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ABSTRACT

The human Duffy “negative” phenotype is a result of the common polymorphism of
the DARC (Duffy antigen receptor for chemokines) gene abolishing its transcription in
erythroid haematopoietic lineage only, designated FYB(ES). This polymorphism is
highly prevalent in individuals of African ancestry and is associated with “benign
ethnic” neutropenia. I investigated the impact of DARC expression in the bone marrow
(BM) on haematopoiesis using DARC-deficient (DD) mice and newly developed

humanised transgenic DARC models expressing the FYB(ES) and FYB human genes.

Firstly, I developed murine irradiation chimeras with differential DARC expression on
either the endothelium or erythroid cells or both, and showed that the absence of
erythroid DARC but continued DARC endothelial expression was associated with
reduced peripheral blood neutrophil counts. To study underlying mechanisms, I
developed two transgenic (TG) murine strains expressing DARC as encoded by
FYB(ES) or FYB. FYB(ES)TG mice showed reduced peripheral neutrophil counts and
expansion of myelopoiesis in the BM, and reduced lymphopoiesis and erythropoiesis,
compared to FYBTG mice. FYB(ES)TG and also DD mice had reduced granulocyte-
macrophage progenitor (GMP) cells and lineage negative, cKit", Scal™ (LSK) cells,
and proliferation and apoptosis of these cells were reduced. Microarray analysis of
differentially expressed genes showed increased myeloid gene expression in GMP and
LSK cells. Mixed irradiation chimeras showed that DDBM (DARC deficient BM)
retained these changes, suggesting an intrinsic cell effect. In wild-type BM DARC is

expressed in erythroid cells only but not in other BM cells, including progenitors and



LSK cells. Analysis of BM and serum showed a significant increase in G-CSF and
eotaxin. Immunofluorescent analysis of myeloid cells in frozen femur sections
revealed increased myeloid cell clustering in DD and FYB(ES)TG mice. These data
suggest that neutrophils are preferentially retained in the DDBM, possibly as a result
of loss of optimal chemokine gradients created by erythroblast DARC which may

favour neutrophil egress and thereby leading to peripheral neutropenia.

The impact of carrying FYB(ES) polymorphism on the overall survival following AML
treatment was also studied in a large UK cohort but revealed no statistically significant
effect. However, individuals of African ancestry had improved survival as compared to

Caucasians.
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Chapter 1

Introduction

1.1 The role of the immune system

1.1.1 Introduction

The immune system has developed in order to protect the individual organism from
external pathogens. Primary mechanisms of defence include both chemical and
physical barriers. Once breached, both specialised cells and effector molecules are
activated in order to limit tissue damage, eliminate infecting pathogens and

subsequently achieve tissue repair.

The immune system is divided in two main components, the innate and the adaptive
arms. Innate immunity is a non- or broadly-specific response to counter a wide range
of pathogens, characterised by a typically immediate response, with the purpose of
limiting peripheral tissue infiltration by a broad range of organisms. The skin and the
epithelia of the gut and pulmonary systems provide an initial barrier to pathogen
entry. Once this is breached, cells of the innate immune response limit further tissue
infiltration. The key cellular players of the innate immune system are granulocytes
(neutrophils, eosinophils, and basophils), monocytes and macrophages, these share in

common the ability to phagocytose pathogens, and mast cells.



Conversely, adaptive immunity is exquisitely specific for individual pathogens, and
can provide immune ‘memory leading to a quicker and stronger response on re-

exposure.

Antigen presenting cells (APC) such as dendritic cells (DCs) link innate and adaptive
immunity while lymphocytes are central to the effector responses of the adaptive
immune system (Janeway, 2001). The majority of the leukocyte subsets orchestrating
the immune response are derived from bone marrow precursors whose origin is the
haematopoietic stem cell. However, some specific tissue macrophages develop in the

yolk sac independently of the haematopoietic stem cell (Schulz et al., 2012).

1.1.2 The innate immune system

Innate immune cells respond to infiltrating microorganisms through the recognition of
highly conserved molecular structures known as Pathogen Associated Molecular
Patterns (PAMPs), facilitated by Pattern Recognition Receptors (PRR) such as Toll-like
receptors (TLR) and NOD-like receptors (NLR) (Janeway and Medzhitov, 2002).
Interaction between TLR and PAMP induces NF«B signalling and subsequent secretion
of pro-inflammatory and co-stimulatory molecules. PRR such as retinoic acid inducible
protein 1 and melanoma differentiation associated protein-5 are involved in responses
against viruses whereas other bacterial molecules are recognised by the NLR family.
Secreted PRR such as mannose-binding lectin, bind via sugar groups, phospholipids,
nucleic acids and various proteins to a broad range of micro-organisms, including
bacteria, protozoa and fungi. Opsonins, which may be antibodies or proteins involved

in the complement cascade, coat the surface of the pathogens to enhance



internalisation. Subsequent triggering of the complement cascade results in the
recruitment of phagocytes to sites of infection, and direct killing of micro-organisms.
‘Danger signals’ provided by endogenous molecules which are associated with tissue
damage or stress, such as high mobility group box 1, heat shock proteins and

hyaluronic acid, can also help induce an immune response (Tsan, 2011).

An acute inflammatory response is characterised by the infiltration of leukocytes in
which neutrophils dominate. Neutrophils are the most abundant leukocyte in human
blood and in common with other cells of the innate immune system play a major role
in the primary defence against invading pathogens by utilising several mechanisms:
(i) phagocytosis and killing of microorganisms, (ii) the release from cytoplasmic
granules of pre-formed soluble anti-microbial products such as defensins,
myeloperoxidase, elastase, proteinase-3 and cathepsin G and properdin, and (iii)
release of neutrophil extracellular traps (NETs), structures that comprise of de-
condensed chromatin and antimicrobial proteins which prevent spreading of

microorganisms extracellularly (Brinkmann et al., 2004).

Present in less abundance than neutrophils, eosinophils and basophils also contain
granules incorporating enzymes and toxic proteins which are released on activation.
These two cell groups are thought to be primarily important in the defence against
parasites too large to be ingested by neutrophils or macrophages, and participate in
allergic inflammatory responses. Effector function by eosinophils is firstly by the
release of toxic cytoplasmic granule proteins and free oxygen radicals, and secondly
by the production of prostaglandins, leukotrienes and cytokines which activate

epithelial cells and recruit other leukocytes, amplifying the immune response. By the



release of major basic protein, eosinophils induce the degranulation of mast cells and
basophils. Basophils contain IgE bound on the cell surface, and upon activation by
antigen binding to IgE or by cytokines, histamine is released from basophilic granules,

leading to immediate allergic reactions.

Following the arrival of neutrophils, monocytes migrate into the tissue from the blood
across the wvascular endothelium. Some monocytes differentiate into tissue
macrophages. Macrophages are polarised functionally in response to cytokines to
mount specific functional actions. The two main macrophage classes are termed M1
(classically activated macrophages) if induced by IFN-y, TNF-a and LPS; and M2
(alternatively activated) if induced by IL-4 or IL-10 (Martinez et al, 2008).
Macrophages phagocytose pathogens, and produce cytokines which activate
endothelial cells of local blood vessels leading to leukocyte transmigration into the
inflamed tissue. In addition, macrophages produce lipid mediators of inflammation

such as prostaglandins, leukotrienes and platelet-activating factor.

Mast cells differentiate in peripheral tissues and play an important role in
orchestrating allergic responses. Mast cells are located near surfaces exposed to
allergens and pathogens, including connective tissues surrounding blood vessels and
mucosal tissues. This cell type is involved in the immune response to parasitic worms,
and upon activation releases large cytoplasmic granules containing histamine,
heparin, serine esterases and proteases which lead to local vasodilation and increased

vascular permeability.



1.1.3 The adaptive immune response

The adaptive immune response is activated by production of inflammatory cytokines
during the innate immune response. Contrary to innate immunity, the adaptive
immune response is characterised by specificity and memory. After the initial
encounter with an invading pathogen, the adaptive immune response begins after 5-7
days post-infection. Subsequent exposure to the antigen requires only 24-48 hours for
an effective response to occur. The major cell subsets of the adaptive immune
response are (i) B and T lymphocytes, (ii) the natural killer (NK) cells, initially
considered to be innate immune cells but recently shown to contribute to adaptive
immune responses (Vivier et al., 2011), and (iii) the antigen presenting cells (APCs),
primarily DCs but also macrophages and B cells, are able to capture, process and
present antigens. DCs become activated once they encounter a pathogen and migrate
via the lymphatics to the lymph nodes and antigen presentation occur. If the antigen
is of viral origin, it is presented to naive CD8" lymphocytes within the major complex
histocompatibility complex, class 1. Thereafter the CD8" lymphocytes are activated
and differentiated to cytotoxic cells or to memory CD8" cells (Dempsey et al., 2003,
Radtke et al., 2013)). APCs presenting an antigen in combination with MHC class II
molecules, activate CD4" cells to secrete cytokines such interleukin 2 (IL-2) that
trigger the proliferation of other CD4" and CD8" T cells. T cells become activated
upon binding of specific antigen presented by APCs within the MHC to the T-cell
receptor (TCR). In addition to the interaction of the T-cell TCR and an antigen
embedded in the MHC on the APC membrane, a second co-stimulatory signal is

provided to the T-cell through the interaction of its CD28 with B7 molecules of the



APCs (Sharpe and Freeman, 2002). Activated CD4" cells release IL-4, leading to B cell

antigen class switching.

B and T cells are derived from common progenitor cells in foetal liver and in adult life
from the bone marrow. B cells originate and develop in the bone marrow (Hirose et
al., 2002). In contrast, T cell precursors migrate from the bone marrow to the thymus
where they mature and undergo a selection for functional TCRs and a deletion of self-
reactive clones (Kyewski and Klein, 2006). T-cells then migrate to the lymph nodes
and other secondary lymphoid organs where they undertake immune surveillance
(Masopust and Schenkel, 2013). B cells are responsible for the humoral response,
undergoing clonal expansion following the ligation of an antigen presented on a
professional APC. These then differentiate into plasma cells which subsequently
secrete large amounts of immunoglobulins specific to that antigen. T cells are
important for efficient humoral responses, as co-stimulatory factors (such as IL-2, IL-4
and IL-5) derived from antigen stimulated T-cells are essential for B-cell maturation

(Meffre et al., 2000).

Five isotypes of immunoglobulins are produced by plasma cells: the IgA, IgD, IgE, IgG
and IgM. Each isotype performs a different function; IgA is present in secretions (e.g.
mucus) and in epithelia, IgM is the first to be secreted in the primary immune
response via activation of the complement system, IgE is involved in mast cell
degranulation and allergic and anti-parasite responses, IgG is the major isotype in the
blood involved in the opsonisation of pathogens. IgD however is not well understood,

and is present mainly in the intravascular pool. B-cells perform class switching when



activated and secrete different isoforms of the antibody specialised to the different

phases of the immune response (Rosenthal and Tan, 2011).



1.2 Haematopoiesis

1.2.1 Haematopoietic stem cells

Haematopoiesis is organised in a hierarchy of cell types that differ in their capacity for
self-renewal, proliferation and differentiation. The top of the hierarchy is represented
by haematopoietic stem cells (HSC), which generate mature cells committed along

specific lineages of the blood, bone marrow, spleen and thymus (Orkin, 2000).

Since the existence of a HSC was demonstrated by Till and McCulloch in 1961, this
cell type has undergone extensive investigation to understand how it differentiates
into mature blood cells and also retains the essential capacity to reproduce, termed
self-renewal. Through this process, one or both daughter cells retain the exact
developmental potential of the parent stem cell and ensure the maintenance of a
lifelong pool of stem cells, named symmetrical division. Conversely, asymmetric
division results in the generation of two distinct daughter cells, one with an identical
parental form, and another with more differentiated characteristics. Alterations in this
balance provide the ability to support a rapid response to haematological stress and

return to homeostasis.

Self-renewal is tightly regulated, since sustained commitment of stem cells without
replacement would lead to depletion of the stem cell pool; alternatively self-renewal is
a primary feature of leukaemia. Self-renewal is regulated and modulated at the so-

called stem cell niche by altering the decision of stem cells to enter symmetric or



asymmetric division (Till and McCulloch, 1961, Becker et al., 1963, Siminovitch et al.,

1963) .

During physiological conditions the HSC and many progenitors are quiescent in the
GO phase of the cell cycle (Cheshier et al, 1999). Haematological stressors such as
infection or haemorrhage induce the quiescent HSCs to enter the cell cycle and
complete asymmetrical division, thereby generating committed progenitors in
response to demand for a specific lineage. Upon restoration of normal physiological
conditions, the stem cell pool returns to its normal turnover rate, with HSCs
undergoing asymmetrical division in order to maintain blood homeostasis. Should the
number of HSC in the bone marrow stem cell pool exceed an intrinsic limit, excess

HSC enter into an apoptotic sequence (Opferman, 2007).

The complex process of haematopoiesis occurs in different sites during vertebrate
development according to the differing demands of the developing organism. Initially
haematopoiesis takes place in the primitive yolk sac, before transferring to the foetal
liver. Finally the bone marrow and spleen become the major sites of haematopoiesis in
late foetal development, with the bone marrow being the exclusive site for
haematopoiesis in humans under physiological conditions, whereas in the mouse the

spleen remains a minor compartment for erythropoiesis (Durand and Dzierzak, 2005).

Both endothelial and haematopoietic cells develop from the yolk sac, and may share a
common parental cell. Haematopoietic stem and progenitor cells (HSPC) do not

resemble endothelial cells in morphological appearance, however they have several



transcription factors and surface markers in common, including stem cell ligand,

GATA-2, CD34, C-kit, FIt-3 ligand, Sca-1, VEGFR-1 and -2 (Zhu and Emerson, 2002).

1.2.2 Haematopoietic differentiation

HSC lose self-renewal potential during differentiation towards the multipotent
progenitor (MPP). These MPP cells lack self-renewal capacity (Adolfsson et al., 2001)
but are able to undergo multilineage differentiation, giving rise to the common
myeloid progenitors (CMP) (Akashi et al, 2000) and the common lymphoid
progenitors (CLP) (Serwold et al, 2009, Kondo et al, 1997). CLPs further
differentiate, giving rise to B and T lymphocytes and NK cells. CMPs instead
differentiate into the major components of the myeloid compartment:
megakaryocytes/platelets, erythrocytes, monocytes/macrophages basophils and mast
cells, eosinophils and neutrophils. DC can arise from both CMP (Traver et al., 2000)
and CLP (Manz et al., 2001) in response to specific stimuli, or alternatively can bypass
both these progenitor stages (del Hoyo et al., 2002). Under physiological conditions,
haematopoietic stem cells are required to give rise to approximately 1 million cells per
second (Ogawa, 1993), and rapidly undergo an increase in activity in response to
haematopoietic stress, particularly when a specific mature blood component requires
replenishment. Upon restoration of physiological conditions, stem cells will then

return to their steady states.
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1.2.3 Phenotypic characterisation of HSC and committed

progenitors

The bone marrow stem cell compartment consists of a heterogeneous population of
rare cells that can be organised into three subpopulations depending on the ability to
re-form the haematopoietic system of lethally irradiated mice. The most
undifferentiated fraction of the HSC is the long-term stem cell (LT-HSC), which has
the greatest capacity for self-renewal as evidenced by the ability to repopulate the
haematopoietic system of lethally irradiated mice for more than six months. LT-HSC
can be subsequently be re-isolated and serially transplanted into secondary irradiated
recipients (Morrison and Weissman, 1994). LT-HSC generate their immediate
progeny, the short-term stem cells (ST-HSC), which are capable of multilineage
commitment but have reduced self-renewal potential, as they are able to repopulate
irradiated mice for only 6-8 weeks and cannot be serially transplanted (Christensen
and Weissman, 2001). The third sub-population of the bone marrow stem cell
compartment consists of the multipotent progenitors (MPP) (Adolfsson et al., 2001).
This group of cells has no reconstitution potential and gives rise to the CMP and the

CLP, which are lineage-restricted.

Despite their presence at a very low level in the bone marrow, the HSC can be isolated
based on immunophenotypic characteristics. HSCs are lineage negative (Lin) as they
do not express mature haematopoietic markers such as those of granulocytes,
monocytes and macrophages (CD11b and Gr-1), erythrocytes (Ter119), B cells

(B220), T cells (CD3, CD5) and natural killer cells (CD8a). Lin cells are further
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characterised in the murine bone marrow by their expression of the stem cell antigen
Sca-1 (Ly6A/E) and of the tyrosine kinase receptor cKit (CD117). The HSC population
described as Lin Scal® cKit", termed ‘LSK’, entails the LT-HSC, ST-HSC and MPP.
These populations were originally discriminated based on the differential expression
of the adhesion molecule CD34 and the tyrosine kinase receptor Flt3. The staining for
Flt3 allowed for the separation of the self-renewing HSC (F1t3"") from the non-self-
renewing Flt3"#" MPP (Christensen and Weissman, 2001). While these initial reports
indicated that MPP have similar differentiation potentials as HSC, more recent
evidence has suggested MPP may have reduced erythrocyte and megakaryocyte
potential (Adolfsson et al., 2005). The expression of the FlIt3 receptor may therefore
function to direct MPP toward lymphoid development, and is then down-regulated on
myeloid commitment. While it is clear that MPP are able to generate erythrocytes and
megakaryocytes upon transplantation (Forsberg et al., 2006), the level of functional
heterogeneity and lineage bias within the MPP is unclear (Lai and Kondo, 2006).
Further data suggest that a step-wise progression is not necessary as it appears that

HSC may skip the MPP stage (Takano et al., 2004) at times of haematopoietic stress.

Following the MPP stage in the differentiation pathway, the common myeloid
progenitors (CMP) were found to give rise in vitro to erythrocytes, platelets and
granulocytes. After the CMP stage, progenitors restricted to megakaryocyte/erythroid
lineages (MEP: Lin Scal cKit" CD34 CD16/CD32°) or granulocyte/myelomonocytic
lineages (GMP: Lin" Scal cKit" CD34" CD16/CD32") develop. The MEP are thought
to give rise to two unipotent progenitors, either erythroid progenitors or

megakaryocytic progenitors (Akashi et al., 2000).
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In addition to the generally accepted ‘classical’ model of progenitor maturation
described above, an alternative pathway is thought to exist (see Figure 1.1). With the
reduction in MEP potential, a granulocytic/monocytic/lymphocytic progenitor (GMLP)
(Adolfsson et al., 2005) develops within the MPP sub-population of LSK. Those
expressing the highest levels of FIt3 are termed lymphoid-primed multipotent
progenitors (LMPP), with the Lin° Scal® cKit" CD62L" VCAM  Flt3™
immunophenotype. These LMPP may then form CLP (Lin~ Scal® cKit*" IL7RA™
F1t3™). The subpopulation with granulocytic-monocytic potential, the GM-primed MPP
(GMPP) characterised by the Lin® Scal® cKit* CD62L* VCAM" Flt3®
immunophenotype may differentiate into GMP (Lai et al, 2005). Evidence exists for
the ability of lineage commitment switches at this stage to occur from LMPP to GMP,
potentially as a rapid mechanism for coping with haematopoietic stressors.
Furthermore T-lineage development has been described from the CMP population,
further underpinning the concept that haematopoietic development is both fluid and
dynamically able to respond to acute changes in requirements for mature cells (Chi et
al., 2011). Work in myeloid leukaemia has suggested that the LMPP sub-population
and consequently more mature GMP of LMPP derivation may account for the
abnormal progenitors detected in up to 80% of primary acute myeloid leukaemia

(Goardon et al., 2011, Mead et al., 2013).
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Figure 1.1 Diagram representing haematopoietic stem and progenitor cell differentiation in murine and human
haematopoiesis with phenotypic description. From Doulatov et al., 2012
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1.2.4 Localisation of haematopoietic stem and progenitor cells: the

haematopoietic stem cell niche

HSC are located in trabecular cavities predominantly within long and flat bones,
although the precise topological localisation remains controversial. HSC have been
identified adjacent to the endosteum immediately proximate to osteoblasts (OB), and
near the sinusoidal endothelium, suggesting the existence of two niches within the
bone marrow: the endosteal niche and the perivascular niche, respectively. (Ehninger
and Trumpp, 2011). Recent work has shown that HSCs occupy primarily the
perivascular niche and early lymphoid progenitors preferentially occupy the endosteal

niche (Ding and Morrison, 2013).

HSC are found in intimate association with stromal cells, namely OB, mesenchymal
stromal cells (MSC) and CXCL12 abundant reticular cells (CAR cells), and these cells
are critical to maintenance, self-renewal and quiescence of HSC. Depletion of OB
leads to HSC mobilisation (Mendez-Ferrer et al, 2010). Vascular cell adhesion
molecule 1 (VCAM-1) and stem cell factor (SCF) are amongst several cell surface
proteins expressed by OB, in addition to secreted factors such as thrombopoietin
(TPO), angiopoietin-1 (Ang-1), CXCL12 and osteopontin (OPN), keeping HSC

quiescent and metabolically inactive.

Most nestin® MSC are localised near blood vessels, and fewer numbers are near the
endosteum. These cells are associated with HSC and adrenergic nerve fibres.
(Mendez-Ferrer et al., 2010). MSC express high levels of SCF, Ang-1, IL7, VCAM-1

and OPN, all HSC maintenance factors, in comparison to other stromal cells (Ehninger
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and Trumpp, 2011). Depletion of MSC leads to loss of bone marrow HSC, whereas
parathyroid hormone leads to increased numbers of MSC and directs them to
osteoblastic differentiation (Mendez-Ferrer et al.,, 2010). CAR cells resemble MSC in
that they are mesenchymal progenitor cells, but are more abundant. CAR cells support
B-cell progenitors, and function to retain haematopoietic progenitors in the bone
marrow via high expression of CXCL12 (Greenbaum et al., 2013). Loss of both of

these cell types interferes with HSC maintenance (Ehninger and Trumpp, 2011).

1.2.5 Key regulators of haematopoiesis

HSC are controlled by cellular extrinsic and intrinsic factors, such as secreted cyto-
and chemokines, and the interaction with bone marrow stromal cells. Signalling
pathways, transcription factors and cell cycle regulators are all necessary for HSC

maintenance.

1.2.5.1 Haematopoietic cytokines and factors

Several factors are important in maintenance of HSC, or are able to expand HSC,
including Flt3-ligand, SCF, TPO and interleukin 3 (IL-3) (Zhu and Emerson, 2002).
SCF is the ligand for cKit, the tyrosine receptor expressed on all HSC, and has been
shown to prevent HSC apoptosis. TPO primarily regulates megakaryocytic and
consequently platelet development, but this cytokine and its receptor Mpl have critical
effects on HSC. Mpl is expressed in all HSC and TPO enhances the survival of HSC, in
addition to promoting expansion of HSC (Zhang and Lodish, 2008). IL-3 promotes
proliferation and differentiation of HSC although it reduces their repopulation ability

(Nitsche et al., 2003).
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Angiopoietin interacts with its receptor Tie2 on HSC to maintain their long term re-
populating ability and in vivo enhance their quiescence and bone adhesion (Arai et

al., 2004).

1.2.5.2 Signalling pathways

Notch signalling pathways originally described in embryonic development are crucial
for the maintenance of HSC, and in cell fate decisions. Constitutive activation of notch
signalling enhances HSC self-renewal; however, deletion of notch ligands does not
affect HSC maintenance underlining the complexity in HSC biology and implying that

other ligands may have a role here (Mancini et al., 2005).

Wnt signalling pathway is a key regulator in several stem cell types, however deletion
of Wnt family members (B or y catenin) has no effect on HSC maintenance. Inhibition
of Wnt signalling in OB leads to loss of HSC quiescence and reduced engraftment
upon transplantation (Fleming et al, 2008), suggesting an indirect role for Wnt

signalling on HSC through the osteoblastic stem cell niche.

Transforming growth factor 8 (TGF-B) and bone morphogenic proteins (BMP)
regulate several processes both in embryogenesis and in adult HSC. TGF-f1 inhibits
expansion of HSC in vitro and induces cell cycle arrest, although TGF-B1 receptor
deficient mice demonstrate no HSC-related deficiencies (Scandura et al., 2004). BMP4
deficient bone marrow has a micro-environment defect which leads to reduced HSC
and diminishes repopulating by wild-type HSC in a BMP4-deficient environment

(Goldman et al., 2009).
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Taken together, these multiple signalling pathways are critical regulators of HSC, and
there is likely significant redundancy among them, with potential for cross-talk in the

regulation of HSC maintenance and of the stem cell niche environment.

1.2.5.3 Transcriptional regulation of haematopoiesis

Haematopoietic development from the HSC through to mature cells is critically
dependent on regulation of gene expression. Transcription factors influence HSC and
progenitor lineage commitment depends on both the recognition of specific DNA
elements and the recruitment of co-activators or co-repressors to target gene promoter
and enhancer regions. Specific proteins mediating chromatin changes may recruit
transcription factors leading to either gene activation or silencing. Diverse
transcription factors are critical regulators of haematopoietic development and
through specific interactions establish the lineage and stage specific patterns of gene
expression, ultimately defining cellular identity (Laiosa et al., 2006). It is clear that
positive and antagonistic roles exist for major transcription factors, permitting
efficient determination of lineage choices. Examples include GATA-1 and PU.1
promoting MEP or myeloid development by opposing effects (Orkin and Zon, 2008).
For the purposes of this thesis, transcription factors regulating myelopoiesis and

subsequent granulopoiesis will be examined in further detail in that section.

Transcription factors may be divided between those required for HSC development
and homeostasis, and those directing differentiation towards a particular lineage.
However, this distinction may be arbitrary since factors affecting HSC may also be

expressed later in differentiation, and others considered to have lineage-restricted
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roles (e.g. C/EBPa), are active in HSC. Both the chronological and appropriate lineage
restricted inactivation of transcription factors may be required for the resultant

observed phenotype within individual lineages.

Haematopoietic stem cells

In the HSC compartment, several transcription factors are active in maintaining HSC
homeostasis. These include Runx1, SCL, Lmo-2, MLL, Tel, BMI-1, GFI-1 and GATA-2

(Orkin and Zon, 2008).

Multipotent progenitors

The correct scheduling of transcription factor expression is essential for normal HSPC
differentiation. Within the LSK population, there are phenotypically distinct
populations with skewed lineage potential. Transcription factors such as GATA-1 and
PU.1 direct HSC to either erythroid or myeloid differentiation (Arinobu et al., 2007).
Ikaros and PU.1 are necessary for the development of myeloid and lymphoid
progenitors, and direct further differentiation in a lymphoid direction, with disruption
of either transcription factor leading to B cell differentiation. Ikaros promotes
lymphoid differentiation by activating FIt3 expression, and repressing the GM-CSF
gene. As described in more detail later, PU.1 loss leads to profound inhibition of B cell

and myelomonocytic production (Laiosa et al., 2006).

Lymphoid Lineage

PU.1, Ikaros, EBF, E2A and Pax5 are all critical transcription factors in B cell

development. Progenitors are committed to a B cell fate by Pax5, whereas E2A and
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EBP activate genes appropriate for this lineage. In T cell development GATA-3 and
Notch-1 are essential at the earliest developmental stage. Notch signalling serves a
more focused role committing progenitors by inhibiting factors which lead to other
lineage fates. On the other hand, GATA-3 promotes T cell development only in the

context of Notch signalling (Laiosa et al., 2006).

Erythroid and megakaryocytic lineage

The direction of haematopoiesis towards the production of erythroid cells depends on
the integration of numerous transcription factors. SCL, c-Myb, LMO2 and GATA-2 are
important broad-spectrum factors, whereas in erythropoiesis GATA-1, FOG, EKLF,
PU.1, Stat5 and Herfl are required for the formation of normal mature erythrocytes
(Perry and Soreq, 2002). In earlier precursors PU.1 directs haematopoiesis towards a
myeloid fate. GATA-2 is critical for early haematopoiesis and GATA-2 down-regulation
is necessary for the initiation of differentiation. GATA-2 is expressed in erythroid and
megakaryocytic progenitors but is down regulated as GATA-1 replaces it at the B gene
locus to induce haemoglobin gene expression. Both GATA-1 and GATA-2 deficient
embryos succumb to a lethal anaemia. GATA-1 is also required in megakaryocytic
maturation, and GATA-1 interacts with FOG-1 during erythroid differentiation and, is
also essential for megakaryopoiesis (Laiosa et al., 2006). There is also evidence for an
interaction between the pro-lymphoid transcription factor Ikaros, regulating the

signalling of Notch and GATA-1 to inhibit megakaryopoiesis. (Malinge et al., 2013)
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Figure 1.2 Diagram representing important transcription factors in haematopoietic development. Red bars
represent stages at which development is blocked in the absence of the relevant transcription factor. From
Orkin and Zon, 2008.

Granulopoiesis

Important transcription factors in granulopoiesis will be examined in detail in section

“1.2.7.1 Transcription factors regulating granulopoiesis”
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1.2.5.4 Other regulators of haematopoiesis

Flt3 and FLt3 ligand

FIt3 or FMS-like tyrosine kinase 3 (CD135) is a membrane-bound tyrosine kinase
receptor expressed in HSPC, where it has an important role in development, and in
the immune system. Ligation of Flt3 leads to phosphorylation of Stat3 and Stat5
associated with JAK pathway, and mTOR (mammalian target of rapamycin) pathway
activation. Flt3 ligand (FL) is part of the family of cytokines which includes SCF and
M-CSF (Stirewalt and Radich, 2003). FL. mRNA is expressed in most haematopoietic
and non-haematopoietic tissues, although the FL protein is detectable only in T
lymphocytes and stromal fibroblasts in the bone marrow. FL is able to induce
proliferation in the stem cell compartment not on its own but in synergy with
haematopoietic growth factors and cytokines, such as IL3, SCF, granulocyte colony
stimulating factor (G-CSF) and granulocyte macrophage colony stimulating factor
(GM-CSF). FL is highly expressed in progenitors with lymphoid and myeloid potential,
and to a lesser extent in B cells and DC precursors (Gilliland and Griffin, 2002). FIt3
deficient mice develop apparently normal haematopoiesis yet exhibit deficiencies in
primitive B lymphoid progenitors (Mackarehtschian et al, 1995). Flt3 deficient stem
cells fail to contribute to both B cells and myeloid cells upon transplantation, and
targeted disruption of FL results in significant reductions in the number of B cell

progenitors, DC and NK cells.
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Key differences between human and murine FIt3 are the absence of Flt3 expression in
murine CMP and GMP, yet FIt3 is required for the promotion of these same

populations in human haematopoiesis (Kikushige et al., 2008).

1.2.5.5 Haematopoietic stem and progenitor cell mobilisation

HSPC are retained within their own niche as described above b