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Abstract

Background Bone marrow-derived mesenchymal stromal cells (BM-MSCs) are used in regenerative medicine

and related research involving immunomodulatory, anti-inflammatory, anti-fibrotic and regenerative functions.
Isolation of BM-MSCs from samples obtained during total hip arthroplasty (THA) is routinely possible. Advanced age
and comorbidities of the majority of patients undergoing THA limit their applicability. Our study aimed to evalu-
ate the potential of bone marrow obtained during periacetabular osteotomy (PAO) as a novel source of BM-MSCs
from young donors by analyzing cell yield and cell characteristics.

Methods Bone samples were obtained from the anterior Os ilium or superior Os pubis during PAO and from the
femoral cavity during primary THA. Isolation of bone marrow-derived mononuclear cells (BM-MNCs) was performed
by density gradient centrifugation. The samples from PAO and THA patients were compared in terms of BM-MSC yield,
colony formation and the proportion of BM-MSCs within the BM-MNC population using flow cytometry analysis. The
cells were characterized based on the expression of BM-MSC-specific surface markers. The functionality of the cells
was compared by quantifying post-thaw viability, metabolic activity, proliferation capacity, senescence-associated
beta galactosidase (SA-3-gal) expression, trilineage differentiation potential and major secretome proteins.

Results Isolation of BM-MNCs was possible in a reliable and reproducible manner when using bone from PAQ con-
taining more than 0.24 g bone marrow. PAO patients were younger than patients of the THA group. Bone obtained
during PAO contained less bone marrow and led to a lower BM-MSC number after the first cell culture passage
compared to BM-MSCs obtained during THA. BM-MSCs from PAO samples are characterized by a higher proliferation
capacity. This results in a higher yield in cell culture passage two, when normalized to the sample weight. BM-MSCs
from PAO patients showed increased secretion of TGF-B1, TIMP2, and VEGF upon osteogenic differentiation. BM-MSCs
from PAO and THA patients revealed similar results regarding the onset of SA-B-gal expression and trilineage differen-
tiation capacity.
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medicine, Total hip arthroplasty

Conclusions We suggest that bone obtained during PAO is a promising novel source for BM-MSCs from young
donors. Limited absolute cell yield due to low sample weight must be considered in early cell culture passages

and might be critical for the range of clinical applications possible for BM-MSCs from this source. The higher prolif-
eration capacity and increased growth factor secretion of BM-MSCs from young donors may be beneficial for future
regenerative cell therapies, in vitro models, and tissue engineering.
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Background

Mesenchymal stromal cells (MSC) are one of the most
frequently studied and used cell types in regenerative
medicine [1, 2]. As defined by the International Soci-
ety for Cellular Therapy (ISCT), human MSCs are
characterized by their adherent growth on standard
cell culture plastic, their expression of CD105, CD73
and CD90, the absence of expression of CD45, CD34,
CD14, CD11b, CD79alpha, CD19 and HLA-DR, as well
as by their ability to differentiate into the adipogenic,
osteogenic and chondrogenic phenotype [3]. It is pos-
sible to stimulate endogenous MSCs for mobilization
as well as to administer allogenic MSCs systemically in
the course of cytotherapy [4]. The ability of self-renewal
by asymmetric division and the multipotency of MSCs
allow for versatile applications, including the repair of
bone defects [5]. Multiple studies showed promising
results using MSCs in the therapy of non-union frac-
tures and bone defects [6—9]. Furthermore, MSC-based
therapies are likely to be beneficial in the treatment of
osteoarthritis, considering their paracrine function and
potential for cartilage regeneration [10—12]. In the field
of tissue engineering, a recent pre-clinical application
of MSCs in cartilage discs was successful regarding
the regeneration of critical size femoral bone defects
[13]. Playing a key role in future therapies, there is a
high demand for MSCs, especially from young, healthy
donors [14, 15]. Isolation is mainly performed from
bone marrow, as well as adipose and placental tissue
[14]. It was shown that human MSCs from adipose and
placental tissues secrete increased levels of tissue-factor
compared to bone marrow-derived MSCs (BM-MSCs),
which might be the cause of thrombosis and embolism
when administered intravenously [16]. Tissue for the
isolation of MSCs can either be obtained as a by-prod-
uct during surgical interventions (bone marrow and
adipose tissue) and after birth (placental tissue) or by
procedures carried out only for the purpose of cell iso-
lation. A well-established procedure for obtaining BM-
MSCs is the iliac crest bone marrow aspiration [17].
Although being a painful procedure with a risk of com-
plications, the yield of BM-MSCs is relatively low [18].

In addition, the isolation of BM-MSCs obtained from
the distal femur, proximal tibia, humeral head, sternum,
vertebral body, and the radius via bone puncture and
aspiration was demonstrated successfully [19]. Gold
standard in musculoskeletal research is the isolation of
BM-MSCs from bone marrow of the femur, obtained
during total hip arthroplasty (THA) [20]. Consider-
ing the average age of patients undergoing surgical
interventions like THA, the question arises whether
advanced age and comorbidities limit the use of the
isolated cells [21-24]. At our internationally renowned
center for diagnosis and treatment of hip dysplasia
more than 150 periacetabular osteotomies (PAO) are
performed annually, making our institution a European
leader in the field of sophisticated pelvic surgery. Since
PAO is applied to treat hip dysplasia in adolescents and
young adults, patients are respectively young [25]. Dur-
ing the procedure, three osteotomies are performed to
enable reorientation of the acetabulum and to thereby
achieve an improved coverage of the femoral head [26].
Bone marrow-containing bone wedges are sometimes
resected from the anterior Os ilium or superior Os
pubis and discarded as surgical waste in the course of
PAO [27]. So far, bone wedges from PAO patients have
not been recognized as a potential cell source from
young patients. Human BM-MSCs have been shown to
be superior to fat-derived MSCs in an osteochondral
in vivo model [13]. We see a high potential of PAO-
derived samples for the isolation of BM-MSCs and their
application in research and application in regenerative
medicine after thorough characterization.

Thus, the aim of this study was to determine whether
bone obtained during PAO could serve as a novel
source of BM-MSCs. To this end, analyses of biologi-
cal characteristics and functional properties were per-
formed, comparing BM-MSCs obtained during PAO
or THA. We hypothesize that BM-MSCs from patients
undergoing PAO are superior to BM-MSCs from THA
especially in the context of osteogenic potential. We
follow the overall aim to establish a novel cell source for
future regenerative cell therapies suitable for applica-
tion in biomaterial assisted bone-forming cell therapies.
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Methods

Patient recruitment

For this study, bone samples from 35 patients undergo-
ing PAO to treat hip dysplasia were used. Bone from 11
patients undergoing primary THA due to osteoarthritis
of the hip served as controls. Written informed consent
for the collection and characterization of bone samples
and corresponding cells as well as for the publication of
anonymized patient data including age and sex was given
by all patients. Baseline patient data and information on
the use and characteristics of the individual bone mate-
rial can be found in Additional file 1: Table S1. Patients
with active malignancy, chronic infection, or immuno-
suppressive therapy were excluded from the study. Infor-
mation on preoperative concomitant medication and
comorbidities of the patients whose cells were analyzed
regarding functionality are provided in Additional file 1:
Table S2. The independent ethics committee (IEC) of the
University Medicine Greifswald granted ethics approval
(BB 087/21) in accordance with the World Medical Asso-
ciation Declaration of Helsinki.

Harvesting of bone material

Bone wedges containing intertrabecular bone marrow
were collected from the anterior Os ilium or superior
Os pubis during PAO. The harvesting did not extend the
routine procedure of PAO nor did it result in any addi-
tional risks for patients. In clinical practice, the bone
wedges are discarded as surgical waste. During primary
THA, the femoral marrow cavity is opened and prepared.
In this process, trabecular bone containing intertrabecu-
lar bone marrow was collected. The specimens collected
in the course of PAO and primary THA were used for
the isolation of BM-MNCs and subsequent isolation of
BM-MSCs.

Isolation and cultivation of BM-MSCs

Immediately after intraoperative harvesting, the bone
material was stored for a maximum of 4 h at 4 °C with-
out addition of any buffer until further processing. Bone
marrow was separated from the compacta using scalpel
and forceps under sterile conditions. The collected bone
marrow was weighed in a Petri dish. BM-MNCs were
isolated via density gradient centrifugation as previously
described [22, 28]. Isolated BM-MNCs were seeded on
cell culture flasks with a cell density of 5x10°/cm? and
cultured at 37 °C, 95% humidity and 5% CO, atmos-
phere. Expansion medium (EM), containing low glucose
Dulbecco’s Modified Eagle’s Medium (DMEM, PAN Bio-
tech) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich), 100 U/ml penicillin (Gibco), 100 pg/ml
streptomycin (Gibco) and 2 mM L-alanyl-L-glutamine
(GlutaM AX, Gibco), was changed 48 h after seeding and
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subsequent media changes were performed twice a week.
Cells were detached with 0.05% trypsin containing 0.02%
EDTA (PAN-Biotech). Cell numbers and cell viability
were quantified using the TC20 Automated Cell Counter
(Bio-Rad Laboratories) and seeded at a density of 2,400
cells/cm? on day (d) 14 of primary cell culture. BM-MSCs
were cryopreserved in cell culture passage two in low
glucose DMEM containing 12.5% human serum albumin
(HSA, Biotests Pharma GmbH) and 10% dimethyl sulfox-
ide (AppliChem). By thawing BM-MSCs from cell culture
passage two and expanding them under standard cell cul-
ture conditions until 80% confluence, a sufficient num-
ber of cells was obtained for the following experiments
regarding cell viability, cell proliferation, osteogenic,
adipogenic and chondrogenic differentiation. BM-MSCs
from both groups were expanded under standardized
and equal conditions in terms of in vitro time, cultivation
protocols and freeze—thaw protocols.

Histology

Bone samples were fixed with 4% formaldehyde (FA,
Herbeta) in phosphate-buffered saline (PBS, Bio&Sell
GmbH) for 24 h and stored at 4 °C in PBS containing
100 U/ml penicillin and 100 pg/ml streptomycin until
further processing. Bone was decalcified with 20% eth-
ylenediaminetetraacetic acid (Carl Roth) solution for
multiple days. The bone was then rinsed with tap water,
dehydrated with an ascending ethanol series and stored
in xylene (Carl Roth) for 24 h, followed by embedding
in paraffin/xylene (1:1). 7 um slices were cut with a
microtome (Leica RM2255). Staining with hematoxylin
and eosin (both Carl Roth) was performed by the “pro-
gressive method” as frequently described [29].

Colony-forming unit assay

Triplicates of isolated BM-MNCs were seeded on 6-well
tissue culture plates with a cell density of 5x10°/cm?
(5x10° cells per well) and cultured in 2 ml EM. 48 h
after seeding, cells were rinsed twice with pre-warmed
EM. A second media change was performed at d4. Cells
were fixed at d7 with 4% FA for 10 min and subsequently
stained by using the Blue Alkaline Phosphatase Substrate
KIT III (Vector® Labs) according to the manufacturer’s
protocol. Aggregates of>20 alkaline phosphatase (ALP)
positive cells were counted as a Colony-forming unit
(CFU) using a phase contrast microscope.

Flow cytometry analyses

Cell surface marker expression analyses by flow cytom-
etry were performed to quantify the proportion of the
BM-MSC population within the BM-MNC population
immediately after BM-MNC isolation and to charac-
terize the isolated BM-MSCs. For this purpose, cells
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were thawed and expanded until cell culture passage
three. Cells were detached with accutase (PAN Biotech),
washed twice with PBS and incubated with fluorescently-
labeled monoclonal antibodies (all BioLegend) for 15 min
at room temperature. Antibodies used (positive mark-
ers): CD105 (PerCP cyanine 5.5.), CD73 (brilliant violet
421) and CD90 (phycoerythrin). Antibodies used (DUMP
markers): CD14, CD19, CD34, CD45 and HLA-DR (all
APC cyanine 7). Following the 15 min of incubation, cells
were washed, suspended in FACS buffer (BioLegend) and
analyzed by flow cytometry (CytoFLEX LX, Beckman-
Coulter). Data analysis was done using Kaluza 2.2 soft-
ware (Beckman-Coulter).

Cell viability and proliferation

BM-MSCs from cell culture passage three were seeded
on 48-well tissue culture plates (6 wells / donor) with a
density of 1.8 x 10° cells per well in 200 ul EM. 24 h after
seeding (referred to as d0), at d4 and d7, cell viability was
determined by using a resazurin-based assay (Presto-
Blue, Invitrogen) according to the assay manual. Medium
changes were performed at dO and d4. Following the
quantification of fluorescence intensities, plates were
washed with PBS and stored at —80 °C. Collected plates
were thawed, and DNA quantification was performed
(CyQuant assay, ThermoFisher) according to the assay
manual. The fluorescence intensities of the CyQuant
(485 nm excitation, 530 nm emission) and PrestoBlue
(560 nm excitation, 590 nm emission) assays were quan-
tified with a plate reader (TECAN Infinite M200 PRO).
Population doublings were calculated by relating the fluo-
rescence intensities of the CyQuant assay of d4 and d7 to
the value of dO using the following formula: log (value d4
or d7/value d0) / log (2). Post-thaw viability and recovery
of BM-MNCs was determined immediately after thaw-
ing by automated cell counting. In addition, 4.8 x 10 of
thawed cells were seeded on 48-well tissue culture plates,
cultured in 200 ul EM. 24 h after seeding, cell viability
was determined by PrestoBlue and normalized to cell
number (CyQuant).

Detection of senescence-associated beta galactosidase

BM-MSCs from cell culture passage two were thawed
and expanded in EM until cell culture passage four
and five. After passaging by trypsinization, triplicates
of 4.8x10% cells were seeded on 48-well tissue culture
plates, expanded in EM and fixed at d4 for 10 min in 4%
FA and then stored at 4 °C in PBS. Beta galactosidase
signals were detected with the CellEvent” Senescence
Green Detection Kit (ThermoFisher) according to the to
the manufacturer’s protocol. In addition, nuclei staining
using 1 pg/ml DAPI (Sigma-Aldrich) in dH20 was per-
formed. Fluorescence imaging under constant settings
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was performed using a fluorescence microscope (Invitro-
gen EVOS FL). The mean beta galactosidase signal inten-
sities of each image were quantified using Image].

Osteogenic differentiation

BM-MSCs from cell culture passage three were seeded
on 48-Well tissue culture plates (6 wells / donor) with a
cell density of 4.8 x 10® cells per well and cultivated with
200 pl EM. 24 h after seeding (d0), the induction of oste-
ogenic differentiation was performed by replacing EM
with osteogenic medium (OM). Non-stimulated cells
(cultivation in EM) served as negative controls of differ-
entiation. OM consisted of low glucose DMEM supple-
mented with 10% FBS, 10 mM beta glycerolphosphate
disodium salt, 50 uM L-Ascorbic acid 2-phosphate ses-
quimagnesium salt, 100 nM dexamethasone (all Sigma-
Aldrich), 100 U/ml penicillin, 100 pg/ml streptomycin
and 2 mM L-alanyl-L-glutamine (GlutaMAX). Medium
changes were performed twice a week. To evaluate the
osteogenic differentiation potential, cellular ALP activity
and collagen I synthesis were quantified as early osteo-
genic markers and matrix mineralization was quantified
as a late osteogenic marker following induction of osteo-
genic differentiation.

The ALP activity was quantified at dO (24 h after seed-
ing), d4, and d7 by para-Nitrophenylphosphate (pNPP,
Sigma-Aldrich) conversion to 4-Nitrophenol (pNP) as
previously described [30]. In brief, cells were washed
with PBS and 250 pl AP-puffer containing 100 mM NaCl
(Merck), 100 mM Tris(hydroxymethyl)aminomethane
(Merck) and 1 mM MgCl, (Carl Roth). 100 pl AP-puffer
and 100 ul AP-substrate (1 mg/ml pNPP, 1 mol/l diethan-
olamine (Sigma-Aldrich) were added. After 10 min incu-
bation at 37 °C, pNPP conversion was stopped by adding
200 pl NaOH 1 M (Sigma-Aldrich). The accumulation of
pNP was then quantified by absorption at 405 nm with a
plate reader (TECAN Infinite M200 Pro).

Cell culture supernatants from d7 of osteogenic dif-
ferentiation were collected and stored at—80 °C. After
thawing the supernatants, the human procollagen type
I N-terminal propeptide (PINP) concentrations were
quantified with an ELISA-based assay (Elabscience)
according to the manual.

Matrix mineralization was quantified at d14 and d21.
Cells were washed with PBS, fixed with 4% FA solution
and stained with 0.5% Alizarin Red S (Sigma-Aldrich)
solution. Using a phase contrast microscope (ECHO
Rebel), the matrix content was documented. Colori-
metric quantification of calcium matrix dissolved by
cetylpyridinium chloride (Sigma-Aldrich) was performed
by absorption measurement at 562 nm as previously
described [31].
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Adipogenic differentiation

BM-MSCs from cell culture passage three were seeded
on 48-well tissue culture plates (six wells/donor) with
a cell density of 9.0x10° cells per well and cultivated
with 200 pul EM. After 24 h of cultivation (d0), adipo-
genic differentiation was induced by replacing EM with
adipogenic medium. Adipogenic medium was based on
DMEM 4500 mg/1 glucose (PAN Biotech), supplemented
with 10% FBS, 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 2 mM L-alanyl-L-glutamine (GlutaMAX), 1 pM
dexamethasone, 2 uM insulin from bovine pancreas (Th.
Geyer), 500 uM 3-isobutyl-1-methylxanthine (Sigma-
Aldrich) and 100 pM indomethacin (Sigma-Aldrich).
Non-stimulated cells (cultivation in EM) served as nega-
tive controls of differentiation. Medium changes were
performed twice a week. On d10 and d14, cells were
washed with PBS, fixed with 4% FA solution and stained
with 1 pg/ml DAPI in dH,O solution. Using a TECAN
plate reader (Infinite M200 PRO), the fluorescence inten-
sity was measured (355 nm excitation, 460 nm emission)
in order to determine the relative cell number. Subse-
quently, cells were stained with 0.1% NileRed (Sigma-
Aldrich) in PBS solution, and the fluorescence was
determined again (485 nm excitation, 538 nm emission).
For normalization, NileRed fluorescence intensities were
related to the respective DAPI fluorescence intensities.
Fluorescence imaging of fat droplets was realized using a
fluorescence microscope (Invitrogen EVOS FL).

Chondrogenic differentiation

After trypsinization, 3x10° cells from cell culture pas-
sage four were centrifuged at 400 x g for 10 min in 15 ml
falcon tubes. EM was replaced by 500 pl chondrogenic
medium based on DMEM 4500 mg/l glucose supple-
mented with 173 pM L-Ascorbic acid 2-phosphate ses-
quimagnesium salt, 0.1 uM dexamethasone, 0.35 mM
L-proline (Sigma-Aldrich), 1 mM sodium pyruvate (PAN
Biotech), 1.25 mg/ml HSA (Biotest AG), 6.25 pg/ml
insulin—transferrin—sodium selenite media supplement
(Sigma-Aldrich), 19.1 pM linoleic acid (Sigma-Aldrich),
100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM
L-alanyl-L-glutamine (GlutaMAX). In order to induce
chondrogenic differentiation, 10 ng/ml mammalian-
derived recombinant human TGF-Pf1 (BioLegend) was
added. Falcon tubes were centrifuged at 400xg for
10 min. For the next 21 days, cell spheroids were culti-
vated under 37 °C and 5% CO, atmosphere with medium
changes twice a week. To evaluate the chondrogenic dif-
ferentiation potential, the size of the spheroids, histo-
logical staining of glycosaminoglycans by alcian blue, the
total protein content of the chondrogenic spheroids and
the proteoglycan content of the spheroids were quanti-
fied. Chondrogenic spheroids were washed with PBS and
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cryopreserved at — 80 °C until quantification of total pro-
tein and proteoglycan content.

Proteoglycan quantification was performed by detect-
ing sulfated glycosaminoglycans with a dimethylmeth-
ylene blue (DMMB) assay [32] and quantification of
absorbance at 516 nm. Total protein content of the
lysates was quantified by a Bradford protein assay (Pierce
Coomassie Protein Assay Kit, ThermoFisher) according
to the assay manual.

For histology, pellets were fixed with 4% FA, dehydrated
with an ascending ethanol series, and embedded in par-
affin via xylene. 7 pum slices were cut with a microtome
prior to alcian blue/nuclear fast red staining. In brief,
sections were deparaffinized with xylene, rehydrated with
a descending ethanol series, placed in 3% acetic solution
for 10 min, stained with 1% alcian blue 8GX (Morphisto)
solution in 3% acetic acid (Th. Geyer) for 30 min, coun-
terstained with nuclear fast red (Carl Roth) for 5 min and
dehydrated with an ascending ethanol series. To compare
the size of the chondrogenic spheroids, the edge of each
spheroid in a phase contrast microscope image (ECHO
Rebel) was traced, and area quantification of cross sec-
tions was performed using Image].

Multiplex assay

In order to analyze growth factors and cytokines secreted
by the BM-MSCs, a LEGENDplex customized human
12-plex assay kit (BioLegend) was used according to the
manufacturer’s instructions. At d7 of cell culture in EM
or after osteogenic stimulus with OM, medium superna-
tants from six patients of each group were pooled from
six wells each and stored at -80 °C until analysis. Media
supernatants were collected at d7 of osteogenic differ-
entiation since at this time point BM-MNCs acquire an
osteogenic phenotype, are characterized by high meta-
bolic activity and produce osteogenic matrix. Analyzed
soluble factors were hepatocyte growth factor (HGF),
interleukin-1 receptor antagonist (IL-1RA), interleu-
kin-6 (IL-6), interleukin-8 (IL-8), macrophage colony-
stimulating factor (M-CSF), osteoprotegerin (OPG), stem
cell factor (SCF), monocyte chemoattractant protein-1
(MCP-1), transforming growth factor-beta 1 (TGF-f1),
stromal cell-derived factor (SDF), tissue inhibitor of
metalloproteinases 2 (TIMP2), and vascular endothelial
growth factor (VEGF).

Statistical analysis

For exploratory statistical analysis and descriptive data
plotting, GraphPad Prism 9.4.1 was used. All samples and
data were included in the analyses, and all data points
are shown as individual values. Shapiro—Wilk test was
performed to test for normal distribution. If normal dis-
tribution was confirmed, F-test followed to compare
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variances. In case of significantly different variances, an
unpaired ¢-test with Welch’s correction was performed.
Otherwise, an unpaired t-test was used. For non-nor-
mally distributed data sets, Mann—Whitney testing was
performed. The significance level was set to p <0.05. Plots
with normally distributed data sets are shown with mean
value (bar) + SD (standard deviation). Medians with IQR
(interquartile range) were plotted when datasets were
non-normally distributed.

Results

Cell yield and cell characterization

In order to evaluate whether bone obtained during PAO
can be a novel source for BM-MSCs, the cell yield was
evaluated by cell number determination of isolated BM-
MNCs and BM-MSCs and subsequent surface marker
expression analysis.

The bone samples obtained during PAO had a wedge
shape consisting of compact and trabecular bone, while
the bone samples obtained during THA consisted of
trabecular bone only (Fig. 1A). Hematoxylin and Eosin
staining of trabecular bone samples revealed the pres-
ence of intertrabecular bone marrow in samples from
both groups (Fig. 1B). A minimum of 0.24 g bone mar-
row was required to reliably isolate BM-MNCs (Addi-
tional file 1: Table S1). In four cases, the bone samples
contained less than this minimum amount of bone
marrow, resulting in unsuccessful isolations. PAO
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patients were significantly younger (p< 0.001) than
THA patients (mean age [years] +SD: PAO, 32.9+6.4;
THA, 70.0+12.0) (Fig. 1C). Bone samples obtained
during PAO contained significantly less bone mar-
row (p< 0.001) compared to material obtained during
THA (median weight [g] with (IQR): PAO, 0.50 (0.35);
THA, 4.15 (1.47)) (Fig. 1D). The number of BM-MNCs
in relation to the bone marrow weight was found to be
significantly lower (p=0.001) in the PAO group com-
pared to the THA group (median number of cells/bone
marrow mass [nx 10°/g] with (IQR): PAO, 24.7 (24.1);
THA, 65.5 (62.3)) (Fig. 1E). Flow cytometry analysis
of the BM-MNCs showed no significant differences
between the two groups regarding the proportions of
CD105 +cells (endothelial cells, macrophages, mono-
cytes, BM-MNCs, p=0.057), CD105+/ CD90 + cells
(endothelial cells, BM-MNCs, p=0.314) and CD105+/
CD90+/ CD73 + cells (BM-MNCs, p=0.310) (Fig. 1F).
The quantification of the number CFUs formed after
seeding BM-MNCs did not show significant differ-
ences between the two groups (Fig. 1G). The quanti-
fied absolute cell numbers indicate that the BM-MSC
yield is significantly lower (p=0.010) after the first cell
culture passage following isolation from PAO samples
if compared to cell numbers following isolation from
THA samples (median cell numbers [nXx 10°] with
(IQR): PAO, 0.33 (0.59); THA, 1.19 (1.15)). However,
there was no significant difference (p=0.617) of the
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Fig. 1 Isolation of BM-MNCs and subsequent isolation of BM-MSCs is possible using bone harvested during PAO. A Representative bone sample
harvested during THA, a representative bone wedge harvested during PAO. B Representative hematoxylin and eosin staining of cancellous bone
obtained during PAO and THA. C Age of enrolled patients. D Weight of harvested bone marrow. E Number of BM-MNCs isolated normalized

to bone marrow weight. F MSC marker expression analyses of BM-MNCs. G Representative bright filed images of colony-forming units positive
for alkaline phosphatase (left) and numbers of counted colonies (right). H Absolute numbers of isolated BM-MSCs after cell culture passage 1

(P1) and cell culture passage 2 (P2). 1 Phase contrast microscopic images of BM-MSCs on day 14 of primary cell culture. J MSC marker expression
analyses of isolated BM-MSCs. K BM-MSC number relative to the number of BM-MNCs seeded after cell culture passage 1 and cell culture passage
2. L Weight corrected BM-MSC yield after cell culture passage 1 and cell culture passage 2 [normally distributed data: mean +SD; non-normally
distributed data: median with IQR; levels of significance: *p < 0.05, **p < 0.01, ***p <0.001]
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absolute cell numbers following isolation of BM-MSCs
from samples of both groups after cell culture passage
two, indicating a comparable and sufficient BM-MSC
yield (Fig. 1H). The isolated and expanded BM-MSCs
from both groups showed typical spindle-shaped mor-
phology (Fig. 1I). Flow cytometry analysis of isolated
BM-MSCs of each group at cell culture passage three
revealed no significant difference (p =0.485) of propor-
tions of cells positive for MSC specific surface mark-
ers (CD105, CD90, CD73) between BM-MSCs isolated
from samples obtained during PAO and THA (Fig. 1J).
Normalization of the BM-MSC number after cell cul-
ture passage one (d14) to the number of BM-MNCs
initially seeded showed no significant differences
(p=0.157) between the two groups, whereas quantifi-
cation of the BM-MSC number after cell culture pas-
sage two revealed a significantly higher number (p <
0.001) of BM-MSCs from PAO samples when consid-
ering the number of initially seeded BM-MNCs (mean
normalized cell number [n/n] + SD: PAO, 0.178 + 0.100;
THA, 0.031+0.016) (Fig. 1K). Calculation of the weight
corrected cell yield (number of BM-MSCs/number of
BM-MNCs x BM weight) showed no significant differ-
ences (p =0.598) between the two groups at cell culture
passage one and a significantly higher weight corrected
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cell yield (p=0.025) of BM-MSCs from PAO samples
(median weight corrected cell yield [n/n X g] with
(IQR): PAO, 0.087 (0.080); THA, 0.040 (0.030) (Fig. 1L).

Taken together, BM-MSC isolation from bone obtained
during PAO is feasible. The absolute numbers of BM-
MSC isolated from bone obtained during PAO at cell
culture passage two are comparable to the numbers of
BM-MSC:s isolated from bone obtained during THA. The
weight corrected cell yield at cell culture passage two of
BM-MSCs from PAO samples is higher if compared to
that of BM-MSC from THA samples.

Cellular behavior assessment
In order to compare basic cell properties, post-thaw via-
bility and recovery, proliferation capacity and metabolic
activity were quantified. In addition, cells were stained
for senescence-associated beta galactosidase (SA-[B-gal).
Automated cell counting immediately after thawing
of cells from cell culture passage two revealed no sig-
nificant differences between BM-MSCs from PAO sam-
ples and BM-MSCs from THA samples regarding the
proportion of viable cells (p=0.072) (Fig. 2A) and cell
recovery (p =0.746) by means of the ratio of the cell num-
ber after thawing and the cell number before freezing
(Fig. 2B). Quantification of metabolic activity normalized
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and THA. A Cell viability after thawing of cells. B Cell recovery after thawing. C Metabolic activity of thawed cells 24 h after seeding relative to cell
number. D Cell numbers determined by DNA quantification at days 0 (24 h after seeding), 4 and 7. E Population doublings of cells at days 4 and 7.
F Metabolic activity relative to cell number at days 0 (24 h after seeding), 4 and 7. G Representative fluorescence images of BM-MSCs from cell
culture passage 4 and 5 stained for senescence-associated beta galactosidase. Green, beta galactosidase; blue, nuclei. H Intensities of the beta
galactosidase signals. I Fold change of the beta galactosidase signals. [normally distributed data: mean +SD; non-normally distributed data: median
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to the cell number 24 h after seeding of thawed cells as
a marker of the post-thaw viability also revealed no sig-
nificant difference (p=0.458) between the two groups
(Fig. 2C). DNA quantification in cell culture passage
three revealed no significant differences of cell numbers
at dO (24 h after seeding, p=0.589), d4 (»=0.180) and d7
(p=0.310) (Fig. 2D). Calculation of the population dou-
blings revealed a significantly higher (p =0.048) prolifera-
tion rate at cell culture d4 (mean population doublings
[n] +SD: PAO, 1.58+0.39; THA, 1.13+0.29) whereas
this effect was not statistically significant (p=0.156) at
cell culture d7 (Fig. 2E). The normalized cellular meta-
bolic activity in cell culture passage three was not signifi-
cantly different between BM-MSCs from both groups at
dO (24 h after seeding, p=0.699), d4 (p=0.394) and d7
(p = 0.999) (Fig. 2F). Fluorescence imaging indicated
the onset of SA-B-gal expression in cell culture passage
five of either BM-MNCs isolated from PAO samples or
THA samples (Fig. 2G). Fluorescence imaging and subse-
quent quantification of fluorescence intensities revealed
that BM-MSCs from one out of six PAO samples showed
a specific beta galactosidase signal at cell culture pas-
sage four and that BM-MSCs from one out of five THA
samples do not express beta galactosidase at cell culture
passage five (Fig. 2H, Additional file 1: Fig. S1). The sig-
nal intensities were not significantly different between
BM-MSCs from both groups at cell culture passage
four (p=0.247) and cell culture passage five (p=0.792)
(Fig. 2H). Calculation of the fold increase of signal inten-
sities did also not reveal significant differences between
the two groups (p=0.433) (Fig. 2I).

Taken together, BM-MSCs isolated from bone obtained
during PAO and from bone obtained during THA are not
differently affected by freezing/thawing, are not different
in metabolic activity and the onset of SA-B-gal expres-
sion. BM-MSCs from PAO samples are characterized by
a higher proliferation capacity compared to BM-MSCs
from THA samples.

Trilineage differentiation potential of BM-MSCs
Osteogenic, adipogenic, and chondrogenic differentia-
tion assays were performed to evaluate trilineage differ-
entiation, a key feature of BM-MSCs’ functionality.
Mineral content of the osteogenic matrix was not
significantly different at d14 (p=0.388) and d21
(p=0.785) of osteogenic differentiation of BM-MSCs
obtained from PAO in comparison to BM-MSCs
obtained from THA (Fig. 3A, B). ALP activity was also
not significantly different between the two groups at
do (EM, p=0.101; OM, p=0.099), d4 (EM, p=0.237;
OM, p=0.127) and d7 (EM, p=0.249; OM, p=0.234),
either following culture in EM or following osteogenic
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stimulus with OM (Fig. 3C). Moreover, no significant
difference in PINP accumulation in the cell culture
supernatant of BM-MSCs obtained from PAO in com-
parison to BM-MSCs obtained from THA either with
(p=0.577) or without (p=0.0119) osteogenic stimulus
was observed (Fig. 3D). The quantity of fat droplets as
a marker for adipogenic differentiation potential was
not significantly different at d10 (p=0.937) and d14
(p=0.818) of adipogenic differentiation between the
two groups (Fig. 3E, F). Quantification of chondrogenic
spheroid sizes revealed a trend toward bigger spheroids
based on BM-MSCs from PAO in comparison to sphe-
roids based on BM-MSCs from THA (mean spheroid
size [um?] +SD: —TGE-B1 PAO, 1.18+0.49; —TGF-B1
THA, 1.18 £ 0.49; + TGF-B1 PAO, 1.07 +0.53; + TGF-p1
THA, 0.62 £0.20) (Fig. 3G). However, the mean values
of the non-stimulated and stimulated spheroids were
not significantly different (—TGF-$1, p=0.068; + TGE-
B1, p=0.115). Alcian blue stainings of spheroid section
indicated the formation of chondrogenic matrix follow-
ing induction of chondrogenic differentiation of BM-
MSCs from both groups (Fig. 3H). Quantification of the
total protein content of chondrogenic spheroids indi-
cated higher protein content of spheroids based on BM-
MSCs from POAs in comparison to spheroids based on
BM-MSCs from THA (mean protein content per sphe-
roid [ug]+SD: —TGF-p1 PAO, 28.6+12.7; —TGF-p1
THA, 10.9+6.9;+ TGF-B1 PAO, 38.0+14.9;+ TGF-B1
THA, 22.9+7.6) (Fig. 3I). The mean values of the non-
stimulated spheroids were found to be significantly dif-
ferent (—TGF-B1, p=0.025) and the mean values of the
stimulated spheroids were found to be not significantly
different (+TGF-B1, p=0.070). The median of the pro-
teoglycan content of the chondrogenic spheroids based
on BM-MSCs from the PAO group was found to be
higher than the median of the chondrogenic spheroids
based on BM-MSCs from the THA group (total pro-
teoglycan, 1.8-fold; proteoglycan normalized to total
protein, 2.0-fold) (Fig. 3], K). However, the median
values of the two groups were not significantly differ-
ent due to large variation in the proteoglycan content
in spheroids based on BM-MSCs from PAO (-TGF-f1,
p=0.429; +TGF-B1, p=0.430).

Taken together, the analyses of the trilineage differen-
tiation potential indicate that BM-MSCs from samples
obtained during PAO are capable of osteogenic, adipo-
genic and chondrogenic differentiation. BM-MSCs iso-
lated from bone obtained during PAO and THA did not
show significant differences in the osteogenic and adi-
pogenic differentiation potential and higher potential
for chondrogenic differentiation when considering the
trend toward larger spheroids, with higher total protein
and proteoglycan content.
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Fig. 3 Multilineage differentiation potential of BM-MSCs isolated from bone samples obtained during PAO and THA. A Representative images

of Alizarin Red stained cells following 21 days of culture in expansion medium (EM) and osteogenic medium (OM). Scale bar, 500 um. B
Quantification of the mineral matrix content following Alizarin Red staining at day 14 and 21 of osteogenic differentiation. C Quantification

of pNPP consumption indicating ALP activity at day 0 (24 h after osteogenic stimulus), 4 and 7. D P1NP concentration as a marker for collagen

I synthesis in cell culture supernatants collected at day 7 of osteogenic differentiation. E Representative fluorescence microscopy of BM-MSCs

after staining with NileRed (red, fat droplets) and DAPI (cyan, nuclei) at day 14 of culture in EM and adipogenic medium (AM). Scale bar, 100 um F
Quantification of fat droplets normalized to cell number following NileRed staining at day 10 and 14 of osteogenic differentiation. G Quantification
of the spheroids’surface areas following 21 days of 3D culture without chondrogenic stimulus (=TGF) and with chondrogenic stimulus (+TGF).

H Representative images of alcian blue stained sections of spheroids. Scale bar, 250 um. I Total protein content of spheroids at day 21. J Total
proteoglycan content of spheroids at day 21. (K) Total proteoglycan content normalized to total protein content of spheroids. [normally distributed
data: mean = SD; non-normally distributed data: median with IQR; levels of significance: *p < 0.05]

Secretion of signaling molecules

In order to evaluate whether the origin of BM-MSCs
influences the secretion of signaling molecules under
standard and osteogenic culture conditions, a multi-
plex analysis was performed including 12 cytokines,
chemokines, and growth factors that play important roles
in either bone metabolism, immunoregulation, and/or
matrix remodeling (Fig. 4).

A fold decrease of>2 was noticed in osteogenically
stimulated BM-MSCs compared to non-differentiated
BM-MSCs regarding IL-6, MCP-1, HGF, IL-1RA, SDF
and VEGF concentrations. IL-8 and M-CSF concentra-
tions were enhanced with a fold increase of > 2 when oste-
ogenic differentiation was induced (only in PAO group).
Significantly different concentrations were not observed
for the above-mentioned factors between BM-MSCs
from PAO and THA in either EM or OM (Additional

file 1: Table S3). However, BM-MSCs obtained from PAO
secreted significantly more TGF-B1 (1.4-fold, p=0.015)
and TIMP2 (1.6-fold, p=0.039) than BM-MSCs from
THA following osteogenic stimulation. Although being
down-regulated following osteogenic differentiation,
BM-MSCs obtained from PAO secreted significantly
more VEGF (1.5-fold, p=0.048) than BM-MSCs from
THA following osteogenic stimulation.

Overall, BM-MSCs isolated from bone obtained during
PAO showed significantly increased TGF-p1, TIMP2, and
VEGF levels in cell culture supernatant when cultured
under osteogenic conditions.

Discussion

The aim of this study was to evaluate the potential of
bone marrow of periacetabular origin obtained dur-
ing PAO as a novel source of BM-MSCs. The in-depth
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Fig. 4 Multiplex analysis of 12 soluble mediators. Cell culture supernatants were collected at day 7 of cell culture in expansion medium (EM)
and osteogenic medium (OM). [Median with IQR, levels of significance: *p < 0.05]

analysis and comparison of biological characteristics and
functional properties of BM-MSCs isolated from bone
obtained during PAO and THA revealed novel informa-
tion about the influence of donor age on the functionality
of these cells.

Overall, patients undergoing PAO were younger com-
pared to patients undergoing THA. Considering this
difference, it has to be emphasized that patients sched-
uled for THA are more likely to suffer from comorbidi-
ties like obesity and type-2 diabetes, as these represent
major risk factors for the development of osteoarthri-
tis [33, 34]. The majority of PAO patients, on the other
hand, is young, healthy and active [35]. Within the
framework of the presented study, BM-MNCs were suc-
cessfully isolated from bone obtained during PAO in 30
of 34 cases. However, the weight of bone marrow con-
tained in the bone samples turned out to be a limiting
factor regarding the isolation of BM-MNCs. In the four

cases of isolation failure, the sample contained less than
0.24 g bone marrow. Using such small volumes did not
result in successful isolation of sufficient amounts of
BM-MNCs. Therefore, we recommend considering bone
material that grants at least 0.24 g bone marrow to ensure
BM-MNC isolation via density gradient centrifugation.
Whether other isolation techniques might be more suc-
cessful in providing sufficiently high cell yields from
small bone marrow weights should be further investi-
gated. Comparing bone from THA and PAO, the yield of
BM-MNC:s relative to the bone marrow mass used, was
higher within the THA group. In comparison of using
the femoral head after THA and an iliac crest aspira-
tion for the isolation of BM-MNCs in the same patient,
Sanchez-Guijo et al., however, did not find such a differ-
ence [36]. Considering the respective available literature
being very heterogenous, it remains unclear whether the
harvesting site is a main factor contributing to significant
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differences in BM-MNC yield [37-40]. Besides the ana-
tomical site, patient age may be another factor contrib-
uting to our results. Andrzejewska et al. investigated the
effect of donor age on the content of BM-MNCs isolated
from samples obtained during THA [21]. In contrast to
our findings, that study did not show a significant influ-
ence of advanced donor age on the parameter, although
age distribution (average age 38.2 vs. 72.2 years) within
groups was comparable to ours. This indicates that the
site of sample extraction strongly influences the number
of BM-MNC:s relative to sample weight. Our determined
proportions of BM-MSCs within the BM-MNC popula-
tion were compatible with reported values from litera-
ture [3, 41, 42]. If BM-MNCs were seeded for cell culture,
further isolation of BM-MSCs via plastic adherence was
possible in every case, in accordance with the ISCT-
defined criterion of cell surface marker expression [3].
The potential to obtain BM-MSCs relative to the num-
ber of BM-MNCs used was not different at cell culture
passage one regarding the two groups. Herrmann et al.
reported similar results by comparing bone marrow from
the femoral head, the iliac crest and vertebral bodies. A
correlation between the yield of BM-MSCs and donor
age was not found [43]. In our study, at cell culture pas-
sage two, the BM-MSC numbers from PAO samples rela-
tive to the numbers of BM-MNC:s initially seeded were
found to be significantly higher, either with or without
correction for the bone marrow weight. This indicates a
higher proliferation capacity of BM-MSCs obtained from
PAO samples as compared to BM-MSCs obtained from
THA samples. The higher proliferation capacity results in
an absolute cell number comparable to that of the THA
group at cell culture passage two although the bone mar-
row samples obtained via PAO were significantly smaller.
This is in line with the finding of an increased population
doubling of BM-MCS from the PAO group as compared
to cells from the THA group. These findings are most
likely based on the different patient age in both groups
since many studies reported decreased proliferation of
MSCs from old compared to young donors [22, 44, 45].
Prall et al. investigated the influence of donor age on
BM-MSCs from the proximal tibia and iliac crest with
regard to cell proliferation and osteogenic differentiation
potential, concluding that both harvest site and donor
age do not have a significant impact on these cell proper-
ties [46]. In view of the heterogeneous findings reported
in the literature, it remains uncertain whether the deter-
mined difference is based on donor age. In the context of
a therapeutic application, however, increased prolifera-
tion could be beneficial to achieve higher cell numbers.
Overall, the initial cell yield in the PAO group showed a
high heterogeneity, which could lead to increased rates of
failure with regards to obtaining sufficient cell numbers
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for clinical applications. However, other applications
such as in vitro models and tissue engineering might
benefit from an additional source of BM-MSCs from
young and healthy donors. This assumption needs to be
tested in future studies using larger case numbers to ulti-
mately assess the clinical applicability of early-passage
BM-MSCs obtained from PAO. Our data demonstrate
that varying patient ages and anatomical sampling posi-
tions do not influence the timing of SA-(-gal expression
as a common marker for cellular senescence in vitro.
SA-B-gal expression, occurs in both groups starting from
cell culture passage five. This finding is consistent with
previously reported detection of in vitro aging of clini-
cal grade human BM-MSCs [47]. The occurrence of cel-
lular senescence in late cell culture passages involving
specific markers for cell cycle arrest (p16, p21) and the
DNA damage response pathway (gamma-H2A.X) should
be considered in future experimental approaches involv-
ing BM-MSCs from PAO samples, as it should be for
MSCs from all other cell sources. In the context of cell
therapies, the occurrence of cellular senescence may be
detrimental depending on the application due to the
diminished immunosuppressive and weakened regenera-
tive potential of in vitro ages BM-MCS [48].

Similar to our findings, Sanchez-Guijo et al. did not
find significant differences when comparing the multi-
lineage differentiation potential of BM-MSCs obtained
from trabecular bone of the femoral head versus from
iliac crest bone marrow aspiration [36]. Comparing BM-
MSCs isolated from femoral bone fragments and pieces
of subchondral bone from the acetabulum, Nguyen et al.
reported comparable results with regard to adipogenic
differentiation but significantly less calcium deposits fol-
lowing osteogenic differentiation of cells isolated from
the subchondral bone of the acetabulum [49]. Given our
contrary findings in view of osteogenic differentiation, it
is important to clarify that the area where the bone mate-
rial was taken during PAO does not correspond to the
area of subchondral bone used in the above-mentioned
study. Regarding the chondrogenic differentiation, BM-
MSCs from PAO patients showed a trend of increased
spheroid size compared to those from THA patients,
regardless of whether they were induced for chondro-
genic differentiation. Similar findings were described
by Herrmann et al., with larger pellets formed by cells
from the iliac crest than from the femoral head [43].
Correlated to the size of the pellets, we found total pro-
tein content to be significantly higher in pellets from the
PAO group when not stimulated for chondrogenic dif-
ferentiation. Nevertheless, our study could not determine
significant differences in proteoglycan content and pro-
teoglycan proportion within total protein. Therefore, it
can be assumed that chondrogenic differentiation did not
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differ significantly regarding the origin of the bone mar-
row used to isolate the cells.

BM-MSCs from the PAO group induced for osteo-
genic differentiation showed increased secretion of
TGF-B1, TIMP2, and VEGF compared to cells from the
THA group. Besides various functions on a cellular level,
TGF-B1 is a key factor in early bone healing and bone
homeostasis [50, 51]. Matrix metalloproteases (MMPs)
are involved in the degradation and remodeling of extra-
cellular matrix, an important process during endochon-
dral ossification [52]. As important regulatory inhibitors
of MMPs, the expression of TIMPs during endochon-
dral ossification is crucial. Not only TGF-B1 and TIMP2
but also VEGF is involved in endochondral ossification,
mainly by mediating angiogenesis [53-55]. Generally,
local blood supply is one of the most important factors
regarding bone healing, and VEGF is the main contribut-
ing factor [56]. Overall, the increased secretion of TGF-
B1, TIMP2, and VEGF in osteogenically differentiated
BM-MSCs from PAO patients compared with those from
THA patients may be beneficial for future therapies in
the context of bone repair and endochondral ossification.
The application of BM-MSCs from PAO samples in the
context of cell therapies for bone healing or to stimulate
bone formation of impaired periprosthetic bone requires
preclinical testing in advanced and multicellular human
in vitro models [57-59] and in vivo testing [13].

Our study indicates that isolation of BM-MNCs from
PAO samples is possible. The isolated cells are func-
tional in terms of trilineage differentiation and are char-
acterized by higher proliferation capacity if compared
to BM-MNCs from THA samples. Due to the focus on
a basic characterization of this cell source from young
and healthy patients, our feasibility study has limitations
in terms of necessary further characterization within
the framework of the translational process toward an
allogenic cell product. Further characterization of BM-
MNCs from PAO samples regarding clonogenicity, chro-
mosomal stability, cell yield, the onset of cell cycle arrest,
DNA damage response and the in vitro dysfunctional-
ity following serial passaging, should be performed to
ultimately assess the clinical feasibility of this novel cell
source.

Conclusions

Bone obtained during PAO can be a novel source for
BM-MSCs. The yield of BM-MSCs from PAO samples
relative to the number of BM-MNCs seeded, the weight
corrected cell yield and the proliferation capacity were
higher as compared to BM-MSCs from THA samples.
However, the small sample weight of PAO samples leads
to a lower absolute cell yield at cell culture passage one.
The absolute number of BM-MSC from PAO samples
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at cell culture passage two is comparable to that of BM-
MSCs from THA samples although characterized by
a greater individual variability pointing toward a less
stable cell supply of early-passage BM-MSCs. Future
experiments need to determine the interplay of donor
age, proliferation rate and final yield of BM-MSCs from
PAO samples. SA-B-gal expression of BM-MNCs of
both groups becomes evident in cell culture passage five.
BM-MSCs from the PAO group show trilineage differ-
entiation potential not different from BM-MCSs from
the THA group. Upon osteogenic differentiation, BM-
MSCs from the PAO group showed increased secretion
of TGF-B1, TIMP2, and VEGE, all contributing to endo-
chondral ossification. We propose that bone harvested
in the standard course of PAO is a novel reliable source
of BM-MSCs from young, healthy donors. With regard
to future regenerative therapies and basic musculoskel-
etal research, we suggest a promising new source for
BM-MSCs.
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