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Background: Mesenchymal stem cells (MSCs) have emerged as a promising candidate for tissue regeneration and restoration of
intra-articular structures such as cartilage, ligaments, and menisci. However, the routine use of MSCs is limited in part by their low
numbers and the need for methods and procedures outside of the joint or surgical field.

Purpose: To demonstrate feasibility of a technique in which minimally manipulated synovial MSCs can be mobilized during knee
arthroscopy, thereby showing proof of concept for the future evaluation and clinical use of native joint resident MSCs in single-
stage joint repair strategies.

Study Design: Descriptive laboratory study.

Methods: Patients (n = 15) undergoing knee arthroscopy who were free from synovitis or active inflammation were selected.
Three samples of irrigation fluid were collected from each patient at inception of the procedure, after an initial inspection of
the joint, and after agitation of the synovium. MSC numbers were evaluated by colony forming unit–fibroblastic assay. The phe-
notype of synovial fluid resident and synovial-mobilized MSCs was determined by flow cytometry, and their functionality was
determined by trilineage differentiation. Adhesion of culture-expanded mobilized MSCs to fibrin scaffolds was also evaluated
to ascertain whether mobilized MSCs might concentrate at sites of bleeding.

Results: Normal irrigation during arthroscopy depleted resident synovial fluid MSCs (4-fold decrease, n = 15). Numbers of MSCs
mobilized through use of a purpose-made device were significantly higher (105-fold) than those mobilized through use of a cytol-
ogy brush (median of 5763 and 54 colonies, respectively; P = .001; n = 15). The mobilized cellular fraction contained viable MSCs
with proliferative potential and trilineage differentiation capacity for bone, cartilage, and fat lineages, and cultured daughter cells
exhibited the standard MSC phenotype. Following culture, mobilized synovial MSCs also adhered to various fibrin scaffolds in
vitro. The technique was simple and convenient to use and was not associated with any complications.

Conclusion: Numbers of functional MSCs can be greatly increased during arthroscopy through use of this technique to mobilize
cells from the synovium.

Clinical Relevance: This study highlights a novel, single-stage technique to increase joint-specific, synovial-derived MSCs and
thereby increase the repair potential of the joint. This technique can be undertaken during many arthroscopic procedures, and it
supports the principle of integrating mobilized MSCs into microfracture sites and sites of bleeding or targeted repair through use
of fibrin-based and other scaffolds.
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Articular cartilage is essential for synovial joint function,
providing a low-friction surface to allow joint movement.
The repair of cartilage, however, is limited given its avas-
cular, aneural, and alymphatic nature. Consequently,
management of isolated articular cartilage defects poses
numerous challenges, and these defects, if left untreated,

are risk factors for developing osteoarthritis (OA) in later
life.9 For more advanced stages of OA, management of
the disease comes at a high global and socioeconomic bur-
den secondary to the effects of disability, comorbid disease,
and expense of treatment.5 As such, more effective, earlier
treatments are needed.

Advanced treatment of cartilage defects is available in
the form of autologous chondrocyte implantation (ACI).
However, ACI is a 2-stage procedure; the first stage requir-
ing harvesting of healthy tissue followed by tissue process-
ing and cellular expansion outside of the surgical field, and
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the second stage entails reimplantation into the defect site.
However, long-term follow-up results of ACI are no better
than those of microfracture, a more conservative, much
less expensive, single-stage procedure.6,23 Mesenchymal
stem cells (MSCs) have been proposed as an alternative
source of reparative cell owing to their ease of harvest
and their proliferative and differentiation capacity.36,37

MSCs are multipotent and are internationally recognized
by their characteristic adherence to plastic; colony-forming
capacity; expression of cell surface markers CD73, CD90,
and CD105; lack of expression of CD14, CD34, CD45, and
HLA-DR; and ability to differentiate in vitro into osteo-
blasts, chondrocytes, and adipocytes.10 Several clinical
studies using MSCs to treat OA24,25,34,43,44,46 have shown
positive results; however, similar to ACI, many MSC meth-
ods incorporate tissue or cell extraction (from either bone
marrow or adipose tissue) before culture expansion and
reimplantation. Intra-articular injection of culture-
expanded MSCs has also been hampered by both cost
and loss of potency.21,40 Other strategies being explored
include the combination of various techniques such as
scaffolds and fibrin glue for implantation and retention
at sites of injury, which appeared promising at second-
look arthroscopy.21,22,45

A major drawback with the aforementioned strategies
involving cellular therapy is the need for more than one
operative procedure. Recent single-stage strategies for
joint repair include the use of adipose tissue stromal vascu-
lar fraction, which contains MSCs.35 However, for single-
stage cartilage repair and OA, joint cavity MSCs including
synovium and synovial fluid (SF) are of particular interest
as these populations of MSCs have superior chondrogenic
capacity and may be more readily and conveniently manip-
ulated since they are already in the surgical field.30,32,39 It
is now recognized that the knee joint cavity has compara-
tively abundant reservoirs of MSCs,30 and such MSCs
might play a role in joint homeostasis and repair. These
MSCs are naturally shed from the synovium20 and are ele-
vated with joint injury and early OA,18,41 but their repair
capacity may be limited due to interactions with SF hya-
luronan that limit their adhesion to cartilage.4 Current
arthroscopic procedures may inadvertently remove these
cells (via saline irrigation), and procedures such as micro-
fracture to encourage MSCs to percolate from the bone
marrow may be inefficient as a result of low and variable
numbers of MSCs in bone marrow.13,29

In this study, we hypothesized that arthroscopic proce-
dures likely wash away resident SF-MSCs imbued with

reparative potential (Figure 1). Our principle aim was to
report the feasibility of a technique that entails a simple, sin-
gle-stage procedure whereby MSCs are dislodged (mobilized)
from the synovium, thereby increasing numbers of joint cav-
ity MSCs with access to cartilage and potentially increasing
the reparative potential of the joint during a range of arthro-
scopic procedures. We sought to determine whether these
synovial-mobilized MSCs (Sm-MSCs) would preserve their
in vitro MSC phenotype and function. Finally, we asked
whether Sm-MSCs would rapidly adhere to blood clots and
fibrin scaffolds (in vitro) as a surrogate for what could happen
in vivo after microfracture or use of a fibrin glue.

METHODS

Patient Recruitment

Patients included in the study were treated arthroscopically
for a spectrum of knee conditions (Table 1) including liga-
ment, meniscal, and cartilage injury, reflecting the varied
nature of current practice and procedures that may warrant
stem cell treatment. The average age of recruited patients
was 32 years, ranging between 18 and 53 (n = 15). At the
time of arthroscopy, patients were free from joint effusion,
synovitis, or active inflammation as determined during
arthroscopy. Ethical approval for this study was granted by
the UK Research Ethics Council, and all study participants
were recruited after providing informed written consent.

Retrieval of MSCs From Irrigation Fluid

Normal saline was used to inflate the knee joint to ade-
quately visualize all joint compartments. To achieve this,
gravity-fed saline was irrigated through the capsule to
maintain a sufficient intra-articular pressure to obtain
arthroscopic views. Irrigation fluid was collected from
each patient at 3 stages during knee arthroscopy. The first
sample contained resident SF-MSCs and was collected by
aspirating the initial saline used to irrigate the joint cavity
(5-50 mL collected; mean, 38 mL). A second sample of fluid
was then collected after inspection of the knee compart-
ments to evaluate the extent to which native SF-MSCs
were being ‘‘washed away’’ during surgery (25-50 mL col-
lected; mean, 39 mL). This sample was collected before
any procedure that breached the subchondral bone, in set-
tings where this was undertaken. Each sample was placed
into a sterile container before transport to the laboratory.
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Mobilization of Synovial MSCs

The feasibility of mobilizing MSCs from the synovium during
arthroscopy was investigated by collecting a third sample of
irrigation fluid after agitation of the synovium to mobilize
MSCs. To do this we used a cytology brush (Figure 2C) rou-
tinely used for diagnostic purposes to sample cells from
mucosal surfaces through natural orifices. Before the induc-
tion of the cytology brush, saline irrigation was stopped, leav-
ing sufficient saline to distend the joint cavity. The cytology
brush (length, 180 mm; diameter of nylon bristled brush
head, 7 mm) (Medical Wires and Equipment Ltd) was then
introduced into the joint through the medial portal, under
arthroscopic guidance, and the synovial surface of the medial
gutter was agitated using the bristled portion for 1 minute.
Mobilized cells were collected by opening the outflow valve
of the arthroscope. Samples (n = 7; 50-70 mL; mean,
53 mL) were collected in a sterile container before transpor-
tation to the laboratory.

The cytology brush was difficult to introduce into the
knee portal due to its inherent flexibility and was limited
in the range of synovium that could be agitated. To further
improve the capability to mobilize synovial MSCs, we used
a purpose-made device fabricated from medical-grade ace-
tal copolymer, the stem cell mobilizing device (STEM
device) (Figure 2, D and E). Similar to the cytology brush,
this optimized device was sterile, was intended for single-
use, and was introduced through the medial knee portal.
The STEM device was tailored for arthroscopic use with
a stiffer arm and blunted end to aid insertion and to limit
potential inadvertent damage to other joint structures. The
design also allowed the STEM device to be guided into the

Figure 1. A proposed use of the technique to mobilize syno-
vial mesenchymal stem cells (MSCs) and supplement carti-
lage healing. (A, B) Joint irrigation replaces synovial fluid
(SF), leading to a loss of resident SF-MSCs while inflating
the knee. (C, D) The stem cell mobilizing device (STEM
device) is introduced into the joint cavity and maneuvered
into the suprapatellar pouch where it physically dislodges
cells, including MSCs, from the synovial lining. (E) These
MSCs are released into the cavity, where they may supple-
ment those from the bone marrow and participate in repair
at sites such as cartilage defects via adhesion to the clot
after microfracture.

TABLE 1
Study Participant (n = 15)

Characteristics and Arthroscopic Procedure

Age, y Sex Surgery

25.4 F Lateral meniscal tear repair
39.0 M Anterior cruciate ligament reconstruction
18.1 M Lateral meniscal tear repair and anterior

cruciate ligament reconstruction
19.3 M Lateral meniscal tear repair
19.9 F Lateral partial meniscal tear repair
52.0 M Medial partial meniscal tear repair
29.5 M Anterior cruciate ligament reconstruction
41.3 M Medial osteochondral fragment and medical

meniscal tear repaira

26.2 M Medial meniscal tear repair and anterior
cruciate ligament reconstructiona

45.3 F Medial chondroplastya

27.1 M Medial chondroplastya

22.0 M Partial lateral meniscal tear repaira

53.7 M Medial chondroplasty and medical meniscal tear
repaira

25.4 M Anterior cruciate ligament reconstruction and
medial meniscal tear repaira

40.3 M Lateral collateral ligament rupture repaira

aDenotes participants undergoing mesenchymal stem cell mobi-
lization with the stem cell mobilizing device (STEM device).
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suprapatellar pouch, where a larger area of fibrous syno-
vium could be agitated to maximize MSC mobilization.
As described above, cells were mobilized by agitating the
bristled portion on the synovial surface for 1 minute. Cells
were retrieved by irrigation and aspiration of saline from
the joint (n = 8; 50-70 mL; mean, 53 mL).

Retrospective Clinical Follow-up

Clinical data for all patients receiving synovial agitation
via the STEM device were evaluated retrospectively by
a senior soft tissue knee fellow (A.A.T.). At the time, this

fellow had completed training and had passed the FRCS
examination. The surgeon gave his opinion regarding the
likely effect that mobilizing MSCs would have on the
expected progression of each participant for his or her
indicated procedure (Table 1). Clinical follow-up duration
ranged from 6 weeks to 1 year.

In Vitro Growth and Quantification
of MSC Colony Number

Colony forming unit–fibroblastic (CFU-F) assays were
used to determine the number of viable MSCs in each

Figure 2. Numbers of mesenchymal stem cells (MSCs) can be increased during arthroscopy by agitation of the synovium. (A) MSC
colony number declines during arthroscopy due to loss of resident cells after saline irrigation (n = 15, horizontal bars represent
medians). (B) MSC colony numbers can be recovered after mobilization from the synovium by use of a standard cytology brush (hor-
izontal bars represent medians, n = 7) (below, example of representative colony forming unit–fibroblastic [CFU-F] dishes). (C) Compar-
ison of the head design and abrasive surfaces of the cytology brush and the purpose-made stem cell mobilizing device (STEM device).
The rigidity of the STEM device, the bullet-shaped nose, and placement of the projections enable easier insertion into the knee through
the soft tissues. (D) Comparison of the length and overall design between the cytology brush and the STEM device (C and D to scale).
The increased length and angled head allowed for the STEM device to be maneuvered into the suprapatellar pouch. (E) MSC colony
number is greatly increased after use of the STEM device during arthroscopy (horizontal bars represent medians, n = 8) (below, exam-
ple of representative CFU-F dishes). (F) Colony numbers are significantly increased (.100-fold) by use of the STEM device compared
with the cytology brush (n = 15) (below, example of representative CFU-F dishes). ns, nonsignificant.
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sample. In brief, samples of joint irrigate were centrifuged
to pellet cells before resuspending in 10 mL of StemMACS
expansion media (Miltenyi Biotec). Duplicate 100 mm–
diameter dishes (containing 2 mL of the cell suspension)
for each sample were cultured for 14 days in StemMACS
expansion medium with twice-weekly media changes,
before both dishes were fixed in 3.7% formalin and stained
with 1% methylene blue (Sigma-Aldrich). All colonies con-
taining more than 50 cells (verified under a microscope)
were counted. The remaining sample was either expanded
for further assays or frozen. For expansion, cells were cul-
tured in StemMACS expansion medium with twice-weekly
media changes until cells reached approximately 90% con-
fluency before being passaged. MSCs were expanded for 3
or 4 passages, all cells were incubated at 37�C and 5% CO2.

Immunophenotype of MSCs

Flow cytometry was performed on matched, culture-
expanded SF-MSCs and Sm-MSCs (n = 3 donors) using
a standard panel of markers to define cultured MSCs10

through use of an LSRII 4-laser flow cytometer (BD Bioscien-
ces). The following antibodies and appropriate isotype con-
trols were used: anti-CD34-allophycocyanin-cyanine (APC),
anti-CD19-phycoerythrin (PE), anti-CD45-phycoerythrin-
cyaine (PE-Cy7), anti-CD14-fluorescein isothiocyanate (FITC),
anti-CD73-PE, anti-CD90-PE-Cy7, and anti-CD105-PE (all
from BD Biosciences). Dead cells were discriminated by use
of 4#,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). At
least 10,000 live cell events were collected for each antibody
combination.

Trilineage Differentiation of MSCs

Trilineage differentiation of donor-matched, culture-
expanded SF-MSCs and Sm-MSCs (n = 5 donors) was
performed by use of standard protocols.2,17,19,36 Osteogenic
differentiation was assessed with alkaline phosphatase
and Alizarin red staining on days 14 and 21 of culture,
respectively. The medium used for osteogenic differ-
entiation contained Dulbecco’s modified eagle medium
(DMEM) and 100 mg/mL penicillin-streptomycin (Gibco);
10% fetal calf serum (FCS) (Biosera); and 100 nM dexa-
methasone, 10 mM b-glycerolphosphate, and 50 mM ascor-
bic acid (all from Sigma-Aldrich). Quantitative analysis of
calcium deposition was performed on day 21 according to
the manufacturer’s instructions (calcium assay; Senitial
Diagnostics). Adipogenic differentiation was assessed
with Oil Red-O staining and quantified using Nile red fluo-
rescence on day 21 of culture. The medium used for adipo-
genic differentiation contained DMEM and 100 mg/mL
penicillin-streptomycin (Gibco); 10% FCS (Biosera); 10%
horse serum (Stem Cell Technologies); and 500 mM hydro-
cortisone, 500 mM isobutylmethylxanthine, and 60 mM
indomethacin (all from Sigma-Aldrich). Pellet cultures
were used to evaluate chondrogenesis on day 21 of culture;
the medium contained high-glucose DMEM supplemented
with 100 mg/mL penicillin-streptomycin and 100 mg/mL
sodium pyruvate, 40 mg/mL L-proline, 50 mg/mL L-ascorbic
acid 2-phosphate, 1.25 mg/mL bovine serum albumin,

ITS1 (a 13 mixture of recombinant human insulin, human
transferrin, and sodium selenite), 100 nM dexamethasone,
and 10 ng/mL recombinant human transforming growth
factor-b3 (all from Sigma-Aldrich). For quantitative analy-
sis, glycosaminoglycan production was measured according
to the manufacturer’s instructions (Blyscan assay; Bio-
color). Toluidine blue staining was used for qualitative
analysis of frozen sections.

MSC Adhesion to Biological Scaffolds

Culture-expanded Sm-MSCs were used to assess their abil-
ity to adhere to various biological scaffolds. Scaffolds were
formed from whole blood (WB), platelet-rich plasma (PRP),
or fibrin glue (FG). Blood from healthy volunteers was col-
lected in sodium citrate tubes. PRP was prepared after cen-
trifugation at 250g for 10 minutes. Platelets were further
concentrated from the supernatant by centrifugation at
1500g for 10 minutes, and the pelleted platelets were
resuspended in one-fifth of their original volume using
donor matched serum. FG scaffolds were formed with
bovine purified fibrinogen (23.7 mg/mL) resuspended in
StemMACS expansion media. All scaffolds including WB
were formed after coagulation by the addition of 100 mM
calcium chloride (CaCL2) and 50 U/mL thrombin (Sigma-
Aldrich). To each scaffold and each time point (in tripli-
cate), 10,000 Sm-MSCs were added and allowed to adhere
for 10, 30, or 60 minutes before the supernatant was
removed and any nonadherent cells were transferred to tis-
sue culture well. These cells were allowed to attach to the
culture well before fixing, staining with 1% methylene
blue, and counting. A standard curve using a known num-
ber of cells was used to interpolate counted cells as a per-
centage of initial cell number.

Statistical Analysis

Due to the limited number of samples, all data were
assumed to be nonparametric. As such, paired samples
were analyzed with Wilcoxon single rank test and non-
paired samples with Mann-Whitney U test. The confidence
level for each was set at 95%. All statistical analysis was
performed with SPSS version 21 (IBM).

RESULTS

Retrieval and Enumeration of MSCs
From Irrigation Fluid

CFU-F numbers (a measure of viable MSCs) varied
between donors (Figure 2A), with MSC colony number sig-
nificantly greater (P = .01, n = 15) in the initial irrigate
(median, 360; range, 1-1675) compared with the second
sample (median, 68; range, 4-885). Samples of subsequent
irrigation fluid indicated that MSC numbers on average
decreased 4-fold over the course of surgery, suggesting
that standard orthopaedic practice depletes the joint of
stem cells.
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Intraoperative Mobilization of MSCs
From the Synovium

Resident SF-MSCs were collected as above, and these
served as a baseline to assess the ability of the cytology
brush to mobilize MSCs from the synovium. The number
of resident SF-MSCs in these donors (n = 7) ranged from
3 to 1235 (Figure 2B). After synovial agitation with the
cytology brush, in comparison with MSC numbers obtained
before synovial mobilization, the MSC colony increased
approximately 5-fold. However, MSC numbers declined
relative to the baseline resident SF population from the
initial irrigate, ranging from 8 to 775. The median number
of colonies formed decreased from 256 in the resident pop-
ulation to 54 after synovial agitation, representing a 3.7-
fold decrease (not significant).

MSCs Are Further Augmented Using
a Purpose Made Device

Intraoperative use of the cytology brush mobilized low
numbers of synovial lining MSCs. This could be attribut-
able to the limited area of synovium that the cytology
brush could access and because this type of device is
intended to trap and remove cells from the body. To over-
come this limitation and to further increase MSC number
during surgery, we used a purpose-made device (the
STEM device; Figure 2, C and D) to ascertain whether
this pool of regenerative cells located in the synovial lining
could be further exploited. In each case (n = 8), the use of
the STEM device reliably and significantly increased the
number of MSCs mobilized intraoperatively over those res-
ident in the SF (Figure 2E). After synovial agitation with
the STEM device, the median number of colonies formed
was 5763 (range, 225-46,500), representing a 10-fold
increase over the matched SF resident population (P =
.007; median, 531; range, 1-1675). In comparison with
the cytology brush, the STEM device mobilized 105-fold
greater viable MSCs from the synovial lining during
arthroscopy (Figure 2F) (P = .001). Finally, we retrospec-
tively examined follow-up clinical data for those patients
who received MSC mobilization with the STEM device.
From these data, none of the patients appeared to fare
worse than would be expected for their primary surgery
had they not undergone MSC mobilization with this device.

Mobilized MSCs Are Phenotypically
and Functionally Comparable to SF-MSCs

To determine whether Sm-MSCs were comparable to their
resident SF counterparts and withstood the biophysical
manipulation, we used standard techniques on culture-
expanded, donor-matched cells to perform immunopheno-
typing and multilineage differentiation. Both SF-MSCs
and Sm-MSCs were positive for standard MSCs surface
markers CD73, CD90, and CD105 and negative for common
hematopoietic lineage markers CD14, CD19, CD45, and
CD34 (Figure 3A), confirming the feasibility of this proce-
dure to mobilize stem cells during the surgical procedure.

Differentiation of Sm-MSCs toward chondrogenic (Fig-
ure 3B), osteogenic (Figure 3C), and adipogenic (Figure

3D) lineages was also compared with donor-matched SF-
MSCs. In each case, qualitative and quantitative assay dem-
onstrated that the differentiation capacities of the mobilized
MSCs were comparable to those of their matched SF coun-
terparts. These data show that Sm-MSCs are comparable

Figure 3. Mobilized mesenchymal stem cells (MSCs) are
indistinguishable from resident synovial fluid (SF)–MSCs. (A)
Resident and mobilized MSCs have a comparable immuno-
phenotype, which is consistent with both SF- and synovium-
derived MSCs (n = 3 matched donors). (B-D) Resident and
mobilized MSCs have comparable trilineage differentiation
capacity as demonstrated by quantitative assays (left, n = 5
matched donors) illustrating their chondrogenic, osteogenic,
and adipogenic potential, respectively, and qualitative assays
(right, representative matched donors).
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to SF-MSCs, consistent with previous literature describing
synovium as a source of intra-articular MSCs.39

Mobilized MSCs Rapidly Adhere
to Biological Scaffolds

Finally, having shown how MSC numbers can be reliably
increased intraoperatively from the joint synovium and
that Sm-MSCs fulfill the requirement of an MSC, we
sought to determine whether these cells could be targeted
to sites of interest via adhesion to relevant biological scaf-
folds. In these experiments, the ability of mobilized MSCs
to adhere to FG, PRP, or WB clots was evaluated in vitro.
Sm-MSCs from a single donor began to adhere to the sur-
face of all 3 scaffolds within 5 minutes (Figure 4A). By 60
minutes, 89.7% (66.5%), 88.3% (63.5%), and 84.0%
(68.3%) of Sm-MSCs had adhered to the FG, PRP, and
WB clots, respectively. To test donor variability, Sm-
MSCs from 3 donors were allowed to adhere to FG
scaffolds alone (Figure 4B). Sm-MSCs adhered rapidly,
with little variation between donors. After 60 minutes,
83.5% (62.6%), 96.7% (61.0%), and 86.1% (63.1%) of
Sm-MSCs from each donor were adhered to FG scaffold.

DISCUSSION

Better cartilage and joint repair strategies are increasingly
needed, and MSCs show great promise. To fully exploit these
cells, new strategies and methods that limit operative time,
cost, and tissue manipulation are required. Emerging data
from several randomized controlled trials indicate that
MSC therapy shows promise, at least in the short term.31,48

However, the majority of trials so far have used culture-
expanded MSCs from bone marrow or adipose tissue or other
ex vivo manipulation strategies. Here we provide proof of
concept that minimally manipulated MSCs within the syno-
vium can be easily mobilized and their numbers greatly aug-
mented in a simple, single-stage procedure as part of knee
arthroscopy. Furthermore, since these MSCs are derived
from the synovium, which is the most potent source of chon-
drogenic progenitors, this technique has promising potential
to increase the reparative capacity of the knee.39

The discovery of joint resident MSCs highlights potential
new avenues to explore in the treatment of knee intra-
articular pathologies.30 Studies have shown that numbers of
MSCs in SF increase in patients with OA and cartilage
injury18,19,41 and after ligament and meniscal damage.28,33

However, joint irrigation during arthroscopy, which aids visu-
alization of the joint and removes debris, also removes SF
with the potentially undesirable effect of reducing numbers
of SF-MSCs.12 SF-MSCs are thought to derive from the syno-
vium owing to their superior clonogenic and chondrogenic
potential and shared gene expression profiles.3,39,41 The syno-
vium itself holds great potential in providing an abundant
endogenous supply of joint-specific MSCs; synovial MSCs
are found at a frequency of ~1%, 500 times more numerous
than in bone marrow.10,13,17,39,43 Additionally, the synovium,
cartilage, and other joint structures share a common

progenitor that is distinct from that of bone tissue,26,27 sug-
gesting that the synovium harbors a joint tissue–specific
stem cell population.15,30,38 The remarkable cartilage repair
seen in patients with OA who are treated with knee joint dis-
traction is testament to the intrinsic regenerative potential of
these joint resident cells.42 In these patients, significant areas
of denuded bone are replaced by intrinsic cartilage repair
activity, providing functional and clinical benefits.14,42,47 It is
thought that the temporarily altered biochemical and biome-
chanical environment created by joint distraction favors
endogenous joint resident MSC activity and is in part respon-
sible for this intrinsic repair where no extrinsic growth fac-
tors, scaffolds, or MSCs have been introduced.4

Synovial MSCs have already been used clinically with
promising results; however, these studies also required

Figure 4. Mobilized mesenchymal stem cells (MSCs) rapidly
adhere to a range of biological scaffolds. (A) Mobilized MSCs
from a single donor show a rapid ability to adhere to a range
of relevant biological scaffolds such as platelet-rich plasma
and whole blood clots as well as fibrin glue. (B) Mobilized
MSCs from multiple donors all exhibit the same rapid adhe-
sion to a fibrin glue scaffold (n = 3).
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a 2-stage procedure and in vitro culture expansion.1,40 The
purpose of the current study was therefore to demonstrate
proof of concept for a new, single-stage procedure to
increase stem cell numbers in the joint, thereby avoiding
ex vivo manipulation of tissue and cells. Furthermore,
our data show that the Sm-MSCs rapidly adhere to biolog-
ical scaffolds such as FG, PRP, and WB clots, thus demon-
strating relevance in the context of existing procedures
such as microfracture (Figure 1) or future practical appli-
cations with fibrin-based scaffolds.

Characterization of Sm-MSCs showed consistent pheno-
type and trilineage differentiation with their donor-matched
SF counterparts, effectively demonstrating successful mobi-
lization of joint resident MSCs. In the context of arthro-
scopic surgery, where saline inflation and irrigation of the
joint result in the loss of SF-MSCs, this technique (when
performed with the STEM device) increases the number
and availability of stem cells (compared with those resident
before and during arthroscopy); further, if left in the joint,
these cells occupy a more suitable biochemical environment,
being free from high-molecular-weight hyaluronan, which
can limit their interaction with cartilage.4 Depending on
the arthroscopic procedure used, Sm-MSCs could be aspi-
rated from the joint for loading onto a scaffold or entrapped
in the joint as a final-stage procedure.

One of the concerns of stem cell–based cartilage repair is
cartilage hypertrophy, which leads to uneven articular sur-
face. Synovium-derived MSCs exhibit superior chondrogenic
capacity with limited potential to hypertrophy compared
with MSCs derived from adipose and bone marrow.15 Our
results using the STEM device are encouraging, supporting
the potential of this technique and the synovium as a robust
and convenient source of MSCs. Although colony numbers
expressed here are low in comparison with the number of
chondrocytes or MSCs currently used in the clinical setting,
these Sm-MSCs have lost none of their proliferative or differ-
entiation capacity as a result of culture expansion.7,16 Direct
comparisons between these colony numbers and those
obtained from fresh bone marrow aspirate are difficult owing
to variations in aspiration technique. However, when an opti-
mized aspiration procedure is used, in which small draw vol-
umes are taken from multiple sites, this would be equivalent
to up to 80 mL of bone marrow.8,13 For nonoptimized bone
marrow aspirates in which larger volumes (~60 mL) are
drawn before being concentrated,11 we can equate the num-
ber of colonies mobilized with the STEM device as being
equivalent to up to 380 mL. More research and clinical stud-
ies are required to determine whether these Sm-MSCs will
lead to clinically significant results. However, the idea is to
achieve cartilage repair with a single procedure and thus
avoid the need for 2-stage harvest and cell expansion. This
will in turn reduce the burden and risks to the patient and
the cost to the health care provider.

Limitations

We recognize that synovial MSC mobilization was performed
on a limited number of patients with a range of injuries. These
injuries and the time between injury and surgery may affect
the numbers of MSCs and the ability to mobilize them into

the joint cavity. The primary purpose of the study was to
determine to what extent synovial MSCs could be mobilized
during a range of routine arthroscopies. In this study, the
stem cells were removed from the joint for laboratory analysis,
and so there was no expected benefit to the patient.

CONCLUSION

Here we show proof of concept that a potent source of joint-
specific mesenchymal stem cells can be accessed and those
cells can be mobilized during routine arthroscopy. This
technique can reliably and rapidly repopulate the knee
with synovial MSCs that are viable, with trilineage poten-
tial in a single-stage procedure. Further studies are needed
to ascertain whether this leads to better joint repair across
the spectrum of arthroscopic procedures for damaged carti-
lage and other joint structures.

ACKNOWLEDGMENT

The authors thank the late Mr Stuart Calder for his sup-
port and input into this project, together with the patients
and staff of the Chapel Allerton Orthopaedic Centre. The
authors also thank Xiros for providing artistic impressions
of the surgical procedure and Kirkstall Precision Engineer-
ing for manufacture of the STEM device.

REFERENCES

1. Akgun I, Unlu MC, Erdal OA, et al. Matrix-induced autologous mesen-

chymal stem cell implantation versus matrix-induced autologous

chondrocyte implantation in the treatment of chondral defects of

the knee: a 2-year randomized study. Arch Orthop Trauma Surg.

2014;135(2):251-263.

2. Aldridge A, Kouroupis D, Churchman S, English A, Ingham E, Jones

E. Assay validation for the assessment of adipogenesis of multipo-

tential stromal cells—a direct comparison of four different methods.

Cytotherapy. 2013;15(1):89-101.

3. 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 clinical

presentation. Arthritis Res Ther. 2014;16(3):R119.

4. Baboolal TG, Mastbergen SC, Jones E, Calder SJ, Lafeber FPJG,

McGonagle D. Synovial fluid hyaluronan mediates MSC attachment

to cartilage, a potential novel mechanism contributing to cartilage

repair in osteoarthritis using knee joint distraction. Ann Rheum Dis.

2016;75(5):908-915.

5. Bitton R. The economic burden of osteoarthritis. Am J Manag Care.

2009;15(suppl 8):S230-S235.

6. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L.

Treatment of deep cartilage defects in the knee with autologous

chondrocyte transplantation. N Engl J Med. 1994;331(14):889-895.

7. Churchman SM, Ponchel F, Boxall SA, et al. Transcriptional profile of

native CD2711 multipotential stromal cells: evidence for multiple

fates, with prominent osteogenic and Wnt pathway signaling activity.

Arthritis Rheum. 2012;64(8):2632-2643.

8. Cuthbert R, Boxall SA, Tan HB, Giannoudis PV, McGonagle D, Jones

E. Single-platform quality control assay to quantify multipotential

stromal cells in bone marrow aspirates prior to bulk manufacture or

direct therapeutic use. Cytotherapy. 2012;14(4):431-440.

9. Davies-Tuck ML, Wluka AE, Wang Y, et al. The natural history of car-

tilage defects in people with knee osteoarthritis. Osteoarthritis Carti-

lage. 2008;16(3):337-342.

AJSM Vol. 46, No. 14, 2018 Technique to Increase Joint Repair Potential 3539



10. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining

multipotent mesenchymal stromal cells. The International Society for

Cellular Therapy position statement. Cytotherapy. 2006;8(4):315-317.

11. El-Jawhari JJ, Cuthbert R, McGonagle D, Jones E, Giannoudis PV.

The CD45lowCD271high cell prevalence in bone marrow samples

may provide a useful measurement of the bone marrow quality for

cartilage and bone regenerative therapy. J Bone Joint Surg Am.

2017;99(15):1305-1313.

12. Hempfling H. Intra-articular hyaluronic acid after knee arthroscopy: a two-

year study. Knee Surg Sports Traumatol Arthrosc. 2006;15(5):537-546.

13. Hernigou P, Poignard A, Beaujean F, Rouard H. Percutaneous autol-

ogous bone-marrow grafting for nonunions: influence of the number

and concentration of progenitor cells. J Bone Joint Surg Am.

2005;87(7):1430-1437.

14. Intema F, Van Roermund PM, Marijnissen ACA, et al. Tissue structure

modification in knee osteoarthritis by use of joint distraction: an open

1-year pilot study. Ann Rheum Dis. 2011;70(8):1441-1446.

15. Jones BA, Pei M. Synovium-derived stem cells: a tissue-specific

stem cell for cartilage engineering and regeneration. Tissue Eng

Part B Rev. 2012;18(4):301-311.

16. Jones E, English A, Churchman SM, Kinsey S, Emery P, McGonagle

D. Large-scale extraction and characterization of CD2711 multipo-

tential stromal cells from trabecular bone in health and osteoarthritis:

implications for bone regeneration strategies based on uncultured or

minimally cultured multipotential stromal cells. Arthritis Rheum.

2010;62(7):1944-1954.

17. Jones E, McGonagle D. Human bone marrow mesenchymal stem

cells in vivo. Rheumatology (Oxford). 2008;47(2):126-131.

18. Jones EA, Crawford A, English A, 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(6):1731-1740.

19. Jones EA, English A, Henshaw K, et al. Enumeration and phenotypic

characterization of synovial fluid multipotential mesenchymal pro-

genitor cells in inflammatory and degenerative arthritis. Arthritis

Rheum. 2004;50(3):817-827.

20. Katagiri K, Matsukura Y, Muneta T, et al. Fibrous synovium releases

higher numbers of mesenchymal stem cells than adipose synovium in

a suspended synovium culture model. Arthroscopy. 2017;33(4):800-810.

21. Kim YS, Choi YJ, Suh DS, et al. Mesenchymal stem cell implantation

in osteoarthritic knees. Am J Sports Med. 2014;43(1):176-185.

22. Kim YS, Kwon OR, Choi YJ, Suh DS, Heo DB, Koh YG. Comparative

matched-pair analysis of the injection versus implantation of mesen-

chymal stem cells for knee osteoarthritis. Am J Sports Med.

2015;43(11):2738-2746.

23. Knutsen G, Drogset JO, Engebretsen L, et al. A randomized trial

comparing autologous chondrocyte implantation with microfracture:

findings at five years. J Bone Joint Surg Am. 2007;89(10):2105-2112.

24. Koh YG, Kwon OR, Kim YS, Choi YJ, Tak DH. Adipose-derived mes-

enchymal stem cells with microfracture versus microfracture alone:

2-year follow-up of a prospective randomized trial. Arthroscopy.

2016;32(1):97-109.

25. Koh YG, Kwon OR, Kim YS, Choi YJ. Comparative outcomes of

open-wedge high tibial osteotomy with platelet-rich plasma alone

or in combination with mesenchymal stem cell treatment: a prospec-

tive study. Arthroscopy. 2014;30(11):1453-1460.

26. Koyama E, Shibukawa Y, Nagayama M, et al. A distinct cohort of pro-

genitor cells participates in synovial joint and articular cartilage forma-

tion during mouse limb skeletogenesis. Dev Biol. 2008;316(1):62-73.

27. Kozhemyakina E, Zhang M, Ionescu A, et al. Identification of a Prg4-

expressing articular cartilage progenitor cell population in mice.

Arthritis Rheumatol. 2015;67(5):1261-1273.

28. Matsukura Y, Muneta T, Tsuji K, Koga H, Sekiya I. Mesenchymal

stem cells in synovial fluid increase after meniscus injury. Clin Orthop

Relat Res. 2013;472(5):1357-1364.

29. McDaniel JS, Antebi B, Pilia M, et al. Quantitative assessment of opti-

mal bone marrow site for the isolation of porcine mesenchymal stem

cells. Stem Cells Int. 2017;2017(1):1-10.

30. McGonagle D, Baboolal TG, Jones E. Native joint-resident mesen-

chymal stem cells for cartilage repair in osteoarthritis. Nat Rev Rheu-

matol. 2017;216:279.

31. McIntyre JA, Jones IA, Han B, Vangsness CT. Intra-articular mesen-

chymal stem cell therapy for the human joint: a systematic review

[published online November 1, 2017]. Am J Sports Med.

doi:10.1177/0363546517735844

32. Mochizuki T, Muneta T, Sakaguchi Y, et al. Higher chondrogenic

potential of fibrous synovium– and adipose synovium–derived cells

compared with subcutaneous fat–derived cells: distinguishing prop-

erties of mesenchymal stem cells in humans. Arthritis Rheum.

2006;54(3):843-853.

33. Morito T, Hara K, Ju Y-J, et al. Synovial fluid-derived mesenchymal

stem cells increase after intra-articular ligament injury in humans.

Rheumatology (Oxford). 2008;47(8):1137-1143.

34. Nejadnik H, Hui JH, Feng Choong EP, Tai BC, Lee EH. Autologous

bone marrow-derived mesenchymal stem cells versus autologous

chondrocyte implantation: an observational cohort study. Am J

Sports Med. 2010;38(6):1110-1116.

35. Nguyen PD, Tran TD-X, Nguyen HT-N, et al. Comparative clinical

observation of arthroscopic microfracture in the presence and

absence of a stromal vascular fraction injection for osteoarthritis.

Stem Cells Transl Med. 2017;6(1):187-195.

36. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult

human mesenchymal stem cells. Science. 1999;284(5411):143-147.

37. Prockop DJ. Marrow stromal cells as stem cells for nonhemato-

poietic tissues. Science. 1997;276(5309):71-74.

38. Roelofs AJ, Zupan J, Riemen AHK, et al. Joint morphogenetic cells in

the adult mammalian synovium. Nat Commun. 2017;8:15040.

39. Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of human

stem cells derived from various mesenchymal tissues: superiority of

synovium as a cell source. Arthritis Rheum. 2005;52(8):2521-2529.

40. Sekiya I, Muneta T, Horie M, Koga H. Arthroscopic transplantation of

synovial stem cells improves clinical outcomes in knees with carti-

lage defects. Clin Orthop Relat Res. 2015;473(7):2316-2326.

41. Sekiya I, Ojima M, Suzuki S, et al. Human mesenchymal stem cells in

synovial fluid increase in the knee with degenerated cartilage and

osteoarthritis. J Orthop Res. 2012;30(6):943-949.

42. van der Woude J-TAD, Wiegant K, Van Roermund PM, et al. Five-

year follow-up of knee joint distraction clinical benefit and cartilagi-

nous tissue repair in an open uncontrolled prospective study.

Cartilage. 2017;8(3):263-271.

43. Vangsness CT Jr, Farr J II, Boyd J, Dellaero DT, Mills CR, LeRoux-

Williams M. Adult human mesenchymal stem cells delivered via

intra-articular injection to the knee following partial medial meniscec-

tomy. J Bone Joint Surg Am. 2014;96(2):90-98.

44. Vega A, Martı́n-Ferrero MA, Del Canto F, et al. Treatment of knee

osteoarthritis with allogeneic bone marrow mesenchymal stem cells:

a randomized controlled trial. Transplantation. 2015;99(8):1681-1690.

45. Volz M, Schaumburger J, Frick H, Grifka J, Anders S. A randomized

controlled trial demonstrating sustained benefit of autologous matrix-

induced chondrogenesis over microfracture at five years. Int Orthop.

2017;41(4):797-804.

46. Wang M, Yuan Z, Ma N, et al. Advances and prospects in stem cells

for cartilage regeneration. Stem Cells Int. 2017;2017:4130607.

47. Wiegant K, van Roermund PM, Intema F, et al. Sustained clinical and

structural benefit after joint distraction in the treatment of severe

knee osteoarthritis. Osteoarthritis Cartilage. 2013;21(11):1660-1667.

48. Yubo M, Yanyan L, Li L, Tao S, Bo L, Lin C. Clinical efficacy and

safety of mesenchymal stem cell transplantation for osteoarthritis

treatment: a meta-analysis. PLoS One. 2017;12(4):e0175449.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.

3540 Baboolal et al The American Journal of Sports Medicine


