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Abstract
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The adaptor protein Shb has been implicated in the signaling of several tyrosine kinase receptors
and previous studies have suggested a role for Shb in the signal transduction of T cells. Shb
associates with the T cell receptor (TCR) and partakes in the signal propagation of activated T
lymphocytes. In order to explore Shb’s influence on TCR signaling in vivo, T cell development
and function was studied in a Shb knockout mouse. The loss of Shb led to aberrant TCR
signaling in both thymocytes and peripheral CD4+ TH cells, with elevated basal phosphorylation
of key components in the signal cascade. Shb was found to be dispensable for thymocyte
development, but its absence resulted in a TH2 bias in in vitro stimulated peripheral CD4+ TH

cells. As imbalances in TH2 responses are linked to allergic diseases, we further explored Shb’s
role in immune regulation in a mouse model of atopic dermatitis. Shb knockout mice exhibit
more aggravated signs of atopic dermatitis, including increased immune cell recruitment to the
affected areas and elevated mRNA levels of typical TH2 cytokines.

The effect of Shb on hematopoiesis in general was determined by examining populations
of long-term hematopoietic stem cells (LT-HSCs) and hematopoietic progenitor cells in bone
marrow of Shb knockout and wild type mice. Shb deficient bone marrow was found to contain
significantly fewer relative numbers of LT-HSCs due to a proliferative defect. The reduced
cell cycle activity of Shb LT-HSCs could further be linked to an abnormal regulation of
the focal adhesion kinase/Rac1/p21-activated kinase pathway. Since alterations in LT-HSC
proliferative abilities may have implications for leukemia development, BCR-Abl induced
myeloid neoplasia was investigated in the absence of Shb. Shb deficiency confers a more
aggressive progression of BCR-Abl induced myeloid neoplasia characterized by an increased
peripheral blood neutrophilia and a deregulated cytokine profile. In addition, focal adhesion
kinase and STAT3 signaling is hyperactivated in Shb knockout leukemic cells.

In conclusion, Shb appears to be a multifunctional signaling mediator that controls several
responses in hematopoietic cells, under homeostatic as well as disease conditions.
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Introduction 

The hematopoietic system is a diverse organ system, essential to all mamma-
lian life forms. It provides crucial functions for survival such as transport of 
oxygen and nutrients, blood coagulation, as well as protection against intrud-
ing pathogens. Peripheral blood in the adult individual consists of a liquid 
plasma phase, primarily containing proteins and water, and a cellular part. 
The cellular compartment is further divided into erythrocytes (van 
Leeuwenhoek, 1674), thrombocytes (Donné, 1842) and leukocytes 
(Addison, 1843; Andral, 1843), respectively. Erythrocytes maintain oxygen 
supply and remove carbon dioxide from peripheral tissues. Leukocytes on 
the other hand, belong to either the lymphoid or a myeloid lineage and are 
mostly functional in the immune system. There are two main branches of the 
immune system, the innate and the adaptive. Lymphoid cells comprise the 
adaptive system. B-lymphocytes produce antigen-specific antibodies, while 
T-lymphocytes either regulate other immune cells through cytokine produc-
tion or directly kill infected cells by lysis. Myeloid cells, mainly granulo-
cytes (neutrophils, eosinophils, basophils), monocytes/macrophages and 
mast cells, are active in the innate immune system. However, not all myeloid 
cells are immune cells. The megakaryocyte, the origin of thrombocytes in-
volved in the coagulation cascade, also belongs to the myeloid population. 
Most blood cells have a relatively short life expectancy; neutrophils, for 
instance have a life span of a few hours in circulation (Kolaczkowska and 
Kubes, 2013). The hematopoietic system is therefore compelled to constant-
ly generate new cells. In adults, approximately one trillion blood cells are 
produced every day (Ogawa, 1993). The single source of this is a small pop-
ulation of cells residing in the adult bone marrow, the hematopoietic stem 
cell (HSC) (Dick et al., 1985; Keller et al., 1985; Osawa et al., 1996). 
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Hematopoiesis 
The hematopoietic stem cell 
The defining characteristics of a HSC is that it should possess multipotency, 
thereby supplying all types of mature blood cells as well as being self-
renewing in order to support hematopoiesis throughout life without decimat-
ing their numbers. The first indication that the bone marrow contains cells 
with the ability to support hematopoiesis came in 1956 and the use of bone 
marrow transplantations to treat patients was initiated a few years later (Ford 
et al., 1956; Thomas et al., 1959). However, the notions of a self-renewing, 
multipotent stem cell was first put forward in the works of Till and McCul-
loch (Becker et al., 1963; Siminovitch et al., 1963; Till and McCulloch, 
1961). Since then, the murine HSC has become one of the most studied adult 
stem cells. The HSC has been demonstrated to indeed possess multilineage 
potential as a single HSC can give rise to all hematopoietic cells (Dick et al., 
1985; Keller et al., 1985; Lemischka et al., 1986) and transplantation into 
secondary recipients has proved the concept of self-renewal (Jordan and 
Lemischka, 1990). These unique characteristics enable a relatively small 
population of HSCs to provide the immense amounts of blood cells needed 
for a lifetime. 

The hematopoietic hierarchy 
Hematopoiesis is often described as a hierarchical differentiation process 
with the HSC at the top, successively giving rise to more committed hema-
topoietic progenitor cells (HPCs) (Shizuru et al., 2005). The differentiation 
is further associated with a loss of self-renewal in the HPCs, rendering them 
unable to sustain hematopoiesis for longer time spans (Magli et al., 1982; 
Morrison et al., 1997). The gold standard to distinguish HSCs from HPCs is 
therefore to perform transplantation assays with the cell population of inter-
est. Cells with the ability to contribute to all peripheral blood lineages for a 
period of more than 16 weeks are considered to be long-term HSCs (LT-
HSCs) and constitute the most primitive cell in the hierarchy (Morrison and 
Weissman, 1994). 

LT-HSCs are not the only multipotent cell type in the hematopoietic hier-
archy. LT-HSCs are thought to differentiate into short-term HSCs (ST-
HSCs) that retain multipotency but have limited self-renewal abilities as 
they only support hematopoiesis for 8 to 10 weeks (Morrison et al., 1997; 
Shizuru et al., 2005). Multipotent progenitors (MPPs) also contribute to all 
blood cell types and lack self-renewal potential altogether (Boyer et al., 
2011; Forsberg et al., 2006; Kiel et al., 2005).  

Lineage commitment has been suggested to be initiated after the MPP 
stage, as these cells differentiate into either common lymphoid progenitors 
(CLPs), or common myeloid progenitors (CMPs) (Akashi et al., 2000; 
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Kondo et al., 1997). CLPs will continue on to become B and T lymphocytes, 
either remaining in the bone marrow for B cell development or migrating to 
the thymus for T cell differentiation. At the level of the CMP another lineage 
commitment step occurs as the cells either take on the fate of granulocyte-
monocyte progenitors (GMPs) or megakaryocyte-erythroid progenitors 
(MEPs) (Pronk et al., 2007). The terminal differentiation of each hematopoi-
etic lineage subsequently progresses through several intermediate HPC pop-
ulations with less well-defined characteristics.  

Although this model of hematopoiesis is commonly acknowledged, it has 
been challenged in recent years. The existence of a CMP has not been irrefu-
tably demonstrated (Nutt et al., 2005; Takano et al., 2004) and it has been 
suggested that lineage commitment takes place immediately after the LT-
HSC with a lymphoid-primed MPP (LMPP) that differentiates into myeloid 
and lymphoid lineages but lacks megakaryocytic and erythroid potential 
(Adolfsson et al., 2005). Additionally, several recent studies have proposed 
that LT-HSCs, or certain subpopulations of LT-HSCs, are primed for mye-
loid and erythroid differentiation and that lymphoid potential instead is ac-
quired at a subsequent stage (Mansson et al., 2007; Sanjuan-Pla et al., 2013; 
Yamamoto et al., 2013). In vitro clonal assays have even provided evidence 
that B and T cell progenitors retain myeloid potential, suggesting a myeloid-
based model of hematopoiesis (Kawamoto et al., 2010). Nonetheless, the 
hematopoietic hierarchy poses a useful working tool and any model would, 
with all probability, be simplistic. There are most likely several differentia-
tion pathways through which peripheral blood cells can be generated. 

Phenotypic identification of hematopoietic stem and  
progenitor cells 
The bone marrow is a cell rich tissue and LT-HSCs as well as HPC are ra-
ther rare cells. It has been estimated that only 1 in 10000 bone marrow cells 
harbor true long term, multilineage potential (Harrison et al., 1988). The 
identification and isolation of these cells has therefore been difficult. The 
initial experiments that formally demonstrated the existence of HSCs were 
based on tracing of unique insertion sites of retroviruses (Dick et al., 1985; 
Keller et al., 1985; Lemischka et al., 1986). However, this type of analysis 
excludes any further experimentation on the isolated cells. It was not until 
fluorescence-activated cell sorting (FACS) was implemented that prospec-
tive isolation of LT-HSCs and HPCs became possible.  

Labeling of bone marrow cells with fluorophore conjugated antibodies 
directed towards cell surface antigens followed by FACS analysis enabled 
collection of cells with a specified cell surface phenotype at a single cell 
level. The isolated cells were subsequently injected into irradiated recipients 
and contribution to peripheral blood was monitored. This approach has made 
it possible to significantly narrow down the cell populations that contain LT-
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HSCs and HPCs, as cell surface marker expression is differently regulated 
during hematopoietic differentiation (Mayle et al., 2013). 

 
Figure 1. Schematic overview of the murine hematopoietic hierarchy. 

In mice the population with the greatest repopulating ability was originally 
found within the fraction of the bone marrow negative for markers defining 
the erythroid (Ter-119), the myeloid (Gr-1, CD11b) and the lymphoid 
(B220, CD19, CD4, CD8, CD8) lineages (hereafter lin-) (Spangrude et al., 
1988). Additional analysis revealed that lin- cells expressing Stem cell anti-
gen-1 (Sca-1) and c-Kit were further enriched for stem cell potential (Li and 
Johnson, 1995; Ogawa et al., 1991; Okada et al., 1991). This population, 
commonly referred to as KLS+ (or in some instances abbreviated as LSK), 
contains significant proportions of LT-HSC but also more committed pro-
genitors. CD34 was identified early on as an LT-HSC marker in humans 
(Civin et al., 1984). CD34 expression is however different in mice. The dif-
ferentiation to more committed progenitors is characterized by the upregula-
tion of CD34, thus adult murine LT-HSCs are instead defined as 
KLS+CD34- (Osawa et al., 1996). Additionally, the appearance of fetal liver 
kinase-2 (Flk-2) on the cell surface has been demonstrated to result in a loss 
of self-renewing abilities (Adolfsson et al., 2001; Christensen and 
Weissman, 2001). The differential expressions of the signaling lymphocytic 
activation molecule (SLAM) family of receptors, CD48, and CD150 have 
also been used to further define the LT-HSC compartment. Therefore, isola-
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tion of KLS+ CD150+CD48- cells greatly increases the portion of long-term 
reconstituting stem cells (Kiel et al., 2005; Yilmaz et al., 2006a). Another 
marker of importance in identifying LT-HSCs is the integrin CD41; cells 
negative for CD41 possess greater stem cell potential than CD41+ cells 
(Ferkowicz et al., 2003). Consequently, the LT-HSCs constitute the majority 
of cells in the CD150+CD34-CD41-CD48-Flk-2-KLS+ population. 

Although several different markers define the LT-HSCs, many of these 
markers overlap in their expression patterns. Consequently, different combi-
nations can be used depending on the requirements of the experimental set-
up. For instance, treatment with the chemoablative agent 5-fluorouracil (5-
FU) downregulates the expression of c-Kit, making identification of KLS+ 
cells impossible (Randall and Weissman, 1997). Moreover, the expression of 
these markers has been found to vary between mouse strains. Balb/c mice 
express low levels of Sca-1, also hampering the isolation of KLS+ cells 
(Spangrude and Brooks, 1993). LT-HSCs can however be isolated with great 
accuracy using lineage defining markers, CD150, CD34, CD41, CD48 and 
Flk-2 and either Sca-1 or c-Kit. 

As already alluded to the KLS+ fraction of the bone marrow contains 
HPCs as well as LT-HSCs. ST-HSCs and MPPs are KLS+ but both cell types 
are defined as CD34+ and express low to undetectable levels of CD150 (Kiel 
et al., 2005; Osawa et al., 1996; Pronk et al., 2007). A distinction between 
the two populations can instead be made based on Flk-2 expression. As a 
consequence ST-HSCs are considered to be CD150-CD34+Flk2-KLS+ 
whereas MPPs are CD150-CD34+Flk2+KLS+ (Adolfsson et al., 2001; 
Christensen and Weissman, 2001; Pronk et al., 2007). Cells that differentiate 
along the lymphoid lineage decrease their expression of Sca-1 and c-Kit, but 
upregulate the interleukin-7 receptor (IL-7R) and CLPs are therefore found 
within the IL7R+Lin-c-KitlowSca-1low population (Kondo et al., 1997). CMPs 
downregulate Sca-1 altogether and express the Fcγ receptor at low levels 
making them FcγRlowCD34+KLS- (Akashi et al., 2000). MEPs and GMPs are 
distinguished by their differential expression of CD150 and lack of cell sur-
face marker CD105. MEPs are consequently CD150+CD105-KLS- and 
GMPs are characterized as CD150-CD105-KLS- (Pronk et al., 2007). 

Cell cycle control in the hematopoietic system 
The hematopoietic system has an astonishing output of new blood cells eve-
ry day. Despite this, most LT-HSCs remain in the dormant, G0 stage of the 
cell cycle under steady state hematopoiesis in adult individuals. Instead, 
HPCs ensure that the daily demand of peripheral blood replenishment is met, 
since their proliferative ability increases as they become more lineage re-
stricted (Cheshier et al., 1999; Foudi et al., 2009; Passegue et al., 2005; 
Wilson et al., 2008). Retaining this delicate balance in proliferation is essen-
tial to the maintenance of life-long hematopoiesis.  
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Quiescence or proliferation 
The cell cycle quiescence displayed by adult LT-HSCs is not a constant 
feature. Fetal LT-HSCs proliferate at a high rate to expand the LT-HSC pool 
in order to accommodate the increasing demands on the hematopoietic sys-
tem as the fetus grows. Most fetal LT-HSCs have undergone at least one cell 
division within 25 hours (Nygren et al., 2006).  In mice a shift in prolifera-
tion kinetics occurs between week 3 and 4 of age (Bowie et al., 2007; Bowie 
et al., 2006). After that point, at any given moment, only 2-6% of all LT-
HSCs are found in the cell cycle in the adult mouse (Foudi et al., 2009; 
Wilson et al., 2008). Furthermore, LT-HSCs do not cycle with the same 
periodicity. Over a two-month period, most LT-HSCs will have divided at 
least once. Some LT-HSCs however, are more dormant and only enter into 
the cell cycle every five months (Foudi et al., 2009; Wilson et al., 2008). 
Thus, in laboratory mice, with a life expectancy of approximately two years, 
a group of LT-HSCs only divides five times under a lifetime.  

The diminished cell cycle activity by LT-HSCs under homeostatic condi-
tions, is however not due to lack of proliferative capacity, as demonstrated 
by different kinds of hematopoietic stress where LT-HSCs proliferate exten-
sively (Dixon and Rosendaal, 1981; Hodgson and Bradley, 1979; Ogawa, 
1993). In fact, the population of more dormant LT-HSCs appears to serve as 
a reservoir. Under hematopoietic stress these cells can be mobilized to pro-
liferate in order to replenish the system, but once homeostasis is reached 
dormancy is reestablished (Wilson et al., 2008).  Such a strict regulation of 
cell cycle control is essential in order to avoid proliferative exhaustion and 
depletion of the stem cell pool (Cheng et al., 2000; Yilmaz et al., 2006b; 
Zhang et al., 2006). 

Self-renewal or differentiation 
A key feature of adult stem cells in general is the ability to self-renew. Self-
renewal allows a limited number of stem cells to supply a whole organ sys-
tem with mature cells for the lifetime of an organism. The concept of self-
renewal is obtained by cell divisions in which at least one of the daughter 
cells retains stem cell qualities. LT-HSCs have been suggested to be capable 
of self-renewal either by so-called symmetric or asymmetric cell divisions. 
Symmetric cell divisions result in two identical daughter cells with equal 
stem cell characteristics; this type of division is thought to mainly occur 
under conditions where the hematopoietic system needs to expand (Domen 
and Weissman, 1999; Wagers et al., 2002). In asymmetric divisions, on the 
other hand, one daughter cell remains a stem cell whereas the other differen-
tiates towards a more committed progenitor. LT-HSCs are thought to mainly 
perform asymmetric divisions under homeostatic conditions to release a 
slow but steady flow of more committed progenitors into the system and at 
the same time maintaining the stem cell pool (Giebel et al., 2006; Ho, 2005). 
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Regulation of hematopoietic stem and progenitor cells 
The signals that govern differentiation and self-renewal fates are only par-
tially understood and thought to be regulated by cell-extrinsic as well as cell 
intrinsic factors. Cell-extrinsic factors are delivered by the surrounding bone 
marrow microenvironment in the form of stimulation of cell surface recep-
tors (Laiosa et al., 2006; Lessard et al., 2004). The cell-intrinsic factors pri-
marily constitute various transcription factors that regulate different gene 
expression programs. Since the expression of transcription factors varies as 
the cells differentiate, this type of regulation is largely determined by the 
developmental stage of the cells (Antonchuk et al., 2002; Arinobu et al., 
2007; Hock et al., 2004). Cell-intrinsic control may also come from cell 
cycle regulators that determine the self-renewing abilities of LT-HSCs and 
HPCs (Akala et al., 2008; Yuan et al., 2004; Zou et al., 2011). 

Extrinsic factors 
The stromal cells of the hematopoietic niche produce growth factors and 
cytokines that both stimulate and inhibit hematopoiesis. Among the most 
important factors for the maintenance of LT-HSCs is Stem cell factor (SCF), 
the ligand of c-Kit. In vitro stimulation with SCF enhances the survival and, 
in combination with other cytokines, also promotes proliferative ability of 
LT-HSCs (Keller et al., 1995; Li and Johnson, 1994; Lyman and Jacobsen, 
1998). Moreover, mutations of c-Kit and SCF has for decades been known 
to result in severe hematopoietic defects as LT-HSCs are depleted in the 
absence of c-Kit signaling (Chabot et al., 1988; Russel et al., 1968). Throm-
bopoietin (Tpo) is a crucial regulator of megakaryopoiesis but also exerts 
effects on LT-HSCs (Borge et al., 1996; de Sauvage et al., 1996). Gene 
knockout experiments have revealed that deletion of Tpo or its receptor c-
Mpl, are important for the long-term maintenance of LT-HSCs (Fox et al., 
2002; Kimura et al., 1998). Interestingly, a recent study implicates the exist-
ence of a Tpo dependent feedback loop between megakaryopoiesis and LT-
HSCs, further supporting a role for Tpo in LT-HSC regulation (Sanjuan-Pla 
et al., 2013). Flt3 ligand (FL), the ligand of Flk-2, has often been included in 
in vitro cultures of primitive hematopoietic cells where it mediates prolifera-
tion signals (Jacobsen et al., 1995; Rasko et al., 1995). However, Flk-2 ex-
pression is associated with the loss of self-renewal and entry into the MPP 
stage, FL is thus most likely primarily of importance to HPCs (Adolfsson et 
al., 2001).  

Several cytokines have been identified as important factors in the estab-
lishment of a particular lineage. For instance, erythropoietin (Epo) is strong-
ly linked to red blood cell formation, granulocyte colony-stimulating factor 
to granulopoiesis (G-SCF), monocyte colony-stimulating factor (M-CSF) to 
monocyte/macrophage differentiation, and interleukin-7 (IL-7) to B and T 
cell development (Kaushansky, 2006; Laiosa et al., 2006). Many cytokines 
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display strong lineage inducing potential in vitro, but genetic deletion of a 
factor or its receptor often results in a relatively mild phenotype, suggesting 
that several cytokines have overlapping effects (Nicola et al., 1996; Stanley 
et al., 1994). However, deregulation of cytokine signaling is often observed 
in hematological cancers, further supporting the fact that these factors great-
ly influence the behavior of hematopoietic stem and progenitor cells 
(Reynaud et al., 2011; Schepers et al., 2013b; Zhang et al., 2012).   

Proliferation and differentiation are not the only fate options open to LT-
HSCs. At any given moment, a small fraction of LT-HSCs is found in the 
blood stream (Wright et al., 2001). Both soluble factors and adhesion mole-
cules govern whether LT-HSCs remain in the bone marrow or migrate. The 
chemokine CXCL12 (also known as Stromal derived factor-1, SDF-1) is 
secreted by the bone marrow stroma and promotes the retention of LT-HSCs 
(Nagasawa et al., 1996). CXCL12 is in turn regulated by G-CSF, something 
that is frequently utilized in clinical settings to isolate LT-HSCs in a non-
invasive manner (Semerad et al., 2005). Injections of G-CSF decrease 
CXCL-12 expression, thus eliciting mobilization of LT-HSCs in sufficient 
amounts to allow collection of cells for bone marrow transplantations 
(Thomas et al., 2002). 

Integrins are adhesion molecules that mediate contact between cells and 
their respective surroundings through interactions with extracellular matrix 
components and cell surface molecules on other cells (Bouvard et al., 2013). 
Although integrins are adhesion molecules, they do not only provide adhe-
sion and retention in the bone marrow, they also appear to regulate prolifera-
tion of LT-HSCs. Integrins α4β1 and α9β1 bind to the extra cellular matrix 
molecule osteopontin, an interaction that appears to promote LT-HSC quies-
cence (Bayless et al., 1998; Nilsson et al., 2005; Smith and Giachelli, 1998) 
and ανβ1 integrin signaling potentiates Tpo mediated LT-HSC maintenance 
(Umemoto et al., 2012). 

The hematopoietic niche 
The precise location of the bone marrow microenvironment capable of sup-
porting hematopoiesis remains elusive. LT-HSCs incorporate the hypoxic 
marker pimonidazole and express the transcription factor hypoxia-inducible 
factor-1α (HIF-1α), a transcription factor only stable in tissue with low oxy-
gen tension (Parmar et al., 2007; Simsek et al., 2010; Takubo et al., 2010). 
This has resulted in the hypothesis that the hematopoietic niche must be 
located some distance from the bone marrow circulatory network, most like-
ly in close proximity to bone.  

In vivo imaging techniques, where fluorescently labeled LT-HSCs have 
been injected and tracked, have indeed suggested that LT-HSCs preferential-
ly reside in the endosteal regions that line the bone of the marrow cavity (Lo 
Celso et al., 2009). Osteoblasts constitute one of the major cell types in the 



 19 

endosteal niche and there are reports suggesting that osteoblasts express 
factors such as CXCL12, SCF, Tpo, and Angiopoietin 1, known to maintain 
and retain LT-HSCs in the bone marrow (Arai et al., 2004; Blair et al., 1999; 
Ponomaryov et al., 2000; Yoshihara et al., 2007). Two studies using mouse 
models with an increased osteoblast compartment, demonstrated a concomi-
tant increase in LT-HSC numbers, further supporting the notion of an endos-
teal hematopoietic niche (Calvi et al., 2003; Zhang et al., 2003). On the other 
hand, the results from experiments where the interactions between osteo-
blasts and LT-HSCs have been compromised are ambiguous and have raised 
the question whether the endosteal region is the only hematopoietic niche 
(Kiel et al., 2009; Kiel et al., 2007). 

In line with this, Kiel et al. observed that LT-HSCs are not exclusively re-
stricted to the endosteal region, but can be found in close proximity to sinus-
oidal capillaries in the bone marrow (Kiel et al., 2005). As in the case of 
osteoblasts, endothelial cells and the stromal cells that populate the peri-
vascular space express SCF and CXCL12 and selective deletion of these 
factors in vascular and perivascular cells results in severe LT-HSC defects 
(Ding and Morrison, 2013; Ding et al., 2012; Greenbaum et al., 2013; 
Heinrich et al., 1993; Ponomaryov et al., 2000). The two proposed hemato-
poietic niches are however not mutually exclusive as sinusoidal capillaries 
can be found in the endosteal region as well (Kubota et al., 2008; Lo Celso 
et al., 2009). Moreover, it has been reported that the endosteal niche contains 
quiescent LT-HSCs, whereas actively proliferating LT-HSCs reside in the 
vascular compartment (Lo Celso et al., 2009; Wilson et al., 2008; Winkler et 
al., 2010a). The two regions could thus constitute functionally different 
niches, one promoting LT-HSC maintenance and one directed towards re-
plenishment of peripheral circulation (Trumpp et al., 2010). 

The potential of mesenchymal stem cells (MSCs, sometimes referred to 
as multipotent stromal cells) to support hematopoiesis has lately received 
attention. MSCs are mostly found in the perivascular compartment. The 
evaluation of MSC contribution to the hematopoietic niche is hampered by 
the lack of a strict phenotypic definition of these cells. However, cells de-
fined by the various MSC markers that are available appear to express SCF, 
CXCL12 as well as osteopontin (Mendez-Ferrer et al., 2008; Omatsu et al., 
2010; Sugiyama et al., 2006). In addition, selective deletion of CXCL12 
from MSCs leads to mobilization of LT-HSCs from the bone marrow, 
providing evidence that MSCs most likely constitute an integral part of the 
hematopoietic microenvironment (Ding and Morrison, 2013; Greenbaum et 
al., 2013). 

The hematopoietic niche is not only made up of stromal cells, mature 
blood cells also regulate LT-HSCs. Depletion of bone marrow macrophages 
appear to alter the cell composition of the bone marrow microenvironment 
that promote the egress of LT-HSCs (Chow et al., 2011; Winkler et al., 
2010b). Aged neutrophils that are about to be cleared from the blood, circu-
late back to the bone marrow. Similarly to macrophage depletion, these neu-
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trophils appear to induce LT-HSC mobilization by targeting MSC-like cells 
in the hematopoietic niche (Casanova-Acebes et al., 2013). 

Signaling in hematopoiesis 
Many of the growth factor receptors involved in the regulation of hemato-
poiesis belong to the receptor tyrosine kinase (RTK) family. c-Kit and Flk-2 
are central to the maintenance of normal hematopoiesis and aberrant activa-
tion of these receptors are linked to the development of hematological ma-
lignancies (Masson and Ronnstrand, 2009). The activation mechanisms of 
different RTKs display many similarities. The binding of a ligand induces 
receptor dimerization and autophosphorylation of tyrosine residues in the 
intracellular part of the receptor. The phosphorylated tyrosine residues will 
in turn serve as docking sites for numerous adaptor and effector proteins. 
This initiates several signaling cascades including the Ras/mitogen activated 
protein kinase (MAPK) and phosphoinositide-3-kinase (PI3K)/Akt pathways 
that mediate proliferation and survival, respectively (Scheijen and Griffin, 
2002).  

The non-receptor tyrosine kinase focal adhesion kinase (FAK) is primari-
ly associated with integrin signaling but certain RTKs can contribute to its 
activation as well (Lipfert et al., 1992; Sieg et al., 2000). FAK is highly ex-
pressed in LT-HSCs and deletion of FAK results in a hyperproliferative 
KLS+ compartment (Lu et al., 2012). FAK activity has further been linked to 
more aggressive forms of leukemia (Despeaux et al., 2011; Le et al., 2009; 
Recher et al., 2004). Upon activation, FAK becomes phosphorylated, ena-
bling recruitment of other signaling mediators like PI3K and the MAPK 
ERK (Parsons et al., 2000). Many of the pathways activated by RTKs are 
thus similar to FAK targets and FAK has been proposed to potentiate and 
coordinate RTK and integrin signaling. 

Small GTPases such as members of the Rac family are activated when 
guanine exchange factors (GEFs) like Vav associate with c-Kit or integrins 
(Alai et al., 1992; Sanchez-Martin et al., 2004) In addition, FAK has been 
implicated in this process. Rac1 and Rac2 are the two isoforms expressed in 
the hematopoietic system (Moll et al., 1991; Shirsat et al., 1990). Dual dele-
tion of Rac1 and Rac2 affect bone marrow retention and migration of LT-
HSCs and HPCs due to alterations in the interaction with the hematopoietic 
niche (Cancelas et al., 2005; Gu et al., 2003). The Rac family also control 
cell cycle entry and leukemogenesis is consequently abrogated in the ab-
sence of Rac signaling (Thomas et al., 2007) 

Cytokine receptors like c-Mpl, the IL-6 receptor (IL-6R) and the G-CSF 
receptor (G-CSFR) constitute the second major class of tyrosine kinase re-
ceptors active in hematopoietic cells. However, unlike RTKs, these receptors 
lack catalytic activity, instead they associate with a class of cytoplasmic 
kinases termed Janus kinases (JAKs) (Velazquez et al., 1992; Witthuhn et 
al., 1993). Ligand binding triggers receptor dimerization and subsequent 
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JAK phosphorylation. Activation of JAK induces PI3K/Akt and Ras/MAPK 
signaling, but also result in the recruitment of a group of signaling interme-
diates known as signal transducer and activator of transcription (STAT) 
(Darnell et al., 1994). These proteins are transcription factors that upon 
phosphorylation dimerize and translocate into the nucleus to direct prolifera-
tion, survival and differentiation. Several STATs have been identified, how-
ever STAT3 and STAT5 are primarily active in hematopoiesis (Baker et al., 
2007). STAT signaling affects mature rather than primitive hematopoietic 
cells and ablation of STAT3 and STAT5 markedly alters the responses to 
hematopoietic cytokines (Panopoulos et al., 2006; Teglund et al., 1998). 
Leukemia cells often display constitutive STAT3 and STAT5 activation, 
although mutations are rarely found in the STAT genes (Vainchenker and 
Constantinescu, 2013). The hyperactivation is in most cases the result of an 
aberration in an upstream regulator of STAT signaling. 

Leukemia 
Rudolf Virchow first coined the term leukemia in the mid 1800s (Virchow, 
1856). He observed an unusually high proportion of white blood cells in the 
blood from a patient and he named the condition leukemia by combing the 
Greek word for white leukós and haima meaning blood. This definition of 
leukemia still holds true, the disease is characterized by an abnormal accu-
mulation of immature, non-functional leukocytes in peripheral blood and 
bone marrow.  

The term leukemia encompasses a wide variety of hematological malig-
nancies that are further classified according to the pace of disease progres-
sion and the cell type affected. Acute leukemias are distinguished by abnor-
mal numbers of immature blast cells in both blood and bone marrow. Chron-
ic leukemias progress at a slower rate that manifests with an initial chronic 
phase where the mature cell population is significantly expanded. The chron-
ic phase is accelerates into the terminal phase, the so-called blast crisis, in 
which blast cells become the predominant cell type in the blood, reminiscent 
of an acute leukemia. Depending on which blood lineage that displays neo-
plastic growth, acute and chronic leukemias are further divided in to myeloid 
or lymphoid leukemias. There are thus four major types of leukemia; acute 
myeloid leukemia (AML), acute lymphocytic leukemia (ALL), chronic mye-
loid leukemia (CML) and chronic lymphocytic leukemia (CLL) (Jaffe, 
2001). These definitions are still quite broad and there is significant hetero-
geneity with respect to symptoms and molecular pathology within each sub-
type. Moreover, the classification is not static and might change as the dis-
ease progresses and the cells accumulate more mutations.  
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The origin of leukemia 
Cancers are in most cases caused by somatic mutations or chromosome 
translocations that either inactivate or activate genes that control prolifera-
tion, differentiation and self-renewal (Rui et al., 2011; Tefferi and Gilliland, 
2007). Leukemias are no exception. A translocation between chromosomes 9 
and 22 is found in 90-95% of all CML patients. This translocation fuses the 
break point cluster region (BCR) at 22q9 to the c-Abl gene found at position 
9q34 (Groffen et al., 1984; Rowley, 1973; Shtivelman et al., 1985). The 
resulting product is called the Philadelphia chromosome and encodes the 
constitutively active tyrosine kinase BCR-Abl that mediates proliferation 
and survival signals (Ren, 2005).  

 The BCR-Abl oncogene 
The two components of the BCR-Abl oncogene contribute different proper-
ties to the fusion protein. The function of BCR is largely unknown. It ap-
pears to be a widely expressed signaling mediator but deletion of BCR re-
sults in a relatively mild phenotype only affecting mature neutrophil func-
tion (Voncken et al., 1995). c-Abl on the other hand, is a well-established 
regulator of proliferation, migration and apoptosis in a variety of cell types 
(Colicelli, 2010). Depending on where the break occurs in the BCR gene, 
three different forms of BCR-Abl can be generated; p190, p210, and p230 
(Ben-Neriah et al., 1986; Clark et al., 1987; Saglio et al., 1990). These 
isoforms have different molecular characteristics and are associated with 
distinct leukemia phenotypes (Li et al., 1999). The most common variant is 
p210 BCR-Abl and it is also the one that has been used for the work includ-
ed in this thesis (Study IV), the text will therefore mainly focus on p210 
BCR-Abl. 

Although the role of BCR remains unclear, its functional domains have 
been defined. The N-terminus contains a serine/threonine kinase with few 
known targets, there is also a region with Rho GTPase GEF activity and a 
pleckstrin homology (PH) domain (Chuang et al., 1995; Maru and Witte, 
1991; Musacchio et al., 1993). In addition BCR’s coil-coiled domain appears 
to be essential for the autophosphorylation and constant activation of Abl 
(McWhirter et al., 1993). Normal c-Abl has a N-terminal myristoylation site, 
which is missing in BCR-Abl (Hariharan and Adams, 1987). The structure 
of the Abl portion of the fusion protein is otherwise identical to normal c-
Abl and includes the kinase domain, a Src homology 2 (SH2) domain, a Src 
homology 3 (SH3) domain, which mediates recruitment of various adaptor 
proteins, as well as actin and DNA binding domains (Kipreos and Wang, 
1992; Mayer and Baltimore, 1994; Van Etten et al., 1994). There are also 
proline rich motifs and several putative phosphorylation sites in the center of 
the molecule that are important for the recruitment of other signaling media-
tors (Colicelli, 2010). 



 23 

The wide selection of functional domains found in BCR-Abl infers that 
the protein can activate and modulate multiple signaling pathways. Prolifera-
tion and differentiation is induced by both the BCR and the Abl part via 
activation of Ras/MAPK signaling (Cortez et al., 1997). The PI3K/Akt 
pathway is pivotal to the transformation process as it provides proliferative 
and survival signals (Sattler et al., 1996; Skorski et al., 1997). Cells isolated 
from CML patients often display constitutively active STAT signaling, how-
ever whether JAK is activated by BCR-Abl is not known (Chai et al., 1997). 
Instead, it appears as though STAT1, STAT3 and STAT5 can be activated 
directly by BCR-Abl (Carlesso et al., 1996; Ilaria and Van Etten, 1996). Abl 
contains an actin binding domain that enables association with the cytoskele-
ton at focal adhesions. It has been proposed that BCR-Abl interacts with and 
phosphorylates FAK thereby relaying integrin signaling (Gotoh et al., 1995). 
Because interactions between integrins and the bone marrow niche control 
cell cycle entry, this type of signals could further contribute to the prolifera-
tive advantage of BCR-Abl expressing cells. 

The leukemic stem cell 
Leukemia is a clonal disease thought to arise from the transformation of a 
single hematopoietic stem or progenitor cell. This so-called leukemic stem 
cell (LSC) is a rare cell with self-renewing potential that successively gives 
rise to the leukemic progenitors and blast cells (Bonnet and Dick, 1997; 
Holyoake et al., 1999; Lapidot et al., 1994). LSCs appear to be similar to 
LT-HSCs in other aspects as well. They are often quiescent and LSCs can 
also transfer the disease into a new host upon transplantation, which more 
differentiated leukemic cells can not (Dick, 2008).  

The identity of the cell type that initially undergoes malignant transfor-
mation has been debated extensively. It has been proposed that the LT-HSC 
is the leukemia-initiating cell as it shares many qualities with the LSC 
(Bonnet and Dick, 1997; Holyoake et al., 1999). However, this concept has 
not been definitively proven and the transforming event has been suggested 
to also occur in progenitor cells that re-acquire self-renewal (Goardon et al., 
2011; Turhan et al., 1995). The most likely scenario is that both theories are 
correct and that it is the specific genetic lesion that determines which cell 
type that is transformed.  

The leukemic niche 
Leukemic transformation does not only change the hematopoietic compart-
ment, the stromal component of the hematopoietic niche is also subject to 
profound alterations (Krause et al., 2013). The malignant cells promote a 
hematopoietic niche that favors the progress of the disease at the expense of 
normal blood cell differentiation. These changes are brought about by a 
complex interplay between bone marrow stromal cells and leukemic cells 
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that includes secreted factors as well as cell-to-cell contact dependent mech-
anisms. 

BCR-Abl transformed hematopoietic cells express G-CSF, IL-6 and tu-
mor necrosis factor-α (TNF-α) at elevated levels. These factors exert auto-
crine effects by promoting the growth of the leukemic cells and enhancing 
differentiation along the myeloid lineage but also inhibit normal hematopoi-
esis (Gallipoli et al., 2013; Reynaud et al., 2011; Zhang et al., 2012). The 
bone marrow microenvironment in myeloid malignancies is further distin-
guished by pronounced fibrosis, increased vascularization and, at the end 
stage, significant bone loss (Aguayo et al., 2000; Frisch et al., 2012; Georgii 
et al., 1998). These changes appear to be detrimental for the maintenance of 
untransformed hematopoietic stem and progenitor cells, thereby increasing 
the growth advantage of the leukemia. Although very little is known about 
which factors that drive this process, it seems as if the transformed cells 
coerces alterations in the cellular composition of the bone marrow stroma 
(Schepers et al., 2013b). 

Experimentally induced myeloid neoplasia 
Myeloid neoplasia can be induced in mice through transplantation of BCR-
Abl transformed primary bone marrow cells (Daley et al., 1990). This model 
is one of the most studied and causes myeloid leukemia with a high repro-
ducibility. BCR-Abl is delivered with a retroviral vector that targets hemato-
poietic cells. The donors of the primary bone marrow cells are also pretreat-
ed with the chemoablative agent 5-Fluorouracil before cell isolation. This 
enriches the bone marrow for cycling hematopoietic stem and progenitor 
cells and it is a prerequisite for the induction of a myeloid malignancy as 
BCR-Abl transformation of untreated bone marrow results in the develop-
ment of a B cell ALL instead (Li et al., 1999). The BCR-Abl expressing 
cells are then transplanted to irradiated recipients where disease onset is 
rapid. Most mice become moribund within 3 weeks with signs of extrame-
dullary hematopoiesis, such as splenomegaly and hepatomegaly, in combi-
nation with a significant increase in the numbers of mature and blast-like 
myeloid cells. Because of the accelerated disease progression, this model 
does not replicate the prolonged chronic phase of CML and is therefore 
more reminiscent of the blast crisis or even AML. This BCR-Abl driven 
leukemia model has despite this provided many useful insights into the 
pathogenesis of hematological malignancies. 

T lymphocytes  
All blood cells with the exception of T lymphocytes develop in the bone 
marrow. The thymus is instead the major site of T cell maturation (Miller 
and Osoba, 1967). The thymocyte progenitors migrate to the thymus, where 
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a sequence of highly regulated differentiation steps ensures that only fully 
functional T cells reach the periphery (Donskoy and Goldschneider, 1992; 
Zuniga-Pflucker, 2004). Mature T cells do not constitute a homogenous 
population. Based on the expression of the cell surface markers CD4 and 
CD8, two main types of T cells can be identified. The CD4+ T helper cells 
(TH) produce cytokines upon activation that in turn affect other immune 
cells. T killer cells (TK) are instead CD8+ and they are a fundamental part in 
our defense against intracellular pathogens and cancer. 

Thymocyte development 
T cells belong to the adaptive branch of the immune system, and are there-
fore equipped with receptors enabling recognition of pathogenic epitopes 
with a high degree of specificity. The T cell receptor (TCR) consists of two 
protein chains; the α- and the β-chains that associate with a signal transduc-
tion complex known as CD3 (Hedrick et al., 1984; Samelson et al., 1985; 
Yanagi et al., 1984). The unique specificity of the receptor is due to somatic 
rearrangements of the α- and the β-chain gene loci (Siu et al., 1984). This is 
a tightly regulated process initiated in the first thymic precursors. The earli-
est stage of thymocyte development is identified by a lack of the cell surface 
markers CD4 and CD8 and the thymocytes are therefore referred to as dou-
ble negative (DN). Instead, two other cell surface markers, CD44 and CD25, 
are expressed during different time points, allowing for further categoriza-
tion into four different developmental steps, DN1-4 (Godfrey et al., 1993). 
The rearrangements of the TCR begin during DN1 when the first segments 
of the β-chain are fused together (Godfrey et al., 1994). The β-chain is fully 
rearranged and expressed on the cell surface with a pre-α-chain in DN3 
(Groettrup et al., 1993; Saint-Ruf et al., 1994). Only cells expressing a func-
tional β -chain will proceed to the DN4 stage as the β - and pre-α-chain to-
gether with the CD3 transduce survival signals. This is a process called the 
β-selection and it is one of three selections a thymocyte must go through in 
order to reach maturity (Fehling et al., 1995; Mallick et al., 1993).   
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Figure 2. Thymocyte development. 

The second selection occurs after the thymocyte has rearranged the α-chain 
and CD4 and CD8 expression has been up regulated, rendering the cells 
double positive (DP). Also known as the positive selection, the second selec-
tion establishes that only cells capable of interacting with self-major histo-
compatibility complexes (MHC) of type I or II receive the necessary signals 
to survive (Kisielow and Miazek, 1995; Teh et al., 1988). Moreover, positive 
selection also appears to be involved in the lineage commitment, as selected 
thymocytes mature into either TH or TK cells. DP thymocytes with a MHC I 
preference will down regulate CD4 and become CD8+ single positive (SP) 
TK cells, whereas cells that associate with MHC II type molecules develop 
into CD4+ TH lymphocytes (Grusby et al., 1991; Zijlstra et al., 1990). Thy-
mocytes that, on the other hand, interact too strongly with MHC I or II, and 
with self-peptides presented on these complexes, are deleted through nega-
tive selection. This ensures that cells with the potential to mount an immune 
response towards the host itself do not reach the periphery (Kappler et al., 
1987; Kisielow et al., 1988). 

T cell receptor stimulation and signaling 
Signaling through the TCR is essential for the thymic selection as well as for 
the activation of the peripheral T cell. The α - and the β -chain of the TCR 
lack intracellular signaling modules, making the association with the CD3 
complex critical (Weiss and Stobo, 1984). CD3 consists of four protein 
chains, CD3δ, CD3ε, CD3γ, and CD3ζ which all have immunoreceptor tyro-
sine-based activation motifs (ITAMs) that upon receptor activation become 
phosphorylated whereby signal transduction is enabled (Cambier, 1995). 

The TCR does not recognize free antigen, instead the epitope in question 
must be presented in the context of a MHC on an antigen-presenting cell 
(APC) (Kappler et al., 1981; Zinkernagel and Doherty, 1974).  Conserved 
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amino acid sequences in the α - and the β -chains interact with the MHC, 
whereas the variable sequences of the receptor interact with the presented 
peptide (Dai et al., 2008; Feng et al., 2007; Maynard et al., 2005). The cyto-
plasmatic portions of CD4 and CD8 are associated with the tyrosine kinases 
lymphocyte-specific protein tyrosine kinase (Lck) and Fyn that become acti-
vated when CD4 and CD8 engages with the MHC (Sarosi et al., 1992; 
Straus and Weiss, 1992; Turner et al., 1990). Lck and Fyn will in turn phos-
phorylate the ITAMs of the CD3 complex, providing docking sites for other 
intracellular signaling components. Zeta-chain associated protein kinase 70 
(ZAP70) is recruited to the phosphotyrosines on the CD3ζ-chain and Lck 
then phosphorylates and activates ZAP70 (Chan et al., 1992; van Oers et al., 
1996). Subsequently, ZAP70 will phosphorylate the adaptor protein Linker 
of activated T cells (LAT) (Zhang et al., 1998). Through LAT other adaptors 
such as SLP76 and Grb2 are recruited enabling further signaling through 
various pathways (Zhang et al., 1998). Grb2 contributes to MAPK activation 
by recruitment of Sos, the GEF for Ras (Buday et al., 1994). Phospholipase 
Cγ (PLCγ) will instead associate with the activated TCR via SLP76 
(Yablonski et al., 2001). PLCγ mediates calmodulin and MAPK signaling 
through IP3 and DAG, respectively (Ebinu et al., 2000; Liu et al., 1991; 
McCaffrey et al., 1993). Vav also interacts with SLP76 mediating Rac and 
Cdc42 activation, ultimately resulting in cytoskeletal rearrangements and 
MAPK signaling (Fischer et al., 1998; Wu et al., 1996). The converging 
point of these pathways is activation of nuclear factor of activated T cells 
(NFAT), which control interleukin-2 (IL-2) gene transcription and T cell 
proliferation (Shaw et al., 1988). 

TH cell activation 
Peripheral TH cells are in most cases activated in lymph nodes where APC 
migrate after capturing antigens at the site of infection. The TCR is stimulat-
ed through the interaction between with the foreign peptide and the MHC, 
however co-stimulatory signals provided by the APC are essential to achieve 
proper TH cell activation. The binding of CD28 expressed on the TH cells to 
CD80 and CD86 on the APCs induces further IL-2 secretion and thus en-
hances the proliferative response of the activated cells. Depending on the 
challenge at hand, the stimulated TH cells will differentiate into distinct ef-
fector cell types. 

TH cell differentiation 
Mature, activated TH cells can be divided into four different subsets based on 
their respective cytokine secretion (Zhu et al., 2010). TH1 cells primarily 
produce interferon-γ (IFN-γ) that support cell mediated responses, whereas 
TH2 cells are characterized by high production levels of interleukin-4 (IL4), 
interleukin-5 (IL-5) and interleukin-13 (IL-13), furthering B cell prolifera-
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tion and antibody production (Cherwinski et al., 1987; Killar et al., 1987; 
Mosmann et al., 1986; Stout and Bottomly, 1989). The third type is T regu-
latory cells (Treg), identified by their ability to inhibit the activity of other 
immune cells mainly through the secretion of interleukin-10 (IL-10) 
(Annacker et al., 2001; Sakaguchi et al., 1995). Finally, TH17 cells are asso-
ciated with autoimmune diseases like rheumatoid arthritis and produce inter-
leukin-17 (IL-17) and interleukin-21 (IL-21) (Harrington et al., 2005; Nakae 
et al., 2003; Wei et al., 2007). 

Previously not activated TH cells are referred to as naïve CD44-CD62L+ T 
cells (Picker et al., 1993; Pihlgren et al., 1995). The local cytokine environ-
ment, antigen avidity and the affinity of TCR for the presented antigen will 
determine what type of TH cell the naïve cell develops into (Murray et al., 
1992; Parish and Liew, 1972; Seder et al., 1993; Seder et al., 1992). TH1 is 
favored by high levels of interleukin-12 (IL-12) and IFN-γ produced by 
APCs already attracted to the site of infection, whereas IL-4 secreted by 
eosinophils and mast cells promotes differentiation into TH2 cells (D'Andrea 
et al., 1992; Plaut et al., 1989; Seder et al., 1993; Seder et al., 1991; Swain et 
al., 1990). Additionally, the hallmark cytokines of TH1 and TH2 cells sup-
press the development of the other lineage (Fernandez-Botran et al., 1988; 
Fiorentino et al., 1989). IFN-γ signaling activates STAT1 that in turn induc-
es the expression of Tbet, the master regulator of the TH1 lineage (Afkarian 
et al., 2002; Lighvani et al., 2001; Szabo et al., 2000). Tbet enhances TH1 
differentiation while at the same time directly suppressing the transcription 
TH2 promoting genes (Usui et al., 2006). The TH2 counterpart to Tbet is 
GATA3, a transcription factor activated by IL-4 receptor signal transduction 
(Kurata et al., 1999). GATA3 reinforces type 2 cytokine expression and 
inhibits TH1 commitment (Ouyang et al., 1998; Zheng and Flavell, 1997). 

The induction of TH2 responses is highly susceptible to modulations of 
TCR signaling strength. Both in vitro and in vivo stimulation with weak 
antigens result in a bias towards TH2 cytokine secretion and mutants of TCR 
signaling components where receptor signaling potential has been reduced 
produce a similar, TH2 prone phenotype (Murray et al., 1992; Pfeiffer et al., 
1995; Yamane and Paul, 2013). Proliferation is another factor in the devel-
opment of a TH cell response (Bird et al., 1998). The il4 gene locus requires 
extensive chromatin remodeling before IL-4 transcription can occur 
(Grausenburger et al.; Guo et al., 2002; Lee et al., 2001). Cell divisions pro-
mote changes in chromatin structure, and it is therefore proposed that a TH 
cell needs to pass through a minimum of four cell cycles before conditions 
are optimal for IL-4 transcription (Ansel et al., 2003; Bird et al., 1998; 
Lederer et al., 1996).  

Most of the evidence supporting the TH1/TH2 paradigm has been generat-
ed in in vitro experiments and a strict, mutually exclusive division in to ei-
ther TH1 or TH2 responses is most likely not corresponding to in vivo condi-
tions. Certain autoimmune diseases are described as TH1, TH2 or TH17 bi-
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ased. However, although a one specific TH cell lineage is dominating, sever-
al of the other cell types might also significantly contribute to disease pro-
gression. 

Atopic dermatitis 
Atopic dermatitis is one of the most prevalent chronic diseases, 25% of all 
children and 1-3% of the adult population in Western countries are reported 
to be affected (Irvine and McLean, 2006). The condition is characterized by 
reoccurring skin inflammations that cause scaly and itchy rashes. The initial 
inflammation is distinguished by an excessive TH2 response, but atopic der-
matitis has a complex etiology and skin barrier impairment, environmental 
factors as well as a dysfunctional immune system have been associated with 
disease occurrence (Bieber, 2008). The symptoms of atopic dermatitis pa-
tients are heterogeneous, further supporting the notion that several factors, 
rather than one contribute to disease development. 

Immune responses in atopic dermatitis 
The mechanism that induces atopic dermatitis remains unknown. A dysfunc-
tional skin barrier appears to be of importance as approximately one third of 
all atopic dermatitis patients display loss-of function mutations in the gene 
encoding filaggrin, a protein involved in the maintenance of the outermost 
layer of the skin barrier (Irvine, 2007; Palmer et al., 2006). The breach in the 
epidermal barrier could facilitate the entry of allergens such as pollen, dust 
mite byproducts and food-derived molecules. These types of antigens are 
also more prone to generate TH2 promoting responses from APCs (Shreffler 
et al., 2006; Traidl-Hoffmann et al., 2005). Another factor to take into ac-
count is thymic stromal lymphopoietin (TSLP), a cytokine produced by 
keratinocytes upon injury that possesses strong TH2 inducing potential 
(Soumelis et al., 2002).  

The local microenvironment in atopic dermatitis skin is thus poised for a 
TH2 driven inflammation and the TH cells that subsequently infiltrate the 
lesions primarily produce IL-4, IL-5 and IL-13 (Kay et al., 1991). The exac-
erbated production of TH2 cytokines further enables recruitment of basophils 
and eosinophils, central cellular components of the allergic inflammation 
(Bruijnzeel et al., 1993; Macfarlane et al., 2000). The TH2 bias also results in 
an antibody class switch in B cells, favoring the synthesis of immunoglobu-
lin E (IgE) (Punnonen et al., 1993; Vercelli et al., 1989). Whether IgE is 
instrumental for the establishment of atopic dermatitis remains unclear 
(Johansson et al., 2004). However, cross-linking of IgE bound to basophils 
and mast cells triggers degranulation and release of histamine and other me-
diators further enhancing the inflammatory response (Gould et al., 2003). 
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A significant accumulation of macrophages is another distinguishing fea-
ture of atopic dermatitis lesions (Kiekens et al., 2001; Leung et al., 1983). 
Macrophages can enhance the inflammation by cytokine secretion (Kasraie 
and Werfel, 2013; Prasse et al., 2007). Together with activated dendritic 
cells and eosinophils, macrophages have been suggested to be responsible 
for the shift in TH cells immunity that occurs when the atopic dermatitis 
inflammation progresses into the chronic phase (Grewe et al., 1998; 
Kerschenlohr et al., 2003). The T cell response in atopic dermatitis is thus 
biphasic; the acute phase is governed by TH2 responses whereas TH1 cells 
constitute the predominant cell type in the chronic phase (Grewe et al., 
1995). It remains unknown how the switch in TH cell profile affects the 
pathogenesis of the disease. Experiments performed with IFN-γ knockout 
mice indicate that the epidermal thickening, a hallmark of atopic dermatitis 
lesions, requires IFN-γ signaling (Spergel et al., 1999). Additionally, TH17 
and Tregs have also been proposed to regulate atopic dermatitis progression 
(Honda et al., 2011; Souwer et al., 2010). The inflammatory response in this 
disease is thus complex, involving several arms of the immune system. 

MC903 induced atopic dermatitis 
Mice do not spontaneously develop atopic dermatitis; there are however a 
number of experimental models available that mimic the human disease. We 
have opted to use a model of MC903 (Calcipotriol) induced atopic dermati-
tis. MC903 is a vitamin D analog that induces TSLP expression in keratino-
cytes. The TSLP gene locus is under tonic transcriptional suppression and 
MC903 is thought to alleviate this suppression by binding heteromeric re-
ceptor complexes consisting of the vitamin D receptor and the retinoid X 
receptor. The subsequent increase in TSLP levels is sufficient to evoke a 
TH2 response that results in the development of an atopic dermatitis-like 
condition (Li et al., 2006). The compound is applied daily to the inner and 
outer surfaces of the ear and the dermatitis symptoms are thus limited to the 
ear of the mouse. The model is therefore convenient to work with and is 
minimally invasive to the animal. 

The adaptor protein Shb 
Adaptor proteins are specialized signaling intermediates that lack intrinsic 
enzymatic activity. Instead, this type of protein propagates intracellular sig-
naling cascades by serving as molecular scaffolds that facilitate the assembly 
complexes downstream of activated receptors. Src homology 2 domain-
containing protein (Shb) is an adaptor protein initially discovered in β-cells, 
however its expression has since been found to be ubiquitous (Welsh et al., 
1994). Consisting of an N-terminal proline rich motif, a phosphotyrosine-
binding (PTB) domain, tyrosine phosphorylation sites and a C-terminal SH2 
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domain, Shb is capable of partaking in a wide variety of signaling pathways 
(Anneren et al., 2003). The proline rich sequences enable association with 
SH3 domain containing proteins like c-Abl, PLCγ and PI3K and phosphory-
lated tyrosine residues on FAK, VAV and LAT interact with Shb’s PTB 
domain (Anneren et al., 2003). Upon activation of tyrosine kinase receptors 
such as the vascular endothelial growth factor receptor-2 (VEGFR-2), the 
platelet derived growth factor receptor (PDGFR), the fibroblast growth fac-
tor receptor-1 and the TCR, the SH2 domain of Shb binds to phosphorylated 
tyrosines in the cytoplasmatic portion of these receptors (Cross et al., 2002; 
Holmqvist et al., 2004; Hooshmand-Rad et al., 2000; Lindholm et al., 1999).  

 
Figure 3. The adaptor protein Shb. 

Shb is expressed in various cells of hematopoietic origin, albeit at intermedi-
ate levels. However, Shb has been implicated in early red blood cell for-
mation as Shb deficient embryoid bodies show defective erythropoiesis (Kriz 
et al., 2006). Moreover, Shb has been demonstrated to be of significance to 
TCR signaling. Shb associates with the ζ-chain of the CD3 complex and 
further recruits SLP76 and LAT (Lindholm et al., 1999; Lindholm et al., 
2002; Welsh et al., 1998). This interaction is pivotal to the phosphorylation 
and activation of PLCγ and Vav and expression of a SH2 domain mutant of 
Shb abrogates NFAT activation resulting in decreased IL-2 secretion in a T 
cell-derived cell line (Lindholm et al., 1999; Lindholm et al., 2002). Shb 
does not only induce IL-2 secretion, but has also been implicated in IL-2 
receptor (IL-2R) signaling in human T cells and NK cells further defining 
Shb’s role in the function of various blood cells (Lindholm, 2002).  

Shb regulates other cellular processes as well, including proliferation, 
apoptosis, and cell motility (Funa et al., 2008; Holmqvist et al., 2003; Lu et 
al., 2002). Many of Shb’s effects appear to be context dependent. In endo-
thelial cells and β-cells, Shb mediates proliferative signals via MAPK acti-
vation (Cross et al., 2002; Welsh et al., 2002). Moreover, the results present-
ed in this thesis imply that Shb controls cell cycle entry within the hemato-
poietic system as the deletion of Shb results in an increased proportion of 
quiescent LT-HSCs whereas TH cells are hyperproliferative (Gustafsson et 
al., 2011; Gustafsson et al., 2013).  



 32 

Shb’s role in programmed cell death is also complex. In β-cell derived 
cell lines and PC3 prostate cancer cells, c-Abl-mediated apoptosis requires 
Shb (Davoodpour et al., 2007; Hagerkvist et al., 2007). Contrarily, knock-
down of Shb expression in angiosarcoma cells results in an increased apop-
totic rate in response to different kinds of cellular stress stimuli. The appar-
ent anti-apoptotic effect of Shb in this endothelial-derived tumor is however 
not mediated by c-Abl activity but most likely through disruption of FAK 
signaling (Funa et al., 2008).  

A Shb knockout mouse has been generated (Kriz et al., 2007). In line with 
Shb’s wide expression pattern and diverse effects on cell signaling, several 
organ systems are affected by Shb ablation. Shb knockout embryos often die 
in utero due to an increased malformation rate. However, Shb null oocytes 
ovulate more frequently and the Shb knockout allele therefore displays a 
non-mendelian transmission (Calounova et al., 2010; Kriz et al., 2007). In 
addition, glucose homeostasis is impaired Shb deficient mice as indicated by 
high blood sugar levels and defective insulin secretion in response to glucose 
stimulation (Akerblom et al., 2009). The most studied Shb knockout pheno-
type is the vascular defect. Shb relays VEGFR-2 signals and the deletion of 
Shb disrupts VEGF-A dependent activation of Akt, FAK and Rac1 (Funa et 
al., 2009; Zang et al., 2013). As a consequence, Shb null endothelial cells 
display cytoskeletal abnormalities that correlate with reduced migration and 
an increased vascular permeability (Funa et al., 2009; Zang et al., 2013). 
Solid tumor growth is also retarded in the absence of Shb due to decreased 
angiogenesis (Akerblom et al., 2012; Funa et al., 2009).  
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Aims 

This project was motivated by our desire to understand how the adaptor 
protein Shb modulates responses in cells of the hematopoietic system. The 
specific aims for the individual studies were to: 

I. Assess whether the deletion of Shb affects T cell development and 
function. 

II. Further evaluate Shb’s influence on the function of peripheral TH 
cells in a mouse model of atopic dermatitis. 

III. Investigate the role of Shb in LT-HSCs and HPCs under homeosta-
sis and hematopoietic stress. 

IV. Study the effects of Shb deletion in malignant hematopoiesis utiliz-
ing a murine model of BCR-Abl driven myeloid leukemia. 
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Methodology 

Animals 
The generation of the Shb deficient mice has been described previously 
(Kriz et al., 2007). The Shb knockout was initially maintained on a mixed 
background (129Sv/C57Bl6/FVB) but was eventually backcrossed for 7 
generations into the Balb/c strain. The experiments in paper I were all per-
formed with mice from the mixed background whereas Balb/c mice were 
used for study II. In paper III experiments were performed on both mixed 
background and Balb/c mice. Paper IV is only based on results from Balb/c. 
All experiments were approved by the local animal ethics committees at 
Uppsala University and Harvard School of Medicine.  

Atopic dermatitis 
A 50 µM solution of the low calcemic Vitamin D agonist MC903 (Sigma-
Aldrich, St. Lois, MO) was prepared and 10 µl was applied daily to the inner 
and outer surfaces of the ear as previously described (Li et al., 2006). 10 µl 
ethanol was used as vehicle control treatment. All mice were 8-10 weeks old 
Balb/c wild type or Shb knockout females. MC903 and vehicle treated mice 
were sacrificed on day 9, and ears and auricular draining lymph nodes were 
isolated. 

BCR-Abl induced myeloid neoplasia 
The pMIG-p210bcr/abl vector was used to produce retroviruses directing the 
expression of BCR-Abl-GFP as described previously (Pear et al., 1998). Six 
days before isolation of primary bone marrow cells, Balb/c Shb wild type or 
knockout mice, 8-10 weeks old were treated with 5-FU (Sigma-Aldrich, St. 
Lois, MO) at a dose of 150 mg /kg body weight. The donor bone marrow 
was thereafter stimulated in RPMI 1640 (Sigma Aldrich) supplemented with 
10 % FCS (Sigma Aldrich), IL-3 (10 ng/ml), SCF (10 ng/ml) and IL-6 (10 
ng/ml) (PeproTech, Rocky Hill, NJ) for 24 hours. The cells were subse-
quently subjected to two rounds of spin infections over the following 48 
hours as described previously (Li et al., 1999). Recipient wild type Balb/c 
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mice, 8-10 weeks old, were bone marrow ablated through irradiation by two 
doses of 4.5 Gy in a Nordion Gammacell 40 Exacto 137Cs irradiator (MDS 
Nordion, Ottawa, ON). 0.4 – 1 x 106 BCR-Abl transformed cells were 
promptly injected into the recipients after the second irradiation dose.  

Cell preparation 

T cells 
Thymocytes and peripheral T cells were isolated from thymus and spleen 
from mice on the mixed background that were 3 weeks and 8-10 weeks, 
respectively. The organs were removed and crushed through a 70 µm cell 
strainer (BD Bioscience, Franklin Lakes, NJ) in 1% (w/v) BSA in PBS. 
Erythrocytes were subsequently removed by treatment with Red cell lysis 
buffer (Sigma Aldrich, St. Lois, MO). For purification of CD4+ TH cells, 
CD44-CD62L+CD4+ naïve T cells and CD8+ TK cells, single cell suspensions 
of splenocytes were incubated with MACS magnetic microbeads (Miltenyi 
Biotec, Bergisch Gladbach, Germany), following the manufacturer’s instruc-
tions. 

Normal bone marrow and peripheral blood 
Bone marrow was collected from iliac bones, femurs and tibias using 8 to 10 
weeks old mice on either the mixed genetic background or the Balb/c strain. 
The bones were crushed in 2% (v/v) FBS in PBS followed by passage over a 
70 µm cell strainer in order to obtain single cell suspensions. 

Peripheral blood was sampled from transplantation recipients by retroor-
bital bleeding of 200 µl into 0.05 mM EDTA (Merck, Whitehouse Station, 
NJ). Red blood cells were removed first by sedimentation in 6% (w/v) Dex-
tran T500 (GE Healthcare, Hemel Hempstead, UK) followed by lysis in Red 
cell lysis buffer. 

Leukemic cells 
Moribund mice were sacrificed and samples from bone marrow, spleen and 
peripheral blood were prepared as described in previous sections. In order to 
facilitate FACS analysis at a later time point, these samples were fixed in 
4% paraformaldehyde. 
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Extracellular FACS and cell sorting 
For flow cytometric analysis of thymocytes and splenocytes 1×106 cells 
were stained with CD4- FITC, CD8-FITC, CD4- PE-Cy5, CD8- PE, CD44-
PE-Cy5, CD25-PE, and CD62L-PE (all antibodies were purchased from 
eBioscience, Hartfield, UK) in order to distinguish between different T cell 
subsets.  

Bone marrow cells were isolated as described in the previous section and 
subsequently stained for lineage markers using rat anti-mouse CD4, B220, 
Mac-1, Gr-1, CD19 (Invitrogen, Carlsbad, CA) CD3 and CD8 (eBioscience) 
followed by incubation with a PE-Cy5.5-conjugated goat anti-rat IgG (Invi-
trogen). To further enrich for LT-HSCs, the cell suspensions were selected 
for c-Kit expression by magnetic separation with anti-c-Kit microbeads 
(Miltenyi Biotec), following the manufacturer’s instructions. In order to 
analyze different hematopoietic stem and progenitor populations the c-Kit 
purified cells were then stained for CD34-FITC, c-Kit-APC-eFluor 780, 
CD41-PE, CD48-PE (eBioscience), CD150-PE-Cy7, CD105-Biotin, Sca-1-
APC (BioLegend, San Diego, CA), Streptavidin Alexa Fluor 680 (Invitro-
gen) and Flk-2-PE (BD Bioscience).  

Peripheral blood cells were stained with rat anti-mouse antibodies defin-
ing the myeloid and lymphoid lineages respectively; Gr-1, Mac-1, CD4, 
CD8, CD3, B220, and CD19 (Invitrogen), which was followed by addition 
of goat anti-rat PE-Cy5.5 to the samples. In order to determine blood 
chimerism after transplantation the cells were stained with CD45.1-FITC 
and CD45.2-APC (BD Bioscience). 

FACS analysis was performed on a FACScalibur (BD Bioscience) or an 
LSR II (BD Bioscience). Cell sortings were performed with a FACSVantage 
SE (BD Bioscience) or FACSAria III (BD Bioscience). All flow cytometric 
data were analyzed with FlowJo (TreeStar, Ashland, OR) or FACSDiva (BD 
Bioscience) software. 

Intracellular FACS  

Cell cycle analysis 
Cell cycle analysis was performed by estimating DNA content with Hoechst 
33342 (Invitrogen) or 7-amino-actinomyocin D (7AAD) stainings combined 
with assessment of 5-bromo-2-deoxyuridine (BrdU) (Sigma Aldrich) incor-
poration. The cell cycle status of naïve CD44-CD62L+CD4+ T cells was 
established by incubating the cultures with BrdU at a final concentration of 
50 µM for 2 hours. For LT-HSCs and HPCs a dose of 2 mg BrdU was ad-
ministered by intraperitoneal injections and bone marrow was isolated 1 
hour later. Following BrdU incorporation, T cells and bone marrow cells 
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were fixed and permeabilized using the BD Cytofix/Cytoperm kit (BD Bio-
science) following the manufacturer’s instruction. The samples were subse-
quently incubated with anti-BrdU-PE (BD Bioscience) or anti-BrdU-APC 
(Invitrogen). To enable identification of different cell cycle stages the cells 
were stained with Hoechst 33342 or 7AAD. 

Fixed and permeabilized LT-HSCs and HPCs were also stained with the 
RNA binding dye Pyronin Y (0.5µg/ml) (Sigma Aldrich) in combination 
with Hoechst 33342 (10µg/ml) to further elucidate the cell cycle status of 
these cells. 

Another marker of proliferating cells is the Ki-67 antigen. Fixed BCR-
Abl transformed bone marrow was first stained for c-Kit and lineage defin-
ing markers. This was followed by permeabilization and staining with Ki-
67-PE antibody (BD Bioscience) and Hoechst 33342 to determine the pro-
portions of proliferating cells. 

Apoptosis analysis 
Cells undergoing apoptosis express cleaved caspase-3. Leukemic bone mar-
row cells were labeled antibodies directed towards c-Kit and lineage-
defining markers and permeabilized, as described in previous sections. The 
cells were then incubated with a primary rabbit anti-mouse cleaved caspase-
3 antibody (Cell Signaling Technology, Beverly, MA) and a secondary PE-
conjugated donkey anti-rabbit antibody (eBioscience). 

Phospho-FAK analysis 
The level of FAK activity in LT-HSCs was determined by intracellular stain-
ing for phosphorylation of Y397. In brief, bone marrow was isolated and 
fixed immediately afterwards in 4% paraformaldehyde. The cells were 
stained for LT-HSC markers as described above. The cells were subsequent-
ly permeabilized and stained with phospho-FAK antibody (Invitrogen) fol-
lowed by incubation with a PE-conjugated donkey anti-rabbit antibody (eBi-
oscience). 

Histology 
Organs collected for paraffin sections were fixed in 4% formalin and em-
bedded in paraffin. The tissue was then cut into 5 µm sections, mounted onto 
Polylysine slides (Menzel Gläser, Braunschweig, Germany) and stained with 
hematoxylin-eosine or toluidine blue. 

Frozen sections were prepared by embedding the tissue in section media 
(Thermo Scientific) followed by sectioning and mounting onto SuperFrost 
microscope slides (Menzel Gläser). The sections were thereafter fixed in ice-
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cold methanol for 10 minutes and incubated with primary rat anti-mouse 
antibodies directed against CD4 and F4/80 (eBioscience) at a 1:300 dilution. 
This was followed by addition of a secondary anti-rat Alexa Fluor 488 anti 
body (Invitrogen) at a concentration of 1:500. The sections were finally 
mounted in a DAPI containing mounting medium Vector Laboratories, 
Burlingame, CA) to enable detection of nuclei. 

Blood smears prepared from leukemic mice were fixed in methanol and 
stained with May-Grünwald Giemsa for differential counts. 

TCR stimulation 
TCR ligation was performed on 1×107 thymocytes or 1×106 splenocytes 
suspended in RPMI 1640 supplemented with 10% FBS and 50 µM β-
mercaptoethanol. Thymocytes were stimulated for 2 or 5 minutes whereas 
splenocytes were stimulated for 5 minutes. The experiment was carried out 
at 37˚ C with α -CD3 antibody (BD Bioscience) at a concentration of 10 
µg/ml.  

Stimulated thymocytes were lysed and thereafter immunoprecipitated by 
the addition of either α-phosphotyrosine antibody (Millipore, Watford, UK) 
or Shb antibody at 0.5 µg/ ml or 5 µg/ ml, respectively, for 1 hour at 4°C. 
Protein A sepharose (GE Healthcare, Uppsala, Sweden) was later added and 
the samples were incubated for another hour under the same conditions. 
Samples were washed and resuspended in SDS-sample buffer. Splenocytes 
were instead lysed directly in SDS-sample buffer. 

c-Kit stimulation 
Bone marrow cells were retrieved as described in previous section. Enrich-
ment for HSCs and HPCs was performed by magnetic separation of c-Kit+ 

cells using anti-c-Kit microbeads, following the manufacturer’s instructions 
(Miltenyi Biotech). c-Kit+ bone marrow cells were then stimulated with 100 
ng/ml SCF for 3 minutes as 37°C. Samples were either lysed directly in 
SDS-sample buffer or subjected to immunoprecipitation with PAK1 GST-
fusion protein according to the instructions supplied by the manufacturer 
(Thermo Scientific, Waltham, MA). 

Western blotting and immunodetection 
Samples were denatured followed by separation on SDS- PAGE and transfer 
to Hybond-P membranes (GE Healthcare). The membranes were subse-
quently blocked in 5% BSA over night at 4°C. Immunodetection probing of 
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the membranes was performed with the following primary antibodies: Akt, 
phospho-Akt, p38, phospho-P38, JNK, phospho-JNK, Erk, phospho-ERK, 
Pak, phospho-Pak and FAK (Cell Signaling Technology), α-
phosphotyrosine, PLCγ, Vav1 (Millipore), c-Cbl, ZAP70 (BD Bioscience) 
and Rac1 (Thermo Scientific). This was followed by addition of the second-
ary HRP-conjugated antibodies (GE Healthcare) and ECL detection solution 
(GE healthcare) according to manufacturer’s instructions. The signal was 
detected by exposing autoradiographic film (GE healthcare) to the mem-
branes for 2 seconds up to 2 minutes or by using the Kodak Image Station 
4000MM and the Kodak Digital Science ID Software (Eastman Kodak, 
Rochester, NY) 

Real-time reverse transcription-PCR 
Total RNA was prepared using a RNAeasy mini kit (Qiagen, Solna, Swe-
den) following the manufacturer’s instructions. One-step real-time reverse 
transcription-PCR was used to quantify gene expression. The reactions were 
performed with QuantiTec SYBR®

 Green RT-PCR kit (Qiagen) on a Light 
Cycler (Roche Diagnostics, Basel, Switzerland). Transcription levels were 
normalized against β-actin and CT-values were calculated using the accom-
panying software. 

T cell proliferation and cytokine production assay 
5×105 CD4+ or CD8+ T cells were plated on 24-well plates pre-coated with 
2.5 µg/ml α-CD3 and 3µg/ml α-CD28 antibodies (BD Bioscience) in a vol-
ume of 1.5 ml F-DMEM (SVA, Uppsala, Sweden) supplemented with 10% 
FBS and 50 µM β-mercaptoethanol. Naïve CD44-CD62L+CD4+ T cells were 
cultured under the same conditions but were instead plated on 96-well 
plates. Cultures that were harvested after 2 days were seeded with 5×104 
cells whereas 2.5×104 cells were used for 3 to 5 day cultures. In order to 
estimate cytokine secretion, supernatants were collected every 24 hours for 6 
days. Cytokine levels were estimated by sandwich immunoassays using 
Gyrolab Bioaffy (Gyros Biotech, Uppsala, Sweden) following the manufac-
turer’s instructions. For the proliferation assay, 10% of the cells were isolat-
ed and incubated with 1 µCi of 3H-thymidine (GE Healthcare) for 4 hours. 
The amount of radioactivity was thereafter determined with a Wallac 1409 
scintillation counter (Perkin Elmer, Waltham, MA, USA).  
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LT-HSC proliferation assay 
LT-HSCs were stained as described previously and single-cell sorted into 
96-well flat bottom plates.  The cells were cultured in 5% CO2 at 37° C in 
either 200 µl RPMI 1640 (Sigma Aldrich) with 10 % FCS (Sigma Aldrich), 
or in serum-free StemSpan medium (Stem Cell Technologies, Vancouver, 
BC). The two types of media were supplemented with different cytokines. 
The RPMI 1640 contained IL-3 (10 ng/ml), SCF (10 ng/ml) and IL-6 (10 
ng/ml) whereas IL-3 (10 ng/ml), SCF (50 ng/ml), IL-6 (10 ng/ml) and TPO 
(20 ng/ml) (PeproTech) were added tow the StemSpan. The number of wells 
containing colonies was evaluated microscopically at day 10 of culture. 

The effects of FAK inhibition on LT-HSC proliferation was determined 
by first injecting mice intraperitoneally with 30 mg/kg body weight of FAK 
inhibitor 14 (Tocris, Bristol, UK). The mice were injected 24 hours and 1 
hour before bone marrow isolation and LT-HSCs were subsequently single-
cell sorted as described above. The cells were grown for 6 days in StemSpan 
with IL-3, SCF and IL-6 either in the presence or absence of 10 µM FAK 
inhibitor.  

Colony forming assay  
2 x 104 leukemic bone marrow cells from moribund mice were plated on 
methylcellulose medium M3434 (Stem Cell Technologies) that supports 
growth of granulocyte, monocyte, megakaryocyte and erythrocyte contain-
ing colonies.  Bone marrow cells were also seeded onto M3231 supplement-
ed with a gradient of GM-CSF (PeproTech) at concentrations of 0, 0.1 and 1 
ng/ml. All colonies were scored at day 10. 

5-FU treatment 
A dose of 150 mg/ kg body weight 5-FU (Sigma Aldrich) was given through 
intraperitoneal injections. BrdU was intraperitoneally injected 12 hours be-
fore bone marrow isolation at a dose of 4 mg. Identification of LT-HSCs 
was performed by incubating the cells with mouse anti-rat lineage markers 
as described in previous section. The cells were thereafter enriched for Sca-1 
expression by magnetic separation with Sca-1-FITC microbeads (Miltenyi 
Biotec.). This was followed by incubation with CD41-PE, CD48-PE, Flk-2-
PE, and CD150-PE-Cy7 and BrdU-APC staining was performed as de-
scribed above. 
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LT-HSC transplantation 
Sorted LT-HSCs from CD45.2 donors were transplanted by retroorbital in-
jection of cells into CD45.1 recipients in competition with 200 000 CD45.1+ 
unfractioned bone marrow cells.  

Transplantation recipients received a split dose of 9 Gy in order to ablate 
endogenous bone marrow. The recipients were retroorbitally bled at 6 or 16 
weeks to monitor donor contribution to peripheral blood lineages. 

Permeability assay 
A modified Miles assay was utilized in order to determine blood vessel per-
meability in response to histamine (Galaup et al., 2006; Miles and Miles, 
1952).  8-10 weeks old Balb/c mice were injected with 1% Evans Blue 
(Sigma Aldrich) at a dose of 2 µl /g body weight via the tail vein. 30 minutes 
later, 3 µg of histamine was injected intradermally in the right flank and 
PBS, serving as a sham treatment, was injected in the left side. After another 
30 minutes, the animals were sacrificed and the flank skin was collected and 
weighed. Extraction of Evans Blue was done in formamid at 70° C and the 
amount of dye was estimated with a FLUOStar Omega spectrophotometer 
(BMG Labtech, Ortenberg, Germany). 

Statistical analysis 
Data is presented as mean ± Standard error of the mean (SEM). For compar-
ison of differences between two groups with normal distributed data, un-
paired Students t- tests were used unless otherwise stated. For paired com-
parisons, one wild type and one age and sex matched knockout sample was 
analyzed simultaneously, under identical conditions, and the wild type and 
the knockout values were set as one observation each for the comparison. 
Comparisons between more than two groups were done with one-way 
ANOVA followed by post hoc analysis with Bonferroni’s test or Fischer’s 
LSD. The results of the LT-HSC proliferation assay were evaluated with a 
Chi-square test.  All p- values less than 0.05 were considered statistically 
significant. 
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Results and Discussion 

Shb mediated effects on thymocyte development and 
peripheral T lymphocyte function (I and II) 
In previous work, a role was established for Shb in TCR signaling in cell 
lines. Additionally, Shb partakes in the downstream signaling of the tyrosine 
kinase receptors VEGFR-2 and PDGFR that have both been implicated in 
the development and function of hematopoietic cells. To further explore the 
effects of Shb on blood cell signaling, thymocyte development and peripher-
al T cell function were studied in a recently generated Shb knockout mouse. 

Shb is dispensable for thymocyte development 
Initial assessment of peripheral blood cell numbers revealed decreased levels 
of monocytes and lymphocytes in the Shb knockout. Immature T cells were 
subsequently isolated from the thymus to evaluate the TCR signaling re-
sponse in the absence of Shb. PLCγ phosphorylation was found to be re-
duced, whereas Vav-1 displayed increased basal activity in Shb null thymo-
cytes. TCR signaling is essential for the differentiation and survival of thy-
mocytes. Thymic developmental stages were therefore evaluated. However, 
Shb appears to be dispensable for thymocyte development as no major dif-
ferences were observed between Shb knockout and control mice at 3 weeks 
of age. The lack of an apparent effect on thymocyte development is surpris-
ing given the defect in PLCγ activation displayed by Shb knockout thymo-
cytes. On the other hand, Erk activation appears unaffected, suggesting that 
other signaling pathways may compensate for the reduced PLCγ activation.  

Shb deletion induces increased proliferation and TH2 bias in TH 
cells 
In peripheral T cells isolated from the spleen the absence of Shb led to in-
creased proliferation of CD4+ TH in vitro in response to TCR stimulation. 
Moreover, Shb knockout CD4+ TH cells showed elevated basal activity but 
reduced stimulation-induced phosphorylation of several TCR signaling 
components including p-38 MAPK and putatively LAT and Vav-1. The 
proliferative response of activated T cells is dependent on IL-2 secretion. IL-
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2 production was consequently investigated in CD4+ TH cells, but there were 
no detectable differences between knockout and control cells. Overproduc-
tion of IL-2 is therefore most likely not the cause of the lymphoproliferation.  

IL-4, the cytokine characteristic for TH2 cells, was instead found be re-
leased at higher levels after three and four days of in vitro CD3 and CD28 
stimulation in the absence of Shb. Memory TH cells readily produce TH2 
cytokines and proliferate quickly in response to activation. Therefore, an 
enlarged memory cell population often results in a TH2 bias and hyperprolif-
eration (Aguado et al., 2002; Sommers et al., 2002). However, flow cytomet-
ric analysis of CD44+CD62L-CD4+ T cells revealed no differences between 
wild type and Shb null mice in this aspect. Additionally, naïve Shb knockout 
CD44-CD62L+CD4+ T cells also showed lymphoproliferation and TH2 skew-
ing, further supporting the conclusion that the observed phenotype was not 
due to an increased proportion of memory cells. 

The aberrant TH cell activation is instead most likely the result of the de-
fects in the Shb deficient TCR signaling complex. The increased basal acti-
vation level in several pathways could make Shb knockout TH cells more 
sensitive to stimulation, inducing stronger responses in the knockout com-
pared to the wild type. That does however not account for the preferential 
development of a TH2 response. TCR signaling in the absence of Shb was 
not only distinguished by an increased basal activation but also by reduced 
responsiveness to stimulation. As the fate of a naïve TH cell can be deter-
mined by the strength of the TCR signal, the stunted activation of Shb 
knockout TH cells could favor TH2 differentiation. 

Atopic dermatitis is aggravated in the absence of Shb 
Allergic conditions are associated with abnormal TH2 activation. In order to 
evaluate whether the TH2 bias of the Shb knockout cells had any significant 
impact on TH lymphocyte function in vivo, a murine model of atopic derma-
titis was employed. In line with the in vitro observations, Shb deficient mice 
developed symptoms of atopic dermatitis earlier than wild type animals. 
Dermal infiltration of T cells, macrophages and mast cells was also more 
pronounced. The accumulation of immune cells was furthermore accompa-
nied by a significant elevation in the transcription of TH2 cytokines IL-4 and 
IL-5. 

The Shb knockout mouse displays numerous vascular abnormalities, in-
cluding an impaired permeability response to VEGF-A stimulation. The 
exacerbated allergic inflammation could thus merely be a reflection of in-
creased vascular leakage enhancing the recruitment of leukocytes. However, 
exposure of dermal vasculature to histamine, the main factor contributing to 
vessel permeability under allergic conditions, did not reveal any differences 
in responsiveness between wild type and Shb deficient mice. The TH2 skew-
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ing of Shb knockout immune responses is therefore a more probable expla-
nation for the more severe atopic dermatitis phenotype. 

A deregulated TH cell response is not the only factor driving the develop-
ment of atopic dermatitis. The Shb knockout is global and as a consequence 
it can not be excluded that other cell types also partake in the augmented 
inflammation. On the other hand, the in vitro data is based on responses 
from purified, naïve TH lymphocytes, implying that the TH2 predisposition is 
indeed inherent to Shb null cells.  

Evaluation of normal and malignant hematopoiesis in 
the Shb knockout mouse (III and IV) 
Shb may not only regulate TH cell responses in the hematopoietic system. 
The fact that both lymphocyte and monocyte numbers were found to be de-
creased in peripheral blood of Shb knockout mice indicates that earlier steps 
in hematopoietic differentiation could be altered by the loss of Shb. In view 
of these findings, the focus of study III was to determine whether Shb is 
required for the function of HSCs and HPCs. These experiments demon-
strated that Shb appears to regulate LT-HSC proliferation. Leukemias are 
thought to arise from malignant transformation of LT-HSCs or HPCs and 
loss of cell cycle control is an integral step in this process. Based on this we 
hypothesized that Shb could play a role in hematopoietic malignancies. A 
murine model of myeloid leukemia was therefore used in the subsequent 
study in order to delineate whether Shb regulates malignant as well as nor-
mal hematopoiesis. 

Reduced proportions of LT-HSCs due altered cell cycle 
regulation in Shb null mice 
Flow cytometric analysis of Shb knockout bone marrow revealed reduced 
relative numbers of LT-HSCs in mice bred on the mixed background as well 
as in mice from the Balb/c strain. The cell cycle status of LT-HSCs and 
HPCs was subsequently determined as the maintenance of the stem cell pool 
is dependent on a strict proliferation control. BrdU incorporation experi-
ments and Pyronin Y stainings showed that Shb null LT-HSCs exhibited a 
decreased proportion of actively cycling cells. In addition, the proliferative 
response to cytokine stimulation was also reduced in Shb deficient LT-
HSCs. Massive loss of peripheral blood cells and HPCs from hemorrhage, 
irradiation or cytotoxic agents inflicts stress on the hematopoietic system 
eliciting compensatory LT-HSC expansion. By contrast, treatment with the 
chemoablative compound 5-FU revealed no impairment in the proliferative 
response of Shb knockout LT-HSCs. These results imply that Shb regulates 
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the LT-HSC pool size through cell cycle control under homeostatic condi-
tions, but is dispensable for the management of hematopoietic stress. 

Deletion of Shb impairs the repopulating ability of LT-HSCs 
The ultimate functional test for LT-HSCs is to transplant the cells into irra-
diated recipients. Transplanted Shb knockout LT-HSCs display equal en-
graftment potential to their wild type counterparts 6 weeks post-
transplantation. This is in line with the observations made following 5-FU 
treatment, as the hematopoietic system is under a similar stress immediately 
after transplantation. On the contrary, Shb deletion impairs long-term contri-
bution from transplanted LT-HSCs to the myeloid lineage. This could indi-
cate that Shb deficiency confers a myeloid specific defect. However, knock-
out GMPs did not display any proliferation or differentiation abnormalities, 
arguing against this interpretation. Alternatively, it has been proposed that 
the population of cells defined as LT-HSCs is in fact composed of cells al-
ready primed for lymphoid, myeloid or megakaryocytic differentiation 
(Beerman et al., 2010; Sanjuan-Pla et al., 2013; Yamamoto et al., 2013). The 
failure to maintain the myeloid lineage in Shb knockout recipients could thus 
be due to a reduction in myeloid primed LT-HSC. Although this explanation 
can not presently be excluded, the lack of a strict phenotypic definition of 
these lineage-primed LT-HSCs also make it difficult to confirm. Neverthe-
less, as the ablation of Shb expression seems to reduce the proliferative rate 
of LT-HSCs under steady state conditions, it is highly conceivable that the 
observed transplantation phenotype is a result of this defect. The myeloid 
compartment has the greatest turnover of mature cells, making it more sensi-
tive to reductions in hematopoietic output. An increased quiescence within 
the LT-HSC population is therefore more likely to affect the myeloid cell 
population. Moreover, the hyperproliferation and TH2 bias of Shb knockout 
T lymphocytes could mask defects in the contribution of LT-HSCs to lym-
phopoiesis. TH2 responses expand the B cell population and increased prolif-
eration among mature lymphoid cells could thus explain the lack of effects 
within this lineage after transplantation with Shb null LT-HSCs. 

Shb controls LT-HSC proliferation through regulation of FAK  
In order to further pursue the cause of the reduced proliferation rate dis-
played by Shb null LT-HSCs, signaling responses to SCF stimulation of c-
Kit were investigated. c-Kit enriched Shb deficient bone marrow cells dis-
played alterations in the FAK/Rac1/p21 activated kinase (PAK) signaling 
pathway. Similarly to what was observed in TH cells, these signaling inter-
mediates exhibited increased basal phosphorylation but failed to mount a 
stimulation-induced activation. To address the question of whether the in-
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creased basal activation or the diminished stimulation-responsiveness was 
the mechanism responsible for the proliferation defect, single-cell sorted LT-
HSCs were cultured in the presence of a FAK inhibitor. Upon treatment with 
the FAK inhibitor, Shb knockout LT-HSCs appeared to proliferate at a simi-
lar rate as wild type cells. Furthermore, FAK activation was studied at a 
single-cell level using FACS analysis, revealing that the loss of Shb expres-
sion indeed resulted in increased FAK phosphorylation in LT-HSCs. This 
effect could also be abolished in the presence of the FAK inhibitor. Taken 
together, these results indicate that the increased LT-HSC quiescence seen in 
Shb deficient bone marrow is due to the high basal activity in the 
FAK/Rac1/PAK signaling cascade. Perturbations in this pathway have been 
linked to aberrant cell cycle control in hematopoietic cells, further support-
ing this conclusion (Boles et al., 2011; Gu et al., 2003; Lu et al., 2012). Alt-
hough the underlying cause of the elevated FAK activation is not clear, the 
close association between FAK and integrin signaling implies that Shb may 
play a role in LT-HSC interactions with the hematopoietic niche. 

Loss of Shb expression accelerates the progression of myeloid 
neoplasia 
Leukemia is, in part, caused by an unregulated proliferative response. To test 
whether the proliferation defect displayed by Shb null LT-HSCs would have 
an impact on leukemogenesis, myeloid leukemia was induced with a retrovi-
ral transplantation model. Shb knockout or wild type primary bone marrow 
cells were transformed with a BCR-Abl expressing construct and subse-
quently injected into wild type recipients. This revealed that mice transplant-
ed with Shb knockout bone marrow became moribund at an earlier time 
point than recipients of wild type cells. Several disease parameters, such as 
weight loss, liver and spleen size, were unaffected by the loss of Shb. Pe-
ripheral blood leukocyte numbers were however found to be significantly 
elevated in Shb knockout recipients. Interestingly, Shb deletion was associ-
ated with an accumulation of morphologically mature neutrophils. This is 
noteworthy as an enlarged blast cell population usually characterizes more 
aggressive leukemias.  

The deletion of Shb confers a growth advantage to leukemic 
HPCs 
BCR-Abl transformed bone marrow cells are distinguished by increased 
proliferation and resistance to apoptosis. FACS analysis of Lin-c-Kit+ HPCs 
demonstrated that Shb deficiency rendered this population more proliferative 
and less apoptotic than wild type cells, implying that loss of Shb expression 
potentiates the transforming ability of BCR-Abl. In line with this, Shb null 
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bone marrow displayed increased growth factor independence and hypersen-
sitivity to cytokine stimulation. Furthermore, no differences in LT-HSC 
numbers could be detected between wild type and knockout recipients. The 
obvious conclusion to draw from this finding is that the LT-HSC population 
does not depend on Shb expression in neoplastic hematopoiesis. 

Deregulated cytokine expression in the absence of Shb 
The enhanced growth of BCR-Abl expressing cells is not only mediated by 
direct signals from the fusion protein itself. Indirect effects of BCR-Abl 
transformation such as an increased autocrine secretion of growth factors 
also contribute to disease progression. In an attempt to establish the mecha-
nism behind the growth advantage of Shb knockout leukemic cells, the ex-
pression levels of cytokines known to promote myeloid neoplasia develop-
ment were determined. The c-Kit+ compartment, enriched for hematopoietic 
stem and progenitor cells, was found to contain higher transcript levels of 
IL-6 and G-CSF in recipients of Shb knockout bone marrow. Both factors 
are potent inducers of myeloid expansion, providing signaling cues for pro-
liferation, survival and differentiation along the myeloid lineage to HPCs. 
The upregulation of IL-6 and G-CSF also appears to constitute a crucial step 
in myeloid leukemia development (Reynaud et al., 2011; Zhang et al., 2012). 
The pronounced neutrophilia and growth enhancement of HPCs displayed in 
the absence of Shb could therefore to be due to the aberrant production of 
IL-6 and G-CSF.  

Shb regulates STAT3 and FAK activity in leukemic bone 
marrow 
Constitutive activation of STAT3 and STAT5 is a distinguishing feature of 
myeloid neoplasia. Western blot analysis of unstimulated c-Kit enriched 
leukemic bone marrow demonstrated that phosphorylation of STAT3, but 
not STAT5, was augmented in Shb null samples. The G-CSF and IL-6 sig-
naling pathways converge in the activation of STAT3 (Lutticken et al., 1994; 
Tian et al., 1994), and the altered STAT3 phosphorylation could thereby be a 
consequence of the increased in cytokine expression that Shb knockout 
HPCs exhibit.  

The imbalance in cytokine production may, however, not be solely re-
sponsible for the accelerated leukemogenesis in Shb knockout recipients. 
Cell-intrinsic mechanisms could also be contributing factors. Shb has for 
instance been shown to interact with c-Abl, an association central to c-Abl-
mediated apoptosis. Accordingly, the reduced apoptotic rate of transformed 
Shb null HPCs could be the result of altered BCR-Abl signaling. Moreover, 
it is possible that Shb directly modulates cytokine receptor signaling since 
Shb is known to mediate IL-2 receptor activation through JAK1 recruitment 
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(Lindholm, 2002). The IL-6 receptor also utilizes JAK1 (Lutticken et al., 
1994). The loss of Shb from this signaling complex could thus lead to the 
observed increase in STAT3 phosphorylation as the general signaling signa-
ture of the Shb knockout is a heightened basal activation in various path-
ways. 

Given the importance of FAK activation to the Shb mediated effects on 
normal LT-HSCs, it is highly interesting that FAK phosphorylation was 
more prominent in Shb knockout c-Kit+ BCR-Abl transformed bone marrow 
than in wild type cells. FAK signaling is linked to the advancement of sever-
al types of leukemia and the interaction between leukemic cells and their 
niche is mediated by cell contact dependent mechanisms (Recher et al., 
2004; Schepers et al., 2013a). Further studies on Shb’s role in leukemogene-
sis could therefore provide key insights into these, as of yet, elusive interac-
tions. 



 49 

Conclusions 

Adaptor proteins are highly diverse signaling intermediates that coordinate 
intracellular signaling events through recruitment of other adaptor and effec-
tor proteins. As a consequence, adaptor proteins control many different cel-
lular processes, often in a cell specific manner. The results presented in this 
thesis, demonstrate the multifaceted effects of the adaptor protein Shb on 
hematopoietic cells under normal, as well as pathological conditions. The 
main conclusions are: 
 
Shb acts as a regulator of TCR signaling affecting proliferation and differen-
tiation of peripheral TH cells. The loss of Shb expression modulates the ac-
tivity of the TCR complex, favoring the development of TH2 responses and 
resulting in an exacerbated allergic inflammation in atopic dermatitis. 

 
LT-HSC quiescence is controlled by Shb-mediated effects on the 
FAK/Rac1/PAK signaling pathway. As a consequence, Shb knockout LT-
HSCs are less proliferative and fail to maintain the myeloid lineage over 
time. 

 
BCR-Abl driven myeloid leukemia is accelerated in the absence of Shb due 
to an increased tumor burden in the form of mature neutrophils and changes 
in proliferation and apoptosis in HPCs. These observations are most likely 
linked to an aberrant cytokine profile in combination with elevated activa-
tion of STAT3 and FAK. 
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Future directions 

Shb’s effects on FAK signaling in normal and leukemic bone marrow are of 
great interest since it could provide a link between the hematopoietic cells 
and their surroundings. In this aspect, the endothelial phenotype displayed 
by Shb knockout mice is also noteworthy due to the central role of endothe-
lial cells in the hematopoietic niche. The work presented here is based on 
transplantations of either LT-HSCs or BCR-Abl transformed cells into wild 
type recipients. In order to determine the effect of Shb deletion on the bone 
marrow microenvironment, Shb knockout mice will be used as recipients as 
well. We also plan to evaluate the various bone marrow stromal cell types, 
known to support normal and malignant hematopoiesis in the Shb knockout.  



 51 

Sammanfattning på svenska 

Blodet i vårt cirkulationssystem har en rad olika funktioner som är avgö-
rande för vår överlevnad. De röda blodkropparna transporterar syre från 
lungorna ut i kroppen, de vita blodkropparna skyddar oss från angrepp från 
bakterier och virus, medan blodplättarna ansvarar för att stoppa blödningar. 
Alla dessa celler har sitt ursprung i den blodbildande stamcellen, en ytterst 
ovanlig cell som oftast återfinns i benmärgen. En stor del av arbetet i den här 
avhandlingen har syftat till att förstå hur blodets celler fungerar i både friska 
och sjuka individer. 

Mogna blodceller har en relativt kort livslängd och ersätts därmed konti-
nuerligt. Den blodbildande stamcellen måste därför kunna upprätthålla ut-
vecklingen av nya blodceller livet ut, vilket ombesörjs genom att stamcellen 
regleras strikt av sin omgivning. I benmärgen utsöndras faktorer som antigen 
hämmar eller främjar blodutmognad. Dessa utövar sin funktion genom att 
binda och aktivera receptorer på blodstamcellens yta. De stimulerade recep-
torerna omsätter sedan signalen vid ytan till ett svar inne i cellen. Exempel-
vis kan cellen förmås att dela sig eller genomgå utveckling till en viss typ av 
blodcell. Signalöverföringen utförs av signaleringsproteiner och om dessa 
slutar fungera kan det leda till att blodbildningen slutar fungera normalt.  

Vi har studerat hur olika typer av blodceller reagerar när en av dessa 
intracellulära budbärarmolekyler slås ut. Genom så kallad knockoutteknink 
har en mus som saknar proteinet Shb skapats. Shb är ett adaptorprotein, vil-
ket innebär att det fungerar som en molekylär plattform dit andra signale-
ringsproteiner kan binda när en receptor aktiveras. Shb deltar i signalering i 
fler typer av celler, men hittills har dess effekter på blodceller inte utvärde-
rats i någon större omfattning. I studie III undersökte vi hur blodets stamcel-
ler fungerade i Shb knockoutmusen. Det konstaterades att det fanns färre 
stamceller i möss som saknade Shb och att vissa typer av blodceller därför 
inte bildades i tillräckligt stor utsträckning. Denna brist kunde vidare kopp-
las till att signalöverföringen i stamcellerna fungerade sämre i avsaknad av 
Shb. 

Leukemi är samlingsnamnet på cancersjukdomar som drabbar blod och 
benmärg och som uppstår när regleringen av blodbildning är störd. För att ta 
reda på om Shb även påverkar blodbildning under sjukdomsförhållanden, 
inducerades leukemi i Shb knockoutmöss i studie IV. Det visade sig att möss 
som inte har Shb-proteinet blir sjukare än normala möss. Det förefaller bero 
dels på att faktorer som främjar leukemins tillväxt utsöndras mer i knock-
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outmössen och dels på att signalöverföringen är överaktiv i leukemiceller. 
Upptäckten kan ha betydelse för utvecklingen av framtida leukemiläkeme-
del. 

Signalering mellan celler och deras respektive omgivningar är inte bara 
av betydelse för blodets stamceller, i stort sett alla celler är beroende av så-
dan kommunikation. De vita blodkropparna som utgör immunförsvaret är 
inget undantag. Två av avhandlingens arbeten fokuserade därför på hur Shb 
reglerar en viss typ av vit blodkropp. T cellen är en immunförsvarscell som 
känner igen bakterier och virus med mycket hög specificitet. Det möjliggörs 
genom den så kallade T cellsreceptorn som dessa celler har på sin yta. Shb 
har tidigare visat sig vara en viktig komponent i den signaleringskaskad som 
sätts igång när T cellsreceptorn känner igen en inkräktare. Detta motiverade 
oss att studera T cellers funktion i Shb knockoutmusen.  

I studie I noterade vi att T cellsreceptorns signalkaskad var störd i från-
varo av Shb. T celler kan delas in i två populationer, TKiller celler (TK celler) 
som dödar infekterade celler och THelper celler (TH celler) som styr andra 
immunförsvarsceller genom de faktorer de utsöndrar. Om signalöverföring-
en från T cellsreceptorn inte fungerar som den ska kan en obalans uppstå i 
de faktorer som TH celler släpper ut. Sådana defekter har kopplats till flerta-
let autoimmuna sjukdomar så som reumatism och allergiska åkommor. Den 
avvikelse i T cellsreceptorns signalering som Shb knockoutmössen uppvi-
sade, resulterade i att TH celler började producera stora mängder av de mole-
kyler som främjar utveckling av astma och allergi. I studie IV utforskade vi 
detta fenomen vidare genom att framkalla allergiska eksem i Shb knockout 
möss. Det visade sig att knockoutmöss utvecklade en allvarligare allergisk 
inflammation än vanliga möss och det kunde därmed konstateras att de ef-
fekter Shb utövar på T cellsreceptorns signalöverföring kan ha betydelse för 
uppkomsten av allergiska reaktioner. 

De slutsatser man sammanfattningsvis kan dra från resultaten som har 
presenterats i den här avhandlingen är att adaptorproteinet Shb påverkar 
blodceller på flera olika sätt, framför allt genom att påverka cellernas kom-
munikation med omgivningen. Shb verkar reglera storleken på populationen 
av blodstamceller i benmärgen, men förefaller också vara viktigt för utveckl-
ingen av leukemi. Shb har också betydelse för hur aktiverade TH celler fun-
gerar och Shb kan därför vara en viktig komponent i utvecklandet av auto-
immuna tillstånd som allergi. 
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