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Tissue-specific stem cells have the capacity to self-renew and differentiate into 
several types of functional cells that replenish lost cells throughout an organism?s 

lifetime. Studies on stem cells from diverse systems have shown that stem cell 
function is controlled by extracellular cues from the niche and by intrinsic genetic 
programs within the stem cell. The objectives of this book would be to review the 

molecular mechanisms that mediate the balanced response of stem cells to the needs 
of the organisms. Likewise, niches have also been linked to pathologies, by imposing 

aberrant function on stem cells or other targets. Therefore, the second objective of this 
book would be to highligh the molecular dysregulation of niche biology leading to the 

disease. The third objective would be to review the therapeutical targets described 
within stem cell niches.
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Preface

Stem cells are characterized as cells endowed with continuous self-renewal ability and pluri-
or multipotentiality, and could consequently give rise to a wide panel of cell types. Non-ger‐
minal stem cells are classified into different categories: Embryonic stem cells (ES) are found in
the inner cell mass of blastocyst and are pluripotent stem cells that can generate any mature
cell of each of the three germ layers; Somatic stem cells are tissue-specific and more restricted
than ES cells in terms of differentiation capabilities. They can be isolated from various fetal
and adult tissues, which make them an attractive supply of material for cell therapy.

To better understand and control stem cell proliferation and differentiation, scientists ana‐
lyzed deeply the stem cells niches. The concept of stem cell niches was first described by Scho‐
field and collaborators in 1978. Stem cell niche refers to a microenvironment where stem cells
are found and regulate cell fate. During embryonic development, various niche factors act on
embryonic stem cells to alter gene expression, and induce their proliferation or differentiation
for the development of the fetus. Within the human body, stem cell niches maintain adult
stem cells in a quiescent state, but after tissue injury, the surrounding micro-environment ac‐
tively signals to stem cells to promote either self renewal or differentiation to form new tis‐
sues. Several important factors regulate stem cell characteristics within the niche. Among
others, we can mention cell-cell interactions between stem cells or between stem cells and
neighboring differentiated cells, interactions between stem cells and adhesion molecules, ex‐
tracellular matrix components, etc.

Mammalian adult stem cell niches have been described in many tissues including the germinal
(testis), hematopoietic, epidermal, intestinal system or central nervous system. The main objec‐
tive of this book was therefore to highlight the molecular mechanisms that mediate the bal‐
anced response of stem cells to the needs of the organisms. Likewise, niches have also been
linked to pathologies, by imposing aberrant function on stem cells or other targets. Therefore,
the second objective of this book is to give a current view of the molecular dysregulation of
niche biology leading to the disease. The third objective is to review the therapeutical targets
described within stem cell niches.

Finally, I would like to conclude this preface by expressing my deepest gratitude to all authors
who contributed to the elaboration of this book.

Sabine Wislet-Gendebien, PhD
Assistant Professor

GIGA-Neurosciences
University of Liège

Belgium
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Chapter 1

Delineation of Niches which Support Hematopoiesis

Hong Kiat Lim and Helen C. O’Neill

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58715

1. Introduction

Hematopoiesis is the process of blood cell formation from self-renewing, multipotent hema‐
topoietic stem cells (HSC) crucial for blood homeostasis of all living organisms [1]. This
developmental process has two distinct phases, primitive and definitive hematopoiesis. In
mice, the primitive phase of hematopoiesis occurs in the yolk sac at embryonic (E) day 7.5
[2-5]. It results in the production of primitive hematopoietic cells including mainly large,
nucleated erythroblasts, some megakaryocytes, and primitive macrophages needed for
embryonic growth [2-5]. The definitive phase of hematopoiesis in mice begins in the extra-
embryonic yolk sac at E8.25 [2, 6]. Development in this phase is a hierarchical process, with
two main lymphoid and myeloid lineages forming from which all blood cells develop. The
lymphoid lineage comprises T and B lymphocytes and natural killer cells that arise from a
common lymphoid progenitor (CLP). In contrast, the myeloid lineage comprises granulocytes
(neutrophils, eosinophils, mast cells, and basophils), monocytes, erythrocytes and dendritic
cells (DC), all developing from a common myeloid progenitor (CMP). The multipotent HSC
resides at the apex of this hematopoietic hierarchy [1, 7].

Most of our present knowledge on hematopoiesis stems from decades of research on bone
marrow, in part due to the clinical relevance of bone marrow as the main site for hematopoiesis
in adults. However, there is cumulating evidence to suggest that the spleen can adopt
extramedullary hematopoiesis in both the steady-state, and during disease and inflammation.
While very little is understood about extramedullary hematopoiesis, there portends to be huge
potential for regenerative medicine, if the hematopoietic capacity of spleen can be harnessed.
For example, the hematopoietic output of spleen could be experimentally enhanced on bone
marrow transplantation using either in vivo or in vitro means. In this report, information on
hematopoiesis in bone marrow is reviewed and the current understanding of extramedullary
hematopoiesis in spleen is considered.

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Hematopoietic Stem Cells

HSC are multipotent adult stem cells, capable of differentiating to give all mature blood cell
types, while still maintaining a pool of stem cells due to their unique ability to self-renew [8].
Definitive hematopoiesis occurs at E8.5 and is detected experimentally at E10.5 in the aorta-
gonad-mesonephros region of the embryo [6, 9-11]. At E11.5, HSC appear in fetal liver where
they exhibit high proliferative and differentiative potential with cell number expansion [12].
HSC appear in fetal spleen at E13-14 and undergo proliferation and differentiation to form
mature blood cells [13]. At E17.5, HSC then proceed to bone marrow, the major hematopoietic
site in adults where they are maintained during postnatal life [14].

HSC in murine bone marrow represent a heterogeneous population characterised phenotyp‐
ically by the absence of lineage (Lin)-specific markers and high expression of Sca-1, also known
as lymphocyte antigen 6A (Ly6A) and the c-Kit tyrosine kinase receptor (c-Kit). Within the
Lin-Sca-1+c-Kit+cell subset, HSC can be further delineated as CD150+CD34-Flt3-CD244-CD48-

long-term reconstituting HSC (LT-HSC) and Flt3-CD34+short-term reconstituting HSC (ST-
HSC) [15-17]. Functional studies involving adoptive transfer of HSC to reconstitute the
hematopoietic system of lethally irradiated mice, remains the gold standard assay to distin‐
guish ST-HSC from LT-HSC [18]. While LT-HSC are able to sustain reconstitution of the
hematopoietic system over more than 25 weeks, and even a lifetime [19], ST-HSC provide
short-term reconstitution for only ~6 weeks [17].

3. The fate of HSC

HSC can adopt several fates throughout the lifetime of an organism, including quiescence,
dormancy, self-renewal and differentiation. Quiescence refers to a state of inactivity, whereby
most HSC are in the G0/G1 phase of cell cycle and are not dividing [20]. It is believed that
keeping HSC in the quiescent state is necessary for long-term maintenance of the HSC
compartment, in part due to reduced stress associated with cellular respiration and DNA
replication [20]. Signalling involving the TGF-β/Smad pathway has been implicated in the
maintenance of quiescence in HSC [21], and the addition of TGF-β to in vitro cultures of LT-
HSC can inhibit cell proliferation. The state which involves HSC in long-term quiescence is
called dormancy [22]. Self-renewal is the process by which HSC undergo symmetrical or
asymmetrical cell division to produce one or more daughter stem cells [23]. This process leads
to expansion of stem cell numbers during development, and restores the stem cell pool after
injury [23]. Self-renewal, along with quiescence, prevents the depletion of stem cells. Differ‐
entiation then involves specialisation of multipotent HSC to give mature blood cells, and is
needed to replenish the hematopoietic system since most mature hematopoietic cell types are
short-lived.

While the hematopoietic system has a high daily rate of cell turnover, most HSC are quiescent
and divide very rarely. This raises the perplexing question of how the hematopoietic system
can produce such large numbers of mature blood cells from slowly dividing HSC. The answer

Adult Stem Cell Niches4

lies in the balance between the various HSC fates of quiescence, dormancy, self-renewal and
differentiation, such that tight regulation occurs between these fates to ensure that HSC are
both maintained for the life of the animal, and sufficient mature blood cells are produced to
meet the demands of their development. The importance of this balance is highlighted in
disease states such as leukaemia, which result from abnormal HSC development.

4. Niches for HSC

In the 1970s, Schofield introduced the concept of the HSC ‘niche’ after observing that once HSC
were removed from the bone marrow microenvironment, they quickly lost the capacity to self-
renew and to reconstitute the hematopoietic system. The HSC ‘niche’ involves a microenvir‐
onment comprising non-hematopoietic stromal cells, extracellular matrix and soluble
regulatory factors that regulate the different fates of HSC. To date, three stromal cell types
have been found to contribute to the HSC niche, namely endosteal, vascular, and perivascular
cells [24-26]. However, it is still not known to what extent these distinct niches are truly
independent of each other, and the extent of hematopoietic support contributed by each cell
type is not clear.

The endosteal niche comprises a heterogeneous group of osteoblastic cells residing close to the
endosteal lining of trabecular bone where they interact with HSC. The role of osteoblastic cells
in HSC maintenance has been demonstrated in studies which vary the number of osteoblastic
cells experimentally [27]. In experimental mouse models, it was shown that expression of a
constitutively active form of parathyroid hormone (PTH) or the PTH-related protein receptor
(PPR) important for calcium regulation, under control of the type 1 collagen α1 promoter, gave
a marked increase not only in number of osteoblastic cells but also in HSC [27]. Osteoblastic
cells maintain and regulate HSC through secretion of cytokines like angiopoietin-1 (ANGPT1),
thrombopoietin (THPO) and osteopontin (SPP1), which bind to cell surface receptors on HSC,
namely endothelial-specific receptor tyrosine kinase (TEK), myeloproliferative leukemia virus
oncogene (MPL), and either CD44 or integrins including α4β1, α5β1,α9β1, and α4β7 [28-30]. A
role for THPO and ANGPT1 in HSC maintenance was demonstrated in studies which showed
a reduction in the number of HSC in the bone marrow of Thpo-/-and Angpt-/-mutant mice [28-30].
Similarly, Spp1-/-mice showed a marked increase in the number of HSC cycling, consistent with
osteopontin (SPP1) being a negative regulator of HSC proliferation [30]. In addition, osteo‐
blastic cells express Jagged 1, which leads to the inhibition of HSC differentiation, and the
enhancement of HSC self-renewal when engaged with Notch receptors on HSC [27].

There is increasing evidence now that HSC niches are located in the vicinity of blood vessels,
and in close proximity with sinusoids in bone marrow, so allowing rapid mobilisation of HSC
into the bloodstream after administration of granulocyte colony-stimulating factor (G-CSF)
[16]. Vascular niches also play an important role during embryogenesis since HSC self-renew
and differentiate at a stage of foetal development when bone marrow cavities are not yet
formed [31]. Endothelial cells in the vascular niche express cell surface molecules that allow
HSC and immune cells to move between the bone marrow and the periphery [32]. Vascular

Delineation of Niches which Support Hematopoiesis
http://dx.doi.org/10.5772/58715
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niches also rely on the organisation of sinusoids or capillaries similar to fenestrated endothe‐
lium. When hematopoietic cells enter tissues, the slow blood flow in the larger sinusoids allows
blood-borne cells to interact with sinusoidal endothelial cells via adhesion molecules, resulting
in movement of cells through the sinus wall and into the extravascular space within bone
marrow [33-35]. Sinusoidal endothelial cells express adhesion molecules like E-selectin and
vascular cell adhesion molecule 1 (VCAM1) [32]. The importance of vascular niches for
hematopoiesis was demonstrated by conditionally deleting the signalling protein vascular
endothelial growth factor receptor 2 (VEGFR2) in adult mice [36]. This resulted in an inability
of sinusoidal endothelial cells to develop after irradiation of mice, so preventing reconstitution
of the hematopoietic system [36]. In addition, sinusoidal endothelial cells express gp130, a
cytokine receptor essential for HSC self-renewal [37]. The importance of endothelial cells
expressing gp130 in hematopoiesis was also demonstrated in reconstitution studies in mice
where bone marrow cells from gp130-/-mice could reconstitute the hematopoietic system of
irradiated wild-type mice, while wild-type bone marrow cells were unable to reconstitute the
hematopoietic system of gp130-/-mice [38].

Recently, three populations of perivascular reticular cells expressing high levels of CXCL12,
were identified as important niche elements for HSC in bone marrow. They have been
described as CXCL12-abundant reticular (CAR) cells [39], nestin-GFP+mesenchymal stem cells
[40] and leptin receptor+stromal cells [41]. CAR cells were characterised as bipotent adipo-
osteogenic progenitors, which develop around sinusoids [39, 42]. By conditionally ablating
CAR cells using transgenic mice with the diphtheria toxin receptor gene inserted into the cxcl12
locus, CAR cells were shown to promote HSC proliferation, while maintaining them in an
undifferentiated state [42]. The absence of CAR cells resulted in a reduction in HSC and
progenitors, and of early myeloid differentiation of HSC.

Perivascular niches are also described by nestin+mesenchymal stem cells situated near the
larger blood vessels in BM [40]. These cells were identified in close association with HSC by
their nestin expression. When nestin+mesenchymal stem cells were conditionally ablated from
mice, the frequency of HSC decreased, indicating the importance of these cells as a perivascular
niche element in bone marrow [40]. Leptin receptor+stromal cells have also been identified as
perivascular cells surrounding sinusoids. This subset expresses high levels of CXCL12 and
stem cell factor (SCF), and may overlap with other previously described CAR cell subsets. All
three described perivascular subsets are an important source of SCF [41], a cytokine that binds
to the c-Kit tyrosine kinase receptor expressed on hematopoietic stem/progenitor cells [43]. A
recent study demonstrated depletion of the HSC pool in Scf-/-mice, highlighting the importance
of SCF as well as perivascular cells in HSC maintenance [41].

5. Spleen as a hematopoietic organ

The spleen is the largest blood-filtering organ. It also contains structures which support
lymphoid cell development and function, and in this respect resembles a lymph node. The
spleen is central to both hematopoiesis and immunity. Anatomically, it is composed of red
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pulp which is responsible for blood cell removal, and white pulp, which houses T and B
lymphocytes in discrete regions [44]. Red and white pulp of murine spleen are separated by a
marginal zone comprising marginal zone macrophages, B cells, and DC, and a marginal sinus
where the smallest arterial branches terminate [44]. The white pulp is further divided into T
cell zones and B cell follicles, with germinal centres containing B cells [44]. While murine and
human spleens are largely similar in terms of their architecture, there are some notable
differences [44]. Unlike murine spleen, the marginal sinus is not present in the human spleen,
although human spleen does contain a perifollicular region, external to the marginal zone in
the red pulp, which is absent in the murine spleen.

5.1. Development of murine spleen

Spleen organogenesis involves formation of the splanchnic mesodermal plate from lateral plate
mesoderm at E9.5 [45, 46]. The splanchnic mesodermal plate comprises epithelial-like cells
which are arranged as an organized plate of cells at the right and left side of the foregut [45].
The initial condensation of mesenchyme within the dorsal pancreatic mesenchyme occurs
adjacent to the splanchnic mesodermal plate at E10.5 [46]. By E10.5, there is progressive loss
of thickness on the right side of splanchnic mesodermal plate, causing it to be thicker at the
left side [46]. In addition, the cells constituting the splenic condensing mesenchyme also
acquire the splenic cell fate [45]. At the same time, leftward growth of pancreatic mesenchyme
and spleen anlagen occur [45]. By E11.5, the spleen anlage proper is formed laterally to the
developing stomach [45, 47].

While the exact cellular requirements governing development of spleen remain poorly
understood, it is widely known that the interaction between the non-hematopoietic CD45-

VCAM1+ICAM1+LTβR+lymphoid tissue organiser (LTo) cells and hematopoietic CD45+CD3-

CD4+cKit+LT+lymphoid tissue inducer (LTi) cells is crucial for the development of secondary
lymphoid organs such as lymph nodes and Peyer’s patches [48]. This is due to lymphotoxin
LTαβ signaling, which occurs as a result of binding between lymphotoxin-α1β2 (Ltα1β2)
expressed on LTi cells and the lymphotoxin-β receptor (LTβR) on LTo cells [49]. Engagement
of Ltα1β2 and LTβR induces the activation of two NFκB pathways which promote mesenchy‐
mal and endothelial cell differentiation [50]. In addition, increased expression of adhesion
molecules like VCAM1, intracellular adhesion molecule 1 (ICAM1) and mucosal vascular
addressin cell adhesion molecule 1 (MAdCAM1), and homeostatic chemokines such as
CXCL13, CCL19 and CCL21, ensues as part of the differentiation program of mesenchymal
cells [51]. These adhesion molecules and chemokines attract and retain additional hemato‐
poietic cells at the formation site.

The importance of Ltα1β2 signaling in secondary lymphoid organ development was first
documented after the initial observation that lymph nodes and Peyer’s patches failed to
develop in LTα-/-mice [52]. Identification of what are currently known as LTi cells began with
the search for the LTαβ-expressing cell subset which was first found in developing mesenteric
lymph nodes [53]. These LTαβ-expressing cells were later characterised as CD45+CD3-

CD4+cells. Insight into the role of LTαβ-expressing CD45+CD3-CD4+cells in secondary lym‐
phoid organ development was gained with the generation of two mutant mice that lacked
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CD45+CD3-CD4+cells [54, 55]. A detailed analysis of these two mutant mice revealed an absence
of lymph node and Peyer’s patch development. However, the architecture of the T and B cell
areas in spleen was unaffected [55, 56], suggesting the existence of multiple cellular subsets,
which provide instructions to the splenic stromal cells.

5.2. The red pulp regulates erythrocyte turnover

The red pulp region has a very specialised function as a blood filter. This region contains many
splenic cords formed by red pulp fibroblasts and reticular fibres where blood first enters via
the afferent splenic artery [44]. Blood then enters venous sinuses lined by endothelium with a
discontinuous structure [44, 57]. Slits formed in the endothelium of the sinuses allow the
passage of most blood cells but not aged or damaged platelets and erythrocytes. These are
phagocytosed by red pulp macrophages in the cords [44, 58].

In addition to the filtration of blood, the red pulp is involved in recycling iron. Phagocytosis
of aged erythrocytes by splenic macrophages results in release of hem from hemoglobin, which
is converted into biliverdin and ferrous iron [44, 59]. The resultant iron is either stored or
released as ferritins from cells. Plasmablasts and plasma cells are also present in the red pulp
for antibody production [44].

5.3. The white pulp facilitates T and B lymphoid responses

The white pulp of spleen contains the T cell zones and B cell follicles. In T cell zones, fibroblastic
reticular cells encircle the central arterioles and form a network that connects the T cell zones
to the marginal zone [60, 61]. This network serves to guide T cells in their migration from
marginal zone to T cell zones [60, 61]. It is in the T cell zone where T cells interact with DC and
passing B cells. In contrast, B cell follicles comprise activated B cells undergoing clonal
expansion, isotype switching and somatic hypermutation. They also house specialised antigen
handling cells called follicular dendritic cells, which form the architectural framework of the
follicles, and are involved in retaining and presenting antigens to activated B cells in the
germinal centre.

5.4. Multiple subsets of DC exist in spleen

Dendritic cells are specialised antigen presenting cells capable of inducing an adaptive
immune response [62]. They do so by acquiring, processing and presenting antigens on major
histocompatibility complex (MHC) molecules to naïve T cells. While all DC have capacity for
antigen acquisition, processing and presentation, they are heterogeneous and their subtypes
differ in location, migratory pathway, cell surface marker expression and immunological
function [62]. The definition of a DC is therefore not straightforward, although most DC are
phenotypically marked by high expression of CD11c and MHC-II [63].

The commonly described DC subsets in murine spleen include conventional DC (cDC),
plasmacytoid DC (pDC), regulatory DC (DCreg) and monocyte-derived DC (mo-DC) [64, 65].
Conventional DC represent steady-state, mature DC with CD11chiMHC-IIhi marker expression
that can be further classified into CD8α+and CD8α-subsets [65]. CD8α+cDC are phenotypically
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distinguishable as CD11c+CD11b-CD8α+MHC-II+B220-cells, while CD8α-cDC are CD11c
+CD11b+CD8α-MHC-II+B220-cells [65, 66]. Plasmacytoid DC exist as less mature DC precursors
in the steady-state, producing natural type I interferon (IFN-α) upon viral exposure. They can
be distinguished from other DC subsets by expression of Ly6C, B220, and low expression level
of the CD11c marker [65, 67]. Under certain inflammatory conditions, monocytes which are
phagocytic myeloid cells, are induced to differentiate into mo-DC for antigen presentation [68].
These cells can be distinguished from other DC by CD64 (FcR) expression.

5.5. Lineage origin of splenic DC

With high heterogeneity within the DC lineage, an important question is whether each subset
is developmentally distinct. Early studies provided direct evidence for a myeloid origin of DC
following reconstitution of cDC and pDC in the spleen and thymus when mouse bone marrow-
derived CMP were transplanted into irradiated recipients [69]. It is now well established that
all leukocytes originate from bone marrow-derived HSC. In the early stages of hematopoiesis,
successive commitment steps result in the divergence of lymphoid and myeloid lineages,
generating CLP and CMP [70]. The CLP give rise to B, T and natural killer cells, whilst CMP
develop into macrophage/DC progenitors (MDP), identified as Lin-CX3CR1+CD11b-

CD115+cKit+CD135+cells [70]. These subsequently give rise to either common DC progenitors
(CDP) or two monocyte subsets distinguishable as Ly-6C+and Ly-6C-cells [64, 71]. In contrast
to the developmental flexibility of MDP in terms of ability to produce cDC, pDC and mono‐
cytes, CDP are restricted to producing cDC and pDC [71]. It has also been shown that adoptive
transfer of either CMP or MDP can give rise to CDP and monocytes, indicating that CDP are
downstream of CMP or MDP [70].

While monocytes and pDC have been found to exit bone marrow as mature cells, cDC leave
as immature precursors that further differentiate and mature within lymphoid organs [71]. In
mouse blood, two populations of DC precursors have been described as CD11cintCD11b
+CD45RA-and CD11cloCD11b-CD45RAhi cells that differentiate to give mature CD8α-cDC in
the presence of TNF-α and GM-CSF, and IFN-α producing pDC in the presence of GM-CSF
and CpG [72]. CD8α-cDC are able to stimulate T cells to produce IL-2 in response to microbial
stimuli, while pDC weakly stimulate T cells by producing large quantities of natural type I
interferon [69]. A recent study reported the identification of the most immediate cDC precur‐
sors (pre-DC) in spleen with a CD11cintCD45RAloCD43intSIRP-αintCD4-CD8α-phenotype [73].
Progenitors in bone marrow give rise to pre-DC which enter the spleen where they differentiate
further to give cDC and p-pre-DC.

6. Extramedullary hematopoiesis in spleen

The spleen can support hematopoiesis, and this finding is based on early evidence document‐
ing the recovery of mice lethally irradiated while the spleen was shielded [74]. This process is
termed extramedullary hematopoiesis, since it occurs in sites other than the bone medullary
cavity. Extramedullary hematopoiesis can be viewed as an active or a passive process. While
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extramedullary hematopoiesis occurs as an active natural process during fetal development
and also during infection, passive extramedullary hematopoiesis occurs due to impairment of
hematopoiesis in the bone marrow [75]. Occurrence of an active process is evidenced by
studies, showing that the low number of hematopoietic stem/progenitor cells present in
murine spleen in the steady-state increases quickly following inflammation [76, 77]. The
presence of hematopoietic stem/progenitor cells in the steady-state is however not restricted
to murine spleen as spleens of pigs, baboons and humans was also found to retain a low
number of hematopoietic stem/progenitor cells under steady-state conditions [78]. Moreover,
in cell tracing experiments, spleen cells derived from both neonatal and adult mice were able
to provide hematopoietic reconstitution of lethally irradiated host mice following adoptive
transfer [79, 80]. These findings confirm that spleen can adopt a role in extramedullary
hematopoiesis, at least during times of stress or inflammation. Evidence, which suggests a role
for spleen in hematopoiesis, also raises the possibility of a splenic HSC niche that supports the
maintenance of HSC in the resting state.

6.1. Splenic stromal cell network

Thus far, HSC niches in spleen have not been well investigated, although at least six distinct
stromal cell types have been mapped to different regions of the spleen. These include
gp38+fibroblastic reticular cells in the T cell zones, CD35+follicular dendritic cells in the B cell
follicles, MAdCAM1+marginal reticular cells in the marginal zone, and red pulp fibroblasts,
lymphatic endothelial cells and vascular endothelial cells in the red pulp [81].

Fibroblastic reticular cells are mesenchymal cells, which along with reticular fibres and fibrous
extracellular matrix bundles are required for the formation of a reticular network that serves
as a scaffolding for the three-dimensional structure of secondary lymphoid organs [82]. In
addition to creating a network in the T cell areas of spleen, which serves to guide T lymphocytes
in their migration from marginal zone to the T cell zones [60, 61], fibroblastic reticular cells are
also involved in creating a conduit system that selectively allows molecules of low molecular
mass such as chemokines and antigens to enter the T cell zone [82-84]. Large molecules are
trapped in the cortical sinuses by subcapsular sinus macrophages [82-84]. Such a conduit
system offers an opportunity for different types of signals to be delivered in secondary
lymphoid organs for optimisation of immunity to different pathogens [84].

In addition to their structural role, fibroblastic reticular cells are also involved in regulation of
the immune response. They secrete homeostatic chemokines like CCL21, CCL19 and CXCL12
which attract naïve T cells expressing the chemokine receptors CCR7 and CXCR4 [85].
Fibroblastic reticular cells also enhance the survival of naïve T cells in the steady-state by
producing interleukin-7. This is important in increasing the probability that naïve T cells meet
cognate antigen presented on antigen presenting cells. A recent study revealed that fibroblastic
reticular cells stimulate the activation of cytotoxic T cells via alarmin IL-33 secretion during
viral infection [86].

Marginal reticular cells represent a unique subset of stromal cells located in the marginal zone
of the spleen. Despite expressing many common stromal cell surface markers like ER-TR7,
desmin, laminin, VCAM1, and MAdCAM1, marginal reticular cells appear to also specifically
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express RANKL, the receptor activator of NF-ĸB ligand, and secrete CXCL13 [87]. While
RANKL has been found to be essential for lymph node development [88], its function in spleen
remains elusive. These stromal cells form a conduit system which can capture and deliver
antigens to the B cell follicles [87].

In the red pulp region, red pulp fibroblasts form the splenic cords necessary for filtration of
blood [81]. They also control splenic blood flow and assist in removal of dead or dying red
blood cells [81]. Additionally, red pulp fibroblasts are involved in the localisation of different
cells in the red pulp of spleen through expression of the cell adhesion molecule ICAM1 that
binds to lymphocyte function-associated antigen 1 (LFA1), a heterodimeric receptor protein
found on lymphocytes [89, 90]. For instance, ICAM1-LFA1 interaction between red pulp
fibroblasts and plasma cells results in movement of plasma cells into the red pulp region for
secretion of antibodies into the circulation [91].

7. Evidence that splenic stroma supports hematopoiesis

Evidence suggesting that the spleen contains stromal cells, which support in vitro hematopoi‐
esis has been previously reported by this lab [92-95]. In particular, it was demonstrated that
the stromal monolayer forming in long-term cultures (LTC) of 8-day old murine spleen
supports the maintenance of small progenitors and the production of a distinct class of large,
immature DC, coined ‘LTC-DC’. These can be produced continuously in LTC for years in the
absence of added growth factors and cytokines [92-95]. When the small progenitors maintained
in LTC were specifically sorted and co-cultured over STX3 stroma, large immature dendritic-
like cells were produced [96]. STX3 stroma had been isolated as a stromal cell line from a splenic
LTC which had ceased production of dendritic-like cells after multiple passages, apparently
due to the loss of progenitors [97]. Interestingly, similar dendritic-like cells, termed ‘L-DC’
were also produced when STX3 was overlaid with lineage-negative (Lin-) cells derived from
bone marrow [98]. L-DC, like LTC-DC, are large cells which express CD11b and CD11c but
not MHC-II and CD8α[99, 100]. These cells are highly efficient in endocytosis and cross
presentation of antigen for CD8+T cell activation, particularly after exposure to lipopolysac‐
charide [99, 100].

In order to better understand the cellular composition of the heterogeneous STX3 stroma, the
line was cloned to form 102 splenic stromal lines [98]. These include the 5G3 clone, which
supports in vitro hematopoiesis, and the 3B5 clone, which is a non-supporter. The 5G3 clone
supports production of ‘L-DC’ from hematopoietic progenitors in a highly reproducible and
contact-dependent manner, similar to the parent line, STX3 [94, 99]. Transcriptome analysis of
5G3 stroma has revealed high expression of genes including Sca-1, Vcam1, Pdgfrα/β and
CXCL12, which are associated with perivascular reticular cells described in the bone marrow
(data in preparation). In addition, 5G3 was shown to have osteogenic but not adipogenic
differentiative capacity (data in preparation). Such evidence raises the hypothesis that spleen
contains a unique perivascular niche comprising mesenchymal stromal cells resembling
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The highly reproducible nature of DC production in splenic LTC and in stromal co-cultures,
suggests that a potential equivalent process may exist in vivo. Already there is some evidence
for an in vivo equivalent L-DC subset in spleen, which was originally termed ‘IVL-DC’ [101].
However, the in vivo equivalent stromal supporter cell line has not yet been identified.
Moreover, since DC production in splenic stromal co-cultures can be maintained for a long
time, it seems likely that the progenitors, which are maintained in cultures, are self-renewing.
One hypothesis is that the particular splenic stromal cells maintain self-renewing progenitors
through close contact. To test this hypothesis, various progenitor subsets from bone marrow
and spleen were sorted and tested for their capacity to seed 5G3 stroma with production of L-
DC. 5G3 stromal co-cultures were established with MDP, CDP, ST-HSC or LT-HSC. Since no
L-DC production was observed in co-cultures overlaid with MDP and CDP, it was evident
that L-DC did not derive from the same progenitors which gave rise to cDC, pDC and
monocytes [102]. When the Flt3-c-Kit+Lin-Sca-1+subset of LT-HSC from bone marrow, and the
Flt3+c-Kit+Lin-Sca-1+subset of ST-HSC were overlaid on 5G3 stroma, L-DC production was
clearly supported. In some co-cultures, contact between non-adherent cells and stroma was
prevented using a Transwell membrane [92]. L-DC production occurred for up to 35 days from
overlaid HSC, but only in co-cultures where overlaid cells maintained contact with 5G3 stroma
[92]. The development of L-DC is therefore dependent on the interaction between primitive
HSC and the competent 5G3 stroma. The progenitor of L-DC therefore appears to be a subset
of HSC, some cells of which express Flt3 and resemble ST-HSC and the less primitive multi‐
potent progenitors (MPP) [92, 102].

Indeed, it has become clear that L-DC progenitors in vivo reflect HSC endogenous to spleen,
and that the process of L-DC development reflects extramedullary hematopoiesis. L-DC
progenitors first appear in murine spleen at E18.5, while progenitors of cDC appear after 4
days [103]. This raises the possibility that hematopoietic progenitors in spleen are laid down
during ontogeny, and that hematopoiesis in spleen and the differentiation of dendritic-like ‘L-
DC’ occurs as an active process, independent of inflammatory signaling. One model is that the
splenic stromal microenvironment supports the restricted differentiation of endogenous
progenitors to give antigen presenting cells unique to the spleen microenvironment. Indeed,
studies to date on the in vivo tissue distribution of cells equivalent to L-DC, confirm that L-DC
reflect a novel subset which is limited in its tissue distribution to spleen [100]. Such a model
does not discount the possibility that spleen can also act as a site for extramedullary hemato‐
poiesis under inflammatory conditions.

While it is known that hematopoiesis can be driven by inflammation in vivo [104], it is important
to consider whether in vitro hematopoiesis in 5G3 cocultures involves the same mechanism.
Whether the same stromal microenvironment contributes to both steady-state and inflamma‐
tory processes remains to be determined. This laboratory has studied the role of toll-like
receptor signaling in the production of L-DC in in vitro co-cultures involving 5G3 stroma. Toll-
like receptor binding of pathogen components triggers an inflammatory response. When co-
cultures were established with bone marrow progenitors derived from mutant mice lacking
the adapter proteins MyD88 and TRIF crucial for toll-like receptor signaling, theywere found
to be producers of L-DC [92]. This suggests that L-DC production must occur independently
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of toll-like receptor signaling and inflammation. L-DC production therefore appears to reflect
an active process of extramedullary hematopoiesis, dependent on primitive HSC endogenous
to spleen.

8. Conclusion

While spleen has been traditionally viewed as an organ of immunity, recent evidence has shed
light on its involvement in hematopoiesis. In this report, we have advanced the existence of
niches for hematopoiesis in spleen, comprising a perivascular reticular cell type that supports
extramedullary hematopoiesis from primitive HSC. Previous evidence in mouse and humans
suggests that perivascular reticular cells reflect mesenchymal stem/progenitor cells located in
close proximity with endothelial cells associated with the vasculature. Since the perivascular
cells in bone marrow which constitute the HSC niche surround the sinusoids, it is quite possible
that a similar type of cell exists in spleen, particularly in the red pulp region, where copious
numbers of sinusoids are found. Moreover, transcriptome analysis of spleen-derived 5G3
stroma has revealed a close genetic resemblance between 5G3 stroma and perivascular cells
in the bone marrow (data in preparation). Also consistent with this is the osteogenic capacity
of 5G3 cells, suggesting the presence of mesenchymal osteoprogenitors in spleen with ability
to support in vitro hematopoiesis.

The hypothesis that spleen contains perivascular cells as niches for hematopoiesis is not
without functional precedence. Perivascular reticular cells present in the red pulp of spleen
could provide a niche for maintenance of HSC in the steady-state. Furthermore, restricted
hematopoiesis leading to development of only L-DC raises the possibility that the spleen
microenvironment may support the production of tissue-specific antigen presenting cells.
Their location in red pulp could reflect a specific role in monitoring blood-borne antigens and
interacting with migrating lymphoid cells.

The lack of understanding of spleen as a hematopoietic organ has limited clinical application
to date. A history of work from this lab has however considered spleen as a site for extrame‐
dullary hematopoiesis. Since spleen is a secondary site for hematopoiesis, it offers potential
for reengineering niches to increase hematopoietic cell production. For example, if these
unique stromal cells could be isolated and used to expand HSC in vitro, or provided as an
ectopic niche in vivo for the same purpose, then the potential exists to enhance hematopoiesis
during HSC transplantation. Regeneration or expansion of these niches could represent future
therapy for patients undergoing myeloablative treatment, involution of lymphoid tissue with
ageing, or HSC transplantation.
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1. Introduction

For many years the adult bone marrow (BM) was described as a highly vascularised organ
consisting histologically of a network of reticular cells, some of them intimately associated
with blood vessel walls, so-called adventitial reticular cells, in whose holes mature and
developing hematopoietic cells can be found. In long bones, central longitudinal arteries give
rise to radial arteries that branch into arterioles near the endosteum where they connect to
venous sinusoids that extend back toward the central region where they unite to form a large
central sinus. The sinusoidal network occupies 30 ± 5 % of BM volume whereas arterioles
comprise a smaller volume, 1.2 ± 0.1 % of total BM [1]. Macrophages, adipocytes, endosteal
bone-lining cells and nerve endings also form part of the haematopoietic microenvironment
of BM.

Twenty years ago, it was proposed that hematopoietic stem cells (HSCs) and their progeny
occupied specific places (niches) in the BM network, a topological arrangement necessary to
create a gradient of maturation from the bone endosteum, in which primitive B progenitor
cells were identified, to central blood vessels through which mature B lymphocytes migrated
into the blood circulation [2]. Thus, the relevance of bone lining cell (endosteal cells)-HSC
interface was emphasized for the control of haematopoiesis. However, more recently based
on the phenotypic definition of HSCs as CD150+CD48-CD41-Lin-cells, most early hemato‐
poietic progenitors appear to really be in contact with sinusoidal endothelia, defining the so-
called vascular niche [3]. Despite this evidence, the cells that organize these different BM
microenvironments, the physiological relationships between them and molecules governing
their functioning remain elusive. In the present chapter, we will be trying to clarify these issues
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providing current evidence on the functional niches operating in the adult bone marrow, their
main cell components and the mechanisms governing their homeostasis. Niches involved in
the homing and maintenance of distinct lymphoid cell subsets will be also addressed as well
as the available information on the organization of hematopoietic niches occurring in primitive
vertebrates that lack a functional bone marrow.

2. The existence of an endosteal niche in the adult BM is controversial

Bone development and the appearance of hematopoietic niches occur concomitantly during
development. In foetal mice, the vascular invasion of specific chondrogenic sites favours bone
formation, organizes the BM and seeds it with HSCs. Prior to the appearance of a bone
microenvironment, HSCs occurring in foetal liver cannot home into the BM. In addition,
injected HSCs disappear from the blood circulation to home rapidly in the endosteal niche [4].
On the other hand, E14.5 bone tissue grafted under the kidney capsule of syngeneic mice
produces bone containing bone marrow that houses HSCs, and grafted CD105+Thy-1-cells
isolated from E14.5 bone recruit blood vessels, produce ectopic bone through endochondral
ossification and generate a BM capable of recruiting long term (LT) HSCs. In any experimental
condition, the presence of bone was mandatory for BM organization [5]. Mixed multicellular
spheroids containing CD45-CD105+CD31-Ter119-Sca-1+CD51+osteoprogenitors form a 3D
hematopoietic niche that produces CXCL12 and osteopontin, retaining HSCs [6]. Nevertheless,
bone marrowless vertebrates contain numerous hematopoietic loci in which HSCs develop in
the absence of bone. Remarkably, the stroma of these organs morphologically resembles that
of mammalian BM [7].

The existence of an endosteal niche gained considerable support several years ago when it was
shown that endosteal cells produced several molecules involved in HSC maintenance,
including G-CSF [8], thrombopoietin, angiopoietin [9, 10], CXCL12 [11], Jagged 1, Wnt ligands,
among others [12, 13]. They, also, expressed adhesion molecules (VCAM, ICAM-1; N-cadherin,
CD44, CD164) that could mediate endosteum-HSC interactions [4]. HSCs express Ca++-sensing
receptors that recognize Ca++concentration in endosteum. In mice defective in these receptors
HSC migrate into the BM in response to CXCL12 but do not anchor to the endosteum [4]. On
the other hand, an increase in osteoblasts or osteolinage cells through enforced expression of
parathyroid hormone receptor 1 [14] or by conditional inactivation of BMP receptor I [15]
resulted in increased numbers of HSCs. Conversely, conditional depletion of osteolinage cells
is concomitant with a loss of HSCs in the BM and extramedullary haematopoiesis [16].

However, recently some of these results have been questioned. Mice deficient in biglycan, a
leucine-rich repeat proteoglycan of the connective tissue, have reduced osteoblasts but contain
normal numbers of HSCs [17]. Osteoblast depletion in transgenic mice expressing thymidine
kinase under the collagen α1 promotor courses with important alterations in haematopoiesis
but only slight changes in the Lin-Sca-1+c-Kit+fraction of hematopoietic progenitors [16]. On
the other hand, increased numbers of short term HSCs after parathyroid treatment could be
mediated through Wnt ligand production by T cells [18] rather than through osteoblast
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expansion. Moreover, an increase in osteoblasts is not sufficient to increase HSCs. Thus, the
treatment of mice with strontium, a bone anabolic agent, induces expansion of mature
osteoblasts but does not affect the number or function of HSCs [19]. Likewise, in mice suffering
chronic arthritis that produces osteoblast suppression, HSCs exhibit a normal behaviour [20]
and conditional deletion of CXCL12 [21, 22] or SCF [23] from mature osteoblasts has no effect
on HSCs, while osteoblasts would promote proliferation and differentiation of lymphoid
progenitors [21].

A good example of the controversy about the significance of endosteal niche for haematopoi‐
esis is the role played by the N-cadherin positive cells. As mentioned above, N-cadherin was
pointed out to be an important adhesion molecule for endosteal cell-HSC interactions. These
interactions were considered to be occurring between osteoblasts and HSCs, but other studies
indicated that N-cadherin was largely expressed on immature osteolinage cells called spindle-
shaped N-cadherin+osteoblasts [15]. These cells also express high levels of SCF and CXCL12
and support long term repopulating activity of HSCs [24]. In this respect, N-cadherin knock‐
down or expression of a dominant negative molecule in HSCs inhibited their repopulating
capacity [25, 26] but conditional deletion of N-cadherin encoding gene in HSC had no effects
on HSC number, mobilization, proliferation or repopulating capacity [25, 27].

In fact, a key issue to understanding these controversial results is the different cell composition
attributed to the endosteum in various studies: whereas the earliest studies assigned any effect
of endosteal niches to osteoblasts, more recent studies consider that, apart from osteoblasts,
osteoclasts, osteoprogenitor cells, blood vessels and reticular cells provide a more accurate
idea of the endosteal cell components and their function in the BM microenvironment. It has
been proposed that osteoprogenitors rather than osteoblasts provide a functional niche for
HSCs [28], whereas osteoclasts contribute to endosteal niches governing osteoblast maturation
[29]. In this respect, macrophages interspersed between endosteal osteoblasts, called osteo‐
macrophages, support osteoblast function because their depletion in vivo leads to osteoblast
disappearance and HSP mobilization [30], and RANK (receptor activator of nuclear factor κ
B) ligand, essential for osteoclast maturation, induces mobilization of hematopoietic progen‐
itors to the circulation [31]. In fact, osteoprogenitors, osteoblasts and osteoclasts are in a
dynamic balance on the endosteal surface. Furthermore, recent evidence also supports a role
for osteocytes in the function of the endosteal niche [32]. An analysis of the kinetics of gene
expression in mice treated subcutaneously with injections of G-CSF each 12 hours showed that
osteocytes responded more rapidly than osteoblasts to G-CSF. Thus, from the 4th dose onwards
a rapid suppression of specific osteocyte genes was observed from the 1st or 2nd dose before
HSC mobilization. After 8 doses of G-CSF, osteocytes showed fewer cell processes that
connected them with endosteal osteoblasts. Remarkably, the specific elimination of osteocytes
that disrupted the bone cell network, resulted in severe impairment of G-CSF-mediated HSC
mobilization, as previously observed in other experimental models [33-35]. The authors
suggest that these defects in HSC mobilization are due to impairment of the endosteal niche
via altered communication between osteocytes and osteoblasts. Thus, changes in osteoblasts
would be secondary to osteocyte depletion.
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Nevertheless, results that emphasize a close association between HSCs and vascular endothe‐
lia, and those emphasizing the relevance of endosteal niche are not discordant because both
HSCs and early committed pluripotent progenitors are perivascular but preferentially occupy
the highly vascular endosteum [1]. However, it is more difficult to demonstrate that endosteal
and vascular niches represent functionally different environments housing quiescent HSC and
cycling hematopoietic progenitors, respectively, as suggested by some authors [12, 36]. The
endosteal niche would house dormant, primitive HSCs due to its presumptive hypoxic
condition [37, 38].It has been reported that disruption of HIF 1α (hypoxia-inducible factor)
coursed with loss of HSC quiescence and repopulating activity whereas stabilization of
HIF-1α induced opposite effects [39, 40], but CFU-S associated with endosteum has been
described as non-quiescent cells and, indeed, endosteum is a highly vascularised and,
therefore, presumably well-oxygenated area of the BM. Thus, it has been proposed that
hematopoietic progenitors exhibit an intrinsic hypoxic profile independently of their location
in the BM [41, 42]. On the other hand, cycling hematopoietic progenitors present in the vascular
niches would be ready to respond to the physiological demand of blood cells. However, a
recent study which combines three-dimensional BM imaging with computational modelling
to carefully analyze relationships between HSCs and BM stromal component, including blood
vessels, shows that different vascular niches house quiescent or proliferating stem cells.
Whereas arterioles that occur predominantly close to bone [1], contribute to a niche that
maintains quiescent HSCs, sinusoids could represent a niche which houses proliferating HSCs
[43]. In addition, E-selectin expressed in certain BM sinusoids [44] promotes HSC proliferation
and its blockade protects HSCs following chemotherapy or γ-irradiation [45].

3. The existence of a vascular niche

As described above, a restricted analysis of the topological position of HSC identified by the
expression of SLAM family molecules CD150, CD244, CD48 and CD41 [46], together with
experiments that indicate the relevance of vascular meshwork for the biology of hematopoietic
progenitors led to a hypothesis of the occurrence of a so-called vascular niche [36]. Thus,
vascular endothelial cells promote haematological recovery in mice following total body
irradiation [47] inducing HSCs to enter in cycle after stimulation with different injury factors
[48] and conditional deletion of VEGFR2, which inhibits the regeneration of sinusoidal
endothelia, impedes the hematopoietic recovery following sublethal irradiation [47]. Also,
specific activation of BMPR1A in endothelial cells increases the number of HSCs and hema‐
topoietic recovery after myeloablation [49]. HSC mobilization induced by different agents
(cyclophosphamide, G-CSF) that results in extramedullar haematopoiesis is associated with
splenic sinusoids [36] and thrombocytopenic mice only recover thrombopoiesis in the presence
of BM endothelial cells [50].
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4. The cellular components of distinct BM microenvironments

For many years, the characterization of BM stromal cells was merely morphologic identifying
a supporting network consisting largely of reticular cells, adventitial reticular cells and blood
vessels whose functions were unknown. An important part of our knowledge of the presump‐
tive functions of these BM stromal cells comes from studies in which genes important for HSC
maintenance (i.e., CXCL12, SCF, TGFβ) are selectively deleted from different niche cell types
[42, 51]. Unfortunately, results arising from these studies are controversial partially due to the
disparity of these experimental models from physiological conditions and different degrees
of specific deletion of the genes studied.

CXCL12, a chemokine implicated in the retention of CXCR4 (the CXCL12 receptor) positive
hematopoietic multipotent progenitors is produced by different cell types of BM stroma,
including bone-lining cells, but particularly by reticular cells that were named CAR cells
(CXCL12 abundant reticular cells) [36]. A strong CXCL12 expression was demonstrated in a
small VCAM+reticular cell population scattered throughout the BM. It constitutes a relatively
homogeneous CD45-CD31-Sca-1-PDGFRβ+cell population that in human BM could corre‐
spond to CD146-expressing subendothelial cells [31]. Selective depletion of CAR cells results
in a drastic reduction of hematopoietic progenitors as well as of both cycling B lymphocytes
and erythroid progenitors. On the other hand, CAR cells express adipogenic and osteogenic
genes and are capable of differentiating in vitro to adipocytes and bone lineage cells.

On the other hand, nestin, a neuroectoderm stem cell marker, has been used to identify another
stromal cell type in murine BM [52]. Nestin+cells have also been reported in human foetal and
adult BM [53]. Previously, other authors identified self-renewing osteoprogenitors from
stromal cultures containing all the human BM CFU-F activity, although their phenotype
(CD45-CD146-or CD45-CD271+CD146-/lo) is a matter of discussion [54, 55]. PDGFRα
+CD51+stromal cells isolated from human BM form self-renewing clonal mesenpheres and
support maintenance and expansion of human hematopoietic progenitors in a dose-dependent
manner [56]. Remarkably, these authors indicate that these PDGFRα+CD51+stromal cells
comprise a subset of CD146+cells associated with hematopoietic and MSC activities in foetal
human BM. Nestin-positive cells are morphologically similar to pericytes; in fact, they appear
to be largely restricted to the perivascular areas in intimate association with HSCs and to
heavily express genes known to be involved in HSC maintenance, such as CXCL12, SCF,
angiopoietin 1, IL7, V-CAM and osteopontin. Nestin+cells are innervated by the sympathetic
nervous system, express β3-adrenergic receptors, mediate G-CSF-induced HSC mobilization
and regenerate in vivo a BM stroma capable of supporting haematopoiesis. Furthermore, β3-
adrenergic stimulation reduces the expression of the above-mentioned genes involved in HSC
biology [52]. Depletion of nestin+cells reduces by half the HSC numbers in BM increasing
concomitantly in the spleen. Relationships between nestin+cells and CAR cells are unclear.
They could represent two overlapping BM stromal cells, nestin+cells being more primitive
because they are less abundant, contain all CFU-F activity of bone marrow, exhibit autorenewal
capacity and are able to differentiate into osteoblasts, chondrocytes and adipocytes.
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concomitantly in the spleen. Relationships between nestin+cells and CAR cells are unclear.
They could represent two overlapping BM stromal cells, nestin+cells being more primitive
because they are less abundant, contain all CFU-F activity of bone marrow, exhibit autorenewal
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On the other hand, it has been proposed that the BM stromal network, largely formed by CAR
cells and nestin-expressing cells, would constitute a functional syncytium through gap
junctions capable of affecting the behaviour of hematopoietic progenitors modulating CXCL12
secretion [57]. Nestin+MSCs heavily express connexin (Cx) 43 and Cx45, and G-CSF mediated
reduction of CXCL12 expression is intimately related to decreased expression of both Cx43
and Cx45. On the contrary, the pharmacological blockade of gap junctions reduces the CXCL12
expression preventing homing into BM of mononuclear cells. In addition, a tight correlation
occurs in confluent cultures of human BM-MSCs between the functional modulation of gap
junctions and CXCL12 production. Gap junctions could modulate CXCL12 mediating gene
transcription or directly acting on CXCL12 secretion. Loss of function of the Cx45 gene courses
with reduced CXCL12 transcription particularly if Cx 43 transcription is also disrupted. On
the other hand, Ca++release, due to osteoclast activity in bone, necessary for AMPc-dependent
PKA activation involved in CXCL12 secretion, is transmitted by gap junctions [58]. However,
other studies have proven that Cx43 deficiency increases CXCL12 secretion, although it
compromises HSC homing and hematopoietic recovery following myeloablation [59].

Cre-recombinase expressed under the control of leptin receptor (LepR) regulatory elements in
the mouse BM [23] identified another perivascular stromal cell subset that, like the CAR cells
and nestin+cells, expresses high levels of CXCL12 and SCF (c-Kit ligand).

A fourth element, in this case related to BM innervation, completes, for the moment, the myriad
of stromal cells identified in the mouse BM. GFAP+integrin β8+(a Schwann cell marker), non-
myelinated Schwann cells have been identified surrounding sympathetic nerves in BM. They
produce important factors for HSC maintenance and appear to be in close contact with high
numbers of hematopoietic progenitors [60]. Presumably, BM GFAP+cells are the main cell type
processing latent TGFβ into an active form of the molecule, key for controlling the HSC niche.
In fact, surgical sympathectomy performed by ligation of the sympathetic trunk reduces the
HSC frequency and provokes HSC differentiation [33].

On the other hand, at least a subset of the total nestin-expressing cells present in the BM stroma
could correspond to adventitial reticular cells identified in the EM studies and in vivo
equivalents of the so-called mesenchymal stem cells (MSCs), an in vitro characterized BM
stromal cell subset that exhibits interesting immunomodulatory properties and is extensively
used in cell therapy [61]. Currently, it is assumed that MSCs represent approximately 0.001%
to 0.01% of the BM nucleated cells, 10 fold less than the percentage of HSCs [62]. In 2007, [54]
and later other authors [63-65] pointed out that MSC could be identical to, or derived from,
pericytes, as previously indicated for nestin+cells. In addition, the CD146+subendothelial cell
population of BM stroma, after ex vivo culture, produces bone, adipocytes and a stroma
capable of supporting haematopoiesis. Other authors have identified a non-hematopoietic
perivascular cell population that expresses both PDGFRα and Sca-1 and, after intravenous
injection, produces perivascular cells, but also osteoblasts and adipocytes [66]. In human BM,
Stro-1+stromal cells support haematopoiesis, exhibit capacity to differentiate into multiple
mesenchymal lineages [67, 68] and after long-term culture express αsM-actin, as vascular
smooth muscle cells. In vivo, asM-actin+cells occur in both foetal and adult bone marrow and
exhibit long cell processes in intimate contact with HSCs [69], similarly to the alkaline
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phosphatase adventitial reticular (AdR) cells described previously [70]. The AdR cells express
CD271 and appear in the foetal BM before the presence of HSCs [71]. CD146+cells, another
BM-MSC subset [55], are also morphologically and physiologically similar to AdR cells and,
after ex vivo expansion, express alkaline phosphatase, α-SM actin and CXCL12 [54].

Although results need further confirmation, [43] two types of nestin+cells have recently been
reported in the murine BM. Nestinhi expressing cells appeared along arterioles in both
cancellous and long bone BM, closely associated with tyroxine hydroxylase-positive sympa‐
thetic nerves and GFAP+Schwann cells. Nestinweak cells were reticular in shape and appeared
associated to blood sinusoids. Transcriptome analysis also revealed differences between the
two nestin+cell types: periarteriolar nestinhi cells expressed mainly genes related with HSC
biology whereas reticular nestinweak cells were particularly enriched in genes involved in DNA
replication and cell cycle.

On the other hand, clonal analysis revealed that BM nestin+cells represent a mixed population
composed of neural crest (NC) stem cells plus a few MSCs [72]. Classically nestin+MSC of adult
BM were considered to be mesodermal in origin [73], but recent studies have conclusively
demonstrated that some adult BM-MSCs derive from the NC [74-78]. The vertebrate NC cells
are a multipotent population that gives rise to multiple types of derivatives [79]. In chick
embryos, a common mesenchyme-neural progenitor derived from the neural crest has been
described [80] and tracing studies using the Sox1 neuroepithelial marker and PO (protein O)
NC marker indicate that the first wave of trunk MSC come from the neuroepithelium rather
than from the mesoderm, although MSC derived from Sox1+PO+cells decrease gradually and
appear to be substituted by MSCs from other unknown sources [74]. Murine NC stem cells
migrate in the blood to the BM via the AGM region between E12.5 and E15.5 similar to HSCs
and form spheres that express nestin as BM-MSCs [75]. It has been pointed out that TGF-β
signalling confers mesenchymal potential to NC cells and suppresses their neurogenic
potential [81] supporting the hypothesis that GFAP+Schwann cells intimately associated with
nestin+cells in the murine BM produce TGF-β that could affect the BM-MSC properties. On
the other hand, the neuroectodermal origin of some BM-MSC could confer them a neural
potentiality useful for Cell Therapy. In this respect, cranial NC cell-derived MSCs from
gingivae show a high capacity to differentiate into neural cells [82] and BM stem cells have
been described to differentiate into both neurons and glial cells in vivo and in vitro [83, 84].
However, other studies demonstrate that NC derived BM-MSCs are not more competent than
mere MSCs or whole bone MSCs at differentiating into neurons and in vivo recovery of the
experimentally-damaged dopaminergic system [85].

As mentioned above, it is difficult to establish clear relationships between all these cell types
of BM stroma. It has been proposed that they are overlapping cell subsets because LepR is
among the top 1% most highly expressed genes in sorted nestin+cells [52] and also in CAR
cells [22]. However, conditioned deletion of SCF gene in either osteoblasts, nestin+cells,
endothelial cells or perivascular LepR+cells only negatively affects the HSC frequency in the
two last experimental conditions suggesting that LepR+cells and nestin+cells are different
components of BM stroma [23]. [51] have recently proposed that CAR+cells, which represent
the highest BM stromal cell subset (0.26% of total BM nucleated cells), would encompass nestin
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perivascular cell population that expresses both PDGFRα and Sca-1 and, after intravenous
injection, produces perivascular cells, but also osteoblasts and adipocytes [66]. In human BM,
Stro-1+stromal cells support haematopoiesis, exhibit capacity to differentiate into multiple
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BM-MSC subset [55], are also morphologically and physiologically similar to AdR cells and,
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Although results need further confirmation, [43] two types of nestin+cells have recently been
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thetic nerves and GFAP+Schwann cells. Nestinweak cells were reticular in shape and appeared
associated to blood sinusoids. Transcriptome analysis also revealed differences between the
two nestin+cell types: periarteriolar nestinhi cells expressed mainly genes related with HSC
biology whereas reticular nestinweak cells were particularly enriched in genes involved in DNA
replication and cell cycle.

On the other hand, clonal analysis revealed that BM nestin+cells represent a mixed population
composed of neural crest (NC) stem cells plus a few MSCs [72]. Classically nestin+MSC of adult
BM were considered to be mesodermal in origin [73], but recent studies have conclusively
demonstrated that some adult BM-MSCs derive from the NC [74-78]. The vertebrate NC cells
are a multipotent population that gives rise to multiple types of derivatives [79]. In chick
embryos, a common mesenchyme-neural progenitor derived from the neural crest has been
described [80] and tracing studies using the Sox1 neuroepithelial marker and PO (protein O)
NC marker indicate that the first wave of trunk MSC come from the neuroepithelium rather
than from the mesoderm, although MSC derived from Sox1+PO+cells decrease gradually and
appear to be substituted by MSCs from other unknown sources [74]. Murine NC stem cells
migrate in the blood to the BM via the AGM region between E12.5 and E15.5 similar to HSCs
and form spheres that express nestin as BM-MSCs [75]. It has been pointed out that TGF-β
signalling confers mesenchymal potential to NC cells and suppresses their neurogenic
potential [81] supporting the hypothesis that GFAP+Schwann cells intimately associated with
nestin+cells in the murine BM produce TGF-β that could affect the BM-MSC properties. On
the other hand, the neuroectodermal origin of some BM-MSC could confer them a neural
potentiality useful for Cell Therapy. In this respect, cranial NC cell-derived MSCs from
gingivae show a high capacity to differentiate into neural cells [82] and BM stem cells have
been described to differentiate into both neurons and glial cells in vivo and in vitro [83, 84].
However, other studies demonstrate that NC derived BM-MSCs are not more competent than
mere MSCs or whole bone MSCs at differentiating into neurons and in vivo recovery of the
experimentally-damaged dopaminergic system [85].

As mentioned above, it is difficult to establish clear relationships between all these cell types
of BM stroma. It has been proposed that they are overlapping cell subsets because LepR is
among the top 1% most highly expressed genes in sorted nestin+cells [52] and also in CAR
cells [22]. However, conditioned deletion of SCF gene in either osteoblasts, nestin+cells,
endothelial cells or perivascular LepR+cells only negatively affects the HSC frequency in the
two last experimental conditions suggesting that LepR+cells and nestin+cells are different
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+cells (0.08%), GFAP+cells (0.004%) and LepR+cells (0.012%) whereas the nestin+cell subpo‐
pulation would partially include LepR+cells. On the contrary, [86] found only a partial
overlapping of nestin+MSCs with the other three stromal cell types. In fact, all GFAP+cells
express nestin but not PDGFRα, although nestin+cells and PDGFRα cells largely overlap. Thus,
BM GFAP+cells seem to differ from PDGFRα MSCs, as further supported by the finding that
they do not express smooth muscle actin [60]. Recently, [43] reported that LepR+cells and
reticular nestinweak cells largely overlap but they did not find overlapping between LepR+cells
and periarteriolar nestinhi cells that these authors consider to be related to pericytes that express
Ng2 and α-smooth muscle actin.

Some evidence supports reciprocal interactions between HSCs and the niche. After acute
bleeding, HSCs secrete BMP2 and BMP6 that differentiate MSCs to osteoblasts [87]. Also,
megakaryocytes located close to the endosteum stimulate osteoblasts by secreting BMP2, 4
and 6 [50, 88].

5. Rhythms and haematopoiesis

HSCs, like other stem cells, are affected by systemic signals, including those associated with
nutrition, seasonal and circadian rhythms, exercise, mating, pregnancy, etc. [89]. Recently, [90]
have reported that HSCs suffer sexual dimorphism due to estrogens that directly affect HSC
biology. More interestingly within the context of this chapter are results that suggest that
certain physiological biorhythms known to occur in the BM could be mediated through its
stromal components. The close association between nerve endings, GFAP+Schwann cells and
some nestin+cells (ultrastructurally identified as adventitial reticular cells [91]), as well as the
above mentioned possible neuroectodermic origin of part of this BM cell population suggested
by some authors support this hypothesis.

A central clock in the central nervous system [92] orchestrates a uniform temporal programme
by synchronizing multiple peripheral clocks that occur in practically all cell types [93]. The
haematopoietic system exhibits circadian rhythms that oscillate according to the rest-activity
phase that, by turn, depend on whether the species is diurnal or nocturnal. Thus, the numbers
of HSCs, committed progenitor cells and most mature leukocytes, except CD8+T lymphocytes
[94] peak in the circulation during the resting phase (night for humans and day for rodents)
and decrease during the active period [95, 96].

Haematopoietic progenitors and mature immune cells leave the BM to enter the blood
circulation at the beginning of the resting phase [97], migrating to tissues predominantly
during the active phase [98]. The mobilization from BM is dependent on local sympathetic
innervation which down-regulates the CXCL12 expression in the BM in close association with
a reduced CXCR4 expression of haematopoietic progenitors [99] and both CD4+and CD8+T
cell subsets [94]. On the contrary, the onset of the active phase is related to a peak of gluco‐
corticoids, adrenaline, noradrenaline, TNF and IL1β [95, 96].

Numerous data support a role for the sympathetic nervous system (SNS) in regulating HSC
trafficking. Noradrenalin administration stimulates proliferation and migration of human
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HSCs [100], and Cgt-/-mice, deficient in the UDP-galactose ceramide galactosyl transferase
necessary for sulfatide synthesis, a key component of myelin, have compromised G-CSF-
mediated HSC mobilization [33]. Nevertheless, the most remarkable information comes from
studies using G-CSF, a cytokine that mobilizes HSCs from the bone marrow to peripheral blood
by stimulating adrenergic receptors on target cells resulting in decreased secretion of CXCL12
[33]. The first studies identified osteoblasts as the target stromal cell for the effects observed
on HSCs because β2 adrenergic receptor activation on osteoblasts increases the expression of
the vitamin D receptor necessary for G-CSF induced HSC mobilization [34, 101]. Recently, it
has been proposed that osteocytes, which indirectly affect osteoblasts on the endosteal surface,
could also mediate G-CSF dependent HSC mobilization through a sympathetic tone [32]. This
possibility was discarded because adrenergic receptors involved in these processes were
largely β3 receptors not expressed on osteoblasts but on CAR cells and nestin-expressing
perivascular cells [33, 52]. Presumably, both adrenergic receptors contribute to regulate
haematopoiesis in BM [102].

The circadian rhythms could therefore be explained as a consequence of transmitted informa‐
tion from the central pacemaker to the BM through SNS that rhythmically secretes noradre‐
nalin activating β receptors expressed on different stromal cells. Neural signals could be
propagated through the BM stroma via gap junctions whose effects on HSC mobilization have
already been commented. Chemical sympathectomy, by using 6-OH dopamine, abolishes the
rhythms of circulating blood cell precursors and surgical denervation of mouse tibiae courses
with the disappearance of rhythmic CXCL12 oscillations in the denervated limbs [86].
However, recent results suggest that the process could be more complex and the effects of
innervation would vary rhythmically and affect different processes in the BM. Systemic
activation of β adrenergic receptors does not increase circulating haematopoietic progenitors
unless HSC homing is also blocked [97] suggesting that adrenergic stimulation might not only
affect mobilization but also homing of haematopoietic progenitors in the BM and/or peripheral
tissues [102]. Indeed, when mice defective in E-and P-selectins showing additional α4 integrin
blockade, which inhibited the homing to BM, received isoproterenol, an adrenergic antagonist,
during the morning phase they showed considerable HSC mobilization. On the contrary, if
isoproterenol administration occurred 1 hour earlier than the onset of light the HSC mobili‐
zation was prevented [86].

In any case, it is not easy to establish a direct relationship between sympathetic innervation
and mobilizing agents (i.e., G-CSF) that induce haematopoietic progenitor egress from the BM,
although some evidence for this is available. Administration of either G-CSF or β3 adrenergic
agonists has similar effects on the haematopoietic niche and HSC mobilization [52]. Tyrosine
hydroxylase neurons from the murine superior cervical sympathetic ganglion express G-CSF
receptors and this cytokine promotes neuron survival after brain damage [103]. On this basis,
[104] have shown that G-CSF increases the sympathetic tone modifying the capacity of neurons
to uptake noradrenalin and, consequently, increasing available catecholamine for BM target
cells. Furthermore, in vivo administration of G-CSF plus noradrenalin re-uptake inhibitors,
such as desipramine or reboxetine, induce significantly higher numbers of haematopoietic
progenitors in the blood circulation, without changes in BM cell content, than those of animals

The Adult Hematopoietic Niches — Cellular Composition, Histological Organization and Physiological Regulation
http://dx.doi.org/10.5772/58634

29
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and decrease during the active period [95, 96].
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during the active phase [98]. The mobilization from BM is dependent on local sympathetic
innervation which down-regulates the CXCL12 expression in the BM in close association with
a reduced CXCR4 expression of haematopoietic progenitors [99] and both CD4+and CD8+T
cell subsets [94]. On the contrary, the onset of the active phase is related to a peak of gluco‐
corticoids, adrenaline, noradrenaline, TNF and IL1β [95, 96].

Numerous data support a role for the sympathetic nervous system (SNS) in regulating HSC
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studies using G-CSF, a cytokine that mobilizes HSCs from the bone marrow to peripheral blood
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could also mediate G-CSF dependent HSC mobilization through a sympathetic tone [32]. This
possibility was discarded because adrenergic receptors involved in these processes were
largely β3 receptors not expressed on osteoblasts but on CAR cells and nestin-expressing
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zation was prevented [86].

In any case, it is not easy to establish a direct relationship between sympathetic innervation
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although some evidence for this is available. Administration of either G-CSF or β3 adrenergic
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hydroxylase neurons from the murine superior cervical sympathetic ganglion express G-CSF
receptors and this cytokine promotes neuron survival after brain damage [103]. On this basis,
[104] have shown that G-CSF increases the sympathetic tone modifying the capacity of neurons
to uptake noradrenalin and, consequently, increasing available catecholamine for BM target
cells. Furthermore, in vivo administration of G-CSF plus noradrenalin re-uptake inhibitors,
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receiving only cytokine. These studies support a direct effect of G-CSF on the sympathetic
terminals through signalling transmitted by specific receptors on neurons and noradrenalin
uptake inhibition.

6. The role of myeloid cells in the hematopoietic niche

We have extensively reported the organization of the main components of BM stroma and
their relevance for regulating haematopoiesis. However, many other cells present in the BM
that do not form part of the stromal reticular network are also important for this regulation.
A clear example is the response of BM to G-CSF administration that is known to have provided
such important information on the functioning of the haematopoietic niche. It is obvious that,
apart from the BM stromal cells, monocytes/macrophages (Mo/MØ) and granulocytes are the
main targets of its action. On the other hand, numerous inflammatory molecules produced
mainly by leukocytes affect the behaviour of HSCs in both cell autonomous and non-cell
autonomous fashion [105]. Could the response to C-CSF administration between stromal cells
and leukocytes be coordinated? or, by contrast, does G-CSF administration induce specific,
independent effects on each BM cell type that expresses receptors for this growth factor?
Moreover, if this presumptive cooperation exists, how is it established?

Various results support the involvement of monocytes (Mo) and macrophages (MØ) in the
functional regulation of the HSC niche [106]. In mice, the loss of MØ results in decreased self-
renewal capacity and retention of HSC [107, 108], and it has been reported that G-CSF
signalling in a Mo cell line is sufficient to induce HSC mobilization [109]. Is it possible to
reconcile these results in which G-CSF mediated HSC mobilization depend on Mo/MØ with
those previously described in which HSC egress seems to be mediated by changes in sympa‐
thetic tone that affects CXCL12 secretion by CAR cells and/or nestin+cells ? Some results try
to do this although stromal cell types affected by Mo/MØ activity are controversial. MØ
elimination by in vivo administration of clodronate-loaded liposomes or use of Fas-induced
apoptosis transgenic mice courses with loss of endosteal osteoblasts and reduced HSC
mobilization into the blood [108]. In these experiments, endosteal osteomacrophages were
particularly affected. In this same study [107] and others, it has been shown that CD169+mac‐
rophages directly modulated the activity of nestin+cells by promoting the expression of HSC
maintenance molecules, including angiopoietin, CXCL12, SCF and VCAM-1. Factors con‐
cerned with these effects are unknown, although some inflammatory molecules have been
implicated [107].

Another key question on the regulation of haematopoiesis is how the BM “knows” the
necessities of different blood cell subsets at any time and responds to the peripheral demand
in each case. Every day there is an enormous production of blood cells and it is necessary to
control precisely the number of each blood cell type in the periphery. Some recent results
suggest an important role of Mo/MØ and neutrophils (Neu) in this control and show the high
plasticity exhibited by the BM stromal components to address these processes. It was reported
that BM responds to Listeria monocytogenes infection inducing migration of inflammatory Mo
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in a process that involves the chemokine receptor CCR2 [110]. CCR2+Mo also migrate from
the BM stroma into peripheral blood through vascular sinusoids in response to low concen‐
trations of LPS, a TLR ligand. In these experimental conditions, there is also a significant
increase in CCL2 production by perivascular CXCL12+nestin+cells [111]. These same authors
showed that conditional deletion of the CCL2 gene under the control of nestin promoter
coursed with an important reduction of circulating inflammatory Ly6Chi Mo. The reduction
was less severe when CCL2 gene was deleted in endothelial cells. These results show that
CCL12 gene up-regulation in nestin+cells, CAR cells and endothelial cells is necessary for
inducing migration from the BM into the blood circulation of inflammatory Mo in response to
low concentrations of LPS [111]. A similar behaviour was detected after L. monocytogenes
infection. In mice infected which had deleted the CCL2 gene from nestin+cells, the bacterial
clearance was significantly low [111]. It is unclear, however, how the reticular cells of BM
stroma govern Mo migration and “perceive” the occurrence of TLR ligands (i.e., LPS) in the
circulation, but it is evident that distinct chemokine-chemokine receptor pairs regulate
trafficking of haematopoietic progenitors or their mature progeny between BM and the
peripheral circulation. Nor is it clear how the migration of a specific cell type affects another
blood cell lineage but stimulation of BM-MSC through TLR4 down-regulates the expression
of Jagged, a Notch ligand, involved in HSC self-renewal [112].

These results support the existence of mutual influences between BM stromal cells and
Mo/MØ but also open interesting concerns about the mechanisms of response of the BM to the
peripheral demands of specific blood cell subsets and the possible existence of different stromal
cells that define different niches in the BM microenvironment or, alternatively, a unique nestin
+cell population capable of adapting its function (i.e., production of different chemokines) in
time for the specific demands of the hematopoietic system (see later). The neutrophil is a blood
cell type with a short life-span that reflects a fine-tuned turnover between elimination and
production, particularly in inflammatory situations. Thus, mice with impaired Neu extrava‐
sation, a process necessary for their efficient clearance, results in an imbalance of G-CSF levels
and enhanced granulopoiesis suggesting that Neu elimination is part of a homeostatic loop
for controlling their level in blood [113]. In this respect, it has been proposed that physiological
clearance of Neu in the BM triggers signals that modulate the hematopoietic niche and promote
cycles of hematopoietic progenitor mobilization [114]. Neu during aging lose CD62L expres‐
sion and increase that of CXCR4, that facilitates their migration into the BM [115]. Although
the loss of CD62Llo does not contribute to BM homing, within BM CD62Llo Neu are preferen‐
tially engulfed by MØ as compared to CD62Lhi Neu. On the other hand, the a priori surprising
release of haematopoietic progenitors from BM to peripheral blood during Neu clearance
could be related to increased levels of G-CSF occurring in that condition [113] that favour HSC
mobilization. It may be hypothesized, therefore, that circulating Neu could function as a sensor
of the organism status.
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receiving only cytokine. These studies support a direct effect of G-CSF on the sympathetic
terminals through signalling transmitted by specific receptors on neurons and noradrenalin
uptake inhibition.

6. The role of myeloid cells in the hematopoietic niche

We have extensively reported the organization of the main components of BM stroma and
their relevance for regulating haematopoiesis. However, many other cells present in the BM
that do not form part of the stromal reticular network are also important for this regulation.
A clear example is the response of BM to G-CSF administration that is known to have provided
such important information on the functioning of the haematopoietic niche. It is obvious that,
apart from the BM stromal cells, monocytes/macrophages (Mo/MØ) and granulocytes are the
main targets of its action. On the other hand, numerous inflammatory molecules produced
mainly by leukocytes affect the behaviour of HSCs in both cell autonomous and non-cell
autonomous fashion [105]. Could the response to C-CSF administration between stromal cells
and leukocytes be coordinated? or, by contrast, does G-CSF administration induce specific,
independent effects on each BM cell type that expresses receptors for this growth factor?
Moreover, if this presumptive cooperation exists, how is it established?

Various results support the involvement of monocytes (Mo) and macrophages (MØ) in the
functional regulation of the HSC niche [106]. In mice, the loss of MØ results in decreased self-
renewal capacity and retention of HSC [107, 108], and it has been reported that G-CSF
signalling in a Mo cell line is sufficient to induce HSC mobilization [109]. Is it possible to
reconcile these results in which G-CSF mediated HSC mobilization depend on Mo/MØ with
those previously described in which HSC egress seems to be mediated by changes in sympa‐
thetic tone that affects CXCL12 secretion by CAR cells and/or nestin+cells ? Some results try
to do this although stromal cell types affected by Mo/MØ activity are controversial. MØ
elimination by in vivo administration of clodronate-loaded liposomes or use of Fas-induced
apoptosis transgenic mice courses with loss of endosteal osteoblasts and reduced HSC
mobilization into the blood [108]. In these experiments, endosteal osteomacrophages were
particularly affected. In this same study [107] and others, it has been shown that CD169+mac‐
rophages directly modulated the activity of nestin+cells by promoting the expression of HSC
maintenance molecules, including angiopoietin, CXCL12, SCF and VCAM-1. Factors con‐
cerned with these effects are unknown, although some inflammatory molecules have been
implicated [107].

Another key question on the regulation of haematopoiesis is how the BM “knows” the
necessities of different blood cell subsets at any time and responds to the peripheral demand
in each case. Every day there is an enormous production of blood cells and it is necessary to
control precisely the number of each blood cell type in the periphery. Some recent results
suggest an important role of Mo/MØ and neutrophils (Neu) in this control and show the high
plasticity exhibited by the BM stromal components to address these processes. It was reported
that BM responds to Listeria monocytogenes infection inducing migration of inflammatory Mo
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in a process that involves the chemokine receptor CCR2 [110]. CCR2+Mo also migrate from
the BM stroma into peripheral blood through vascular sinusoids in response to low concen‐
trations of LPS, a TLR ligand. In these experimental conditions, there is also a significant
increase in CCL2 production by perivascular CXCL12+nestin+cells [111]. These same authors
showed that conditional deletion of the CCL2 gene under the control of nestin promoter
coursed with an important reduction of circulating inflammatory Ly6Chi Mo. The reduction
was less severe when CCL2 gene was deleted in endothelial cells. These results show that
CCL12 gene up-regulation in nestin+cells, CAR cells and endothelial cells is necessary for
inducing migration from the BM into the blood circulation of inflammatory Mo in response to
low concentrations of LPS [111]. A similar behaviour was detected after L. monocytogenes
infection. In mice infected which had deleted the CCL2 gene from nestin+cells, the bacterial
clearance was significantly low [111]. It is unclear, however, how the reticular cells of BM
stroma govern Mo migration and “perceive” the occurrence of TLR ligands (i.e., LPS) in the
circulation, but it is evident that distinct chemokine-chemokine receptor pairs regulate
trafficking of haematopoietic progenitors or their mature progeny between BM and the
peripheral circulation. Nor is it clear how the migration of a specific cell type affects another
blood cell lineage but stimulation of BM-MSC through TLR4 down-regulates the expression
of Jagged, a Notch ligand, involved in HSC self-renewal [112].

These results support the existence of mutual influences between BM stromal cells and
Mo/MØ but also open interesting concerns about the mechanisms of response of the BM to the
peripheral demands of specific blood cell subsets and the possible existence of different stromal
cells that define different niches in the BM microenvironment or, alternatively, a unique nestin
+cell population capable of adapting its function (i.e., production of different chemokines) in
time for the specific demands of the hematopoietic system (see later). The neutrophil is a blood
cell type with a short life-span that reflects a fine-tuned turnover between elimination and
production, particularly in inflammatory situations. Thus, mice with impaired Neu extrava‐
sation, a process necessary for their efficient clearance, results in an imbalance of G-CSF levels
and enhanced granulopoiesis suggesting that Neu elimination is part of a homeostatic loop
for controlling their level in blood [113]. In this respect, it has been proposed that physiological
clearance of Neu in the BM triggers signals that modulate the hematopoietic niche and promote
cycles of hematopoietic progenitor mobilization [114]. Neu during aging lose CD62L expres‐
sion and increase that of CXCR4, that facilitates their migration into the BM [115]. Although
the loss of CD62Llo does not contribute to BM homing, within BM CD62Llo Neu are preferen‐
tially engulfed by MØ as compared to CD62Lhi Neu. On the other hand, the a priori surprising
release of haematopoietic progenitors from BM to peripheral blood during Neu clearance
could be related to increased levels of G-CSF occurring in that condition [113] that favour HSC
mobilization. It may be hypothesized, therefore, that circulating Neu could function as a sensor
of the organism status.
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7. The other niches of adult bone marrow

Until now we have almost exclusively paid attention to the regulation through the BM niche
of early hematopoietic progenitors, their mechanisms of survival, proliferation and differen‐
tiation. However, BM stroma houses many developing cells belonging to different blood cell
lineages that also need to receive signals from the BM microenvironment for maintenance and
maturation. This raises the question of whether the BM constitutes a unique niche capable of
numerous functions that vary in their timing and physiological demands or if, instead, the so-
called BM niche should be considered as a myriad of different specific “subniches”. In the
following pages we will describe some of these “subniches” and their possible relationships
to the previously described microenvironments that house and maintain early hematopoietic
progenitors.

We have previously emphasized the mutual influences between Mo/MØ and BM stromal cells
and their relevance in regulating hematopoietic activity. Erythroblastic islands that are
“classical” BM niches, consisting of a central MØ surrounded by developing erythroid cells,
and are considered essential for normal erythropoiesis [116] represent other distinct environ‐
ments in the BM not associated with HSCs but with erythroblast maturation. Recent results
suggest a dual role for central MØ contributing to both red blood cell production and clearance
in the steady state but playing a supporting role for erythropoiesis during the erythroid
recovery that follows haemolytic anaemia, acute blood loss, myeloablation and JAK2 induced
polycythemia vera [117, 118]. Thus, during the myeloablative process the depletion of
radioresistant CD169+MØ impaired the recovery of BM and splenic erythroblasts. A similar
condition occurred when antibody blockade of V-CAM was performed suggesting that
adhesion molecule-mediated interactions between erythroblasts and MØ are important in this
process.

Lymphoid cells constitute another important component of the BM. B lymphocytes mature in
the BM whereas other lymphoid cell subsets (i.e., plasmablasts, naïve and memory T-cells)
migrate into the BM at any time of their life cycle [13]. The movement of B lymphocytes
throughout the central and peripheral lymphoid organs is a good model to evaluate the
presumptive occurrence of distinct subniches in the BM. As mentioned above, a pioneer study
[2] proposed that primitive B progenitor cells that occurred close to the endosteum progressed
during the maturation of distinct cell subsets along the BM reticular network toward the central
blood vessels where mature B lymphocytes migrated into the blood circulation. Information
on the niches that developing B cells occupy during this journey throughout BM stroma is
scarce. The existence of IL7hi-and IL7lo-niches has been reported but their precise location in
the BM stroma remains unresolved [119]. On the other hand, pre-BcR signalling necessary for
the maturation of pre-pro B cells induces CXCR4 expression and its interaction with CXCL12-
expressing stromal cells induces downstream activation of the focal adhesion kinase that could
facilitate the movement of pre B cells into the IL7lo niches [120].

In the periphery (i.e., lymph nodes, spleen), naïve B lymphocytes activated by antigens, largely
T-dependent ones, become plasmablasts, after passing through the named germinal centres.
The conversion of activated B lymphocytes in plasmablasts courses with down-regulation of
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both CXCR5 and CCR7 and up-regulation of the S1P1 (sphingosine-1-phosphate) receptor
necessary for the exit of plasmablasts from the peripheral lymphoid organs [121]. Plasmablasts
that leave the peripheral lymphoid organs migrate predominantly to the BM in a process
mediated in part by CXCR4 because sinusoidal endothelial cells of BM express its ligand,
CXCL12 [119]. However, other chemokines, including CXCL9, CXCL10 and CXCL11 are also
involved in the homing to murine BM [122]. In humans, other chemokines, such as CXCL16
and CCL28 are implicated [123]. Once in the BM, plasmablasts need to home to appropriate
niches that guarantee their retention, survival and differentiation to mature plasma cells.
CXCL12, some adhesion molecules principally, VCAM1 constitutively expressed by BM
stromal cells, and extracellular matrix molecules, such as fibronectin and hyaluronic acid [124]
contribute to their retention, but remarkably many arriving plasmablasts fail to establish in
the BM. Possible mere competence between arriving plasmablasts, maturing pre-or pro-B cells
and/or pre-existing long-lived plasma cells by the space or, more specifically, by the CXCL12-
expressing niches could explain these results [125]. Another remarkable finding is that about
50% of the recent immigrant plasmablasts interact with eosinophils (Eos), a smaller number
with MØ and some with megakariocytes [126, 127]. In peripheral lymphoid organs most
plasmablasts contact with MØ. The relevance of these cell types for plasmablast colonization
of the BM was evidenced in Eos deficient ∆dbl GATA-1 mice in which plasmablasts migrate
normally, but only a few are retained and mature to plasma cells. Importantly, the BM stroma
in these mutants is normal indicating that VCAM-1+CXCL12+stromal cells are not sufficient
to retain and presumptively to allow plasmablast differentiation [128, 129].

At this point it is important to remark that in vitro studies have shown IL5, IL6, TNFα, BAFF
(B-cell activating factor), APRIL (a proliferation-inducing ligand) and CXCL12 as well as
fibronectin, CD44 and CD28 as plasma cell survival factors [125]. However, in vivo studies
have particularly pointed out the importance of APRIL. APRIL-deficient mice or mice deficient
in BCMA, the high affinity receptor of APRIL, show a significantly lower number of plasma
cells in the BM than WT mice [130, 131]. In addition, plasmablasts transferred into APRIL-
deficient mice home normally in the BM but the maintenance of long-lived plasma cells is
impaired [129] and blockade of BAFF and APRIL by fusion proteins significantly reduced the
plasma cell numbers in the BM [130]. The relevance of APRIL for the survival of plasmablasts
and plasma cells is also shown because SLE patients contain numerous plasma cells whose
survival is controlled by autocrine expression of APRIL in the self plasma cells [132]. Plasma‐
blasts retained in the BM move from the sinusoids into the stroma where clusters of Eos appear
scattered at random throughout the BM parenchyma. These areas containing stromal cells and
Eos become evident late after secondary immunization and could constitute the survival niche
for mature plasma cells. Remarkably, the number of Eos in BM significantly increases during
secondary immune responses when the production of plasma cells peaks. These are activated
producing increased amount of cytokines, including APRIL and IL6. It, therefore, appears that
a positive feedback governed by the plasma cells activate Eos to induce high levels of plasma
cell survival factors.

These results report a new niche in the BM in which stromal cells need APRIL+Eos to home
and maintain both plasmablasts and plasma cells. Nothing is known about the stromal cells
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7. The other niches of adult bone marrow

Until now we have almost exclusively paid attention to the regulation through the BM niche
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tiation. However, BM stroma houses many developing cells belonging to different blood cell
lineages that also need to receive signals from the BM microenvironment for maintenance and
maturation. This raises the question of whether the BM constitutes a unique niche capable of
numerous functions that vary in their timing and physiological demands or if, instead, the so-
called BM niche should be considered as a myriad of different specific “subniches”. In the
following pages we will describe some of these “subniches” and their possible relationships
to the previously described microenvironments that house and maintain early hematopoietic
progenitors.

We have previously emphasized the mutual influences between Mo/MØ and BM stromal cells
and their relevance in regulating hematopoietic activity. Erythroblastic islands that are
“classical” BM niches, consisting of a central MØ surrounded by developing erythroid cells,
and are considered essential for normal erythropoiesis [116] represent other distinct environ‐
ments in the BM not associated with HSCs but with erythroblast maturation. Recent results
suggest a dual role for central MØ contributing to both red blood cell production and clearance
in the steady state but playing a supporting role for erythropoiesis during the erythroid
recovery that follows haemolytic anaemia, acute blood loss, myeloablation and JAK2 induced
polycythemia vera [117, 118]. Thus, during the myeloablative process the depletion of
radioresistant CD169+MØ impaired the recovery of BM and splenic erythroblasts. A similar
condition occurred when antibody blockade of V-CAM was performed suggesting that
adhesion molecule-mediated interactions between erythroblasts and MØ are important in this
process.

Lymphoid cells constitute another important component of the BM. B lymphocytes mature in
the BM whereas other lymphoid cell subsets (i.e., plasmablasts, naïve and memory T-cells)
migrate into the BM at any time of their life cycle [13]. The movement of B lymphocytes
throughout the central and peripheral lymphoid organs is a good model to evaluate the
presumptive occurrence of distinct subniches in the BM. As mentioned above, a pioneer study
[2] proposed that primitive B progenitor cells that occurred close to the endosteum progressed
during the maturation of distinct cell subsets along the BM reticular network toward the central
blood vessels where mature B lymphocytes migrated into the blood circulation. Information
on the niches that developing B cells occupy during this journey throughout BM stroma is
scarce. The existence of IL7hi-and IL7lo-niches has been reported but their precise location in
the BM stroma remains unresolved [119]. On the other hand, pre-BcR signalling necessary for
the maturation of pre-pro B cells induces CXCR4 expression and its interaction with CXCL12-
expressing stromal cells induces downstream activation of the focal adhesion kinase that could
facilitate the movement of pre B cells into the IL7lo niches [120].

In the periphery (i.e., lymph nodes, spleen), naïve B lymphocytes activated by antigens, largely
T-dependent ones, become plasmablasts, after passing through the named germinal centres.
The conversion of activated B lymphocytes in plasmablasts courses with down-regulation of
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both CXCR5 and CCR7 and up-regulation of the S1P1 (sphingosine-1-phosphate) receptor
necessary for the exit of plasmablasts from the peripheral lymphoid organs [121]. Plasmablasts
that leave the peripheral lymphoid organs migrate predominantly to the BM in a process
mediated in part by CXCR4 because sinusoidal endothelial cells of BM express its ligand,
CXCL12 [119]. However, other chemokines, including CXCL9, CXCL10 and CXCL11 are also
involved in the homing to murine BM [122]. In humans, other chemokines, such as CXCL16
and CCL28 are implicated [123]. Once in the BM, plasmablasts need to home to appropriate
niches that guarantee their retention, survival and differentiation to mature plasma cells.
CXCL12, some adhesion molecules principally, VCAM1 constitutively expressed by BM
stromal cells, and extracellular matrix molecules, such as fibronectin and hyaluronic acid [124]
contribute to their retention, but remarkably many arriving plasmablasts fail to establish in
the BM. Possible mere competence between arriving plasmablasts, maturing pre-or pro-B cells
and/or pre-existing long-lived plasma cells by the space or, more specifically, by the CXCL12-
expressing niches could explain these results [125]. Another remarkable finding is that about
50% of the recent immigrant plasmablasts interact with eosinophils (Eos), a smaller number
with MØ and some with megakariocytes [126, 127]. In peripheral lymphoid organs most
plasmablasts contact with MØ. The relevance of these cell types for plasmablast colonization
of the BM was evidenced in Eos deficient ∆dbl GATA-1 mice in which plasmablasts migrate
normally, but only a few are retained and mature to plasma cells. Importantly, the BM stroma
in these mutants is normal indicating that VCAM-1+CXCL12+stromal cells are not sufficient
to retain and presumptively to allow plasmablast differentiation [128, 129].

At this point it is important to remark that in vitro studies have shown IL5, IL6, TNFα, BAFF
(B-cell activating factor), APRIL (a proliferation-inducing ligand) and CXCL12 as well as
fibronectin, CD44 and CD28 as plasma cell survival factors [125]. However, in vivo studies
have particularly pointed out the importance of APRIL. APRIL-deficient mice or mice deficient
in BCMA, the high affinity receptor of APRIL, show a significantly lower number of plasma
cells in the BM than WT mice [130, 131]. In addition, plasmablasts transferred into APRIL-
deficient mice home normally in the BM but the maintenance of long-lived plasma cells is
impaired [129] and blockade of BAFF and APRIL by fusion proteins significantly reduced the
plasma cell numbers in the BM [130]. The relevance of APRIL for the survival of plasmablasts
and plasma cells is also shown because SLE patients contain numerous plasma cells whose
survival is controlled by autocrine expression of APRIL in the self plasma cells [132]. Plasma‐
blasts retained in the BM move from the sinusoids into the stroma where clusters of Eos appear
scattered at random throughout the BM parenchyma. These areas containing stromal cells and
Eos become evident late after secondary immunization and could constitute the survival niche
for mature plasma cells. Remarkably, the number of Eos in BM significantly increases during
secondary immune responses when the production of plasma cells peaks. These are activated
producing increased amount of cytokines, including APRIL and IL6. It, therefore, appears that
a positive feedback governed by the plasma cells activate Eos to induce high levels of plasma
cell survival factors.

These results report a new niche in the BM in which stromal cells need APRIL+Eos to home
and maintain both plasmablasts and plasma cells. Nothing is known about the stromal cells
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associated with Eos, if they are similar to those that support the differentiation of early B
lymphocyte progenitors or, by contrast, represent another phenotypic and functional subniche
within the BM microenvironment.

8. Adipocytes as negative regulators of haematopoiesis

Adipocytes, other cell component of BM stroma, that were regarded as a passive element in
the haematopoietic activity occurring in the BM, in fact appear to be active suppressors of
haematopoiesis [133]. Thus, adipocyte-rich BM contains lower numbers of haematopoietic
progenitors and fat cells impede their expansion preserving the HSC pool in a process partially
mediated through increased expression of neurophilin 1, a semaphorine receptor, involved in
angiogenesis and axon guidance [134]. In addition, in lipoathrophic A-ZIP/F1 mice, deficient
in adipocytes, or after pharmacological inhibition of adipogenesis, BM exhibits massive
osteogenesis and rapid recovery of haematopoiesis [135].

All these data suggest that the BM stromal cells, particularly CAR cells and nestin+cells,
represent a highly plastic cell population capable under different physiological conditions, of
differentiating either to bone cell lineage or adipocytes, or constitute a niche for homing and
maintaining hematopoietic progenitors [136].

9. The haematopoietic niches in the lower vertebrates

When we analyze the characteristics, components and functional relevance of the haemato‐
poietic niches we forget that many vertebrates do not contain a haematopoietic BM but exhibit
highly efficient haematopoiesis raising the question of whether they use other mechanisms for
controlling blood production, or if blood-forming organs in lower vertebrates have well
organized haematopoietic niches equivalent to those described here in mammalian BM. A BM
functionally implicated in haematopoiesis appears for the first time in the most evolved
urodeles of the Pletodontidae family [137]. Earlier in phylogeny, particularly in fish, there are
numerous haematopoietic organs which share a structural and functional resemblance to the
BM of higher vertebrates [7]. Apparently, in these lower vertebrates any organ that contains a
stroma consisting of a reticular network arranged between sinusoidal blood vessels could
home and supports differentiation of blood cell progenitors. Obviously, alterations in the
histological organization of these organs would result in the loss of their haematopoietic
capacities.

The variety of organs involved in haematopoiesis in primitive vertebrates is impressive. In
most elasmobranches, masses of haematopoietic tissue can be found in the oesophageal
(Leydig organ) and gonad walls (Epigonal organs) [138]. The kidney is the main haemato‐
poietic organ in many lower vertebrates, including cyclostomes, chondrostei, holostei, dipnoi,
polypteriformi, teleostei, some urodelans and embryonic anurans. In this case, cell cords
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containing developing blood cells occur arranged among the renal tubules and enlarged blood
sinusoids.

The brain and cranium are also suitable sites for haematopoiesis. It occurs in the meninx
primitive of some elasmobranches [139] and in the orbit and subcranium of the holocephali,
Chimaera monstrosa [140, 141]. An analogous tissue occurs in the meninges of ganoids [142] and
in the brain of the urodeles Ambystoma [143] and Megalobatrachus japonica [144]. The importance
of niches for determining the haematopoietic capacity of distinct organs is evidenced during
the ontogeny of amphibians and throughout the complex life cycle of lampreys. In amphibians
which do not have haematopoietic BM, the kidney retains the blood-forming function. In
contrast, in the urodeles of the Plethodontidae family which already contain a haematopoietic
BM, the kidney is not capable of producing blood cells [137]. In adult anurans with a functional
BM, the kidney which had formed blood cells during embryonic and foetal life also loses its
hematopoietic capacity [145], although some primitive families (i.e., Pipidae) maintain a
granulopoietic perihepatic cell layer [146]. In larval lampreys, the typhlosole, a fold of the
midgut, and the nephric fold consisting of the larval opistonephros and a little closely-
associated adipose tissue are the main haematopoietic organs. All of these have a histological
organization similar to that of mammalian BM. During metamorphosis, these organs, partic‐
ularly the typhlosole, regress completely because the reticular network that constituted the
haematopoietic niche is substituted by fibroblasts and masses of collagen fibres. After meta‐
morphosis, when the adult opistonephros is organized, the haematopoietic tissue re-appears
there, although the most remarkable adult haematopoietic organ in lampreys is the supraneu‐
ral body. In larvae, this fat column along the central nervous system only contains adipocytes
but just after metamorphosis it begins to home blood cell progenitors in cell cords arranged
among big fat cells resembling the organization of BM of higher vertebrates [147].

10. Concluding remarks

It is evident that in a few years the data on the organization, cell and molecular components
of adult BM have increased exponentially. However, this mass of information has generated
new, important questions that reflect the enormous complexity of the haematopoietic niche
and its physiology. The haematopoietic niche is more complex and heterogeneous than the
current picture we have owing to the limited cell markers and experimental approaches
available. To determine whether this heterogeneity is real, or rather reflects a high plasticity
that permits a specific cell type to change its functionality throughout time depending on
physiological demands is an important matter that needs an urgent answer. Before this global
issue can be resolved we must first address some specific points:

1. An accurate, fine anatomical analysis of the BM is required which permits the precise
location of the different components and the relationships between bone, blood vessels
(arterioles and sinusoids) and reticular cells to be conclusively established.

2. The relationships between CAR cells, nestin+cells and LepR+cells are unclear. Although
they presumably overlap considerably it will be important to define precisely which cell
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associated with Eos, if they are similar to those that support the differentiation of early B
lymphocyte progenitors or, by contrast, represent another phenotypic and functional subniche
within the BM microenvironment.

8. Adipocytes as negative regulators of haematopoiesis

Adipocytes, other cell component of BM stroma, that were regarded as a passive element in
the haematopoietic activity occurring in the BM, in fact appear to be active suppressors of
haematopoiesis [133]. Thus, adipocyte-rich BM contains lower numbers of haematopoietic
progenitors and fat cells impede their expansion preserving the HSC pool in a process partially
mediated through increased expression of neurophilin 1, a semaphorine receptor, involved in
angiogenesis and axon guidance [134]. In addition, in lipoathrophic A-ZIP/F1 mice, deficient
in adipocytes, or after pharmacological inhibition of adipogenesis, BM exhibits massive
osteogenesis and rapid recovery of haematopoiesis [135].

All these data suggest that the BM stromal cells, particularly CAR cells and nestin+cells,
represent a highly plastic cell population capable under different physiological conditions, of
differentiating either to bone cell lineage or adipocytes, or constitute a niche for homing and
maintaining hematopoietic progenitors [136].

9. The haematopoietic niches in the lower vertebrates

When we analyze the characteristics, components and functional relevance of the haemato‐
poietic niches we forget that many vertebrates do not contain a haematopoietic BM but exhibit
highly efficient haematopoiesis raising the question of whether they use other mechanisms for
controlling blood production, or if blood-forming organs in lower vertebrates have well
organized haematopoietic niches equivalent to those described here in mammalian BM. A BM
functionally implicated in haematopoiesis appears for the first time in the most evolved
urodeles of the Pletodontidae family [137]. Earlier in phylogeny, particularly in fish, there are
numerous haematopoietic organs which share a structural and functional resemblance to the
BM of higher vertebrates [7]. Apparently, in these lower vertebrates any organ that contains a
stroma consisting of a reticular network arranged between sinusoidal blood vessels could
home and supports differentiation of blood cell progenitors. Obviously, alterations in the
histological organization of these organs would result in the loss of their haematopoietic
capacities.

The variety of organs involved in haematopoiesis in primitive vertebrates is impressive. In
most elasmobranches, masses of haematopoietic tissue can be found in the oesophageal
(Leydig organ) and gonad walls (Epigonal organs) [138]. The kidney is the main haemato‐
poietic organ in many lower vertebrates, including cyclostomes, chondrostei, holostei, dipnoi,
polypteriformi, teleostei, some urodelans and embryonic anurans. In this case, cell cords
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containing developing blood cells occur arranged among the renal tubules and enlarged blood
sinusoids.

The brain and cranium are also suitable sites for haematopoiesis. It occurs in the meninx
primitive of some elasmobranches [139] and in the orbit and subcranium of the holocephali,
Chimaera monstrosa [140, 141]. An analogous tissue occurs in the meninges of ganoids [142] and
in the brain of the urodeles Ambystoma [143] and Megalobatrachus japonica [144]. The importance
of niches for determining the haematopoietic capacity of distinct organs is evidenced during
the ontogeny of amphibians and throughout the complex life cycle of lampreys. In amphibians
which do not have haematopoietic BM, the kidney retains the blood-forming function. In
contrast, in the urodeles of the Plethodontidae family which already contain a haematopoietic
BM, the kidney is not capable of producing blood cells [137]. In adult anurans with a functional
BM, the kidney which had formed blood cells during embryonic and foetal life also loses its
hematopoietic capacity [145], although some primitive families (i.e., Pipidae) maintain a
granulopoietic perihepatic cell layer [146]. In larval lampreys, the typhlosole, a fold of the
midgut, and the nephric fold consisting of the larval opistonephros and a little closely-
associated adipose tissue are the main haematopoietic organs. All of these have a histological
organization similar to that of mammalian BM. During metamorphosis, these organs, partic‐
ularly the typhlosole, regress completely because the reticular network that constituted the
haematopoietic niche is substituted by fibroblasts and masses of collagen fibres. After meta‐
morphosis, when the adult opistonephros is organized, the haematopoietic tissue re-appears
there, although the most remarkable adult haematopoietic organ in lampreys is the supraneu‐
ral body. In larvae, this fat column along the central nervous system only contains adipocytes
but just after metamorphosis it begins to home blood cell progenitors in cell cords arranged
among big fat cells resembling the organization of BM of higher vertebrates [147].

10. Concluding remarks

It is evident that in a few years the data on the organization, cell and molecular components
of adult BM have increased exponentially. However, this mass of information has generated
new, important questions that reflect the enormous complexity of the haematopoietic niche
and its physiology. The haematopoietic niche is more complex and heterogeneous than the
current picture we have owing to the limited cell markers and experimental approaches
available. To determine whether this heterogeneity is real, or rather reflects a high plasticity
that permits a specific cell type to change its functionality throughout time depending on
physiological demands is an important matter that needs an urgent answer. Before this global
issue can be resolved we must first address some specific points:

1. An accurate, fine anatomical analysis of the BM is required which permits the precise
location of the different components and the relationships between bone, blood vessels
(arterioles and sinusoids) and reticular cells to be conclusively established.

2. The relationships between CAR cells, nestin+cells and LepR+cells are unclear. Although
they presumably overlap considerably it will be important to define precisely which cell
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type (and its possible subsets) is included in each cell population and what is its function
in the haematopoietic niche.

3. The physiological significance of the homeostatic changes in the biology of haematopoietic
niches also needs clarification and the appearance and maturation of distinct stromal
components of BM during ontogeny, aging and disease must be determined.

4. It is also important to define the genes/signals involved in the maintenance and differen‐
tiation of various haematopoietic progenitor subsets as well as those that specifically
differentiate BM stromal cells to either adipocytes or bone cells.

More importantly, we need to have an integrative model that allows to us to understand the
complex interactions that govern haematopoiesis through the BM microenvironment in
physiological and pathological conditions. Most self-renewing organs are supported by a
myriad of stem cell niche units, distributed throughout the tissue. Moreover, growing evidence
points to high heterogeneity in terms of molecular profiles, division patterns and population
sizes of stem cells and niches within a given tissue [148]. Organs, therefore, face the consider‐
able challenge of regulating not only each individual niche but also critically, the collective
output of all the niches in a given organ. It is, therefore, important to define how multiple,
heterogeneous and spatially dispersed units are coordinated in a tissue,
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1. Introduction

The discovery of the cell-attracting chemokine Stromal cell Derived Factor 1 (SDF-1)/CXCL12
some twenty years ago and its ligand CXCR4 spurred tremendous research interest and
generated an abundant literature reflecting the role of CXCR4 in various aspects of physiology
and pathology, extending much beyond the role of CXCR4 as a co-receptor for Human
Immunodeficiency Virus (HIV) on human T-cells [1-3].

Indeed, CXCL12 and CXCR4 are expressed in a complementary pattern during embryogenesis
and are needed for endodermal migration [4, 5]. In addition, CXCL12 is induced by hypoxia
through the transcription factor hypoxia-inducible factor 1 (HIF1) and accordingly stimulates
CXCR4-positive stem cells that locate within cellular hypoxic niches [6, 7].

These features explain the lethal phenotype of Cxcr4 null-mutated mice, hence the need for
cell-specific conditional deletion models to be able to decipher its physiological functions [8].
This sharply contrasts with knockouts (KO) for most other chemokine/chemokine receptor
pairs, which are almost viable throughout the adult life and point to the uniqueness of the
CXCL12/CXCR4 pair in physiology. Note however that another CXCL12 receptor, ACKR3
(CXCR7) has been described, it may therefore overlap with the functions of CXCR4 [9-11]. As
the physiological role of ACKR3 is not yet fully understood, its description is beyond the scope
of this review.
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Although CXCR4 signaling governs many aspects of stem cell development during embryonic
and adult life, it also plays a role in the proper homing and migration of mature lymphocytes
within the bone marrow and peripheral lymphoid organs. It also regulates B-cell differentia‐
tion as discussed later.

From a paradigmatic point of view, upon engagement with its ligand, three processes namely
desensitization (homologous and heterologous), internalization, and degradation regulate
CXCR4. The homologous desensitization, or becoming refractory to continued stimulation,
involves the recruitment of G-protein-coupled receptor kinases (GRK) that promote the
recruitment of β-Arrestin which prevents coupling of receptor to new G protein and initiate
endocytosis in clathrin-coated pits [12]. The receptor may then be recycled or degraded
following ubiquitination by the E3 ubiquitin ligase AIP4 [13]. Another mechanism of heterol‐
ogous desensitization is mediated by the activation of second messenger dependent protein
kinases such as protein kinase A and C (PKA and PKC) [14].

Abnormal expression and/or activity of CXCR4 due to an over stimulation or inhibition of
transcription or internalization may therefore impact on several aspects of haematopoiesis and
adaptive immune response, hence immune deficits and lymphoid neoplasms. A paradigmatic
disease in this respect is the WHIM syndrome in which CXCR4 is mutated and displays
anomalous internalization and signaling properties [15]. More recently, one third of patients
with Waldenström’s macroglobilinemia, a disorder induced by an IgM-producing plasmacy‐
toma, were shown to harbour the WHIM syndrome mutation [16].

Altogether understanding the molecules that regulate CXCR4 expression and/or activity in
leukocytes is a very active area of investigation inasmuch as CXCR4 expression can be
regulated by the processing of CXCL12 either by cleavage or binding to glycosaminoglycans
(GAGs) within extracellular matrix [17, 18]. Engagement of either the T-cell or the B-cell
receptor (TCR or BCR) on lymphocytes can down regulate cell surface CXCR4 expression
pointing to cross talks between CXCL12/CXCR4 axis and other chemokine independent
pathways [19, 20].

These findings already translated into clinical applications with the invention of the first
CXCR4 antagonist, AMD3100 and as our knowledge widens will be followed by other drugs
aimed at directly or indirectly regulating CXCR4 expression and signaling, for multiple
medical purposes [21].

The physiological role of chemokine receptors is still a matter of intense research and attempts
to generate pharmacological antagonists of these receptors are numerous [205]. Among these
receptors, CXCR4 is the one with the most successful implications in medicine, especially in
the fields of immunology and haematology. Our goals were therefore to summarize or current
knowledge on CXCR4 in these fields. This review describes our current knowledge on CXCR4
involvement in the development of lymphoid progenitors (chapter 2), B-cells (chapter 3), T-
cells (chapter 4) and as recently described, in NK-cells (chapter 5). We describedon one hand,
pathological lymphoid disorders with quantitative abnormalities of CXCR4 including
Idiopathic T-cell lymphocytopenia (chapter 7), chronic lymphocytic leukaemia (chapter 8), and
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solid tumours (chapter 9); and on the other hand, pathologies with qualitative mutations of
CXCR4 including the WHIM Syndrome (chapter 6) and Waldenström’s Macroglobulinemia
(chapter 8).

2. CXCR4 and haematopoiesis

The CXCL12/CXCR4 axis is pivotal in the survival of Hematopoietic Stem Cells (HSC) and
early-committed progenitors, in their mobilization from the bone marrow to the peripheral
blood and migration back from the blood to the bone marrow. This later process continuously
seeds suitable niches from the bone marrow with functional HSC thereby allowing the
maintenance of haematopoiesis. Hematopoietic stem and progenitors expressing CXCR4
interact with CXCL12-expressing stromal cells within niches thus delivering survival, and
mobilization signals to multipotent and committed progenitors.

The sequential appearance and disappearance of hematopoietic activity is notably governed
by the CXCL12/CXCR4 axis and Very Late Antigen-4/Vascular cell adhesion molecule-1
(VLA4/VCAM-1) interactions [8, 22]. The role of CXCL12/CXCR4 interaction is needed for
proper haematopoiesis throughout life as shown by induced deletion of Cxcr4 in adult mice
[23]. As mentioned above, the mechanisms of stem cell mobilization from the bone marrow
are complex and regulated by factors of homing and adhesion to and within the niche.
Adhesion is a multistep process that involves selectin-mediated tethering and rolling on
stromal/endothelial cells followed by activation and ultimately firm adhesion mediated by
integrins [24]. CD34+cells express both CD162 a sialomucin that binds all selectins and VLA4
[25, 26]. Of interest in this respect, CXCL12 enhances integrin activation and at least in vitro,
E-selectin thereby promoting adhesion of CD34+cells to the niche under flow, which allows
their subsequent transmigration through endothelium [27, 28]. CXCL12 synergizes with
Granulocyte colony-stimulating factor (GCSF) which activate the VLA4-ligand VCAM1and
Vascular endothelial growth factor (VEGF) which activate both VCAM1 and E-selectin [28-30].
These findings were also supported by injection of antibodies and several KO mice models,
and most convincingly by grafting human CD34+cells into severe combined immunodeficiency
mice [31]; this work demonstrated the dependency of CD34+cell engraftment on CXCR4, the
expression of which is unregulated by Stem cell Factor (SCF) [32]. Altogether, these findings
demonstrated that CXCR4 signaling is required for stem cells to migrate, survive and differ‐
entiate into dedicated bone marrow niches. Studies dealing with effects of CXCR4 on the cell
cycle on HSCs are contradictory. Some indicate that CXCR4 is required for the quiescence of
primitive HSCs whereas others pointed a synergy between SCF/Kit-ligand and CXCL12 for
the proliferation of CXCR4+progenitors [23, 33, 34]. Indeed, CXCR4 expression is higher in the
most primitive CD34+CD38-progenitors and CXCL12 induced CD34+cell proliferation in
synergy with SCF or thrombopoietin TPO in vitro, further, cycling CD34+cells may produce
CXCL12 which protects them from apoptosis in an autocrine /paracrine manner [35, 36].

SCF and CXCL12 synergize for the maintenance of Kitand CXCR4 expressing HSC; this is
highlighted by the finding that perivascular SCF expression pattern is very similar to that of
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receptors, CXCR4 is the one with the most successful implications in medicine, especially in
the fields of immunology and haematology. Our goals were therefore to summarize or current
knowledge on CXCR4 in these fields. This review describes our current knowledge on CXCR4
involvement in the development of lymphoid progenitors (chapter 2), B-cells (chapter 3), T-
cells (chapter 4) and as recently described, in NK-cells (chapter 5). We describedon one hand,
pathological lymphoid disorders with quantitative abnormalities of CXCR4 including
Idiopathic T-cell lymphocytopenia (chapter 7), chronic lymphocytic leukaemia (chapter 8), and
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solid tumours (chapter 9); and on the other hand, pathologies with qualitative mutations of
CXCR4 including the WHIM Syndrome (chapter 6) and Waldenström’s Macroglobulinemia
(chapter 8).

2. CXCR4 and haematopoiesis

The CXCL12/CXCR4 axis is pivotal in the survival of Hematopoietic Stem Cells (HSC) and
early-committed progenitors, in their mobilization from the bone marrow to the peripheral
blood and migration back from the blood to the bone marrow. This later process continuously
seeds suitable niches from the bone marrow with functional HSC thereby allowing the
maintenance of haematopoiesis. Hematopoietic stem and progenitors expressing CXCR4
interact with CXCL12-expressing stromal cells within niches thus delivering survival, and
mobilization signals to multipotent and committed progenitors.

The sequential appearance and disappearance of hematopoietic activity is notably governed
by the CXCL12/CXCR4 axis and Very Late Antigen-4/Vascular cell adhesion molecule-1
(VLA4/VCAM-1) interactions [8, 22]. The role of CXCL12/CXCR4 interaction is needed for
proper haematopoiesis throughout life as shown by induced deletion of Cxcr4 in adult mice
[23]. As mentioned above, the mechanisms of stem cell mobilization from the bone marrow
are complex and regulated by factors of homing and adhesion to and within the niche.
Adhesion is a multistep process that involves selectin-mediated tethering and rolling on
stromal/endothelial cells followed by activation and ultimately firm adhesion mediated by
integrins [24]. CD34+cells express both CD162 a sialomucin that binds all selectins and VLA4
[25, 26]. Of interest in this respect, CXCL12 enhances integrin activation and at least in vitro,
E-selectin thereby promoting adhesion of CD34+cells to the niche under flow, which allows
their subsequent transmigration through endothelium [27, 28]. CXCL12 synergizes with
Granulocyte colony-stimulating factor (GCSF) which activate the VLA4-ligand VCAM1and
Vascular endothelial growth factor (VEGF) which activate both VCAM1 and E-selectin [28-30].
These findings were also supported by injection of antibodies and several KO mice models,
and most convincingly by grafting human CD34+cells into severe combined immunodeficiency
mice [31]; this work demonstrated the dependency of CD34+cell engraftment on CXCR4, the
expression of which is unregulated by Stem cell Factor (SCF) [32]. Altogether, these findings
demonstrated that CXCR4 signaling is required for stem cells to migrate, survive and differ‐
entiate into dedicated bone marrow niches. Studies dealing with effects of CXCR4 on the cell
cycle on HSCs are contradictory. Some indicate that CXCR4 is required for the quiescence of
primitive HSCs whereas others pointed a synergy between SCF/Kit-ligand and CXCL12 for
the proliferation of CXCR4+progenitors [23, 33, 34]. Indeed, CXCR4 expression is higher in the
most primitive CD34+CD38-progenitors and CXCL12 induced CD34+cell proliferation in
synergy with SCF or thrombopoietin TPO in vitro, further, cycling CD34+cells may produce
CXCL12 which protects them from apoptosis in an autocrine /paracrine manner [35, 36].

SCF and CXCL12 synergize for the maintenance of Kitand CXCR4 expressing HSC; this is
highlighted by the finding that perivascular SCF expression pattern is very similar to that of
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CXCL12 in bone marrow stromal cells especially in the perivascular niche [37]. This also is in
agreement with the reported localization of the most primitive HSC adjacent to sinusoidal
blood vessels [23, 38-40]. Most HSC are in contact with CXCL12-abundant reticular (CAR) cells
mostly located around sinusoidal endothelial cells or near the endosteum [23]. Recent out‐
standing data from the groups of Morrison and Nagasawa using conditional deletion of Cxcl12
in various stromal cells from the bone marrow redefined the HSC niches [37, 41]. These data
demonstrate that the most primitive Cxcr4+HSC reside in a perivascular region in close contact
with endothelial cells and perivascular cells whereas early lymphoid progenitors occupy an
endosteal niche in close contact with osteoblasts. This also implies that bone marrow progen‐
itors directly interact with Cxcl12-expressing stromal cells and do not respond to a Cxcl12
gradient, but that Cxcr4 expression and responsiveness of various progenitors to Cxcl12 dictate
their fate within the bone marrow. It is indeed striking that CXCR4 signaling mediates
quiescence in primitive HSC whereas it induces the proliferation of early B-cell progenitors [8,
33]. Thus genetic ablation of the Cxcr4 transcript relieves HSC from quiescence and allows
them to differentiate and migrate to the blood, as they fail to home back into their bone marrow
niches, these cells ultimately loose their self renewal capacity and ability to restore blood
lineages upon grafting into syngeneic recipient.

Interference with the CXCL12/CXCR4 axis, was initially thought to prevent the binding and
entry of HIV in T-cells using CXCR4 antagonist AMD3100, but this approach was not used in
clinics until now [42]. However, a clinical trial is underway with the CXCR4 allosteric antag‐
onist AMD11070 [43].

Nevertheless, interfering with CXCL12/CXCR4 axis by means of a pharmacological and
reversible ligand of CXCR4, AMD3100, allows human HSC to leave their niche and migrate
to the blood were they can easily be collected by apheresis in order to be grafted to a recipient
(allograft) or to the donor himself (auto graft) following chemotherapy. AMD3100 is currently
approved by the Food and Drug Administration (FDA) to induce in combination with GCSF
the mobilization of human HSC [44]. Of interest, injection of GCSF to induce stem cell
mobilization has long been used for clinical transplantation although its mechanism remained
poorly understood [45]. Among the mechanisms evoked for GCSF action, is the degradation
of CXCL12 by neutrophil elastase in parallel with up regulation of CXCR4 [46]. As CXCL12
has a very short half-life time (1 min), it is very sensitive to degradation by cleavage of its N-
terminal domain [47].

In brief, CXCR4 is expressed on the most primitive and more committed hematopoietic
progenitors and signals through interactions with CXCL12-expressing stromal cells in various
bone marrow niches. CXCR4-mediated signaling results in distinct responses depending on
the cell type (for instance quiescence vs proliferation), as also shown by predominant HSC and
B-cell defects in Cxcr4-null mice, and neutrophil abnormalities in WHIM syndrome. It
therefore remains to understand how CXCR4 is modulated and why progenitors behave
differently following CXCR4 engagement. It is also unclear how progenitors move from one
niche to another following CXCR4 engagement. Solving these challenges in the next years will
undoubtedly teach us more in the fields of haematopoiesis and immunology.
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3. CXCR4 and B-cell development

3.1. Early steps of B-cell development

Contrary to HSC, where CXCR4 signaling promotes survival and quiescence (see above),
CXCR4 signaling in B-cell precursors promotes cell growth; this property led to the discovery
of SDF1/CXCL12 [1]. The Cxcl12-null mice model established that Cxcl12 was necessary for B-
cell lymphopoiesis in foetal liver and bone marrow, in addition to be necessary for bone
marrow myelopoiesis [8]. This phenotype was close to that of Cxcr4 null-mutated mice and is
likely due to the inability of B-cells from the blood to home into bone marrow or foetal liver
[48, 49]. Homing of B-cell precursors into specific bone marrow niches is indeed dependent on
Cxcl12/Cxcr4 interactions [50]. Further experiments using adoptive transfer of cells from
Cxcr4-/-animals, established the need for Cxcr4 expression by B-cell progenitors throughout
adult life in order to home into the bone marrow [51]. Although myeloid lineages were also
affected, the defect was predominant on the B-cell lineage further pointing to the dependency
of B-cells towards the CXCL12/CXCR4 axis. As for HSC, B-cell precursors depend on VLA4/
VCAM1, and CXCR4/CXCL12 interactions for adhesion to stromal cells [52, 53].

Cxcl12-abundant reticular cells (CAR) are scattered throughout the bone marrow and in close
contact with HSC and B-cell precursors [23, 54]. Recently, the redefinition of bone marrow
niches established that early lymphoid precursors are in close contact with osteoblasts while
committed B-lineage progenitors are in contact with the perivascular niche [37, 41]. Of interest,
the ability of osteoblasts to support the differentiation of primitive HSC towards all stages of
B-cells has been reported [55]. Furthermore, this differentiation appeared dependent on
VCAM-1, CXCL12 and G protein αi subunit expression by osteoblasts [55, 56]. It should be
mentioned that the expression of CXCR4 is sinusoidal in the B-cell lineage being highest in
pre-B-cells and decreasing as cells develop in immature B-cells, and finally increases in mature
B-cells; however the response of mature B-cells to CXCL12 remains poor despite their high
CXCR4 expression [57]. Thus, as for HSC, B-cell precursors are highly sensitive to CXCL12;
this is possibly linked to intrinsic properties of the cells such as sustained activation of the focal
adhesion kinase pathway contrary to mature B-cells [53]. Altogether, the fine-tuning of CXCR4
response during B-cell maturation is complex and not only mediated by the regulation of
CXCL12 production and proteolysis or by CXCR4 transcription and trafficking, but also by
exogenous factors such as local production of CCR5 ligands that induce heterologous desen‐
sitization of CXCR4 to CXCL12 [58].

As discussed below, mutant mice harbouring the WHIM Syndrome linked Cxcr4 mutation
display abnormal B-cell differentiation at the early B-cell committed progenitors stages
combined to anomalous B-cell positioning within secondary lymphoid organs [59]. This points
to the role of CXCR4 in mature B-cells peripheral compartmentalization.
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B-cells; however the response of mature B-cells to CXCL12 remains poor despite their high
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this is possibly linked to intrinsic properties of the cells such as sustained activation of the focal
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response during B-cell maturation is complex and not only mediated by the regulation of
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3.2. B-cell homing and positioning within secondary lymphoid organs and regulation of
CXCR4 expression by BCR signaling

Following B-cell development in the bone marrow, transitional B-cells home into secondary
lymphoid organs to become follicular naive B-cells that constitute a B-cell zone, called primary
follicle, distinct from the T-cell one. B-cells use CCR7, CXCR4 and CXCR5 receptors to migrate
from the blood into SLO [60, 61]. CXCR5+B-cells are attracted and organize themselves around
CXCL13-expressing follicular dendritic cells and marginal reticular cells at the periphery,
whereas T-cells express CCR7 and are attracted by CCL19-and CCL21-producing reticular cells
[62]. Following antigen-specific T-cell activation, T-cells down regulate CCR7 and move
towards B-cell follicles. In parallel antigen-activated B-cells keep their CXCR5 expression
unaltered while up regulating that of CCR7 thereby migrating towards the T-cell zone. Upon
T-B encounter, antigen-specific B-cells then proliferate to constitute the dark zone of the
germinal centre. These large cells so called centroblasts undergo Immunoglobulin (Ig) gene
class-switch recombination, due to CD40/CD154 interactions on B-and T-cells respectively [63].
Class-switch recombination is also a prerequisite for B-cells to undergo somatic hyper
mutation of the hyper variable regions of Ig genes, these random mutation process leads to
antibody diversity [64]. Centroblasts constitute the dark zone and are CXCR4+/hi. As centro‐
blasts are promoted they down regulate CXCR4, enter a quiescent state and constitute the light
zone made of CD23+CD83+CXCR4-/lo differentiated B-cells called centrocytes and are selected
by antigen-presenting cells, so that B-cells with high affinity against antigen are positively
selected for survival whereas low-affinity cells die in situ [65, 66]. Centrocytes ultimately give
rise to plasma cells (PC) or to memory B-cells. B-cell differentiation in PC precursors also called
plasmablasts, requires a synchronous up regulation of CXCR4 and down regulation of CXCR5,
however migration of plasmablasts into splenic red pulp or lymph node medullary sinuses
may not depend on CXCR4 expression inasmuch as mice with invalid Cxcr4 in adult B-cells
display PC in these respective anatomic sites [67-69]. A likely hypothesis is that CXCR4 is
instead needed for long-lived PC survival in bone marrow niches and thatVLA4 interaction
with VCAM1 is necessary in this respect [70, 71] whereas migration of antibody-producing
cells into the bone marrow depends on the sphingosine-1 phosphate and its receptor S1P1 [68].
Finally, an unanswered and interesting question is whether long-lived PC and B-cell progen‐
itors compete for the same bone marrow niches.

Thus CXCR4 expression is sinusoidal in mature B-cells and tightly regulated within the
secondary follicle intuitively suggesting that anomalous expression or signaling of CXCR4
may lead to B-cell defects or malignancies.

It is well known that CXCR4 expression is regulated directly by interactions with CXCL12 and
indirectly by BCR signaling. CXCL12 interaction with CXCR4 induces CXCR4 inactivation on
T-and B-cells and myeloid cells as well, so it is a general mechanism at least on mature cells
that lead to CXCR4 phosphorylation on its intracytoplasmic C-terminal tail, leading to G
protein uncoupling and CXCR4 internalization [20, 72, 73]. As for most chemokine receptor
which are G-protein-coupled receptors, binding of CXCR4 with its ligand induces conforma‐
tional modifications and secondary activation of G-proteins and further intracellular recruit‐
ment of G-protein-coupled-receptor kinases (GRK) that phosphorylate CXCR4 on Ser/Thr
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residues and recruit β-arrestins resulting in CXCR4 desensitization and finally its internaliza‐
tion [14]. CXCR4 is internalized and its surface expression down regulated following BCR
activation or CXCL12 binding. Both signaling pathways induce CXCR4 phosphorylation on
Ser residues albeit on distinct residues [20]. In fact, the migratory B-cell response to CXCL12
depends on both intrinsic factors and CXCR4 expression; indeed naive and memory B-cells
are more sensitive to CXCL12 than germinal center B-cells in this respect [74]. The inhibition
of CXCL12-mediated chemotaxis following BCR engagement depends on PKC but not on
Ca2+due to CXCR4 internalization [20).

In conclusion, CXCR4 expression in B-cell lineage cells depends on CXCL12 expression at the
pro/pre B-cell stages and PC that lack functional BCR, whereas it also depends on the BCR
signal strength at more mature stages.

4. CXCR4 and T-cell development

Early thymic progenitors cKit+which reside in the thymic double negative DN1 fraction
differentiate from common lymphoid progenitor and migrate from the bone marrow to the
thymus through the blood and invade the epithelial rudiment at the cortico-medullary junction
through post capillary venules where they loose progressively non-T-cell differentiated
capacity and become fully T-cell committed as also described in human thymocytes [75-79].
These DN thymocytes make some 2% of thymocytes and are further divided in differentiation
stages based on CD44 and CD25 expression [80]. CD44+CD25-DN1 cells differentiate in
CD44+CD25+DN2 cells following migration into the subcapsular zone, DN2 differentiate in
CD44-CD25+DN3 cells and the later in CD44-CD25-cortical DN4 cells. In turn DN4 differentiate
in CD4+CD8+double positive DP thymocytes that acquire surface CD3 and move toward the
inner cortex [81]. Only two chemokines, CXCL12 and CCL25/thymus-expressed chemokine
TECK are expressed in the thymic cortex namely by cortical epithelial thymic cells [82-84]. The
CXCL12/CXCR4 axis is mandatory for retaining human double positive (DP) thymocytes in
the cortex. In addition, in mice lacking Cxcr4 on thymocytes displayed defective DN migration
to the cortex and defective DN to DP transition [82, 85-87]. DN migration can indeed be
inhibited by AMD3100 [85, 88]. In the medulla, CCR7 promotes migration of mature thymo‐
cytes from the cortex. Thus, two opposing chemokine gradients regulate thymocyte migration
from the cortex to the medulla.

TCR βselection starts at the DN stage and DN3 cells express pre-TCR made of a pre-TCR α
chain associated to TCR-β chain. These cells are selected positively by interactions with stromal
cells in the cortex and CXCR4 is crucial for this process. Indeed, it is functionally associated
with the pre-TCR and needed to activate phosphatidyl inositol 3-kinase (PI3K) and Notch
pathway, the later which is mandatory for T-cell differentiation [86, 87, 89, 90]. In brief, DN
thymocytes expand and differentiate in the cortex due to migration retention and survival
signals dependent on CXCR4, and as for HSC, CXCR4 activation up regulate adhesion
molecules integrin-α4β1/VLA4 [91, 92].
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3.2. B-cell homing and positioning within secondary lymphoid organs and regulation of
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Thus CXCR4 plays a crucial and non-redundant role in thymic progenitors positioning in the
cortex and in pre-TCR-mediated survival signals, the failure of which resulted in develop‐
mental arrest at the DN stage. Of interest, mice carrying a WHIM Syndrome heterozygous
Cxcr4 mutation display abnormal thymic maturation [59]. Once positive selection of DP
thymocytes and negative selection of CD4+and CD8+single positive thymocytes has been
achieved, these cells leave the thymus to seed secondary lymphoid organs. Naive T-cells do
not rely on CXCR4 for thymic egress and to home into T-cell zones. However CXCR4 is needed
for T-cell extravasation through high endothelial venules and entry into the lymph nodes [93].

As for the BCR, TCR engagement or signals that mimic PKC activation such as phorbol esters
result in the phosphorylation and internalization of CXCR4 in T-cells, whereas infections with
human herpes viruses HHV-6 or-7 down regulateCXCR4 transcription [72, 94]. TCR-induced
CXCR4 down modulation may therefore help T-cells stay at the site of self-antigen encounter
by dendritic cells (DC) in the thymus in order to undergo negative selection in the medulla.
Similar mechanism may operate in secondary lymphoid organs during presentation of
antigens by DC. Of interest CXCR4 may increase the stability of the T-antigen-presenting cell
(APC) immunologic synapses (IS) necessary for successful T-cell activation [95]. Interestingly,
upon CXCL12 stimulation, a physical association between CXCR4 and TCR was described and
promote TCR signal transduction. This association is responsible for prolonged extracellular
signal regulated kinase activity, increased intracellular calcium ion concentrations, robust
activator protein-1 transcriptional activity, and SDF-1α costimulation of cytokine secretion.
These pathways mediate costimulation of cytokine secretion by activated T-cells [96].

Following antigen encounter, naive T-cells differentiate in CD4+or CD8+memory T-cells that
home into the bone marrow which is a survival site for memory T-cells [97, 98]. However
CXCR4 does not seem to be necessary for the retention and survival of memory T-cells, as
survival is mostly dependent on IL7 [99, 100].

In conclusion the physiological role of CXCR4 in T-cell development and functions predomi‐
nates on thymic progenitors although impaired peripheral T-cell responses in WHIM syn‐
drome and Idiopathic CD4+T-cell Lymphocytopenia suggest a role of CXCR4 on peripheral T-
cells.

5. CXCR4 and NK-cell development

Natural killer (NK) cells are lymphocytes of the innate immune system that are involved in
the early control of infections by viruses and other intracellular pathogens. NK cells can be
identified by expression of the activating NK receptor NK1.1 associated with the absence of
T-cell CD3 receptor complex. Based on the membrane expression of the tumour necrosis factor
superfamily member CD27 and the integrin CD11b, four maturation stages can be identified:
CD11blowCD27low (“double negative”), which likely encompass precursors, CD11blowCD27high

(“CD11blow”), CD11bhighCD27high (“double positive”), and CD11bhighCD27low (“CD27low”) [101,
102]. These NK-cell subsets display heterogeneous distribution in lymphoid organs. The bone
marrow plays a pivotal role in NK-cell development. NK-cell differentiation in the bone
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marrow is associated with coordinated and tightly regulated changes of both expression and
activity of distinct GPCRs including CXCR4. Indeed, CXCR4 is highly expressed on NK
precursors but it gradually declines during maturation [103]. Conversely, expression of
CXCR3, CCR1, CX3CR1 and S1P5 (Sphingosine-1-phosphate receptor 5) progressively increase
with NK-cell maturation [104, 105]. CXCR4 and S1P5 appear as master regulators of NK-cell
retention in, and egress from, the bone marrow. The exit process is obviously required for
ensuring immunosurveillance. CXCR4 retains NK cells in the bone marrow parenchyma,
whereas S1P5 promotes their exit from this organ through sinusoids. Using S1p5-null mice
and knockin (KI) mouse model in which Cxcr4 cannot be desensitized, Mayol et al have
recently showed that NK-cell exit from the bone marrow requires both Cxcr4 desensitization
and S1p5 engagement by their corresponding ligands namely Cxcl12 and S1p, which are
produced in the bone marrow and the bloodstream respectively [103]. In the bone marrow,
CXCL12 is detected in different niches including the endosteal one and CAR cells as well [46,
106]. A recent study indicates that NK cells are found in close contact to CAR cells that also
produce IL-15, another master regulator of NK-cell homeostasis [107]. Another work conduct‐
ed by Sciumè and collaborators has involved the integrin chain α4 and the Fractalkine/CX3CL1
receptor CX3CR1 in the positioning of mature NK cells in the sinusoidal compartment [104].
Once in the blood, the S1P concentration increases and S1P5 responsiveness decreases [108].
This responsiveness is recovered in the lymph nodes to allow NK-cell exit via lymphatics in a
CXCR4-independent manner. The mechanism controlling NK-cell exit from the human bone
marrow is likely to be similar to the one reported in the mouse counterpart. Several lines of
evidence support this assertion. First, the absolute number of NK cells is deeply decreased in
the peripheral blood of some WHIM syndrome patients that harbour a gain-of-CXCR4-
function mutation [109]. Second, CXCR4 has been shown to retain human NK cells in the bone
marrow and spleen of immunodeficient mice reconstituted with human immune system [110].
Finally, S1P5 was reported to be unregulated during human NK-cell differentiation [105].

6. CXCR4 in the WHIM syndrome

The WHIM syndrome (WS) is a rare immunological disorder characterized by the presence of
warts (W), hypogammaglobulinemia (H), bacterial infections (I) and myelokathexis (M)
meaning an abnormal retention of pro-apoptotic neutrophils in the bone marrow [111]. WS is
an inherited pathological disorder with an autosomal dominant transmission. The WS estimate
incidence was of 0.23 per million births but the prevalence is < 1/1 000 000. In fact, there are
less than 60 documented cases in the world [112].

Inherited heterozygous autosomal dominant mutations of the CXCR4 gene, which result in
the truncation of the carboxyl-terminus of the receptor leading to a defect of CXCR4 inactiva‐
tion, were found to be associated with the WS [113]. The disorder is clinically and genetically
heterogeneous, since hypogammaglobulinemia and verrucosis were absent in some cases, and
individuals with isolated myelokathexis were found to be “wild type” for the CXCR4 gene
[114]. As described previously, CXCR4 is expressed in hematopoietic cells. Consequently, the
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home into the bone marrow which is a survival site for memory T-cells [97, 98]. However
CXCR4 does not seem to be necessary for the retention and survival of memory T-cells, as
survival is mostly dependent on IL7 [99, 100].
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nates on thymic progenitors although impaired peripheral T-cell responses in WHIM syn‐
drome and Idiopathic CD4+T-cell Lymphocytopenia suggest a role of CXCR4 on peripheral T-
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Natural killer (NK) cells are lymphocytes of the innate immune system that are involved in
the early control of infections by viruses and other intracellular pathogens. NK cells can be
identified by expression of the activating NK receptor NK1.1 associated with the absence of
T-cell CD3 receptor complex. Based on the membrane expression of the tumour necrosis factor
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marrow is associated with coordinated and tightly regulated changes of both expression and
activity of distinct GPCRs including CXCR4. Indeed, CXCR4 is highly expressed on NK
precursors but it gradually declines during maturation [103]. Conversely, expression of
CXCR3, CCR1, CX3CR1 and S1P5 (Sphingosine-1-phosphate receptor 5) progressively increase
with NK-cell maturation [104, 105]. CXCR4 and S1P5 appear as master regulators of NK-cell
retention in, and egress from, the bone marrow. The exit process is obviously required for
ensuring immunosurveillance. CXCR4 retains NK cells in the bone marrow parenchyma,
whereas S1P5 promotes their exit from this organ through sinusoids. Using S1p5-null mice
and knockin (KI) mouse model in which Cxcr4 cannot be desensitized, Mayol et al have
recently showed that NK-cell exit from the bone marrow requires both Cxcr4 desensitization
and S1p5 engagement by their corresponding ligands namely Cxcl12 and S1p, which are
produced in the bone marrow and the bloodstream respectively [103]. In the bone marrow,
CXCL12 is detected in different niches including the endosteal one and CAR cells as well [46,
106]. A recent study indicates that NK cells are found in close contact to CAR cells that also
produce IL-15, another master regulator of NK-cell homeostasis [107]. Another work conduct‐
ed by Sciumè and collaborators has involved the integrin chain α4 and the Fractalkine/CX3CL1
receptor CX3CR1 in the positioning of mature NK cells in the sinusoidal compartment [104].
Once in the blood, the S1P concentration increases and S1P5 responsiveness decreases [108].
This responsiveness is recovered in the lymph nodes to allow NK-cell exit via lymphatics in a
CXCR4-independent manner. The mechanism controlling NK-cell exit from the human bone
marrow is likely to be similar to the one reported in the mouse counterpart. Several lines of
evidence support this assertion. First, the absolute number of NK cells is deeply decreased in
the peripheral blood of some WHIM syndrome patients that harbour a gain-of-CXCR4-
function mutation [109]. Second, CXCR4 has been shown to retain human NK cells in the bone
marrow and spleen of immunodeficient mice reconstituted with human immune system [110].
Finally, S1P5 was reported to be unregulated during human NK-cell differentiation [105].

6. CXCR4 in the WHIM syndrome

The WHIM syndrome (WS) is a rare immunological disorder characterized by the presence of
warts (W), hypogammaglobulinemia (H), bacterial infections (I) and myelokathexis (M)
meaning an abnormal retention of pro-apoptotic neutrophils in the bone marrow [111]. WS is
an inherited pathological disorder with an autosomal dominant transmission. The WS estimate
incidence was of 0.23 per million births but the prevalence is < 1/1 000 000. In fact, there are
less than 60 documented cases in the world [112].

Inherited heterozygous autosomal dominant mutations of the CXCR4 gene, which result in
the truncation of the carboxyl-terminus of the receptor leading to a defect of CXCR4 inactiva‐
tion, were found to be associated with the WS [113]. The disorder is clinically and genetically
heterogeneous, since hypogammaglobulinemia and verrucosis were absent in some cases, and
individuals with isolated myelokathexis were found to be “wild type” for the CXCR4 gene
[114]. As described previously, CXCR4 is expressed in hematopoietic cells. Consequently, the
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lack of CXCR4 inactivationis expected to generate significant immune and haematological
disturbances [14].

Patients with WS exhibit a marked lymphopenia suggesting either a central defect of leukocyte
differentiation in the bone marrow and the thymus or a peripheral defect such as an increase
in apoptosis. Morphological analysis of bone marrow was performed in some patients; it
evidenced an abnormal morphology of neutrophils called myelokathexis and an increase in
neutrophil counts [111]. Furthermore the analysis of a bone marrow sample from one patient
failed to detect abnormalities in lymphoid precursors and in immature and mature B-lym‐
phocytes [115].

Biological features of WS include hypogammaglobulinemia, involving IgG. As expected,
hypogammaglobulinemia combined to neutropenia in WS patients results in infections
especially of encapsulated bacterias. Interestingly, infections transiently increase the number
of neutrophil counts in the blood suggesting that neutropenia is caused by lack of neutrophils
egress rather than to a defect in production. Patients also present recurrent pneumonias,
sinusitis, urinary tract infection and skin infections among others. Strikingly, WS patients
display high susceptibility to human papilloma virus (HPV) leading to skin lesions such as
warts on hands, feet and trunk, genital and anal condylomas and mucosal lesions which often
progress to carcinomas [116]. In two patients carrying the heterozygous CXCR4 1013 mutation,
CXCR4 failed to internalize on lymphocytes upon stimulation. In PBMC, refractoriness of
CXCR4 for desensitization and internalization led to an enhanced CXCL12-promoted chemo‐
taxis [114]. Thus the lack of CXCR4 inactivation is associated with a gain of function of the
receptor at least based on migration capacity criteria.

Despite lymphopenia and hypogammaglobulinemia, WS patients immunized with tetanus-
toxoid produce normal amounts of antibodies against tetanus-toxoid 10 weeks after immuni‐
zation. However, no specific antibodies were found one year after immunization suggesting
a defect in long-lived PC and/or in memory B-cell response in WS [115].

There are currently no specific treatments for WS patients, albeit symptomatic use of GCSF
and intravenous immunoglobulins (Ig) combined to anti-infectious agents is of some help
[116], however CXCR4-targeted therapy is promising as described below.

In order to better understand this pathology, to characterise lymphoid differentiation and
haematopoiesis defects in WS, we sought to generate an animal model.  Balabanian et al
generated a KI mouse strain that harbours a WS-associated heterozygous mutation of the
Cxcr4  gene  (i.e.,Cxcr4+/1013)  to  analyse  the  impact  of  Cxcr4  desensitization  on  leukocyte
homeostasis [59]. These mice display a severe lymphoneutropenia. As in patients, CXCR4
failure  to  internalise  doesn’t  lead to  an increase  in  receptor  expression in  leukocytes  in
eitherbone marrow, thymus, spleen and blood. Moreover, all tested leukocyte subsets from
Cxcr4+/1013 mice, displayed increased sensitivity to Cxcl12-promoted chemotaxis compared to
wild  type  mice  as  shown in  blood T-and B-cells,  and in  DP,  and SP  thymocytes.  Both
frequency and absolute numbers of CD19+B-cells were slightly, but significantly lower in the
bone marrow from Cxcr4+/1013 mice. In contrast to the myeloid series, leukocyte differentia‐
tion was altered in Cxcr4+/1013 mice. Indeed, the absolute number of pro/pre-B cells, and to a
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lesser extent of immature B-cells, was reduced in Cxcr4+/1013 mice. Therefore, the alteration of
early B-cell development in Cxcr4+/1013  mice was not associated with enhanced cell death.
Regarding thymic differentiation, the absolute number of each thymic subset (from progen‐
itors to mature SP thymocytes) was significantly decreased in Cxcr4+/1013 mice. Together, these
findings reveal that altered Cxcr41013-driven development of B-and T-cells leads to chronic
circulating lymphopenia.

Regarding the periphery, the absolute number of each blood leukocyte subpopulation was
significantly reduced in Cxcr4+/1013 mice. Serum levels of natural IgA were similar in non-
manipulated Cxcr4+/1013 and WT mice, whereas IgM and IgG concentrations increased in
Cxcr4+/1013 mice contrary to patients as mentioned above. In parallel, mature T-and B-cells were
abnormally compartmentalized in the periphery, with fewer primary follicles in the spleen
and absence in lymph nodes, mirrored by an unfurling of the T-cell zone. These mice provide
a model to decipher the role of CXCR4 desensitization in the homeostasis of B-and T-cells and
to investigate which biological abnormalities of patients may be reversed by dampening the
gain of CXCR4 function [59]. As mentioned above (chapter 4) CXCR4 may increase the stability
of the T-APC interactions and is necessary for optimal T-cell activation [95]. Indeed, recent
data demonstrated that WHIM-CXCR4–expressing retrogenic T-cells inhibits the formation of
long-lasting T-APC interactions confirming the role of CXCR4 in the stability of T-APC
Immune Synapse. Such anomalous synapse formation likely results in the failure to respond
to vaccinations with the absence of specific antibody one year after vaccination observed in
WS patient [117]. Thus, it will be interesting to investigate if there is an optimal adaptive
immune response in these mice. In addition, the discovery of a mouse papillomavirus (MusPV)
rendered possible to analyse HPV-infected Cxcr4+/1013mice [118], as done in nude mice
[119].Finally our mice will also be useful to test new drugs including molecules that target
CXCR4.

AMD3100 (plerixafor) a selective and competitive antagonist of CXCR4 appears to be a
potential treatment for patients with WS, and clinical studies have been conducted accord‐
ingly. One study reported the effect of daily injections with increased concentrations of
AMD3100 (0.02-0.24 mg/kg) in 3 adults with WS; an increase of white blood cells and of
absolute lymphocyte, neutrophil and monocyte counts was observed in all patients. Further‐
more white blood cells mobilization is higher with AMD3100 than with GCSF [120]. Another
study showed that treatment with AMD3100 every 2-4 days in 6 patients resulted in prompt
leukocytosis [121]. Mice carrying the heterozygous Cxcr4+/1013mutation, were also treated with
AMD3100 or chalcone 4 that binds Cxcl12 and prevents signaling through Cxcr4. After single
intraperitoneal injection of either AMD3100 or chalcone 4, the absolute numbers of total
leukocytes in the blood of WT mice, including neutrophils, B and T cells was increased within
3 hours [59].Therefore, AMD3100 is able to reverse the pan leukopenia in WS mice and patients
albeit transiently because of its short half-life. A more recent trial involving 3 WHIM patients
treated with plerixafor subcutaneously twice daily for 6 months in combination with the
Interferon-αinducer imiquimod, showed improvement in warts and in infections, albeit with
partial restoration of Ig levels and vaccine responses [103].
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abnormally compartmentalized in the periphery, with fewer primary follicles in the spleen
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rendered possible to analyse HPV-infected Cxcr4+/1013mice [118], as done in nude mice
[119].Finally our mice will also be useful to test new drugs including molecules that target
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potential treatment for patients with WS, and clinical studies have been conducted accord‐
ingly. One study reported the effect of daily injections with increased concentrations of
AMD3100 (0.02-0.24 mg/kg) in 3 adults with WS; an increase of white blood cells and of
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more white blood cells mobilization is higher with AMD3100 than with GCSF [120]. Another
study showed that treatment with AMD3100 every 2-4 days in 6 patients resulted in prompt
leukocytosis [121]. Mice carrying the heterozygous Cxcr4+/1013mutation, were also treated with
AMD3100 or chalcone 4 that binds Cxcl12 and prevents signaling through Cxcr4. After single
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leukocytes in the blood of WT mice, including neutrophils, B and T cells was increased within
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To conclude, patients with WS have a gain of CXCR4 function, which leads to severe disorders
of lymphocytes and neutrophils and hence of immune responses. How it affects mature T-and
B-cells is still unclear. Undoubtedly, studies on homozygous and heterozygous mice and on
the hematopoietic compartment will help understand the pathologies associated with CXCR4
dysfunction.

7. CXCR4 in the Idiopathic CD4+Lymphocytopenia syndrome

Idiopathic CD4+T-cell Lymphocytopenia (ICL) is a rare haematological disorder characterized
by a profound and persistent CD4+T-cell defect, defined by an absolute CD4+T-cell count <300
cells/mm3with lack of HIV infection or other known immune defect or therapy associated with
lymphopenia [122]. This clinical entity was defined in 1992 by the Centers for Disease Control
and then some 258 cases have been reviewed in the literature [122, 123]. ICL patients often
present life threatening opportunistic infections similar to those observed in acquired immu‐
nodeficiency (AIDS) syndrome. The most common infections in ICL are cryptococcal
(Cryptococcus neoformans), genital HPV, non-tuberculous mycobacterial infections (Mycobacte‐
rium avium),in addition to progressive multifocal leukoencephalopathy [122, 124]. Malignan‐
cies are also common in ICL, including EBV-related B-cell lymphomas, Kaposi’s sarcoma and
as seen in the WHIM Syndrome, cervical or perineal neoplasias in the setting of long-term HPV
infections [125-129]. In addition, autoimmune diseases (e.g. Sjögren syndrome) were also
frequently reported [122].

The aetiology of ICL is unlikely to involve an infectious or environmental agent but may have
a genetic basis as loss-of-function mutations have been reported in genes encoding regulators
of the TCR diversity and signaling (i.e.Unc119, MAGT1 and RAG1) [130-132]. ICL is considered
as a heterogeneous syndrome possibly encompassing different disorders sharing the common
feature of reduced circulating CD4+T-cell counts. One issue is to determine whether the ICL
results from a defective bone marrow production or thymic output, or an exacerbated
peripheral consumption of CD4+T-cells, or any combination of central or peripheral defect.

The defective production of CD4+T-cell hypothesis is supported by a study reporting a
regenerative failure of HSCs and lymphoid precursors in the bone marrow of ICL patients
[133]. A work dealing with T-cell maturation has shown apparent restriction of the α/β and γ/
δ TCR in ICL suggesting a disturbed thymic T-cell maturation in ICL [134]. In support of the
central defect hypothesis, CD34+HSCs derived from one ICL patient carrying a hypomorphic
missense mutation in the Recombination Activating Gene 1 (RAG1) were not able to repopulate
humanized Rag2-/-Il2Rgc-/-mice, which is in favour for the lymphoid origin of the lymphopenia
[132]. Finally, non-myeloablative allogeneic bone marrow transplantation in one patient was
able to restore CD4+T-cell numbers and functions [135].

In addition various works argue for an exacerbated peripheral consumption of CD4+T-cells.
Decreased T-cell responses as well as increased T-cell activation and apoptosis have been
reported in ICL [136-138]. In terms of CD4+T-cells activation, studies have reported enhanced
propensity of ICL T-cells to undergo apoptosis, a process partially dependent on Fas and Fas
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ligand overexpression [137]. Markers for cell activation and turn-over, as indicated by HLA-
DR, Ki-67 expression and BrdU labelling are also increased in CD4+T-cells and this was
inversely correlated with blood CD4+T-cell counts [138]. In another report, abnormal CD4+T-
cells cycling was associated with levels of plasma lipopolysaccharide resulting from microbial
translocation [139]. Therefore, immune activation and preferential loss of naive T-cells in ICL
could result from chronic and persistent stimulation by an unidentified pathogen [122].
Mechanistic studies have also pointed out a defective TCR signal transduction in ICL raising
the possibility that persistent T-cell activation leads to defective TCR signaling and may
contribute to T-cell depletion [130-132]. Increased levels of the homeostatic cytokineIL7 in the
sera of ICL patients inversely correlate with those of blood naive CD4+T-cells and may reflect
the triggering of a homeostatic response in order to restore normal CD4+T-cell counts [133, 137,
140]. This accumulation of IL7 likely results from both a diminished consumption of the
cytokine and a decrease of IL7 receptor α chain expression (CD127) on the reduced T-cell pool.
Moreover the induction of phospho-STAT5 after IL7 stimulation was decreased in residual
memory CD4+T-cells of some ICL patients. These data suggest that high serum IL7 levels do
not necessarily represent a compensatory response but may be further accentuating T-cell
apoptosis and lymphopenia [141, 142]. In addition, while one study reported a successful
therapy with IL2, decreased IL2 responses correlated with impaired IL7 responses, which may
account for the loss of CD4+T-cells homeostasis in ICL [142-144].

Regarding the CXCR4/CXCL12 axis, some studies demonstrated it role for T-cell production,
homing, positioning and activation within secondary lymphoid tissues. Furthermore, altera‐
tions of CXCR4 expression or activity are likely to severely impact T-cell differentiation and
trafficking. Thus, we hypothesized that expression or function of CXCR4 could be altered in
ICL causing CD4+T-cells alteration. Thus,ICL may mirror WHIM Syndrome as we observed
decreased CXCR4 expression on CD4+T-cells in ICL. We contributed to the identification of a
defect in CXCR4 expression at the surface of CD4+T-cells from 6 ICL patients with concomitant
intracellular accumulation of CXCR4 and CXCL12. This suggested a defective intracellular
routing of the chemokines/chemokines receptors complex. Analyses of CXCR4 fate following
CXCL12 stimulation indicated that CXCR4 preserved its ability to internalize, but thereafter
poorly recycled back to the plasma membrane of ICL T-cells. Altered membrane CXCR4
recovery resulted in a loss of CXCR4 function, as illustrated by the impaired CXCL12-
promoted chemotaxis of ICL CD4+T-cells [144]. These results were recently extended to 20
newly ICL patients and suggest that impaired membrane CXCR4 expression may contribute
to the defective CD4+T-cell homeostasis in the periphery but also in the thymus.

Altogether, ICL is a complex disorder with impaired membrane CXCR4 expression in
peripheral lymphoid populations and in progenitors, possibly explaining the downstream
lymphocytopenia. Deciphering the reasons for such dysfunction will help us discover new
molecular targets for immune cell therapy. In this context, we derived induced pluripotent
stem cells iPSCs, from CD4+T-cells of an ICL patient; this will offer unprecedented opportu‐
nities to study T-cell differentiation in this disease.
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To conclude, patients with WS have a gain of CXCR4 function, which leads to severe disorders
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humanized Rag2-/-Il2Rgc-/-mice, which is in favour for the lymphoid origin of the lymphopenia
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ligand overexpression [137]. Markers for cell activation and turn-over, as indicated by HLA-
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Altogether, ICL is a complex disorder with impaired membrane CXCR4 expression in
peripheral lymphoid populations and in progenitors, possibly explaining the downstream
lymphocytopenia. Deciphering the reasons for such dysfunction will help us discover new
molecular targets for immune cell therapy. In this context, we derived induced pluripotent
stem cells iPSCs, from CD4+T-cells of an ICL patient; this will offer unprecedented opportu‐
nities to study T-cell differentiation in this disease.
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8. CXCR4 in B-cell malignancies

Chronic lymphocytic leukaemia (CLL) is the most common leukaemia accounting for some
30% of adult leukaemia’s in western countries It is due to an accumulation of small B-cells in
the blood, the bone marrow and secondary lymphoid organs. Although this accumulation
reflects lack of apoptosis, CLL cells do proliferate and their mitotic index and telomere length
correlate with the degree of malignancy as reflected by the Binet [145] or Rai [146] clinical
staging or the mutational status of Ig hyper variable regions, currently the gold biological
standard for prognosis in this disease [147-149]. Somatically Ig hyper mutated (M-CLL) is
typically indolent whereas Ig unmutated (U-CLL) is more aggressive [150, 151]. The cellular
origin of CLL has been intensively debated, however contrary to the prevailing view that CLL
originate from memory/activated B2 B-cells, we favour the recent hypothesis that CLL B-cells
originate from malignant transformation of CD5+B-cells [152]. Moreover both indolent and
aggressive CLL originate from B-cells endowed with an auto reactive surface Ig which
supports the hypothesis of a common molecular mechanism for both CLL types albeit
occurring at two cellular differentiation stages [153].

CLL B-cells overexpress functional CXCR4 that may help B-cell to survive/proliferate and is
associated with increased response to CXCL12 [154]. Indeed it has been noticed that CLL cells
survive longer in vitro when cocultured with bone marrow stromal cells [155-157]. Interestingly
survival mechanisms were linked to stimulation of CXCL12/CXCR4 and VLA4/VCAM axis
[158-160]. This suggested that CLL cells are stimulated in protective microenvironments in the
bone marrow or in secondary lymphoid organs and indeed proliferation centres with stromal
cells and T-cells associated with CLL cells so called pseudo follicles were observed in these
tissues [147, 161-164]. CLL cells in the blood are likely more sensitive to drugs than they are
in lymphoid tissues.

Thus a new therapeutic strategy in CLL would be to down regulate or desensitize CXCR4 or
disrupt CXCL12/CXCR4 interactions by AMD3100 on malignant B-cells in order to force them
to leave their protective environments and undergo apoptosis in the bloodstream [165, 166].

As CLL are endowed with auto reactive surface Ig, they may be triggered repeatedly in vivo
by auto antigens and BCR signaling is expected to down regulate CXCR4. Thus increased
CXCR4 expression likely reflects the poor BCR signaling in vivo compared to that in normal
B-cells; in addition CLL cells are surface Iglo. Indeed, CLL cells are anergic to anti-IgM
stimulation, although U-CLL respond better in this respect than M-CLL in terms of prolifera‐
tion and BCR signaling, and interestingly, U-CLL down regulate CXCR4 more efficiently than
M-CLL upon sIg cross linking in vitro [167-169]. AMD3100 has been shown to potentiate
Chemo/Immunotherapy in CLL in vitro [170]. This can be interpreted as either a blockade of
the CXCR4 survival pathway or a help of CLL cells to detach from CXCL12+stromal cells in
SLO and move away from their protective microenvironment or both. These results need
however to be reconciled with the finding that CXCR4 expression on CLL cells is lower in LO
than it is in the blood [171].

As mentioned above (chapter 3), BCR-induced CXCR4 phosphorylation is PKC-but not Ca2+-
dependent [20]. Either CXCL12 interaction with CXCR4, or BCR engagement activates
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PI3kinase-δ and CAL101 an inhibitor of this kinase was efficient against CLL [172]. Thus
activating these pathways by molecules less toxic than phorbolmyristate acetate might prove
useful to down regulate CXCR4, alternatively, pharmacological inhibitors of regulators, such
as phosphatases of the PKC pathway might be useful as well.

In Waldenstom's Macroglobulinemia (WM), macroglobulinemia designs an increase in serum
concentrations of IgM and causes much of the morbidity associated with the disease. WM is
an indolent B-cell malignancy with a monoclonal proliferation of IgM-producing PCs that fail
to undergo Ig isotype switching. WM is uncommon relative to plasma cells (PC) myeloma
[173]. Although the pathogenesis of WM remained undetermined several data suggested that
genetic factors contributed to the disease [174]. PCs from WM are CXCR4hiVLA4hi and as for
normal PC, malignant PC continuously home into the bone marrow and trans endothelial
migration of PC from WM depends on CXCL12/CXCR4 [175]. It is now clear that WM results
from somatic mutations in PC precursors.

A recent study evidenced somaticCXCR4 mutation in 28% of the patients PC [16]. Five distinct
somatic mutations were located in the CXCR4 C-terminal tail, each of which were identical
or functionally similar to mutations associated with WHIM syndrome (WS), resulting in the
loss of regulatory Ser/Thr residues likely leading to impaired inactivation. CXCR4 is the
second most frequent somatic mutation in WM next to L265P-MYD88 mutation that was
detected in 90% of cases.  Most interestingly, 98% of patients with CXCR4 mutation har‐
boured the  MYD88 mutation.  These  results  imply that  a  gain  of  function CXCR4 is  in‐
volved  in  the  pathogeny  of  WM.  It  remains  to  understand  how  this  helps  malignant
transformation to occur, and how to reconcile this observation with hypogammaglobuline‐
mia in the WS. An interesting perspective here is  the potential  useful  treatment of  WM
patients mutated or not for CXCR4, with AMD3100. It will undoubtedly represent the second
therapeutic indication of plerixafor after WS.

9. CXCR4 and solid tumours

CXCR4 plays a critical role in the promotion of several solid tumours. A recent study showed
that non-small lung cancer cell lines did express high CXCR4 despite secreting CXCL12 [176];
this questions the inability of CXCL12 to down regulate CXCR4 in these cells. Moreover these
cells had a high self-renewal and tumour promoting activity in vivo. Thus CXCR4 may behave
as a growth stimulator and help cancer stem cells home into protective niches within the solid
tumour or metastasize within the bone marrow where they may compete with normal HSC,
hence adverse effects on immunity and haematopoiesis.

A common feature of WS and ICL is the occurrence of cancers that are often linked to HPV
infections. In ICL, some 15% of the patients experienced HPV infections and / or squamous
and basal cell carcinomas of the skin, Bowen’s disease, vulvar, cervical or bladder carcinomas
[122]. Interestingly, HPV has been detected in these pathologies [177-181]. In WS, clinical
manifestations at diagnosis include cervical papillomatosis that can lead to invasive cancer
[112]. This highlights the potential and still undetermined role of CXCR4 (over or impaired
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as phosphatases of the PKC pathway might be useful as well.

In Waldenstom's Macroglobulinemia (WM), macroglobulinemia designs an increase in serum
concentrations of IgM and causes much of the morbidity associated with the disease. WM is
an indolent B-cell malignancy with a monoclonal proliferation of IgM-producing PCs that fail
to undergo Ig isotype switching. WM is uncommon relative to plasma cells (PC) myeloma
[173]. Although the pathogenesis of WM remained undetermined several data suggested that
genetic factors contributed to the disease [174]. PCs from WM are CXCR4hiVLA4hi and as for
normal PC, malignant PC continuously home into the bone marrow and trans endothelial
migration of PC from WM depends on CXCL12/CXCR4 [175]. It is now clear that WM results
from somatic mutations in PC precursors.
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volved  in  the  pathogeny  of  WM.  It  remains  to  understand  how  this  helps  malignant
transformation to occur, and how to reconcile this observation with hypogammaglobuline‐
mia in the WS. An interesting perspective here is  the potential  useful  treatment of  WM
patients mutated or not for CXCR4, with AMD3100. It will undoubtedly represent the second
therapeutic indication of plerixafor after WS.

9. CXCR4 and solid tumours

CXCR4 plays a critical role in the promotion of several solid tumours. A recent study showed
that non-small lung cancer cell lines did express high CXCR4 despite secreting CXCL12 [176];
this questions the inability of CXCL12 to down regulate CXCR4 in these cells. Moreover these
cells had a high self-renewal and tumour promoting activity in vivo. Thus CXCR4 may behave
as a growth stimulator and help cancer stem cells home into protective niches within the solid
tumour or metastasize within the bone marrow where they may compete with normal HSC,
hence adverse effects on immunity and haematopoiesis.

A common feature of WS and ICL is the occurrence of cancers that are often linked to HPV
infections. In ICL, some 15% of the patients experienced HPV infections and / or squamous
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[122]. Interestingly, HPV has been detected in these pathologies [177-181]. In WS, clinical
manifestations at diagnosis include cervical papillomatosis that can lead to invasive cancer
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membrane expression) in the control of immunity to HPV. It also points to the fact that the
term “gain of function” for the CXCR41013mutation may be a misnomer as it points for an
augmented capacity of the cells to migrate in vitro and most likely to stick to their niches in
vivo. Of note, there is no correlation between HPV-associated cancers and Waldenstom's
Macroglobulinemia, which only affects PC and leaves intact most immune cells with normal
CXCR4. The germ line CXCR41013-mutation is clearly associated with a polyclonal loss of
function of B-, T-and NK-cells in vivo and possibly of neutrophils as well and the respective
contribution of these leukocytes to the adaptive immune response against HPV remains to be
understood.

Within solid tumours or among malignant cells from leukaemia’s, several lines of evidence
suggest that there are cells called cancer stem cells or tumour initiating cells. They have been
identified in many types of cancers including human gastric tumour, mammary gland, brain,
prostate gland, colon pancreas, head and neck and liver [182-190]. On primary cultures of cells
from a human gastric tumour, those cells are able to grow on extracellular matrix and to form
spheroid, structures specific of stem cells. Furthermore those cells are more resistant to
chemotherapy and capable of self-renewal [182]. This feature could explain the failure in the
treatment of cancers. In a Gefitinib-resistant non-small cell lung cancer cells line (A549/GR),
experiments show that these cells possess some features of stem cells such as the acquisition
of epithelial mesenchymal transition property. More interestingly, there is a high proportion
of CXCR4+cells in A549/GR, with high self-renewal activity in vitro, high tumorigenic potential
in vivo, a strong sphere-forming activity and a resistance to radiation. The use of si-RNA
specific of CXCR4 or the AMD3100 are both able to suppressed sphere forming activity in those
cell lines, demonstrating an important role of CXCR4 in maintaining cancer stem cells features
in A549/GR [176]. Cancer stem cells are potential targets for therapies in order to eliminate
malignant cells in solid tumours resistant to chemotherapy.

The CXCL12/CXCR4 axis is known to be involved in tumour growth and metastatic process.
The microenvironment is essential for tumour development and stromal and malignant cells
communicate via growth factors and cytokines [191, 192]. In order to understand the impact
of Cxcr4 in the microenvironment on metastasis of tumour cells, D’Alterio et al injected murine
melanoma B16 cells on C57BL/6 Cxcr4+/+or Cxcr4+/-mice in the presence of AMD3100. In Cxcr4+/-

mice nodule size were significantly smaller and bone marrow-derived cells recruitment was
lower compared to Cxcr4+/+. Furthermore, the Cxcr4 inhibitor AMD3100 preserves the pulmo‐
nary architecture in Cxcr4+/-mice by reducing lung metastases. Cxcr4+/-mice also show a
decrease in LY6G-positive myeloid/granulocytic cells and in p38 MAPK activation in lungs
compared to Cxcr4+/+mice [193]. These experiments demonstrate the importance CXCL12/
CXCR4 axis in the microenvironment regarding metastases and tumour growth. Since
CXCL12/CXCR4 axis may promote cancer cell survival, invasion, and tumour-initiating cell
phenotype. Therefore blocking this axis may be a potential approach to target various
components in solid tumours.

The CXCL12/CXCR4 axis is also involved in the recruitment of immune cells into the tumour
as described for regulatory T-cells (Tregs). Indeed Tregs expressing CXCR4 are recruited in a
number of tumours including ovarian cancer, adenocarcinoma of the lung, malignant meso‐
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thelioma and the myelodysplastic syndromes [194-197]. In cancer, the balance between Tregs-
and T-effector cells is often deregulated and Tregs are recruited to the tumour, a process that
suppress the anti-tumour immune response leading to tumour growth. In basal-like breast
cancer, it was shown that there is a positive correlation between CXCL12 expression in the
tumour and Tregs recruitment correlated with a poor survival in patients [198]. This was also
shown in lung adenocarcinomas and malignant mesothelioma [195, 196]. In addition Yan et al
showed that the recruitment of Tregs is correlated with hypoxia-induced CXCR4 expression
in basal-like breast cancers. Furthermore, in lung adenocarcinoma, CXCR4 positive Tregs cells
are able to regulate the immune response and to secrete tumour growth factor-β which up-
regulate CXCR4 on naive T-cells and contribute to their migration and retention in the tumour
microenvironment and that contribute to increase pathogenesis [195]. Overall, these observa‐
tions suggest that CXCL12 expression may influence tumour progression by shaping the
immune cell population infiltrating lung adenocarcinoma tumours. In human ovarian
carcinoma, Tregs preferentially move to tumours and ascites and suppress tumour-specific T-
cell immunity and contribute to growth of human tumours in vivo. The recruitment of Tregs
represents a mechanism by which tumours may promote immune advantage. Altogether,
these results suggest that AMD3100 or other drugs that target the CXCL12/CXCR4 axis may
be useful adjuncts for immune-chemotherapy in some cancers [199].

10. Conclusion/therapeutic perspectives

The contribution of the CXCL12/CXCR4 signaling axis to many aspects of physiology and
pathology has been increasingly appreciated (Figure 1 & 2). Deregulations of CXCR4 signaling
and/or expression are associated with several disorders including lymphoid and autoimmune
diseases, solid tumours and immune defects [15, 200-203]. Therefore, interference with the
CXCL12/CXCR4 interaction or modulation of CXCR4 expression and/or activity is potentially
interesting in the treatment of diseases with loss or gain of function of CXCR4. In this context
and for the last two decades, many pharmaceutical companies have been trying to develop
specific drugs targeting this axis [204, 205]. In light of recent clinical investigations, the
bicyclamplerixafor (AMD3100), has already been approved by the FDA for HSC mobilization
in patients with non-Hodgkin’s lymphoma and multiple myeloma [206]. In addition, Plerixafor
is already under Phase I of clinical investigation in Glioma, Acute Myeloid leukaemia, CLL
and WS [204, 207]. Furthermore, regarding the low half-life, the constraining frequency of
administration of AMD3100, several promising CXCR4 antagonists have been developed to
block CXCL12/CXCR4 interactions that are currently under different stages of clinical trials
mainly for HSC transplantation in patients with multiple myeloma and non-Hodgkin’s
lymphoma [205]. Most of them neutralize the interaction of CXCL12 with CXCR4 by binding
to the receptor. Another way is to directly target CXCL12 by developing molecules that interact
directly with it thus diverting the chemokine from its receptor. For example blocking interac‐
tions of CXCL12 with the extracellular matrix and cell surface glycosaminoglycans may be an
approach by developing CXCL12 binding heparansulphates. In addition other strategies will
be to generate molecules interfering with intracellular trafficking and expression of CXCR4
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and/or expression are associated with several disorders including lymphoid and autoimmune
diseases, solid tumours and immune defects [15, 200-203]. Therefore, interference with the
CXCL12/CXCR4 interaction or modulation of CXCR4 expression and/or activity is potentially
interesting in the treatment of diseases with loss or gain of function of CXCR4. In this context
and for the last two decades, many pharmaceutical companies have been trying to develop
specific drugs targeting this axis [204, 205]. In light of recent clinical investigations, the
bicyclamplerixafor (AMD3100), has already been approved by the FDA for HSC mobilization
in patients with non-Hodgkin’s lymphoma and multiple myeloma [206]. In addition, Plerixafor
is already under Phase I of clinical investigation in Glioma, Acute Myeloid leukaemia, CLL
and WS [204, 207]. Furthermore, regarding the low half-life, the constraining frequency of
administration of AMD3100, several promising CXCR4 antagonists have been developed to
block CXCL12/CXCR4 interactions that are currently under different stages of clinical trials
mainly for HSC transplantation in patients with multiple myeloma and non-Hodgkin’s
lymphoma [205]. Most of them neutralize the interaction of CXCL12 with CXCR4 by binding
to the receptor. Another way is to directly target CXCL12 by developing molecules that interact
directly with it thus diverting the chemokine from its receptor. For example blocking interac‐
tions of CXCL12 with the extracellular matrix and cell surface glycosaminoglycans may be an
approach by developing CXCL12 binding heparansulphates. In addition other strategies will
be to generate molecules interfering with intracellular trafficking and expression of CXCR4
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which are two different ways to normalize CXCR4 expression and functioning in pathologies
associated with CXCR4 anomalies as seen both in ICL and WS. As mentioned in the introduc‐
tion, ACKR3 may share overlapping functions with CXCR4 and is possibly involved in the
same pathologies and need to be investigated in this respect [208, 209].

Figure 1. CXCR4 in lymphopoiesis. Most primitive hematopoietic stem cells (HSC) and downstream lymphoid pro‐
genitors, including common lymphoid (CLP) and committed B-cell precursors express CXCR4 and the differentiation of
HSC and B-cell precursors is CXCR4-dependent. These cells interact with CXCL12-expressing stromal cells. These stro‐
mal cells comprise Nestin+Mesenchymal stem cells MSC, CXCL12-producing reticular cells (CAR), perivascular cells ex‐
pressing PDGFR and LeptinR, and osteoblasts. AMD3100 is already used to allow the migration of HSC in the
peripheral blood of patients in order to be collected for grafting. Recent data suggest that B-cell progenitors locate
near the perivascular niche. CLP locate in the osteoblastic niche. Downstream progenitors migrate through the blood
and enter the thymus at the cortico-medullary junction where they constitute early thymic progenitors (ETP). ETP fur‐
ther move inside the cortex and differentiate in several double negative CD4-CD8-stages DN1 to DN4. This process de‐
pends on the production of CXCL12 by cortical thymic epithelial cells (cTEC). At the DN4 stage, thymocytes
downregulate CXCR4, upregulate CCR7 and become CD4+CD8+(CD3+) cells double positive DP cells. DP thymocytes are
attracted by CCL21-producing thymic medullary epithelial cells (mTEC). At the end of differentiation, and negative se‐
lection due to interactions with dendritic cells (DC) in the medulla, naive single positive (SP) CD4+or CD8+thymocytes
egress from the thymus to the bloodstream and further migrate to the T-cell zones of secondary lymphoid organs
(SLO). In parallel B-cell precursors differentiate within the bone marrow in naive B-cells that express CXCR4/5 and mi‐
grate to the SLO, where they organize themselves around CXCL12/13-producing follicular dendritic cells (FDC) and
marginal central reticular cells (CRC). Following T-dependent response to antigen the germinal centre (GC)reaction is
initiated (figure 2).
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Figure 2. CXCR4 in T-dependent antigen response, and in pathology. Following antigen capture and processing,
dendritic antigen-presenting cells (APC) move to the T-cell zone in the SLO to prime antigen-specific T-cells whereas
follicular B-cells are stimulated by soluble antigen. In turn T-and B-cells move towards each other and antigen-specific
B-cells expand to generate the dark zone DZ made mostly of centroblasts. These cells differentiate in centrocytes that
constitute the light zone and downregulate CXCR4. Ultimately, centrocytes differentiate in memory B-cells or plasma
cells (PC), the laterupregulate CXCR4 and migrate to the bone marrow. In the WS, one hypothesis is that the germ‐
lineCXCR4m mutation impairs T-APC and T-B interactions leading to deficient GC formation. In Waldenstom's Macro‐
globulinemiaWM, the somatic CXCR4m mutation in B-cells confers a survival advantage and drives PC to migrate and
home into the bone marrow were they become malignant due to additional gain of function mutations such as in the
MYD88 gene. In the Idiopathic CD4+T-cell LymphocytopeniaICL, downregulation of CXCR4 expression in T-cells may
concur to the deficient adaptive immune response. In chronic lymphocytic leukaemia, PC differentiation is impaired
and leukemic B-cells express CXCR4, which keeps them in a protective environment in contact with CXCL12-producing
stromal cells thereby protecting them from immune/chemotherapeutic drugs. In this context, AMD3100 plerixafor
may help sensitize chronic lymphocytic leukaemia CLL cells to drugs. Plerixafor is already used for the treatment of
WHIM Syndrome WS, and may prove useful in the treatment of WM.

A new therapeutic era has begun, next years will witness the use of anti-chemokines receptors
to prevent malignant cells from interacting with their protective stromal cells and of inflam‐
matory cells to migrate into tissues, these new families of drugs should clearly improve the
efficacy of current anti-cancer, anti-autoimmune and anti-inflammatory molecules [182].
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1. Introduction

1.1. The hematopoietic stem cell niche

1.1.1. Hematopoietic system development: distinct niches activities

During vertebrate embryogenesis, different anatomical sites are responsible for creating
specific conditions to promote hematopoietic stem cells self-renewal, expansion, commitment,
and differentiation of the hematopoietic stem cells (HSC) [1,2]. The first hematopoietic cells
emerge within the blood islands of the yolk sac (YS), an extra-embryonic site. Most of the cells
belong to the primitive erythroid lineage, but a few myeloid cells are also generated [3,4]. In
a second wave, hematopoietic progenitors emerge from the mesoderm of the paraaortic-
splanchnopleura (Sp), an intra-embryonic site, which later gives rise to the aorta, gonads and
mesonephros, and has been named AGM region [1]. Data show that almost all long-term
definitive progenitors derive from the AGM region, as those originated in the YS fail to
properly reconstitute the adult bone marrow of a lethally irradiated animal [5]. However, when
cultured under the right combination of cytokines, cells derived from the mesoderm of the YS,
in which blood islands originate, can be instructed to become long-term hematopoietic
progenitors [6]. In these conditions, even higher numbers of progenitors could be found in the
YS compared to the AGM region. This shows that, in vivo, the YS niche does not hold proper
conditions to promote full commitment of the hematopoietic progenitors.

After the vascular system is established in the embryo, hematopoietic progenitors migrate and
colonize the fetal liver. Fetal liver is the main hematopoietic organ during embryo’s develop‐
ment [7,8] and its hematopoiesis requires exogenous colonization. So far, no data indicate that

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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new progenitors emerge in the fetal liver. All hematopoietic cells are derived from the YS and
AGM region [8–10].

At this stage, fetal liver microenvironment is responsible for two very important tasks: full
commitment of mesoderm derived progenitors to long-term HSC, and their increase in
numbers (higher numbers). Although AGM derived progenitors are able to fully reconstitute
a lethally irradiated animal in an experimental model, well-defined HSC can only be observed
in the embryo a few days after fetal liver colonization. It has been shown that, to become adult
long-term HSC, progenitors derived from the AGM region must go through the fetal liver
microenvironment for proper instructions [11]. A few progenitors from the yolk sac become
long-term HSC, but those originated from the AGM region are far more predominant. Long-
term HSC in the fetal liver are highly proliferative and self-renewable. In mouse embryo, in
five days, there could be an increase in 30 times the original number of HSC [7,9]. Different
from what would be expected, not a huge number of progenitors colonize the fetal liver. Only
a few are necessary. Commitment to HSC and their expansion require two distinct niches in
the fetal liver microenvironment, at the same time or at different maturation stages of the liver.
This requires further investigation.

The fetal liver remains hematopoietic until birth, or even a short period after. By the time the
organ starts to acquire its metabolic properties, HSC are then progressively transferred to their
final destination: the bone marrow [9]. In contrast to the fetal liver hematopoietic activity, bone
marrow main assignment is blood production – not HSC expansion (only). All types of blood
cells are produced in the bone marrow, except for the T lymphocytes, produced in the thymus.
Despite its high dynamics, the bone marrow microenvironment is organized, in order to
guarantee a finely tuned hierarchical differentiation cascade. Hematopoietic system organi‐
zation in the marrow cavity follows an also organized distribution of the stromal cells.
Different stromal cell types – osteoblasts, reticular cells, perivascular cells, endothelial cells,
macrophages – interact with different groups of hematopoietic cells, creating distinct niches
in bone marrow microenvironment to harbor. This is the way the differentiation cascade is
controlled as hematopoietic cells at different stages of differentiation demand distinct combi‐
nations of factors for their proliferation and differentiation [12–15].

Based on cells behavior, at least three niches can be identified in the marrow microenviron‐
ment: one responsible for HSC maintenance (self-renewal) throughout life; a second to induce
intermediate progenitors expansion; and a third to guarantee hematopoietic cells full com‐
mitment and differentiation to the lineages.

In humans, during childhood, almost all bones in our body hold a “hematopoietically” active
bone marrow (red bone marrow). After reaching maturity, active bone marrow is restricted to
the sternum, ribs, vertebrae, ilium, and femurs’ heads. The rest the bones are filled with
“inactive” bone marrow, which is called yellow bone marrow, due to the high number of fat
storing cells.

Adult Stem Cell Niches88

1.1.2. Inside the bone marrow

In spite of its high dynamic, the hematopoietic system, in the bone marrow cavity, is widely
hierarchical and hematopoietic cells are not randomly distributed. As mentioned before,
specific niches control HSC self-renewal and their engagement to a differentiation cascade.

The concept that different niches would compose the bone marrow microenvironment was
envisioned already in the 70’s [16]. Based on a stereological study, it was proposed that bone
marrow microenvironment could be subdivided into, at least, four niches: endosteal, suben‐
dosteal, central, and perisinusoidal [13,16]. Histological and functional assays showed that
HSC and primitive progenitors preferentially colonize the endosteal and subendosteal regions
– close to the bone surface. Intermediate progenitors and differentiated cells are distributed in
the central and perisinusoidal niches, respectively [13,14,16–21]. Due to their close range,
endosteal and subendosteal regions are usually identified as one niche, named “endosteal
niche”. However, these two regions harbor very distinct stromal cells [15,22,23] and must then
be considered as two different niches, as they play distinct roles on HSC behavior.

Based on the expression of different surface markers [24,25] one can isolate the long-term HSC
separately from other progenitors. Under physiological conditions, 20%-30% of the HSC are
in a quiescent stage. Studies have shown that slow-cycling HSC are found in association with
endosteal osteoblasts [19,21,26]. On the other hand, most of the fast-cycling HSC are found in
close association with perivascular cells of the blood vessels distributed in the subendosteal
zone [27,28]. This has been described in vivo in long-term BrdU retaining assays and myeloa‐
blation models. In experimental in vivo myelosuppressive models, HSC colonizing the
vascular niches in the subendosteal region are mostly ablated. Almost all HSC in contact with
endosteal osteoblasts are preserved [20,28]. By the time this chapter has been written, the
existence of the two separate yet complimentary niches is still questioned by a few authors
based on technical issues arguments.

The role of endosteal osteoblasts on the HSC maintenance and self-renewal was first proposed
in vitro by Taichman and Emerson [14,29,30] and later evidenced in vivo by others [31–33]. In
transgenic animals, increased numbers of osteoblasts results in an increased number of long-
term HSC, without affecting any other hematopoietic subpopulation in the bone marrow [31,
32,34]. Furthermore, when osteoblasts are removed from the marrow cavity, HSC numbers
reduces drastically [33]. This is evidence that osteoblasts play a crucial role in HSC maintenance
and behavior.

On the same study mentioned before, Lambertsen and Weiss [13] showed that most of the
perivascular niches harboring HSC are distributed in the subendosteal zone. In the perivas‐
cular niche [19,20,27], HSC reside on the abluminal side of bone marrow sinusoids, and are
supported by the endothelial and perivascular reticular cells. HSC residing in the perivascular
niche are in close association with reticular cells, which express high levels of CXCL12, a
chemokine required for HSC maintenance and lodging [17,27]. Most of the cells creating the
proliferative niche express CXCL12. In situ observation demonstrated that most of hemato‐
poietic stem cells are concentrated in the trabecular zone of the marrow cavity, which also
harbors high numbers of niche osteblasts, sinusoids, and CXCL12-positive reticular cells.
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Nonetheless, HSC maintenance by both endosteal and perivascular niches are, at least in part,
mediated by Jagged-Notch and angiopoietin-1-Tie2 interactions [20,27,31,32].

So, all in one thought, in the bone marrow, there are two distinct niches to harbor HSC, referred
as to “proliferative niche” and “quiescent niche”, which are composed by perivascular cells
and endosteal osteoblasts, respectively [15,22,31,32,35,36]. The real conversation between these
niches, and how other elements, such as the immune system, would contribute to the niche
formation, organization and dynamics are still to be understood.

The technique to isolate and culture separately endosteal osteoblasts and subendosteal
reticular/perivascular cells from the marrow cavity of murine long bones was established [15]
and global gene analyses data suggest that both endosteal and subendosteal stroma contribute
to the formation of both niches in the marrow.

2. T cells as messengers from the periphery to the hematopoietic bone
marrow

2.1. An overview of the immune system

The immune system is composed of hematopoietic cells, which we can be characterized
according to the way they recognize and respond to antigens.

The innate immune system, phylogenetically, arises before the adaptive immune system and
is so called because its ability to respond to antigens is ready and immediate. Characteristically,
the innate immune cells recognize antigen through Pathogen Recognition Receptors (PRR),
which are evolutionary conserved and can be common to different cell types. PRRs recognize
defined molecular patterns from a pathogen [37] or something that is 'dangerous' to the body
[38]. These molecular patterns, which are named Pathogen or Danger Associated Molecular
Patterns (PAMPs or DAMPs), are poorly present or even absent in healthy mammals and are
rich in or characteristics of bacteria, fungi, virus and so on. The cellular composition of the
innate immune system is represented by phagocytes (granulocytes, monocytes/macrophages
and dendritic cells) which deals with antigen, ultimately, eliminating it by phagocytosis or
secretion of the internal granules content, and some lymphocytes as Natural Killer (NK) cells,
γδ T cells and B1 cells. In common, all these cellular types promptly respond to antigen and
will do so in the same time frame and efficiency regardless their previous experience with the
same antigen.

The adaptive immune system is so called because its components do not mount an immediate
response to antigen. They need to be stimulated in order to mature their effectors functions
and these take 3-5 days to happen, and will only be clinically effective after 7 days. Although
it takes a while for the adaptive immune response to occur, it does so only once-on the first
encounter with the antigen. On the following and subsequent encounters with the same
antigen, the response will be fast occurring in less than 24h, revealing the existing memory
response. Characteristically, the antigen recognition is done by antigen recognition receptors,
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which are diverse at the population level and clonal and unique at individual cell level. These
clonal receptors are not conserved and are generated by gene rearrangements during ontogeny
of T-and B-lymphocytes, the cellular components of the adaptive immune system.

Innate immune cells and cells from the adaptive immune system mostly differentiate within
the adult bone marrow, except for T lymphocytes that differentiate inside the thymus but also
arise from hematopoietic progenitors. Although we can didactically separate the immune
system into two categories, an effective immune response depends on both innate and adaptive
cells. For T cells to be activated, they depend to see antigen complexed to the Major Histo‐
compatibility Molecules (MHC) presented to them by antigen presenting cells (APC), having
the dendritic cells (DC) as the most important cell type to initiate the response, or to prime the
adaptive immune response. Also, the cytokines secreted by DC at the moment of antigen
presentation, will define the fate of the T cell, meaning the cytokines these T cells will present
or their specialization on Th1, Th2, Th17, etc for CD4+T cells or Tc1, Tc2, etc for CD8+cells.
Also, the antibody class produced by B cells – IgG, IgA, IgE, etc – will be defined by cytokines
produced by a given CD4T cell which will 'help' the given B cell at the moment of its activation.
So, indirectly, it depends upon the APC which will modulate the CD4 fate. On the other hand,
although the cells from the innate immune system can play their role independently, T helper
cells can efficiently modulate it and, for example, optimize the microbicidal function of
macrophages or even down modulate it. Also, through their role on dictating the immuno‐
globulin isotype to B cells, T cells will indirectly act on opsonization which will ultimately be
effective through the innate system by optimizing phagocytosis and activation of phagoctyes
and granulocytes, all actors of the so called innate response.

The important point to have in mind here, before getting into the T cells inside the bone
marrow, is that the effective immune response depends on T cells and an important part of
the immune effector mechanisms rely on the collaboration between adaptive and innate
responses, with the innate response being in many cases, the main players at the effector phase.

2.2. Bone marrow : A hospitable environment for T cells

After maturation inside the thymus, T cells gain the peripheral blood circulation and enter the
secondary lymphoid organs (SLO) - lymph nodes and spleen - where they can be activated.
Classically, these two SLO are considered the sites of naive T cell activation given their
architecture, which allows concentration of antigen, DCs and naive T cells in the same
neighborhood. This architecture is extremely important given the low frequency of antigen
specific T cells making it difficult to meet with antigen, by chance, anywhere in the body.

Primed T cells will generate effectors cells, which will deal with the incoming antigen in the
short-term response and will be vanished after antigen clearance. Primed T cells will also
generate memory cells, which will be kept, even in the absence of antigen. Memory cells can
be found in the SLO and in tissues as different memory cell subpopulations. Those in the
tissues, are the effectors memory cells, which respond rather quickly after antigen exposure
and those in the SLO are considered the central memory cells, responsible for keeping the
memory pool and they take a little longer than effector memory cells to respond to antigen [39].
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reticular/perivascular cells from the marrow cavity of murine long bones was established [15]
and global gene analyses data suggest that both endosteal and subendosteal stroma contribute
to the formation of both niches in the marrow.

2. T cells as messengers from the periphery to the hematopoietic bone
marrow

2.1. An overview of the immune system

The immune system is composed of hematopoietic cells, which we can be characterized
according to the way they recognize and respond to antigens.

The innate immune system, phylogenetically, arises before the adaptive immune system and
is so called because its ability to respond to antigens is ready and immediate. Characteristically,
the innate immune cells recognize antigen through Pathogen Recognition Receptors (PRR),
which are evolutionary conserved and can be common to different cell types. PRRs recognize
defined molecular patterns from a pathogen [37] or something that is 'dangerous' to the body
[38]. These molecular patterns, which are named Pathogen or Danger Associated Molecular
Patterns (PAMPs or DAMPs), are poorly present or even absent in healthy mammals and are
rich in or characteristics of bacteria, fungi, virus and so on. The cellular composition of the
innate immune system is represented by phagocytes (granulocytes, monocytes/macrophages
and dendritic cells) which deals with antigen, ultimately, eliminating it by phagocytosis or
secretion of the internal granules content, and some lymphocytes as Natural Killer (NK) cells,
γδ T cells and B1 cells. In common, all these cellular types promptly respond to antigen and
will do so in the same time frame and efficiency regardless their previous experience with the
same antigen.

The adaptive immune system is so called because its components do not mount an immediate
response to antigen. They need to be stimulated in order to mature their effectors functions
and these take 3-5 days to happen, and will only be clinically effective after 7 days. Although
it takes a while for the adaptive immune response to occur, it does so only once-on the first
encounter with the antigen. On the following and subsequent encounters with the same
antigen, the response will be fast occurring in less than 24h, revealing the existing memory
response. Characteristically, the antigen recognition is done by antigen recognition receptors,
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which are diverse at the population level and clonal and unique at individual cell level. These
clonal receptors are not conserved and are generated by gene rearrangements during ontogeny
of T-and B-lymphocytes, the cellular components of the adaptive immune system.

Innate immune cells and cells from the adaptive immune system mostly differentiate within
the adult bone marrow, except for T lymphocytes that differentiate inside the thymus but also
arise from hematopoietic progenitors. Although we can didactically separate the immune
system into two categories, an effective immune response depends on both innate and adaptive
cells. For T cells to be activated, they depend to see antigen complexed to the Major Histo‐
compatibility Molecules (MHC) presented to them by antigen presenting cells (APC), having
the dendritic cells (DC) as the most important cell type to initiate the response, or to prime the
adaptive immune response. Also, the cytokines secreted by DC at the moment of antigen
presentation, will define the fate of the T cell, meaning the cytokines these T cells will present
or their specialization on Th1, Th2, Th17, etc for CD4+T cells or Tc1, Tc2, etc for CD8+cells.
Also, the antibody class produced by B cells – IgG, IgA, IgE, etc – will be defined by cytokines
produced by a given CD4T cell which will 'help' the given B cell at the moment of its activation.
So, indirectly, it depends upon the APC which will modulate the CD4 fate. On the other hand,
although the cells from the innate immune system can play their role independently, T helper
cells can efficiently modulate it and, for example, optimize the microbicidal function of
macrophages or even down modulate it. Also, through their role on dictating the immuno‐
globulin isotype to B cells, T cells will indirectly act on opsonization which will ultimately be
effective through the innate system by optimizing phagocytosis and activation of phagoctyes
and granulocytes, all actors of the so called innate response.

The important point to have in mind here, before getting into the T cells inside the bone
marrow, is that the effective immune response depends on T cells and an important part of
the immune effector mechanisms rely on the collaboration between adaptive and innate
responses, with the innate response being in many cases, the main players at the effector phase.

2.2. Bone marrow : A hospitable environment for T cells

After maturation inside the thymus, T cells gain the peripheral blood circulation and enter the
secondary lymphoid organs (SLO) - lymph nodes and spleen - where they can be activated.
Classically, these two SLO are considered the sites of naive T cell activation given their
architecture, which allows concentration of antigen, DCs and naive T cells in the same
neighborhood. This architecture is extremely important given the low frequency of antigen
specific T cells making it difficult to meet with antigen, by chance, anywhere in the body.

Primed T cells will generate effectors cells, which will deal with the incoming antigen in the
short-term response and will be vanished after antigen clearance. Primed T cells will also
generate memory cells, which will be kept, even in the absence of antigen. Memory cells can
be found in the SLO and in tissues as different memory cell subpopulations. Those in the
tissues, are the effectors memory cells, which respond rather quickly after antigen exposure
and those in the SLO are considered the central memory cells, responsible for keeping the
memory pool and they take a little longer than effector memory cells to respond to antigen [39].
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However, the above mentioned circulation pattern and activation sites of mature T cells had
been challenged and revitalized by studies on BM T cells in the last decade.

T cells account for only 3-8% of total BM cells, what seems a small number, but in fact it is
estimated to be close to or even higher than the number of T cells in the spleen when all
hematopoietic bones are considered [40]. Moreover, the CD4 to CD8 ratio is 1:2 instead of the
2:1 ratio found in peripheral blood, indicating a local microenvironmental regulation of these
cell subsets. Interestingly, these cells do not seem to be BM resident cells nor depend on antigen
presence for its location in the bone marrow. Naive as well as memory T cells carry CXCR4, a
receptor for CXCL12 (SDF1) a critical chemokine produced by stromal cells in the bone
marrow, which play a significant role on HSC migration into the BM and its specific niche.
Although both, memory and naive cells can respond to CXCL12 in migration assays, memory
or activated cells respond more efficiently [41]. Besides, parabiont studies had shown that
activated/memory CD4 and CD8 T cells recirculate and distribute equally through SLO and
BM between the two animals [42,43] indicating that T cells recirculate through the BM.

Antigen recognition in the bone marrow could be one important requirement to keep them
there not only as spectators but as active cells influencing the microenvironment. Of note is
the fact BM CD8 T cells are extremelly active, with a proliferation rate in vivo higher than the
ones in spleen and lymph nodes [44,45] Similarly, BM CD4 T cells produce high amounts of
cytokine in the absence of intentional stimulation [46,47]. However, in the case of CD8 cells,
when taken out from the BM, their behavior in vitro is similar to the one from splenic cells,
indicating that this is not an intrinsic characteristic of BM cells, but is a modulation imposed
by the BM microenvironment [40]. The presence of antigen is actually possible, as bone marrow
DC were shown to present blood born antigens to naive CD4 and CD8 T cells [48]. Moreover,
not only DCs, but other myeloid cells can also present antigen to naive BM T cells, what is not
observed in spleen where T cell primming depends mostly on DCs [49]. Another curious fact
about the bone marrow environment and T cells is that antigen specific cells are found in
several diseases but do not always relate to the presence of antigen, neither in the bone marrow
nor in the periphery [40]. Memory CD8 T cells are maintained by IL-7 and IL-15 which are
produced in copious amounts by stromal cells in the BM. On the other hand, memory CD4
cells do not need recognition of MHC with the cognate peptide, but depend on the presence
of MHC and IL-7 to be maintained.

So, it seems that the BM environment have all the requirements to attract and eventually keep
T cells active: BM DC and other myeloid cells can present antigen and prime T cells, the stroma
produces IL-7 and IL-15 necessary for memory CD8 maintenance, and hematopoietic cells in
the marrow express MHC molecules fulfilling the requirements to maintain memory CD4 cells.

But what are these cells doing in the bone marrow, since the majority of infections are not BM
specific, and in pathological conditions such as cancer, antigen specific cells are found there
in the absence of the pathogenic antigen? (although the antigen peptide might be presented
by BM DCs as mentioned above)
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2.3. T cell help for hematopoiesis

BM is especialized in generating hematopoietic cells and T cells localize in the hematopoietic
niche, on the perivascular regions where pericytes are present being one of the stem cell niches
[50]. These data show that T cells are in close physical contact with the hematopoietic envi‐
ronment. In infectious situations, it appears that T cell amplification of hematopoiesis is
required to clear pathogens [51–53]. These can be achieved by local secretion of cytokines by
T cells (at the expense of antigen recognition in situ) including GM-CSF, IL-3, IL-4, IL-5, IL-6,
IL-13, IL17 and oncostatin M, which all contribute to amplify granulocyte generation inside
the bone marrow. However, the role of T cells in "normal" hematopoiesis has not been
extensively considered as normal hematopoiesis is considered an innate immune phenomena
independent of antigen recognition.

The relationship between hematopoiesis and T cells was first suggested almost 40 years ago
when it was shown that 1-day thymectomized mice were anemic, showed arrested erythroid
maturation and reduction in the number of spleen colony-forming units in the bone marrow
and spleen [54,55]. In addition, intravenous injection of live thymocytes accelerated hemato‐
poietic reconstitution in sublethally irradiated mice [56]. In the 90's it was suggested that
singeneic T cells could stimulate the growth of hematopoietic progenitors [57]. Much more
recently, it was clearly shown that T cell deficient mice (nude and SCID mice) have a severe
reduction in the number of granulocytes in peripheral blood, despite the high frequency of
granulo-monocytic progenitors in the bone marrow. By injecting CD4 T cells into these
animals, the peripheral cytopenia was corrected and the number of progenitors accumulated
in the bone marrow diminished to levels similar to the ones found in normal euthymic animals
[46]. Moreover, studies with TCR transgenic mice in the RAGKO background, i.e., in the
absence of endogenous gene rearrangements to guarantee that the only T cell specificity in the
animals was the one from the transgenic receptor, evidenced the same altered hematopoiesis
present in the T cell deficient mice: accumulation of immature myeloid-monocytic progenitors
in the BM and granulopenia in the peripheral blood. Also, their BM T cells did not show the
characteristic activated phenotype found in regular animals. Strikingly after injection of the
cognate antigen, BM T cells became activated and the abnormal hematopoietic phenotype was
corrected.

All these results show that T cells, as antigen recognition entities present in the periphery, act
as messengers to the hematopoietic bone marrow. They traffic to the bone mainly after
activation, recognize antigen within the bone cavity and help hematopoiesis so that it acquire
the so-called 'normal' configuration. Normal hematopoiesis is not a phenomenon independent
of the adaptive immune response, but is a response to an immunological insult, instructed by
T cells (Figure 1).

At the end, this makes a lot of sense since the optimal effector immune mechanisms relies on
innate immune cells acting on its best with components of the adaptive responses. And if
memory response need to be fast and precise, T cells need to be rapidly activated and find their
way to the bone marrow to instruct hematopoiesis to produce more of effectors. In the absence
of enough phagocytes, and these in the absence of T cell help and immunoglobulins, the
response will not be as efficient as necessary to counteract an invasive pathogen.
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animals was the one from the transgenic receptor, evidenced the same altered hematopoiesis
present in the T cell deficient mice: accumulation of immature myeloid-monocytic progenitors
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cognate antigen, BM T cells became activated and the abnormal hematopoietic phenotype was
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All these results show that T cells, as antigen recognition entities present in the periphery, act
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the so-called 'normal' configuration. Normal hematopoiesis is not a phenomenon independent
of the adaptive immune response, but is a response to an immunological insult, instructed by
T cells (Figure 1).

At the end, this makes a lot of sense since the optimal effector immune mechanisms relies on
innate immune cells acting on its best with components of the adaptive responses. And if
memory response need to be fast and precise, T cells need to be rapidly activated and find their
way to the bone marrow to instruct hematopoiesis to produce more of effectors. In the absence
of enough phagocytes, and these in the absence of T cell help and immunoglobulins, the
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3. Roommates in the bone cavity: Tumor cells, HSC and T cells

3.1. The crosstalk between T cells and bone: An overview of osteoimmunology

First of all, bone marrow is in close contact with bone tissue formed by the organized deposits
of type I collagen and hydroxyapatite, a calcium phosphate salt, in which bone cells are
distributed. Rather than being an inert matrix, bone undergoes a continuous turnover:
osteoblast activity resulting in bone deposition is counteracted by osteoclast mediated bone
resorption. Osteoblasts are cells of mesenchymal origin, whereas osteoclasts are of hemato‐
poietic origin ─ multinucleated giant cells, derived from monocytes/macrophages progenitors
expressing CD11b–c, CD14 and receptor activator of nuclear factor, (RANK). Curiously,
several factors regulating bone homeostasis are also molecular players of the immune
response. For example, the TNF family member RANK ligand (RANKL) (also called TRANCE,
OPGL, ODF), a potent regulator of osteoclast activation and differentiation, is expressed not
only by osteoblasts, but also by monocytes, neutrophils, dendritic cells, B cells and activated
CD4 and CD8 T cells [58–61]. RANKL mediates its biological effects by binding to RANK,
expressed by osteoclast progenitors, mature osteoclasts, DCs and neutrophils [60,62]. RANKL
can also bind to the soluble protein osteoprotegerin (OPG), which acts as an inhibitory decoy
receptor and can be produced by osteoblasts, DCs and B cells [58–61]. By binding to RANK,
RANKL strongly stimulates bone resorption, contributes to lymph node organogenesis,
prolongs DC survival and augments DC adjuvant properties [63].
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Once both immune and skeletal systems share many regulatory elements, including some
which are key in bone remodelling, it seems reasonable to think that these two systems interact
with each other. Indeed, the new and complex interdisciplinary field of osteoimmunology
implies the concept that bone, and its cavity, crosstalk with the immune system. Osteoimmu‐
nology investigates the interactions between these two systems, since bone marrow stromal
cells express surface molecules essential for hematopoiesis─ from which all cells of the
mammalian immune system derive ─ and stimulate immune cells, which produce various
regulatory cytokines that influence the bone fate [58,64].

It is clear that immune cells producing pro-inflammatory cytokines contribute to bone damage
by potentiating the effects of RANK/RANKL/OPG pathway. The cytokines TNF-α, interleukin
(IL)-1, IL-3, IL-6, IL-7, IL-11, IL-15 IL-17A/F, and prostaglandin-E2 (as well hormones and
related peptides as parathyroid hormone, parathyroid hormone-related protein, and gluco‐
corticoids, besides 1,25(OH)2 vitamin D3) potentiate bone loss either by increasing osteoclast
generation and activation or by inducing RANKL expression by the osteoblasts [60]. On the
other hand, IL-4, IL-5, IL-10, IL-12, IL-13, IL-18 and interferon (IFN)-α, IFN-β and IFN-γ are
inhibitors of osteoclastogenesis by blocking RANKL signalling, either directly or indirectly
[58,59]. Interestingly, IL-1 is a stimulator of TRAF6 expression on the osteoclast, thereby
potentiating RANK/RANKL signaling cascade, whereas IFN-γ is known to downregulate
TRAF6 by proteossomal degradation aborting osteoclast formation [58,65]. In contrast with
this effect, IFN-γ has also been implicated in osteoclast formation and bone resorption,
underlining the controversial role of IFN-γ in osteoclastogenesis [59,61,63,66].

The crosstalk mechanisms between T cells and osteoclasts have been extensively documented.
The key role of Th 17 CD4 T cells, ─ an osteoclastogenic subclass of T cells expressing
membrane and soluble RANKL, IL-17A/F and TNFa ─ on exacerbated and uncontrolled
function of osteoclasts, has been investigated in models of inflammatory diseases, such as
autoimmune rheumathoid arthritis [58,59], periodontitis [67], multiple myeloma [61] and
breast tumor skeletal metastasis [68]. Nevertheless, the literature of this field has also been
showing that these exacerbated osteoclast pattern, might also be controlled by other T cells
subsets as regulatory CD4 T (Treg) cells. T reg cells produce anti-osteoclastogenic cytokines
such as IL-4, IL-10 and TGF-β and express CTLA-4 inhibiting bone destruction [69,70]. Besides
that, recently, it was showed that osteoclasts can present antigenic peptides to CD8 T cells,
apart from CD4 T cells, resulting in FoxP3 expression. In this way, CD8 FoxP3+cells function
as CD8 Treg cells, able to cause an inappropriate activation of the immune response through
reciprocal interactions between CD137/CD137L and RANK/RANKL pathways. CD137,
expressed on T cells, is a co-stimulatory molecule induced by TCR activation and its ligand,
CD137L, is expressed on DCs and osteoclasts precursors. Once T cell CD137 binds to CD137L
on osteoclasts precursors, multinucleation of osteoclasts is suppressed.. However, CD137/
CD137L will signal simultaneously with RANKL/RANK on the Tcell/Osteoclast pair and this
might lead to increased apoptosis by T cells [71]. Therefore, in pathological conditions, the
effects of T cells on osteoclastogenesis will depend on the balance between positive and
negative factors that they express.
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First of all, bone marrow is in close contact with bone tissue formed by the organized deposits
of type I collagen and hydroxyapatite, a calcium phosphate salt, in which bone cells are
distributed. Rather than being an inert matrix, bone undergoes a continuous turnover:
osteoblast activity resulting in bone deposition is counteracted by osteoclast mediated bone
resorption. Osteoblasts are cells of mesenchymal origin, whereas osteoclasts are of hemato‐
poietic origin ─ multinucleated giant cells, derived from monocytes/macrophages progenitors
expressing CD11b–c, CD14 and receptor activator of nuclear factor, (RANK). Curiously,
several factors regulating bone homeostasis are also molecular players of the immune
response. For example, the TNF family member RANK ligand (RANKL) (also called TRANCE,
OPGL, ODF), a potent regulator of osteoclast activation and differentiation, is expressed not
only by osteoblasts, but also by monocytes, neutrophils, dendritic cells, B cells and activated
CD4 and CD8 T cells [58–61]. RANKL mediates its biological effects by binding to RANK,
expressed by osteoclast progenitors, mature osteoclasts, DCs and neutrophils [60,62]. RANKL
can also bind to the soluble protein osteoprotegerin (OPG), which acts as an inhibitory decoy
receptor and can be produced by osteoblasts, DCs and B cells [58–61]. By binding to RANK,
RANKL strongly stimulates bone resorption, contributes to lymph node organogenesis,
prolongs DC survival and augments DC adjuvant properties [63].
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Once both immune and skeletal systems share many regulatory elements, including some
which are key in bone remodelling, it seems reasonable to think that these two systems interact
with each other. Indeed, the new and complex interdisciplinary field of osteoimmunology
implies the concept that bone, and its cavity, crosstalk with the immune system. Osteoimmu‐
nology investigates the interactions between these two systems, since bone marrow stromal
cells express surface molecules essential for hematopoiesis─ from which all cells of the
mammalian immune system derive ─ and stimulate immune cells, which produce various
regulatory cytokines that influence the bone fate [58,64].

It is clear that immune cells producing pro-inflammatory cytokines contribute to bone damage
by potentiating the effects of RANK/RANKL/OPG pathway. The cytokines TNF-α, interleukin
(IL)-1, IL-3, IL-6, IL-7, IL-11, IL-15 IL-17A/F, and prostaglandin-E2 (as well hormones and
related peptides as parathyroid hormone, parathyroid hormone-related protein, and gluco‐
corticoids, besides 1,25(OH)2 vitamin D3) potentiate bone loss either by increasing osteoclast
generation and activation or by inducing RANKL expression by the osteoblasts [60]. On the
other hand, IL-4, IL-5, IL-10, IL-12, IL-13, IL-18 and interferon (IFN)-α, IFN-β and IFN-γ are
inhibitors of osteoclastogenesis by blocking RANKL signalling, either directly or indirectly
[58,59]. Interestingly, IL-1 is a stimulator of TRAF6 expression on the osteoclast, thereby
potentiating RANK/RANKL signaling cascade, whereas IFN-γ is known to downregulate
TRAF6 by proteossomal degradation aborting osteoclast formation [58,65]. In contrast with
this effect, IFN-γ has also been implicated in osteoclast formation and bone resorption,
underlining the controversial role of IFN-γ in osteoclastogenesis [59,61,63,66].

The crosstalk mechanisms between T cells and osteoclasts have been extensively documented.
The key role of Th 17 CD4 T cells, ─ an osteoclastogenic subclass of T cells expressing
membrane and soluble RANKL, IL-17A/F and TNFa ─ on exacerbated and uncontrolled
function of osteoclasts, has been investigated in models of inflammatory diseases, such as
autoimmune rheumathoid arthritis [58,59], periodontitis [67], multiple myeloma [61] and
breast tumor skeletal metastasis [68]. Nevertheless, the literature of this field has also been
showing that these exacerbated osteoclast pattern, might also be controlled by other T cells
subsets as regulatory CD4 T (Treg) cells. T reg cells produce anti-osteoclastogenic cytokines
such as IL-4, IL-10 and TGF-β and express CTLA-4 inhibiting bone destruction [69,70]. Besides
that, recently, it was showed that osteoclasts can present antigenic peptides to CD8 T cells,
apart from CD4 T cells, resulting in FoxP3 expression. In this way, CD8 FoxP3+cells function
as CD8 Treg cells, able to cause an inappropriate activation of the immune response through
reciprocal interactions between CD137/CD137L and RANK/RANKL pathways. CD137,
expressed on T cells, is a co-stimulatory molecule induced by TCR activation and its ligand,
CD137L, is expressed on DCs and osteoclasts precursors. Once T cell CD137 binds to CD137L
on osteoclasts precursors, multinucleation of osteoclasts is suppressed.. However, CD137/
CD137L will signal simultaneously with RANKL/RANK on the Tcell/Osteoclast pair and this
might lead to increased apoptosis by T cells [71]. Therefore, in pathological conditions, the
effects of T cells on osteoclastogenesis will depend on the balance between positive and
negative factors that they express.
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In addition to inflammatory pathological conditions, increasing evidence supports the notion
that T cells are also involved in post-menopausal osteoporosis [66]. Experiments in mice
showed that, in the absence of estrogens, higher numbers of TNF-α producing T cells were
found in the bone marrow, stimulating directly osteoclasts activity and augmenting their
response to RANKL. By comparing peripheral blood mononuclear cells from pre and post-
menopausal women, it was observed that estrogen deficiency was associated with an increased
production of TNF-α. The action of TNF-α is not limited to the induction of local inflammation,
but is both directly and indirectly involved in the activation of osteoclasts. Although further
work is necessary to clarify the complex changes leading to post-menopausal osteoporosis in
women, a pro-osteoclastogenetic contribution of T cells has to be taken into account.

Finally, it was documented that T cells have a protective role on bone turnover under phys‐
iological conditions [66,72]. Hints that this modulation may occur came from in vitro studies
showing that osteoclastogenesis was inhibited by CD8 T cells. Moreover, after CD3 and CD28
activation, mouse lymph node CD8 T cells showed a delayed kinetics of RANKL expression,
as compared with corresponding CD4 T cells. Culture of bone marrow cells from CD4 and
CD8 T cell depleted mice showed enhanced osteoclastogenesis in response to 1,25(OH)2
vitamin D3 stimulation, suggesting that T cells had a suppressive effect in this system [6].
Moreover, the protective role of T cells on bone metabolism was also documented by in vivo
studies, showing that both B cell-and T cell-deficient mice have decreased bone mineral
density. A detailed analysis demonstrated that osteoporosis was prevented by osteoprotegerin
produced by bone marrow resident B cells stimulated by T cells through CD40L/CD40
interactions. In contrast, IL-17A does not play any relevant role in physiological bone homeo‐
stasis, as IL17A-deficient mice show normal bone mineral density and skeletal development
[6]. Taken together, these findings support the notion that bone marrow derived CD4 and CD8
T cells play a protective role in physiological bone homeostasis, using pathways different from
those associated with inflammatory bone diseases.

3.2. Inflammatory bone diseases: Rheumatoid arthritis as a model of T cell involvement in
bone diseases

Rheumatoid arthritis (RA) is the prototype of chronic inflammatory joint diseases and is
characterized by persistent inflammation and progressive bone erosions, leading to functional
disability and high morbidity. In this disease it is clear that the pro-inflammatory cytokines
IL-17A, TNF-α, IL-1 and IL-6 are involved in the perpetuation of the inflammatory condition.
The RANK/RANKL/OPG pathway is also strongly involved in RA pathology and it was
observed that the RANKL/OPG ratio is increased, leading to bone erosions [58,59]. This effect
is mainly dependent on osteoclastic activity and is expressed by two main mechanisms: i)
destruction of the organic matrix (type I collagen) by osteoclast cathepsin K, and ii) dissolution
of the mineralized component (hydroxyapatite crystals) by the acidic microenvironment
generated by the osteoclastic proton pump.

In RA, T cell derived RANKL was initially proposed to be the main contributor to exacerbated
osteoclastogenesis, but Th17 RANKL+ subset T cells from RA joints also produce IFN-γ, an
anti-osteoclastogenic cytokine, which counterbalance the action of RANKL [58–61]. Thus, in
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such model, it is not clear whether Th17 RANKL+ subset T cells exert a direct effect on
osteoclastogenesis. It is more likely that Th17 RANKL+ subset T cells contribute indirectly
through IL-17A activity over sinovial fibroblasts which produce RANKL and directly stimu‐
lates osteoclastogenesis. Another T cell shown to be potentially envolved is the CD4 Treg
subset. In fact, an increase of Treg CD4 T cell number improves clinical signs of arthritis and
suppressed local and systemic bone destruction. Synovial tissues of patients with RA also
produce many factors regulating bone resorption, such as TNF-α, IL-1 and IL-6, which amplify
osteoclast differentiation, activation and consequent bone destruction. Inhibitors that target
TNF-α, IL-1 and IL-17A pro-inflammatory and osteoclastogenic cytokines have been approved
for the treatment of RA.

More recently, investigators also demonstrated that RANKL plus macrophage colony-
stimulating factor can induce transdifferentiation of immature dendritic cells into the osteo‐
clastogenic lineage and that this process is significantly enhanced by RA synovial fluid [73].
Dendritic cells are antigen presenting cells, but they could function as osteoclasts precursors
in inflammatory conditions. We can conclude that since dendritic cells modulate T cell activity
through the RANK/RANKL pathway and other cytokines associated with osteoclastogenesis,
as mentioned earlier, it can function as an osteoimmune interface, contributing to bone loss in
inflammatory diseases.

Although T cells clearly contribute to RA pathology, they do so in the outer face of the bone,
outside the bone marrow cavity. By the same token, periodontal disease, which had been
shown to be dependent of Th17 RANKL+ T cells activated by bacteria present in the oral cavity
also lead to extra medullary lesions [67]. Similar mechanisms might act in pathological
situations arising within the bone marrow cavity such as post-menopausal osteoporosis and
cancers, as myeloma and solid tumor metastasis. In either case it is clear the potential for the
adaptive immune system to interact with the bone remodelling system.

3.3. Cancer: Multiple myeloma as an example of bone marrow derived tumors

Multiple myeloma (MM) is a clonal B-cell malignancy characterized by an accumulation of
mature plasma cells in the bone marrow, leading to bone destruction and failure of normal
hematopoiesis. However the cancer induced osteolytic disease in this case, may count on T cell
activity inside the bone marrow, in addition to the presence of the tumor itself [61]. In multiple
myeloma patients with lytic bone disease, it was observed an increase in bone marrow Th17
T cells expressing high levels of RANKL that can directly stimulate osteoclasts [49,74];
moreover, increased production of T cell derived IL-3, occurring in this disease, can inhibit
osteoblast generation and facilitate hematopoiesis.

This is one the few, if not the only, malignant bone marrow disease associated with bone loss
where T cell activity has been studied, and actually shown to be concordant with osteolytic
activity. So, instead of having the osteolytic disease induced by cancer cells only, it is proposed
the participation of Th17 cells in the pathogenesis of lytic lesions in bone marrow malignancies.
In fact, as reported for other human malignacies [75] and in accordance to the phenotype of
BM T cells, the number of memory/activated T cells in MM patients is increased, their activity
is enhanced and they proliferate much more efficiently than blood derived T cells. These data
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suggest that BM T cells in pathological, non-infectious conditions such as cancer, can also
migrate to the bone marrow and in addition to its effects over hematopoiesis, as discussed
above, they can also influence bone remodelling.

3.4. Breast tumor skeletal metastasis: the case of osteolytic bone disease in the absence of
tumor cells

Bone metastases, present in 70% of patients with metastatic breast cancer, lead to skeletal
disease, fractures and intense pain, which are all believed to be mediated by tumor cells.
Engraftment of tumor cells is supposed to be preceded by changes in the target tissue to create
a permissive microenvironment, the pre-metastatic niche, for the establishment of the meta‐
static foci. In bone metastatic niche, metastatic cells stimulate bone consumption resulting in
the release of growth factors that feed the tumor, establishing a vicious cycle between the bone
remodelling system and the tumor itself [76]. Yet, how the pre-metastatic niches arise in the
bone tissue remains unclear.

As already mentioned before, CD4 and CD8 T cells have been shown to unbalance the bone
remodeling process in inflammatory osteolytic diseases, however, little is known about their
role in cancer induced bone disease, a process that differs from inflammatory diseases as in
the former it happens in the bone cavity and not on the periosteal surface.

It had been shown, in an experimental model, that tumor specific T cells have a pro-osteoclas‐
togenic phenotype, i.e., Th17 producers of IL-17F and RANKL among others, when tumors
are highly metastatic. On the other hand, the T cell phenotype was not pro-osteoclastogenic,
and even rich in anti-osteoclastogenic cytokines as IFN-γ and IL-10, if the tumor was localized
to the breast and incapable of sending metastasis to any distant organ, including the BM. This
suggest that T cells activity is modulated by the tumor since sibling cell lines, with different
metastatic characteristics and sharing the same cognate T cell antigen, trigger different T cell
phenotypes.

The pro-osteoclastogenic T cell phenotype observed with metastatic tumor was evident inside
the BM, and preceded bone metastatic colonization. Also, osteolytic lesions were already
present very early on disease evolution, and again, before metastatic colonization. By trans‐
fering BM T cells from animals bearing the highly aggressive tumors, before metastasis started,
to athymic mouse which never saw tumors, led to an intense osteolytic disease, similar in
kinetics and intensity to the one observed in the tumor bearing donor animals. These indicate
that T cells can induce osteolytic disease which precedes metastatic colonization. In vivo
inhibition of RANKL production by Th17 CD4 T cells, but not of IL-17F, completely protects
mice from osteolytic disease and, surprisingly, completely abolishes the development of bone
metastases, suggesting that CD4 T cells prepare the metastatic niche for further establishment
of tumor cells. In conclusion, these results unveil an unexpected role for RANKL derived from
T cells in setting the pre-metastatic niche and promoting tumor spread, an extra role for T cells
only recently explored (Figure 2).
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In summary, for tumor cells to first establish in the bone marrow niche, growth factors need
to be available favoring its hostage, in other words, a pre-metastatic niche needs to be prepared.
On that sense, again, T lymphocytes work as messengers from the periphery as they migrate
to the BM after they get primed by tumor antigens. In the BM, they signal and alter bone
homeostasis as to prepare the pre-metastatic niche instructed by the tumor modulation of T
cell phenotype in the periphery [68].

4. Conclusions and perspectives

From all of the above it can be depicted that once the hematopoietic niche depends upon the
bone lining osteoblasts, it is reasonable to expect an interplay between bone and hematopoietic
regulation. On the other hand, it is known that T lymphocytes also communicate with the
hematopoietic and bone tissues adding more complexity to the whole balance of these systems.

T cells in the bone marrow are compatible with memory cells and found in their activated state.
In the absence of T cells, hematopoiesis is altered and a maturation arrest is observed in the
bone marrow, were high numbers of immature myelo-monocytic progenitors are found
accompanied by peripheral cytopenia. When T cells are replenished, the bone marrow arrested
progenitors progress, differentiate and migrate to the periphery, correcting the myelogram
and the peripheral cytopenia. This is conceptually important since what we use to understand
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In summary, for tumor cells to first establish in the bone marrow niche, growth factors need
to be available favoring its hostage, in other words, a pre-metastatic niche needs to be prepared.
On that sense, again, T lymphocytes work as messengers from the periphery as they migrate
to the BM after they get primed by tumor antigens. In the BM, they signal and alter bone
homeostasis as to prepare the pre-metastatic niche instructed by the tumor modulation of T
cell phenotype in the periphery [68].

4. Conclusions and perspectives

From all of the above it can be depicted that once the hematopoietic niche depends upon the
bone lining osteoblasts, it is reasonable to expect an interplay between bone and hematopoietic
regulation. On the other hand, it is known that T lymphocytes also communicate with the
hematopoietic and bone tissues adding more complexity to the whole balance of these systems.

T cells in the bone marrow are compatible with memory cells and found in their activated state.
In the absence of T cells, hematopoiesis is altered and a maturation arrest is observed in the
bone marrow, were high numbers of immature myelo-monocytic progenitors are found
accompanied by peripheral cytopenia. When T cells are replenished, the bone marrow arrested
progenitors progress, differentiate and migrate to the periphery, correcting the myelogram
and the peripheral cytopenia. This is conceptually important since what we use to understand

Hematopoietic Stem Cells, Tumor Cells and Lymphocytes — Party in the Bone Marrow
http://dx.doi.org/10.5772/58843

99



as "normal" hematopoiesis, which should be an antigen independent activity, is already the
result of the adaptive immune response, which, in fact, need the innate immune cells to operate!

The localization of active T cells within the marrow cavity coincides with the "proliferative
niche" of adult HSC, or the perivascular niche. In fact, the evidences favor a T cell function on
the proliferative/differentiative phase of myelopoiesis and not on stem cell maintenance, as
stated above.

Hematopoietic stem cells are supported and regulated by stromal cells covering the inner
surface of bones, or the endosteum. The endosteum also supports bone remodeling and
osteoblasts are present there. The subendosteal region harbors pre-osteoblast, reticular cells
and mesenchymal stem cells, with higher hematopoietic supporting role, characterizing
different niches involved in different activities that might be cross-regulated somehow.

Activated T cells are able to interact with hematopoietic system, apparently on the proliferative
niche, and this is in close contact with the bone remodeling system. When activated, BM T cells
can increase osteoclastogenesis and this will favor, in case of a bone metastatic disease, the
establishment of bone colonization by the malignant cell. Curiously, metastatic cells in the BM
use the same niche as hematopoietic progenitor cells [77] and might well be regulated by
antigen specific activated T cells, which are able to prepare the pre-metastatic niche and
interfere with the hematopoietic niche. At one side, increase in osteoclasts numbers might be
the result of increased proliferation of myeloid progenitors, but it also result from direct T cell
signaling to stimulate osteoclast differentiation (figure 3).

Whether or not alterations on bone remodeling are directly linked to alterations in hemato‐
poiesis and vice-versa, and the dependency on the T cell adaptive immune response is still a
theme of debate.

Studies in germ free mice might elucidate the subject, since the absence of intentional stimu‐
lation is not synonymous of no stimulation making it difficult to address the immune regula‐
tion of blood and bone.

It is now believed that the commensal microbiota plays an important role on basically every
system related to immune response. Very recently, it was shown that Germ Free mice are
cytopenic not only in the peripheral blood, but also in the bone marrow. The cytopenia is
reversed after intestinal colonization with commensal bacteria [78] and this provide an optimal
tune to the immune system to fight infection. On the other hand, Germ Free mice were recently
shown to be osteopetrotic and this is reversed by colonization with commensal microbiota [79].
Moreover, in this report, the number and activation state of immune cells was analyzed and
in the BM, the number of T cells was diminished in GF mice and the frequency of osteoclast
precursors was also deficient. These are in accordance with the view that in the steady state,
recognition of antigen by T cells tune the bone remodelling system and this might be related
to hematopoietic activity.

Altogether, we provide evidence that, inside the BM there are at least two co-existing systems-
bone and hematopoietic-which can be regulated by T cells as they bring messages from the
periphery to the BM, resulting in hematopoietic/cancer niche and bone remodeling regulation

Adult Stem Cell Niches100

(figure 3). Whether or not, regulation of one system interferes with the other one, and most
important, to which extend, is still a matter of debate.

Figure 3. T cells modulate the bone and hematopoietic system after activation:. Antigen primed T cells, inside the BM,
produce cytokines which can act in both, hematopoiesis and bone remodeling. Depending on the stimuli, each of the
two systems can receive positive or negative signals. In the case exemplified here, positive signals for osteolytic disease
and myeloid cell expansion and maturation is shown. On this case, T cell help metastasis establishment and boost
hematopoiesis. (dark green : mature myeloid cells, light green: immature myeloid cells, Blue: T cells, brown: dendritic
cells, pink: osteoclas, red: tumor cells, pruple: osteoblast.
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Male stem Cell Niche and Spermatogenesis in the
Drosophila testis — A Tale of Germline-Soma
Communication
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1. Introduction

A fundamental question in biology is how communication and exchange of short-range signals
shape the microenvironment for setting up functional tissues. In all adult tissues and organs
harboring stem cells, tissue homeostasis and repair relies on the proper communication of stem
cells and their differentiating daughter cells with the local tissue microenvironment that homes
them [1, 2]. Stem cell research has made outstanding contributions on the factors that maintain
stem cells or drive them to generate differentiated daughter cells. The use of stem cells in the
development of cell-based medicine and in repairing malformed, damaged or aging tissues
demands a better understanding of stem cells at a molecular level and of how they behave in
their physiological context.

The basic principles controlling stem cell self-renewal versus differentiation are strikingly
conserved during evolution and their regulatory logic is often very similar among homologous
stem cell niches. Since the signaling pathways and their regulatory circuits are highly complex
in the mammalian system with significant molecular redundancy, they are often difficult to
study. Therefore, using a simpler model system such as the Drosophila testis allows us to
elucidate the underlying cellular and molecular mechanisms of stem cell maintenance and
differentiation in a straightforward way.

The Drosophila testis provides an excellent system to study in vivo how two closely apposed
cell types communicate and coordinate their reciprocal interaction. Recent advances in
spermatogenesis have shown that testis morphogenesis is achieved through the physical
contact and diffusible signals exchanged between the germline and the somatic cell popula‐
tions [3]. Moreover, the Drosophila testis provides a powerful system to study germline-soma

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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communication as it is possible to identify the different cell populations with specific markers,
study them within the context of their wild type surrounding and trace them after genetic
manipulations [2, 4]. Although several signaling molecules, cytoskeletal and other factors have
been so far identified, many aspects of the coordination of these events remain unsolved. Using
well-established genetic tools, cell-type specific markers and imaging techniques we can
manipulate cell function in a spatio-temporal specific way within the germline-soma micro‐
environment and decode how signal transmission and polarity are established, maintained
and coordinated on the mechanistic level. Therefore, elucidating the mechanisms and factors
that regulate these processes is crucial for understanding cell communication and coordination
per se, which is a prerequisite for the therapeutic applications in other stem cell systems and
in various tissue contexts.

The proposed chapter gives an overview of the Drosophila male stem cell niche and its
importance as a model system for understanding stem cell function. The chapter starts with
an introduction to the system, focusing on the importance of soma-germline communication,
mutual coordination and progressive co-differentiation. As next, follows the role of the stem
cell niche and signaling pathways in balancing stem cell maintenance and differentiation. The
specification and positioning of the stem cell niche is discussed, in view of recent data in the
field, which put the way we understand stem cell niche establishment and maintenance into
a new perspective. Finally, the role of septate junctions and cortical polarity components in
the somatic lineage is presented, together with open questions and challenges of the current
research in the field.

2. The Drosophila testis

Organogenesis of the Drosophila testis, a structure first made by the coalesce of germ cells and
somatic gonadal cells in late embryogenesis, proceeds continuously throughout embryonic
and larval stages, to reach maturation in adult stages. The embryonic gonad results from the
coalescence of the germ cells that completed migration and the somatic gonadal precursors
(SGPs). SPGs are mesodermal cells specified in bilateral clusters within the eve domain of
abdominal parasegments [5] 10 to 13 [6-9]. The development of male and female gonads
already differs at the time of gonad coalescence. In the male gonads three SGP populations are
identifiable by their different gene expression: the posterior-SGPs, the posterior male-specific
SGPs which die by apoptosis in females [6] and the anterior-SGPs which will give rise to the
hub, the core of the testicular niche which will recruit and organize the anterior-most germ
cells to become germline stem cells (GSCs) [10]. Therefore, it becomes evident that the different
SGP populations joining the male gonad orchestrate testis morphogenesis since the germ cells
represent a uniform population at that time. The SGPs are specified initially through the
function of Zinc-finger homeodomain protein 1 (Zfh-1) within the cluster of the lateral
mesoderm (PS2-14) which work together the homeobox protein Tinman to promote germ cell
migration to the lateral mesoderm. Subsequently, Zfh-1 restriction in PS10-13 correlates with
the specification of these cells as SPGs.

Adult Stem Cell Niches114

The first signs of testis organogenesis are detected in 1st instar larvae (L1) and a testis with a
mature stem cell niche and all premeiotic stages is detected at 3rd instar larvae (L3). The
Drosophila testis contains two types of stem cells: the germline stem cells (GSCs) and the somatic
cyst stem cells (CySCs). Each GSC is surrounded by two somatic cyst stem cells (CySCs) and
both types of stem cells are maintained through their association to the hub cells, a cluster of
non-dividing cells forming the niche organizer. Upon asymmetric cell division, each GSC
produces a new GSC attached to the hub and a distally located gonialblast (Gb), whereas each
CySC pair divides to generate two CySCs remaining associated with the hub and two distally
located post-mitotic daughter somatic cyst cells (SCCs) [1, 11]. Upon asymmetric stem cell
division, each GSC produces a new GSC attached to the hub and a distally located gonialblast,
whereas each CySC pair divides to generate two CySCs and two somatic cyst cells (SCCs) [1,
12]. GSCs divide asymmetrically with the mitotic spindle orientated perpendicular to the hub
[13, 14]. After division the GSC remains in contact with the hub and inherits the mother
centriole whereas the gonialblast, inherits the daughter centriole and initiates differentiation
[15]. However, upon starvation-or genetically-induced GSC loss, the GSC population can be
renewed both by symmetric renewal and de-differentiation of transient amplifying sperma‐
togonia, which repopulate the niche and reestablish contact to the hub [16].The gonialblast
divides mitotically four more times to give rise to 16 interconnected spermatogonial cells,
forming a cyst surrounded by the two SCCs (Fig.1). As germ cells enter their differentiation
program of four transient amplifying divisions followed by pre-meiotic gene expression and
meiotic divisions, the SCCs grow enormously in size, elongate and wrap the germ cells creating
cysts [17] outside “sealed” by extracellular matrix (ECM) [18]. After the growth phase, the
spermatocytes undergo meiosis and differentiate into elongated spermatids.

Figure 1. Diagram depicting early spermatogenesis in Drosophila. GSC: germline stem cell, CySC: somatic cyst stem
cell, SCC: somatic cyst cell. For simplicity reasons CySCs and SCCs are collectively called cyst cells. Testicular cysts com‐
prise of a pair of cyst cells flanking the germline (GSCs, spermatogonia or spermatocytes).

Testis organogenesis is completed during pupal stages. For the formation of a mature testis
and a functional reproductive tract, the Drosophila testis contacts the seminal vesicle growing
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out of the genital disc during metamorphosis. The outer sheath of the male reproductive tract
develops from two populations of cells: the pigment cells of the testis and the precursors of
smooth muscle cells from the genital disc [19]. First, the muscle progenitor cells of the genital
disc contact the basal surface of the pigment cells of the testis. Then, migration of muscle and
pigment cells proceeds in opposite directions until the gonad and the seminal vesicle have
each acquired an inner layer of muscle tissue and an outer layer of pigment cells [19]. It is the
addition of the acto-myosin sheath, which gives to the adult testis its characteristic coiled-
shape. The pigment cells are responsible for the yellow color of the testis sheath and seminal
vesicle [17]. wnt2, expressed in the SGPs, is required for the correct development of pigment
cells [19], and in wnt2 mutant embryos pigment cells are not specified and Sox100B is not
expressed in pigment cell precursors [20, 21].

2.1. Cyst cells: The safeguards of the Germline

Critical for testis differentiation and morphogenesis is the cyst microenvironment created by
the cyst cells (CySCs and SCCs) that enclose the germline cells, accompany them throughout
their differentiation steps up to sperm individualization and maintain cyst integrity and
architecture [22, 23]. Although it is well established that soma-germline physical contact is
critical for the cell communication and for promoting their mutual development and differ‐
entiation [3], it remains so far elusive how these tightly packed cysts coordinate adhesion and
cell shape changes with signaling and membrane addition on a mechanistic level.

The thin and squamous cyst cells lack the columnar epithelial structure of e.g. the ovarian
follicular epithelium, which caught the attention of scientists analyzing apico-basal polarity
many years ago. For this reason, several questions concerning cyst cell architecture, apical-
basal polarity and sub-cellular localization of cytoskeletal proteins such as Dlg, Integrin and
Talin remained unclear. Preliminary data show that cyst cells are polarized with an inner-
apical surface phasing the germline (Fig. 2E; arrowheads) [22] and an outer-basal surface
surrounded by ECM [18]. Critical cytoskeletal and polarity components localize at cyst cells,
such as Rho1, Bazooka (Baz), Fasciclin II (FasII), Integrin-linked kinase (ILK), βPS-Integrin
(encoded by the myospheroid gene) (Fig. 2B-F’), as well as the septate junction proteins Dlg,
Scrib and Lgl (Fig.3 A-D). Moreover, cyst cells are able to extend projections in between the
germline spermatogonia (small insets of Fig.3 A-C) and spermatocytes (Fig.2 C-C’, E-F’; yellow
arrowheads), similar to what was previously observed in the embryonic gonads [24]. On the
morphological level, the orientation of the SCCs flanking the germ cells changes in comparison
to their mother CySCs via a not yet uncovered mechanism. The two CySCs flanking the same
GSC are arranged parallel to the testis anterior-posterior axis (A/P) and attach to the hub
whereas their post-mitotic daughter SCCs change their orientation perpendicular to the A/P
testis axis (Fig.1). During terminal differentiation, the two cyst cells of the same cyst acquire
different identities followed by morphological changes [25]: the forward SCC becomes the
“head cyst cell” (HCC) onto which all 64 spermatid heads are anchored shortly after meiosis,
and the posterior one becomes the much larger “tail cyst” (TCC) that surrounds the spermatid
tails of 1.8 mm length [26]. This results in creating polarized cysts across the testis A/P axis and
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towards the direction (A→P) of differentiation. The HCC finally is engulfed by cells of the
terminal epithelium to allow coiling of the spermatid bundles towards the testis base [27].

So far the main evidence for cyst cell (CySCs and SCCs) function came from the analysis of
individual signal transduction pathways that establish a cross talk between the soma and the
germline. In this chapter recent findings critically affecting germline-soma communication and
coordination will be highlighted, with emphasis on the role of cytoskeletal and scaffolding
components such as integrins and adaptor proteins, ECM and the septate junction components.
Interestingly, the Drosophila testis cyst cells show striking similarities with the Sertoli cells, the
supportive cells of the mammalian germline, in terms of cytoskeletal and scaffolding compo‐
nents [2]. Moreover, the genes presented in this study show high degree of conservation to
their vertebrate homologues [18, 23]. Accordingly, although we use Drosophila spermatogen‐
esis as a model for its powerful genetic tools, accessible imaging and the wealth of underlying
prior knowledge on which to built on, the regulatory mechanisms discovered in the Drosophi‐
la testis provide paradigms for regulatory strategies in spermatogenesis and allow us to discern
the complexity of niche and testis homeostasis in other organisms and stem cell systems in
other tissues, which will eventually advance the basic knowledge required for stem cell
applications.

2.2. Niche Homeostasis: Signaling regulation of stemness vs. differentiation

Tissue specific stem cells are the lifetime source of many types of differentiated cells. They
reside in microenvironments, the stem cells niches that have an important role in stem cell
behavior [28]. Gamete development requires a coordinated soma-germ line interaction that
keeps the balance between germline stem cell renewal and differentiation. The balance
between stem cell identity and differentiation at the Drosophila testicular niche results from
signals exchanged among the hub, GSCs and CySCs. The Janus-kinase transducer and
activator of transcription (JAK-STAT) pathway was the first signaling pathway found to
regulate GSC and CySC maintenance in the Drosophila testis [29, 30]. The hub cells secrete the
ligand Unpaired (Upd), which activates the JAK-STAT pathway in adjacent GSCs and CySCs
[29-31]. In the absence of JAK-STAT signaling the GSCs differentiate and are unable to self-
renew, whereas ectopic expression of upd in the germline greatly expands the population of
GSCs and CySCs in adult as well as in the larval testis [29, 30]. In GSCs, STAT is required so
that E-cadherin (E-cad) maintains the connection of the GSC to the hub and ectopic E-cad
partially rescues the maintenance of STAT-depleted GSCs [32]. Another STAT target in GSCs
is chickadde, the homologue of the Drosophila profilin. Chic is required cell autonomously to
maintain GSCs by facilitating GSC-hub contact possibly via E-cad whereas Chic in the SCCs
is affecting germ cell enclosure and restricting trans-amplifying (TA) spermatogonial divisions
[33]. When GSCs divide, their daughter cells displaced from the hub are thought to receive
lower levels of hub-derived signals and therefore differentiate. In CySCs, STAT is critical for
maintaining their stem cell character and the activation of targets essential for their identity
such as zfh-1 and chinmo [32, 34]. zfh-1 is expressed predominantly in CySCs and their imme‐
diate SCCs, and ectopic expression in late SCCs outside the niche leads in accumulation of
GSC-and CySCs-like cells which fill in the whole testis. Similarly, chinmo is expressed in
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out of the genital disc during metamorphosis. The outer sheath of the male reproductive tract
develops from two populations of cells: the pigment cells of the testis and the precursors of
smooth muscle cells from the genital disc [19]. First, the muscle progenitor cells of the genital
disc contact the basal surface of the pigment cells of the testis. Then, migration of muscle and
pigment cells proceeds in opposite directions until the gonad and the seminal vesicle have
each acquired an inner layer of muscle tissue and an outer layer of pigment cells [19]. It is the
addition of the acto-myosin sheath, which gives to the adult testis its characteristic coiled-
shape. The pigment cells are responsible for the yellow color of the testis sheath and seminal
vesicle [17]. wnt2, expressed in the SGPs, is required for the correct development of pigment
cells [19], and in wnt2 mutant embryos pigment cells are not specified and Sox100B is not
expressed in pigment cell precursors [20, 21].
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and the posterior one becomes the much larger “tail cyst” (TCC) that surrounds the spermatid
tails of 1.8 mm length [26]. This results in creating polarized cysts across the testis A/P axis and
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towards the direction (A→P) of differentiation. The HCC finally is engulfed by cells of the
terminal epithelium to allow coiling of the spermatid bundles towards the testis base [27].

So far the main evidence for cyst cell (CySCs and SCCs) function came from the analysis of
individual signal transduction pathways that establish a cross talk between the soma and the
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Tissue specific stem cells are the lifetime source of many types of differentiated cells. They
reside in microenvironments, the stem cells niches that have an important role in stem cell
behavior [28]. Gamete development requires a coordinated soma-germ line interaction that
keeps the balance between germline stem cell renewal and differentiation. The balance
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GSCs and CySCs in adult as well as in the larval testis [29, 30]. In GSCs, STAT is required so
that E-cadherin (E-cad) maintains the connection of the GSC to the hub and ectopic E-cad
partially rescues the maintenance of STAT-depleted GSCs [32]. Another STAT target in GSCs
is chickadde, the homologue of the Drosophila profilin. Chic is required cell autonomously to
maintain GSCs by facilitating GSC-hub contact possibly via E-cad whereas Chic in the SCCs
is affecting germ cell enclosure and restricting trans-amplifying (TA) spermatogonial divisions
[33]. When GSCs divide, their daughter cells displaced from the hub are thought to receive
lower levels of hub-derived signals and therefore differentiate. In CySCs, STAT is critical for
maintaining their stem cell character and the activation of targets essential for their identity
such as zfh-1 and chinmo [32, 34]. zfh-1 is expressed predominantly in CySCs and their imme‐
diate SCCs, and ectopic expression in late SCCs outside the niche leads in accumulation of
GSC-and CySCs-like cells which fill in the whole testis. Similarly, chinmo is expressed in
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comparable levels in CySCs and early SCCs, is required for CySCs and not GSC renewal, and
ectopic expression causes accumulation of GSCs-and CySCs-like cells. Furthermore, zfh-1 and
chinmo are not expressed in GSCs meaning that STAT can activate distinct downstream
cascades in the GSC vs. CySCs. ken and barbie (ken) is another gene necessary and sufficient to
promote CySC identity, yet in a STAT independent manner and with similar ectopic pheno‐
types like zfh-1 and chinmo [35]. At the same time, Suppressor of cytokine signaling 36E
(Socs36E) suppresses Jak-Stat signaling in the CySCs preventing them from outcompeting the
GSCs and thereby maintains the proper balance of GSCs and CySCs, in a manner that depends
on the adhesion protein integrin [36].

Interestingly, very recent findings revealed that the Hedgehog (Hh) ligand secreted from the
hub cells activates the Hh signaling in CySCs (and not in the GSCs) with critical function in
CySC maintenance [37-40]. Hh overexpression leads in increased number of CySCs, identified
as Zfh-1 positive cyst cells outside the niche, which can still proliferate in contrast to the normal
post-mitotic SCCs. Furthermore, rescue of STAT depleted testis by Hh signaling activation in
the CySCs can rescue the CySCs but GSC and germline maintenance is still impaired, as these
Zfh-1 positive CySCs are not able to induce the GSC over-proliferation phenotype observed
in SCCs ectopic Zfh-1 activation [38]. This suggests that [1] zfh-1 expression relies on inputs
from both Hh and JAK-STAT signaling pathways and that [2] apart from Zfh-1 other STAT
regulated factors are necessary for allowing the CySC-to-GSC communication, which pro‐
motes GSC maintenance.

Notably, BMP seems to be the primary pathway leading to GSC self-renewal in the Drosophi‐
la testis [41-44]. BMP ligands and the BMP modulator magu, are expressed in the hub and CySCs
that serve as the GSC niche and their loss results in reduced GSC numbers and bam de-
repression, whereas the hub and CySCs remain unaffected [42-44]. This could also suggest that
expansion of GSC population by the JAK-STAT signaling could be due to its activation in the
CySCs that consequently leads to enhanced expression of BMP ligands from CySCs [32] that
finally drive GSC expansion. The BMP pathway is also negatively regulated in the course of
testis morphogenesis along embryonic-larval-adult stages via Smurf (SMAD ubiquitination
regulatory factor) [45]. High BMP levels are required at the initial steps of niche establishment
when the hub cells attract the nearby germ cells to become GSCs in late embryogenesis up to
early 3rd instar larval stages. Apparently, BMP signaling is spatially and temporally downre‐
gulated in stem cells and early germline cells in late 3rd instar larval and pupal testes through
Smurf proteolytic activity. The described BMP downregulation seems to be critical for the
normal decrease in stem cell number during pupal development, for restricting TA sperma‐
togonia proliferation and control of the testis size. This dynamic regulation indicates the
requirement for fine trimming the BMP signaling intensity during subsequent developmental
stages and might even suggest a difference between establishment vs. maintenance of certain
cell populations across different stages. Yet, another recent story revealed that GSC charac‐
teristics can be maintained over time even after ablating the CySC and SCCs [46]. Without
CySCs and SCCs, early germ cells away from the hub failed to initiate differentiation and
maintained their GSC-like characteristics. Therefore, it becomes evident that the interactions
between different stem cell populations and how one stem cell population influences the other
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can be indeed very complex. Finally, antagonistic functions between the Drosophila β-catenin
Armadillo (Arm) and the microRNAs-(miR-) 310-313 suggest that modulation of the Wingless
signaling activity is important to buffer germ cell and somatic differentiation in the Drosophi‐
la testis [47].

Critical  for  germ cell  differentiation is  the expression of  bag of  marbles  (bam)  and benign
gonial  cell  neoplasm  (bgcn)  in  dividing  spermatogonial  cells  in  order  to  regulate  their
proliferation [48]. bam transcription is negatively regulated by the cooperation of the Glass
bottom boat (Gbb) and Decapentaplegic (Dpp) signaling pathways emanating from the hub
and CySCs to maintain the GSC identity [42].  Bam is required cell  autonomously in TA
spermatogonia to stop proliferation and enter the spermatocyte differentiation program [49].
The switch from TA proliferation to  differentiation is  mediated by translational  control:
Mei-P26 facilitates the accumulation of Bam in TA cells whereas Bam and Bcgn bind mei-
P26 3’ untranslated region and repress translation of mei-P26 in late TA cells. Thus, germ
cells progress through subsequent regulatory states that is: from a Mei-P26 on/Bam off to
a Bam on/Mei-P26 off state.

Another signaling pathway restricting GSC proliferation is mediated by Epidermal Growth
Factor Receptor (EGFR), whose inactivation in SCCs leads to an expansion of male GSCs
[50]. In Drosophila testis, the major ligand of the EGFR pathway, Spitz (Spi) is secreted from
the germline cells to stimulate the EGFR on cyst cells (CySCs and SCCs) [25]. Removal of
either spi or stet from the germline cells, or removal of the EGFR from the cyst cells resulted
in increased division frequencies  of  GSCs but  did not  affect  the  division frequencies  of
CySCs, suggesting that EGF signaling downregulates GSC divisions. Likewise, Raf, an EGFR
downstream  component,  is  required  in  SCCs  to  limit  GSC  expansion  [51-53].  In  testes
mutated  for  the  rhomboid  homologue  stet,  the  germ  cells  fail  to  associate  with  SCCs.
Furthermore, germ cells recruit CySCs via the ligand Spitz, which binds to EGFR, and acts
through  the  nucleotide  exchange  factor  Vav  to  regulate  the  activity  of  Rac1,  a  down‐
stream component of the EGFR pathway. Taken together, EGF signaling from the germ‐
line cells produces differential Rac-and Rho-activities across the cyst cells that leads to a
directional growth of the cyst cells  around the germline cells  [25].  Finally,  Zero popula‐
tion growth (Zpg), the Drosophila  gap junction Innexin 4, is localized to the spermatogo‐
nia surface, primarily on the sides adjacent to SCCs [54] and is required for the survival
and differentiation of early germ cells in both sexes [55, 56].

3. The male stem cell niche: Specification and positioning

The somatic cells of the hub form the organizing center, a cluster of non-dividing cells, at the
anterior part of the embryonic male gonad originating, as already discussed, from SGPs [10].
However, not only the hub but also the cyst cells are specified from the SGPs and the common
origin between hub and CySCs has been shown by lineage tracing experiments [57]. This is
further supported by the fact that both cell types can be traced using the same cell markers
such as Zfh-1 and Traffic Jam (TJ) [25]. Hub cell fate vs. cyst cell fate is specified prior to gonad
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comparable levels in CySCs and early SCCs, is required for CySCs and not GSC renewal, and
ectopic expression causes accumulation of GSCs-and CySCs-like cells. Furthermore, zfh-1 and
chinmo are not expressed in GSCs meaning that STAT can activate distinct downstream
cascades in the GSC vs. CySCs. ken and barbie (ken) is another gene necessary and sufficient to
promote CySC identity, yet in a STAT independent manner and with similar ectopic pheno‐
types like zfh-1 and chinmo [35]. At the same time, Suppressor of cytokine signaling 36E
(Socs36E) suppresses Jak-Stat signaling in the CySCs preventing them from outcompeting the
GSCs and thereby maintains the proper balance of GSCs and CySCs, in a manner that depends
on the adhesion protein integrin [36].

Interestingly, very recent findings revealed that the Hedgehog (Hh) ligand secreted from the
hub cells activates the Hh signaling in CySCs (and not in the GSCs) with critical function in
CySC maintenance [37-40]. Hh overexpression leads in increased number of CySCs, identified
as Zfh-1 positive cyst cells outside the niche, which can still proliferate in contrast to the normal
post-mitotic SCCs. Furthermore, rescue of STAT depleted testis by Hh signaling activation in
the CySCs can rescue the CySCs but GSC and germline maintenance is still impaired, as these
Zfh-1 positive CySCs are not able to induce the GSC over-proliferation phenotype observed
in SCCs ectopic Zfh-1 activation [38]. This suggests that [1] zfh-1 expression relies on inputs
from both Hh and JAK-STAT signaling pathways and that [2] apart from Zfh-1 other STAT
regulated factors are necessary for allowing the CySC-to-GSC communication, which pro‐
motes GSC maintenance.

Notably, BMP seems to be the primary pathway leading to GSC self-renewal in the Drosophi‐
la testis [41-44]. BMP ligands and the BMP modulator magu, are expressed in the hub and CySCs
that serve as the GSC niche and their loss results in reduced GSC numbers and bam de-
repression, whereas the hub and CySCs remain unaffected [42-44]. This could also suggest that
expansion of GSC population by the JAK-STAT signaling could be due to its activation in the
CySCs that consequently leads to enhanced expression of BMP ligands from CySCs [32] that
finally drive GSC expansion. The BMP pathway is also negatively regulated in the course of
testis morphogenesis along embryonic-larval-adult stages via Smurf (SMAD ubiquitination
regulatory factor) [45]. High BMP levels are required at the initial steps of niche establishment
when the hub cells attract the nearby germ cells to become GSCs in late embryogenesis up to
early 3rd instar larval stages. Apparently, BMP signaling is spatially and temporally downre‐
gulated in stem cells and early germline cells in late 3rd instar larval and pupal testes through
Smurf proteolytic activity. The described BMP downregulation seems to be critical for the
normal decrease in stem cell number during pupal development, for restricting TA sperma‐
togonia proliferation and control of the testis size. This dynamic regulation indicates the
requirement for fine trimming the BMP signaling intensity during subsequent developmental
stages and might even suggest a difference between establishment vs. maintenance of certain
cell populations across different stages. Yet, another recent story revealed that GSC charac‐
teristics can be maintained over time even after ablating the CySC and SCCs [46]. Without
CySCs and SCCs, early germ cells away from the hub failed to initiate differentiation and
maintained their GSC-like characteristics. Therefore, it becomes evident that the interactions
between different stem cell populations and how one stem cell population influences the other
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can be indeed very complex. Finally, antagonistic functions between the Drosophila β-catenin
Armadillo (Arm) and the microRNAs-(miR-) 310-313 suggest that modulation of the Wingless
signaling activity is important to buffer germ cell and somatic differentiation in the Drosophi‐
la testis [47].

Critical  for  germ cell  differentiation is  the expression of  bag of  marbles  (bam)  and benign
gonial  cell  neoplasm  (bgcn)  in  dividing  spermatogonial  cells  in  order  to  regulate  their
proliferation [48]. bam transcription is negatively regulated by the cooperation of the Glass
bottom boat (Gbb) and Decapentaplegic (Dpp) signaling pathways emanating from the hub
and CySCs to maintain the GSC identity [42].  Bam is required cell  autonomously in TA
spermatogonia to stop proliferation and enter the spermatocyte differentiation program [49].
The switch from TA proliferation to  differentiation is  mediated by translational  control:
Mei-P26 facilitates the accumulation of Bam in TA cells whereas Bam and Bcgn bind mei-
P26 3’ untranslated region and repress translation of mei-P26 in late TA cells. Thus, germ
cells progress through subsequent regulatory states that is: from a Mei-P26 on/Bam off to
a Bam on/Mei-P26 off state.

Another signaling pathway restricting GSC proliferation is mediated by Epidermal Growth
Factor Receptor (EGFR), whose inactivation in SCCs leads to an expansion of male GSCs
[50]. In Drosophila testis, the major ligand of the EGFR pathway, Spitz (Spi) is secreted from
the germline cells to stimulate the EGFR on cyst cells (CySCs and SCCs) [25]. Removal of
either spi or stet from the germline cells, or removal of the EGFR from the cyst cells resulted
in increased division frequencies  of  GSCs but  did not  affect  the  division frequencies  of
CySCs, suggesting that EGF signaling downregulates GSC divisions. Likewise, Raf, an EGFR
downstream  component,  is  required  in  SCCs  to  limit  GSC  expansion  [51-53].  In  testes
mutated  for  the  rhomboid  homologue  stet,  the  germ  cells  fail  to  associate  with  SCCs.
Furthermore, germ cells recruit CySCs via the ligand Spitz, which binds to EGFR, and acts
through  the  nucleotide  exchange  factor  Vav  to  regulate  the  activity  of  Rac1,  a  down‐
stream component of the EGFR pathway. Taken together, EGF signaling from the germ‐
line cells produces differential Rac-and Rho-activities across the cyst cells that leads to a
directional growth of the cyst cells  around the germline cells  [25].  Finally,  Zero popula‐
tion growth (Zpg), the Drosophila  gap junction Innexin 4, is localized to the spermatogo‐
nia surface, primarily on the sides adjacent to SCCs [54] and is required for the survival
and differentiation of early germ cells in both sexes [55, 56].

3. The male stem cell niche: Specification and positioning

The somatic cells of the hub form the organizing center, a cluster of non-dividing cells, at the
anterior part of the embryonic male gonad originating, as already discussed, from SGPs [10].
However, not only the hub but also the cyst cells are specified from the SGPs and the common
origin between hub and CySCs has been shown by lineage tracing experiments [57]. This is
further supported by the fact that both cell types can be traced using the same cell markers
such as Zfh-1 and Traffic Jam (TJ) [25]. Hub cell fate vs. cyst cell fate is specified prior to gonad
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coalesce in a subset of somatic gonadal precursor cells (SGPs) upon Notch signaling activation
[57]. In a next step, the abdominal A (abd-A) and Abdominal B (Abd-B) Hox genes promote the
distinct identities of the SGP clusters: anterior SGP identity (PS10-11) is specified by Abd-A and
repressed by Abd-B, a combination of Abd-A and Abd-B specifies the posterior SPGs (PS12) and
Abd-B alone specifies the male-specific [58] SPGs (PS13) [9, 10, 20, 59]. Thus, Abd-A and Abd-
B pattern the A/P axis of the formed gonad. Moreover, Abd-B can control the correct hub
positioning by upregulating the tyrosine-kinase sevenless (sev) in the ms-SGPs. Sev is activated
by the Boss ligand emanating from the primordial germ cells to represses ectopic hub differ‐
entiation [60] whereas the Epidermal growth factor receptor (EGFR) signaling represses hub
formation in the rest of the SGPs [61]. Specification of CySCs vs. hub cell fate relies as well on
the antagonistic function of lines (lin) and brother of odd with entrails limited (bowl). Bowl is a zinc
finger transcription factor required in the hub cells and its antagonist Lin is a cytoplasmic
protein with catalytic activity whereas Drumstick (Drm) competes with Lin for binding to Bowl
[25, 62]. This regulatory network was supported by analysis of mutant phenotypes: bowl
mutant gonads had fewer hub cells, lines mutant gonads had increased number of hub cells,
whereas lines depleted CySCs acquired some hub-like properties and markers [57]. Once
specified, the hub cells are able to recruit the anterior-most germ cells to become the germline
stem cells (GSCs) [63], giving rise to the male stem cell niche [64].

We have discussed how the posteriorly expressed Hox genes AbdA and AbdB promote the
distinct identities of the SGP clusters in the embryonic male gonad and how the diffusible
signals and physical contact of germ and somatic cells keep the balance between stem cell
renewal and differentiation in the larval and adult testis. However, it is interesting to under‐
stand how the male stem cell niche is maintained from its initial specification up to the adult
stages and how this morphogenetic process is coordinated. In order to ensure normal niche
function in the Drosophila testis, the hub cells not only need to be properly specified but also
need to be correctly placed. Integrin-mediated adhesion is important for maintaining the
correct position of the embryonic hub cells during gonad morphogenesis. In the absence of
integrin-mediated adhesion, the hub cells still form a cluster, but instead of remaining at the
anterior part of the gonad they migrate to the middle part of the developing gonad [65].
Disruption of integrin-mediated adhesion in adult testis by knocking down talin/rhea, an
integrin-binding and essential focal adhesion protein of the Integrin-cytoskeleton link [66, 67],
results in GSC loss and gradual hub disappearance, a phenotype, which becomes more severe
as adult males age [67]. As in talin-depleted adult testis the hub is progressively lost, the signals
that normally emanate from the hub to instruct stem cell renewal are absent, driving the
balance between stem cell maintenance and differentiation towards more differentiation and
progressive stem cell loss [65]. A similar hub displacement phenotype is observed by depleting
adult testis of Lasp [68], an actin-binding protein. From the vertebrate system we know that
Lasp interacts genetically with Integrin [69] and in blood platelets Lasp requires Integrin for
its proper localization to the cytoskeleton [70]. Moreover, expression levels of Integrin and
Talin are critical for occupation of the niche as CySCs with enhanced integrin-mediated
adhesion are able to compete and displace their neighboring GSCs [36].
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Figure 2. Somatic cyst cells are thin, elongated cells with apical and basal surfaces surrounded by ECM. (A) Schematic
diagram of early Drosophila spermatogenesis. Somatic cyst cells (SCC) are thin, squamous cells and wrap the germline
creating cysts surrounded by ECM (orange). (B-F’) Components of cyst cells (red) co-stained with Dlg (green). Here,
only the spermatocyte region is shown. Baz (B, B’) and FasII (D, D’) co-localize with Dlg. Rho1 and Dlg decorate the
SCCs but do not co-localize (C, C’). In SCCs Dlg and Integrin are not co-localizing, with Dlg being apical (inner side;
white arrowheads) and PS-Integrin more basal (facing outside; white arrows) (E, E’). ILK decorates the SCC cytoplasm
and Dlg decorates SCCs facing the germline (white arrowheads) (F, F’). Yellow arrowheads in (C), (E) and (F) show SCC
cellular projections growing in between the germ cells. Testes are oriented anterior left. Scale Bar: 10 mm. (G) Sche‐
matic diagram depicting a close up of a spermatocyte cyst with key players involved in niche positioning (for simplicity
only one somatic cyst cell is shown). Within the spermatocytes, red line indicates the spermatocyte nuclear membrane,
green dots illustrate Abd-B in the nucleolus and blue represents the nucleoplasm.
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coalesce in a subset of somatic gonadal precursor cells (SGPs) upon Notch signaling activation
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the antagonistic function of lines (lin) and brother of odd with entrails limited (bowl). Bowl is a zinc
finger transcription factor required in the hub cells and its antagonist Lin is a cytoplasmic
protein with catalytic activity whereas Drumstick (Drm) competes with Lin for binding to Bowl
[25, 62]. This regulatory network was supported by analysis of mutant phenotypes: bowl
mutant gonads had fewer hub cells, lines mutant gonads had increased number of hub cells,
whereas lines depleted CySCs acquired some hub-like properties and markers [57]. Once
specified, the hub cells are able to recruit the anterior-most germ cells to become the germline
stem cells (GSCs) [63], giving rise to the male stem cell niche [64].
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signals and physical contact of germ and somatic cells keep the balance between stem cell
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need to be correctly placed. Integrin-mediated adhesion is important for maintaining the
correct position of the embryonic hub cells during gonad morphogenesis. In the absence of
integrin-mediated adhesion, the hub cells still form a cluster, but instead of remaining at the
anterior part of the gonad they migrate to the middle part of the developing gonad [65].
Disruption of integrin-mediated adhesion in adult testis by knocking down talin/rhea, an
integrin-binding and essential focal adhesion protein of the Integrin-cytoskeleton link [66, 67],
results in GSC loss and gradual hub disappearance, a phenotype, which becomes more severe
as adult males age [67]. As in talin-depleted adult testis the hub is progressively lost, the signals
that normally emanate from the hub to instruct stem cell renewal are absent, driving the
balance between stem cell maintenance and differentiation towards more differentiation and
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Lasp interacts genetically with Integrin [69] and in blood platelets Lasp requires Integrin for
its proper localization to the cytoskeleton [70]. Moreover, expression levels of Integrin and
Talin are critical for occupation of the niche as CySCs with enhanced integrin-mediated
adhesion are able to compete and displace their neighboring GSCs [36].
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diagram of early Drosophila spermatogenesis. Somatic cyst cells (SCC) are thin, squamous cells and wrap the germline
creating cysts surrounded by ECM (orange). (B-F’) Components of cyst cells (red) co-stained with Dlg (green). Here,
only the spermatocyte region is shown. Baz (B, B’) and FasII (D, D’) co-localize with Dlg. Rho1 and Dlg decorate the
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matic diagram depicting a close up of a spermatocyte cyst with key players involved in niche positioning (for simplicity
only one somatic cyst cell is shown). Within the spermatocytes, red line indicates the spermatocyte nuclear membrane,
green dots illustrate Abd-B in the nucleolus and blue represents the nucleoplasm.
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3.1. Some function, different mechanisms: How the Boss/Sev-AbdB cross-talk regulates
niche positioning and integrity

As already mentioned, the Boss/Sev signaling pathway plays an important role in hub
positioning in the Drosophila embryonic male gonads by preventing ectopic niche differentia‐
tion in the posterior gonadal somatic cells. Abd-B, upstream of this cascade, activates sev in the
posterior SGPs [60] and consistent with the fact that weak Abd-B mutant alleles result in hub
expansion and integrity defects in embryonic gonads [10]. A very recent study revealed a new
role for the posterior Hox gene Abd-B in the larval and adult testis. Analysis of the role of the
Hox protein Abd-B in the Drosophila testis revealed that Abd-B present in the germline
spermatocytes acts upstream of the Boss/Sev pathway to regulate hub positioning and
integrity, which finally leads to loss of Integrin and Actin localization in the neighboring cyst
cells [18]. Analysis of the genetic interactions of Abd-B with integrin and focal adhesion proteins,
revealed that male stem cell niche positioning is regulated by a number of factors, which link
Integrin to the extracellular matrix (ECM) and actin filaments. Interestingly, the incorrect
placement of the niche in Abd-B depleted testes, results in cell non-autonomous centrosome
mispositioning and reduced GSC divisions, leading to a dramatic reduction of the pre-meiotic
stages of the adult testis, a hallmark of aging in testis [14, 71].

Taken together these studies show that the same players, AbdB, Boss, Sev and Integrin, are
used in larval stages to preserve hub positioning and integrity after the initial establishment
at embryonic stages but using a slightly variable mechanism: (a) In embryonic gonads, Abd-
B from the male-specific SGPs regulates sev expression in the same cells, whereas Boss signals
from the germ cells signals to the Sev expressing cells to ensure that the niche develops in the
anterior region of the gonad [60]. Integrin is also required in the somatic cells of the embryonic
gonads for anterior positioning of the hub [65]. (b) In larval testes, Abd-B regulates the same
process from the germline spermatocytes and via the Boss/Sev pathway controls integrin
localization in the neighboring SCCs. This expression switch of Abd-B from the somatic to the
germline lineage not only highlights that the mechanism of Abd-B dependent hub positioning
is different between embryonic and larval stages but also raises the interesting questions of
why and how Abd-B changes its expression and thus the mechanism of hub positioning.
During adult stages when testis morphogenesis is completed with the addition of the acto-
myosin sheath originating from the genital disc [19], hub positioning and integrity is regulated
by Sev, Boss [60] and Integrin [68] whereas Abd-B regulates hub positioning from a different
cell type in comparison to embryonic and larval stages which is this time the cells of the acto-
myosin sheath, originating from the genital disc. It seems that the occurrence of new cell types
and cell interactions in the course of testis organogenesis made it necessary to adapt the whole
stem cell system to the new cellular conditions by reusing the same main players of niche
positioning in an alternative manner.

3.1.1. Boss mediates, in a Dynamin-and Src-dependent way, germline-soma signaling in larval testis

Drosophila Boss is an atypical G-protein coupled receptor membrane protein that was first
identified as a ligand of the Sevenless (Sev) tyrosine kinase involved in eye differentiation.
Previous studies in the eye showed that upon binding of the transmembrane protein Boss to
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its receptor Sev, Boss becomes internalized in the sev-expressing cell (Cagan et al., 1992;
Kramer, 1993; Kramer et al., 1991] whereas in the fat body, in response to stimulation by
glucose, Boss becomes enclosed in internalized vesicles (Kohyama-Koganeya et al., 2008]. In
the Drosophila testis, Boss is found in the germline spermatocytes, primarily in vesicles (Fig.
3G), whereas Sev localizes in the cyst cells enclosing them. Abd-B performs its function by
affecting Boss internalization in the germline, as Boss is lost from internalized vesicles in Abd-
B depleted testes [18]. Expression of activated Sev in cyst cells of Abd-B depleted testes could
fully rescue the phenotype, meaning the Boss exerts its function via Sev activation. Similarly,
a partial rescue of hub positioning and integrin localization was observed by expressing the
shibire (shi) gene [72, 73], which is critical for the endocytic uptake of receptors from the plasma
membrane [74, 75] in spermatocytes of Abd-B depleted testes. This further suggested that Boss
functions in a dynamin-dependent way for its endocytic recycling.

In order to elucidate how the Hox transcription factor Abd-B affects Boss localization, genes
directly regulated by Abd-B in the Drosophila testis were identified by mapping Abd-B binding
sites in vivo using the DNA adenine methyltransferase identification (DamID) technology
[76-79]. This analysis resulted in the identification of 1804 Abd-B binding regions in larval
testes, which are associated with 2771 genes. To determine over-representation of GO terms,
GO terms were grouped using their annotated Biological Process and subsequently the over-
representation of GO term groups among the identified genes was analyzed [18]. Since Abd-
B controls signaling between the germline and somatic lineage by regulating genes required
for Boss receptor recycling or trafficking, further analysis focused on genes involved in
trafficking processes. Two genes, one encoding the non-receptor tyrosine kinase Src oncogene
at 42A (Src42A) and another one encoding the putative signal recognition binding protein
Sec63, were identified as potential mediators of Boss function in the larval testis. In support of
a direct regulatory interaction between src42A and Abd-B in the larval testis, src42A mRNA
levels [80] were found to be significantly downregulated in spermatocytes of AbdBRNAi::T100
animals (with T100-GAL4 driving expression of UAS-AbdBRNAi in germline spermatocytes),
and likewise the activity of the protein tyrosine kinase Src42A was dramatically reduced [18].
Importantly, functional analysis revealed that src42A depleted testes mimic the loss of Abd-B
function: in contrast to wild-type testes, Boss protein was not detected in vesicles, the hub was
mispositioned and βPS-integrin was not properly localized in somatic cyst cells of src42A
depleted testes. Same results were obtained for sec63.

4. Dlg, Scrib & Lgl: New functions in the Drosophila testis

The discs large (dlg), scribble (scrib) and lethal [2] giant larvae (lgl) genes were initially identified
in Drosophila as tumor suppressor genes (TSGs) whose mutations lead to neoplastic transfor‐
mation, such as imaginal disc overgrowth and brain tumors [81-84]. Mutant flies die after an
extended larval life as “giant” larvae without pupariation. In these tumors the overproliferat‐
ing cells lose their typical epithelial apico-basal polarity, fail to organize an epithelial mono‐
layer and terminally differentiate [84-86]. Therefore, all three TSGs are additionally classified
as “cell polarity genes” [83, 84, 87-89]. Since their initial discovery, dlg, scrib and lgl have been
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3.1. Some function, different mechanisms: How the Boss/Sev-AbdB cross-talk regulates
niche positioning and integrity

As already mentioned, the Boss/Sev signaling pathway plays an important role in hub
positioning in the Drosophila embryonic male gonads by preventing ectopic niche differentia‐
tion in the posterior gonadal somatic cells. Abd-B, upstream of this cascade, activates sev in the
posterior SGPs [60] and consistent with the fact that weak Abd-B mutant alleles result in hub
expansion and integrity defects in embryonic gonads [10]. A very recent study revealed a new
role for the posterior Hox gene Abd-B in the larval and adult testis. Analysis of the role of the
Hox protein Abd-B in the Drosophila testis revealed that Abd-B present in the germline
spermatocytes acts upstream of the Boss/Sev pathway to regulate hub positioning and
integrity, which finally leads to loss of Integrin and Actin localization in the neighboring cyst
cells [18]. Analysis of the genetic interactions of Abd-B with integrin and focal adhesion proteins,
revealed that male stem cell niche positioning is regulated by a number of factors, which link
Integrin to the extracellular matrix (ECM) and actin filaments. Interestingly, the incorrect
placement of the niche in Abd-B depleted testes, results in cell non-autonomous centrosome
mispositioning and reduced GSC divisions, leading to a dramatic reduction of the pre-meiotic
stages of the adult testis, a hallmark of aging in testis [14, 71].

Taken together these studies show that the same players, AbdB, Boss, Sev and Integrin, are
used in larval stages to preserve hub positioning and integrity after the initial establishment
at embryonic stages but using a slightly variable mechanism: (a) In embryonic gonads, Abd-
B from the male-specific SGPs regulates sev expression in the same cells, whereas Boss signals
from the germ cells signals to the Sev expressing cells to ensure that the niche develops in the
anterior region of the gonad [60]. Integrin is also required in the somatic cells of the embryonic
gonads for anterior positioning of the hub [65]. (b) In larval testes, Abd-B regulates the same
process from the germline spermatocytes and via the Boss/Sev pathway controls integrin
localization in the neighboring SCCs. This expression switch of Abd-B from the somatic to the
germline lineage not only highlights that the mechanism of Abd-B dependent hub positioning
is different between embryonic and larval stages but also raises the interesting questions of
why and how Abd-B changes its expression and thus the mechanism of hub positioning.
During adult stages when testis morphogenesis is completed with the addition of the acto-
myosin sheath originating from the genital disc [19], hub positioning and integrity is regulated
by Sev, Boss [60] and Integrin [68] whereas Abd-B regulates hub positioning from a different
cell type in comparison to embryonic and larval stages which is this time the cells of the acto-
myosin sheath, originating from the genital disc. It seems that the occurrence of new cell types
and cell interactions in the course of testis organogenesis made it necessary to adapt the whole
stem cell system to the new cellular conditions by reusing the same main players of niche
positioning in an alternative manner.

3.1.1. Boss mediates, in a Dynamin-and Src-dependent way, germline-soma signaling in larval testis

Drosophila Boss is an atypical G-protein coupled receptor membrane protein that was first
identified as a ligand of the Sevenless (Sev) tyrosine kinase involved in eye differentiation.
Previous studies in the eye showed that upon binding of the transmembrane protein Boss to
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its receptor Sev, Boss becomes internalized in the sev-expressing cell (Cagan et al., 1992;
Kramer, 1993; Kramer et al., 1991] whereas in the fat body, in response to stimulation by
glucose, Boss becomes enclosed in internalized vesicles (Kohyama-Koganeya et al., 2008]. In
the Drosophila testis, Boss is found in the germline spermatocytes, primarily in vesicles (Fig.
3G), whereas Sev localizes in the cyst cells enclosing them. Abd-B performs its function by
affecting Boss internalization in the germline, as Boss is lost from internalized vesicles in Abd-
B depleted testes [18]. Expression of activated Sev in cyst cells of Abd-B depleted testes could
fully rescue the phenotype, meaning the Boss exerts its function via Sev activation. Similarly,
a partial rescue of hub positioning and integrin localization was observed by expressing the
shibire (shi) gene [72, 73], which is critical for the endocytic uptake of receptors from the plasma
membrane [74, 75] in spermatocytes of Abd-B depleted testes. This further suggested that Boss
functions in a dynamin-dependent way for its endocytic recycling.

In order to elucidate how the Hox transcription factor Abd-B affects Boss localization, genes
directly regulated by Abd-B in the Drosophila testis were identified by mapping Abd-B binding
sites in vivo using the DNA adenine methyltransferase identification (DamID) technology
[76-79]. This analysis resulted in the identification of 1804 Abd-B binding regions in larval
testes, which are associated with 2771 genes. To determine over-representation of GO terms,
GO terms were grouped using their annotated Biological Process and subsequently the over-
representation of GO term groups among the identified genes was analyzed [18]. Since Abd-
B controls signaling between the germline and somatic lineage by regulating genes required
for Boss receptor recycling or trafficking, further analysis focused on genes involved in
trafficking processes. Two genes, one encoding the non-receptor tyrosine kinase Src oncogene
at 42A (Src42A) and another one encoding the putative signal recognition binding protein
Sec63, were identified as potential mediators of Boss function in the larval testis. In support of
a direct regulatory interaction between src42A and Abd-B in the larval testis, src42A mRNA
levels [80] were found to be significantly downregulated in spermatocytes of AbdBRNAi::T100
animals (with T100-GAL4 driving expression of UAS-AbdBRNAi in germline spermatocytes),
and likewise the activity of the protein tyrosine kinase Src42A was dramatically reduced [18].
Importantly, functional analysis revealed that src42A depleted testes mimic the loss of Abd-B
function: in contrast to wild-type testes, Boss protein was not detected in vesicles, the hub was
mispositioned and βPS-integrin was not properly localized in somatic cyst cells of src42A
depleted testes. Same results were obtained for sec63.

4. Dlg, Scrib & Lgl: New functions in the Drosophila testis

The discs large (dlg), scribble (scrib) and lethal [2] giant larvae (lgl) genes were initially identified
in Drosophila as tumor suppressor genes (TSGs) whose mutations lead to neoplastic transfor‐
mation, such as imaginal disc overgrowth and brain tumors [81-84]. Mutant flies die after an
extended larval life as “giant” larvae without pupariation. In these tumors the overproliferat‐
ing cells lose their typical epithelial apico-basal polarity, fail to organize an epithelial mono‐
layer and terminally differentiate [84-86]. Therefore, all three TSGs are additionally classified
as “cell polarity genes” [83, 84, 87-89]. Since their initial discovery, dlg, scrib and lgl have been
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recognized as having important roles also in other forms of polarity as well as in regulation of
the actin cytoskeleton, cell signaling and vesicular trafficking [86, 90].

Dlg belongs to the MAGUK (membrane-associated guanylate kinases) protein family, a class
of scaffolding proteins that recruit signaling molecules into localized multimolecular com‐
plexes [83, 91]. Dlg localizes at the cytoplasmic side of septate junctions between adjacent
epithelial cells (the equivalent of vertebrate tight junctions), as well as in neuromuscular
junctions (NMJs). It contains three PDZ domains involved in protein-protein interactions with
membrane or cytoskeletal proteins, an SH3 domain and a GUK domain. Scrib is also a septate
junctional protein of the LAP protein family, containing four PDZ domains and leucine-rich
repeats (LRRs) [85, 87, 91, 92]. Lgl is a cytosolic protein containing two WD40 motifs, involved
in protein-protein interactions [87]. Lgl can bind to non-muscle myosin II and to the cytoske‐
leton matrix, along the baso-lateral portion of the plasma membrane of epithelial cells to affect
cell polarization [93]. All three proteins, often referred to as the Dlg-polarity module, are highly
conserved in sequence among different species and growing evidence suggests that they are
functionally conserved to a large degree since the vertebrate homologues can rescue the
polarity defects and tumorous overgrowth of the respective Drosophila mutants [94-96].

4.1. Dlg, Scrib & Lgl: Multitasking proteins in common pathways in various tissues

Research over several years, defined dlg, scrib and lgl as key players in numerous tissues
contents and malignancies at different time points throughout development, and revealed
their multitasking role in: polarity and septate junction establishment; nervous system and
brain development; organ development; cancer initiation, progression and metastasis; and
mechanism of cooperation with various signaling pathways (Ras, Salvador-Warts-Hippo,
Dpp, JNK, Wg, EGFR etc) [22, 97-104]. Some of their common modes of action across different
tissues and organisms are analyzed below.

4.1.1. Polarity establishment in various cellular contexts

The Dlg polarity module works in cooperation with the Crumbs-(Crb, Pals1 & Patj) and the
Par-(Bazooka/Par3, Par6, αPKC) polarity complexes to control polarity in several tissues. In
epithelial cells, polarity is established in a finely balanced process involving cooperative and
antagonistic interactions among the apical Par-and Crumbs-complexes and the basolateral
Dlg-complex, which restrict the activity of each complex to its specific membrane domain [85,
86]. In neuroblast asymmetric cell division Dlg, Scrib and Lgl cooperate with the Par and
Inscutable-Pins complexes whereas microtubules induce Pins & Gαi cortical polarity through
Dlg and Khc-73 interactions [86, 105, 106]. In the Drosophila ectoderm, phosphorylation of
αPKC is required for Lgl to establish the lateral domain and to prevent apical Lgl recruitment.
Lgl homologues genetically interact with Par components to regulate apicobasal polarity in
Xenopus and MDCK epithelial cells, and in partitioning cell fate determinants in C.elegans [85,
90, 91, 107]. Finally, the Dlg polarity module has critical functions also in Drosophila dorsal
closure formation, in patterning anterior and posterior follicle cells, in wound healing proc‐
esses, in planar cell polarity, in formation of synapses and in NMJs together with other polarity,
scaffolding and receptor complexes [86, 102, 108].
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4.1.2. Vesicle and membrane trafficking

Several pieces of evidence suggest that Dlg, Scrib and Lgl are involved in vesicle and membrane
trafficking [86, 102]: i) Dlg and Strabismus (VanGogh) form a complex that allows membrane
deposition during cellularization in Drosophila embryos [109] ii) Dlg regulates membrane
proliferation of the subsynaptic reticulum (SSR) in NMJs by binding the t-SNARE protein
Gtaxin [110, 111] iii) Dlg and Lgl genetically interact with Exo84 which is required for mem‐
brane addition [112] iv) the yeast Lgl homologues Sro7p and Sro77p interact directly with
Exo84p and Sec9p traggicking components [113], v) mammalian Lgl binds Syntaxin-4 (t-
SNARE) to direct protein trafficking [114], and vi) mammalian Scrib regulates exocytosis by
binding to the β–Pix-GIT1 complex [115].

4.1.3. Gene regulation and signaling output

Recent studies associate Dlg, Scrib and Lgl with transcriptional response and signaling output
since they can regulate the shuttling of critical components between junctional complexes and
the nucleus. Such a shuttling mechanism has been described for the Dlg and Scrib vertebrate
homologues [116, 117]. In Drosophila salivary glands, Lgl together with non-muscle myosin
regulate in the cytoplasm access to chromatin modifiers, remodeling and transcription factors
necessary for salivary gland degeneration [118]. In wild type salivary glands, chromatin
remodeling factors are localized in the nucleus to bind chromatin whereas in the absence of
Lgl they accumulate in the cytoplasm and the cortical nuclear zone but cannot bind to
chromatin to regulate secondary gene expression [118].

Taken together, Dlg, Scrib and Lgl emerge as dynamic cytoskeletal components which affect
polarity, cell structure and behavior by directing the trafficking of proteins to proper plasma
membrane surfaces of the cell, and by organizing and stabilizing supramolecular adhesion
and signaling complexes through their action as scaffolding adaptor molecules [83-86, 89-91,
109, 111].

4.2. Dlg, Scrib & Lgl in testis somatic cells promote cyst cell function & testis homeostasis

Septate junctions are primary candidates for cyst integrity and coordination, as apart from
acting as sealing junctions in epithelia and neurons by mediating cell-cell adhesion, they act
as scaffolding networks together with multiple pathways to promote organ morphogenesis
[120]. Although the function of Dlg, Scrib and Lgl as TSGs has been intensively studied, their
role in testis development has been largely overlooked, as mutations in their coding genes do
not result in testis tumors. Moreover, the fact that testes lack an easy to study columnar
epithelium, which facilitates analysis of apicobasal polarity genes, didn’t favor the analysis of
these genes in this stem cell system for many years. The last years a number of studies
addressed the role of scrib, dlg and lgl scaffolding proteins in the Drosophila male gonad, testis
architecture and homeostasis [22-24, 119, 121]. Prompted by the observation that the septate
junction protein Scrib [122] is expressed in the newly formed embryonic Drosophila gonads [88],
Scrib dynamics in the embryonic gonads was investigated [24]. During gonad formation Scrib
forms a polygonal network around the germ cells and is present primarily in the somatic
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recognized as having important roles also in other forms of polarity as well as in regulation of
the actin cytoskeleton, cell signaling and vesicular trafficking [86, 90].

Dlg belongs to the MAGUK (membrane-associated guanylate kinases) protein family, a class
of scaffolding proteins that recruit signaling molecules into localized multimolecular com‐
plexes [83, 91]. Dlg localizes at the cytoplasmic side of septate junctions between adjacent
epithelial cells (the equivalent of vertebrate tight junctions), as well as in neuromuscular
junctions (NMJs). It contains three PDZ domains involved in protein-protein interactions with
membrane or cytoskeletal proteins, an SH3 domain and a GUK domain. Scrib is also a septate
junctional protein of the LAP protein family, containing four PDZ domains and leucine-rich
repeats (LRRs) [85, 87, 91, 92]. Lgl is a cytosolic protein containing two WD40 motifs, involved
in protein-protein interactions [87]. Lgl can bind to non-muscle myosin II and to the cytoske‐
leton matrix, along the baso-lateral portion of the plasma membrane of epithelial cells to affect
cell polarization [93]. All three proteins, often referred to as the Dlg-polarity module, are highly
conserved in sequence among different species and growing evidence suggests that they are
functionally conserved to a large degree since the vertebrate homologues can rescue the
polarity defects and tumorous overgrowth of the respective Drosophila mutants [94-96].

4.1. Dlg, Scrib & Lgl: Multitasking proteins in common pathways in various tissues

Research over several years, defined dlg, scrib and lgl as key players in numerous tissues
contents and malignancies at different time points throughout development, and revealed
their multitasking role in: polarity and septate junction establishment; nervous system and
brain development; organ development; cancer initiation, progression and metastasis; and
mechanism of cooperation with various signaling pathways (Ras, Salvador-Warts-Hippo,
Dpp, JNK, Wg, EGFR etc) [22, 97-104]. Some of their common modes of action across different
tissues and organisms are analyzed below.

4.1.1. Polarity establishment in various cellular contexts

The Dlg polarity module works in cooperation with the Crumbs-(Crb, Pals1 & Patj) and the
Par-(Bazooka/Par3, Par6, αPKC) polarity complexes to control polarity in several tissues. In
epithelial cells, polarity is established in a finely balanced process involving cooperative and
antagonistic interactions among the apical Par-and Crumbs-complexes and the basolateral
Dlg-complex, which restrict the activity of each complex to its specific membrane domain [85,
86]. In neuroblast asymmetric cell division Dlg, Scrib and Lgl cooperate with the Par and
Inscutable-Pins complexes whereas microtubules induce Pins & Gαi cortical polarity through
Dlg and Khc-73 interactions [86, 105, 106]. In the Drosophila ectoderm, phosphorylation of
αPKC is required for Lgl to establish the lateral domain and to prevent apical Lgl recruitment.
Lgl homologues genetically interact with Par components to regulate apicobasal polarity in
Xenopus and MDCK epithelial cells, and in partitioning cell fate determinants in C.elegans [85,
90, 91, 107]. Finally, the Dlg polarity module has critical functions also in Drosophila dorsal
closure formation, in patterning anterior and posterior follicle cells, in wound healing proc‐
esses, in planar cell polarity, in formation of synapses and in NMJs together with other polarity,
scaffolding and receptor complexes [86, 102, 108].
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4.1.2. Vesicle and membrane trafficking

Several pieces of evidence suggest that Dlg, Scrib and Lgl are involved in vesicle and membrane
trafficking [86, 102]: i) Dlg and Strabismus (VanGogh) form a complex that allows membrane
deposition during cellularization in Drosophila embryos [109] ii) Dlg regulates membrane
proliferation of the subsynaptic reticulum (SSR) in NMJs by binding the t-SNARE protein
Gtaxin [110, 111] iii) Dlg and Lgl genetically interact with Exo84 which is required for mem‐
brane addition [112] iv) the yeast Lgl homologues Sro7p and Sro77p interact directly with
Exo84p and Sec9p traggicking components [113], v) mammalian Lgl binds Syntaxin-4 (t-
SNARE) to direct protein trafficking [114], and vi) mammalian Scrib regulates exocytosis by
binding to the β–Pix-GIT1 complex [115].

4.1.3. Gene regulation and signaling output

Recent studies associate Dlg, Scrib and Lgl with transcriptional response and signaling output
since they can regulate the shuttling of critical components between junctional complexes and
the nucleus. Such a shuttling mechanism has been described for the Dlg and Scrib vertebrate
homologues [116, 117]. In Drosophila salivary glands, Lgl together with non-muscle myosin
regulate in the cytoplasm access to chromatin modifiers, remodeling and transcription factors
necessary for salivary gland degeneration [118]. In wild type salivary glands, chromatin
remodeling factors are localized in the nucleus to bind chromatin whereas in the absence of
Lgl they accumulate in the cytoplasm and the cortical nuclear zone but cannot bind to
chromatin to regulate secondary gene expression [118].

Taken together, Dlg, Scrib and Lgl emerge as dynamic cytoskeletal components which affect
polarity, cell structure and behavior by directing the trafficking of proteins to proper plasma
membrane surfaces of the cell, and by organizing and stabilizing supramolecular adhesion
and signaling complexes through their action as scaffolding adaptor molecules [83-86, 89-91,
109, 111].

4.2. Dlg, Scrib & Lgl in testis somatic cells promote cyst cell function & testis homeostasis

Septate junctions are primary candidates for cyst integrity and coordination, as apart from
acting as sealing junctions in epithelia and neurons by mediating cell-cell adhesion, they act
as scaffolding networks together with multiple pathways to promote organ morphogenesis
[120]. Although the function of Dlg, Scrib and Lgl as TSGs has been intensively studied, their
role in testis development has been largely overlooked, as mutations in their coding genes do
not result in testis tumors. Moreover, the fact that testes lack an easy to study columnar
epithelium, which facilitates analysis of apicobasal polarity genes, didn’t favor the analysis of
these genes in this stem cell system for many years. The last years a number of studies
addressed the role of scrib, dlg and lgl scaffolding proteins in the Drosophila male gonad, testis
architecture and homeostasis [22-24, 119, 121]. Prompted by the observation that the septate
junction protein Scrib [122] is expressed in the newly formed embryonic Drosophila gonads [88],
Scrib dynamics in the embryonic gonads was investigated [24]. During gonad formation Scrib
forms a polygonal network around the germ cells and is present primarily in the somatic
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gonadal cells, the so-called gonadal mesoderm, that surrounds them. Scrib synthesis in the
gonadal mesoderm is cell autonomous, since analysis of agametic gonads and pseudo-gonads
made of aggregated germ cells revealed that Scrib in the germ cells requires a direct contact
to the gonadal mesoderm [24].

As Dlg, Scrib and Lgl act cooperatively in several tissue contexts [23,  84],  their function
during male gonad and testis development was analyzed in a comparable way [22, 119].
This  work revealed that  cell  autonomous scrib  and dlg  expression in the gonadal  meso‐
derm  affects  critically  the  internal  structure  of  the  gonads  by  establishing  the  intimate
contacts of the germ cells to the gonadal mesoderm [24, 119]. At later stages, dlg, scrib and
lgl expression in the hub, CySCs and SCCs (Fig.3 A-C) is indispensable for testis develop‐
ment and homeostasis, as depletion of these genes results in extremely small testes with
reduced number  of  germline  stem cells  and impaired differentiation  (Fig.3  E-H).  More‐
over, Dlg localization in CySCs establishes a tight connection between GSCs and CySCs,
and thereby preserves the niche architecture. In late SCCs dlg expression is critical for their
survival,  growth,  expansion  and  for  maintaining  the  integrity  of  the  cysts  [22].  This  is
supported by the observation that the Eya-positive SCCs present in the wild-type testes
(Fig.3I; arrowheads) are lost in dlg testes (Fig.3J) and die due to apoptosis [22]. Similar to
dlg, lgl testes also lose Eya-positive SCCs (Fig.3L), whereas in scrib testes late SCCs are still
present (Fig.3K; arrowheads) but the size of these Eya-positive nuclei and of overall testis
size is significantly reduced [119]. In contrast to the overgrowth phenotypes observed in
imaginal  discs  and brain hemispheres,  the  extensive defects  in  dlg,  scrib  and lgl  mutant
testes underline the importance of the somatic lineage in the establishment of a tight soma-
germline adhesion and cyst integrity, which is a prerequisite for a functional male stem cell
niche and proper testis differentiation [2, 23, 119].

Another striking finding was the formation of wavy and ruffled plasma membrane upon dlg
over-expression in somatic cyst cells capping the spermatocyte cysts. Up to now, there is no
mechanism describing how cyst cells in Drosophila testis grow enormously, elongate and
ensheath the germ cells of spermatogonial and spermatocyte cysts or how spermatid differ‐
entiation and individualization is guided by the polarized head and tail SCC. From other
systems we know that Dlg regulates membrane proliferation in a subset of NMJs in a dose-
dependent fashion [123] and is an important player in the process of polarized membrane
insertion during cellularization [109, 124-126].

Another way to interpret this result would be to consider that Dlg regulates the intensity
of germ cell encapsulation through the Egfr pathway, which is the major signaling pathway
active at  the microenvironment of  the spermatogonial  cysts [50,  51].  Membrane ruffling,
detected in somatic cells upon dlg over-expression, is highly reminiscent of the formation
of lammellipodia-like structures, formed upon up-regulation of Rac1 in SCCs [53]. Rac1 is
a downstream component of the Egfr pathway and acts antagonistically to Rho in order to
regulate  germ  cell  encapsulation;  moreover,  Rho  activation  perturbates  TJ  function  in
various experimental  systems [129].  It  has already been shown that Dlg regulates mem‐
brane  proliferation  in  a  subset  of  NMJs  in  a  dose-dependent  fashion  [123]  and  is  an
important player in the process of polarized membrane insertion during cellularization [109,
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124-126]. The fact that membrane proliferation is also involved in mechanisms such as tissue
spreading  and  cell  surface  extensions,  including  membrane  ruffles  [127,  128]  and  com‐
bined  with  our  results  on  SCCs  membrane  ruffling  upon Dlg  overexpression  it  can  be
suggested  that  polarized  membrane  insertion,  mediated  by  Dlg,  might  conduct  SCCs
growth, expansion and spreading over the germ cells of testicular cysts.

5. Conclusions and future perspectives

Cell polarity and signaling are fundamental biological processes that impact stem cell function,
cancer, cell migration, tissue morphogenesis and response to pathogenic infections. Growing

Figure 3. Dlg, Scrib and Lgl in the somatic lineage have critical functions in niche architecture, testis differentiation
and homeostasis. (A-C) Dlg, Scrib and Lgl localize in somatic hub, somatic stem and cyst cells in Drosophila testis. (D)
Dlg overexpression leads to ruffled membranes of somatic cyst cells, showing that Dlg promotes somatic cyst cell
growth and membrane addition. (E-H) dlg, scrib and lgl mutant testes are extremely small, with reduced number of
germline stem cells and impaired differentiation with only few spermatogonial cysts. Traffic Jam (TJ) marks the somat‐
ic stem cell and cyst cell nuclei, Vasa the germline, Armadillo (Arm) the hub and somatic stem and cyst cells, a-Spectrin
the fusome growing through the interconnected spermatogonia and spermatocytes. (I-L) In dlg and lgl testes late so‐
matic cyst cells are lost as no Eyes Absent (Eya)-positive cyst cells are observed and the tight connection between the
cyst cells and the germline is lost. In scrib testes Eya-positive somatic cyst cells are present, however testes are small
and underdeveloped. Arrows point at the somatic cyst cell membrane. Arrowheads point at Eya-positive late somatic
cyst cells. Testis hub is oriented towards the left. Scale Bar: 10mm
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gonadal cells, the so-called gonadal mesoderm, that surrounds them. Scrib synthesis in the
gonadal mesoderm is cell autonomous, since analysis of agametic gonads and pseudo-gonads
made of aggregated germ cells revealed that Scrib in the germ cells requires a direct contact
to the gonadal mesoderm [24].

As Dlg, Scrib and Lgl act cooperatively in several tissue contexts [23,  84],  their function
during male gonad and testis development was analyzed in a comparable way [22, 119].
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derm  affects  critically  the  internal  structure  of  the  gonads  by  establishing  the  intimate
contacts of the germ cells to the gonadal mesoderm [24, 119]. At later stages, dlg, scrib and
lgl expression in the hub, CySCs and SCCs (Fig.3 A-C) is indispensable for testis develop‐
ment and homeostasis, as depletion of these genes results in extremely small testes with
reduced number  of  germline  stem cells  and impaired differentiation  (Fig.3  E-H).  More‐
over, Dlg localization in CySCs establishes a tight connection between GSCs and CySCs,
and thereby preserves the niche architecture. In late SCCs dlg expression is critical for their
survival,  growth,  expansion  and  for  maintaining  the  integrity  of  the  cysts  [22].  This  is
supported by the observation that the Eya-positive SCCs present in the wild-type testes
(Fig.3I; arrowheads) are lost in dlg testes (Fig.3J) and die due to apoptosis [22]. Similar to
dlg, lgl testes also lose Eya-positive SCCs (Fig.3L), whereas in scrib testes late SCCs are still
present (Fig.3K; arrowheads) but the size of these Eya-positive nuclei and of overall testis
size is significantly reduced [119]. In contrast to the overgrowth phenotypes observed in
imaginal  discs  and brain hemispheres,  the  extensive defects  in  dlg,  scrib  and lgl  mutant
testes underline the importance of the somatic lineage in the establishment of a tight soma-
germline adhesion and cyst integrity, which is a prerequisite for a functional male stem cell
niche and proper testis differentiation [2, 23, 119].

Another striking finding was the formation of wavy and ruffled plasma membrane upon dlg
over-expression in somatic cyst cells capping the spermatocyte cysts. Up to now, there is no
mechanism describing how cyst cells in Drosophila testis grow enormously, elongate and
ensheath the germ cells of spermatogonial and spermatocyte cysts or how spermatid differ‐
entiation and individualization is guided by the polarized head and tail SCC. From other
systems we know that Dlg regulates membrane proliferation in a subset of NMJs in a dose-
dependent fashion [123] and is an important player in the process of polarized membrane
insertion during cellularization [109, 124-126].

Another way to interpret this result would be to consider that Dlg regulates the intensity
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active at  the microenvironment of  the spermatogonial  cysts [50,  51].  Membrane ruffling,
detected in somatic cells upon dlg over-expression, is highly reminiscent of the formation
of lammellipodia-like structures, formed upon up-regulation of Rac1 in SCCs [53]. Rac1 is
a downstream component of the Egfr pathway and acts antagonistically to Rho in order to
regulate  germ  cell  encapsulation;  moreover,  Rho  activation  perturbates  TJ  function  in
various experimental  systems [129].  It  has already been shown that Dlg regulates mem‐
brane  proliferation  in  a  subset  of  NMJs  in  a  dose-dependent  fashion  [123]  and  is  an
important player in the process of polarized membrane insertion during cellularization [109,
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scientific evidence suggests that these processes are intimately linked. Moreover, shuttling of
signaling complexes into specific intracellular regions happens via their recruitment in sub-
cellular domains guided by polarity scaffolds. The microenvironment of the male testis cysts,
built by the cyst cell-germline intimate connection, provides an ideal model system to inves‐
tigate how soma-germline adhesion and cell morphological changes are coordinated with cell
communication and exchange of short-range signals.

So far the main evidence for cyst cell (CySCs and SCCs) function came from the analysis of
individual signal transduction pathways that establish a cross-talk between the soma and the
germline. Now we know that cyst cells are crucially important for soma-germline cyst
integrity, overall rigidity and for setting up a functional cyst microenvironment. To this end,
it is important (a) to investigate the requirement of the somatic lineage, the cyst cells, as
safeguard of germline function, and (b) to characterize the local soma-germline communica‐
tion within the cysts with focus on how polarity scaffolds and signaling platforms promote
this. Resolving the basic features of cyst’s microenvironment and soma-germline coordination
will allow the study of more complex questions in the future such as long-range signaling at
the level of cyst-cyst communication. Moreover, the use of a combination of genetic, genomic
and high-resolution microscopy techniques to approach these questions will enable us to adapt
tools, already successfully established in other tissues and model systems (such as FRAP, FRET
and organ cultures) to the Drosophila testis.
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1. Introduction

The female genital tract is a complex and physiologically dynamic system of organs which
undergo  continuous  and  profound  changes  during  the  reproductive  years.  Each  of  its
components – ovaries, fallopian tubes and uterus - has unique and indispensable roles in
reproduction. Each month, under stimulation from the pituitary gland, the ovaries produce
and release a mature oocyte,  which moves into the neighboring fallopian tube.  Concep‐
tion takes place in the lumen of the tube and the mucosal epithelium lining plays a critical
part in the transport of the gametes and the successful transfer of the zygote to the uterus,
where it  implants  6-12 days after  fertilization.  Considering the importance of  successful
reproduction for species survival, there is strong evolutionary pressure to make the process
robust and to respond quickly to any cellular damage with effective repair mechanisms.
Also, the inner layer of the uterus, the endometrium, is subjected to monthly shedding and
regeneration  in  order  to  sustain  a  suitable  environment  for  implantation  of  a  potential
embryo. Similar to other tissues like intestine and hair, which continue to undergo rapid
cellular turnover throughout adult life, there is an increasing number of studies describ‐
ing the existence of adult stem cells in the genital tract that ensure tissue renewal through‐
out life.

Historically,  adult stem cells have been described in vivo as rare,  slow-cycling cells that
maintain self-renewal  by asymmetric  division and can differentiate  into different  proge‐
nies. The traditional method of identification has been BrdU labeling, and designated stem
cells have been described as label retaining cells (LRC), although there has been some doubt
concerning the accuracy of the underlying premise that stem cells efficiently incorporate
BrdU [1]. Since BrdU is a mutagen and toxic, this prevents successful recovery and in vitro
analysis  of  labeled cells.  However,  both  old  and new experimental  approaches  recently

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[128] Albertson R, Riggs B, Sullivan W. Membrane traffic: a driving force in cytokinesis.
Trends Cell Biol. 2005;15(2):92-101.

[129] Fischer A, Stuckas H, Gluth M, Russell TD, Rudolph MC, Beeman NE, et al. Impaired
tight junction sealing and precocious involution in mammary glands of PKN1 trans‐
genic mice. J Cell Sci. 2007;120(Pt 13):2272-83.

Adult Stem Cell Niches138

Chapter 6

Adult Stem Cell Niches — Stem Cells in the Female
Reproductive System

Mirjana Kessler, Rike Zietlow and Thomas F. Meyer

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58842

1. Introduction

The female genital tract is a complex and physiologically dynamic system of organs which
undergo  continuous  and  profound  changes  during  the  reproductive  years.  Each  of  its
components – ovaries, fallopian tubes and uterus - has unique and indispensable roles in
reproduction. Each month, under stimulation from the pituitary gland, the ovaries produce
and release a mature oocyte,  which moves into the neighboring fallopian tube.  Concep‐
tion takes place in the lumen of the tube and the mucosal epithelium lining plays a critical
part in the transport of the gametes and the successful transfer of the zygote to the uterus,
where it  implants  6-12 days after  fertilization.  Considering the importance of  successful
reproduction for species survival, there is strong evolutionary pressure to make the process
robust and to respond quickly to any cellular damage with effective repair mechanisms.
Also, the inner layer of the uterus, the endometrium, is subjected to monthly shedding and
regeneration  in  order  to  sustain  a  suitable  environment  for  implantation  of  a  potential
embryo. Similar to other tissues like intestine and hair, which continue to undergo rapid
cellular turnover throughout adult life, there is an increasing number of studies describ‐
ing the existence of adult stem cells in the genital tract that ensure tissue renewal through‐
out life.

Historically,  adult stem cells have been described in vivo as rare,  slow-cycling cells that
maintain self-renewal  by asymmetric  division and can differentiate  into different  proge‐
nies. The traditional method of identification has been BrdU labeling, and designated stem
cells have been described as label retaining cells (LRC), although there has been some doubt
concerning the accuracy of the underlying premise that stem cells efficiently incorporate
BrdU [1]. Since BrdU is a mutagen and toxic, this prevents successful recovery and in vitro
analysis  of  labeled cells.  However,  both  old  and new experimental  approaches  recently

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



confirmed the existence of  adult  stem cells  in the female reproductive system using the
mouse model system with BrdU pulse labeling [2,3],  as well  as with transgenic animals
with fluorescently labeled histone 2B [4], although it is not yet clear if the two methods do
in fact label the same cells.

Deregulation of the adult stem cell niche, which is the main custodian of homeostasis in
healthy tissues, is considered a potentially significant step in the etiology of cancer as well
as other proliferative disorders, such as endometriosis.  Therefore, basic research into the
biology of adult stem cells is a new and promising field in the search for novel therapeu‐
tic  strategies  for  these  diseases.  This  chapter  will  provide  an  overview  of  the  current
understanding  of  adult  stem  cell  niches  in  the  female  genital  tract,  and  how  new  evi‐
dence regarding its molecular regulation changes our perspective of analyzing and treating
some of its most common pathologies: endometriosis as well as endometrial and ovarian
cancer.  Based on the available evidence,  it  is  safe to conclude that the female reproduc‐
tive tract  harbors adult  stem cells.  However,  in contrast  to an already very comprehen‐
sive and detailed insight into the structure and regulation of the adult stem cell niche in
the gastro-intestinal tract, hair follicle or hematopoetic tissue, details of the niche organiza‐
tion in the genital tract mucosa remain at best sketchy. Experimental data on adult stem
cells  from the genital  tract  almost exclusively originate from in vitro studies of  primary
culture  isolates  and  so-called  "functional  assays"  describing  clonality  assays,  sphere
formation and differentiation capacity for the small population of presumptive stem cell
candidates.  Still,  many  questions  remain  unanswered  regarding  the  molecular  mecha‐
nisms  of  epithelial  renewal  in  a  system  which  during  the  average  reproductive  period
undergoes more than 400 cycles of phenotypical changes in response to shifts in hormo‐
nal stimulation. Of particular importance is the relationship between adult stem cells in the
healthy  tissue  and  so-called  cancer  stem cells  and  we  will  address  the  most  important
developments in this area of research.

We will also briefly review contentious recent evidence for a putative reserve of germline
stem cells (GSCs) in the ovary, which would represent a further population of adult stem
cells,  akin  to  spermatogonia  in  men.  One  of  the  pillars  of  reproductive  medicine  and
infertility treatments is the dogma that women are born with all potential oocytes in place,
arrested in the first  meiotic  prophase.  Thus,  the available "ovarian reserve" is  a limiting
factor in infertility treatments, and egg donation remains the only option for patients who
show  diminished  parameters  for  remaining  primordial  follicles.  Following  on  from  the
postulation that somatic, mitotically active cells in Drosophila melanogaster can act as GSCs
[5] several groups have provided evidence for the existence of GSCs in mouse [6,7] as well
as  human  ovaries  [8].  However,  they  are  yet  to  find  final  acceptance  in  the  scientific
community. If they do indeed exist, they would without doubt revolutionize the field of
reproductive medicine.

Before we review the current “state of the art” of adult stem cell research in the female genital
tract, it is useful to summarize its basic anatomy and histopathology in order to understand
the environment in which stem cells function.
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2. Anatomy and histopathology of cervix, uterine endometrium and
fallopian tube and ovary

Distinct portions of the mucosa along the tract are morphologically and functionally special‐
ized to facilitate the successful completion of the reproductive process: from the oocyte
maturation (ovary) through the transport of gametes (fallopian tube) to the implantation of
the embryo in the endometrium and establishment of a viable pregnancy (uterus). The ovarian
surface epithelium (OSE) is built of simple, flat, cuboidal cells, without mature adhesion
junctions or prominent polarity (Fig. 1A).

Figure 1. Overview of the histology of the female genital tract
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The stroma of the ovary is filled with luteinized stromal cells, decidual cells, neuroendocrine
cells, fat and muscle cells and a population of endometrial-like stromal cells. In addition, the
ovary contains the pool of primordial follicles, which consist of immature primary oocytes,
arrested at birth in the prophase of meiosis 1, surrounded by a densely packed shell of somatic
granulosa cells, which are of key importance for successful growth and maturation of the
ovum. The developing oocyte and neighboring granulosa cells represent a perfect example of
the “niche” where cell-cell interaction and signaling from surrounding tissue compartments
determine cell fate and differentiation (Fig. 1B). The process of ovulation, or specifically
follicule rupture, creates a pro-inflammatory environment high in reactive oxygen species [9,
10], that requires extensive repair mechanisms and tissue remodeling to avoid permanent
damage to the ovary. Indeed OSE cells, though simple in their cellular phenotype, are uniquely
adapted to not only respond to stress conditions, but also to actively participate in the tissue
breakdown and remodeling that enables rupture of the follicle through the ovarian surface
[11]. They express proteolytic enzymes such are metalloprotease 2 and 9 [12], and can undergo
epithelial mesenchymal transition (EMT) [13], which may facilitate efficient repair of the
injured ovarian surface during the post-ovulatory phase of the menstrual cycle. The ovaries
also produce hormones that control the cellular changes associated with the menstrual cycle.
The granulosa cells of growing follicles secrete exponentially increasing amounts of estradiol
and progesterone. After oocyte release, the remaining follicular cells undergo transformation
into the corpus luteum, which immediately starts producing progesterone under the control
of pituitary LH pulses. These two main phases of the menstrual cycle – estradiol-driven
follicular phase and progesterone-driven luteal phase – determine cyclical homeostasis of all
mucosal surfaces in the lower genital tract including fallopian tube, uterus and cervix.

The fallopian tube, or salpinx, is ~ 10 cm long and anatomically divided into three segments:
the isthmus, which connects to the uterus, the ampulla, which constitutes the middle part, and
the infundibulum, proximal to the ovary. The infundibulum terminates in relatively large
opening, the ostium, which has many fine projections, or fimbriae, that capture the oocyte
upon follicule rupture and guide it towards the ampulla, where fertilization takes place. The
histology of the tube, starkly different from the ovarian surface, is characterized by the
presence of an epithelial monolayer of highly differentiated columnar cells with two distinct
cell types: secretory – producing tubular fluid – and ciliated – enabling transport along the
lumen (Fig. 1A). Numerous mucosal folds in the distal and ampullar regions provide a suitable
environment for the early stages of blastocyst development. Contractility of the tube is ensured
by the muscular layer surrounding the epithelium. Although, unlike uterine endometrium,
fallopian epithelium does not undergo extensive monthly shedding, it responds to the
follicular phase hormonal environment by proliferation [14]. Changes in homeostasis are
supported by global gene expression data from fallopian tube mucosal samples, which show
marked differences between follicular and luteal phase [15]. The tubal epithelium is also
exposed to the pro-inflammatory environment associated with ovulation, leading for instance
to an increase in double stranded DNA breaks marked by phospho-γH2A.X in a mouse model
in vivo [16]. Exposing human fallopian tube isolates to follicular fluid ex vivo increases
expression of inflammation-related genes and DNA repair components [17]. In particular,
there is a noticeable accumulation of p53 it the nuclei of tubal cells, which is thought to be a
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key step in the development of premalignant lesions. As well as the potentially genotoxic
effects of follicular fluid, their connection to the uterus also renders the fallopian tubes
vulnerable to ascending infections by sexually transmitted pathogens. Chlamydia trachomatis
and Neisseria gonorrhea are major causes of the inflammatory disease salpingitis, which is
marked by scarring and tissue injury and dramatically increases the risk for tubal occlusion
and infertility. In addition, there is increasing evidence that at least some STDs may also have
a pro-malignant effect on host cells [18-20].

The uterus is a muscular organ with great capacity for growth and physiological transforma‐
tion, which is necessary to support pregnancy. It consists of three layers: the outer serosal layer,
or perimetrium, the myometrium, which contributes the most to the volume and mass of the
organ, and the inner mucosal layer, or endometrium, which is vital for the initiation of
pregnancy. The structure of the endometrial layer has traditionally been divided into the
stratum basalis and the stratum functionalis, which is subjected to monthly cyclical renewal,
differentiation and shedding. The stratum functionalis changes greatly during each menstrual
cycle and is further divided into stratum compactum and stratum spongiosum. The stratum
functionalis consists of glandular epithelium (Fig. 1C) residing on the supportive connective
tissue and blood vessels which supply nutrients. It is at its thinnest at the beginning of the
follicular phase, and proliferates strongly under stimulation by estradiol. The estradiol peak
coincides with the maximum follicle diameter prior to ovulation and with maximal thickness
of the proliferative endometrium. Following ovulation, rising progesterone levels, trigger
differentiation of the stratum functionalis into “secretory” endometrium. At the cellular level,
endometrial glands, which resemble narrow straight tubes during the follicular phase, begin
to swell as progesterone stimulates the columnar epithelial cells to produce and secrete
glycogen granules. It is assumed that this glycogen-rich environment serves as an energy depot
for the implanting blastocyst. In addition, stromal cells undergo a profound change, converting
from a fibroblast-like phenotype into rounded cells that produce prolactin and insulin growth
factor binding protein [21,22]. This complex transformation of the functional layer of the
endometrium, called decidualization, is a prerequisite for successful attachment and invasion
of the trophoblast and thereby initiation of the pregnancy. Progesterone secretion by the corpus
luteum is limited to around two weeks, after which it disintegrates if no chorionic gonadotro‐
pin from an implanted embryo is present in the circulation to rescue its function. In the absence
of progesterone, the endometrial stratum functionalis, epithelium and supportive connective
tissue is shed and expelled by menstrual bleeding.

The uterus is separated from the vaginal canal by the narrow muscular cervix. Due to its
physiological elasticity, the cervix tightens under the influence of progesterone, and essentially
seals the uterus from the outside environment during the second part of the cycle. This
protective barrier is enhanced in the case of pregnancy by the formation of a mucus plug that
fills the endocervical canal. The entrance to the cervix is called external orifice of the uterus,
or external os. The endocervix is lined by simple columnar epithelium, with a similar structure
to the endometrial monolayer, while the outer part is lined by stratified squamous epithelium.
The segment in between – the squamo-columnar junction (SCJ) – is a dynamic zone, which
does not have a fixed location but migrates under the influence of major hormonal changes,
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opening, the ostium, which has many fine projections, or fimbriae, that capture the oocyte
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key step in the development of premalignant lesions. As well as the potentially genotoxic
effects of follicular fluid, their connection to the uterus also renders the fallopian tubes
vulnerable to ascending infections by sexually transmitted pathogens. Chlamydia trachomatis
and Neisseria gonorrhea are major causes of the inflammatory disease salpingitis, which is
marked by scarring and tissue injury and dramatically increases the risk for tubal occlusion
and infertility. In addition, there is increasing evidence that at least some STDs may also have
a pro-malignant effect on host cells [18-20].

The uterus is a muscular organ with great capacity for growth and physiological transforma‐
tion, which is necessary to support pregnancy. It consists of three layers: the outer serosal layer,
or perimetrium, the myometrium, which contributes the most to the volume and mass of the
organ, and the inner mucosal layer, or endometrium, which is vital for the initiation of
pregnancy. The structure of the endometrial layer has traditionally been divided into the
stratum basalis and the stratum functionalis, which is subjected to monthly cyclical renewal,
differentiation and shedding. The stratum functionalis changes greatly during each menstrual
cycle and is further divided into stratum compactum and stratum spongiosum. The stratum
functionalis consists of glandular epithelium (Fig. 1C) residing on the supportive connective
tissue and blood vessels which supply nutrients. It is at its thinnest at the beginning of the
follicular phase, and proliferates strongly under stimulation by estradiol. The estradiol peak
coincides with the maximum follicle diameter prior to ovulation and with maximal thickness
of the proliferative endometrium. Following ovulation, rising progesterone levels, trigger
differentiation of the stratum functionalis into “secretory” endometrium. At the cellular level,
endometrial glands, which resemble narrow straight tubes during the follicular phase, begin
to swell as progesterone stimulates the columnar epithelial cells to produce and secrete
glycogen granules. It is assumed that this glycogen-rich environment serves as an energy depot
for the implanting blastocyst. In addition, stromal cells undergo a profound change, converting
from a fibroblast-like phenotype into rounded cells that produce prolactin and insulin growth
factor binding protein [21,22]. This complex transformation of the functional layer of the
endometrium, called decidualization, is a prerequisite for successful attachment and invasion
of the trophoblast and thereby initiation of the pregnancy. Progesterone secretion by the corpus
luteum is limited to around two weeks, after which it disintegrates if no chorionic gonadotro‐
pin from an implanted embryo is present in the circulation to rescue its function. In the absence
of progesterone, the endometrial stratum functionalis, epithelium and supportive connective
tissue is shed and expelled by menstrual bleeding.

The uterus is separated from the vaginal canal by the narrow muscular cervix. Due to its
physiological elasticity, the cervix tightens under the influence of progesterone, and essentially
seals the uterus from the outside environment during the second part of the cycle. This
protective barrier is enhanced in the case of pregnancy by the formation of a mucus plug that
fills the endocervical canal. The entrance to the cervix is called external orifice of the uterus,
or external os. The endocervix is lined by simple columnar epithelium, with a similar structure
to the endometrial monolayer, while the outer part is lined by stratified squamous epithelium.
The segment in between – the squamo-columnar junction (SCJ) – is a dynamic zone, which
does not have a fixed location but migrates under the influence of major hormonal changes,
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such as puberty, pregnancy and menopause. Prior to puberty, squamous epithelium covers
the outer segment of the cervix and the lower part of the canal. During puberty and first
pregnancy, the columnar epithelium of the endocervix expands and covers the outer rim of
the external os. Through contact with the low pH of the vagina, the columnar epithelium
undergoes metaplasia over time and converts back towards a squamous phenotype (squamous
metaplasia). It is widely accepted that over 90% of malignancies of the cervix originate from
cellular changes which are initiated in this region of intense tissue remodeling-thus the SCJ is
frequently labelled “transformation zone” (TZ).

3. Putative female GSCs

Before devoting our attention to the somatic adult stem cells of the female genital tract, we will
review the rather contentions field of presumptive GSCs in the adult ovary. Since the 1950s,
the accepted dogma in reproductive biology has been that in mammals primordial germ cell
(PGC)-derived oogonia cease proliferation shortly after birth and differentiate into primary
oocytes, which arrest in prophase of meiosis I until fertilization triggers the completion of
meiosis [23]. As a consequence, the pool of available oocytes is finite – and exhaustion of the
pool of resulting follicles is believed to be responsible for menopause. In the last decade,
however, this assumption has been challenged by a series of papers reporting the existence of
GSCs in the ovaries of mice and humans. First hints came from observations by Tilly’s group
[6], who tried to assess the dynamics of germ cell loss during adult life. Their estimation that
up to a third of immature follicles in mice are degenerating at any given time led them to
postulate that this unexpectedly high rate is incompatible with the slow rate of decline
observed in the follicle reserve. In trying to resolve this contradiction, they identified cells on
the ovarian surface of young mice that express the meiotic entry marker SCP3, as well as BrdU-
incorporating cells that simultaneously express the germ cell marker Ddx4, suggesting that
these cells may be proliferating GSCs responsible for replenishing the follicle pool.

Further evidence for ovarian GSCs that are capable of proliferation followed by differentiation
into oocytes came from the observation that immunomagnetically isolated Ddx4+ cells from
both mouse and human ovaries can be expanded in vitro and give rise to oocytes following
transplantation into donor ovarian tissue [7,8]. In the mouse, GFP-labelled putative
Ddx4+GSCs were able to give rise to offspring following transplantation, with transmission
through the germline to subsequent generations [7]. Using transplantation of premeiotic
female PGCs Zhang et al [24] further provided proof of principle that the adult ovary is able
to support oogenesis. Tilly’s group subsequently showed that following extensive doxyrubin-
induced loss, follicle numbers recover within 36 h. Reasoning that the small numbers of
presumed GSCs they had previously identified in the adult ovary would not be sufficient to
support this rapid recovery, they transplanted bone marrow from mice expressing GFP under
the Oct 4 promoter into germ cell-deficient Atm-/-mice and identified GFP-labelled primordial
follicles [25]. They concluded that a subpopulation of circulating bone marrow stem cells that
express PGC marker genes are responsible for the observed oocyte replenishment.

Adult Stem Cell Niches144

Putative GSCs have been identified by co-labelling with proliferative and germ cell markers
and described either as small cells within the ovarian cortex [6,26-28] or clusters of cells which
also include somatic cells [29]. Other studies supported the discovery of ovarian GSCs [26,30]
but the considerable differences in marker expression, in vitro phenotype and differentiation
potential observed between these studies make the case somewhat controversial. In addition,
other groups have failed to repeat these findings and challenged their validity [24,31,32]. Kerr
et al described the expulsion of oocytes through the OSE into the peritoneum during the post-
natal phase of oocyte reduction, which could potentially be interpreted as GSCs [32]. By using
tamoxifen-induced random labelling of cells, Lei and Spradling traced the numbers of follicles
over time and argue that the follicle pool is in fact highly stable with a half-life of 10 – 11 months,
which would make the follicle pool at birth large enough to support the ~500 ovulations
required during the life time of a mouse [33]. They also failed to observe the generation of new
follicles even after depletion with busulphan toxin, thus putting into question that there is in
fact a need to explain regeneration of follicle numbers, a finding that is further supported by
mathematical modelling [34]. Similarly other groups, failed to observe replenishment of the
follicle pool by donor bone marrow-derived cells [35] or after chemical depletion [36].

It has been argued that some of these contradicting findings could be explained by the use of
Ddx4 –which was previously thought to be a cytoplasmic germ cell marker, but was used by
Zou et al [7] and White et al [8] to isolate cells based on their finding that the protein also
contains a transmembrane domain in GSCs. They suggest that the reason many other labora‐
tories have failed to identify GSCs in ovaries using Ddx4 [24] is due to the fact that cytoplasmic
Ddx4 expression in oocytes masks the presence of rare GSCs. Similarly, SSEA-1, which was
used by Johnson's group to identify ovarian GSCs [25], was reported by Bristol-Gould et al [34]
to overlap only with cells from the HSC lineage. Widespread acceptance of adult ovarian GSCs
will no doubt depend on the identification of a marker signature or more robust methods which
allows identification of these cells by all laboratories with the relevant expertise.

The difficulty in pinpointing putative ovarian GSCs or their niche in vivo, while at the same
time apparently being expandable and giving rise to the appropriate differentiated tissue in
vitro, mirrors the experience for stem cells of somatic adult tissues, as we shall explore below.
However, the unique properties and complex embryonic development of germ cells do in fact
give rise to some important differences.

In the current model, primordial germ cells (PGCs) derive from a small number of epiblast
cells which are specified before differentiation into the different germ layers begins. PGCs
subsequently undergo a complex migration through the allantois, along the developing
hindgut, finally entering the dorsal mesentery and the developing gonads. Despite the obvious
importance of these early developmental processes for future fertility, they remain little
understood. Mikedis and Downs have suggested that PGCs temporarily reside in an “allantoic
core domain” (ACD) which they propose has similar functions to the Spemann organiser,
consisting of a stem cell pool which extends the body axis in a posterior direction – contributing
not only to the germ cell lineage but also the three germ layers – effectively creating a strong
interface between the future umbilical cord and the developing embryo [37]. The stem cells in
the ACD express Oct4, Blimp1, Stella and Fragilis – markers thought to be specific for PGCs –
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incorporating cells that simultaneously express the germ cell marker Ddx4, suggesting that
these cells may be proliferating GSCs responsible for replenishing the follicle pool.
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to support oogenesis. Tilly’s group subsequently showed that following extensive doxyrubin-
induced loss, follicle numbers recover within 36 h. Reasoning that the small numbers of
presumed GSCs they had previously identified in the adult ovary would not be sufficient to
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the Oct 4 promoter into germ cell-deficient Atm-/-mice and identified GFP-labelled primordial
follicles [25]. They concluded that a subpopulation of circulating bone marrow stem cells that
express PGC marker genes are responsible for the observed oocyte replenishment.
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time apparently being expandable and giving rise to the appropriate differentiated tissue in
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However, the unique properties and complex embryonic development of germ cells do in fact
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but appear to contribute also to other tissues [38]. These observations, as well as the fact that
hematopoietic stem cells also migrate from the proximal epiblast to the embryonic aorta-
gonad-mesonephric region during the same period of development, imply that it is theoreti‐
cally possible that there may be “intermixing” or indeed that there is a common precursor pool
for PGCs and a subpopulation of bone marrow stem cells.

While a lineage tree analysis [39] based on somatic mutations accumulating in microsatellites
found that oocytes form a cluster which is entirely distinct from other cell populations –
suggesting that there is no intermixing of the germ cell precursor pool with that of any other
cell type – it is conceivable that a very rare subpopulation of bone marrow stem cells would
be missed in such an analysis. In fact their results also show that the number of mitotic divisions
oocytes have undergone increases with age and following unilateral ovarectomy. This may be
explained by recruitment of oocytes in the order in which they first differentiated during
development – but is also consistent with the notion of continuous oocyte production from
cycling stem cells. Many observers have suggested that if GSCs do exist, they are most likely
to be derived from the normal developmental precursors of oocytes, i.e. PGCs or oogonia –
which have not yet differentiated into oocytes and are still able to undergo mitosis [40-42]. The
close relationship of PGCs to pluripotent cells is demonstrated by the fact that following
isolation from the embryo, they can be converted back to a pluripotent phenotype termed
embryonic germ cells in vitro without genetic manipulation [43-45].

Even if one accepts the existence of GSCs, there are a number of unanswered questions apart
from their exact location. Firstly, it is not clear whether they contribute to oocyte production
under normal physiological conditions, or only after injury. Secondly, if the follicle pool is
replenished by GSCs, why does this replenishment eventually cease, leading to menopause?
Niikura et al [27] have suggested that the aging niche environment itself may be responsible
– however, the life-long production of spermatozoa in the testis indicates that this is not in
itself a sufficient explanation. A large number of germ cells in neonatal mouse ovaries have
not yet entered meiosis and can be induced to proliferate, increasing the follicular pool – but
by the time animals enter reproductive age the numbers have returned to “normal” levels [46].
This suggests that mechanisms exist within the ovary to actively regulate the number of
follicles. Together with the fact that a large proportion of oocytes are eliminated shortly after
birth [47] this indicates a highly selective process to ensure the removal of oocytes with reduced
meiotic fitness, which runs counter to the idea of continued oocyte replenishment from cycling
precursors.

Whether or not GSCs exist in vivo, the presence of cells that can be expanded and differentiated
to functioning oocytes in vitro – as suggested by Zou et al [7] and others [28] – would in itself
be of huge potential benefit for the treatment of infertility. Nonetheless, the long time required
to induce proliferation of these cells in vitro (around 10 weeks), compared to other adult stem
cells, suggests that transformation of the cells in vitro may be responsible for the observed
phenotype – similar to findings which describe the production of oocytes from other somatic
stem cells in vitro – or that indeed the results may be explained by rare primordial oocytes that
are carried over during the in vitro period.
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4. Uterine endometrial stem cells

From the volume of work, it is fair to say that human endometrium has been the most
intensively studied portion of the female genital tract in the field of adult stem cell research.
This is partly due to the fact that the uterus is by far the most accessible portion of the tract,
where sample collection and analysis is much less invasive compared to investigating ovary
or fallopian tubes, and partly to the logic assumption that such intensely proliferating and
renewing tissue should contain a stem cell pool. Since the stratum basalis of the endometrium
is necessary for monthly renewal of the functional layer [48], characterized by intense prolif‐
eration under stimulation of rising estradiol levels, it is a prime candidate for harboring stem
cells. Still, there is no common agreement yet where adult endometrial stem cells reside in
vivo. LRCs were first identified by BrdU labeling in the epithelial layer and underlying stroma
in postnatal mice [2]. However, by 12 weeks post labeling, no BrdU positive cells were left.
Suboptimal timing of the pulse could mean that division of slow-cycling stem cells was missed
such that only transitory amplifying progeny was labeled. Nevertheless, the study provided
the first in vivo evidence for the existence of long-lived cells in the endometrium.

A significant advance over BrdU labeling for localizing stem cells in the mouse was recently
achieved with the development of a histone2B-GFP (H2B-GFP) reporter in a Tet-inducible
system, in which a doxyclicline pulse leads to fluorescent labeling of chromosomes, without
mutagenic stress. This method allows induction of the construct during embryonic develop‐
ment, which increases the likelihood that stem cells will be labeled. With each cell division the
GFP signal is reduced until after ~ 12 weeks it can only be detected in LRCs. In the first study
using this system [49], the doxycyclin pulse was administred in adult animals and 12 weeks
after pulse withdrawal LRCs were identified only in the distal oviduct segment of fimbrium
and ampulla. Their presence was stable even after 47 weeks. In a follow-up study, labeling
was extended to the embryonic period, confirming localization of LRCs to the distal oviduct,
and identifying an additional population at the endocervical transition region but not within
the endometrium. Only a pulse during the pre-pubertal period (post natal day 21-42) resulted
in labeling rare cells in the glandular endometrial epithelium [4]. It is perhaps due to these
experimental difficulties in identifying the adult stem cells in the uterus of a living organism,
despite the undisputedly enormous capacity for endometrial regeneration and plasticity, that
alternative models have been proposed to explain regenerative capacity of the endometrium.

An interesting hypothesis that has gained some traction within the scientific community is the
possibility that bone marrow could be a source of endometrial stem cells. Previously, bone
marrow stem cells were reported to be able to differentiate into a wide variety of cell types
[50-52]. Analysis of bone marrow transplant recipients revealed the presence of donor cells in
the opening of endometrial glands, raising the possibility that a stem cell pool outside of the
reproductive system may contribute to the regeneration processes [53,54], mirroring the
findings with female GSCs. Ikoma and colleagues used in situ hybridization to confirm the
localization of Y chromosome-positive donor cells in the endometrium of a female patient who
had undergone bone marrow transplant from a male donor [55]. However newer studies have
questioned the functional importance of such findings, as bone marrow cells residing within
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to induce proliferation of these cells in vitro (around 10 weeks), compared to other adult stem
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after pulse withdrawal LRCs were identified only in the distal oviduct segment of fimbrium
and ampulla. Their presence was stable even after 47 weeks. In a follow-up study, labeling
was extended to the embryonic period, confirming localization of LRCs to the distal oviduct,
and identifying an additional population at the endocervical transition region but not within
the endometrium. Only a pulse during the pre-pubertal period (post natal day 21-42) resulted
in labeling rare cells in the glandular endometrial epithelium [4]. It is perhaps due to these
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the endometrium do not appear to contribute to the stem cell pool, which exhibits high
clonogenic capacity in vitro, but are instead reminiscent of terminally differentiated cells [56],
which could be explained by the capacity of bone marrow-derived cells to fuse with differen‐
tiated cells from a variety of organs [57].

Regardless of the difficulties in identifying and characterizing the adult stem cell niche in
the  intact  epithelium  in  vivo,  numerous  studies  in  recent  years  have  isolated  distinct
populations of putative adult stem or progenitor cells from uterine tissue and demonstrat‐
ed their  proliferative capacity and broad differentiation potential  in vitro.  Two different
classes  of  adult  stem cells  are  found in  the  endometrium:  mesenchymal  and epithelial.
Mesenchymal stem cells have also been named Endometrial Regenerative Cells (ERC) due
to their high proliferative potential. Although the ability to produce a clonal population of
cells  when  seeded  at  very  low  dilution  is  much  greater  for  the  stromal  mesenchymal
subpopulation, the epithelium also contains cells capable of clonal expansion in vitro. Self
renewal of endometrial stem cells in vitro was first demonstrated in pioneering work by
the group of Caroline Gargett [2,58,59]. In the absence of a widely accepted surface marker
for  endometrial  stem  cells,  they  demonstrated  that  multipotent  cells  can  be  efficiently
isolated based on the uptake of Hoechst 33342 [60]. The method of SP cells was original‐
ly established in procedures for adult stem cells isolation from the hematoopetic tissue [61].
It  made use of  the discovery that  the small  population of  adult  stem cells  in the tissue
differs from the differentiated cells by their capacity to efficiently eject Hoechst dye from
the  cytoplasm,  presumably  due  to  the  high  expression  of  the  ABCG2  transporter  [62].
Designated  endometrial  side  population  cells  (ESP),  consisting  of  both  epithelial  and
mesenchymal  SP  cells,  are  able  to  generate  endometrial  glandular  structures  in  vivo  if
transplanted  under  the  kidney  capsule  of  NOD/SCID  immunocompromised  mice  [63].
Interestingly, a fraction of the ESPs migrated and generated blood vessels to supply the
endometrium, showing potency to generate different types of tissue in the functional organ.
Still,  the  overall  efficiency  of  the  procedure  was  rather  low as  endometrium formation
occurred in only 2 out of 24 injected animals. Dramatic improvements in the outcome of
this type of xenograft was achieved by expanding and cloning lines of SP cells from both
epithelial and stromal compartments. Transplantation of individual lines supported by the
administration of estrogen (E2) and progesterone (P) to mimic the menstrual cycle gave rise
to  endometrial  tissue  in  all  animals  [56].  This  is  a  particularly  significant  finding  since
endometrial  stem  cells  do  not  express  E2  and  P  receptors.  Nevertheless,  the  hormonal
environment greatly affects the outcome of the tissue regeneration process. This phenomen‐
on  was  closely  analyzed  by  Janzen  and  colleagues  [64],  who  showed  that  hormonal
withdrawal in the xenograft mouse model leads to a pronounced decrease in the size of
endometrial tissue while the remaining cells are highly enriched in stem cells. This suggests
that the stem cell niche is activated at the beginning of each cycle, when both estradiol and
progesterone levels are low, while the subsequent hormonal stimulation drives regenera‐
tion  and  proliferation  of  transitory  amplifying  cells  up  to  their  final  differentiation  in
response  to  progesterone  stimulation  from  the  corpus  luteum  in  the  second  phase  of
menstrual  cycle.  On  the  molecular  level,  endometrial  stem  cells  showed  elevated  Wnt
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signaling activity and increased expression of the Wnt target genes Axin2, Cyclin D1, ID2,
CD44.

As well as studying the role of endometrial stem cells in regeneration of the functional
endometrium, a number of methods have been developed to use endometrial progenitors in
translational approaches for therapeutic purposes. In vitro differentiation assays suggest that
mesenchymal stromal stem cells may be able to differentiate into diverse cell types [58,65,66],
and can be efficiently isolated from menstrual blood. A clinical trial of endometrial stem cells
as a source of autologous regenerative cardiomyocytes to treat ischemic cardiac injury is
underway [67] and promising results were also reported for pancreatic island replacement in
a xenograft diabetic mouse model [68].

In parallel to the translational approaches, we need to get a better understanding of the
biology  of  endometrial  stem  cells  in  vivo  to  understand  how  these  cells  influence  the
development of pathologies in the uterus. There are strong indications that deregulation of
the stem cell niche plays a role in endometriosis, a disease which affects up to 10% of all
women and is present in nearly half of those experiencing fertility problems or pelvic pain
after the age of 35 [69]. The hallmark of endometriosis is the presence of ectopic explants
of endometrial tissue outside of the uterus, which can affect the fallopian tubes, the ovary
but also more distant regions of the pelvic cavity, causing pain and discomfort. Endometri‐
otic lesions have identical responses to hormonal stimuli as the endometrium of the uterus.
The model of “retrograde menstruation” is accepted as the most plausible explanation for
the  spread  of  endometriosis  tissue  through  the  genital  tract,  but  the  molecular  mecha‐
nisms which trigger and control the disease remain obscure. Analysis of menstrual tissue
samples from affected women showed that endometriosis patients have significantly more
fragments of the basalis layer in the flow than healthy controls [70]. Cells from menstrual
blood of patients also have longer than average telomeres, which is in agreement with an
enhanced stem cell presence [71]. According to this model, long-lived stem cells from the
basalis are disseminated and give rise to endometriotic lesions. In healthy women, on the
other hand, only the upper layer of the endometrium is ablated, leaving the basalis layer
intact. These data offer hope that characterization of the endometrial stem cell niche and
its  regulatory  mechanisms  will  lead  to  a  breakthrough  in  prevention  and  treatment  of
endometriosis – a disease that poses an enormous burden for patients’  quality of life as
well as high costs for the healthcare system.

5. Fallopian tube stem cells

Our understanding of the biology of fallopian tube epithelium is still rudimentary. From the
perspective of medical diagnostics, it is the least accessible portion of the female reproductive
tract. The fallopian tube is barely visible by ultrasound and even exploratory laparoscopy
offers only information about tubal patency, and no insight into the condition of the mucosa.
Current knowledge about tubal histology and pathology comes solely from patients of
salpingectomy procedures, where tubes are surgically removed, usually as part of a total
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the endometrium do not appear to contribute to the stem cell pool, which exhibits high
clonogenic capacity in vitro, but are instead reminiscent of terminally differentiated cells [56],
which could be explained by the capacity of bone marrow-derived cells to fuse with differen‐
tiated cells from a variety of organs [57].

Regardless of the difficulties in identifying and characterizing the adult stem cell niche in
the  intact  epithelium  in  vivo,  numerous  studies  in  recent  years  have  isolated  distinct
populations of putative adult stem or progenitor cells from uterine tissue and demonstrat‐
ed their  proliferative capacity and broad differentiation potential  in vitro.  Two different
classes  of  adult  stem cells  are  found in  the  endometrium:  mesenchymal  and epithelial.
Mesenchymal stem cells have also been named Endometrial Regenerative Cells (ERC) due
to their high proliferative potential. Although the ability to produce a clonal population of
cells  when  seeded  at  very  low  dilution  is  much  greater  for  the  stromal  mesenchymal
subpopulation, the epithelium also contains cells capable of clonal expansion in vitro. Self
renewal of endometrial stem cells in vitro was first demonstrated in pioneering work by
the group of Caroline Gargett [2,58,59]. In the absence of a widely accepted surface marker
for  endometrial  stem  cells,  they  demonstrated  that  multipotent  cells  can  be  efficiently
isolated based on the uptake of Hoechst 33342 [60]. The method of SP cells was original‐
ly established in procedures for adult stem cells isolation from the hematoopetic tissue [61].
It  made use of  the discovery that  the small  population of  adult  stem cells  in the tissue
differs from the differentiated cells by their capacity to efficiently eject Hoechst dye from
the  cytoplasm,  presumably  due  to  the  high  expression  of  the  ABCG2  transporter  [62].
Designated  endometrial  side  population  cells  (ESP),  consisting  of  both  epithelial  and
mesenchymal  SP  cells,  are  able  to  generate  endometrial  glandular  structures  in  vivo  if
transplanted  under  the  kidney  capsule  of  NOD/SCID  immunocompromised  mice  [63].
Interestingly, a fraction of the ESPs migrated and generated blood vessels to supply the
endometrium, showing potency to generate different types of tissue in the functional organ.
Still,  the  overall  efficiency  of  the  procedure  was  rather  low as  endometrium formation
occurred in only 2 out of 24 injected animals. Dramatic improvements in the outcome of
this type of xenograft was achieved by expanding and cloning lines of SP cells from both
epithelial and stromal compartments. Transplantation of individual lines supported by the
administration of estrogen (E2) and progesterone (P) to mimic the menstrual cycle gave rise
to  endometrial  tissue  in  all  animals  [56].  This  is  a  particularly  significant  finding  since
endometrial  stem  cells  do  not  express  E2  and  P  receptors.  Nevertheless,  the  hormonal
environment greatly affects the outcome of the tissue regeneration process. This phenomen‐
on  was  closely  analyzed  by  Janzen  and  colleagues  [64],  who  showed  that  hormonal
withdrawal in the xenograft mouse model leads to a pronounced decrease in the size of
endometrial tissue while the remaining cells are highly enriched in stem cells. This suggests
that the stem cell niche is activated at the beginning of each cycle, when both estradiol and
progesterone levels are low, while the subsequent hormonal stimulation drives regenera‐
tion  and  proliferation  of  transitory  amplifying  cells  up  to  their  final  differentiation  in
response  to  progesterone  stimulation  from  the  corpus  luteum  in  the  second  phase  of
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signaling activity and increased expression of the Wnt target genes Axin2, Cyclin D1, ID2,
CD44.

As well as studying the role of endometrial stem cells in regeneration of the functional
endometrium, a number of methods have been developed to use endometrial progenitors in
translational approaches for therapeutic purposes. In vitro differentiation assays suggest that
mesenchymal stromal stem cells may be able to differentiate into diverse cell types [58,65,66],
and can be efficiently isolated from menstrual blood. A clinical trial of endometrial stem cells
as a source of autologous regenerative cardiomyocytes to treat ischemic cardiac injury is
underway [67] and promising results were also reported for pancreatic island replacement in
a xenograft diabetic mouse model [68].

In parallel to the translational approaches, we need to get a better understanding of the
biology  of  endometrial  stem  cells  in  vivo  to  understand  how  these  cells  influence  the
development of pathologies in the uterus. There are strong indications that deregulation of
the stem cell niche plays a role in endometriosis, a disease which affects up to 10% of all
women and is present in nearly half of those experiencing fertility problems or pelvic pain
after the age of 35 [69]. The hallmark of endometriosis is the presence of ectopic explants
of endometrial tissue outside of the uterus, which can affect the fallopian tubes, the ovary
but also more distant regions of the pelvic cavity, causing pain and discomfort. Endometri‐
otic lesions have identical responses to hormonal stimuli as the endometrium of the uterus.
The model of “retrograde menstruation” is accepted as the most plausible explanation for
the  spread  of  endometriosis  tissue  through  the  genital  tract,  but  the  molecular  mecha‐
nisms which trigger and control the disease remain obscure. Analysis of menstrual tissue
samples from affected women showed that endometriosis patients have significantly more
fragments of the basalis layer in the flow than healthy controls [70]. Cells from menstrual
blood of patients also have longer than average telomeres, which is in agreement with an
enhanced stem cell presence [71]. According to this model, long-lived stem cells from the
basalis are disseminated and give rise to endometriotic lesions. In healthy women, on the
other hand, only the upper layer of the endometrium is ablated, leaving the basalis layer
intact. These data offer hope that characterization of the endometrial stem cell niche and
its  regulatory  mechanisms  will  lead  to  a  breakthrough  in  prevention  and  treatment  of
endometriosis – a disease that poses an enormous burden for patients’  quality of life as
well as high costs for the healthcare system.

5. Fallopian tube stem cells

Our understanding of the biology of fallopian tube epithelium is still rudimentary. From the
perspective of medical diagnostics, it is the least accessible portion of the female reproductive
tract. The fallopian tube is barely visible by ultrasound and even exploratory laparoscopy
offers only information about tubal patency, and no insight into the condition of the mucosa.
Current knowledge about tubal histology and pathology comes solely from patients of
salpingectomy procedures, where tubes are surgically removed, usually as part of a total
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hysterectomy. The importance of making progress in this area has been highlighted in recent
years, as the potential significance of this tissue in disease initiation has become clear. The
distal portion of the tubal fimbrium, and the ampulla with its abundant mucosal folds, are of
critical importance for oocyte capture and fertilization. Intimate contact of the fimbrium with
the surface of the ovary exposes the epithelial layer of the tube to the inflammatory signals
associated with ovulation which are present in follicular fluid. Thus, there is an increased
requirement for robust renewal mechanisms. Indeed, in vitro experiments with cell isolates
from the fallopian tube have defined a population that is positive for CD44 and integrin α6
and has the capacity for clonal growth, self renewal and differentiation into the secretory and
ciliated cells found in the tubal epithelial monolayer-specifically in the distal region of the tube
[72]. Strong clonogenic potential of a H2B-GFP-retaining subset of epithelial cells in the distal
oviduct and their capacity to form and maintain spheroids in vitro long-term has been
demonstrated in a mouse model [49]. These spheroids are able to differentiate into more
complex structures of the mucosa, strongly suggesting that they do indeed contain progenitor
cells of the tube with the potential to proliferate and differentiate in vitro. However, the exact
organization of the fallopian tube stem cell niche in vivo remains unknown apart from the
positive identification of candidate cells in label-retaining experiments in vivo mentioned
above. Moreover, the exact turnover rate of the epithelium and how it responds to different
physiological and environmental stimuli or stresses is yet to be established.

Beyond the requirement for Wnt signaling for normal development of the genital tract, several
studies have reported changes in Wnt signaling associated with pathology of the fallopian
tube. For example, activation of β-catenin signaling is implicated as a contributing factor in
ectopic pregnancy [73,74] and endometriosis [75]. Increased Wnt signaling is a mucosal
response to infection [76], confirming that this paracrine pathway plays a role in homeostasis
inside the fallopian tube. More studies are needed, however, to illuminate all aspects of
paracrine signaling in the fallopian tube epithelium in health and disease. As mentioned above,
Wnt signaling alterations are one of the hallmarks of ovarian cancer. Since there is now
consensus in the medical community, based on cumulative molecular and clinical evidence,
that a significant portion of high grade serous ovarian carcinoma originates from the fallopian
tube fimbrium rather than the ovarian surface epithelium, it has become imperative to
illuminate the regulatory mechanisms involved in fallopian tube epithelium homeostasis.
Different models of ovarian carcinogenesis and the potential role of adult stem cells in this
process will be reviewed fully later in this chapter.

6. Ovarian and cervical stem cells

In contrast to the uterus, direct evidence for adult stem cells in the ovary is sparse. However,
the tissue remodeling processes involved in ovulation require a considerable regeneration
potential within this organ that has to be maintained for several decades. Beyond the healing
of the ovulatory wound created in the epithelial surface during follicle rupture, ovarian
epithelial cells also undergo proliferation at the beginning of the menstrual cycle [77].
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Label-retaining cells on the ovarian surface were identified in vivo by comparing a histone-
GFP inducible transgenic model and BrdU labeling of animals [78]. It is important to note that
both methods resulted in identification of positive cells in the OSE epithelium of the ovary but
the two populations overlapped only in a minority of cases. This further underscores the
complexity and difficulty of identifying adult stem cells solely on the basis of cell division rate.
Recently, the ovarian surface was subjected to a more detailed analysis, and the highest
proportion of LRCs was detected in the hilum region close to the fallopian tube. These cells
expressed high levels of aldehyde dehydrogenase 1 (ALDH1), and were able to proliferate
long-term in vitro [3], forming spheres. Long-term pulse experiments and staining with the
proliferation marker Ki67 also suggested that slow-cycling cells are activated in a cyclical
fashion during the estrus phase, which supports a repair mechanism for the damaged OSE
monolayer. Finally, genetic lineage tracing of Lgr5 expression in the ovary was performed [3],
by using the Lgr5tm1(cre/ERT2)Cle/J mouse which harbors a genetic construct that enables GFP
labeling of Lgr5 expressing cells and tamoxifen-inducible expression of Cre recombinase.
When crossed with a strain harboring a stop codon in a dTomato sequence that can be excised
by Cre recombinase, offspring mice are produced in which easy tracing of the progeny of Lgr5-
expressing cells is possible by a simple tamoxifen pulse at the desired time point [79]. This
experiment revealed an Lgr5+ population at the hilum, which contributes to the whole OSE
monolayer during renewal of the epithelium in the course of 1 month [3]. Notably, this study
was focused on the ovary and no lineage tracing was analyzed in other portions of the genital
tract. A similar approach, with the SOX2 gene promoter controlling expression of CRE
recombinase in a tamoxifen-inducible fashion, revealed the existence of long-term lineage
labeling in the cervical epithelium of mice (Arnold et al 2012). It remains unclear, however, if
other parts of the female genital system contain epithelial cells originating from SOX2+

progenitors and it will be interesting to find out how these populations of putative stem cell
candidates identified by independent methods correlate with each other. It is of course feasible
that different tissue compartments harbor stem cells which are defined by different molecular
markers. Although these two studies represent a methodological breakthrough in the detection
of adult stem cells, by demonstrating the in vivo capacity of these cells to give rise to differ‐
entiated progeny in the tissue through tracing cellular markers in physiological conditions,
they are not entirely comprehensive. This approach is hypothesis-driven by selecting candi‐
date genes; however, the list of potential stemness regulators that could be tested is much
longer. For example, Lgr5 is only one member of the Lgr receptor family, and other members
are also involved in regulating tissue regeneration, e.g. Lgr6 in the hair follicle [80] and Lgr4
in the prostate [81]. More detailed studies are needed to confirm whether the LGR5+ cells
detected in the hilum represent the pool of true stem cells or a more dynamic population of
amplifying cells that have already undergone a degree of lineage commitment. The SOX2+ cells
identified in the cervix are a good starting point to define the molecular characteristics of the
long-lived basal cells which have so far proven to be elusive using other tracing methods, and
this genetic system will provide a valuable tool for a more detailed analysis of the adult stem
cell niche in the future.
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critical importance for oocyte capture and fertilization. Intimate contact of the fimbrium with
the surface of the ovary exposes the epithelial layer of the tube to the inflammatory signals
associated with ovulation which are present in follicular fluid. Thus, there is an increased
requirement for robust renewal mechanisms. Indeed, in vitro experiments with cell isolates
from the fallopian tube have defined a population that is positive for CD44 and integrin α6
and has the capacity for clonal growth, self renewal and differentiation into the secretory and
ciliated cells found in the tubal epithelial monolayer-specifically in the distal region of the tube
[72]. Strong clonogenic potential of a H2B-GFP-retaining subset of epithelial cells in the distal
oviduct and their capacity to form and maintain spheroids in vitro long-term has been
demonstrated in a mouse model [49]. These spheroids are able to differentiate into more
complex structures of the mucosa, strongly suggesting that they do indeed contain progenitor
cells of the tube with the potential to proliferate and differentiate in vitro. However, the exact
organization of the fallopian tube stem cell niche in vivo remains unknown apart from the
positive identification of candidate cells in label-retaining experiments in vivo mentioned
above. Moreover, the exact turnover rate of the epithelium and how it responds to different
physiological and environmental stimuli or stresses is yet to be established.

Beyond the requirement for Wnt signaling for normal development of the genital tract, several
studies have reported changes in Wnt signaling associated with pathology of the fallopian
tube. For example, activation of β-catenin signaling is implicated as a contributing factor in
ectopic pregnancy [73,74] and endometriosis [75]. Increased Wnt signaling is a mucosal
response to infection [76], confirming that this paracrine pathway plays a role in homeostasis
inside the fallopian tube. More studies are needed, however, to illuminate all aspects of
paracrine signaling in the fallopian tube epithelium in health and disease. As mentioned above,
Wnt signaling alterations are one of the hallmarks of ovarian cancer. Since there is now
consensus in the medical community, based on cumulative molecular and clinical evidence,
that a significant portion of high grade serous ovarian carcinoma originates from the fallopian
tube fimbrium rather than the ovarian surface epithelium, it has become imperative to
illuminate the regulatory mechanisms involved in fallopian tube epithelium homeostasis.
Different models of ovarian carcinogenesis and the potential role of adult stem cells in this
process will be reviewed fully later in this chapter.

6. Ovarian and cervical stem cells

In contrast to the uterus, direct evidence for adult stem cells in the ovary is sparse. However,
the tissue remodeling processes involved in ovulation require a considerable regeneration
potential within this organ that has to be maintained for several decades. Beyond the healing
of the ovulatory wound created in the epithelial surface during follicle rupture, ovarian
epithelial cells also undergo proliferation at the beginning of the menstrual cycle [77].
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proliferation marker Ki67 also suggested that slow-cycling cells are activated in a cyclical
fashion during the estrus phase, which supports a repair mechanism for the damaged OSE
monolayer. Finally, genetic lineage tracing of Lgr5 expression in the ovary was performed [3],
by using the Lgr5tm1(cre/ERT2)Cle/J mouse which harbors a genetic construct that enables GFP
labeling of Lgr5 expressing cells and tamoxifen-inducible expression of Cre recombinase.
When crossed with a strain harboring a stop codon in a dTomato sequence that can be excised
by Cre recombinase, offspring mice are produced in which easy tracing of the progeny of Lgr5-
expressing cells is possible by a simple tamoxifen pulse at the desired time point [79]. This
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recombinase in a tamoxifen-inducible fashion, revealed the existence of long-term lineage
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other parts of the female genital system contain epithelial cells originating from SOX2+
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that different tissue compartments harbor stem cells which are defined by different molecular
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of adult stem cells, by demonstrating the in vivo capacity of these cells to give rise to differ‐
entiated progeny in the tissue through tracing cellular markers in physiological conditions,
they are not entirely comprehensive. This approach is hypothesis-driven by selecting candi‐
date genes; however, the list of potential stemness regulators that could be tested is much
longer. For example, Lgr5 is only one member of the Lgr receptor family, and other members
are also involved in regulating tissue regeneration, e.g. Lgr6 in the hair follicle [80] and Lgr4
in the prostate [81]. More detailed studies are needed to confirm whether the LGR5+ cells
detected in the hilum represent the pool of true stem cells or a more dynamic population of
amplifying cells that have already undergone a degree of lineage commitment. The SOX2+ cells
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7. Adult stem cells between development and disease — Role of the Wnt
pathway

The  precise  signaling  pathways  controlling  the  renewal  processes  of  the  fallopian  tube
epithelium,  endometrium and ovary  remain  unknown,  but  there  are  several  reasons  to
assume  that  they  depend  on  paracrine  Wnt,  Notch  and  BMP  signaling.  Wnt  signaling
controls crucial developmental processes during all phases of embryogenesis and during
adult life. Wnt ligands interact with a family of receptors, inducing a variety of responses
depending on the cellular context. The main transducer of Wnt signalling within the cell
is β-catenin, which translocates to the nucleus and induces expression of target genes via
several transcription factors (Figure 2).

Although a detailed overview of Wnt signaling is beyond the scope of this chapter, we will
briefly outline its involvement in the control of the cell behavior within a tissue, affecting,
among other processes, proliferation, establishment of polarity, differentiation, morphoge‐
netic movements and apoptosis. With respect to tissue homeostasis, Wnt signaling acts as a
key cell-cell communication network during tissue formation in development, as well as for
maintaining tissue function. The embryological development of the female genital tract relies
on active Wnt signaling, as evidenced by Müllerian aplasia. This autosomal mutation in the
Wnt4 gene leads to a severely underdeveloped or absent uterus. Mouse models have further
revealed a strong dependence of developmental processes on Wnt 5a, 7a, and 9b, since mutant
animals showed severe malformations of different parts of the genital tract raging from
defective coiling of oviducts to absence of the upper vagina or uterine glands [82-84]. The
importance of the Wnt pathway for maintenance of homeostasis is well-documented by
molecular and genetic analysis of numerous human malignancies. Perhaps the most startling
example of the tight relationship between Wnt signaling and control of proliferation in mucosal
epithelium is provided by the relationship between Adenomatous polyposis coli (APC)
mutations and colon cancer. APC protein in complex with Axin1 promotes degradation of β-
catenin and thereby inhibits Wnt signaling transduction (see Fig 2). In familial adenomatous
polyposis patients, who carry an APC functional deletion mutation, the risk of developing
colon cancer is almost 100% and 5% of sporadic colon cancer patients harbor either APC loss-
of-function or β-catenin activating mutations [85]. Mutations in components of the Wnt
pathway are frequently found in numerous other malignancies as well, e.g. pancreas, liver,
kidney, pituitary, and notably also in the ovary and endometrium [86].

Although the significance of Wnt signaling for tissue maintenance has been known for the last
couple of decades, it is the discovery of adult tissue stem cells which led to a breakthrough in
our understanding of the regulatory mechanisms at the molecular level. Lgr5-expressing stem
cells of the intestine ensure renewal of the mucosa every 3-5 days. Although Lgr5+ cells at the
base of intestinal crypts are sufficient to recreate the complete epithelial layer in vitro, an
alternative model attributes true “stemness” to rare, more quiescent cells in the wall of the
crypt, which express Bmi1, HOPX and mTERT [87-89]. Ablation of Lgr5+ cells does not disrupt
homeostasis, as Bmi1+ cells compensate for the loss [90]. This illustrates the complexity of the
regulatory stem cell niche, where different cells can be recruited and even reprogrammed,
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depending on the conditions during epithelial renewal. Although Lgr5 is a Wnt signaling
target, crypt organization, cell fate determination and differentiation are also dependent on
integration of signals from the Notch [91] and TGF-β pathways. Such paracrine signaling
pathways have emerged as a common principle of functioning stem cell niches in other organs
[92-95]. The inherent longevity of adult stem is a potent mechanism for dissemination of
accumulated mutations within the tissue.

Figure 2. Paracrine regulation of the adult stem cell niche. A) Schematic representation of the cellular mechanism of
β-catenin turnover in the cytoplasm. After the Wnt signal triggers dimerization of receptors, β-catenin is released from
the degradation complex and translocates to the nucleus, where it activates Wnt target genes; B) Hierarchical organi‐
zation of the intestinal crypt, with Lgr5+stem cells localizing to the bottom off the crypt between nurturing Paneth
cells. Above the stem cells, there is a zone of intense proliferation (transitory amplifying cells), followed by terminally
differentiated epithelium, which has short life span (1-2 days)
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7. Adult stem cells between development and disease — Role of the Wnt
pathway

The  precise  signaling  pathways  controlling  the  renewal  processes  of  the  fallopian  tube
epithelium,  endometrium and ovary  remain  unknown,  but  there  are  several  reasons  to
assume  that  they  depend  on  paracrine  Wnt,  Notch  and  BMP  signaling.  Wnt  signaling
controls crucial developmental processes during all phases of embryogenesis and during
adult life. Wnt ligands interact with a family of receptors, inducing a variety of responses
depending on the cellular context. The main transducer of Wnt signalling within the cell
is β-catenin, which translocates to the nucleus and induces expression of target genes via
several transcription factors (Figure 2).

Although a detailed overview of Wnt signaling is beyond the scope of this chapter, we will
briefly outline its involvement in the control of the cell behavior within a tissue, affecting,
among other processes, proliferation, establishment of polarity, differentiation, morphoge‐
netic movements and apoptosis. With respect to tissue homeostasis, Wnt signaling acts as a
key cell-cell communication network during tissue formation in development, as well as for
maintaining tissue function. The embryological development of the female genital tract relies
on active Wnt signaling, as evidenced by Müllerian aplasia. This autosomal mutation in the
Wnt4 gene leads to a severely underdeveloped or absent uterus. Mouse models have further
revealed a strong dependence of developmental processes on Wnt 5a, 7a, and 9b, since mutant
animals showed severe malformations of different parts of the genital tract raging from
defective coiling of oviducts to absence of the upper vagina or uterine glands [82-84]. The
importance of the Wnt pathway for maintenance of homeostasis is well-documented by
molecular and genetic analysis of numerous human malignancies. Perhaps the most startling
example of the tight relationship between Wnt signaling and control of proliferation in mucosal
epithelium is provided by the relationship between Adenomatous polyposis coli (APC)
mutations and colon cancer. APC protein in complex with Axin1 promotes degradation of β-
catenin and thereby inhibits Wnt signaling transduction (see Fig 2). In familial adenomatous
polyposis patients, who carry an APC functional deletion mutation, the risk of developing
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Although the significance of Wnt signaling for tissue maintenance has been known for the last
couple of decades, it is the discovery of adult tissue stem cells which led to a breakthrough in
our understanding of the regulatory mechanisms at the molecular level. Lgr5-expressing stem
cells of the intestine ensure renewal of the mucosa every 3-5 days. Although Lgr5+ cells at the
base of intestinal crypts are sufficient to recreate the complete epithelial layer in vitro, an
alternative model attributes true “stemness” to rare, more quiescent cells in the wall of the
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depending on the conditions during epithelial renewal. Although Lgr5 is a Wnt signaling
target, crypt organization, cell fate determination and differentiation are also dependent on
integration of signals from the Notch [91] and TGF-β pathways. Such paracrine signaling
pathways have emerged as a common principle of functioning stem cell niches in other organs
[92-95]. The inherent longevity of adult stem is a potent mechanism for dissemination of
accumulated mutations within the tissue.

Figure 2. Paracrine regulation of the adult stem cell niche. A) Schematic representation of the cellular mechanism of
β-catenin turnover in the cytoplasm. After the Wnt signal triggers dimerization of receptors, β-catenin is released from
the degradation complex and translocates to the nucleus, where it activates Wnt target genes; B) Hierarchical organi‐
zation of the intestinal crypt, with Lgr5+stem cells localizing to the bottom off the crypt between nurturing Paneth
cells. Above the stem cells, there is a zone of intense proliferation (transitory amplifying cells), followed by terminally
differentiated epithelium, which has short life span (1-2 days)
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8. Cancer stem cells and the putative link to adult stem cells

Parallel to the discovery of adult stem cells in healthy tissues, cancer research has produced a
bulk of evidence showing that most malignancies are not homogenous cell masses but rather
heterogeneous tissues whose progression depends on the fitness of a distinct cellular fraction:
cancer stem cells (CSCs). CSCs can confer resistance to chemotherapeutic agents or exhibit
other characteristics that provide a competitive advantage to the cancer and ensure its
progression [96-99]. In many cases, long-term prognosis and patient survival can be correlated
with the frequency of cancer stem cells in the tumor at the time of diagnosis [100]. CSCs exhibit
the characteristics of adult stem cells: self renewal and differentiation capacity. They can be
distinguished from the bulk of the tumor tissue as the only fraction that is able to generate new
tumors when transplanted into immunocompromised mice [101,102]. For this reason, they are
sometimes referred to as tumor initiating cells. This property of cancer stem cells has been
demonstrated for numerous malignancies, including ovarian and endometrial cancer. As with
markers of adult stem cells, markers specifically associated with cancer stem cells are also
proving difficult to identify. It is of course possible that there is no unique cancer stem cell for
ovarian, endometrial or other genital malignancies and that stemness can be achieved by
alternative routes in individual cases, thereby resulting in different combinations of surface
markers such as CD44, EpCAM, ALDH1, CD117, CD133 etc, which have been identified by
different studies [81,103,104]. Cancer stem cells are intermixed with the bulk of the tumor
tissue, but are found enriched in advanced stages of metastasis, in spheres present in effusions
recovered from ascites [105]. Spheres exhibit anchorage-independent growth but can efficient‐
ly adhere to mesothelial cells in the peritoneum via integrin 1, which may play a role in
metastatic spread. It is not yet known what triggers formation of spheres, although the
physiological implications for disease progression and response to treatment are immense.
The compact organization of the cells in a cluster makes drug delivery ineffective, either due
to the difficulty of drugs to penetrate, or induction of a quiescent state in cells at the core
through tight cell-cell contacts, making them insensitive to agents targeting actively replicating
cells. Either way, it is clear that 3D organization represents another layer of protection for
cancer cells from chemotherapy. This effect has been demonstrated by comparing the response
to the standard therapeutic drugs cisplatin and paclitaxel for 11 different ovarian cancer cell
lines in 2D in 3D [106].

Importantly, however, it remains unknown if and how cancer stem cells are related to normal
adult stem cells. Cancer stem cells may develop from adult stem cells by losing dependence
on niche regulatory factors, or they may simply be the progeny of differentiated cells that have
acquired "stemness" characteristics during the accumulation of mutations and cellular
transformation. It is conceivable that both mechanisms could occur in all or some types of
cancer. If there is indeed a causal relationship between dysregulation of the adult stem cell
niche and carcinogenesis, this may open up new possibilities for early diagnosis and timely
intervention. Since the research field of cancer stem cells is currently offering a variety of
sometimes competing models of what defines this population in endometrial, cervical and
serous ovarian cancer, we focus our attention on the current understanding of carcinogenesis
in the genital tract. Understanding of the cellular events that lead to initial transformation
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could prove to be of pivotal importance for resolving remaining questions about tumor spread
and the role of cancer stem cells. In this light, we will address changes in tissue architecture
and physiology of the female reproductive tract that could favor malignant transformation
and bring it into context of therapeutic implications, particularly in light of recent evidence
that dysregulation of tissue homeostasis could be the result of infection with certain sexually
transmitted pathogens.

Malignant tumors of the genital tract are the third leading cause of cancer related deaths after
breast cancer and lung cancer [107]. Based on the primary organ, affected cancers are classified
as ovarian, uterine, cervical, vulval and vaginal. The high prevalence of these cancers is likely
to be related to the great plasticity of these tissues, their regenerative potential and thus
probably their high cell turnover as well. On top of this, openness to the external environment
and exposure to pathogens makes them potentially vulnerable to the transformation. The latter
has been demonstrated by the dramatic correlation between HPV infection cervical cancers,
since nearly 100% of patients are HPV positive [108].

9. Serous ovarian cancer and stem cells of the fallopian tube

From the perspective of patient care and long-term prognosis, one of the biggest challenges
for medicine represents high grade serous ovarian cancer, an aggressive form of epithelial
ovarian cancer which has a survival rate of under 40 % after 10 years [109]. This deadly
malignancy takes more than 14,000 lives per year in the US alone and no improvement can be
expected in the foreseeable future, due to the absence of early screening methods and the
aggressive nature of the cancer. The origin of high-grade serous ovarian cancer (HG-SOC) has
puzzled medical doctors and pathologists for decades. Naturally, the site of carcinogenesis
was initially attributed to OSE cells [110]. Numerous examples of developmental genetics show
that relatively complex changes in phenotype are frequently induced by expression of only
one master regulator gene. In the case of OSE cells, ectopic expression of homeobox transcrip‐
tion factor HOX9 in the xenograft mouse model causes Müllerean metaplasia-transformation
of cuboidal to papillary columnar epithelium resembling fallopian tube mucosa and serous
ovarian cancer [111]. However, there is as yet no clinical evidence that this conversion also
occurs in vivo. The scarcity of precancerous lesions or early stage carcinoma in situ detected
by pathologies [112], raises questions whether this hypothesis is supported by clinical data. In
parallel, the hypothesis that the etiology of HG-SOC could be explained by malignant
transformation in neighboring tubal epithelium has gained increasing support. The fallopian
tube develops from the Müllerian duct tissue, encompassing a columnar epithelial monolayer,
which continues to express PAX8, the main cellular marker of “Müllerian differentiation" – a
phenotype which is reminiscent of cancer tissue from HG-SOC patients. A breakthrough came
from a cohort of clinical studies in BRCA mutation carriers, who have a very high hereditary
risk of developing ovarian and breast cancer later in life. Small malignancies within the tubal
epithelium (so-called serous tubal intraepithelial carcinoma – STIC) were discovered in up to
10% of patients who underwent prophylactic surgery to remove both fallopian tubes and
ovaries [113]. These apparently healthy patients thus already had cancer in their fallopian
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tumors when transplanted into immunocompromised mice [101,102]. For this reason, they are
sometimes referred to as tumor initiating cells. This property of cancer stem cells has been
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proving difficult to identify. It is of course possible that there is no unique cancer stem cell for
ovarian, endometrial or other genital malignancies and that stemness can be achieved by
alternative routes in individual cases, thereby resulting in different combinations of surface
markers such as CD44, EpCAM, ALDH1, CD117, CD133 etc, which have been identified by
different studies [81,103,104]. Cancer stem cells are intermixed with the bulk of the tumor
tissue, but are found enriched in advanced stages of metastasis, in spheres present in effusions
recovered from ascites [105]. Spheres exhibit anchorage-independent growth but can efficient‐
ly adhere to mesothelial cells in the peritoneum via integrin 1, which may play a role in
metastatic spread. It is not yet known what triggers formation of spheres, although the
physiological implications for disease progression and response to treatment are immense.
The compact organization of the cells in a cluster makes drug delivery ineffective, either due
to the difficulty of drugs to penetrate, or induction of a quiescent state in cells at the core
through tight cell-cell contacts, making them insensitive to agents targeting actively replicating
cells. Either way, it is clear that 3D organization represents another layer of protection for
cancer cells from chemotherapy. This effect has been demonstrated by comparing the response
to the standard therapeutic drugs cisplatin and paclitaxel for 11 different ovarian cancer cell
lines in 2D in 3D [106].

Importantly, however, it remains unknown if and how cancer stem cells are related to normal
adult stem cells. Cancer stem cells may develop from adult stem cells by losing dependence
on niche regulatory factors, or they may simply be the progeny of differentiated cells that have
acquired "stemness" characteristics during the accumulation of mutations and cellular
transformation. It is conceivable that both mechanisms could occur in all or some types of
cancer. If there is indeed a causal relationship between dysregulation of the adult stem cell
niche and carcinogenesis, this may open up new possibilities for early diagnosis and timely
intervention. Since the research field of cancer stem cells is currently offering a variety of
sometimes competing models of what defines this population in endometrial, cervical and
serous ovarian cancer, we focus our attention on the current understanding of carcinogenesis
in the genital tract. Understanding of the cellular events that lead to initial transformation
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could prove to be of pivotal importance for resolving remaining questions about tumor spread
and the role of cancer stem cells. In this light, we will address changes in tissue architecture
and physiology of the female reproductive tract that could favor malignant transformation
and bring it into context of therapeutic implications, particularly in light of recent evidence
that dysregulation of tissue homeostasis could be the result of infection with certain sexually
transmitted pathogens.

Malignant tumors of the genital tract are the third leading cause of cancer related deaths after
breast cancer and lung cancer [107]. Based on the primary organ, affected cancers are classified
as ovarian, uterine, cervical, vulval and vaginal. The high prevalence of these cancers is likely
to be related to the great plasticity of these tissues, their regenerative potential and thus
probably their high cell turnover as well. On top of this, openness to the external environment
and exposure to pathogens makes them potentially vulnerable to the transformation. The latter
has been demonstrated by the dramatic correlation between HPV infection cervical cancers,
since nearly 100% of patients are HPV positive [108].

9. Serous ovarian cancer and stem cells of the fallopian tube

From the perspective of patient care and long-term prognosis, one of the biggest challenges
for medicine represents high grade serous ovarian cancer, an aggressive form of epithelial
ovarian cancer which has a survival rate of under 40 % after 10 years [109]. This deadly
malignancy takes more than 14,000 lives per year in the US alone and no improvement can be
expected in the foreseeable future, due to the absence of early screening methods and the
aggressive nature of the cancer. The origin of high-grade serous ovarian cancer (HG-SOC) has
puzzled medical doctors and pathologists for decades. Naturally, the site of carcinogenesis
was initially attributed to OSE cells [110]. Numerous examples of developmental genetics show
that relatively complex changes in phenotype are frequently induced by expression of only
one master regulator gene. In the case of OSE cells, ectopic expression of homeobox transcrip‐
tion factor HOX9 in the xenograft mouse model causes Müllerean metaplasia-transformation
of cuboidal to papillary columnar epithelium resembling fallopian tube mucosa and serous
ovarian cancer [111]. However, there is as yet no clinical evidence that this conversion also
occurs in vivo. The scarcity of precancerous lesions or early stage carcinoma in situ detected
by pathologies [112], raises questions whether this hypothesis is supported by clinical data. In
parallel, the hypothesis that the etiology of HG-SOC could be explained by malignant
transformation in neighboring tubal epithelium has gained increasing support. The fallopian
tube develops from the Müllerian duct tissue, encompassing a columnar epithelial monolayer,
which continues to express PAX8, the main cellular marker of “Müllerian differentiation" – a
phenotype which is reminiscent of cancer tissue from HG-SOC patients. A breakthrough came
from a cohort of clinical studies in BRCA mutation carriers, who have a very high hereditary
risk of developing ovarian and breast cancer later in life. Small malignancies within the tubal
epithelium (so-called serous tubal intraepithelial carcinoma – STIC) were discovered in up to
10% of patients who underwent prophylactic surgery to remove both fallopian tubes and
ovaries [113]. These apparently healthy patients thus already had cancer in their fallopian
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tubes, which had not yet metastasized to the ovary. Samples from HG-SOC patients subse‐
quently confirmed that STICS were present in up to 60% of cases [114]. Although not definitive
proof, these findings strongly support the hypothesis that the fallopian tube epithelium is the
tissue of origin of serous ovarian cancer. Recently, malignant transformation of the fallopian
epithelium into full-blown ovarian cancer has been successfully triggered in a transgenic
mouse model [115]. Here, the Cre recombinase system was used under control of the PAX8
promoter to introduce mutations into Brca1/2, Tp53 and Pten, which are frequently found
mutated in HG-SOC. The animals developed malignant disease with a HG-SOC phenotype,
which metastasized to the ovary, peritoneum or liver – modes of spread that are also found in
patients, and were for a long time considered as evidence for separate origins of the disease.
Regardless of the important function that BRCA1/2-mediated DNA repair mechanisms have
in fallopian tube cells, in order to solve the complex problem of HGSC etiology it is necessary
to understand the role of the p53 tumor suppressor. p53 is mutated in nearly all HG-SOC
patients, but somatic mutations of p53 on their own do not increase the likelihood of HGSC
development [116]. Nevertheless, nuclear accumulation of p53 is much more frequent in tubes
where STICs are also found, arguing that this phenotype is perhaps characteristic of a cellular
state which is prone to transformation upon further “hits”. However, a valid causal relation‐
ship between these cellular atypias and the appearance of fully transformed malignant serous
tubal intraepithelial carcinoma (STICs) is not yet conclusively proven. Therefore, true prema‐
lignant lesions in the fallopian tube as precursors of HG-SOC are yet to be defined.

An understanding of the molecular mechanisms of epithelial homeostasis and renewal in
healthy fallopian tube tissue is thus likely to be essential for successful resolution of the
molecular events that lead to serous ovarian cancer. Of particular interest in this context is how
slow-cycling adult stem cells in the distal fallopian tube respond to long-term changes in the
tissue microenvironment from numerous different stimuli such as inflammation, genotoxic
stress changes in extracellular matrix, or the presence of pathogens. The role of the microen‐
viroment via cooperation of different cellular compartments and extracellular matrix not only
provides conditions for physiologically regulated responses, such are repair and healing, but
can also decisively influence the progression of disease. As discussed in the section on cancer
stem cells, cancer tissue is heterogeneous and keeping in mind the monoclonal origin of
cancers, it is unclear whether differentiated cells are subject to transformation followed by
expansion, whether some of them are reprogrammed into cancer stem cells, or whether
deregulated stem cells are the source of the malignancy after additional somatic mutations.
The latter hypothesis is somewhat more likely, given the presence of cells with stem cell
characteristics in tumors, and that the alternative would mean acquisition of pluripotency.
However, at this stage reverse reprogramming of differentiated cells cannot be excluded as
the underlying mechanism.

The same is true for endometrial cancer. In contrast to the complete absence of diagnostic tools
for early detection of ovarian cancer, there is a detailed classification of neoplastic changes in
the endometrium – known as endometrial intraepithelial neoplasia (EIN), although there is a
lot of controversy among pathologists how reliable the existing methodology is as a prognostic
factor. Moreover, there is still no consensus regarding the cellular origin of the malignant
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tissue, or indeed the role played by adult stem cells. Approximately 75-80% of endometrial
cancers are classified as type 1-endometrioid endometrial cancer (EEC) – with the remaining
cases belonging to papillary, mucinous or clear cell types. Histologically, they consist of
malignant endometrial cells in the columnar monolayer, although squamous metaplasia is
sometimes observed [117]. They frequently harbor alterations in PTEN and Wnt signaling
pathways, and a prevalent staining pattern of nuclear catenin localization is found in up to
60% of endometrial hyperplasias and 30% of endometrial cancers [118]. In a mouse model with
constitutively active Wnt signaling due to APC deletion in the genital tract, loss of PTEN
function was found to be the rate-limiting step of carcinogenesis inside the uterus, while
activation of β-catenin signaling increased the severity of the disease [119]. Strikingly, a follow-
up study of the mice that were initially declared tumor free by inspection of the uterus revealed
that 62% did get sendometrioid cancer, but not in the uterus, as would be expected, but rather
in the neighboring distal oviduct [120]. Thus, this recent study argues that the fallopian tube
may participate not only in the carcinogenesis HG-SOC but also in a subset of endometrial
cancers. Notably, in human patients loss of PTEN associates with better prognosis and reduced
risk of metastasis, since the tumor appears more differentiated [121]. These at first sight
contradictory facts might be explained by the different requirements of cancer cells in the early
and late stages of progression. While PTEN is a tumor suppressor, its major downstream
effector, p-Akt, has dual functions in tumor cells. In mammary carcinoma, activated Akt
enhances carcinogenesis via the ErbB-2 pathway, but inhibits invasion of the tumor and its
metastasis [122]. Of course, mutations in the PTEN-PI3 kinase pathway components represent
only one of the important signaling routes that have been found to be altered in endometrial
cancer. Similarly, as in ovarian cancer, it remains to be seen how discrete cytological changes
progress into full-blown cancer and which cells give rise to the cancer stem cells that are
detected in the later stages of malignant disease. A recent study, based on a detailed analysis
of 113 cases of endometrial cancer, postulated an important role for SALL4 protein which is
known as a strong determinator of pluripotency in human embryonic cells [123]. The authors
found SALL4 expressed in 47% of cancer samples while no expression was detected either in
healthy controls or in the hyperplastic tissue, and increased levels of expression negatively
influenced prognosis and patient survival. SALL4 increases c-Myc transcriptional activity and
reduces the response of affected cells to carboplatin treatment. While it cannot be excluded
that SALL4 expression in precancerous stages is limited to very low levels in sparse stem cells
below detection limit of whole tissue sample, these results strongly indicate that pluripotent
capacity of the tumor is acquired at later stages of disease development. The existence of cells
with stem cell characteristics has recently also been demonstrated for cervical cancer. Sox2-
expressing cells constitute a small percentage of cells in cervical cancer cell lines, but they show
much greater tumor forming capacity in the xenograft mouse model than the remaining cells
[124]. This correlates well with findings of tracing experiments from the Sox2 mouse model
mentioned above, which identified stem cell lineages in the cervix [125]. It is becoming
increasingly clear that the basal layer of cervical epithelium plays a decisive role in the initiation
of cervical cancer, as these are the only dividing cells in squamous stratified epithelium. Active
progression of the cell cycle is a prerequisite for HPV-driven cellular transformation, as host
cells have to pass through the prophase of mitosis for transcription of viral genes to be initiated
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tubes, which had not yet metastasized to the ovary. Samples from HG-SOC patients subse‐
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proof, these findings strongly support the hypothesis that the fallopian tube epithelium is the
tissue of origin of serous ovarian cancer. Recently, malignant transformation of the fallopian
epithelium into full-blown ovarian cancer has been successfully triggered in a transgenic
mouse model [115]. Here, the Cre recombinase system was used under control of the PAX8
promoter to introduce mutations into Brca1/2, Tp53 and Pten, which are frequently found
mutated in HG-SOC. The animals developed malignant disease with a HG-SOC phenotype,
which metastasized to the ovary, peritoneum or liver – modes of spread that are also found in
patients, and were for a long time considered as evidence for separate origins of the disease.
Regardless of the important function that BRCA1/2-mediated DNA repair mechanisms have
in fallopian tube cells, in order to solve the complex problem of HGSC etiology it is necessary
to understand the role of the p53 tumor suppressor. p53 is mutated in nearly all HG-SOC
patients, but somatic mutations of p53 on their own do not increase the likelihood of HGSC
development [116]. Nevertheless, nuclear accumulation of p53 is much more frequent in tubes
where STICs are also found, arguing that this phenotype is perhaps characteristic of a cellular
state which is prone to transformation upon further “hits”. However, a valid causal relation‐
ship between these cellular atypias and the appearance of fully transformed malignant serous
tubal intraepithelial carcinoma (STICs) is not yet conclusively proven. Therefore, true prema‐
lignant lesions in the fallopian tube as precursors of HG-SOC are yet to be defined.

An understanding of the molecular mechanisms of epithelial homeostasis and renewal in
healthy fallopian tube tissue is thus likely to be essential for successful resolution of the
molecular events that lead to serous ovarian cancer. Of particular interest in this context is how
slow-cycling adult stem cells in the distal fallopian tube respond to long-term changes in the
tissue microenvironment from numerous different stimuli such as inflammation, genotoxic
stress changes in extracellular matrix, or the presence of pathogens. The role of the microen‐
viroment via cooperation of different cellular compartments and extracellular matrix not only
provides conditions for physiologically regulated responses, such are repair and healing, but
can also decisively influence the progression of disease. As discussed in the section on cancer
stem cells, cancer tissue is heterogeneous and keeping in mind the monoclonal origin of
cancers, it is unclear whether differentiated cells are subject to transformation followed by
expansion, whether some of them are reprogrammed into cancer stem cells, or whether
deregulated stem cells are the source of the malignancy after additional somatic mutations.
The latter hypothesis is somewhat more likely, given the presence of cells with stem cell
characteristics in tumors, and that the alternative would mean acquisition of pluripotency.
However, at this stage reverse reprogramming of differentiated cells cannot be excluded as
the underlying mechanism.

The same is true for endometrial cancer. In contrast to the complete absence of diagnostic tools
for early detection of ovarian cancer, there is a detailed classification of neoplastic changes in
the endometrium – known as endometrial intraepithelial neoplasia (EIN), although there is a
lot of controversy among pathologists how reliable the existing methodology is as a prognostic
factor. Moreover, there is still no consensus regarding the cellular origin of the malignant
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tissue, or indeed the role played by adult stem cells. Approximately 75-80% of endometrial
cancers are classified as type 1-endometrioid endometrial cancer (EEC) – with the remaining
cases belonging to papillary, mucinous or clear cell types. Histologically, they consist of
malignant endometrial cells in the columnar monolayer, although squamous metaplasia is
sometimes observed [117]. They frequently harbor alterations in PTEN and Wnt signaling
pathways, and a prevalent staining pattern of nuclear catenin localization is found in up to
60% of endometrial hyperplasias and 30% of endometrial cancers [118]. In a mouse model with
constitutively active Wnt signaling due to APC deletion in the genital tract, loss of PTEN
function was found to be the rate-limiting step of carcinogenesis inside the uterus, while
activation of β-catenin signaling increased the severity of the disease [119]. Strikingly, a follow-
up study of the mice that were initially declared tumor free by inspection of the uterus revealed
that 62% did get sendometrioid cancer, but not in the uterus, as would be expected, but rather
in the neighboring distal oviduct [120]. Thus, this recent study argues that the fallopian tube
may participate not only in the carcinogenesis HG-SOC but also in a subset of endometrial
cancers. Notably, in human patients loss of PTEN associates with better prognosis and reduced
risk of metastasis, since the tumor appears more differentiated [121]. These at first sight
contradictory facts might be explained by the different requirements of cancer cells in the early
and late stages of progression. While PTEN is a tumor suppressor, its major downstream
effector, p-Akt, has dual functions in tumor cells. In mammary carcinoma, activated Akt
enhances carcinogenesis via the ErbB-2 pathway, but inhibits invasion of the tumor and its
metastasis [122]. Of course, mutations in the PTEN-PI3 kinase pathway components represent
only one of the important signaling routes that have been found to be altered in endometrial
cancer. Similarly, as in ovarian cancer, it remains to be seen how discrete cytological changes
progress into full-blown cancer and which cells give rise to the cancer stem cells that are
detected in the later stages of malignant disease. A recent study, based on a detailed analysis
of 113 cases of endometrial cancer, postulated an important role for SALL4 protein which is
known as a strong determinator of pluripotency in human embryonic cells [123]. The authors
found SALL4 expressed in 47% of cancer samples while no expression was detected either in
healthy controls or in the hyperplastic tissue, and increased levels of expression negatively
influenced prognosis and patient survival. SALL4 increases c-Myc transcriptional activity and
reduces the response of affected cells to carboplatin treatment. While it cannot be excluded
that SALL4 expression in precancerous stages is limited to very low levels in sparse stem cells
below detection limit of whole tissue sample, these results strongly indicate that pluripotent
capacity of the tumor is acquired at later stages of disease development. The existence of cells
with stem cell characteristics has recently also been demonstrated for cervical cancer. Sox2-
expressing cells constitute a small percentage of cells in cervical cancer cell lines, but they show
much greater tumor forming capacity in the xenograft mouse model than the remaining cells
[124]. This correlates well with findings of tracing experiments from the Sox2 mouse model
mentioned above, which identified stem cell lineages in the cervix [125]. It is becoming
increasingly clear that the basal layer of cervical epithelium plays a decisive role in the initiation
of cervical cancer, as these are the only dividing cells in squamous stratified epithelium. Active
progression of the cell cycle is a prerequisite for HPV-driven cellular transformation, as host
cells have to pass through the prophase of mitosis for transcription of viral genes to be initiated
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and infection established [126]. Cervical cancer develops from premalignant lesions called
cervical intraepithelial neoplasia (CIN), which are routinely detected by regular Pap smears.
Importantly, CINs occur almost exclusively within the transformation zone of the cervix, a
region of metaplastic conversion of columnar to squamous epithelium. Regular screening has
greatly improved the long-term prognosis and survival rates of cervical cancer [127].

The mounting evidence for an involvement of the fallopian tube in development of ovarian
and potentially other cancers thus highlights the importance of developing methodologies to
improve diagnostic sampling and visualization of this organ. In particular, there is an imper‐
ative to improve diagnostics of the tube in patients. Ideally, some kind of endoscopy would
enable detailed exploration of the mucosa in vivo, including the taking of biopsies. This would
improve our understanding of phenotypical changes that take place in the epithelium, better
define and categorize alterations and discover real premalignant lesions or early malignancies.
The result would hopefully be comparable to the advancement that routine colonoscopy
brought to early diagnosis and proper management of colon cancer.

10. Conclusion

We have presented in detail the current "state of the art" in the field of adult stem cells of the
female reproductive system, their role in maintaining healthy mucosal tissue and changes that
occur during disease. Moreover, we have focused on the phenomenon of cancer stem cells,
which appears to be very important for the progression of malignancies by giving tumor tissue
a competitive advantage. Still, the question remains how adult stem cells relate to cancer stem
cells, and the models which have been postulated so far, as in the case of cervical cancer, have
yet to be experimentally proven.

Regardless of the final outcome, it is almost certain that adult stem cells play an important role
in the process of cancer initiation. Carcinogenesis is considered to be a long, stepwise process
of accumulation of mutations. Therefore, differentiated cells with short life spans are unlikely
to pass on mutations unless the initial acquired change leads to immortalization. Adult stem
cells on the other hand, are long-lived and thereby inevitably accumulate mutations over
decades. With each asymmetric division, mutations are passed to the differentiating progeny.
The final "transformation step" may occur afterwards in the differentiated cell, or the stem cell
itself may reach the stage where it becomes cancerous. The latter model presumes that as tumor
tissue grows, the stem cell continues to give rise to differentiated progeny, while becoming
itself a cancer stem cell. In both cases, a definitive premalignant molecular fingerprint should
be found in the original adult stem cell. Therefore, it will be of great importance to further
characterize adult stem cells in the ovary, fallopian tube and uterus and elucidate the molecular
mechanisms of epithelial renewal in healthy tissue, but also to determine the genomic changes
which occur over time in response to altered hormonal stimulation, tissue injury or infection.

Recent studies with novel genetic lineage tracing tools in the mouse give a promising outlook
that concrete molecular pathways controlling stemness will be defined in the near future. Only
when this goal has been achieved is it conceivable that a major breakthrough in the early
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treatment and diagnosis of female reproductive cancers and endometriosis can be achieved.
As we have outlined, the high activity of adult stem cells in the female reproductive tract that
is required to maintain cyclical changes in tissue architecture put these tissues at a particularly
high risk for accumulating mutations with the potential for transformation. This is likely to be
exacerbated by the fact that the genital system is exposed to a variety of sexually transmitted
pathogens. There is mounting evidence that these infections may play a role in initiation of
malignancies in the ovary, uterus or as co-factors to HPV in the cervix [18-20]. Although
deciphering the behavior of adult stem cells in disease remains a very challenging research
area, a dynamic field of translational approaches has emerged, using stem cells as a source of
healthy tissue in different models of in vitro differentiation and transplantation. There is
justified optimism that such models will help to elucidate not only the events involved in de-
regulation of the adult stem cell niche, but also the interaction of human pathogens with this
niche, as well as the somatic tissue derived from it. A more complete understanding of these
events will provide a basis for the development of more effective preventative and therapeutic
measures for diseases of the female reproductive tract.
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Recent studies with novel genetic lineage tracing tools in the mouse give a promising outlook
that concrete molecular pathways controlling stemness will be defined in the near future. Only
when this goal has been achieved is it conceivable that a major breakthrough in the early
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1. Introduction

The liver is the largest internal organ of the body only second in size compared to the skin.
The liver not only functions as an endocrine and exocrine organ, but it also performs a
multitude of vital functions including glycogen storage, detoxification and plasma protein
synthesis [1–4]. The liver receives nutrients and environmental toxins from the digestive tract
through the portal vein. This direct transport of potentially harmful agents is hypothesized to
have exerted an evolutionary pressure on the liver to possess multiple pathways for regener‐
ation [4,5]. In fact, the regenerative capacity of the liver is so enormous that this was renowned
in ancient times and described in Mediterranean folklore. According to Greek mythology the
Titan Prometheus stole fire from the Gods of Olympia and gave it to the mortals. As a
consequence, Zeus, the king of Gods, chained Prometheus to a rock. An eagle would then
appear each day and pecked out part of Prometheus’ liver only to let it regenerate overnight
[1]. This punishment was to be repeated for eternity, but according to one version of the story,
Heracles (Hercules) eventually killed the eagle and freed Prometheus.

Despite of the famed renewal capacity of the liver, hepatic diseases constitute a worldwide
problem. Hepatic diseases can broadly be divided into two major groups: acute and chronic
liver diseases. Acute liver failure is characterized by the manifestation of sudden severe hepatic
injury that can have several etiologies [6,7]. Frequent causes included viral hepatitis or drug
intoxication, commonly paracetamol, leading to hepatic encephalopathy, coagulopathy and
often progressive multiorgan failure [6,8–11]. In developed countries, acute liver failure is
relatively rare with an incidence estimated between 1-6 cases per million people each year [6,
12]. In contrast, chronic liver diseases are caused by prolonged insults. Common causes include
sustained alcohol consumption, non-alcoholic fatty liver disease and hepatitis B or C virus
infection [2]. These insults can lead to hepatic fibrosis, a form of wound healing characterized
by the presence of collagen-rich septae connecting the so-called portal areas. If untreated, this
potentially reversible manifestation, can progress to end stage cirrhosis, where hepatic
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distribution, and reproduction in any medium, provided the original work is properly cited.
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architecture is greatly disturbed and scar tissue encircles nodules of remaining hepatocytes
[7,13–17]. Chronic liver diseases are estimated to affect 170 million patients worldwide. Those
cases eventually progress to fibrosis and possibly cirrhosis in 25-30 % of these patients [2].
Where acute hepatic failure involves sudden massive cell death, chronic liver diseases are
conversely characterized by continuous cell death [18–20].

When hepatic regeneration is hindered orthotopic liver transplantation is the only treatment
that radically improves the outcome of hepatic failure [2,21]. However, the worldwide shortage
of liver donors result in death of many patients waiting for transplantation [22]. Research into
alternative methods of therapeutic treatment is therefore highly needed. The possibility of
culturing hepatic stem cells holds the promise to treat certain liver diseases, even with
autologous stem cells. This include correcting metabolic diseases characterized by inherited
defects of hepatic enzymes or treating fulminant hepatic failure characterized by rapid onset
of liver failure and death, when donor organs are unavailable [23]. The use of autologous stem
cells would additionally prevent the lifespan administration of immunosuppressive agents
currently employed to prevent allograft rejection. Therefore, there has been an increasing
interest into using hepatic stem cell-based therapies as novel alternatives to traditional liver
treatments. However, the stem cell biology of the liver is not well understood. In particular,
the lack of specific markers for hepatic stem cell identification has hindered their characteri‐
zation and isolation [24–28].

The present chapter will provide an overview of current knowledge of the rodent and human
hepatic stem cell niche.

In particular, the chapter will go through the development of the hepatic stem cell niche, the
associated extracellular matrix molecules and support cells. Attention will also be given to the
various modes of hepatic regeneration and the involvement of hepatic stem cells in cancerous
disease states.

2. Stem cells

Even though stem cells have been identified and characterized in several organs, no universally
accepted definition of what constitutes a stem cell has been defined [29]. However, a broadly
accepted view is that stem cells are cells that hold a capacity for unlimited or prolonged self-
renewal and can also give rise to at least one type of highly differentiated progeny [30].
However, many classes of stem cell exist with different potentials. These range from the
totipotent fertilized egg from which entire organisms develop over pluripotent embryonic
stem cells that can give rise to the three germ layers to the unipotent tissue stem cells.

Typically, tissue or intra-organ stem cells are less differentiated cells that exist in a mitotically
quiescent form [31]. This class of stem cells are so-called “determined”, meaning that they lack
markers of final differentiation, but are able to divide and differentiate into highly specialized
effector cells [32,33]. When needed tissue stem cells are activated to divide and clonally
regenerate the tissue in which they are located [32,34]. Upon activation, tissue stem cells would
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perform either symmetric or asymmetric cell division [30]. Symmetric stem cell division give
rise to two daughter cells that themselves are stem cells, thereby maintaining the stem cell
pool. Alternatively, this form for division may result in two daughter cells committed for
differentiation. Asymmetric stem cell division, on the other hand, produces one stem cell and
one differentiated daughter cell. Differentiated daughter cells are also known as progenitor
cells or transit amplifying cells. They divide rapidly in order to generate a pool of continually
more differentiated cells en route to replace senescent or damaged tissue cells [34]. Early
progenitor cells hold multi-lineage potential and have characteristics similar to the parent stem
cell whereas late progenitor cells are more differentiated and produce single-lineage progeny
[32]. Therefore, even though stem cells have a high self-renewal capacity, they may divide
relatively infrequently, whereas the transit amplifying cells greatly increase in number and
differentiate into given tissue cells.

3. Stem cell niche

The potency of stem cells requires tight regulation of their behavior. Stem cell quiescence and
activation must be regulated according to the needs of the organism. A critical actor in
mediating the balanced response of stem cells to the needs of the organism is the stem cell
niche.

The stem cell niche concept was first proposed by Schofield who conducted bone marrow
studies [35]. It was suggested that stem cells reside in compartments that promote and maintain
their characteristics [35]. It is believed that once postnatal tissues are formed, intra-organ stem
cells reside in these special tissue microenvironments or niches. However, upon activation, the
niche must change the composition of its microenvironment from favoring stem cell quiescence
to induce stem cell activation and proliferation. Studies on Drosophila spp. gonads have helped
understanding the factors constituting the stem cell niche and greatly expanded knowledge
of stem cell activation and the generation of transit amplifying cells [36]. These studies have
revealed a basal theme to reoccur. Structurally, the typical stem cell niche consists of stem cells
resting on a scaffold of extracellular matrix components, having cell-cell interactions with
differentiated neighboring cells [36–38]. In Drosophila spp. gonads, the extracellular matrix
forms a repressing environment to stem cell differentiation, while promoting cellular adhesion
[36]. Immediately outside this repressive zone, stem cell adherence is reduced while cellular
differentiation is stimulated [36]. More specifically, integrins have been identified as key
elements in this adhesion process. These transmembrane proteins that mediate adhesion to
the extracellular matrix, are often highly expressed in stem cells and can suppress terminal
differentiation in epidermal stem cells, for instance [39,40]. Conversely, the loss of integrins is
associated with the epidermal stem cell niche disappearance, characterized by cellular
differentiation [30].

The key factor to identify stem cell niches is the stem cell localization itself. For this pur‐
pose,label-retention assays may be applied, two common labels being 3H-thymidine and the
thymidine analog BrdU. Upon asymmetric cellular division, stem cells may incorporate either
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of these labels into their DNA thereby retaining 50% of the label with the resulting daughter
stem cell and 50% with the transit amplifying cell. As transit amplifying cells are fast cycling
the label is gradually diluted in the following chase period while the slow cycling daughter
stem cell retain the marker. Use of these and similar label-retaining assays have been employed
to identify the stem cell niche of the skin, hair follicle and peripheral cornea [41–45]. Though
being an intriguing method for locating stem cells, label-retention techniques has certain
disadvantages. Stem cells that did not enter the cell cycle during the labelling period will for
instance remain unmarked, while progenitor cells that terminally differentiate and stop cell
division can retain markers for longer periods of time [46]. Stem cells and their niches have,
never the less, been identified in several organs. In vertebrates these include the bulge region
of the hair follicle, the bone marrow and the lover region of the crypts in the small intestine
[41,47–49]. The common denominator of these organs, however, is that they are characterized
by a continuous supply of cells descending from the stem cells. Stem cells in tissues charac‐
terized by a lower cellular turnover are, on the contrary, more difficult to identify. One such
organ is the liver, where mitotically quiescent hepatocytes have relatively long life spans and
high proliferative capacities [50,51].

4. Hepatic anatomy

Although many cell types are present, the liver is characterized by two epithelial tissue
components; cholangiocytes and hepatic cords containing hepatocytes, respectively. The
hepatocytes secrete serum proteins, including albumin, and express monooxygenases from
the cytochrome P450 family, the major enzymes involved in oxidative metabolism of xenobi‐
otics [52]. Cholangiocytes, on the other hand, form biliary channels transporting bile from the
liver towards the bile bladder.

Examination of hepatic tissue sections reveal an unvarying landscape of cords of hepatocytes
with scattered central veins and so-called portal triads or portal tracts. The latter contain bile
ducts and branches from the portal vein and portal artery, thereby forming a triad [53].
However, from a three-dimensional perspective, this dull landscape masks a highly complex
organ [53,54]. Accurately defining the livers functional entities have historically been difficult,
as multiple functions could be applied based on either enzymatic expression patterns or
histological observations. A frequently used definition is the simple histological unit “lobule”
(figure 1). The classic lobule is envisioned as a two-dimensional hexagonal structure centered
around a central vein [55]. Each hexagonal corner contain a portal tract and cords of hepato‐
cytes extend from the hepatocytic limiting plate at the periportal space, towards the central
vein [55]. The terminal segments of the biliary system in the portal tracts connect directly with
the hepatic cords through a specialized structure known as the Canal of Hering – thought to
constitute the hepatic progenitor cell niche [56]. Canals of Hering are formed partly by biliary
cells and partly by hepatocytes near the limiting plate [56]. Hepatic cords are separated from
each other by a special form of blood vessels called sinusoids [55]. The sinusoids are lined by
endothelial cells with open pores, or fenestrae, lacking a diaphragm and a basal lamina [57].
The resulting high endothelial permeability facilitate the exchange of macromolecules, solutes
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and water between sinusoidal blood and hepatocytes [57]. The sinusoidal wall is additionally
separated from the hepatocytes by a lumen termed the space of Disse. The predominant view
is that blood drain from the portal vein and portal artery branches and blends in the sinusoids
from where it drains into the central vein [54,55]. Lymph, on the other hand, is thought to be
generated by filtration of sinusoidal blood into the space of Disse from where it flows towards
lymphatic vessels located in the portal tracts [54]. Bile canaliculi are narrow spaces formed
from the apical membranes of adjacent hepatocytes in the hepatic cords [54]. Bile originating
from the bile canaliculi is transported towards terminal bile ducts in the portal tracts through
the canal of Hering [54,56].

Non-parenchymal cell types also present in the liver include stellate cells and Kupffer cells.
Hepatic stellate cells, also known as Ito cells, are starshaped and contain lipid droplets with
vast amounts of vitamin A [58]. In normal liver they are located to the space of Disse which is
suggested to constitute the hepatic stellate cell niche [59]. Kupffer cells, on the other hand, are
hepatic macrophages involved in the phagocytosis of cellular debris, extracellular matrix
components and release of inflammatory factors [60].

5. Liver development

The liver in an endodermal derived organ with hepatocytes and cholangiocytes originating
from a common progenitor termed “hepatoblast” or “primitive hepatocyte” [61]. Development
of the liver goes through sequential stages including induction, specification, proliferation and
maturation steps. The endoderm is important for inducing development of the neighboring
cardiogenic mesoderm followed by maturation of the heart. Embryonic development of the
liver is initiated in the ventral part of the anterior endoderm, whereas pancreas coordinately

Figure 1. A. Cartoon of a stylized hepatic lobule. Each hexagonal corner of the hepatic lobule is marked by a portal
area containing a portal vein, a portal artery and a bile duct. A central vein mark the center of the lobule. B. Hematoxy‐
lin and eosin staining of a tissue section from adult normal human liver. A portal area containing a portal vein, portal
artery and bile duct is discernible. Magnification x100.
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develops from the dorsal part. Within a short period of time, in a so-called “window of
opportunity” around embryonic day (E) 8.5-11.5 in mouse endoderm, the anterior endoderm
is competent for activation of a hepatic development gene program [62]. At the time of hepatic
induction, the adjacent mesenchymal tissue, comprising the cardiogenic mesoderm and
septum transversum, produces subtypes of growth factors: fibroblast growth factor (FGF) and
bone morphogenetic protein (BMP), respectively [63]. Growth factors acid FGF, basic FGF,
FGF4, BMP 2, and BMP4 initiate a hepatic gene expression program, while FGF or cardiogenic
mesoderm suppresses the pancreatic gene expression program [62]. In the absence of BMPs
or FGFs, the pancreatic gene expression program is initiated while the hepatic gene program
is suppressed [62].

Following induction of hepatic gene expression, the endodermal cells adopt a columnar
appearance at E8.5 and express albumin. At E9.5 a thickening of the endoderm is observed,
interceded by primitive endothelial cells from the septum transversum [62,64]. This prospec‐
tive liver, termed the hepatic diverticulum or “liver bud”, is visible in the human embryo at
the 17 somite stage, corresponding to 3 weeks and 5 days post conception [53,64]. Signaling
molecules, including BMPs, hepatocyte growth factor (Hgf) and vascular endothelial growth
factor receptor 2 (Vegfr-2) from the septum transversum and endothelial cells induce prolif‐
eration and migration of hepatoblast positive for cytokeratin (CK19), Hepatocyte Paraffin 1
(HepPar1), α-fetoprotein (AFP) and albumin, into the adjacent septum transversum [62,65–
69]. At E11 the hepatoblasts addionationally stain for the intermediate filament proteins CK8,
CK14 and CK18 [70–72]. Concurrent with the hepatoblast invasion the endothelial cells
coalesce around spaces in the septum transversum thereby forming anastomosing primitive
blood vessels around which hepatoblast are situated. The endodermal invasion displaces the
septum transversum that eventually form the liver capsule, mesenchyme and possibly the
hepatic stellate cells [62,68,69,73,74].

At E14 (in mouse) hematopoietic cells colonize the liver, making it a prenatal site for hemato‐
poiesis. Concomitantly, hepatoblasts express markers of both the hepatocytic and cholangio‐
cytic lineages and are capable of differentiating into either of the two epithelial cell types. The
hepatoblasts, however, gradually commit to either the hepatocytic or cholangiocytic lineages.
Three transcriptions factors, Hepatocyte Nuclear Factor (HNF)-4α, HNF-6 and HNF-1β, are
found to be particularly important in this process. Microarray data have demonstrated that
HNF-4α bind approximately half of the active genes in liver and is essential for determination
toward a hepatocytic fate [75,76]. On the other hand, HNF-6 and HNF-1β are essential for
development of the biliary lineage. Knockout mice for HNF6 and its downstream target
HNF1β, develop no gallbladder and display abnormal development of the intrahepatic and
extrahepatic bile ducts [77,78]. Around E16 (mouse) the hepatoblast are commited to either
the hepatocytic or cholangiocytic lineages and are thereby no longer bipotential [62,79,80].

During development of the liver, morphogenesis of the biliary tree is also said to proceed
through a series of developmental stages. These are categorized as the ductal plate, remodeling
bile duct and remodeled bile duct stages [79]. The earliest indicator of biliary development
comes from studies of the transcription factor SRY-related HMG box transcription factor 9
(SOX9). SOX9 is essential for the formation of certain stem cell niches, such as the hair follicle
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stem cell compartment [81]. SOX9 is expressed in the hepatic diverticulum but disappears
during the endodermal invasion of the septum transversum. At E11.5, however, SOX9 is
reexpressed in hepatoblasts located near the developing portal veins [82]. These prospective
cholangiocytes lining the mesenchyme surrounding developing portal veins form a single-
layered ring at E14.5 termed the “ductal plate”. Studies on cells isolated from the ductal plate
and from adult livers have shed important information on this structure. Cells from adult livers
and the ductal plate, positive for epithelial cell adhesion molecule (EpCAM) and CK19 and
negative for AFP can give rise to both the hepatic and biliary lineages, when injected into
immunodeficient NOD/SCID mice [83,84]. The ductal plate is therefore not only suggested to
constitute the pre-and perinatal hepatic progenitor cell niche, but also to be directly antecedent
to the canal of Hering, the presumed adult hepatic progenitor cell niche [83–85].

The ductal plate, which can be envisioned as a biliary sleeve, increase expression of CK8, 18
and 19 relative to the remaining parenchymal cells [86,87]. Through a unique mode of
tubulogenesis the cholangiocytes induce neighboring hepatoblast to differentiate into cholan‐
giocytes themselves thereby developing a two-layered transiently asymmetric ductal plate
around E16.5 [79,82]. Focal lumina appear between the mesenchymal and parenchymal ductal
plate facing layers, thereby giving rise to early bile ducts at E16.5 [79]. In the following
remodeling phase, these primitive bile ducts migrate into the portal mesenchyme in a complex
process timely coordinated with the formation of hepatic portal arteries [65]. The parts of the
ductal plate, which are not involved in bile duct formation, possibly regress as a result of
apoptosis [88]. As of a result, the intrahepatic bile ducts loose contact with the ductal plate and
become fully embedded in the portal mesenchyme in the remodeled stage. However, the
intrahepatic bile duct system is still immature until several weeks after birth and remnants of
the ductal plate can be identified, in particular, at the smaller vein branches [86,89]. As a final
step in the maturation process, developing cholangiocytes initiate expression of CK7, a marker
of adult bile duct cells [53,86]. The outlined development of the intrahepatic bile duct system
is initiated at the hepatic hilum from where it gradually progresses towards the periphery of
the liver, where the smaller portal branches reside [89].

6. Hepatic tissue homeostasis

The wide range of important metabolic functions performed by the liver and its proximity to
ingested environmental toxins are hypothesized to have imparted the livers tremendous
capacity for adaptation and regeneration [3,90].

Hepatocytes are the main component of liver and therefore, the most vulnerable to damage.
The generation of adult hepatocytes, under non-pathogenic conditions, has been widely
disputed. In normal liver, parenchymal turnover is slow with hepatocyte lifespans estimated
150 to 450 days in rat [50,51,91,92]. With a turnover rate of normal liver cells of approximately
1 in 20,000-40,000 at any given time the entire liver is estimated to be replaced by normal tissue
at least once a year [93]. As hepatocytes supposedly are terminally differentiated cells, they
were once hypothesized only to possess the capacity for one or two cell divisions. A number
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become fully embedded in the portal mesenchyme in the remodeled stage. However, the
intrahepatic bile duct system is still immature until several weeks after birth and remnants of
the ductal plate can be identified, in particular, at the smaller vein branches [86,89]. As a final
step in the maturation process, developing cholangiocytes initiate expression of CK7, a marker
of adult bile duct cells [53,86]. The outlined development of the intrahepatic bile duct system
is initiated at the hepatic hilum from where it gradually progresses towards the periphery of
the liver, where the smaller portal branches reside [89].

6. Hepatic tissue homeostasis

The wide range of important metabolic functions performed by the liver and its proximity to
ingested environmental toxins are hypothesized to have imparted the livers tremendous
capacity for adaptation and regeneration [3,90].

Hepatocytes are the main component of liver and therefore, the most vulnerable to damage.
The generation of adult hepatocytes, under non-pathogenic conditions, has been widely
disputed. In normal liver, parenchymal turnover is slow with hepatocyte lifespans estimated
150 to 450 days in rat [50,51,91,92]. With a turnover rate of normal liver cells of approximately
1 in 20,000-40,000 at any given time the entire liver is estimated to be replaced by normal tissue
at least once a year [93]. As hepatocytes supposedly are terminally differentiated cells, they
were once hypothesized only to possess the capacity for one or two cell divisions. A number
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of studies of label-retaining markers of cells based on the incorporation of markers such as
tritiated thymidine into DNA in rats or lack of markers such as cytochrome c in humans have
located proliferative hepatocytes in the periportal region [94,95]. Cell tracking has illustrated
a gradual invasion of these recognizable cells from the portal tract towards the terminal central
vein. Based on these and similar experiments the “streaming liver” hypothesis was suggested
in which mitotically active hepatocytes at the limiting plate in the periportal region continu‐
ously provided hepatocytic offspring. In a unidirectional fashion, these hepatocytes are
hypothesized to stream along the sinusoids as they gradually change enzymatic expression
and eventually replace dead hepatocytes in the perivenous region [94]. However, this model
is still quite controversal. Long-term labelling of hepatocytes with beta-galactosidase, an
enzyme capable of converting X-gal into an insoluble blue compound, found positive clusters
of hepatocytes, ergo cells that had divided, throughout the liver lobule thereby contradicting
the streaming liver hypothesis [51].

The relative mitotic quiescence of hepatocytes and cholangiocytes mask their huge prolifera‐
tive potential. Resecting two-thirds of the liver in accordance with the partial hepatectomy
protocol (PHx) leads to complete regrowth in approximately 10 days [1,3]. This regrowth is,
however, not a true regeneration, given that it does not recreate original hepatic morphology
but is compensatory hyperplasia in the residual liver lobes [55]. Even with this relatively harsh
treatment of the liver, only 1-2 proliferative events of hepatic epithelial cells are needed to lead
to complete compensatory regrowth with no or very little hepatic stem cell contribution [1,96].
Impressively, this procedure can be repeated at least 12 times in rats without regenerative
failure or endangering liver function as hepatocytes maintain a fully differentiated state [97].
In an experimental animal model, mice deficient for the tyrosine catabolic enzyme, fumaryla‐
cetoacetate hydrolase (FAH), suffer from hepatocyte damage due to accumulation of fumar‐
ylacetoacetate and its precursor maleylacetoacetate [98]. However, wild-type hepatocytes are
capable of rescuing this phenotype. In an elegant study serial transplantations of wild-type
hepatocytes into FAH deficient mice repopulated 6 generations of livers corresponding to 69
cell doublings [98]. Therefore, during normal tissue homeostasis, hepatocytes could be
regarded as the functional unipotent hepatic stem cell, capable of giving rise to more than 50
livers [1]. Furthermore, in some chronic biliary diseases such as primary biliary cirrhosis and
primary sclerosing cholangitis, hepatocytes have even been observed differentiating into
biliary cells [99,100]. Nonetheless, the replicative activity of even hepatocytes can apparently
decrease in chronic hepatic injury in mice and advance cirrhosis in humans, possibly due to
telomere shortening [101]. Regeneration through replication of hepatocytes and cholangio‐
cytes is also known as the “first tier of defense” or a “level 1 response” [4]. This form of response
was responsible was regenerating Prometheus’ liver during night as the eagle essentially
conducted partial hepatectomy during the day.

7. Localizing the hepatic progenitor cell niche

Locating stem cells is the first step into characterizing their niche. Stem cells and their niches
have been defined in several tissues, including the hair follicle and skin, the hematopoietic
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system and in the intestinal crypts [42,44,49,102–105]. These organs are, unlike the liver,
generally under constant renewal and require frequent stem cell division for tissue replenish‐
ment. Stem cells in these organs are therefore fulltime committed to perform stem cell function.
However, stem cells in tissues with low turnover have been notoriously difficult to detect. As
with arrangements in other stem cell niches the hepatic progenitor cell niche is thought to be
structurally composed of a stem or progenitor cell population situated on a basal lamina and
in contact with surrounding support cells [36,38]. As cellular turnover in the liver is already
low and hepatic homeostasis and regeneration to a large extent is completed by differentiated
parenchymal and non-parenchymal cells stem cells in this organ have been difficult to
characterize.

While hepatocytes can conceptually be considered as the livers functional stem cells, the
contribution of hepatic stem or progenitor cells to liver regeneration has been debated. Clues
to a possible existence of stem cells in the liver came from early studies conducted by Farber,
Wilson and Leduc [106,107]. Following dietary administration of DL-ethionine or carcinogenic
2-acetylaminofluorene (2-AAF) to rats, Farber observed the presence of pseudoductular
structures consisting of small cells near the hepatic portal areas in rat liver (figure 2). These
small cells are termed “oval cells” due to their oval shaped nucleus and scant cytoplasm [106].
In a following study Wilson and Leduc examined murine livers following dietary adminis‐
tration of ethionine and bentonite [107]. The presence of small cholangioles apparently giving
rise to both bile-duct cells and parenchymal cells suggested the presence or a population of
reserve cells or stem cells [107]. In acute liver failure and chronic liver diseases similar so-called
“ductular reactions” may be noted at the portal triad interface [7,108–110]. The ductular
response is thought to result from proliferating progenitor cells and represent the livers
“second tier of defense” or “level 2 response” [4]. These cells termed oval cells in rodents are
named progenitor cells in humans as rodent hepatic injury models and human diseases may
not be directly comparable. However, we will collectively refer to them as hepatic progenitor
cells (HPCs). The resulting arborizing network of ductular structures sprouting from the portal
area is classified as an atypical ductular reaction due to a poorly defined lumen.

A number of rodent hepatic injury models have been developed to investigate various modes
of regeneration and to mimic human hepatic diseases. Particularly notable models include
partial hepatectomy, which induces proliferation of differentiated hepatocytes and cholan‐
giocytes and thereby represent the first tier of defense [18,111]. Ligation of the common bile
duct (Bile Duct Ligation) obstructs bile flow from the liver (figure 2). This surgical technique
mimics cholestasis and induces proliferation of hepatocytes and the larger bile ducts without
signs of differentiation towards the hepatocytic lineage in the latter [112,113]. Several injury
models specifically induce HPC responses and thereby the second tier of defense. For example
administration of the choline-deficient ethionine-supplemented (CDE) diet or carcinogenic
agents such as 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) to rodents induces ductular
reactions while carbon tetrachloride (CCl4) administration additionally result in advanced
hepatic fibrosis [114–116]. In the 2-AAF/PHx model administration of 2-acetylaminofluorene
to rats is followed by two-thirds partial hepatectomy. This procedure block hepatocyte
differentiation, ergo the first tier of defense, while at the same time providing a strong stimulus
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of studies of label-retaining markers of cells based on the incorporation of markers such as
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to complete compensatory regrowth with no or very little hepatic stem cell contribution [1,96].
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hepatocytes into FAH deficient mice repopulated 6 generations of livers corresponding to 69
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regarded as the functional unipotent hepatic stem cell, capable of giving rise to more than 50
livers [1]. Furthermore, in some chronic biliary diseases such as primary biliary cirrhosis and
primary sclerosing cholangitis, hepatocytes have even been observed differentiating into
biliary cells [99,100]. Nonetheless, the replicative activity of even hepatocytes can apparently
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cytes is also known as the “first tier of defense” or a “level 1 response” [4]. This form of response
was responsible was regenerating Prometheus’ liver during night as the eagle essentially
conducted partial hepatectomy during the day.
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Locating stem cells is the first step into characterizing their niche. Stem cells and their niches
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However, stem cells in tissues with low turnover have been notoriously difficult to detect. As
with arrangements in other stem cell niches the hepatic progenitor cell niche is thought to be
structurally composed of a stem or progenitor cell population situated on a basal lamina and
in contact with surrounding support cells [36,38]. As cellular turnover in the liver is already
low and hepatic homeostasis and regeneration to a large extent is completed by differentiated
parenchymal and non-parenchymal cells stem cells in this organ have been difficult to
characterize.

While hepatocytes can conceptually be considered as the livers functional stem cells, the
contribution of hepatic stem or progenitor cells to liver regeneration has been debated. Clues
to a possible existence of stem cells in the liver came from early studies conducted by Farber,
Wilson and Leduc [106,107]. Following dietary administration of DL-ethionine or carcinogenic
2-acetylaminofluorene (2-AAF) to rats, Farber observed the presence of pseudoductular
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In a following study Wilson and Leduc examined murine livers following dietary adminis‐
tration of ethionine and bentonite [107]. The presence of small cholangioles apparently giving
rise to both bile-duct cells and parenchymal cells suggested the presence or a population of
reserve cells or stem cells [107]. In acute liver failure and chronic liver diseases similar so-called
“ductular reactions” may be noted at the portal triad interface [7,108–110]. The ductular
response is thought to result from proliferating progenitor cells and represent the livers
“second tier of defense” or “level 2 response” [4]. These cells termed oval cells in rodents are
named progenitor cells in humans as rodent hepatic injury models and human diseases may
not be directly comparable. However, we will collectively refer to them as hepatic progenitor
cells (HPCs). The resulting arborizing network of ductular structures sprouting from the portal
area is classified as an atypical ductular reaction due to a poorly defined lumen.

A number of rodent hepatic injury models have been developed to investigate various modes
of regeneration and to mimic human hepatic diseases. Particularly notable models include
partial hepatectomy, which induces proliferation of differentiated hepatocytes and cholan‐
giocytes and thereby represent the first tier of defense [18,111]. Ligation of the common bile
duct (Bile Duct Ligation) obstructs bile flow from the liver (figure 2). This surgical technique
mimics cholestasis and induces proliferation of hepatocytes and the larger bile ducts without
signs of differentiation towards the hepatocytic lineage in the latter [112,113]. Several injury
models specifically induce HPC responses and thereby the second tier of defense. For example
administration of the choline-deficient ethionine-supplemented (CDE) diet or carcinogenic
agents such as 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) to rodents induces ductular
reactions while carbon tetrachloride (CCl4) administration additionally result in advanced
hepatic fibrosis [114–116]. In the 2-AAF/PHx model administration of 2-acetylaminofluorene
to rats is followed by two-thirds partial hepatectomy. This procedure block hepatocyte
differentiation, ergo the first tier of defense, while at the same time providing a strong stimulus
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for growth. As a result, a ductular response is mounted (figure 2). Although these proliferating
epithelial cells are collectively referred to as oval cells, it remains unclear if the oval cells
resulting from different hepatic insults across different species have common characteristics
as mice and rat respond differently to the same insults [117].

The ductular response is thought to represent proliferating progenitor cells. However, the
origin of these progenitor cells is debated. Ductular reactions initiated, for example in the
2-AAF/PHx  protocol,  display  both  biliary  and  hepatocytic  markers  [26,118,119].  More‐
over,  destruction  of  the  biliary  tree  through  administration  of  4,4’-methylenedianiline
(MDA) inhibits progenitor cell proliferation, suggesting that progenitor cells originate from
the biliary lineage [120]. However, administration of dexamethasone diminishes progeni‐

Figure 2. A. Cartoon of typical constituents of the extracellular matrix. B, C, D. Microphotographic images and car‐
toons of livers from rats subjected to B) sham operation, C) bile duct ligation and D) the 2-AAF-PHx model. Cholangio‐
cytes and progenitor cells are stained for HAI-1 (green) and DLK1 (red). Cartoons in B, C and D portray part of portal
areas with bile ducts (green) and their extracellular matrix in the portal mesenchyme bordering the limiting plate. B) In
sham operated rat liver cholangiocytes are marked by HAI-1. C) In the bile duct ligation model in rats the larger bile
ducts proliferate. D) In the 2-AAF-PHx model in rat liver a ductular reaction contain a subpopulation of hepatic pro‐
genitor cells positive for DLK1. Regardless of injury model extracellular matrix components escort the cholangiocytes.
Upon exiting the hepatic progenitor cell niche the progenitor cells differentiate into hepatocytes. Microphotograph
magnification x100. Adapted from Vestentoft et al. 2013 [129].
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tor cell induction, but has no consequence on proliferation of larger bile ducts [113]. The
anatomical location of the Canal of Hering, at the portal triad interface, makes this structure
a prime candidate for the adult HPC compartment or “niche” [56,120–122]. Based on these
experiments,  the Canal  of  Hering represents,  therefore,  the HPC niche and the ductular
reaction represents the activated HPC niche, respectively. However, the assumed stem cells
located in the Canal of Hering may in fact not be “true” stem cells, but rather subpopula‐
tions of biliary or hepatocytic cells with increased stemness compared to other cells of their
respective  lineage  [3].  Although  progenitor  cells  morphologically  resemble  biliary  cells,
ductular reactions are phenotypically heterogenous [123]. In the ductular end connected to
the biliary tree, the cells display cholangiocytic markers such as CK19, whereas the ductular
end  facing  the  parenchyma  display  hepatocytic  markers  including  HepPar1  and  the
transcription factor HNF4 [119,123].  Between these extremes,  hepatobiliary cells  express‐
ing cholangiocytic  and hepatocytic  markers  to  various degrees are found [123,124].  It  is
now clear that the ductular response can be divided into several distinct phases that are
evident in the 2-AAF/PHx protocol [117]. In the activation phase, on day 1, few proliferat‐
ing HPCs expressing CK19 are  detectable  in  the  biliary ductules.  In  the  early  prolifera‐
tion and migration phase on day 5 multiple CK19-positive HPCs can be observed whereas
progenitor cell expression of delta-like 1 homolog (DLK1/Pref1) and AFP is rare. In the late
proliferation and migration phase on day 9, arborizing ductular structures expand from the
portal area with HPCs expressing CK19, Dlk1 and AFP proteins.

Even though a number of HPC markers have been reported, none are specific for a pure
population of hepatic stem cells [24,123,125,126]. What is more, only few of the reported
HPC markers are expressed on the cellular surface and are therefore able to be employed
for cellular isolation studies. CK19, OV-6 (an antibody recognizing a shared epitope between
CK14 and CK19), EpCAM, CD24, hepatocyte growth factor activator inhibitor type 1 (HAI-1)
and suppressor of tumorigenicity 14 (ST14) decorate both the intrahepatic bile ducts and
the ductular reactions but only EpCAM, CD24, HAI-1 and ST14 are expressed on the surface
[126–129]. AFP and DLK1, however, mark a subpopulation of HPCs suggesting the presence
of an established hierarchy amongst the HPCs [129–131]. AFP and DLK1 are normally not
expressed in the liver. However, both proteins are observed in hepatoblasts, the embryon‐
ic  precursors  to  the  cholangiocytic  and  hepatocytic  lineages,  suggesting  that  oval  cells
recapitulate  a  fetal  phenotype  when  activated  in  hepatic  injuries  [72,132].  DLK1  is  a
transmembrane  protein  often  described  as  an  inhibitor  of  cellular  differentiation  and is
expressed  in  less  differentiated  cells  [133,134].  For  example,  forced  expression  of  Dlk1
inhibits  adipogenesis,  whereas  suppression  promotes  this  process  [133].  It  is  therefore
conceivable that Dlk1 inhibits HPC differentiation thereby allowing transit amplifying cells
to  increase in  numbers  similar  to  the one observed in other  stem cell  niches  [36].  With
regard  to  AFP,  elevated  serum  levels  of  this  protein  are  associated  with  a  favorable
prognosis for patients with fulminant hepatic failure [135,136]. This observation supports
the  assumption  that  AFP  marks  cells  capable  of,  at  least,  differentiating  towards  the
hepatocytic lineage.
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for growth. As a result, a ductular response is mounted (figure 2). Although these proliferating
epithelial cells are collectively referred to as oval cells, it remains unclear if the oval cells
resulting from different hepatic insults across different species have common characteristics
as mice and rat respond differently to the same insults [117].

The ductular response is thought to represent proliferating progenitor cells. However, the
origin of these progenitor cells is debated. Ductular reactions initiated, for example in the
2-AAF/PHx  protocol,  display  both  biliary  and  hepatocytic  markers  [26,118,119].  More‐
over,  destruction  of  the  biliary  tree  through  administration  of  4,4’-methylenedianiline
(MDA) inhibits progenitor cell proliferation, suggesting that progenitor cells originate from
the biliary lineage [120]. However, administration of dexamethasone diminishes progeni‐

Figure 2. A. Cartoon of typical constituents of the extracellular matrix. B, C, D. Microphotographic images and car‐
toons of livers from rats subjected to B) sham operation, C) bile duct ligation and D) the 2-AAF-PHx model. Cholangio‐
cytes and progenitor cells are stained for HAI-1 (green) and DLK1 (red). Cartoons in B, C and D portray part of portal
areas with bile ducts (green) and their extracellular matrix in the portal mesenchyme bordering the limiting plate. B) In
sham operated rat liver cholangiocytes are marked by HAI-1. C) In the bile duct ligation model in rats the larger bile
ducts proliferate. D) In the 2-AAF-PHx model in rat liver a ductular reaction contain a subpopulation of hepatic pro‐
genitor cells positive for DLK1. Regardless of injury model extracellular matrix components escort the cholangiocytes.
Upon exiting the hepatic progenitor cell niche the progenitor cells differentiate into hepatocytes. Microphotograph
magnification x100. Adapted from Vestentoft et al. 2013 [129].
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tor cell induction, but has no consequence on proliferation of larger bile ducts [113]. The
anatomical location of the Canal of Hering, at the portal triad interface, makes this structure
a prime candidate for the adult HPC compartment or “niche” [56,120–122]. Based on these
experiments,  the Canal  of  Hering represents,  therefore,  the HPC niche and the ductular
reaction represents the activated HPC niche, respectively. However, the assumed stem cells
located in the Canal of Hering may in fact not be “true” stem cells, but rather subpopula‐
tions of biliary or hepatocytic cells with increased stemness compared to other cells of their
respective  lineage  [3].  Although  progenitor  cells  morphologically  resemble  biliary  cells,
ductular reactions are phenotypically heterogenous [123]. In the ductular end connected to
the biliary tree, the cells display cholangiocytic markers such as CK19, whereas the ductular
end  facing  the  parenchyma  display  hepatocytic  markers  including  HepPar1  and  the
transcription factor HNF4 [119,123].  Between these extremes,  hepatobiliary cells  express‐
ing cholangiocytic  and hepatocytic  markers  to  various degrees are found [123,124].  It  is
now clear that the ductular response can be divided into several distinct phases that are
evident in the 2-AAF/PHx protocol [117]. In the activation phase, on day 1, few proliferat‐
ing HPCs expressing CK19 are  detectable  in  the  biliary ductules.  In  the  early  prolifera‐
tion and migration phase on day 5 multiple CK19-positive HPCs can be observed whereas
progenitor cell expression of delta-like 1 homolog (DLK1/Pref1) and AFP is rare. In the late
proliferation and migration phase on day 9, arborizing ductular structures expand from the
portal area with HPCs expressing CK19, Dlk1 and AFP proteins.

Even though a number of HPC markers have been reported, none are specific for a pure
population of hepatic stem cells [24,123,125,126]. What is more, only few of the reported
HPC markers are expressed on the cellular surface and are therefore able to be employed
for cellular isolation studies. CK19, OV-6 (an antibody recognizing a shared epitope between
CK14 and CK19), EpCAM, CD24, hepatocyte growth factor activator inhibitor type 1 (HAI-1)
and suppressor of tumorigenicity 14 (ST14) decorate both the intrahepatic bile ducts and
the ductular reactions but only EpCAM, CD24, HAI-1 and ST14 are expressed on the surface
[126–129]. AFP and DLK1, however, mark a subpopulation of HPCs suggesting the presence
of an established hierarchy amongst the HPCs [129–131]. AFP and DLK1 are normally not
expressed in the liver. However, both proteins are observed in hepatoblasts, the embryon‐
ic  precursors  to  the  cholangiocytic  and  hepatocytic  lineages,  suggesting  that  oval  cells
recapitulate  a  fetal  phenotype  when  activated  in  hepatic  injuries  [72,132].  DLK1  is  a
transmembrane  protein  often  described  as  an  inhibitor  of  cellular  differentiation  and is
expressed  in  less  differentiated  cells  [133,134].  For  example,  forced  expression  of  Dlk1
inhibits  adipogenesis,  whereas  suppression  promotes  this  process  [133].  It  is  therefore
conceivable that Dlk1 inhibits HPC differentiation thereby allowing transit amplifying cells
to  increase in  numbers  similar  to  the one observed in other  stem cell  niches  [36].  With
regard  to  AFP,  elevated  serum  levels  of  this  protein  are  associated  with  a  favorable
prognosis for patients with fulminant hepatic failure [135,136]. This observation supports
the  assumption  that  AFP  marks  cells  capable  of,  at  least,  differentiating  towards  the
hepatocytic lineage.
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8. Support cells and the hepatic progenitor cell response

Proliferation and morphogenesis of cholangiocytes and HPCs is a complex interplay between
the biliary cells, surrounding support cells and the extracellular matrix. All of these compo‐
nents contribute to the HPC niche. Cell-cell interactions and cell-matrix interplays are likely
to be important for regulating stem cell behavior within niches [37].

Hepatic stellate cells possibly originate from the septum transversum-derived mesothelium
lining the liver [137]. They are recognizable in their quiescent state by the expression of desmin
and glial fibrillary acidic protein (GFAP), whereas they express alpha smooth muscle actin (α-
SMA) when activated, often as a result of hepatic injury [138–141]. In the quiescent state they
reside in the space of Disse, which constitute a laminin coated hepatic stellate cell niche, but
when activated they give rise to contractile myofibroblast [59]. Both cell types are major
producers of extracellular matrix components and activated hepatic stellate cells are the main
source of matrix metalloproteinases and their inhibitors. However, so-called portal fibroblasts
and vascular myofibroblasts can also transform into myofibroblasts thus giving rise to much
confusion about the origins of the latter [142,143]. Additional confusion has been caused by
misinterpretation of cellular markers. In particular, Thy-1, a cell surface protein initially
suggested to mark oval cells, was later reclassified as a marker for hepatic myofibroblasts [144]

Hepatic stellate cells and myofibroblasts are greatly involved in the HPC response. In both the
CDE model of HPC induction in mice, and the 2-AAF/PHx model in rat, hepatic stellate cell
and myofibroblast response are invoked [121,145,146]. Hepatic stellate cells and myofibro‐
blasts not only intimately escort the HPC invasion into the parenchyma, but cellular processes
from the hepatic stellate cells disrupt the HPC basal lamina and form direct cellular contact
[121]. Such direct cell-cell interactions between hepatic stellate cells and liver epithelial cells
has been shown to induce differentiation of the latter into a hepatocytic fate in vitro [147]. The
HPC response is a regulated process undergoing several stages. Both initiation and termination
is under tight regulation and hepatic stellate cells may be involved in these processes. HGF is
a potent mitogen for hepatocytes whereas TGF-β is a strong inhibitor of their proliferation
[148]. TGF-β is additionally identified as a partaker in maintaining quiescence of stem cells in
other niches, such as the melanocyte stem cells located to the hair follicle bulge region [149].
Not only are hepatic stellate cells activated and induced to transform into myofibroblasts by
TGF-β, but hepatic stellate cells themselves are major producers of this cytokine [148].
Conditioned media harvested from hepatic stellate cells in the early HPC response is rich in
hepatocyte growth factor (HGF). This media promote HPC proliferation, possibly due to an
override of the antiproliferative effect of TGF-β [150]. In the terminal phases of liver regener‐
ation hepatic stellate cells change cytokine expression profile and produce high levels of TGF-
β which inhibits proliferation of hepatocytes [150]. Thus, hepatic stellate cells may be involved
in both initiation and termination of the HPC response.

Other cells types involved in the HPC response are macrophages and Kupffer cells. Macro‐
phages can remodel the extracellular matrix, partly through the production of matrix metal‐
loproteinases [151]. As for hepatic stellate cells and myofibroblasts also bone marrow derived
macrophages intimately associate with ductular reactions in rats [145]. Kupffer cells, on the
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other hand, are resident hepatic macrophages. Kupffer cells are greatly activated in the CDE
model of HPC response in mice. Before onset of HPC proliferation and parenchymal invasion
activated Kupffer cells gradually shift from a more periportal location towards a more
centrilobular location. Depletion of Kupffer cells through clodronate injections result in greatly
reduced invasion of HPCs into the hepatic parenchyma. However, HPC proliferation is
unaltered. In conclusion these data suggest that hepatic stellate cells are involved in the
initiation, proliferation and termination of the HPC response, whereas Kupffer cells are needed
for HPC invasion into the hepatic parenchyma.

9. Extracellular matrix components and the hepatic progenitor cell response

Extracellular matrix can be defined as the complex molecular material surrounding cells and
encompass both the basement membrane and the interstitial matrix [152]. Major components
include the respective protein families of collagens, laminins, elastins, proteoglycans and
glycosaminoglycans (figure 2) [152–155].

The extracellular matrix is a dynamic scaffold known to affect aspects of stem cell behav‐
ior such as morphology, growth and survival. A proportion of these responses are due to
interactions between the extracellular matrix components and integrins, a family of dimeric
extracellular matrix receptors that  are linked to and transmit signals to the cytoskeleton
[156,157]. The extracellular matrix may also contain growth factors which provide growth
and morphogenic  signals  to  nearby  cells.  Even physical  features  of  the  matrix,  such  as
rigidity and geometry may influence cellular phenotype and behavior and has been shown
to direct stem cell  lineage specification [152,158–160].  Studies of Drosophila spp.  stem cell
niches have clarified that the microenvironment, as expected, may promote adherence to
the niche and repress stem cell differentiation [36]. What is more, with age the molecular
composition of  the extracellular  matrix  change in an unfavorable  direction for  stem cell
function  and  proliferation.  This  has  been  illustrated  in  experiments  where  stem  cells
transplanted from older mice, where stem cell self-renewal and differentiation has deterio‐
rated,  to  extracellular  matrix  from younger  mice  rejuvenate  stem cell  function  to  levels
comparable to that observed in younger mice [161,162].

Upon induction of the HPC response, the molecular composition of the HPC niche is thought
to change in favor of promoting progenitor cell proliferation. Therefore, a key to understanding
HPC biology and to characterize the HPC niche lies within unravelling the extracellular matrix
composition of the niche. It is of particular interest to clarify which extracellular matrix
molecules regulate the hepatic progenitor cell responses. A number of extracellular matrix
molecules taking part in development of the intrahepatic bile ducts or in modulating the HPC
response have been identified. Particularly, laminin and collagen I and IV are associated with
these processes, but also other extracellular matrix components including tenascin, nidogen 1,
agrin and fibronectin contribute.

The family of collagen fibrils comprises 28 members, all with at least one triple helical domain
and arranged in a rope-like fashion [163,164]. Collagens are deposited in the extracellular space

Adult Hepatic Progenitor Cells
http://dx.doi.org/10.5772/58814

185



8. Support cells and the hepatic progenitor cell response
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reside in the space of Disse, which constitute a laminin coated hepatic stellate cell niche, but
when activated they give rise to contractile myofibroblast [59]. Both cell types are major
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source of matrix metalloproteinases and their inhibitors. However, so-called portal fibroblasts
and vascular myofibroblasts can also transform into myofibroblasts thus giving rise to much
confusion about the origins of the latter [142,143]. Additional confusion has been caused by
misinterpretation of cellular markers. In particular, Thy-1, a cell surface protein initially
suggested to mark oval cells, was later reclassified as a marker for hepatic myofibroblasts [144]

Hepatic stellate cells and myofibroblasts are greatly involved in the HPC response. In both the
CDE model of HPC induction in mice, and the 2-AAF/PHx model in rat, hepatic stellate cell
and myofibroblast response are invoked [121,145,146]. Hepatic stellate cells and myofibro‐
blasts not only intimately escort the HPC invasion into the parenchyma, but cellular processes
from the hepatic stellate cells disrupt the HPC basal lamina and form direct cellular contact
[121]. Such direct cell-cell interactions between hepatic stellate cells and liver epithelial cells
has been shown to induce differentiation of the latter into a hepatocytic fate in vitro [147]. The
HPC response is a regulated process undergoing several stages. Both initiation and termination
is under tight regulation and hepatic stellate cells may be involved in these processes. HGF is
a potent mitogen for hepatocytes whereas TGF-β is a strong inhibitor of their proliferation
[148]. TGF-β is additionally identified as a partaker in maintaining quiescence of stem cells in
other niches, such as the melanocyte stem cells located to the hair follicle bulge region [149].
Not only are hepatic stellate cells activated and induced to transform into myofibroblasts by
TGF-β, but hepatic stellate cells themselves are major producers of this cytokine [148].
Conditioned media harvested from hepatic stellate cells in the early HPC response is rich in
hepatocyte growth factor (HGF). This media promote HPC proliferation, possibly due to an
override of the antiproliferative effect of TGF-β [150]. In the terminal phases of liver regener‐
ation hepatic stellate cells change cytokine expression profile and produce high levels of TGF-
β which inhibits proliferation of hepatocytes [150]. Thus, hepatic stellate cells may be involved
in both initiation and termination of the HPC response.

Other cells types involved in the HPC response are macrophages and Kupffer cells. Macro‐
phages can remodel the extracellular matrix, partly through the production of matrix metal‐
loproteinases [151]. As for hepatic stellate cells and myofibroblasts also bone marrow derived
macrophages intimately associate with ductular reactions in rats [145]. Kupffer cells, on the

Adult Stem Cell Niches184

other hand, are resident hepatic macrophages. Kupffer cells are greatly activated in the CDE
model of HPC response in mice. Before onset of HPC proliferation and parenchymal invasion
activated Kupffer cells gradually shift from a more periportal location towards a more
centrilobular location. Depletion of Kupffer cells through clodronate injections result in greatly
reduced invasion of HPCs into the hepatic parenchyma. However, HPC proliferation is
unaltered. In conclusion these data suggest that hepatic stellate cells are involved in the
initiation, proliferation and termination of the HPC response, whereas Kupffer cells are needed
for HPC invasion into the hepatic parenchyma.

9. Extracellular matrix components and the hepatic progenitor cell response

Extracellular matrix can be defined as the complex molecular material surrounding cells and
encompass both the basement membrane and the interstitial matrix [152]. Major components
include the respective protein families of collagens, laminins, elastins, proteoglycans and
glycosaminoglycans (figure 2) [152–155].

The extracellular matrix is a dynamic scaffold known to affect aspects of stem cell behav‐
ior such as morphology, growth and survival. A proportion of these responses are due to
interactions between the extracellular matrix components and integrins, a family of dimeric
extracellular matrix receptors that  are linked to and transmit signals to the cytoskeleton
[156,157]. The extracellular matrix may also contain growth factors which provide growth
and morphogenic  signals  to  nearby  cells.  Even physical  features  of  the  matrix,  such  as
rigidity and geometry may influence cellular phenotype and behavior and has been shown
to direct stem cell  lineage specification [152,158–160].  Studies of Drosophila spp.  stem cell
niches have clarified that the microenvironment, as expected, may promote adherence to
the niche and repress stem cell differentiation [36]. What is more, with age the molecular
composition of  the extracellular  matrix  change in an unfavorable  direction for  stem cell
function  and  proliferation.  This  has  been  illustrated  in  experiments  where  stem  cells
transplanted from older mice, where stem cell self-renewal and differentiation has deterio‐
rated,  to  extracellular  matrix  from younger  mice  rejuvenate  stem cell  function  to  levels
comparable to that observed in younger mice [161,162].

Upon induction of the HPC response, the molecular composition of the HPC niche is thought
to change in favor of promoting progenitor cell proliferation. Therefore, a key to understanding
HPC biology and to characterize the HPC niche lies within unravelling the extracellular matrix
composition of the niche. It is of particular interest to clarify which extracellular matrix
molecules regulate the hepatic progenitor cell responses. A number of extracellular matrix
molecules taking part in development of the intrahepatic bile ducts or in modulating the HPC
response have been identified. Particularly, laminin and collagen I and IV are associated with
these processes, but also other extracellular matrix components including tenascin, nidogen 1,
agrin and fibronectin contribute.

The family of collagen fibrils comprises 28 members, all with at least one triple helical domain
and arranged in a rope-like fashion [163,164]. Collagens are deposited in the extracellular space
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and particularly collagen I and collagen IV are implicated in hepatic development and
regeneration [165]. However, their roles seem quite different. Collagen I is the main component
of hepatic fibrosis, where it is laid down by the non-parenchymal hepatic stellate cells and
myofibroblasts and contribute to the formation of scaring tissue [165,166]. Collagen IV, on the
other hand, is part of the basement membrane of adult biliary cells and contributes to the ductal
plate, the prenatal hepatic progenitor cell niche [167,168]. Collagen I and IV delineate expand‐
ing biliary cells not only in the HPC response, but also in the bile duct ligation model [129,146].

Members of the laminin family are trimeric proteins that, as for collagen IV, are part of the
basal  lamina  [169].  In  the  HPC response  laminin  expression  can  be  detected  in  hepatic
stellate cells, myofibroblasts, endothelial cells and the progenitor cells themselves [170–172].
As for collagen IV, laminin contribute to the ductal plate during development and form
the basal lamina escorting the HPC response in close apposition to stellate cells [121,168].
Several studies have highlighted the importance of remodeling the extracellular matrix in
connection with the HPC response. In the CDE-induced murine model of HPC activation
α-SMA positive cells  and an extracellular  matrix  rich in  collagen I  are  deposited in the
periportal  area  prior  to  oval  cell  proliferation [146].  The ECM is  laid  down in  a  porto-
veinous  direction,  thereby  preforming  a  niche  for  the  HPCs  to  invade.  However,  this
invasion  process  is  tightly  correlated  with  ECM  remodeling.  Hepatic  macrophages  and
stellate cells  are sources of a variety of extracellular matrix degrading enzymes,  such as
matrix metalloproteinases (MMP) 2,  9,  12 and 13,  and their  inhibitor,  tissue inhibitor  of
metalloproteinase type 1 (TIMP-1) [151,173,174].  Where the CCl4 or CDE-models of HPC
activation  initiate  a  florid  HPC  response  in  wild-type  mice  this  response  is  markedly
attenuated in mice expressing a degradation resistant form of collagen I [175]. These mice
also display a distinct paucity of laminin deposition suggesting that degradation of collagen
is a prerequisite for HPC proliferation and parenchymal invasion.

Where ECM remodeling and collagen I degradation is necessary for the HPC response only
laminin is important for the biliary phenotype. Primary murine HPCs cultured on laminin up-
regulate expression of HPC and biliary associated genes, such as DLK1 and aquaporin 1,
respectively, while hepatocytic gene expression, exemplified by C/EBPα is inhibited [145].
Collagen I and IV, on the other hand, inhibit or do not influence these biliary genes, whereas
fibronectin promote C/EBPα expression. In support of these results, culturing HPCs with
laminin support proliferation and expansion in vitro whereas culturing HPCs with collagen I
result in growth arrest and differentiation [176,177]. The importance of the laminin-rich
activated progenitor cell niche for maintaining the biliary/progenitor phenotype in vivo is also
evident in the HPC response, as disappearance of the basement membrane induces differen‐
tiation [129,178]. Assuming that the canal of Hering truly constitutes the hepatic progenitor
cell niche, this niche therefore appear to be sharply limited by the deposition of collagen I,
collagen IV, laminin, nidogen 1 and agrin [129]. The niche support maintaining the biliary
phenotype and proliferation of HPCs that will differentiate to a hepatocytic phenotype upon
exit from the HPC niche, not unlike the scenario of other stem cell niches [36].
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Stem cell niche component Comment

Progenitor cell niche position The Canal of Hering Most distal part of the bile duct system. Composed

of cholangiocytes and hepatocytes. Link bile ducts

with canaliculi between hepatocytes.

Progenitor cell origin Possibly the biliary lineage Administration of dexamethasone selective

diminishes the progenitor cell response.

Progenitor cell composition Phenotypically heterogenous Progenitor cells display biliary (CK19) and

hepatocytic markers (HepPar1, HNF4α) to various

degrees.

Progenitor cell markers AFP, NCAM, DLK1/Pref1 NCAM and DLK1/Pref1 are cell surface markers. AFP

and DLK1/Pref1 are expressed during hepatic

development.

Associated cell types Kupffer cells Necessary for invasion of ductular reactions into the

hepatic parenchyma.

Hepatic stellate cells Intimately associate with ductular reactions. Are

necessary for initiation, proliferation and

termination of ductular reactions.

Macrophages Intimately associate with ductular reactions.

Associated extracellular

matrix components

Laminin

Collagen I + IV

Nidogen 1

Agrin

Laminin is essential for maintaining the biliary

phenotype.

Table 1. Summary of components associated with the activated hepatic progenitor cell niche.

10. Activation and aberrant hepatic stem cell activation.

Animal studies have clarified that when regeneration through hepatocytic division fail HPCs
from the canal of Hering contribute to liver regeneration. Despite several protein markers, such
as Dlk1, EpCAM, CK19 and AFP, are associated with HPCs a pure population of hepatic stem
cells or their niche have not been defined [83,179–182]. However, as elevated levels of AFP are
associated with increased survival of patients suffering from acetaminophen-induced liver
injury, hepatic stem cells may be activated in acute hepatic diseases [136]. OV6 and CK7 mark
ductular reactions and intermediate hepatocytes, i.e. progenitor cells on route to a hepatocytic
fate, suggesting stem cell involvement in a variety of human diseases and syndromes. These
include hepatitis C virus infection, fatty liver disease and acute processes such as submassive
liver cell necrosis, [183]. Generally, HPC activation seems correlated with the severity of
inflammation and fibrosis [184]. In addition, the more aggressive the hepatocellular injury is,
the larger a proportion of intermediate hepatocytes are observed [184]. Interestingly, the
protein deleted in malignant brain tumor 1 (dbmt1) is specifically associated with ductular cell
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and particularly collagen I and collagen IV are implicated in hepatic development and
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other hand, is part of the basement membrane of adult biliary cells and contributes to the ductal
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attenuated in mice expressing a degradation resistant form of collagen I [175]. These mice
also display a distinct paucity of laminin deposition suggesting that degradation of collagen
is a prerequisite for HPC proliferation and parenchymal invasion.

Where ECM remodeling and collagen I degradation is necessary for the HPC response only
laminin is important for the biliary phenotype. Primary murine HPCs cultured on laminin up-
regulate expression of HPC and biliary associated genes, such as DLK1 and aquaporin 1,
respectively, while hepatocytic gene expression, exemplified by C/EBPα is inhibited [145].
Collagen I and IV, on the other hand, inhibit or do not influence these biliary genes, whereas
fibronectin promote C/EBPα expression. In support of these results, culturing HPCs with
laminin support proliferation and expansion in vitro whereas culturing HPCs with collagen I
result in growth arrest and differentiation [176,177]. The importance of the laminin-rich
activated progenitor cell niche for maintaining the biliary/progenitor phenotype in vivo is also
evident in the HPC response, as disappearance of the basement membrane induces differen‐
tiation [129,178]. Assuming that the canal of Hering truly constitutes the hepatic progenitor
cell niche, this niche therefore appear to be sharply limited by the deposition of collagen I,
collagen IV, laminin, nidogen 1 and agrin [129]. The niche support maintaining the biliary
phenotype and proliferation of HPCs that will differentiate to a hepatocytic phenotype upon
exit from the HPC niche, not unlike the scenario of other stem cell niches [36].
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cells or their niche have not been defined [83,179–182]. However, as elevated levels of AFP are
associated with increased survival of patients suffering from acetaminophen-induced liver
injury, hepatic stem cells may be activated in acute hepatic diseases [136]. OV6 and CK7 mark
ductular reactions and intermediate hepatocytes, i.e. progenitor cells on route to a hepatocytic
fate, suggesting stem cell involvement in a variety of human diseases and syndromes. These
include hepatitis C virus infection, fatty liver disease and acute processes such as submassive
liver cell necrosis, [183]. Generally, HPC activation seems correlated with the severity of
inflammation and fibrosis [184]. In addition, the more aggressive the hepatocellular injury is,
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populations emerging after acetaminophen intoxication or infection with hepatitis B virus but
not in primary biliary cirrhosis or large bile duct obstruction. Dbmt1 therefore may have a role
in cellular fate decision [185].

Liver cancer is the second most frequent cause of cancer death in men and the sixth leading
cause of cancer death in women [186]. Hepatocellular carcinoma (HCC) represent the major
histological subtype accounting for 70-85 % of primary livers cancers, followed by an increase
in incidents of intrahepatic cholangiocarcinomas (ICC) [186,187]. Given that cancer cells and
stem cells share certain characteristics cancer is proposed to represent an abnormal stem cell
disease [188,189]. Both categories of cells can self-renew, divide unlimited and give rise to
heterogeneous progeny. Indeed, certain gliomas, intestinal adenomas and squamous skin
tumours are now attributed to cancer stem cells (CSCs) [190–193]. Liver cancer most frequently
arise in chronic liver diseases, such as chronic hepatitis, cirrhosis or both, where hepatocytic
regeneration and continuous inflammation occur [194,195]. Hepatocarcinogenesis is consid‐
ered as a slow process in which genomic changes progressively alter the hepatocellular
phenotype [194]. In chronic liver diseases, the hepatic microenvironment is substantially
altered in a fashion promoting cellular damage. Stellate cells are activated and infiltrating
lymphocytes may cause inflammation through the release of free radicals and cytokines,
resulting in DNA damage and cell proliferation, factors that may promote aberrant HPC
activation [196,197]. However, as the hepatic stem cells are not fully defined, their involve‐
ments in these liver cancers have not been conclusively established. In addition to accumula‐
tion of genomic and epigenetic changes of genes and regulatory pathways the hepatic
microenvironment is also involved in promoting liver cancer. For instance, activated hepatic
stellate cells locate in the space between endothelial cells and trabeculae of cancer cells in HCC
patients [198]. Conditioned media from such activated hepatic stellate cells both increase
proliferation and migration of human HCC cells [199]. Thus, activated hepatic stellate cells
may both drive fibrosis and proliferation of HCC cells.

A third form of primary liver cancer is the rare HCC-cholangiocarcinoma (HCC-CCA). In
addition to the heterogenous cellular morphology also displayed by HCCs and ICCs, HCC-
CCA’s show signs of both hepatocellular and biliary epithelial differentiation [200]. Indeed,
analysis of the expression pattern of hepatocytic marker HepPar1 and cholangiocytic markers
CK7, CK19, EpCAM and CD133 in HCC-CCA’s reveal subpopulations of cancer cells coex‐
pressing both categories of markers [182,200–203]. These results seemingly confirm the
hypothesis that HCC-CCA are of HPC origin and human hepatocarcinogenesis may originate
from the transformation of HPCs [200]. The identification of bipotent CSCs possibly originat‐
ing from HPCs is interesting, as stem cell like expression patterns in liver cancers reflect a
particularly malignant nature and poor prognostic outcome [182,204–206]. However, the
identification of bipotent cancer stem cells also opens for new therapeutic applications.
Identification and elimination of CSCs could provide more effective treatment of certain
tumors and prevent reoccurrence. Unfortunately, the niche controlling self-renewal, prolifer‐
ation and differentiation of HPCs and CSCs is still not well described and the putative hepatic
stem cells remain unidentified.
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11. Conclusion and perspectives

The present chapter has attempted to provide a simplified overview of current knowledge of
hepatic stem cells and their niches. Unfortunately, the putative hepatic stem cell has not been
identified and therefore not been characterized. Knowledge of the hepatic stem cell therefore
mainly originates from analysis of its progeny, the hepatic progenitor cells, in animal models
where regeneration through hepatocyte division is impaired. As a result, the location of the
HPC niche is unknown. However, evidences point to the canal of Hering as the HPC niche.
Assuming that the canal of Hering truly represent the hepatic stem cell niche, and that HPCs
are descendants of hepatic stem cell, animal studies and their corresponding human diseases
has provided us with some knowledge of the constituents in the activated HPC niche:

• Activated hepatic progenitor cells are phenotypically heterogeneous and to various degrees
display markers of the biliary and hepatocytic lineages.

• A cellular hierarchy is present with AFP, DLK1 and NCAM marking subpopulations of
HPCs [123].

• Hepatic stellate cells and macrophages intimately associate with the ductular reactions.

• Hepatic stellate cells are necessary for initiation, proliferation and termination of ductular
reactions.

• Kupffer cells are necessary for invasion of ductular reactions into the hepatic parenchyma.

• The extracellular matrix in the HPC micromillieu contain laminin, collagen I and IV, nidogen
1 and agrin.

• Laminin is necessary for maintaining the biliary phenotype of the HPCs.

• HPCs differentiate into hepatocytes upon exit from the activated HPC niche.

The establishment of HPC subpopulations suggests the presence of progenitor cells at different
stages of differentiation. Identifying additional proteins expressed on the HPC surface could
facilitate isolation and characterization of these subpopulations and evaluation of their
potential for differentiation. Furthermore, as hepatic stem cells may be implicated in devel‐
opment of primary liver cancers, better characterization of the hepatic progenitor cells could
provide new targets for treatment of cancerous diseases. Aberrant progenitor cell activation
and proliferation is also dependent on the hepatic microenvironment. As stellate cells and
Kupffer cells are involved in the proliferation and invasion of HPCs these cell types could also
provide targets for alleviating HPC derived cancers. In addition, targeting stellate cells has the
potential to reduce hepatic fibrosis. Therefore, more research is needed into characterizing the
hepatic progenitor cell niche and obtaining a better understanding of the activation and
differentiation of the hepatic progenitor cells.
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12. Nomenclature

2-AAF: 2-Acetylaminofluorene.

AFP: α-Fetoprotein.

ASMA: alpha smooth muscle actin.

BMP: Bone morphogenetic protein.

BrdU: 5-Bromo-2´-Deoxyuridine.

CCl4: Carbon tetrachloride.

CDE: Choline-deficient, ethionine supplemented.

CK: Cytokeratin.

CSC: Cancer Stem Cell.

DDC: 3,5-diethoxycarbonyl-1,4-dihydrocollidine.

DLK1: Delta-Like 1 Homolog.

Dmbt1: Deleted in malignant brain tumors 1

FGF: Fibroblast growth factor.

GFAP: Glial fibrillary acidic protein.

HAI-1: Hepatocyte Growth Factor Activator Inhibitor Type 1.

HCC: Hepatocellular carcinoma.

HCC-CCA: HCC-cholangiocarcinoma.

HepPar1: Hepatocyte Paraffin 1.

HGF: Hepatocyte growth factor.

HNF: Hepatocyte nuclear factor.

HPC: Hepatic progenitor cell.

ICC: Intrahepatic cholangiocarcinoma.

MDA: 4,4'-Methylenedianiline.

MMP: Matrix metalloproteinase.

NCAM: Neural Cell Adhesion Molecule.

OV6: Oval Cell Marker Antibody 6.

PHx: Partial hepatectomy.

ST14: Suppressor of tumorigenicity 1.
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SOX9: SRY-related HMG box transcription factor 9.

TIMP-1: tissue inhibitor of metalloproteinase 1.

Vegfr2: Vascular endothelial growth factor receptor-2.
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1. Introduction

“Once development was ended, the fonts of growth and regeneration of the axons and dendrites dried
up irrevocably. In the adult centers, the nerve paths are something fixed, and immutable: everything
may die, nothing may be regenerated.”-Santiago Ramon y Cajal

The central nervous system (CNS) is inhabited by a heterogeneous population of cells (i.e.
neurons and glia) and is marked by a highly complex anatomical structure [1]. In states of host
homoeostasis the putative majority of cells in the CNS are long-lived and typically do not
require replacement. Nonetheless, neurogenesis in the adult mammalian brain has been shown
to occur in a myriad of locations, under a diverse set of physiologic/pathophysiologic condi‐
tions [2-10]. Neurogenesis is driven by stem cells which can be defined by their ability to
produce both identical daughter cells (self-renewal) and progeny with more restricted fates
(commitment and differentiation) [11]. To be classified as a neural stem cell (NSC), cells should
be able to self-renew and give rise to a variety of mature progeny that make up the CNS,
including neurons, astrocytes and oligodendrocytes [12-16]. However, fate-restricted precur‐
sor cells capable of self-renewal, but which concurrently display restricted differentiation
potential, also reside in the CNS. These cells are often unipotent and are referred to as neural
progenitor cells (NPC) [17, 18], for example, oligodendrocyte precursor cells (OPC) are able to
self-renew, but typically produce only oligodendrocytes [18, 19].

Identification of NSC in vivo is clearly complicated and relies on the analysis of cell morphol‐
ogy, mitotic activity, and gene and protein expression. Commonly used NSC markers include
nestin, glial fibrillary acidic protein (GFAP), Musashi 1/2, and the Shy-related high mobility

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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group box transcription factor 2 (Sox2) [20-23]. Nestin is a class VI intermediate filament linked
to mitotically active cells in the CNS [20, 24]. GFAP is expressed in multipotent ependymal
cells, radial glia, and also in mature astrocytes [21]. Musashi 1 and 2 expression can be found
in embryonic neuroepithelial cells [22] while Sox2 is found primarily in undifferentiated cells
that possess self-renewal capabilities [23]. As noted above, NSC can exist in either a quiescent
or mitotically active state. Quiescent cells have been shown to express Sox2 and FoxO3A, and
are further demarcated by a prolonged retention of bromodeoxyuridine (BrdU) [24-28].
Dividing cells, on the other hand, show a rapid turnover of BrdU and simultaneously contain
various markers of cell-cycle entry/progression: Mcm-2, Ki67, cyclin D1 and E (G1 phase),
cyclin A (S phase), cytoplasmic cyclin B1 (G2 phase), and phosphohistone H3 (M phase) [10,
29]. Fate restricted precursor cells have traditionally been recognized via the expression of
doublecortin (DCX) and the polysialylated-neural adhesion molecule (PSA-NCAM) [30, 31].

As  stem  cells  (SC)  continue  to  be  identified,  characterized  and  localized,  the  critical
importance  of  specific  signals  from  their  microenvironment,  or  niche,  have  become
apparent.  Stem  cell  niches  in  the  brain  can  be  classified  as  either  “typical”  or  “non-
typical”. The three typical NSC niches found in the CNS are the subventricular zone (SVZ),
the subgranular  zone (SGZ) and the central  canal  (CC) of  the spinal  cord [32-34].  Non-
typical  (germinal)  niches  have  been  identified  in  the  hypothalamus,  circumventricular
organs (CVO), the meninges and the subpial layer of the cerebellum [32, 35-37]. Further,
non-typical  (non-germinal)  niches  can be  found throughout  parenchyma of  the  cerebral
cortex,  cerebellum  and  spinal  cord,  and  are  mainly  comprised  of  restricted  neuroglia
precursors [10, 32, 38, 39]. Much of the aforementioned has recently been confirmed in vitro
via  an  assortment  of  neurosphere  assays,  which  are  considered  to  represent  the  “gold-
standard”  technique  for  identifying  the  presence  of  NSC  in  the  adult  brain  [33,  40].
Neurospheres have been obtained from many regions in the brain, including the olfacto‐
ry  bulb,  cerebellum,  various  white  matter  tracts,  spinal  cord,  substantia  nigra,  retina,
hypothalamus, and hypophysis [41-45]. Finally, the concept of atypical niches has recent‐
ly emerged and references the unique microenvironment formed upon exogenous stem cell
transplantation.  These  niches  are  reported  to  evolve  in  close  proximity  to  perivascular
regions [32, 46].

The capacities of stem cells to contribute to growth and diversification during development
and in so doing sustain homeostasis/repair processes throughout adult life is now clear.
Elucidation of the mechanisms that govern stem cell behavior is therefore of fundamental
significance in cell, developmental, and organismal biology. The capabilities arising from such
knowledge are anticipated to have major biomedical and clinical translational applications [11,
47]. The remainder of this chapter will therefore offer an overview that will touch upon the
distribution and relevant components (e.g. stem cells, support cells, signaling molecules) of
stem cell niches in the CNS, in states of both homeostasis and various pathobiologies (e.g.
ischemic, inflammatory, traumatic) and in the process will attempt to highlight potential
therapeutic targets that may be manipulated in an effort to promote effective and translational
repair and regeneration of the CNS after insult/injury.
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2. Neural stem cells niches within the central nervous system

2.1. Definition/critical components of the “niche”

As stem cells in adult organs continue to be identified, characterized and localized, it has
become clear that the vast majority of these cells depend on specific signals from the micro‐
environment of their niche to regulate their quiescence, activation, self-renewal and ultimate
survival. Such a phenomenon was hypothesized by Schofield nearly 35 years ago and has been
shown to hold true today [48]. The evolution of this concept has led to the definition of the
niche as a microenvironment capable of integrating intrinsic and extrinsic factors and in so
doing, influence stem cell proliferation, migration and fate specification [49, 50]. Intrinsic
determinants are governed mainly by the genetic/epigenetic status of stem cells and their
subsequent ability to decipher signals within the niche. Extrinsic determinants may be thought
of as the processing of extracellular signals and include such events as cell-to-cell and cell-to-
extracellular matrix (ECM) signaling [50, 51]. Generally, the cellular makeup of these niches
has been shown to consist of a variety of cells, which typically include the immature progeny
of NSC accompanied by endothelial, astroglial, and ependymal cells [50, 52]. Along with the
ECM, they provide not only structural/trophic support, but have been shown to provide critical
temporal and spatial information, thereby enabling stem cells to respond to both physiological
and pathological stimuli [49]. Acting through these pathways, stem cell niches in the CNS have
been shown to play essential roles in supporting active neurogenesis via the mobilization of
endogenous neural stem/precursor cells and further serve to regulate different stages of adult
neurogenesis in health/disease [52]. Clearly, an understanding of the detailed molecular,
structural and functional properties of the niche may help to influence intractable neurological
disease processes and/or yield novel clinically relevant NSC-based therapeutic approaches via
the enhancement of endogenous regeneration and repair.

2.2. Subventricular zone (SVZ)

In the adult brain, NSC have traditionally been assumed to be restricted to certain regions,
such as the SVZ of the lateral ventricles and the SGZ of the dentate gyrus (DG) of the hippo‐
campus. Both of these niches have been shown to be capable of sustaining neurogenesis in the
adult CNS [53-55]. The vast majority of adult neurogenesis in mammalian species has been
demonstrated to occur within the SVZ niche as it retains many of its early embryonic features/
primitive germinal layers. The SVZ also represents the largest neurogenic region and has by
most accounts been the best characterized of the endogenous CNS niches [50]. Interestingly,
recent work suggests that SVZ neural stem cells are not homogenous; rather they may
represent a heterogeneous population capable of differentiating into restricted subsets/cells of
differential fates [42]. Within the niche, a subset of GFAP-expressing astrocytes (type B/B1
cells) are thought to represent the NSC population (Figure 1) [56, 57]. These primary progen‐
itors either slowly self-renew or differentiate and give rise to transit-amplifying cells (type C
cells), which are capable of generating a substantial number of neuroblasts (type A cells) [58,
59]. SVZ neuronal precursors have been shown to migrate extensive distances in chains via
the rostral migratory stream (RMS) [60] toward the olfactory bulb [61]. Upon arrival, they
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group box transcription factor 2 (Sox2) [20-23]. Nestin is a class VI intermediate filament linked
to mitotically active cells in the CNS [20, 24]. GFAP is expressed in multipotent ependymal
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2. Neural stem cells niches within the central nervous system
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disease processes and/or yield novel clinically relevant NSC-based therapeutic approaches via
the enhancement of endogenous regeneration and repair.
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campus. Both of these niches have been shown to be capable of sustaining neurogenesis in the
adult CNS [53-55]. The vast majority of adult neurogenesis in mammalian species has been
demonstrated to occur within the SVZ niche as it retains many of its early embryonic features/
primitive germinal layers. The SVZ also represents the largest neurogenic region and has by
most accounts been the best characterized of the endogenous CNS niches [50]. Interestingly,
recent work suggests that SVZ neural stem cells are not homogenous; rather they may
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differential fates [42]. Within the niche, a subset of GFAP-expressing astrocytes (type B/B1
cells) are thought to represent the NSC population (Figure 1) [56, 57]. These primary progen‐
itors either slowly self-renew or differentiate and give rise to transit-amplifying cells (type C
cells), which are capable of generating a substantial number of neuroblasts (type A cells) [58,
59]. SVZ neuronal precursors have been shown to migrate extensive distances in chains via
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undergo the process of differentiation into mature neurons, and migrate into the granular and
periglomerular layers [62, 63]. The type B cells mentioned above share morphologic features
that are similar to astrocytes and strengthen the argument for a radial glial origin [64].
Uniquely, type B cells are in direct contact with blood vessels via their basal processes and
concurrently interact with the ventricular lumen through apical processes [26, 65, 66].

Cells that eventually give rise to olfactory bulb neurons in the human brain have been
identified via the expression of DCX in the SVZ [67]. Detailed studies have revealed a ribbon
of SVZ astrocytes that line the lateral ventricles of adult human brain, and work has confirmed
that these cells are in fact self-renewing and multipotent [68]. Interestingly humans do not
display features characteristic of the RMS [68]. However, the migration of immature neurons
away from the SVZ has been documented to occur [69, 70]. While some studies have indicated
progressive decline in neuroblasts over the course of an adult life [70-72], recent work-utilizing
carbon-14 has demonstrated that neurons continue to be generated and to integrate into host
circuitry [73, 74]. Additionally, contemporary studies have begun to suggest a role for
supraependymal 5-hydroxytryptamine (5-HT, serotonin) axons that directly contact NSC and
therefore may serve in part to regulate neurogenesis via 5-HT2C receptors [75]. Such complex
cytoarchitecture coupled with the emerging diversity of SVZ precursor cells leads to a unique
microenvironment capable of supporting sustained neurogenesis throughout the life of an
organism [25].

2.3. Subgranular Zone (SGZ) of the hippocampus

The second major region that produces new neurons in the adult mammalian brain is the SGZ
of the hippocampus, which is located at the interface of the granule cell layer (GCL) and the
hilus of the dentate gyrus [76, 77]. This has been shown to be true in a variety of mammalian
species (e.g. rodents, primates, humans) [78-85]. In stark contrast to the new neurons born in
the subventricular zone, newly formed hippocampal neurons transmigrate only a short
distance into the granule cell layer before functionally integrating into existing hippocampal
circuitry [77, 86-88]. While it has been suggested that neurogenesis in the adult hippocampus
contributes to the processes involved in learning and memory, the definitive function of
neuronal replacement in DG has yet to be elucidated [88, 89]. Similar to the SVZ, neurogenesis
in the dentate gyrus has been demonstrated to occur throughout life [89, 90] and has been
shown to be influenced/regulated by a multiplicity of physiological and environmental cues.
These cues have not been fully characterized, but they include adrenal steroids, glutamate
receptor activation, seizures, enriched environmental conditions, exercise, inflammation/brain
injury, and antidepressant medication [59, 81, 83, 91, 92].

Given the presence of multiple precursor subtypes found within the adult hippocampus, a
reliable method to distinguish molecular identities is needed in order to adequately reveal the
degree to which primary precursors self-renew and/or differentiate into multiple progeny [93].
Briefly, a core tenant of the prevailing model of adult hippocampal neurogenesis is that GFAP/
nestin/Sox2 expressing radial glia-like cells (RGL) [77, 86, 89, 93], or type-1 cells [94], represent
a quiescent population which may be induced to generate the proliferative precursors known
as intermediate progenitors, IPC1 (type-2a) and IPC2 (type-2b) cells. Via the use of anti-mitotic
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agents, genetic ablation, and transgenic fate mapping, a vast body of experimental evidence
now exists in support of RGL as functional NSC [86, 95-98]. Of note, RGL seem to maintain
both ultrastructural features and surface markers characteristic of astrocytes [59] and have
been shown to be capable of undergoing several rounds of both self-renewal and differentia‐
tion over a prolonged period of time [99]. Importantly, RGL in the niche are polarized, a
characteristic that provides a spatiotemporal nature to signals received within the niche. RGL
zones within the niche can be subdivided into proximal, intermediate and distal domains along
which RGL maintain their polarized structure (i.e. from apical-basal). They span from the hilar/

Figure 1. Subventricular Zone Niche. Coronal brain section (Allen Developing Mouse Brain Atlas) shows the location
of the neurogenic subventricular zone (SVZ) niche. The SVZ can be found contacting the overlying ventricular zone
(VZ), a pseudo-stratified epithelium layer that lines the cerebrospinal fluid (CSF) filled ventricles (V). NSC (type B cells,
B) are found in a subependymal position, contacting both ependymal cells (E) and blood vessels (BV). Type B cells pro‐
liferate through asymmetric division, giving rise to transit-amplifying type C cells (C) that further differentiate to form
neuroblasts (type A cells, A). Supported by type B cells, these neuroblasts proliferate, expand and migrate, allowing for
adult neurogenesis. Adapted from Fuentealba et al. [100].
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SGZ interface (proximal domain I) to the inner molecular layer (IML) (distal domain III) [100]
(Figure 2). The proximal domain harbors a distinctive primary cilium which has been shown
to be important for Sonic hedgehog (Shh) signaling, sensing/sampling of the hilus microen‐
vironment, and contacting other RGL and blood vessels [100]. Here, endothelial cells provide
access to critical factors, namely, vascular endothelial growth factor (VEGF), insulin-like
growth factor (IGF) and brain-derived neurotrophic factor (BDNF), which together serve to
coordinate the complex regulation between proliferation and differentiation [100]. RGL cell
bodies/main shafts are located within the SGZ and GCL (domain II) and facilitate cell-cell based
interactions of the RGL with progeny (feedback from which may serve to regulate RGL
quiescence or transition via Notch signaling) and simultaneous sampling of local neural
activity via resident granular cells [101, 102]. In the IML (domain III), RGL terminate and
display an elaborate/branched structure. While the governing dynamics in this area have yet
to be fully elucidated, it seems reasonable to deduce that inputs via interneurons and mossy
cells have a role to play in the regulation of RGL/NSC [103].

Returning to the abovementioned progeny of the RGL, the IPC, it should be noted that they
produce novel neuroblasts and eventually immature granule neurons (type-3 cells), which
migrate into the inner granule cell layer, thereby differentiating into immature granule cells
of the DG [88, 89, 100]. Retroviral mediated gene transduction has allowed such newborn
neurons to be labeled and subsequently tracked. Using this technique, Zhao et al. demonstrat‐
ed that these novel neurons extend dendrites toward the molecular layer and project axons
through the hilus toward the CA3 region in a matter of days in an effort to become functionally
integrated into host circuitry [104, 105]. Despite the complexity of events outlined above, and
the relatively high rate of neurogenesis occurring in the SGZ, it is important to note that only
a minority of newly born cells ultimately survive to mature and integrate within the granule
cell layer of the hippocampus, highlighting the need for further exploration/characterization
of the niche/neurogenic processes in the SGZ [106].

2.4. Central canal of the spinal cord

The spinal cord comprises the caudal part of CNS, extending from the medulla to the cauda
equina. It contains 33 nerve segments, rostro-caudally grouped as the cervical, thoracic,
lumbar, sacral, and coccygeal segments. At the center of the spinal cord lays the central canal,
an ependymal region forming a round-shaped lumen, lined by epithelium, which contains
cerebrospinal fluid (CSF). The spinal cord transmits signals between the brain and the rest of
the body and contains complex circuitry thereby enabling reflexive and rhythmic motor
patterns [107]. The inner region of the spinal cord surrounding the central canal is comprised
of gray matter and contains neurons that are commonly arranged by function: motor neurons
are clustered anteriorly, sensory projection neurons posteriorly, with a more mixed population
in the intermediate areas, including the afferent and efferent neurons of autonomic nuclei. All
regions are supported by and connected through a complex network of interneurons, which
serve to modulate transmission and activity. The outer region is comprised of white matter
and contains afferent and efferent axons arranged in tracts. Like the gray matter, white matter
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exhibits functional organization, with afferent tracts clustered dorsally and at the lateral
periphery, and efferent tracts clustered anteriorly and medially [107, 108].

The ependymal layer of the spinal cord is well known for its role in embryonic develop‐
ment and its function as neuroprogenitor niche. Ependymal cells divide symmetrically and
migrate away from the central canal, giving rise to the different neural lineages [19, 109].
Postnatally,  the  spinal  cord  elongates  and  increases  in  size  [110].  The  proliferation  re‐
quired for such growth gradually declines, leaving adult rodents and humans with little to
no ependymal proliferation [111, 112].

Figure 2. Subgranular Zone Niche. Coronal brain section (Allen Developing Mouse Brain Atlas) shows the location of
the subgranular zone (SGZ) niche in the dentate gyrus of the hippocampus. Radial glial-like cells (RGL) are the type of
NSC that make up the SGZ. In the proximal domain (I) or hilus, they contact blood vessels (BV) and their radial process‐
es span the granule cell layer (GCL), in domain II, to reach the inner molecular layer (IML) in the distal domain (III). RGL
divide asymmetrically to generate intermediate progenitor cells 1 (type-2a cells, IPC1) and 2 (type-2b cells, IPC2).
These progenitors give rise to neuroblasts that differentiate to immature granule neurons (type-3 cells) that in turn
migrate to the GCL and differentiate to immature granule cells (IGC). These cells further differentiate to form mature
granule cells (GC), allowing for adult neurogenesis. Adapted from Fuentealba et al. [100].
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The presence of multipotent cells in the adult mammalian spinal cord was first discovered in
the late 1990s. Rat and mouse NSC were isolated and characterized in vitro. Cultured cells were
able to produce neurospheres capable of self-renewal, extended proliferation, passaging, and
differentiation into the three major CNS cell types, i.e. neurons, oligodendrocytes, and
astrocytes [12, 15, 113]. It was shown later that NSC reside at the central canal and in the
parenchyma of the spinal cord [13, 14]. Although able to self-renew and generate mature
oligodendrocytes, these parenchymal cells do not produce neurospheres, indicating that they
are progenitors (i.e. restricted in fate) rather than NSC [114]. When spinal cord derived
neurospheres are transplanted into the hippocampus they can give rise to neurons, a property
that is not observed when transplanted back to the cord, and is suggestive of a non-conducive
progenitor microenvironment [18].

The adult central canal is comprised of a pseudo-stratified epithelium with a myriad of cell
types that contact the lumen or are present in a subependymal position (all Sox2+) (Figure 3)
[34, 112, 115]. The main constituents are ependymal cells, some of which are positive for GFAP
[112, 116-118]. Although under physiological conditions most of these ependymal cells are
quiescent, some proliferation has been observed at the dorsal tip of the central canal and
ependymal cells from this region have enriched neurosphere-forming capabilities [112, 114,
119]. Dorsal ependymal cells show a radial morphology, much like radial glia, and their
processes can reach up to the white matter or even the pial surface [112, 117, 119, 120]. They
divide symmetrically, as they did during postnatal development [114]. Dorsal ependymal cells
show enriched expression of GFAP, nestin, CD15 and/or brain lipid-binding protein (BLBP)
[34, 112, 117, 119, 120]. A similar population and morphology has also been observed at the
ventral part of the central canal, although to a lesser extent [112, 117, 119]. It has now been
shown that ependymal cells are able to generate progeny of multiple fates under physiological
and pathological conditions [114, 119, 121]. Other cells that make up the central canal are
tanycytes and CSF-contacting neuron-like cells. Tanycytes, a specific subset of ependymal
cells, contact blood vessels through their long basal processes and thus bridge the CSF and
capillaries [119, 122]. Neuron-like cells that contact the CSF through dendrite-like processes
are thought to be involved in CSF homeostasis (e.g. pressure sensing) and/or spinal cord
extension/flexion sensing [112, 123, 124]. Surrounding the central canal, nerve fibers, neurons
(NeuN+), oligodendrocytes (Olig2+) and blood vessels can also be found [34, 112]. Pericytes
that are an active part of the blood brain barrier surrounding blood vessels have also been
shown to be an important source of astrocytes, implicating stem cell-like properties for these
cells. These astrocytes mainly contribute to astrogliosis during injury [125].

Central canal derived neurospheres tend to house a heterogeneous population of cells, much
like neurospheres derived from other neurogenenic regions [34]. Neurosphere cells all express
nestin but show variable expression levels of prominin-1 (CD133) (stem cell marker), GFAP,
and aldehyde dehydrogenase 1 family member, L1 (ALDH1L1) (astrocytic markers), CD15,
BLBP, glutamate aspartate transporter (GLAST), and radial glial cell marker-2 (RC2) (radial
glial markers), and neuron-glial antigen 2 (NG2), A2B5 antigen (A2B5), and platelet-derived
growth factor receptor α (PDGFRα) (oligodendrocytic markers) [34]. Only a small number of
cells express neuronal markers such as microtubule-associated protein 2 (MAP2) and DCX,
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which correlates with the overall preference of the cord toward oligodendrocytic and astrocytic
differentiation [34]. Expression of motor neuron development transcription factors (Islet1,
lim1, HB9) has not been observed, reflecting the in vivo tendency towards production of
GABAergic neurons [16, 112, 126]. Motor neuron differentiation can however be induced by
certain morphogens, such as retinoic acid (RA) and Shh [126]. Notably, neurospheres preserve
information related to their rostro-caudal location, namely the expression of certain combina‐
tions of developmental genes of the Hox family [112, 127].

In conclusion, the central canal of the spinal cord is mainly comprised of a heterogeneous
population of ependymal cells. Stem cell properties have mainly been attributed to ependymal
cells at the dorsal tip of the central canal and to pericytes. Further research is needed to fully
unravel the neurogenic properties/potential of the central canal in states of both health and
disease.

2.5. Non-typical neural stem cell niches

Beyond the typical NSC niches referenced above it should be noted that non-typical niches
have now been identified and have begun to be characterized. These non-typical niches can
be further divided into those areas that are germinal (neurogenic) and those that are not. Non-
typical germinal regions include the hypothalamus, CVO, the meninges and the subpial layer
of the cerebellum. Non-typical, non-germinal regions can be found throughout parenchyma
of the cerebral cortex and spinal cord, and are mainly comprised of restricted neuroglia
precursors [10, 32, 35-39, 128-131]. Accordingly, the following paragraphs will briefly discuss
selected non-typical niches in neurogenic and non-neurogenic areas.

2.5.1. Non-typical germinal regions

As was the case with the typical niches, non-typical germinal regions are characterized by their
inherent neurogenic capabilities, i.e. composed of a heterogeneous population of NSC able to
self-renew and give rise to most of the neuronal and glial precursors [32, 132, 133]. To be
characterized as neurogenic, isolated cells should be able to give rise to secondary neuro‐
spheres in vitro whilst being able to produce all three neuronal lineages [36, 37].

Constitutive adult neurogenesis has been identified in regions lining the third ventricle,
including the hypothalamus and the CVO [131, 134-137]. Cells from these areas are not only
positive for nestin, GFAP, Sox2 and Ki-67, but have also been shown to incorporate BrdU. Their
ability to produce both proliferating and differentiating neurospheres in vitro strongly suggests
that these areas represent germinal neurogenic NSC niches [137]. Furthermore, it should be
noted that the ECM structure and composition of the aforesaid areas strongly resemble that
of the SVZ [138].

Cells positive for nestin and DCX have also been found in the meninges of the brain and spinal
cord [139-143]. These nestin+ cells are able to give rise to neurospheres in vitro and show highly
efficient generation of excitable cells with neuronal phenotype and morphology [139],
congruent with the meninges’ important role during development, harboring neuroepithelial
cells [144]. Further, within the adult meninges, neurogenic factors such as basic fibroblast
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which correlates with the overall preference of the cord toward oligodendrocytic and astrocytic
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population of ependymal cells. Stem cell properties have mainly been attributed to ependymal
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have now been identified and have begun to be characterized. These non-typical niches can
be further divided into those areas that are germinal (neurogenic) and those that are not. Non-
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of the cerebral cortex and spinal cord, and are mainly comprised of restricted neuroglia
precursors [10, 32, 35-39, 128-131]. Accordingly, the following paragraphs will briefly discuss
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As was the case with the typical niches, non-typical germinal regions are characterized by their
inherent neurogenic capabilities, i.e. composed of a heterogeneous population of NSC able to
self-renew and give rise to most of the neuronal and glial precursors [32, 132, 133]. To be
characterized as neurogenic, isolated cells should be able to give rise to secondary neuro‐
spheres in vitro whilst being able to produce all three neuronal lineages [36, 37].

Constitutive adult neurogenesis has been identified in regions lining the third ventricle,
including the hypothalamus and the CVO [131, 134-137]. Cells from these areas are not only
positive for nestin, GFAP, Sox2 and Ki-67, but have also been shown to incorporate BrdU. Their
ability to produce both proliferating and differentiating neurospheres in vitro strongly suggests
that these areas represent germinal neurogenic NSC niches [137]. Furthermore, it should be
noted that the ECM structure and composition of the aforesaid areas strongly resemble that
of the SVZ [138].

Cells positive for nestin and DCX have also been found in the meninges of the brain and spinal
cord [139-143]. These nestin+ cells are able to give rise to neurospheres in vitro and show highly
efficient generation of excitable cells with neuronal phenotype and morphology [139],
congruent with the meninges’ important role during development, harboring neuroepithelial
cells [144]. Further, within the adult meninges, neurogenic factors such as basic fibroblast
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growth factor (bFGF), Chemokine (C-X-C motif) ligand 2 (CXCL2)/macrophage inflammatory
protein 2-alpha (MIP2-alpha) and RA can still be observed [145-147].

Neurosphere-forming NSC have also been obtained from the cerebellum and are isolated
based on their expression of the NSC marker prominin-1 (CD133) and their lack of markers of

Figure 3. Central Canal Niche. Cross-section through the spinal cord at lumbar level 1 (Allen Developing Mouse Brain
Atlas) shows the location of the central canal. Lining the lumen of the cerebrospinal fluid (CSF)-filled central canal is a
pseudo-stratified epithelium with interspersed ependymal cells (ependymocytes). Ependymal cells GFAP can be found
throughout the canal and are enriched in the dorsal and ventral part (latter not shown) where they have a radial mor‐
phology, much like that of radial glia. These radial GFAP+ cells are believed to be NSC since they proliferate and differ‐
entiate, allowing for (glial-restricted) neurogenesis. This is further supported by co-expression of stem cell markers,
BLBP or CD15. Although mainly quiescent under physiological conditions, these cells become mitotically active under
pathological conditions. After symmetrical division their progeny differentiate to astrocytes and oligodendrocytes.
Other cells that make up the central canal are tanycytes that bridge the CSF and blood vessels (BV), and CSF-contact‐
ing neurons. Pericytes surrounding BV (not shown) have been found to also contribute to the generation of astrocytes
under pathological conditions, and are thus considered another form of NSC around the central canal.
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neuronal and glial lineage markers. Purified CD133+ cells form self-renewing neurospheres
and can differentiate into astrocytes, oligodendrocytes and neurons in vitro [148]. Although
the exact location and composition of this niche remains unclear, proliferative elements have
been putatively allocated to the subpial layer [149-151], with newly generated cells divided in
two populations: DCX+/PSA-NCAM+/Pax+ neuroblast neural precursors and microtubule-
associated protein 5 (MAP5+)/Olig2+/Sox2+ glial precursors [149, 150].

2.5.2. Non-typical non-germinal regions

Non-typical non-germinal regions are those that demonstrate proliferative properties, but are
unable to induce comprehensive neurogenesis. Often these are areas within the parenchyma
and consist of committed precursor cells that can self-renew and give rise only to a specific
type of neuronal cell. The potential of cells in these areas to produce multipotent neurospheres
is lost soon after birth [32, 38, 152, 153]. While there are non-typical regions that may be
germinal in nature rather than non-germinal, proof is still lacking. These putative areas include
the striatum, amygdala, substantia nigra, and vagal nucleus [35, 153].

In the cerebral cortex, A2B5+ glial restricted precursors give rise to oligodendrocytes and
astrocytes [154]. Oligodendrocyte precursor cells that express integral chondroitin sulfate
proteoglycan 4 (CSPG4), also known as NG2+ cells, can also be found through the cerebral
cortex [155, 156]. These cells are restricted to producing oligodendrocytes and astrocytes. In
the spinal cord, these NG2+ cells can also be observed [152, 156]. Olig2+ OPC are also widely
found in the spinal cord. These cells are typically deemed to be more committed than NG2+

cells, only able to give rise to oligodendrocytes [114, 152]. Furthermore, progenitors that
produce immature DCX+/GAD-65+/GAD-67+/GABA+ neurons have been found enriched in the
dorsal part of the spinal cord [19, 157].

The abovementioned progenitors are some of the more predominant cellular populations, yet
it should be noted that parenchymal progenitors consist of an incredibly heterogeneous
population, as evidenced by expression of stem cell markers. While crosstalk between cells
populating non-typical niches under varied pathological conditions have also been begun to
be highlighted [153], much work still needs to be done to fully elucidate the function and
therapeutic potential of such regions [10, 35, 152, 153].

3. Neural stem cell niches in CNS disease

"I say all the most acute, most powerful, and most deadly diseases, and those which are most difficult
to be understood by the inexperienced, fall upon the brain."-Hippocrates

Diseases of the central nervous system pose a massive societal burden and continue to be a
leading cause of morbidity and mortality throughout the world; however, the medical
community possesses few effective therapies that are able to modulate the pathogenesis of
brain injury/illness. The paucity of viable therapeutic options stands in stark contrast to the
intensity of research efforts and number of clinical trials that have been performed to date. As
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associated protein 5 (MAP5+)/Olig2+/Sox2+ glial precursors [149, 150].

2.5.2. Non-typical non-germinal regions

Non-typical non-germinal regions are those that demonstrate proliferative properties, but are
unable to induce comprehensive neurogenesis. Often these are areas within the parenchyma
and consist of committed precursor cells that can self-renew and give rise only to a specific
type of neuronal cell. The potential of cells in these areas to produce multipotent neurospheres
is lost soon after birth [32, 38, 152, 153]. While there are non-typical regions that may be
germinal in nature rather than non-germinal, proof is still lacking. These putative areas include
the striatum, amygdala, substantia nigra, and vagal nucleus [35, 153].
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astrocytes [154]. Oligodendrocyte precursor cells that express integral chondroitin sulfate
proteoglycan 4 (CSPG4), also known as NG2+ cells, can also be found through the cerebral
cortex [155, 156]. These cells are restricted to producing oligodendrocytes and astrocytes. In
the spinal cord, these NG2+ cells can also be observed [152, 156]. Olig2+ OPC are also widely
found in the spinal cord. These cells are typically deemed to be more committed than NG2+

cells, only able to give rise to oligodendrocytes [114, 152]. Furthermore, progenitors that
produce immature DCX+/GAD-65+/GAD-67+/GABA+ neurons have been found enriched in the
dorsal part of the spinal cord [19, 157].

The abovementioned progenitors are some of the more predominant cellular populations, yet
it should be noted that parenchymal progenitors consist of an incredibly heterogeneous
population, as evidenced by expression of stem cell markers. While crosstalk between cells
populating non-typical niches under varied pathological conditions have also been begun to
be highlighted [153], much work still needs to be done to fully elucidate the function and
therapeutic potential of such regions [10, 35, 152, 153].

3. Neural stem cell niches in CNS disease

"I say all the most acute, most powerful, and most deadly diseases, and those which are most difficult
to be understood by the inexperienced, fall upon the brain."-Hippocrates

Diseases of the central nervous system pose a massive societal burden and continue to be a
leading cause of morbidity and mortality throughout the world; however, the medical
community possesses few effective therapies that are able to modulate the pathogenesis of
brain injury/illness. The paucity of viable therapeutic options stands in stark contrast to the
intensity of research efforts and number of clinical trials that have been performed to date. As
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of yet, there are few, if any, treatments capable of markedly improving functional recovery to
levels concordant with a pre-disease state (i.e. regenerative therapies). The restricted success
of such a massive research investment demands a reevaluation of the pathobiology of the
injured and/or dysfunctional brain.

Beyond homeostasis, it has been clearly established that the basic biological descriptors of
neural stem cells-which include self-renewal, proliferation/differentiation, and migration-are
affected by certain pathogenic stimuli e.g. excitotoxicity, mechanical trauma, ischemic and/or
inflammatory) [158-167]. It follows that a greater knowledge of the factors involved in the
dynamic regulation of adult neurogenesis may pave the way for the development of suitable
treatments and preventative strategies that would delay the onset and/or mitigate the symp‐
toms of a number of devastating brain disorders. Therefore, the remainder of this section will
seek to highlight core components of the response of adult neurogenic regions in the face of
the distinctly relevant clinical entities: ischemic stroke, multiple sclerosis (MS) and spinal cord
injury (SCI).

3.1. Effects of ischemic stroke on the neurogenic process/niche

Stroke is the one of the most common causes of death and disability worldwide. Due to an
aging population, the burden will markedly increase in the coming decades and will be
particularly pronounced in developing countries [168, 169]. Of strokes that occur in the United
States, 87% are ischemic and 10% are intracerebral hemorrhagic strokes, whereas 3% are
subarachnoid hemorrhage strokes [169]. Based on this distribution, the remainder of this
discussion will focus on ischemic stroke. Cerebral ischemia triggers the pathological pathways
of the “ischemic cascade” that if untreated causes irreversible neuronal injury in the ischemic
core within mere minutes of the onset [170-172]. Cerebral ischemia and, if applicable, reper‐
fusion cause extreme changes in the parenchymal microenvironment to include variations in
oxygen (O2) concentrations, depletion of cellular energy stores e.g. adenosine triphosphate
(ATP), perturbation of ion homeostasis, inflammation and aberrant neurotransmitter release
[173]. The primary drivers of this pathogenic process stem from a crisis in energy availability
and result from a reduction in O2 and glucose [173]. Clearly such a vast array of pathology
would suggest that the incidence/activity of endogenous neurogenic niches would be affected
and this has proven correct.

Numerous studies have now demonstrated that ischemic stroke is in fact capable of increasing
neural stem cell proliferation [158, 159, 174-184]. In the SGZ, ischemia seems to act preferen‐
tially on proliferation of type 1 and 2 progenitor cells, and to a lesser extent neuroblasts [167,
185]. Within the SVZ, stroke selectively increases the number of type A and C cells [186], yet
there is also data to suggest that type B cells undergo a period of transient symmetric division
after stroke [187]. Ependymal cells bordering the SVZ have also been noted to proliferate
transiently after ischemic stroke [188]. Mitotic activity appears to peak during between 7-10
days post ischemia then returns to baseline levels between the 3-5th week [160, 175, 187,
189-191]. While maximal cell proliferation occurs on the order of days-weeks it should be noted
that neuroblasts have been documented to exist for at least one year after an ischemic insult
[176]. Signals that stimulate the stroke-induced neurogenesis have yet to be fully elucidated
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but likely involve the interplay of many non-dominant effectors, namely cytokines and growth
factors/neurotrophins that have been shown to be upregulated during brain ischemia, the
putative majority of which have established links to the neurogenic process [189, 192]. bFGF,
BDNF, epidermal growth factor (EGF), glial cell-derived neurotrophic factor (GDNF), bone
morphogenic protein (BMP) and erythropoietin (EPO), ciliary neurotrophic factor (CNTF),
transforming growth factor (TGF)-α, VEGF and erythropoietin (EPO) have all been proposed
to play prominent roles in neurogenesis [191, 193-210]. Insulin-like factor-1 (IGF-1) and
granulocyte-colony stimulating factor (G-CSF) have also been shown to be inextricably
involved in the abovementioned stroke-induced neurogenic process [211, 212]. It is also
important to note that the physiologic stressors of ischemia directly affect other components
of the neurogenic niche and in so doing may influence neurogenesis as highlighted by studies
of cerebral endothelial cells [27, 213, 214].

Of particular note, inflammation also accompanies ischemic insults/injuries and is predomi‐
nantly driven in the CNS by the activation of resident microglia, astrocytes and infiltrating
immune cells, which go on to release a plethora of inflammatory cytokines/chemokines and
reactive oxygen species [189, 215]. Inflammatory mediators have been shown to have varying
effects on neural progenitor cell proliferation, migration, differentiation, survival and incor‐
poration of newly born neurons into the CNS circuitry [216-222]. These studies suggest that
additional work is warranted and will be needed to clarify the precise effects/outcomes as
influenced by inflammation post-stroke. Further complicating the picture, evidence has
emerged to suggest that neurotransmitters and associated excitotoxicity also mediate stroke-
induced neurogenesis [223, 224].

In the post-ischemic brain newly generated cells from DG and SVZ have been shown to be
capable of replacing dying neurons via directed migration toward areas of damage [225].
Studies have indicated that newly arrived neuroblasts in the ischemic boundary zones display
phenotypes that are indeed characteristic of mature/functional neurons [160, 176, 181, 190, 191,
226-228]. The neural precursors that develop, transmigrate and integrate display an innate
form of pathotropism [229, 230]. Work has come to suggest that EPO may promote neuroblast
migration via the secretion of matrix metalloproteinases, MMP2 and MMP9, by EPO-activated
endothelial cells [231]. Additional factors presumed to be involved in the progenitor cell
migration to sites of injury are C-X-C motif chemokine 12/stromal cell-derived factor 1 (SDF-1)/
its receptor CXCR4: stroke has been shown to upregulate penumbral SDF-1 and NSC/
neuroblast CXCR4 expression [232-236]. Lastly, chemokine (C-C motif) ligand 2 (CCL2)/
monocyte chemotactic protein-1 (MCP-1) has also been shown to regulate migration of
neuroblasts to the areas of damage as the expression of MCP-1 has been localized to the
activated microglia/astrocytes present in ischemic areas post reperfusion [237]; correspond‐
ingly, ischemia-induced migrating neuroblasts express the MCP-1 receptor CCR2 [237, 238].

The experimental evidence that has been put forth hitherto clearly suggests that ischemia
stimulates neurogenesis in the adult brain. Recently reports have emerged which demonstrate
that the endogenous neurogenic response following experimental stroke influences the course
of recovery in both short and long-term settings [239, 240]. Although this evidence indicates
that cerebral ischemia-induced neurogenesis may affect neurological recovery after stroke, it
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subarachnoid hemorrhage strokes [169]. Based on this distribution, the remainder of this
discussion will focus on ischemic stroke. Cerebral ischemia triggers the pathological pathways
of the “ischemic cascade” that if untreated causes irreversible neuronal injury in the ischemic
core within mere minutes of the onset [170-172]. Cerebral ischemia and, if applicable, reper‐
fusion cause extreme changes in the parenchymal microenvironment to include variations in
oxygen (O2) concentrations, depletion of cellular energy stores e.g. adenosine triphosphate
(ATP), perturbation of ion homeostasis, inflammation and aberrant neurotransmitter release
[173]. The primary drivers of this pathogenic process stem from a crisis in energy availability
and result from a reduction in O2 and glucose [173]. Clearly such a vast array of pathology
would suggest that the incidence/activity of endogenous neurogenic niches would be affected
and this has proven correct.

Numerous studies have now demonstrated that ischemic stroke is in fact capable of increasing
neural stem cell proliferation [158, 159, 174-184]. In the SGZ, ischemia seems to act preferen‐
tially on proliferation of type 1 and 2 progenitor cells, and to a lesser extent neuroblasts [167,
185]. Within the SVZ, stroke selectively increases the number of type A and C cells [186], yet
there is also data to suggest that type B cells undergo a period of transient symmetric division
after stroke [187]. Ependymal cells bordering the SVZ have also been noted to proliferate
transiently after ischemic stroke [188]. Mitotic activity appears to peak during between 7-10
days post ischemia then returns to baseline levels between the 3-5th week [160, 175, 187,
189-191]. While maximal cell proliferation occurs on the order of days-weeks it should be noted
that neuroblasts have been documented to exist for at least one year after an ischemic insult
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but likely involve the interplay of many non-dominant effectors, namely cytokines and growth
factors/neurotrophins that have been shown to be upregulated during brain ischemia, the
putative majority of which have established links to the neurogenic process [189, 192]. bFGF,
BDNF, epidermal growth factor (EGF), glial cell-derived neurotrophic factor (GDNF), bone
morphogenic protein (BMP) and erythropoietin (EPO), ciliary neurotrophic factor (CNTF),
transforming growth factor (TGF)-α, VEGF and erythropoietin (EPO) have all been proposed
to play prominent roles in neurogenesis [191, 193-210]. Insulin-like factor-1 (IGF-1) and
granulocyte-colony stimulating factor (G-CSF) have also been shown to be inextricably
involved in the abovementioned stroke-induced neurogenic process [211, 212]. It is also
important to note that the physiologic stressors of ischemia directly affect other components
of the neurogenic niche and in so doing may influence neurogenesis as highlighted by studies
of cerebral endothelial cells [27, 213, 214].

Of particular note, inflammation also accompanies ischemic insults/injuries and is predomi‐
nantly driven in the CNS by the activation of resident microglia, astrocytes and infiltrating
immune cells, which go on to release a plethora of inflammatory cytokines/chemokines and
reactive oxygen species [189, 215]. Inflammatory mediators have been shown to have varying
effects on neural progenitor cell proliferation, migration, differentiation, survival and incor‐
poration of newly born neurons into the CNS circuitry [216-222]. These studies suggest that
additional work is warranted and will be needed to clarify the precise effects/outcomes as
influenced by inflammation post-stroke. Further complicating the picture, evidence has
emerged to suggest that neurotransmitters and associated excitotoxicity also mediate stroke-
induced neurogenesis [223, 224].

In the post-ischemic brain newly generated cells from DG and SVZ have been shown to be
capable of replacing dying neurons via directed migration toward areas of damage [225].
Studies have indicated that newly arrived neuroblasts in the ischemic boundary zones display
phenotypes that are indeed characteristic of mature/functional neurons [160, 176, 181, 190, 191,
226-228]. The neural precursors that develop, transmigrate and integrate display an innate
form of pathotropism [229, 230]. Work has come to suggest that EPO may promote neuroblast
migration via the secretion of matrix metalloproteinases, MMP2 and MMP9, by EPO-activated
endothelial cells [231]. Additional factors presumed to be involved in the progenitor cell
migration to sites of injury are C-X-C motif chemokine 12/stromal cell-derived factor 1 (SDF-1)/
its receptor CXCR4: stroke has been shown to upregulate penumbral SDF-1 and NSC/
neuroblast CXCR4 expression [232-236]. Lastly, chemokine (C-C motif) ligand 2 (CCL2)/
monocyte chemotactic protein-1 (MCP-1) has also been shown to regulate migration of
neuroblasts to the areas of damage as the expression of MCP-1 has been localized to the
activated microglia/astrocytes present in ischemic areas post reperfusion [237]; correspond‐
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The experimental evidence that has been put forth hitherto clearly suggests that ischemia
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is clear that such an endogenous repair response is far from ideal as patients continue to
experience various levels of physical/cognitive morbidities post-injury [241-243]. In order to
become a clinically valuable tool, the stroke induced neurogenic response will need to be
markedly enhanced which requires consideration of ways to support/supplement the process.
Understanding that the process of generating new neurons essentially consists of four phases:
proliferation, migration, differentiation, and survival [89, 244] one might begin to design
interventions that rationally target one or more of the aforementioned (e.g. therapeutics to
prevent the death of the vast majority of neuroblasts) [176, 245]. Specifically, Kokaia et al. note
“of particular importance for the promotion of neurogenesis and its functional benefit [will]
be to increase the survival of stroke-induced neuroblasts and mature neurons [as the] the
majority of new neuroblasts die soon after formation” [176, 245, 246].

3.2. Effects of multiple sclerosis on CNS neurogenic processes/niches

Multiple sclerosis is one of the most common causes of chronic neurologic disability beginning
in early to middle adult life (median age of onset being 29 years of age) and is characterized
by a triad of inflammation, demyelination and gliosis [247-249]. MS is idiopathic in nature yet
is presumed to be driven by the complex interaction of autoimmunity, genetic predisposition,
and environmental associations [248, 250]. MS affects approximately 400,000 people in the
United States and 2.5 million worldwide [251]. Symptoms of MS have primarily been shown
to result from a disruption in the integrity of myelinated tracts in the CNS [247, 252]. More
recently research has also highlighted the underappreciated involvement of gray matter in MS
pathogenesis, which may be especially relevant when one considers the development of
irreversible disability [253, 254]. As such, the need to understand mechanisms governing
endogenous stem cell/stem cell niches in MS is clearly justified.

Contrasting reports have emerged with regard to the activation of the SVZ and its cellular
components in MS, in both the human disease state and in animal models. SVZ activation has
been shown to be especially dependent on the temporal nature of the disease (i.e. acute vs.
chronic inflammation) [163, 255, 256]. Such findings suggest that inflammation may be either
advantageous or deleterious depending on the pathophysiologic context (see Table 2). In
experimental autoimmune encephalomyelitis (EAE), the most widely used/accepted animal
model of MS [257], alterations in SVZ NSC proliferation and mobilization have been demon‐
strated throughout the disease process [87, 163, 255, 258]. Such changes are concordant with
other models of CNS injury (e.g. stroke) in which surviving cells that activate locally or
infiltrate post-damage, secrete mediators that alter the neurogenic process [256, 259, 260].
Beyond the preclinical animal models, increases in SVZ activity have also been noted in
humans with MS [261]. Further, enhanced proliferation has been found at the level of the
hippocampal neurogenic niche in animal models of MS. However, the downstream network
dynamics of these progenitors appears to be altered, leading to aberrant differentiation i.e.
these EAE animals exhibited a significantly higher percentage of newborn radial-glia-like NSC
yet the mean percentage of newborn/mature neurons was decreased [262, 263]. Such findings
align with the clinical phenotypes/histopathology [264, 265] displayed by many human
patients and correlate with findings on magnetic resonance imaging (MRI), which highlight
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the existence of focal hippocampal hyperintensities [266] and hippocampal atrophy [267]. Of
note, neurogenesis/gliogenesis in the spinal cord in various murine models of MS [46, 166,
268] and in human patients with MS [269] have also been demonstrated to occur. Although
accumulating evidence indicates that endogenous neurogenesis/gliogenesis do occur as part
of an intrinsic attempt at self-repair (i.e. oligodendrocyte precursors in the MS lesions of human
patients) [270-272], it has become clear that the endogenous stem cell compartment’s capacity
for mobilization is unable to achieve meaningful restoration of impaired CNS function in the
face of a chronic inflammatory disorder [46]. Data now suggest that inflammatory components,
such as infiltrating blood-born mononuclear cells, reactive CNS-resident cells (i.e. astrocytes,
endothelial cells and microglia), and humoral mediators such as cytokines/chemokines may
be partially responsible for such an inadequate response as they can and do affect proliferation/
differentiation of NSC [32, 46, 87, 163, 222, 256, 259, 273]. It is clear then, that the molecular
mechanisms capable of inducing and/or inhibiting neurogenesis in the CNS of MS patients
under defined spatiotemporal conditions warrant further investigation.

3.3. Effects of spinal cord injury on CNS neurogenic processes/niches

SCI is often induced by trauma and subsequently leads to both motor and sensory deficiencies
[274]. Typically, such injuries manifest clinically in presentations of pain, anesthesia/pares‐
thesia, fasciculations, and/or weakness [275]. In severe cases, SCI can lead to complete paralysis
and/or result immediately in life threatening impairments to respiration, heart rate, and blood
pressure [107, 108]. SCI pathophysiology is marked by a pathophysiology with a complex
temporospatial profile, and is characterized by three phases: acute (seconds to minutes after
injury), subacute (hours to weeks post-injury), and chronic (weeks to years post-injury) [276,
277]. During these phases the injured environment undergoes distinct biochemical and
anatomical alterations, involving a diverse group of molecules and cells (i.e. nervous, immune,
vascular) [276]. The acute phase is initiated by mechanical disruption which results in such
insults as ischemia, edema, vasospasm, ionic/neurotransmitter imbalance and ultimately cell
death [276]. Factors released during the acute phase result in secondary inflammatory
degeneration, the hallmark of the subacute phase. During the subacute period, progressive
neurodegeneration occurs as a result of the pro-inflammatory neurotoxic environment (driven
by neutrophils, monocytes, microglia, T-cells) and results in the continued demyelination/
Wallerian degeneration of damaged axons [276, 278-281]. Over the course of the same period,
astrocytes become reactive in a process called astrogliosis which ultimately facilitates the
formation of glial scar. This scar tissue poses a physical and chemical barrier to axonal re-
growth, thus inhibiting regeneration [282-284]. On the other hand, this scar tissue aids in
regeneration and repair by regulating the immune response, preventing the spread of
neurotoxic factors, enabling partial reestablishment of homeostasis, and by providing neuro‐
trophic support through enrichment of IGF, nerve growth factor (NGF), BDNF and neurotro‐
phins (NT-3) [282-295]. The provision of these neuroprotective, neurogenic and regenerative
cues (and others) is continued during the chronic phase in an effort to repair damaged axons.
This effect is however limited, due to an inhibitory microenvironment created by the glial scar
and the persistence of other secondary degeneration mechanisms referenced earlier [281, 296].
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for mobilization is unable to achieve meaningful restoration of impaired CNS function in the
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277]. During these phases the injured environment undergoes distinct biochemical and
anatomical alterations, involving a diverse group of molecules and cells (i.e. nervous, immune,
vascular) [276]. The acute phase is initiated by mechanical disruption which results in such
insults as ischemia, edema, vasospasm, ionic/neurotransmitter imbalance and ultimately cell
death [276]. Factors released during the acute phase result in secondary inflammatory
degeneration, the hallmark of the subacute phase. During the subacute period, progressive
neurodegeneration occurs as a result of the pro-inflammatory neurotoxic environment (driven
by neutrophils, monocytes, microglia, T-cells) and results in the continued demyelination/
Wallerian degeneration of damaged axons [276, 278-281]. Over the course of the same period,
astrocytes become reactive in a process called astrogliosis which ultimately facilitates the
formation of glial scar. This scar tissue poses a physical and chemical barrier to axonal re-
growth, thus inhibiting regeneration [282-284]. On the other hand, this scar tissue aids in
regeneration and repair by regulating the immune response, preventing the spread of
neurotoxic factors, enabling partial reestablishment of homeostasis, and by providing neuro‐
trophic support through enrichment of IGF, nerve growth factor (NGF), BDNF and neurotro‐
phins (NT-3) [282-295]. The provision of these neuroprotective, neurogenic and regenerative
cues (and others) is continued during the chronic phase in an effort to repair damaged axons.
This effect is however limited, due to an inhibitory microenvironment created by the glial scar
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Interestingly, ependymal stem cells which are quiescent under physiological conditions
become activated following SCI [39]. Evidence suggests a proliferative and pathotrophic NSC
response. Such mitotic activation has also been observed in vitro through enhancement of
neurosphere-formation capabilities post-injury[13, 114, 119, 152]. These proliferating ependy‐
mal cells show a transient increase in GFAP, S100b, nestin, and Pax6 expression [16, 297, 298].
The lineage potential of these transiently activated progenitors in vivo seems to be predomi‐
nantly restricted to glial cells, namely astrocytes and oligodendrocytes [114, 119, 121]. As
mentioned before, pericytes are another source of astrocytes during spinal cord injury [125].
Newly produced astrocytes function mainly in aiding the establishment of the glial scar [114,
119, 121]. Parenchymal NG2+ OPC are also activated and lead to oligodendrocyte differentia‐
tion. Newly produced oligodendrocytes participate in attempts to remyelinate injured axons
[114]. Unfortunately, neuronal production has not yet been reported, and may be explained
by the host of powerful pro-glial cues that emanate from the spinal cord [114, 119, 121, 299];
as a result functional recovery post-injury is modest at best.

4. Molecular characteristics of neural stem cell niches

“Look deep into nature, and then you will understand everything better.” – Albert Einstein

A wealth of molecular signals have been shown to influence NSC maintenance and neuro‐
genesis via control of survival, self-renewal, activation of quiescent NSC and regulation of
their proliferative expansion/differentiation. Cues that influence the behavior of NSC within
the niche include autocrine, paracrine and endocrine factors, as well as direct cell-cell and cell-
ECM contact [10, 300, 301]. A summarized overview of molecular signaling influencing NSC
maintenance and neurogenesis is given in Table 1.

4.1. Growth factors

4.1.1. Fibroblast Growth Factors (bFGF) and Epidermal Growth Factors (EGF)

EGF and bFGF are factors necessary for in vitro growth and expansion of NSC [40]. They are
produced by cells in the SVZ and induce proliferation in cells that reside in the subependymal
layer lining the lateral ventricles of the forebrain [302, 303].

4.1.2. Hepatocyte Growth Factor (HGF)

HGF is also expressed in SVZ cells and has been shown to function as a survival factor for
neuroblasts and cortical neurons while also increasing proliferation of SVZ cells [304, 305].
Furthermore, it has been shown that HGF has neuroprotective properties as it can reduce
apoptosis in stress conditions, probably mediated by PI3K/Akt signaling [306, 307].
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4.1.3. Vascular Endothelial Growth Factor (VEGF)

VEGF is important for angiogenesis and hematopoiesis [308-310]. However, VEGF receptors
have also been found in the subependymal zone of the SVZ, the SGZ, and on NSC [311, 312].
It is secreted by endothelial cells, NSC, and astrocytes [313]. VEGF exerts indirect effects on
NSC and neurogenesis by inducing angiogenesis thereby providing structural and trophic
support [313]. It also operates directly via the promotion of proliferation and maintenance of
NSC and neurogenesis [314, 315]. Furthermore, VEGF has been shown to be neuroprotective
during disease and injury [316, 317].

4.1.4. Insulin-like Growth Factors (IGF)

IGF activate  the  PI3K/Akt  signaling  pathway,  activating  the  target  of  rapamycin  (TOR)
kinase and FoxO transcription factors [318]. IGF-1 is expressed in various areas of the CNS,
including  hippocampus,  olfactory  bulbs,  and  cerebellum  [319,  320].  Multiple  knockout
studies  have  indicated  that  IGF-1  is  needed for  maintaining  proliferation  and stem cell
characteristics [321, 322].

4.1.5. Pigment-Epithelium Derived Growth Factor (PEGF)

PEGF was first identified as a factor that induces differentiation of retinoblastoma cells into a
neuronal phenotype [323, 324]. It has been found to be expressed by retinal cells, adipocytes
and hepatocytes, and also endothelial and ependymal cells in the adult brain [325]. Although
NSC do not express these factors themselves, they are responsive to them. It has no effect on
survival, but increases NSC self-renewal and activates quiescent subependymal cells [325]. It
is believed that PEGF function is dependent on Notch signaling and keeps cells undifferenti‐
ated through upregulation of Hes1, Hes5, and Sox2 [325, 326].

4.1.6. Platelet-Derived Growth Factors (PDGF)

PDGF is produced by endothelial cells and binds PDGF receptor α (PDGFRα) on NSC whereby
it regulates neurogenesis [327]. PDGF receptor β (PDGFRβ) is expressed in brain pericytes,
neurons and astrocytes and is implicated in neuroprotection after ischemic stroke [328].

4.2. Developmental factors and morphogens

4.2.1. Wingless-related integration site (Wnt) signaling

Wnt signaling pathways are major regulators of stem cell activity in the developing and adult
brain, where it functions in both NSC maintenance and neurogenesis [300, 329-333]. These
diverse and opposing functions are enabled by heterogeneous group of Wnt proteins that
modulate canonical (involving β-catentin) and non-canonical signaling pathways with further
regulation by a wide range of interaction partners and regulators [300, 334, 335]. Wnt3, for
instance, is secreted by astrocytes and induces NSC proliferation and neurogenesis [333].
Wbt7b is regulated by retinoic acid and can expand the number of proliferating cells [336,
337]. The canonical pathway normally allows for an increase in cytoplasmic β-catentin, which
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4.1.3. Vascular Endothelial Growth Factor (VEGF)

VEGF is important for angiogenesis and hematopoiesis [308-310]. However, VEGF receptors
have also been found in the subependymal zone of the SVZ, the SGZ, and on NSC [311, 312].
It is secreted by endothelial cells, NSC, and astrocytes [313]. VEGF exerts indirect effects on
NSC and neurogenesis by inducing angiogenesis thereby providing structural and trophic
support [313]. It also operates directly via the promotion of proliferation and maintenance of
NSC and neurogenesis [314, 315]. Furthermore, VEGF has been shown to be neuroprotective
during disease and injury [316, 317].

4.1.4. Insulin-like Growth Factors (IGF)

IGF activate  the  PI3K/Akt  signaling  pathway,  activating  the  target  of  rapamycin  (TOR)
kinase and FoxO transcription factors [318]. IGF-1 is expressed in various areas of the CNS,
including  hippocampus,  olfactory  bulbs,  and  cerebellum  [319,  320].  Multiple  knockout
studies  have  indicated  that  IGF-1  is  needed for  maintaining  proliferation  and stem cell
characteristics [321, 322].

4.1.5. Pigment-Epithelium Derived Growth Factor (PEGF)

PEGF was first identified as a factor that induces differentiation of retinoblastoma cells into a
neuronal phenotype [323, 324]. It has been found to be expressed by retinal cells, adipocytes
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PDGF is produced by endothelial cells and binds PDGF receptor α (PDGFRα) on NSC whereby
it regulates neurogenesis [327]. PDGF receptor β (PDGFRβ) is expressed in brain pericytes,
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diverse and opposing functions are enabled by heterogeneous group of Wnt proteins that
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induces proliferation and inhibits differentiation. However, when factors such as homeodo‐
main interacting protein kinase 1 (HipK1) are upregulated in the SVZ, the same pathway can
induce differentiation [338]. Furthermore, in pathological conditions such as stroke and
hypoxia, Wnt signaling has been shown to drive neurogenesis through NSC proliferation and
differentiation. Interestingly, these activated cells divide symmetrically leading to NSC
expansion, as opposed to the asymmetrical division that normally takes place in the suben‐
dymal zone [303, 339].

4.2.2. Bone Morphogenic Proteins (BMP)

BMP and their receptors are expressed by cells adjacent to the SVZ. They inhibit proliferation
of neuroblasts while blocking neurogenesis and favoring gliogenesis [340]. Noggin is secreted
by ependymal cells of the SVZ and SGZ and opposes the effect of BMP by binding and
inactivating them thereby maintaining cell proliferation [340-342].

4.2.3. Sonic Hedgehog (Shh)

Activation of the Shh can increase proliferation of NSC. Shh receptors (Patched (Ptc)) can for
instance be found in hippocampal regions such as the hilus and pyramidal cells in CA1-CA3
[343]. Shh also plays a role in maintenance of NSC pools in telencephalic niches [344].

4.3. Hormones

4.3.1. Erythropoietin (EPO)

Although mainly produced by the kidney, EPO and its receptor were found to be expressed
in adult neurogenic regions, such as the SVZ and SGZ [210, 345]. Under hypoxic stress EPO
expression is upregulated in the adult brain [346]. EPO affects NSC by increasing proliferation,
increasing neurogenesis, and enhancing survival [202, 347-352]. Conditional knockouts of EPO
have shown that it is a critical factor for proliferation [202]. Its promotion of survival operates
by reducing apoptosis of NSC and their progeny [350, 352].

4.3.2. Insulin

Insulin is produced by beta cells of the pancreas. Controversial evidence now suggests that it
is also produced by cultured neuronal and glial cells and in the hippocampus [353]. In general,
it allows for survival, self-renewal and proliferation of NSC [353-357]. Insulin is able to replace
EGF and bFGF in vitro, allowing for self-renewal and long-term passaging [354].

4.3.3. Adipocyte-derived leptin and adiponectin

Leptin and adiponectin enhance the survival of NSC in vivo and in vitro [358-362]. They activate
the glycogen synthase kinase β (GSKβ) signaling pathway in hippocampal NSC, allowing for
accumulation of β-catenin and consequent promotion of proliferation of NSC [358, 359].
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4.4. Cytokines

4.4.1. Leukemia Inhibitory Factor (LIF)

LIF is highly expressed in the adult injured brain, mediating inflammation and inducing NSC
proliferation [363, 364]. LIF leads to an expansion of astrocytes while depleting neurons.
Furthermore, it promotes NSC self-renewal rather than the generation of committed progen‐
itors [364, 365]. Treatment of neurospheres with LIF in vitro increases the generation of
secondary neurospheres [364].

4.4.2. Ciliary Neurotrophic Factor (CNTF)

CNTF receptor  (CNTFR)  expression  is  restricted  to  periventricular  regions  [365].  CNTF
binding activates  the  LIF  receptor/gp130 complex,  enhancing maintenance,  survival  and
self-renewal  of  NSC,  while  restricting  differentiation  of  the  glial  lineage  [366,  367].
Endogenous CNTF expression is upregulated after stroke and leads to increased prolifera‐
tion of SVZ cells [204].

4.4.3. Stem Cell-Derived Neural Stem/Progenitor Cell Supporting Factor (SDNSF)

SDNSF is expressed in the DG of the hippocampus and is upregulated after ischemia. It has
been shown to allow NSC to survive in vitro when bFGF is removed. Although cells maintain
their self-renewal and differentiation potential, SDNSF alone does not promote proliferation
[368].

4.4.4. C-X-C Motif Chemokine 12 (CXCL12)/Stromal Cell-Derived Factor 1 (SDF-1)

SDF-1 also known as CXCL12 is a chemokine produced by endothelial cells. It binds C-X-C
motif receptor 4 (CXCR4) on NSC. It favors neurogenesis by driving survival and migration
of neuronal and oligodendrocytic progenitors [369, 370]. After stroke, SDF-1 promotes
migration and integration of new neurons, participating in functional recovery [371].

4.4.5. Macrophage Migration Inhibitory Factor (MIF)

Dendritic cells secrete MIF which mediates NSC expansion through the MIF receptor CD74,
both in vivo and in vitro [372, 373].

4.4.6. Interleukin 1 (IL-1)

IL-1α and IL-1β have both been found to positively regulate neurogenesis [374, 375]. Interest‐
ingly, the effect of IL-1β depends on its concentration. Under physiological conditions, it
increases differentiation of neural progenitors, whereas it inhibits neurogenesis under high
inflammatory concentrations [376-378].
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4.2.3. Sonic Hedgehog (Shh)

Activation of the Shh can increase proliferation of NSC. Shh receptors (Patched (Ptc)) can for
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[343]. Shh also plays a role in maintenance of NSC pools in telencephalic niches [344].

4.3. Hormones

4.3.1. Erythropoietin (EPO)

Although mainly produced by the kidney, EPO and its receptor were found to be expressed
in adult neurogenic regions, such as the SVZ and SGZ [210, 345]. Under hypoxic stress EPO
expression is upregulated in the adult brain [346]. EPO affects NSC by increasing proliferation,
increasing neurogenesis, and enhancing survival [202, 347-352]. Conditional knockouts of EPO
have shown that it is a critical factor for proliferation [202]. Its promotion of survival operates
by reducing apoptosis of NSC and their progeny [350, 352].

4.3.2. Insulin

Insulin is produced by beta cells of the pancreas. Controversial evidence now suggests that it
is also produced by cultured neuronal and glial cells and in the hippocampus [353]. In general,
it allows for survival, self-renewal and proliferation of NSC [353-357]. Insulin is able to replace
EGF and bFGF in vitro, allowing for self-renewal and long-term passaging [354].

4.3.3. Adipocyte-derived leptin and adiponectin

Leptin and adiponectin enhance the survival of NSC in vivo and in vitro [358-362]. They activate
the glycogen synthase kinase β (GSKβ) signaling pathway in hippocampal NSC, allowing for
accumulation of β-catenin and consequent promotion of proliferation of NSC [358, 359].
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4.4. Cytokines

4.4.1. Leukemia Inhibitory Factor (LIF)

LIF is highly expressed in the adult injured brain, mediating inflammation and inducing NSC
proliferation [363, 364]. LIF leads to an expansion of astrocytes while depleting neurons.
Furthermore, it promotes NSC self-renewal rather than the generation of committed progen‐
itors [364, 365]. Treatment of neurospheres with LIF in vitro increases the generation of
secondary neurospheres [364].

4.4.2. Ciliary Neurotrophic Factor (CNTF)

CNTF receptor  (CNTFR)  expression  is  restricted  to  periventricular  regions  [365].  CNTF
binding activates  the  LIF  receptor/gp130 complex,  enhancing maintenance,  survival  and
self-renewal  of  NSC,  while  restricting  differentiation  of  the  glial  lineage  [366,  367].
Endogenous CNTF expression is upregulated after stroke and leads to increased prolifera‐
tion of SVZ cells [204].

4.4.3. Stem Cell-Derived Neural Stem/Progenitor Cell Supporting Factor (SDNSF)

SDNSF is expressed in the DG of the hippocampus and is upregulated after ischemia. It has
been shown to allow NSC to survive in vitro when bFGF is removed. Although cells maintain
their self-renewal and differentiation potential, SDNSF alone does not promote proliferation
[368].

4.4.4. C-X-C Motif Chemokine 12 (CXCL12)/Stromal Cell-Derived Factor 1 (SDF-1)

SDF-1 also known as CXCL12 is a chemokine produced by endothelial cells. It binds C-X-C
motif receptor 4 (CXCR4) on NSC. It favors neurogenesis by driving survival and migration
of neuronal and oligodendrocytic progenitors [369, 370]. After stroke, SDF-1 promotes
migration and integration of new neurons, participating in functional recovery [371].

4.4.5. Macrophage Migration Inhibitory Factor (MIF)

Dendritic cells secrete MIF which mediates NSC expansion through the MIF receptor CD74,
both in vivo and in vitro [372, 373].

4.4.6. Interleukin 1 (IL-1)

IL-1α and IL-1β have both been found to positively regulate neurogenesis [374, 375]. Interest‐
ingly, the effect of IL-1β depends on its concentration. Under physiological conditions, it
increases differentiation of neural progenitors, whereas it inhibits neurogenesis under high
inflammatory concentrations [376-378].
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4.4.7. Interleukin 6 (IL-6)

At low concentrations, IL-6 promotes differentiation of NSC to neurons, astrocytes and
oligodendrocytes [379-381]. However, at high concentrations IL-6 has been shown to reduce
neurogenesis [161].

4.4.8. Cytokines during inflammation

Inflammatory  cytokines  (pro/anti)  are  produced  by  activated  immune  cells  (including
leukocytes,  lymphocytes,  astrocytes,  microglia,  and endothelial  cells) after disturbance of
homeostasis  or  during  pathology.  These  cytokines  influences  NSC  maintenance  and
neurogenesis in a very heterogeneous and context dependent manner, summarized in Table
2 [382, 383].

4.5. Neurotransmitters

4.5.1. Glutamate

Glutamate acts on NSC through metabotropic glutamate receptors (mGluR). Although
excitotoxic for neurons, high levels of glutamate have been shown to promote survival and
proliferation of NSC in the SVZ and DG [384-389].

4.5.2. Gamma-aminobutyric acid (GABA)

GABA is non-synaptically released by neuroblasts after spontaneous depolarization. It has
been shown to reduce proliferation of GFAP+ NSC, suggestive of a feedback system regulating
the NSC population [390, 391].

4.5.3. Serotonin

Serotonin has been shown to positively influence survival, proliferation, and neurogenesis
[392-396]. Serotonin receptors have been found in the SVZ and the DG [392]. Their activation
increases neurogenesis and affects symmetric division of a specific population of NSC [395].

4.5.4. Dopamine

Adult NSC in the SVZ and the DG have receptors for dopamine. Activation of certain dopa‐
mine receptors can indirectly promote NSC survival and differentiation due to the activation
of A-disintegrin and metalloproteinases (ADAM) and consequent release of membrane bound
EGF [397, 398]. By contrast, activation of the dopamine D2 receptor on NSC inhibits their
proliferation and neurogenesis in a CNTF-dependent manner [399, 400].

4.5.5. D-Serine

Although mainly produced by astrocytes, D-Serine has recently found to be expressed by
neurons and NSC [401-408]. Although it does not enhance NSC expansion and neurogenesis,
D-Serine is associated with NSC self-renewal and maintenance [409, 410].
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4.5.6. Nitric oxide (NO)

NO is produced by neurons and inflammatory cells, but not NSC. Conflicting evidence exists
on whether they stimulate or reduce SVZ and hippocampal NSC proliferation. It has been
postulated that high NO concentrations promote proliferation, whereas low NO concentra‐
tions inhibit proliferation [411-413].

4.6. Extracellular matrix (ECM) components

Chondroitin sulfate proteoglycans (CSPG) are major constituents of the NSC niche ECM and
play pivotal roles in the development, regeneration and plasticity of neuronal networks
[414-416]. Enzymatic degradation of CSPG reduces self-renewal of NSC in the SVZ, as well as
of neurospheres in vitro [417]. In other studies, however, degradation of CSPG resulted in
increased NSC proliferation, differentiation and migration via an integrin-dependent mecha‐
nism [418]. These different outcomes may be the result of differences in the cell types being
analyzed and further studies are needed to unravel the exact role of CSPG on adult NSC [418].
Heparan sulfate proteoglycans (HSPG) have also been implicated in the survival and prolif‐
eration of NSC, probably by interaction with bFGF [419, 420]. Sulfotransferases are expressed
in adult neurogenic regions and in neurospheres and have been shown to be important for
preserving the functional activity of CSPG and HSPG in NSC survival [421].

Laminins are other ECM components that can be found in NSC niches such as those in the SVZ
[422]. Laminin receptors such as integrins, syndecans and dystroglycans can all be found
expressed on NSC [423]. Notably, α6β1 integrins are expressed in high levels on proliferating
NSC and progenitors [65, 424, 425]. Quiescent NSC do not express β1 integrins; activation of
NSC through daughter cell depletion or administration of CXCL12/SDF-1, however, leads to
upregulation of β1 integrins, showing the pivotal role of β1 integrins in neurogenesis and NSC
proliferation [425].

4.7. Direct cell-to-cell signals

4.7.1. Notch signaling

Notch is a membrane bound developmental factor and its signaling is of major importance in
maintaining and expanding embryonic and adult NSC [426, 427]. Notch ligands such as Jagged
and delta like ligand 4 (Dll4) are also membrane bound and regulate neurogenesis by stimu‐
lating NSC proliferation [428, 429]. Interestingly, NSC but not fate-restricted progenitors
express Notch, a characteristic which has been used to distinguish between both populations
[430, 431]. Progenitors communicate with NSC through Notch-epidermal growth factor
receptor (EGFR) interactions, whereby regulating the balance between both cell populations
in the SVZ. Enhanced EGFR signaling results in the expansion of the progenitor pool and
reduces NSC numbers and their self-renewal [431]. Recent work also suggests that there is a
strong interplay between Notch and Shh in regulating neurogenesis [432].
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4.7.2. Ephrin signaling

Ephrin ligands and receptors are also membrane bound developmental factors. Ephrin A and
B ligands and their receptors are expressed by NSC in the SVZ [433]. Ephrin signaling has been
implicated in both proliferative and anti-proliferative effects on NSC [433-437]. They have been
linked to NSC maintenance, survival, and inhibition of differentiation [438-441].

4.8. Neurotrophic Factors (NTF)

The NTF family includes BDNF, NGF, GDNF and NT-3, NT-4. They are important for
differentiation, survival, and functioning of neurons in both the developing and adult brain
[300]. NTF and their tropomyosin-related kinase (Trk) receptors are expressed in NSC. They
have been shown to protect NSC against excitotoxicity and apoptosis during injury and to
promote NSC differentiation [442-445].

4.9. Other factors

4.9.1. Apolipoprotein E (ApoE)

ApoE is a constituent of plasma lipoprotein particles. It has been found to be secreted by
astrocytes in vivo and by neurospheres in vitro, contributing to neuritogenesis and maintenance
of NSC in the DG [446-450].

Signaling factors Source Effect on NSC References

Growth factors

FGF EC, A, CSF Renewal, proliferation, differentiation, migration [40, 302, 303]

EGF EC, A, CSF Renewal, proliferation, differentiation, migration [40, 302, 303]

HGF NSC Survival, proliferation [304-307]

VEGF EC, NSC, A Survival, renewal, migration [308-317]

IGF CSF Renewal [318-322]

PEGF EC, NSC Renewal [323-326]

PDGF EC Survival, renewal [327, 328]

Developmental factors

Wnt signaling A Renewal, proliferation, differentiation* [329-331, 333,
338, 339]

BMP EC, A, CSF Differentiation [340-342]

Noggin NSC Renewal, proliferation [340-342]

Shh A, CSF Renewal, proliferation, migration [343, 344]

Hormones

EPO B, A, N Survival, proliferation [347-349, 351,
352,

Insulin B Survival, renewal, proliferation 451, 452]

Leptin/adiponectin B Proliferation [353-357]
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Signaling factors Source Effect on NSC References

[358-362]

Cytokines

LIF IC Renewal, differentiation [363, 364]

CNTF IC Survival, renewal, differentiation [204, 366, 367]

SDNSF IC Survival, renewal [368]

SDF-1 IC, EC, NSC Survival, migration [369-371]

MIF IC Proliferation [372, 373]

IL-1 IC Differentiation [374-378]

IL-6 IC Differentiation [161, 379, 380]

Neurotransmitters

Glutamate N Survival, proliferation, differentiation [384, 385,
387-389]

GABA N, NB Proliferation**, differentiation, migration [391, 453]

Serotonin N Survival, proliferation [392-396]

Dopamine N Survival, proliferation, differentiation [397, 399, 400]

D-Serine A, N, NSC Renewal [401-405, 407,
410]

NO N, IC Proliferation* [411-413]

Extracellular matrix

CSPG Survival, renewal [415-418, 454,
455]

HSPG Survival, renewal [419, 420]

Laminins Survival, proliferation* [65, 424, 425]

Direct cell-to-cell signals

Notch NSC Renewal*, proliferation* [426, 429-432]

Ephrin NSC Renewal*, proliferation* [433-439, 441]

Neurotrophic factors

BDNF, NGF, GDNF, NT-3, NT-4 NSC, A, EC Survival, renewal, proliferation differentiation [442-444]

Others

ApoE A Renewal, differentiation [446, 447, 449,
450]

Abbreviations: bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; HGF, hepatocyte growth factor; VEGF,
vascular endothelial growth factor; IGF, insulin-like growth factor; PEGF, pigment-epitheliun derived growth factor;
PDGF, platelet-derived growth factors; Wnt, wingless-related integration site; BMP, bone morphogenic proteinss; Shh,
sonic hedgehog; EPO, erythropoietin; LIF, leukemia inhibitory factor; CNTF, ciliary neurotrophic factor; SDNSF, stem cell-
derived neural stem/progenitor cell supporting factor; SDF-1, stromal cell-derived factor 1; MIF, macrophage migration
inhibitory factor; IL-1, interleukin 1; IL-6, interleukin 6; TNF-α, tumor necrosis factor α; GABA, gamma-Aminobutyric acid;
NO, nitric oxide; CSPG, chondroitin sulfate proteoglycans; HSPG, heparan sulfate proteoglycans; NTF, neurotrophic
factors.; BDNF, bone-derived neurotrophic factor; NGF, nerve growth factor; GDNF, glial cell-line derived neurotrophic
factor; NT, neurotrophin; A, astrocytes; B, blood; CSF, cerebrospinal fluid; EC, endothelial cells; IC, immune cells; N,
neurons; NB, neuroblasts; NSC: neuronal stem cells. * context dependent; ** of progenitors, not stem cells.

Table 1. Molecular Components of the Niche Environment

Typical and Atypical Stem Cell Niches of the Adult Nervous System in Health and…
http://dx.doi.org/10.5772/58599

233



4.7.2. Ephrin signaling

Ephrin ligands and receptors are also membrane bound developmental factors. Ephrin A and
B ligands and their receptors are expressed by NSC in the SVZ [433]. Ephrin signaling has been
implicated in both proliferative and anti-proliferative effects on NSC [433-437]. They have been
linked to NSC maintenance, survival, and inhibition of differentiation [438-441].

4.8. Neurotrophic Factors (NTF)

The NTF family includes BDNF, NGF, GDNF and NT-3, NT-4. They are important for
differentiation, survival, and functioning of neurons in both the developing and adult brain
[300]. NTF and their tropomyosin-related kinase (Trk) receptors are expressed in NSC. They
have been shown to protect NSC against excitotoxicity and apoptosis during injury and to
promote NSC differentiation [442-445].

4.9. Other factors

4.9.1. Apolipoprotein E (ApoE)

ApoE is a constituent of plasma lipoprotein particles. It has been found to be secreted by
astrocytes in vivo and by neurospheres in vitro, contributing to neuritogenesis and maintenance
of NSC in the DG [446-450].

Signaling factors Source Effect on NSC References

Growth factors

FGF EC, A, CSF Renewal, proliferation, differentiation, migration [40, 302, 303]

EGF EC, A, CSF Renewal, proliferation, differentiation, migration [40, 302, 303]

HGF NSC Survival, proliferation [304-307]

VEGF EC, NSC, A Survival, renewal, migration [308-317]

IGF CSF Renewal [318-322]

PEGF EC, NSC Renewal [323-326]

PDGF EC Survival, renewal [327, 328]

Developmental factors

Wnt signaling A Renewal, proliferation, differentiation* [329-331, 333,
338, 339]

BMP EC, A, CSF Differentiation [340-342]

Noggin NSC Renewal, proliferation [340-342]

Shh A, CSF Renewal, proliferation, migration [343, 344]

Hormones

EPO B, A, N Survival, proliferation [347-349, 351,
352,

Insulin B Survival, renewal, proliferation 451, 452]

Leptin/adiponectin B Proliferation [353-357]

Adult Stem Cell Niches232

Signaling factors Source Effect on NSC References

[358-362]

Cytokines

LIF IC Renewal, differentiation [363, 364]

CNTF IC Survival, renewal, differentiation [204, 366, 367]

SDNSF IC Survival, renewal [368]

SDF-1 IC, EC, NSC Survival, migration [369-371]

MIF IC Proliferation [372, 373]

IL-1 IC Differentiation [374-378]

IL-6 IC Differentiation [161, 379, 380]

Neurotransmitters

Glutamate N Survival, proliferation, differentiation [384, 385,
387-389]

GABA N, NB Proliferation**, differentiation, migration [391, 453]

Serotonin N Survival, proliferation [392-396]

Dopamine N Survival, proliferation, differentiation [397, 399, 400]

D-Serine A, N, NSC Renewal [401-405, 407,
410]

NO N, IC Proliferation* [411-413]

Extracellular matrix

CSPG Survival, renewal [415-418, 454,
455]

HSPG Survival, renewal [419, 420]

Laminins Survival, proliferation* [65, 424, 425]

Direct cell-to-cell signals

Notch NSC Renewal*, proliferation* [426, 429-432]

Ephrin NSC Renewal*, proliferation* [433-439, 441]

Neurotrophic factors

BDNF, NGF, GDNF, NT-3, NT-4 NSC, A, EC Survival, renewal, proliferation differentiation [442-444]

Others

ApoE A Renewal, differentiation [446, 447, 449,
450]

Abbreviations: bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; HGF, hepatocyte growth factor; VEGF,
vascular endothelial growth factor; IGF, insulin-like growth factor; PEGF, pigment-epitheliun derived growth factor;
PDGF, platelet-derived growth factors; Wnt, wingless-related integration site; BMP, bone morphogenic proteinss; Shh,
sonic hedgehog; EPO, erythropoietin; LIF, leukemia inhibitory factor; CNTF, ciliary neurotrophic factor; SDNSF, stem cell-
derived neural stem/progenitor cell supporting factor; SDF-1, stromal cell-derived factor 1; MIF, macrophage migration
inhibitory factor; IL-1, interleukin 1; IL-6, interleukin 6; TNF-α, tumor necrosis factor α; GABA, gamma-Aminobutyric acid;
NO, nitric oxide; CSPG, chondroitin sulfate proteoglycans; HSPG, heparan sulfate proteoglycans; NTF, neurotrophic
factors.; BDNF, bone-derived neurotrophic factor; NGF, nerve growth factor; GDNF, glial cell-line derived neurotrophic
factor; NT, neurotrophin; A, astrocytes; B, blood; CSF, cerebrospinal fluid; EC, endothelial cells; IC, immune cells; N,
neurons; NB, neuroblasts; NSC: neuronal stem cells. * context dependent; ** of progenitors, not stem cells.

Table 1. Molecular Components of the Niche Environment

Typical and Atypical Stem Cell Niches of the Adult Nervous System in Health and…
http://dx.doi.org/10.5772/58599

233



Soluble factors Role in NSC

biology

Cell sources Pathological models Ref

CCL5 NSC proliferation↑ Reactive astrocytes,

activated lymphocytes,

microglia/macrophages

Entorhinodentate lesions; axonal

degeneration (in vivo).

[456-458]

CXCL12/SDF1α NSC migration↑ Reactivated astrocytes,

activated endothelial cells,

meningeal cells

Hypoxic–Ischemic (HI) Cerebral

Injury; multiple sclerosis; stroke

[459-462]

CX3CL1 NSC proliferation↑ Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Neurospheres, hippocampal slice

cultures (in vitro)

[458]

CCL11 NSC proliferation↓

differentiation ↓

Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Aging model [463]

IFN-α NSC proliferation↓ Plasmacytoid dendritic cells,

activated macrophages,

endothelial cells, neurons

Young and old Cr2(-/-) mice [464]

IL-1β Neuronal fate

(dopaminergic

neurons)

Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Tyrosine hydroxylase (TH)-induced

immunoreactivity (in vitro)

[465-467]

IFN-γ NSC proliferation↓ T cells (Th1), natural killer

cells

Experimental allergic

encephalomyelitis (EAE)

[468, 469]

IL-6 family of

neurotrophic

cytokines (LIF, CNTF,

CT-1)

(Astro)glial

differentiation

Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Cortical precursor culture (in vitro) [465, 470]

IL-4 NSC migration↑

differentiation↑

T cells (Th2), through effect

on microglia/macrophages

EAE related chemokines treatment

(in vitro)

[471, 472]

IL-10 NSC migration↑ Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

EAE related chemokines treatment

(in vitro)

[472]

IL-15 NSC proliferation↑ Activated microglia IL-15−/− mice [473]

TNF-α NSC proliferation↓ Activated microglia/

macrophages

EAE; TNF-R1(-/-),TNF-R2(-/-) and

TNF-R1/R2(-/-) mice.

Lipopolysaccaride (LPS)-stimulation

(in vitro).

[468, 474,

475]

Abbreviations: CC/CXC, chemokines; SDF1α, stromal cell-derived factor 1α; IFN, interferon; IL, interleukin; CNTF, ciliary
neurotrophic factor; CT-1, cardiotrophin-1; LIF, leukaemia inhibitory factor; TNF-α, tumor necrosis factor α.

Table 2. The Influence of Inflammatory Mediators on NSC [382, 383]
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5. Therapeutic modulation of the neural stem cell niche

Due to the indispensable role of the niche microenvironment in regulating NSC (e.g. control
of the maintenance, expansion and differentiation), different molecular strategies have been
investigated in an effort to modulate the NSC response and in so doing enhance neurogenesis.
Such work has the potential to benefit a myriad of degenerative neurological disorders by
facilitating repair and aiding in functional recovery. Most prominent are approaches using
novel pharmacological targets within NSC niches [50]. Rational engineering of the niche must
also be considered as an approach for CNS homeostasis and repair [476]. This section will
therefore focus both on selected drugs that have been shown capable of modulating the niche
and on current efforts geared toward the engineering of microenvironments to support
enhanced/sustained niche homeostasis.

5.1. Molecular therapies

Various endogenous regulators of NSC have been investigated for their therapeutic value with
regard to neurogenesis. Intraventricular administration of exogenous EGF, PEDF, HGF and
CNTF in mice has been shown to enhance NSC proliferation [305, 325, 366, 477]. Additionally,
the peripheral administration of human recombinant EPO (hrEPO) has been shown to enhance
neurogenesis and improve functional outcome in models of both ischemic stroke and traumatic
injury. It is unlikely, however, that such effects can be solely attributed to the enhancement of
neurogenesis, being that hrEPO has also been demonstrated to suppress inflammation and
induce angiogenesis [478]. Administration of other factors such as RA, bFGF, EGF, BDNF and
VEGF have also been shown to enhance neurogenesis in similar disease models ultimately
leading to enhanced recovery [177, 213, 311, 479-483]. Despite the plethora of positive effects
demonstrated in animal models, many of these endogenous factors have been difficult to
translate into clinical use due to invasive routes of administration, off target physiologic effects,
cost of recombinant factors, etc.

5.2. FDA approved small molecules

Certain small molecules have been shown to exert similar effects via the direct or indirect
modification of endogenous cues. Briefly, certain antidepressants have been shown capable of
increasing the neurogenic response [484, 485]. As an example, Fluoxetine (a selective serotonin
reuptake inhibitor) has been shown to give rise to maturation of immature neurons and
enhanced neurogenesis [486]. Whether this function is mediated through an increase in 5-HT
receptor activation on NSC remains unclear [395]. However, it is prudent to note that the
clinical benefits of such typical antidepressant drugs are only partly dependent on neurogen‐
esis [487]. Antipsychotic drugs have also been associated with neurogenesis, yet the precise
mechanisms of action remain unclear. The antipsychotic drug Haloperidol (D2 receptor
antagonist) has been shown to reverse dopamine-induced inhibition of NSC proliferation
[399]. Similar effects have also been observed for other antipsychotics including Clonazepam
and Risperidone [409, 488-490]. GABA has been observed to have a negative influence on NSC
proliferation and migration [491-493] and so it should not be surprising that GABA-based
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Soluble factors Role in NSC

biology

Cell sources Pathological models Ref
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activated lymphocytes,

microglia/macrophages

Entorhinodentate lesions; axonal

degeneration (in vivo).

[456-458]

CXCL12/SDF1α NSC migration↑ Reactivated astrocytes,

activated endothelial cells,

meningeal cells

Hypoxic–Ischemic (HI) Cerebral

Injury; multiple sclerosis; stroke

[459-462]

CX3CL1 NSC proliferation↑ Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Neurospheres, hippocampal slice

cultures (in vitro)

[458]

CCL11 NSC proliferation↓

differentiation ↓

Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Aging model [463]

IFN-α NSC proliferation↓ Plasmacytoid dendritic cells,

activated macrophages,

endothelial cells, neurons

Young and old Cr2(-/-) mice [464]

IL-1β Neuronal fate

(dopaminergic

neurons)

Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Tyrosine hydroxylase (TH)-induced

immunoreactivity (in vitro)

[465-467]

IFN-γ NSC proliferation↓ T cells (Th1), natural killer

cells

Experimental allergic

encephalomyelitis (EAE)

[468, 469]

IL-6 family of

neurotrophic

cytokines (LIF, CNTF,

CT-1)

(Astro)glial

differentiation

Reactivated astrocytes,

activated lymphocytes,

microglia/macrophages

Cortical precursor culture (in vitro) [465, 470]

IL-4 NSC migration↑

differentiation↑

T cells (Th2), through effect

on microglia/macrophages

EAE related chemokines treatment

(in vitro)

[471, 472]
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microglia/macrophages

EAE related chemokines treatment

(in vitro)

[472]

IL-15 NSC proliferation↑ Activated microglia IL-15−/− mice [473]

TNF-α NSC proliferation↓ Activated microglia/

macrophages

EAE; TNF-R1(-/-),TNF-R2(-/-) and

TNF-R1/R2(-/-) mice.

Lipopolysaccaride (LPS)-stimulation

(in vitro).

[468, 474,

475]

Abbreviations: CC/CXC, chemokines; SDF1α, stromal cell-derived factor 1α; IFN, interferon; IL, interleukin; CNTF, ciliary
neurotrophic factor; CT-1, cardiotrophin-1; LIF, leukaemia inhibitory factor; TNF-α, tumor necrosis factor α.

Table 2. The Influence of Inflammatory Mediators on NSC [382, 383]
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5. Therapeutic modulation of the neural stem cell niche

Due to the indispensable role of the niche microenvironment in regulating NSC (e.g. control
of the maintenance, expansion and differentiation), different molecular strategies have been
investigated in an effort to modulate the NSC response and in so doing enhance neurogenesis.
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injury. It is unlikely, however, that such effects can be solely attributed to the enhancement of
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VEGF have also been shown to enhance neurogenesis in similar disease models ultimately
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Certain small molecules have been shown to exert similar effects via the direct or indirect
modification of endogenous cues. Briefly, certain antidepressants have been shown capable of
increasing the neurogenic response [484, 485]. As an example, Fluoxetine (a selective serotonin
reuptake inhibitor) has been shown to give rise to maturation of immature neurons and
enhanced neurogenesis [486]. Whether this function is mediated through an increase in 5-HT
receptor activation on NSC remains unclear [395]. However, it is prudent to note that the
clinical benefits of such typical antidepressant drugs are only partly dependent on neurogen‐
esis [487]. Antipsychotic drugs have also been associated with neurogenesis, yet the precise
mechanisms of action remain unclear. The antipsychotic drug Haloperidol (D2 receptor
antagonist) has been shown to reverse dopamine-induced inhibition of NSC proliferation
[399]. Similar effects have also been observed for other antipsychotics including Clonazepam
and Risperidone [409, 488-490]. GABA has been observed to have a negative influence on NSC
proliferation and migration [491-493] and so it should not be surprising that GABA-based
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treatments, such as Phenobarbital and Clonazepam have been shown to inhibit cell proliferation
in the DG of the hippocampus [494, 495]. In contrast, pharmacological inhibition of GABA
receptors via such agents as Bicuculline (i.e. GABA antagonists) can enhance NSC proliferation
and differentiation, thereby positively influencing neurogenesis [489, 490].

As discussed above, behavior of NSC is largely regulated by signals from the niche under
physiological and pathological conditions. Small molecules capable of altering NSC niche
function may provide a tool for modulation of NSC and neurogenesis in disease states and
concurrently open up novel experimental routes for the investigation of mechanisms of niche
activation.

5.3. Therapeutic stem cell transplantation in CNS diseases and the development of atypical
neural stem cell niches

The therapeutic benefits of stem cell transplantation in modulating CNS disease processes have
been supported by a multitude of reports. Yet, the therapeutic efficacy appears to be most
pronounced in disorders that display key components of inflammation (i.e. multiple sclerosis,
stroke and spinal cord injury) [87, 301, 496]. It is relevant to note that this effect is not limited
to direct delivery (i.e. focal), but has also been reported after systemic or subcutaneous injection
of stem cells [87, 496, 497]. While NSC have the potential to integrate into the host system and
may contribute to replacement of damaged cells, other somatic stem cells such as hemato‐
poietic stem cells (HSC), mesenchymal stem cells (MSC), and umbilical cord cells also allow
for functional recovery in mouse models of inflammatory degeneration [87, 496, 498-502]. This
suggests that the therapeutic effect of stem cells goes beyond mere cell integration, differen‐
tiation, and replacement and involves a “shared stemness-related” functional signature.

Transplanted NSC migrate toward well-defined areas in the inflamed perivascular microen‐
vironment [503, 504]. This leads to the establishment of ectopic stem cell niches, also called
atypical niches, which are molecularly reminiscent of prototypical germinal niches and
regulate the long-term survival and the behavior of NSC [503, 505, 506]. The term “therapeutic
plasticity” has been suggested to describe the remarkable inherent flexibility of NSC to migrate
to inflamed CNS areas and establish atypical ectopic stem cell niches through which they
modulate their environment in support of a therapeutically beneficial outcome [496, 507]. This
modulatory capacity is exerted through regulated cross-talk of NSC with other components
of the atypical niche, including endothelial cells, blood-born inflammatory cells, activated
macrophages and microglia, and reactive astrocytes [301, 496]. A myriad of cell-to-cell
signaling pathways allows for this NSC-driven pathophysiologic modulation and enhanced
clinical recovery [301, 496, 499, 508, 509].

The preferential migration of NSC toward CNS lesions is referred to as pathotropism. During
an insult (e.g. hypoxia or injury) cytokines cause a subsequent activation of microglia,
astrocytes and endothelial cells [46, 510]. As a result, reactive astrocytes and activated endo‐
thelial cells produce chemokines such as SDF-1, MCP-1, and VEGF that function collectively
as a homing beacon, not only for inflammatory cells, but also for NSC [301, 510-514]. Much
like leukocytes, NSC express adhesion molecules (CD44), integrins (α4 β1) and chemokine
receptors (CCR1, CCR2, CCR5, CXCR3, CXCR4). This enables NSC to follow the concentration
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gradient of these chemokines toward the inflamed parenchyma and extravasate in a process
of tethering, rolling and adhering to endothelial cells followed by transendothelial migration
[183, 503, 515-517]. Factors such as bFGF and IGF-1 are also produced by activated astrocytes
and support NSC proliferation, survival and differentiation [510, 511, 518]. Conversely,
hypertrophic GFAP-enriched astrocytes of the glial scar produce factors such as slit homologue
2 (SLIT2), TNF-α and hyaluronan that repel NSC and limit the regenerative potential of their
progeny [510, 511, 519, 520].

Once an atypical niche is established, undifferentiated NSC survive in the perilesional region
in close proximity to activated microglia (expressing ionized calcium-binding adapter
molecule 1 (IBA)) and to blood vessels [502, 521, 522]. The mechanisms by which transplanted
NSC remodel the injured nervous system is irrespective of the experimental disease charac‐
teristics (e.g. focal vs. multifocal) and only a small number of cells undergo final differentiation
[522-524]. When migrating to the lesional parenchyma, NSC contribute to cell replacement,
mainly by differentiating into astrocytes, but also into neurons [522, 525, 526]. More striking,
however, are the “bystander” capacities of undifferentiated NSC, which include the provision
of trophic support and the modulation of the immune response. These beneficial effects lead
to the establishment of a homeostatic environment [382, 496, 497, 524, 527]. In models for MS
and stroke this has been shown to mediate efficient myelin repair and axon rescue [515, 525,
526, 528-531].

Trophic and neuroprotective effects are exerted by providing neurotrophins, growth factors,
developmental stem cell regulators, and immune modulators through modulation of the
microenvironment [301, 382, 496]. In models for MS, systemically administered NSC have
shown to stimulate OPC proliferation and differentiation, and consequent remyelination
through secretion of PDGF-A and bFGF [515, 528]. In models for stroke, focally injected NSC
have been shown to enhance expression of BDNF, GDNF, CNTF, bFGF, VEGF, HGF, and IGF
in the perilesional region [525, 526]. Finally, focal grafting of NSC in SCI models has been
shown to support growth of motor and sensory axons due to upregulation of NGF, BDNF, and
GDNF [532].

Transplantation of stem cells enables the switch to a more conservative and anti-inflammatory
lesional environment [87, 301, 498]. In models for MS, NSC drive the reduction of perivascular
infiltrates and CD3+ T-cells and the increase of regulatory CD25+ or CD25+/CD62L+ T-cells,
accompanied by a downregulation of inflammatory markers, intercellular adhesion molecule
1 (ICAM-1), and lymphocyte function-associated antigen 1 (LFA-1) [503, 533]. In vitro studies
have shown that NSC can 1) induce apoptosis of Th1 and Th17, but not Th2 lymphocytes
through Fas ligand (FasL), TNF-related apoptosis-inducing ligand (TRAIL) and Apo-3 ligand
(APO3L), 2) reduce T-cell proliferation through nitric oxide and prostaglandin E2 (PGE2), 3)
reduce T-cell receptor (TCR) dependent T-cell activation, 4) inhibit interleukin 2 (IL-2) (T-cell)
and IL-6 (B-cell) signaling, and 5) reduce local populations of monocytes and macrophages
through cytotoxic TNF-α secretion [503, 505, 506, 533-539]. Immune-modulating capabilities
have also been shown in models for stroke, and include an increase of VEGF, SDF-1 and TGF-
β, as well as a reduced expression of pro-inflammatory genes lfng, TNF-α, ll1b and Lepr [502,
529]. Furthermore, NSC-induced increases in activated microglia (CD11b+) have been shown
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treatments, such as Phenobarbital and Clonazepam have been shown to inhibit cell proliferation
in the DG of the hippocampus [494, 495]. In contrast, pharmacological inhibition of GABA
receptors via such agents as Bicuculline (i.e. GABA antagonists) can enhance NSC proliferation
and differentiation, thereby positively influencing neurogenesis [489, 490].

As discussed above, behavior of NSC is largely regulated by signals from the niche under
physiological and pathological conditions. Small molecules capable of altering NSC niche
function may provide a tool for modulation of NSC and neurogenesis in disease states and
concurrently open up novel experimental routes for the investigation of mechanisms of niche
activation.

5.3. Therapeutic stem cell transplantation in CNS diseases and the development of atypical
neural stem cell niches

The therapeutic benefits of stem cell transplantation in modulating CNS disease processes have
been supported by a multitude of reports. Yet, the therapeutic efficacy appears to be most
pronounced in disorders that display key components of inflammation (i.e. multiple sclerosis,
stroke and spinal cord injury) [87, 301, 496]. It is relevant to note that this effect is not limited
to direct delivery (i.e. focal), but has also been reported after systemic or subcutaneous injection
of stem cells [87, 496, 497]. While NSC have the potential to integrate into the host system and
may contribute to replacement of damaged cells, other somatic stem cells such as hemato‐
poietic stem cells (HSC), mesenchymal stem cells (MSC), and umbilical cord cells also allow
for functional recovery in mouse models of inflammatory degeneration [87, 496, 498-502]. This
suggests that the therapeutic effect of stem cells goes beyond mere cell integration, differen‐
tiation, and replacement and involves a “shared stemness-related” functional signature.

Transplanted NSC migrate toward well-defined areas in the inflamed perivascular microen‐
vironment [503, 504]. This leads to the establishment of ectopic stem cell niches, also called
atypical niches, which are molecularly reminiscent of prototypical germinal niches and
regulate the long-term survival and the behavior of NSC [503, 505, 506]. The term “therapeutic
plasticity” has been suggested to describe the remarkable inherent flexibility of NSC to migrate
to inflamed CNS areas and establish atypical ectopic stem cell niches through which they
modulate their environment in support of a therapeutically beneficial outcome [496, 507]. This
modulatory capacity is exerted through regulated cross-talk of NSC with other components
of the atypical niche, including endothelial cells, blood-born inflammatory cells, activated
macrophages and microglia, and reactive astrocytes [301, 496]. A myriad of cell-to-cell
signaling pathways allows for this NSC-driven pathophysiologic modulation and enhanced
clinical recovery [301, 496, 499, 508, 509].

The preferential migration of NSC toward CNS lesions is referred to as pathotropism. During
an insult (e.g. hypoxia or injury) cytokines cause a subsequent activation of microglia,
astrocytes and endothelial cells [46, 510]. As a result, reactive astrocytes and activated endo‐
thelial cells produce chemokines such as SDF-1, MCP-1, and VEGF that function collectively
as a homing beacon, not only for inflammatory cells, but also for NSC [301, 510-514]. Much
like leukocytes, NSC express adhesion molecules (CD44), integrins (α4 β1) and chemokine
receptors (CCR1, CCR2, CCR5, CXCR3, CXCR4). This enables NSC to follow the concentration
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gradient of these chemokines toward the inflamed parenchyma and extravasate in a process
of tethering, rolling and adhering to endothelial cells followed by transendothelial migration
[183, 503, 515-517]. Factors such as bFGF and IGF-1 are also produced by activated astrocytes
and support NSC proliferation, survival and differentiation [510, 511, 518]. Conversely,
hypertrophic GFAP-enriched astrocytes of the glial scar produce factors such as slit homologue
2 (SLIT2), TNF-α and hyaluronan that repel NSC and limit the regenerative potential of their
progeny [510, 511, 519, 520].

Once an atypical niche is established, undifferentiated NSC survive in the perilesional region
in close proximity to activated microglia (expressing ionized calcium-binding adapter
molecule 1 (IBA)) and to blood vessels [502, 521, 522]. The mechanisms by which transplanted
NSC remodel the injured nervous system is irrespective of the experimental disease charac‐
teristics (e.g. focal vs. multifocal) and only a small number of cells undergo final differentiation
[522-524]. When migrating to the lesional parenchyma, NSC contribute to cell replacement,
mainly by differentiating into astrocytes, but also into neurons [522, 525, 526]. More striking,
however, are the “bystander” capacities of undifferentiated NSC, which include the provision
of trophic support and the modulation of the immune response. These beneficial effects lead
to the establishment of a homeostatic environment [382, 496, 497, 524, 527]. In models for MS
and stroke this has been shown to mediate efficient myelin repair and axon rescue [515, 525,
526, 528-531].

Trophic and neuroprotective effects are exerted by providing neurotrophins, growth factors,
developmental stem cell regulators, and immune modulators through modulation of the
microenvironment [301, 382, 496]. In models for MS, systemically administered NSC have
shown to stimulate OPC proliferation and differentiation, and consequent remyelination
through secretion of PDGF-A and bFGF [515, 528]. In models for stroke, focally injected NSC
have been shown to enhance expression of BDNF, GDNF, CNTF, bFGF, VEGF, HGF, and IGF
in the perilesional region [525, 526]. Finally, focal grafting of NSC in SCI models has been
shown to support growth of motor and sensory axons due to upregulation of NGF, BDNF, and
GDNF [532].

Transplantation of stem cells enables the switch to a more conservative and anti-inflammatory
lesional environment [87, 301, 498]. In models for MS, NSC drive the reduction of perivascular
infiltrates and CD3+ T-cells and the increase of regulatory CD25+ or CD25+/CD62L+ T-cells,
accompanied by a downregulation of inflammatory markers, intercellular adhesion molecule
1 (ICAM-1), and lymphocyte function-associated antigen 1 (LFA-1) [503, 533]. In vitro studies
have shown that NSC can 1) induce apoptosis of Th1 and Th17, but not Th2 lymphocytes
through Fas ligand (FasL), TNF-related apoptosis-inducing ligand (TRAIL) and Apo-3 ligand
(APO3L), 2) reduce T-cell proliferation through nitric oxide and prostaglandin E2 (PGE2), 3)
reduce T-cell receptor (TCR) dependent T-cell activation, 4) inhibit interleukin 2 (IL-2) (T-cell)
and IL-6 (B-cell) signaling, and 5) reduce local populations of monocytes and macrophages
through cytotoxic TNF-α secretion [503, 505, 506, 533-539]. Immune-modulating capabilities
have also been shown in models for stroke, and include an increase of VEGF, SDF-1 and TGF-
β, as well as a reduced expression of pro-inflammatory genes lfng, TNF-α, ll1b and Lepr [502,
529]. Furthermore, NSC-induced increases in activated microglia (CD11b+) have been shown
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to lead to IGF-1, VEGF, TGF-β, and BDNF production, yielding better motor function and
axonal sprouting, highlighting the beneficial role of microglia [529-531]. However, other
studies have shown that NSC transplantation reduced microglia/macrophage presence with
improvement of both neuronal survival and locomotor functions [502, 540]. Models for SCI
also show a skewing of microglia/macrophage infiltrates. Here, focally transplanted NSC have
been shown to make cellular junctions (Connexin 43) with phagocytic cells and astrocytes, and
to reduce the presence of classically-activated pro-inflammatory M1 macrophages [522].

Grafted stem cells do not only home to the the inflamed CNS, but also to the secondary
lymphoid organs where they modulate inflammation [505, 506, 540, 541]. NSC hinder the
activation of myeloid dendritic cells (DC), limiting the expansion of antigen-specific encepha‐
logenic T-cells. DC maturation is hindered, partially due to secretion of BMP-4. Furthermore,
induced secretion of BMP-4/7, Shh and Noggin by transplanted NSC and immune cells,
promoted survival of endogenous NSC [505, 506, 541]. An increase in the presence of LIF leads
to a reduction of Th17 differentiation, further ameliorating the functional outcome of MS. In
stroke models, a reduction of both neutrophil infiltration and activation of macrophages in
lymphoid organs can be observed after NSC transplantation [540].

In an effort to translate these therapeutic approaches to clinic, human embryonic stem cells
(hESCs) and induced pluripotent stem cells (iPSC) created from human fibroblasts have been
studied for their neurogenic and neuroprotective properties after MS, stroke and SCI. Al‐
though some differences can be observed, e.g. higher cytotoxic potential against monocytes
and lower cytotoxic potential against T-cells, human-derived cell functions are largely similar
to those of animal-derived cells and they also increase clinical recovery. The therapeutic use
of these cells is however limited by ethical constraints, genetic instability, and tumorgenicity
[505, 538, 539, 542-545].

The therapeutic value of stem cell grafts, especially NSC, in inflammatory neurodegenerative
disorders has become increasingly evident. Transplanted stem cells are able to home to the
lesion areas where they take part in the establishment of an atypical perivascular niche,
allowing stem cells to survive undifferentiated and to provide neurotropic support, modulate
the inflammation, and allow for further migration into the lesional parenchyma to take part
in neuronal differentiation and cell replacement. This has been shown to modulate the
pathophysiology of disease, enhancing axonal conservation and regeneration, leading to
increased functional recovery in animal models of MS, stroke and SCI.

5.4. Engineering the NSC niche

Approaches for niche engineering are centered around efforts to mimic multiple aspects of the
niche microenvironment, which include architectural, mechanical, bioactive and growth factor
cues [476]. ECM mimicking scaffolds support the survival and differentiation of transplanted
NSC [546, 547]. Clearly, an understanding of ECM architecture is important in the designing
of these scaffolds and to this extent studies have shown a correlation between scaffold fiber
diameter and NSC behavior. For example, fibers with a 283nm diameter promote proliferation
and differentiation to oligodendrocytes while fibers within 749-1452nm diameter range
promote neuronal differentiation [548]. Apart from the 3D structure, the mechanical properties
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of scaffolds have been shown to modulate morphology, proliferation, and differentiation of
stem cells [549]. Polyethylene glycol (PEG) – poly-L-lysine (PLL) hydrogels allow for good
NSC migration when their elastic modulus mimics that of brain tissue. Gels with a higher
elastic modulus, on the other hand, limit migration [550]. Other studies have demonstrated
that softer substrates promote neuronal differentiation whereas more rigid substrates induce
glial differentiation [551]. Bioactive polymers such as those made from the laminin-1-derived
IKVAV peptide further promote neuronal differentiation [552]. When seeded with NSC and
transplanted into animal models of spinal cord injury, these structures have stimulated a
marked enhancement in functional recovery [553]. Bioactive polymers which include tripep‐
tide Arg-Gly-Asp (RGD) motifs showed promotion of cell attachment, self-renewal and
differentiation [554]. Additionally, incorporation of signaling molecules relevant to NSC
regulation can also positively influence the behavior of cells within these scaffolds [555]. Wnt
and Notch ligands keep cells in a proliferative, undifferentiated state while the addition of
BMP-4 enhances glial and neuronal differentiation [551]. Altogether, niche engineering
represents a promising approach for regenerative medicine, as it enables control over the
behavior of transplanted NSC, and may soon come to have vast therapeutic value.

6. Concluding remarks and future directions

“As long as our brain is a mystery, the universe, the reflection of the structure of the brain will also be
a mystery.”-Santiago Ramón y Cajal

The presence of neural stem cells/neurogenic niches in the adult mammalian central nervous
system has been clearly established by a body of rigorous scientific work. The functional
significance of adult neurogenesis continues to grow as new studies describe its critical roles
in states of both health and disease. Despite this growing body of information and improve‐
ments in our understanding of NSC and niche functions in both the physiologic/pathologic
conditions, several critical questions remain. Chief among them is the relevance of the basic
biology that has so far been described in animal models to the ultimate goal of translating adult
neurogenesis into clinical trials. Further work with regard to the definitive nature/location of
NSC needs also to be carried out. Finally the definitive molecular mechanisms that influence
endogenous stem cell migration/pathotropism will also be key in helping to develop suitable
treatments and strategies to prevent, mitigate, and treat varied CNS injuries and disease.

Abbreviations

SVZ-subventricular zone

SGZ-subgranular zone

NSC – neural stem/precursor cells

CNS – central nervous system
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to lead to IGF-1, VEGF, TGF-β, and BDNF production, yielding better motor function and
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studies have shown that NSC transplantation reduced microglia/macrophage presence with
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also show a skewing of microglia/macrophage infiltrates. Here, focally transplanted NSC have
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though some differences can be observed, e.g. higher cytotoxic potential against monocytes
and lower cytotoxic potential against T-cells, human-derived cell functions are largely similar
to those of animal-derived cells and they also increase clinical recovery. The therapeutic use
of these cells is however limited by ethical constraints, genetic instability, and tumorgenicity
[505, 538, 539, 542-545].

The therapeutic value of stem cell grafts, especially NSC, in inflammatory neurodegenerative
disorders has become increasingly evident. Transplanted stem cells are able to home to the
lesion areas where they take part in the establishment of an atypical perivascular niche,
allowing stem cells to survive undifferentiated and to provide neurotropic support, modulate
the inflammation, and allow for further migration into the lesional parenchyma to take part
in neuronal differentiation and cell replacement. This has been shown to modulate the
pathophysiology of disease, enhancing axonal conservation and regeneration, leading to
increased functional recovery in animal models of MS, stroke and SCI.

5.4. Engineering the NSC niche

Approaches for niche engineering are centered around efforts to mimic multiple aspects of the
niche microenvironment, which include architectural, mechanical, bioactive and growth factor
cues [476]. ECM mimicking scaffolds support the survival and differentiation of transplanted
NSC [546, 547]. Clearly, an understanding of ECM architecture is important in the designing
of these scaffolds and to this extent studies have shown a correlation between scaffold fiber
diameter and NSC behavior. For example, fibers with a 283nm diameter promote proliferation
and differentiation to oligodendrocytes while fibers within 749-1452nm diameter range
promote neuronal differentiation [548]. Apart from the 3D structure, the mechanical properties
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that softer substrates promote neuronal differentiation whereas more rigid substrates induce
glial differentiation [551]. Bioactive polymers such as those made from the laminin-1-derived
IKVAV peptide further promote neuronal differentiation [552]. When seeded with NSC and
transplanted into animal models of spinal cord injury, these structures have stimulated a
marked enhancement in functional recovery [553]. Bioactive polymers which include tripep‐
tide Arg-Gly-Asp (RGD) motifs showed promotion of cell attachment, self-renewal and
differentiation [554]. Additionally, incorporation of signaling molecules relevant to NSC
regulation can also positively influence the behavior of cells within these scaffolds [555]. Wnt
and Notch ligands keep cells in a proliferative, undifferentiated state while the addition of
BMP-4 enhances glial and neuronal differentiation [551]. Altogether, niche engineering
represents a promising approach for regenerative medicine, as it enables control over the
behavior of transplanted NSC, and may soon come to have vast therapeutic value.

6. Concluding remarks and future directions

“As long as our brain is a mystery, the universe, the reflection of the structure of the brain will also be
a mystery.”-Santiago Ramón y Cajal
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significance of adult neurogenesis continues to grow as new studies describe its critical roles
in states of both health and disease. Despite this growing body of information and improve‐
ments in our understanding of NSC and niche functions in both the physiologic/pathologic
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biology that has so far been described in animal models to the ultimate goal of translating adult
neurogenesis into clinical trials. Further work with regard to the definitive nature/location of
NSC needs also to be carried out. Finally the definitive molecular mechanisms that influence
endogenous stem cell migration/pathotropism will also be key in helping to develop suitable
treatments and strategies to prevent, mitigate, and treat varied CNS injuries and disease.
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1. Introduction

1.1. Cancer stem cells: An introduction

Adult stem cells, also known as progenitor cells, have two major ascribed functions: (1) to
replenish tissues throughout normal growth and development and (2) to repair tissues
following damage by disease or injury. Classically, a stem cell is defined as possessing the
capacity for self-renewal and potency. Self-renewal requires a stem cell to be able to divide in
such a way as to maintain the pool of stem cells in an undifferentiated state, while potency
(commonly referred to as pluri- or multi-potency) requires a stem cell to retain the capacity to
differentiate into an array of specialized cell types. Cancer stem cells (CSC) represent a subset
of tumour cells that exhibit the same properties as normal adult stem cells; namely the ability
to self-renew, undergo asymmetric cell division and differentiate into a diverse range of cell
types. In addition, the CSC population has the capacity to initiate tumours and has also been
implicated in metastatic spread and in resistance to conventional anti-cancer therapies.

The majority of cells within a tumour are unable to sustain tumour growth and cannot initiate
tumour establishment at secondary locations. The small population of cells that are inherently
tumourigenic and commonly have a metastatic phenotype are referred to as CSC. CSC were
initially identified and characterised in acute myeloid leukaemia (AML) [1]. In this study, a
minority of the total tumour cell population (0.01-1%) was identified as having the unique
capacity to induce leukemia following transplantation into immunodeficient mice implying
that these cells alone had a tumour-initiating capacity. Following from this study, the ability

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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of cells to cause tumour development in immune-compromised animals has been used both
as proof-of-principle for the existence of CSC and a means of identifying CSC or tumour-
initiating cells. Since the initial discovery of CSC, our knowledge and understanding of this
area has increased exponentially, with CSC identified in an array of solid tumours beginning
with breast cancer [2] and glioma [3, 4] and subsequently extending to prostate [5], pancreatic
[6], melanoma [7], liver [8] and head and neck [9] cancers, among others.

As discussed throughout this chapter, the reliance of the CSC on their specific niche is a current
area of research focus. Importantly, as our understanding of the signalling pathways and
specific interactions that modulate and maintain CSC function (and subsequently tumour
initiation and development) increases, we will become better placed to formulate novel
treatment modalities that will not only target the tumour cells for destruction but also focus
on abolishing integral factors within the supportive CSC niche. Novel treatments such as these
will aim to eradicate residual CSC, resulting in a decrease in tumour recurrence following
therapy and better overall prognosis for cancer patients.

2. CSC markers

The isolation of CSC from total tumour cell populations has been made possible due to the
identification of CSC-specific markers. The use of these markers to classify and identify
tumour-initiating cells and circulating tumour cells has allowed the investigation of the
importance of CSC in the developing tumour, particularly in metastasis, drug resistance and
patient prognosis. However, due to the similarities in cell surface phenotype and marker
expression between CSC and normal adult stem cells, further research is needed to aid in our
ability to distinguish between malignant stem cells and those required for normal tissue
regeneration processes. Ideally, in the future, CSC-specific markers will be used to therapeut‐
ically target CSC for eradication. Notably, in-roads have already been made in this area.

CD44 has been identified as a CSC marker and its expression has been associated with high
levels of metastasis, tumour recurrence and poor outcome in breast cancer, all factors associ‐
ated with CSC sub-populations within tumours. Although it has been well characterised,
there is some controversy regarding the specificity of CD44 to CSC as the full-length CD44
protein is widely expressed. However, recent studies have identified CSC-specific expres‐
sion of a particular splice variant of CD44 [10, 11]. Aldehyde dehydrogenase isoform 1
(ALDH1) is another commonly used marker of CSC from a range of cancer types [12, 13],
however similarly to CD44, ALDH1 expression is also associated with normal haemato‐
poietic stem cells and therefore can be used as a marker of both normal and malignant stem
cells [14]. A range of other markers have also been identified, with some CSC markers, in‐
cluding CD133, CD44 and ALDH1, remaining consistent across a number of tumour types.
These are summarised in Table 1.
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Tumour Type CSC Phenotypic Markers Selected References

Breast CD44+ CD21-/low Lineage- ALDH1+ CD133+ α6-integrin [2, 13, 15, 16]

AML CD34+ CD38- [1]

Liver CD133+ CD49f+ CD90+ CD44+ [8, 17, 18]

Lung CD133+ CD90+ ALDH1+ [19-21]

Glioma CD133+ Nestin+ CD90+ α6-integrin [3, 4, 22-24]

Colon CD133+ CD44+ CD24+ [25, 26]

Prostate CD133+CD44+ α2β1high ALDH1+ [5, 27]

Pancreatic CD44+ CD24+ CD133+ ALDH1+ EpCAM+ Nestin
+ABCG2high

[6, 28-30]

Melanoma CD20+ CD166+ CD133+ Nestin+ CD271+ [7, 31, 32]

Head and Neck CD44+ CD133+ ALDH+ [9, 33]

Table 1. Representative cell surface phenotypic markers for human CSCs.

3. CSC niche components and function

The function and maintenance of stem cells is highly reliant on the specific anatomical and
physiological location in which these cells reside. This highly specialised microenvironment
in which stem cells are located is commonly referred to as the stem cell niche. The niche is
made up of stromal support cells, soluble factors, blood vessels and extracellular matrix pro‐
teins that have both direct and indirect effects on stem cell number, proliferation, self-re‐
newal and fate determination. The niche is essential for the maintaining the balance between
pro- and anti-proliferative signals to ensure a controlled stem cell environment. In fact, stem
cells outside of their defined niche are reported to have limited function as they are highly
reliant on cell-cell interactions and signals within their local microenvironment for their ba‐
sic proliferative and tissue renewal properties [34]. Importantly, in the context of CSC, the
niche plays an important role in maintenance of stem cell function, tumour initiation and
protection against chemotherapeutic agents. The reliance of CSC on the niche is becoming
increasingly evident as studies have shown that while CSC-like cells can be isolated from
cancer cell lines in vitro, these cell populations are difficult to maintain in an in vitro setting
[35, 36]. In contrast, xenograft models have proven to be effective in faithfully recapitulating
the characteristics of the CSC as found in the original tumour [37]. This is likely due to the
ability of the CSC to grow within a supportive tumour microenvironment, or niche, and as
such respond to cellular interactions and local signalling pathways.

The CSC niche may be derived through one of two mechanisms; either the CSC specifically
manufacture the niche through the production of numerous factors that signal between stro‐
mal cells of the local microenvironment and the CSC themselves or, conversely, the CSC uti‐
lise the pre-existing, tissue-specific stem cell niche. The latter option results in the CSC
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(ALDH1) is another commonly used marker of CSC from a range of cancer types [12, 13],
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cluding CD133, CD44 and ALDH1, remaining consistent across a number of tumour types.
These are summarised in Table 1.

Adult Stem Cell Niches292

Tumour Type CSC Phenotypic Markers Selected References

Breast CD44+ CD21-/low Lineage- ALDH1+ CD133+ α6-integrin [2, 13, 15, 16]

AML CD34+ CD38- [1]

Liver CD133+ CD49f+ CD90+ CD44+ [8, 17, 18]

Lung CD133+ CD90+ ALDH1+ [19-21]

Glioma CD133+ Nestin+ CD90+ α6-integrin [3, 4, 22-24]

Colon CD133+ CD44+ CD24+ [25, 26]

Prostate CD133+CD44+ α2β1high ALDH1+ [5, 27]

Pancreatic CD44+ CD24+ CD133+ ALDH1+ EpCAM+ Nestin
+ABCG2high

[6, 28-30]

Melanoma CD20+ CD166+ CD133+ Nestin+ CD271+ [7, 31, 32]

Head and Neck CD44+ CD133+ ALDH+ [9, 33]

Table 1. Representative cell surface phenotypic markers for human CSCs.

3. CSC niche components and function

The function and maintenance of stem cells is highly reliant on the specific anatomical and
physiological location in which these cells reside. This highly specialised microenvironment
in which stem cells are located is commonly referred to as the stem cell niche. The niche is
made up of stromal support cells, soluble factors, blood vessels and extracellular matrix pro‐
teins that have both direct and indirect effects on stem cell number, proliferation, self-re‐
newal and fate determination. The niche is essential for the maintaining the balance between
pro- and anti-proliferative signals to ensure a controlled stem cell environment. In fact, stem
cells outside of their defined niche are reported to have limited function as they are highly
reliant on cell-cell interactions and signals within their local microenvironment for their ba‐
sic proliferative and tissue renewal properties [34]. Importantly, in the context of CSC, the
niche plays an important role in maintenance of stem cell function, tumour initiation and
protection against chemotherapeutic agents. The reliance of CSC on the niche is becoming
increasingly evident as studies have shown that while CSC-like cells can be isolated from
cancer cell lines in vitro, these cell populations are difficult to maintain in an in vitro setting
[35, 36]. In contrast, xenograft models have proven to be effective in faithfully recapitulating
the characteristics of the CSC as found in the original tumour [37]. This is likely due to the
ability of the CSC to grow within a supportive tumour microenvironment, or niche, and as
such respond to cellular interactions and local signalling pathways.

The CSC niche may be derived through one of two mechanisms; either the CSC specifically
manufacture the niche through the production of numerous factors that signal between stro‐
mal cells of the local microenvironment and the CSC themselves or, conversely, the CSC uti‐
lise the pre-existing, tissue-specific stem cell niche. The latter option results in the CSC

The Role of the “Cancer Stem Cell Niche” in Cancer Initiation and Progression
http://dx.doi.org/10.5772/58598

293



“hijacking” the niche that would normally modulate the normal growth and development of
local stem cells. It is clear that in both normal stem cell and CSC development and mainte‐
nance, there is a mutual dependence between the stem cells and their niche.

As discussed in detail throughout this chapter, both the CSC themselves and the stromal
cells of the CSC niche secrete a variety of factors and signalling molecules to modulate path‐
ways that are normally involved in growth and development. Together, these factors func‐
tion to maintain CSC, support the maintenance of the CSC niche and promote tumour
development. In addition, physiological consequences of tumour formation, such as the es‐
tablishment of a hypoxic microenvironment and the subsequent induction of angiogenesis
and neovascularisation, can result in a positive feed-forward effect on CSC. Furthermore,
not only do CSC rely on factors expressed within the niche to ensure the maintenance of the
CSC population, but the CSC themselves can regulate the composition and function of the
niche [38, 39]. In this manner, the CSC and the niche function together to create a positive
signalling loop to maintain a state conducive to the growth and further development of tu‐
mours.

4. CSC and metastasis

The metastatic potential of tumour cells relies not only on genetic alterations and expression
of factors from the tumour cell itself, but also on interactions with structural, soluble and
cellular components of the extracellular matrix (ECM) and stromal tissue compartment.
These signals from the stromal microenvironment are required for the formation of what is
termed the “pre-metastatic niche” and similarly to the CSC niche at the site of primary tu‐
mour establishment, this niche is a highly specialised microenvironment that aids in the mi‐
gration, homing and colonisation of tumour cells, as well as subsequently enhancing tumour
cell proliferation and disease development.

4.1. Epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) was originally described as an important process
in early embryonic development, and has also been described as a significant feature in a
number of cancers. Molecular markers of EMT include an increase in the expression of N-
cadherin and vimentin coupled with decreased expression of E-cadherin, increased accumu‐
lation of β-catenin within the nucleus, increased secretion of matrix metalloproteinases
(MMPs) and increased expression and activity of a number of transcription factors including
SLUG, SNAIL and TWIST. Cells that have undergone an EMT exhibit a loss of epithelial cell
polarity and intracellular adhesion accompanied by reorganisation of the cytoskeleton,
which together results in an increased capacity for migration, invasion and cell scattering
(reviewed in [40]). EMT in tumourigenesis has been described in detail in recent years with
a large number of studies supporting a role for EMT in tumour progression, particularly the
process of metastasis. In addition, the EMT process has been closely associated with the for‐
mation, and subsequent behaviour, of CSC populations. A number of different stimuli regu‐
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late and drive EMT both in development and disease. These include: signalling through
specific pathways (e.g. TGFβ, Wnt, Notch and Hedgehog), direct cellular interactions and
exposure to hypoxic conditions – all factors that also play key roles in the maintenance of
CSC (as discussed throughout this chapter).

The process of EMT and the maintenance of CSC are closely linked, with the induction of
EMT enriching for a CSC-like population. This has been observed by multiple means, in‐
cluding the observation that metastatic cells exhibit both an EMT- and CSC-like phenotype.
Experimental evidence has demonstrated that circulating tumour cells in both prostate and
breast cancers express both CSC and mesenchymal markers [41, 42]. In addition, induction
of EMT in human mammary epithelial cells results not only in the acquisition of mesenchy‐
mal markers, but also the expression of a CSC phenotype, for example CD44+/CD24-/low in
breast cancer stem cells. The opposite is also seen to be true, with CSC-like cells expressing
markers similar to those found on cells that have undergone an EMT, including decreased
expression of E-cadherin and increased expression of N-cadherin, vimentin and Twist [43].
Notably, within a non-CSC population, the activation of EMT can in fact revert cells back to
a CSC-like state, suggesting that this transition is a key player in modulating CSC function.
It is likely, therefore, that the CSC population does, in fact, make up a large proportion of
the tumour cells that have undergone EMT and as such can be found in the peripheral circu‐
lation and therefore play an integral role in the establishment of secondary/metastatic tu‐
mours. This has been demonstrated specifically in prostate cancer, with the vast majority of
circulating tumour cells (those likely to be responsible for colonisation of distant metastatic
sites) expressing both the stem cell marker CD133, as well as a range of mesenchymal-asso‐
ciated proteins [42].

4.2. Migration and invasion

Recent studies suggest that the CSC population within tumours, although comprising a very
small percentage of the total tumour, are critical for metastatic colonisation and have been
shown to initiate tumour growth at secondary sites [44, 45]. The ability of cells to migrate
and invade is closely linked with their intrinsic ability to metastasise and colonise secondary
tumour locations. The mechanisms utilised by CSC to modulate their invasive capacity are
similar to those employed by normal stem cells for homing and/or mobilisation. Within the
haematopoietic stem cell (HSC) niche, MMPs play a role in HSC mobilisation through the
proteolysis of ECM components [46]. In addition, stem cell migration within both the hae‐
matopoietic and neural systems displays a reliance on integrins [47, 48]. Specific roles for
MMPs and integrins in cancer cell metastasis have also been described [49, 50]. The
CXCL12/CXCR4 axis (described in detail below) is also a key player in both normal and can‐
cer stem cell migration and invasion [51, 52].

There have been a number of recent discoveries that support a direct link between CSC and
the development of metastasis in cancer, as common pathways (including EMT) have been
identified as integral for both regulation of CSC and driving metastasis [53]. Furthermore,
CSCs have been demonstrated to be directly involved in metastasis in xenograft models of
cancer [54, 55], due largely to the enhanced invasive capacity of CSC. This can be attributed,
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mour establishment, this niche is a highly specialised microenvironment that aids in the mi‐
gration, homing and colonisation of tumour cells, as well as subsequently enhancing tumour
cell proliferation and disease development.

4.1. Epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) was originally described as an important process
in early embryonic development, and has also been described as a significant feature in a
number of cancers. Molecular markers of EMT include an increase in the expression of N-
cadherin and vimentin coupled with decreased expression of E-cadherin, increased accumu‐
lation of β-catenin within the nucleus, increased secretion of matrix metalloproteinases
(MMPs) and increased expression and activity of a number of transcription factors including
SLUG, SNAIL and TWIST. Cells that have undergone an EMT exhibit a loss of epithelial cell
polarity and intracellular adhesion accompanied by reorganisation of the cytoskeleton,
which together results in an increased capacity for migration, invasion and cell scattering
(reviewed in [40]). EMT in tumourigenesis has been described in detail in recent years with
a large number of studies supporting a role for EMT in tumour progression, particularly the
process of metastasis. In addition, the EMT process has been closely associated with the for‐
mation, and subsequent behaviour, of CSC populations. A number of different stimuli regu‐
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late and drive EMT both in development and disease. These include: signalling through
specific pathways (e.g. TGFβ, Wnt, Notch and Hedgehog), direct cellular interactions and
exposure to hypoxic conditions – all factors that also play key roles in the maintenance of
CSC (as discussed throughout this chapter).

The process of EMT and the maintenance of CSC are closely linked, with the induction of
EMT enriching for a CSC-like population. This has been observed by multiple means, in‐
cluding the observation that metastatic cells exhibit both an EMT- and CSC-like phenotype.
Experimental evidence has demonstrated that circulating tumour cells in both prostate and
breast cancers express both CSC and mesenchymal markers [41, 42]. In addition, induction
of EMT in human mammary epithelial cells results not only in the acquisition of mesenchy‐
mal markers, but also the expression of a CSC phenotype, for example CD44+/CD24-/low in
breast cancer stem cells. The opposite is also seen to be true, with CSC-like cells expressing
markers similar to those found on cells that have undergone an EMT, including decreased
expression of E-cadherin and increased expression of N-cadherin, vimentin and Twist [43].
Notably, within a non-CSC population, the activation of EMT can in fact revert cells back to
a CSC-like state, suggesting that this transition is a key player in modulating CSC function.
It is likely, therefore, that the CSC population does, in fact, make up a large proportion of
the tumour cells that have undergone EMT and as such can be found in the peripheral circu‐
lation and therefore play an integral role in the establishment of secondary/metastatic tu‐
mours. This has been demonstrated specifically in prostate cancer, with the vast majority of
circulating tumour cells (those likely to be responsible for colonisation of distant metastatic
sites) expressing both the stem cell marker CD133, as well as a range of mesenchymal-asso‐
ciated proteins [42].

4.2. Migration and invasion

Recent studies suggest that the CSC population within tumours, although comprising a very
small percentage of the total tumour, are critical for metastatic colonisation and have been
shown to initiate tumour growth at secondary sites [44, 45]. The ability of cells to migrate
and invade is closely linked with their intrinsic ability to metastasise and colonise secondary
tumour locations. The mechanisms utilised by CSC to modulate their invasive capacity are
similar to those employed by normal stem cells for homing and/or mobilisation. Within the
haematopoietic stem cell (HSC) niche, MMPs play a role in HSC mobilisation through the
proteolysis of ECM components [46]. In addition, stem cell migration within both the hae‐
matopoietic and neural systems displays a reliance on integrins [47, 48]. Specific roles for
MMPs and integrins in cancer cell metastasis have also been described [49, 50]. The
CXCL12/CXCR4 axis (described in detail below) is also a key player in both normal and can‐
cer stem cell migration and invasion [51, 52].

There have been a number of recent discoveries that support a direct link between CSC and
the development of metastasis in cancer, as common pathways (including EMT) have been
identified as integral for both regulation of CSC and driving metastasis [53]. Furthermore,
CSCs have been demonstrated to be directly involved in metastasis in xenograft models of
cancer [54, 55], due largely to the enhanced invasive capacity of CSC. This can be attributed,
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at least in part, to increased MMP secretion by CSC [56]. Furthermore, comparison of the ge‐
netic profiles of breast CSCs and normal breast epithelium has identified an “invasive” gene
signature associated with the CSC population, which has been demonstrated to correlate
with a metastatic phenotype in breast cancer patients [53, 57].

5. Extracellular matrix components of the CSC niche

The ECM has defined roles in cellular proliferation, differentiation and migration as well as
tumour angiogenesis and protection from chemotherapy [58, 59] and represents an impor‐
tant component of the CSC niche. Receptors expressed within the ECM allow stem cells to
anchor to specific locations within the niche and therefore maintain signalling and contact
with other cells residing within the niche [58]. Loss of ECM contact with resident stem cells,
through reducing and/or inhibiting the ECM glycoprotein components, results in a decrease
in stem cell number [60, 61]. In addition, the ECM is also able to influence the behaviour of
stromal cells within the niche, including endothelial cells, immune cells and fibroblasts [58].
Increased expression of specific ECM glycoproteins has been associated with various tu‐
mour types, including breast and pancreatic cancers [62-66], which in turn have been associ‐
ated with poor prognosis [67]. The composition of the ECM is therefore critical in
maintaining tissue and cellular homeostasis and in modulating the growth and proliferation
of stem cells. Importantly, abnormal ECM dynamics compromise the role of the ECM as a
physical barrier to tumour cell invasion, allowing for cellular migration and invasion. Mod‐
ulation of the ECM, most commonly through enzymes such as MMPs that degrade the pro‐
teins making up the ECM, enhances cellular migration and subsequent colonisation of the
pre-metastatic niche by CSC. High expression of Tenascin-C, a glycoprotein expressed with‐
in the ECM, has been linked to metastasis in a range of different cancer types [68-70]. Anoth‐
er component of the ECM, periostin (POSTN), is expressed by the stroma of primary
tumours. Infiltrating tumour cells (i.e. cells undergoing metastasis) induce POSTN expres‐
sion within the secondary target organ to initiate colonisation, a function that can be suc‐
cessfully inhibited by blocking POSTN [71]. The processes of cellular migration and
invasion, and hence metastasis, therefore require significant modification of the ECM.

6. Stromal cells within the CSC niche

The CSC niche is composed of a range of specific cell types including fibroblasts, endothelial
cells, mesenchymal stem cells (MSC) and immune cells. The “stemness” of CSC is in fact a
dynamic quality that can be mediated by extrinsic cues derived from the local microenviron‐
ment. Direct cell-cell interactions between the stromal cell compartment and CSC, as well as
signalling pathways mediated through the expression and secretion of a range of growth
factors and cytokines play a role in the maintenance of the CSC population within the niche
and in overall tumour growth.

Adult Stem Cell Niches296

6.1. Fibroblasts

The major cellular component of the tumour microenvironment is the stromal fibroblasts,
commonly referred to as carcinoma-associated fibroblasts (CAFs). Factors that are secreted
by fibroblasts within the tumour environment are able to revert differentiated tumour cells
to a CSC-like phenotype, thereby maintaining the CSC population. CAFs have specifically
been shown to alter the function of CSC through the expression of elevated levels of chemo‐
kine C-X-C motif ligand 12 (CXCL12) and MMP-1. The expression of CXCL12 by stromal fi‐
broblasts within the tumour microenvironment adds to the supportive role of the niche,
playing a role in the promotion of EMT in primary tumours ([72]; discussed in detail below).
Coupled with the expression of MMPs, CAFs may directly stimulate the migration of CSC
and therefore play a role in driving metastasis.

Tumour cells located in close proximity to stromal fibroblasts also exhibit increased expres‐
sion of Wnt pathway regulated genes (as discussed below). The association between the tu‐
mour cells and their stromal environment is critical in modulating pathways and gene
expression, both from the stromal cells (to create a permissive environment for CSC) and by
the tumour cells (to further tumour development and CSC maintenance).

6.2. Immune cells

Tumour-associated macrophages (TAMs) represent the major immune component of stro‐
mal cells in tumour microenvironments. TAMs are identified as M2-type macrophages and
as such express a range of factors that regulate matrix components resulting in remodelling
of the ECM, activation of angiogenic pathways, suppression of adaptive immunity and en‐
hancement of tumour cell proliferation and survival. Together, these functions cooperate to
promote tumour development (Reviewed in [73]). TAMs are recruited to sites of tumour for‐
mation due to the expression of chemokines by the tumour cells. It has recently been sug‐
gested that the CSC population plays a significant role in the recruitment and modulation of
TAM within the CSC niche. TAM recruitment factors, including soluble colony-stimulating
factor 1 (sCSF-1), transforming growth factor beta (TGFβ) and macrophage inhibitory cyto‐
kine 1 (MIC-1), are specifically expressed by tumour-derived CSC [74]. In glioma, the pres‐
ence of TGFβ-expressing TAM at the invasive tumour front has been correlated with the
presence of glioma CSC and these CSC are shown to have a greater invasive potential in the
presence of the TAMs [75]. In addition, CSC are able to promote the expression of IL-6 by
TAMs [76], hence further enhancing the pro-growth signalling for CSC within the local envi‐
ronment. The specific depletion of TAMs in pancreatic cancers results in a concomitant de‐
crease in the number of CSC [77]. It is apparent that the immune cell component of the CSC
niche is important in the regulation of CSC number and activity in tumours.

6.3. Endothelial cells

The CSC population is commonly located in what has been termed a “perivascular” niche
[78-80], which can best be defined by its anatomical/physical location directly adjacent to the
endothelial cells comprising the blood vessels. Indeed a number of studies have shown that
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pre-metastatic niche by CSC. High expression of Tenascin-C, a glycoprotein expressed with‐
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tumours. Infiltrating tumour cells (i.e. cells undergoing metastasis) induce POSTN expres‐
sion within the secondary target organ to initiate colonisation, a function that can be suc‐
cessfully inhibited by blocking POSTN [71]. The processes of cellular migration and
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6. Stromal cells within the CSC niche

The CSC niche is composed of a range of specific cell types including fibroblasts, endothelial
cells, mesenchymal stem cells (MSC) and immune cells. The “stemness” of CSC is in fact a
dynamic quality that can be mediated by extrinsic cues derived from the local microenviron‐
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signalling pathways mediated through the expression and secretion of a range of growth
factors and cytokines play a role in the maintenance of the CSC population within the niche
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6.2. Immune cells

Tumour-associated macrophages (TAMs) represent the major immune component of stro‐
mal cells in tumour microenvironments. TAMs are identified as M2-type macrophages and
as such express a range of factors that regulate matrix components resulting in remodelling
of the ECM, activation of angiogenic pathways, suppression of adaptive immunity and en‐
hancement of tumour cell proliferation and survival. Together, these functions cooperate to
promote tumour development (Reviewed in [73]). TAMs are recruited to sites of tumour for‐
mation due to the expression of chemokines by the tumour cells. It has recently been sug‐
gested that the CSC population plays a significant role in the recruitment and modulation of
TAM within the CSC niche. TAM recruitment factors, including soluble colony-stimulating
factor 1 (sCSF-1), transforming growth factor beta (TGFβ) and macrophage inhibitory cyto‐
kine 1 (MIC-1), are specifically expressed by tumour-derived CSC [74]. In glioma, the pres‐
ence of TGFβ-expressing TAM at the invasive tumour front has been correlated with the
presence of glioma CSC and these CSC are shown to have a greater invasive potential in the
presence of the TAMs [75]. In addition, CSC are able to promote the expression of IL-6 by
TAMs [76], hence further enhancing the pro-growth signalling for CSC within the local envi‐
ronment. The specific depletion of TAMs in pancreatic cancers results in a concomitant de‐
crease in the number of CSC [77]. It is apparent that the immune cell component of the CSC
niche is important in the regulation of CSC number and activity in tumours.

6.3. Endothelial cells

The CSC population is commonly located in what has been termed a “perivascular” niche
[78-80], which can best be defined by its anatomical/physical location directly adjacent to the
endothelial cells comprising the blood vessels. Indeed a number of studies have shown that
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the removal of endothelial cells from the perivascular niche results in a reduction in CSC
number, suggesting an absolute reliance on the cellular composition of the niche for mainte‐
nance and survival of CSC. Vascular endothelial cells interact directly with CSC and secrete
a range of factors that influence both tumour growth and CSC maintenance. A number of
studies have identified a range of secretory molecules that are produced by endothelial cells
and subsequently support the growth, self-renewal and migratory capacity of CSC, includ‐
ing Bmi-1, Jagged-1, vascular endothelial growth factor (VEGF), interleukin 6 (IL-6), inter‐
leukin 8 (IL-8, also known as CXCL8) and epidermal growth factor (EGF) [78, 80-84].

6.4. Mesenchymal stem cells

Mesenchymal stem cells (MSC) are multi-potent stromal cells with the capacity to differenti‐
ate into osteoblasts, adipocytes and chondrocytes to make up bone, fat and cartilage tissues
respectively. MSC are most commonly found within the bone marrow compartment; al‐
though, they have also been shown to reside in other tissue types. MSC have been implicat‐
ed with a role in tumour progression. This has been described in haematological cancers,
with an increase in MSC within the bone marrow being associated with myeloma disease
[85]. In addition, a role for MSC in tumour development has been described in a number of
solid cancers, including breast [86, 87], colon [88], lung [89] and prostate [90]. MSC injected
into tumour-bearing mice exhibit preferential homing to the site of cancer formation and the
presence of MSC within the local tumour environment was shown to accelerate tumour
growth [86, 87]. The presence of MSC within the local tumour microenvironment was specif‐
ically shown to promote an increase in the CSC population, which is likely due to the ex‐
pression of pro-proliferative factors by MSC, including CXCL12, IL-8 and IL-6 [87, 91-93].
These studies suggest that signalling between resident CSC and the MSC located within the
niche results in enhanced proliferative and self-renewal signals.

7. Angiogenesis and hypoxia

Angiogenesis is a key player in the development of tumours and is defined by the prolifera‐
tion of blood vessels within and around areas of established tumour, and aids in the supply
of nutrients and oxygen to the malignant cells. In addition, as discussed above, vascular en‐
dothelial cells play an important role in maintaining the CSC niche. Exposure to hypoxic
conditions, as are present in many solid tumours, results in the stabilisation of hypoxia in‐
ducible transcription factors (HIFs), which in turn mediate angiogenic pathways and stimu‐
late neovascularisation within the tumour and at distant, metastatic sites. Angiogenesis is
further regulated by a number of growth factors including VEGF and EGF.

The CSC population within the tumour, which (as previously discussed) has the potential to
initiate metastatic growth at a distant site, will undergo an EMT in response to the hypoxic
conditions present in the tumour microenvironment [94]. HIF-1α has multiple roles within
the tumour microenvironment, functioning as a master regulator of angiogenesis in hypoxic
conditions, maintaining the CSC niche and directly modulating the CSC population. HIF-1α
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promotes EMT in a number of human cancers through the increased expression of EMT
drivers (e.g. SNAIL) and the concurrent reduction of epithelial markers (e.g. E-Cadherin)
[95]. As has already been discussed, the CSC population has distinct similarities to cells that
have undergone an EMT, and as such it is plausible that this hypoxia-mediated EMT may
also directly affect the CSC population. Indeed, the CSC population isolated from tumours
following continuous cycles of hypoxia and re-oxygenation exhibit both stem-like and EMT-
like phenotypes [94]. In addition, hypoxia is a critical physiological component of the CSC
niche which functions to increase CSC number and maintain their stem-like state allowing
for subsequent growth and metastasis [94, 96]. These effects are likely due to the aforemen‐
tioned stabilisation of HIF-1α, which has a direct effect on CSC, enhancing their self-renewal
capacity, promoting cellular proliferation and increasing the tumorigenic properties of these
cells [94, 96, 97]. Together, these studies outline an important role for the hypoxic microen‐
vironment in establishing and maintaining the CSC niche.

In addition to the hypoxic environment and subsequent angiogenic induction having a pro-
growth effect on CSC, CSC are also able to promote angiogenesis. This can occur via both
direct and indirect mechanisms. Firstly, CSC differentiate into cells of the vascular endothe‐
lium, thereby functioning to create their own niche [39, 98]. Secondly, CSC secrete factors
that promote angiogenic induction. The CSC component of tumours exhibit a much greater
expression of the pro-angiogenic factor VEGF compared to the non-CSC population and
transplantation of these cells results in the formation of highly vascularised tumours in vivo
[38, 39]. Furthermore, expression of VEGF by vascular endothelial cells acts directly on CSC
to promote proliferation and stemness [78, 99]. VEGF expression is also regulated by EMT
and as such provides a possible link between the VEGF-mediated angiogenesis and EMT-
induced cancer stemness that is commonly observed in relation to CSC [100].

8. WNT/Notch/Hedgehog pathways

The Hedgehog (Hh), Wnt and Notch signalling pathways are involved in normal develop‐
ment and have also been implicated in tumour biology. These pathways have specific roles
in CSC maintenance and differentiation, as discussed in detail below. The CSC niche modu‐
lates expression of these pathways, highlighting the importance of extrinsic effects of the mi‐
croenvironment on signalling pathways within the CSCs.

Increased activity of the Hh pathway is associated with normal adult stem cell development,
with down-regulation of the pathway components common following stem cell differentia‐
tion. Similarly, increased expression and activation of the Hh pathway is a common feature
of CSC and has been described as an essential signalling component in CSC self-renewal
and tumour-initiating properties [101-105]. These studies outline a role for the Hh signalling
pathway in increasing CSC number and regulating the expression of CSC-related genes.
Furthermore, a reliance on Hh signalling has been demonstrated for the recurrence and
metastasis of xenograft tumours, most likely through the induction of EMT [105].
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[38, 39]. Furthermore, expression of VEGF by vascular endothelial cells acts directly on CSC
to promote proliferation and stemness [78, 99]. VEGF expression is also regulated by EMT
and as such provides a possible link between the VEGF-mediated angiogenesis and EMT-
induced cancer stemness that is commonly observed in relation to CSC [100].
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The Hedgehog (Hh), Wnt and Notch signalling pathways are involved in normal develop‐
ment and have also been implicated in tumour biology. These pathways have specific roles
in CSC maintenance and differentiation, as discussed in detail below. The CSC niche modu‐
lates expression of these pathways, highlighting the importance of extrinsic effects of the mi‐
croenvironment on signalling pathways within the CSCs.

Increased activity of the Hh pathway is associated with normal adult stem cell development,
with down-regulation of the pathway components common following stem cell differentia‐
tion. Similarly, increased expression and activation of the Hh pathway is a common feature
of CSC and has been described as an essential signalling component in CSC self-renewal
and tumour-initiating properties [101-105]. These studies outline a role for the Hh signalling
pathway in increasing CSC number and regulating the expression of CSC-related genes.
Furthermore, a reliance on Hh signalling has been demonstrated for the recurrence and
metastasis of xenograft tumours, most likely through the induction of EMT [105].

The Role of the “Cancer Stem Cell Niche” in Cancer Initiation and Progression
http://dx.doi.org/10.5772/58598

299



Activation of the Wnt signalling pathway is common throughout numerous developmental
processes and is usually associated with the promotion of cell growth. This occurs through
ligands binding to specific cell surface receptors, including Frizzled and Lrp5/6, which in
turn mediates the inhibition of GSK3β and the subsequent accumulation of β-catenin within
the nucleus. Therein, β-catenin functions as a transcription factor, modulating the expres‐
sion of a range of genes that promote cellular growth and proliferation, including MYC
[106], IL-8 [107] and Cyclin D [108, 109]. It therefore follows that abnormal or constitutive
activation of the Wnt pathway will result in continuous signalling which promotes cell pro‐
liferation. Consequently, the Wnt inhibitors DKK1 and sFRP play a key role in regulating
this pathway to ensure a balance in proliferative signals is maintained.

Wnt signalling is known to play a role in promoting normal adult stem cell activation and
expansion, a function which is kept in check by the presence of specific Wnt inhibitors [110,
111]. In addition, bone morphogenic proteins (BMPs), which in general function to inhibit
cell growth, work in concert with the Wnt signalling pathway to provide a balance between
anti-and pro-growth signals to regulate stem cell self-renewal. However, in the context of
cancer, this balance can be disrupted, through both loss of BMP signalling or aberrant acti‐
vation of Wnt signalling, leading to uncontrolled proliferation of CSC [112]. The increase in
Wnt signalling activity in tumour cells has been associated with cells in close proximity to
the stromal fibroblasts, suggesting that modulation of this pathway may be through extrin‐
sic factors and as such a niche-dependent function [113].

The Notch signalling pathway has also been associated with increased growth and tumouri‐
genicity of CSC. High levels of Notch are observed in CSC populations, which have been
demonstrated to lead to EMT and increased capacity to form tumours upon transplantation
into immune-compromised animals [114-116]. Silencing Notch pathway signalling in CSC
results in reduced growth, migration and invasion as well as enhanced apoptotic induction
[117]. Furthermore, inhibition of Notch signalling has been demonstrated to inhibit tumour
growth and, more specifically, reduce the number of CSC in a number of cancer types in‐
cluding colon and brain [115, 118, 119]. In addition, expression of hairy and enhancer of split
1 (Hes1), a target of the Notch signalling pathway, correlates with the expression of stem cell
markers in colon cancer and is associated with self-renewal and increased tumourigenicty
[120]. This recent study suggests that activation of the Notch signalling pathway and subse‐
quent expression of target genes is an important component of maintaining CSC function.

The CSC population exhibits reliance on expression and deregulation of these developmen‐
tal pathways that are modulated by stromal cells of the CSC niche. Together, these findings
substantiate a reliance of the CSC on specific components of the niche. Specifically, these
pathways provide novel opportunities for targeting the niche and signals emanating from it
in an attempt to reduce CSC number in vivo and hence reduce the incidence of tumour re‐
currence following treatment.
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9. The role of the CXCL12-CXCR4 axis in CSC

CXCL12 (also known as SDF-1) is a strong chemo-attractant initially identified with a role in
the attraction of lymphocytes during haematopoiesis. In addition, CXCL12 has been demon‐
strated to play a role in immune signalling and inflammation and hence is an important reg‐
ulator of key physiological processes in both development and disease. However in recent
years, knowledge of its role has greatly diversified, particularly in the area of stem cell regu‐
lation and homing. The cognate receptor for CXCL12, CXCR4, is highly expressed on cells of
the haematopoietic lineage, thereby promoting the localisation of HSC within their specific
niche [121, 122]. Importantly, CXCR4 is also expressed on a range of stem cells including en‐
dothelial, haematopoietic, neural and embryonic stem cells, enabling these cells to respond
to gradients of CXCL12, which are generated following tissue damage and irregular physio‐
logical events such as hypoxia [123]. This results in the efficient migration and homing of
CXCR4 positive stem cells to areas of high CXCL12 expression, making the CXCL12-CXCR4
axis critical for normal development and tissue regeneration and repair.

In the context of human cancers, CXCR4 is highly expressed in many tumour types [124]
and has been shown to not only regulate invasion of cancer cells to metastatic sites, but to be
a marker of the CSC population of multiple tumour types [125, 126]. The CXCL12-CXCR4
axis has been implicated in metastatic processes in a range of cancers, including breast, pros‐
tate, lung, colon, kidney, melanoma, brain, leukaemia and myeloma, with expression of
CXCL12 highest in tissues that are common sites of metastasis, such as liver, bone marrow
and lungs [127], suggesting that tumour cells hijack this mechanism of normal tissue regen‐
eration and stem cell localisation to aid the metastatic process. In all, it is clear that the
CXCL12-CXCR4 axis plays an integral role in the development of metastasis and the defini‐
tion of a pre-metastatic niche. Importantly, it is the CSC population within the tumour that
is likely to utilise this axis for the development of distant metastases.

10. Cytokines and CSC regulation

Cytokines are a group of small molecules that are secreted by a broad range of cells, includ‐
ing immune cells, endothelial cells and fibroblasts. In general, following release by cells, cy‐
tokines act through binding their specific receptors on target cells and modulating immune
responses as well as regulating cell growth and behaviour. A number of cytokines have
been implicated in CSC maintenance and therefore are important secreted factors present
within the CSC niche.

IL-6 is a pro-inflammatory cytokine which normally functions to stimulate the immune re‐
sponse following injury or infection. Importantly, IL-6 is expressed by a range of cells within
the CSC niche, including macrophages and stromal fibroblasts, as well as CSC themselves,
and has been demonstrated to directly regulate CSC behaviour. IL-6 signalling specifically
through the STAT3 pathway has been identified as a key mechanism for the modulation of
CSC. STAT3 is highly expressed in CSC derived from liver, bone, cervical and brain cancers
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[128]. Furthermore, inhibition of the STAT3 pathway, through use of a specific STAT3 inhib‐
itor, has been demonstrated to reduce the formation of glioblastoma CSC [129]. IL-6 signal‐
ling is a direct regulator of breast cancer CSC self-renewal, leading to subsequent increased
expression and secretion of IL-6 and a resultant feed-forward loop that functions to further
enhance CSC function [130]. In addition, glioblastoma CSC are reliant on increased expres‐
sion of IL-6 to mediate growth, invasion and anti-apoptotic functions [131, 132]. Conversely,
the loss of IL-6 in mouse models results in reduction in gastric tumour formation [133].
These mechanistic studies provide an explanation as to why patients with advanced or
metastatic cancers exhibit increased serum expression of IL-6, which in turn is correlated
with poor prognosis [134, 135].

IL-6 function within the CSC niche is not strictly limited to the direct maintenance of CSC
self-renewal and growth, rather IL-6 also has an indirect effect on CSC through modulation
of the stromal cell composition of the CSC niche itself. In breast cancer, the production of
IL-6 by CSC acts as an attractant for MSC, resulting in the migration of MSC directly to sites
of breast tumour growth [87]. This is particularly important as MSC have been described to
play a major supportive role for CSC within their local microenvironment, promoting both
tumour growth and angiogenic induction (as described above).

Aside from IL-6, a number of other interleukins play important roles in the regulation of
CSC. IL-17 is expressed by cells within the tumour microenvironment and promotes the self-
renewal of CSC in ovarian cancer [136]. High levels of IL-1 have been associated with ad‐
vanced metastatic disease [137, 138], suggesting that it may also play a role in modulating
CSC and the metastatic niche. Notably, increased IL-1 production by TAMs has been shown
to increase angiogenesis and tumour cell growth as well as enhance metastasis [139]. Simi‐
larly, increased levels of IL-8 in serum are also correlated with more aggressive cancer and
subsequently poor prognosis [140, 141]. This is likely due to the ability of IL-8 to modulate
CSC self-renewal, and hence tumour growth, as the IL-8 receptor (CXCR1) is found to be
highly expressed on CSC [142]. IL-8 in the tumour microenvironment is secreted by endo‐
thelial cells located within the perivascular niche, providing another mechanism through
which the vasculature can induce CSC growth. In addition, the expression of IL-8 can also
increase the expression of the CXCR1 receptor on CSC, making the CSC even more respon‐
sive to further IL-8 signalling [81].

11. Prognosis

The identification of CSC within the bulk tumour, as made possible through the use of phe‐
notypic markers (see Table 1) has been shown to correlate with patient prognosis and sur‐
vival. The expression of CD44, a common CSC marker, has been associated with high levels
of metastasis, increased incidence of tumour recurrence following treatment, and as a result,
poor patient outcome. This is likely due to the key role the CSC sub-population plays in the
growth and development of tumours, both at the primary site and for establishment within
the metastatic niche. An increase in the CSC isolated from breast cancer patients using the
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CD44high/CD24-/low phenotype was shown to correlate with more aggressive forms of disease
and poor patient prognosis [143, 144]. A similar correlation was also noted in pancreatic can‐
cer, with patients exhibiting increased expression of CD44 presenting with a median surviv‐
al of only 10 months, compared to 43 months in patients with low levels of CD44 [145]. High
ALDH1 expression was also demonstrated to correlate with poor prognosis in breast cancer
[13], rectal adenocarcinoma [146] and colorectal cancer [147]. Furthermore, ALDH1 expres‐
sion has also been shown to be indicative of tumour recurrence following treatment [148].
However, there remains some controversy in this area as high stromal cell expression of
ALDH1 within the tumour microenvironment has been associated with improved patient
outcome in breast cancer [149, 150], suggesting that use of stem cell markers as prognostic
indicators must be approached with some caution. CD133 expression was correlated with
metastasis in colorectal cancer patients, despite having no significant effect on overall sur‐
vival in the same study [147]. However, high levels of CD133 have been demonstrated to
correlate with poor clinical outcome in other studies [151, 152]. Other less commonly descri‐
bed markers of CSC, such as Nestin, have also been demonstrated to correlate with tumour
size and lymph node metastasis in non-small cell lung carcinoma and poor patient progno‐
sis in adenocarcinoma [153]. The analysis of CSC within a patient’s tumour, through the use
of defined CSC markers, may aid clinicians in defining more precise prognostic factors.

12. Resistance to therapy

Resistance to standard treatments, including radiation and chemotherapy regimens, fre‐
quently results in tumour relapse following a clinical response, due to the presence of resid‐
ual tumour cells. One of the key attributes of the CSC, which highlights their importance in
tumour development and maintenance, is the ability to resist chemotherapy-and radiation-
mediated treatment strategies. This has been observed in breast cancer patients, with the re‐
maining tumour cells following standard chemotherapy exhibiting both stem-and EMT-like
gene expression profiles [154]. The CSC-enriched component from breast cancer cell lines al‐
so display a decreased sensitivity to radiation [155]. In addition, following radiation treat‐
ment in glioblastoma, the recurring tumours tend to exhibit a distinct nodular pattern,
which is consistent with the theory of the recurring tumour arising from a clonal or sub-clo‐
nal source [156], likely due to the expansion of radio-resistant CSC. More recent studies
have identified a specific increase in the percentage of CSC within the radio-resistant tu‐
mours in glioblastoma and breast cancer both in patients and in culture [38, 155, 157]. Fur‐
thermore, the CSC population is specifically involved in the generation of new tumours
following treatment. This, coupled with the identification of both CSC and non-CSC cells
within the recurring tumour, is supportive of a specific subpopulation of cells, namely the
CSC, being responsible for the recurrent tumours.

The mechanism of therapy resistance in CSC is still largely unknown, however a number of
signalling pathways and molecules have been implicated in this process. Notably, resistance
is mediated by both extrinsic and intrinsic functions of the CSC, with extrinsically mediated
resistance governed by the CSC niche. The tumour environment, or niche, is well-document‐
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[128]. Furthermore, inhibition of the STAT3 pathway, through use of a specific STAT3 inhib‐
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expression and secretion of IL-6 and a resultant feed-forward loop that functions to further
enhance CSC function [130]. In addition, glioblastoma CSC are reliant on increased expres‐
sion of IL-6 to mediate growth, invasion and anti-apoptotic functions [131, 132]. Conversely,
the loss of IL-6 in mouse models results in reduction in gastric tumour formation [133].
These mechanistic studies provide an explanation as to why patients with advanced or
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play a major supportive role for CSC within their local microenvironment, promoting both
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11. Prognosis
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vival. The expression of CD44, a common CSC marker, has been associated with high levels
of metastasis, increased incidence of tumour recurrence following treatment, and as a result,
poor patient outcome. This is likely due to the key role the CSC sub-population plays in the
growth and development of tumours, both at the primary site and for establishment within
the metastatic niche. An increase in the CSC isolated from breast cancer patients using the
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CD44high/CD24-/low phenotype was shown to correlate with more aggressive forms of disease
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However, there remains some controversy in this area as high stromal cell expression of
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nal source [156], likely due to the expansion of radio-resistant CSC. More recent studies
have identified a specific increase in the percentage of CSC within the radio-resistant tu‐
mours in glioblastoma and breast cancer both in patients and in culture [38, 155, 157]. Fur‐
thermore, the CSC population is specifically involved in the generation of new tumours
following treatment. This, coupled with the identification of both CSC and non-CSC cells
within the recurring tumour, is supportive of a specific subpopulation of cells, namely the
CSC, being responsible for the recurrent tumours.

The mechanism of therapy resistance in CSC is still largely unknown, however a number of
signalling pathways and molecules have been implicated in this process. Notably, resistance
is mediated by both extrinsic and intrinsic functions of the CSC, with extrinsically mediated
resistance governed by the CSC niche. The tumour environment, or niche, is well-document‐
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ed to mediate drug-resistance. This can be mediated both through the release of soluble fac‐
tors and via cell adhesion mechanisms, with the latter commonly referred to as cell
adhesion-mediated drug resistance (CAM-DR) (Reviewed by [158]). Both forms of niche-
mediated drug resistance are well established in haematological malignancies. The bone
marrow represents the most common site of metastases in these tumours and is character‐
ised as an environment rich in IL-6 and fibronectin, with both of these factors being demon‐
strated to contribute to the acquisition of drug resistance [159]. As described earlier, the
CXCL12-CXCR4 axis is an integral component in CSC homing to the niche and the colonisa‐
tion of the pre-metastatic niche. This axis has also been shown to be a key player in tumour
drug-resistance, with CXCR4 positive cells responding to stromal cell-derived CXCL12, re‐
sulting in increased activation of Akt/PKB and ERK signalling pathways which, in turn, me‐
diate resistance by inducing anti-apoptotic pathways [160-162]. Direct cellular interactions
mediated by adhesion between integrins and their receptors (often components of the ECM,
including collagen and fibronectin), have also been directly associated with a decrease in
drug-induced apoptosis [163, 164]. These studies show that CAM-DR is a key feature of che‐
motherapy resistance in tumours that is modulated by the niche. Due to the expression of
CXCR4 and a range of integrins by CSC, coupled with the key interactions observed be‐
tween CSC, the ECM and the CSC niche, it is likely that these mechanisms may be involved
in CSC-specific resistance pathways.

In addition, activation of signalling pathways and increased expression of key molecules
within the CSC themselves, provide an intrinsic means of modulating CSC resistance. The
Wnt and Notch pathways that are commonly involved in regulating stem cell growth and
behaviour have shown increased activation in response to irradiation and may confer radio-
resistance on the CSC population. Inhibiting the Notch pathway or specific knockdown of
Notch1 or Notch2 in glioma CSC sensitises these cells to radiation [165]. Furthermore, radia‐
tion-resistant CSC exhibit increased levels of stabilised β-catenin [157, 166], which suggests
abnormal activation of the Wnt signalling pathway. Further to these signalling pathways, a
population of stem-like cells identified in AML patients have been shown to exhibit a higher
degree of drug efflux than non-stem cells isolated from the tumour [167], suggesting a
mechanism by which the CSC component of tumours may be able to escape the effects of
chemotherapeutic agents. This phenomenon is likely due to the increased expression of
drug transporter genes ABCG2 and ABCA3 on CSC [168]. A further mechanism through
which CSCs have been demonstrated to exhibit radiation-resistance is through enhanced ac‐
tivation of DNA damage checkpoint responses. A study utilising glioblastoma-derived CSC,
prospectively isolated by their CD133+phenotype, showed that although DNA damage was
initiated equally in both CD133- and CD133+ cells following radiation, the CD133+ cells (rep‐
resenting the enriched CSC population) were better able to repair the damage and hence
displayed a lower rate of apoptosis [38]. It was subsequently shown that the DNA damage
checkpoint proteins CHK1 and CHK2 showed preferential activation in the CD133+ cells. In
addition, these cells also showed a basal level of activation of another component of the
DNA damage checkpoint, rad17. These data suggest that the CSC component of the tumour
is specifically primed to respond to DNA damage caused by external stress stimuli, such as
radiation, and as such exhibit increased survival following treatment. Furthermore, these
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studies suggest that radiation and chemotherapy resistance may be mediated by enhanced
Wnt and/or Notch signalling, enhanced DNA damage responses and differential expression
of drug transporter enzymes.

The observations detailed above explain why current cancer therapies are generally ineffec‐
tive – or at least why tumour recurrence is extremely common in aggressive tumour types.
Coupled with differential expression of key genes and pathways that can mediate cell sur‐
vival following radiation and chemotherapy, the CSC are generally slow cycling and are not
targeted by conventional therapies. In addition, CSC homing to the niche and subsequent
adhesion provides important support for the CSC and in turn mediates drug resistance.
Therefore, surviving CSC following treatment regimens continue to grow and differentiate
and are able to re-populate the tumour.

13. Targeting CSC and the CSC niche in cancer therapeutics

Tumour regression following treatment does not always correlate with patient survival, and
this is due largely to the remaining treatment-resistant CSC (as described above). Therefore,
directly targeting the CSC, in conjunction with existing therapeutics, may provide a novel
treatment strategy to eradicate the residual CSC and hence prevent tumour recurrence.
When investigating suitable target pathways, it is also important to factor in both the target‐
ing of the CSC population directly, as well as the CSC niche that supports their growth and
survival. As has been discussed throughout this chapter, the niche provides essential sup‐
port for CSC and disruption of these supportive processes presents an attractive focus for
the development of new therapies.

CSC rely on increased expression of the developmental signalling pathways – namely Wnt,
Notch and Hedgehog – to regulate their increased growth and survival. These pathways
therefore represent key targets for the development of novel treatment strategies that may
significantly inhibit the growth of the CSC population. Targeting the Notch pathway as a
means of specifically targeting the CSC component of tumours is reviewed in detail by Pan‐
nuti et al. [169]. Inhibition of the Notch signalling pathway has been demonstrated to be ef‐
fective in reducing the frequency of CSC derived from colon, medulloblastoma,
glioblastoma and breast cancer [115, 118, 119, 170]. Importantly, inhibition of Notch signal‐
ling prevented breast cancer metastases [170] and when used in combination with a com‐
mon chemotherapeutic agent delayed tumour recurrence [119]. As the Hedgehog pathway
represents an essential signalling component in CSC to modulate self-renewal and tumour-
initiating properties, targeting the Hedgehog pathway is another feasible therapeutic option
(reviewed by [171]). Proof-of-principle for Hedgehog as a therapeutic target is demonstrated
as inhibition of the hedgehog pathway results in a reduction in the tumourigenic capacity of
human gliomas in immune-compromised mice [101]. The resident CSC population is re‐
quired for the inherent tumourigenicty of glioma cells; therefore this data supports a role for
inhibition of hedgehog in directly affecting the CSC component of the tumour. Specific in‐
hibition of the hedgehog signalling pathway using cyclopamine is effective in preventing
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ed to mediate drug-resistance. This can be mediated both through the release of soluble fac‐
tors and via cell adhesion mechanisms, with the latter commonly referred to as cell
adhesion-mediated drug resistance (CAM-DR) (Reviewed by [158]). Both forms of niche-
mediated drug resistance are well established in haematological malignancies. The bone
marrow represents the most common site of metastases in these tumours and is character‐
ised as an environment rich in IL-6 and fibronectin, with both of these factors being demon‐
strated to contribute to the acquisition of drug resistance [159]. As described earlier, the
CXCL12-CXCR4 axis is an integral component in CSC homing to the niche and the colonisa‐
tion of the pre-metastatic niche. This axis has also been shown to be a key player in tumour
drug-resistance, with CXCR4 positive cells responding to stromal cell-derived CXCL12, re‐
sulting in increased activation of Akt/PKB and ERK signalling pathways which, in turn, me‐
diate resistance by inducing anti-apoptotic pathways [160-162]. Direct cellular interactions
mediated by adhesion between integrins and their receptors (often components of the ECM,
including collagen and fibronectin), have also been directly associated with a decrease in
drug-induced apoptosis [163, 164]. These studies show that CAM-DR is a key feature of che‐
motherapy resistance in tumours that is modulated by the niche. Due to the expression of
CXCR4 and a range of integrins by CSC, coupled with the key interactions observed be‐
tween CSC, the ECM and the CSC niche, it is likely that these mechanisms may be involved
in CSC-specific resistance pathways.

In addition, activation of signalling pathways and increased expression of key molecules
within the CSC themselves, provide an intrinsic means of modulating CSC resistance. The
Wnt and Notch pathways that are commonly involved in regulating stem cell growth and
behaviour have shown increased activation in response to irradiation and may confer radio-
resistance on the CSC population. Inhibiting the Notch pathway or specific knockdown of
Notch1 or Notch2 in glioma CSC sensitises these cells to radiation [165]. Furthermore, radia‐
tion-resistant CSC exhibit increased levels of stabilised β-catenin [157, 166], which suggests
abnormal activation of the Wnt signalling pathway. Further to these signalling pathways, a
population of stem-like cells identified in AML patients have been shown to exhibit a higher
degree of drug efflux than non-stem cells isolated from the tumour [167], suggesting a
mechanism by which the CSC component of tumours may be able to escape the effects of
chemotherapeutic agents. This phenomenon is likely due to the increased expression of
drug transporter genes ABCG2 and ABCA3 on CSC [168]. A further mechanism through
which CSCs have been demonstrated to exhibit radiation-resistance is through enhanced ac‐
tivation of DNA damage checkpoint responses. A study utilising glioblastoma-derived CSC,
prospectively isolated by their CD133+phenotype, showed that although DNA damage was
initiated equally in both CD133- and CD133+ cells following radiation, the CD133+ cells (rep‐
resenting the enriched CSC population) were better able to repair the damage and hence
displayed a lower rate of apoptosis [38]. It was subsequently shown that the DNA damage
checkpoint proteins CHK1 and CHK2 showed preferential activation in the CD133+ cells. In
addition, these cells also showed a basal level of activation of another component of the
DNA damage checkpoint, rad17. These data suggest that the CSC component of the tumour
is specifically primed to respond to DNA damage caused by external stress stimuli, such as
radiation, and as such exhibit increased survival following treatment. Furthermore, these
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studies suggest that radiation and chemotherapy resistance may be mediated by enhanced
Wnt and/or Notch signalling, enhanced DNA damage responses and differential expression
of drug transporter enzymes.

The observations detailed above explain why current cancer therapies are generally ineffec‐
tive – or at least why tumour recurrence is extremely common in aggressive tumour types.
Coupled with differential expression of key genes and pathways that can mediate cell sur‐
vival following radiation and chemotherapy, the CSC are generally slow cycling and are not
targeted by conventional therapies. In addition, CSC homing to the niche and subsequent
adhesion provides important support for the CSC and in turn mediates drug resistance.
Therefore, surviving CSC following treatment regimens continue to grow and differentiate
and are able to re-populate the tumour.

13. Targeting CSC and the CSC niche in cancer therapeutics

Tumour regression following treatment does not always correlate with patient survival, and
this is due largely to the remaining treatment-resistant CSC (as described above). Therefore,
directly targeting the CSC, in conjunction with existing therapeutics, may provide a novel
treatment strategy to eradicate the residual CSC and hence prevent tumour recurrence.
When investigating suitable target pathways, it is also important to factor in both the target‐
ing of the CSC population directly, as well as the CSC niche that supports their growth and
survival. As has been discussed throughout this chapter, the niche provides essential sup‐
port for CSC and disruption of these supportive processes presents an attractive focus for
the development of new therapies.

CSC rely on increased expression of the developmental signalling pathways – namely Wnt,
Notch and Hedgehog – to regulate their increased growth and survival. These pathways
therefore represent key targets for the development of novel treatment strategies that may
significantly inhibit the growth of the CSC population. Targeting the Notch pathway as a
means of specifically targeting the CSC component of tumours is reviewed in detail by Pan‐
nuti et al. [169]. Inhibition of the Notch signalling pathway has been demonstrated to be ef‐
fective in reducing the frequency of CSC derived from colon, medulloblastoma,
glioblastoma and breast cancer [115, 118, 119, 170]. Importantly, inhibition of Notch signal‐
ling prevented breast cancer metastases [170] and when used in combination with a com‐
mon chemotherapeutic agent delayed tumour recurrence [119]. As the Hedgehog pathway
represents an essential signalling component in CSC to modulate self-renewal and tumour-
initiating properties, targeting the Hedgehog pathway is another feasible therapeutic option
(reviewed by [171]). Proof-of-principle for Hedgehog as a therapeutic target is demonstrated
as inhibition of the hedgehog pathway results in a reduction in the tumourigenic capacity of
human gliomas in immune-compromised mice [101]. The resident CSC population is re‐
quired for the inherent tumourigenicty of glioma cells; therefore this data supports a role for
inhibition of hedgehog in directly affecting the CSC component of the tumour. Specific in‐
hibition of the hedgehog signalling pathway using cyclopamine is effective in preventing
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cancer growth as well as invasion and metastasis (another feature attributed to the CSC pop‐
ulation) [172, 173]. Cyclopamine has also been shown to specifically reduce the number of
CSC in pancreatic cancer [174], providing evidence that inhibition of the Hedgehog pathway
can directly affect the CSC population. In addition to targeting the Notch and Hedgehog sig‐
nalling pathways, as described here, inhibitors of Wnt signalling have also been developed
in recent years and have been shown to be effective in reducing tumour cell growth
[175-177]. Further development of these inhibitors and specific investigation of the effect of
treatment on the CSC population is warranted.

Further studies have demonstrated a possible role for targeting a range of small molecules
and proteins that play an integral role in the survival and growth of CSC. For example, the
CXCR1/CXCR2 inhibitor repertaxin functions to inhibit IL-8 responses, and as such depletes
the CSC component of breast cancer xenografts, resulting in a reduction in tumour growth
and metastases [142]. In addition, CXCR4 antagonists have been established and are under
investigation for clinical efficacy in treating leukaemia [91, 178]. Due to the high expression
of CXCR4 on CSC and the role of the CXCL12-CXCR4 axis in mediating metastasis and drug
resistance, these antagonists may also have a therapeutic role in targeting CSC and modulat‐
ing their ability to colonise the pre-metastatic niche. The use of CSC phenotypic markers as
possible additions to anti-tumour therapies is also beginning to be developed. A proof-of-
principle study has demonstrated that use of an anti-CD44 antibody was able to reduce the
number of tumour-initiating cells, both in vitro and in a xenograft model. In addition, this
reduction of CSC resulted in decreased growth, metastasis and post-radiation tumour recur‐
rence in mice [145]. In addition, targeting CD44 in AML has shown promise in eradicating
the CSC population and reducing the tumorigenic capacity of cells in vivo [179]. The resist‐
ance of CSC to conventional therapeutics is perhaps the most critical function of CSC that
must be overcome in the identification of novel therapeutic strategies. To this end, targeting
critical enzymes in the DNA damage response pathway, CHK1 and CHK2, has been shown
to reverse the radio-resistance observed in CD133 positive glioma CSC [38]. In addition,
pharmacological inhibition or targeted knockdown of ABC drug transporter enzymes may
provide useful tools to reverse chemoresistance of CSC [180, 181].

Perhaps as important as targeting the CSC specifically, is targeting the CSC niche. Disrup‐
tion of critical components of the CSC niche has the potential to inhibit CSC growth and
subsequently reduce tumour development and metastases. As tumour angiogenesis is sup‐
portive of CSC survival, anti-angiogenic treatments, when used in combination with cyto‐
toxic chemotherapies, can reduce the CSC population [182]. In particular, VEGF has been
shown to be expressed directly by CSC and by the tumour microenvironment and is an im‐
portant molecule in regulating vessel formation as well as CSC growth. Targeting VEGF
specifically with bevacizumab has been demonstrated to disrupt the CSC niche, and as such
result in a reduction in the number of CSC and subsequently tumour growth [79, 183]. Spe‐
cific disruption of cellular interactions between the CSC and stromal cells that comprise the
CSC-and pre-metastatic-niche may also contribute to the inhibition of CSC growth and
metastasis. For example, the fibronectin receptor VLA-4 is required for interactions between
tumour cells and stromal cells of the pre-metastatic niche and antibodies targeting this re‐
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ceptor are able to prevent this association and reduce tumour burden following treatment
[163, 184]. In addition, targeting this and similar interactions involving integrins in breast
cancer cells can restore cells to an epithelial-like state [185, 186] and therefore may be useful
in reversing the EMT which enhances the ability of malignant cells, specifically CSC, to met‐
astasise.

14. Concluding remarks

CSC display a dependence on their niche for growth and survival. Signalling through vari‐
ous developmental pathways and via a range of cytokines and growth factors not only mod‐
ulates CSC growth and function, but can also alter the composition of the CSC niche. The
ability of tumours to metastasise is a feature of CSC, due to their enhanced capacity for mi‐
gration and invasion. This process is reliant on the formation and regulation of a pre-meta‐
static niche, which is conducive to the colonisation of CSC and subsequent tumour growth
at a secondary site. Metastasis accounts for almost 90% of all cancer-associated deaths. A
better understanding of what drives tumour cells to metastasise and the changes in the host
tissue and local microenvironments that may accommodate the establishment and colonisa‐
tion of circulating tumour cells will increase our capacity to develop novel therapeutic
agents that may inhibit or delay metastasis and as such have a significant impact on patient
outcome. In addition, understanding the radio-and chemo-resistant properties of CSC has
allowed us to ascertain possible mechanisms for tumour recurrence and poor patient out‐
come following initial tumour regression.

Described in this chapter are but a few of the possible novel therapies that target CSC-specif‐
ic factors and/or components of the CSC niche. Further investigation of these, and others, as
well as the development of novel agents, is still required to better understand the feasibility
of direct targeting of CSC and/or their niche in cancer therapy. Furthermore, reliable bio‐
markers for the CSC population are required in order to accurately determine the efficacy of
these treatments. Importantly, the development of these novel therapeutics would not re‐
place existing effective treatment such as radiotherapy and cytotoxic chemotherapy, but
rather would be used in conjunction with these known and proven agents. Combination
therapies, such as these, as has already been demonstrated in a small number of in vivo stud‐
ies, would better enable us to effectively inhibit the CSC and the functionality of the CSC
niche, and subsequently lead to improved overall survival and reduced incidence of tumour
recurrence.
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cancer growth as well as invasion and metastasis (another feature attributed to the CSC pop‐
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can directly affect the CSC population. In addition to targeting the Notch and Hedgehog sig‐
nalling pathways, as described here, inhibitors of Wnt signalling have also been developed
in recent years and have been shown to be effective in reducing tumour cell growth
[175-177]. Further development of these inhibitors and specific investigation of the effect of
treatment on the CSC population is warranted.

Further studies have demonstrated a possible role for targeting a range of small molecules
and proteins that play an integral role in the survival and growth of CSC. For example, the
CXCR1/CXCR2 inhibitor repertaxin functions to inhibit IL-8 responses, and as such depletes
the CSC component of breast cancer xenografts, resulting in a reduction in tumour growth
and metastases [142]. In addition, CXCR4 antagonists have been established and are under
investigation for clinical efficacy in treating leukaemia [91, 178]. Due to the high expression
of CXCR4 on CSC and the role of the CXCL12-CXCR4 axis in mediating metastasis and drug
resistance, these antagonists may also have a therapeutic role in targeting CSC and modulat‐
ing their ability to colonise the pre-metastatic niche. The use of CSC phenotypic markers as
possible additions to anti-tumour therapies is also beginning to be developed. A proof-of-
principle study has demonstrated that use of an anti-CD44 antibody was able to reduce the
number of tumour-initiating cells, both in vitro and in a xenograft model. In addition, this
reduction of CSC resulted in decreased growth, metastasis and post-radiation tumour recur‐
rence in mice [145]. In addition, targeting CD44 in AML has shown promise in eradicating
the CSC population and reducing the tumorigenic capacity of cells in vivo [179]. The resist‐
ance of CSC to conventional therapeutics is perhaps the most critical function of CSC that
must be overcome in the identification of novel therapeutic strategies. To this end, targeting
critical enzymes in the DNA damage response pathway, CHK1 and CHK2, has been shown
to reverse the radio-resistance observed in CD133 positive glioma CSC [38]. In addition,
pharmacological inhibition or targeted knockdown of ABC drug transporter enzymes may
provide useful tools to reverse chemoresistance of CSC [180, 181].

Perhaps as important as targeting the CSC specifically, is targeting the CSC niche. Disrup‐
tion of critical components of the CSC niche has the potential to inhibit CSC growth and
subsequently reduce tumour development and metastases. As tumour angiogenesis is sup‐
portive of CSC survival, anti-angiogenic treatments, when used in combination with cyto‐
toxic chemotherapies, can reduce the CSC population [182]. In particular, VEGF has been
shown to be expressed directly by CSC and by the tumour microenvironment and is an im‐
portant molecule in regulating vessel formation as well as CSC growth. Targeting VEGF
specifically with bevacizumab has been demonstrated to disrupt the CSC niche, and as such
result in a reduction in the number of CSC and subsequently tumour growth [79, 183]. Spe‐
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at a secondary site. Metastasis accounts for almost 90% of all cancer-associated deaths. A
better understanding of what drives tumour cells to metastasise and the changes in the host
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come following initial tumour regression.

Described in this chapter are but a few of the possible novel therapies that target CSC-specif‐
ic factors and/or components of the CSC niche. Further investigation of these, and others, as
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these treatments. Importantly, the development of these novel therapeutics would not re‐
place existing effective treatment such as radiotherapy and cytotoxic chemotherapy, but
rather would be used in conjunction with these known and proven agents. Combination
therapies, such as these, as has already been demonstrated in a small number of in vivo stud‐
ies, would better enable us to effectively inhibit the CSC and the functionality of the CSC
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