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Abstract
Mesenchymal stem/ stromal cell (MSC) exhaustion has been suggested to be a hallmark of aging. Osteoarthritis has a complex
etiology that comprises several factors. Dysplasia has been shown to be an individual risk factor for osteoarthritis. Subchondral
bone changes are often the first detectable alterations in osteoarthritis. In this study, we aimed to determine whether skeletal
MSCs are differentially affected in patients with primary versus dysplastic osteoarthritis. Patients undergoing hip arthroplasty due
to primary osteoarthritis (n = 11) and osteoarthritis with hip dysplasia (n = 10) were included in the study. Femoral head
subchondral bone was used for isolation of MSCs. The cells were compared using detailed ex-vivo and in-vitro analyses, which
included immunophenotyping, colony-forming-unit fibroblast assay, growth kinetics, senescence, multilineage potential,
immunophenotyping, and MSC marker-gene expression profiling. Isolated cells from primary osteoarthritis patients showed
decreased viability in comparison with those from dysplasia patients, with similar mesenchymal fractions (i.e., CD45/ CD19/
CD14/ CD34-negative cells). In-vitro expanded MSCs from primary osteoarthritis patients showed reduced osteogenic and
chondrogenic potential in comparison with dysplasia patients. There were no differences in clonogenicity, growth kinetics,
senescence, adipogenic potential, and immunophenotype between these groups. Gene expression profiling showed well-
known marker of bone marrowMSCs, the leptin receptor, to be significantly lower for primary osteoarthritis patients. Our study
shows that the pathology of primary osteoarthritis is accompanied by bone MSC exhaustion, while biomechanical dysfunction
associated with hip dysplasia can induce secondary osteoarthritis without this MSC impairment. Our study suggests that
subchondral bone MSC exhaustion is implicated in the pathology of primary osteoarthritis.
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Introduction

Several structures of adult synovial joints have been shown
to harbor rare populations of cells that have tissue-
regeneration properties. These unique cells are often re-
ferred to as mesenchymal stem/ stromal cells (MSCs),
and they represent common progenitors for multiple con-
nective tissues, such as bone, cartilage and adipose tissue.
Joint-resident MSCs occupy several bone and joint cavity
niches, which include subchondral bone [1], periosteum
[2], synovium [3], adipose tissue [4], superficial cartilage
[5], and others. The most well recognized are MSCs in
mouse bone marrow [6]. Using transgenic mice, we can
trace MSCs from early development of the musculoskeletal
system throughout adult life, and determine their roles in
health and disease [7]. This allowed identification of sev-
eral rare subpopulations of MSCs that can contribute to
cartilage and fracture repair in adult life. Gremlin1 expres-
sion identifies distinct connective-tissue MSCs in the
metaphysis of long bones that are needed for bone devel-
opment, bone remodeling, and fracture repair [8]. Leptin
receptor identifies MSCs that are the major source of bone
and adipocytes in adult bone marrow, and that also regen-
erate bone after irradiation and fractures [9]. Endeavors to
identify human skeletal MSCs were recently successful,
with the identification of self-renewing and multipotent
human skeletal stem cells that can generate progenitors of
bone, cartilage and stroma, but not of fat [10].

Our increasing understanding of native MSCs in the joint
microenvironment provides new hope to find strategies to
exploit the regenerative features of these cells in degenerative
disorders like osteoarthritis. However, to exploit endogenous
MSCs, we need to first identify their roles in joint degenera-
tion. There is some evidence that bone marrow-derivedMSCs
from patients with osteoarthritis have reduced chondrogenic
and adipogenic activities in vitro [11]. In addition, the propor-
tion of CD271 positive MSCs is higher in femoral head bone-
marrow lesions in hip osteoarthri tis patients [1].
Accumulation of CD271-positive cells was also noted in bone
adjacent to cartilage defects, and in areas of osteochondral
angiogenesis. Recently, two different MSCs phenotypes have
been shown in cartilage of osteoarthritis patients: one with
preferential chondrogenic potential, and the other with osteo-
genic potential [5].

Osteoarthritis is a disease of the whole joint, to which
changes in cartilage, bone and bone marrow, synovium, me-
nisci, ligaments, and neural tissue contribute [12]. Although
pathological processes might selectively target a single joint
tissue, ultimately cartilage and subchondral bone will be af-
fected because of their biological and physical cross-talk [13].
Subchondral bone changes with increased metabolism and
sclerosis are often the first detectable alterations in the osteo-
arthritis process [13].

Although osteoarthritis presupposes interactions of system-
ic and/ or local factors, congenital and developmental
malformations, such as hip dysplasia, have been shown to
constitute an individual risk factor for premature degeneration
and osteoarthritis [14, 15]. The more severe the dysplasia the
earlier the likely development of osteoarthritis. Biomechanics
is of utmost importance for joint homeostasis. Abnormal joint
biomechanical stress is likely to make a joint environment
hostile, even if the native MSC repair strategies function op-
timally [16].

Based on these findings, we hypothesized that skeletal
MSCs in primary osteoarthritis patients would have alterations
that show their exhaustion and decreased regenerative poten-
tial. On the other hand, MSCs derived from dysplasia patients
would show superior features, which would suggest that oste-
oarthritis in these patients is a consequence of abnormal joint
biomechanical stress.

To test this hypothesis, we compared skeletal MSCs from
patients with primary hip osteoarthritis and patients with os-
teoarthritis as a consequence of hip dysplasia. We show that
MSCs in primary osteoarthritis patients have inferior biologi-
cal properties compared to those of dysplasia patients, includ-
ing lower viability, osteogenesis and chondrogenesis. MSCs
from primary osteoarthritis patients also showed lower expres-
sion of the leptin receptor, a well-known marker of bone-
marrow MSCs that has been shown to contribute to fracture
repair in adult organisms.

Methods

Donor Inclusion and Bone Sampling

Patients undergoing routine total hip arthroplasty at the
Valdoltra Orthopaedic Hospital (Ankaran, Slovenia) were in-
cluded in this study. Osteoarthritis and dysplasia were diag-
nosed by clinical examinations and plain X-rays (Fig. 1a).
The exclusion criteria included history of inflammatory arthri-
tis, metastatic cancer, and disorders that affect bone. Approval
for this study was obtained from the National Medical Ethics
Committee of the Republic of Slovenia (reference numbers:
0120–523/2016–2, KME 45/10/16). Written informed consent
to participate in this study was obtained from all of donors.
Detailed patient information is provided in Table 1. There were
no differences in age, sex, body mass index, C-reactive protein
levels or blood monocytes between the patient groups.

A cylindrical section of trabecular bone with bone marrow
was sampled from all of the patients from the femoral neck
side of the femoral head, as shown on Fig. 1b, using a
TRAP8G system (H.S. Hospital Services). The bone biopsy
samples were ~15 mm in length (Fig. 1b, c, top). The bone
biopsies were immediately placed in growth medium of low
glucose Dulbecco’s modified Eagle’s medium (DMEM;
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Biowest; Cat# L0064–500) supplemented with 1% glutamine
(Biowest; Cat# X0550–100), 2% penicillin and streptomycin
(Biowest; Cat# L0022–020) and 10% fetal bovine serum
(Gibco; Cat# 10270–106).

Cell Isolation

Primary MSCs were isolated from bone biopsies following
previously published protocols [17], with somemodifications.
Briefly, the cylindrical bone sections were washed three times
in sterile phosphate buffered saline (PBS) to remove visible
blood cells. The sections were cut with a scalpel into smaller
fragments, which were then digested in 1 mg/mL collagenase
D (Roche; Cat# 11088882001) for 3 h at 37 °C. The digested

cells were filtered through a 70-μm nylon filter strainer
(Corning). An additional 10 mL fresh media was added to
the bone remnants, which were then vortexed for 10 s. This
was repeated two more times. The pooled suspensions
(~30 mL) were centrifuged at 300×g for 10 min. After the
final centrifugation, the cell pellets from bone tissue were
resuspended in 1.0 mL MSC medium (Expansion Media Kit
XF, human; Miltenyi Biotec; Cat# 130–104-182) supplement-
ed with 2% penicillin and streptomycin and 1% glutamine.
Aliquots of freshly isolated cells (100 μL) were used for
immunophenotyping, and the rest of the samples (900 μL)
were seeded as described below. The cells were incubated at
37 °C in a humidified atmosphere of 5% CO2 and O2. The
study design and the analyses are summarised in Fig. 1C.

Fig. 1 Overview of the donors included in the study, and the tissue
harvesting and study protocol. (a) Representative X-ray of the donors
undergoing hip replacement surgery included in the study. (b) Scheme of

sampling site (indicated by dashed cylinder shape) for subchondral tra-
becular bone. (c) Scheme of isolation of the boneMSCs, and their ex-vivo
and in-vitro analyses. OA, osteoarthritis
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Immunophenotyping

Flow cytometry was performed on a small aliquot of freshly
isolated cells, and on the culture-expanded MSCs between
passages 3 and 5 (p3-p5). The samples were resuspended in
cell dissociation buffer (2 mM EDTA [Sigma; Cat# 60–00-4]
in PBS with 0.5% fetal bovine serum). Before staining, the
freshly isolated cells were treated with BD FACS Lysing so-
lution (BD Biosciences; Cat# 349202) for 10 min, and then
incubated with monoclonal antibodies against CD45 (Thermo
Fischer Scientific, Cat# 48–9459-42; 2D1), CD19 (Thermo
Fischer Scientific; Cat# 48–0198-42; SJ25C1) and CD14
(Thermo Fischer Scientific; Cat# 48–0149-41; 61D3), all of
which were conjugated with eFluor 450 and CD34 VioBlue
(Miltenyi Biotec; Cat# 170–080-023; AC136). The culture-
expanded MSCs were immunophenotyped using anti-
CD105 FITC (Milteny Biotec; Cat# 130–112-169;
REA794), anti-CD90 FITC (Milteny Biotec; Cat# 130–117-

684; DG3) and anti-CD73 APC antibodies (Miltenyi Biotec;
Cat# 130–095-183; AD2). The fixable viability dye eFluor
780 (Thermo Fisher Scientific; Cat# 65–0865) was used to
determine cell viability. The cells were resuspended in PBS
and analyzed using a flow cytometer (Attune NxT; Thermo
Fisher Scientific).

Colony-Forming-Unit Fibroblast Assay

The colony-forming-unit fibroblast (CFU-F) assay was per-
formed using freshly isolated MSCs plated as nine replicates
in six-well plates. Once colonies were observed (i.e., from 10
to 14 days), six wells were trypsinized and the viable MSCs
were counted. The remaining three wells were stained with
methyl violet (Merck; Cat# 115940) to count the colonies. The
CFU-F assay data at p0 were calculated as percentages of
methyl-violet-positive colonies per cells counted. The CFU-
F assays were repeated at p1. MSCs were seeded at 2000 cells/

Table 1 Baseline characteristics of patients included in the study

Patient group n Age (years) Female/Male ratio Body mass index C-reactive protein Blood monocytes

Mean Min Max (kg/m2) (mg/dL) (%)

Total 21 74.2 46 93 14/7 28.4 8.2 6.5

Primary OA 10 72.7 46 84 7/3 28.1 7.6 6.9

Dysplastic OA 11 75.5 58 93 7/4 28.6 8.6 6.1

Ex vivo phenotype and CFU-F p0

Primary OA 6 71.3 46 84 3/3 28.1 7.9 7.9

Dysplastic OA 6 81.2 75 93 4/2 26.6 7.1 7.8

Growth kinetics and CFU-F p1

Primary OA 5 76.4 72 84 3/2 27.7 8.4 8.1

Dysplastic OA 6 81.2 75 93 4/2 26.6 7.1 7.8

Chondrogenesis

Primary OA 7 71.3 46 78 4/3 28.3 7.5 7.9

Dysplastic OA 5 82.4 65 93 3/2 25.4 7.5 7.5

Osteogenesis

Primary OA 7 75.6 71 84 5/2 27.6 7.5 8.0

Dysplastic OA 6 78.3 68 93 4/2 27.7 5.8 8.2

Adipogenesis

Primary OA 8 72.0 46 84 5/3 28.9 7.5 7.9

Dysplastic OA 5 78.0 68 93 4/1 27.5 6.0 7.4

In vitro phenotype

Primary OA 8 75.8 71 84 6/2 28.3 7.5 8.0

Dysplastic OA 6 79.5 68 90 3/3 27.8 6.3 8.6

Senescence

Primary OA 5 76.4 72 84 3/2 27.7 8.4 8.1

Dysplastic OA 4 84.8 68 93 2/2 26.0 6.9 8.2

Gene expression

Primary OA 9 74.2 46 88 6/3 28.3 7.2 8.4

Dysplastic OA 8 79.4 65 90 5/3 27.9 6.6 8.3

CFU-F colony forming unit fibroblast assay, OA osteoarthritis
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well in six-well plates in three replicates. The numbers of
colonies were counted after 12–14 days. The data for the
CFU-F assays at p1 were calculated as percentages of
methyl-violet-positive colonies per seeded MSCs.

Cell-Growth Kinetics

For the growth rates and doubling times, the MSCs were
seeded at p1 to p3 as four replicates in 12-well plates at
5000–10,000 cells/cm2. For the cumulative population dou-
bling, theMSCswere seeded at p1 and counted every 10 days.
The mean cell counts were used to calculate the population
doubling for each sample according to Equation:
3.32*(logN2-logN1),

where N1 is the number of seeded cells, and N2 is the
number of counted cells, at each passage.

Senescence Analysis

For the senescence analysis, the cells were seeded in three or
four replicates in 12-well plates at 5000 cells/cm2. After 2–
3 days, when the cultures reached approximately 30% conflu-
ence, the senescence was evaluated using senescence β-
galactosidase staining kits (Cell Signaling Technology; Cat#
9860), following the manufacturer instructions. The wells
were imaged using a microscope (Primovert) mounted with
a digital camera (AxioCam ICc5; Zeiss). The numbers of se-
nescent cells and the total numbers of cells were counted in-
dependently by two investigators. Senescence is expressed as
the senescence-associated β-galactosidase-positive cells as
percentages of the total numbers of cells.

Multilineage Differentiation

Adipogenic and Osteogenic Differentiation

Osteogenic and adipogenic differentiation was assessed histolog-
ically and at the gene expression level. For each analysis, the cells
were seeded in four replicates in 24-well plates at 25,000 cells/
cm2. Two of each four replicates were used for histological as-
sessment (one as treated, the other as control), and the remaining
two replicates for RNA isolation and gene expression analysis
(one as treated, the other as control). After reaching confluence,
the growth medium for the treated wells was replaced with either
adipogenic or osteogenic medium. Adipogenic medium
consisted of growth medium supplemented with 500 nM dexa-
methasone (Sigma; Cat# 50–02-2), 10 μM indomethacine
(Sigma; Cat# 53–86-1), 50 μM iso-butylmethyl xanthine
(Sigma; Cat# 28822–58-4), and 10 μg/mL insulin (Sigma;
Cat# 11061–58-0). Osteogenic medium consisted of growth me-
dium supplemented with 5 mM β-glycerophosphate (Sigma;
Cat# 154804–51-0), 100 nM dexamethasone, and 50 mg/mL
ascorbic acid-2-phosphate (Sigma; Cat# 56170–10-3). Control

wells received growth media without supplements. The protocol
was continued for 21 days with media changes every 2 days to
3 days. Adipogenic differentiation was assessed using Oil Red O
(Sigma; Cat# 1320-06-5) histochemistry. After staining, thewells
were imaged (Evos XL, LifeTechnologies), and the number of
Oil-Red-O-positive adipocytes was counted using the ImageJ
software [18]. The adipogenic efficiency was expressed as the
number of Oil-Red-O-positive adipocytes per number of cells
originally seeded. Osteogenesis was assessed using Alizarin
Red S (Sigma; Cat# 130–22-3) histochemistry. The wells were
imaged (Evos XL, LifeTechnologies). The bound Alizarin Red S
was subsequently extracted using acetic acid, and quantified as
described previously [19].

Chondrogenic Differentiation

Chondrogenic pellets were formed as two replicates (one treat-
ed, one control) by resuspending 150,000 cells in chondrogenic
medium, which consisted of high glucose DMEM (Biowest;
Cat# L0106–500), 100 nM dexamethasone, 1% insulin–trans-
ferrin–selenium (Sigma; Cat# I221), 50 mg/mL ascorbic acid-2-
phosphate, and 1% penicillin/ streptomycin. The cell suspen-
sions were centrifuged for 5 min at 380×g in 15-mL conical
tubes. The cell pellets were then incubated at 37 °C, in 5%
CO2 for 24 h, after which the chondrogenic medium was sup-
plemented with 10 ng/mL TGF-β1 (Thermo Fisher Scientific;
Cat#PHG9204). The control pellets received medium without
TGF-β1. The protocol was continued for 21 days, with medium
changes every 2 days to 3 days. After 21 days, the pellets were
washed with PBS and fixed in 10% neutral buffered formalin
(Sigma; Cat# HT50–1-320) for 20 min. The pellets were then
transferred to 15% sucrose (Sigma; Cat# 57–50-1) solution for
1 h, and after that to a 30% sucrose solution overnight. The
pellets were then embedded in Tissue Freezing Medium
(Leica; Cat# 14020108926), snap frozen in liquid nitrogen,
and cut into 8-μm-thick sections using a cryostat (Leica).
Cryosections were used for toluidine blue (Sigma; Cat# 6586-
04-5) staining and for immunofluorescence for collagen type II
(Col2). For the Col2 staining, a goat anti-Col2 antibody conju-
gated with Alexa Fluor 488 (SouthernBiotech; Cat# 1320–30)
was used (dilution, 1:50). The slides weremountedwith Prolong
Gold Antifade Reagent with DAPI (Life Technologies; Cat#
P36941), and imaged (Evos FL; Life Technologies). The
chondrogenic potential was evaluated as the positive toluidine
blue or Col2 staining, and the toluidine blue stained sections
were also evaluated using the Bern score [20].

RNA Isolation and Gene Expression Profiling

Total RNAwas isolated from cells subjected to adipogenesis
and osteogenesis, as well as during MSC culture expansion,
using peqGOLD Total RNA kits (VWR; Cat# 732–2868).
cDNA was synthesized using High-Capacity cDNA Reverse
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Transcription kits (Thermo Fisher Scientific; Cat# 4368814).
Gene expression analysis was performed according to the
MIQE guidelines [21]. The primer sequences used in the
quantitative PCR (qPCR) are given in Supplementary
Table S1. The qPCR was performed using 5× HOT FIREPol
EvaGreen qPCR Supermix (Solis BioDyne; Cat# 08–24-
00020) and gene-specific primers (Macrogen, Sigma-
Aldrich) that were optimized to produce the specific PCR
products. To select the most stable reference genes between
the treated cells and the controls for adipogenesis and osteo-
genesis, seven commonly used reference genes were tested in
a subset of 32 samples (i.e., β-actin, ribosomal protein 13a,
β2-microglobulin, glyceraldehyde-3-phosphate dehydroge-
n a s e [GAPDH] , r i b o s oma l p r o t e i n l a r g e P0 ,
glucoronidase-β, ubiquitin C), with the best combination of
three genes selected with NormFinder [22]. All of the PCR
amplifications were performed in triplicate in a 15-μL reaction
volume using a LightCycler 480 Instrument II (Roche). The
gene expression data were obtained using the standard curve
and the second derivative maximummethod (LightCycler 480
software, version 1.5.0). With the demonstration that the gene
expression data for a subset of 10 samples of MSCs under
osteogenesis do not differ when normalized to the three best
reference genes as selected by NormFinder (Supplementary
Fig. S1) in comparison to GAPDH, all of the data were nor-
malized to GAPDH.

Statistical Analysis

The normalities of the data distributions were tested with
Shapiro-Wilk tests. To compare data between the primary os-
teoarthritis patients and patients with dysplasia, either
Student’s t-tests or Mann–Whitney tests were used. Where
the groups compared had unequal variances and unequal

sample sizes, Welch’s t-tests were used. Two-way ANOVA
with Bonferroni corrections for multiple testing was used for
the gene expression and in-vitro immunophenotyping analy-
sis. All statistical analyses were performed using GraphPad
Prism, version 6.07 for Windows (GraphPad Software, La
Jolla, CA, USA; www.graphpad.com. P values <0.05 were
considered as statistically significant. The Figures were
created using Mind the Graph.

Results

Skeletal MSCs from primary osteoarthritis patients
show impaired viability Ex Vivo

The viability of the freshly isolated cells from primary osteo-
arthritis patients was significantly lower in comparison with
the cells derived from patients with dysplasia (p = 0.0311;
Fig. 2A). The proportions of the freshly isolated cells that
were negative for the combination of the CD45/ CD19/
CD14/ CD34 markers were similar between the two cell
groups (Fig. 2B).

Skeletal MSCs from primary osteoarthritis
and dysplasia patients show similar
culture-expansion properties In Vitro

Primary cultures of skeletal MSCs were successfully
established for 17 out of 21 donors. In four cases (one with
primary osteoarthritis, three with dysplasia), the cultures had
to be discarded due to bacterial or fungal contamination. There
were no differences in CFU-F data between the tested groups
at p0 (Fig. 3a, left) or p1 (Fig. 3a, middle). Culture expanded
MSCs showed similar growth rates (Fig. 3b, left), doubling
times (Fig. 3b, middle), and number of cumulative population

Fig. 2 Ex-vivo analyses of the freshly isolated cells. (a)Viability of the
collagenase-digested cells before plating, as the proportions of single live
cells. Significantly improved viability was seen for cells from the patients
with dysplasia (Mann-Whitney test). (b) Mesenchymal lineage cells

defined as the CD45/ CD34/ CD14/ CD19-negative fraction in the freshly
isolated cells was obtained using flow cytometry. No differences in mes-
enchymal lineage was observed between the two groups of patients. OA,
osteoarthritis
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doublings (Fig. 3c, right). The MSCs from both of these
groups also showed fibroblast-like morphology and similar
proportions of senescent β-galactosidase–positive cells (Fig.
3c).

Skeletal MSCs from primary osteoarthritis patients
show inferior osteogenesis and chondrogenesis
In Vitro

To demonstrate the multipotency of the culture-expanded
MSCs, in-vitro adipogenic, osteogenic, and chondrogenic

differentiation assays were performed (Fig. 4). MSCs from
primary osteoarthritis patients showed similar adipogenic po-
tential to those from patients with dysplasia (Fig. 4a). In con-
trast, the MSCs from primary osteoarthritis patients showed
inferior osteogenesis (Fig. 4b) and chondrogenesis (Fig. 4c),
compared to those from dysplasia patients. MSCs from pri-
mary osteoarthritis patients showed significantly lower levels
of Alizarin Red S (Fig. 4b, left, right), while the expression of
the osteogenesis-specific genes was similar between the two
groups (Fig. 4b, middle). Potentially, after 21 days of osteo-
genic treatment, the expression of the selected osteogenic

Fig. 3 Culture expansion of MSCs. (a) Colony-forming-unit fibroblast
(CFU-F) assays at p0 (left) and p1 (middle), which show no differences
between the two groups of patients. Representative images of bone-
derived MSCs at p0 showing colonies stained with methyl violet for
quantification in the CFU-F assays. (b) Culture expanded bone-derived

MSCs showed no differences in growth rate (left), doubling time (mid-
dle), and mean cumulative population doublings (right) between the two
groups of patients. (c)Representative images of senescence-associatedβ-
galactosidase staining for MSCs from both groups. Scale bars: 200 μm.
OA, osteoarthritis
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genes did not adequately reflect the rate of mineralization
measured with Alizarin Red S. There was significantly lower
Bern score in the group of patients with primary osteoarthritis

(Fig. 4c, upper row, left). The diameters of the chondrogenic
pellets tended to be lower for the primary osteoarthritis pa-
tients in comparison to those with dysplastic osteoarthritis
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(Fig. 4c, upper row, middle); however, this difference did not
reach statistical significance (p = 0.056). Moreover, the per-
centage of toluidine blue and Col2-positive chondrogenic pel-
lets was lower in patients with primary osteoarthritis (Fig. 4c,
lower row, left).

Skeletal MSCs from primary osteoarthritis
and dysplasia patients show similar In-Vitro
immunophenotypes

To further determine whether these culture-expanded cells had
features of MSCs in vitro, their immunophenotypes were de-
termined, according to the International Society of Cellular
Therapy (ISCT) [23] (Fig. 5). Both groups showed similar
immunophenotypes for the skeletal MSCs, with high expres-
sion of the positive markers CD73, CD90, and CD105, and
low expression of the negative markers CD45, CD14, and
CD19 (Fig. 5), as indicated by the ISCT guidelines [23].
The criteria set by the ISCT require that positive markers are
expressed by >95% of all of the cells. This was only achieved
for CD73 and CD90 for the primary osteoarthritis patients
(means: CD73, 95.8%; CD90, 95.7%), while the MSCs from
osteoarthritis and dysplasia patients showed lower expression
of these markers (means: CD73, 91.4%; CD90, 84.6%) (Fig.
5a, b). CD105 was low in both groups (means: primary oste-
oarthritis, 83.5%, osteoarthritis and dysplasia, 84.6%). The
ISCTcriteria also suggest that <2% of the cells should express
the negative markers; this was fulfilled by the MSCs from
both groups (primary osteoarthritis, 0.104%; osteoarthritis
and dysplasia, 1.122%; Fig. 5b).

Skeletal MSCs from Primary Osteoarthritis Patients
Show Lower Gene Expression of the Leptin Receptor
MSC Marker

To determine whether there is a preferential MSC subpopula-
tion that expands in vitro in these particular patient groups, the
gene expression profiles of 10 previously identifiedMSC sub-
population markers were compared between these groups
(Fig. 6a). The data for the multitest comparison showed that
LEPR expression was significantly lower for primary osteoar-
thritis patients (mean, 0.019) compared to dysplasia patients
(mean, 4.420) (Fig. 6).

Discussion

Despite numerous efforts to reveal the pathophysiological
mechanisms of primary osteoarthritis, no concrete targets that
can be used to slow down joint degeneration have been iden-
tified to date. As osteoarthritis is a “wear-and-tear” disorder
that ultimately results in degeneration of the entire joint, re-
generative approaches that target exhausted or impaired
MSCs might provide new promise for future treatments of this
major cause of disability in adults.

Synovial joints in adult organisms have been shown to
harbor rare populations of MSCs within several tissue struc-
tures [7]. Bone marrow is currently the most well-recognized
site of these progenitors [8, 9, 16, 17]. In general, tissue repair
and regeneration require a viable pool of MSCs. Stem cell
exhaustion and the changes in the regenerative potential of
MSCs have been previously associated with osteoarthritis [1,
5, 11, 24]. Subchondral bone has often been identified as the
initiator of early osteoarthritis changes in joints [12, 13].
Impaired joint biomechanics, in particular joint dysplasia,
has also been shown to be an independent risk factor for os-
teoarthritis [14, 15].

Based on these findings, we hypothesized that primary os-
teoarthritis might be the consequence of the exhaustion of
skeletal MSCs derived from subchondral bone. To this end,
we performed detailed ex-vivo and in-vitro analyses of MSCs
derived from subchondral trabecular bone; i.e., skeletal MSCs
from two groups of distinct etiology of hip osteoarthritis pa-
tients, as primary osteoarthritis patients versus hip dysplasia
osteoarthritis patients.

Our data indicated inferior biological properties of freshly
isolated and culture-expanded skeletal MSCs from primary
osteoarthritis patients. These included significantly lower ex-
vivo viability and poorer osteogenic and chondrogenic poten-
tial. Gene expression profiling for previously identified MSC
subpopulation markers revealed that altered features of skele-
tal MSCs in primary osteoarthritis patients might be associat-
ed with lower expression of the leptin receptor, a well-known
marker of bone replenishing MSCs in adult bone marrow [9].

�Fig. 4 Multilineage differentiation of MSCs. (a) Chondrogenesis
assessments using toluidine blue (bottom left) and collagen type II
(Col2) staining (bottom right) showed significant differences between
MSCs from both patient groups. Subchondral-bone-derived MSCs from
patients with primary osteoarthritis (OA) showed significantly lower Bern
score (upper left, Welch’s t-tests). The percentage of toluidine blue and
Col2-positive pellets were also lower in this group of patients (upper
middle). No differences in chondrogenic pellet diameter were seen be-
tween patients with primary osteoarthritis (OA) or osteoarthritis with hip
dysplasia, i.e., dysplastic OA (upper right, Welch’s t-tests). (b)
Osteogenesis assessments using quantification of Alizarin Red S staining
(left, Welch’s t-tests) was significantly lower in MSCs from patients with
primary osteoarthritis (OA). Analysis of osteogenic gene expression (cen-
tre, two-way ANOVA) showed no differences between MSCs from the
two patient groups. Representative images for Alizarin Red S staining
analysis for MSCs from the two patient groups (right). (c) Adipogenesis
assessments using quantification of Oil Red O staining (left, Welch’s t-
tests) and analysis of adipogenic gene expression (centre, two-way
ANOVA) were similar between the MSCs from the patient groups.
Representative images for Oil Red O staining analysis are shown (right).
Scale bar in all panels: 200 μm. OA, osteoarthritis. ALP, Alkaline phos-
phatase, RUNX2, Runt-related transcription factor 2, COL1A1, Collagen
type 1 alpha 1, OC / BGLAP, Osteocalcin/ Bone gamma-
carboxyglutamate protein, PPARG, peroxisome proliferator-activated re-
ceptor gamma, ADIPOQ, Adiponectin, C1Q and collagen domain con-
taining, FAPB4, Fatty acid binding protein 4
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Previously MSCs from patients with osteoarthritis have
been compared to normal donors without any signs of osteo-
arthritis [11]. Murphy et al. showed that bone-marrow-derived
MSCs in osteoarthritis patients have reduced proliferative ca-
pacity as well as chondrogenic and adipogenic potential, in
comparison with healthy controls [11]. These were bone- mar-
row MSCs derived from iliac crest, tibia, or femur. Given that
bone-marrow MSCs become virtually identical in vitro to
trabecular-boneMSCs isolated with collagenase [17], our data
can be compared to this study. Similarly, we observed lower
chondrogenesis associated with primary osteoarthritis; how-
ever, Murphy et al. used glycosaminoglycan quantification,
while we used Bern scores, although the collagen type II anal-
yses were similar.

With regard to proliferation of the culture-expandedMSCs,
the cells from both groups of patients reached much lower
mean population doublings in comparison with what has been
reported in the literature for MSCs derived from healthy indi-
viduals [25]. Therefore, our data build on a previously identi-
fied difference inMSCs derived from healthy donors and from
patients with osteoarthritis, further suggesting stratification of
osteoarthritis patients based on the properties of their
subchondral-bone-derived MSCs.

Comparing MSCs derived from bone marrow lesions with
those derived from healthy regions of subchondral bone in
patients with late-stage hip osteoarthritis, functional and gene
expression perturbations were reported for MSCs from lesions
[1]. These included higher numbers of CD45-negative and
CD271-positive MSCs; however, these cells had lower prolif-
eration and mineralization capacities in vitro. In the present
study, MSCs from primary osteoarthritis patients also showed
lower osteogenesis. Similar to our study, no differences were
seen for clonogenicity of theMSCs between these two groups.
We also screened for the CD271 marker, which was shown
here to be associated with the bone-marrow lesions; however,
we did not see any differences between these for our groups of
patients. The regions of subchondral bone where bone-
marrow lesions occur have been associated with greater tra-
becular bone area and cartilage damage [1]. This evidence
raises the possibility that the increase in bone density and loss
of cartilage that are characteristic of osteoarthritis might result
from changes in MSCs, which are believed to be responsible
for the homeostatic maintenance of the joint tissues. These
MSCs that have altered features might initiate or escalate joint
damage. Age-dependent decreases in proliferation and osteo-
blast differentiation and increases in senescence-associated β-
galactosidase–positive cells and apoptosis have also been
shown in bone-marrow-derived MSCs obtained from patients
undergoing primary hip arthroplasty [26].

Looking at the immunophenotypes of the MSCs, we ob-
served large variations in the expression of the common pos-
itive markers, in particularly for CD105. The ISCT recom-
mends that the minimal expression of these markers to be

>95% [23]. However, according to the US Food & Drug
Administration, many studies have reported much lower
values, such as 87% ±7% for CD90, 86% ±7% for
CD73,and 88% ±8% for CD105 [27]. Kohno et al. reported
values of CD105 as low as 62.7% in synovial MSCs from
osteoarthritis patients, without apparent loss of multilineage
capabilities [28], which was similar to the present study.

Skeletal stem cells have been clearly identified in
mouse bone marrow [6, 8, 9], and very recently in
humans as well [10]. Chan et al. suggested that mouse
skeletal stem cells would be negative for CD45, Ter119,
Tie2, Thy, 6C3, and CD105, and positive for integrin
subunit αV (ITGAV/CD51) and CD200 [6]. Very recent-
ly, human skeletal stem cells were identified as negative
for CD45, CD235, TIE2, CD31, and CD146, and positive
for PDPN, CD73, and CD164 [10]. The contribution of
this cell population to osteoarthritis pathology is yet to be
established. In the current study, we screened for 10
markers of previously identified subpopulations of
MSCs that have shown roles in replenishing bone and
cartilage in adulthood. These included Gremlin1 [8], lep-
tin receptor [9], ITGAV [6], platelet-derived growth factor
receptor (PDGFR)α, PDGFRβ, chondroitin sulfate pro-
teoglycan 4 (CSPG4/NG2) [29, 30], and nerve growth
factor receptor (NGFR/CD271) [1], and some populations
identified in nonskeletal tissues, such as PEG3 (paternally
expressed 3, PW1) [31], neural cell adhesion molecule 1
(NCAM1/CD56) [32], and sirtuin 1 (SIRT1), a factor re-
quired for chondrogenic differentiation of MSCs [33, 34].
Multiple comparisons showed that only LEPR was differ-
entially expressed between the cell groups tested here.
Interestingly, there was significantly lower expression of
leptin receptor in MSCs from the primary osteoarthritis
patients compared to those from the patients with dysplas-
tic osteoarthritis. Subpopulations of leptin-receptor-
expressing MSCs have been shown to give rise to most
bone and adipocytes formed in adult bone marrow, includ-
ing bone regenerated after irradiation or fracture [9].

The major drawback of this study is that we were not able
to perform all of the analyses for the complete study cohort, as
shown in Table 1. Isolation and culture expansion of primary
cells is a tedious procedure and it is difficult to expand suffi-
cient quantities of the cells at similar passages to perform
multiple analyses. However, this is a genuine situation and
the size of the present study cohort is comparable to previous
studies [1, 5, 11, 28]. Additionally, the groups compared in the
present study were balanced in the factors that have been
suggested to influence MSCs, such as, in particular, the age
of the donor. Another drawback is the lack of healthy control
donors in our study. These would need to be age and sex
matched with no degenerative joint disorders. Ethical issues
associated with obtaining subchondral bone from femoral
head of healthy donors that would be needed for unbiased
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comparison are reasonable. Additionally, a previous study
showed that bone-marrow-derived MSCs from iliac crest, tib-
ia, or femur of patients submitted to knee or hip arthroplasty

due to osteoarthritis have reduced proliferation and adipogenic
and chondrogenic potential, in comparison with normal do-
nors without any signs of osteoarthritis [11].
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Fig. 5 In-vitro immunophenotype of MSCs. Immunophenotyping for
CD73, CD90, and CD105 (a) and negative markers CD45, CD14, and
CD19 (b) of in-vitro expanded cells between p1 and p5. No significant

differences were observed for positive markers (two-way ANOVA) and
negative markers (Welch’s t-tests). OA, osteoarthritis

Fig. 6 Markers of MSC subpopulations. Gene expression profiling for MSC markers revealed the LEPR gene to be significantly down-regulated in
patients with primary osteoarthritis (two-way ANOVAwith Bonferroni post-hoc tests). OA, osteoarthritis

752 Stem Cell Rev and Rep  (2020) 16:742–754



In the current study we have only focused on bone-derived
MSCs, based on previous suggestions of their role in osteoar-
thritis and the considerable amount of knowledge for the iden-
tification of skeletal MSCs. Bearing in mind that osteoarthritis
is a disorder of the whole joint, MSCs derived from other joint
structures, such as synovium, cartilage, and tendons, might
have roles in osteoarthritis etiology as well [16].

The significance and novelty of our findings is that skeletal
MSCs are impaired to some extent in primary hip osteoarthri-
tis in comparison to dysplastic osteoarthritis. They show lower
ex-vivo viability and poorer osteogenic and chondrogenic po-
tential. These features might be associated with lower expres-
sion of the leptin receptor MSC marker. Leptin-receptor-
expressing MSCs have been identified as major subpopula-
tions of MSCs that form bone, cartilage, and adipocytes in
adult life. In primary osteoarthritis patients, leptin-receptor-
expressing MSCs might be depleted, which would suggest
exhaustion of endogenous regenerative potential as their con-
tribution to osteoarthritis etiology.

Conclusions

To summarize, our study provides evidence that subchondral
skeletal MSC exhaustion might be important in primary oste-
oarthritis pathology, whilst biomechanical dysfunction, such
as dysplasia, can induce secondary osteoarthritis without
MSC dysfunction. MSC insufficiency would therefore repre-
sent a novel target to tackle this degenerative disorder in pri-
mary osteoarthritis.
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