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Abstract

The stem cell niche in the bone marrow is a hypoxic environment, where the low oxygen tension preserves the pluripotency
of stem cells. We have identified mesangiogenic progenitor cells (MPC) exhibiting angiogenic and mesenchymal differentia-
tion capabilities in vitro. The effect of hypoxia on MPC has not been previously explored. In this study, MPCs were isolated
from volunteers' bone marrow and cultured under both normoxic and hypoxic conditions (3% O2). MPCs maintained their
characteristic morphology and surface marker expression (CD18 4+ CD31 + CD90-CD73-) under hypoxia. However, hypoxic
conditions led to reduced MPC proliferation in primary cultures and hindered their differentiation into mesenchymal stem
cells (MSCs) upon exposure to differentiative medium. First passage MSCs derived from MPC appeared unaffected by
hypoxia, exhibiting no discernible differences in proliferative potential or cell cycle. However, hypoxia impeded the subse-
quent osteogenic differentiation of MSCs, as evidenced by decreased hydroxyapatite deposition. Conversely, hypoxia did not
impact the angiogenic differentiation potential of MPCs, as demonstrated by spheroid-based assays revealing comparable
angiogenic sprouting and tube-like formation capabilities under both hypoxic and normoxic conditions. These findings
indicate that hypoxia preserves the stemness phenotype of MPCs, inhibits their differentiation into MSCs, and hampers their
osteogenic maturation while leaving their angiogenic potential unaffected. Our study sheds light on the intricate effects of
hypoxia on bone marrow-derived MPCs and their differentiation pathways.
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Introduction We previously identified a cell population derived from
human bone marrow exhibiting multipotent lineage progenitor

Adult bone marrow stem cells can differentiate into mature characteristics [4]. These cells have demonstrated the capac-

blood elements [1]. Moreover, they are well-documented
to give rise to endothelial progenitor cells and mesenchy-
mal stem cells (MSCs), which can further differentiate into
osteogenic tissue, chondrocytes, and adipocytes [2]. In-vitro,
MSC differentiation can be directed towards several cell
types for example cardiomyocytes [2, 3].
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ity for differentiation into both mesenchymal and endothelial
lineages under specific conditions. Hence, we have designated
this cell population as mesangiogenic progenitor cells (MPC).
MPCs grow in a medium enriched with human serum [5] and
exhibit distinct morphological, phenotypic, and molecular
features compared to MSCs: they are round, with a thick and
highly refractive central region, and demonstrate strong adher-
ence to plastic. Like stem cells, MPCs display a slow cycling
nature and do not express Ki67. Compared to MSCs, MPCs
have longer telomeres and express pluripotency-associated
transcription factors NANOG and OCT4 [6]. We have dem-
onstrated a hierarchical model of differentiation: MPCs can
differentiate into either MSCs or endothelial precursor cells
[7]. The process of differentiation advances through the com-
mitment to an intermediate cell population, referred to as early
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MSCs. Through our investigation of WNT signaling activation
during MPC differentiation, we have demonstrated the involve-
ment of the non-canonical WNTS5/calmodulin pathway in the
commitment of MPCs to early MSCs [8]. It is interesting to
note that inhibition of MSC differentiation by non-canonical
WNT5/calmodulin signaling does not impact endothelial
induction, confirming the specific involvement of the WNTS5/
calmodulin pathway in mesenchymal lineage differentiation
[9]. Indeed, MPCs possess angiogenic potential, as evidenced
by their ability to form spheroids and sprout when seeded in
3D Matrigel cultures. These cells express CD31 and NESTIN,
akin to progenitor endothelial cells, but do not express CD146
and CD271, which are typical markers of pericytes. These
findings suggest that MPCs may represent an early stem-like
progenitor with the potential for angiogenesis [8, 10, 11].

Hypoxia maintains the pluripotent state of embryonic stem
cells in the blastocyst and promotes stemness through somatic
reprogramming induced by Yamanaka’s genes (OCT3/4,
SOX2, KLF4, and MYC) [12]. Similarly, the perivascular
niche of bone marrow is a hypoxic region, where the oxygen
tension can drop to 9.9 mmHg [13]. This low oxygen concen-
tration prevents the degradation of HIF-1a [14, 15]. In vitro,
hypoxia maintains the stemness and pluripotency of human
pluripotent stem cells by reducing spontaneous differentia-
tion[16] and favors their self-renewal through the activation
of the HIF pathway: HIF-2o and HIF-3a are upregulated and
translocated from the cytoplasm to the nucleus, where they
induce the expression of OCT4 and inhibit the transcription
of HIF-1a, respectively [17]. Controversial data have been
reported regarding MSCs, with some studies suggesting that
hypoxic conditions stimulate proliferation and cell cycle pro-
gression, resulting in a significant increase in the G2/S/M
population [15, 18, 19]. On the other hand, hypoxia markedly
decreases the colony formation capacity of MSCs, suggest-
ing an impaired self-renewal ability [20]. Others report that
the stabilization of HIF-1a protein selectively enhances the
colony-forming ability of MSCs but does not influence their
overall proliferation [21].

The impact of hypoxia on MPCs has not been determined
yet. Therefore, our aim is to evaluate the effect of hypoxic
cultures on the self-renewal properties as well as the mes-
enchymal and angiogenic differentiation of MPCs. These
findings could offer new insights into the role of hypoxia
in regulating the differentiation of human pluripotent stem
cells and MSCs.

Materials and Methods

This trial was conducted in accordance with the Declaration
of Helsinki and received approval from the Ethics Commit-
tee of the Tuscany Region for Clinical Trials—Section of the
Northwest Area (CEAVNO): protocol number 1383/2015.

Isolation of Mesangiogenic Progenitor Cells
from Bone Marrow

We obtained bone marrow samples from subjects undergo-
ing total hip replacement surgery, after obtaining written
informed consent. Twenty milliliters of bone marrow were
drawn into two 20-ml syringes containing 2500 units of
heparin (Roche, Basel, Switzerland) and promptly trans-
ported to the cell culture facility. Upon arrival, the bone
marrow was diluted with D-PBS (Gibco, Life Technolo-
gies Corporation, New York, NYC, USA) and carefully
layered over Ficoll-Paque PREMIUM (GE Healthcare Bio-
sciences, Uppsala, Sweden). Subsequently, it was centri-
fuged at 400 x g for 20 min at room temperature with the
brake disabled.

MPCs were isolated from bone marrow mononuclear
cells as previously described [22]. Briefly, the bone mar-
row mononuclear cells were harvested from the interface
between the two phases and washed twice with fresh cul-
ture medium. The cells were then seeded at a density of
2.4-3.2x 10° cells per square centimeter in T-75 flasks for
suspension cultures (Sarstedt, Niimbrecht, Germany) using
low-glucose (1,000 mg/L) Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% pooled
human AB-type serum (PhABS) of US origin (Sigma,
Saint Louis, MO, USA), 5% Pen Strep (Gibco), and 5%
GlutaMAX (Gibco) (DMEM + 10% PhABS). Non-adher-
ent cells were removed after 48 h.

The cultures were maintained under both hypoxic (3%
0,) and normoxic (20% O,) conditions in an ICO50 Mem-
mert Incubator at 37 °C (Memmert GmbH + Co., Schwa-
bach, Germany). After 7 days of culturing, MPCs were
harvested using TrypLE Select (Life Technologies) and
counted under a microscope after staining with Trypan
Blue (Gibco), utilizing a Burker chamber. The cell count
was repeated for 18 subjects, and the number of cells har-
vested under normoxic and hypoxic conditions was com-
pared using a paired T-test in GraphPad Prism (GraphPad
software v5, San Diego, CA, USA).

Mesengenic Differentiation

Passage 1 (pl) MSC cultures were obtained from MPCs
cultured under hypoxic conditions. After 7 days of cul-
ture in hypoxia, MPCs were detached using TrypLE Select
(Gibco) for approximately 20 min. Following a wash with
PBS, they were counted and seeded at a concentration of
3000-5000 cells per square centimeter in 6-well adhesive
culture plates, then incubated in DMEM supplemented
with 10% PhABS. After 24 h, the culture medium was
replaced with StemMACS™ MSC Expansion Media Kit
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XF (Miltenyi Biotec, Bergisch Gladbach, Germany) to
induce mesenchymal differentiation. Medium changes
were performed twice a week for a total of 7 days of cul-
ture. Similarly, pl MSCs were generated under normoxic
conditions. Hypoxic and normoxic pl MSC cultures were
observed daily under a microscope to monitor survival and
growth rate, and representative photographs were taken on
days 3, 5, and 7.

Flow Cytometry

The immunophenotype of MPCs and MSCs was evaluated
using flow cytometry. MPCs cultured under normoxic, and
hypoxic conditions for 7 days were collected and washed in
PBS and MACSQuant™ Running Buffer (Miltenyi Biotech).
Similarly, p1 MSCs derived from MPCs and grown for 3, 5,
and 7 days in StemMACS were harvested and washed. Sub-
sequently, cells were incubated for 15 min at 4 °C with the
following fluorochrome-conjugated antibodies: anti-CD73
PE, anti-CD31 PE-Vio770, anti-CD18 APC, and anti-CD90
FITC (Miltenyi Biotech). The gating strategy included the
selection of single-cell events on the FSC-A versus FSC-H
plot and the selection of cellular events on the FSC-A versus
SSC-A plot, followed by visualization of each fluorescence.
Furthermore, CD18 versus CD31 plots were displayed
to discriminate between MPCs (CD18 + CD31 + CD90-
CD73-) and MSC differentiating cultures (CD18-CD31-
CD90+ CD73 +). The experiment was conducted in trip-
licate with cells obtained from multiple subjects. Samples
were acquired using the MACSQuant Flow Cytometer
(Miltenyi Biotech) and analyzed using MACSQuantify Soft-
ware (Miltenyi Biotech).

Cell Cycle Assay

The cell cycle was analyzed by flow cytometry using pro-
pidium iodide (PI), a nucleic acid dye that binds to DNA
and reveals its intracellular amount. Cells in the G2-M
phase have double the DNA content compared to those in
the GO-1 phase, while cells in the S phase have an interme-
diate amount.

MPCs were cultivated under hypoxic and normoxic con-
ditions, and after 7 days, they were detached and reseeded
at a concentration of 2 x 10* cells per square centimeter in
6-well adherent culture plates. After 24 h of incubation, the
culture medium DMEM + 10% PhABS was replaced with
StemMACS MSC Expansion Media Kit XF to promote the
differentiation of MPCs into pl MSCs. After 5 and 7 days
of culture under hypoxic differentiating conditions, the
cells were detached using Trypsin and suspended in Sam-
ple Buffer (1 g of Glucose in 1 L of Phosphate-buffered
saline (PBS) without Ca** or Mg?"). The suspension was
filtered through a 0.22 um filter, and the cells were washed
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twice by centrifugation at 300xg for 10 min at 4 °C. After
aspirating the supernatant, the pellet was resuspended by
vortexing in the residual buffer (approximately 0.1 mL/10°
cells), and 1 mL of ice-cold 70% ethanol was slowly added
drop by drop. Fixation was performed overnight (> 18 h) at
4 °C. Subsequently, the cells were washed and incubated for
30-40 min at room temperature with 1 mL of staining solu-
tion: propidium iodide (50 ug/mL) (Miltenyi Biotech) and
RNase A (100 Kunitz units/mL) (Qiagen, Hilden, Germany)
in sample buffer. A total of 4 samples from multiple subjects
were acquired using the MACSQuant® Flow Cytometer
(Miltenyi Biotech) and analyzed with FlowJo v5 (FlowJo
10.9.0, BD Life Sciences, Franklin Lakes, NJ, USA). Sta-
tistical significance was assessed using Wilcoxon test for
cells grown in normoxic and hypoxic conditions, utilizing
GraphPad Prism (GraphPad Software v5).

AlamarBlue Reduction Assay

AlamarBlue estimates cell proliferation in our cultures. It
contains a REDOX indicator that changes color in response
to the chemical reduction of the culture medium caused by
cell growth.

The pl MSCs cultured in 6-well tissue culture plates were
incubated in 1.5 mL of culture media with 10% alamarBlue
(Biorad Laboratories Inc., Hercules, CA, USA) on day 5
and day 7 of differentiation. The absorbance at 570 nm and
600 nm was measured 6 h and 24 h after the addition of
alamarBlue to the culture using a Benchmark Plus micro-
plate spectrophotometer (Biorad). The percentage reduction
of alamarBlue was calculated according to the manufactur-
er's instructions. The test was performed on samples from 4
different subjects, and the percentage of reduced alamarBlue
in the hypoxic and normoxic cultures was compared using
Wilcoxon test in GraphPad Prism.

Osteogenic Differentiation

MPCs were initially cultured under hypoxic conditions for
7 days using DMEM + 10% PhABS. Subsequently, they were
detached, counted, and seeded to promote differentiation
into p1 MSCs. Hypoxic pl MSC cultures were continued for
8-10 days until they reached 80% confluence in the adher-
ent culture plate. The pl MSCs were then detached using
trypsin and counted with Trypan Blue. Twenty-thousand
cells per square centimeter were seeded in adherent culture
plates, and StemMACS™ MSC Expansion Media Kit XF
was added to obtain p2 MSC cultures. The cultures were
maintained for 3-5 days until cells reached 80% confluence.
The culture medium was then replaced with StemMACS
OsteoDiff Media (Miltenyi Biotech) and replaced every
three days. The differentiation cultures were continued for
10 days, after which Alizarin Red S (Sigma) staining was
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performed to visualize hydroxyapatite deposits. Briefly, the
cells were washed with PBS at room temperature and fixed
in ice-cold 70% ethanol for 1 h at 4 °C. After fixation, the
cells were washed with distilled water and incubated for
10-15 min at room temperature with agitation in 40 mM pH
4.2 Alizarin Red S. Finally, they were washed with distilled
water to remove excess dye, and hydroxyapatite deposits
were visualized. Similarly, the assessment of osteogenic dif-
ferentiation was performed on cells grown under normoxic
conditions. Pictures were taken using an inverted fluores-
cence DM IRB Leica microscope (Leica Microsystems,
Wetzlar, Germany), equipped with LAS image acquisition
software (Leica Microsystems). Quantification of stained
areas was performed using ImageJ (ImageJ 1.54d software,
Wayne Rasband and contributors National Institute of
Health, USA). The differences in the percentage of stained
areas were evaluated in 3 samples from different subjects
using a paired t-test.

Assessment of Sprouting Angiogenesis in 3D
Culture

Spheroids were created using the hanging drop tech-
nique as previously described [7]. Briefly, MPCs cultured
under hypoxic conditions were collected and washed with
PBS. After centrifugation, the cells were resuspended in
DMEM + 10% PhABS to create drops containing 100,000
cells in 20 pL of culture medium. These drops were depos-
ited on a Petri dish posed upside down in the incubator
and maintained for 24—48 h. After the incubation period,
the spheroids formed within the drops were harvested and
placed on a thick layer of Geltrex LDEV-Free Reduced
Growth Factor Basement Membrane Matrix (Life Technolo-
gies, Bleiswijk, Netherlands) and EGM-2 culture medium
(Lonza, Walkersville, MD, USA) in a 48-well tissue culture
plate. The spheroids were observed for a total of 7 days in
both hypoxic and normoxic conditions, with the medium
changed every 48 h. The presence of branches was moni-
tored throughout the experiment by measuring the distance
between the last invading cell and the spheroid's edge, as
well as the quantification of branch density in representa-
tive sections. Measurements were independently performed
by three operators, and mean values were recorded. The
experiments were repeated 4 times each using different cells
obtained from different subjects, and statistical significance
was assessed using a paired Student’s t-test.

Tube-like Formation Assay

We seeded MPC cells cultured under hypoxic and non-
spheroid-inducing conditions on Geltrex in EGM-2 and
maintained them in 3% hypoxia. Specifically, we seeded
50,000 cells per square centimeter of MPCs cultured under

hypoxia for 7 days directly into a 48-well plate coated with
a layer of Geltrex (Life Technologies). These cells were then
maintained in EGM-2 culture medium (Lonza) for 72 h.
Phase-contrast microphotographs were taken and processed
for image analysis to measure tube lengths each day of the
experiment. MPCs directly seeded on Geltrex and cultured
under normoxic conditions served as negative controls. The
experiments were repeated 4 times each using cells obtained
from different subjects, and statistical significance was
assessed using a paired Student’s t-test.

Results

Morphological Characterization of MPCs
and Cytofluorimetric Evaluations

MPCs were isolated from the bone marrow of 18 subject
who underwent surgery for hip replacement. MPCs main-
tained their characteristic fried-egg morphology in both
hypoxic (3% O,) and normoxic conditions [23] (Fig. 1A).
The number of MPCs collected after 7 days of culture was
lower when incubated in hypoxic conditions compared to
normoxic conditions (mean 506,478; standard deviation
(SD)+411,125 vs. 619,011 SD +503,049; paired t-test
p=0.009) (Fig. 1B). Their MPC phenotype was con-
firmed by flow cytometry. Specifically, the cells collected
after 7 days in hypoxic and normoxic conditions expressed
CD31 +CD18 4 but not CD90-CD73-: markers characteris-
tic of MPC (Fig. 1C).

Mesengenic Differentiation

MPCs were differentiated into pl MSCs under hypoxic and
normoxic conditions and reached confluency after 7 days
when seeded in a 6-well plate (Fig. 2A). Considering that
MPC:s are quiescent while MSCs are proliferative, we evalu-
ated the growth potential of pl MSCs in hypoxic and nor-
moxic conditions. After 5 days of culture, we counted the
number of adherent cells present in a 10 X microscope field
for 5 samples for both conditions. We observed an aver-
age of 442 cells (SD +223) and 461 cells (SD+97) in
normoxic and hypoxic conditions, respectively (Wilcoxon
p=0.8) (Fig. 2B). The total number of cells harvested after
7 days of culture in MSC differentiating medium was com-
parable between hypoxic and normoxic conditions (mean
number of cells=1.5x10° SD +0.98 x 10° vs. 1.46 x 10°
SD +0.69 x 10°, paired t-test p=0.59) (Fig. 2C).
Moreover, we assessed proliferation using alamarBlue
by calculating the proportion of dye reduction after 6
and 24 h of incubation. After 5 days of culture, we did
not observe differences between hypoxic and normoxic
conditions. Specifically, after 6 h, the mean percentage of
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Fig. 1 Mesangiogenic Progenitor Cells (MPCs) cultured under nor-
moxic and hypoxic conditions. A MPCs cultured under hypoxic con-
ditions show the same morphologic of normoxic MPCs, maintaining
the characteristic fried egg-like shape. B The yield of MPCs after
7 days of culture in DMEM + 10% PhABS was significantly lower
in hypoxic than in normoxic conditions (**=p <0.01). C According
to flow cytometric analysis, the cells expressed MPC surface mark-
ers (CD31+CD18+) and lacked mesenchymal stem cell (MSC) sur-

alamarBlue reduction was 78 (SD + 15) and 64 (SD + 10)
in hypoxic and normoxic conditions, respectively (Wil-
coxon p=0.62). Similarly, after 24 h, the mean percent-
age of alamarBlue reduction was 28 (SD +6) and 25
(SD +13.9) in hypoxic and normoxic conditions, respec-
tively (Wilcoxon p=0.25). Following 7 days of culture,
we still did not observe differences between hypoxic and
normoxic conditions. After 6 h, the mean percentage of
alamarBlue reduction was 41 (SD +12) and 32 (SD + 10)
in hypoxic and normoxic conditions, respectively (Wil-
coxon p=0.37). Likewise, after 24 h, the mean percentage
of alamarBlue reduction was 78 (SD +6) and 74 (SD +21)
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face markers (CD73-CD90-) after 7 days of culture in DMEM + 10%
PhABS, under both hypoxic and normoxic conditions. Overlay histo-
grams show unstained samples (light gray) and antibody-stained sam-
ples (dark gray). The grey bars on the charts describe the percentage
of cells positive to the marker. The FITC, fluorescein isothiocyanate;
APC, allophycocyanin; PE, phycoerythrin; PE-Vio770, phycoerythrin
and Vio®770

in hypoxic and normoxic conditions, respectively (Wil-
coxon p=0.87) (Fig. 2D).

Cell cycle analysis was conducted after 5 and 7 days of
culture for 3 samples. After 5 days of culture, the propor-
tion of cells in the GO/G1 phase was 83% (SD +4) and 87%
(SD +3) in hypoxic and normoxic conditions, respectively
(Wilcoxon p=0.12). The proportion of cells in the S phase
was 9% (SD +4) and 6% (SD = 2) in hypoxic and normoxic
conditions, respectively (Wilcoxon p=0.12), while the pro-
portion of cells in the G2 phase was 7% (SD + 1) in both
hypoxic and normoxic conditions (Wilcoxon test p=1)
(Fig. 2E). After 7 days, cell cycle analysis performed by flow
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cytometry on pl MSCs revealed a higher percentage of cells  in hypoxic cultures compared to normoxic cultures at 7 days
in the GO/G1 phase (91% SD 3 +vs. 59% + SD 5; Wilcoxon  of differentiation (1% SD +0.04 vs. 15% SD + 6; Wilcoxon
test p=0.003) and a lower percentage of cells in the S phase  test p=0.02) (Fig. 2F).
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«Fig.2 Mesenchymal differentiation of MPCs obtained from hypoxic
cultures. A MPCs cultured under hypoxic conditions can differenti-
ate into pl MSC, adopting the characteristic fibroblastic spindle-
like shape. B The cell count observed at 10X magnification under
a microscope after 5 days of culture with StemMACS MSC Expan-
sion Medium did not differ between hypoxic and normoxic condi-
tions. C The cell yields after 7 days of culture with StemMACS MSC
Expansion Medium did not differ between hypoxic and normoxic
conditions. D The proliferative potential of cells cultured under
hypoxic and normoxic conditions was assessed using the alamarBlue
reduction test after 5 and 7 days of culture. Absorbance was meas-
ured after 6 and 24 h of incubation with alamarBlue. No significant
differences were observed between hypoxic and normoxic conditions
at any time point. (%abred =percentage of alamarBlue reduction).
E Cell cycle analysis was conducted on cells cultured for 5 days fol-
lowing incubation with StemMACS MSC Expansion Media XF. No
differences were observed in the three phases between hypoxic and
normoxic conditions after 5 days of differentiation. F Cell cycle
analysis was performed on cells cultured for 7 days following incu-
bation with StemMACS MSC Expansion Media XF. After 7 days of
differentiation, there were significantly more cells in the GO-G1 phase
under hypoxic conditions, while an increased number of cells was
observed in the S phase under normoxic conditions (**=p<0.01;
*=p<0.05). G During MSC differentiation, the ratio of MPC per-
centages in hypoxic cultures on day 5 and day 3, as well as on day 7
and day 3, significantly differed from the ratio observed in normoxic
cultures (**=p <0.01; ***=p <0.001)

In hypoxic conditions, we observed a proportionally
higher number of MPCs at 5 and 7 days (ratio between
day 5 and day 3=87 SD + 10 vs 45 SD +2; unpaired t-test
p=0.0018; ratio between day 7 and day 3=37 SD+3 vs
11 SD +2; unpaired t-test p=0.0004), while no significant
differences were observed for hypoxic and normoxic MSCs
(ratio measured between day 5 and day 3: 108 SD+5 vs
118 SD +9; unpaired t-test p=0.15; ratio measured between
day 7 and day 3: 116 SD+11 vs 113 SD +5; unpaired t-test
p=0.7) (Fig. 2G).

Osteogenic Differentiation

P1 MSCs were differentiated into osteoblasts under both
hypoxic and normoxic conditions. However, under hypoxic
conditions, the differentiation process was slowed down,
resulting in fewer hydroxyapatite deposits compared to
normoxic cultures. Specifically, hydroxyapatite deposits,
stained with Alizarin Red S, covered a larger proportion of
the culture area in normoxic conditions (mean 31% SD +9)
than in hypoxic cultures (8% SD +5; paired t-test p=0.02)
(Fig. 3A, 3B).

Angiogenic Differentiation: Sprouting Assay
and Tube-like Formation Assay

We conducted two assays to evaluate angiogenic differ-
entiation: the sprouting assay and the tube-like formation
assay. Spheroids were generated from MPCs using the hang-
ing drop technique and then cultured under hypoxic and
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normoxic conditions on a layer of Geltrex in EGM-2 culture
medium for 7 days (Fig. 4A and B). Within 24 h, invad-
ing cells began to emerge from the edges of both hypoxic
and normoxic MPC spheroids. Extended culture for 7 days
revealed sprouting angiogenesis occurring in all directions
from the hypoxic MPC spheroids, with distances from the
edge estimated to range between 100 and 600 pm. We did
not observe significant differences in the average length of
branches between spheroids cultured under hypoxia and
those cultured under normoxia (mean 342 pm SD +94 vs.
308 pm SD +49, paired t-test p=0.35) (Fig. 4C). Further-
more, no significant differences were observed in the density
of branches occupied by MPC spheroids cultured in hypoxia
compared to those in normoxic conditions (mean hypoxic
density 95 per square pm SD + 12 vs mean normoxic density
92 per square pm SD + 12; paired t-test p=0.37) (Fig. 4D).

We had previously demonstrated that MPCs can form
vascular structures only after the formation of sprouting
spheroids, from which single cells can be dissociated and
seeded onto a Geltrex layer to form tube-like structures[7].
Hence, we investigated whether hypoxia could enhance
this phenomenon by directly seeding MPCs onto Geltrex
without the intermediate step of spheroid formation. In the
tube-like formation assay, MPCs cultured under hypoxic and
normoxic conditions showed no significant differences in the
appearance of vessel-like structures (Fig. 4E). Additionally,
there were no significant differences in the average length
and number of projections between MPCs seeded on Geltrex
under hypoxic and normoxic conditions (average length of
projections: 169 pm SD + 14 and 137 pm SD + 17; paired
t-test p=0.2; average number of projections: 35 SD +4 and
24 SD + 5, paired t-test p=0.07) (Fig. 4F).

Discussion

Hypoxia preserves the stem cell characteristics of MPCs,
inhibiting their differentiation into MSCs and subsequent
osteogenic maturation. However, hypoxia does not appear
to impact the angiogenic differentiation of MPCs.

In the bone marrow, hematopoietic stem cells reside in
regions of severe hypoxia, with the lowest oxygen levels
found in the deeper perisinusoidal and endosteal regions
[13, 24]. Hypoxia contributes to the maintenance of the
stem phenotype both in vivo and in vitro [25-28]. To assess
the impact of hypoxia on the cells within the bone marrow
niche, we examined its effect on MPCs and its influence on
their differentiation. MPCs can be obtained from a unique
sub-fraction of bone marrow mononuclear cells, named
Pop#8. This population of stem cell is characterized by
the expression of CD64%M CD31%eh CD38 4, CD45%m
and the absence of CD14, CD34, CD66, CD3/20. Pop#8
has the ability to originate MPC in vitro when cultured in
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Fig.3 Osteogenic differentiation of MSCs obtained from hypoxic and
normoxic cultures. A Cells differentiated in osteoblast were measured
according to their production of hydroxyapatite crystals. Crystals

DMEM + 10% PhABS but lack the ability to generate MSC
and spheroid when cultured in mesengenic condition or
when they are induced to aggregate through the hanging
drop technique. Hence, Pop#8 is the immediate precursor
of MPCs [29]. While MSCs can originate from several tis-
sues, MPCs have been isolated only from bone marrow
[30, 31] using a standardized and reproducible procedure
[22]. In vitro, MPCs exhibit stem-cell-like features, such as
longer telomeres and the expression of pluripotency-asso-
ciated transcription factors NANOG and OCT4. They also
demonstrate a slower doubling time unless prompted to dif-
ferentiate into rapidly growing MSCs. Compared to MSCs,
MPCs lacked the CD73, CD90, and CD166 markers and
expressed lower levels of CD105. However, they expressed
integrins al. (CD11a), aM (CD11b), aX (CD11c), integrin
B2 (CD18), and PECAM (CD31) [7]. MPCs are a homoge-
neous population of cells, whereas MSCs can be a mixture
of elements at various stages of differentiation, which can
sometimes hamper the reproducibility of experiments. MPCs
remain stable for a long time and exhibit limited prolifera-
tive potential unless stimulated under differentiative con-
ditions. MPCs retain pluripotent differentiative potential,
capable of differentiating into both angiogenic and mesen-
chymal cells, which can further differentiate into adipocytes,
chondrocytes, and osteoblasts. The stemness, angiogenic,
and mesengenic potential of MPCs make them an attractive
model for evaluating the effect of hypoxia on bone marrow
stromal precursors.

In our experiments, hypoxia did not alter the morphol-
ogy of MPCs, which remained rounded with a thick and

Subject 3

were colored in red using Alizarin Red S staining. B Red areas were
significantly larger in cultures grown in normoxic than in hypoxic
conditions (*=p <0.05)

highly refractive central region. Furthermore, hypoxia did
not alter the expression of CD18 and CD31, which are char-
acteristic markers of MPCs, while CD90 and CD73, markers
of MSCs, remained negative. Hence, our method for MPC
selection effectively prevents differentiation into MSCs
under both normoxic and hypoxic conditions. Interestingly,
the yield of MPCs isolated under hypoxic conditions was
lower than that under normoxia, indicating a potential pro-
longation of their doubling time and a possible enhancement
of their stemness phenotype. Notably, the effect of hypoxia
on MPCs has not been previously reported in the literature.
In contrast, the effect of hypoxia on MSCs remains con-
troversial, with some studies suggesting increased expan-
sion of MSCs [20, 32], whereas other suggest a reduced
proliferation [33]. When MPCs were differentiated into
early MSCs, we did not observe any difference in the total
number of cells after 5 and 7 days between hypoxic and
normoxic conditions. Moreover, there was no significant
difference in the proliferation of p1 MSCs between hypoxic
and normoxic conditions as measured by the alamarBlue
assay. Similarly, no difference was observed in the cell cycle
at 5 days. However, after 7 days of culture, we observed
more cells in the G1/GO0 phase and fewer cells in the S phase
under hypoxic conditions. Since cells reached confluency
after 7 days of culture in a 6-well plate, contact inhibition
could explain these differences. Indeed, previous literature
has described an increased proliferative potential of MSCs
grown under hypoxic conditions, as well as the mainte-
nance of the stemness phenotype of pluripotent stem cells
[15, 18, 19]. Interestingly, the number of MPCs measured
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in pl MSC culture was increased under hypoxic conditions
at 5 and 7 days, whereas we did not observe a variation in
the number of MSCs according to the oxygen concentra-
tion. This observation could be explained by an increased
proliferative potential of MSCs in hypoxia, coupled with
a reduced differentiation of MPCs into MSCs. Data sug-
gest a differential effect of hypoxia on different stages of
differentiation of bone marrow stem cells, with hypoxia
maintaining MPCs in a more stem-like state and preventing
their differentiation into MSCs. Like stem cells, MPCs are
quiescent cells that exhibit slow proliferation unless they
initiate their differentiation process [34]. Some reports indi-
cate that HIF-1a can induce cell cycle arrest in the GO/G1
phase through the expression of p27 [35], and the overall
activation of HIF-1a under hypoxic conditions promotes the
undifferentiated state of human MSCs [20]. Hypoxia alters
cellular metabolism, affecting mitochondrial respiration,
reactive oxygen species (ROS) production, glycolysis, and
fatty acid processing, resulting in a lower ATP energy yield.
This may correlate with a reduction in cellular proliferation;
however, the proliferative capacities of different cell types
are variably affected by hypoxia [36]. MPCs exhibit a low
proliferation rate, making it difficult to determine whether
the reduction in proliferation induced by hypoxia is due to
metabolic modifications or the preservation of the stemness
phenotype. These two aspects are closely related, as the acti-
vation of the HIF-1a pathway and metabolic modifications
both lead to reduced proliferation and the maintenance of a
more stem-like phenotype. In contrast, hypoxia stimulates
MSC proliferation, possibly through the activation of the
PI3K/Akt pathway mediated by ROS.

MSC:s retain the potential to differentiate into osteoblasts,
adipocytes, and chondrocytes [23]. To assess the impact of
hypoxia on the differentiation of MSCs derived from MPCs,
we focused on osteogenic differentiation. Hypoxia affects
lineage-specific differentiations of MSCs differently. For
example, it promotes chondrogenic differentiation of MSCs
partially through the HIF-1a pathway [37]. Contradictory
results have been reported for adipogenic differentiation
with some reports describing an enhancement and other a
repression [38—40]. Whether hypoxia inhibits or promotes
osteogenesis remains a topic of debate [41, 42]. In the lit-
erature, while some studies suggest that hypoxic environ-
ments can either maintain or even enhance multilineage
differentiation [18, 33, 43], others indicate a reduced dif-
ferentiation of MSCs cultured under low oxygen tensions
[44, 45]. MSCs demonstrate elevated constitutive expression
of HIF-1a mRNA and exhibit active glycolytic metabolism
following isolation from bone marrow and umbilical blood.
Following in vitro expansion and osteogenic differentiation,
the mRNA level of HIF-1a and glycolytic activity decrease
rapidly, while mitochondrial biogenesis increases, as indi-
cated by elevated cell respiration and ROS generation [14].

@ Springer

Osteocytes reside in a region with low O2 tension in vivo
(4-7%), but hypoxia attenuates osteogenic differentiation
of MSCs. This could be due to hypoxia-dependent metab-
olism, which inhibits the metabolic switch toward oxida-
tive phosphorylation metabolism: a process necessary for
osteogenic differentiation of MSC [46]. We differentiated
MSCs into osteoblasts under both hypoxic and normoxic
conditions. Interestingly, in hypoxic conditions, we observed
a decreased deposition of hydroxyapatite crystals, as visu-
alized through Alizarin Red staining. Since osteoblasts
dramatically reduce bone formation under hypoxic condi-
tions [47], the indirect measurement of alizarin red could
be affected. Only the direct measurement of osteoblast could
overcome this limitation of our study. However, the literature
suggests that in the bone marrow environment, the presence
of HIF-1a inhibits the WNT pathway. This inhibition sup-
presses osteoblast proliferation and downregulates RUNX?2
transcription in MSCs. RUNX2 is a crucial regulator of oste-
ogenesis, and its suppression ultimately hinders MSC differ-
entiation into osteoblasts [45, 48]. Our findings are consist-
ent with this mechanism, as we observed a slower osteogenic
differentiation in MSC cultures derived from MPCs under
hypoxic conditions compared to normoxia. Additionally,
our previous research indicated that WNTS regulates the
differentiation of MPCs into MSCs but does not impact the
angiogenic differentiation of MPCs [9]. Reduced O2 tension
in utero is necessary for the development of the cardiovas-
cular-pulmonary system which originate from the growth
plates of developing bones [12].

MPCs possess a unique ability to differentiate into vas-
cular structures. In our in vitro experiments, we investigated
the angiogenic potential of MPCs under both normoxic and
hypoxic conditions. We found that angiogenic differen-
tiation was not impaired by hypoxia. Indeed, we anticipate
observing an enhancement of angiogenic differentiation
under hypoxic conditions. In normoxic conditions or in
tissues with oxygen tension above 5%, prolyl-4-hydroxy-
lases (PHDs) hydroxylate specific proline residues of the
HIF-1a protein [49, 50]. Following hydroxylation, HIF-1a
undergoes ubiquitination by the ubiquitin ligase E3 von
Hippel Lindau (VHL), leading to its subsequent degrada-
tion by the proteasome. Conversely, in hypoxic conditions,
where oxygen tension falls below 5%, the hydroxylation of
HIF-1a diminishes, leading to protein accumulation. This
accumulated protein then translocates from the cytoplasm
to the nucleus, where it forms a dimer with HIF-1p. This
complex binds to hypoxia-responsive elements, recruits
transcriptional coactivators, and triggers the expression of
target genes, including VEGF, thereby promoting angio-
genesis [51, 52]. However, in our experiments, we did not
observe an increase in angiogenic potential under hypoxic
conditions. One possible explanation could be that the
angiogenic differentiation of MPC was already maximally
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«Fig.4 Angiogenic potential remain unaffected from hypoxic treat-
ment. A Spheroids were formed from MPC cells grown in hypoxic
and normoxic conditions. Sprouting of branches was observed when
hypoxic and normoxic spheroids were placed on Geltrex matrix and
incubated with EGM-2 media. Timepoints at 24 h, 5 and 7 days
are shown for a spheroid grown in normoxic and hypoxic condi-
tions. B Magnification of spheroids derived from normoxic and
hypoxic MPCs at 7 days of sprouting assay. C The length of sphe-
roid branches was evaluated under both normoxic and hypoxic con-
ditions. No differences were observed in the average branch length
between the two conditions. D The percentage of area occupied by
spheroid branches, serving as an indicator of their density, was meas-
ured under both normoxic and hypoxic conditions, but no differences
were observed. E MPC cells placed on Geltrex and grown in EGM-2
media did not form any tubular structure both in normoxic and
hypoxic conditions. Cells projections were observed both in normoxic
and hypoxic conditions. F The mean length of projections did not dif-
fer between cells grown in hypoxic and normoxic conditions when
measurement after 24, 48 and 72 h of culture in EGM-2. Similarly,
the number of projections counted in hypoxic and normoxic condi-
tions did not differ after 24, 48 and 72 h of culture in EGM-2

stimulated by EGM-2, potentially masking any additional
effect of hypoxia. Moreover, we did not observe spheroid
sprouting when cultured in RPMI1640 on Geltrex, even
when incubated under hypoxic conditions (data not shown).
The angiogenic differentiation of MPC relies on the forma-
tion of spheroids, as MPC placed on Geltrex and stimulated
with EGM-2 do not form tubular structures resembling
vessels. Hypoxia alone does not induce MPC to form vas-
cular structures on Geltrex unless spheroids have formed.
Therefore, spheroid formation remains a necessary step to
guide MPC differentiation towards angiogenesis, even under
hypoxic conditions. Interestingly, the MPC angiogenic fate
is not suppressed by the inhibition of the WNT pathway
[9]. In multiple myeloma, MSC differentiation is inhibited
while angiogenic differentiation is preserved [53]. Thus, our
results suggest that the angiogenic potential of MPC may not
be further enhanced by hypoxia. However, we can speculate
that there may be an overall increase in angiogenic potential
in hypoxic conditions. If the differentiation of MPC into
MSC is reduced, more pluripotent cells remain available for
differentiation into endothelial progenitors.

We can hypothesize a hierarchical model of differentia-
tion in which MPCs carry angiogenic potential and serve
as precursors to MSCs, which can further differentiate into
osteoblasts, chondrocytes, and adipocytes. Hypoxia affects
these differentiation steps differently. It maintains MPCs in
a more quiescent and stem-like state, whereas it is ineffec-
tive or may even promote the proliferation of MSCs. We
observed reduced differentiation of MSCs into osteoblasts
under hypoxic conditions. On the contrary an increased dif-
ferentiation into chondrocytes have been reported in the lit-
erature [37]. Hypoxia does not directly affect the angiogenic
capability of MPCs, suggesting that this property is already
present in MPCs.
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