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Mesenchymal Stem Cell Alterations in Bone Marrow Lesions in
Patients With Hip Osteoarthritis
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Objective. In patients with osteoarthritis (OA),
bone marrow lesions (BMLs) are intimately linked to
disease progression. We hypothesized that aberrant
multipotential stromal cell (also known as mesenchy-
mal stem cell [MSC]) responses within bone tissue con-
tributes to BML pathophysiology. The aim of this study
was to investigate BML and non-BML native subchon-
dral bone MSCs for numeric, topographic, in vitro func-
tional, and gene expression differences.

Methods. Ex vivo 3T magnetic resonance imaging
(MRI) of the femoral heads of 20 patients with hip OA was
performed. MRI-determined BML and non-BML regions
were excised and enzymatically treated to extract cells and
quantify MSCs using flow cytometry and colony-forming
unit—fibroblast (CFU-F) assay. Immunohistochemical
analysis was performed to determine in vivo CD271+
MSC distribution. Culture-expanded CD271+ cells were
analyzed for tripotentiality and gene expression.

Results. BML regions were associated with
greater trabecular bone area and cartilage damage
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compared with non-BML regions. The proportion of
CD45—-CD271+ MSCs was higher in BML regions
compared with non-BML regions (median difference
5.6-fold; P < 0.001); the CFU-F assay showed a similar
trend (median difference 4.3-fold; P = 0.013). Immuno-
histochemistry revealed CD271+ cell accumulation in
bone adjacent to cartilage defects and areas of osteo-
chondral angiogenesis. BML MSCs had lower prolifera-
tion and mineralization capacities in vitro and altered
expression of TNFSFI11/RANKL and CXCR4/stromal
cell-derived factor 1 receptor. OA MSCs showed up-
regulated transcripts for CXCRI and CCR6 compared
with MSCs derived from healthy or osteoporotic bone.

Conclusion. This study is the first to show
numeric and topographic alterations in native MSCs in
the diseased bone of patients with hip OA. Given the
associated functional perturbation of MSCs, these data
suggest that subchondral bone MSC manipulation may
be an OA treatment target.

Osteoarthritis (OA) is the most common form of
arthritis and a major cause of chronic pain and disability
(1). As the population ages, the projected number of
older adults with OA is expected to increase substantially
in the next 2 decades (1). The pathophysiology of OA is
complex, symptomatic treatment is often ineffective, and
no licensed structure-modifying OA drugs are currently
available. Established OA involves pathology in multiple
tissues, but subchondral bone plays an important role in
pathogenesis and symptomatology (2,3).

With the use of magnetic resonance imaging
(MRI), subchondral bone pathology, including bone
marrow lesions (BMLs) (3-6), can be visualized on
fluid-sensitive MRI sequences. Such BMLs are associat-
ed with overlying cartilage pathology, pain, and pro-
gression of structural abnormalities over time (5,7).
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Histologically, BMLs represent mesenchymal tissue
abnormalities including bone marrow fibrosis, necrosis,
swollen/dying adipocytes, and alterations in trabecular
bone structure (7).

Multipotential stromal cells (also known as mes-
enchymal stem cells [MSCs]) are nonhematopoietic,
clonogenic, multipotential cells that are present in
numerous tissues (8). They have attracted great interest
because of their regenerative and immunoregulatory
properties, as well as their increased use in cell-based
therapies (9). However, MSC behavior in vivo and any
potential contribution to the development of OA
remain poorly understood (10).

MSCs are abundant in trabecular bone, where
they have been observed in both perivascular and bone-
lining locations (11-13). Bone-resident MSCs are
important for bone repair and remodeling by virtue of
being precursors of osteoblasts, which not only form
new bone but also control osteoclast activation by pro-
ducing RANKL and osteoprotegerin (14). Within BMLs,
perturbations in bone MSC function may lead to abnor-
mal bone remodeling, which could affect the overlying
cartilage (3). We therefore hypothesized that subchon-
dral bone MSCs contribute to BML pathophysiology and
compared the numbers, topography, in vitro differentia-
tion capacities, and gene expression profiles of MSCs
extracted from paired BML and non-BML regions from
the same OA-affected femoral head.

PATIENTS AND METHODS

Patients and cells. Patients with primary hip OA who
were scheduled to undergo total hip arthroplasty (THA) were
recruited from the orthopedic unit at Chapel Allerton Hospi-
tal, Leeds. All patients met the American College of Rheuma-
tology criteria for the classification of hip OA (15). Exclusion
criteria included a history of inflammatory arthritis, previous
hip surgery, metastatic cancer, or disorders affecting bone. All
patients gave written informed consent, and the study was
approved by the National Research Ethics Committee York-
shire and Humberside. As a control, trabecular bone was har-
vested from the iliac crest in 9 age-matched patients with
pelvic fracture who were otherwise healthy (median age 57
years, range 39-84 years). Femoral heads were also collected
from 5 patients with osteoporosis (OP) who had a femoral
neck fracture (median age 83 years, range 74-92 years).

Femoral heads from patients with OA or OP were col-
lected immediately after removal during THA and placed in
phosphate buffered saline (PBS) (Invitrogen). Twenty-one
femoral heads from patients with OA (median age 65.3 years,
range 48-83 years) were subjected to MRI, and femoral heads
from 7 patients (median age 71 years, range 43-78 years) were
used as controls in real-time quantitative polymerase chain
reaction (QPCR) and flow cytometry validation experiments.
For MRI, explants were mounted on a nonmetal bracket and
clamp with orienting cut-outs (Figure 1A) and secured in a
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Figure 1. Segregation of bone marrow lesion (BML) and non-BML
regions and downstream processing. A, Femoral head in plastic
bracket. B, Femoral head/bracket in a phosphate buffered saline—
containing polypropylene jar. C, Proton density-weighted sequence
magnetic resonance images in 3 planes, with measurements for cuts
(top and bottom left) and corresponding T1-weighted sequence
image obtained in the “coronal” plane (bottom right). D, Bone
segregation apparatus. E, BML bone fragments used for collagenase
treatment after mincing with a rongeur.

PBS-containing polyethylene jar (Figure 1B). Cod liver oil pills
were fixed externally to provide further position markers.
These orienting markers could be visualized on MRI and dur-
ing manual processing. Samples were kept at room tempera-
ture, and MRI was performed within 4 hours of sample
collection.

MR image acquisition and analysis. MR images
were obtained with a Verio 3.0T MRI system (Siemens). MRI
was performed using fat-suppressed, fast spin-echo, proton
density—weighted sequences. T1-weighted sequences were
obtained in 1 plane to identify BMLs (Figure 1C). To ensure
accurate cutting measurements in 3 dimensions for separation
of BML from non-BML regions, MRI sequences were
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Figure 2. Histologic appearance of bone and cartilage in bone marrow lesion (BML) and non-BML specimens. A and B, Gross histologic appearance
of an excised BML specimen with a subchondral cyst (arrow) (A) and corresponding non-BML specimen from the same femoral head (B). C, Compar-
ison of trabecular bone area (BML versus non-BML) as a percentage of the total area (n = 14 pairs). * = P = 0.001. D and E, Excised BML specimen
showing some cartilage abnormalities above the articular end plate (D) and non-BML fragment from the same femoral head showing intact cartilage
above the articular end plate (E). F and G, Photomicrographs of Safranin O—stained paired BML (F) and non-BML (G) specimens after decalcifica-
tion in EDTA, showing a greater trabecular area in the BML region. Bars = 3.8 mm (A and B), 500 M (D and E), and 600 uM (F and G).

obtained in 3 planes (axial, coronal, and sagittal) (Figure 1C).
BMLs were defined as areas of increased signal intensity
adjacent to subcortical bone on proton density-weighted
sequences that had low intensity on T1-weighted sequences
(Figure 1C). For additional information, including MRI
sequence settings, see Supplementary Table 1 (available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.39622/abstract).

MR images were examined using Siemens syngo fast-
View software for DICOM images. Identification of BML and
non-BML regions was first performed by a physiatrist with
experience in musculoskeletal imaging (TMC). Interpretation
was repeated independently by a radiologist with expertise in
musculoskeletal imaging (RH), with blinding with regard to all
patient data and prior interpretation. Consensus regarding
BML and non-BML regions was then reached by discussion.
Because the patients recruited into the study had severe OA,
we acknowledge that non-BML regions are unlikely to repre-

sent “normal bone”; however, the most normal-appearing
bone was selected.

Excision of specimens from BML and non-BML
regions, and downstream tissue processing. MRI measure-
ments were performed in all 3 proton density-weighted
sequence planes (Figure 1C). Bone cutting measurements
were planned using the measuring tool of the image visualiza-
tion software. Measurements and sample orientation were
accomplished with reference to sample anatomic landmarks
(e.g., outer cortex apex, ligamentum teres, osteophytes). A
sterile marker was used to mark orienting lines on the sample
corresponding to the anteroposterior and mediolateral land-
marks on the bracket, so that orientation was maintained.

All bone processing was performed in a tissue culture
hood, using sterile technique. After the femoral heads were
removed from the bracket, they were placed in a vice, and the
remainder of the femoral neck was used to hold the sample to
prevent damage to the subchondral regions (Figure 1D). BML
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and non-BML portions of bone were removed from the femo-
ral head, referencing the 3-dimensional cut plan (Figure 1D).
Because BMLs have an ill-defined border, a 2-3-mm gap was
left between BML and non-BML regions to ensure that BML
bone was well separated from non-BML bone.

Excised pieces of BML and non-BML regions were
each divided into 2 portions: one for histology and one for cell
extraction following enzymatic release (11). Samples prepared
for collagenase treatment were minced using a rongeur
(Figure 1E) and then placed in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM,; Life Technologies) with 20% fetal
calf serum (FCS) (Sigma) and animal origin—free collagenase
(3,000 units/gm bone) (Worthington Biochemical Corporation)
for 4 hours at 37°C (11). After completion of the collagenase
treatment, a fraction of the cells (average 1.5 X 10°) was obtained
for flow cytometry, and the rest of the cells were frozen in FCS
supplemented with 10% dimethylsulfoxide (Sigma) for later use.
Samples for histologic analysis were placed in 10% formalin
(Sigma) before processing.

Histologic and immunohistochemical analysis. For
each patient, separate BML and non-BML femoral head
pieces were decalcified using 12.5% EDTA (Sigma) in deion-
ized water for 3-4 months and then mounted on paraffin
blocks. Decalcified tissue specimens were stained with hema-
toxylin and eosin or Safranin O, using standard protocols.

Digital image analysis was performed to evaluate relative
trabecular bone area and cartilage damage. For each sample, the
whole tissue area was scanned using a Nikon E1000 microscope
under brightfield mode and a multispectral Nuance camera
(PerkinElmer). Using the femoral head cartilage surface to orient
the tissue, the overall section was then separated into cartilage
(including the cartilage-bone interface) and bone. The presence
of cysts in the bone area (Figure 2A) was taken into consideration,
and tissue that was immediately adjacent was not used for quanti-
tative bone area measurements. Depending on the size of the sec-
tion, at least 5 (nonoverlapping) images were captured for the
bone area and 2-5 images were captured for the cartilage area.

Nuance version 3.0.1.2 software (Caliper Life Sciences)
was used for digital image analysis. Educating the software to rec-
ognize trabecular bone was done by manually determining small
representative areas of bone and repeating the process until
>95% accuracy in identifying bone was achieved automatically.
For each tissue section, the full area was measured, and the tra-
becular bone area was calculated as a percentage (mean * SD of
a minimum of 5 images). For cartilage assessment, 10 positions
were spaced out over the length of available cartilage in each
image and repeated over 2-5 images (depending on the size of
the tissue). Cartilage appearance was classified as “less dam-
aged” or “more damaged” based on superficial zone smoothness,
clefts, fibrillation, and presence of sclerotic bone or reparative tis-
sue within denuded surface (16) (Figures 2D and E).

Immunohistochemistry for CD271 staining was per-
formed as optimized by Tormin et al (12). Mouse anti-human
CD271 monoclonal antibody (Abcam) was used at a dilution
of 1:50. (For a complete list of reagents, see Supplementary
Table 2, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.39622/abstract).

Flow cytometry. For MSC enumeration, flow cytom-
etry was performed on freshly enzymatically treated samples
using a BD LSRII flow cytometer (BD Biosciences).
Depending on the cellularity of collagenase-treated samples,
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Figure 3. Mesenchymal stromal cell (MSC) enumeration in fractions of
cells released from bone marrow lesion (BML) and non-BML regions, fol-
lowing collagenase treatment. A, Representative flow cytometry plots for
CD45—CD271+ MSC populations showing a rectangular selection for
MSC enumeration. B, Paired-sample line graphs showing CD45—
CD271+ MSCs as a percentage of total live cells (left) and CD90+ cells
as a percentage of CD45—CD271+ cells (right) in BML versus non-BML
cell fractions (n = 20 each). C, Left, Dot plots from a BML sample with
gating on the CD45+ lymphocyte population. Right, Paired-sample line
graphs showing lymphocytes as a percentage of total live cells in BML
versus non-BML cell fractions (n =20 each). D, Colony-forming unit—
fibroblast (CFU-F) assay. Left, Representative 25-cm? flasks. Right,
Paired-sample line graph showing the number of CFU-Fs per 10° plated
cells in BML and non-BML regions (n = 14 each). In all line graphs, bars
show the median. * = P < 0.05; #** = P < (0.001.
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~1-2 X 10° cells were resuspended in 50 ul of fluorescence-
activated cell sorting (FACS) buffer (PBS plus 0.5% bovine
serum albumin) and incubated in a 10% Fc receptor-block-
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ing reagent solution (Miltenyi Biotec) before fluorophore-
conjugated antibodies were added. Staining was performed
for CD90, CD73, CD45, and CD271 (for additional informa-
tion, see Supplementary Table 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.39622/abstract), and dead cells were excluded
using live cell marker calcein violet and dead cell marker
aqua-fluorescent reactive dye (Invitrogen) (17). The propor-
tion of MSCs gated as CD45—CD271+ cells (11,12) was cal-
culated relative to total live cells (Figure 3A). MSC extended
phenotype was investigated using CD73 and CD90 markers.
The percentages of lymphocytes (18) were similarly calculat-
ed relative to the total number of live cells.

The MSC identity of BML- and non-BML-derived
adherent cultures was investigated following staining with a
standard panel of antibodies defining the phenotype of cul-
tured MSCs (19). Passage 3 cultures grown from BML- and
non-BML CD271-selected cells were trypsinized and resus-
pended at 107 cells/ml in FACS buffer. Antibody combinations
included the following: phycoerythrin—-Cy7 (PE-Cy7)-
conjugated CD45, PerCP-conjugated CD34, allophycocyanin
(APC)—conjugated CD271, APC-H7-conjugated CD14, and
fluorescein isothiocyanate (FITC)—conjugated CD19 and PE-
labeled antibodies, including PE-conjugated CD73 (ecto-5'-
nucleotidase), PE-conjugated CD105 (endoglin), and PE-
conjugated CD90 (Thy-1) (for additional information, see
Supplementary Table 3). All antibodies were used at the con-
centrations recommended by the manufacturers, with matched
isotype controls. Dead/dying cells (normally <5% of total
cells) were excluded from the analysis using 10 wl/ml DAPI
(Sigma). All flow cytometry data were analyzed using Diva
version 6.2 software (BD Biosciences).

Colony-forming unit—fibroblast (CFU-F) assay and
MSC expansion from BML and non-BML collagenase
digests. A CFU-F assay was performed as described previous-
ly (11), with a minor modification using methylene blue,
before scoring was performed in a blinded manner. MSC
expansion was used to measure MSC proliferation rates and to
produce a sufficient number of cells for trilineage differentia-
tion assays and gene expression analysis. MSCs were expanded
in StemMACS MSC Expansion Media after preenrichment
using CD271 MACSelect MicroBeads (both from Miltenyi
Biotec), and culture population doublings were calculated as
previously described (20). MSCs from the bone of healthy con-
trols and patients with OP were expanded similarly following
their enzymatic release from bone (11).

Trilineage differentiation. Passage 2/3 MSCs (n=35
matched donor-derived cultures for BML and non-BML bone
tissue digests) were induced toward osteogenesis, chondrogen-
esis, and adipogenesis, using standard protocols (21). For oste-
ogenesis and chondrogenesis, we used StemMACS OsteoDiff
and ChondroDiff medium, respectively (Miltenyi Biotec); adi-
pogenic cultures were grown in DMEM with 10% FCS, antibi-
otics, 10% horse serum (StemCell Technologies), 0.5 mM
isobutylmethylxanthine, 60 uM indomethacin, and 0.5 uM
hydrocortisone (all from Sigma).

Differentiation assessment was performed as previously
described (21). Briefly, alkaline phosphatase activity was
visualized on day 14 postinduction. Calcium deposits were
stained using alizarin red on day 21, and total calcium produced
by cultures was measured using a Calcium Detection Kit (Senti-
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nel Diagnostics). Biochemical assessment of the glycosamino-
glycans (GAGs) was performed on 3 of 4 chondrogenic pellets
grown for 21 days. The remaining pellet was used for histologic
analysis; 4-um sections were cut using a Leica CM1950 cryostat,
fixed, and stained with toluidine blue. Adipogenic cultures were
stained with oil red O on day 21 postinduction.

Real-time qPCR. To investigate MSC molecular pro-
files, paired CD271 bead-selected BML and non-BML pas-
sage 2 cultures were analyzed for their relative expression of
genes involved in MSC tripotentiality, collagen metabolism,
chemotaxis, angiogenesis, and control of osteoclast activation.
Other selected genes included those previously described as
being associated with OA (3,22) (see also Supplementary
Table 4, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.39622/abstract).
MSCs derived from trabecular bone from age-matched con-
trols as well as MSCs derived from the femoral heads of
patients with OP were included as controls.

Reverse transcription and qPCR were performed
using a custom Format 48 TaqMan low-density array (Life
Technologies) (see Supplementary Table 4), as previously
described (20). Mean fold changes were calculated and were
considered further if the change was =2-fold. Selected tran-
scripts were validated on additional samples using individual
TagMan assays, matching those included in the TagMan low-
density array. Tests were performed in triplicate on 5 ng com-
plementary DNA per well.

Statistical analysis. Differences between paired BML
and non-BML samples for trabecular bone area, flow cytometric
measurements of MSC and lymphocyte proportions, CFU-F
assays, MSC growth, gene expression, and differentiation data
were compared using the 2-sample paired sign test. Gene expres-
sion differences using control MSC cultures (3 groups: OA,
healthy control, and OP MSCs) were tested by Kruskal-Wallis
test with Dunn’s multiple comparison tests. The chi-square test
was used to establish associations between cartilage appearance
(less damaged versus more damaged) and BML/non-BML
images. P values less than or equal to 0.05 were considered sig-
nificant. All tests were performed using IBM SPSS Statistics 21.

RESULTS

Subject recruitment. Twenty-one patients were
considered for recruitment into the ex vivo MRI study,
but 1 of the patients showed no detectable BMLs
on MRI and was excluded. Half of the patients were
women, and all were white. The median age was 65.3
years (range 48-83 years), and the median body mass
index was 28.4 kg/m?® (range 20.7-42.8). Half of the
patients were receiving nonsteroidal antiinflammatory
drugs, and none were receiving bisphosphonates.
Twenty-five percent of the patients were smokers, and
85% had Kellgren/Lawrence grade 4 hip OA (23).

Histologic features segregating BML from non-
BML regions. To confirm the accuracy of our BML
sampling, we performed histologic assessment of bone
and cartilage in paired BML and non-BML samples
from 14 randomly selected patients. BMLs have been
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Figure 4. CD271 cell distribution in light microscopy images of
bone marrow lesion (BML) and non-BML specimens as assessed by
immunohistochemistry. A and B, Perivascular distribution in repre-
sentative negative control (A) and CD271-stained (B) non-BML
specimens. C, Representative non-BML specimen showing CD271
staining in bone lining. D, CD271+ staining near osteochondral
junction and surrounding a bone cyst (BC) in a representative BML
sample. E, Higher-magnification view of boxed area in D, showing
CD271+ staining within the subarticular end plate immediately
beneath a chondral lesion (arrows). F, High-magnification view of
BML sample, showing subchondral CD271+ perivascular staining
(arrowheads) and CD271+ staining within subarticular end plate
immediately beneath chondral lesion (arrow). G, Non-BML sample,
showing relatively intact cartilage and lacking CD271 expression.
Bars =100 um (A-C), 3 mm (D), 400 um (E and F), and 200 pum (G).

characterized by a high bone volume fraction (24). For
trabecular area analysis, 320 images of bone were
acquired: 198 images for BML samples (average of 9.3
images per sample [range 5-14]) and 122 images for
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non-BML samples (average of 6.6 images per sample
[range 5-9]). The average trabecular bone area per sam-
ple (n= 14 pairs) was widely distributed between the
patients; however, a clearly higher trabecular area was
observed in BML compared with paired non-BML sam-
ples (P =0.001) (Figures 2C, F, and G).

BMLs were also associated with overlying carti-
lage defects (25,26). Cartilage assessment was per-
formed in the group of samples from 14 donors.
Following decalcification, 9 of 14 paired tissue samples
had sufficient amounts/quality of cartilage to enable
paired analysis, and 74 images were acquired for the
cartilage region: 43 BML (average of 5 images per sam-
ple [range 2-9]) and 31 non-BML (average of 3 images
per sample [range 2-14]). Images showing more dam-
aged cartilage (assessed by comparing the relative
smoothness of cartilage, presence of clefts, fibrillation,
and sclerotic bone or reparative tissue within denuded
surface [16]) were closely associated with BML samples
(24 of 43 images) compared with non-BML samples (5
of 31 images; P = 0.01), where most of the cartilage sur-
face was considered to be less damaged (Figures 2D and
E). Taken together, these findings were consistent with
the expected histologic features of BML and non-BML
regions, confirming the accuracy of the excision method.

MSC enumeration by flow cytometry and CFU-F
assay. Representative flow cytometry plots for CD45—
CD271+ MSC populations are shown in Figure 3A.
Despite broad donor-to-donor variation, a greater pro-
portion of CD45—CD271+ cells as a percentage of total
live cells was observed in BML compared with non-BML
tissue digests (median difference 5.6-fold; P < 0.001) (Fig-
ure 3B). The expression of 2 additional markers (CD73
and CD90) was also assessed on CD45—CD271+ cells to
confirm their MSC identity. In both BML and non-BML
regions, >85% of CD45—CD271+ cells were CD73+ (for
BML, mean 87.5%; for non-BML, mean 89.5% [P = not
significant]). The CD45—CD271+CD90+ cell subpopula-
tion, a recently described phenotype of the most clono-
genic MSCs (27), was also higher in BML regions (median
1.7-fold; P=0.041) (Figure 3B). In contrast to the
observed differences in MSC numbers, no difference in
the percentages of lymphocytes (gated as CD45"" €SS Clov
cells [18]) in BML and non-BML digests was observed
(P =0.824) (Figure 3C). To further validate this difference
in MSC frequency, a CFU-F assay was performed in 14
pairs of tissue digests, and the same trend was observed
(median difference 4.3-fold; P = 0.013) (Figure 3D).

Topography of CD271+ MSCs in excised BML
and non-BML specimens. We next performed immu-
nohistochemical analysis to investigate the localization
of CD271+ cells within the excised samples. In both
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Figure 5. Surface phenotype, growth rates, and differentiation capacities of CD271 cell-derived cultures from bone marrow lesions (BMLs) and
non-BMLs. A, Flow cytometry histograms showing positive (CD73, CD90, CD105) and negative (CD45) marker expression in BMLs and non-
BMLs from a representative donor. Dashed lines indicate isotype controls. B, Culture growth rates at different passages (for passages 0-2 [P0O-
P2], n=5; for P3, n = 2). Bars show the mean = SD. C, Adipogenesis in paired BML and non-BML adipogenic cultures. Left, Percentage of oil
red O—positive area versus total cell area in BML and non-BML cultures (n =5 each). Right, Representative photomicrographs of paired BML
and non-BML cultures at 40X magnification and 200X magnification (left and right images, respectively). D, Osteogenesis in paired BML and
non-BML osteogenic cultures. Left, Calcium production in BML and non-BML osteogenic cultures (n =5 each). Right, Representative alkaline
phosphatase (purple) and alizarin red (red) staining of BML and non-BML osteogenic cultures. E, Chondrogenesis in paired BML and non-BML
chondrogenic cultures. Left, Glycosaminoglycan (GAG) production in BML and non-BML chondrogenic cultures (n=35 each). Right, Gross
images of wet chondrogenic pellets (bars represent 1-mm spacing) and light microscopy images of toluidine blue—stained cartilage pellets at 40X
magnification. Data in C-E are shown as box plots, representing the 25th, 50th, and 75th percentiles. * = P < 0.05. PD = population doubling.

BML and non-BML tissues, CD271 staining was distrib-
uted as expected in a perivascular and reticular pattern
in marrow cavities (Figure 4B) (12,13). Additionally,
CD271 positivity was clearly detectable in bone lining
locations (Figure 4C).

A highly heterogeneous distribution of CD271
positivity (due to the large intersubject heterogeneity of
bone pathology and cartilage OA architectural changes)
did not allow reliable quantification of CD271+ cells
using digital imaging analysis to directly compare
excised non-BML and BML specimens. However, in the
BML samples, accumulation of CD271 staining was par-
ticularly evident in the regions adjacent to subchondral
bone cysts (Figure 4D) and cartilage damage (Figures
4D-F) at osteochondral junctions where overlying carti-
lage loss was more pronounced. In addition to perivas-

cular staining (Figure 4F), there was substantial staining
of fibrous stromal tissue extending toward and up to the
cement line from the subchondral bone (Figures E and
F), suggesting that MSCs had accumulated at regions of
cartilage damage. Stained stromal tissue was often seen
invading more damaged cartilage “from below” in
BMLs (see Supplementary Figures 1A and B, available
on the Arthritis & Rheumatology web site at http://online-
library.wiley.com/doi/10.1002/art.39622/abstract); how-
ever, there was no positive CD271+ staining within the
cartilage itself (Figure 4G).

In vitro growth and differentiation capacities of
CD271+ MSC-derived cultures. CD271+ bead-selected
cells from BML and non-BML digests possessed the
standard MSC phenotype following culture expansion
(Figure 5A). To test whether BML-resident CD271+
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Figure 6. Relative gene expression in CD271+ cell-derived mesenchymal stem cell cultures from bone marrow lesions (BMLs) and non-BMLs
in the bone of patients with osteoarthritis (OA), healthy controls (HCs), and patients with osteoporosis (OP). A, Mean fold changes in relative
gene expression in BML versus non-BML cultures; n = 7 paired samples. The 272C value was normalized to the value of HPRT. Black bars indi-
cate P<0.05 by Wilcoxon’s test for paired data. B, Top, Validation of CXCR4 differential expression as determined by TagMan quantitative
polymerase chain reaction (qPCR) analysis. Bottom, Validation of RANKL surface protein expression as determined by flow cytometry. C, Vali-
dation of genes putatively specific for OA mesenchymal stem cells (MSCs) using additional OA (n=7), HC (n=9), and OP (n=5) MSC cul-
tures. D, Expression of CXCR4 and TNFSFI11 (encoding RANKL) in additional OA, HC, and OP MSC cultures. Gene expression that is
significantly different in OA MSCs compared with both HC MSCs and OP MSCs is indicative of an OA phenotype. The y-axis indicates expres-
sion relative to HPRT. Kruskal-Wallis grouped comparison P values are shown in graphs, with paired significance indicated by P <0.05 (*) and

P <0.01 (**). MFI = mean fluorescence intensity; NS = not significant.

MSCs had altered functional capacities, the growth
kinetics of CD271+ cell cultures were examined. BML
cultures had slightly longer population doubling times
compared with non-BML cultures (P = 0.049 for all pas-
sages combined; n = 5 donors) (Figure 5B).

Regarding their differentiation capabilities, paired
BML and non-BML cultures showed similar levels of
adipogenesis (Figure 5C). No differences were observed
in alkaline phosphatase staining on day 14 postinduction
of osteogenesis (Figure 5D); however, on day 21 postin-
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duction, BML cultures produced lower amounts of calci-
um (P =0.043) (Figure 5D). No obvious trends were
observed in chondrogenesis assays, assessed either quali-
tatively (chondrogenic pellet staining with toluidine blue)
or quantitatively (GAG assay) (Figure SE).

Comparative gene expression signatures of
MSCs from BML and non-BML digests. The expres-
sion of 46 genes involved in MSC function, collagen
metabolism, chemotaxis, angiogenesis, and control of
osteoclast activation was measured using qPCR in
CD271+ cell-derived cultured MSCs from OA patients
(n=7 BML/non-BML pairs). The 2 differentially
expressed bone-related genes between BML and non-
BML cultures (CXCR4 and TNFSFI11) (Figure 6A)
were subsequently validated by individual TagMan
assays and flow cytometry. Consistent with TagMan
low-density array data, expression of the receptor for
stromal cell-derived factor 1 (SDF-1), CXCR4, was lower
in BML MSCs, using qPCR (Figure 6B). CXCR4 surface
protein was present only in a small percentage (28) of cells
in all 5 paired BML/non-BML MSC cultures (see Supple-
mentary Figure 2A, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.39622/abstract). The mean fluorescence intensity of the
surface protein RANKL (encoded by TNFSF11) was low-
er in 4 of 5 cultures of BML MSCs compared with non-
BML MSCs, as demonstrated using flow cytometry (Fig-
ure 6B). The remaining genes were not differentially
expressed between BML and non-BML digests.

Comparative gene expression signatures of
MSCs from OA, OP, and healthy bone. To determine
whether differential MSC gene expression in femoral
heads was a feature of hip OA, we compared all OA
MSC transcripts (averaging BML and non-BML Taqg-
Man low-density array data for the genes that were not
differentially expressed) with healthy control MSCs
(n=5) and OP MSCs from femoral heads (n=3).
When OA MSCs were compared with healthy control
MSCs, significantly different levels were observed for
8 transcripts. Transcript levels for 5 of these transcripts
were higher in OA MSCs: CXCRI/interleukin-8 (IL-8)
receptor a-chain and CCR6/macrophage inflammatory
protein la (MIP-1a) receptor (mostly below detection
in healthy control MSCs), GDF5/growth differentiation
factor 5 (8-fold), MMPI/matrix metalloproteinase 1 (23-
fold), and TGFBR2/transforming growth factor B recep-
tor 2 (2-fold). The levels of another 3 transcripts were
lower: ACAN/aggrecan (2-fold), NTRKI/high-affinity
nerve growth factor receptor (10-fold), and NGFR/low-
affinity nerve growth factor receptor (2-fold). We next
used qPCR (Figure 6C) and flow cytometry (see Supple-
mentary Figure 2B, available on the Arthritis & Rheuma-
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tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.39622/abstract) to validate some of these putative
OA-specific genes, using additional cultures of OA MSCs
(n=7), and compared expression with that in healthy
control MSCs (n =9). We were mindful that these differ-
ences could be attributable to OA MSCs and healthy con-
trol MSCs having been derived from anatomically
different bones (femoral head versus iliac crest [29]);
therefore, we analyzed OP MSCs (n = 5), which were also
derived from femoral head bone. This analysis confirmed
that expression of CXCRI, CCR6, and GDF5 was signifi-
cantly different across the 3 groups (Figure 6C), and that
CXCRI and CCR6 were OA-specific (as shown by signifi-
cantly higher expression in OA MSCs compared with both
healthy control MSCs and OP MSCs). CXCRI1 surface
protein expression was also higher in OA MSCs compared
with healthy control MSCs and OP MSCs, and shown
using flow cytometry (see Supplementary Figure 2B, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39622/abstract).

Finally, we investigated whether the expression
of CXCR4 and TNFSF11 was OA-specific (Figure 6D).
Using additional OA, healthy control and OP MSC cul-
tures, we observed that CXCR4 expression was signifi-
cantly different across the 3 groups and higher in OA
MSCs compared with healthy control MSCs (Figure
6D). TNFSF11/RANKL expression was variable across
the 3 groups, as demonstrated by the results of qPCR
(Figure 6D) and flow cytometry, respectively (Supple-
mentary Figure 2B).

DISCUSSION

Relatively little is known about the role of endog-
enous MSCs in OA-related bone pathophysiology (10).
Given that MSCs are thought to be master regulators of
joint and bone homeostasis (30), we investigated whether
they might be involved in OA BMLs, which is known to
be associated with both pain and structural changes
(31). To our knowledge, this study is the first to evaluate
native subchondral bone MSCs in human OA in relation
to tissue damage. Our findings show numeric, topo-
graphic, gene expression, and functional perturbations
in MSCs from patients with hip OA, especially from
areas of cartilage loss in BMLs.

Previous studies investigated OA MSCs from
anatomic sites remote from damaged areas, i.e., from
iliac crest bone marrow (32) and from femoral canal
bone marrow (33), both after culture expansion. Our
previous analysis of CD45—CD271+ cells sorted from
whole OA femoral heads did not reveal any significant
signs of premature aging or gross osteogenic abnormality
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compared with control bone (11). In the current study,
we carefully excised BML and non-BML areas of a femo-
ral head, as segregated using MRI, and were able to
detect subtle differences in MSC features within the
same affected joint but in relation to the amount of tissue
damage. The histologic features of excised BML and
non-BML regions in our study were consistent with antic-
ipated tissue abnormalities in BMLs, such as an increased
bone volume fraction (24) and overlying cartilage loss
(25,26).

We first showed that MSCs were proportionally
increased in more diseased OA bone; this was initially
surprising but not entirely unexpected considering pre-
viously published reports of the increase in synovial flu-
id MSCs in relation to OA severity (34,35). Consistent
with these findings, Harris et al recently documented
aberrant MSC accumulation in the joints of patients
with advanced OA (36). Additionally, an increase in
subchondral bone MSCs was recently documented in a
mouse anterior cruciate ligament transection model of
OA (37).

In accordance with data from the studies by
Harris et al and Zhen et al and with their proposed
mechanism for increased MSCs in OA joints (36,37), we
observed that the OA MSC chemokine receptor tran-
script profile was consistent with the notion of their
potential recruitment from deeper marrow cavities
toward the joint surface. BML MSCs may indeed be
recruited to more damaged areas of cartilage and super-
ficial subchondral bone due to higher concentrations of
SDF-1 in these regions, which is the result of diffusion
to subchondral bone from OA synovial fluid via thinned,
damaged cartilage (38,39). Our data suggest that once
at the site of damage, MSC CXCR4 expression may be
down-regulated to prevent further migration.

Furthermore, OA MSCs up-regulated CXCRI
(receptor for IL-8) and CCR6 (receptor for MIP-3a), 2
chemokines that are known to be abundant in OA syno-
vial fluid (36,40) and have been shown to be potent
inducers of bone marrow MSC migration (41). There-
fore, both the gene expression data and the immunohis-
tochemical staining pattern, where MSCs were
abundant in regions underlying cartilage defects, sup-
port the notion of their migratory response (42) toward
areas of cartilage loss where the influences of inflamma-
tory synovial fluid chemokine gradients are the stron-
gest. In progressive OA, however, this response appears
to be inadequate, pointing toward the possibility of a
defect in MSC recruitment following skeletal damage.

In the current study, a lower MSC calcium
production capacity of BML MSCs compared with non-
BML MSCs was observed, which could explain histo-
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logic findings of reduced tissue mineral density in BML
bone despite a higher cross-sectional bone area. Inap-
propriate mineralization of BML bone could also be
attributable to the defect in the capacity of BML MSCs
to regulate bone remodeling. Compared with non-BML
MSCs, BML MSCs expressed less RANKL surface pro-
tein in 4 of 5 matched MSC cultures tested. Shifts in
RANKL expression, at both the messenger RNA and
protein levels, have been previously documented for
OA subchondral bone osteoblasts and explained by
their “different stages of attempts to repair” (43). This
further supports the concept of “uncoupled” bone for-
mation and resorption by subchondral bone in OA (37),
conceivably altering the biomechanical and load-
distribution properties of OA bone, putting cartilage at
higher risk of injury. Such alterations support the need
for further development of novel therapies targeting
subchondral bone homeostasis for the treatment of OA
(2,44-46). In this context, our findings indicate that the
MSC population is affected by the OA process and may
therefore be an important therapeutic target for modu-
lation in early disease.

Our histologic data showed that in the femoral
heads of patients with OA, CD271+ MSCs surrounded
vessels that had penetrated up to the cement line. MSCs
can indeed act as promoters of angiogenesis (10) and
are closely associated with pericytes and catecholamin-
ergic nerve fibers (13,47). OA neurovascular changes at
the osteochondral junction, including vessels and both
sensory and sympathetic nerves breaching the tidemark,
are now considered to be a possible source of OA joint
pain (48,49). Based on our immunohistochemistry data,
it is not unreasonable to suggest that MSCs in patients
with advanced OA could also take part in pathologic
subchondral neurovascular ingrowth (via their angio-
genic actions and vessel-stabilizing functions) and hence
contribute to the development of joint pain.

This study is limited by the number of OA
patients recruited for the MRI study and the amount of
material that could be distributed to all of the experi-
mental arms. Although the study was sufficiently pow-
ered to detect numeric and functional differences in
paired BML/non-BML MSC populations, some statisti-
cal analyses, such as gene expression validation using
flow cytometry and TagMan qPCR, were not possible in
all cultures. Although the expression of GDFS5, a growth
factor and known OA susceptibility gene (22,50), was
found to be different in OA MSCs compared with
healthy control MSCs and OP MSCs, further work is
required to assess its role in influencing MSC activity at
the site of damage. This is in contrast to our data for
CXCRI and CCRO, the expression of which was con-
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firmed to be OA-specific. Finally, although we were
able to observe a difference in CD271 immunohisto-
chemical staining distribution between BML and non-
BML samples, tissue architectural heterogeneity pre-
vented us from making a statistical evaluation of these
data and comparing it with our flow cytometry findings.

In summary, our data show that in subchondral
bone from patients with late-stage hip OA, MSCs are
increased in number in the areas of damage but exhibit
functional and gene expression perturbations that could
lead to further damage escalation. In relation to the
development of novel therapy for early OA, our work
emphasizes the abundance of subchondral bone MSCs
in humans and provides initial insight into potential can-
didate pathways that can be targeted in order to normal-
ize or improve the MSC pool. New therapies targeting
the bone—cartilage interface (14) and aimed at reestab-
lishment of a functional cartilage surface zone (10)
could delay progression of the disease, particularly if
they are combined with other interventions such as cor-
rection of joint biomechanics.

ACKNOWLEDGMENTS

We thank Mark Emerton, David MacDonald, and Dr.
Rahul Singh for providing femoral head specimens as well as
Prof. Peter Giannoudis and Dr. Argiris Papathanasopoulos for
providing normal bone specimens. We gratefully thank Drs.
Richard Hodgson and Andrew Grainger for interpretation of
MRISs, Dr. Sarah Kingsbury for guidance with project develop-
ment, Mike Shires and Karen Henshaw for processing of histo-
logic samples and for their advice, and Dr. Elizabeth Hensor
for her help with the statistical analysis. We also thank Dr. Tom
Baboolal, Richard Cuthbert, Dr. Sally Boxall, Dr. Yasser El-
Sherbiny, and Rekha Parmar for providing technical assistance.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Jones had full access to all of the
data in the study and takes responsibility for the integrity of the data
and the accuracy of the data analysis.

Study conception and design. Campbell, Churchman, Ponchel,
Jones.

Acquisition of data. Campbell, Churchman, Gomez, Ponchel, Jones.
Analysis and interpretation of data. Campbell, Churchman, McGonagle,
Conaghan, Ponchel, Jones.

REFERENCES

1. Nho SJ, Kymes SM, Callaghan JJ, Felson DT. The burden of
hip osteoarthritis in the United States: epidemiologic and eco-
nomic considerations. J Am Acad Orthop Surg 2013;21 Suppl 1:
S1-6.

2. Mansell JP, Collins C, Bailey AJ. Bone, not cartilage, should be
the major focus in osteoarthritis. Nat Clin Pract Rheumatol
2007;3:306-7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

CAMPBELL ET AL

. Goldring MB, Goldring SR. Articular cartilage and subchondral

bone in the pathogenesis of osteoarthritis. Ann N Y Acad Sci
2010;1192:230-7.

. Felson DT, Chaisson CE, Hill CL, Totterman SM, Gale ME,

Skinner KM, et al. The association of bone marrow lesions with
pain in knee osteoarthritis. Ann Intern Med 2001;134:541-9.

. Xu L, Hayashi D, Roemer FW, Felson DT, Guermazi A. Mag-

netic resonance imaging of subchondral bone marrow lesions in
association with osteoarthritis. Semin Arthritis Rheum 2012;42:
105-18.

. Driban JB, Lo GH, Lee JY, Ward RJ, Miller E, Pang J, et al.

Quantitative bone marrow lesion size in osteoarthritic knees cor-
relates with cartilage damage and predicts longitudinal cartilage
loss. BMC Musculoskelet Disord 2011;12:217.

. Zanetti M, Bruder E, Romero J, Hodler J. Bone marrow edema

pattern in osteoarthritic knees: correlation between MR imaging
and histologic findings. Radiology 2000;215:835-40.

. Da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal

stem cells reside in virtually all post-natal organs and tissues.
J Cell Sci 2006;119:2204-13.

. Barry F, Murphy M. Mesenchymal stem cells in joint disease

and repair. Nat Rev Rheumatol 2013;9:584-94.

Coleman CM, Curtin C, Barry FP, O’Flatharta C, Murphy JM.
Mesenchymal stem cells and osteoarthritis: remedy or accom-
plice? Hum Gene Ther 2010;21:1239-50.

Jones E, English A, Churchman SM, Kouroupis D, Boxall SA,
Kinsey S, et al. Large-scale extraction and characterization of
CD271+ multipotential stromal cells from trabecular bone in
health and osteoarthritis: implications for bone regeneration
strategies based on uncultured or minimally cultured multipoten-
tial stromal cells [published erratum appears in Arthritis Rheum
2010;62:3005]. Arthritis Rheum 2010;62:1944-54.

Tormin A, Li O, Brune JC, Walsh S, Schutz B, Ehinger M,
et al. CD146 expression on primary non-hematopoietic bone
marrow stem cells correlates to in situ localization. Blood 2011;
117:5067-77.

Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR,
Macarthur BD, Lira SA, et al. Mesenchymal and haematopoietic
stem cells form a unique bone marrow niche. Nature 2010;466:
829-34.

Karsdal MA, Bay-Jensen AC, Lories RJ, Abramson S, Spector
T, Pastoureau P, et al. The coupling of bone and cartilage turn-
over in osteoarthritis: opportunities for bone antiresorptives and
anabolics as potential treatments? Ann Rheum Dis 2014;73:336—
48.

Altman R, Alarcon G, Appelrouth D, Bloch D, Borenstein D,
Brandt K, et al. The American College of Rheumatology criteria
for the classification and reporting of osteoarthritis of the hip.
Arthritis Rheum 1991;34:505-14.

Pearson RG, Kurien T, Shu KS, Scammell BE. Histopathology
grading systems for characterisation of human knee osteoarthri-
tis: reproducibility, variability, reliability, correlation, and validity.
Osteoarthritis Cartilage 2011;19:324-31.

Baboolal TG, Boxall SA, El-Sherbiny YM, Moseley TA, Cuthbert
RJ, Giannoudis PV, et al. Multipotential stromal cell abundance
in cellular bone allograft: comparison with fresh age-matched iliac
crest bone and bone marrow aspirate. Regen Med 2014;9:593—
607.

Terstappen LW, Loken MR. Five-dimensional flow cytometry as
a new approach for blood and bone marrow differentials.
Cytometry 1988;9:548-56.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Mari-
ni F, Krause D, et al. Minimal criteria for defining multipotent
mesenchymal stromal cells: the International Society for Cellular
Therapy position statement. Cytotherapy 2006;8:315-7.
Churchman SM, Ponchel F, Boxall SA, Cuthbert R, Kouroupis
D, Roshdy T, et al. Transcriptional profile of native CD271+
multipotential stromal cells: evidence for multiple fates, with



MSC ALTERATIONS IN OA BONE MARROW LESIONS

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

prominent osteogenic and Wnt pathway signaling activity. Arth-
ritis Rheum 2012;64:2632-43.

Jones EA, English A, Henshaw K, Kinsey SE, Markham AF,
Emery P, et al. Enumeration and phenotypic characterization of
synovial fluid multipotential mesenchymal progenitor cells in
inflammatory and degenerative arthritis. Arthritis Rheum 2004;
50:817-27.

Rodriguez-Fontenla C, Calaza M, Evangelou E, Valdes AM,
Arden N, Blanco FJ, et al. Assessment of osteoarthritis candi-
date genes in a meta-analysis of nine genome-wide association
studies. Arthritis Rheumatol 2014;66:940-9.

Kellgren JH, Lawrence JS. Radiological assessment of osteo-
arthrosis. Ann Rheum Dis 1957;16:494-502.

Hunter DJ, Gerstenfeld L, Bishop G, Davis AD, Mason ZD,
Einhorn TA, et al. Bone marrow lesions from osteoarthritis
knees are characterized by sclerotic bone that is less well miner-
alized. Arthritis Res Ther 2009;11:R11.

Roemer FW, Eckstein F, Guermazi A. Magnetic resonance
imaging-based semiquantitative and quantitative assessment in
osteoarthritis. Rheum Dis Clin North Am 2009;35:521-55.
Kothari A, Guermazi A, Chmiel JS, Dunlop D, Song J, Almagor
O, et al. Within-subregion relationship between bone marrow
lesions and subsequent cartilage loss in knee osteoarthritis. Arth-
ritis Care Res (Hoboken) 2010;62:198-203.

Mabuchi Y, Morikawa S, Harada S, Niibe K, Suzuki S, Renault-
Mihara F, et al. LNGFR THY-1"VCAM-1"" cells reveal func-
tionally distinct subpopulations in mesenchymal stem cells. Stem
Cell Reports 2013;1:152-65.

Wynn RF, Hart CA, Corradi-Perini C, O’Neill L, Evans CA,
Wraith JE, et al. A small proportion of mesenchymal stem cells
strongly expresses functionally active CXCR4 receptor capable
of promoting migration to bone marrow. Blood 2004;104:2643-5.
Akintoye SO, Lam T, Shi S, Brahim J, Collins MT, Robey PG.
Skeletal site-specific characterization of orofacial and iliac crest
human bone marrow stromal cells in same individuals. Bone
2006;38:758-68.

Augello A, De Bari C. The regulation of differentiation in mes-
enchymal stem cells. Hum Gene Ther 2010;21:1226-38.

Driban JB, Price L, Lo GH, Pang J, Hunter DJ, Miller E, et al. Evalu-
ation of bone marrow lesion volume as a knee osteoarthritis biomark-
er: longitudinal relationships with pain and structural changes: data
from the Osteoarthritis Initiative. Arthritis Res Ther 2013;15:R112.
Murphy JM, Dixon K, Beck S, Fabian D, Feldman A, Barry F.
Reduced chondrogenic and adipogenic activity of mesenchymal
stem cells from patients with advanced osteoarthritis. Arthritis
Rheum 2002;46:704-13.

Baboolal TG, Boxall SA, Churchman SM, Buckley CT, Jones E,
McGonagle D. Intrinsic multipotential mesenchymal stromal cell
activity in gelatinous Heberden’s nodes in osteoarthritis at clini-
cal presentation. Arthritis Res Ther 2014;16:R119.

Jones EA, Crawford A, English A, Henshaw K, Mundy J,
Corscadden D, et al. Synovial fluid mesenchymal stem cells in
health and early osteoarthritis: detection and functional evaluation
at the single-cell level. Arthritis Rheum 2008;58:1731-40.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

1659

Sekiya I, Ojima M, Suzuki S, Yamaga M, Horie M, Koga H,
et al. Human mesenchymal stem cells in synovial fluid increase
in the knee with degenerated cartilage and osteoarthritis.
J Orthop Res 2012;30:943-9.

Harris Q, Seto J, O’Brien K, Lee PS, Kondo C, Heard BJ, et al.
Monocyte chemotactic protein-1 inhibits chondrogenesis of syno-
vial mesenchymal progenitor cells: an in vitro study. Stem Cells
2013;31:2253-65.

Zhen G, Wen C, Jia X, Li Y, Crane JL, Mears SC, et al. Inhibi-
tion of TGF-p signaling in mesenchymal stem cells of subchon-
dral bone attenuates osteoarthritis. Nat Med 2013;19:704-12.
Wei F, Moore DC, Li Y, Zhang G, Wei X, Lee JK, et al. Atten-
uation of osteoarthritis via blockade of the SDF-1/CXCR4 sig-
naling pathway. Arthritis Res Ther 2012;14:R177.

Kanbe K, Takagishi K, Chen Q. Stimulation of matrix metallo-
protease 3 release from human chondrocytes by the interaction
of stromal cell-derived factor 1 and CXC chemokine receptor 4.
Arthritis Rheum 2002;46:130-7.

Attur M, Krasnokutsky-Samuels S, Samuels J, Abramson SB.
Prognostic biomarkers in osteoarthritis. Curr Opin Rheumatol
2013;25:136-44.

Park MS, Kim YH, Jung Y, Kim SH, Park JC, Yoon DS, et al.
In situ recruitment of human bone marrow-derived mesenchymal
stem cells using chemokines for articular cartilage regeneration.
Cell Transplant 2015;24:1067-83.

Koelling S, Kruegel J, Irmer M, Path JR, Sadowski B, Miro X,
et al. Migratory chondrogenic progenitor cells from repair tissue
during the later stages of human osteoarthritis. Cell Stem Cell
2009;3:324-35.

Tat SK, Pelletier JP, Lajeunesse D, Fahmi H, Duval N, Martel-
Pelletier J. Differential modulation of RANKL isoforms by
human osteoarthritic subchondral bone osteoblasts: influence of
osteotropic factors. Bone 2008;43:284-91.

Tat SK, Pelletier JP, Mineau F, Caron J, Martel-Pelletier J.
Strontium ranelate inhibits key factors affecting bone remodeling
in human osteoarthritic subchondral bone osteoblasts. Bone
2011;49:559-67.

Castaneda S, Roman-Blas JA, Largo R, Herrero-Beaumont G.
Subchondral bone as a key target for osteoarthritis treatment.
Biochem Pharmacol 2012;83:315-23.

Wenham CY, Conaghan PG. New horizons in osteoarthritis.
Age Ageing 2013;42:272-8.

Sacchetti B, Funari A, Michienzi S, Di Cesare S, Piersanti S,
Saggio I, et al. Self-renewing osteoprogenitors in bone marrow
sinusoids can organize a hematopoietic microenvironment. Cell
2007;131:324-36.

Walsh DA, McWilliams DF, Turley MJ, Dixon MR, Franses
RE, Mapp PI, et al. Angiogenesis and nerve growth factor at the
osteochondral junction in rheumatoid arthritis and osteoarthritis.
Rheumatology (Oxford) 2010;49:1852-61.

Suri S, Walsh DA. Osteochondral alterations in osteoarthritis.
Bone 2012;51:204-11.

Thysen S, Luyten FP, Lories RJ. Targets, models and challenges
in osteoarthritis research. Dis Model Mech 2015;8:17-30.



