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Peripheral blood derived mononuclear cells
enhance osteoarthritic human chondrocyte
migration
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Abstract

Introduction: A major problem in cartilage repair is the lack of chondrogenic cells migrating from healthy
tissue into defects. Cartilage is essentially avascular and therefore its healing is not considered to involve
mononuclear cells. Peripheral blood derived mononuclear cells (PBMC) offer a readily available autologous cell
source for clinical use and therefore this study was designed to evaluate the effects of PBMCs on
chondrocytes and cartilage.

Methods: Human primary chondrocytes and cartilage tissue explants were taken from patients undergoing total
knee replacement (n = 17). Peripheral blood samples were obtained from healthy volunteers (n = 12) and mononuclear
cells were isolated by density-gradient centrifugation. Cell migration and chemokinetic potential were measured using a
scratch assay, xCELLigence and CyQuant assay. PCR array and quantitative PCR was used to evaluate mRNA expression
of 87 cell motility and/or chondrogenic genes.

Results: The chondrocyte migration rate was 2.6 times higher at 3 hour time point (p < 0.0001) and total number
of migrating chondrocytes was 9.7 times higher (p < 0.0001) after three day indirect PBMC stimulus and 8.2 times
higher (p < 0.0001) after three day direct co-culture with PBMCs. A cartilage explant model confirmed that PBMCs
also exert a chemokinetic role on ex vivo tissue. PBMC stimulation was found to significantly upregulate the mRNA
levels of 2 chondrogenic genes; collagen type II (COL2A1 600–fold, p < 0.0001) and SRY box 9 (SOX9 30–fold,
p < 0.0001) and the mRNA levels of 7 genes central in cell motility and migration were differentially regulated by
24h PBMC stimulation.

Conclusion: The results support the concept that PBMC treatment enhances chondrocyte migration without
suppressing the chondrogenic phenotype possibly via mechanistic pathways involving MMP9 and IGF1. In the
future, peripheral blood mononuclear cells could be used as an autologous point-ofcare treatment to attract
native chondrocytes from the diseased tissue to aid in cartilage repair.
Introduction
The overarching goal of repairing articular cartilage
lesions is to achieve a functional and viable joint sur-
face in the long term and prevent progression to
osteoarthritis (OA) [1, 2]. Defects in adult articular
cartilage that do not penetrate the underlying vascu-
larized tissues generally do not heal [3]. Unlike the
majority of tissues, cartilage healing does not involve
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any mononuclear cells as it is essentially avascular.
Another issue in cartilage repair is the lack of chon-
drogenic cells migrating from healthy tissue into local
defects. Dogma suggests that chondrocytes in adult
cartilage do not migrate in their native environment
due to the surrounding highly tensile collagen net-
work resulting in a highly pressurized matrix [4].
However, chondrocyte motility has been reported by a
small number of publications [5, 6] which observed
that after bovine articular cartilage was injured by
blunt impact the defect area was repopulated within
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7–14 days by cells that appeared to migrate from the
surrounding matrix.
During our previous studies using explants derived

from human osteoarthritic articular cartilage cultured in
serum-free conditions we have observed the formation
of cell monolayers around the explants after 7–10 days
in culture [7]. This evidence suggests that human chon-
drocytes are capable of substantial migration and this ac-
tion is likely to be initiated either by pre-existing OA
damage or by cutting the tissue. The functional role of
the migratory cells is not clearly understood [8]. In the
study by Seol et al., [6] migratory cells harvested from
the cartilage injury area produced more side populations
identified by flow cytometry, and expressed lower levels
of cartilage extracellular matrix (ECM) genes, such as col-
lagen type II and aggrecan, compared with normal chon-
drocytes. The migratory cells are thus proliferative and
exhibit a phenotype different from chondrocytes [8].
The majority of chondrocyte migration studies in the

literature have been conducted by following isolated cell
movements on planar surfaces in vitro, but there is also
some evidence of ex vivo cell migration from cartilage.
Human cartilage explant studies raise the intriguing
possibility that matrix injuries resulting in disruption of
the collagen network of adult cartilage by extensive cut-
ting [9], collagenase digestion [10] or defect drilling [11]
could provide a permissive environment for chondrocyte
motility.
Growth factors have previously been reported to enhance

current cartilage repair techniques via multiple mecha-
nisms including 1) recruitment of chondrogenic cells
(chemotaxis), 2) stimulation of chondrogenic cell prolif-
eration (mitogenesis) and 3) enhancement of cartilage
matrix synthesis. Growth factors and cytokines circulate
in the peripheral blood and reach articular cartilage
through the synovial fluid and several have been pro-
posed to influence chemotaxis in cartilage repair including
fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF), vascular endothelial growth factor (VEGF),
insulin-like growth factor (IGF)1, IL8, bone morphogenic
protein (BMP)4, BMP7, transforming growth factor (TGF)β
and stromal-derived factor (SDF)1 [12–17]. Traumatized
cartilage releases chemoattractive factors for chondrogenic
progenitor cells such; PDGF and IGF1, which are known to
induce a significant site-directed migratory response [15].
However, at the same time IL1β and TNFα are released
and these chemokines inhibit migratory activity which
might contribute to the low regenerative potential of
cartilage in vivo.
Whilst articular cartilage defects have a limited capacity

to repair, cartilage injuries that penetrate the subchondral
bone can repair. Shapiro et al. [18] showed that this repair
is mediated by the proliferation of cells that invade the de-
fect from the underlying bone marrow and vasculature.
This physiological repair response still forms the rationale
behind a number of orthopaedic procedures described as
bone marrow stimulation techniques [19, 20]. However,
whilst this repair capacity is usually attributed to the re-
cruitment of mesenchymal stem cells from the bone mar-
row or vascular pool, little is known of the contribution of
other blood cells to the healing process. One cell type that
may be involved is the peripheral blood mononuclear cell
(PBMC). These cells can secrete a large number of cyto-
kines [21, 22] and thus, could produce chemoattractants
to assist in cartilage repair. Secretome of PBMCs has been
previously analysed and reported to enhance wound heal-
ing in a mouse model [23]. In addition, articular cartilage
regeneration has been reported in the clinics with PBMC
therapy using intra-articular injections of autologous
PBMCs in combination with hyaluronic acid (HA) in a
clinical case study of 5 patients [24] and in a randomized
controlled trial of 180 patients [25], with good clinical
outcomes.
The aim of this study was to observe whether PBMCs

enhance chondrocyte migration without adversely effect-
ing chondrogenicity in order to establish if PBMCs have
potential in therapeutic cartilage repair.

Methods
Tissues
Human tissue was obtained with full ethical consent in
writing to participate in the study from all patients under-
going total knee replacement for osteoarthritis (Cambridge
Local Research Ethics Committee No. 06/Q0108/213). The
articular cartilage showed characteristic features of OA
histopathology, with disruption and fibrillation of the
articular surface; however, for the experiments only macro-
scopically normal-looking cartilage tissue was used. Articu-
lar cartilage was harvested from a total of 17 consecutive
patients (average age 71.8 ± 7.7 years) from the femoral
condyles and tibial plateau using a sterile scalpel blade and
diced as finely as possible.
Mesenchymal stromal cells (MSC) were isolated from

the infrapatellar fat pad of seven consecutive human
donors (average age 71.4 ± 8.3 years). The infrapatellar
fat pad was minced using a sterile scalpel blade and
placed in medium containing 10 % heat inactivated FBS,
penicillin/streptomycin (100 IU/ml and 100 μg/ml), genta-
mycin (10 ng/ml) and amphotericin B (2.5 μg/ml).

Primary cell isolation
1. Collagenase digestion: chondrocytes and MSCs were
released from the tissue using 0.2 μm filter-sterilized
Collagenase A (11088793001, Roche, UK) 0.2 % w/v in Dul-
becco’s modified Eagle’s medium containing 10 % heat
inactivated FBS, penicillin/streptomycin (100 IU/ml and
100 mg/ml), gentamicin (10 ng/ml) and amphotericin B
(Fungizone™ - 2.5 μg/ml) (complete medium). For standard
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monolayer cultures, the cells were plated on tissue culture
plastic at a density of 20,000 cells/cm2 and used at passage
3 or less.
2. Explant outgrowth: full-depth slices of articular cartil-

age were incubated in medium as above in 6-well plates.
Cells were allowed to migrate out of the tissue to form
monolayers at which point the explants were removed and
the cells trypsinised before use in experiments at the same
passage number as those derived by collagenase digestion.

Blood samples
Peripheral blood samples were taken from 12 young (32.9 ±
9.3 years) healthy volunteers using a sterile Monovette
EDTA 9-ml tube. The blood was diluted 1:1 with Hank’s
balanced salt solution, layered on Lymphoprep™ solution
Fig. 1 Schematic illustration of migration studies. a Scratch assay, b Boyde
demonstrating the position of cartilage explant and chondrocytes in relatio
(Axis-Shield, Dundee, Scotland) and centrifuged for 20
minutes at 800 g. The mononuclear cell-rich band was
removed, and resuspended in medium supplemented with
10 % FBS and the cells pelleted by centrifugation for 10
minutes at 250 g.

Cell migration
Scratch assay
In the scratch assay [26] primary chondrocytes were
grown to confluence in a 24-well plate. A thin wound
(800 μm) was introduced by scratching the cell monolayer
with a sterile pipette tip. Two test groups were compared: 1)
chondrocytes alone and 2) chondrocytes together with
PBMCs (1:1) to test direct cell-to-cell contact (Fig. 1a).
The migration of cells from the wound edge into the
n chamber with chondrocytes and c Boyden chamber with explants
n to peripheral blood mononuclear cells (PBMCs)
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wound space was recorded by time-lapse imaging using
an Eclipse Ti Nikon microscope and the distance of the
gap was measured at three time points and analysed with
Nikon Advanced Research Elements 3.21.00 software.

xCELLigence assay
The migration and chemokinetic potential of the cells was
measured using an xCELLigence System RTCA DP real-
time cell analyser fitted with CIM plates (05665817001,
Roche, UK), which is based on the Boyden chamber model
[27]. The CIM plates have 16-well migration units com-
prising upper and lower chambers separated by a porous
(pore size 8 μm) polyethylene terephthalate (PET) mem-
brane in conjunction with microelectrodes. Cell migration
(2.0 × 104) was measured with the presence of complete
medium but containing 1 % FBS.
In the xCELLigence assay, three test groups were used:

1) chondrocytes in the upper chamber alone (control)
and 1 % FBS in the lower chamber, 2) chondrocytes in
the upper chamber and +PBMC (as presented on Fig. 1)
(1:1) in the lower chamber to test directed cell move-
ment without cell-to-cell contact, 3) chondrocytes in the
upper chamber and #PBMC (as presented on Fig. 1) (1:1)
together in the upper chamber to test direct cell-to-cell
contact effect (Fig. 1b). As a negative control PBMCs in
the upper chamber with 1 % FBS in the lower chamber
was also recorded. Each experiment was done with four
replicates and after equilibration, the analyser was pro-
grammed to scan the membrane every 15 minutes. As the
half-life of a circulating monocyte has been estimated
to be around 3 days in humans the data analysis was
performed over 3 days [28, 29].
A similar experimental design was used to analyse if cells

can be stimulated to migrate from native human articular
cartilage by PBMCs. Full-thickness human articular cartil-
age explants were prepared 5 days prior to the migration
experiment with a 5-mm biopsy punch (Brymill Cryogenic
Systems) and cultured in complete cell culture medium.
Explants were then transferred to the xCELLigence system
under the same conditions as those used for isolated chon-
drocytes (Fig. 1). The total number of cells migrating was
quantified at the end of the study using a cell index (CI)
value. CI values are based on impedance measurements
providing quantitative information about cell migration
through the pores of the membrane. The cell migration
rate was measured from the slope of the graph.

Cell proliferation
In the CyQUANT assay 5 × 104 cells (n = 5) were seeded
per well in triplicate in 48-well plates and grown until
almost confluent. Following confluence a thin wound
(800 μm) was introduced by scratching the cell mono-
layer with a sterile pipette tip. The cells were stimulated
with PBMCs for 24 h, then washed and frozen at −20 °C. The
total DNA was quantified using the manufacturer’s instruc-
tions (CyQUANT, Thermo Fisher Scientific, Loughborough,
UK). Fluorescence (excitation 480 nm, emission 520 nm) was
measured on a FLUOstar OPTIMAmicroplate reader. Simi-
larly, a DNA standard curve was created by diluting lambda
DNA in 1 × CyQUANT buffer to give a range covering 1 to
10 ng of DNA in 100 μl of buffer. The standards were also
processed and treated similarly to the test samples.

Cell activity and biosynthesis
Trypan blue exclusion assay was used to determine the
PBMC viability in culture at days 1 and 3. In addition,
human cytokine array (Proteome Profiler Array, ARY005,
R&D Systems, Abingdon, UK) was used to measure the
presence of 36 human cytokines secreted by PBMCs in
culture at day 3.

mRNA expression
Digested chondrocytes were cultured with or without non-
adherent PBMCs (1:1) for 24 h. After stimulation the
PBMC’s were washed away to avoid mRNA from the
mononuclear cells in suspension. Chondrocyte mRNA was
extracted using TRIzol® reagent (15596–026, Ambion,
Paisley, UK) according to the manufacturer’s instructions.
The RNA pellet was air-dried and resuspended in 35 μl
DNAse/RNAse-free water subsequently, RNA concentration
and quality were checked with optical density (OD) 260/280
measurement using a NanoDrop spectrophotometer. Qual-
ity was verified by 1.2 % agarose gel electrophoresis using
the FlashGel® System (57067, Lonza, Nottingham, UK)
and RNA Cassettes (57027, Lonza, Nottingham, UK).

PCR array
cDNA synthesis was performed with RT2 First Strand kit
(330401, Qiagen, Manchester, UK) following the manufac-
turer’s instructions using 540 ng RNA. Human Cell Motility
PCR Array (PAHS-128ZA-2, Qiagen, Manchester, UK) was
used to identify and compare 84 key genes central to cell
movement. A Stratagene Mx3000P® real-time cycler was
programmed with HotStart DNA Taq Polymerase activa-
tion for 10 minutes at 95 °C and then 40 cycles of 1) de-
naturation for 15 s at 95 °C and 2) combined annealing/
extension for 1 min at 60 °C. The data acquisition was per-
formed during the combined annealing/extension step and
the results analysed with RT2 Profiler PCR Array Data Ana-
lysis software version 3.5 using the Δ cycle threshold (ΔCt)
method and normalised to the mean of five housekeeping
genes used (B2M, HPRT1, RPL13A, GAPDH and ACTB).

Quantitative real-time PCR (rtPCR)
Complementary DNA synthesis was performed with Super-
Script® VILO™ kit (11754–050, Invitrogen, Paisley, UK) fol-
lowing the manufacturer’s instructions using 2.5 μg RNA.
The real-time quantitative PCR reaction was prepared using
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QuantiFast SYBR Green PCR detection kit (204054, Qiagen,
Manchester, UK) together with QuantiTect Primer Assay
(Hs_COL2A1_1_SG, Hs_SOX9_1_SG and Hs_IGF1_1_SG)
using 50 ng template cDNA on a Stratagene Mx3000P®
real-time cycler. The relative copy numbers of target
genes were calculated from the standard curve for each
gene and normalised to the housekeeping gene, beta-2
microglobulin (Hs_B2M_1_SG). The MMP9 mRNA expres-
sion was measured with TaqMan® assay (Hs00234579_m1)
according to manufacturer’s instructions using the
StepOnePlus™ real-time PCR system.
Statistical analysis
All samples were collected in four replicates and the data
are presented as the mean ± standard deviation (SD) with
the significance level set at 0.05. The data were evaluated
using Student’s t test to determine statistically significant
differences with GraphPad Prism 5 software.
Results
PBMC stimulation
Migration of isolated chondrocytes
The addition of PBMCs significantly increased chondro-
cyte motility in both migration assays (Fig. 2). A scratch
assay was used to measure chondrocyte migration in a
direct cell-to-cell contact model. At 24 h, the scratch
width in untreated chondrocyte cultures was reduced by
51 %, whereas with the chondrocytes cultured with
PBMCs, it was reduced by 84 % (p = 0.002) (Fig. 2a). In
addition, the wound closure rate at the 3 h time point
was significantly higher (p = 0.0009) with chondrocytes
cultured with PBMCs (31.5 μm/h) compared to without
PBMCs (14.1 μm/h) (Fig. 2b).
To investigate further the direct and indirect effects of

PBMCs on chondrocyte migration, a Boyden chamber
model was used. In the first 3 h the cell migration rate
was highest and the chondrocyte migration peaked at
48 h (Fig. 2c). At the end of the experiment (70 h), the
total number of migrating chondrocytes was significantly
9.7-fold higher in the indirect combination with PBMCs
(p <0.0001) than the negative control (chondrocytes
cultured without PBMCs) (Fig. 2d). Chondrocytes in
the direct cell-to-cell model increased the migration
8.2-fold (p <0.0001).
Total cell migration was compared between chondrocytes

and adipose-tissue-derived stromal cells (MSC). MSCs
are reported to have very high motility as compared to
other adult non-carcinogenic cell types [30]. We have
previously shown that the migration of MCSs is also re-
sponsive to PBMC stimuli [31] and in this study MSC
total cell migration was 37 % higher than that of chon-
drocytes (p = 0.002, Fig. 2e).
Migration from cartilage explants
In the cartilage explant study the total amount of cells
migrating at day 3 was highest in the co-culture model
(# as presented on Fig. 2) a 17.1-fold increase (p = 0.001)
compared to the control and was increased 2.1-fold in the
indirect culture model (+ as presented on Fig. 2) (Fig. 2f).
However, the initial cell migration rate from cartilage
tissue explant measured during the first 3 h was 2.6-fold
higher when explants were cultured indirectly with
PBMCs (p <0.0001) and 1.5-fold higher (p = 0.0002) in
a direct co-culture compared to the control (Fig. 2g). In
the second negative control (PBMCs in the upper cham-
ber with 1 % FBS in the lower chamber) the xCELLigence
system did not detect cells with a radius <8 μm and there-
fore the cells from peripheral blood did not affect the cell
index read-out (data not shown).

Cell proliferation
In order to evaluate the contribution of cell proliferation
to the observed cellular migration, the total DNA was mea-
sured in the scratch assay in order to indirectly quantify
cell proliferation (Fig. 3a). The scratch lowered the total
DNA by 15 % compared to the confluent control well
(total 3.0 ng). There was no significant difference between
the PBMC-stimulated and non-stimulated test groups
(n = 5) in the total DNA amount in either in the control
or scratch test group, with −22 % and −23 %, respectively.

Cell activity and biosynthesis
The cell viability assay demonstrated that 95.4 ± 2.3 % of
PBMCs were live in culture at day 1 and 92.2 ± 3.0 % at
day 3. In addition, the PBMCs were found to be biosyn-
thetically active secreting 15 different chemokines (C5a,
CXCL1, ICAM-1, IL-1β, IL-1ra, IL-6, IL-8, IL-13, IL-16,
CXCL10, CXCL11, CCL2, MIF, CCL5, PAI-1) at day 3 in
culture (data not shown).

Quantitative PCR (qPCR)
In order to verify that the migrating cells were maintain-
ing their chondrocyte phenotype and not acquiring a fi-
broblastic phenotype, qPCR was used to measure two
key chondrogenic genes (SOX9 and COL2A1). The mRNA
levels for these genes was upregulated by the 24 h PBMC
stimulus; SOX9 (30-fold, p <0.0001) and COL2A1
(600-fold, p <0.0001) Fig. 3d.

PCR array
The mRNA expression of 84 genes involved in the move-
ment of cells including growth factors and receptors im-
portant for chemotaxis, genes involved in Rho family
signaling and adhesion, and genes encoding components
of various cellular projections was quantified with Human
Cell Motility RT2 Profiler™ PCR Array (Fig. 3b).



Fig. 2 Chondrocyte migration experiment results (n = 4). a Scratch assay measuring the distance between the wound migration fronts in a
chondrocyte monolayer and b wound closure rate in a chondrocyte monolayer scratch assay at the 3-h time point. c Representative image of
xCELLigence cell migration analysis from four wells (technical replicates) with chondrocytes measured for 3 days evaluating the chemokinetic effect of
peripheral blood mononuclear cells (PBMC+ in the lower chamber and PBMC# in the same chamber). Error bars represent standard deviation and cell
index value is based on impedance measurements that provide quantitative information about cell migration through the pores of the membrane
measured continuously with microelectrodes. d Total chondrocyte migration at day 3 in the xCELLigence assay and e xCELLigence assay comparing
mesenchymal stroma cell (MSC) and chondrocyte (CHO) migration at day 3 (n = 6). f Total cartilage cell migration from tissue explant at day 28 in the
xCELLigence assay. g Cartilage cell migration rate from tissue explant at day 14 in the xCELLigence assay. **p <0.001, ***p <0.0001 and ****p <0.00001
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Fig. 3 a Cell proliferation measured with CyQUANT total DNA assay (n = 5) showing non-significant difference between the test groups. b PCR
array results showing a change in mRNA levels after 24 h peripheral blood mononuclear cell (PBMC) stimulation with a cutoff value of 4. Heat
map visualization of 2log2 fold change of the 84 genes in the human cell motility array (red upregulated and green downregulated). Grey shows
the genes that were undetermined (no Ct value with a cutoff value of 35). c Scatterplot shows up- and down regulated genes and core genes
with no change (biological n = 5). d Messenger RNA fold change of Collagen type II and Sox9 after 24 h PBMC stimulation (n = 5) p <0.00001. All
data normalized to B2M housekeeping gene and unstimulated control. In every mRNA expression study chondrocytes in passage 3 were used
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Four genes were upregulated by the 24 h PBMC stimu-
lation (n = 5); matrix metalloproteinase (MMP)9 (29.1-
fold change), integrin (ITGβ)3 (2.2-fold change), IGF1
(5.8-fold change) and phospholipase D1 (PLD1) (9.2-fold
change). Three genes were significantly downregulated
(n = 5); MYL9 (−2.6-fold change), PAK1 (−2.2-fold change)
and CAPN2 (−2.6-fold change) by the 24 h PBMC stimula-
tion as compared to the unstimulated test group (Fig. 3c).
The upregulation of MMP9 and IGF1 was additionally
validated with qPCR (data not shown).
Discussion
The migration potential of cells is considered important
for their integration into host tissue during healing and
repair processes as well as for their therapeutic applica-
tions. In this study, we have demonstrated that the addition
of PBMCs has a profound effect on chondrocyte migration,
possibly via MMP9 and/or IGF1 mechanisms. In order for
a cartilage defect to heal, one key aspect is that the cells
that will infill the damaged tissue must migrate to and pro-
liferate at the site of damage. Despite some cell migration
potential from cartilage tissue in young experimental ani-
mals [32, 33], there is a lack of evidence for chondrogenic
cells infiltrating from cartilage tissue into existing defects
and even to occupy empty chondrocyte lacunae [34, 35].
It is believed that chondrocytes in adult cartilage do
not migrate due to the surrounding highly tensile colla-
gen network resulting in a highly pressurized matrix [4],
essentially trapping the cells within the ECM. However,
a small number of publications do describe chondrocyte
migration in physically damaged tissue [5, 6] or enzymati-
cally degraded matrix [10, 13, 36, 37]. Previous studies
have described progenitor cells found in cartilage explants
[10, 38, 39] where cells have been allowed to migrate from
cut pieces of tissue out onto plastic surfaces. This method
may be less damaging to the cells when compared to en-
zymatic digestion but the impact of differences that the
isolation method has on the resultant cell population
phenotype is yet not fully understood [39–42]. Enzymatic
digestion may negatively affect cellular properties, due to
a major alteration of the natural environment of the cells
and the removal of cell surface proteins [42, 43]. Our
study confirms these observations and we have attempted
to minimise any potential cartilage damage by only using
macroscopically normal cartilage and preparing the ex-
plants using a biopsy punch. However, although stimu-
lation of cell migration by both explant construction
and the presence of OA in the joint cannot be ruled
out in our study, any clinical application for PBMCs is
likely to involve similarly diseased and/or physically
damaged tissue.
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In order to evaluate the stimulus in both non-direct
and direct cell-to-cell contact models, enhancement of
chondrocyte migration by PBMC was studied in both a
scratch assay and a Boyden chamber model. Our initial
observations were that in the scratch assay (direct cell-
to-cell contact), there was a significant increase in chon-
drocyte migration in response to PBMC. Measurements
of total DNA in the scratch assay indicated that this ob-
served effect was not due to cell proliferation but was a
genuine migration phenomenon. PCR analysis of two key
cartilage-related genes (Collagen type II and Sox9) con-
firmed that these cells were retaining their chondrogenic
phenotype and not differentiating towards a more fibro-
blastic phenotype despite their migratory ability.
To further evaluate the effects of PBMC on chondro-

cyte migration a Boyden chamber model was used, in
which PBMCs could be used to stimulate chondrocytes
directly and indirectly. The results show that the total
number of migrating chondrocytes was increased both
when PBMCs were in direct (8.2 × migration compared to
control) and indirect contact (9.7 × migration compared
to control). These values are very similar and, indicate that
for isolated chondrocytes the physical presence of the
PBMC is not the key signalling component of the re-
sponse and that a secreted factor(s) are likely to be driving
the increase in chondrocyte migration.
In contrast, when chondrocytes remained within the

cartilage explant, significant cell migration was only de-
tected when the PBMCs were in direct contact with the
tissue, with little cell migration seen when the PBMCs
were indirectly stimulating the tissue, indicating that
direct cell-cell interactions were required to promote mi-
gration. The tissue explant model is a better representation
of the clinical situation because enzymatically digested
chondrocytes in culture have possibly changed their cell
surface protein receptors, lost their native conformation
together with the extra cellular matrix and they are known
to dedifferentiate in a monolayer culture. The extra cellular
matrix itself presents a physical barrier for some of the sig-
nalling molecules which might explain to some extent the
differences in the results comparing the cell migration be-
tween chondrocyte culture and cartilage explant in this
study. In native environments, cells often navigate in the
context of multiple simultaneously presented cues where
the ECM environment adds further complexity that could
provide conflicting signals to migrating cells if it is not co-
ordinated with chemical gradients [44, 45].
Experiments in young animals have shown that chon-

drocyte migration affects tissue-engineered cartilage in-
tegration by activating the signal transduction pathways
involving Src, PLCγ1, and ERK1/2 [46]. In order to begin
to investigate the mechanisms underlying the promotion
of migration by PBMC in adult OA cartilage, we performed
gene array analysis using a human cell motility PCR array.
This revealed that the mRNA levels of four genes (ITGB3,
IGF1, PLD1 and MMP9) were significantly upregulated by
the 24-h PBMC stimulation in the PBMC/chondrocyte co-
culture as compared to the unstimulated test group. Of
these genes, MMP9 (gelatinase B) is an interesting candi-
date as a key chondrocyte migration regulator. MMP9 is
capable of degrading some components of the ECM and
would, in intact cartilage, allow cell migration to occur
through the ECM [47]. However, in our study using iso-
lated chondrocytes there is no established ECM to be de-
graded so a proteolytic role for MMP9 is unlikely. In
support of our study, it has been reported that MMP9 has
a direct paracrine interaction with chondrocytes and leuko-
cytes and this finding could indicate the mechanism for
the upregulation of migration by PBMCs [48].
Chondrocyte responses to monocyte/macrophage signals

are well described. They lead to catabolic activities of cartil-
age cells and, thus, contribute to the creation of chronic
inflammatory joint disease [49–51]. These catabolic activ-
ities are known to increase the secretion of catabolic pro-
enzymes such as MMPs and their activated forms. If
MMP9 enhances uncontrolled cell migration and acceler-
ates tissue disruption in OA, blocking cell migration might
delay degeneration. On the other hand, if the migrating
cells function in tissue rebuilding, cell migration should be
promoted [8]. Understanding the function of the migratory
cartilage cells in vivo at different stages of disease is critical
when designing therapies to regenerate the damaged tissue.
Chondrocyte migration has been previously shown to

be controlled additionally by growth factors and cytokines.
FGF2, IGF1 and PDGF have been shown to promote migra-
tion, whilst BMP2, IL1β and TNFα have been shown to in-
hibit this process [15, 52]. In our study PBMC stimulus
demonstrated significant upregulation of IGF1 in human
chondrocytes. IGF1 is an established chondrogenic factor
and we have also demonstrated its efficacy in potential re-
generative cartilage models demonstrating increases in cell
number and ECM deposition within biomimetic scaffolds
[53, 54]. IGF1 is also reported to have anti-apoptotic activity
in cartilage [55] in addition to triggering chondrocyte mi-
tosis [56]. The population of migratory cells in human ar-
ticular cartilage tissue have been reported and termed as
chondrogenic progenitor cells [57]. These migratory cells
from repair tissue have been identified during the later
stages of human OA and these cells exhibit stem cell char-
acteristics such as clonogenicity, multipotency and migra-
tory activity [57]. These progenitor cells are exciting targets
for cell-based regenerative therapy for joint diseases [58]
and in the future it would be interesting to evaluate the ef-
fect of PBMC stimulation on chondrogenic progenitor cells.

Conclusions
The results of this study demonstrate that the presence
of PBMCs induces cell migration from articular cartilage
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and increases both the total number of migrating chon-
drocytes and the rate of cell movement. This study
identifies MMP9 and IGF1 as possible regulators for the
PBMC-stimulated chondrocyte migration. This novel and
encouraging finding both challenges our basic understand-
ing of chondrocyte biology and presents an opportunity
for clinical translation. PBMCs are a readily available cell
source capable of providing signaling molecules that stimu-
late chondrocyte motility. Thus, autologous PBMCs could
be utilized in a point-of-care treatment to attract native
chondrocytes or chondrogenic progenitor cells from the af-
fected tissue to aid in cartilage repair via single or multiple
PBMC intra-articular injections.

Abbreviations
ACTB: actin beta; B2M: beta-2 microglobulin; BMP: bone morphogenic protein;
CAPN: calpain; CI: cell index; ECM: extracellular matrix; ERK: extracellular signal
regulated kinases; FBS: fetal bovine serum; FGF: fibroblast growth factor;
GAPDH: glyceraldehyde 3-phosphate dehydrogenase; HPRT1: hypoxanthine
phosphoribosyltransferase 1; IGF: insulin-like growth factor; IL: interleukin;
ITGB3: integrin beta 3; MMP9: matrix metallopeptidase 9; MSC: mesenchymal
stromal cell; MYL9: myosin, light chain 9; OA: osteoarthritis; PAK1: P21 protein
activated kinase 1; PBMC: peripheral blood mononuclear cell; PDGF: platelet-
derived growth factor; PET: polyethylene terephthalate; PLCγ1: phospholipase C
gamma 1; PLD1: phospholipase D1; RPL13A: ribosomal protein L13a;
SDF1: stromal-derived factor 1; Src: proto-oncogene tyrosine-protein kinase;
TGFβ: Transforming growth factor beta; TNFα: tumour necrosis factor alpha;
VEGF: vascular endothelial growth factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
NH carried out the conception and design of the study, acquisition/analysis/
interpretation of data and drafted the article. FH participated in the design
and coordination of the study. RB and EA provided study material. NR
generated funding for the research. JW participated in the design and
coordination of the study and provided study material. All authors assisted
with interpretation of the data, helped to revise the manuscript for
intellectual content and approved the final manuscript.

Acknowledgements
The authors would like to kindly acknowledge the PhD studentship from
John Insall Foundation USA and thank Dr Nigel Loveridge for his statistical
expertise. Dr John Wardale acknowledges funding from the Technology
Strategy Board and OrthoMimetics and Dr Roger Brooks acknowledges
funding from the National Institute for Health Research.

Author details
1Division of Trauma and Orthopaedic Surgery, University of Cambridge,
Addenbrooke’s Hospital, Hills Road, BC2 0QQ Cambridge, UK. 2Department of
Veterinary Medicine, University of Cambridge, Madingley Road, CB3 0ES
Cambridge, UK.

Received: 27 January 2015 Accepted: 7 July 2015

References
1. Buckwalter JA, Mankin HJ. Articular cartilage repair and transplantation. Arthritis

Rheum. 1998;41:1331–42. doi:10.1002/1529-0131(199808)41:8<1331::AID-
ART2>3.0.CO;2-J.

2. Rackwitz L, Djouad F, Janjanin S, Noth U, Tuan RS. Functional cartilage repair
capacity of de-differentiated, chondrocyte- and mesenchymal stem cell-laden
hydrogels in vitro. Osteoarthritis Cartilage. 2014;22:1148–57. doi:10.1016/
j.joca.2014.05.019.

3. Buckwalter JA, Mankin HJ. Articular cartilage: degeneration and osteoarthritis,
repair, regeneration, and transplantation. Instr Course Lect. 1998;47:487–504.
4. Morales TI. Chondrocyte moves: clever strategies? Osteoarthritis and
cartilage/OARS. Osteoarthritis Res Soc. 2007;15:861–71. doi:10.1016/
j.joca.2007.02.022.

5. Henson FM, Bowe EA, Davies ME. Promotion of the intrinsic damage-repair
response in articular cartilage by fibroblastic growth factor-2. Osteoarthritis
Cartilage. 2005;13:537–44. doi:10.1016/j.joca.2005.02.007.

6. Seol D, McCabe DJ, Choe H, Zheng H, Yu Y, Jang K, et al. Chondrogenic
progenitor cells respond to cartilage injury. Arthritis Rheum. 2012;64:3626–37.
doi:10.1002/art.34613.

7. Hopper NM, Wardale J, Rushton N. Mononuclear cells enhance cell migration
out of human articular cartilage. J Tissue Eng Regen Med. 2012;6:279.

8. Jiang Y, Tuan RS. Origin and function of cartilage stem/progenitor cells in
osteoarthritis. Nat Rev Rheumatol. 2014. 10.1038/nrrheum.2014.200.

9. Lu Y, Dhanaraj S, Wang Z, Bradley DM, Bowman SM, Cole BJ, et al. Minced
cartilage without cell culture serves as an effective intraoperative cell source
for cartilage repair. J Orthop Res. 2006;24:1261–70. doi:10.1002/jor.20135.

10. Qiu W, Murray MM, Shortkroff S, Lee CR, Martin SD, Spector M. Outgrowth
of chondrocytes from human articular cartilage explants and expression of
alpha-smooth muscle actin. Wound repair and regeneration : official
publication of the Wound Healing Society [and] the European Tissue Repair.
Society. 2000;8:383–91.

11. Lyman R, Kelley SS, Lee G. Chondrocyte process extension and migration
response to partial thickness cartilage injuries in human explants. Proc
Orthopaedic Res Soc. 2000;46:0929.

12. Chang C, Lauffenburger DA, Morales TI. Motile chondrocytes from newborn
calf: migration properties and synthesis of collagen II. Osteoarthritis Cartilage.
2003;11:603–12.

13. Frenkel SR, Clancy RM, Ricci JL, Di Cesare PE, Rediske JJ, Abramson SB.
Effects of nitric oxide on chondrocyte migration, adhesion, and cytoskeletal
assembly. Arthritis Rheum. 1996;39:1905–12.

14. Maniwa S, Ochi M, Motomura T, Nishikori T, Chen J, Naora H. Effects of
hyaluronic acid and basic fibroblast growth factor on motility of chondrocytes
and synovial cells in culture. Acta Orthop Scand. 2001;72:299–303. doi:10.1080/
00016470152846664.

15. Joos H, Wildner A, Hogrefe C, Reichel H, Brenner RE. Interleukin-1 beta and
tumor necrosis factor alpha inhibit migration activity of chondrogenic
progenitor cells from non-fibrillated osteoarthritic cartilage. Arthritis Res
Ther. 2013;15:R119. doi:10.1186/ar4299.

16. Mishima Y, Lotz M. Chemotaxis of human articular chondrocytes and
mesenchymal stem cells. J Orthop Res. 2008;26:1407–12. doi:10.1002/
jor.20668.

17. Ohnishi H, Yamaguchi K, Shimada S, Sato M, Funatc H, Katsuki Y, et al.
Evidence for “response to injury” hypothesis. Life Sci. 1982;31:2595–602.

18. Shapiro F, Koide S, Glimcher MJ. Cell origin and differentiation in the repair
of full-thickness defects of articular cartilage. J Bone Joint Surg Am.
1993;75:532–53.

19. Hunziker EB. Biologic repair of articular cartilage. Defect models in
experimental animals and matrix requirements. Clin Orthop Relat Res.
1999: (367 Suppl):S135-46.

20. Ronn K, Reischl N, Gautier E, Jacobi M. Current surgical treatment of knee
osteoarthritis. Arthritis. 2011;2011:454873. doi:10.1155/2011/454873.

21. Friberg D, Bryant J, Shannon W, Whiteside TL. In vitro cytokine production
by normal human peripheral blood mononuclear cells as a measure of
immunocompetence or the state of activation. Clin Diagn Lab Immunol.
1994;1:261–8.

22. Jansky L, Reymanova P, Kopecky J. Dynamics of cytokine production in
human peripheral blood mononuclear cells stimulated by LPS or infected
by Borrelia. Physiol Res. 2003;52:593–8.

23. Mildner M, Hacker S, Haider T, Gschwandtner M, Werba G, Barresi C, et al.
Secretome of peripheral blood mononuclear cells enhances wound healing.
PLoS One. 2013;8, e60103. doi:10.1371/journal.pone.0060103.

24. Saw KY, Anz A, Merican S, Tay YG, Ragavanaidu K, Jee CS, et al. Articular
cartilage regeneration with autologous peripheral blood progenitor cells and
hyaluronic acid after arthroscopic subchondral drilling: a report of 5 cases with
histology. Arthroscopy. 2011;27:493–506. doi:10.1016/j.arthro.2010.11.054.

25. Saw KY, Anz A, Siew-Yoke Jee C, Merican S, Ching-Soong Ng R, Roohi SA,
et al. Articular cartilage regeneration with autologous peripheral blood stem
cells versus hyaluronic acid: a randomized controlled trial. Arthroscopy.
2013;29:684–94. doi:10.1016/j.arthro.2012.12.008.

26. Lampugnani MG. Cell migration into a wounded area in vitro. Methods Mol
Biol. 1999;96:177–82. doi:10.1385/1-59259-258-9:177.

http://dx.doi.org/10.1002/1529-0131(199808)41:8%3C1331::AID-ART2%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1529-0131(199808)41:8%3C1331::AID-ART2%3E3.0.CO;2-J
http://dx.doi.org/10.1016/j.joca.2014.05.019
http://dx.doi.org/10.1016/j.joca.2014.05.019
http://dx.doi.org/10.1016/j.joca.2007.02.022
http://dx.doi.org/10.1016/j.joca.2007.02.022
http://dx.doi.org/10.1016/j.joca.2005.02.007
http://dx.doi.org/10.1002/art.34613
http://dx.doi.org/10.1002/jor.20135
http://dx.doi.org/10.1080/00016470152846664
http://dx.doi.org/10.1080/00016470152846664
http://dx.doi.org/10.1186/ar4299
http://dx.doi.org/10.1002/jor.20668
http://dx.doi.org/10.1002/jor.20668
http://dx.doi.org/10.1155/2011/454873
http://dx.doi.org/10.1371/journal.pone.0060103
http://dx.doi.org/10.1016/j.arthro.2010.11.054
http://dx.doi.org/10.1016/j.arthro.2012.12.008
http://dx.doi.org/10.1385/1-59259-258-9:177


Hopper et al. Arthritis Research & Therapy  (2015) 17:199 Page 10 of 10
27. Boyden S. The chemotactic effect of mixtures of antibody and antigen on
polymorphonuclear leucocytes. J Exp Med. 1962;115:453–66.

28. van Furth R, Cohn ZA. The origin and kinetics of mononuclear phagocytes. J
Exp Med. 1968;128:415–35.

29. Ziegler-Heitbrock L. Monocyte subsets in man and other species. Cell
Immunol. 2014;289:135–9. doi:10.1016/j.cellimm.2014.03.019.

30. Maiuri P, Terriac E, Paul-Gilloteaux P, Vignaud T, McNally K, Onuffer J, et al. The
first world cell race. Curr Biol. 2012;22:R673–5. doi:10.1016/j.cub.2012.07.052.

31. Hopper N, Wardale J, Howard D, Brooks R, Rushton N, Henson F. Peripheral
blood derived mononuclear cells enhance the migration and chondrogenic
differentiation of multipotent mesenchymal stromal cells. Stem Cells Int.
2015;2015:9. doi:10.1155/2015/323454.

32. Tognana E, Chen F, Padera RF, Leddy HA, Christensen SE, Guilak F, et al.
Adjacent tissues (cartilage, bone) affect the functional integration of
engineered calf cartilage in vitro. Osteoarthritis Cartilage. 2005;13:129–38.
doi:10.1016/j.joca.2004.10.015.

33. Obradovic B, Martin I, Padera RF, Treppo S, Freed LE, Vunjak-Novakovic G.
Integration of engineered cartilage. J Orthop Res. 2001;19:1089–97.
doi:10.1016/S0736-0266(01)00030-4.

34. Archer CW, Redman S, Khan I, Bishop J, Richardson K. Enhancing tissue
integration in cartilage repair procedures. J Anat. 2006;209:481–93.
doi:10.1111/j.1469-7580.2006.00624.x.

35. Steinert AF, Ghivizzani SC, Rethwilm A, Tuan RS, Evans CH, Noth U. Major
biological obstacles for persistent cell-based regeneration of articular
cartilage. Arthritis Res Ther. 2007;9:213. doi:10.1186/ar2195.

36. Buckwalter J, Rosenberg L, Hunziker E. Articular cartilage: composition,
structure, response to injury, and methods of falicitating repair. In: EJ W,
editor. Articular cartilage and knee joint function: Basic science and
arthroscopy. New York: Raven; 1990. p. 19–56.

37. Davies LC, Blain EJ, Caterson B, Duance VC. Chondroitin sulphate impedes
the migration of a sub-population of articular cartilage chondrocytes.
Osteoarthritis Cartilage. 2008;16:855–64. doi:10.1016/j.joca.2007.12.005.

38. Choi YS, Noh SE, Lim SM, Lee CW, Kim CS, Im MW, et al. Multipotency and
growth characteristic of periosteum-derived progenitor cells for
chondrogenic, osteogenic, and adipogenic differentiation. Biotechnol Lett.
2008;30:593–601. doi:10.1007/s10529-007-9584-2.

39. Lee DH, Joo SD, Han SB, Im J, Lee SH, Sonn CH, et al. Isolation and
expansion of synovial CD34(−)CD44(+)CD90(+) mesenchymal stem cells:
comparison of an enzymatic method and a direct explant technique.
Connect Tissue Res. 2011;52:226–34. doi:10.3109/03008207.2010.516850.

40. Seeger FH, Tonn T, Krzossok N, Zeiher AM, Dimmeler S. Cell isolation
procedures matter: a comparison of different isolation protocols of bone
marrow mononuclear cells used for cell therapy in patients with acute
myocardial infarction. Eur Heart J. 2007;28:766–72. doi:10.1093/eurheartj/ehl509.

41. Bourzac C, Smith LC, Vincent P, Beauchamp G, Lavoie JP, Laverty S. Isolation
of equine bone marrow-derived mesenchymal stem cells: a comparison
between three protocols. Equine Vet J. 2010;42:519–27. doi:10.1111/j.2042-
3306.2010.00098.x.

42. Gittel C, Brehm W, Burk J, Juelke H, Staszyk C, Ribitsch I. Isolation of equine
multipotent mesenchymal stromal cells by enzymatic tissue digestion or
explant technique: comparison of cellular properties. BMC Vet Res. 2013;9:221.
doi:10.1186/1746-6148-9-221.

43. Liu K, Wang K, Yan H. Incomplete digestion preserves chondrocytes from
dedifferentiating in long-termed culture on plastic substrate. Tissue Cell.
2009;41:1–11. doi:10.1016/j.tice.2008.06.002.

44. Lin B, Yin T, Wu YI, Inoue T, Levchenko A. Interplay between chemotaxis
and contact inhibition of locomotion determines exploratory cell migration.
Nat Commun. 2015;6:6619. doi:10.1038/ncomms7619.

45. Sung BH, Ketova T, Hoshino D, Zijlstra A, Weaver AM. Directional cell movement
through tissues is controlled by exosome secretion. Nat Commun. 2015;6:7164.
doi:10.1038/ncomms8164.

46. Lu Y, Xu Y, Yin Z, Yang X, Jiang Y, Gui J. Chondrocyte migration affects
tissue-engineered cartilage integration by activating the signal transduction
pathways involving Src, PLCgamma1, and ERK1/2. Tissue Eng A. 2013;19:2506–16.
doi:10.1089/ten.TEA.2012.0614.

47. Ortega N, Behonick D, Stickens D, Werb Z. How proteases regulate bone
morphogenesis. Ann NY Acad Sci. 2003;995:109–16.

48. Dreier R, Wallace S, Fuchs S, Bruckner P, Grassel S. Paracrine interactions of
chondrocytes and macrophages in cartilage degradation: articular chondrocytes
provide factors that activate macrophage-derived pro-gelatinase B (pro-MMP-9).
J Cell Sci. 2001;114:3813–22.
49. Dayer JM, Burger D. Interleukin-1, tumor necrosis factor and their specific
inhibitors. Eur Cytokine Netw. 1994;5:563–71.

50. Mulherin D, Fitzgerald O, Bresnihan B. Synovial tissue macrophage
populations and articular damage in rheumatoid arthritis. Arthritis Rheum.
1996;39:115–24.

51. Burmester GR, Stuhlmuller B, Keyszer G, Kinne RW. Mononuclear phagocytes
and rheumatoid synovitis. Mastermind or workhorse in arthritis? Arthritis
Rheum. 1997;40:5–18.

52. Henson FM, Vincent T. Chondrocyte outgrowth into a gelatin scaffold in a
single impact load model of damage/repair - effect of BMP-2. BMC
Musculoskelet Disord. 2007;8:120. doi:10.1186/1471-2474-8-120.

53. Mullen LM, Best SM, Ghose S, Wardale J, Rushton N, Cameron RE. Bioactive
IGF-1 release from collagen-GAG scaffold to enhance cartilage repair in vitro. J
Mater Sci Mater Med. 2015;26:5325. doi:10.1007/s10856-014-5325-y.

54. Mullen LM, Best SM, Brooks RA, Ghose S, Gwynne JH, Wardale J, et al.
Binding and release characteristics of insulin-like growth factor-1 from a
collagen-glycosaminoglycan scaffold. Tissue Eng Part C Methods.
2010;16:1439–48. doi:10.1089/ten.TEC.2009.0806.

55. Ishizaki Y, Burne JF, Raff MC. Autocrine signals enable chondrocytes to
survive in culture. J Cell Biol. 1994;126:1069–77.

56. Bohme K, Conscience-Egli M, Tschan T, Winterhalter KH, Bruckner P.
Induction of proliferation or hypertrophy of chondrocytes in serum-free
culture: the role of insulin-like growth factor-I, insulin, or thyroxine. J Cell
Biol. 1992;116:1035–42.

57. 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;4:324–35. doi:10.1016/
j.stem.2009.01.015.

58. Schminke B, Miosge N. Cartilage repair in vivo: the role of migratory progenitor
cells. Curr Rheumatol Rep. 2014;16:461. doi:10.1007/s11926-014-0461-4.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/10.1016/j.cellimm.2014.03.019
http://dx.doi.org/10.1016/j.cub.2012.07.052
http://dx.doi.org/10.1155/2015/323454
http://dx.doi.org/10.1016/j.joca.2004.10.015
http://dx.doi.org/10.1111/j.1469-7580.2006.00624.x
http://dx.doi.org/10.1186/ar2195
http://dx.doi.org/10.1016/j.joca.2007.12.005
http://dx.doi.org/10.1007/s10529-007-9584-2
http://dx.doi.org/10.3109/03008207.2010.516850
http://dx.doi.org/10.1093/eurheartj/ehl509
http://dx.doi.org/10.1111/j.2042-3306.2010.00098.x
http://dx.doi.org/10.1111/j.2042-3306.2010.00098.x
http://dx.doi.org/10.1186/1746-6148-9-221
http://dx.doi.org/10.1016/j.tice.2008.06.002
http://dx.doi.org/10.1038/ncomms7619
http://dx.doi.org/10.1038/ncomms8164
http://dx.doi.org/10.1089/ten.TEA.2012.0614
http://dx.doi.org/10.1186/1471-2474-8-120
http://dx.doi.org/10.1007/s10856-014-5325-y
http://dx.doi.org/10.1089/ten.TEC.2009.0806
http://dx.doi.org/10.1016/j.stem.2009.01.015
http://dx.doi.org/10.1016/j.stem.2009.01.015
http://dx.doi.org/10.1007/s11926-014-0461-4

	Abstract
	Introduction
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Tissues
	Primary cell isolation
	Blood samples
	Cell migration
	Scratch assay

	xCELLigence assay
	Cell proliferation
	Cell activity and biosynthesis
	mRNA expression
	PCR array
	Quantitative real-time PCR (rtPCR)
	Statistical analysis

	Results
	PBMC stimulation
	Migration of isolated chondrocytes
	Migration from cartilage explants

	Cell proliferation
	Cell activity and biosynthesis
	Quantitative PCR (qPCR)
	PCR array

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



