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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.

I NT E C H © 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,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



4 Adult Stem Cell Niches

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 Fl1t3-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 Gy/G, 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-f/Smad pathway has been implicated in the
maintenance of quiescence in HSC [21], and the addition of TGF- 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
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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 a1 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 a,;, asp,, 9P, and a,B; [28-30]. A
role for THPO and ANGPT1 in HSC maintenance was demonstrated in studies which showed
areduction 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
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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 gp1307/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 gp1307mice [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 cxcl/12
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 poolin 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
VCAMIICAMI'LTBR Tlymphoid 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
LTap signaling, which occurs as a result of binding between lymphotoxin-alp2 (Lta,[3,)
expressed on LTi cells and the lymphotoxin-f3 receptor (LTBR) on LTo cells [49]. Engagement
of Lty 3, and LTBR induces the activation of two NF«B pathways which promote mesenchy-
mal and endothelial cell differentiation [50]. In addition, increased expression of adhesion
molecules like VCAM]I, 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 Lta;(3, signaling in secondary lymphoid organ development was first
documented after the initial observation that lymph nodes and Peyer’s patches failed to
develop in LTa’'mice [52]. Identification of what are currently known as LTi cells began with
the search for the LTaf-expressing cell subset which was first found in developing mesenteric
lymph nodes [53]. These LTaf-expressing cells were later characterised as CD45'CD3-
CD4'cells. Insight into the role of LTaf-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"CD3CD4"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]. Itis 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 naive 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 CD11c"MHC-II" marker expression
that can be further classified into CD8a*and CD8asubsets [65]. CD8a*cDC are phenotypically
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distinguishable as CD11c*CD11b CD8a*MHC-II'B220cells, while CD8acDC are CDllc
*CD11b*CD8ar MHC-II"B220 cells [65, 66]. Plasmacytoid DC exist as less mature DC precursors
in the steady-state, producing natural type I interferon (IFN-a) 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 LinCX3CR1*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 CD11c™CD11b
*CD45RAand CD11c°CD11b-CD45RAM cells that differentiate to give mature CD8ac¢DC in
the presence of TNF-a and GM-CSF, and IFN-a producing pDC in the presence of GM-CSF
and CpG [72]. CD8acDC 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 CD11c™CD45RACD43"SIRP-a™CD4 CD8a 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 anetwork 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 naive T cells expressing the chemokine receptors CCR7 and CXCR4 [85].
Fibroblastic reticular cells also enhance the survival of naive T cells in the steady-state by
producing interleukin-7. This is important in increasing the probability that naive 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-TR?,
desmin, laminin, VCAM1, and MAdCAM]1, marginal reticular cells appear to also specifically
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express RANKL, the receptor activator of NF-kB 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 CD8a[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, Veam1, Pdgfra/p 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
osteoprogenitors that supports extramedullary hematopoiesis.
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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 F1t3-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 FIt3 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 itis 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 inbone 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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