median survival day untreated 37 days vs. day + epinephrine 32 days, 

p=0.0055; Figure 4C). This reduced overall survival upon epinephrine treatment prior 

to transplantation correlates with significantly increased long-term engraftment of the 

EOL-1 cell line but also primary patient cells (EOL-1 cell line n=10-11 mice per group, 

epinephrine: 29.49 ± 23.22 % vs. untreated: 15.22 ± 16.92 % leukemic cells in BM, 
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p=0.064 and patient #8 primary AML cells n=4 mice per group, epinephrine 90.33 ± 

2.251 % vs. 70.63 ± 14.91 %, p=0.029; Figure 4D). Interestingly, epinephrine 

treatment also led to enhanced engraftment of leukemia cells in the spleen, and higher 

levels of malignant cells were found in the PB in comparison to control animals (Figure 

S1D-E). Similar results were obtained in the syngeneic model, which displayed 

splenomegaly after epinephrine treatment (n=10 mice per group, control 182.0 ± 137.9 

mg vs. epinephrine 229.9 ± 174.5 mg, p=0.5046; Figure S2B-C) but only showed 

minor effects in blood counts of the PB (Figure S2D). 

Taken together, these data indicate that increased catecholamine levels measured at 

night play an important role in the enhanced engraftment observed with our 

transplantation method. 

 

 
 

Figure 4: Pre-treatment with epinephrine promotes leukemogenesis from 
transplanted leukemic cells. 
(A) Schematic overview of epinephrine treatment before day transplantation. Mice 

were given 2 mg/kg epinephrine intraperitoneally one hour before day transplantation 

of leukemia cells in order to mimic the “night effect”. (B) Kaplan-Meier survival analysis 

of mice transplanted at day (blue) vs. transplanted at day with prior epinephrine 

treatment (violet) with 5x104 MLL-PTD/FLT3-ITD cells (n=6-7 mice per group in total, 

experiments performed in 3 independent replicates). (C) Kaplan-Meier survival 

analysis of NSG mice transplanted at day (blue) vs. transplanted at day with 

epinephrine treatment (violet) with 5x104 EOL-1 leukemia cells (n=9 mice per group in 
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total, experiment performed in 3 independent replicates). (D) NSG mice were analyzed 

at first signs of disease for long-term engraftment of leukemia cells in the BM after day 

(blue) vs. epinephrine treatment during day (violet, n=1 AML cell line in 3 independent 

replicates with n=9 mice in total; and n=1 primary AML sample, n=3-4 mice per group 

and condition).   

Data are represented as boxes that extend from the 25th to the 75th percentiles. Middle 

line represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for long-term analyses, and Log-rank (Mantel-

Cox) test for Kaplan-Meier analysis. 

 

Blocking adrenergic signaling pathways can decrease the observed “night 
effect” 
In line with the enhanced stress hormone levels measured during night, we found that 

treating mice with the beta1/2 blocker propranolol could reverse the stress phenotype 

during night, leading to less active animals as expected (Movie S3). Following this 

observation, we established a beta-blocker treatment protocol, in which mice received 

a single dose of propranolol or respectively vehicle control one hour before night 

transplantation (Figure 5A). In contrast to epinephrine treatment, chemical blockade 

of beta-adrenergic signaling during night resulted in increased survival rates of NSG 

mice injected with the EOL-1 cell line (longer survival time observed 25 days for night 

transplantation vs. 32 days for night with propranolol treatment; median survival night 

control solution 23 days vs. night propranolol 28 days, p=0.0002; Figure 5B) further 

confirmed by reduced leukemic burden upon transplantation of EOL-1 but also primary 

AML cells to the BM compared to control mice injected and sacrificed at the same 

timepoint (n=17-18 mice per group, propranolol: 27.36 ± 17.47 % vs. untreated: 53.46 

± 38.13 % leukemic cells, p=0.0146; Figure 5C). Consistently, propranolol treatment 

also led to reduced leukemic infiltration in the spleen and lower number of malignant 

cells circulating in the PB in comparison to control animals (Figure S1F-G).  
To further consolidate these findings, we repeated this experimental setting with the 

MLL-PTD/FLT3-ITD syngeneic mouse leukemia model to investigate if this again is a 

general effect, not only limited to PDX models. Transplantation of similar numbers of 

leukemia cells in animals treated with propranolol before transplantation at the night 
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timepoint significantly prolonged the overall survival compared to control treated 

animals (n= 9 mice per group, longer survival time observed 34 weeks for night control 

vs. 40 weeks for night propranolol; median survival night control: 33 days vs. night 

propranolol 34 days, p = 0.0402; Figure 5D). Mice treated with propranolol before night 

transplantation furthermore displayed reduced leukemic burden compared to control 

treated mice when analyzed at first signs of disease (Figure 5E-F). Indeed, 

splenomegaly was less pronounced in propranolol treated mice (n=11-12 mice per 

group, night control: 744.9 ± 105.1 mg vs. night + propranolol: 559.5 ± 70.90 mg, 

p=0.0025; Figures 5E and S2E) and these mice also displayed reduced white blood 

cell numbers (night control: 299.7 ± 107.1 vs. night propranolol: 127.5 ± 43.77 (x109) 

cells, p=0.0002; Figure 5F), increased red blood cells (night control: 4.923 ± 0.9673 

vs. night propranolol: 6.738  ± 0.8921 (x1012) cells, p=0.0007; Figure 5F) and 

hemoglobin levels (night control: 85.25 ± 14.91 vs. night propranolol: 114.8 ± 14.23 

g/L, p<0.0001; Figure 5F)  as well as platelets numbers (night control: 222.3 ± 28.19 

vs. night propranolol: 370.9 ± 96.83 (x109) cells, p=0.0023; Figure 5F) when compared 

to control animals, indicating a less advanced disease.  

Altogether, these data demonstrate that blocking adrenergic signaling using a 

common clinically used beta-blocker can counteract the effect of stress behavior on in 

vivo leukemogenesis observed at night-time in mice.  
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Figure 5: Pro-leukemogenic effects induced by night transplantation are 
reduced by pre-treatment with propranolol. 
(A) Schematic overview of experimental set-up for propranolol treatment. Mice 

transplanted at night were injected with propranolol (10mg/kg) or control treatment 

(0.9M NaCl) intraperitoneally one hour before transplantation. (B) Kaplan-Meier 

survival analysis of NSG mice transplanted at night with 5x104 EOL-1 human AML 

cells, after pre-treatment with vehicle control (dark blue) vs. propranolol (brown) (n=9 

mice per group in total, experiments performed in 3 independent replicates). (C) Mice 

were analyzed for long-term engraftment at first signs of disease of any mouse of the 

experiment (night transplantation and vehicle control, dark blue, or respectively 
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propranolol, brown) (n=2 patient samples and n=1 AML cell line, n=3-5 mice per 

condition). (D) Kaplan-Meier survival analysis of mice transplanted with 5x104 murine 

MLL-PTD/FLT3-ITD leukemia cells at night transplantation with vehicle control (dark 

blue), vs. at night with propranolol (brown) (n=9 mice per condition, experiments 

performed in 3 independent replicates). (E) Kaplan-Meier survival analysis of mice 

transplanted with 50.000 murine MLL-PTD/FLT3-ITD leukemia cells at night with 

vehicle control treatment (dark blue) vs. propranolol treatment (brown) (n=8-9 mice 

per group, performed in 3 independent replicates). (F) Spleen weight taken from 

control (dark blue) and propranolol treated (brown) night mice. Mice from both groups 

were sacrificed and analyzed for long-term engraftment at the same time-point (n=9 

mice in total per group, performed 3 independent experiments, sacrificed 27 days post 

transplantation). (F) Blood counts (white blood cells, left; red blood cells, middle left; 

hemoglobin, middle right and platelets, right) levels were analyzed in the PB of mice 

transplanted at night (dark blue) or at night after propranolol (brown) treatment (n=9 

mice in total per group, performed in 3 independent experiments, sacrificed 27 days 

post transplantation).  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for long-term analyses, spleen weights and 

blood counts, and Log-rank (Mantel-Cox) test for Kaplan-Meier analysis. 

 

Adrenergic signaling pathways influence the homing of leukemic cells to the BM 
 
An important physiological process, which happens directly after IVtransplantation is 

the migration (“homing”) of transplanted cells from the PB into the BM, a process that 

is shared by both healthy HSPCs and also malignant cells. We hypothesized that the 

homing process would be particularly influenced by the timepoints of transplantation. 

Therefore, in order to investigate the mechanisms underlying the difference in survival 

and long-term engraftment in day vs. night settings, we performed homing assays with 

AML cells. Leukemic cells were fluorescently labeled with CFSE prior to 

transplantation in order to facilitate their detection afterwards. Labeled cells were then 

intravenously transplanted at different timepoints with different treatment conditions 
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(Figure 6A), and mice were analyzed 12 hours post transplantation for CFSE positive 

cells in BM, PB and spleen.  

Interestingly, cells from the same primary AML sample showed higher homing rates 

upon transplantation at night compared to day time (n=32 mice per group from n= 7 

AML patient samples, night: 0.2906 ± 0.199% vs. day: 0.1188 ± 0.1030%, p=0.0002; 

Figure 6B and S3C). Of note, higher homing rates were also observed in the spleen 

(Figure S3A and S3C).  Consistently, lower numbers of labeled cells were detected 

circulating in the PB upon night transplantation (Figure S3B and S3C).  

 

 
 

Figure 6: Modulation of adrenergic signaling pathways influence leukemic cell 
homing 
(A) Schematic overview of experimental set-up for epinephrine and propranolol 

treatment. Mice were injected with epinephrine (2mg/kg), propranolol (10mg/kg) or 

control treatment (0.9M NaCl) intraperitoneally one hour before transplantation. 
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(B) Homing rates of CFSE stained leukemic cells within the BM of mice transplanted 

at day (blue) or night (dark blue) timepoints (n=4-5 mice per AML case and condition, 

n=7 different AML samples). (C) Homing rates of CFSE stained leukemic cells within 

the BM of mice transplanted at day (blue) vs. night (dark blue) with and without 

propranolol pre-treatment (respectively grey and brown) (n=3 AML samples, n=3 mice 

per condition). (D) Homing rates of CFSE stained leukemic cells within the BM of mice 

transplanted at day time-points after pre-treatment with vehicle control (blue), 

epinephrine (purple) or propranolol plus epinephrine (green) (n=3 different AML 

samples, n=3 mice per condition). Note that data points presented for the day 

condition in B and C are the same due to optimization of animal numbers in regard to 

the 3R principle. 

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for statistical analysis.  

 

The night transplantation effect on the homing of primary AML cells was also—at least 

partially—counteracted by pre-treatment of mice with propranolol (n=6 mice per group 

from n=2 AML patient samples, propranolol: 0.3333 ± 0. 05164 % vs. untreated: 

0.5333 ± 0.08165 % leukemic cells in BM, p=0.0533; Figure 6C and S3F). Importantly, 

the effect of beta-blocker treatment on leukemia induction and homing was also 

observed in the spleen and again on the number of circulating malignant cells (Figure 

S3D-F). Additionally, propranolol treatment during day transplantation had no effect 

on homing of leukemia cells when compared to control animals transplanted at 

daytimes (n=6 mice per group from n=2 AML patient samples, day + propranolol: 

0.1567 ± 0.04967 % vs. untreated: 0.1667 ± 0.05164 % leukemic cells in BM, 

p>0.9999, Figure 6C and S3D-F).  

Furthermore, epinephrine treatment significantly increased homing of malignant cells 

to the BM (n=9 mice per group, epinephrine:  0.384 ± 0.086 vs. untreated: 0.159 ± 

0.043 % leukemic cells, p<0.0001 ; Figure 6D and S3I) as well as to the spleen (Figure 

S3H), while propranolol treatment was able to partially counteract the enhanced 

homing rates observed upon epinephrine treatment (Figure 6D and S3G-I).  
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These data indicate that homing is also highly influenced by the timepoint of 

transplantation as well as by adrenergic signaling pathway activation suggesting that 

the observed long-term and survival phenotype might be due to different homing rates.  
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Figure S3 
(A-B) Homing of CFSE stained leukemic cells in the spleen (A) and the PB (B) of mice 

transplanted during day (blue) vs. night (dark blue; n=3-5 mice per condition and n=7 

different AML samples). (C) Homing of leukemic cells in the BM, spleen and PB of 

mice transplanted during day (blue) vs. night (dark blue). Results from all AML 

samples shown in Figure 6B and S3A-B were pooled together. (D-E) Homing of CFSE 

stained leukemic cells in the spleen (D) and PB (E) of mice transplanted at day control 

(blue), day with propranolol treatment (grey), night control (dark blue) or night with 

propranolol treatment (brown; n=3 mice per group, n=2 different AML samples). (F) 
Homing of leukemic cells in the BM, spleen and PB of mice transplanted during day 

(blue) day with propranolol treatment (grey), night control (dark blue) or night with 

propranolol treatment. Results from all AML samples shown in Figure 6C and S3D-E 

were pooled together. (G-H) Homing of CFSE stained leukemic cells in the spleen (G) 
and PB (H) of mice transplanted at day control (day), day with epinephrine treatment 

(purple) or day with epinephrine and propranolol treatment (green, n=3 mice per 

condition and n=3 different AML samples). (I) Homing of leukemic cells in the BM, 

spleen and PB of mice transplanted during day (blue), day with epinephrine treatment 

(purple) or day with epinephrine and propranolol treatment. Results from all AML 

samples shown in Figure 6D and S3G-H were pooled together.  

Note that data points presented for the day condition in C and E as well in D and F are 

the same due to optimization of animal numbers in regard to the 3R principle. 

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for statistical analysis.  

 
Malignant cells are less sensitive to CXCR4 blockade than healthy HSPCs, 
which are also not impacted by the timepoint of transplantation  
Given that CXCR4/SDF-1 is a major axis involved in the homing of HSPCs (Aiuti, 

1997; Méndez-Ferrer et al., 2008; Sugiyama, 2006), but also reported to play a role in 

leukemia-stroma interactions in AML (Cho, 2017; Fiegl, 2009; Sison et al., 2013; 

Tavor, 2004; Voermans, 2002), we next wanted to analyze whether the epinephrine-

driven effect was also dependent on this axis or another underlying mechanism. By 

using flow cytometry, we first confirmed that all tested AML samples (12 primary AML 
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samples and 3 AML cell lines used in in vivo studies) express CXCR4 and found 

heterogenous surface expression varying between 8.37% (patient 13) and 93.9% 

(patient 4) of CXCR4 positive cells (Figure S4A).  

 

 
Figure S4 
(A) CXCR4 surface expression on AML samples was measured using flow cytometry 

(n=2 AML cell lines and n=12 primary AML samples). (B) VLA-4 surface expression 

on AML samples was measured using flow cytometry (n=2 AML cell lines and n=3 

primary AML samples). Data represent % positive cells within the bulk of living single 

cells.  
 

We next performed homing assays and incubated AML cells with anti-CXCR4 blocking 

antibody prior to day transplantation. Mice received vehicle or epinephrine treatment 

as previously described. CXCR4 blockade slightly reduced the homing of AML cells 

both after control day transplantation, as well as after epinephrine treatment (n=19-21 

mice per group, untreated: 0.009965 ± 0.006382 vs. CXCR4 blockade alone:  

0.008786 ± 0.007968, p=0.6068 vs. epinephrine treated: 0.01342 ± 0.009374 vs. 

CXCR4 blockade and epinephrine treatment: 0.01237 ± 0.01066 % human leukemic 

cells, p=0.7398; Figure 7A). Hence, we performed similar homing experiment with cord 

blood derived CD34+ HSPCs. Of note, we could observe a stronger effect upon 

CXCR4 blockade in comparison to leukemic cells, indicating that leukemia might be 

less sensitive to CXCR4 blockade (n=9 mice per group, CXCR4 blockade:  0.0008822 

± 0.0009612 vs. untreated: 0.00323 ± 0.002517 % human cells, p=0.0188; Figure 7A). 
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Interestingly, homing of healthy HSPCs was neither increased by epinephrine 

treatment nor upon night transplantation (n=8-9 mice per group, epinephrine:  

0.003482 ± 0.002888 vs. untreated: 0.00323 ± 0.002517 % leukemic cells, p=0.25; 

Figure 7A and B).  

 
Figure 7: Malignant cells are less sensitive to CXCR4 blockade than healthy 
HSPCs which in turn are not impacted by the time-point of transplantation 
(A) BM homing rates of CFSE stained leukemic cells (left, n=3-15 mice per AML case 

and condition, n=1 AML cell line and n=2 AML samples) and respectively healthy 

HSPCs (right, n=2-3 mice per healthy donor sample and condition, n=3 different donor 

samples) after treatment with an anti-CXCR4 antibody (orange and dark red) or 

respectively vehicle control (blue and purple). Transplantations were performed at day 

in mice pre-treated with epinephrine (purple and dark red) or respectively vehicle 

control (blue and orange). Note that data points presented for day and day + epi 

conditions in 7A and 8A are the same due to optimization of animal numbers in regard 

to the 3R principle. 
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(B) Homing rates of CFSE stained healthy HSPCs within the BM of mice transplanted 

either during day (blue), night (dark blue, (n=3-4 mice per donor and condition, n=3 

different donor samples) or during day with epinephrine control (n=3-4 mice per donor 

and condition, n=3 different donor samples).  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for statistical analysis.  

 

Furthermore, human CD34+ HSPCs were also transplanted in recipient mice at day 

and night time points. Chimerism of human CD45+ cells among all peripheral blood 

mononuclear cells (PBMCs) showed no significant difference between day and night 

transplantation settings neither at the intermediate timepoint of 16 weeks nor at the 

final analysis endpoint at week 30 (week 16 day 13.59 ± 13.72 % vs. night 20.87 ± 

19.95 % of hCD45+ cells, p=0.2351 and week 30 day 38.96 ± 18.84 % vs. night 37.33 

± 17.94 % of hCD45+ cells, p=0.2351; Figure S5A). Similar results were obtained upon 

analysis of the expression of human CD3+, CD19+ and CD33+ cells (Figure S5A).  We 

could consolidate these observations in a syngeneic mouse model, in which UBC-

GFP lineage negative cells were transplanted into sublethally irradiated wildtype 

recipients. Donor GFP+ cells were observed in similar amounts in day vs. night 

transplanted mice (n=9 mice per group, day: 4.051 ± 4.791 % vs. night 5.8 ± 6.59 % 

donor GFP+ cells amongst BM cells, p=0.8456; figure S5B) further confirmed by 

similar percentages of donor CD3+, CD19+ and CD45+ cells (Figure S5B). Taken 

together, these data indicate that the effect of night transplantation and epinephrine 

treatment is leukemia-specific and does not affect healthy HSPCs.  
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Figure S5 
(A) Infiltration of PB of recipient NSG mice with human hematopoietic cells, 16 weeks 

(left panel) or 30 weeks (final analysis endpoint, right) after transplantation with 

1.5x105 cord blood derived CD34+ cells at day (blue) vs. night (dark blue). Percentages 

of human donor CD45+, CD3+, CD19+ and CD33+ cells were assessed in murine PB 

(n=11-12 mice per condition from n=3 healthy cord blood samples). (B) Infiltration of 

PB of recipient WT mice with UBC-GFP murine donor hematopoietic cells, 16 weeks 

after transplantation (final analysis end-point) with 5x105 GFP+ Lin- at day (blue) or 

night (dark blue) timepoints. Percentages of murine donor GFP+ cells, CD45+, CD3+ 

and CD19+ cells assessed in the PB (n=9 mice per condition from n=3 different UBC-

GFP donor mice).  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  
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Student-t-test or Mann-Whitney-U-test for statistical analysis.  

 

VLA-4 is involved in adrenergic driven enhanced homing, likely due to enhanced 
affinity of VLA-4 to its receptor 
 
It was previously shown that the transmigration of human CD34+/CXCR4+ cells 

through BM endothelial cells was highly dependent on the interaction with VLA-4 

/VCAM-1 (Peled, 2000), hence we next investigated the importance of this integrin 

molecule in our model. We were particularly interested in studying VLA-4 in our 

epinephrine treatment condition, since it was reported to be functionally activated on 

immature CD34+ cells by CXCL12, whose levels are in turn increased during night and 

under stress conditions in mice (Méndez-Ferrer et al., 2010a; Méndez-Ferrer et al., 

2008; Peled, 2000). We found heterogeneous but high VLA-4 surface expression in 

both AML cell lines and primary samples (3 primary AML samples, 2 AML cell lines, 

Figure S4B). Even though all analyzed samples expressed high levels of VLA-4, AML 

cell lines displayed higher proportions of VLA-4 expressing cells (99.6 and 100% for 

SKM-1 and EOL-1 cell lines respectively) in comparison to primary AML cell lines 

(55.1, 52.2 and 43.4% for patient 1, 10 and 12 respectively, Figure S4B).  

 Consequently, we used an anti-VLA-4 blocking antibody to treat both AML and 

healthy HSPCs in homing assays prior to injection in combination with epinephrine 

treatment of NSG mice. Interestingly VLA-4 blockade could partially counteract the 

effect of epinephrine and decrease the homing rate of AML cells even though it had 

no significant effect on their homing capacity in basal conditions (n=17-18 mice per 

group, day control 0.00344 ± 0.001866 vs. day VLA-4 blockade 0.003687 ± 0.002112 

% leukemic cells, p=0.8386 and day epinephrine 0.0085 ± 0.00401 vs. day 

epinephrine + VLA-4 blockade 0.005574 ± 0.002853 % leukemic cells, p=0.0191; 

Figure 8A left panel). In contrast to this, their healthy counterparts HSPCs were highly 

sensitive to VLA-4 blockade in basal homing (n=8-9 mice per group, day control 

0.00323 ± 0.002517 % vs. day VLA-4 blockade 0.0006936 ± 0.002888 % human cells, 

p= 0.0098 and day epinephrine 0.003482 ± 0.002888 % vs. day epinephrine and VLA-

4 blockade 0.0008308 ± 0.0007209 % human cells, p=0.0174; Figure 8A). We next 

explored whether epinephrine was increasing the affinity of VLA-4 to its receptors. In 

an in vitro binding assay, we could show enhanced affinity of VLA-4 when expressed 
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on the surface of AML (n=25-26 technical replicates, control 1.306 ± 0.1873 vs. 

epinephrine 1.577 ± 0.4951 relative binding quantification, p=0.0025; Figure 8B-C left 

panel) in contrast to healthy CD34+ HSPCs, for which epinephrine treatment had no 

impact (n=15 technical replicates, control 1.206 ± 0.2224 vs. epinephrine 1.279 ± 

0.2021 relative binding quantification, p=0.1982; Figure 8B-C).  
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Figure 8: VLA-4 is involved in adrenergic-driven enhanced homing, likely due to 
enhanced affinity of VLA-4 to its receptor  
(A) Homing rates of CFSE stained leukemic cells (left panel) or healthy HSPCs (right 

panel) pre-treated with either anti-VLA-4 antibody (petrol blue and grey) or vehicle 

control (blue and purple). Cells were transplanted at day time in mice pre-treated with 

epinephrine (purple and grey) or vehicle control (blue and petrol blue). Note that data 

points presented for day and day + epi conditions in 7A and 8A are the same due to 

optimization of animal numbers in regard to the 3R principle. (B) In vitro affinity assay 

showing relative LDV peptide binding to AML cells (left panel, n=2 AML cell lines and 

n=1 AML sample, n=6-11 technical replicates per AML case and condition) or healthy 

HSPCs (right panel, n=15 healthy donor samples) upon epinephrine (purple) or vehicle 

control treatment (blue). Data are shown relative to EDTA treated control samples.  

Data are represented as boxes that extend from the 25th to the 75th percentiles. Line 

in the middle represents the median and the whiskers extend from the minimum to the 

maximum.  

Student-t-test or Mann-Whitney-U-test for homing experiments and ratio paired t-test 

for in vitro affinity assays for statistical analysis.  

 

Altogether these data show that in the case of leukemia cells, VLA-4 is involved in 

epinephrine-driven enhanced homing to the BM, certainly via enhanced affinity of the 

integrin to its receptors, thus increasing the transmigration through the BM endothelial 

cell layer. 

 

N.B.: The discussion and Material and Method parts have been included with 

respectively the discussion of the chapter 4  and the general Material and Method part 

of this thesis.  
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1.2. ADDITIONAL DATA (NOT INCLUDED IN THE MANUSCRIPT) 
 

1.1.1. The expression of ARs is heterogenous between 
AML samples 

 
To investigate the possibility of an adrenergic regulation of the engraftment and 

homing of AML cells, we explored mRNA expression of the nine different ARs (a1a-

AR, a1b-AR, a1d-AR, a2a-AR, a2b-AR, a2c-AR, b1-AR, b2-AR, b3-AR) in four 

primary AML samples and thre AML cells lines used in our in vivo studies (Figure 10A-

B). The expression of ARs has been observed along all analyzed samples but at 

different levels. In general, we observed a higher expression in the cell lines, especially 

in the SKM-1 cell line (Figure 10B) in comparison to AML patients samples (Figure 

10A). Amongst the different types of receptors. Next to ARb2, the a2-AR category is 

the most represented amongst all AML samples in the majority of the analyzed 

samples. Two AML cell lines, EOL-1 and NOMO-1 behave differently, since they 

almost exclusively express  mRNA for b3-AR (Figure 10B).  
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Figure 10: ARs expression on AML cells.  

mRNA expression of the different types of ARs (AR a1 subtypes (a1a-AR, a1d-AR, 

a1d-AR) in green, AR a2 subtypes (a2a-AR, Aa2b-R, a2c-AR) in blue and ARs of the 

b subtype (b1-AR, b2-AR, b3-AR) in orange) was determined by qRT-PCR in four 

primary AML samples and three AML cell lines (EOL-1, SKM-1 and NOMO-1). Data 

are represented as levels of mRNA relative to the housekeeping gene PBGD 

(Porphobilinogen deaminase).  

 

1.1.2. The number of colony forming unit cells (CFU-C) is 
neither influenced by our time-point of transplantation 
nor by EPI treatment 

 
It is well established that the levels of SDF-1 and the related CFU-C numbers, which 

inform about the number of circulating HSPCs,  from PB of mice are influenced by 

circadian regulations. We were interested to investigate whether this was the case in 

our transplantation settings, namely between the two different time-points of injection. 

We first compared levels of Sdf-1 mRNA in samples collected at day (5 pm) and night 

(4 am) time-points of transplantation. We observed significantly higher levels of Sdf-1 

at night in comparison to day in the BM of transplanted mice (Figure 11A). We also 

looked at the capacity of the peripheral blood mononuclear cells (PBMCs) isolated 

from the PB of the mice to form CFU-C.  We could not see a difference in the CFU-C 

numbers between the PB collected at day and at night (Figure 11B). Similarly, we also 

analyzed the levels of Sdf-1 mRNA in the BM of mice at two different time-points (one 

hour and two hours) after epinephrine treatment (Figure 11C). Of note, similarly to the 

in vivo experiments, EPI treatment was performed during day (at 4:00 pm). EPI 

treatment did not influence the expression of Sdf-1 mRNA in the murine BM in any of 
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the analyzed time-point (Figure 11C).  The number of circulating HSPCs was also not 

impacted by epinephrine treatment (Figure 11D). As it was published and confirmed 

that both Sdf-1 levels and HSPCs numbers in circulation are influenced by circadian 

rhythms (Méndez-Ferrer et al., 2008), we decided to analyze these two variables at 7 

different time-points between midnight and 10 am under classical light conditions 

(Figure 11E) and also under what we term “transplantation” light conditions (Figure 

11F), i.e. switch on of the light for 2 hours between 3 and 5 am. Under steady-state 

conditions, i.e. when mice were exposed to a classical cycle of 12 hours light and 12 

hours darkness, we could recapitulate the previously published data and show that 

the numbers of circulating HSPCs is clearly oscillating in the investigated timeframe 

with a peak around light onset (Figure 11E). In parallel, Sdf-1 mRNA levels also 

markedly oscillated and reached the nadir around light onset (Figure 11E). 

Interestingly, the oscillation pattern was very different when the classical cycle of light 

and darkness was disturbed. 2 hours of light input during darkness was sufficient to 

shift the peak of circulating HSPCs around this unusual time point of light onset (3-4 

am) and to break the usual peak in Sdf-1 mRNA, which dropped very rapidly after light 

onset (Figure 11F). Of note, the CFU-C peak observed under these light conditions is 

less pronounced than the usual peak and substitutes the latter (Figure 11F).  
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Figure 11: Influence of the circadian rhythm and EPI treatment on the levels of 
Sdf-1 and the number of circulating progenitors. 
(A) Sdf-1 mRNA levels in the BM of the mice analyzed at day (blue) and night (dark 

blue) time-points were determined by qRT-PCR (n=3 mice per group). Data are 

represented as levels of mRNA relative to the housekeeping gene GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase). (B) The number of circulating 

progenitors was determined via a CFU assay. The total number of CFU-C 

(independent of the type of colony) was determined in the PB of mice at day (blue) 

and night (dark blue) time-points (n=10-11 mice per group). Data are represented as 

CFU-C per ml of murine blood. (C) Sdf-1 mRNA levels in the BM of mice treated during 

day with control (blue) or EPI (purple) were analyzed by qRT-PCR. Mice were either 

analyzed one hour or two hours after treatment (n=3 mice per group). Data are 

represented as levels of mRNA relative to the housekeeping gene GAPDH. (D) The 

total number of CFU-C was determined in the PB of mice one hour after control (blue) 

or EPI (purple) treatment performed during day (n=6 mice per group). Data are 

represented as CFU-C per ml of murine blood. (E-F) Sdf-1 levels in the BM and CFU-

C numbers in the PB were determined in mice at seven different time points between 
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midnight and 10 am (0 am, 2 am, 3 am, 4 am, 6 am, 8 am and 10 am) under classical 

light/darkness conditions (E, 12 hours light/ 12 hours darkness cycle, switch on of the 

light at 7 am) and under “transplantation” light conditions (F, 2 hours of light during the 

classical darkness period, from 3 to 5 am). Data for Sdf-1 levels are represented as 

levels of mRNA relative to the housekeeping gene GAPDH and data for circulating 

progenitors as CFU-C per ml of murine blood (n=3 mice per group and condition).  

In (A, B, C and D) lines represent means with standard deviation. Shapiro-Wilk test for 

normality, Student-t-test, Mann-Whitney-U-test.  

 

1.1.3. EPI treatment does not affect Vcam-1 expression in 
the murine BM  

 
We next investigated in EPI treatment has an impact on the expression of the Vcam-

1 adhesion molecule in the murine BM. The analysis of three control and three EPI-

treated mice one hour after the induction of treatment did not reveal any impact of the 

catecholamine treatment of the mRNA level of Vcam-1 within the murine BM (Figure 

12).  

 

 
Figure 12: Effect of EPI on Vcam-1 mRNA expression in the BM of mice. 
Vcam-1 mRNA expression was determined by qRT-PCR in the BM of mice one hour 

after control (blue) or EPI (purple) treatment during day (n=3 mice per group). Data 

are represented as levels of mRNA relative to the mean expression levels of the two 

housekeeping genes PBGD and GAPDH. 

Lines represent means with standard deviation. Shapiro-Wilk test for normality, 

Student-t-test, Mann-Whitney-U-test.  
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1.1.4.  In vitro adhesion of AML cells but not HSPCs is 
influenced by EPI treatment 

 
In the data presented in the manuscript above, we can see that EPI treatment of 

recipient mice influences homing of AML cells (Figure 4). We were thus interested to 

investigate whether this is due to increased adhesion of the transplanted AML cells to 

the BM stroma. To address this question, we used an adhesion assay (Petit et al., 

2005), in which fluorescently labelled AML cells were co-incubated with the murine 

stromal MS-5 cell line (Figure 13A). After 90 minutes of co-incubation, the non-

attached AML cells were removed and the remaining adherent cells were trypsinized 

and analyzed by FC (Figure 13A). This assay allows us to include different types of 

treatment with EPI and the corresponding control, i.e. pre-treatment of AML cells 

before co-incubation with MS-5 cells, pre-treatment of MS-5 cells before co-incubation 

with AML cells and treatment of both cell types, which are then co-incubated, in order 

to be able to investigate which cell type is affected by the EPI treatment. In all cases, 

the duration of the co-incubation was 90 minutes and the concentration of EPI 

treatment was 10 µM (Figure 13A).  

The analysis of eight primary AML samples and three AML cells lines indicates that 

adhesion was enhanced upon EPI treatment during co-incubation in comparison to 

control treatment both for primary samples and cells lines (Figure 13B). Interestingly, 

the increase in adhesion of AML cell with the stromal cell line was visible for all types 

of EPI treatment, but was more pronounced when AML cells were pretreated with 

catecholamine solution (Figure 13C).  

Since we could not observe an influence of CB-derived healthy HSPCs by EPI 

treatment (Figure 7 of the manuscript), we were interested to analyze the behavior of 

these cells upon catecholamine treatment in adhesion assays. The analysis of HSPCs 

derived from four different healthy cord blood (CB) donors showed no difference in the 

adhesion of the hematopoietic cells to the stroma cell line upon EPI treatment (Figure 

13D). The result was similar in all three tested types of catecholamine treatments 

(Figure 13E).  
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Figure 13: Effect of EPI treatment on the adhesion of AML cells or HSPCs to 
stromal cells. 
(A) Schematic overview of the in vitro adhesion assay to MS-5 stromal cells. The effect 

of EPI treatment was investigated at different time-points of the assay (during co-
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incubation of AML cells/HSPCs with MS-5 cells, black, pre-treatment of MS-5 cells, 

blue, and pre-treatment of AML cells/HSPCs, red). (B) Adhesion of AML cells to 

stromal cells was determined after control (blue) and EPI (purple) treatment during co-

incubation in three AML cell lines (EOL-1, SKM-1 and NOMO-1) and n=8 primary AML 

samples (n=3-10 technical replicates per sample and condition). Data are represented 

as the percentage of leukemic cells amongst retrieved cells and determined by FC. 

(C) Adhesion of AML cells to stromal cells for all three types of EPI treatment was 

determined. Data are represented as fold change of the percentage of adherent 

leukemic cells after EPI treatment normalized to control. The same samples than in 

(B) were used. (D) Adhesion of CB derived HSPCs to stromal cells was determined 

after control (blue) and EPI (purple) treatment during co-incubation in samples derived 

from four healthy donors (n=4-5 technical replicate per sample and condition). Data 

are represented as the percentage of leukemic cells amongst retrieved cells and 

determined by FC. (E) Adhesion of CB derived HSPCs to stromal cells for all three 

types of EPI treatment was determined. Data are represented as fold change of the 

percentage of adherent HSPCs after EPI treatment normalized to control. The same 

samples than in (D) were used. (F) Adhesion of AML cells and CB derived HSPCs to 

stromal cells was determined after control (blue) and EPI (purple) treatment during 

coincubation in “competition assays”. Samples derived from four healthy donors as 

well as three primary AML samples and one AML cell line were added together in the 

same ratio on the MS-5 cells (n=4-5 technical replicates per sample and condition). 

Data are represented as the percentage of leukemic cells and HSPCs amongst 

retrieved cells and determined by FC. 

In (B, C, D, E and F) lines represent means with standard deviation. Shapiro-Wilk test 

for normality, Student-t-test, Mann-Whitney-U-test.  

 

Furthermore, we were hypothesizing a possible in vivo competition between the 

transplanted AML cells and endogenous HSPCs for the colonization of and/or the 

adhesion to the murine BM niche. We tested this hypothesis in this in vitro adhesion 

assay by plating a mixture of the similar proportions of human AML cells and HSPCs. 

We performed this assay with n=3 primary AML samples that were already studied in 

the adhesion assay in Figure 13B as well as the EOL-1 cell line. First of all, we could 

observe that in these competitive adhesion assay settings, both AML cells and HSPCs 

adhered to different extents to MS-5 cells. In two assays (patients 4 and 6), the 
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proportion of adherent AML cells was higher than the proportion of adherent HSPCs, 

whereas for the two other samples the opposite was observed (Figure 13F). This might 

be linked to the variability of patient as well as healthy donor samples. Moreover, when 

looking to the adhesion of AML cells under control treatment, we could see that for 

primary AML cells of patient 4 and 6, the percentage of adherent leukemic cells was 

very similar in the competitive assay (Figure 13F) when compared to the classical 

adhesion assay (Figure 13B), indicating that for these AML cells, the presence of 

HSPCs in the control treatment does not impact their adhesion to the stroma. 

Contrarily, cells from patient 7 and for the EOL-1 cell line are adhering less in the 

competitive assay (Figure 13E)  in comparison to the classical assay (Figure 13B). 

Focusing on the effect of EPI treatment, we were able to observe an increase in 

adhesion of all tested AML cells but none of the tested HSPCs. Notably, by comparing 

to the control, the ratio of adhered AML cells upon EPI treatment remained constant 

when comparing the same AML sample in the classical and the competitive adhesion 

assay (Figure 13B and F). 

 

1.1.5. Effect of EPI treatment on the transcriptome of the 
MS-5 stromal cell line 

 
In order to gain insight concerning the impact of adrenergic signaling pathway 

activation on the transcriptome of BM stromal cells, we performed RNA sequencing  

on MS-5 cell line as a quick and preliminary experiment. We compared the murine 

stromal cell line after EPI and control treatment. Principal component analysis (PCA) 

showed a clear separation of the two groups according to the treatment (Figure 14A), 

indicating an effect of EPI treatment on the gene expression of the stromal cell line. 

Amongst genes that were modulated by adrenergic activation, we could find some that 

were linked to chemotaxis, circulatory, leukocyte, migration and vessel related 

pathways (Figure 14B). Importantly, this is not an exhausted list of pathways that were 

influenced by EPI treatment, they were chosen because of their significance in our 

work.  

Unfortunately, no differentially expressed genes of adhesion related pathways were 

identified after EPI treatment in these experimental settings (data not shown). 
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Figure 14: EPI treatment impacts the transcriptome of the MS-5 cell line. 
(A) Principal component analysis (PCA) of MS-5 cells after 24 hours treatment with 

control (blue) or EPI (violet). (B) Heatmap of the genes from the different pathways of 

interest (see legend and color code below the plot) upon EPI treatment of MS-5 cells. 

Genes related to the pathways were extracted from the GO database. Row values are 

centered and scaled.  

 
 
We focused in more detail on both the chemotaxis (Figure 15A) and migration (Figure 

15B) related pathways, since they were particularly relevant to our study. In fact, as 

we discussed previously in this work, we could see an impact of EPI treatment to the 

homing of AML cells to the BM. This might be directly linked to chemotaxis and 

migration mechanisms, in which the stromal cells might play an important role.  

In line with this, we could observe that amongst differentially expressed genes 

(adjusted p.value < 0.05), the majority of them (403/574) were upregulated upon EPI 

treatment (Figure 15A-B). From the list of significantly upregulated genes, many of 
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them (Vegfa, Spp1, Ccl1, itgb7, itgb2) appear as very interesting  and will be described 

more in details latter in the discussion part (Figure 15A-B).  

 

 
 

 

−2

−1

0

1

2

M
S
-5
ct
rl_
1

M
S
-5
ep
i_
1

M
S
-5
ep
i_
2

M
S
-5
ep
i_
3

M
S
-5
ct
rl_
2

M
S
-5
ct
rl_
3

−2

−1

0

1

2

Sema5a
Thbs1
Wnt7b
Adam8
Lox
Sema3a
Ackr3
Trem2
Ccl2
Grem1
Ccl7
Pde4b
Vegfa
Spp1
Fgf7
Trpv4
Tgfb1
Itgb2
Fgfr1
Lgmn
Pde4d
Nr4a1
Il17rc
Cxcl1
Dusp1
Nrp1
Slit2
Lrp1
Sema3c
Cxcl5
Dusp3

M
S
-5
ct
rl_
1

M
S
-5
ep
i_
1

M
S
-5
ep
i_
2

M
S
-5
ep
i_
3

M
S
-5
ct
rl_
2

M
S
-5
ct
rl_
3

Sema5a
Il6st
Adam8
Tlr2
Postn
Aqp1
Smpd3
Rbpj
Msn
Anln
Thbs1
Sema3a
Dusp1
Egr1
Cxcl1
Trib1
Cxcl5
Spp1
Ptgs2
Fgf7
Ccl2
Prl2c2
Bmper
Lgmn
Fgfr1
Itgb2
Angpt4
Itgb7
Grem1
Trem2
Vegfa
Serpinf1
Pde4b
Ccl7
Hmox1
Lgals9
Pde4d
Il17rc
Nr4a1
Trpv4
Tgfb1
Ecm1
Nrp1
Slit2
Lrp1
Tgfbr3
Plpp3
Plau
Hdac4

A

B

z-
sc
or
e

z-
sc
or
e



 130 

 

Figure 15: Differentially regulated genes in MS-5 cells upon epinephrine 
treatment. 
(A) Heatmap of significantly differentially regulated genes derived from the 

chemotaxis related pathway. (B) Heatmap of significantly differentially regulated 

genes derived from the migration related pathway. 

 

1.1.6. Investigation of EPI treatment on the transcriptome 
of a primary AML sample and a CB-derived HSPCs 
sample 

 
 

Similarly to the RNA sequencing analysis of MS-5 cells, we also analyzed the effect 

of EPI on both primary AML cells from one patient and HSPCs from one healthy donor 

(Figure 16A). PCA shows that even though the respective AML cells and HSPCs nicely 

cluster together, this is absolutely not the case when comparing the samples treated 

with the control and the EPI solution, thus indicating no significant effect of EPI on their 

gene expression (Figure 16A). We could consequently not draw any conclusion from 

this analysis. This might be explained by a low quality of the RNA sample. 

Furthermore, it might be necessary to include additional AML and HSPC samples to 

observe significant differences. 
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Figure 16: Effect of EPI on the transcriptome of AML and HSPCs samples. 
(A) PCA of CB-derived HSPCs from one healthy donor (circles) and AML cells from 

patient #1 (triangle) after 24 hours of treatment with control (blue) or EPI (violet). 

 

1.1.7. EPI particularly influences endothelial cells within 
the BM microenvironment  

 

In regard to the very encouraging results obtained while studying the effect of EPI 

treatment on the transcriptome of mouse stromal cell line (1.1.5) we went one step 

further and used a more complex and realistic model.  In fact, we isolated different 

types (CAR cells, SECs, AECs, and MSCs) of BM cells from mice treated for 20 

minutes either with control or epinephrine solution (Figure 17A-B). Unfortunately, 

isolated AECs and MSCs could not be further analyzed because of the very low RNA 

quality and quantity. Of note, we also analyzed a mixture of BM cells (“bulk BM cells”) 

that did not undergo any FC sorting.  

Very interestingly, the number of differentially expressed genes (DEG) between 

control and EPI samples was very low for the bulk BM cells (127 DEG) and the CAR 

cells (871 DEG), but reached 6508 DEG for SECs, thus indicating an effect of EPI 

mainly on these endothelial cells (Figure 17C-D). About half of the DEG for the CAR 

cells were also common to SECs (Figure 17D). According to theses observation, we 

choose to focus on the effect of EPI on the transcriptome of endothelial cells, thus 

further analysis will only be shown for this cell type. Two SECs samples that were 

treated with EPI (Epi_sec_1 and Epi_sec_2) were of very low quality (about 200.000 

versus 50 millions of reads) and were consequently taken out of the analysis. Of note, 

these samples were also outliers in the PCA (Figure 17E). Nevertheless, the new PCA 

generated without these two samples still indicated high variability between the 

remaining EPI samples (Figure 17F).  
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Figure 17: Effect of EPI treatment on different types of primary murine BM 
cells. 
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(A) Overview of the experimental procedure for the isolation of primary murine BM 

cells. More details about the protocol are given in the Material and Method section of 

this thesis. (B) Gating strategy for the isolation of CAR cells and SEC. In the first FC 

plot, cells were already gated on single living cells. Protocol and gating strategy were 

established with the help of Patrick Helblin (Uni, Ort, Land) and according to previously 

published work (Gomariz et al., 2018). (C) Number of differentially expressed genes 

(DEG) in each studied category of BM cells. In each group, upregulated genes are 

represented in red and downregulated genes in blue. (D) Venn diagram showing the 

number of common DEG between the different categories of BM cells. (E) PCA of 

isolated SEC samples after EPI (violet) or control (blue) treatment. All four samples of 

each group are used in this PCA. (F) PCA of isolated SEC samples after EPI (violet) 

or control (blue) treatment. In contrast to the plot in (E), two outlier samples were 

removed.  

 

Similar to the analysis performed with MS-5 cells, we also looked at the effect of EPI 

on genes from pathways containing terms of interest linked to migration, adhesion and 

chemotaxis since we hypothesized an effect of EPI on the adhesion of AML to 

endothelial cells, thus favoring their migration into the BM. Unfortunately, we could find 

only four significantly upregulated pathways containing these terms (Figure 18A) and 

many downregulated pathways (data not shown). Globally,  a vast majority of the DEG 

were related to pathways containing the following terms of interest: adrenergic 

signaling, synaptic signaling, blood pressure for the upregulated genes and cell cycle 

and cell division, DNA repair, and protein formation for the downregulated genes 

(Figure 18B). This is not surprising and confirms that EPI treatment indeed impacts 

gene expression in these mice, however, the effect on theses pathways is very strong 

and could consequently shadow and dilute more finely regulated pathways, including 

those linked to adhesion, migration or chemotaxis.  
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Figure 18: Differentially regulated pathways upon EPI treatment in SEC.  
(A) Barplot of the pathways significantly upregulated by EPI treatment amongst the 

pathways containing the following terms of interest: migration, adhesion or 

chemotaxis. Plotted are the negatives of the log10 of the adjusted (adj.) p-value. 

Significance was determined by applying a gene set enrichment analysis on our data 

and then by using a cutoff adj. p-value ≤  0.05. (B) Heatmap of the DEG between SEC 

samples treated with control (blue) or EPI (violet) of the pathways containing the most 

represented terms of interest. Genes related to the pathways were defined from the 

GO database. Row values are centered and scaled. 
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1.3. DISCUSSION 
 
Circadian rhythm and the related adrenergic pathway activation have been widely 

studied in the context of healthy hematopoiesis and HSPC trafficking, including a 

central role played by nerve fibers inside the BM microenvironment.  

However, knowledge about the adrenergic regulation of malignant hematopoietic cells 

is still very limited. A vast majority of patients suffering from leukemia experience 

particularly high stress phases (Levin et al., 2007; Rodin et al., 2013) leading to anxiety 

and depression that have been described to play a role in patient outcome (Prieto et 

al., 2005). Consequently, understanding the role of stress and adrenergic signaling in 

the context of AML will open new perspectives for the treatment of AML patients.  

In this study, we took advantage of the xenotransplantation model of human AML to 

investigate the role of circadian rhythm and adrenergic signaling in different patient 

backgrounds. The current results indicate that primary AML samples have a faster and 

stronger course of disease when they were transplanted during the night phase - the 

activity phase for rodents. This is consistent with previous results reporting a higher 

engraftment rate when transplanting a human ALL cell line at night (He et al., 2018). 

Interestingly, similar data were obtained in both studies even if the timepoint of night 

transplantation was significantly different (ZT (Zeitgeber) 21 in our work vs. ZT13), 

indicating a conserved effect for the night period. Moreover, we could also show that 

the effect of night transplantation was maintained in a syngeneic mouse model of MLL-

PTD/FLT3-ITD AML, further reinforcing the conserved character of this observation. 

This model also confers the advantage that the recipient mice are wildtype animals 

and might provide a less artificial BM microenvironment and also the presence of 

immune cells.  

On a molecular level, we were furthermore able to identify increased levels of stress 

hormones in the BM at the night timepoint of transplantation, which is consistent with 

previous findings (Cosentino et al., 2015; Maestroni et al., 1998). We also showed 

expression of different types of AR mRNA in the AML samples used this work, with a 

predominance for members of the a1-AR subgroup and for b2-AR, which is also 

consistent with previous findings (An et al., 2011). Moreover, due to the widely 

described adrenergic regulation of the BM microenvironment as well as our 

observation of high catecholamine levels in animals during night we stimulated the 

adrenergic pathway by treating mice with EPI at day, thus mimicking stress behavior. 



 136 

As hypothesized, EPI stimulation accelerated leukemia induction and resulted in a 

higher disease burden only after a single dose of EPI one hour before transplantation. 

Since EPI has a very quick half-life in the plasma (Gu, 1999), further optimization of 

the treatment timepoint might lead to even more significant effects. Furthermore, it 

might be beneficial to analyze the effect of EPI treatment via repeated regular EPI 

injections in mice in which leukemia is already established, as it was shown in previous 

studies using solid cancer cells (Barbieri et al., 2019). 

Moreover, several epidemiologic studies have been pointing out a protective role of 

beta-blocker in the development of different types of cancers (Botteri et al., 2013; 

Chang et al., 2015; Choi et al., 2014; Choy et al., 2016; Grytli et al., 2014; Hanns et 

al., 2019; Melhem-Bertrandt et al., 2011; Powe et al., 2010). In line with this 

observation, we could show that treatment at night with propranolol, which is an 

unselective b1/b2 blocker, decreases the AML burden and increases overall mouse 

survival. Propranolol is frequently used in common clinical practice, allowing easier 

translation of these findings to human patients. However, in order to better understand 

this mechanism, it might be interesting to selectively block different types of Ars in a 

next step, which would eventually allow identifying the precise signaling pathway that 

is linked to our phenotype as well as the cell types that are important for this regulation. 

Consistently, we were able to confirm all our findings in the syngeneic MLL-PTD/FLT3-

ITD murine leukemia model thus strengthening the conclusions made from our 

xenotransplantation model and demonstrating the conserved phenotype of these 

observations. which emphasizes the importance of this study.   

Healthy HSPCs as well as some leukocyte subsets are constantly trafficking between 

the BM microenvironment and the blood stream. As mentioned before, this process is 

highly regulated by circadian rhythms and catecholamine levels (He et al., 2018; 

Méndez-Ferrer et al., 2010a; Méndez-Ferrer et al., 2008). A previous study has shown 

that homing processes of both AML and B-ALL cells are highly impacted by the 

timepoint of administration (Scheiermann et al., 2012). Consistently, we could draw 

similar conclusions in our experimental settings, with higher homing rates at night as 

well as after EPI treatment in several AML patient samples. In accordance, propranolol 

treatment reduced both night and EPI-driven increased homing rates, indicating a high 

dependency of the homing of AML cells on adrenergic cues.  
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Among the molecules responsible for homing and migration of healthy and leukemic 

cells to the BM, the chemokine CXCL12 and its receptor CXCR4 are one of the major 

players. Importantly, increased expression of CXCR4 on AML cells has been 

correlated to poor prognosis in patients (Cho, 2017; Fiegl, 2009; Sison et al., 2013; 

Tavor, 2004; Voermans, 2002) (Du et al., 2019). Within the patients used in this work, 

all investigated patients contained CXCR4 expressing cells, but the proportions were 

highly heterogenous between patients. The CXCL12/CXCR4 axis is also known to be 

regulated by diurnal cues via changes in chemokine levels that have been shown to 

be higher at night in murine BM fluids (Méndez-Ferrer et al., 2010a; Méndez-Ferrer et 

al., 2008). 

Here, we could furthermore show that the impact of CXCR4 blockade on the homing 

of AML cells is rather low, both in basal conditions and after EPI treatment, while the 

homing of healthy HSPCs appeared to be more sensitive to CXCL12/CXCR4 

regulation. Notably, homing of CB-derived HSPCs was independent of both the 

timepoint of transplantation as well as adrenergic regulation. 

It has previously been described in a preliminary work using human stem cells (Bonde 

et al., 2005) that intrafemorally transplanted cells do not need the process of homing 

to reach the BM and reside in the injection site for up to 10 days post transplantation. 

Transplanting the mice at day and night time-points using IF injections instead of the 

IV method might thus be of particular interest to gain insight in the hypothesis of the 

role of an increased homing for the observed enhanced engraftment of mice 

transplanted at night.  

In addition, in this work we also studied the variations of the CXCR4 ligand SDF-1 in 

our model. It was indeed shown before that circadian release of catecholamines in the 

BM leads to rhythmic Sdf-1 downregulation in parallel of the expression of Cxcr4 in 

HSCs that is also regulated by circadian cues (Lucas et al., 2008; Méndez-Ferrer et 

al., 2008). We could reproduce previously published results, i.e. an oscillatory pattern 

of Sdf-1 mRNA in the BM reaching a nadir at light onset (Méndez-Ferrer et al., 2010a), 

and increased Sdf-1 mRNA levels at our precise time-point of night transplantation in 

comparison to the day time-point. Nevertheless, EPI treatment of the mice, that we 

thought would mimic the circadian release of catecholamines, did not affect Sdf-1 

levels. We only investigated two time-points (one and two hours) after EPI treatment 

and might have missed the downregulation of Sdf-1 for this reason. Furthermore, it 

might also be interesting to investigate the levels of SDF-1 protein using an ELISA.  
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Even though we were able to reproduce the fluctuations in circulating progenitors that 

have been previously published (Méndez-Ferrer et al., 2008), when comparing the 

total number of CFU-C at the precise day (5:00 pm, ZT10) and night (4:00 am, ZT21) 

time-points of transplantation, we could not observe any differences in the number of 

circulating progenitors. One explanation for these results might reside in the time-

points we investigated. Indeed, the two time-points chosen (ZT10 and ZT21) in the 

previously published work (Méndez-Ferrer et al., 2008) for comparing the numbers of 

CFU were “located” during the decreasing and the increasing phase of the peak in 

circulating progenitors and so no significant difference can be observed between these 

precise time-points (Méndez-Ferrer et al., 2008). To conclude about the role of the 

circadian rhythm in the numbers of circulating HSPCs in the hypothesis of a 

competition of AML cells and HSPCs for free niches within the BM microenvironment, 

the choice of other time-points for transplantation, corresponding to the peak and nadir 

in number of CFUs (i.e. ZT5 and ZT14), would be more appropriate. 

Very interestingly, we were able to note that disturbing the normal light/dark cycle by 

switching on the light for two hours during the dark phase (thus mimicking the night 

transplantation conditions) was enough to alter progenitor trafficking and Sdf-1 mRNA 

levels. This is in line with previously published work indicating that mice subjected to 

continuous light as well as jet-lagged animals showed altered and arrhythmic patterns 

in circulating progenitors (Méndez-Ferrer et al., 2008). This raises the question of the 

role of the two hours light switch during the night phase on the phenotype observed 

upon night transplantation of AML cells, and we hypothesize that the differences in 

engraftment and homing are not only linked to the classical differences between day 

and night physiology. To conclude about this question, an experimental design in 

which we would use night vision goggles to avoid switching on the light during the 

night transplantation procedure might be interesting.  

Importantly, our work also indicates that the timepoint of transplantation of human 

HSPCs into NSG mice or murine lineage negative cells in C57BL/6NCrl mice, 

respectively, did not influence the engraftment and differentiation into hematopoietic 

compartments of respective recipient mice. HSPCs were isolated at the same 

timepoint of the day and were freshly thawed before each transplantation in order to 

analyze the effect of the microenvironment independent of the effect on hematopoietic 

cells. These experimental settings are to oppose with a previous study, that describe 

a difference depending on the timepoint of transplantation of murine lineage negative 
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BM cells (D'Hondt et al., 2004). Indeed, in their study, the authors isolated lineage 

negative BM cells before each transplantation and they hypothesized that the 

difference in engraftment was, at least partially, due to different composition of lineage 

negative cells between these two timepoints (D'Hondt et al., 2004; Méndez-Ferrer et 

al., 2010a). From our experiments, we however consequently conclude that the effect 

of circadian rhythm and catecholamine exposure that are supposedly driven by the 

BM microenvironment are specific to leukemia cells and do not affect their healthy 

counterparts. This is of particular interest, since it could facilitate the selective targeting 

of leukemic cells without affecting normal hematopoiesis.  

During the multistep process of homing to the BM, transplanted cells migrate through 

the blood circulation to the BM where they have to interact with BM endothelial cells. 

Previous studies indicate that circulating HSPCs rely —among others— on VLA-

4/VCAM-1 interactions to adhere firmly to endothelial cells and their ability to 

extravasate and migrate through the endothelial cell layer (Frenette et al., 1998; Peled, 

2000; Petty, 2009; Rettig, 2012). We were particularly interested in studying this 

interaction in our experimental settings. On the one hand, both HSPCs and AML cells 

are known to express the VLA-4 integrin (Bae, 2015; Matsunaga, 2003; Vila, 1995), 

and on the other hand increased CXCL12 levels observed at night phase or under 

stress conditions have been described to trigger the VLA-4/VCAM-1 interaction 

(Peled, 2000). We could indeed confirm that both AML and CD34+ HSPCs samples 

used in this work showed medium to high proportions of VLA-4 expressing cells. 

Furthermore, we showed that the affinity of VLA-4 to its receptors was increased upon 

EPI treatment of AML cells but not of healthy HSPCs. Consistently, VLA-4 blockade 

of leukemic cells could reduce EPI-driven enhanced homing, pointing out the 

importance of this integrin in our observed mechanism. Concerning the role of the 

second actor playing a role in the VLA-4/VCAM-1 interaction, we could not observe 

any impact of EPI treatment in the expression levels of Vcam-1 mRNA in the murine 

BM.  

We therefore conclude that the increased levels of CXCL12 observed at night phase 

and with EPI treatment, activate VLA-4 on CXCR4+ AML cells, which in turn leads to 

increased affinity of this integrin molecule to VCAM-1, thus leading to an increase in 

homing to the BM and engraftment of AML cells. Nevertheless, the reason why EPI 

treatment in healthy HSPCs does not induce VLA-4 surface expression is still 

undeciphered. Furthermore, the in vitro VLA-4 affinity assay, in which CXCL12 
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secretion by the microenvironment is missing, suggests the possibility of additional 

mechanisms involved in the enhancement of VLA-4 affinity upon EPI treatment.  

As further steps we study the numerous other molecules described in the context of 

AML cells homing. For example, VLA-4 does not only binds to VCAM-1 but also to the 

extracellular ligand fibronectin which is also expressed by many cell types in the BM 

and was described to play an important role in the migration and maintenance of 

HSPCs. (Frisch et al., 2008; Wirth et al., 2020) Furthermore, VLA-4 has been found to 

cooperate with CD44 for binding of HPSCs to fibronectin. (Avigdor et al., 2004; Wirth 

et al., 2020) Consequently, studying the expression of CD44 in our AML samples as 

well as investigating the effect of activating the adrenergic signaling pathway on the 

interaction of fibronectin with the integrin receptor VLA-4 and non-integrin receptor 

CD44 would be particularly interesting.  

Besides adhesion to endothelial cells, the adhesion of transplanted cells to murine BM 

stromal cells might also play an important role in their homing and engraftment. In the 

in vitro adhesion assay that we used to test this hypothesis we could also observe an 

increased adhesion capacity of human AML cells, but not human HSPCs.  

In line with the CFU assay, here we also investigated the possibility of a competition 

between HSPCs and AML cells for adhesion to the stroma. In fact, it has been shown 

that the spatial localization of primary AML cells is restricted to niche elements shared 

with their normal counterparts, and that normal HSPCs and AML cells compete for the 

same functional niche (Boyd et al., 2014; Glait-Santar et al., 2015). Competitive 

adhesion assays showed that no exclusive advantage for AML or HSPCs exists, since 

both cell types adhere when plated together on murine stromal cells. Moreover, the 

enhanced adhesion of AML cells observed upon EPI treatment was not accompanied 

by a decreased adhesion of HSPCs, indicating that the hypothesis of a competition in 

our settings is invalidated. Here we tested only the classical ratio of 2:1 between the 

number of hematopoietic cells over the MS-5 plated cells (Petit et al., 2005).  

Alternatively, we might design the experiment to increase the ratio of hematopoietic 

cells and to define conditions that would be more appropriate to study competition.  

Nevertheless, when drawing conclusions from the adhesion assays, it is important to 

keep in mind a few technical biases that we could identify. First of all, HSPCs consist 

in CD34 positive cells isolated from a CB-donor, which is to oppose to AML samples 

that have very variable proportions of CD34 expressing cells. This is also true for 

homing and transplantation for long-term experiments, in which CB-derived HSPCs 
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were used. Furthermore, HSPCs from different donors were used for each assay 

which brings high variability and could bias the comparisons. It would have been 

interesting to be able to compare the adhesion of HSPCs from the same CB-donor in 

classical and competitive adhesion assays, but we were limited by the very small 

quantity of biological material isolated from one single donor. Pooling CB samples 

from several donors could be a solution, but it would be necessary to investigate 

before if cells from one donor may inhibit the adhesion of the others. Furthermore, a 

simple adhesion assay using the MS-5 cell line to mimic the BM stroma is also a very 

simplified view of the very complex cellular BM stromal microenvironment including a 

variety of endothelial, mesenchymal and neural cells (Nombela-Arrieta and 

Isringhausen, 2016). Together, even though the in vitro adhesion assay performed in 

this study may serve as a preliminary and rapid study of adhesion, it might need 

optimization to draw more precise conclusions.  

It would of course also be interesting to investigate cell migration and the influence of 

different treatments on the cells by e.g. using a Boyden chamber system. One could 

imagine designing different migration assays using MS-5 stromal cells (Sadeghi et al., 

2020), but also endothelial cells such as HUVEC cells (Nareshkumar et al., 2018) or 

a BM endothelial cell line, for example BMEC-1 (Möhle et al., 1997). This could be of 

particular interest to study the CXCR4/CXCL12 chemotaxis pathway.  

Even though the MS-5 cell line only offers a very simplified model, we studied the 

effect of EPI on the MS-5 transcriptome using RNA sequencing which gave 

encouraging results. We could indeed observe a significant upregulation of many 

genes involved in migration or chemotaxis.  

Amongst these, Vegfa is upregulated in MS-5 after EPI treatment. This pro-angiogenic 

factor is expressed by many leukemia patients and leads to the induction of 

angiogenesis and reduction of apoptosis (Backhovens et al., 1987). EPI and NOR 

were already described as increasing the synthesis of VEGF-A leading to blood 

vessels with abnormal high permeability and a consequent effect on seeding in bones 

(Chakroborty et al., 2009; Mulcrone et al., 2017). Moreover, we also found Ccl2 (C-C 

motif chemokine ligand 2) gene being upreglulated after epinephrine treatment. The 

CCL2/CCR2 (C-C motif chemokine receptor 2) axis was described to be involved in 

AML cell transmigration, trafficking and proliferation (Macanas-Pirard et al., 2017). In 

addition, CCR2 expression has been found to be dependent of adrenergic signaling 

in the heart, leading to recruitment of leukocytes to the heart after acute injury (Grisanti 
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et al., 2016). In a similar way, this axis might be involved in an enhanced migration of 

AML cells into the BM upon activation of adrenergic signaling pathways, and it might 

be worth investigating more into that direction.  

Interestingly, we also identified an upregulation of the expression of the osteopontin 

precursor (Spp1) gene. SPP-1 acts as a cytokine and is involved in enhancing the 

production of IFNg and IL-12. Furthermore, a correlation between levels of osteopontin 

in AML core BM biopsies and response to chemotherapy was observed (Treaba et al., 

2020). Notably, next to VCMA-1, osteopontin is another ligand for VLA-4 integrin. An 

enhanced binding of VLA-4 (expressed on AML cells) to osteopontin upon EPI 

treatment could also participate to the observed mechanism and it would be 

particularly interesting to study this interaction more in details and to decipher how it 

conjugates or maybe substitutes the VLA-4/VCAM-1 interaction in our experimental 

settings.  

We also observed up-regulation of several integrins after EPI treatment (Itgb2 and 

Itgb7), indicating a possible enhanced adhesion and corroborating the results of the 

adhesion assay. Importantly, the upregulation of these genes as well as all other 

differentially regulated genes after EPI treatment would have to be confirmed by 

molecular methods such as qRT-PCR or western blot analysis, before investigating 

their role in more complex assays.  

To study the effect of EPI treatment on the transcriptome in more complex and realistic 

settings, we used bulk BM, CAR cells and SECs isolated from the BM of mice treated 

with EPI or the corresponding control. Interestingly, the effect of activating the 

adrenergic signaling predominantly affected endothelial cells. This is supporting our 

results from previously described experiments, in which we hypothesized an 

enhanced interaction of AML cells with the endothelial cell layer upon EPI treatment. 

The identified DEG in our RNA sequencing analysis mainly indicated genes linked to 

systemic effects of stress (i.e. adrenergic signaling activation, increase of blood 

pressure and downregulation of cell cycling processes and protein formation). We 

could not find a clear upregulation of genes linked to adhesion, migration or 

chemotaxis process as we would have hypothesized. This might be due to the 

predominance of the stress linked pathways, but could also be explained by the time 

point of analysis of our animals 20 minutes after treatment or the way the cells were 

prepared, as MACS and FC sorting steps are known to be highly stressful for some 
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cells. Other timepoints should be tested and it would be very interesting to be able to 

include AECs as well as MSCs, which we had to exclude because of very low quantity 

and bad quality of RNA in this study.  

 

In conclusion, we have shown that transplanting animals in their active phase leads to 

faster and stronger AML induction in both xenograft and murine syngeneic leukemia 

models linked to higher stress molecule levels. Activating adrenergic pathways within 

the BM microenvironment provides an advantage for AML cells over their healthy 

counterparts. The critical step is certainly occurring very quickly after transplantation, 

since we already observe differences in the homing rates of AML cells upon night 

transplantation or EPI treatment, and might involve both CXCR12/CXCR4 and the 

VLA-4/VCAM-1 axis. Besides providing a tool to accelerate xenogeneic in vivo 

experiments, these findings open new perspectives both concerning new potential 

therapeutic agents as well as regarding the impact of stress in a patient’s daily life. 

Further studies are required to gain insights into the precise molecular pathways that 

regulate the effect of adrenergic signaling and night transplantation in leukemia cells, 

especially in the light of stress as a process which involves a plethora of physiological 

responses as well as molecular players. Identifying specific molecules could enable 

its targeting with blocking agents and open new therapeutic perspectives.  
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5. MATERIALS AND METHODS  
 

1.1. PRIMARY AML CELLS AND HEALTHY HSPCS  
 
PB samples from AML patients or healthy donors were collected following informed 

consent (in accordance with the declaration of Helsinki) approval by the Ethics Review 

Board of the University Hospital of Basel and Tuebingen and enriched for PBMCs 

using density gradient centrifugation. Cells were viably frozen in RPMI1640 medium 

(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 20% fetal calf serum (FCS; 

Sigma-Aldrich) and 10% dimethyl sulfoxide solution (DMSO; AppliChem, Darmstadt, 

Germany). For primary samples with blast counts <95%, the magnetic cell separation 

(MACS) technology was used for CD33 enrichment for samples expressing this 

surface marker or for depletion of CD19 and CD3. Post-MACS purities exceeded 95% 

blasts (not shown).  

CB CD34+ HSPCs were purified using the indirect CD34 microbead kit (Miltenyi, 

Bergisch-Gladbach, Germany) and frozen in FCS supplemented with 10% DMSO. 

Before use, cells were thawed in warm RPMI1640 medium supplemented with 10% 

fetal calf serum and 1% penicillin/streptavidin (P/S, Sigma-Aldrich). CB CD34+ HSPCs 

were let for sedimentation for 2 hours in a large quantity of medium (50ml) before 

centrifugation.  

 

1.2. CELL LINES AND CELL CULTURE  
 
AML cell lines (EOL-1, SKM-1, NOMO-1, DSMZ, Braunschweig, Germany) were 

cultured according to the provider’s protocol in RPMI1640 medium supplemented with 

10% FCS and 1% P/S.  

MS-5 cells (DSMZ) were cultured according to the provider’s protocol in alpha-MEM 

medium (Sigma-Aldrich) supplemented with 10% horse serum (Sigma-Aldrich), 1% 

P/S (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich) and 2 mM sodium pyruvate 

(Sigma-Aldrich). Cells were seeded at 1x106 cells/ 80 cm2 and were split when the 

culture was around 80% confluent using trypsin/EDTA (Ethylenediamine tetraacetic 

acid, Sigma-Aldrich). Seeded cells were used at passage 12 and were used until 

maximum passage 25.  
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1.3. XENOTRANSPLANTATION ASSAYS 
 
Catecholamine Project 

NOD.Cg-Prkdcscid IL2rgtmWjl/Sz (also termed NOD/SCID/IL2Rγnull, NSG) mice were 

purchased from Jackson Laboratory (Bar Harbor, ME, USA) and bred in-house under 

pathogen-free conditions according to Swiss federal state regulations (Veterinäramt 

Basel-Stadt, 2697_28218, 2697_32264). Primary AML cells were always freshly 

thawed before transplantation experiments. Gender-matched 6-10 weeks old animals 

with or without prior sublethal irradiation were injected via the tail vein with 1x106 

primary AML cells or respectively 5x104 EOL-1 cells resuspended in 200 µL 

phosphate-buffered saline (PBS, Sigma-Aldrich). Of note, cells were thawed 

separately but treated equally for the day and the corresponding night experiment to 

not bias the experiment due to longer time prior to injection. Engraftment was 

assessed by signs of distress (e.g. decreased food and water consumption, rapid 

breathing, altered movement) (Jacobsen et al., 2012) or with routine (every 4 to 5 

weeks) screening for leukemic cells via BM puncture or blood collection. Engraftment 

was defined as ≥1% leukemic cells in murine PB and BM (Eppert et al., 2011; Lapidot, 

1994). Mice were euthanized at signs of disease (weight loss, ruffled coat, reduced 

motility or other severe pathology) or detection of engraftment (Konantz et al., 2013; 

Paczulla et al., 2017; Sanchez et al., 2009). Engraftment percentages in BM, PB, 

spleen and liver were determined upon final analyses using flow cytometric 

approaches. Samples were also kept for histopathology and next generation 

sequencing (NGS) analyses. For transplantation assays with human CD34+ HSPCs, 

CB samples were freshly thawed before each experiment. Gender-matched, 6-10 

weeks old NSG mice with prior sublethal irradiation were injected via the tail vein with 

1.5x105 CD34+ cells resuspended in 200 µL PBS.  Blood was collected via the tail vein 

every two weeks, starting at 6 weeks post-transplantation and screened for the 

detection of human CD45 cells among murine cells. 30 weeks post-transplantation, 

mice were sacrificed and BM, spleen, liver and PB were analyzed. Limiting dilution 

assays were accomplished by transplanting 0.5x106 and 0.1x106 cells intravenously. 

Homing assays were performed as previously described (Paczulla et al., 2017). In 

brief, purified AML blasts or human CB derived CD34+ HSPCs were labeled with 

CFSE (CellTrace CFSE Cell Proliferation Kit, Invitrogen, Waltham, MA, USA) and 
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respectively 1x106 or 1.5 x105 cells per mouse were injected via the tail veil in NSG 

mice without prior irradiation. 8-12 hours after transplantation mice were euthanized 

and BM, PB and spleen analyzed by FC recognizing CFSE.  

 

Homing project 

NSG mice were purchased from Jackson Laboratory and bred in-house under 

pathogen-free conditions according to Swiss federal state regulations (Veterinäramt 

Basel-Stadt, 2972_30222). Primary AML cells were always freshly thawed before 

transplantation experiments. Female 6-10 weeks old animals with prior sublethal 

irradiation (225 cGy, 24 hours before transplantation) were anesthetized using a 

ketamin/ (65 mg/kg, Streuli pharma, Uznach, Switzerland) xylasin (13 mg/kg, Streuli 

pharma) mixture injected intraperitoneally, and the leg with the femur which will 

undergo transplantation was disinfected with povidone-iodine solution (Betadine, 

Mundipharma, Frankfurt, Germany). Once the mice were under suitable anesthesia, 

they were injected intrafemorally with 5x105 primary AML cells resuspended in 30 µL 

PBS, according to published protocols from our lab (Paczulla et al., 2017; Paczulla et 

al., 2019). Engraftment was assessed by signs of distress or with routine (week 16, 

week 26 and week 39) screening for leukemic cells via BM puncture. Mice were 

euthanized at signs of disease (weight loss, ruffled coat, reduced motility or other 

severe pathology) or detection of more than 80% of engraftment at the BMP (Konantz 

et al., 2013; Paczulla et al., 2017; Sanchez et al., 2009). Engraftment percentages in 

BM, PB and spleen were determined upon final analyses using flow cytometric 

approaches. Samples were also kept for subsequent histopathology and NGS 

analyses. When a tumor was present, tumor cells were also analyzed by FC and a 

piece of the tumor was kept for histopathology. Homing assays were performed as 

previously described (Paczulla et al., 2017). Purified AML blasts were labeled with 

CFSE and 1x106 cells per mouse were injected via the tail vein in male NSG mice 

without prior irradiation. 16 hours after transplantation, mice were euthanized and BM 

and PB analyzed by FC recognizing CFSE.  

 

1.4. BONE MARROW PUNCTURE  
 
Routine screening for human leukemic cells into the murine BM was performed via 

BMP, according to previously described protocols (Chung et al., 2014).  
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Animals were anesthetized using ketamin/xylasin and leg disinfection as described 

above. Once the mice were under suitable anesthesia, a 27 G needle was inserted 

into the femur of the mice and carefully removed. The mice were hold so that the leg 

would not move and an U-100 insulin-syringe (29 G, BD) filled with 30 µL sterile PBS 

was inserted in the same hole. PBS was injected in the femur of the mice and then the 

needle plunger was gently pulled back to aspirate BM. The procedure permits to 

aspirate about 5 µL of BM, corresponding to around 0.4-0.8 x106 mononuclear cells, 

that are then transferred into 500 µL of PBS. Mice are returned to the housing area, 

ensuring that they are able to reach food and water, and were kept under particular 

observation for sign of distress or infection post procedure in the next 24 hours. The 

procedure was repeated in the opposite femur and mice are punctured for a maximum 

of three times during their lifespan.  

 

1.5. SYNGENEIC MOUSE MODELS  
 
C57BL/6NCrl mice were purchased from Jackson Laboratory and bred in-house under 

pathogen-free conditions according to Swiss federal state regulation (Veterinäramt 

Basel-Stadt, 2697_32264). Splenocytes from a previously described murine leukemia 

model (MLL-PTD/FLT3-ITD) (Zorko et al., 2012) were used. 5 x104 splenocytes from 

MLL-PTD/FLT3-ITD mice were transplanted via the tail vein into sublethally irradiated 

C57BL/6 recipient mice. Mice were monitored for signs of distress as described above. 

Mice were again euthanized at first signs of disease. Spleen size and weight as well 

as blood counts (WBC, erythrocytes, hemoglobin and platelets) were determined upon 

final analysis using an Advia120 Hematology Analyzer using Multispecies version 

5.9.0-MS software (Bayer, Leverkusen, Germany). 

For the transplantation of murine lineage negative cells, tibias, femurs, hips and the 

spinal cord were collected from UBC-GFP (Jackson Laboratory) donor mice. These 

donor mice were euthanized and cells prepared and maintained viably frozen. Cells 

were then freshly thawed before each transplantation experiment in recipient mice. 

Lineage negative cells were isolated using the MACS Lineage Cell Depletion Kit for 

mouse (Miltenyi) according to the manufacturer’s protocol. Gender-matched, 6-10 

weeks old sublethally irradiated wild-type C57BL/6NCrl recipient animals were 

injected via tail vein with 5x105 lineage negative donor cells resuspended in 200 µL 

PBS. For monitoring, blood was collected via tail vein every two weeks, starting at 3 
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weeks post-transplantation and screened for green fluorescent protein (GFP) positive 

donor cells. 16 weeks post-transplantation, mice were sacrificed and BM, spleen, liver 

and PB were analyzed.  

 

1.6. DAY/NIGHT TRANSPLANTATION SETTINGS 
 
For the day/night experiments, “day” and “night” mice were transplanted at ZT10 (5 

p.m. in our animal facility) and ZT21 (4 a.m.), respectively. “Night” mice were exposed 

to light one hour before and one hour after transplantation.  

 

1.7. EPI AND PROPRANOLOL TREATMENT  
 
Mice were treated intraperitoneally with EPI hydrochloride (2 mg/kg,100 µL in 0.9 M 

NaCl solution, Sigma-Aldrich) or respectively with propranolol hydrochloride (10 

mg/kg, 100 µL in 0.9 M NaCl solution, Sigma-Aldrich) one hour before transplantation 

(Im, 1998). Mice of the control groups were injected similarily with the vehicle solution. 

 

1.8. CXCR4 AND VLA-4 BLOCKING  
 
Cells were treated with anti-CXCR4 antibody (10 µg/ml, 1x106 cells/ml, clone 12G5, 

PharMingen, San Diego, CA, USA) for 45 minutes and were then used for 

transplantation without including any further wash step (Tavor, 2004). For blocking of 

CXCR4 using AMD3100 (Sigma-Aldrich), the inhibitor was incubated with the cells at 

a concentration of 50 µM for one hour and was then washed away before 

transplantation.  For VLA-4 blocking, an anti-CD49d antibody was used (clone HP2/1, 

Biorad, Hercules, CA, USA, 5 µg/ml, 1x106 cells/ml). Cells were incubated with the 

antibody in PBS for 30 minutes and were washed once prior to transplantion (Peled, 

2000).  

 

1.9. FLOW CYTOMETRY  
 
Human cells: Fluorescence conjugates targeting human CD33, CD34, CD133, 

CD117, CD45, CD38 (BD Biosciences) and CD3, CD19 (Biolegend, San Diego, CA, 

USA) were used. For the analysis of human HSPCs transplanted in NSG mice, 
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fluorescent antibodies against human CD3, CD19, CD33, CD13, CD14, CD15, CD45 

and murine CD45 (Biolegend) were used. Antibodies are listed in tables 6 and 7. For 

CXCR4 and VLA-4 surface expression analysis, anti-CXCR4 antibody (clone 12G5, 

10 µg/ml, R&D Systems, Minneapolis, MN, USA) followed by a secondary staining 

step and a fluorescent antibody against VLA-4 (CD49d, clone ALC1/1, APC, 1 µl 

antibody per 106 cells, Dianova, Hamburg, Germany).   

 

 

Surface Marker Conjugate Clone Supplier 

CD33 PE WM53 BD Bioscience 

CD34 PE 581 BD Bioscience 

CD45 FITC HI30 BD Bioscience 

CD38 FITC HIT2 BD Bioscience 

CD34 FITC 581 BD Bioscience 

CD34 APC 581 BD Bioscience 

CD117 PECy7 104D2 Biolegend 

CD133 PECy7 CLONE7 Biolegend 

CD31 PECy7 WM59 Biolegend 

CD33 APC WM53 Biolegend 

CD19 APC 4G7 Biolegend 

CD3 APC HIT3A Biolegend 

 
Table 6: Human Antibodies 
PE: Phycoerythrin; APC: Allophycocyanin; FITC: fluorescein isothiocyanate; PECy7: 

Phycoerythrin-Cyanine 7 

 

Murine cells: Fluorescent antibodies against murine CD3, CD19, CD11b, NK1.1, 

Ly6G, Ly6A/E (Sca-1) and CD117 (c-kit) (Biolegend) were used. Antibodies are listed 

in table 7. 

Analyses were performed on either a BD LSR II Fortessa or Beckman Coulter Cytoflex 

device. DAPI (4’,6-diamindino-2-phenylindole, Carl Roth, Karlsruhe, Germany), 

SytoxBlue (ThermoFischer, Waltham, MA, USA) or 7-aminoactinomycin D (7-AAD, 

ThermoFischer) were used to discriminate living and dead cells. 
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Surface Marker Conjugate Clone Supplier 

CD45 PE 30F11 Biolegend 

CD45 PB 30F11 Biolegend 

CD3 APC 17A2 Biolegend 

CD3 FITC 17A2 Biolegend 

CD19 APC 1D3/CD19 Biolegend 

CD11b AF700 M1/70 Biolegend 

NK1.1 none Not indicated Invivomab 

LY6G BV510 1A8 Biolegend 

LY6A/E FITC D7 Biolegend 

LY6A/E PECy7 D7 eBioscience 

CD117 APC 2B8 eBioscience 

CD45.1 APC A20 Biolegend 

CD45.2 BV605 104 Biolegend 

CD45.2 PE 104 Biolegend 

Lineage cocktail PB  Biolegend 

CD31 PECy7 MEC13.3 Biolegend 

CD140b APC APB5 Biolegend 

CD105 biotin MJ7/18 Biolegend 

Streptavidin PerCP  Biolegend 

 

Table 7: Murine Antibodies 
PE: Phycoerythrin; PB: Pacific Blue; APC: Allophycocyanin; FITC: fluorescein 

isothiocyanate; AF700: Alexa Fluor 700; PECy7: Phycoerythrin-Cyanine 7; BV605: 

Brillant Violet 605; PerCP: Peridinin-Chlorophyll-protein 

 

 

1.10. HISTOPATHOLOGY  
 
Histological studies (hematoxylin and eosin) and immunohistochemical analyses 

(human CD33; Ventana, Oro Valley, AZ, USA) were performed on formalin-fixed 

paraffin-embedded organs as described elsewhere (Kunder et al., 2007). Analysis 
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were performed by Stephan Dirnhofer (University Hospital Basel, Department of 

Pathology). 

 

1.11. QRT-PCR 
 
Total RNA was extracted using the Bioline RNA extraction kit (Isolate II RNA micro kit, 

Meridian bioscience (Bioline), Cincinnati, OH, USA). FIREScript RT cDNA synthesis 

kit (Solis Biodyne, Tartu, Estonia) was used to synthetized cDNA. Quantitative RT-

PCR was performed using SYBR Green Reagent (Roche, Basel, Switzerland), and 

the analysis was performed on an ABI Prism 7500 sequence detection system. Primer 

efficiency was calculated via standard curves for each new primer. GAPDH and PBGD 

were used as housekeeping genes to normalize the Ct values, and relative gene 

expression was quantified using the 2-(dCt) method (Livak & Schmittgen…). Primers 

are listed in table 8. 

 

 

Primer name  5’-3’ sequence 

a1aAR fwd GTCATGCCCATTGGGTCTTTC 

a1aAR rev TCTTGGCTGGAGCATGGGTA 

a1bAR fwd  CCACAACACATCAGCACCTG 

a1bAR rev AGGCCACAGACAAGATGACTAG 

a1dAR fwd TGCGCCTGCTCAAGTTCTC 

a1dAR rev CGGGAACAAGGAGCCGAG 

a2aAR fwd CCCCTTCACCTACACG 

a2aAR rev AAACCTCACACGATCCGCTTC 

a2bAR fwd ATCCCCGATCACTGGCATTC 

a2bAR rev AGGAAGACGGTGGTAAAC 

a2cAR fwd TACTGGTACTTCGGGCAGGT 

a2cAR rev GTGCGCTTCAGGTTGTACTC 

b1AR fwd AGGAAAGTTTGGGAAGGGATGG 

b1AR rev CAGAGAGTGTCAAAAACCACCTG 

b2AR fwd ATGCCAATGAGACCTGCTGT 
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b2AR rev GCTCCACCTGGCTAAGGTTC 

b3AR fwd CCCCACCTTCCTGAAACTC 

b3AR rev AGCATGGAGGGGACAAATGC 

RANK fwd AGCACTCACAGGTATTGTGTCT 

RANK rev AGCAGATCACCATAGGCAGC 

RANKL fwd TGAAGCTCAGCCTTTTGCTC 

RANK rev TTCAGGCTGGATAGAG 

VLA-4 fwd GGATGAAAACTCCTGACCAGA 

VLA-4 rev GGAACCACAGCTTCTTTTGG 

CXCR4 fwd AACCAGCGGTTACCATGGAG 

CXCR4 rev GGGCTGTCTAAGTTCAA 

PBGD fwd CGCATCTGGAGTTCAGGAGTA 

PBGD rev CCAGGATGATGGCACTGA 

GAPDH fwd ACCACAGTCCATGCCATCAC 

GAPDH rev TCCACCACCCTGTTGCTGTA 

 

Table 8: Human primers list 
Rev: reverse; fwd: forward. Gene abbreviations were already defined previously in this 

work. 
 

Primer name  5’-3’ sequence 

Gapdh fwd AGTGATGGCATGGACTGTGGTCAT 

Gapdh rev AATGCATCCTGCACCACCAACTGCTT 

Pbgd fwd  TGGACCTAGTGAGTGTGTTGC  

Pbgd rev CTTCCTGGTTTCCCCACAAC 

Sdf-1 fwd GAGGAAGGCTGACATCCGTG 

Sdf-1 rev GCAAACCTTAGCATGACCCC 

Vcam-1 fwd ATCCGTAAGTCATGCGGTCC 

Vcam-1 rev AGATCCGGGGGAGATGTCAA 

 
Table 9: Murine primers list 
Rev: reverse; fwd: forward. Gene abbreviations were already defined previously in this 

work. 
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Targeted NGS 
NGS analysis was performed both on patient-derived AML cells and corresponding 

mouse-derived leukemic cells after day/night transplantation obtained by MACS 

purification of pooled BM samples from all engrafted animals transplanted with one 

AML patient.  

DNA for NGS was isolated using the ZR-Duet DNA/RNA MiniPrep kit (ZymoResearch, 

Irvine, CA, USA) according to the manufacturer’s protocol, and NGS analysis 

performed as previously described (Paczulla et al., 2017). Patient NGS libraries were 

prepared using the AML community panel from Thermo Fisher containing 19 genes 

frequently mutated in AML (see ampliseq.com). Patient libraries were sequenced 

using the Ion PGM platform and analyzed using the Ion Reporter AML pipeline (version 

5.0). The average coverage per sample was ~1.400-fold. Sensitivity for calling a 

mutation was set at 3%. If a mutation was observed in a “post-transplantation” sample 

but not reported to be present in the initial patient sample, the mapped reads were 

manually analyzed to assess whether the mutation was present but with a lower allelic 

burden than 3%. The sensitivity of such retrospective analysis is dependent on the 

coverage of the specific region (normally around 0.25%) 

NGS experiments were performed by Pontus Lundberg (University Hospital Basel, 

Diagnostic Hematology). 

 

1.12. ENZYME-LINKED IMMUNOSORBENT ASSAYS (ELISA)  
 
BM fluids and plasma samples were collected from NSG mice at different time-points 

of day and night. For catecholamine ELISAs, samples were stored in 1 mM EDTA and 

4 mM sodium metabisulfite to avoid catecholamine degradation.  

Catecholamine and corticosterone ELISAs were performed using LND 2-CAT (A-N) 

Research ELISA (LDN, Nordhorn, Germany) and respectively the Corticosterone 

ELISA kit (Abcam, Cambridge, United Kingdom) according to the respective 

manufacturer’s protocol.  

Absorbance was read using a Synergy HI microplate reader (Biotek Instruments, 

Winooski, VT, USA) set to 450 nm and with a reference wavelength of 620 nm.  
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1.13. VLA-4 AFFINITY ASSAY  
 
An in vitro FC assay was used to explore the affinity of VLA-4 to AML samples and 

healthy HSPCs. The assay was performed as described elsewhere (Avemaria, 2017). 

In brief, primary AML samples or HSPCs were freshly thawed and then incubated with 

LDV tripeptide conjugated to FITC fluorochrome (LDV-FITC, R&D Systems) in 

medium containing 1 mM CaCl2, 1 mM MgCl2, 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) containing 1% bovine serum albumin (BSA)  

for 30 min at 37°C. After incubation, cells were fixed in in 4% paraformaldehyde (PFA) 

solution and washed several times before samples were analyzed via FC on a 

Beckman Coulter Cytoflex device. LDV binding to AML cells or healthy HSPCs was 

determined according to the intensity of the FITC fluorochrome.  

 

1.14. ADHESION ASSAY 
 
1.5x105 MS-5 cells were plated per well in gelatin-coated 24-well plates. After 24 hours 

of incubation at 37°C, 5%CO2, leukemic cells or CB-derived CD34+ HSPCs were 

stained with CFSE and 3x105 labeled cells were plated per well onto MS-5 cells. After 

90 minutes of incubation at 37°C, 5%CO2, non-attached cells were removed and 

adherent cells were dissociated with trypsin-EDTA (Sigma-Aldrich). The percentage 

of adhered leukemic cells was determined using CFSE-recognizing FC. 

Cells were treated with 10 µM EPI hydrochloride or with the respective control solution 

for 90 min either separately before they were co-incubated or during the co-incubation 

step.  

For competitive adhesion assay, 7.5x104 CFSE stained HSPCs and 7.5x104 AML cells 

stained with CellTracker Blue 7-amino-4-chloromethylcoumarin (CMAC) dye 

(ThermoFischer) according to manufacturer’s protocol, were added to the MS-5 cell 

layer. The assay was performed as described before.  

 

1.15. CFU ASSAY FROM MURINE PB  
 
8-12 weeks old NSG mice were sacrificed at the indicated time-point or after the 

indicated treatment. At least three mice were used for each investigated condition. PB 

was harvested in sterile conditions by heart puncture. The blood sample was diluted 
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at a 1:1 ratio with a PBS (Sigma-Aldrich) + 10% FCS (Sigma-Aldrich) + 1% EDTA 

(Carl Roth) solution. PBMCs were isolated using density gradient centrifugation. 

Erythrocytes were removed by adding red blood cell lysis buffer (155 mM 

ammoniumchloride, Carl Roth; 12 mM potassiumhydrogenocarbonate, Carl Roth; 0.1 

mM EDTA, Carl Roth). 2.5x105 cells were plated per well onto 1 mL of ready 

methylcellulose medium including cytokines (Methocult M3134, StemCell Technology, 

Vancouver, Canada) in a 12-well cell culture plate, in 2 to 3 replicates per analyzed 

animal. Plates were incubated 12 to 14 days at 37°C, 5% CO2 before counting the 

number of grown colonies using an inverted microscope.  

 

1.16. RNA SEQUENCING  
 
MS-5 stromal cells  

6.75 x105 MS-5 cells were plated per well in 6-wells plates. After 24 hours of incubation 

at 37°C, 5%CO2, cells were treated with 10 µM epinephrine hydrochloride or in PBS 

control for 24 hours. Total RNA was extracted from these cells (RNA isolation Bioline 

kit). The quality and quantity of RNA was verified using the RNA 6000 Pico Assay Chip 

(Agilent Technologies, Santa Clara, CA, USA) following the manufacturer’s protocol 

and with the help of Philippe Demougin from the “Life Sciences Training Facility in 

Basel. 

cDNA libraries were generated with 10 ng of total RNA using the SMARTer Ultra Low 

RNA kit for Illumina sequencing (Clonetech Laboratories, Mountain View, CA, USA) 

and sequenced with a NovaSeq 6000 S1 system (Illumina, San Diego, CA, USA).  

 

Primary AML cells and CB derived CD34+ HSPCs 

1x106 primary AML cells from one patient (patient 1) and 6x105 CB-derived HSPCs 

were incubated in 4 technical replicates for 24 hours with 10 µM epinephrine 

hydrochloride or in PBS control. Total RNA was extracted from these cells (PicoPure 

RNA isolation kit, ThermoFischer). The quality and quantity of RNA was verified as 

described above. cDNA libraries were again generated with 10 ng of total RNA using 

the SMARTer Ultra Low RNA kit for Illumina sequencing (Clonetech Laboratories) and 

sequenced with the NovaSeq 6000 S1 system (Illumina). 

 

Primary murine BM cells  
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8-12 weeks old NSG mice were treated with 2 mg/kg epinephrine hydrochloride or 

control solution for 20 minutes during the day (4 animals per group). Isolation of BM 

cells was performed as previously described (Gomariz et al., 2018). In brief, BM was 

flushed out of tibia and femurs from sacrificed animals and the remaining structure 

was cut into small fragments and digested with 0.04 g/mL collagenase type 2 (Sigma-

Aldrich) in a PBS + 10% FCS + 1% EDTA mixture to which 0.02 mg/mL DNase (Sigma-

Aldrich) was added. After filtering of the resulting cell suspension with a 70 µm cell 

strainer, lineage, CD45 and Ter119 positive cells were depleted using MACS 

technology. Sorting of AECs, SECs and CAR cells (see gating strategy figure ….) was 

performed on a FACS Aria III (BD Biosciences) and cells were sorted directly into RLT 

lysis buffer. 3x105 bulk BM cells, that did not undergo the sorting process were also 

used for the analysis. Because of the very few cell numbers obtained from the sorting, 

RNA extraction was performed with the PicoPure RNA isolation kit (ThermoFischer). 

The quality and quantity of RNA was verified as described before. Quantity and quality 

were too low for isolated AECs and were therefore not sent for RNA sequencing. For 

AECs, SECs, CAR cells and bulk BM samples, cDNA libraries were generated with 2 

ng of total RNA using the SMARTer Ultra Low RNA kit for Illumina sequencing 

(Clonetech Laboratories) and sequenced with the NovaSeq 6000 SP system 

(Illumina). 

 

RNA sequencing results analysis 

 

Paired-end raw Fastq files were trimmed by using the following settings: 

HEADCROP:3 TRAILING:10 MINLEN:25 for Trimmomatic v2.38, to remove adapter 

content and bad quality reads. Trimmed fastqs were mapped to the human GRCH37 

genome assembly using STAR v2.6.0 (Dobin et al., 2013) using the following settings: 

--outFilterType BySJout --outFilterMultimapNmax 10 --alignSJoverhangMin 8 --

alignSJDBoverhangMin 1 --outFilterMismatchNmax 999  --

outFilterMismatchNoverLmax 0.05 i--alignIntronMin 20 --alignIntronMax 1000000 --

alignMatesGapMax 1000000 --outFilterMatchNmin 16   --quantMode GeneCounts --

runThreadN 12. Genes quantified in at least 75% of total samples were kept. DEGs 

were determined using the R/Bioconductor (Gentleman et al., 2004; Team., 2008) 

package limma (Ritchie et al., 2015). Genes were considered as significantly regulated 

with an adjusted p-value threshold at 0.05 (Benjamini-Hochberg method). 
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For gene set enrichment analysis, the package GAGE (Luo et al., 2009) was used to 

retrieve from the genes the enriched terms and pathways from the Gene Ontology 

collection (biological process) (Subramanian et al., 2005) obtained from MSigDB  v 

7.0. Significance threshold was set to adjusted p-value below 0.05. 

 

1.17. STATISTICAL ANALYSIS  
 
Gaussian normality distribution was tested with the help of the Shapiro-Wilk-test. P-

values are derived from the application of a two-tailed student t-test, a Mann-Whitney 

U test, a Welch-test, a ratio paired t-test, linear regression or a Log-Rank test as 

indicated in the respective figure legends.  
Statistical analysis was performed with Prism 7, version 7.0d (GraphPad Software, 

San Diego, CA, USA). 
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6. CONTRIBUTION TO PUBLICATIONS  
 
 

1.1.  STRESS AND CATECHOLAMINE MODULATE THE BONE MARROW 
MICROENVIRONMENT TO PROMOTE TUMORIGENESIS 

 

Hanns P, Paczulla AM, Medinger M, Konantz M, Lengerke C.  

Stress and catecholamines modulate the bone marrow microenvironment to promote 

tumorigenesis. 

Cell Stress. 2019 Jun 4;3(7):221-235. doi: 10.15698/cst2019.07.192. PMID: 

31338489; PMCID: PMC6612892. 

 

Abstract 
 
High vascularization and locally secreted factors make the bone marrow (BM) 

microenvironment particularly hospitable for tumor cells and bones to a preferred 

metastatic site for disseminated cancer cells of different origins. Cancer cell homing 

and proliferation in the BM are amongst other regulated by complex interactions with 

BM niche cells (e.g. osteoblasts, endothelial cells and mesenchymal stromal cells 

(MSCs)), resident hematopoietic stem and progenitor cells (HSPCs) and pro-

angiogenic cytokines leading to enhanced BM microvessel densities during malignant 

progression. Stress and catecholamine neurotransmitters released in response to 

activation of the sympathetic nervous system (SNS) reportedly modulate various BM 

cells and may thereby influence cancer progression. Here we review the role of 

catecholamines during tumorigenesis with particular focus on pro-tumorigenic effects 

mediated by the BM niche. 

 

Contribution  
 

In this manuscript, Claudia Lengerke (CL) and Pauline Hanns (PH) conceived and 

organized the review. PH did all the literature research and wrote the manuscript with 

the help of all co-authors. Furthermore, PH conceived and drew the illustrations.  
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1.2. ABSENCE OF NKG2D LIGANDS DEFINES LEUKAEMIA STEM CELLS 
AND MEDIATES THEIR IMMUNE EVASION 

 

Paczulla AM, Rothfelder K, Raffel S, Konantz M, Steinbacher J, Wang H, 

Tandler C, Mbarga M, Schaefer T, Falcone M, Nievergall E, Dörfel D, Hanns P, 

Passweg JR, Lutz C, Schwaller J, Zeiser R, Blazar BR, Caligiuri MA, Dirnhofer S, 

Lundberg P, Kanz L, Quintanilla-Martinez L, Steinle A, Trumpp A, Salih HR, Lengerke 

C.  

Absence of NKG2D ligands defines leukaemia stem cells and mediates 

their immune evasion. 

Nature. 2019 Aug;572(7768):254-259. doi: 10.1038/s41586-019-1410-1. Epub 2019 

Jul 17. Erratum in: Nature. 2019 Aug 1;: PMID: 31316209; PMCID: PMC6934414. 

 

Abstract  
 

Patients with acute myeloid leukaemia (AML) often achieve remission after therapy, 

but subsequently die of relapse1 that is driven by chemotherapy-resistant leukaemic 

stem cells (LSCs)2,3. LSCs are defined by their capacity to initiate leukaemia in 

immunocompromised mice4. However, this precludes analyses of their interaction with 

lymphocytes as components of anti-tumour immunity5, which LSCs must escape to 

induce cancer. Here we demonstrate that stemness and immune evasion are closely 

intertwined in AML. Using xenografts of human AML as well as syngeneic mouse 

models of leukaemia, we show that ligands of the danger detector NKG2D-a critical 

mediator of anti-tumour immunity by cytotoxic lymphocytes, such as NK cells6-9-are 

generally expressed on bulk AML cells but not on LSCs. AML cells with LSC properties 

can be isolated by their lack of expression of NKG2D ligands (NKG2DLs) in both 

CD34-expressing and non-CD34-expressing cases of AML. AML cells that express 

NKG2DLs are cleared by NK cells, whereas NKG2DL-negative leukaemic cells 

isolated from the same individual escape cell killing by NK cells. These NKG2DL-

negative AML cells show an immature morphology, display molecular and functional 

stemness characteristics, and can initiate serially re-transplantable leukaemia and 

survive chemotherapy in patient-derived xenotransplant models. Mechanistically, 

poly-ADP-ribose polymerase 1 (PARP1) represses expression of NKG2DLs. Genetic 

or pharmacologic inhibition of PARP1 induces NKG2DLs on the LSC surface but not 
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on healthy or pre-leukaemic cells. Treatment with PARP1 inhibitors, followed by 

transfer of polyclonal NK cells, suppresses leukaemogenesis in patient-derived 

xenotransplant models. In summary, our data link the LSC concept to immune escape 

and provide a strong rationale for targeting therapy-resistant LSCs by PARP1 

inhibition, which renders them amenable to control by NK cells in vivo. 

 

Contribution  
 

In this publication PH helped Anna M. Paczulla (AMP) with the in vivo AML 

transplantation procedures (that also served as training for PH for future 

transplantation methods) and was also involved in the final analysis of murine 

recipients of both the xenotransplantation assays and the murine syngeneic 

transplantations together with AMP and Marcelle Mbarga (MM). PH reviewed the 

manuscript and the figures during the revision process.  

PH also performed the in vitro cell culture experiment of co-incubation of both CD34+ 

and CD34- AML cells with NK cells for the illustration of this publication (see picture 

below). Christoph Schürch (CS) performed the microscopy work, took the picture and 

worked on the image. 
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Primary AML cells were separated into CD34+ and CD34- cells using magnetic cell 

sorting (MACS). NK cells from a healthy donor were cultured for three days and CD56+ 

cells were isolated again using MACS. CD34+ leukemic stem cells were stained with 

blue cell tracker dye (blue), CD34- leukemic cells with CFSE (green) and NK cells with 

calcein-APC (red) dye. Cells were mixed in a 1:4 ratio (leukemic cells:NK cells), plated 

onto poly-L-lysine coated slides and incubated for 3 hours at 37°C, 5% C02. Imaging 

was performed using an SP5-II-MATRIX fluorescent confocal microscope (Leica 

Microsystems, 63X Objective). 

 

1.3. MODELING HEMATOPOIETIC DISORDERS IN ZEBRAFISH. 
 

Konantz M, Schürch C, Hanns P, Müller JS, Sauteur L, Lengerke C.  

Modeling hematopoietic disorders in zebrafish. 

Dis Model Mech. 2019 Sep6;12(9):dmm040360. doi: 10.1242/dmm.040360. PMID: 

31519693; PMCID: PMC6765189. 
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Abstract 
 

Zebrafish offer a powerful vertebrate model for studies of development and disease. 

The major advantages of this model include the possibilities of conducting reverse and 

forward genetic screens and of observing cellular processes by in vivo imaging of 

single cells. Moreover, pathways regulating blood development are highly conserved 

between zebrafish and mammals, and several discoveries made in fish were later 

translated to murine and human models. This review and accompanying poster 

provide an overview of zebrafish hematopoiesis and discuss the existing zebrafish 

models of blood disorders, such as myeloid and lymphoid malignancies, bone marrow 

failure syndromes and immunodeficiencies, with a focus on how these models were 

generated and how they can be applied for translational research. 

 

Contribution  
 

In this review, PH summed up the zebrafish models for hematopoietic disorders to 

draw table 1. PH reviewed the manuscript and helped Martina Konantz (MK) with the 

poster. 

 

 

1.4. ACUTE MYELOID LEUKEMIA STEM CELLS: THE CHALLENGES OF 
PHENOTYPIC HETEROGENEITY 

 

Arnone M, Konantz M, Hanns P, Paczulla Stanger AM, Bertels S, Godavarthy PS, 

Christopeit M, Lengerke C. 

Acute Myeloid Leukemia Stem Cells: The Challenges of Phenotypic Heterogeneity. 

Cancers (Basel). 2020 Dec 12;12(12):3742. doi: 10.3390/cancers12123742. PMID: 

33322769; PMCID: PMC7764578. 

 

Abstract 
 

Patients suffering from acute myeloid leukemia (AML) show highly heterogeneous 

clinical outcomes. Next to variabilities in patient-specific parameters influencing 

treatment decisions and outcome, this is due to differences in AML biology. In fact, 
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different genetic drivers may transform variable cells of origin and co-exist with 

additional genetic lesions (e.g., as observed in clonal hematopoiesis) in a variety of 

leukemic (sub)clones. Moreover, AML cells are hierarchically organized and contain 

subpopulations of more immature cells called leukemic stem cells (LSC), which on the 

cellular level constitute the driver of the disease and may evolve during therapy. This 

genetic and hierarchical complexity results in a pronounced phenotypic variability, 

which is observed among AML cells of different patients as well as among the 

leukemic blasts of individual patients, at diagnosis and during the course of the 

disease. Here, we review the current knowledge on the heterogeneous landscape of 

AML surface markers with particular focus on those identifying LSC, and discuss why 

identification and targeting of this important cellular subpopulation in AML remains 

challenging. 

 

Contribution  
 

In this review, I helped Marlon Arnone (MA), MK and Sarah Bertels (SB) with figure 

conceptions, and reviewed and discussed critical aspects of the manuscript with MA. 

 

1.5. SRP54 MUTATIONS INDUCE CONGENITAL NEUTROPENIA VIA 
DOMINANT-NEGATIVE EFFECTS ON XBP1 SPLICING 

 

 Schürch C, Schaefer T, Müller JS, Hanns P, Arnone M, Dumlin A, Schärer J, 

Sinning I, Wild K, Skokowa J, Welte K, Carapito R, Bahram S, Konantz M, Lengerke 

C. 

SRP54 mutations induce congenital neutropenia via dominant-negative effects 

on XBP1 splicing.  

Blood. 2021 Mar 11;137(10):1340-1352. doi: 10.1182/blood.2020008115. PMID: 

33227812; PMCID: PMC7994924. 

 

Abstract:  
 

Heterozygous de novo missense variants of SRP54 were recently identified in patients 

with congenital neutropenia (CN) who display symptoms that overlap with 

Shwachman-Diamond syndrome (SDS). Here, we investigate srp54 knockout 



 164 

zebrafish as the first in vivo model of SRP54 deficiency. srp54-/- zebrafish experience 

embryonic lethality and display multisystemic developmental defects along with 

severe neutropenia. In contrast, srp54+/- zebrafish are viable, fertile, and show only 

mild neutropenia. Interestingly, injection of human SRP54 messenger RNAs (mRNAs) 

that carry mutations observed in patients (T115A, T117Δ, and G226E) aggravated 

neutropenia and induced pancreatic defects in srp54+/- fish, mimicking the 

corresponding human clinical phenotypes. These data suggest that the various 

phenotypes observed in patients may be a result of mutation-specific dominant-

negative effects on the functionality of the residual wild-type SRP54 protein. 

Overexpression of mutated SRP54 also consistently induced neutropenia in wild-type 

fish and impaired the granulocytic maturation of human promyelocytic HL-60 cells and 

healthy cord blood-derived CD34+ hematopoietic stem and progenitor cells. 

Mechanistically, srp54-mutant fish and human cells show impaired unconventional 

splicing of the transcription factor X-box binding protein 1 (Xbp1). Moreover, xbp1 

morphants recapitulate phenotypes observed in srp54 deficiency and, importantly, 

injection of spliced, but not unspliced, xbp1 mRNA rescues neutropenia in srp54+/- 

zebrafish. Together, these data indicate that SRP54 is critical for the development of 

various tissues, with neutrophils reacting most sensitively to the loss of SRP54. The 

heterogenic phenotypes observed in patients that range from mild CN to SDS-like 

disease may be the result of different dominant-negative effects of mutated SRP54 

proteins on downstream XBP1 splicing, which represents a potential therapeutic 

target. 

 

Contribution 
 

In this publication, PH helped CS to perform some of the zebrafish experiments (set 

up of breedings and in situ hybridization experiments), isolated some of the cord-blood 

derived CD34+ HSPCs samples and participated to the counting of neutrophils on 

zebrafish in situ hybridization images.  
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