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Abstract: The adipose-derived mesenchymal stem cells are becoming the tool of choice for many
clinical applications and nowadays, nearly 200 clinical trials are running worldwide to prove the
efficacy of this cell type for many diseases and pathological conditions. To reach the goal of cell
therapies and produce ATMPs as drugs for regenerative medicine, it is necessary to properly stand-
ardize the GMP processes and thus collection methods, transportation strategies, extraction proto-
cols and characterization procedures without forgetting that all the tissues of the human body are
characterized by a wide inter-individual variability genetically determined and acquired during life.
Here we compare 302 samples processed under GMP rules to exclude the influence of the operator
and of the anatomical site of collection. Variability in the age of patients, gender and laboratory
parameters like total cell number, cell viability, stem cell number and other stromal vascular fraction
cell sub-populations have been compared to each other. Results show that, when the laboratory
protocol is standardized, the variability in quantifiable cell parameters is widely statistically non-
significant, meaning that we can make a further step toward standardized advanced cell therapy
products.
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Introduction

The importance and the role of adipose tissue has been greatly re-evaluated after the
discovery, in 2006, that adipose tissue is the largest endocrine organ interacting with all
major organs through the production of a wide range of hormones and cytokines [1]. Ad-
ipose tissue is constituted by different cell populations such as mature adipocytes and
their progenitors, Endothelial Cells (ECs) and Endothelial Progenitor Cells (EPCs) consti-
tuting the vascular system of the tissue, immune cells, and Mesenchymal Stem Cells
(MSCs) [2],[3]. MSCs were firstly isolated by Friedenstein and colleagues from the bone
marrow and later defined as multipotent stem cells with both self-renewal and differenti-
ation ability [4],[6]. First isolated bone marrow derived MSCs when cultured, showed an
intrinsic ability to form colonies with a great cellular heterogeneity in terms of progenitors
and undifferentiated stem cells, able to regenerate bone rudiments. Thanks to their mul-
tipotency, it was proved that they were able to differentiate in three different cell types:
osteoblasts, chondrocytes, and adipocytes [4]. MSCs are found in many tissues, including
bone marrow, umbilical cord, placental tissue, and adipose tissue. The component of stem
cells in adipose tissue is identified also, as Adipose-derived Stem Cells (ASCs), first iso-
lated from adipose tissue by Zuk and colleagues in 2001 [2]. ASCs are plastic-adherent,
multipotent, proliferative stem cells which could remain undifferentiated, self-renew, or
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undergo to multilineage differentiation [7],[8]. Since their first isolation more than 20 years
ago, they have raised increasing interests in the field of regenerative and aesthetic medi-
cine thanks to their regenerative potential outlined by several groups which showed that
these cells can differentiate along multiple pathways [9].

Historically, the first use of ASCs was in reconstructive surgery: autologous fat trans-
plant was performed for aesthetical purposes but due to long-term problems of volume
maintenance, additional transplant over time was required. Nowadays, to overcome this
problem, Stromal Vascular Fraction cells (SVF) are cryopreserved and thawed secondarily
to treat again the patients. This procedure represents, from a pharmaceutical perspective,
a consistent step forward in trying to standardize a cellular product. This trend in the use
of adipose tissue for regenerative purposes may thus facilitate the introduction of clini-
cally translatable protocols not only for aesthetic purposes but also for other medical in-
dications like orthopedics or neurodegenerative diseases [10], [11] in view of the easier
way to isolate ASCs rather than bone marrow derived MSCs, that could constitute a po-
tential new vehicle in the development of Advanced Therapy Medicinal Products
(ATMPs). Few works have been reported on SVF process standardization in the last 10
years [12], [13] but the sensitivity of using ATMPs as drugs for regenerative medicine and
the number of new candidate-drugs containing SVF or only ASCs for therapeutical use
are increasing especially in orthopedics (www.clinical trials.gov, [14]. With this purpose,
we published a collaborative work where we standardized the Good Manufacturing Prac-
tices (GMP) - compliant isolation and analysis processes in two different and distant clean
rooms [15].

Here, we present data of our clean room facility in Switzerland 302 samples processed
following GMP rules with the aim to further improve the standardization process consid-
ering also upstream variability in operators collecting adipose tissue, biological patient
intra-variability, anatomical site of collection and finally transportation conditions. In our
knowledge, these variables have not yet been considered in peer-reviewed papers, despite
they might be relevant for this study. The data reported in this study are the outcome of
an effort of standardization at the GMP level considering transport of samples, processing
in clean room and their analysis in terms of cellular composition.

Results

Producing ATMPs following GMP guidelines ensures a standardized protocol, nor-
mally reviewed, and authorized by the local regulatory authority and pharmaceutical
quality in terms of sterility of the product, number of delivered cells and finally a solid
tracking system in case of recalls, complaint and withdraws. In the last 10 years we made
significant improvements trying to standardize the analysis protocol of cells extracted
from the samples arriving at our GMP compliant facility. Indeed, we recently published a
collaborative study with the University of Marseille, grouping 364 patients processed in
both GMP facilities, relating on the possibility to harmonize two slightly different analyt-
ical methods to obtain a common protocol for adipose-derived mesenchymal stem cells
analysis [15]. This standardization process led us to develop a cytofluorimetric gating
strategy to obtain adipose-derived cell sub-populations and characterize them as shown
in Figure 1.
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Figure 1. Illustration of the gating strategy. ASCs: Adipose-derived Stem Cells; Endothelial: Endo-
thelial Cells; FS: Forward Scatter; Pericytes: Pericytes; SS: Side Scatter; EPCs: Endothelial Progenitor
Cells; HSCs: Hematopoietic Stem Cells; Blood: Blood Cells.

SVF cells were extracted from adipose tissue as previously reported in our paper in
2014 [20] and sorted through cytofluorimetric analysis first by selecting nucleated cells
with Syto40 (Figure 1A) and, after removing cellular aggregates (Figure 1B), discriminat-
ing viable cells from Total Nucleated Cells (TNCs), with death marker 7-Amino-Actino-
mycin D (7-AAD) (Figure 1C). Then, gated living cells were selected, first for CD45 ex-
pression (Figure 1D) discriminating hematopoietic CD45+ cells from CD45- cells which
were successively analyzed for CD34 and CD146 expression (Figure 1E), giving rise to
three different cell sub-populations: ASCs,( Figure 1E, lower right panel), EPCs (Figure
1E, upper right panel) and pericytes (Figure 1E, upper left panel). Other CD45-positive
cell sub-populations could be observed in Figure 1F as previously described [15], [16].
This gating strategy was applied to all 302 samples to standardize data production. With
this purpose, we first tried to analyze some potential influencing factors like harvesting
operators and anatomical sites of collection, which are sources of variability independent
from our control. Each surgeon had a preferred collection technique which represents the
major hurdle in biodiversity biases which make difficult to completely standardize the
method of adipose tissue collection. We thus grouped the patients based on the surgeon
who performed the liposuction, obtaining 12 different groups of patients, each with N >
10 patients. For each group the average number of TNCs per mL of adipose tissue and the
average viability were compared to the average of the whole cohort of 302 samples.
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Figure 2. Influence of the Surgeon on the number of TNCs per mL of adipose tissue and on the
cellular viability. (A, B) Comparison of the number of TNCs/mL between samples harvested by dif-
ferent Surgeons. (B, C) Cellular viability. Single groups average compared with the total average of
the 302 samples. Females + Males cohort N=302; Females N=191, Males N=111.

Results are shown in Figure 2 where we couldn’t find any significant statistical dif-
ference for both parameters in the group of 12 surgeons meaning that, the surgeon is not
a relevant factor influencing TNCs and cell viability. Deeper analysis by splitting every
patient cohort following gender did not sort any additional statistically significant effect
(Figure S1), neither by splitting data for cell sub-populations like ASCs, EPCs and peri-
cytes (Figure S2). The fact that we couldn’t find any difference between surgeons encour-
aged us to check for another possible influencing factor, the anatomical site of collection.
For this purpose, we divided the 302 samples in 5 groups, based on the most representa-
tive anatomical collections sites, Abdomen, Flanks, Hips, Lumbar and Others (where all
the different sites of collection together with unknown and multiple areas were included)
and, in a first instance, we analyzed them against TNCs per mL of adipose tissue and
viability.
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Figure 3. (A) Influence of the anatomical area of collection on the number of TNCs per mL of adipose
tissue and on the cellular viability. (B) Influence of different anatomical areas of collection on the
different cellular sub-populations. Females + Males N=302, Abdomen N=107, Flanks N=52, Hips
N=20, Lumbar N=16, Others N=107.

As shown in Figure 3, no statistically significant differences were found comparing
the different anatomical areas, suggesting that they do not have any impact on the two
biological parameters TNCs per mL of adipose tissue and percentage of viable cells which
are considered the most important parameters for cell therapies. The scheme adopted for
analysis of data from site collection was the same as for Surgeons, we evaluated TNCs/ml,
viability and all the different cell types/ml of our characterized sub-populations splitting
each group following the gender and again, no differences could be detected (Figures S3-
54).

At this point, we could eliminate two potential influencing factors, surgeon and an-
atomical site of collection and proceed to the inter-analysis based on two biological pa-
rameters, gender, and age of the patients. Comparison of TNCs per mL of adipose tissue
by gender surprisingly outlined a high statistically significant difference between male
and female samples as shown in Figure 4A (p<0.001) with female samples containing
higher numbers of TNCs. On the other hand, when comparing female vs males’ cells via-
bility, no statistical differences were detectable (Figure 4B).
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Figure 4. (A) Influence of the gender on the number of total nucleated cells (TNCs) per mL of adipose
tissue and (B) on the cellular viability of N=191 females and N=111 males. ****p<0,0001.

Stromal vascular cells divided into their main cell sub-populations (ASCs, endothe-
lial precursors and pericytes) allowed us to better characterize the difference highlighted
between male and female samples in Figure 5, showing that female samples contain more
EPCs than male ones (p<0.0001, Figure 5B).

A B Cc
Females vs Males Females vs Males Females vs Males
4%105+ 4%105+ Fkkk 2x10°
|
g ——
o —_—— 3
? 3x10%4 2 3x1054 £ 1.5x10%]
@
= 2 @
= "]
o o
3 H 2
=Y o ©
35 a <
< 2x10%4 T 2x105 w5 1x105
5 oo 5 -
= H o E
€ g = &
A S 5 ‘i
3 1x1054 RN £ 1x105- S sx104
< HHRE N w 5
o2 H o
P 11T
HiH
H3tH
tedfe 0 t
T
Females Males Females Males Females Males
Gender Gender Gender

Figure 5. Influence of the Gender on the number of a specific cell sub-type per ml of adipose tissue.
(A) ASCs/ml, (B) EPCs/ml and (C) Pericytes/ml. **** p <0,0001.

We then considered another biological factor, the age of the donors. So, samples were
divided following 4 age groups respectively of 20-39, 40-49, 50-59 and 60-77 and compared
the previous mentioned parameters for male and female samples. Hence, we could spot a
statistically significant difference in the age group of 40-49 (Figure 6A, p < 0.05) in the
number of TNCs per mL of adipose tissue.

The same difference was detectable in the EPCs sub-groups of 40-49 (Figure 6C, p <
0.05) and 50-59 (Figure 6C, p <0.001).

Besides these different concentrations, no other statistically significant difference
could be observed neither for ASCs nor for pericytes in the same age sub-groups (Figure
6B and D).
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Figure 6. Inter-comparison within the same group of age among Females and Males. * p < 0,05; ** p
<0,005. Comparison of (A)TNCs/ml, (B) ASCs/ml, (C) EPCs/ml and (D) Pericytes/ml among females
and males of the same age group. N for each group: Females (20-39) = 41, Males: (20-39) = 18; Fe-
males (40-49) = 83, Males (40-49) = 34; Females (50-59) = 45, Males (50-59) = 40; Females (60-77) = 22,
Males (60-77) = 19.

Further analysis on age-split groups did not show any statistically significant differ-
ence neither in cellular viability in “female + male” samples cohort, nor in the two sepa-
rated groups (Figure S5).

The main sub-populations reported in the stromal vascular fraction, i.e. ASCs, endo-
thelial precursors and pericytes were then, also compared based on gender and age sub-
groups. As reported in Figure 7, no statistically significant difference was detectable in the
ASCs group between male and female samples comparing both female and male groups
with mean values of respectively 1,02 x 105 ASCs per ml and 9,2 x 10* ASCs per ml of
adipose tissue. These results were also confirmed by comparing both “female + male” co-
hort following age sub-groups and female/male cohort taken separately (Figure 56).
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Figure 7. ASCs/ mL of adipose tissue. (A) Comparison between Females and Males, and (B) between
different age groups (Females + Males cohorts).

Figure 8 shows the same data analyzed for endothelial precursors where a statisti-
cally significant difference is evidenced (p < 0,0001) between female and the male samples
group. Female samples contain a mean of 6,96 x 10* endothelial precursors cells per mL
while male samples which have a mean value of 4,26 x 104 cells per ml.

EPCs
Females vs Males Females + Males

4%105+ ke 4x1054
o [
2 3x1054 2 3x105
2 L2
= .
Q Q
[ [
o o o
2 =
3 2x105 2 2x105
u“ P
o o
E E
73 @ .
4 4 :
W 1x105- W 1x105- e

K
0 0
Females Males 40-49
Gender Age Group

Figure 8. EPCs per mL of adipose tissue. (A) Comparison between Females and Males, (B) compar-
ison between different age groups (Females + Males cohorts). **** p<0,0001.

Splitting samples by age groups do not highlight any further statistically significant
difference, neither in the “female + male” group nor in the separated female and male
groups (Figure S7). Finally, in Figure 9, pericytes cells in both female and male groups
show mean values of respectively 1,66 x 10* pericytes per mL of adipose tissue in males
and 1,31 x 10* pericytes per mL of adipose tissue in female samples but not statistically
different, results confirmed also by the splitting of samples by age groups (Figure S8).
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Figure 9. Pericytes per mL of adipose tissue. (A) Comparison between Females vs Males, (B) com-
parison between different age groups (Females + Males cohorts).

Overall, our results suggest that TNC, cell viability and the distribution of SVF sub-
populations are not influenced by surgeons’ technique of liposuction nor by the anatomi-
cal site of collection. Nevertheless, from the intra-sample comparison emerged that the
only statistically significant different parameters on 302 samples processed in compliance
with GMP procedures, are the concentration of total nucleated cells and, consequently,
the number of EPCs per mL in female samples compared to male ones.

3. Discussion

The objective of this study was to investigate the biological variability in terms of
number of nucleated cells, viability and characterized cell sub-populations of more than
300 samples of adipose tissue processed with a standardized, GMP- compliant protocol in
our facilities with the declared aim to improve the use of SVF as an ATMP and thus, open
its use in cell therapies. We showed that despite each surgeon has a preferable technique
of adipose tissue harvesting, implying the use of specific cannulas and liposuction devices,
together with a specific anatomical site of collection, these two parameters do not have
any significative influence on biological characteristics of the tissue. This could be due to
fact that all the surgeons participating in our Swiss network are trained and follow specific
guidelines for adipose tissue collection. Our resulted number of TNCs/ml and ASCs/ml
when compared for the five different anatomical sites of collection are in contrast with
previous findings, reporting a higher number of TNCs and ASCs in inner thighs [21] and
a higher yield of ASCs in abdomen samples [22]. These contradictory findings may be
explained by the different number of samples analyzed and, by the gender of the donors.

Once excluded these two variables, we addressed to the gender and the age of the
donors, two parameters which have been investigated mainly in terms of ASCs prolifera-
tive capacity, differentiation ability and, more recently, at a transcriptomic level [23]. In
fact, gender dimorphism of adipose tissue in humans has been widely studied also, from
an anatomical and physiological point of view, in terms of differential accumulation of fat
depots [24] a phenomenon strictly related to hormonal influence [25], [26] i.e., estrogens
and androgens fluctuation during the entire life influence the metabolic balance. This gen-
der variability has been confirmed by our analysis: comparing the number of total nucle-
ated cells per ml of tissue among females and males and resulted to be significatively
higher in females. We then further analyzed whether this difference in TNCs is due to a
prevalence of a specific cellular sub-population and found EPCs to be consistently out-
numbered in females aged 40-59 years. This outcome may be explained, as mentioned
above, by the larger subcutaneous adipose tissue depots found in females which require,
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consequently, a wider vascular network mainly formed by EPCs interacting with other
cell types. The neovascularization process is stimulated by the action of sexual hormones,
i.e., estrogens and androgens [25]—- [27], as they promote the secretion of leptin, a typical
adipose-tissue secreted hormone. Leptin stimulates the expression of VEGF by ASCs and
endothelial progenitors, which constitute, in concert with pericytes through several mo-
lecular interactions, a new vascular network [28]- [30]. EPCs are defined as circulating
cells expressing multiple cell surface markers, such as CD34, CD31, vWEF (Von-Willebrand
Factor), CD146 and CD144 [31], [32] and were demonstrated to provide building blocks
for the formation of a new vascular system [33]. As opposed to EPCs cells, number of ASCs
and pericytes/ml of tissue compared on patients’ gender and age didn’t show any statis-
tical difference. ASCs represent the most interesting population in the field of regenerative
medicine as they are involved in the maintenance of the tissue metabolic balance, in angi-
ogenesis, wound healing and scar reparation [34]- [38] by also contributing, in synergy
with pericytes and EPCs, in sustaining the capillaries vascular network [36], [39]. Pericytes
or perivascular cells, retain a strong differentiation and angiogenic potential as recently
discovered by Ahmed and colleagues [40] since they display similar characteristics to
MSCs and are crucial for ECs survival, migration and sustain [41]- [43]. No other varia-
tions in terms of cellular concentrations nor cellular viability are reported in this work,
suggesting that processing samples with a standardized GMP compliant protocol, could
better characterize the biological parameters important for further use of these cells as
ATMPs as we also previously shown in a collaborative study [15]. Moreover, this charac-
terization could help in defining new cellular standards for ATMPs use in cell therapy as
we indeed established for GMP-prepared stromal vascular fraction cell release criteria
with defined cell parameters.

4. Materials and Methods
4.1. Patients’ information.

All the patients reported in this study were requested to sign an informed consent
and were processed during the period 2014-2023.

4.2. Adipose tissue sample transportation.

The transportation of samples was standardized following GMP and Pharmacopeia
guidelines recognized by Swissmedic.

4.3. Adipose Tissue Sampling.

Liposuction was performed in Switzerland between 2014 and 2022 by 12 recognized
plastic surgeons during surgical aesthetic procedures. We included in this study, samples
from 302 patients, 257 women and 155 men older than 18 years (range 20-80+ years) in
good health and HIV (Human Immunodeficiency Virus), HCV (Hepatitis C Virus) and
HBV (Hepatitis B Virus) negative. All patients signed our written informed consent.

Each plastic surgeon executed liposuction following his preferred method of collec-
tion, in an operating room under total or local anesthesia, with different cannulas and
aspiration devices. One hundred and fifty ml of adipose tissue was requested in 3 syringes
of 50 ml. The syringes were inserted in sterile bags and transported to a clean room in
Switzerland with a GMP- certified transportation box at room temperature (20 +10°C) and
processed within the next 24 hours after collection.

4.4. GMP Isolation of SVF.

Our extraction protocol is based on the use of 100ml syringes (Omnifix 100ml with
Louer Adaptor, B. Braun AG, Germany) as a separation funnel [16], [17],[20]. The first step
was to wash the sample twice with 30 ml of Dulbecco’s Phosphate Buffered-Saline with
calcium and magnesium (DPBS +/+, Merck, Germany), holding the syringe in vertical po-
sition for few minutes to allow the separation of the adipose tissue from the aqueous
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phase, which was discarded. Then, Adipose Tissue was enzymatically digested with the
same enzyme blend (Liberase or Celase® (Cytori Therapeutics, USA), a mixture of prote-
olytic enzymes, diluted in DPBS +/+ at a final concentration of 0.28 Wiinsch U/ml, for 45
minutes at 37°C under constant and gentle agitation. Enzymatic reaction was stopped
with 30 ml of DPBS without calcium and magnesium (Merck, Germany) supplemented
with 1% human albumin solution. The syringe was put back in vertical position and the
aqueous lower phase, containing the SVF cells, was collected into a conical 50 ml centri-
fuge tube (Corning Science Mexico SA, Mexico). This washing step was performed twice
to increase cell yield. The tubes were centrifuged 5 min at 400 RCF and the cellular pellet,
resuspended in 10 ml of DPBS -/- with 1% Human Albumin and filtered with a 100 um
and a 40 pm sieve (Corning Inc.,USA). Finally, the hydrophilic phase, containing the SVF,
was centrifuged again at 400 RCF for 5 min RT and the resulting pellet was resuspended
in 5% Human Albumin (CSL Behring AG, Bern, Switzerland).

4.4.1. SVF characterization.

Before cytofluorimetric characterization, the number of viable cells and the percent-
age of viability were determined with a Nucleocounter NC-100™ device (Chemometec,
Denmark). Then, cells were characterized by cytofluorimetric analysis using a 10 channel
Navios cytometer (Beckman Coulter, “BC”, Nyon, Switzerland) and the resulting data
were analyzed with Kaluza Software (Beckmann Coulter), as previously reported oFran-
cois et al., 2021e. Briefly, 500000 cells were centrifuged 5 min at 400 RCF and the pellet
was resuspended in 220 ul of DPBS without Ca2+/Mg2+ (Merck,Germany) with 1% hu-
man AB Serum (Pan-Biotech,Germany). Subsequently, 100 ul of cell suspension were
mixed, together with Syto 40 (Life Technologies Corporation, USA) and 7-AAD, (Beck-
mann Coulter Inc., Switzerland) into a customized test tube coated with the antibodies
CD34, CD146 and CD45 (DuraClone Mix,Beckmann Coulter Inc., Switzerland). All anti-
bodies were used accordingly to the manufacturer’s instructions. After 20 minutes of in-
cubation, erythrocytes were lysed with 1 ml of VersaLyse Lysing Solution (Beckmann
Coulter Inc. Switzerland) for 15 min. After this incubation step, samples were analyzed at
the cytometer. Briefly, the DNA marker Syto 40 was used to exclude cellular debris (i.e.,
negative) and 7-AAD was used for dead and live cell discrimination, therefore for as-
sessing the cellular viability [17], [18]. ASCs were identified in the CD45 and CD146 neg-
ative and CD34 positive fraction [19].

4.4.2. Gating Strategy.

Nucleated Cells were selected by the nuclear marker Syto40 and, thanks to the for-
ward scatter, cellular aggregates were removed. The presence of 7-AAD marker discrimi-
nated viable cells from dead cells determining the cellular viability. Among all the Viable
Nucleated Cells (VNCs), the staining with CD45 marker allowed to discriminate hemato-
poietic (CD45+) cells from non-hematopoietic (CD45-) cells. On CD45- cells, a density plot
CD146 vs CD34 was gated to identify ASCs (CD34+, CD146-, CD45-), EPCs (CD34+,
CD146+, CD45-), pericytes and precursor cells (CD34-, CD146+, CD45-). This strategy al-
lowed us to obtain a complete characterization of the SVF (Figure 1).

4.5. Statistical Analysis.

Statistical Analyses were performed with Graph Pad Prism 8 (GraphPad Software,
CA, USA). For N>2 cohort comparisons, Ordinary One-way ANOVA and nonparametric
ANOVA were used. For n=2 cohort comparisons, the unpaired t-test and the unpaired
nonparametric Mann-Withney t-test were used. A p-value < 0,05 was considered to indi-
cate a statistically significant difference.
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5. Conclusions

Overall, our analyses did not point out any significative difference among surgeons
and anatomical site of collection but outlined some gender and age-related variations. In-
deed, females aged 40-59 years resulted to have higher concentration of TNCs/ml and,
consequently, of EPCs/ml compared to males. This gender specific variation, as mentioned
in the discussion, may be explained by the different levels of hormones which lead to a
different accumulation of depots of subcutaneous fat. The concentration of ASCs/ml did
not show any statistical difference neither between different areas of collection, nor com-
paring gender and age groups. This outcome is in contrast with precedent findings point-
ing out a higher number of ASCs in specific areas of the body and a decrease in their
concentration as the age of the donors increase. In conclusion, we can affirm that pro-
cessing samples in a GMP compliant environment and with a GMP compliant protocol,
could help in defining new cellular standards for ATMPs use in cell therapy as a pharma-
ceutical drug.
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