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ABSTRACT

Background

A culture system that closely recapitulates marrow physiology is essential to study the niche-
mediated regulation of hematopoietic stem cell fate at a molecular level. We investigated the
key features that play a crucial role in the formation of a functional niche in vitro.

Design and Methods

Hydrogel-based cultures of human placenta-derived mesenchymal stromal cells were estab-
lished to recapitulate the fibrous three-dimensional architecture of the marrow. Plastic-adher-
ent mesenchymal stromal cells were used as controls. Human bone marrow-derived CD34
cells were co-cultured with them. The output hematopoietic cells were characterized by vari-
ous stem cell-specific phenotypic and functional parameters.

Results

The hydrogel-cultures harbored a large pool of primitive hematopoietic stem cells with superi-
or phenotypic and functional attributes. Most importantly, like the situation i vivo, a significant
fraction of these cells remained quiescent in the face of a robust multi-lineage hematopoiesis.
The retention of a high percentage of primitive stem cells by the hydrogel-cultures was attrib-
uted to the presence of CXCR4-SDFla axis and integrin betal-mediated adhesive interactions.
The hydrogel-grown mesenchymal stromal cells expressed high levels of several molecules that
are known to support the maintenance of hematopoietic stem cells. Yet another physiologically
relevant property exhibited by the hydrogel cultures was the formation of hypoxia-gradient.
Destruction of hypoxia-gradient by incubating these cultures in a hypoxia chamber destroyed
their specialized niche properties.

Conclusions
Our data show that hydrogel-based cultures of mesenchymal stromal cells form a functional in
vitro niche by mimicking key features of marrow physiology.

Key words: functional niche, 3D-cultures, hydrogel, mesenchymal stromal cells, bone marrow,
hematopoietic stem cells, hypoxia-gradient.
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Introduction

A stem cell niche has many functions some of which
require the activation of conflicting mechanisms. While
the niche is expected to preserve the stem cell pool, it also
has to promote a continuous formation of differentiated
progenitors to achieve a steady-state hematopoiesis. How
these apparently contradictory and amazingly dynamic
processes are driven by the niche continues to be an
intriguing issue in stem cell research.

The importance of the niche-mediated regulation of
hematopoietic stem cells (HSCs) became evident with the
development of the Dexter-type long-term cultures,' a
landmark technological innovation in the field. These cul-
tures provided the first cellular platform to study the role
of the microenvironment in controlling the fate of HSCs.
Variants of these cultures, made up of irradiated/inacti-
vated stromal cell lines (with or without genetic modifi-
cations) seeded with marrow cells, either un-fractionated
mononuclear cells (MNCs) or purified HSCs, became
popular tools to study stromal function. Though extreme-
ly useful, these cultures lacked the three-dimensional (3D)
architecture of the marrow and, therefore, failed to mimic
the in vivo niche. It became apparent that acquiring an in-
depth understanding of the complex niche-functions,
under both steady state and diseased conditions, requires
the creation of an experimental system recapitulating the
specialized properties of the marrow microenvironment.’
Recent studies have clarified the role of the marrow
microenvironment in the pathogenesis of hematologic
tumors, underscoring the need for therapeutic targeting of
the niche to achieve a complete, or at least a long-term,
remission.** Therefore, the identification of target mole-
cules that can be exploited to eradicate the leukemic stem
cells from the niche has become the focus of intensive
research. The availability of a culture system that closely
mimics marrow physiology may speed up the develop-
ment of new strategies to specifically target leukemic
stem cells without adversely affecting normal stem cell
self-renewal.

Accordingly, 3D-cultures using specialized scaffolds’ or
extra-cellular-matrix (ECM) molecules, like collagen
and/or fibronectin and spheroid cultures of mesenchymal
stromal cells (MSCs), were developed. MSCs form an
important constituent of the marrow niche. Sacchetti et
al. have shown that human CD45146" osteoprogenitor
cells are able to transfer hematopoietic activity to an
ectopic site.’ An essential function of Nestin* MSC in the
HSC niche has been documented in a mouse system.”
These authors demonstrated that purified HSCs specifi-
cally home to Nestin® MSCs in the bone marrow of irra-
diated mice and Nestin® cell depletion results in a signifi-
cantly compromised homing process. These reports,
together with published data showing that the MSCs
support the maintenance of HSCs in vitro,® suggest that
MSCs are a suitable candidate to study niche function.
The 3D-cultures of MSCs were shown to be superior to
the traditional two-dimensional (2D) feeder layer cul-
tures.

In the last decade, creating 3D-cellular micro-environ-
ments with hydrogels (a network of interacting polymer
chains that are highly hydrated, with an elasticity similar
to natural tissues) has progressed remarkably.” These
microenvironments can be suitably tailored to achieve tis-
sue-like structures in vitro. In the present study, we used

the hydrogel-based 3D-culture system of MSCs (3D-
MSCs) to investigate the features that are required to cre-
ate the HSC niche equivalent in vitro.

Design and Methods

The mice, murine cells and humans cells used in this study are
described in the Ounline Supplementary Appendix, as are details of
CFU, LTC-IC and migration assays, flow cytometry, cell cycle
analysis, division tracking studies, side population analysis,
immuno-fluorescence studies, gene expression studies and statisti-
cal analysis.

Establishment of 2D and 3D cultures

The MSCs were seeded on a pre-set, medium-equilibrated
0.5% Puramatrix gel (BD; 3D-MSCs). The MSCs grown on plastic
surfaces (2D-MSCs) were used as controls. Both 2D- and 3D-
MSCs were characterized for the expression of MSC-specific
markers. The adipogenic, osteogenic, as well as chondrogenic dif-
ferentiation, of 2D- and 3D-MSCs was revealed by oil red O,
alizarin red and alcian blue, respectively, after culturing them in
differentiation media (InVitrogen; Online Supplementary Appendix).

Freshly isolated human CD34" cells (or Lin' murine cells) were
seeded in 7-day old 2D- or 3D-cultures. The cultures were fed
every third day with growth medium supplemented with human
(or murine) specific growth factors (Stem Cell Factor-(SCEF),
50ng/mL; Interleukin (IL)-6, 50ng/mL and IL-3, 20ng/mlL;
Peprotech, Rocky Hill, NJ, USA). The cultures were harvested after
seven days of co-culture and the output hematopoietic cells were
subjected to various phenotypic and functional assays (Online
Supplementary Figure S2).

In one set of experiments, MSCs were treated with a synthetic
oxygen-carrier, perfluorotributylamine (5% w/v), (PFIBA,
Sigma)," before seeding the CD34" cells in them. In another set,
pre-set co-cultures were incubated with 50 uM of AMD3100,
(Sigma) for 24 h before harvesting the hematopoietic cells.
Supernatant and matrix-adherent fractions were collected and
analyzed separately.

A schematic representation of the experimental design is shown
in Online Supplementary Figure S2.

Results

3D-MSCs form an ECM- and integrin-rich
microenvironment

Since the marrow microenvironment is enriched with
ECM molecules, such as fibronectin, collagen IV, vit-
ronectin and laminin, the 7-day old 3D-MSCs were sub-
jected to immunofluorescence studies to examine the
presence of these molecules. It was observed that the 3D-
MSCs highly expressed various ECM molecules (Figure
1A).

The integrins, transducers of the ‘outside in’ signaling,
form alpha-beta dimers when engaged by specific ECM
molecules that act as their ligands and induce cell surface
clustering. Immunostaining of the cells with antibodies
that specifically detect dimeric forms of 05f1, a4p1, a2p1
and avp3 integrins showed that, consistent with the high
expression of various ECM molecules, the 3D-MSCs
expressed high levels of active integrins on their surface
(Figure 1B; Online Supplementary Figure S1B).

Quantitative PCR experiments (Online Supplementary



Table S3, Applied Biosystems, Foster City, CA, USA) per-
formed to examine the mRNA levels of av, a2, a5, a4 as
well as B1 subunits showed that these subunits were up-
regulated under 3D conditions (Online Supplementary Figure
S1D), indicating that the formation of dimeric active inte-
grins on the surface of the 3D-MSCs by ligand-mediated
clustering on the cell surface was also accompanied by
transcriptional upregulation of integrin subunits.

Abundant growth of CD34" cells in 3D-MSCs

At a concentration of 0.5%, Puramatrix (BD) allowed an
efficient cell migration into the matrix, avoiding the stress-
ful encapsulation step. The MSCs grew along with the
matrix fibers assuming the matrix architecture (Online
Supplementary Figure S1C) and formed a stable fibrous 3D
structure (3D-MSCs) in seven days. The MSCs were ana-
lyzed for their capacity to undergo tri-lineage differentia-
tion potential under 2D as well as 3D conditions to estab-
lish their multi-potency. The results showed that the tri-
lineage differentiation capacity of the MSCs was not
affected by the growth in hydrogel (Online Supplementary
Figure S1H).

CD34- cells were seeded on 7-day old 2D- or 3D-MSCs.
Within a week, the hematopoietic cells were seen growing
as large compact clusters in the 3D-cultures, whereas the
2D ones had scattered growth (Online Supplementary Figure
S1E). The compact clusters were found to be populated by
CD34" cells (Online Supplementary Figure S1F). An abun-
dant growth of CD34" cells in 3D-cultures was observed
compared to the sparse growth in 2D-cultures (Online
Supplementary Figure S1G). The retention of a large number
of CD34" cells even after the extensive washing involved
in the immunostaining procedure indicated that these cells
were perhaps held in the matrix by stronger mechanisms
than mere physical entrapment.

The hydrogel may provide an increased surface area,
leading to a significantly increased number of MSCs pres-
ent in the 3D-cultures as compared to the conventional
plastic-adherent MSCs. It was possible that a larger num-
ber of MSCs in the 3D-cultures as a result of an increased
surface area itself could explain the increase in numbers of
hematopoietic cells observed under these conditions. In
order to rule this out, we estimated the number of MSCs
recovered from both types of cultures. The number of
MSCs harvested from the hydrogel cultures was compara-
ble with the number of MSCs present in the conventional
culture 2D 5.04x10°£0.111 vs. 3D 4.686x10'+0.22; P=0.21,
NS; n=7), ruling out the possibility that the 3D-MSCs pro-
vide a better hematopoietic support simply by being more
numerous.

The harvested cells were subjected to flow cytometric
analysis to count the number of CD34" cells in them. The
total yield of hematopoietic cells (Online Supplementary
Figure S11) and CD34" cells (Figure 1C) from the 3D cul-
tures was significantly higher than that from the 2D cul-
tures, indicating that the hydrogel-based cultures of MSCs
provide a highly supportive microenvironment for the
growth of CD34" cells (Figure 1C).

3D-MSCs foster a robust multi-lineage hematopoiesis
To examine whether the output CD34" progenitors are
functional, we subjected these cells to in vitro functional
assays (CFU and LTC-IC). This showed that the 3D-HSCs
indeed contained a significantly high number of CFU and
LTC-IC units in them (Online Supplementary Figure 1] and

Mimicking HSC niche in vitro e

K) confirming that the 3D-cultures contain a significantly
high number of functional primitive progenitors.

Since these functional assays detect only myeloid pro-
genitors, we used flow cytometry to enumerate lymphoid
progenitors. The 3D-CD34* population had a significant-
ly higher percentage of progenitors committed to both
lymphoid as well as myeloid lineages as compared to the
2D ones (Online Supplementary Figure S1L). This indicated
that the 3D-MSCs indeed provide a superior support for
an active multi-lineage hematopoiesis to take place in
vitro.

3D-MSCs harbor primitive HSCs

The next obvious experiment to carry out was to exam-
ine whether the 3D-cultures could maintain the primitive
stem cells, or whether the observed robust multi-lineage
commitment was taking place at their expense. For this,
we analyzed the percentage of CD4534"38 Lin' cells in the
output population. We observed that the 3D-cultures
were enriched for CD45'34'38 Lin cells as compared to
the output of the 2D ones (Figure 1D and E). The net yield
of CD4534°38Lin cells under 3D conditions was signifi-
cantly higher than that under 2D conditions (Figure 1F
Ounline Supplementary Figure S3D).

The MSCs obtained from different sources can have dif-
ferent properties. We compared the hematopoietic sup-
port given by placenta- or marrow-derived MSCs to deter-
mine whether the source of the MSCs affected the out-
come. It was observed that MSCs obtained from both
sources show the same effect on hematopoiesis under 2D
as well as 3D conditions (Online Supplementary Figure S3A
and B)

We then analyzed the output cells for the expression of
two important markers of primitive HSCs: CD133 and
CXCR4. We found that the CD34" cells from 3D-cultures
contained a significantly higher percentage of cells
expressing these markers (Figure 1G, Online Supplementary
Figure S3C), indicating that the 3D-cultures retain a signif-
icantly higher number of primitive HSCs and that the for-
mation of a large number of committed progenitors was
not leading to an exhaustion of the stem cell pool.
Consistent with their high expression of CXCR4, the 3D-
CD34" cells migrated towards SDF1a in significantly high-
er numbers compared to the 2D-CD34* cells (Online
Supplementary Figure S3E).

Although its role in HSC maintenance and function in
vivo is still a subject of debate," it is likely that N-Cadherin
is an important component for anchoring HSCs in their
niche."””” In a co-culture model, N-Cadherin was found to
be necessary for the interaction of the human CD34" cells
with the MSCs." We, therefore, examined the expression
of N-Cadherin in the CD34" cells grown in 2D- or 3D-
MSCs by performing immunofluorescence experiments.
We found that most 3D-CD34" cells expressed N-
Cadherin, albeit at varying levels, whereas such cells were
nearly absent in the 2D-cultures (Online Supplementary
Figure S3F and G).

Side population (SP) phenotype is yet another marker of
primitive stem cells with the ability to repopulate.” To
ascertain whether the 3D-cultures harbor this population,
we analyzed the output cells for the presence of SP cells.
As seen in Figure 1H, the 3D-cultures harbored an approx-
imately 2.5-fold higher percentage of SP cells compared to
that in the 2D cultures (Online Supplementary Figure S3H).
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Figure 1. 3D-MSCs mimic marrow microenvironment and foster primitive stem cell pool. (A) Confocal microscopy analysis showed that the
3D-MSCs express high levels of ECM molecules compared to the 2D-MSCs. (B) Use of antibodies specifically detecting dimeric forms of o531
(FITC), a2p1 (Cy3) and avp3 (Cy3) integrins in the confocal microscopy analysis revealed that the 3D-MSCs express active integrins on their
surface. Formation of a431 dimer (yellow) has been documented by double immuno-fluorescence staining using antibodies to o 4 (Cy3) and
B4 (FITC). (C) 3D-MSCs support robust hematopoiesis and there is extensive proliferation of CD34* cells. Quantification of the total number
of CD34" cells revealed that the 3D-MSCs yield a significantly higher number of total hematopoietic cells compared to their 2D counterparts.
(D) Flow cytometric analyses of the output populations show that the 3D-MSCs yield a higher % of CD45*34*38Lin" HSCs compared to the
2D-MSCs. Analysis of 4 independent experiments (mean + S.E.M.) shows that the percentage (E) and the total yield (F) of the CD34'38Lin
HSCs is significantly higher in the 3D-MSCs compared to the 2D- MSCs (n=4; ***P<0.001). (G) 3D-HSCs are primitive. The data obtained in
3 independent experiments (mean x S.E.M.) show that the % CD45'34'133" and CD45'34'CXCR4" cells in the 3D-MSCs are significantly
higher compared to the 2D-MSCs (n=3; *P<0.05). (H) The flow panel shows that the 3D-MSCs harbor a higher percentage of SP cells (middle
panel) compared to the 2D (left-hand panel). The verapamil-sensitivity of the gated population is shown in the far right panel (n=4; P<0.05).
(I) HSC-quiescence is maintained in the 3D-MSCs. Cell cycle analysis of the gated CD45'34'Lin" population shows that a higher % of these
cells was present in GO state (violet) compared to the 2D (n= 3; P<0.01). (J) Division history tracking of HSCs. Flow cytometric analyses of
the PKH26-labeled CD34* cells after seven days of co-culture showed that a majority of the CD45'34'Lin" population from 3D-MSCs (green
histogram) did not divide during the culture period, whereas more than 70% of their 2D counterparts (yellow histogram) had undergone pro-

liferation (n=7; P<0.001).

3D-MSCs form a functional niche

Maintaining a large pool of quiescent stem cells is a crit-
ical niche characteristic. To examine whether the 3D-cul-
tures mimic the in vivo niche in this respect, we analyzed
the cell cycle status of the output CD45°34Lin cells from
both 2D- and 3D-cultures. A much larger percentage of
the 3D-HSCs was maintained in the GO stage of the cell
cycle compared to that in the 2D-HSCs (Figure 1I). The
data obtained in 3 independent experiments showed that
the result was reproducible and statistically significant
(Online Supplementary Figure S3I).

Though the 3D-cultures possessed a large proportion of
HSCs in quiescent state, it was not apparent whether they
had acquired a post-cycling quiescence or whether they
had not entered the cell cycle at all. In order to address this,
we seeded PKH26-labeled CD34" cells in the cultures; after
seven days, we tracked the division history of CD45'34*
Lin- HSCs by flow cytometry. Our results show that
approximately 50% of the gated 3D-HSCs had retained a
high PKH-fluorescence (green), indicating that the majority
of them had not divided during the culture period, while
over 70% of their 2D counterparts had undergone more
rounds of proliferation (yellow) indicated by their low

PKH26-fluorescence (Figure 1]). Our analysis of 7 inde-
pendent experiments showed that the result was consis-
tent and statistically highly significant (Online
Supplementary Figure S3[). This shows that the 3D-MSCs
form a functional niche and foster a significantly large pool
of quiescent HSCs by actively preventing their cycling.

3D-MSCs foster stem cells having superior
in vivo engraftment potential

Engraftment in NOD/SCID mice, especially in the sec-
ondary recipients, reflects the functionality of the human
LT-HSCs. We injected sublethally irradiated NOD/SCID
mice with 5x10° cells harvested from 2D-/3D-cultures and
monitored their engraftment after 12 weeks. The 3D-
HSCs engrafted more efficiently compared to the 2D-
HSCs (Figure 2A and B).

To further monitor the ability of primary engrafted
HSCs to maintain long-term repopulation, we performed
secondary transplant assays; 3D-HSCs gave a 1.8-fold
greater engraftment in secondary recipients as compared
to that given by the 2D-HSCs (Online Supplementary Figure
S4A and B). This shows that the 3D-cultures harbored
more LT-HSCs than their 2D counterparts.
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3D-HSCs exhibit a strong competitive MSCs yielded a much higher proportion of LT-HSCs (LSK-
engraftment potential CD34"")'® compared to those harvested from 2D-cultures
Since we could not assess the competitive repopulation  (Online Supplementary Figure S4C).
ability of the HSCs in a NOD/SCID model, these studies CD45.1* cells grown in 2D-cultures were mixed with an
were performed using the CD45.1/45.2 chimera model. equal number of CD45.2" cells grown in 3D-cultures along
The model was first validated by creating 3D-cultures with unmanipulated marrow cells from the F1 mice and
with murine MSCs and seeding murine Lin cells in them. were injected intravenously into lethally irradiated (900
The output cells were analyzed for primitive stem cells by  rads) F1 recipients (CD45.1 x CD45.2) to assess their head-
multi-color phenotypic analyses; 3D-cultures of murine to-head competitive engraftment potential;"” 3D-HSCs
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the recipient bone marrow cells is shown. (B) The scatter plot shows that the engraftment by the 3D-cells was significantly higher compared
to the 2D-cells (n=6; **P<0.01). (C) CD45'34*38Lin cells were sorted from 2D, 3D cells cultures and checked for the expression of 1 inte-
grin by real time PCR. 3D-HSCs express higher levels of $1 integrin mRNA compared to the 2D-ones (n=3; **P<0.01). (D) Integrin f1-medi-
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showed greater engraftment potential than the 2D-HSCs

3D-MSCs express HSC-supportive transcriptome

and proteome

The phenotypic profile of the MSCs grown under 2D vs.
3D conditions was assessed using MSC-specific markers
to examine whether a growth in hydrogel leads to any

in F1 recipients (Online Supplementary Figure S4D-F) and
gave rise to both myeloid and lymphoid progeny (Online
Supplementary Figure S4D, right hand panel), indicating their
biological superiority.
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ate an HSC-niche in vitro. Both 2D- and 3D-MSCs were incubated under normoxia (20% 0:) or hypoxia (1% O2).
The yield of hematopoietic cells from both 2D- and 3D-cultures was drastically affected under the hypoxic condi-
tions (left hand graph). The CD45'34*38Lin and CD4534*38'Lin HSCs were quantified in the output population
(right hand graph). The near identical yield of primitive population from 2D- and 3D-cultures incubated under
hypoxia (last two paired bars, right hand panel) indicates that a complete hypoxia offsets the HSC-supportive abil-
ity of the 3D-MSCs. Data marked with red boxes highlight results obtained with 3D-cultures incubated under nor-
moxia (our system) vs. 2D-cultures incubated in hypoxia chamber (standard approach) (n=5, **P<0.01,
***P<0.001).
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change in the profile. It was observed that the phenotypic
profile of the 3D-MSCs was comparable to that of the 2D-
MSCs. A difference in the expression level of CD146 was,
however, noted. While a large percentage of the 2D-MSCs
was CD146", the vast majority of the 3D-MSCs did not
express CD146 (Online Supplementary Figure S5A).

The BM niche is known to express some important key
molecules playing a critical role in the development of
effective hematopoiesis: osteopontin,' runx-2” and
angiopoietin-1. It was, therefore, essential to quantify the
expression of these genes in the 3D-MSCs at mRNA lev-
els. The transcripts of all these molecules were higher in
the 3D-MSCs compared to those in the 2D-MSCs (Online
Supplementary  Figure S5B). Osteopontin-p1'**' and
angiopoietin-Tie-2* axes are known to anchor the HSCs
to the niche and also to maintain their quiescence.
Correspondingly, the 3D-HSCs expressed high levels of
Tie-2 (Online Supplementary Figure S5D) and B1 integrin
(Figure 2C) mRNA suggesting that perhaps both axes are
operative in the 3D-cultures.

Expression of B1 integrin on stem cells has been shown
to play a major role in their anchoring to the niche.”” In
order to examine the role of 1 integrin in the retention of
stem cells in the 3D-cultures, 10 ug/mL anti-B1 neutralizing
antibody (or its isotype; R&D Systems Inc. Minneapolis,
USA.) was added in both 2D and 3D-MSCs. They were
seeded with CD34" cells pre-treated with anti-B1 antibody
(or its isotype). The incorporation of the neutralizing anti-
body to B1 integrin resulted in a significant reduction in the
yield of both CD45°CD3438Lin and CD45'CD34'38'Lin
cells from the 3D-MSCs, but not from the 2D-MSCs, sug-
gesting that f1 integrin-mediated interactions contribute
towards the retention of HSCs in 3D-MSCs (Figure 2D).

Since the 1 integrin subunit partners with several alpha
subunits, we also examined their expression; 1.5-fold
upregulation of a4 was seen in 3D-HSCs compared to 2D-
HSC. Integrins a2, a5 and a2b were found to be down-
regulated in 3D-HSCs (Online Supplementary Figure S5C).
The significantly high expression of a4 and Bl in 3D-
HSCs show that they are more primitive in nature and
more competent to interact with the niche.”"”

Nestin-positive MSCs have been recently shown to
form an important HSC-niche component.” We, therefore,
examined the expression of nestin in our cultures. The 3D-
MSCs were more strongly positive for nestin compared to
the 2D-MSCs at both translational (Figure 2E) and tran-
scriptional (Online Supplementary Figure S5E) levels.

The data indicate that the expression of HSC supportive
transcriptome by the 3D-MSCs contributes substantially
to the maintenance of a quiescent HSC pool in these cul-
tures.

3D-MSCs retain the HSCs via the SDF10,/CXCR4 axis
The HSCs are retained in the marrow via the
SDF1o/CXCR4 axis. A disruption of this axis leads to an
egress of the HSCs from marrow to peripheral blood cir-
culation.” The high yield of functionally and phenotypi-
cally superior HSCs from the 3D-cultures suggested that
these cultures not only supported the growth of HSCs, but
also efficiently retained them. Earlier experiments have
already shown that a high percentage of CD34" cells
expressed CXCR4 and exhibited an increased migration
towards the SDFla gradient. In these experiments, we
assessed the SDFla expression in the MSCs by immuno-
fluorescence and real time PCR and found that the 3D-

MSCs expressed a high level of this chemokine as com-
pared to the 2D-MSCs (Figure 2E Omnline Supplementary
Figure S5F). These data suggested that the presence of such
active chemokine axis may be responsible for a high con-
tent of HSCs in these cultures. To validate this, we added
AMD-3100, a CXCR-4 antagonist, in the pre-set 3D-co-
cultures and assessed the percentage of CD45'34'38Lin’
HSCs present in the supernatant vs. the matrix-adherent
fraction. We observed that the addition of AMD-3100
resulted in a mobilization of HSCs from the matrix into
the supernatant (Figure 2G), supporting our belief that the
3D-MSCs  retain the HSC pool via an active
SDF1o/CXCR4 axis, and mimic the in vivo marrow physi-

ology.

3D-MSCs are hypoxic

The presence of hypoxia is a striking feature of the BM
niche. Several reports have underscored its importance in
HSC biology.”*** We, therefore, conjectured that the supe-
rior HSC-supportive ability of the 3D-cultures may be
related to hypoxia. Nuclear localization and transcription-
al upregulation of HIFla in the 3D-MSCs (Figure 3A and
B) clearly supported our interpretation. Consistent with
these data, the 3D-MSCs expressed a 4.5-fold higher
expression of VEGF at mRNA level (Figure 3B), a down-
stream target of HIFla and a cytokine having an impor-
tant role in HSC maintenance.” Re-oxygenation of cul-
tures using PFTBA' abolished the advantage offered by
the 3D-MSCs (Figure 3C, left-hand panel). The percentage
and total yield of CD45'3438Lin" primitive HSCs in the
3D-MSCs were specifically affected (Figure 3C, middle
and right hand panels), indicating that the hypoxia prevail-
ing in the 3D-MSC cultures was perhaps responsible for
their superior HSC support.

CD146 has been shown to be down-regulated under
hypoxic conditions.”® The phenotypic characterization of
MSCs grown under 2D- and 3D-conditions had shown
that most 2D-MSCs were CD146*, while most 3D-MSCs
did not express CD 146 (Online Supplementary Figure S5A),
further supporting our contention that the 3D-MSCs are
hypoxic.

Hypoxia-gradient is crucial to mimic
the niche function in vitro

The presence of ‘hypoxia-gradient’ in the marrow
microenvironment plays a critical role in the preservation
of the stem cell pool while millions of committed progen-
itors and differentiated cells are being formed continuous-
ly*  Hypoxyprobe (pimonidazole hydrochloride,
Chemicon International, Temecula, CA, USA) has been
used to quantitatively detect hypoxia in cells and tissues.”
Immunostaining of 2D- and 3D-MSCs with hypoxyprobe
not only confirmed that the 3D-MSCs are hypoxic (Figure
3D), but the image analysis of optical stacks through the z
axis and 2.5D analysis of serial optical sections (Figure 3E-
G) clearly showed that, like the in vivo marrow microenvi-
ronment, a steep hypoxia-gradient was present in them.”
The mean fluorescence intensity of the hypoxyprobe was
seen to increase from the surface of the culture to the bot-
tom of the culture and the intensity difference at each
optical slice captured at 0.5 micron was statistically highly
significant (Figure 3E and F). The destruction of the hypox-
ia gradient by the incubation of cultures in hypoxia cham-
bers (1% oxygen) resulted in a drastic decrease in the total
hematopoietic cell output and the CD45'34'38Lin /
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CD453438'Lin cell output from both 2D- and 3D-cul-
tures (Figure 3H).

The data show that an ECM- and integrin-rich environ-
ment, HSC-supportive transcriptome, SDFla-CXCR4
chemokine axis, betal-mediated adhesive interactions and
hypoxia-gradient are the crucial parameters required to
mimic the HSC niche in vitro.

Discussion

Though the importance of the microenvironment in
HSC biology had been shown through in vitro experimen-
tal systems, the specialized niche properties have been dif-
ficult to recapitulate in culture. Therefore, the search for
an experimental system that closely resembles its in vivo
counterpart still continues.”” The development of 3D-cul-
ture systems gained importance with the realization that
the behavior of normal and neoplastic cells growing under
3D conditions vastly differs from the behavior of cells
growing on flat surfaces.” The 3D-cultures allow a recon-
struction of the complex tissue architecture, thus provid-
ing a better platform to study cellular biology.

A culture of multiple cell types on hydrogels improves
their function relative to the conventional cultures.” In the
present study, we used hydrogel-based cultures to investi-
gate all the important features that are necessary to create
an in vitro-equivalent of the HSC-niche. Instead of tailoring
the composition of this matrix with purified ECM mole-
cules, we formulated these cultures with MSCs to facili-
tate in situ analyses of the HSCs within this i vitro niche.
The hydrogel-grown MSCs were found to secrete high
levels of ECM molecules showing that they themselves
were capable of adding a physiologically relevant dimen-
sion to the culture system.

We observed that the MSCs grew with the matrix fibers
and formed a meshwork-like structure similar to the in vivo
marrow-microenvironment” while the HSCs grew in the
intercellular spaces and formed large, compact clusters.
This system offers a distinct advantage in that it can be
used to generate specialized micro-environments made up
of various types of niche-cells,* having a specific stage of
differentiation or possessing a specialized signaling sta-
tus,* to investigate how the differentiation stage or the
biochemical make-up of the niche cells affects the HSC
fate. Yet another advantage of this system is that the
MSCs can be sourced from marrows harvested from
patients suffering from aplastic anemia, leukemia,
myelodysplastic syndrome, etc., to identify the deregulat-
ed niche functions at the molecular level and to develop
strategies to target them.

Though the MSCs are known to support HSC growth in
vitro, their participation in the i vivo HSC niche remained
uncertain till it was shown that nestin-positive MSCs form
a specialized HSC niche.” The 3D-MSCs showed a very
high expression of this niche-molecule at both gene and
protein levels, supporting our claim that the 3D-MSCs
form an equivalent of the HSC-niche. Nestin® MSCs were
shown to play an important role in maintaining the HSCs
in the marrow compartment and, therefore, it may be log-
ical to conclude that the nestin-mediated interactions con-
tributed to the high level of retention of HSCs in the 3D-
cultures.

We carried out extensive analyses of the cells growing
under 3D conditions using HSC-specific phenotypic and

functional assays to establish that these 3D-cultures reca-
pitulate the niche physiology in vitro. The most important
finding from these analyses was that the 3D-MSCs fos-
tered a large pool of quiescent HSCs. The development of
a robust multi-lineage hematopoiesis and the simultane-
ous maintenance of such a quiescent stem cell pool in the
3D systems suggest that, similar to the in vivo niche, the
3D-cultures activate only a few stem cell clones to pro-
duce committed progenitors® to prevent stem cell exhaus-
tion. Alternatively, the 8D-MSCs may harbor separate
pools of quiescent versus proliferating stem cells having
distinct functions.*® It would be interesting to examine
these issues more specifically.

The role of N-Cadherin in HSC function has triggered
much intense debate." Using a germ-line knockout mouse
model, Kiel er al. have conclusively shown that N-
Cadherin is not required for HSC function.” On the other
hand, Hosokawa et al. showed that shRNA-mediated
knockdown of N-Cadherin suppressed the long-term
engraftment ability of the stem cells.” In a murine system,
angiopoietinl-Tie2 axis was shown not only to induce
quiescence, but also to increase N-Cadherin expression in
the HSCs.”” Human CD34" cells were found to express
moderate levels of N-Cadherin when co-cultured with the
human bone marrow-derived MSCs and a genetic knock-
out or functional blocking of N-Cadherin resulted in the
loss of primitive stem cell population,* suggesting that, at
least in vitro, N-Cadherin is an important niche-interacting
molecule that is needed for HSC maintenance. In our 3D-
cultures, a large proportion of CD34" cells were seen to be
positive for N-Cadherin, albeit at variable levels.
Surprisingly, these cells were not found in 2D-cultures. In
a murine system, N-Cadherin™" cells, but not N-
Cadherin"®, represented LT-HSCs.* Such studies have not
been reported for human cells. It would be interesting to
see whether the results obtained in the mouse system
hold true for human HSCs.

It is well known that HSCs are retained in the marrow
environment via the SDF1a/CXCR4 axis* and the use of
pharmacological agents to disrupt this interaction leads to
their egress from the marrow.” The high expression of
SDFla by the 3D-MSCs at both the RNA and protein lev-
els indicated that perhaps they retain a high number of
HSCs via forming a chemokine-rich environment. Indeed,
the addition of AMD3100 in 3D-cultures resulted in the
mobilization of HSCs from the matrix into the super-
natant, confirming that the 3D-cultures retain the HSC
pool via active mechanisms that are analogous to the in
vivo situation and, therefore, this system can be used as a
primary screen in drug-discovery programs for HSC mobi-
lization agents. In addition to acting as a chemo-attractant
for the HSCs and facilitating their homing process, SDFla
has also been shown to play an important role in the
maintenance of the HSC quiescence.” Therefore, the ele-
vated levels of SDFla present in the hydrogel-cultures
may also have contributed towards fostering the quiescent
HSCs.

A unique characteristic of the marrow-environment is
the presence of hypoxia-gradient, wherein the stem cells
reside in the most hypoxic regions while the progenitors
occupy the regions with higher oxygen contents and pro-
liferate.**>* * Hypoxia preserves the stem cells by induc-
ing quiescence in them and also protects them from oxida-
tive stress.” In order to mimic this situation in vitro, spe-
cialized incubators and hypoxia chambers were designed



to maximize the yield of HSCs. We found that the 3D-
MSCs fostered a large stem cell pool and also supported a
robust multi-lineage hematopoiesis, indicating that these
cultures must have an oxygen-gradient analogous to the in
vivo micro-environment; a conjecture supported by the
image analysis of the hypoxyprobe-stained 3D-cultures.
Hypoxyprobe (pimonidazole) specifically binds to pro-
teins in hypoxic cells at an oxygen pressure that is equal to
or lower than 10 mmHg. The protein adducts thus formed
are detected by staining with specific monoclonal antibod-
ies. The amount of adducts formed is proportional to the
level of hypoxia and thus the intensity of the signal can be
taken as an indirect correlate of the level of hypoxia.” In
the present study, no comparison was made of the inten-
sity of hypoxyprobe with the actual percentage of Oz pres-
ent in situ. Such analyses may help to interpret the results
more conclusively. Nonetheless, the destruction of this
gradient by the incubation of the 3D-MSCs in hypoxia
chambers abolished their niche-like behavior, emphasiz-
ing that the 3D-MSCs are more representative of the HSC
niche than the hypoxia-based cultures.

Tormin et al”® have reported that hypoxia leads to a
downregulation of CD146 in MSCs. Lack of CD146
expression by most 3D-MSCs further supported our
hypothesis that the 3D-MSCs are hypoxic. Sachetti ez al.®
have shown that human CD45CD146" cells contained all
bone marrow CFU-F and these cells were able to transfer
the hematopoietic activity to an ectopic site. Tormin et
al.;”* however, found a similar recovery of the CFU-F from
the CD45CD146 cells residing in the endosteal region,
where the HSCs are preferentially located. Our data clear-
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ly show that the HSCs are better supported by the CD146
3D-MSCs, underscoring that they are indeed true repre-
sentatives of the HSC niche.

Osteoblasts express HSC-supportive molecules like
osteopontin and angiopoietin-1, which are known to pro-
mote HSC quiescence.”®® Cultivation of MSCs in low
oxygen is known to increase osteogenesis.® However, in
spite of an upregulation of Runx-2, a transcription factor
required for osteoblastic differentiation, and the prevailing
hypoxic conditions in the 3D-MSCs, no spontaneous
osteoblastic differentiation was observed in the 3D-MSCs
(data not shown), indicating that the HSC-supportive prop-
erties of the 3D-MSCs were independent of the cell com-
mitment towards the osteoblastic lineage.

Our research is now focused on acquiring a more
detailed understanding of the specific pathways that
explain the benefits of hydrogel over traditional MSC cul-
ture for HSC support. Such studies may help to create spe-
cialized in vitro niches (IVNs) with the desired signaling
gamut using pharmacological or genetic approaches for an
in vitro modulation of stem cell functions.

Authorship and Disclosures

The information provided by the authors about contributions from
persons listed as authors and in acknowledgments is available with
the full text of this paper at www.haematologica.org.

Financial and other disclosures provided by the authors using the
ICMJE (www.icmje.org) Uniform Format for Disclosure of
Competing Interests are also available at www.haematologica.org,

1996:183(4):1797-806.

1. Dexter TM, Wright EG, Krizsa F, Lajtha LG.
Regulation of haemopoietic stem cell prolif-
eration in long term bone marrow cultures.
Biomedicine. 1977;27(9-10):344-9.

2. Vunjak-Novakovic G,
Biomimetic platforms for human stem cell
research. Cell Stem Cell. 2011;8(3):252-61.

3. Konopleva M, Tabe Y, Zeng Z, Andreeff M.
Therapeutic targeting of microenvironmen-
tal interactions in leukemia: mechanisms

and approaches. Drug Resist Updat. 2009; 11.
12(4-5):103-13.
4. Konopleva MY, Jordan CT. Leukemia stem 12

cells and microenvironment: biology and
therapeutic targeting. ] Clin Oncol. 2011;
29(5):591-9.

5. Di Maggio N, Piccinini E, Jaworski M,

Trumpp A, Wendt DJ, Martin I. Toward 13.

modeling the bone marrow niche using scaf-
fold-based 3D culture systems. Biomaterials.
2011;32(2):321-9.

6. Sacchetti B, Funari A, Michienzi S, Di
Cesare S, Piersanti S, Saggio I, et al. Self-
renewing osteoprogenitors in bone marrow
sinusoids can organize a hematopoietic
microenvironment. Cell. 2007;131(2):324-
36.

7. Mendez-Ferrer S, Michurina TV, Ferraro E
Mazloom AR, Macarthur BD, Lira SA, et al.
Mesenchymal and haematopoietic stem
cells form a unique bone marrow niche.
Nature. 2010;466(7308):829-34.

8. Jing D, Fonseca AV, Alakel N, Fierro FA,

haematologica | 2012; 97(5) m-

Scadden DT. 10

14.

15.

Hematopoietic stem cells in co-culture with ~ 16.

mesenchymal stromal cells--modeling the
niche compartments in vitro.
Haematologica. 2010;95(4):542-50.

. Lutolf MP. Biomaterials: Spotlight on hydro-

gels. Nat Mater. 2009;8(6):451-3.

cell-based bone
Biomaterials. 2009;30(27):4639-48.

Cell Stem Cell. 2010;6(3):199-202.

size. Nature. 2003;425(6960):836-41.
controls  the

Myc

2747-63.

Cell Res. 2010;4(2):129-39.

Osawa M, Hanada K, Hamada H, Nakauchi
H. Long-term lymphohematopoietic recon-
stitution by a single CD34-low/negative
hematopoietic stem cell. Science. 1996;273
(5272):242-5.

17. Hoggatt ], Singh P, Sampath J, Pelus LM.
Kimelman-Bleich N, Pelled G, Sheyn D, Prostaglandin E2 enhances hematopoietic
Kallai I, Zilberman Y, Mizrahi O, et al. The stem cell homing, survival, and proliferation.
use of a synthetic oxygen carrier-enriched Blood. 2009;113(22):5444-55.
hydrogel to enhance mesenchymal stem  18. Nilsson SK, Johnston HM, Whitty GA,
formation in vivo. Williams B, Webb R], Denhardt DT, et al.
Osteopontin, a key component of the
LiP, Zon LI Resolving the controversy about hematopoietic stem cell niche and regulator
N-cadherin and hematopoietic stem cells. of primitive hematopoietic progenitor cells.
Blood. 2005;106(4):1232-9.
Zhang ], Niu C, Ye L, Huang H, He X, Tong ~ 19. Chitteti BR, Cheng YH, Streicher DA,
WG, et al. Identification of the haematopoi- Rodriguez-Rodriguez S, Carlesso N, Srour
etic stem cell niche and control of the niche EE et al. Osteoblast lineage cells expressing
high levels of Runx2 enhance hematopoietic
Wilson A, Murphy M], Oskarsson T, progenitor cell proliferation and function. J
Kaloulis K, Bettess MD, Oser GM, et al. c- Cell Biochem. 2010;111(2):284-94.
balance between  20. Arai E Hirao A, Ohmura M, Sato H,
hematopoietic stem cell self-renewal and Matsuoka S, Takubo K, et al. Tie2/angiopoi-
differentiation. Genes Dev. 2004;18(22): etin-1 signaling regulates hematopoietic
stem cell quiescence in the bone marrow
Wein E Pietsch L, Saffrich R, Wuchter P, niche. Cell. 2004;118(2):149-61.
Walenda T, Bork S, et al. N-cadherin is  21. Potocnik AJ, Brakebusch C, Fassler R. Fetal
expressed on human hematopoietic progen- and adult hematopoietic stem cells require
itor cells and mediates interaction with betal integrin function for colonizing fetal
human mesenchymal stromal cells. Stem liver, spleen, and bone marrow. Immunity.
2000;12(6):653-63.
Goodell MA, Brose K, Paradis G, Conner  22. Scott LM, Priestley GV, Papayannopoulou T.

AS, Mulligan RC. Isolation and functional
properties of murine hematopoietic stem
cells that are replicating in vivo. ] Exp Med.

Deletion of alpha4 integrins from adult
hematopoietic cells reveals roles in home-
ostasis, regeneration, and homing. Mol Cell

Mimicking HSC niche in vitro e




- M.B. Sharma et al.

-m haematologica | 2012; 97(5)

23.

24.

25.

26.

27.

28.

29.

Biol. 2003;23(24):9349-60.

Azab AK, Runnels M, Pitsillides C, Moreau
AS, Azab E Leleu X, et al. CXCR4 inhibitor
AMD3100 disrupts the interaction of multi-
ple myeloma cells with the bone marrow
microenvironment and enhances their sensi-

tivity to therapy. Blood. 2009;113(18):4341-
51

Ceradini DJ, Kulkarni AR, Callaghan MJ,
Tepper OM, Bastidas N, Kleinman ME, et al.
Progenitor cell trafficking is regulated by
hypoxic gradients through HIF-1 induction
of SDF-1. Nat Med. 2004;10(8):858-64.

Lo Celso C, Fleming HE, Wu JW, Zhao CX,
Miake-Lye S, Fujisaki J, et al. Live-animal
tracking of individual haematopoietic
stem/progenitor cells in their niche. Nature.
2009;457(7225):92-6.

Eliasson P, Jonsson JI. The hematopoietic
stem cell niche: low in oxygen but a nice
place to be. ] Cell Physiol. 2010;222(1):17-22.
Kirito K, Fox N, Komatsu N, Kaushansky K.
Thrombopoietin enhances expression of
vascular endothelial growth factor (VEGEF) in
primitive hematopoietic cells through induc-
tion of HIF-lalpha. Blood. 2005;105(11):
4258-63.

Tormin A, Li O, Brune JC, Walsh S, Schiitz
B, Ehinger M, et al. CD146 expression on
primary nonhematopoietic bone marrow
stem cells is correlated with in situ localiza-
tion. Blood. 2011;117(19):5067-77.

Parmar K, Mauch P, Vergilio JA, Sackstein R,
Down JD. Distribution of hematopoietic

30.

31.
32.

33.

34.

35.

36.

37.

stem cells in the bone marrow according to
regional hypoxia. Proc Natl Acad Sci USA.
2007;104(13):5431-6.

Evans SM, Judy KD, Dunphy I, Jenkins WT,
Nelson PT, Collins R, et al. Comparative
measurements of hypoxia in human brain
tumors using needle electrodes and EF5
binding. Cancer Res. 2004;64(5):1886-92.
Abbott A. Cell culture: biology's new
dimension. Nature. 2003;424(6951):870-2.
Takaku T, Malide D, Chen ], Calado RT,
Kajigaya S, Young NS. Hematopoiesis in 3
dimensions: human and murine bone mar-
row architecture visualized by confocal
microscopy. Blood. 2010;116(15):e41-55.
Wilson A, Trumpp A. Bone-marrow
haematopoietic-stem-cell niches. Nat Rev
Immunol. 2006;6(2):93-106.

Kobayashi H, Butler JM, O'Donnell R,
Kobayashi M, Ding BS, Bonner B, et al.
Angiocrine factors from Akt-activated
endothelial cells balance self-renewal and
differentiation of haematopoietic stem cells.
Nat Cell Biol. 2010;12(11):1046-56.
Lemischka IR, Raulet DH, Mulligan RC.
Developmental potential and dynamic
behavior of hematopoietic stem cells. Cell.
1986;45(6):917-27.

Li L, Clevers H. Coexistence of quiescent
and active adult stem cells in mammals.
Science. 2010;327(5965):542-5.

Kiel MJ, Acar M, Radice GL, Morrison S]J.
Hematopoietic stem cells do not depend on
N-cadherin to regulate their maintenance.

38.

39.

40.

41.

42.

43.

Cell Stem Cell. 2009;4(2):170-9.

Hosokawa K, Arai F Yoshihara H, Iwasaki
H, Nakamura Y, Gomei Y, et al. Knockdown
of N-cadherin suppresses the long-term
engraftment of hematopoietic stem cells.
Blood. 2010;116(4):554-63.

HaugJS, He XC, Grindley JC, Wunderlich JP,
Gaudenz K, Ross JT, et al. N-cadherin
expression level distinguishes reserved ver-
sus primed states of hematopoietic stem
cells. Cell Stem Cell. 2008;2(4):367-79.
Tzeng YS, Li H, Kang YL, Chen WC, Cheng
WC, Lai DM. Loss of Cxcl12/Sdf-1 in adult
mice decreases the quiescent state of
hematopoietic stem/progenitor cells and
alters the pattern of hematopoietic regenera-
tion after myelosuppression. Blood.
2011;117(2):429-39.

Mohyeldin A, Garzon-Muvdi T, Quinones-
Hinojosa A. Oxygen in stem cell biology: a
critical component of the stem cell niche.
Cell Stem Cell. 2010;7(2):150-61.

Asosingh K, De Raeve H, de Ridder M,
Storme GA, Willems A, Van Riet ], et al. Role
of the hypoxic bone marrow microenviron-
ment in 5T2MM murine myeloma tumor
progression. Haematologica. 2005;90(6):
810-7.

Lennon DP, Edmison JM, Caplan Al
Cultivation of rat marrow-derived mes-
enchymal stem cells in reduced oxygen ten-
sion: effects on in vitro and in vivo osteo-
chondrogenesis. ] Cell Physiol 2001;187(3):
345-55.



