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Background: As fat grafting is commonly used as a filler, Adipose-derived stem/stromal cells (ASC)
have been reported to be key player in retention rate. Paracrine and differentiation potential of

those cells confer them strong pro-angiogenic capacities. However, a full characterization of the
influence of aging on ASC has not been reported yet. Here we've investigated the effect of age on
paracrine function, stemness and angiogenic potential of ASC. Methods: ASC were extracted from
young and old adult donors. We assessed stromal vascular fraction cell populations repartition, ASC
stemness potential, capability to differentiate into mesenchymal lineages as well as their secretome.
Angiogenic potential was assessed using a sprouting assay, an indirect co-culture of ASC and dermal
microvascular endothelial cells (EC). Total vascular sprout length was measured, and co-culture soluble
factors were quantified. Pro-angiogenic factors alone or in combination as well as ASC-conditioned
medium (CM) were added to EC to assess sprouting induction. Results: Decrease of endothelial cells
yield and percentage is observed in cells extracted from adipose tissue of older patients, whereas ASC
percentage increased with age. Clonogenic potential of ASC is stable with age. ASC can differentiate
into adipocytes, chondrocytes and osteoblasts, and aging does not alter this potential. Among the

25 analytes quantified, high levels of pro-angiogenic factors were found, but none is significantly
modulated with age. ASC induce a significantly longer vascular sprouts compared to fibroblasts, and no
difference was found between young and old ASC donors on that parameter. Higher concentrations of
FGF-2, G-CSF, HGF and IL-8, and lower concentrations of VEGF-C were quantified in EC/ASC co-cultures
compared to EC/fibroblasts co-cultures. EC/ASC from young donors secrete higher levels of VEGF-A
compared to old ones. Neither soluble factor nor CM without cells are able to induce organized sprouts,
highlighting the requirement of cell communication for sprouting. CM produced by ASC supporting
development of long vascular sprouts promote sprouting in co-cultures that establish shorter sprouts.
Conclusion: Our results show cells from young and old donors exhibit no difference in all assessed
parameters, suggesting all patients could be included in clinical applications. We emphasized the
leading role of ASC in angiogenesis, without impairment with age, where secretome is a key but not
sufficient actor.
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Autologous fat grafting is widely used in surgery for both regenerative and aesthetic applications'. This procedure
has been reported to improve skin quality and facial aging?™* even if some authors stated the limited effect
on healthy skin>®. However, the variable and unpredictable resorption rate remains the major limitation in
therapeutic use of fat grafting”®. Many factors are described to alter fat graft survival, such as surgeon gesture, fat
process or adipose tissue biology®'°. Donor age could influence graft retention, as graft survival rate is reported to
be higher in patients below 55 yo (27,8%) compared to patients above 55 yo (15,4%)®. Moreover, vascularization is
an important parameter, as Peer demonstrate the anastomosis between graft and recipient site'"'2. Furthermore,
Allen et al. showed that high density fraction of fat, containing a higher number of vascular progenitors and
vascular endothelial growth factor (VEGF), has a better survival rate than low density fraction of fat!®. In order
to improve fat graft survival, Yoshimura’s team developed a new method called cell-assisted lipotransfer, which
consist of graft enrichment with either stromal vascular fraction (SVF) or Adipose-derived Stem Cells (ASC)'“.

ASC are mesenchymal stem/stromal cells highly studied since their identification in 2001 and are often
described as key player in adipose regeneration potential'® and fat graft survival'*16. Due to their paracrine
function, immunomodulatory potential and pro-angiogenic capacities'”%, those cells have been extensively used
in regenerative medicine!*?. Those cells have been reported to play a critical role in regulating skin regeneration
and facial rejuvenation!-2*. ASC promote angiogenesis by their capacity to differentiate into endothelial cells?*,
increase vascular network density?® and secrete many pro-angiogenic factor such as VEGF or HGF?%?. ASC
also bear hallmarks of pericytes, and provide vascular stability through functional interaction with endothelial
cells?®. The pro-angiogenic effects of ASC are mostly described to be mediated by their paracrine function. ASC
secretome has been widely studied and cells are known to secrete pro-angiogenic factors such as VEGE, HGF,
Angiopoietin-1, Angiogenin or PIGF*-3L.

Aging is a progressive decrease in the regenerative abilities to maintain tissue homeostasis, such as
vascularization or stem cell potential. Although researchers have studied effect of age on ASC functionality,
results are still controversial. Aging has been described to have no or negative effect on cell proliferation®-34.
ASC from old donors seem to be more senescent compared to young ones, with a decreased capacity to form
colonies®, a shortening of telomeres® or increase of f-galactosidase activity*®. Pro-angiogenic potential of ASC
seems impaired with aging, as ASC have a decreased potential to differentiate into endothelial cells*’, to promote
vascular network?® and to secrete angiogenic factors®”*’. Intriguingly, the effect of age on a wider panel of soluble
factors secreted by ASC has not been investigated yet.

As ASC are often used in older patients, the effect of age on their functionality is a hot topic in clinical use.
Indeed, identification of parameters modifying ASC capacities could be linked to a better choice of donors
in clinical studies. We hypothesized that age alter ASC paracrine function and their capacity to promote
angiogenesis, leading to a decrease in fat graft survival of old donors. In this study we investigate how aging can
affect ASC functionality, especially their capacity to mediate angiogenic processes (Fig. 1).
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Fig. 1. Stromal vascular fraction was analyzed with flow cytometry and then ASC were cultured in order to
assess their clonogenic, chondrogenic, osteogenic, adipogenic and pro-angiogenic potentials as well as their
secretome. (Created with BioRender)
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Methods

Tissue harvest

Human subcutaneous adipose tissues were obtained from liposuction procedures under general anesthesia from
anonymous healthy donors. Donors were not recruited to fit this study but were selected to have no obesity
history nor metabolic diseases. Surgical residues were anonymized, and written informed consent was obtained
from the patients in accordance with the ethical guidelines from Lyon University Hospital (Hospices Civils
de Lyon) and approved by ethical committee of the Hospices Civils de Lyon according to the principles of the
Declaration of Helsinki and Article L. 1243-4 of the French Public Health Code. All the samples used in this
study belong to a collection of human skin samples declared to the French research ministry (Declaration no.
DC-2008-162 delivered to the Bank of Tissues and Cells of the Hospices Civils de Lyon). Tissues were obtained
from 12 female patients, classified as young (< 30 years old, 6 donors, mean 24,0 +4,1 years) or old (> 50 years
old, 6 donors, mean 59,8 + 8,3 years). Average BMI was 22,8 +2,6 kg/ m? and did not differ significantly between
the young (23,2 + 1,6 kg/m?) and old groups (22,5 +3,5 kg/m?).

ASCisolation

To isolate the stromal-vascular fraction (SVF), adipose tissue was centrifuged (1452 g for 3 min), then the
oil (upper phase) and tumescent phase (lower phase) were removed. Adipose tissue was then digested with
collagenase (1 mg/ml in PBS, Roche, Indianapolis, USA) at a collagenase/adipose tissue ratio 1:1 (vol/vol) at
37 °C for 45 min under constant shaking. Collagenase activity was neutralized with an equal volume of Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Invitrogen, Carlsbad, USA) containing 10% fetal bovine serum (FBS)
(HyClone, Logan, USA) and the suspension was centrifuged at 232 g for 5 min. The stromal vascular fraction
(SVF) was filtered through a 70 um-strainer then red blood cells were removed by dilution (1/10) in ACK lysis
buffer (Gibco, Invitrogen, Carlsbad, USA) and incubation for 15 min at 37 °C. At the end, same volume of PBS
was added and the suspension of stromal vascular fraction was centrifuged at 232 g for 5 min.

Flow cytometry analysis

Freshly isolated cells from the SVF were maintained on ice and stained for analytical flow cytometry. Cell
suspensions (100 000 cells per condition) were centrifuged, and the cell pellet was incubated with FC-Block
(Miltenyi Biotec, Bergisch Gladbach, Germany) to minimize non-specific antibody binding. Cells were
simultaneously stained with monoclonal mouse anti-human antibodies: CD31-BB515, CD34-PE-Cy7, CD163-
AF647, CD45-PerCP-Cy5.5, CD90-BV510, CD146-BV421 (BD Biosciences, San Jose, USA). In addition, cells
were stained with live/dead fixable dye FVS780 (BD Biosciences, San Jose, USA) to identify live cells. Spectral
overlap compensation was performed using single-stained CompBead PLUS (BD Biosciences, San Jose, USA).
Multicolor flow cytometry was performed with an Aria IT (BD Biosciences, San Jose, USA) and cell composition
percentages were calculated according to data of surface marker expression profiles with Flow]Jo Software version
10.7.2 (BD Biosciences, San Jose, USA) (Table 1). Gates were defined with fluorescence minus one.

Monolayer cell culture

ASC

SVFE wasresuspended in ASC complete culture medium consisting of DMEM/Ham’s F-12 (ratio 1:1) supplemented
with 10% FBS, 1% penicillin/gentamycin solution (Gibco, Invitrogen, Carlsbad, USA), 1 pg/ml amphotericin B
(Gibco, Invitrogen, Carlsbad, USA) and 10 ng/ml FGF-2. Cells were either used for flow cytometry analysis or
plated for cell culture. As demonstrated previously by our team, in our experimental condition, subculture ASC
at passage 0 are positive for CD90 and CD73, and negative for CD14, CD45 and HLA-DR®, reaching definition
of ASC by ISCT and IFATS. Cultured cells were then considered as ASC and this initial culture was referred
to as passage 0 (P0). Medium was replaced every 2-3 days with fresh complete medium until reaching 80-90%
confluence.

Endothelial cells

Human Dermal Endothelial Cells (EC) from juvenile donor (3yo) were purchased from Promocell and cultivated
in EGM-2 (PromoCell, Heidelberg, Germany). Cells were cultured to passage 4 and medium was changed every
three days until confluence was reached. At confluency;, cells were trypsinized with trypsin-EDTA 0,01% (Gibco,
Invitrogen, Carlsbad, USA) and used for sprouting assay.

Cell type Marker Reference
Immune cells CD45+ 4

M2/ resident Macrophages | CD45+CD163+ 2

Other immune cells CD45+CD163-

Non immune cells CD45- 40

ASC CD45- / CD34+ / CD31- 0
Endothelial cells CD45- / CD34+ / CD31+ 0
Pericytes CD45- / CD34- / CD31- / CD146+ | #

Table 1. Cell population definition according to surface marker.
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Fibroblasts

Human dermal fibroblasts were extracted from mammary skin from an adult caucasian women (23 y/o), after
plastic surgery. Informed consent was obtained before tissue collection, according to European guidelines.
After removing the subcutaneous tissue, skin samples were sliced according to depth using a dermatome. The
upper part of the skin dermis (from the surface to a 0,3 mm depth) contained the epidermis and the papillary
dermis. The epidermis was separated from papillary dermis by dissection, after treatment with 0.25% trypsin
for 1.5 h at 37 °C (Gibco, Invitrogen, Carlsbad, USA). For the preparation of fibroblasts, pieces of superficial
dermis were placed in culture in MEM supplemented with 10% FBS, penicillin-streptomycin (Gibco, Invitrogen,
Carlsbad, USA), and glutamine (2 mM) (Gibco, Invitrogen, Carlsbad, USA), and maintained at 37 °C in a 90%
humidified atmosphere containing 5% CO,. After migration of fibroblasts outward dermal explants, these cells
were amplified in culture and stored in liquid nitrogen as frozen aliquots until use.

Cell numeration and viability

At each step (extraction, trypsinization, thawing) and for each cell type, viable and nonviable cells were counted
in a Malassez chamber (hemocytometer) using a light microscope. The number of viable cells was recorded
using a dye exclusion test with 4% trypan blue solution (Thermo Fischer Scientific, USA).

CFE (colony forming efficiency) to assess clonogenic potential of the cells

PO ASC were seeded in triplicate in a 6-wells plate at a density of 200 cells/well in complete medium. Colonies
were grown for 10 to 14 days, depending on the growth rate of the cells. Cells were rinsed with PBS then fixed
with absolute ethanol for 10 min at room temperature before staining with 20% GIEMSA (Sigma Aldrich, Saint
Quentin Fallavier, France). Cell colonies were counted under optical microscopy. All three wells were counted
for each donor. The final colony forming efficiency (CFE) value was determined by dividing the number of
colonies counted X100 by the number of cells seeded. Results are expressed as mean for the 3 replicates.

Adipogenic, osteogenic and chondrogenic assay
ASC at passage 4 were seeded in a 48-wells plate at a density of 15 000 cells/well (for adipogenic and osteogenic
assay) or 40 000 cells/well (for chondrogenic assay) and grown in complete medium. Once cells reached
confluence (around 1 week), positive control wells were switched to adipogenic, osteogenic or chondrogenic
Stempro kit, following the manufacturer’s instructions (Gibco, Invitrogen, Carlsbad, USA) and grown for 14
days (adipogenic) or 21 days (osteogenic and chondrogenic) with media change every 2-3 days. Cells were then
stained with Bodipy, Alizarin red, alkaline phosphatase or Alcian blue according to manufacturer protocol. Briefly,
after 14 or 21 days of culture, cells were rinsed with PBS then fixed with 4% methanol-free paraformaldehyde for
20 min (RT). Cells were rinsed twice with PBS then stained with specific probe for each lineage.
Adipocyte-differentiated cells were stained with Bodipy (20 pug/ml) (Invitrogen, Carlsbad, USA) /Hoechst
(1/2000) (Invitrogen, Carlsbad, USA) solution for 45 min then rinsed with PBS and imaged with epifluorescence
microscope to visualize neutral lipids. Mean intensity of Bodipy per cell was quantified with High Content
Screening Array Scan VTT (Cellomics, Thermo Scientific, Waltham, USA). Osteoblast- differentiated cells were
stained with either BCIP/NBT (Sigma Aldrich, Saint Quentin Fallavier, France) or Alizarin Red S (ScienCell,
San Diego, USA) solution (2%, w/w) for 10 and 20 min respectively prior to visualization of alkaline phosphatase
(early differentiation) or mineralization (late differentiation) respectively. Alizarin Red S staining was eluted
using acetic acid (10%) and calcium deposition was quantified with optical density determined at 405 nm using
a plate reader (SpectraMax M5, Molecular Devices, Sunnyvale, USA). Chondrocyte-differentiated cells were
stained with Alcian blue solution (1% w/w) (ScienCell, San Diego, USA) for 45 min prior to visualization of
proteoglycans.

ASCsecretome PO

PO ASC were seeded in a 6-wells plate at a density of 300 000 cells/well in complete medium. Once cells reach
confluence (around 1 week), complete medium (DMEM/Ham’s F-12 supplemented with 10% FBS, 1% penicillin/
gentamycin solution, 1 ug/ml amphotericin B and 10 ng/ml FGF-2), was replaced by serum-free medium without
FGF-2. After 24 H, supernatant samples were harvested and stored at -80 °C and cells were counted as described
previously. Quantitative Luminex (Merck Millipore, Darmstadt, Germany; R&D Systems, Minneapolis, USA)
assays were performed using 25 cytokines: Adiponectin, Angiogenin, Angiopoietin-1 (Ang-1), Epithelial
Growth Factor (EGF), acid Fibroblast Growth Factor (FGF-1), basic FGF (FGF-2), Heparin-binding EGF (HB-
EGF), Hepatocyte Growth Factor (HGF), Interleukin (IL)-6, -8, Leptin, Matrix Metalloproteinase (MMP)-1, -2,
-3, -8, -13, Platelet Derived Growth Factor (PDGF)-AA, -AB, -BB, -CC, -DD, Placental Growth Factor (PIGF),
Stem Cell Factor (SCF), Vascular Endothelial Growth Factor (VEGEF)-A, -C. Supernatants were centrifuged at
300 g for 5 min at +4 °C to remove cell debris then Luminex assays were performed following manufacturer’s
instructions. Serum-free medium was used as blank and reading was done using Bio-Plex 200 system (Bio-Rad,
Hercules, USA). Protein levels were expressed in pg/ml for 10° cells.

Angiogenesis assay

Conditioned media production and quantification

P4 ASC were seeded in a 75 cm? flask at a density of 475 000 cells/flask in EGM-2 (PromoCell, Heidelberg,
Germany). Once cells reached confluence (around 1 week), EGM-2 was replaced by serum and growth factors-free
EGM-2 (EBM). After 72 H, supernatants samples were harvested and stored at -20 °C. A quantitative Luminex’
(R&D Systems, Minneapolis, USA) assay was performed using cytokines: Angiopoietin-1, Angiopoietin-2,
bone morphogenic protein 9 (BMP-9), EGE Endoglin, FGF-1, FGF-2, granulocyte colony stimulating factor
(G-CSF), HB-EGFE, HGE, IL-1a, IL-8, MMP-2, PDGF-AA, PDGF-BB, PIGE, VEGF-A, VEGF-C. Luminex assay
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was performed following manufacturer’s instructions. EBM was used as blank and reading was done using Bio-
Plex 200 system (Bio-Rad, Hercules, USA). Protein levels were expressed in pg/ml.

Sprouting assay

ASC and fibroblasts were cultured in endothelial growth medium at least 24 h prior to starting the sprouting
assay. The procedure is based on a sprouting assay previously described®’, the experimental design can be found
in Supplementary Fig. 3. Briefly, dextran-coated Cytodex-3© microcarrier beads (Amersham Pharmacia Biotech,
Piscataway, USA) were incubated with EC in EGM-2 (PromoCell, Heidelberg, Germany) overnight. Cell-coated
beads were then embedded into fibrin gels consisting of EBM with 2,5 mg/ml fibrinogen (Sigma Aldrich, Saint
Quentin Fallavier, France) and 0,625 U/ml thrombin (Sigma Aldrich, Saint Quentin Fallavier, France). 200 ul
of fibrin gel containing cell-coated beads were added per well into a 48-well plate. After gelification, ASC or
fibroblasts were added on the top of the gels (10 000 cells per well) in EGM-2 medium. Negative control consists
of adding medium without any cell on the top of the gel. 24 h after seeding stimulating cells, EGM-2 medium
was replaced by EBM. Medium was harvested every 2-3 days and replaced with fresh medium (EBM) for a week.
For each cell donor, 4 wells were seeded and experiment was conducted 4 times. Co-culture of EC and ASC from
young donors are mentioned as EC/ASCy, co-culture of EC and ASC from old donors are mentioned as EC/
ASCo and co-culture of EC and fibroblasts are mentioned as EC/Fb.

For growth factors or conditioned media (CM) assessment, no cell was added on the top of the gel. CM
or EBM containing Angiopoietin-2 (1; 5; 10ng/ml) (Preprotech, Rocky Hill, USA), HGF (0,2; 0,5; 1ng/ml)
(Preprotech, Rocky Hill, USA), VEGF-A (0,02; 0,1; 0,5ng/ml) (Preprotech, Rocky Hill, USA) or a combination
of those 3 growth factors were added on top of the gel and replaced every 2-3 days for a week. Experiment was
conducted once for pro-angiogenic factor and twice for CM assays. Within an experiment, 4 wells per condition
were performed.

At the end of the assay, fibrin gels were washed twice then fixed 1 h using 4% paraformaldehyde. Gels were
washed twice and then permeabilized with PBS containing 0,5% Triton X-100 and 3% BSA for 45 min (RT).
Subsequently, gels were stained with Alexa Fluor-488-conjugated phalloidin (dilution 1/40) and Hoechst 33342
(dilution 1/2500) for 1 h in dark. Gels were washed twice and then imaged using Leica SP8 confocal microscope
(405/488nm diode lasers, 10x/0.30 dry HC PL Fluotar objective). The Alexa Fluor-488-conjugated phalloidin
was acquired on the first detector with an (494-676 nm) emission filter and Hoechst 33342 was acquired on
the second detector with an (410-483 nm) emission filter. A total of 10-20 beads were acquired per well. For
each bead, Z-stack including all sprouts with z-step of 20 pm was acquired. Image analysis was performed using
the Sprout Morphology plugin previously described by Eglinger et al.> using Fiji software version 1.53c; Java
1.8.0_172. Total sprouts length of each condition was assessed.

Soluble factors quantification

Media from the angiogenesis assay co-cultures were harvested and frozen at -20 °C every 2 days until end of
the assay. A quantitative Luminex (Merck Millipore, Darmstadt, Germany) assay was performed using 16
cytokines: Angiopoietin-2, bone morphogenic protein 9 (BMP-9), EGFE, Endoglin, Endothelin-1, FGF-1, FGF-2,
granulocyte colony stimulating factor (G-CSF), HB-EGFE, HGE, IL-8, Leptin, PIGE, VEGF-A, VEGF-C, VEGEF-D.
Supernatant was centrifuged at 300 g for 5 min at + 4 °C to remove cell debris then Luminex’ assay was performed
following manufacturer’s instructions. EBM was used as blank and reading was done using Bio-Plex 200 system
(Bio-Rad, Hercules, USA) and protein levels were expressed in pg/ml.

Statistical analysis
Data analysis was performed using R software (version 4.2.2). Comparisons between two groups were conducted
using Student’s t-test for normally distributed data and the Wilcoxon test for non-normally distributed data.
Comparisons between multiple groups were performed using analysis of variance (ANOVA) followed by
Benjamini-Hochberg correction for multiple comparisons.

Results were considered statistically significant when the p-value was less than 0,05. A statistical trend was
considered to be present when the p-value was between 0,05 and 0,1. Statistical tests are specified for each figure.

Results

Age does not affect SVF cell yield

Total nucleated cells extracted from adipose tissues are not statistically different from young (mean 107 130 +27
903 cells/ml) and old donors (mean 86 693 +42 668 cells/ml) (Supplementary Fig. 2).

Endothelial cells population decreases with age but no other SVF cells population

Yield of each immune as resident/M2 macrophages (CD45+ / CD163+) or other immune cells (CD45+ /
CD163-) and non-immune cell type, i.e. ASC (CD45- / CD34+ / CD31-), endothelial cells (CD45- / CD34+ /
CD31+) and pericytes (CD45- / CD34- / CD31- / CD146+) from young and old donors were compared (gating
strategy is described in Supplementary Fig. 3). ASC were CD146- and mainly expressed CD90 (>90%) (data not
shown). Endothelial cells were found to express CD146 and differentially expressed CD90. Pericytes populations
were composed of CD90+ and CD90- populations (data not shown).

The amount of each population among either CD45 + or CD45- population is expressed in percentage. Yield
of each cell population, expressed in cell/ml, gives an overview of the expression of each cell population among
the whole adipose tissue (Table 2). M2/resident macrophages, other immune cells, ASC and pericytes yields
show no statistical difference between age categories. Endothelial cells yield significantly decreases with age
(young 8 847 +4 375 c¢/ml; old 2 782 +2 374 c¢/ml; p value 0,014). While ASC yield is stable with age, percentage
of ASC within CD45- population increases significantly with age (young 52+ 18%; old 77 +13%; p value
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Cell type Phenotype Age category | Mean | SD p value
Young 63550 | 23 890
cell/ml 0,262
Old 47120 | 23939
Immune cells CD45+
Young 58,1% | 14%
% (of all cells) 0,648
Old 54,5% | 13%
Young 11725 | 6 502
cell/ml 0,677
Old 10099 | 6614
Resident & M2 macrophages | CD45+ CD163+
Young 19,8% | 10%
% (of CD45+) 0,643
Old 22,2% | 8%
Young 50790 | 21744
cell/ml 0,235
Old 35922 | 18 950
Other immune cells CD45+CD163-
Young 78,4% | 10%
% (of CD45+) 0,613
Old 75,6% | 8%
Young 43165 | 16 393
cell/ml 0,714
Old 38 827 | 22 869
Non-immune cells CD45-
Young 41,5% | 14%
% (of CD45-) 0,704
old 44,5% | 13%
Wl Young 22815 | 10455 0.818
cell/m §
CD45- old 30001 | 18495
ASC ook Yo 52,5% | 18%
oun Ne)(i} (]
CD34+ % (of CD45-) & 0,009*
Old 77,5% | 13%
Wml Young 8847 | 4375 0.014%
cell/m ,
CD45- old 2782 | 2374
Endothelial cells CD31+ v 335% | 1ew
oun; s 70 (J
CD34+ % (of CD45-) g 0,054
Old 7,2% 5%
Young 4439 | 2242
CD45- cell/ml 0,240
) CD31- old 2763 | 3481
Pericytes CD34
- Young 9,9% | 4%
CD146+ % (of CD45-) 0,132
Old 7,6% 13%

Table 2. Quantification of cell populations in the SVF and their repartition among CD45- and

CD45 + populations. n=6 donors were used in each age category. * p value < 0,05 indicated in bold. Unpaired
Wilcoxon test was used to test the significance of ASC and pericytes populations. Unpaired student t-test was
used to test the significance of other cell populations.

0,009). Consistently with yield, there is a statistical trend (0,05 < p value <0,1) for a decrease of endothelial cells
proportion with age (young 23 +16%; old 7 +5%; p value 0,054).

Age does not affect the clonogenic potential of ASC

ASC adhered to plastic and display a phenotype consistent with fibroblast-like morphology. Diverse types of
colonies are observed independently of the donor and age category (Fig. 2A). ASC CFE mean from young
donors was 3,3+1,1%. No significant difference was found when compared to ASC CFE mean from old donors
(4,2+1,4%) (Fig. 2B). Furthermore, we did not see colony size differences in from a donor to another (data not
shown).

Age does not affect adipogenic, osteogenic and chondrogenic potential of ASC

The differentiation potential of ASC was evaluated by culturing them in adipogenic, osteogenic, and
chondrogenic media to stimulate multilineage differentiation. All donors of ASC show specific staining for lipid
droplets, calcification and proteoglycan, highlighting their ability to differentiate into adipocytes, osteoblasts
and chondrocytes respectively (Fig. 3A). Quantification of neutral lipids with Bodipy probe shows a statistical
trend increase of fluorescence in differentiated cells relative to untreated controls for young (differentiated cells
212 2374107 590 UA; control group 7 266+ 10 014 UA, p value 0,062) and aged ASC (differentiated cells 135
700+ 116 162 UA; control group 10 244 +20 985 UA, p value 0,031). No difference was found between young
and aged ASC in untreated or differentiated cells (Fig. 3B). Alizarin red S staining quantification shows no
change on mineralization quantification between differentiated and untreated cells for old donors (differentiated
cells 0,17+0,09 mM; control group 0,09+0,03 mM) and young ones (differentiated cells 0,27 +0,27 mM;
control group 0,07 +0,06 mM). There is no statistical difference between age categories either in untreated or in
differentiated cells (Fig. 3C).
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Fig. 2. Colony forming efficiency of ASC from young and old donors. (A) photography of CFE from young
and old donors, 2 pictures of the same well are presented for each donor. Original magnification 10x. (B)
quantification of colonies formed by ASC after 15 days of culture. n =6 donors were used in each age category.
No significant difference was found between CFE of ASC from young and old donors. Unpaired Student t-test
was used to test the significance.

Age does not affect ASC Secretome

ASC secrete numerous analytes involved in immunomodulation, angiogenesis and proliferation. We selected a set
of 25 analytes described or not yet to be synthetized by ASC. Seven analytes were synthetized below the detection
threshold by ASC at P0 in our conditions. Six analytes were found to be secreted at concentrations below 100
pg/ml and 12 analytes were found to be secreted at concentrations above 100 pg/ml (Table 3). As donors do not
have the same proliferation rate, concentrations were normalized to cell number. There is a statistical trend for
a decrease of HGE, PIGF and SCF with age (p value <0,10), however no statistical difference has been found.
Despite normalization, there is a high donor-to-donor variability for some analytes concentrations. Median
concentrations of HGE, PIGF and SCF from young donors (975 pg/10° cells; 24 pg/10° cells; 19 pg/10° cells,
respectively) are at least 2fold higher compared to old ones (244 pg/10° cells, 7 pg/10° cells; 7 pg/10° cells,
respectively). Median concentration of IL-8 in young donors (174 pg/ml) is 2,9 times lower compared to old
donors (508 pg/ml). However, no significant difference on analyte concentration between age categories has
been found (Fig. 4).

Age does not affect sprout length induced by ASC

ASC are described to be involved in angiogenesis due to their ability to secrete pro-angiogenic factors and their
capacity to differentiate into endothelial cells. Sprouting assay has been described to assess anti-angiogenic
components. This anti-vascularization in vitro assay has been described with human umbilical vein endothelial
cells (HUVEC) in co-culture with skin fibroblasts. In our assay, we used dermal microvascular EC in co-culture
with dermal fibroblast (EC/Fb) or ASC (EC/ASC), to be closer as possible to fat graft physiology, and to assess
pro-angiogenic effects. In our conditions, EC/ASC and EC/Fb are able to induce vascular sprouts in a similar
way that previously described with HUVEC (Fig. 5A).

Co-culture of EC/ASC induces a 3,1fold longer total vascular sprouts (783 um) compared to EC/Fb (238 pm)
(Fig. 5B). EC/ASC from young donors induce a median total sprouts length of 941 ym when EC/ASC from old
donors induce a median total sprouts length of 704 um (Fig. 5C). Differences in total sprouts length between age
categories are not significative, meaning that ASC sprouting induction is not altered with age (Fig. 5C).

G-CSE HGF and IL-8 are more expressed by EC/ASC than EC/Fb

In order to elucidate which factors could be responsible for the pro-angiogenic effect observed, a total of 16
soluble factors were quantified in co-culture supernatants: Angiopoietin-2, bone morphogenic protein 9 (BMP-
9), EGF, Endoglin, Endothelin-1, FGF-1, FGF-2, granulocyte colony stimulating factor (G-CSF), HB-EGE, HGFE,
IL-8, Leptin, PIGE, VEGF-A, VEGF-C, VEGF-D.

Some analytes concentrations were found below threshold: BMP-9, Endoglin, FGF-1, HB-EGE, Leptin, and
VEGF-D (Supplementary data 1). The vasoconstrictor Endothelin-1 was detected only into negative controls (no
stimulating cell), and EGF and FGF-2 were detected with significantly higher concentration in negative controls
compared to other conditions (Fig. 6A). On the contrary, HGE, VEGF-A and -C were barely found into negative
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Fig. 3. ASC differentiation into lineages. (A) Microscopic images of ASC at P4 in proliferation medium
(control) or differentiation medium (differentiated) for 3 lineages. Adipocytes were stained with Bodipy probe
and Hoechst to visualize neutral lipid droplets and nucleus, chondrocytes were stained with Alcian blue to
visualize proteoglycans and osteoblasts were stained with either BCIP/NBT or Alizarin Red S to visualize
alkaline phosphatase (early differentiation) or mineralization (late differentiation) respectively (original
magnification 10x). Bodipy (B) or ARS (C) quantification of control or differentiated ASC according to age
category. n==6 donors were used in each age category. Paired Wilcoxon test was used to test the significance. *

P value <0,05.

[Analytes] < threshold | [Analytes] <100 pg/ml | [Analytes] > 100 pg/ml

EGF FGF-1 Adiponectin

HB-EGF FGF-2 Angiogenin

MMP-13 IL-6 Angiopoietin-1

PDGF-AA PDGF-CC HGF

PDGF-AB/BB PIGF IL-8

PDGF-BB SCF Leptin

PDGF-DD MMP-1
MMP-2
MMP-3
MMP-8
VEGF-A
VEGF-C

Table 3. Quantification range of analytes assessed into ASC secretome.

controls (mean 7,2+8,3 pg/ml; 0,2+0,5 pg/ml; 9,8+17,9 pg/ml respectively). EC/ASC secrete significantly
higher concentrations of IL-8 (230,4+106,7 pg/ml) and lower level of VEGF-C (80,5 19,7 pg/ml) compared
to EC/Fb (83,8 +76,6 pg/ml; 352 +124,3 pg/ml respectively) (Fig. 6A). G-CSF and HGF are secreted at higher
concentration in EC/ASC co-cultures (89,7 +50,6 pg/ml; 5555,8 +-5701,2 pg/ml respectively) compared to EC/
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Fig. 4. Secretome of ASC according to age category. n=6 donors were used in each age category. Unpaired
Wilcoxon test was used to test the significance. * P value < 0,05.
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Fig. 5. (A) Diversity of sprouting of endothelial cells from dextran beads stained with phalloidin and Hoechst
to visualize actin and nucleus, respectively (original magnification 10x, bar, 200 pm). (B) Total sprouts length
with co-culture of EC with ASC (EC/ASC; dark grey) and fibroblasts (EC/Fb; light grey) as stimulating cells.
(B) Total sprouts length with co-culture of EC with either ASC (EC/ASC; dark grey) and fibroblasts (EC/Fb;
light grey) as stimulating cells. (C) Total sprouts length according to co-culture of EC with ASC from young
(EC/ASC y; blue) or old (EC/ASC o; red) donors as stimulating cells. n=5 donors for ASC young, #n=6 donors
for ASC old, n=1 donor for fibroblasts, experiments were conducted in 4 replicates. Unpaired Wilcoxon test
was used to test the significance. * P value <0.05.
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Fig. 6. (A) Secretome of EC without stimulating cells (EC; clear box), or EC co-culture with either ASC (EC/
ASC; dark grey) (independently of donor age) or fibroblasts (EC/Fb; light grey). (B) Secretome of EC co-
culture with ASC from young (EC/ASC y; blue) or old (EC/ASC o; red) donor. n=5 donors for ASC young,
n=26 donors for ASC old, n=1 donor for fibroblasts, experiments were conducted in 4 replicates. ANOVA test
was used to test the significance in (A). Unpaired Wilcoxon test was used to test the significance in (B). * P
value < 0,05.

Fb (21,5+31,7 pg/ml; 224,8 +278,9 pg/ml respectively) co-cultures but results are not statistically significant,
probably due to high variability.

Among co-culture of EC with ASC, IL-8 is secreted in significantly higher levels in EC/ASC  (mean 280+116
pg/ml) compared to EC/ASC_ (mean 211+ 109 pg/ml) (Fig. 6B). Lower levels of VEGF-A have been found in
EC/ASCo (mean 96,6 +42,1 pg/ml) compared to EC/ASCy (mean 142 + 81,1 pg/ml), but it is unsignificant (p
value 0,078). No difference was found between age categories for other analytes.

Soluble factors or secretome are required but not sufficient for inducing EC sprouting

Mechanism of action of the pro-angiogenic properties of ASC has not been completely elucidated yet. In this
in vitro test, pro-angiogenic environment is supposed to be mostly linked to soluble factors. Two ASC donors
were identified to induce longer total sprout length compared to others. As those donors seem to secrete more
Ang-2, HGF and VEGEF-A than other ASC donors, we've tried to induce angiogenesis with those pro-angiogenic
factors (at concentrations assessed previously) without stimulating cells on top of the gel. Sprourting assay was
performed without stimulating cell (on top of the gel) and with dose effect of HGE, Ang-2 and VEGF-A as well
as a combination of those 3 factors. Absence of stimulating cell leads to deficiency of organized sprout, with or
without angiogenic factors (data not shown). Without stimulating cell, EC seem to die into fibrin gel.

As in vitro angiogenesis test is not induced by soluble factors tested themselves, sprouting mechanism of
action could be linked to a specific dosage of soluble factors that lacks in our previous experiment. Conditioned
media (ASC-CM) produced by ASC were tested on sprouting assay without stimulating cells. ASC-CM from
the two donors identified to induce the longest vascular total sprout length (#21009 and #21056), annotated

ASC, .-CM, and two donors identified to induce the shortest vascular sprout length (#21039 and #21057),
annotated ASC, .-CM, were tested on this in vitro angiogenesis assay.
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Addition of ASC-CM without stimulating cell leads to deficiency of organized sprout (Fig. 7A). In ASC-
CM condition, only tiny sprouts were observed and some EC seem enter in a necrotic phase. No difference
was observed between CM from different ASC donors in absence of stimulating cells. As CM condition do not
induce an organized sprout, it was not relevant to measure it.
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Fig. 7. EC required cells and specific dosage of soluble factors to form organized. (A) Confocal images of
sprouting beads according to conditions. (B) Total sprout length quantification (normalized cells alone)
supplemented with ASC-CM. ASC donor is specified in the graph. Experiments were conducted in duplicate.
ANOVA test was used to test the significance. * P value < 0,05.

Scientific Reports|  (2024) 14:27589 | https://doi.org/10.1038/s41598-024-73875-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

As stimulating cells are mandatory to induce an organized sprout, we've tested if ASC-CM from a specific
donor could influence sprout length induced by EC/ASC co-culture with another ASC donor. ASC,_ _-CM (from
donors #21009 and #21056) were added to EC/ASC,, . (from donors #21039 and #21057) co- cuftures Total
sprout length is significantly increased in co-cultures of EC/ ASC,  cultivated with ASC,,,,~CM in comparison
to basal medium (Fig. 7B). This result is valid for both ASC_, . in culture with EC. However, ASClong—CM do not
have any effect on EC/fibroblasts co-culture.

Discussion

As ASC are stem/stromal cells obtained through minimally invasive procedures, they are widely involved in cell-
based and cell-free therapeutic strategies. ASC have been extensively described for their beneficial outcomes on
skin quality by surgeons>>*->°. Although mechanism of action is still unknown, differentiation and paracrine
function as well as pro-angiogenic effects are pointed out??>56, ASC therapy is often used in older patients,
raising the question of the sustainability of ASC potential through age. Our results show that age does not
impair ASC yield, neither their capacity to differentiate into adipocytes, chondrocytes or osteoblasts. At PO, ASC
secretome is not altered by age. Aging has no effect on ASC capacity to induce EC sprouting in our experimental
conditions.

Composition of SVF cells were described and ASC stemness and pro-angiogenic potential were investigated.
SVF is divided into hematopoietic and non-hematopoietic cells, categorized thanks to CD45. Immune cells
count for half of the SVE, and this proportion is stable with age, highlighting the pivotal role of adipose
tissue immunomodulation. Among non-immune cells, percentages are consistent with those found in the
literature*!*647 ag CD45- SVF is mainly composed of ASC (CD45- CD31- CD34+) (31-91%), endothelial cells
(CD45- CD31+CD34+) (3-48%) and pericytes (CD45- CD31- CD34- CD146+) (1-20%).

The non-significant increase in ASC yield with age could be an explanation of the non-significant increased
proportion of CFE observed with age. However, as sample size is small, further study including more donors
is required to complete these results. ASC maintain the capacity to differentiate into adipocytes, chondrocytes
and osteoblasts through age. Some donors show lipid droplets into control wells, indicating that cells are able to
spontaneously differentiate into adipocytes. This observation is made independently of donor age. Those results
are consistent with previously published data®->° showing cell yield and adipogenic potential are unrelated to
donor age, while they are contradictory with other studies exhibiting a decrease of osteogenic potential with
age®. Specific lineages gene expression (PPARy, ACAN, RUNX2) could be investigated to see more slight
differences between age categories.

Many studies exist on ASC secretome?-3!, as cell-free therapies seem promising in clinical applications?.
Nevertheless, most of those studies are in the context of wound healing®, senescence®® or disease such as
diabetes?”%2. Here we assessed 25 analytes described in the literature, covering angiogenic and mitogenic activity
of ASC. Yet, due to a lack of uniformity in the method of secretome preparation, quality and quantity of the
secreted analytes vary from a study to another. Lower concentrations of soluble factors were found in this study
compared to others?’. However, cells in other experiments were either cultured into 5% serum media®” or
stimulated with LPS3!. Even if no statistical significance was found, many analyte concentrations were lowered
in aged category compared to young one (angiogenin, FGF-1, HGF, IL-6, MMP-1, PDGF-CC, PIGE, SCF). Park
et al. found that age affects ASC secretome with a decrease of VEGF and HGF*. Differences could be explained
as panel used for those experiments was older than ours (old panel>70 yo) and a mix of male and female
patients. ASC-CM has been extensively studied and authors conclude that due to their paracrine capacity, ASC
are a promising tool in the field of skin diseases or disorders such as wound healing, photo-aging or atopic
dermatitis®*=%°. Our results highlight that paracrine function is maintained through age. Some authors have
investigated the ASC secretome under environmental pressure such as hypoxia or cytokines to increase factors
secretion®¢7, Stimulation of ASC with hypoxia could be a way to assess reactivity of ASC from young donors
compared to old ones.

ASC are well described for their role in angiogenesis as they differentiate into endothelial cells and
secrete numerous pro-angiogenic factors®’?, however, age has been described to impair this pro-angiogenic
potential¥’. A large number of in vitro assays have been developed for studying some aspects of angiogenesis
such as endothelial cells migration or proliferation. Yet, Matrigel- or collagen gel-based assays fail to model
sprouting in 3 dimensions. Nakatsu et al.>! developed a simple and quick 3D assay allowing to assess multiple
parameters of sprouting. This assay has been mostly used to evaluate the activity of angiogenesis inhibitors’!
and is widely used with HUVECs. In our assay, we demonstrated this assay could be adapted with dermal
microvascular EC, and ASC could be used as stimulating cells instead of fibroblasts. To our knowledge, this is the
first time ASC are used in this sprouting in vitro assay with dermal microvascular EC. As ASC are perivascular
cells*, well described as potent pro-angiogenic regulators’?, it is not astonishing that they induce a longer
total sprout compared to fibroblasts. Our first results highlight a trend of ASC having a higher pro-angiogenic
potential compared to fibroblasts. However, as these data have been produced on only one donor of fibroblasts,
a dedicated study is mandatory to validate this trend. In our study, total sprout length and average sprout length
are stable with ASC donor age. Those results are consistent with the absence of alteration with age of the ASC
secretome in monolayer. Studies showing that age decreases ASC pro-angiogenic activity also point a decrease
of pro-angiogenic secretion”’. Indeed, co-culture supernatants exhibit stable analyte secretion through age.
Interestingly, there is a trend for a decrease of HGF and VEGF-A in EC/ASC_ in comparison to EC/ASC,, butno
change in sprout length was observed between EC/ASC_and EC/ASC..

Surprisingly, while co-cultures with fibroblasts induce a statistically shorter sprout length compared to ASC,
they also express significantly higher concentrations of VEGF-C and similar concentrations of VEGF-A. As
VEGF members are pivotal players in vascularization’?, it is interesting to notice that high levels of those well-
known pro-angiogenic factors are not sufficient for sprouting induction. ASC capacity to induce sprouting and
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secrete pro-angiogenic factors is stable with age. Yet, the two donors inducing the longest sprout length are those
secreting highest quantity of VEGF-A, highlighting the importance of secretome in angiogenesis. Furthermore,
those donors are both under 30yo.

As some publications have used pro-angiogenic factors to stimulate EC sprouting without using stimulating
cells, we investigated the soluble factors that could be responsible for sprouting. It is to notice that HUVEC are
EC utilized in almost all the studies using this sprouting assay. To our knowledge, the only publication using
dermal microvascular EC in this sprouting assay did not demonstrate the formation of a vascular sprout in
absence of stimulating cells or pro-angiogenic factors embedded in fibrin gel’”*. As ASC do not penetrate the gel,
we found more relevant to add pro-angiogenic factors and CM on the top instead of embedded inside the gel.

Absence of stimulating cells seems to induce EC death (observations), and sprout length is not relevant to
measure. In CM tested conditions, few numbers of beads were able to sprout, those conditions do not lead to
formation of an organized sprouting. Intriguingly, conditioned media from ASC,_, induce the same outcomes
compared to conditioned media from ASC; . Those results highlight that pro-angiogenic factors themselves
are not sufficient and a cell communication is required to induce first step of angiogenesis.

Interestingly, addition of ASC,,,"CM to EC/ASC, ., lead to an increase of the sprout length in comparison
with basal media. As those results are not observed on EC/fibroblasts co-culture, ASC-CM components seem to
stimulate ASC to induce sprouting from EC. Further studies are required to assess angiogenic factor receptors on
ASC in order to elucidate those results. In the future, there is also a necessity to identify CM components (soluble
factors, exosomes, miRNAs...) required for sprouting development.

Although one of the strengths of this study consists of wide characterization of young and old healthy
populations, one limitation of this research is the small sample size (N=12), which was all female. We've
excluded patients with BMI over 30 and with obesity history as it was demonstrated that obesity and weight
loss alter cellular composition of subcutaneous adipose tissue and ASC inflammatory profile’>’®. Further study
including more donors is required to complete these in vitro results. Moreover, the hypothesis that age does not
affect ASC potential, including pro-angiogenic properties, has to be validated through in vivo experiments. It
is not excluded that other environmental parameters could affect adipose tissue metabolism and ASC behavior
such as tobacco use or pollution.

Conclusion

ASC have been extensively described for their beneficial outcomes on skin quality by surgeons®*->>. Although
mechanism of action is still unknown, differentiation and paracrine function as well as pro-angiogenic effects
are pointed out?"?2%. ASC therapy is often used in older patients, raising the question of the sustainability of
ASC potential through age. Our results suggest donor age might not influence and ASC differentiation, but
this hypothesis has to be validated in vivo. In the context of fat grafting, some authors display that age could
decrease graft survival’’’8. However, our experimental results suggest there is no alteration with age on our
in vitro assessment. Still no consensus on predictability of fat graft retention and effect of fat and ASC on skin
rejuvenation has been found, researchers have to deep dive into SVF cells interactions between them and their
environment. This statement is supported by our results showing that induction of EC sprouting required not
only pro-angiogenic factors but also a dynamic cellular communication.

Data availability
The data that support the findings of this study are not openly available due to reasons of sensitivity and are
available from the corresponding author upon reasonable request.
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