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1. Introduction

The bone marrow is a complex environ-
ment in which hematopoietic stem and 
progenitor cells (HSPC) are maintained 
in a dynamic balance of quiescence, self-
renewal, and differentiation into myeloid, 
lymphoid, and erythroid lineages.[1,2] This 
dynamic balance is regulated by special-
ized microenvironments within the adult 
bone marrow, so called niches, which pro-
vides signals to the residing HSPCs.[3,4] 
The HSC niche is formed by two main 
components: a noncellular component 
consisting of extracellular matrix (ECM) 
and soluble factors, and a cellular com-
ponent constituted by both hematopoietic 
and non-hematopoietic cells such as 
endothelial cells, osteoblasts, mesen-
chymal progenitor cells, and adipocytes.[5] 
The HSC niche is also a physiological 
hypoxic microenvironment,[6] where 
hypoxia-induced signals are involved in 
the maintenance of HSC quiescence and 
survival.[7]

Essential cellular components of the HSC niches are mes-
enchymal progenitors and endothelial cells expressing the 
chemokine CXCL12; its receptor CXCR4 is essential for the 
differentiation of multipotent hematopoietic progenitors.[8] 
Multipotent progenitors are believed to be either intermingled 
with HSCs in the same niche, or residing in a close but dis-
tinct niche.[2] Their exact location and the existence of separate 
subniches remain under debate. The two most suggested sub-
niches are the endosteal and the perivascular niche, which are 
distinguished by differences in cell populations and chemot-
actic gradients.[9,10] The endosteal niche is located at the inter-
face between trabecular bone and bone marrow, and primarily 
contains osteoblasts.[11] The perivascular niche contains sinu-
soidal endothelium and thus primarily endothelial cells. Qui-
escent HSCs have been identified near the perivascular niche, 
while early lymphoid progenitors have been identified closer to 
the endosteal niche.[12]

Established in vitro HSPC niche models use stromal cell 
lines to provide essential niche signals to the HSCs, and/or 
by supplementing the used media with high concentrations of 
growth factors.[13–17] HSPCs can be maintained and expanded 
in vitro for weeks using cytokines, or for longer using feeder 
cell lines.[18] These 2D cultures lack the in vivo niche residing 
cells that are unmodified through irradiation or transduction, 
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as well as the 3D environment and ECM components of the 
natural HSC niche. The ECM has been shown to have an 
important role within the stem cell niche, as it can directly 
or indirectly modulate the maintenance, proliferation, self-
renewal, and differentiation of stem cells.[19] Also the natural 
residing cells are of high importance to study both normal and 
disordered development of HSCs. Altered signaling in osteo-
cytes causes myeloid hyperproliferation, whereas alterations in 
mesenchymal osteoprogenitors in the bone marrow result in 
myelodysplastic syndrome and the development of acute mye-
loid leukemia.[20,21] Mimicking the various elements of the HSC 
niche would enable the study of the niche itself, and its active 
participation in normal hematopoiesis as well as in the context 
of disease pathogenesis.

Various studies have been conducted aiming to develop in 
vitro models capable of supporting HSPCs in a 3D environment. 
When developing an in vitro HSPC model, it is of importance 
to optimize both the cellular compartment of the model, as 
well as the used hydrogel mimicking the ECM of the niche. To 
mimic the endosteal niche, hydrogels (e.g., Matrigel, collagen, 
Puramatrix, alginate, or PEG)[22–26] or bone mimicking materials 
(e.g., βTCP, hydroxyapatite, or bioderived bone)[24,27–29] have 
been used. In addition to these materials, models used either 
stromal cell lines[22,30,31] or human primary cells as supportive 
cell sources. The primary cell sources are multipotent mesen-
chymal stromal cells (MSCs) or osteogenic differentiated MSCs 
(O-MSCs).[24–29,32–37] In these primary cell models, the use of 
additional cytokine supplemented medium is still common 
practice, to enhance the survival of the cultured HSPCs. This 
suggests suboptimal support of the used primary cells toward 
the cultured HSPCs. Endothelial cells and perivascular stromal 
cells are cell types known to be critical for the production of 
HSC niche  factors.[12,38] Also adipocytes were shown in vitro 
to suppress HSPC differentiation and support their survival.[39] 
However, none of the developed models included either 
endothelial cells or adipocytes. Through optimization of the 
supporting primary cells, supplementation of cytokines would 
ideally no longer be necessary, as these soluble factors would 
then be produced by the fabricated supportive tissue. A model 
with higher cellular complexity would also enable research on 
the role of various niche residing cell types in the regulation and 
support of HSPCs, as well as disease pathogenesis.

The aim of this study was to identify the potential of 
various primary cell types to support HSPCs in vitro, without 
the need of additional cytokines. Also, the efficacy of a bioactive 
(Matrigel) and bioinert hydrogel (alginate) was tested. The 
developed 3D coculture model was further characterized, inves-
tigating the added value of cytokine supplementation on HSPC 
support, and the presence of hypoxia within the engineered 
HSPC niche.

2. Results

2.1. 3D Culture in Alginate and Matrigel Allows the Survival  
of MSCs, EPCs, and HSPCs

Selected hydrogels were tested for cell biocompatibility. GelMA, 
alginate, and Matrigel were tested as they are all known to 

homogeneously incorporate cells, while still enabling diffusion 
of nutrients and metabolites. MSCs were highly viable up to 
7 d of culture in all tested hydrogels (Figure  1A). Endothelial 
progenitor cells (EPCs) remained highly viable after 7 d of cul-
ture in Matrigel. Alginate and gelMA cultures resulted in lower 
EPC viability. HSCP viability was decreased following gelMA 
encapsulation at day 7, which was not seen with alginate or 
Matrigel. The bioactive or bioinert nature of the hydrogel was 
observed after 7 d of culture by looking at cell morphology 
(Figure 1B). Alginate and Matrigel were both selected for fur-
ther experiments since they did not affect HSPC viability, and 
offered the possibility to compare bioactive and bioinert mate-
rial. Alginate can be decrosslinked after culture, making cell 
collection for further analysis possible. While Matrigel can be 
digested using dispase, it also partly digests extracellular cell 
surface receptors and therefore surface marker expression. 
To circumvent this issue, a cell recovery solution was used to 
depolymerize the Matrigel without affecting cell surface recep-
tors (Figure 1C).

2.2. The Combination of A-MSCs, O-MSCs, and EPCs in 3D 
Cocultures Maintains CFU-GEMM Progenitors In Vitro

To create an optimal in vitro bone marrow niche model for 
HSPC maintenance, varying primary cell sources were com-
bined and tested in 3D alginate plugs (Figure 2; see the Experi-
mental Section for details on the culture conditions). MSCs 
and EPCs, or a mix of both cell types, enhanced the survival 
of HSPCs when compared to the culture with no feeder. How-
ever, the support was not better when compared to MS-5 cells 
cocultured with HSPCs. Combined MSCs and EPCs showed a 
higher supportive trend over time than MSCs or EPCs alone 
(Figure 2A). MSCs differentiated toward adipocytes (A-MSC) or 
osteoblasts (O-MSC) showed comparable supportive potential 
to MS-5, both in the presence or absence of EPCs (Figure 2B). 
The combination of A-MSCs, O-MSCs, and EPCs enhanced the 
total number of colonies (mainly BFU-Es) produced at day 3 
and 7 compared to MS-5 (Figure 2C). Importantly, the number 
of CFU-GEMM progenitors was maintained after 10  d of 
coculture. The adipogenic or osteogenic lineage commitment 
of A-MSCs and O-MSCs was confirmed before use in the 3D 
cocultures (Figure 2D).

2.3. Matrigel Promotes the Proliferation of HSPCs in Presence 
of A-MSCs, O-MSCs, and EPCs

The proliferation of HSPCs was tested after cocultured in 
absence or presence of feeders (i.e., MSCs/EPCs, A-MSCs/
O-MSCs/EPCs, MS-5) in either alginate or Matrigel. No dif-
ferences were observed between the two hydrogels in the 
absence of feeder cells, or in the presence of MSCs/EPCs. 
Higher numbers of hematopoietic cells (HCs) were observed 
in Matrigel cultures at day 7 and 10 in the presence of either 
MS-5 or A-MSCs/O-MSCs/EPCs (Figure  3A–D).When ana-
lyzing surface marker expression, more CD34+ HSPCs were 
retrieved from the Matrigel cultures at day 7 compared 
to day 1, with a significant increase in CD34+CD38+ cells 
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Figure 1.  Cell viability in various hydrogel matrices and subsequent retrieval from Matrigel. A) Cell viability of MSCs, EPCs, and HSPCs (cultured on 
supportive MS-5 layers) in different 3D hydrogel cultures over time. The live/dead ratio of each cell type (n = 3) was analyzed after 1, 4, and 7 d of 
culture. B) Fluorescent images of live (green, calcein) and dead (red, ethidium homodimer-1) MSCs after 7 d encapsulation in different gels (alginate 
20  mg mL−1, gelMA 50  mg mL−1 and Matrigel 50% (v/v)). C) CD38 (left, flow cytometry) and corresponding CD45, CD38, and CD34 expression 
percentages (right) of HSPCs recovered from Matrigel at day 7, using either dispase or cell recovery solution. Data are presented as mean ± SD. The 
scale bars represent 200 µm.
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Figure 2.  Colony-forming potential of HSPCs cultured in various primary coculture conditions, retrieved from 3D alginate plugs. The number of 
colonies (n = 4) was counted before (day 0) and after 3, 7, and 10 d of (co)culture. A) Colony-forming potential of 3D cultured HSPCs without feeder, 
with MS-5, undifferentiated MSCs, EPCs, or MSCs/EPCs after 3, 7, and 10 d. B) Colony-forming potential of 3D cultured HSPCs without feeder, with 
MS-5, differentiated A-MSCs, O-MSCs, or cocultured A-MSCs/EPCs, O-MSCs/EPCs, or A-MSCs/O-MSCs/EPCs after 3, 7, and 10 d. C) Type of colonies 
(CFU-GEMM, CFU-GM, and BFU-E/CFU-E) generated after the 3D culture with no feeder, MS-5, and A-MSCs/O-MSCs/EPCs. D) Bright field images 
of MSCs cultured for 14 d in MSC medium, osteogenic medium, or adipogenic medium. MSCs were stained with Oil Red O or Alizarin Red to identify 
lipid formation or mineralized matrix, respectively. Data are presented as mean ± SD. * p < 0.05, *** p < 0.001. The scale bars represent 200 µm.
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Figure 3.  Comparison of the various coculture conditions in both alginate versus Matrigel. HSPC cultures (n = 3) were analyzed after 1, 4, 7, and 10 d 
of (co)culture. A,B) Quantification of the number of HCs cultured in alginate and Matrigel. C,D) Corresponding confocal images after 7 d of coculture 
in alginate or Matrigel with MSCs, A-MSCs/O-MSCs, or MS-5 cells (DiI, yellow), HCs (DiD, red), and EPCs (DiO, green). The scale bars represent 
200 µm. E) Quantification of CD34+CD38−, CD34+CD38+, CD34−CD38+, and CD34−CD38− cells within the DAPI−CD45+ population after A-MSCs/O-
MSCs/EPCs and MS-5 coculture for 1 or 7 d in either alginate or Matrigel. F) Absolute number of CD34+CD38− and CD34+CD38+ cells in culture, 
normalized to their initial seeded number at day 1, supported by A-MSCs/O-MSCs/EPCs or MS-5 in either alginate or Matrigel. Data are presented as 
mean ± SD. * p < 0.05, ** p < 0.01.
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(Figure  3E). Alginate showed an increase in the more dif-
ferentiated CD34−CD38+ population at day 7. When ana-
lyzing absolute cell numbers, Matrigel cultures maintained 
CD34+CD38− HSPCs during 7 d of culture, and enhanced 
CD34+CD38+ HSPCs compared to their initial numbers 
(Figure  3F). The supporting cells cultured in Matrigel were 
capable of forming networks through cell–cell contact. When 
cultured in alginate, cells had a rounded phenotype with no 
visible cell–cell contact during all time points (1, Supporting 
Information). Matrigel facilitated cell–cell interactions, sup-
porting the development of a differentiated hematopoietic 
population as well as the maintenance of immature multipo-
tent hematopoietic progenitors.

2.4. HCs Colocalize with Supporting Cells in 3D Matrigel

To look at cell–cell interactions during coculture, the Matrigel-
based cultures were analyzed further. After 1 or 4 d of culture, 
round cells evenly distributed throughout the gel. From day 7 
onwards, the stromal cells self-assembled, forming networks 
throughout the Matrigel (data not shown). Clusters of HCs 
always colocalized with the supporting networks. In the pri-
mary cell conditions (MSCs/EPCs or A-MSCs/O-MSCs/EPCs), 
HC clusters were present in luminal structures at day  14 
(Figure  4A,B). MS-5 did not form similar luminal structures 
(Figure 4C).

The preferential colocalization of HCs with either CD31+ 
endothelial cells, or CD31− mesenchymal cells was also ana-
lyzed. Direct colocalization of HCs with MSCs (differentiated 
or nondifferentiated) as well as colocalization with CD31+ 
cells was observed (Figure 5A–C). Larger clusters of HCs were 
found colocalizing with MSCs. This was also observed when 
staining for CD34+, larger clusters of CD34+ HSPCs colocal-
ized with differentiated MSCs. However, also CD34+ EPCs 
could be identified in close proximity to the CD34+ HSPCs 
(Figure 5D).

The morphology of the cultured CD31+ EPCs changed under 
the influence of cocultured HCs. When cultured only with 
MSCs, long combined networks of MSCs and EPCs devel-
oped. When cocultured with HCs, elongated CD31+ EPCs were 
observed, as well as round, sinusoidal-like CD31+ cell clusters 
(Figure 5A–C).

2.5. The Addition of Hematopoietic Cytokines Does Not 
Improve HSPC Maintenance in Primary Cell Cocultures

The primary cell cocultures (in absence or presence of feeder 
cells (i.e., MSCs/EPCs, A-MSCs/O-MSCs/EPCs, MS-5)) were 
performed with or without FBS, and with or without addi-
tional cytokines (TPO (20  ng mL−1), SCF (50  ng mL−1), FLT-3 
(50  ng mL−1), IL-3 (20  ng mL−1), and IL-6 (10  ng mL−1)). At 
day 10, cytokine supplementation (in medium with or without 
fetal bovine serum (FBS)) increased the CD34+ cell popula-
tion in absence of feeder cells. In absence or presence of FBS, 
this number could be significantly increased further with the 
addition of either MSCs/EPCs, A-MSCs/O-MSCs/EPCs, or 
MS-5. No significant differences in the CD34+ population were 

observed in presence or absence of additional cytokines, using 
feeder cells (Figure  6A). Also, the colony-forming potential 
of HSPCs was similar after culture with or without cytokines 
(Figure 6B).

In absence of FBS, a decreased total number of CD34+ cells 
was observed in the presence of primary feeder cells (MSCs/
EPCs, A-MSCs/O-MSCs/EPCs, or MS-5), however, there were 
still significantly more CD34+ cells than when cultured without 
feeder cells. No significant differences were observed in the 
presence or absence of additional cytokines (Figure  6A). No 
effect of the added FBS was seen on the support of HSPCs in 
vitro, as the HSPCs cultured without feeder cells (in the pres-
ence of FBS) did not show a sustained CD34+ population at day 
10. This is in contrast to the HSPCs cultured without feeder 
cells but with additional cytokines (Figure 6A). Looking at the 
morphology of the supporting primary cells with or without 
FBS, clear differences were observed (Figure 6C). No supportive 
networks developed in the cultures without FBS, suggesting 
an affected supporting cell population, needed to support the 
CD34+ population in vitro.

These results show that the primary coculture model opti-
mally performs when cultured in FBS supplemented medium, 
which does not support CD34+ HSPCs by itself, without the 
need of additional supportive cytokines for HSPC survival and 
maintenance.

2.6. Hypoxic Environment Present within 3D Culture  
without Compromising Cellular Viability, Proliferation,  
or Morphology

The primary cell-based coculture model was further charac-
terized in regard to hypoxia development taking into account 
different volumes of the model (30 or 50 µL). The HSPC cocul-
tures, cultured under standard conditions (normoxic condition), 
cultured with a chemical inducer of hypoxia (hypoxic condition), 
or cultured with a synthetic oxygen carrier (hyperoxic condi-
tion), were analyzed for cell survival, proliferation, and the pres-
ence of cellular hypoxia, using hypoxia marker pimonidazole.

Viable supporting cells (MSCs/EPCs) were observed in 
all three conditions, during 14 d of culture. However, mor-
phological differences were observed in the hypoxia-induced 
condition (Figure  7A), with decreasing numbers over time. 
The normoxic cocultures showed higher cell proliferation com-
pared to the hypoxic cocultures but less than the hyperoxic 
cocultures (Figure 7A,B). A clear difference in hypoxia gener-
ated was seen through the staining of pimonidazole. Hypoxia 
was present in both the hypoxic and normoxic cultured 
hydrogel cocultures, with very low levels of expression in 
the hyperoxic cocultures (Figure  7C,D). Similar results were 
obtained for A-MSCs/O-MSCs/EPCs (data not shown). The 
level of hypoxia can be reduced or increased in the 3D model, 
by changing the volume of the culture, or through addition of 
a synthetic oxygen carrier.

The results show the development of a hypoxic environ-
ment within the HSPC bone marrow model when cultured in 
a conventional incubator. The hypoxic environment does not 
compromise the viability, proliferation, or morphology of the 
supporting cells.

Adv. Healthcare Mater. 2019, 8, 1801444
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Figure 4.  Complete overviews of the HSPC niche models after 14 d of culture in Matrigel. A,B) Confocal overview images showing the undifferenti-
ated primary HSPC niche model and differentiated primary HSPC niche model. Stromal networks have been formed, containing luminal structures 
(zoomed images, white dashed squares, white arrows) with colocalizing HCs. C) Confocal overview images of MS-5 coculture. MS-5 appears as 
structured networks throughout the culture. No luminal structures were observed (zoomed images, white dashed squares). HCs colocalize with MS-5 
networks. DAPI (blue), F-actin (phalloidin, yellow), and HCs (DiD, red). The scale bars represent 500 µm (overviews) or 100 µm (zoomed images).
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3. Discussion

The developed HSC niche model enables the culture of HSPCs 
in vitro, using primary human cells that form the main cel-
lular components of the HSC niche.[40] The model allows fur-
ther study of interactions between various supportive cell types 
and HSPCs. Current 3D models are based on MSCs and/or 
O-MSCs, mimicking only the endosteal niche.[24–29,32–37] MSCs 
as well as adipogenic and osteogenic progenitors are known to 
be an essential component of the HSC niche, required for the 
quiescence, proliferation, and differentiation of HSPCs.[41,42] 

Also endothelial cells have been shown to play a key role in 
the regulation of HSPCs, expressing high levels of major niche 
factors.[40,43] Even though quiescent HSCs have been identified 
preferentially near the perivascular niche,[12] this environment 
is not mimicked in previously developed in vitro HSC niche 
models. Our model contains a heterogeneous mix of primary 
cells that do not require the addition of cytokines to the 3D cul-
ture to support HSPCs.

The ECM of the stem cell niche has been shown to have an 
important instructive role, as it can directly or indirectly mod-
ulate the residing stem cells.[19] This has been confirmed by 

Adv. Healthcare Mater. 2019, 8, 1801444

Figure 5.  HC localization with and morphology of endothelial structures. Confocal images of CD31+ EPCs (green and yellow) and MSCs (yellow only) 
cultured A) without HCs and B) with HCs (red), or C) CD31+ EPCs (green and yellow) and A-MSC/O-MSCs (yellow only) with HCs (red). Combined 
networks of MSCs or A-MSCs/O-MSCs and EPCs can be observed. The CD31+ EPCs appeared in round cell clusters or elongated within the stromal 
networks, when grown together with HCs. Without HCs, mainly elongated structures were observed. HC clusters can be found colocalizing with either 
MSCs or A-MSCs/O-MSCs (white arrows) or with CD31+ EPCs (cyan arrows). D) CD34+ HSPCs (green and red, orange arrows) can also be found in 
close proximity to both CD34+ EPCs (cyan arrows) or A-MSCs/O-MSCs (white arrows), DAPI (blue), F-actin (phalloidin, yellow), CD31 or CD34 (green), 
and HCs (DiD, red). The scale bars represent 75 µm (A, B, D) or 100 µm (C).
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Figure 6.  Varying medium composition effects on HSPC survival within the HSPC niche models. Each cellular condition (n = 3) was cultured either with 
or without FBS, and with or without cytokines (TPO (20 ng mL−1), SCF (50 ng mL−1), FLT-3 (50 ng mL−1), IL-3 (20 ng mL−1), and IL-6 (10 ng mL−1)). 
Results are shown after day 10 of culture. A) Quantification of CD34+CD38+ and CD34+CD38− cells in absence of feeder, or with MSCs/EPCs, A-MSCs/ 
O-MSCs/EPCs, or MS-5 for each culture condition. B) Quantification of colony-forming cells (BFU-E, CFU-GM, or CFU-GEMM) in the two primary 
cell conditions (MSCs/EPCs or A-MSCs/O-MSC/EPCs) containing FBS, with or without cytokines. C) Confocal images showing A-MSCs/O-MSCs/
EPCs (phalloidin (yellow), DAPI (blue)) cultured with and without FBS on day 10, representative for the other stromal coculture conditions. Data are 
presented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. The scale bars represent 150 µm.
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Figure 7.  Characterization of hypoxia within the HSPC niche model. 3D cultured MSCs/EPCs, in a conventional incubator (37 °C; 5% CO2) either 
without (normoxia) or with 100 µm cobalt (II) chloride hexahydrate (CoCl2, hypoxia) or 10% (w/v) synthetic oxygen carrier perfluorotributylamine 
(PFTBA, hyperoxia). A) Confocal images showing alive (green) and dead (red) cells at day 14 in 50 µL plugs. B) Amount of supporting MSCs/EPCs over 
time in 50 µL plugs. C) Mean fluorescent intensity of pimonidazole (hypoxia marker) at day 14 in both 30 and 50 µL plugs, with D) the corresponding 
confocal images at day 14 in both 50 µL plugs. DAPI is shown in blue, hypoxia in green (pimonidazole), and F-actin in yellow (phalloidin). Data are 
presented as mean ± SD. The scale bars represent 30 µm.
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using different ECM mimicking hydrogels, where various sup-
portive effects of the materials were observed toward the cul-
tured HSPCs.[22,33] This ECM effect was taken into account by 
testing different hydrogels as a supportive material, comparing 
both alginate, lacking cell-adhesive components, and Matrigel, 
containing abundant cell-adhesive components, for their per-
formance in an in vitro HSPC model. Both hydrogels facilitated 
a continuous presence of immature colony-forming hematopoi-
etic progenitors, suggesting sufficient trophic factors excreted 
by the supporting cell population for their in vitro support. 
The used hydrogels by themselves did not have a supportive 
effect on the cultured HSPCs, as these immature hematopoi-
etic progenitors could not be maintained without feeder cells in 
either alginate or Matrigel. The presence of ECM proteins and 
remaining growth factors in the growth factor reduced Matrigel 
did facilitate the proliferation of CD34+CD38+ hematopoietic 
cells to a higher extent than observed in alginate, and better 
maintained the CD34+CD38− population during 7 d. In algi-
nate, a higher increase in the more differentiated CD34−CD38+ 
was observed.

The use of Matrigel enabled the stromal cells to reassemble, 
forming dense networks. The formation of networks is indic-
ative for the formation of cadherin-mediated intercellular 
junctions. Single cells without cell–cell interaction maintain a 
rounded morphology, whereas cells interacting through inter-
cellular junctions display a spread morphology and develop 
F-actin positive stress fibers, regardless of substrate stiffness 
or cell–matrix interactions. These intercellular junctions are 
important for both tissue remodeling and differentiation.[44] 
Especially for endothelial cells these morphological changes are 
important, as their spread and elongation is associated not only 
with differentiation and proliferation but also the formation of 
a functional vascular network.[45]

The formation of these cell–cell and cell–matrix interac-
tions limited the ability to decrosslink the culture over time for 
subsequent analysis. Enzymatic digestion using dispase was 
used previously to recover cells from Matrigel,[24] however, the 
dispase disturbed the cell surface receptors. Cell recovery solu-
tion was capable to depolymerize the Matrigel up to day 10 of 
culture, which allowed flow cytometry analysis. The analysis of 
cocultures at later time points was only possible using confocal 
imaging. To distinguish the cultured HSPCs from the sup-
porting cells, lipophilic tracers were used, enabling both live cell 
imaging over time and analysis of fixated cultures as a whole. 
At day 0, a lineage depleted HSPC population was stained with 
DiD. During culture, the composition of this heterogeneous cell 
population was shown to change over time. Additional analyses 
are needed to confirm the presence of either colony-forming or 
CD34+ HSPCs within the traced hematopoietic population, also 
taking in account possible dye transfer from one cell type to the 
other.[46]

The cellular compartment of the model was optimized 
using relevant cell types of both the perivascular and endosteal 
niche.[10,11] MSCs, A-MSCs, O-MSCs, and EPCs were cultured 
alone, or in various ratios of cells combined for the cocul-
tures. The model was compared to a stromal feeder cell line 
(MS-5) traditionally used to support HSPCs in vitro.[13–15] 
Recently, developed models have shown functionality of their 
3D endosteal environment comparing them to controls with 

no traditional feeder cells. Instead, these models applied cell 
types that are suboptimal for in vitro HSPC culture, such as 
2D cultured MSCs and/or O-MSC.[25,28] Also cytokine supple-
mented media was used,[27,32,33] with less supportive capacities 
toward primitive HSPCs over time when compared to feeder 
cell lines.[47] Other studies focused on optimizing hydrogels 
or culture conditions did not include controls containing sup-
portive cells or cytokines other than the ones tested in their 
endosteal models.[22,24,36] A direct comparison of culture condi-
tions and components required for the maintenance of HSPC 
is preferred, in order to evaluate the supportive potential of 
experimental conditions in newly developed in vitro HSC niche 
models.

The presence of MSCs or O-MSCs in our model offered 
less support toward colony-forming HSPCs than MS-5 
cells, yet MSCs or O-MSCs were used in recent primary cell 
models.[24–29,32–37] Also, A-MSC or EPCs alone showed less sup-
portive capacities. The ability of these primary human cells to 
support HSPCs increased when combining them. The optimal 
condition contained A-MSCs, O-MSCs, and EPCs. Since MSCs, 
a heterogeneous cell population, are known to not differentiate 
uniformly during 14 d, undifferentiated MSCs as well as lin-
eage committed MSCs are expected to be present within this 
coculture condition.[48] The combined primary cells supported 
the growth of HSPCs, similar to MS-5 cells. However, the usage 
of primary human cell types offers the possibility to culture 
HSPCs in an environment closely mimicking the in vivo HSC 
niche. The supportive function of the HSC niche model does 
still decline over time, comparable to the decline seen when 
using MS-5 cells. The main challenge will remain to ensure 
prolonged maintenance of HSPCs in an in vitro model, and 
may lay in allowing interaction with various other cell types 
including immune cells.

The HSC niche model that we developed showed a highly 
HSPC supportive potential compared to cytokine supplemented 
HSPCs without feeder cells. The developed model contains 
various cellular components that do not need further supple-
mentation with common HSPC cytokines. These results indi-
cate that the cellular interactions in the in vitro model mimic at 
least part of the in vivo complexity, suggesting the formation of 
a functional in vitro HSC niche. Additionally, the cells residing 
in the model created a hypoxic niche, an important charac-
teristic of the in vivo HSC niche.[6,49] Our model thus mimics 
important features and characteristics of the natural in vivo 
HSC niche.

4. Conclusions

The developed in vitro HSC niche model provides the possibility 
to culture HSPCs using primary human cells, without further 
cytokine supplementation to the culture medium. The combi-
nation of differentiated adipogenic, osteogenic, and endothelial 
cells in Matrigel optimally supports HSPC maintenance as well 
as hematopoiesis. Using this model, the interactions of HSPCs 
with varying human microenvironments can be studied, such 
as interactions between HSPCs and the different cell types of 
both the endosteal and perivascular niche. The mimicking of 
these niche elements, and the ability to exclude/include cellular 
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components or interfere with cell–cell interactions, enables the 
study of the niche itself, and its active participation in normal 
hematopoiesis as well as disease pathogenesis.

5. Experimental Section

Primary Cells and Cell Lines: All primary tissue samples were obtained 
after written informed consent, and used protocols were approved by 
the local ethics committee of the University Medical Center Utrecht in 
accordance with the Declaration of Helsinki.

Umbilical cord blood was obtained from full-term pregnancies. The 
mononuclear cell (MNC) fraction was isolated by centrifugation using 
Ficoll-Paque PLUS (GE Healthcare). HSPCs were obtained from the 
MNCs using the human Lineage Cell Depletion Kit (MACS Miltenyl 
Biotec). The MACS selection was checked using flow cytometry, reaching 
an average CD34+ purity of 70.3%  ±  5.1% (Table S1, 2, Supporting 
Information). The lineage negative population was directly used in 
coculture experiments and plated in an in vitro colony-forming unit-cell 
assay (CFU-C assay, day 0).

EPCs were isolated from cord blood and characterized as late 
outgrowth endothelial progenitor cells (also named endothelial colony-
forming cells) as previously described.[50,51] EPCs were expanded in 
EPC medium (EBM-2 Basal Medium (Gibco) supplemented with 10% 
(v/v) FBS (Gibco), 100 U mL−1 penicillin, and 100 µg mL−1 streptomycin 
(Gibco) and EGM-2 SingleQuots (Lonza)).

MSCs were isolated from bone marrow as described previously.[52] 
MSCs were expanded in MSC medium (α-minimal essential 
media (αMEM, Gibco),10% (v/v) FBS, 0.2  × 10−3  m l-ascorbic acid 
2-phosphate, 100 U mL−1 penicillin, and 100  µg mL−1 streptomycin). 
MSC differentiation was performed in osteogenic medium (MSC 
medium supplemented with 10  × 10−3  m β-glycerophosphate and 
10  × 10−9  m dexamethasone (both Sigma)) or adipogenic medium 
(αMEM supplemented with 10% (v/v) FBS, 100 U mL−1 penicillin and 
100  µg mL−1 streptomycin, 0.5  × 10−3  m 3-isobutyl-1-methylxanthine 
(IBMX), 0.2 × 10−3 m indomethacin, 1.72 × 10−6 m insulin and 1 × 10−6 m 
dexamethasone (all Sigma)) for 14 d before use in coculture experiments. 
Predifferentiated MSCs toward the adipogenic or osteogenic lineage are 
referred to as A-MSC or O-MSC, respectively. To assess differentiation, 
some cells were fixed with 4% formaldehyde for 15  min at room 
temperature. The O-MSCs were stained with 2% Alizarin red solution 
(Sigma) for 5  min. The A-MSCs were incubated for 5  min in 60% 
isopropanol (Avantor Performance Materials) and stained for 5 min in 
freshly filtered 0.22 × 10−6  m Oil Red O solution (Sigma). Images were 
taken with an Olympus BX60 microscope.

MS-5 cells were cultured in αMEM, 10% (v/v) FBS, 2  × 10−3  m  
l-glutamine, 100 U mL−1 penicillin, and 100 µg mL−1 streptomycin.

Hydrogels: High-viscosity alginate powder (International Specialty 
Products) was sterilized with 100% ethanol and UV light for 20 min. It 
was dissolved at 20 mg mL−1 in αMEM and polymerized by 100 × 10−3 m 
CaCl2 (Sigma) in Tris-buffered saline (pH 7.6) for 15  min. Gelatin 
methacrylate (gelMA) was synthesized by reacting porcine type A 
gelatin (Sigma) with methacrylic anhydride (Sigma) at 50  °C for 1 h, 
as previously described.[53] Thawed gelMA was dissolved in αMEM 
at 40  °C at a concentration of 50  mg mL−1, containing photoinitiator 
Irgacure 2959 (1 mg mL−1 Ciba, BASF) and cross-linked for 15 min using 
365  nm light in a UVP CL-1000L cross-linker. Growth factor-reduced 
Matrigel with a high concentration of basement membrane matrix 
(Corning, 354263) was diluted 1:1 adding αMEM. Matrigel was pipetted 
in droplets on the bottom of a 24-well suspension culture plate and 
incubated for 20 min at 37 °C before medium was added. Plugs of 50 µL 
were made unless stated otherwise. The compressive modulus of the 
used hydrogels ranged from 1.2 to 2.8 kPa (3, Supporting Information).

3D Monocultures: HSPCs (n  = 3 independent experiments), MSCs 
(n  = 3), and EPCs (n  = 3) were encapsulated separately in alginate, 
gelMA, and Matrigel. Gels containing HSPCs were cultured on top of a 
confluent MS-5 feeder layer. Cell viability was analyzed at different time 

points (after 1, 4, and 7 d, using the Live/Dead Viability/Cytotoxicity 
Kit for mammalian cells according to the manufacturer’s protocol 
(ThermoFisher)). At least 50 cells were scored per condition; double 
stained cells were scored as dead cells from images taken with an 
Olympus BX60 microscope.

3D Cocultures: HSPCs (n  = 4) were cocultured with different types 
of supporting cells in the following mixes and ratios: 6:1 (MSC:HSPC, 
EPC:HSPC, A-MSC:HSPC, O-MSC:HSPC), 3:3:1 (MSC:EPC:HSPC, 
A-MSC:EPC:HSPCS or O-MSC:EPC:HSPC), or 2:2:2:1 (A-MSCs:O-
MSCs:EPCs:HSPC). As a positive control, MS-5 cells were used, 
cultured in a 6:1 ratio. As a negative control, HSPCs were cultured 
alone (no feeder) in the hydrogels, at equal numbers compared to 
the HSPCs of the coculture conditions. The single or cocultured cells 
were pipetted into a 15  mL tube per condition, the seeding density 
and absolute number of these conditions are described in Tables S2 
and  S3 (Supporting Information). After centrifugation, the medium 
was removed and the entire cell pellet, containing either HSPCs or 
both HSPCs and supporting cells, was resuspended in either alginate 
20 mg mL−1 or Matrigel 50% (v/v), after which the gel was crosslinked 
as described above.

HSPCs were cocultured in HSPC medium (Iscove’s modified 
Dulbecco’s medium (IMDM, Gibco) supplemented with 10% (v/v) FBS, 
100 U mL−1 penicillin and 100  µg mL−1 streptomycin, and 2  × 10−3  m 
l-glutamine (ThermoFisher)) that was added in an equal ratio to the 
medium of the cocultured cells (MSC medium, EPC medium, adipogenic 
medium, and/or osteogenic medium). The cocultures were stopped on 
day 1, day 3 or 4, day 7, and day 10 for further analysis.

The standard mix medium containing 10% (v/v) FBS, but no 
additional added cytokines, was also compared to mix medium 
containing no FBS, or mix medium with or without FBS containing added 
cytokines: TPO (20  ng mL−1), SCF (50  ng mL−1), FLT-3 (50  ng mL−1), 
IL-3 (20 ng mL−1), and IL-6 (10 ng mL−1) (Immunotools). The survival of 
HSPCs (n = 3) in the four different media was compared in four culture 
conditions: HSPCs, HSPCs/MSCs/EPCs, HSPCs/A-MSCs/O-MSCs/
EPCs, and HSPCs/MS-5. The cocultures were stopped on day 1, day 3, 
day 7, and day 10 and assessed by flow cytometry and CFC assays.

CFU-C Assay: Alginate plugs were decrosslinked with a 55  × 10−3  m 
sodium citrate solution (Sigma). Matrigel plugs were dissolved using 
dispase (Corning) according to the manufacturer’s protocol. The 
recovered cells were suspended in methylcellulose-based medium 
(MethoCult H4435 Enriched, Stem Cell Technologies) and incubated for 
14 d after which three different colony types were counted based on their 
morphology (BFU-E/CFU-E: burst-forming unit-erythroid/colony-forming 
unit-erythroid, CFU-GM: colony-forming unit-granulocyte, macrophage, 
CFU-GEMM: colony-forming unit-granulocyte, erythrocyte, macrophage, 
megakaryocyte).

Flow Cytometric Characterization: Alginate plugs were decrosslinked 
with a 55 × 10−3 m sodium citrate solution (Sigma), Matrigel plugs were 
dissolved using Cell Recovery Solution (Corning). The obtained cells 
were stained with hematopoietic lineage marker antibodies (10:100, 
FITC anti-human hematopoietic lineages, eBioscience), AF647 anti-CD34 
(1:100, Biolegend), PE anti-CD38 (1:100, eBioscience), and PE-Cy7 
anti-CD45 (1:100, BD Biosciences)). DAPI (100 ng mL−1, Biolegend) was 
added to determine cell death. Flow cytometry analysis was performed 
using a FACS Canto II (Becton Dickinson).

Hydrogel Comparison: The proliferation of HSPCs (n  = 3) was 
compared after culture in alginate and Matrigel in absence or presence 
of different cell type combinations (HSPCs/MSCs/EPCs, HSPCs/ 
A-MSCs/O-MSCs/EPCs, or HSPCs/MS-5). Some cells were labeled with 
Vybrant Multicolor Cell-Labeling Kit (Invitrogen). Cells were incubated for 
20 min at 37 °C with either DiD (HSPCs), DiI (MSCs, A-MSCs, O-MSCs, 
or MS5), and DiO (EPCs), according to manufacturer’s protocol. The 
stained cultures were imaged over time using live cell imaging (days 1, 
4, 7, and 10). The rest of the (unstained) cultured cells were used for 
CFU-C and flow cytometry analysis at day 1, 4, 7, and 10, as described 
previously, or fixed with 4% formaldehyde at day 14. The cultures 
were permeabilized with 0.2% Triton-X 100, stained with phalloidin-
TRITC and DAPI (both FAK100 Kit; Merck Millipore) according to the 
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manufacturer’s protocol. All images were taken using a Leica SP8X Laser 
Scanning Confocal Microscope.

Normoxic 3D Cocultures Compared to Hypoxic and Hyperoxic Cocultures: 
Cobalt (II) chloride hexahydrate (CoCl2, Sigma) was used at the final 
concentration of 100  × 10−6  m in regular cell culture media to induce 
hypoxia.[54] 10% (w/v) synthetic oxygen carrier perfluorotributylamine 
(PFTBA, Sigma) was added to the Matrigel before cell addition. All 
cultures were performed in a conventional incubator (37 °C; 5% CO2). 
Plugs of both 30 and 50 µL (Tables S3 and S4, Supporting Information) 
were made to visualize hypoxia. Hypoxic cells in the cocultures were 
detected using the Hypoxyprobe-1 HP6-100 Kit (NPI Inc.). Pimonidazole 
was added to half of the cocultures for 3 h at a final concentration of 
200  × 10−6  m before stopping the experiment (at day 1, 4, 7, and 14). 
Samples were fixed with 4% formaldehyde and cut in half. The cultures 
were permeabilized with 0.2% Triton-X 100, blocked with 5% PBS/BSA, 
and incubated with FITC anti-pimonidazole antibody (1:50) overnight at 
4 °C. Samples were then washed with PBS and stained with phalloidin-
TRITC and DAPI (both FAK100 Kit; Merck Millipore) according to the 
manufacturer’s protocol. The other half of the cultures was live imaged 
at day 1, 4, 7, and 14 after staining the cells with the Live/Dead Viability/
Cytotoxicity Kit for mammalian cells according to the manufacturer’s 
protocol (ThermoFisher). All cultures were analyzed using a Leica SP8X 
Laser Scanning Confocal Microscope.

Immunocytochemistry: Cocultures containing HSPCs(DiD)/
MSCs/EPCs or HSPCs(DiD)/A-MSCs/O-MSCs/EPCs were used for 
immunodetection of CD31 or CD34. At day 14, fixed cultures were 
incubated with purified anti-human CD31 antibody (10 µg mL−1, Clone 
WM59, Biolegend) or purified anti-human CD34 antibody (10 µg mL−1, 
clone 581, Biolegend) overnight at 4  °C in TBS containing 1  mg mL−1 
BSA, followed by biotinylated sheep anti-mouse (1:200 in TBS/BSA, 
RPN1001v1; GE Healthcare) overnight at 4  °C, and Alexa Fluor 488 
anti-streptavidin (4  µg mL−1, S11226; Life Technologies) overnight at 
4  °C. Samples were then stained for TRITC anti-phalloidin (1:200) and 
DAPI (100  ng mL−1, both FAK100 Kit; Merck Millipore). Controls were 
performed with mouse IgG1 monoclonal antibodies (X0931; Dako) used 
at similar concentrations. Images were taken with a Leica SP8X Laser 
Scanning Confocal Microscope.

Confocal Imaging: Confocal images were taken with a Leica 
SP8X Laser Scanning Confocal Microscope using a white light laser 
(470–670  nm) and Leica LASX acquisition software. Hybrid detectors 
collected the fluorescent signal from fluorochromes at the following 
wavelengths: calcein (494/500–525) or ethidium homodimer-1 
(528/600–640), which were given the pseudocolors green and red, DiO 
(484/500–540), DiI (549/565–605), and DiD (644/665–705), which were 
given the pseudocolors green, yellow, and red, DAPI (405/430–480), 
FITC (488/490–525), phalloidin-TRITC (532/540–575), and DiD 
(644/665–705), respectively, which were given the pseudocolors blue, 
green, yellow, and red. All z-stack images were processed using 
ImageJ 1.51h software to create single maximum projections. Images 
of large scaffolds were merged using the mosaic function of the Leica 
LASX software, stitching the images together using smooth and linear 
blending.

Statistical Analysis: All experimental groups were performed in 
technical triplicates. Results are presented as mean ± standard deviation 
for the indicated number of donors. p values are based on a repeated 
measurements analysis of variance (two-way ANOVA) for multiple 
hypothesis using Dunnett’s multicomparison post hoc test, or analysis 
of variance (one-way ANOVA) for multiple hypothesis testing using 
Tukey’s honestly significant difference (HSD) post hoc test. Data analysis 
was performed using Prism GraphPad Software and IBM SPSS Statistics 
version 22. In all tests, p values <  0.05 were considered statistically 
significant. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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