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Abstract
Introduction: Mesenchymal stromal/stem cells
(MSCs) derived from fat tissue are an encouraging
tool for regenerative medicine. They share
properties similar to the bone marrow-derived
MSCs, but the amount of MSCs per gram of fat
tissue is 500x higher. The fat tissue can easily be
digested by collagenase, releasing a heterogeneous
cell fraction called stromal vascular fraction (SVF)
which contains a variable amount of stromal/stem
cells. In Europe, cell products like the SVF derived
from fat tissue are considered advanced therapy medicinal product (ATMPs). As a consequence,
the manufacturing process has to be approved via GMP-compliant process validation. The problem
of the process validation for SVF is the heterogeneity of this fraction.
Methods: Here, we modified existing purification strategies by adding an additional plastic
adherence incubation of maximal 20 hours after SVF isolation. The resulting cell fraction was
characterized and compared to SVF as well as cultivated adipose-derived stromal/stem cells
(ASCs) with respect to viability and cell yield, the expression of surface markers, differentiation
potential and cytokine expression.
Results: Short-term incubation significantly reduced the heterogeneity of the resulting cell fraction
compared to SVF. The cells were able to differentiate into adipocytes, chondrocytes, and osteoblasts.
More importantly, they expressed trophic proteins which have been previously associated with the
beneficial effects of MSCs. Furthermore, GMP compliance of the production process described
herein was acknowledged by the national regulatory agencies (DE_BB_01_GMP_2017_1018).
Conclusion: Addition of a short purification-step after the SVF isolation is a cheap and fast strategy
to isolate a homogeneous uncultivated GMP-compliant cell fraction of ASCs.

Introduction
Mesenchymal stromal/stem cells (MSCs) derived from
different sources are encouraging tools for regenerative
medicine because of their manifold immunomodulatory
and regenerative properties.1,2 One of these sources is
adipose tissue, which can easily be digested by collagenase,
releasing a heterogeneous cell fraction called stromal
vascular fraction (SVF).3 Besides granulocytes, monocytes,
lymphocytes, endothelial cells, pericytes, erythrocytes,
and other cells, this fraction contains a huge number of
MSCs, called adipose-derived stromal/stem cells (ASCs).4
Even the crude SVF, containing only a limited number

of ASCs, has a high therapeutic potential.5-17 These ASCs
have similar properties as bone marrow-derived MSCs
(BM-MSCs),18-20 however, the amount of MSCs per gram
of fat tissue is 500x higher.21,22 Additionally, according to
the literature, ASCs secrete higher quantities of cytokines
with regenerative properties23,24 and possibly possess a
higher angiogenic potential.25 In Europe, cell products
derived by collagenase digestion of tissues are classified
as advanced therapy medicinal product (ATMPs).26,27
As a consequence, the manufacturing process has to be
authorized by the corresponding national authorities.
Furthermore, a good manufacturing practice (GMP)-
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compliant quality management has to be established
to ensure the production of a consistent and wellcharacterized product.26 This, however, is a major problem
since SVF by itself is a very heterogeneous cell fraction
with a highly varying stromal/stem cell content of 2%30%.4 Hence, standardized therapy is hard to establish. To
surmount this obstacle, SVF can be cultivated resulting
in a more homogenous cell fraction.28 However, this
cultivation process induces phenotypical changes of the cell
population including a change of the immunophenotype.28
Additionally, there is evidence that the cultivation step
may affect the functional characteristics of the ASCs. In
this regard, a reduction of the homing potential to the site
of tissue damage, changes in the expression of adhesion
molecules, or changes in the regenerative potential have
been described.5,29,30 In addition to these potentially
negative effects on the therapeutic activity of the stromal/
stem cells, there are regulatory and economic problems
associated with the cultivation process. Although there
is no evidence that the changes of the karyotype which
could be observed sometimes during cultivation,31,32 lead
to a malign transformation,33 the EMA is concerned about
possible risks for patients.26, 34 As a result, the remaining risk
of a possible malign transformation has to be considered
carefully, especially for non-life-threatening indications,
for example, osteoarthritis or cosmetic rejuvenation.
Accordingly, genomic stability has to be demonstrated
during the cultivation process.34 Furthermore, the
cultivation process itself is time-consuming and resourceintensive. Nevertheless, this technique is state of the art for
the treatment of many diseases with limited therapeutic
options.35 An alternative enrichment approach is based
on cell sorting with antibodies against specific surface
markers. This method is well established for blood-based
products like CAR-T cells.36 However, for the enrichment
of MSCs from SVF only experimental and non-GMPcompliant protocols are available.37-39 Furthermore, the
high costs of a cell sorter (purchase and maintenance) in
combination with the need for special trained personnel
render this technique less-than-ideal.
Herein we presented an inexpensive and fast (∼24
hours) approach to isolate a homogeneous uncultivated
GMP-compliant cell fraction of ASCs by applying a short
purification step after the SVF isolation.
Materials and Methods
SVF isolation, short-term incubation, and ASC
cultivation
Samples of subcutaneous lipoaspirate (300–3300 mL) were
obtained from patients undergoing cosmetic liposuction
by power-assisted liposuction (PAL) as described before
by Barzelay et al.40 Briefly, 3-7.5 L tumescent solution
containing 840 mg/L sodium hydrogen carbonate
(B.Braun, Melsungen, Germany), 100 mg/L triamcinolone
(Hexal, Holzkirchen, Germany), 200 mg/L procaine
hydrochloride (AstraZeneca, Wedel, Germany), 200
162
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mg/L lidocaine hydrochloride (AstraZeneca, Wedel,
Germany) and 1.2 mg/L ephedrine hydrochloride (Sanofi,
Paris, France) was applied for the superwet technique.
A 3.0-mm diameter blunt hollow cannula with a Micro
Aire PAL 600 system power-assisted lipoplasty device
(MicroAire Surgical Instruments, Charlottesville, USA)
and an Ardo Master 45 pump (Ardo medical GmbH,
Oberpfaffenhofen, Germany) were used to perform PAL.
Fat was decanted, and the fat fraction was aspirated into an
empty sterile container. Liposuctions were performed in
the Department of Plastic Surgery at the Klinik Sanssouci
(Potsdam, Germany) and at the MEOCLINIC (Berlin,
Germany). Isolation of the SVF was done by OXACELL®
AG (Potsdam, Germany) as described by Zuk et al. (2001)3
and Zhu et al41 with some modifications to achieve GMPcompliance. Briefly, lipoaspirate was transferred into
closed Flexboy Bags (Satorius Stedim Biotech, Göttingen,
Germany) and washed three times with DMEM-F12
(ThermoFisher Scientific, Waltham, USA) containing 2%
CTS™ KnockOut™ SR XenoFree Medium (ThermoFisher
Scientific, Waltham, USA). The washed lipoaspirate was
digested with Collagenase NB 6 GMP Grade (Nordmark,
Uetersen, Germany) for 30-60 minutes at 37°C according
to the manufacturers’ recommendations. Depending on
the volume of the lipoaspirate, the digestion time for <
900 mL lipoaspirate was 30 minutes, for 900-2250 mL 35
minutes, and for > 2250 mL 45-60 minutes. The digestion
was stopped with EDTA (Corning Inc., New York ,
USA) as recommended by Nordmark for Collagenase
digestion. This solution was centrifuged for 10 minutes
(400 g, 21°C) and the supernatant was discarded. The cell
pellet was resuspended in DMEM-F12, 2% KnockOut™
SR XenoFree Medium (ThermoFisher Scientific,
Waltham, USA) and filtered through different strainers
(Steriflip®, Merck Millipore, Darmstadt, Germany).
Afterward, the cells were further separated by density
gradient centrifugation with Ficoll-Paque PremiumTM
(400 g, 24°C, 30 minutes, GE Healthcare Bio-Sciences,
Buckinghamshire, UK) instead of red blood cell (RBC)
lysis. The resulting cells were washed twice with PBS w/o
Mg2+ Ca2+ (Biochrom, Berlin, Germany), 2% KnockOut™
(ThermoFisher Scientific, Waltham, USA). For shortterm incubation and purification, the cells were seeded on
cell culture dishes (Greiner Bio-One) at high density (≥
1.0 x 105 cells/cm2) in DMEM-F12, 2% KnockOut™ SR
XenoFree Medium (ThermoFisher Scientific, Waltham,
USA) and incubated for 16-20 hours (37°C, 6% CO2, 95%
RH). After that time, the cells were trypsinized (TrypsinEDTA solution, Sigma-Aldrich, Munich, Germany) and
suspended in PBS w/o Mg2+ Ca2+ (Biochrom, Berlin,
Germany), 2% KnockOut™ (ThermoFisher Scientific,
Waltham, USA). After one washing step, the cells
were filtered through a cell strainer (Steriflip®, Merck
Millipore, Darmstadt, Germany). Thereafter, the cells
were washed two more times with 0.9% sodium chloride
(B.Braun, Melsungen, Germany) and suspended in a

Simple purification of the SVF with an additional short plastic adherent incubation step

buffered solution for further analysis. The resulting
short-term incubated cell fraction was called Oxacells
HP (OXACELL® AG, Potsdam, Germany). The whole
procedure described above took about 24 hours from
the lipoaspirate to the finished cell product, and handson time was about 6 hours. The manufacturing protocol
was GMP certified (DE_BB_01_GMP_2017_1018) in
accordance with Art. 13 and 15 of Directive 2001/20/EC. It
should be noted that Oxacells HP is classified as an ATMP
for use in specialized health care establishments. The
resulting cells were randomly divided into two groups.
One group was used directly for further experiments.
The cells of the second group were seeded again on cell
culture dishes (2000–4000 cells /cm2) and expanded with
DMEM-F12 (ThermoFisher Scientific, Waltham, USA)
containing 10% (w/v) pooled human serum (GMP-grade,
Zentrum für Klinische Transfusionsmedizin, Tübingen,
Germany) until the confluency and criteria for ASCs4
were reached (8-14 days, corresponding to passage 0).
Afterward, the cells were washed twice with PBS w/o
Mg2+ Ca2+ (Biochrom, Berlin, Germany) and trypsinized
(Trypsin-EDTA solution, Sigma-Aldrich, Munich,
Germany). Finally, the ASCs were suspended in PBS w/o
Mg2+ Ca2+ (Biochrom, Berlin, Germany), 2% KnockOut™
(ThermoFisher Scientific, Waltham, USA) and used for
further analysis.
Cell count and viability
For cell number and viability measurements, the cells were
diluted in Guava ViaCount Reagent (Merck Millipore,
Darmstadt, Germany) and measured in a Flow cytometer
(Guava® easyCyte 6-2L, Merck Millipore, Darmstadt,
Germany) according to the instruction manual.
Flow cytometry
A total of 1.5 × 104 cells were suspended in 100 µL
PBS w/o Mg2+ Ca2+ (Biochrom, Berlin, Germany), 2%
KnockOut™ (ThermoFisher Scientific, Waltham, USA)
and incubated with fluorescence-labeled antibodies. For
the cell staining, the following antibodies coupled to
fluorescein isothiocyanate (FITC), phycoerythrin (PE),
or allophycocyanin (APC) were used: Anti-CD-13, AntiCD31, Anti-CD34, Anti-CD44, Anti-CD45, Anti-CD73,
Anti-CD90, Anti-CD105-FITC, Anti-CD235a and AntiHLA-DR, DP, and DQ. All antibodies were purchased
from Miltenyi Biotec, Bergisch Gladbach, Germany. The
samples were incubated for 15 minutes in the dark at 2-8°C
and washed afterward with PBS w/o Mg2+ Ca2+ (Biochrom,
Berlin, Germany), 2% KnockOut™ (ThermoFisher
Scientific, Waltham, USA). The samples were suspended
in 150 µL PBS w/o Mg2+ Ca2+ (Biochrom, Berlin,
Germany), 2% KnockOut™ (ThermoFisher Scientific,
Waltham, USA). Before every measurement, the integrity
of all channels was verified with an EasyCheck-Kit (Merck
Millipore, Darmstadt, Germany). At least 5000 events
were analyzed and compared with appropriate isotype

controls. All measurements were done with fixed gates
and protocols according to the GMP guideline. The final
results were calculated by subtracting the background
(isotype controls).
Multilineage differentiation protocols
The differentiation experiments were done according
to Zhu et al.41 Briefly, for adipogenic and osteogenic
differentiation, 3.0 × 104 cells/chamber were seeded on
chamber slides (Sigma-Aldrich, Munich, Germany).
For chondrogenic “micromass culture”, 1.0 × 105 cells/
chamber were seeded. For all experiments, human serum
from pooled human male AB plasma (Sigma-Aldrich,
Munich, Germany) was used instead of animal-derived
FBS. All differentiation experiments were compared to
undifferentiated controls.
Adipogenesis
The adipogenic differentiation medium consisted of
DMEM (4.5 g/mL Glucose, ThermoFisher Scientific,
Waltham, USA), 10% human Serum (Sigma-Aldrich,
Munich, Germany), 1 % penicillin/streptomycin (10 000
I.U/mL and 10 000 mg/mL (Sigma-Aldrich, Munich,
Germany), 1.0 µM Dexamethasone (Sigma-Aldrich,
Munich, Germany), 0.5 mM 3-isobutyl-1-methylxanthine
(Sigma-Aldrich, Munich, Germany), 0.2 mM
indomethacin (Sigma-Aldrich, Munich, Germany) and
10.0 µM insulin (Sigma-Aldrich, Munich, Germany). The
differentiation was induced at 80% confluency. The cells
were cultured for 18-21 days with medium changes every
3-4 days. The adipogenic differentiation was confirmed by
Oil Red O histologic staining.
Osteogenesis
For osteogenic differentiation, we used DMEM (4.5
g/mL Glucose, ThermoFisher Scientific, Waltham,
USA) containing 5% human serum, 1% penicillin/
streptomycin (10 000 I.U/mL and 10 000 mg/mL), 0.1
µM Dexamethasone (Sigma-Aldrich, Munich, Germany),
50 µM L-Ascorbic acid 2-phosphate (Sigma-Aldrich,
Munich, Germany), and 10 mM β-glycerophosphate
(Sigma-Aldrich, Munich, Germany). The differentiation
was induced at a confluency of 50%. The cells were
cultured for 18-21 days with medium changes every 3-4
days. The osteogenic differentiation was confirmed by
Kossa histologic staining for calcium phosphate.
Chondrogenesis
The chondrogenic medium consisted of DMEM (4.5 g/mL
Glucose, ThermoFisher Scientific, Waltham, USA) with
1% human serum, 1% penicillin/streptomycin (10 000
I.U/mL and 10 000 mg/mL), 50 µg/mL L-ascorbic-2phosphate (Sigma-Aldrich, Munich, Germany), 6.25 µg/
mL insulin (Sigma-Aldrich, Munich, Germany), 6.25 mg/
mL transferrin (Sigma-Aldrich, Munich, Germany) and
10 ng/mL TGF-β1 (Sigma-Aldrich, Munich, Germany).
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163

Born et al

Micromass pellets were prepared as described by Zhu at al41
but the cell density was reduced to 1.0 × 105 cells/chamber.
The cells were cultured for 18-21 days with medium
changes every 3-4 days. The successful differentiation was
confirmed by Alcian Blue histologic stain.
Cytokine and growth factor estimation and quantification
Harvest of conditioned media and cells
For the estimation and quantification of cytokine and
growth factor, the supernatants of Oxacells HP and ASCs
were collected. Briefly, for Oxacells HP, 50 000 nucleated
cells/well were seeded in 24-well-plates and attached for 24
hours in DMEM-F12 (ThermoFisher Scientific, Waltham,
USA) containing 10% human serum and 1% penicillin/
streptomycin (10 000 I.U/mL and 10 000 mg/mL (SigmaAldrich, Munich, Germany). The human serum has to
be added to the medium at this stage to ensure sufficient
attachment of the cells. Afterward, the cells were washed
three times with PBS (w/o Ca2+, Mg2+) and cultivated in 0.5
mL media without serum for 72 hours. The supernatant
was collected, centrifuged (5 minutes, 300 g, 4°C) and
frozen at -20°C. The cells were harvested, the cell number
was counted, and the amount of CD90 positive cells
was determined. For ASCs, the conditioned media was
harvested at the end of the cultivation to passage 0. The
supernatant was collected, centrifuged (5 minutes, 300 g,
4°C) and frozen at -20°C. The cells were harvested, the cell
number was counted, and the amount of CD90 positive
cells was determined.
Measurement of cytokines and growth factors
The estimation and quantification of cytokines and growth
factors for Oxacells HP was performed by the Natural and
Medical Sciences Institute at the University of Tübingen
(NMI, Reutlingen, Germany) as a Multi-Analyte Profile
(MAP) platform analysis according to their protocols.
The estimation and quantification of cytokines and
growth factors for ASCs were performed by OXACELL®
AG according to the protocols provided by Bio-Rad (BioRad Laboratories Inc., Hercules, USA) for multiplex
measurements of cytokines and growth factors. Fifteen
analytes were measured: hepatocyte growth/scatter factor
(HGF), nerve growth factor beta (b-NGF), interleukin-1
beta (IL-1 b), interleukin-1 receptor antagonist (IL-1ra),
interleukin-5 (IL-5), interleukin-6 (IL-6), interleukin-8
(IL-8), interleukin-10 (IL-10), interleukin-17 (IL-17),
eotaxin-1, granulocyte-colony stimulating factor (G-CSF),
granulocyte-macrophage-colony-stimulating factor (GMCSF), monocyte chemotactic protein 1 (MCP-1), tumor
necrosis factor alpha (TNF-a), and vascular endothelial
growth factor (VEGF). The multiplex kits were provided
by NMI and Bio-Rad Laboratories Inc. (Hercules, USA).
The samples were successively incubated with the capture
microspheres, a multiplexed cocktail of biotinylated
reporter antibodies, and a streptavidin-phycoerythrin
solution. The analysis was performed at NMI and
164

BioImpacts, 2019, 9(3), 161-172

OXACELL® AG on Luminex 100/200 (Austin, USA)
instruments in duplicates or triplicates. The resulting data
stream was interpreted using proprietary data analysis
software developed at Myriad RBM (Austin, USA) or BioPlex Manager™ 6.1 (Bio-Rad Laboratories Inc., Hercules,
USA). Unknown values for each of the analytes were
determined using 4 and 5 parameter, weighted and nonweighted curve fitting algorithms included in the data
analysis package. Afterwards the amount of the factors in
the corresponding media alone was subtracted from the
measured concentration values.
Analysis strategy of results
Cell number is commonly considered an appropriate
normalizer for a variety of assay types.42 However, the
cell composition differs between freshly isolated human
adipose tissue‐derived SVF and serial‐passaged ASCs.28 For
this reason, the cytokine and growth factor concentrations
were normalized to the cell number of MSCs in each cell
fraction which approximately corresponds to the content
of CD90+ cells.43-47 All concentrations are presented as [pg
/ 106 cells (CD90+)].
Data analysis and statistics
Statistical analysis was performed using GraphPad 7
(GraphPad software, La Jolla, USA). Values were expressed
as mean ±SD. Multiple comparisons were made using a
one-way ANOVA and a Bonferroni's multiple comparison
test or two-way ANOVA and Sidak's multiple comparison
tests. Statistical significance was defined as P < 0.05, and
all reported statistical tests were two-tailed.
Results
Comparison of the cell yield and viability for different
isolation, incubation, and cultivation steps
Stromal/stem cell of the SVF was isolated from 57 patients
undergoing liposuction. The lipoaspirates were taken
from 4 male and 53 female donors. The age of the donors
ranged from 19-64, with a mean of 39 years. The volume
of the processed lipoaspirates varied from 300 to 3300 mL.
Immediately after crude purification (pre-Ficoll), the cells
were subjected to density gradient centrifugation (PostFicoll/SVF) to enrich for stromal/stem cells and reduce
erythrocytes. Subsequently, cells were seeded on culture
dishes for a short-term incubation (Oxacells HP). Obtained
cells were re-cultivated for additional 8-14 days (ASCs).
Samples for cell number and viability measurement were
taken at each step during the isolation process. The results
are summarized in Fig. 1. The yield of the nucleated cells
successively decreased with every additional purification
step, from 4.2 × 105 ± 1.7 × 105 cells per mL of lipoaspirate
before density gradient centrifugation to 1.5 × 105 ± 8.6 ×
104 cells/mL, after the centrifugation to 3.1 × 104 ± 9.9 ×
104 cells/mL, after the short-term incubation to 9.6 × 104
± 1.5 × 105 cells/mL at P0. All differences were significant
except for post-Ficoll/SVF and HP for cultivated ASCs.
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(A)

(B)

Fig. 1. Nucleated cell yield and viability of the different cell fractions Yield of nucleated cells per volume of lipoaspirate (A) and viability
of the cells (B) of the stromal vascular fraction before Ficoll density centrifugation, after density centrifugation (SVF), after short-term
incubation (Oxacells HP) and after cultivation at passage 0. Significant differences are marked (* P < 0.05, ** P < 0.01, *** P < 0.001, ****
P ≤ 0.0001). Data represents the mean ± SD of all donors.

Inversely, cell viability increased from pre-Ficoll (74 ± 6%)
through post-Ficoll/SVF (76 ± 9%) to Oxacells HP (84 ±
11%) with the highest value observed in the cultivated
ASC fraction (91 ± 3%). Except for the difference between
the pre- and post-Ficoll purification, all other values
differed significantly.
Immunophenotypic characterization of short-term
incubated cells (Oxacells HP) in comparison to SVF and
ASCs
As previously mentioned, samples for immunophenotypic
characterization were taken at each step of the purification
process and the expression of characteristic ASCsantigens was measured (Figs. 2 and 3). Positive surface
markers for ASCs selected according to Bourin et al4
were CD13 (Alanine aminopeptidase), CD44, CD73
(5'-ribonucleotide phosphohydrolase), CD90 (Thy-1),
and CD105 (Endoglin). Additionally, the unstable positive
marker CD344 was measured. The ASC negative markers
CD31 (PECAM-1), CD45 (leukocyte common antigen),
and CD235a (glycophorin A) were selected as suggested
previously.4 Furthermore, the histocompatibility antigens
class II, HLA-DR-DP-DQ were determined, representing
the immunogenicity of the resulting cell fraction (negative
marker).48 Dot plots of the different antibody combinations
are shown in Fig. 2. During the course of the purification,
an increasing amount of cells positive for ASCs surface
marker (CD34+/CD90+ in Fig2A and CD44+/CD73+ in
Fig2B) could be detected. The cultivation process resulted
in a decreased CD34 expression and the CD105 expression
started (Fig. 2A). CD34+/CD45+ cells could be detected
in the SVF (~5%) but the content dropped during the
course of the purification up to zero at passage 0 (Fig. 2A).
The presence of other cells, then, ASC (CD45+ and HLA
II+ cells in Fig. 2A as well as CD235a+ and CD31+ cells in
Fig. 2B) also decreased during the purification steps. The
statistical analysis showed that all stable positive markers
(CD13, CD44, CD73, CD90, and CD105) increased

significantly from the first purification to Oxacell HP
and further to the cultivated ASCs (Fig. 3A). As expected,
CD105+ cells could only be detected after cultivation at
passage 0 whereas CD34+ expression decreased during
this process (Fig. 3A). Interestingly, the stromal/stem
cell content (CD13+, CD44+, CD73+, and CD90+) was
significantly higher in the Oxacells HP fraction than in
the purifications steps before. Simultaneously, the number
of other cells then ASCs (CD31+, CD45+, CD235a+
and HLA II+ in Fig. 3B) was significantly reduced in
the Oxacells HP. This indicates that the Oxacells HP
population is significantly less heterogeneous than the
upstream intermediate products. After cultivation until
P0, no considerable expression (≤2%) of CD31+, CD34+
CD235a+ or HLA II+ cells was detected.
Efficiency of different purification procedures
The fraction of CD90+ cells is roughly equivalent to the
MSC content.43-47 Accordingly, the mean stromal/stem cell
yield was calculated for every purification step based on
the cell number per mL lipoaspirate (Fig. 1) and CD90
expression (Fig. 3). As shown in Fig. 4, the highest yield
of ASCs per mL lipoaspirate was achieved by cultivation
(9.0 x 104 ± 1.4 × 105 CD90+ cells/mL), followed by Ficoll
purification (5.4 × 104 ± 3.0 × 104 CD90+ cells/mL), PreFicoll purification (3.7 × 104 ± 1.5 × 104 CD90+ cells/mL),
and short-term incubation (1.5 × 104 ± 4.8 × 104 CD90+
cells/mL). The differences between the values, however,
were only significant between Oxacells HP and cultivated
ASC, as well as between post-Ficoll and Oxacells HP.
Multilineage differentiation of short-term incubated cells
(Oxacells HP)
To check the stromal/stem cell characteristics of the
ASCs in the short-term incubated cell fraction, the cells
were seeded on chamber slides and differentiated into
adipogenic, chondrogenic, and osteogenic lineages (Fig.
5A, C and E). The differentiated cells were stained with
BioImpacts, 2019, 9(3), 161-172
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Fig. 2. Immune phenotypic characterization of the purified cell populations. Representative dot plots of double-stained cells from the 4 different purification
steps (before Ficoll density centrifugation, after density centrifugation, after short-term incubation (Oxacells HP) and after cultivation to passage 0). Shown is
data from two donors (A and B). For donor A, the antibody combinations CD90-FITC / CD34-APC, CD45-PE / CD34-APC and CD105-FITC / HLA II (HLA-DR,
DP, DQ)-PE were selected. For the second subset the combinations of anti-CD235a-PE / -CD73-APC, anti-CD-31-PE / -CD13-APC and anti-CD44-FITC /
-CD73-APC were taken. The percentage of the positive single-stained cells is shown in the lower right and upper left corner, the percentage of double positive
cells is shown in the upper right corner. The cells in the lower left corner are negative for the corresponding marker combination.

the appropriate dyes according to their lineage (Oil Red O,
Alcian Blue, and Kossa) and compared to undifferentiated
controls (Fig. 5B, D, and E). As shown in Fig. 5A, C and
E, the treated cells could be stained according to their
lineage, indicating a successful differentiation.
Expression of cytokines and growth factors
To quantify the expression of cytokines and growth
factors, a MAP analysis of the supernatants after shortterm incubation and after cultivation of ASCs was
performed. Additionally, the cells were harvested to
determine the content of CD90+ cells. The measured
concentrations were normalized to 1 x 106 CD90+ cells
(Fig. 6) as described in the “Materials and Methods”. All 15
analytes could be detected in the supernatant of cultured
ASCs in various amounts, however, nerve growth factor
166
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beta (b-NGF) was absent in the supernatant of Oxacells
HP (Fig. 6). Several soluble factors were found in higher
amounts in the supernatant of Oxacells HP compared to
ASCs, albeit not significantly: IL-1b (3x higher), IL-1ra
(15x higher), IL-6 (2x higher), IL-8 (2x higher), IL-17 (2x
higher), Eotaxin (3x higher), and G-CSF (35x higher).
The other seven factors seem to be highly expressed by
cultured ASCs when compared to Oxacells HP, however,
only the change for MCP-1 was significant.
Discussion
A prerequisite for the approval of a stromal/stem cell
therapy by the authorities is a robust manufacturing
process that guarantees the production of a well-defined
product of consistent quality. For ASCs, however,
published purification protocols either result in a non-
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(A)

(B)

Fig. 3. summary of the surface marker expression in the different cell fractions. Expression of characteristic ASCs-antigens measured in the stromal vascular
fraction before Ficoll density centrifugation, after density centrifugation (SVF), after short-term incubation (Oxacells HP) and after cultivation at passage 0.
The staining of the positive marker (A) CD13 CD44, CD73, CD90, CD105, he unstable progenitor marker CD34 (A) and the negative marker (B) CD31, CD45,
CD235a and HLA II (HLA-DR, DP, DQ) were performed as single and multiple staining. Significant differences in marker expression between the different
groups are marked (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P ≤ 0.0001). Data represents mean expression (percentage) ± SD of all donors.

homogenous cell fraction (SVF) or are time-consuming
and result in phenotypical changes of the cell population
(cultivated ASCs). Particularly CD34 expression was
found to be negatively correlated with cell proliferation
rate.29 Therefore we tested whether a short-term plastic
adherence incubation step after SVF isolation was
sufficient to enrich the adipose tissue-derived progenitors
as a medicinal product without depleting CD34+ cells.
Cells were seeded at high density (≥1.0 ×105 cells /
cm2) and harvested after 16-20 hours to circumvent cell
division. The ASC containing and GMP-compliant cell
product (DE_BB_01_GMP_2017_1018) which we named
Oxacells HP, was ready-to-use in less than 24 hours.
As shown in Figs. 2 and 3, already this short incubation
step significantly altered the cell population composition
when compared to SVF. Particularly, the proportion of
cells expressing the negative markers CD31+, CD45+,
CD235+, and HLA-II+ decreased significantly, whereas
the proportion expressing the positive markers CD13+,
CD44+, CD73+, CD90+, and CD34+ significantly
increased. In contrast to cultivated ASCs and in line with
our initial hypothesis, Oxacells HP are still expressing
CD34+ cells and not expressing CD105 yet (Fig. 3A and

B). Little is known about how CD34 affects the biological
features and the functionality of SVF cells and/or ASCs (for
a review see Scherberich et al.49 Some groups suggest that
the negativity of CD34 expression is an artifact of culture.50
However, expanded ASCs retain the proliferative capacity
and multipotency even after several passages despite the
loss of CD34 expression during in vitro culture.49 Yet,
Maumus and colleagues showed that CD34+ ASCs are the
only subpopulation of ASC containing clonogenic cells,
and the only one able to differentiate into adipogenic and
osteogenic lineages.29 This finding was confirmed and
extended to unexpanded SVF cells by several groups.51-55
In this context, it is interesting to note that there is some
evidence from animal models that treatment with SVF
might be preferable over cultured CD34-negative ASCs.
The treatment of a murine experimental autoimmune
encephalomyelitis model with SVF, for example,
mediated more robust improvements to CNS pathology
than ASC treatment based on significant modulations
of inflammatory factors.5 Furthermore, Bowles et al56
recently showed that only SVF led to a partial recovery
of motor function in the SVF-treated EAE mice, whereas
ASC treatment was unable to counter the inflammatory
BioImpacts, 2019, 9(3), 161-172
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Fig. 4. Adipose-derived stem cell yield in the different cell fractions. The
stem cell yield was calculated for every purification step based on he
number of purified CD90+cells per volume of processed lipoaspirate.
Significant differences for each group are marked (* P < 0.05, ** P <
0.01, *** P < 0.001, **** P ≤ 0.0001). All graphs represent the mean
yield for all donors ± SD.

Fig. 5. Differentiation potential of short term incubated cells. Short-term
incubated cells (Oxacells HP) were seeded on chamber slides and
differentiated into the adipogenic (A), chondrogenic (C) und osteogenic (E)
lineage. The differentiated cells were stained accordingly with Oil Red O
(A+B), Alcian Blue (C+D) and Kossa (E+F) and compared to undifferentiated
controls (B, D, and F, respectively). Shown are representative pictures of
four experiments. Scale bar corresponds to 0.1 mm.

phase of the disease and did not provide therapeutic
benefit. However, a recent study suggests that not the
CD34 expression alone but the ratio of CD34+/CD31- cells
to HSC‑progenitor cells (CD34lowCD45+) in SVF may
provide the key for successful cell therapy.30 Apart from
all that, it should be mentioned that Oxacell HP is still less
homogenous than cultivated ASCs and the surface marker
expression did not reach the criteria of cultivated ASCs
as defined by the International Federation for Adipose
Therapeutics (IFATS) and Science and the International
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Fig. 6. Concentrations of cytokines and growth factors in the supernatants
of Oxacells HP and adipose-derived stem cells. The concentration of 15
analytes (Hepatocyte Growth/scatter Factor = HGF, Nerve growth factor
beta = b-NGF, Interleukin-1 beta = IL-1 b, Interleukin-1 receptor antagonist
= IL-1ra, Interleukin-5 = IL-5, Interleukin-6 = IL-6, Interleukin-8 = IL-8,
Interleukin-10 = IL-10, Interleukin-17 = IL-17, Eotaxin-1, GranulocyteColony Stimulating Factor = G-CSF, Granulocyte-Macrophage ColonyStimulating Factor = GM-CSF, Monocyte Chemotactic Protein 1 = MCP-1,
Tumor Necrosis Factor alpha = TNF-a and Vascular Endothelial Growth
Factor = VEGF) was measured in the supernatants of Oxacells HP and
adipose-derived stem cells by multiplex technique described in material
and methods. All measured concentrations were normalized to 1 x 106
CD90+ cells. Plotted were mean values ±SD of multiple measurements
(Oxacells HP n=6, ACSs n=8) on a logarithmic scaled Y axis. Significant
differences between Oxacells HP and ASCs (P0) are marked (* P < 0.05,
** P < 0.01, *** P < 0.001, **** P ≤ 0.0001).

Society for Cellular Therapy (ISCT).4 However, the
homogeneity of the cell product was sufficiently qualified
as an ATMP and the described manufacturing process
was authorized by the national regulatory agencies (DE_
BB_01_GMP_2017_1018).
One hallmark of the ASCs is their multipotency and
ability to give rise to multiple lineages.4 As shown in Fig.
5, Oxacells HP could be successfully differentiated to
the adipogenic, chondrogenic, and osteogenic lineages,
verifying that this cell product contains functional ASCs.
According to Maumus et al,57 the regenerative potential
of MSCs can predominantly be attributed to their
paracrine activity. VEGF and IL-6, for instance, exhibit
anti-apoptotic effects,57,58 and IL-1ra and IL-10 have an
impact on immunosuppression.23,59 IL-6, IL-8, and MCP-1
can influence the growth of hepatocytes,23,60 and Eotaxin
is involved in wound healing.61 Therefore, we examined
the expression of 15 cytokines and growth factors in the
supernatant of Oxacells HP as well as in the supernatant
of cultivated ASCs at passage 0. We did not include SVF
in the comparison here since we do not believe that an
accurate measurement of the supernatant of SVF is
technically possible. Although Blaber et al described a
secretion profile of the SVF,62 others and we have shown
that the short cultivation time that is necessary to generate
conditioned media leads to the phenotypical changes
of the seeded cells29 which would distort the data. All
tested analytes were identified at varying amounts in
the supernatants of both cell products except for b-NGF
which was absent in the supernatant of Oxacells HP (Fig.
6). Seven soluble factors were found in higher amounts
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in the supernatant of Oxacells HP compared to cultured
ASCs, albeit not significantly. From the other seven
factors which seemed to be highly expressed by cultured
ASCs, only the change for MCP-1 was significant. MCP1 together with b-NGF, IL-6, IL-8, and other factors are
responsible for immunosuppression, hepatocyte growth,
and hematopoiesis.63-66 However, MCP-1 is also an
inflammatory-related factor so it is difficult to predict
its actual in vivo activity.23 Taken together, the observed
differences in expression quite possibly affect the
therapeutic potential of the two cell fractions. Whether this
change, however, is positive or negative and/or depending
on the context of the disease, it is pure speculation at this
point and has to be examined in detail on a case-by-case
basis.
Similar to the immune phenotype, the viability of the
nucleated cells in Oxacells HP did range somewhere
between the SVF (before and after Ficoll purification) and
the ASC population (Fig. 1B). The measured viabilities
for SVF and cultivated ASC were both within the normal
range of ≥ 75% and ≥ 90%, respectively.4 As expected,
all purification steps were associated with a cell loss: the
relative cell yield per volume of lipoaspirate dropped
significantly after density gradient centrifugation and
again after short-term plastic adherence (Fig. 1A). For
SVF, we achieved an average yield of 1.5 × 105 ± 8.6 × 104
nucleated cells/mL lipoaspirate. This is in line with the
published range for manual purification methods based
on enzymatic digestion (1.0 × 105 – 1.3 × 106 cells/mL)67
or machine-assisted SVF isolations using collagenase
digestion (1.9 × 104 – 1.2 ×106 cells/mL).68
To calculate the stromal/stem cell yield, CD90+ cells were
considered ASCs as described by Iyyanki et al.47 By analogy
with the total cell yield, also the stromal/stem cell yield
decreased during short term incubation (only significant
when compared to SVF after density centrifugation but
not to pre-Ficoll) (Fig. 4). Again, this is probably due to
a constant loss of cells during the purification process,
including a loss of ASCs. Additionally, as explained
before, the plastic adherence step is a purification, not a
cultivation step. As a consequence, the loss of cells is not
compensated by cell division. Anyway, compared to the
obtained yield from lipoaspirate described by Iyyanki et
al,47 the yield of total cells and ASCs measured herein for
SVF and Oxacells HP was much higher.
To date, a wide range of doses (1.6 × 106 to 1 × 108 cells)
has been used for the treatment of osteoarthritis with
SVF and ASCs.69 However, a recently published single‐
arm, open‐label, dose‐escalating clinical trial showed
that a single low dosage of autologous ASC (2 × 106 cells)
in patients with severe primary knee OA exhibited the
best response to ASC.70 With the purification procedure
described herein, such a dose can be produced within 24
hours from around 133 mL lipoaspirate. In comparison
to cultured ASCs, this could reduce the suffering of the
patients and the costs, for example, for hospitalization of

Research Highlights
What is the current knowledge?
√ The manufacturing process of SVF-derived cell products
has to be approved via GMP-compliant process validation.
√ The heterogeneity of SVF is a major obstacle during process
validation.
What is new here?
√ A plastic adherence incubation following SVF isolation
significantly improves the homogeneity of the cell fraction.
√ The isolated cells are able to differentiate and express
trophic proteins.
√ The presented cell product can be produced according to
GMP

the patients.
Taken together, here we reported a fast, GMP-compliant
purification procedure for the extraction of therapeutic
stromal/stem cells from adipose tissue. The cell product
which we call Oxacells HP contains a high amount of
CD34+ cells and expresses several cytokines and growth
factors with potential regenerative function.
Conclusion
Here, we added an additional short-term incubation
(<20 hours) to the well-established isolation process of
the SVF initially described by Zuk et al.3 The resulting
process yielded a stromal/stem cell fraction (with a high
content of CD34+ cells) that is able to differentiate and
express trophic proteins which have been linked to the
therapeutic effects of MSCs as well as ASCs.23, 57, 58, 60-62, 7175
More importantly, this process modification improved
the homogeneity of the cell product, allowing production
in accordance with GMP. The manufacturing protocol
described here is fast, inexpensive and easy to establish,
requiring the minimal infrastructure one can find in every
cell culture laboratory.
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