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Introduction

Hematopoietic stem and progenitor cells (HSPCs) reside 
in 3D specialized compartments in the bone marrow (BM) 
and are responsible for sustaining the lifelong blood cell 
production. These so-called BM microenvironments or 
niches are composed of multiple cellular and molecular 
signals that critically modulate HSPC function and thus, 
both steady-state and stress hematopoiesis.1–3 In this con-
text, the BM is a highly vascularized tissue and cumulative 
evidences have revealed that HSPCs are frequently found 
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in perivascular locations, where their functions are regu-
lated by both endothelial and perivascular cells.4–6

However, human BM stem cell niches are poorly under-
stood due to the obvious difficulties to access and manipu-
late human BM in normal conditions.7 Therefore, existing 
knowledge is based on either “humanized” mouse models 
or 3D biomimetics in vitro models.8 Multiple bioengineer-
ing approaches have been developed to generate human-
ized environments in vivo, some of them including human 
vascular structures9–12 and exploited to study human healthy 
HSPCs13–15 (broadly reviewed by Bessy et  al.16). 
Nevertheless, there are concerns regarding the contribution 
of the murine vasculature to these humanized niches upon 
implantation, and the impact of conditioning regimens 
(sometimes used to facilitate the engraftment of human 
cells) on the human vascular structures.17 In contrast, 3D in 
vitro culture systems with engineered perivascular niches 
offer a model to study human hematopoiesis in long-term 
controlled settings, but they often rely on the use of Human 
Umbilical Vein Endothelial cells (HUVECs) to construct 
the capillary networks, requiring thus an additional source 
of perivascular cells (normally BM-MSCs) and complex 
medium compositions with angiogenic factors.18–22

We previously developed a 3D angiogenic niche that 
bypasses this constraint by culturing the stromal vascular 
fraction (SVF) cells from human adipose tissue on collagen 
scaffolds and inside perfusion bioreactors.23 The SVF is a 
heterogenous mix of pericytes, mesenchymal stromal cells 
(MSCs), mature endothelial cells and endothelial progeni-
tor cells24,25 that reproducibly promotes the formation of 
vascular structures (endothelium + perivascular cells) and 
the release of angiogenic factors in vitro.26 Indeed, SVF 
cells can undergo osteoblastic differentiation when exposed 
to typical osteogenic culture conditions in vitro27 and can 
be used to generate osteogenic-vasculogenic grafts for 
bone regeneration upon in vivo implantation.10,28 However, 
MSCs are well-known to be tissue specific cells and exhibit 
differences in their immunophenotype, differentiation 
potential, transcriptome, epigenome, proteome, and immu-
nomodulatory activity.29–31 Therefore, BM-MSCs should 
be the preferred source to engineer biomimetic niches reca-
pitulating features from native BM. In this regard, we 
reported a 3D engineered human BM analog capable to 
sustain and expand cord blood (CB) HSPCs. This approach 
includes ceramic-based, bone-mimicking scaffolds func-
tionalized with osteogenic matrix secreted by BM-MSC 
cultured in osteoblastic differentiation conditions within 
perfusion bioreactors.32,33 Unfortunately, the vascular net-
work was completely absent in this system.

In the current study we first hypothesized that SVF 
cells can be added as vasculogenic cell source to increase 
the complexity of the afore mentioned 3D engineered 
human BM analog and mimic the native perivascular 
niches in perfusion bioreactors. Then, we investigated the 
potential of these 3D vascularized BM niches (engineered 

with BM-MSC + SVF cells) to maintain and differentiate 
CB HSPCs in comparison to avascular osteoblastic niches 
(engineered only with BM-MSCs).

Methods

Human primary cells

CB cells, human BM aspirates and human adipose tissue 
were collected from healthy donors at the University 
Hospital Basel. Informed consent was obtained preopera-
tively and the local ethics committee (Ethikkommission 
Nordwest- und Zentralschweiz, ref. 78/07) approved the 
protocol. All experiments were compliant with EU 
recommendations.

Engineering of BM niches in perfusion 
bioreactors

Osteoblastic avascular BM niches were generated using 
BM-MSCs (isolated as described in Online Supplemental 
Methods) as previously described.32 Briefly, hydroxyapa-
tite scaffolds (EngiPore®, Finceramica-Faenza, Faenza, 
Italy) of 4 mm height and 8 mm diameter were seeded 
directly in perfusion bioreactor with 7.5 × 105 BM-MSCs 
for 24 h at a superficial velocity of 2800 μL/min. After the 
cell seeding phase, the superficial velocity was reduced to 
280 μL/min for the perfusion culture of BM-MSCs. Cells 
were cultured for 1 week in proliferative medium (PM), 
consisting of CM supplemented with 100 nM dexametha-
sone (Sigma; cat# D4902), 0.1 mM ascorbic acid-2-phos-
phate (Sigma; cat# A92902) and 5 ng/mL FGF-2 (Miltenyi 
Biotec; cat# 130-093-838), followed by 3 weeks of 
Osteogenic Medium (OM) consisting of CM supplemented 
with 10 nM dexamethasone, 10 mM β-glycerophosphate, 
and 0.1 mM ascorbic acid-2-phosphate. Vascularized BM 
niches were generated by seeding 105 SVF cells (isolated 
as described in Online Supplemental Methods) in osteo-
blastic BM niches for 24 h at a superficial velocity of 
2800 μL/min after 1 week of osteogenic differentiation 
(day 14). After the cell seeding phase, the superficial 
velocity was reduced to 280 μL/min for perfusion cocul-
ture for two more weeks in OM supplemented with 5 ng/
mL FGF-2 (See Figure 1). Culture medium was changed 
every third day. At the end of the culture (day 28), mature 
engineered niches were processed for gene expression 
(Q-PCR), FACS and histological analyses (further 
described in Online Supplemental Methods). Alternatively, 
engineered niches were seeded with CB CD34+ HSPCs 
for a 1-week coculture followed by endpoint analyses.

Culturing CB HSPCs in engineered BM niches

Human CB CD34+ HSPC were extracted and isolated as 
indicated in Online Supplemental Methods. 7 × 104 
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CD34+ cells were resuspended in Serum Free Expansion 
Medium (SFEM, Stemcell Technologies), supplemented 
with the following cytokines: SCF (10 ng/mL; cat# 130-
093-991), FLT3-ligand (10 ng/mL; cat# 130-093-854); 
TPO (10 ng/mL; cat# 130-094-011) (all from Miltenyi 
Biotec.), and seeded in mature engineered niches for 24 h 
at a superficial velocity of 3000 μL/min. After the cell 
seeding phase, the superficial velocity was reduced to 
300 μL/min for perfusion of the 1-week coculture. Culture 
medium was changed twice a week, during which the 
retrieved medium was harvested and spun down (300 g, 
5 min) to collect cells in suspension. The pelleted cells 
were resuspended in fresh medium and injected back in the 
bioreactor.

Endpoint analyses of engineered BM niches 
with CB HSPCs

Floating and loosely attached cells were firstly harvested 
from the medium contained in the bioreactors tubes (super-
natant; SN). For histological analyses, engineered niches 
were extracted from the bioreactor chamber and fixed in 
PFA 2% (Thermoscientific; cat# 28908) for 24 h. In order 
to obtain a single cell suspension for Q-PCR, FACS or 
CFU-C assays, cells were harvested from engineered 
niches after enzymatic digestion (0.3% collagenase II, 
Thermofischer; cat# 17101015) and trypsinization (0.05% 
Trypsin-EDTA, Gibco; cat# 25300-054) treatments (fur-
ther detailed in Online Supplemental Methods).

Results

SVF cells generate self-assembled vascular 
structures in engineered BM niches

Our previously validated BM analog was engineered by 
seeding BM-MSCs in hydroxyapatite 3D scaffolds 
(EngiPore) within perfusion bioreactors and expanding 
them for 7 days before inducing the osteogenic differentia-
tion for another 21 days.32 This approach allowed us to 
generate mature niches recapitulating features from osteo-
blastic microenvironments in a total of 28 days culture 
period (Figure 1, upper row). In order to assess the capac-
ity of adipose tissue-derived SVF cells to vascularize these 
3D osteoblastic microenvironments and mimic native 
endosteal perivascular niches, we introduced SVF cells in 
the bioreactor system after 1 week of osteogenic differen-
tiation, when cells are already embedded in an osteogenic 
matrix (day 14) (Figure 1, bottom row). We hypothesized 
that 105 SVF cells would contain enough vascular cells to 
vascularized BM niches and preserve the ratio endothelial/
stromal cells found in the native tissue. At the end of the 
culture period, niches engineered with only BM-MSCs or 
BM-MSCs together with SVF cells were harvested from 
the perfusion bioreactors for characterization by whole-
mount immunofluorescent stainings, flow activated cell 
sorting (FACS) and gene expression analyses (Figure 1).

Immunofluorescent stainings for CD31 and Vascular 
Endothelial Growth Factor (VEGF) revealed the presence 
of capillary-like vascular structures in those niches 

Figure 1.  Experimental design illustrating the generation of engineered niches within perfusion bioreactors. Avascular osteoblastic 
BM niches (upper row) were engineered by seeding bone marrow mesenchymal stromal cells (BM-MSCs) in hydroxyapatite-based 
EngiPore scaffolds. Cells were first cultured for 7 days in proliferative medium and then for another 21 days in osteogenic medium 
(total 28 days). To engineer vascularized BM niches (bottom row), stromal vascular fraction (SVF) cells were seeded in niches 
engineered with BM-MSCs after 1 week of osteogenic differentiation (day 14) and cultured for 2 weeks in osteogenic medium 
plus FGF2 (total 28 days). See materials and methods for detailed mediums composition. At final analysis, engineered niches were 
harvested and processed for Q-PCR, flow activated cell sorting (FACS) and histology.
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containing SVF cells. Interestingly, while CD31 labeled 
endothelial cells, VEGF was expressed by all stromal cells 
(Figure 2(a)–(f)), suggesting than BM-MSCs could also 
provide angiogenic signals and, indirectly, contribute to 
the vascularization process. Indeed, we did not detect dif-
ferences in VEGF protein content between both engi-
neered niches (Figure 2(g)). In order to evaluate changes at 
gene expression level, we extracted RNA from these engi-
neered niches and performed Q-PCR. As expected, vascu-
lar-related genes such as Angiopoietin 1 (ANGPT-1) and 
Vascular Cell Adhesion Molecule 1 (VCAM1) were upreg-
ulated in those niches with SVF cells (Figure 2(h) and (i)).

SVF cells-induced vascularization does not 
compromise the osteoblastic nature of 
engineered BM niches

To evaluate the potential impact that vascularization might 
have on the extracellular matrix secreted by osteogeni-
cally-differentiated BM-MSCs, we performed immu-
nostainings for Osteocalcin (OCN) and Collagen type 1 
(COL1A1). We did not observe differences between niches 
engineered with only BM-MSCs and BM-MSCs + SVF 
cells (Figure 3(a)–(f)). At transcriptional level, similar 
expression of early osteoblastic genes such as Alkaline 

Figure 2.  Vascular structures are found only in engineered niches including SVF cells. (a–f) Whole-mount immunostaining for 
CD31 (red) and VEGF (green) in niches engineered with only BM-MSCs (a–c) or BM-MSCs + SVF cells (d–f). (c, f) Nuclei are labeled 
with DAPI (blue). Scale bar, 100 µm. (g) VEGF protein content in engineered niches. (h, i) Q-PCR data showing ANGPT-1 and VCAM1 
gene expression in engineered niches. Data are plotted as means ± standard deviations; n = 4–12; **p < 0.01, ***p < 0.001. Unpaired 
two-tailed t tests.
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Phosphatase (ALPL) and Osterix (SP7) was measured 
(Figure 3(g) and (h)). Together, these findings suggest that 
SVF cells-induced vascularization does not alter the osteo-
genic nature of the engineered niche.

Engineered BM niches vascularized with SVF 
cells do not contain hematopoietic stem and 
progenitor cells (HSPCs)

The SVF fraction is a heterogenous mix of cell populations 
that contains an important fraction of hematopoietic cells 

(Supplemental Figure S1) (CD45+).10 Since we planned to 
assess the functionality of vascularized BM niches by co-
culturing cord blood (CB) HSPCs, we first investigated if 
any SVF-derived hematopoietic cells remain after the cul-
ture period required to generate these niches.

Taking advantage of flow activated cell sorting (FACS) 
analysis, we only detected residual and unspecific CD45 
expression in mature niches engineered only with BM-MSCs 
or in combination with SVF cells (Supplemental Figure S2(a) 
and (b)). Moreover, we were unable to detect CD34+CD38− 
HSPCs in either case (Supplemental Figure S2(c)).

Figure 3.  SVF-induced vascularization does not compromise niche osteogenic matrix. (a–f) Whole-mount immunostaining for 
COL1A1 (red) and OCN (green) in niches engineered with only BM-MSCs (a–c) or BM-MSCs + SVF cells (d–f). (c, f) Nuclei are 
labeled with DAPI (blue). Scale bar, 100 µm. (g, h) Q-PCR data showing ALPL and SP7 gene expression in engineered niches. Data 
are plotted as means ± standard deviations; n = 4–12. Unpaired 2-tailed t tests.
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Vascularized BM niches favor the maintenance 
of undifferentiated CB HSPCs

Once demonstrated we can engineer 3D vascularized BM 
niches combining BM-MSCs with adipose tissue-derived 
SVF cells, we assessed the capacity of these niches to 

sustain the culture of CB HSPCs. For this purpose, we 
seeded 7 × 104 CB-derived CD34+ cells pooled from 10 
different donors in engineered niches and cultured them 
for 1 week in serum-free medium (SFM) supplemented 
with low concentration of hematopoietic cytokines (10 ng/
mL thrombopoietin (TPO), stem cell factor (SCF), and 

Figure 4.  Vascularized BM niches preserve undifferentiated CB HSCs better than avascular BM niches. (a) Experimental setup 
depicting the 1-week culture of CB HSPCs in engineered niches and the different read-outs performed in the supernatant (SN) and 
niche compartments. (b–g) Percentage of (b, e) CD45+ cells. (c–f) CD34+CD38−CD45RA−CD90+ HSCs and (d, g) CD34−CD38− 
mature cells retrieved from the SN and niche compartments at final analysis. (h–k) Whole-mount immunostaining for CD31 (red), 
NG2 (green) and CD34 (gray) in BM niches vascularized with SVF cells. (k) Nuclei are labeled with DAPI (blue). Scale bar, 50 µm, 
and (b–g) data are plotted as means ± standard deviations; n = 6–8. **p < 0.01. Unpaired two-tailed t tests.
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Fms-related tyrosine kinase 3 ligand (Flt3-L) (Figure 4(a)). 
At the endpoint analysis, the liquid phase of the bioreactor 
(supernatant compartment) was collected to analyze cell 
populations released from the niche (stromal/ECM com-
partment) by FACS. The engineered niches were harvested 
from the bioreactor chamber and either fixed for histologi-
cal analysis or digested and processed for FACS to quan-
tify the different stromal/hematopoietic cell populations 
(Figure 4(a) and Supplemental Figure S4).

Similarly to avascular niches engineered only with 
BM-MSCs,32 3D vascularized BM niches exhibited a 
functional compartmentalization in which only hemat-
opoietic CD45+ cells were released to the supernatant 
phase, while stromal cells remained in the niche compart-
ment (80% hematopoietic cells and 20% stromal cells in 
this fraction) (Figure 4(b) and (e)). Interestingly, the 
immunophenotypic HSC fraction (CD34+CD38-CD45RA-

CD90+) was approximately 50-fold more abundant in the 
niche compartment (Figure 4(c) and (f)), whereas mature 
hematopoietic cells (CD34−CD38−) proportion was about 
double in the supernatant compartment (Figure 4(d) and 
(g)). This compartmentalization recapitulates the cellular 
spatial distribution found in native BM stem cell niches, 
where HSPCs remain mostly anchored to their niches and 
mature cells traffic in/out the BM. Indeed, our immuno-
fluorescent stainings showed the distribution of some 
CD34+ cells around vascular structures composed by 
CD31+ endothelial cells and NG2+ perivascular cells in 
3D vascularized BM niches (Figure 4(h)–(k) and 
Supplemental Figure S5).

Interestingly, vascularized BM niches (BM-MSC + SVF 
condition) better preserved immunophenotypically-
defined HSCs (CD34+CD38−CD45RA−CD90+) in com-
parison to avascular niches (BM-MSC condition) (Figure 
4(f)). Simultaneously, the percentages of multipotent pro-
genitors (MPPs; CD34+CD38−CD45RA−CD90−), multi-
lymphoid progenitors (MLP; CD34+CD38−CD45RA+ 
CD90−), committed progenitors (CD34+/−CD38+) and 
mature cells (CD34−CD38−) decreased in the niche com-
partment (Figure 4(g) and Supplemental Figures S3 and 
S4), suggesting that the vascular component negatively 
regulates CB HSPC differentiation in our engineered 
niches.

To further characterize HSPCs cultured in vascularized 
BM niches, we isolated them after 1-week culture and per-
formed gene expression analysis in combination with cell 
cycle analysis and colony forming-units in culture (CFU-
C) assays to measure, respectively, cell proliferation and 
differentiation. In agreement with the FACS data, HSPCs 
cultured in vascularized BM niches exhibited higher 
expression of CD164 (endolyn), a membrane-associated 
sialomucin recently reported to be a reliable marker for the 
earliest branches of HSPCs specification34 (Figure 5(a)). 
Although the expression of the proliferative maker Ki67 
trended to decrease (Figure 5(b)), cell cycle analyses 

revealed no significant differences between HSPCs cul-
tured in avascular or vascularized BM niches (Figure 5(c)). 
Therefore, our data suggest that vascularized BM niches 
do not alter HSPC proliferation in comparison to avascular 
ones.

Since FACS immunophenotypic data showed accumu-
lation of undifferentiated HSCs in combination with 
decreased multipotent and more committed progenitors in 
vascularized BM niches (Figure 4(d)–(g) and Supplemental 
Figures S3 and S4), we hypothesized that this might reflect 
an effect on HSPC differentiation potential. Although we 
could not see any difference in the total amount of CFU-C 
derived from HSPCs cultured in both niches (Figure 5(d)), 
we revealed increased CFU-granulocyte-erythrocyte-
monocyte-megakaryocyte (CFU-GEMM) activity in those 
CB HSPCs isolated from vascularized BM niches (Figure 
5(e)).Those CFU-GEMM were similar in size to those 
obtained from CB HSPCs cultured in avascular niches 
(Figure 5(f) and (g)). In contrast, we did not observe differ-
ences in burst forming-units erythroid (BFU-E) or CFU-
granulocyte-monocytes (CFU-GM) (Supplemental Figure 
S6). Collectively, these results reveal an important contri-
bution of vascular cells preserving undifferentiated HSPCs 
in engineered 3D BM niches.

SVF-induced vascularization protects the 
osteogenic potential of BM engineered niches 
in time

Once demonstrated that 3D vascularized BM niches can deci-
sively influence the function of CB HSCs in vitro, we explored 
if vascular cells have an impact on the preservation of the 
niche. We had already shown that the addition of vascular cells 
did not alter the osteogenic matrix during the generation of the 
niche (Figure 3). We now evaluated the changes after the 
coculture with CB HSCs. As expected, when we looked into 
the stromal fraction (CD45- cells), we revealed a significant 
enrichment in endothelial cells (CD45-CD31+CD146-) and 
pericytes (CD45−CD31−CD146+) in vascularized BM niches, 
which confirms the maintenance of vascular cells after the 
coculture with CB HSPCs (Figure 6(a) and (b) and 
Supplemental Figure S4). In contrast, we did not see any quan-
titative difference in the abundance of mesenchymal stromal 
cells (CD45-CD31-CD146- CD90+) (Figure 6(c)).

To unravel the potential influence of vascular cells on 
BM-MSCs after the 1-week co-culture with CB HSPCs, 
we sorted MSCs from engineered niches before and after 
1-week coculture with CB CD34+ cells, and then meas-
ured the expression of osteogenic genes. In order to dissect 
the contribution linked to hematopoietic cells from that 
one derived from SVF cells, we also sorted MSCs from 
vascularized BM niches that were also cultured for a week 
in HSC medium, but in absence of CB CD34+ cells.

Surprisingly, we observed that the expression of osteo-
genic genes such as ALPL, SP7 and OCN was 10-fold 
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reduced in MSCs isolated from avascular BM niches after 
the 1-week coculture (Figure 6(d)–(f)). However, MSCs iso-
lated from vascularized BM niches (BM-MSC + SVF condi-
tion) maintained the expression of SP7 and OCN, and the 
decrease in ALPL expression was significantly lower. Since 
we were unable to see differences between those MSCs iso-
lated from vascularized niches seeded with or without CB 
CD34+ cells (Figure 6(d)–(f)), we concluded that this protec-
tive effect was not directly linked to CB HSPCs but to the 
vascularization. These results suggest that niche vasculariza-
tion contributes to stabilize the osteogenic potential of engi-
neered niches after the 1-week coculture with CB HSPCs.

Discussion

In this study we provide evidence that SVF cells from 
human adipose tissue can be used as vasculogenic cell 

source to generate capillary-like vascular structures that 
add to the osteogenic matrix secreted by BM mesenchymal 
stromal cells in engineered osteoblastic niches. The result-
ing vascularized BM niches improved the preservation of 
undifferentiated CB HSPCs and contributed to maintain-
ing the osteoblastic gene signature of the niche. Thus, our 
strategy enabled to model perivascular endosteal BM 
niches in a fully humanized setting at a larger fidelity than 
achieved to date.

Different studies have shown that human perivascular 
niches can be engineered in vitro using HUVEC. Some of 
these approaches have been developed to study hemat-
opoietic cell trafficking and thrombopoiesis mechanisms,35 
but they often rely on the addition of MSCs, which under 
specific culture conditions can serve as perivascular 
cells.20,22 This often requires complex medium composi-
tions to match the different cell types requirements.36 

Figure 5.  Vascularized BM niches does not impact the proliferation of CB HSCs, but affect their differentiation potential. (a, b) 
Q-PCR data showing CD164 and Ki67 gene expression in HSCs sorted from engineered BM niches. (c) Hoechst 42/Ki67 staining 
of HSCs sorted after 1-week coculture in engineered niches. Ratio G1/G0 is plotted as an indicator of the proliferative status. 
(d, e) Fold increase in (d) total colony forming-units in culture (CFU-C) and (e) colony forming-units granulocytes-erythrocytes-
monocytes-megakaryocytes (CFU-GEMM) normalized to uncultured CD34+CD38− cells. (f, g) Representative images showing 
CFU-GMM from (f) avascular and (g) vascularized niches. (a–e) Data are plotted as means ± standard deviations; n = 4; *p < 0.05. 
Unpaired two-tailed t tests.
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Furthermore, these approaches lack the osteoblastic cells 
typically found in native human BM.22 In this study, we 
propose a unique primary cell source (human adipose tis-
sue-derived SVF cells) to vascularize osteoblastic BM 
niches (previously engineered only with BM-MSCs) with 
capillaries composed by both endothelial and perivascular 
cells. Furthermore, our approach does not require extra 
supplementation with angiogenic cytokines or specific 
medium for vascular cells.

To our knowledge, only a recent study successfully 
managed to engineer a primary 3D tissue including at the 
same time both osteoblastic and perivascular cells, which 
was also tested to sustain CD34+ HSPCs.37 Despite reca-
pitulating multiple features from human BM niches, this 
approach was based on static cultures in Matrigel, which 

contains murine-derived proteins. Moreover, although 
useful to study HSPC proliferation and differentiation, 
that model offers limited possibility to study HSPC traf-
ficking. In this regard, we engineered vascularized BM 
niches within perfusion bioreactors with different com-
partments: a liquid phase (supernatant) and the niche 
itself contained in the bioreactor chamber (see Figure 1). 
Since both compartments are in communication, HSPCs 
can freely transit and mimic the in vivo scenario, where 
HSPCs constantly circulate between the bloodstream and 
their BM niches. In agreement with the physiological 
scenario, our results revealed that primitive HSCs are 
retained in vascularized BM niches, while more mature 
cells are preferentially released to the supernatant 
fraction.

Figure 6.  SVF-induced vascularization contributes to maintain the osteogenic potential of engineered BM niches. (a–c) Percentage 
of (a) CD45−CD31+CD146− endothelial cells and (b) CD45−CD31−CD146+ perivascular cells and (c) CD45−CD31−CD146−

CD90+ mesenchymal stromal cells in engineered niches after 1-week coculture with CB HSPCs. (d–f) Fold change gene expression 
of SP7, OCN, and ALPL in sorted MSCs after the 1-week coculture with/without CB HSPCs. Data are plotted as means ± standard 
deviations; n = 6–8. *p < 0.05, **p < 0.01, ***p < 0.001. (a–c) Unpaired two-tailed t tests. (d–f) One-way ANOVA with Tukey’s 
multiple comparison tests.
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Multiple studies reported the maintenance of primitive 
and quiescent murine HSCs in perivascular niches,1 inde-
pendently of the spatial region that these niches occupy in 
the BM (e.g. around sinusoids in central BM or in endosteal 
vessels in osteoblastic-enriched areas close to the bone 
surface).6,38 Here we show that engineered 3D BM niches 
vascularized with SVF cells mimic human perivascular 
niches maintaining primitive CB HSCs better than avascu-
lar niches. However, we have only explored the vasculari-
zation of an osteoblastic environment generating 
capillary-like structures that resemble arteriolar vessels. 
Therefore, our current model cannot recapitulate the fea-
tures of human perisinusoidal niches in central BM. In this 
regard, future models should consider the diversity of vas-
cular structures and incorporate both arteriolar and sinu-
soidal vessels, possibly using alternative vasculogenic cell 
sources.

We also demonstrated that SVF-induced vasculariza-
tion does not only influence HSC activity but also the 
osteogenic matrix. We observed that niches engineered 
with BM-MSCs tend to lose some osteogenic features over 
culture time. This reduction was abrogated in vascularized 
BM niches independently of the presence of hematopoietic 
cells in the system, suggesting that vascularization might 
have a positive influence keeping the osteogenic profile of 
stromal cells in engineered niches. These results support 
previous reports indicating a mutual positive influence of 
endothelial cells and BM-MSCs,39–41 which now can be 
further extended in the presence of HSPCs. Further studies 
are now required to investigate the contribution of non-
vascular SVF cells to the process of vascularization of 
engineered BM niches.

In conclusion, we propose a modular bioengineering 
approach in which human adipose tissue derived-SVF 
cells can be added to the system as a single cell source 
component in order to generate functional and vascular-
ized endosteal BM niches. Following the same modular 
principle, various niche components (e.g. HSPCs, osteo-
blasts, vasculature, nerves, immune cells.  .  .) can be used 
as “building blocks” in different combinations to decon-
struct and reconstruct multiple human BM microenviron-
ments. These might be used as controlled models to 
address specific questions concerning HSC niche biology 
in pathophysiological conditions.
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