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The Role of Stroma in Hematopoiesis and Dendritic Cell Development
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Abstract: Development of the immune system is depicted as a hierarchical process of differentiation from
hematopoietic stem cells (HSC) to lineage-committed precursors, which further develop into mature immune
cells. In the case of dendritic cell (DC) development, this linear precursor-progeny approach has led to a
confused picture of relationships between various subsets of DC identifiable in vivo. A possible reconciliation
of the diversity of DC precursors and DC subsets in vivo encompasses the role of the microenvironment in DC
hematopoiesis. We propose here that various niches for DC hematopoiesis within lymphoid organs could
account for the diversity of DC in vivo. A tridimensional space consisting of stromal cells which produce a
range of membrane-bound and secreted molecules providing signals to DC progenitors would define these

niches.
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INTRODUCTION

Stromal tissues within hematopoietic organs play a key
role in the regulation of hematopoiesis. The stroma provides
structural support for hematopoiesis by formation of a
network of connective tissues. They also define a
microenvironment suitable for maintenance of HSC as well
as providing cues for development of all hematopoietic
lineages [1].

The ontogeny of stroma with hematopoietic support
capacity is not well understood. During embryonic
development, the mesenchyme, a tissue of mesodermal
origin, gives rise to stromal cells including fibroblasts,
osteoblasts, chondrocytes, smooth muscle cells and
endothelial cells [1]. Evidence has shown that mesenchymal
stem cells persist in adulthood and can reconstitute all
mesenchymal lineages [2,3]. These mesenchymal stem cells
(MSC) are believed to follow a hierarchical development
similar to hematopoiesis. At least in vitro, MSC can
differentiate into osteoblasts, chondrocytes and adipocytes
under specific culture conditions. It has been proposed that
MSC differentiate into committed progenitors of each of the
stromagenic, chondrogenic, adipogenic and osteogenic
lineages by stochastic regulation of four different sets of
genes [1]. Further development of committed progenitors
into terminally differentiated cell types would then be
regulated by specific growth factors, cytokines and
hormones. Four main cell types within adult bone marrow
are known to regulate hematopoiesis: macrophages,
adipocytes, osteogenic cells and reticular cells [2].
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DEFINITION OF A HEMATOPOIETIC STEM CELL
NICHE

HSC show properties that distinguish them from any
other cell, including the ability to undergo asymmetric cell
divisions, extensive self-renewal capacity, existence in a
mitotically quiescent form, and ability to clonally regenerate
all of the cell types of its initial tissue [4]. Although HSC
possess cell-intrinsic characteristics responsible for these
functions, regulation of hematopoiesis often requires external
signals provided by the microenvironment. Extrinsic
regulation of HSC self-renewal and development has been
proposed [4]. The plasticity of stem cells to adopt one fate
instead of another has prompted a model for
microenvironmental regulation of stem cell properties [5].
Indeed during embryonic development, HSC have been
located in intimate contact with vascular endothelial cells
both in the yolk sac and in the AGM (aorta-gonads-
mesonephros) region of the embryo [6].

In vitro studies have been performed with the aim of
delineating the microenvironment required to maintain stem
cells properties of HSC. For instance, cell lines derived from
fetal liver were examined for their ability to maintain HSC
in vitro, and only a small number of cell lines were found to
be supportive [7]. Investigation of expression of several
cytokines and growth factors showed no correlation between
cell line supportive function and pattern of cytokine
transcription, which included SCF, LIF, IL-6, IL-7, IL-11,
G-CSF, GM-CSF, IGF-1 and TGFb [7]. Only a small
number of cell lines was able to support HSC self-renewal
and had ability to fully reconstitute the hematopoietic
system after adoptive transfer into recipient mice [8].
Molecular delineation of the microenvironment using a panel
of fetal liver cell lines has proven useful to identify new
potential regulators of the HSC niche [9]. For example, this
led to the identification of molecules with the Fringe motif,
related to the Notch family, as well as cadherin molecules
involved in extracellular matrix cell adhesion processes [9].
Osteopontin, a membrane protein involved in extracellular
matrix formation expressed by osteoblasts, was identified as
a key regulator of the HSC niche within bone marrow [10].

© 2007 Bentham Science Publishers Ltd.



24 Current Stem Cell Research & Therapy, 2007, Vol. 2, No. 1

Stromal components of the HSC niche within bone
marrow were independently identified as osteoblasts and
endothelial cells [11-13]. The in vivo HSC niche within
bone marrow indicates a role for osteoblasts in regulating
proliferation and niche size [11,12]. However, endothelial
cells of sinusoidal vessels in bone marrow and spleen
contain another pool of HSC available for blood
mobilisation [13]. These rather opposite definitions of
stromal niches for HSC could be explained by the needs of
distinct pools of HSC, some quiescent and well-protected
from any stress and shock, and others in a proliferative state
readily available for mobilization [14].

Interactions between HSC and their microenvironment
are critical for self-renewal of HSC [15]. Heterologous
expression of b-catenin in HSC, or Wnt signals provided by
the microenvironment, regulate HSC self-renewal. Sonic
hedgehog (Shh) and Bone Morphogenetic Protein 4 (BMP-
4) are also key regulators. Treatment of HSC with Shh led
to expansion in vivo, while an inhibitor of BMP-4 inhibits
Shh-induced HSC proliferation, indicating that Shh acts
upstream of BMP-4 [16]. Together these results suggest that
developmental pathways regulating hematopoiesis in the
embryo could play an important role during hematopoiesis
in the adult. Furthermore this evidence also supports a
model of niche-directed hematopoiesis.

VASCULAR NICHES FOR STEM CELLS AND
HEMATOPOIETIC CELLS

Endothelial components of stem cell niches have been
identified for HSC as well as for neural stem cells, and
MSC have been located near vascular pericytes within bone
marrow [3,13,17,18]. Endothelial cells of sinusoidal vessels
in bone marrow and spleen also constitute another niche type
for HSC, making them readily available for blood
mobilisation [13]. Furthermore, a gradient of HSC potential
has been observed within bone marrow, whereby HSC with
full lineage reconstitutive capacity, line the bone endosteum,
while more committed progenitors like maturing
granulocytes increase in number toward the centre of the
bone cavity [19].

Evidence for multiple distinct niches has also been
shown in B lymphopoiesis. The migration of B lymphocyte
precursors between bone marrow niches was revealed by
close association between stromal cells expressing Cxcl12
and pre-pro-B cells, and between IL-7-expressing
mesenchymal cells and pro-B lymphocytes [20]. A role for
sinusoidal endothelial cells within bone marrow in
supporting megakaryocytopoiesis has also been reported
[21]. Recent evidence has now indicated that splenic
endothelial cells play a specific role in development of a
distinct subset of DC [22], as well as for in vitro
development of immature myeloid DC from progenitors
[23].

Overall, there are many examples of the critical role
played by endothelial cells in various organs in the
regulation of hematopoietic niches. Indeed, specialised
sinusoidal endothelium was proposed to be important in
regulating maintenance of HSC [13]. By their nature and
capacity to form blood vessels, endothelial cells are
constantly exposed to blood circulating cytokines, hormones
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and other soluble factors. Endothelial cells have a primary
function to transduce messages from one organ to another
via cell surface receptors and adhesion molecules. They are
well placed to be involved in the regulation of hematopoietic
niches within multiple organs.

IN VITRO STUDIES OF HEMATOPOIESIS

Stromal cells obtained in vitro are derived from long
term cultures (LTC) of dissociated lymphoid tissues. The
initial development of an adherent stromal cell layer is
critical to support production of mature hematopoietic cells
from stem cells or progenitors [24]. Adherent stromal cell
monolayers in vitro are quite heterogeneous and can include
endothelial cells, fibroblasts, adipocytes and macrophages
[24]. LTC have been described which can produce
granulocyte/macrophage progenitors or B lymphocytes
[25,26]. Bone marrow stroma can support HSC proliferation
and myeloid cell development, myeloid/lymphoid
development, B lymphopoiesis and megakaryocyte
development [27-29]. Spleen stroma can support
development of erythroid cells from fetal liver [30]. Fetal
liver stromal cell lines can support maintenance of HSC [7].
Hence, various stroma define an in vitro microenvironment
regulating proliferation and development of HSC into
mature cells by providing specific signals through secreted
and membrane-bound proteins. In many ways, stroma
obtained from LTC mimic the various hematopoietic niches.

Most studies on stroma have focused on support function
for hematopoiesis, with little definition of stromal cell types
involved. Stromal cell lines supportive of different
hematopoietic processes have been characterised in terms of
cell surface marker expression according to the vascular
smooth muscle cell (VSMC) pathway [31,32]. VSMC or
pericytes are mural cells lining the external side of blood
vessels [33]. During embryogenesis, angiogenesis and
hematopoiesis occur simultaneously [34]. Formation of new
vessels is a multistep process, involving first endothelial
cells which later recruit mural cells [35]. Altogether, this
supports the common view that stromal cells with
hematopoietic support capacity could arise from a VSMC
pathway related to angiogenesis.

A NICHE MODEL FOR DENDRITIC CELL
DEVELOPMENT

There has been extensive evidence for numerous in vivo
subsets of functional DC. DC development studies based on
precursor-progeny approaches imply the existence of a
common DC progenitor. Recent evidence now confirms the
existence of several lineages of DC including conventional
DC of both myeloid and lymphoid origin, as well as the
IFN-a -producing plasmacytoid DC and the Langerhans cells
in skin [36]. However, even within these lineages many
distinct DC subsets have been described representing cells in
different states of maturation and function. While these cells
maintain DC morphology and CD11c* phenotype, they
express distinguishing markers and functions. The range of
different subsets in spleen, lymph node, thymus and skin is
shown in Table 1.

One model to explain the existence of many DC
subtypes in vivo could be that development of DC is
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Table 1. Tissue Location and Phenotype of Common DC Subsets

Site Subtype DC subset Reference

Conventional DC CD11c*CD11b*CD8a MHC-11"B220 [37]

CD11c*CD11b"CD8a*MHC-117B220 [37]

Spleen Plasmacytoid DC CD11c'°cD11b cD8a MHC-1119* B220* [38]

Regulatory DC CD11c'°CD11b*MHC-11"CD45RB* [39]

cD1icl°cD11b*MHC-111°CD45RB* [40]

Lymphoid-like DC CD11c*CD11bCD8a*MHC-I1*B220" [41]

Thymus Plasmacytoid DC CD11c*CD11b"CD8a*MHC-11'°B220* [42]

Skin Langerhans cells CD11c*CD8a MHC-11"B220CD207* [43,44]

Conventional DC CD1lc*CD8a"MHC-I11° [45]

Lymph node cb1lc*cD8a*MHC-111 [45]

Plasmacytoid DC CD11c*CD11b"MHC-11'°B220* [46]

Langerhans cells cD1lc*cD8a"MHC-I1*CD205*CD207* [47]

regulated by the microenvironment, rather than being a cell-
intrinsic phenomenon. One hypothesis to reconcile evidence
for multiple DC precursors is the existence of specific
microenvironments within various organ sites. Various DC
progenitors localising in specific tissue niches would therein
develop into tissue-specific DC. Thus, multiple niches could
contribute to the development of a diversity of DC subtypes
[48]. Such a model offers strategic advantage for
compartmentalisation of the immune system by production
of site-specific DC with unique functional capacity as
antigen presenting cells. A major component of this model
is the stroma, which produces growth factors, extracellular
proteins and cell-membrane molecules involved in adhesion
of hematopoietic cells. Another main element of the niche
model is a committed progenitor cell with capacity to self-
renew and develop into DC. Together they would define a
niche for development of tissue-specific DC subsets within
various organs, such as the thymus, the skin and the spleen.

The thymus has been shown to contain lymphoid
progenitors which can form both T lymphocytes and CD8a™*
lymphoid-like DC [41]. The thymus could contain stromal
elements regulating the development of a specific subset of
lymphoid-like DC, and human thymic stromal monolayers
have been shown to support development of DC from
progenitors present in cord blood [49].

The epidermis defines another microenvironment specific
for the development of skin DC or Langerhans cells (LC).
The secreted factors TGF-bl and IL-4 are involved in LC
development, and these have been shown to regulate the
epidermal LC niche [50,51]. An in vitro system of coculture
of CD34* cord blood cells with cutaneous fibroblast cell
lines supports the development of dermal DC [52],
indicating that specific stromal elements within dermis can
regulate DC development. Self-renewing hematopoietic
progenitors located in skin give rise to LC, and have been
shown to be exclusively dependent on TGF-bl for
development and differentiation [53].

STROMAL CELL FUNCTION IN
DENDRITIC CELL DEVELOPMENT

SPLEEN

Long-term stromal cultures (LTC) from murine spleen
have been shown to support hematopoiesis of immature
myeloid CD8a" DC [54]. More recent studies how confirm
a specific role for stromal cell niches within spleen in the
regulation of DC development. Murine spleen stromal cells
which support hematopoiesis of plasmacytoid or regulatory
DC were described as both fibroblastic cells expressing the
ER-TR7 marker, and as resident CD68* macrophages [39].
Similarly, human CD34* cord blood cells cocultured with
human spleen-derived myofibroblastic cell lines develop into
DC in vitro [55]. This further supports the role of a
fibroblast population within spleen in the regulation of DC
development. However, other evidence indicates a role for
endothelial cells within spleen in DC development. Primary
cultures of murine splenic cells having endothelial-like
properties have also been shown to support the development
of a DC subset with distinct regulatory characteristics from
hematopoietic progenitors [22,40]. Human endothelial
umbilical vein cells (HUVEC) treated with TNF-a, but not
IL-1b or IL-4, support the development of DC from CD34*
cells [56]. While contradictory in terms of stromal cell type
responsible for DC development, these reports show that
direct contact between stromal cells and hematopoietic
progenitor cells is essential for DC development and
function in spleen.

The molecular interactions which support DC
development in splenic niches can be investigated in vitro
using murine spleen LTC producing DC [57]. During
establishment of spleen LTC, an adherent layer is formed
which supports production of non-adherent hematopoietic
cell populations. These comprise populations of small DC
progenitors and large immature DC. Progenitors maintained
within LTC proliferate, differentiate and are released into
supernatant as immature myeloid DC. Small DC progenitors
are heterogeneous for markers like Sca-1, c-kit, CD11c and
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CD11b and have poor endocytic activity. Larger immature
DC represent a homogeneous cell population expressing
CD80, CD86, low levels of MHCII and showing good
endocytic activity [57,58]. Over many cultures, these cells
reproducibly resemble immature myeloid DC [54]. The
STX3 splenic stroma was isolated from a LTC which no
longer produced DC due to loss of progenitors [59]. It can,
however, support DC development from overlaid bone
marrow [59]. The development of myeloid DC from bone
marrow progenitors which colonise STX3 stroma is shown
in Fig. 1. Small DC progenitors isolated from LTC by cell
sorting specifically develop into large immature DC upon
coculture above the competent STX3 splenic stroma [50].
Committed DC progenitors require stromal cell contact for
growth and proliferation, and substitution of stroma with
growth factors like IL-1b, IL-3, IL-6, IL-7, FIt3L, GM-CSF,
SCF or TNF-a does not lead to DC development from
isolated LTC progenitors [60].

We have therefore utilised the LTC model producing DC
to investigate the splenic microenvironment for in vitro DC
development. Dissection of the splenic microenvironment
has involved the STX3 splenic stroma as support for
overlaid DC precursors in bone marrow. Genome-wide
expression analysis of STX3 was performed using
Affymetrix GeneChips with generation of a database of
expression levels of all genes available on the Murine
Genome U74Av2 GeneChip. In parallel, STX3 was cloned
by single-cell sorting and a panel of 102 stromal cell lines
were established. The Affymetrix results proved useful for
delineating cell types and for identification of potential
regulators of DC development. The panel of cloned lines
revealed heterogeneity amongst stromal cells in terms of
morphology and support function for hematopoietic cell
development. This combined study has identified an
immature endothelial cell type in splenic stroma as an
essential component of a splenic niche for DC development.
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INVESTIGATION OF THE NICHE ENVIRONMENT
FOR DENDRITIC CELL DEVELOPMENT IN
SPLEEN

Stromal cells derived from spleen provide a model
microenvironment for DC development. The mixed splenic
stromal cell population STX3 defines an in vitro
microenvironment supportive of DC development from
overlaid bone marrow or spleen. Gene profiling using
Affymetrix GeneChips has produced a dataset of 154 genes
specifically expressed in STX3 and not in the control non-
supporter lymph node stroma 2RL22 [61]. Functional
annotation has led to the selection of 26 genes as candidate
regulators of the STX3 microenvironment supporting DC
hematopoiesis. The specific expression of 14 of these genes
in STX3 and not 2RL22 was confirmed by reverse
transcription-polymerase chain reaction. The expression of
genes encoding endothelial-cell markers, candidate growth
factors and known regulators of DC development was also
investigated in the Affymetrix dataset. This data-mining
approach revealed common gene expression between STX3
and primary cultures of endothelial-like splenic stromal cells
shown to be supportive of DC development [22]. Several
endothelium-related genes were also found to be expressed
by STX3. This study has clearly defined the DC supportive
stromal cells in STX3 as immature endothelial cells.
Overall, genes specifically expressed in STX3 are known to
be associated with functions of angiogenesis, growth factor
and cytokine activity, and development. These are
summarised in Table 2.

Dissection of cellular components of the STX3 stroma
by single-cell cloning and analysis of DC support function
of individual clones has also provided information on the
niche environment for DC development in spleen. A panel
of 102 splenic stromal cell lines was established, and a range
of clone morphologies was identified as reflective of

Fig. (1). Development of DC from bone marrowoverlaid on STX3 stroma. Phase contrast microscopy of stromal cultures. A. STX3
stroma alone. B. Cells developing at 14 days after overlay of unfractionated bone marrow above STX3. Bar represents 30mm.
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Potential Regulators Specifically Expressed by the STX3 Microenvironment Supportive of Dendritic Cell Development

Biological process Molecular function

Gene

Angiogenesis Cell surface molecules

Cd34, Mcam, Thyl

Receptors

Acvrll, EphB2

Extracellular matrix proteins

Fbin1, Col18al

Matrix remodelling

Mmp8, Mmp12, Mmp10, Mmp16, Plau

Secreted factors Growth factors

1gf2, Gdf10, Hgf

Development

Cytokines G1p2, Gdf10, Ccl8, Ccl11, Ccl5, Cxcl10, Ctfl
Thymopoiesis Sifn2
Embryo segmentation 0dz3

Whnt pathway

Dkk3, Col18al, Lefl

TGFb pathway

Cktsflbl, Gdf10, Acvrll, Grfa2

heterogeneity in STX3 [48]. These included stromal cells
which grew as cuboidal cells and others which grew as
elongated spindle-shaped cells, However, similar expression
levels for the endothelial genes Acvrll/Alkl, Col18al and
Mcam in 13 splenic stromal cell lines with either cuboidal or
spindle-shaped morphology suggested that cells with both
morphologies were of endothelial origin. The hematopoietic
support function of stromal clones was tested in coculture
assays using a bone marrow cell overlay. Splenic stromal
clones with different morphologies were found to be both
supporters and non-supporters of hematopoiesis, evidenced
as either foci formation or release of DC in suspension. Four
representative splenic stromal cell lines which support
hematopoiesis from bone marrow were further characterised
in terms of endothelial cell function [48]. All four stromal
lines express the endothelial genes Acvrll, Cd34, Col18al,
Eng, FIt1, Mcam and Vcaml but not Cd31 or Vwf, which
are expressed by mature endothelial cells. Three lines with
cuboidal morphology form tube-like structures when
cultured on Matrigel. Capacity for formation of tube-like
structures correlates with ability to support myeloid DC
development from overlaid bone marrow. A fourth cell line,
with spindle-shape morphology and unable to form tube-like
structures in Matrigel, produced large granulocytic cells
expressing CD11b and CD86, but not the CD11c and CD80
markers reflective of DC. These supporter and non-supporter
lines will be used in studies to identify differentially
expressed markers for identification of endothelial cells
which specifically support DC differentiation. Conditioned
medium from splenic stromal cell lines also showed support
for DC production from precursors in bone marrow,
confirming that soluble factors and cytokines produced by
stromal lines can drive DC development. However, long
term production of DC from progenitors in bone marrow
requires the presence of stroma.

In  conclusion, a niche-directed model for DC
development is presented, which supports hematopoiesis of
progenitors and differentiation of precursors into immature
myeloid DC. We have specifically studied the splenic
microenvironment for DC development, and identified
immature endothelial cell lines derived from spleen which
are supportive of DC development. These results predict the

existence of an immature endothelial cell type in vivo which
regulates DC development within spleen. Our model under
test is that this niche environment supports hematopoiesis of
an endogenous DC progenitor resident in spleen. Given
evidence for heterogeneity amongst endothelial cells within
the sinusoidal microvasculature of spleen [62], future studies
will be directed at location of niches and characterization of
endothelial cells which support DC hematopoiesis.
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