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Abstract

The emergence and early fate decisions of stem and progenitor

cells in the haematopoietic system

Michael Lutteropp, Wolfson College, Doctor of Philosophy, Michaelmas 2012

The alternative road map describes the separation of lympho-myeloid and myeloid-
megakaryocyte-erythroid (myeloid-Mk-E) lineages as the earliest haematopoietic
commitment event. However, a number of aspects of this lineage restriction process
remain poorly understood. Herein this work identified a lympho-myeloid restricted
progenitor in the embryo, which resembles the adult LMPP, and demonstrated that
lymphoid lineage restriction is initiated prior to definitive haematopoiesis, much earlier
than previously appreciated. In vivo fate mapping showed that lympho-myeloid
progenitors significantly contribute to steady state myelopoiesis in the embryo. The early
thymic progenitor (ETP) as most primitive cell in the thymus was characterised and
demonstrated to sustain B, T and myeloid but not Mk potentials at the single cell level.
The ETP therefore largely resembles the cellular properties of lympho-myeloid
progenitors in bone marrow and foetal liver, which points to these cells as candidate
thymus seeding progenitors (TSP). Furthermore the existence of a putative Mk
progenitor was explored within the LSKCD150"CD48*Gatal?® compartment of a Gatal
reporter mouse providing the basis for a future prospective characterisation. Finally, this
work evaluated the earliest lineage restriction of von Willebrand factor (Vwf)-EGFP* and
EGFP" haematopoietic stem cells (HSCs) through in vitro paired daughter fate mapping.
Single Vwf* HSCs showed heterogeneous Mk priming and more frequently sustained
Mk potential after cell division. Moreover, analysis of lineage priming between daughter
cells revealed the asymmetric expression of key lineage determinants and stem cell

regulators, which might be employed as reporters for future fate mapping studies.
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1. Introduction

1.1. Haematopoiesis

The mammalian blood system consists of several different mature cellular lineages that
can be categorised according to their functional roles. The lymphoid lineage includes B,
T and natural killer (NK) cells, the main players of the adaptive immunity. Granulocytes
(G), which can be further separated into neutrophils, eosinophils and basophils, and
monocytes/macrophages (M) are cells of the innate immune system and belong to the
myeloid lineage. Traditionally the megakaryocyte (MK) lineage, which gives rise to
platelets, as well as the erythroid (E) lineage are also considered as myeloid cells.
However, according to more recent findings the consideration of Mk and E lineages as
separate entities, that give rise to the only non-immunological blood cells, has been

accepted as more appropriate.

The majority of mature blood cells is short lived and has to be replenished continuously.
In the process of haematopoiesis pluripotent haematopoietic stem cells (HSCs) that sit
atop a hierarchy of blood cell progenitors, through a stepwise process of cell division and
differentiation, give rise to all mature blood cell lineages. Thereby multipotent progenitors
successively lose the ability the generate most of the mature cell types and eventually

commit to one blood cell lineage.

1.1.1. Purification of haematopoietic stem and progenitor cells
Flow cytometry and fluorescence activated cell sorting (FACS) enables the analysis as

well as prospective isolation of haematopoietic stem and progenitor populations, and has



1. Introduction 15

evolved as a key method in haematopoiesis research. The technique uses cell surface
marker labelling via fluorochrome conjugated antibodies, staining with small molecule
dyes, and more recently also the expression of fluorescent reporters, to identify
phenotypically distinct cell populations. Although most surface markers and reporters are
widely expressed on various haematopoietic cell types, the combination of several
markers allows for the isolation and analysis of highly purified cell populations. In the
flow cytometer sample cells are separated from each other by hydrodynamic focussing
and subsequently pass one or several beams of laser light of different wave lengths. The
cell labelling fluorochromes get thereby excited by a particular laser and emit light of a
characteristic spectrum. The emitted light is separated by specific filter sets and
converted into an electric signal by a photomultiplier tube. The intensity of the emitted
light corresponds to the expression level of the respective surface maker, fluorescent
reporter or small molecule dye staining. Additional data about size and granularity is
obtained by measuring the intensity of light scattered from each cell. State of the art flow
cytometry, that employs antibody conjugates with a broad variety of fluorochromes and
flow cytometers with multiple lasers, allows the detection of more than ten parameters
from a single cell. The method is limited by the fact that the used fluorochromes usually
have rather broad and partly overlapping emission spectrums. Although this is
accounted for by application of compensation between the emission channels,
increasing noise limits the number of parameters that can be separated. Based on the
described parameters cells can be purified using cell sorting. The hydro-dynamically
focused cells pass through a nozzle immediately after their fluorescence properties have
been measured. All cells get separated into single droplets while a charge is applied to
cells of interest that subsequently are deflected through an electromagnetic field and
deposited into a collection tube (Fig. 1.1). This allows for the purification of cells with
defined fluorescence properties and therefore specific combinations of markers down to

the single cell level (Shapiro, 2003).



1. Introduction 16

Sample
Sheath Fluid
Vie (¥

e . Flow Cell /@—

Nozzle

.+
Deflection Plates L o
| ,
o' o
®
o ¢

Waste

Figure 1.1: Schematic representation of flow cytometry analysis and cell sorting

In the flow cytometer cells are aspirated from the sample tube and transferred to the flow
cell through the sample line. Sample cells are separated via hydrodynamic focussing
after which they pass the excitation laser. Fluorescence emission is detected by
photomultiplier tubes (PMT, FL 1, FL 2) after spectral separation. The side scatter (SSC)
parameter indicates the granularity of a cell and forward scatter (FSC) measures the size
of a cell. In a cell sorter cells pass through the nozzle where single cells are separated
into individual droplets. Cells with predefined scatter or fluorescence properties are
charged and deflected into collection tubes. By utilizing several excitation lasers modern

flow cytometers allow the detection of more than 10 fluorescence parameters.
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1.1.2. Lineage commitment in the haematopoietic system

Haematopoietic stem cells give rise to all mature blood cell lineages through a series of
lineage commitment events. This process involves a hierarchy of haematopoietic
progenitor populations starting from multipotent progenitors that retain the potential to
differentiate into multiple lineages to unilineage restricted cells, and is regulated by cell
intrinsic as well as extrinsic regulators. Over the last two decades several models of
lineage commitment have been proposed. Most of them had to be revised over time and
although much is known today cellular pathways governing lineage fate are still a major

focus of attention in the field.

1.1.2.1. The classical model

The hallmark of the classical model of lineage commitment is the early separation of
lymphoid and myeloid lineages. According to this traditional view haematopoiesis
originates from a homogeneous population of long term self-renewing HSCs (LT-HSC)
(Morrison and Weissman, 1994). Theses give rise to short term stem cells (ST-HSC) and
multipotent progenitors (MPP), which retain all lineage potentials but lack the ability to
maintain haematopoiesis over long periods of time (Morrison et al., 1997; Yang et al.,
2005). All three populations are part of the lineage marker (Lin) negative, Sca-1 and c-
Kit positive (LSK) population of bone marrow cells. Long and short term stem cells can
be separated by the expression of CD34 (Yang et al., 2005). The subsequent division
into myeloid and lymphoid lineages is based on the discovery of their common
progenitors. This was in line with the historical view of an early separation of myeloid
cells that constitute the innate immune system and lymphoid cells as part of adaptive
immunity. The common lymphoid progenitor (CLP) defined as Lin’IL-7R*Thyl Sca-1"c-
Kit" can give rise to all lymphoid cells such as B, T and NK cells but lacks the potential to
give rise to myeloid cells including Mks or erythrocytes (Kondo et al., 1997). Conversely
the common myeloid progenitor (CMP) has the ability for generation of all myeloid

lineages, which include granulocytes, monocytes/macrophages, Mks and erythrocytes,
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but does not give rise to lymphoid cells and has been purified as the LinIL-7R Sca-1c-
Kit"CD34'FcyR" fraction of bone marrow cells (Akashi et al., 2000). Granulocytes and
monocytes/macrophages are derived through the granulocyte/monocyte progenitor
(GMP) defined as LinIL-7R'Sca-1c-Kit"CD34 FcyR", whereas Mks and erythroid cells
are generated via the MK/E progenitor (MEP) that is characterised by the LinIL-7R Sca-
1°c-Kit"CD34 FcyR" surface marker phenotype (Akashi et al., 2000). As the only cell
population with that property, dendritic cells can be derived through both lymphoid as

well as myeloid pathways (Fig. 1.2) (Manz et al., 2001a; Manz et al., 2001b).

;' T cells

/ -' NK cells
Dendritic cells
LT-HSC ST-HSC MPP \ /4

Granulocytes

Monocytes

MEP \
Megakaryocytes

Erythrocytes

Figure 1.2: Classical model of haematopoietic lineage commitment

The classical model illustrates the strict separation of lymphoid from myeloid (including
MK/E) lineages as the first commitment event accompanied by the generation of
common lymphoid progenitor (CLP) and common myeloid progenitor (CMP). Straight

arrows indicate commitment events, while curved arrows represent long term (solid) or
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restricted (dashed) self-renewal. Long term reconstituting haematopoietic stem cell (LT-
HSC), short term reconstituting haematopoietic stem cell (ST-HSC), multipotent
progenitor (MPP), granulocyte/monocyte progenitor (GMP), megakaryocyte/erythroid

progenitor (MEP).

1.1.2.2. Alternative models of lineage commitment

In 1983 Ogawa and colleagues proposed the stochastic model of lineage commitment
that describes the lineage choice of a multipotent cell as a completely random process.
The model is based on results from in vitro as well as in vivo colony assays. After
transplantation of whole bone marrow (BM) or analysis of in vitro colony formation
haematopoietic progenitors were found to give rise to very heterogeneous colonies that
contained many different combinations of mature lineages (Ogawa et al.,, 1983).
Although in the meantime several studies have generated compelling evidence that
mature lineages are derived via defined lineage commitment pathways, the concept of
random lineage choices within the scope of such pathways and under the influence of

extrinsic regulators still applies today (Huang et al., 2007).

According to the sequential model that was first proposed by Brown and co-workers
haematopoietic progenitors originate from a multipotent progenitor and go through a
sequence of lineage programs with related potentials. During differentiation progenitors
would first produce erythroid, then myeloid cells, B cells and eventually T cells. Between
these steps the model includes bi-potential progenitors such as an erythroid-myeloid,
myeloid-B and B-T progenitor (Brown et al., 1985). A revised sequential model termed
the pairwise relationship model also incorporates several newly identified multipotent

progenitors (Brown et al., 2007; Ceredig et al., 2009).

A related model is based on gene targeting experiments where haematopoiesis was

studied after deletion of the transcription factors cMyb, Sfpil (PU.1), lkaros, Tcfe2a
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(E2A). Originating from a stem cell or multipotent progenitor that can give rise to all
lineages, erythroid/myeloid/lymphoid progenitors are derived under the influence of
cMyb. PU.1 further restricts lineage potentials, whereupon a myeloid/lymphoid
progenitor is produced. lkaros is responsible for lymphoid lineage restriction and
eventually E2A expression results in B lineage commitment (Singh, 1996). The
respective downstream progenitors were absent after deletion of each of the four
transcription factors, although subsequent studies showed an only limited effect of these
deletions on T cell development (Georgopoulos et al., 1994; Scott et al., 1994; Spain et

al., 1999; Wang et al., 1996).

1.1.2.3. The myeloid based or alternative haematopoietic roadmap

In 1997 the classical model of haematopoiesis was challenged by a study from
Kawamoto and co-workers, who had analysed single lineage potentials of foetal liver
(FL) progenitors in a combined lineage potential assay. This foetal thymic organ culture
(FTOC) system, also called multilineage potential (MLP) assay, combines the co-culture
with foetal thymus tissue, that can be used for efficient readout of T cell potential, with
additional cytokines for improved detection of myeloid and B lineages (Godin et al.,
1995). While this assay constantly generated combined myeloid/B as well as myeloid/T
colonies the combination of B and T cell could never be derived from a single progenitor
(Kawamoto et al., 1997, 1998). Additional evaluation of erythroid potential supported
these results and led to the identification of a common myeloid lymphoid progenitor
(CMLP) as well as common myeloid erythroid progenitor (CMEP) (Lu et al., 2002).
Based on these results the authors proposed the myeloid based model of lineage
commitment, where all lineages retain myeloid potential up to the bi-potent progenitor
stage (Katsura and Kawamoto, 2001). This model completely lacks a common lymphoid
progenitor cell, which is an integral part of the classical model. However, even though
these studies provide strong evidence of the existence of several progenitors that retain

myeloid potential, they fail to prospectively isolate them and are therefore not fully
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conclusive. Additionally, foetal lineage commitment pathways might be different from the

adult haematopoietic road map.

The hallmark of the classical model of lineage commitment is the separation of myeloid —
including MK/E — and lymphoid lineages as the first commitment step from multipotent
progenitors. However, this view was challenged by studies that purified early progenitors
from the LSK compartment by means of fms-like tyrosine kinase 3 (FIt3) surface
expression. FIt3" cells gave readily rise to myeloid, B and T cells in vitro as well as in
vivo but lacked the ability to generate cells of the MK/E lineages (Adolfsson et al., 2001;
Adolfsson et al., 2005). This lymphoid primed multipotent progenitor (LMPP) was later
also isolated using reporters for the transcription of Sfpil (PU.1) or Ikaros as well as
surface expression of vascular cell adhesion protein 1 (VCAM1) (Arinobu et al., 2007,
Lai and Kondo, 2006; Yoshida et al., 2006). Controversy in the field emerged over the
fact that the LMPPs retain Mk/E potential at a low frequency of about 3 %, and its ability
to give low level MK/E reconstitution in vivo (Adolfsson et al.,, 2005; Forsberg et al.,
2006). This could be due to all cells retaining low potential to generate Mk and E cells.
Utilizing the lack of expression for the MPL, a marker that is present on HSCs as well as
the Mk lineage, and detailed studies of LMPP lineage potentials on the single cell level, it
was later shown that only a small fraction of LMPPs retained MK and E potentials (Luc

et al., 2008a; Mansson et al., 2007).

Complementing the LMPP as an early and highly proliferative progenitor the Akashi lab
prospectively isolated a new CMP within the LSK compartment, using a fluorescence
reporter for the transcription factor GATA-binding factor 1 (GATAL). In agreement with
the CMP of the classical model, this progenitor also has the potential to generate
myeloid, Mk as well as erythroid but no lymphoid cells (Akashi et al., 2000). Although the
classical CMP is able to generate Mk/E or myeloid lineages, mixed colonies are rarely

detected. Today the classical CMP is rather considered to represent a mix of MEPs and
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GMPs (Rieger et al., 2009b). However, about 40 % of new CMPs gave rise to mixed
myeloid/Mk/E colonies demonstrating their potential for all three lineages. Moreover,
new CMPs have far higher proliferative potential in vitro as well as in vivo indicating their
position high up in the haematopoietic hierarchy. (Arinobu et al., 2007). Unlike the strict
dichotomy of myeloid and lymphoid lineages as first commitment step as described by
the classical model, LMPP and new CMP would suggest an initial separation of Mk/E
and lymphoid lineages (Fig. 1.3). In support of the myeloid model GM lineage potentials
would be sustained in both pathways. Further support comes from the identification of
lympho-myeloid progenitors in the thymus, where the majority of early thymic progenitors
(ETPs) were shown to retain significant myeloid potential in addition to T cell potential
(Bell and Bhandoola, 2008; Wada et al., 2008). Although a CLP would be compatible
with an upstream LMPP, and CLPs retain residual myeloid potential in vitro, this has not
been confirmed in vivo (Ehrlich et al., 2011; Kondo et al., 2000). Therefore the
identification of this downstream T/M progenitor suggests the majority of T cell
development to occur via a CLP independent pathway. This is in line with results from
earlier studies that showed CLPs to have lower proliferative potential compared to
thymic progenitors indicating CLPs are not their upstream progenitors (Allman et al.,

2003).

As described in this chapter various models of haematopoietic lineage commitment have
emerged over time. Although all of them describe haematopoiesis in a different way only
the classical and the alternative or myeloid based model are incompatible with each
other as to the nature of the first lineage commitment event — lymphoid versus myeloid
or lympho-myeloid versus myeloid/Mk/E. Since the first description of the myeloid model
in the embryo and the discovery of the adult LMPP several studies have generated
experimental evidence in favour of the alternative or myeloid model (Adolfsson et al.,
2005; Arinobu et al., 2007; Kawamoto et al., 2010; Lai and Kondo, 2006; Luc et al.,

2008; Yoshida et al., 2006). Today this model is widely accepted and viewed as the
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most accurate delineation of haematopoiesis. The additional models listed in this chapter
are largely compatible with the alternative or myeloid based road map. The stochastical
model, which describes lineage commitment as the completely random unilineage
differentiation of multipotent cells, is not able to explain haematopoiesis in its entirety, for
which pathways clearly exist (Ogawa et al., 1983). However, within each pathway, a
single lineage decision, although influenced by multiple cell intrinsic and extrinsic
signals, is most likely stochastical (Huang et al., 2007). Furthermore the myeloid model
describes the sequential loss of lineage potentials, while maintaining myeloid potential to
the bipotent progenitor stage. This is also indicated by the sequential model of

haematopoiesis (Ceredig et al., 2009).
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Figure 1.3: Revised model of haematopoietic lineage commitment
The revised model depicts the generation of lymphoid primed multipotent progenitors

(LMPPs) with lymphoid/myeloid potentials and common myeloid progenitors (CMPs),
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which retain myeloid/megakaryocyte/erythroid potentials, as earliest lineage commitment
step. Straight arrows indicate commitment events, while curved arrows represent long
term (solid) or restricted (dashed) self-renewal. Common lymphoid progenitors retain low
lymphoid potential as indicated by dashed arrow. Long term reconstituting
haematopoietic stem cell (LT-HSC), short term reconstituting haematopoietic stem cell
(ST-HSC), granulocyte/monocyte progenitor (GMP), megakaryocyte/erythroid progenitor

(MEP), progenitor with granulocyte/monocyte and T lymphoid potentials (GMTP).

1.2. Regulation of lineage commitment

The process of lineage commitment from multipotent HSCs to unilineage restricted
progenitors and mature blood cells is highly regulated to not only ensure balanced
lineage output during homeostasis, but also to respond to stress situations such as
haematopoietic injury. Extrinsic regulation is mediated through cytokines that can be
expressed as membrane bound forms and act via direct cell-cell contact, as well as
soluble factors that are present in a local environment or produced systemically to
mediate signals from the mature blood system. Intrinsically key transcription factor
networks instruct a cells’ lineage choice and push it towards a particular differentiation

pathway.

1.2.1. Roles of cytokines

Ample evidence shows the importance of cytokines for the development of various
haematopoietic lineages, and key regulatory factors for the generation of almost every
mature blood cell type have been identified (Laiosa et al., 2006). However, the specific
mode of action remains a highly debated topic with at least two models being discussed.
According to the permissive model a cytokine promotes the growth of a cell that has
already committed to a certain lineage by cell intrinsic or potentially other regulatory

means. On the other hand a cell that has not yet passed the commitment step or
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committed to a different lineage would not be responsive to the cytokine signal. In the
case of instructive cytokine action an as yet uncommitted cell would be pushed towards
a specific lineage choice (Laiosa et al.,, 2006). A permissive role for cytokines was
suggested by studies of mouse models deficient for different myeloid cytokines. The
gene knock out of granulocyte or granulocyte-macrophage colony stimulating factors (G-
CSF or GM-CSF) or erythropoietin (EPO) led to a reduction of progenitors and mature
cells of the respective myeloid and erythroid lineages but not to a complete loss as
expected in case of an instructive role (Lieschke et al., 1994a; Stanley et al., 1994; Wu
et al., 1995). The possibility of a compensatory effect mediated by functionally redundant
cytokines was ruled out in double knock out studies. Mice deficient for G-CSF and GM-
CSF or macrophage colony stimulating factors (M-CSF) and GM-CSF didn’t display
more severe phenotypes than the single knock outs (Lieschke et al., 1994b; Seymour et
al,, 1997). In support of the permissive model expression of constitutively active
receptors for EPO or M-CSF was compatible with normal differentiation of multipotent
progenitors (McArthur et al.,, 1994; Pharr et al., 1994). Similarly experiments with
chimeric cytokine receptors that contain intracellular and extracellular parts of different
receptors indicated a role in supplying general survival signals rather than inducing
lineage bias (Semerad et al., 1999; Stoffel et al., 1999). Opposing results were initially
obtained from studies where ectopic expression of GM-CSF or Interleukin (IL)-2
receptors in CLPs resulted in generation of myeloid cells from these lymphoid restricted
progenitors (Kondo et al., 2000). However, later detection of significant myeloid potential
in wild type CLPs also suggests a potential permissive role in this case (Ehrlich et al.,

2011).

Instructive modes of action have been proposed for cytokines involved in the
development of the lymphoid lineage such as FIt3 ligand (FIt3L) or IL-7. In wild type mice
the LMPP is primed for myeloid/lymphoid differentiation and expresses several key

lymphoid as well as myeloid genes. LMPPs isolated from FIt3L deficient mice, however,
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exhibit strongly reduced lymphoid lineage priming while myeloid genes remain
unaffected (Sitnicka et al., 2007). Accordingly, FIt3L knockout mice have reductions in
CLPs and early B cell progenitors as well as T cell progenitors including ETPs
(Mackarehtschian et al., 1995; McKenna et al., 2000; Schwarz et al., 2007; Sitnicka et
al., 2002). Mice deficient for IL-7 receptor signalling present with a similar phenotype
characterised by the reduction of several lymphoid progenitor populations (Dias et al.,
2005; Peschon et al., 1994b). Furthermore mice lacking the expression of FIt3L as well
as IL-7 receptor have a more severe lymphoid phenotype characterised by the almost
complete loss of all early thymic progenitor stages or mature B cells (Sitnicka et al.,

2003; Sitnicka et al., 2007).

Two recent studies tried to directly address whether the two myeloid cytokines G-CSF
and M-CSF act in an instructive or rather permissive manner (Enver and Jacobsen,
2009). Work performed in the Schroeder laboratory was based on the continuous
microscopic observation of differentiating GMPs in the presence of either of the two
cytokines. A green fluorescent protein (GFP) reporter for the late myeloid gene served
as marker for unilineage differentiation to granulocyte or monocyte lineages. Analysis of
their time lapse microscopy data allowed the authors to conclude that at least a fraction
of GMPs were instructed to differentiate into granulocytes or macrophages by G-CSF or
M-CSF, respectively (Rieger et al., 2009a). The study by Sarrazin and co-workers
identified the transcription factor MafB as negative regulator of M-CSF signalling
restricting the response to M-CSF in haematopoietic stem and progenitor cells. In the
absence of MafB instructive M-CSF signalling results in increased myeloid lineage

output (Sarrazin et al., 2009).

1.2.1.1. TPO - a key cytokine for megakaryocyte development
Thrombopoietin (TPO) is the primary physiological regulator of thrombopoiesis and its

concentration in blood and bone marrow is inversely proportional to Mk and platelet
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abundance. Most of systemic TPO production comes from the liver and kidney, where it
is released at a constant rate into the bloodstream (Kaushansky, 1998). The regulation
of systemic TPO levels occurs through an auto-regulatory feedback loop. Platelets
express the TPO receptor Mpl that binds its ligand and thereby removes it from solution.
Thus high platelet numbers take up large amounts of TPO resulting in low systemic TPO
levels and decreased thrombopoiesis. Conversely low platelet numbers are associated
with a high concentration of TPO and increased production of new platelets (Kuter and
Rosenberg, 1995). TPO is the most important growth factor for progenitors committed to
the MK lineage, and in synergy with other cytokines such as stem cell factor (SCF), EPO
or IL-11 it stimulates progenitor cell proliferation (Broudy et al.,, 1995). In culture
experiments TPO has been shown to stimulate the development of large, highly
polyploid Mks (Kaushansky et al., 1995). In addition to its important role in
thrombopoiesis TPO is required for the maintenance of adult HSCs. TPO deficient mice
have a reduction in numbers of adult phenotypic HSCs that gets more severe with age,
while foetal haematopoiesis remains largely unaffected (Qian et al., 2007). In agreement
transplantation experiments with adult HSC from Tpo™ mice revealed a strong reduction
in stem cell numbers. TPO is not only important for stem cell maintenance but also their
expansion. Tpo™ recipients transplanted with wild type bone marrow had reduced
survival rates, lower long term multilineage peripheral blood reconstitution with strong
thrombocytopenia as well as decreased stem cell numbers (Fox et al., 2002; Qian et al.,
2007). While TPO is not able to stimulate HSC on its own in vitro it is thought to act
together with SCF and IL-3 (Sitnicka et al., 1996). In vivo TPO deficiency leads to
increased cell cycle activity in HSCs associated with reduced expression of cell cycle
regulators such as Cdknilc (p57*?) or Cdkn2a (p19™“?) as well as various Hox genes

that are important for stem cell quiescence (Qian et al., 2007).
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1.2.2. Roles of transcription factors

Transcription factors mediate lineage commitment cell intrinsically and are part of gene
expression programs that ultimately determine a cells’ lineage choice. Thereby
transcription factors can be induced or repressed by other transcription factors as well as
cell extrinsic cues. Ultimately lineage commitment is determined by the co-expression or
co-activation of a certain combination of multiple transcription factors and one
transcription factor can be involved in the commitment towards multiple lineages.
Although lineage commitment is regulated by transcription factor networks the
manipulation of individual key determinants can be sufficient to induce commitment to a

certain lineage (Laiosa et al., 2006).

While for cytokines there is experimental support for a permissive as well as lineage
instructive mode of action it remains under debate as to which cytokines can really
instruct lineage choice or only promote the growth of already committed cells (Laiosa et
al., 2006). However, it is likely that most cytokines can act both ways. For transcription
factors on the other hand there is ample evidence for an instructive mode of action.
Knockout models of lineage instructive transcription factors completely lack certain
lineages and overexpression has been shown to result in enhanced progenitor
commitment to one lineage at the expense or even complete loss of other lineages. Most
convincing evidence for a lineage instructive mode of action comes from lineage
conversion experiments, where the enforced ectopic transcription factor expression in
already committed cells leads to their reprogramming to a different lineage identity

(Heyworth et al., 2002; Iwasaki et al., 2003; Kulessa et al., 1995; Laiosa et al., 2006).

Ikaros is widely expressed in haematopoietic progenitors and has important roles in
myeloid as well as lymphoid lineage commitment. Although Ikaros deletion also affects
myeloid lineages most severe reductions are observed in lymphoid lineages of adult as

well as foetal haematopoiesis. Loss of Ikaros leads to absence or strong decrease of
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mature B cells, NK cells, several types of T cells and dendritic cells as well as their
progenitors including CLPs (Georgopoulos et al., 1994; Wang et al., 1996). Ikaros
deficiency leads to the loss of FIt3 expression; however, functional LMPPs are still
present (Yoshida et al., 2006). Similarly ETPs remain unaffected in Ikaros null mice
(Allman et al., 2003). The investigation of specific functions of lkaros for the above

lineages is complicated by the expression of different splice variants (Klug et al., 1998).

B cell differentiation is mediated by a network of three transcription factors that act
sequentially and are critical for the generation of committed B cell progenitors from
CLPs. E2A is expressed at a very early stage of B cell development and initiates the up-
regulation of early B cell factor (EBF) that starts to be expressed at the pro-B cell stage
(Bain et al., 1994; Lin and Grosschedl, 1995). Finally the expression of PAX5 defines
committed B cells associated with the expression of the B cell marker CD19 (Nutt et al.,

1999).

PU.1 is a major regulator of myeloid as well as lymphoid commitment. GFP reporter
studies indicate that PU.1 expression is low or absent in stem cells but up-regulated
towards multipotent progenitors (Back et al., 2005; Nutt et al., 2005). In myeloid lineages
the highest PU.1 expression correlates with monocyte/macrophage over granulocytic
differentiation. Intermediate levels are equally required for B cell differentiation as well as
the early stages of T cell development, whereas PU.1 is dispensable for more mature T
cell progenitors as well as Mk and erythroid lineages (Dahl and Simon, 2003; DeKoter
and Singh, 2000; Scott et al., 1994). Conditional deletion of PU.1 in adult
haematopoiesis leads to a reduction in the stem and multipotent progenitor
compartments (Dakic et al., 2005; Iwasaki et al., 2005). The absence of PU.1 is
accompanied by the loss of CLPs and CMPs as well as downstream lineages. Since this
also affects the generation of mature lymphoid and myeloid cells in long term

repopulation experiments, it has not been elucidated whether PU.1 has a role in stem
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cells or only in downstream progenitors. The GMP population is increased due to
enhanced proliferation but unable to differentiate further, whereas MkK/E lineages are

largely unaffected (Dakic et al., 2005; lwasaki et al., 2005).

Together with PU.1 the transcription factors CCAAT-enhancer binding protein (C/EBP)a
as well as C/EBPB are important determinants of myeloid differentiation. C/EBPa is
already expressed in HSCs and mice deficient for C/EBPa have increased competitive
repopulation activity. In addition these mice display a block in myeloid differentiation
between the CMP and GMP stages but C/EBPa is not required for terminal
differentiation (Friedman, 2002; Zhang et al., 2004).Therefore C/EBPa promotes myeloid
differentiation from stem cells at the expense of their self-renewal activity. C/EBPJ is
most important for stress haematopoiesis where it promotes GMP formation (Hirai et al.,

2006).

1.2.2.1. Transcription factors in megakaryocyte and erythroid development

GATAl1 and friend of GATAl (Zfpml, FOG1) are two key regulators of
megakaryocyte/erythroid lineage commitment. Both lineages widely express GATAL in
mature cells as well as progenitors. GATAL1 is specifically important for the development
of mature erythroid cells and GATAL deficient embryos die around embryonic day 11
due to severe anaemia associated with an erythroid maturation block at an early pro-
erythroblast stage (Fujiwara et al., 1996; Takahashi et al., 1997). Similarly adult mice
with a conditional GATAL deletion display an erythroid maturation arrest at this stage.
Dissection of the bone marrow progenitor compartment using the staging developed by
Pronk et al. revealed a complete absence of committed erythroid progenitors (preCFU-E
and CFU-E), whereas progenitors of the GM lineage (preGM and GMP) remained
unaffected (Mancini et al., 2012). Furthermore GATAl deleted mice are
thrombocytopenic but have increased numbers of Mks as well as megakaryocyte (MKP)

and megakaryocyte/erythroid (preMegE) progenitors. This suggests an important role of
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GATAL in Mk maturation, whereas the increase in Mk development is likely caused by
the reduction of platelets and the feedback loop mediated by TPO signalling (Gutierrez
et al.,, 2008; Kuter and Rosenberg, 1995; Mancini et al., 2012). In Mk/E development
GATAL interacts with its co-factor FOG1 that potentially integrates developmental cues
of GATALl and GATA2 that have partially redundant functions, although GATA2 has
been shown to be particularly important for Mk development (Huang et al., 2009). Mice
deficient for FOG1 have reduced erythroid development, whereas Mks are completely
absent (Tsang et al., 1997a; Tsang et al., 1997b). Reduced erythropoiesis as well as
thrombopoiesis has also been observed after FOG1 knockdown in zebrafish. In these
animals the loss of mature MK/E cells was accompanied by an increase in myelopoiesis
(Amigo et al., 2009). Elegant experiments in the mouse using FOG1 conditionally
deleted bone marrow chimeras in combination with fluorescence reporters that enable
the specific detection of donor derived red blood cells and platelets showed a complete
loss of the two lineages. Detailed progenitor analysis also revealed an almost complete
loss of Mk and E progenitors. Moreover, in agreement with the zebrafish studies GM
progenitors were increased suggesting a key function of FOG1 in Mk/E versus myeloid
lineage specification (Mancini et al., 2012). In addition FOG1 has been shown to have a
role in the late stages of T cell development where it negatively regulates GATA3 (Zhou

et al., 2001).

1.2.2.2. Antagonistic key transcription factors specify lineage fates

For several transcription factors antagonistic relationships have been identified which
play a major role in determining lineage commitment decisions. The paradigm for such
relationships is the interaction between GATAl and PU.1 in lympho-myeloid versus
myelo-Mk-E commitment, which according to the alternative model is the first branch
point in the haematopoietic roadmap. Utilizing fluorescence reporter lines for the two
factors it has been possible to identify or confirm the earliest non-multipotent

progenitors, the GATAL positive CMP as well as the LMPP that expresses high levels of
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PU.1 (Arinobu et al., 2007). GATAl1 and PU.1 are reciprocally regulated at the
transcriptional and protein level. Direct protein-protein interaction inhibits the respective
other factor. GATAL binding blocks the interaction of PU.1 with its co-factor c-Jun and
represses PU.1 dependent transcription (Nerlov et al., 2000; Zhang et al., 1999).
Conversely interaction with PU.1 blocks the DNA binding of GATAL (Zhang et al., 2000).
In addition both factors are able to reinforce their own expression through an auto-
regulatory loop (Okuno et al., 2005; Yu et al., 2002). Both factors have been shown to
act in a lineage instructive manner and have the ability to redirect the lineage choice of
already committed progenitors (Heyworth et al., 2002; Iwasaki et al., 2003; Kulessa et
al.,, 1995; Nerlov and Graf, 1998). In in vitro experiments with transformed avian
progenitors enforced expression of PU.1 was sufficient to reprogram MEPSs into
myeloblasts, and GATAL overexpression in myeloblasts led to their conversion into
MEPs (Kulessa et al., 1995; Nerlov and Graf, 1998). In two additional studies ectopic
GATAL expression was equally sufficient to change the lineage fate of restricted primary
haematopoietic progenitors. CLP as well as GMP could be reprogrammed to give rise to
erythroid cells and Mks (Heyworth et al., 2002; Iwasaki et al., 2003). Similarly
experiments in zebrafish showed that the knockdown of GATAL can induce the switch
from erythroid to myeloid cells and the reduction of PU.1 expression induces the
conversion of myeloid cells to the erythroid lineage (Galloway et al., 2005; Rhodes et al.,
2005). Thus, in an antagonistic relationship of two transcription factors such as PU.1 and
GATAL the relative expression between them is particularly important and a shift in that
balance can cause lineage conversion. The lineage deterministic action of PU.1 and
GATAL has also been supported by mathematical modelling approaches and similar
interactions between key transcription factors might regulate binary fate decisions at

other stages of haematopoiesis (Huang et al., 2007).

In addition to the PU.1-GATA1 model of lympho-myeloid versus myeloid-Mk-E

bifurcation the cooperation of FOG1 and C/EBPs (here C/EBPa and C/EBP) has
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recently been proposed to determine Mk/E versus GM fates downstream of the CMP.
Whereas there is no evidence for a cross regulation by protein-protein interaction or
direct transcriptional repression between FOG1 and C/EBPs, they follow reciprocal
expression patterns and promote opposite lineage outputs. Conditional depletion of
FOG1 leads to upregulation of C/EBP expression in preMegEs, a population otherwise
restricted to MK/E lineages, and characterised by expression of an Mk/E specific gene
profile (Mancini et al., 2012; Pronk et al., 2007). Conversely, mice deficient of C/EBPa
and haploinsufficient for C/EBPB upregulate FOG1 transcription in the preGM, a
population largely committed to the GM lineage (Pronk et al., 2007). These changes in
gene expression are in line with altered functional output from both populations. The lack
of C/EBPs results in a loss of GMPs, while phenotypic Mk progenitors as well as Mk
colony potential from total bone marrow are increased. FOG1 knockout on the other
hand is associated with reductions or absence of Mk/E progenitors, decreased erythroid
colony forming potential in vitro and low platelet as well as red blood cell output in vivo

(Mancini et al., 2012).

1.2.3. Transcriptional lineage priming

Early models of haematopoiesis assumed stem cells to be in a naive state associated
with the expression of stem cell specific genes, but the complete absence of genes
specific for downstream lineages. However, up to now multiple studies have
demonstrated the expression of lineage genes including transcription factors and
cytokine receptors in adult HSCs as well as multipotent cells in the embryo (Delassus et
al., 1999; Forsberg et al., 2005; Ye et al., 2003). Overall expression levels are usually
low and genes part of multiple lineage programs are expressed simultaneously, in
contrast to committed progenitors that only express one lineage program at higher
levels. Similarly lineage priming occurs in progenitors. Such priming was initially reported
by Enver and co-workers who detected the expression of beta-globin and

myeloperoxidase in cells that retained both erythroid and granulocytic potentials (Hu et
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al., 1997). However, in contrast to stem cells that are primed for all lineages, the priming
of downstream progenitors is restricted to genes associated with their physiological

progeny (Miyamoto et al., 2002).

1.3. Haematopoietic stem cells

1.3.1. Functional evaluation of haematopoietic stem cells

The field of haematopoietic stem cell research was first established in the early 1960s. In
studies aiming to test the irradiation sensitivity of haematopoietic cells Till and McCulloch
transplanted bone marrow cells and reported the formation of discrete colonies on the
spleen of recipient mice (Till and McCulloch, 1961). The number of spleen colonies in
these experiments appeared to be proportional to the number of cells injected. This
indicated a single cell origin, and it was later confirmed by irradiation induced
chromosomal marking that spleen colonies were derived from single bone marrow cells
(Becker et al., 1963). Furthermore secondary transplantation of cells isolated from
spleen colonies again resulted in the formation of colonies suggesting self-renewal
activity and the presence of stem cells (Siminovitch et al., 1963). However, the serial
colony forming capacity of these cells rapidly declined indicating that the observed
spleen colonies were rather derived from bone marrow progenitor cells (Siminovitch et
al., 1964). Never the less today Till's and McCulloch’s work is recognised as the first
evidence for the existence of HSCs (Till and McCulloch, 1961). First in vitro culture
assays for haematopoietic cells were developed using feeder layers from mouse kidney
or embryo and enabled the detection of distinct colonies with clonal origin from whole
bone marrow samples (Bradley and Metcalf, 1966). Although these studies disregarded
the two key definitions of HSCs today, being the ability to generate cells of all lineages in
the long term as well as self-renewal, and investigated cells that would now be termed
short term HSC or multipotent progenitors, they pioneered haematopoietic stem cell

biology.
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Despite of 50 years of research having passed since the first culture of HSCs there is to
date no assay for the definitive evaluation of stem cell identity in vitro. Several
experimental approaches, however, allow for the approximate quantification of stem cell
activity in a given cell population. Long term culture on feeder layers enables the
evaluation of cells with long term repopulation potential termed as long term culture
initiating cells (LTC-IC) or cobblestone area-forming cells (CAFC) (van Os et al., 2008).
Self-renewal activity can be approximated by long term culture with serial replating of

colonies.

The gold standard experiment for the evaluation of HSC function remains the long term
multilineage repopulation assay. Total bone marrow cells, purified cell populations or
single cells are transplanted into conditioned recipient mice. In the majority of studies
recipients are lethally irradiated. Alternatively recipients with haematopoietic defects,
such as mice with a point mutation in the gene encoding c-Kit receptor, have been
utilized to enhance reconstitution (Benveniste et al., 2010; Benz et al., 2012; Boggs et
al., 1984; Harrison and Astle, 1991). To qualify as HSCs, transplanted cells have to be
able to reconstitute all blood lineages of the recipient mouse over at least 16 weeks.
However, more recent studies observed cells with intermediate term repopulation
potential that give reconstitution for more than 16 weeks but decline thereafter
(Benveniste et al., 2010). Therefore most recent studies have used more stringent
criteria for HSCs and required the reconstitution for up to 32 weeks or even longer
(Sieburg et al., 2011). The second key requirement for the HSC definition is self-
renewal, the ability to maintain or even expand the HSC pool. This can be assessed by

serial transplantation into secondary or even tertiary hosts (Dykstra et al., 2007).

Stem cell quality can be assessed in the competitive repopulation assay. For that
purpose total bone marrow cells or a purified population are transplanted together with a

defined number of competitor bone marrow cells. Evaluation of long term multilineage
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peripheral blood reconstitution gives information about the ability of test cells to
reconstitute the blood system or particular lineages in relation to the competitor cells. For
guantitative assessment of stem cell frequencies in a given cell population the limiting
dilution assay has been employed (Harrison et al., 1988; Szilvassy et al., 1990; Trevisan
et al., 1996). Thereby groups of recipients are transplanted with graded dilutions of test
cells with the lowest dilutions containing less than one cell on average. The probability of
finding a stem cell at a given dilution follows Poisson distribution, which enables the

retrospective calculation of the stem cell frequency in the original sample.

A key requirement for all reconstitution assays, in particular the competitive repopulation
assay, is the ability to distinguish transplanted donor cells from competitors or residual
recipient cells that remain after irradiation. Methods to achieve this have included the
use of cells from mice with different haemoglobin 3-chains or female versus male cells
that were distinguished based to their set of chromosomes (Harrison, 1980; Szilvassy et
al., 1990). Various other studies made used of different isoforms of the glucose-
phosphate isomerase 1 (GPI1) that are mainly expressed by erythrocytes and can be
distinguished by cellulose acetate electrophoresis (Benveniste et al., 2010; Eppig et al.,
1977; Nakano et al.,, 1989; Trevisan and Iscove, 1995). The most commonly used
system for discrimination between donor and acceptor cells in repopulation assays is
based on the two isoforms of the pan-haematopoietic marker CD45 (CD45.1 and
CD45.2), which can be distinguished by specific antibody staining. CD45 is expressed
on all haematopoietic precursors as well as mature cells of the lymphoid, monocytic and
granulocytic lineages. However, absence from mature erythrocytes and platelets
impedes the analysis of these lineages (Hermiston et al., 2003). Efforts to overcome that
problem have included the use of Actb-GFP or other reporter mice, that allow the
discrimination of donor versus competitor cells based on their fluorescence reporter

expression (Forsberg et al., 2006).
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1.3.2. Analysis and purification of haematopoietic stem cells

Over several decades of research HSCs have become the best characterised adult stem
cell population. Current flow cytometry enables the isolation of highly purified stem cell
population and various different protocols utilizing HSC specific combinations of surface
markers, the ability for dye efflux or low cell cycle activity have been developed for that
purpose (Benveniste et al., 2010; Challen et al., 2010; Dykstra et al., 2007; Kiel et al.,
2005; Osawa et al., 1996). However, the purification of pure stem cell populations still
remains a challenge. Limiting factors are the infrequent occurrence of HSCs, which has
been estimated to about 0.05 % of total bone marrow cells, but also the absence of
markers exclusively expressed on HSCs (Benveniste et al., 2010; Trevisan et al., 1996).
The lack of means to efficiently evaluate stem cell function further complicates the
situation. The gold standard assay to functionally evaluate haematopoietic stem cells
remains the long term multilineage reconstitution analysis after transplantation. In
addition to the long term nature of these experiments, inefficiencies in homing and
engraftment could falsify obtained results and lead researcher to underestimate stem
cell frequencies in a given population of cells. Evidence for efficient homing of all
transplanted stem cells comes from a study that reported initial engraftment of 90 % of
purified single stem cells but a declining frequency in the long term. This suggests the
efficient homing of all stem cells, whereas only a fraction of them has long term
reconstitution ability. (Benveniste et al., 2003). However, another study only obtained
initial reconstitution from approximately one third of single purified HSC, but all of them
maintained long term donor chimerism. This would be compatible with two thirds of

transplanted cells failing to home (Camargo et al., 2006).

Since there is to date no marker that is expressed exclusively on stem cells and could on
its own be used for HSC purification, various combinations of surface markers have
been utilized. The first step of enrichment of haematopoietic stem and progenitor cells

from mouse bone marrow is usually the exclusion of lineage markers, expressed on
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mature haematopoietic cell populations. Standard lineage mixes, which for flow
cytometry are often conjugated to a common fluorophore and measured together on only
one channel, contain antibodies against markers such as CD4, CD5 and CD8 (T
lineage), B220 (B lineage), Mac-1 and Gr-1 (GM lineage) and Ter119 (erythroid lineage).
Using the additional markers Sca-1 and c-Kit, which are almost exclusively expressed on
primitive haematopoietic cells, the Lineage Sca-1'c-Kit" population has been defined
(Ikuta and Weissman, 1992; Okada et al., 1992). The LSK population contains various
multipotent progenitor populations and only enriches for HSCs but it forms the basis of
several strategies for further stem cell purification (Adolfsson et al., 2005; Arinobu et al.,

2007).

Flt3 is important for lymphoid development and is expressed on the LMPP (Adolfsson et
al., 2005; Lyman et al., 1993; McKenna et al., 2000). The FIt3 receptor is absent on
HSCs and as such has been used in HSC purification protocols in combination with the

LSK phenotype (Adolfsson et al., 2001; Christensen and Weissman, 2001).

A surface marker that is commonly used for HSC enrichment together with the LSK
phenotype is CD34. It is present on the majority of multipotent progenitors but absent on
adult and quiescent stem cells (Nakauchi et al., 1999; Osawa et al.,, 1996). Its
expression is, however, dependent on the cell cycle status and thus CD34 is expressed
on all foetal HSC as well as adult HSC isolated from young mice. Similarly HSC do
express CD34 in stress haematopoiesis such as after transplantation (Sato et al., 1999).
The LSKCD34" HSC definition has been used for pioneering single cell transplantation
studies, where multilineage donor reconstitution was obtained in more than 20 % of the
recipients (Osawa et al., 1996). Together FIt3 and CD34 have been used to define a
short term stem cell population (LSKFIt3'CD34) that has the ability for rapid multilineage

but not long term reconstitution (Yang et al., 2005).
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The signalling lymphocytic activation molecule (SLAM) family members are expressed
on mature immune cells and have roles in lymphocyte development, cell survival and
adhesion, autoimmunity, humoral immunity as well as cytotoxicity (Cannons et al., 2011).
Comparison of gene expression profiles of highly purified HSC and multipotent
progenitors revealed three family members to be differentially expressed between these
two populations, and which have been used subsequently to aid HSC purification.
CD150 (SLAMF1) is present on HSC but not expressed on multipotent progenitors,
whereas HSC lack surface expression CD48 and CD244, which are both present on
multipotent progenitors (Kiel et al., 2005). CD150 and CD48 have been used together
with the exclusion of lineage markers to isolate HSCs. Cells purified using this
phenotype or c-Kit"Sca-1" in addition gave long term multilineage reconstitution in 45-
47 % of recipients in single cell transplantation experiments (Kiel et al., 2005). SLAM
family marker expression seems to be independent from cell cycle status and has been
successfully used to isolate foetal liver HSCs. Single CD150°CD48 Scal’Lin” foetal liver
HSCs long term reconstituted 37 % of recipient mice (Kim et al.,, 2006). The results
obtained by Kiel et al. clearly suggest that HSCs lack the expression of CD48 and no
long term reconstituting HSCs could be found in the CD48" fraction (Kiel et al., 2005).
However, another study identified stem cells with long term reconstitution potential in the
LSKCD150"CD48" bone marrow subset (Grassinger et al., 2010). The controversial
results are explained by a role of CD48 for stem cell homing. CD48 function is blocked
by the antibody used for cell purification by Kiel et al., whereas Grassinger et al. utilized

a different non-blocking antibody clone (Grassinger et al., 2010).

Gene expression profiling also led to the identification of endothelial protein C receptor
(EPCR, CD201) as a highly specific marker for HSCs (Balazs et al., 2006). EPCR has
subsequently been used in various studies together with the SLAM markers CD150 and
CD48 as well as CD45 to isolate highly pure populations of HSCs. These ESLAM

(CD45"EPCR*CD48 CD150") cells identify HSCs in adult bone marrow as well as foetal
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liver. In single cell transplantation experiments ESLAM cells were able to reconstitute

about 30 % of secondary recipients (Benz et al., 2012).

Endoglin is part of the transforming growth factor beta receptor (TGF beta) and plays
important roles in angiogenesis as well as haematopoiesis. It is expressed on HSCs but
absent from direct downstream progenitors, and as such has been used together with
the LSK phenotype or other stem cell markers for the purification of HSC (Chen et al.,

2003; Chen et al., 2002; Pronk et al., 2007).

Thyl (CD90), for which there are two alleles in mice (Thyl.1l, CD90.1 or Thyl.2,
CD90.2), is present on thymocytes where it was initially identified. At low levels it is also
expressed on HSCs but completely absent on downstream progenitors and as such has

been used for HSC purification (Spangrude et al., 1988; Wagers and Weissman, 2006)

In addition to the cell surface markers described above various other stem cell specific
properties have been used to isolate HSCs. In contrast to almost all other
haematopoietic cell populations quiescent HSCs exhibit a multidrug resistance
phenotype characterised by the expression of several trans membrane pumps of the
ATP-binding cassette (ABC) transporter family. These transporters actively clear small
molecules including fluorescent dyes from the cells cytosol. This principle is used for
isolation of the side population, a small fraction of BM cells that is highly enriched for
HSCs. When BM cells are stained with the DNA binding dye Hoechst 33342 and
visualized at two different wavelengths, HSCs are highly enriched in the tip of a
characteristic tail shaped profile that retains the lowest levels of dye (Chambers et al.,
2007; Goodell et al., 1996). Similarly HSCs can be purified using the dye Rhodamine
123 that labels mitochondria (Benveniste et al., 2010; Chen et al., 2003; Phillips et al.,
1992). In addition to multidrug efflux properties of a cell, Rhodamine 123 staining also

depends on the mitochondrial activation state resulting in low labelling of quiescent stem
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cells with low mitochondrial activity (Chaudhary and Roninson, 1991; Kim et al., 1998).
The side population phenotype has also been combined with Rhodamine 123 staining
for the isolation of highly purified HSCs that were able to long term reconstitute at least
25 % of recipients in single cell transplantation experiments (Dykstra et al., 2007;

Dykstra et al., 2006; Uchida et al., 2003).

Other purification strategies utilize the quiescent properties of stem cells, particularly the
reduced cell cycle activity compared to downstream haematopoietic progenitors. In a
pulse labelling approach all haematopoietic cells are first marked in vivo. In the following
long chase period the label will be diluted depending on the cells’ proliferative behaviour.
Quiescent haematopoietic stem cells with low cell cycle activity will therefore retain the
highest level of labelling (Foudi et al., 2009; Nygren and Bryder, 2008; Wilson et al.,
2008). A commonly used label is 5-bromodeoxyuridine (BrdU), a thymidine analogue
that is incorporated into the cellular DNA during replication and can be detected using
BrdU specific antibodies (Wilson et al., 2008). However, BrdU has been shown to be not
very specifically retained in HSC (Kiel et al., 2007a). As the BrdU incorporation itself is
dependent on cell cycle activity quiescent HSCs can also be identified by the lack of
BrdU labelling after a short exposure period (Hock et al., 2004). Other approaches use
the labelling with an esterified form of biotin, that binds to cell surface proteins and can
be detected by antibody staining, or staining with the fluorescent dye carboxyfluorescein
succinimidyl ester (CFSE) (Nygren and Bryder, 2008). CFSE couples covalently to
intracellular molecules, is therefore retained for long periods and only diluted through cell
division (Lyons and Parish, 1994). A transgenic mouse line that expresses a Histone2b-
GFP fusion protein upon induction through doxycycline enables the ubiquitous labelling
of all haematopoietic cells. Due to the long half-life of histones the GFP label is stable
over time and only diluted through cell division. Work utilizing this reporter line has led to
the identification of highly dormant HSCs, which have been suggested to not enter cell

cycle for periods of up to 140 days. Interestingly, the stem cell population as a whole has
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been shown to be highly heterogeneous in their proliferation rates (Foudi et al., 2009;

Wilson et al., 2008).

1.3.3. Haematopoietic stem cell — fate and regulation

The most primitive HSCs are believed to be quiescent, a status of low metabolic activity
and very infrequent cell division. In the steady state these dormant cells preserve
haematopoiesis in the long term, whereas other more actively self-renewing and
differentiating stem cells produce downstream multipotent progenitor populations and
maintain mature blood cells (Wilson et al., 2008). Other results suggest that all stem
cells constantly alternate between quiescent and active cycling states, which is
supported by the fact that all stem cells are activated in response to stress such as

haematopoietic injury or after transplantation (Wilson et al., 2008).

Upon cell division a stem cell has the option for three different fate decisions. Through
symmetric renewal one HSC gives rise to two daughter stem cells resulting in expansion
of the stem cell pool. Evidence for the existence of symmetric renewal comes from
countless transplantation experiments, in particular with single cells that gave rise to
numerous stem cell clones, as well as successful in vitro stem cell expansions (Sieburg
et al., 2011; Takizawa et al., 2011). HSC differentiation results in the generation of two
downstream progenitors and the loss of stem cell activity. This cell division can be
symmetric where two progenitors of the same type are generated or asymmetric where
the stem cell gives rise to two different progenitors. Asymmetric self-renewal leads to the
generation of one HSC and one downstream progenitor and would achieve both
maintenance of the stem cell pool as well as simultaneous replenishing of mature blood
cells. Although this type of division has been observed for stem cells in non-vertebrates
such as Drosophila melanogaster or Caenorhabditis elegans, due to technical limitations
there is to date no conclusive experimental evidence for the asymmetric self-renewal of

HSCs (Kipreos, 2005; Morrison and Kimble, 2006; Yamashita and Fuller, 2005).
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The majority of HSCs are maintained in the bone marrow. A small number of HSCs is
constantly released into the bloodstream, while others simultaneously return back to the
bone marrow to maintain equilibrium (Adams et al., 2009; Wright et al., 2001). This
process is non-random and influenced by circadian rhythms through the sympathetic
nervous system, which regulates the expression of chemokine C-X-C motif ligand
(CXCL)-12 in stromal cells as well as its receptor CXCR-4 (Lucas et al., 2008; Mendez-
Ferrer et al., 2009). In response to stress such as haematopoietic injury including bone
marrow ablation as well as increased cytokine signalling, for instance the treatment with
G-CSF in a clinical setting, the number of HSCs released into the bloodstream can
strongly increase (Suarez-Alvarez et al., 2012). HSCs find their way back to the bone
marrow through the multistep process of homing, which involves chemokine/cytokine
signalling, cytoskeleton rearrangements and matrix-metalloproteinase (MMP) activation.
Important regulators are again CXCL-12 / CXCR-4 but amongst others also SCF,

VCAM1 and CD44 (Lapidot et al., 2005).

1.3.4. Haematopoietic stem cell niches

HSCs reside in specific stem cell niches, cellular and molecular microenvironments in
the bone marrow that control stem cell function and maintain HSCs over the course of a
life time. This includes the regulation of quiescence, self-renewal and differentiation in
homeostasis but also in response to external cues (Schofield, 1978). HSCs are primarily
found in the trabecular cavities of long bones, strongly indicating that the stem cell niche
is located in the same region (Lord and Hendry, 1972; Nilsson et al., 2001). Through
more detailed evaluation two distinct areas were identified to harbour HSCs. Quiescent
stem cells were found in the endosteal region in the immediate proximity to bone lining
cells, primarily osteoblasts but also osteoclasts, CXCL-12-abundant reticular cells (CAR)
and stromal fibroblasts (Ehninger and Trumpp, 2011). This endosteal niche is only
sparsely vascularised and provides a hypoxic microenvironment to the residing cells.

Compared to downstream progenitors HSCs have a low metabolic status and generate
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the low levels of energy they require by anaerobic metabolism through a high rate of
glycolysis. Low metabolic activity reduces the production of reactive oxygen species and
enables the maintenance of HSCs protected from oxidative stress (Simsek et al., 2010;
Suda et al., 2011). On the other hand active, cycling stem cells reside in the perivascular
niche within a highly vascularised region close to the centre of the bone, where they are
associated with the sinusoidal endothelium (Kiel et al., 2005). This normoxic
environment supports aerobic metabolism, higher cell cycle activity and enables stem

cells as well as downstream progenitors to enter the bloodstream (Wilson et al., 2007).

In the niche, HSCs are regulated through direct cell-cell contact as well as multiple
locally expressed soluble factors. HSC quiescence is maintained through Angiopoietinl
(Ang-1) / Tie2 signalling. Ang-1 is expressed on osteoblasts as well as mesenchymal
cells and inhibits HSC division through interaction with the tyrosine kinase Tie2 (Arai et
al., 2004). A similar role has been suggested for the cell adhesion molecule N-cadherin,
although its importance is still debated. In one study no evidence for N-cadherin function
in HSC maintenance could be obtained. However, others reported a reduction of
reconstitution ability after N-cadherin knock down as well as reduced HSC cell cycle
activity when N-cadherin was overexpressed (Arai et al., 2012; Kiel et al., 2007b). Key
cytokines important for stem cell maintenance include TPO with its receptor Mpl, as well
as SCF with its receptor c-Kit. TPO deficient mice show a strong reduction of HSC
numbers along with elevated cell cycle activity in remaining stem cells (Qian et al.,
2007). Accordingly, mice deficient for the TPO signalling inhibitor LNK have an
expanded stem cell compartment due to their increased self-renewal potential (Buza-
Vidas et al., 2006; Seita et al., 2007). SCF does exist as a soluble form but is also
expressed as membrane bound protein on the surface of various bone marrow stromal
cells. Naturally occurring mutations in the c-Kit receptor or the ligand itself all lead to
haematopoietic defects and reduced stem cell function (Brannan et al., 1991; Flanagan

et al.,, 1991; Nocka et al., 1990; Thoren et al., 2008). In a recent study HSCs were
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specifically lost when SCF was locally deleted from endothelial or leptin receptor-
expressing perivascular stromal cells but remained unaffected after SCF deletion in
haematopoietic cells or osteoblasts (Ding et al., 2012). This shows the importance of
local expression of cytokines in specific cell types that are part of the stem cell niche.
Pathways such as Notch or Wnt signalling that fulfil key regulatory functions at multiple
stages of haematopoiesis have also been implicated in the regulation of HSCs. Several
studies analysing the effect of overexpression of different members of the notch
signalling pathway, such as hairy and enhancer of split 1 (Hesl) or Jaggedl (Jagl)
resulted in increased stem cell self-renewal and elevated reconstitution potential in
competitive transplantations (Calvi et al., 2003; Kunisato et al., 2003). Accordingly, in a
separate study the overexpression of a dominant negative form of the recombining
binding protein suppressor of hairless RBP-Jk led to reduced reconstitution potential
(Duncan et al., 2005). However, contrasting results obtained using a RBP-Jk conditional
knock out mouse model or overexpression of another dominant negative member of the
Notch pathway indicated a redundant role of Notch for HSCs (Maillard et al., 2008). In
contrast to Notch signalling multiple studies provide conclusive evidence for an important
role of the Wnt pathway for stem cell function and maintenance. However, different gain-
or loss-of-function approaches gave controversial and partly contradicting results as to
what role the Wnt pathway plays. Early studies used retroviral expression of Wnt
activators or inhibitors. While Wnt activation led to an increased number of HSCs with
enhanced reconstitution ability, the forced expression of Whnt inhibitors resulted in
reduced stem cell function (Reya et al., 2003; Willert et al., 2003). Opposing results were
generated in studies that used transgenic mice with constitutively active Wnt signalling,
which cause a block in differentiation, increased cell cycle activity with a transient HSC
expansion but eventual exhaustion of the stem cell pool (Kirstetter et al., 2006; Scheller
et al., 2006). Loss of function studies were performed using mice that either lacked a key
component of the Wnt signalling cascade or constitutively expressed an inhibitor of the

Wnt pathway. In both cases the loss of Wnt signalling resulted in loss of HSC self-
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renewal (Fleming et al., 2008; Luis et al., 2009). The discrepancy in the results of the
above studies can partly be explained by the different approaches used. Retroviral
mediated expression levels likely vary from those obtained with the transgenic models,
and specific levels have been shown to be particularly important for different

haematopoietic cells including HSCs (Luis et al., 2011).

1.3.5. Heterogeneity within the haematopoietic stem cell population

For a long time the most primitive haematopoietic stem cells were thought to be a
homogeneous population sitting atop a hierarchy of progenitor cells, where every HSC
has the ability to give rise to all mature haematopoietic lineages with equal probability.
According to this model the heterogeneity of the blood system could be achieved by cell
intrinsic stochastic variation, the regulation through external cues such as the niche
environment or cytokines, or most likely a combination of both. However, in recent years
several studies provided evidence that the most primitive stem cell compartment in itself
is heterogeneous. Individual HSCs show distinct reconstitution patterns and are biased
to give rise to particular lineages (Benz et al., 2012; Challen et al., 2010; Dykstra et al.,
2007; Morita et al., 2010; Sieburg et al., 2006). In a recent study the transplantation of
individual HSCs via a limiting dilution approach revealed 16 different reconstitution
patterns. Cells increased, decreased or maintained the percentage of reconstitution over
a seven month period (Sieburg et al., 2006). Successive serial transplantation showed
that the life span of HSCs is intrinsically limited, ranging from 10 to almost 60 months. In
these experiments daughter HSCs within a clone behave synchronously and eventually
exhaust at the same time (Sieburg et al., 2011). Cells with the longest reconstitution
potentials have also been shown to have a myeloid lineage bias. Often these HSCs, that
were classified as a and B cells, reside in the CD150" fraction or the side population tip
and give only low reconstitution in primary recipients, but achieve high reconstitution
after secondary transplantation (Challen et al., 2010; Dykstra et al., 2007; Morita et al.,

2010). On the other hand lymphoid biased HSCs, which are also termed y and & cells,
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most efficiently reconstitute lymphoid lineages. These cells show high initial
reconstitution which starts to decline after a 3-4 months period (Dykstra et al., 2007).
Such intermediate term reconstituting cells were also purified based on the expression of
CD49b (Benveniste et al., 2010). Taken together these results suggest a hierarchy
within the stem cell compartment with the most dormant myeloid biased long term HSC
on top of lymphoid biased HSC with limited life span (Challen et al., 2010; Morita et al.,
2010). Recent evidence establishes the existence of such hierarchy already in foetal
liver haematopoiesis (Benz et al., 2012). Interestingly, the balance between myeloid and
lymphoid biased stem cells changes with age. In old mice the majority of HSCs show a
myeloid bias potentially reflecting the constant need for replacement of short lived
myeloid cells. The repertoire of lymphoid cells on the other hand has long been

established at that point (Beerman et al., 2010).

1.3.6. HSC and megakaryocyte commitment

Various findings are compatible with close relationship between HSCs and Mks with the
possibility of a direct hierarchical link in between. The first lineage restriction from stem
cell towards LMPPs involves the loss of Mk as well as erythroid potentials (Adolfsson et
al., 2005). The simultaneous generation of a progenitor restricted to these two lineages
would be plausible, but to date there is no direct experimental evidence for the existence
of such a progenitor. However, a large fraction of the recently identified primitive CMP
population produced pure Mk colonies in vitro, which points towards an Mk progenitor in
this population (Arinobu et al., 2007). HSC and Mks share various cell surface markers
as well as transcription factors. Both express Mpl, the receptor for TPO and a key
cytokine required for Mk differentiation. Mpl is also important for HSCs with Mpl deficient
HSCs displaying a long term repopulation defect (Alexander et al., 1996; Gurney et al.,
1994; Kimura et al., 1998). Likewise the knockout of TPO itself reduces HSC numbers
and in vivo reconstitution potential (Qian et al., 2007). CD150 and CD41 are commonly

used to identify MkPs in the LSK bone marrow fraction (Pronk et al., 2007). CD150 is
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also a key marker for stem cells and has been applied as part of the SLAM definition
(Kiel et al., 2005). CD41 which is further up-regulated during Mk differentiation and
highly expressed on mature platelets is present on adult HSCs as well as the first
definitive HSCs during embryonic development (Mikkola et al., 2003). Various other
surface markers including c-Kit, CD105, Tie2, CD31 and KDR are shared between Mks
and HSCs. In addition both cell types express many transcription factors in common.
Runx1 plays an essential role during the emergence of the first definitive HSC from the
Aorta-gonad-mesonephros (AGM) region, and Runxl has been implicated in the
regulation of adult HSCs (Ichikawa et al., 2008; North et al., 2002; Okuda et al., 1996).
During Mk development Runxl plays an important role in the later stages of Mk
maturation and conditionally Runx1 deleted mice develop thrombocytopenia (Ichikawa et
al.,, 2004). GATA2 has a role in HSC regulation and is also involved in
megakaryopoiesis, where it has overlapping roles with GATAL. The Hox-related gene
Meisl is highly expressed in HSC, AGM mesenchyme and aortic endothelium. In
addition Meis1 deficient embryos are anaemic with complete absence of the Mk lineage
demonstrating the importance of this transcription factor for Mk development (Azcoitia et
al., 2005; Hisa et al., 2004). Taken together HSC and the Mk lineage are closely related,
and although supporting experimental evidence has yet to be obtained, several lines of

data are compatible with a direct HSC-MKk differentiation pathway.

1.4. Mapping the fate of haematopoietic stem cells

In the process of haematopoiesis all mature cell lineages of the mammalian blood
system develop from a pool of stem cells via hierarchically organised progenitor cells.
Over the last decades progenitor populations were prospectively purified using cell
surface antigens and characterised on the functional as well as molecular level.
Subsequently multiple progenitor populations were placed in relation to each other

according to their functional lineage potentials and lineage specific gene expression
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properties, which led to the postulation of different models of lineage commitment
(Ceredig et al., 2009; Kawamoto et al., 2010; Luc et al., 2008b) (A detailed review of
haematopoietic lineage commitment models is given in section 1.1.2.). Within these
hierarchies, however, the detailed cellular pathways and the direct relationships between
stem as well as progenitor populations are largely unknown and likely involve a
sequence of progressive cell fate decisions. Detailed tracing of individual fates would
ideally require the continuous observation at the single cell level and in vivo, while
constantly evaluating cell identities using a set of surface markers or transcriptional
reporters. Although, due to technical limitations, to date this is not fully possible for the
haematopoietic system several studies have attempted to investigate single cell fates in

vitro and in vivo (Rieger and Schroeder, 2008).

1.4.1. Mapping of stem cell fates in different model organisms

Pioneering work in stem and progenitor cell tracking has been done in model organisms
like Drosophila melanogaster and C. elegans, where it has been possible to continuously
follow cell development from the stem to the mature cell at the single cell level. The adult
C. elegans has a defined cell number of less than 1000 cells. Through serial electron
microscopy or more recently time lapse imaging it has been possible to trace the
development of the entire adult organism and to define the lineage history of each single
cell (Bao et al., 2006; Kipreos, 2005; Sulston et al., 1983; White et al., 1986). Detailed
insights in stem cell behaviour and their interaction and regulation through the niche also
come from the observation of germline and somatic stem cells in the Drosophila testis.
Germline stem cells reside in contact to their niche at the apical end of the testis. Upon
asymmetric stem cell division one daughter cell remains in contact with the niche,
whereas the second daughter cell is displaced away from the niche and differentiates.
This gonial blast undergoes a defined number of cell divisions and maturation steps
before mature sperm cells are generated. Due to the relatively simple spatial

organisation and the limited number of cells involved, it has been possible to elucidate
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this process in great detail and to characterise all participating cells (de Cuevas and
Matunis, 2011; Yamashita et al., 2010). In the more complex murine haematopoietic
system such detailed analysis is prevented 1) by technical limitations in observing the
bone marrow in situ, 2) the more sophisticated spatial organisation of the stem cell
niche, 3) the higher number of cells as well as 4) the continuing challenge for
prospective identification of haematopoietic cells, in particular HSCs. However, the work
with C. elegans or Drosophila has also helped to understand haematopoiesis,
particularly stem cells, which are thought to divide asymmetrically during homeostasis,

although this is yet to be shown (Knoblich, 2008; Morrison and Kimble, 2006).

1.4.2. Mapping the fate of murine haematopoietic stem cells in vivo

Two recent studies attempted to live image HSCs in the bone marrow environment using
confocal microscopy in combination with two photon excitation technique. According to
their imaging protocol termed ex vivo imaging stem cells (EVISC) Xie et al. transplanted
phenotypic stem cells defined as LSKFIt3" from an Actb-GFP reporter mouse. 4 hours
after transplantation they harvested the femur of recipient mice and imaged a cross
section of the trabecular bone. In irradiated but not in non-irradiated hosts GFP* stem
cells homed close to the endosteal region, which has stem cell niche function, and
underwent cell division (Xie et al., 2009). In the second study Lo Celso et al. imaged dye
labelled and transplanted haematopoietic stem or progenitor cells in the calvarium bone
marrow of live mice. Also in this study close homing of stem cells to the endosteum in
irradiated hosts was observed. The most primitive cells defined as negative for the
surface marker CD34 were located closest to the bone surface. For some engrafted cells
it has been possible to track the first cell division within the first two days after
transplantation (Lo Celso et al., 2009). These studies achieved for the first time the live
observation of HSCs in their bone marrow microenvironment. However, both
experimental systems have several drawbacks. HSCs are initially only purified by

phenotypic markers, the time span for observation is limited to a few days, and most
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importantly cell identities cannot be traced .The latter could be addressed by the
utilisation of reporter lines, however, this would also only give an indication about the
identity of the observed cells. Therefore it has not been possible to make definitive

conclusions about stem cell fates in these studies.

1.4.3. In vitro fate mapping by time lapse microscopy

The development of haematopoietic cells can be traced in vitro via time lapse imaging. A
major challenge of the technique remains the provision of an environment for
intermediate to long term cell culture while achieving good imaging quality. If both needs
are met single or low numbers of purified haematopoietic cells can be followed over a
few days and surface marker as well as fluorescence reporter expression can be
recorded. For long term imaging or tracking of larger cell numbers specific software
packages for analysis of data have been developed. Wu et al. attempted to investigate
the division characteristics of HSCs in a stroma co-culture system. Haematopoietic cells
were isolated from a transgenic Notch-GFP reporter line based on the LSK phenotype.
GFP" cells from these mice are enriched in the HSC fraction and GFP is down regulated
upon differentiation (Duncan et al., 2005). Based on the GFP reporter expression Wu et
al. observed symmetric cell division that could be either commitment (GFP down
regulation) or self-renewal (maintenance of GFP expression) or asymmetric cell division
associated with down regulation of GFP in only one daughter cell. The frequencies of
each type of cell division was dependent on the stroma used for co-culture and was
altered by ectopic expression of leukaemia associated fusion proteins. Further
asymmetric GFP expression in daughter cells correlated with asymmetric distribution of
Numb a negative regulator of Notch signalling (Wu et al., 2007). Numb has been most
extensively studied in Drosophila, where it is important for asymmetric cell division
during development, particularly in the nervous system. However, it is also

asymmetrically segregated during neurogenesis as well as T cell division during the
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adaptive immune response (Cayouette and Raff, 2002; Chang et al., 2007; Zhong et al.,

1996).

Long term time lapse imaging experiments usually require the continuous tracking of a
large number of cells, even if the culture is initiated with only a single but highly
proliferative haematopoietic cell. The co-culture on a layer of stroma cells is often
desired to provide specific environmental cues for maintenance of cell identity, or
induction of differentiation along a particular pathway, which further complicates the
tracking of cultured haematopoietic cells. To achieve continuous tracking of cells of
interest at single cell resolution the Schroeder laboratory has developed a cell tracking
software. This tool allows the retrospective analysis of long term time lapse movies,
tracking of single or multiple colonies and evaluation of experimental parameters such
as cell morphology or fluorescence readout. Transcriptional reporters or even in culture
antibody staining has been applied (Rieger and Schroeder, 2008). To date this method
has been used for two different studies. In the first study the authors attempted to
continuously image the generation of haematopoietic cells from the hemogenic
endothelium. During embryonic development endothelial cells have been suggested as
precursors of the first definitive HSCs. During multiple days of observation murine
mesodermal cells derived from embryonic stem cells gave first rise to cells with
endothelial morphology and VE-cadherin expression. Later they started to detach and
initiated expression of CD41 and the pan haematopoietic marker CD45 (Eilken et al.,
2009). The second study investigated the effect of cytokines on the lineage choice of
haematopoietic cells for which an instructive or permissive mode of action has been
discussed. M-CSF or G-CSF drive GMPs to differentiate into either the macrophage or
granulocyte lineage, respectively. In presence of one of the two cytokines GMPs
proliferated and differentiated until final unilineage commitment without significant cell
death being observed. Thus, these results suggest the instructive action of both

cytokines that drive all cells towards a particular lineage rather than supporting cell
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survival and growth of only intrinsically committed cells as expected in a permissive

mode of action (Rieger et al., 2009a).

1.4.4. In vitro paired daughter fate mapping

An additional method for tracking of haematopoietic cells in vitro is paired daughter fate
mapping. Unlike time lapse microscopy, that enables observation of multiple divisions or
differentiation steps, paired daughter fate mapping evaluates a cells fate over one single
cell division. In comparison to time lapse microscopy where cells are only phenotypically
identified, paired daughter fate mapping enables the phenotypic but also functional
analysis in vitro and in vivo of traced cells as well as their molecular characterisation
(Ema et al., 2000; Takano et al., 2004). The method was developed and first performed
by Suda and colleagues in 1983, who analysed cells isolated from the spleen after HSC
mobilisation. Initial colonies from cultures in semisolid medium were separated by
micromanipulation and lineage potentials of single cells evaluated by May/Grinwald-
Giemsa staining after a secondary culture period. Single cells gave rise to colonies that
contained various mature lineages and allowed the retrospective characterisation of the
initiating cells (Suda et al., 1983). Follow up experiments included additional
micromanipulation steps, which allowed for the analysis of paired progenitors of single
cells and the underlying cell division (Suda et al., 1984b). Pedigrees of initiating single
cells were derived by repeated micromanipulation and analysis of granddaughter cells
(Suda et al., 1984a). While the above studies selectively analyse cells with high
proliferative potential that had the ability to form colonies in vitro, their cell identities
remain unknown. Paired daughter fate mapping of prospectively isolated LSKCD34
phenotypic stem cells was performed by the Nakauchi laboratory. FACS sorted single
cells were cultured in presence of various combinations of cytokines. After the first cell
division daughter cells were micromanipulated and cultured in presence of SCF, IL-3,
TPO and EPO. Resulting colonies were evaluated for the presence of neutrophils,

monocytes, megakaryocytes and erythrocytes, with cells giving rise to all 4 cell types
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being defined as stem cells. For assurance that the initiating cell was in fact a
multipotent cell, only cells that gave rise to all 4 cell types in the combination of both
daughter colonies were analysed. The authors observed symmetric cell divisions with
both daughter cells giving rise to all cell types and asymmetric divisions, where only one
daughter cell remained a stem cell with frequencies depending on the cytokines present.
Depending on the cytokine combination 20 — 50 % of cells divided asymmetrically and
symmetric stem cell renewal was best promoted by SCF + TPO. In the event of
asymmetric cell division the colonies derived from cells that had lost one or more lineage
potentials contained more than 10 different combinations of mature lineages (Ema et al.,
2000; Takano et al., 2004). Due to the nature of the assay such heterogeneity could be
the result of inefficient detection of lineage potentials rather than real lineage
commitment. Thus, although the results of these studies suggest the existence of

asymmetric stem cell divisions in vitro this remains to be conclusively proven.

The analysis of paired progenitors has also provided important information about the role
of several genes in HSC self-renewal and differentiation. Using the experimental setting
described above Nakauchi and colleagues performed gain and loss of function studies of
the polycomb gene product BMI1 that has been implicated in stem cell maintenance, as
well as the adaptor protein LNK, a negative regulator of TPO signalling. Deletion of BMI1
resulted in accelerated differentiation and a profound self-renewal defect. Conversely,
ectopic expression of BMI1 led to an increase in stem cell self-renewal underlining its
importance for this process (lwama et al., 2004). The effect of LNK deletion on HSCs is
TPO dependent and LNK deficient stem cells show advanced self-renewal potential,
which was confirmed by investigation of the cells long term repopulation activity (Seita et
al., 2007). Sarrazin et al. recently reported the monocytic transcription factor MafB as
negative regulator of M-CSF signalling. Absence of MafB resulted in enhanced
sensitivity to M-CSF and increased expression of the transcription factor PU.1 in HSCs.

Using the paired daughter cell assay together with a GFP reporter for PU.1 the authors
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revealed an increased asymmetric upregulation of PU.1 in stem cell derived paired
daughters. However, due to the lack of functional analysis it remains elusive whether a

MafB deficiency causes asymmetric cell division (Sarrazin et al., 2009).

1.5. Haematopoiesis in the embryo

1.5.1. Primitive haematopoiesis

Embryonic haematopoiesis occurs in two distinct waves, the primitive wave primarily
characterised by the emergence of red blood cells, which initially express foetal
haemoglobin, and the definitive wave that in large parts resembles adult haematopoiesis
and is derived from definitive HSCs (Fig. 1.4) (Dzierzak and Speck, 2008). The first
primitive blood cells emerge in the mouse embryo at day 7-7.5 after conception (E7-7.5)
and are thought to be derived from a mesodermal precursor. This haemangioblast can
give rise to haematopoietic as well as endothelial cells and was first described in the
chick embryo almost a century ago (Murray, 1932; Sabin, 1920). Functional evidence for
the existence of the haemangioblast came from in vitro studies with embryonic stem
cells where so called blast colony-forming cells could give rise to haematopoietic as well
as endothelial precursors (Choi et al., 1998; Fehling et al., 2003). In early stage mouse
conceptuses haemangioblasts could be identified in the posterior region of the primitive
streak expressing the mesoderm marker brachyury as well as the vascular endothelial
growth factor receptor FIk1 (Huber et al., 2004). From there they migrate to the yolk sac
(YS) where they generate progenitors of haematopoietic as well as endothelial cells,
give rise to primitive erythrocytes as well as parts of the YS vasculature, and contribute
to the formation of the embryonic blood islands (Ferkowicz and Yoder, 2005; Ueno and

Weissman, 2006).

During primitive haematopoiesis the vast majority of cells formed are primitive

erythrocytes, and erythroid as well as macrophage progenitors are the first cells
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detected in the embryo. Primitive erythroid progenitors can be found in the YS from E7
on but are only maintained for two days after which they get replaced by erythroid cells
that express the adult isoforms of haemoglobin (Palis et al., 1999). Furthermore this
wave has been shown to produce the first Mk progenitors that have been isolated as
early as E7.5 from the YS and form Mk colonies in vitro when cultured in the presence of

SCF, IL-3, IL-6, EPO and TPO (Xu et al., 2001).
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Figure 1.4: Timeline of emergence and development of haematopoietic activity in
the mouse embryo

First primitive haematopoietic cells emerge around day E7 in the yolk sac. Definitive
haematopoiesis is initiated at E10.5 when first definitive HSCs emerge in the AGM. Bars
represent the presence of haematopoietic activity in the respective embryonic tissues.
Arrows indicate the times when pre-definitive or definitive HSCs can first be found in
different tissues. Embryonic day (E), para-aortic splanchnopleura (P-Sp), aorta-gonad-

mesonephros (AGM). Adapted from Dzierzak and Speck, 2008.
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1.5.2. Emergence of HSCs and definitive haematopoiesis

Definitive HSCs are defined by their ability to give long term reconstitution of irradiated
adult hosts. In the embryo these cells first emerge at E10.5 (after the 35 somite stage)
when they can be isolated from a structure consisting of the aorta, gonads and
mesonephros (Medvinsky and Dzierzak, 1996). Slightly later, at E11 (or 42 somite stage)
definitive HSCs can also be found in the foetal liver (Muller et al., 1994; Sanchez et al.,
1996). This very stringent definition of definitive stem cells led to the conclusion that no
stem cells are present at earlier stages of development. However, earlier HSCs might
simply require the specific microenvironment present in the embryo and therefore could
be unable to reconstitute adult hosts. In fact there are now several lines of evidence
suggesting the existence of immature or pre-HSC that despite lacking the potential to
reconstitute adult wild type mice have stem cell properties. Such multipotent
haematopoietic progenitors have first been identified at E9 in the para-aortic
splanchnopleura (P-Sp) that develops into the AGM at later stages. These cells can give
rise to multiple lineages in vitro and are phenotypically characterised by the expression
of c-Kit, CD41 and a combination of CD31, CD34 and AA4.1, whereas they lack the pan-
haematopoietic marker CD45. When isolated at E10 from the P-Sp/AGM region they are
able to long term reconstitute sub-lethally irradiated mice deficient of Rag2 and the
common gamma chain (Rag2cy™) (Bertrand et al., 2005; Cumano et al., 1996; Cumano
et al., 2001; Godin et al., 1995; Godin et al., 1999). Recent studies show that immature
HSCs can give rise to definitive HSCs in vitro. After culture for 7 days on OP9 stroma in
the presence of TPO or in P-Sp organ culture immature HSC upregulated the expression
of the definitive stem cell markers CD150 and Sca-1 and gained the ability to
reconstitute lethally irradiated wild type recipients. Thus, immature HSCs might also give

rise to definitive HSCs during embryonic development (Kieusseian et al., 2012).

Early on also the YS was proposed to be the first site of definitive haematopoiesis in

addition to or instead of the P-Sp/AGM (Moore and Metcalf, 1970). However, tissue
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grafting experiments with avian embryos showed that cells from the definitive
haematopoietic wave rather originate from the embryonic body that includes P-Sp/AGM
and extra-embryonic allantois that later develops into the placenta (Dieterlen-Lievre,
1975; Turpen et al., 1981). More recently further evidence supporting the YS as site of
origin of HSCs in the mouse came from several studies performed by Yoder and
colleagues. By using neonatal rather than adult recipients they were able to reveal long
term reconstitution potential in CD34" yolk sac cells as early as E9 (Yoder et al., 1997).
However, since circulation is established and the heart starts to beat already at E8.25, it
was still unclear whether these cells were generated in the yolk sac or transferred from
other tissues (Ji et al., 2003). To circumvent that problem Ncx1” embryos were analysed
that do not develop a beating heart (Koushik et al., 2001). Although haematopoietic
progenitors could be detected in the yolk sac but not in the embryo proper as early as
E8.5, no reconstitution experiments were performed, and therefore no definitive data
about stem cell activity obtained. Furthermore despite the lack of a beating heart

progenitors could still have transferred between tissues by diffusion (Lux et al., 2008).

In addition to P-Sp/AGM and YS haematopoietic cells have been detected in the
allantois as well as the placenta before the onset of circulation. These are mainly
definitive erythroid as well as myeloid cells; although after pre-culture multipotent
clonogenic progenitors could be detected in semisolid medium. The expression of c-Kit
as well as CD41 also indicates the presence of haematopoietic cells at that early point
(Corbel et al., 2007; Zeigler et al.,, 2006). Definitive stem cells with long term
reconstitution potential in the placenta were only observed at embryonic day 11 (Gekas
et al., 2005; Ottersbach and Dzierzak, 2005). While these results demonstrate general
haematopoietic potential in the allantois/placenta there is no evidence for de novo

generation of HSCs in these tissues.
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1.5.3. The hemogenic endothelium as origin of definitive HSCs

Several studies of murine as well as avian haematopoiesis demonstrate a close
relationship of endothelial and first haematopoietic cells, and point towards the
hemogenic endothelium as origin of definitive HSCs (Jaffredo et al., 1998; Nishikawa et
al., 1998). The first long term repopulating stem cells can be found in the AGM at
embryonic day 10.5. At the same time clusters of haematopoietic cells emerge in close
proximity to the ventral endothelium of the dorsal aorta, the vitelline and umbilical
arteries (Jaffredo et al., 2005). Metabolic lineage tracing and retroviral labelling
confirmed these clusters to be derived from endothelial cells (Jaffredo et al., 1998). AGM
stem cells express a set of markers including CD45, Sca-1, c-Kit, CD34, Runx1l and
GATAZ2 that with exception of CD45 are all also present on the aortic endothelium (de
Bruijn et al., 2002; North et al., 2002; Sanchez et al., 1996). Furthermore the majority of
HSCs in the AGM express VE-cadherin a surface protein otherwise considered as a

marker for endothelial cells (North et al., 2002).

Other studies also provide some evidence for HSC generation from mesenchymal cells
underlying the endothelium in the ventral area of the dorsal aorta as well as the so called
subaortic patches. Cells from both regions that do not express CD45 have been shown
to harbour some reconstitution potential in immune deficient recipients (Bertrand et al.,
2005). However, CD45" cells located in the haematopoietic clusters and aortic
endothelium are able to reconstitute wild type recipients and are far more potent (de

Bruijn et al., 2002; North et al., 2002).

The transcription factor Runx1 has been identified to play a key role in the development
of definitive haematopoiesis. Although primitive erythrocytes are not affected by Runxl1
deletion, definitive progenitors including definitive stem cells fail to develop (Okuda et al.,
1996). Experiments with a lacZ reporter system for Runxl show the initiation of its

expression before the emergence of haematopoietic clusters in the dorsal aorta, vitelline
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and umbilical arteries (North et al., 1999). A recent study utilizing conditional Runxl
deletion shows that Runxl is specifically required for the transition from hemogenic
endothelium to HSCs, but is dispensable for stem cell maintenance or immediate

downstream progenitors (Chen et al., 2009).

Recent attempts to directly observe the generation of HSCs from endothelial cells using
time lapse imaging have provided further support for the hemogenic endothelium. In
zebrafish embryos haematopoietic cells emerge by egress and transformation of single
endothelial cells from the aortic wall without cell division (Kissa and Herbomel, 2010).
Subsequently these cells give rise to the complete adult haematopoietic system
(Bertrand et al., 2010). In vitro continuous single cell tracing of endothelial cells on
stroma co-culture showed the direct generation of haematopoietic cells also in the
mouse system (Eilken et al., 2009). This was confirmed by imaging studies of the live
mouse embryo. Ventral aortic hemogenic endothelial cells gave directly rise to
phenotypic stem cells defined by the expression of Sca-1, c-Kit and CD41 (Boisset et al.,
2010). Although these studies allow the direct visualisation of the emergence of
haematopoietic cells they are limited by the only phenotypic identification of HSCs. Long
term reconstitution experiments would be required to unambiguously confirm stem cell

identity.

1.5.4. Haematopoiesis in the foetal liver

The first haematopoietic cells appear in the foetal liver around E9 (Houssaint, 1981).
These primarily erythroid and myeloid progenitors are not de novo generated in the
foetal liver but rather arrive through blood circulation from multiple sites including AGM
and yolk sac (Delassus and Cumano, 1996; Kumaravelu et al., 2002). The first definitive
HSC migrate to the foetal liver around E11 from the AGM where they emerge slightly
earlier (Muller et al., 1994). However, quantification of HSC numbers during foetal liver

seeding suggest that in addition to the AGM also yolk sac and placenta contribute to the
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foetal liver stem cell pool. These tissues might not be the origin of HSCs but could serve
as sites for per-HSC maturation or expansion of definitive HSCs (Kumaravelu et al.,
2002). During the following days of embryonic development foetal liver haematopoiesis
massively expands with stem cell numbers increasing 30-40 fold between E12 and E16
(Ema and Nakauchi, 2000). Definitive stem cells isolated from the foetal liver differ from
their adult counterparts in several ways. They are characterised by their high cell cycle
activity, in contrast to quiescent adult HSCs, and express the surface markers CD4,
CD34, Mac-1 and AA4.1. Their higher capacity to proliferate also makes them more
efficient in repopulation of lethally irradiated recipient mice (Bowie et al., 2007; Jordan et
al., 1990; Morrison et al., 1995). At E15 haematopoiesis eventually moves to the bone

marrow and foetal liver haematopoiesis declines again (Dzierzak and Speck, 2008).

The results from several studies suggest foetal liver haematopoiesis to be slightly
different from the classical model describing its adult counterpart. CLP and CMP are the
key progenitors supporting this model of haematopoiesis in the adult. However, attempts
to purify corresponding populations from the foetal liver have not been successful.
Phenotypic CLPs isolated from E14.5 foetal liver possess besides B and T cell potential
also the ability to generate macrophages, potentially due to lower expression of the
myeloid-suppressing transcription factor PAX5 (Mebius et al.,, 2001). Similarly
phenotypic CMPs retain residual B cell potential in addition to myeloid/Mk/E potentials,
which stands in conflict with the lympho-myeloid bifurcation of the classical model
(Traver et al., 2001). Based on the characterisation of foetal liver progenitors in their in
vitro foetal thymus organ culture system, Katsura and colleagues first proposed the
myeloid model of haematopoiesis in the embryo. In their hands foetal liver progenitors
always retained GM potential until unilineage differentiation and cells with exclusive B/T
restriction were never observed (Kawamoto et al.,, 1997; Lu et al., 2002). Since more

recent findings are also supporting a myeloid based model for adult haematopoiesis, the
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pathways of lineage commitment in the two systems might not be as different as the

initial results suggested (Kawamoto, 2006; Kawamoto et al., 2010; Luc et al., 2008b).

1.5.5. The emergence of embryonic lymphopoiesis

Erythroid, Mk and myeloid lineages already appear at very early stages of
haematopoietic development before the emergence of definitive HSCs and respective
progenitors have been identified. Experimental results for the lymphoid lineage are
different and lymphoid restricted progenitors have not been identified until E12. Cells
isolated at that or later stages harbour, in agreement with the myeloid model, either B, T
and myeloid potential or have been shown to be bipotent for B and macrophage
potentials (Cumano et al., 1992; Lacaud et al., 1998; Mebius et al., 2001). Thus, these
results suggest that lymphoid commitment in the embryo might only emerge downstream
of definitive HSCs. However, lymphoid potential has been identified at stages before the
emergence of definitive stem cells as early as E9. Immature or pre-HSCs isolated from
P-Sp/AGM or yolk sac are multipotent and have the ability to give rise to lymphoid
lineages (Godin et al., 1995; Yoder et al., 1997). Furthermore low level expression of the
early lymphoid genes encoding for RAG1 and IL-7Ra has been detected at embryonic
day 10.5. Cells that expressed a GFP reporter for RAG1 could be detected by flow
cytometry, however, they were not isolated or characterised (Kawamoto et al., 2000;
Yokota et al., 2006). In a very recent study Yoder and colleagues were able to identify a
T lymphoid progenitor in the E9.5 yolk sac. The cells produced T cells when cultured on
OP9DL1 stroma and pre-cultured cells can generate mature T cells after transplantation
in vivo. Thus, these experiments indicate the existence of lymphoid restricted cells

already prior to definitive haematopoiesis (Yoshimoto et al., 2012).
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1.6. T cell development

While most haematopoietic cell lineages fully develop in the bone marrow large parts of
thymopoiesis take place in the thymus that provides the specific microenvironment
required for T cell generation. The thymus itself does not harbour any long term self-
renewal potential and thymopoiesis is therefore dependent on regular replenishment by
stem cell derived progenitors from the bone marrow (Donskoy and Goldschneider, 1992;
Scollay et al., 1986). In the thymus these cells undergo T lineage restriction and T cell
receptor rearrangements accompanied by positive and negative selection before they
eventually enter the blood stream as naive T cells (Fig. 1.5). Although later stages of T
cell development have been elucidated, thymus seeding and the identity of the thymus
seeding progenitor as well as the early T lineage restriction process are yet to be

completely understood (von Boehmer et al., 2003).
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Figure 1.5: Schematic representation of T cell development

Candidate thymus seeding progenitors (TSPs, yellow bar) transfer from the bone marrow
via circulation to the thymus. TSP derived early thymic progenitors (ETPS) represent the
most primitive cell in the thymus. T cell development progresses via double negative
(DN, CD4CD8) populations, DN1 (overlapping with the ETP, CD44°CD25), DN2
(CD44'CD25"), DN3 (first T committed stage, CD44 CD25"), DN4 (CD44 CD25) and the
double positive (DP, CD4'CD8") population. Eventually single positive (SP, CD4" or
CD8") naive T cells leave the thymus into blood circulation. Haematopoietic stem cell
(HSC), lymphoid-primed multipotent progenitor (LMPP, LSKFIt3"), early lymphoid
progenitor (ELP, LinCD27"cKit"Scal"Rag1-GFP"), common lymphoid progenitor (CLP,

Lin'IL-7Ra’c-Kit°Sca-1"). Adapted from Bhandoola et al., 2007.

1.6.1. Early thymic progenitors and adult thymopoiesis

Early progenitor populations in the thymus are characterised by the lack or low level
expression of the T cell co-receptors CD4 and CD8. This double negative (DN) subset of
thymocytes has been further subdivided by the surface expression of CD25 and CD44
into 4 developmental stages. The DN1 population expresses CD44 and is negative for
CD25. The following stages include the sequential up-regulation of CD25 (DN2), down-
regulation of CD44 (DN3) and eventually the down-regulation of both markers (DN4)
(Godfrey et al.,, 1993). The change in surface marker expression goes along with
progressive maturation and significant expansion of the cells. At DN2 T cell receptor
rearrangement is initiated with B, y as well as ® but not yet a chains and continues
through DN3, which is also the stage of definite T lineage commitment (Fehling and
vonBoehmer, 1997; ZunigaPflucker and Lenardo, 1996). Proceeding from DN4
thymocytes start the expression of CD4 and CD8. At this double positive (DP) stage the
cells express functional T cell receptors and undergo positive selection, which also

determines the fate to become an either CD4" or CD8" T cell, followed by negative
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selection (Starr et al., 2003). After about 3 weeks thymocytes leave the thymus as naive

T cells into the bloodstream.

The most primitive population of double negative thymocytes (DN1) has been further
subdivided based on the expression of c-Kit and the heat stable antigen (HSA) CD24
into 5 subsets termed as DN1a to DN1e, which can all produce T cells but differ in their
kinetics of differentiation and proliferative potential (Porritt et al., 2004). The c-Kit positive
ETPs, which overlap with the DN1a and DN1b subsets are regarded as the most
primitive cells isolated from the thymus, and as such are thought to be directly derived
from thymus seeding progenitors (Allman et al., 2003; Porritt et al., 2004; Sambandam et
al., 2005). Further purification of the ETP was achieved using FIt3 receptor expression
that is present on approximately 10 % of ETPs but completely absent from DN2 cells as
well as all downstream progenitors. FIt3" ETPs are up to 20-fold more proliferative when
injected intrathymically and show slower differentiation kinetics in in vitro cultures
compared to their FIt3° counterparts (Sambandam et al., 2005). In a separate attempt
ETPs were subdivided by CC chemokine receptor 9 (Ccr9) reporter labelling. CCR9
plays a role in thymus seeding and is therefore likely expressed on the most primitive
ETPs (Zlotoff et al., 2010). Indeed the 20 % of ETPs that expressed high levels of Ccr9
were most proliferative and gave slower rise to downstream progenitors (Benz and Bleul,

2005).

In addition to strong T cell potential thymocytes have been shown to produce B cells, NK
cells, dendritic cells as well as myeloid cells. Mice with defective T cell development
caused by the absence of Notch signalling have strongly increased numbers of B cells in
the thymus (Radtke et al., 1999; Wilson et al., 2001). The origin of these cells, however,
remains controversial since they could be derived from thymic progenitors that commit to
the B rather than the T lineage, or B cells might just colonise the empty thymus

(Feyerabend et al., 2009). This is supported by the fact that B cells express the
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chemokine receptors CCR7 and CCR9 that are involved in attracting cells to the thymus
(Bowman et al., 2000; Zlotoff et al., 2010). Similarly, besides their ability to generate T
cells ETPs also possess the potential for development of NK cells, dendritic cells and
retain some B and myeloid potential (Lu et al., 2005; Matsuzaki et al., 1993). Recent
studies showed that the B cell potential is limited to ETPs that express either FIt3 or
Ccr9. When evaluated in vitro 3 % of single Ccr9" ETPs gave rise to colonies containing
cells from B as well as T lineage, confirming that they are not just B cell progenitors
(Benz and Bleul, 2005). Using a limiting dilution approach B cell potential could be
detected in vivo at an estimated frequency of about 1 in 500 cells (Sambandam et al.,
2005). As the frequencies of B cell potential in both studies are very low and others
failed to detect B cell potential at all, this remains a subject of debate (Balciunaite et al.,
2005hb). The above studies analysed ETPs that were isolated from adult mice at the age
of 3 weeks or older. Thymic B cell potential has been shown to be age dependent with
highest frequencies at birth and declining thereafter (Ceredig et al., 2007; Montecino-
Rodriguez et al., 1996). However, due to the lack of combined lineage potentials from
single cells it is unclear whether this reflects higher B cell potential in primitive
thymocytes, increased frequencies of such cells or simply the presence of B cell

progenitors.

As indicated above, ETPs have been shown to harbour significant myeloid potential.
This is not confined to the most primitive Ccr9* ETP fraction but can be found in all Lin’
CD25c-Kit" ETPs (Benz and Bleul, 2005). A more detailed analysis of ETPs using an in
vitro culture system for combined readout of T and myeloid potentials revealed that more
than 80 % of single ETPs can give rise to both lineages (Bell and Bhandoola, 2008).
This was confirmed by studies of the most primitive double negative subpopulation
(DN1) that largely overlaps with ETPs. Single DN1 cells retained significant myeloid
potential and gave predominantly rise to macrophages but only low frequencies of

granulocytes (Wada et al., 2008). Although at lower frequencies, the myeloid potential is
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also maintained in downstream lymphoid progenitors. 13 % of DN2 cells were found to
give rise to combined T and myeloid colonies but exclusively generated macrophages
and no granulocytes (Bell and Bhandoola, 2008; Wada et al., 2008). The likely
overlapping populations of ETPs and DN1 cells that possess combined T and myeloid
potentials probably also contain the FIt3" or Ccr9* subsets with B lymphoid potential.
However, since the frequency of B potential is very low, even within the Flt3" or Ccr9*

subsets, it was not detected in the total ETP or DN1.

The erythroid and Mk potentials of thymocytes have not been studied in much detail and
both potentials were not investigated in the recent ETP studies described above (Bell
and Bhandoola, 2008; Benz and Bleul, 2005; Sambandam et al., 2005; Wada et al.,
2008). One early study addressed the question by analysing in vivo and in vitro erythroid
potential of primitive CD4" T cell progenitors. Upon intravenous transplantation these
cells did not give rise to any erythroid colonies on the spleen and neither were they able
to form erythroid colonies in vitro. However, in contrast to several recent studies
described above the examined progenitors also failed to generate myeloid cells (Wu et
al., 1991). Thus, it remains unclear whether there is in fact no erythroid potential in the
thymus or the used assays simply failed to detect it. The evaluation of Mk/E potential in
the thymus has particularly important implications for the nature of the as yet unknown
thymus seeding progenitor, and presence of both potentials would point to a multipotent

or stem cell like cell seeding the thymus.

1.6.2. Thymus seeding progenitors

The thymus does not contain a permanent self-renewing stem cell population and
thymopoiesis is maintained by the import of bone marrow derived progenitors through
circulation (Donskoy and Goldschneider, 1992). Although several attempts have been
made to identify the particular progenitor that is responsible for thymus seeding, and

multiple candidates have been proposed, the thymus seeding progenitor (TSP) is yet to
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be identified (Bhandoola et al., 2007). All TSP candidates fulfil the important
requirements for thymus seeding: significant proliferative potential, the ability to give rise
to T cells and presence in the blood while transferring from bone marrow to thymus.
However, since progenitors might only be present in the blood for a short period of time
and at limited numbers the actual TSP might not have been detected yet. Candidate
thymus seeding cells include HSCs, multipotent progenitors, LMPPs and early lymphoid
progenitors (ELP, LinCD27*c-Kit"Sca-1"Rag1l-GFP"), CLPs and the CLP-2 as well as
circulating T cell progenitors (Balciunaite et al., 2005a; Gounari et al., 2002; Igarashi et
al., 2002; Martin et al., 2003; Perry et al., 2006; Schwarz and Bhandoola, 2004; Umland
et al., 2007; Wright et al., 2001). While ongoing efforts towards identification of the TSP
are being made it remains possible that the thymus is seeded by multiple different

progenitors from the bone marrow (Bhandoola et al., 2007).

According to the classical model of haematopoiesis the CLP gives rise to unilineage
committed T and B cell progenitors and as such would be a candidate for seeding the
thymus (Kondo et al., 1997). CLPs were shown to retain significant myeloid potential
compatible with myeloid potential of downstream ETPs (Ehrlich et al., 2011). However, in
intrathymic transplantations ETPs were more potent than CLPs in giving rise to T cells
making the CLP unlikely to be the precursor of ETPs. This is supported when comparing
the surface marker phenotypes of both populations. ETPs do express high levels of the
early bone marrow progenitor markers c-Kit and Sca-1, which are only present at low
levels on CLPs. In mice deficient for the transcription factor lkaros CLPs were absent
from the bone marrow, whereas ETPs could be detected at normal levels suggesting

that ETPs develop through a CLP independent pathway (Allman et al., 2003).

More primitive candidate thymus seeding progenitors including HSCs are more potent
and therefore potential precursors for ETPs. However, despite the fact that HSCs

produce T cell efficiently in ex vivo cultures or after intrathymic injections, they fail to
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home to the thymus after intravenous injection into non-irradiated recipients. LMPPs on
the other hand readily generated double negative as well as double positive T cell
progenitors after intravenous transplantation (Schwarz et al., 2007). The chemokine
receptors CCR7 and CCR9 that are expressed on LMPPs but not on HSCs have been
shown to be important for thymus seeding. Mice deficient for both receptors, that are
thought to have at least partly redundant functions, have severe reductions in ETPs and
cells deficient for both receptors completely fail to home to the thymus in a competitive
setting (Lai and Kondo, 2007; Zlotoff et al., 2010). Furthermore the upregulation of
CCR9 has been demonstrated to be dependent on Flt3 signalling, since FIt3 ligand
deficient bone marrow progenitors fail to express the CCR9 protein or transcript
(Schwarz et al., 2007). Collectively these results point towards a thymus seeding
progenitor such as the LMPP that expresses Flt3 as well as CCR7 and CCR9, and in
accordance with its proliferative and lineage potentials can function as a precursor of the
ETP (Adolfsson et al., 2005; Lai and Kondo, 2006, 2007; Schwarz et al., 2007; Zlotoff et

al., 2010). The exact identity of such progenitor, however, remains to be determined.

1.6.3. Regulation of T cell development

The development of unilineage committed T cell progenitors and naive T cells from
multipotent early thymic progenitors is highly regulated stage specific process, that
requires the interplay of multiple extrinsic and intrinsic regulators (Rothenberg et al.,
2008). Notch signalling in T cell development has been extensively studied and Notch
plays a key role in T lineage specification (Radtke et al., 2004). Other important extrinsic
regulators include cytokines such as SCF and IL-7, but also Wnt signalling that is
specifically required for the later stages of T cell development (Kang and Der, 2004,
Massa et al., 2006; Staal and Clevers, 2003). T cell specification is regulated by multiple
transcription factors, several of which have important functions in other differentiation

programs such as PU.1, Ikaros, E2A, Runx1 and many more. Others including GATAS,
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HES1, TCF1 and BCL11B are much more specific for the T cell lineage (Rothenberg,

2012).

1.6.3.1. Notch signalling in T cell specification

The Notch signalling pathway is highly conserved between species, essential for early
development and deletions of Notch receptors in mice lead to embryonic lethality
(Swiatek et al., 1994). In vertebrates there are 4 Notch receptors (Notch1-4) that bind 5
different ligands (Delta-like (DLL)1, -3, 4 and Jagl and -2) (Bray, 2006). In the thymus
different Notch ligands are expressed in thymus epithelial cells (TEC) as well as the
vasculature, with DLL4 expression in TECs being the key determinant for T cell
specification (Hozumi et al., 2008; Koch et al., 2008; Thompson and Zuniga-Pflucker,
2011). The important role of Notch in thymopoiesis has been supported by multiple loss
and gain of function studies. Conditional deletion of the Notchl receptor, DLL4 or RBP-
Jk, a transcription factor and integral part of canonical Notch signalling, results in the
block of T cell differentiation at the DN1 stage. At the same time B cells are
accumulating in the thymus (Han et al., 2002; Hozumi et al., 2008; Koch et al., 2008;
Radtke et al., 1999; Wilson et al., 2001). Whether this is the result of an altered lineage
choice of ETPs or B cells entering from the periphery is a matter of controversy
(Feyerabend et al., 2009). When the Notchl intracellular domain was overexpressed in
bone marrow progenitors B cell development was blocked and double positive T cells
could be detected in the bone marrow (Pui et al., 1999). These results suggest that
Notch signalling is both required and sufficient to instruct T cell commitment in the
thymus. In further support Notch ligands have also been shown to promote T cell
differentiation of various haematopoietic progenitors in vitro (Schmitt and Zuniga-
Pflucker, 2002). Although Notch signalling is the key driver of thymopoiesis, once T cell
progenitors are past the DN3 stage and are fully committed to the T cell lineage Notch

signalling is no longer required (Wolfer et al., 2001).
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1.6.3.2. Transcriptional regulation in interplay with Notch

GATA3 is a T lineage specific transcription factor and one of the earliest downstream
targets of Notch signalling with important roles from the ETP stage to mature T cell
activation (Hendriks et al., 1999; Ting et al., 1996). Studies with mice bearing different
GATAZ3 alterations demonstrated that GATA3 is redundant for LMPPs or CLPs, but
ETPs are strongly reduced in its absence (Hosoya et al., 2009). GATAS regulation is not
very well understood, but gain and loss of function studies suggest that T cell
development requires a specific dose of GATA3. While at normal levels it promotes T
cell specification together with Notch, GATA3 overexpression results in a block at DN2

and drives T cell precursors into the mast cell lineage (Taghon et al., 2007).

The transcription factor HES1 is a direct target of Notch signalling and expressed from
ETPs to the DN4 stage (Tan et al.,, 2005). Since the deletion of HES1 results in
embryonic lethality its role in T cell development was recently evaluated in mice using a
conditional knockout approach. Similar to Notch ligand and receptor deletions these
mice had severe reductions in all T cell progenitor populations including ETPs. However,
this did not lead to accumulation of B cells in the thymus as seen for Notch suggesting
that the suppression of B cell potential through Notch might be mediated by a HES1
independent pathway. Furthermore HES1 appears to be specifically important for the
earliest ETP/DN1 populations but is dispensable for later stages of T cell development

(Wendorff et al., 2010).

An additional T lineage transcription factor and target gene of Notch signalling is the
transcription factor BCL11B. Unlike HES1 BCL11B is only upregulated when cells
progress from ETPs to the DN2 stage (David-Fung et al., 2009). In accordance BCL11B
deficient mice show a differentiation block at the DN2/DN3 transition but not at earlier
stages. These mice have normal DN2 cellularity, however, when cultured in vitro

Bclllb”™ DN2 cells continuously divide for more than 4 weeks without further
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differentiation. Gene expression analysis revealed that knockout DN2 cells failed to
repress several stem and progenitor genes and upregulated NK genes. In contrast to
their wild type counterparts Bcll1b™ can generate NK cells and even myeloid cells when
cultured in myeloid promoting conditions (lkawa et al., 2010; Li et al., 2010). These
results suggest that BCL11B maintains T cell development and contributes to T cell

specification by downregulation of other lineage programs.

Notch signalling is the major driver of T cell commitment and differentiation in the thymus
that feeds into a network of multiple downstream transcription factors. GATA3, HES1
and BCL11B are three of those regulators involved in promotion of T cell development at

different stages but many more are required during thymopoiesis.

1.6.4. Embryonic thymopoiesis

The embryonic thymus development starts at around E10.5 when the thymus anlage is
derived from endodermal cells in the third pharyngeal pouch (Blackburn and Manley,
2004). Although the thymus is not vascularised until around E12.5 colonisation is already
initiated at E11 (Mori et al., 2010). Thymus seeding progenitors exit circulation and,
attracted through CCR7 and CCR9 signalling, migrate through the mesenchymal tissue
to the thymus anlage (Liu et al., 2006; Liu et al., 2005). The first mature T cells emerge
from the embryonic thymus at E14 and express the yo-T cell receptor, whereas
significant numbers of aB-T cells cannot be detected before E19 (Snodgrass et al.,
1985a; Snodgrass et al., 1985b). Although attempts have been made to isolate and
characterise the earliest cells in the thymus or the seeding progenitors, due to
methodological constrains and the infrequency of these cells, it has been difficult to
prove their identity. It was suggested that early progenitors with DN1 phenotype isolated
from E12 thymi were able to generate T, B and myeloid cells (Hattori et al., 1996).
Another study that detected B, T and myeloid potential in thymi of E12 embryos

suggested that the embryonic thymus might at least partly be seeded by HSCs (Peault
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et al.,, 1994). Single cell analysis, however, revealed that most cells were T lineage
committed and some cells gave rise to B or myeloid cells, whereas no multipotent or
stem cells that could produce more than one lineage were detected (Kawamoto et al.,
1998). Through later analysis it was shown that the thymus seeding cells with high T cell

potential also retain NK as well as dendritic cell potential (Masuda et al., 2005).

1.7. Aims of the present work

The alternative roadmap describes the bifurcation of lympho-myeloid and myeloid-Mk-E
lineages as first haematopoietic commitment event. However, several aspects of this
lineage restriction process remain poorly understood. Therefore the studies described in
this thesis aimed to further investigate the early lympho-myeloid pathway during
embryonic development (Chapter 2) as well as adult thymopoiesis (Chapter 3), to
explore early megakaryopoiesis as part of the myeloid-Mk-E pathway (Chapter 4) and to

evaluate the initiation of this lineage specification in HSCs (Chapter 5).
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2. Lympho-myeloid progenitors emerge prior to

definitive haematopoietic stem cells

2.1. Introduction

The classical haematopoietic road map describes the bifurcation of myeloid/Mk/E and
lymphoid pathways as the earliest lineage commitment event and has been supported
by the isolation of common myeloid as well as common lymphoid progenitors (CMP,
CLP) (Akashi et al., 2000; Kondo et al., 1997). Experimental evidence challenging this
classical model was first obtained from studies of embryonic haematopoiesis that
reported the detection of B/myeloid and T/myeloid restricted progenitors but never
observed B/T or lymphoid restricted cells. This suggested the existence of a common
lympho/myeloid progenitor rather than the CLP, and led to the proposal of the myeloid
based model of lineage commitment. According to this model all progenitors maintain
myeloid lineage potential up to the bipotent stage and the earliest lineage commitment
event results in the generation of a CMP as well as a common myeloid/lymphoid
progenitor (CMLP) (Kawamoto et al., 1998; Kawamoto et al., 2010; Lu et al., 2002). This
lympho-myeloid progenitor has now been prospectively isolated in adult haematopoiesis
and been characterised at the single cell level (Adolfsson et al., 2005). These LMPPs
give rise to lymphoid as well as myeloid cells after transplantation in vivo and in vitro
culture but have lost the potential to generate Mk/E lineages. Although, additional
purification and detailed molecular characterisation confirmed the lympho-myeloid
identity of the LMPP (Luc et al., 2008a; Mansson et al., 2007), several other reports
claim it to possess significant in vivo MK/E potential (Boyer et al., 2011; Forsberg et al.,

2006). Therefore the existence of a lympho-myeloid pathway instead of or in addition to
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the CLP dependent purely lymphoid pathway of the classical model remains disputed.
Moreover, the classical as well as alternative haematopoietic road maps are largely
based on the lineage potentials of haematopoietic progenitors that have been
characterised in vitro or in non-physiological transplantation settings with irradiated
recipients in vivo. The thereby detected lineage potentials might not resemble the
physiological fate choice of the respective progenitor during homeostasis. The
physiological relevance of the lympho-myeloid pathway was recently challenged by in
vivo fate mapping studies using an ll7ra reporter line. While the majority of thymic T cells
were labelled and had therefore developed through an I17ra” lymphoid pathway, thymic
myeloid cells remained largely unlabelled indicating their development through an 1l7ra
independent route (Schlenner et al.,, 2010; Schlenner and Rodewald, 2010). Thus,
although these results are compatible with a lympho-myeloid pathway that branches
before the initiation of llI7ra expression, its physiological relevance has yet to be

established.

Foetal haematopoiesis emerges in two distinct waves. The primitive wave that comprises
mainly erythroid cells, but also myeloid and Mk lineages emerges from the yolk sac at
around embryonic day 7 (Medvinsky et al., 2011; Palis et al., 1999). Definitive stem cells
have first been isolated from the AGM region at day 10.5 (Medvinsky and Dzierzak,
1996). Other studies point to the yolk sac as site of generation for definitive HSCs
(Yoder et al., 1997). However, since circulation has already been established at this
point of development the site of HSC emergence has not yet been conclusively
established and definitive stem cells might even be generated at multiple sites (Delassus
and Cumano, 1996; Kumaravelu et al., 2002). The foetal liver, which does not contribute
to de novo HSC production, is colonized at day 11 and becomes the main site of
embryonic haematopoiesis until it eventually moves to the bone marrow (Ema and
Nakauchi, 2000; Muller et al., 1994). While myeloid, Mk and erythroid cells appear

already early during development, lymphoid progenitors are thought to be derived from
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definitive stem cells. The first progenitors with lymphoid potential have been isolated
around embryonic day 12 and, in agreement with the myeloid model, possessed the
combination of lymphoid and myeloid potentials (Cumano et al., 1992; Lacaud et al.,
1998; Mebius et al., 2001). While in the studies by Mebius et al. progenitors were only
investigated at the population level, Cumano, Lacaud and colleagues reported single cell
derived colonies with lymphoid and macrophage content. However, lymphoid potential
has been detected in the embryo at much earlier stages prior to the emergence of
definitive stem cells. Several lines of data also suggest the existence of immature or pre-
HSC, that are not able to reconstitute irradiated adult recipients, but possess all
including lymphoid lineage potentials (Bertrand et al.,, 2005; Cumano et al., 1996;
Cumano et al., 2001; Godin et al., 1995; Kieusseian et al., 2012). Further evidence for
the early emergence of lymphoid potential comes from gene expression analysis that
detected the low level expression of the key lymphoid regulators II7ra and Ragl already
at the time of definitive HSC emergence (Kawamoto et al.,, 2000; Mombaerts et al.,
1992; Peschon et al., 1994a; Yokota et al., 2006). Although this could be the result of
multilineage gene priming in multipotent cells, in adult haematopoiesis priming for these
two genes does not initiate in HSCs but rather in the first lympho-myeloid restricted

progenitors (Adolfsson et al., 2005; Hu et al., 1997; Ng et al., 2009).

In this study a lympho-myeloid progenitor is identified in the foetal liver at day E11.5 and
traced back to the E10.5 foetal liver as well as E9.5 yolk sac prior to the emergence of
first definitive HSCs. Moreover, using Ragl-Cre fate mapping this study demonstrates
that embryonic lympho-myeloid progenitors contribute significantly to steady state

myelopoiesis in the embryo.
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2.2. Results

2.2.1. IL-7Ra and FIt3 expressing E11.5 foetal liver progenitors possess lympho-
myeloid but not Mk/E lineage potentials

The upregulation of FIt3 receptor expression marks the earliest lympho-myeloid
restriction in the adult bone marrow (Adolfsson et al., 2005). On the other hand IL-7Ra is
expressed on lymphoid restricted adult as well as embryonic progenitors and has been
detected, although at low levels, during early haematopoiesis in the embryo (Kawamoto
et al., 2000; Peschon et al., 1994a). High expression of FIt3 receptor and IL-7Ra were
detected in the Lin'CD45"c-Kit" fraction of E11.5 foetal liver and FIt3*IL-7Ra" progenitors
represented 0.35 % of total foetal liver mononuclear cells (Fig. 2.1A). Analysis of FACS
purified Lin"CD45"c-Kit'FIt3*IL-7Ra” foetal liver cells in single cell culture assays
revealed significant granulocyte/monocyte potential, while Mk or erythroid potentials
were not detected (Fig. 2.1B). This was confirmed at the clonal level through cultures in
semisolid medium, an assay known to efficiently detect Mk or erythroid lineage
potentials in vitro (Fig. 2.1C). The erythroid potential was further evaluated on erythroid
promoting OP9 co-cultures. Whereas significant erythroid potential was detected in the
heterogeneous population of LinCD45"c-Kit'FIt3'IL-7Ra” foetal liver progenitors, the
FIt3"IL-7Ra” fraction was largely unable to produce erythroid colonies (Fig. 2.1D). In
addition to their myeloid potential LinCD45"c-Kit'FIt3*IL-7Ra” foetal liver progenitors
sustained strong lymphoid potential. In line with the important regulatory function of FIt3
and IL-7 signalling for the development of lymphoid lineages around 40 % of these cells
generated B or T lymphoid cells on OP9 or OP9DL1 stroma co-cultures in vitro (Fig.
2.1E,F) (Peschon et al., 1994a; Sitnicka et al., 2003; Sitnicka et al., 2002; Sitnicka et al.,

2007).
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Figure 2.1: Early foetal liver progenitors that express FIt3 and IL-7Ra have lympho-
myeloid restricted lineage potentials
(A) FACS purification of Lin'CD45c-Kit'FIt3*IL-7Ra* E11.5 FL progenitors. Mean

percentage of total FL cells, n=3 experiments.
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(B) GM, Mk and erythroid lineage potentials in liquid culture of single Lin"CD45"c-
Kit'FIt3*IL-7Ra™ E11.5 FL progenitors in 60 well terasaki plates. Total colonies (white
bars), colonies covering = 10 % of well (grey bars). Mean percentages + SEM, 450 — 480
cells per assay, n=4 experiments.

(C) Mk and erythroid potentials of LinCD45"c-Kit'FIt3*IL-7Ra” E11.5 FL progenitors in
semisolid medium. Mean percentages + SEM, 600 cells analysed per assay, n=3
experiments.

(D) Erythroid potential of Lin'CD45%c-Kit'FIt3*IL-7Ra” E11.5 FL progenitors in OP9
stromal co-cultures under conditions promoting erythroid development compared to a
LinCD45%c-Kit'FIt3'IL-7Ra” heterogeneous control population (positive clones were
Terl19°CD71" by FACS and/or displayed erythroid morphology after May-Grunwald
Giemsa stain). Representative FACS profile (middle panel) and morphology (right panel,
examples of erythroid cells indicated by arrows, scale bar 25 um) of a clone positive for
erythroid cells. Mean percentages + SEM, 2 cells/well, total 150 cells analysed, n=3
experiments.

(E) B cell potential of LinCD45"c-Kit'FIt3*IL-7Ra* E11.5 FL progenitors evaluated by
OP9 stromal co-culture. Representative FACS plot of a NK1.1'B220°CD19" B cell clone.
Mean percentages + SEM, > 70 cells analysed, n=2 experiments.

(F) T cell potential of Lin"CD45"c-Kit'FIt3*IL-7Ra” E11.5 FL progenitors evaluated by
OP9DL1 stromal co-culture. Representative FACS plot of a NK1.1Thy1.2°CD25" T cell

clone. Mean percentages + SEM, > 70 cells analysed, n=2 experiments.

Single lineage potential analysis clearly established that the LinCD45"c-Kit FIt3"IL-7Ra"
population of foetal liver progenitors is restricted to the lympho-myeloid lineage.
However, whether these cells possess the combination of B, T and myeloid potentials
remained elusive. This was evaluated by gene expression analysis of key lymphoid,
myeloid and Mk/E genes. As expected the expression of FIt3 as well as IlI7ra transcripts

in FIt3"IL-7Ra” progenitors largely resembled their surface marker phenotype. The
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majority of cells also expressed additional lymphoid genes (Ragl, slgH) as well as
myeloid genes (Csf3r, Mpo), whereas genes of the Mk and erythroid lineages (Vwf,
Epor, Gatal) were expressed very infrequently (Fig. 2.2A). Further analysis revealed
that more than 80 % of Lin'CD45"c-Kit'FIt3*IL-7Ra” cells expressed a combined lympho-
myeloid signature, whereas the expression of Mk/E genes was confined to a small
fraction of cells with multipotent characteristics (Fig. 2.2B). In order to establish the
combined lympho-myeloid potential at the functional level, LinCD45"c-Kit'FIt3*IL-7Ra*
were analysed using the OP9/OP9DL1 switch assay as described previously (Fig. 2.2C)
(Mansson et al., 2007). Single cell derived clones were analysed by flow cytometry for
surface marker expression of CD19 (B cells), Thyl.2/CD25 (T cells) and Mac-1/Gr-1
(myeloid cells). While the output for all lineages was reduced compared to the single
potential assays, out of the single FIt3*IL-7Ra" progenitors that gave rise to any lineage
positive haematopoietic clones more than 40 % generated the combination of B, T and
myeloid cells (Fig. 2.2D, E). Thus, lympho-myeloid restricted progenitors, resembling the

adult LMPP, are already present in the foetal liver at E11.5 short after colonisation by the

first definitive stem cells.
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Figure 2.2: Single Lin"CD45"¢c-Kit"FIt3*IL-7Ra” E11.5 FL progenitors possess
combined lympho-myeloid lineage potentials and gene expression signatures

(A) RT-PCR analysis of single Lin'CD45"c-Kit'FIt3"IL-7Ra” E11.5 FL cells and (B)
combined lineage transcriptional priming patterns based on (A). Mean percentages *

SEM of total Kit" cells (> 93 %), 132 cells analysed, n=2 experiments.
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(C) Experimental strategy for the OP9/OP9DL1 switch assay to establish combined
lympho-myeloid lineage potentials.

(D) Representative FACS readout of a clone positive for B cell (CD19%), T cell
(Thy1.2°CD25") as well as GM (Mac-1") lineages.

(E) Cloning frequency (white bar) and clones scored as positive for B cell, T cell and/or
myeloid lineages. Mean percentages + SEM, 237 cells analysed, n=3 experiments.

(F) Lineage composition of clones derived from single Lin'CD45"c-Kit"FIt3*IL-7Ra* E11.5

FL progenitors. Mean percentages = SEM, 237 cells analysed, n=3 experiments.

2.2.2. Lympho-myeloid restricted progenitors emerge before the first definitive
HSCs

Previously lymphoid progenitors were detected only after the emergence of definitive
HSCs suggesting their stem cell origin and affiliation with definitive haematopoiesis. The
herein identified lympho-myeloid progenitors were present in the E11.5 foetal liver. At
this time the whole embryo has been suggested to contain only about 3 definitive stem
cells, which are possibly but unlikely the origin of Lin"CD45"c-Kit'FIt3*IL-7Ra” lympho-
myeloid progenitors. One day earlier in development at E10.5 the entire embryo is
thought to contain less than one definitive stem cell (Kumaravelu et al.,, 2002).
Accordingly, while significant long term reconstitution potential and therefore definitive
HSCs were detected in E12.5 foetal liver, no long term reconstitution was achieved
when whole foetal liver cells from E10.5 or E11.5 embryos were transplanted in the

present study (Fig. 2.3).
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Figure 2.3: Long term repopulation definitive HSCs are not detected in the foetal
liver before E12.5

Unfractionated FL cells from E10.5 (1 total FL/recipient), E11.5 (4 total FLs/recipient)
and E12.5 (3-5 total FLs/recipient) embryos were transplanted intravenously into lethally
irradiated adult wild type recipients together with 250,000 congenic adult support bone
marrow cells. Peripheral blood reconstitution was evaluated at 16 weeks post
transplantation. Donor reconstitution out of total CD45" cells or the indicated lineages.
Dotted line — detection background set at 0.1 % donor reconstitution. Numbers indicate
frequencies of mice reconstituted.

To further evaluate the potential pre-definitive emergence of lympho-myeloid
progenitors, foetal liver haematopoiesis was investigated at E10.5. To more efficiently
purify these progenitors at this early stage a Ragl-GFP reporter line was applied
(Kuwata et al., 1999). Direct comparison confirmed that Lin"CD45"c-Kit'FIt3*IL-7Ra”

progenitors have highly overlapping expression patterns for FIt3 and Ragl-GFP with

more than 90 % of cells being positive for both markers (Fig. 2.4).
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Figure 2.4: Overlapping expression of FIt3, IL-7Ra and Rag1-GFP in foetal liver
progenitors

Flow cytometry analysis of the expression patterns of FIt3, IL-7R and Rag1l-GFP in Lin
CD45%c-Kit" E11.5 FL progenitors. Mean percentages out of parent population, total 12

embryos investigated.

LinCD45"c-Kit'IL-7Ra"Ragl” represented 0.03 % of total E10.5 foetal liver cells (Fig.
2.5A). Detailed characterisation of their lineage potentials in vitro revealed the lympho-
myeloid restricted identity of IL-7Ra"Rag1” progenitors, comparable to their FIt3*IL-7Ra”
counterparts in the E11.5 foetal liver (Fig. 2.5B-G). More than 50 % of single Lin'CD45"¢c-
Kit'IL-7Ra"Ragl” cells robustly produced myeloid cells in liquid cultures (Fig. 2.5B).
Morphology analysis confirmed the derived clones to be of macrophage as well as
granulocyte identity (Fig. 2.5C). Moreover, IL-7Ra’Ragl” progenitors completely lacked

the ability to produce any Mks in liquid cultures or erythroid colonies when cultured in

semisolid medium (Fig. 2.5D, E), while they sustained B as well as T potentials as
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revealed by OP9/OP9DL1 stroma co-cultures and flow cytometry (Fig. 2.5F, G). Thus,
lympho-myeloid restricted progenitors are already present at the time of stem cell

emergence and therefore develop independently of definitive HSCs.
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Figure 2.5: Lympho-myeloid restricted progenitors emerge before the first
definitive haematopoietic stem cells

(A) Sort profiles for the purification of LinCD45"c-Kit'IL-7Ra"Ragl® progenitors from
E10.5 (30-38 somite pairs) FL of a Ragl-GFP reporter strain. Mean percentage of total
FL cells, n=5 experiments.

(B) GM lineage potential in liquid culture of single Lin"CD45"c-Kit'IL-7Ra*Ragl” E10.5
FL progenitors in 60 well terasaki plates. Total colonies (white bar), colonies covering =
10 % of well (grey bar). Mean percentages + SEM, total 198 cells analysed, n=5
experiments.

(C) Morphology analysis of myeloid cells derived from Lin"CD45"c-Kit'IL-7Ra*Ragl”
E10.5 FL progenitors. Representative granulocytes (upper panel) and macrophages
(lower panel) as indicated by arrows, scale bar 25 pm.

(D) Mk lineage potential of single Lin"CD45"c-Kit'IL-7Ra*Ragl” E10.5 FL progenitors in
liquid culture in 60 well terasaki plates. Mean percentage, total 154 cells analysed, n=3
experiments.

(E) Erythroid potential of single Lin'CD45"c-Kit'IL-7Ra*Ragl’ E10.5 FL progenitors in
semisolid medium. Mean percentage, total 212 cells analysed, n=3 experiments.

(F) B cell potential of Lin"CD45"c-Kit'IL-7Ra*Ragl” E10.5 FL progenitors in OP9 stromal
co-culture. Representative FACS plot of a NK1.1'B220°CD19" B cell clone. Mean
percentages = SEM, total 224 cells analysed, 4 cells/well, n=3 experiments.

(G) T cell potential of LinCD45"c-Kit'IL-7Ra*Ragl” E10.5 FL progenitors in OP9DL1
stromal co-culture. Representative FACS plot of a NK1.1°CD4"'CD8'Thy1.2°CD25" clone
(positive clones expressed at least CD4, CD8 or Thyl.2 and CD25). Mean percentages

+ SEM, total 220 cells analysed, 4 cells/well, n=3 experiments.

The foetal liver does not de novo generate haematopoietic cells and lacks
haematopoietic activity until it is first colonized by progenitors derived from other sites at

embryonic day 9 (Delassus and Cumano, 1996; Houssaint, 1981; Kumaravelu et al.,
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2002). Amongst other tissues the yolk sac gives rise to haematopoietic cells and has
been described as site for the emergence of early primitive haematopoiesis (Palis and
Yoder, 2001). Therefore it was explored whether lympho-myeloid progenitors can be
found in the yolk sac as early as embryonic day 9.5. Already at this stage Lin'CD45"c-
Kit'IL-7Ra"Ragl1” progenitors were found to constitute 0.02 % of total yolk sac cells and
expressed IL-7Ra as well as Ragl-GFP at levels comparable to the E10.5 foetal liver
(Fig. 2.6A). Investigation of transcriptional priming demonstrated that these cells
expressed lymphoid (FIt3, 1l7ra, slgH) and myeloid (Csf3r, Mpo) genes at high
frequencies, whereas Mk/E (Vwf, Epor, Gatal) genes were largely absent. Notably,
close to 80 % of single E9.5 yolk sac progenitors presented a solely lympho-myeloid
gene signature, suggesting their restriction to these lineages (Fig. 2.6B, C). Flow
cytometric analysis of whole concepti showed the complete absence of IL-7Ra as well
as Ragl-GFP expression at E8.5, which is in agreement with the first detection of
lymphoid potential at E9 as previously reported (Fig. 2.6D) (Godin et al., 1995; Yoder et
al., 1997). Thus, Lin'CD45"c-Kit'IL-7Ra’Ragl® lympho-myeloid restricted progenitors
emerge after embryonic day 8.5 and can be first found in the yolk sac. However, since
circulation has already been established at this point and haematopoietic progenitors

can freely travel through the embryo their site of origin remains elusive.
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Figure 2.

and (C)

already at E9.5 in the yolk sac

(A) FACS purification of Lin"CD45"c-Kit'IL-7Ra’Ragl” progenitors from E9.5 (15-26
somite pairs) YS of a Ragl-GFP reporter strain. Mean percentages of total cells, n=4
experiments.

(B) Single cell RT-PCR analysis of Lin'CD45"c-Kit'IL-7Ra*Ragl” E9.5 YS progenitors

combined lineage transcriptional priming patterns based on (A). Mean

percentages + SEM of total Kit" cells (> 91 %), total 53 cells analysed, n=2 experiments.
(D) Analysis of IL-7Ra and Rag1-GFP expression in E8.5 (4-11 somite pairs) conceptus.

Mean percentage of total cells, n=2 experiments.
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2.2.3. Lympho-myeloid restricted Rag1® progenitors contribute to embryonic
lympho- as well as myelopoiesis in vivo

Current haematopoietic roadmaps have largely been established based on the
characterisation of lineage potentials in vitro or the ability of in vivo repopulation.
However, the thereby observed lineage potentials might not necessarily reflect the
physiological lineage contribution of the respective progenitors during homeostasis in
vivo. In fact several recent studies suggest that the in vitro lineage potentials of multiple
progenitors do not match their physiological lineage output. In particular this has been
demonstrated for lympho-myeloid restricted Rag1-GFP positive LMPPs in the adult, that
although sustaining myeloid potential in vitro almost exclusively generate lymphoid cells
in steady state haematopoiesis, as well as FIt3 and ll7ra expressing CLPs, that can give
rise to some myeloid cells in culture, but only contribute to lymphopoiesis in vivo (Ehrlich
et al., 2011; Luc et al., 2008a; Schlenner et al., 2010; Schlenner and Rodewald, 2010).
Thus, while the herein identified embryonic progenitors have the ability to give rise to
lymphoid as well as myeloid but not Mk/E lineages in vitro, it remained elusive whether
they have the same role during homeostasis. Therefore in vivo Rag1-Cre fate mapping
was applied to establish the physiological lineage contribution of Ragl® embryonic
progenitors. With this system all Rag1-Cre expressing cells as well as their downstream
progeny are labelled by the expression of yellow fluorescent protein (YFP). Initially FIt3-
Cre fate mapping was applied to validate the efficient labelling of all haematopoietic
lineages in the embryo. As previously reported for the adult, Fit3 expression was initiated
in multipotent progenitors and YFP-labelled mature lineages include B lymphoid,
myeloid, Mk and erythroid cells (Fig. 2.7A) (Buza-Vidas et al., 2011). When analysing
fluorescent reporter lines by flow cytometry, transfer of reporter protein during the
preparation cell preparation can lead to unspecific cell labelling. To account for such
background labelling CD45.2" YFP labelled test cells were processed and analysed
together with CD45.1" wild type bone marrow cells, of which up to 5.8 % adsorbed YFP

protein, and hence misleadingly appeared as YFP expressing cells (Fig. 2.7B). The
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evaluation of adult bone marrow as well as E11.5 and E14.5 foetal liver cells by Rag1-
Cre fate mapping demonstrated that nearly all mature B cells were derived from Ragl®
positive progenitors. In agreement with the lympho-myeloid progenitor studies in vitro
Ragl® foetal liver progenitors did not give rise to any Mk or erythroid cells. However,
while adult Mac-1" myeloid cells remained largely unlabeled, during embryonic
haematopoiesis as much as 36 % of E11.5 and 16 % of E14.5 Mac-1" foetal liver cells
developed through a Ragl positive stage (Fig. 2.7C, D, E). Interestingly, the contribution
of Ragl® progenitors to the myeloid lineage successively declined with age (Fig. 2.7F).
Since Mac-1 expression in the foetal liver is not completely restricted to cells of the
myeloid lineage, the myeloid identity of Mac-1" cells was confirmed by FACS purification
and morphology analysis. YFP labelled Mac-1" E14.5 foetal liver cells contained almost
exclusively myeloid cells (Fig. 2.7G, H, I). When applying Ragl1-Cre fate mapping for the
evaluation of in vitro colony forming potentials, Ragl® progenitors accounted for almost
20 % of GM colony forming units in E14.5 foetal liver. Moreover, while foetal liver
progenitors readily gave rise to erythroid colonies, they appeared to be YFP negative,

confirming that Rag1l” progenitors do not contribute to erythropoiesis (Fig. 2.7J).
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Figure 2.7: Ragl expressing progenitors contribute to embryonic myelopoiesis

(A) YFP expression analysis of FIt3-Cre'9"R26R®¥™"* adult BM for CD19" (Terl19’
CD150'CD41 Mac-1) B cells and Mac-1" (Ter119°CD150'CD41° CD19) myeloid cells (top
panels), CD150°CD41" (Ter119°'CD19'Mac-1") megakaryocytic cells (middle panel) and
Ter119" (CD150°CD41'CD19 Mac-1) erythroid cells (lower panel). Mean percentages
YFP" cells out of parent population, 2 replicates of n=1 mouse in 1 experiment.

(B) Background levels of YFP in CD19" (Ter119°CD150 CD41 Mac-1) B cells (left) and

Mac-1" (Ter119°CD150CD41CD19) myeloid cells (right) for analysis of Ragl-
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Cre'?*R26R*"™* E14.5 FL (n=3 mice in 2 experiments) and adult BM (n=2 mice in 1
experiment) as well as Flt3-Cre'Y*R26R®"™* adult BM (n=1 mouse). In order to
determine unspecific YFP binding/signal, CD45.2" experimental samples were mixed
with YFP negative CD45.1" bone marrow cells. Mean percentages YFP" cells out of
parent population.

(C - E) Ragl-Cre"*R26R®¥™" (C) E11.5 FL (n=9 FL in 3 experiments), (D) E14.5 FL
(n=8 FL in 2 experiments) and (E) adult BM (> 8 weeks old, n=2 mice in 1 experiment)
cells were analysed by flow cytometry for expression of YFP in CD19" (Ter119°'CD150°
CD41'Mac-1) B cells and Mac-1" (Ter119°CD150CD41°CD19) myeloid cells (top
panels), CD150°CD41" (Ter119°CD19 Mac-1) megakaryocytic cells (middle panels) and
Ter119" (CD150°CD41 CD19 Mac-1") erythroid cells (lower panels). B cells were absent
from E11.5 FL. Mean percentages YFP™ cells out of parent populations.

(F) Contribution of YFP™ cells to total myeloid cells in individual E11.5 FL, E14.5 FL and
adult BM. Summary of data presented in (C), (E) and (F).

(G - I) Verification of myeloid identity of Mac-1"Gr-1" and Mac-1"Gr-1" adult BM cells.
(G) FACS purification of YFP® and YFP  subsets. Mean percentages of parent
populations, n=4 FLs in 2 experiments. (H) Examples of morphological analysis of sorted
populations after May-Grunwald Giemsa stain. () Morphological distribution of cell types
within the YFP® and YFP™ subsets of Mac-1'Gr-1" (Ter119°CD150°CD41 CD19'B220)
and Mac-1"Gr-1" (Ter119CD150CD41'CD19'B220) cells sorted from Ragl-
Cre'"*R26R*"™"* E14.5 FL. Mean percentages, n=2 experiments.

(J) Fraction of YFP™ out of total GM and erythroid colonies from unfractionated E14.5
Ragl-Cre"*R26R**™™"* FL in semisolid medium. Mean percentages + SEM, GM: n=12
FLs in 3 experiments, total > 1000 colonies, erythroid: n=9 FLs in 3 experiments, total

218 colonies.
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2.2.4. Lympho-myeloid progenitors progressively upregulate the lymphoid
transcriptional program while down-regulating Mk/E genes

Lympho-myeloid restricted E11.5 Lin'CD45"c-Kit'FIt3*IL-7Ra” foetal liver or E9.5 Lin
CD45"c-Kit'IL-7Ra*Ragl” yolk sac progenitors were further characterised by quantitative
gene expression analysis and compared to the respective FIt3IL-7Ra” or IL-7Ra'Ragl
populations, which were thought be heterogeneous and are likely to contain multipotent
progenitors. As expected all investigated Mk/E genes (KIf1, Epor, Gatal, Gata2) were
markedly down regulated or completely absent in E11.5 as well as E9.5 lympho-myeloid
progenitors (Fig. 2.8A). Overall both populations maintained the expression of selected
myeloid genes (Csflr, Csf2rb, Csf3r, Mpo) in agreement with their sustained myeloid
lineage potentials (Fig. 2.8B). Lymphoid genes (lkzf1, FIt3, lI7ra, Ragl, Rag2, slgH), that
were almost undetectable in E11.5 LinCD45"c-Kit'FIt3IL-7Ra” foetal liver or E9.5 Lin®
CD45"c-Kit'IL-7Ra'Ragl” yolk sac populations, showed a strong upregulation in lympho-
myeloid progenitors (Fig. 2.8C). Thus, the transition from heterogeneous or multipotent
embryonic progenitors towards the FIt3*IL-7Ra” or IL-7Ra’Ragl® lympho-myeloid
restricted stage is associated with similar alterations to gene expression programs as the
differentiation from adult HSCs to LMPPs (Fig. 2.8A-C). Further, while myeloid gene
expression was largely sustained at the same level at E9.5 and E11.5 lympho-myeloid
progenitors, lymphoid genes were upregulated between these two developmental stages

(Fig. 2.8C).

The embryonic thymus is first seeded at around embryonic day 11 (Owen and Ritter,
1969). Since adult thymus seeding progenitors have been suggested to be lympho-
myeloid restricted by this work and others, it was investigated whether embryonic
lympho-myeloid restricted progenitors express genes associated with thymus seeding
(Bell and Bhandoola, 2008; Benz and Bleul, 2005; Sambandam et al., 2005). Transcripts
of the chemokine receptors CCR7 and CCR9, which are required for the homing of

TSPs to the thymus, were expressed in embryonic lympho-myeloid progenitors.
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Expression was initiated at E9.5 but strongly upregulated towards E11.5, when thymus
seeding has already been initiated (Zlotoff et al., 2010). Further, E11.5 Lin'CD45"c-
Kit'FIt3*IL-7Ra™ foetal liver or E9.5 Lin'CD45"c-Kit'IL-7Ra"Ragl” yolk sac progenitors
expressed key regulators of T cell development such as Notchl and its downstream
target genes Hesl as well as Gata3 (Fig. 2.8D) (Radtke et al., 2004; Rothenberg, 2012).
Thus, embryonic lympho-myeloid restricted progenitors express key genes associated

with thymus seeding and qualify as initial thymus seeding progenitors.
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Figure 2.8: Early lympho-myeloid progenitors express specific transcriptional
signatures

Quantitative gene expression analysis of LinCD45"c-Kit'IL-7Ra*Ragl” E9.5 yolk sac
and Lin'CD45"c-Kit'FIt3*IL-7Ra* E11.5 FL progenitors compared to their LinCD45"c-
Kit'IL-7Ra” Ragl and Lin'CD45c-Kit'FIt3IL-7Ra” counterparts as well as adult HSCs
and LMPPs.

(A) MK/E, (B) myeloid and (C) lymphoid genes. (D) Genes related to thymus seeding and
T cell development. Mean + SEM, expression relative to Hprt, 3 experiments, 2-3

replicate samples per experiment, 25 cells per sample, * not detected.

2.3. Discussion

The adult LMPP constitutes the first lineage restricted cell of the lymphoid-myeloid
pathway. However, its lineage characteristics remain disputed in the field and recent
studies have challenged its physiological role in myelopoiesis (Schlenner and Rodewald,
2010). Moreover it remains elusive whether the same lymphoid-myeloid restriction
process occurs in the embryo and how early that can be observed. In this chapter
lympho-myeloid lineage restriction was explored in early embryonic haematopoiesis. In
vivo contribution of embryonic lympho-myeloid progenitors to lymphoid as well as

myeloid lineages was elucidated using Rag1-Cre fate mapping

The earliest steps of lymphoid commitment in the adult have been the subject of major
research efforts over the last decade. Although several studies have provided
compelling evidence, that the generation of LMPPs and the loss of Mk/E potential
constitute the first stage of the lymphoid pathway (Adolfsson et al., 2005; Arinobu et al.,
2007; Lai and Kondo, 2006; Mansson et al., 2007), the contradicting classical model of
haematopoiesis, with the CLP as earliest lymphoid progenitor, is still supported in the

literature (Orkin and Zon, 2008; Seita and Weissman, 2010). A lympho-myeloid
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commitment pathway has also been suggested for foetal haematopoiesis, where
progenitors with T, B and myeloid potential were identified (Cumano et al., 1992;
Kawamoto et al., 1997, 1998; Lacaud et al., 1998; Lu et al., 2002; Mebius et al., 2001).
These data led to the first proposal of the myeloid model of haematopoiesis (Katsura
and Kawamoto, 2001). However, this model has been questioned by earlier findings of
unilineage restricted embryonic T or B progenitors as earliest lymphoid committed cells
during development (Kawamoto et al., 2000). The present study provides compelling
evidence of a lympho-myeloid restricted progenitor in the embryo. Detailed experiments
proved that E11.5 foetal liver progenitors with the Lin'CD45"c-Kit'FIt3*IL-7Ra” phenotype
possess robust B, T as well as myeloid lineage potentials at the single level. At the same
time they lacked Mk/E potentials and expressed a lympho-myeloid restricted
transcriptional signature. The identification of such progenitor in the embryo, similar to
the LMPP in adult haematopoiesis, provides general support for the myeloid based as

opposed to the classical roadmap.

Since lymphoid progenitors were first detected long after the emergence of the first
definitive haematopoietic stem cells, it was previously thought that lymphopoiesis would
only emerge as part of definitive haematopoiesis. This work established the lympho-
myeloid progenitor not only at E11.5, just after the first definitive stem cells can be found
in the foetal liver, but traced it back to the E10.5 foetal liver or the E9.5 yolk sac.
Therefore, lympho-myeloid restricted progenitors emerge prior to and independent of
definitive HSCs. Analysis of E8.5 concepti established the complete absence of IL-7Ra
or Ragl-GFP positive cells from the embryo, therefore suggesting their emergence at
around E9. Although lympho-myeloid progenitors were first identified in the yolk sac,
their actual site of emergence remains elusive since circulation is established at around
E8, after which all haematopoietic cells are readily transported through the entire
embryo. The first multipotent cells have been found in the yolk sac as well as the

embryonic body at E9 (Cumano et al., 1996; Cumano et al., 2001; Godin et al., 1995;
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Godin et al., 1999; Palis and Yoder, 2001). Unlike definitive stem cells, these immature
or pre-HSCs lack the ability to long term reconstitute irradiated adult wild type recipients,
but have been shown to be multipotent. Furthermore, particularly cells isolated from the
yolk sac at E9 can reconstitute neonatal recipients, and E10 pre-HSCs successfully
reconstituted immune deficient recipients (Yoder et al., 1997). Thus, pre-HSCs are likely
to emerge before the first lympho-myeloid restricted progenitors and might serve as their

direct precursors.

Current models of haematopoiesis including the classical as well as the myeloid based
model rely largely on the prospective isolation of haematopoietic progenitors, which are
characterised in vitro as well as in vivo through non-physiological reconstitution assays.
The ongoing controversy as regards the haematopoietic road map is therefore partly due
to insufficient information on the lineage contributions of different progenitors during
steady state haematopoiesis (Schlenner and Rodewald, 2010). In fact recent studies
specifically questioned the physiological relevance of the myeloid potential identified in
lymphoid or lympho-myeloid progenitors in the adult (Ehrlich et al., 2011). Fate mapping
experiments using reporters for lI7ra as well as Ragl, two markers present on a subset
of adult LMPPs, suggested that progenitors positive for these early lymphoid genes do
not contribute to myelopoiesis (Schlenner et al.,, 2010; Welner et al., 2009). In the
present study Ragl-Cre fate mapping confirmed this finding for the adult; however,
Ragl" progenitors produced significant numbers of myeloid cells during embryonic
haematopoiesis. In agreement with the in vitro lineage potential data and molecular
evaluation of lympho-myeloid progenitors in E9.5 yolk sac or E10.5, E11.5 foetal liver,
Ragl® progenitors did not produce any Mk or erythroid cells. Thus, this study
unequivocally demonstrates that early lymphoid-myeloid progenitors not only have the
potential to produce myeloid cells in vitro but also actively contribute to embryonic
myelopoiesis during steady state conditions in vivo. The successively decreasing

contribution of Ragl” progenitors to myelopoiesis with progressing age, or the lymphoid
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restriction of adult 1I7ra” cells shown by others, is likely due to a changing expression
pattern of these markers between embryonic and adult haematopoiesis. Although a
subset of adult LMPPs expresses Ragl or ll7ra, the majority of cells lack expression of
these genes (Adolfsson et al., 2005; Luc et al., 2008a). Moreover, Ragl® LMPPs have
significantly reduced myeloid potentials in vitro compared to their negative counterparts
(Luc et al., 2008a). The evaluation of steady state myelopoiesis of LMPPs therefore

requires the utilisation of specific markers that cover the entire LMPP population.

The process of thymus seeding and the identity of the thymus seeding progenitor have
not been identified for adult or embryonic haematopoiesis (Bhandoola et al., 2007).
However, based on recent studies, including this work, the adult LMPP is the currently
best candidate thymus seeding progenitor. It not only resembles the lineage potentials of
the ETP as earliest cell in the thymus but, as opposed to the CLP, also has superior
proliferative potential suggesting its function as upstream precursor (Allman et al., 2003;
Bhandoola et al., 2007; Kondo et al., 1997; Schwarz and Bhandoola, 2004). During
embryonic development thymus seeding is initiated at E11.5 with progenitors most likely
originating from the foetal liver (Owen and Ritter, 1969). Since the herein identified
lympho-myeloid progenitors already emerged before E9.5 and could be found in the
foetal liver by E10.5, they are potential candidates for the first thymus seeding at E11.5
as well as the maintenance of embryonic thymopoiesis thereafter. This was supported
by the detection of genes important for thymus seeding in both E11.5 and E9.5 lympho-
myeloid progenitors. Ccr7 and Ccr9 expression, that has been shown to be important for
migration to the thymus in the adult, might enable lympho-myeloid progenitors to enter
the thymic anlage, which is not yet vascularised at the time of thymus seeding (Mori et
al., 2010). In addition early lympho-myeloid progenitors were already primed for the
expression of Notch receptor and several downstream target genes including Hesl as
well as Gata3. Both transcription factors are important for the generation of ETPs and

play a key role during the first T lineage commitment steps (Hendriks et al., 1999;
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Hosoya et al., 2009; Tan et al., 2005; Ting et al., 1996; Wendorff et al., 2010). Thus,
lympho-myeloid progenitors already express a molecular profile that potentially allows
them to not only enter the thymus, but to receive and intergrade Notch signalling for the

initiation of T cell development.

In conclusion this work identified a lympho-myeloid progenitor in the E11.5 foetal liver
that expresses FIt3 as well as IL-7Ra, possesses combined B/T/GM potentials and is
transcriptional primed for these lineages. This progenitor further lacks Mk and erythroid
lineage potentials resembling the adult LMPP. Utilizing a Ragl-GFP reporter line it was
possible to trace this cell back to the foetal liver at E10.5 and even to the E9.5 yolk sac
prior to the emergence of first definitive stem cells or the presence of known lymphoid
committed progenitors in the embryo. Ragl-Cre fate mapping showed and thereby
confirmed the complete restriction of all Ragl® progenitors to lymphoid and myeloid but
not Mk or erythroid lineages in vivo and in vitro. In addition in vivo Ragl-Cre fate
mapping demonstrated the physiological contribution of Ragl® Ilympho-myeloid
progenitors to steady state myelopoiesis in the embryo. In adult haematopoiesis,

however, Ragl® progenitors generated almost exclusively cells of the lymphoid lineage.



3. Early thymic progenitors sustain B, T and myeloid lineage potentials 105

3. Early thymic progenitors sustain B, T and

myeloid lineage potentials

3.1. Introduction

Most haematopoietic lineages develop in the bone marrow, where multipotent
haematopoietic stem cells give rise to progenitors that eventually differentiate into
mature blood cells. In contrast, T cell development is located in the thymus, which
provides a unique microenvironment for the generation of naive effector T cells. Since
the thymus itself does not harbour any stem cells or cells with long term self-renewing
potential, thymopoiesis is sustained through regular replenishment by TSPs from the
bone marrow via the circulation (Donskoy and Goldschneider, 1992; Scollay et al.,
1986). Several candidate TSPs such as LMPPs, CLPs or other lymphoid restricted
progenitors as well as HSCs have been identified in the bone marrow and can be found
in circulating blood (Adolfsson et al., 2005; Bhandoola et al., 2007; Kondo et al., 1997).
However, as yet it has not been possible to identify and characterise the lineage
potentials of the TSP, which is likely to resemble the lineage potentials of the most

primitive cell in the thymus.

ETPs have been shown to possess strong T lymphoid potential but also have the
potential to generate NK cells, dendritic cells and myeloid cells. ETPs have also been
suggested to retain B cell potential, although this has only been detected at very low
frequencies of approximately 1/30 or 1/500 (Benz and Bleul, 2005; Sambandam et al.,
2005), whereas other studies have completely failed to detect any B cell potential

(Balciunaite et al., 2005b). B cell potential in the thymus has been suggested by
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experiments using mice deficient for Notch, the key driver of T cell commitment. In these
studies large numbers of B cells were found in the thymus of Notch-deficient animals,
which would be compatible with ETPs undergoing B cell commitment in the absence of
Notch signalling (Radtke et al., 1999; Wilson et al., 2001). However, in this setting it
cannot be excluded that B cells enter the thymus from the periphery independent of
ETPs (Feyerabend et al., 2009). In fact, B cells respond to CCR7 as well as CCR9
signalling (Bowman et al., 2000), which plays an important role in attracting
haematopoietic progenitors to the thymus (Zlotoff et al., 2010). Two laboratories recently
investigated the lineage potentials of adult ETPs at the single cell level. These studies
independently demonstrated that a large fraction of ETPs have combined T cell as well
as granulocyte/monocyte potential, whereas B cell potential was not detected (Bell and
Bhandoola, 2008; Wada et al., 2008). This suggested that the ETP is T/myeloid
restricted and accordingly points to a T/myeloid restricted TSP. However, such a cell has
not yet been found in the bone marrow and all candidate TSPs have significant B cell
potential. Thus, the lineage potentials of ETPs and the identity of the TSP remain a
controversy in the field. The thymus seeding by HSCs is also possible; however Mk/E

potential has never been investigated in the ETP population.

Neonatal thymopoiesis has the highest rate of T cell production. The number of early
progenitors with B cell potential is also most abundant at that stage (Ceredig et al., 2007;
Taub and Longo, 2005). Therefore this work evaluates the lineage potentials of neonatal
ETPs, and shows that these cells possess significantly higher B cell potential than adult
ETPs. Furthermore neonatal ETPs have lost Mk potential but retain T, myeloid as well as
B cell potential. Combined T/B/myeloid potential in ETPs is demonstrated using two

different experimental approaches in vitro.
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3.2. Results

3.2.1. Neonatal ETPs sustain high B cell potential but lack Mk potential

Although most recent studies failed to detect any B cell potential in adult ETPs, others
were able to observe B cell generation at a very low frequency in ETPs isolated based
on FIt3 or Ccr9 (Bell and Bhandoola, 2008; Benz and Bleul, 2005; Sambandam et al.,
2005; Wada et al., 2008). This study therefore focussed on the Flt3" fraction of ETPs.
Since the neonatal thymus has been shown to contain increased B cell potential
(Ceredig et al., 2007) LinCD4'CD8 CD25 c-Kit"FIt3" ETPs were FACS purified from the
c-Kit enriched fraction of neonatal thymocytes (Fig. 3.1A). B and T cell potential of
neonatal ETPs as well as adult ETPs was evaluated using OP9 or OP9DL1 stroma co-
cultures and flow cytometry analysis (Fig. 3.1B, C). In agreement with previous findings
single adult ETPFIt3" produced significant numbers of T cells. However, the vast
majority of cells lacked B cell potential , whereas adult LMPPs robustly generated T as
well as B cells in the same experiments as previously shown (Adolfsson et al., 2005).
However, when LinCD4 CD8 CD25 c-Kit"FIt3" ETPs were isolated from neonatal mice,
the frequency of B cell potential increased at least 10-fold to more than 30 %, while T
cell clones were almost doubled to over 50 %, showing the increased proliferative
potential at this earlier stage of development. Moreover, the B cell potential in neonatal
ETPs was entirely confined to the FIt3" fraction, whereas the T cell generation from FIt3"
and FIt3" ETPs was comparable (Fig. 3.1D). To exclude the possibility that the B cell
potential was derived from any stem cells being present in the purified ETPFIt3"
population, the Mk potential of these cells was evaluated and compared to LSKFIt3
bone marrow progenitors, which are known to generate Mk colonies in culture
(Adolfsson et al., 2005). While more than 50 % of LSKFIt3" derived colonies contained
Mks, Mk potential was completely absent from ETPFIt3" or ETPFIt3 thymocytes (Fig.

3.1E).
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Figure 3.1: Single lineage potentials of ETPs

(A) ETPs of neonatal mice were FACS purified from the c-Kit enriched fraction of
thymocytes based on the cell surface marker definition Lin'CD4 CD8 c-Kit"CD25 FIt3".
The FIt3 sorting gate was typically set based on FIt3 background staining on the DN2

(LinCD4'CD8¢c-Kit"CD25") population, that is negative for FIt3.
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(B, C) Representative flow cytometry readouts of (B) B cell clones from OP9 or (C) T cell
clones from OP9DL1 stroma co-cultures. B cell clones were defined as NK1.1°
B220°CD19". Positive T cell clones were gated negative for NK1.1 and expressed CD4
and CD8 or the combination of Thyl.2 and CD25.

(D) Lymphoid lineage potentials evaluated by co-culture on OP9 or OP9DL1 stroma. B
and T cell potential of adult ETPFIt3" cells compared to adult LMPPs (left panel). B and
T cell potential of neonatal ETPFIt3" cells compared to ETPFIt3 cells (right panel). Mean
percentages + SEM of plated cells at 1 cell/well, adult: ETPFIt3" n=3, LMPP n=16,
neonatal: ETPFIt3" B cell n=12, T cell n=11, ETPFIt3" B cell n=14, T cell n=8
experiments.

(E) GM and Mk potential of ETPFIt3", ETPFIt3” and BM LSKFIt3" progenitors. Total
frequency accounting for colonies containing GM, Mk or both cell types (white bars) and
frequencies of colonies containing Mks (grey bars). Mean percentages + SEM of plated

cells at 1 cell/well, BM LSK FIt3", ETPFIt3" n=4, ETPFIt3 n=3 experiments.

3.2.2. ETPs from neonatal mice are B/T/myeloid restricted multipotent progenitors

While the above experiments clearly established the presence of B cell potential in
phenotypic ETPFIt3" cells from neonatal mice, it could not be ruled out that this was due
to contaminating B lineage restricted progenitors. Therefore to conclusively demonstrate
the presence of cells with combined B, T as well as myeloid potential, it was required to
evaluate all three lineage potentials in single ETPs. Previously it was shown that T and
myeloid potential could be detected in the same culture conditions (Bell and Bhandoola,
2008; Wada et al., 2008). However, the generation of B and T cells under the same
conditions proved to be impossible. In vitro T lineage differentiation requires the strong
activation of Notch signalling through its ligand DLL1 on OP9DL1 stroma, which at the
same time leads to suppression of B lineage potential (Pui et al., 1999). Two different
strategies involving the early separation of progeny from single ETPs for cultivation in B

or T/myeloid promoting conditions were used to overcome this problem. Studies with
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LMPPs had shown that B, T and myeloid potentials could be read out using the
OP9/OP9DL1 switch assay (Mansson et al., 2007). Single ETPFIt3" were cultured on
OP9 stroma for initial expansion. Subsequent transfer of half the primary clone onto
OP9DL1 stroma enabled the readout of T together with myeloid potential, whereas the
other half was transferred to a new layer of OP9 stroma for the readout of B lineage
potential (Fig. 3.2A). Using this strategy more than 10 % of single ETPFIt3" gave rise to
B as well as T cell colonies, while 2 % of all cells also produced myeloid cells (Fig. 3.2B).
Furthermore, a second strategy was developed to detect the combined B, T and myeloid
potential from ETPs. Single ETPFIt3" were cultured over night until the occurrence of the
first cell division. Subsequently the paired daughter cells were separated by
micromanipulation and transferred to OP9 stroma co-cultures for B lineage readout and
OP9DL1 stroma co-cultures for detection of T and myeloid lineage potentials (Fig. 3.2C).
In agreement with the switch technique over 10 % of manipulated cells were positive for
B as well as T potentials and approximately 2 % also generated myeloid cells (Fig. 2D).
Cells with combined lineage potentials gave rise to T cells positive for CD4, CD8, Thyl.2
and/or CD25, myeloid cells positive for F4/80 and Mac-1 as well as CD19 and B220
positive B cells (Fig. 3.2E, F). Although in both assays lineage potentials were generally
detected at lower frequencies compared to single readouts, these results undoubtedly
established the existence of multipotent ETPFIt3" cells with combined B, T and myeloid
potential in the neonatal thymus. Comparing both strategies, readout frequencies from
the switch technique regard all plated cells, whereas the paired daughter cell technique
only selects dividing cells for manipulation, secondary culture and readout, and thereby

potentially enriches for a subset of ETPFIt3" cells.
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Figure 3.2: Multilineage potentials of ETPs

Analysis of multi-lineage potentials of single ETPFIt3" using the PDC or switch
techniques.

(A) Experimental layout and (B) combined B, T and myeloid lineage potentials evaluated
using the OP9/OP9DL1 switch technique. Frequency of B/T/myeloid colonies amongst
colonies with BT potential (grey bars). Myeloid (M), B cell (B), T cell (T). Mean
percentages = SEM of plated single cells, n=4 experiments.

(C) Experimental layout and (D) combined B, T and myeloid lineage potentials
determined using the paired daughter cell technique. Frequency of B/T/myeloid colonies

amongst colonies with BT potential (grey bars). Myeloid (M), B cell (B), T cell (T). Mean

percentages = SEM of manipulated single cells, n=5 experiments.
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(E, F) Representative FACS profiles of a (E) T and myeloid colony from OP9DL1 stromal
co-culture or (F) B cell colony from OP9 stromal co-culture of a single ETPFIt3" after
separation using the PDC technique. T cell clones were defined as Nk1.1" and
expressed CD4 and CDS8 or the combination of Thyl.2 and CD25, whereas myeloid cells
were gated negative for NK1.1, CD4, CD8 but expressed Mac-1, F4/80. B cell clones

were defined as NK1.1'B220"CD19".

3.3. Discussion

Recently two studies by independent laboratories stated that the majority of ETPs have
the ability to produce cells of T as well as myeloid lineages, but lack B cell potential (Bell
and Bhandoola, 2008; Wada et al., 2008). However, since others previously also
detected low levels of B cell potential in ETPs, and studies of Notch deficient mice
suggested the presence of B cell potential in the thymus, the identity of the earliest cell
in the thymus remained controversial (Benz and Bleul, 2005; Radtke et al., 1999;
Sambandam et al., 2005; Wilson et al., 2001). By characterising ETPs purified from
neonatal thymi this work unequivocally demonstrated ETPs to sustain B, T, as well as
myeloid potential at the single cell level. Moreover it showed that ETPs entirely lack the
potential to generate Mks and thereby suggests that the thymus is not seeded by HSCs.
This was confirmed by studies beyond this thesis which showed that ETPs completely
lacked erythroid potential. Furthermore by transplantation of whole neonatal thymi into
irradiated recipients it was shown that the thymus lacks any long term reconstitution

potential and therefore does not harbour HSCs (Luc et al., 2012).

The identification of combined B, T and myeloid potential in ETPs also enabled for the
first time to draw the connection to a potential TSP in the bone marrow. Candidate TSPs
include CLPs, the earliest lymphoid cell of the classical model, as well as LMPPs, which

have the same lineage potentials as the newly characterised ETPs (Adolfsson et al.,
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2005; Kondo et al., 1997). Both cell populations have been isolated from peripheral
blood supporting their potential transfer to the thymus via circulation (Umland et al.,
2007). Although CLPs retain low myeloid potential, their low proliferative capacity led to
the conclusion that ETPs must develop through a CLP independent pathway (Allman et
al., 2003; Ehrlich et al., 2011). In contrast LMPPs have superior proliferative potential to
ETPs and qualify as their upstream precursors (Bhandoola et al., 2007). Further
evidence for the LMPP as candidate thymus seeding progenitor came from global gene
profiling analysis, which highlighted the similarities between the LMPP and ETP

populations (Luc et al., 2012).

The switch assay for readout of combined B, T and myeloid lineages was described
previously and was successfully applied in this study with slight modifications (Mansson
et al.,, 2007). Herein, a new strategy for multilineage potential readout based on the
micromanipulation and separation of paired progenitors was developed. This enabled
the successful detection of combined B, T and myeloid lineages in neonatal ETPFIt3"
cells at frequencies comparable to the switch assay. The paired daughter strategy
selects for dividing cells and is therefore potentially biased towards a subset of cells.
However, the separation of test cells’ progeny at the two cell stage, which have the
highest probability to resemble the test cells’ lineage potentials, makes the assay
applicable to a broad range of combined lineages, even if they require culture conditions
that immediately suppress the opposite lineage potential. Moreover, the application of

this assay is not necessarily restricted to the haematopoietic system.

In conclusion this work established a novel assay for the detection of combined B, T and
myeloid lineages and demonstrated ETPs to possess all three potentials at the single
cell levels. Together with the experimental data reported by Luc et al. this work suggests
a TSP with B, T and myeloid but not Mk/E potential and points to the LMPP as a

candidate for such a cell.
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4. Megakaryocyte potential in the Lineagec-Kit"

Sca-1" bone marrow compartment

4.1. Introduction

The first two chapters of this thesis provide novel insights into the development of the
lymphoid pathway, which is accompanied by the loss of Mk/E potential as one of the first
lineage restriction events downstream of HSCs. The following chapter investigates the

development of the Mk lineage.

Classical as well as revised models of haematopoiesis describe the generation of
unilineage restricted as well as common Mk/E progenitors via a CMP dependent route
(Luc et al., 2008b). First Mk/E progenitors were identified in the Lin'IL-7Ra'Sca-1c-Kit"
fraction of bone marrow cells based on the absence of FcyR and CD34, and were
thought to develop directly from the FcyR'CD34" classical CMP (Akashi et al., 2000). Mk
restricted cells were first purified based on the expression of CD41 as well as CD9
(Nakorn et al.,, 2003). Although these cells are restricted to the Mk lineage, they
generate only small Mk colonies consisting of few cells in vitro and give only very low
platelet reconstitution in vivo. This suggests CD41°CD9" progenitors have limited
proliferative activity and are positioned far down in the haematopoietic hierarchy (Nakorn
et al., 2003). Recently Pronk and colleagues developed a novel staging that enables the
purification of various progenitors of myeloid/Mk/E lineages. Here, Mk progenitors are
defined by the expression of CD150 and CD41 within the Lin'Sca-1c-Kit" fraction of
bone marrow cells (Pronk et al., 2007). Similar to CD9'CD41" MkPs these cells possess

little proliferative potential after transplantation and often produce only one mature
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megakaryocyte in culture. These findings were confirmed by Ng and colleagues who
identified progenitors using a CD150°CD9" phenotype of which a large fraction also
expressed CD41 (Ng et al., 2012). However, Ng and colleagues also detected in vivo
erythroid potential indicating an Mk/E progenitor, although this was not evaluated at the

single cell level.

In all studies described above the LSK fraction of bone marrow cells has not been
investigated for Mk progenitors based on the assumption that this population only
contains stem and multipotent progenitor cells (Okada et al., 1992). However, in
accordance with the early initiation of lymphoid lineage restriction and the purification of
the LMPP, a recent study also identified a new CMP within the LSK compartment based
on the expression of a reporter for GATAL (Arinobu et al., 2007). Unlike the classical
CMP which was later suggested to be rather a mix of MEPs and GMPs, around 40 % of
Gatal® CMPs generate mixed myeloid/Mk/E colonies in vitro (Nutt et al., 2005; Rieger et
al., 2009b). In these studies less than 30 % of phenotypic HSCs, that are known to
generate high Mk output in culture, gave rise to colonies containing Mks, suggesting that
the used conditions preferentially promote GM differentiation. However, in the same
conditions over 80 % of new CMPs generated Mk containing clones demonstrating the
high Mk potential within the population. About half of those colonies exclusively
contained Mks, which would be compatible with the presence of Mk restricted

progenitors within the Gatal® CMP population (Arinobu et al., 2007).

The potential existence of a very early Mk progenitor is further supported by the fact that
cells of the Mk lineage possess many similarities with stem cells (Huang and Cantor,
2009). Of the key extrinsic regulators, TPO is critical for both Mk differentiation and HSC
maintenance (Alexander et al., 1996; Gurney et al., 1994; Kimura et al., 1998; Qian et
al., 2007). Many surface markers for the purification of phenotypic HSC in the adult as

well as the embryo such as CD150, CD41 or the TPO receptor Mpl, are also expressed
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on Mks and their precursors (Kiel et al., 2005; Mikkola et al., 2003; Pronk et al., 2007).
The transcription factor Runxl plays an essential role in the development of first
definitive HSC in the embryo but is equally important for the maturation of Mks (Ichikawa
et al., 2004; Ichikawa et al., 2008; North et al., 2002; Okuda et al., 1996). Additional
shared transcription factors include GATAZ2, that has overlapping functions with GATA1
in megakaryopoiesis, as well as MEIS1, that is specifically required for embryonic Mk
development (Azcoitia et al., 2005; Hisa et al., 2004). A primitive Mk progenitor could
therefore serve as the missing link between highly proliferative HSCs and the known

rather mature Mk progenitors with little proliferative capacity.

Both the generation of pure Mk colonies from early LSK bone marrow progenitors as
well as the similarity between Mks and stem cells is compatible with the existence of an
early Mk progenitor that potentially develops through a CMP independent pathway.
Herein, further evidence is provided for the presence of a potential Mk progenitor within
the LSKCD150°CD48" population. The use of a novel GATA1 reporter enabled the
enrichment of Mk potential within the Gatal®®® (lll) fraction as shown by functional as
well as molecular analysis. Moreover, in support of the alternative model of lineage
commitment, the residual Mk potential detected in the LMPP population was significantly

enriched in the LMPPs’ small Gatal® subset.

4.2. Results

4.2.1. GATAL is highly expressed in a subset of primitive bone marrow progenitors
The utilisation of a Gatal-GFP reporter facilitated the identification of the earliest CMP
currently known (Arinobu et al., 2007). However, a large fraction of Gatal® bone marrow
progenitors in these experiments still gave rise to pure Mk colonies suggesting that this
CMP population might contain unilineage restricted Mk progenitors. This was further

evaluated in the current study. The previously used GATA1l reporter, which
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encompasses a promoter region with 3 DNA hypersensitive sites, does not contain all
known haematopoietic regulatory elements and might not truly represent Gatal
transcript expression throughout all haematopoietic stages (Drissen et al., 2010; Jasinski
et al., 2001; McDevitt et al., 1997; Suzuki et al., 2009). Therefore herein a new mouse
line that was generated using a bacterial artificial chromosome (BAC) containing all
known Gatal regulatory elements was utilized (Fig. 4.1A). In initial flow cytometry
experiments bone marrow myeloid/MK/E progenitors of this new Gatal-EGFP reporter
line were analysed according to a staging developed by Pronk and colleagues (Pronk et
al., 2007). In agreement with previous quantitative gene expression experiments, Mk
and erythroid progenitors expressed high levels of Gatal-EGFP, whereas only small
fractions of GMPs as well as preGMs were positive for Gatal (Fig. 4.1B) (Pronk et al.,
2007). Next the LSK bone marrow subset, that mostly consists of stem and multipotent
progenitor cells (Okada et al., 1992), was subdivided based on the expression of CD150,
CD48 and CD34 and analysed for Gatal expression. While only a minor fraction of
LMPPs (4.0 %) and CD150 CD48" multipotent progenitors (10.6 %) expressed Gatal-
EGFP, significant fractions of CD150°CD48" (30.3 %) or CD150°CD48 CD34" (22.5 %)
phenotypic stem cells were Gatal® although at a low mean fluorescence intensity (MFI).
The highest expression levels of Gatal were detected in the relatively uncharacterised
CD150°CD48" LSK subset, where 74.0% of cells expressed the EGFP reporter (Fig.
4.1C). Conversely the LSKGatal" fraction, that represents the Gatal® CMP described by
Arinobu and colleagues, was enriched for CD150" cells but in particular CD150°CD48"
progenitors (total LSK 5.2 %, LSKGatal® 21.3 %) (Arinobu et al., 2007). Within the

LSKGatal fraction the CD150"CD48" population was almost absent (2.1 %) (Fig. 4.1D).
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Figure 4.1: Evaluation of Gatal-EGFP reporter expression in bone marrow

progenitors

(A) Diagrammatic representation of the Gatal-EGFP BAC transgenic reporter construct.

(B) Gatal reporter expression in myeloid/Mk/E progenitors; preMegE (Linc-Kit"Sca-1"

CD41FcyrCD150°CD105’), MKkP (Linc-Kit'Sca-1'CD41°'CD150%), preGM (Lin'c-Kit'Sca-
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1'CD41 FcyrCD150°CD105) GMP  (Linc-Kit'Sca-1CD41°Fcyr'), preCFU-E (Linc-
Kit'Sca-1'CD41 FcyrCD150"CD105%), CFU-E (Lin"c-Kit"Sca-1'CD41 FcyrCD150°
CD105%). Mean percentages of Gatal® cells for all analysed mice, n=4 mice in 1
experiment.

(C) Gatal reporter expression in bone marrow stem and progenitor cell populations;
LMPP (LSKFIt3"), LSKCD150CD48" (multipotent progenitors), LSKCD150"CD48
(CD34) (HSCs), LSKCD150°CD48" (largely undefined population). Mean percentages of
Gatal’ cells for all analysed mice, n=4 mice in 1 experiment.

(D) Distribution of CD150 and CD48 expression of total LSK bone marrow stem and
progenitor cells (left panel), LSK Gatal® cells (middle panel) as well as LSK Gatal cells
(right panel) based on (C). Mean percentages out of parent population for all analysed

mice, n=4 mice in 1 experiment.

4.2.2. Enrichment of primitive Mk progenitors in the LSKCD150°CD48"Gata1P°®
population

Since the highest frequencies as well as levels of Gatal expression were observed in
the long term stem cell containing LSKCD150°CD48  subsets, and in particular the
CD150°CD48" population was enriched for Gatal® CMPs, the in vitro Mk potential of
these cells was evaluated in comparison to CD150°CD48" multipotent progenitors
(Arinobu et al., 2007; Kiel et al., 2005). As expected CD150°CD48" stem cells generated
mostly mixed colonies that contained Mks together with other, potentially myeloid cells,
whereas the CD150°CD48" fraction that contains a high frequency of LMPPs did not
produce significant numbers of Mk cells. In strong contrast nearly all colonies derived
from CD150°CD48" cells consisted of a large proportion of Mks. Most notably around
40 % of these colonies had pure Mk content, which would be compatible with the
presence of Mk restricted progenitors in that population. Moreover, as expected from an
Mk progenitor these cells produced Mks faster than the more primitive stem cells (Fig.

4.2A). Therefore further efforts were focussed on the subdivision and characterisation of
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the CD150°CD48" population using the Gatal reporter, which had previously been
shown to enrich for Mk potential (Arinobu et al., 2007). Gatal-EGFP positive
subpopulations that expressed 5 different levels of Gatal (Gatal®” (I), Gatal™ (II),
Gatal®® (Ill), Gatal™ (IV) and Gatal™ (V)) or were Gatal negative (Gatal (0)) were
purified by FACS (Fig. 4.2B). Increasing Gatal-EGFP levels were accompanied by the
gradual loss of T lymphoid potential, although T potential was not entirely lost even at
the highest Gatal-EGFP levels (Fig. 4.2C). Subfractionation of the CD150°CD48"
population also allowed for further enrichment of Mk potential and the highest Mk
production was observed from the Gatal®® (Ill) population. More than 50 % of all

pos

colonies derived from single Gatal®™ (lll) cells contained only Mks (Fig. 4.2D). Similarly
guantitative gene expression showed the highest expression of Mk associated genes in
the Gatal™ (lll) as well as Gatal™ (IV) populations (Fig. 4.2E). While the loss of T
lymphoid potential and increasing levels of Gatal expression were as expected
associated with downregulation of stem cell genes, myeloid associated genes were
maintained at consistent levels (Fig. 4.2F, G). Interestingly, erythroid genes were
strongly upregulated only in the Gatal™ (V) population (Fig. 4.2H). Thus, in agreement
with Gatal levels observed in downstream unilineage committed progenitors,
intermediate levels of Gatal expression were associated with the Mk lineage, while the
highest Gatal expression was found in cells with erythroid gene priming (Fig. 4.1B). As

expected the level of Gatal transcript correlated well with the Gatal-EGFP reporter

expression (Fig. 4.21).

4.2.3. The LSKCD150"CD48 Gatal" population does not contain long term
reconstituting stem cells

Low levels of Gatal transcripts have previously been detected in phenotypic

haematopoietic stem cell populations. GATAL deletion has no functional impact on stem

cells and Gatal expression has been interpreted as transcriptional priming (Gutierrez et

al., 2008; Hu et al., 1997; Mansson et al., 2007). In the present study intermediate levels
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of Gatal-EGFP reporter expression were detected in more than 10% of
LSKCD150"CD48" phenotypic stem cells (Fig. 4.2B) (Kiel et al., 2005). This was
accompanied by small changes in the gene expression profile, most notably the
downregulation of all four evaluated stem cell genes, indicating the potential loss of HSC
function in that population (Fig. 4.2E-1). To further investigate whether Gatal expression
is in fact initiated in HSCs, Gatal-EGFP positive and negative LSKCD150°CD48 were
transplanted into lethally irradiated recipients for the evaluation of their long term
reconstitution potential. While Gatal stem cells gave high levels of reconstitution of all
lineages after 22 weeks, no reconstitution was observed from Gatal® cells (Fig. 4.2J).
Thus, these experiments demonstrate that long term reconstituting HSCs do not express

detectable levels of the Gatal reporter.
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Figure 4.2: Gatal-EGFP expressing LSKCD150°CD48" BM progenitors have
restricted lymphoid but high megakaryocyte potential

(A) The LSK fraction of bone marrow progenitors was subdivided using CD150, CD48
and CD34. Mk potential was evaluated in liquid culture. LSKCD34 CD150°CD48" or
LSKCD34'CD150°CD48  (HSCs), LSKCD34'CD150'CD48" (multipotent progenitors),
LSKCD150"CD48" (largely undefined population). Total colonies (white bars), colonies
containing Mks (grey bars) and pure Mk colonies (black bars). Frequencies out of plated
cells, n=1 experiment.

(B) Sort profiles for the purification of Gatal subsets of LSKCD150°CD48" BM
progenitors as well as Gatal positive and negative phenotypic HSCs (defined as
LSKCD150°CD48). Mean percentages out of parent population from n=5 (for
LSKCD150"CD48" populations) or n=2 (for HSC populations) independent experiments.
(C) In vitro analysis of T lymphoid potential. For each population FACS purified

progenitors were manually plated at the equivalent of 4 cells per well onto 12 wells of
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OP9DL1 stroma. All colonies were analysed for the content of T lymphoid cells defined
as cells positive for the surface markers CD4, CD8 or Thyl.2 and CD25. Mean
percentages = SEM of plated wells, n=3 independent experiments.

(D) In vitro analysis of Mk potential in liquid culture. 120 FACS purified progenitors were
manually plated in 60 well terasaki plates at the equivalent of 1 cell per well. Colonies
were read out at day 12 of culture. Mean percentages + SEM of plated cells, n=3
independent experiments.

(E-I) Quantitative gene expression analysis of HSC and LSKCD150"CD48" subsets. 100
cells were directly sorted into PCR lysis buffer and analysed on a 48.48 Fluidigm
BioMark dynamic array.(E) Mk genes, (F) stem cell genes, (G) myeloid genes, (H)
erythroid genes, () Gatal. Data is shown as expression relative to Hprt. Mean relative
expression = SEM, n=2, for CD150"CD48"Gatal™ n=1 replicates in 1 experiment, * not
detected.

(J) 22 weeks in vivo peripheral blood reconstitution after transplantation of 100 FACS
purified LSKCD150"CD48 HSCs together with 250,000 congenic whole BM cells (dotted
line, detection level at 0.1 % donor reconstitution). Each data point represents one

individual mouse, n=1 experiment.

4.2.4. Gatal® LMPPs retain significant Mk potential

Much controversy about the haematopoietic roadmap, and whether the earliest fate
decision divides myeloid/Mk/E versus lymphoid lineages according to the classical
model, or lympho-myeloid versus myeloid/Mk/E lineages according to the alternative or
myeloid based model, is based on the LMPPs residual but small Mk/E potential
(Adolfsson et al., 2005; Forsberg et al., 2006). Since the Gatal-EGFP reporter enriched
for Mk potential in the LSKCD150°CD48" population it was also applied to subdivide the
LMPP. While less than 1 % of all LMPPs expressed Gatal-EGFP, they comprised a
significant proportion of the LMPPs’ Mk potential. Out of 120 cells plated only one FACS

purified Gatal” LMPPs gave rise to a colony that contained Mks, whereas 24 Mk clones
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were derived from the same number of Gatal® LMPPs (Fig. 4.3A, B). Next Gatal
LMPPs were analysed by short term in vivo reconstitution and compared to total LMPPs
according the experiments described by Forsberg and colleagues. By analysing platelet
reconstitution at 16 days after transplantation of 500 or 2500 LMPPs they detected up to
3 % contribution to this lineage (Forsberg et al., 2006). Herein, the analysis of platelet as
well as erythroid reconstitution 14 days after transplantation of 1000 cells into irradiated
hosts revealed a contribution of about 1 % to both lineages from total LMPPs or Gatal
LMPPs (Fig. 4.3C). Thus, although the majority of Mk colonies were derived from Gatal®
LMPPs in vitro, the in vivo analysis showed that even Gatal” LMPPs retained low levels
of residual Mk and E potentials. Transplantation of the LSKCD150"CD48" in the same
experiments resulted in high platelet and erythroid reconstitution, supporting the high Mk

but also the presence of erythroid potential in this population (Fig. 4.3C).
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Figure 4.3: Gatal® LMPPs possess increased megakaryocyte potential

(A) Sort profiles for the purification of Gatal® and Gatal subsets of LMPPs defined as
the 25 % of LSK cells with the highest FIt3 expression. Mean percentages of parent
population, n=2 experiments.

(B) In vitro colony potential. 120 FACS purified LMPPs were manually plated in 60 well
terasaki plates at the equivalent of one cell per well. Total colonies (white bars) and
colonies containing megakaryocytes (grey bars). Mean percentage of plated cells, n=2

experiments.
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(C) Day 14 in vivo peripheral blood reconstitution. 1000 FACS purified
LSKCD150"CD48" progenitors or LMPPs (total or Gatal) were transplanted together
with 250,000 congenic unfractionated BM cells (dotted line, detection level 0.1 % donor

reconstitution). Each data point represents 1 transplanted mouse, n=1 experiment.

4.3. Discussion

Unilineage restricted Mk progenitors are thought to develop through a CMP, and
previously identified Mk progenitors are rather mature, have little proliferative potential
and produce only small colonies. However, several lines of experimental data are
compatible with the existence of an early more primitive Mk restricted cell. This work
explored this potential Mk progenitor within the LSKCD150"CD48" compartment of a

Gatal-EGFP reporter mouse.

Previously studies aiming to purify Mk progenitors have focussed on the Lin'Sca-1c-Kit"
compartment of bone marrow cells and identified Mk restricted progenitors that have low
proliferative potential suggesting they are situated at a late stage of haematopoiesis
(Nakorn et al., 2003; Ng et al., 2012; Pronk et al., 2007). The present work explored Mk
potential in the LSK compartment of early stem and multipotent progenitors and
suggests the existence of an early potentially Mk restricted progenitor. Results reported
by Arinobu and colleagues already pointed to such cell (Arinobu et al., 2007). Herein
further evidence was provided that this putative Mk progenitor resides in the
CD150°CD48" subset and expresses intermediate to positive (Gatal®®) levels of Gatal-
EGFP. Residing within the LSK compartment and expressing Gatal this population is
most likely a subset of the Gatal® CMP described by Arinobu and colleagues. Although
CD150'CD48"Gata1’® cells expressed high levels of Mk specific genes, priming of both
myeloid and erythroid genes was detected. Further the detection of residual T cell

potential, although declining towards higher Gatal-EGFP expression levels, is
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compatible with heterogeneity of the CD150°CD48"Gatal® population. This potential
heterogeneity could be explored through single cell transcriptional priming analysis,
which would also give further insight on whether the CD150"CD48"Gatal"* population

contains indeed Mk progenitors.

In agreement with the importance of GATAL for erythroid development very high levels
of erythroid genes were detected in the CD150"CD48 Gatal™ population (Fujiwara et
al., 1996; Mancini et al., 2012; Takahashi et al., 1997). Although the Gatal®® subset
expressed much lower levels, erythroid transcripts were still detected. Since erythroid
potential was not evaluated in this study, it remains unclear to what extent it is sustained
in Gatal’® cells and whether this population might contain pure Mk progenitors, Mk/E
progenitors or a mix of both. The expression of Zfpml (FOG1), recently proposed as
master regulator of Mk/E commitment, would suggest the presence of high numbers of
MKE progenitors (Mancini et al., 2012). Arguing against this CD150°CD48"Gata1"* cells
expressed high levels of the Mk associated genes CD9 and Itga2b (CD41), which are
only expressed at low levels on previously identified preMegEs (Nakorn et al., 2003;

Pronk et al., 2007).

Further purification using additional surface markers or transcriptional reporters that are
more specific to the Mk lineage will be required to prospectively identify the Mk
progenitor potentially present in the LSKCD150°CD48" population. Since the herein
used Gatal-EGFP reporter only yielded insufficient enrichment of Mk progenitors,
replacement or combination with a reporter for a Mk specific gene would be needed.
Although the large overlap of the Mk transcriptional program with stem cells complicates
the search for unique regulators, several candidates have been described. GATAZ2 has a
partly redundant role with GATAL but is thought to be more Mk specific (Huang and
Cantor, 2009). Similarly, FOG1 that has been shown to be important for Mk and E

lineages and has been reported as Mk associated transcription factor (Mancini et al.,
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2012; Tsang et al.,, 1997a; Tsang et al., 1997b). Additional purification could also be
achieved by the use of surface markers such as CD41, which expression is shared with
HSCs, and in particular CD9, which has been successfully used to identify more mature

Mk restricted progenitors (Nakorn et al., 2003; Ng et al., 2012).

Since the discovery of the LMPP multiple reports have confirmed its existence in support
of the alternative model of haematopoiesis. In addition to high FIt3 expression LMPPs
have been isolated based on the expression of transcriptional reporters for the genes of
PU.1 or Ikaros as well as absence of the surface markers VCAM1 or Mpl (Adolfsson et
al., 2005; Arinobu et al., 2007; Lai and Kondo, 2006; Luc et al., 2008a; Yoshida et al.,
2006). However, controversy in the field persists around the LMPPs residual Mk/E
potential that was estimated to about 3 % for FIt3" LMPPs (Forsberg et al., 2006).
FIt3"Vcam1 LMPPs retained Mk/E potential at a frequency of 1 %, while absence of Mpl
enabled further reduction to roughly 1/1000 cells (Lai and Kondo, 2006; Luc et al.,
2008a). PU.1 positive LMPPs did not give rise to any Mks or erythroid cells. However,
this analysis was performed in a less efficient colony assay that only detected cells of Mk
or E lineages in 30 % of stem cell derived colonies (Arinobu et al., 2007). All above
markers identify only a small subset of LMPPs with very low Mk/E potential. Thereby the
majority of LMPPs is disregarded, which presents a disadvantage for studies that require
consideration of the entire LMPP population such as mutation screenings or the
identification of other distinct subsets. Herein, Gatal-EGFP has been demonstrated to
mark a small subset of LMPPs that sustains the majority of Mk potential in vitro.
Although Gatal negative LMPPs were not completely free of Mk potential, they did

represent the majority of the LMPP population.

In conclusion the results of this study are compatible with the existence of a primitive Mk
restricted progenitor in the LSKCD150°CD48" bone marrow compartment. Functional

and molecular data supported the enrichment of Mk potential in the Gatal®® fraction of a
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novel Gatal-EGFP reporter line. However, the LSKCD150"CD48"Gatal”® population
retained low T lymphoid potential as well as considerable myeloid potential and further
purification will be required to prospectively identify this putative Mk progenitor. Finally,
using this Gatal-EGFP reporter the residual Mk potential sustained in LMPPs could be
enriched in a small Gatal® subset, which facilitates a better purification of LMPPs in the

Gatal fraction.
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5. Paired daughter fate mapping of megakaryocyte

lineage biased haematopoietic stem cells

5.1. Introduction

According to the classical road map, haematopoiesis is maintained throughout the life
span of an organism by a small but homogeneous population of long term HSCs that sit
atop a hierarchy of short lived stem and progenitor cells. However, several lines of
evidence have recently emerged which suggest that the most primitive stem cell
population is functionally heterogeneous, containing cells capable of generating
overlapping but distinct lineage outputs. Retrospective analysis after transplantation of
single LT-HSCs revealed distinct reconstitution patterns with predominantly myeloid cells
from some cells, whereas other LT-HSCs more efficiently reconstituted lymphoid
lineages. Although both lymphoid and myeloid biased cell types yielded long term
reconstitution over several months, myeloid biased HSCs appeared to be more primitive,
giving slower initial reconstitution in primary hosts and more efficiently reconstituted
secondary hosts (Benz et al.,, 2012; Challen et al., 2010; Dykstra et al., 2007).
Prospective enrichment of myeloid or lymphoid primed stem cells was achieved by
purification of subsets of the side population, that is highly enriched for HSCs (Challen et
al., 2010). Similarly the stem cell population could be subdivided by using differential
expression of the surface marker CD150, where the highest levels of CD150 expression
marked the most primitive myeloid biased stem cells (Morita et al., 2010). Using a BAC
transgenic EGFP reporter for von Willebrand factor (Vwf), a gene associated with the Mk
lineage, which is heterogeneously expressed in otherwise phenotypically homogeneous

LT-HSCs, it was possible to further subdivide the primitive CD150" stem cell fraction.
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While Vwf* as well as Vwf~ HSCs give long term reconstitution of myeloid as well as
lymphoid lineages in primary as well as secondary recipients, confirming their primitive
HSC identity, Vwf* stem cells gave significantly higher platelet reconstitution. Vwf”
HSCs are enriched for a Mk associated transcriptional program, indicating that this
population is both a transcriptionally and functionally biased subset of the primitive stem
cell population. Moreover, Vwf* stem cells can give rise to their Vwf counterparts but
not vice versa, and have therefore been suggested to reside at the apex of the
haematopoietic hierarchy (Sanjuan-Pla A., Nerlov C., Jacobsen S.E. manuscript

submitted).

HSCs have been proposed to be maintained through asymmetric self-renewal divisions,
resulting in the production of one daughter HSC as well as one multipotent progenitor
(Morrison and Kimble, 2006). This process would ensure the maintenance of the stem
cell pool, while at the same time downstream progenitors and eventually mature blood
cells are replenished. However, despite of ample evidence for asymmetric stem cell self-
renewal in other model organisms or cellular systems, asymmetric stem cell divisions are
yet to be conclusively demonstrated in the mammalian haematopoietic system
(Knoblich, 2008). Due to technical limitations it is to date not possible to track
haematopoietic stem and progenitor cells with the required resolution in vivo (Lo Celso
et al., 2009; Xie et al.,, 2009). Similarly, although time lapse microscopy allows
continuous and high resolution tracking, cells can only be phenotypically characterised
and therefore not conclusively identified (Eilken et al., 2009; Rieger et al., 2009a; Wu et
al., 2007). The functional and molecular analysis of paired progeny is therefore the most
promising technique for the evaluation of HSC division. Several studies investigated the
lineage potentials of paired progeny from prospectively purified HSCs using in vitro
colony assays. Although only myeloid/Mk/E lineages were analysed in these
experiments, a high degree of asymmetric readouts were observed suggesting an

underlying asymmetric cell division. However, due to the high heterogeneity of observed
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readouts and the nature of the used colony assays, that cannot detect all lineage
potentials with absolute efficiency, asymmetric division could not be proven (Ema et al.,

2000; Takano et al., 2004).

vwf® and Vwf HSCs have been extensive functionally as well as molecularly
characterised at the population level (Sanjuan-Pla A., Nerlov C., Jacobsen S.E.
manuscript submitted). However, the single cell composition of both populations remains
largely unknown. Therefore this work evaluated single Vwf* and Vwf™ stem cells and
their earliest lineage restriction through in vitro paired daughter fate mapping. Single
Vwf® HSCs generated increased numbers of Mk colonies and more frequently
expressed Mk associated transcripts. Detailed analysis of paired progeny suggests that
Mk potential is more often symmetrically inherited from Vwf* HSCs compared to the
Vwf™ counterparts. Moreover, analysis of lineage priming between daughter cells
revealed the asymmetric expression of key lineage determinants and stem cell

regulators.

5.2. Results

5.2.1. Increased Mk colony generation and lineage priming in single Vwf* HSC and
their immediate progeny
Previous experiments demonstrated that Vwf® stem cells are biased for Mk
differentiation in vivo and are characterised by increased expression of a Mk-lineage
transcriptional program when compared with their Vwf™ counterparts (Sanjuan-Pla A.,
Nerlov C., Jacobsen S.E. manuscript submitted). However, in these experiments HSCs
were only analysed at the population level, and it remains undetermined if all or only a
fraction of Vwf " cells show an increased propensity for Mk generation. Therefore in this
study lineage potentials and transcriptional lineage priming of Vwf* and Vwf  HSC were

evaluated at the single cell level. Moreover, in order to assess the lineage fate of Vwf*
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and Vwf" HSC their immediate progeny, daughter cells resulting from a single cell
division in vitro were included in the analysis (Fig. 5.1). Vwf* and Vwf™ stem cells were
purified according to the LSKCD150"CD48" phenotype (Fig. 5.2A). The phenotype used
here was slightly different from the study by Sanjuan-Pla and colleagues, who defined
HSCs as LSKCD150°CD48CD34 (Sanjuan-Pla A., Nerlov C., Jacobsen S.E.
manuscript submitted). In agreement with the hierarchical position downstream of Vwf*
stem cells, Vwf~ HSC gave rise to Mks marginally faster than Vwf* HSCs (Fig. 5.2B).
However, as expected Mk biased Vwf* HSC produced Mks at a higher frequency for the
last readout time point at day 15 (Fig. 5.2C). At the same time both populations had a
comparable overall cloning frequency and produced similar numbers of T cell colonies
(Fig. 5.2C, D, G, H). Higher numbers of Mk-containing colonies were also observed from
daughters of Vwf™ HSCs compared to their Vwf  counterparts, although at a lower
overall frequency (Fig. 5.2E, H). Daughter cells from Vwf* as well as Vwf" HSCs more
efficiently produced T cells suggesting that the initial culture period and cell division
makes paired daughters more responsive to survival and growth signals in OP9DL1 co-

cultures (Fig. 5.2F, G).



5. Paired daughter fate mapping of megakaryocyte lineage biased haematopoietic stem cells 136

GFP screen and
micromanipulation

7Y

Lysis Multiplex
O - buffer gPCR

LySiS Multiol
¢ O e T Muliplex

/

GM/MK scoring
HSC Viwf+ (@) © — Colony — by microscopy
or —> -

HSC Vwf- O © — Colony —» GM/MK scoring
...................................... \ by microscopy
\ hTPO, mSCF, mIL-3, hEPOQ,
hTPO, mSCF, miL-3 hFIt3L 8-13 days
2 days M

T readout by

O —> Colony — flow cytometry

O —» Colony —» T readout by
flow cytometry

OP9DL1 co-culture
3 weeks

Figure 5.1: Paired daughter fate mapping

Experimental set up for paired daughter fate mapping of haematopoietic stem cells.
Single Vwf " or Vwf~ cells were FACS purified and cultured for 2 days with hTPO, mSCF
and mlL-3. Colonies were screened for EGFP expression by microscopy and single cells
from clones containing exactly two daughters were transferred into lysis buffer for

guantitative PCR analysis or secondary culture for readout of GM/Mk or T cell potentials.
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Figure 5.2: Lineage potential analysis of Vwf " and Vwf HSCs and their immediate
progeny

(A) FACS purification of Vwf* and Vwf~ HSC from the VwWf-EGFP reporter mouse strain.
Mean percentages of parent population, n=3 experiments.

(B) Kinetics of the emergence of Mks in colonies derived from Vwf" and Vwf  HSCs.
Mean frequency of Mk colonies £+ SEM out of plated single cells , n=3 experiments,

** p<0.01.
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(C — D) Colony forming potential of FACS purified (C) single Vwf* or Vwf  HSCs and (D)
paired daughters of those. Total colony frequency (white bars) and colonies containing
Mks (grey bars). Mks were confirmed by direct microscopic analysis of cultures as well
as expression of the Vwf-EGFP reporter. Mean frequency of Mk colonies = SEM out of
plated single cells, n=3 experiments.

(E — F) T lymphoid potential of FACS purified (E) single Vwf* or Vwf HSCs and (F)
paired daughters of those. T cell colonies were defined by the expression of at least
CD4, CD8 or Thyl.2 and CD25 surface markers. Mean frequency of Mk colonies + SEM
out of plated single cells, n=2 experiments.

(G) Representative FACS plots of a T cell colony derived from a single paired daughter
cell. Positive colonies expressed CD4, CD8 and/or Thyl.2 and CD25.

(H) Confirmation of presence or absence of Mks by May-Grunwald Giemsa stain and
morphology analysis in day 15 colonies from Vwf* or Vwf" HSCs or in day 13 colonies

from daughters of those. Examples of Mks are indicated by arrows, scale bar 25 pm.

To further characterise Vwf* as well as Vwf~ HSC and their immediate progeny at the
molecular level, single cell quantitative gene expression analysis using a gene set
covering all lineages was performed. Principle component analysis (PCA) revealed that
a distinct difference in gene expression signatures is apparent between parent HSCs
and their progeny. Gene expression signatures of Vwf® and Vwf  subsets were,
however, very heterogeneous and largely overlapping, suggesting no or only marginal
differences in lineage priming (Fig. 5.3A). Detailed analysis for lineage specific genes
confirmed very heterogeneous gene expression profiles for single cells within each
population. Both Vwf™* and Vwf " stem cells expressed low levels of lymphoid genes. Only
Ikzf1 (Ikaros), which is not restricted to the lymphoid lineage but has previously been
shown to be important for initiation of lymphoid priming in HSCs is more frequently
expressed (Ng et al., 2009). Similarly, myeloid/erythroid as well as genes associated

with stem cell function were expressed at comparable frequencies between Vwf* and
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Vwf~ HSCs. However, in agreement with their increased Mk colony formation, Vwf*
HSCs were enriched for a number of Mk related transcripts such as Neol, Sdpr, Gpré4,
Clu, Zfpm1 (FOG1), Itga2b (CD41) as well as Mycn. Upon cell division lineage profiles
significantly changed as already indicated by PCA analysis. Unexpectedly daughter cells
expressed many out of the tested stem cell genes (Tek, Prnp, Hoxb4, Bmil, Ly6a (Sca-
1), Cd34, Evil, Cdknlc) at higher frequencies than their precursors, although some stem
cell genes such as Cd34 have been shown to be induced in culture by previous studies
(Sato et al.,, 1999). The expression of erythroid and myeloid genes remained largely
constant. An upregulation of lymphoid transcripts (Tcfe2a, sIigH, lkzf1) was observed in
the daughter cells, which likely makes them more responsive to survival and growth
signals in OP9DL1 co-cultures and results in increased T cell readouts (Fig. 5.2F). The
expression pattern of Mk associated genes remained largely constant during cell division
with Vwf* daughters being more Mk primed than the Vwf". Strong upregulation,
however, was observed for Itgh3 (CD61) in both daughter populations (Fig. 5.3C). The
expression of Vwf, as a transcript associated with the Mk lineage, correlated well with
the EGFP reporter expression for stem cells as well as their progeny. Almost all
daughter cells maintained (90.4 %) or only marginally changed (6.1 %) EGFP reporter

expression compared to their HSC precursors (Fig. 5.3B).
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Figure 5.3: Transcriptional lineage priming of HSCs and their immediate progeny
Quantitative expression analysis of Vwf ™ (45 cells) and Vwf~ (45 cells) HSCs, as well as
immediate progeny of Vwf " (48 cells) and Vwf~ (52 cells) HSCs for a list of 48 transcripts

covering genes associated with different haematopoietic lineages, stem cells and
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housekeeping genes. Data are presented as AC; with expression of each gene
normalised to the expression of Ubc.

(A) Principle component analysis (PCA) based on all genes in all cells with the exception
of housekeeping genes and genes with high background in non-template controls. Each
data point represents one individual cell, and the data are combined from cells isolated
and analysed in three individual experiments.

(B) Vwf transcript expression in each of the four populations analysed, where EGFP
signals were detected in HSCs by flow cytometry and in daughter cells by fluorescence
microscopy. AC; values for transcripts with AC; > 30 were treated as undetected
transcripts and set to 30.

(C) Expression of transcripts associated with stem cells (8 genes), lymphoid lineage (5
genes), erythroid lineage (3 genes), Mk lineage (14 genes) and myeloid lineage (7
genes). AC, values for transcripts with AC; > 30 were treated as undetected transcripts

and set to 30.

5.2.2. Vwf " HSC maintain high Mk potential through frequent symmetric cell
division

Vwf* HSCs generate Mk containing colonies at higher frequencies than their negative
counterparts, a difference that is maintained in their immediate progeny. In order to
investigate how lineage potentials are propagated during cell division paired progenitors
were analysed in detail. Although T lymphoid potential could only be read out from about
40 % of progeny from Vwf* as well as Vwf  HSCs, the majority of T cell potential was
segregated symmetrically from both populations (Table 5.1). The analysis of GM and Mk
potentials revealed different division patterns for Vwf* and Vwf~ stem cells. While 80 %
of Vwf " HSCs symmetrically segregated GM and Mk potentials, only about 64 % of Vwf"
HSC divided symmetrically. Moreover, 60 % of Vwf* daughter pairs maintained Mk

potential, whereas this was reduced to 34 % for Vwf~ cells. Conversely, symmetrical loss
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of Mk potential was detected for 29 % of daughter pairs from Vwf  HSCs, compared to
20 % for the Vwf ™ subset. The asymmetric segregation of Mk potential was observed for
13 % Vwf® HSCs. Interestingly this was more frequently detected for Vwf  HSCs, of
which 22 % divided asymmetrically (Table 5.2). Thus, these results suggest that Vwf*
HSC maintain the potential to generate Mk colonies through symmetric segregation.
Vwf~ HSC not only often lose Mk potential through symmetric cell division but also show
more frequent asymmetric cell divisions. Mk commitment, associated with the loss of GM
potentials, was rarely observed and at higher frequencies for Vwf" HSCs (5 %)
compared to Vwf* HSCs (4 %) (Table 5.2). Therefore these results suggest that the Mk
bias of Vwf* HSC is a result of increased maintenance of Mk potential rather than early

Mk commitment.

Table 5.1: T lymphoid potential of paired daughter cells

T cell potential

Parent cell One The other No. of pairs
T T 6 37.5%
neg. neg. 7 43.8%
. total symmetric pairs 13 81.3%
Vwf
T neg. 3 18.8%
total pairs 16 100.0%
T T 5 33.3%
neg. neg. 8 53.3%
Vwi" total symmetric pairs 13 86.7%
T neg. 2 13.3%
total pairs 15 100.0%

The table displays the total number of pairs investigated in 2 independent experiments.
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Table 5.2: GM/Mk potentials of paired daughter cells

Differentiation potential

Parent cell One The other No. of pairs
GMMK GMMK 31 56.4%
GM GM 11 20.0%
MK MK 2 3.6%
total symmetric pairs 44 80.0%

Vit GMMK GM 7 12.7%
GMMK neg. 2 3.6%
GM neg. 1 1.8%
MK neg. 1 1.8%
total asymmetric pairs 11 20.0%
total pairs 55 100.0%
GMMK GMMK 17 28.8%
GM GM 17 28.8%
MK MK 3 5.1%
neg. neg. 1 1.7%
total symmetric pairs 38 64.4%

Vinf- GMMK GM 11 18.6%
GMMK neg. 2 3.4%
GM MK 2 3.4%
GM neg. 4 6.8%
MK neg. 2 3.4%
total asymmetric pairs 21 35.6%
total pairs 59 100.0%

The table displays the total number of pairs investigated in 3 independent experiments.

5.2.3. Key lineage determinants are asymmetrically expressed in paired daughter
cells

Several previous studies have aimed to address the long standing question of whether
haematopoietic cells and in particular stem cells are able to divide asymmetrically by
analysis of paired progeny/daughters arising from cell division. Due to high
heterogeneity of colony readouts it has not yet been possible to obtain conclusive results
(Ema et al., 2000; Suda et al., 1984a; Takano et al., 2004). While in this study it was
valid to make comparisons between Vwf* and Vwf~ subsets of HSCs, it was not possible
to sufficiently address the question of asymmetric cell division, and in agreement to

previous reports highly heterogeneous colony readouts were obtained. Although the use
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of fate reporters could help to overcome this problem, in the current study attempts to
utilise VwWf-EGFP as indicator for Mk commitment were not successful, and additional
candidate genes are likely needed to investigate this question. In order to find new
potential reporters for in vitro paired daughter fate mapping a total of 50 daughter pairs
from Vwf® as well as Vwf  stem cells were analysed for asymmetric expression of
lineage specific genes. The most frequent differentially expressed genes include the key
lineage determinants Cebpa, which has been suggested to instruct myeloid fate, Zfpm1,
important for Mk/E lineage commitment, as well as Tcfe2a a regulator of early lymphoid
specification (Dias et al., 2008; lida et al., 2008; Jones et al., 2009; Kee, 2009; Mancini
et al., 2012; Mercer et al.,, 2011; Semerad et al., 2009; Wolfler et al., 2010). High
asymmetry was also detected for a group of genes with specific roles for stem cell
maintenance and function including Hoxb4 and Cdknlc (Antonchuk et al., 2002;
Bjornsson et al., 2003; Brun et al., 2004; Hills et al., 2011; Matsumoto et al., 2011). The
transcript encoding Numb, which has been associated with asymmetric expression in
paired daughter cells and is asymmetrically distributed during cell division was also
shown to have highly asymmetric expression between pairs of daughter cells in the
present study (Wu et al.,, 2007). In addition asymmetric expression was observed for
sigH, an untranslated lymphoid specific transcript produced by the Ig locus prior to
rearrangement (Fig. 5.4). Although there was no asymmetric expression of overall
lineage programs detected in paired daughter cells the differential expression of key
lineage determinants or stem cell genes could trigger the initiation of the downstream
lineage fate. Most interestingly reporters for these genes could be used to monitor such
fate decisions in paired daughter cells and help to address the long standing question of

asymmetric division of HSCs.
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Figure 5.4: Asymmetric gene expression in paired progeny

Analysis of differential expression within daughter pairs from Vwf* and Vwf  HSC. The
heatmap displays the fold difference of expression for each gene between two daughter
cells of the same pair calculated based on the AAC, of the respective pair relative to Ubc.
Fold differences >10 were set to 10. Genes were ranked according to the cumulative fold
difference within all daughter pairs. Numbers in brackets indicate the cumulative fold
change for each gene. Daughter pairs of which one or both cells expressed less than
30 % of all genes were excluded from the analysis. The colour bar at the top of the

heatmap indicates the phenotype of the parent cell. Daughter pairs derived from Vwf

HSC (black) and Vwf  HSC (grey).

5.3. Discussion

Mk biased Vwf® HSC have been studied as a population but their functional and
molecular heterogeneity has not been explored in single cells. Asymmetry of stem cell
divisions has been subjected to much speculation but remains to be conclusively proven.
In this chapter Vwf* and Vwf  HSCs and their inmediate progeny were analysed at the
single cell level in an attempt to evaluate the heterogeneity within the population in
particular as well as the symmetric versus asymmetric characteristics of HSC cell

divisions in general.

The Vwf® subset of HSCs has been shown to represent a Mk primed stem cell
population that preferentially gives rise to platelets in the blood after competitive
transplantation of 50 purified cells. Since previous experiments were performed on the
population level, they do not address the potential inherent heterogeneity of Vwf* stem
cells (Sanjuan-Pla A., Nerlov C., Jacobsen S.E. manuscript submitted). In addition
recent reports suggest that HSCs can be classified as having four different,

hierarchically related subsets, each with distinct, cell intrinsic lineage reconstitution bias.
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These studies accounted only for lymphoid and myeloid lineage outputs, but
nevertheless suggest a high heterogeneity within the HSC population (Dykstra et al.,
2007; Morita et al., 2010). The present work showed that Vwf® HSCs contain an
increased frequency of cells that give rise to Mk containing colonies, while total colony
potential or T cell generation were comparable to Vwf™ HSCs. In agreement Vwf™ and
Vwf~ cells expressed similar frequencies of genes associated with myeloid, lymphoid
and erythroid lineages as well as stem cell genes, whereas most but not all Vwf* stem
cells expressed a higher number of Mk associated genes. The results outlined in this
chapter confirm previous in vivo reconstitution experiments, where Vwf* and Vwf~ stem
cells similarly reconstituted myeloid and lymphoid lineages, whereas Vwf* cells
generated significantly higher platelet reconstitution (Sanjuan-Pla A., Nerlov C.,
Jacobsen S.E. manuscript submitted). In addition, the present study suggests that this
increased platelet output is the result of a higher frequency of Mk primed cells in the

Vwf* population.

There have been a number of insights which suggest a molecular or regulatory
relationship between HSCs and the Mk lineage. Both have a critical requirement for the
megakaryocytopoietic cytokine TPO, and express an overlapping set of surface markers
as well as key transcription factors. This close phenotypic relationship led to the
hypothesis that HSCs might be able to directly commit to Mk restricted progenitors via a
so far unknown cellular pathway (Huang and Cantor, 2009). Therefore the Mk primed
Vwf* HSCs could serve as the candidate population capable of such commitment. In
support of this, increased Mk priming was also observed in the direct progeny of Vwf*
HSCs. Detailed analysis of daughter pairs revealed that Vwf* HSCs are more prone to
symmetric cell division associated with maintenance of Mk and GM potentials, whereas
Vwf~ HSCs more frequently lost Mk potential in one or both of the daughter cells.

Therefore this data suggests that the increased Mk colony output in vitro as observed in

the present study, or the previously observed Mk reconstitution bias of Vwf* HSC, is due
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to the better maintenance of Mk potential during cell division rather than higher

frequencies of Mk commitment.

Although all stem cells by definition carry the potential to generate lymphoid cells, single
cell transplantation experiments demonstrated that a fraction of HSCs give only low level
lymphoid reconstitution in vivo (Dykstra et al., 2007; Morita et al., 2010). Similarly in this
study, although LSKCD150*CD48" phenotypic HSC represent a highly enriched stem cell
population, only about 10 % of single cells produced T cells in culture. However, in line
with results from previous in vivo reconstitution experiments, no difference in T cell
generation was observed between Vwf® or Vwf~ HSC. The T cell readout from
immediate progeny of both stem cell populations increased to 40 %, which was also
accompanied with the upregulation of lymphoid transcripts. Thus, the one day culture
period for generation of paired progenitors was sufficient for the cells to activate a
lymphoid program that makes them significantly more responsive to the survival and
growth signals present in T cell promoting cultures. This stands in agreement with
previous reconstitution experiments, where the fraction of HSCs that lacked lymphoid
output was reduced from 27 % to 7 % when the cells were cultured for 4 days before
transplantation (Dykstra et al., 2007). Interestingly, in the present study 80 % of T cell
readouts from progeny were symmetrical with more than 30 % of daughter pairs
generating T cells. Therefore, intrinsic ability to generate T cells in culture must be
already present in the parent cells and, in support of an underlying symmetric cell

division, is symmetrically propagated to the daughters.

The evaluation of lineage potentials in functional assays performed in the present study
generally supports the existence of symmetric stem cell divisions in culture. In
agreement with previous reports asymmetric readouts, particularly asymmetric Mk
colony formation, were also frequently observed. However, due to the heterogeneity of

the readouts obtained in the present as well as previous studies and the nature of



5. Paired daughter fate mapping of megakaryocyte lineage biased haematopoietic stem cells 151

utilised culture assays, it cannot be ruled out that these asymmetries are the result of
inefficient potential detection from one of the two daughter cells in a respective pair
(Ema et al.,, 2000; Takano et al.,, 2004). In further support of symmetric cell division
detailed analysis for differential expression of lineage associated transcripts showed no
overall trends for asymmetry. However, the present study only evaluated a very limited
number of genes and global gene expression data would allow more definitive
conclusions. The frequency of asymmetric expression for the here analysed genes was
very heterogeneous. While some transcripts, including housekeeping genes, were
detected at uniform levels, other genes including the key lineage determinants Cebpa,
Zfpm1l and Tcfe2a, the stem cell genes Cdknlc and Hoxb4 as well as Numb and sigH
were highly differentially expressed. Cebpa is a key regulator of the GM lineage, while
Zfpm1l and Tcfe2a are important for Mk/E and lymphoid lineages, respectively (Dias et
al., 2008; lida et al., 2008; Jones et al., 2009; Kee, 2009; Mancini et al., 2012; Mercer et
al., 2011; Semerad et al., 2009; Wolfler et al.,, 2010). Interestingly, a recent study
specifically reported the interaction between Cebpa and Zfpml as determinant for GM
versus MK/E lineage choice downstream of CMPs (Mancini et al., 2012). Whether both
factors have a similar role in stem cells will have to be evaluated in future investigations.
The product of Tcfe2a has been extensively described in the regulation of B cell
development where it initiates a cascade of transcription factors including EBF and
PAXS5 that eventually leads to B cell restriction (Busslinger, 2004; Kee, 2009). However,
Tcfe2a has also been implicated in the development of other lymphoid lineages and
most interestingly has recently been shown to promote the development of LMPPs (Dias
et al., 2008). Thus, although within one cell division there was no overall lineage specific
pattern of transcriptional priming observed, Cebpa, Tcfe2a and Zfpm1l might initiate
lineage programs that become more evident further downstream. Therefore future
analyses should in addition to paired daughters also include granddaughter cells or even
later progeny that might present more global changes in lineage programs. The stem cell

genes Hoxb4 and Cdknlc have been associated with HSC regulation. Hoxb4 has been
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shown to be specifically important for stem cell proliferation and expansion, while
Cdknlc has an important role in HSC maintenance and promotes stem cell quiescence
(Antonchuk et al.,, 2002; Bjornsson et al., 2003; Brun et al., 2004; Hills et al., 2011;
Matsumoto et al., 2011). Thus, their differential expression in stem cell derived paired
daughters points to an asymmetric self-renewal division. Importantly the screening for
asymmetry genes in the present study also detected Numb, which has been implicated
in asymmetric cell division by several other studies before, therefore validating this
experimental approach (Wu et al., 2007). Numb has been described as an adaptor
protein and inhibitor of Notch signalling with important functions in neuronal
development; however, its specific function in asymmetric cell division in haematopoiesis
remains largely unknown (Guo et al., 1996; Wakamatsu et al., 1999). Surprisingly, the
list of most asymmetric genes also included slgH, a transcript that indicates lymphoid
priming but has no reported function itself (Magor et al., 1999). Therefore its asymmetric
expression is most likely caused by one or more other lymphoid regulators, but
nevertheless it might indicate lymphoid differentiation. Most asymmetric genes described
in this study might not only be key regulators of lineage commitment or stem cell self-
renewal, but could be utilised as reporters for future fate mapping studies. Thereby such
reporters could serve as early fate indicators in paired progenitors, enrich for a certain
cellular lineage fate, and thereby overcome the problem of heterogeneous readouts
observed in the current and previous studies (Ema et al., 2000; Takano et al., 2004).
Eventually such experiments could prove the existence of asymmetric stem cell

divisions.

In conclusion, this study demonstrated Vwf* HSCs to have superior Mk colony forming
potential and to express higher frequencies of Mk associated transcripts compared to
Vwf~ HSCs. This confirms previous findings of an in vivo Mk reconstitution bias as well
as increased Mk priming of the Vwf™ stem cell population. Analysis of paired daughter

cells suggests that Mk biased Vwf® HSCs better maintain Mk potential during cell
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division in a multipotent state rather than directly committing to the Mk lineage. Finally,
although most results supported symmetric stem cell division, detailed transcriptional
priming analysis detected the asymmetric expression of key lineage determinants and
stem cell regulators. These genes might serve as candidate reporters for future studies

of stem cell division by paired daughter fate mapping.
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6. Discussion

The alternative, or myeloid based, model of lineage commitment describes the
bifurcation of lympho-myeloid and myeloid-Mk-E lineage pathways as the earliest
commitment event and has been supported by multiple reports over the last decade,
including the prospective identification of LMPPs and CMPs as the corresponding
primitive progenitor populations. However, several aspects of this lineage commitment
process are poorly understood. Little is known about the emergence of primitive stem
and progenitor cells during embryonic development; similarly, the early fate decisions
made in primitive stem and progenitor cells in adult haematopoiesis requires further
investigation. The studies described in this thesis attempted to evaluate the early
lympho-myeloid pathway; its emergence in the embryo as well as its progression in
neonatal thymopoiesis. Moreover, this study sought to elucidate early megakaryopoiesis
and aimed to trace the fate of haematopoietic stem cells, as the origin of both lympho-

myeloid as well as myeloid-Mk-E pathways, in the adult.

6.1. Embryonic lymphopoiesis is initiated prior to the

emergence of definitive HSCs

Embryonic haematopoiesis emerges in two distinct waves, a primitive wave that appears
around embryonic day 7 and is transient, as well as the definitive wave that originates
from definitive HSCs, is first established at day 10.5 and maintained throughout life
(Dzierzak and Speck, 2008). The majority of the first haematopoietic cells are of
erythroid nature, but cells of the myeloid as well as Mk lineage are also part of primitive

haematopoiesis (Medvinsky et al., 2011; Palis et al., 1999). Lymphoid cells on the other
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hand have only been detected at later stages during development, and are therefore
thought to be part of definitive haematopoiesis and derived from definitive HSCs.
Similarly lympho-myeloid restricted cells that were able to generate B and/or T cells as
well as macrophages have only been retrospectively identified at day E12 or at later
stages in the foetal liver (Cumano et al., 1992; Kawamoto et al., 1997; Lacaud et al.,
1998; Lu et al., 2002; Mebius et al., 2001). The present work established and for the first
time prospectively isolated such lympho-myeloid progenitors from the E11.5 foetal liver,
and conclusively demonstrated its lympho-myeloid restriction at the functional as well as

molecular level (Chapter 2).

Several lines of evidence suggest the existence of lymphoid potential in the embryo at
much earlier stages and even before the emergence of first definitive HSCs. Immature or
pre-definitive HSCs, that are not able to reconstitute irradiated adult hosts and therefore
do not qualify as definitive HSCs, are multipotent and can generate lymphoid cells in
culture or when transplanted into immunocompromised or neonatal recipients (Bertrand
et al., 2005; Cumano et al., 1996; Cumano et al., 2001; Godin et al., 1995; Kieusseian et
al., 2012). Low level transcripts of the lymphoid regulators IL-7Ra and RAG1, that are
expressed in adult LMPPs but not HSCs, can already be detected in the embryo at the
time of definitive stem cell emergence, suggesting the activation of the lymphoid
pathway at that early stage (Adolfsson et al., 2005; Hu et al., 1997; Kawamoto et al.,
2000; Mombaerts et al., 1992; Ng et al., 2009; Peschon et al., 1994a; Yokota et al.,
2006). Moreover, a recent study reported the purification of progenitors with T lineage
potential from the E9.5 yolk sac. These cells generated mature T cells in culture or in
vivo after transplantation (Yoshimoto et al., 2012). In agreement with the above results
by using IL-7Ra and Ragl as markers this study identified a lympho-myeloid restricted
progenitor in the E10.5 foetal liver as well as the E9.5 yolk sac that has properties similar
to its E11.5 equivalent (Chapter 2). This lympho-myeloid progenitor is likely derived from

pre-definitive HSCs and might serve as the precursor for the described T cell progenitor
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in the E9.5 yolk sac. As such it would be the earliest known embryonic progenitor of the

lymphoid pathway.

6.2. Lympho-myeloid progenitors significantly

contribute to steady state myelopoiesis in the embryo

The findings in this study clearly establish the existence of a lymphoid-myeloid restricted
progenitor in the embryo resembling the adult LMPP, that has been confirmed by
multiple reports since its first discovery (Adolfsson et al., 2005; Arinobu et al., 2007; Lai
and Kondo, 2006; Luc et al., 2008a; Mansson et al., 2007; Yoshida et al., 2006).
Nevertheless the LMPP as well as the alternative model of haematopoiesis remain
challenged by studies supporting the classical haematopoietic roadmap, which is still
accepted in the literature (Akashi et al., 2000; Boyer et al., 2011; Forsberg et al., 2006;
Kondo et al., 1997). In particular recent studies have questioned the physiological role of
LMPPs in myelopoiesis (Schlenner et al., 2010; Schlenner and Rodewald, 2010; Welner
et al., 2009). While it has been unequivocally demonstrated that LMPPs readily give rise
to myeloid cells in ex-vivo cultures, their contribution to the myeloid lineage under steady
state conditions in vivo remains less certain (Adolfsson et al., 2005; Schlenner and
Rodewald, 2010). In vivo fate mapping experiments with [I7ra or Ragl, which are both
expressed by adult LMPPs, observed only a minor contribution of labelled and therefore
II7ra” or Ragl® cell derived myeloid cells (Schlenner et al., 2010; Schlenner and
Rodewald, 2010; Welner et al., 2009). However, these markers are only expressed by a
small fraction of adult LMPPs, which also have low myeloid potential in vitro (Luc et al.,
2008a). On the contrary all embryonic lympho-myeloid progenitors are positive for IL-
7Ra as well as Ragl. In this study Ragl fate mapping demonstrated significant
contribution of Ragl® foetal lympho-myeloid progenitors to embryonic steady state
myelopoiesis. In agreement with previous studies myeloid contribution decreased in

older embryos and labelled myeloid cells were barely if at all detected in the adult
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(Chapter 2). This might however reflect the restriction of Ragl expression within the
lympho-myeloid progenitor population during aging rather than a reduction of myeloid
contribution of by these cells. A definitive prove of LMPP derived steady state
myelopoiesis in the adult will require fate mapping studies using more LMPP specific

markers, which might be identified through global gene profiling.

6.3. ETPs and lympho-myeloid progenitors as potential

link between foetal liver, bone marrow and thymus

The final stages of T cell development take place in the thymus that provides a specific
microenvironment and cell extrinsic signals for the generation of naive effector T cells.
Thymopoiesis is maintained through constant replenishment with progenitors from the
bone marrow (Donskoy and Goldschneider, 1992; Scollay et al., 1986). Although several
candidate TSPs have been proposed its identity remains as yet unknown (Bhandoola et
al.,, 2007). This study characterised the ETP as the earliest cell in the thymus, that is
likely to resemble the cellular characteristics of the TSP. ETPs sustain B, T as well as
myeloid potential at the single cell level and therefore resemble the LMPP in the adult
bone marrow as well as the herein identified embryonic lympho-myeloid progenitor
(Chapter 2, 3). Moreover, molecular characterisation and comparison of all 3 populations
supports adult LMPPs as well as embryonic lympho-myeloid progenitors as potential

TSPs (Chapter 2) (Luc et al., 2012).

6.3.1. ETPs sustain B, T as well as myeloid lineage potentials

ETPs are defined as the earliest T cell progenitors in the thymus and in addition to T cell
potential they have been shown to generate NK cells, dendritic cells as well as myeloid
cells. ETPs have also been shown to produce B cells in vitro as well as in vivo, although
this has only been detected at very low frequencies (Benz and Bleul, 2005; Sambandam

et al., 2005). The presence of B cell potential in the thymus has been supported by
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studies of mice deficient for Notch signalling. The absence of Notch as key driver of T
cell and inhibitor of B cell development resulted in accumulation of large numbers of B
cells in the thymus (Radtke et al., 1999; Wilson et al., 2001). Accordingly, ETPs might
give rise to B cells rather than commit to T cell development. However, in this setting it
could not be excluded that B cells entered the thymus from the periphery. Moreover, two
recent studies that investigated the lineage potentials of ETPs at the single cell level
detected a large fraction of these cells to have T as well as myeloid potentials, but failed
to observe any B cell generation (Bell and Bhandoola, 2008; Wada et al., 2008). By
investigating ETPs from neonatal mice, this study demonstrated at the single cell level
that ETPs possess T and myeloid potentials but also sustain significant B cell potential
(Chapter 3). In addition ETPs were shown to lack Mk potential, suggesting that the
thymus is not seeded by HSCs, and pointing towards the LMPP, that resembles the
ETP’s lineage potentials, as a candidate TSP. In experiments beyond this thesis work it
was confirmed that ETPs lack Mk as well as erythroid potentials and detailed global

gene expression analysis indicated its lympho-myeloid restriction (Luc et al., 2012).

6.3.2. Adult and foetal lympho-myeloid progenitors are candidates TSPs

Although the exact identity of the TSP remains elusive several candidates including stem
cells as well as multipotent and lymphoid restricted progenitors have been proposed
(Bhandoola et al., 2007). The detailed characterisation of the ETP that retains B, T as
well as myeloid but not Mk/E potentials allows further conclusions about the identity of
the TSP (Chapter 3) (Luc et al., 2012). Since the thymus does not contain any long term
reconstitution potential and ETPs do not possess any Mk/E potential, the thymus is
unlikely seeded by stem cells, unless they undergo immediate commitment upon thymus
entry. According to the classical haematopoietic roadmap CLPs give rise to B and T
lymphocytes (Kondo et al., 1997). CLPs have been shown to also possess myeloid
potential, and therefore qualify as precursors of ETPs (Ehrlich et al., 2011). However,

CLPs are less proliferative than ETPs and express lower levels of the primitive markers
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c-Kit and Sca-1. Furthermore, in loss of function studies of the transcription factor Ikaros,
CLPs were completely absent, whereas ETPs remained largely unaffected, suggesting
the CLP independent development of ETPs (Allman et al., 2003). The adult LMPP is
therefore the currently best candidate TSP and not only resembles the ETPs lineage
potentials but has also been shown to be more primitive and proliferative (Schwarz et al.,
2007). Moreover adult LMPPs express the chemokine receptors CCR7 and CCR9 that
are required for thymus seeding, and deficiency for both receptors results in severe
reductions of ETPs (Lai and Kondo, 2007; Zlotoff et al., 2010). In further support of
thymus seeding by LMPPs detailed global transcriptional priming analysis demonstrated
a close molecular relation between ETPs and LMPPs (Luc et al., 2012). During
embryonic development the thymus is first seeded at around E11.5 most likely by foetal
liver progenitors (Owen and Ritter, 1969). The lympho-myeloid progenitors identified
herein were already present in the foetal liver at E10.5. Similar to adult LMPPs they were
characterised by the expression of transcripts for Ccr7 as well as Ccr9 and primed for
members of the Notch signalling pathway (Chapter 2). Thus, this lympho-myeloid
progenitor is a candidate TSP for initial thymus seeding as well as maintenance of

embryonic thymopoiesis.

6.4. Early Mk development in the adult bone marrow

The alternative haematopoietic roadmap implies the early separation of lympho-myeloid
and myeloid-Mk-E pathways. The first part of this work investigated the development of
the lympho-myeloid lineage, which is accompanied by the loss of Mk/E potentials. The
second part evaluated the Mk lineage pathway and provided evidence compatible with
the existence of a primitive Mk progenitor. Further it evaluated an Mk biased Vwf* stem
cell subset at the single cell level and showed that a significantly higher frequency of
Vwf* HSCs generate Mk colonies, express Mk associated genes and Vwf* HSCs are

more likely to maintain Mk potential after cell division.
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6.4.1. Evidence compatible with the existence of a primitive Mk progenitor in the
LSK bone marrow compartment

Unilineage restricted Mk progenitors as well as progenitors restricted to Mk and erythroid
lineages have primarily been identified in the c-Kit" but Sca-1" bone marrow
compartment, which contains less primitive progenitor populations. In particular Mk
progenitors that were previously identified based on the expression of combinations of
the surface markers CD150, CD41 and CD9 have low proliferative potential (Nakorn et
al., 2003; Ng et al., 2012; Pronk et al., 2007). However, several lines of data would be
compatible with the existence of a more primitive, more proliferative Mk progenitor that
most likely resides in the LSK bone marrow subset of stem and early progenitor cells.
Firstly the Mk lineage shares several properties with HSCs, that include common
extrinsic regulators such as TPO, but also multiple surface markers and key transcription
factors, which suggest a close developmental link between both (Huang and Cantor,
2009). Secondly, the Vwf* Mk biased HSC subset characterised herein could serve as
precursor with the ability to give rise to such an early Mk progenitor (Chapter 5). Finally,
a recent study identified a new more primitive CMP than previously described using a
GFP reporter for Gatal. While the majority of CMPs generated mixed colonies
containing a combination of myeloid, Mk and erythroid cells, nearly 40 % of all colonies
were purely megakaryocytic and potentially derived from MKk restricted progenitors within
that population (Arinobu et al., 2007). Herein, a population with high Mk potential that
expressed intermediate to positive but not high levels of a new Gatal-GFP reporter was
shown to be primarily located in the LSKCD150°CD48" bone marrow compartment. The
presence of MK restricted cells within this population was supported by the expression of
Mk associated genes. However, although erythroid transcripts were only expressed at
low levels, erythroid potential was not functionally evaluated in this study and it remains
possible that these putative Mk progenitors also sustain erythroid potential (Chapter 4).
The LSKCD150°CD48"Gatal®® population also sustained low T lymphoid as well as

significant myeloid potential. Thus, further sub-fractionation using more specific surface
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markers or transcriptional reporters will be required to purify this putative primitive Mk
progenitor. Promising candidates include the surface markers CD9 or CD41, that are
also expressed on known more mature Mk progenitors, or Mk associated transcription
factors such as GATA2 or FOG1 (Huang and Cantor, 2009; Mancini et al., 2012; Nakorn
et al., 2003; Ng et al.,, 2012; Tsang et al., 1997a; Tsang et al., 1997b). Furthermore
transcriptional lineage priming analysis of single LSKCD150°CD48"Gata1™ cells would
give additional information about the heterogeneity within the population and the

potential presence of Mk restricted cells.

6.4.2. The majority of residual Mk potential in the LMPP is restricted to a small
Gatal® subset

The discovery of the adult LMPP has been a major contribution to the establishment of
the alternative or myeloid based roadmap (Adolfsson et al., 2005). Its existence has
been confirmed by multiple studies in the adult and the present work established an
equivalent lympho-myeloid progenitor during embryonic haematopoiesis (Chapter 2)
(Arinobu et al., 2007; Yoshida et al., 2006). However, many studies have challenged
these results in support of the classical haematopoietic roadmap, which is still prevailing
in the literature (Boyer et al., 2011; Forsberg et al., 2006). The LMPP has mainly been
guestioned based on its small residual Mk/E potential suggesting it to be a multipotent
rather than lympho-myeloid restricted progenitor. Previous studies purified subsets of
LMPPs based on the expression of Mpl or VCAM1, which had significantly reduced Mk/E
potentials (Lai and Kondo, 2006; Luc et al.,, 2008a). However, it remained uncertain
whether the majority of original LMPPs contain low Mk/E potentials or all Mk/E potential
is confined to a small subset of LMPPs. In this study by using a GFP reporter for Gatal,
a small fraction of LMPPs was identified to carry the majority of Mk potential.
Accordingly, Gatal™ LMPPs retained only a reduced level of residual Mk potential
(Chapter 4). In contrast to previous reports where only small subsets with reduced Mk/E

potential were purified, the Gatal LMPP represents nearly the entire original LMPP
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population. Purification of the LMPP to a complete absence of Mk/E potential will be
subject to future studies and might require a global screen for the identification of new

specific markers.

6.4.3. Vwf-GFP marks a stem cell subset with superior Mk differentiation potential

The classical haematopoietic road map suggests the existence of a single homogeneous
stem cell population with the ability to produce all downstream blood cell lineages.
However, retrospective analysis of single cell transplants, and more recently prospective
purification of stem cells based on differential expression levels of the surface marker
CD150, demonstrated heterogeneity within the HSC population (Benz et al.,, 2012;
Challen et al., 2010; Dykstra et al., 2007; Morita et al., 2010). While HSCs with high
levels of CD150 expression were more primitive and preferentially reconstituted the
myeloid lineage, lower levels of CD150 were associated with predominant lymphoid
reconstitution (Morita et al., 2010). Further subdivision of this CD150™ HSC subset using
a reporter for Vwf led to the identification of a Vwf* Mk biased stem cell population that
gives superior platelet reconstitution in vivo, expresses an Mk associated transcriptional
signature and is placed upstream of its Vwf~ counterpart (Sanjuan-Pla A., Nerlov C.,
Jacobsen S.E. manuscript submitted). However, Vwf* HSCs were only characterised at
the population level and therefore it remained elusive whether or not they represent a
heterogeneous population themselves. This study showed that Vwf® HSCs more
frequently produce colonies with Mk content in culture when compared to Vwf  HSCs.
Moreover most but not all cells expressed a higher number of Mk associated transcripts

suggesting different levels of Mk priming within the population.

The similarity between HSCs and cells of the Mk lineage as well as the potential
existence of a primitive Mk progenitor led to the hypothesis of a putative direct Mk
differentiation pathway from HSCs to Mk committed progenitors (Huang and Cantor,

2009). Mk biased Vwf® HSC could thereby serve as the potential origin of such
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commitment pathway. The herein performed analysis of paired progeny indicated that
Vwf® HSCs more efficiently maintain Mk together with myeloid potentials, while GFP"
cells frequently produce pairs of progeny, of which one or both cells have lost the ability
to produce Mks. This suggests that Vwf® HSCs better sustain Mk potential in a
multipotent state rather than undergoing direct Mk commitment. However, the present
analysis observed only one HSC division, which was not associated with a distinct
change of lineage priming (Chapter 5). A Mk commitment event from HSCs or their
progeny could still occur further downstream and its detection might require the

observation of multiple generations of daughter cells.

6.5. Asymmetric expression of key lineage determinants

in paired progeny of HSCs

In support of primarily symmetric cell divisions of Vwf* as well as Vwf™ stem cells the
herein performed transcriptional priming analysis revealed no overall trends or
differential expression of lineage programs between paired progenitors. However, this
analysis was confined to a small set of lineage associated genes and a more global and
comprehensive analysis might be required to detect changing lineage programs.
Currently it is not yet possible to obtain high quality global gene expression data from
single haematopoietic cells. However, in the near future state of the art techniques such
as RNA sequencing should allow this analysis, which has already been achieved for

some other cell types (Ramskold et al., 2012).

The analysis of paired progenitors performed herein detected the asymmetric expression
of multiple key lineage determinants (Cebpa, Zfpml, Tcfe2a) as well as stem cell
regulators (Hoxb4, Cdknlc). The expression of these lineage specific regulators could
serve as the first step in a lineage commitment event and as such might instruct lineage

choice. In fact Cebpa has previously been shown to instruct myeloid fate in early
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haematopoietic cells (Wolfler et al., 2010). Similarly, Zfpm1 and Tcfe2a are involved in
the early specification of MK/E or lymphoid lineages and are likely to instruct
differentiation towards these lineages (Dias et al., 2008; Kee, 2009; Mancini et al.,
2012). Genes encoding other transcription factors that have previously been proposed
as key lineage determinants such as GATAL or PU.1 did not appear to be frequently
asymmetrically expressed in the present study (lwasaki et al., 2003; Nerlov and Graf,
1998). This could reflect that both factors are not involved in early asymmetry or they
might function further downstream. The differential expression of Hoxb4 and Cdknlc
might indicate the asymmetric self-renewal of HSCs (Chapter 5). In particular Hoxb4 has
previously been shown to promote stem cell self-renewal and its ectopic expression

resulted in ex-vivo HSC expansion (Antonchuk et al., 2002).

Asymmetric cell division or more specifically asymmetric self-renewal of HSCs has been
proposed to be an important mechanism for simultaneous stem cell maintenance and
production of haematopoietic progenitors, but is yet to be conclusively demonstrated.
Paired daughter fate mapping has been described as a promising tool for the evaluation
of such asymmetric cell divisions. However, although asymmetric colony readouts in the
present as well as previous studies would be compatible with the occurrence of
asymmetric cell divisions, due to highly heterogeneous readouts these results could not
prove the existence of such divisions (Chapter 5) (Ema et al., 2000; Takano et al., 2004).
In order to overcome these drawbacks lineage specific reporters could be used to link
colony readouts with the fate of paired daughter cells and allow for the detection of a
specific lineage commitment event even if it occurs only very infrequently. The herein
identified highly asymmetrically expressed key lineage determinants Cebpa, Zfpm1 and
Tcfe2a are promising candidates for such reporters and might enable the investigation of
asymmetric lineage fates of HSCs. Moreover, reporters for the stem cell specific
transcripts Hoxb4 or Cdknlc could serve as markers for self-renewal in such studies

(Chapter 5).
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6.6. Conclusion

This thesis work provided new insights into early embryonic and adult haematopoietic
lineage commitment, explored lympho-myeloid as well as myeloid-Mk-E pathways, and
evaluated HSC fate decisions that underlie this lineage bifurcation. Thereby it specifically

showed:

An early lympho-myeloid progenitor exists within embryonic haematopoiesis, emerges
prior to the first definitive HSCs and significantly contributes to steady state myelopoiesis

in vivo.

ETPs possess B, T and myeloid potentials, which has implications for thymus seeding,

and points to the LMPP as a putative TSP.

The LSKCD150°CD48"GATA1P* bone marrow subset is enriched for Mk potential and

possibly contains a putative primitive Mk progenitor.

vwf* single HSCs show heterogeneous Mk priming and frequently propagate Mk

potential during cell division.

Key lineage determinants and stem cell regulators are differentially expressed in paired
progeny of HSCs and could serve as reporters for future paired daughter fate mapping

studies.
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7. Material and Methods

7.1. Mice

7.1.1. Mouse husbandry
The animals used in this study were bred and maintained at University of Oxford
Biomedical Services. Animal handling as well as all procedures were performed under

the UK Home Office Animals Scientific Procedures Act (1986).

7.1.2. Mouse strains
C57BL/6 (CD45.2) or C57B6SJLCD45 (CD45.1) mice were obtained from University of
Oxford Biomedical Services. Mice with Ragl driven GFP expression were obtained from

N. Sakaguchi (Department of Immunology, Kumamoto University School of Medicine,

GFP/GFP GFP/+
1 1

Japan) (Kuwata et al., 1999) and bred and maintained as Rag or Rag . For

experiments only Rag1®™"*

embryos were used and Ragl-GFP was always inherited
from the male parent to ensure all GFP expressing cells were embryo derived. Flt3-
Cre'Y" mice were provided by C. Bleul (Department of Developmental Immunology, Max-
Planck-Institute of Immunobiology, Freiburg, Germany) (Benz et al., 2008). Rag1-Cre'¥*
mice were obtained from T. Rabbits (MRC Laboratory of Molecular Biology, Cambridge,
UK) (McCormack et al., 2003). Rosa26 (R26R)*"™*"*" mice were generated by S.
Srinivas (Department of Genetics and Development, Columbia University, New York,
USA) (Srinivas et al., 2001). The Vwf-EGFP and Gatal-EGFP transgenic mouse lines
were provided by C. Nerlov (EMBL, Monterotondo, Italy). Both lines were generated via

bacterial artificial chromosome engineering and intracytoplasmic sperm injection. For the

Vwf-EGFP reporter line two founder lines were generated, reporter expression evaluated
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by the Nerlov lab and one line was chosen for all following experiments. For the Gatal-
EGFP reporter only one founder line was generated. All lines were backcrossed to and

maintained on a C57BL/6 genetic background.

7.1.3. Generation of embryos
Embryos for experiments were generated by timed mating over night. The next morning
mating was confirmed by detection of the vaginal plug. The morning of vaginal plug

detection was set as embryonic day 0.5.

7.1.4. Phenotyping of mouse strains

Transgenic identity of Vwf-EGFP and Gatal-EGFP transgenic mice was determined by
EGFP phenotyping of peripheral blood platelets. Transgenic individuals of both strains
have platelets labelled by high expression of EGFP. For blood collection mice were
briefly warmed up in a heat box and placed in a mouse restrainer. After a small incision
in one of the tail veins, a small drop of blood was collected using a capillary and
immediately resuspended in 100 ul PBS. EGFP expression was analysed by flow

cytometry. Platelets were identified according to their FSC/SCC profile.

7.1.5. Genotyping of mouse strains

Ragl-GFP, Flt3-Cre*, Ragl-Cre* and Rosa26 (R26R)®*"™™°'F" were genotyped by
polymerase chain reaction on genomic DNA extracted from ear biopsies. DNA isolation
was performed using the Phire Animal Tissue Direct PCR Kit (Thermo Fisher Scientific).
Ear biopsies were placed into 20 ul Dilution Buffer plus 0.5 ul DNARelease Additive,
mixed, briefly vortexed and incubated at room temperature for 2-5 min followed by 2 min
incubation at 98 °C. The genomic DNA containing supernatant was diluted 1:10 with H,O

to a total volume of 200 pl.
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7.1.6. Polymerase chain reaction

Specifically optimised PCR reactions were run for each genotype. Usually 1-2 ul pre-
diluted genomic DNA sample was added to a total reaction volume of 20-25 pl
containing a combination of forward and revers primers (final concentration 0.2-0.5 puM,
Invitrogen), 0.2-0.4 ul Tag polymerase (Thermo Fisher Scientific, Invitrogen) and either
10 pl 2x PCR buffer with dNTPs (Thermo Fisher Scientific) or 10x buffer, ANTP mix and
magnesium chloride (Invitrogen). PCR reactions were performed using a thermal cycler

(Tetrad 11 96-Well Alpha Unit, Biorad).

Table 7.1: List of primers for genotyping

Strain Primer name Primer sequence
Rag forward AGGTAGCTTAGCCAACATGG
Ragl-GFP Rag reverse CAACATCTGCCTTCACGTCGATCC
GFP reverse GCTCAGGTAGTGGTTGTCGG
FIt3.C Flt3 Cre forward ACGGAGTCCAGGCAACTTCC
-Cre
FIt3 Cre reverse GAAGCATGTTTAGCTGGCCC
Cre forward CGTTTTCTGAGCATACCTGGA
Ragl-Cre
Cre reverse ATTCTCCCACCGTCAGTACG
RosaWT forward GGAGCGGGAGAAATGGATATG
RosaWT revers AAAGTCGCTCTGAGTTGTTAT
Rosa26-YFP
YFP forward CGTAAACGGCCACAAGTTCAG
YFP reverse GAACTCCAGCAGGACCATGTG
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Table 7.2: List of PCR protocols for genotyping

Strain PCR protocol

1) 95 °C for 5 min

2) 95°Cfor30s

3) 55°Cfor45s

4) 72 °C for 1 min (back to 2, 10 cycles)
5) 95°Cfor30s

6) 52°Cfor45s

7) 72 °C for 1 min (back to 5, 35 cycles)
8) 72°Cfor2 min

Ragl-GFP

1) 98 °C for 5 min

2) 98°Cforl0s

Flt3-Cre 3) 68°Cfor5s

4) 72 °Cfor 20 s (back to 2, 34 cycles)
5) 72°C for1 min

1) 98 °C for 5 min

2) 98°Cfor5s

Ragl-Cre 3) 58°Cfor5s

4) 72 °C for 20 s (back to 2, 30 cycles)
5) 72°Cfor1min

1) 98°C for 5 min

2) 98°Cfor5s

3) 69 °C for5 s (decrease by 0.5 °C per cycle)
4) 72 °Cfor20s (back to 2, 15 cycles)

5) 98°Cfor5s

6) 59°Cfor5s

7) 72 °Cfor 20 s (back to 5, 20 cycles)

8) 72°Cfor1min

Rosa26-YFP

7.1.7. Agarose gel electrophoresis

PCR products were evaluated on a tris-acetate EDTA (TAE) buffer (prepared in house)
based 2 % agarose gel (Invitrogen). DNA fragments were visualised using ethidium
bromide stain (1 drop per 50 ml agarose gel, Dutcher Scientific) on a ultra-violet

transilluminator.
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7.2. In vivo assays

7.2.1. In vivo repopulation assay

In all experiments donor versus recipient/competitor white blood cells were detected
using mice with C57BL/6 (expression CD45.2) versus C57B6SJLCD45 (expressing
CD45.1) background. In experiments with Gatal-EGFP transgenic donor mice platelet
as well as red blood cell reconstitution was evaluated in addition. For this strain all donor
derived platelets and red blood cells were labelled EGFP* and could be distinguished
from EGFP’ recipient/competitor cells. Recipient mice were typically conditioned by two
doses of 450 cGy irradiation from a cesium-137 source. Within 24 h FACS purified test
cells were injected intravenously in the tail along with 250,000 congenic competitor bone
marrow cells in a total volume of 200 pl. After irradiation/transplantation mice were

monitored daily on days 4-16 and twice weekly thereafter.

7.2.2. Blood collection for multi-lineage reconstitution analysis

At 16-22 weeks after transplantation for long term reconstitution analysis, or after 14
days for short term repopulation experiments, mice were analysed for multilineage
peripheral blood reconstitution. Mice were warmed up in a heat box to increase blood
circulation in the tail and placed in a sterilized mouse restrainer. After local sterilization a
small incision was made into the tail vein and 100-200 pul peripheral blood were collected
(never exceeding 10 % of total blood volume) in EDTA-coated collection tubes

(Sarstedt).

7.3. Flow cytometric analysis and cell sorting

7.3.1. Preparation of single cell suspension from thymus tissue
Thymi from neonatal or adult mice were harvested in phosphate buffered saline (PBS,
Invitrogen) supplemented with 5% FCS (Thermo Fisher Scientific, always used as

additive to PBS), cleaned from fat tissue as well as blood and disrupted by passing the
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tissue through a 70 um cell strainer (Beckton, Dickenson and Company). Cells were
resuspended in a defined volume of PBS with 5 % FCS and viable cells were counted in
a Neubauer chamber after live/dead stain using trypan blue (Sigma) supplemented with

Zap-OGLOBIN Il (Beckman Coulter).

7.3.2. Preparation of single cell suspension from adult bone marrow

Femurs, tibias as well as iliac crests were harvested from individual mice, cleaned from
excess muscle tissue and placed into PBS with 5 % FCS. Bones were crushed in a
mortar and the bone marrow tissue was disaggregated by pipetting through a 70 um cell
strainer (Beckton, Dickenson and Company). Cells were counted after live/dead stain in
a Neubauer chamber using trypan blue (Sigma) supplemented with Zap-OGLOBIN I

(Beckman Coulter) or a Sysmex haemocytometer (KX-21N, Sysmex).

7.3.3. Preparation of single cell suspension from foetal haematopoietic tissues

Cell suspensions from E8.5 embryos were obtained by collagenase treatment of whole
concepti (yolk sac, allantois and embryo proper combined, without the ectoplacental
cone). E9.5 yolk sac was dissected without vitelline and umbilical cord or E10.5 foetal
livers were dissected and treated with collagenase (type 1, Sigma) at a final
concentration of 0.12 % for 10 min at 37 °C. Treated yolk sacs or E10.5 foetal livers
were disaggregated by gentle pipetting. E11.5 or E14.5 foetal livers were dissected and
single cell suspension was made using a syringe with 27G or 25G needle. All foetal
tissues or cells were always handled in Dulbecco’s phosphate buffered saline (DPBS)

with calcium chloride and magnesium chloride (Invitrogen) with 10 % FCS.

7.3.4. Preparation of cells from mouse peripheral blood
For evaluation of red blood cells 1 pl peripheral blood was diluted and directly used for
antibody staining. For platelet preparation peripheral blood samples were spun down at

1000 rpm for 10 min. The platelet containing supernatant was collected. For preparation
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of white blood cells the pallet was typically resuspended in PBS with 1 % FCS to a total
volume of 300 ul to 500 pl. For red blood cell sedimentation PBS with 2 % dextran
(Sigma) was added at a 1:1 ratio followed by 25 min incubation at 37 °C. The white
blood cell containing supernatant was collected, cells were washed and remaining red
blood cells were lysed by incubation in ammonium chloride solution (1x, NH4Cl, Stem

Cell Technologies) for 1 min.

7.3.5. c-Kit" cell enrichment

Prior to sorting of haematopoietic stem and progenitor cells from bone marrow or thymic
tissue c-Kit" cells were enriched by magnetic activated cell sorting according to
manufacturer’s instructions with minor modifications (MACS, Miltenyi Biotec). Single cell
suspensions were spun down and resuspended in PBS with 5 % FCS at a concentration
of 100 million cells per 100 pl for bone marrow or 300 million cells per 100 pl for thymus.
For blocking of Fc receptors in some experiments cells were incubated with purified anti-
FcyR antibody (prepared in house) for 10 min. c-Kit microbeads were added at a ratio of
2.5 ul per 100 pl total sample volume followed by incubation for 20 min at 4 °C or on ice
while regularly shaking to avoid cell sedimentation. After a washing step to remove
excess c-Kit microbeads samples were resuspended in 3 ml PBS with 5 % FCS, filtered
through a cell strainer and applied to a pre-equilibrated MACS LS column on a MACS
separator (Miltenyi Biotec). Typically not more than 500 million cells were applied per
column and multiple columns were used for larger samples. The column was washed 3
times by adding 3 ml PBS with 5 % FCS to remove c-Kit" cells, while microbead labelled
c-Kit" cells were retained in the magnetic field of the column. In order to elute the c-Kit"
cell enriched fraction the column was removed from the MACS separator and flushed
with 5 ml PBS with 5 % FCS using the plunger provided. Typically cells were counted
after live/dead stain in a Neubauer chamber using trypan blue (Sigma) supplemented
with Zap-OGLOBIN 1l (Beckman Coulter) or a Sysmex haemocytometer (KX-21N,

Sysmex).
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7.3.6. Antibody staining for flow cytometric analysis and sorting

For flow cytometric analysis as well as cell sorting the compensation set up of the flow
cytometer was performed using single stained CompBeads (Beckton, Dickenson and
Company). Typically 1 pl of the respective antibody was mixed with one drop species
specific as well as one drop negative control CompBeads and incubated for 15 min at
4 °C. After one washing step with 1 ml PBS with FCS beads were resuspended in 200 pl

PBS with FCS for analysis.

Fluorescence minus one (FMO) controls were typically stained in a total volume of 25 pl.
Cells were resuspended in 12.5 pl PBS with FCS containing a 1x dilution of purified anti-
FcyR antibody (in house production) and incubated for 10 min at 4 °C. Samples for
analysis as well as sorting were typically stained in a total volume of 200-500 pl with
higher volumes in some cases, never exceeding a cell concentration of 10 million cells
per 100 pl. Accordingly sample cells were typically resuspended in 100-250 pl or half the
total staining volume PBS with FCS containing a 1x dilution of purified anti-FcyR

antibody (in house production) and incubated for 10 min at 4 °C.

Antibody cocktails were prepared at 2x concentration and half the total staining volume
according to table 7.3. For staining FMO or sample cells were mixed with 2x antibody
cocktails and incubated for 15 min at 4 °C. For staining panels involving a secondary
antibody or biotin/streptavidin staining step FMO and sample cells were washed and
subsequently resuspended in a 1x dilution of the respective secondary antibody or
streptavidin conjugate followed by 15 min incubation at 4 °C. After washing stained cells
were typically resuspended in 50-200 ul PBS with FCS for analysis. For sorting cells

were resuspended at or below a concentration of 10 million cells per ml.
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For all analysis as well as sorting dead cells were excluded by 4,6-diamidino-2-
phenylindole (DAPI; Invitrogen) or 7-amino-actinomycin D (7-AAD, Sigma) staining. Flow
cytometry analyses were performed on an LSRIl analyser (table 7.4, special order
research product, Beckton, Dickenson and Company). Cell sorts were performed on a
FACSAriall cell sorter (table 7.5, special order research product, Beckton, Dickenson
and Company). Sort purity as determined by test sorting and reanalysis prior to and after
the sample sort was typically above 95 %. Flow cytometry data analysis was performed

using FACSDiva (Beckton, Dickenson and Company) or Flowjo (TreeStar).

Table 7.3: List of antibodies for flow cytometry

Antibody conjugate Clone Supplier Application
CD19-PECy7 1D3 BD, Ch. 2, 4, white blood cell stain
eBioscience
CD45.1-PE A20 BD Ch. 2, 4, white blood cell stain
CD45.2-AlexaFluor700 (AF700) 104 Biolegend Ch. 2, 4, white blood cell stain
CD4-APCeF780 RM4-5 eBioscience Ch. 2, 4, white blood cell stain
CD8a-APCeF780 53-6.7 eBioscience Ch. 2, 4, white blood cell stain
Gr-1-PacificOrange (PO) RB6-8C5 Invitrogen Ch. 2, 4, white blood cell stain
Mac-1-APC M1/70 Biolegend Ch. 2, 4, white blood cell stain
NK1.1-PacificBlue (PB) PK136 Biolegend Ch. 2, 4, white blood cell stain
B220-PECy7 RA3-6B2 Biolegend Ch. 2, FL/YS stain
CD19-PECy7 1D3 BD, Ch. 2, FL/YS stain
eBioscience
CD3e-APC 145-2C11 BD Ch. 2, FL/YS stain
CD45-AlexaFluor700 (AF700) 30-F11 eBioscience Ch. 2, FL/YS stain
c-Kit-APCeFluor780 (APCeF780) 2B8 eBioscience Ch. 2, FL/YS stain
F4/80-APC BM8 Invitrogen Ch. 2, FL/YS stain
Fit3 (CD135)-biotin A2F10 eBioscience Ch. 2, FL/YS stain
Gr-1-APC RB6-8C5 BD, Biolegend Ch. 2, FL/YS stain
IL-7Ra-PE A7R34 eBioscience Ch. 2, FL/YS stain
NK1.1-APC PK136 BD Ch. 2, FL/YS stain
Sca-1-FITC E13-161.7 BD Ch. 2, FL/YS stain
Sca-1-PacificBlue (PB) E13-161.7 Biolegend Ch. 2, FL/YS stain
Streptavidin-Qdot655 (QD655) - Invitrogen Ch. 2, FL/YS stain
Terl19-APC TER119 eBioscience Ch. 2, FL/YS stain
B220-PETexasRed (PETXR) RA3-6B2 BD Ch. 2, Rag1 fate mapping
CD150-APC Izclzlfzz Biolegend Ch. 2, Rag1 fate mapping
CD19-PE 1D3 BD Ch. 2, Ragl fate mapping
CD41-PECy7 MWrag30 eBioscience Ch. 2, Ragl fate mapping
Gr-1-PacificOrange (PO) RB6-8C5 Invitrogen Ch. 2, Ragl fate mapping
Mac-1-AlexaFluor700 (AF700) M1/70 eBioscence Ch. 2, Ragl fate mapping
Ter119-PECy5.5 TER119 eBioscence Ch. 2, Ragl fate mapping
B220-PE RA3-6B2 eBioscience Ch. 2-5, OP9/OP9DL1 readout
CD19-PECy7 1D3 BD, Ch. 2-5, OP9/OP9DL1 readout
eBioscience




Material and Methods 175

CD25-PE 3C7 BD Ch. 2-5, OP9/OP9DL1 readout
CD25-PerCPCy5.5 PC61 BD Ch. 2-5, OP9/OP9DL1 readout
BioSciences

CD4-AlexaFluor700 (AF700) RM4-5 eBioscience Ch. 2-5, OP9/OP9DL1 readout
CD4-APCeFlour780 (APCeF780) RM4-6 eBioscience Ch. 2-5, OP9/OP9DL1 readout
CD4-PE H129.19 Biolegend Ch. 2-5, OP9/OP9DL1 readout
CD71-PE RI7217 Biolegend Ch. 2-5, OP9/OP9DL1 readout
CD8a-PECy7 53-6.7 eBioscience Ch. 2-5, OP9/OP9DL1 readout
F4/80-APC BM8 Caltag Ch. 2-5, OP9/OP9DL1 readout
Gr-1-PECy5 RB6-8C5 Biolegend Ch. 2-5, OP9/OP9DL1 readout
Mac-1-AlexaFluor700 (AF700) M1/70 eBioscience Ch. 2-5, OP9/OP9DL1 readout
NK1.1-PacificBlue (PB) PK136 Biolegend Ch. 2-5, OP9/OP9DL1 readout
Terl19-PECy5.5 TER-119 eBioscience Ch. 2-5, OP9/OP9DL1 readout
Thyl.2-APC 30-H12 Biolegend Ch. 2-5, OP9/OP9DL1 readout
B220-APC RA3-6B2 BD Ch. 3, ETP stain

CD11c-APC N418 eBioscience Ch. 3, ETP stain

CD19-APC 1D3 BD Ch. 3, ETP stain
CD25-PerCPCy5.5 PC61 BD Ch. 3, ETP stain

CD3e-APC 145-2C11 eBioscience Ch. 3, ETP stain
CD4-AlexaFluor700 (AF700) RM4-5 eBioscience Ch. 3, ETP stain

CD8a-PECy7 53-6.7 eBioscience Ch. 3, ETP stain
c-Kit-APCeFluor780 (APCeF780) 2B8 eBioscience Ch. 3, ETP stain

Gr-1-APC RB6-8C5 eBioscience Ch. 3, ETP stain

NK1.1-APC PK136 eBioscience Ch. 3, ETP stain

Tcrb-APC H57-597 eBioscience Ch. 3, ETP stain

Tcrgd-APC eBioGL3 eBioscience Ch. 3, ETP stain

B220-purified RA3-6B2 eBioscience Ch. 4, HSC and MP stain
CD105-Biotin MJ7/18 Biolegend Ch. 4, HSC and MP stain
Mac-1-purified M1/70 Biolegend Ch. 4, HSC and MP stain
CD150-APC S Biolegend Ch. 4, HSC and MP stain
CD16/32 (FcyR)-PE 93 eBioscience Ch. 4, HSC and MP stain
CD34-Biotin RAM34 eBioscience Ch. 4, HSC and MP stain
CD41-PECy7 MWReg30 eBioscience Ch. 4, HSC and MP stain
CD4-purified H129.19 BD Ch. 4, HSC and MP stain
CD5-purified 53-7.3 eBioscience Ch. 4, HSC and MP stain
CD8a-purified 53-6.7 eBioscience Ch. 4, HSC and MP stain
c-Kit-APCeFluor780 (APCeF780) 2B8 eBioscience Ch. 4, HSC and MP stain
F(ab")2 IgG (H+L)-PECy5 - Invitrogen Ch. 4, HSC and MP stain
Gr-1-purified RB6-8C5 eBioscience Ch. 4, HSC and MP stain
Sca-1-PacificBlue (PB) E13-161.7 Biolegend Ch. 4, HSC and MP stain
(S;rsﬁiz‘;'d'”'PETeanRed - BD Ch. 4, HSC and MP stain
Ter119-purified TER-119 eBioscience Ch. 4, HSC and MP stain
B220-PECy5 RA3-6B2 Biolegend Ch. 4, HSC and progenitor sort
Mac-1-PECy5 M1/70 Biolegend Ch. 4, HSC and progenitor sort
CD150-PECy7 1—;:11522 Biolegend Ch. 4, HSC and progenitor sort
CD48-APC HM48-1 Biolegend Ch. 4, HSC and progenitor sort
CD4-PECy5 RM4-5 Biolegend Ch. 4, HSC and progenitor sort
CD5-PECy5 53-7.3 Biolegend Ch. 4, HSC and progenitor sort
CD8a-PEcy5 53-6.7 Biolegend Ch. 4, HSC and progenitor sort
c-Kit-APCeFluor780 (APCeF780) 2B8 eBioscience Ch. 4, HSC and progenitor sort
Gr-1-PECy5 RB6-8C5 Biolegend Ch. 4, HSC and progenitor sort
Sca-1-PacificBlue (PB) E13-161.7 Biolegend Ch. 4, HSC and progenitor sort
Terl19-PECy5 TER-119 Biolegend Ch. 4, HSC and progenitor sort
Terl19-PECy5.5 TER-119 eBioscience Ch. 4, HSC and progenitor sort
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CD150-APC 1—2(:':11522 Biolegend Ch. 4, platelet stain
CDA41-PECy7 MWReg30 eBioscience Ch. 4, platelet stain
Terl19-PECy5.5 TER-119 eBioscience Ch. 4, platelet stain
Terl19-PECy5.5 TER-120 eBioscience Ch. 4, red blood cell stain
B220-PECy5 RA3-6B2 Biolegend Ch. 5, HSC sort
CD11b (Mac-1)-PECy5 M1/70 Biolegend Ch. 5, HSC sort
CD150-APC Ichlfzz Biolegend Ch. 5, HSC sort
CD48-PE HM48-1 Biolegend Ch. 5, HSC sort
CD4-PECy5 RM4-5 Biolegend Ch. 5, HSC sort
CD5-PECy5 53-7.3 Biolegend Ch. 5, HSC sort
CD8a-PEcy5 53-6.7 Biolegend Ch. 5, HSC sort
c-Kit-APCeFluor780 (APCeF780) 2B8 eBioscience Ch. 5, HSC sort
Gr-1-PECy5 RB6-8C5 Biolegend Ch. 5, HSC sort
Sca-1-PacificBlue (PB) E13-161.7 Biolegend Ch. 5, HSC sort
Terl19-PECy5 TER-119 Biolegend Ch. 5, HSC sort

Table 7.4: Instrument configuration BD LSRIl SORP

Laser Wavelength Laser power Fluorophore Emission filter
Pacific Blue 450/50
Sytox Blue 525/50
Violet 407 nm 50 mwW Pacific Orange 585/42
QD605 610/20
QD655 660/40
Blue 488 nm 100 mW SSC 488/10
FITC 525/50
PE 575/25
PE-Texas Red 610/20
Green 532 nm 150 mwW PECy5 685/35
PECy5.5 (PerCPCy5.5) 710/40
PECy7 780/60
APC 670/14
Red 640 nm 40 mwW Alexa Fluor 700 730/45
APCeFluor780 780/60
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Table 7.5: Instrument configuration BD FACSAriall SORP

Laser Wavelength Laser power Fluorophore Emission filter
Pacific Blue 450/50
Sytox Blue 525/50
Violet 407 nm 100 mw Pacific Orange 585/42
QD605 610/20
QD655 660/40
SSC 488/10
Blue 488 nm 100 mwW
FITC 525/50
PE 575/26
PE-Texas Red 610/20
Green 532 nm 150 mwW PECy5 685/35
PECYy5.5 (PerCPCy5.5) 710/50
PECy7 780/60
APC 670/14
Red 640 nm 40 mwW Alexa Fluor 700 730/45
APCeFluor780 780/60

7.4. In vitro evaluation of lineage potentials

7.4.1. In vitro evaluation of single lymphoid potentials

For evaluation of single B and T cell potentials, 1-4 haematopoietic stem or progenitor
cells were plated on a ~80 % confluent monolayer of OP9 or OP9DL1 stroma, that was
prepared one day in advance by plating 2000 OP9 or OP9DL1 stroma cells in each well
of a flat bottom 96 well plate. Haematopoietic cells were either sorted directly into each
well by automated single cell deposition or bulk sorted into a defined volume of medium
followed by manual plating. OP9 co-cultures for the evaluation of B cell potential were
performed in a total volume of 200 pl OptiMEM supplemented with 10 % FCS (HyClone,
always used for in vitro culture), 1 % B-mercaptoethanol (0.1 mM, Sigma-Aldrich), 1 %
Penicillin/Streptomycin (PAA), hIL-7 (20 ng/ml, Peprotech), hFIt3L (25 ng/ml, Amgen)
and mSCF (25 ng/ml, Peprotech). T cell potential was evaluated by co-culture on
OP9DL1 stromal cells, which express the Notch delta like 1 ligand. OP9DL1 cultures
were performed in a total volume of 200 pl OptiMEM supplemented with 10 % FCS, 1 %
B-mercaptoethanol (0.1 mM, Sigma-Aldrich), 1 % Penicillin/Streptomycin (PAA), hFIt3L
(25 ng/ml, Amgen) and mSCF (25 ng/ml, Peprotech). The culture medium was partially

changed once a week. Approximately 100 pl of the total culture volume were gently
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aspirated from each culture well and replaced by fresh medium as above. After the first
week SCF was omitted from the OP9DL1 cultures. Cultures were analysed by flow
cytometry at 2-3 weeks. Clones were resuspended, transferred to a round bottom 96
well plate, spun down and resuspended in 12.5 pl PBS with FCS containing a 1x dilution

of anti FcyR antibody.

7.4.2. In vitro evaluation of combined lineage potentials of foetal liver progenitors

For evaluation of combined B cell, T cell and myeloid potentials foetal liver progenitors
were seeded onto OP9 stroma monolayers as described above. OP9 co-cultures were
supplemented with hiL-7 (20 ng/ml, Peprotech), hFIt3L (25 ng/ml, Amgen) and mSCF
(25 ng/ml, Peprotech). At day 5 of culture haematopoietic clones were transferred to
OP9DL1 stroma co-cultures supplemented with hFIt3L (25 ng/ml, Amgen) and cultured
for additional 6 days. For readout all clones were transferred to round bottom 96 well
plates and resuspended in 12.5 ul 1x FcyR antibody dilution for antibody staining and

flow cytometric analysis.

7.4.3. In vitro evaluation of combined lineage potentials of ETPs

Combined lineage potentials of ETPs were evaluated in two different ways. For the
paired daughter cell (PDC) technique sorted single ETPs were cultured in OptiMEM
supplemented with 10 % FCS, 1 % B-mercaptoethanol (0.1 mM, Sigma-Aldrich), 1 %
Penicillin/Streptomycin (PAA), hIL-7 (20 ng/ml, Peprotech), hFIt3L (25 ng/ml, Amgen)
and mSCF (25 ng/ml, Peprotech) for approximately 24 h or until the first cell division had
occurred. Subsequently the two daughter cells were separated by micromanipulation
and transferred onto OP9 stroma for evaluation of B cell potential as described above or
OP9DL1 stroma for T and myeloid differentiation. The OP9DL1 co-culture was carried
out in OptiMEM supplemented with 10 % FCS, 1 % B-mercaptoethanol (0.1 mM, Sigma-
Aldrich), 1% Penicillin/Streptomycin (PAA), mSCF (10 ng/ml, Peprotech), hFIt3L

(5 ng/ml, Amgen), hIL-7 (1 ng/ml, Peprotech), hIL-6 (10 ng/ml, Peprotech), mlL-3
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(5 ngl/ul, Peprotech), hG-CSF (10 ng/ml, Amgen), mGM-CSF (10 ng/ml, Amgen) and hM-
CSF (10 ng/ml, Peprotech). For the switch technique cells were directly sorted on OP9
stroma. After 54h approximately 50 % of each cell clone was transferred to OP9DL1
culture for readout of T and myeloid lineages. The second half of the clone remained on
OP9 stroma for the readout of the B lineage. Cultures were analysed by flow cytometry
at 2-3 weeks. Clones were transferred to round bottom 96 well plates and resuspended
in 12.5 ul PBS with FCS containing a 1x dilution of anti FcyR antibody for staining and

analysis by flow cytometry.

7.4.4. In vitro evaluation of GM, Mk and E potentials in liquid culture

For evaluation of GM, Mk or erythroid potentials foetal liver or adult haematopoietic cells
were sorted into a defined volume of medium and 0.5 to 1 cells were plated in a total
volume of 20 pl per well in a 60 well terasaki plate (Nunc). Cells were cultured in X-
vivol5 with Gentamycin (Lonza) supplemented with 10-20% FCS and 1% B-
mercaptoethanol (0.1 mM, Sigma Aldrich). For detection of GM potential the medium
was supplemented with mSCF (25 ng/ml, PeproTech), hFIt3L (25 ng/ml, Amgen), hTPO
(25 ng/ml, PeproTech), mIL-3 (10 ng/ml, PeproTech), hG-CSF (25 ng/ml, Amgen) and
mMGM-CSF (25 ng/ml, PeproTech). Mk and erythroid potentials were detected by culture
in medium supplemented with mSCF (50 ng/ml, PeproTech), hFIt3L (50 ng/ml, Amgen),
hTPO (50 ng/ml, PeproTech), mIL-3 (20 ng/ml, PeproTech) and hEPO (5 U/ml, Roche).
GM, Mk and erythroid colonies were read out at day 7-10 using an inverted microscope
(IX71, Olympus). In some experiments colony readouts were confirmed by evaluation of
cytospins after May-Grunwald Giemsa staining or 2,7-diaminofluorene (DAF, Sigma-

Aldrich) staining of erythroid colonies (see 7.4.7).
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7.4.5. In vitro evaluation of Mk potential in semisolid medium

Mk potential of foetal liver progenitors was also evaluated with a Megacult collagen-
based assay (Stem Cell Technologies). 200 FACS purified cells were plated in Megacult
collagen media supplemented with mIL-3 (10 ng/ml, PeproTech), hTPO (50 ng/ml,
PeproTech), hIL-6 (20 ng/ml, PeproTech), hiL-11 (50 ng/ml, Genetics Institute). Mk
colonies were read out at day 7 by acetylthiocholiniodide staining according to
manufacturer’s instructions (Sigma). Culture slides were fixed by incubation in ice cold
acetone for 5 min and air dried. The acetylthiocholiniodide solution was prepared by
dissolving 100 mg acetylthiocholiniodide in 150 ml 0.1 M sodium phosphate buffer. For
preparation of the staining solution 7.5 ml 0.1 M sodium citrate solution, 15 ml 30 mM
copper sulphate solution and 15ml 5 mM potassium ferricyanide solution were added to
112.5 ml acetylthiocholiniodide solution. After staining for 4 h slides were fixed in 95 %
ethanol for 10 min, rinsed with H,O and counterstained with Harris’ hematoxylin solution
for 30 s. Stained slides were rinsed with H,O, air dried and evaluated using an upright

microscope (BX41, Olympus).

7.4.6. In vitro evaluation of CFU-GM potentials in semisolid medium

The CFU-GM potential of unfractionated foetal liver progenitors was evaluated using
complete methylcellulose (Methocult GF M3434, supplemented with mSCF, miIL-3, hiL-6
and hEPO, Stem Cell Technologies) or methylcellulose base (M3134, Stem Cell
Technologies) supplemented with mGM-CSF (5 ng/ml, PeproTech), hFIt3L (10 ng/ml,
Amgen), mIL-3 (2 ng/ml, PeproTech) and hG-CSF (10 ng/ml, Amgen). CFU-GM colonies

were scored after 7-10 days using an inverted microscope (1X71, Olympus)

7.4.7. In vitro evaluation of BFU-E potentials in semisolid medium
For evaluation of erythroid potentials unfractionated or FACS purified foetal liver
progenitors were plated in complete methylcellulose (Methocult GF M3434,

supplemented with mSCF, mlIL-3, hiL-6 and hEPO, Stem Cell Technologies). BFU-E
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colonies were scored by morphologic appearance as well as 2,7-diaminofluorene (DAF,
Sigma-Aldrich) staining after 7-10 days using an inverted microscope (IX71, Olympus).
For DAF staining the DAF stock solution was prepared by dissolving 20 mg DAF powder
in 2 ml 90 % glacial acetic acid/H,O. DAF staining solution was prepared by addition of
0.5 ml DAF stock solution as well as 0.1 ml 30 % hydrogen peroxide to 10 ml 200 mM
Tris hydrochloric acid (HCL) (pH 7.5). 1 ml DAF staining solution was added per culture
dish and erythroid colonies were scored after 5 min incubation at room temperature but
within a total of 30 min. Erythroid cells were identified by the characteristic blue

intracellular staining.

7.4.8. In vitro evaluation of erythroid potential in co-culture with OP9 stromal cells

Erythroid potential of E11.5 foetal liver progenitors was additionally evaluated in OP9
stromal co-cultures. FACS purified cells were plated on an OP9 stromal monolayer in a
total volume of 200 pl OptiMEM supplemented with 10 % FCS, 1 % [B-mercaptoethanol
(0.1 mM, Sigma-Aldrich), 1% Penicillin/Streptomycin (PAA), mSCF (50 ng/ml,
PeproTech), hTPO (50 ng/ml, PeproTech) and hEPO (5 U/ml, Roche). Colonies were
read out at day 7. One half of each colony was analysed by flow cytometry while the
second half was used for preparation of cytospins and morphologic identification of

erythroid cells after May-Grunwald Giemsa staining.

7.5. Paired daughter cell assay

7.5.1. Imaging platform for manipulation of paired daughter cells

The imaging platform (Image Solutions) is based on an Olympus IX71 inverted
microscope equipped with an 120W metal halide Exfo illuminator (Lumen Dynamics), an
Evolve 512x512 back illuminated EMCCD camera (Photometrics), motorised filter cube
cassette and 4x (0.13 NA), 10x (0.3 NA), 20x (0.5 NA), 40x (0.75 NA), 60x (olil

immersion, 1.25 NA), 100x (oil immersion, 1.3 NA) objectives. The platform is controlled
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using Image Pro Plus (Image Solutions) on a 64 bit workstation (Acer). The
micromanipulation unit consists of a TransferMan NK2 (Eppendorf) equipped with a
CellTram vario (Eppendorf). Micropipettes for manipulation were pulled using 1 mm X
100 mm glass capillaries (Narishige) on a P-97 micropipette puller (Sutter Instruments).
Micropipettes were bent to 90° on a Bunsen burner gas flame and opened by breaking
off the tip using forceps. For cell transfer the micropipette was filled with the respective

culture medium.

7.5.2. Culture for generation of paired daughter cells

Single cell sorted haematopoietic stem and progenitor cells were cultured for 2 days
using U-shaped 96 well plates in 50 ul StemSpan SFEM (StemCell Technologies)
supplemented with 10 % FCS, 1 % p-mercaptoethanol (0.1 mM, Sigma-Aldrich), 1 %
Penicillin/Streptomycin (PAA) and cytokines miL-3 (20 ng/ml, PeproTech), mSCF
(50 ng/ml, PeproTech) and hTPO (50 ng/ml, PeproTech). On day 2 colonies were
screened for VWf-EGFP reporter expression. Colonies containing exactly 2 daughter
cells were separated by micromanipulation and transferred to secondary cultures for
evaluation of lineage potentials, or lysis buffer for gene expression analysis. For
evaluation of GM/Mk potential cells were cultured in 100 pl StemSpan SFEM (StemCell
Technologies) supplemented with 10-20 % FCS, 1% B-mercaptoethanol (0.1 mM,
Sigma-Aldrich), 1 % Penicillin/Streptomycin (PAA) as well as growth factors mSCF
(50 ng/ml, PeproTech), hFIt3L (50 ng/ml, Amgen), hTPO (50 ng/ml, PeproTech), mIL-3
(20 ng/ml, PeproTech) and hEPO (5 U/ml, Roche). The morphology of colonies was
evaluated on days 8, 11 and 13 after manipulation on an inverted microscope (IX71,
Olympus). Megakaryocyte colony content was confirmed by the expression of the Vwi-
EGFP reporter that is highly expressed in mature megakaryocytes. Some colonies were

also evaluated by morphology after May-Grunwald Giemsa staining.
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7.6. Gene expression analysis

7.6.1. Non-quantitative multiplex single cell PCR

For multiplex RT-PCR analysis single FACS purified E11.5 foetal liver progenitors were
sorted into 96 well PCR plates containing 4 pl lysis buffer and frozen at -80 °C. E9.5
foetal liver progenitors were first bulk sorted and single cells were subsequently micro-
manipulated into lysis buffer. Samples were reverse transcribed using gene specific
primers in a total volume of 10 pul containing 50 U MMLV reverse transcriptase
(Invitrogen). First-round PCR was performed over 35 cycles using gene specific forward
primers and 1.25 U Taq polymerase (TaKaRa Bio) in a total volume of 40 pl PCR mix. In
second round PCRs 1 ul aliquots of the initial PCR product were subjected to additional
35 amplification cycles using nested gene-specific primers. PCR products were analysed
by agarose gel electrophoresis and ethidium bromide staining. Since investigated cells
were FACS sorted based on cKit expression, only cells expressing Kit were included in
the analysis. For quantification of lineage specific gene priming, single cells had to
express at least one of the genes associated with a particular lineage to be considered

positive for the respective lineage program.

7.6.2. Sample preparation and quantitative PCR

For multiplex quantitative gene expression analysis using the BioMark 48.48 dynamic
array (Fluidigm) 1 to 100 cells were either directly sorted or transferred by
micromanipulation into 0.2 ml reaction tubes containing 5 pl CellsDirect 2x reaction mix
(Invitrogen), 0.1 pl SUPERase 12-In RNAse inhibitor (Ambion), 1.2 pl TE buffer (Sigma),
1.2 pl CellsDirect RT/Taq mix (Invitrogen) and 2.5 ul 0.2x gene specific TagMan assay
mix (Applied Biosystems) in a total volume of 10 pl. Reverse transcription and
amplification of target transcripts was performed on a thermal cycler (Tetrad 11 96-Well

Alpha Unit, Biorad) using the following protocol: RT reaction at 50 °C for 15 min,

inactivation of reverse transcriptase at 95 °C for 2 min, target gene amplification in



Material and Methods 184

22 cycles of 95 °C for 15 s followed by 60 °C for 4 min. Preamplified cDNA samples
were diluted 1:5 in TE buffer (Sigma) to a total volume of 50 yl. Tagman assay and
sample mixes were prepared according to manufacturer’s instruction and loaded onto a
primed 48.48 dynamic array (Fluidigm). The following conditions were used to perform
the quantitative PCR reaction: 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s
and 60 °C for 60 s. The data were analysed using the BioMark Real-Time PCR Analysis

software v2.0 (Fluidigm) and AC, values were calculated by normalising to Hprt or Ubc.

7.6.3. Data analysis of single cell quantitative gene expression

For all subsequent analysis of single cell gene expression data from Vwf-EGFP* and
Vwf-EGFP™ HSC and their paired daughters, AC, values relative to the expression of Ubc
were used. All data analyses were performed using the statistical programming
environment, R (version 2.15.0; www.r-project.org). In order to exclude samples that
accidently did not receive a cell by cell sorting or micromanipulation, only cells that

expressed at least 30 % of all genes were considered for analysis.

PCA analysis was performed on all parent and daughter cells using the R prcomp
package. Housekeeping genes (Ubc, Hprt, B2m, Actb, Gapdh) were removed from the

data set prior to PCA analysis.

For heatmap display of all cell data, the heatmap.2 function from the R package gplots
was applied. For clarity of display all AC; values >30 were set to 30 (in most cases where
C; values were greater than 30, the transcript had been arbitrarily assigned a C, value of
999 by the fluidigm software and was regarded as not detected). For the heatmap
display, cells were ordered according to their class and no clustering was applied to the
cells. Lineage specific gene sets were prepared and for each lineage programme a

heatmap was generated individually.
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To establish the nature of asymmetrical gene expression in paired daughter cells AAC,
values were calculated for each gene in each pair. If either cell in a pair expressed less
than 30 % of the analysed genes, the entire pair was removed from subsequent
analysis. To remove infinite fold differences between pairs, a maximum fold difference
was applied, and values >10 were set to 10. This approach was chosen as fold
differences were generally much less than 10 or much greater, typically those greater
than 10 were infinite. Daughter pairs from Vwf-EGFP* and Vwf-EGFP™ HSC were
analysed together and pairs were hierarchically clustered. In order to visualise the

asymmetric nature of expression of some genes, all genes were ranked based on their

cumulative fold difference over all pairs.

Table 7.6: List of TagMan assays

Gene Assay ID Common
Gene name or primer (F,R)/ Application
symbol alt. name
probe (P) sequence
Csflr Colony stimulating factor 1 receptor | Mm00432689_m1 Cd115 Chapter 2
Csfora ;‘F’)'r?gy stimulating factor 2 receptor |\, 4043331 g1 Gmesfra | Chapter 2
Csf3r Colony stimulating factor 3 receptor | Mm00432735_m1 Gcesfr Chapter 2
Epor Erythropoietin receptor MmO00438760_m1 Chapter 2
FIt3 FMS-like tyrosine kinase 3 MmO00439011_m1 Chapter 2
Gatal GATA binding protein 1 MmO00484678_m1 Chapter 2
Gata2 GATA binding protein 2 MmO00492300_m1 Chapter 2
Ikzf1 Ikaros family zinc finger 1 MmO00456421 ml Ikaros Chapter 2
I7r Interleukin 7 receptor MmO00434295_m1 Chapter 2
KIf1 Kruppel-like factor 1 MmO00516096_m1 Chapter 2
Mpo Myeloperoxidase MmO00447886_m1 Chapter 2
F: TGTGGAGCAAGGT
AGCTTAGC
. L R: TCATCGGGTGCAG
Ragl Recombination activating gene 1 AACTGAAG Chapter 2
P: CATGGCTGCCTCC
TTG
Rag2 Recombination activating gene 2 Mm00501300_m1 Chapter 2
F: GGACTTTGGGATG
GGTTTGGTT
Sterile immunoglobulin heavy chain | R: CCCTGGTCCTAGA
slgH transcript CATCAGAGTAAT Chapter 2
P: CCCAGATGAAGGG
CTAC
Cd9 Cd9 antigen MmO00514275_g1 Chapter 4
CCAAT/enhancer binding protein
Cebpa (C/EBP), alpha MmO00514283_s1 Chapter 4
Csf2ra ;glr?gy stimulating factor 2 receptor MmO00438331_g1 Gmcsfra Chapter 4
Eraf Erythroid associated factor Mm04214740_ul Ahsp Chapter 4
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Endothelial cell specific adhesion

Esam Mm00518378_m1 Chapter 4
molecule -
Gatal GATA binding protein 1 MmO00484678_m1 Chapter 4
Gata2 GATA binding protein 2 MmO00492300_m1 Chapter 4
Itga2b Integrin alpha 2b MmO00439741_m1 Cd41 Chapter 4
KIf1 Kruppel-like factor 1 MmO00516096_m1 EkIf Chapter 4
Meisl Meis homeobox 1 MmO00487664_m1 Chapter 4
Mpl Myeloproliferative leukemia virus MmO00440310_m1 Chapter 4
oncogene
Pf4 Platelet factor 4 MmO00451315_g1 Chapter 4
Prnp Prion protein MmO00448389_m1 Chapter 4
Sfpil SFFV proviral integration 1 MmO00488140_m1 Chapter 4
Tfrc Transferrin receptor MmO00441941 m1l Cd71 Chapter 4
Vwf Von willebrand factor homolog MmO00550376_m1 Chapter 4
Zfpm1 Zinc finger protein, multitype 1 MmO00494336_m1 Fogl Chapter 4
Actb B-actin MmO00607939_s1 Chapter 5
B2m B-2-microglobolin MmO00437762_m1 Chapter 5
Bmiz | BMil polycomb ring finger MmMO00776122_gH Chapter 5
oncogene
Carl Carbonic anhydrase 1 MmO00486717_m1 Chapter 5
Cd34 Cd34 antigen MmO00519283_m1 Chapter 5
Cd3g Cd3 antigen, gamma polypeptide MmO00438095_m1 Chapter 5
Cd9 Cd9 antigen MmO00514275_g1l Chapter 5
Cdknlc | Cyclin dependent kinase inhibitor 1c | Mm00438170_m1 p57kip2 Chapter 5
Cebpa &Sé@;ﬁgf&?er binding protein MmO00514283_s1 Chapter 5
Clu Clusterin Mm00442773_m1l Chapter 5
Csfl Colony stimulating factor 1 Mm00432688_m1 Chapter 5
Csf2ra glglﬁgy stimulating factor 2 receptor Mm00438331_g1 Gmcsfra Chapter 5
Csfarb ggt';’”y stimulating factor 2 receptor | 1,60655745_m1 Chapter 5
Csf3r Colony stimulating factor 3 receptor | Mm00432735_m1 Gcesfr Chapter 5
Epor Erythropoietin receptor MmO00438760_m1 Chapter 5
Eraf Erythroid associated factor MmO04214740 ul Ahsp Chapter 5
Evil Efoﬂgi?]pﬁfo‘r’];g’lzéntegrat'on site 1 Mm00514814_m1 Chapter 5
FIt3 FMS-like tyrosine kinase 3 MmO00439011_m1 Chapter 5
Gapdh | Glyceraldehyde-3-phosphate Mm99999915_g1 Chapter 5
dehydrogenase
Gatal GATA binding protein 1 MmO00484678_m1 Chapter 5
Gata2 GATA binding protein 2 MmO00492300_m1 Chapter 5
Gpr64 G protein-coupled receptor 64 MmO00724548 _m1 Chapter 5
Hoxb4 Homeo box B4 MmO00657964_m1 Chapter 5
Hypoxanthin nin
Hprt pr)llgsopf?o:ibOSy?ltjrznsfeerase 1 Mm00446968_m1 Chapter 5
Ikzf1 Ikaros family zinc finger 1 MmO00456421 m1l Chapter 5
I7r Interleukin 7 receptor MmO00434295 m1l Ikaros Chapter 5
Itga2b Integrin alpha 2b MmO00439741_m1l Cd41 Chapter 5
Itgh3 Integrin beta 3 MmO00443980_m1 Chapter 5
Kif1 Kruppel-like factor 1 MmO00516096_m1 Chapter 5
Ly6a :;)%L‘Erfcyte antigen 6 complex MmO00726565_s1 Scal Chapter 5
V-maf musculoaponeurotic
Mafb fibrosarcoma oncogene family MmO00627481_s1 Chapter 5
protein B
Meisl Meis homeobox 1 MmO00487664_m1 Chapter 5
Mpl Myeloproliferative leukemia virus MmMO00440310_m1 Chapter 5

oncogene
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Mpo Myeloperoxidase MmO00447886_m1 Chapter 5
Myc Myelocytomatosis oncogene MmO00487803_m1 Chapter 5
V-myc myelocytomatosis viral
Mycn related oncogene neuroblastoma MmO00476449 _m1 Chapter 5
derived
Neol Neogenin MmO00476326_m1 Chapter 5
Numb Numb gene homolog MmO00477927_m1 Chapter 5
Prnp Prion protein Mm00448389_m1 Chapter 5
Runx1 Runt related transcription factor 1 MmO01213405_m1 Chapter 5
Sdpr Serum deprivation response MmO00507087_m1 Chapter 5
Sfpil SFFV proviral integration 1 MmO00488140_m1 Chapter 5
F: GGACTTTGGGATG
GGTTTGGTT
Sterile immunoglobulin heavy chain | R: CCCTGGTCCTAGA
SIgH | ranscript ’ Y CATCAGAGTAAT Chapter 5
P: CCCAGATGAAGGG
CTAC
Tcfe2a | Transcription factor E2a Mm01175588 m1l Chapter 5
Tek Endothelial specific receptor Mm00443242_m1 Tie2 Chapter 5
tyrosine kinase
Ubc Ubiquitin C MmO01201237_m1 Chapter 5
Vwf Von willebrand factor homolog MmO00550376_m1 Chapter 5
Zfpml Zinc finger protein, multitype 1 Mm00494336_m1 Fogl Chapter 5

7.7. Statistical analysis

The statistical significance of differences between groups of samples was calculated

using the two-tailed Student’s t-test.



Bibliography 188

Bibliography

Adams, G.B., Alley, I.R., Chung, U.l., Chabner, K.T., Jeanson, N.T., Lo Celso, C.,
Marsters, E.S., Chen, M., Weinstein, L.S., Lin, C.P., Kronenberg, H.M., and Scadden,
D.T. (2009). Haematopoietic stem cells depend on Galpha(s)-mediated signalling to
engraft bone marrow. Nature 459, 103-107.

Adolfsson, J., Borge, O.J., Bryder, D., Theilgaard-Monch, K., Astrand-Grundstrom, I.,
Sitnicka, E., Sasaki, Y., and Jacobsen, S.E. (2001). Upregulation of FIt3 expression
within the bone marrow Lin(-)Scal(+)c-kit(+) stem cell compartment is accompanied by
loss of self-renewal capacity. Immunity 15, 659-669.

Adolfsson, J., Mansson, R., Buza-Vidas, N., Hultquist, A., Liuba, K., Jensen, C.T.,
Bryder, D., Yang, L., Borge, O.J., Thoren, L.A., Anderson, K., Sitnicka, E., Sasaki, Y.,
Sigvardsson, M., and Jacobsen, S.E. (2005). Identification of FIt3+ lympho-myeloid stem
cells lacking erythro-megakaryocytic potential a revised road map for adult blood lineage
commitment. Cell 121, 295-306.

Akashi, K., Traver, D., Miyamoto, T., and Weissman, I.L. (2000). A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages. Nature 404, 193-197.

Alexander, W.S., Roberts, AW., Nicola, N.A., Li, R., and Metcalf, D. (1996). Deficiencies
in progenitor cells of multiple hematopoietic lineages and defective
megakaryocytopoiesis in mice lacking the thrombopoietic receptor c-Mpl. Blood 87,
2162-2170.

Allman, D., Sambandam, A., Kim, S., Miller, J.P., Pagan, A., Well, D., Meraz, A., and
Bhandoola, A. (2003). Thymopoiesis independent of common lymphoid progenitors. Nat
Immunol 4, 168-174.

Amigo, J.D., Ackermann, G.E., Cope, J.J., Yu, M., Cooney, J.D., Ma, D., Langer, N.B.,
Shafizadeh, E., Shaw, G.C., Horsely, W., Trede, N.S., Davidson, A.J., Barut, B.A., Zhou,
Y., Wajiski, S.A., Traver, D., Moran, T.B., Kourkoulis, G., Hsu, K., Kanki, J.P., Shah, D.I.,
Lin, H.F., Handin, R.l., Cantor, A.B., and Paw, B.H. (2009). The role and regulation of
friend of GATA-1 (FOG-1) during blood development in the zebrafish. Blood 114, 4654-
4663.

Antonchuk, J., Sauvageau, G., and Humphries, R.K. (2002). HOXB4-induced expansion
of adult hematopoietic stem cells ex vivo. Cell 109, 39-45.

Arai, F., Hirao, A., Ohmura, M., Sato, H., Matsuoka, S., Takubo, K., Ito, K., Koh, G.Y.,
and Suda, T. (2004). Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell
guiescence in the bone marrow niche. Cell 118, 149-161.

Arai, F., Hosokawa, K., Toyama, H., Matsumoto, Y., and Suda, T. (2012). Role of N-
cadherin in the regulation of hematopoietic stem cells in the bone marrow niche. Ann N
Y Acad Sci 1266, 72-77.

Arinobu, Y., Mizuno, S., Chong, Y., Shigematsu, H., lino, T., Iwasaki, H., Graf, T.,
Mayfield, R., Chan, S., Kastner, P., and Akashi, K. (2007). Reciprocal activation of
GATA-1 and PU.1 marks initial specification of hematopoietic stem cells into
myeloerythroid and myelolymphoid lineages. Cell Stem Cell 1, 416-427.



Bibliography 189

Azcoitia, V., Aracil, M., Martinez, A.C., and Torres, M. (2005). The homeodomain protein
Meisl is essential for definitive hematopoiesis and vascular patterning in the mouse
embryo. Dev Biol 280, 307-320.

Back, J., Allman, D., Chan, S., and Kastner, P. (2005). Visualizing PU.1 activity during
hematopoiesis. Exp Hematol 33, 395-402.

Bain, G., Maandag, E.C.R., 1zon, D.J., Amsen, D., Kruisheek, A.M., Weintraub, B.C.,
Krop, 1., Schlissel, M.S., Feeney, A.J., Vanroon, M., Vandervalk, M., Teriele, H.P.J.,
Berns, A., and Murre, C. (1994). E2a Proteins Are Required for Proper B-Cell
Development and Initiation of Immunoglobulin Gene Rearrangements. Cell 79, 885-892.

Balazs, A.B., Fabian, A.J., Esmon, C.T., and Mulligan, R.C. (2006). Endothelial protein C
receptor (CD201) explicitly identifies hematopoietic stem cells in murine bone marrow.
Blood 107, 2317-2321.

Balciunaite, G., Ceredig, R., Massa, S., and Rolink, A.G. (2005a). A B220+ CD117+
CD19- hematopoietic progenitor with potent lymphoid and myeloid developmental
potential. Eur J Immunol 35, 2019-2030.

Balciunaite, G., Ceredig, R., and Rolink, A.G. (2005b). The earliest subpopulation of
mouse thymocytes contains potent T, significant macrophage, and natural killer cell but
no B-lymphocyte potential. Blood 105, 1930-1936.

Bao, Z., Murray, J.l., Boyle, T., Ooi, S.L., Sandel, M.J., and Waterston, R.H. (2006).
Automated cell lineage tracing in Caenorhabditis elegans. Proc Natl Acad Sci U S A 103,
2707-2712.

Becker, A.J., Mc, C.E., and Till, J.E. (1963). Cytological demonstration of the clonal
nature of spleen colonies derived from transplanted mouse marrow cells. Nature 197,
452-454.

Beerman, I., Bhattacharya, D., Zandi, S., Sigvardsson, M., Weissman, |.L., Bryder, D.,
and Rossi, D.J. (2010). Functionally distinct hematopoietic stem cells modulate
hematopoietic lineage potential during aging by a mechanism of clonal expansion. Proc
Natl Acad Sci U S A 107, 5465-5470.

Bell, J.J., and Bhandoola, A. (2008). The earliest thymic progenitors for T cells possess
myeloid lineage potential. Nature 452, 764-767.

Benveniste, P., Cantin, C., Hyam, D., and Iscove, N.N. (2003). Hematopoietic stem cells
engraft in mice with absolute efficiency. Nat Immunol 4, 708-713.

Benveniste, P., Frelin, C., Janmohamed, S., Barbara, M., Herrington, R., Hyam, D., and
Iscove, N.N. (2010). Intermediate-Term Hematopoietic Stem Cells with Extended but
Time-Limited Reconstitution Potential. Cell Stem Cell 6, 48-58.

Benz, C., and Bleul, C.C. (2005). A multipotent precursor in the thymus maps to the
branching point of the T versus B lineage decision. J Exp Med 202, 21-31.

Benz, C., Copley, M.R., Kent, D.G., Wohrer, S., Cortes, A., Aghaeepour, N., Ma, E.,
Mader, H., Rowe, K., Day, C., Treloar, D., Brinkman, R.R., and Eaves, C.J. (2012).
Hematopoietic stem cell subtypes expand differentially during development and display
distinct lymphopoietic programs. Cell Stem Cell 10, 273-283.



Bibliography 190

Benz, C., Martins, V.C., Radtke, F., and Bleul, C.C. (2008). The stream of precursors
that colonizes the thymus proceeds selectively through the early T lineage precursor
stage of T cell development. J Exp Med 205, 1187-1199.

Bertrand, J.Y., Chi, N.C., Santoso, B., Teng, S.T., Stainier, D.Y.R., and Traver, D.
(2010). Haematopoietic stem cells derive directly from aortic endothelium during
development. Nature 464, 108-U120.

Bertrand, J.Y., Giroux, S., Golub, R., Klaine, M., Jalil, A., Boucontet, L., Godin, I., and
Cumano, A. (2005). Characterization of purified intraembryonic hematopoietic stem cells
as a tool to define their site of origin. Proc Natl Acad Sci U S A 102, 134-139.

Bhandoola, A., von Boehmer, H., Petrie, H.T., and Zuniga-Pflucker, J.C. (2007).
Commitment and developmental potential of extrathymic and intrathymic T cell
precursors: plenty to choose from. Immunity 26, 678-689.

Bjornsson, J.M., Larsson, N., Brun, A.C.M., Magnusson, M., Andersson, E., Lundstrom,
P., Larsson, J., Repetowska, E., Ehinger, M., Humphries, R.K., and Karlsson, S. (2003).
Reduced proliferative capacity of hematopoietic stem cells deficient in hoxb3 and hoxb4.
Molecular and Cellular Biology 23, 3872-3883.

Blackburn, C.C., and Manley, N.R. (2004). Developing a new paradigm for thymus
organogenesis. Nat Rev Immunol 4, 278-289.

Boggs, D.R., Saxe, D.F., and Boggs, S.S. (1984). Aging and hematopoiesis. Il. The
ability of bone marrow cells from young and aged mice to cure and maintain cure in
W/Wv. Transplantation 37, 300-306.

Boisset, J.C., van Cappellen, W., Andrieu-Soler, C., Galjart, N., Dzierzak, E., and Robin,
C. (2010). In vivo imaging of haematopoietic cells emerging from the mouse aortic
endothelium. Nature 464, 116-U131.

Bowie, M.B., Kent, D.G., Dykstra, B., McKnight, K.D., McCaffrey, L., Hoodless, P.A., and
Eaves, C.J. (2007). Identification of a new intrinsically timed developmental checkpoint
that reprograms key hematopoietic stem cell properties. Proc Natl Acad Sci U S A 104,
5878-5882.

Bowman, E.P., Campbell, J.J., Soler, D., Dong, Z., Manlongat, N., Picarella, D., Hardy,
R.R., and Butcher, E.C. (2000). Developmental switches in chemokine response profiles
during B cell differentiation and maturation. J Exp Med 191, 1303-1318.

Boyer, S., Forsberg, C., and Beaudin, A. (2011). All Hematopoietic Cells Develop from
Hematopoietic Stem Cells through FIk2/FIt3-Positive Progenitor Cells. Experimental
Hematology 39, S99-S100.

Bradley, T.R., and Metcalf, D. (1966). The growth of mouse bone marrow cells in vitro.
The Australian journal of experimental biology and medical science 44, 287-299.

Brannan, C.l., Lyman, S.D., Williams, D.E., Eisenman, J., Anderson, D.M., Cosman, D.,
Bedell, M.A., Jenkins, N.A., and Copeland, N.G. (1991). Steel-Dickie mutation encodes
a c-kit ligand lacking transmembrane and cytoplasmic domains. Proc Natl Acad Sci U S
A 88, 4671-4674.

Bray, S.J. (2006). Notch signalling: a simple pathway becomes complex. Nat Rev Mol
Cell Bio 7, 678-689.



Bibliography 191

Broudy, V.C., Lin, N.L., and Kaushansky, K. (1995). Thrombopoietin (C-Mpl Ligand) Acts
Synergistically with Erythropoietin, Stem-Cell Factor, and Interleukin-11 to Enhance
Murine Megakaryocyte Colony Growth and Increases Megakaryocyte Ploidy in-Vitro.
Blood 85, 1719-1726.

Brown, G., Bunce, C.M., and Guy, G.R. (1985). Sequential determination of lineage
potentials during haemopoiesis. British journal of cancer 52, 681-686.

Brown, G., Hughes, P.J., Michell, R.H., Rolink, A.G., and Ceredig, R. (2007). The
sequential determination model of hematopoiesis. Trends Immunol 28, 442-448.

Brun, A.C.M., Bjornsson, J.M., Magnusson, M., Larsson, N., Leveen, P., Ehinger, M.,
Nilsson, E., and Karlsson, S. (2004). Hoxb4-deficient mice undergo normal
hematopoietic development but exhibit a mild proliferation defect in hematopoietic stem
cells. Blood 103, 4126-4133.

Busslinger, M. (2004). Transcriptional control of early B cell development. Annu Rev
Immunol 22, 55-79.

Buza-Vidas, N., Antonchuk, J., Qian, H., Mansson, R., Luc, S., Zandi, S., Anderson, K.,
Takaki, S., Nygren, J.M., Jensen, C.T., and Jacobsen, S.E. (2006). Cytokines regulate
postnatal hematopoietic stem cell expansion: opposing roles of thrombopoietin and LNK.
Genes Dev 20, 2018-2023.

Buza-Vidas, N., Woll, P., Hultquist, A., Duarte, S., Lutteropp, M., Bouriez-Jones, T.,
Ferry, H., Luc, S., and Jacobsen, S.E. (2011). FLT3 expression initiates in fully
multipotent mouse hematopoietic progenitor cells. Blood 118, 1544-1548.

Calvi, L.M., Adams, G.B., Weibrecht, K.W., Weber, J.M., Olson, D.P., Knight, M.C.,
Martin, R.P., Schipani, E., Divieti, P., Bringhurst, F.R., Milner, L.A., Kronenberg, H.M.,
and Scadden, D.T. (2003). Osteoblastic cells regulate the haematopoietic stem cell
niche. Nature 425, 841-846.

Camargo, F.D., Chambers, S.M., Drew, E., McNagny, K.M., and Goodell, M.A. (2006).
Hematopoietic stem cells do not engraft with absolute efficiencies. Blood 107, 501-507.

Cannons, J.L., Tangye, S.G., and Schwartzberg, P.L. (2011). SLAM family receptors
and SAP adaptors in immunity. Annu Rev Immunol 29, 665-705.

Cayouette, M., and Raff, M. (2002). Asymmetric segregation of Numb: a mechanism for
neural specification from Drosophila to mammals. Nat Neurosci 5, 1265-1269.

Ceredig, R., Bosco, N., and Rolink, A.G. (2007). The B lineage potential of thymus
settling progenitors is critically dependent on mouse age. Eur J Immunol 37, 830-837.

Ceredig, R., Rolink, A.G., and Brown, G. (2009). Models of haematopoiesis: seeing the
wood for the trees. Nat Rev Immunol 9, 293-300.

Challen, G.A., Boles, N.C., Chambers, S.M., and Goodell, M.A. (2010). Distinct
hematopoietic stem cell subtypes are differentially regulated by TGF-betal. Cell Stem
Cell 6, 265-278.

Chambers, S.M., Shaw, C.A., Gatza, C., Fisk, C.J., Donehower, L.A., and Goodell, M.A.
(2007). Aging hematopoietic stem cells decline in function and exhibit epigenetic
dysregulation. PLoS Biol 5, e201.



Bibliography 192

Chang, J.T., Palanivel, V.R., Kinjyo, I., Schambach, F., Intlekofer, A.M., Banerjee, A,
Longworth, S.A., Vinup, K.E., Mrass, P., Oliaro, J., Killeen, N., Orange, J.S., Russell,
S.M., Weninger, W., and Reiner, S.L. (2007). Asymmetric T lymphocyte division in the
initiation of adaptive immune responses. Science 315, 1687-1691.

Chaudhary, P.M., and Roninson, |.B. (1991). Expression and activity of P-glycoprotein, a
multidrug efflux pump, in human hematopoietic stem cells. Cell 66, 85-94.

Chen, C.Z., Li, L., Li, M., and Lodish, H.F. (2003). The endoglin(positive) sca-1(positive)
rhodamine(low) phenotype defines a near-homogeneous population of long-term
repopulating hematopoietic stem cells. Immunity 19, 525-533.

Chen, C.Z., Li, M., de Graaf, D., Monti, S., Gottgens, B., Sanchez, M.J., Lander, E.S.,
Golub, T.R., Green, A.R., and Lodish, H.F. (2002). Identification of endoglin as a
functional marker that defines long-term repopulating hematopoietic stem cells. Proc
Natl Acad Sci U S A 99, 15468-15473.

Chen, M.J., Yokomizo, T., Zeigler, B.M., Dzierzak, E., and Speck, N.A. (2009). Runx1 is
required for the endothelial to haematopoietic cell transition but not thereafter. Nature
457, 887-891.

Choi, K., Kennedy, M., Kazarov, A., Papadimitriou, J.C., and Keller, G. (1998). A
common precursor for hematopoietic and endothelial cells. Development 125, 725-732.

Christensen, J.L., and Weissman, I.L. (2001). FIk-2 is a marker in hematopoietic stem
cell differentiation: a simple method to isolate long-term stem cells. Proc Natl Acad Sci U
S A 98, 14541-14546.

Corbel, C., Salaun, J., Belo-Diabangouaya, P., and Dieterlen-Lievre, F. (2007).
Hematopoietic potential of the pre-fusion allantois. Dev Biol 301, 478-488.

Cumano, A., DieterlenLievre, F., and Godin, I. (1996). Lymphoid potential, probed before
circulation in mouse, is restricted to caudal intraembryonic splanchnopleura. Cell 86,
907-916.

Cumano, A., Ferraz, J.C., Klaine, M., Di Santo, J.P., and Godin, |. (2001).
Intraembryonic, but not yolk sac hematopoietic precursors, isolated before circulation,
provide long-term multilineage reconstitution. Immunity 15, 477-485.

Cumano, A., Paige, C.J., Iscove, N.N., and Brady, G. (1992). Bipotential precursors of B
cells and macrophages in murine fetal liver. Nature 356, 612-615.

Dahl, R., and Simon, M.C. (2003). The importance of PU.1 concentration in
hematopoietic lineage commitment and maturation. Blood Cells Mol Dis 31, 229-233.

Dakic, A., Metcalf, D., Di Rago, L., Mifsud, S., Wu, L., and Nutt, S.L. (2005). PU.1
regulates the commitment of adult hematopoietic progenitors and restricts
granulopoiesis. J Exp Med 201, 1487-1502.

David-Fung, E.S., Butler, R., Buzi, G., Yui, M.A., Diamond, R.A., Anderson, M.K,,
Rowen, L., and Rothenberg, E.V. (2009). Transcription factor expression dynamics of
early T-lymphocyte specification and commitment. Dev Biol 325, 444-467.

de Bruijn, M.F., Ma, X., Robin, C., Ottersbach, K., Sanchez, M.J., and Dzierzak, E.
(2002). Hematopoietic stem cells localize to the endothelial cell layer in the midgestation
mouse aorta. Immunity 16, 673-683.



Bibliography 193

de Cuevas, M., and Matunis, E.L. (2011). The stem cell niche: lessons from the
Drosophila testis. Development 138, 2861-2869.

DeKoter, R.P., and Singh, H. (2000). Regulation of B lymphocyte and macrophage
development by graded expression of PU.1. Science 288, 1439-1441.

Delassus, S., and Cumano, A. (1996). Circulation of hematopoietic progenitors in the
mouse embryo. Immunity 4, 97-106.

Delassus, S., Titley, I., and Enver, T. (1999). Functional and molecular analysis of
hematopoietic progenitors derived from the aorta-gonad-mesonephros region of the
mouse embryo. Blood 94, 1495-1503.

Dias, S., Mansson, R., Gurbuxani, S., Sigvardsson, M., and Kee, B.L. (2008). E2A
proteins promote development of lymphoid-primed multipotent progenitors. Immunity 29,
217-227.

Dias, S., Silva, H., Cumano, A., and Vieira, P. (2005). Interleukin-7 is necessary to
maintain the B cell potential in common lymphoid progenitors. J Exp Med 201, 971-979.

Dieterlen-Lievre, F. (1975). On the origin of haemopoietic stem cells in the avian
embryo: an experimental approach. Journal of embryology and experimental
morphology 33, 607-619.

Ding, L., Saunders, T.L., Enikolopov, G., and Morrison, S.J. (2012). Endothelial and
perivascular cells maintain haematopoietic stem cells. Nature 481, 457-462.

Donskoy, E., and Goldschneider, I. (1992). Thymocytopoiesis is maintained by blood-
borne precursors throughout postnatal life. A study in parabiotic mice. J Immunol 148,
1604-1612.

Drissen, R., Guyot, B., Zhang, L., Atzberger, A., Sloane-Stanley, J., Wood, B., Porcher,
C., and Vyas, P. (2010). Lineage-specific combinatorial action of enhancers regulates
mouse erythroid Gatal expression. Blood 115, 3463-3471.

Duncan, A.\W., Rattis, F.M., DiMascio, L.N., Congdon, K.L., Pazianos, G., Zhao, C.,
Yoon, K., Cook, J.M., Willert, K., Gaiano, N., and Reya, T. (2005). Integration of Notch
and Wnt signaling in hematopoietic stem cell maintenance. Nat Immunol 6, 314-322.

Dykstra, B., Kent, D., Bowie, M., McCaffrey, L., Hamilton, M., Lyons, K., Lee, S.J.,
Brinkman, R., and Eaves, C. (2007). Long-term propagation of distinct hematopoietic
differentiation programs in vivo. Cell Stem Cell 1, 218-229.

Dykstra, B., Ramunas, J., Kent, D., McCaffrey, L., Szumsky, E., Kelly, L., Farn, K,
Blaylock, A., Eaves, C., and Jervis, E. (2006). High-resolution video monitoring of
hematopoietic stem cells cultured in single-cell arrays identifies new features of self-
renewal. Proc Natl Acad Sci U S A 103, 8185-8190.

Dzierzak, E., and Speck, N.A. (2008). Of lineage and legacy: the development of
mammalian hematopoietic stem cells. Nat Immunol 9, 129-136.

Ehninger, A., and Trumpp, A. (2011). The bone marrow stem cell niche grows up:
mesenchymal stem cells and macrophages move in. J Exp Med 208, 421-428.

Ehrlich, L.I.R., Serwold, T., and Weissman, I.L. (2011). In vitro assays misrepresent in
vivo lineage potentials of murine lymphoid progenitors. Blood 117, 2618-2624.



Bibliography 194

Eilken, H.M., Nishikawa, S., and Schroeder, T. (2009). Continuous single-cell imaging of
blood generation from haemogenic endothelium. Nature 457, 896-900.

Ema, H., and Nakauchi, H. (2000). Expansion of hematopoietic stem cells in the
developing liver of a mouse embryo. Blood 95, 2284-2288.

Ema, H., Takano, H., Sudo, K., and Nakauchi, H. (2000). In vitro self-renewal division of
hematopoietic stem cells. J Exp Med 192, 1281-1288.

Enver, T., and Jacobsen, S.E. (2009). Developmental biology: Instructions writ in blood.
Nature 461, 183-184.

Eppig, J.J., Kozak, L.P., Eicher, E.M., and Stevens, L.C. (1977). Ovarian teratomas in
mice are derived from oocytes that have completed the first meiotic division. Nature 269,
517-518.

Fehling, H.J., Lacaud, G., Kubo, A., Kennedy, M., Robertson, S., Keller, G., and
Kouskoff, V. (2003). Tracking mesoderm induction and its specification to the
hemangioblast during embryonic stem cell differentiation. Development 130, 4217-4227.

Fehling, H.J., and vonBoehmer, H. (1997). Early alpha beta T cell development in the
thymus of normal and genetically altered mice. Curr Opin Immunol 9, 263-275.

Ferkowicz, M.J., and Yoder, M.C. (2005). Blood island formation: longstanding
observations and modern interpretations. Exp Hematol 33, 1041-1047.

Feyerabend, T.B., Terszowski, G., Tietz, A., Blum, C., Luche, H., Gossler, A., Gale,
N.W., Radtke, F., Fehling, H.J., and Rodewald, H.R. (2009). Deletion of Notchl converts
pro-T cells to dendritic cells and promotes thymic B cells by cell-extrinsic and cell-
intrinsic mechanisms. Immunity 30, 67-79.

Flanagan, J.G., Chan, D.C., and Leder, P. (1991). Transmembrane form of the kit ligand
growth factor is determined by alternative splicing and is missing in the Sld mutant. Cell
64, 1025-1035.

Fleming, H.E., Janzen, V., Lo Celso, C., Guo, J., Leahy, K.M., Kronenberg, H.M., and
Scadden, D.T. (2008). Wnt signaling in the niche enforces hematopoietic stem cell
guiescence and is necessary to preserve self-renewal in vivo. Cell Stem Cell 2, 274-283.

Forsberg, E.C., Prohaska, S.S., Katzman, S., Heffner, G.C., Stuart, J.M., and Weissman,
I.L. (2005). Differential expression of novel potential regulators in hematopoietic stem
cells. PLoS genetics 1, e28.

Forsberg, E.C., Serwold, T., Kogan, S., Weissman, I|.L., and Passegue, E. (2006). New
evidence supporting megakaryocyte-erythrocyte potential of flk2/flt3+ multipotent
hematopoietic progenitors. Cell 126, 415-426.

Foudi, A., Hochedlinger, K., Van Buren, D., Schindler, J.W., Jaenisch, R., Carey, V., and
Hock, H. (2009). Analysis of histone 2B-GFP retention reveals slowly cycling
hematopoietic stem cells. Nat Biotechnol 27, 84-90.

Fox, N., Priestley, G., Papayannopoulou, T., and Kaushansky, K. (2002).
Thrombopoietin expands hematopoietic stem cells after transplantation. Journal of
Clinical Investigation 110, 389-394.



Bibliography 195

Friedman, A.D. (2002). Transcriptional regulation of granulocyte and monocyte
development. Oncogene 21, 3377-3390.

Fujiwara, Y., Browne, C.P., Cunniff, K., Goff, S.C., and Orkin, S.H. (1996). Arrested
development of embryonic red cell precursors in mouse embryos lacking transcription
factor GATA-1. Proc Natl Acad Sci U S A 93, 12355-12358.

Galloway, J.L., Wingert, R.A., Thisse, C., Thisse, B., and Zon, L.l. (2005). Loss of gatal
but not gata2 converts erythropoiesis to myelopoiesis in zebrafish embryos. Dev Cell 8,
109-116.

Gekas, C., Dieterlen-Lievre, F., Orkin, S.H., and Mikkola, H.K. (2005). The placenta is a
niche for hematopoietic stem cells. Dev Cell 8, 365-375.

Georgopoulos, K., Bigby, M., Wang, J.H., Molnar, A., Wu, P., Winandy, S., and Sharpe,
A. (1994). The Ikaros gene is required for the development of all lymphoid lineages. Cell
79, 143-156.

Godfrey, D.l., Kennedy, J., Suda, T., and Zlotnik, A. (1993). A developmental pathway
involving four phenotypically and functionally distinct subsets of CD3-CD4-CDS8- triple-
negative adult mouse thymocytes defined by CD44 and CD25 expression. J Immunol
150, 4244-4252.

Godin, I., Dieterlen-Lievre, F., and Cumano, A. (1995). Emergence of multipotent
hemopoietic cells in the yolk sac and paraaortic splanchnopleura in mouse embryos,
beginning at 8.5 days postcoitus. Proc Natl Acad Sci U S A 92, 773-777.

Godin, I., Garcia-Porrero, J.A., Dieterlen-Lievre, F., and Cumano, A. (1999). Stem cell
emergence and hemopoietic activity are incompatible in mouse intraembryonic sites. J
Exp Med 190, 43-52.

Goodell, M.A., Brose, K., Paradis, G., Conner, A.S., and Mulligan, R.C. (1996). Isolation
and functional properties of murine hematopoietic stem cells that are replicating in vivo.
J Exp Med 183, 1797-1806.

Gounari, F., Aifantis, 1., Martin, C., Fehling, H.J., Hoeflinger, S., Leder, P., von Boehmer,
H., and Reizis, B. (2002). Tracing lymphopoiesis with the aid of a pTalpha-controlled
reporter gene. Nat Immunol 3, 489-496.

Grassinger, J., Haylock, D.N., Wiliams, B., Olsen, G.H., and Nilsson, S.K. (2010).
Phenotypically identical hemopoietic stem cells isolated from different regions of bone
marrow have different biological potential. Blood.

Guo, M., Jan, L.Y., and Jan, Y.N. (1996). Control of daughter cell fates during
asymmetric division: Interaction of numb and notch. Neuron 17, 27-41.

Gurney, A.L., Carver-Moore, K., de Sauvage, F.J., and Moore, MW. (1994).
Thrombocytopenia in c-mpl-deficient mice. Science 265, 1445-1447.

Gutierrez, L., Tsukamoto, S., Suzuki, M., Yamamoto-Mukai, H., Yamamoto, M.,
Philipsen, S., and Ohneda, K. (2008). Ablation of Gatal in adult mice results in aplastic
crisis, revealing its essential role in steady-state and stress erythropoiesis. Blood 111,
4375-4385.



Bibliography 196

Han, H., Tanigaki, K., Yamamoto, N., Kuroda, K., Yoshimoto, M., Nakahata, T., Ikuta, K.,
and Honjo, T. (2002). Inducible gene knockout of transcription factor recombination
signal binding protein-J reveals its essential role in T versus B lineage decision.
International Immunology 14, 637-645.

Harrison, D.E. (1980). Competitive repopulation: a new assay for long-term stem cell
functional capacity. Blood 55, 77-81.

Harrison, D.E., and Astle, C.M. (1991). Lymphoid and erythroid repopulation in B6 W-
anemic mice: a new unirradiated recipient. Exp Hematol 19, 374-377.

Harrison, D.E., Astle, C.M., and Lerner, C. (1988). Number and continuous proliferative
pattern of transplanted primitive immunohematopoietic stem cells. Proc Natl Acad Sci U
S A 85, 822-826.

Hattori, N., Kawamoto, H., and Katsura, Y. (1996). Isolation of the most immature
population of murine fetal thymocytes that includes progenitors capable of generating T,
B, and myeloid cells. J Exp Med 184, 1901-1908.

Hendriks, R.W., Nawijn, M.C., Engel, J.D., van Doorninck, H., Grosveld, F., and Karis, A.
(1999). Expression of the transcription factor GATA-3 is required for the development of
the earliest T cell progenitors and correlates with stages of cellular proliferation in the
thymus. Eur J Immunol 29, 1912-1918.

Hermiston, M.L., Xu, Z., and Weiss, A. (2003). CD45: a critical regulator of signaling
thresholds in immune cells. Annu Rev Immunol 21, 107-137.

Heyworth, C., Pearson, S., May, G., and Enver, T. (2002). Transcription factor-mediated
lineage switching reveals plasticity in primary committed progenitor cells. EMBO J 21,
3770-3781.

Hills, D., Gribi, R., Ure, J., Buza-Vidas, N., Luc, S., Jacobsen, S.E.W., and Medvinsky, A.
(2011). Hoxb4-YFP reporter mouse model: a novel tool for tracking HSC development
and studying the role of Hoxb4 in hematopoiesis. Blood 117, 3521-3528.

Hirai, H., Zhang, P., Dayaram, T., Hetherington, C.J., Mizuno, S., Imanishi, J., Akashi,
K., and Tenen, D.G. (2006). C/EBPbeta is required for ‘emergency' granulopoiesis. Nat
Immunol 7, 732-739.

Hisa, T., Spence, S.E., Rachel, R.A., Fujita, M., Nakamura, T., Ward, J.M., Devor-
Henneman, D.E., Saiki, Y., Kutsuna, H., Tessarollo, L., Jenkins, N.A., and Copeland,
N.G. (2004). Hematopoietic, angiogenic and eye defects in Meisl mutant animals.
EMBO J 23, 450-459.

Hock, H., Hamblen, M.J., Rooke, H.M., Schindler, J.W., Saleque, S., Fujiwara, Y., and
Orkin, S.H. (2004). Gfi-1 restricts proliferation and preserves functional integrity of
haematopoietic stem cells. Nature 431, 1002-1007.

Hosoya, T., Kuroha, T., Moriguchi, T., Cummings, D., Maillard, I., Lim, K.C., and Engel,
J.D. (2009). GATA-3 is required for early T lineage progenitor development. J Exp Med
206, 2987-3000.

Houssaint, E. (1981). Differentiation of the mouse hepatic primordium. Il. Extrinsic origin
of the haemopoietic cell line. Cell differentiation 10, 243-252.



Bibliography 197

Hozumi, K., Mailhos, C., Negishi, N., Hirano, K., Yahata, T., Ando, K., Zuklys, S.,
Hollander, G.A., Shima, D.T., and Habu, S. (2008). Delta-like 4 is indispensable in
thymic environment specific for T cell development. J Exp Med 205, 2507-2513.

Hu, M., Krause, D., Greaves, M., Sharkis, S., Dexter, M., Heyworth, C., and Enver, T.
(1997). Multilineage gene expression precedes commitment in the hemopoietic system.
Genes Dev 11, 774-785.

Huang, H., and Cantor, A.B. (2009). Common features of megakaryocytes and
hematopoietic stem cells: what's the connection? J Cell Biochem 107, 857-864.

Huang, S., Guo, Y.P., May, G., and Enver, T. (2007). Bifurcation dynamics in lineage-
commitment in bipotent progenitor cells. Dev Biol 305, 695-713.

Huang, Z., Dore, L.C., Li, Z., Orkin, S.H., Feng, G., Lin, S., and Crispino, J.D. (2009).
GATA-2 reinforces megakaryocyte development in the absence of GATA-1. Mol Cell Biol
29, 5168-5180.

Huber, T.L., Kouskoff, V., Fehling, H.J., Palis, J., and Keller, G. (2004). Haemangioblast
commitment is initiated in the primitive streak of the mouse embryo. Nature 432, 625-
630.

Ichikawa, M., Asai, T., Saito, T., Seo, S., Yamazaki, |., Yamagata, T., Mitani, K., Chiba,
S., Ogawa, S., Kurokawa, M., and Hirai, H. (2004). AML-1 is required for megakaryocytic
maturation and lymphocytic differentiation, but not for maintenance of hematopoietic
stem cells in adult hematopoiesis. Nat Med 10, 299-304.

Ichikawa, M., Goyama, S., Asai, T., Kawazu, M., Nakagawa, M., Takeshita, M., Chiba,
S., Ogawa, S., and Kurokawa, M. (2008). AML1/Runxl negatively regulates quiescent
hematopoietic stem cells in adult hematopoiesis. J Immunol 180, 4402-4408.

Igarashi, H., Gregory, S.C., Yokota, T., Sakaguchi, N., and Kincade, P.W. (2002).
Transcription from the RAG1 locus marks the earliest lymphocyte progenitors in bone
marrow. Immunity 17, 117-130.

lida, S., Watanabe-Fukunaga, R., Nagata, S., and Fukunaga, R. (2008). Essential role of
C/EBP alpha in G-CSF-induced transcriptional activation and chromatin modification of
myeloid-specific genes. Genes to Cells 13, 313-327.

Ikawa, T., Hirose, S., Masuda, K., Kakugawa, K., Satoh, R., Shibano-Satoh, A.,
Kominami, R., Katsura, Y., and Kawamoto, H. (2010). An essential developmental
checkpoint for production of the T cell lineage. Science 329, 93-96.

Ikuta, K., and Weissman, |.L. (1992). Evidence That Hematopoietic Stem-Cells Express
Mouse C-Kit but Do Not Depend on Steel Factor for Their Generation. Proc Natl Acad
Sci U S A 89, 1502-1506.

Iwama, A., Oguro, H., Negishi, M., Kato, Y., Morita, Y., Tsukui, H., Ema, H., Kamijo, T.,
Katoh-Fukui, Y., Koseki, H., van Lohuizen, M., and Nakauchi, H. (2004). Enhanced self-
renewal of hematopoietic stem cells mediated by the polycomb gene product Bmi-1.
Immunity 21, 843-851.

Iwasaki, H., Mizuno, S., Wells, R.A., Cantor, A.B., Watanabe, S., and Akashi, K. (2003).
GATA-1  converts lymphoid and myelomonocytic progenitors into the
megakaryocyte/erythrocyte lineages. Immunity 19, 451-462.



Bibliography 198

Iwasaki, H., Somoza, C., Shigematsu, H., Duprez, E.A., lwasaki-Arai, J., Mizuno, S.,
Arinobu, Y., Geary, K., Zhang, P., Dayaram, T., Fenyus, M.L., Elf, S., Chan, S., Kastner,
P., Huettner, C.S., Murray, R., Tenen, D.G., and Akashi, K. (2005). Distinctive and
indispensable roles of PU.1 in maintenance of hematopoietic stem cells and their
differentiation. Blood 106, 1590-1600.

Jaffredo, T., Bollerot, K., Sugiyama, D., Gautier, R., and Drevon, C. (2005). Tracing the
hemangioblast during embryogenesis: developmental relationships between endothelial
and hematopoietic cells. Int J Dev Biol 49, 269-277.

Jaffredo, T., Gautier, R., Eichmann, A., and Dieterlen-Lievre, F. (1998). Intraaortic
hemopoietic cells are derived from endothelial cells during ontogeny. Development 125,
4575-4583.

Jasinski, M., Keller, P., Fujiwara, Y., Orkin, S.H., and Bessler, M. (2001). GATA1-Cre
mediates Piga gene inactivation in the erythroid/megakaryocytic lineage and leads to
circulating red cells with a partial deficiency in glycosyl phosphatidylinositol-linked
proteins (paroxysmal nocturnal hemoglobinuria type Il cells). Blood 98, 2248-2255.

Ji, R.P., Phoon, C.K., Aristizabal, O., McGrath, K.E., Palis, J., and Turnbull, D.H. (2003).
Onset of cardiac function during early mouse embryogenesis coincides with entry of
primitive erythroblasts into the embryo proper. Circulation research 92, 133-135.

Jones, M.E., Kondo, M., and Zhuang, Y. (2009). A tamoxifen inducible knock-in allele for
investigation of E2A function. Bmc Developmental Biology 9.

Jordan, C.T., McKearn, J.P., and Lemischka, I.R. (1990). Cellular and developmental
properties of fetal hematopoietic stem cells. Cell 61, 953-963.

Kang, J., and Der, S.D. (2004). Cytokine functions in the formative stages of a
lymphocyte's life. Curr Opin Immunol 16, 180-190.

Katsura, Y., and Kawamoto, H. (2001). Stepwise lineage restriction of progenitors in
lympho-myelopoiesis. International reviews of immunology 20, 1-20.

Kaushansky, K. (1998). Thrombopoietin. N Engl J Med 339, 746-754.

Kaushansky, K., Broudy, V.C., Lin, N., Jorgensen, M.J., Mccarty, J., Fox, N.,
Zuckerfranklin, D., and Loftonday, C. (1995). Thrombopoietin, the Mpl Ligand, Is
Essential for Full Megakaryocyte Development. Proc Natl Acad Sci U S A 92, 3234-
3238.

Kawamoto, H. (2006). A close developmental relationship between the lymphoid and
myeloid lineages. Trends Immunol 27, 169-175.

Kawamoto, H., lkawa, T., Ohmura, K., Fujimoto, S., and Katsura, Y. (2000). T cell
progenitors emerge earlier than B cell progenitors in the murine fetal liver. Immunity 12,
441-450.

Kawamoto, H., Ohmura, K., and Katsura, Y. (1997). Direct evidence for the commitment
of hematopoietic stem cells to T, B and myeloid lineages in murine fetal liver. Int
Immunol 9, 1011-1019.

Kawamoto, H., Ohmura, K., and Katsura, Y. (1998). Presence of progenitors restricted to
T, B, or myeloid lineage, but absence of multipotent stem cells, in the murine fetal
thymus. J Immunol 161, 3799-3802.



Bibliography 199

Kawamoto, H., Wada, H., and Katsura, Y. (2010). A revised scheme for developmental
pathways of hematopoietic cells: the myeloid-based model. Int Immunol.

Kee, B.L. (2009). E and ID proteins branch out. Nat Rev Immunol 9, 175-184.

Kiel, M.J., He, S., Ashkenazi, R., Gentry, S.N., Teta, M., Kushner, J.A., Jackson, T.L.,
and Morrison, S.J. (2007a). Haematopoietic stem cells do not asymmetrically segregate
chromosomes or retain BrdU. Nature 449, 238-242.

Kiel, M.J., Radice, G.L., and Morrison, S.J. (2007b). Lack of evidence that hematopoietic
stem cells depend on N-cadherin-mediated adhesion to osteoblasts for their
maintenance. Cell Stem Cell 1, 204-217.

Kiel, M.J., Yilmaz, O.H., lwashita, T., Terhorst, C., and Morrison, S.J. (2005). SLAM
family receptors distinguish hematopoietic stem and progenitor cells and reveal
endothelial niches for stem cells. Cell 121, 1109-1121.

Kieusseian, A., de la Grange, P.B., Burlen-Defranoux, O., Godin, I., and Cumano, A.
(2012). Immature hematopoietic stem cells undergo maturation in the fetal liver.
Development 139, 3521-3530.

Kim, I., He, S., Yilmaz, O.H., Kiel, M.J., and Morrison, S.J. (2006). Enhanced purification
of fetal liver hematopoietic stem cells using SLAM family receptors. Blood 108, 737-744.

Kim, M., Cooper, D.D., Hayes, S.F., and Spangrude, G.J. (1998). Rhodamine-123
staining in hematopoietic stem cells of young mice indicates mitochondrial activation
rather than dye efflux. Blood 91, 4106-4117.

Kimura, S., Roberts, A.W., Metcalf, D., and Alexander, W.S. (1998). Hematopoietic stem
cell deficiencies in mice lacking c-Mpl, the receptor for thrombopoietin. Proc Natl Acad
Sci U S A 95, 1195-1200.

Kipreos, E.T. (2005). C. elegans cell cycles: invariance and stem cell divisions. Nat Rev
Mol Cell Biol 6, 766-776.

Kirstetter, P., Anderson, K., Porse, B.T., Jacobsen, S.E., and Nerlov, C. (2006).
Activation of the canonical Wnt pathway leads to loss of hematopoietic stem cell
repopulation and multilineage differentiation block. Nat Immunol 7, 1048-1056.

Kissa, K., and Herbomel, P. (2010). Blood stem cells emerge from aortic endothelium by
a novel type of cell transition. Nature 464, 112-U125.

Klug, C.A., Morrison, S.J., Masek, M., Hahm, K., Smale, S.T., and Weissman, I.L.
(1998). Hematopoietic stem cells and lymphoid progenitors express different Ikaros
isoforms, and Ikaros is localized to heterochromatin in immature lymphocytes. Proc Natl
Acad Sci U S A 95, 657-662.

Knoblich, J.A. (2008). Mechanisms of asymmetric stem cell division. Cell 132, 583-597.

Koch, U., Fiorini, E., Benedito, R., Besseyrias, V., Schuster-Gossler, K., Pierres, M.,
Manley, N.R., Duarte, A., MacDonald, H.R., and Radtke, F. (2008). Delta-like 4 is the
essential, nonredundant ligand for Notchl during thymic T cell lineage commitment. J
Exp Med 205, 2515-2523.



Bibliography 200

Kondo, M., Scherer, D.C., Miyamoto, T., King, A.G., Akashi, K., Sugamura, K., and
Weissman, |.L. (2000). Cell-fate conversion of lymphoid-committed progenitors by
instructive actions of cytokines. Nature 407, 383-386.

Kondo, M., Weissman, I.L., and Akashi, K. (1997). Identification of clonogenic common
lymphoid progenitors in mouse bone marrow. Cell 91, 661-672.

Koushik, S.V., Wang, J., Rogers, R., Moskophidis, D., Lambert, N.A., Creazzo, T.L., and
Conway, S.J. (2001). Targeted inactivation of the sodium-calcium exchanger (Ncx1)
results in the lack of a heartbeat and abnormal myofibrillar organization. FASEB journal :
official publication of the Federation of American Societies for Experimental Biology 15,
1209-1211.

Kulessa, H., Frampton, J., and Graf, T. (1995). GATA-1 reprograms avian
myelomonocytic cell lines into eosinophils, thromboblasts, and erythroblasts. Genes Dev
9, 1250-1262.

Kumaravelu, P., Hook, L., Morrison, A.M., Ure, J., Zhao, S., Zuyev, S., Ansell, J., and
Medvinsky, A. (2002). Quantitative developmental anatomy of definitive haematopoietic
stem cells/long-term repopulating units (HSC/RUs): role of the aorta-gonad-
mesonephros (AGM) region and the yolk sac in colonisation of the mouse embryonic
liver. Development 129, 4891-4899.

Kunisato, A., Chiba, S., Nakagami-Yamaguchi, E., Kumano, K., Saito, T., Masuda, S.,
Yamaguchi, T., Osawa, M., Kageyama, R., Nakauchi, H., Nishikawa, M., and Hirai, H.
(2003). HES-1 preserves purified hematopoietic stem cells ex vivo and accumulates side
population cells in vivo. Blood 101, 1777-1783.

Kuter, D.J., and Rosenberg, R.D. (1995). The reciprocal relationship of thrombopoietin
(c-Mpl ligand) to changes in the platelet mass during busulfan-induced
thrombocytopenia in the rabbit. Blood 85, 2720-2730.

Kuwata, N., lgarashi, H., Ohmura, T., Aizawa, S., and Sakaguchi, N. (1999). Cutting
edge: absence of expression of RAG1 in peritoneal B-1 cells detected by knocking into
RAG1 locus with green fluorescent protein gene. J Immunol 163, 6355-6359.

Lacaud, G., Carlsson, L., and Keller, G. (1998). Identification of a fetal hematopoietic
precursor with B cell, T cell, and macrophage potential. Immunity 9, 827-838.

Lai, AY., and Kondo, M. (2006). Asymmetrical lymphoid and myeloid lineage
commitment in multipotent hematopoietic progenitors. J Exp Med 203, 1867-1873.

Lai, A.Y., and Kondo, M. (2007). Identification of a bone marrow precursor of the earliest
thymocytes in adult mouse. Proc Natl Acad Sci U S A 104, 6311-6316.

Laiosa, C.V., Stadtfeld, M., and Graf, T. (2006). Determinants of lymphoid-myeloid
lineage diversification. Annu Rev Immunol 24, 705-738.

Lapidot, T., Dar, A., and Kollet, O. (2005). How do stem cells find their way home? Blood
106, 1901-1910.

Li, L., Leid, M., and Rothenberg, E.V. (2010). An early T cell lineage commitment
checkpoint dependent on the transcription factor Bcll1b. Science 329, 89-93.



Bibliography 201

Lieschke, G.J., Grail, D., Hodgson, G., Metcalf, D., Stanley, E., Cheers, C., Fowler, K.J.,
Basu, S., Zhan, Y.F., and Dunn, A.R. (1994a). Mice lacking granulocyte colony-
stimulating factor have chronic neutropenia, granulocyte and macrophage progenitor cell
deficiency, and impaired neutrophil mobilization. Blood 84, 1737-1746.

Lieschke, G.J., Stanley, E., Grail, D., Hodgson, G., Sinickas, V., Gall, J.A., Sinclair, R.A.,
and Dunn, A.R. (1994b). Mice lacking both macrophage- and granulocyte-macrophage
colony-stimulating factor have macrophages and coexistent osteopetrosis and severe
lung disease. Blood 84, 27-35.

Lin, H., and Grosschedl, R. (1995). Failure of B-cell differentiation in mice lacking the
transcription factor EBF. Nature 376, 263-267.

Liu, C.L., Saito, F., Liu, Z.J., Lei, Y., Uehara, S., Love, P., Lipp, M., Kondo, S., Manley,
N., and Takahama, Y. (2006). Coordination between CCR7-and CCR9-mediated
chemokine signals in prevascular fetal thymus colonization. Blood 108, 2531-2539.

Liu, C.L., Ueno, T., Kuse, S., Saito, F., Nitta, T., Piali, L., Nakano, H., Kakiuchi, T., Lipp,
M., Hollander, G.A., and Takahama, Y. (2005). The role of CCL21 in recruitment of T-
precursor cells to fetal thymi. Blood 105, 31-39.

Lo Celso, C., Fleming, H.E., Wu, J.W., Zhao, C.X., Miake-Lye, S., Fujisaki, J., Cote, D.,
Rowe, D.W., Lin, C.P., and Scadden, D.T. (2009). Live-animal tracking of individual
haematopoietic stem/progenitor cells in their niche. Nature 457, 92-96.

Lord, B.l., and Hendry, J.H. (1972). The distribution of haemopoietic colony-forming units
in the mouse femur, and its modification by x rays. The British journal of radiology 45,
110-115.

Lu, M., Kawamoto, H., Katsube, Y., Ikawa, T., and Katsura, Y. (2002). The common
myelolymphoid progenitor: a key intermediate stage in hemopoiesis generating T and B
cells. J Immunol 169, 3519-3525.

Lu, M., Tayu, R., Ikawa, T., Masuda, K., Matsumoto, ., Mugishima, H., Kawamoto, H.,
and Katsura, Y. (2005). The earliest thymic progenitors in adults are restricted to T, NK,
and dendritic cell lineage and have a potential to form more diverse TCRbeta chains
than fetal progenitors. J Immunol 175, 5848-5856.

Luc, S., Anderson, K., Kharazi, S., Buza-Vidas, N., Boiers, C., Jensen, C.T., Ma, Z.,
Wittmann, L., and Jacobsen, S.E. (2008a). Down-regulation of Mpl marks the transition
to lymphoid-primed multipotent progenitors with gradual loss of granulocyte-monocyte
potential. Blood 111, 3424-3434.

Luc, S., Buza-Vidas, N., and Jacobsen, S.E. (2008b). Delineating the cellular pathways
of hematopoietic lineage commitment. Semin Immunol 20, 213-220.

Luc, S., Luis, T.C., Boukarabila, H., Macaulay, I.C., Buza-Vidas, N., Bouriez-Jones, T.,
Lutteropp, M., Woll, P.S., Loughran, S.J., Mead, A.J., Hultquist, A., Brown, J., Mizukami,
T., Matsuoka, S., Ferry, H., Anderson, K., Duarte, S., Atkinson, D., Soneji, S., Domanski,
A., Farley, A., Sanjuan-Pla, A., Carella, C., Patient, R., de Bruijn, M., Enver, T., Nerlov,
C., Blackburn, C., Godin, I., and Jacobsen, S.E. (2012). The earliest thymic T cell
progenitors sustain B cell and myeloid lineage potential. Nat Immunol 13, 412-419.



Bibliography 202

Lucas, D., Battista, M., Shi, P.A., Isola, L., and Frenette, P.S. (2008). Mobilized
hematopoietic stem cell yield depends on species-specific circadian timing. Cell Stem
Cell 3, 364-366.

Luis, T.C., Naber, B.A., Roozen, P.P., Brugman, M.H., de Haas, E.F., Ghazvini, M.,
Fibbe, W.E., van Dongen, J.J., Fodde, R., and Staal, F.J. (2011). Canonical wnt
signaling regulates hematopoiesis in a dosage-dependent fashion. Cell Stem Cell 9,
345-356.

Luis, T.C., Weerkamp, F., Naber, B.A., Baert, M.R., de Haas, E.F., Nikolic, T.,
Heuvelmans, S., De Krijger, R.R., van Dongen, J.J., and Staal, F.J. (2009). Wnt3a
deficiency irreversibly impairs hematopoietic stem cell self-renewal and leads to defects
in progenitor cell differentiation. Blood 113, 546-554.

Lux, C.T., Yoshimoto, M., McGrath, K., Conway, S.J., Palis, J., and Yoder, M.C. (2008).
All primitive and definitive hematopoietic progenitor cells emerging before E10 in the
mouse embryo are products of the yolk sac. Blood 111, 3435-3438.

Lyman, S.D., James, L., Vanden Bos, T., de Vries, P., Brasel, K., Gliniak, B.,
Hollingsworth, L.T., Picha, K.S., McKenna, H.J., Splett, R.R., and et al. (1993). Molecular
cloning of a ligand for the flt3/flk-2 tyrosine kinase receptor: a proliferative factor for
primitive hematopoietic cells. Cell 75, 1157-1167.

Lyons, A.B., and Parish, C.R. (1994). Determination of lymphocyte division by flow
cytometry. Journal of immunological methods 171, 131-137.

Mackarehtschian, K., Hardin, J.D., Moore, K.A., Boast, S., Goff, S.P., and Lemischka,
I.R. (1995). Targeted disruption of the flk2/flt3 gene leads to deficiencies in primitive
hematopoietic progenitors. Immunity 3, 147-161.

Magor, B.G., Ross, D.A., Pilstrom, L., and Warr, G.W. (1999). Transcriptional enhancers
and the evolution of the IgH locus. Immunol Today 20, 13-17.

Maillard, I., Koch, U., Dumortier, A., Shestova, O., Xu, L., Sai, H., Pross, S.E., Aster,
J.C., Bhandoola, A., Radtke, F., and Pear, W.S. (2008). Canonical notch signaling is
dispensable for the maintenance of adult hematopoietic stem cells. Cell Stem Cell 2,
356-366.

Mancini, E., Sanjuan-Pla, A., Luciani, L., Moore, S., Grover, A., Zay, A., Rasmussen,
K.D., Luc, S., Bilbao, D., O'Carroll, D., Jacobsen, S.E., and Nerlov, C. (2012). FOG-1
and GATA-1 act sequentially to specify definitive megakaryocytic and erythroid
progenitors. EMBO J 31, 351-365.

Mansson, R., Hultquist, A., Luc, S., Yang, L., Anderson, K., Kharazi, S., Al-Hashmi, S.,
Liuba, K., Thoren, L., Adolfsson, J., Buza-Vidas, N., Qian, H., Soneji, S., Enver, T.,
Sigvardsson, M., and Jacobsen, S.E. (2007). Molecular evidence for hierarchical
transcriptional lineage priming in fetal and adult stem cells and multipotent progenitors.
Immunity 26, 407-419.

Manz, M.G., Traver, D., Akashi, K., Merad, M., Miyamoto, T., Engleman, E.G., and
Weissman, I.L. (2001a). Dendritic cell development from common myeloid progenitors.
Ann N'Y Acad Sci 938, 167-173; discussion 173-164.

Manz, M.G., Traver, D., Miyamoto, T., Weissman, |.L., and Akashi, K. (2001b). Dendritic
cell potentials of early lymphoid and myeloid progenitors. Blood 97, 3333-3341.



Bibliography 203

Martin, C.H., Aifantis, I., Scimone, M.L., von Andrian, U.H., Reizis, B., von Boehmer, H.,
and Gounari, F. (2003). Efficient thymic immigration of B220+ lymphoid-restricted bone
marrow cells with T precursor potential. Nat Immunol 4, 866-873.

Massa, S., Balciunaite, G., Ceredig, R., and Rolink, A.G. (2006). Critical role for c-kit
(CD117) in T cell lineage commitment and early thymocyte development in vitro. Eur J
Immunol 36, 526-532.

Masuda, K., Itoi, M., Amagai, T., Minato, N., Katsura, Y., and Kawamoto, H. (2005).
Thymic anlage is colonized by progenitors restricted to T, NK, and dendritic cell
lineages. J Immunol 174, 2525-2532.

Matsumoto, A., Takeishi, S., Kanie, T., Susaki, E., Onoyama, |., Tateishi, Y., Nakayama,
K., and Nakayama, K.l. (2011). p57 Is Required for Quiescence and Maintenance of
Adult Hematopoietic Stem Cells. Cell Stem Cell 9, 262-271.

Matsuzaki, Y., Gyotoku, J., Ogawa, M., Nishikawa, S., Katsura, Y., Gachelin, G., and
Nakauchi, H. (1993). Characterization of c-kit positive intrathymic stem cells that are
restricted to lymphoid differentiation. J Exp Med 178, 1283-1292.

McArthur, G.A., Rohrschneider, L.R., and Johnson, G.R. (1994). Induced expression of
c-fms in normal hematopoietic cells shows evidence for both conservation and lineage
restriction of signal transduction in response to macrophage colony-stimulating factor.
Blood 83, 972-981.

McCormack, M.P., Forster, A., Drynan, L., Pannell, R., and Rabbitts, T.H. (2003). The
LMO2 T-cell oncogene is activated via chromosomal translocations or retroviral insertion
during gene therapy but has no mandatory role in normal T-cell development. Mol Cell
Biol 23, 9003-9013.

McDevitt, M.A., Fujiwara, Y., Shivdasani, R.A., and Orkin, S.H. (1997). An upstream,
DNase | hypersensitive region of the hematopoietic-expressed transcription factor
GATA-1 gene confers developmental specificity in transgenic mice. Proc Natl Acad Sci U
S A 94, 7976-7981.

McKenna, H.J., Stocking, K.L., Miller, R.E., Brasel, K., De Smedt, T., Maraskovsky, E.,
Maliszewski, C.R., Lynch, D.H., Smith, J., Pulendran, B., Roux, E.R., Teepe, M., Lyman,
S.D., and Peschon, J.J. (2000). Mice lacking flt3 ligand have deficient hematopoiesis
affecting hematopoietic progenitor cells, dendritic cells, and natural killer cells. Blood 95,
3489-3497.

Mebius, R.E., Miyamoto, T., Christensen, J., Domen, J., Cupedo, T., Weissman, I.L., and
Akashi, K. (2001). The fetal liver counterpart of adult common lymphoid progenitors
gives rise to all lymphoid lineages, CD45+CD4+CD3- cells, as well as macrophages. J
Immunol 166, 6593-6601.

Medvinsky, A., and Dzierzak, E. (1996). Definitive hematopoiesis is autonomously
initiated by the AGM region. Cell 86, 897-906.

Medvinsky, A., Rybtsov, S., and Taoudi, S. (2011). Embryonic origin of the adult
hematopoietic system: advances and questions. Development 138, 1017-1031.

Mendez-Ferrer, S., Chow, A., Merad, M., and Frenette, P.S. (2009). Circadian rhythms
influence hematopoietic stem cells. Curr Opin Hematol 16, 235-242.



Bibliography 204

Mercer, E.M., Lin, Y.C., Benner, C., Jhunjhunwala, S., Dutkowski, J., Flores, M.,
Sigvardsson, M., Ideker, T., Glass, C.K., and Murre, C. (2011). Multilineage priming of
enhancer repertoires precedes commitment to the B and myeloid cell lineages in
hematopoietic progenitors. Immunity 35, 413-425.

Mikkola, H.K., Fujiwara, Y., Schlaeger, T.M., Traver, D., and Orkin, S.H. (2003).
Expression of CD41 marks the initiation of definitive hematopoiesis in the mouse
embryo. Blood 101, 508-516.

Miyamoto, T., Iwasaki, H., Reizis, B., Ye, M., Graf, T., Weissman, I.L., and Akashi, K.
(2002). Myeloid or lymphoid promiscuity as a critical step in hematopoietic lineage
commitment. Developmental Cell 3, 137-147.

Mombaerts, P., lacomini, J., Johnson, R.S., Herrup, K., Tonegawa, S., and
Papaioannou, V.E. (1992). Rag-1-Deficient Mice Have No Mature Lymphocytes-B and
Lymphocytes-T. Cell 68, 869-877.

Montecino-Rodriguez, E., Johnson, A., and Dorshkind, K. (1996). Thymic stromal cells
can support B cell differentiation from intrathymic precursors. J Immunol 156, 963-967.

Moore, M.A., and Metcalf, D. (1970). Ontogeny of the haemopoietic system: yolk sac
origin of in vivo and in vitro colony forming cells in the developing mouse embryo. Br J
Haematol 18, 279-296.

Mori, K., Itoi, M., Tsukamoto, N., and Amagai, T. (2010). Foxnl is essential for
vascularization of the murine thymus anlage. Cell Immunol 260, 66-69.

Morita, Y., Ema, H., and Nakauchi, H. (2010). Heterogeneity and hierarchy within the
most primitive hematopoietic stem cell compartment. J Exp Med.

Morrison, S.J., Hemmati, H.D., Wandycz, A.M., and Weissman, I.L. (1995). The
purification and characterization of fetal liver hematopoietic stem cells. Proc Natl Acad
SciU S A 92, 10302-10306.

Morrison, S.J., and Kimble, J. (2006). Asymmetric and symmetric stem-cell divisions in
development and cancer. Nature 441, 1068-1074.

Morrison, S.J., Wandycz, A.M., Hemmati, H.D., Wright, D.E., and Weissman, I.L. (1997).
Identification of a lineage of multipotent hematopoietic progenitors. Development 124,
1929-1939.

Morrison, S.J., and Weissman, I.L. (1994). The long-term repopulating subset of
hematopoietic stem cells is deterministic and isolatable by phenotype. Immunity 1, 661-
673.

Muller, A.M., Medvinsky, A., Strouboulis, J., Grosveld, F., and Dzierzak, E. (1994).
Development of hematopoietic stem cell activity in the mouse embryo. Immunity 1, 291-
301.

Murray, P.D.F. (1932). The development in vitro of the blood of the early chick embryo.
Proc Roy Soc London Serie B 11, 497-521.

Nakano, T., Waki, N., Asai, H., and Kitamura, Y. (1989). Effect of 5-fluorouracil on
"primitive" hematopoietic stem cells that reconstitute whole erythropoiesis of genetically
anemic W/Wv mice. Blood 73, 425-430.



Bibliography 205

Nakauchi, H., Takano, H., Ema, H., and Osawa, M. (1999). Further characterization of
CD34-low/negative mouse hematopoietic stem cells. Ann N Y Acad Sci 872, 57-66;
discussion 66-70.

Nakorn, T.N., Miyamoto, T., and Weissman, |.L. (2003). Characterization of mouse
clonogenic megakaryocyte progenitors. Proc Natl Acad Sci U S A 100, 205-210.

Nerlov, C., and Graf, T. (1998). PU.1 induces myeloid lineage commitment in multipotent
hematopoietic progenitors. Genes Dev 12, 2403-2412.

Nerlov, C., Querfurth, E., Kulessa, H., and Graf, T. (2000). GATA-1 interacts with the
myeloid PU.1 transcription factor and represses PU.1-dependent transcription. Blood 95,
2543-2551.

Ng, A.P., Kauppi, M., Metcalf, D., Di Rago, L., Hyland, C.D., and Alexander, W.S.
(2012). Characterization of thrombopoietin (TPO)-responsive progenitor cells in adult
mouse bone marrow with in vivo megakaryocyte and erythroid potential. Proc Natl Acad
Sci U S A 109, 2364-2369.

Ng, S.Y., Yoshida, T., Zhang, J., and Georgopoulos, K. (2009). Genome-wide lineage-
specific transcriptional networks underscore l|karos-dependent lymphoid priming in
hematopoietic stem cells. Immunity 30, 493-507.

Nilsson, S.K., Johnston, H.M., and Coverdale, J.A. (2001). Spatial localization of
transplanted hemopoietic stem cells: inferences for the localization of stem cell niches.
Blood 97, 2293-2299.

Nishikawa, S.I., Nishikawa, S., Kawamoto, H., Yoshida, H., Kizumoto, M., Kataoka, H.,
and Katsura, Y. (1998). In vitro generation of lymphohematopoietic cells from endothelial
cells purified from murine embryos. Immunity 8, 761-769.

Nocka, K., Tan, J.C., Chiu, E., Chu, T.Y., Ray, P., Traktman, P., and Besmer, P. (1990).
Molecular bases of dominant negative and loss of function mutations at the murine c-
kit/white spotting locus: W37, Wv, W41 and W. EMBO J 9, 1805-1813.

North, T., Gu, T.L., Stacy, T., Wang, Q., Howard, L., Binder, M., Marin-Padilla, M., and
Speck, N.A. (1999). Cbfa2 is required for the formation of intra-aortic hematopoietic
clusters. Development 126, 2563-2575.

North, T.E., de Bruijn, M.F., Stacy, T., Talebian, L., Lind, E., Robin, C., Binder, M.,
Dzierzak, E., and Speck, N.A. (2002). Runx1 expression marks long-term repopulating
hematopoietic stem cells in the midgestation mouse embryo. Immunity 16, 661-672.

Nutt, S.L., Heavey, B., Rolink, A.G., and Busslinger, M. (1999). Commitment to the B-
lymphoid lineage depends on the transcription factor Pax5. Nature 401, 556-562.

Nutt, S.L., Metcalf, D., D'Amico, A., Polli, M., and Wu, L. (2005). Dynamic regulation of
PU.1 expression in multipotent hematopoietic progenitors. J Exp Med 201, 221-231.

Nygren, J.M., and Bryder, D. (2008). A novel assay to trace proliferation history in vivo
reveals that enhanced divisional kinetics accompany loss of hematopoietic stem cell
self-renewal. PLoS ONE 3, e3710.

Ogawa, M., Porter, P.N., and Nakahata, T. (1983). Renewal and commitment to
differentiation of hemopoietic stem cells (an interpretive review). Blood 61, 823-829.



Bibliography 206

Okada, S., Nakauchi, H., Nagayoshi, K., Nishikawa, S., Miura, Y., and Suda, T. (1992).
In vivo and in vitro stem cell function of c-kit- and Sca-1-positive murine hematopoietic
cells. Blood 80, 3044-3050.

Okuda, T., van Deursen, J., Hiebert, S.W., Grosveld, G., and Downing, J.R. (1996).
AML1, the target of multiple chromosomal translocations in human leukemia, is essential
for normal fetal liver hematopoiesis. Cell 84, 321-330.

Okuno, Y., Huang, G., Rosenbauer, F., Evans, E.K., Radomska, H.S., lwasaki, H.,
Akashi, K., Moreau-Gachelin, F., Li, Y., Zhang, P., Gottgens, B., and Tenen, D.G.
(2005). Potential autoregulation of transcription factor PU.1 by an upstream regulatory
element. Mol Cell Biol 25, 2832-2845.

Orkin, S.H., and Zon, L.I. (2008). Hematopoiesis: An evolving paradigm for stem cell
biology. Cell 132, 631-644.

Osawa, M., Hanada, K., Hamada, H., and Nakauchi, H. (1996). Long-term
lymphohematopoietic reconstitution by a single CD34-low/negative hematopoietic stem
cell. Science 273, 242-245.

Ottersbach, K., and Dzierzak, E. (2005). The murine placenta contains hematopoietic
stem cells within the vascular labyrinth region. Dev Cell 8, 377-387.

Owen, J.J., and Ritter, M.A. (1969). Tissue interaction in the development of thymus
lymphocytes. J Exp Med 129, 431-442.

Palis, J., Robertson, S., Kennedy, M., Wall, C., and Keller, G. (1999). Development of
erythroid and myeloid progenitors in the yolk sac and embryo proper of the mouse.
Development 126, 5073-5084.

Palis, J., and Yoder, M.C. (2001). Yolk-sac hematopoiesis: the first blood cells of mouse
and man. Exp Hematol 29, 927-936.

Peault, B., Khazaal, I., and Weissman, I.L. (1994). In vitro development of B cells and
macrophages from early mouse fetal thymocytes. Eur J Immunol 24, 781-784.

Perry, S.S., Welner, R.S., Kouro, T., Kincade, P.W., and Sun, X.H. (2006). Primitive
lymphoid progenitors in bone marrow with T lineage reconstituting potential. J Immunol
177, 2880-2887.

Peschon, J.J., Morrissey, P.J., Grabstein, K.H., Ramsdell, F.J., Maraskovsky, E., Gliniak,
B.C., Park, L.S., Ziegler, S.F., Williams, D.E., Ware, C.B., Meyer, J.D., and Davison, B.L.
(1994a). Early Lymphocyte Expansion Is Severely Impaired in Interleukin-7 Receptor-
Deficient Mice. J Exp Med 180, 1955-1960.

Peschon, J.J., Morrissey, P.J., Grabstein, K.H., Ramsdell, F.J., Maraskovsky, E., Gliniak,
B.C., Park, L.S., Ziegler, S.F., Williams, D.E., Ware, C.B., Meyer, J.D., and Davison, B.L.
(1994b). Early lymphocyte expansion is severely impaired in interleukin 7 receptor-
deficient mice. J Exp Med 180, 1955-1960.

Pharr, P.N., Ogawa, M., Hofbauer, A., and Longmore, G.D. (1994). Expression of an
activated erythropoietin or a colony-stimulating factor 1 receptor by pluripotent
progenitors enhances colony formation but does not induce differentiation. Proc Natl
Acad Sci U S A 91, 7482-7486.



Bibliography 207

Phillips, R.L., Reinhart, A.J., and Van Zant, G. (1992). Genetic control of murine
hematopoietic stem cell pool sizes and cycling kinetics. Proc Natl Acad Sci U S A 89,
11607-11611.

Porritt, H.E., Rumfelt, L.L., Tabrizifard, S., Schmitt, T.M., Zuniga-Pflucker, J.C., and
Petrie, H.T. (2004). Heterogeneity among DN1 prothymocytes reveals multiple
progenitors with different capacities to generate T cell and non-T cell lineages. Immunity
20, 735-745.

Pronk, C.J., Rossi, D.J., Mansson, R., Attema, J.L., Norddahl, G.L., Chan, C.K,,
Sigvardsson, M., Weissman, |.L., and Bryder, D. (2007). Elucidation of the phenotypic,
functional, and molecular topography of a myeloerythroid progenitor cell hierarchy. Cell
Stem Cell 1, 428-442.

Pui, J.C., Allman, D., Xu, L.W., DeRocco, S., Karnell, F.G., Bakkour, S., Lee, J.Y.,
Kadesch, T., Hardy, R.R., Aster, J.C., and Pear, W.S. (1999). Notchl expression in early
lymphopoiesis influences B versus T lineage determination. Immunity 11, 299-308.

Qian, H., Buza-Vidas, N., Hyland, C.D., Jensen, C.T., Antonchuk, J., Mansson, R.,
Thoren, L.A., Ekblom, M., Alexander, W.S., and Jacobsen, S.E. (2007). Critical role of
thrombopoietin in maintaining adult quiescent hematopoietic stem cells. Cell Stem Cell
1, 671-684.

Radtke, F., Wilson, A., Mancini, S.J., and MacDonald, H.R. (2004). Notch regulation of
lymphocyte development and function. Nat Immunol 5, 247-253.

Radtke, F., Wilson, A., Stark, G., Bauer, M., van Meerwijk, J., MacDonald, H.R., and
Aguet, M. (1999). Deficient T cell fate specification in mice with an induced inactivation
of Notchl. Immunity 10, 547-558.

Ramskold, D., Luo, S.J., Wang, Y.C., Li, R., Deng, Q.L., Faridani, O.R., Daniels, G.A.,
Khrebtukova, I., Loring, J.F., Laurent, L.C., Schroth, G.P., and Sandberg, R. (2012). Full-
length mMRNA-Seq from single-cell levels of RNA and individual circulating tumor cells.
Nature Biotechnology 30, 777-782.

Reya, T., Duncan, A\W., Ailles, L., Domen, J., Scherer, D.C., Willert, K., Hintz, L., Nusse,
R., and Weissman, I.L. (2003). A role for Wnt signalling in self-renewal of
haematopoietic stem cells. Nature 423, 409-414.

Rhodes, J., Hagen, A., Hsu, K., Deng, M., Liu, T.X., Look, A.T., and Kanki, J.P. (2005).
Interplay of pu.l and gatal determines myelo-erythroid progenitor cell fate in zebrafish.
Dev Cell 8, 97-108.

Rieger, M.A., Hoppe, P.S., Smejkal, B.M., Eitelhuber, A.C., and Schroeder, T. (2009a).
Hematopoietic cytokines can instruct lineage choice. Science 325, 217-218.

Rieger, M.A., and Schroeder, T. (2008). Exploring hematopoiesis at single cell
resolution. Cells Tissues Organs 188, 139-149.

Rieger, M.A., Smejkal, B.M., and Schroeder, T. (2009b). Improved prospective
identification of megakaryocyte-erythrocyte progenitor cells. Br J Haematol 144, 448-
451.

Rothenberg, E.V. (2012). Transcriptional drivers of the T-cell lineage program. Curr Opin
Immunol 24, 132-138.



Bibliography 208

Rothenberg, E.V., Moore, J.E., and Yui, M.A. (2008). Launching the T-cell-lineage
developmental programme. Nat Rev Immunol 8, 9-21.

Sabin, F.R. (1920). Studies on the origin of blood vessels and of red corpuscles as seen
in the living blastoderm of the chick during the second day of incubation. Contributions to
Embryology 9, 214.

Sambandam, A., Maillard, I., Zediak, V.P., Xu, L., Gerstein, R.M., Aster, J.C., Pear,
W.S., and Bhandoola, A. (2005). Notch signaling controls the generation and
differentiation of early T lineage progenitors. Nat Immunol 6, 663-670.

Sanchez, M.J., Holmes, A., Miles, C., and Dzierzak, E. (1996). Characterization of the
first definitive hematopoietic stem cells in the AGM and liver of the mouse embryo.
Immunity 5, 513-525.

Sarrazin, S., Mossadegh-Keller, N., Fukao, T., Aziz, A., Mourcin, F., Vanhille, L., Kelly
Moadis, L., Kastner, P., Chan, S., Duprez, E., Otto, C., and Sieweke, M.H. (2009). MafB
restricts M-CSF-dependent myeloid commitment divisions of hematopoietic stem cells.
Cell 138, 300-313.

Sato, T., Laver, J.H., and Ogawa, M. (1999). Reversible expression of CD34 by murine
hematopoietic stem cells. Blood 94, 2548-2554.

Scheller, M., Huelsken, J., Rosenbauer, F., Taketo, M.M., Birchmeier, W., Tenen, D.G.,
and Leutz, A. (2006). Hematopoietic stem cell and multilineage defects generated by
constitutive beta-catenin activation. Nat Immunol 7, 1037-1047.

Schlenner, S.M., Madan, V., Busch, K., Tietz, A., Laufle, C., Costa, C., Blum, C.,
Fehling, H.J., and Rodewald, H.R. (2010). Fate Mapping Reveals Separate Origins of T
Cells and Myeloid Lineages in the Thymus. Immunity.

Schlenner, S.M., and Rodewald, H.R. (2010). Early T cell development and the pitfalls of
potential. Trends in Immunology 31, 303-310.

Schmitt, T.M., and Zuniga-Pflucker, J.C. (2002). Induction of T cell development from
hematopoietic progenitor cells by delta-like-1 in vitro. Immunity 17, 749-756.

Schofield, R. (1978). The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood cells 4, 7-25.

Schwarz, B.A., and Bhandoola, A. (2004). Circulating hematopoietic progenitors with T
lineage potential. Nat Immunol 5, 953-960.

Schwarz, B.A., Sambandam, A., Maillard, I., Harman, B.C., Love, P.E., and Bhandoola,
A. (2007). Selective thymus settling regulated by cytokine and chemokine receptors. J
Immunol 178, 2008-2017.

Scollay, R., Smith, J., and Stauffer, V. (1986). Dynamics of early T cells: prothymocyte
migration and proliferation in the adult mouse thymus. Immunological reviews 91, 129-
157.

Scott, EW., Simon, M.C., Anastasi, J., and Singh, H. (1994). Requirement of
transcription factor PU.1 in the development of multiple hematopoietic lineages. Science
265, 1573-1577.



Bibliography 209

Seita, J., Ema, H., Ooehara, J., Yamazaki, S., Tadokoro, Y., Yamasaki, A., Eto, K.,
Takaki, S., Takatsu, K., and Nakauchi, H. (2007). Lnk negatively regulates self-renewal
of hematopoietic stem cells by modifying thrombopoietin-mediated signal transduction.
Proc Natl Acad Sci U S A 104, 2349-2354.

Seita, J., and Weissman, I.L. (2010). Hematopoietic stem cell: self-renewal versus
differentiation. Wires Syst Biol Med 2, 640-653.

Semerad, C.L., Mercer, E.M., Inlay, M.A., Weissman, I.L., and Murre, C. (2009). E2A
proteins maintain the hematopoietic stem cell pool and promote the maturation of
myelolymphoid and myeloerythroid progenitors. Proc Natl Acad Sci U S A 106, 1930-
1935.

Semerad, C.L., Poursine-Laurent, J., Liu, F., and Link, D.C. (1999). A role for G-CSF
receptor signaling in the regulation of hematopoietic cell function but not lineage
commitment or differentiation. Immunity 11, 153-161.

Seymour, J.F., Lieschke, G.J., Grail, D., Quilici, C., Hodgson, G., and Dunn, A.R. (1997).
Mice lacking both granulocyte colony-stimulating factor (CSF) and granulocyte-
macrophage CSF have impaired reproductive capacity, perturbed neonatal
granulopoiesis, lung disease, amyloidosis, and reduced long-term survival. Blood 90,
3037-3049.

Shapiro, H.M. (2003). Practical Flow Cytometry. Wiley-Liss 4th Edition.

Sieburg, H.B., Cho, R.H., Dykstra, B., Uchida, N., Eaves, C.J., and Muller-Sieburg, C.E.
(2006). The hematopoietic stem compartment consists of a limited number of discrete
stem cell subsets. Blood 107, 2311-2316.

Sieburg, H.B., Rezner, B.D., and Muller-Sieburg, C.E. (2011). Predicting clonal self-
renewal and extinction of hematopoietic stem cells. Proc Natl Acad Sci U S A 108, 4370-
4375.

Siminovitch, L., McCulloch, E.A., and Till, J.E. (1963). The Distribution of Colony-
Forming Cells among Spleen Colonies. Journal of cellular physiology 62, 327-336.

Siminovitch, L., Till, J.E., and McCulloch, E.A. (1964). Decline in Colony-Forming Ability
of Marrow Cells Subjected to Serial Transplantation into Irradiated Mice. Journal of
cellular physiology 64, 23-31.

Simsek, T., Kocabas, F., Zheng, J., Deberardinis, R.J., Mahmoud, A.l., Olson, E.N.,
Schneider, J.W., Zhang, C.C., and Sadek, H.A. (2010). The distinct metabolic profile of
hematopoietic stem cells reflects their location in a hypoxic niche. Cell Stem Cell 7, 380-
390.

Singh, H. (1996). Gene targeting reveals a hierarchy of transcription factors regulating
specification of lymphoid cell fates. Curr Opin Immunol 8, 160-165.

Sitnicka, E., Brakebusch, C., Martensson, I|.L., Svensson, M., Agace, W.W.,
Sigvardsson, M., Buza-Vidas, N., Bryder, D., Cilio, C.M., Ahlenius, H., Maraskovsky, E.,
Peschon, J.J., and Jacobsen, S.E. (2003). Complementary signaling through flt3 and
interleukin-7 receptor alpha is indispensable for fetal and adult B cell genesis. J Exp Med
198, 1495-1506.



Bibliography 210

Sitnicka, E., Bryder, D., Theilgaard-Monch, K., Buza-Vidas, N., Adolfsson, J., and
Jacobsen, S.E. (2002). Key role of flt3 ligand in regulation of the common lymphoid
progenitor but not in maintenance of the hematopoietic stem cell pool. Immunity 17, 463-
472.

Sitnicka, E., Buza-Vidas, N., Ahlenius, H., Cilio, C.M., Gekas, C., Nygren, J.M,,
Mansson, R., Cheng, M., Jensen, C.T., Svensson, M., Leandersson, K., Agace, W.W.,
Sigvardsson, M., and Jacobsen, S.E. (2007). Critical role of FLT3 ligand in IL-7 receptor
independent T lymphopoiesis and regulation of lymphoid-primed multipotent progenitors.
Blood 110, 2955-2964.

Sitnicka, E., Lin, N., Priestley, G.V., Fox, N., Broudy, V.C., Wolf, N.S., and Kaushansky,
K. (1996). The effect of thrombopoietin on the proliferation and differentiation of murine
hematopoietic stem cells. Blood 87, 4998-5005.

Snodgrass, H.R., Dembic, Z., Steinmetz, M., and Vonboehmer, H. (1985a). Expression
of T-Cell Antigen Receptor Genes during Fetal Development in the Thymus. Nature 315,
232-233.

Snodgrass, H.R., Kisielow, P., Kiefer, M., Steinmetz, M., and Vonboehmer, H. (1985b).
Ontogeny of the T-Cell Antigen Receptor within the Thymus. Nature 313, 592-595.

Spain, L.M., Guerriero, A., Kunjibettu, S., and Scott, E.W. (1999). T cell development in
PU.1-deficient mice. J Immunol 163, 2681-2687.

Spangrude, G.J., Heimfeld, S., and Weissman, I.L. (1988). Purification and
characterization of mouse hematopoietic stem cells. Science 241, 58-62.

Srinivas, S., Watanabe, T., Lin, C.S., William, C.M., Tanabe, Y., Jessell, T.M., and
Costantini, F. (2001). Cre reporter strains produced by targeted insertion of EYFP and
ECFP into the ROSA26 locus. BMC Dev Biol 1, 4.

Staal, F.J., and Clevers, H.C. (2003). Wnt signaling in the thymus. Curr Opin Immunol
15, 204-208.

Stanley, E., Lieschke, G.J., Grail, D., Metcalf, D., Hodgson, G., Gall, J.A., Maher, D.W.,
Cebon, J., Sinickas, V., and Dunn, A.R. (1994). Granulocyte/macrophage colony-
stimulating factor-deficient mice show no major perturbation of hematopoiesis but
develop a characteristic pulmonary pathology. Proc Natl Acad Sci U S A 91, 5592-5596.

Starr, T.K., Jameson, S.C., and Hogquist, K.A. (2003). Positive and negative selection of
T cells. Annu Rev Immunol 21, 139-176.

Stoffel, R., Ziegler, S., Ghilardi, N., Ledermann, B., de Sauvage, F.J., and Skoda, R.C.
(1999). Permissive role of thrombopoietin and granulocyte colony-stimulating factor
receptors in hematopoietic cell fate decisions in vivo. Proc Natl Acad Sci U S A 96, 698-
702.

Suarez-Alvarez, B., Lopez-Vazquez, A., and Lopez-Larrea, C. (2012). Mobilization and
homing of hematopoietic stem cells. Advances in experimental medicine and biology
741, 152-170.

Suda, J., Suda, T., and Ogawa, M. (1984a). Analysis of differentiation of mouse
hemopoietic stem cells in culture by sequential replating of paired progenitors. Blood 64,
393-399.



Bibliography 211

Suda, T., Suda, J., and Ogawa, M. (1983). Single-cell origin of mouse hemopoietic
colonies expressing multiple lineages in variable combinations. Proc Natl Acad Sci U S
A 80, 6689-6693.

Suda, T., Suda, J., and Ogawa, M. (1984b). Disparate differentiation in mouse
hemopoietic colonies derived from paired progenitors. Proc Natl Acad Sci U S A 81,
2520-2524.

Suda, T., Takubo, K., and Semenza, G.L. (2011). Metabolic regulation of hematopoietic
stem cells in the hypoxic niche. Cell Stem Cell 9, 298-310.

Sulston, J.E., Schierenberg, E., White, J.G., and Thomson, J.N. (1983). The embryonic
cell lineage of the nematode Caenorhabditis elegans. Dev Biol 100, 64-119.

Suzuki, M., Moriguchi, T., Ohneda, K., and Yamamoto, M. (2009). Differential
contribution of the Gatal gene hematopoietic enhancer to erythroid differentiation. Mol
Cell Biol 29, 1163-1175.

Swiatek, P.J., Lindsell, C.E., Delamo, F.F., Weinmaster, G., and Gridley, T. (1994).
Notch1l Is Essential for Postimplantation Development in Mice. Gene Dev 8, 707-719.

Szilvassy, S.J., Humphries, R.K., Lansdorp, P.M., Eaves, A.C., and Eaves, C.J. (1990).
Quantitative assay for totipotent reconstituting hematopoietic stem cells by a competitive
repopulation strategy. Proc Natl Acad Sci U S A 87, 8736-8740.

Taghon, T., Yui, M.A., and Rothenberg, E.V. (2007). Mast cell lineage diversion of T
lineage precursors by the essential T cell transcription factor GATA-3. Nat Immunol 8,
845-855.

Takahashi, S., Onodera, K., Motohashi, H., Suwabe, N., Hayashi, N., Yanai, N.,
Nabesima, Y., and Yamamoto, M. (1997). Arrest in primitive erythroid cell development
caused by promoter-specific disruption of the GATA-1 gene. J Biol Chem 272, 12611-
12615.

Takano, H., Ema, H., Sudo, K., and Nakauchi, H. (2004). Asymmetric division and
lineage commitment at the level of hematopoietic stem cells: inference from
differentiation in daughter cell and granddaughter cell pairs. J Exp Med 199, 295-302.

Takizawa, H., Schanz, U., and Manz, M.G. (2011). Ex vivo expansion of hematopoietic
stem cells: mission accomplished? Swiss medical weekly 141, w13316.

Tan, J.B., Visan, |, Yuan, J.S., and Guidos, C.J. (2005). Requirement for Notch1 signals
at sequential early stages of intrathymic T cell development. Nat Immunol 6, 671-679.

Taub, D.D., and Longo, D.L. (2005). Insights into thymic aging and regeneration.
Immunological reviews 205, 72-93.

Thompson, P.K., and Zuniga-Pflucker, J.C. (2011). On becoming a T cell, a
convergence of factors kick it up a Notch along the way. Seminars in Immunology 23,
350-359.

Thoren, L.A., Liuba, K., Bryder, D., Nygren, J.M., Jensen, C.T., Qian, H., Antonchuk, J.,
and Jacobsen, S.E. (2008). Kit regulates maintenance of quiescent hematopoietic stem
cells. J Immunol 180, 2045-2053.



Bibliography 212

Till, J.E., and McCulloch, E.A. (1961). A direct measurement of the radiation sensitivity of
normal mouse bone marrow cells. Radiation research 14, 213-222.

Ting, C.N., Olson, M.C., Barton, K.P., and Leiden, J.M. (1996). Transcription factor
GATA-3 is required for development of the T-cell lineage. Nature 384, 474-478.

Traver, D., Miyamoto, T., Christensen, J., lwasaki-Arai, J., Akashi, K., and Weissman,
I.L. (2001). Fetal liver myelopoiesis occurs through distinct, prospectively isolatable
progenitor subsets. Blood 98, 627-635.

Trevisan, M., and Iscove, N.N. (1995). Phenotypic analysis of murine long-term
hemopoietic reconstituting cells quantitated competitively in vivo and comparison with
more advanced colony-forming progeny. J Exp Med 181, 93-103.

Trevisan, M., Yan, X.Q., and Iscove, N.N. (1996). Cycle initiation and colony formation in
culture by murine marrow cells with long-term reconstituting potential in vivo. Blood 88,
4149-4158.

Tsang, A.P., Fujiwara, Y., Hom, D.B., and Orkin, S.H. (1997a). The GATA-1 cofactor
FOG (friend of GATA-1) is essential for normal erythroid differentiation and
megakaryocyte development. Blood 90, 2559-2559.

Tsang, A.P., Visvader, J.E., Turner, C.A., Fujiwara, Y., Yu, C.N., Weiss, M.J., Crossley,
M., and Orkin, S.H. (1997b). FOG, a multitype zinc finger protein, acts as a cofactor for
transcription factor GATA-1 in erythroid and megakaryocytic differentiation. Cell 90, 109-
119.

Turpen, J.B., Knudson, C.M., and Hoefen, P.S. (1981). The early ontogeny of
hematopoietic cells studied by grafting cytogenetically labeled tissue anlagen:
localization of a prospective stem cell compartment. Dev Biol 85, 99-112.

Uchida, N., Dykstra, B., Lyons, K.J., Leung, F.Y., and Eaves, C.J. (2003). Different in
Vivo repopulating activities of purified hematopoietic stem cells before and after being
stimulated to divide in vitro with the same kinetics. Exp Hematol 31, 1338-1347.

Ueno, H., and Weissman, I.L. (2006). Clonal analysis of mouse development reveals a
polyclonal origin for yolk sac blood islands. Dev Cell 11, 519-533.

Umland, O., Mwangi, W.N., Anderson, B.M., Walker, J.C., and Petrie, H.T. (2007). The
blood contains multiple distinct progenitor populations with clonogenic B and T lineage
potential. J Immunol 178, 4147-4152.

van Os, R.P., Dethmers-Ausema, B., and de Haan, G. (2008). In vitro assays for
cobblestone area-forming cells, LTC-IC, and CFU-C. Methods Mol Biol 430, 143-157.

von Boehmer, H., Aifantis, I., Gounari, F., Azogui, O., Haughn, L., Apostolou, I., Jaeckel,
E., Grassi, F., and Klein, L. (2003). Thymic selection revisited: how essential is it?
Immunological reviews 191, 62-78.

Wada, H., Masuda, K., Satoh, R., Kakugawa, K., lkawa, T., Katsura, Y., and Kawamoto,
H. (2008). Adult T-cell progenitors retain myeloid potential. Nature 452, 768-772.

Wagers, A.J., and Weissman, I.L. (2006). Differential expression of alpha2 integrin
separates long-term and short-term reconstituting Lin-/loThyl.1(lo)c-kit+ Sca-1+
hematopoietic stem cells. Stem Cells 24, 1087-1094.



Bibliography 213

Wakamatsu, Y., Maynard, T.M., Jones, S.U., and Weston, J.A. (1999). NUMB localizes
in the basal cortex of mitotic avian neuroepithelial cells and modulates neuronal
differentiation by binding to NOTCH-1. Neuron 23, 71-81.

Wang, J.H., Nichogiannopoulou, A., Wu, L., Sun, L., Sharpe, A.H., Bigby, M., and
Georgopoulos, K. (1996). Selective defects in the development of the fetal and adult
lymphoid system in mice with an Ikaros null mutation. Immunity 5, 537-549.

Welner, R.S., Esplin, B.L., Garrett, K.P., Pelayo, R., Luche, H., Fehling, H.J., and
Kincade, P.W. (2009). Asynchronous RAG-1 Expression during B Lymphopoiesis. J
Immunol 183, 7768-7777.

Wendorff, A.A., Koch, U., Wunderlich, F.T., Wirth, S., Dubey, C., Bruning, J.C.,,
MacDonald, H.R., and Radtke, F. (2010). Hesl Is a Critical but Context-Dependent
Mediator of Canonical Notch Signaling in Lymphocyte Development and Transformation.
Immunity 33, 671-684.

White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986). The structure of the
nervous system of the nematode Caenorhabditis elegans. Philosophical transactions of
the Royal Society of London Series B, Biological sciences 314, 1-340.

Willert, K., Brown, J.D., Danenberg, E., Duncan, A.W., Weissman, I.L., Reya, T., Yates,
J.R., 3rd, and Nusse, R. (2003). Wnt proteins are lipid-modified and can act as stem cell
growth factors. Nature 423, 448-452.

Wilson, A., Laurenti, E., Oser, G., van der Wath, R.C., Blanco-Bose, W., Jaworski, M.,
Offner, S., Dunant, C.F., Eshkind, L., Bockamp, E., Lio, P., Macdonald, H.R., and
Trumpp, A. (2008). Hematopoietic stem cells reversibly switch from dormancy to self-
renewal during homeostasis and repair. Cell 135, 1118-1129.

Wilson, A., MacDonald, H.R., and Radtke, F. (2001). Notch 1-deficient common
lymphoid precursors adopt a B cell fate in the thymus. J Exp Med 194, 1003-1012.

Wilson, A., Oser, G.M., Jaworski, M., Blanco-Bose, W.E., Laurenti, E., Adolphe, C.,
Essers, M.A., Macdonald, H.R., and Trumpp, A. (2007). Dormant and self-renewing
hematopoietic stem cells and their niches. Ann N Y Acad Sci 1106, 64-75.

Wolfer, A., Bakker, T., Wilson, A., Nicolas, M., loannidis, V., Littman, D.R., Lee, P.P.,
Wilson, C.B., Held, W., MacDonald, H.R., and Radtke, F. (2001). Inactivation of Notch 1
in immature thymocytes does not perturb CD4 or CD8T cell development. Nat Immunol
2, 235-241.

Wolfler, A., Oorschot, A.A.D.V., Haanstra, J.R., Valkhof, M., Bodner, C., Vroegindeweij,
E., van Strien, P., Novak, A., Cupedo, T., and Touw, |.P. (2010). Lineage-instructive
function of C/EBP alpha in multipotent hematopoietic cells and early thymic progenitors.
Blood 116, 4116-4125.

Wright, D.E., Wagers, A.J., Gulati, A.P., Johnson, F.L., and Weissman, |.L. (2001).
Physiological migration of hematopoietic stem and progenitor cells. Science 294, 1933-
1936.

Wu, H., Liu, X., Jaenisch, R., and Lodish, H.F. (1995). Generation of committed erythroid
BFU-E and CFU-E progenitors does not require erythropoietin or the erythropoietin
receptor. Cell 83, 59-67.



Bibliography 214

Wu, L., Antica, M., Johnson, G.R., Scollay, R., and Shortman, K. (1991). Developmental
potential of the earliest precursor cells from the adult mouse thymus. J Exp Med 174,
1617-1627.

Wu, M., Kwon, H.Y., Rattis, F., Blum, J., Zhao, C., Ashkenazi, R., Jackson, T.L., Gaiano,
N., Oliver, T., and Reya, T. (2007). Imaging hematopoietic precursor division in real time.
Cell Stem Cell 1, 541-554.

Xie, Y., Yin, T., Wiegraebe, W., He, X.C., Miller, D., Stark, D., Perko, K., Alexander, R.,
Schwartz, J., Grindley, J.C., Park, J., Haug, J.S., Wunderlich, J.P., Li, H., Zhang, S.,
Johnson, T., Feldman, R.A., and Li, L. (2009). Detection of functional haematopoietic
stem cell niche using real-time imaging. Nature 457, 97-101.

Xu, M.J., Matsuoka, S., Yang, F.C., Ebihara, Y., Manabe, A., Tanaka, R., Eguchi, M.,
Asano, S., Nakahata, T., and Tsuji, K. (2001). Evidence for the presence of murine
primitive megakarycytopoiesis in the early yolk sac. Blood 97, 2016-2022.

Yamashita, Y.M., and Fuller, M.T. (2005). Asymmetric stem cell division and function of
the niche in the Drosophila male germ line. Int J Hematol 82, 377-380.

Yamashita, Y.M., Yuan, H., Cheng, J., and Hunt, A.J. (2010). Polarity in stem cell
division: asymmetric stem cell division in tissue homeostasis. Cold Spring Harbor
perspectives in biology 2, a001313.

Yang, L., Bryder, D., Adolfsson, J., Nygren, J., Mansson, R., Sigvardsson, M., and
Jacobsen, S.E. (2005). Identification of Lin(-)Scal(+)kit(+)CD34(+)FIt3- short-term
hematopoietic stem cells capable of rapidly reconstituting and rescuing myeloablated
transplant recipients. Blood 105, 2717-2723.

Ye, M., lwasaki, H., Laiosa, C.V., Stadtfeld, M., Xie, H., Heck, S., Clausen, B., Akashi,
K., and Graf, T. (2003). Hematopoietic stem cells expressing the myeloid lysozyme gene
retain long-term, multilineage repopulation potential. Immunity 19, 689-699.

Yoder, M.C., Hiatt, K., Dutt, P., Mukherjee, P., Bodine, D.M., and Orlic, D. (1997).
Characterization of definitive lymphohematopoietic stem cells in the day 9 murine yolk
sac. Immunity 7, 335-344.

Yokota, T., Huang, J., Tavian, M., Nagai, Y., Hirose, J., Zuniga-Pflucker, J.C., Peault, B.,
and Kincade, P.W. (2006). Tracing the first waves of lymphopoiesis in mice.
Development 133, 2041-2051.

Yoshida, T., Ng, S.Y., Zuniga-Pflucker, J.C., and Georgopoulos, K. (2006). Early
hematopoietic lineage restrictions directed by lkaros. Nat Immunol 7, 382-391.

Yoshimoto, M., Porayette, P., Glosson, N.L., Conway, S.J., Carlesso, N., Cardoso, A.A.,
Kaplan, M.H., and Yoder, M.C. (2012). Autonomous murine T-cell progenitor production
in the extra-embryonic yolk sac before HSC emergence. Blood 119, 5706-5714.

Yu, C.N., Cantor, A.B., Yang, H., Browne, C., Wells, R.A., Fujiwara, Y., and Orkin, S.H.
(2002). Targeted deletion of a high-affinity GATA-binding site in the GATA-1 promoter
leads to selective loss of the eosinophil lineage in vivo. J Exp Med 195, 1387-1395.

Zeigler, B.M., Sugiyama, D., Chen, M., Guo, Y., Downs, K.M., and Speck, N.A. (2006).
The allantois and chorion, when isolated before circulation or chorio-allantoic fusion,
have hematopoietic potential. Development 133, 4183-4192.



Bibliography 215

Zhang, P., Behre, G., Pan, J., lwama, A., Wara-Aswapati, N., Radomska, H.S., Auron,
P.E., Tenen, D.G., and Sun, Z. (1999). Negative cross-talk between hematopoietic
regulators: GATA proteins repress PU.1. Proc Natl Acad Sci U S A 96, 8705-8710.

Zhang, P., lwasaki-Arai, J., Ilwasaki, H., Fenyus, M.L., Dayaram, T., Owens, B.M,,
Shigematsu, H., Levantini, E., Huettner, C.S., Lekstrom-Himes, J.A., Akashi, K., and
Tenen, D.G. (2004). Enhancement of hematopoietic stem cell repopulating capacity and
self-renewal in the absence of the transcription factor C/EBP alpha. Immunity 21, 853-
863.

Zhang, P., Zhang, X., lwama, A., Yu, C., Smith, K.A., Mueller, B.U., Narravula, S.,
Torbett, B.E., Orkin, S.H., and Tenen, D.G. (2000). PU.1 inhibits GATA-1 function and
erythroid differentiation by blocking GATA-1 DNA binding. Blood 96, 2641-2648.

Zhong, W., Feder, J.N., Jiang, M.M., Jan, L.Y., and Jan, Y.N. (1996). Asymmetric
localization of a mammalian numb homolog during mouse cortical neurogenesis. Neuron
17, 43-53.

Zhou, M.X., Ouyang, W., Gong, Q., Katz, S.G., White, J.M., Orkin, S.H., and Murphy,
K.M. (2001). Friend of GATA-1 represses GATA-3-dependent activity in CD4(+) T cells.
J Exp Med 194, 1461-1471.

Zlotoff, D.A., Sambandam, A., Logan, T.D., Bell, J.J., Schwarz, B.A., and Bhandoola, A.
(2010). CCR7 and CCR9 together recruit hematopoietic progenitors to the adult thymus.
Blood 115, 1897-1905.

ZunigaPflucker, J.C., and Lenardo, M.J. (1996). Regulation of thymocyte development
from immature progenitors. Curr Opin Immunol 8, 215-224.



