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Introduction

1 Introduction
1.1 Hematopoiesis

Blood is one of the most important supplying systems in our bodies. It is not only
responsible for the maintenance of the body temperature but also for the transport
of oxygen, nutrition, and signaling agents. Blood is primarily composed of plasma
components, which consists of water, proteins, minerals, and other small
molecules. Approximately 44% of the peripheral blood is cellular components.
These cellular components accomplish a diverse range of functions, for example,
the coagulation, the infection defense, and the transportation of oxygen.
The hematopoietic system consists of 10 primary cell types branched in the
lymphoid and myeloid lineage with a predominantly short lifespan. For example,
thrombocytes survive for 7-10 days, while erythrocytes survive for up to 120 days.
Consequently, billions of fresh blood cells are produced daily to sustain the blood
system and its function. Responsible for this is a relatively rare cell fraction of
hematopoietic stem cells (HSCs) located in the bone marrow. Due to this high
regenerative rate, the hematopoietic system is susceptible to genotoxic and
cytotoxic stress, which can result in transformations of the cells in the bone
marrow with a fatal outcome.

1.2 Hematopoietic Stem Cell

In 1949, Jacobsen et al. demonstrated that mice could be protected from lethal
irradiation by covering the spleen with a lead foil (Jacobson et al., 1949), which led
to the humoral hypothesis. This theory implies hormones and signal substances
are resources in the recovery of hematopoietic failures.
Two years later, in 1951, it was demonstrated that the transplantation of
unmanipulated, syngenic donor cells of either spleen or bone marrow could rescue
lethally irradiated mice from death (Lorenz et al., 1951). This was the beginning of
a paradigm change towards the cellular theory, implying cells as a source of the
life-sustaining, rescuing action, and was further supported by experiments
performed in the laboratory of Till and McCulloch. In 1960, they could demonstrate
1
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not only a linear dependency between survival of lethally irradiated mice and
injected unirradiated donor hematopoietic cells (Mcculloch and Till, 1960), but also
that nodules are formed on the blood forming spleen tissue 10 days (Till and
Mcculloch, 1961) after a life rescuing donor cell transplantation of otherwise
lethally irradiated mice. This led to the development of the colony-forming unitspleen (CFU-S) assay which measures the stem cell activity of a cell fraction.
These nodules, observed on the spleen, were characterized by their ability to
proliferate into myeloid cells (Becker et al., 1963). Furthermore, they had the
capacity of serial transplantation, and their proportion even increased 14 days
after transplantation (Siminovitch et al., 1963), and the nodules were
demonstrated to be of clonal origin (Becker et al., 1963). Based on these
observations, the stem cell theory arose and was finally stated as the origin of the
spleen nodules. This theory implied two main postulates, which are characteristic
for stem cells even today: the ability to self-renew and to generate multiple cell
lineages.
Parallel to the in vivo system, an in vitro system was developed to test the colonyforming unit (CFU) ability of cells. For this, cells were seeded in semi-solid agar
(Bradley and Metcalf, 1966; Pike and Robinson, 1970), and after 7 days (mouse
system) or 14 days (human system), they were scored for colony formation and
tested for their replatability (Wu et al., 1968a). Even when myeloid and erythroid
colonies were detectable, their origin was still a matter of debate. On the one
hand, neither the CFU-S, nor the CFU-assay were able to generate cells of the
lymphoid lineage (Wu et al., 1968b). Therefore, a myeloid primed cell source was
the obvious consensus instead of a long-term stem cell (Schofield, 1978). On the
other hand, it was shown that the same cells gave rise to lymphocytes when they
were injected in another experimental setting. In 1986, it was demonstrated that
the cell of origin of the spleen nodules is a primitive cell (Lemischka et al., 1986;
Jones et al., 1989), possibly a short-term hematopoietic stem cell (ST-HSC). In
fact, a long-term reconstitution in secondary mice after transplantation of CFU-S
derived cells could not be observed.
Through the invention of fluorescent labeled surface antibodies and the cell sorting
technology, it was possible to purify different hematopoietic subpopulations and to
explore their possible stem cell potential using the in vivo mouse system. Using
this technique, a rare population of cells was identified. It accounts only for 0.0050.01% of the bone marrow (Morrison et al., 1995), but has the ability to divide
2

Introduction
asymmetrically for a lifetime, to form identical daughter cells, as well as progenitor
cells. It also can differentiate into all mature blood cells. When these cells are
injected into lethally irradiated mice, they can reconstitute the whole blood system
for long-term (more than 6–8 weeks), as well as sustain it after retransplantation
into secondary recipients which were lethally irradiated (Morrison and Weissman,
1994). These cells are termed long-term hematopoietic stem cells (LT-HSC). The
downstream ST-HSC have a shortened self-renewal capacity of only 6–8 weeks,
and their frequency is 0.01-0.03% (Morrison et al., 1995) in mouse bone marrow.
In the human system a surface antibody against a L-selectin ligand was developed
in 1984 (Civin et al., 1984). This antibody is now known as CD34. Using this
antibody, it was possible to enrich stem cells out of the mononuclear cell fraction.
However, the selected population was still very heterogeneous. Further
developments and discoveries in the field of antibodies led to a better
characterization of the stem cell population, such as CD38 and CD90. A more
primitive cell with the ability to repopulate in the SCID mouse was characterized by
the immunophenotype CD34+/38-, whereas the CD34+/38+ subpopulation showed
no SCID repopulating cell (SRC) activity (Wang et al., 1997). Furthermore, an
enrichment of the human hematopoietic stem cell (HSC) was observed in the
subpopulation that showed a positive coexpression of CD90 and CD34 (Murray et
al., 1995). Due to ethical reasons and limitations of resources, research of the
human system is more difficult compared to the murine system. To address this
problem, efforts were made to establish in vitro and in vivo systems that reflect the
human system adequately. Over the years, different manipulations of the
xenotransplantation model have been made (see: chapter1.5).
Parallel to the murine in vitro model system, there is also a CFC-assay available
for the human system. With this assay the colony formation capacity and therefore
the activity of the progenitor cells can be measured in vitro. Another assay was
required to understand more primitive cells. The maintenance of stem cells
throughout a life is dependent on other cell types. In 1978, it was proven that stem
cells lose their activity and differentiate when they are detached from their normal
environment (Schofield, 1978). This initiated the discovery of the stem cell niche.
At first, there was the theory that stem cells are dependent on osteoblasts
(endosteal niche) which act as niche (Gong, 1978). This observation was also
used to establish an in vitro system with the intention to have a better assay for
stem cell cultivation. By cultivating hematopoietic cells on stromal cells for
3
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5 weeks, it was possible to maintain their CFC capabilities (Sutherland et al.,
1991). These stromal cells (named as "feeder cells") were further improved,
humanized, and engineered to produce the human cytokines SCF, IL-3, and GCSF (Hogge et al., 1996). With the help of these feeder cells, a long-term-culture
initiating cell (LTC-IC) assay was developed to test the ST-HSC activity. A more
primitive cell was detected when the LTC-IC culture was extended up to 100 days
(extended long-term-culture initiating cell, ELTC-IC) (Hao et al., 1996).
Nevertheless, it is still impossible to keep LT-HSCs in culture without losing their
self-renewal capacity, as the stem cells lose their activity and differentiate over
time. It was also proven that only a minor fraction of the HSCs reside in the
endosteal niche, and the majority of the cells are found within the reticular niche of
the bone marrow, in close contact to sinusoidal blood vessels and endothelial cells
(Sugiyama and Nagasawa, 2012).

Endosteal niche

Reticular niche
mobilization
into blood:
stress, G-CSF

quiescent
cycle
sinusoidal vessel
surrounded by
endothelial cells

HSC

HSC

CAR cell

HSC

osteoblast

Progenitors

HSC <

HSC

Proportion of HSC within the bone marrow niches

Division:
symmetric
asymmetric

Figure 1: The niche microenvironment of hematopoietic stem cells in the bone marrow.
Hematopoietic stem cells (HSCs) resides in close contact to the endosteal niche and the reticular niche, in
particular the sinusoidal vessel surrounding chemokine ligand 12-abundant reticular (CAR) cells. CAR cells
are essential for the maintenance of the HSC pool, as well as for the differentiation and proliferation of HSCs,
erythroid- and lymphoid progenitors (according to Omatsu et al., 2010; Sugiyama and Nagasawa, 2012).
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The chemokine ligand 12-abundant reticular (CAR) cells, which are part of the
reticular niche, are involved in the maintenance and the retention of the quiescent
cell cycle state of HSCs, as well as the proliferation of lineage primed progenitors
(Omatsu et al., 2010). As the niche is complex in nature, a satisfying in vitro
system that reflects and maintains a full functional stem cell over a longer period of
time is currently not available.
Therefore, the measurement of the stem cell ability of a given subpopulation has
still to be done by using the in vivo system, characterized by the ability to establish
long-term reconstitution in recipient animals and enable efficient retransplantability
in secondary hosts.

1.3 Adult Normal Hematopoiesis

The current and widely accepted monophyletic theory implies a hierarchical order
of hematopoiesis. All blood cell types are produced by the multipotent LT-HSC
pool throughout a lifetime (Uchida and Weissman, 1992). Adult LT-HSCs are a
rare cell population. They are situated in the bone marrow and are characterized
by quiescence (G0 state), rare cell division, self-renewal, and multilineage
commitment ability (Cheshier et al., 1999). They can be activated through stress
(Trumpp et al., 2010) or G-CSF stimulation (Sato et al., 1994; Lo Celso and
Scadden, 2011) and can reconstitute the blood system of a host after a lethal
irradiation and maintain it throughout lifetime.
In contrast, ST-HSCs can reconstitute the blood system faster (Morrison et al.,
1995) but to a decreased level and only for a short period of 6–8 weeks (Morrison
and Weissman, 1994). After this period of time, the ST-HSCs differentiate and
need to be replaced by newly formed ST-HSCs through asymmetrically dividing
LT-HSCs to maintain hematopoiesis (Challen et al., 2009). ST-HSCs differentiate
into multipotent progenitors (MPPs), which lose their self-renewal capacity
(Morrison et al., 1997). MPPs divide more frequently (Fuchs and Horsley, 2011)
and are not lineage primed but differentiate into common myeloid progenitor
(CMP) and common lymphoid progenitor (CLP) cells (Ji et al., 2010), which are
lineage restricted. In the classical hematopoietic system, a shift from the lymphoid
into the myeloid lineage seems to be rare after passing the MPP checkpoint. CLP
cells can differentiate into the lymphoid cell types: T-, B-, and NK cells (Kondo et
5
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al., 1997), while CMP cells are restricted to the myeloid lineage and can
differentiate into granulocytes, megakaryocytes, monocytes, and erythrocytes
(Blom and Spits, 2006).

CD34+/CD38self-renewal
differentiation

HSC
CD34+/CD38-/CD90+/CD45RA-

CD34+/CD38-/CD90-/CD45RA-

multipotent
progenitors

MPP

myeloid lineage
CD34+/CD38+
CD34+/CD38+/CD123+/
CD110-/CD45RACD34+/CD38+/
CD123+/
CD110+/
MEP
CD45RA-

lymphoid lineage
CMP

dendritic cells

GMP

CLP

CD34+/CD38+/CD123+/
CD110-/CD45RA+

erythrocytes thrombocytes granulocytes macrophages
differentiated cells: CD34-/CD38+/-

T-cells

B-cells NK-cells

Figure 2: Hematopoietic hierarchy
The respective surface marker combinations of the human subpopulations are indicated.
HSC: hematopoietic stem cell; CMP: common myeloid progenitor; MEP: megakaryocyte-erythroid progenitor;
MPP: multipotent-progenitor; GMP: granulocyte-macrophage progenitor; CLP: common lymphoid progenitor
(according to Bryder et al., 2006).

In 2005 (Adolfsson et al.), it was demonstrated that in the murine system another
progenitor cell type exists, and in 2011, it was proven to exist in the human system
as well (Goardon et al., 2011). In both systems, it was shown that this cell type is
more differentiated than the MPP but it still has a restricted potential to
differentiate into some myeloid lineages as well as into the whole spectra of
lymphoid cells. This cell type, termed as lymphoid-primed progenitor cell (LMPP),
was shown to be on the one hand unable to differentiate into megakaryocytes or
erythrocytes but on the other hand to be able to differentiate into granulocytes and
macrophages as well as into all lymphoid cells (T-, B-, and NK cells).
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Figure 3: A comparison of the classical and updated hematopoietic hierarchy.
The introduction of the lymphoid-primed multipotent progenitor in the classical hematopoietic hierarchy leads
to a revision -the updated model- of hematopoiesis. HSC: hematopoietic stem cell; MPP: multipotentprogenitor; LMPP: lymphoid primed multipotent progenitor; CMP: common myeloid progenitor; MEP:
megakaryocyte-erythroid progenitor; GMP: granulocyte-macrophage progenitor; CLP: common lymphoid
progenitor; NK: natural killer cell (according to Goardon et al., 2011).

Within more primitive normal hematopoiesis, it is still impossible to naturally
convert a differentiated cell into a more primitive cell type; for example, a
granulocyte-macrophage progenitor (GMP) cell cannot convert into a ST-HSC
(Shizuru et al., 2005). The loss of stem cell function is accompanied by a rise of
the mitotic activity and a reduction of the self-renewal capacity (Reya et al., 2001).
At the bottom of the hematopoietic hierarchy or at the end of the differentiation
process, there are the functional, mature blood cells.
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1.4 Cancer Stem Cells and Leukemic Stem Cells

Cancer stem cells (CSCs) share some characteristics with normal stem cells. They
are able to divide into identical daughter cells, which maintain the CSC pool, as
well as differentiate into more mature cells that form the cancer mass (Furthauer
and Gonzalez-Gaitan, 2009). Even with regard to their mitotic activity, they are
similar to normal stem cells, because they divide rarely and are mostly in a
quiescent state (Venere et al., 2013). But in contrast to normal stem cells, cancer
cells show an extensive proliferation program, which is not controlled anymore by
natural feedback mechanisms (Reya et al., 2001). This leads to the accumulation
of cancer cells in the bone marrow in the case of leukemia and subsequent
suppression of the normal hematopoietic stem cell function through replacement
with cancer cells. The normal cell cycle machinery, which is present in normal
stem cells, seems to be defective in cancer cells.
In leukemia, a two hit model has been proposed, which postulates that it requires
mutations of genes involved in the signal-transduction (class I mutation) and the
differentiation pathway (class II mutation) to lead to a transformation into a
leukemic cell (Kelly and Gilliland, 2002). A mutation in only one class is not
sufficient to mutate a normal cell into a malignant cell (Figure 4) (Gilliland et al.,
2004).
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Figure 4: Classes of gene mutations in AML and the theoretical contribution to malignant
transformation (according to Gilliland et al., 2004; Dombret, 2011; Liang et al., 2013).
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Later on, additional classes, such as class III mutations, were proposed (Dombret,
2011; Liang et al., 2013). Overall, this reflects the complexity of this process and
indicates that more knowledge is required to fully understand this process.
There are two theories I would like to highlight hereafter. The first one, the
stochastic theory (Agrell, 1986), which states that all tumor cells have an identical
potential to form new tumor cells, depending only on signal molecules or external
factors to activate this function. This implies that an enrichment of cancer stem
cells cannot be obtained through purification of a subpopulation, and an outgrowth
of the cancer can be initiated by every malignant subpopulation of the tumor. The
second, the hierarchical theory (Dick, 2003), assumes a pyramidal structure
similar to the normal hematopoiesis, in which biologically different cells exists, and
CSCs resides at the top of the malignant hierarchy. These CSCs are thought to
rarely divide (Moore and Lyle, 2011), but they give rise to progenitor cancer cells
which have an unlimited division machinery and are therefore producing
uncontrolled mature blast cells (Huntly and Gilliland, 2005). These more
differentiated cancer cells constitute the main mass of a tumor, implying that a rare
subpopulation of cells exists which can reconstitute the disease whereas the mass
of the cancer is not responsible for tumor propagation, reflected by a lack of
engraftment potential in the xenotransplantation model in the case of leukemia
(Dick et al., 1997). This also implies that cancer would be cured if the cancer stem
cell could be erased by an appropriate treatment.

10

Introduction

Hierarchical tumor
model
Tumor-initiatiing cells
ability to self-renew,
differentiate

Stochastic tumor model

Tumor heterogeneity

signal
molecules
or
external
factors

Tumorinitiation

main tumor mass
without Tumor-initiating potential

Figure 5: Model illustrating the stochastic and hierarchy theory of tumor formation (according to
Agrell, 1986; Dick, 2003).

It was first proven in leukemia that only a rare cell population is responsible for the
malignant proliferation as well as the metastatic activity (Lapidot et al., 1994;
Bonnet and Dick, 1997). Later on, this was also shown in other types of cancer,
like breast (Dick, 2003) or brain tumors (Lathia et al., 2011). Bonnet and Dick
(1997) demonstrated that the leukemia initiating cell (LIC) resides in the CD34+/38cell fraction, which is similar to the normal stem- and progenitor cells with identical
immunophenotype, a relatively rare fraction. These cells were able to generate,
maintain, and to proliferate a human leukemia in the NOD/SCID mouse model.
Improvements of the mouse model led to a more sensitive in vivo model. With this,
LICs could be detected in the CD34+/38+ and even in the CD34-/38+ fraction (but to
relatively rare percentages) of AML samples (Taussig et al., 2010; Eppert et al.,
2011). Within the normal hematopoiesis, the CD34 marker is expressed on stemand progenitor cells (Civin et al., 1984; Baum et al., 1992). This fraction is still very
heterogeneous and can be further divided by introducing the CD38 (Bhatia et al.,
1997) and CD90 (Murray et al., 1995) antibody.
In normal hematopoiesis, the HSCs are characterized by the CD34+/38-/90+/123immunophenotype (Majeti et al., 2007). The AML cells in general represent a
nearly identical immunophenotype compared to the normal myeloid hematopoietic
11
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cascade, but a CD90 expression was not observed so far (Blair et al., 1997;
Roboz and Guzman, 2009). AML samples that are CD34 positive have mainly a
LMPP and GMP expression pattern which can reconstitute and even proliferate in
the immunocompromised mouse strain over 12 weeks (Goardon et al., 2011). The
LMPP and GMP immunophenotype is characterized by a CD34+/38-/90-/45RA+
and CD34+/38+/123+/low/CD110-/CD45RA+ immunophenotype, respectively. Their
genetic pattern is similar to their respective normal counterparts showing the same
immunophenotype (Goardon et al., 2011). However, normal LMPP and GMP cells
are unable to self-renew, sustain, proliferate, or engraft for long-term in
immunocompromised mouse strains (Majeti et al., 2007; Zhang et al., 2012).
Indeed, it was shown in CML that through activation or introduction of special
genes, self-renewal capacity could be reinitiated in GMP cells (Huntly et al., 2004;
Huntly and Gilliland, 2005). Thus, cancer stem cells can originate from a
transformed progenitor cell, which recovers certain stem cell characteristics
through mutations or transcriptional changes provoked through different means,
such as microRNAs (miRNAs), for example.

1.5 Xenotransplantation Models

In the previous sections, the importance of the xenotransplantation model was
highlighted for its use in the discovery and characterization of stem cells. Now the
developments within this field will be discussed. A requirement for the engraftment
of mice with human cells is a lack of the adaptive and innate immune system of
the mice. Bosma et al (1983) detected in some litters of CB-17 inbred mice the
absence of serum immunoglobulin and a deficiency of T- and B-cells. These litters
harbored a homozygous mutation in the Prkdc (protein kinase DNA activated
catalytic polypeptide) gene (Blunt et al., 1995) on chromosome 16 (Hamatani et
al., 1996) resulting in an impaired production of mature T- and B-cells but with an
intact NK cell function (Eidenschenk et al., 2006).
The SCID (severe combined immunodeficiency) termed mice were highly sensitive
to irradiation because of the defect in the DNA repair machinery and were the first
xenotransplantation model to read out human HSC function (Biedermann et al.,
1991). Because of the intact innate immune system (NK- cells and macrophages),
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a robust reconstitution could not be observed and their shortened lifespan
impeded the determination of HSC subsets (Greiner et al., 1998).
Further immunodeficiency was obtained through backcrossing non-obese diabetic
(NOD) mice, which were deficient in NK cells (Kataoka et al., 1983), to the
Prkdcscid mice, resulting in the NOD/SCID mice (Shultz et al., 1995), that were
characterized by radiosensitivity (Greiner et al., 1998), lack of T-, B-, and
diminished NK cells (some residual NK cells existed). The result was an
improvement of engraftment potential of human cells in these mice (Meyerrose et
al., 2003). The observation period, 4–6 months after transplantation, is still
marginal due to their short lifespan (Meyerrose et al., 2003). That is caused by a
high tendency of spontaneous tumor development, in particular lymphomas
(Prochazka et al., 1992). Therefore an evaluation of the human cell engraftment
kinetics was not accomplishable within these mice. For a while the NOD/SCID
model was the gold standard for studying the human HSCs, as well as stem cells
from human malignancies of different sources (Pearson et al., 2008). However,
macrophages and residual NK cells were still present and thus inhibited the ability
of human cells to engraft within these mice. Treating these mice with an antibody
against the IL-2Rß chain (anti-CD122), that targets the NK and macrophages,
resulted in a higher engraftment level compared to the anti-CD122 untreated
cohort (McKenzie et al., 2005).
Furthermore, there was a new strain bred, that is named NOD/SCID gamma
(NSG) mice (Shultz et al., 2005). These mice are lacking T- and B-cells, as well as
NK cells through a complete null mutation in the interleukin-2 receptor gamma
chain, a crucial component for different cytokine receptors (including IL-2, IL-4, IL7, IL-9, IL-15, IL-21) (Sugamura et al., 1996; Shultz et al., 2007). This newly
developed hybrid mouse strain supported in comparison to the NOD/SCID mice, a
6-fold higher engraftment potential of human stem- and progenitor cells and a
longer observation period because a susceptibility to thymic lymphomas was not
observed (Shultz et al., 2005).
The engraftment potential of cells is not only affected by differences amongst the
various immunocompromised mouse strains. It can be influenced by a
preconditioning of the mice, such as administration of the anti-CD122 antibody
(McKenzie et al., 2005) or the simultaneous administration of human cytokines
(Cashman et al., 1997). Also, the route of injection can have a significant impact
on the engraftment level of human cells within these mice. When comparing the
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intravenous with the intrafemoral injection, an advantage was observed for the
direct implantation of cells into the bone marrow cavity (Mazurier et al., 2003). In
addition, contents of an AML sample have impact on the engraftment potential. It
was observed that a depletion of patient lymphocytes, prior injection, resulted in an
enhancement of the myeloid graft in the NSG mouse model (von Bonin et al.,
2013). Although it is today's gold standard to test for functional HSC and LIC
potential, only around 38-66% of the AML samples are able to engraft the NSG
mouse strain (Ishikawa et al., 2007; Sanchez et al., 2009).
Further insights in the biology and mechanisms of the complex hierarchy within the
normal and malignant hematopoiesis will guide us to new improvements of the
xenotransplantation model with better conditions for the human cells to engraft in
this environment. One such example is the newest generation of NSG mice
(common name NSGS or NSG-SGM3) that are engineered through viral
transfection to produce human cytokines (IL-3, SCF and GM-CSF), resulting in a
gradual humanization of the microenvironment in these mice and better growth
conditions for human cells (Feuring-Buske et al., 2003; Wunderlich et al., 2010).

1.6 AML and Classification

One of the leading causes of death in the aging population is cancer. Acute
myeloid leukemia (AML) is considered to be a disease of the elderly as its
incidence in patients increases with age (Deschler and Lubbert, 2006). The onset
of this disease is caused by genetic alterations within the hematopoietic progenitor
cells (Döhner and Döhner, 2008). It is characterized by a clonal proliferation and
accumulation of fast dividing cells of the myeloid lineage that suppress the normal
blood formation in the bone marrow and lead to insufficiency of the normal
hematopoiesis (Stiehl et al., 2014). The characteristic symptoms of AML are
physical weakness, fever, anemic pallor, bleedings, and failure of the coagulation
system. A very dangerous side effect is the higher incidence of infections. Even
today, failure to treat the disease would cause death within weeks or months after
diagnosis. Despite the improvements in the treatment scheme, the overall survival
is, depending on the AML subgroup, still not satisfying. AML can develop without a
previous disease (de novo AML), or it can also arise based on another cancer
therapy (secondary AML).
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For diagnosis of an acute myeloid leukemia, the detection of an immature
leukemic cell population is essential, generally in the bone marrow. According to
the World Health Organization (WHO) classification, AML is diagnosed when more
than 20% myeloblast cells are detected in the bone marrow (Harris et al., 1999).
The exceptions are some AML cases with recurrent genetic abnormalities,
including

the

following

ones:

translocations,

such

as

t(8;21),

t(15;17),

inv(16)/t(16;16), and some cases of erythroid leukemia, where it is counted as
AML irrespective of the AML blast count. In 1976, hematologists from France,
America, and Britain cooperated and worked out a systematic classification to
group acute myeloid leukemia (Table 1) - named as FAB (French-AmericanBritish) classification (Bennett et al., 1976). Attributed by the technical options of
this former time, this classification system was based on microscopic
characteristics of the blast cells, incorporating cytochemical and morphological
criteria.
Table 1: French-American-British (FAB) classification of acute myeloid leukemia.

FAB
subtype

M0

AML minimally differentiated

M1

AML without maturation

M2

AML with maturation

M3

Promyelocytic leukemia

M4

Acute myelomonocytic leukemia

M4eo

Myelomonocytic leukemia with bone marrow eosinophilia

M5a

Acute monocytic leukemia without maturation

M5b

Acute monocytic leukemia with partial maturation

M6

Acute erythroid leukemia

M7

Acute megakaryoblastic leukemia

Since that time, based on improvements in genetics, the WHO classification was
adopted to also include cytogenetic aberrations or therapy induced AML. With the
former WHO classification from 2001, only approximately 30% of the AML cases
could be genetically grouped (Vardiman et al., 2002). The rest, mostly normal
karyotype AML, were poorly characterized and just quoted as not otherwise
specified (NOS). With the help of the fast growing knowledge about the molecular
biology of the disease, the WHO classification is permanently under revision. With
the introduction in 2008 of the mutation, NPM1 and CEBPα, new entities of
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patients have been included in the registry (Vardiman et al., 2009). NPM1
mutations occur in 35% of all AML cases present, but with the highest frequency in
the normal karyotype patients with nearly 60% (Rau and Brown, 2009). Around 60
different mutations in the NPM1 exon 12 gene locus were detected with the
highest incidence of the mutation A (Thiede et al., 2006). The NPM1 mutation can
be a founder genetic alteration (Martelli et al., 2010) on its own, meaning without
association of other mutations like FLT3 (Falini et al., 2011). It is associated with a
better clinical outcome and defines its own AML subclass. More AML subgroups
(formerly classified as NOS) have been added in the latest WHO classification of
2008 (Table 2) (Vardiman et al., 2009). Now, genetically grouped cases capture
70% of patients and only 30% are counted as NOS.
Table 2: The WHO classification (revised in 2008) of acute myeloid leukemia with recurrent genetic
abnormalities and not otherwise specified. The new introduced entities of mutated NPM1 and CEBPα are
highlighted (according to Vardiman et al., 2009).

Acute myeloid leukemia

with recurrent
genetic
abnormalities

inv(16)

APL with t(15;17)

mutated NPM1

inv(3)(q21q26.2)

t(1;22)(p13;q13)

mutated CEBPα

t(6;9)(p23;q34)
t(8;21)(q22;q22)
t(9;11)(p22;q23)
AML with minimal differentiation
AML without maturation
AML with maturation
Acute myelomonocytic leukemia

not otherwise
specified

Acute monoblastic/monocytic leukemia
Acute erythroid leukemia
Acute megakaryoblastic leukemia
Acute basophilic leukemia
Acute panmyelosis with myelofibrosis

The better understanding of the molecular genetic and epigenetic source of the
AML led to substantial improvements with regard to new diagnostic and prognostic
markers as pointed out in Table 3, showing the guidelines of the European
LeukemiaNet (ELN) with regard to AML risk stratification.
16

Introduction
Table 3: European LeukemiaNet risk group classification of AML (according to Mrozek et al., 2012).

ELN Risk Group

Favorable

Intermediate-I

Intermediate-II

Adverse

normal karyotype
mutated NPM1
without FLT3-ITD

wild-type NPM1
and FLT3-ITD

mutated CEBPα

wild-type NPM1
without FLT3ITD
mutated NPM1
and FLT3-ITD
cytogenetic abnormalities

Subsets
t(8;21)(q22;q22)

t(9;11)(p22;q23)

inv(16)(p13.1q22)

inv(3)(q21q26.2)
t(6;9)(p23;q34)

cytogenetic
abnormalities not
classified as
favorable or
adverse

t(v;11)(v;q23)
del(5q)
del(7q)
complex karyotype

Forty five percent of all AML cases have a normal karyotype with partially distinct
cytogenetic molecular mutations (Fröhling et al., 2005). Depending on the
alteration, the AML cases are grouped into different risk categories. Even within
the same risk group, the clinical outcome is not identical. For example t(8;21) and
inv(16) patients have a better complete remission and overall survival rate
compared to the NPM1+/FLT3- or CEBPα mutated normal karyotype patients. In
the study from the ELN, the percentage for the complete remission in the favorable
risk group was observed to be 83% with an overall survival after 3 years of 33%
(Mrozek et al., 2012). In contrast, in the adverse risk group the complete remission
rate was reduced to only 39%, and the overall survival decreased to 3%.
All these increases in our understanding of the molecular biology and their
correlation with prognosis has encouraged approaches to perform genotype
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adapted therapies as realized in the clinical program of the German Austrian AML
Study Group (AMLSG) (http://www.uni-ulm.de/onkologie/AMLSG/studien.html).

1.7 miRNA Biogenesis and Function

There are now plenty of data linking miRNA to the biology of AML, despite the fact
that the field of miRNA is relatively young. In 1993, lin-4 was discovered in
C.elegans. At this time it was termed as a small RNA showing antisense
character. It was observed that a short (22 nucleotide length) and a long
(61 nucleotide length) version of lin-4 existed which did not code for a protein.
Instead, it was shown that lin-4 negatively regulates the LIN-14 protein, and it was
postulated that this is due to the antisense binding on the 3' untranslated region of
the before mentioned mRNA sequence (Lee et al., 1993). Nothing was published
in this field until the year 2000, when another regulator let-7 was discovered in
C.elegans (Reinhart et al.). After this publication, this area of research developed
quickly, and in 2001, the miRNA notation (Lagos-Quintana et al., 2001; Lau et al.,
2001) was introduced and its importance for vertebrates was observed. The
knowledge in this field has increased enormously, and its importance for many
crucial processes has been identified, including cell cycle regulation (Wang and
Blelloch, 2009; Wang and Blelloch, 2011), differentiation (Guo et al., 2011a),
neurogenesis (Liu et al., 2012), cardiogenesis (Zhao et al., 2007), hematopoiesis
(Bissels et al., 2012), as well as its involvement in different malignancies (Croce,
2009).
The understanding of the miRNA and mRNA network is still being investigated to
be fully understood. With the help of computational extrapolation, the binding of a
given miRNA can be predicted, implying the bases 2–8 of the mature miRNA
5' end, and it can be projected to the complementary binding sites of the common
mRNA sequences (Lewis et al., 2005). Based on this, it was predicted that a single
miRNA can control up to 200 gene targets (Krek et al., 2005), and a single mRNA
can be influenced by multiple different miRNAs (Lewis et al., 2003). Due to their
abundant interactions with mRNAs, it is estimated that miRNAs control 60% of the
mammalian transcriptome (Friedman et al., 2009).
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The structure of this tiny but nonetheless highly influencing RNA molecule is the
following: first, the stem-loop structure of a primary precursor miRNA (pri-miRNA),
which is several kilobases long, is cleaved in the nucleus into a ~70-nucleotide (nt)
precursor miRNA (pre-miRNA) (Lee et al., 2002) with a hairpin structure by a
microprocessor complex (Ambros et al., 2003). This complex is comprised of the
RNase III enzyme Drosha (Lee et al., 2003) and a double-stranded RNA binding
protein called DiGeorg syndrome critical region gene 8 (DGCR8) (Gregory et al.,
2004). Second, the pre-miRNA is exported to the cytoplasm through nuclear pores
mediated by the protein exportin-5 (XPO5) (Lund et al., 2004). The pre-miRNA
loop is cleaved into the mature miRNA (~21-25 nt) strand and its complementary
strand (miRNA*) in the cytoplasm through a DICER (RNase III enzym) complex
(Bernstein et al., 2001; Hutvagner et al., 2001; Knight and Bass, 2001), which
affects the 3' end. Mostly the mature miRNA strand is thermally unstable,
compared to the miRNA*, and incorporates more frequently to the RNA-induced
silencing complex (RISC) (Khvorova et al., 2003; Ui-Tei et al., 2008; Hibio et al.,
2012). The other strand often degrades rapidly (Du and Zamore, 2005; Yoda et al.,
2010). In the rare cases of equal stability of the complementary strands, both are
comparably processed in the RISC (He and Hannon, 2004). Depending on the
complementarity of the strands of miRNA and the targeted 3' UTR mRNA strand in
the RISC (Hammond et al., 2000; Hutvagner and Zamore, 2002), either the mRNA
gets cleaved by presence of complete homology or the translation into protein is
repressed by imperfect complementary (Wienholds and Plasterk, 2005). In both
scenarios the gene expression of the complementary mRNA is negatively
influenced by the presence of mature miRNA levels in the cytoplasm (ValenciaSanchez et al., 2006).
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Figure 6: Model of miRNA biogenesis and post-transcriptional interaction with mRNA target within a
cell. Potential mRNA targets are in silico predicted with the help of the complementarity to the seed sequence
of the miRNA, compromising the nucleotide (nt) 2-8 from the five prime end. The mRNA-miRNA matching has
impact on the mRNA degradation (according to He and Hannon, 2004; Wienholds and Plasterk, 2005).

This miRNA synthesis machinery was explored and manipulated at different
individual points to better understand the process. It was observed that a knockout
of Drosha (Fukuda et al., 2007), Dgcr8 (Wang et al., 2007), Dicer (Bernstein et al.,
2003), or Ago2 (O'Carroll et al., 2007) in mice was embryonic lethal or led to
defects in the hematopoiesis, demonstrating that already in the embryonic stage
miRNAs are crucial for development. Through manipulation of the nuclear to
cytoplasm export complex, via exportin-5, a reduction of precursor miRNA and
mature miRNA was observed in the cytoplasm (Kim, 2005). It was further shown
that the manipulation of the RISC complex through conditional inactivation of
Argonaut proteins resulted in hematopoietic defects of mice (Bissels et al., 2012).
These different individual manipulations demonstrated that miRNAs are important
for hematopoietic development. However, these experiments demonstrated only
the global effect on miRNA, and therefore a specific effect related to a single
miRNA could not be observed. Large efforts were made to confirm the predicted
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miRNA sequences to mRNA targets, or even to find new targets to get a better
understanding of the importance and the relevance of miRNAs in vertebrates.
It was also shown that miRNAs have an impact in cancer, as about 50% of the
human miRNAs are within cancer related genomic regions or fragile sites (Calin et
al., 2004), which are prone to chromosomal instability, to genomic changes, and to
impact cancer development (Ozeri-Galai et al., 2012). Also oppositional effects
were documented for miRNAs depending on the species and tissue. miRNAs can
function as tumor suppressors, as well as oncomiRs depending on the targeted
mRNA. For example, the miR-125 family can act as tumor suppressors in various
cancers, including breast (Scott et al., 2007), bladder (Huang et al., 2011), or
ovarian (Guan et al., 2011), as well as an oncomiR as observed for the pancreatic
(Bloomston et al., 2007) and prostate cancer (Shi et al., 2011). The role of
miRNAs and their influence on tissues has to be evaluated more extensively.
Some publications point out that the control of a specific pathway is not dependent
on only one miRNA but on different miRNAs simultaneously. Another factor that
seems to be crucial, especially in the embryogenesis, is timing of expression,
meaning that embryonic development is dependent upon the coordination of
emerging and disappearing dictated miRNAs (Ambros, 2011).

1.8 miRNA and Hematopoiesis

miRNAs are important regulators for many processes. Therefore, it is not
surprising that hematopoiesis is controlled by different miRNAs. Specific miRNA
clusters and families are involved in the development and decision of the lineage
commitment. For example, miR-181 is involved in the B-/T-lineage (Chen et al.,
2004) as well as in the myeloblastic differentiation process (Naguibneva et al.,
2006), whereas miR-150 (Xiao et al., 2007) and miR-17-92 cluster (Xiao et al.,
2008) are crucial for lymphoid development. Differentiation into mature cells is
driven by a plethora of different miRNAs. In fact, erythropoesis is not only
influenced by different negative regulators, including miR-221, miR-222, miR-223,
miR-150, and miR-155, but also by diverse positive regulators, such as miR-16,
miR-144, or miR-451 (Felli et al., 2005; Bruchova et al., 2007; Masaki et al., 2007;
Zhan et al., 2007; Guglielmelli et al., 2011). Only the correct coordination of these
miRNAs drives the megakaryocyte-erythrocyte progenitor towards the mature
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erythrocytes. Not only are mature cells influenced by miRNAs, primitive cell
populations including stem- and progenitor cells are driven by miRNAs such as
miR-520h (Liao et al., 2008), acting as a promoter for differentiation, and miR-99
(Gerrits et al., 2012), miR-125a/b (Ooi et al., 2010; Guo et al., 2010), or miR-126
(Lechman et al., 2012), which are relevant for HSC.

miR-125a/b
miR-126
miR-99

self renewal

HSC

multipotent
progenitors

miR-520h

differentiation

MPP
LMPP

myeloid lineage

lymphoid lineage

CMP

dendritic cells
MEP

CLP

NK-cells

miR-181

GMP

murine system

erythrocytes

thrombocytes

granulocytes macrophages

miR-150 T-cells B-cells

erythropoiesis: neg. regulators- miR-221, miR-222, miR-223, miR-150, miR-155
pos. regulators- miR-16, miR-144, miR-451

miR-17-92

murine system

murine system

Figure 7: Selected miRNAs and their involvement in the normal hematopoietic cascade.
The miRNAs indicated in the lymphoid lineage were obtained in the murine system, the others are proven in
the human system. HSC: hematopoietic stem cell; MPP: multipotent-progenitor; CMP: common myeloid
progenitor; CLP: common lymphoid progenitor; MEP: megakaryocyte-erythroid progenitor; GMP: granulocytemacrophage progenitor; MEP: megakaryocyte-erythroid progenitor; NK: natural killer cell.

A change in the normal expression pattern of miRNAs can be the cause for the
malignant transformation or the reprogramming of a cell. For example, the
overexpression of miR-29 can induce the ability for self-renewal in GMP and CMP,
which is a characteristic that is normally restricted to stem cells and not observed
in normal progenitor cells (Bissels et al., 2012).
Normal karyotype AML can be distinguished on the basis of its miRNA profile. For
example in FLT3-ITD patients, miR-155 is upregulated (Garzon et al., 2008;
Whitman et al., 2010). Comparing NPM1 mutated to NMP1 wildtype patients, an
upregulation of miR-10a, miR-10b, let-7, and miR-29 family members (Garzon et
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al., 2008a) was detected and correlated with a worse outcome even when both
entities are listed in the ELN classification as favorable.
Computational and experimental findings indicate some important miRNA to
mRNA target relations. These include miR-10a/b, miR-196a-1 (Debernardi et al.,
2007), and miR-204 (Garzon et al., 2008a) which led to upregulation of HOX
genes or Meis1 which are potential factors in leukemogenesis (Moskow et al.,
1995; Thorsteinsdottir et al., 1997a; Thorsteinsdottir et al.,1997b; Thorsteinsdottir
et al., 2002; Wang et al., 2006). The overexpression of miR-155 in mice led to a Bcell malignancy through cooperation with the MYC oncogene (Calin and Croce,
2006). Also, a t(8;17) translocation in B-cell leukemia led to a positive promotion of
the MYC oncogene related to the miR-142 sequence (Gauwerky et al., 1989;
Lagos-Quintana et al., 2002). A deficiency of miR-15a and miR-16-1 (Calin et al.,
2002; Cimmino et al., 2005) led to a similiar B-cell malignant phenotype as seen
for the miR-155 overexpression. A downregulation of these two miRNAs resulted
in an increased BCL2 expression, was mainly documented for leukemia, and was
not observed in other malignancies so far (Esquela-Kerscher and Slack, 2006).
The knowledge in the field of miRNAs has been rapidly growing in the last few
years, resulting in 24521 entries of miRNAs from 206 species in the miRBase
sequence database (version 20). Even though a lot of effort has been made to get
a better view inside the relatively young field of miRNA, their influences in different
processes as well as the relations towards their targets still have to be elucidated.
Even more efforts have still to be made to have answers to many of these open
questions and to fully understand these non-coding RNAs inside the complex
machinery of gene transcription processes.
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2 Aim of the Thesis

Many publications concerning miRNAs have focused on a single miRNA or were
limited to a specific miRNA cluster or family. The stem cell compartment or
malignant tissue was screened only for these individual miRNAs but not in a
comprehensive effort to map miRNA expression in these compartments. This was
likely due to source limitations or technical issues including low starting amounts to
test the expression of miRNAs. Thus, although there are plenty data of miRNA
expression on the bulk population of leukemia, comprehensive miRNA mapping in
the most relevant, but very rare subpopulation of LIC is still missing. This
population is responsible for leukemia initiation and maintenance but makes up a
minor fraction, sometimes only 0.1% (Dick and Lapidot, 2005), of this malignant
cell pool.
The aim of this thesis was for the first time to establish a miRNA map of
functionally validated LICs isolated from patients with AML. For this approach I
tested first CD34+ and CD34- leukemic subpopulations of patients in the NSG
mouse model for their engraftment potential. The in vivo validated CD34+ LICs
were sequenced using the Illumina HiSeq technology for their miRNA pattern and
compared against the individual non leukemic subpopulation (CD34-), as well as
their normal hematopoietic counterparts. The intention was to identify novel
miRNAs, which are closely linked to LIC function.
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3 Materials

3.1 AML Patient Samples

Peripheral blood (PB) or bone marrow (BM) cells were obtained from patients with
newly diagnosed AML after an informed consent and with the approval of the
Clinical Research Ethics Board of the University Hospital of Ulm. All patients gave
informed consent to pretreatment cytogenetic and molecular genetic analysis as
well as to treatment within the prospective trials according to the ‘Declaration of
Helsinki’. The diagnosis of AML was based on WHO 2001 criteria (Jaffe et al.,
2001). All leukemia samples were studied centrally in the reference laboratories of
the AMLSG at the University Hospital of Ulm and at Hannover Medical School.
Chromosome banding was performed using standard techniques, and karyotypes
were described according to the ‘International System for Human Cytogenetic
Nomenclature’.
Mononuclear cells were isolated by Pancoll density gradient centrifugation (630
rcf) and cryopreserved in Iscove’s modified Dulbecco’s medium (IMDM) with 50%
fetal bovine serum (FBS) and 10% dimethylsulfoxide (DMSO). Thawed cells were
washed twice with IMDM containing 10% FBS before use in the experiments
described below. Viable cells were determined by Trypan Blue exclusion with the
help of a Neubauer counting chamber (chapter 4.4). 0.8x106 cells were used for
the internal FACS screening described in chapter 4.7, 5–10x106 cells were
resuspended in TRIzol® or DNAzol® for RNA- or DNA extraction, respectively and
the tubes were stored in -80 °C. The remaining cells were frozen according to the
procedure described in chapter 4.2.

3.2 Primary Bone Marrow Samples

Mononuclear normal bone marrow cells were obtained from Lonza. Cells were
thawed according to the procedure described in chapter 4.3 and sorted for HSCs,
MPPs, LMPPs, GMPs, CMPs, MEPs and CD34- cells, according to the procedure
described in chapter 4.8. The respective subpopulations of three donors were
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pooled together, resulting in two biological replicates of the normal bone marrow
counterparts.

Table 4: Characteristics of the normal bone marrow samples.

Bone marrow mononuclear cells (MNCs), 100 Mio. Cat. No. 2M-125D
Donor

Lot. No.

Cryopreserved

Age

Sex

Race

3057A

071029B

July 23, 2007

42

Female

Black

3131A

071260A

August 31, 2007

43

Female

Black

2821B

070666B

May 17, 2007

41

Male

Black

2748B

070584B

May 03, 2007

43

Male

Black

25298

0000327826

October 29, 2012

24

Male

Black

25297

0000327825

October 29, 2012

25

Female

Hispanic

3.3 NSG Mice
The NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (further named as NSG mice) were bred
and maintained under sterile conditions in the Joint Animal Facility Oberberghof of
the University of Ulm according to protocols approved by the ‘Animal Care
Committee’ of the Regierungspräsidium Tübingen. NSG mice neither express the
Prkdc gene nor the X-chromosomal IL2rg gene. They are characterized by the
absence of mature T- and B- cells, as well as a lack of functional NK cells caused
by a deficiency for several cytokines affinity receptors (see also chapter 1.5). NSG
mice are viable, fertile, normal in size, and do not show physical or behavioural
abnormalities. Histological evaluations of the lymphatic tissue demonstrated the
lack of lymphoid cells. There are no follicles within the spleen, and the cellularity of
the lymph nodes is decreased. In contrast to NOD/SCID mice, NSG mice are
resistent against irradiation-induced lymphomas. NSG mice are permissive for the
engraftment of human CD34+ hematopoietic stem cells.
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3.4 Mice Related Drugs, Reagents, and Equipment
Ammonium chloride solution

Stemcell

(0.8% NH4Cl, 0.1 mM EDTA)
BD Micro Fine + U-100 Insulin 1 ml

Becton Dickinson

(0.3 mm (29G) x 12.7 mm)
BD Microlance 3 23Gx1¼ No. 14 0.6x30 mm

Becton Dickinson

BD 3 ml syringe Luer-Lok Tip

Becton Dickinson

Baytril® 2.5% (Enrofloxacin)

Bayer

Heparin multi 10.000 I.E.

Braun Melsungen AG

Ketanest S®

Pfizer

Microscope Slides frosted

VWR

Motar and Pestle

Haldenwanger

NaCl 0.9%

Braun Melsungen AG

Novaminsulfon® 500 mg/ml solution

Ratiopharm

Privigen® 5 g / 50 ml polyclonales IgG (IVIG)

CSL Behring

Rompun® 2%

Bayer Healthcare

Sterican Gr. 20 27G x ¾ 0.4x20 mm

Braun Melsungen AG

3.5 Reagents, Media, and Kits
Ammonium chloride

Stemcell

Chloroform

Carl Roth GmbH

Ciprofloxacin

Bayer

DEPC treated water

Life Technologies

Distilled water (DNase/RNase Free)

Gibco

DMEM

PAA

Dimethylsulfoxide (DMSO)

Sigma Aldrich

DNase I

Stemcell™ Technologies

DNAzol®

Invitrogen
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EDTA

VWR

Ethanol

Sigma Aldrich

Fetale bovine serum

PAN

Giemsa Azur-Eosin-Methylenblue solution

Merck

Human AB Serum

Lonza

IMDM + Glutamax

Gibco

Isopropanol

Sigma-Aldrich

May-Gruenwald Eosin-Methylen solution

Merck

MethoCult™ H4434

Stemcell

miRNeasy Mini Kit

Qiagen

Pancoll

PAN Biotech

PBS (phosphate buffered saline solution)

PAA

Pen/Strep (10.000 U/10 mg per ml)

PAN

RNA 6000 Nano Kit

Agilent Technologies

RNA 6000 Pico Kit

Agilent Technologies

RNAconcentrator™

Biomatrica

RPMI 1640 with L-Glutamine

PAA

Sytox® Blue

Invitrogen

TRIzol®

Invitrogen

TruSeqTM Small RNA Sample Preparation Kit v2 Illumina
TrueSeqTMSR Cluster Kit v3-cBot-HS

Illumina

Trypan Blue

Sigma-Aldrich

3.6 Consumables
Blunt end needles

Stemcell™ Technologies

Cell culture dishes 100 mm

Corning

Cell culture dishes 35 mm

Greiner Bio One

Cell strainer 40 µm

Beckton Dickinson

CryoTube®

Nunc
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Cytospin filtercards

Thermo Shandon

FACS tubes with strainer lid

Beckton Dickinson

FACS tubes without lid

Sarstedt

PCR soft tubes

Biozym

Syringe filter 22 µm

Millipore

15 ml tubes

Sarstedt

50 ml tubes

Beckton Dickinson

3 ml syringe

Beckton Dickinson

5 ml syringe

Braun Melsungen

10 ml syringe

Braun Melsungen

50 ml syringe

Beckton Dickinson

2 ml filtered pipette

Beckton Dickinson

5 ml filtered pipette

Corning

10 ml filtered pipette

Corning

25 ml filtered pipette

Corning

Filtered tips

Biozym

3.7 Buffers

Freezing solution 1

IMDM + 50% FBS

Freezing solution 2

IMDM + 50% + 20% DMSO

MACS buffer

PBS + 3% FBS + 2 mM EDTA
+ 1.6 µg/ml Ciprofloxacin

Thawing buffer

IMDM + 10% FBS
+ 20 U/ml DNase I

FACS buffer

PBS + 0.5 µM Sytox® Blue

FACS sorting buffer

IMDM + 3% FBS
+ 2 mM EDTA
+ 0.5 µM Sytox® Blue

All buffers were sterile filtered through a 0.22 µm filter.
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3.8 Antibodies

Antibody

Label

Clone

Company

APC

UCHT1

BD

PE-Cy7

UCHT1

eBioscience

CD7

FITC

4H9

eBioscience

CD10

APC

CB-CALLA

eBioscience

CD11c

APC

3.9

eBioscience

CD13

APC

WM15

eBioscience

CD14

APC

61D3

eBioscience

FITC

HI98

eBioscience

PE

HI98

BD

APC

HIB19

eBioscience

FITC

HIB19

eBioscience

PE

HIB19

eBioscience

PE

J3-119

Beckman Coulter

PE

2H7

BD

APC

WM53

eBioscience

FITC

WM53

BD

PE-Cy5

581

BD

FITC

HIT2

BD

PE

HIT2

eBioscience

APCeFluor780

HI30

eBioscience

PE

HI30

BD

CD45RA

PE

HI100

eBioscience

CD56

APC

B159

BD

CD66b

FITC

G10F5

BD

CD71

PE

M-A712

BD

CD90

Biotin

eBio5E10

eBioscience

CD110

APC

167639

R&D Systems

CD123

PE-Cy7

6H6

eBioscience

Streptavidin

APCeFluor780

CD3

CD15

CD19

CD20
CD33
CD34
CD38

CD45

eBioscience
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3.9 Instruments
Bioanalyzer 2100

Agilent

Cytospin 4

Thermo scientific

Centrifuges

Eppendorf

FACS Aria III (cell sorter)

Beckton Dickson biosciences

FACS LSR Fortessa (cell analyzer)

Beckton Dickson biosciences

HiSeq 2000

Illumina

Incubators

New Brunswick (Eppendorf) /Binder

Laminar Air Flow

Thermo Scientific

Liquid nitrogen tank

Thermo Scientific

Microscope

Carl Zeiss

NanoDrop ND-1000

PEQLAB

Pipettes

Eppendorf

Qubit® 2.0 Fluorometer

Invitrogen

Refrigerators (-20 °C)

Thermo Scientific

Refrigerators (-80 °C)

Thermo Scientific

Vacuum concentrator

Eppendorf

3.10 Software
FACSDivaTM Software

Beckton Dickson biosciences

FlowJo

Tree Star Inc.

GraphPad Prism

®

GraphPad Software

L-Calc

Stemcell

Microsoft Office Excel 2007

Microsoft
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4 Methods
4.1 Processing of Primary Cells
PB or BM samples were obtained from patients (3.1). Mononuclear cells (MNCs)
were frozen immediately as described in chapter 4.2. For the isolation of MNCs, all
media and buffers used were prewarmed to room temperature. All primary
samples were processed under sterile conditions. 25 ml of the PB or BM sample
were mixed with 25 ml MACS buffer in a 50 ml falcon tube. Afterwards 25 ml of the
sample-buffer mixture were layered slowly and carefully on top of 25 ml of Pancoll
solution, and the procedure was repeated for the remaining sample-buffer mixture.
The two layered sample tubes were centrifuged at 630 rcf for 30 min at room
temperature (RT) without acceleration and brake. After the centrifugation step, the
upper yellow serum phase was carefully removed with a 25 ml pipette, and the
mononuclear cell containing buffy coat (Figure 8) was carefully collected and
transferred into a fresh 50 ml falcon tube.

before centrifugation

630 rcf

after centrifugation

30 min.

blood/BM :
MACS buffer
(ratio 1:1)

serum phase

buffy coat
(mononuclear cells)
Pancoll layer

Pancoll layer
debris
(erythrocytes,
granulocytes)

Figure 8: Separation procedure of mononuclear cells (MNCs) from peripheral blood or bone marrow
(BM) samples obtained from patients.
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The isolated MNC suspension was washed with MACS buffer (PBS, 3% FBS,
2 mM EDTA, 1.6 µg/ml Ciprofloxacin) by filling up the 50 ml falcon and centrifuging
it for 15 min, 1300 rpm, RT (this time with acceleration and brake). Afterwards, the
supernatant was discarded, and the MNC pellet was resuspended in 10–30 ml
MACS buffer (PBS, 3% FBS, 2 mM EDTA, 1.6 µg/ml Ciprofloxacin) depending on
the size of the cell pellet. The number of cells was determined by the Trypan Blue
exclusion (chapter 4.4).

4.2 Freezing of Primary Cells
5–10x106 cells were centrifuged at 1300 rpm, 5 min. Subsequently, the pellet was
resuspended in 1 ml TRIzol® or DNAzol® and stored at -80 °C and the remaining
viable cells were frozen.
For freezing of viable cells, the appropriate number of cells was calculated, and
the respective volume was transferred into labeled CryoTubes®. Cells were
pelleted by centrifugation at 1300 rpm for 15 min, RT, and then supernatants were
discarded. Cell pellets were resuspended in 500 µl of freezing solution 1 (IMDM,
50% FBS), transferred into a corresponding CryoTube®, and kept aside for at least
10 min on ice. 500 µl of ice cold freezing solution 2 (IMDM, 10% FBS, 20%
DMSO) was added to each cryo vial while gently mixing. For long-term storage,
samples were stored in liquid nitrogen.

4.3 Thawing of Primary Cells
The patient sample of interest was taken out of the liquid nitrogen and thawed by
gently mixing in a 37 °C prewarmed water bath. Cell suspension was transferred
into a 50 ml falcon tube, the CryoTube® was washed twice with thawing media,
and the washing solution was transferred into the same falcon tube. Subsequently,
thawing media was added dropwise, to dilute and remove the remaining DMSO
from the cells, while gently mixing. Cell suspension was centrifuged for 15 min,
200 rcf (RT) and the supernatant was almost completely removed, but the cell
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pellet was not disturbed. The cell pellet was gently resuspended in the remaining
supernatant, transferred into a 15 ml falcon tube, and filled up again by adding
thawing media (IMDM + 10% FBS + 10U/ml DNase I) dropwise followed by
another centrifugation step for 15 min, 200 rcf (RT). Afterwards, the cell pellet was
resuspended, diluted with thawing media to 5–10 ml, and the number of cells was
determined by Trypan Blue exclusion.

4.4 Trypan Blue Exclusion

Trypan Blue is a cytotoxic anionic diazo dye and binds to proteins. Viable cells do
not absorb the dye because of their intact cell membrane, but necrotic or apoptotic
cells which have a perforated membrane retain it in the cytosol. Visualized with the
help of a microscope, dead cells appear in blue and healthy cells shine brightly.
Cell count had to be performed immediately after the cells were exposed with
Trypan Blue, due to the cytotoxic activity of the dye. Viable cell count was
determined with a Neubauer chamber. The chamber reservoir was filled with a
mixture of Trypan Blue and cell suspension at a ratio of 1:1. The chamber has a
given square grid wherein the viable cells can be counted. The chamber has also
a defined volume reservoir, and the number of cells per ml can be calculated with
the following equation:
Mean number of cells of 4 main quadrants x 2 (dilution factor) x 104 (chamber
factor) = number of cells/ml

4.5 Human Colony-Forming Cell Assay
For human colony-forming cell (CFC) assay, methylcellulose (H4434 MethoCult®,
Stemcell™ Technologies) was used which is already supplemented with human
cytokines to provide optimal growth conditions to erythroid progenitors (CFU-E and
BFU-E), granulocyte/macrophage progenitors (CFU-G, CFU-GM and CFU-M) and
multipotential

granulocyte-erythroid-macrophage-megakaryocyte

progenitors
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(CFU-GEMM). For the assay, 0.66x106 patient MNCs (0.2x106 cells/ml) were
resuspended in 300 µl IMDM supplemented with 10% FBS.
The cell suspension was added to 3 ml methylcellulose, vortexed, kept aside to
allow the air bubbles to rise up, and then filled into a 3 ml syringe with a blunt end
needle. Always two 35 mm dishes were plated with 1.1 ml per primary patient
sample and placed into a 100 mm culture dish together with an open dish filled
with water for maintaining humidity. The plates were incubated at 37 °C, in 5%
CO2 for 14 days. Colonies and clusters were scored on an inverted microscope.

4.6 Cytospins
0.1x106 lysed mouse bone marrow cells were resuspended in 300 µl PBS and
pipetted into a Cytofunnel chamber. The procedure was repeated for a replicate. A
centrifugation step of 10 min at 450 rpm transferred the cell suspension to the
microscope slide surface. After spinning, the slides were allowed to air dry,
followed by a fixation or staining procedure. For fixation the slides were immersed
for 1 min in methanol : glacial acetic acid (3:1) and dried on a paper towel.
For Pappenheim staining, the slides were dipped in May-Gruenwald solution for
3 min, washed in tap water for 5 min, transferred into fresh prepared Giemsa
solution (4 ml Giemsa stock solution and 200 ml aqua dest.), and stained for 1 h.
Finally, slides were washed twice in tap water and air dried. Morphology was
assessed on an inverted microscope.

4.7 Immunophenotyping of Primary AML Cells

Primary AML samples were analyzed for their immunophenotype. For each of the
3 panels, 0.2x106 MNCs were used and another 0.2x106 cells were used as
unstained control. AML panel 1 and 2 were composed of antibodies against
surface markers identifying the different lineages (T-/B- and myeloid cells), and a
third panel was used to differentiate the stem- and progenitor compartment
(named LMPP panel), specified in Table 5.
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Table 5: Fluorescence antibody panel composition to immunophenotype AML samples.

AML Panel 1
Antibody

Conjugate

Reactivity

CD3

PE-Cy7

T-lymphocytes

CD7

FITC

T-lymphocytes, NK cells

CD34

PE-Cy5

Hematopoietic stem cell

CD38

PE

T-/B-lymphocytes,
Macrophages, Monocytes
and NK cells

CD56

APC

NK cells

Antibody

Conjugate

Reactivity

CD19

PE

B-lymphocytes

CD33

APC

Myelomonocytic
precursors, Monocytes,
Mast cells and
Granulocytes

CD34

PE-Cy5

Hematopoietic stem cell

CD38

FITC

T-/B-lymphocytes,
Macrophages, Monocytes
and NK cells

Antibody

Conjugate

Reactivity

CD34

PE-Cy5

Hematopoietic stem cells

CD38

FITC

T-/B-lymphocytes,
Macrophages, Monocytes
and NK cells

CD45RA

PE

CD90

Biotin/Streptavidin
APCeFluor780

Hematopoietic stem cells

CD110

APC

Hematopoietic precursor
cells, Megakaryocytic
lineage, Platelets

CD123

PE-Cy7

B-lymphocytes

AML Panel 2

Panel 3 - LMPP panel

T-/B-lymphocytes,
Macrophages,
Monocytes
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For this approach 0.2x106 cells/panel were washed with PBS, centrifuged and
blocked with 50 µl PBS + 10% human AB serum on ice for at least 10 min. Then
the antibodies from each panel were added, and cells were stained for at least
20 min at 4 °C in the dark. After incubation, the cells were washed with 3 ml PBS
per tube and centrifuged for 5 min at 1500 rpm. Supernatants were discarded, and
cell pellets (panel 1+2) were resuspended in 150 µl PBS + 0.5 µM Sytox®Blue.
The pellet of panel 3 was resuspended in 50 µl PBS, and the secondary antibody
Streptavidin APCeFluor780 (0.05 mg antibody per 1x106 cells) was added for at
least 20 min, at 4 °C in the dark. Afterwards the cell suspension of panel 3 was
washed with 3 ml PBS, centrifuged for 5 min, 1500 rpm, the supernatant was
discarded, and the cell pellet resuspended in 150 µl of PBS + 0.5 µM Sytox®Blue.
Analysis of the stained AML samples was performed on a FACS LSR Fortessa
(Becton Dickinson).

4.8 Sorting Strategy

Primary AML samples were thawed as described in chapter 4.3. For each of the 6
fluorescence minus one (FMO) control samples, 1x105 cells were transferred into
an individual FACS tube. Additional 1x105 cells were taken for the unstained and
life-dead staining (Sytox®Blue) sample. All controls were blocked with 50 µl PBS +
10% human AB serum on ice for 10 min. The samples were also blocked for
10 min on ice in 300 µl PBS + 10% human AB serum. Afterwards the respective
antibodies were added, according to Table 6, and the cells were stained for
20 min, at 4 °C in the dark.
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Table 6: Staining strategy for a normal LMPP sort with FMO controls and the completely stained
sample (X antibody included, - antibody not added)
FMO controls

®

unstained

Sytox
Blue

APC

APC
eFluor780

FITC

PE

PE-Cy5

PE-Cy7

Sample

CD110
APC

-

-

-

X

X

X

X

X

X

CD90
Biotin

-

-

X

-

X

X

X

X

X

CD38
FITC

-

-

X

X

-

X

X

X

X

CD45RA
PE

-

-

X

X

X

-

X

X

X

-

-

X

X

X

X

-

X

X

-

-

X

X

X

X

X

-

X

CD34
PE-Cy5
CD123
PE-Cy7

The stained cells were washed with 3 ml PBS per tube, samples were centrifuged
for 5 min at 1500 rpm, and the supernatants were discarded. The pellets were
resuspended with either 50 µl PBS (for all FMO controls, except FMO
APCeFluor780, Sytox®Blue and unstained control) or 300 µl PBS for the sample
tube. The cells for Sytox®Blue and FMO APCeFluor780 were resuspended in
150 µl PBS + 0.5 µM Sytox®Blue, and the unstained control was resuspended in
150 µl PBS. The remaining FMO and the sample tube were stained with the
secondary antibody Streptavidin APCeFluor780 (0.05 mg antibody/106 cells) for
20 min at 4 °C in the dark.
After this time the stained cells were washed with 3 ml PBS and centrifuged, and
the supernatants were discarded. The cell pellets of the FMO controls were each
resuspended in 150 µl PBS + 0.5 µM Sytox®Blue. The primary sample was
resuspended with FACS buffer (20x106 cells/ml) and filtered through a 35 µm
nylon mesh lid placed on a FACS tube. Cells were sorted on a FACS Aria III
machine for stem- and progenitor cells, according to the sorting strategy of Figure
9. For setting up the gates, 5000 events were recorded from the FMO control
samples, unstained, and Sytox®Blue (live/dead) sample.
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Long-term
Self-renewal

CD34+CD38-CD90+CD45RA-

Multipotent
Progenitors

CD34+CD38-CD90-CD45RA-

CD34+CD38-CD90-CD45RA+

CLP

CMP
CD34+CD38+CD123+CD110-CD45RA-

MEP
CD34+CD38+CD123+
CD110+CD45RA-

GMP
CD34+CD38+CD123+
CD110-CD45RA+

Mature effector cells
Erythrocytes

Platelets

Granulocytes

Macrophages

Dendritic cells

T- cells

NK-cells

B- cells

Figure 9: Hierarchy of normal hematopoietic development.
The surface marker compositions to isolate the subfractions are indicated. HSC: hematopoietic stem cell;
MPP: multipotent progenitor; LMPP: lymphoid-primed multipotent progenitor; CMP: common myeloid
progenitor;

CLP:

common

lymphoid

progenitor;

GMP:

granulocyte-monocyte

progenitor;

MEP:

megakaryocyte/erythroid progenitor

Cells from the sorted AML subpopulations (LMPP, GMP, and CD34-) were split
into two equal parts. One part was used for the in vivo assay (4.9) to validate the
LIC potential within the different subpopulations. The second part was used for
miRNA isolation with the miRNeasy Mini Kit (4.13) according to manufacturer’s
specifications. The miRNA was used for further analysis to establish a fingerprint
for the sorted subpopulations.
Primary normal BM samples were processed as described for the primary AML
samples (see chapter 4.1). Stem- and progenitor subpopulations (HSC, MPP,
LMPP, GMP, CMP and MEP), as well as the CD34- fraction were sorted (see
chapter 4.8).
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4.9 Transplantation into NSG Mice

24 h before transplantation, 8–12 week old NSG mice were sublethally irradiated
(325 cGy) with a caesium source and injected intraperitoneally with 1 mg/g of
intravenous immune globulin (IVIG). For 4 weeks after the irradiation, the drinking
water of the experimental mice was supplemented with the antibiotic Enrofloxacin
to protect the animals from a potential bacterial infection.
LMPP, GMP, and CD34- sorted AML cells were adjusted to an identical number of
cells within the different subpopulations. 1–3 mice were injected for each
subpopulation of each individual patient sample. In eighteen cases mice were
injected with bulk cells from the corresponding patient sample. Mice were injected
intravenously with 200 µl PBS-cell suspension, when the number of cells was
≥1x106 cells. When the number of cells was lower than 1x106 cells, 30 µl PBS-cell
suspension was generally injected intrafemorally (exceptions are marked). A 1 ml
insulin syringe was used for intravenous and intrafemoral injection. Before the
intrafemoral injection, mice were anesthesized with an intraperitoneal injection of
Ketamin (0.1 mg/g mouse) and Xylazin (15 µg/g mouse). A hole was drilled into
the femur with a 27G needle. After removing the needle, the 30 µl PBS-cell
suspension was injected into the femur with a 1 ml insulin syringe. Mice were kept
warm with an infrared lamp and received metamizol as soon as they woke up.
Experimental mice were observed 6 times a week for signs of sickness. Mice were
sacrificed 12 weeks post transplantation by CO2 euthanasia. Diseased mice were
sacrificed with occurrence of the disease.

4.10 Analysis of Dead/Sacrificed Mice

Diseased mice or animals that were kept for 12 weeks after the transplantation
were sacrificed by CO2 inhalation. Immediately after their death, PB was taken (via
heart puncture) with a 1 ml insulin syringe coated with heparin. Spleen (SP) and all
four long bones from the hind legs were extracted. Muscles and surrounding tissue
were removed properly with scissor and tissue paper (ethanol sprayed) from
femurs and tibiae. The size and weight of the SP was documented, followed by
homogenizing the tissue to a single cell suspension by passing the cell suspension
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through a sterile 40 µm filter. PB and BM were smeared onto a microscope slide.
The muscle free tibiae and femurs were crushed with a mortar and pestle and
filled with 5 ml RPMI + 10% FBS to extract the bone marrow. The supernatant was
filtered (filter pore size: 40 µm) to separate the bone marrow from crushed bone
fragments. Single cell suspensions from SP and BM were centrifuged for 5 min, at
1500 rpm, supernatants were discarded, and the pellet lysed with 5 ml NH4Cl for
10 min on ice. PB was lysed twice with 2 ml NH4Cl for 10 min (on ice). The lysed
cell suspensions of PB, SP, and BM were spun down for 5 min, 1500 rpm, the
supernatants were discarded, and pellets resuspended in RPMI + 10% FBS
media. The number of cells was determined by Trypan Blue staining exclusion
(4.4). Cytospins were prepared from lysed BM cells as described in chapter 4.6.
Up

to

1.6x106 cells/lysed

tissue

of

PB,

BM,

and

SP

was

used

for

immunophenotyping.
The obtained tissue samples of the mice were screened for human engraftment.
For this purpose, the samples were screened with the 3 panels mentioned below,
composed of antibodies against human lymphoid and myeloid cells, as well as
progenitor and stem cell markers to dissect the human graft within the mouse and
to distinguish a myeloid graft from a normal multilineage engraftment (Table 7).
Table 7: Human fluorescence antibody panel composition to immunophenotype the human graft in
NSG mice.

Panel 1
Antibody

Conjugate

Reactivity

CD19

PE

B-lymphocytes

CD33

APC

Myelomonocytic
precursors, Monocytes,
Mast cells and
Granulocytes

CD34

PE-Cy5

Hematopoietic stem cell

CD38

FITC

T-/B-lymphocytes,
Macrophages, Monocytes
and NK cells

CD45

APCeFlour780

Lymphoid and Myeloid
lineage cells
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Panel 2
Antibody

Conjugate

Reactivity

CD3

PE-Cy7

T-lymphocytes

CD15

FITC

Granulocytes

CD33

APC

Myelomonocytic
precursors, Monocytes,
Mast cells and
Granulocytes

CD45

PE

Lymphoid and Myeloid
lineage cells

CD66b

FITC

Neutrophils, Eosinophils

CD71

PE

Lymphoid cells

Antibody

Conjugate

Reactivity

CD34

PE-Cy5

Hematopoietic stem cells

CD38

FITC

T-/B-lymphocytes,
Macrophages, Monocytes
and NK cells

CD45RA

PE

T-/B-lymphocytes,
Macrophages, Monocytes

CD90

Biotin/Streptavidin
APCeFluor780

Hematopoietic stem cells

CD110

APC

Hematopoietic precursor
cells, Megakaryocytic
lineage, Platelets

CD123

PE-Cy7

B-lymphocytes

Panel 3 - LMPP panel

4x105 cells were obtained from the different mouse tissues and blocked with 50 µl
PBS + 10% human AB serum for 10 min on ice. Afterwards, the appropriate
volume of antibodies was added and stained for at least 20 min at 4 °C in the dark.
The samples were washed with 3 ml PBS/tube, centrifuged for 5 min at 1500 rpm,
and the supernatant was discarded. Cell pellets of the samples which were stained
with Panel 1 or 2 were resuspended in 150 µl PBS + 0.5 µM Sytox®Blue. Cells
stained

with

Panel

3

needed

an

additional

staining

with

Streptavidin

APCeFluor780 to detect the Biotin epitope of the CD90 antibody. Subsequently,
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the pellet was resuspended in 50 µl PBS. Staining was performed for 20 min at
4 °C in the dark.
The samples were washed with 3 ml PBS and centrifuged for 5 min at 1500 rpm.
After discarding the supernatant, the pellets were resuspended in 150 µl PBS +
0.5 µM Sytox®Blue. The FACS analysis was performed on a FACS LSR Fortessa.
BM samples of primary engrafted mice were frozen according to the protocol for
freezing primary samples (4.2).

4.11 Secondary Mice

For secondary transplantation, the BM samples of mice engrafted with sorted cells
from the LMPP or GMP subpopulations were thawed (4.3) and stained with the
human pan leukocyte marker CD45 PE. Cells were blocked in 100 µl PBS + 10%
human AB serum for 10 min followed by the addition of the antibody and staining
for 20 min (4 °C, in the dark).
After this incubation, the cell suspension was washed with 3 ml PBS, spun down,
the supernatant was discarded, and the cell pellet was resuspended with 1 ml PBS
added with 0.5 µM Sytox®Blue per 20x106 cells. Human CD45+ cells were sorted
on a FACS Aria III sorter and injected into sublethally irradiated secondary
recipient NSG mice. Depending on the number of cells, one to three animals per
cohort were transplanted.
The health status of the mice was checked frequently. 12 weeks after
transplantation mice were sacrificed and analyzed according to the protocol (4.10).
Mice were excluded from analysis when they were dead or sacrificed within the
first six weeks after transplantation.

4.12 Limiting Dilution Assay

A limiting dilution assay (LDA) was performed to be able to calculate the frequency
of LICs within the LMPP and GMP subpopulations. Therefore, the patient sample
was stained and sorted as described (4.8), and different dilutions of cells were
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injected intravenously into cohorts of 3 mice (cells diluted in 220 µl PBS per
mouse). The different dilutions are indicated in Table 8.

Table 8: Dilutions of purified subpopulations (LMPP or GMP) of AML patient #10 and #18.

LMPP

GMP

1.000.000 cells

1.000.000 cells

300.000 cells

300.000 cells

70.000 cells

70.000 cells

10.000 cells

10.000 cells

In case that even the lowest number of cells out of the LMPP or GMP population
gave engraftment in all 3 mice out of one group, the limit dilution assay was
repeated with the lower number of cells indicated in Table 9.

Table 9: Dilutions of purified subpopulations (LMPP or GMP) used for the limiting dilution assay
repetition of patient #18.

LMPP

GMP

300.000 cells

300.000 cells

100.000 cells

100.000 cells

10.000 cells

10.000 cells

1.000 cells
100 cells

A frequency could only be calculated when at least one of the mice in the lowest
dilution was not engrafted.
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4.13 miRNA Extraction

The sorted subpopulations were lysed in 700 µl Qiazol® Lysis Reagent provided
with the miRNeasy Mini Kit and stored at -80 °C for at least 24 h. miRNA was
extracted according to the manufacturer’s protocol and eluted in DEPC water. The
total RNA amount was measured on a NanoDrop or Qubit®. The quality was
checked on a Bioanalyzer 2100.

4.14 miRNA Sequencing

The purified RNA subpopulations of the patients and normal BM samples were
handed over to Heather Muranyi (Institute of Experimental Cancer Research,
University Hospital Ulm) for further processing. The preparation of the miRNA
library was done according to the manufacturer’s protocol of the Illumina TruSeqTM
Small RNA Sample Preparation Kit v2, and for the cluster, the TruSeqTM SR
Cluster Kit v3-cBot-HS Kit was used. Libraries were sequenced as single end
reads (read length 50 base pair) at the Genomics Core Facility of the University of
Ulm using an Illumina HiSeq 2000 (Illumina, San Diego, CA).

4.15 miRNA Sequence Analysis

Fastq sequences were aligned using bowtie (Langmead et al., 2009) and raw read
counts per sample were extracted using a bioconductor (Gentleman et al., 2004)
package oneChannelGUI (Calogero, 2012) in the R computing environment.
miRNAs that had 10 reads or less across all samples were excluded and raw read
counts were quantile normalized using MASS (Venables and Ripley, 2002), then
log2 transformed and rescaled for downstream analysis. The bioconductor
package limma (Smyth, 2005) was used for identifying differentially expressed
miRNAs with holm multiple comparisons adjustment. The made4 package
(Culhane et al., 2005) (bioconductor and R) was used for correspondence analysis
and between group comparisons. The miRNA sequence analysis was performed
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with the help of Dr. Medhanie Mulaw, Institute of Experimental Cancer Research,
University Hospital Ulm.

4.16 Statistical Analysis

A two tailed t-Test was performed in Excel when the criteria of a normal
distribution was passed (Shapiro-Wilk-test). Otherwise a Chi-squared test was
performed. Significance was achieved when p≤0.05.
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5 Results

The aim of this work was to establish a miRNA fingerprint of functionally validated
LIC in CD34+ AML patients. For this purpose the NSG mouse model had to be
established in our institute. Furthermore, a multicolor staining and sorting strategy
for HSCs and the different progenitor fractions (Figure 10), comprised of MPPs,
LMPPs, and GMPs was established. Primary AML samples were screened for the
stem- and progenitor fraction (described in chapter 4.8). Twenty two patient
samples which showed a CD34 expression >5% were selected and tested for their
engraftment potential in the NSG mouse model. Samples with a human
engraftment of >1% were chosen for further characterization of their LIC miRNA
profile.

5.1 Primary AML Patient Samples

Between May 2011 and September 2012 ninety-three primary AML samples
(Figure 10) were obtained from the University Hospital of Ulm.

normal karyotype

52

aberrant karyotype

33

cytogenicity not evaluable

8

93
AML‐ samples

Figure 10: Cytogenetic distribution of the ninety-three obtained primary AML samples.
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56% (n=52) out of the ninety-three AML samples had a normal karyotype, 35%
(n=33) an aberrant karyotype, and in 9% (n=8) of the patient samples a
cytogenetic analysis was not successful. From all patient samples with a normal
karyotype, twenty-one were NPM1+/FLT3+ (seventeen patients FLT3-ITD, four
patients FLT3-TKD), fourteen were NPM1+/FLT3- and eight were NPM1-/FLT3+
(five patients FLT3-ITD, two patients FLT3-TKD, and one patient had both
mutations FLT3-ITD/TKD). Within the group of patients with an aberrant karyotype,
we found eleven patients with an additional NPM1-/FLT3+ mutations and four
patients with NPM1+/FLT3+ mutations.

NK
9%

not evaluable
9%

NPM1+/FLT3+
23%

others
7%
complex
karyotype
3%
t(9;11)
1%
inv(16)
5%
CEBPα
2%

NPM1-/FLT3+
12%

NPM1+/FLT314%

 normal karyotype
NPM1-/FLT3+
 aberrant karyotype
8%
 karyotype not evaluable

CEBPα
2%

NPM1+/FLT3+
4%

Figure 11: Pie chart illustrates the molecular characteristics of the ninety-three primary AML samples
obtained from the University Hospital of Ulm.

Forty-four out of the ninety-three AML (Figure 12) samples were screened for their
colony forming capacity. Within the forty-four samples analyzed, there was no
major difference in colony formation detectable between the normal and the
aberrant karyotype patients. No linear correlation between CD34+ percentage and
colony formation was observed (Pearson r= -0.11).
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Figure 12: Colony formation ability of primary AML samples.
A) Colony forming cell activity in the forty-four patient samples analyzed with different cytogenetic
characteristics. B) A plot of the forty-four patient samples showed that a linear correlation does not exist
+

between the number of colonies and the CD34 expression of the patients.

A complete analysis of the immunophenotype was performed for all ninety-three
patient samples. The mean percentage of CD34+ expression in the patients was
17.4% (median 2.0%, range 0.0–85.7%). The highest CD34+ expression was
detected within the group of patients with an aberrant karyotype: patients with an
inv(16) (mean 41.4%, range 9.3–73.6%) followed by patients with a complex
karyotype (mean 31.5%, range 0.02–52.1%), and the NPM1-/FLT3+ patients (mean
31.0%, range 0.07–78.0%). In the normal karyotype cohort, patients with NPM1/FLT3+ mutation showed highest CD34+ percentage with a mean of 34.2% (range
0.03–84.6%). When both patient cohorts were compared, the percentage of
CD34+ was 8.1-fold higher in NPM1-/FLT3+ than in NPM1+/FLT3+ patients (Table
10).

+

Table 10: Listed are the mean CD34 percentages (range) from all ninety-three primary AML samples
analyzed. The samples are further subdivided for their karyotype and mutational status (NE- not
evaluable).

# of patients

CD34+ mean

range

NPM1+/FLT3+

n=21

4.2%

0.00-33.2%

NPM1+/FLT3-

n=13

2.5%

0.00-20.5%

NPM1-/FLT3+

n=8

34.2%

0.03-84.6%

NPM1-/FLT3-

n=8

19.5%

1.04-85.7%

Patient characteristics
normal karyotype (n=52)
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CEBPα

n=2

5.4%

1.54-9.3%

NPM1+/FLT3+

n=4

2.9%

0.01-9.5%

NPM1-/FLT3+

n=11

31.0%

0.07-78.0%

inv(16)

n=5

41.4%

9.3-73.6%

t(9;11)

n=1

0.1%

-

CEBPα

n=2

18.0%

5.1-30.9%

complex karyotype

n=3

31.5%

0.02-52.1%

others

n=7

33.3%

0.08-82.2%

n=8

17.1%

0.00-56.1%

aberrant karyotype (n=33)

karyotype not evaluable (n=8)
karyotype NE

In the next step, seventeen patients with a LMPP and GMP population were
selected independent of their genetic characteristics. This cohort was extended
with the addition of five AML patient samples demonstrating a GMP population but
no LMPP fraction. The mean CD34+ percentage in the selected patients was 40%,
(range 5.1–85.7%). The LMPP fraction was present with a mean frequency of 9%
(range 0.7–29.0%) and the GMP population showed a mean frequency of 30%
(range 5.3–71.4%) The percentages of the stem- and progenitor subpopulations in
the selected patient cohort are indicated in Table 11. In comparison, the normal
bone marrow had a mean CD34+ expression of 2% (range 0.8–2.9%), the mean of
the LMPP subpopulation was 0.1% (range 0.02–0.2%), and 0.5% (range 0.2–
0.8%) in the GMP subpopulation.
The median age of the twenty-two patients analyzed was 57 (range 22 to 87
years), and the gender distribution was ten to twelve, female vs. male (Figure 13).
Eight patients had a normal karyotype (#1-8), twelve patients had diverse aberrant
chromosomal characteristics (#9–20), included were inv(16) (#9-13), deletions
(#14–16), and trisomy 8 or 13 (#17–19). One patient had a complex karyotype
(c.k.; #20) with two prominent clones, and two additional patients were
cytogenetically not evaluable (NE) (#21, 22) (Figure 13).
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+

Figure 13: Selected CD34 patients cohort with specified gender and cytogenitics (c.k.: complex
karyotype, NE: not evaluable).

A molecular heterogeneity based on NPM1, FLT3, or CEBPα mutations was
observed in cases with both normal and aberrant karyotype (Table 12 to Table
15).
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Table 11: Immunophenotypic and demographic characteristics associated with samples used in the xenotransplantation model

Results
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Table 12: Characteristics of the selected patients with normal karyotype (#1-8).
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Table 13: Characteristics of the selected patients with inv(16) translocation (#9-13).
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Table 14: Patient characteristics of the selected patients with deleted chromosomes (#14-16) or trisomy 8 and 13 (#17-19).
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Table 15: Characteristics of the selected patients with complex karyotype (#20) or not evaluable cytogenetics (#21-22).
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In the selected twenty-two CD34+ patient samples, two subpopulations were
observed- a LMPP and a GMP fraction (Table 11), whereas a HSC subpopulation
could not be detected.
In the next experiment thirteen patient samples (#1-3, 5, 7, 12, 13, 15, 17-19, 2122; Figure 14) were tested in the NSG mouse model for their engraftment
potential, with the samples first being injected as bulk into the NSG mice. Four
patient samples (#6, 8-10; Figure 14), were injected as bulk, and at the same time
the LMPP, GMP, and CD34- subpopulations were transplanted in additional test
mice.

Figure 14: Overview of the bulk tested primary AML samples.
AML patients with normal karyotype (orange number), aberrant karyotype (blue number) and cytogenetically
not evaluable patients (green number) that were tested for their engraftment potential in the NSG mouse
model. Patient samples that showed a negative graft in the xenotransplantation model are illustrated in grey.
+

Negative graft is characterized by a huCD45 expression <1% for the injected subpopulations or <5% for
injected bulk cells, in mouse bone marrow 12 weeks after transplantation.

In order to check bulk cells of patients for their engraftment potential, two to three
NSG mice were injected per patient sample with 1.5–11.5x106 bulk cells. The
selected patient cohort had a mean percentage of CD3 (T-cell) and CD19 (B-cell)
of 2% (range 0.4–5.1%; Figure 15 A) and 1% (range 0.1–4.1%; Figure 15 B),
respectively.
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Figure 15: Total CD3 (A) and CD19 (B) expression in the selected patient cohort.
The bulk cells of patient #8, 10, 17 and 19 (bold percentages) were injected without T- or B-cell depletion into
NSG mice.

In the first experiments the bulk cells of the patient samples #8, 10, 17 and 19
were not depleted for CD3 and CD19: thus, engrafted human CD45+ cells
contained 60% CD3+ cells and 0.3% CD19+ (Table 16) when analyzed in the
respective mice. Therefore, we decided to deplete patient samples for CD3 and
CD19 in general before bulk injection.

Table 16: Primary mouse bone marrow analyzed for the proportion of T-/B-cells of the human cell
fraction.

Patient number
(#)

Mice analyzed

CD3(range) out of
+

CD19(range) out of

CD45

CD45+

8

n=3

80.7% (71.4-96.4%)

0.2% (0.1-0.4%)

10

n=3

37.0% (0.6-94.4%)

0.3% (0.0-0.5%)

17

n=1

94.7%

1.0%

19

n=2

46.8% (3.1-90.5%)

0.056% (0.0-0.1%)

Total (Mean)

n=9

60.2% (0.6-96.4%)

0.25% (0.0-1.0%)

The primary mice, which were transplanted with bulk cells of patient sample #19
showed two different phenotypes within the human cell fraction. One mouse had a
prominent T-cell graft (CD3+ 91%, CD33+ 5%; Figure 16 A) whereas the other one
showed predominantly a myeloid graft (CD3+ 3%, CD33+ 94%; Figure 16 B).
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Figure 16: Primary NSG mice, injected with bulk cells of patient sample #19.
FACS dot plots of primary mouse bone marrow samples of two individual littermates showing different
phenotypes- a T-cell (CD3) (A) and a myeloid (CD33) (B) graft- in the human cell fraction.

In fourteen cases (#1–3, 5–9, 12, 13, 15, 18, 21, 22) the patient samples were
depleted for T- and B-cells to avoid a lymphoid outgrowth and a graft versus host
disease (GvHD) within this immunocompromised mouse strain.
For the functional validation of the human LIC capability of progenitor- and mature
cell subpopulations of selected patients, the NSG xenotransplantation model was
used. LMPP, GMP, and CD34- fractions of the selected patients were sorted and
transplanted into sublethally irradiated NSG mice. In the complex karyotype
patient #20 (Figure 17) a MPP fraction of 4.7% could be detected in addition to the
three already mentioned subpopulations (LMPP, GMP, CD34-).
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Figure 17: Gating strategy of patient sample #20.
+

-

+

-

The patient sample was analyzed for the expression of lineage markers. HSCs: CD34 CD38 CD90 CD45RA ;
+
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+

+
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+

-

-

-
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low/+

-

+
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-

+

-

-

+
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+

+

+

-
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-

+

+
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5.2 Non-engrafted Primary AML Patient Samples in the NSG
Xenotransplantation Model

Out of the thirteen bulk samples (#1–3, 5, 7, 12, 13, 15, 17-19, 21, 22; Figure 18)
that were initially tested for their engraftment potential in the NSG mouse model,
four (#1, 7, 12, 15; Figure 18) demonstrated a low human engraftment of only 0.12.1% CD45+ cells twelve weeks after transplantation with 1.5–8.9x106 cells/mouse
(Table 17). Two of these samples had a LMPP and GMP (#1, 12) subpopulation.
The remaining two samples showed only a GMP (#7, 15) subpopulation.
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Figure 18: Overview of the bulk tested AML samples -normal karyotype patients (orange number),
aberrant karyotype patients (blue number) and cytogenetically not evaluable patients (green number).
In a first step, only bulk cells were tested in vivo for an engraftment potential in the NSG mouse model. A
threshold >5% was set for the bulk cell engraftment 12 weeks after transplantation in primary mice to perform
a following experiment with sorted subpopulations of the patient. Patient samples that showed a negative graft
in the xenotransplantation model are illustrated in grey. Negative graft is characterized by a huCD45

+

expression <1% for the injected subpopulations or <5% for the injected bulk cells in mouse bone marrow 12
weeks after transplantation.

Given the fact that the engraftment in the bone marrow of these mice was below
5%, these samples were not used for further in vitro or in vivo experiments. The
nine positively engrafted patient samples (# 2–3, 5, 13, 17–19, 21, 22; Figure 18)
were sorted into their different subpopulations which were injected into primary
NSG mice. The in vivo results for the non-engrafted samples are specified in
chapter 5.2. The subpopulation transplantation experiments showing a positive
human engraftment (defined by a CD45+ expression >1% in mouse bone marrow
of mice after 12 weeks) are described in chapter 5.3.

+

Table 17: Overview of human CD45 expression in NSG mice, injected with bulk patient samples,
analyzed 12 weeks after transplantation.
+

The mean percentage of human CD45 (including the range) is documented for BM, PB and spleen. Patient
number and the number of cells injected per mouse, the number of injected and analyzed mice are further
specified.

Patient sample

Results obtained from primary mice
injected with patients bulk cells

1

CD45 BM
Mean (range)

+

+

huCD45 expression
Mean (range)
2.0%
(0.1–3.9%)
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+

0.15%
(0.0–0.3%)

CD45 SP
Mean (range)

+

0.15%
(0.1–0.2%)

Mice injected/analyzed

2/2

Injected number of cells/mouse

3.4x10 i.v.

CD45 PB
Mean (range)

+

CD45 BM
Mean (range)

2.1%
(0.9–3.3%)

+

0.15%
(0.1–0.2%)

CD45 SP
Mean (range)

+

0.55%
(0.1–1.0%)

Mice injected/analyzed

2/2

Injected number of cells/mouse

6.2x10 i.v.

CD45 PB
Mean (range)
7

6

6

+

CD45 BM
Mean (range)

0.10%

+

CD45 PB
Mean (range)
12

+

CD45 SP
Mean (range)

0.00%

Mice injected/analyzed

2/2

Injected number of cells/mouse

1.5 x10 i.v.

+

CD45 BM
Mean (range)

6

0.8%
(0.2–1.4%)

+

0.1%
(0.0–0.2%)

CD45 SP
Mean (range)

+

0.15%
(0.1–0.2%)

Mice injected/analyzed

2/2

Injected number of cells/mouse

8.9x10 i.v.

CD45 PB
Mean (range)
15

0.00%

6
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Out of the fifteen AML samples that were sorted for LMPP, GMP, and CD34(Figure 19), five patient samples (#2, 6, 8, 9, 17; Figure 20) did not show a human
myeloid engraftment in primary mice after transplantation.

Figure 19: Classification of the selected cohort of patients (n=22) into LMPP or GMP patients
according to their immunophenotype.
-

Eighteen patient samples were sorted for their LMPP, GMP and CD34 or in case of the GMP patients only for
-

GMP and CD34 subpopulation and tested for their engraftment potential in the NSG mouse model.
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Three additional samples (#16, 21 and 22; Figure 19), that did not show a LMPP
subpopulation by flow cytometric analysis, did show a GMP fraction. These
samples were only sorted for their GMP and CD34- fraction. Human engraftment
could not be observed 12 weeks after transplantation for sample #16 and 22. The
primary engraftment data of patient #21 are specified in chapter 5.3.11.

Figure 20: Overview of the transplanted primary AML samples.
Normal karyotype patients (orange number), aberrant patients (blue number), and cytogenetically not
+

evaluable patients (green number), of the selected CD34 cohort of patients that were tested for their
engraftment potential in the NSG mouse model. Sorted cell subpopulations or bulk cells were transplanted into
primary mice. The AML samples illustrated in grey were tested, but showed a negative graft in the
+

xenotransplantation model, characterized by a huCD45 expression in mouse bone marrow for the injected
subpopulations <1% and for injected bulk cells <5%. Patients #1, 7, 12, 15 were tested for bulk engraftment
and a human graft <5% was observed. (n.t.: not tested)

The (FACS-) sorted subpopulations were injected into 2–3 primary NSG mice per
population with a defined number of cells for each individual patient sample. The
number of injected cells per mouse varied from 0.4–1x106 cells. The mean CD45+
expression in the mouse bone marrow within the different cohorts and patients
was <1%. A summary displaying the details of the non-engrafted patient samples
is listed in Table 18.
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Table 18: Overview of the non-engrafting AML patient samples in the NSG xenotransplantation model.
+

Specified are the injected subpopulations, the mean human CD45 percentage (including range) in the
different tissues, the injected number of cells per mouse and the number of injected and analyzed animals.

Patient

Primary mice

Cell fraction of primary AML patients’ samples injected into
primary mice
-

LMPP

GMP

CD34

bulk

0.03%
(0.0-0.1%)

0.00%

0.05%
(0.0-0.1%)

8.2%

0.00%

0.00%

0.00%

1.2%

huCD45
in mouse SP
Mean (range)

0.00%

0.00%

0.00%

3.8%

Mice
injected/analyzed

3/3

3/2

3/2

2/1

Injected number
of cells/mouse

403.072 i.f.

403.072 i.f.

403.072 i.f.

7.32x10 i.v.

0.05%
(0.0-0.1%)

0.17%
(0.1-0.2%)

0.17%
(0.1-0.3%)

0.25%
(0.1-0.4%)

0.00%

0.00%

0.00%

0.00%

huCD45
in mouse SP
Mean (range)

0.25%
(0.2-0.3%)

0.1%
(0.1-0.2%)

0.37%
(0.1-0.9%)

0.3%
(0.2-0.4%)

Mice
injected/analyzed

3/2

3/3

3/3

2/2

Injected number
of cells/mouse

1x10 i.v.

1x10 i.v.

673.528 i.v.

6x10 i.v.

0.00%

0.00%

0.03%
(0.0-0.1%)

23.7%
(5.3-58.5%)
huCD3>90%

0.00%

0.00%

0.00%

48.5%
(14.5-91.2%)
huCD3>90%

huCD45
in mouse SP
Mean (range)

0.00%

0.00%

0.00%

49.8%
(22.1-87.5%)
huCD3>90%

Mice
injected/analyzed

3/3

3/3

3/3

3/3

Injected number
of cells/mouse

1x10 i.v.

+

huCD45
in mouse BM
Mean (range)
+

huCD45
in mouse PB
Mean (range)
2

+

6

+

huCD45
in mouse BM
Mean (range)
+

huCD45
in mouse PB
Mean (range)
6

+

6

6

+

huCD45
in mouse BM
Mean (range)
+

huCD45
in mouse PB
Mean (range)
8

+

6

6

1x10 i.v.

6

1x10 i.v.

6

6

10x10 i.v.
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+

huCD45
in mouse BM
Mean (range)

0.10%

-

0.03%
(0.0-0.1%)

19.4%

0.00%

-

0.00%

1.6%

huCD45
in mouse SP
Mean (range)

0.00%

-

0.00%

5.8%

Mice
injected/analyzed

2/1

3/0

3/3

2/1

Injected number
of cells/mouse

551.028 i.f.

551.028 i.f.

551.028 i.f.

6,68x10 i.v.

-

0.13%
(0.1-0.2%)

0.1%
(0.1%)

-

-

not analyzed

not analyzed

-

huCD45
in mouse SP
Mean (range)

-

not analyzed

not analyzed

-

Mice
injected/analyzed

0/0

3/3

3/3

0/0

Injected number
of cells/mouse

-

1x10 i.v.

1x10 i.v.

-

0.13%
(0.0-0.3%)

0.13%
(0.0-0.3%)

1.2%
(0.0-2.9%)
huCD3>90%

64.8%
huCD3>90%

0.00%

0.00%

6.03%
(0.0-10.9%)
huCD3>90%

75.9%
huCD3>90%

huCD45
in mouse SP
Mean (range)

0.00%

0.00%

25.7%
(0.0-42.2%)
huCD3>90%

61.5%
huCD3>90%

Mice
injected/analyzed

3/3

3/3

3/3

2/1

Injected number
of cells/mouse

577.851 i.f.

577.851 i.f.

486.295 i.f.

10 x10 i.v.

+

huCD45
in mouse PB
Mean (range)
9

+

6

+

huCD45
in mouse BM
Mean (range)
+

huCD45
in mouse PB
Mean (range)
16

+

6

+

huCD45
in mouse BM
Mean (range)
+

huCD45
in mouse PB
Mean (range)
17

+

6

6
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+

huCD45
in mouse BM
Mean (range)

-

0.1%
(0.1%)

0.1%
(0.0-0.2%)

12.2%
(4.8-19.6%)

-

0.03%
(0-0.1%)

0.03%
(0.0-0.1%)

1.15%
(0.1-2.2%)

huCD45
in mouse SP
Mean (range)

-

0.03%
(0.0-0.1%)

0.00%

0.85%
(0.1-1.6%)

Mice
injected/analyzed

0/0

3/3

3/3

2/2

Injected number
of cells/mouse

-

1x10 i.v.

+

huCD45
in mouse PB
Mean (range)
22

+

6

6

1x10 i.v.

6

11.5x10 i.v.

5.3 Primary AML Patient Samples That Showed Engraftment in
the NSG Xenotransplantation Model
Out of the fifteen patients (#2-6, 8-11, 13-14, 16-22, Figure 21) sorted for LMPP,
GMP, and CD34- populations, and the three patients that were sorted for GMP and
CD34- (#16, 22) subpopulations, eleven patients (Figure 21) showed a positive
myeloid human graft in primary NSG mice.

Figure 21: Eighteen primary AML samples that were tested for the engraftment potential of their
different subpopulations in the NSG mouse model.
A human engraftment in primary mice was shown in –three normal karyotype patients (orange), -seven
aberrant karyotype patients (blue) and -one patient where the cytogenicity was not evaluable. The nonengrafting patient samples are specified in grey. (n.t.= not tested)
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5.3.1

Engraftment of Patient No. 3 (Normal Karyotype, NPM1
WT, FLT3 Mutated) in Primary Mice

Patient #3 was sorted for LMPP, GMP, and CD34- subpopulations. The primary
patient sample had a minor LMPP fraction with 7.2%. Therefore only one mouse
was injected with 0.7x106 LMPP cells. Mice were transplanted with 1x106 cells
from GMP (three mice) and CD34- (two mice) populations. Additionally, two mice
were injected with each 8x106 bulk cells, depleted for CD3 and CD19.
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expression of huCD45+ [%]

100

Figure 22: Engraftment overview of patient #3.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

spleen (SP: triangle), 12 weeks after transplantation with LMPP (0.7x10 cells/mouse), GMP (1x10
-

6

6

6

cells/mouse), CD34 (1x10 cells/mouse) and T-/B-cell depleted bulk cells (8x10 cells/mouse) of patient #3.
Bars indicate the mean. One set of symbols (circle; square; triangle) represents one mouse in each
subpopulation.

The mouse injected with the LMPP population showed an engraftment with human
CD45+ (huCD45+) expressed cells in BM (30.6%), PB (2.9%), and SP (9.3%). The
mice injected with the GMP subpopulation had a mean huCD45+engraftment of
7.9% (SD ±5.4), 0.8% (SD ±0.2), and 0.9% (SD ±1.0) in BM, PB, and SP,
respectively. Out of the CD34- cohort, only one mouse could be analyzed for all
tissues. For the second mouse, the bone marrow was analyzed. The huCD45+
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expression in bone marrow for the CD34- injected mice did not reach the threshold
of 1%. The mean CD45+ expression was 0.3% (SD ±0.4) in BM, 0.1% (SD n.d.) in
PB, and 0.1% (SD n.d.) in SP. The highest engraftment was detected in the mice
injected with bulk cells, with a mean huCD45+ of 96.4% CD45+ cells (SD ±4.1) in
BM, 42.8% (SD ±23.9) in PB, and 25.8% (SD ±14.3) in SP.

5.3.2

Engraftment of Patient No. 4 (Normal Karyotype, NPM1
Mutated, FLT3 Mutated) in Primary Mice

In another experiment, 1x106 cells from each of the three populations (LMPP,
GMP, and CD34-) of patient #4 were injected into three mice each. Within the
CD34- fraction, one mouse died 5 weeks post transplantation and was not
included in the analysis.
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Figure 23: Engraftment overview of patient #4.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

6

-

spleen (SP: triangle) injected with LMPP (1x10 cells/mouse), GMP (1x10 cells/mouse) and CD34 (1x10

6

cells/mouse) of patient #4. Bars indicate the mean (*p<0.05; **p<0.01). One set of symbols (circle; square;
triangle) represents one mouse in each subpopulation.
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Mice injected with purified LMPP and GMP subpopulations did not differ
significantly in their engraftment potential observed BM, PB, or SP of the primary
mice (mean huCD45+ expression: BM 11.6 ±14.8% vs. 32.4 ±8.8%, p>0.05; PB
0.7 ±0.5% vs. 1.4 ±0.1%, p>0.05; SP 0.8 ±0.3% vs. 1.2 ±0.4%, p>0.05). In the
CD34- cohort, the mean engraftment level was below 1% and had a significantly
lower huCD45+ expression compared to the GMP fraction (mean huCD45+: BM
0.5 ±0.6% vs. 32.4 ±8.8%, p=0.02, PB 0.0 ±0.0% vs. 1.4 ±0.1%, p=0.005; SP
0.0% ±0 vs. 1.2% ±0.4, p=0.044).

5.3.3

Engraftment of Patient No. 5 (Normal Karyotype, NPM1
Mutated, FLT3 Mutated) in Primary Mice

For patient sample #5, three mice were injected with either 1x106 cells from either
the LMPP or CD34- fraction. One mouse was injected with 0.4x106 LMPP cells for
the comparison with two mice injected with 0.4x106 GMP cells. Three mice were
injected with 3.6x106 bulk cells, depleted for human T- and B-cells (CD3 and
CD19). Engraftment was observed in all mice injected with the different
subpopulations as well as the bulk. The human immunophenotype of the engrafted
cells, independent of the injected subpopulation, showed an absence of the CD34+
marker, but had a prominent myeloid CD13+ expression, reflecting the original
patient sample.

70

Results

expression of huCD45+ [%]

100

BM

80

PB
SP

60
40
30
20
10

bu
lk

C
D
34

M
P
G

1

2

LM
PP

LM
PP

-

0

Figure 24: Engraftment overview of patient #5.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
1

6

2

6

spleen (SP: triangle) injected with LMPP ( LMPP: 1x10 cells/mouse or LMPP: 0.4x10 cells/mouse), GMP
6

-

6

6

(0.4x10 cells/mouse), CD34 (1x10 cells/mouse) and T-/B- cell depleted bulk cells (3.6x10 cells/mouse) of
patient #5. Bars indicate the mean. One set of symbols (circle; square; triangle) represents one mouse in each
subpopulation.

The mice injected with 1x106 LMPP and CD34- subpopulation showed a similar
engraftment potential (mean huCD45+ expression: BM 68.27 ±43.4% vs. 55.4
±3.4%, p>0.05; PB 3.8 ±1.4 vs. 2.1 ±2.1%, p>0.05; SP 8.4 ±5.0% vs. 2.9 ±1.2%,
p>0.05). The injected 0.4x106 GMP cells resulted in a huCD45+ engraftment with a
mean of 71.7% (SD ±2.6) in BM, 2.9% (SD ±1.6) in PB, and 12.2% (SD ±5.2) in
SP in the mice 12 weeks post transplantation. The injected bulk cells showed a
mean huCD45+ expression of 75.4% (SD ±10.5) in BM, 8.5% (SD ±6.4) in PB, and
13.7% (SD ±6.2) in SP of primary NSG mice.

5.3.4

Engraftment of Patient No. 10 (inv(16)) in Primary Mice

For patient #10, all sorted subpopulations were injected into three mice per cohort
at 1x106 cells/mouse. In addition, three mice were injected with 5x106 bulk cells
each.
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Figure 25: Engraftment overview of patient #10.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

6

-

spleen (SP: triangle) injected with LMPP (1x10 cells/mouse), GMP (1x10 cells/mouse), CD34 (1x10

6

6

cells/mouse) and bulk cells (5x10 cells/mouse) of patient #10. Bars indicate the mean (*p<0.05, **p<0.01 and
***p<0.001). One set of symbols (circle; square; triangle) represents one mouse in each subpopulation.

Within this patient sample (#10), mice injected with the LMPP subpopulation
engrafted with significantly lower levels when compared to mice injected with the
GMP subpopulation (mean huCD45+ expression: BM 49.0 ±41.8% vs. 83.5 ±4.3%,
p=0.003; PB 13.7 ±11.7% vs. 29.3 ±7.7%, p=0.017; SP 13.8 ±11.8% vs. 23.9
±3.0%, p>0.05). The huCD45+ expression was higher when compared to the mice
transplanted with CD34- cells (mean huCD45+ expression: BM 49.0 ±41.8% vs.
0.5 ±0.4%, p<0.001; PB 13.7 ±11.7% vs. 0.3 ±0.2%, p<0.001; SP 13.8 ±11.8% vs.
1.8 ±2.5%, p=0.002). The mice injected with GMP positive cells had a significantly
higher huCD45+ expression in all tissues when compared to the CD34- injected
mice (mean huCD45+ expression: BM 83.5 ±4.3% vs. 0.5 ±0.4%, p<0.001; PB
29.3 ±7.7% vs. 0.3 ±0.2%, p<0.001; SP 23.9 ±3.0% vs. 1.8 ±2.5%; p<0.001). The
CD34- injected primary mice gave rise to a prominent T-cell engraftment in one
mouse, mainly in the spleen. The bulk cells engrafted with a mean huCD45+ of
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55.7% (SD ±45.5) in the BM, 6.0% (SD ±9.2) in the PB, and 24.0% (SD ±11.2) in
the SP.

5.3.5

Engraftment of Patient No. 11 (inv(16)) in Primary Mice

Patient #11 was sorted for LMPP, GMP and CD34- populations and three mice
were injected with 1x106 cells per subpopulation.
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Figure 26: Engraftment overview of patient #11.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

6

-

spleen (SP: triangle) injected with LMPP (1x10 cells/mouse), GMP (1x10 cells/mouse), CD34 (1x10

6

cells/mouse) of patient #11. Bars indicate the mean (***p<0.001). One set of symbols (circle; square; triangle)
represents one mouse in each subpopulation.

Bone marrow cells of primary mice injected with LMPP or GMP showed no
significant difference in the human engraftment level (mean huCD45+ expression:
BM 14.3 ±8.4% vs. 24.9 ±6.9%, p>0.05) after 12 weeks. The huCD45+ expression
in the BM of CD34- injected mice had a significantly lower engraftment level when
compared to mice injected with the LMPP subpopulation (mean huCD45+
expression: BM 0.2 ±0.1% vs. 14.3 ±8.4%, p<0.001) as well as compared to GMP
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injected mice (mean huCD45+ expression: BM 0.2 ±0.1% vs. 24.9 ±6.9%,
p<0.001). Human engraftment in PB and SP could not be observed in the LMPP,
GMP, or CD34- injected mice, as the huCD45+ percentage was below the
threshold of 1% (mean huCD45+ expression: PB 0.2 ±0.1% vs. 0.2 ±0.1% vs.
0.03% ±0.06; SP 0.1 ±0.0% vs. 0.2 ±0.2% vs. 0.1 ±0.1%).

5.3.6

Engraftment of Patient No. 13 (inv(16)) in Primary Mice

Two mice were injected with 6x106 bulk cells of patient #13 depleted for CD3 and
CD19, to check the engraftment potential in the xenotransplantation model. After
12 weeks, the mice showed a human cell engraftment in BM and SP (mean
huCD45+ expression: BM 21.5 ±7.4%; PB 0.5 ±0.4%; SP 1.6 ±0.3%), and this
patient was therefore selected for another in vivo assay with purified
subpopulations (Figure 27). One primary mouse was injected with 0.9x106 LMPP,
and three mice were injected with each 1x106 GMP or CD34- (FACS-) sorted
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Figure 27: Engraftment overview of patient #13.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

6

-

spleen (SP: triangle) injected with LMPP (0.9x10 cells/mouse), GMP (1x10 cells/mouse), CD34 (1x10

6
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6

cells/mouse) and T-/B-cell depleted bulk cells (6x10 cells/mouse) of patient #13. Bars indicate the mean. One
set of symbols (circle; square; triangle) represents one mouse in each subpopulation.

The mice injected with GMP cells showed minor human cell engraftment, which
was not significant compared to the CD34- injected mice. The expression of
huCD45+ percentage was below the threshold of 1% human cells in all tissues
(mean huCD45+ expression: BM 2.0 ±0.9% vs. 0.03 ±0.06%, p>0.05; PB 0.4
±0.0% vs. 0.0%, p>0.05; SP 0.1 ±0.0% vs. 0.0%, p>0.05). The LMPP injected
mouse was negative for a human engraftment (huCD45+ expression: BM 0.8%;
PB 0.1%; SP 0.0%).

5.3.7

Engraftment of Patient No. 14 (Aberrant Karyotype,
Deletion 7, NPM1 WT, FLT3 Mutated) in Primary Mice

In patient #14, a LMPP fraction making up 1.2% of the bulk could be detected. The
GMP and CD34- fractions were adjusted, so that an equal amount of cells could be
injected into each mouse. Because of this, only 293.143 sorted LMPP, GMP, and
CD34- cells were injected intrafemorally into two, four, and three mice each,
respectively.
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Figure 28: Engraftment overview of patient #14.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
-

spleen (SP: triangle) injected with 293.143 cells/mouse for LMPP, GMP and CD34 of patient #14. Bars
indicate the mean. One set of symbols (circle; square; triangle) represents one mouse in each subpopulation.

LMPP injected mice did not show significantly higher engraftment of huCD45+ cells
compared to GMP injected mice (mean huCD45+ expression: BM 7.2 ±1.6% vs.
8.4 ±13.2%, p>0.05). In the PB and the SP of primary injected mice, the huCD45+
expression for all subpopulations was below the threshold of 1% (mean huCD45+
expression: PB 0.1 ±0.1% vs. 0.2 ±0.3%; SP 0.1 ±0.1% vs. 0.1 ±0.3%). One
mouse from the CD34- injected cohort had a human T-cell engraftment with more
than 90% CD3 positive cells presented in all tissues (huCD45+ expression: BM
4.6%, PB 2.6%, SP 3.2%). Human cell engraftment in BM, PB, or SP was not
observed in the other two mice of the CD34- cohort. A significant difference within
the three different injected cohorts and tissues was not detected.

5.3.8

Engraftment of Patient No. 18 (Aberrant Karyotype,
Trisomy 13, NPM1 WT, FLT3 Mutated) in Primary Mice

For patient #18 a constant cell number of 1x106 cells were injected into three mice
for each subpopulation.
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Figure 29: Engraftment overview of patient #18.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

6

-

spleen (SP: triangle) injected with LMPP (1x10 cells/mouse), GMP (1x10 cells/mouse), CD34 (1x10

6

6

cells/mouse) and T-cell depleted bulk cells (8.8x10 cells/mouse) of patient #18. Bars indicate the mean
(***p<0.001). One set of symbols (circle; square; triangle) represents one mouse in each subpopulation.

The engraftment levels of the LMPP and GMP injected mice were similar (mean
huCD45+ expression: BM 43.1 ±21.6% vs. 44.3 ±14.0%, p>0.05; PB 4.3 ±6.6% vs.
1.3 ±0.7%, p>0.05; SP 1.2 ±1.4% vs. 0.6 ±0.3%, p>0.05). In all the analyzed
tissues of the CD34- injected mice, the huCD45+ percentage was below the
threshold of 1% (mean huCD45+ expression: BM 0.8% ±0.4; PB 0.03 ±0.06%; SP
0.03 ±0.06%). The mice injected with CD34- cells showed a significantly lower
huCD45+ expression in the BM when compared to the LMPP (mean huCD45+
expression: BM 0.8 ±0.4% vs. 43.1 ±21.6%, p<0.001) or GMP injected
counterparts (mean huCD45+ expression: BM 0.8 ±0.4% vs. 44.3 ±14.0%,
p<0.001). Additionally to the subpopulations, two mice were injected with 8.8x106
bulk cells depleted for CD3 from patient #18. One mouse died two weeks after the
transplantation and was therefore not included in the analysis. The remaining
mouse engrafted with a huCD45+ expression of 29.6% in BM, 0.7% in PB, and
2.7% in SP after 12 weeks.
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5.3.9

Engraftment of Patient No. 19 (Aberrant Karyotype,
Trisomy 8, NPM1 WT, FLT3 WT) in Primary Mice

AML sample #19 was sorted for the LMPP, GMP, and CD34- fractions, and
1x106 cells/mouse were injected into three mice per cohort. Out of the CD34injected mouse cohort, only two mice were included in the evaluation.
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Figure 30: Engraftment overview of patient #19.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

6

-

spleen (SP: triangle) injected with LMPP (1x10 cells/mouse), GMP (1x10 cells/mouse), CD34 (1x10
cells/mouse) and bulk cells (3.9x10

6

6

cells/mouse) of patient #19. Bars indicate the mean (*p<0.05;

***p<0.001). One set of symbols (circle; square; triangle) represents one mouse in each subpopulation.

The highest human engraftment potential was observed in the bone marrow of
GMP injected primary mice. LMPP cells showed a significantly lower engraftment
in the BM compared to GMP injected mice (mean huCD45+ expression: BM 7.5
±3.2% vs. 35.5 ±22.9%; p<0.001), but showed still significantly higher engraftment
potential when compared to the CD34- cohort (mean huCD45+ expression: BM 7.5
±3.2% vs. 0.4 ±0.2%, p=0.012). The GMP injected mice also showed a
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significantly higher huCD45+ expression in BM when compared to the CD34- mice
(mean huCD45+ expression: BM 35.5 ±22.9% vs. 0.4 ±0.2%, p<0.001). Human
cells were observed in neither the PB nor in the SP of LMPP, GMP, or CD34injected mice (mean huCD45+ expression: PB 0.1 ±0.1% vs. 0.3 ±0.1% vs. 0.2
±0.2%; SP 0.0% vs. 0.1% ±0.1 vs. 0.3 ±0.4%). Bulk cells from the patient were
injected into two mice (3.9x106 cells/mouse). One mouse engrafted with human Tcells (CD3 positive), with the highest level found in the SP (48.5%) compared to
15.8% in the PB or 8.0% in the BM. The second mouse injected with bulk,
engrafted with 11.8% human cells in the BM but was below the 1% threshold in PB
and SP.

5.3.10 Engraftment of Patient No. 20 (Complex Karyotype, NPM1
WT, FLT3 WT) in Primary Mice

From patient #20, the LMPP and GMP subpopulations were injected into three
mice each, whereas two mice were injected with the CD34- subpopulation (in each
case 1x106 cells/mouse). Two additional mice were injected with 0.7x106 LMPP
cells and one mouse with the same number of MPP cells since this patient had a
MPP fraction of 3.5%.
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Figure 31: Engraftment overview of patient #20.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
1

6

2

6

spleen (SP: triangle) injected with LMPP ( LMPP: 1x10 or LMPP: 0.7x10 cells/mouse), MPP (0.7x10
6

-

6

6

cells/mouse), GMP (1x10 cells/mouse) and CD34 (1x10 cells/mouse) of patient #20. Bars indicate the mean
(*p<0.05; ***p<0.001). One set of symbols (circle; square; triangle) represents one mouse in each
subpopulation.

Mice injected with 1x106 LMPP cells showed a significantly higher huCD45+
engraftment when compared to the GMP cohort (mean huCD45+ expression: BM
55.2 ±12.3% vs. 1.2 ±1.7%, p<0.001; PB 3.9 ±3.1% vs. 0.03 ±0.06%, p>0.05; SP
4.6 ±2.9% vs. 0.1 ±0.0%, p=0.040) as well as compared to the CD34- cohort
(mean huCD45+ expression: BM 55.2 ±12.3% vs. 0.6 ±0.5%, p<0.001; PB 3.9
±3.1% vs. 0.0%, p=0.049; SP 4.6 ±2.9% vs. 0.0%, p=0.032). From the GMP
injected cohort, one mouse was engrafted with 3.2% in the bone marrow, but did
not show any engraftment in both, blood and spleen. The other two mice were
negative for human cell engraftment and had a huCD45+ expression with a mean
of 0.1% (SD±0.1) in BM and PB, and 0.1% (SD±0.0) in SP. The MPP fraction
showed an engraftment of huCD45+ cells with a mean of 15.4% (SD ±1.4) in BM,
0.8% (SD ±0.4) in PB, and 0.4% (SD ±0.2) in SP. The mouse injected with 0.7x106
LMPP cells showed an engraftment of 69.3% in BM despite the lower number of
cells as well as an engraftment of 5.5% in PB and 4.7% in SP.
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5.3.11 Engraftment of Patient No. 21 (Karyotype Not Evaluated,
NPM1 WT, FLT3 Mutated) in Primary Mice

In patient #21, a GMP fraction, but no LMPP fraction, could be detected.
Therefore, the patient was sorted only for GMP and CD34- fractions. Three mice
per cohort were each injected with 1x106 sorted cells. Another two mice were each
injected with 10x106 bulk cells, depleted for CD3 and CD19.
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Figure 32: Engraftment overview of patient #21.
+

Human CD45 expression in primary NSG mice bone marrow (BM: circle), peripheral blood (PB: square) and
6

-

6

spleen (SP: triangle) injected with GMP (1x10 cells/mouse), CD34 (1x10 cells/mouse) and T-/B-cell
6

depleted bulk cells (10x10 cells/mouse) of patient #21. Bars indicate the mean (*p<0.05). One set of symbols
(circle; square; triangle) represents one mouse in each subpopulation.

The GMP injected mice showed a significantly higher engraftment of human cells
in the bone marrow compared to the CD34- injected mice (mean huCD45+
expression: BM 5.5 ±2.7% vs. 0.2 ±0.0%, p=0.026; PB 0.2 ±0.3% vs. 0.0%,
p>0.05; SP 2.2 ±3.5% vs. 0.003 ±0.01%, p>0.05). The huCD45+ percentages
measured for the CD34- cohort were below 1% in all analyzed tissues. The 10x106
bulk cells gave rise to a human cell engraftment after 12 weeks with a mean
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huCD45+ of 53.1% (SD ±24.5) in BM, 2.8% (SD ±1.7) in PB, and 17.5% (SD
±14.5) in SP.

5.3.12 Abridgement of the Engrafted AML Patient Samples in the
Primary NSG Xenotransplantation Model
Of the selected patient cohort (n=22), patients with normal karyotype (n=8)
engrafted to 37.5% in the xenotransplantation model whereas AML patients with
an aberrant karyotype (n=12) demonstrated an engraftment rate of 58.3%. Within
the LMPP and GMP injected fraction of the normal and the aberrant karyotype, no
difference in the median expression of huCD45+ cells could be observed. With the
exception of patient #5, the injected CD34- subpopulations did not engraft in the
mouse model, as indicated by a median human CD45+ engraftment of <1% (Table
19) . This result was observed to be independent of the genetic background
(normal or aberrant).
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Table 19: AML patient samples subpopulation engraftment potential in primary NSG mice grouped.

engrafted mice median CD45+ [%]
BM

Normal
karyotype

Aberrant
karyotype

Karyotype
not
evaluated

engrafter/
total # of
patients

LMPP

GMP

CD34-

NPM1-/FLT3-

0/2

-

-

-

NPM1+/FLT3-

0/1

-

-

-

NPM1-/FLT3+

1/3

30.6

5.5

0.3

NPM1+/FLT3+

2/2

28.6

42.5

27.0

summary

3/8

29.6

27.3

0.8

inv(16)

3/5

14.7

21.6

0.2

deletions

1/3

7.2

2.5

0.0

trisomy 8 and
13

2/3

19.6

46.2

0.7

complex
karyotype

1/1

50.6

0.3

0.6

summary

7/12

18.6

21.0

0.3

summary

1/2

-

5.6

0.2

5.4 Secondary Transplantations
A widely accepted requirement to proof that the origin of the primary graft is due to
a stem cell, is the ability to engraft after retransplantation into secondary mice.
This requirement was also tested in this work to demonstrate this stem cell
characteristic. For this, secondary mouse transplants were performed on nine
(Figure 33) out of eleven patient samples that were engrafted in primary
transplantation experiments. Bone marrow samples of primary mice were sorted
for human cell surface marker CD45+ and one to four secondary recipients were
injected with 0.6-1.4x106 cells/mouse.
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Figure 33: Retransplantation assay of the engrafted AML patient samples.
Secondary engraftment assay of the patient samples that showed a positive human graft in primary NSG
mouse model in at least one subpopulation. Patient sample that failed to engraft in the secondary assay are
marked in grey. Two samples were not tested (n.t.) in secondary recipients.

5.4.1

Non-engrafted AML Patient Samples in the Secondary
NSG Mouse Model

12 weeks after transplantation five patients (#3, 5, 11, 19, 21) were negative
(huCD45+in BM <1%), and four patients (#10, 14, 18, 20) were positive for human
cell engraftment in secondary transplanted mice. The experimental details and
results of the non-engrafted AML samples in secondary mice are summarized in
Table 20.
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Table 20: Overview of the human CD45 expression in mouse BM, PB, and SP of secondary mice.
+

+

Analysis of the huCD45 expression of secondary mice that were injected with purified huCD45 cells obtained
from primary BM samples of LMPP or GMP of patients injected in NSG mice. The injected number of cells
with transplantation route and the number of injected and analyzed secondary mice are specified.

Patient

sorted
huCD45+ from
LMPP derived
primary mouse
BM

sorted huCD45+ from
GMP derived primary
mouse BM

sorted
huCD45+
from CD34derived
primary
mouse BM

Mean (range)

Mean (range)

Mean
(range)

0.132%
(0.1-0.2%)

0.097%
(0.03-0.17%)

-

0.020%
(0.019-0.020%)

0.024%
(0.02-0.03%)

huCD45
in mouse SP
Mean (range)

0.003%
(0.00-0.01%)

0.000%

Mice
injected/analyzed

2/2

2/2

Injected number
of cells/mouse

254.250 i.f.

191.600 i.f.

0.11%
(0.01-0.20%)

0.16%

0.07%

(0.1-0.3%)

(0.00-0.1%)

0.02%

0.004%

0.01%

(0.01-0.02%)

(0.00-0.01%)

(0.01%)

0.01%

0.036%

0.015%

(0.00-0.04%)

(0.0-0.1%)

(0.01-0.02%)

Mice
injected/analyzed

3/3

4/4

3/3

Injected number
of cells/mouse

1.41x10 i.v.

Secondary
mice

+

huCD45
in mouse BM
Mean (range)
+

huCD45
in mouse PB
Mean (range)
3

-

+

-

+

huCD45
in mouse BM
Mean (range)

-

+

huCD45
in mouse PB
Mean (range)
5

+

huCD45
in mouse SP
Mean (range)

6

6

1.2x10 i.v.

927.000 i.v.

+

huCD45
in mouse BM
Mean (range)

0.53%

0.15%
(0.1-0.2%)

0.13%

-

0.02%

0.000%

-

-

0.33%

0.005%
(0.00- 0.01%)

-

-

+

11

huCD45
in mouse PB
Mean (range)
+

huCD45
in mouse SP
Mean (range)

85

Results
Mice
injected/analyzed

1/1

2/2

2/1

-

Injected number
of cells/mouse

368.600 i.f.

150.000 i.f.

427.850 i.f.

-

+

huCD45
in mouse BM
Mean (range)

0.06 %

0.13%
(0.10-0.16%)

-

+

huCD45
in mouse PB
Mean (range)
19

0.03%

0.02%
(0.02%)

-

+

huCD45
in mouse SP
Mean (range)

0.00%

0.00

-

Mice
injected/analyzed

1/1

2/2

-

Injected number
of cells/mouse

265.900 i.f.

239.850 i.f.

-

-

0.10%

-

0.00%

-

huCD45
in mouse SP
Mean (range)

-

0.10%

-

Mice
injected/analyzed

-

1/1

-

Injected number
of cells/mouse

-

350.000 i.f.

-

+

huCD45
in mouse BM
Mean (range)

-

+

huCD45
in mouse PB
Mean (range)
21

5.4.2

+

Engraftment of Patient No. 10 (inv(16)) in Secondary NSG
Mice

The LMPP and GMP sorted subpopulations of patient #10 were engrafted into the
primary mice. Human cells were isolated from the bone marrow of these mice
based on huCD45+ expression, and 1.3x106 LMPP or GMP derived primary cells
were injected into three secondary recipients.
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Figure 34: Secondary mice engraftment overview of patient #10.
+

Human CD45 expression in secondary NSG mice bone marrow (BM: circle), peripheral blood (PB: square)
6

+

and spleen (SP: triangle) injected with 1.3x10 huCD45 cells/mouse obtained from primary mouse bone
marrow that were injected with LMPP or GMP cells of patient #10. Bars indicate the mean (*p<0.05). One set
of symbols (circle; square; triangle) represents one mouse in each subpopulation.

Secondary mice were injected with the human cells obtained from primary LMPP
or GMP injected animals. 12 weeks after the transplantation, the BM of the LMPP
injected secondary mouse cohort gave rise to a significantly higher human
engraftment compared to the secondary mice injected with BM cells of the GMP
group (mean huCD45+ expression: BM 45.0 ±19.5% vs. 7.4 ±7.0%, p=0.035). The
huCD45+ percentage in PB did not differ significantly between animals of the
LMPP or GMP group (mean huCD45+ expression: PB 3.3 ±2.1% vs. 0.7 ±0.6%,
p>0.05). In the spleen, a human graft was not observed (mean huCD45+
expression: SP 0.4 ±0.4% vs. 0.2 ±0.3%, p>0.05).
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5.4.3

Engraftment of Patient No. 14 (Aberrant Karyotype,
Deletion 7, NPM1 WT, FLT3 Mutated) in Secondary NSG
Mice

The two LMPP injected primary mice of patient #14 showed only minor
engraftment, resulting in a low total number of huCD45+ cells for the in vivo assay.
Therefore two experimental set-ups for the secondary mouse experiment were
used. First, huCD45+ sorted cells from LMPP or GMP derived primary mouse BM
were injected in same cell numbers to be able to compare the data between both
secondary arms. In addition two mice were injected intrafemoral with 58.485 cells
of both primary subpopulations. GMP injected primary mice gave rise to more
huCD45+ cells; therefore two additional mice could be injected with 0.5x106 cells
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Figure 35: Secondary mice engraftment overview of patient #14.
+

Human CD45 expression in secondary NSG mice bone marrow (BM: circle), peripheral blood (PB: square)
4

+

and spleen (SP: triangle) injected with 5.8x10 huCD45 cells/mouse obtained from primary mouse bone
1

5

+

2

marrow that were injected with LMPP or GMP cells and additionally 5x10 huCD45 cells/mouse of GMP
derived cells of patient #14. Bars indicate the mean. One set of symbols (circle; square; triangle) represents
one mouse in each subpopulation.
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The secondary mice injected with 0.5x106 huCD45+ cells obtained from GMP
injected primary mice developed human cells in BM, PB, and SP (mean huCD45+
expression: BM 20.1 ±5.0%; PB 0.7 ±0.4%; SP 3.4 ±1.4%). In contrast, the
secondary mice injected with a low number of LMPP or GMP derived cells of
primary mice were negative for a human graft (mean huCD45+ expression: BM 0.1
±0.0% vs. 0.4 ±0.4%; PB 0.0% vs. 0.1 ±0.0%; SP 0.05 ±0.071% vs. 0.2 ±0.071%).

5.4.4

Engraftment of Patient No. 18 (Aberrant Karyotype,
Trisomy 13, NPM1 WT, FLT3 Mutated) in Secondary NSG
Mice

Two mice were transplanted with 0.98x106 sorted human cells from the primary
mice bone marrow of the LMPP injected cohort of patient #18. Another two mice
were transplanted with 0.8x106 sorted human cells each, that derived from GMP
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Figure 36: Secondary mice engraftment overview of patient #18.
+

Human CD45 expression in secondary NSG mice bone marrow (BM: circle), peripheral blood (PB: square)
6

6

+

and spleen (SP: triangle) injected with 0.98x10 or 0.8x10 huCD45 cells/mouse obtained from primary
mouse bone marrow that were injected with LMPP or GMP cells of patient #18. Bars indicate the mean. One
set of symbols (circle; square; triangle) represents one mouse in each subpopulation.
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After 12 weeks, the secondary mice were sacrificed. A difference in the
engraftment between the LMPP and GMP derived cohorts could not be observed
(mean huCD45+ expression: BM 12.1 ±16.5% vs. 16.6 ±12.3%, p>0.05; PB 0.25
±0.21% vs. 1.3 ±1.0%, p>0.05; SP 0.3% vs. 0.9% ±0.7, p>0.05).

5.4.5

Engraftment of Patient No. 20 (Complex Karyotype, NPM1
WT, FLT3 WT) in Secondary NSG Mice

The primary mice, transplanted with cells from patient #20, showed engraftment
only in the LMPP transplanted cohort. Therefore this cohort was used in a
secondary transplant assay. Bone marrow cells of these mice were sorted for
huCD45+ expression, and three mice were injected with 1x106 cells/mouse.
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Figure 37: Secondary mice engraftment overview of patient #20.
+

Human CD45 expression in secondary NSG mice bone marrow (BM: circle), peripheral blood (PB: square)
6

+

and spleen (SP: triangle) injected with 1x10 huCD45 cells/mouse obtained from primary mouse bone
marrow that were injected with LMPP cells of patient #20. Bars indicate the mean. One set of symbols (circle;
square; triangle) represents one mouse in each subpopulation.

Two mice could be analyzed for human engraftment 12 weeks after the
transplantation. The third mouse died 4 weeks after the transplantation and was
excluded from the analysis. The secondary mice from patient #20 were positive for
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a human graft only in the bone marrow (mean huCD45+ expression: BM 1.5%
±0.4; PB 0.05% ±0.07; SP 0.25% ±0.21; ≤1% threshold).

5.5 Limiting Dilution Assay
To be able to determine the leukemia initiating cell frequency of the LMPP and
GMP subpopulations, a LDA was performed. For this approach, serial dilutions of
the leukemic fraction (indicated in Table 21 and Table 22) of patient #10 and #18
were injected into sublethally irradiated NSG mice. Twelve weeks after
transplantation, the bone marrow of these mice were analyzed for human cell
engraftment. For a myeloid engraftment, more than 50% of the human cells had to
be positive for CD45+/CD33+. The LMPP subpopulation of patient #10 had a 12fold higher LIC frequency compared to the GMP fraction (Table 21).

Table 21: Engrafted NSG mice within the different dilutions obtained from the LMPP or GMP cohort of
patient #10 and the resulting LIC frequency including a 95% confidence interval (C.I.).

Patient #10
LMPP

GMP

Dose

Responses

Tested

Responses

Tested

1.000.000

3

3

3

3

300.000

3

3

2

3

70.000

3

3

1

3

10.000

1

3

0

3

LIC frequency

1 in 19.074

1 in 232.993

95% confidence
interval

5.168-70.398

82.457-658.349

95% C.I. for ratio
of Prop.`s

0.01543-0,43427

2.30274-64,79448

Ratio of
Prop.`s=1
1-tailed

0.0017
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Patient #18 had the highest LIC frequency in the LMPP fraction with a 35-fold
increase compared to the GMP fraction (Table 22).

Table 22: LDA experiment of patient #18. Engrafted NSG mice within the different dilutions obtained
from the LMPP or GMP cohort and the resulting LIC frequency including a 95% confidence interval
(C.I.).

Patient #18
LMPP

GMP

Dose

Responses

Tested

Responses

Tested

300.000

3

3

3

3

100.000

3

3

2

3

10.000

2

3

0

3

1.000

1

3

-

0

100

0

3

-

0

LIC frequency

1 in 2.433

1 in 86.229

95% confidence
interval

536-11.029

28.912-257.169

95% C.I. for ratio
of Prop.`s

0.01448-0.399333

2.50418-69.06860

Ratio of
Prop.`s=1
1-tailed

0.0012

5.6 miRNA-seq Profile of Ten Validated Patient Samples
The subpopulations of ten validated patient samples (Figure 38) and the stem-,
progenitor, and CD34- subpopulations of the normal bone marrow samples were
analyzed on a Hiseq 2000 Platform. miRNA counts were quantile normalized and
two outlier samples with insufficient data (poor alignment due to low reads
recovered) were removed.
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Figure 38: In vivo validated engrafter patient samples that were included in the miRNA expression
profile experiment (grey marked samples were excluded from the analysis, n.a.= not analyzed).

5.6.1 Between Group Analysis of Samples Based on miRNA
Expression Profile

Global miRNA expression profiles of subpopulations from normal and patient
samples were compared using correspondence analysis (coa) based between
group analysis (bga). The results obtained showed that, based on the 1st and 2nd
principal components, the CD34- population forms a separate cluster whereas the
GMP and LMPP subpopulations (CD34+) overlap strongly and form a different
cluster. There was no overlap between the clusters formed by the CD34+, CD34-,
and normal HSC (Figure 39). These results show that variations in global miRNA
expression profiles are explained by surface markers and are not dependent on
the source of the sample (healthy or leukemic).

93

Results

Figure 39: Two dimensional principal components diagram of normal and patient samples miRNA
expression profile.

5.6.2 Pairwise

Comparisons

Samples

Based

on

miRNA

Expression Profile

The two subpopulations (LMPP, GMP) were compared to CD34- in a pairwise
fashion using limma (see methods part for details). Comparisons for patients were
later compared to results from healthy samples comparisons to identify and
exclude those miRNAs that are differentially expressed as a consequence of the
nature of the subpopulation and not disease state.
LMPP to CD34- comparisons in patients showed that fifteen miRNAs are
differentially expressed. Nine miRNAs showed lower expression in the LMPP
whereas six had higher expression. Using these fifteen miRNAs, an unsupervised
hierarchical clustering based heatmap showed that the LMPP and CD34- samples
formed two non-overlapping clusters (Figure 40).
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Figure 40: Heatmap of differentially expressed miRNA in patients LMPP vs. CD34 subpopulation.

In the normal bone marrow samples, twelve miRNA (Figure 41) were differentially
expressed when the LMPP subpopulation was compared to the CD34- population.
Seven and five miRNAs showed significantly higher and lower expression in the
LMPP, respectively.
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Figure 41: Heatmap of the differentially expressed miRNAs in normal bone marrow LMPP vs. CD34
subpopulation.

We then compared the miRNAs that were differentially expressed in the patient
comparison to the differentially expressed miRNAs in the healthy comparison.
Except for one miRNA (mir-182), the fifteen differentially expressed miRNAs in the
patients comparison did not show overlap with the twelve miRNA significantly
differentially expressed in the healthy LMPP to CD34- comparison (Figure 42).
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Figure 42: Overlap of the differentially expressed miRNAs in patients (LMPP vs. CD34 ) vs. normal
-

bone marrow (LMPP vs. CD34 ).

Similar comparison was also made for the GMP subpopulation. When GMP and
CD34- subpopulations sorted from patients were compared, six miRNAs were
found to be differentially expressed (Figure 43).
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Figure 43: Heatmap of differentially expressed miRNAs in patients GMP vs. CD34 subpopulation.

In the normal bone marrow, GMP to CD34- comparison revealed differential
expression of 36 miRNAs, twelve of which had significantly higher expression in
the GMP while twenty-three had significantly lower expression (Figure 44).
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Figure 44: Heatmap of differentially expressed miRNAs in normal bone marrow GMP vs. CD34

-

subpopulation.

When patient GMP to CD34- comparison was cross-compared to healthy GMP to
CD34- comparison, only two miRNA (mir-148a, mir-320a) were unique to the
patient samples whereas four miRNAs (miR-22, miR-150, miR-486, and miR-4862) showed overlap between the two comparisons (Figure 45).
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Figure 45: Overlap of differentially expressed miRNA of the GMP (vs. CD34 ) subpopulation of patients
sample vs. normal bone marrow.

Interestingly, these two miRNAs are not only specific for the malignant GMP
subpopulation but also belong to the fourteen miRNAs uniquely differentially
expressed in patient LMPP to CD34- comparison (Figure 46).

Figure 46: Venn diagram of the overlap of LMPP and GMP signature in patients.
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6 Discussion
6.1 Establishing a Functional Xenotransplantation Model

Successful

engraftment

of

human

primary

AML

cells

in

the

murine

xenotransplantation model is the main prerequisite to model human AML in an in
vivo setting and to analyze its biology in depth. In the last decades mouse strains
have been engineered, which allow engraftment of human hematopoietic cells.
The NSG mouse model is considered to be the new standard for the research of
hematopoietic stem cells in general and their malignant counterparts exemplified
by LIC. This mouse strain allows a longer observation period of more than 90
weeks (Ishikawa et al., 2007), a good reproducibility as well as a low variability in
the engraftment of transplanted primary material within the recipient mice and
among different donors (King et al., 2008). Furthermore, the percentages of
engrafted human cells are higher than the one of the former gold standard, the
NOD/SCID model (Shultz et al., 2005).
Although engraftment seems to be better in newborn NSG mice compared to older
mice. In this thesis, we selected adult 8 to 12 weeks old NSG mice, since over
70% of the AML samples were reported to engraft in adult NSG mice (Malaise et
al., 2011) and handling newborn NSG mice is technically difficult.
Another confining factor for the read out of the human engraftment in the
xenotransplantation model is the selected route of transplantation. A superiority of
the intravenous transplantation, over the intrasplenic and intraperitoneal injection
was described (King et al., 2008). On the other hand a better and faster
engraftment was observed when human cells were directly injected into the bone
marrow cavity, possibly due to a shortened homing. This homing process to the
bone marrow environment is most critical in the case of low transplanted number
of cells. When these cells are transplanted intravenously, a high percentage will be
already intercepted by other organs or residual immune cells, resulting in a
removal of the blood circulation and a decreased ability to reach the bone marrow.
Based on high amounts of injected cells, it was shown that only 5-10% of the
transplanted cells home (van Hennik et al., 1999; Szilvassy et al., 2001; Colvin et
al., 2007) within the first 24 h after transplantation. As homing is a feature of stem
cells and we wanted to select for the leukemic clones, we performed analog to the
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transplantation protocol of Taussig et al. (2010), an intravenous transplantation,
when the number of cells was ≥1x106 cells. When this threshold could not be
achieved, the cells were injected intrafemorally, to circumvent the blood/organ
system of the mouse and offer the cells an abbreviated route to their host
microenvironment.

6.2 T-lymphocytes Compete with Leukemic Stem Cells

At the time when we established the NSG mouse model for our institute, residual
T-lymphocytes of the patients were described in the literature as not affecting the
NSG mice or only affecting them to a modest rate in as few as 1/10 of the patients
(Sanchez et al., 2009). Even the authors did not advise removing the patient
sample lymphocytes in general, due to the low number of incidents. Based on
these facts, we injected our first patient samples unmanipulated into NSG mice.
After processing the first four experiments with four individual patients, we
observed a higher trend towards the engraftment of lymphocytes in all of the
transplanted mice. We had to sacrifice some animals before our standardized
12 weeks observation period because of a moribund appearance. The analysis of
these mice showed clearly that this was not induced by human leukemic disease.
Instead, a distinct fraction of human T-lymphocytes was observed in the PB, SP,
and BM. The median CD3 positive percentage in the human graft was 60.2%
(range 0.58%–96.4%). Particularly striking were the two littermates that were
transplanted with the same quantity of bulk cells of patient #19. One mouse had a
dominant myeloid engraftment with a coexpression of the myeloid CD33 surface
marker in 93.7% of the human engrafted cells. In contrast, the human graft in the
second mouse was characterized by a CD3 positive immunophenotype,
compromising 90.5% of the human cells, and only a minor fraction of 4.7% was
CD33 positive. This mouse had to be sacrificed due to signs of a severe disease in
week 10, caused most likely by a T-cell induced GvHD.
Our findings that the cotransplantation of T-lymphocytes can lead to a diminution
of the leukemic graft are in line with the observations made by the group of von
Bonin et al. (2013), too. This group postulated, that this effect is only relevant
when more than 1x105 T-cells are transplanted. As only 5.9x104 T-cells were
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cotransplanted in case of patient #9 and nevertheless a T-lymphocytic graft was
observed, we decided for a CD3 (T–cell) and CD19 (B–cell) lymphocyte depletion
of all primary samples prior to transplantation into NSG mice. Earlier studies had
demonstrated that the outgrowth of lymphocytes in mice did not originate from
normal hematopoietic stem cells differentiating into the lymphoid lineage, but from
residual lymphocytes in the bone marrow transplant. A removal of this fraction was
described to be sufficient to circumvent the outgrowth of the lymphocytic graft
(Sanchez et al., 2009; von Bonin et al., 2013). After the implementation of this new
protocol, human CD3 or CD19 positive cells in the organs of our transplanted
recipient mice were not detectable anymore.

6.3 Engraftment Potential of Primary Human AML Samples

The validation of an AML sample or an AML subpopulation for LIC capability is
proven today with the help of the growth and reconstitution of the leukemic
disease within the immune compromised mouse strains. The NSG mouse model is
counted today as one of the most sensitive systems to test for this ability. We
tested in total 22 patients for LIC activity in this system and were successful in 11
cases. Our patient cohort was selected on the basis of a characteristic LMPP
and/or GMP immunophenotype. Therefore the molecular characteristics are
heterogeneous among the cohort, which impedes the analysis of the engraftment
potential for a distinct homogeneous AML subtype. Nevertheless, we can state in
general that 50% of the injected AML samples engrafted. This is similar to the
obtained percentages published for the NOD/SCID (Risueno et al., 2011; Kennedy
et al., 2013) and NSG (Ishikawa et al., 2007; Sanchez et al., 2009) system.
Furthermore, patients with an aberrant karyotype engrafted more frequently
compared to the normal karyotype patients (58% vs. 38%). The normal karyotype
patients with a wild type FLT3 status did not show an engraftment potential in our
mouse system. This group comprised NPM1 mutated as well as unmutated
patients. Both are ranked in the category of the favorable risk group. On the other
hand, independent of an additional NPM1 mutation, the FLT3 mutation moves
AML cases into the intermediate classification. We observed a higher tendency of
engraftment with leukemic cells in our mouse model, when a FLT3 mutation
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occurred in the patient. This observation is in line with the publication of Sanchez
et al. (2009).
Based on these findings we postulate that a higher risk group, which goes hand in
hand with a more aggressive leukemia, tends to have a better engraftment in the
xenotransplantation model. A positive correlation was already demonstrated for
the ALL (Meyer et al., 2011). A larger patient cohort and an independent control
group are necessary to validate this hypothesis, finally.
An exception seems to be the inv(16) patients. Despite their good risk profile,
these patients showed a relatively high engraftment ability of 60% compared to the
NPM1 mutated and unmutated normal karyotype patients of the same risk
category.
Although the NSG mouse model is already an advanced xenotransplantation
model with an improvement in the responder rate after transplantation of primary
material, there was only a moderate difference in the sensitivity to detect LIC
between NOD/SCID and NSG mice in comparison to the CSC identification in the
research field of melanoma (Quintana et al., 2008). This could be either due to the
fact that AML is organized in a hierarchy and only a low frequency of LICs exists in
this disease or that the mouse environment does not serve as the optimal host for
AML stem cells. The LICs are not only dependent on the niche but also on
cytokines that influence their maintenance and self-renewal capacity. An advanced
mouse strain is already available that was engineered to reproduce the human
microenvironment as closely as possible and to improve the research in this field.
This new mouse strain (termed NSGS) expresses three human cytokines (SCF,
GM-CSF, and IL-3) known to be important for the proliferation and differentiation of
human hematopoietic stem- and progenitor cells. A comparison of NSG and
NSGS mice showed higher engraftment of cord blood cells transduced with the
core binding factor AML1-ETO and CBFβ-MYH11 in the latter strain (Wunderlich
et al., 2010). This research group showed that it was not the result of better
homing, but of improved cell growth by human cytokines present in these mice. A
comparative study with both strains with regard to the engraftment potential of
primary AMLs was not able to show a general advantage of the NSGS strain
(Wunderlich et al., 2010). Nevertheless, we can expect that through a better
knowledge of the LIC biology, mouse models will improve in parallel, when mice
are genetically engineered to express human LIC propagating factors. This will
finally lead to the development of more efficient in vivo systems, which are able to
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host a broader range of AML samples. In this scenario AML samples will engraft
which were so far unable to repopulate in the NSG mice, such as the AML1-ETO
positive AML, making these AML genotypes accessible for functional in vivo
readouts.
This improved AML xenograft model can serve as a test system of new
therapeutic strategies or drug candidates. Furthermore, it can function as a
bioreactor to expand the rare leukemic stem cell population, which would facilitate
the characterization of this rare but biologically highly relevant cell population. This
would facilitate drug testing at the level of LICs or disease propagating cells in
contrast to current approaches, which test drugs only at the level of the AML bulk
which consists up to over 90% of cells without LIC activity.

6.4 Leukemic Hierarchy

The transplantation of cell subpopulations from patients into NSG mice
demonstrated conclusively that the LICs resided in the LMPP and GMP fraction.
Conversely, the CD34 negative fraction showed in the majority no leukemia
initiating potential, which reflects a hierarchical model in our patients. Our
observations support the general statement that the LIC resides in the CD34+
fraction of AML patients. Furthermore, it is in line with the results of Goarden et al.
(2011), who observed the LIC ability in the LMPP and GMP subpopulation of AML
patients, as well.
LICs can lose their CD34 expression after engraftment in mice; this was seen for
patient #5. This sample showed an expansion of the CD13 positive myeloid clone
for all three subpopulations in the in vivo model. The presented immunophenotype
of the patient had a dominant CD13 positive clone and was absent of a myeloid
CD33 surface marker expression that was reproduced within our primary mice. Of
note, LMPP or GMP lost the CD34 positive coexpression after engraftment in the
primary mice. A positive retransplantation in secondary mice was not achieved in
any of the former injected subpopulations even though a high number of cells
(1x106 cells/mouse) was injected, indicating that most probably the CD34+ LICs
differentiated into CD34- non-LICs in vivo. This loss of the LIC pool in vivo could
be due to a suboptimal graft environment and the absence of human cytokines,
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conserving LIC function in vivo. Testing whether LIC function is better conserved
in the more humanized NSGS system would be of interest.
Overall only 44% of the samples were successfully engrafted in secondary mice,
indicating that a major fraction of primary AML samples lose their LIC properties in
the xenograft model. The capacity to engraft into secondary mice depends on the
number of LIC in the retransplanted bone marrow. Thus, a low LIC frequency can
be compensated by increasing the absolute number of retransplanted cells. This
was nicely illustrated by the patient #14, which demonstrated this impressively and
which showed engraftment into secondary mice depending on the number of
retransplanted cells. Thus, the limiting factor for successful engraftment into
secondary recipients was the available number of human AML cells from the
primary recipients in many cases. Indeed the purified cells of the primary mouse
samples were in most cases limited, and therefore only a too small number of cells
were transplanted into secondary mice, resulting in engraftment failure in
secondary mice. Because of this, it would be important to know the LIC frequency
of individual samples, as this would allow an estimate of the number of human
AML cells necessary for successful engraftment into secondary mice. Another
factor which affects the success rate of secondary engraftment is the preparation
of the primary material. Indeed the group of Malaise et al. (2011), showed that
fresh primary material is easier to retransplant compared to frozen samples (75%
vs. 42.9%). All our primary patient samples as well as the AML cells isolated from
primary mice were stored in the liquid nitrogen before transplantation, which most
likely reduced the rate of engraftment in general.
One important question we had was whether there are any differences in the LIC
frequency between the leukemic LMPP and GMP population in primary AML
samples; there was no striking difference with regard to the proportion of
successfully transplanted mice or the engraftment level between the LMPP and
GMP fraction. However, when the LIC frequency for both subpopulations were
determined by LDA, the LIC was of substantially higher frequency in the LMPP
subpopulation compared to the GMP, with an increase of up to 35-fold. This
observation in general is in line with the results of Goardon et al., published in
2011.
An analysis of the peripheral blood was not performed within the observation
period of 12 weeks. The reason for this was that it was reported that the
expression of human CD45 in the peripheral blood of NSG mice did not correlate
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with the engraftment level in the bone marrow, an observation of several
independent groups (Schultz et al., 2005; King et al., 2008; Malaise et al., 2011).
Therefore we decided not to bleed the mice in the 12 weeks observation period,
minimizing also risk factors for the immunocompromised mouse strain such as
stress and infectious disease. The final analysis after sacrificing the mice
reconfirmed that blood as well as spleen showed a reduced percentage of human
cells in comparison to the bone marrow.

6.5 miRNAs Differentially Expressed in Human Functionally
Validated LICs

As the input material of the primary normal human bone marrow, which was used
in the comparative analysis with the leukemic counterparts was limited, material of
AML patients was adapted analogously, which compromised the read counts in
the miRNA sequencing. Thus, it has to be taken into account that possibly not all
differentially expressed miRNAs were detected. A threshold of 10 reads per
miRNA for all samples was chosen as entry criterion to be considered for the
establishment of the LIC profile. Thus, there is a chance that relatively low
expressed miRNAs escaped the selection process but nevertheless have a
relevant role for the leukemic cell.
The work presented here is the first that focuses on functionally validated
subpopulations of AML patient samples instead of using AML bulk sample to
investigate differential expression of miRNAs between LICs and the non-LICs
within the leukemic population and their normal counterparts. Recently, Leeuw et
al. (2014) published according to a similar strategy, but their purification was only
based on the surface marker CD34, CD38, and ALDH. The CD34+/38-/ALDHdim
population is comprised therefore of a mixture of leukemic stem- and progenitor
cells. Furthermore, a validation of the leukemia initiating potential of these
subpopulations was not performed by this group. This group established a profile
of LIC versus progenitor cells (based on six patients) as well as a thirteen miRNA
comprising LIC versus HSC profile based on three patients without a proof that
these subpopulations are able to sustain and maintain a leukemia in the
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xenotransplantation model. Moreover, they used an array based system with the
coverage of 866 human miRNAs, analog to the miRBase version 12.
However, in this work a more distinct sorting strategy was used with a seven
multicolour panel spanning sorting strategy. Therefore, it was possible to
distinguish between the immunophenotype of stem- and the different progenitor
cells. For the LIC profile, only patient samples were enrolled that had a positive
validation in our in vivo mouse model in at least one subpopulation, and this was
achieved for 11 patients in total. The HiSeq technology was performed that covers
all known miRNA (miRBase version 19, covers 2042 human miRNAs), and with
another algorithm also unknown miRNAs could be identified through this
technique. In total the sequencing data of eight sorted patients were used for the
establishment of the LIC profile, integrating also the data of two pooled normal
bone marrow samples that were sorted into the respective subpopulations. As the
individual miRNA “background” of the leukemic sample, not associated with LIC
function, the sequencing data of the CD34 negative subpopulation without LIC
properties was aligned with the respective sequencing data of the leukemic LIC.
The miRNAs that were differentially expressed were used for the development of
the miRNA signature profile, also incorporating the miRNA expression profiles of
normal LMPP or GMP. In the in vivo model, the leukemic LMPP subpopulation
was observed to have the highest LIC frequency, and its miRNA profile included
14 differentially regulated miRNAs: eight were downregulated (miR-148a, miR150, miR-486, miR-941-1, miR-941-2, miR-941-3, miR-941-4, and miR-6087), and
six were upregulated (miR-99a, miR-100, miR-125b-1, miR-125b-2, miR-126, and
miR-320a). On the other hand the GMP subpopulation had just two differentially
regulated miRNAs when compared to the normal counterpart. Both of them were
also deregulated in the LMPP fraction.
Five miRNAs of our profile were also observed by de Leeuw et al. (2014). This
group was able to provide evidence that poor prognosis and a higher relapse rate
correlates with a high miR-126 expression, through metaanalysis of 92 AML
patients. Furthermore, they investigated the role of miR-126 in a leukemic cell line
and observed that the knockdown of this miRNA resulted in a reduction of the
leukemic cell burden through activation of apoptotic processes (de Leeuw et al.,
2014). Similar results were already published by Li et al. (2008), and the observed
effect was postulated to be mediated through the upregulation of its target PLK2, a
tumor suppressor gene. Nevertheless, these results are contrary to the data
108

Discussion
published for the normal hematopoiesis. Indeed, Lechmann et al. (2012)
documented that a downregulation of miR-126 resulted in an increase of LT-HSC
without diminishing their function. The overexpression led to an impairment of the
cell cycle entry, an increased quiescence, and a reduction in the hematopoietic
output (Lechman et al., 2012). These results would assume a tumor suppressive
effect of overexpressed miR-126 that was not observed in leukemic disease. One
note, miR-126 acts at least in melanoma as a tumor suppressor, indicating that the
cellular context might impact the function of this miRNA (Felli et al., 2013).
Our sequencing patient cohort contained two inv(16) patients, classified as core
binding factor (CBF) AML, known for their high miR-126 expression (Li et al.,
2008). However, all the other patients had a high miR-126 expression in their LIC
compartment, too. It will require further studies to answer the question regarding
the influence of this miRNA on the LIC and to dissect, in which context miR-126
acts as an oncomiR or a tumor suppressor.
A possible explanation could be agonistic effects of different miRNAs, similar to
the observed interaction of miR-99a, miR-100, and miR-125b. All three of them are
present in our LIC profile and are overexpressed. Indeed, these miRNAs influence
important pathways including TGF-ß and Wnt signaling through their targets
HOXA10 (Tehler et al., 2011) or ß-catenin (Emmrich et al., 2014) which results in
cells having a higher proliferation rate. Furthermore, it was shown that this
proliferative effect can be initiated by one miRNA, but to maintain it over time, all
three miRNAs have to be concurrent overexpressed (Emmrich et al., 2014). These
opposite expression patterns of miRNAs in different cellular environments is well
known also for other miRNAs of our LIC miRNA signature: an overexpression of
miR-99a is described in pediatric AMLs and vincristin-resistant ALL patients
(Moqadam et al., 2013), for example. However, it is underexpressed in renal cell
carcinoma (Cui et al., 2012), endometroid endometrial carcinoma (Torres et al.,
2012), and lung adenocarcinoma (Gu et al., 2013). A target of miR-99a is mTOR
(Sun et al., 2011), a proteinkinase with influence on cell proliferation and
reproduction (Murakami et al., 2004). That is plausible in regard to the observed
reduction of tumor growth in renal cell carcinoma mediated by an overexpression
of miR-99a. However, this reduction in proliferation does not occur in malignant
hematopoietic cells, but the expression of miR-99 expression in leukemia is
associated with an increased proliferation, indicating that miR-99 can act via other
pathways than mTOR to increase proliferation.
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Also the miR-100 belongs to the miR-99a family, resulting in similar effects that
were already described for miR-99a. This miRNA has also an impact on mTOR via
its targets FRAP1 (Nagaraja et al., 2010) or Plk1 (Renner et al., 2010; Shi et al.,
2010). These genes have an influence in cell growth, proliferation, mitotic
processes, and cell signaling. Therefore, it is not astonishing that for miR-100,
opposite effects in different cancer malignancies were observed. There is
evidence that overexpression of miR-100 is a good prognostic factor in clear cell
ovarian (Nagaraja et al., 2010) and bladder cancer (Xu et al., 2013), whereas it is
an unfavorable factor in pediatric AML (Bai et al., 2012) or renal carcinoma (Wang
et al., 2013).
The third miRNA belonging to this cluster, the miR-125b, was observed to have a
different expression pattern compared to several diseases, too. Analog to the
observations made for miR-99a and miR-100, it is overexpressed in vincristinresistant acute lymphoid leukemia (ALL) (Moqadam et al., 2013), as well as
myelodysplastic syndrome (MDS) and AML patients with a t(2;11) translocation
(Bousquet et al., 2008) or B-ALL patients with a t(11;14) translocation (Bousquet
et al., 2010). The genomic locus of miR-125b is chromosome 11, and an enforced
expression might be mediated through the occurring translocation in the latter
case of t(11;14) positive B-ALL. However, the expression is downregulated in
patients with breast (Iorio et al., 2005) or prostate cancer (Walter et al., 2013). It
was documented that targets of miR-125b are involved in the formation of
diseases and metastatic processes, including STARD13 (Tang et al., 2012), Mcl-1,
Bcl-w, or IL-6R (Gong et al., 2013). An increase of proliferation and self-renewal of
myeloid progenitor cells is also already published for miR-125b (Klusmann et al.,
2010).
The involvement of this miRNA axis in the process of AML and the impact on
sustaining the LIC need to be further elucidated. Most published data are obtained
in different tissues or in the normal hematopoiesis, giving already a hint about the
importance of the single miRNAs, but a distinct proof of the functional relevance of
all three miRNAs together in leukemia is still not present.
Another member of the LIC miRNA profile is miR-148a, which was downregulated
in the LIC subpopulation. It is documented to be downregulated in different
malignancies including gastric cancer (Ueda et al., 2010) and endometrial cancer
associated fibroblasts (Aprelikova et al., 2013). Curiously, it was observed through
knockdown experiments in gastric cancer, that it results in an inhibition of
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proliferation (Guo et al., 2011b) and not as expected in an increase. Two targets of
miR-148a are described so far: the cell cycle regulator p27 (Guo et al., 2011b) and
the DNA-(cytosine-5-)-methyltransferase 1 (DNMT1) (Gailhouste et al., 2013),
which is overexpressed in most cancers (Agoston et al., 2005; Etoh et al., 2004;
Mizuno et al., 2001). A downregulation of miR-148a could lead to an
overexpression of its target, like DNMT1. This negative correlation has to be
proven for our patients, and it would be of interest to test whether overexpressing
this miRNA would normalize the DNMT1 level and reduce LIC ability.
It is already described, that miR-150 is necessary for the differentiation of myeloid
cells (Morris et al., 2013). In our LIC profile, it was downregulated, which impairs
myeloid differentiation of AML cells according to Morris et al. (2013). One potential
target of miR-150 is c-MYB (Xiao et al., 2007), known as a proto-oncogene and a
regulator of hematopoiesis. The knockout of c-Myb in mice is embryonic lethal
(Mukai et al., 2006), reflecting its essential role in embryonic development.
Another interesting miRNA of the LIC profile belongs to the Pten-miR-320a tumor
suppressor axis (Bronisz et al., 2012). In case Pten and/or miR-320a is expressed,
downstream oncogenes are suppressed (Khew-Goodall and Goodall, 2012). In our
LICs

miR-320a

is

overexpressed,

but

PTEN

was

documented

to

be

underexpressed in AML (Wang et al., 2012). Thus, it is likely that miR-320a exerts
its oncogenic effect via a so far unknown axis. Of note, in prostate cancer a tumorsuppressive effect of overexpressed miR-320 was also published and correlated to
the downregulation of its target ß-catenin as well as different cancer cell markers
(Hsieh et al., 2013). Furthermore, a reduced ability of cell migration, invasion, and
cell cycle arrest in G0/G1 (Zhao et al., 2014) was documented. For AML LICs it
would be interesting to check whether overexpression of miR-320a is indeed
accompanied by overexpression of PTEN and downregulation of ß-catenin as
described in the literature. Furthermore, the knockdown of this miRNA in leukemic
cells would be of interest to analyze the effect of this miRNA on leukemic growth.
In our LIC dataset miR-486 was downregulated, which is in line with published
data, describing low expression in breast cancer cell lines (Tahiri et al., 2014) and
lung cancer (Peng et al., 2013). On the other hand an upregulation is correlated
with an unfavorable outcome in the Sezary syndrome, a variant of cutaneous Tcell lymphoma (Narducci et al., 2011). Direct targets of the miRNA are genes
involved in the insulin growth factor signaling pathway, including IGF1 or
phosphoinositide-3-kinase (Peng et al., 2013), and miR-486 was published to act
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as a tumor-suppressor in lung (Peng et al., 2013) and gastric cancer (Oh et al.,
2011). It was shown that a loss of miR-486 led to a progression of gastric cancer.
This was mediated through an enhanced expression of its target OLMF4, and its
antiapoptotic influence was disrupted in the cell (Oh et al., 2011), resulting in a
tumor progression. On the other hand, it is known that miR-486 acts as an
oncomiR through activation of the NF-кB pathway (Song et al., 2013) in glioma.
Therefore, this miRNA has bivalent effects as well, dependent on the tissue. In
hematopoiesis it is so far only documented that miR-486 leads to differentiation of
the myeloblast, presumably through decrease of its target, the transcription factor
Pax7 (Dey et al., 2011).
The knowledge about the last two miRNAs (miR-941, miR-6087) of the LIC profile
is very limited with as few as three or one publication, respectively. miR-941 was
downregulated in our LIC. So far the expression pattern in the human system was
investigated and published, for example in the liver, prostate, or cerebellum (Hu et
al., 2012). Furthermore, a higher expression was observed in diverse cancer cell
lines, including leukemic cell lines, as well as in human embryonic stem cells
(hESCs) (Hu et al., 2012). The authors assume an association of miR-941 with the
differentiation process due to the fact that its targets are effectors of the hedgehog
and insulin signaling pathway (Hu et al., 2012). An association to specific diseases
was not investigated so far.
The last candidate of our profile is miR-6087, which was described to be
downregulated during the endothelial differentiation of embryonic stem cells (Yoo
et al., 2012), so far.
Taken together, the established LIC profile includes miRNAs that are already
described in the literature with regard to hematopoiesis or miRNAs which were
never associated with leukemia. But these miRNAs are associated with bivalent
effects in different kinds of cancer. The most important task will be to learn more
about the function of the described miRNAs for AML LICs. Parallel mRNA
sequencing of the patient subpopulations would be highly relevant to correlate
expression of the miRNAs with gene expression and to get a first idea of putative
target

genes.

These

RNA-Seq

experiments

are

planned.

Furthermore,

overexpression of miRNAs in LIC, which were found to be downregulated and
suppression of miRNAs in LIC, which were overexpressed in our newly
established LIC miRNA signature, would help to understand which of the miRNAs
are indeed essential for LIC biology.
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7 Summary
The aim of this thesis was to establish a miRNA profile of functionally validated
LICs from patients suffering from AML. To achieve this, multicolor staining
protocols were established to highly purify sorted LIC and non-LIC populations
from patients with AML as well for sorting their normal counterparts from bone
marrow of healthy donors. In a second step, functional validation of the LIC
properties was achieved by performing successfully transplantations into the
immunocompromised xenograft NSG mouse model.
In this study 22 de novo AML samples were included and sorted for their leukemic
stem- and progenitor subpopulations as well as the more differentiated leukemic
CD34- fraction. In total 11 patient samples were able to form a human leukemia
graft in NSG mice with a tendency of higher engraftment in FLT3 mutated and
aberrant karyotype patients. By performing next generation sequencing analysis, a
miRNA signature of these validated LICs was established performing comparative
analysis between the LIC and the leukemic non-LIC fraction or the normal human
bone marrow counterparts. Therefore, this study is the first one that has
established a miRNA expression pattern in in vivo validated AML LICs. This
signature comprised the miRNAs: miR-148a, miR-150, miR-486, miR-941-1, miR941-2, miR-941-3, miR-941-4, miR-6087, miR-99a, miR-100, miR-125b-1, miR125b-2, miR-126, and miR-320a, among those miRNAs there are some miRNAs
that are not associated with LIC biology, so far. Future experiments will have to
show which of these miRNAs functionally affect LIC biology and whether
antagonizing LIC associated miRNAs blocks LIC function.
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