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Preface

Preface

This thesis is focused on the subject of cell‐cell interaction. Our body is composed of cells, most
of them are integrated in a network with other cells that together forms tissues and organs.
Every cell type in these complex organs has its special task and location. This is true whether
we are doing research on humans or, as we have been, investigating mice. Mice are excellent
models for studies of blood cell development since this process in mice resembles human
blood cell generation in many regards.
Cells communicate with each other by sending out small molecules or by directly binding to
surrounding cells; to cells of the same kind as well as to cells with different origins and tasks. A
cell is surrounded by hundreds of different signals from its environment; soluble, bound to the
extra cellular matrix or bound to its surface. Every cell has to distinguish and respond to the
environment according to its own specific nature. We can look upon it as a big orchestra,
where every person is responsible to play and stop playing its instrument at the exact right
point in time set by the conductor for the tones to become music and not only sounds or even
worse, noise. Cells also have their intrinsic cues to follow just as every member of the orchestra
has its own notes. When a cell is playing its notes and listening to its environment accordingly,
it will be told to survive, divide, differentiate and finally die. However when a cell stops
listening, gets the wrong signal from its conductor or mess up the notes, it is at high risk of
becoming a cancer cell. Therefore we need to learn more about intrinsic and extrinsic cell
signals ‐ to know who is knocking and why ‐ in order to understand the normal events and
eventually also understand what can go wrong, causing malignancies such as leukemia.
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Abbreviations

Abbreviations
Ang
ARC
AGM
BM
BMP
C1P
CAR‐cell
CD
CLP
Cx
DC
Dpc
Ebf
Epo
ETP
FACS
FL
Flt‐3
FP
GFP
GMP
HA
HGF
HLH
HPC
HSC
JAK
KO
IL
Ig
Lin‐
LMPP
LSK
MAPK
MEP
MPP
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Angiopoietin
adventitia reticular cell
aorta, gonad, mesonephros
bone marrow
bone morphogenic proteins
Ceramide‐1 Phosphate
Cxcl‐12 abundant reticular cell
cluster differentiation
common lymphoid progenitor
connexin
dendritic cells
day post coitum
early B‐cell factor
erythropoietin
early thymic progenitor
fluorescent‐activated cell sorting
fetal liver
FMS‐like tyrosin kinase 3
fluorescent protein
green fluorescent protein
granulocyte macrophage precursor
hyaluronan
hepatocyte growth factor
helix loop helix
hematopoietic progenitor cell
hematopoietic stem cell
janus kinase
knock out
interleukin
Immunoglogulin
lineage marker negative
lymphoid primed multipotent progenitor
lineage‐ sca+ kit+
mitogen activated protein kinase
megakaryocyte erythroid precursor
multi potent progenitor

Abbreviations
MSC
NK
Pax‐5
PB
PDGFRα
PI3K
Rag‐1
S1P
Sca-1
SDF-1
SLAM
SNO‐cell
STAT
TGF
Thpo
Tie2
TSLP
YS
VLA‐4
WT

mesenchymal stem cell
natural killer cell
paired box gene 5
peripheral blood
platelet derived growth factor receptor α
phosphatidylinositol 3‐kinases
recombination activated gene 1
sphingosine‐1 phosphate
stem cell antigen-1
stromal cell derived factor 1 (Cxcl-12)
signaling lymphocyte activation molecule
spindle shaped, N‐Cadherin positive osteoblastic cell
signal transducer and activator of transcription
transforming growth factor
thrombopoietin (in the community, Tpo is sometimes used as well)
endothelial‐specific receptor tyrosine kinase
thymic stroma lymphopoetin
yolk sac
integrin α4β1
wild type
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Background

Hematopoiesis

Our blood system is one of the biggest organs in the human body; the circulating blood volume
is about 8% of our body weight (5.6 l in a 70kg man). Blood cells have a rapid turnover, one
trillion (1012) blood cells are calculated to be produced every day, just to maintain steady state
(Ogawa, 1993). This number can increase up to 10‐fold in case of trauma resulting in large
blood loss revealing a high degree of adaptability to fysiological demands (Kaushansky, 2006).
Blood cells are vital for our survival, cycling in our blood stream they are responsible for
carrying oxygen and metabolites to our whole body and at the same time being our defense
system towards surrounding viruses, bacteria and parasites as well as forming blood‐clot after
injury. There are specialized cells for each of these tasks. However, all of the blood cells
originates from the same hematopoietic stem cell in the bone marrow (BM). This has been
shown by single cell transplantation of HSCs to lethally irradiated mice, leading to
reconstitution of the entire blood system (Smith et al., 1991; Osawa et al., 1996). Even though
there exist an enormous demand for production of blood cells, the HSC itself resides mostly in a
quiescent cell during homeostasis. It has been estimated that HSCs divide approximately every
145 days creating a need for a complex regulation of blood cell differentiation in order to fulfill
the biological demands (Wilson et al., 2008).
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Embryogenesis and the origin of hematopoietic stem cells

It is fascinating when you start thinking of how one single fertilized egg can give rise to a
complete new organism. How the cell itself, upon intrinsic signals start dividing, together with
extrinsic signals starts to differentiate and after numerous cell divisions a new baby is born.
This new human, or mouse as we use as a model system for humans, will throughout its entire
life need new blood cells and in health they will be provided by the bone marrow
hematopoietic stem cells. The fertilized egg will first divide into two cells, that will become 4
and at next division 8, the morula. In the morula, all cells are identical but at the following
division the cells will start differentiation towards external and internal embryonic organs. In
mouse embryogenesis there are three germ layers, mesoderm, ectoderm and endoderm all
responsible for the generation of specific tissues in the adult mouse. These layers are present
from 6.5 day post coitum (dpc) (Tam and Behringer, 1997).
The hematopoietic cells are of mesodermal origin and are initially generated from at least two
independent sites, the yolk sac (YS) in the extra‐embryonic region, and the intra‐embryonic
region known as the para‐aortic splanchnopleura, later to be the aorta‐gonad‐mesonephron
(AGM) region. However, YS and AGM are no longer considered as the only potential sites for de
novo hematopoiesis since the placenta and umbilical vein are also considered as a site both for
early hematopoiesis and expansion of HSCs (Gekas et al., 2005; Rhodes et al., 2008; Van Handel
et al., 2010). For a long period of time, the YS was seen as the main site of hematopoiesis in the
early embryo and also the origin of hematopoietic stem cells (Moore and Metcalf, 1970). This
was based on the observation that hematopoietic cells can be found in the YS from around 7.5
dpc thereby constituting the first site of hematopoiesis. The blood cells found in the YS is
primarily erythrocytes expressing fetal hemoglobin (Palis et al., 1995). It has, however, been
difficult to identify transplantable hematopoietic stem cells in the early YS and more recent
studies indicates that the early hematopoietic stem cells (pre‐HSC) origin from the AGM region
where pre‐HSCs can be found in low numbers around 10 dpc (Muller et al., 1994; Medvinsky
and Dzierzak, 1996; Cumano et al., 2001; Taoudi et al., 2008).
The migration of erythroblasts from the YS to the embryo starts at 8.5 dpc, however, the
circulation is limited but increase gradually and at 10.5 dpc there are circulating cells inside
the embryo (McGrath et al., 2003). This also allows for cells from the YS and AGM to circulate in
the embryo to reach both liver and placenta where the transplantable hematopoietic stem cells
(HSCs) expand. In the placenta, HSC expands until the third trimester whereafter numbers
decline (Gekas et al., 2005). Hematopoietic cells in the fetal liver (FL) has been reported to
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expand as early as 9 dpc, peak at 16 dpc and then decline in numbers until birth (Cumano et al.,
1993; Morrison et al., 1995; Ema and Nakauchi, 2000).
Within the FL and perhaps also other niches like the placenta, there is a transition of the pre‐
HSC to transplantable HSCs. The characterization of the pre‐HSCs is complicated by the fact
that they cannot functionally reconstitute an adult bone marrow (Matsumoto et al., 2009). Pre‐
HSCs can be found in the AGM, however, this is not considered as the site for expansion of
these cells. Rather they seem to migrate to the FL where they mature to HSCs (Matsumoto et
al., 2009). Large number of HSCs can be found in the FL from 12.5 dpc, as verified by
transplantation of FL cells to an irradiated recipient (Muller et al., 1994; Ema and Nakauchi,
2000). HSCs will home to the bone marrow around 17 dpc (Christensen et al., 2004; Gekas et
al., 2005) and after birth, the bone marrow will be the major site for normal hematopoiesis
throughout life.
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Cell differentiation

From hematopoietic stem cell to Bcell

All blood cells in the body originate from the long‐term hematopoietic stem cell (HSC) that
resides in the bone marrow (BM). HSCs were first described in the 1940s, however it took until
1956 until the nature of stem cells was reviled by transplantation of diluted bone marrow to
irradiated recipient mice (Ford. et al., 1956) The functional characterization of HSCs is greatly
enhanced using transplantation between congenic C57 Black/6 mouse strains expressing
different forms of the surface marker CD45 on all nucleated hematopoietic cells. Hence, mature
cells generated from transplanted stem cells can be identified by flow cytometry using
antibodies specific for the different forms of CD45 (CD45.1 and CD45.2). The initial
characterization of HSC was done in the late 80’s with aid of flow cytometry and
transplantations, revealing that the Sca‐1+, Thy1.1lo and lineage marker negative (Lin‐)
population contained transplantable HSCs (Spangrude, Heimfeld, and Weissman, 1988a;
Morrison and Weissman, 1994).
The sub‐fractionation of this population to identify a homogenous HSC population has been
proven difficult, in part because of the rarity of the HSCs constituting approximately 4‐8
cells/105 nucleated BM cells (Abkowitz et al., 2002). For a long time it has been known that the
Lin‐ Sca‐1+c‐Kit+ (LSK) CD34‐ fraction contains the stem cells (Osawa et al., 1996). Today we
can purify this population further by using additional antibodies towards newly discovered
surface markers that can be detected and sorted by more advanced flow cytometers. The HSC
is today mainly characterized by a c‐Kit+ Lineage‐ CD150+ Sca‐1+ Flt‐3‐ phenotype
(Papathanasiou et al., 2009). Cells in this population can be serially transplanted i.e. one cell
from a donor mouse can be transplanted to an irradiated recipient to reconstitute
hematopoiesis. From the reconstituted mouse it is possible to purify HSCs based on the same
criteria and with single cell transplantation reconstitute a secondary host. The same procedure
can be used to reconstitute a tertiary host proving the longevity and selfrenewal capacity of
this purified cell population (Morita et al., 2010). Expression of additional members of the
Signaling lymphocyte activation molecule (SLAM) family receptors as well as lack of CD48 or
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CD244 expression has also been proposed to allow for the enrichment of functional HSCs (Kiel
et al., 2005; Bryder et al., 2006) A fraction of the HSCs can be visualized by adding Hoechst‐
33342 or rhodamine‐123 since the stem cells will efflux the dye and can be visualized as a side
population using flow cytometry (Wolf et al., 1993; Goodell et al., 1996). The HSC populations
defined by these markers are however probably to some extent overlapping, decreasing the
impact of using a combination of all markers in order to obtain a homogenous HSC population
(Ema et al., 2006; Weksberg et al., 2008).
In vivo, HSCs are found in BM cavities, close to both bone and blood vessels. Even though the
high production rate of blood cells, HSCs may reside quiescent in their BM niche for several
weeks or even months (Wilson et al., 2008). This is made possible due to highly proliferating
downstream progenitors reducing the need for HSC cell division to maintain homeostasis.
Functionally for a cell to be identified as a hematopoietic stem cell it has to fulfill several
criteria including.
1: be able to self renew
2: be able to give rise to all different hematopoietic lineages.
3: functionally replace a damaged BM of a recipient.
Self renewal is crucial to avoid that the stem cell pool gets depleted through the generation of
differentiating progeny. This has been proposed to be achieved either by asymmetric cell
division or by symmetric cell division followed by commitment to either remain as HSC or to
enter a differentiation pathway as a multi potent progenitor (MPP) in the shape of a short term
stem cell (Spangrude, Heimfeld, and Weissman, 1988b; Morrison and Weissman, 1994;
Morrison and Kimble, 2006). The surface marker phenotype of MPPs resemble that of the HSC
but with the loss of CD150 (Papathanasiou et al., 2009) and gain of CD34 expression (Adolfsson
et al., 2005; Yang et al., 2005). MPP divide more frequently than the HSC, and they presumably
retain capacity to give rise to all the different blood cell lineages, however as they display
limited self renewal capacity they will be depleted in 4‐6 weeks (Morrison and Weissman,
1994; Akashi et al., 2000; Christensen and Weissman, 2001). As a result, in contrast to the HSC,
these cells fail to maintain blood cell production over time, a characteristic limiting the
possibility to investigate their linage potential at the single cell level (Akashi et al., 2000;
Adolfsson et al., 2005; Yang et al., 2005). HSCs have been reported to express low levels of
lineage associated genes already at the stem cell stage (Hu et al., 1997). This could be due to
the cell already at this stage are undergoing committment to a certain lineage fate, however,
since single cells can express genes associated with several lineages, it is more likely that they
are primed towards a specific fate even if they retain the ability to change path upon
differentiation (Hu et al., 1997; Månsson, Hultquist, et al., 2007).
Cells committing to a lymphoid and eventually the B‐cell path, will proceed in development
into lymphoid primed multipotent progenitors (LMPPs) (Adolfsson et al., 2005). These cells
can be identified based on the expression of Flt‐3 on LSK cells. Even though disputed (Forsberg
et al., 2006), it appears that these cells display reduced capacity to generate megakaryocyte
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and erythroid lineages, while they retain potential for both Granulocyte/Monocyte (GM) and
lymphoid lineages. Further restriction in myeloid lineage potential is associated with the up
regulation of the IL‐7 receptor on common lymphoid progenitors (CLPs). CLPs were originally
characterized by displaying a Lin‐ Scalo Kitlo IL7‐Rhigh phenotype (Kondo et al., 1997). These
cells can give rise to B‐cells, T‐cells, NK‐cells and to some extent Dendritic cells (DC) and has
long been considered as a homogenous multipotent population. However, in the last years
increasing evidence suggest that this cell population can be dissected into at least three
different stages where specific differentiation potentials are gradually lost. These stages can be
defined using a combination of transgenic and surface markers in such way that lack of
expression of the surface marker Ly6D on the CLP identifies cells with reduced granulocyte/
macrophage (GM), but preserved NK/B/T and DC potential. These cells can also be identified
as negative for the expression of a Rag‐1 promoter regulated GFP. Subsequent differentiation is
reflected in an up regulation of Rag‐1 and the surface marker Ly6D, associated with a reduction
of NK and DC lineage potentials (Inlay et al., 2009; Mansson et al., 2010). The idea that Rag‐1
expression is associated with loss of NK cell potential is also supported by the finding that
linage tracing experiments using a Rag‐1 regulated Cre only resulted in that a small fraction of
the NK cells expressed the Cre‐induced fluorescent marker (Welner et al., 2009). The actual
lineage potential of the Ly6D+ CLPs is less clear although it is obvious that these cells possess in
vitro T‐cell potential at the single cell level (Mansson et al., 2010). Intrathymic injection
suggest that they display a limited capacity to generate T‐cells in vivo (Inlay et al., 2009). This
issue also relates to wheather the origin of the Early Thymic Progenitors (ETPs) is LMPPs or
CLPs that will migrate from the bone marrow, to the thymus where Notch‐induced signaling
will provide maturation factors driving them to T‐cell destiny (Bell and Bhandoola, 2008). A
third developmental stage within the CLP compartment has been identified by the expression
of a λ5 reporter transgene. The expression of this transgene is restricted to 5‐10% of the CLP
population and single cell analysis suggests that they have lost most of their T‐cell potential
and thus represents the first B‐cell committed progenitors. This is somewhat in contrast to the
current dogma stating that before commitment, the cells progress through the Pre‐ProB or
Fraction A stage, defined as CD19‐ B220+ CD43+ CD24lo AA4.1+ (Hardy et al., 1991). However,
this population has been suggested to retain some T‐cell potential that is not lost until the
expression of CD19 can be detected on the cell surface (Rumfelt et al., 2006). Hence, the
identification of committed B‐lineage progenitors in the CLP compartment may be helpful to
unravel mechanisms involved in lymphoid lineage restriction.
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MAC

GMP

GRAN
DC/NK/T/B

HSC

MPP

LMPP

MEP

ETP

CLP

T/B
B

ProB
MEG/E
PreB

Figure1: A schematic drawing of identified progenitor stages in the path from stem cell to
committed Bcells. Each stage can be defined by surface marker expression and to some extent
transcription factor reporters as follows. HSC: LinCD150+CKit+Sca1+ MPP: Lin CD150CKit+Sca
1+. LMPP: LinCKit+Sca1+Flt3+, CLP: LinCKit Sca1+Flt3+IL7R+. In addition, CLP with
NK/DC/B/T Ly6D Raglo. CLP with B/T potential is Raghigh Ly6D+. CLP with B potential: Ly6D+ λ5+.
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Transcriptional regulation of Bcell differentiation

B‐cell commitment is a highly regulated, multistep process beginning with a multipotent HSC
ending with a mature B‐lymphocyte, potent of responding to foreign antigens by differentiating
to a plasma cell capable of secreting massive amounts of antigen specific antibodies. This
process is highly dependent both on external environmental cues as well as internal sensitivity
to those cues. This section will focus on the intrinsic regulation from hematopoietic stem cell to
mature B‐lymphocyte.
The intrinsic regulation of cell fate options may be reflected already in the transcriptome of the
HSCs. For maintaining the HSCs pool, Ldb‐1 forms a transcription complex together with E2A,
Scl/Tal and GATA‐2. This complex is considered to regulate almost 70% of the known genes for
HSC maintenance both in fetal liver and in adult bone marrow. This idea is supported by the
notion that deletion of Ldb‐1 results in depletion of HSCs (Li et al., 2011). IKAROS and Pu.1 are
transcription factors important for HSC function as well as for early restriction between the
lymphoid and myeloid pathways. Complete deficiency of Pu.1 results in late embryonic
lethality, between 18.5 dpc and birth. CD19+ as well as GR1+ Mac‐1+ cells are missing and the
cells also lack expression of the hematopoietic marker CD45 (Polli et al., 2005). Pu.1 expression
levels also appear to have a special function when it comes to the bifurcation of the myeloid
and lymphoid lineages. High expression results in a myeloid fate while low levels promotes B‐
cell differentiation (DeKoter, 2000; Arinobu et al., 2007) The unique role of Pu.1 appears to be
limited to early progenitors since conditional knock out (KO) of Pu.1 using a CD19 promoter
regulated cre did not result in downstream B‐cell failure, likely as a result of that other Ets
family transcription factors like Spi‐b is highly expressed in committed B‐cells (Polli et al.,
2005). Pu.1 appears to act in an interesting interplay with the transcriptional repressor Gfi‐1
that displays an ability to bind regulatory elements in the Pu.1 gene. In the absence of Gfi‐1,
these elements binds to Pu.1 creating a positive feedback loop and Gfi‐1 can therefore directly
modulate transcription of the Pu.1 gene and in the extension the dose of Pu.1. Hence the
decision of lymphoid versus myeloid cell fate (Spooner et al., 2009). This regulatory loop also
involves the transcription factor IKAROS, modulating the expression of GFi‐1 (Thompson et al.,
2007; Spooner et al., 2009). HSCs from IKAROS‐deficient mice have impaired self renewal
capacity and lymphocyte development (Georgopoulos et al., 1994; Nichogiannopoulou et al.,
1999) This is reflected at several levels since IKAROS ‐/‐ LSK cells lack the ability to up‐regulate
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Flt‐3, resulting in an impaired LMPP compartment that fails to give rise to CLPs and B‐lineage
cells (Yoshida et al., 2006). IKAROS also seems to play another role in B‐cell development by
the regulation of Rag recombinase prohibiting the V(D)J rearrangement and by maintaining a
stable phenotype of the committed B‐cell progenitor (Reynaud et al., 2008).
Other transcription factors acting at several stages of B‐cell development is the basic helix loop
helix (b‐HLH) family transcription factors E12 and E47, generated by alternative splicing of
mRNA transcript encoded by the E2A gene (Murre et al., 1989). E2A has an important role for
the HSC as well as for B‐cells. Heterozygous mice display a decrease in the number of HSC as
well as the LMPP (Dias et al., 2008; Yang et al., 2008). E2A have a positive action on B‐cell
development as it directly binds regulatory elements and up‐regulates other transcription
factors of importance for B‐lineage commitment such as Ebf‐1 and Pax‐5 (Kee and Murre,
1998; Lin et al., 2010). There are also inhibitory factors participating in the regulation of E2A.
Id proteins that may heterodimerize with b‐HLH proteins inhibiting the ability to bind DNA
and thereby prohibiting B‐cell development (Benezra et al., 1990; Norton et al., 1998). E2A KO
mice have a block in B‐cell development before the immunoglobulin rearrangement occurs
(Bain et al., 1994; Zhuang et al., 1994; Borghesi et al., 2005). E2A is also of importance for
recombination of Immunoglobulin as shown by the finding that overexpression of E2A and Rag
in a non‐lymphoid cell line resulted in Ig rearrangement (Romanow et al., 2000).
Ebf‐1 (Olf‐1 or O/E) is a HLH transcription factor (Hagman et al., 1993) crucial for B‐cell
differentiation, initiating the B‐cell program within the progenitor cells (Lin and Grosschedl,
1995; Zandi et al., 2008; Article I). Ebf‐1 is initially up‐regulated at the CLP stage (Dias et al.,
2005), after exposure to IL‐7 via the IL‐7R on the cell surface (Article I). This may be as a
direct result of that IL‐7 induced STAT5 (Vermeulen et al., 1998) bind to the Ebf‐1 promoter
(Kikuchi et al., 2005; Roessler et al., 2007). Ebf‐1 and E2A expression also regulate PU.1,
although low expression of PU.1 is prerequisited for lymphoid development, PU‐1 is required
for B220/CD45 expression (Medina et al., 2004). The hierarchical activation of b‐lineage
transcription continues with essential down regulation of Id2 and Id3 by Ebf‐1 (Pongubala et
al., 2008; Thal et al., 2009). As Id proteins negatively regulates E2A, induction of EBF increases
E2A expression (Amin and Schlissel, 2008). Ebf‐1 regulates a network of genes in early B‐cell
progenitors including mb‐1 (CD79a) (Hagman et al., 1991), B29 (CD79b) (Akerblad et al.,
1999), CD19 (Gisler et al., 1999; Månsson et al., 2004), λ5, VpreB (Sigvardsson et al., 1997),
CD53 (Månsson, Lagergren, et al., 2007), OcaB and Foxo1 (Zandi et al., 2008) as well as Pax‐5
expression (O’Riordan and Grosschedl, 1999). The idea that Ebf‐1 is directly involved in the
regulation of all these genes has recently been confirmed by chromatin precipitation
experiments (Lin et al., 2010; Treiber et al., 2010). Several of these genes encode components
of the pre‐B cell receptor, of large importance for the transition from the pro‐B to pre‐B cell
stage (Kitamura et al., 1992). Additionally, Ebf‐1 binds to regulatory elements to upregulate
expression of the Pax‐5 gene (O’Riordan and Grosschedl, 1999). Pax‐5 will then increase Ebf‐1
expression further by binding to an Ebf‐1 promoter region (Roessler et al., 2007), creating a
positive feedback loop. Pax‐5 is a key factor when it comes to lineage restriction of B‐cells. Its
expression is regulated by Pu.1, Ebf‐1 and E2A (Decker et al., 2009; Lin et al., 2010). Pax‐5 is
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transcribed within the B‐cell lineage, from pro‐B‐cell to the mature B‐cell stage (Fuxa et al.,
2007). Lack of Pax‐5 results in the development of progenitor cells expressing low levels of B‐
lineage genes (Nutt et al., 1997, 1998; Cobaleda et al., 2007) and shows a high extent of lineage
plasticity to alternative cell fates (Nutt et al., 1999; Rolink et al., 1999). Furthermore, the Ebf‐1
target Foxo1 has been shown to be involved in the regulation of Rag‐1 and ‐2 essential for
Immunoglobulin rearrangements (Amin and Schlissel, 2008) highlighting the central role for
Ebf‐1 in early B‐cell development.

IL-7R

STAT5

CD79a
E2A

PU.1

CD79b
Vpreb
λ5

Ebf-1

Notch

CD19
Id2
Id3

OcaB
Foxo1
Pax5

Figure2: The figure displays a schematic drawing of the regulatory network around Ebf1
active in early Bcell development. Regulation of Ebf1 is dependent both on upstream
transcription factors as well as signalling through the IL7 receptor. Ebf1 binds to several
genomic sites inducing Bcell program, amongst those a key player in lineage restriction, Pax5.
Pax5 together with Ebf1 will restrict the cell to a Blineage path.
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Extrinsic regulation of progenitor cells

Not only intrinsic transcription factors solely regulate cell expansion, differentiation and
maturation. HSCs are also dependent upon environmental factors affecting the cells in
maintaining stemness as well as making lineage choices and differentiate.
Many cytokines surround the cells in the marrow, some of which drive the cells to a myeloid
fate, others to lymphoid lineage development. Cytokine signalling is primarily paracrine,
however, also endocrine signalling affects the development of blood cells. Two hormones with
impact on HSCs are Erythropoietin (Epo) and Thrombopoietin (Thpo). Epo is produced by the
kidneys and Thpo is mainly produced by the liver (Naets, 1960; Nomura et al., 1997) but also
by the stroma cells in the BM (Yoshihara et al., 2007). HSCs have expression of several cytokine
receptors (Taichman, 2005) possibly as a mean of preserving multi potentiality with the
potential to respond to a large variety of exogenous signals. HSCs are primarily quiescent and
in close contact with stroma cells, providing them with adhesion molecules and cytokines. Still
HSCs must remain ready to divide and differentiate upon physiological demands.
One area of intense discussion concerns whether cytokines act by instructive or permissive
actions, instructive meaning that cytokines bind to the HSCs or multipotent progenitors and
thereby give a signal that drives development towards specific cell fates. In a scenario with
permissively acting cytokines, the signals generated would only stimulate survival or
proliferation of the progenitors without directly driving development towards specific cell
fates. In order to investigate instructive versus permissive roles of cytokines, several
approaches have been undertaken. Increase in receptor number (Pharr et al., 1994), changes in
downstream receptor signalling (Semerad et al., 1999), also increased expression of cytokine
receptors results in an increased population of interest (Pawlak et al., 2000). Loss of function
of cytokines such as IL‐7, Flt‐3L, GM‐CSF results in minor or severe reductions in progenitors
and mature cells (Stanley et al., 1994; McKenna et al., 2000; Carvalho et al., 2001). Instructive
roles of cytokines has also been suggested from experiments where GM‐CSFR were expressed
in CLPs since this resulted in the generation of GM cells after incubation with GM‐CSF (Kondo
et al., 2000). Instructive roles of extrinsic signals is also evident from data revealing that
Delta/Notch signalling suppress myeloid conversion of pro‐T cells by the constraint of Pu.1 and
also E protein inhibition and regulation of Gfi‐1 (Franco et al., 2006) also resulting in block in
B‐lymphoid development of CLPs (Schmitt and Zúñiga‐Pflücker, 2002). Even though these data
would support the idea of instructive roles of cytokines, other lines of evidence supports the
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idea of permissive roles of cytokines. Expression of CSF1‐R (Bourgin et al., 2002) or a
constitutively active EpoR (Pharr et al., 1994) in multipotent progenitors did not cause any
major changes in lineage choices. Furthermore, a G‐CSFR‐EpoR fusion receptor retain the
ability of G‐CSF to stimulate granulocyte development and a targeted knock‐in of the G‐CSFR
intracellular domain into the ThpoR locus is sufficient to rescue the thrombocytopenic
phenotype of ThpoR deficient mice (Stoffel et al., 1999).
Furthermore, mice lacking functional genes encoding cytokines associated with certain
lineages such as Epo (Wu et al., 1995), G‐CSF (Lieschke, Grail, et al., 1994) or GM‐CSF (Stanley
et al., 1994), display rather mild steady‐state phenotypes. This could, to some degree, be
contributed to by functional redundancy and overlapping receptor expression; however, the
combined inactivation of GM‐CSF and G‐CSF (Seymour et al., 1997) or GM‐CSF and M‐CSF
(Lieschke, Stanley, et al., 1994) does not result in an enhanced disturbance of hematopoiesis as
compared to the single knock‐out mice. Although these data argue that the action of cytokines
in early hematopoiesis is permissive, the two theories are not necceserely mutually exclusive,
and it can be hypothezised that cytokines possess both permissive and instructive activity.
Even though cytokines influence the outcome of cell differentiation processes in the
hematopoietic system, the precise understanding of these activities is obscured by the huge
number of combinatorial activities achieved by their concerted action as well as the action of
other regulatory factors in the BM microenvironment. In order to test the impact of cytokines
on differentiation of CD34‐ HSCs, single cells were seeded and subsequent to division daughter
cells were moved to individual conditions and analyzed. Daughter pair analysis revealed that
cytokine composition in vitro had a major impact for the outcome on the daughter cells
(Takano et al., 2004). This was also confirmed with a video‐imaging study demonstrating that
the stroma cell microenvironment strongly influences the number of HSCs, self renewing or
differentiating (Mingfu, 2008). Paired model investigation of the granulocyte‐ macrophage
progenitor (GMP), that can give rise to both granulocytes and macrophages, revealed that
providing the GMP with either G‐CSF or M‐CSF resulting in generation of granulocytes and
macrpophges respectively, proposing an instructive role for cytokines in this experimental
setting (Rieger et al., 2009). Hence, it would appear as if permissive and instructive actions of
environmental signals are not mutually exclusive and it should not even be excluded that the
same cytokines may have different functions depending on the developmental stage of the
exposed cell.
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A)

B)

Figure3: Schematic drawing of models for instructive and permissive function of cytokines.
A) Cytokine instructs HSC to division and commitment, increasing the production of specific
committed progenitors. B) Permissive regulation of HSC where cytokine affect the daughter cell to
expand hence supporting selective survival of the cells.

Cytokine regulation in Bcell development

While several cytokines present in the BM display crucial roles in the regulation of
hematopoiesis, some factors appear to be of special importance for B‐cell development. Among
these are the cytokine IL‐7. The crucial effect of IL‐7 on normal lymphoid development was
first suggested from injection of antibodies towards either IL‐7 or IL‐7Rα in mice revealing
reduction in mature B‐cells as well as a reduced cellularity of T‐cells in thymus (Grabstein and
Waldschmidt, 1993). IL‐7 acts via a stage specific receptor expressed on early lymphoid
progenitors (Kondo et al., 1997). This receptor is composed of the IL‐7 restricted and
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developmentally regulated α‐chain and the more broadly expressed common gamma chain
(γc). The γc was originally discovered as part of the IL‐2 receptor (also consisting of a α and β
subunit) in patients suffering from severe immune deficient disease (SCID) (Noguchi et al.,
1993). Later on it was evident that also IL‐4Rα, IL‐7Rα, IL‐9Rα, IL‐15Rα, IL‐21Rα were
dependent on the γc unit for receptor signaling (Kovanen and Leonard, 2004). In order to
activate the receptor with following downstream signalling, a ligand needs to bind it, leading to
dimerization and phosphorylation of the receptor. There are three ways for γc receptors to
activate intra‐ cellular signaling systems, the janus activated kinase (JAK) ‐ signal transducer
and activator of transcription (STAT) pathway, phosphatidylinositol 3‐kinases (PI3K)‐Akt
pathway and mitogen activated protein kinase (MAPK) pathway leading to a quick
transcription of various genes. IL‐7R signaling activates all three signaling systems (Kovanen
and Leonard, 2004). Upon IL‐7 stimulation of the IL‐7R activates JAK1 and JAK3,
phosphorylating the intracellular receptor domain, providing docking sites for STAT proteins,
predominantly STAT5A and STAT5B, that upon phosphorylation can gain access to the nucleus
and target promoters (Hennighausen and Robinson, 2008).
The critical role of IL‐7 signaling in lymphocyte development was confirmed by the generation
of IL‐7Rα and IL‐7 deficient mice resulting in an almost complete block of B‐cell development
and a decrease of the T‐cell compartment in thymus (Peschon et al., 1994; von Freeden‐Jeffry
et al., 1995). To understand more about the nature of the developmental block in absence of Il‐
7 signaling, investigations of progenitor cell compartments were initiated. By using IL‐7
deficient mice instead of IL‐7R deficient mice, the CLP compartment (Lin‐, Scalo, Kitlo, Flt‐3+, IL‐
7R+) could be investigated, revealing a block in B‐cell development within the CLP stage
suggesting that IL‐7R signaling is vital for B‐lineage commitment (Dias et al., 2005; Kikuchi et
al., 2005). In order to further analyze the role of IL‐7 in lineage restriction, sub fractionations of
both the LMPP and CLP compartments were conducted revealing that IL‐7 signalling is crucial
for normal maintenance of the IL‐7R expressing progenitors, as well as for up regulation of
transcription factors promoting B‐cell development (Article I). To enhance proliferation of the
CLP compartment IL‐7R signal, through the STAT5 pathway act synergistically with Flt‐3
(Flk2) signaling possibly through the Akt pathway increasing proliferation of progenitor cells
(Åhsberg et al., 2010). Flt‐3 is a tryrosine kinase receptor expressed by LMPPs and CLPs. A
lack of functional Flt‐3 signaling results in impaired development of lymphoid progenitors and
B cells (Mackarehtschian et al., 1995), (Sitnicka et al., 2003) and combined with lack of IL‐7
there is a complete block of lymphoid progenitor development (Sitnicka et al., 2007). Even
though IL‐7 deficiency results in a dramatic impairment of B‐cell development in the adult, the
production of B‐cells in the FL appears rather normal. This has been explained by that thymic
stroma lymphopoetin (TSLP) may compensate for the lack of IL‐7 within the fetal liver (Ray et
al., 1996). IL‐7 has also been suggested to collaborate with hepatocyte growth factor (HGF)
that through the interaction with cMet receptor creates a powerful synergy with regard to
stimulation of proliferation (Vosshenrich et al., 2003).

24

Bone and bone marrow

Bone and bone marrow

Bone is a mineralized. hard but yet light stabiliser and organ protector in our body. Bone is not
a homogenous solid structure; rather it contains cavities that host a vast number of cells and
cell types. This is reflected in that there are two major types of bone, compact and traebecular
bone. The compact bone is what can be seen as the white bone surface, however, even in a long
bone such as the femur the cortex contains cavities and traebecular structures, both
harbouring bone marrow cells. The bone marrow contains a complex mixture of cells of both
hematopoietic and mesenchymal origin. These include bone‐synthesizing osteoblasts as well as
bone‐degrading osteoclasts. Osteoblasts and osteoclasts are in an equilibrium, the numbers
and relative frequencies can be altered for periods of time, if needed, after for example an
injury or when the bone needs to be remodelled (Hauge et al., 2001).
The long bones are normally highly vascularised by major arteries named according to their
location, diaphysial, periosteal, metaphysial and endosteal arteries. These vessels traverse the
cortex and branch out to reach the bone in Harvers's and Volkman's channels to enter the
marrow and the sinusoidal microcirculation. Some of these sinusoidal capillaries have an open
lumen, permitting slow blood flow increasing the possibility for blood cells to adhere to the
endothelium and exit the circulation. Venous blood is drained to the venous central sinus, and
leaves the bone at the entry site of the artery (Santos and Reis, 2010). Even though
hematopoietic stem cells are localized within the red marrow of the bone, there are inter‐
species differences as to where in the bone the HSCs are located. In mouse the marrow of long
tubular bone is hematopoietically active throughout life while in humans hematopoiesis
becomes restricted to the axial skeleton and portions of the long bone metaphyses over time
and is reversibly lost in the rest of the marrow (Bianco, 2011).
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Figure4: Schematic drawing illustrating some potential means of cellcell interaction in
the bone marrow. Cells in the bone marrow are often in close contact with each other however it
is not uncommon that their location is close but not direct. The interaction between a
hematopoietic cell and its surroundings can occur in four different ways.
A): Direct contact. (This is probably the most important contact inside the bone marrow).
B): Paracrine signaling. Cytokines out in the open, affecting surrounding cells.
C): Endocrine signalling. Hormones that comes from other parts of the body, i.e. after blood loss.
D): Function regulated by an intermediate cell.
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Hematopoietic stem cell niches

It has been assumed that the microenvironment within the bone marrow creates specific
niches harboring defined populations of hematopoietic cells. The HSC niche provides HSCs
with signals regulating maintenance, differentiation and proliferation to maintain a steady
state of mature cells within the blood stream (Hirao et al., 2004). In 1970s it was first proposed
that stromal cells within the marrow support HSCs and their maturation (Dexter et al., 1977).
The exact location of adult HSCs is debated, however it is generally accepted that a majority of
the HSCs are located within the traebecular bone marrow cavities in either endosteal or
sinusoidal niches or perhaps both simultaneously. Both of the niches consist of the same type
of mesenchymal cells, that can produce an array of growth factors, factors for maintenance as
well as homing (Sacchetti et al., 2007).

The endosteal niche

The molecular regulation of niche formation and HSC homing appear to be controlled by a
complex network of secreted factors, cell interactions as well as physical parameters. Among
the physical parameters, there has been an extensive focus on the role of hypoxia in HSC
maintenance and differentiation (Eliasson and Jönsson, 2010). Furthermore, it has been
reported that the high concentration of calcium surrounding the osteoclasts, as a result of bone
degradation, works as an attractant of HSCs potentially directing them to home close to the
bone (Adams et al., 2006; Porter and Calvi, 2008). Calcium receptor expression is therefore
thought to be important for homing, lodging and adhesion of transplanted HSCs (Lam et al.,
2011). Other factors involved in bone remodeling such as Osteopontin is also thought of as an
important factor for the localization of HSCs to the endosteal region of the BM (Nilsson et al.,
2005). Lining the bone is an osteoblastic cell, spindle shaped N‐Cadherin positive osteoblast
(SNO). HSCs are proposed to be located close to the bone and the morpholocially distinct SNO
cells. An increase in the number of SNO cells directly impacts the number of hematopoietic
cells expressing N‐Cadherin and retaining BrdU 70 days after staining, possibly being HSCs
(Zhang et al., 2003). In addition, it has been reported that parathyroid hormone induce an
increase of osteoblasts as well as an increase of the same population of N‐Cadherin+ cells in
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vivo (Calvi et al., 2003). Since HSCs were not analyzed by surface markers as CD150+ Lin‐ Sca+
Kit+, the possibility to link these data to other investigations with a focus on HSC function is
somewhat limited. In order to verify the importance of osteoblasts for normal HSCs function,
targeted depletion of osteoblasts was conducted using a mouse model displaying osteoblast
specific expression of Thymidine Kinase making the cells sensitive to treatment with
Gangcyclovir. This resulted in decreased numbers of BM cells, however not specifically HSCs,
rather a procentual increase was observed and a decrease in HSCs were not observed until
weeks later (Visnjic et al., 2004; Zhu et al., 2007). In an attempt to address whether the HSCs
directly depend on the osetoblast or rather indirectly, the expression of N‐cadherin on HSCs
were evaluated, without finding any expression by PCR, RT‐PCR or flow cytometry (Kiel et al.,
2007). Also the localization of HSCs were investigated, no more than 20% of the HSC were
found within 5 cell distances from the endosteum and almost all HSCs were found within 5 cell
distance from the sinusoids, indicating that direct contact with osteoblasts might not be
necessary (Kiel et al., 2005, 2007; Ellis et al., 2011) However, this does not exclude that
osteoblasts have an important function, perhaps as an indirect mediator of HSC maintenance
rather then as a direct regulator of HSC function.
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The sinusoidal niche

Most of the endosteum is highly vascularized hence a sinusoidal niche has been proposed.
Within the sinusoidal or vascular niche, the stroma cells are adjacent to sinusoidal cells, lining
the vessels (Kiel et al., 2005). Stroma cells arise from adventitial reticular cells (ARCs), or the
presumed mouse counterpart, Cxcl‐12 abundant reticular cells, in short CAR (Sugiyama et al.,
2006). CAR cells are essential for blood cell progenitor maintenance, they express SCF as well
as Cxcl‐12 and matrix proteins. Specific ablation of CAR cells resulted in a 50 % reduction of
HSCs within the bone marrow suggesting a central role for these cells in the regulation of blood
cell development (Omatsu et al., 2010). There are also other cells that may be involved in the
regulation of hematopoiesis within the vascular niche. Developmentally, vasculature has a
crucial role in hematopoiesis since hematopoietic progenitors arise in vacuolated regions in
the embryo (YS, AGM and placenta). Investigating the zebra fish, where hematopoiesis never
occurs in bone, could indicate that bone per se is not directly involved in the regulation of HSC
maintenance (Murayama et al., 2006). Endothelial cells lining the vessels express soluble
proteins including Angiopoietins (Ang), factors that have been indicated as important for HSC
as well as vessel maintenances and quiescence (Arai et al., 2004). HSCs express the endothelial‐
specific receptor tyrosine kinase (Tie2); Tie2 is only expressed by early hematopoietic cells
and endothelial cells lining blood vessels. Ang‐1 binding to Tie2, however, does not induce cell
growth, rather maintenance of HSCs (Davis et al., 1996). Tie2 expressing HSCs comprise a side
population within the bone marrow and also mediates stimulation of Ang‐induced integrin
adhesion between HSCs and osteoblasts (Arai et al., 2004). The HSC residing in the vascular
niche can easily respond to environmental changes, as well as benefiting from stromal factors,
generating an opportunity for HSCs to remain quiescent also in the vascular area (Arai et al.,
2009).

The intermediate niche

It would appear as if both osteoblastic and endothelial cells can promote maintenance of HSCs,
and influence each other, making it difficult to predict whether a specific niche is more
important than the other with regard to blood cell development and HSC maintenance. HSCs
have recently been found to home in areas close to vessels in the endosteal region of the bone
post transplantation (Ellis et al., 2011). This presents the possibility that the vascular niche and
the endosteal niche co‐exist and are not mutually exclusive. Another event that supports this

29

Niches
theory is that osteoblasts can act as an positive regulator of vessels, promoting angiogenesis by
the secretion of vascular endothelial growth factor (VEGF) (Street et al., 2002; Tombran‐Tink
and Barnstable, 2004) making it possible for the HSC to benefit from every cell type within the
BM. Also stromal cells with different origin can benefit from each other. Cxcl‐12 is vital for
other processes than only chemoattraction and maintainence of HSCs, for instance
angiogenesis, (Tachibana et al., 1998) and as stroma supporter (Kortesidis et al., 2005). Also
other cell types located in the marrow are reported as modulators of HSC activity, including
macrophages (Chow et al., 2011) and adipocytes (DiMascio et al., 2007).
Hence, there is much to learn about the identity of the HSC supporting cells within the bone
marrow. One reason for our limited knowledge about these stromal cells has been the lack of
characteristic surface markers, resulting in the inablility to purify them by flow cytometry and
further investigate them in vitro. This has improved by the development of sorting protocols
based on the expression of platelet derived growth factor receptor α (PDGFRα) and stem cell
antigen‐1 (Sca‐1) on mouse stroma cells (Koide et al., 2007; Tokunaga et al., 2008; Morikawa et
al., 2009).

However, much of our current understanding of stroma cell‐HSC communication has been
generated through in vitro studies using hematopoietic‐supportive stromal cell lines such as
OP9 supporting B‐cell development and NIH3T3 which is not able to support B‐cell
development (Vieira and Cumano, 2004). From these cell lines we have learned a lot about the
supportive properties of stroma cells as well as how genetic networks are established in the
stroma cells. Ectopic expression of Ebf‐1 in fibroblastic NIH3T3 cells result in an increased
expression of genes of importance for stroma cell communication and hematopoesis regulation
including Cxcl‐12, Perisotin, Ccl‐9 and Igf‐2 (Article II).
There are transgenic models that can be used to investigate the properties of BM stromal cells
and their capacity to form a bone marrow niche, like Ebf2‐LacZ (Kieslinger et al., 2010) and
Nestin‐GFP mice (Méndez‐Ferrer et al., 2010). Knowledge of the transcriptional regulation of
the stromal compartment is limited; however we know that Ebf‐2 is required for proper
stromal support of hematopoietic progenitor cells within the bone marrow as well as in vitro.
Ebf2/ mice have a 2‐4 fold decrease in numbers of HSCs compared to WT and die at week 6‐8
(Kieslinger et al., 2010). Even though the stromal cells are altered, the mice retain normal
numbers of osteoblast and normal bone formation (Kieslinger et al., 2005). There is also no
indication that the endothelial cells are the cells responsible for Ebf2 expression (Kieslinger et
al., 2010). Nestin+ stroma cells are important for HPC as they can provide a wide range of
important molecules such as Cxcl‐12, SCF and IL‐7. Difteria toxin depletion of the Nestin+
population results in impaired homing of HPCs (Méndez‐Ferrer et al., 2010) further supporting
the idea that Nestin expression marks a population of large relevance for the regulation of
hematopoiesis.
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Hematopoietic niche supporting the stroma

To evaluate whether HSCs are vital for the mesenchymal cell development in AGM, Runx‐/‐
mesenchymal cells were investigated. Runx‐/‐ embryos display fetal anemia and lethality at
embryonic day 12.5 (North et al., 1999). Despite the severe hematopoietic effect of Runx‐/‐
AGM, the mesenchymal cells harboring it (adipogenic, chondrogenic and osteogenic
progenitors) were found in normal numbers (Mendes et al., 2005). This however does not
necessarily mean that the hematopoietic cells are not of importance for the maturation of
mesenchymal cells in the adult bone marrow. In (Article III) we show that hematopoietic cells
affected a stroma cell line in vitro by direct cell‐cell contact hence it remains to unravel the
impact of blood cell progenitors on the mesenchymal cells in vivo.

SNO
CAR
Adipocyte
Sinusoidal vessel
Bone
HSC

Figure 5: A drawing of cells located within the bone marrow niches. There are several cell
types within the endosteal niche, all in close vicinity to each other. Not yet do we know enough to
exclude the importance of any of these or additional cells.
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Cancer and stem cell niches

As stem cell niches are crucial for the stem cells, keeping them quiescent and providing the
cells with factors of importance for survival, there is an obvious risk that in case there are
mutations in the stem cell, making it malignant, this cell will also be supported by the niche.
Another problem occurring in this scenario is the alteration of stroma cells by the malignant
HSC resulting in differences in cell adhesion and the ability to respond to target drugs (Lwin et
al., 2007; Colmone et al., 2008). It must not always be the hematopoietic progenitors that are
the only target for mutations in leukemia; also alterations in the niche cells can give rise to, or
enhance malignancies. An example is the deletion of Dicer‐1, an enzyme important for siRNA
gene silencing. This protein is found in osteoprogenitor cells and stroma cells, where deletion
of Dicer‐1 resulted in an increased development of acute myeloid leukemia (AML) (Shiozawa
and Taichman, 2010). Dicer‐1 deficient stroma cells interacting with HPC can induce
oncogenesis, hence the microenvironment can be the trigger in a multistep process resulting in
cancer (Raaijmakers et al., 2010). Also increased expression of p53 can enhance tumor growth
for acute lymphoblastic leukemia (ALL) patients and results in increasing amount of VEGF
hence an increase in vessel formation and nutrision supply to the tumour (Narendran et al.,
2003).

Stromastroma cell interactions

It is not only HPCs that are interacting with stroma cells within the BM, also supportive cells
are connected and dependent on signaling from the environment. Today we know very little
about the interplay between stroma cells and how the interactions with different surface
molecules and cytokines affect these cells. Stroma cells expose several receptors to their
expressed ligands (Article IV). Whether these signals are solely for regulating the amount of
cytokine present in the bone marrow compartment, or if the cells themselves also respond to
the cytokines in regards to growth and differentiation still needs further investigation.
Besides soluble signaling molecules, stroma cells also use gap‐junctions for communication.
Gap‐junctions are intracellular channels between cells, connecting stroma cells together in a
complex functional syncytial network through which their supportive capacity is coordinated.
The junction consists of homo‐ and hetero‐ hexamers of connexin proteins (Cxs) that facilitates
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the transport of secondary messengers such as cAMP and calcium. The pore size of the
channels is quite small thus only allowing for molecules with a size less then ~1000Da
(Warner et al., 1984). There are three different Cxs present in the BM stroma cells, Cx‐43, Cx‐
45 and Cx‐31, whereas there are seven expressed in the fetal liver (Cancelas et al., 2000). Cx‐43
and Cx‐45 are directly involved in the maintenance of HPC by up‐regulation and secretion of
Cxcl‐12 (Schajnovitz et al., 2011). Cx‐43‐/‐ mice survives through embryonic development but
die hours after birth (Montecino‐Rodriguez and Dorshkind, 2001), Cx‐43+/‐ mice have an
impaired B‐cell development with a reduction in IgM+ Immature B‐cells (Machtaler et al.,
2011). Whether this is due to impairment of stroma function or a direct effect on B‐cell
development due to loss of gap‐junction, regulating spreading and adhesion of these cells is yet
to be fully resolved.
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Homing and maintenance

Homing of HSCs is a prerequisite for bone marrow transplantation to succeed. Little is known
about the molecules that direct this process. However, there seems to be several pathways
involved in homing and lodging of HSCs to the bone marrow niche. Homing occurs already 15
min after injection of HSCs to the blood stream, and continues for the next 15 hours (Ellis et al.,
2011). The amount of cells homing with time seems to peak at 3 hours (Cerny et al., 2002) and
is impaired after in vitro cultivation of HSC together with various cytokines (van der Loo and
Ploemacher, 1995) probably due to loss of stem cell features. In order for the circulating cells
to enter the bone marrow through adhesion, rolling and finally diapedesis, there exist a
prerequisite of endothelial expression of VCAM‐1 on the endothelial cells and P‐ and E‐selectin
as well as integrin α4β1 (VLA‐4) expression on the HSC (Frenette et al., 1998; Mazo et al.,
1998). Multiple adhesion molecules are found on the HSCs within the bone marrow, including
cadherins, selectins and integrins. All are of importance for cell‐cell and cell‐extracellular
matrix interactions, mediating binding both to extracellular matrices, as well as cellular
receptors.
Integrins are a large family of proteins and even though VLA‐4 is the most studied integrin on
hematopoietic progenitor cells, there are more integrin family members that seem to be
important for HSCs including α4β7 and its receptor MAdCAM‐1 (Katayama et al., 2004).
Deletion of VLA‐4 results in embryonic haemorrhage as well as cranial and facial
malformations and embryos die at 12 dpc due to heart failure (Yang et al., 1995). VLA‐4 binds
to VCAM1 on the stroma and endothelial cells that constitutively express this protein
(Schweitzer et al., 1996). The interaction between VLA‐4 on the HPC is important for
maintaining progenitor cells within the bone marrow, and interruption of this interaction will
increase the number of cycling HPC in the periferal blood (PB) (Craddock et al., 1997;
Vermeulen et al., 1998). Mobilization of HSCs is of clinical importance for patients suffering
from disease that needs to be treated with stem cell transplantation. In order to retain
sufficient amounts of stem cells from the patient before depleting the bone marrow, HSCs are
initiated to migrate from the BM to the circulation. This is done by addition of cytokines (G‐
CSF, SCF or both in combination) changing the BM environment by causing down regulation of
VCAM‐1 expression on the stroma cells hence mobilization of cells and entry to the blood
stream (Le et al., 2001).
Stroma cell derived factor 1 (SDF‐1) also named Cxcl‐12, signals from the stroma cell to HSC by
the Cxcr‐4 receptor. This chemokine is reported as the key factor for homing of circulating
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HSCs as well as for maintaining "stemness" of the HSCs (Sugiyama et al., 2006). Cxcr‐4‐/‐ as well
as Cxcl‐12‐/‐ defects are embryonically lethal at around 15‐18 dpc (Nagasawa et al., 1996; Zou
et al., 1998; Ma et al., 1999). Cxcl‐12 is a member of a large family of chemoattractive cytokines
(chemokines) and was initially characterized as an essential growth factor for B‐cells
(Nagasawa et al., 1996; Egawa et al., 2001). Later on Cxcl‐12 was shown to be of importance for
B‐cell and to some extent T‐cell development during embryogenesis (Ara et al., 2003). Initially
only Cxcr‐4 was thought to bind Cxcl‐12 acting through a G‐protein coupled receptor mediating
intracellular structural changes to induce movement of the cell towards the gradient of
chemokines (Ourne, 1997; Iijima et al., 2002). However, more recently two other receptors for
Cxcl‐12 has been discovered, Cxcr‐7 and Cxcr‐11, not mediating movement, but rather cell
proliferation (Burns et al., 2006). Cxcl‐12 is secreted by stroma cells inside the marrow,
however, the secretion only occurs if the stroma cells are in cell‐cell contact via connexin gap
junctions (Schajnovitz et al., 2011). The cells expressing Cxcl‐12 are thought to also express
other HPC regulating molecules such as Flt‐3L and VCAM‐1 (Schaumann et al., 2007). The Cxcl‐
12/Cxcr‐4 axis can also be targeted to cause migration of HSCs to the periphery. This can be
done by adding G‐CSF, which downregulates Cxcl‐12. Increase in the number of circulating HSC
can also be seen after treatment with AMD3100 a Cxcr‐4 selective antagonist (Dar et al., 2011).
Together these results imply that Cxcl‐12 is of importance for homing as well as maintenance
HSCs.
In recent years the simple explanation that Cxcl‐12 is the only attractive agent for homing has
been challenged. Cxcr‐4 deficient mice have an altered homing capacity during embryogenesis
resulting in virtually no Pre‐ or Pro‐B‐cells in fetal liver or bone marrow. Abnormal amounts of
progenitor cells can thus be found in the circulating blood, however, there are still cells homing
to the bone marrow (Ma et al., 1999). Homing of cells co‐incubated/injected with the Cxcr‐4
antagonist AMD3100, is only mildly reduced (Christopherson et al., 2004). The concentrations
used when investigating chemoattractive responsiveness can also be questioned, as the
concentrations used are 100‐fold higher than presumed to correspond to the in vivo
environment (Gazitt and Liu, 2001; Basu et al., 2007). The fact that impaired Cxcl‐12 gradient
still results in homing of cells implies that other factors can compensate for the decrease.
Several agents being part of the extra‐cellular matrix have been investigated including
shpingosine‐1 phosphate (S1P) (Seitz et al., 2005; Ratajczak et al., 2010), hyaluronan (HA)
(Nilsson et al., 2003) and Ceramide‐1 Phosphate (C1P) (Granado et al., 2009; Kim et al., 2011).
HA is a polysaccharide found in the extracellular matrix of the BM, synthesised and secreted by
hematopoietic cells and of importance for lodging and differentiation of HPCs. Enzymatic
decrease of HA slows homing after transplantation (Nilsson et al., 2003). Significant levels of
C1P and S1P have been found in mice post irradiation, hence their chemo‐attractive ability
might support Cxcl‐12 induced homing (Ratajczak et al., 2010; Kim et al., 2011).
Expression of several members of the TGF‐β family can be found when investigating mRNA
levels in BM stroma cells by microarray. The TGF‐β family includs 33 members in mammals:
TGF‐β, activins, inhibins and BMPs. They are all structurally related and secreted as dimeric
proteins, acting either as hormones or, as local mediators regulating biological functions, such
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as proliferation, differentiation, extracellular matrix production, apoptosis, tissue repair and
immune regulation (Miyazono et al., 2010). Message RNA coding for receptors for these factors
is expressed on hematopoietic cells, indicating that this receptor‐ligand interaction is
important for maintenance and possibly differentiation (Article IV). BMPs signals through
enzyme‐linked receptors that are single pass membrane proteins with a serine/threonine
kinase domain on the cytosolic side of the plasma membrane. There are two different kinds of
receptors type 1 (a & b) and type 2 (Heldin et al., 1997). For signal transduction to occur, both
type 1 and type 2 receptor needs to be bound to the ligand (Rosenzweig et al., 1995). There are
eight different SMADs, hovewer, there are specific SMADs activated by BMP receptors as well
as by TGF‐β and activin receptor signaling (Larsson and Karlsson, 2005). The SMADs are
structurally related to each other and the functional differences are still to be uncovered.
Various BMPs and their antagonists are expressed by hematopoietic cells within the bone
marrow suggesting of an active role in hematopoiesis (Passa et al., 2011). BMP signalling is
thought to induce Id proteins (Miyazono and Miyazawa, 2002). As Id proteins are negative
regulators of E2A, this should prohibit B‐cell differentiation, however, in (Article III) in vitro
differentiation of B‐cells were increased after addition of BMP‐4. Also over‐expression of BMP‐
4 during embryogenesis results in increased adipocyte development (Taha et al., 2006)
indicating importance of BMP signalling both at early stage as well as in the mature
hematopoiesis. Adipocytes may contribute to the proliferating pool of HSCs (having an
increased number of adiponectin receptors expressed) in vivo by the secretion of Adiponectin
(DiMascio et al., 2007). Hence, blood cell development is regulated by a complex interplay
between the hematopoetic progenitors and the stroma cells in the microenvironment.
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Methodological considerations
Detailed descriptions of methods used are described in the materials and method sections in
the articles included in this thesis; however some issues will be further explained and
discussed in the following section.

Flow cytometry and cell sorting

Several of the functionally defined stages of blood cell development, from HSC all the way to
fully differentiated mature cells can be distinguished by extra‐cellular and to some extent
intracellular markers. The extra‐cellular markers are mainly surface receptors, many of which
are carrying a cluster differentiation (CD) number. These markers are differentially expressed
during differentiation giving each stage in blood cell development a unique panel of surface
molecules. These molecules can be visualized by different methods. However, the most
common is to attach an antibody directed towards a specific surface epitope coupled with a
fluorochrome.
Bone marrow cells can be extracted from femur, tibia and crista illea in euthanized mice. The
bones are crushed and filtered to obtain a single cell suspension and the cells can then be
enriched by magnetic beads and labeled with antibodies. This procedure is rather harsh to the
cells with both magnetic‐bead and antibody labeling and takes a couple of hours to conduct.
This can affect the cells and also have impact on downstream analysis such as microarray or
RT‐PCR. Hence, even though the cells originate from an in vivo environment it is more
reasonable to talk about ex vivo analysis. In order to minimize the differences between in vivo
and ex vivo, the handling should be kept to a minimum and with the cells kept on ice, to reduce
the numbers of intracellular events to taking place.
The cells are injected to a flow cytometer, in which a laser will excite electrons resulting in the
release of photons from the antibody conjugated fluorochrome. The spectrum of light emitted
when the atom goes back to their steady state of energy is then measured by the cytometer,
hence the cell surface antigens will be visualized. One cell can be labeled with several
antibodies with different excitation and emission spectras, the number is limited by the
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number of lasers and the number of emission spectra filters for each laser as different lasers
excite atoms to emit light at different wavelengths. A standard staining today is 6‐8 colors on a
2‐3 laser instrument, however more or less colors are used depending on the addressed
question. At our facility we can stain and sort cells using up to 14 colors, using a BD Aria special
order system, or 9 colors for analysis on a BD Canto.
FACS is used to sort cells that pass through the laser beam and full‐fill our pre‐set criteria for
sorting, i.e. have the desired surface markers stained with antibodies. For sorting, cells need to
be placed in droplets. Before passing through the laser beam the stream of cells injected to the
cytometer is broken and droplets are formed. In each droplet a cell can be localized. By adding
an electric tension to the droplet with the desired cell inside of it, the tension will force the
droplet to move, left or right of the flow stream in to a collection tube.
It is also common to trace gene expression by the use of using fluorescent proteins (FP). A
common way of doing this is to insert a FP under after the promoter of a stage restricted gene,
forcing the transcription of the FP at the same time as the gene is transcribed resulting in
fluorescence. The first of FPs to be isolated was the GFP, originating from a jellyfish (Tsien,
1998). Using FPs is very convenient when it comes to investigating intracellular proteins or
transcription factors located in specific populations of cells or as in (Article III), where cells
need to be trypsinized before they can be sorted. Protease treatment of the cells has a side
effect as trypsin/EDTA cuts most surface proteins, hence the treatment can potentially alter
the surface epitopes on the cells in such way that antibodies cannot bind, and cells cannot be
separated upon antibody expression. Due to differences in the spectral‐width of emission
spectra of the cytometers used, different FPs can be visualized, and it is currently possible to
use a wide spectra of different FPs simultaneously (Shaner et al., 2005).

Aspects of analyzing flow data

While the acquisition of flow data is rather straight‐forward, there are several aspects that
should be considered when the data is analyzed. To start with the compensation of the samples
investigated is critical which has to be done for the same antibodies used within a particular
experiment in order to get well compensated and hence more easily analyzed results. When it
comes to staining, there are a few things that are important. First, the usage of antibody
cocktail: this should always be done to avoid unequal amounts of antibodies in between
samples. Second, number of cells stained: in order to get a proper comparison in between
samples the number of cells stained with the antibody cocktail should be the same, otherwise
there is a risk for over‐ or under‐staining of the cells. This can result in miss‐interpretation of
the data, either as events that will be analyzed as positives due to unspecific staining, or cells
being analyzed as negative due to too few antibodies bound to cell surface receptors. Unequal
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amount of cells are often observed when comparing cells with different genetic properties, for
example Ebf1 KO versus WT. Also in post in vitro differentiation the clones will have different
size and hence might stain unequally. Therefore, when ending up with the analysis part, all
these things have to be considered in order to draw proper conclusions.

Microarray analysis

DNA microarray is a high throughput method for investigating the expression of thousands of
genes simultaneously within a cell population. It was revolutionary when initially set up, as in
previous analyzes the number of mRNA to be investigated were highly limited (Lockhart et al.,
1996). The approach involves determination of relative concentrations of mRNA expression
based on hybridization of the entire mRNA pool from a cell population to a chip with synthetic
oligonucleotides at a length of 25 bases, analyzing 34000 genes at once (Affymetrix, 2004).
While there are several platforms available for this technique, in this thesis we only used
Affymetrix whole genome 430 2.0 mouse chips.

Labeling of mRNA for microarray analysis

The cell population of interest is sorted by FACS straight down to an RLT buffer used to lyse the
cells and stabilize the RNA. The sample is immediately frozen using dry ice to decrease the
handling time of the cells and diminish extra steps involving handling of the cells. The buffer is
then used when mRNA is extracted and converted to cDNA, amplified, labeled and fragmented
before hybridization. To decrease the risk for RNA to be degraded, there is no refreezing of the
extracted RNA, and all samples not yet extracted are kept at ‐80◦C. The hybridized chip is
scanned by an Affymetrix chip scanner (Affymetrix, n.d.). Raw data from the chip is then
normalized and analyzed.
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Data handling

The initial action taken is normalization of all the arrays to be analyzed, in order to correct for
the overall intensity levels in the analyzed arrays. This is important as it will reduce variability
of probe sets (Bolstad et al., 2003). Normalization of arrays can be done in a variety of ways;
there are two main ways though, to either use scalar or linear normalization. The scalar
normalization is based on using baseline arrays, it is dependent on using the array with median
expression as baseline (Boes and Neuhäuser, 2005). I have chosen to use the Robust Multichip
average (RMA) platform as it performs quintile normalization and is good in detecting
differential gene expression (Irizarry et al., 2003). Verification of the mRNA expression can be
done by qPCR, where fold changes can be calculated comparing a housekeeping gene with a
gene of interest in two samples, using 2‐∆∆CT (Livak and Schmittgen, 2001).

GCINT and choosing software to work with

In the very beginning GCINT was located in Microsoft Excel, using the filtering tools inside the
software to analyze present connections in different populations. In order to get a better view
at specific interactions it was moved to Microsoft Access, and more arrays were added. Having
the database in Access gave a lot of advantages when it came to searching specific interactions
between two cell types. However as it only allowed us to investigate interactions between two
samples at a time, it had limitations. This is why I for the last manuscript chose to change
software once more, and write a script in MATLAB investigating cell‐cell interactions. The
advantage of doing this in MATLAB is that high throughput analysis of several arrays in
different groups can be conducted at the same time. Using this approach also has an advantage
when it comes to answering new questions regarding cell‐cell interaction both in populations
already investigated as well as new populations, as the same scripts can be used and modified
for every question.
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Relying on a database

A database is like a good wine when properly kept, it only gets better with time. Using a
database for measuring potential interactions between cells has a huge advantage compared to
practically testing the interactions directly using trial and error methods. It will quickly tell you
what interactions to look for within the population of interest. Also interactions not previously
known for a specific compartment will automatically be tested, potentially giving the
investigator a new pathway to study. There are of course not only good things coming out of a
database. A drawback of using and relying too much on it, is that you need to have in mind that
all possible connections are probably not in the database. If this is the case for a specific
interaction, it will not be revealed by asking for its presence. However this does not mean that
the interaction does not occur in between two cells. Also if there are interactions in the
database that might not be true, these will show as present when in reality they are not there.
These false‐negative or false‐positive interactions will be decreased with time, and as new
discoveries will be entered into the database, it will improve. Today we do not know about the
receptors for every cytokine present in the bone marrow, this means that there are more
interactions occurring than the database will tell us, as unknown interactions cannot be
presented by this methodology. Another error with investigating connections based on mRNA
levels from a microarray is that it is just that. mRNA levels can easily be verified using RT‐PCR,
however this does only tell us about the mRNA level. Hereby the protein levels still remain
unknown and while a high‐throughput measurement of total protein content within a cell
population, in low numbers would be desired, this is yet not possible. I still think this is a very
potent approach in searching for new pathways of interest in cell‐cell communication whether
looking in the bone marrow or any other tissue where cells are in close contact and depending
upon each other.
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Aim of thesis
To use gene expression analysis to gain a molecular insight to the interplay between
hematopoietic progenitors and stromal cells in the BM. This can potentially shed light to the
complex cellular signalling mediating maintenance as well as proliferation and differentiation
of hematopoietic progenitor cells in health and disease.

Conclusion
Our results suggest that bioinformatic processing of gene expression data can be used to
unravel novel means of cell communication in a complex environment. Even though this RNA
based approach does not directly take into regard actual protein levels, the method still
appears to give a fair overall estimation of protein expression of many genes. The quality of the
information obtained through this type of analysis is highly dependent on the quality of the
input material. This is valid for the technical quality of the gene expression data but also of the
purity of the cell populations used for generation of RNA. In addition to generating ideas for
novel communication pathways, this large scale approach allows for the investigation of
directions of information flow. Our analysis suggests that the environment in the BM is not
created only by defined mesenchymal cell populations but rather of interplay between the
stroma and the developing hematopoietic cells. Hence, I believe that the work presented in this
thesis shows that gene expression based analysis of cell‐cell communication may serve as a
mean to take systems biology one step closer to physiology and in vivo biology.

42

Results

Results and discussion of papers in the thesis

Article I

IL7 mediates Ebf1dependent lineage restriction in early lymphoid
progenitors
IL‐7 is a factor produced by the mesenchymal stroma cells in the bone marrow. It is critical for
the development of B‐lymphocytes possibly by increasing the Ebf‐1 expression levels in the B‐
cell progenitors (Dias et al., 2005), (Roessler et al., 2007), placing Ebf‐1 downstream of IL‐7R
signaling in B‐cell development.
IL‐7R is mainly expressed on lymphoid‐restricted progenitor cells. The receptor however, can
be found also on non‐committed progenitor cells. Without IL‐7 expression there is no B‐cell
development. Although B220+CD43+ cells can be found in the BM of IL‐7 deficient animals,
there are no detectable levels of B‐lineage gene activation i.e. there are no coordinate
expressions of Pax‐5, Pou2afl or CD79α. When investigating the LMPP population in an IL‐7
deficient mouse, this population is only 1.3‐fold reduced with no significant differences in
lymphoid gene expression. This indicates that IL‐7 is not of critical importance for LMPP
maintenance in vivo or for lymphoid lineage priming. When analyzing the CLP population,
expressing IL‐7R even in IL‐7 deficient mice, this population is reduced 5‐fold. Hence, IL‐7 is
crucial for maintaining the IL‐7R expressing B‐lymphoid‐progenitor populations.
In vitro, CLPs from an IL‐7 deficient background can differentiate to B‐cells upon cultivation on
OP9 cells providing an environment that supports B‐cell development. This indicates that even
though the cells have not been exhibited for IL‐7 they have not lost their potential of becoming
B‐cells. Also when culturing these cells on OP9DL providing T‐cell conditions there were no
significant differences between the cloning efficiency or their ability of becoming T‐lineage
cells. One difference was observed; cells from IL‐7KO animals did not develop to B‐cells on
OP9DL, an event happening as there is a fraction within the CLP population already primed for
B‐cell development. Lack of IL‐7 therefore seems to result in lack of B‐lineage priming.
Consistent with this idea, global gene expression analysis of the CLP compartment from WT
and IL‐7 KO mice revealed a decreased expression of B‐lineage genes. Among these were Rag‐1
and Ebf‐1, both important for B‐cell development and reported to be up‐regulated with the
transition of Ly6D‐ to Ly6D+ cells within the classical CLP compartment (Inlay et al., 2009;
Mansson et al., 2010).
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This opened the possibility that IL‐7 is critical for the transition from the Ly6D‐ B/T/NK potent
progenitor stage to the lymphoid restricted Ly6D+ stage. To investigate this, the two “CLP”
populations were analyzed and compared between WT and KO animals. In the Ly6D‐
population a 2.3‐fold reduction was observed in the IL‐7KO mice, however when investigating
the Ly6D+ compartment, there was a 23‐fold difference supporting the idea that IL‐7 is
important for the B/T lineage restriction in the CLP compartment. To investigate the lineage
potential, single cell assay for in vitro differentiation in B/NK condition of the Ly6D‐ population
within the CLP mediated no functional difference in retaining B or NK potential between IL‐7
KO and WT cells. This was also verified in vivo when Ly6D‐ cells from IL‐7 WT and KO CD45.2
animals were transplanted into CD45.1 WT mice. Analysis of the Ly6D+ population in WT and
KO mice revealed a lower cloning frequency using cells from the IL‐7‐/‐ mouse. The content of
the clones also differed. While using cells from WT mice, essentially all the clones generated
contained only B‐lineage cells., in contrast, using cells, from the IL‐7 KO mouse, a large
frequency of the clones generated contained muliple lineages. This shows that the cells
retained B, NK and DC potential indicating that these cells retain B‐lineage potential but are not
properly lineage‐restricted.
Ebf1 expression is thought to be directly regulated by IL‐7 signaling (Kikuchi et al., 2005;
Roessler et al., 2007). To address whether Ebf1 expression directly respond to functional IL‐
7R signalling, Ebf1 expression was analyzed within the Ly6D‐ and Ly6D+ populations revealing
a reduced expression of Ebf1 in IL‐7 KO cells.
In order to investigate if the plasticity observed in Ly6D + cells from IL‐7 deficient mice could be
due to the reduced expression of Ebf1, Ebf1 WT, heterozygote and KO CLPs were cultured as
single cells upon a feeder layer of OP9 and with cytokine stimulation of IL‐7, SCF, Flt‐3L, IL‐15
and IL‐2 in vitro. Cloning frequency was equal between groups; however lineage restriction
faded with reduced amount of Ebf1. No B‐cell potential was detected in the Ebf1 KO. Further
investigation of the CLP compartment revealed no significant difference in the numbers of
Ly6D‐ or Ly6D+ between Ebf‐1 KO and WT animals. This indicates that Ebf‐1 is not essential for
functional IL‐7 signalling. However, the Ly6D+ cells generated in Ebf‐1 deficient mice retained
DC‐ and NK‐cell potential to a higher degree than WT mice. Hence, Ebf‐1 is located downstream
of IL‐7 signaling and crucial for mediating lineage restriction.
We now know that Ly6D is expressed regardless of Ebf‐1 expression, hence the regulation is
upstream of Ebf‐1 and we know that without IL‐7R signaling there are no Ly6D+ cells. Thus
STAT5 or STAT5 targets might have an impact of the regulation of Ly6D and should be further
investigated.
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Article II

The Cxcl12, periostin, and Ccl9 genes are direct targets for early Bcell factor
in OP9 stroma cells.
Stroma cells are of importance for maintenance of hematopoietic cells in vivo and in vitro.
These cells produce cytokines of importance for maintaining the cells as well as inducing
differentiation.
In order to learn more about gene regulation and potential transcription factors of importance
for the ability of stroma cells to support hematopoiesis, this comparative study was done. Two
cell lines were investigated: fibrobastic NIH3T3 cells, unable to support lymphoid
differentiation to B‐cells in vitro and the stroma cell line OP9, highly efficient in this regard. The
initial step to take was to investigate gene expression in these two cell lines. This was done
using mircroarray‐based global gene expression analysis, revealing many differentially
expressed genes in these two cell lines. One factor that awoke curiosity was Ebf, since both Ebf
1 and 3 were highly expressed in the OP9 cells but not in NIH3T3. Ebf1 is a transcription
factor well known to be expressed and essential for early stages of B‐cell development. The
finding from the microarray were confirmed using, RT‐PCR and EMSA. Supporting the idea that
functional Ebf protein is produced in stroma cells Primary stroma cells were then investigated
for the expression of Ebf family genes. Not only did the OP9 express Ebf, also primary stroma
cells expressed Ebf‐1 and 2. Gain of function analysis using NIH3T3 cells by inducing a
retrovirus overexpressing Ebf‐1 resulted in increased expression of an array of genes including
cytokines, chemokines and growth factors. Among those, Periostin, Cxcl‐12 and Ccl‐9, their
expression was also confirmed by RT‐PCR. As a control ectopic expression of Ebf‐1 in the
hematopoietic cell line Baf/3 did not result in up‐regulation of the same genes as in the stroma
cell lines. This indicates that expression of Ebf1 results in a tissue specific gene regulation.
Also on protein level the induction of genes was detectable. Ectopic expression of Ebf‐1
resulted in a marked increase of Ccl‐9 as measured with ELISA. To verify the binding of EBF to
promoter elements, DNA binding analysis were conducted, implying that Ebf have binding sites
on the Ccl‐9, Cxcl‐12 and Periostin promoters. Loss‐of‐function study was done using a
dominant negative form of Ebf, where the activation domain of Ebf‐1 is replaced by the
repressor domain of engrailed. Analysis of the presumed Ebf targets suggested that mRNA of
target genes was reduced however only modestly in Ccl‐9. To further verify this shRNA
expressing retrovirus targeting Ebf‐1 was transduced to OP‐9 cells. Levels of Ebf‐1 decreased
compared to control, also reduction in mRNA levels of Cxcl‐12, Ccl‐9 and Periostin was
observed. This supports the idea that that Ebf has a role in the regulation of genes in bone
marrow stroma cells.
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Article III

Genomics based analysis of interactions between developing Blymphocytes
and stromal cells reveal complex interactions and twoway communication
This paper is focused on the development and evaluation of the database GCINT, Genomics
based cell‐cell Interaction analysis, where it is possible to match locuslinks (Gene ID) from 2
microarrays with the GCINT database unravelling theoretical interactions between two cells.
Each Locuslink corresponds to several probe sets measuring the intensity of a certain mRNA
expression, matching a coding region of the DNA. This gives information about a theoretical
appearance level of a certain protein expressed by the cell. Microarrays from hematopoietic
cells in different developmental stages as well as stroma cell lines were added to the Microsoft
Access database together with over 400 receptor‐ligand interactions. Each interaction can
occur both from the tested stroma cell to the hematopoietic cell and vice versa.
The evaluation of GCINT gave some potentially interesting receptor‐ligand pairs, both
commonly expressed and stage‐specific interactions. To further investigate the significance of
these interactions an in vitro differentiation experiment was preformed. Primary sorted LSK
cells from mouse bone marrow were cultured with two different stroma cell lines, one with
OP9 known to support B‐cell development and one other with NIH3T3 that is unable to
perform this task. To investigate whether we could identify B‐lineage growth factors
differentially expressed between the two stroma cell lines, we compared the theoretical
abilities of OP9 and NIH3T3 cells to interact with defined hematopoetic progenitor cells,
identifying Cxcl‐12 and BMP‐4 as differentially expressed by OP9 cells. Testing Flt‐3 ligand and
IL‐7, cytokines known to support B‐cell differentiation on primary sorted LSK cells cultured
with NIH3T3, gave no impact on the B220+ fraction. No increase in the B220+ fraction were
seen with the addition of Cxcl‐12, however when adding BMP‐4 together with Flt‐3 ligand and
IL‐7, a significant fraction of the LSK population differentiated towards B‐cells on the NIH3T3
stroma cells. LSK in co‐cultivation with OP9 cells were used as control.
Visual inspection of the wells revealed that progenitor B‐cells growing with OP9 attached
strongly to their surface and also drastically changed the morphology of the stroma cells after
one week of co‐cultivation. To investigate if these changes were due to cell‐cell contact, control
OP9 cells were incubated with the media from the co‐cultures. There was no apparent change
after this cultivation suggesting that the changes in morphology demanded close contact
between the blood cell progenitors. Microarray analysis was made on both FACS‐sorted OP9
co‐cultivated with the pre‐B cell line 230‐238 and OP9 cells incubated with conditioned media
in parallel culture experiments. Microarray analyses showed significant differences in gene
expression pattern between the co‐cultured cells and the control. To verify the microarray
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results, RT‐PRC was used, and the genes chosen was SpiB, Nov and Cxcl‐10. To investigate if
there were any difference in expression pattern induced by cells of different origin both pro B
cells and myeloid cell lines were used. The RT‐PCR was performed using Taq‐man probes and
analysed in the aspect of 2 ∆∆CT with cells in parallel culture as controls. Changes in gene
expression occurred early and increased over a 7‐day period. Differences in mRNA expression
pattern were seen in the OP9 cells when co‐cultivated with a myeloid cell line compared to a B‐
cell line.
These results indicate that theoretical investigation of cell‐cell contact is valid and can be used
to unravel new interaction pathways. Also the cell‐cell interaction occurring between stroma
cells and hematopoietic cells is a two way communication, with signals going in both
directions.

47

Results

Article IV

Dynamic crosstalk between developing blood cells and mesenchymal stroma
compartments.
For this work, gene expression data generated from primary FACS sorted cells from both the
hematopoietic and stromal compartment were analyzed using a refined version of GCINT.
Three populations of primary stroma cells were investigated. Their cytokine producing ability
was first analyzed using RMA pre‐ processed data in dChip. An evident difference was seen
between the three populations with fewer cytokine genes expressed by the CD44+ populations
as compared to Ebf2+ and Cd44‐ populations, suggesting that these cells have distinctive roles
in hematopoiesis. To further analyze if the ability to produce cytokines also reflect their ability
to interact with hematopoietic cells in the bone marrow, the arrays were analyzed to identify
potential receptor‐ligand interactions using a refined version of GCINT allowing for high
throughput analysis of several microarrays from different stroma as well as hematopoietic
population simultaneously. Investigating the number of possible interactions between stroma
cells and hematopoietic cells revealed an overall reduction in possible interactions for CD44+
stroma cells compared to Ebf2+ and CD44‐ populations. Investigating these populations and
their ability to interact via cell‐cell contact with primary hematopoietic cells within the bone
marrow revealed stage specific connections between stroma and hematopoietic cells. This
suggests a dynamic stromal environment adopting to stage specific needs. Signals were not
only produced by the stromal cells, but there were also several cytokines produced by the
hematopoietic cells. If these are aimed as auto or paracrine signals are unclear, however, as the
stroma cells have expression of receptors for some of the cytokines produced, it is likely they
will respond to such stimuli. Investigating the receptor‐ligand interactions between stroma
cells there were many interaction pathways open. To verify this, flow cytometric measurement
of receptors located on the stroma cells revealed that these cells do express receptors for
produced cytokines like Cxcl‐12 and IL‐7, hence there is a possibility for feed‐back mechanisms
for factors secreted by the stroma cells to its environment.
One can speculate why CD44+ cells does not have the same number of options for cell‐cell
communication with hematopoietic cells and produce less number of cytokines. As previously
shown in (Article II), hematopoietic cells interact and affect the stroma cell by direct cell‐cell
interaction and so does other stromal cells. A speculation could be that the CD44+ marker is
present as a result of lack of cell‐ cell interactions or specific interactions promoting
differentiation to a less supportive cell.
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Populärvetenskaplig sammanfattning

Allt vårt cirkulerande blod härstammar från stamceller i vår benmärg. Stamceller har förmågan
att ensamma ersätta alla typer av blodceller i vår kropp. För att utvecklingen från stamcell till
mogen cell ska ske, krävs ett flertal delningar som leder till mellanliggande utvecklingsstadier
vilket till slut resulterar i att cellerna lämnar benmärgen för att mogna och därmed bidra till
den ständiga nyproduktionen av blodceller. I blodet finns celler specialiserade på en rad
livsviktiga funktioner: röda blodkroppar transporterar syre, trombocyter ser till att vi får stopp
på blödningar, B‐ och T‐celler ger immunitet mot sjukdom som vi redan träffat på, antingen
genom vaccin eller faktiskt bekämpade sjukdomar, samt makrofager och granulocyter har som
främsta uppgift att bekämpa bakterier. För att en stamcell ska kunna dela sig och mogna krävs
influenser av omgivande faktorer från andra celler som också är lokaliserade i benmärgen, s.k.
stromaceller.
Mitt arbete har varit fokuserat på att studera kommunikation mellan celler i benmärgen och
hur detta påverkar blodcellers mognad och tillväxt. I den första artikeln studeras
tillväxtfaktorn IL‐7, en faktor som utrycks at stroma celler i benmärgen. Resultaten visar att
den signal som IL‐7 ger till den omogna blodcellen är helt nödvändig för att den skall kunna
fatta beslutet som leder till att de utvecklas till antikroppsproducerande B‐lymfocyter. Den
andra artikeln handlar om stromaceller och deras förmåga att stödja bildandet av B‐celler. Det
är en studie på två cellinjer som jämförs med avseende på deras förmåga att från en stamcell ge
upphov till B‐celler. Fokus ligger på transkriptionsfaktorer, d.v.s. faktorer som binder DNA och
startar genavläsning och deras reglering av proteininducering av faktorer som gagnar B‐celler.
Denna studie har varit till stor hjälp för att utveckla våra kunskaper rörande funktionerna hos
de stromaceller som understödjer blodcellernas mognad. I den tredje artikeln har vi
kombinerat vår kunskap om blodceller och stroma celler för att undersöka hur man teoretiskt
kan identifiera faktorer som potentiellt kan bidra till mognad av B‐lymfocyter. För att
genomföra detta har vi utvecklad en databas som kan genomföra den teoretiska analysen. Vi
verifierar även den information som genererats praktiskt genom in vitro experiment med
cellinjer samt primära celler. Detta arbete visade att det är en tvåvägskommunikation mellan
stromaceller och blodceller vilket öppnar för nya insikter i hur en komplex mikromiljön i
benmärgen är. I fjärde artikeln tar vi detta resonemang lite längre och använder oss av
stromaceller sorterade direkt från benmärgen och undersöker potentiella kopplingar mellan
olika stromacellspopulationer och blodceller i olika utvecklingsstadier. Sammantaget stödjer
våra studier en modell där celler från olika utvecklingsstadier kan interagera med stromaceller
på varierande sätt och att utbytet dem emellan är det som driver cellerna till mognad.

49

Acknowledgments

Acknowledgments
First of all I would like to thank everyone who has supported me in my everyday life, both
private and professional. To all the wonderful people I have met and come to know, both at
floor 9 and 13, you have all contributed to the work resulting in this thesis; it has been pleasure
getting to know you and working with all of you!

Special thanks go to:
First and foremost my supervisor Professor Mikael Sigvardsson for your never‐ending and
contagious enthusiasm over science, it has been an honour working with you. I am grateful for
the always encouraging mentoring and the wonderful scientific environment you have
provided.

Professor JanIngvar Jönsson, for being my co‐supervisor and for mentoring me both during
my undergraduate studies and during my PhD studies, for always being there, open for
questions and discussion.

Josefine, for being a great friend colleague and room mate, sharing science discussions as well
as one or two things regarding life, universe and everything. It is a great pleasure working with
you

Every now and then you find these special people around you, those you can share good and
bad times with, no matter if it is personal or work related things. Thank you Beatrice, for
always being there, both in the best and worst of times.

"Lotta", for always having a spare hand, I appreciate your willingness to help in the lab and
your effort in making everyone enjoy.

To Nils that always had a helping hand when it came to the Access database

To present and passed co‐workers in the Sigvardsson lab, Hong, Sasan, Panagiotis, Robert,
Eva, for contributing to a great environment and making the days in the lab fly.

50

Acknowledgments
The Jönsson group, past and present members, especially Pernilla, Amanda and Pia, for being
great co‐workers, both at floor 9 and 13. I have learned so many things from you.

To all the co‐workers at Lab1 floor 13, no one mentioned ‐ no one forgotten, for good laughter
and nice discussions over a cup of coffee.

To my dear friends sharing my passion for horses, especially Cecilia and Johanna for always
having a helping hand, in the dressage course as well as in the stable – when having to spend
late nights in the lab, what would I do without you?

Your family, you can not choose, I'm happy to love mine. Thank you for being supportive at all
times.

To Gunnar and Linus, you are my everything, thank you for always being there, I love you.

51

References

References

Abkowitz, J.L., Catlin, S.N., McCallie, M.T., Guttorp, P., 2002. Evidence that the number of
hematopoietic stem cells per animal is conserved in mammals. Blood 100, 2665‐7.
Adams, G.B., Chabner, K.T., Alley, I.R., Olson, D.P., Szczepiorkowski, Z.M., Poznansky, M.C., Kos,
C.H., Pollak, M.R., Brown, E.M., Scadden, D.T., 2006. Stem cell engraftment at the endosteal
niche is specified by the calcium‐sensing receptor. Nature 439, 599‐603.
Adolfsson, J., Månsson, R., Buza‐Vidas, N., Hultquist, A., Liuba, K., Jensen, C.T., Bryder, D., Yang,
L., Borge, O.‐J., Thoren, L. a M., Anderson, K., Sitnicka, E., Sasaki, Y., Sigvardsson, M.,
Jacobsen, S.E.W., 2005. Identification of Flt3+ lympho‐myeloid stem cells lacking erythro‐
megakaryocytic potential a revised road map for adult blood lineage commitment. Cell
121, 295‐306.
Affymetrix, 2004. GeneChip Mouse Genome Arrays. Data Sheet 1‐4.
Affymetrix, n.d. Expression Analysis Technical Manual With Specific Protocols for Using the
GeneChip ®. Data Sheet 1‐172.
Akashi, K., Traver, D., Miyamoto, T., Weissman, I.L., 2000. A clonogenic common myeloid
progenitor that gives rise to all myeloid lineages. Nature 404, 193‐7.
Akerblad, P., Rosberg, M., Leanderson, T., Sigvardsson, M., 1999. The B29 (immunoglobulin
beta‐chain) gene is a genetic target for early B‐cell factor. Molecular and cellular biology
19, 392‐401.
Amin, R.H., Schlissel, M.S., 2008. Foxo1 directly regulates the transcription of recombination‐
activating genes during B cell development. Nature immunology 9, 613‐22.
Ara, T., Itoi, M., Kawabata, K., Egawa, T., Tokoyoda, K., Sugiyama, T., Fujii, N., Amagai, T.,
Nagasawa, T., 2003. A role of CXC chemokine ligand 12/stromal cell‐derived factor‐1/pre‐
B cell growth stimulating factor and its receptor CXCR4 in fetal and adult T cell
development in vivo. Journal of immunology 170, 4649‐55.
Arai, F., Hirao, A., Ohmura, M., Sato, H., Matsuoka, S., Takubo, K., Ito, K., Koh, G.Y., Suda, T., 2004.
Tie2/angiopoietin‐1 signaling regulates hematopoietic stem cell quiescence in the bone
marrow niche. Cell 118, 149‐61.
Arai, F., Yoshihara, H., Hosokawa, K., Nakamura, Y., Gomei, Y., Iwasaki, H., Suda, T., 2009. Niche
regulation of hematopoietic stem cells in the endosteum. Annals of the New York Academy
of Sciences 1176, 36‐46.

52

References
Arinobu, Y., Mizuno, S.‐ichi, Chong, Y., Shigematsu, H., Iino, T., Iwasaki, H., Graf, T., Mayfield, R.,
Chan, S., Kastner, P., 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, 416‐27.
Bain, G., Maandag, E.C., Izon, D.J., Amsen, D., Kruisbeek, a M., Weintraub, B.C., Krop, I., Schlissel,
M.S., Feeney, a J., van Roon, M., 1994. E2A proteins are required for proper B cell
development and initiation of immunoglobulin gene rearrangements. Cell 79, 885‐92.
Basu, S., Ray, N.T., Atkinson, S.J., Broxmeyer, H.E., 2007. Protein phosphatase 2A plays an
important role in stromal cell‐derived factor‐1/CXC chemokine ligand 12‐mediated
migration and adhesion of CD34+ cells. Journal of immunology 179, 3075‐85.
Bell, J.J., Bhandoola, A., 2008. The earliest thymic progenitors for T cells possess myeloid
lineage potential. Nature 452, 764‐7.
Benezra, R., Davis, R.L., Lockshon, D., Turner, D.L., Weintraub, H., 1990. The protein Id: a
negative regulator of helix‐loop‐helix DNA binding proteins. Cell 61, 49‐59.
Bianco, P., 2011. Bone and the hematopoietic niche: a tale of two stem cells. Blood 117, 5281‐8.
Boes, T., Neuhäuser, M., 2005. Normalization for Affymetrix GeneChips. Methods of information
in medicine 44, 414‐7.
Bolstad, B.M., Irizarry, R. a, Astrand, M., Speed, T.P., 2003. A comparison of normalization
methods for high density oligonucleotide array data based on variance and bias.
Bioinformatics 19, 185‐93.
Borghesi, L., Aites, J., Nelson, S., Lefterov, P., James, P., Gerstein, R., 2005. E47 is required for
V(D)J recombinase activity in common lymphoid progenitors. The Journal of experimental
medicine 202, 1669‐77.
Bourgin, C., Bourette, R.P., Arnaud, S., Liu, Y., Rohrschneider, L.R., Mouchiroud, G., 2002.
Induced Expression and Association of the Mona/Gads Adapter and Gab3 Scaffolding
Protein during Monocyte/Macrophage Differentiation. Molecular and Cellular Biology 22,
3744‐3756.
Bryder, D., Rossi, D.J., Weissman, I.L., 2006. Hematopoietic stem cells: the paradigmatic tissue‐
specific stem cell. The American journal of pathology 169, 338‐46.
Burns, J.M., Summers, B.C., Wang, Y., Melikian, A., Berahovich, R., Miao, Z., Penfold, M.E.T.,
Sunshine, M.J., Littman, D.R., Kuo, C.J., Wei, K., McMaster, B.E., Wright, K., Howard, M.C.,
Schall, T.J., 2006. A novel chemokine receptor for SDF‐1 and I‐TAC involved in cell survival,
cell adhesion, and tumor development. The Journal of experimental medicine 203, 2201‐
13.
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., Scadden, D.T., 2003.
Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 841‐846.
53

References
Cancelas, J. a, Koevoet, W.L., de Koning, a E., Mayen, a E., Rombouts, E.J., Ploemacher, R.E., 2000.
Connexin‐43 gap junctions are involved in multiconnexin‐expressing stromal support of
hemopoietic progenitors and stem cells. Blood 96, 498‐505.
Carvalho, T.L., Mota‐Santos, T., Cumano, a, Demengeot, J., Vieira, P., 2001. Arrested B
lymphopoiesis and persistence of activated B cells in adult interleukin 7(‐/)‐ mice. The
Journal of experimental medicine 194, 1141‐50.
Cerny, J., Dooner, M., McAuliffe, C., Habibian, H., Stencil, K., Berrios, V., Reilly, J., Carlson, J.,
Cerny, A.M., d’ Hondt, L., Benoit, B., Lambert, J.‐F., Colvin, G., Nilsson, S., Becker, P.,
Quesenberry, P., 2002. Homing of purified murine lymphohematopoietic stem cells: a
cytokine‐induced defect. Journal of hematotherapy & stem cell research 11, 913‐22.
Chow, A., Lucas, D., Hidalgo, A., Méndez‐Ferrer, S., Hashimoto, D., Scheiermann, C., Battista, M.,
Leboeuf, M., Prophete, C., van Rooijen, N., Tanaka, M., Merad, M., Frenette, P.S., 2011. Bone
marrow CD169+ macrophages promote the retention of hematopoietic stem and
progenitor cells in the mesenchymal stem cell niche. The Journal of experimental medicine
208, 261‐71.
Christensen, J.L., Weissman, I.L., 2001. Flk‐2 is a marker in hematopoietic stem cell
differentiation: a simple method to isolate long‐term stem cells. Proceedings of the
National Academy of Sciences of the United States of America 98, 14541‐6.
Christensen, J.L., Wright, D.E., Wagers, A.J., Weissman, I.L., 2004. Circulation and chemotaxis of
fetal hematopoietic stem cells. PLoS biology 2, 0368‐0377.
Christopherson, K.W., Hangoc, G., Mantel, C.R., Broxmeyer, H.E., 2004. Modulation of
hematopoietic stem cell homing and engraftment by CD26. Science 305, 1000‐3.
Cobaleda, C., Schebesta, A., Delogu, A., Busslinger, M., 2007. Pax5: the guardian of B cell identity
and function. Nature immunology 8, 463‐70.
Colmone, A., Amorim, M., Pontier, A.L., Wang, S., Jablonski, E., Sipkins, D. a, 2008. Leukemic cells
create bone marrow niches that disrupt the behavior of normal hematopoietic progenitor
cells. Science 322, 1861‐5.
Craddock, C.F., Nakamoto, B., Andrews, R.G., Priestley, G.V., Papayannopoulou, T., 1997.
Antibodies to VLA4 integrin mobilize long‐term repopulating cells and augment cytokine‐
induced mobilization in primates and mice. Blood 90, 4779‐88.
Cumano, a, Ferraz, J.C., Klaine, M., Di Santo, J.P., Godin, I., 2001. Intraembryonic, but not yolk sac
hematopoietic precursors, isolated before circulation, provide long‐term multilineage
reconstitution. Immunity 15, 477‐85.
Cumano, a, Furlonger, C., Paige, C.J., 1993. Differentiation and characterization of B‐cell
precursors detected in the yolk sac and embryo body of embryos beginning at the 10‐ to
12‐somite stage. Proceedings of the National Academy of Sciences of the United States of
America 90, 6429‐33.

54

References
Dar, a, Schajnovitz, A., Lapid, K., Kalinkovich, A., Itkin, T., Ludin, A., Kao, W.‐M., Battista, M.,
Tesio, M., Kollet, O., Cohen, N.N., Margalit, R., Buss, E.C., Baleux, F., Oishi, S., Fujii, N.,
Larochelle, A., Dunbar, C.E., Broxmeyer, H.E., Frenette, P.S., Lapidot, T., 2011. Rapid
mobilization of hematopoietic progenitors by AMD3100 and catecholamines is mediated
by CXCR4‐dependent SDF‐1 release from bone marrow stromal cells. Leukemia 25, 1286‐
1296.
Davis, S., Aldrich, T.H., Jones, P.F., Acheson, a, Compton, D.L., Jain, V., Ryan, T.E., Bruno, J.,
Radziejewski, C., Maisonpierre, P.C., Yancopoulos, G.D., 1996. Isolation of angiopoietin‐1, a
ligand for the TIE2 receptor, by secretion‐trap expression cloning. Cell 87, 1161‐9.
DeKoter, R.P., 2000. Regulation of B Lymphocyte and Macrophage Development by Graded
Expression of PU.1. Science 288, 1439‐1441.
Decker, T., Pasca Di Magliano, M., McManus, S., Sun, Q., Bonifer, C., Tagoh, H., Busslinger, M.,
2009. Stepwise activation of enhancer and promoter regions of the B cell commitment
gene Pax5 in early lymphopoiesis. Immunity 30, 508‐520.
Dexter, T.M., Allen, T.D., Lajtha, L.G., 1977. Conditions controlling the proliferation of
haemopoietic stem cells in vitro. Journal of Cellular Physiology 91, 335‐344.
DiMascio, L., Voermans, C., Uqoezwa, M., Duncan, A., Lu, D., Wu, J., Sankar, U., Reya, T., 2007.
Identification of adiponectin as a novel hemopoietic stem cell growth factor. The Journal of
Immunology 178, 3511.
Dias, S., Månsson, R., Gurbuxani, S., Sigvardsson, M., Kee, B.L., 2008. E2A proteins promote
development of lymphoid‐primed multipotent progenitors. Immunity 29, 217‐27.
Dias, S., Silva, H., Cumano, A., Vieira, P., 2005. Interleukin‐7 is necessary to maintain the B cell
potential in common lymphoid progenitors. The Journal of experimental medicine 201,
971‐9.
Egawa, T., Kawabata, K., Kawamoto, H., Amada, K., Okamoto, R., Fujii, N., Kishimoto, T., Katsura,
Y., Nagasawa, T., 2001. The earliest stages of B cell development require a chemokine
stromal cell‐derived factor/pre‐B cell growth‐stimulating factor. Immunity 15, 323‐34.
Eliasson, P., Jönsson, J.‐I., 2010. The hematopoietic stem cell niche: low in oxygen but a nice
place to be. Journal of cellular physiology 222, 17‐22.
Ellis, S.L., Grassinger, J., Jones, A., Borg, J., Camenisch, T., Haylock, D., Bertoncello, I., Nilsson, S.K.,
2011. The relationship between bone, hemopoietic stem cells, and vasculature. Blood
1516‐1524.
Ema, H., Morita, Y., Yamazaki, S., Matsubara, A., Seita, J., Tadokoro, Y., Kondo, H., Takano, H.,
Nakauchi, H., 2006. Adult mouse hematopoietic stem cells: purification and single‐cell
assays. Nature protocols 1, 2979‐87.
Ema, H., Nakauchi, H., 2000. Expansion of hematopoietic stem cells in the developing liver of a
mouse embryo. Blood 95, 2284‐8.
55

References
Ford., C., JL., H., DW., B., JF., L., 1956. Cytological identification of radiation‐chimaeras. Nature
10, 452‐454.
Forsberg, E.C., Serwold, T., Kogan, S., Weissman, I.L., Passegué, E., 2006. New evidence
supporting megakaryocyte‐erythrocyte potential of flk2/flt3+ multipotent hematopoietic
progenitors. Cell 126, 415‐26.
Franco, C.B., Scripture‐Adams, D.D., Proekt, I., Taghon, T., Weiss, A.H., Yui, M. a, Adams, S.L.,
Diamond, R. a, Rothenberg, E.V., 2006. Notch/Delta signaling constrains reengineering of
pro‐T cells by PU.1. Proceedings of the National Academy of Sciences of the United States
of America 103, 11993‐8.
von Freeden‐Jeffry, U., Vieira, P., Lucian, L. a, McNeil, T., Burdach, S.E., Murray, R., 1995.
Lymphopenia in interleukin (IL)‐7 gene‐deleted mice identifies IL‐7 as a nonredundant
cytokine. The Journal of experimental medicine 181, 1519‐26.
Frenette, P.S., Subbarao, S., Mazo, I.B., von Andrian, U.H., Wagner, D.D., 1998. Endothelial
selectins and vascular cell adhesion molecule‐1 promote hematopoietic progenitor
homing to bone marrow. Proceedings of the National Academy of Sciences of the United
States of America 95, 14423‐8.
Fuxa, M., Busslinger, M., Alerts, E., 2007. B Lymphoid‐Specific Expression Pattern of Pax5 in
Support of Its B Cell Identity Function. Journal of immunology 178, 3031‐3037.
Gazitt, Y., Liu, Q., 2001. Plasma Levels of SDF‐1 and Expression of SDF‐1 Receptor on CD34+
Cells in Mobilized Peripheral Blood of Non‐Hodgkin’s Lymphoma Patients. Stem cells 19,
37–45.
Gekas, C., Dieterlen‐Lièvre, F., Orkin, S.H., Mikkola, H.K. a, 2005. The placenta is a niche for
hematopoietic stem cells. Developmental cell 8, 365‐75.
Georgopoulos, K., Bigby, M., Wang, J.H., Molnar, a, Wu, P., Winandy, S., Sharpe, a, 1994. The
Ikaros gene is required for the development of all lymphoid lineages. Cell 79, 143‐56.
Gisler, R., Akerblad, P., Sigvardsson, M., 1999. A human early B‐cell factor‐like protein
participates in the regulation of the human CD19 promoter. Molecular immunology 36,
1067‐77.
Goodell, M., Brose, K., Paradis, G., 1996. Isolation and functional properties of murine
hematopoietic stem cells that are replicating in vivo. The Journal of experimental medicine
183, 1797‐1806.
Grabstein, K., Waldschmidt, T., 1993. Inhibition of murine B and T lymphopoiesis in vivo by an
anti‐interleukin 7 monoclonal antibody. The Journal of experimental medicine 178, 1‐8.
Granado, M.H., Gangoiti, P., Ouro, A., Arana, L., González, M., Trueba, M., Gómez‐Muñoz, A., 2009.
Ceramide 1‐phosphate (C1P) promotes cell migration Involvement of a specific C1P
receptor. Cellular signalling 21, 405‐12.

56

References
Hagman, J., Belanger, C., Travis, a, Turck, C.W., Grosschedl, R., 1993. Cloning and functional
characterization of early B‐cell factor, a regulator of lymphocyte‐specific gene expression.
Genes & Development 7, 760‐773.
Hagman, J., Travis, A., Grosschedl, R., 1991. lineage‐specific mb‐1 transcription differentiation.
EMBO Journal 10, 3409 ‐ 3417.
Van Handel, B., Prashad, S.L., Hassanzadeh‐Kiabi, N., Huang, A., Magnusson, M., Atanassova, B.,
Chen, A., Hamalainen, E.I., Mikkola, H.K. a, 2010. The first trimester human placenta is a
site for terminal maturation of primitive erythroid cells. Blood 116, 3321‐30.
Hardy, R., Carmack, C., Shinton, S., 1991. Resolution and characterization of pro‐B and pre‐pro‐
B cell stages in normal mouse bone marrow. The journal of experimental medicine 173,
1213‐1225.
Hauge, E.M., Qvesel, D., Eriksen, E.F., Mosekilde, L., Melsen, F., 2001. Cancellous bone
remodeling occurs in specialized compartments lined by cells expressing osteoblastic
markers. Journal of bone and mineral research 16, 1575‐82.
Heldin, C.H., Miyazono, K., ten Dijke, P., 1997. TGF‐beta signalling from cell membrane to
nucleus through SMAD proteins. Nature 390, 465‐71.
Hennighausen, L., Robinson, G.W., 2008. Interpretation of cytokine signaling through the
transcription factors STAT5A and STAT5B. Genes & development 22, 711‐21.
Hirao, A., Arai, F., Suda, T., 2004. Regulation of cell cycle in hematopoietic stem cells by the
niche. Cell cycle 3, 1481‐3.
Hu, M., Krause, D., Greaves, M., Sharkis, S., Dexter, M., Heyworth, C., Enver, T., 1997.
Multilineage gene expression precedes commitment in the hemopoietic system. Genes &
Development 11, 774‐785.
Iijima, M., Huang, Y.E., Devreotes, P., 2002. Temporal and spatial regulation of chemotaxis.
Developmental cell 3, 469‐78.
Inlay, M. a, Bhattacharya, D., Sahoo, D., Serwold, T., Seita, J., Karsunky, H., Plevritis, S.K., Dill, D.L.,
Weissman, I.L., 2009. Ly6d marks the earliest stage of B‐cell specification and identifies
the branchpoint between B‐cell and T‐cell development. Genes & development 23, 2376‐
81.
Irizarry, R. a, Hobbs, B., Collin, F., Beazer‐Barclay, Y.D., Antonellis, K.J., Scherf, U., Speed, T.P.,
2003. Exploration, normalization, and summaries of high density oligonucleotide array
probe level data. Biostatistics 4, 249‐64.
Katayama, Y., Hidalgo, A., Peired, A., Frenette, P.S., 2004. Integrin alpha4beta7 and its
counterreceptor MAdCAM‐1 contribute to hematopoietic progenitor recruitment into
bone marrow following transplantation. Blood 104, 2020‐6.

57

References
Kaushansky, K., 2006. Lineage‐specific hematopoietic growth factors. The New England journal
of medicine 354, 2034‐45.
Kee, B.L., Murre, C., 1998. Induction of early B cell factor (EBF) and multiple B lineage genes by
the basic helix‐loop‐helix transcription factor E12. The Journal of experimental medicine
188, 699‐713.
Kiel, M.J., Radice, G.L., Morrison, S.J., 2007. Lack of evidence that hematopoietic stem cells
depend on N‐cadherin‐mediated adhesion to osteoblasts for their maintenance. Cell stem
cell 1, 204‐17.
Kiel, M.J., Yilmaz, O.H., Iwashita, T., Yilmaz, O.H., Terhorst, C., Morrison, S.J., 2005. SLAM family
receptors distinguish hematopoietic stem and progenitor cells and reveal endothelial
niches for stem cells. Cell 121, 1109‐21.
Kieslinger, M., Folberth, S., Dobreva, G., Dorn, T., Croci, L., Erben, R., Consalez, G.G., Grosschedl,
R., 2005. EBF2 regulates osteoblast‐dependent differentiation of osteoclasts.
Developmental cell 9, 757‐67.
Kieslinger, M., Hiechinger, S., Dobreva, G., Consalez, G.G., Grosschedl, R., 2010. Early B cell factor
2 regulates hematopoietic stem cell homeostasis in a cell‐nonautonomous manner. Cell
stem cell 7, 496‐507.
Kikuchi, K., Lai, A.Y., Hsu, C.‐L., Kondo, M., 2005. IL‐7 receptor signaling is necessary for stage
transition in adult B cell development through up‐regulation of EBF. The Journal of
experimental medicine 201, 1197‐203.
Kim, C.H., Wu, W., Wysoczynski, M., Abdel‐Latif, A., Sunkara, M., Morris, A., Kucia, M., Ratajczak,
J., Ratajczak, M.Z., 2011. Conditioning for hematopoietic transplantation activates the
complement cascade and induces a proteolytic environment in bone marrow: a novel role
for bioactive lipids and soluble C5b‐C9 as homing factors. Leukemia 1‐11.
Kitamura, D., Kudo, A., Schaal, S., Müller, W., Melchers, F., Rajewsky, K., 1992. A critical role of
lambda 5 protein in B cell development. Cell 69, 823‐831.
Koide, Y., Morikawa, S., Mabuchi, Y., Muguruma, Y., Hiratsu, E., Hasegawa, K., Kobayashi, M.,
Ando, K., Kinjo, K., Okano, H., Matsuzaki, Y., 2007. Two distinct stem cell lineages in murine
bone marrow. Stem cells 25, 1213‐21.
Kondo, M., Weissman, I.L., Akashi, K., 1997. Identification of clonogenic common lymphoid
progenitors in mouse bone marrow. Cell 91, 661‐72.
Kortesidis, A., Zannettino, A., Isenmann, S., Shi, S., Lapidot, T., Gronthos, S., 2005. Stromal‐
derived factor‐1 promotes the growth, survival, and development of human bone marrow
stromal stem cells. Blood 105, 3793‐801.
Kovanen, P.E., Leonard, W.J., 2004. Cytokines and immunodeficiency diseases: critical roles of
the common gamma‐dependent cytokines interleukins signaling pathways. Immunological
Reviews 202, 67‐83.

58

References
Lagergren, A., Månsson, R., Zetterblad, J., Smith, E., Basta, B., Bryder, D., Åkerblad, P.,
Sigvardsson, M., 2007. The Cxcl12 , Periostin , and Ccl9 Genes Are Direct Targets for Early
B‐cell Factor in OP‐9 Stroma Cells. Journal of Biological Chemistry 282, 14454 ‐14462.
Lam, B.S., Cunningham, C., Adams, G.B., 2011. Pharmacologic modulation of the calcium‐sensing
receptor enhances hematopoietic stem cell lodgment in the adult bone marrow. Blood
117, 1167‐75.
Larsson, J., Karlsson, S., 2005. The role of Smad signaling in hematopoiesis. Oncogene 24, 5676‐
5692.
Le, J.‐pierre, Takamatsu, Y., Nilsson, S.K., Haylock, D.N., Simmons, P.J., 2001. Vascular cell
adhesion molecule‐1 ( CD106 ) is cleaved by neutrophil proteases in the bone marrow
following hematopoietic progenitor cell mobilization by granulocyte colony‐stimulating
factor. Blood 98, 1289‐1297.
Li, L., Jothi, R., Cui, K., Lee, J.Y., Cohen, T., Gorivodsky, M., Tzchori, I., Zhao, Y., Hayes, S.M.,
Bresnick, E.H., Zhao, K., Westphal, H., Love, P.E., 2011. Nuclear adaptor Ldb1 regulates a
transcriptional program essential for the maintenance of hematopoietic stem cells. Nature
immunology 12, 129‐36.
Lieschke, G.J., Grail, D., Hodgson, G., Metcalf, D., Stanley, E., Cheers, C., Fowler, K.J., Basu, S., Zhan,
Y.F., Dunn, a R., 1994. Mice lacking granulocyte colony‐stimulating factor have chronic
neutropenia, granulocyte and macrophage progenitor cell deficiency, and impaired
neutrophil mobilization. Blood 84, 1737‐46.
Lieschke, G.J., Stanley, E., Grail, D., Hodgson, G., Sinickas, V., Gall, J. a, Sinclair, R. a, Dunn, a R.,
1994. 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., Grosschedl, R., 1995. Failure of B‐cell differentiation in mice lacking the transcription
factor EBF. Nature 376, 263‐267.
Lin, Y.C., Jhunjhunwala, S., Benner, C., Heinz, S., Welinder, E., Mansson, R., Sigvardsson, M.,
Hagman, J., Espinoza, C. a, Dutkowski, J., Ideker, T., Glass, C.K., Murre, C., 2010. A global
network of transcription factors, involving E2A, EBF1 and Foxo1, that orchestrates B cell
fate. Nature immunology 11, 635‐43.
Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real‐time
quantitative PCR and the 2(‐Delta Delta C(T)) Method. Methods 25, 402‐8.
Lockhart, D.J., Dong, H., Byrne, M.C., Follettie, M.T., Gallo, M.V., Chee, M.S., Mittmann, M., Wang,
C., Kobayashi, M., Norton, H., others, 1996. Expression monitoring by hybridization to
high‐density oligonucleotide arrays. Nature biotechnology 14, 1675–1680.
van der Loo, J.C., Ploemacher, R.E., 1995. Marrow‐ and spleen‐seeding efficiencies of all murine
hematopoietic stem cell subsets are decreased by preincubation with hematopoietic
growth factors. Blood 85, 2598‐606.
59

References
Lwin, T., Hazlehurst, L. a, Li, Z., Dessureault, S., Sotomayor, E., Moscinski, L.C., Dalton, W.S., Tao,
J., 2007. Bone marrow stromal cells prevent apoptosis of lymphoma cells by upregulation
of anti‐apoptotic proteins associated with activation of NF‐kappaB (RelB/p52) in non‐
Hodgkin’s lymphoma cells. Leukemia 21, 1521‐31.
Ma, Q., Jones, D., Springer, T. a, 1999. The chemokine receptor CXCR4 is required for the
retention of B lineage and granulocytic precursors within the bone marrow
microenvironment. Immunity 10, 463‐71.
Machtaler, S., Dang‐Lawson, M., Choi, K., Jang, C., Naus, C.C., Matsuuchi, L., 2011. The gap
junction protein Cx43 regulates B‐lymphocyte spreading and adhesion. Journal of cell
science 2611‐21.
Mackarehtschian, K., Hardin, J.D., Moore, K. a, Boast, S., Goff, S.P., Lemischka, I.R., 1995.
Targeted disruption of the flk2/flt3 gene leads to deficiencies in primitive hematopoietic
progenitors. Immunity 3, 147‐61.
Mansson, R., Zandi, S., Welinder, E., Tsapogas, P., Sakaguchi, N., Bryder, D., Sigvardsson, M.,
2010. Single‐cell analysis of the common lymphoid progenitor compartment reveals
functional and molecular heterogeneity. Blood 115, 2601‐9.
Matsumoto, K., Isagawa, T., Nishimura, T., Ogaeri, T., Eto, K., Miyazaki, S., Miyazaki, J.‐ichi,
Aburatani, H., Nakauchi, H., Ema, H., 2009. Stepwise development of hematopoietic stem
cells from embryonic stem cells. PloS one 4, e4820.
Mazo, I.B., Gutierrez‐Ramos, J.C., Frenette, P.S., Hynes, R.O., Wagner, D.D., Von Andrian, U.H.,
1998. Hematopoietic progenitor cell rolling in bone marrow microvessels: parallel
contributions by endothelial selectins and vascular cell adhesion molecule 1. The Journal
of experimental medicine 188, 465‐74.
McGrath, K.E., Koniski, A.D., Malik, J., Palis, J., 2003. Circulation is established in a stepwise
pattern in the mammalian embryo. Blood 101, 1669‐76.
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., Peschon, J.J.,
2000. Mice lacking flt3 ligand have deficient hematopoiesis affecting hematopoietic
progenitor cells, dendritic cells, and natural killer cells. Blood 95, 3489‐97.
Medina, K.L., Pongubala, J.M.R., Reddy, K.L., Lancki, D.W., Dekoter, R., Kieslinger, M., Grosschedl,
R., Singh, H., 2004. Assembling a gene regulatory network for specification of the B cell
fate. Developmental cell 7, 607‐17.
Medvinsky, a, Dzierzak, E., 1996. Definitive hematopoiesis is autonomously initiated by the
AGM region. Cell 86, 897‐906.
Mendes, S.C., Robin, C., Dzierzak, E., 2005. Mesenchymal progenitor cells localize within
hematopoietic sites throughout ontogeny. Development and disease 132, 1127‐36.
Mingfu, W., 2008. Imaging hematopoietic precursor division in real time. Cell stem cell 22, 629.

60

References
Miyazono, K., Kamiya, Y., Morikawa, M., 2010. Bone morphogenetic protein receptors and
signal transduction. Journal of biochemistry 147, 35‐51.
Miyazono, K., Miyazawa, K., 2002. Id: a target of BMP signaling. Science Signaling 2002, 1‐3.
Montecino‐Rodriguez, E., Dorshkind, K., 2001. Regulation of hematopoiesis by gap junction‐
mediated intercellular communication. Journal of leukocyte biology 70, 341‐7.
Moore, M.A., 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. British Journal of
Haematology 18, 279‐296.
Morikawa, S., Mabuchi, Y., Kubota, Y., Nagai, Y., Niibe, K., Hiratsu, E., Suzuki, S., Miyauchi‐Hara,
C., Nagoshi, N., Sunabori, T., Shimmura, S., Miyawaki, A., Nakagawa, T., Suda, T., Okano, H.,
Matsuzaki, Y., 2009. Prospective identification, isolation, and systemic transplantation of
multipotent mesenchymal stem cells in murine bone marrow. The Journal of experimental
medicine 206, 2483‐96.
Morita, Y., Ema, H., Nakauchi, H., 2010. Heterogeneity and hierarchy within the most primitive
hematopoietic stem cell compartment. The Journal of experimental medicine 207, 1173‐
82.
Morrison, S.J., Hemmati, H.D., Wandycz, a M., Weissman, I.L., 1995. The purification and
characterization of fetal liver hematopoietic stem cells. Proceedings of the National
Academy of Sciences of the United States of America 92, 10302‐6.
Morrison, S.J., Kimble, J., 2006. Asymmetric and symmetric stem‐cell divisions in development
and cancer. Nature 441, 1068‐74.
Morrison, S.J., Weissman, I.L., 1994. The long‐term repopulating subset of hematopoietic stem
cells is deterministic and isolatable by phenotype. Immunity 1, 661‐73.
Muller, A.M., Stroubouliqt, J., Grosveld, F., Dzierzakt, E., Ridgeway, T., Hill, M., 1994.
Development of Hematopoietic in the Mouse Embryo Stem Cell Activity. Cell 1, 291‐301.
Murayama, E., Kissa, K., Zapata, A., Mordelet, E., Briolat, V., Lin, H.‐F., Handin, R.I., Herbomel, P.,
2006. Tracing hematopoietic precursor migration to successive hematopoietic organs
during zebrafish development. Immunity 25, 963‐75.
Murre, C., McCaw, P.S., Baltimore, D., 1989. A new DNA binding and dimerization motif in
immunoglobulin enhancer binding, daughterless, MyoD, and myc proteins. Cell 56, 777‐83.
Månsson, R., Hultquist, A., Luc, S., Yang, L., Anderson, K., Kharazi, S., Al‐Hashmi, S., Liuba, K.,
Thorén, L., Adolfsson, J., Buza‐Vidas, N., Qian, H., Soneji, S., Enver, T., Sigvardsson, M.,
Jacobsen, S.E.W., 2007. Molecular evidence for hierarchical transcriptional lineage priming
in fetal and adult stem cells and multipotent progenitors. Immunity 26, 407‐19.

61

References
Månsson, R., Lagergren, A., Hansson, F., Smith, E., Sigvardsson, M., 2007. The CD53 and
CEACAM‐1 genes are genetic targets for early B cell factor. European journal of
immunology 37, 1365‐76.
Månsson, R., Tsapogas, P., Akerlund, M., Lagergren, A., Gisler, R., Sigvardsson, M., 2004. Pearson
correlation analysis of microarray data allows for the identification of genetic targets for
early B‐cell factor. The Journal of biological chemistry 279, 17905‐13.
Méndez‐Ferrer, S., Michurina, T.V., Ferraro, F., Mazloom, A.R., Macarthur, B.D., Lira, S. a,
Scadden, D.T., Ma’ayan, A., Enikolopov, G.N., Frenette, P.S., 2010. Mesenchymal and
haematopoietic stem cells form a unique bone marrow niche. Nature 466, 829‐34.
Naets, J.‐P., 1960. The role of kidney in erythropoiesis. Journal of Clinical Investigation 39, 102‐
110.
Nagasawa, T., Hirota, S., Tachibana, K., Takakura, N., Nishikawa, S.‐ichi, Kitamura, Y., Yoshida,
N., Kikutani, H., Kishimoto, T., 1996. Defects of B‐cel ymphopoiesis and bone‐marrow
myelopoieisi in mice lacking the CXC chemokine PBSF/SDF‐1. Nature 382, 635‐638.
Narendran, A., Ganjavi, H., Morson, N., Connor, A., Barlow, J.W., Keystone, E., Malkin, D.,
Freedman, M.H., 2003. Mutant p53 in bone marrow stromal cells increases VEGF
expression and supports leukemia cell growth. Experimental hematology 31, 693‐701.
Nichogiannopoulou, B.A., Trevisan, M., Neben, S., Friedrich, C., Georgopoulos, K., 1999. Defects
in Hemopoietic Stem Cell Activity in Ikaros Mutant Mice. The journal of experiment
medicine 190, 1201‐1213.
Nilsson, S.K., Haylock, D.N., Johnston, H.M., Occhiodoro, T., Brown, T.J., Simmons, P.J., 2003.
Hyaluronan is synthesized by primitive hemopoietic cells , participates in their lodgment
at the endosteum following transplantation , and is involved in the regulation of their
proliferation and differentiation in vitro. Blood 101, 856‐862.
Nilsson, S.K., Johnston, H.M., Whitty, G. a, Williams, B., Webb, R.J., Denhardt, D.T., Bertoncello, I.,
Bendall, L.J., Simmons, P.J., Haylock, D.N., 2005. Osteopontin, a key component of the
hematopoietic stem cell niche and regulator of primitive hematopoietic progenitor cells.
Blood 106, 1232‐9.
Noguchi, M., Yi, H., Rosenblatt, H.M., Filipovich, A.H., Adelstein, S., Modi, W.S., McBride, O.W.,
Leonard, W.J., 1993. Interleukin‐2 receptor gamma chain mutation results in X‐linked
severe combined immunodeficiency in humans. Cell 73, 147‐157.
Nomura, S., Ogami, K., Kawamura, K., Tsukamoto, I., Kudo, Y., Kanakura, Y., Kitamura, Y.,
Miyazaki, H., Kato, T., 1997. Cellular localization of thrombopoietin mRNA in the liver by in
situ hybridization. Experimental Hematology 25, 565‐572.
North, T., Gu, T.L., Stacy, T., Wang, Q., Howard, L., Binder, M., Marín‐Padilla, M., Speck, N. a,
1999. Cbfa2 is required for the formation of intra‐aortic hematopoietic clusters.
Development 126, 2563‐75.

62

References
Norton, J.D., Deed, R.W., Craggs, G., Sablitzky, F., 1998. Id helix‐loop‐helix proteins in cell
growth and differentiation. Trends in cell biology 8, 58‐65.
Nutt, S.L., Heavey, B., Rolink, a G., Busslinger, M., 1999. Commitment to the B‐lymphoid lineage
depends on the transcription factor Pax5. Nature 401, 556‐62.
Nutt, S.L., Morrison, a M., Dörfler, P., Rolink, a, Busslinger, M., 1998. Identification of BSAP (Pax‐
5) target genes in early B‐cell development by loss‐ and gain‐of‐function experiments. The
EMBO journal 17, 2319‐33.
Nutt, S.L., Urbanek, P., Rolink, a, Busslinger, M., 1997. Essential functions of Pax5 (BSAP) in pro‐
B cell development: difference between fetal and adult B lymphopoiesis and reduced V‐to‐
DJ recombination at the IgH locus. Genes & Development 11, 476‐491.
Ogawa, M., 1993. Differentiation and proliferation of hematopoietic stem cells. Blood 2844‐
2853.
Omatsu, Y., Sugiyama, T., Kohara, H., Kondoh, G., Fujii, N., Kohno, K., Nagasawa, T., 2010. The
essential functions of adipo‐osteogenic progenitors as the hematopoietic stem and
progenitor cell niche. Immunity 33, 387‐99.
Osawa, M., Hanada, K., Hamada, H., Nakauchi, H., 1996. Long‐term lymphohematopoietic
reconstitution by a single CD34‐low/negative hematopoietic stem cell. Science 273, 242‐5.
Ourne, H.E.R.B., 1997. Receptors induce chemotaxis by releasing the beta gamma subunit of Gi,
not by activating Gq or Gs. Cell 94, 14489‐14494.
O’Riordan, M., Grosschedl, R., 1999. Coordinate regulation of B cell differentiation by the
transcription factors EBF and E2A. Immunity 11, 21‐31.
Palis, J., McGrath, K.E., Kingsley, P.D., 1995. Initiation of hematopoiesis and vasculogenesis in
murine yolk sac explants. Blood 86, 156‐63.
Papathanasiou, P., Attema, J.L., Karsunky, H., Xu, J., Smale, S.T., Weissman, I.L., 2009. Evaluation
of the long‐term reconstituting subset of hematopoietic stem cells with CD150. Stem cells
27, 2498‐508.
Passa, O., Tsalavos, S., Belyaev, N.N., Petryk, A., Potocnik, A.J., Graf, D., 2011.
Compartmentalization of bone morphogenetic proteins and their antagonists in lymphoid
progenitors and supporting microenvironments and functional implications. Immunology
134, 349‐59.
Pawlak, G., Grasset, M.F., Arnaud, S., Blanchet, J.P., Mouchiroud, G., 2000. Receptor for
macrophage colony‐stimulating factor transduces a signal decreasing erythroid potential
in the multipotent hematopoietic EML cell line. Experimental hematology 28, 1164‐73.
Peschon, J., Morrissey, P., Grabstein, K., 1994. Early lymphocyte expansion is severely impaired
in interleukin 7 receptor‐deficient mice. The journal of experiment medicine 180, 1955‐
60.
63

References
Pharr, P.N., Ogawa, M., Hofbauer, a, 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. Proceedings of the
National Academy of Sciences of the United States of America 91, 7482‐6.
Polli, M., Dakic, A., Light, A., Wu, L., Tarlinton, D.M., Nutt, S.L., 2005. The development of
functional B lymphocytes in conditional PU.1 knock‐out mice. Blood 106, 2083‐90.
Pongubala, J.M.R., Northrup, D.L., Lancki, D.W., Medina, K.L., Treiber, T., Bertolino, E., Thomas,
M., Grosschedl, R., Allman, D., Singh, H., 2008. Transcription factor EBF restricts alternative
lineage options and promotes B cell fate commitment independently of Pax5. Nature
immunology 9, 203‐15.
Porter, R.L., Calvi, L.M., 2008. Communications between bone cells and hematopoietic stem
cells. Archives of biochemistry and biophysics 473, 193‐200.
Raaijmakers, M.H.G.P., Mukherjee, S., Guo, S., Zhang, S., Kobayashi, T., Schoonmaker, J. a, Ebert,
B.L., Al‐Shahrour, F., Hasserjian, R.P., Scadden, E.O., Aung, Z., Matza, M., Merkenschlager,
M., Lin, C., Rommens, J.M., Scadden, D.T., 2010. Bone progenitor dysfunction induces
myelodysplasia and secondary leukaemia. Nature 464, 852‐7.
Ratajczak, M.Z., Lee, H., Wysoczynski, M., Wan, W., Marlicz, W., Laughlin, M.J., Kucia, M.,
Janowska‐Wieczorek, A., Ratajczak, J., 2010. Novel insight into stem cell mobilization‐
plasma sphingosine‐1‐phosphate is a major chemoattractant that directs the egress of
hematopoietic stem progenitor cells from the bone marrow and its level in peripheral
blood increases during mobilization due to Leukemia 24, 976‐85.
Ray, R.J., Furlonger, C., Williams, D.E., Paige, C.J., 1996. Characterization of thymic stromal‐
derived lymphopoietin (TSLP) in murine B cell development in vitro. European Journal of
Immunology 26, 10‐16.
Reynaud, D., Demarco, I. a, Reddy, K.L., Schjerven, H., Bertolino, E., Chen, Z., Smale, S.T.,
Winandy, S., Singh, H., 2008. Regulation of B cell fate commitment and immunoglobulin
heavy‐chain gene rearrangements by Ikaros. Nature immunology 9, 927‐36.
Rhodes, K.E., Gekas, C., Wang, Y., Lux, C.T., Francis, C.S., Chan, D.N., Conway, S., Orkin, S.H.,
Yoder, M.C., Mikkola, H.K. a, 2008. The emergence of hematopoietic stem cells is initiated
in the placental vasculature in the absence of circulation. Cell stem cell 2, 252‐63.
Rieger, M. a, Hoppe, P.S., Smejkal, B.M., Eitelhuber, A.C., Schroeder, T., 2009. Hematopoietic
cytokines can instruct lineage choice. Science 325, 217‐8.
Roessler, S., Györy, I., Imhof, S., Spivakov, M., Williams, R.R., Busslinger, M., Fisher, A.G.,
Grosschedl, R., 2007. Distinct promoters mediate the regulation of Ebf1 gene expression
by interleukin‐7 and Pax5. Molecular and cellular biology 27, 579‐94.
Rolink, a G., Nutt, S.L., Melchers, F., Busslinger, M., 1999. Long‐term in vivo reconstitution of T‐
cell development by Pax5‐deficient B‐cell progenitors. Nature 401, 603‐6.

64

References
Romanow, W.J., Langerak, a W., Goebel, P., Wolvers‐Tettero, I.L., van Dongen, J.J., Feeney, a J.,
Murre, C., 2000. E2A and EBF act in synergy with the V(D)J recombinase to generate a
diverse immunoglobulin repertoire in nonlymphoid cells. Molecular cell 5, 343‐53.
Rosenzweig, B.L., Imamura, T., Okadome, T., Cox, G.N., Yamashita, H., ten Dijke, P., Heldin, C.H.,
Miyazono, K., 1995. Cloning and characterization of a human type II receptor for bone
morphogenetic proteins. Proceedings of the National Academy of Sciences of the United
States of America 92, 7632‐6.
Rumfelt, L.L., Zhou, Y., Rowley, B.M., Shinton, S. a, Hardy, R.R., 2006. Lineage specification and
plasticity in CD19‐ early B cell precursors. The Journal of experimental medicine 203, 675‐
87.
Sacchetti, B., Funari, A., Michienzi, S., Di Cesare, S., Piersanti, S., Saggio, I., Tagliafico, E., Ferrari,
S., Robey, P.G., Riminucci, M., Bianco, P., 2007. Self‐renewing osteoprogenitors in bone
marrow sinusoids can organize a hematopoietic microenvironment. Cell 131, 324‐36.
Santos, M.I., Reis, R.L., 2010. Vascularization in bone tissue engineering: physiology, current
strategies, major hurdles and future challenges. Macromolecular bioscience 10, 12‐27.
Schajnovitz, A., Itkin, T., D’Uva, G., Kalinkovich, A., Golan, K., Ludin, A., Cohen, D., Shulman, Z.,
Avigdor, A., Nagler, A., Kollet, O., Seger, R., Lapidot, T., 2011. CXCL12 secretion by bone
marrow stromal cells is dependent on cell contact and mediated by connexin‐43 and
connexin‐45 gap junctions. Nature immunology 12, 391‐8.
Schaumann, D.H.S., Tuischer, J., Ebell, W., Manz, R. a, Lauster, R., 2007. VCAM‐1‐positive stromal
cells from human bone marrow producing cytokines for B lineage progenitors and for
plasma cells: SDF‐1, flt3L, and BAFF. Molecular immunology 44, 1606‐12.
Schmitt, T.M., Zúñiga‐Pflücker, J.C., 2002. Induction of T cell development from hematopoietic
progenitor cells by delta‐like‐1 in vitro. Immunity 17, 749‐56.
Schweitzer, K.M., Dräger, a M., van der Valk, P., Thijsen, S.F., Zevenbergen, a, Theijsmeijer, a P.,
van der Schoot, C.E., Langenhuijsen, M.M., 1996. Constitutive expression of E‐selectin and
vascular cell adhesion molecule‐1 on endothelial cells of hematopoietic tissues. The
American journal of pathology 148, 165‐75.
Seitz, G., Boehmler, A.M., Kanz, L., Möhle, R., 2005. The role of sphingosine 1‐phosphate
receptors in the trafficking of hematopoietic progenitor cells. Annals Of The New York
Academy Of Sciences 1044, 84‐89.
Semerad, C.L., Poursine‐Laurent, J., Liu, F., 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, 153‐61.
Seymour, J.F., Lieschke, G.J., Grail, D., Quilici, C., Hodgson, G., 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, 3037‐49.
65

References
Shaner, N.C., Steinbach, P.A., Tsien, R.Y., 2005. A guide to choosing fluorescent proteins. Nature
Methods 2, 905‐909.
Shiozawa, Y., Taichman, R.S., 2010. Dysfunctional niches as a root of hematopoietic malignancy.
Cell stem cell 6, 399‐400.
Sigvardsson, M., O’Riordan, M., Grosschedl, R., 1997. EBF and E47 collaborate to induce
expression of the endogenous immunoglobulin surrogate light chain genes. Immunity 7,
25‐36.
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., Jacobsen, S.E.W.,
2003. Complementary signaling through flt3 and interleukin‐7 receptor alpha is
indispensable for fetal and adult B cell genesis. The Journal of experimental medicine 198,
1495‐506.
Sitnicka, E., Buza‐Vidas, N., Ahlenius, H., Cilio, C.M., Gekas, C., Nygren, J.M., Månsson, R., Cheng,
M., Jensen, C.T., Svensson, M., Leandersson, K., Agace, W.W., Sigvardsson, M., Jacobsen,
S.E.W., 2007. Critical role of FLT3 ligand in IL‐7 receptor independent T lymphopoiesis
and regulation of lymphoid‐primed multipotent progenitors. Blood 110, 2955‐64.
Smith, L.G., Weissman, I.L., Heimfeld, S., 1991. Clonal analysis of hematopoietic stem‐cell
differentiation in vivo. Proceedings of the National Academy of Sciences of the United
States of America 88, 2788‐92.
Spangrude, G.J., Heimfeld, S., Weissman, I.L., 1988a. Hematopoietic. Advancement Of Science
241, 58‐62.
Spangrude, G.J., Heimfeld, S., Weissman, I.L., 1988b. Purification and Characterization of Mouse
Hematopoietic Stem Cells. Science 241, 58‐62.
Spooner, C.J., Cheng, J.X., Pujadas, E., Laslo, P., Singh, H., 2009. A recurrent network involving
the transcription factors PU.1 and Gfi1 orchestrates innate and adaptive immune cell fates.
Immunity 31, 576‐86.
Stanley, E., Lieschke, G.J., Grail, D., Metcalff, D., Hodgson, G., Gall, J.A.M., Maher, D.W., Cebon, J.,
Sinickas, V., I, A.R.D., 1994. Granulocyte/macrophage colony‐stimulating factor‐dificient
mice show no major perturbation of hematopoiesis but develop a characteristic
pulmonary pathology. Proceedings of the National Academy of Sciences of the United
States of America 91, 5592‐5596.
Stoffel, R., Ziegler, S., Ghilardi, N., 1999. Permissive role of thrombopoietin and granulocyte
colony‐stimulating factor receptors in hematopoietic cell fate decisions in vivo.
Proceedings of the 96, 698‐702.

66

References
Street, J., Bao, M., deGuzman, L., Bunting, S., Peale, F.V., Ferrara, N., Steinmetz, H., Hoeffel, J.,
Cleland, J.L., Daugherty, A., van Bruggen, N., Redmond, H.P., Carano, R. a D., Filvaroff, E.H.,
2002. Vascular endothelial growth factor stimulates bone repair by promoting
angiogenesis and bone turnover. Proceedings of the National Academy of Sciences of the
United States of America 99, 9656‐61.
Sugiyama, T., Kohara, H., Noda, M., Nagasawa, T., 2006. Maintenance of the hematopoietic stem
cell pool by CXCL12‐CXCR4 chemokine signaling in bone marrow stromal cell niches.
Immunity 25, 977‐88.
Tachibana, K., Hirota, S., Iizasa, H., Yoshida, H., Kawabata, K., Kataoka, Y., Kitamura, Y.,
Matsushima, K., Yoshida, N., Nishikawa, S., others, 1998. The chemokine receptor CXCR4 is
essential for vascularization of the gastrointestinal tract. Nature 393, 591–594.
Taha, M.F., Valojerdi, M.R., Mowla, S.J., 2006. Effect of bone morphogenetic protein‐4 (BMP‐4)
on adipocyte differentiation from mouse embryonic stem cells. Anatomia, histologia,
embryologia 35, 271‐8.
Taichman, R.S., 2005. Blood and bone: two tissues whose fates are intertwined to create the
hematopoietic stem‐cell niche. Blood 105, 2631‐9.
Takano, H., Ema, H., Sudo, K., 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. The Journal of experimental medicine 199, 295‐302.
Tam, P.P., Behringer, R.R., 1997. Mouse gastrulation: the formation of a mammalian body plan.
Mechanisms of development 68, 3‐25.
Taoudi, S., Gonneau, C., Moore, K., Sheridan, J.M., Blackburn, C.C., Taylor, E., Medvinsky, A., 2008.
Extensive hematopoietic stem cell generation in the AGM region via maturation of VE‐
cadherin+CD45+ pre‐definitive HSCs. Cell stem cell 3, 99‐108.
Thal, M.A., Carvalho, T.L., He, T., Kim, H.‐gyoon, Gao, H., Hagman, J., Klug, C.A., 2009. Ebf‐
1mediated down‐regulation of Id2 and Id3 is essential for specification of the B cell
lineage. PNAS 3‐8.
Thompson, E.C., Cobb, B.S., Sabbattini, P., Meixlsperger, S., Parelho, V., Liberg, D., Taylor, B.,
Dillon, N., Georgopoulos, K., Jumaa, H., Smale, S.T., Fisher, A.G., Merkenschlager, M., 2007.
Ikaros DNA‐binding proteins as integral components of B cell developmental‐stage‐
specific regulatory circuits. Immunity 26, 335‐44.
Tokunaga, A., Oya, T., Ishii, Y., Motomura, H., Nakamura, C., Ishizawa, S., Fujimori, T.,
Nabeshima, Y.‐ichi, Umezawa, A., Kanamori, M., Kimura, T., 2008. PDGF Receptor ␤ Is a
Potent Regulator of Mesenchymal Stromal Cell Function. Journal of Bone and Mineral
Research 23, 1519‐28.

67

References
Tombran‐Tink, J., Barnstable, C.J., 2004. Osteoblasts and osteoclasts express PEDF, VEGF‐A
isoforms, and VEGF receptors: possible mediators of angiogenesis and matrix remodeling
in the bone. Biochemical and biophysical research communications 316, 573‐9.
Treiber, T., Mandel, E.M., Pott, S., Györy, I., Firner, S., Liu, E.T., Grosschedl, R., 2010. Early B cell
factor 1 regulates B cell gene networks by activation, repression, and transcription‐
independent poising of chromatin. Immunity 32, 714‐25.
Tsapogas, P., Zandi, S., Ahsberg, J., Zetterblad, J., Welinder, E., Jönsson, J.I., Månsson, R., Qian, H.,
Sigvardsson, M., 2011. IL‐7 mediates Ebf‐1‐dependent lineage restriction in early
lymphoid progenitors. Blood 118, 1283‐90.
Tsien, R.Y., 1998. The green fluorescent protein. Annual review of biochemistry 67, 509‐44.
Vermeulen, M., Le Pesteur, F., Gagnerault, M.C., Mary, J.Y., Sainteny, F., Lepault, F., 1998. Role of
adhesion molecules in the homing and mobilization of murine hematopoietic stem and
progenitor cells. Blood 92, 894‐900.
Vieira, P., Cumano, A., 2004. Differentiation of B lymphocytes from hematopoietic stem cells.
Methods In Molecular Biology Clifton Nj 271, 67‐76.
Visnjic, D., Kalajzic, Z., Rowe, D.W., Katavic, V., Lorenzo, J., Aguila, H.L., 2004. Hematopoiesis is
severely altered in mice with an induced osteoblast deficiency. Blood 103, 3258‐64.
Vosshenrich, C. a J., Cumano, A., Müller, W., Di Santo, J.P., Vieira, P., 2003. Thymic stromal‐
derived lymphopoietin distinguishes fetal from adult B cell development. Nature
immunology 4, 773‐9.
Warner, A.E., Guthrie, S.C., Gilula, N.B., 1984. Antibodies to gap‐junctional protein selectively
disrupt junctional communication in the early amphibian embryo. Nature 311, 127‐131.
Weksberg, D.C., Chambers, S.M., Boles, N.C., Goodell, M. a, 2008. CD150‐ side population cells
represent a functionally distinct population of long‐term hematopoietic stem cells. Blood
111, 2444‐51.
Welner, R.S., Esplin, B.L., Garrett, K.P., Pelayo, R., Luche, H., Fehling, H.J., Kincade, P.W., 2009.
Asynchronous RAG‐1 expression during B lymphopoiesis. Journal of immunology 183,
7768‐77.
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., Lió, P., Macdonald, H.R., Trumpp, A., 2008.
Hematopoietic stem cells reversibly switch from dormancy to self‐renewal during
homeostasis and repair. Cell 135, 1118‐29.
Wolf, N.S., Koné, A., Priestley, G.V., Bartelmez, S.H., 1993. In vivo and in vitro characterization of
long‐term repopulating primitive hematopoietic cells isolated by sequential Hoechst
33342‐rhodamine 123 FACS selection. Experimental Hematology 21, 614‐622.

68

References
Wu, H., Liu, X., Jaenisch, R., 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.
Yang, J.T., Rayburn, H., Hynes, R.O., 1995. Cell adhesion events mediated by alpha 4 integrins
are essential in placental and cardiac development. Development 121, 549‐60.
Yang, L., Bryder, D., Adolfsson, J., Nygren, J., Månsson, R., Sigvardsson, M., Jacobsen, S.E.W.,
2005. Identification of Lin(‐)Sca1(+)kit(+)CD34(+)Flt3‐ short‐term hematopoietic stem
cells capable of rapidly reconstituting and rescuing myeloablated transplant recipients.
Blood 105, 2717‐23.
Yang, Q., Kardava, L., Leger, A.S., Varnum‐finney, B., Bernstein, I.D., Milcarek, C., Borghesi, L.,
Martincic, K., 2008. E47 Controls the Developmental Integrity and Cell Cycle Quiescence of
Multipotentioal Hematopoietic Progenitors. The Journal of Immunology 181, 5885‐5894.
Yoshida, T., Ng, S.Y.‐M., Zuniga‐Pflucker, J.C., Georgopoulos, K., 2006. Early hematopoietic
lineage restrictions directed by Ikaros. Nature immunology 7, 382‐91.
Yoshihara, H., Arai, F., Hosokawa, K., Hagiwara, T., Takubo, K., Nakamura, Y., Gomei, Y., Iwasaki,
H., Matsuoka, S., Miyamoto, K., Miyazaki, H., Takahashi, T., Suda, T., 2007.
Thrombopoietin/MPL signaling regulates hematopoietic stem cell quiescence and
interaction with the osteoblastic niche. Cell stem cell 1, 685‐97.
Zandi, S., Mansson, R., Tsapogas, P., Zetterblad, J., Bryder, D., Sigvardsson, M., 2008. EBF1 is
essential for B‐lineage priming and establishment of a transcription factor network in
common lymphoid progenitors. Journal of immunology 181, 3364‐72.
Zetterblad, J., Qian, H., Zandi, S., Månsson, R., Lagergren, A., Hansson, F., Bryder, D., Paulsson, N.,
Sigvardsson, M., 2010. Genomics based analysis of interactions between developing B‐
lymphocytes and stromal cells reveal complex interactions and two‐way communication.
BMC genomics 11, 108.
Zhang, J., Niu, C., Ye, L., Huang, H., He, X., Harris, S., Wiedemann, L.M., Mishina, Y., Li, L., 2003.
Identification of the haematopoietic stem cell niche and control of the niche size. letters to
nature 425, 0‐5.
Zhu, J., Garrett, R., Jung, Y., Zhang, Y., Kim, N., Wang, J., Joe, G.J., Hexner, E., Choi, Y., Taichman,
R.S., Emerson, S.G., 2007. Osteoblasts support B‐lymphocyte commitment and
differentiation from hematopoietic stem cells. Blood 109, 3706‐12.
Zhuang, Y., Soriano, P., Weintraub, H., 1994. The helix‐loop‐helix gene E2A is required for B cell
formation. Cell 79, 875‐884.
Zou, Y.R., Kottmann, a H., Kuroda, M., Taniuchi, I., Littman, D.R., 1998. Function of the
chemokine receptor CXCR4 in haematopoiesis and in cerebellar development. Nature 393,
595‐9.

69

References
Åhsberg, J., Tsapogas, P., Qian, H., Zetterblad, J., Zandi, S., Månsson, R., Jönsson, J.‐I., Sigvardsson,
M., 2010. Interleukin‐7‐induced Stat‐5 acts in synergy with Flt‐3 signaling to stimulate
expansion of hematopoietic progenitor cells. The Journal of biological chemistry 285,
36275‐84.

70

