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1. INTRODUCTION

1.1 BLOOD ENCHANTMENT

Blood – a connective tissue consisting of cells and extracellular fluid – has been 
fascinating humankind since ancient times, which is reflected by the multitude of 
applications of its use. For example, blood was used in ancient religious beliefs and 
practices1-4 and frequently serves/served as a topic in modern music (and in this 
context, from AC/DC to Taylor Swift); however, it is difficult to assess whether all this 
interest comes from the fascination of its vivid color or because it in fact causes 
repulsion.

Blood consists within a liquid tissue – the plasma – in which numerous types of 
short-lived cells are present, each with specific characteristics and functions. Among 
these cells, the erythrocytes (red blood cells) are responsible for blood pigment (due 
to the presence of hemoglobin and ferrous iron ion) and gas exchange, transporting 
O2 from the respiratory system to all other tissues, while returning CO2

5,6. Platelets 
are cellular fragments responsible for coagulation during injuries6. The remaining cells 
are grouped as leukocytes (white blood cells)7; of note, considerable heterogeneity 
exists within this group, since it comprises cells from myeloid and lymphoid lineages.

Blood cells are generated in the bone marrow where hematopoietic stem cells 
differentiate in two lineages. The myeloid lineage includes monocytes (one of the 
the precursors of macrophages7), dendritic cells, granulocytes (subdivided into 
eosinophils, neutrophils, basophils and mast cells), erythrocytes and megakaryocytes, 
whereas lymphocytes (B and T) and natural killer cells constitute the lymphoid lineage7.

The cells present in the peripheral blood exist in their differentiated forms, i.e. 
they are specialized for their function, but lack proliferative characteristics. Rather 
than proliferating and creating new mature cells, their replacement is regulated by 
hematopoiesis8. To put this in perspective and highlight the magnitude of this process, 
the daily number of cells produced in the hematopoietic system exceeds the number 
of stars estimated to be present in the Milky Way9,10.

1.2. HEMATOPOIESIS

Hematopoiesis is responsible for the production of all blood cells. This process 
has been subject of investigation for years and a lot of different models have been 
postulated11. The stochastic model (proposed by Till and colleagues (196412) assumes 
that mature cell production occurs after a random process of differentiation, in which 
lineage commitment does not follow an order or hierarchy. This model was replaced 
by a more linear interpretation13, in which differentiation and lineage restriction occur 
sequentially, producing one type of mature cell at a time. It was based on the evidence 
that some mature cells have similarities but does not explain why some progenitors 
are less potent than others and are not able to form all mature cells7.

In 1966, in search for transcription factors responsible for lymphoid maturation, 
a hierarchic model was proposed11,14, in which the erythroid lineage would branch 
first from a primitive cell, followed by a sequential differentiation. As a matter of 
fact, this actually occurs during hematopoietic ontogenesis. Intermediate steps were 
implemented in the hierarchic model11,15-17, resulting in the classical model18, which 
was later revisited and revised to make it more comprehensive7,17. With the recent 
advancement of molecular techniques, such as multiparametric flow cytometry and 
‘omics analyses, in which single cells can be tracked19-22, the hierarchical model has 
been subjected to constant updating23, as exemplified by the addition of transition 
zones between differentiation points24,25 and cells with dual (myeloid and lymphoid) 
progenitors25,26. Figure 1 is a representation of the hierarchical model.

In the hierarchical model, cells with high potential give rise to all others and acquire 
specific characteristics. This event is called differentiation and comprises consecutive 
irreversible steps28 during which specific characteristics are gained by the progeny 
until the last step of maturation is reached.

The primitive and highly potent cells constitute all cells within the hematopoietic 
stem cell (HSC) population, which are pluripotent and capable of self-renewal. 
When the differentiation process is induced, the cells rendered accumulate several 
transcriptional changes24 to effect specific functional changes. For the initial steps 
of hematopoiesis, the cells successively lose self-renewal ability and plasticity, which 
is paralleled by specific immunophenotypic changes (represented in Figure 1). The 
sequential loss of potential then reaches the point where hematopoiesis branches into 
myeloid and lymphoid lineages. There are some exceptions, such as branching of the 
megakaryocytic lineage earlier on in the hematopoietic hierarchy29. However, for the 
granulomonocytic lineage of myeloid origin (which is the main focus of the present 
thesis), the representation in Figure 1 has been validated21 and is therefore accepted.
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Figure 1. Hematopoietic hierarchy, based on Chotinantakul and Leeanansaksiri (2012)27, modified 
by Seita and Weissman26. In this schematic, the hematopoietic stem cell (HSC, also referred to 
as the long-term HSC – LT-HSC), which has self-renewal potential, is positioned in the apex. The 
LT-HSC gives rises to cells with decreasing levels of self-renewal capacity, but potential to form all 
hematopoietic lineages. These cells include the intermediate-term-HSC (IT-HSC), short-term-HSC 
(ST-HSC) and ST-HSC/Multi potent progenitor (MPP)23. The MPP can form the committed progenitors, 
which can be MEP (megakaryocyte-erythrocyte progenitor), CMP (common myeloid progenitor) or 
CLP (common lymphoid progenitor). In turn, the MEP can form the MkP (megakaryocyte progenitor) 
or the EP (erythrocyte progenitor); The CMP can form the MEP, the GMP (granulocyte-macrophage 
progenitor) or the Pro-DC (pro-dendritic cell) and the CLP, Pro-DC, Pro-B (pro-lymphocyte B), 
Pro-T (pro-lymphocyte T) and Pro-NK (pro-natural killer cell)15,16,28. The mature effector cells are 
represented in the lower section of the figure. Expression of specific cell surface markers of 
these cells in between the LT-HSC and oligopotent (or committed) progenitors is also shown.

Multipotent progenitors give rise to MEPs (megakaryocyte-erythrocyte progenitors), 
CMPs (common myeloid progenitors) and CLPs (common lymphoid progenitors)15,28,30. 
MEPs can further differentiate into megakaryocytes and erythrocytes. CMPs, on the 
other hand, can differentiate into either GMPs (granulocyte-monocyte progenitor) 
or Pro-DCs (pro-dendritic cells), although there is no consensus on the myeloid 
or lymphoid ascendency of dendritic cells31-33. CLPs can differentiate into B and T 
lymphocytes (even though the main production of T lymphocytes is extra-medullary), 
natural killer cells (NK-cells) and dendritic cells, from intermediate progenitors.

Hematopoiesis can be seen as a dynamic process in which primitive cells maintain 
the flow of mature ones without leading to exhaustion of its pool and potential. To 
uphold this, HSC self-renewal and progenitors’ proliferation and differentiation 
processes have to be tightly regulated.

1.3. EXTRACELLULAR REGULATORS OF HEMATOPOIESIS

The bone marrow of long and flattened bones, which contains a myriad of molecules, 
such as adhesion molecules, matrix proteins, hormones and cytokines34,35, represents 
the microenvironment in which the hematopoietic production occurs. The role(s) of 
each component will be discussed below.

1.3.1. BONE MARROW AND THE HEMATOPOIETIC NICHE

Evidence of hepatic hematopoietic production during fetal life was first described in 
184636, whereas in 1868 two independent researches proposed the bone marrow 
to be the main hematopoietic tissue in the adults37,38. At that time, it was suggested 
that, considering their proximity39,40, osteoblasts could have an active role in the 
regulation of hematopoiesis, rather than just being part of its surroundings9,34,39,41-44. 
In fact, roles for osteoblasts in the regulation of HSC function by Wnt, Notch and bone 
morphogenetic proteins (BMP) signaling have been described45-47, supporting such a 
regulatory role and implying niche interactions during further reinforcing the idea of 
niche interactions with hematopoiesis9,48. Currently, the term niche is broadly defined 
as the microenvironment in which the HSC resides and hematopoiesis occurs, without 
specifying which cells and molecules interact exactly49.

Primitive hematopoietic cells within the bone marrow were initially observed close 
to sinusoids and the endosteum49, but it remains controversial as to which degree these 
different locations are indeed different niches or whether the distribution of primitive 
hematopoietic cells is random39,49-51. In addition, even if the hematopoietic regulation 
between these niches would be different, it is unclear which physical factors and secreted 
factors are responsible for maintaining these differential HSC-niche interactions49.

Generally, the bone marrow niche is categorized into the endosteal (or osteoblastic) 
niche, presumed to contain the most quiescent and primitive HSCs46, and vascular 
niche35,39,52, with the most active HSCs and most responsive to stress53,54. This division 
was used for years and was based on the differential presence of nutrients between 
these niches. The endosteal niche, being less vascularized, was presumed to contain 
lower concentrations of oxygen and nutrients9,44,52,55,56, yet higher concentrations of 
extracellular calcium due to the bone matrix present, whereas the vascular niche 
would be normoxic and full of nutrients57-59. The calcium concentration is considered 
to be an important element of the stem cell niche, since quiescent HSCs have calcium 
sensing receptors, which are involved in HSC lodging60,61. Evidence exists showing HSCs 
that can move between niches and this might be related to the passage from LT-HSC to 
ST-HSC (LT-HSC refers to long-term Hematopoietic Stem Cell and ST-HSC, short-term 
Hematopoietic Stem Cell). Figure 2 illustrates the organization within the bone marrow.
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The quiescent LT-HSCs have increased self-renewal and reconstitution potential 
and serve as a reservoir for primitive cells, so their “hidden” location would protect 
against harm and mutations, whereas ST-HSCs likely serve as a “use” population which 
is facilitated by the accessible location35,40. Notably, the vascular niche is particularly 
involved in myeloid differentiation63, rather than lymphoid differentiation (which occur 
in lymph nodes – B cells - or thymus – T cells).

Although the endosteal and vascular niche subdivision within the bone marrow 
may be plausible, there is some evidence suggesting their definitions might not be 
that strict. In fact, it has been described that LT-HSCs in the endosteal niche are 
commonly located in close proximity of arterioles64, rendering the assumption of 
a hypoxic microenvironment less likely. Currently, pericytes are increasingly being 
considered an important niche component for hematopoietic cells65, as these cells 
might be a reservoir for mesenchymal stem cells, essential components of the bone 
marrow and the classically defined niche65.

Figure 2. Representation of bone marrow niches (adapted from Genet 201862). Peripheral areas 
(endosteal niches) have higher concentration of calcium due to the bone extracellular matrix, 
whereas the central areas (vascular niches) are more irrigated and characterized by a higher 
variety of cells. Endosteal niche: quiescent LT-HSCs are assumed to be in contact with osteoblasts. 
Vascular niche: ST-HSCs are adjacent of perivascular cells.

1.4. MODULATORY MOLECULES

The niche contains the cells and environmental cues that guide HSC cell division, 
and this interaction relies on several extracellular molecules that are required for 
the hematopoietic regulation. The close localization/relation between HSCs and 
osteoblasts prompted the search for osteoblast-derived molecules with the aim to 
understand their role in HSC modulation. It was found that molecules with known 
roles in HSC modulation, such as stem cell factor, angiopoietin, thrombopoietin, 
G-CSF (granulocyte-colony stimulating factor), CXCL12 and Jagged145,66-70, are indeed 
produced by osteoblasts. Stem cell factor was one of the first growth factors found 
to be expressed within the bone marrow niche71 contributing to hematopoietic 
regulation. Recent findings, however, show little association between stem cell factor 
produced by osteoblasts and HSC function70. In fact, there is evidence that stem cell 
factor production by endothelial and perivascular cells is more important in HSC 
regulation70.

Thus, other cells than osteoblasts, such as fibroblasts, adipocytes, endothelial 
cells, pericytes and mesenchymal cells49,50,67,70,72,73, likely play a role in hematopoietic 
modulation as well. In addition, hematopoietic production of factors (such as 
growth factors, cytokines and chemokines) was also described73, for macrophages, 
mononuclear, megakaryocytes and even CD34+ cells73. Overall, it is evident that niche 
control of HSC function is subject to autocrine and paracrine regulation73.

Interestingly, the origin of cytokine-, growth factor- and chemokine expression is 
poorly understood, since knockout of individual molecules in the cells has shown little 
effect74-76. These data indicate a broadly overlapping and redundant production of 
each of these regulatory factors, which reinforces their importance and suggests that 
this redundancy serves as a mechanism to protect against hematopoietic imbalances.

1.4.1. CYTOKINES

Cytokines are pleiotropic elements serving as key signaling factors in the hematopoietic 
system, often acting on a variety of cell types and triggering diverse intracellular 
signaling and biological responses77. Signaling is induced by cytokines coupling to their 
cognate cell surface receptors, some of which have intrinsic tyrosine kinase activity 
directly activating intracellular mechanisms78,79. When receptors lack intrinsic tyrosine 
kinase activity, signaling relies on associated molecules, such as Janus kinases – or 
“just another kinases” – ( JAKs)77-79, as proximal signaling effectors.

The general structure of these transmembrane receptors comprises 4 α-helices 
linked to each other by peptide loops. The extracellular portion varies in length, 
which may be linked to cytokine-receptor coupling affinity. In case of short-sized 
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extracellular portions, as present on IL-3, IL-5 and GM-CSF receptors (these receptors 
are grouped as the type I cytokine receptor superfamily)80,81, other factors help to 
increase cytokine-receptor affinity77,81,82. Thus, the accessory molecule for these 
cytokines is the KH97 protein in humans (AIC2B in mouse), which converts the ligand-
receptor interaction from low to high affinity. This accessory molecule is also known 
as the β-chain. In fact, IL-3 affinity to its specific receptor α-chain has a dissociation 
constant (KD) of 20-100 nM and for GM-CSF the KD=2-12 nM, values that decrease 500-
1000 and 20-100 fold, respectively, in the presence of the β-chain83.

For IL-3, IL-5 and GM-CSF, dimerization between the α- and β-chains is made 
by disulfide bond formation between the α- and β-receptor chains80, leading to 
transphosphorylation of JAK molecules. JAK2 is the most commonly responsive kinase 
subtype to IL-3, IL-5 and GM-CSF signaling81, although other kinases, such as members 
of the Src family, Lyn, Fyn, Syk and Btk, can be recruited as well82. There is a conserved 
proline-rich motif referred to as Box1 in the proximal membrane portion of the β-chain 
that serves as a JAK2 binding site77,82,84. JAK activation phosphorylates 6 tyrosine 
residues present on the cytoplasmic portion of the β-chain: thus, phosphorylation of 
Tyr577, Tyr612, Tyr695, Tyr750, Tyr806, and Tyr866 activates the receptor80. After ligand 
binding, dimerization and JAK2 transphosphorylation, phosphotyrosine residues 
become docking sites for SH2 (Src-homology) or PTB (phosphotyrosine binding) 
domain proteins85. The docking process, if these molecules trigger MAPK, PI3K and 
PLCγ pathways82, will be discussed later on.

Within the type I cytokine group of receptors, IL-3 and GM-CSF receptors exist 
as monomers, comprised of 4 α-helices connected by amino acid loops, and with 2 
regions that are able to connect to the β-chains of the receptors; alternatively, the 
IL-5 receptor is composed of 2 identical α-chains (IL-3-, IL-5- and GM-CSF receptors 
are depicted in Figure 3).

The high level of molecular homology between these cytokine receptors partially 
explains the pleiotropic roles of these cytokines. There are similarities in the 
intracellular pathways triggered by these cytokines and their biological effects on 
the hematopoietic system as well. Case in point, the entire type I group of cytokines 
(IL-3, IL-5 and GM-CSF), plays critical roles in the differentiation, proliferation, and 
activity of myeloid cells, and participates in allergic inflammation81-83.

Despite their overlapping signaling activities, these cytokines do serve specific 
biological roles, which is mainly due to cell-specific differential expression of the 
receptor α-chains77. For example, IL-5 has quite specific roles on eosinophils. In the 
next section, IL-3 and GM-CSF will be discussed in detail, since one of our aims will be 
to understand cytokine-driven myeloid regulation, focusing on the granulomonocytic 
lineage.

Figure 3. Structure of the IL-3-, IL-5- and GM-CSF receptors82. The α-helices are represented by the 
colored ribbons, the amino acid loops connecting them by the gray lines (marked with numbers 1-3). 
The dashed circles show the region in which cytokine-receptor coupling takes place; Rα indicates the 
location where the cytokines couple to the α chain and βc represents the binding site for the β-chain.

1.4.1.1. IL-3
IL-3, like other granulocyte-macrophage colony stimulating factors, is a glycoprotein 
that supports the growth of hematopoietic progenitor cells in a semi-solid culture 
leading to the formation of colonies86,87. This molecule, originally purified from 
WEHI-3B cells, was one of the first described colony stimulating factors86. Initially, 
it was called “Multi-CSF” in view of its ability to affect numerous cell types86,88 and 
because it activates T lymphocytes88. IL-3 has confined roles to the myeloid branch in 
hematopoiesis, in particular with respect to the granulocytic and monocytic lineages86.

The IL-3 gene is located on chromosome 11. The protein contains 4 cysteine 
residues that seem to be essential for the functional outcomes88, which include:

1. Stimulation of granulocyte and/ or macrophage colonies;
2. Stimulation of multipotent colonies, such as BFU-E, CFU-E and GM-CFU;
3. Survival, proliferation and differentiation of multipotent progenitors86,88.

IL-3 has also been described as being active on primitive hematopoietic cells in earlier 
stages of differentiation and as a modulator of the activity of mature cells, such as 
monocytes, mast cells, dendritic cells, megakaryocytes, and specific granulocytes, 
such as eosinophils and basophils83.

1.4.1.2. GM-CSF
The granulocyte-macrophage colony stimulating factor (GM-CSF) gene (like the IL-3 
gene) is located on chromosome 1188 and probably uses the same transcriptional 
regulators, since many T lymphocytes produce both cytokines, and both IL-3 and 
GM-CSF are commonly expressed simultaneously in response to specific factors88.
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Besides being produced by T lymphocytes, this cytokine can also be expressed 
peripherally by airway epithelial cells, hepatocytes, macrophages and others, although 
it is debatable as to whether the peripheral production of GM-CSF affects primitive 
hematopoietic cells in the bone marrow. Rather, it is presumed to activate and mobilize 
mature cells86,88, in addition to supporting survival of tissue-infiltrated neutrophils, 
eosinophils, dendritic cells and macrophages83.

The name GM-CSF is derived from its activity on both granulocytic and monocytic 
lineages, affecting bipotent progenitors86,88. Interestingly, the effect of this cytokine 
seems to be concentration dependent, with low concentrations stimulating mostly 
monocytic colonies, and higher concentrations also promoting formation of 
granulocytic and mixed colonies86. In comparison with IL-3, the target cell population 
of GM-CSF is less primitive, even though stimulation of proliferation of these primitive 
cells does occur in the presence of GM-CSF, albeit without colony formation86. In very 
high concentrations, it can even stimulate megakaryocytic and erythrocytic colonies88.

1.4.2. WNT LIGANDS

Wnt ligands are extracellular molecules increasingly associated with hematopoietic 
regulation18,89-92. In addition, there is evidence indicating participation of these 
molecules in cytokine-triggered intracellular pathways93.

Wnt ligands are secreted lipid-modified glycoproteins which trigger intracellular 
signaling by binding Frizzled (Fzd) receptor in the plasma membrane94. The post-
translational modifications (such as palmitoylation and glycosylation) of which are 
primarily responsible for the secretion and ligand-receptor coupling and functional 
effects95. However, there is a third component needed to trigger intracellular signaling: 
the co-receptors. The main class of Wnt co-receptors are the low-density lipoprotein 
receptor-related proteins 5 and 6 (LPR5/6)96,97, which intermediate the activation of 
β-catenin dependent signaling on the intracellular level. The main representative of 
Wnt ligands that utilizes LRP5/6 is Wnt3a94, but other Wnt ligands, such as Wnt10a 
and Wnt10b, rely on these co-receptors as well98.

In addition, other co-receptors, including Ryk and ROR299, can also be recruited, 
but in these cases β-catenin dependent signaling is not activated99. Wnt5a and Wnt5b 
are the prototypical ligands associated with the β-catenin independent signaling 
pathway, although others, such as Wnt7a and -b98, can trigger this pathway as well.

To date, 19 different Wnt ligands and 10 Fzd receptors have been identified in mammals94, 
implying there is promiscuity between ligand and receptor binding. This might be explained 
by common conserved cysteines in the structure of Wnt ligands and Fzd receptors100.

1.5. HEMATOPOIETIC STEM CELL (HSC)

HSCs represent only 0.003% of all cells present in the bone marrow, yet they represent 
the only cell population fully capable of forming all others in the hematopoietic system. 
This is regulated by rounds of cell division and subsequent differentiation of the 
progeny49. Only 2% of the HSC population is actively cycling at any given moment49 and 
only 6% of all HSCs cycle on any given day101. Although asymmetric cell division leads 
to both self-renewal and to a progenitor that subsequently differentiates, symmetric 
cell division has also been described, rendering daughter cells with similar potential 
and characteristics as the mother cell49.

HSCs are categorized based on their ability to reconstitute bone marrow and 
multilineage hematopoiesis after transplantation in irradiated subjects28,49. LT-HSCs are 
responsible for the long-term reconstitution of cells from all lineages, which lasts years after 
the transplant. These cells cycle rarely (as discussed) and commonly self-renew rather than 
differentiate. On the other hand, short-term reconstitution by ST-HSCs does not last nearly 
as long, in the order of months. In this case, multilineage reconstitution is incomplete1,102.

The difference between self-renewal and differentiation is related to how the cells 
cycle. When the cells enter an asymmetric division, two different cells are formed: one 
with similar characteristics and potential to the mother cell and the other slightly more 
differentiated103. It is presumed that the niche regulates this event, so the former (LT-
HSC) would be maintained in the endosteal niche, in contact with osteoblasts103, whereas 
the latter (ST-HSC) loses this contact and moves from the endosteal to the vascular 
niche49. Subsequently, the LT-HSC exits the cell cycle and remains quiescent until a next 
cycling round. The rare cycling and long quiescence periods of LT-HSCs may serve a 
role in genetic protection, slowing down the accumulation of mutations and telomere 
shortening68,104. On average, LT-HSCs only cycle once every 145 days9,47. It has been 
postulated that asymmetric cell division also segregates the DNA produced and the old 
one among the LT-HSC and the differentiating cell as an additional mechanism to protect 
the LT-HSC; the true existence of such a mechanism is increasingly being debated49,101.

Even though the rare cycling represents a protective mechanism, HSCs can be 
target of injuries and mutations18,105,106, which can predispose the individual to the 
development of a pre-leukemic and leukemic status18,107, according to the hypothesis 
that considers the HSC as origin for leukemic stem cells (LSC). Another possibility 
is that committed cells re-acquire stem cell potential108-110, which would explain the 
expression of aberrant lineage markers109. In either case, the rare cycling also protects 
the LSC from tyrosine kinase inhibitors, used as anti-leukemic drugs in certain types 
of leukemias, such as chronic myeloid leukemia (CML)111,112. LSC are accountable for 
the relapse events and have major roles in leukemia worsening prognosis113,114.
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Besides asymmetric division, HSC can also undergo symmetric division, with two 
possible outcomes. The first, also known as self-renewal, is crucial for the maintenance 
of the primitive pool and protection against hematopoietic exhaustion49. In this 
process, both cells formed are identical and equally pluripotent as the mother cell. A 
second possibility following symmetric division of HSCs is differentiation, in which both 
daughter cells are similar, yet different from the mother cell, with reduced stemness.

The aberrant LSC can also enter symmetric cell division and massively proliferate, 
overflowing the bone marrow with primitive cells110 and superimposing normal 
hematopoiesis totally or its branches, lymphopoiesis, thrombopoiesis, erythropoiesis 
or myelopoiesis.

1.6. MYELOPOIESIS

Myelopoiesis is the process in which myeloid cells are formed from the common 
myeloid progenitors (CMPs)20, that directly gives rise to MEPs and GMPs (Figure 1). 
MEPs are dependent on erythropoietin and thrombopoietin to form erythrocytes and 
megakaryocytes and its cytoplasmatic fragments, i.e., platelets, respectively. These 
cytokines are specific for these lineages, unlike IL-3 and GM-CSF, which are broadly 
active in myelopoiesis.

The roles of IL-3 and GM-CSF in monocytic and granulocytic differentiation have 
been extensively studied; interestingly, these cytokines were initially categorized as 
“granulocyte monocyte colony stimulating factors”, because both IL-3 and GM-CSF 
induce formation of colonies with a granulocytic and monocytic phenotype88. 
Progenitors committed to the macrophage lineage will form large colonies with 
bigger and brighter cells (M-CFU; macrophage-colony formation unit), in comparison 
with colonies formed by granulocytic-biased progenitors (G-CFU; granulocyte-colony 
formation unit), in which cells are smaller and darker (Figure 4).

Figure 4. Morphology of GM-, G- and M-CFU115.

These cytokines also induce proliferation of less-committed bipotent progenitors, with 
potential to form both granulocytes and monocytes. These GM-CFU (granulocyte-
macrophage-colony formation units) are larger than the previous described G-CFU 
and M-CFU, with a denser concentration of cells and more distinct separation between 
them. The colony formation potential of a cytokine reflects its importance for the 
development of the respective lineage. In fact, no colonies can be formed in the 
absence of cytokines116.

In addition to the cell type composition of the colony, its size may also provide 
information about the cytokine activity and progenitors targeted117,118. Colonies that 
are larger, with more differentiated cells, have usually been initiated by more primitive 
progenitors. These continue to grow during the culturing procedure, without loss 
of their potential. Smaller colonies are usually formed by committed progenitors, 
which lose their proliferative potential quicker117,118. It is important to highlight that 
differentiation is a continuous process, with each defined stage representing a 
spectrum of cells in different stages119.

1.6.1. GRANULOCYTES AND MONOCYTES/MACROPHAGES

Granulocytes and monocytes/macrophages are the end-stage cells generated within 
the myeloid differentiation spectrum for which IL-3 and GM-CSF are fully responsible120. 
Importantly, even after these cells have reached their final stages of bone marrow-
intrinsic differentiation, they continue to receive signals from these cytokines120,121, 
mainly to support activation and further tissue-specific differentiation121, relevant 
to their roles in inflammation and removal of invading microorganisms and 
pathogens120,122.

Once maturation is complete, granulocytes are released from the bone marrow 
into the peripheral bloodstream as non-cycling cells123 that can infiltrate tissues 
in response to specific chemotactic signaling molecules120. These cells contain 
granules in their cytoplasm, which can be released to the extracellular environment 
after stimulation120. These granules can harbor a myriad of molecules related 
to inflammation and host defense against invading pathogens. The neutrophil 
represents a subclass of granulocytes in which most of the granules have a neutral 
pH120. Neutrophils act by releasing cytokines, proteases and other molecules, and by 
engaging in cell-cell interactions with other hematopoietic cells, such as lymphocytes, 
macrophages and dendritic cells120. They have a role in tissue inflammation and repair, 
and in phagocytosis of small pathogens120,124,125.

Granules of eosinophils and basophils are full of soluble factors related to immune 
responses and allergy120. As the name indicates, eosinophils contain granules with 
higher pH that have an affinity for eosin, an acidic compound. These cells use the 
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production of reactive oxygen species and cytotoxins to protect against invasion of 
larger microorganisms, such as helminths, than neutrophils can protect against126. 
Basophils, with acidic granules, produce significant amounts of histamine, an important 
mediator in allergy and inflammation127. metachromatic granules are characteristic of 
a fourth subtype of granulocytes, the mast cells, which are responsible for allergic and 
hypersensibility responses, due to release of the granules’ content, which consists 
primarily of histamine128.

Unlike granulocytes, the monocytic lineage does not branch further within the 
bone marrow, forming only one type of cell: the monocyte. However, there is a high 
degree of heterogeneity and further differentiation potential, particularly in response 
to tissue-specific signaling cues129. Whereas granulocytes obtained from human 
and mouse exhibit clear differences, monocytes are more similar between these 
2 species120,130. Monocytes represent 4% of nucleated cells in the blood and their 
production is restricted to the bone marrow in physiologic conditions130.

Monocytes released into the peripheral circulation are activated in response 
to inflammation and stress signals131, as a part of the innate immune response132. 
For many years, monocytes were viewed as an intermediate between the bone 
marrow-released cells and the tissue resident phagocytes, since they can give 
rise to macrophages and dendritic cells, composing the mononuclear phagocyte 
system130,133,134. Interestingly, different from all other mature hematopoietic cells, 
macrophages can proliferate locally, as observed in lungs and spleen130.

1.7. INTRACELLULAR SIGNALING PATHWAYS

1.7.1. JAK/STAT (Janus kinases/Signal Transducer and Activator of Transduction)

JAK/STAT signaling is a broadly conserved evolutionary signaling pathway downstream 
of all cytokine and some growth factor receptors135. It promotes transcriptional 
changes almost directly after cytokine-receptor coupling82. In mammals, 4 JAKs and 
7 STATs have been described, but for IL-3 and GM-CSF signaling, JAK1 and -2, and 
STAT5 seem to be the most important82.

After cytokine binding, dimerization of the receptor subunits, and JAK2 
transphosphorylation of the tyrosine residues in the Box 1 region, SH2 domains, 
which are docking sites for cytoplasmic STATs, are formed. STAT recruitment to SH2 
domains (for IL-3/GM-CSF this is mainly STAT5) is followed by translocation to the 
nucleus, where gene transcription is initiated80.

STATs can be activated by different phosphorylated tyrosine residues at the IL-3 
or GM-CSF receptor and there is evidence suggesting that depending on the specific 
residue interacting with STAT, differential activation of this pathway can occur136.

1.7.2. MAPK (Mitogen Activated Protein Kinases)

The MAPK pathway comprises numerous kinases which act sequentially137 and starts 
with Ras and Raf phosphorylation, which leads to MEK1 and 2 activation, which in turn, 
activates the MAPK isozymes ERK 1 and 2137.

Unlike STATs that can be activated by several phosphorylated tyrosine residues, 
activation of ERK1/2 (extracellular signal-regulated kinase) specifically requires 
phosphorylation of Tyr577 of the β-chain80,138,139. However, there is evidence that 
Tyr612 and Tyr695 phosphorylation may activate this pathway as well80,140 and that 
deletion of Tyr695 and Tyr750 results in a lack of signaling141.

After phosphorylation, Tyr577 becomes a docking site for the cellular substrate 
Shc, which itself is phosphorylated and then interacts with Grb2. Shc/Grb2 binding 
(indirectly) enables Ras activation, triggering the sequential activation of Raf-1, MEK1/2 
and ERK1/282.

ERK1/2 has several targets which can activate c-Fos and c-Jun, important early 
response genes of cytokine-induced proliferation82. Upregulation of bcl-2 and bcl-x 
gene expression seems to be involved in the ERK-driven inhibition of apoptosis in the 
hematopoietic system142,143.

1.7.3. PI3K (Phosphatidylinositol 3-Kinase)

As for MAPK signaling, phosphorylation of the Tyr577 and Tyr612 of the receptor β-chain 
is required for PI3K activation140. At these residues, SH2 or -3 domains appear in the 
β-chain, which enables PI3K activation and targeting of phosphatidylinositol lipids in 
the cellular membrane144. Phosphatidylinositol 4,5-biphosphate phosphorylation leads 
to PIP3 (phosphatidylinositol 3, 4,5-triphosphate) formation and Akt/PKB signaling82.

PI3K activation is related to proliferation, apoptosis and cytoskeletal 
rearrangement82, and disturbed PI3K signaling appears to be closely involved in 
hematopoietic malignancies, such as acute and chronic leukemias144.

1.7.4. CALCIUM SIGNALING

Cytokines trigger cytoplasmic calcium (Ca2+) oscillations145 in a PLC (phospholipase C) 
dependent manner146,147. Activation of PLC and downstream Ca2+-signaling is commonly 
associated with proliferation148. In steady state, the cytoplasmic concentration of 
Ca2+ does not exceed 100 nM148, but it can increase up to 10 times, as a result of 
Ca2+-mobilization and/or -influx from intra- and extracellular sources148, respectively, 
depending on the stimulus148. Regarding cytokine-driven signaling, Ca2+ signals are 
usually short and oscillatory in nature149.

Sustained PLCγ2 phosphorylation was observed after IL-3 and GM-CSF treatment 
in mice, which was followed by MEK and ERK1/2 activation149, indicating possible 
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crosstalk between PLC and MEK/ERK pathways. Interestingly, in the presence of 
IL-3, phosphorylation of MEK was transient and that of ERK1/2 sustained149, whereas 
in the presence of GM-CSF, sustained MEK activation was observed with reduced 
ERK1/2 activation149. There is little knowledge on differences between IL-3 and GM-CSF 
signaling; thus, the differential PLC and ERK1/2 signaling kinetics in response to these 
cytokines suggest specific yet undefined functional differences.

PLC cleaves phosphatidylinositol 4,5-bisphosphate into 1,2-diacylglycerol (DAG) 
and inositol 1,4,5-trisphosphate (IP3)

150,151. IP3 has an essential role in Ca2+ release from 
internal stores, such as the endoplasmic reticulum, by acting on IP3 receptors (IP3R) on 
the surface membrane of this organelle. In addition to IP3Rs, Ca2+ can also be mobilized 
from internal stores by ryanodine receptors (RYR) and SCaMPER (sphingolipid Ca2+ 
release-mediating protein in the endoplasmic reticulum) activation148; however, IP3R 
and RYR are the most commonly studied channels in internal Ca2+ mobilization152. 
In contrast to IP3Rs, the RYR needs cyclic ADP ribose and Ca2+ itself for activation152. 
Actually, both receptors are regulated by Ca2+ concentrations to some extent: an 
increased concentration inside the endoplasmic reticulum increases the sensitivity 
of the receptors, decreasing the activation threshold148, whereas increased Ca2+ 

concentrations in the cytoplasm can be both inhibitory and excitatory148.
DAG activates PKC (protein kinase C) at the plasma membrane, which may be 

cytokine-specific, since it was demonstrated that PKC activation is linked to the 
cytokine-specific receptor α-chain153. PKC and calmodulin (CaM) act as Ca2+ sensors 
in the cytoplasm and respond to Ca2+ oscillations by binding to Ca2+, which leads to 
conformational changes and signal transduction.

PKC is activated by DAG, but elevated Ca2+ concentrations can activate subtypes 
α, βI, βII and γ as well, which can lead to CaMK (calmodulin kinase) activation149,154 and 
modulation of other pathways (such as ERK1/2)149. PKC activation appears to participate 
in hematopoietic differentiation155, although it was also linked to proliferation78.

CaMKII (calmodulin kinase II), after conformational changes induced by binding to 
Ca2+, is the most important (CaM) Ca2+ signal propagator156. This leads to the activation 
of transcription factors, such as NFAT (nuclear factor of activated T-cells) and NFκB 
(nuclear factor κB)156. Ca2+ can also act directly within the nucleus, activating CREB 
(cAMP Response Element-Binding protein); of note, this does require CaM as a co-
factor156. Activation of these factors, while acting in concert with other pathways (e.g. 
MAPK and PI3K), is primarily associated with proliferation157. Other cellular events, such 
as differentiation and cell death, have also been linked to cytokine-driven variations 
in cytoplasmic Ca2+149,158,159. After signaling, the Ca2+ concentration in the cytoplasm is 
reduced to basal levels by returning Ca2+ to the internal stores and/or extracellular 
environment through the action of Ca2+-pumps and ion exchangers156,160.

1.7.5. WNT SIGNALING

Wnt signaling is another pathway linked to Ca2+ cytoplasmic oscillations and has been 
increasingly associated with hematopoietic regulation and maintenance. With respect 
to the intracellular activation profile, this pathway is divided in two main branches: the 
β-catenin dependent (or canonical) and the β-catenin independent (or non-canonical) 
pathway.

The β-catenin dependent pathway is best characterized and is activated when a 
Wnt ligand (Wnt3a is the prototypical ligand of this pathway) couples to its cognate 
membrane Fzd receptor in the presence of LPR5/6 co-receptors101,161,162. The interaction 
between ligand, receptor and co-receptor results in the formation of a complex that 
recruits intracellular Axin from the cytoplasm to the plasma membrane, which induces 
the inactivation of the destruction complex94. The destruction complex targets 
cytoplasmic β-catenin, routing it for proteasomal degradation, thereby preventing its 
accumulation94. As a result, cytoplasmic β-catenin is not degraded and accumulates, 
leading to its nuclear translocation and subsequent modulation of gene transcription94.

The aforementioned Ca2+-dependent Wnt signaling is not β-catenin dependent 
and rather relies on the non-canonical branch, for which Wnt5a and Wnt5b constitute 
the prototypical ligands163,164. As compared to the canonical pathway, this branch is 
broader and comprises numerous pathways, including the Wnt/PCP, Wnt/JNK and 
Wnt/Ca2+ cascades165,166. The Wnt/Ca2+ pathway in particular has been associated 
with hematopoietic regulation, as it was shown to be involved in HSC quiescence, 
maintenance of stem cell potential, and HSC aging90,92,167. The mechanisms involved in 
Wnt/Ca2+-signaling are incompletely understood168, but likely involve the participation 
of G-proteins, PLCβ, CaMK and PKC168,169.
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SCOPE OF THIS THESIS

As described above, cytokine-driven hematopoiesis and myelopoiesis is a well-
studied field, but there are deficits in our understanding of regulatory mechanisms. 
IL-3 and GM-CSF are broadly active cytokines in hematopoiesis, both in the most 
primitive and mature cell populations, in physiologic and disease states. The biological 
outcomes from the presence of these cytokines are maintenance of primitiveness, 
proliferation, differentiation and mature cell activation. Such broad (and sometimes 
opposite) effects have to be tightly regulated and rely on specific intracellular signaling 
cascades. There is evidence of JAK/STAT, MAPK, PI3K, and Ca2+-signaling participation 
in the intracellular responses to IL-3 and GM-CSF, but new signaling pathways may 
play a role as well. There is accumulating evidence suggesting the involvement of Wnt 
signaling in hematopoietic regulation, in particular with respect to Wnt/β-catenin 
dependent signaling. Wnt/β-catenin imbalances are also associated to hematopoietic 
malignances, reinforcing the previous statement. The Wnt/β-catenin independent 
signaling pathway, however, is less well studied and comprises numerous pathways 
that can modulate PI3K, Ca2+ and other key intracellular signaling pathways. We 
hypothesize that Wnt/β-catenin independent signaling participates in cytokine-driven 
myelopoiesis by modulating intracellular pathways triggered by these cytokines. 
Furthermore, in view of the described canonical to non-canonical Wnt signaling switch 
in hematopoietic aging92, we propose that non-canonical Wnt signaling is related to 
myeloid imbalances during aging. Therefore, we aimed to unveil roles of β-catenin 
independent signaling in cytokine-driven myelopoiesis during adulthood and beyond.

Aging-related hematopoietic imbalances, such as decreased HSC regenerative 
potential and increased myeloid presence170, have been associated with β-catenin 
independent Wnt signaling activity92; however, little is known about its effect on 
progenitors. Progenitors are the main responsive cells during aging, and therefore 
the investigation of β-catenin independent signaling in these cells may elucidate 
mechanisms of hematopoietic aging and provide useful information for therapeutic 
targeting of myeloid skewing during aging or hematopoietic malignancies.

Due to the need for growth factors in maintaining and differentiating hematopoietic 
cells116, we first established the mechanisms involved in IL-3 and GM-CSF treatment 
outcomes in the enriched HSC population and in myeloid progenitors (Chapter 2), 
as this could guide us in studies on interference with Wnt signaling. We identified the 
participation of numerous intracellular proteins that seem to be involved in progenitor 
function. We used enriched populations, as the specific immunophenotypes of 
pure populations are debatable. Therefore, we discussed this topic in a review 
about leukemic stem cell (LSC) characterization (Chapter 3), as for altered cells, the 

establishment of surface markers for pure populations can be used for diagnosis, 
prognosis and the evaluation of therapeutics. To further understand possible Wnt 
roles in hematopoiesis, a comprehensive review (Chapter 4) is presented. It discusses 
the importance of β-catenin dependent signaling in late stages of hematopoietic 
ontogenesis, and proliferation and differentiation of hematopoietic progenitors. 
In addition, it highlights how β-catenin independent signaling is responsible for 
hematopoietic initiation during embryogenesis, HSC quiescence, and myeloid 
modulation. In addition, it discusses the roles of Wnt ligands on hematopoietic 
malignancies. In Chapter 5, myeloid modulation in response to IL-3 and GM-CSF 
was further explored. Thus, functional analyses of progenitor cells were performed 
to establish the influence of non-canonical Wnt ligands on these cells and to pursue 
the investigation of these Wnt ligands in the aged environment. We found strikingly 
divergent regulatory effects of Wnt5b on myeloid modulation induced by IL-3 and 
GM-CSF. With this knowledge in hand, we investigated how Wnt5 signaling changes 
during aging with respect to cytokine-driven myelopoiesis (Chapter 6). To this 
aim, we inhibited Wnt5, the prototypical β-catenin independent Wnt agonist, by 
pharmacological intervention. Chapter 7 discusses all results and findings presented 
in this thesis and put them in a broader perspective.
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