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Abstract

Cell fate decisions are governed by a complex interplay between cell-
autonomous signals and stimuli from the surrounding tissue. In vivo
cells are connected to their neighbors and to the extracellular matrix
forming a complex three-dimensional (3-D) microenvironment that is
not reproduced in conventional in vitro systems. A large body of
evidence indicates that mechanical tension applied to the cytoskeleton
controls cell proliferation, differentiation and migration, suggesting
that 3-D in vitro culture systems that mimic the in vivo situation would
reveal biological subtleties. In hematopoietic tissues, the microenvi-
ronment plays a crucial role in stem and progenitor cell survival,
differentiation, proliferation, and migration. In adults, hematopoiesis
takes place inside the bone marrow cavity where hematopoietic cells
are intimately associated with a specialized three 3-D scaffold of
stromal cell surfaces and extracellular matrix that comprise specific
niches. The relationship between hematopoietic cells and their niches
is highly dynamic. Under steady-state conditions, hematopoietic cells
migrate within the marrow cavity and circulate in the bloodstream.
The mechanisms underlying hematopoietic stem/progenitor cell hom-
ing and mobilization have been studied in animal models, since
conventional two-dimensional (2-D) bone marrow cell cultures do not
reproduce the complex 3-D environment. In this review, we will
highlight some of the mechanisms controlling hematopoietic cell
migration and 3-D culture systems.

Key words

« Multicellular spheroid

« Three-dimensional culture
« Cell migration

« Bone marrow

Introduction

In mammalian tissues, cells are connected
to each other and to a mesh of extracellular
matrix (ECM) that forms a three-dimensional

(3-D) scaffold. It is well established that cell
contact with ECM, viaintegrins, affects many
cellular functions such as proliferation, dif-
ferentiation, migration, apoptosis, and cell
shape (reviewed in Ref. 1). However, in
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order to study these cellular processes, cells
are usually isolated from the tissues and
grown in two-dimensional (2-D) culture sys-
tems. Unfortunately, this alters the interac-
tions between cells and the ECM and the
complex organization of integrins and cyto-
skeleton molecules, modifying cell shape.
Since composition and organization of ECM
as well as cell shape can markedly influence
cell proliferation, differentiation, and migra-
tion (1-3), the degree to which the results
obtained using 2-D cultures represent the in
vivo situation should be considered with cau-
tion.

Three-dimensional culture systems:
revealing cellular subtleties

Usually, cell differentiation is associated
with changes in cell shape that are thought to
arise by the modulation of integrin signaling
pathways and cytoskeleton molecules (1,3).
However, there is increasing evidence that
changes in cell shape themselves can actu-
ally affect cell fate decisions. Cell morphol-
ogy influences proliferation (4), differentia-
tion (5), gene expression (6), and migration
(7). Recently, it was shown that cell shape
drives the differentiation of human mesen-
chymal stem cells towards the adipogenic
and osteogenic lineages. Shape-dependent
control of cell differentiation was shown to
be mediated by Rho small GTPase via
ROCK-mediated cytoskeleton tension (2).

On this basis, it should be considered that
the dramatic change in cell morphology that
occurs when they are grown on a plastic
surface could affect cell behavior. Although
being conveniently used for the maintenance
of cells and for biological studies, these
conventional culture systems are 2-D, and
impose highly unnatural geometric and me-
chanical constraints, with an artificial polar-
ization and spreading of many types of cells.
So, itis not surprising that investigators have
recently reported striking differences in re-
sults obtained using 2-D cultures as opposed
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to those obtained in vivo and in 3-D cultures.
Comparing the behavior of fibroblasts in 2-
D versus 3-D cultures, Cukierman and col-
leagues (8) observed that in 3-D, the cells
moved and divided more quickly, and as-
sumed the characteristic asymmetric shape
that fibroblasts have in living tissues. Fur-
thermore, these investigators noticed that in
3-D, as well as in vivo, fibroblast interaction
with ECM did not involve the development
of focal adhesions or the phosphorylation of
focal adhesion tyrosine kinases. Recently, it
was shown that in tissue cultures in plastic
plates, fibroblasts show a redistribution of
anchoring receptors to their ventral surface
and that the lack of dorsal receptor anchor-
age created an imbalance that would cause
cells to spread out (9). This imbalance also
affected cell migration, cytoskeleton organ-
ization, and the development of focal adhe-
sions.

Striking differences in cell behavior in 2-
D versus 3-D culture systems were also de-
scribed by the group of Dr. Bissel, who
observed that incubation of mammary carci-
noma cells with antibody against 31-integrin
inhibited cell growth and reversed the ma-
lignant phenotype in vivo and in 3-D cul-
tures. However, these effects were not ob-
served when the cells were cultured as mono-
layers (10). The cell growth arrest and aci-
nus formation were due to a bidirectional
cross-modulation of B1-integrin and epider-
mal growth factor receptor signaling via the
mitogen-activated protein kinase pathway.
More importantly, this reciprocal modula-
tion did not occur in monolayers, in which
qualitative changes in epidermal growth fac-
tor receptor and integrin signaling pathway
and their coupling to the mitogen-activated
protein kinase pathway were observed (11).

It is well established that tumor cell inva-
sion and migration involves adhesion to ECM
substrate coordinated with proteolytic cleav-
age by matrix metalloproteinases (MMPs),
resulting in the degradation and remodeling
of interstitial tissue barriers. However, in
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vivo targeting of MMP function by protease
inhibitors showed unexpectedly weak ben-
efit in some animal tumors (reviewed in Ref.
12). A mechanism that explains the failure in
inhibiting tumor cell invasion by blocking
MMP activity has been recently proposed.
Using a 3-D fibrillar collagen-rich matrix
culture, Wolf and colleagues (13) showed a
switch to a nonproteolytic “amoeboid” mi-
gration after abrogation of the ECM-pro-
teolysis capacity of a fibrosarcoma cell line.
This “amoeboid” movement was also ob-
served in vivo, after blocking MMP activity.
This compelling evidence of the influ-
ence of cell culture conditions on cell behav-
ior suggests that 3-D culture systems can
provide a better model for what happens in
vivo and would be an intermediate model
between conventional in vitro cell culture
systems and experimental animal models.

Multicellular spheroids: a 3-D
in vitro culture system

Multicellular spheroids, a 3-D cell cul-
ture system, have been widely used over the
past four decades as in vitro systems to study
the mechanisms underlying organogenesis,
tumor cell response to therapy, and epitheli-
al-mesenchymal cell interactions in tumors.
These spherical reaggregated cell cultures
were first introduced as an approach to the
understanding of morphogenesis. Since spon-
taneous cell-cell interactions are developed
in a non-preorganized scaffold from dis-
persed cells of a particular tissue, this method
allows the investigation of basic principles
of tissue formation. Later on, malignant cel-
lular reaggregates, the multicellular tumor
spheroids, were developed from solid tu-
mors and were proven to be a useful model
for systematic studies of tumor cell response
to therapy. Nowadays, the spheroid approach
is seen as a scaffold-free artificial microtissue
useful for tissue engineering research. In
contrast to conventional monolayer cultures,
these cellular aggregates would allow the

development of a more or less complex 3-D
cell-to-cell and cell-to-ECM interactions,
similar to the corresponding tissues in vivo
(reviewed in Refs. 14-19).

Technically, a single cell suspension is
obtained by enzymatic and/or mechanical
dissociation and reaggregated as 3-D spheres
by a variety of methods. The main issue is to
provide culture conditions such that the ad-
hesive forces between cells are greater than
those for the substrate on which they are
plated. Spheroids can be developed by: 1)
plating cells in gyratory shakers, roller flasks,
or spinner flasks that continuously rotate
preventing cellular adherence to the vessel
walls; ii) simply coating the tissue culture
surfaces with a thin layer of agarose or an-
other nonadhesive substance. Under these
conditions, cells would not be able to adhere
to the plastic surface of culture flasks and
many cell types would undergo homotypic
aggregation; iii) using the hanging drop cul-
ture method, a type of culture originally
developed for raising embryoid bodies, or
iv) centrifuge compression of cells to the
bottom of conical tubes. The pellet is gently
raised into the culture medium to avoid dis-
aggregation and cultured (16,17,19).

Besides spheroid monocultures, spher-
oid co-cultures can be developed and this so-
called ‘hetero-spheroids’ yield a similar or
better organotypic differentiation pattern than
spheroid monocultures. Spheroid co-culture
of tumor and endothelial cells as well as
tumor and tumor-derived stromal cells
brought some insights into the mechanism
of angiogenesis, invasion, and metastasis
(14-16). Using a spheroid invasion assay,
Brabletz and collaborators (20) showed that
nuclear B-catenin was found exclusively in
dedifferentiated mesenchyme-like carcino-
ma cells at the invasive front. Strikingly, as it
happens in the primary tumors, B-catenin
was localized to the membrane and cyto-
plasm of epithelial tumor cells. A correlation
between the nuclear localization of 3-catenin
and lack of E-cadherin as well as prolifera-
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tive activity was observed in both the pri-
mary tumor and the spheroid hetero-culture.
In 1998, Korf and Augustin (21) described
the development of an endothelial cell spher-
oid culture as an in vitro model for angio-
genesis. Usually, co-culture spheroids of
endothelial cells with smooth muscle cells
or osteoblast organized spontaneously in a
core of smooth muscle cells or osteoblasts
and a surface of endothelial cells (22,23).
Recently, a hetero-spheroid model based on
the co-culture of isolated endothelial cells
with a pre-formed multicellular spheroid al-
lowed the establishment of a vascular net-
work that mimics tumor angiogenesis (24).

Bone marrow microenvironment and
hematopoietic stem cell homing

In adults, hematopoiesis takes place in
the extravascular spaces of bone marrow
between the venous sinuses and in close
contact with a heterogeneous stromal cell
population (25,26). Bone marrow stromal
tissue is a 3-D continuum of cell surfaces
comprising cells of non-hematopoietic ori-
gin like reticular cells, adipocytes, osteo-
genic cells near the bone surfaces, vascular
endothelial cells and smooth muscle cells in
vessel walls, as well as cells of hematopoi-
etic origin, mostly macrophages (25,26).
Within the marrow environment, hemato-
poietic cells exhibit distinctive and lineage-
specific spatial locations (25,27) and it has
been assumed that these specific cellular
interactions create special microenviron-
ments known as niches. Consistent with this,
it has been shown that hematopoietic stem
cells (HSC) are located near the subendosteal
region (27-29), in contact with osteogenic
cells that are key regulators of these HSC
niches (30,31). It should be emphasized that
members of our group recently showed that
the subendosteal region harbors stromal cells
that differ in their capacity to support HSC
self-renewal and proliferation (32). Differ-
entiation of HSCs and their progeny occurs
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while they migrate toward the central area of
the marrow cavity and more differentiated
hematopoietic cells exit the marrow into the
blood through the central sinus walls (29,33,
34). Actually, it has been shown that under
steady-state conditions HSCs also transit
between marrow and blood at a higher fre-
quency than previously thought (35), sug-
gesting that the release of HSCs into the
circulation and their homing back to the
marrow are important events in the homeo-
stasis of hematopoietic tissue.

Circulating HSCs seed very rapidly the
subendosteal region of the marrow (29,36)
but how they do it is still a matter of debate.
Nilsson and colleagues (29) have observed
that 1 h after transplantation, the majority of
donor HSCs were located in the central re-
gion, but after 5 h most of them were already
in the subendosteal region. They proposed a
model whereby HSCs transendothelially
migrate from the venous sinuses after hav-
ing passed through the bone cortex, with
some transendothelial migration occurring
in the subendosteal region. According to this
model, most HSCs, after entering the bone
marrow environment, should migrate through
it until they reach their niches in the suben-
dosteal region. However, Askenazy and col-
leagues (36) have reported the presence of
clusters of donor HSCs in the subendosteal
region 3 to 5 min after transplant, calling
attention to the fact that during the first hour
after transplantation a great motility of do-
nor HSCs within the marrow environment
was noticed. Interestingly, a few days after
transplantation, some cells were observed in
the more central regions of marrow (36),
suggesting that the exit of HSCs from mar-
row to the blood also occurs through the
venous sinuses. This means that HSCs must
leave their niches near the endosteum and
migrate toward the central sinus.

The mechanisms that allow the physi-
ological circulation of HSCs are not clear,
but some insights have emerged from the
enforced migration, also known as mobili-
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zation, of HSCs from marrow to the blood,
that can be induced by a wide variety of
molecules, including cytokines such as
granulocyte-colony stimulating factor (G-
CSF) and chemotherapeutic agents (reviewed
in Refs. 37,38). HSC mobilization should be
seen as a multistep process in which disrup-
tion of adhesion to bone marrow stromal
cells and ECM needs to be coordinated with
cytoskeleton reorganization that would drive
cell migration along the marrow axis toward
the venous sinuses. Among the molecules
that are involved in cell-to-cell contact, a
member of the integrin family, the very late
activation antigen-4/CD49d that interacts
mostly with vascular cell adhesion mole-
cule-1/CD106 has been found to be an im-
portant mediator of progenitor cell adhesion
to marrow stromal cells in vitro (39), as well
as mobilization and homing of HSCs (38,
40,41).

Chemokines are also key players in HSC
mobilization and homing. It has been shown
that homing and retention of human and
murine HSCs are dependent on the CXC
chemokine ligand 12, also known as stromal
cell-derived factor-1 (SDF-1) (42,43). This
prompted scientists to investigate the role of
SDF-1 and CXCR4 in HSC mobilization.
Plasma elevation of SDF-1, induced by in-
travenous injection of adenoviral vector ex-
pressing SDF-1, resulted in HSC mobiliza-
tion (44). The role of the CXCR4/SDF-1
axis in human HSC mobilization was re-
cently supported by the observation that G-
CSF reduces the expression of SDF-1 within
the bone marrow, without affecting protein
levels in plasma (45). Taken together, these
results suggest that HSC homing and mobi-
lization are driven by an SDF-1 gradient
concentration that provides directional cues
for HSCs.

Protein cleavage also seems to be an
important event in HSC mobilization. An
increase in bone marrow contents of pro-
teolytic enzymes (neutrophil elastases and
MMPs) is observed after G-CSF treatment

and many molecules implicated in HSC hom-
ing and mobilization, like SDF-1 and vascu-
lar cell adhesion molecule-1, are their sub-
strate (38,40). Interestingly, G-CSF induces
osteoclast activation and bone resorption,
resulting in the release of soluble calcium
from the endosteum that causes detachment
of HSCs from fibronectin (46). Osteoclasts
also play a role in bone remodeling, which
gives rise to the hypothesis that the bone
marrow niches for HSCs are actually very
dynamic. Under steady-state conditions, the
remodeling of HSC niches could be involved
in the physiological circulation of HSCs.

Cell adhesion, migration, and movement
in response to chemoattractants involve cy-
toskeleton reorganization that is mostly regu-
lated by Rho GTPases. The role of Rho
GTPase proteins in HSC migration has only
recently been investigated. Rho-related
GTPases, including Rho, Rac, and Cdc42,
seem to be specifically involved in HSC
adhesion, migration, and proliferation (47,
48). Rac2-deficient HSCs showed a decrease
in Bl integrin-mediated adhesion with an
increase in in vitro motility in response to
SDF-1. This hypermotility of HSCs was re-
lated to a compensatory activation of Cdc42.
Morphological changes, such as uniformly
longer filopodia, F-actin expression, and
spike-like projections, were also observed in
Rac2-- cells after SDF-1 stimulation (47).
The importance and specificity of Rho-re-
lated GTPases in HSC properties were con-
firmed by the observation that Racl pre-
dominantly regulates cell cycle progression,
while Rac2 regulates apoptosis and F-actin
assembly in response to SDF-1 (48). Fur-
thermore, a cross-modulation of Rho-GTPases,
integrin and chemokine signaling pathways
has been reported in lymphocytes (49) and
hematopoietic progenitor cells (50).

In view of these considerations, we should
think of the bone marrow microenvironment
as a very dynamic one with hematopoietic
cells constantly rolling over a 3-D continuum
scaffold of stromal cell surfaces and ECM.
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Figure 1. Bone marrow stromal
cell spheroids. A, Bone marrow
stromal cells plated onto a non-
adhesive surface form spherical
aggregates with a dense homo-
geneous appearance. Phase
contrast. Bar = 100 ym. B, The
size of the spheroids corre-
sponds to the number of cells
initially plated. Data are reported
as the average size of spheroid
+ SD. The diameter of 6 sphe-
roids per cell number was indi-
vidually measured with an in-
verted microscope equipped
with a digital camera.
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This highly organized 3-D microenviron-
ment is not reproduced in conventional cell
cultures.

Bone marrow stromal cell spheroids
as an in vitro model to study
hematopoietic cell migration

Although 3-D culture systems have been
widely used to study solid tumors, tissue
regeneration, and bioengineering, no such
application have been used for the study of
the hematopoietic system. Bone marrow stro-
mal cell 3-D culture systems have been de-
veloped mostly for bone tissue engineering
purposes. In order to favor osteoblastic dif-
ferentiation, bone marrow stromal cells were
grown on a 3-D scaffold made of irradiated
bones or biomaterials (51,52). Scaffold-free
cellular aggregates of human bone marrow
stromal cells were developed as an assay for
chondrogenesis (53,54) and recently as an in
vitro system for endochondral ossification
(55). Preliminary results from our labora-
tory have shown that human bone marrow
stromal cell aggregates formed a network of
cells and fibronectin that reproduced a 3-D
quiescent environment. The diameter of these
spheroids correlated directly with the num-
ber of plated cells (Figure 1). In the absence
of an inductive medium, the cells main-
tained the expression of smooth muscle o-
actin, without forming the stress fibers ob-
served in monolayers (Barros et al., unpub-
lished results).
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In 2002, the group of Dr. Kunz-Shughart
adapted a spheroid co-culture model devel-
oped to investigate reciprocal tumor-immune
cell interactions to study the mechanisms of
HSC locomotion in the bone marrow mi-
croenvironment (56). The authors showed
that human hematopoietic progenitor cells
isolated from umbilical cord blood were able
to interact with 3-D aggregates of a murine
bone marrow stromal cell line but, in con-
trast to what has been reported for animal
models, migration of progenitor cells in this
in vitro system was independent of B1 inte-
grins and CXCR4, but was significantly im-
paired by inhibitors of Rho family small
GTPases. The authors observed that about
20% of the cells were able to migrate after 48
h of co-culture without signs of saturation.
Preliminary results from our laboratory
showed that CB progenitor cells (CD34*
CD45%) were capable of invading human
bone marrow stromal cell aggregates. In
agreement with Bug and colleagues (56),
migration of CB CD34+ cells into the sphe-
roids was shown to depend on GTPases.
However, a peak was observed after 24 h of
co-culture. We are also testing this culture
system as a model for studying migration
and invasion of transformed hematopoietic
cells.

Concluding remarks

Living tissues are 3-D structures where
cells are bound together by a mesh of ECM.
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Cell-to-cell contact, as well as contact with
ECM affect many cellular processes (shape,
differentiation, proliferation, migration, and
apoptosis). This complex organization is dis-
rupted when cells are cultured onto a plastic
tissue flask, which could give rise to mis-
leading results. Nowadays, scientists are de-
veloping 3-D culture systems that mimic
more or less the in vivo situation. These
culture systems, when compared to conven-
tional cultures, are revealing subtle, and
sometimes striking, differences in cell be-
havior, suggesting that scientists in different
fields should take advantage of 3-D culture
systems to explore cell function in a com-

Hematopoiesis is controlled by a com-
plex interplay between hematopoietic cells
and a 3-D microenvironment. Cellular inter-
actions in this environment are very dynam-
ic and involve cross-modulation of adhesion
molecules, chemokines, cytokines, pro-
teolytic enzymes, and regulators of cyto-
skeleton organization such as members of
the Ras superfamily. However, the mechan-
isms of hematopoietic cell migration are not
fully understood. We suggest that the devel-
opment of in vitro models that allow com-
plex 3-D cell-cell and cell-ECM interactions
will help to clarify and depict these mechan-
isms.
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plex milieu.
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